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Preface to the Series 

The mechanisms of disease production by infectious agents are present
ly the focus of an unprecedented flowering of studies. The field has 
undoubtedly received impetus from the considerable advances recently 
made in the understanding of the structure, biochemistry, and biology 
of viruses, bacteria, fungi, and other parasites. Another contributing 
factor is our improved knowledge of immune responses and other adap
tive or constitutive mechanisms by which hosts react to infection. Fur
thermore, recombinant DNA technology, monoclonal antibodies, and 
other newer methodologies have provided the technical tools for examin
ing questions previously considered too complex to be successfully tack
led. The most important incentive of all is probably the regenerated idea 
that infection might be the initiating event in many clinical entities pres
ently classified as idiopathic or of uncertain origin. 

Infectious pathogenesis research holds great promise. As more in
formation is uncovered, it is becoming increasingly apparent that our 
present knowledge of the pathogenic potential of infectious agents is 
often limited to the most noticeable effects, which sometimes represent 
only the tip of the iceberg. For example, it is now well appreciated that 
pathologic processes caused by infectious agents may emerge clinically 
after an incubation of decades and may result from genetic, immu
nologic, and other indirect routes more than from the infecting agent in 
itself. Thus, there is a general expectation that continued investigation 
will lead to the isolation of new agents of infection, the identification of 
hitherto unsuspected etiologic correlations, and, eventually, more effec
tive approaches to prevention and therapy. 

Studies on the mechanisms of disease caused by infectious agents 
demand a breadth of understanding across many specialized areas, as 
well as much co-operation between clinicians and experimentalists. The 

IX 
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series Infectious Agents and Pathogenesis is intended not only to document 
the state of the art in this fascinating and challenging field but also to 
help lay bridges among diverse areas and people. 

M. Bendinelli 
H. Friedman 



Preface 

Tuberculosis once again occupies a special position in the areas of infec
tious diseases and microbiology. This disease has been important to 
mankind since even before biblical times. Tuberculosis has been a major 
cause of morbidity and mortality in humans, especially in highly ur
banized Europe, until a few decades ago. Indeed, this disease became a 
center of many novels, plays, and operas, since it appeared to be quite 
popular to have the heroine dying of "consumption." Most importantly, 
tuberculosis also became the focus of attention for many investigations 
during the 19th and even the 20th centuries. Major advances were made 
in the areas of isolation and identification of M. tuberculosis and related 
microorganisms. The discovery, by Robert Koch, that tuberculosis was 
caused by an infectious agent revolutionized our thinking about dis
eases. Koch's postulates were developed with tuberculosis in mind and 
became a focal point for many advances in microbiology and medicine. 

Studies with mycobacteria as a central focus have also led to revolu
tionary new concepts about immunology in general. Koch himself 
showed that those exposed to M. tuberculosis develop a skin hypersen
sitivity or allergy to the microorganism's antigens, an observation which 
was the starting point for many important developments. Indeed, imme
diate-type hypersensitivity and atopic or IgE-mediated allergy were de
fined in relation to the delayed-type cutaneous hypersensitivity evi
denced with the tubercle bacillus. In the mid 1940s Merrill Chase 
showed conclusively that tuberculin hypersensitivity could be trans
felTed from skin test-positive to negative guinea pigs not by serum but 
only by means of cells, thus setting the stage for the explosive interest in 
cellular immunology. Jules Freund's technique of inducing enhanced 
immune responses to "weak antigens" with an oil adjuvant containing 
mycobacteria was also popularized about this time. It was soon shown 

Xl 
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that mycobacteria and their products increased resistance to a wide vari
ety of other microbial agents, thus inspiring interest in "natural" re
sistance mechanisms to infectious agents as well. as to tumors. 

The advent of streptomycin and other effective chemotherapeutic 
agents seemed to signal the end of continued research in this area. 
Nevertheless, basic immunologists, perhaps unaware of the importance 
of their studies of infectious diseases, became interested in mechanisms 
of cellular immunity using mycobacterial antigens as a "tool." In the late 
1960s, one of Merrill Chase's graduate students, Barry Bloom, using 
such antigens, developed reproducible methods for examining soluble 
mediators of cellular immunity, such as the migration inhibitory factor, 
the first of several lymphokines shown subsequently to be involved in 
immune reactions. In the 1970s, investigators in France and Japan 
showed that the minimal subunit of mycobacterial cell wall, muramyl 
dipeptide, could serve as an adjuvant and an immunological stimulant. 
Thus, beginning in the 19th century and up until the present day, there 
have been many advances made by studying the tubercle bacillus, both as 
a pathogen and as an important tool to dissect the immune response 
system. 

Medical scientists, as well as the population at large, often forget 
that tuberculosis is still the cause of much suffering in less developed 
regions of the world. According to World Health Organization data, 
there are at least 30 million individuals who are affected by tuberculosis 
in the world today and as many as one million individuals die as a result 
of it every year. Although this disease is a major public health problem in 
developing countries, there has been recent concern that the disease 
might once again manifest itself with renewed virulence in countries 
where sanitation and improved medical care have lowered the rate of 
infection. The aging of populations, the increased numbers of indi
viduals with chronic diseases such as cancer and AIDS, and even immu
nodeficiencies due to therapy or other causes associated with the re
duced frequency of natural vaccination may be factors that expose 
developed countries to such risk. The medical and scientific community 
has also been made aware of the importance of mycobacteria as patho
gens by the observation that M. avium intracellulare is a major cause of 
morbidity and indeed mortality in patients with AIDS. 

For these reasons, further investigation of M. turberculosis is imper
ative. There are many aspects of considerable practical importance that 
remain to be elucidated. That the host's response determines the histo
logical and clinical manifestations, as well as the eventual outcome of 
infection, has been known since the pioneering work of Koch. Nev
ertheless, there are still many gaps in our present knowledge of the ways 
in which the microorganism interacts with the host's immune system to 
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cause disease or immunity. For example, we still don't know how tuber
cle bacilli may remain dormant within the tissues for many years or the 
reasons for the breakdown of resistance which may lead to reactivation 
and progression of infection. Nor do we understand the mechanisms 
which, under certain conditions, lead to anergy, a most interesting ex
pression of immunoregulation. Neither do we know why the BeG vac
cine, which has been used routinely and apparently successfully in 
many developed countries, has failed to confer significant protection in 
regions of high endemia. In fact, it has been urged that new vaccines 
must be developed, and efforts are already under way in this direction 
using genetic engineering technologies. 

The editors and authors of this volume believe it very timely, then, 
to attempt to bring together all the burgeoning information on M. tuber
culosis and its interactions with the immune system. We anticipate that 
this volume will help to provide an environment for interdisciplinary 
studies of this important area of investigation. Few infections, if any, 
illustrate the complexity and the double-edged nature of immune re
sponses as effectively as tuberculosis. 

H. Friedman 
M. Bendinelli 
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Mycobacterial Antigens 
Reagents for Tuberculin Skin Testing 
and Serodiagnosis of Tuberculosis 

L. F. AFFRONTI 

1. INTRODUCTION 

Despite the fact that knowledge of the cause and cure of tuberculosis has 
been known for years, it still is one of the most communicable diseases in 
the world and remains as one of the largest single causes of disease and 
death today, particularly in developing nations. At least 15 million peo
ple suffer from tuberculosis currently, which claims more than 3 million 
lives each year. This is particularly disturbing, since tuberculosis is a 
disease for which not only chemotherapeutic treatment is known and 
available but also because a standard regimen of antituberculosis drugs 
can be administered rather inexpensively and has been shown to be 
highly effective. 

Probably no other bacterium has been so extensively studied than 
the organism that causes tuberculosis, Mycobacterium tuberculosis. Since its 
isolation by Koch in 1882, it has been boiled, autoclaved, ground up, 

L. F. AFFRONTI • Department of Microbiology, The George Washington University 
Medical Center, Washington, D. C. 20037. 



2 L. F. AFFRONTI 

subjected to high pressure, and sonicated, autolyzed, and extracted with 
a variety of reagents and by a host of different physicochemical pro
cedures-all for the purpose of obtaining basic knowledge about its 
biology and chemistry for furthering our understanding of its patho
genesis and for possible uses in diagnosis. 

Although mycobacteria were the first pathogenic organisms to be 
described more than a century ago, I the information obtained by ap
plication of an array of procedures and approaches noted above have 
yielded a limited body of knowledge when comparison is made to the 
other microorganisms of medical importance, particularly with respect 
to time and effort expended. This appears to be so, despite the applica
tion by many investigators of the more modern physicochemical meth
ods in isolating, purifying, and characterizing these mycobacterial anti
gens. That the antigens of the tubercle bacillus have proved important in 
the pathogenesis of tuberculosis is unmistakingly clear. I have been of 
the opinion that if we know their precise chemical makeup as well as the 
possible biologic effects of each on their cellular environments when 
they are released, we would better understand the mechanisms of tuber
culous disease and consequently how to combat it. Thus, it is important 
to isolate the antigens in as pure form as possible and to determine the 
chemical and biologic properties of each. It is possible that these differ
ent antigens may have different uses-in skin testing, serologic testing, 
and perhaps prevention. 

Historically, the first intracutaneous immunodiagnostic test used in 
humans was the tuberculin skin test introduced by von Pirquet2 in 1907. 
This test used a heated and essentially autolytic crude broth containing a 
mixture of proteins and other antigens of varying chemical composition, 
called Koch's Old tuberculin (aT), which was scratched into the skin. 
Although of practical value as an aid in the diagnosis of tuberculosis, 
Koch's aT and subsequent tuberculin preparations known as purified 
protein derivatives (PPD) suffered from their lack of specificity and 
reproducibility and by their inability to distinguish between active dis
ease and prior sensitization due to infection with M. tuberculosis or other 
closely related mycobacteria. A tuberculin antigen that would be mono
specific for detecting infections only with M. tuberculosis would be of 
great diagnostic and epidemiologic benefit, but such a product is not yet 
available. Thus, a need continues to be recognized for obtaining a more 
sensitive and specific skin-test antigen. 

Because of my own special interest in mycobacterial antigens relates 
to their application and use both in skin testing and in the serodiagnosis 
of tuberculosis, this discussion emphasizes within that context on past 
and current knowledge of mycobacterial antigens derived from culture 
filtrate and bacterial extracts, with special consideration given to immu-
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no reactive proteins and polysaccharides and their isolation, separation, 
and biologic characterization. Newer directions for obtaining immu
nodiagnostic reagents, including molecular biologic approaches for ex
amining antigens from M. tuberculosis, are also considered and the bene
fits associated with this line of research assessed. 

2. CULTURE FILTRATE AND BACILLARY EXTRACTS AS 
SOURCE MATERIALS FOR TUBERCULIN PREPARATION 

The study of mycobacterial antigens for use in skin testing and in 
serodiagnosis has involved products that have originated both from 
culture filtrate material and from extracts prepared from whole bacilli, 
ref1ecting a lack of agreement and controversy among workers in the 
field as to the most appropriate source material to be used for the isola
tion and purification of the many antigens from tubercle bacilli. Today, 
there is general agreement in that there appear to be no significant 
qualitative antigenic differences that can be detected in both culture 
filtrate and whole cell extracts prepared from the same organism under 
constant conditions, although obvious quantitative differences can be 
demonstrated. 3 

2.1. From Heated Culture Filtrate 

Koch's Old tuberculin for skin testing was originally prepared 
from the heated and concentrated glycerine peptone broth on which M. 
tuberculosis had grown for 6-8 weeks. This obviously contained many 
autolytic products derived from both the bacillus and medium on which 
it was grown and resulted in a crude product that varied in potency and 
specificity each time it was prepared. It was clear from the early work of 
Seibert et al. 4 ,6 on electrophoretic studies of different concentrated tu
berculins that they varied significantly in their proportions of the differ
ent protein components and in their content of polysaccharides and 
nucleic acid, depending on such factors as length of growth and strain of 
bacilli studied. Realizing that variation in potency and specificity of OT 
exist, the need for a pure tuberculin became a desirable and necessary 
goal. 

These recognized discrepancies led to the systematic investigation 
of standard strains of tubercle bacilli and their culture filtrates precipi
tated by trichloroacetic acid (TeA) and alternatively, in subsequent stud
ies, from the culture filtrate of tubercle bacilli grown on a chemically 
defined synthetic medium precipitated by ammonium sulfate. These 
products were given the name PPD by Seibert4 in the United States and 



4 L. F. AFFRONT! 

purified tuberculin (PT) by Lind5 in Denmark. These preparations were 
much reduced in polysaccharides, nucleic acid, and lipid levels and thus 
represented much purer materials for use in skin testing and serodiag
nosis than had originally been available. It is also important to realize 
that these products were never considered as single antigens but rather 
as complex mixtures of antigens. Although it is recognized by bio
chemists that an attempt to isolate and purify protein antigens from 
heated materials is not an optimal approach for separating and purify
ing individual constituents because of the obvious denaturation and deg
radation associated with the original heated source material, this ap
proach would have been abandoned were it not for the hazards involved 
in working with highly infectious bacilli in large volumes and for the 
concern over both greater antigenicity and increased sensitization in 
experimental animals injected with unheated undenatured proteins. 

2.2. From Unheated Culture Filtrate 

It became increasingly clear, however, that a new strategy for sepa
rating the proteins of the culture filtrate should be undertaken, since it 
was difficult to separate both denatured and undenatured proteins from 
heated starting materials. A more logical approach to the study of these 
proteins was made by fractionating raw unheated tuberculin; these anti
gens were obtained by an alcohol and acetic acid fractionation procedure 
proposed by Seibert,6 that resulted in three different proteins and two 
distinct polysaccharides. Her pioneering work to isolate and purify these 
fractions; the careful physiochemical characterization studies that fol
lowed have withstood the test of time and served as a useful reference 
point against which subsequent fractionation procedures by many inves
tigators could be compared. 

A number of investigators 7-9 showed that the yield of antigens and 
the composition of the culture filtrate can be greatly influenced by such 
factors as age of culture, type of medium used, temperature, and final 
pH at the time of harvest. That such variations exist emphasizes the 
importance in carefully defining a reference standard obtained from 
preparation of a single large batch of tuberculin. Such a product, desig
nated PDD-S (standard), was prepared from M. tuberculosis by Seibert 
and Glenn lo in 1941; this serves as the reference product in the United 
States. Similar large-batch PPD preparations were made by Affronti II 
from other species of mycobacteria for the U.S. Public Health Service 
tuberculosis skin-testing program in 1958. 

2.3. From Bacillary Extracts 

Some investigators have chosen to use bacillary extracts as the 
source material for the study of mycobacterial antigens. These prepara-
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tions have been obtained from bacilli in a variety of ways, including 
sonication, freezing and drying, and grinding, and subjecting the orga
nisms to extreme pressures. 

Little antigenic differences were noted by Janicki et al. 12 when they 
compared M. tuberculosis extracts prepared by sonication and high-pres
sure methods. Other investigators using electrophoretic and immu
nodiffusion techniques demonstrated no major antigenic differences be
tween those antigens present in the culture filtrates and those in the 
bacillary extracts. I :l As similarly seen with cultures filtrates, the composi
tion of antigens in the bacillary extracts can vary, depending on the age 
of the culture at harvest and other factors. I'! Of special note, however, 
are the studies by Wayne and Sramek, lEi who showed that extracts pre
pared from resting mycobacterial cells in synchrony contained antigens 
unidentifiable from those in extracts obtained from cells that were ac
tively dividing, underscoring the important role played by different con
ditions and state of growth in antigen production. 

These occurrences of antigenic variations argue convincingly for 
the need to provide workers with a reliable reference and classification 
system that may be used to identify and possibly relate the antigens 
present in the many preparations produced by various laboratories for 
study. Such a system was advocated and developed by Janicki and a 
group of interested investigators,16 who used immunoelectrophoresis 
methodology and reagents produced under the U.S.-Japan Cooper
ative Medical Sciences Program. Both reference antisera and antigens 
were produced commercially on a large scale and made available to 
interested workers. This system readily identified 11 major mycobac
terial antigens and served as a common reference system for those inves
tigators whose studies were primarily supported by the U.S.-Japan Co
operative Medical Science Program and who had a need to relate their 
products to a common point of reference. Although this system had 
limited application, identifying only 11 of the plethora of antigens that 
can be demonstrated by other immunoelectrophoretic techniques with 
hyperimmune antisera,17 it facilitated the study and identification of 
common mycobacterial antigens in both culture filtrates and cell sonicate 
extracts. 

Polyacrylamide gel electrophoresis (PAGE) was first introduced in 
1965 by Affronti et at. I H to separate and identify mycobacterial antigens 
present in protein and polysaccharide fractions. Among the advantages 
offered by this powerful analytic system for defining both culture fil
trates and cell extracts are its reproducibility under standardized condi
tions, requirement for extremely small sample size and volume, and 
adaptability for the identification and nomenclature of individual anti
gens characterized by their respective mobilities and resultant Rr values. 
Identification of separated components by specific differential stains is 
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FIGURE 1. Polyacrylamide gel electrophoretic (PAGE) pattern and R f values of the pro
tein components present in the polysaccharide! fractions from two different H37Ra 
culture filtrates run at identical nitrogen levels. 

an additional benefit of this procedure. Figure I depicts the elec
trophoretic pattern and R f values of the stained protein components 
present in the polysaccharide I fractions of two different H37Ra culture 
filtrates run at the same nitrogen levels, illustrating how individual com
ponents in a mixture of constituents can be identified on the basis of 
their R f values. 

Modified PAGE and immunoelectrophoresis procedures that served 
to increase the resolution and sensitivity of the specific techniques em
ployed were also subsequently introduced and applied. For example, two
dimensional immunoelectrophoresis was used to study the antigenic rela
tionship among different mycobacteriaY' A large number of shared 
antigens were stained, observed, and identified among the various my
cobacterial species examined. A similar observation was reported by 
Chaparas et al., 20 who sought improved resolution by applying a variation 
of the immunoelectrophoretic method termed the fused rocket tech
nique to the antigens of M. tuberculosis and other mycobacteria he had 
studied. Of special note was the superior resolving power reported by the 
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Scandinavian group, who proposed a reference nomenclature for the 
antigens of bacillus Calmette-Guerin (bCG) strain of M. bOllis studied by a 
two-dimensional crossed immunoelectrophoresis technique. 21 Although 
it is clear that several modifications employing both immunoelectrophor
esis and PAGE methods have been applied to the study of the identifica
tion and nomenclature of mycobacterial antigens, except for the specific 
laboratory at which the identification system most likely originated, wide 
acceptability of a system for identification and nomenclature of frac
tionated components has not found favor. 

Stanford and Beck22 addressed the problem of analysis and nomen
clature of the mycobacterial antigens by simply numbering the antigens 
detected by immunodiffusion systems. This approach was abandoned 
and replaced by a classification by antigen distribution wherein the anti
gens that appear as distinct lines on immunodiffusion analysis are placed 
into four groups. Group I includes those antigens present in all my
cobacterial species; group II includes antigens that are present in the 
slowly growing species; group III includes those antigens restricted to 

the rapidly growing species; and group IV includes those antigens re
stricted to individual species. 

This classification scheme appears to be more applicable to the 
needs of the mycobacterial taxonomist in attempting to classify and de
fine separate species and related taxons within the genus. 

3. EARLIER STUDIES ON THE PREPARATION OF 
TUBERCULINS FOR SKIN TESTING 

Attempts to improve the specificity and sensitivity of the tuberculin 
skin test as well as to minimize the variations observed in the potency of 
OT preparations available for use resulted in the interest and stimula
tion by a number of investigators to isolate and purify mycobacterial 
antigens for possible diagnostic and epidemiologic use. It became appar
ent as more experience was gained in using OT in both chemical and 
epidemiologic studies that these variations and lack of uniformity im
paired the value of the skin test. 

3.1. Old Tuberculin 

The first serious attempt to obtain diagnostically purified skin-test 
fractions was made by Seibert from OT, a concentrated culture filtrate 
prepared according to the classic method used by Koch. 

In these early studies, OT was prepared by concentrating glycerol 
peptone broth filtrate on which tubercle bacilli had grown for 6-8 weeks 
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to one tenth its original volume.23 Koch believed that the active compo
nent in this material, which he originally advocated for the treatment of 
tuberculosis, was protein or at least closely associated to it; Koch tried to 
isolate the active principle from the culture filtrate by the addition of 
various precipitants. Among the various protein precipitants he used 
was alcohol; when he made comparative skin tests using the alcohol
precipitated crude fraction and OT in tuberculosis patients, the alcohol
precipitated crude fraction had a much more potent tuberculin effect 
than did his OT. Koch believed this observation to be of only theoretical 
interest, and he did not pursue these purification procedures any fur
ther.24 It was an obvious disappointment that Koch's tuberculin, which 
had been at first received with so much enthusiasm as a cure for tuber
culosis, did not materialize. However, its use as an aid in the diagnosis of 
tuberculosis was soon recognized worldwide and ironically fulfilled 
Koch's earlier prediction that it would have good diagnostic value. 

3.2. Purified Tuberculins 

It soon became apparent that it was difficult to separate the active 
protein principle in tuberculin from the many other components of the 
glycerin broth medium from which it was prepared. In order to avoid 
these difficulties, a chemically defined synthetic medium was employed 
by Seibert25 in which tubercle bacilli were grown for 6-8 weeks. The live 
bacteria were filtered off and the unheated culture filtrate concentrated 
by ultrafiltration through gun-cotton membranes and subsequently pre
cipitated by ammonium sulfate. Although a considerable amount of 
polysaccharide was found associated with the protein precipitate, this 
impurity could be removed by repeated solution and precipitation. Such 
an essentially polysaccharide-free tuberculin, designated MA-I00, was 
later prepared by Masucci and McAlpine,26 who extended the previous 
work of Seibert. In comparisons made with OT in humans, it was found 
to be significantly more potent. However, as with other tuberculins de
rived from unheated culture filtrates, MA -100 had a sensitizing effect 
when injected repeatedly into the skin. 

3.3. Purified Protein Derivatives 

With the encouragement and support of the National Tuberculosis 
Association and following years of investigation on improving a tuber
culin for use in skin testing, Seibert27 in 1934 prepared a highly specific 
protein of low molecular weight and nonsensitizing character that had 
the stability and other requirements for a standardized tuberculin. Tu
bercle bacilli were grown on a synthetic medium of Dorset for 6-8 
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weeks. The culture was heated to kill the bacilli, the organisms filtered 
off, and the culture filtrate concentrated by ultrafiltration on collodion 
membranes. This was followed by precipitation of the concentrated ma
terial with TCA. In order to remove the acetic acid, the precipitate was 
washed repeatedly with ether, resulting in a light tan-colored dry 
powder. This product was referred originally by Seibert as SOTT (syn
thetic medium old tuberculin precipitated by trichloracetic acid); later, 
the initials PPD (purified protein derivative, because it represented a 
form of the protein that had now possibly been degraded by the heat) 
were used to designate the manufactured product. Molecular-weight 
determination and protein analysis of this fraction have proved it to be 
approximately 2000-4000, characterizing it as a polypeptide. Seibert 
regarded this low-molecular-weight polypeptide as being not only the 
smallest unit possessing specific tuberculin activity but also as represent
ing the basic unit from which larger tuberculin-active aggregates were 
formed. Although the antigenicity of the protein molecule is gradually 
lost as it is reduced in size, its specific tuberculin potency remained 
unchanged. The concept of an active protein molecule proposed by 
Seibert during this early period derived its support from her investiga
tions with this particular PPD tuberculin. Although it was reported that 
skin responses were elicited in sensitive patients given very small doses of 
this PPD intracutaneously, PPD was unable to induce sensitization in 
experimental animals even when repeatedly injected with large amounts 
of this product. Specifically, it could neither elicit Arthus responses in 
guinea pig and rabbits nor produce precipitins or precipitate highly 
immune sera. Thus, this nonsensitizing character is an essential attribute 
that a standard tuberculin must meet if it is to be used in skin testing. 

3.4. PPD-S 

Continuing efforts to produce an even purer PPD than was pre
pared commercially and available during the 1930s resulted in a more 
improved tuberculin that represented a large single batch of PPD.IO 
This was subsequently adopted both as the U.S. government's standard 
and as the International Standard for tuberculin in 1952.28 Studies with 
this product (PPD-S) showed it to be purer and more potent than any of 
the previous preparations. Seibert's electrophoresis studies demon
strated that the previous method of precipitation with TCA did not 
separate the nucleic acid from protein but that it would in fact precipi
tate them together. However, it was found that by precipitating with 
half-saturated ammonium sulfate at neutrality and at low temperature, 
significant separation can be made, and a product resulted that was a 
very potent protein for use in skin testing. 10 
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FIGURE 2. Fractionation scheme for isolat
ing three different proteins and two distinct 
polysaccharides. (From Seibert.6 ) 

This tuberculin standard was prepared from the DT strain of M. 
tuberculosis grown on Long's medium for 8-10 weeks. Repeated precipita
tion of the heated concentrated ultra filtrate by half-saturated ammonium 
sulfate in the cold and repeated washings on gun-cotton membranes 
resulted in a protein that had an estimated molecular weight of 10,500. 
The protein content was approximately 92.1 %, with low amounts of 
nucleic acid and polysaccharides, of 1.2% and 5.9% respectively. Some 
heterogeneity was noted upon ultracentrifugation, and moving bound
ary electrophoresis showed the presence of at least three components of 
different mobilities. As with the PPD prepared by the TCA acid method, 
frequent skin tests with PPD-S were nonsensitizing.29 

The classic and probably most studied of the fractionation pro
cedures for preparing mycobacterial antigens were those developed by 
Seibert and associates6 for fractionating unheated culture filtrates. Her 
protocol, patterned after the Cohn serum protein fractionation scheme, 
used alcohol at low temperature with careful control of pH. With this 
scheme of differential solubility, as noted in Fig. 2, three protein frac
tions, designated A, B, and C in order of increasing electrophoretic 
mobility, and two serologically reactive polysaccharides, termed polysac
charides I and II, were obtained. These fractions, which could be re
producibly isolated, had different physicochemical and biologic proper
ties. Protein A had a molecular weight of 35,000-42,000 and appeared 
to be more potent as a skin-test material than PPD-S when given in 
equivalent protein concentrations. The B protein was estimated to have 
a molecular weight of 20,000 and of a tuberculin potency intermediate 
between that of the most potent A and the least potent C proteins. These 
differences in potency appeared to be more consistent when compared 
in sensitized animals but yielded variable results when compared in hu
mans, most likely because of the variation in individual sensitivity. Ami-
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no acid analyses indicated no significant differences in amino acid com
position among the A-, B-, and C-protein fractions. 3o 

Polysaccharide I is obtained from the concentrated culture filtrate 
as a residual component after the removal by acid and alcohol precipita
tion of the A, B, and C proteins and polysaccharide II. It is almost 
immobile and could be obtained in relatively pure form in a moving 
boundary preparative electrophoresis apparatus by permitting other 
components of the concentrated culture filtrate to migrate away from 
this electrophoretically homogeneous substance. It has a molecular 
weight of 9000 and is a heteropolysaccharide composed of man nose 
arabinose and galactose. 31 Sometimes polysaccharide I is connected to a 
nitrogenous residue, which has been identified as glucosamine or as 
those amines and amino acids that make up the mucopeptide complex.32 

Biologic analysis of polysaccharide I indicates that it is active as a 
haptene in serologic tests and is incapable of eliciting delayed skin-test 
reactions both in infected animals and in humans. It is nonantigenic in 
its pure form but, when contaminated with minute amounts of protein, 
can elicit both in vivo and in vitro cell-mediated hypersensitivity re
sponses, very likely attributable to its contaminating protein.33- 34 

The polysaccharide II fraction appears to be more restricted in its 
distribution among the different strains of tubercle bacilli than polysac
charide I. Its presence is inconstant, since it may not be produced by a 
particular culture that had previously produced it in copious amounts 
under identical conditions. When present, it gives a characteristic opales
cence to the culture filtrate. Polysaccharide II has a slow mobility in 
moving boundary electrophoresis, and ultracentrifugation studies indi
cate it has a molecular weight of 100,000. This polyglucosan is antigenic 
when injected into animals inducing antibodies that react in both pre
cipitin and complement-fixation tests. It fails to elicit a delayed skin 
response in infected animals or humans.35 

An attempt to relate these fractions obtained according to Seibert's 
classic method to the numbered antigens of the U .S.-Japan immu
noelectrophoresis nomenclature was reported by Daniel and Affronti. 36 

These workers demonstrated that the A protein contained antigens 1,2, 
4, 5, and 6, with antigen 6 being the most dominant. 

The B protein contained antigens 1,2,5,6, and 7. It differed from 
the A protein by having much less antigen 6 but significant amounts of 
another antigen, antigen 7. By contrast, the C protein was composed of 
antigens 2, 6, and 7 but in significantly lower amounts than observed for 
the other two proteins. It also contained two nonidentified and minor 
anodal components. Polysaccharide I, the heteropolysaccharide, showed 
two precipitin arcs upon immunoelectrophoretic analysis that consisted 
mainly of antigen 2, with the other arc representing small amounts of 
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TABLE I 
Antigenic Relationships of Seibert's Tuberculin Fractions with the U .S.-Japan 

Immunoelectrophoresis Identification System 

Protein Polysaccharide 
U.S.-Japan antigen 

identification number A B C II 

1 P P P 
2 P P PS P 
3 P 
4 P 
5 P P 
6 PL PS PS 
7 PL PS 

P, present; PL, present in large amount; PS, present in small amount. 

antigen 1. Polysaccharide II, the high-molecular weight polyglucosan, 
has been identified as antigen 3. Table I summarizes these relationships 
with the U .S.-Japan Immunoelectrophoresis reference nomenclature. 

4. SURVEY OF OTHER FRACTIONATION MODALITIES 
FOR SEPARATING AND PURIFYING 
MYCOBACTERIAL ANTIGENS 

It should be clear at this point that both the culture filtrates and 
mycobacterial extracts are highly complex mixtures of proteins, lipids, 
sugars, and nucleic acids. Successful separation and isolation of the 
many antigenic components in the mixtures require the application of 
different fractionation modalities other than those that have already 
been considered. 

Since the introduction by Seibert of the ethanol-acetic acid sol
ubility methods for purification of tuberculins and their subsequent 
characterization and preparation by moving boundary electrophoresis,6 
additional physicochemical methods have become available in the labo
ratory and are now part of the technologic armamentarium used by 
investigators seeking to isolate and purify mycobacterial antigens for 
study. No attempt is made here to provide a detailed review of these 
methods. The reader is directed to the two reviews by Daniel and Jan
icki3 and Daniel37 for a more comprehensive treatment of such tech
niques applicable to fractionation. Rather, it is the intent of this section 
to review only selected physicochemical procedures that reflect various 
representative approaches chosen by different investigators for isolating 
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and purifying mycobacterial antigens and that, as part of the published 
description of the fraction, also provided information about its biologic 
characterization by demonstrating either tuberculin activity, species 
specificity, or both. 

Kniker and LaBorde3R applied ion-exchange chromatography to 
separate 12 fractions from the culture filtrates of four strains of M. 
tuberculosis comprising antigens whose relationships were subsequently 
analyzed by serologic methods. l\'one was pure or contained single anti
genic components. These investigators concluded that a single phys
icochemical method probably would not be able to separate pure anti
gens from complex source materials such as culture filtrates. Subse
quently, upon applying this method to Seibert's A, B, and C proteins, 
Kniker39 reported that each protein was associated with a separate peak 
but that each, when analyzed by serologic methods, contained multiple 
antigens. Moreover, the eluted peaks, when analyzed, had greater absor
bency at 280 nm than at 260 nm, implying that the scheme proposed for 
fractionation by Seibert, involving prior alcohol and acetic acid treat
ment, results in purer products, with accompanying decreases in both 
polysaccharide and nucleic acid contaminants. Antigenic analysis of 
these fractions by immunodiffusion revealed some species specificity, 
but nonspecific antigens were broadly distributed throughout the frac
tions, limiting the value of this method in recovering fractions contain
ing single or specific antigens. 

The investigations of Yamamura et al:to- 43 applied ion-exchange 
chromatography with DEAE-cellulose in order to purify further a tuber
culin fraction, which they termed tuberculin active peptide (TAP). The 
original material they reported on was a less pure product obtained by 
extracting heat-killed mycobacterial cell walls. The molecular weight was 
estimated at 5000-10,000 and, although it was able to elicit delayed skin
test responses, it was not immunogenic. 

Working with enzymatically degraded cell walls of M. tuberculosis, 
Kotani and associates44 also employed ion-exchange chromatography 
after gel filtration of the enzymatic digest to effect purification of a 
tetrapeptide and a tripeptide fraction of the peptidoglycan cell wall. 
When these peptides are complexed with mannose, arabinose, and ga
lactose, reaction with rabbit antisera prepared against tubercle bacilli 
occurs. It is unclear as to what particular moiety is responsible for this 
reaction. 

Lind4 :, applied carboxymethylcellulose ion-exchange chromatogra
phy to the culture filtrate of M. tuberculosis but was unsuccessful in ob
taining fractions that did not have multiple antigens that overlapped 
with others. 

As reported by Daniel and Janicki,:{ moderate separation was ob-
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tained by Baer and Chaparas, who employed molecular exclusion chro
matography using Sephadex G25 and G50 to fractionate acid-soluble 
and acid-insoluble constituents from the culture filtrate of M. bovis, BeG 
strain. Although the acid-insoluble portion contained many antigens, as 
determined by serologic methods, and displayed tuberculin activity in 
both homologously and heterologously sensitized animals, the acid-solu
ble portion was of special interest. These investigators succeeded in sep
arating it into three fractions. The first fraction was believed to contain 
mainly polysaccharides. Interestingly, it exhibited tuberculin activity, 
since it elicited typical delayed skin-test responses when injected into 
sensitized animals. Moreover, when assessed by cell-mediated in vitro 
assays, this fraction inhibited the migrating macrophages obtained from 
sensitized animals but failed to stimulate mitogenesis in guinea pig lym
phocytes. Upon skin testing human tuberculin reactors at significantly 
lower doses than had been used to elicit positive reactions in guinea pigs, 
this diluted fraction failed to produce any skin reactions. Protease and 
trypsin treatment failed to eliminate skin-test responses; it remained 
unclear as to the chemical component responsible, since it is well estab
lished that only a small amount of contaminating protein is required to 
elicit a skin response in highly sensitized animals and humans. The other 
two fractions, each of which contained nearly as much protein as poly
saccharide, was capable of eliciting a delayed skin response in sensitized 
animals and inhibited macrophage migration but, unlike the first frac
tion, had the ability to stimulate mitogenesis. 

Janicki et al. 16 attempted to fractionate M. tuberculosis culture fil
trates by continuous-flow paper electrophoresis. These workers ob
tained a pool of polysaccharide fractions and a pool of protein-enriched 
fractions, essentially all of which contained multiple antigens when sub
sequently analyzed by immunodiffusion.17 

Although this zonal electrophoretic technique can be of moderate 
effectiveness in separating polysaccharide (because of the cathodal 
nature of the molecule), it has only limited value in providing individual 
antigens. Biologic characterization of the polysaccharide fraction showed 
that it neither stimulated mitogenesis in cultured blood lymphocytes from 
tuberculosis patients nor induced precipitins when injected into guinea 
pigs,48 although it could react with antisera from highly sensitized ani
mals.49 In this regard, immunodiffusion studies50 supported and con
firmed the presence of polysaccharide antigens in the fraction when it was 
reacted with sera from patients with tuberculosis. 

Daniel and associates have been successful in employing affinity 
chromatography techniques as a tool for isolating and purifying anti
gens from complex mixtures. Early work by Daniel and Wisniesksi51 

resulted in the observation that polysaccharides from mycobacterial 
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culture filtrates react reversibly with the lectin concanavalin A (Con A). 
Passing crude mixtures through a column containing Con A complexed 
to agarose in the form of agarose beads permits the isolation of polysac
charides and glycoproteins that bind to the lectin through their sugar 
moieties. Such a separation is not caused by the physicochemical proper
ties of the molecules but depends on the degree of specificity of the 
interacting sites between molecules. Consequently, various molecules in 
a mixture that have the same or very similar reactive sites can be re
covered together in spite of very different physicochemical properties. It 
must be remembered that although this technique can separate antigens 
irrespective of molecular size, it will not isolate monospecific molecules, 
because different antigenic determinants other than those specifically 
interacting with the reactive sites would also be present in the isolated 
antigens. 

Using this technique, DanieP2 isolated three polysaccharides from 
the culture filtrate of M. tuberculosis; one was characterized as a Con A
nonreactive polysaccharide and the other two were Con A-reactive poly
saccharides. Of these latter two, one was of high concanavalin affinity 
and the other of low affinity. Immunologic characterization showed that 
these polysaccharides react with animal antisera in immunodiffusion 
and hemagglutination systems and have the capability to elicit immedi
ate and delayed hypersensitivity skin responses in laboratory animals. 
Protein was present in these fractions, but treatment with proteolytic 
enzymes did not appear to eliminate its activity. 

Further analysis of these polysaccharides by Daniel and Misaki as 
described by Daniel and Janicki3 indicated that the Con A-nonreactive 
polysaccharide was arabinogalactan and was identified with antigen 2 
of the U.S.-Japan reference system. Analyses of both the high Con 
A-reactive and low Con A-reactive polysaccharide were identified as ara
binomannan, correlating with antigen 1 of the reference system. Con
taminating each of the polysaccharides was a glycan, reported as non an
tigenic. 

These careful comparative studies provide conclusive evidence that 
arabinomannan and arabinogalactan identify as antigen 1 and antigen 2, 
respectively, of the U.S.-Japan reference system and confirms by more 
modern sophisticated laboratory techniques the earlier pioneering work 
of Seibert, who similarly showed that her polysaccharide I fraction had 
the same sugar composition. 

The versatility of immunoabsorbent affinity chromatography was 
employed by both Laguerre and Turcotte53 in preparing immunoabsor
bents with antisera against specific mycobacteria antigens for furthering 
their purification. After establishing optimal conditions for disassociat
ing bound antigen from immunoabsorbent columns, Daniel and Ander-
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son54 were able to apply this technique to the purification of an antigen 
from M. tuberculosis H37Ra culture filtrate and that could be identified 
as antigen 5 by the U.S.-Japan reference system. This antigen had tu
berculin skin-test activity nearly equal to that of PPD when injected in 
sensitized animals and when first described appeared to have greater 
species specificity than PPD.55 Subsequent studies56 in humans showed 
antigen 5 to be no more specific than PPD, however. Characterization of 
this cytoplasmic protein indicates that it has a molecular weight ranging 
from 28,500 to 35,000 and is believed to consist of a single peptide chain 
containing no disulfide linkages. It appears to be free of measurable 
carbohydrate, as determined by analysis but has been reported to bind 
with low affinity to Con A, implying it must be associated with a carbohy
drate moiety. Cell-mediated in vitro studies showed that antigen 5 stimu
lated mitogenesis and migration inhibitory factor (MIF) production by 
lymphocytes from sensitized guinea pigs. Human lymphocytes from tu
berculin-positive donors also responded to antigen 5 with MIF produc
tion but, interestingly, were not stimulated to undergo mitogenesis. 

Although an array of physicochemical methods, including the many 
variations and modification of ion exchange, molecular exclusion, and 
affinity chromatography, and both moving boundary and PAGE have 
been variously applied by many investigators in attempts to isolate and 
purify mycobacterial antigens, no single method led successfully to the 
satisfactory recovery of improved fractions containing single or specific 
antigens for skin testing or serodiagnosis of tuberculosis over those avail
able today. An obvious outcome from these many studies was the realiza
tion that mycobacterial antigens are heterogeneous and that the use of a 
single method or procedure to produce a fraction of the level of purity 
and specificity desired would be unlikely. Rather, it would most probably 
require a sequence of fractionation and purification procedures to frac
tionate mycobacterial antigens successfully from complex mixtures; this 
was the next logical modality considered. 

Using a combination of ammonium sulfate precipitation, pre
parative electrophoresis, and ion-exchange chromatography, Y oneda 
and Fukui57,58 were successful in ultimately obtaining fractions from 
culture filtrates of M. tuberculosis containing single antigens, Unfortu
nately, this approach gave very small yields of materials for study. They 
isolated two antigens designated a and 13, which were considered major 
extracellular proteins. Molecular-weight calculations based on ultra
centrifugation estimates were 30,000 for the a-fraction and 100,000-
150,000 for 13. Ultracentrifugation analysis of the l3-fraction showed that 
it had two components and therefore was not as pure as the a-antigen. 

The a-antigen was found in the A, B, and C proteins prepared 
according to Seibert's fractionation method and appeared to be wide-
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spread among mycobacterial species, although it was not found in the 
rapidly growing mycobacteria, i.e., M. phlei, M. forluitum, and M. smeg
matis. Therefore, u would belong to the group II classification of Stan
ford, i.e., antigens present in slow-growing mycobacteria. 59 In sensitized 
animals, it elicited large skin reactions but diminished or weak reaction 
when subjected to heat, thus acknowledging its known physicochemical 
property of heat sensitivity. It was found to precipitate antiserum and 
induced antibodies when injected into animals. Although this approach 
of Yoneda and Fukui employing a combination of methods was one of 
the first to give productive results, recovery of yields was small, and 
research protocols were labor-intensive and complex, limiting its value 
and application on a larger scale. By employing the agar-gel diffusion 
technique and absorbed anti-u-antigen sera as a taxonomic tool to differ
entiate related mycobacterial strains, subsequent studies by Tasaka et 
al. 60 recently showed that each purified protein antigen possesses deter
minants that are apparently specific for the species from which it was 
isolated. 

Daniel and Ferguson!)l isolated two protein fractions from the 
culture filtrate of lVI. tuberculosis by combining a series of physicochemi
cal methods that included prior precipitation with ammonium sulfate, 
followed by gel filtration with P-300 acrylamide, ion-exchange chro
matography, and zonal electrophoresis. The two proteins identified as 
u l , and u 2 had an estimated molecular weight that ranged from 45,000 
to 48,000. These two proteins were biologically characterized as display
ing tuberculin activity in sensitized guinea pigs and were capable of 
stimulating mitogenesis with cells from PPD-positive humans donors. 62 

It was later shown that U 2 had identity with antigen 6 of the U .S.-Japan 
reference system and demonstrated increased specificity when skin test
ed in sensitized guinea pigs.63 It is a major protein of M. tuberculosis and 
other closely related mycobacterial species. It was also identified as a 
major antigen of Seibert's A protein by Daniel and Affronti36 

A multi physicochemical separation approach was undertaken by 
Nagai et al.,61 who attempted to fractionate a PPD preparation made 
from the heated culture filtrate of M. tuberculosis. These workers em
ployed precipitation by ammonium sulfate, followed by gel filtration, 
ion-exchange chromatography, and electrophoresis in acrylamide gel. 
They obtained five protein fractions with molecular weights of approx
imately 10,000 each. Subsequent studies by Nagai et al. 65 on the un
heated culture filtrate of M. bovis BeG, in which they used fractionation 
procedures similar to those they employed when working with a heated 
PPD-like material some years earlier, yielded an interesting protein des
ignated MPB 70. Nagai and co-workers described this protein to be 
15,100-18,000 Mr and to make up the major protein component of the 
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cellular filtrate, considered highly specific. It was characterized as hav
ing an R f value of 0.70 on PAGE. It appears to have a high level of 
specificity, since it was reported that very small skin-test reactions were 
given by guinea pigs sensitized with mycobacterial strains other than M. 
bovis. Subsequent studies by Miura et al. 66 demonstrated that detectable 
amounts of this protein are produced by some, but not all, BCG sub
strains examined and that it elicited skin reactions in guinea pigs sen
sitized with live BCG but not when sensitized with heat-killed organisms. 

Studies by Kuwabara and Tsumita67- 69 were of special interest, 
since these workers isolated a protein from heat-killed acetone-extracted 
M. tuberculosis and M. bovis cells, which was a potent tuberculin in both 
sensitized animals and infected humans. By using a combination of en
zymatic digestion, ammonium sulfate precipitation, and both ion-ex
change chromatography and gel filtration, the crude protein was finally 
crystallized with 85% ammonium sulfate and 50% acetone. This labor
intensive protocol suffered from low yields but produced an extremely 
pure and potent antigen. It had a molecular weight of 9700, not unlike 
that reported for PPD-S and prepared from the concentrated culture 
filtrate of M. tuberculosis by Seibert and Glenn. 10 Kuwabara69 succeeded 
in determining the amino acid sequence of this protein. Upon generat
ing many peptide fragments of various size from this protein by en
zymatic degradation and subsequently studying their tuberculin ac
tivities, it was deduced that the maximum tuberculin activity of one of 
the prime candidate fragments that was isolated resided in the 6-amino 
acid sequence, ASN-GLY-SER-GLN-MET-ARG. When skin-tested in 
sensitized animals, it possessed tuberculin activity but at a level less than 
that elicited by the parent protein. Subsequent studies by Savrda,7° who 
synthesized this 6-amino acid peptide, failed to demonstrate any tuber
culin activity in sensitized animals either when the peptide was adminis
tered alone or when conjugated to bovine serum albumin (BSA). It did 
produce weak cross-reactions with PPD, however, in radioimmunoassay 
(RIA). 

Moreover, Savrda71 later synthesized an octapeptide and a hex
adecapeptide that did elicit skin reactions in sensitized guinea pigs, but 
at a dose twice that used in his previous study. By contrast, Toida et al. 72 

failed to detect any skin reactivity when they used either a hexadecapep
tide or an octadecapeptide synthesized in accordance with sequence 
originally described by Kuwabara.69 

Following an approach similar to the above studies, but using an 
antigen that had been isolated after affinity chromatography by elution 
from an immunoadsorbent to which a monoclonal antibody had been 
coupled and designated BCG-a,73 Minden et al. 74 determined the se-
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quence of the 20-terminal amino acid residues of this antigen and chem
ically synthesized several peptides corresponding to different portions 
of it. Of the peptides synthesized, one designated as BCG-a P showed 
significant immunologic similarity between it and antigens found in 
sonicated extracts by BCG and H37Rv but not in those from the non
tuberculous mycobacteria examined. Western blot analysis suggested 
that this component has a molecular weight of 10,000 and is capable of 
inducing and eliciting both humoral and cellular immune responses. 
Minden et al. point out the potential benefits of combined monoclonal 
antibody methodology and affinity chromatography to prepare, stan
dardize, and identify mycobacterial antigens for a possible broad range 
of immunodiagnostic and immunogenic uses. 

Polyacrylamide gel electrophoresis is a fractionation technique that 
not only offers a high degree of resolution, simplicity, and reproducibili
ty for analysis and study of biologic materials but is also an excellent tool 
for following homogeneity and purity of the isolated fraction. This pro
cedure separates components in a complex mixture on the basis of mo
lecular size and charge. An advantage of this procedure is that the pore 
size of the polyacrylamide gel can be tailor-made to meet the require
ments of separating different classes of molecules by modifying the con
centration of the polyacrylamide employed. Affronti et al. ls were the 
first to apply this technique as an analytic tool for following tuberculin 
fractionation. Preparations obtained by precipitations by various con
centrations of ammonium sulfate of unheated culture filtrate of M. tu
berculosis and fractions obtained by the method of Seibertli were ana
lyzed. Since reproducible Rf values can be determined and specific 
histochemical staining procedures can be employed to identify the 
nature of the separated components, this procedure has much to offer 
as a potential reference system. Improvements in this powerful tool were 
subsequently introduced by Affronti et al.,75 who characterized and 
compared mycobacteria antigens by discontinuous pore-gradient gel 
electrophoresis and by Wright et al.,76 by applying a two-dimensional 
PAGE procedure in further characterizing these mycobacterial antigens. 
Both modifications underscored the tremendous heterogeneity and 
complexity of antigens associated with M. tuberculosis and related my
cobacterial species. 

Among other workers who employed PAGE were Roszman et al.,77 
who were able to recover apparently specific antigens from culture fil
trates of mycobacterial species, including M. bovis, M. avium, and two 
strains of the M. intracellular-avium complex. Eluates from these four 
culture filtrates each contained anodic components when electrophor
esed and stained. These investigators were able to isolate single antigens 



20 L. F. AFFRONTI 

from some eluates, and these were analyzed and identified by immu
nodiffusion. Of particular interest was an antigen that was specific only 
for M. bovis. 

In an attempt to obtain large yields of antigens, a preparative PAGE 
method was developed and described by Minden and Farr,78 who iso
lated fractions from sonicated cells of M. tuberculosis, M. bovis BCG, and 
M. fortuitum. Among the many isolated antigens obtained by this pro
cedure was one of special interest-a rapidly moving mucopolysac
charide with a molecular weight in the range of 9000-12,000 and was 
soluble in 50% ammonium sulfate. Its antigenicity was abolished by pro
nase, and there was a suggestion of species specificity because of the 
positive results obtained from antiserum binding studies. 

In an extensive cooperative study12.13 involving participation by 
Daniel, Chaparas, Goldstein, Good, Janicki, and Wright, preparative 
PAGE was also applied to the fractionation of unheated culture filtrate 
and cell extracts of M. tuberculosis. It was the aim of this collaborative 
effort to elute the electrophoresed antigens from individual gel slices 
and determine its identity with the U.S.-Japan reference system. The 
specificity and potency of each fraction were assessed by skin testing in 
groups of sensitized guinea pigs. The antigens were also surveyed for 
their ability to induce blast transformation in cultured lymphocytes. 
Maximum antigenic activity and species specificity were reported to re
side in those fractions containing antigens 5 and 6 of the U.S.-Japan 
nomenclature. The polysaccharide-associated antigens 1, 2, and 3 did 
not induce blast transformation and elicited nonspecific skin-test reac
tions in sensitized guinea pigs. Finally, an extremely anodal antigen that 
had also been isolated and that had been speculated to be the same as the 
highly anodal antigen described by both Roszman and Minden and Farr 
in their studies noted above neither displayed skin-test activity nor in
duced blast transformation in tissue-culture assays. 

Affronti et al. 79 undertook to fractionate PPD-S, the international 
standard, by a preparative PAGE apparatus that they designed and de
veloped in the laboratory of Ouchterlony. Electrophoretic patterns 
showed multiple components when stained by specific protein stains. 
Skin testing in sensitized animals with eluates from 7% and 15% gel 
segments, which represent moieties of low molecular weight, elicited the 
reactions of maximal activity, confirming the early work of Seibert and 
Glenn,1O who showed that tuberculin activity also resided in low-mo
lecular weight components. 

Encouraged by the promising results obtained by applying the pre
parative gradient gel electrophoresis method first described by Affron
tjl8 for fractionation of products of mycobacterial origin and its subse
quent application for separating more specific components from PPD-S, 
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a cooperative interlaboratory study was initiated with the support of the 
World Health Organization.8o,sl Its aim was to study the above-men
tioned PAGE method for fractionation of M. tuberculosis on a large scale. 
The study enlisted the cooperation of four laboratories-that of Affron
ti in Washington, D.C., Ouchterlony, Lind, and Ridell in Goteborg, Swe
den, Wisingerova in Prague, Czechoslovakia, and Magnusson in Copen
hagen, Denmark. The project involved the growth and harvesting of 
1500 cultures of M. tuberculosis H37Rv and the ultrafiltration of 150 
liters of the concentrated culture filtrate resulting in two fractions: one 
containing molecules of 1000 and 10,000 Mr and the other of greater 
than 10,000 Mr' A PPD designated PPD-V3, made according to the 
method of Seibert lU was prepared from the greater than 10,000 Mr 
fraction, since that fraction was the most active, as revealed by a lympho
cyte stimulation assay. The preparative PAGE method employed a mul
tistage gel for protein separation. The PPD migrates through a four
stage gel column consisting of a gel concentration of 3.5%,4.75%,7%, 
and 15%. Eluates prepared from each of the four segments were evalu
ated by comparative skin tests in groups of sensitized guinea pigs, using 
PPD-RT23 as a reference standard. Although the largest number of 
precipitinogens was found in the 15% fraction, when analyzed by immu
nodiffusion, the 7CJc fraction was the most potent skin-test antigen in 
homologously and heterogously sensitized animals. 

Significant levels of cross-reactivity could be demonstrated with all 
four fractions examined, however, reflecting the presence of shared 
epitopes that exist in antigens of the other mycobacterial species. Of 
particular interest was the observation that an increased species specifici
ty was associated with the eluate from the 7% fraction as compared with 
the reference tuberculin PPD-RT23 in sensitized guinea pigs. Whether 
this observed difference in guinea pigs would have application in human 
skin testing remains to be determined. It is clear that no single-step 
fractionation procedure, including this preparative PAGE system, is op
timal for isolation and purification of mycobacterial antigens. The pro
duction of semi pure fractions resulting from this method, however, can 
serve as an improved starting material for further purification. 

5. SEROLOGIC METHODS FOR DIAGNOSIS OF TUBERCULOSIS 

A variety of serologic methods have been employed to demonstrate 
the increase of antibodies against M. tuberculosis infections. These in
clude complement fixation, agglutination, and hemagglutination tech
niques. None of these tests has been completely successful, however, and 
all have limitations in terms of sensitivity, specificity, and reproducibility. 
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U sing a modification of the precipitation in gel method described by 
Oakley and Fulthorpe,82 Parlett et al. 83 applied this one-dimensional gel 
double-diffusion procedure (the tube GDD test) to demonstrate anti
bodies in the sera from 48 tuberculosis patients. Only 2 of 38 healthy 
individuals gave positive reactions. These encouraging results stimu
lated further studies using this technique and in 1959, Parlett and 
Youmans84 reported on a double-blind study evaluating the specificity 
and sensitivity of this test. This extensive study of 1097 tuberculosis sera 
from patients was classified according to the extent of disease. It showed 
that 84.2% of patients with advanced pulmoanary disease gave positive 
results; 73.5% of patients with moderately advanced disease were 
positive, as were 57.8% of patients with minimal disease. It was of in
terest that 73.3% of patients infected with atypical mycobacteria gave 
positive results, while 43% of samples of sera from patients with non
pulmonary tuberculosis did so. Only 2.1 % of patients with disease other 
than tuberculosis gave positive reactions. Finally, they reported no cor
relation between the presence of tuberculin hypersensitivity and the 
presence of humoral antibody. 

In a subsequent comparative study, Lind85 reported that the gel tube 
test was 30% more sensitive than the Ouchterlony double-diffusion plate 
technique. Although these immunodiffusion studies showed promise for 
developing a specific and sensitive serodiagnostic test, experience by 
other investigators gave conflicting and varying results. For example, 
Grange and Kardjit086 obtained positive results with only 28% of the sera 
from tuberculosis patients they tested, underscoring the problem of low 
specificity they associated with this test. Thurston87 pointed out that 
attempts to employ immunodiffusion as a clinical diagnostic test suffered 
in ways similarly applicable to agglutination reactions as a serodiagnostic 
test for tuberculosis, attributing the shortcomings of this technique not 
only to the presence of cross-reacting antigens in the reagents employed 
but also to the inherent variability of the individual's immune responses 
over time, emphasizing a widely acceptable view that antibody production 
follows a dynamic course in development of disease. 

The soluble antigen fluorescent antibody (SAF A) procedure was first 
applied to the serodiagnosis of tuberculosis by a group of investigators 
who used mycobacterial antigens prepared by Affronti and Seibert.88 
The test is an indirect fluorescent antibody procedure that employs 
tuberculin proteins absorbed to cellulose acetate disks. These are reacted 
with patient's sera and labeled antiglobulins. This test is technically simple 
to perform and objective, since the reactions result in fluorescence mea
sured in a fluorometer. In using a crude antigenic preparation to evaluate 
50 normal human sera, serum antibody was detected in more than 60% of 
the samples, reflecting the lack of sufficient specificity and sensitivity 
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associated with the crude tuberculin reagent first employed by Toussaint 
et al. 89 

Fractionation of the crude antigen preparation according to the 
methods of Seibert in an attempt to improve the value of the test was 
undertaken by Affronti et al. 90 High antibody levels were generally de
tected in patients with advanced tuberculosis than in patients diagnosed 
as having minimal or moderately advanced disease. In evaluating these 
sera, it was reported that the antibody titer rose following the initiation 
of chemotherapy. These investigators emphasized, however, in compar
ing measurements of central tendency derived from fluorometer read
ings of 208 serial serum samples from tuberculosis patients in various 
stages of disease, that all sera were reactive at some time during the 
course of testing with different more purified antigen preparations, thus 
making correlation of antibody level with stage of disease of limited 
value. Employing the SA FA test to evaluate 191 sera, of which 126 were 
from cases of tuberculosis and 65 controls, Kiran and Shriniwas91 
viewed the test as useful in the early diagnosis of tuberculosis. 

In comparing tuberculosis patients treated for 3 months and after 1 
year of therapy, Kiran and Shriniwas found that significant levels of 
antibody occurred in sera from patients treated for 3 months, a finding 
not unlike that reported by Affronti et al. 90 After 1 year of treatment, 
the number of cases with high antibody levels decreased significantly, 
but in all cases a demonstrable yet low level of antibody could be de
tected. They speculated that this low antibody level could be attributable 
to the immunosuppressive properties described by Ellner and Daniel92 

for arabinomannose, the polysaccharide that would be released upon 
the death of the tubercle bacillus following chemotherapy. 

A highly sensitive RIA technique based on the binding of radi
olabeled antigen to antibody, followed by precipitation of the complex 
by an anti-immunoglobulin, was employed by Minden and Farr. 78 Using 
goat anti-IgG, they were able to measure and compare the precipitated 
mycobacterial [13II]antigen-antibody complex from the sera of tuber
culosis patients and healthy controls. The tuberculous sera were found 
to bind the greatest amount of labeled antigen while sera from the 
control group bound the least. 

Other primary binding studies by Minden et al. 93 demonstrated the 
universal presence of broadly cross-reactive antibodies in the sera of 
humans and laboratory animals that cross-react with antigenic determi
nants of both mycobacteria and other naturally occurring microorgani
sms of the environment, thereby adding to the extreme difficulty of 
developing any new specific serologic test for the diagnosis of tuberculo
SIS. 

Although the experience noted above describes RIA procedures for 
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detecting antibody in patient serum, an alternative approach would be to 
employ such a test for detecting antigen in the patient'S specimen (e.g., 
sputum, spinal fluid). Straus et al. 94 reported on such a test, which would 
be particularly useful in cases of extra pulmonary tuberculosis, for which 
bacterial isolation of the tubercle bacillus is usually unrewarding. 

In the RIA, routine clinical specimens (e.g., sputum, spinal fluid) 
can be prepared for culture according to standard methods and grown 
on Middlebrook 7H9 medium for 4 days. Aliquots are removed, auto
claved, and used for the assay. The RIA procedure has the sensitivity of 
detecting about 1 flg antigen or equivalent to detecting 1 x 103 micro
organism/ml. This method has the benefit of providing a measure of 
safety that is unattainable when processing specimens for bacteriologic 
culture, because heat-killed specimens are used. Along with being read
ily adaptable for assaying large numbers of samples in a clinicallaborato
ry, this procedure has great potential in being safe, rapid, and sensitive. 

During the early 1970s, Engvall and Perlmann95 introduced the 
enzyme-linked immunosorbent assay (ELISA) as a rapid, sensitive pro
cedure for the detection and measurement of antibodies in sera of pa
tients infected with different pathogenic microorganisms. This assay was 
soon recognized for its importance in the serodiagnosis of a number of 
infectious diseases. Application of this procedure for detecting anti
bodies to M. tuberculosis was reported by Nassau et al. 96 using a crude 
mycobacterial antigen. In spite of a significant overlap between values of 
the tuberculosis and control sera, they believed that this technique had 
potential as a useful serodiagnostic test. Subsequent studies by Tandon et 
al.,97 using PPD as antigen, showed better discrimination between tuber
culous and control sera and resulted in a false-positive incidence of 4%. 
In a study employing ELISA to evaluate antibodies to M. tuberculosis in 
IgG, IgA, and IgM classes in tuberculosis and other diseases, Grange et 
al. 98 reported that high levels of IgG were present in tuberculous sera 
when tested with a crude sonicate of M. bovis (BCG). However, in their 
subsequent ELISA studies,99 these workers reported little discrimina
tion among patients with tuberculosis and tuberculin-positive controls. 
Using a more purified glycolipid antigen from M. bovis (BCG), Reggiar
do et al. loo reported a better separation between sera from active tuber
culosis patients and tuberculin-positive individuals, indicating the im
portance of the role that appropriate antigen selection obviously plays in 
this procedure. This importance is further emphasized by the work of 
Daniel et al., 101 who similarly demonstrated a significant increase in IgG 
antibody level of tuberculous sera when assayed with a highly purified 
protein fraction from M. tuberculosis, named antigen 5. 

Correlation of antibody titer with extent of disease was noted in 
studies by Viljanen et al., 102 who reported that increased antibody levels 
in the sera of tuberculous patients were observed for all immu-
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no globulin classes examined, except for antibodies of the IgA class in 
patients diagnosed with minimal disease. 

The ability of the ELISA to differentiate patients with active tuber
culosis from other pulmonary diseases and BeG-vaccinated individuals 
was reported by Kalish et al., to '1 using PPD as antigen . In an attempt to 
improve the specificity and sensitivity ofthis assay, five serologically active 
antigens, including PPD-S, the international standard, prepared from M. 
tuberculosis were evaluated against a reference tuberculous serum by 
Affronti. t01 Of the antigens assessed, the A protein of Seibert was the 
most sensitive, detecting the highest antibody levels in the serum assayed. 
Although reactive, PPD-S was the least potent. Antibody levels using 
these five antigens against a reference serum are compared in Fig. 3. 
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FIGURE 3. Comparison of antibody levels using different mycobacterial antigen fractions 
against a tuberculous reference system. (From Affronti 104 ) 
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Encouraged by these results, a comparative study was undertaken 
by Affronti et al.,105 using tuberculoproteins A and C to measure the 
amount of reactive IgG in the sera from advanced and moderately ad
vanced tuberculosis patients, leprosy patients, and normal individuals. 
The A protein detected significant levels of IgG antibodies in patients 
with both advanced and moderately advanced disease and in patients 
with leprosy. Although patient sera from all stages of tuberculous dis
ease and leprosy were also reactive when assayed with the C protein, it 
was concluded that the A protein was consistently more potent than the 
C protein in detecting mycobacterial antibodies, demonstrating that the 
A protein is an antigen of potentially serodiagnostic value. It is of addi
tional interest that comparative skin-testing studies conducted by Van
diviere et al.106 more than two decades ago reported that the A protein 
possessed greater potency as a skin-test antigen than the C protein or 
PPD-S, when administrated in equivalent protein· concentrations. Be
cause the A protein has a molecular weight ranging from 35,000 to 
42,000 and contains antigens 1, 2, 5, and 6 and probably 4 when com
pared with the U.S.-Japan reference standard, Affronti attributes the 
greater potency manifested by the A protein to its large molecular 
weight and large number of antigens. 

Another approach that has recently gained attention is the alter
native use of the ELISA test to detect the presence of mycobacterial 
antigens, rather than antibody, in body fluids of patients. This has been 
investigated with promising results by several workers. The application 
of ELISA by Sada et at. 107 to detect mycobacterial antigens in the cere
brospinal fluid (CSF) of patients with tuberculous meningitis suggests 
that it may be a useful tool in clinical practice. By studying CSF samples 
from 16 patients with either bacteriologically confirmed or presumptive 
diagnosis of tuberculous meningitis employing an assay with commer
cially obtained antiBCG hyperimmune sera, significantly high absor
bance readings were consistently observed. One false-positive finding 
out of 22 negative samples tested resulted in a specificity of 95%. Of 16 
CSF samples tested, three were false negative, resulting in a sensitivity of 
81%. 

A similar approach was followed recently by Yanez et at.,I()H who 
examined the ELISA in detecting mycobacterial antigens in patient 
sputum. Using a double-antibody sandwich technique and employing 
commercially available rabbit anti-BCG sonic extract immunoglobulin, a 
specificity of only 80% and a sensitivity of 59% were obtained, with a 
positive predictive value of 59% and a negative predictive value of 80%. 
Possible explanations for the low sensitivity observed in the detection of 
acid-fast bacilli in sputum included destruction of bacilli by routine pro
cedures used to process sputum that can result in protein denaturation 
and antigen being coated with body fluids or secretions, preventing 
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them from reacting with antibody. Procedures to minimize or reduce 
these adverse conditions should readily improve the practical value and 
benefits of such a test. 

It should be clear at this point that one of the m<l:jor difficulties in 
evaluating the antibody response in tuberculosis is the presence of epi
topes that M. tuberculosis share with other closely related mycobacteria in 
the environment, resulting in antigenic cross-reactions that complicate 
any attempt to develop a specific and reactive serodiagnostic test for 
tuberculosis. A practical approach for resolving this problem is the ap
plication of immunoblotting techniques using partially purified antigens 
as probes that react specifically with serum antibodies in patients with 
tuberculosis. Immunoblot analysis involves electrophoresing selected 
mycobacterial antigens on SDS-PAGE slabs and electrophoretically 
transferring the separated components to nitrocellulose paper, where 
they are reacted with the patient's serum. Bound antibody is detected 
with avidin-horseradish peroxidase complexed to biotinylated anti
human IgG and the color developed by a suitable chromogen. Applying 
this method and employing the Seibert, A, B, and C proteins and poly
saccharide I and II fractions from M. tuberculosis, Coates et al.l()~) identi
fied antigens in these fractions that reacted with antibody from patients 
with active tuberculosis. Most sera from the normal control group in 
their study also reacted with these same antigens, indicating that such 
antigens may share determinants with other closely related environmen
tal bacteria, including other less pathogenic mycobacteria (i.e., the 
atypical mycobacteria) to which we are continuously exposed and be
come infected during the course of normal living. Of particular interest, 
however, was that antibody activity was noted consistently with antigens 
comprising two of the Seibert fractions: antigens in the high-molecular 
weight polyglucosan fraction, polysaccharide II, and the A-protein frac
tion. 

Immunoblotting sera from tuberculous patients with antigens com
prising the A-protein fractions revealed that all tuberculous and 25% of 
the control sera contained antibody that reacted with a 32,OOO-M) anti
gen and a heterogeneous high-molecular-weight antigen. Three anti
gens, a 10,OOO-M) antigen, a 30,000-44,OOO-M) antigen, and a high
molecular weight antigen were found in the polysaccharide II fraction 
that reacted with sera from 70% or more of patients with tuberculosis 
and from 20-70% of the control sera. A fourth antigen that comprised 
the polysaccharide II fraction, with a molecular weight ranging from 
17,000 to 28,000, reacted with antibody in 64% of the sera from patients 
with tuberculosis but with only I of 15 normal sera, suggesting that this 
antigen may represent a serodiagnostically useful polypeptide. Immu
noblot profiles of the A protein and polysaccharide II fractions are 
noted in Fig. 4. It was also noteworthy that when a comparison of the 
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FIGURE 4. Immunoblots of A protein and polysaccharide II fractions. Sodium dodecyl 
sulfate-polyacrylamide gradient gels of Seibert fractions were electrophoretically trans
ferred to nitrocellulose paper and reacted with a I : 200 dilution of a serum pool from 
patients with tuberculosis. Lanes I and 3, Seibert polysaccharide II fraction; lanes 2 and 4, 
Seibert A protein fraction. Lanes I and 2, after transfer, were reacted with a single serum 
sample from a patient with tuberculosis. Lanes 3 and 4 were reacted with different indi
vidual serum samples from a patient with tuberculosis. Identified are the HMW-smear 
antigen, 30-44K-smear antigen, 17-28K-smear antigen, and 10K-band antigen observed 
in the Seibert polysaccharide II fraction. In the A protein fraction, a HMW-smear antigen 
and a 32K-band antigen are identified. (From Coates et al.IO'1 ) 

polysaccharide II fraction and PPD was undertaken by the immunoblot 
procedure and probed with tuberculous sera, antibody reacted with anti
gens in PPD of molecular weight similar to the 10,000-, 17,000- to 
28,000-M r band, and the 30,000-44,OOO-Mr band of the polysaccharide 
II fraction. 

6. MOLECULAR BIOLOGIC APPROACHES FOR EXAMINING 
ANTIGENS FROM M. TUBERCULOSIS 

With the introduction of molecular biologic and genetic engineer
ing techniques for potentially defining the full complement of protein 
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antigens possessed by an infectious agent a powerful new strategy has 
now become available that can potentially result in the development of 
effective, specific, and well-characterized reagents for use in the sero
diagnosis of tuberculosis and skin testing. DNA and antibody-cloning 
techniques developed only during recent years are resulting in signifi
cant advances and improvements for the diagnosis and treatment of a 
number of infectious diseases. 

Surveying the genome of M. tuberculosis for DNA sequences that 
encode for specific immunologically reactive proteins and cloning them 
in a suitable host-vector system is an attractive approach, being under
taken by a number of workers using tools of molecular biology noted 
above. Clark-Curtiss et al., 110 for example, developed DNA libraries of 
three mycobacterial species in Escherichia coli using a cosmid vector, i.e., a 
vector that combines properties of both plasm ids and A. phage and ob
served no expression of mycobacterial DNA in Escherichia coli unless the 
mycobacterial DNA was linked to a strong promotor. By contrast, Young 
et al. 111 reported on the cloning and expression of M. tuberculosis DNA in 
E. coli using the bacteriophage vector A. gtll. This is a 43.7-kb linear 
double-stranded bacteriophage cloning vector designed expressly for 
cloning small EcoRI fragments with EcoRI linkers. An important feature 
of this vector is that it expresses the foreign DNA insert as a fusion 
protein linked to the galactosidase polypeptide of E. coli, ensuring that 
the genomic insert will be efficiently transcribed and translated in E. coli. 
Recombinant libraries generated from A. gtl1 and subsequently express
ing their corresponding proteins can be screened with antibody probes. 
Three different M. tuberculosis antigens having molecular weights of 
16,000, 18,000, and 33,000, as detected by three different monoclonal 
antibodies were produced using this host vector system. Such meth
odology offers a novel approach for providing large amounts of well 
characterized highly specific antigens of interest for subsequent use. 

A similar approach was recently undertaken by van Embden et 
al.,112 who reported on the cloning and expression of M. bovis BCG 
DNA in E. coli with the bacteriophage A. vector EMBL3. This cloning 
vector can accommodate up to 23-kb inserts, making it a useful vector 
for genomic library constructions. Among many clones tested for ex
pression of mycobacterial antigens was one that produced a 64,000-Mr 
antigen. Immunoelectrophoresis studies showed that antigens cross-re
acting with this protein are distributed in a variety of mycobacteria; this 
common antigen would be classified as belonging to group I of Stan
ford's classification scheme. 

Embden et al. 112 are of the opinion that it will be difficult to clone 
genes expressing antigens specific for either M. tuberculosis or M. bovis 
BCG, since it has been convincingly shown by the immunoelectrophor
etic studies of Closs et al. 21 that these two species contain essentially the 
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same antigens. In spite of this, the pioneering monoclonal antibody 
study by Coates et al. 113 and the subsequent work of Kolk et al. 114 on 
characterizing mycobacterial antigens give strong evidence that species
specific determinants on antigens may permit the identification and dif
ferentiation between closely related mycobacterial species. This finding 
is in contrast to recent studies on monoclonal antibody reactivity to M. 
tuberculosis by Andersen et al., 115 which support the view that no mono
clonal antibodies capable of identifying epitopes only on M. tuberculosis 
have yet been produced. 

On a theoretical basis, it would not be unreasonable to expect, how
ever, that by selecting clones that produce specific antigenic determi
nants using appropriate monoclonal antibodies as probes, specific and 
sensitive antigens could be obtained that would have possible diagnostic 
value. Giving validity to this approach are the results of a recently re
ported study by Chandramuki et al.,116 who made practical use of a 
reverse passive hemagglutination immunodiagnostic test to detect the 
presence of a unique mycobacterial antigen, MY 4,117 in the CSF of 
tuberculous meningitis patients by employipg a monoclonal antibody 
probe that had been developed specifically against it. This monoclonal 
antibody, designated ML34, was coupled to sheep red blood cells and 
used to detect the mycobacterial antigen and immune complexes in CSF. 
The monoclonal antibody was of the IgM isotype capable of reacting 
with mycobacterial species, including M. tuberculosis, M. leprae and M. 
bovis. Antigen was demonstrated in 88% of culture-positive and in 73% 
of culture-negative tuberculous meningitis patients. The test was of lim
ited diagnostic value, however, since it also detected antigen in 21 % of 
patients with pyogenic meningitis and 8% of control subjects. It is impor
tant to recognize that although the results of this study are disappointing 
from a diagnostic point of view, the novel approach used by these work
ers employing hybrid om a techniques for the production of monoclonal 
antibodies having the potential of identifying single antigenic determi
nants has promise and merits further investigative efforts in the search 
for reagents of diagnostic usefulness. Unlimited amounts of homoge
neous antibody can be produced by this technique, and standardization 
of the antigen of interest against the desired monoclonal antibodies 
becomes a practical procedure. 

By applying a combination of recombinant DNA molecular biologic 
and genetic engineering methodologies to the complex problems recog
nized for decades as being singularly associated with antigens of the 
mycobacteria, a new approach is brought into the investigative arena, 
which optimistically promises to provide the necessary tools to achieve 
the long sought-after goal of more sensitive, specific, and effective anti
gens for use in skin testing, serodiagnosis, and prevention of tuberculo
SIS. 
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Role of Adjuvant and 
Immunogenic Moieties of M. 
tuberculosis in Pathogenicity 
KAZUYUKI KATO and KEN-ICHI YAMAMOTO 

1. INTRODUCTION 

Immune responses can be nonspecifically enhanced or modified by ad
ministrating certain substances together with the antigens. These sub
stances, called adjuvants, are obtained from bacteria, viruses, parasites, 
and plants and are highly heterogeneous with respect to their nature 
and origin. Probably the strongest and most common adjuvants are sub
stances derived from bacteria, especially Mycobacterium tuberculosis. Since 
the historical experiments by Freund et ai. 1.2 established that administra
tion of antigens incorporated in water-in-oil emulsion together with kill
ed mycobacteria induced delayed-type hypersensitivity (DTH) and en
hanced antibody production, mycobacteria have received a great deal of 
attention in immunology. Their biologic activities are versatile. For ex
ample, the administration of mycobacteria in water-in-oil emulsion in
duces not only enhancement of DTH and antibody production but also 
adjuvant polyarthritis,3.4 granuloma formation,5 autoimmune dis
ease,6,7 suppression of tumor growth,S and increased susceptibility to 
endotoxin. 9 Therefore, many investigators have made efforts to define 
chemically the adjuvant moieties of mycobacteria. In recent years, 
Lederer et al. 1o identified a minimal adjuvant active structure, N-acetyl
muramyl-L-alanyl-D-isoglutamine (MDP), which was then synthesized by 
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Merser et al. I I This molecule has been confirmed to exhibit versatile 
biologic activities similar to those of mycobacteria and to affect immu
nocompetent cell functions. 

By contrast, the immunogenic moieties of M. tuberculosis, purified 
protein derivatives (PPD), tuberculin active peptide (TAP), and Old tu
berculin (OT) are also important substances in immune responses. One 
major manifestation of host response to tuberculous infection is the 
development of DTH to protein or polypeptide antigens of tubercle 
bacilli. Besides the induction of DTH response, these immunogenic 
moieties have been shown to play an important role in immune regula
tion. This chapter discusses the role in pathogenesis of moieties of M. 
tuberculosis by reviewing observations done in our own and other labora
tories. 

2. ROLE OF ADJUVANT MOIETIES OF M. TUBERCULOSIS 

2.1. Adjuvant Activity of Bacterial Cell Wall Fraction, Wax D, Cord 
Factor and Water-Soluble Adjuvant 

In 1949 Raffel et al. 12 demonstrated for the first time that the adju
vant of intact mycobacterial cells could be reproduced by the wax ex
tracted from M. tuberculosis. Following this, the adjuvant activity of wax 
D, which was further fractionated from such wax fraction, was demon
strated; the injection of wax D with an antigen in a water-in-oil on 
induced increased antibody production, DTHl3,I4 and adjuvant poly
arthritis. l !> In addition to wax D, cord factor extracted from bacterial 
cells was also shown to have adjuvant activities. When cord factor with 
antigen in Freund's incomplete adjuvant was injected into animals, in
creased antibody levels were produced. 16 Moreover, Bekierkunst et al. 17 

found that intravenous injection of cord factor into mice produced ex
tensive lung gramuloma. 

In contrast with these water-insoluble adjuvants, Adam et al. 18 ,19 

prepared a water-soluble adjuvant (WSA) by lysozyme digestion of pu
rified M. smegma tis cell walls. In in vivo experiments, the WSA replaced 
mycobacterial cells in Freund's complete adjuvant and stimulated anti
body production and induction of DTH.20 However, the WSA pro
duced neither arthrogenic activity, as observed in wax D, nor the side 
effects elicited by mycobacterial cells.20 In in vitro experiments, the adju
vant effect of WSA on antibody formation by mouse lymphoid cells was 
examined by Modolell et al. 21 WSA significantly increased the numbers 
of antibody-forming cells against both T-dependent and -independent 
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antigens. The adjuvant effect of WSA on antibody formation against T
independent antigen was also observed following elimination of T cells 
by anti-8 serum plus complement and using lymphoid cells from 
C3H/nu/nu mice, suggesting that, at least in vitro, it is not mediated by T 
cells. The WSA did not have a direct B-cell-stimulating activity and 
showed adjuvant activity when it was preincubated with macrophages, 
but not when it was preincubated with macrophage-depleted cells. 
Therefore, WSA enhanced the immune response by stimulating mac
rophages directly. In addition, Juy and Chedid22 reported that WSA
activated macro phages inhibit tumor growth both in vitro and in vivo. 
Oppenheim et al. 23 reported that WSA stimulates human peripheral and 
mouse peritoneal cells to produce a factor that is mitogenic for mouse 
thymocytes. Since the factor was produced by adherent cells (i.e., mac
rophages), but not by nonadherent cells, the mediator induced by WSA 
is probably interleukin 1 (IL-l). These investigators also showed that 
P388D I , a macrophage cell line, could be stimulated by WSA to produce 
IL-l. Collectively, these findings suggested that the target cell for WSA 
action is the macrophage. 

2.2. Adjuvant Activities of MDP 

Following the discovery of WSA and peptidoglycan, efforts were 
made in several laboratories to find adjuvants of lower molecular weight 
that could replace WSA or peptidoglycan. Thus, the synthetic glycopep
tide N-acetylmuramyl-L-alanyl-n-isoglutamine, or muramyl dipeptide 
(MDP) (Fig. 1), a minimal adjuvant active structure, was found by Ellouz 
et al. \0 and synthesized by Merser et al. 11 Shortly afterward, Kotani et 
al. 24 reported similar findings. Following their reports, MDP has been 
found to possess various biologic activities other than adjuvanticity 
(Table I). 

2.2.1. Adjuvant Activities of MDP in Immune Response 

Muramyl dipeptide suspended with an antigen in water-in-oil emul
sion has been shown to have a strong adjuvant effect on the production 
of humoral antibody and on the induction of DTH.25 Moreover, MDP 
also displays adjuvant activity for IgE production.26 In addition to these 
in vivo experiments, the adjuvant activity of MDP in vitro was demon
strated by Specter et at.,27 who reported that cultures of normal spleen 
cells stimulated with graded concentrations of MDP produced markedly 
enhanced antibody plaque-forming cell (PFC) responses to sheep red 
blood cells (SRBC). 
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FIGURE 1. Muramyl dipeptide (MDP). 

2.2.2. Target Cells for the Adjuvant Activity of MDP 

Lowy et al. 28 demonstrated the im portance of T cells as mediators of 
the adjuvant activities of MDP. In their experiments, CBA mice were 
reconstituted with various splenic cell types harvested from donors that 
had received SRBC and MDP 24 hr earlier. When the donor splenic cells 
were treated with anti-a serum plus complement and reconstituted with 
normal thymocytes, the MDP adju~ant activity was completely abolished 
in the recipients. By contrast, when the same spleen cells were depleted of 
their adherent cells (i.e.,macrophages) and reconstituted with normal 
macrophages, no effect on the adjuvant activity of MDP was detected. 
Sugimoto et al. 29 also investigated the mechanism of MDP action by 
studying antihapten PFC and hemagglutinin responses to hapten-car
rier conjugates in mice. These investigators showed that MDP could 
augment the generation of carrier-specific helper cell function. However, 
in these in vivo experiments, the involvement of macrophages in the 
adjuvant activity of MDP could not be excluded. It was therefore possible 

TABLE I 
Biologic Activities of MDP 

Adjuvant activity 
Nonadjuvant activities 
Granuloma formation in animals 
Necrotic inflammatory reaction in guinea pigs 
Enhanced proliferation of bone marrow granulocyte-macrophage progenitor cells 
Enhanced host resistance against infection 
Induction of suppressor T cells 
Pvrogenicity and somnogenicity through central nervous system 
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that macro phages were the initial target cells of MDP and that an adju
vant-activated macrophage-T-cell interaction was involved in the gener
ation of adjuvant-activated helper T cells. Sugimura et al. 30 examined the 
initial target cells of MDP adjuvant activity in vitro, using cell-separation 
procedures. The results showed that MDP enhanced the immune re
sponses following direct interaction with antigen-stimulated T and B cells 
shortly after being triggered by antigen and that there was no mac
rophage requirement for MDP to elicit the adjuvant action in primary 
anti SRBC PFC response in vitro. These reports showed that the mecha
nism by which MDP promotes immune responsiveness seemed to be 
mediated by T cells, but not by macrophages. In contrast with these 
reports, the importance of macrophages as mediators of MDP adjuvant 
activities was shown by Fevrieret al. 31 studying the in vitro PFC response to 
SRBC. In their experiments, when the supernatant from MDP-stimu
lated spleen cells was added to cultured spleen cells, anti-SRBC PFC 
numbers were increased. The factor(s) was produced by spleen cells 
treated with anti-8 serum plus complement but not by cells treated with 
antimacrophage serum plus complement. Moreover, the factor(s) was 
showed to be released by adherent spleen cells following MDP stimula
tion. They concluded that the target cells for MDP are the macrophages, 
which release factor(s) ultimately acting on B cells through T cells. More
over, MDP was shown to be able to activate macruphages and to produce 
lymphocyte activating factor (LAF), which is probably IL-l. Thus, LAF 
from MDP-stimulated macro phages may play an important role in MDP 
adjuvant activity. 

2.2.3. Genetic and Gender Control of Adjuvanticity 

The adjuvanticity of MDP was shown in mice to be under genetic 
control. Staruch and Wood32 showed that MDP in BALB/c mice marked
ly enhanced the secondary antibody response against bovine serum al
bumin (BSA) in vitro but had little enhancing effect in C5 7BLll aSn mice 
under the same conditions. These investigators also showed that MDP 
was influenced by at least two genes, present inside and outside the major 
histocompatibility complex. In addition, Damais et al. 33 reported that the 
mitogenic activity of MDP, measured as uptake of [3H]thymidine by 
spleen cells, was strain dependent; DBA/2, BALB/c, AKR, CBA, and 
Swiss mice were high responders, while C3H/He and C57BLl6 mice were 
low responders. This strain difference in susceptibility to the adjuvant 
and mitogenic activities of MDP was different from that observed in 
bacillus Cal mette-Guerin (BCG)- or BCG cell wall (CW)-induced lung 
granuloma response.34,35 Gender-associated differences were reported 
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in adjuvant and reticuloendothelial system (RES)-stimulated activity36; 

female mice showed much higher adjuvant activity, as measured by 
antibody production and RES-stimulated activity, as measured by clear
ance of carbon particles, than did male mice. These differences might be 
related to the levels of estrogens shown to be stimulatory to RES-mac
rophage phagocytic function. 

2.3. Biologic Activities of MDP Other Than Adjuvanticity 

Muramyl dipeptide has various biologic activities other than the 
adjuvant activities cited in Table I. This section discusses and correlates 
some of the various biologic activities of MDP other than adjuvanticity 
that have been reported by several laboratories. 

2.3 .1. Granuloma Formation 

Mycobacteria are well known to induce granuloma formation. 
Therefore, the chemical component of mycobacteria responsible for this 
action has been studied. Emori and Tanaka37 found MDP to induce 
massive granulomas in guinea pigs and rats. The footpads of these ani
mals were injected with a water-in-oil emulsion containing 100 ILg MDP 
without protein antigen. Two weeks after MDP injection, the draining 
lymph nodes showed the formation of massive granulomas, which were 
indistinguishable from those evoked by killed mycobacteria. By contrast, 
the BCG CW-induced lung granuloma response in mice has been re
ported to be controlled genetically and to involve cell-mediated immu
nity; for example, C57BLl6 mice were high responders and C3H/He 
mice low responders.35 We showed that lung granuloma was produced 
in both C57BLl6 and C3H/He mice when 300 ILg MDP coupled with 
mycolic acid (mycoloyl-MDP) in water-in-oil-in-water (w/o/w) emulsion 
was injected intravenously (IV)38 (Fig. 2). Therefore, lung granuloma 
induced with mycoloyl-MDP in mice might be nonspecific in contrast 
with the involvement of cell-mediated immunity in BCG CW-induced 
lung granuloma response. 

2.3 .2 . Necrotic Inflammatory Reaction 

Recently, Nagao and Tanaka39 noted an interesting phenomenon. 
Severe and extensive necrotic inflammation with exudation and hemor
rhage was observed in guinea pig footpads that had been injected with 
tubercule bacilli in water-in-oil emulsion 4 weeks earlier, 24 hr after an 
intracutaneous injection of MDP. This reaction was observed in guinea 
pigs but not in mice, rats, and rabbits and was different from the usual 
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FIGURE 2. Mycoloyl-MDP-induced lung granuloma formation . Lung from a C3H/He 
mouse I week after the injection of emulsion containing 300 flog mycoloyl-MDP and 300 flog 
PPD. (From Yamamoto et "PH) 

Schwartzmall reaction, worsened by heparin , a Schwartzman reaction 
inhibitor. The mechanism for this necrotic reaction remains obscure. 

2.3.3. Elll!(/ ofMDP on Proliferation oj Bone Marrow 
Granu/ocytl'-MacrophaKe Progenitor Cells 

Adjuvants such as bacterial lipopolysaccharide, lipid A, and bacterial 
CW components were reported to affect myelopoiesis. Wuest and 
Wachsmuth10 showed that MDP induced a dose-dependent increase in 
the number of bone marrow granulocyte-macrophage progenitor cells, 
the maximum effect being reached at a dose of about 10 mg/kg and the 
50% effect at a dose of about 0.1 mg/kg. Moreover, they showed that low 
doses of MDP (0.1-1 mg/kg) provoked lymphocytosis and larger doses of 
MDP (10 mg/kg upwards) produced lymphocytopenia and an increase in 
the number of young staff neutrophils and monocytes. Galelli and 
Chedid11 reported that MDP elicited in vivo a response characterized by a 
rise in the level of monocyte-macrophage colony-stimulating activity in 
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serum, a proliferation of multi potential stem cells in the bone marrow 
and an expansion of granulocyte-macrophage progenitors in the spleen. 

2.3.4. Stimulation by MDP of Host Resistance against Infection 

The natural resistance of host to infection can be increased by pro
phylactic administration of various bacterial products. Therefore, MDP, 
an important adjuvant moiety of bacterial CW, was examined for its 
ability to enhance host resistance against extracellular and intracellular 
pathogens. Chedid et al. 42 showed that MDP and various analogues ad
ministered to mice by various routes enhanced their nonspecific re
sistance against Klebsiella pneumoniae and were effective even when ad
ministered after challenge infection. Matsumoto et al.'t:l showed that 
when mice treated with MDP were challenged with Klebsiella pneumoniae, 
Pseudomonas aeruginosa, and Escherichia coli., the degree of protection 
ranged from minor, slightly higher and the highest, respectively. By 
contrast, MDP was also reported to be effective in protecting against 
Streptococcus pneumoniae,44 Candida albicans,45 and Trypanosoma cruzi. 46 

We reported that in mice, mycoloyl-MDP was capable of enhancing lung 
granuloma formation and host resistance against M. bovis infection, 
whereas MDP was not.~H The importance of phagocytic cells, such as 
polymorphonuclear leukocytes and macrophages, for microbicidal ac
tivity has been emphasized. Recently, MDP was shown to activate the 
microbicidal activity of these cells.47 That is, MDP stimulated the chem
otactic mobility,4H phagocytic activity,45 and superoxide anion produc
tion45,49,5o in polymorphonuclear leukocytes and macrophages. MDP
induced cellular stimulated states are closely associated with the en
hancement of host-defense mechanisms to intracellular and extra
cellular organisms. However, other studies showed that MDP was inef
fective in protecting against infections with Listeria monocytogenes,51 
Mycobacterium leprae,52 and Schistosoma mansoni. 53 Thus, the effectiveness 
of MDP as a stimulant of host resistance is not clearly established in the 
literature, but this probably depends on differences in experimental 
conditions, such as administration form and route. 

2.3.5. Immune Suppression by MDP 

Contrary to its adjuvant activity, MDP was shown to induce a de
pression of immune responses. Leclerc et aU>'! showed that the anti
SRBC PFC response was suppressed in mice that had been injected 
intraperitoneally with 500 I-lg MDP, 1,2, and 3 days before immuniza
tion with SRBC. These workers also indicated that in vitro generation of 
cytotoxic T cells from mice that had been treated with MDP was de-
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creased. In their analysis of MDP-induced immunosuppression, they 
found T-cell-enriched populations of spleen cells from mice injected 
with MDP to exhibit a suppressive activity against anti-SRBC PFC re
sponse that could be removed by treatment with anti-Thy 1 antiserum 
plus complement. Moreover, Kishimoto et al. 55 showed that antigen
conjugated MDP or 6-0-mycoloyl-MDP had a selective suppressive effect 
on the induction of IgE antibody response. Preadministration of din
itrophenyl (DNP)-mycoloyl-MDP completely inhibited the induction of 
anti-DNP IgE antibody response; this effect was attributed to the induc
tion of radiosensitive DNP-specific suppressor T (Ts) cells by DNP
mycoloyl-MDP. 

By contrast, we reported that BCG CW-induced or live Listeria
induced DTH responses were suppressed in mice that had been injected 
IV with 500 I-lg MDP in water-in-oil-in-water emulsion 2 weeks before 
immunization56 (Figs. 2 and 3). However, when injected intraperi
toneally or subcutaneously with 500 I-lg MDP in w/o/w emulsion or in 
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FIGURE 3. DTH to PPD in C3H mice previously injected intravenously (IV) with 
muramyl dipeptide (MDP). tuberculin-active peptide (TAP) or Listeria-soluble protein 
(LSP). Each group of six C3H mice was injected IV with a water-in-oil-in-water (w/o/w) 

emulsion of MDP, TAP, or LSP at a dose of 500 fLg. The other two groups were injected 
with the wlolw vehicle emulsion above or with I mg heat-killed BCG and were used as 
controls. All mice were immunized subcutaneously with oil-treated BCG CW 2 weeks after 
IV injection. Four weeks later, footpad testing was performed with 10 fLg purified protein 
derivatives (PPD). Mean footpad swelling ±SD are shown. Control \ersus heat-killed BCG, 
p < 0.00 I; control versus MDP, p < 0.02: control versus TAP, P < O.OJ. (From Kato et apti) 
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saline 2 weeks earlier, the BCG CW-immunized mice showed no DTH 
suppression. Therefore, IV injection of MDP in w/o/w emulsion seems 
to be more effective in inducing DTH suppression than that in saline, 
since Parant et al. 57 reported that 75-95% of 14C-labeled MDP in saline 
injected IV into mice was eliminated in the urine within 2 hr. The MDP
induced DTH suppression was analyzed by use of a macrophage migra
tion inhibition (MI) assay. 56 MI-positive peritoneal exudate cells (PEC) 
from BCG CW-immunized mice were mixed with spleen cells from mice 
that had been injected with 500 I-Lg MDP in water-in-oil emulsion and the 
mixture was examined for MI activity. No MI activity was observed, 
suggesting that the MI activity of PEC was suppressed by the spleen cells 
from MDP-treated mice (Table II). The suppressive activity was elimi
nated by treatment of spleen cells with anti-e serum plus complement 
but not with anti-mouse Ig plus complement, indicating that MDP in
duced Ts cells resident in the spleen (Table III). Thus, the MDP
induced Ts cells were supposed to suppress the elaboration or release of 
MI factor from BCG CW-sensitized T cells. Such suppressor cells also 
suppressed the MI activity of PEC from live Listeria-immunized mice and 

TABLE II 
Inhibitory Effect of Splenic Nonadherent Cells from MDP-, T AP-, 

and LSP-Injected C3H mice on MI Activity of BCG CW-Effector PECa.b,c 

Area of 
Presence migration MI activity" 

Treatment group b of PPD (cm2) (%) 

Vehicle 3.0 ± 0.4 57 (P < 0.01) 
(positive control) + 1.7 ± 0.3 

MDP 3.5 ± 0.7 86 (P > 0.(5) 
+ 3.0 ± 0.1 

TAP 2.8 ± 0.3 93 
+ 2.6 ± 0.6 

LSP 3.0 ± 0.3 57 (P < 0.01) 
+ 1.7 ± 0.1 

a From Kato et at. 56 

bBCG. bacillus Calmette-Guerin; CWo cell wall; LSP, Listeria-soluble protein; MDP, muramyl dipep
tide; MI, migration inhibition; PEC, peritoneal exudate cells; PPD, purified protein derivative; TAP, 
tuberculin-active peptide. 

'Nonadherent cells were obtained from five mice injected IV with 500 fLg MDP, tuberculin-active 
peptide TAP, or LSP in water-in-oil-in-water emulsion 2 weeks earlier. Nonadherent cells from five 
mice injected IV with vehicle alone served as a control. All these nonadherent cells were mixed in a 
ratio of I : 9 with BCG CW-effector PEC harvested from 20 mice immunized with BCG CW and were 
assayed for inhibition of the MI activity of BCG CW-effector PEe. 

dMI activity (percentage migration inhibition) = (migration area of the mixed cells with 50 fLg/ml 
PPD/migration area of the mixed cells without PPD) x 100. The significance of differences between 
the migration area of the mixed cells with PPD and that without PPD was determined by Student's /
test. 
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TABLE III 
Inhibitory Effects of Anti-O and Antimouse Ig-Treated 

MDP-Nonadherent Cells on MI Activity of BCG CW-effector PECa,b 

Area of 
Presence migration 

BCG CW -effector PEC mixture of PPD (cm2) MI activity (%) 

Control nonadherent cells 3.1 ± 0.1 45 (p < 0.001) 
+ 1.4 ± 0.2 

MDP nonadherent cells 3.1 ± 0.5 94 
+ 2.9 ± 0.4 

Anti-a and C-treated MDP 2.9 ± 0.3 52 (p < 0.001) 
nonadherent cells + 1.5 ± 0.1 

Antimouse Ig and C-treated MDP 2.5 ± 0.1 108 
nonadherent cells + 2.7 ± 0.6 

aFram Kato et al. 56 

b After treatment with anti-a serum plus complement (C) or with anti mouse Ig serum plus C. MOP 
nonadherent cells were assaved for inhibition of the MI activitv of BCG CW -effector PEC, as indicated 
in the footnotes to Table Ii. ' 

were active across the H-2 barrier. Furthermore, the MDP-induced Ts 
cells were shown to suppress both DTH induction and expression phases 
in BCG CW-sensitized mice. 

2.3.6. Effect of MDP on the Central Nervous System 

Some constituents of gram-positive bacteria, especially group A 
Streptococcus pyogenes, are well known to cause fever when injected intra
venously in rabbits. Roberson and Schwach58 and Rotta and Bedmir59 

reported that purified preparation of CW or peptidoglycans isolated 
from Streptococcus pyogenes and other streptococci elicited a reproducible 
febrile response in rabbits. Following these findings, Kotani et at.60 and 
Dinarello et at. 61 showed that MDP has a definite pyrogenic effect and 
elicits leukocyte pyrogen in rabbits. Riveau et at. 62 showed that MDP given 
by the intracerebroventricular route has a tremendously (-200,OOO-fold) 
higher pyrogenicity, eliciting a strong and lasting febrile response, al
though no circulating endogenous pyrogen could be detected in plasma 
and cerebrospinal fluid. By contrast, Krueger et at. 63 reported the sleep
promoting effect of MDP. Intraventricular infusion of MDP increased 
hourly slow-wave sleep as well as raised body temperature in rabbits and 
cats. These results showed that MDP administered intraventricularly 
induced a somnogenic effect in animals, suggesting that MDP may induce 
pyrogenicity and somnogenicity by a direct effect on brain structures that 
control body temperature and sleep. However, whether these effects of 
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MDP on the eNS are associated with pathogenesis m tuberculosis IS 

unknown. 

3. ROLE OF THE IMMUNOGENIC MOIETIES OF M. 
TUBERCULOSIS 

It is generally accepted that bacterial proteins or polypeptides, im
munogenic moieties, as well as adjuvant substances play an important 
role in the DTH response induced by tubercle bacilli and that they also 
function actively in eliciting the tuberculin reaction. Since the original 
tuberculin preparation described by Koch in 1891 and named Old tuber
culin (OT), efforts were pursued in several laboratories to make tuber
culin-active proteins. Their biologic activity was studied mainly as capaci
ty to elicit tuberculin reactions in tuberculous subjects or animals. This 
section reviews the other biologic activities associated with such proteins. 

3.1. Lymphokine Production 

Mycobacterium-sensitized T lymphocytes release a series of factors, 
i.e., lymphokines, affecting the immune state induced by specific anti
gens of mycobacteria. Originally, Bloom and Bennett61 showed that 
Mycobacterium-sensitized lymphocytes cultured with a specific antigen, 
PPD, could release the macrophage MIF, which inhibited the migration 
of normal guinea pig peritoneal macrophages from capillary tubes. De
tection of MIF from sensitized T lymphocytes exposed to antigens is 
regarded today as a valid in vitro correlate of DTH. Other lymphokine 
produced include the skin reactive factor, mitogenic factor, lymphotox
in, macrophage activation factor, and IL-2. Recently, Takatsu et ai. 65 

reported that Mycobacterium-sensitized T cells released T-cell-replacing 
factor, which acted on allogeneic as well as syngeneic B cells. 

3.2. Desensitization in Cellular Immunity 

An injection of large doses of antigen into animals with DTH can 
render the animals specifically unreactive to subsequent intradermal 
challenge with that antigen. The unresponsiveness is short-lived, lasting 
several days, and is related to the dose of antigen given. Yamamoto and 
Takahashi66 showed that the IV injection of BeG protoplasm into ani
mals sensitized by Mycobacterium reduced the dermal reaction to BeG 
protoplasm and simultaneously induced a high level of MIF in serum. 
This dermal unresponsiveness is probably due to the high level of serum 
MIF elaborated in response to IV challenge with a large dose of BeG 
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protoplasm; MIF may inhibit the accumulation of monocytes inflowing 
from blood circulation in the tuberulin reaction site, and this result lead 
to the expression of dermal desensitization. Yamamura et al. 67 showed 
that repeated injections of TAP were effective in desensitizing cutaneous 
hypersensitivity in rabbits sensitized with heat-killed tubercle bacilli and 
prevented cavity formation in which cellular immunity might play an 
important role. Although they did not refer to the release of MIF by 
desensitization, released MIF might be associated with the prevention of 
cavity formation. 

3.3. Mycobacterial Antigen-Induced DTH Suppression 

We showed that the induction of antigen nonspecific Ts cells was 
achieved by injection of heat-killed BCG.68 Nonspecific Ts cells, which 
suppress DTH elicited by both BCG CW and Listeria monocytogenes, were 
also shown to be induced by IV injection of MDP.56 We also showed that 
in contrast with MDP-induced DTH suppression, Ts cells induced by IV 
injection of TAP, suppressed BCG CW-induced DTH but not Listeria
induced DTH56 (Figs. 3 and 4). In addition, the TAP-induced Ts cells 

Killed 

0.3 0.8 

DI fference of footPad thickness 

FIGURE 4. DTH to Listeria·soluble proteins (LSP) in mice previously irtiected intra· 
venously (IV) with MDP, TAP, or LSP. C3H mice that had been treated by IV injection 
with MDP. TAP. LSP. or heat· killed Listeria 2 weeks earlier were immunized with I O:~ live 
Listeria. Seven days later, the footpad test was performed with 10 fLg LSP. Mean footpad 
swellings :'::SD are shown. Control versus heat-killed LSP. p < 0.001. (From Kato I't ai.',ti) 
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TABLE IV 
Inhibitory Effects of Anti-a and Antimouse Ig-Treated 

TAP Nonadherent Cells on MI Activity of BCG CW-Effector PECa,b 

Area of 
Presence migration MI activity 

BCG CW-effector PEC mixture of PPD (cm2) (%) 

Control nonadherent cells 2.8 ± 0.3 71 (P < 0.01) 
+ 2.0 ± 0.2 

TAP nonadherent cells 2.9 ± 0.1 90 
+ 2.6 ± 0.4 

Anti-O and C-treated TAP 2.5 ± 0.3 68 (p < 0.05) 
nonadherent cells + 1.7 ± 0.5 

Antimouse Ig and C-treated TAP 2.6 ± 0.3 100 
nonadherent cells + 2.6 ± 0.2 

a From Kato et af.56 

bT AP nonadherent cells were treated and tested in the MI assay as the MDP nonadherent cells in 
Table III. 

suppressed the MI activity of PEe from BCG CW-immunized mice but 
not that from Listeria-immunized mice (Tables II, IV, and V). There
fore, two different Ts cell subsets, induced by both adjuvant and immu
nogenic moieties of BeG, might be produced in BeG-induced DTH 
suppression. They might act in vivo by interfering with the lymphokine
dependent mechanism by which DTH effector T cells elicit DTH, since 
they evidently suppressed the MI activity of PEC from BeG CW-immu-

TABLE V 
Inhibitory Effects of Splenic Nonadherent Cells from MDP-, T AP- and 
LSP-injected C3H mice on MI activity of live Listeria-Effector PECa,b 

Area of 
Presence migration MI activity 

Treatment group of LSP (cm2) (%) 

Vehicle (positive controls) 3.3 ± 0.1 58 (p < 0.001) 
+ 1.9 ± 0.3 

MDP 3.0 ± 0.2 90 (p > 0.05) 
+ 2.7 ± 0.2 

TAP 3.2 ± 0.2 50 (p < 0.001) 
+ 1.6 ± 0.2 

LSP 3.5 ± 0.1 97 
+ 3.4 ± 0.4 

aFrom Kata et al. 56 

bThe inhibitory effects of MDP nonadherent cells, TAP nonadherent cells, and LSP nonadherent cells 
on the MI activity of live Listeria-effector PEe were assayed as described in the footnotes to Table II. 
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nized mice. The antigen specificity of TAP-induced Ts cells suggests 
that this subset acts via antigen receptors or anti-idiotypic receptors to 
inhibit the ability of antigen-sensitive DTH effector T cells to elaborate 
lymphokines. The adjuvant-induced Ts cells may, instead, act on these 
lymphokine-releasing effector T cells by nonspecific mechanisms or fac
tors derived from the suppressor cells. Recently, Colizzi et at. 69 reported 
that spleen cells from mice injected IV with BCG, released factors in 
culture that suppressed DNA synthesis induced by concanavalin A (Con 
A) in vitro. They also showed that both macrophages and T cells pro
duced inhibiting factors and that the macrophage factor had a molecular 
weight of 10,000-30,000, while the T-cell factor had a molecular weight 
of 50,000-70,000. Little information is available on supressor factors 
possibly produced by MDP- and TAP-induced Ts cells. However, it can 
be speculated that the suppressor factors from MDP- and TAP-induced 
Ts cells may be involved in suppression of DTH in llil1o, since these cells 
reside in the spleen and do not circulate. 

4. SUMMARY 

Since Freund's original observation on the adjuvant effect of my
cobacteria on immune response, 1.2 mycobacteria have been accepted as 
the most potent enhancing agents for immune response. This finding 
prompted a lengthy search to determine the chemical structure of the 
Mycobacterium fraction exhibiting adjuvant activity; recently, the impor
tant relevant structure, MDP, has been identified. 1O MDP is not immu
nogenic and is devoid of the several side effects elicited by administra
tion of whole mycobacteria. MDP with an antigen in water-in-oil emul
sion was capable of replacing whole mycobacteria in increasing antibody 
production and inducing DTH.25 The biologic activities of MDP other 
than its adjuvant activity have been outlined. Interestingly, MDP was 
shown to produce antigen-nonspecific Ts cells active in humoral and 
cell-mediated immunity in spite of its nonimmunogenic activity.54.56 
Therefore, MDP seems to be an immunomodulator as well as an immu
nostimulator. However, the mechanisms involved in the induction of 
antigen nonspecific Ts cells by MDP are still unknown. The above-men
tioned findings obtained in experimental animals suggest that the ad
ministration route and dose of MDP, should it be used in the therapy of 
human infectious diseases or tumors, should be examined first to ensure 
that the MDP has a beneficial effect without inducing Ts cells or other 
side effects. 

We have also described the biologic activities of the immunogenic 
moieties of M. tuberculosis. One of the main biologic activities is the in-
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duction from T cells sensitized with mycobacteria of lymphokines, that 
play an important role in immune responses. Moreover, we made a few 
remarks on the regulatory effects of the immunogenic moieties of M. 
tuberculosis on immunity, i.e., desensitization and antigen-specific Ts-cell 
induction involved in immunity against tuberculosis. 

The study of the various biologic activities of adjuvant and immu
nogenic moieties of M. tuberculosis may lead to a better understanding of 
the host-parasite relationship in experimental and human tuberculosis. 
It may also stimulate research on various topics that are not apparently 
linked to the adjuvant activity of M. tuberculosis, such as myelopoiesis, 
pyrogenicity, or somnogenicity. 
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Genetic Background of the 
Host and Expression of 
Natural Resistance and 
Acquired Immunity to 
M. tuberculosis 
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1. INTRODUCTION 

3 

Recently, the World Health Organization (WHO) outlined a strategic 
approach for the design of an effective vaccine against tuberculosis. l A 
fundamental part of the vaccine development depends on a clearer un
derstanding of the role of genetic factors in host responses to Mycobac
terium tuberculosis. The aim of this chapter is to review studies that have 
dealt with the genetic control of susceptibility and resistance to tuber
culosis in both humans and animal models. 

By the 1960s, the concept of genetic susceptibility and resistance to 

tuberculosis had been firmly established by the studies of Lurie and 
Dannenberg2 and Gray,3 which demonstrated that inbred animal strains 
differed in their response to the same dose of M. tuberculosis. Further
more, Mackaness1 showed that the granuloma formation that occurs 
during tuberculosis infection is the result of cell-mediated immune reac-
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tions. The important concept demonstrated by these early studies was 
that the host response to M. tuberculosis consists of two phases: the preim
mune or innate phase of resistance to the establishment of infection, and 
the subsequent emergence of immunity that leads either to elimination 
of mycobacteria or to progression of the disease. 

2. INHERITED RESISTANCE TO TUBERCULOSIS IN RABBITS 

The earliest formal genetic analysis of the trait of resistance and 
susceptibility to tuberculosis was begun during the 1930s.2 The experi
mental system comprised a colony of rabbits derived from four families 
selectively inbred for resistance or susceptibility. The typing criterion 
used for selective inbreeding was the quantitation of primary pulmonary 
tubercles that developed 5 weeks after inhalation of virulent human type 
M. tuberculosis (H37Rv). Alveolar macrophages (AM) from resistant (R) 
rabbits were capable of trapping twice as many bacteria in a given period 
of time as the susceptible (S) rabbits and, by 5 weeks, the R rabbits had 
developed only 5% the number of primary tubercles as the S animals. 
Most im portantly, the lesions in S rabbits contained more viable bacilli. 5 

Resistance to the progress of tuberculosis, characterized by increased 
survival after virulent infection, was associated with a more rapid matu
ration of monocytes to epitheloid cells, which resulted in enhanced re
striction of bacillary multiplication. A similar pattern was observed when 
intradermal inoculation of avirulent M. bovis, or bacillus Calmette
Guerin (BCG), organisms was studied.6 Again, the BCG nodules in R 
rabbits ulcerated more quickly but healed faster, whereas the opposite 
kinetics were observed in susceptible rabbits. Furthermore, BCG vac
cination caused a five-fold increase in the resistance of R-type rabbits 
against a subsequent virulent challenge with H37Rv. The susceptible 
animals were rendered only 1.2-fold more resistant by the same treat
ment. Moreover, the R rabbits produced antibodies and developed cel
lular hypersensitivity to tuberculin more rapidly than S rabbits. The trait 
of resistance to tuberculosis was shown to be dominant, multiple and 
additive over susceptibility by mendelian analysis experiments. 7 The ge
netic studies conducted by Lurie et al. 7 revealed that certain inbred 
rabbits are innately endowed with a superior capacity to sequester M. 
tuberculosis within AM and to generate an immune response. Although 
the gene(s) regulating resistance to tuberculosis in rabbits was not identi
fied, the experimental results have withstood the test of time and are 
now being confirmed, extended, and explained in experimental models 
of tuberculosis in inbred strains of mice. 
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3. GENETIC CONTROL OF TUBERCULOSIS AND BCG 
INFECTION IN THE MOUSE 

3.1. Earlier Studies on Intraspecies Variation in 
Resistance/Susceptibility to M. tuberculosis 
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Strain variation in resistance to mycobacterial infections among 
mice has been noted since the mid-1940s. Early reports by Donovick et 
al. i:l showed that the survival time of various mouse strains after intra
venous (IV) infection with M. tuberculosis varied considerably. The 
C57BL, DBAIl, and CFl strains were the most susceptible, while the 
Swiss Albino, C3H, CFN, and Strong A (A/St) strains were the most 
resistant. 

The unusual susceptibility of the C57BLl6 (B6) strain was also re
ported by Gray.3 Mice of this strain, when infected IV, could not restrict 
the proliferation of the bacilli in their reticuloendothelial organs and 
succumbed early in the course of infection. Sever and Youmans9 ob
served a similar growth pattern of the avirulent M. tuberculosis H37Ra 
strain, the attenuated RIRv strain, and the M. bovis (BCG) strain in the 
spleen, liver, and lungs of A/St and C57BLl6 mice. Mice of the C57BLl6 
strain were, however, more susceptible to infection with the virulent M. 
tuberculosis H37Rv than the A/St and the CFl strain, as measured by 
median survival time after IV inoculation. lo Using M. tuberculosis (Val
lee) as an infectious agent, Lynch et at. II performed a mendelian segre
gation analysis of the trait of resistance to tuberculosis in (C57BLl6] x 
Swiss)F I hybrids and backcross populations. Continuous backcrossing 
showed that the trait of innate resistance was controlled by a single 
dominant gene that, with all probability, was identical to the chromo
some 1 Bcg gene (see Section 3.3). 

3.2. Genetic Resistance to M. tuberculosis and BCG in Biozzi Mice 

The resistance to M. tuberculosis and M. bovis (BCG) in Swiss mice 
selectively bred for high (HL) or low (LL) antibody responsiveness to 

sheep red blood cells has also been examined. 12 The quantitative dif
ferences in antibody production in the two lines of mice have been 
shown to be related to the segregation of polygenic characters deter
mined by about 10-12 independent loci. 13 One hypothesis offered to 
explain the HL and LL phenotypes derives from the observation that 
LL-type macrophages exhibit superior metabolic activity.14 Macro
phages from LL mice also express stronger bacteriostatic activity than do 
HL macrophages. 15 Consequently, the LL mice are more resistant to in 
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vivo infection with Salmonella typhimurium l5 and BCG.12 By contrast, LL 
mice did not exhibit the same innate resistance when infected with vir
ulent H37Rv by the IV route. 12 The mortality reached 100% in LL 
animals by 4 weeks after infection, whereas HL mice, as well as F I 
hybrids derived from LL X HL crosses, survived the infection. The 
results of the HLiLL murine studies differed considerably from those of 
Lurie and Dannenberg's rabbits, which were also selectively inbred for 
macrophage function. 2 The R rabbits exhibited superior resistance 
against both BCG and H37Rv. It should be noted, however, that the 
H37Rv bacteria were administered to the rabbits by the aerogenic route 
as opposed to the IV route used in the murine experiments. Since natu
ral infection by M. tuberculosis is most often contracted by the respiratory 
route,16 it is possible that alveolar macrophages express genetic factors 
not found in splenic macrophages; thus, the resistance of AM may be 
more relevant to the study of infection with M. tuberculosis. 

3.3. The Bcg Gene: Genetics and Phenotypic Expression 

Another murine genetic system shown to control the course of my
cobacterial infection is the Beg gene located on chromosome 1.17 All 
inbred strains of mice examined thus far fall into either of two categories 
when infected with a low dose [104 colony-forming units (CFU)] of BCG 
Montreal: Beg' (susceptible) or Begr (resistant). According to these experi
mental conditions, the IV-injected BCG multiplies rapidly in the spleens 
and livers of Beg' mice during the first 3-4 weeks of infection. No 
multiplication occurs in that time period in the reticuloendothelial organs 
of Begr mice. Moreover, the phenotype of resistance to BCG can be 
demonstrated within 24-48 hr as a significantly lower number of viable 
BCG bacilli in Begr spleens as compared with Beg' spleens. This difference 
becomes more significant as the infection progresses to its peak 3 weeks 
later, when Beg' mice manifest 100-1 OOO-fold more BCG bacteria in their 
spleens than do Begr mice. The trait of resistance to BCG infection was 
found to be under the control of a single autosomal-dominant gene. 18 
Mapping of the Beg gene was achieved by typing recombinant inbred (RI) 
strains for the trait of resistance/susceptibility to BCG.17 The B x Hand 
BxD RI strains used for this study were derived from the pairs of 
progenitors expressing the allelic forms of the Beg gene, i.e., the C57BLl6 
(B, Beg') and C3H/He] (H, Begr ) or DBA/2] (D, Begr ). The strain distribu
tion pattern of Beg' and Begr alleles in 36 RI strains was found to be similar 
to the strain distribution pattern of two isoenzyme loci, Idh-l (isocitrate 
dehydrogenase) and Pep-3 (peptidase 3), located on the centromeric part 
of chromosome 1. The gene order was established by recombination 
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frequencies to be Idh-l-Beg-Pep-3. An interesting outcome of the map
ping studies was the discovery of an identical strain distribution pattern 
among BegrlS , Ityrls, and Lshrls phenotypes that control resistance/suscepti
bility to BeG, Salmonella typhimurium, and Leishmania donovani, respec
tively. These results suggest that the Beg-Ity-Lsh genes are either the same 
gene or in a tight linkage, as no proven recombination events have 
occurred among the three phenotypes in all cases tested so far. 19 Finally, 
infection with M. lepraemurium has also been shown to follow Beg gene 
strain distribution.20 

These experiments constitute a clear example that host resistance to 
the growth of mycobacteria and other intracellular pathogens in vivo is 
under the control of a single genetic locus. The Beg gene is expressed 
independently of H-2 genes and is not dependent on natural killer (NK) 
or thymus-derived lymphocytes. 21 It has been confirmed both in vivo 
and in vitro that the cell that expresses the Beg gene is the resident 
macrophage.21 ,22 

The molecular mechanism of the Beg gene action is the subject of 
current studies. At a descriptive level, the Beg gene appears to have 
pleiotropic effects23 : the macrophages of Begr phenotype, when com
pared with Beg" macrophages, exhibited several characteristics of mac
rophage activation, such as enhanced spreading, a higher oxidative res
piratory burst to a variety of activating stimuli, enhanced Ia antigen 
expression, superior support of nonspecific as well as antigen-induced 
mitogenesis, and quantitatively superior bactericidal activity. The ob
served functional differences between Begr and Beg" macrophages mac
rophages may thus be explained by their state of activation: the Begr 
macrophages are already primed for activation,23 The Begr macro
phage, when exposed to the membrane perturbation caused by the 
phagocytosis of mycobacteria, becomes promptly activated for anti
mycobacterial activity. By contrast, the Beg" macrophage requires a se
quence of priming and activating stimuli (including mycobacterial cell 
wall products and lymphokines) before the full extent of its antimyco
bacterial activity is expressed. Whether the Beg gene product controls 
the enhanced responsiveness of the macrophage or interferes with the 
action of regulating stimuli (i.e., prostaglandins) is unclear. The action 
of the Beg gene, defined as the level of macrophage priming for activa
tion in vitro, can be observed in vivo as an interference with mycobacterial 
proliferation in the sites of infection. Interestingly enough, only those 
mycobacterial strains that show an intermediate level of virulence are 
clearly restricted by the Beg gene. Its role can be completely masked 
when avirulent strains of mycobacteria are used in experimentation, but 
its effect (i.e., anti mycobacterial activity) can be overcome by the pres
ence of rapidly multiplying mycobacteria of high virulence.24 
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3.4. Segregation Analysis of the Mode of Inheritance of the Trait of 
Resistance to M. tuberculosis 

In studies employing the highly virulent H37Rv strain of M. tuber
culosis, the presence of additional host genetic elements, acting in accord 
with the Beg gene, were identified.25 In these experiments, various in
bred mouse strains were typed according to their median survival time 
(MST) after IV inoculation of H37Rv bacteria. A clear difference in 
MST was noted in only two strains: liSt, MST = 21 days and A/Sn, MST 
= 62.7 days. The F I hybrids derived from I x A crosses were uniformly 
more resistant than the A parents, suggesting that susceptibility to 
H37Rv in the I strain is a recessive trait. Further backcross analysis of F I 
X liSt showed that susceptibility to tuberculosis was determined by a 
single autosomal gene provisionally designated Ts-l. 

Interestingly, when 24 other strains were typed, a spectrum of MST 
was observed. The pattern emerged as follows (in descending order of 
MST): A/Sn, AKR, CBA, BRSUNT, BALB/c, BlO.WB, B6, and liSt. It 
was therefore evident that A/Sn and liSt represented extreme resistant 
and susceptible Ts-l alleles, respectively, whereas the remainder ex
pressed varying degrees of resistance that, incidentally, closely followed 
Beg gene strain segregation. Another observation brought out by these 
studies was the beneficial effect of heterozygosity or F I hybrid resistance 
to tuberculosis. For example, the MST in C57BLl6 (B6) and BALB/c 
mice was 25 and 31 days, respectively, whereas the MST in (B6 x 
BALB/c) F I hybrids was 84 days. However, analysis of seven RI strains 
derived from BALB/c x B6 (CXB) mice showed that five of the strains 
were as sensitive as the progenitors, whereas two RI were more resistant. 
Data from the RI analysis suggest that the trait of resistance to M. tuber
culosis in intermediate-type strains is probably controlled by more than 
one gene, Beg possibly being among them. Nickonenko et al. 25 also 
pointed out a potential role for H-2 genes in regard to the observation of 
heterozygosis in protection against the disease. In H-2j1j homozygous F I 
mice, the usual observed increase in MST among F I progeny was absent, 
whereas in F I H-2a/j heterozygous mice, the MST was greatly increased. 

It should be pointed out that the number of references concerning 
the innate resistance of mice to BCG infection far outnumbers those on 
tuberculosis. However, many investigators have dealt with the immu
nogenetic control of tuberculosis infection; these studies are discussed in 
the following section. 

3.5. Genetic Control of Immunologic Responses to M. tuberculosis 

In experimental murine models of tuberculosis, the phase of immu
nity becomes demonstrable, approximately 7-14 days after infection 
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with M. tuberculosis. 26 Since major histocompatibility complex H-2-linked 
genes are known to regulate the immune response,27 it is conceivable 
that the H-2 haplotype of the host may determine the quality of the 
immune response that develops. 

There is ample evidence to indicate that animals immunized with 
BeG are more resistant to a secondary challenge of virulent H37Rv M. 
tuberculosis than are nonimmune animals.1.6.12.28 Several immune pa
rameters have been associated with antituberculosis resistance, including 
delayed-type hypersensitivity (DTH) to tuberculin or purified protein 
derivative (PPD),29 macrophage activation by thymus-derived (T) lym
phocyte soluble factors,3(),31 and the ability of immune T cells to transfer 
resistance against tuberculosis,28 To date, most of the evidence suggests 
that the activated macrophage is the effector cell, which destroys tuber
cule bacilli in the infected animaL 16 Yet it is clear that if the host lacks T 
lymphocytes, the ability of the animal to resist infection with tuberculosis 
is greatly reduced,28 The activation of specific T cells by mycobacterial 
antigens induces the secretion of lymphokines (LK), i,e" "V-interferon 
(IFT\-y) and interleukin-2 (IL-2),:~2 IFT\-y is a potent activator of mac
rophages in vitro. :~3 The characteristics of LK-activated macro phages 
include enhancement of cytotoxicity toward several intracellular para
sites, including M. tuberculosis. 30 In the tuberculosis-infected host, it has 
been proposed that a high concentration of T -cell-derived LK within the 
granuloma may lead to the rapid acquisition of properties of activated 
macrophages by incoming blood monocytesYi In the presence of suffi
cient LK, a greater proportion of activated macro phages would favor 
the intracellular destruction of bacteria and subsequent elimination of 
infection. The contribution of M. tuberculosis-specific antibodies in the 
elimination of bacteria is unlikely, since serum from immune animals 
cannot transfer immunity34 and may actually enhance the growth of 
mycobacteria,35 

3.5.1. H-2 Restriction of Immunoregulatory Events in M. tuberculosis 
Infection 

Patterson and Youmans31 demonstrated that splenic lymphocytes 
isolated from H37Ra-immunized mice were able to augment the bac
teriostatic activity of normal peritoneal exudate cells (PEC) in vitro. The 
addition of immune lymphocytes caused a 40% reduction in the number 
of virulent H37Rv bacteria inside PEe as compared with the addition of 
normal cells, Similar inhibition of bacterial growth inside PEe was also 
observed when cell-free supernatants derived from cultures of immune 
spleen cells were added to the test system. The results of the study 
implied that H37Rv bacteria induced the elaboration of factors from 
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H37Rv-immune, but not normal, splenic lymphocytes. The factor alone 
was capable of increasing the bacteriostatic activity of PEe. 

Evidence for major histocompatibility complex (MHC) restriction of 
lymphocyte activation in tuberculosis was later presented by Rosenthal 
and Shevach36 in guinea pig strains 2 and 13. The study in question 
examined the ability of allogeneic and syngeneic macrophages to induce 
T-lymphocyte proliferation to PPD in vitro. It was shown that only syn
geneic macrophages were capable of presenting PPD antigen to M. tuber
culosis-immune responder T lymphocytes. In addition, the requirement 
for histocompatibility antigen recognition between T cells and mac
rophages was further proved by experiments employing alloantisera 
directed at strain 2 and 13 MHC determinants. 

Recently, T-cell lines derived from M. tuberculosis-immune mice 
have been employed to examine H-2 restriction of macrophage activa
tion.30 It was established that immune T cells were able to inhibit intra
cellular multiplication of H37Rv bacteria inside macrophages only when 
those macrophages shared H-2 IA region determinants with the T-cell 
line. Furthermore, it was shown that supernatants collected from 
cultures of immune T cells could activate macrophage bacteriostatic ac
tivity against M. tuberculosis in an H-2 independent manner. Thus, all the 
above studies strongly suggest that although host elimination of M. tuber
culosis due to macrophage activation by T-cell LK is under H-2 I region 
control, the LK alone can exert its function in a genetically unrestricted 
manner. 

3.5.2. Genetic Control of Lymphokine Production in Mycobacterial Infections 

As it has been clearly shown that macro phages activated by T -cell
derived LK inhibit the growth of M. tuberculosis, it is conceivable that 
differential production of LK among mouse strains may account for the 
differences in susceptibility to M. tuberculosis infection. 

In a study by N eta and Salvin,37 12 strains of mice were tested for 
the ability to produce migration inhibition factor (MIF) and IFN-y in 
response to stimulation with tubercle antigens. The inbred strains that 
were high producers of MIF in vivo were associated with the H-2d 
haplotype (BALB/cByJ, DBA/2, C57BLlKJ), whereas low responders 
were of the H-2k type (AKR, CBA,CaJ, C3H/Hc). The release of lFN 
into the circulation of the mice paralleled the production of MIF. 

The production of IFN-y and IL-2 in various strains of mice infected 
with BCG3S or M. lepraemurium39 has been investigated. The amounts of 
IFN-y produced in the serum of mouse strains after BCG immunization 
and PPD challenge were found to vary widely. Specifically, B6 and 
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BALB/c strains were high and low responders, respectively, a result 
opposite to that reported by N eta and Salvin.37 Further studies on F l' 
F2, and backcross mice of BALB/c x B6 hybrids led to the conclusion 
that high or low BCG-PPD provoked IFN'Y production is determined by 
a major autosomal locus. 38 However, it is obvious that the ability of the 
B6 strain to secrete high levels of IFN'Y' a potent activator of mac
rophage bacteriostatic activity does not correlate with the high suscepti
bility of B6 to tuberculosis. 25 

The susceptibility or resistance of inbred strains of mice to infection 
with M. lepraemurium (MLM) is determined by the Bcg genotype. Hoffen
bach et al. 39 explored the possibility that strain susceptibility to MLM 
may be associated with low IL-2 activity or serum levels of specific anti
MLM antibodies. The ability of spleen cells to produce IL-2 in vitro after 
MLM infection was found to be decreased in C57BL/6, DBA/I, and 
DBA/2 strains only. As these strains show either phenotypic expression 
of the Bcg gene, no correlation between low IL-2 production and MLM
susceptibility was evident. Similarly, there was no influence of the Bcg 
gene on serum antibody titers. 

3.5.3. Immunologic Consequences of the Bcg Gene 

The influence of the host Bcg genotype on the subsequent develop
ment of immunity has not yet been firmly established. Clearly, in some 
instances, it has been shown that Bcg' animals, which allowed significant 
multiplication of BCG in the liver and spleen, developed immune re
sponses such as granulomas and protective immunity to heterologous 
pathogens that were absent in Bcgr mice.40.41 Conversely, it has also 
been reported that in spite of the inability of BCG organisms to establish 
an obvious infection in Bcgr mice, these animals nevertheless developed 
evidence of protective immunity.42,43 The dilemma may be resolved by 
comparing not the absolute presence or absence of immunity, but the 
type and quality of responses that develop after BCG infection in Bcgr 

and Bcg' animals. 

3.5.4. H-2 Control of Antibody Production to M. tuberculosis Antigens 

The role of the murine H-2 complex in controlling anti-M. tuber
culosis antibody production has also been investigated.44 In this study, the 
ability of H37Rv-immune C57BL/6, CBA, and H-2 recombinant BALB/c 
and B 1 0 mice to produce antibodies against several distinct protein 
antigens of M. tuberculosis was determined. C57BL/6 and CBA/Ca were 
found to be high and low antibody responders, respectively. Further 
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analysis of H-2 recombinants revealed that the trait of high or low 
responsiveness was consistent with H-2b and H-2k haplotypes, respec
tively. However, background genes could still be observed to exert signifi
cant control over antibody production to at least two of the M. tuberculosis 
proteins. The results suggest that H-2 immune response genes do control 
antibody responses to certain proteins of M. tuberculosis. Although it has 
previously been shown that antibodies are not protective in tuberculosis 
infection, the observed H-2 control of antibody secretion may actually 
reflect differences in T-cell activation, since the protein epitopes of M. 
tuberculosis are T-dependent antigens U. Ivanyi and K. Sharp, personal 
communication). 

3.5.5. Immunogenetics of Granuloma Formation 

The formation of granulomas in response to BCG, M. tuberculosis, or 
M. lepraemurium infection is believed to be aT-cell-dependent reac
tion.44,45 In an investigation of the granulomatous response to BCG in 
T-cell-deficient nude mice, it was shown that granulomas were only 
formed if the nude host received H-2 I-region-compatible T lympho
cytes.44 The results of such studies demonstrate that the granulomatous 
response to mycobacteria is under H-2 genetic control. In another 
study,46 various inbred strains of mice were injected with BCG-cell wall 
(CW) vaccine to determine whether the extent of the granulomatous 
reaction was genetically controlled. It was found that inbred strains 
could be classified into three categories according to lung weights 1 
month after BCG vaccination: C57BLl6, S]LI], and AKR/Hc were high 
responders, whereas C3H/Hc, C3H/HeB, DBAIl], and P/J were low 
responders. The strains C57BLllOSnJ, DBA/2, and BALB/c were char
acterized as intermediate responders. The segregation analysis demon
strated that the trait of lung granuloma formation in the BCG-CW 
model was under polygenic control, with a minor involvement of the 
H-2 locus. In fact, the Igh locus has been shown to control the gran
ulomatous reaction that occurs after IV injection of BCG in an oil-in
saline emulsion.47 In M. lepraemurium infection, the extent of granuloma 
formation in the footpad is controlled by H-2 and non-H-2 genes.45 ,48 

The data are suggestive of a polygenic control of host responses to 
mycobacteria. Several years ago, an hypothesis to explain the genetic 
control of tuberculosis was put forth by Lurie and Dannenberg,2 who 
proposed that certain genes, for example, Beg, control the innate re
sistance to infection. In chronic bacterial diseases such as tuberculosis, 
however, the immune response plays a crucial role in resistance; thus, 
H-2-linked genetic control of infection becomes superimposed on innate 
resistance. 
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4. GENETIC CONTROL OF TUBERCULOSIS IN HUMANS 

4.1. Immunoregulation in Tuberculosis and Leprosy 

In recent years, much attention has been centered on immu
noregulatory defects in both leprosy and tuberculosis. The clinical man
ifestations of leprosy are defined according to a scale based on the 
histopathologic and immunologic status of the patient.·19 It has been 
clearly shown that persons suffering from tuberculoid leprosy exhibit 
immunologic responsiveness against the causative organism, /v1. leprae, 
whereas persons with lepromatous leprosy are anergic or unresponsive 
to the antigens of M. leprae. 50 I\'umerous reports have described the 
existence of both suppressor adherent cells51 .52 and suppressor T lym
phocytes53 in the peripheral blood of LL patients. Other immunologic 
defects associated with LL are defective IL-254 and IFN-y"55 

A clinical spectrum of human tuberculosis has also been described. 56 

Patients were classified according to the extent of tubercular lesions, 
response to chemotherapy, skin-test reaction, amount of anti-PPD anti
bodies in serum, and leukocyte migration to PPD. Such comparisons 
distinguished the patients into four groups with two polar forms: reactive 
(RR) and unreactive (UU). The RR type was characterized by localized 
lesions, a prompt response to chemotherapy, skin-test positivity, and a 
low titer of anti-PPD antibodies. The UU patients exhibited diffuse 
lesions, a poor response to antitubercular drugs, high levels of antibody, 
and a negative skin test. However, the use of such a classification system 
for human tuberculosis is not as widely accepted as the Ridley-Jopling 
diagnostic scale in leprosy. Nevertheless, the extent of clinical tuber
culosis has been shown to correlate with the immunologic responsiveness 
of the patient and the similarities to the leprosy spectrum are striking. 
The studies described in the following section illustrate the forms of 
immunologic anergy characterized in tuberculosis. 

An analysis of T-helper/T-suppressor cell ratios in tuberculosis pa
tients has been performed by employing monoclonal (OKT) antibodies 
specific for T-cell phenotypes. 57 It was shown that lymphocytes isolated 
from patients with newly diagnosed tuberculosis expressed an average 
T4 + helper ITS + suppressor cell ratio of 2 after stimulation with PPD in 
vitro. By contrast, the ratio was decreased to 1.4 in patients with tuber
culosis pleurisy and advanced pulmonary disease and was due to an 
increase in the percentage of T8 + suppressor cells. However, the func
tional role of the T8 + subset in suppression of PPD responses in ad
vanced pulmonary tuberculosis patients was not examined. 

It has been demonstrated that lymphocytes isolated from tuber
culosis patients who were negative skin-test reactors as well as patients 
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with advanced disease had poor lymphoproliferative responses to PPD 
in vitro. 58- 6o The weak response of lymphocytes from pleurisy patients 
could be reversed by the removal/depletion of adherent monocytes pri
or to culture. 59 Another study showed that the PPD response of T cells 
could be abrogated by the addition of adherent mononuclear cells 
(AMC) derived from tuberculosis patients.6l A more recent report62 

showed that suppression of tuberculosis lymphocyte responses to PPD in 
vitro occurred when autologous AMC were added in a 1 AMC: 2 T-cell 
ratio. The suppressive activity in AMC was abrogated by specific deple
tion of monocytes with OKMI antisera plus complement. The AMC cell 
population did not require the presence of T lymphocytes, and the 
suppressor mechanism appeared to be prostaglandin independent. 

A defect in the ability to produce IFN has also been described in 
tuberculosis.6o The study comprised 25 tuberculosis patients and 25 age
matched controls of identical ethnic origin. A group of nine tuberculosis 
patients were unable to produce IFN" after stimulation of their pe
ripheral blood lymphocytes with PPD in vitro, were unresponsive to PPD 
in the skin test, and also had weak lymphoproliferative activity to PPD in 
vitro. The remainder of the patients exhibited no signs of depressed 
immunity compared to control individuals. The inability of the nine 
patients to produce IFN to PPD was apparently an antigen-specific de
fect, since levels of IFN equivalent to normal controls were obtained if 
staphylococcal enterotoxin-A was employed as a stimulant. These results 
support the findings of an earlier study58 that reported PPD unrespon
siveness in 49 of 200 (25%) tuberculosis patients. In both studies, no 
obvious correlation was made between immunologic anergy and the 
extent of clinical disease in unresponsive patients. The report by Lenzini 
et at.,56 however, observed a definite correlation between patients with 
severe tuberculosis, a negative skin test, and the type and extent of 
lesions. 

4.2. HLA Restriction of Immune Responses 

Although the investigators who carried out the studies discussed in 
the preceding section did not perform genetic analyses of the anergic 
tuberculosis patients, the evidence of disordered immune responses in 
tuberculosis lends support to the theory that the human leukocyte-anti
gen (HLA) complex might be associated with such defects. 

The HLA system is composed of four closely linked loci on chromo
some number 6: HLA-A, -B, -C, and -D/DR.63 Each of the loci is poly
morphic, and approximately 8-39 codominant alleles have been de
scribed for each locus. The products of the HLA-A, -B, and -C loci are 
analogous to murine H-2-K and -D antigens, in that both are expressed 
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on almost all cells of the body. Class I HLA-A, -B, and H-2-K,-D gene 
products are known to function as target recognition structures for 
cytotoxic T lymphocytes (CTL).64 The target cell, when infected by a 
virus, and the CTL must share at least one class I antigen for lysis to 
occur. Class II gene products, or HLA-D/DR antigens, restrict the im
mune response at the level of antigen presentation to lymphocytes.65 

Genetic HLA-D/DR or H-2-I region restriction is evidenced by the abro
gation of antigen presentation by macrophages to lymphocytes when 
there is histoincompatibility at the class II locus or when antibodies 
directed at class II antigens are added to the test system. Such experi
ments illustrate the central role of the HLA complex in controlling im
munoregulatory events. 

The lymphoproliferative response of normal human cloned T cells 
to PPD antigen has been shown to be restricted by class II HLA-D/DR 
and -MB determinants.56 A total of 15 PPD-specific T-cell clones were 
derived from a single donor and examined for the ability to proliferate 
to PPD in the presence of HLA-D/DR or HLA MB-matched or mis
matched antigen presenting cells (APC) obtained from a panel of do
nors. Only those APC that shared HLA-D/DR or -MB determinants with 
the T cells were found to be able to present the antigen. Furthermore, 
the addition of monoclonal antibodies directed at HLA-D/DR antigens 
inhibited lymphocyte proliferation. The inhibition occurred by the selec
tive action of monoclonal antibodies on APC but not responding lym
phocytes, implying that HLA class II restriction occurred at the level of 
the APC. The results suggest that human T-cell responses to PPD are 
class II restricted and that clonally distributed PPD reactive T cells may 
be restricted by different class II molecules. These experiments extend 
the findings of Hirschberg et ai.,67 where class II antigens were shown to 
restrict PPD antigen presentation to peripheral blood lymphocytes. 

4.3. Studies on HLA and Tuberculosis 

The search for associations between HLA markers and susceptibili
ty to tuberculosis infection is based on the following rationale: since 
tubercle bacteria are known to induce a wide range of immune re
sponses in the host, certain HLA alleles may predispose, while others 
protect against tuberculosis. It is not presumed that HLA genes control 
innate susceptibility to tuberculosis, but rather modulate the extent or 
severity of clinical manifestations. 

The existence of genetic predisposition to tuberculosis has been 
suggested by numerous twin studies.68.69 Twin studies are designed to 
establish whether a trait is genetically determined by the presence of a 
greater concordance rate in monozygotic (MZ) as opposed to dizygotic 
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(DZ) twins. In the best analyzed study,68 205 twin pairs were deemed 
suitable for examination after a survey of 20,000 tuberculosis patients in 
sanitoriums. It was found that the tuberculosis rate was two times great
er among MZ pairs than among DZ co-twins. Similarly, other studies 
have reported that the tuberculosis concordance rate was consistently 
greater in MZ pairs.69 The twin data thus provide substantial evidence 
for a role of genetic factors in host susceptibility to tuberculosis. 

Singh et al. 70 examined HLA-haplotype segregation in 25 multiple 
tuberculosis-case families in North India. Family studies are intended to 
establish whether the transmission of HLA phenotypes from parents to 
children show a preferential segregation among affected siblings as com
pared with healthy siblings. According to this analysis, the inheritance 
pattern of HLA-DR2 was present more frequently than expected among 
affected siblings. Specifically, the transmission of DR2 from either dis
eased or healthy parents to diseased offspring occurred in 21 of 27 and 
in 15 of 17 cases, respectively, in contrast to the lower transmission of 
this phenotype to healthy offspring. In addition, the percentage fre
quency of HLA-DRw6 was decreased among affected siblings. These 
data argue in favor of a susceptibility gene to tuberculosis being HLA
DR2 associated. 

The data from the North India study were also analyzed according 
to the lod-score method.7l Lod scores are used to determine whether 
inheritance data are compatible with either dominant or recessive modes 
of inheritance. It was found that the data favored a dominant mode of 
inheritance. Singh et al. pointed out that such a result was surprising, in 
view of the apparent recessive mode of inheritance in tuberculoid lep
rosy.72 It should also be mentioned that the HLA-DR2 allele has been 
shown to have a significant association with the tuberculoid form of 
leprosy, whereas HLA-DRw6 is significantly reduced.72 The data there
fore strongly implicate HLA-DR2 as a susceptibility gene in both tuber
culosis and leprosy. 

An investigation conducted on 124 North Indian pulmonary tuber
culosis patients reported no associations between HLA-A, -B, and -C 
antigens and tuberculosis.73 However, a slight increase in HLA-DR2 and 
a clear decrease in HLA-DRw6 was noted in patients compared with 
controls. The association between HLA DR2 and tuberculosis is there
fore stronger within families than it is in the general North Indian 
population. This was taken as evidence that genetic factors modulating 
tuberculosis infection probably include non-HLA genes. 

Several studies have investigated the association between HLA 
markers and tuberculosis in different populations. Hwang et al. 74 ana
lyzed HLA phenotypes in a black American urban population. The data 
were computed to estimate the relative risk of disease. The results indi
cated a significant increase of HLA-DR5 in patients compared with con-
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trois, resulting in a risk factor of 3.S4. A decrease was found in HLA
DR6y in tuberculosis patients compared with controls. Hwang et al. be
lieve that the HLA-DR6y phenotype is probably identical to HLA-DRw6 
and thus supports the findings of Singh and co-workers. No significant 
differences were noted in the distribution of HLA-A antigens but HLA
B5 was significantly decreased in patients. 

In another study of a black urban population, a 20% increase in the 
frequency of HLA-Bw15 was found in tuberculosis patients compared 
with controls. 75 Interestingly, the increase in antigen frequency also was 
correlated with the extent of the disease. Although two of the investiga
tions have compared HLA associations in tuberculosis among black 
Americans, it is not known why HLA-Bw15 was not found in both stud
ies. It was suggested that genetic inhomogeneity and geographic varia
tion may have contributed to the discrepancy.74 

In a Mexican-American population, 100 patients with active disease 
and 100 healthy controls were HLA-A, -B, and -C phenotyped.76 The 
results confirmed previous observations that the HLA-A2 and -A9 phe
notypes are increased among Mexican-Americans. Although the study 
did detect a greater frequency ofHLA-B15, -B7, and -B17 among tuber
culosis patients, the differences were not statistically significant com
pared with controls. However, the frequency of HLA-B15 distribution 
in 19% of patients versus 4% of controls approximated the 20% HLA
B 15 increase found among blacks.75 

In a Newfoundland community,77 5S9 individuals were typed for 
HLA-A and -B alleles. Among the 46 persons who had a history of 
tuberculosis, 26 (56%) were HLA-BS positive. The difference was signif
icant upon comparison with controls, where the BS antigen was found in 
110 persons, or 20% of the community. The interesting observation was 
made by Selby et al. that HLA-BS is also associated with increased sus
ceptibility to myasthenia gravis, Addison's disease, and a number of 
other autoimmune disorders.77 The possible link of HLA-BS with both 
tuberculosis and autoimmune diseases may not be a chance association 
as evidence exists for autoimmune reactions in both tuberculosis and 
leprosy.51.78 

5. CONCLUSIONS 

The genetic control of host resistance to mycobacterial infections is 
complex and, as intuitively expected, polygenic. Several firm conclusions 
can be made by the analysis of the presently available data: 

1. At least in animal models, innate resistance/susceptibility to M. 
tuberculosis, BeG, and M. lepraemurium is under genetic contro!' 
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2. H-2 restriction of macrophage-lymphocyte interaction in tuber
culosis has been demonstrated. Furthermore, certain H-2 haplo
types have been shown to influence the quality of immune re
sponses which develop to M. tuberculosis as well as BCG and M. 
lepraemurium. 

3. HLA restriction of immune responses to M. tuberculosis has been 
confirmed. Several immunologic disorders have been described 
in tuberculosis, but genetic components have not been investiga
ted. 

4. Currently, the HLA-DR2 allele has been associated with suscepti
bility to tuberculosis. HLA-DRw6 may protect against the dis
ease. A dominant mode of inheritance has been suggested in 
family studies. 

5. Different ethnic populations express different HLA alleles asso
ciated with tuberculosis. 

What might be a practical approach to the future research on the 
genetics of resistance in tuberculosis and in other mycobacterial dis
eases? Clearly, it must begin with the appreciation that the apparent 
complexity of the genetic regulation is mainly attributable to the numer
ous steps in the host response to these agents. One can at least separate 
the stages of resistance to infection, resistance to mycobacterial pro
liferation, and the clearance of mycobacteria from the infected foci. 
Thus, one should use, at least in experimental models, well-defined 
criteria of resistance in order to segregate the polygenic response into a 
sequence of events under separate, and possibly monogeneic control. 
Furthermore, one must take into account that such factors as virulence 
of the microorganisms and the route of inoculation significantly influ
ence the outcome of infection; therefore, the conditions of infection 
must be standardized in the search for the host's regulatory elements. 

The other point we would like to make is that there is certainly an 
influence of events regulated by a particular gene on the course of host 
response regulated by the next gene in the sequence. For example, the 
failure to establish a clear function of MHC-linked immune-response 
genes in an infection in which immunity plays such a dominant protec
tive role may be the result of the effect of natural resistance genes on the 
course of the immune response has largely been ignored. In the murine 
model of IV BCG infection with the relatively low dose of BCG inocu
lum (104 CFU), the need for a specific immune response to control the 
bacterial growth in the organs of innately resistant Bcgr hosts is prac
tically nonexistent. Therefore, whatever MHC (H-2) haplotype is car
ried by various Bcgr hosts, they all will appear as resistant to infection. 
This, clearly, is not due to the presence of effective acquired immunity, 
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but rather is an expression of efficient macrophage function in those 
animals. The influence of the H-2 locus on the development of specific 
immune responses to BeG can thus only be studied, under the same 
experimental conditions, in the mouse strains that are innately suscepti
ble and that permit the progression of the infection to the point that an 
immunogenic load is achieved. 

Finally, it is important to define what particular parameters of the 
specific immune response one wishes to study and to correlate this pa
rameter with the pertinent in "['iva phenomenon, i.e., the clearance of 
infection or the resistance to reinfection. Failure to do that may result in 
the search for the genetic variation in epiphenomena that may be associ
ated with the particular course of infection but are only casually related 
to the actual host defense mechanisms or to the outcome of infection. 

Such painstaking processes will probably result in the discovery of 
several genes, their chromosomal location, and the more precise defini
tion of their phenotypic expression. These efforts may possibly lead to 
the isolation of those genes as biochemical entities. 

The search for human genes of resistance to mycobacterial infection 
obviously cannot follow the same strategy. The failure to find a clear 
association between HLA haplotypes and the phenotype of susceptibility 
to tuberculosis again rests with the HLA-directed processes heing super
imposed on those that are coded for hy yet unknown genes, i.e., Beg 
gene homologues. One may hope for the availability of mouse genomic 
probes that could be used to search for homologous sequences in the 
susceptible individuals in endemic areas. 

Eventually, one may attempt the use of random restriction frag
ment length polymorphism probes to distinguish chromosomal seg
ments that co-segregate with the trait of susceptibility or resistance in 
families. Such an approach should result in much better correlations 
with pertinent chromosomal markers than those obtained until now 
using the HLA probes. 
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1. THE FIRST CONTAGION: THE ALVEOLAR MACROPHAGES 
REPRESENT THE FIRST-LINE DEFENSE IN DEEP LUNG 

Tuberculosis is an extremely severe infectious disease that commits the 
defense mechanisms of the host profoundly and for a long time. Antibi
otic therapy is undoubtedly the most important treatment in such dis
ease for blocking the growth of tubercle bacilli, but complete recovery as 
well as immunity against reinfections depend on the perfect functioning 
of the immunocompetent system. 

When Mycobacterium tuberculosis penetrates the respiratory apparatus 
(or another organ of the body), immunologic changes occur in order to 
defend the host both from the development of the intercurrent infection 
and from possible future infections by the same agent. Nevertheless, it 
must be pointed out that the first penetration of M. tuberculosis in the 
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airways does not necessarily cause the disease. Ifinhaled tubercle bacteria 
stop at the trachea or bronchi level without reaching the deep lung, they 
can be easily removed from the tracheobronchial tree by the mucociliary 
clearance. If M. tuberculosis reaches the alveolar spaces, the possibility of 
developing the disease is related to two basic aspects: (1) the characters of 
the mycobacterial agents (bacterial charge and virulence); and (2) the 
genetic and acquired factors of host resistance or susceptibility to the 
infection. 

The role of genetic factors in the immune response to M. tuberculosis 
has been extensively investigated, especially in animals. '-:1 The factors 
that may play an important role in controlling resistance to tuberculosis 
are multiple, including race, and major histocompatibility complex, but 
the most important is surely the efficiency of alveolar phagocytic cells in 
blocking the growth of tubercle bacteria. In fact, even when the charac
teristics of the infecting agent (virulence, charge) are the same, there is 
considerable individual variation in the response of macrophages to my
cobacteria. In some cases, the mycobacteria are destroyed by mac
rophages; in others, the macro phages can ingest but not kill the my
cobacterium, which can survive without growing within the phagocytic 
cells; in still other cases, the macrophages are unable either to phagocyte 
or destroy M. tuberculosis, which can grow and cause the disease. Un
doubtedly, what determines whether the disease progresses or regresses 
is the power of the macrophage to inhibit the growth of tubercle bacilli 
within its cytoplasm.' 

The killing of tubercle bacilli by macro phages is strictly dependent, 
at first, on the ingestion of mycobacteria and, afterward, on the fusion of 
primary lysosomes with the mycobacteria containing phagocytic vac
uoles. It follows that one of the most important genetic factors con
nected to tuberculosis resistance (or susceptibility) can be identified in 
the congenital power of macrophages. On the other hand, the con
genital ability of macro phages to kill tubercle bacilli may also be influ
enced by the virulence characteristics of the infecting M. tuberculosis 
strain. The virulence might be identified in secretory substances or in 
cell-wall constituents that can interfere with various phases of the pha
gocytic process, for example, by preventing the fusion of lysosomes with 
phagocytic vacuoles or by rendering the mycobacterial cell-wall resistant 
to lysosomial hydrolytic enzymes. For instance, some mycobacterial 
strains are resistant to the action of oxygen radicals, because they are 
protected by a thick lipidic wall and are able to produce a catalase that 
destroys hydrogen peroxide. 

Soon after the first contagion, the cellular defenses are exiguous, 
scarcely effective, and limited, at least in the early phase, to the resident 
alveolar macrophages (and some recruited circulating macrophages). 
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These cells must be activated in order to enhance their ability to kill the 
tubercle bacilli. At any rate, the first contagion is a crucial moment in the 
tuberculous infection because the message to other immunocompetent 
cells (especially lymphocytes) comes from this phase, and the subsequent 
course of the infection is strictly dependent on the ensuing interactions 
of the immunocompetent cells. 

In this regard, we should underline that the macrophage is a pro
totypical accessory or antigen-presenting cell. In other terms, this cell 
exerts a crucial function in antigen processing and presentation and in 
promoting specific immune responses through T cells. 

2. IMMUNITY IN TUBERCULOSIS IS CELL MEDIATED 

Interactions among the various populations of immunocompetent 
cells, particularly between macrophages and T lymphocytes, charac
terize the immunologic response to tuberculosis as acquired cellular im
munity or cell-mediated immunity, classified also as a type IV immu
nologic reaction by Gell and Coombs. 

The first observations regarding the immunology of tuberculosis 
were reported by Koch4 at the end of the nineteenth century. Koch 
observed a higher resistance to tuberculous infection in guinea pigs 
reinfected with the homologous M. tuberculosis than in guinea pigs in
fected for the first time-the Koch phenomenon. A localized slow gran
ulomatous response appeared at the site of the primary infection, while 
an early indurative response (maximal at 72 hr) appeared at the site of 
secondary infection, followed by rapid healing. Moreover, Koch ob
served that a similar response could be induced in the skin of tuber
culosis patients by the intradermal injection of heat-killed tubercle bacilli 
or tuberculin extracted from them. In subsequent years, many other 
workers I.5·6 confirmed the essentially cellular nature of the antituber
culous immune response. There is no doubt that immunity against tu
berculosis is not antibody dependent but is carried out by alveolar mac
rophages as effector cells and by lymphocytes as mediator cells. For 
example, it has been shown 7 that antituberculosis immunity can be 
transferred to normal recipients by infusions of lymphoid cells har
vested from tuberculin-hypersensitive donors, but not by hyperimmune 
serum. 

As originally described by Koch, the injection of tubercle bacilli or 
tuberculin in the skin of tuberculosis patients is followed by an intrader
mal granulomatous reaction at the site of injection, i.e., delayed-type 
hypersensitivity (DTH). In naturally infected individuals, immunity and 
DTH usually develop concomitantly, suggesting that they may be the 
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expression of immunologic events in which the same immunocompetent 
cells play a critical role. 8 

Recent studies have shown that T lymphocytes have an active role in 
the generation of a positive tuberculin response to the intradermal injec
tion of purified protein derivative (PPD). Scheynius et al. 9 demonstrated 
that at the site of a PPD injection, the lymphocytes expressing the sur
face antigen recognized by the monoclonal antibody (MAb) Leu 1 in
creased with time. Moreover, at 48 and 96 hr postinjection, most of these 
T lymphocytes expressed the helper/inducer phenotype, whereas few 
expressed the suppressor/cytotoxic phenotype. These data are of in
terest because these T cells are the best lymphokine producers. These 
studies have also demonstrated the presence of a high proportion of Ia
positive mononuclear cells (HLA-DR expressing cells). In the work by 
Konttinen et al., 10 the mononuclear cells infiltrating a positive PPD re
sponse was analyzed in situ more in detail by immunohistochemical 
methods; the results confirmed that macrophages and T lymphocytes 
are numerically the most important cellular populations involved in the 
DTH skin reaction. However, while such cells appeared to be the domi
nant effector cells at 72 hr, the study also showed that in the early phases 
of the reaction (6, 24, and 48 hr), there is a mobilization of epidermal 
Langerhans cells (known to be efficient antigen-presenting cells) to the 
perivascular spaces in the dermis, suggesting that these cells may playa 
role in the initial phases of DTH. Relatively little is known about the sites 
and kinetics of dendritic cell production and of their migration patterns 
in the organism. It has been proposed that circulating dendritic cells 
represent the principal cell type required for the start of several immune 
responses. I I It seems possible that the entry of such powerful accessory 
cells into a lesion may intensify the immune response at the local level. In 
fact, in the autologous mixed lymphocyte reaction, the dendritic cells 
were demonstrated to stimulate autologous T cells, and their activity was 
up to lO times higher than that of macrophages. 12 

By comparing the immunologic responses in the human lung in
fected by tubercle bacilli and in the skin after PPD injection, we can see 
some important differences, however. In DTH, it is the epidermal Lan
gerhans cell that appears in the very early phases and, probably, repre
sents the principal cell type responsible for starting and intensifying the 
reaction. In pulmonary tuberculosis, the cell that appears to start the 
immunologic response is the alveolar macrophage, which represents the 
first-line defense against air polluters in the deep lung. The fundamental 
role of alveolar macro phages is to phagocyte and inhibit or kill the 
tubercle bacilli (see Section 1). Macrophages can efficiently kill M. tuber
culosis, but to do so they must be activated. 
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There is no doubt that in tuberculosis infections the primary func
tion of alveolar macrophages is to ingest and kill the bacilli. However, 
soon after contagion, macro phages must also sensitize the T lympho
cytes by the presentation of processed antigen(s) or its products. In 
order for T lymphocytes to receive an efficient antigenic signal, they 
must also receive two additional signals from macrophages: (1) the anti
gen must be presented complexed with an HLA-class II molecule, and 
(2) the macrophage-secreted soluble factor interleukin-l (lL-I) must 
interact with specific receptors present on the plasma membrane of T 
lymphocytes. 

The contact with processed mycobacterium antigens and the action 
of IL-I activate the T cell to release a number of lymphokines. Among 
these, the most important are interleukin-2 (lL-2), which induces the 
proliferation of T and B lymphocytes and activates natural killer (NK) 
cells, 'V-interferon (IFN-y) which acts on several cell populations and also 
activates the accessory cells; macrophage activation factor, which acti
vates the macrophages; and migration inhibitory factor, which inhibits 
the migration of macrophages and causes them to accumulate at the site 
of infection. 

When activated by lymphokines, macrophages change their mor
phology (e.g., they become larger) and exhibit increased enzymatic and 
metabolic activities. In this phase, they have an increased ability to ingest 
the tubercle bacilli, to inhibit their growth and kill them (Fig. I). 

T cells and macrophages accumulate at the site of infection, thus 
forming the tuberculous granuloma. In granuloma formation, not only 
T lymphocytes and their soluble factors but also macrophages play a 
critical role. In particular, some investigations3 have shown the possible 
different functions exerted by macrophages in the same granuloma: 
some may produce soluble factors active on T cells, some act as antigen
presenting cells, and some display high enzymatic activity (e.g., in
creased production of proteases). 

The tuberculous granuloma is the typical immunologic granuloma; 
it is quite similar to those of sarcoidosis, of berylliosis, and of mycotic 
infections. This granuloma is characterized by a high cellular turnover, 
since activated macrophages enter it continuously; the new arrived mac
rophages phagocytize and replace the destroyed ones and also ingest the 
tubercle bacilli released by them. 

Therefore, the critical role of T cells and macrophages in the tuber
culosis immune response, where the latter represent the effectors or the 
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FIGURE 1. Interactions between the immune system and mycobacterial antigens. 

armed arm and the former the mediator or memory of control, appears 
evident. Clearly, immunocompetent T lymphocytes are the most impor
tant cells involved in acquired antituberculosis immunity, as T-cell-de
pleted hosts (e.g., congenitally athymic or affected by other immu
nodeficiency syndromes) are unable to show tuberculin DTH or 
acquired antituberculosis resistance after a tuberculosis challenge. 13 

Whether specific antibodies are involved in antituberculosis protec
tion has long been discussed. After several demonstrations that hyper
immune serum gives little, if any protection, it is known that specific 
antibodies exhibit poor direct antituberculosis activity. We believe that 
they may play an active role, by helping macrophages in the phagocyto
sis of the tubercle bacilli without influencing their killing. 

4. IN VITRO MODEL OF HUMAN TUBERCULOIMMUNITY 

Although the local DTH skin reaction to PPD offers a simple meth
od for studying the immunologic events that follow the entry of my-
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cobacterial products in a host and the cellular subsets involved, a more 
direct approach would undoubtedly be the study of the immunocompe
tent cellular populations infiltrating the sites of infection. With this in 
mind, it appears obvious that a great deal of information can be obtained 
by studying specimens of lung infected by M. tuberculosis; such studies 
have been extensively performed in animals but not very often in man. 

Some characteristics of the local cellular immunity were recently 
analyzed in a group of patients affected by tuberculous pleurisy. 11 In 
showing that T lymphocytes were more dominant in tuberculous pleural 
effusions than in the peripheral blood, this investigation confirms the 
compartmentalization of specifically tuberculin-reactive lymphocytes 
and emphasizes the importance of studying tuberculosis immunity at the 
site of infection. 

In the past, several attempts have been made to establish in vitro 
models of human tuberculosis immunity, which might be used to analyze 
the immunologic response to mycobacterial antigens. We recently de
signed a series of experiments for studying in detail the various events 
that follow the stimulation of lymphocytes with PPD in vitro. Since it was 
unconceivable that all the T lymphocytes were responsive to PPD, we 
employed the 5/9 MAb to fractionate the T-cell population. The 5/9+ 
cell fraction of normal individuals has been found to contain all the T 
cells responsive to various soluble antigens, such as tetanus toxoid 1:, and 
thyroglobulin. 16 

In addition to proliferative responsiveness, which is only one of the 
aspects of the immune response, we investigated the production of the 
lymphokines IL-2 and IFNy Attention was also focused on the mac
rophage activation inducible by soluble factor(s) derived from PPD-stim
ulated T-cell cultures. 

We first analyzed the proliferative response to PPD of peripheral 
blood mononuclear cells (PMNC) isolated from skin-test-positive sub
jects in dose-response and time-response assays. Peripheral mono
nuclear cells were isolated from defibrinated blood by density-gradient 
centrifugation on Ficoll-Urovison and then washed three times with 
RPMI 1640. Each subject'S PMI\'C was cultured with PPD, respectively, 
both in dose-response (PPD: 0.05, 0.5, and 1 !-lg/ml) and in time-re
sponse experiments (days 4, 7, and 10). Purified protein derivative 
(PPD) for ill llifro research (activity: about 20 lUll !-lg) was provided by 
Sclavo (Siena, Italy) and diluted in RPMI 1640. Cultures were set up in 
triplicate in U-bottomed micro titer trays (Sterilin, England) at a con
centration of 200,000 PMl\'C/well; 18 hr before the end of the culture, 
cells were pulsed with [3H]thymidine (l !-lCi/well), and then cultured for 
another 18 hr and harvested on glass-wool filters using an automated 
cell harvester (Titertek D-OOI, Flow Laboratory, Scotland). Thymidine 
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incorporation was measured in a l3-counter (Beckman, Fullerton, Cal
ifornia). The proliferation peaked at 7 days of culture and decreased 
afterward (Table I). The range of PPD dose levels in cultures was 0.05-1 
J.Lg/ml; the optimal concentration of PPD for lymphocyte proliferation 
was 1 J.Lg/ml. In order to study which cell subset was responsible for the 
proliferative response to PPD, PMNCs from four healthy tuberculin
reactive subjects were first fractionated into T and non-T cells by E
rosette formation and density gradient centrifugation. 16 The T-en
riched (90-95% purity) population was further fractionated into 5/9+ 
and 5/9- subsets by a further density gradient using ox red blood cells 
coated by the 5/9 monoclonal antibody as described by Ling et al.,17 
obtaining 5/9+ and 5/9- fractions of more than 95% and 99% purity, 
respectively. Mixtures of the various T-cell subsets (total, 5/9+, 5/9-) 
and autologous non-T cells (as a source of antigen-presenting cells) were 
cultured with PPD (1 J.Lg/ml). Cultures were set up in triplicate in U
bottomed microtiter trays (100,000 T cells plus 50,000 non-T cells/well) 
for 7 days. Results showed that purified 5/9+ cells responded maximally 
to PPD (24,167 ± 5877 cpm) whereas no proliferation was detectable in 
the 5/9- cell population (6658 ± 1782 cpm) (p < 0.01; Student's t-test). 
Since the subset proliferating to PPD expresses the 5/9 antigen, we in
vestigated whether cell proliferation was affected by the addition of the 
relevant MAb. An anti-la, i.e., Dl.12,18 was added as control, since anti
la MAb was previously shown to block PPD-induced responses. 19 Thus, 
10 J.Lg/well of the two MAbs was added to the onset of cultures contain
ing PMNC and PPD. Figure 2 shows that, whereas complete abrogation 
of cell proliferation was observed in the cultures containing the anti-Ia 
MAb, the 5-9 MAb caused a slight inhibition only, even when added at 
50 J.Lg/well (data not shown). These results would suggest that the mole-

TABLE I 
Proliferative Response of Peripheral Mononuclear Cells 

to Purified Protein Derivativea 

PPD dose 
Day 

(j.l.g) 4 7 10 

8307 ± 1704 22,239 ± 6740 8495 ± 4305 
0.5 4481 ± 969 16,460 ± 4005 8021 ± 2566 
0.05 4475 ± 1415 12,908 ± 2341 9227 ± 2063 

"Data are expressed as the means ±SD of cpm (four healthy tuberculin· 
reactive subjects). 
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FIGURE 2. Effects of addition of Dl.12 (anti-la) and 5/Y monoclonal antibodies on PPD
induced proliferation of peripheral mononuclear cells. 

cule recognized by the 5/9 MAb is not directly involved in PPD-induced 
responsiveness. 

In a previous study in autoimmune thyroid disease, we had found a 
thyroglobulin-induced proliferation of TS+ cells (i.e., 5/9-), which was 
mediated by the 5/9+ subset. 20 Experiments were designed to analyze 
this phenomenon in PPD-stimulated cultures. We had previously shown 
that the proliferative response to PPD was confined to the T-cell subset 
expressing the 5/9 surface antigen and that the 5/9+ subpopulation 
contained the cell required for the induction of alloreactive cytotoxic T 
lymphocyte precursor (CTL-P) in mixed lymphocyte culture. Since all 
TS+ cells have been shown to be CTL-P,21 it was possible that 5/9+ cells 
were required as regulatory cells for the PPD-induced proliferative re
sponse of TS+ cells. Freshly isolated 5/9+ and 5/9- populations were 
analyzed for expression of the TS antigen; 92% of TS+ cells were con
fined to the 5/9- cell fraction. 20 In these experiments, all the culture 
combinations contained 50,000 irradiated (5000 rad) autologous non-T 
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cells as the source of antigen-presenting cells. The proportion of TS+ 
cells was evaluated in those culture combinations in which cell prolifera
tion in response to PPD was observed, i.e., in those containing 5/9+ cells 
alone or a mixture of 5/9+ and 5/9- cells (reconstituted population). 
After 7 days in culture, virtually no TS+ cells were found in the 5/9+ 
population (data not shown), indicating that the TS antigen cannot be 
expressed de novo under these experimental conditions. The expression 
of TS antigen was evaluated with the B9.4 monoclonal antibody in basal 
conditions (day 0) and in 7 day cultures with or without PPD (llLg/ml) in 
four healthy tuberculin-reactive subjects. At day 0, the percentage of 
TS+ cells detected was 22.2 ± 2.9 (mean ± SEM); after day 7, the 
percentage of TS+ was 12.0S ± O.S with PPD and 17.5 ± l.7 without 
PPD. In addition, only 12.8% of TS+ cells were detected in the recon
stituted populations. These data provide evidence that PPD does not 
induce a recruitment of TS+ cells derived from precursors present in 
the 5/9- subset. This concept was further supported by experiments in 
which 5/9- cells were cultured with irradiated 5/9+ cells, since no pro
liferation was observed (data not shown). 

We then investigated Iymphokine production. Freshly isolated 5/9+ 
and 5/9- populations were cultured with PPD in the presence of auto
logous antigen-presenting cells. After 96 hr, the supernatants were col
lected and tested for IL-2 following the method of Gillis et at. 22 As shown 
in Table II, IL-2 was detected only in the supernatants fluids of 5/9+ T 
cell. Also, IFNI' was produced only by PPD-stimulated 5/9+ T cells. The 
supernatants of these cells contained 50-144 units/ml, whereas no IFNI' 

TABLE II 
Interleukin-2 Production by 5/9 - and 5/9+ T Cells 

after PPD Stimulationa,b 

Subject 5/9- T cells Total T cells 5/9+ T cells 

1 ND' ND 4.5 
2 ND ND II 
3 ND 19,2 II.S 
4 ND ND 12.5 

a Interleukin-2 was assayed in 96-hr supernatants of total, 5/9 +, and 
5/9- T lymphocytes from four healthy tuberculin-reactive subjects. 
The cells were cultured in the presence of I ~g/ml PPD and 50,000 
irradiated (5000 rad) autologous non-T cells as a source of antigen 
presenting cells, 

'Data expressed as percentage of the maximal proliferation of 
CTL-L cells induced by the supernatant of IL-2 producing Jurkat 
cell line stimulated with mitogen. 

'1'>0, not dosable. 
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was detected in the supernatants of unstimulated 5/9+ and PPD-stimu
lated or -unstimulated 5/9- cells. 

To define a further event presumably associated with the PPD
induced response, we tested supernatants of PPD-stimulated PMNC and 
5/9+ and 5/9- cell cultures on the recently described monocytic line 
ZC-1.6. 23 In preliminary experiments, the supernatants of PMl\:C and 
5/9+ cells appeared capable of inducing hydrogen release by this cell 
line, whereas 5/9- cell supernatants did not. 

Collectively, these data demonstrate that both proliferative response 
and lymphokine production induced by PPD are strictly confined to a 
subset of T lymphocytes identifi"ed by the 5/9 MAb. PPD is unable to 
stimulate 5/9- T cells both to proliferate and to produce IL-2 and IFl\:..,. 
In addition, no direct or indirect (through the 5/9+ subset) recruitment 
of T8+ cells was demonstrated. As expected, these results tend to ex
clude an involvement of the cytotoxic branch in the response to PPD 
stimulation. 

Since the final event in DTH is the activation of macrophages, we 
investigated the effect of supernatants of 5/9+ and 5/9- T cells stimu
lated with PPD on the human monocytic cell line ZC-l.6, which can be 
activated immunologically to release hydrogen peroxide. 

The supernatants of 5/9+ T cells, which contained remarkable 
amounts of IFN-y, elicited a sharp release of hydrogen peroxide; this 
might suggest that in our PPD-stimulated system it is the IFN-y that is, at 
least in part, responsible for macrophage activation. The macrophage is 
known to be one of the preferential targets of IFN-y activity. Nev
ertheless, it is conceivable that additional macrophage-activating fac
tor(s), distinct from IFN, may act on macrophages, as recently proposed 
by Andrew et at.24 on the basis of experiments with PPD-stimulated 
human T-cell clones. 

The production of antibody directed to PPD is generally considered 
a phenomenon of negligible biologic relevance. However, we recently 
provided interesting experimental evidence of a closed relationship be
tween the in vivo presence of anti-PPD antibodies and activity of tuber
culosis infections.25 The presence of high levels of 5/9+ T cells in the 
bronchoalveolar lavage (BAL) of patients with active miliaric tuber
culosis26 suggests the possibility that IL-2 produced by 5/9+ T cells 
upon PPD stimulation acts on B cells to stimulate the production of 
specific antibodies. IL-2 was recently demonstrated to promote the pro
liferation of B cells. 27 Furthermore, IFN-y has been found to exert a 
direct helper effect on B lymphocytes2R ; therefore, the possibility exists 
that IFN-y acts synergistically with other helper factor(s) in the stimula
tion antibody responses to PPD. Studies are currently in progress at our 



92 ANTONIO SCORDAMAGLIA et al. 

laboratory to investigate this hypothesis. It is also possible, however, that 
IL-2, produced as a consequence of PPD stimulation, enhances the se
cretion of other soluble factor(s) by the activated T cells. Finally, since it 
was reported that IL-l production by accessory cells of patients with 
pulmonary tuberculosis is increased,29 it is likely that IL-l acts on B cells 
as a cofactor in their clonal expansion,3o thereby contributing to an 
explanation of the presence of anti-PPD antibodies in patients with ac
tive tuberculosis. 

The experimental data reported here provide detailed evidence 
that PPD can stimulate the immune system of humans by acting on T 
cells confined within a subset identified by 5/9 MAb. This early event is 
followed by the release of soluble factor(s) that lead to the activation of 
several other immunocompetent cell populations, including macro
phages. It is conceivable that these data will find useful clinical applica
tions. 

5. LYMPHOKINES AND PPD RESPONSIVENESS 

The immune response to PPD in vitro results in IL-2 and IFN-y 
production by a specialized subset of T cells. However, these data were 
obtained by studying normal subjects. It is known that in patients with 
active tuberculosis, an immunologic hyporesponsiveness to PPD can 
occur. 

Fujiwara et al. 29 proposed that defective cellular response to PPD is 
a consequence of the hyper production of IL-l they detected in tuber
culous patients. The finding of IL-l hyperproduction is extremely in
teresting per se, but the proposed suppressive effect of IL-l on PPD
induced T-cell proliferation is in disagreement with current views. In 
fact, IL-l(s) was never found to be directly suppressive for T cells.30 In 
Fujiwara's investigation, most likely some other factor(s) affected the 
suppression. Presumably, the inhibition of PPD responsiveness is not 
due to prostaglandins, since Toossy et af.31 failed to restore the response 
by adding indomethacin. In the same study, a reduction of IL-2 produc
tion and of IL-2 receptor expression on T cells upon PPD stimulation 
were detected in the patients, and the effects appeared to be related to 
the defective proliferative response of T cells to PPD. 

These data are of great clinical interest, since they provide a better 
understanding of the mechanisms leading to cell-mediated hyporespon
siveness in tuberculosis. The defective IL-2 production and IL-2 recep
tor expression observed by Toossy et al. 31 are important, since similar 
alterations have been demonstrated or suggested in many immunologic 
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disorders.32 Although these observations do not seem to fit with the 
increased IL-I production found by Fujiwara et ai.,29 we believe that 
many uncertainties may be solved by the use of recombinant IL-l in 
similar experiments. 

Unfortunately, these failed to provide information on IFN". We 
have previously demonstrated that normal IFN-y production can coexist 
with defective IL-2 production in the same culture.33 Since IFN-y and 
other macrophage-activating factor(s) seem to play the crucial role of 
promoting macrophage phagocytic activities, assay of these factors In 

single patients might yield interesting prognostic indications. 

6. THE TUBERCULOUS LESION IN HUMANS: 
CHARACTERIZATION OF THE IMMUNOCOMPETENT 
CELLS 

Pulmonary tuberculosis, as is true of many other granulomatous 
diseases affecting the lung (e.g., sarcoidosis,34 extrinsic allergic alveolitis) 
is characterized by a compartmentalization of the immune response at 
the site of infection. Therefore, in the active stage of the disease, we can 
expect an increase of specifically tuberculin-reactive lymphocytes in the 
tuberculous lesions with depletion of the same cells in the peripheral 
blood. This expectation was easily verified in tuberculous pleurisy, 
where analysis of the pleural exudate obtained by thoracentesis permit
ted a detailed investigation of the immunologic cells present in the 
pleural fluid. 

Shimokata et ai.14 compared the characteristics and functions of 
lymphocytes in the pleural exudate and peripheral blood and found that 
the lymphocytes in pleural fluid contained higher proportion of T cells 
and produced more IFN-y following PPD stimulation, especially in pa
tients with more intense skin reactions. The compartmentalization of 
immunocompetent lymphocytes was subsequently confirmed by other 
workers,35.36 who found an increase of both T4 lymphocytes and the 
T4/T8 ratio in the pleural fluids and a reduction of these parameters in 
the peripheral blood. These in vivo findings are in perfect agreement 
with the experimental evidence obtained by our group on the T-lym
phocyte response to mycobacterial antigens. 

The study of the immunocompetent cells in tuberculous pulmonary 
infiltrates might appear more difficult, since the cells must be recovered 
from the deep lung. However, using the new techniques ofbronchologic 
investigations developed in recent years, we were able to examine spec
imens from the alveolar districts without surgical procedures. The cells 
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infiltrating the site of infection were obtained by the relatively simple 
method of BAL selectively performed in the infected lobes with the help 
of the fiberoptic bronchoscope. 

In the BAL of a group of patients with active pulmonary tuber
culosis, Bariffi et al. 37 found a significant increase in the total number of 
T cells and in the proportion of the helper-inducer subset. This study 
did not show evidence of any significant reduction of the T8 lympho
cytes or changes in the T4/T8 ratio. 

Teles de Araujo et ai. 38 also found significantly increased numbers 
of lymphocytes in the BAL from tuberculous patients and normal 
T4/T8 ratios. Nevertheless, some patients in this group who were af
fected by nonreactive forms of tuberculosis showed a significant de
crease in total T lymphocytes and in the helper-inducer subpopulation 
with reduction of the T4/T8 ratio. This report suggested that different 
forms and/or stages of active tuberculosis may reflect different immu
nologic host responses and may therefore present differences in the 
distribution of lymphocyte subsets and in the soluble factor(s) produced, 
as well as in the cooperation between the immunocompetent cells. 

In examining this hypothesis, Ainslie et ai. 36 investigated the varia
tions in T-Iymphocyte numbers and subsets of both the BAL fluid and 
peripheral blood from patients with different forms and stages of pul
monary tuberculosis. Patients were classified as being affected by lo
calized or disseminated pulmonary tuberculosis; the latter group was 
also arbitrarily subdivided into high-lymphocyte responders (BAL lym
phocytes > 50,OOO/ml) and low-lymphocyte responders (BAL lympho
cytes < 50,OOO/ml). In both groups with disseminated disease, the T8 
cells were increased and the T4 cells decreased in the BAL as well as in 
the peripheral blood. In addition, in some patients with disseminated 
pulmonary tuberculosis studied after 8 weeks of treatment, bron
choalveolar lymphocytes and T4/T8 ratios were found to be remarkably 
increased. In patients with localized pulmonary tuberculosis, the T4/T8 
ratio was normal in the peripheral blood but was found to be lower in 
BAL from the affected lobes than in BAL from the unaffected lobes. 
These results are apparently in disagreement with those reported by 
Teles de Araujo et al. 38 and Bariffi et al. 37 Ainslie et ai. 36 suggested that 
the increase of suppressor T lymphocytes in BAL might involve a sup
pressor cell activating factor released by alveolar macrophage stimulated 
by some component of mycobacteria. This factor might act only locally at 
the site of infection. 

Interleukin-l is a complex of different molecules secreted mainly by 
monocytes and macrophages. This monokine exerts a crucial role in 
initiating and perpetuating the granulomatous process. Alveolar mac
rophages of BAL from tuberculosis patients have been investigated for 
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their capability to release IL-l under specific antigenic stimulation. 
Baughman et al. 39 demonstrated that alveolar macrophages from skin
positive subjects with no clinical evidence of tuberculosis infection re
leased significantly enhanced amounts of IL-l under PPD stimulation 
compared with alveolar macrophages from skin negative healthy pa
tients. In the same study, alveolar macrophages from tuberculin skin
negative and skin-positive patients with active tuberculosis were also 
investigated. Only the alveolar macrophages of the skin-positive subjects 
released significant amounts of IL-l following PPD stimulation. This 
finding was in agreement with the data obtained in skin-positive healthy 
patients. 

This evidence concerning the immunologic characterization of the 
tuberculous cellular infiltrate in humans suggests the following conclu
sIOns: 

1. In tuberculous pleurisy, there is no doubt that the immunocom
petent cells are compartmentalized in the pleural fluid, and the 
immune response is characterized by an increase in T lympho
cytes primarily of the helper-inducer subset. 

2. In active pulmonary tuberculosis, differences exist in the immune 
cells infiltrating the site of infection among the various forms and 
stages of the disease. These differences may reflect variations in 
the different antigenic stimulation driven by different infecting 
mycobacteria or congenitally different immunologic responses as 
well as the form and/or stage of tuberculosis. Undoubtedly, in 
reactive (tuberculin skin-positive) patients with the active form of 
pulmonary tuberculosis, or after therapy, alveolar macrophages 
show an increased ability to release IL-l under specific antigenic 
stimulation: moreover, alveolar lymphocytosis, increased T help
er-inducer sunset, and T4/T8 ratio can characterize the reactive 
forms more frequently than the others. 

7. PERSPECTIVES AND CONCLUSION 

In 1983 the World Health Organization (WHO) published a Memo
randum,40 a plan of action for research in the immunology of tuber
colosis. Some of the main points to be pursued were T-cell cloning, 
production of MAb to define the heterogeneity of mycobacterial anti
gens and their epitopes, the role of immunoregulatory molecules such as 
lymphokines and monokines, and relationships with the clinical status. 

This chapter has touched on all these points, except the antigenic 
diversity of M. tuberculosis. This aspect is considered in the present sec-
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tion, as it is probably the only point in which the concept of immuno
logically guided prevention of tuberculosis should be implicated. 

Recently a large number of MAb to different epitopes of mycobac
teria were developed.41 The data indicate that different antigenic deter
minants could elicit different immune responses, thereby opening new 
exciting perpectives for tuberculosis prevention. In fact, Ottenhoff et 
al.42 recently demonstrated that HLA-DR4 is associated with high re
sponsiveness to the species-specific antigens of M. tuberculosis, but not to 
the antigens shared with other mycobacteria. This phenomenon strong
ly suggests an association between DR4 and immune response to M. 
tuberculosis and possibly that different Ir genes control the response to 
different epitopes of the same antigenic complex. If genetic factors do 
indeed regulate susceptibility to tuberculosis and the intensity of im
mune response to specific M. tuberculosis antigens, it might become possi
ble to predict the susceptibility and resistance to infection of each 
individual. 
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The Tubercle Bacillus
Human Macrophage 
Relationship Studied In Vitro 

ALFRED J. CROWLE 

1. THE CELLULAR FOCUS OF TUBERCULOSIS 

Tuberculosis is an infection of the monocytic phagocyte (MP) system. 1- S 

The disease-causing bacilli multiply in cells of this system as determined 
by bodily environment. For example, they reproduce freely in alveolar 
macro phages (MP) at the beginning of human infection because these 
cells lack resistance, are located in oxygen-rich areas that support the 
oxygen needs of these aerobic bacteria, and are not yet receiving signals 
for immune activation from the body's T-cell system.4 ,9-11 But later, the 
bacteria are inhibited by MP, for instance, in lymph nodes, because these 
cells are in oxygen-poor areas and are being defensively activated by 
immune lymphokines that T cells responding to bacillary antigens have 
begun to produce.4 ,7-9,12 The MP may also respond detrimentally to 
infection-exacerbating molecular signals, like -y-globulin produced by 
tuberculoprotein-hypersensitive lymphocytes. 5 ,7-9,13 Then, they ac
tively promote bacillary growth. 

Tubercle bacillus-human MP interactions such as these can now be 
studied in fully controllable cellular and molecular detail with an in vitro 
model of human tuberculosis using cultures of blood MP and lympho
cytes. S No longer is it necessary to depend on animal, or animal cell 
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research, which, though informative, has never been directly relevant to 
the human disease.3,5,9,I0,13-15 The following is a description of the 
tubercle bacillus-human MP relationship derived from 5 years of re
search with this model. 

2. THE MODEL AND THE DATA IT PRODUCES 

The model was developed from rabbit,16-19 guinea pig,18,20,21 and 
mouse22- 24 cell precedents. Tubercle bacillus infections of cultured 
human cells had been described before,6,25-3o but not with purified 
native human MP until technical advances in methods of cell culturing 
made this possible. 31 Detailed descriptions of the model and the kinds of 
data it produces have been published.8,31-34 The description summa
rizes the model for interpretation of the information to be reviewed. 

The human monocytes used are adherent cells from peripheral 
blood cultured in spot monolayers of approximately 5 x 105 cells per 
spot, in disposable plastic petri dishes, three spots per 35-mm diameter 
dish. Each dish contains 1.5 ml (large excess relative to number of 
cultured cells) of RPMI-1640 medium, supplemented with 1 % unheated 
autologous normal serum (NS), and is kept at pH 7.2 in 7.5% CO2, The 
monocytes are cultured for 7 days, and the resulting macrophages are 
then infected with log-phase highly virulent Erdman tubercle bacilli, 
stored for this purpose in one-use aliquots at -90°C.1O 

After infection, the MP are cultured 7 days more so that their re
sponses to the bacilli can be observed. These responses are characterized 
and measured either by microscope, i.e., for percentage MP infected 
and number of acid-fast bacilli (AFB) per MP, or by culture, i.e., culture 
counts of bacterial colony-forming units (CFU) from lysates of the MP 
cultures, using replicate samples of the cultures taken at 0 time (immedi
ately after infection) and at 4 and 7 days. Nearly all bacillary multiplica
tion is intracellular; the bacilli do not multiply significantly in NS-supple
mented RPMI-1640, even though no antibiotic except penicillin is 
present. 32,34 

3. MACROPHAGE UPTAKE OF TUBERCLE BACILLI 

This uptake has been studied by infecting the MP with standardized 
concentrations of ultrasonically dispersed, 10 mostly single (human infec
tions usually begin with an infectious unit of two to three bacilli I I) 

Erdman tubercle bacilli for 30 min at 37°C. After infection, the cells 
were washed, and some samples were fixed and stained for AFB counts, 
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while others were lysed for dilution, plating, and CFU counting. Data 
from 52 experiments using 15 different donors are summarized in Ta
bles I and II. Table I presents data from all subjects, and Table II 
presents data from two subjects with different responses. 

Data were obtained from experiments using three different con
centrations of infecting suspension (first column of tables) expressed as 
culturable bacilli (CFU) per ml. The second column of Table I shows the 
calculated ratio of the bacilli per MP. AFB counts produced data on the 
percentage of MP infected and the mean AFB per infected MP (columns 
3 and 4). A calculation of AFBIl05 MP made from these data is shown in 
column 5 to permit direct comparison with CFUIl05 MP (column 6) and 
the ratio of AFB : CFU (last column). The numbers of MP per ml MP 
lysate (i.e., 105) in the CFU counts were determined by both direct 
counting of enlarged photomicrographs of the cultures and by counts of 
MP nuclei.32.34 The data in Tables I and II provide the following infor
mation about tubercle bacillus uptake by normal human MP. 

Only a portion of the MP are infectable, less than one half from the 
average donor, regardless of the ratio of bacilli to MP used, confirming a 
previous prediction.35 Increases in the bacillus-to-MP ratio produced 
diminishing increases in proportions of MP infected. The average max
imum percentage of infected MP was 42.9 at the highest (1: 1) ratio 
used. Interpolation of the data indicates that a theoretical infection of 
8: 1 ratio would produce only 3% more infected MP, 46%. 

Increasing the bacillus-to-MP ratio increased the proportions of MP 
infected more than the number of bacilli per MP (compare columns 4, 5, 
and and 6, Table I), most probably by increasing the probability of MP
bacillus contact. 

The average MP susceptible to infection was likely to be infected 
more than once during the 30-min period of infection used in these 
experiments (see column 4, Table I). Infected MP thus were not refrac
tory to reinfection. 

Two of three infecting bacilli were either dead (nonculturable), 
killed by MP that they had infected, or both (see column 7, Table I). 
Counts of total bacilli compared with culturable bacilli indicated that 
about one half the bacilli in infecting suspensions (prepared from 
frozen-thawed stock aliquots) were culturable. Consequently, the added 
proportion of nonculturable bacilli among phagocytized bacteria proba
bly consisted of debilitated microorganisms killed by the ingesting MP. 
Thus, in certain circumstances, here probably a combination of MP ac
tivation caused by bacillary ingestion,2 natural microbicidal activity, 36 
and freeze-thaw iqjury of the bacilli.lo.37 human MP can kill,2.4.9.12 
rather than just inhibit, IS tubercle bacilli. 

Significant differences among subjects in respect to the way in 
which MP becomes infected can be seen in Tables I and II. Table II 
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summarizes the results from nine experiments with subject RM, and six 
with subject GB of the 15 subjects from whom data were obtained for 
Table I. The most important difference shown by data in Table II is that 
while the numbers of bacilli accumulated by anyone phagocytic MP are 
similar for different subjects (column 3, Table II), all the MP of excep
tional subjects are infectable (subject RM, column 2). This is evident 
from a direct proportionality between the bacillus-to-MP ratio and the 
proportion of MP becoming infected and the corresponding total AFB 
and CFU counts (columns 4 and 5). It is a direct demonstration of an 
inherent cellular difference of response to tuberculosis among human 
subjects.2 ,9 

An average of two contacts between tubercle bacilli and MP oc
curred for each event of phagocytosis. As suggested by the data in Table 
I, this is especially evident from data for subject RM in Table II. Thus, at 
a 1: 1 ratio of bacilli to MP, of the 100% of MP infectable, only 64.4% 
(column 2) became infected. Tubercle bacilli that make contact with 
human phagocytic cells may not be ingested; when they are, ingestion is 
rapid-15 sec.38 

Table II shows another exceptional activity of some subjects' MP
that they make many freshly ingested tubercle bacilli non-acid-fast (com
pare columns 4 and 5 for subject RM). This observation is further illus
trated and discussed below. 

3.1. Influence of Culture Medium on Uptake of Tubercle Bacilli by 
Human Macrophages 

Table III summarizes data from six experiments with two donors. 
MP were used immediately after isolation or after 3 or 7 days of culture 
in RPMI-1640 or Newman-Tyte1l39 media and were infected with M. 
tuberculosis (Erdman) or M. bovis (BCG).40 Bacillary uptake was improved 
by RPM I for one donor's MP (MM) but not the other's (AC). The uptake 
was not affected by which bacillus or age of MP was used. 

The pH value is a medium property that is partly regulated by the 
concentration of CO2 in the incubator. Higher concentrations (lower 
pH) seemed to inhibit bacillary uptake. Some data in Table IV show, 
however, that the higher concentration was suppressing bacillary acid
fastness rather than bacillary uptake, because differences by AFB counts 
between high and low CO2 concentrations were absent from CFU 
counts. The numbers of AFB and CFU per infected MP were similar in 
the compared concentrations of CO2 , This means that the observed 
difference in total bacillary uptake is due to about one fourth the in
fected MP being able to make ingested bacilli non-acid-fast without nec
essarily killing them. Further evidence for this is given below. 
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Ae 
MM 
AC 
,\1,\1 

AC 
,\1,\1 

TABLE III 
Differences between Uptake of Tubercle Bacilli in Human Monocytic 
Phagocytes (MP) Cultured in Newman-Tytell or RPMI-1640 Medium 

AFB/MP, RPMlb CFU, RPMI' 
AFB/MP, N-T CFU,:-':-T 

MP donor Age of Mpa Erdman BeG Erdman BCG 

7 "lD 1.28 ND "lD 
7 1.08 0.98 1.32 3.20 
:3 I.Ei 0.3" 0.95 0.84 
3 2.12 3.17 1.50 3.20 
0 0.97 0.57 0.56 1.00 
0 \,:;2 1.52 1.61 1.52 

105 

.\Ieans 1.37 (0.2)'1 1.31 (0,4) 1.19 (0.19) 1.63 (0.42) 

.\Ieans. donor Ae 1.06 (0.09) 0.73 (0.28) 0.76 (0.12) 0.92 (0.08) 

.\Ieans. donor '\IM 1 .. ~7 (0.30) 1.89 (0.66) 1,47 (0,08) 2.1 (0.:;:;) 

aDen of culture after isolation at time of infection. 
"Ratios of mean .-\FB taken up bs Ill' \[P mltured in RP1sII·16-l0 (RP\[I) versus :-;cwman·Ts tell (:-; ·T). 
Ratios were obtained separately for Erdman and BeG bacilli. 

'Ratios of mean ere taken up bs !(J'> I\[P cultured in RPI\II versus :-;-T. 
dFigures in parentheses are SE~I. 

3.2. Influence of Immune Lymphokines on Uptake 

Table V summarizes data relating to this factor from 13 experi
ments with nine different subjects. Lymphokine was produced by in
cubating the lymphocytes of subjects who exhibited immunity, due to 
immunization with BCG or an experimental vaccine, TESA, with a solu
ble immunizing antigen. 31 Placebo supernates were obtained from in
cubating lymphocytes from nonimmune donors similarly. The MP were 
incubated with 1.25% test or placebo lymphokine for 24 hr before infec
tion. AFB and CFU counts both detected fewer bacilli in lymphokine
exposed than in placebo-exposed MP. While this could mean that lym
phokine suppressed phagocytosis, we think it more likely that the lym
phokine-activated MP killed one third to one half the bacilli they in
gested. A proportion of "missing" bacilli, as measured by CFU, could be 
seen visualized microscopically in the MP as non-acid-fast objects that 
resemble bacteria. 

3.3. Influence of Human Serum on Uptake 

Human MP that have been cultured for 7 days in RPMI-1640 medi
um with I % unheated NS will phagocytize tubercle bacilli equally well 
during the 30-min period of infection described above in RPMI-1640 
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TABLE V 
Effects of Antigen-Generated Lymphokines on Uptake of Virulent Tubercle Bacilli 

as Measured by AFB and CFU Counts 

Ratio of 
control: Iymphokineb 

Experiment Subject Source of immune response" AFB CFU 

D-64 DS BCG 1.8 1.1 
D-66 PH BCG 1.1 0.94 
D-67 ~fS TESN 2.0 0.76 
D-72 CC BCG 1.5 1.6 
D-56 KG BCG 1.5 1.6 
D-75 ~fS TESA 2.4 1.3 
D-55 RJ BCG 0.92 1.22 
D-60 PH BeG 1.3 2.0 

Means (SE~f) 1.57 (0.17) 1.34 (0.15) 

D-83 JD ;\lone 0.9 0.8 
D-70 RM ~one 1.0 0.6 
D-57 MS None 2.1 0.74 
D-59 MS None 1.0 1.0 
D-76 ~fM None 0.63 1.6 

Means (SEM) 1.1 (0.25) 0.95 (O.IS) 

aSubjects were exhibiting immune responses at time of experiment. as separatelv tested3l due to type of immuniza-
tion shown. 

'Ratio of mean AFB or CFU per MP for cells incubated in medium onlv or medium with lymphokine supernate 
(see text). 

'TESA is an experimental immunizing antigen.'l 

alone, supplemented with 1 % or 5% unheated NS, or a 10% serum 
substitute CA. J. Crowle and M. H. May, unpublished observations). This 
agrees with the idea that the bacilli promote their own uptake to obtain a 
suitable microenvironment for replication. 38 CulturedJ-lll human leu
kemic monocytes also readily phagocytize tubercle bacilli.38 The bacilli 
do not so readily infect non phagocytic human cells. For example, they 
have been reported to require high concentrations of horse serum to 
infect HeLa cells. 25 

3.4. Individual Variations in Macrophage Uptake and Killing of 
Tubercle Bacilli 

Donors are reported to differ in the phagocytosis of tubercle bacilli 
by their MP.40 This is only conditionally confirmed by the data in Table 
VI. These data are from 62 experiments using MP from 11 different 
subjects infected in the same way with Erdman bacilli, with a bacillus-to-
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TABLE VI 
Uptake of Tubercle Bacilli by Macrophages from Different Donorsa 

Percentage MP Mean AFB per Mean AFBIlO" MP' Mean CFUIl05 MP 
Donorb infected infected MP (X 105) (X 105 ) 

AC 40 (7) 3.1 (0.4) 1.21 (0.4) 0.27 (0.12) 
DS 38 (5) 2.5 (0.3) 0.93 (0.07) 0.27 (0.10) 
GB 37 (4) 3.5 (0.4) 1.25 (0.2) 0.20 (0.06) 
PH 34 (7) 3.1 (0.4) 1.10 (0.2) 0.22 (0.06) 
MS 34 (4) 2.7 (0.6) 0.97 (0.03) 0.21 (0.04) 

JB 34 (8) 3.5 (1.2) 1.50 (0.5) 0.27 (0.10) 
KG 33 (3) 3.3 (0.4) l.l2 (0.2) 0.29 (0.05) 

RJ 32 (9) 3.0 (0.4) 1.00 (0.3) 0.29 (0.08) 
RM 31 (3) 3.0 (0.2) 0.92 (0.10) 0.39 (0.17) 
RD 31 (3) 3.3 (0.3) 1.02 (0.2) 0.15 (0.03) 
TB 28 (I) 2.2 (0.2) 0.72 (0.03) 0.19 (0.05) 

Means 3.0 (0.12) 1.07 (0.065) 0.248 (O'()) 9) 

aN uInbers in parentheses are SEI\1. 
bDonors arranged by rank frum high to low for percentage of MP infected. second column. 
<Expressed in numbers per 105 I\IP to make AFB data in this column directly comparable with CFU 
data, last column, and taking into account all (infected and uninfected) MP. 

MP ratio of 0.5, equal to that of the middle infecting concentration 
(Table I). 

The donors in Table VI are ranked by mean percentage of MP 
infected by AFB counts. While it is obvious that donors at opposite ends 
of the spectrum are significantly different, only a large study such as 
this, or experiments with subjects who happen to be at the opposite 
ends,40 would show such differences. That is because there are also large 
differences between bleedings from individual subjects that overlap the 
generally small differences between means of MP infected for most of 
the subjects. Rankings for the percentage of cells infected and mean 
AFB per cell (columns 2 and 3) do not coincide. Therefore, there should 
be little actual difference between total numbers of bacilli phagocytized 
by different whole cultures of MP from different subjects, which is true 
according to total counts by AFB or CFU (columns 4 and 5). 

Table VII shows the mean ratios of CFU / AFB from data in Table 
VI. These, representing the ratios of living to dead bacilli, are ranked 
from highest numbers of AFB uptake downward. They show that, on 
average, only one in four AFB counted microscopically was culturable 
and confirm the conclusions from Table I that about three fourths of the 
bacilli in the infecting suspension are not culturable after being pha
gocytized by human MP. While some probably are not culturable be
cause they have been injured or killed by the processes of freezing/ 
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TABLE VII 
Ratios of CFU : AFB per 105 MP from Data in Table VI Ranked from 

High to Low in AFB/MP 

Rank" Subject 

Highest JB 
GB 
AC 
K(; 
PH 
RD 
RJ 
MS 
DS 
RM 

Lowest "IB 

CFU: AFBb 

2.5 X IO'!: 1.5 x 10" 
2.0 x 10'!: 1.35 x 10" 
2.7 x I O! : 1.2 X 10" 
2.9 x IO!: 1.1 x 105 
2.2 x 10! : I. I x 105 

1.5 x 10!: 1.02 x 105 

2.9 x 104 : 1.0 
2.1 x 104 : 9.6 
2.7 x 10!: 9.3 
3.9 x 104 : 9.2 
1.9 x 104 : 7.2 

N= II 
Mean = 0.24 
SD = 0.078 
SEM = 0.024 

x lOS 
X 104 

x 1()4 

X 104 

X 104 

"Rank, hi!{hest to lowest hy munts of AFB per 10" MI'. 
hPcr 10" MI'. 
'More than 2 SI) of the mean (SI)) different from the mean of all values. 

Ratio CFlJI AFB" 

0.17 
0.15 
0.23 
0.26 
0.20 
0.15 
0.29 
0.22 
0.29 
0.42' 
0.26 

storagelthawing associated with their use in infecting suspensions,lo,:n 
the single ratio of 0,42 for subject RM in Table VII, different from all 
others by greater than 2 SD, suggests an added reason: while approx
imately one half the infecting bacilli are inherently not culturable (as has 
already been suggested from Table I), the remainder that cannot be 
cultured (about another one fourth) must be killed by most donors' MP 
during phagocytosis. Thus, either the MP of most subjects can kill one 
half the viable, virulent Erdman bacilli they ingest or one half these 
su~jects' MP can kill all the bacilli they ingest. Either way, these data are 
strong evidence that some normal (i,e" not immune-activated) human 
MP are able to kill virulent tubercle bacilli during phagocytosis. 

This is an unexpected finding because (I) MP are not supposed to 
have any defense against tubercle bacilli until activated by immune lym
phokine1 ,,),7,H, I:!, 17; and (2) even when activated, they are supposed to be 
only bacteriostatic. I!> It can best be explained by assuming that some MP 
in a population are able to kill newly ingested bacilli but that others:!,I:~ 
are not, and it is the susceptible ones that support the development of 
tuberculosis at the cellular level. Apparently, all the MP of subject RM 
are susceptible, which probably explains why Crable II) they are all 
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infectable. This subject may be a human counterpart of natively BCG
susceptible mice .11 

4. NATURE OF BACILLARY GROWTH IN CULTURED HUMAN 
MONOCYTIC PHAGOCYTES 

Bacilli harvested from log-phase 7H9 broth cultures continue to 
grow exponentially in human MP. Figure 1 illustrates this with plots of 

E ..... 
:::> 
u. 
(,) 

c 
til 
Q) 

~ 

Cl 
0 
...J 
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5 

4 

Diffe r ent Sub j ects. 

Same Infection 

- R~ G: 24.0 

--_. PH G: 24.S 

-_ . MS G: 24.7 

........ G B G: 23.3 

30L---------------~4~----------~7~--

Days After Infection 

FIGURE 1. Rates of Erdman tubercle bacillus growth in cultured MP from four different 
normal subjects, as indicated by CFU per ml of MP lysate taken at 0 time and 4 and 7 days 
postinfection. Each data point is the mean of five values, with SEM usually being less than 
10% of the mean. One 1111 of lysate was the product of an average of I x lW' cultured MP. 
G is bacillary generation time (hr) calculated from the mean slope of bacillary replication. 



5. TUBERCLE BACILLUS-HUMAN MACROPHAGE RELATIONSHIP III 

intracellular bacillary replication in four experiments using MP from 
different donors, all infected with the same batch of bacilli in a ratio to 

MP of 0.25 (lowest concentration in Table I). Mean generation times (G) 
calculated from these plots indicated intramacrophage bacillary dividing 
times of 23-25 hr, in agreement with results from large numbers of 
other experiments. 

This rate is readily inf1uenced, however, by MP microenvironment, 
experimental conditions, and methods of counting bacilli. The some
what longer G of virulent H37Rv of 26 and 34 hr, respectively, in 
(human) HeLa and amniotic cells30 might be the result of counts being 
made microscopically (AFB) rather than by the more sensitive counting 
of cultured CFU. BALB/c mouse MP in our model are more resistant 
than human MP, if tested in comparable conditions using medium sup
plemented with 1 % normal mouse serum (G = 65 hr), but they falsely 
appear to be more permissive (G = 20 hr) in medium supplemented with 
10% fetal .calf serum (FCS), because this serum promotes bacillary rep
lication. G values for tubercle bacilli in cultured peritoneal MP from 
mice estimated from published reports are 51 hr23 or 24 hr in FCS,7 
from rabbits 31 h r l6 or 24 hr12 and from guinea pigs approximately 24 
hr. 21.'12 When exponentially growing bacilli have been used for infec
tion, intracellular growth in animal cells has been exponential, 16 just as it 
is in human MP. Bacillary growth is said to be exponential with G = 24 
hr in the lungs of living mice. 13 G for Erdman bacilli in aerated 7H9 
bacteriologic culture medium is about 16 hr (A. J. Crowle, unpublished 
observations) . 

4.1. Variations in Intracellular Bacterial Generation Times Measured 
by CFU and AFB Counts 

Figure 2 summarizes data from a series of 16 experiments testing 
bleedings from one normal donor over a period of nearly 70 weeks, 
where G was determined from both AFB and CFU counts. These data 
are shown to illustrate the consistency of results possible by CFU counts 
in our model, to show that there may be significant abnormalities in G 
for a normal donor, and to demonstrate that AFB counts of tubercle 
bacilli may sometimes be quite erroneous. 

Usually, G by CFU stayed close to its mean of 23.0 hr (±2.1 hr, 
SEM). However, there were some significant deviations from normal, 
e.g., at 61 and 67 weeks. Interestingly, the major abnormalities corre
lated with donor stress (graduate student oral examinations), suggesting 
that donor serum (1 % l\:S supplement in the medium) can inf1uence the 
resistance of human MP to tubercle bacilli. This suggestion is confirmed 
by other data. 

In most cases, in this model and for MP from most donors, AFB-
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FIGURE 2. Generation times simultaneously determined in a series of experiments with 
MP from a normal subject (GB) by AFB and CFU counts. Three different batches of 
Erdman bacilli were used to infect the MP in different experiments. Batch 1116/84, used 
only twice as indicated, gave large discrepancies between AFB and CFC count generation 
time because large proportions of the bacilli replicating within the MP were not acid-fast. 
"Stress" indicates a period of difficult student examinations for the subject. The mean G of 
23.0 hr and its SEM (parentheses) were calculated from CFU values excluding those of the 
period of stress. 

and CFU -determined G values correlate. 33 Figure 2 demonstrates, how
ever, that they may disagree unequivocally by fault of the AFB counts. 
This may be due partly to characteristics of the infecting bacilli (e.g., 
batch 01/16/84 of Erdman used in the two experiments at 6 and 7 weeks 
only, as indicated), but more frequently is due to properties of a donor's 
MP that make replicating bacilli non-acid-fast. Discrepancies such as 
these definitively confirm previous evidence44 that important propor
tions of tubercle bacilli living and multiplying in cultured human MP can 
be non-acid-fast and indicate that AFB counts alone are undependable 
enumerators of tubercle bacilli. However, such counts do still need to be 
made in in vitro experiments on human tuberculosis, because they indi
cate the purity of infection and the numbers and various characteristics 
of MP.32 These results directly confirm various previous indirect obser-
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vations~I,12,1:)-1H that the conventional acid-fast stain is an undependable 
indicator of human tuberculosis. 

4.2. Effect of Original Intensity of Infection on Intramacrophage 
Generation Time (G) of Erdman Tubercle Bacilli 

Early experiments with Erdman-infected cultured human MP 
showed that several-day periods of the infection were desirable to detect 
such phenomena as an expression of tuberculoimmunitY:11 but also 
should not be extended beyond 7 days, when MP begin to be killed by 
accumulating loads of bacilli and adjacent MP become secondarily in
rected. 

Figure 3 shows that this time limitation results from exponential 
growth of the bacilli regardless of concentration of infecting bacilli at 
concentrations below those causing multiple infection of single MP 
(bacillus to MP :s: 0.5, in this model). In 7 days, one bacillus in a MP will 
have produced over 60 progeny, which usually are sufficient to kill the 
MP. Consequently, after 7 days the exponential bacterial growth curve 
breaks and turns downward as MP that are needed for the bacilli to grow 
in are killed and lost from the culture. When MP cultures are infected so 
as to respond as in Fig. 3, deviations from the normal (G = 24 hr) slope 
or from linearity are biologically meaningful indicating, for instance, 
expression of immunity, anti-immunity, or various responses to drugs, 
hormones, or Iymphokines. Note that the mean G for infections of 
bacillus-to-MP ratios of 0.125, 0.25, and 0.5 are about the same, but 
shorter for the ratio of I (Fig. 3). The shorter G for this heavy infection 
probably is an artifact of either secondary infection from prematurely 
overloaded MP being killed and releasing bacilli to infect adjacent MP or 
MP-MP interstimulation, resulting from overinfection, which enhances 
intracellular bacillary replication. H.:11 

The normal cultured human MP can tolerate loads of 30 to 50 
bacilli, 10-fold less than it will tolerate of M. aviurnl1.1~1 That is because 
tubercle bacilli are toxic for these MP, as they are for animal Mplfi.lQ and 
human myeloid monocytes,27 and as shown morphologically. Microen
vironment affects this tolerance. For instance, in 500 U Iml ,,(-interferon 
(IFN-y) most human MP will be killed at the beginning of an experiment 
by just the few infecting bacilli.'11 The tolerance also is lowered by mis
cellaneous factors, such as the pH of the medium rising to 7.4 or higher 
even briefly or traces of Tween 80 surfactant present in the infection 
medium as carryover from culturing of the bacilli. 

4.3. Effect of Strains of Bacillus 

Tubercle bacillus virulence correlates partly with survival and rate 
of multiplication in human MI'. These virulence properties, necessary 
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FIGURE 3. Generation times (G. hr) of Erdman bacilli in cultured MP from subject AC 
infected at the four different bacillus-to-MP ratios of 1,0.5,0.25, and 0.125. See Fig. I for 
further explanation of data presentation. 

for tuberculosis to be established, have been reported for human cell 
(HeLa, amniotic cell) cultures,28-3o animal cell cultures, 17,20 and whole
animal experiments.1 ,7,11 ,13 They ranked six strains of BCG in agree
ment with their methods of virulence measurement.10 Bacillary vir
ulence can be increased by passaging through MP cultures.21 A strain of 
BCG was produced in this way that could replicate in human MP as fast 
as virulent Erdman bacilli, but it remained unable to cause progressive 
infection of CF-l mice.40 This is important because it indicates that the 
rate of tubercle bacillus replication in normal MP is only a partial mea-
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sure of bacillary virulence, which misses the additional ability to survive 
and possibly multiply in immune lymphokine-activated MP.l,3-5,7,8,12 

In addition to attenuated BCG, some virulent tubercle bacilli have 
been compared in the human MP model. Table VIII summarizes the 
essential results for three strains of tubercle bacilli isolated from patients 
in the World Health Organization(WHO}BCG trial at Chingleput India. 
These were provided by Dr. Donald W. Smith and were of high, moder
ate, or low virulence in guinea pigs.50 Erdman bacilli and the high vir
ulence strain #36 behaved consistently (low SEM) and similarly (mean G 
values of 23.0 and 24.5 hr, respectively). However, the other two strains 
behaved inconsistently (high SEM) and were not clearly different in 
virulence as indicated by guinea pig testing. Their variable rates of intra
MP replication suggest low virulence, with replication rates depending 
on small variations of responses to them of the MP. The partial disagree
ment between cultured human MP and in vivo guinea pig evaluations of 
these two strains probably has at least two causes. One is the absence of 
mechanisms of acquired immunity in the MP analysis, and the other 
could be the large difference between people and guinea pigs in suscep
tibility to tuberculosis. 

4.4. Differences in Intracellular Generation Time as Determined by 
AFB or CFU Methods of Counting 

Figure 2 demonstrated some particular but occasional discrepancies 
between AFB and CFU counts. Tables IX and X describe consistent 
discrepancies between them, mainly indicating that significant propor-

TABLE VIII 
Comparison of Generation Times (G, hr) in Normal Human Macrophages 

of Tubercle Bacilli of Different Virulence" 

Strain of bacillus 

Erdman 36 (high) 50 (moderate) 44 (low) 

Experiment CFUb G CFU G CFU G CFU G 

H 261 Ie 8.1 22.9 9.5 24.2 17.0 27.6 5.6 23.3 
H 252 Id 15.0 22.0 18.0 25.5 65.0 37.5 2.8 17.3 
H 250 Id 8.5 24.0 8.7 25.3 38.0 37.5 7.3 40.9 
H 249 Id 13.0 23.1 20.0 23.1 24.0 23.1 22.0 19.9 

Mean (SEM) 23.0 (0.4) 24.5 (0.6) 31.4 (3.6) 25.4 (5.3) 

aErdman compared with similar infections with strains of 36, 50, and 44 graded by experimental infection in 
guinea pigs50 as high. moderate, or low virulence. respectively. 

·CFU x 103 per 10' MP at time 0, immediately postinfection. 
'Klett 5-infection suspension (0.25 : 1 = bacillus to MP). 
dKlett 10-infection suspension (0.5: 1 = bacillus to MP). 
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tions of healthy replicating tubercle bacilli are regularly non-acid-fast in 
cultured human MP. 

Table IX summarizes data from 81 experiments using MP from 10 
different donors over a period of 3 years, showing G by CFU counts to 
be regularly less than G by AFB (means of 22.5 versus 54.6 hr), with an 
average ratio of 0.41, indicating that more than one half the culturable 
bacilli regularly were not being counted as AFB. 

This difference cannot be explained by extracellularity of the un
counted AFB or by the inherent inefficiency of AFB counting, because 
tubercle bacilli do not multiply extracellularly in this modeP2; also, 
phagocytosis data show that AFB counts are able to detect considerable 
proportions of bacilli undetectable by CFU. It is most likely due to the 
non-acid-fastness of discrepant numbers of bacilli.44 ,46,48 This explana
tion agrees with disparities between AFB and CFU counts indicating 
consistently higher proportions of CFU that are not acid-fast in the MP 
from some donors, e.g., GB and MS (Table IX) than most others. Prac
tically, AFB counts in the MP of such donors are highly variable (note 
high SEM for donors GB and MS), unreliable relative to true numbers of 
tubercle bacilli, and potentially misleading (Fig. 2). 

Since AFB/CFU discrepancies depend partly on infecting bacillus 

TABLE IX 
Differences in Intramacrophage Generation Time (G) of Erdman Bacilli 

Dependent on Method of Bacillary Counting: AFB versus CFU 

Mean Ga 
Number of 

MP donor experiments CFU AFB Mean ratio CFU / AFB 

KG 7 25.7 (1.4) 58.2 (7.9) 0.44 
GB 16 23.0 (2.0) 93.9 (28.6) 0.25 
JB 4 31.3 (6.8) 62.9 (24.1) 0.50 
MM 12 24.8 (1.4) 34.9 (4.2) 0.71 
PH 6 20.1 (1.4) 45.5 (6.2) 0.44 
RM 20 19.5 (1.1) 34.1 (2.8) 0.57 
DS 3 18.0 (0.6) 51.3 (5.5) 0.35 
AC 6 18.2 (1.8) 38.4 (4.2) 0.47 
MS 4 19.8 (1.8) 79.8 (21.8) 0.25 
TB 3 24.4 (1.4) 47.2 (2.5) 0.52 

Total means 81 22.5 (1.3) 54.6 (6.2) 0.41 

"Data from experiments of all kinds, including those in which MP were being incubated in immuneB.3l 

or anti_immuneB.34.56 Iymphokines. Only MP from donor GB were normal in all experiments per
formed with a single donor. These data are assembled to contrast results to the two different modes of 
counting rather than represent normal G values. Mean G expressed as hr (+SEM). 
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TABLE X 
Comparison of Intramacrophage Generation (G) Times of Erdman Bacilli 
by AFB and CFU Methods of Counting in Experiments Using One Batch 

and Concentration of Bacilli 

Generation times" 

Experiment Ml'donor CH; AFB Ratio CFU/AFB 

D-81 JB 22.5 68.4 0.33 
D-82 PH 22.5 46.9 0.48 
D-83 JD 16.9 86.3 0.20 
D-64 DS 16.9 56.3 0.30 
D-66 PH 24.8 71.3 0.34 
D-67 \[S 24.6 168.0 0.14 
H 263 I GB 23.3 60.0 0.39 
H 264 I RM 24.0 72.2 0.33 
D-78 R\[ 16.5 84.4 0.20 
D-72 CC 'r -_:J. , 53.4 0.48 

Mean. normal Mph 23.9 (0.5) 77.2 (15.6) 0.36 (0.04) 
(±SDf) 

Mean, permissive MP 16.8 (0.1) 75.7 (7.5) 0.23 (0.03) 
(±SEM) 

"Mean (; calculated from CFlJ and AFB counts (in hours). 
bBased on G from CFLJ counts. there are two populations of MP. Means and SEM values were calcu
lated separatcl~. as shown. 

characteristics (see Fig. 2), Table X provides results from 10 experiments 
with MP from nine donors, in which this variable was eliminated using 
the same batch of Erdman bacilli for infection at the same ratio of 0.25 
for bacilli to MP. This more consistent infection identifies two different 
responses of human MP to infection: one normal (mean G = 23.9 hr by 
CFU counts) and one permissive (mean G = 16.8 hr). This difference is 
due to certain effects of subjects' serum on the MP (see Section 4.5). 
Note that AFB counts are not sensitive enough to detect these 
differences. 

The two mean ratios of G for CFU versus AFB counts in Tables IX 
and X agree in indicating that more than one half the culturable bacilli 
are not acid-fast. Differences between means for the normal and per
missive MP further indicate, by the lower ratio for the permissive MP, 
that the fastest-growing bacilli are likely to include the greatest propor
tion that are not acid-fast. 

In vitro, tubercle bacilli are known to be non-acid-fast for two op
posite reasons45.16.18: (1) are injured, dying, or dead; and (2) they are in 
a stage of culture, usually early, lacking acid-fastness. We have pre
viously given examples in cultured human MP of the first reason (tuber-
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culoimmunity,R.31 antimycobacterial drugs44.51.52). The data in Tables 
IX and X and other data (Fig. 2) clearly provide several examples proba
bly related to the second reason. However, our data do not indicate 
whether they are not acid-fast because they are in a particular growth 
stage or because of the peculiarities of their intramacrophage microenvi
ronment. 

The practical value of CFU and AFB counts in this MP model is that 
they demonstrate MP-tubercle bacillus interactions. Another method of 
bacterial counting for this purpose is to measure [3H]uracil incorpora
tion by the bacilli. 53 From several experiments (unpublished), we can 
confirm that this method is rapid, convenient, and objective, but we have 
been unable to get results with it that are internally consistent or that will 
agree consistently with CFU counts . 
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TABLE XI 
Effects of Donor Serum on Intramacrophage Growth 

of Virulent Tubercle Bacilli 

Generation times" 
by CFU counts 

Experiment Donor NSb SS Ratio NS/SS 

H 257 I RM 18.8 25.5 0.74 
D-62 RJ 26.3 31.3 0.84 
D-65 MS 24.0 27.8 0.86 
H 259 I RM 19.8 18.4 1.08 
H 260 I' RD 45.0 33.2 U6 
~ KG 2T4 TIf.7 0.92 
D-6(j PH 24.8 25.7 0.97 
1).(i7 MS 24.6 39.9 0.62 
D-69 MM 22.5 22.5 1.00 
H 264 I RM 24.0 26.6 0.90 
D-70 RM 16.5 28.5 0.58 
D-72 CC 25.7 24.6 Dl4 
D-7:\ ER 28.3 30.0 0.94 
D-7(j MM 27.2 28.7 0.95 
D-77 DS 30.0 20.1 1.50 
D-78 RJ 25.T 25.9 lf97 
D-7') RM 24.0 24.6 0.98 
LR-2 PH 45.6'/ 48.0 0.95 
D-80 MS 24.6 21.9 Tl2 
II 271 I ME 19.3 19.5 0.99 
H 27:\ I RM 24.8 26.8 0.93 
D-81 JB 22.5 23.3 0.97 
])-82 I'll 22.5 27.6 0.85 
D-8:\ JD 16.9 33.4 0.51 
LR-6 NE 26."3" 30ll 0.88 
LR-7 AC 24.8 30.0 0.83 
LR-S DS 21.3 2.~.5 0.84 

Mean (±SD) 23.8 (2.5) 26.2 (4.7) 0.95 (0.13) 

"Meall (; (ill hr). 
bNS - If){ Ilormal (autologous donor) serum; SS = 10(;{ serulIl substitute. to 
provide the same albullIin t:<Hlcclltration as I C;;, NS (sec text). 

{llndcrscorcd data indicate experiments with G values hy CFU that arc 
significantly different (>2 SD) from the poplilation IIlcan. 

"Infection with Be(;; all other experiments illfected with Erdman. 

4.5. Effects of Donor Serum 

119 

For technical reasons, MP ill our Illodel have usually beell cultured 
in medium supplemented with I % unheated autologous normal serum 
(NS).:I:! NS is not as lIeutral as originally thought. 

It may be protective. This was discovered in a long-term series of 
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experiments with BeG-immunized subjects in which the negative con
trol group was MP incubated in medium with the 1 % donor serum, i.e., 
NS, and as shown in Fig. 4. In Fig. 4, the mean G for this group is plotted 
for a subject (KG) relative to time of immunization. A statistically signifi
cant (comparison with mean G for this subject before immunization) 
antituberculosis resistance appeared at 6-20 weeks after immunization. 
This finding correlated with the development of opsonins, as shown, 
and with a new ability of the subject's lymphocytes to make immune 
lymphokine31 when incubated with immunizing antigen (not shown). 
Thus, a subject's serum may affect results in this model, in this case, 
specifically because of containing immune-response lymphokines. 

To investigate this type of finding, a serum substitute54 was com
pared with autologous serum in a large number of experiments. Table 
XI summarizes results from 27 consecutive experiments with 15 differ
ent donors, showing that autologous serum can be protective or anti
protective even for nonimmunized subjects. 

Instances of these autologous NS-mediated abnormalities are un
derscored. Exclusion of these from statistical analysis results in a mean G 
in NS of 23.8 hr, essentially the same as in the various other experiments 
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FIGURE 5. Protectiveness of 4 f.lg /ml 
I, 25(OHh vitamin D:\ against tuber
cle bacillus infection in MP from nor
mal donor ME, whether used with 50 
U Iml of recombinant human 1FNy (D 
and IF) or alone (D). In the two 
groups showing no protection , MP 
were incubated in medium only (M) or 
in IFN only (IF) . 
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(see Fig. 2 and Table X). These abnormalities are more than 2 SD differ
ent from the normal mean of 23.8 hr. 

Three of the abnormalities indicate increased resistance of the MP 
and two show decreased resistance. One of the former is an artifact 
obviously explained by the use of attenuated BeG for infection. Since it 
is not a serum-caused abnormality, it shows up in both NS and SS. 

The specific reasons for these NS-related abnormalities are un
known, but they can be reproduced in physiologically reasonable ways. 
NS-mediated increased resistance can be reproduced by adding 
I ,25(OH)2 vitamin D:\"" to the serum and decreased resistance by adding 
IFN,/1,5t; 

The recently discovered"",,,7 protectiveness of I ,25(OH)2vitamin 
D:1, the hormonally active form of vitamin D, is illustrated in Fig. 5. 
Table XII shows that the hormone protects in NS but not in SS. The 
effective concentration of 4 j-Lg/ml (Fig. 5 and Table XII) at 1O-"M 
might seem unphysiologically high."H That may be due to imperfect use 
of the hormone in these early experiments. Additional experiments are 
indicating that it is effective in much smaller quantities as a cofactor for 
priming human MP to respond to antituberculosis immune lymphokine. 
The necessity of NS for 1,25(OH)2 vitamin D:\ protectiveness is not yet 
understood but may relate to delivery of the hormone to the responding 
MP by plasma carriers."" 

An anti protective effect of IFN-y for tubercle bacillus-infected 
human MIX\1 can account for the accelerated replication of the intra
cellular bacilli in experiments D-70 and D-83 (see Table XI). The effect 

TABLE XII 
Antituberculosis Protectiveness of 1,25(OH)2 Vitamin D3 for Human 

Macrophages in Medium Supplemented with Normal Serum (NS) 
but Not a Serum Substitute (SS) 

Generation times (in hr), by CFU counts in 

Ratio Ratio 
NS + D3 SS + D3 

Subject NS N5 + D3 NS 55 55 + D3 ---ss 
ME 21.8 (3.2)a 73.2 (16.9) 3.4 20. I (1.2) 22.7 (2.3) l.l 
LR 24.6 (1.0) 97.4 3.9 28.6 (0.8) 
RJ 23.6 (2.1) 40.9 1.7 28.6 (2.7) 24.8 0.9 
AC 20.9 (1.0) 31.3 1.5 29.2 (5.2) 27.8 1.0 

Means 23.4 (0.9) 55.1 (13.0) 2.4 (0.5) 26.6 (2.2) 25.1 (1.5) 1.0 (0.06) 

a Figures in parentheses are SEM for the G shown, where these were available from multiple experi
ments. (;eneration limes without SEM arc from single experiments. 
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is apparently due to stimulation by the Iymphokine of the MP to make 
mycobacterial growth-enhancing factors. s.5G 

These observations and explanations of serum-factor regulation of 
tubercle bacillus replication in cultured human MP are more than labo
ratory curiosities. They directly substantiate long-suspected59•60 connec
tions among sunlight, diet, vitamin D, and resistance to tuberculosis. 
IFN-y circulates in both pathologic!j I and physiologicG2 conditions and in 
high concentrations in tuberculin-positive animals following antigenic 
stimulation. 1.5 Thus, it could easily account for NS-caused increased MP 
susceptibility to tubercle bacilli, in a manner relevant to the tuberculosis
exacerbating mycobacterial growth-enhancing factors postulated by 
Canetti9 to explain explosive bacterial growth in some forms of human 
tuberculosis, as well as some aspects of reactivation tuberculosis.H.5G 
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FIGURE 7. Rifampin added to cultured human MP immediately aftcr infection is my
cobacterioslatic al its minimal inhibitory concentration of 0.1 fJ.g/ rnl and mycobactericidal 
at higher concentrations. 

4.6. Effects of Antituberculosis Drugs 

The effects of antituberculosis drugs are reviewed relative to the 
knowledge they provide about the tubercle bacillus-human host rela
tionship. Streptomycin (SM), ethambutol (EMB), pyrazinamide (PZA), 
isoniazid (IN H), rihlmpin (RIF), ceforanide, and ofloxacin have been 
tested against Erdman:I :I ,<I1,51,52 or otherti3 ,61 tubercle bacilli in cultured 
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human MP. Each drug has exhibited activity in the model remarkably 
similar to its clinical activity. (i!; 

SM suffers a 50-100-fold loss of activity.:1;\ This corresponds with its 
poorer effects in vivo than in bacteriologic culture and can be explained 
by the low pH of mycobacterium-containing phagolysosomes,(;(; which 
greatly depresses its effectiveness. (;7 

EMB seems more effective clinically than would be expected from 
purely bacteriologic studies, and the model reveals why. Freely entering 
the MP,fi8 it there becomes unexpectedly effective against intracellular 
bacilli in exponential growth. ,,2 This seems due to cooperation between 
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MP and EMB, in which the EMB impairs bacterial cell wall forma
tion16,1H,6!1; the wall-defective bacilli then are killed by the MP. 

PZA is ineffective against tubercle bacilli in normal bacteriologic 
culture medium,70 but its minimal inhibitory concentration in MP in the 
model is equal to the lowest effective plasma concentration in patients. 71 
This confirms that tubercle bacilli are contained by MP in acidic pha
golysosomes (see also Section 6) because PZA requires the acidity to be 
effective.7o,71 

INH is bactericidal in the test tube and freely crosses cell mem
branes73 but nevertheless is unable alone to produce relapse-free cures 
of tuberculosis,73 The model provided an explanation for this paradox 
by showing INH to inhibit its own cidal effects against intracellular 
bacilli that are not multiplying75 (Fig. 6). RIF alone is able to produce 
relapse-free cures76 and in the model did not interfere with its own 
actions, as did INH (Fig. 7). 

Onoxacin is supposed to be most effective against multiplying tu
bercle bacilli,77 like INH. However, its antibacterial activity is probably 
not directed against primary microbial functions of replication, for it 
behaves more like RIF in the model than INH (Fig. 8) and does not 
interfere with its own mycobactericidal effectiveness. 

Unlike PZA, ceforanide was known to be effective against tubercle 
bacilli in bacteriologic culture but not in tuberculous patients 7H (M. D. 
Iseman, unpublished observations). By also proving ineffective in the 
model, it confirmed the close correlation of the model with clinical 
tuberculosis. ti5 

5. MORPHOLOGY OF THE TUBERCLE BACILLUS
HUMAN MONOCYTIC PHAGOCYTE RELATIONSHIP 
BY OPTICAL MICROSCOPY 

The MP in our model are developed by 7-day incubation of plastic
adherent blood monocytes and progress through stages of differentiation 
that are well characterized for human monocytes: monocytes ~ young 
macro phages ~ macrophages ~ epithelioid cells ~ giant cells. 2 .7!l-H1 
These changes and stages parallel the progression of monocyte form and 
function in the human body in tuberculosis.1,9 This is important, because 
some stages of this progression are absent from whole animal models,5,H3 
and may account f()r some well-known disparities between human and 
animal tuberculosis. :1,:; 

At the beginning of an experiment, after the first 30 min of incuba
tion in 35-mm petri dishes, the adherent monocytes form a spot, averag
ing 7 mm in diameter, of loosely distributed, comma-shaped cells. After 
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3 days' incubation, the cells begin to transform into macrophages; by 7 
days, when they are infected, they are nearly all macrophages. The cells 
average 5 x 101 per spot (direct photomicrographic counts and indirect 
counts by nuclei of lysed cells), and are >98% viable by dye exclusion, 
99% positive for nonspecific esterase, and 100% positive for neutral red 
uptake.:1VH.55 During differentiation, the cells change in ability to pro-

PycNu 

F _0 -----

FIGURE 9. Typical microscopic appearances of cultured MP in the in vitro model of 
tuberculosis infection after 7 days of culture, immediately before infection. (A-G) Bar = 
10 f.1m. Edge of a typical spot of adherent cells (A). MC, monocyte: PycNu, pyknotic cell 
nucleus (shown in B with a microcolony of tubercle bacilli); MP, macrophage; NR, nuclear 
remnant; ActMP, activated microphage, GC, giant cell. 
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duce oxidative metabolites but do not show much change in susceptibili
ty to tubercle bacilli.36 

Figure 9 illustrates the appearance of the cells, just before infection. 
They remain in their original 7-mm-diameter spot of deposition (Fig. 
9A), as they do during the subsequent 7 days of infection. This finding 
agrees with time-lapse photomicrographic observations that they undu
late and change shape, giving an appearance of migrating, but do not 
move much from place to place.82 

These cells are morphologically heterogeneous (Table XIII; see also 
Fig. 9), corresponding closely with previous descriptions of similar cells 
in culture81 .82 or in vivo. 4 •9 

A change of medium on the sixth day of culture and infection 24 hr 
later, as routinely done, stimulates their appearance of being acti
vated.2.3.12.80.82 The cells become enlarged and vacuolized, show in
creased numbers of cytoplasmic granules and ruffled surfaces, and devel
op pale-staining nuclei that contain two to three prominent nucleoli (Fig. 
lOA). 

When the culture is infected with 0.25 bacilli per MP, about 10% of 
the MP become infected with one or two bacilli (Fig. lOA) that are 
brightly acid-fast. The progeny of these bacilli accumulate in clusters, 
loosely packed and not corded (Fig. lOB-D). Intracellular tubercle 
bacilli have generally been reported by others as noncorded (rabbit 
MP,16.17 guinea pig Mp20.42), but occasionally in corded accumulations 
(human monocytoid .1-111 cells,38 HeLa cells28.29). Bacilli that accumu-

TABLE XIII 
Morphologic Types, Characteristics, and Proportion in Culture of Human MP 

at 7 Days and just before Infectiona 

Ratio 
(cytoplasm: Percentage of 

Morphologic type Total areab Nuclear area" nucleus) population 

Nuclear remnant 52 52 0 5.2 
Monocyte 154 55 0.8 5.9 
Young macrophage 302 24 6.3 9.8 
Mature macrophage 625 118 1.6 56.9 
Stretched macrophage 525 61 7.2 7.8 
Epitheloid cell 1200 74 8.3 14.4 
Multinuclear giant cell 1626 64c 5.7 0.002 

alncubation as desrribcd in text in RPMI·1640 medium supplemented with I % unheated autologous 
scrunl. 

bMeans from direct measurements (in mm2 ) of calibrated photomicrographs. from the proportions of 
each cell type in a total of 100 cells counted . 

• Area of one nuclcus. 
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E 

FIGURE 10. Typical microscopic appearances of cultured human MP infected with 
Erdman tubercle bacilli, as explained in text. (A-E) Bar = 10 ILnl. (D) PycCe, pyknotic cell 
shrunk from its original size, indicated by the dotted outline. 

late in healthy large macrophages, and especially epithelioid cells,2 tend 
to stain lightly acid-fast and sometimes non-acid-fast, but bacilli in small 
macrophages or monocytes, or in larger cells that are damaged by the 
infection tend to stain strongly acid-fast (Fig. 10B,D). Because the bacilli 
are toxic for human MP,16,20,27,12 pyknotic cells with shrunken, darkly 
stained nuclei appear late in the infection12 (Fig. lOB, D, E). Bacilli 
growing out from killed MP form corded microcolonies (Fig. 10E). By 
relative dispersion characteristics, these extracellular bacilli appear to be 
hydrophobic, while the noncorded intracellular bacteria appear to be 
hydrophilic, like in vivo-grown tubercle bacilli.11 
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6. MORPHOLOGY OF THE TUBERCLE BACILLUS
HUMAN MONOCYTIC PHAGOCYTE RELATIONSHIP 
BY ELECTRON MICROSCOPY 

Figure 11 shows electron photomicrographs of this relationship cor
responding to the optical photomicrographs in Fig. 10. The bacilli are 

FIGURE I I. Transmission e lectron microscopic appearances of tubercle bacillus-infected 
cultured human MI'. (A- D) Bar = 3 fUll . v, vacuolar wall; w, bacterial cell wa ll ; n, MP 
nucleus; b, tubercle bacillus; d, division of replicating bacteria. (Electron micrographs 
prepared by Dr. Albert E. Vatter.) 
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not free in MP cytoplasm; rather, they always multiply in tightly enclos
ing vacuoles (Fig. llA, corresponding to Fig. lOA). They accumulate 
randomly but in compact masses in vacuoles that enlarge to accommo
date their growth. A healthy infected cell develops two to three promi
nent nucleoli in its nucleus (Fig. lIB, C, corresponding to Fig. 10D). The 
bacilli have a tough envelope, as they are difficult to section cleanly. 
Their toxicity causes the breakdown of MP cytoplasm (Fig. lID), and 
formation of the pyknotic cell (Fig. 10D). 

These tubercle bacillus-human MP relationships may not be seen 
with other mycobacteria. Thus, in the same model and under the same 
conditions, the relationship with M. avium is quite different.19 M. avium 
also replicates exponentially, but it is not toxic for the human MP, and 
can accumulate to as many as 103 coccobacilli per healthy MP. It loses its 
acid-fastness in these MP and replicates in vacuoles that divide with the 
dividing bacteria; each bacterium is surrounded in its individual vacuole 
by a large electron-lucent zone. Whether grown in the MP or extra
cellularly, M. avium is hydrophilic and does not form well-organized 
cords. 

7. SYNOPSIS OF THE TUBERCLE BACILLUS-HUMAN 
MONOCYTIC MACROPHAGE RELATIONSHIP AS 
REVEALED BY THE IN VITRO MODEL 

Human peripheral blood monocytes differentiate through young 
macrophages to adult macro phages in 6 days of culture. The 3-day cells 
are slightly less susceptible to virulent Erdman bacilli than monocytes or 
7 -day MP, but as populations in cultures, none of these kinds of cells can 
do more than slow the growth of these bacilli. The bacilli grow exponen
tially in the MP, doubling every 24 hr. Tubercle bacilli are readily and 
rapidly ingested by human MP, even in the absence of serum, requiring 
on average two contacts between a bacillus and a MP per ingestion. One 
half the healthy virulent bacilli are killed as they are ingested, but those 
that are not multiply in the cells they have infected until they destroy 
them. Varying proportions of the bacilli can be non-acid fast, as they 
exist and multiply in human MP. 

The intracellular bacilli stay within vacuoles and accumulate in loose 
noncorded groups. They are toxic for MP and cause cells with an aver
age of 30 or more to become pyknotic. This toxicity is much increased by 
high concentrations (500 U/ml) of IFN-y so that just the few bacilli used 
for infection suffice to lyse the MP. 

The MP sllstain and nourish the bacilli; some lymphokines, notably 
IFN-y in low concentrations (5-50 U Iml), generally enhance this nour-
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ishment. But the MP can inhibit the bacilli when stimulated by other 
molecules such as immune lymphokine or 1,25(OH)2vitamin D:~. 

The effects of anti mycobacterial drugs on tubercle bacilli in cul
tured human MP are similar both qualitatively and quantitatively to their 
known effects in patients. 

The in vitro model of human tuberculosis as described here has 
revealed molecular and cellular details of human tuberculosis that were 
not previously accessible. It is hoped that this new information will mate
rially improve the understanding of human tuberculosis and its contro!' 
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Regulation and 
Pharmacology of 
Granulomatous 
Inflammation 
VERNON L. MOORE 

1. INTRODUCTION 

6 

Granulomatous inflammation consists of collections of macrophages, 
epithelioid macrophages, and sometimes lymphocytes around a nidus 
such as the tubercle bacillus, Schistosoma mansoni eggs, or other foreign 
material (usually particulate). This type of inflammation can be classified 
according to cell type, organization, whether it exhibits low turnover or 
high turnover, or whether it is nonimmunologic (foreign body) or im
mune based. All these aspects have been described in recent reviews.l.~ 
An important example of granulomatous inflammation is tuberculosis, 
for which the pathology has also been extensively described. In tuber
culosis, the development of granulomatous inf1ammation is a host re
sponse to the tubercle bacillus that is probably beneficial in augmenting 
the killing of Mycobacterium tuberculosis and in sequestrating the orga
nisms to prevent dissemination. However, in tuberculosis as well as other 
granulomatous diseases, granulomatous inf1ammation is clearly a two
edged sword, since it also results in extensive inflammation, necrosis, 
calcification, and fibrosis. The maximal development of granulomatous 
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inflammation in tuberculosis is probably dependent on inflammation 
induced by the development of delayed hypersensitivity to antigens of 
the tubercle bacillus. Indeed, it is this immune response that is primarily 
responsible for producing activated macrophages responsible for con
trolling the growth and pathogenesis of M. tuberculosis. 

In addition to being important as a mechanism of host resistance in 
tuberculosis, granulomatous inflammation has other important patho
logic roles. In schistosomiasis (manson i) , granulomatous inflammation 
plays an im portant and morbid role in the development of hepatic fibro
sis and portal hypertension. 3 ,4 In fact, granulomatous inflammation in 
general has a tendency to develop into fibrosis, and it is this fibrosis that 
constitutes the important component of several important diseases, e.g., 
idiopathic pulmonary fibrosis, sarcoidosis, hypersensitivity pneumonitis, 
and the sclerosis of glomerulonephritis. 

From another point of view, granulomatous inflammation has been 
the focus of the interrelationship between the immune response and 
inflammation. In particular, many years of investigation on models of 
granulomatous inflammation induced in animal models by S. mansoni or 
the bacillus Calmette-Guerin (BCG) strain of M. bovis have demon
strated that the immune response is essential for the maximal develop
ment of this type of inflammation. These studies in animal models have 
also shown that granulomatous inflammation is under genetic control 
and is regulated by suppressor T cells in ways similar to the immune 
response to more simple antigens. 

Since several excellent reviews have already been prepared on the 
morphologic and functional aspects of granulomatous inflammation, 1-3 

the present chapter reviews the mechanisms that regulate this type of 
inflammation. In addition, the major aspects of what is known about the 
pharmacologic control of granulomatous inflammation are summarized, 
focusing on the information obtained from animal models of gran
ulomatous inflammation. The principal animal models that have been 
used are as follows: (1) murine schistosomiasis (mansoni); (2) BCG-in
duced granulomatous inflammation in rabbits and nIice, using either 
killed BCG or BCG cell walls; and (3) models of host resistance to BCG 
and related intracellular pathogens in mice. 3- 7 The last topic is covered 
much more thoroughly in Chapter 9, this volume. 

2. MURINE SCHISTOSOMIASIS AS A MODEL 
OF GRANULOMATOUS INFLAMMATION 

Schistosomiasis is an infection afflicting approximately 200 million 
people and is thus one of the most important infectious diseases, particu
larly in third-world countries. The pathogenesis of schistosomiasis (man-
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soni) involves the development of granulomatous inflammation primarily 
in the liver and lungs. Inflammation is due to the development of delayed 
hypersensitivity to antigens in eggs deposited by the worms. 4 This leads to 
granulomatous inflammation that results in fibrosis and portal hyperten
sion, the major cause of morbidity in the disease. Several years ago, 
Warren4 used a model of murine schistosomiasis (mansoni) to show that 
the granulomatous inflammation that developed was dependent on the 
genesis of delayed hypersensitivity to antigens released from the eggs. 
The evidence for this was obtained by cell and serum transfer studies, 
neonatal thymectomy, and pharmacology. Thus, the development of an 
accelerated granulomatous response is immunospecific, e.g., whereas 
mice sensitized with either S. mansoni or Ascaris suis eggs developed accel
erated granulomatous inflammation when challenged with specific anti
gen, they failed to do so when challenged with the irrelevant antigen. 
Also, the capacity to develop accelerated granulomatous inflammation 
was transferable with spleen cells from specifically sensitized mice but 
could not be transferred with immune serum. Other studies showed that 
T lymphocyte deficient mice (neonatal thymectomy or nulnu nude) 
could not develop maximal granulomatous inflammation. Collectively, 
these data indicate that T cells and not serum antibodies are involved in 
the production of S. mansoni-induced granulomatous inflammation in 
mice. Later studies have shown that the lymphokine, migration inhibito
ry factor (MIF), which may be involved in delayed hypersensitivity, is 
produced by sensitized T cells from animals with schistosomiasisY 

Another interesting and important phenomenon in murine schisto
somiasis (mansoni) is termed modulation. 4 Even in the presence of large 
worm burdens, granulomatous inflammation subsides. The phe
nomenon has been shown to be due to the development of a subset of T 
suppressor cells that are I-J + .10 First, modulation can be transferred 
with spleen cells, but not with serum, from animals with subsiding le
sions to animals with progressive lesions. I I The cells that mediate modu
lation are Lyt 2 + I-J + , sensitive to low doses of cyclophosphamide and 
to adult thymectomy. 10.12.13 Also, transfer of modulation requires com
patibility at the H-2 I-J locus. 14 Cells of the same phenotype can suppress 
MIF production in vitro by spleen cells from S. mansoni-infected miceY 
This is an important system of immunomodulation that has been dem
onstrated both in vitro and in vivo. It may limit the progressive develop
ment of granulomatous inflammation into fibrosis or the extent of fibro
sis, when it occurs. Undoubtedly, other types of immunoregulation 
occur but have not been studied extensively. It is known, for example, 
that anti-idiotypic antibodies appear 2-3 weeks after the onset of disease 
in mice; they may playa role in immunoregulation. 15 Also, soluble im
mune-response suppressor (SIRS) is present in the serum of mice 20 
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weeks postinfection and is released from isolated granulomas in vitro. 16 
This molecule could also playa role in immunoregulation in this model 
of granulomatous inf1ammation. 

3. GRANULOMATOUS INFLAMMATION INDUCED BY KILLED 
BCG OR BY BCG CELL WALLS 

During the 1960s, Myrvik et al. 17 •18 showed that the IV injection of 
killed BCG (suspended in light mineral oil) caused intense granuloma
tous inf1ammation in the lungs of rabbits. Subsequent studies showed 
that sensitized rabbits developed accelerated granulomatous inf1amma
tion, that the development of accelerated granulomas was immu
nospecific, 19.20 and that cells from the lungs of rabbits with granulomas 
were inhibited from migrating onto glass surfaces in the presence of 
(PPD).21 The migration inhibition reaction is generally considered an ex 

vivo test for delayed hypersensitivity. Other studies from that laboratory 
showed that cells from inf1amed lungs produced a migration inhibitory 
factor for normal rabbit macrophages similar physically to classic migra
tion inhibitory factor (MIF).22 Thus, killed BCG can produce gran
ulomatous inf1ammation in rabbit lungs that appears to be dependent on 
delayed hypersensitivity for its maximal expression. 

During the late 1970s, granulomatous pulmonary inf1ammation in
duced by BCG was developed in inbred mice in order to study further 
the role of immunity as well as the genetics and immunoregulation of 
this response. 5 Investigators demonstrated that whereas certain strains 
of inbred mice (C57BLl10, C57BLl6) developed intense granulomatous 
pulmonary inf1ammation, other strains (CBA, C3H) were low re
sponders.5 •23 In the high responders, marked splenomegaly occurred, 
reaching values as high as 10 times normal. Investigations using T
lymphocyte-depleted animals showed that responsiveness in C57BLl6 
mice was dependent on T cells. 24 The generation of responsiveness 
turned out to be complex and multigenic. However, genes linked to both 
the H-2 and Igh complex seemed to inf1uence the development of gran
ulomatous inf1ammation.25 

Another study showed that low-responder CBA/J mice could be 
converted to high responders by pretreatment with cyclophospha
mide.26 Cyclophosphamide at certain doses and given prior to antigen 
seems to eliminate suppressor T cells preferentially. In these studies, the 
cyclophosphamide effect was reversible with splenic T cells from BCG
sensitized mice. Thus, in this system, at least one type of low respon
siveness occurs because of the development of a population of sup
pressor T cells that limit the development of granulomatous inf1amma-
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tion. This is similar to the modulation of granulomatous inflammation in 
murine schistosomiasis (mansoni) by suppressor T cells (see Section 2). 
Also, granulomatous pulmonary inflammation induced in mice by BCG 
cell walls can be upmodulated by treatment with cyclophosphamide.27 
(Studies on granulomatous inflammation induced by BCG cell walls are 
discussed below.) Therefore, in three experimental systems, the devel
opment of T-suppressor cells plays a major role in controlling the extent 
of granulomatous inf1ammation. Although speculative, these immu
noregulatory cells may also play a key role in controlling the develop
ment of fibrosis as a sequelae to granulomatous inflammation. 

Although anergy is discussed in Chapters 8 and 9, this volume, high
responder mice injected with killed BCG develop peripheral anergy as 
assessed by several parameters: (1) they do not develop delayed hyper
sensitivity to PPD when challenged in the footpad,28 (2) spleen cells from 
these mice do not respond well to PPD or mitogen,28 and (3) high
responder mice immunized with sheep erythrocytes are suppressed in 
their ability to synthesize antibodies. 28 This situation is similar to that in 
human diseases such as tuberculosis and sarcoidosis, in which there is 
peripheral anergy when localized or systemic granulomatous inflamma
tion is present. One possible role for anergy in the control of gran
ulomatous inflammation is by active suppressor mechanisms. Support 
for this idea stems from studies showing that spleen cells from high 
responder, anergic C57BLl6 mice produce factors ex vivo that suppress 
both BCG-induced granulomatous inflammation and delayed hypersen
sitivity to sheep erythrocytes29 and by another study which showed that 
anergy was mediated by adherent cells, presumably macrophages.3o 
More studies are obviously needed in this area. 

The genetics of BCG-induced anergy is also of interest. Anergy is 
influenced by both H-2 and Igh genes in the mouse and, at least in the 
strains studied, these appear to be the only genes involved. 31,33 Al
though not known, it is possible that the development of anergy involves 
intermediate suppressor T cells that are involved in the genesis of sup
pressor macro phages. It would be interesting to study the development 
of granulomatous inflammation in mice that are high responders and 
non anergic to determine whether they develop progressive and fibrotic 
inflammation. Interestingly, Yamamoto and Kakinuma6 reported that 
SJL mice are high responders to BCG cell walls and respond to PPD 
peripherally, 

Japanese investigators have also studied granulomatous pulmonary 
inflammation in mice induced by BCG cell walls,6.27,33-36 Their results 
parallel those done using killed BCG, in several ways, The strain dis
tribution patterns of responsiveness are similar, i.e" C57BLl6 mice are 
high responders; C3H/He and CBA mice are low responders,6 Also, 
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C57BLl6 high-responder mice are anergic to PPD, but C3H low-re
sponder mice are responsive to PPD peripherally.6 These workers have 
also shown that T cells are required for maximal development of gran
ulomatous inflammation35 and that cyclophosphamide treatment aug
ments the development of granulomatous inflammation.27 

However, in addition to the above findings, this group has provided 
important new information on the pathogenesis of granulomatous in
flammation. They demonstrated that treatment with cyclophosphamide 
augmented granulomatous inflammation not only in low-responder 
C3H/He mice but also in high-responder C57BLl6 mice as well. 27 Thus, 
it is likely that cyclophosphamide-sensitive cells, perhaps T-suppressor 
cells, modulate the granulomatous response even in high-responder ani
mals. In addition, these investigators showed that the difference be
tween high and low responsiveness is apparently unrelated to the dis
tribution of BCG cell walls, since [125I]-BCG cell walls did not 
accumulate preferentially in the lungs of C57BLl6 high-responder 
mice.35 

U sing radiation chimeras, Kakinuma et at. 35 showed that low re
sponders could be converted into high responders with high-responder 
bone marrow. Also high responders become low responders when re
constituted with low-responder bone marrow. These studies demon
strate that bone marrow-derived cells are essential for the expression of 
the low- or high-responder genotype. This group of investigators have 
also related the high-responder/low-responder genotype to host de
fense. 34 Pulmonary macrophages from high-responder C57BLl6 mice 
were more efficient in killing both Mycobacterium bovis and Listeria mono
cytogenes compared with macro phages from low-responder C3H/He 
mice. Pulmonary macrophages from high-responder mice also had in
creased oxygen consumption and were inhibited from migrating onto 
glass surfaces in the presence of PPD. These results suggest that gran
ulomatous inflammation in the lungs of high-responder mice is associ
ated with the development of delayed hypersensitivity, which in turn 
activates macrophages for host defense. 

4. GENETIC CONTROL OF HOST RESISTANCE TO BCG 

Although this topic is fully discussed in Chapter 3, this volume, this 
group has done important work relating the genetic control of resistance 
to later development of granulomatous inflammation and immune
based host resistance. 7,37 The BeG locus controls the early phase of 
resistance" to M. bovis (strain BCG Montreal). In mice that inherit the 
Bcg; (BCG-sensitive) gene, there is rapid growth of BCG in the spleen 
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and liver for approximately 3 weeks. After 3 weeks, the growth of bacte
ria wanes due to the development of granulomatous inflammation. This 
later development of host resistance in association with granulomatous 
inflammation is correlated with the appearance of splenomegaly and 
delayed hypersensitivity to PPD. Most mouse strains that inherent the 
Bcgr (BCG-resistant) allele do not develop delayed hypersensitivity, 
splenomegaly, or granulomatous inflammation. Apparently, expression 
of the Bcgr gene is sufficient to control bacterial growth without the 
development of delayed hypersensitivity and granulomatous inflamma
tion. The phenotypic expression of this gene is unknown, but it has been 
suggested that it is an intracellular bacteriostatic mechanism. 7 This gene 
may regulate resistance to a wide variety of intracellular parasites and is 
thus crucial in host resistance. Presumably, this mechanism also is oper
ative in humans. It is possible that individuals who inherit this gene can 
control certain infections sufficiently without developing granulomatous 
inflammation with its possible deleterious effects. 

5. PHARMACOLOGIC CONTROL OF GRANULOMATOUS 
INFLAMMATION 

Control of granulomatous disease by drugs is important, since this is 
the primary means of modulating this type of inflammation. The classes 
of agents in use for chronic inflammatory disease that involve gran
ulomatous inflammation are corticosteroids, cyclooxygenase inhibitors 
(aspirinlike drugs), putative disease modifiers (D-penicillamine and 
gold), cytotoxic agents, and immunoregulants. 5-Lipoxygenase inhib
itors, histamine-2 (H 2)-receptor antagonists, and angiotensin-converting 
enzyme inhibitors are being evaluated in animal models. In general, the 
development of pharmacologic agents to control or cure this type of 
inflammation has been unsatisfactory. Corticosteroids are highly effec
tive anti-inflammatory agents, but their toxic side effects prevent their 
widespread use. Aspirinlike drugs constitute the primary treatment for 
such diseases as rheumatoid arthritis and osteoarthritis. However, it is 
widely believed that their main effects are alleviation of pain and edema, 
without effects on the prevention of erosion of cartilage and sub
chondral bone. D-Penicillamine and gold salts are effective in a percent
age of cases of rheumatoid arthritis but also have toxic side effects. The 
first authentic immunoregulants to be used in chronic inflammatory 
disease are niridazole and cyclosporin A. Niridazole is the drug of choice 
for schistosomiasis38 (mansoni) and seems to inhibit delayed hypersen
sitivity preferentially by an unknown mechanism. 39- 11 Cyclosporin A is 
being used to prevent transplantation rejection and is being tested 
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clinically in a wide variety of human chronic inflammatory diseases. Its 
toxicity may limit its widespread and chronic use. A great deal of time 
and effort is being spent by major pharmaceuticals manufacturers to 
develop novel, effective, and safe anti-inflammatory agents. These 
efforts hold much promise for the control and even cure of chronic 
inflammatory diseases. The remainder of this chapter briefly discusses 
each of the above categories of pharmacologic agents. 

Cyclooxygenase inhibitors are the initial drugs used in rheumatoid 
and osteoarthritis. They are effective analgesics and reduce edema. 
However, rheumatoid arthritis is mediated and perpetuated by immu
nologic mechanisms. Scattered reports state that cyclooxygenase inhib
itors suppress delayed hypersensitivity, but definitive studies are lacking. 
Also, no definitive studies have been done on the effect of cyclooxy
genase inhibitors on delayed hypersensitivity in humans. In experimen
tal animals, cyclooxygenase inhibitors have been shown to augment im
mune responses, presumably by preventing the synthesis of prosta
glandin E2 (PGE2), which enhances the activity of suppressor T cells.42 
In practical application, this effect of cyclooxygenase inhibitors on aug
mentation of delayed hypersensitivity may be minimal, since these phar
macologic agents have been used chronically for years in humans with
out gross observation of enhancement of immune responses.42 

Corticosteroids are the classic anti-inflammatory agents. They have 
multiple effects on the inflammatory response, but the contribution of 
each of these pathways on each individual inflammatory response is 
unknown.43 Corticosteroids are effective immunoregulatory agents, 
particularly in delayed hypersensitivity, where they seem to work by 
inhibiting the synthesis of interleukin-2 (IL-2).43 They also suppress the 
synthesis of IL-l, which may contribute to their anti-inf1ammatory ef
fects. Corticosteroids induce a family of glycoproteins known as 
lipomodulin or lipocortin. These molecules prevent phospholipase A2 
from liberating arachidonic acid from membrane phospholipids. Since 
arachidonic acid is the substrate for both cyclooxygenase and lipoxy
genases, corticosteroids act as dual inhibitors of the synthesis of pros
taglandins (including thromboxanes) and leukotrienes. Numerous re
ports ascribe the anti-inf1ammatory effects of corticosteroids to this 
mechanism. However, it is by no means certain that this is the major 
mechanism of action of corticosteroids. Although corticosteroids have 
antiedema properties similar to those of cyclooxygenase inhibitors, they 
are not analgesic in models of pain in which cyclooxygenase inhibitors 
are highly effective, i.e., acetic acid-induced writhing in mice. 41 It is 
possible that the analgesic effects of corticosteroids in chronic inflamma
tion are secondary to the prevention of cellular infiltration into sites of 
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inflammation.43 Although the mechanism of action of corticosteroids as 
anti-inflammatory agents is important, their toxic side effects prevent 
their widespread chronic usage. 

D-Penicillamine and gold salt are secondary disease-modifying 
agents used in rheumatoid arthritis. Studies on their mechanism of ac
tion suggest that D-penicillamine works by inhibiting macrophage func
tion and that the mode of action of gold compounds as an inflammatory 
agent is by suppression of T lymphocytes.44 Because of their inconsis
tent beneficial effects as well as their toxicity, novel effective and safe 
therapeutic agents are needed. 

Although corticosteroids are immunoregulants, they also have 
other major anti-inf1ammatory effects. Niridazole was probably the first 
authentic immunoregulant used in chronic inf1ammatory disease. This is 
the drug of choice for schistosomiasis (mansoni).:{H In humans, this agent 
suppresses delayed hypersensitivity to PPD, mumps, and schistosomal 
antigens. 3H .:i9 In experimental murine schistosomiasis (mansoni), nirida
zole suppresses delayed hypersensitivity to Schistosoma mansoni egg anti
gens, allograft rejection, and the generation of cytotoxic T cells. Hu I It 
seems to ha\'e minimal effects on antibody synthesis. i':iridazole is a 
prod rug and is not active as an immunoregulant in in zlitro systems. One 
of its active forms is I-thiocarbamoyl-2-imidazolidinone (TCI), which is 
found in mouse and human blood after niridazole is given systemical
ly.4o.1! TCI is reported to be extremely potent as a systemic immu
noregulant. 10 .4! In order to achieve such potency, this compound must 
be highly specific (receptor antagonist or enzyme inhibitor?) and must 
have very favorable pharmacokinetics by the oral route. The parent 
compound, niridazole, is much less potent by the oral route (~100 
mg/kg).40.4 1 It is surprising that neither niridazole nor TCI has been 
tried in other major chronic inf1ammatory diseases in human subjects. 

Cyclosporin A is another authentic immunoregulatory drug that is 
currently receiving much attention. Although developed as a drug to 
ameliorate transplantation rejection, it is being tried clinically in a wide 
spectrum of chronic inflammatory diseases. Its mode of action is com
plex, but a major pathway of inhibition seems to be suppression of IL-2 
synthesis:15 Its toxicity may prevent widespread chronic usage. 

Experimentally, H2 receptor antagonists, i.e., cimetidine and raniti
dine, seem to augment immune responses. 16 Mechanistically, this proba
bly occurs because suppressor T cells (or at least certain subpopulation 
of these cells) bear H 2-receptors. This raises the possibility that H 2 -

agonists would be effective immunoregulants. In general, this approach 
may not be feasible because of side effects such as excess acid secretion 
by cells in the gastrointestinal (GI) tract. This effect may not have impor-
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tant clinical application, since patients have been on drugs such as 
cimetidine and ranitidine for long periods without general evidence of 
immunoenhancement. 

Angiotensin-converting enzyme (ACE) inhibitors (captopril, enal
april) have been developed for the suppression of hypertension. Studies 
in man suggested that patients with sarcoidosis and certain other gran
ulomatous diseases had elevated blood levels of ACE.17 Experimental 
animal studies in BCG-induced granulomatous inflammation and schis
tosomiasis (Schistosoma mansoni) showed elevated ACE levels either in 
bronchoalveolar lavage fluid or in serum.48.19 Treatment of animals 
with high doses of captopril not only reduced ACE levels but suppressed 
granulomatous inflammation as wel1.48 The possible relationship of 
ACE to chronic inflammation is unclear. However, recent studies from 
our laboratory, using a bioavailable compound closely related to enal
april and exhibiting potent inhibitory activity toward ACE, did not show 
suppression of BCG-induced granulomatous inflammation in mice U. 
Metzger and V. Moore, unpublished data). We are dubious about the 
use of ACE inhibitors in chronic inflammation. 

There is a great deal of interest presently about the use of 5-lipoxy
genase inhibitors as inflammatory agents. L TB4 is a potent chemotactic 
factor for neutrophils, causes increased adherence of these cells to endo
thelium, and activates them for increased metabolic activity by interac
tion with specific cellular receptors. L TC4 and L TD4 have potent action 
on airways and blood vessels that results in bronchoconstriction and 
increased vascular permeability. Kunkel et at.50 assessed the effects of 5-
lipoxygenase inhibitors on Schistosoma mansoni-induced granulomatous 
inflammation. Using nordihydroguarietic acid (NDGA) and nafazatrom 
as 5-lipoxygenase inhibitors by intraperitoneal injection, these workers 
showed that granulomatous inflammation was suppressed. Treatment 
with these compounds also suppressed Ia expression and lowered the 
levels of LTC4 and 5-HETE in vivo. NDGA was mostly selective for 
lowering of 5-lipoxygenase products. Although nafazatrom lowered the 
levels of both 5-lipoxygenase and cyclooxygenase products, indo
methacin (which only lowered cyclooxygenase products) did not sup
press granulomatous inflammation and augmented Ia expression. Al
though not known, it is possible that these drugs inhibited gran
ulomatous inflammation by lowering Ia expression and affecting 
antigen presentation. It should also be stressed that both NDGA and 
nafazatrom are antioxidants that could be affecting the ability of reactive 
oxygen products to mediate inflammation. As more specific 5-lipox
ygenase inhibitors are produced, answers to these questions could be 
forthcoming. 
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6. SUMMARY 

Although the current status of drug therapy in chronic inflamma
tion is not satisfactory, several strategies appear to be promising for the 
development of effective and safe drugs. By contrast, some strategies 
that are being pursued do not appear promising. 
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Cytolytic Cells In M. 
tuberculosis Infections 
STEFAN H. E. KAUFMANN and 
GEN:\fARO DE LIBERO 

1. INTRODUCTION 

7 

Tuberculosis is a bacterial infectious disease that, left untreated, often 
takes a chronic course.) To a great extent, this chronicity is due to the 
fact that the etiologic agents, Mycobacterium tuberculosis, M. bovis, and M. 
africanum have developed means to survive or even grow in one of the 
host's most potent effector cells, the mononuclear phagocytes. These 
cells are particularly specialized to engulf, kill, and degrade invading 
microorganisms, yet at first sight may not look like an attractive habitat 
for microbial living. Thus, the evasion mechanisms used by pathogenic 
mycobacteria must be highly effective. Although these mechanisms have 
hitherto not been fully elucidated, it is generally believed that they are 
manifold, including (1) resistance to reactive oxygen metabolites and 
lysosomal enzymes, (2) inhibition of phagosome-lysosome fusion, and 
(3) perhaps evasion into the cytoplasm. 2 

Because of their intracellular habitat, pathogenic mycobacteria are 
relatively well shielded from humoral defense mechanisms. However, 
during intracellular replication, some bacterial antigens become accessi
ble to host cell processing and are subsequently expressed on the surface 
of the infected cells. These bacterial antigens can now be identified by 
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mycobacteria-specific precursor T cells triggered to proliferate and dif
ferentiate into effector T cells. Effector T lymphocytes will then set into 
motion appropriate defense mechanisms. Although there is no doubt 
that T cells are the crucial mediators of antimycobacterial immunity and 
that the steps described lead to the acquisition of antimycobacterial re
sistance, little is known about the fine mechanisms and the T-cell sets 
involved. 

1.1. Existence of Two Distinct T-Cell Types 

It is now a generally accepted dogma of cellular immunology that T 
cells recognize foreign antigens within the context of self-molecules en
coded by genes of the major histocompatibility complex (MHC) rather 
than by reacting with native foreign molecules directly. Furthermore, 
recent studies have provided compelling evidence that the T-cell lineage 
can be divided into two major sets on the basis of phenotype and anti
gen-recognition pattern: T cells that bear the CD4 phenotype recognize 
antigen plus class II MHC molecules, whereas T cells of the CDS phe
notype react with antigen plus class I MHC molecules. 3 Furthermore, 
current evidence suggests that the CD4 and CDS molecules on T cells 
may be directly involved in antigen recognition and that they interact 
with a monomorphic structure of class II or class I molecules, respec
tively. The CD4 and CDS molecules, as well as the restricting MHC 
elements, have been identified in the murine and human system. The 
CD4 molecule is seen by anti-T4 antibodies in human and anti-L3T4 
antibodies in mice, while anti-TS antibodies in humans and anti-Lyt2 
antibodies in mice define the CDS molecule. Class II molecules are en
coded by the HLA-DIDR, DQ, DP loci of the human and by the H-2 I-A, 
I-E loci of the murine MHC. The HLA-A, -B, and -C loci of the human 
and the H-2 K, and L loci of the murine MHC encode the class I 
molecules. 

1.2. Existence of Two Major Effector Functions of T Cells 

Although exceptions exist, there seems to be a predilection of the 
two T-cell sets for different functions. Class II-restricted CD4 T lympho
cytes preferentially induce or activate novel effector functions in their 
target cells, hence are often referred to as helper/inducer T cells. Class 
I-restricted CDS T lymphocytes, by means of direct cell-cell contact, 
preferentially lyse their target cells, hence are often designated cytolytic 
T cells. It has been postulated that the division of the T -cell lineage into 
two separate sets has developed as a strategy for the efficient combat of 
intracellular infectious agents. 
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Cytolytic T lymphocytes should be adequate for limiting the spread
ing of obligate intracellular pathogens by destroying infected target 
cells. Viruses represent the typical proponents of this type of pathogens, 
since they require living host cells for their replication. Furthermore, 
class I molecules are expressed by virtually all nucleated cells. Because 
viruses can infect different types of host cells, antigen recognition in the 
context of class I molecules by CDS T lymphocytes of cytolytic type 
should permit unrestricted scanning of all host cells for viral infections. 

By contrast, the activation of effector mechanisms should be ade
quate for defense against facultative intracellular bacteria, which can 
survive and often even multiply in the extracellular compartment. My
cobacteria can be seen as the typical proponents of this type of patho
gens. They are located within mononuclear phagocytes, which possess a 
high antibacterial potential (i.e., in which bacteriocidal functions can be 
induced by lymphokines) and which express class II antigens. Thus, 
infected macro phages can be recognized and activated by CD4 T cells of 
helperlinducer type. 

1.3. T-Cell Sets and Functions Relevant to Acquired Resistance 
against Tuberculosis 

While the scheme described above undoubtedly has great value, 
situations can be envisaged in which neither of these two functions alone 
is sufficient for effective elimination of the infectious agent. Such a 
scenario could occur, for example, if a facultative intracellular pathogen 
is resistant against novel effector functions induced in cells with high 
antibacterial potential or if the pathogen resides in cells with low antibac
terial potential. Under these circumstances, activation of infected host 
cells by lymphokines from helper/inducer T cells would not be sufficient 
for the effective elimination of pathogens and would depend on addi
tional mechanisms. 

It appears that in tuberculosis, such cases can indeed occur. Certain 
types of tissue macrophages, e.g., Kupffer cells, have a low antibacterial 
potential and are relatively refractory to activation by T-cell-derived 
lymphokines. Early after systemic infection, however, most bacteria are 
trapped within these cells. 4 Furthermore, it appears that in granulomas, 
multinucleated giant cells contain mycobacteria that they fail to de
struct. 5 M. tuberculosis has developed multiple evasion mechanisms, ren
dering this pathogen resistant even to activated macrophage functions, 
which may suffice for destruction of other intracellular pathogens pos
sessing less complex evasion mechanisms. It is therefore easily conceiv
able that activated macro phages, while succeeding in destroying less 
resistant intracellular bacteria such as Listeria monocytogenes or Legionella 
pneumophila, will fail to do so with M. tuberculosis. Recently, we have even 
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found heterogeneous susceptibility toward activated macrophages with
in the species M. tuberculosis. 6 In this study, 'V-interferon (IFN-y)-activated 
macro phages could inhibit growth of M. bovis and M. tuberculosis H37Rv 
but not of M. tuberculosis Middelburg. 

We have therefore considered the possibility that in tuberculosis, 
besides helper/inducer T cells, cytolytic T cells are required for effective 
protection. This chapter describes the generation of class I-restricted 
CD8 T-cell lines and clones fromM. tuberculosis-immune mice, which are 
capable of lysing mycobacteria-primed macrophages in an antigen-spe
cific and class I-restricted manner. We assume that these data provide 
primary evidence that CD8 T cells with cytolytic activity participate in 
the immune response against M. tuberculosis. This does not exclude a role 
for helper/inducer T cells in the defense against tuberculosis. Rather, we 
would like to suggest that a synergistic interplay between these two T-cell 
sets and functions is needed for effective combat of tuberculosis and 
other intracellular bacterial infections. 

2. RESULTS 

2.1. Establishment of CDS T-Cell Lines with Cytolytic Activity 
from M. tuberculosis-Immune Mice 

C57BLl6 mice were immunized subcutaneously (SC) with killed M. 
tuberculosis H37Ra in Freund's complete adjuvant or, alternatively, were 
infected intravenously (IV) with 106 live M. bovis strain BCG Phipps 
organisms. After 8-14 days, draining lymph nodes or spleens, respec
tively, were collected and single cell suspensions prepared. Cells were 
cultured in the presence of killed M. tuberculosis or M. bovis, respectively, 
and accessory cells and interleukin-2 (IL-2)-containing supernatant. 
After 8 days, the vast majority of these cells were Thyl + , L3T 4 - , and 
Lyt2+, as judged by analysis with the fluorescence-activated cell sorter. 
A representative cell phenotype profile is shown in Fig. l. Native lymph 
node cells from M. bovis-infected mice have a CD4:CD8 ratio of > 1. 
Thus, this short-term culture resulted in a preferential expansion of 
CD8 T cells. 

Because the CD8 phenotype is primarily associated with target cell 
lysis, we wanted to assess whether these T cells were capable of lysing 
macrophages expressing mycobacterial antigens. In the model of experi
mental infection of mice with L. monocytogenes, we have already shown 
that CD8 T cells are capable of lysing infected macro phages in an anti
gen-specific way.7,S In this system, we found bone marrow macrophages 
to be well suited as target cells. After 9-14 days of culture in hydro-
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FIGURE 1. Phenotype analysis of aM. tliberm/os;.I-reactive T-celilinc. Cells were illcubated 
with different Illolloclollal alltibodies and in a sccolld step with fluorescein isothiocyallate 
(FITC)-Iabelcd goat alit i-rat (CAR) or goat allti-Illouse (CAM) antisl'l'a alld allalyscd with a 
fluorescence activated cell sorter (FACS). 10,000 (clls were coullted per group. Cells alolle, 
2.2% fluorescence; (;AR, 4.~1%; CAM, 5.3'f,,; Thy 1,89.5%; Lyt2. 87.1 'J!.; L3T4. 'I'Yr. 

phobic Teflon bags containing medium supplemented with superna
tants from L929 cells, the vast majority of the bone marrow cells were of 
macrophage lineageY They expressed class I antigens and the MAC-l 
marker but were totally devoid of class II molecules (Fig. 2). Further
more, these cells were highly phagocytic and capable of processing and 
presenting bacterial antigens. Lysis of bone marrow macro phages ex-
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pressing L. monocytogenes antigens was readily demonstrable using a 4-hr 
5lCr-release assay. Although lysis of bone marrow macrophages ex
pressing mycobacterial antigens by mycobacteria-specific T cells was de
monstrable in the 4-hr 51Cr release assay, the system could be improved 
by extending the culture period to 12-18 hr and by employing a color
imetric method as a detection system. 8,10 In this assay, the reduction of 
neutral red uptake by macrophages is taken as parameter of target cell 
death. 

Spleen cells from M. bovis-mfected mice were restimulated in vitro as 
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cellsH Target cells (2 x 103/well) were labeled with 51Cr and then incubated with effector 
cells for 4 hr. Specific killing was calculated according to the formula % specific lysis = 100 
x (A-B)/(C-B), where A is cpm from experimental wells, B is low control cpm, and C is 
high-control cpm. Spontaneous 51Cr release <22%. 
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FIGURE 4. Cytohtic actiyin' of T cells from M. tubercu/os;l-immunized mice. C57B I /6 
mice were immunized with killed .\1. tuberCll/osis H37Ra in incomplete Freund's adju\·ant. 
After 14 days. cells from drainin~ lymph nodes were ~rown in the presence of irradiated 
accessorY cells. anti~en (killed .\I. tubercu/usis H37Ra), and exogenous IL-2-containin~ su
pernatant. After 10 days. the cells were tested for cytolytic activity with neutral reel assay.IO 
Cytolytic T cells were incubated with [()'>/well bone marrow macro phages in the presence 
(e) or absence (0) of 40 f,Lg/well killed M. tuberru/osis H37Ra for 18 hr. Afterward, cells 
were incubated with 0'()36'7r neutral red. washed. and lysed. The optical absorbance was 
read at 540 nm. Killing was calculated according to the formula '7r lysis = 100 (A-B)/A, 
where A is absorbance of wells without T cells. and B is absorbance of experimental wells. 

described above; afterward, T cells were added to cultures containing 
bone marrow macro phages and killed M, bovis BCG or L. monocytogenes 
organisms as antigen. As a control, a L. monocytogenes-specific CDS T-cell 
clone was used. As shown in Fig. 3, T cells derived from M. bovis-infected 
mice were capable of lysing bone marrow macrophages in the presence 
of the homologous antigen, indicating that the T-cell response was anti
gen specific. By contrast, the L. monocytogenes-reactive T-cell clone only 
lysed macrophages presenting listerial antigen, leaving those mac
rophages that expressed mycobacterial antigen unaffected. Comparable 
cytolytic activities were also found with T cells from mice immunized 
with killed M. tuberculosis H37Ra (Fig. 4). Thus, both live and killed 
mycobacteria were capable of inducing cytolytic T lymphocytes. 

Results from another experiment demonstrating antigen specificity 
are illustrated in Fig. 5. It can be seen that bone marrow macrophages 
primed with killed M. bovis, M. tuberculosis, and M. scrofulaceum were 
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FIGURE 5. Antigen cross-reactivity of a A1. tuberculosis-specific T-cell line. ,\1. tuberculosis
specific T cells were incubated with bone marrow macrophages in the presence (0) or 
absence (6) of 106 heat-killed mycobacteria/well. Neutral red assay was performed as 
described in Fig. 4. 

lysed by the T cells from M. tuberculosis-immune mice, whereas mac
rophages primed with killed M. intracellulare and M. ulcerans showed 
either no or only marginal lysis. Whether this selectivity was due to 
preferential recognition by cytolytic T cells of epitopes shared by M. 
bovis, M. tuberculosis, and M. scrofulaceum, but not by M. intracellulare and 
M. ulcerans or due to differential processing of a common antigen has to 
await further analysis. It may be interesting to note that soluble protein 
antigens from M. tuberculosis and M. scrofulaceum can induce necrotic 
skin-reactions in humans. IO 

2.2. Establishment of CD8 T-Cell Clones with Reactivity 
to M. tuberculosis 

A T-cell line derived from M. tuberculosis immune mice was cloned 
under limiting dilution conditions in the presence of antigen, accessory 
cells, and IL-2-containing supernatants, and afterwards, growing cells 
were expanded. Resulting T-cell clones had the CDS phenotype; three 
of nine clones were also stained by the KJ16 antibody which reacts with 
the antigen receptor of approximately 20% of peripheral T cells from 
C57B1I6 mice. ll 

2.3. Interferon-'Y Secretion by M. tuberculosis-Reactive 
CD8 T-Cell Clones 

Cloned T cells were tested for their capacity to proliferate and to 
secrete IL-2 and interferon-'Y (IFN,'). These clones were unable to pro-



7. CYTOLYTIC T CELLS 159 

TABLE I 
IFN-y Secretion by M. tuberculosis-Reactive T-Cell Clones" 

IFN secretion by T-cell clone (U) 

T·cell stimulation None IOA6 3A7 3C7 30E8 30H4 

AC alone <I <I <I <I <I <I 
AC + r-IL-2 <I <I <I <I <I <I 
AC + Ag <I <I I <I 3 3 
r-IL-2 alone :\"D <I <I <I I 
AC + Ag+r-IL-2 <I <I 81 27 9 9 
AC + Ag+r-IL-2 + a-IFN-y <I <I <1 <I <I <1 

"Cloned T cells were co-cultured with accessorv cells (AC), antigen (Ag, killed M. tuberculosis organisms). 
andlor r-IL-2. In the last lane. a specific rabbit anti-IF:\-y antiserum (a-I F:\-y) was added to the cultures . 
. -\cfter 2-1 hr. supernatants were removed and IF:\ titers determined as described bv Kaufmann et (d.' 

liferate or produce IL-2 and IFN-y when they were cultured with accesso
ry cells and mycobacterial antigens in the absence of IL-2. After stimula
tion by r-IL-2 alone, cloned T cells showed significant growth in the 
presence or absence of accessory cells and antigen. Importantly, in four 
out of five clones tested, IFN secretion could be induced by costimula
tion with r-IL-2, accessory cells, and antigen (Table I). The IF!\, activity 
was abrogated by treatment with a specific anti-IFN.." antiserum (a-IF!\,..,,) 
indicating that it was of the IFN.." class. These findings suggest that M. 
tuberculosis-reactive CDS T-cell clones were able to secrete IFN.." provided 
that IL-2, antigen, and accessory cells were present. 

TABLE II 
Cytolytic Activity of M. tuberculosis-Reactive CDS T-Cell Clonesa 

Percent specific lysis at effector : target ratio 

Clone Antigen 0.5: 1 0.25 : 1 0.12 : 1 

10A6 + 32 16 10 
4 0 0 

3A7 + 22 20 16 
6 17 16 

3C7 + 97 41 36 
40 12 7 

30E8 + 76 55 18 
3 1 

30H4 + 75 71 49 
16 18 0 

"The cytolytic activity of cloned T cells was determined in the neutral red assay in the presence or 
absence of killed M. tuberculosis, using bone marrow macrophages as target cells. For further details, 
see Fig. 4. 
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2.4. Cytolytic Activity of M. tuberculosis-Reactive CD8 T-Cell Clones 

The cytolytic activity of the T-cell clones toward macrophages ex
pressing mycobacterial antigens was assessed as described above. As 
summarized in Table II, M. tuberculosis-reactive CD8 T-cell clones were 
capable of lysing M. tuberculosis-primed bone marrow macrophages. In
terestingly, the T-cell clone lOA6 that failed to secrete IFN"'{ after stim
ulation with antigen and r-IL-2 showed M. tuberculosis-specific lysis, sug
gesting that M. tuberculosis-reactive cytolytic CD8 T-cell clones are 
heterogeneous with respect of IFN"'{ production. 

2.5. Class I Restriction of M. tuberculosis-Reactive 
CD8 T-Cell Clones 

The genetic restriction of cytolysis by two of our clones could be 
identified. In this particular experiment, thioglycollate-induced per
itoneal exudate cells were used as target cells, and cytolysis was assessed by 
51Cr release (Table III). Clones 30H4 and 10A6 specifically lysed M. 
tuberculosis-primed macrophages from syngeneic mice (C57 BL/6) and 
H-2D compatible H2K, H-21 disparate mice (B 10.A(2R)). By contrast, 
macrophages from H-2K compatible H-21, H-2D disparate mice 
(B 10.MBR) were not killed in an antigen-specific way. These findings 
indicate that the two clones recognized antigen in association with H-2D
encoded molecules, hence were class I restricted. Whether the H-2D 
restriction is a common feature of mycobacteria-reactive CD8 T cells or 
mycobacterial antigens are also recognized by cytolytic T cells indepen
dent of H-2D molecules remains to be analyzed. In the L. monocytogenes 
model, until now we identified H-2K and not H-2D restricted cytolytic T
cell clones7 ; preliminary evidence points to a role of apparently H-2 
nonrestricted CD8 T cells with cytolytic activity in antibacterial immunity8 

(S. H. E. Kaufmann, H. R. Rodewald, E. Hug, and G. De Libero, un
published data). 

2.6. Inhibition of Mycobacterial Growth by Cytolytic CD8 T Cells 

We wanted to assess the fate of M. bovis inside macro phages after 
encounter with cytolytic T lymphocytes. Bone marrow macro phages 
were infected with live M. bovis BCG and, after 4 days, graded numbers 
of M. tuberculosis-reactive cytolytic T cells were added to these M. bovis
infected macrophages. After 18 hr, the cells were lysed and survival of 
M. bovis measured by [3H]uracil uptake during a subsequent 6-hr peri
od. Throughout the experiment, serum and antibiotics were omitted 
from the culture medium. The data depicted in Table IV demonstrate 
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TABLE IV 
Growth Inhibition of M. bovis Inside Macrophages by Cytolytic T Cells 

Cell number [3H]Uracil uptake" Percent 
Cytolytic T cells (X 104 ) (cpm) inhibitionb 

18,576 

M. tuberculosis-reactive 45 2,317 87 
T-cell line 15 10,301 44 

5 18,511 1 

M. tuberculosis-reactive 45 4,228 77 
T-cell clone 15 18,578 

5 22,553 -20 

aBone marrow macrophages were infected with 2 X 106 live M. bovis BeG organisms. After 4 days, T 
cells were added; 18 hr later, cells were lysed and mycobacteria were pulsed for 6 hr with [3Hluracil. 

b'lc Inhibition was calculated according to the formula (I - test/control) X lOa. 

that cytolytic T cells markedly inhibited [3H]uracil uptake. Since this 
assay measures RNA synthesis by M, bovis, at the moment we cannot 
distinguish between bacteriostatic and bacteriocidal effects. Although for
mally not excluded, macrophage activation by lymphokines (e.g., IFN) 
probably was not responsible for the antimycobacterial functions. In 
previous experiments, we found that bone marrow macrophages can be 
activated by IFN" to inhibit growth of M. bovis as measured by [3H]uracil 
uptake. 6 However, in these experiments IFN" activation had to be initi
ated before or at the time of infection; at later times, IFN" had no or 
only marginal effects on mycobacterial growth. Furthermore, the T-cell 
clone lOA6 used in this experiment failed to secrete IFN" after stimula
tion with antigen and accessory cells (see Table I). Therefore, we would 
like to suggest that the inhibition of mycobacterial growth is a conse
quence of target cell lysis by cytolytic T cells, Although further studies 
aimed at the elucidation of the mechanisms involved in the anti-my
cobacterial effects are required, this experiment already points to direct 
antimycobacterial effects of cytolytic T lymphocytes. 

3. DISCUSSION 

3.1. Possible Role of CD8 T Cells in Tuberculosis 

This chapter describes class I-restricted CDS T lymphocytes from 
M. tuberculosis-immune mice that specifically lyse mycobacteria-primed 
macrophages. The generation of these T cells depended on in vivo im
munization with mycobacteria and expression of cytolytic activity re-
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quired restimulation with antigen, accessory cells, and crude IL-2. My
cobacteria-specific cytolytic T cells did not develop from cells of normal 
or L. monocytogenes-immune mice. Both live and killed mycobacteria 
could be used for immunization, indicating that the cytolytic T cells were 
specific for structural antigens and that their generation did not depend 
on replicating organisms. However, a much higher bacterial load and 
Freund's incomplete adjuvant had to be used for immunization with 
killed M. tuberculosis compared with an infection with live M. bovis. 

Hitherto, the participation of CDS T lymphocytes with specific cyto
lytic activity in immunity to intracellular bacteria had not been shown. 
However, we have recently identified cells of similar type and function 
after immunization of mice with L. monocytogenes7 .8 and Ai. leprae.!3 
Cytolytic T cells have also been found to develop during Rickettsia tsut
sugamushi and Theileria parua infections.!4,!5 In the human system, cyto
lytic T cells with specificity for mycobacterial antigens have been de
scribed.!6.! 7 These T lymphocytes, however, most probably belong to the 
class II-restricted CD4 T-cell set. Studies performed in the murine system 
strongly suggest that class II restricted CD4 T cells can lyse their target 
cells,! H and we recently found that L. monocytogenes-specific class II re
stricted CD4 T cells can lyse L. monocytogenes-infected macrophages, pro
vided that la expression had been induced.!9 It has been shown that 
during M. bovis infection, natural killer (T\'K) cells arise,~o and T\'K cells 
have been implicated in protection against viral infection. 2! The antigen 
specificity of the cytolytic T cells described here distinguishes them from 
these T\'K cells as well as from lymphokine-activated NK cells.22 

Although a role for cytolytic T-cell functions in resistance to, and 
pathology of, tuberculosis cannot be inferred directly from our experi
ments, data from the literature would support such a notion. In the 
model of experimental infection of mice with L. monocytogenes, evidence 
has accumulated that class I-restricted CDS T cells are required for 
adoptive transfer of protection.~3-25 The dependence of adoptive pro
tection on CDS T cells has also been confirmed in infections of mice with 
the facultative intracellular pathogens, M. tuberculosis, M. lepraemurium, 
and Brucella abortus. 26- 28 

During viral infection, class I-restricted CDS T lymphocytes with 
cytolytic potential become readily demonstrable. In several viral systems, 
particularly the influenza system, the potential relevance of these T cells 
to acquired resistance has been studied. It has been shown that hetero
geneous as well as cloned CDS T cells that lyse influenza-infected target 
cells in vitro are also capable of conferring specific protection upon in
fected mice.29 ,3o In a more detailed study, the involvement of 1FT\',. in 
the in vivo protection against influenza by CDS T cells was indirectly 
excluded, and evidence for direct cell-cell contact was obtained. 30 We 
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postulate that similar T-cell functions are involved in the host response 
against tuberculosis. 

3.2. Possible Role of CD4 T Cells in Tuberculosis 

In the infected host, tubercle bacilli are primarily located within the 
cells of the mononuclear phagocyte system. These cells express class II 
molecules, hence can present mycobacterial antigens to class II-re
stricted CD4 T lymphocytes of helper/inducer type. Once these T cells 
have been activated, they can recirculate through the body and scan for 
infected la + host cells. The secondary encounter between mycobacteria
specific T cells and infected macro phages results in the activation of the 
latter via T-cell derived lymphokines, including IFN". Provided that the 
microorganisms residing inside lymphokine activated cells are suscepti
ble to these newly acquired functions, this interaction will lead to growth 
inhibition or even destruction of the bacteria. This mechanism alone 
should be sufficient for the confinement of bacteria to discrete foci and 
often may suffice for their clearance from the host. 

In many cases, the interaction of helper/inducer T cells with mac
rophages, however, may not suffice for protection primarily for two 
reasons. First, mononuclear phagocytes are highly heterogeneous with 
respect to their antibacterial capacities that can be induced by lympho
kines. It appears that young blood monocytes possess the highest anti
bacterial potential, whereas many tissue macrophages have a much 
lower potential and to a great degree seem to be refractory to lympho
kine activation. This deficiency has been clearly documented for 
Kupffer cells. 4 Second, tubercle bacilli have developed a wide range of 
mechanisms to evade from macrophage destruction. Thus, even mono
nuclear phagocytes in which antibacterial functions can be induced to a 
certain degree may fail to destroy virulent strains of M. tuberculosis, al
though they may be capable of doing so with many intracellular bacteria 
possessing less potent evasion mechanisms. Under these circumstances, 
helper/inducer T cells may greatly benefit from additional host mecha
nIsms. 

3.3. Possible Role of CDS T Cells in Protection against Tuberculosis 

Unlike CD4 T cells, CDS T cells recognize antigen in association 
with class I molecules. It is generally assumed that viral but not bacterial 
or soluble protein antigens associate with class I molecules. Our experi
ments in the M. tuberculosis and the L. monocytogenes7 system, however, 
suggest that antigens from intracellular bacteria can indeed be ex
pressed in association with class I molecules. Thus, macrophages harbor-
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ing mycobacteria should be able to stimulate not only helper/inducer but 
also cytolytic T-cell responses. Once cytolytic T cells have been gener
ated, they are qualified to examine host cells for mycobacterial infection 
irrespective of their nature and origin because virtually all nucleated 
cells express class I antigens. In addition, we have obtained preliminary 
evidence that some cytolytic T cells are apparently H-2 nonrestricted. 
Although mycobacteria are predominantly located within macrophages, 
they can reside in some nonprofessional phagocytes. For example, M. 
leprae is known to preferentially inhabit Schwann cells and mycobacteria 
have been isolated from epithelial cells. 21 .22 These nonprofessional pha
gocytes as well as tissue macro phages with low antibacterial potential are 
suspected to protect rather than attack intracellular organisms. Thus, 
thev could provide an ideal habitat for persistent M. tuberculosis orga
nisms, and their destruction may well be beneficial for the host. 

The data summarized in Table IV provide preliminary evidence 
that target cell lysis has a direct inhibitory effect on the growth of intra
cellular mycobacteria. It can be assumed that through target cell lysis, 
lysosomal and/or cytoplasmic enzymes with potent antimicrobial ac
tivities are mobilized and brought into intimate contact with the micro
organisms. In this way, inhibition of phagosome-lysosome fusion main
tained in intact host cells could be overcome by cytolysis. The question as 
to how target cell lysis affects mycobacterial growth, however, needs to 
be further evaluated. Even if mycobacteria are not directly affected by 
host-cell destruction, they will become accessible to more powerful 
mononuclear cells by this mechanism. After being released, mycobac
teria can be engulfed by immigrant blood monocytes with high antibac
terial potential that can be called into action by T-cell-derived lympho
kines. Although we assume that helper/inducer T cells are the major 
source of macrophage-activating lymphokines, our demonstration that 
CDS T cells produce IFN" indicates that they can contribute to mac
rophage activation as well. IFN" secretion by CDS T cells, however, 
depended on exogenous IL-2, indicating that in an in vivo situation they 
may also require help from CD4 T cells. We assume that in a tuberculous 
granuloma, transmission of persisting mycobacteria from aged mac
rophages to immigrant blood monocytes occurs and that this process is 
controlled by the synergistic interplay between helperlinducer and cyto
lytic T lymphocytes. 

3.4. Possible Role of CD8 T Cells in Immunopathology 

In recent studies, the distribution of CD4 and CDS T cells in my
cobacteriallesions has been studied histologically.33 Tuberculoid leprosy 
lesions represent well-organized granulomas and contain only few sur-
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vlvmg mycobacteria. In these granulomas, CD4 T cells are primarily 
found in the necrotic center, with numerous CDS T cells scattered over a 
surrounding mantle. Recently, CDS T cells were identified as the major 
subset infiltrating the site of skin after challenge with tuberculin proteins 
in humans.34 In addition, in murine listeriosis granuloma formation 
seems to be class I restricted.35 

Highly activated cytolytic CDS T cells inevitably will lead to tissue 
destruction. It has been suggested that the late-appearing necrotic re
sponse is protective when the challenge is superficial, probably because 
necrosis leads to sloughing of the infected focus. I I By contrast, en
hanced susceptibility was observed in animals with necrotizing skin-test 
reactivity to mycobacterial proteins after deep tissue infection.36,37 Ne
crosis, the principal pathologic process in human secondary tuber
culosis, therefore does not always correlate with protection. Until now, 
the mechanisms responsible for necrotic lesions have not been fully elu
cidated. Necrosis has been shown to occur during mycobacterial infec
tions in animal models38; it also occurs after injection of soluble my
cobacterial antigens.39 However, it has not yet been demonstrated that 
necrotic responses to soluble proteins can be transferred with T cells. 
Cytolytic CDS T lymphocytes, which we have shown to develop after M. 
tuberculosis immunization, could mediate such reactions in infectious dis
eases in a similar way, as they have been found to participate in trans
plant rejection.4o 

Cytolytic mechanisms therefore could have a dual effect. In well-
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FIGURE 6. Possible consequences of the interaction between CDS T lymphocytes and 
infected host cells in tuberculosis. 
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organized granulomas, in which cell destruction is confined to mac
rophages and to the site of bacterial growth, cytolytic mechanisms could 
be responsible for protection. When highly and diffusely activated, how
ever, cytolytic T cells may cause severe tissue damage and facilitate bac
terial dissemination. Granuloma liquification and caseation may repre
sent such harmful alterations. In addition, detrimental consequences 
may also be preponderant in cases in which highly specialized host cells 
are the targets of cytolytic T cells. Such effects may occur in tuberculoid 
leprosy patients who express strong antibacterial T-cell immunity yet 
suffer from nerve lesions probably due to destruction of Schwann cells 
harboring M. leprae. Possible beneficial and harmful consequences of the 
interaction between CD8 T lymphocytes and infected target cells in tu
berculosis are summarized in Fig. 6. 

4. CONCLUDING REMARKS 

At this point, it may be worth recalling Robert Koch's discovery of 
what is generally thought to be the first description of a delayed-type 
hypersensitivity reaction. In 1890, Koch observed that tuberculous 
guinea pigs strongly reacted to the local injection of M. tuberculosis mate
rial with induration, necrosis, and subsequent skin rejection. He ob
served that within the necrotic tissue, the conditions for the enclosed 
microorganisms became extremely hostile, causing bacteriostatic or even 
bacteriocidal effects. Koch concluded that necrotic reactions should be 
protective as long as tissue destruction remains confined to, and con
trolled in, circumscribed foci. Under uncontrolled conditions, however, 
destructive effects would be preponderant and, in the worst cases, cause 
death of the host. Although Koch assumed that the mycobacterial mate
rial directly induced these effects, we now know that they are mediated 
by specific T lymphocytes. The data discussed here suggest that not only 
helperlinducer but also cytolytic T-cell functions participate in the host 
response against M. tuberculosis and that a protective outcome will crit
ically depend on an intricate balance between the different cell types 
involved. The availability of CD441 and CD8 T-cell clones with reactivity 
to M. tuberculosis may facilitate a better understanding of this and related 
questions. 
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Anergy and Other 
Immunologic Perturbances 
in Mycobacterial Infections 
Overview 

P. H. LAGRANGE and B. HURTREL 

1. INTRODUCTION 

8 

The clinical and histologic features of any infectious disease are the result 
not only of the toxic and invasive properties of the pathogen but of the 
immune reactions of the host as well. In most cases, the host-immune 
response leads to a reaction that rapidly eliminates the pathogen, but in 
other cases the immune mechanisms fail and the outcome of the infection 
is a fatal one. In still other cases, the host and the pathogen engage in a 
long drawn-out conflict and the disease becomes chronic. Alternatively, 
the immune reaction may be abnormal or exaggerated and may damage 
the host more than the invader. In the case of mycobacteria, it is the cell
mediated immune (eMI) response rather than the production of anti
body that appears to be of importance in overcoming the infections. 
Undoubtedly, antibodies are produced in response to naturally occurring 
and experimental mycobacterial infections, but there is no evidence that 
they play any role in host defense. Indeed, there is some evidence that 
serum factors (possibly antibody) may have harmful effects, through 
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antibody-dependent immunopathologyl or by enhancing the growth of 
the challenging mycobacteria. 2 

One of the first indications that an individual has been exposed to a 
mycobacterial infection is the development of a positive skin-test reac
tion to mycobacterial antigen. Equivalent in vitro tests have been devel
oped evaluating the proliferative capacity of specific T cells or their 
ability to produce lymphokines, such as migration inhibitory factor 
(MIF) or ,,(-interferon (IFN-y ). The delayed-type hypersensitivity (DTH) 
reaction is thus an in vivo parameter of a normally functioning eMI. 
This immune reactivity can be temporarily reduced or ablated during 
viral infections or in patients having other underlying infections or ma-

TABLE I 
Causes of False-Negative Tuberculin Reactionsa 

Acquired and constitutional factors known to alter cellular immune responses 
Infections 

Bacterial (typhoid fever, brucellosis, leprosy, syphilis, typhus, pertussis, 
streptococcal infection) 

Viral (measles, mumps, chicken pox, inf1uenza, mononucleosis, yellow fever, AIDS) 
Fungal (South American blastomycosis, histoplasmosis, coccidioidomycosis) 
Parasites (schistosomiasis, toxoplasmosis, malaria, filariasis) 

Live attenuated viral vaccinations 
Measles, mumps, rubella, polio 

Diseases affecting the lymphoid organs 
Hodgkin disease, lymphoma, chronic lymphocytic leukemia, sarcoidosis 

Metabolic derangements 
Myxedema, chronic renal failure, diabetes mellitus, prolonged zinc deficiency 

Drugs 
Corticosteroids, most immunosuppressive drugs (cyclosporin A) 

Age 
Newborn, elderly patients 

Nutrition 
Malnutrition with severe protein-calorie deficiency 

Miscellaneous 
Atopic dermatitis, burns, surgery, pregnancy, stress, graft-versus-host reaction, 

neuroendocrine disorders 

Technical factors 
Related to the tuberculin used 

Improper storage or dilution (chemical denaturation, contamination) 
Absorption (prevented by adding Tween 80) 

Related to the timing or method of testing 
Improper amount of tuberculin (Delayed administration after drawing into syringe, 

subcutaneous injection, preallergic state after infection) 
Methodologic errors of reading 

Nonexperienced reader, conscious or unconscious bias, recording errors 

"Adapted from Snider.3a 
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lignant diseases. I Even in healthy persons, a temporary change can oc
cur following vaccination with viral vaccine or during the development 
of an earlier applied positive tuberculin test. 3 In tuberculosis, the poten
tial causes of a false-negative tuberculin reaction are numerous (Table 
I). They may be related to variation in potency of the tuberculin used or 
to errors in performing or reading the test. Nevertheless, it has long 
been recognized that occasional tuberculous patients can be tuberculin 
negative; recent studies suggest that in patients in whom active tuber
culosis has recently developed, this may occur more frequently than 
reported bv earlier authors.l.4 This chapter focuses on such cases. Well
recognized causes of anergy, such as sarcoidosis, viral exanthems, severe 
malnutrition, advanced age, malignant lesions, and immunosuppressive 
and steroid drugs, are not considered, although the precise underlying 
mechanisms are frequently unknown. Most patients who do not react to 
tuberculin are often also unresponsive to recall antigen; evidence is ac
cumulating that strongly suggests that tuberculosis, like leprosy and 
other mycobacterial diseases, are diseases in which an immune spectrum 
is present and that significant modulation of T- and B-lymphocyte-me
diated responses occurs in many patients. The first part of this chapter 
deals with the immune spectrum observed in leprosy and tuberculosis 
and with the suspected immune mechanisms. The second part deals with 
experimental models aimed to reproduce an unresponsiveness com
parable to that observed in human. 

2. THE IMMUNE SPECTRUM IN HUMAN MYCOBACTERIAL 
DISEASES 

2.1. Leprosy 

2.1.1. Immune Defects and Clinical Status 

Leprosy is caused by the obligate intracellular bacterium M. leprae . 
Contrary to widely held belief, M. leprae circulates extensively in en
demic areas. However, most infected individuals never develop overt 
clinical manifestations of the disease, and others develop localized le
sions which heal spontaneously. This implies that most individuals are 
able to cope immunologically with the microorganism and that those 
who develop the disease are in some way immunologically defective or 
hyperreactive with respect to it. Infection with M. leprae affects the pe
ripheral nerves and the dermis, causing an accumulation of macro
phages and other immune cells at the infected sites. The clinical pattern 
and ultimate outcome of the disease depend on the extent of the host 
response to the microorganism, which in turn controls bacillary multi-
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plication. A systematic classification of the clinical manifestations of the 
disease, based on bacteriologic features, on the patient's immunity, and 
on the pathologic evaluation of the lesions has been proposed by Ridley 
and Jopling,S who defined an entire spectrum encompassing five main 
categories of disease. The extremes are known as lepromatous (LLp) 
and tuberculoid (TT) leprosy. In the latter, marked eMI is observed and 
bacterial growth or dissemination are controlled. In the former, where 
little if any eMI develops and bacterial multiplication seems uncon
trolled, M. leprae disseminates throughout most of the dermis. Between 
the two polar groups there are borderline lepromatous (BL), mid-bor
derline (BB), and borderline tuberculoid (BT) patients. One should also 
note an intermediate group, between the BL and LLp, called lep
romatous subpolar (LLs), which before therapy, is difficult to separate 
from the LLp group. Individuals who have upgrading reactions and 
positive conversion of the Mitsuda reaction after therapy are usually 
reclassified as LLs patient. New classification based on the development 
of in vitro tests and better knowledge of the cellular composition of the 
cutaneous lesions may soon be proposed. 

The characteristics of the six primary groups are shown in Fig. l. 
Immunologic unresponsiveness in LL patients is only eMI related, since 
a high percentage of these patient have high titers of antibody to the 
specific phenolic glycolipid 1 (gly-l) or proteins of M. leprae. Moreover, 

I I 

0 8 @(9-
MITSUOA ++ + + ~- 0 0 

SKIN 0 0 0 + ++ +++ +++ 
BH 

NOSE 0 0 0 0 ++ +++ +++ 

Epithlloid ellis 

Blrdlr liM ellis 

Wirchn ellis 

FIGURE 1. Bacterial, immunologic, and histopathologic classification of leprosy. TM, 
Tmajor; Tm, Tminor' (Adapted from Laguillon.) 
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some clinical manifestations in LL patients are related to high levels of 
circulating immune complexes (ICx) containing gly-l antigen. 6 

Cologlu7 reviewed earlier reports of leprosy-associated impaired 
renal function, including renal amyloidosis, interstitial nephritis, pyelo
nephritis, and proliferative glomerulonephritis. In fact, kidney diseases 
are the most common cause of clinical deterioration and death in lep
rosy. Severity of kidney involvement was dependent on antibody levels 
and ICx concentration in serum. The immune injury of the kidney 
structures was of type II and III hypersensitivity reactions, involving 
ICx deposition on glomerular capillary walls and mesangium. Many of 
the. patients had erythema nodosum leprosum. Not only is antibody to 
bacterial products present in serum or in tissues, but recent investiga
tions have shown significant increases in autoantibodies in patients with 
leprosy.l The production, regulatory mechanisms, and role of such anti
bodies are as yet not fully understood. An acquired dysregulation of the 
autoreactive B-cell system, associated with defects in suppressor mecha
nisms, is a possible explanation.s 

2.1.2. Mechanisms of 1mmune Disorders in Leprosy 

The mechanisms leading to the reduced or absent CMI to M. leprae 
antigens in leprosy patients are yet not fully understood. The disease 
seems to develop in subjects who may already possess a defect in the 
ability to mount cellular hypersensitivity and granuloma reaction to my
cobacterial antigen, as suggested by the negativity of the Mitsuda reac
tion and by a decreased in vitro responsiveness to mitogens in relatives of 
LL patients. 9 The extent of the immune deficit becomes more pro
nounced as the disease progresses toward the LL pole of the spectrum. 
The defect is specific according to many investigators, since the patient's 
inability to respond is directed only to M. leprae antigen, and it has been 
shown that a certain number of LL patients become positive to tuber
culin after BCG vaccination. However, considerable recent evidence in
dicates that nonspecific depression may also occur, which seems to vary 
from patient to patient and from study to study. 10 After treatment with 
antibacterial drugs for months and years, LL patients regain a normal 
responsiveness to nonspecific antigens and mitogens, but rarely to lep
romin, despite the elimination of detectable bacilli from tissue biopsy 
specimen. Thus, one is obliged to ask why some patients fail to limit their 
disease and why some progress toward one part of the spectrum and 
some to other parts. 

Two main hypotheses have been suggested, as reported recently by 
Shepard. I I The first postulates that in healthy contacts, or in those with 
self-limiting intermediate lesions, a brisk CMI reaction eliminates the 
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microorganisms. In the case of TT, a delay in the onset of eMI permits 
enough organisms to spread, so that bacterial eradication is not rapidly 
or easily achieved. In addition, low or poor regulatory T-cell mecha
nisms and persistence of antigen enable pathologic granulomatous reac
tions to be established, leading to dermal and neurologic involvement. 
The recent finding of HLA-DR2 linkage in TT patient is in favor of this 
hypothesis. 12 By contrast, in LL individuals, the onset of eMI is indefi
nitely delayed. However, this theory has been challenged on the basis of 
several clinical and immunologic' observations showing that early leprosy 
might be associated with eMI, which then either increases or is appar
ently suppressed. 13 

The second hypothesis, involving acquired and active suppression, 
implies the existence of mechanisms for inhibiting eMI induction or 
expression. This might involve the production of suppressor cells or 
derived mediators, preventing the induction of immunologically com
mitted competent cells or inhibiting them from reaching the mac
rophage engulfed bacteria, or the intervention of blocking antibodies or 
other humoral nonspecific factors. All these possibilities seem to occur. 
Production of soluble factors by macro phages loaded with M. leprae has 
been recently described. 11 Trapping of antigen-reactive lymphocytes in 
lymph nodes has been also demonstrated in numerous experimental 
and naturally occurring mycobacterial infections. Evidence of the pres
ence in blood and lesions of specific suppressor OKT8 lymphocytes has 
been reported. 6 

However, even if the clinical, bacteriologic, immunologic, and histo
logic features of leprosy seem to result from a complex and multifac
torial immune response, one should consider that affected individuals 
may not constitute a truly homogeneous population according to their 
immune responsiveness. 6 ,lo The first confirmation of such concept 
comes from analysis of the genetic factors controlling the course of M. 
leprae infection. As far as HLA-linked factors are concerned, most evi
dence exists regarding the development of TT leprosy (HLA-DR2) and 
to a lesser extent of LLp leprosy (HLA-DQl). It seems that HLA-linked 
factors do not confer susceptibility or resistance to infection but rather 
modulate the type of the immune response to M. leprae. 15 For instance, 
individuals susceptible to the development of TT leprosy may be genet
ically different (HLA-DR2) from those who remain healthy after ex
posure to the bacillus. 12 Both are capable of eradicating the bacterium, 
but only the TT patients express an unregulated eMI response, indicat
ing that the genetic factors involved might concern the regulatory mech
anisms of T cells, and not the capacity to mount an effective protection. 
A second insight comes from studies on in vivo and in vitro restoration of 
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immune responsiveness. Immunotherapy using multiple injections of 
killed M. leprae and BCG vaccine in persistent nonresponders (LL or BL 
patients), after chemotherapy, show that only a percentage of patients 
(roughly 60%) are able to convert to immune responsiveness. Analogous 
variations in results were also observed in Mitsuda-negative contacts, 
although the percentage of nonresponders after immunotherapy was 
lower. 16 In vitro tests also suggest that LL and BL patients represent a 
heterogeneous group. This was clearly shown recently by Kaplan et al. lo 

Using different parameters to evaluate the immune response to M. lep
me and other cross-reactive antigens (BCG vaccine), such as T-cell pro
liferation or INF -y release, and restoration of these responses with in
terleukin (IL-2), these investigators were able to characterize three types 
of subjects: the responder (usually in BT and TT patients), the low 
responder, and the nonresponder. Nonresponders and low responders 
are patients with LLp leprosy, but they cannot otherwise be distin
guished on the basis of histopathologic classification, bacterial indices, or 
duration and type of treatment. When T cells from these patients were 
tested for bacillus Calmette-Guerin (BCG)-induced proliferation, about 
50% of both low responders and nonresponders reacted, confirming 
earlier reports on the presence of BCG-reactive T cells in patients un
able to respond to M. lepme. It will be interesting to determine whether 
patients who are restored by the Convit's immunotherapy are among the 
BCG responders. Peripheral blood T cells from all patients usually re
spond to a variable degree to mitogens, such as concanavalin A (Con A). 
Therefore, the T-cell defect in LL patients seems to be specific for M. 
leprae but is manifest as either nonresponsiveness or hyporespon
siveness. Attempts to overcome the unresponsiveness of T cells from LL 
patients by the addition of exogenous IL-2 have been reported with 
varying success. 17,20 

Results recently obtained by Kaplan and Cohn21 suggest that the 
addition of exogenous purified IL-2 does not lead to de novo sensitization 
but instead appears to expand already sensitized cells. These facts might 
suggest that the absence of IL-2 production per se is not responsible for 
the anergic state. Furthermore, cell-depletion experiments showed that 
monocyte-mediated suppression was not limited to M. leprae, as it was 
also observed in response to BCG but only in the responsive population 
(responder and low responders). Also, OKT8 suppressor cells seemed to 
have no effect on IFN-y release or on proliferation to M. leprae or BCG in 
nonresponders but did reduce the Con A response. It was concluded 
that in the T-cell anergy of the subpopulation of LL patients who are 
true nonresponders, neither monocytes (or their products) nor sup
pressor T cells are involved. Also, a simple lack of IL-2 production or 
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absence of IL-2 receptors was incompatible with the observed defect. 17 
The last explanation is that there is a very low number or absence of M. 
leprae-responsive T cells in the circulation of these patients, as already 
described some years ago by Stoner et al. 22 However, a fundamental 
question remains: Is this lack of circulating specific T cells in the true 
non responder LL patients due to an absence of precursor specific T cell 
or to the blocking effect of M. leprae-induced suppressor factor(s)?23 
Careful prospective studies and rigorous in vitro tests in Mitsuda-nega
tive healthy contacts, before and after vaccination with M. leprae and 
BCG, might throw some light on such difficult problem. 

2.2. Tuberculosis 

2.2.1. Anergy and Immunosuppression 

Many clinical and histologic observations have suggested that the 
immune response that occurs in tuberculosis is not univocal and, as 
leprosy, a complete spectrum exists. One of the first indications of tuber
culosis infection or successful contact with M. tuberculosis is the develop
ment of a positive tuberculin skin test. In a small percentage of indi
viduals living in endemic areas, this early tuberculin DTH reaction will 
be lost as the infection progresses, and the state of anergy will persist 
throughout the remainder of the infection period.24 However, efficient 
chemotherapy is usually associated with a reduction in the bacillary mass 
and restoration of skin reactivity. This situation seems different from 
the cases, described by various investigators,4 of a disseminated rapidly 
fatal nonreactive tuberculosis, with many necrotic foci, full of micro
organisms but with no cellular response. Patients with this clinical entity 
show essentially no manifestations of cell-mediated hypersensitivity and 
no epithelioid granuloma formation at sites of infection replaced by a 
massive infiltration of macro phages overloaded with enormous numbers 
of acid-fast bacteria (AFB). Hematologic abnormalities are usually pre
sent, including pancytopenia. The prognosis is poor even with adequate 
chemotherapy.26 

Associated anergy is also observed in many patients with classic 
miliary tuberculosis, which might represent the other extreme of the 
spectrum, since they reportedly develop typical granulomas containing 
very few microorganisms.27 

Several studies have examined the immune status of anergic tuber
culous patients. In vitro tests of patients with tuberculin anergy have 
usually disclosed marked abnormalities. For instance, proliferative re
sponses of circulating T cells to phytohemagglutinin (PHA), pokeweed 
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mitogen (PWM), or protein-purified derivative (PPD) are usually lower 
than in tuberculin-positive controls. 28- 29 

A semiquantitative relationship between PPD skin reactivity and 
PPD-induced lymphocyte proliferation was observed, the leukocyte mi
gration inhibition test was often negative, and sensitization to dinitro
chlorobenzene (DNCB) frequently failed in anergic tuberculosis. 29 Ad
ditional detected abnormalities include increases in serum 
immunoglobulin G (IgG), IgM, IgA, ai-globulin, and precipitins to 
PPD.30 These findings suggest the existence in tuberculosis of a spec
trum of immune responsiveness, with a reciprocal relationship between 
cellular and humoral reactivity (see Section 2.1.1.)4 An analysis of the 
immunologic spectrum in tuberculosis was undertaken by Lenzini et 
al .. :11 who studied 66 patients and placed them into four groups: reactive 
(RR), reactive intermediate (RI), unreactive intermediate (UI), and un
reactivt:' (ULT), using clinical and radiologic data, response to chemother
apy, skin testing, histology of resected lesions, leukocyte-migration test, 
and presence of antimycobacterial antibodies. The findings are summa
rized in Table II. This spectrum has some features in common with that 
observed in leprosy. The UU form or the rare syndrome disseminated 
nonreactive tuberculosis typifies one end of the spectrum and is some
how analogous to LLp. However, M. tuberculosis is far more virulent, 
permitting a chronic lepromatous form of tuberculosis to exist. Further
more, this group must be small in endemic areas, possibly because the 
more susceptible persons dye in young age, and the population becomes 
relatively resistant over a period of several generations. 32 

At the other pole of the spectrum are most patients with chronic 
stable tuberculosis. These patients uniformly have demonstrable T lym
phocyte mediated DTH to mycobacterial antigens, and low B lymphocyte 
mediated humoral responses. This spectrum is probably best demon
strated early during the course of the disease. At this time, a substantial 
number of patients most likely have some decreased specific and non
specific T-cell function, but this might be related to specific trapping of 
reactive T cells into the foci of infection.33 With stabilization and im
provement of disease during therapy, T-lymphocyte responses appear to 
heighten and return to normaJ.34 This was well documented by Roney et 
al.,24 who found that 2 weeks of protein supplementation via high
calorie, high-protein hospital diet associated with effective antituber
culosis chemotherapy restored PPD skin reactivity in 17 or 23 nonreac
tors. Zeitz et al. 30 showed that skin positivity was restored in all patients, 
59-134 days after the original negative test. Mycobacterium specific 
humoral antibodies dropped and in vitro proliferation responses 
improved. 
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2.2.2. Mechanisms of Unresponsiveness 

The mechanisms of anergy in tuberculosis are unknown. Nev
ertheless, many theories have been put forward and several studies per
formed. In contrast with leprosy, because of the rarity of disseminated 
nonreactive tuberculosis, most studies have been done in patients who 
recovered after treatment, belonging to the intermediate group of the 
spectrum. Here again, various mechanisms may be interdependent, or 
different factors may operate in different subsets of unresponsive pa
tients, being heterogeneous, as in LLp patients. 

2.2.2.a. Compartmentalization. One possibility is that sensitized lym
phocvtes are sequestered at or near the site of tuberculous lesions and 
are thus unavailable to participate in the DTH skin reaction. El-Naggar 
and Higashi:>" found evidence of immunologic compartmentalization of 
T cells in the cerebrospinal fluid (CSF) of patients with tuberculous 
meningitis. 

Thestrup-Pedersen:> found evidence in 10 tuberculin-positive indi
viduals that a significant suppr~ssion of the responses to stimulation with 
both PPD and PHA occurred after skin testing with PPD. The suppres
sion was seen within 1 week from skin test. The results show that a 
transient suppression of CMI can be induced in normal individuals by 
the application of a small dose of antigen. Trapping of both specific and 
nonspecific T cells may be a factor in the nonspecific component of the 
anergy seen in some severe cases of tuberculosis. Perhaps trapping in 
lesions and in lymphoid tissues occurs only when active inflammatory 
processes are present. 

The depressed PHA reactivity of such patients was also demon
strated to be dependent on macrophages,39 suggesting another pos
sibility, the presence of circulating suppressor cells. 

Rook et al. 3 :' found that lymphocyte transformation in response to 
mycobacterial antigen in anergic patients was significantly higher when 
lymph node cells were used rather than peripheral blood lymphocytes. 
These workers postulated that there may be specific trapping of antigen
reactive cells in lymph nodes or in infected tissues, thereby depleting the 
peripheral circulation. 

Pleurisy with effusion and other forms of tuberculous serositis may 
represent special cases of immunomodulation, with anergy resulting 
from circumstances that may be particular. Nevertheless, it may cast 
light on the general mechanisms of immune regulation, also because of 
the possibility of harvesting inflammatory cells from the serous cavities. 

The propensity for tuberculin skin-test nonreactivity of patients 
with tuberculous effusions was remarked on by many early investigators 
and is well documented in about one third of patients.36 For instance, 
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Catanzaro and Barker37 showed that cultured pleural fluid lymphocytes 
from two patients with tuberculous pleurisy were more responsive to 
PPD than to peripheral blood lymphocytes. The possible sequestration 
of committed specific lymphocytes in the pleural fluid was subsequently 
explored by Ellner.38 Two patients with tuberculin-negative skin tests 
had blood lymphocytes that responded poorly, but the pleurallympho
cytes responded well to PPD. When depleted of the adherent cells, the 
peripheral blood lymphocytes recovered their responsiveness to the 
level displayed by pleural cells. These results indicate that the peripheral 
unresponsiveness was not due solely to sequestration of committed spe
cific lymphocytes but also to the presence of suppressor adherent cells 
that did not enter the pleural cavity. That immunodepression in tuber
culous serositis may be due to circulating suppressor cells is suggested 
also by the following studies. 

2.2.2.b. Suppressor Mechanisms. The area has received much recent 
attention focusing particularly on subsets of immunocompetent cells 
which have suppressor function. IgG Fc receptor-bearing lymphocytes 
were demonstrated to be present in the peripheral blood of tuberculosis 
patients tested in vitro with PPD.40 

Ellner4! showed that patients with low lymphocyte proliferation to 
PPD were also anergic to tuberculin skin testing and had a greater pro
portion of circulating monocytes. Here again, depletion of adherent 
cells resulted in a 25-fold enhancement of responses to PPD in low 
responders, compared with a threefold increase in high responders. 
Adding backgraded number of adherent cells to purified T-cell popula
tions resulted in a greater depression of PPD-induced proliferative re
sponse in the low responders than in the high responders. 

Peripheral blood suppressor cells in human tuberculosis were also 
demonstrated by other authors.42- 44 Most of these studies tend to sug
gest that suppressor cells are antigen specific in their induction, being 
dependent on the presence of viable mycobacteria in the tissues but may 
act nonspecifically in producing suppressor factors. Suppressor cell ac
tivities have also been found to reside within B cells,45 T cells,40 or 
monocytes.4! In a recent study it was found that monocytes may lack 
surface expression of DR antigen in association with diminished in vivo 
and in vitro responses to PPD.46 

As a rule, tuberculin anergy and suppressor cell activity disappear 
after successful chemotherapy of the underlying disease both in hu
mans24,47 and in experimental infection.34 However, in some cases of 
severe pulmonary tuberculosis, anergy and specific T-cell unrespon
siveness remain.29 Such unresponsiveness may be due to some form of 
antigenic overloading, brought about by the large mycobacterial popula
tion within the lungs or elsewhere.48 Even many months after successful 
chemotherapy, the residual antigenic mass represents a persistent de-
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posit not removed by macrophages, and circulating factors may sustain a 
state of high-dose tolerance.34 

2.2.2.c. Serum Factors. A third possibility is that serum inhibitors or 
mycobacterial antigens may be involved in tuberculin anergy. Heilman 
and McFarland49 demonstrated that serum or plasma from patients with 
active tuberculosis suppressed in vitro responses to mycobacterial or 
other antigens of lymphocytes cultured from normal donors. The serum 
from some patients with LLp has also been shown to contain suppressor 
activity. 50 Moreover, suppressive factors have been shown to be pro
duced by macrophages from LLp patients. 14 The serum from cattle 
infected with M. paratuberculosis, with Johne disease, contains a sup
pressor substance that inhibits the response to mitogens and antigens. 51 
The suppressive activity was shown to be associated with immunoglobu
lin, possibly complexed with antigen.52 

]\;eta and Salvin 53 demonstrated that mycobacteria, in addition to 
immunopotentiating activities, contain suppressive substances as well. 
Suppressive factor(s) found in plasma could be mycobacterial in origin 
and exert their inhibitory action after release by adherent cells.43 ,54 One 
candidate factor for nonspecific suppression was shown to be IFNa , 

whose secretion by mononuclear cells of normal PPD-negative donors 
correlated well with the degree of nonspecific in vitro suppression.6 This 
suppression is nonspecific, since it occurred with all mycobacterial spe
cies tested and with killed mycobacteria and is produced by both positive 
and negative tuberculin responders. A second condidate has been de
scribed by Ellner and DanieP2 and by Kleinhenz et at. 55 Inhibition of 
blastogenesis was associated with the release of prostaglandin E2 (PGE2); 
when blood monocytes were cultivated with pooled plasma from tuber
culous patients (TB plasma) containing the mycobacterial cell wall poly
saccharide D-arabino-D-galactan (AG), the effect was inhibited by the 
presence of indomethacin or by passing the TB plasma over an immu
noabsorbent column of Sepharose-linked antibody against mycobac
terial AG. AG also increased monocyte attachment to plastic. 

It is conceivable that numerous factors are involved in anergy: spe
cific anergy might be mediated by antigen-specific suppressor T (Ts) 
cells, while generalized anergy might be due to the direct effect of plas
ma factors or cell wall antigen, and the two mechanisms might, respec
tively, be indomethacin independent or dependent.56 Alternatively, my
cobacterial polysaccharide induced suppression may ensure antigen 
specificity via an interaction with Ts cells.6,55,57 Recently, it has been 
observed an increased sensitivity to the suppressive effects of PGE2 on 
IFN-y and proliferation to mitogen in the leukocytes of human neo
nates 58 and in the lymphocytes of adult mice with a variety of inflam
matory diseases or in experimental diseases.59 Finally, the situation 
might be further complicated by the likelihood that mycobacteria that 
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differ markedly in their interaction with macrophages, such as M. leprae 
and M. tuberculosis, end up in different types of macrophages.9 Recent 
preliminary evidence from our laboratory suggests that M. bovis strain 
BCG is killed by those macro phages that ingest it first, but the remaining 
live BCG is able to grow later in other sub populations of macro phages 
harvested from inflammatory foci (J. L. Stach, B. Hurtrel, and P. H. 
Lagrange, in preparation). Thus, certain strains of mycobacteria may 
have evolved strategies that promote uptake by macrophages subsets 
with limited ability to kill them or to process antigen, and are therefore 
unable to stimulate the right subset of T cells to induce protective 
immunity. 

2.2.2.d. Genetic and Environmental Predispositions. Unrecognized pro
tein or nutritional deficiencies have been shown to be associated with 
anergy in tuberculosis. In fact, restoration of skin reactivity was de
scribed by Rooney et al. 24 in anergic tuberculosis patients given a high
calorie, high-protein hospital diet with effective chemotherapy. Har
rison et al. 60 reported that anergic rural Nigerians with active tuber
culosis were frequently undernourished and that the size of the skin 
reaction correlated significantly with serum albumin and transferrin 
concentrations. However, other workers have found no significant dif
ference in serum protein and albumin levels in patients with anergic 
tuberculosis as compared with those with normal skin reactivity.32,61 
Experimental murine infection have shown that, compared with con
trols, protein-calorie-restricted mice exhibited diminished early inflam
matory nonspecific immune response, granuloma size, and DTH reac
tion to tuberculin. By contrast, bacterial multiplication was reduced in 
the organs of these animals (G. A. Conge, P. Gouache, P. H. Lagrange, 
and D. Lemonier, unpublished results). 

Finally, it is conceivable that genetic factors predispose to high sus
ceptibility to tuberculosis and tuberculin hyporesponsiveness.32 Persson 
et al. 62 observed a high frequency of HLA B 7 in patients with tuberculin
negative saracoidosis as opposed to tuberculin-positive persons. In a 
study of patients with malignant melanoma treated with BCG vaccine, 
Buckley et al. 63 reported that conversion of tuberculin sensitivity was 
significantly reduced in patients with B7 antigens, as opposed to B7-
negative patients. 

In a recent study, Cox et al. 64 showed that HLA B7 did not appear 
to be associated with a depressed tuberculin response in tuberculous 
patients or to influence the clinical course of disease. The failure to 
detect significant difference in the HLA class I antigens does not pre
clude the possibility that resistance or susceptibility to tuberculosis is 
encoded by the major histocompatibility complex (MHC). 

The involvement of HLA-encoded genetic factors in leprosy has 
been evidenced most convincingly by family studies. In particular, HLA 
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class II (DR) antigens have been found to be associated with certain 
forms of disease. In a recent study15 of the relationship between HLA 
and LLp, HLA haplotype segregation was analyzed in 28 families from 
Venezuela, and it was found that HLA DR3 was inherited preferentially 
by children with polar TT rather than LLp. This seemed to indicate that 
in this population a DR3-associated factor controls the type of disease 
that develops after infection with M. leprae. Furthermore, out of a group 
of 74 healthy Caucasian individuals living in a leprosy nonendemic area, 
HLA DR3 was absent in the 16 individuals who did not respond to any 
mycobacterial antigen tested.65 These data show that an HLA-DR3-asso
ciated genetic factor controls, albeit indirectly, skin-test responsiveness 
to mycobacterial antigens. Similar findings were obtained in experimen
tal infection of congenic mice having different H2 haplotypes but the 
same genetic background.66 The expression of tuberculin sensitivity 
after BCG infection was shown to be dependent on at least two genes, 
one linked with H2 and the other, on chromosome 1, called Beg gene.67 

Many differept mechanisms seem to be involved in the unresponsiveness 
in tuberculosis and in leprosy. Some such factors are depicted in Fig. 2. 

VIRULENCE 

DCr , ROUTE 
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NUTRITION 
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SOCIOEC ONOMles 
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" ... SEX 

'GENETIC 

ATYPICAL MYCOBACTERIA ----------1 INNATE R!SISTANCE --, 

§Jl 
IMMUNO PiTHOLOGY ---- 1 --..... RECOVERY 
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FIGURE 2. Schematic diagram of mycobacteria-host relationship and related factors in
fluencing the outcome of infection or disease and the participation of cell-mediated immu
nity (CMI) in humans. (Adapted from Lagrange e/ al.';Ii) 
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Note, for instance, the particular pathway in unresponsive tuberculosis 
patient (called UU, by Lenzini et al,3l), without any eMI and those 
initially RR who develop increased immunopathology leading to death. 
Similarly, there might be different pathways for recovery, including 
those in which eMI is involved and those bypassing the eMI thanks to 
good innate resistance or low infective inoculum. Without better tools 
than we have today for the study of the immunology and epidemiology 
of human mycobacterial infections, it will be extremely difficult to dem
onstrate clinically the existence of such pathways. It is hoped that experi
mental infections of laboratory animals may provide a better under
standing of the spectrum of immune responses to mycobacteriosis. 

3. THE IMMUNE SPECTRUM IN EXPERIMENTAL 
MYCOBACTERIAL INFECTIONS 

3.1. Introduction 

It is not the purpose of this chapter to analyze the advantages and 
limitations of animal models. Excellent reviews have recently appeared 
on this subject.<J,68 The main advantage of animal models is that depen
dent and independent variables, such as enumeration of AFB in target 
organs, dose, route, timing of infection, species, strain, and sex of the 
host, can be precisely controlled and selected. The pathogenic and im
munogenic properties of different mycobacterial species and strains can 
be compared. The use of a single mycobacterial strain that is prepared, 
kept, and inoculated under rigidly identical conditions into selected iso
genic strains of animals can also provide background knowledge of the 
nonspecific and specific mechanisms of resistance to infection and 
disease. 

Variations in resistance to tuberculosis of different animal strains 
have been described since the beginning of the century in mice,6<J-71 
guinea pigs,72 and rabbits.73 Only recently has an analogous variability 
been described in the only animal in which M. leprae is able to multiply, 
the armadillo.74 

Anergy in experimental mycobacterial infections has generally been 
studied after that an established DTH has vanished due to desensitiza
tion with a high dose of antigen or to infection progression. This state of 
skin-test anergy will usually persist throughout the remainder of the 
infection period. 34 By contrast, recent studies have examined the ab
sence or low level of DTH to tuberculin that may occur after infection 
and the factors involved.66 
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3.2. Acquired Anergy 

3.2 .1. Desensitization 

Injection of large doses of antigen into an animal with DTH can 
render the animal specifically unreactive to subsequent intradermal 
challenge with that antigen.75 The unresponsiveness is usually short
lived and proportional to the dose of antigen given. In vitro (lymphocyte 
proliferation and lymphokine production) techniques have been shown 
to correlate with skin-test reactivity.76 Desensitization has been used in 
order to analyze the relationship between DTH and acquired protec
tion. 77 Desensitization of tuberculous guinea pigs with daily administra
tion of· increasing doses of tuberculin to the point at which intradermal 
responsiveness to tuberculin was lost was associated with persistence of 
immunity to reinfection. It was also shown that desensitized animals 
survived longer, with less caseation and fewer microorganisms in the 
lungs.7H Moreover, acquired anergy in such animals is not always specific 
and is not accompanied by the loss of responsiveness in other sites. For 
instance. desensitized rats are still susceptible to tuberculin shock79 and 
do not express DTH to heterogeneous recall antigens. Desensitization 
appears to work by means of an active environmental factor(s): when 
transferred into desensitized guinea pigs, specific immunocompetent 
lymphocytes lost their competence, while cells removed from desensi
tized animals regained their immunologic reactivity.80 Two mechanisms 
responsible for anergy after desenstization have been proposed. One 
attributes it to a compartmentalization of antigen-reactive lympho
cytes,76 the second to an exaggeration of normal DTH regulatory mech
anisms triggered by a regimen of antigen given intravenously(lV) that 
produces systemic activation of suppressor cells. Either mechanism has 
also been suggested for anergy induced by species and strains of my
cobacteria that tend to disseminate after a subcutaneous (SC) injection. 

3.2.2. Disseminated Mycobacterial Infections 

When mice are infected SC with species of mycobacteria (M. leprae
murium, M. ulcerans, M. avium) that disseminate from the injection site, 
two distinct phases of immune reactivity can be distinguished. The first 
phase is characterized by the slow development of positive immune pa
rameters: DTH to specific antigen, production of lymphokines (MIF), 
and enhanced responsiveness to unrelated antigens (i.e., SRBC). Howev
er, as the disease progresses, the CMI parameters are switched off and 
the microorganisms disseminate throughout the body.81 Spleen cells 
harvested from such an anergic host exhibit reduced proliferative re-
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sponsiveness to PHA, Con A, or allogeneic lymphocytes in vitro. The 
final phase of the disease resembles LLp. Similar findings were obtained 
when mice were inoculated IV with other disseminating mycobacterial 
species (e.g., M. lepraemurium)82 or with nondisseminating mycobacteria 
(e.g., M. bovis st. BCG, M. kansasii, M. habana).34 

Brown68 recently published an excellent review on the immunologic 
abnormalities induced by M. lepraemurium or BCG infection in mice. 
Thymic involution and massive infiltration by infected macro phages, 
disturbance of lymphoid tissue architecture, alteration of lymphocyte 
traffic, impaired responses of both T-dependent and T-independent 
antigens, and depressed mitogenic activity and T-cell cytotoxicity are the 
most frequent abnormalities observed in experimental mycobacterial in
fections. After inoculation with invasive and disseminating yet highly 
immunogenic bacteria (M. lepraemurium, M. avium), all rodents infected 
systemically, and most of those infected SC develop a progressive lep
romatous-type disease, associated with anergy and T-cell depletion. For 
this reason, the former infection has been used largely as an immu
nologic model to M. leprae infection in human subjects. However, the 
onset and rapidity of the gradual fall in antimycobacterial response that 
occurs as the infection progresses depend not only on the dose, route, 
and species of mycobacteria inoculated, but also on the genetic constitu
tion of the animals. 

Disseminated experimental infection with M. leprae given IV to 
Mangabey monkeys was shown to be associated with anergy and to an 
increasingly severe depression of blastogenic responses to PHA, Con A, 
and PWM. The polyclonal immunoglobulin plaque-forming cell re
sponse to PWM was also depressed.83 These results indicate that the 
Mangabeys should provide a useful model for studies of the immunolog
ic changes accompanying leprosy and their underlying mechanisms. 

3.2.3. Mechanisms of Acquired Unresponsiveness 

Although peripheral anergy develops after the IV infection of large 
doses of mycobacteria, the spleen of such animals does contain cells 
capable of transferring DTH and protection to normal naive recipi
ents.34 However, the same cells exhibit a reduced blastogenic respon
siveness to mitogens or to allogeneic lymphocytes in vitro. 84 Decreased 
IL-2 activity was found to be an early indicator of T-cell immunodefi
ciency after M. lepraemurium infection85 or after BCG inoculation.86 

Such results seem to indicate that two main mechanisms underlie the 
acquired unresponsiveness: trapping and suppressor cell activation. 

3.2.3.a. Perturbation of Lymphocyte Recirculation. Several experimental 
approaches have shown evidence of an altered recirculation pattern of 
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specific committed lymphocytes. Chromium-51-labeled lymph node 
cells injected IV into mice with disseminated M. ulcerans infection were 
shown to be trapped in the lymph nodes at the expense of spleen and 
blood, as compared with normal mice.87 Similar results were obtained by 
Zatz,88 who showed that IV or SC injection of BCG resulted in increased 
localization of 51Cr-Iabeled syngeneic lymph node cells in the spleen or 
draining nodes, respectively. This increase was biphasic in the spleen, 
occurring I or 2 days after BCG and reappearing 3 weeks later, but 
monophasic in the lymph nodes, lasting throughout the 24 days of the 
study. 

Bullock89 gave evidence that IV infusion of radiolabeled thoracic 
duct lymphocytes (TDL) from normal syngeneic donors failed to pro
duce a significant increase of cell output and radioactivity in the thoracic 
duct lymph of M. lepraemurium-infected rats. Perturbation oflymphocyte 
recirculation took place 2-6 weeks after inoculation of viable M. lep
raemurium, never occurred using heat-killed mycobacteria, and appeared 
to be secondary to granulomatous pathology in lymphoid organs. The 
spleen of the infected rats was shown to be the major trap for recirculat
ing TDL and, to a lesser extent, the lymph nodes and liver.9o If specific 
antigen-binding lymphocytes are chronically trapped in lymphoid or
gans that harbor mycobacterial antigen difficult to remove from the 
antigen-presenting cells, the conditions may prevail within the microen
vironment of these organs, whereby their function in the amplification 
of an immune response is subverted to another, namely the induction of 
suppressor factors that may maintain a state of unresponsiveness. 

3.2.3.h. Cell-Mediated Suppressor Mechanisms. Several investigators 
have analyzed the nature of the inhibitory cells evoked in animals in
fected with a high IV dose of BCG or M. lepraemurium. Most studies 
evaluated the suppression of proliferative responses to mitogens, others 
T dependent and independent antibody production in vitro. 91 Bullock et 
al. 92 demonstrated the presence of two cell populations in the spleen of 
M. lepraemurium-infected mice that suppress the primary antibody re
sponse of syngeneic spleen cells to SRBC. One suppressor population 
was sensitive to treatment with anti-Thy I serum plus complement, and 
the other was adherent and appeared to be a macrophage. Demon
strability of suppressor cells correlates generally with number of my
cobacteria present in the tissue and extent of their multiplication, al
though very high doses of killed microorganisms will produce a similar 
effect. 93 Also, lung granulomas associated with macrophages capable of 
potent suppression of both antibody and CMI reactivity were shown to 
be produced after IV injection of killed BCG in an oil-in-saline emul
sionY4 Later, the development of chronic granulomatous reactions and 
suppressor macro phages was shown to be under the control of a re-
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cessive gene linked to the immunoglobulin heavy-chain allotype, but not 
to H 2 . 

When nondisseminating bacteria are used (i.e., BCG), the develop
ment of these suppressor cells does not prevent mice from recovering 
fully from massive BCG infection. In addition, suppressor cells develop 
after, rather than before, dissemination of ultimately fatal infections, 
such as M. lepraemurium92 or M. avium.95 Thus, induction of these sup
pressor cell populations seems to be a consequence of massive challenge 
by an unusual experimental route. Moreover, the treatment of heavily 
infected mice with an effective chemotherapy regimen before the devel
opment of specific anergy and cellular hyporesponsiveness results in 
complete absence of Ts-cell activity.96 Usually such Ts-cell activity was 
found among the nonadherent spleen cell population. 

Following SC infection with M. lepraemurium, a nylon-wool-ad
herent radiosensitive suppressor cell population was demonstrated in 
the spleen ofBALB/c mice.97 Such cells were able to decrease resistance 
when injected into newly infected syngeneic mice. No such cells were 
found in infected C57BLl6 mice, which are resistant to dissemination. 
This new phenomenon is of importance, since the suppressor cells in
volved, associated with dissemination, did not resemble those described 
after IV challenge. An analogous observation was made when BALB/c 
mice were infected IV with a low dose of BCG (Fig. 3). There was no 
difference in BCG multiplication during the first 3 weeks after challenge 
in normal or in prechallenge irradiated BALB/c mice, but later there 
was a better clearance of viable microorganisms in the spleen of irradi
ated mice as compared with normal mice. The low rate of clearance in 
normal mice was associated with a decline of the 42-hr DTH reaction to 
tuberculin, while protracted 42-hr DTH was observed in irradiated 
BALB/c mice. No such effect was observed in C57BLl6, AI], C3H, or 
DBA/I mice. These results indicate that the elimination of the regulato
ry mechanisms to manipulate various cell functions before or during 
infection, may induce restoration of immune responsiveness and ac
quired resistance. This may occur through modulation of the produc
tion of cellular mediators known to facilitate the proliferation and dif
ferentiation of immunocompetent lymphocytes. 

3.2.3.c. Interleukin Production. In experimental murine leprosy, non
specific T-cell suppression was marked, as measured by decreased pro
liferative response to Con A and in mixed lymphocyte reactions in 
vitro.84 This was shown to be associated with a decreased production of 
IL-2 in the supernatant of Con A-stimulated spleen cells.85 

Decreased IL-2 activity was found to be a sensitive indicator of T
cell immunodeficiency, since it occurred as early as 1 month after M. 
lepraemurium challenge. Whereas IL-l production remained unaffected 
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FIGURE 3. Bacterial growth curves in normal and irradiated (550 rad, 24 hr before chal
lenge), BALB/c mice infected IV with I x 104 viable BCG Pasteur (1173 P2 strain). 
Hatched and white bars represent the 42-hr footpad swelling (DTH) reactions following 
injections of 4 fLg tuberculin into the hind footpad of normal and irradiated respectively; 
five mice per group (mean ±SEM). CFU. colony-forming units; DTH, delayed-typed hy
persensitivity. 

over the entire observation period, IL-2 decreased as the infection pro
gressed. This was observed also after SC injection of a high (1 x 108 ) or 
low (1 X 105) inoculum of M. lepraemurium but occurred when a threshold 
number of bacteria had reached the spleen.98 When different strains of 
mice were infected IV with 1 x 107 M. lepraemurium, it was shown that 
after 3 months, the number of AFB recovered from the spleen corre
lated with the strain distribution of Beg gene, controlling innate re
sistance as established for BCG infection.67 However, decreased IL-2 
production by spleen cells was only detected in C57BLl6 and DBAII 
mice (Table III). Specific antibody levels were found to be high in 
C57BLl6, AI], and BALB/c mice. Thus, there was no evidence of a 
direct influence of the Beg gene on lymphokine and specific antibody 
prod uction. 99 

Preliminary evidence shows that syngeneic receipients of T-cell-en
riched spleen cell suspensions from anergic C57BLl6 infected mice ex
hibited a decreased ability to control the local growth of M. lepraemurium 
inoculated SC prior to adoptive transfer. IOO 
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TABLE III 
Number of Acid-Fast Bacteria Recovered from Spleen, Spleen Cell IL-2 

Production, and Specific Antibody Levels in Various Inbred Strains of Mice 
Infected Intravenously with 1 x 107 M. lepraemurium for 3 Months" 

Strainsb Beg genotype 

C57BLl6 ss 
BALB/C ss 
DBA/I ss 
AI] rr 
CBA rr 
DBA/2 rr 
B6D2FI sr 

"Adapted from Hoffenbach et a/99 

'Seven mice per group. 
'Geometric mean ±SEM. 

Log lO AFB/spleenc IL-2d (%) Antibody levels! 

7.29 ± 0.14 26' +++ 
6.94 ± 0.23 94 ++ 
6.66 ± 0.21 46' +1-
6.35 ± 0.10 86 +++ 
6.24 ± 0.09 91 + 
5.70 ± 0.34 63' -1+ 
5.92 ± 0.33 70' +1-

dIL-2 production is expressed as percentage of the value obtained for age matched normal mice. 
'Significantly different from control values (p < 0.05, Mann-Withney test). 
[Measured by solid-phase radioimmunoassay. 

Although it was found that spleen cells from M. lepraemurium-in
fected mice did not lack IL-2 receptors, in vivo or in vitro restoration of 
T-cell responsiveness was not observed after administration of prepara
tions containing IL-2 activity (A. Hoffenbach, unpublished results). This 
finding is in contrast with results reported in BCG infection. 10 1 

Orme et al. 102 found that spleen cells from heavily BCG-infected 
mice were able to transfer adoptive protection but were unresponsive to 
mitogens in vitro. Since the unresponsiveness was restored by supple
mentation of IL-2, it was suggested that the unresponsiveness may be 
due to reduction or consumption of available IL-2 in the culture 
medium. 

More recently, a similar unresponsiveness was seen in mice chron
ically infected with M. intracellulare. 59 The effect was correlated with 
spleen and lung weight increase, number of viable bacteria in these 
organs, and reduced production of oxygen metabolites (i.e., superoxide 
anion) by spleen macrophages. A drastic reduction of IL-2 and IFN-y 
production was also observed when un fractionated spleen cells from 
infected mice were stimulated with specific antigen, but not with Con A. 
In addition, these abnormalities were associated with increased produc
tion of PGE2 by spleen macrophages and a higher susceptibility of T 
cells to PGE2 . In vivo daily treatment for 7 days of infected mice with 
IFN-y' muramyl-dipeptide (MDP),or indomethacin significantly reduced 
spleen and lung weights as well as the viable counts of M. intmcellulare in 
these organs. These data suggest that persistent infection with this my-
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cobacterial species results primarily from failure of release of mac
rophage-activating lymphokines rather than from insufficient numbers 
of macro phages or abnormal macrophage-lymphokine receptor. No 
data are available on the radiosensitivity of macro phages producing high 
levels of PGE2 . 

The acquired anergy and in vitro unresponsiveness that occur fol
lowing a high IV dose of nondisseminating mycobacteria or after SC 
administration of disseminating mycobacteria have been studied pri
marily in mice. Lymphocyte trapping and induction of at least three 
types of regulatory suppressor cells may contribute to the nonspecific 
component of the defect. But in one case only (the radiosensitive sup
pressor cell, or the activated PGE2-producing macrophage) have these 
cells been shown to have a detrimental effect on the course of infection. 
The properties of the regulatory cells depend chiefly on the species of 
mycobacteria (i.e., virulence factors), on the route of infection, and, to a 
lesser extent, on the genetic background of the mouse.99 

3.3. Innate Specific Unresponsiveness 

3.3.1. Immune Response to M. bovis BeG 

The responsiveness to nonpathogenic (nonvirulent) mycobacterial 
(e.g., BCG) infection has been studied in different strains of mice by 
several workers.7l.103.104 High- (SWM/MS) and low-responder (C3H) 
inbred strains were used, and the development of DTH was measured 
by spleen index, footpad swelling, and disappearance of peritoneal mac
rophages. 103 The investigators concluded that high responsiveness was 
dominant. In a subsequent study, they suggested that the low respon
siveness was due to Ts cells, since DTH was restored after cyclophospha
mide treatment. 105 The interstrain difference was then explained on the 
basis of an inability of macrophages from low responders to present 
antigen to sensitized lymphocytes. 108 

Using a different model, it was shown in our laboratoryl04 that 
mouse strains independently selected against mycobacteria presented 
high or low resistance to mycobacterial infections (M. bovis BCG, and M. 
tuberculosis, strain H37Rv) with differences in both the innate ability of 
nonimmune macrophages to inhibit the multiplication of the micro
organisms in the spleen early in infection and in the ability to mount 
specific and nonspecific immune responses independently of the route 
and dose of the inoculum (Table IV). Later it was shown, using inbred 
strains of mice, that the difference in natural resistance can be attributed 
to gene(s) segregated in each strain67 that control the innate micro
bicidal activity of macrophages. 107 This was best shown when mice were 
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inoculated IV with a low inoculum (l x 104 viable bacteria per mouse) of 
BCG Montreal and only for the mycobacterial multiplication observed in 
the spleen after 3 weeks. lOS The absence of systemic granuloma forma
tion and very low 4S-hr DTH reactions to tuberculin was obtained after 
BCG infection in naturally resistant (Beg') mouse strains. 109 Moreover, 
recent studies showed that mice that develop the 42-hr DTH reactivity to 
tuberculin belong to the natural susceptible (Beg-') strains (Fig. 4). They 
are then able to develop a dose-related acquired resistance to IV chal
lenge with the homologous organisms. I I () l'\ at ural resistance or suscep
tiblity to AI. hOllis BCG is not linked to genes of the MHC, since it is 
located on chromosome 1,ti7 but CMI responses, such as DTH reactions, 
involve cell cooperation between macrophages and T lymphocytes con
trolled by gene(s) encoded in the MHC. The inf1uence of H2 haplotype 
on the level of DTH to tuberculin was analyzed in various inbred and 
recombinant lines of mice. These lines were of the same background, 
expressing the Beg' phenotype but had different H2 haplotypes. The 
results showed that the level of the DTH reaction is linked to the H2 
haplotype: H2q lines gave the lowest level and H2k the highest, with H2b 
intermediate.66 These results indicate that the expression level of a 
DTH reaction to tuberculin after BCG infection is inf1uence at least bv 
two genes. One located on chromosome 1 controls the type of the DTH 
reaction. All Beg' mice, except BALB/c, expressed a protracted 42-hr 
reaction, while Beg" mice never expressed such reaction independently 
of the time and route of infection. The second gene, located in the 
MHC, controls the intensity of the local inf1ammatory reaction, and 
possiblv of immunopathologic phenomena. Thus, innate anergy or ab
sence of inf1ammatory reaction may be observed in different strains of 
mice for different reasons. 

3.3.2. Acquired Anergy, Immune Suppression, and Dissemination 

Concerning the BALB/c mice, which represent an exception in that 
they are BeEf' but express the IS-hr DTH reaction during the first month 
of infection III and a mixed reaction at later times (Fig. 4), it has been 
shown previously that whatever the route of BCG inoculation, they al
ways exhibited dissemination and slow clearance rate (Fig. 3). This situa
tion was modified when the mice were sublethally irradiated before 
challenge, since they become able to express the 42-hr DTH reaction. 
No such effect was observed in other Beg' or Beg' strains (Fig. 5 and 6). 
Thus, the induction of a particular subset of a T cell with regulatory 
functions may explain the unresponsiveness that occurs naturally in this 
strain of mice, even after a low inoculum of non disseminating mycobac
teria. Similar results were obtained in Leishmania tropiea infections, in 
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which irradiation restored the strong anti parasite DTH response that 
develops in parallel with resistance to disease. I 12 The suppressor cells 
involved were of thy-l + , L3t4, and I-J - phenotype and were capable of 
inhibiting the induction and expression of DTH as well as reversing the 
healing of lesions. I I :~ Susceptibility to irradiation may suggest that sup
pressor cell generation during leishmania, I 11 M. lepraemurium, 115 and 
BeG infections is secondary to a defect in macrophages or in a particular 
subpopulation of macrophages caused by these pathogens in BALB/c 
mICe. 

Thus, depending on time, multiplication, and persistence of the 
microorganisms, L3t4 + lymphocytes will accumulate and function as 
suppressor cells, explaining why immune responses may vary from up-
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grading reactions (if L3t4 are prevented to function) to downgrading 
reactions (if mycobacteria continue to multiply and disseminate). Such 
variations in immune responses may resemble those observed in BL or 
nonreactive intermediate tuberculosis. 

3.3.3. Resistance of Mice after M. lepraemurium Infection 

In these studies, resistance was measured as mean survival time 
(MST) after systemic challenge. 116 The MST showed a transition from 
the most susceptible (BALB/c) to the most resistant (DBA/2) strains. The 
pattern observed that resistance to infection is at least in part controlled 
by a gene, or group of genes, with the same strain distribution as Bcg, 
Thy, and Lsh genes. 117 However, when the same strains of mice were 
inoculated SC with a lower inoculum of M. lepraemurium, a different 
pattern of resistance was observed. 11H C57BLl6 but not C3H mice were 
able to limit bacterial multiplication, produced an immune granuloma, 
prevented the dissemination of the microorganism, and expressed a 48-
hr DTH reaction. Since C57BLl6, but not BALB/c mice, are resistant to 
SC challenge and are very susceptible to IV infection with various patho
genic mycobacteria, it is possible that a same microorganism induces 
different effector mechanisms that are beneficial because they are self
limited during localized infection but toxic to the host (as demonstrated 
by fatal tuberculin shock 1 19) and ineffective in protection after a high 
dose inoculated systemically. The mechanisms of such acquired unre
sponsiveness are different from those observed in BALB/c mice. 

4. CONCLUSIONS 

Numerous conclusions can be drawn from the above data. Indi
viduals developing any of the mycobacterial diseases may temporarily 
lose or may never have the possibility to respond to mycobacterial anti
gens. When any of these infections become disseminated, specific and 
nonspecific local or systemic cell-mediated unresponsiveness occurs. De
pending on the underlying mechanisms, in certain individuals this unre
sponsiveness is reversed by either chemotherapy or immunotherapy, or 
both, with clinical improvement, while others never recover from their 
specific unresponsiveness. It may be also important to consider that the 
regulatory mechanisms mounted by the mammalian immune system are 
basically the same in all mycobacterial infections but vary depending on 
genetic and environmental predispositions of the host and on the patho
genic capacity of the infecting species. 

Several explanations for the in vivo and in vitro anergic states occur
ring in human mycobacterial infections have been put forward. They 
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are not mutually exclusive, but each may concern particular subsets of 
individuals belonging to the various groups of the immunologic spec
trum. Infected individuals are more or less heterogeneous in immune 
response, showing geographic variation, and an even higher hetero
geneity is observed in specific and no~specific effectors and regulatory 
mechanisms. Thus, for an apparently similar anergic state, different 
regulatory mechanisms may be involved. Such newly acquired knowl
edge will be of great assistance for future strategy in controlling human 
mvcobacterial infections. 

The conclusions drawn from experimental models have been useful 
in the past, but some confusion exists in the literature concerning the 
definition of resistant and susceptible mouse strainsY This results from 
the use of different species and strains of mycobacteria (without any 
definition of their pathogenic capacity), inoculum doses, and route of 
administration, as well as from differences in the evaluation of resistance 
and pattern of eMI responsiveness or unresponsiveness. 

There are several areas in urgent need of further in vivo and in vitro 
studies: fate and nature of interrelationship between living mycobacteria 
and several subpopulations of phagocytic cells; interactions between 
such subpopulations of infected cells and the recruitment, functions, 
and clonal expansion of specific T-cell subpopulations; relationships be
tween regulatory cell pathways and natural or acquired resistance or 
susceptibility; and interrelationships between protection and immu
notherapy. The amount and type of cell mediators also have a genetic 
basis, and further analysis of the responses of resistant and susceptible 
animals will yield information of value. The genes involved need to be 
identified and mapped, and techniques must be devised to distinguish at 
the molecular level between the phenotypic expression that influences 
innate and acquired resistance. It will then be possible to develop real
istic in vivo and in vitro tests in human beings for evaluation of the innate 
potential to mount an effective acquired immunity before the first con
tact with a given mycobacterium species. Such work may also lead to the 
possibility of finding ways to increase natural resistance and of develop
ing better adapted chemotherapy for individuals already suffering from 
mycobacterial diseases or methods other than classic vaccination for pro
tection of genetically unresponsive individuals. 120 
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Anergy In Experimental 
Mouse Models of 
Mycobacterial Infection 
IAN M. ORME 

1. INTRODUCTION 

9 

Unresponsiveness, or anergy, is often observed in association with active 
tuberculosis and other mycobacterial diseases, both in the clinical setting 
and in experimental animal models of these infections. In both clinical 
and experimental laboratory settings, various manifestations of anergy 
can be observed using both in vitro and in vivo approaches. In the case of 
the former, most in vitro observations of anergy following mycobacterial 
infection consist of the measurement of a reduced capacity of lympho
cytes to undergo blastogenic transformation in response to stimulation 
by mitogens, by specific antigens associated with the infecting organism, 
or by alloantigens in a mixed lymphocyte culture. As for in vivo ex
pressions of anergy, these are most usually measured as a reduction or 
loss of the capacity of the infected host to mount a delayed-type hyper
sensitivity (DTH) response to a cutaneous injection of specific antigen. 

The purpose of this chapter is to consider various situations in 
which anergy may develop, as well as the mechanisms that may underlie 
this development, in a number of experimental mouse models of my
cobacterial infection. It is important to realize, however, that the condi
tions under which anergy can be measured using such models may dif-
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fer greatly from those existing in the clinical laboratory. For example, 
mouse models of infection are invariably performed using syngeneic 
inbred strains, which are usually bred under specific-pathogen free con
ditions. Furthermore, these animals will be infected with very large 
numbers of bacteria (in order to induce a rapid state of anergy), usually 
by routes that do not mirror the natural disease process. In the clinical 
setting, however, the various parameters contributing to anergy may be 
much more diverse, involving not only a consideration of the primary. 
infectious disease itself, but many other disposing factors, such as sec
ondary infection, underlying pathology (e.g., neoplasia), the age of the 
patient, and the like. The clinical aspects of this subject are covered in 
Chapter 11, this volume and therefore are not considered here. 

Mycobacteria are both excellent immunogens and adjuvants; it is 
not surprising that they induce an extremely powerful acquired cellular 
immune response in the infected mouse. It is equally unsurprising that 
the generation and expression of this host response is often associated 
with considerable perturbation of the immunologic reactivity of the host 
in general. These perturbations may manifest themselves variously as 
increases in the capacity of the animals to mount a given immune re
sponse, for instance to tumor-specific antigens, or as a reduction or loss 
in immune reactivity, such as cutaneous anergy to injection of specific 
antigen. 

In a number of experimental situations in which anergy may devel
op, the roles of various cell populations that contribute to unrespon
siveness is well documented and understood and is discussed below. What 
is much less understood, and regrettably is apparently not even consid
ered in a number of publications on the subject, concerns the precise 
relevance of the development of anergy to the overall immunocompe
tence of the animal in vivo, in terms of both its ability to generate protec
tive immunity to the infecting organism and its ability to respond to other, 
unrelated antigens. In this regard, the concept is developed in this chap
ter, using a number of examples, suggesting that some expressions of 
anergy that follow from heavy mycobacterial infection of mice in fact 
represent an increased immunologic reactivity of the animal as a result of 
the infection, rather than reflecting some form of decrease or loss of 
specific responsiveness. For example, while it can be shown that T cells 
harvested from M. bovis bacillus Calmette-Guerin (BCG)-infected mice 
are unable, under certain circumstances, to divide in vitro following 
stimulation with specific antigen or mitogen, this event paradoxically 
occurs at a time when actively dividing T cells can be passively transferred 
from these mice that can adoptively mediate increased antituberculous 
resistance. These types of observations and other examples of increased 
immunologic reactivity in the anergic host are discussed in greater detail 
below. 
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2. MANIFESTATIONS OF ANERGY IN VITRO 

The possibility that high intravenous (IV) doses of BCG might lead 
to immunosuppression first emerged more than a decade ago, at a time 
when the vaccine was being seriously considered as a potentially impor
tant new immunomodulator of cancer immunotherapy. Florentin et at. l 

found that administration of high doses of BCG (> 107 viable bacteria) 
resulted in the generation of an adherent macrophage-like population 
of cells that were able to depress severely the blastogenic response of 
normal T cells to the mitogen Concanavalin A (Con A) and were also 
able to inhibit the cytolytic response of such cells. By contrast, the BCG 
infection had no effect on the capacity of the animal to express contact 
sensitivity in vivo following exposure to picryl chloride. 

The ability of inhibitory cells induced by BCG to suppress in vitro 
responses to mitogens has been extensively studied by Turcotte and 
colleagues,2-4 who found that BCG infection resulted in the subsequent 
depression of blastogenic responses of splenic cells both to T-cell mito
gens and to lipopolysaccharide. Subsequent analysis of this phenomenon 
revealed that the primary cell population mediating this inhibition bore 
the characteristics of a macrophage. Evidence was also provided that a 
second cell population could also mediate inhibition, albeit at a weaker 
level, and that this population consisted of a radiation-sensitive T lym
phocyte. The functional role of these inhibitory cells was not formally 
examined, but it was suggested that they might contribute to the regula
tion of the immune response to the BCG infection and to the anergy 
observed following the cutaneous injection of tuberculin. 

Further evidence for an inhibitory adherent cell population ac
quired in response to BCG infection was provided by Klimpel and Hen
ney5 and by Orbach-Arbouys and Poupon.6 That this phenomenon was 
not solely restricted to BCG infection was revealed by Bullock et at., 7 who 
presented evidence for a similar cell population in mice infected with M. 
tepraemurium. Again, although this population was extremely inhibitory 
in vitro and could be detected over a long period of time, a second 
population of T lymphocytes with inhibitory properties were also identi
fied, similar to the findings of Turcotte and colleagues. 

At the time that these publications appeared, our knowledge and 
understanding of the basic networks that contribute to the regulation of 
the immune response was expanding rapidly; thus, it was perfectly rea
sonable at that time to hypothesize that suppressor T cells and sup
pressor macrophages were acquired by the animal in response to large 
infectious doses of mycobacteria as part of a negative immunoregulatory 
mechanism designed to control the mediator cell (T cell) and effector 
cell (macrophage) antimicrobial response. Other hypotheses were also 
advanced, including the interesting suggestion that the functional role 
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of suppressor macrophages was to depress the possible development of 
autoimmune mechanisms that might result from tissue damage occur
ring at sites of bacterial implantation.s 

Other workers at this time were less convinced that the inhibitory 
cell populations played any functional role in the intact animal. For 
instance, Rook and King,9 while noting the inhibitory activity of my
cobacteria-induced adherent cells in vitro, pointed out that this did not 
necessarily correlate with immunosuppression in vivo. Using another 
intracellular bacterial infection, Cheers and colleagues,IO·11 similarly 
noted that although highly inhibitory macro phages were acquired in the 
spleens of mice infected with Brucella, these animals responded in a 
normal fashion in vivo to immunization with sheep erythrocytes or to 
secondary infection with Listeria. 

Where mycobacteria-induced suppressor macrophages may playa 
functional role in experimental animal models in vivo may lie in the area 
of tumor immunotherapy. For example, Wepsic et al. 12 presented evi
dence that immunization with the cell wall of BCG (in an oil-in-water 
emulsion) can result in the acceleration of the growth of a syngeneic 
tumor implant. The cell-wall material is highly effective in inducing 
suppressor macrophages capable of inhibiting mitogen responses in 
vitro; it was speculated that this cell population might act in vivo by 
interfering with the induction of the tumor-specific immune response. 
This interesting area is clearly in need of much further study, however, 
as these investigators themselves concede in a recent review on this 
subject. 13 

3. POSSIBLE MECHANISMS UNDERLYING 
UNRESPONSIVENESS IN VITRO 

As a generalization, unresponsiveness in vitro following IV mycobac
terial infection is a function of the inoculum size; the larger the number 
of bacteria injected, the more likely that lymphoid cells will become 
anergic in vitro to blastogenic stimulation. Other factors are equally 
important, however; for instance, the mycobacterial strain in question 
must be able to colonize the host-even large inocula of organisms such 
as M. vaccae or M. scrofulaceum, which are not infectious for mice, are 
rapidly destroyed and have no detectable perturbative effects on the 
host-immune response. 

A third factor concerns the genetic makeup of the strain of mouse 
employed, in that the resistance or susceptibility of the mouse strain to a 
given mycobacterial infection will determine the types of inhibitory cell 
populations subsequently acquired. For example, if a mouse strain (e.g., 
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the AI J, or the B6D2 F I hybrid) is employed that is highly resistant to the 
growth of even very high doses of certain mycobacteria, such as M. simiae 
or M. avium,11 then only adherent cells can be found to subsequently 
mediate unresponsiveness in in vitro assays. I :, By contrast, if an organism 
such as BeG Pasteur is used that will grow well in all conventional mouse 
strains, It) both inhibitory macrophages and T lymphocytes can be de
tected in in vitro assays if the inoculum of BeG is sufficiently large. 

To illustrate the first of these factors, Fig. 1 shows the in vitro 
blastogenic responsiveness to the T-cell mitogen phytohemagglutin 
(PHA) of spleen cells harvested at various times during the course of IV 
infection with various doses of viable BeG Pasteur. Whereas no pertur
bation of in vitro responsiveness was evident at the lower doses, a moder
ate reduction in blastogenesis was observed during the second week of 
infection with J06 BeG. By contrast, spleen cells from mice infected with 
lOS BeG rapidly became anergic to blastogenic stimulation and had only 
partially' recovered their responsiveness by day 60 of the experiment. 

A further series of experiments were then performed to charac
terize the cell populations involved in mediating the in vitro unrespon
siveness induced by IV injection of JOS BeG, Spleen cells were harvested 
and were either un fractionated or depleted of macro phages by ad
herence to nylon wool, prior to culture in the presence of PHA. It was 
found (Fig. 2) that unfractionated spleen cells rapidly became anergic to 
blastogenic stimulation, and that responsiveness was only slowly re
covered, returning to close to control values on day 90 of the ex peri-

15 3G 45 &0 15 30 45 &0 15 30 45 60 15 3G 45 60 
Time in days 

FIGURE 1. Responsiveness, against time, of.~ x lOS spleen cells to blastogenic stimulation 
with 2.0 JLg PHA in mice infected intravenously with (a) 10"1, (b) 10". (c) lOti, or (d) IO~ 
viable BeG Pasteur. Strains tested were C57BLl6 (0), BALB/c (0), DBA/2 (.), C3H/He 
(e), and BtiD2 FI hybrids (A). Control responses ranged from 7 x 10.1 to 1.5 x lOS cpm. 
Background responses always less than 2000 (pm. Data calculated from responses of 
triplicate cultures. 
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FIGURE 2. Responsiveness to PHA of 
un fractionated (0) or T-cell-enriched 
(plastic nonadherent cells passed 
through nylon-wool columns) (0) 
spleen cells harvested at indicated 
timepoints from B6D2 F I hybrid mice 
infected intravenously with 108 BeG 
Pasteur. Control data as in Fig. I. 

ment. Anergy to the PHA mitogen was also observed within the T-cell
enriched population, although unresponsiveness became apparent more 
slowly (peaking between days 15 and 20) and recovered much more 
quickly (values returned close to control values by day 45). It was con
cluded that, while 108 BCG could induce unresponsiveness via both 
macrophage and T-cell mediator populations, the kinetics of emergence 
and loss of these inhibitory cells was clearly different. 

Various strains of mice can be designed as susceptible or resistant on 
the basis of their ability to restrain the growth of a number of nontuber
culous mycobacteria infections. Although the well-defined Beg/ Lsh/ tty 
locus probably plays a role in this event (see Chapter 3, this volume), the 
resistance trait is clearly under multigene control. 14 The practical conse
quence of natural resistance to these infections is that in mouse strains 
expressing the resistant trait, little or no evidence for any substantial 
expression of acquired mechanisms of cellular immunity can be 
found. 14 The only exception to this was observed in mice infected with 
very high numbers (l08) of nontuberculous mycobacteria, in which 
moderate levels of macrophage activation in vivo (measured as the capac
ity of the animal to destroy an intravenous inoculum of Listeria) could be 
detected. Under these latter circumstances, spleen cells from such mice 
which have been depleted of adherent cells respond essentially normally 
to T-cell mitogens, whereas unfractionated spleen cells are considerably 
depressed in responsiveness (Fig. 3). 

It will be apparent from the above argument that anergy at the T
cell level in vitro seems somehow to be associated with the level of ac
quired T-cell-mediated immunity that is generated in response to the 
mycobacterial infection. Thus, a number of questions arise (and that 
appear to have been ignored in a number of publications on this sub
ject): If the T cells that mediate anergy in vitro have a functional role in 
vivo, how can this be measured? Would it not be predicted, if it were 
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hypothesized that these cells represented a negative feedback mecha
nism to downregulate protective T-cell immunity to the BeG infection, 
that overall levels of acquired immunity to 106 BeG (in which T-cell 
anergy in vitro is negligible) would be expected to be at least as high as, or 
higher than, levels of acquired immunity generated to 108 BeG, in 
which anergy in vitro is substantial? Furthermore, what are the precise 
temporal relationships between the emergence of inhibitory cells in vitro 
and the emergence of the acquired immune response to BeG in vivo? 

In order to begin to answer these questions, mice were infected IV 
with either lOll or 106 BeG and the development of in vitro T cell anergy 
compared with the emergence of the protective T-cell response in vivo. 
This latter parameter was measured as the capacity of splenic T cells to 
protect T-cell-deficient recipients adoptively from an IV challenge infec
tion with virulent M. tuberculosis; this assay is described in detail else
where.17 It was found (Fig. 4) that substantial levels of protective anti
tuberculous T cells were rapidly generated in mice infected with the 
higher dose (lOll IV) of BeG, whereas immunity was generated at a 
slower rate in mice given the lower dose (106 IV). Thus, again, paradox
ically, it appeared that the more powerful the acquired response in vivo, 
the more likely that in vitro anergy at the T-cell level would ensue. 

One possible way of looking at these data would be to hypothesize 
that the suppressor T cells observed in the in vitro assays were acquired 
to dampen the in vivo response; i.e., if they were removed, the levels of 
acquired immunity generated against 108 BeG would actually be higher. 

a b 
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Time in days 

c 

15 30 45 60 

FIGURE 3. Responsiveness to PHA of unfractionated (0) or T-cell-enriched (0) spleen 
cells from BfiD2 F I hybrid mice infected intravenously with 10K (a) M. avium 724, (b) M. 
simiae 1226, or (c) M. kanmsii 12()3. Control responses ranged from 8.5 x I ()4 to 1.2 x I ()S 

cpm. 
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FIGURE 4. Evidence that T-cell un
responsiveness in vitro to PHA is tem
porally associated with the rapid gen
eration of protective T cells, acquired 
in response to 108 BCG infection. 
(a) Response to PHA of T-cell
enriched spleen cells from mice in
fected intravenously with 108 (0) or 
106 (e) BCG. (b) Capacity of T cells 
from such mice to adoptively protect 
T-cell-deficient recipients from a 
challenge infection with M. tuber
culosis. Cell donor mice infected with 
108 BCG (solid bars) or 106 BCG 
(hatched bars) (n = 4-5 mice per 
transfer group). 
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This possibility could be argued as unlikely, however, in that such a 
hypothesis would have to explain how such cells could mediate a specific 
negative regulatory role in vivo and yet utterly suppress a pan-T-cell 
proliferative response in vitro. Another more direct argument against 
the hypothesis that such suppressor cells might mediate an antiprolifera
tive function is provided by the results of experiments, showing (Fig. 5) 
that despite a lack of proliferative activity in vitro, substantial levels of 
blastogenesis were occurring at that time in the intact animal. 18 

A possible explanation for this paradoxical situation was provided 
by experiments designed to attempt to restore T-cell responsiveness in 
vitro. The rationale for the experiments was as follows. The protective T
cell response to BeG involves both L3T4+ Lyt-2 - and L3T4- Lyt-2+ 
protective cell populations (I. M. Orme, to be published); indeed, the 
Lyt-2 + population is particularly effective in protecting against airborne 
tuberculosis. 19 Although the kinetics of emergence and loss of the 
Lyt-2 + protective T cell is only partially known at this time, preliminary 
data suggests that its activity is maximally expressed between days 15 
and 25 in mice infected with 108 BeG IV, i.e., at a time when peak T cell 
anergy can be observed in vitro. 

Since cells bearing the Lyt-2 + phenotype are believed to be a pri
mary target for the growth hormone interleukin-2 (IL-2), experiments 
were performed to test the possibility that addition of IL-2 to cultures 
might reverse the unresponsiveness observed in vitro. Hl This indeed was 
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found to be the case (Fig. 6) and has been confirmed elsewhere.2o In 
addition, subsequent experiments revealed that the apparent lack of 
available IL-2 in the anergic cultures may have come about as a result of 
absorption of this material by IL-2-dependent T-cell blasts present in the 
spleen cells harvested from the BeG-infected mice. This was based on 
the observation that such cells possessed the capacity to rapidly absorb 
IL-2 from IL-2-containing supernatants,18 a finding consistent with a 
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FIGURE 6. Evidence that the addition of IL-2 restores unresponsiveness and ablates sup
pression of PHA responses in vitro. (a) Response of increasing numbers of T -cell-enriched 
spleen cells from normal (e) or BCG-infected (l08 IV 15 days prior) mice (0). (b) Effect of 
addition of 5U IL-2 to cultures. (c) Effect of admixing increasing numbers (1-3 x 105 ) of 
T cells from infected mice (0) or from normal mice (e) to a fixed number of cells (3 x 
105) from normal mice. (d) Restoration of responsiveness by addition of IL-2. 
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high frequency of receptor expression by such cells18 (M. J. H. Ratcliffe, 
personal communication). On the basis of these findings, it was hypoth
esized that BeG-infected mice acquire a population of IL-2-dependent 
Lyt-2 + T cells capable of adoptively protecting recipient mice against M. 
tuberculosis infection and yet, because of their IL-2 dependency, artifac
tually behave as suppressor T cells when cultured with mitogens in vitro. 

Recently, Turcotte and Legault21 suggested that the anergic re
sponse to mitogens in mice infected with 107 BeG is not a consequence 
of IL-2 absorption, but rather reflects a transient defect in IL-2 secretion 
by IL-2-producing T cells. How this functional defect relates to the 
immunocompetence of the animal, in which a powerful acquired cellular 
immune response is ensuing, is not explained by these investigators. 

Although supplementation of anergic cultures with IL-2 can restore 
T-cell responsiveness, it has no effect when added to cultures of normal 
T cells admixed with macrophages obtained from BeG-infected mice 
(Fig. 7). Indeed, nothing is known about the mechanisms by which such 
cells are able to suppress immune responses in vitro. Suppressor factors 
have been implicated, but it must be borne in mind that macrophages 
obtained from infected mice release a large variety of substances that are 
capable of perturbing in vitro assays of immunity.22 For instance, such 
cells can release large quantities of thymidine (which will compete with 
radiolabelled thymidine added to cultures) and arginase (which by de
pleting arginine will remove an amino acid required by dividing T cells). 
Many other inhibitory substances are also released, including polyamine 
oxidase (which will result in the production of inhibitory aminoalde
hydes), prostaglandins, interferons, and toxic oxygen products. It will be 
realized, in addition, that although many of these materials will have a 
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FIGURE 7. Demonstration that addition of IL-2 has 
no effect on inhibition of responsiveness by adherent 
cells from infected mice. T-cell-enriched normal cells 
were cultured with PHA in the presence of adherent 
spleen cells from normal mice (0) or from BCG-in
fected mice (e), in medium supplemented with 2.5U 
IL-2. Addition of IL-2 to un fractionated spleen cells 
from BCG-infected mice (0) had no effect. In admix
tures, 5 x 105 un fractionated cells from normal or 
infected mice were precultured for I hr; wells were 
then washed to remove nonadherent cells. 
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very short half-life in vivo, in vitro they may be present in the culture 
medium for the entire duration of the assay. 

Whatever the precise mechanism involved in vitro, one aspect of 
BeG-induced suppressor macrophages that is quite striking is the sim
ilarity between the kinetics of emergence and loss of this population, as 
measured in vitro, and the emergence of an acquired population of 
activated macrophages in vivo. It can be seen in Fig. 8 that this latter 
population, which can be measured as an increased capacity of the ani
mal to destroy an IV injected inoculum of Listeria rapidly, closely follows 
the kinetics of the depressed responsiveness in vitro. 

How can these data be interpreted? One possibility is that sup
pressor macrophages and activated macro phages are in fact the same 
cell population. This possibility was alluded to in some early papers on 
the subject! but has not been extensively discussed since. Indeed, I be
lieve that the onus is on the workers in this field to dissociate these two 
populations validly before a functional physiologic role for suppressor 
macrophages can be ascribed. 

4. MANIFESTATIONS OF ANERGY IN VIVO 

The tuberculin test is the most important and widely used pro
cedure in the diagnosis of tuberculosis; both the emergence and loss of 
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cutaneous responsiveness to this material have important clinical im
plications. Indeed, the association between tuberculosis infection and 
the development of DTH to the cutaneous injection of mycobacterial 
antigens (tuberculins) has long been recognized.23 

In experimental animal models of mycobacterial infection, it has 
invariably been found that moderately sized infectious inocula will result 
in the generation of the capacity to express strong DTH to tuberculin, 
while high-dose infection invariably leads to anergy24,25 (Fig. 9). In the 
early work on this phenomenon, a correlation was drawn between 
anergy to tuberculin, such as that induced by the repeated injection of 
BCG,26 and desensitization, in which the animal could be rendered spe
cifically unresponsive for a long period of time, and nonspecifically un
responsive for a transient period, by the IV injection of a large dose of 
the specific antigen.27 ,28 In such experiments, cells from sensitized ani
mals could transfer contact sensitivity to control mice but not to desensi
tized animals, whereas cells taken from unresponsive desensitized ani
mals could transfer sensitivity to controls.29 

Bullock,3o,31 in reviewing such evidence, suggested that cell se
questration might be an important factor in the loss of sensitivity. In
deed, in his own experiments, infection of rats with M. lepraemurium 
resulted in a severe disturbance of the recirculating lymphocyte pool 
(measured as a reduction in numbers of lymphocytes present in the 
thoracic duct lymph). Injection of radiolabeled lymphocytes revealed 
that the presence of infection caused a considerable sequestration or 
trapping of such cells within the reticuloendothelial system, particularly 
within the spleen. 32 

Orme and Collins33 presented evidence to suggest that a similar 
mechanism may be operating in tuberculin-anergic mice infected IV 
with 108 BCG. By use of the passive transfer technique, they have re
vealed that cells capable of mediating DTH can be readily found in the 
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FIGURE 9. Kinetics of emergence of 
delayed-type cutaneous sensitivity to tu
berculin (PPD) in mice infected IV with 
108 (e) or 106 (0) BeG Pasteur. Data 
expressed as mean DTH response at 24 
hr (+SEM; ]V = 5). 
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FIGURE 10. Local passive transfer of reac
tivity to PI'D by spleen cells harvested from 
mice rendered anerg-ic by infection IV with 
lOR Bee Pasteur. (Mean values at 24 hr 
+SEM; N = 5). Normal syng-eneic recip
ients inoclII,lIed in hind footpads with 3 x 
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spleens, but not in the peritoneal exudate, of tuberculin-anergic mice 
(Fig. 10). These data were interpreted as indicating that an adaptive 
physiologic change had occurred in the heavily infected mice, in that 
antigen-reactive cells had become sequestered in the spleen (the site at 
that time of the generation of a powerful acquired immune response; 
see above), with a resulting reduction in the number of DTH effector T 
cells still circulating, and thus with a reduction in the numbers of cells 
able to extravasate into cutaneous sites of inflammation. 

Sequestration of antigen-reactive T cells may not only be involved in 
anergy to tuberculin but may also contribute to a more general phe
nomenon: i.e., the finding that moderate doses of BCG, if given sub
cutaneously, give rise to much higher levels of DTH than a similar 
inoculum in.iected intravenously. For instance, if an inoculum of lOti 
BCG is given in the footpad, about 1 % of this can be found in the 
draining popliteal lymph node within 24 hr. By contrast, 10% of an IV 
inoculum can be found in the spleen within 1 hr; thus, one would pre
dict, assuming no qualitative differences between the spleen and the 
lymph nodes, that DTH would be better expressed in the IV infected 
mice. That the reverse is in fact true may reflect the anatomy of the 
organs involved. Once sensitized, the DTH effector cell population may 
encounter a large number of lesions within the spleen caused by bacte
rial implantation, where immunity is being expressed and relevant anti
gens are being presented. Thus, it is quite possible that following sen
sitization, a sizable proportion of antigen-reactive cells do not enter the 
circulation but remain sequestered close to the site of their generation. 
By contrast, possibly as a result of the more gradual uptake of the infec-
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FIGURE 11. Demonstration that 
intravenous infusion of PPD-re
active recipients (infected with 
10li BCG IV 20 days prior) with 5 
x 107 T-cell-enriched spleen 
cells from anergic donor mice 
(infected with 108 BCG IV) had 
no effect on subsequent response 
of recipients to cutaneous injec
tion of 5 f.Lg PPD. Attempts to 

block inductive phase of DTH by infusion of cells from anergic mice at earlier stages of 
(106 ) BeG infection in recipients were also unsuccessful. Means responses +SEM; N = 5. 

tious organism, DTH effector T cells generated in the draining lymph 
nodes are much more readily able to pass into the circulation via the 
efferent lymphatics. 

Attempts in this laboratory to correlate tuberculin anergy to an active 
mechanism of immunosuppression have proved unsuccessful. For exam
ple, infusion of mice sensitized to 106 BeG (tuberculin-reactive) with 
spleen cells from tuberculin-anergic mice did not reduce the capacity of 
the recipients to respond to tuberculin (Fig. II). Other workers, however, 
have suggested that if such cells are enriched for B cells, active suppres
sion mediated via an anti-idiotypic mechanism can be demonstrated. 31 By 
contrast, Turcotte and Forget25 showed, using two methods believed to 
ablate suppressor mechanisms (splenectomy and cyclophosphamide che
motherapy), that such methods have no effect on tuberculin anergy in 
mICe. 

5. UNRESPONSIVENESS TO UNRELATED ANTIGENS 

It can be seen that infection with mycobacteria can perturb a 
number of important diagnostic assays considerably. In addition, howev
er, many other in vitro immune responses and some in vivo responses are 
also considerably modulated in the infected host. 

One type of assay system considerably modulated in vitro by the 
presence of infection consists of the host response to alloantigens, such 
as that measured using the mixed lymphocyte response (MLR). Again, 
however, caution must be applied in interpreting the meaning of the 
perturbation of immunity that is observed. For example, the data pre
sented in Fig. 12a show that IV infection with three nontuberculous 
mycobacteria, M. kansasii, M. saimiae, and M. avium, resulted in a severe 



9. ANERGY IN EXPERIMENTAL MOUSE MODELS 221 

MLR to SA-1 Growth of SA-1 in vivo 
100 
~~, 20 E 

a> E It) 

/rf~~,: 
0:::: '" ~. c:i 0 
a. 

o o~ It) x 
a> 

Q; ... \ ~:~. 0 SO 

/ : 
10 a; ... E 'E '" 0 :0 (,) 

il. 
... 
0 

a 0--0'-- b E 
0 .a 

10 20 30 40 2 4 6 3 10 

Time in days 

FIGURE 12. (a) Depression of allogeneic responsiveness of B6D2 F I hybrid spleen cells (5 
x lO5) to a similar number of irradiated SA-I tumor cell (H-2a) targets in mice infected IV 
with IOH M. (lviulIl 724 (0), M .. li1l!iae 1226 (e), or M. kansasii 1203 (0). (b) Ability of 
infected animals to reject implant in the footpad of 5 x 105 untreated SA-I tumor cells. 
Implanl given on day 30 of infection. Data expressed as mean tumor diameter. N = 4; 
(_), controls. 

depression of the MLR of spleen cells to an H-2a target cell population. 
This suppression was longlasting and mediated by adherent cells; thus, it 
bore a strong similarity to suppressor macrophages observed in other 
assay systems described above. That this inhibitory cell had no apparent 
relevance to the immunocompetence of the animal in vivo was then 
demonstrated by experiments in which infected animals were tested for 
their capacity to reject the implant of an H-2a tumor cell allograft. It was 
found (Fig. 12b) that the kinetics of rejection of the tumor cell burden in 
the infected mice was similar to that measured in controls, indicating 
that the suppressor cells observed in vitro played no detectable role in 
inhibiting or slowing the allogeneic response in vivo. 

Another assay system widely used to measure the perturbation of 
immunity that results from mycobacterial infection consists of measure
ments of immunity to the antigens expressed by sheep red blood cells 
(SRBC) . This antigen is particularly useful because priming of mice with 
low doses intravenously (or higher doses subcutaneously) results in the 
acquisition of delayed-type sensitivity, while higher doses given intra
venously induce the formation of specific antibody. 

Both enhancement and depression of antibody responses to SRBC 
in BeG-infected mice have been reported; current evidence may suggest 
that these differing results may reflect the overall viability of the BeG 
inoculum injected.:I !) In the case of the induction of sensitivity, whereas 
IV BCG infection has little or no effect on levels of DTH generated in 
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FIGURE 13. Cutaneous DTH response in 
lilOtpad to challenge with I()H SRBC, 5 days 
after priming with indicated range of doses of 

a antigen. Response in normal mice (0) or BCG
O-L._~~-""---=-=~-;;;-=-=~--;;;;~~ infected (IOH IV , 15 days prior) mice (.) 

4 5 6 7 8 primed IV, or in normal (e) or infected (0) 

10910 SRBC injected 
mice primed SC . Mean values: N = 5; SEM 
range: 0.2-1.0. 

response to subcutaneous SRBC priming, the DTH response to this 
antigen is ablated if both the SRBC and high numbers of BCG are 
i~ected IV (Fig. 13). A similar observation has been made in animals 
injected with high doses of other mycobacteria, such as M. avium and M. 
simiae. 15 

A possible explanation for this in vivo anergy was provided by ex
periments in which the dose of SRBC was increased in an attempt to 
restore responsiveness. It was found (Fig. 14) that if the dose of SRBC 
administered to infected mice was increased lOOO-fold over that re
quired to prime normal mice for DTH (lOs SRBC IV), DTH responses 
similar to those expressed by control mice could be obtained. Because 
these mice were expressing increased antimicrobial resistance in the 
spleen at this time, it was hypothesized that the requirement for an 
increased dose of SRBC necessary to prime these mice for DTH re-
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FIGURE 14. Restoration of DTH response to 
SRBC in mice infected IV with BCG (0), M. avium 
724, (.) or M. simiae 1226 (e) by increasing intra
venous SRBC priming dose. Mice primed on day 
18 of BCG infection. and on day 30 of nontuber
culous mycobacterial infections. Mean values: N = 
5; SEM range: 0.2-\'\' 
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flected a lack of T-cell sensitization to the lower SRBC dose. As a possible 
explanation for this lack of sensitization, since activated macrophages 
were present in the infected spleens at these times, these cells resulted in 
the rapid destruction or catabolism of relevant SRBC antigens before 
they could be adequately presented to T cells, and saturating the system 
with high numbers of SRBC overcame this effect. That the lack of ef
fector T cells reflected a lack of sensitization, rather than some active 
mechanism preventing the induction of immunity, was shown by appro
priate passive transfer experimentsY" Once again, an anergic response 
in vivo seemed to be directly associated with high levels of acquired 
immunity to the infection, rather than reflecting a loss of immunocom
petence that a more cursory examination of the data might intimate. 

6. CONCLUSIONS 

There is a world of difference between controlled laboratory mod
els of anergy in experimental animals and various expressions of anergy 
observed in the clinical setting. What these experimental models do 
imply is that there are apparently several situations in which expressions 
of anergy in in vitro assays do not reflect the immunocompetence of the 
animal when this competence is measured under in vivo conditions. In
deed, because of the voluminous literature available concerning the gen
eration in vitro of a whole host of various suppressor cells in mycobac
terial infections, it is easy to lose sight of the fact that, at the same time, 
the animal is generating a powerful acquired immune response to the 
infection. One is faced with the strange scenario in which suppressor 
macrophages and suppressor T cells totally prevent the division of cells 
in a pan-T-cell mitogenic response in vitro; yet at the same time the 
animal possesses (1) macro phages that can destroy a lethal inoculum of 
Listeria, and (2) a dividing T-cell population that can adoptively protect 
recipients against a lethal infection with M. tuberculosis. 

It is apparent that a number of complicated mechanisms may un
derlie the development of anergy observed in mice heavily infected with 
mycobacteria. There is no good evidence at this time that these ex
pressions of anergy ref1ect a decrease in the ability of the animal to 
generate adequate levels of acquired immunity to the mycobacterial 
infection. 
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Suppressor Cells In 
Mycobacterial Infections 

10 

REIKO M. NAKAMURA and TOHRU TOKUNAGA 

1. INTRODUCTION 

Mycobacterium bovis BCG has been widely used as the antituberculosis 
vaccine and is also a well-known immunopotentiator in both humoral 
and cell-mediated immune responses. Bacillus Cal mette-Guerin (BCG) 
or Mycobacterium tuberculosis is an indispensable component of Freund's 
complete adjuvant and has been used in various experimental systems to 
potentiate immune responses. Because of its adjuvant activity, BCG has 
been used for immunotherapy of cancer, such as acute lymphoid leuke
mias l or melanomas2 in humans. There are quite a few reports in this 
field both in animal experiments and in human cases,3-7 many of which 
indicated improvement or even cure of the tumor by the immunother
apy with BCG. However, several reports show enhanced tumor growth 
by treatment with BCG. Likhite4 reported that in some instances tumor 
growth was enhanced by BCG injection in rats. Piessens et al. 8 showed 
that injection of a tumor cell-BCG mixture into rats resulted in either 
su ppressed or enhanced growth of the tumor depending on the dose of 
BCG. Mathe,9 who had emphasized the immunotherapeutic effect of 
BCG, even found that a high dose of BCG suppresses antibody produc
tion against sheep red blood cells (SRBC) in mice. BCG injected intra
venously (IV) induced suppressed immunity to rodent malaria. 10 Thus, 
it has been known for some time that the famous immunopotentiator 
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BeG has double-faced actIVity, modulating immune responses either 
into a positive (immunity) or negative (suppression) direction. 

Now, various types of suppressor cells are known to be induced by 
mycobacterial infection. Antigen-specific suppressor T (Ts) cells di
rected toward mycobacteria are responsible for inhibiting the induction 
of immunity to the bacilli, and consequently, enhance bacterial growth in 
vivo. Such condition is known in human leprosy. Nonspecific Ts cells 
and suppressor macro phages inhibit T-cell proliferation in general. 
Suppressor factors released by T cells or macrophages have been par
tially characterized, and some molecules were identified to be responsi
ble for the suppression. The development of molecular biology tech
niques and discovery of a new experimental animal, armadillo, brought 
advantages in human leprosy study where many investigators have 
struggle for the absence of assay systems because the bacilli are not 
cultivable in vitro. 

This chapter reviews these studies in relation to the suppressor cells 
induced by mycobacterial infection, the suppressor factors and mole
cules involved, and the mechanisms operative in the suppressor cell 
circuit. 

2. SUPPRESSOR CELLS INDUCED BY MYCOBACTERIAL 
INFECTION 

2.l. Suppressor Cells in M. bovis and M. tuberculosis Infection 

Two types of cells, T cells and macrophages, are known to induce the 
anergic state observed in the hosts receiving high doses of BeG or M. 
tuberculosis. Ts cells I 1-16 or suppressor macrophages, 17-21 or both, have 
been reported by many investigators. Mice receiving 108 BeG IV do not 
show the antigen-specific delayed-type hypersensitivity (DTH).12.13,22 
The spleen cells of these mice does not respond to tuberculin purified 
protein derivative (PPD), phytohemagglutinin (PHA), concanavalin A 
(eon A), and sometimes to bacterial lipopolysaccharide (LPS) in 
vitro. 16,18,22,23 Neither cytotoxic T lymphocytes nor alloreactive T cells 
are induced in mixed cultures of spleen cells from BeG-infected mice and 
-y-irradiated allogeneic stimulator cells. 14,18 To induce the unrespon
siveness, doses of BeG as high as 107-108 are required, Killed BeG are 
less effective than live BeG. The route of administration is also crit
ica1. 13,24 Intravenous injection induces suppressor cells in the spleen most 
effectively, So does intraperitoneal (IP) injection, The subcutaneous (SC), 
intradermal (ID), or intramuscular (1M) routes are not effective for the 
induction of suppressor cells but are good for immunizing the hosts. 
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Antigen-specific Ts cells in BCG-infected mice were described by 
Nakamura and Tokunaga. 13 C3H/He mice are genetically low re
sponders to BCG25 that show weak delayed-type hypersensitivity (DTH) 
to PPD 2 weeks after the injection of 107 BCG SC, by which time BCG
high-responders exhibit significant DTH. Complete suppression of 
DTH was observed in the mice given 107 BCG IV. The reason for this 
unresponsiveness was attributed to Ts cells, which are detectable in the 
spleen within 6 days from infection. These Ts cells inhibit the induction 
of effector T cells in DTH but not the expression of DTH in already 
immunized mice. Therefore, these Ts are Ts-aff (afferent limb acting) 
and not Ts-eff (efferent limb acting). Such Ts are induced in another 
BCG-Iow-responder strain of mice, A.SW, suggesting that the induction 
of antigen-specific Ts-aff is the basic mechanism for the low respon
siveness to BCG. 

Suppressor adherent cells were reported by Ellner l9 in the pe
ripheral blood of active pulmonary tuberculosis patients. The peripheral 
mononuclear cells (PMNC) from these patients showed depressed pro
liferation in response to PPD, streptokinase-streptodornase, or Candida 
antigen but responded normally to PHA. Larger numbers of circulating 
monocytes were observed in low responders than in high-responder 
patients. Depletion of monocytes resulted in enhanced blastogenic re
sponse of the patient lymphocytes to PPD. An enhanced mitogenic re
sponse of human peripheral lymphocytes was observed also in normal 
subjects following depletion of monocytes. 21 The inhibitory effect of 
monocytes in this case was mediated by prostaglandin secretion. 

The time course for the induction of suppressor cells by mycobac
terial infection was studied in various systems. Suppressor cells appeared 
as early as 3 13 or 5 days l6 after BCG injection IV and were still demon
strated as late as 40-90 days postinjection.1 2,16 In some instances, Ts 
cells appear earlier than suppressor macrophages in the spleen.26,27 But 
in most cases, both Ts cells and macrophages are detected simultaneous
ly in the spleen. 

The suppressor cells induced by the cellular components of BCG. 
J anss et at. 28 reported that IP injection of BCG cell walls (BCG-CW) in oil 
droplets induces Ts cells that inhibit graft-versus-host reaction. Kato et 
at. 29 reported that N-acetyl-muramyl-L-alanyl-D-isoglutamine, or 
muramyl dipeptide (MDP), the minimum component of BCG-CW hav
ing adjuvant activity but no antigenicity, induces suppression of DTH 
when injected IV into mice prior to immunization with BCG-CW. Tu
berculin-associated protein (TAP), an antigenic determinant of BCG, 
also induces suppression of DTH in BCG-CW immunization. Interest
ingly, the suppression induced by MDP, which has no antigenicity, is 
nonspecific, while TAP-induced suppression is antigen specific. Ts cells 
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induced by MDP or TAP inhibit delayed footpad reaction in vivo and 
macrophage migration inhibition mediated by a lymphokine (LK) in 
vitro. Thus, Ts cells seem to interfere with LK-dependent mechanisms in 
BCG-CW induced DTH. 

2.2. Suppressor Cells in Human Leprosy 

From early times of investigation, human leprosy has been known as 
a disease characterized by defects in cell-mediated immune (CMI) re
sponses. Immunosuppression in leprosy, either antigen specific or non
specific, was reported by many investigators as reviewed by Turk and 
Bryceson30 and Bloom and Mehra.31 Early studies showed suppressed 
skin reaction in lepromatous leprosy (LL) or borderline (BL) patients to 
lepromin, Dharmendra antigen, or Candida antigen.32,33 Shepard et ai.24 
showed that M. ieprae-induced suppression of DTH is observed in mice 
injected with 107 living bacilli IV or IP. Peripheral blood T cells of LL 
patients responded poorly to PHA, Con A, or lepromin in vitro. 33-35 
Lepromin-induced Ts cells and suppressor macro phages were reported 
in LL or BL patients, but not in tuberculoid-type (TT) patients.35.36 

Mehra et ai. 36 described two types of suppressor cells in LL and BL 
patients, i.e., T cells and adherent cells (monocytes). Ts-cell activity was 
associated with the OKT8 + ITH2 + subset of T cells. OKT8-depleted 
cells from some LL patients (6/21) showed enhanced proliferative re
sponses to lepromin in vitro, in spite of the depressed response of the 
original un fractionated cells. About 50% of the T8 + cells are FcR + and 
Ia +. The number of FcR + IIa + T cells increases in LL patients and 
decreases in patients treated with a mixture of killed M. ieprae and living 
BCG (Convit vaccine)37 along with an improvement of a skin reactivity. 
These results suggest that T cells with this phenotype could be the index 
for active suppression in leprosy. 

Stoner et ai. 38 tried to ascertain the presence of suppressor cells in 
leprosy by mixing the PMNC of LL patients (LL-PMNC) with those of 
HLA-D-identical healthy siblings in culture in the presence of lepromin. 
No suppressive effect was observed on lepromin-induced blastogenesis. 
Mitomycin C-treated normal PMNC activated LL-PMNC to respond to 
lepromin. These results suggest that there are no active suppressor cells 
circulating in the blood of LL patients. Because LL-PMNC did not re
spond to lepromin in the presence of normal antigen-presenting cells 
(APC), Stoner et ai. concluded that the depressed response to lepromin 
in LL patients is due to the lack of sufficient numbers of sensitized T 
cells. However, the suppressive effect exerted by LL-PMNC could be too 
weak to overcome the strong blastogenic response of healthy PMNC 
with lepromin. 
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2.3. Suppressor Cells in Atypical Mycobacteria and M. lepraemurium 
Infection 

The studies on suppressor cells in atypical mycobacteria infection 
are few. Watson and Collins26,39 reported that Ts cells are induced in 
mice infected with M. kabana or M. avium. In these mice, suppression of 
DTH to PPD and of T-cell proliferation induced by PHA or cytoplasmic 
protein antigen (CPA) was observed at 30-90 days of infection. In the 
case of M. avium infection, suppressor macrophages were detected in the 
spleen 90 days after bacterial IV injection. 

We have observed that Ts cells are induced in the spleens of mice 
infected with lvl. intracellulare Mino strain. Mino strain grows continu
ously in susceptible strains of mice, such as BALB/c or C57BLl6. These 
mice show no DTH to PPD-intracellulare (PPD-I). Ts cells are detectable 
by transferring the spleen cells of infected mice into syngeneic recip
ients, converting the response to PPD-I from positive to negative. Both 
Ts-affand Ts-eff were shown to exist in the spleen of infected mice; Ts
aff in the early stages of infection, and Ts-eff at later stages (Y. Goto and 
R. M. Nakamura, unpublished data). 

Macrophage-like suppressor cells are induced in the spleen of mice 
infected IP with M. lepraemurium 5-10 weeks after infection.40 These 
cells inhibit direct plaque forming cell response of normal spleen cell 
cultures to SRBC. At 10-11 weeks of infection, Ts cells become detect
able in the spleen. Suppressor cells are present in peripheral lymph 
nodes at 22-25 weeks of infection. 

Hoffenbach et al. 41 reported that spleen cells of M. lepraemurium
infected mice become less responsive to Con A or alloantigens and their 
IL-2 production also decreases gradually. Peak depression in Con A and 
alloantigen response was observed 6 months after infection, but IL-2 
production was depressed as early as 1 month after bacterial injection. T 
cells of infected mice also show a low reactivity to IL-2. 

However, results in M. lepraemurium are variable. In some cases, M. 
lepraemurium-infected mice show marked DTH to the bacterial antigen 
and inhibition of bacterial growth in vivo, while in some cases DTH is 
present but no acquired immunity to the bacteria is expressed.42 ,13 Per
itoneal macro phages of M. lepraemurium-infected mice are activated but 
fewer than normal in number, while spleen macrophages of the same 
mice are numerous but suppressed in the activity.44 

In mice M. lepraemurium causes a chronic infection, and the bacilli 
multiply very slowly. The host's immune response should vary along 
with the stage of infection. Strain variations in susceptibility to M. lep
raemurium are also known in mice.45- 47 The different results reported 
above could be due to differences in timing and in the animal strains 
used. 
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3. CELL-CELL INTERACTIONS RESPONSIBLE FOR Ts-CELL 
INDUCTION 

3.1. Antigen-Presenting Cells for Ts-Cell Induction 

The need for accessory cells for Ts-cell induction was first reported 
in a system of mycobacterial infection. Nakamura et al. 48 developed an in 
vitro system for the induction of Ts against DTH to BCG. Spleen cells of 
BCG-Iow-responder mice, C3H/He, cultured with PPD in vitro yielded 
Ts cells which blocked the induction of DTH. The suppressive activity 
was evaluated by transferring the cultured cells into syngeneic recipients 
where the immunization process was undertaken in vivo. By separating 
the spleen cells into T cells and plastic adherent cells (macrophages) 
before culturing with PPD, it has become apparent that I-J + adherent 
cells are necessary for the induction of Ts. I-A + adherent cells, which 
are known to serve as APC for the induction of helper T (Th) cells, are 
not required for Ts-cell induction. In the same in vitro method, it was 
found that the precursors for Ts cells are also I-J+. Both APC and Ts 
cell precursors are cyclophosphamide sensitive. Therefore, in the induc
tive phase of the Ts pathway in BCG infection an I-J + precursor Ts cell 
appears to recognize nominal antigen (PPD) presented on the I-J+ APC 
in association with an I-J molecule, and differentiate into an effector Ts. 
In this scheme, the I-J molecule plays the role of "self' as the I-AlE 
molecule in the Ts-cell circuit. Supporting evidence is that macrophages 
from BIO.A (SR) mice presented PPD to C3H T cells and induced Ts in 
vitro, but macrophages from BIO.A (3R) mice did not.49 Difference be
tween 3R and SR is only in I-J subregion. SR shares it (I-Jk) with C3H, 
but 3R (I-Jb) does not. Thus, I-J compatibility between APC and T cells 
is required for Ts cell induction. Nakamura et al. 50 also showed that an 
I-J + macrophage cell line could replace the splenic adherent cells in the 
induction of Ts cells in vitro. 

The role of I -J + APC for the induction of Ts cells was confirmed in 
hapten-specific DTH or contact sensitivity.51-53 Although the I-J gene 
has raised a paradoxical problem in that it is not located within the H-2 
complex as originally considered,54.55 I-J on APC or macro phages is 
likely a key molecule for the suppressor cell circuit. 

3.2. Effect of UV Irradiation on Ts-Cell Induction 

Recent studies of Granstein et al. 56.57 are suggestive to explain the 
role of UV irradiation in suppressor cell activation. I-A + epidermal cells 
(most probably Langerhans cells) are UV sensitive and decrease follow
ing whole-body UV irradiation in mice. On the contrary, I-J + epidermal 
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cells are resistant to UV and responsible for Ts induction. Thus, it seems 
reasonable to postulate that UV irradiation causes skin cancer because of 
increased Ts cells that depress CM!. Noma et at. 52 reported that UV 
irradiation selectively destroys the APC for the positive limb of immune 
response but not that for the suppressor pathway. 

4. MECHANISMS UNDERLYING THE SUPPRESSION INDUCED 
BY MYCOBACTERIAL INFECTION 

4.1. Suppressor Factors and IL-2 

Ts cells and suppressor macrophages produce suppressor factors 
which inhibit T-cell proliferation induced by PHA, Con A, LPS, or 
PPD.22.27,58 As Colizzi22 described, this suppression is reversed by ex
ogenous IL-2 both in vivo and in vitro. Suppressor factors from T cells 
and macro phages have been partially characterized.58 T-suppressor fac
tor is 50,000-70,000 M r, while macrophage factor is 10,000-30,000 Mr' 
These factors are distinct from each other in their effective timing to 
inhibit DNA synthesis in vitro; the T-cell factor acts only when it is added 
to the culture within 12 hr, but the macrophage factor is effective until 
48 hr after culture. Both factors inhibit IL-2 production by T cells. 

In many studies on human leprosy, it was shown that T cells of LL 
patients are incapable of producing IL-2 when stimulated with M. leprae 
antigen.31 ,59-61 The lack of IL-2 production is the reason for the unre
sponsiveness of M. leprae-infected patients. Modulin et ai. 62 determined 
the distribution of IL-2-producing cells and IL-2-receptor-positive cells 
(Tac+ cells) in the tissue ofleprosy patients using monoclonal antibodies. 
IL-2 producers have the phenotype Leu4 + Leu3a + Leu2a - Tac - OKT6-
and were fewer in LL patients compared with TT patients. Numbers of 
Tac+ cells did not differ in LL and TT patients. The presence ofTac+ 
cells in LL patients explains the restoration of DNA synthesis by ex
ogenous IL-2 in such patients,59,60,63 which is consistent with what has 
been observed in anergy induced by BCG.22 But a recent study of 
Mohagheghpour et al.61 showed that the defect in LL patients does not 
concern the production of IL-2, but the expression of IL-2 receptors. 
This observation does not agree with others.59,60,62,63 The reason for this 
inconsistency is not clear, however most results seem to indicate that the 
defect in IL-2 production is the main reason for the unresponsiveness of 
LL patients and for anergy in BCG or other mycobacterial infection. IL-2 
receptor is induced by IL-l, which is secreted normally by the monocytes 
of LL patients.64 This evidence is consistent with the fact that the num
bers of Tac + cells are similar in LL patients and normal controls.62 
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Honda et al. 65 reported that a lymphokine inhibiting IL-2-mediated 
T -cell proliferation is released from Con A-stimulated mouse spleen 
cells. The suppressive activity of the culture supernatant appeared in 
two peaks; 10,000-12,000 Mr and 60,000-80,000 Mr' This IL-2 inhib
itor is produced by L3T4 + or Ly 2 + T cells. IL-2 inhibitory molecules 
are reported by Hardt et al.66 as 50,000 Mr in mouse, and by Fontana et 
al. 67 as 97,000 Mr in human. It is not known whether suppressor factors 
in mycobacterial infection contain IL-2 inhibitor or not, but it might be 
worthy to test the hypothesis that any suppressor cell can inhibit the 
proliferation of other T cells in general by secreting IL-2 inhibitor. 

4.2. Phenolic Glycolipid-I, an M. leprae-Specific Antigen That 
Induces Ts- Cell Activation 

Search for M. leprae-specific antigens has been conducted in many 
laboratories. The use of the bacteria from armadillos68 made it possible 
to raise monoclonal antibodies directed to M. leprae. Several monoclonal 
antibodies were reported specific to M. leprae internal proteins of 
68,000,34,000, and 12,000 or 14,000 M r ,31,69,70 but these are unrelated 
to suppressor cells. 

Hunter et al.'l isolated a specific phenolic glycolipid (gly-I) from M. 
leprae. This molecule is immunologically active, as reacted with rabbit 
antisera to M. leprae and with sera from LL patients. Mehra et al. 72 

investigated the possibility that unique antigens of M. leprae induce spe
cific suppressor cells. They tested M. leprae specific antigens identified 
by monoclonal antibodies and found that the gly-I described by Hunter 
et al.'l is the only molecule that induces suppression of mitogenic re
sponse of lymphocytes from LL patient~ Gly-I incorporated in lipo
somes suppressed the Con A response of LL lymphocytes. Ts cells recog
nize the specific terminal trisaccharide of gly-1. When T8 + suppressor 
cells were depleted, gly-I-induced suppression was abolished. Mono
clonal antibody directed to gly-I restored Con A response of LL 
lymphocytes. 

This glycolipid was titrated in the serum or urine of LL patients by 
chemical or immunologic method.73 The quantitation showed a reason
able correlation with the status of the disease and the effect of chemo
therapy. This method would also be applicable to the diagnosis of 
leprosy. 

Specific antigens of M. tuberculosis and BCG were isolated using 
monoclonal antibodies and recombinant DNA techniques. 74,75 Howev
er, no molecule-activating suppressor cells has yet been found. 
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4.3. Lipids from Mycobacteria 

Macrophages that have ingested M. tuberculosis release a suppres
sor-ceIl-activating factor. 76 When 125I-Iabeled bacteria were ingested, 
most radioactivity was released into the culture supernatant. The radio
labelled material contained phosphatidylethanolamine and phos
phatidylinositol of bacterial origin. These molecules were found to acti
vate Ts cells. 

4.4. Anti-Idiotypic Antibody 

Anti-idiotypic antibody in BCG-immunized mice is responsible for 
the suppression of DTH.77 This antibody blocks effector T cells by 
reacting with T cell receptors and inhibits the interaction with the anti
gen. The antibody is only absorbed by antigen specific sensitized T cells. 
Anti-idiotype-induced suppression was reported in DTH to hapten-cou
pled syngeneic cells in mice. 78 Anti-idiotype antibody injected IV in
duces Ts-eff, while idiotype antibody induces Ts-aff. Idiotypic regula
tion was observed in the Ts circuit in azobenzenearsonate-specific DTH 
response. 79 Thus, anti-idiotypic antibody could be one of the suppressor 
factors induced by mycobacterial infections, especially in cases in which 
high-titer antibodies are detected during infection as with atypical my
cobacteria or leprosy bacilli. 

4.5. Prostaglandins and Interferons 

Macrophages release prostaglandins, especially prostaglandin E2 
(PGE2), which block immune pathways. Intraperitoneal injection of 
BCG-CW induces suppressor macrophages in the spleen and bone mar
row, which secrete prostaglandins that inhibit mitogenic responses or 
enhance tumor growth in mice.23 ,28 The effect was reversed by indo
methacin in drinking water. Treatment of human PBMC with indom
ethacin enhances the mitogenic response to the level of monocyte-de
pleted blood cells. 21 These results suggest that prostaglandin secretion 
might be a mechanism of suppression by macro phages in mycobacterial 
infection as in other forms of suppression. 

a-Interferon (IFNoJ produced in response to killed mycobacteria 
resulted in nonspecific suppression of Con A-induced blastogenesis of 
normal lymphocytes. 31 Monoclonal antibodies directed to IFN", elimi
nate this mycobacteria-induced suppression of lymphocyte proliferation 
of either normal or LL patients. Suppression of Con A response in LL 
lymphocytes induced by killed cultivable mycobacteria was also elimi-
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nated by anti-IFN antibody, but the suppression induced by lepromin or 
killed M. leprae was not, indicating that the mechanisms are different. 

5. FUTURE PROSPECT 

Suppressor cells are induced by heavy mycobacterial infection in 
general. Experimentally, IV injection yields suppressor cells more effec
tively than ID injection. The reason for this difference seems due to a 
different location of APC for Ts induction; I-J+ APC would seem to be 
more numerous in the spleen than in the skin, while I-A + APC (Lan
gerhans cells) are dominant in the skin. Conversion of the epidermal cell 
population from I-A + dominant to I-J + dominant by UV irradiation is 
consistent with these results. The role of APC for Ts cell induction 
should be studied more extensively in the context of regulatory mecha
nisms in the whole body. 

Antigen-specific suppression and nonspecific suppression are both 
observed in mycobacterial infection but what mechanism is present to 
educate Ts cells to be antigen specific is not known. The M. leprae
specific antigen gly-I induces suppression in LL patients. This elegant 
study suggests the need for future research on suppressor-inducing 
molecules and their recognition by Ts cells. Although such molecules are 
not found in BCG or M. tuberculosis infection, evidence that different 
components of BCG-CW induce discriminately antigen-specific and 
nonspecific Ts cells is highly suggestive. 

Suppression of IL-2 production is a general phenomenon in My
cobacterium-infected hosts. Ts cells, antigen specific or nonspecific, and 
suppressor macrophages all suppress IL-2 production similarly, at least 
phenotypically. Studies on the suppressive factors that inhibit IL-2 pro
duction will be interesting, especially within the context of the triggering 
mechanisms and the target molecules for suppression. 

Suppressor mechanisms are important for the homeostasis of the 
body. Further analysis of these mechanisms will bring much progress in 
the study of disseminated infections by M. leprae or other microbial 
parasites, and also in the understanding of autoimmune diseases and 
tumor immunology. 
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Immunoregulatory Function 
of Mononuclear Phagocytes 
in Tuberculosis 
JERROLD J. ELLNER 

1. INTRODUCTION 

A complete understanding of the interaction of Mycobacterium tuberculosis 
with the host would explain several distinctive epidemiologic and clinical 
features of human tuberculosis. Following primary infection with M. 
tuberculosis, the usual course is resolution, without specific drug treat
ment; only 5-15% of infected individuals develop overt tuberculosis. 
Factors predisposing to progression of the primary infection or delayed 
reactivation of a latent focus are not well understood. It is clear, howev
er, that major deficits in cell-mediated immunity are associated with 
increased risk of progressive tuberculosis. 

A possible contribution of genetically determined factors to suscep
tibility to tuberculosis is suggested by reports of associations between 
HLA type and the occurrence of tuberculosis l ; both class I and class II 
major histocompatibility complex (MHC) determinants have been asso
ciated with disease. The strongest evidence for genetic factors, however, 
derives from a study in India that shows excess haplotype sharing 
among sibs with disease. The existing genetic studies cannot be viewed as 
definitive and certainly do not show consistent linkage of a specific HLA 
haplotype to disease. If genetic associations do exist, it would seem rea-
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sonable to speculate that the link reflects an hereditable determinism of 
the level or regulation of the immune response to mycobacteria. In fact, 
patients with malignant melanoma and the phenotype HLA-B7 fail to 
develop delayed-type hypersensitivity (DTH) to tuberculin protein-pu
rified derivative (PPD) following immunotherapy with bacillus Cal
mette-Guerin (BCG). Moreover, certain inbred strains of mice fail to 
develop DTH responses following immunization with BCG, apparently 
because of activation of suppressor cells. 

Early in the course of active tuberculosis, 20-25% of patients show 
depressed DTH skin-test responses to intradermal tuberculin PPD.2 
Anergy is more frequent in miliary than in pulmonary tuberculosis and 
may imply a poor prognosis. Anergy is also a transient phenomenon. 
Most of these patients develop skin-test reactivity weeks to months into 
the course of treatment. 3 Anergy therefore does not represent a genet
ically determined inability of the host to respond to mycobacterial anti
gens. By contrast, an initial inappropriate hyporesponsiveness could 
favor disease progression. This assumes that DTH and protective immu
nity are related, which seems reasonable despite the controversies ensu
ing from experimental systems in which they are dissociable. 

Within this context, microbial constituents that interfere with the 
cellular immune response can be considered factors in microbial patho
genicity. Host factors, whether genetically determined or acquired, that 
lead to patterns of immunoregulation favoring hypo responsiveness to 
mycobacterial antigens despite active infection can also be viewed as 
contributing to host susceptibility. 

I would like to review the current understanding of the immu
noregulatory function of mononuclear phagocytes in tuberculosis and 
how this cell may modulate host-parasite interactions to affect the bal
ance between infection and disease. 

2. IMMUNE INDUCTION AND EFFECTOR FUNCTIONS OF 
MONONUCLEAR PHAGOCYTES 

The mononuclear phagocyte is unique, certainly among phago
cytes, in its dual capacity to serve both as a regulatory cell and as a key 
effector cell in the cell-mediated immune (CMI) response. Immune in
duction requires that accessory cells bind, ingest, alter, and present mi
crobes and their derivative antigens to responder lymphocytes. Lympho
cytes that react with the monoclonal antibody OKT4 include helper cells 
and show class II MHC restriction in their activation by antigens. That is, 
they respond to the nominal antigen to which they are sensitized only 
when it is presented by an accessory cell within the context of self-class II 
MHC determinants. The importance of this genetic restriction of cel-
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lular interactions remains a mystery, although it is usually considered 
essential in distinguishing self from foreign antigens. A further role for 
class II MHC products has been suggested in the direct binding of 
certain antigens; this, in turn, may explain the relative differences 
among inbred strains of mice in levels of immune responsiveness to 
these antigens. Interleukin-l (IL-l) produced by the accessory cell has 
an amplifying effect on immune induction, enhancing production of the 
cytokine interleukin-2 (IL-2) by T lymphocytes and stimulating surface 
expression of the receptor for IL-2. IL-2 is pivotal in immune induction, 
as it leads to clonal expansion of activated T cells. Products of these 
activated T cells include macrophage activation factor (MAF). '"V-Inter
feron (IF"['I;,') exhibits important MAF activity, although recently it has 
been shown that IFNl' paradoxically enhances intracellular growth of M. 
tuberculosis. 4 MAF activate macro phages to a state in which they can 
destroy facultative intracellular parasites. Thus, mononuclear pha
gocytes figure prominently in both the afferent and efferent limbs of the 
CMI response. 

3. IMMUNOSUPPRESSION BY MONONUCLEAR PHAGOCYTES 

Much less is known concerning the suppressor function of mac
rophages. As the ratio of macrophages to lymphocytes is increased in in 
vitro culture systems, suppression of the immune response begins to 
predominate. The in vivo significance of this form of immunoregulation 
is uncertain; it may be relevant in certain tissues and fluids, such as 
bronchoalveolar lavage, in which the ratio of macro phages to lympho
cytes is 9 : 1, and in diseases characterized by mononuclear cell infiltra
tion of tissue. Activation of macro phages in vivo, for example, by treat
ment with Corynebacterium parvum, or induction of tumors or graft
versus-host disease, or in vitro, by exposure to Escherichia coli lipopolysac
charide, is associated with an increase in their suppressor function. 

Suppression by adherent blood mononuclear cell populations, 
which are mostly monocytes, is a feature of a number of human diseases. 
Nonspecific suppression has been reported in patients with solid tumors, 
Hodgkin disease, fungal infections, and systemic lupus erythematosus.:> 
Suppression by monocytes is restricted to antigen derived from the 
causative agent in schistosomiasis, leprosy, filariasis, and tuberculosis. 5 

In several situations, dual suppressor mechanisms are operant. For ex
ample, in leprosy, suppressor T cells are found in some patients; howev
er, suppression by adherent mononuclear cells predominates in indi
viduals with lepromatous leprosy, having the most extensive infection. 

Several types of mediators have been implicated in immunosup
pression by adherent mononuclear cells. Prostaglandin E2 (PGE2) seems 
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to be relevant in immunosuppression at high monocyte to T-cell ratios, 
when monocytes are stimulated by bacterial lipopolysaccharide (LPS),6 
and in Hodgkin disease, and, in some studies, in sarcoidosis. PGE2 sup
presses T-cell responses through interaction with Fc" receptor-bearing 
(FcGR +) cells/ which are labile in cell culture. Alternative mediators 
must be relevant in other disease states, in which suppression by ad
herent mononuclear cells is not reversed by indomethacin. 

4. IMMUNOSUPPRESSIVE MYCOBACTERIAL PRODUCTS 

Mycobacterial polysaccharides elicit a humoral but not a eMI re
sponse in M. tuberculosis infected humans and animals. This finding led 
to the question of whether mycobacterial polysaccharides, much as bac
terial LPS, might be a factor in the inverse relationship between antibody 
levels and DTH characteristic of many chronic infections, and more
over, might activate monocyte and prostaglandin-dependent immuno
suppressIOn. 

Initially, we studied the immunosuppressive effects of D-Arabino-D
mannan (AM).8 D-Arabino-D-galactan (AG) seems to be more potent as 
an immunosuppressant, however, and contamination of AM with AG 
might explain our initial observations.9 AG caused dose-dependent inhi
bition of antigen- and mitogen-induced blastogenesis in human pe
ripheral blood mononuclear cells (PMNC), with significant suppression 
first detectable at 30 nglml. Inhibition was not due to cytotoxicity; in 
fact, rather than a direct effect, suppression required the presence of 
monocytes, was associated with a 5.6-fold increase in production of 
PGE2 , and was blocked by indomethacin (Fig. 1). These observations 
closely resembled the effects of LPS but were not due to contamination 
with LPS, as assessed by assay with lysates of limulus amebocytes. 

An immediate question is the relevance of the nonspecific sup
pressive effects of AG, in vitro, to the immune response in tuberculosis. 
A plasma pool from 28 patients with newly diagnosed tuberculosis (TB 
plasma) produced parallel functional effects in vitro (Fig. 1). Moreover, a 
goat antibody to mycobacterial polysaccharides blocked the suppressive 
effects of the plasma pool. The plasma pool contained antibody to AG at 
a dilution of 1 : 640 by enzyme-linked immunosorbent assay (ELISA). 
We conclude that nonspecific suppressive effects of tuberculosis plasma 
are due to immune complexes, in antibody excess and containing my
cobacterial polysaccharides. The active fragment of the immune com
plexes is an exposed polysaccharide residue that induces monocyte pro
duction of immunosuppressive PGE2 . 

It is unclear whether immunosuppression by mycobacterial prod
ucts is important in local modulation of the immune response and mi-
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FIGURE I . Effect of indomethacin on TB plasma and AG suppression of PMNC responses 
to PPD (A) and to PHA (B). Data are presented as the mean response in 6cpm for PMNC 
cultured without (open bars) or with (hatched bars) 1.0 .... g/ml indomethacin. Data a re shown 
for control cell suspensions and for cells cultured with TB plasma or AG. (From Kleinhenz et 
al.," with permission.) 

crobial pathogenesis. Monocyte and prostaglandin-dependent immu
nosuppression may have a role in the generalized anergy seen in some 
patients with tuberculosis. It differs mechanistically, however, in several 
important ways, from the antigen-specific hyporesponsiveness found in 
patients with tuberculosis. 

5. IMMUNOSUPPRESSION BY ADHERENT MONONUCLEAR 
CELLS IN TUBERCULOSIS 

5.1. Regulation of Blastogenesis 

Depression of DTH skin tests is selective in some patients with tu
berculosis; tuberculin reactivity is impaired, whereas the response to 
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other microbial antigens is preserved. We found a correlation in patients 
with pulmonary tuberculosis between negative tuberculin skin tests and 
depressed in vitro responses to PPD.IO Moreover, tuberculin low re
sponders had a greater proportion of PMNC identifiable as monocytes 
by cytochemical criteria. Depletion of adherent mononuclear cells from 
PMNC resulted in a 24.4-fold increment in PPD-induced blastogenesis 
in nine low responder patients as compared with a 2.8-fold increase in 
healthy tuberculin reactors and in 11 tuberculous (TB) patients with a 
normal response to PPD-at least mean -2SD of PPD-induced blasto
genesis in healthy tuberculin skin-test reactors (Fig. 2). Reconstitution 
experiments confirmed that adherent cells from patients with low re
sponses to PPD were activated as antigen-specific suppressor cells (Fig. 
3). Thus, individuals with depressed PPD-induced blastogenesis were at 
double jeopardy. They had more, as well as more active, suppressor 
adherent cells. In these studies, the blastogenic response to nonmycobac
terial antigens also was decreased in comparison to healthy tuberculin 
reactors. Adherent cell depletion did not, however, affect the response 
to streptokinase-streptodornase, tetanus toxoid, or Candida antigen. 

In an unselected series of patients, antigen-specific suppression by 
adherent cells was found in one third of subjects with pulmonary tuber-
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FIGURE 2. PPD-induced 3H-thymidine incorporation of PMNC and T cells for represen
tative high (A) and low (8) responder patients. (From Ellner, 10 with permission.) 
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cells. Data are presented as the mean ±SEM for six high responders and five low re
sponders. Significant differences between low and high responders were noted at 9, 23, 
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culosis studied within 2 weeks of diagnosis. These individuals were not 
distinctive as regards the extent of tuberculosis, frequency of underlying 
disease, or other clinical or laboratory findings. In a study of patients 
from Japan, adherent cell suppression of blastogenesis was associated 
with tuberculous pleurisy, a clinical finding that was rare in our patients. 

5.2. Regulation of IL-2 Production 

Production of the cytokine IL-2 and expression of the receptor for 
IL-2 are integral to T-cell activation. We studied IL-2 metabolism in 
tuberculosis. I I PPD-induced IL-2 production and blastogenesis in PMNC 
were decreased in patients, whereas streptolysin O-induced responses 
could not be differented from healthy donors (Table I). Purified ex
ogenous IL-2 was directly mitogenic for PMNC but failed to correct the 
depressed blastogenic response to PPD of tuberculosis patients. In fact, 
PMNC from tuberculosis patients showed an antigen-specific defect in 
expression of the IL-2 receptor identified by reactivity with the mouse 
monoclonal antibody anti-TaCo After 5 days of culture with PPD, 32 ± 8% 
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of cells from healthy donors were anti-Tac reactive, whereas 5 ± 3% of 
cells from tuberculosis patients expressed the IL-2 receptor. Thus, tuber
culosis is associated with abnormalities in both production and response 
to IL-2. These are not necessarily unrelated events, however, since IL-2 
can induce expression of its own receptor. Defects in IL-2 metabolism 
therefore appear to provide the basis for abnormalities in PPD-induced 
blastogenesis. 

Next, we examined regulation of IL-2 production by adherent cells 
in tuberculosis. By comparison with healthy tuberculin reactors, tuber
culosis patients could be divided into those in whom adherent cell deple
tion increased IL-2 production to levels comparable to those of healthy 
tuberculin reactors, and low producers in whom it did not (Fig. 4). In the 
normal IL-2 producers, adherent cell depletion resulted in a 7.2-fold 
increase in PPD-induced IL-2 production; in healthy tuberculin reac
tors, the increase was 3.0-fold. Two differences in regulation of IL-2 
production by adherent cells emerged between this subset of tuber
culosis patients and healthy donors. In patients, the addition of 2% 
adherent cells to the nonadherent (NA) population produced a 50% 
drop in IL-2 activity; in healthy subjects, 2% adherent cells did not affect 
IL-2 production significantly. Indomethacin reversed most of suppres
sion by adherent cells in healthy subjects; its effect in tuberculosis pa
tients was insignificant. Therefore, in some patients with tuberculosis, 
adherent mononuclear cells suppressed PPD-induced IL-2 production 
as well as blastogenesis. This regulatory mechanism differed from that 
observed in health by virtue of its greater level of activity and lack of 
reversibility by indomethacin. The role of adherent cells in modulating 
the response to IL-2 and IL-2 receptor expression will also need further 
study. 

In these studies, a clinical difference emerged in the subsets of 
tuberculosis patients grouped by the level of PPD-induced production of 

TABLE I 
Antigen-Induced IL-2 Production and Blastogenesis in PMNC from 

Tuberculosis Patients and Healthy Donors 

Antigen 

IL-2 activity 
(cpm ± SEM)a 

TB patients 
(N= 22) 

Healthy donors 
(N= 14) 

Blastogenesis 
(cpm ± SEM; [3H]-TdR) 

TB patients 
(N= 22) 

Healthy donors 
(N = 14) 

PPD 3,571 ± 790 15,947 ± 4,406 6655 ± 1,410 18,187 ± 2,132 
Streptolysin 0 53,493 ± 16,636 55,781 ± 17,409 36,561 ± 15,813 37,592 ± 15,344 

.[3H1Thymidine incorporation of CTLL-20 after incubation with a I : 2 dilution of supernatants of 
antigen-stimulated PMNC. 
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FIGURE 4. PPD-induced IL-2 activity in cultures of PMNC, T cells (T), T cells + 2% 
adherent cells (AD H), T cells + 25% ADH, and T cells + 25% ADH, in the presence of I 
IJ-g/ml indomethacin. Each bar represents mean ±SEM. (From Toossi et al., II with 
permission.) 

IL-2 by NA lymphocytes. Patients with low IL-2 production by NA cells 
more often had far-advanced tuberculosis than did normal producers of 
IL-2. Alternate bases for depressed IL-2 production, such as suppres
sion by NA lymphocyte subpopulations, need to be evaluated in this 
group of patients. 

6. ADHERENT MONONUCLEAR CELL SUBPOPULATIONS 
RESPONSIBLE FOR SUPPRESSION 

Further definition of the cellular mechanisms associated with and 
ultimately responsible for suppression by adherent cells required the 
development of systems in which suppression was both predictable and 
reproducible. We found that depletion of FCc;R + cells from NA mono
nuclear cells resulted in a population uniformly sensitive to suppression 
by adherent mononuclear cells in all TB patients. 12 Suppression of 
Fc(;R - NA cells by adherent mononuclear cells retained its antigen 
specificity; it also differed diametrically from studies in healthy indi
viduals in whom Fc(;R + depletion actually interfered with susceptibility 
to suppression by adherent cells. 
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Adherent mononuclear cell preparations from patients with pulmo
nary tuberculosis were 89 ± 4% peroxidase-staining monocytes, 7 ± 3% 
sheep erythocyte- (E-)rosetting T cells, and 79 ± 10% reactive with 
OKM 1, a monoclonal antibody reactive with most circulating monocytes 
and a small fraction of lymphocytes. The addition of adherent mono
nuclear cells to autologous FcGR - NA cells at a ratio of 1 : 2, inhibited 
PPD-induced blastogenesis 42 ± 10% (Fig. 5). The suppressive activity 
of adherent cells was unaffected by depletion of E-rosetting cells or the 
presence of indomethacin in culture but was blocked by depletion of 
OKMI-reactive cells (complement lysis) or 'Y-irradiation (1500 rad) (Fig. 
6). The characterization of the functionally active population in ad
herent cells is not yet definitive. Although the data point toward sup
pression by monocytes, we cannot exclude an ancillary or even a major 
role for OKMI reactive lymphocytes that would include large granular 
lymphocytes and natural killer (NK) cells. In other systems, a minor 
fraction of NK cells within adherent cell preparations proved responsi
ble for much of the effector function of adherent mononuclear cells. 
The radiosensitivity of suppressor function raises further issue as to 
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whether the suppressor cell is a monocyte that is traditionally considered 
radioresistant in its functions. In fact, ,,(-irradiation interferes with 
monocyte phagocytic function and chemotactic function. Therefore, 
neither the phenotypic studies nor the radiosensitivity of suppressor 
cells permits unequivocal assignment of the responsible adherent mono
nuclear cell subpopulation(s). Yet it seems reasonable to ascribe a role to 
the major constituent of OKMI-reactive, E-rosetting negative, perox
idase-positive adherent cells, i.e., the monocytes. 

An issue closely related to the identity of the adherent cell is the 
basis for the antigen specificity of suppression in tuberculosis. Mono
nuclear phagocytes lack a specific antigen receptor, although it is possi
ble that cytophilic antibody that binds to FCG receptors and that coats the 
cells functions as a surrogate antigen receptor. Antigen specificity of 
suppression probably resides in a tuberculin-specific T cell that interacts 
with the adherent cell in suppressor cell circuits. It is not yet clear 
whether all the machinery for antigen-specific suppression is contained 
in the adherent cell population, as in leprosy, or whether suppression is 
dependent on interactions with nonadherent cells. The only data to this 
point are negative; i.e., neither Leu 2a + reactive nor FcGR + NA cells are 
required for antigen-specific suppression by adherent mononuclear cells 
in tuberculosis. It remains possible that adherent cells acquire antigen 
specificity through obligatory interactions with Leu 2a - FcGR - NA lym
phocytes; alternatively, PPD-induced responses may show heightened 
susceptibility to suppression by adherent cells in tuberculosis. 

Studies to date support the existence of dual regulatory mecha
nisms. We studied 14 patients with pulmonary tuberculosis selected by 
virtue of hyporesponsiveness to PPD in vitro. 13 In five of these subjects, 
depletion of adherent cells normalized PPD-induced blastogenesis; 
FCGR + cell depletion had no additional effect on their response to PPD. 
In five other tuberculosis patients, FcGR + depletion selectively in
creased PPD-induced blastogenesis, although not to normal levels. As 
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noted, FCcR + cells depletion produced a responder population that was 
uniformly sensitive to suppression by adherent cells in all patients. 
Therefore, suppression by adherent mononuclear cells or FCcR + NA 
lymphocytes was observed in most anergic patients. Dual regulatory 
mechanisms have also been identified in other diseases, such as leprosy; 
in leprosy, the extent of infection is quantifiable and suppression by 
adherent cells predominates in those patients with most extensive dis
ease. The observations in tuberculosis further indicate an intrinsic ab
normality of adherent mononuclear cells in all tuberculosis patients; 
moreover, an antagonism is suggested since, in most patients, suppres
sion by FCcR + NA lymphocytes masks suppression by adherent mono
nuclear cells. 

7. CELLULAR PROPERTIES ASSOCIATED WITH 
IMMUNOSUPPRESSION 

Monocyte-enriched adherent PMNC from patients with tuber
culosis show activation as regards effector as well as immunoregulatory 
function. Circulating monocyte-derived macrophages demonstrate in
creased bactericidal function, hexose monophosphate shunt activity, and 
receptors for the Fc portion of IgG. However, we found augmentation 
of only selected monocyte functions in tuberculosis-adherence to plas
tic and killing of schistosomula of S. mansoni. 14 By contrast, basal (Fig. 7) 
and LPS-stimulated production of PGE2 and tumoricidal activity were 
comparable to that of monocytes from healthy tuberculin reactors. Be
sides selective activation of effector functions, monocytes from some 
tuberculosis patients are immature; they show increased DNA labeling 
and increased cytoplasmic peroxidase activity. 
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FIGURE 8. DR expression on monocytes (MN) from TB patients and healthy subjects. 
DR + fractions were determined at the time of MN isolation and after 24 and 48 hr of in 
vitro culture. Data are expressed as mean ±SEM values. MN from 10 TB patients and 12 
healthy subjects were studied at time 0, from seven TB patients and nine healthy subjects 
at 24 hr, and from four 'I'll patients and eight healthy subjects after 48 hr of incubation. 
The fraction of freshly isolated DR + MN in TB patients was significantly depressed 
compared with that in healthy subjects (/)<0.02) and increased significantly compared with 
freshly isolated MN during 24 hr of culture (/1<0.005). (From Tweardy et at., I" with 
permission.) 

Expression of class II MHC determinants on the surface of mono
nuclear phagocytes is critical to their immunoregulatory function. We 
studied HLA-DR-determinant expression on monocytes using OKIal, a 
mouse monoclonal antibody to the HLA-DR framework with a 51Cr_ 
release microcytotoxicity assay.15 Monocytes from tuberculosis patients 
showed a smaller fraction identifiable as expressing surface HLA-DR by 
this technique (Fig. 8). During in vitro cultivation for 24 hr, a sharp 
increase was observed in HLA-DR expression by monocytes from tuber-
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FIGURE 9. Suppression by MN 
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tion by T lymphocytes. Inhibition 
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MONOCYTES MONOCYTES pressed as mean ±SEM values 
for determinations in four TB patients. Increased suppression by DR-depleted MN was 
significant for PPD and SKSD (p<0.05 by paired t-statistic). (From Tweardy et al.,15 with 
permission.) 

culosis patients. The increase in HLA-DR expression required protein 
synthesis and was not blocked by factors present in autologous plasma. 
To examine the functional significance of the altered expression of class 
II MHC products on monocytes, the tuberculosis patients were sub
divided on the basis of PPD-induced blastogenesis. It was the group of 
low responders that showed the greatest abnormality in HLA-DR ex
pression; in these cases, 34.6 ± 6.0% of fresh monocytes were reactive 
with OKlal. Moreover, the fraction of PMNC identified as monocytes 
by cytochemical techniques was also higher in the low responders (51.2 
± 3.6% as compared with 38.0 ± 5.0% in the patients with normal PPD
induced blastogenesis). These studies establish an association of low
surface expression of HLA-DR on adherent mononuclear cells with im
munosuppression in tuberculosis. HLA-DR-depleted populations of ad
herent cells from tuberculosis patients, in fact, are more suppressive of 
antigen-induced blastogenesis than the starting population (Fig. 9). Yet, 
it is unclear whether a low level of HLA-DR expression is simply a 
marker for a cell, perhaps indicative of its immaturity, which is sup
pressive by mechanisms unrelated to class II MHC determinants. Alter
natively, adherent cells with less surface HLA-DR could preferentially 
activate suppressor mechanisms. There is precedence for this in experi
mental models. 

8. MEDIATORS OF IMMUNOSUPPRESSION IN TUBERCULOSIS 

We consistently have not observed reversibility of suppression by 
adherent mononuclear cells in tuberculosis by indomethacin. Nor do we 
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find evidence for increased production of PGE2 by monocytes in tuber
culosis. A limitation in cell number and suppressive potency of cellular 
supernatants has prevented direct elucidation of the biochemical nature 
of functionally active mediators of suppression; in fact, the lack of sup
pression by supernatants of adherent cells raises the possibility that sup
pressive molecules may be cell-associated, as in the recent studies of 
Stallcup et al. l6 

We have increasing circumstantial evidence, however, that soluble 
IL-l has a role in immunosuppression in tuberculosis. Thus, release of 
IL-I into supernatants by adherent mononuclear cells stimulated with 
LPS or PPD is increased in tuberculosis patients l7 (Table II). Cell lysis 
with study of cell-associated pools of IL-l shows that production (rather 
than simply release) of IL-l is increased in tuberculosis. Suppression of 
antigen-induced blastogenesis by adherent cells, in fact, correlates with 
IL-l production (Fig. 10). Moreover, exogenous IL-l, at levels simulat
ing those generated in vitro, is suppressive of antigen-induced blasto
genesis. Immunoabsorbent chromatography using an antibody to pu
rified recombinant IL-l f3 removes suppressive activity in parallel with 
removal of IL-l activity from supernatants of PPD-stimulated mono
cytes from healthy individuals (R. S. Wallis and J. J. Ellner, unpublished 
data). We have yet to examine the effects of removing IL-l from mono-

TABLE II 
LPS- and PPD-Induced IL-l Production by Monocytes 

from Tuberculosis Patientsa 

IL-I activityb 
Subjects Stimulant (Vlml) 

Pulmonary tuberculosis (n=7) Nil <0.8 
LPS 56.1 ± 20.0c 
PPD 28.1 ± 7.2d 

Healthy control (n=7)' Nil <0.5 
LPS 7.3 ± 1.7 
PPD 9.5 ± 2.9 

"Blood monocytes from tuberculosis patients or from healthy subjects were 
cultured at 0.5 X 106 cellslml in the presence or absence of LPS (10 .... g/ml) 
or PPD (100 .... g/ml). After 24 hr, the culture supernatants were aspirated, 
filtered, and stored at - 20°C. 

bIL-l activity in monocyte culture supernatants was assayed by direct 
mitogenic effects on mouse thymocytes. IL-l activity was transformed into 
units. Values are mean ±SE. 

<Differs from LPS-induced IL-l activity in monocyte supernatants from 
healthy control subjects; p < 0.05 (Student's I-test). 

dDiffers from PPD-induced IL-l activity in monocyte supernatants from 
healthy control subjects; p < 0.05. 

'Tuberculin skin-test positive. 
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FIGURE 10. Correlations of (A) LPS- and (B) PPD-induced IL-l production by monocytes 
with the ratio of blastogenic responses in TB patients and healthy subjects. (From Fujiwara 
et al. 17). 

cyte supernatants on the functional activity of the supernatants lS in 
tuberculosis. 

Two interesting tangential points emerge from the preliminary 
studies of IL-l. First, PPD directly induces IL-l production by mono
cytes, independent of T cells; this effect is not due to LPS contamination 
of PPD, nor is it an invariable property of soluble microbial products. 
Neither tetanus toxoid nor streptolysin-O had comparable effects on 
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monocytes. Therefore, the antigen specificity of suppression by ad
herent cells in tuberculosis could be due to stimulation of immunosup
pressive levels of IL-l by PPD, exceeding the quantities of IL-l present 
in cultures containing nonmycobacterial antigens. Second, the produc
tion of IL-l by monocytes is sensitive to -y-irradiation (E. A. Rich, H. 
Fujiwara, and J. J. Ellner, unpublished observations). Therefore, the 
sensitivity of immunosuppression by adherent cells in tuberculosis to -y
irradiation could reflect impaired production of IL-l. 

It is attractive to speculate that other macromolecular mediators 
could contribute to suppression by mononuclear phagocytes. For exam
ple, we have studied a product of the macrophage-like cell line U937. 
U937 cells spontaneously produce an immunosuppressive factor that 
appears to be a protein of approximately 85,000 Mr. This factor inter
feres with the lymphocyte-activating factor activity of IL-119 and blocks 
antigen- and mitogen-induced blastogenesis in human PMKC. The ef
fects on blastogenesis are mediated through interference with IL-2 pro
duction and IL-2 receptor expression (H. Fujiwara, Z. Toossi, and J. J. 
Ellner, unpublished observations). Therefore, this factor produces some 
of the same defects found in patients with tuberculosis. The U937 factor 
is probably one of a family of growth inhibitory factors produced by 
normal and malignant mononuclear phagocytes. It also is of interest that 
the urine of patients with tuberculosis shows increased levels of an IL-l 
inhibitor. 20 The cellular source of such factors and their relevance in 
immunosuppression in tuberculosis will need to be established. 

9. DISCUSSION 

The studies discussed provide evidence that products of M. tuber
culosis are immunosuppressive in vitro and may account for suppression 
by plasma from tuberculosis patients; that tuberculosis is associated with 
immunosuppression, which is partly attributable to antigen-specific sup
pression by adherent mononuclear cells. 

The immunosuppressive properties of mycobacterial polysaccha
rides are in keeping with their failure to elicit DTH responses in animals 
with experimental tuberculosis or tuberculin hypersensitivity. It should 
be noted that indomethacin reversibility of suppression by AG does not 
necessarily indicate that a cyclooxygenase product is the final mediator 
of suppression; indomethacin can modulate production of macromolec
ular products through effects on cyclic adenosine monophosphate 
(cAMP). For example, IL-l production is increased in the presence of 
indomethacin. It should be noted, however, that AG does not induce 
monocyte production of IL-l. The effects of AG may be important in 
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the pathogenesis of disease at local sites and in the nonspecific anergy 
seen in some TB patients. In fact, Mason and Kirkpatrick and co-work
ers have provided evidence for indomethacin reversal of depressed in 
vitro response21 and skin-test reactivity22 in patients with chronic non
tuberculous mycobacterial infections of at least 6 months duration. 

Other mycobacterial products could have immunoregulatory ef
fects. For example, Wadee et al. 23 showed that following ingestion of M. 
tuberculosis, monocytes release phosphatidyl ethanolamine and phos
phatidyl inositol of bacterial origin that activate OKT8 + suppressor 
cells. 

Dual regulatory mechanisms involving adherent mononuclear cells 
and NA lymphocytes have been described in several diseases, notably 
leprosy. In leprosy, antigen-specific adherent cell suppression predomi
nates in patients with most extensive disease; existing data do not yet 
firmly support such a conclusion in tuberculosis. This is not surprising, 
in view of the greater difficulty in ascertaining extent of disease in 
tuberculosis. 

Suppression by adherent cells is effected by an OKM 1 + E-R - pop
ulation that is radiosensitive in its function. We ascribe this activity to 
monocytes but cannot exclude a role for large granular lymphocytes. 
Suppression is associated with activation of select effector mechanisms 
and an immaturity of circulating monocytes. The actual basis for sup
pression is not clear but could involve altered expression of class II MHC 
products or increased production of immunoregulatory mediators, such 
as IL-l. 

The explanation for the antigen specificity of suppression by ad
herent cells remains enigmatic. The existence of suppressor circuits in
volving antigen-specific adherent or NA lymphocytes is an attractive 
possibility. The available evidence does not support a role for FcGR + or 
OKT8+ NA cells in such adherent cell-dependent circuits. It may be 
that the missing link is an adherent lymphocyte or a nontraditional NA 
suppressor cell that is, for example, OKT4 reactive. We cannot currently 
distinguish between these possibilities. Alternative scenarios also need to 
be considered. Cytophilic antibody on monocytes could function as a 
surrogate antigen-specific receptor, altering the uptake and distribution 
of mycobacterial antigens to lead to apparent specificity of suppression. 
Also, the ability of PPD to stimulate IL-l production by monocytes could 
be a factor in the specificity of immunomodulation. 

Existing approaches should permit further unraveling of the basis 
for immunosuppression in tuberculosis and its significance in terms of 
host-microbial interactions. 
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Role of B Lymphocytes and 
Antibodies in the Regulation 
of Cell-Mediated Immune 
Reactions to BCG in Mice 
MARIO CAMPA, PAOLA MARELLI, and 
GIOIA BENEDETTINI 

I. INTRODUCTION 

The mechanisms underlying the depression of the specific cell-mediated 
immune (eMI) reactions during the course of active tuberculous infec
tions are complex and far from being fully understood. As comprehen
sively discussed in other chapters, in spite of considerable research, a 
clear picture is still lacking. 

Mice infected intravenously (IV) with a large dose of Mycobacterium 
bovis strain BeG (BeG) rapidly develop a state of hyporesponsiveness to 
cutaneous challenge with the purified protein derivative (PPD) from M. 
tuberculosis. This hyporeactivity has been attributed to the fact that anti
gen-reactive T lymphocytes become sequestered in the central lymphoid 
tissues soon after infection and are therefore prevented from reaching 
the site of challenge. l This contrasts with the conclusions of a decade or 
more of investigation that the anergy observed both in humans and in 
experimental animals with active tuberculosis is mediated by an acquired 
immunosuppressive mechanism, i.e., the appearance of suppressor cells. 
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A variety of factors, including properties and dose of the strain of the 
infecting microorganism, route of infection, as well as species and strain 
of the animal used, may influence the development and nature of the 
suppressor cells. For instance, whereas IV or intraperitoneal (IP) infec
tions generally give rise to suppressor cells, no such cells can be detected 
in the spleen of mice infected with bacillus Calmette-Guerin (BCG) 
subcutaneously (SC), in the lung, or in the footpad. 2- 5 Similarly, heat
killed BCG, as opposed to viable BCG, does not induce suppression.5 

The suppressor cells that arise during BCG infection have been 
characterized as macrophages by certain investigators5- 7 and as T lym
phocytes by others. 3 ,4,8 The coexistence of both suppressor cell popula
tions has also been recorded.9 - u Obviously, this does not exclude the 
involvement of other types of cells. 

2. IMMUNOREGULATORY ROLE OF B LYMPHOCYTES 
AND/OR ANTIBODIES IN NONMYCOBACTERIAL 
MODEL SYSTEMS 

In recent years, a number of observations have called attention to 
the central role that B lymphocytes and/or antibodies can play in the 
regulation of the host's immune responses. In mice, Staphylococcus aureus 
induces suppressor B lymphocytes capable of inhibiting the develop
ment of the specific delayed-type hypersensitivity (DTH) response to the 
antigens of the infecting microorganism. 12 B lymphocytes that suppress 
CMI reactions in an antigen-nonspecific manner were found in mice 
treated with killed cells of Candida albicans. 13 It has also been shown that 
Pseudomonas aeruginosa, the lipopolysaccharide of gram-negative bacte
ria, Staph. aureus strain Cowan I, all induce antigen-specific B lympho
cytes that suppress contact sensitivity to oxazolone (Ox), a well-defined 
CMI response, when given to mice 24-72 hr before sensitization. 14- 16 

Taken together, these results suggest that B lymphocytes and/or 
their products (antibodies) can playa central role in the regulation of 
CMI reactions. In experiments designed to better define the mecha
nisms by which B lymphocytes and/or antibodies suppress contact sen
sitivity to Ox, it was found that suppression is mediated by both idiotype
positive (Id +) anti-Ox and anti-idiotype (anti-Id) B lymphocytes and T 
lymphocytes. These different types of cells develop within the lymph 
nodes that drain the site of sensitization at different times after immu
nization and interfere with different phases of the immune response. 
The anti-Ox B lymphocytes can be detected very early after sensitiza
tion; their role essentially consists in the induction of anti-Id B lympho
cytes. These latter cells, which appear at later phases of the sensitization 
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process, act by inducing suppressor T (Ts) lymphocytes, which affect the 
efferent phase of the immune response through the release of soluble 
factors. 17- 19 These studies also demonstrated that the induction of an 
immunosuppressive circuit of such complexity is due to the ability of the 
inducing stimulus, be it a microorganism or a bacterial constituent, to 
produce a polyclonal activation of B lymphocytes. Staph. aureus strain 
Wood 46, which, unlike Staph. aureus strain Cowan I, lacks this ability, 
did not suppress contact sensitivity. I R In addition, it was found that 
activation of Ts cells by anti-Id B lymphocytes and induction of these 
cells by Id + anti-Ox B lymphocytes are both mediated by antibodies, 
respectively, anti-Id and anti-Ox.19.20 The fact that sensitizer-specific 
antibodies may inhibit contact sensitivity to Ox has also been reported by 
Asherson et at.,21 who found that anti-Ox IgM antibodies are detectable 
on the surface of committed T lymphocytes and limit the immune func
tions effected by these cells. There is also a suggestion that the sup
pressive effect exerted by anti-Ox antibodies is mediated by a functional 
block of the antigen-presenting cells22 that might limit the expansion 
and proliferation of committed T lymphocytes. 

Recent studies in mice23 have shown that Band T lymphocytes 
regulated by idiotypic-anti-idiotypic interactions may also be involved in 
the suppression of humoral immune responses. Antibody production to 
the capsular polysaccharide of type III Streptococcus pneumoniae was 
found to be inhibited in an antigen-specific manner by Ts lymphocytes 
activated in response to the idiotypic determinants of B-cell associated 
antibody specific for the microbial polysaccharide.23 

3. REGULATION OF DELAYED-TYPE HYPERSENSITIVITY TO 
BCG IN MICE 

The results summarized in Section 2, together with the observation 
that B lymphocytes capable of inhibiting in vitro CMI responses in an 
antigen-nonspecific manner had been found in individuals vaccinated 
with BCG,24 led us to investigate whether B lymphocytes and/or anti
bodies may also playa role in the regulation of in vivo CMI reactions to 
BCG. More precisely, we wondered whether a suppressive circuit similar 
to that seen in the contact sensitivity model could be involved in the 
suppression of the BCG-specific DTH. 

To test this possibility, groups of C57BLl6 mice from our breeding 
colony, 8-12 weeks old and sex matched, were infected with 2 x 107 
colony-forming units (CFU) of BCG strain Pasteur either IV in 0.5 ml 
saline or SC (in the right hind footpad) in 50 f.ll saline. Two weeks after 
infection, the animals were assayed for DTH by challenging the left hind 
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FIGURE 1. Delayed-type hypersensitivity (DTH) response to bacillus Calmette-Guerin 
(BCG) of mice infected with 2 x 107 CFU of BCG-Pasteur either IV in 0.5 ml saline or SC 
in the right hind footpad in 50 fl.1 saline. Fourteen days after infection, mice were chal
lenged in the left hind footpad with 20 fl.g PPD (Statens Seruminstitut, Copenhagen, 
Denmark) in 50 fl.1 saline. The thickness of the left hind footpad was measured with a dial
gauge caliper before and at 24 and 48 hr after challenge. The increase in the footpad 
swelling was expressed in units of \0 - 2 cm. Since no significant differences were found 
between data obtained at 24 or at 48 hr after challenge, only data obtained at 24 hr are 
reported. Data are expressed as mean ±SD. In all experiments, six to seven mice per 
group were used, and the significance of the difference between the means was assessed by 
Student's I-test. 

footpad with PPD. As shown in Fig. 1, mice infected IV were markedly 
depressed, whereas animals infected SC were not. 

To establish the cellular bases underlying this suppression, multi
ple-step cell transfer studies were carried out according to the experi
mental design shown in Fig. 2. The various T- and B-cell-enriched sub
populations were obtained as follows: cell suspensions, prepared from 
various donors in Eagle's medium supplemented with 10% fetal calf 
serum (Flow Laboratories), were washed twice with the same medium 
and then filtered first through a glass-wool column in order to remove 
macrophages, and subsequently through a nylon wool column. As 
judged by immunofluorescence techniques, this method yielded (1) 
effluent lymphocytes with 94% viability, 84-94% of which were e anti
gen-bearing cells; and (2) nylon-wool adherent lymphocytes with 95% 
viability, of which 4-8% bore the e antigen and 75-85% carried mem
brane surface immunoglobulins. This fraction also contained mac
rophages that were generally fewer than 2% of the total count. Further 
details of this method are given by Campa et al. 25 Nylon wool-enriched 
B- and T-cell subpopulations were further fractionated by the "pan
ning" method described by Wysocki and Sato,26 with some modifications 
reported by Campa and co-workers.25 This method yielded T- and B-
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cell sub populations enriched in anti-PPD specific cells or depleted in 
anti-Id cells. 

In a pilot experiment, anti-PPD B lymphocytes obtained from the 
spleen of mice infected IV with BCG 18-24 hr earlier (animals destined 
to become immunodepressed) were infused IV into syngeneic mice in
fected SC with BCG 3 hr earlier (animals expected to be able to mount a 
normal DTH response to BCG). These cells were found capable of in
hibiting the DTH response in the recipients, and a similar effect was 
brought about by the anti-Id-depleted B-cell subpopulation. By contrast, 
the anti-PPD-depleted and the anti-Id-enriched B-cell subpopulations 
failed to do so. 

Since the anti-Ox B lymphocytes in the contact sensitivity model had 
been found to exert their suppressive effects by inducing anti-Id B lym-
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FIGURE 2. Delayed-type hypersensitivity (DTH) response to bacillus Calmette-Guerin 
(BCG) of mice infected SC (right hind footpad) with 2 X 107 CFU of BCG 14 days earlier 
and i~ected IV 3 hr before challenge (20 fLg PPD in the left hind footpad) with splenic T 
or B lymphocytes (3 x 107) obtained from mice infected SC with 2 x 107 CFU of BCG 14 
days earlier and injected 4 davs after infection with anti-Id B lymphocytes (1.5 x 107). 

These cells had been obtained from the spleen of donors infected with 2 x 107 CFU of 
BCG 4 days earlier and injected 3 hr after infection with anti-PPD B lymphocytes (1.5 x 
107). In turn, these cells had been obtained from the spleen of mice infected IV with 2 x 
107 CFU of BCG 24 hr earlier. 
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phocytes (see Section 2), the next step was to investigate whether the 
anti-PPD B lymphocytes were capable of activating anti-Id B lympho
cytes. Anti-PPD B lymphocytes, obtained from the spleen of donors 
infected IV with BCG 24 hr earlier, were transferred IV into recipients 
infected SC with BCG 3 hr earlier. Four days later, anti-Id B lympho
cytes were found in great numbers in the spleen of these recipients, but 
not in the spleen of mice injected with B lymphocytes depleted of the 
anti-PPD B-cell subpopulation. 

Once more, by analogy with the contact sensitivity model, anti-Id B 
lymphocytes turned out to exert their effect by activating Ts lympho
cytes. As can be seen in Fig. 2, anti-Id B lymphocytes obtained from the 
spleen of mice given IV anti-PPD B cells 4 days earlier and also infected 
SC with BCG 3 hr before receiving these cells were transferred IV into 
recipients infected SC 4 days earlier with BCG. These recipients were 
sacrificed 10 days after cell transfer, and their spleen cell suspensions 
were separated into Band T lymphocytes by filtration through a nylon
wool column. These cell subpopulations were transferred into mice in
fected SC 14 days earlier with BCG and challenged with PPD 3 hr after 
cell transfer. Only the recipients of the T-cell-enriched subpopulation 
turned out to be significantly depressed, indicating that the anti-Id B 
lymphocytes exert their effect by activating Ts lymphocytes. By contrast, 
in a similar protocol, mice infected SC with BCG and infused 4 days later 
with the anti-Id B-cell-depleted subpopulation showed no Ts lympho
cytes in their spleen (data not shown). Further studies demonstrated that 
the Ts lymphocytes that emerge at the end of the circuit involved in the 
regulation of the DTH response to BCG are Id + and act through the 
release of soluble factors. 

The antigenic specificity of these Ts lymphocytes was evaluated by 
examining whether they inhibited contact sensitivity to Ox. As can be 
seen in Fig. 3, the splenic T cells involved in the suppression of DTH 
response to BCG failed to affect the response to Ox when transferred 
into sensitized recipients 2-3 hr before challenge with the sensitizer. 
They also turned out to be unable to suppress contact sensitivity de
velopment when transferred into mice 2-3 hr before Ox sensitization 
(Fig. 4). 

In conclusion, these results demonstrate that suppression of the 
DTH response to BCG is mediated by Id + anti-PPD B lymphocytes that 
induce anti-Id B lymphocytes. In turn, such cells activate Ts lympho
cytes that affect the efferent phase of the response in an antigen-specific 
manner. Thus, present data extend previous findings of ours28 that 
anti-Id antibodies take part in the suppression of the BCG-specific DTH 
response in mice infected IV with this microorganism, by demonstrating 
that specific antibodies are an integral part of a complex immunosup
pressive circuit. 
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FIGURE 3. Failure of splenic T lymphocytes obtained as described in Fig. 2 to affect 
contact sensitivity to 4-ethoxymethylene-2-phenyl-oxazolone (Ox; BDH, Poole, UK) when 
transferred IV at doses of 3 x 107 into sensitized recipients, 2-3 hr before challenge with 
the sensitizer. Sensitization and detection of contact sensitivity were peri()rrned as follows. 
Mice were sensitized by painting the skin of the abdomen and lower thorax with 0.2 ml 
1.5% Ox in absolute ethanol. Sensitized animals were challenged 6 days later by painting 
their ears with a drop of I % Ox in olive oiL Contact sensitivity was tested by measuring the 
increase in ear thickness with a dial-gauge caliper. 24 hI' after challenge (I unit = 10-:\ 
em). For further details, see Campa 1'/ ai. II 
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FIGURE 4. Failure of splenic T lymphocytes obtained as described in Fig. 2 to affect 
contact sensitivity to Ox when transferred IV at doses of:1 x 107 into syngeneic recipients, 
2-3 hI' before sensitization_ Contact sensitivity was established and tested as in Fig. 3. 
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4. REGULATION OF THE GRANULOMATOUS RESPONSE TO 
BCG IN MICE 

It is generally recognized that activation of macro phages and gran
uloma formation playa prominent role in acquired resistance to tuber
culosis. It was therefore of interest to investigate whether the cells 
involved in the suppression of the DTH response to BeG are also capa
ble of interfering with the granulomatous response to this microor
ganism. 

Groups of C57BLl6 mice were infected IV with 2 x 107 eFU of 
BCG and evaluated for the granulomatous response by weighing their 
spleens and lungs 28 days later. Preliminary studies had shown that a 
considerable proportion of the increase in spleen and lung weights oc
curring at this time is attributable to an increase in cellularity and not 
merely to edema. 

B lymphocytes obtained from the spleen of mice infected IV with 
BeG 24 hr earlier (i.e., animals unable to mount a normal DTH re
sponse to BeG) were infused IV into syngeneic recipients infected IV 
with BeG 7, 14, or 21 days before cell transfer. These cells induced a 
marked depression of the granulomatous response only in the recipients 
that had been infected 7 days earlier (Fig. 5). Splenic T lymphocytes, 
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FIGURE 5. Effect of splenic B lymphocytes from mice infected IV with 2 x 107 CFU BCG 
24 hr earlier on the granulomatous response to BCG. Recipients had been infected IV with 
2 x 107 CFU of BeG 7 days before receiving IV 2 x 107 cells. The granulomatous 
response was evaluated by determining the increase in spleen and lung weight 28 days 
after IV infection, which preliminary experiments had shown to be the time of peak 
response. It was calculated as follows: 
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FIGURE 6. Effect of splenic T lymphocytes from mice infected IV with 2 x 107 CFU of 
BCe; 14 days earlier on the granulomatous response to BCG. Recipients had been infected 
IV with 2 x 107 CFU BCC; 7 days before receiving IV 2 X 107 cells. Other details as in 
Fig. 5. 

which in previous experiments had been found to mediate the suppres
sion of the DTH response to BCG at day 14 after IV infection (Fig. 2), 
also inhibited the granulomatous response only in the recipients infected 
IV with BCG 7 days earlier (Fig. 6). However, these data provide no 
insight into the mechanisms by which B lymphocytes suppress the gran
ulomatous response. We are currently investigating whether these cells 
exert their effect by activating Ts lymphocytes, as previously shown in 
the case of the DTH response. 

These results indicate that Band T lymphocytes that co-purify with 
those mediating the suppression of the DTH response, also playa role in 
the regulation of the granulomatous response to BeG. The characteriza
tion of such cells, their relationship to those involved in the regulation of 
the DTH response, and their mechanism of action are under study. 

5. CONCLUSION 

These results demonstrate that the suppressIOn of the DTH re
sponse to BCG in mice infected IV with this microorganism is mediated 
by at least three types of cells: anti-PPD B lymphocytes, anti-Id B lym
phocytes, and T lymphocytes. These cells arise at different times in the 
infectious process and appear to belong to the same immunosuppressive 
circuit. The activity of B lymphocytes is due to their products (anti
bodies); the Ts lymphocytes, which represent the final effectors of the 
circuit, seem to be antigen specific. 

Conflicting evidence has been presented on the antigen specificity 
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of the T lymphocytes involved in the suppression of the DTH response 
to BCG. According to some authors, these cells act in an antigen-non
specific manner,8.27 while according to others, they are antigen specific.8 
As already seen in other models,2s.29 the possibility that both antigen
specific and antigen-nonspecific Ts lymphocytes coexist and contribute 
to the suppression should be explored. 

It must be emphasized that the results of this investigation prove 
that the activation of an immunosuppressive circuit may participate in 
determining the anergy of mice infected IV with large doses of BCG. 
They do not exclude that additional underlying mechanisms can be 
operative, such as those reported by Orme and Collins land others30 of a 
disturbance in the circulation of the antigen-specific T lymphocytes, as a 
consequence of their trapping within the foci of infection and/or the 
draining lymphoid tissues. Nor do these data exclude that other types of 
cells, such as macrophages, may take part in the suppression, or that the 
induction of Ts lymphocytes may be the end result of different path
ways. 

The main point raised by the present study is that B lymphocytes 
and/or specific antibodies may playa crucial role in the regulation of 
CMI reactions to tubercle bacilli-an aspect that has long been ne
glected. Furthermore, by showing that specific antibodies, secreted or B 
cell associated, trigger a complex circuit that eventually leads to suppres
sion of both DTH and the granulomatous response to BCG, these results 
may also represent an indirect support to the recent hypothesis that 
suppression of cell-mediated immunity in lepromatous leprosy is a phe
nomenon regulated by idiotypic-anti-idiotypic interactions.3l Finally, 
these results, together with findings by others that antibody production 
to type III pneumococcal polysaccharide is suppressed by Ts lympho
cytes activated in response to the idiotypic determinants of B-cell-associ
ated antibody specific for the microbial polysaccharide,2:1 suggest that 
the induction of immunosuppressive circuits regulated by idiotypic anti
idiotypic interactions may represent one mechanism whereby parasites 
interfere with the host's immune reactivity. 

Our previous studies in mice l7. lH had shown that a strong and early 
activation of Id + anti-Ox B lymphocytes can generate anti-Id B lympho
cytes, which in turn induce Ts lymphocytes, and that this mechanism is 
responsible for the suppression of contact sensitivity to Ox brought 
about by several polyclonal B-cell activators (PBA) when administered 
24-72 hr before sensitization. In view of the fact that BeG is also a 
PBA,1 it is possible that BCG induces an early nonspecific activation of 
B-cell clones, including anti-Id B lymphocytes. These cells might be 
stimulated to expand further by the emerging Id + anti-PPD B lympho
cytes, eventually generating Ts lymphocytes, which represent the final 
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effectors responsible for the inhibition of DTH and granulomatous re
sponses (Fig. 7). The observation that the lipopolysaccharide of gram
negative bacteria, the best characterized of all PBA, directly induces anti
Id B lymphocytes,32 lends support to this possibility. However, why 
viable but not heat-killed BCG and IV and not SC BCG infections induce 
such a complex immunosuppressive circuit remain critical points to be 
examined. 

ACKNOWLEDGMENTS. This work was supported by grants from the ital
ian CNR (Progetto Finalizzato: CMI) and the Ministero P.I.: Fondi 40% 
e 60%. We are grateful to Mrs. A. Vanni for skillful assistance. 

REFERENCES 

I. Orme. I. M., and Collim, F. M .. 1984, Passive transfer of tuberculin sensitivity from 
anergic mice, Infect. Immun. 46:850-853. ' 



274 MARIO CAMPA et al. 

2. Turcotte, R., Lafleur, L., and Labreche, M., 1978, Opposite effects of BCG on spleen 
and lymph node cells: Lymphocyte proliferation and immunoglobulin synthesis, Infect. 
Immun.21:696-704. 

3. Collins, F. M., and Watson, S. R., 1979, Suppressor T-cells in BCG-infected mice, 
Infect. Immun. 25:491-496. 

4. Sultzer, B. M., 1978, Infection with Bacillus Calmette-Guerin activates murine thy
mus-independent (B) lymphocytes,]. Immunol. 120:254-261. 

5. Klimpel, G. R., and Henney, C. S., 1978, BCG-induced suppressor cells. I. Demonstra
tion of a macrophage-like suppressor cell that inhibits cytotoxic T cell generation in 
vitro,]. Immunol. 120:563-569. 

6. Tweardy, D. j., Schacter, B. Z., and Ellner, j. j., 1984, Association of altered dynamics 
of monocyte surface expression of human leukocyte antigen DR with immunosuppres
sion in tuberculosis,]. Infect. Dis. 149:31-37. 

7. Schrier, D. j., Allen, E. M., and Moore, V. L., 1980, BCG-induced macrophage sup
pression in mice: Suppression of specific and nonspecific antibody-medicated and 
cellular immunologic responses, Cell. Immunol. 56:347-356. 

8. Kato, K., Yamamoto, K-l., Kimura, T., Azuma, I., and Askenase, P. W., 1984, Sup
pression of BCG cell wall-induced delayed·.type hypersensitivity by pretreatment with 
killed BCG: Induction of nonspecific suppressor T cells by the adjuvant portion (MDP) 
and of specific suppressor T cells by the antigen portion (TAP),]. Immunol. 132:2790-
2795. 

9. Orbach-Arbouys, S., and Poupon, M-F., 1978, Active suppression of in vitro reactivity 
of spleen cells after BCG treatment, Immunology 34:431-437. 

10. Turcotte, R., 1981, Evidence for distinct populations of suppressor cells in the spleens 
of Mycobacterium bovis BCG-sensitized mice, Infect. Immun. 34:315-322. 

11. Ellner, j. j., 1978, Suppressor adherent cells in human tuberculosis,]. Immunol. 
121:2573-2579. 

12. Easmon, C. S. F., and Glynn, A. A., 1979, The cellular control of delayed hypersen
sitivity to Staphylococcus aureus in mice, Immunology 38: 103-108. 

13. Rivas, V., and Rogers, T. J., 1983, Studies on the cellular nature of Candida albicans
induced suppression,]. Immunol. 130:376-379. 

14. Campa, M., Garzelli, C., Ferrannini, E., and Falcone, G., 1976, Evidence for sup
pressor cell activity associated with depression of contact sensitivity in Pseudomonas 
aeruginosa infected mice, Clin. Exp. Immunol. 26:355-362. 

15. Campa, M., 1984, Bacterial interference with cell-mediated immunity, in: Bacterial and 
Viral Inhibition and Modulation of Host Defenses (G. Falcone, M. Campa, H. Smith, and G. 
M. Scott, eds.), pp. 135-157, Academic, London. 

16. Benedettini, G., De Libero, G., Mori, L., and Campa, M., 1984, Staphylococcus aureus 
inhibits contact sensitivity to oxazolone by activating suppressor B cells in mice, Int. 
Arch. Allergy Appl. Immunol. 73:269-273. 

17. Campa, M., Benedettini, G., De Libero, G., Mori, L., and Falcone, G., 1984, T sup
pressor cells as well as anti-hapten and anti-idiotype B lymphocytes regulate contact 
sensitivity to oxazolone in mice injected with purified protein derivative from Mycobac
terium tuberculosis, Infect. Immun. 45:701-707. 

18. Benedettini, G., De Libero, G., Mori, L., Marelli, P., Angioni, M. R., and Campa, M., 
1985, Staphylococcus aureus-induced suppression of contact sensitivity in mice. Sup
pressor cells elicited by polyclonal B-cell activation are regulated by idiotype anti
idiotype interactions, Cell. Immunol. 93:508-519. 

19. Campa, M., De Libero, G., Benedettini, G., Mori, L., Angioni, M. R., Marelli, P., and 
Falcone, G., 1985, Polyclonal B cell activators inhibit contact sensitivity to oxazolone in 
mice by potentiating the production of anti-hapten antibodies that induce T sup-



12. REGULATION OF eMI REACTIONS TO H(X; IN MICE 275 

pressor lymphocytes acting through the release of soluble factors, Int. Arch. Allergy 
A/lpl. lrnmunol. 78:391-395. 

20. Colizzi, V., Giuntini, M., (;arzelli, C., Campa. M., and Falcone, G., 1983, Auto-anti
idiotypic antibodies inhibit T-cell-mediated hypersensitivity in BCG-infected mice, Cell. 

lrmnulIol. 80:205-210. 
21. Asherson, G. L., Colizzi, V., and Watkins, M. G, 19H3, Immunogenic cells in the 

regional lymph nodes after painting with the contact sensitizers picryl chloride and 
oxazolone: Evidence for the presence of IgM antibody on their surface, Immunology 
48:561-569. 

22. Zubler, R. H., 19H I, Epitope-specific antibody feedback regulation of the humoral 
immune response against sheep erythrocytes in vitro: Specific effects of anti-antigen 
antibody vs nonspecific T cdl activities,]. Immunol. 126:557-562. 

23. Taylor, C. E., Stashak, P. W., Caldes, (;., Prescott, B., Chused, T. E., Brooks, A., and 
Baker, P. J., 1983, Activation of antigen-specific suppressor T cells by B cells from mice 
immunized with type III pneumococcal polysaccharide,]. EX/I. Med. 158:703-717. 

24. BOlla, C .. Audibert, F.,Juy, n., and ehedid, L., 1976, Cell suppression in PPD-induced 
blast specific response of human peripheral blood lymphocytes, Clin. Extl. Immunol. 
26:25H-266. 

25. Campa, M., Benedettini, G., and Marelli, P., I'lH6, Band T lymphocytes regulated by 
idiotype anti-idiotype interactions inhibit delayed-type hypersensitivity to BeG in mice, 
Cell. I",munal. 98:!13-1 03. 

2G. Wysocki, L. J., and Sato, V. L., 197H, "Panning" for lymphocytes: A method for cell 
selection, Prof. Nail. Acad. Sci. USA 75:2844-2H4H. 

27. Watson, S. R., and Collins, F. M., 19HO, Development of suppressor T cells in mice 
heavily infected with mycobacteria, Immunology 39:367-373. 

2H. Zembala, M. A., Asherson, (;. L., James, B. M. B., Stein, V. E., and Watkins, M. C., 
19H2, Anti-haptene T suppressor f;\Ctor acts through an 1-.1 +, Ly 1-2 +, T acceptor 
cell that releases a nonspecific inhibitor of the transfer of contact sensitivity when 
exposed to antigen,]. lrnmul/ol. 129:IH23-IH29. 

29. Zembala, M. A., Colizzi, V., Asherson, G. L., and Watkins, M. C, 19H4, Non-specific 
inhibitor made by . r acceptor cells inhibits both the afferent and efferent stage of the 
contact sensitivity reaction, Immunology 52:S99-60G. 

30. Rook, (;. A. W., Carswell, J. W., and Stanford,.J. L., 1976, Preliminary evidence for the 
trapping of antigen-specific lymphocytes in the lymphoid tissue of "anergic" tuber
culosis patients, C1in. Exp. Immunol. 26: /29-132. 

31. Ferluga, J., Colizzi, V., Ferrante, A., Colston,.J., and 1I0lborow, E . .I., 1984, Possible 
idiotypic suppression of cell-mediated immunity in lepromatous leprosy, Le/n. Rev. 
55:221-227. 

32. Rose, L. M., (;oldman, M., and Lambert, P-II., 19H2, The production of anti-idiotypic 
antibodies and of idiotype-anti-idiotype immune complexes after polyclonal activation 
induced by bacterial LPS,]. lmmunol. 128:2126-2133. 



13 

Polyclonal Lymphocyte 
Activation by M. tuberculosis 
and Its Products 
BARNET M. SUL TZER 

1. INTRODUCTION 

The origin of the term polyclonal activation as applied to lymphocytes 
can be ascribed to the original finding of NowelI,l who was the first to 
show that the proliferation of human peripheral blood lymphocytes in 
culture could be stimulated by a plant lectin phytohemagglutinin (PHA). 
With the development of an adequate culture system for mouse lympho
cytes came an expansion of the use of this mitogen and the discovery of 
others, many of which are bacterial products. The value of these sub
stances derived from the fact that lymphoid cells were stimulated non
specifically. Consequently, large numbers of cells were activated that 
permitted examination of the biochemical and immunologic events at
tendant to this process that was difficult at best to measure when dealing 
with a cell system based on specific antigenic recognition. 

All types of lymphocytes, however, are not stimulated by the same 
substances, so that the study of the activation of T and B cells became 
possible by the use of selected polyclonal mitogens. In the case of T cells, 
concanavalin A (Con A) is an effective stimulant of DNA synthesis that 
also activates these cells to elaborate lymphokines. By contrast, the 
lipopolysaccharide (LPS) endotoxin from various gram-negative bacte-
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ria activates murine B cells to proliferate and differentiate into antibody
producing cells of various specificities. As a result, LPS was the first 
mitogen to be classified as a polyclonal B-cell activator (PBA). Other 
examples of bacterial products that are polyclonal activators would in
clude endotoxin-associated protein (EP)2 or lipid A-associated protein 
(LAP),3 both of which consist of outer membrane proteins from gram
negative bacteria,4 a glycoprotein from Klebsiella pneumoniae, 5 the 
lipoprotein and its synthetic lipopeptide analogues from gram-negative 
bacterial outer membranes,6 and the staphylococcal peptidoglycan.7 Not 
to be excluded from this list are the mycobacteria and their products, 
including the tuberculin proteins, the mycobacterial cell wall and its 
components, as well as the whole cells such as the vaccine strain of 
Mycobacterium bovis or bacillus Calmette-Guerin (BCG). 

It is the intention of this chapter, then, to review the polyclonal 
activating properties of the various mycobacterial components. In the 
process, perhaps some insight will be gained concerning the activation 
and differentiation processes exhibited by the lymphocytes of the im
mune system when first exposed to the mycobacteria and, subsequently, 
after sensitization from either infection or immunization. 

2. TUBERCULIN: A POLYCLONAL B-CELL ACTIVATOR 

Tuberculin in the form of its purified protein derivative (PPD) has 
long been used as a model antigen for the induction of delayed-type 
sensitivity (DTH). At the cellular level, this tuberculin hypersensitivity 
has been generally regarded as a T-cell-dependent phenomenons; 
therefore, PPD has been widely used in defining antigen-driven T-lym
phocyte activities associated with DTH. Lymphokines, such as migration 
inhibiting factor (MIF), have been shown to be produced in vitro as a 
result of PPD acting as an antigen on specifically sensitized T cells. 9 

Furthermore, from a variety of experiments with mice, evidence has 
developed to suggest that after infection of the host with either the 
virulent tubercle bacillus or its attenuated counterpart, M. bovis (BCG), 
the cells that proliferate and may be the specific mediators of tuberculin 
sensitivity were T cells. 1O- 13 

Aside from its antigenic properties, however, PPD has been also 
shown to be a nonspecific mitogen for murine B cells; i.e., such cells 
cultured from normal, unimmunized, uninfected animals were activated 
to blastogenesis and DNA synthesis. 14 The response was rapid and oc
curred optimally at relatively high concentrations of PPD. Immature 
thymocytes and so-called cortisone-resistant mature thymocytes did not 
respond to PPD. In addition, splenic lymphocytes from thymectomized 
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irradiated mice reconstructed with anti-e treated bone marrow cells (B 
cells), and spleen cells from congenitally athymic nude mice, which pos
sess only functional B cells, were stimulated to proliferate by PPD. Fur
thermore, adult and neonatal guinea pig spleen cells responded to PPD 
with DNA synthesis in culture, so that the basic response was not limited 
to the mouse. However, the PPD activation of B cells was not restricted 
to blastogenesis or proliferation. Nonspecific immunoglobulin synthesis 
by B cells was also shown to be induced by PPD in culture. IS When 
normal mouse spleen cells were stimulated to produce antibody as mea
sured by plaque-forming cells against sheep red blood cells (SRBC) and 
horse red blood cells (HRBC) as well as the determinant dinitrophenace
tyl (NNP), the response was again rapid and mainly IgM antibody of low 
average avidity, as measured by hapten inhibition. Finally, fluorescein
labeled antimouse immunoglobulin antibody applied to cells cultured 
with PPD showed that a high percentage of the cells contained immu
noglobulin, 15 and autoradiography of PPD-stimulated cells using [125 1]
anti- IgG also identified the blast cells as B cells. 16 The conclusion drawn 
from this work was simply that PPD was a polyclonal activator of B cells. 
Nevertheless, since PPD has been used extensively to activate T cells 
from specifically sensitized hosts, this finding was greeted with a certain 
degree of skepticism. 

2.1. Nonspecific Lymphocyte Activation by Tuberculin Protein 

In order to prove that tuberculin protein in the form of PPD or 
culture filtrates was not due to an extraneous contaminant such as 
lipopolysaccharide endotoxin (LPS) or denatured materials, various ex
periments were conducted. Circumstantial evidence that PPD was not 
merely a bland antigen but had other intrinsic biologic properties also 
was considerable. 14 Various lots of PPD from different sources were 
active. 14•16 The kinetics of the cellular response to PPD were consistently 
different from those seen with LPS, being earlier and less variable. The 
B lymphocytes of the C3H/He] mouse strain, which do not respond to 

LPS or its lipid A by proliferation or differentiation, do respond in this 
manner when cultured with PPD. Also, a tuberculin-active peptide and a 
polysaccharide fraction obtained from tuberculin were inactive. 14 

Subsequent experiments using sterile unheated tuberculin culture 
filtrate (CF002-NIAID) demonstrated that CF002 was a mitogen highly 
potent PBA for mouse spleen cells. 16 These results ruled out the pos
sibility that in the method of preparing PPD from culture filtrates, the 
heat treatment and salt or acid precipitation procedures produced active 
altered macromolecules (proteins) that were not mitogenic or stimulat
ing in their original state. 
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To assess further the importance of the protein components of 
tuberculin in the activation of normal B lymphocytes, PPD was subjected 
to digestion with chymotrypsin bound to Sepharose beads. 16 Under vari
ous conditions of pH, buffer concentration, and temperature, PPD ac
tivity was lost to varying degrees after treatment with this protease, 
strongly suggesting that the PBA activity was due to tuberculoprotein. In 
addition, both the Limulus amebocyte assay and the actinomycin D 
mouse lethality test for endotoxin at concentrations of PPD and CF002 
10-100 times the mitogenic doses used were negative. 16 Therefore, if 
any LPS contaminated PPD, insufficient amounts were present to ac
count for the lymphocyte activation, since this form of tuberculin is 
equivalent to or superior to LPS as a PBA.15,17,18 Further independent 
observations on the use of endotoxin-free PPD have been reported, 
showing this material to be active on human lymphocytes as well. 19,20 Of 
added interest were the experiments reported by Jacobs and Mor
rison,21 who used polymyxin B to inhibit the activity of LPS in experi
ments directed at studying the relationship between the immunogenicity 
and mitogenicity of LPS. Polymyxin B blocked the mitogenicity of LPS 
on mouse spleen cells but did not abrogate the activity of PPD. 

Clearly, from all the results described, neither endotoxin con
tamination nor procedural artifacts are responsible for the nonspecific 
lymphocyte activating properties of tuberculin and, therefore, it is safe 
to conlude that tuberculoprotein is responsible for the mitogenic and 
PBA activity of PPD. 

Additional studies in a number of laboratories confirmed and ex
tended the initial finding that PPD is a PBA. Palmer and Smith22 re
ported that PPD stimulated DNA synthesis in aT-independent sub
population of normal C57B 1 mouse spleen cells. This proliferative 
response was augmented by leukocyte lysates from tuberculosis patients. 
PPD was also found to be mitogenic for the B cells of BALB/c mice in 
vitro, was a PBA, and enhanced the in vivo anti-SRBC response when 
injected shortly before the administration of SRBC.23,24 However, PPD 
did not activate C'3, in contrast to poly I : poly C, which was active in all 
the systems.23 From the results obtained with these compounds as well as 
with a variety of others, Diamantstein and Blitstein-Willinger23 con
cluded C'3 activation, immunogenicity and B-cell stimulation are not 
correlated properties of certain molecules, where B-cell mitogenicity 
and adjuvanticity are related. Lipsky and Rosenthal20 reported that nor
mal guinea pig B cells are stimulated to proliferate by PPD and that 
macrophages·or factors produced by them inhibited PPD-induced B-cell 
DNA synthesis. PPD has also been used to monitor the age-related de
cline in thymic-independent cell function in a long-lived mouse strain.25 
The proliferative response to PPD and LPS of cultured spleen cells was 
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found to decline with the age of the mouse from which the cells were 
derived but to a lesser degree and later than a thymic-dependent func
tion measured by the immune response to SRBC.25 

Whereas the experiments just described were conducted for the 
most part on cultured lymphocytes, Moatamed et al. 26 described early 
cellular responses in the spleens of mice following intravenous (IV) in
jection of mitogens and adjuvants. Marked B-cell zone hyperplasia was 
found in mice injected with either PPD, endotoxin, or dextran sulfate. 
Similar histologic changes were seen in thymectomized animals. Triti
ated thymidine incorporation and the number of immunoglobulin
positive cells were significantly increased by 24 hr. These experiments 
show that PPD as well as other B-cell mitogens trigger the same cellular 
components of the immune system in vivo as they do in vitro. Perhaps 
tuberculin proteins elaborated in the host by the tubercle bacillus may 
induce nonspecific B-cell activation and proliferation in localized situa
tions. 

2.2. Activation of B-Cell Subpopulations 

Because PPD can activate lymphocytes directly without the necessity 
for presensitizing animals, PPD has been found useful for studying a 
variety of basic immunologic problems. This is also the case with LPS, 
which is generally considered the reference mitogen and polyclonal anti
body inducer for murine B cells. In this regard, one of the first questions 
raised was whether PPD and LPS were activating the same population of 
B cells. Studies directed at answering this question led to the finding that 
the differentiation of fetal liver cells to mature B cells in irradiated hosts 
could be followed by the use of LPS, PPD, and dextran sulfate.27 It was 
shown that these cells subsequently gained responsiveness to dextran 
sulfate, LPS, and PPD, in that order, and that the resulting activation 
depended only on the degree of differentiation at the time they were 
activated. Thus, more primitive cells can only divide, whereas the re
sponse of more differentiated cells is also characterized by a high rate of 
antibod y synthesis.27 

Further studies in this direction have revealed that subpopulations 
of mouse B lymphocytes possessing C'3 and Fc receptors were affected 
by exposure to PPD and LPS.28 PPD caused a rapid loss of cells capable 
of binding C'3 and a concomitant increase of Fc-binding cells after 24 hr 
in culture. By contrast, LPS induced analogous changes, but they were 
not complete until after 72 hr in culture. These results suggested LPS 
and PPD were activating different populations of B cells. PPD activated 
cells at a higher stage of differentiation, whereas LPS activated more 
immature B cells. In a more recent study, by Kakiuchi and Nariuchi,29 
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responses of B cells with or without receptors for C'3 to polyclonal B-cell 
activators were examined by means of the PFC assay to TNP-HRBC 
and protein-coated HRBC. C '3-depleted mouse splenic lymphocytes 
were responsive to LPS but responded poorly to PPD and were essen
tially unresponsive to dextran sulfate. By contrast, C '3-enriched lym
phocytes responded poorly to LPS but well to both PPD and dextran 
sulfate. These different responses were not explainable by Ts cells, 
changes in the kinetics or dose-response profile, or macrophage deple
tion. 

More direct evidence of the selective triggering of distinct sub
populations of B cells by PPD and LPS has been provided by another 
series of experiments. These trials were based on the degree of stimula
tion obtained after the simultaneous addition of optimal concentrations 
of two mitogens to the cell cultures,16.30 the selective inhibition of the 
res ponse of one cell population over another, 16 and the elimination of 
the responding population to one mitogen by a hot pulse of [3H]thymi
dine while retaining the response of the second population to the second 
mitogen.3o The results indicated that the cells responding to LPS and 
PPD were largely distinct. However, it was also apparent that some cells 
responded to both mitogens, although this was limited and the extent of 
overlapping cells varied from one mouse strain to another. 16 

This heterogeneity of B cells has also been observed in other sys
tems. The antibody-induced cell-mediated immunity, which may be a 
product of B-cell activity, can be enhanced by LPS but not by PPD at any 
dose or time interval studied.31 In examining the evolution of the lym
phoid system of a phylogenetically primitive telost fish, the rainbow 
trout, PPD, LPS, and concanavalin A (Con A) were used to measure the 
capacity of leukocytes from various lymphoid organs to respond to these 
mitogens.32 The patterns of responses of cells from the spleen, pe
ripheral blood, and anterior kidney were significantly different, suggest
ing both heterogeneity and a unique distribution of lymphoid cells. In
deed, LPS activated lymphocytes from the anterior kidney, whereas PPD 
and Con A did not. By contrast, PPD was a more potent mitogen than 
LPS or Con A for the peripheral blood lymphocytes.32 

2.3. Mediator Production 

A most important finding related to the nonspecific activation of B 
lymphocytes by PPD was the report by Yoshida et al.,33 who used PPD to 
stimulate lymphokine production from guinea pig lymphocytes. In a 
study to examine the cellular origin of MIF, these workers found that 
while soluble egg albumin or dinitrophenylated egg albumin induced 
MIF in sensitized T cells and not B cells, when PPD was used on cells 
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from animals immunized with the aforementioned antigens in Freund's 
complete adjuvant containing killed tubercle bacilli, the B cells as well as 
T cells made MIF. Further experiments done with cells from unim
munized animals demonstrated that PPD could stimulate B cells but not 
T cells to make MIF. Yoshida and co-workers ascribed the results to the 
nonspecific activation of B cells by PPD and confirmed these in vitro 
results in vivo by the use of the macrophage disappearance reaction. 33 
That normal B cells could be activated by PPD led to a re-evaluation of 
the B cells in cell-mediated immunity. 

An example of this change in our understanding of the role of B 
cells in facets of immunity other than antibody production is provided 
by the work of Rocklin et alY Using purified human T and B cells, MIF 
activity was found to be a property of both classes of lymphocytes. In 
fact, MIF production was found to be quantitatively greater in B cells 
than T cells. Both cell types were stimulated by specific antigens to which 
the individuals were sensitized, including streptokinase-streptodornase, 
Candida, and PPD. However, cells from tuberculin-negative individuals 
did not produce MIF when exposed to PPD, in contrast to the results 
with guinea pig lymphocytes. This apparent discrepancy may well be 
due to the different cultural conditions employed, with particular refer
ence to serum supplementation, in addition to the fact that the con
centration of PPD used for the human cell work was one fifth of that 
used with guinea pig cellsy,33 In any event, the general assumption that 
DTH of the tuberculin type is a pure T-cell phenomenon is still open to 

question. Thus, while the production of MIF correlates with cutaneous 
DTH, it reflects not only T-cell function but B-cell function as well. 

2.4. Regulation of the Immune Response 

Since, by definition, B-cell mitogens stimulate cell division, and pro
liferation is a necessary step in the full expression of the immune re
sponse, it is reasonable to assume that these substances would act to 
increase the magnitude of B-cell-specific responses. In fact, the adjuvant 
activity of LPS endotoxin had been known prior to the discovery that LPS 
activates B cells to DNA synthesis and division. 34 Consequently, PPD has 
also been investigated from this point of view. PPD can enhance the 
immune response to SRBC in mice if given 30 min before immunization 
of the animals with a suboptimal dose of antigen.23 When injected into 
mice, PPD also can induce synthesis of autoantibodies. This type of 
response was detected by complement-dependent cytotoxicity against 
syngeneic spleen cells.35 Thus, self-reactive B cells could be activated in 
vivo by PPD. The authors believe that the capacity of self-reactive B cells to 
secrete antibodies reflects the polyclonal activating capacity of the ac-
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tivator used, since a weaker PCA such as dextran sulfate was a weak 
inducer of the autoantibody response. 35 This novel aspect ofB-cell activa
tion was shown to occur in vitro as well. PPD could induce the formation of 
autoantibodies by bovine spleen cells to autologous RBCs.36 Speculation 
was raised that perhaps these findings may have clinical significance in 
chronic infectious diseases caused by organisms having or releasing B-cell 
polyclonal activating substances and that the induction of autoantibody 
production might develop as a consequence.36 In a study designed to 
examine the possible role of polyclonal B-cell activation in the induction 
of anti-DNA antibodies, Izui et al. 37 showed that the injection of PPD at 
high doses could induce anti-DNA antibodies but was less effective on a 
weight basis than LPS. Also PPD did not provoke the release of DNA in 
the circulating blood, whereas LPS was very active. Thus, Izui et al. 
concluded that the induction of anti-DNA antibodies, although a conse
quence of polyclonal B-cell activation, is not dependent on the release of 
DNA into the circulation. These findings conform to the work of Primi et 
al.,35 who demonstrated that PBA could induce autoantibodies cytotoxic 
for syngeneic spleen cells and RBCs. Thus, it would appear that bacterial 
polyclonal activators such as PPD and LPS have a role in the induction of 
at least some autoantibodies and that perhaps bacterial infections may 
playa part in the development of autoimmunity. 

The in vitro adjuvanticity of PPD also has been demonstrated. 17 PPD 
has been found to enhance the primary immune response to hetero
logous RBCs by splenic lymphocytes cultured from normal unim
munized mice. The enhanced response was specific for the antigen add
ed and adherent cells were required for the synergistic effect between 
antigen and PPD. Interestingly, in comparison with other B-cell mito
gens such as LPS and SIll, PPD was found to be the most effective agent 
in increasing the primary immune response in vitro. 17 

PPD and other polyclonal activators not only have been shown to 
enhance antibody responses both in vitro and in vivo, but recently these 
materials have been reported to suppress the primary immune response 
to SRBC in vivo. When high doses of PPD were injected 1-3 days before 
immunization with SRBC, the response as measured by direct (IgM) and 
indirect (IgG) PFCs was suppressed.38 In order to obtain an immu
nosuppressive effect, it was necessary to inject PPD in the absence of the 
test antigen. When PPD was given with the antigen, enhancement of the 
immune response developed. Diamantstein et al. 38 offer the explanation 
that PPD and other B-cell mitogens, when introduced into an animal at 
the appropriate time, may lead to the emergence of a cell population 
that has lost its ability to respond to a specific antigen. 

It would seem apparent from the accumulated evidence that the 
property of PPD to nonspecific ally activate B cells has become useful for 
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studying various aspects of the immune response both at the level of the 
cell and of the whole organism. 

2.5. Polyclonal Activation of Human Lymphocytes 

The use of polyclonal activators as a means of stimulating human 
lymphocytes to proliferate or differentiate has been extensive. Particular 
emphasis has been directed to the secretion and regulation of immu
noglobulin synthesis stimulated by PBAs. Chief among the PBAs are 
bacterial products which have been shown to be quite potent for murine 
lymphocytes including LPS endotoxin, staphylococcal protein A, dex
tran sulfate, Nocardia water-soluble mitogen (NWSM), pneumococcal 
polysaccharide type III, selected outer membrane proteins of gram
negative bacteria such as endotoxin-associated protein (EP) and the 
membrane lipoprotein, and finally PPD tuberculin. At one time or an
other, all have been tested on human blood lymphocytes or spleen and 
lymph node cells with various degrees of success. For a review of this 
topic, the reader may find the article by Waldmann and Broder39 of 
interest. 

In the particular case of PPD, the interpretation of the results of 
such studies is complicated by the source of the lymphocytes and the 
culture conditions used. Depending on geographic factors, the cells may 
be drawn from individuals previously sensitized to PPD by immunization 
with the BCG vaccine and either skin-test negative or positive to tuber
culin or from individuals not so immunized and tuberculin negative by 
skin test. In addition, variables such as the concentration of PPD; length 
of time of the cultures; whether the culture media included fetal calf 
serum, human serum, or plasma; and finally whether the lymphocytes 
were derived from the blood, spleen, or lymph nodes all have been 
shown to affect the results. For example, Nilsson40 reported that blood 
lymphocytes from tuberculin negative persons were significantly acti
vated to proliferate when cultured with relatively high concentrations of 
PPD for six days. These results have been confirmed by CIOSS41 and 
Janicki et al.,42 who showed that tuberculoprotein antigens at low con
centrations in contrast to tuberculopolysaccharides stimulated the trans
formation of lymphocytes from tuberculin-negative volunteers, al
though to a lesser extent than lymphocytes obtained from tuberculin
positive individuals. Again, at high concentrations of PPD, Ringden et 
al. 43 reported the stimulation of polyclonal antibody and DNA synthesis 
in spleen, tonsil, adenoid, and mesenteric lymph nodes cells. Using the 
sensitive protein A plaque assay, Hammarstrom et al. 44 demonstrated 
that PPD was even more effective than LPS in generating PFC of differ
ent subclasses from peripheral blood lymphocytes, including IgM, IgG, 
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and IgA. In addition, in this same study, a marked proliferative re
sponse was stimulated by PPD. However, it is important to note that the 
cells used in the reports cited above were from Swedish adults who had 
been routinely immunized as infants with BCG, so that there may have 
been some contribution from the reaction of specifically sensitized cells 
as well as the transformation of nonimmune lymphocytes. In this re
gard, PPD-induced polyclonal immunoglobulin production has also 
been found in lymphocytes drawn from Japanese individuals who were 
tuberculin positive.45 In this study, the polyclonal activation of B cells 
was shown to be dependent on T-helper cell activity. These results sup
port the findings by Blomgren46 that PPD selectively activates T cells in 
the blood of BCG-immunized donors, so that T-cell factors can subse
quently activate B cells. By contrast, Waldmann and Broder39 reported 
that PPD at high concentrations was ineffective in stimulating IgG, IgM, 
and IgA synthesis by peripheral blood mononuclear cells drawn from 
normal persons who had not been previously vaccinated with BCG. 
Nevertheless, these investigators point out that there may be differences 
in the reactivity of subpopulations of B cells that are found distributed 
differently in the blood and lymphoid organs. For example, Fauci and 
Pratt 17 were able to induce PBA in cultured human tonsillar lympho
cytes with PPD as well as LPS and keyhole limpet hemocyanin, as mea
sured by antibody-forming cells to SRBC. In fact, PPD was the most 
potent material on a weight basis. Other B-cell mitogens, such as pneu
mococcal polysaccharide SIll and dextran sulfate, were inactive. Com
plicating the picture still further is the finding by Soren47 that sup
pressor cells may be stimulated by PPD in culture, which may dampen 
the polyclonal response. 

Culture conditions may also playa role in whether PPD activates 
lymphocytes. Matthews et al. 48 found that when un fractionated pe
ripheral blood leukocytes were used, human plasma was essential for 
PPD to stimulate DNA synthesis. Human serum was less effective, and 
fetal calf serum was ineffective. When the lymphocytes were separated 
by Ficoll-Hypaque gradients which now is done routinely, serum supple
mentation worked so that in those studies cited above, by Waldmann and 
Broder, it is unlikely the culture conditions were a factor. Nevertheless, 
consideration of such variables in the analysis of the results obtained 
with PPD and human lymphocytes remains critical. 

2.6. Genetic Effects on Lymphocyte Responses to PPD 

Limited research devoted to the genetics of the lymphocyte re
sponses to PPD as a polyclonal activator has been reported. The classic 
endotoxin-hyporesponsive C3H/HeJ mouse strain responds normally to 
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PPD. By using this strain for interbreeding experiments, it has been 
found that the mitogenic responsiveness to LPS is governed by a single 
gene locus (ips) composed of codominant alleles.49 Furthermore, Watson 
et ai.50 reported that the ips locus regulates a number of immunologic 
reactions to the lipid A of LPS, including polyclonal and adjuvant re
sponsiveness. Thus, the deficient LPS response in the C3H/He] strain is 
highly selective, serving to underscore the different nature of the poly
clonal response of B cells to PPD and various outer membrane proteins 
of the gram-negative bacteria as well.49 

In an attempt to define, if possible, a genetic pattern that controlled 
the polyclonal response to PPD, 15 inbred strains derived from several 
families of mice were tested for the response of their lymphocytes to the 
mitogenic effect of PPD.16 No true low or nonresponder strain was 
found, although there were some quantitative differences found be
tween the strains, as might be expected. In addition, young mice (neo
nates to weanlings) responded as well as adults and sex had no influence. 
In a study by Stiffel et at. 51 designed to accomplish a genetic selection for 
PHA mitogenic responsiveness, both a high- and a low-responder line 
were separated after six consecutive generations of selective breeding. 
However, PPD and LPS stimulated the proliferation of the lymph node 
lymphocytes from these lines equally as well. Also, the results of experi
ments obtained with PHA and these two lines demonstrated that the 
responsiveness to PHA was under polygenic control, in contrast to the 
responsiveness of B cells to their mitogens as expressed by LPS, clearly 
indicating that the genetic control of the response to T- and B-cell 
mitogens is unrelated. 

Another inbred mouse strain that has received considerable atten
tion because of its marked defect in antibody formation to T -indepen
dent antigens, including type III pneumococcal polysaccharide (SIll) 
and LPS is the CBA/N strain.52,53 Genetic studies have demonstrated 
that this defect is inherited as an X-linked recessive trait. In other words, 
when CBA/N females are crossed to normal male mice, the Fl male 
progeny are unable to form antibody to SIll, whereas the Fl female 
progeny form normal amounts of antibody. This X-linked mutation 
affects a number of B-cell functions. For example, young CBA/N and Fl 
male mice (3-6 weeks) are relatively low responders to the mitogenic 
effect of LPS, but the response of B cells from old mice (31-52 weeks) is 
considerably higher.54 In experiments using PPD, both the mitogenic 
and polyclonal antibody responses of the B cells of CBA/N mice were 
clearly age dependent. Young mice were low responders, whereas aged 
mice were high responders. Taken together, these results clearly show 
that the B-Iymphocyte defect in this mouse is due to a delay in matura
tion. In an independent study, Nariuchi and Kakiuchi55 showed, fur-
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thermore, that this hyporesponsiveness was not due to a shift in the dose 
response or in the kinetics of the responding cells nor to a defect in T 
cell or macrophage function in the CBA/N strain. 

2.7. Other Nonspecific Activities Stimulated by PPD 

Polyclonal activators including PPD have been explored for their 
potential to stimulate a number of different lymphocytes activities be
sides proliferation and antibody synthesis. Stejskal et al. 56 showed that 
normal CBA mouse lymph node cells could be activated in culture by 
PPD to be cytotoxic for mouse L cells but not for human live cells (Chang 
cells). This cytotoxic effect correlated with increased DNA synthesis. 
Wlodarski et al. 57 reported that PPD could induce endogenous spleen 
colony formation when given subcutaneously in sublethally irradiated 
mice. This effect was obtained irrespective of whether PPD was given 
before or after irradiation. Endogenous C-type viruses of mice have 
been induced in cultures of spleen cells exposed to PPD from a variety of 
inbred strains. 58 This release of virus emanates from B cells and can be 
induced by LPS as well, although the genetically deficient B cells of the 
C3H/Hej strain do not respond to LPS. Nevertheless, they do contain C
type viruses, as shown by their release when stimulated by PPD. 

3. MYCOBACTERIUM BOVIS 

3.1. Activation of Normal Lymphocytes by Whole Cells 
and Their Fraction 

During the early 1970s BCG received considerable attention be
cause of its property as an immunologic adjuvant and its potential 
usefulness in cancer immunotherapy. In this context, BCG was used in 
the experimental treatment of tumors, for the immunotherapy of leuke
mia and was considered as a method of immunoprophylaxis for tu
mors. However, there was no understanding of how BCG worked and in 
the first attempt to gain some insight into the effects of BCG at the 
cellular level, Mokyr and Mitche1l59 investigated the activation of normal 
lymphoid cells by BCG. Whole BCG cells were found to stimulate DNA 
synthesis of C3H/j mouse spleen cells and thymocytes in culture. How
ever, the activation of the thymocytes was dependent on the presence of 
macrophages, although high levels of these adherent cells actually de
pressed the DNA synthesis of the splenic lymphocytes. At the same time, 
BCG stimulated splenic macrophages to produce lymphocyte activating 
factor (lnterleukin-I) which has a direct effect on T-cell proliferation. 
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Further experiments to define the components of BCG that were re
sponsible for activating these cells revealed that a water-insoluble deli pi
dated cell fraction was as active as BCG on splenic lymphocytes, but less 
so on the thymic lymphocytes of C3H mice.6o By contrast, a lipid frac
tion obtained from BCG by chloroform-methanol extraction was rela
tively ineffective as a mitogen. Nevertheless, the methanol-extracted res
idue (MER) from mycobacteria originally described by Weiss and 
Wells61 was found to be a potent mitogen for both splenic and thymic 
lymphocytes, but none of these fractions was as active as whole BCG cells 
in stimulating IL-l from splenic macrophages. 

In a similar set of experiments, Bekierkunst62 showed that not only 
BCG but killed cells of M. kansasii and M. smegmatis activated DNA syn
thesis in C3H mouse spleen cells. Interestingly, thymocytes were not 
stimulated directly by these organisms but with appropriate mixtures of 
thymocytes and spleen cells, a relatively small but significant synergistic 
effect was obtained, most likely reflecting the need for the interaction of 
macrophages and thymocytes.59 Bekierkunst62 also tested the cell walls 
of M. tuberculosis H34Ra, the delipidated and deproteinized walls, cord 
factor (trehalose-6,6' dimycolate) and the neo water-soluble adjuvant 
(NWSA), which is a peptidoglycan linked to an arabinogalactan extract
ed from M. smegmatis. Neither NWSA nor cord factor was active, where
as the H37Ra cell wall preparation was a potent mitogen for mouse 
splenic lymphocytes. As might be expected, the delipidated and de pro
teinized H37Ra cell walls were much less active, indicating the removal 
of mitogenic components such as the tuberculin proteins. 

The MER of BCG was studied in detail by Ben-Efraim and Dia
mantstein63 with respect to its mitogenic and adjuvant activity in mice. 
MER activated DNA synthesis in Balb/c spleen cells and nu/nu mice 
which lack functional T cells. This polyclonal mitogenic effect was not 
dependent on macrophages. Bone marrow and lymph node cells were 
marginally stimulated, whereas MER was inactive on thymocytes, most 
likely because of the critical need for macrophage interaction in the case 
of T-cell activation by mycobacterial products. Activation of antibody 
synthesis was also demonstrated in cultures of BALB/c and nude spleen 
cells by MER, as measured by PFCs to SRBCs and TNP-SRBC; i.e., the 
primary immune response was significantly enhanced, comparing favor
ably to the in vitro adjuvant effect of both PPD and LPS. Likewise MER 
was found to be active on guinea pig splenic lymphocytes as a polyclonal 
mitogen.64 However, spleen cells depleted of B lymphocytes were not 
stimulated, although these T -enriched cells responded to PHA and Con 
A, demonstrating that the proliferation obtained was restricted to the B
cell compartment. By contrast, guinea pig spleen cells did not respond 
with polyclonal antibody synthesis to MER, LPS, or PPD. This may be a 
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reflection of the fact that guinea pig cells are weak responders to T
independent antigens, many of which are B-cell mitogens, whereas mice 
that are good responders have spleen cells that are readily activated to 
polyclonal antibody synthesis by these materials. 

Cell-wall preparations from BCG were compared with similar prep
arations from Nocardia rubra and various species of Corynebacterium and 
Propionibacterium by Azuma et al.65 in terms of their mitogenic activity for 
T and B cells from mice. All these chemically complex preparations were 
active on B- and T-enriched cells as well as the lymphocytes of the 
congenitally athymic (nu/nu) mice. Macrophage-deleted spleen cells 
were activated by BCG cell walls, although the depletion was not exten
sive and residual macro phages were undoubtedly present. Nevertheless, 
these results support the earlier studies reported above. 

Another approach to characterize the immunologic response to 
BCG was taken by Baker et ai.,66 who prepared a water-soluble fraction 
of sonically disrupted M. bovis (BCG) cells containing a mixture of pro
tein, mucopolysaccharides, and polysaccharides. This soluble sonicate 
activated the proliferation of normal mouse spleen cells in vitro and 
enhanced the PFC response to SRBC in culture and in vivo. 

3.2. Activation of Lymphocytes from BeG-Infected Mice 

The work discussed so far has dealt with the activation of lympho
cytes from normal animals by mycobacteria in the form of whole cells or 
fractions derived from these organisms by one means or another. One 
question that naturally follows is: What role does nonspecific activation 
of the immune system play during the in vivo sensitization of the host 
infected with the tubercle bacillus? For example, it is reasonable to as
sume that B cells are activated in such circumstances in view of the 
appearance of both specific antibody to tuberculosis antigens and ele
vated levels of antibody to non tuberculosis antigens. Furthermore, since 
normal B cells can be activated by tuberculin to produce lymphokines, it 
is possible that nonspecific activation could participate in the cell-medi
ated immune reaction consequent to sensitization of the host by prod
ucts of the tubercle bacillus. 

In a series of experiments designed to determine how infection with 
BCG affects the responsiveness of lymphocytes to PPD as well as B- and 
T-cell mitogens, Sultzer67 found that the type of response obtained de
pended on how BCG was given mice and the organ source of the lym
phocytes. The proliferation of splenic lymphocytes was depressed in the 
presence of PPD in vitro when BCG was given intravenously, as com
pared with such cells taken from uninfected mice. Likewise, the stimula
tion of DNA synthesis in T cells from the spleens of BCG-infected mice 
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was depressed when they were cultured with Con A; however, the re
sponse of splenic B cells to LPS was enhanced. All these cell types were 
cultured as mixtures. When the spleen cells were then fractionated, 
however, B-enriched lymphocytes were more reactive to PPD, and T
enriched cells were more reactive to Con A, suggesting that suppressor 
cells were activated in the spleens of mice given BCG intravenously. This 
was not the case if BCG was given subcutaneously, since the splenic 
lymphocyte responses to PPD and Con A was unchanged, as compared 
with cells from uninfected animals. In addition, regardless of how the 
mice were infected with BCG, the lymph node T and B cells were en
hanced in their response to PPD. 

In a similar manner, washed killed whole BCG cells were used to 
determine whether other components of these organisms besides the 
tuberculin proteins would activate normal and sensitized lymphocytes ill 
vitro. The results clearlv showed that BCG acted as a B-cell mitogen for 
normal mouse lymphocytes and was inactive on splenic T cells or thy
mocytes. BCG also functioned to stimulate B-cell differentiation, as mea
sured by polyclonal antibody synthesis using TNP-SRBC as an antigen. 
Furthermore, when sensitized lymph node cells were taken from BCG
infected mice, a dramatic increase in proliferation occurred when these 
cells were cultured with BCG, PPD, or LPS. This result suggested that an 
expansion of various subpopulations of B cells probably occurred within 
the regional lymph nodes of the infected mice either by recruitment, 
trapping, or proliferation ill situ, so that proportionately more B cells 
were available in culture to be stimulated. In this regard, Meyer et al. 58 

reported the results of an autoradiographic quantification of the T - and 
B-cell areas in the spleens and lymph nodes of mice given BCG intra
peritoneally. Interestingly, the B-cell areas in the spleen increased, 
whereas the T-cell areas appeared to be significantly reduced. This may 
explain the enhanced B-cell proliferative response in cultures when 
these cells are separated from suppressor cells as described above. By 
contrast, they also showed that a doubling in size of the T-cell areas of 
the lymph nodes occurred, which also correlates with the enhanced in 
vitro proliferative response of lymph node cells to PPD. 

The induction of suppressor activity by BCG, particularly when 
high doses are given in a systemic fashion, is discussed at greater length 
in another chapter of this volume. However, as such suppression applies 
to polyclonal mitogenic effects, a brief summary is appropriate here. 
Mitchell et al. 59 reported a decreased responsiveness of nonadherent 
spleen cells (T) to Con A in mice given BCG IV and likewise a decreased 
response to LPS in unfractionated spleen cells. Geffard and Orbach
Arbouys70 showed that a lower reactivity of spleen cells from BCG
treated mice in a mixed lymphocyte reaction was at least partly due to a 
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nonspecific suppression by T cells. In a series of investigation by Tur
cotte and colleagues,71-73 it was shown that BCG infection induced 
either suppression or enhancement of the response of mouse lympho
cytes to T- and B-cell mitogens. Their evidence indicated two popula
tions of suppressor cells, including T cells and macrophages. Moreover, 
both cell types elaborated mediators of suppression in the supernatants 
of their respective cultures. Klimpel74 also demonstrated that superna
tants from BCG-treated splenic macro phages could inhibit the in vitro 
response of normal mouse C57BL/6 spleen cells to SRBC. Suppressor 
macro phages from BCG-treated mice were also found to depress both 
T- and B-mitogen-induced spleen cell DNA synthesis in this strain, but 
this suppression was not detected in CBA/J mice. 75 ,76 Consequently, 
genetic differences exist in the induction by BCG of suppressor cell 
activity. Finally, Collins and Watson77 showed that BCG given IV to 
specific pathogen-free mice in high doses produced a severe depression 
in the response of spleen cells to both PHA and PPD. This effect was 
time dependent, appearing about 4 weeks after the BCG was given and 
persisting as long as 4 months. Again, T cells were implicated in this 
phenomenon, since anti-a treatment of the spleen cells abrogated the 
depressed proliferative response. 

4. MURAMYL DIPEPTIDES 

Since the isolation, identification, and synthesis of the muramyl di
peptides such as N-acetylmuramyl-L-alanyl-D-isoglutamine and its ana
logues, a considerable literature has developed pertaining to their ~aried 
and intriguing biological properties. MDP was the first adjuvant derived 
from the mycobacterial cell-wall peptidoglycan to be synthesized and 
shown to be the minimal structure that could substitute for the mycobac
teria in Freund's complete adjuvant. In addition, MDP can enhance 
nonspecific resistance to infection, is pyrogenic and can regulate humor
al and cellular immune responses. Because of its simple structure, MDP 
has offered an attractive opportunity to relate the mechanisms of im
mune regulation to its chemical structure at the cellular level. However, 
it is not the intention of this review to cover the broad field of MDP 
research but rather the discussion will focus on the activity of MDP and 
its analogues as a mitogen and polyclonal activator. 

4.1. Mitogenicity of MDP 

Purified peptidoglycans from various gram-negative and gram
positive bacteria as well as from the mycobacteria have been shown to 



13. POLYCLONAL LYMPHOCYTE ACTIVATION 293 

enhance antibody synthesis and to induce DTH when incorporated in 
Freund's complete adjuvant as a replacement for the mycobacterial cells. 
Damais et al. 78 showed that such peptidoglycan preparations from 
Bacillus megatherium and Escherichia coli were mitogenic for rabbit spleen 
cells, AKR mice, and the spleen cells of congenitally athymic nu/nu mice. 
However, a monomer of the E. coli peptidoglycan, which was an adjuvant, 
did not activate these cells in culture, suggesting that a repetitive structure 
might be a critical requirement for mitogenicity. Likewise, Ciorbaru et 
al. 79 found that Nocardia peptidoglycans solubilized by peptidases were 
mitogenic for the same types of lymphocytes (B cells), but lysozyme 
digestion produced inactive fractions. Ciorbaru and co-workers sug
gested that the activity therefore resided in glycan strands substituted by 
tetra- or tripeptides obtained by the peptidase digestion, whereas the 
mixture of oligosaccharides substituted by partly crosslinked peptides 
obtained by lysozyme treatment" was incapable of stimulating lymphocyte 
proliferation. 

The first reports of the mitogenic activity of MDP were somewhat 
conflicting. Azuma et al. 80 examined N-acetylmuramyl dipeptide and 
6-0-stearoyl-N-acetylmuramyl dipeptide for their ability to stimulate 
DNA synthesis in C57BLl6] mouse spleen cultures but found no activity 
at a range of concentrations. The culture conditions included the use of 
10% fetal calf serum (FCS) and a 48-hr culture period. By contrast, 
Igarashi et al. 81 used DBA/2 spleen cells, high concentrations (100 j.Lg) of 
MDP or several analogues, and a culture period of 72 hr with 10% FCS, 
and obtained low levels of [3H]-Tdr uptake. Specter et al. 82 showed that 
MDP could stimulate low levels of DNA synthesis in BALB/c spleen cells 
after 48 hr of culture as well as 2-3 times more background PFC to 
SRBCs after 5 days of culture. Subsequently, Damais et al. 83 emphasized 
that both culture conditions and genetic. factors were determinants in 
the nonspecific activation of mouse spleen cells by MDP. Optimal re
sponses (fivefold increases) in [3H]-Tdr uptake took 4-5 days instead of 
2-3 days seen with the classic B-cell mitogen, LPS. FCS at concentration 
of 10% abolished DNA synthesis, although this did not affect the stim
ulation induced by LPS, NWSM, or peptidoglycan from B. megatherium. 
That various levels of activation can be obtained in mouse spleen cell 
cultures stimulated by mitogens has been shown to depend on various 
lots of FCS that are used, so it is not surprising that results vary from 
different laboratories.84 

From the genetic viewpoint, it is clear that mouse strains differ in 
their responsiveness to MDP, as is the case with other mitogens such as 
LPS. For example, DBA/2, BALB/c and BALB/c-nu/nu mice have cells 
that respond to MDP, whereas C6AK mice are weak responders, if at all. 
In another study, by Damais et al.,85 14 synthetic MDP analogues were 
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tested for mitogenicity, using cells from a variety of mouse strains. The 
results obtained in serum-free medium again emphasized the genetic 
differences in the response to MDP. C57BlI6 and C3H/He mice did not 
respond, but AKR, DBA/2, BALB/c CBA, and (C57BlI6 x AKR)Fl 
hybrids did. Furthermore, those MDP analogues that were active as 
adjuvants (8) were mitogenic, whereas those that were inactive as adju
vants (6) were non mitogenic. Similar results were obtained using guinea 
pig spleen cells from individual animals. 

Wood and Staruch86 also conducted a systematic investigation on 
the mitogenicity of MDP to determine what factors influenced this ac
tivity. First, they found that MDP had to be in contact with the spleen 
cells for at least 6 hr for activation to occur. B cells were the responders. 
T-cell proliferation was insignificant and did not appear to act as helper 
cells for B-cell division. From depletion and reconstitution experiments, 
macrophages were found to function as accessory cells. Genetic experi
ments indicated that a dissociation existed between the mitogenic re
sponse and the adjuvanticity stimulated by MDP and that the LPS gene 
was not closely linked to the gene(s) controlling the mitogenic response 
to MDP. Given these results and the fact that the intensity of the mitogen 
response did not correlate with the intensity of the adjuvant response to 
bovine serum albumin, Wood and Staruch concluded that the activity of 
MDP as a mitogen does not make a significant contribution to its adju
vanticity.86 

4.2. Polyclonal Antibody Synthesis Stimulated by MDP 

In continuing studies to elucidate the mechanism of action of MDP 
at the cellular level, polyclonal antibody synthesis was investigated at 
some length in a number of laboratories. Specter et al. 87 showed that 
MDP could enhance the PFC response of normal BALB/c mouse spleen 
cells to SRBC equivalent to an E. coli LPS, as well as adjuvant, the anti
body response when SRBC were added to the culture. Watson and 
Whitlock88 provided evidence that MDP substituted for T-helper cells in 
the in vitro primary immune response to the T-dependent antigen 
SRBC; moreover, this effect was antigen dependent. Therefore, they 
concluded that the relatively weak mitogenicity of MDP obtained under 
the right cultural conditions was not a factor in its adjuvanticity. Confir
matory studies by Leclerc et al. 89 demonstrated that adjuvant active ana
logues of MDP were active as polyclonal activators of antibody synthesis 
by B cells, whereas those analogues that were inactive in vivo were less 
effective PBAs. Cell viability not due to cell proliferation was enhanced 
by MDP. Background PFC to both thymus-dependent and thymus-inde
pendent antigen were stimulated by MDP in athymic nu/nu spleen cell 
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cultures,90 and macrophage depletion did not alter the response to syn
geneic bromelain-treated RBCs (br-MRBC) or the autoantigen mouse 
albumin.91 However, it should be noted that rigorous exclusion of the 
macro phages was not accomplished in these experiments, a notoriously 
difficult task without depleting a substantial number of B cells. 

In a survey study of polyclonal B-cell activation by cell-wall prepara
tions from various gram-positive bacteria, Saito-Taki et al. 92 also chose to 
examine MDP using athymic nu/nu mice and their normal counterpart 
nu/+ mice. As compared with the cell-wall preparations and LPS, the 
number of PFC obtained against SRBC and TNP-SRBC was 50-90% 
less, but the PBA induced by MDP in BALB/c cultures compared favor
ably with both LPS and the bacterial cell walls. More recently, Saito-Taki 
et al. 93 reported that the elimination of T cells and macrophages signifi
cantly reduced the PBA of MDP. Supplementation of the purified B-cell 
cultures with the supernatants of MDP stimulated T-cell cultures re
stored the response. Recombinant interleukin-2 (IL-2) partially restored 
the PBA response. By contrast, macrophage supernatant was not as 
effective, and IL-l had no effect at all. Nevertheless, the addition of IL-l 
and IL-2 to the purified B-cell cultures resulted in full restoration of the 
PBA response to MDP, which argues for the necessity of T cells and 
macro phages or their soluble products in order for MDP to nonspecific
ally activate B cells to differentiation and antibody synthesis. These in
teresting results await confirmation. 

Another intriguing discovery as it pertains to the effect of MDP on 
polyclonal activation was reported by Lowy et al. 94 Paradoxically, MDP 
was shown to inhibit the stimulation of polyclonal antibody synthesis to 
TNP-SRBC or anti BR-MRBC by LPS or NWSM. MDP was effective in 
suppressing the PBA response when added simultaneously or 24 hr 
after the LPS or NWSM. However, the DNA synthesis activated by these 
mitogens was actually increased, indicating that the suppression resided 
in the B-cell differentiation steps, and not the initial proliferative events. 
Whether this suppression induced by MDP was a direct effect on B cells 
or involved the activation of suppressor macrophages or T cells by the 
combination of these compounds remains to be determined. 

Finally, the effect of MDP on human lymphocytes has been studied 
by Bahr et al. 95 Peripheral blood lymphocytes from normal volunteers 
were cultured with MDP as well as its adjuvant inactive sterioisomer 
MDP (D-D) and the non pyrogenic adjuvant active analogue, MDP-butyl 
ester (MDP-BE). Neither DNA synthesis nor immunoglobulin synthesis 
was induced by these compounds. MDP and MDP-BE, however, did 
enhance IgA or IgM secretion induced by pokeweed mitogen (PWM). 
By contrast, MDP could suppress the [3H]-Tdr uptake ofT cells induced 
by optimal concentrations of Con A and was able to reverse or enhance 
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the lower responses to supraoptimal concentrations of Con A. Clearly, 
MDP can regulate the responses of human peripheral blood lympho
cytes but does not directly activate these cells. This lack of direct stimula
tion contrasts with the results obtained with mouse lymphocytes; howev
er, it is essential to recall that all the studies with the mouse dealt with 
spleen cells. Human spleen cells have not been tested with MDP. An 
analogous situation exists with LPS. Protein-free LPS is essentially inac
tive on HPBL but stimulates human tonsillar and spleen cells. The cul
tural conditions used for the human lymphocyte experiments may be 
critical as well. High concentrations of FCS or autologous serum were 
used by Bahr et ai., conditions that can suppress lymphocyte activation in 
mouse cell cultures. Whether MDP can activate human lymphocytes 
from sources other than the blood and how it can regulate the prolifera
tion of T cells and B-cell antibody synthesis induced by the appropriate 
stimulants are questions waiting to be addressed. 

5. VARIOUS MYCOBACTERIAL COMPONENTS 

As a forerunner to the discovery of the muramyl dipeptides, re
search from the laboratory of Edgar Lederer, as reported by Adam et 
ai.,96 described the isolation and adjuvant properties of a water-soluble 
fraction (WSA) from the cell walls of M. smegmatis. WSA contained typ
ical cell-wall constituents, induding amino sugars, neutral sugars, and 
amino acids in an oligomeric form. No mycolic acids were detected. 
Subsequent experiments described by Chedid et al. 97 indicated that 
WSA was effective in enhancing the immune response to viruses in the 
absence of toxic reactions. WSA was devoid of pyrogenicity and lacked 
toxicity in adrenalectomized mice. At the cellular level, Modolell et al. 98 

found WSA to be an adjuvant, increasing the PFC response to SRBC and 
other antigens in spleen cell cultures from a variety of mouse strains. 
However, there was no indication that this adjuvant activity was due at 
least in part to polydonal activation. No increase in background PFC to 
SRBC or DNP-SRBC occurred, nor was there any evidence of cellular 
proliferation at either low or high concentrations of WSA in the pres
ence oflow concentrations of FCS.98 Given the probability that muramyl 
dipeptides were components of WSA to some degree and that such 
materials are relatively weak polydonal activators, it is likely that the lack 
of polydonal responses induced by WSA may have been due to low 
concentrations of these components in this extract. 

In addition to the constituents of WSA, the cell walls of mycobacteria 
are rich in complex lipids. As reviewed by Goren,99 the mycobacterial 
lipids consist of a variety of compounds, such as the toxic glycolipids 
known as cord factor and the sulfolipids, the peptidoglycolipids (Wax D), 
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several phospholipids, the mycosides, and mycolic acids. Of these, cord 
factor (trehalose mycolate) and Wax D have been shown to be adjuvants to 
various degrees in mice, rats, and guinea pigs. 100 While cord factor has 
been shown to increase nonspecific resistance to bacterial infections by 
Parant et at.lol and to increase the phagocytic function of the reticuloen
dothelial system in mice by Saito et at., 102 it does not appear to be active as 
a polyclonal activator of cell proliferation.62 By contrast, a number of 
other mycobacterial lipids and cell-wall constituents were examined for 
these properties in spleen cell cultures of BALB/c and athymic mice. 103 

The preparations included Wax D, mycolic acid, glycopeptides, and 
polysaccharide II. None of the adjuvant-active glycopeptides or polysac
charides was active as mitogens or as PBAs. However, the lipid-rich 
peptidoglycolipid compounds were mitogenic for nulnu mouse spleen 
cells but not thymocytes from BALB/c mice. Rook and Stewart-Tull 
concluded that Wax D was a B-cell mitogen and as well as a PBA, given the 
increased PFC to TNP-SRBC when cells from both nulnu and BALB/c 
spleen cells were cultured with Wax D. When the arabinogalactan and 
mycolic acid moieties were removed from the Wax D, these activities were 
lost, although pure mycolic acid was a weak mitogen at best, indicating 
that the carbonydrate moiety was also essential. Furthermore, Wax D 
stimulated the release of lymphocyte-activating factor (lL-I) from per
itoneal macrophages, a property not shared by the glycopeptides or 
polysaccharide II. Thus, Wax D resembles the LPS from gram-negative 
bacteria in its ability to activate proliferation and differentiation of B cells 
and stimulate the production of IL-I from macrophages. 

6. SUMMARY AND CONCLUSIONS 

From the foregoing, it is clear that the tubercle bacillus and several 
of its defined components are capable of activating lymphocytes in a 
polyclonal fashion. The tuberculoproteins in the form of PPD and the 
peptidoglycolipids (Wax D) stimulate B lymphocytes to proliferate and 
differentiate into antibody-producing cells. The peptidoglycan of the 
tubercle bacillus and other bacteria can act as mitogens. The muramyl 
dipeptides originally derived from the mycobacterial cell wall pep
tidoglycan and now available along with numerous analogues as synthe
sized products are also polyclonal B-cell activators. In general, those 
derivatives of MDP that are adjuvants act as PBAs, whereas those that 
are nonadjuvants cannot nonspecifically activate lymphocytes. However, 
the polyclonal activity expressed by MDP is by and large less than that 
seen with most other PBAs, requires special cultural conditions for op
timal results, and exhibits genetic restrictions. Also, in contrast to PPD 
and mycobacterial cells, recent evidence has been reported indicating 
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that the polyclonal activation of B cells requires the participation of 
accessory cells in the form of macro phages and T cells. This participa
tion may be mediated by the respective products of these cell types, 
including both IL-I and IL-2. 

Although most of these studies on polyclonal activation have been 
accomplished by in vitro experiments with murine and human cell sys
tems, there is evidence that this phenomenon may take place in vivo 
when animals are either infected with the tubercle bacillus or given PPD 
tuberculin. That the host's cells are altered in their response to PBAs, 
including PPD, after injection with mycobacteria is also apparent. In
deed, in this situation, not only is lymphocyte proliferation enhanced, 
but under the appropriate circumstances, suppression of polyclonal ac
tivation can take place. 

With these considerations in mind, it is reasonable to speculate that 
in the natural process of infection with the tuberculosis organism, both 
nonspecific as well as specific activation of the immune system occurs as 
a result of the various constituents of the mycobacteria that act in concert 
as polyclonal activators. As a consequence, some untoward effects may 
emerge, such as immune suppression or autoantibody production. 
Whether polyclonal lymphocyte activation in some manner contributes 
to the disease process we know as tuberculosis is another intriguing 
question that remains to be answered. 
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Mechanisms of Toxicity 
of Tubercle Bacilli 
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1. HISTORICAL BACKGROUND 

14 

The early studies of Lurie l clearly established that virulent tubercle 
bacilli are highly infectious for susceptible hosts. For example, he ob
served repeatedly that one colony-forming unit (CFU) of the highly 
virulent H37Rv strain of Mycobacterium tuberculosis could develop one 
tubercle in the lungs of susceptible rabbits. Although not proved at that 
time, it is likely that even one organism is capable of producing one 
tubercle in the lungs of NZW rabbits (noninbred). By contrast, the 
H37Ra strain, an avirulent mutant of the H37Rv strain, is incapable of 
replicating in the macro phages of normal rabbits. Lurie's findings were 
particularly important with respect to the multiplication of the attenu
ated BCG strain of Mycobacterium bovis. In this case, even though BCG 
could not produce progressive infection in the rabbit, it was able to 
multiply in normal alveolar macrophages (AM) essentially at the same 
rate as the virulent H37Rv strain prior to the time specific cell-mediated 
immunity was acquired. All these early studies indicated that normal AM 
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are incapable of inhibiting or contammg the multiplication of pha
gocytosed organisms of the virulent H37Rv strain of M. tuberculosis, as 
well as the attenuated BeG strain during the early intervals after infec
tion. Accordingly, Lurie concluded that all the immunity expressed 
against M. tuberculosis is acquired after infection. Lurie also demon
strated that macrophages from immune animals were resistant to the 
replication of virulent mycobacteria. These observations suggested that 
pathogenic mycobacteria have some virulence mechanism that enables 
them to multiply in normal macrophages, whereas immunologically acti
vated macro phages are capable of inhibiting the growth of virulent 
mycobacteria. 

Since normal AM are capable of blocking replication of the avi
rulent H37Ra strain, as well as many saprophytic species of mycobac
teria, it is certain that normal AM are capable of expressing significant 
antimicrobial activity.2 This suggests two possible explanations: (1) the 
H37Rv strain of M. tuberculosis is innately resistant to the antimicrobial 
activities of normal AM, or (2) the virulent H37Rv strain is capable of 
evading or antagonizing the antimicrobial activities expressed by normal 
resident AM. The latter case would suggest that a virulence factor was 
secreted or associated with the mycobacterial cell which could eliminate 
or make the normal antimicrobial function of normal resident AM 
nonfunctional. 

The concept that virulent mycobacteria might be producing an ex
otoxin or endotoxin was considered by several investigators dating back 
to the 1940s. For example, Rich3 made the statement in his monograph, 
"In spite of intensive study, there is at present not the slightest basis for 
linking the virulence of tubercle bacilli with toxin production." He fur
ther stated in his monograph that "the only definite thing we know at 
present about its virulence is that it consists in the relative ability of a 
given strain to survive and reproduce progressively in the tissues of a 
normal individual of an animal species that is susceptible to the type 
from which the strain in question was derived." Most of the early studies 
on potential toxic components of tubercle bacilli involved examining 
water soluble extracts of intact and disintegrated tubercle bacilli, as well 
as culture media of old cultures. The general conclusion was that vir
ulent tubercle bacilli do not secrete or contain water soluble toxic 
products. 

Middlebrook et al. 4 noted in 1947 that highly virulent strains of M. 
tuberculosis and M. bovis grew in a serpentine cord pattern on artificial 
media, whereas attenuated strains tended to grow in an irregular pat
tern. These investigators postulated that virulent tubercle bacilli pro
duced some type of surface substance that caused them to stick together 
in a parallel fashion following division. Furthermore, they speculated 
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that this putative substance could be the long sought after virulence 
factor. 

In 1950 Bloch!> found that the addition of organic solvents like 
petroleum ether to cord-forming mycobacteria dispersed the cording 
pattern suggesting that the surface factor was extracted. Subsequently, 
Bloch isolated a lipid fraction, which he called cord factor. Bloch and 
collaboratorsli ,7 identified a toxic component in their petroleum extracts 
as trehalose 6,6' -dimycolate (TDM) which they believed was the putative 
cord factor. The cord factor virulence theory suffered a severe set back 
when it was found that avirulent mycobacteria such as M. smegmatis and 
M. phlei also contained TDM.H It was also found that the avirulent mu
tant H37Ra strain of M, tuberculosis contained TDM. 

The concept that tuberculin hypersensitivity could produce exten
sive tissue damage was noted about 1891 at the time Robert Koch had 
prepared Old tuberculin. However, this is not the theme of this chapter, 
which is concerned with toxic moieties or potential virulence factors 
associated with the mycobacteria that allow them to express resistance to 
antimicrobial host factors expressed by normal resident AM, It will be 
our goal to focus on possible mechanisms that could explain the total 
lack of resistance of normal AM to one or only a few tubercle bacilli 
during the course of primary infection, Such a condition demands some 
type of virulence mechanism that is intimately associated with the orga
nism because of the highly infectious nature of virulent strains of M. 
tuberculosis and the fact that one organism presumably can overcome the 
antimicrobial activity of a single normal macrophage. If a toxic moiety 
exists on the surface of virulent mycobacteria, it is likely that it is not 
water soluble. 

2. EVIDENCE THAT VIRULENT MYCOBACTERIA ARE TOXIC 
FOR MACROPHAGES 

During the late 1950s, we became interested in the possibility that 
virulent tubercle bacilli could express toxicity for rabbit AM based 
largely on the concept that very few organisms can initiate and overcome 
the antimicrobial activities of a population of normal AM. In these initial 
experiments, it took comparatively large multiplicities of the virulent 
H3 7R v strain and incubation periods of 12-24 hI' to demonstrate that 
virulent tubercle bacilli were lethal for AM. For example, these in vitro 
studies revealed that multiplicities of about 200-400 organisms of the 
virulent H37Rv strain per macrophage produced about 80-90% loss in 
viability of AM when incubated for about 24 hr (Fig. 1). We noted that 
the H37Rv strain had to be viable to express this low level of toxicity, 
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FIGURE 1. Effect of various multiplicity ratios of the virulenl ln7Rv slrain 10 normal 
AM , on the viability of the macrophages. 

because if the organisms were heat killed, no toxicity was expressed at 
this multiplicity or even greater multiplicities (Fig. 2). We also observed 
that if the antimycobacterial drug isoniazid was added to the in vitro 
culture system during the first 6 hr after mixing the virulent H37Rv 
strain with normal AM, the toxicity was largely abrogated (Fig. 3). Of 
even greater interest was our observation that the H37Ra strain did not 
exhibit toxicity for AM, and BeG produced only a low level of toxicity 
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FIGURE 2. Effect of living, inactivated, and heat·killed virulent mycobacteria (H37Rv 
strain) on the viability of normal AM. Bacteria to macrophage ratio: 400. 
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(Fig. 4). These results supported the concept that virulent mycobacteria 
contain some bacterial-associated moiety that is toxic for normal AM. 
However, it also demonstrated that this toxicity is not dramatic because 
of the large numbers of tubercle bacilli required to produce 80-90% loss 
of viability. 
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FIGURE 4_ Toxicity of virulent mycobacteria H37Rv, T3125 and T21(iO human strains, 
BeG-attenuated bovine strain, and H37Ra human avirulent strain for AM. Bacteria to 

macrophage ratio: 400. 
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3. EVIDENCE THAT VIRULENT TUBERCLE BACILLI CAN 
INTERFERE WITH LYSOSOME-PHAGOSOME FUSION 

During the early 1970s, Armstrong and Hart\} and Draper and 
Hart lO reported that the virulent H37Rv strain prevented lysosome
phagosome fusion in normal mouse peritoneal macrophages. The prin
ciple of blocking and preventing lysosome-phagosome fusion was pre
viously reported in the case of Toxoplasma gondii ll and certain chlamyd
ia. 12,13 Subsequent studies by Hart and colleagues indicated that the 
trypanocidal and lysosomotropic drug suramin somehow also could 
block lysosome-phagosome fusion when it accumulated in macrophage 
secondary lysosomes. The lysosomes were labeled with either acridine 
orange or colloidal electron-opaque ferritin. Fusion or its inhibition 
were studied by subsequently offering the macrophages baker's yeast for 
phagocytosis and observing whether the markers appeared in the yeast 
phagosomes. In this manner, sulfatides from virulent M. tuberculosis and 
several anionic polymers, such as dextran sulfate, were found to prevent 
the transfer of the lysosomal markers to the yeast phagosomes, and 
presumably therefore to prevent fusion. Thus, the mycobacterial sul
fatides seemed to be implicated in the antifusion behavior. 14 The sug
gestion was made that the dysfunction could be due to ionic interaction 
between polyanionic micelles of the bacterial sulfatide and the organelle 
membranes, resulting in a modification of the latter and antagonism of 
their fusibility. 

In subsequent studies, Pesanti 15 reported that suramin-exposed 
phagocytes challenged with yeast or Listeria monocytogenes displayed 
lysosome-phagosome fusion inhibition when the acridine orange tech
nique was used. However, when ferritin was used as the label in experi
ments involving electron microscopy, fusion was normal. He concluded 
that suramin did not block lysosome-phagosome fusion. Goren et al. 16 

also obtained similar discrepant results in macrophages exposed to sul
fatides or dextran sulfate. Although the differences in results obtained 
with acridine orange and by electron microscopy were ultimately re
solved and eliminated, the influence of the polyanionic agents on the 
behavior of the lysosomal markers has been the subject of an entirely 
new interpretation. 17 Based on a considerable body of evidence, Goren 
et al. suggested that the hydrosoluble anionic polymers exist in lysosomes 
in a gelatinous slowly moving form. They do not prevent phagosome
lysosome fusion but transfer to phagosomes only very slowly, if at all. It 
is suggested that the gelatinous, relatively immobile, polyanionic traps 
colloidal Thorotrast, ferritin, or gold by a physical process; it also traps 
acridine orange (a weak base) ionically, therefore, the semblance of fu-
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sion inhibition. It is still not certain whether the mycobacterial sulfatides, 
which can surely interact with membranes, antagonize fusion. 

4. DISRUPTION OF THE PHAGOSOMAL MEMBRANE BY THE 
VIRULENT H37Rv STRAIN OF M. TUBERCULOSIS 

Subsequent to the studies made by Armstrong and Hart!' and Drap
er and Hart, lOwe further evaluated some initial observations in our 
laboratory which indicated that virulent mycobacteria might perturb or 
disrupt the phagosomal membrane allowing the mycobacteria to escape 
to the cytoplasm of the macrophage. This virulence mechanism had 

FIGURE 5. Intracellular virulent mycobacteria (H~~7Rv strain) lackin!-{ a demonstrable 
phagosomal m e mbrane. Normal AM. Bar: 250 nm. 
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FIGURE 6. Intracellular avirulent mycobacteria (H37Ra strain) surrounded by a well
defined phagosomal membrane. Normal AM. Bar: 250 IIIlI. 

been reported previously by Tanowitz et al. and Nogueira and Cohn 1H•19 

with the trypomastigotes of Trypanosoma cruzi. In our experiments, after 
the addition of mycobacteria to normal AM cultures, the mixtures were 
incubated at 37°C for 16-24 hr. Our initial observations indicated that 
with the attenuated BCG strain approximately 20-25% of the organisms 
escaped the phagosome and existed free in the cytoplasm. 2o Subse
quently, we noted that the virulent H37Rv strain expressed a high level 
of toxicity because 60-100% of the organisms were found free in the 
cytoplasm after 24 hr (Fig. 5). By contrast, 90-100% of the avirulent 
organisms of the H37Ra strain were retained within intact phagosomes 
(Fig. 6). These results convincingly demonstrated that there is some 

FIGURE 7. Ultrathin section of a virulent mycobacterium in the cytoplasm of a normal 
AM. Note the breaks in the phagosomal membrane (arrows). Bar: 250 11m. 
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property of the organisms of the H37Rv strain that permits them to 
fragment or disrupt the phagosomal membrane allowing the organisms 
to escape into the cytoplasm. This could be a highly efficient virulence 
mechanism because a breakdown of the lysosome-phagosome fusion 
process could occur even if small numbers of mycobacteria were in
volved. It was of special interest that by 5-6 hr of incubation the pha
gosome destructive mechanism was already apparent. 

We had previously reported that the phagosomal membranes of 
normal AM adhere to the surface of the virulent H37Rv strain of my
cobacteria but not to the surface of the avirulent H37Ra strain. The 
adherence noted with the H37Rv strain resulted in fragmentation of the 
membrane and subsequent escape of the tubercle bacilli into the cyto
plasm of the normal AM (Fig. 7). These observations strongly suggested 
that some surface moiety of the virulent mycobacteria interacted with 
the phagosomal membranes of normal AM. 

5. RESISTANCE OF BCG-IMMUNE AM TO PHAGOSOME 
DESTRUCTION BY THE H37Rv STRAIN 

Earlier studies demonstrated that when normal rabbits are given a 
small dose of heat-killed BeG (0.1 mg) suspended in mineral oil (0.1 ml) 
via a single IV injection, the cell yields recovered by lung lavage 3 weeks 

FIGURE 8. Ultrathin section of all AM from a BC(;-vaccinated rabbit. Note that in this 
activated ma<Topha!{c the intracellular virulent mycobacteria are surroullded by a detect
able phaWlSolllal membrane. Bar: 2.~O Illll. 
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after injection are markedly increased.22 Furthermore, ultrastructurally 
these cells differed from the normal resident macrophages by being 
larger in volume and by exhibiting numerous electron-dense structures 
often arranged as a rosette. 23 When these macro phages were incubated 
in the presence of living virulent mycobacteria (H37Rv strain), they 
avidly engulfed the mycobacteria but, in contrast to what had been ob
served with normal resident macrophages, most of the intracellular my
cobacteria were surrounded by a well-defined phagosomal membrane 
containing electron-opaque material, which suggested extensive lyso
some-phagosome fusion. Whereas other experiments indicated that 
usually less than 10% of the intracellular H37Rv were intraphagosomal 
in normal AM, 72-92% of the phagocytosed H37Rv organisms were 
seen surrounded by apparently intact phagosomal membranes in AM 
from the BCG vaccinated rabbits (Fig. 8). These observations clearly 
indicated that the AM from BCG-vaccinated rabbits are highly resistant 
to the phagosomal-disruptive action of the virulent H37Rv strain of 
mycobacteria. 24 

6. EFFECT OF ISO NICOTINIC ACID HYDRAZIDE (INH) 
ON THE PHAGOSOME DESTRUCTION POTENTIAL 
OF THE H37Rv STRAIN 

Takayama et al. 25 ,26 noted that INH inhibited the synthesis of un
saturated C33-C47 and saturated C30-C56 fatty acids; in addition, INH 
inhibited the synthesis of hydroxy lipids (e,g., mycolic acids). Their stud-
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ies in effect indicated that INH inhibited the assembly of cord factor 
(trehalose dimycolate). We evaluated the effect of INH on the ex
pression of the phagosome-destroying property of the virulent H37Rv 
strain for normal AM. A summary of our observations is presented in 
Fig. 9. We observed that 70-84% of mycobacteria were extra
phagosomal in the control cultures, whereas in cultures containing 5 
j.Lg/ml of INH the percent of extraphagosomal bacteria ranged from 
30-56%. Some of the bacteria in the AM incubated in the presence of 
INH possibly had a sufficient amount of the presumed surface "vir
ulence factor" to destroy the phagosome; in other words, these orga
nisms possessed sufficient "virulence factor" at the time of phagocytosis, 
to escape the phagosome. Accordingly, INH blocked the synthesis of 
additional "virulence factor" because about one half the organisms 
failed to express this virulence mechanism. 

7. ATTEMPTS TO DEMONSTRATE PHAGOSOME 
DESTRUCTION UTILIZING LATEX BEADS COATED WITH 
TREHALOSE DIMYCOLATE AND SULFOLIPIDS 

The characteristic adherence of phagosomal memhranes to the sur
faces ofthe virulent H37Rv strain, but not to the avirulent H37Ra strain, 
indicated the presence of some special chemical moiety that could be 
associated with virulence. These observations prompted a series of ex
periments to determine if cord factor or the sulfolipids of the cell wall 
were responsible for the adherence and phagosomal destruction ob
served with virulent mycobacteria. 

Latex beads (5 j.Lm in diameter) were coated with purified fractions 
of cord factor and/or sulfolipids. In addition, cord factor was dissolved 
in oil and an oil-in-water emulsion was prepared. 

Polystyrene divinylbenzene beads (Dow Diagnostics) 5 j.Lm in diame
ter were coated with various amounts of cord factor according to the 
method of Retzinger et al. 27 Beads were coated with cord factor or 
sulfolipid-I from M. tuberculosis by mixing a weighed amount of beads 
with the desired amount of lipids dissolved in a 9 : 1 mixture of hexane
ethanol. The suspensions of beads were sonicated briefly and the solvent 
was evaporated under a stream of nitrogen. 

For example, 55 mg of beads were mixed with 3 ml of solvent 
containing 160 j.Lg of cord factor and evaporated; this was calculated to 
provide approximately a collapsed monolayer of cord factor on the bead 
surface. The above preparations were added to cultures of normal AM 
and incubated for 24 hr, at which time the AM were harvested and 
prepared for transmission electron microscopy and phagosome analysis. 
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TABLE I 
Cord Factor and Sulfolipid Preparations Tested in 

Phagosome Destruction Assaysa 

Experiment 
number 

1 
2 

3 

4 

Latex-bead preparations 

Cord factor (2.5 j.l.g/mg) 
Uncoated 
Sulfolipid (5.0j.l.g/mg) 
Sulfolipid/cord factor (2.5 j.l.g/mg) 
Uncoated 
Sulfolipid (7.5 j.l.g/mg) 
Sulfolipid (5.0 j.l.g/mg) 
Cord factor (2.5 j.l.g/mg) 
Cord factor (2.5 j.l.g/mg) 
Cord factor (5.0 j.l.g/mg) 
Sulfolipid/cord factor (2.5 j.l.g/mg) 
Cord factor in oil droplets 

(oil-in-water emulsion) 

"Latex beads (5 .... m) were coated as described in the text. 

In a series of four experiments with these preparations we were 
unable to observe any phagosome membrane destruction. A list of the 
preparations tested is found in Table I. With respect to phagosomal 
membrane adherence no consistent adherence was noted. In many in
stances the phagosomal membrane appeared to be separated from the 
surface of the coated beads. We were compelled to conclude that cord 
factor and/or sulfolipid did not effect phagosome membrane destruc
tion under the conditions of these experiments. 

8. EVALUATION OF PUTATIVE VIRULENCE FACTORS 
OF MYCOBACTERIA EXPRESSED IN NORMAL 
ALVEOLAR MACROPHAGES 

The earliest expression of virulence by pathogenic mycobacteria is 
detected when the phagocytosed organisms begin to multiply inside a 
normal macrophage from a susceptible species (see Section 8.3). Because 
normal AM are well equipped to inhibit the growth as well as kill avi
rulent mycobacteria it must be concluded that normal AM are capable of 
destroying a variety of mycobacteria. 

An examination of this aspect of the problem in the context of the 
available information suggests that virulent mycobacteria most likely 
perturb lysosome-phagosome fusion or disrupt the phagosome. This 
type of virulence mechanism could be highly efficient because it could 
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abort the entire modus operandi of normal AM in terms of their inher
ent antimicrobial mechanisms. It is reasonable to assume that inhibition 
of lysosome-phagosome fusion could be the result of membrane modifi
cation that ultimately would allow intraphagosomal mycobacteria to es
cape to the cytoplasm of AM. 

This present data base, although far from complete, supports the 
concept that some surface moiety on virulent mycobacteria can interact 
with the interior aspect of the phagosomal membrane and cause ad
herence of the phagosomal membrane to the surface of mycobacteria, 
with resulting membrane fragmentation and disintegration of the pha
gosome. In this regard, the adherence of phagosomal membranes of 
AM to the surface of endocytosed virulent mycobacteria has been a 
consistent finding in our experiments. Conversely, avirulent mycobac
teria did not show this morphologic correlate of virulence. 

The major missing link in this puzzle is the identification of the 
surface moieties on virulent mycobacteria that cause adherence and ph a
gosomal membrane destruction. The following lipids appear to be the 
most likely candidates for such a virulence factor. 

8.1. Cord Factor 

The outstanding biochemical work that has been done on cord fac
tor has established its structure and permitted its synthesis as well as 
many analogues. The structure of natural occurring cord factor is illus
trated in Fig. 10. 

Although the biologic activities of cord factor have been studied 
extensively, little is known about its role in virulence. For example, cord 
factor inhibits the migration of polymorphonuclear leukocytes, which 
suggests some toxicity. However, the migration of phagocytes is com
monly inhibited when metabolic activators are added to such cultures 
which also could be the case with cord factor. The most puzzling type of 
lethal toxicity produced by cord factor was recognized by Bloch, when 
he gave mice repeated IP injections of cord factor in paraffin oil. How
ever, a single large injection of cord factor was not lethal. 5 These find
ings have been repeatedly confirmed with highly purified cord factor. 
Goren and Brennan28 confirmed Bloch's observation that 10 j.Lg of cord 
factor injected at 2-3-day intervals caused a marked weight loss that 
resulted in death in all of the mice within 2 weeks. By contrast, when 50-
100 j.Lg was given in a single dose, few, if any, mice died. Mice dying 
from cord factor intoxication revealed acute pulmonary hemorrhages. 
The enigma associated with this toxicity is the need for "sensitizing" 
doses, even though there is no evidence that an underlying immunologic 
mechanism is involved. More recently, it has been reported that only an 
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OH 
I 

R CH3-(CH2)X-~HiCH-(CH2)Y-\HiCH-(CH2)Z-CH-iH-
CH2 CH2 C24H49 

iH3 ?H 
CH3-(CH2)X-CH--1H-(CH2)Y-C~iCH-(CH2)Z-CH-1H-

OCH3 CH2 C24H49 

FIGURE 10. Structural formula for 6,6' ·trehalose dimycolate (cord factor). In general, x, 
y, and z are odd, even, and odd, respectively, e.g., 17, 14, and 17. 

injection of mineral oil is needed for sensitizing mice to cord factor. 29 

How mineral oil sensitizes mice to cord factor remains unknown. This 
observation suggests that the oil is more important than the cord factor 
in terms of sensitizing the mice to a lethal dose of cord factor. 

Artman et al. 30 observed that cord factor stimulated mammalian 
nicotinamide adenine dinucleotidase activity, which resulted in de
pressed levels of N AD activity in host tissues. In addition, other investi
gators noted that the administration of cord factor depressed muscle 
and liver glycogen metabolism and also perturbed pyruvate metabo
lism.31 Kat032 found that cord factor attacked mitochondrial prepara
tions causing irreversible swelling and fragmentation of the cristae both 
in vitro and in vivo. As expected, these pathogenetic effects severely 
disturbed the electron flow along the mitochondrial respiratory chain 
and also markedly disrupted oxidative phosphorylation. Structurally 
modified cord factors suggested that specific reactions between the cord 
factor hydroxyl groups and target sites on the mitochondrial mem
branes and probably on respiratory chain enzymes were involved. 33 

Although our preliminary experiments with cord factor-coated 
beads did not reveal phagosome interaction and subsequent destruction, 
the problem may be more subtle. For example, it has been proposed by 
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Hunter and Bennett34 that the configuration which molecules of TDM 
assume on the bead surface influences their biologic activity. When TDM 
was allowed to form a single molecular layer on beads (a collapsed 
monolayer) the preparations were toxic, whereas ifTDM was in excess, it 
formed cylindrical micelles and was largely devoid of any toxicity. If this is 
proved the cording versus noncording phenomenon on virulent and 
avirulent mycobacteria would take on a new and important meaning. 

In this regard, Retzinger et al. 26 in their provocative studies noted 
that at low surface concentration of TDM at an air-water interface, 
much of the lipid-water interface consists of hydrophobic domains that 
adsorb proteins. Their model system consisted of hydrophobic poly
styrene divinylbenzene beads (5-fA,m diameter) to which various amounts 
of TDM were allowed to coat the beads after drying. At equilibrium 
spreading, most of the TDM molecules made contact with their hydro
phobic domains with the aqueous interface which facilitated adsorption 
of protein. When beads were coated with an excess of TDM this excess 
formed large cylindrical micelles instead of a collapsed monolayer. The 
authors inferred that surface micelles cause a linking of the beads analo
gous to cording of mycobacteria. This point needs additional verification 
because TDM in micellar form is biologically inactive, which is not com
patible with the idea that cording is a parameter of virulence. 

In a more recent paper, Retzinger35 reported that TDM-coated 
beads preferentially bind fibrinogen, which emerges as an apparent co
factor for the expression of the biologic activities. According to this idea, 
the TDM monolayer adsorbs fibrinogen, so that it can catalyze the for
mation of thrombin with preferential release of fibrinopeptide B. This 
peptide is chemotactic for macrophages and neutrophils and thus in
duces inflammation. In addition, the release of peptide B somehow 
makes fibrin more resistant to proteases. The authors postulate that the 
increased stability of the fibrin promotes the persistence of the inflam
mation. It is noteworthy that multiple injections of TDM-coated beads 
apparently simulate the pathologic events seen with multiple injections 
of TDM in oil. Pulmonary hemorrhages are explained by the elevated 
level of thrombin activity that is generated by the inflammatory cells 
making contact with the TDM-coated beads. The increased levels of 
thrombin presumably account for the reduced clotting of the blood with 
resulting hemorrhages. Retzinger35 has proposed that the hemorrhag
ing may be exacerbated by the anticoagulant effects of fibrinogen-fibrin 
degradation products. A major obstacle in accepting these pathogenetic 
mechanisms as a generalized view of the pathogenetic events in tuber
culosis is that only mice are apparently susceptible to these specialized 
toxic effects of TDM. However, this does not preclude the idea that 
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TDM, properly oriented on a virulent mycobacterium, could perturb 
lysosome-phagosome fusion or disrupt phagosomes allowing mycobac
teria to escape to the cytoplasm of a macrophage. 

8.2. Sulfatides 

It has been known for decades that virulent mycobacteria stain with 
neutral red. In a search for the neutral red reactant, which correlates 
with virulence, Middlebrook et al. 36 extracted lipid components with 
hexane containing a trace of an aliphatic amine for the purpose of 
solubilizing acidic materials from virulent mycobacteria. The hexane 
soluble components bound neutral red, thus causing the neutral red to 
move from the aqueous to the organic phase. The active components 
concentrated in fractions rich in sulfur and were recognized to be an 
ester of trehalose sulfate substituted with methyl branched acids. Goren 
et al. 37 found that the sulfolipids were made up of closely related sul
fatides. Whereas 5 different sulfatides were recognized (SL-I, SL-I', SL
II, SL-II', and SL-III), SL-I was the principal sulfatide, representing 
about 0.7% of the dry bacillary weight. 

In the case of SL-I the 2, 3, 6, and 6' positions of trehalose are 
substituted with 1 mol palmitate/stearate, 1 mole phthioceranate and 2 
moles ofhydroxyphthioceranate. Accordingly, the complete structure of 
SL-I is 2-palmitoyl (stearoyl)-3-phthioceranoyl-6,6' -bis-hydroxy-pht
hioceranoyl trehalose-2'-sulfate (Fig. 11). 

No cord factorlike toxic activity has been observed with the two 
sulfatides studied, SL-l or SL-II1 when multiple doses (100 /Lg) of these 
lipids were given IP. Goren and Brennan28 observed that repeated doses 
of SL-I markedly sensitized mice so that a subsequent dose (10 /Lg) of 
cord factor was lethal. However, if sulfatides were administered in oil, it 
is possible that oil was the sensitizer, not the sulfatides.33 

Since the neutral red reaction of virulent M. tuberculosis was appar
ently dependent on their sulfatide content, this lipid automatically be
came a candidate for one of the virulence factors of M. tuberculosis. A 
significant correlation was reported between sulfatide production and 
animal virulence. The most virulent strains produced the most strongly 
acidic lipids of which the sulfatides were dominant, whereas attenuated 
strains were generally deficient in these components. However, many 
"aberrant" strains have been recognized, highly virulent but meager in 
sulfatides.38 

The early observations made by Goren et al. 14 suggesting that sul
fatide preparations could block lysosome-phagosome fusion raised the 
hope that the virulence factor of mycobacteria had been identified. This 
idea was supported by in vitro observations that SL-I attacked liver mito-
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n = 4-9 

FIGURE 11. Structural formula for the principal sulfatide (SL-I) in M. tuberculosi, H37R\,. 

chondrial membranes to a greater degree than cord factor. The idea 
that sulfatides, which are strongly acidic and polyanionic, somehow 
blocked lysosome-phagosome fusion was aggressively pursued by test
ing many different polyanions. 

These exciting observations became suspect when Goren et al. 16 

later noted that the acridine orange technique was not reliable for rea
sons already given (trapping by gelatinous polyanionics). 

In spite of many uncertainties, the sulfatides could still be involved 
in phagosomal membrane adherence and membrane disruption due to 
the highly negatively charged nature of these molecules and their am
phipathic properties. It should be pointed out, however, that we did not 
observe phagosome destruction in the experiments using sulfatide
coated beads. Nevertheless, additional experiments with both cord fac
tor and the sulfatides would be well justified. 

8.3. Other Mycobacterial Components that Have Possible Relevance 
to Virulence 

Other lipids that have been considered possible virulence factors 
include phthienoic and mycolipenic acids, mycocerosic acids, pthiocerol 
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dimycocerosate, and the mycosides (A, B, and G).28 However, none of 
these components provide a good case as phagosome membrane dis
rupting agents. If they are involved in pathogenesis, it would most likely 
be during the clinical stage of disease. In this regard, the mycosides do 
not have a ubiquitous distribution and can be ruled out as putative 
virulence factors of the H37Rv strain. 

9. SUMMATION AND PERSPECTIVES 

In spite of spectacular progress on the chemistry of mycobacteria by 
numerous investigators, we are still in a quandary concerning the identi
fication of virulence factors. We purposely restricted our discussion to 
the early events following infection of AM by virulent M. tuberculosis for 
the purpose of separating complex pathogenetic mechanisms that are 
seen in apparent infections as distinct from the microbial determinants 
that permit the virulent mycobacteria to overcome the innate anti
microbial activities of normal resident AM. Two sets of observations 
support the principle of an abrogation of innate antimicrobial mecha
nisms: (1) inhibition of lysosome-phagosome fusion, and (2) destruction 
of the phagosomal membrane. Because of the marked antimicrobial 
activities of normal resident AM in the rabbit against "avirulent" my
cobacteria, it is reasonable to assume that some virulence factor allows 
endocytosed virulent organisms to overcome the innate or natural re
sistance of AM. Since one virulent organism can allegedly overcome the 
resistance of a single AM, the expression of virulence factor(s) should be 
readily demonstrable. We are convinced that the virulent H37Rv strain 
can escape the phagosome of resident rabbit AM by destroying or dis
rupting the membrane. We are equally convinced that BeG-immune 
AM are highly resistant to this virulence mechanism. The tight ad
herence of phagosomal membranes to the virulent H3 7R v strain and the 
lack of adherence to the avirulent H37Ra strain provides a visual display 
of this interaction, including evidence for membrane fragmentation 
leading to membrane destruction. 

With respect to the identification of putative virulence factors that 
are responsible for membrane fragmentation and destruction, the un
certainties begin to mount. If cord factor is responsible, we must pro
pose that the TDM molecules have to be properly oriented to present an 
exterior hydrophobic surface on the mycobacteria. Accordingly, a care
fully prepared carrier particle with an appropriate coating of TDM 
could theoretically produce phagosomal membrane destruction. To our 
knowledge this is yet to be demonstrated. It is apparent that the pres
ence of random-oriented TDM molecules on the surface of mycobac-
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teria cannot explain virulence because the H37Ra strain contains TDM 
but is totally avirulent. The tempting assumption would be that when 
TDM is properly oriented on virulent mycobacteria, serpentine cord
forming growth occurs but in the case of the avirulent H37Ra strain 
TDM is randomly laid down and an irregular growth pattern occurs. 
However, there is no general agreement that cord factor is responsible 
for cord formation. 

Of the remaining lipids, the sulfur-containing lipids remain as at
tractive candidates, largely because they are negatively charged and ap
pear to be responsible for the binding of neutral red, a surprisingly good 
correlate of virulence. These sulfolipids also could explain the ad
herence of the phagosomal membrane to virulent mycobacteria. Addi
tional experiments with beads properly coated with sulfolipids such as 
sulfatide I are very much in order. 

Lastly, the hypothesis that polyanionics in general can cause inhibi
tion of lysosome-phagosome fusion has been judged to be invalid, par
ticularly with those that are hydrocolloids because of the probably vis
cous nature of these polyanionics in lysosomes and their slow transfer. 17 

Our take-home lesson is to remind us again of the unpredictable diffi
culties that emerge when artificial modeling is used to explain complex 
intracellular mechanisms. 
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M yco bacteri urn -Ind uced 
Suppressor Cells and Their 
Clinical Importance 
S. ORBACH-ARBOUYS 

l. INTRODUCTION 

The importance of suppressor cells in mycobacterium-bearing hosts 
arises from the fact that immunization against tuberculosis and leprosy 
using BCG vaccines protects in certain areas and fails to give protection 
in others. l ,2 It has thus been suggested that the mycobacterium injec
tion, rather than inducing a protective response, enhances the formation 
of suppressor cells3 ,4 which prevent the effector cells from either being 
formed or from expressing their activity. 

A similar mechanism has also been proposed to explain the situation 
in leprosy patients, particularly with lepromatous leprosy, the anergic 
form. Because of the consistency of the results, we shall review in this 
chapter all the observations made in animals and humans, whatever the 
strains of mycobacteria used. 

2. EXPERIMENTAL INDUCTION OF SUPPRESSOR CELLS 

Mice injected with high doses of BCG undergo some 2 weeks later, a 
decrease in immune reactivity. In vivo, the number of plaque-forming 
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cells (PFC) enumerated in their spleen after injection of sheep red blood 
cells (SRBC) is lower than in controls.5 The graft-versus-host reaction 
they induced when their spleen cells are injected into incompatible re
cipients, is diminished. In vitro the same spleen cells respond poorly to 
phytohemagglutinin (PHA),6 to histocompatibility antigens, to mixed 
lymphocyte reaction (MLR), or to SRBC and DNP Ficoll.5 The phe
nomenon is an active process since mixing spleen cells from treated and 
non treated mice dramatically depresses their in vitro responsiveness.5,7 

BCG administration may also lower host defenses against infection; mice 
injected with BCG and Listeria have a greater mortality and higher 
spleen Listeria counts than mice given Listeria alone.s 

The intensity of the depression varies from strain to strain: C57 
Bl/6 mice easily develop the suppression, CBA do not. C3H/He mice do 
not develop a delayed-type hypersensitivity (DTH) response to BCG 
because of the appearance of suppressor T (Ts) cells against it, while 
SWM/Ms are high responders to BCG administration.9 

An important point can be underlined: immune reactivity and sup
pressive response develop concomitantly. The two phenomena may not 
strictly overlap neither in time nor in intensity, and enhancement may 
alternatively occur depending on the precise conditions employed. io For 
example, it has been reported that on day 14 after the injection of BCG, 
M. kahana or M. simiae, thymidine incorporation by spleen cells was 
significantly enhanced and this was followed by a profound depression, 
indicating that spleen cell multiplication is stimulated then repressed. Ts 
cells are then present in the spleen. ii In the case of M. kahana-infected 
mice, the suppressor cell population develops at the same time as DTH 
reactivity to the specific mycobacterial sensitizers disappears. Although 
neither BCG nor M. simiae-infected animals developed detectable DTH 
responses early in infection, the splenic T lymphocytes were still capable 
of responding specifically in vitro. The latter responsiveness was later lost 
as the infection progressed. 

An underlying enhancement of antibody production in vitro by 
spleen cells from BCG-infected mice may be masked by an active sup
pression,5 as revealed after removal of the suppressor cells. 

Different patterns of response may also be observed when different 
strains of the same bacterium are used. Not all the strains may suppress. 
As an example, when the in vivo growth of five strains of M. kansasii was 
correlated with the level of DTH they may induce against a cytoplasmic 
protein antigen injected into the footpad, i2 the strain numbers 1201 and 
1203 from the Trudeau Mycobacterial Culture Collection gave rise to 
persisting systemic infections with an early DTH response (day 7), fol
lowed by a profound anergy to the cytoplasmic protein antigen injec
tions. Spleens from strain 1203-injected mice contained T-cell po pula-
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tions capable of suppressing the MLR between [C57B1I6 X DBA/2] and 
C3H/He cells. Strains 1201, 1214, and 1217 declined in viability rela
tively rapidly and failed to induce detectable levels of DTH. Spleen cells 
from 1214-infected mice enhanced the MLR. 

The duration of suppression is more or less correlated with the 
presence of the bacteria in the animals; 2-12 months after infection (the 
longest experimental time period tested), M. habana- and M. simiae-in
fected spleen cells were capable of suppressing both specific and non
specific responses, presumably because there was little, if any, decrease 
in the bacterial load within the spleen. I I Spleen cells taken from BCG
infected animals later recovered their ability to respond to both the 
specific and the nonspecific mitogen at a time when the number of 
mycobacteria present in the spleen dropped to about 104 viable orga
nisms. A comparable conclusion may be drawn from experiments in 
which heavily BCG-infected mice were given isoniazid plus rifampin; the 
viable BeG population present within the lungs and spleen declined to 
undetectable levels, and a decline in Ts-cell activity was demonstrated in 
vitro by the restoration of the blastogenic responses to PHA and protein
purified derivatives (PPD).13 

The observation that early drug therapy of BeG-infected mice com
pletely prevented the induction of Ts cells suggests that the latter are 
induced only after the full mobilization of cell-mediated defenses by the 
metabolically active mycobacteria within the tissues. 

These observations give us some information about the size of the 
metabolically active mycobacterial populations required to induce sup
pression; a stimulus greater than 106 viable bacilli is required to generate 
suppressor cells within the spleen. In the case of nontuberculous my
cobacteria, the suppression is permanent. I I This is analogous to human 
lepromatous leprosy, where the anergy persists, even if chemotherapy 
has drastically reduced the bacillary load within the tissues. 14 

2.1. Induction of Suppressor Cells by Killed BCG 
or by Its Cell Fractions 

The experimental protocols using live BCG are of privileged value 
since the information they give are of great relevance to clinical situa
tions. However, since it has been observed that the injection of killed 
BCG15,16 or of its cell walls l7 induced suppression, additional studies 
could be designed to define the bacterial structure responsible for its 
generation. Thus, an intravenous (IV) injection of killed BeG in oil-in
saline emulsion in C57BlI6 mice induces the development of intense 
chronic granulomatous inflammation in the lungs and spleen accom
panied by a diminished responsiveness to PHA and bacterial lipopoly-
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saccharide (LPS), and a suppression of antibody and DTH responses to 
SRBC.IS 

Both the adjuvant and the antigen portion of the BCG might be 
involved in the induction of the suppressor cells. Mice treated IV with 
muramyl dipeptide (MDP), a minimum adjuvant constituent of BCG, or 
with tuberculin-active peptide (TAP), the antigenic peptide from M. 
tuberculosis, have a suppressed DTH response as their spleen cells sup
press the migration inhibition of peritoneal effector cells from mice 
immunized by BCG cell walls. 15,16 

2.2. The Effector Cells of Suppression 

Two cells have been described as responsible for the suppression: 
adherent macrophages and nonadherent Thyl + T cells. This lack of 
concordance is likely to be due to the kinetics of the response, where 
concomitant or successive activation of one population or the other oc
curs. This is due also to variations between experimental protocols, 
which may favor the development or the identification of different types 
of cell. The suppressive function is attributed to macro phages described 
as adherent, Thy- Ig+ spleen cells in most of the literature on experi
ments done with IV injected BCG cell walls. These cells may suppress 
the in vitro responses to histocompatibility antigens,7 SRBC, and DNP 
Ficoll,5 in vitro cytotoxic T cell generation l9,2o PFC response l9 and the 
DTH to SRBCIs,21 Suppressor adherent cells are also responsible for 
the reduced resistance to Listeria infection of live BCG-injected mice.s 
Spleen cells from killed BCG-IS or cell-wall injected l7 mice suppress 
PH A-induced mitogenesis, anti-LPS antibody synthesis, and in vivo 
DTH. 

Live BCG may induce Ts cells9 in some strains of mice (C3H/He) in 
which the antigen-presenting capacity of macrophages is modified by the 
treatment.22 It has thus been shown23 that I-J+ macrophages ofC3H/He 
mice induce in vitro Ts cells which suppress DTH to BCG. It is suggested 
that strain differences in BCG responsiveness may, at least in part, reside 
in the ability of macrophages to induce Ts cells against DTH. 

Heat-killed BCG induces antigen-nonspecific Ts cells of the DTH. 
Ts seem to be stimulated more easily by other strains of mycobacterium. 
M. lepraemurium injection suppresses the in vitro MLR due to the genera
tion of two distinct types of Ts cells.24 M. simiae and M. habana injection 
generates Ts cells in the spleen that inhibit PHA, PPD and specific 
cytoplasmic protein antigen responses, while spleen cells of M. kansasii 
1203-injected animals contained a T-cell subpopulation capable of su
pressing MLR, and spleens from M. kansasii 1214-injected mice en
hanced the response. 12 It is not surprising to find the two populations 
active in some circumstances.25- 2s 
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Cells from mice pretreated with MDP suppress nonspecifically, 
while cells of mice pretreated with TAP suppress specific responses. An 
evolution has also been observed in the immunosuppressive cell popula
tions, whereby macrophages appeared early and T lymphocytes later. 29 
In addition, suppressor macrophage-like cells, and not Ts cells, are sen
sitive to methotrexate.30- 32 

2.3. Suppressor Mediators 

Attempts to isolate the mediators from fresh, nonincubated splen
ocytes failed. 26 Maximal production of suppressor mediators occurred 
during the first 24 hr in culture, and their production ceased after 72 hr. 
Supernatants prepared from cultures of spleen cells from mice infected 
14 days earlier showed higher suppressive activity than did those ob
tained 28 days after infection. Two populations of BCG-induced sup
pressor cells, i.e., T lymphocytes and macrophage-like cells, are able to 
release suppressor mediators and to retain their suppressive activity 
thereafter. 

The chronic granulomatous inflammation induced by the IV injec
tion of killed BCG in an oil-in-saline emulsion is associated with dimin
ished responsiveness of spleen cells. IS The latter cells in vitro, elaborate 
factors able to inhibit PHA response and DTH and to diminish the 
intensity of BCG-induced inflammation in the lung and spleen. 

Supernatants that suppressed the in vitro PFC response to SRBC by 
normal C57Bl/6 spleen cells did not suppress in vitro cytotoxic response. 
This suggests either that BCG-induced macrophage-like suppressor cells 
inhibit these in vitro responses via different mechanisms or that different 
types of suppressor cells are involved. I9 In some circumstances, two 
factors have been identified. 33 Macrophages and T cells from spleens of 
mice injected IV with live BCG produce inhibitory factors in vitro. The 
macrophage factor has a molecular weight of 10,000-30,000, while the 
T -cell factor is 50,000-70,000 Mr. The kinetics of their action is not the 
same. The T-cell factor acts only when given within 12 hr of stimulation 
with concanavalin A (Con A), the macrophage factor is active even when 
given after 48 hr. 

It has also been observed that culture supernatants from guinea pig 
lymph nodes with mycobacterial granuloma contain non dialyzable fac
tors that stimulate [I4C]proline and [I4C]leucine incorporation by fibro
blasts and depress their [3H]thymidine uptake.34 

2.4. Mechanism of the Suppression 

Alterations of the immune reactivity have been studied at the level 
of both macrophages and T cells, by measuring the interleukins secreted 
by these cells. 
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It was first observed that the in vitro immunosuppressive activity of 
Ts cells from BCG-infected mice could be ablated by supplementing 
their culture medium with a supernatant containing high titers of in
terleukin-2 (IL-2).35 T cells have the capacity to absorb or consume IL-2 
from these supernatants. It has been hypothesized that mice heavily 
infected with BCG develop an IL-2-dependent T-cell population and 
this would explain the poor responsiveness of their spleen cells. 

Since IL-2 is produced by cells which respond to allogeneic Ia deter
minants35 and concomitantly to interleukin 1 (IL-I),37 the poor IL-2 
production might be due to a defect in IL-I production. This mecha
nism seems unlikely, since treatment with BCG increases IL-l-Iike ac
tivity in strains where BCG potentiates the immune responses,38 as well 
as in those where it is suppressive.2o The release of IL-I like activity by 
spleen cell cultures stimulated with LPS or Con A is increased by pre
vious BCG treatment of the cell donors. In MLR supernatants, to dem
onstrate increased IL-l-Iike activity was difficult due to the presence of 
suppressor factors. The two mediators can be separated by gel filtration. 
The addition of IL-I to BCG-suppressed cultures did not restore normal 
activity and actually further suppressed cytotoxic T lymphocyte (CTL) 
formation. 

3. CLINICAL OBSERVATIONS 

Suppressor cells induced by BCG can be observed in the peripheral 
blood mononuclear cells of normal individuals, particularly in southern 
India, where no protection by BCG vaccination could be obtained.39 
When re-exposed to BCG, the cells failed to proliferate, while they re
tained the ability to respond to Con A and allogeneic cells. These cells 
inhibit the proliferation of fresh cells to other mycobacterial antigens 
and, less consistently, the response to other non mycobacterial-soluble 
antigens such as tetanus toxoid or diphtheria toxoid. The suppression 
was mediated by OKT4+ cells. IL-I production from nonadherent cells 
in response to BCG was not affected, but IL-2 production by T cells was 
considerably reduced. Suppressor cells might have inhibited BCG
induced IL-2 receptor expression on other T cells.40 

The cellular immunity of PPD skin-test-negative patients with 
"atypical" mycobacteriosis as measured by the in vitro proliferative re
sponses to PPD, candida (CAN) and PHA was much lower than in skin
test-positive healthy controls. Such responses can be improved to a vari
able extent by the addition of indomethacin (inhibitor of the cyclooxy
genase pathway of the arachidonic acid metabolism) to PPD-stimulated 
cultures in 6 out of 9 cases. On the contrary, the addition of nordihydro-
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guaiarectic acid, a preferential inhibitor of lipoxygenase pathway, pro
duced a greater suppression in 5 of 9 cultures stimulated with PPD, in 6 
of 9 cultures stimulated with CAN, and in all the PHA-stimulated 
cultures. These observations suggest an abnormal immunoregulation 
which may be mediated by an imbalance of the metabolic products of 
arachidonic acid. 

The above results may be compared to those observed in the human 
disease caused by M. fortuitum a rapidly growing atypical nontuberculous 
Mycobacterium, common saprophyte found in water and soil. The immu
nologic studies reported in a patient with a chronic M. fortuitum infection 
show a significant in vitro proliferative response to M. fortuitum antigen 
but a poor bactericidal activity against M. fortuitum. M. fortuitum antigen
activated suppressor cells contributed to the bactericidal defect. The 
suppressor cells were antigen specific, both adherent and nonadherent. 
In vitro treatment with a combination of a cholinergic agonist (beth
anechol chloride) and indomethacin, but not with either of them alone, 
eliminated the activity of the suppressor cells. Moreover, the administra
tion of the two drugs to the patient resulted in reversal of the bac
tericidal defect and in a dramatic clinical improvement.11 

3.1. Cellular Immune Response of Leprosy Patients 

The last part of this chapter is devoted to a short review of the 
immunology of leprosy patients, in order to suscitate comparisons be
tween M. tuberculosis- and M. leprae-induced diseases, which could help 
explain the mechanism of anergy and develop means of overcoming it. 

Leprosy affects roughly 15 million people and, despite an effective 
chemotherapy that was introduced 40 years ago in the form of sulfones, 
there is little evidence to suggest a decrease in its incidence. It is not clear 
yet why leprosy disappeared from Europe by the end of the nineteenth 
century, and why it is currently increasing in some developing countries. 
Moreover, a maximum of 5% of the exposed population develop man
ifest clinical leprosy, even in the most hyperendemic areas in the world, 
as if the initial encounter with the leprosy bacillus would have led to 
immune protection of the other 95%. The study of staff contacts in a 
leprosarium demonstrated that these persons developed high lympho
cyte transformation responses to M. leprae, suggesting that most devel
oped subclinical infection, a situation analogous to tuberculosis.12 The 
mode of spread of the organism is likely to be from respiratory tract to 
respiratory tract, again a situation analogous to tuberculosis.13 

The bacterium causes a whole spectrum of diseases, which are not 
dependent on variability of the microorganism, but on variability of the 
host's immune response. 
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Mycobacterium leprae has an estimated doubling time of 10-20 days, 
while that of M. tuberculosis is 20 hr and that of E. coli 20 min. This slow 
growth rate may explain to some extent the slow progression of the 
infection. It is not known, however, whether the growth rate of the 
microorganism is slow though relatively constant during the subclinical 
phase of the infection, or microorganism persists for certain periods in a 
dormant state. The ability of M. tuberculosis to persist in a dormant state 
for months and years is well recognized,44 and most of the clinical cases 
of tuberculosis that occur today among old people in developed coun
tries represent an endogenous reactivation of a primary infection oc
curred many years earlier. The same may be true in leprosy and a 
second activating event may be required to produce clinical leprosy. 

The microorganism may multiply in a number of human cells, 
mainly the tissue macro phages and the Schwann cells of peripheral 
nerves. The fate of infected macro phages is still not well known as the 
pathogen might be capable of actively diverting their metabolism by 
interfering with cell regulation, e.g., by rendering the cell incapable of 
responding to exogenous mediator signals which result in activation. 
Furthermore, the pathogen may also disturb the communication be
tween the infected macrophage and the lymphocyte compartment, or 
make it generate suppressor signals.45 

Very early in infection, M. leprae is readily phagocytized by host 
cells, usually macrophages. Since the bacterium depends on an intra
cellular environment, normal phagocytosis is a prerequisite for the para
site to survive in the host. Phagocytosis of M. leprae seems to be equally 
efficient in healthy individuals and leprosy patients. The next important 
step is macrophage activation. This activation is not an all-or-nothing 
phenomenon. Mycobacteria will induce a certain amount of nonspecific 
activation in macrophages by means of the adjuvant activity of their cell 
wall components, but this does not seem to result in the destruction of 
the leprosy bacillus. 

Specific sensitization of T lymphocytes requires the presentation of 
antigen by macrophages. It is not clear yet whether this step is inade
quate. Another possibility is the failure of other host cells which contain 
M. leprae to collaborate with T lymphocytes in the immune response. 
The absence of histocompatibility antigens on the Schwann cells might 
explain the lack of collaboration. In addition, DTH does not correlate 
with the ability of the patient to resist bacterial multiplication in his 
tissues.46 Since the bacteria are intracellular, defense mechanisms de
pend to a considerable extent on CTL when they are harbored in 
Schwann cells. In the massive infection of lepromatous patients, immu
nosuppressive mechanisms probably play an important role in counter
acting immune responses to M. leprae antigens. 
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Leprosy patients fall in two categories with all the intermediates: (1) 
tuberculoid leprosy with few acid-fast bacilli in the tissues, and high 
levels of cell-mediated immunity, which ultimately kills and clears the 
bacilli from the tissues, although often with concomitant immunologic 
damage to nerves; (2) lepromatous leprosy, with selective unrespon
siveness to antigens of M. leprae, and the microorganisms ineluctably 
multiplying in the skin. Antibodies to M. leprae occur in all forms of the 
disease but attain the highest levels in the lepromatous disease, suggest
ing that they have little to do with protection. 17 .48 Indeed, one of the 
major clinical problems in this form is erythema nodosum leprosum, 
presumed to be caused by immune complexes in the tissues. 

3.2. Specific Unresponsiveness in Lepromatous Leprosy 

By and large, no generalized anergy is observed, but only a poor 
response to lepromin. Lymphocyte transformation to PPD is high. Ge
netic factors have been claimed, but are unlikely to be the principal 
determinant of the unresponsiveness.49 

One or a small number of unique antigenic determinants of M. 
leprae is capable of inducing suppressor cells with the ability to block the 
responsiveness of helper T cells to other specific or cross-reactive deter
minants. The suppression may be seen in vitro in cultures oflymphocytes 
from leprosy patients with Con A alone or in presence of lepromin. A 
total of 84% of the patients had a nonadherent cell capable of suppress
ing the Con A responses of normal donors' lymphocytes and 64% an 
adherent suppressor cell. Most lepromatous patients have both adherent 
and nonadherent suppressor cells. The adherent suppressor cell is pre
sumablya monocyte that secretes a suppressor factor in culture.5o The 
nonadherent suppressor cell is OKT8 +, with a remarkable specificity 
for the terminal disaccharide or trisaccharide of the complex phenolic 
glycolipid of M. leprae, which is its unique antigen. 51 There is no con
vincing evidence that T cells may recognize polysaccharide antigens or 
sugars. The determinants recognized could be the idiotype on the IgM 
antibody initially formed,52 although very little antibody is present. 

3.3. Relationship of T-Suppressor Cells to the Disease 
State in Leprosy 

Leprosy is a localized disease and the immune reaction takes place 
where the M. leprae is located, primarily in the skin and nerves. In 
lepromatous patients, Ts cells are predominant in the lesions to control 
the extent of DTH and macrophages are loaded with bacilli. T4 cells 
predominate in tuberculoid lesions. 53.54 Both types of lesions might 
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eventually be observed in the same individual. Generally, lepromatous 
patients remain leprosis-negative and unresponsive to antigens of M. 
leprae for their lifetime. 

3.4. Immunoregulation in Humans 

The ultimate mechanism by which suppressor cells prevent compe
tent lymphocytes from functioning remains presently unsolved. Sup
pressor cells might inhibit the proliferation ofT lymphocytes by blocking 
the production of IL_2.55,56 Lymphocytes from lepromatous patients 
cultured with M. leprae failed to produce IL-2. The addition of IL-2 
partially restores the ability of lymphocytes of patients to respond to M. 
leprae, indicating that some T-helper cells reactive to M. leprae exist in the 
blood oflepromatous patients. 57 Lymphocytes from lepromatous leprosy 
patients also failed to produce IFN-y 58 the lymphokine required for 
activating the macrophages to produce 02 - and H 20 2 .59 It is not known 
whether there is a defect in IL-l production in lepromatous lesions or 
whether the primary defect is a failure to produce IL-2. 

3.5. Overcoming the Anergy by Combined Vaccination 

An immune reactivity in lepromatous patients has been obtained by 
the administration of live BCG plus killed M. leprae. A granulomatous 
response to BCG is produced, and all the acid-fast bacilli are degraded. 
This vaccine induces a state of both specific and nonspecific reactivity to 
M. leprae antigens. 3 ,6o-64 The mechanism is yet unknown; either toler
ance is broken by a cross reactive antigen, or BCG amplifies BCG-reac
tive clones that produce the IL-2 necessary for the expansion of M. leprae 
specific T-helper cells, or BCG enhances the expression of IL-2 gene 
products.65 

Such a protocol of immunization may prompt satellite trials in an 
attempt to overcome unresponsiveness whenever it is observed, in bacte
rial, parasitic, viral infections, or even toward tumor cells. 
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1. INTRODUCTION 

An international conference, sponsored by the Fogarty International 
Center (FIC) of the National Institutes of Health in Washington, D.C., 
held in November 1987, entitled Research Toward the Global Control 
and Prevention of Tuberculosis, with an Emphasis on the Development 
of New Vaccines, would be expected to lead to an international research 
effort toward the eradication of tuberculosis. The research objectives of 
the FIC conference are similar to those of a conference organized in 
1982 as the WHO Immunology of Tuberculosis program l and therefore 
with the principal emphasis on the application of the technologies of 
genetic engineering and monoclonal antibody to the development of 
new antituberculosis vaccines. The objectives of these two research con
ferences suggest that tuberculosis control specialists are not satisfied 
with the protective effect of available BCG vaccines and the degree of 
their dissatisfaction is sufficiently great that scientists are being encour
aged to develop new vaccines. 

Given this background, we believe that this chapter will serve a 

DONALD W. SMITH, ERNST H. WIEGESHAUS, and MARK L. EDWARDS· Depart
ment of Medical Microbiology, University of Wisconsin-Madison, Madison, Wisconsin 
53706. 

~41 



342 DONALD W. SMITH et al. 

useful purpose by summarizing current information about the protec
tive effects of BeG and provides a rationale for the selection of animal 
models to assess a new generation of antituberculosis vaccines. As a basis 
for selecting effects of vaccines relevant to protection against tuber
culosis, the next section provides a review of some aspects of the patho
genesis of tuberculosis. 

2. KEY EVENTS IN THE PATHOGENESIS OF TUBERCULOSIS 

Observations of the common form of cavitary pulmonary tuber
culosis in humans2 and knowledge derived from studies in a guinea pig 
model of experimental airborne tuberculosis are consistent with the 
paths illustrating endogenous reactivation and exogenous reinfection 
tuberculosis (Figs. 1 and 2). Tuberculosis can be viewed as progressing 
through four distinct stages. The first stage involves introduction and 
implantation into the host, via the airway, of a droplet nucleus contain
ing a viable tubercle bacillus. This initiates the events leading to primary 
infection. As the bacillus replicates and the primary lesion and associated 
lymph node (primary complex) develops, the cell-mediated immune 
(eMI) response is activated. The second stage, the stage at which the two 
paths differ, begins with the implantion of tubercle bacilli into an apical
subapical site (abbreviated A-SA site) in the lungs. Some tubercle bacilli 
survive here in a dormant state after the onset of the eMI response and 
can be reactivated by an immunosuppressive event. Bacilli reach this site 
by one of two paths. Path A is via the bloodstream, as a consequence of 
the bacillemia that accompanies development of the primary complex. 
Because progeny of bacilli from the primary infection are often im
planted in an A-SA site, path A requires only a single episode of infec
tion. Disease developing via path A is referred to as endogenous reactiva
tion tuberculosis. By contrast, path B requires a new transmission, via the 
airstream, of bacilli from another host. Because the A-SA area is not well 
ventilated3 and the number of droplet nuclei inhaled is small, several 
exposures may be required to initiate a focus of infection in an A-SA site. 
Disease developing via path B is referred to as exogenous reinfection tuber
culosis. This is not a totally satisfactory descriptor because both types of 
tuberculosis (Fig. 1) involve reactivation of dormant bacilli. Once a 
bacillus is established in the upper lung zone it multiplies about 1000-
fold before replication is arrested by the eMI response. The third stage 
in the development of cavitary pulmonary tuberculosis, is a period of 
dormancy during which a few bacilli survive in an A-SA site4 ; however, 
other sites including the primary complex5 and presumably metastatic 
foci in the mid to lower lung are gradually sterilized. The fourth stage is 
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initiated by a transient immunosuppressive event: the bacilli in the A-SA 
site, regardless of whether they arrived via the bloodstream or the air
stream, are reactivated and begin to replicate. When the eMI response is 
restored, the interaction of high levels of mycobacterial antigen with 
immune T cells results in excessive caseous necrosis, in turn leading to 
liquefaction and cavitation, ultimately permitting transmission to a new 
host. In summary, the four stages we have described are as follows: 
infection, transportation (to an A-SA site), dormancy, and reactivation. 

Tubercle bacilli, shown by the standard assay procedure to be oflow 
virulence of guinea pigs, exhibited a reduced capacity to disseminate 
from the site of implantation in the lung6 or the site of intramuscular 
injection.6 Assuming that virulence for guinea pigs predicts events in 
tuberculosis in man, these observations suggest that tubercle bacilli of 
low virulence would cause disease primarily by exogenous reinfection. 
The low virulence of tubercle bacilli causing tuberculosis in a given 
region, together with frequent infection with mycobacteria carrying 
cross reactive epitopes7 (see Figs. 1 and 2) and high risk of infection, 
increases the likelihood of exogenous reinfection. In contrast, in areas of 
the world, where the risk of infection is low and the tendency of the 
tubercle bacillus to disseminate hematogenously is high, with few excep
tions,8,9 pulmonary tuberculosis is presumed to be primarily of the en
dogenous reactivation type. 2 

It is also true that since the pathways of endogenous reactivation 
and exogenous reinfection are not mutually exclusive, organisms in the 
sputum could reflect experience with both pathogenetic pathways. For 
example, the first infection in an individual living in an area with a high 
infection rate may have involved a tubercle bacillus of high virulence, 
the progeny of which disseminated hematogenously, leading to at least 
one metastatic focus that survived in an A-SA site. Later, this individual 
could have been reinfected exogenously one or more times with tubercle 
bacilli of high or low virulence such that at least one droplet nucleus was 
implanted directly in an A-SA site. Later, when this individual experi
enced an immunosuppressive event, bacilli would begin to multiply at 
each focus containing viable organisms. Thus, the sputum culture iso
lated from this person could contain a mixed population of tubercle 
bacilli representing each infective episode that led to an implant in an A
SA site. Evidence has recently been obtained indicating that a propor
tion of sputum isolates from tuberculous individuals living in south In
dia contain a mixture of biovars, i.e., tubercle bacilli differing in several 
properties: virulence for guinea pigs, phage type, and resistance to a 
panel of inhibitors. 

To summarize this section on the pathogenesis of tuberculosis, 
Table I shows the relationship between virulence, immune status of the 
host, and the path of transmission of tubercle bacilli to an A-SA site. 
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TABLE I 
Relationship between Virulence and Immune Status of the Host to 

the Transport Path of Tubercle Bacilli to a Reactivatable Site 
in an Upper Lung Zone in an Immunocompetent Host that Progresses 

to Cavitary Pulmonary Tuberculosis 

Path to a reactivatable site in 
an upper lung zone 

347 

Virulence of the primary infecting strain Immune host Nonimmune host 

High virulence 
Low \'irulence 

Airstream!> 
.\irstreamh 

Bloodstream" 
Airstrearnh 

"I f the tubercle bacillus is \'indcllt and the host i~ not immullt'. a single illfc( lion is sufficient to lead to a 
bacillemia and upper lung zone seeding. 

"If the tubercle bacillus is of 10\,," \irulencc Of the host is immune, Illultiple infections arc necessary to 
achieve an upper lung zone implant via the airway. 

3. EFFECT OF BCG ON TUBERCULOSIS IN HUMANS 

Evidence regarding the protective effect of BeG in humans is de
rived from a series of 10 prospective field trials (Fig. 3). These trials have 
been summarized in three excellent reviews. 10-12 The following section 
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N. American Indians 

Chicago infants 

Georgia school children 

r-illinois children 
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Georgia and Alabama 

British school children 

India (Madanapalle) 

I-----•• ----.. U-Haiti 

I I I I I I 

oO~~ ~ ~ 81 CD 
U1 

CHINGLEPUT 

FIGURE 3. Ten prospective BCG field trials. 



348 DONALD W. SMITH et al. 

provides information about three of the trials which are representative 
of the full range of protective effects of BCG. 

3.1. Field Trials 

3.1.1. Aronson Trial-North American Indians 

The Aronson triaP3 examined the protective effect of the Phipps 
strain of BCG administered between Dec. 1935 and Jan. 1938 to 1550 
tuberculin-negative persons among eight different Indian tribes. As pre
scribed in the double-blind protocol, an equal number of persons re
ceived diluent in place of BCG. Follow-up was by means of annual skin 
tests and chest radiographs for the first 9-11 years and then at 5-year 
intervals. A case of tuberculosis was defined by the results of chest radi
ography and by clinical findings. The effectiveness of BCG vaccination 
was judged by comparing mortality among the vaccinated and nonvacci
nated groups. By 1956, a total of 13 (0.84%) of the vaccinated group had 
died of tuberculosis as compared with 68 (4.7%) of controls, for a protec
tive efficacy of approximately 75%. 

3.1.2. British Medical Research Council Trial 

The British Medical Research Council trial 14 was carried out in a 
population of 5472 children 14-16 years of age who were nonreactors to 
100 TU of purified protein derivative (PPD). The BCG vaccine used was a 
fresh liquid product prepared from the Danish strain ofBCG. Follow-up 
of recipients of vaccine or placebo, administered to randomly selected 
individuals, consisted of active case findings by means of chest radi
ographic surveys conducted at intervals of approximately 14 months. 
The data, over a 20-year period, revealed pulmonary tuberculosis in 248 
recipients of placebo and in 62 recipients ofBCG, for a protective efficacy 
against pulmonary tuberculosis of approximately 70%. Records 15 of the 
number of cases of miliary tuberculosis or of tuberculous meningitis, 
revealed eight in the group given placebo and none in the group given 
BCG for a protective efficacy against these hematogenous forms of tuber
culosis of 100%. 

3.1.3. Tuberculosis Prevention Trial-Chingleput District South India7,i6 

Those eligible for the Chingleput trial included the entire popula
tion of the Chingleput District over the age of 1 year; approximately 
350,000 persons. Intake began in July 1968, covered a period of 21J2 
years and for a particular village, included simultaneous skin tests with 3 
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TABLE II 
Number of Tuberculosis Cases in Three 

Vaccination-Treatment Groups for the Entire 
Population Who Were Nonreactors at Intakea 

Vaccination-treatment group 

0.1 mg BCG 
0.01 mg BCG 
Placebo 

aData were obtained 71/2 years postintake. 

Number of TB cases 

59 
65 
47 

349 

TU of PPD-S and 5 TU of PPD-B, chest radiography, and administra
tion of vaccine or placebo. Freeze-dried BCG-Pasteur-1173-P2 and BCG 
Copenhagen, strain 1331, were reconstituted and given in two different 
doses, 0.1 or 0.01 mg. The placebo consisted of dilute Sauton medium. 
Because skin tests and vaccination were done on the same day, this trial 
design included groups that permitted observation of the effect of vac
cination on those already infected with M. tuberculosis. This was the first 
trial in which the identification of a case of tuberculosis was based on 
sputum culture rather than on chest radiography and/or clinical find
ings. Restricting consideration to the 140,000 Chingleput residents who 
were PPD-S negative at intake, i.e., the group comparable to that studied 
in Aronson's triaP3 and in the MRC trial,l4 the data at 7V2 years (Table 
II) revealed no evidence of a protective effect of BCG. 

Data after a 12V2-year period l7 of follow-up (Table III), for the 
group who were 0-14 years old at intake, showed a protective effect of 
28%. More recently, Tripathyl8 reported the 20-year follow-up data 
that revealed little change from the protective effect observed at 12 V2 
years. 

TABLE III 
Number of Tuberculosis Cases per Vaccination-Treatment Group and the 

Protection Observed, for Two Population Groupsa 

Population group 

Total uninfected population 
(0-7 mm reactors) 

Age group 0-14 years 

Number of persons in each treatment group 
with at least one positive culture 

Vaccination-treatment group 

0.1 mg BCG 0.01 mg BCG Placebo 

93 99 93 

47 44 63 

Protection 
observed (%) 

o 

28 

aData were obtained l21h years postintake. 
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3.2. Factors Determining Whether a Protective Effect of BeG Is 
Observed in Humans 

These three BCG field trials illustrate the full range of protective 
effects of BCG in man; 0-80% protection against pulmonary tuber
culosis and, in one trial, 100% protection against tuberculous meningitis. 
The multiple, possibly interacting factors, which playa role in determin
ing whether a protective effect of BCG is or is not observed include: 

1. Protective potency of the vaccine 
2. Infection with environmental mycobacteria 
3. Virulence of the tubercle bacilli responsible for the infection(s) 
4. Main pathogenetic path leading to the development of 

tuberculosis 

3.2.1. Protective Potency of the Vaccine 

It is possible that the inherent protective potency of the BCG vac
cine used is a major determinant in the outcome of field trials; however, 
the only vaccine for which animal model data on protective potency have 
been published is BCG Tice (subs train BL).19 Even here, no conclusion 
can be drawn because the producer of the vaccine sent different lots to 
the field20- 22 and to investigators requesting vaccine for study in labora
tory animals. 23 •24 We believe this situation illustrates the poor quality of 
our knowledge of the contribution of the inherent protective potency of 
vaccines to the outcome of field trials. Because the Chingleput trial was 
the first in which freeze-dried vaccine was administered, this factor was 
listed25 as one of the hypotheses explaining the low protective effect of 
BCG observed in this trial. 

3.2.2. Infection with Environmental Mycobacteria 

The factor that has received the most attention with respect to its 
impact on the outcome of BCG field trials is the degree to which the 
population was infected (sensitized) with environmental (atypical) my
cobacteria.26•27 Repeated natural infections with environmental my
cobacteria can induce a protective immune response comparable to that 
resulting from BCG vaccination. If this natural immunization were 
widespread in the population, it means that a trial conducted in such a 
population will have no true unvaccinated group against which to mea
sure the number of cases of tuberculosis prevented by BCG vaccination. 
Another hypothesis, proposed by Stanford et al.,28 is that first infection 
with some types of environmental mycobacteria interferes with the de
velopment of a protective response subsequent to BCG vaccination. En-
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vironmental mycobacteria, as a factor explaining the low protective ef
fect of BCG in a field trial, was first invoked in relationship to the 
USPHS trials in Georgia-Alabama2o and Puerto Rico,29 areas in which 
skin tests revealed that infection by environmental mycobacteria was 
relatively common. Comstock and Edwards29 examined the data from 
the Puerto Rico trial with respect to a difference in the number of 
tuberculosis cases in the group who were non reactors to 5 TU, but were 
reactors to 100 TU of PPD, i.e., evidence of nonspecific sensitivity (sen
sitivity to environmental mycobacteria) and those that were nonreactors 
to both tests. These latter investigators29 concluded that no protective 
effect accompanied infection with environmental mycobacteria. 

Infection with environmental mycobacteria has been given renewed 
stress as a factor in the Chingleput trial because the intake data show that 
by the age of 10 years, 95 % of the trial population were reactors to PPD
B, intracellularin, a tuberculin prepared from M. avium-intracellulare. 
Because of the unexpectedly low total number of cases of tuberculosis 
and the predominance of sensitization to PPD-B in the population, it has 
not been possible to factor out the impact on the trial outcome of infec
tion with environmental mycobacteria. Data27 obtained in guinea pigs 
indicate that two intradermal injections of M. avium-intracellulare in
duced a protective effect nearly equal to that achieved by BCG vaccina
tion. Assuming that protection in animals predicts the protective effect 
of M. avium-intracellulare in humans, the Chingleput trial findings are 
best described as a paradox. Ninety-five percent of the population over 
the age of 10 years were reactors to PPD-B; animal model data show a 
level of immunity comparable to that given by BCG vaccination, yet one 
reason for selection of the Chingleput district as the site for the trial was 
that this district had one of the highest tuberculosis prevalence rates in 
India. Thus, the paradox is that a region with a high rate of "natural 
vaccination with environmental mycobacteria" is coincidentally a region 
with a high prevalence of tuberculosis. 

3.2.3. Virulence of the Tubercle Bacilli Responsible for the Infection(s} 

An underlying hypothesis (presently being tested) for this section is 
that virulence of tubercle bacilli measured in guinea pigs reflects events 
in human disease. We have defined6 a tubercle bacillus as being virulent 
if, in nonvaccinated but immunocompetent guinea pigs, it disseminates 
from the site of implantation or injection. We believe it is significant that 
BCG vaccinated animals, infected with virulent tubercle bacilli,27 dem
onstrate the same characteristic primary lung lesions3o (see Fig. 8) and 
the same reduced capacity for hematogenous dissemination that is ob
served in nonvaccinated guinea pigs infected with tubercle bacilli of low 
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virulence. Assuming that a relationship is demonstrated between dis
semination of tubercle bacilli in guinea pigs and in humans, a strain of 
tubercle bacilli that has a reduced capacity to disseminate beyond the site 
of implantation in the lungs, is low virulent and will be restricted to 
causing cavitary pulmonary tuberculosis via exogenous reinfection. In 
several regions in south India; Madras,3l the Chingleput District6 and in 
Bangalore and nearby rural areas,32 the majority of isolates of tubercle 
bacilli obtained from sputum specimens showed a significantly reduced 
tendency to spread via the bloodstream in guinea pigs, a finding that 
could mean that, in these regions, exogenous reinfection is the predomi
nant path to cavitary pulmonary tuberculosis. 

3.2.4. Main Pathogenetic Path Leading to the Development of Cavitary 
Pulmonary Tuberculosis 

ten Dam and Pi033 examined the relationship between the patho
genetic path leading to pulmonary tuberculosis and the results of several 
BCG field trials. They concluded that BCG vaccination was most effec
tive in trials where most cases of tuberculosis developed within the first 
5-lO years after vaccination. Trials in which BCG showed an inferior 
protective effect were those in which most cases of tuberculosis devel
oped after a longer interval postvaccination. From these observations, 
ten Dam and Pi033 proposed the hypothesis that the failure to detect a 
protective effect of BCG in the Chingleput trial was because tuberculosis 
in the trial area was caused by exogenous reinfection rather than endog
enous reactivation. They reasoned that in exogenous reinfection tuber
culosis, the first infection with M. tuberculosis would have given as strong 
a protective effect as was possible to achieve with any BCG vaccine cur
rently available. 

The following explanation of the failure to detect a protective effect 
of BCG in the Chingleput trial is based on our present understanding of 
the two paths leading to cavitary pulmonary tuberculosis (Figs. 1 and 2; 
Table I). Evidence indicates that BCG protects against endogenous reac
tivation disease by interfering with the bacillemia that accompanies pri
mary infection,34 a bacillemia needed to implant tubercle bacilli in an A
SA site. However, in exogenous reinfection tuberculosis, as a conse
quence of one of the several episodes of infection, bacilli are deposited in 
the upper lung zones directly via the airway (Fig. 1). Thus, the failure to 
observe a protective effect of BCG in the Chingleput trial was presum
ably because the predominance of infection with tubercle bacilli of low 
virulence and the predominance of infection with environmental my
cobacteria, reduced the likelihood of a significant bacillemia and accord
ingly reduced the risk of endogenous reactivation tuberculosis. 
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3.3. Conclusion of Observations on the Protective Effect of BCG in 
Humans 

The evidence is clear that in some trials, BCG vaccination resulted 
in as much as 80% protection against pulmonary tuberculosis and as 
high as 100% protection against tuberculous meningitis and miliary tu
berculosis. These observations form the basis for the hypothesis that 
BCG vaccination protects against endogenous reactivation tuberculosis 
because it interferes with the bacillemia accompanying first infection 
with virulent tubercle bacilli. 

Several factors unrelated to the inherent protective potency of the 
vaccine can playa decisive role in BCG field trials. The degree of protec
tion observed is the resultant of the interaction among these several 
factors. For example, because BCG vaccination protects by interfering 
with the bacillemia, and bacillemia is not part of the pathogenesis of 
exogenous reinfection tuberculosis, neither BCG vaccination nor sen
sitization with environmental mycobacteria would be expected to con
tribute to protection in those trials carried out in regions of the world in 
which exogenous reinfection is the predominant pathogenetic pathway. 
These considerations provide one explanation for the low protective 
effect of BCG observed in the Chingleput triaP·16 

4. EFFECT OF BCG ON TUBERCULOSIS IN ANIMAL MODELS 

An animal model is defined by the specific choices of test species, 
route of vaccination, route of challenge, challenge level, and other fac
tors and, as the name implies, within the present context is intended to 
model, mimic, or predict events in human tuberculosis. With the possi
ble exception of a tissue culture method reported by Crowle,35 it is not 
currently possible to measure serum or cellular responses of an indi
vidual vaccinated with BCG that quantitate the level of protection 
against tuberculosis in that individual; i.e., there is no measurement 
comparable to the level of toxin-neutralizing antibody for diphtheria or 
of virus-neutralizing antibody for rubella. Accordingly, considerable 
effort has been directed toward the measurement of protective re
sponses* to BCG vaccination in one or another animal model of tuber
culosis. Although the measurement of "protective immunity" in an ani
mal model would seem to be a straightforward task, several reviews of 

*Because many different host responses have been measured and arbitrarily defined as 
protection, such terms as protection and protective effect, are included in quotation marks, 
except where the host response measured was inhibition of hematogenous seeding. 
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the literature on this topic36- 38 indicate that, in the absence of exact 
knowledge of what to measure as the protective response, many differ
ent measurements have been made and arbitrarily defined as "immu
nity," including lung density,39 percentage of mice surviving longer than 
30 days,40 number of lung lesions,41 and extent of gross lesions at 
necropsy.42 

Other important variables in animal models are listed in Table IV. 
Assuming only three specific assignments for each of these variables, 
there are 39 possible combinations-a total of nearly 20,000 different 
animal models. This is why a survey of the relevant literature37 demon
strates that no two laboratories in the world have selected the same 
animal model. Several groups of investigators36- 38 have asked: Do ani
mal models agree on the ranking for potency of a panel of BeG vac
cines? The report by Frappier et ai., 36 an interlaboratory study involving 
investigators in 12 different laboratories, demonstrated a disagreement 
on the ranking of vaccines for potency. Smith et ai.43 examined the 
potency of a panel of live attenuated vaccines (3 BeG and H37Ra) in 
mice and guinea pigs and in multiple animal models; however, all were 
carried out in one laboratory, eliminating the between-laboratory effect. 
The results of this study agreed with those obtained by Frappier et ai. 36 

in showing disagreement among different animal models in the ranking 
for potency of a series of BeG vaccines. Thus, these studies showed that 
each of the nine major variables in an animal model (see Table IV), in 
which BeG vaccine is assayed for "protective activity," played a deciding 
role in the potency assigned to a vaccine, indicating that the apparent 
protective potency of a BeG vaccine (strain or seed lot) was a product of 

TABLE IV 
Three Possible Specific Assignments For The Nine Major Variables 

in Animal Modelsa 

Variable 

Animal species 
Route of vaccination 
Amount of vaccine 
Vaccination-infection interval 
Route of infection 
Level of infection 
Infection-sacrifice interval 
Virulence of infecting strain 
Response measured 

aPossible combinations = 39 = 19,683 
bID, intradermal; SC, subcutaneous; IP, intraperitoneal. 

Assignments 

Mouse, guinea pig, rabbit 
ID, SC, Ipb 
Low, medium, high 
4 weeks, 6 weeks, 8 weeks 
IV, IP, respiratory 
Low, medium, high 
4 weeks, 6 weeks, 8 weeks 
Low, medium, high 
Survival, spleen weight, microbial 

enumeration 
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the animal model in which it is measured. Therefore, by selecting a 
specific set of experimental conditions, i.e., a particular animal model, it 
is possible to demonstrate many different host responses to vaccination 
with BCG. Some of these responses, however, may be artifacts of the set 
of experimental conditions selected and would therefore fail to give 
information relevant to events in human tuberculosis. 

Given that different animal models disagree on the potency ranking 
of a panel of BCG vaccines, how docs an investigator wishing to study 
protective effects of BCG vaccination against tuberculosis with a view 
toward better understanding of tuberculosis in humans, select a relevant 
animal model? 

4.1. Approaches to the Selection of a Relevant Animal Model 

4.1.1.joint Field Trial-Laboratory Model Assa)' 

Smith and co-work,=rs43- 45 proposed a solution, which they termed 
a Joint Field Trial-Laboratory Model Assay OFT -LMA), in which a 
panel of BCG vaccines were to be ranked for potency in a field trial in 
human subjects and simultaneously in a number of animal models. The 
animal models that ranked the BCG vaccines for potency in the same 
order as their ranking in humans were to be declared valid models for 
assay of the potency of BCG. The fallacy in the JFT-LMA approach 
became obvious after the publication of the first findings of the Chingle
put trial,7,16 which showed no evidence of a protective effect of two BCG 
vaccines. If this trial had been chosen for the field trial segment of 
the JFT -LMA, every animal model that showed a protective effect for 
the BCG vaccines used in the trial would have been declared invalid. 
The fallacy in the JFT -LMA approach is that it failed to recognize that 
an animal model assay is a relatively pure test of the inherent protective 
potency of a BCG vaccine, measured under controlled laboratory condi
tions in which the only variable is vaccination treatment. This is in 
marked contrast to a field trial of BCG vaccine in humans, in which the 
techniques for random allocation of individuals to receive vaccine or 
placebo are used in an attempt to eliminate the impact of other uncon
trolled variables by making certain that they are equally represented in 
the several vaccination treatment groups. However, as indicated by the 
data from the Chingleput trial, one or more of these uncontrolled vari
ables, even though equally represented in the different vaccination 
treatment groups, was apparently responsible for the outcome-i.e., no 
difference in the number of cases of tuberculosis in individuals given 
BCG or placebo. 
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4.1.2. Rational A nimal Model 

As set forth in a recent review,38 a rational animal model is con
structed on the premise that the greater the similarity between the con
ditions for vaccination and infection of humans and the conditions for 
vaccination and infection of the animal species selected for the experi
mental model, the smaller the likelihood that the investigator has inad
vertently introduced an artifact that could result in findings unrelated to 
events in the pathogenesis of tuberculosis in humans. Because evi
dence 15 indicates that BeG vaccination protects humans by interfering 
with the hematogenous transport of bacilli, a rational animal model 
would be one in which interference with hematogenous transport of 
bacilli would be measured in BeG-vaccinated and -nonvaccinated ani
mals infected by the respiratory (pulmonary, aerosol) route with small 
numbers of bacilli, simulating the conditions under which humans are 
infected. Interference with hematogenous transport could be judged 
from data on the quantitative recovery of bacilli from the spleen or, 
better still, from the quantitative recovery of bacilli from previously 
uninvolved areas of the lungs. Thus, a rational animal model for study 
of the protective potency of BeG would include the specific variables 
listed in Table V. 

To emphasize the crucial importance of the specific animal model 
used, we will consider primarily those investigations that involved study 
of the protective effect of BeG in rational animal models (see Section 

TABLE V 
Specific Assignments for the Major Variables Constituting 

Rational Animal Models 

Animal species: most often guinea pigs, mice, or primates 
Vaccination route: ID 
Vaccination dose: minimum number of BCG inducing protection 

Guinea pigs: 50-100 CFU 
Mice: approximately 104 CFU 

Vaccination-challenge interval minimum of 6 weeks (to avoid the early period of nonspecific 
resistance) 

Challenge route: respiratory 
Challenge dose: minimum number of virulent bacilli needed to infect each animal 

Guinea pigs: 3-5 CFU of bacilli inhaled and retained capable of developing primary 
lesions on the lungs 

Mice: 5-10 CFU of bacilli inhaled and retained 
Response to infection selected as the criterion of protection: quantitative assay of the extent to 

which vaccination has interferred with the spread of bacilli via the bloodstream from 
sites of implantation in the lungs. 
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4.2). The papers included that do not fit the definition of a rational 
animal model are those in which different criteria of "protection" have 
been selected, criteria that mayor may not correlate with the criterion of 
protection in a rational model. 

4.2. Studies of the Protective Effect of BeG in Rational Animal 
Models 

4.2 .1. Primate Modell 

Ribi I't al. 16 reported that viable BCG given by the intravenous (IV) 
route to rhesus monkeys completely inhibited hematogenous spread 
when these animals were challenged via the respiratory route with ap
proximately 20 colony-forming units (CFU) of M. tuberculosis, strain 
H37Rv. In a subsequent report from the same group (Anacker et aI. 17 ), 

the subcutaneous (SC), intramuscular (1M), and IV routes of vaccination 
were compared for their effect against subsequent challenge via the 
respiratory route. The maximum "protective effect" (extent of gross 
tuberculosis) accompanied IV administration of BCG. Barclay et alY" 
compared intradermal (ID), IV, and respiratory routes of vaccination 
and reported that IV vaccination led to superior "protection" (gross 
organ involvement), while ID vaccination afforded the least "protec
tion." Good and McCarro1l19 vaccinated rhesus monkeys with BCG-Chi
cago by the ID or by the respiratory route and challenged with M. 
tuberculosis (Erdman strain) 8, 29, or 72 weeks after vaccination. "Protec
tion," judged from the number of survivial animals, showed no dif
ference in the response of animal vaccinated by the ID or by the respira
tory route. 

The absence of agreement on the importance of route of vaccina
tion in primate models could result from the differences in the criteria 
of "protection" used or to other unspecified differences in the animal 
models. 

4.2.2. Mouse Models 

Rather than investigate the inherent protective effect of BCG, most 
protection studies in rational mouse models have compared the protec
tive effect of BeG with that of some experimental nonliving vaccine. 
Two reports by Ribi et al. 50.51 exemplify this type of study. 

The following series of reports are cited because they provide infor
mation about the protective effect of BCG in mice. Outbred Swiss mice. 
vaccinated by the ID or SC route and infected via the respiratory route 5 
weeks after vaccination, showed no evidence 52 of a "protective" re-
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sponse Uudged by the number of bacilli recovered from lung or spleen) 
when killed at intervals ranging from 2 to 19 weeks after challenge with 
M. tuberculosis Erdman strain. Schell et aU,3 examined the change with 
time in the number of virulent tubercle bacilli recovered from the lungs 
and spleen of BCG-vaccinated and -non vaccinated mice. The mice had 
been challenged via the respiratory route with an inoculum, leading to 
the inhalation and retention of 5-1 0 CFU of M. tuberculosis strain H37Rv 
capable of initiating primary lesions on the lungs of non vaccinated mice. 
Groups of animals were killed at intervals 1-14 weeks after challenge; 
the data in Fig. 4 compare the number of tubercle bacilli recovered from 
the lungs of nonvaccinated mice and mice given BCG by the ID or IV 
route. Analyses showed that a significant difference (lO-fold) between 
vaccinated and non vaccinated animals was evident only 3-7 weeks after 
challenge. Figure 5 shows the time course of recovery of H37Rv from 
the spleen of the same three groups of mice. Analyses of these data 
showed a significant reduction in the number of virulent bacilli re
covered from the spleen only fix the group vaccinated by the IV route. 
Thus, the data of Schell et al. 53 indicate that mice vaccinated ID (stipula
tion of a rational animal model) with 105 BCG-Tice (substrain BLP) were 
not protected, as judged by a delay in onset or a reduction in the extent 
of hematogenous seeding, but were "protected" as judged by the num
ber of bacilli recovered from the lungs. Anacker et al. 54 compared five 
different routes of vaccination [intraperitoneal (IP), IV, 1M, ID, SC] for 
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FIGURE 4. Change with time in the number of tubercle bacilli recovered from the lungs 
of vaccinated and nonvaccinated mice challenged via the respiratory route. (A) Mice 
vaccinated IV; (e) mice vaccinated ID; (0) nonvaccinated mice. (From Schell el ,,1.,5:1 with 
permission.) 
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FIGURE 5. Change with time in the number of tubercle bacilli recovered from the spleen 
of vaccinated and nonvaccinated mice challenged via the respiratory route (from Schell et 
al .. 5 :1 with permission). The key to the treatment groups is the same as for Fig. 4. 

their ability to "protect" mice against aerosol challenge and reported 
that only the ID route failed to "protect" as judged by the number of 
primary lesions and the number of bacilli recovered from the lungs. 

Lefford55 examined the influence of route of immunization on the 
active and adoptive immune response of mice to challenge with virulent 
tubercle bacilli. Lefford concluded that a "protective response" (as 
judged by the number of tubercle bacilli recovered from lung, spleen, or 
footpad) to challenge via the respiratory route depended on a popula
tion of resident immune T lymphocytes. In another report, Lefford56 
compared three different BCG strains for their ability to influence active 
or adoptive immunity to challenge via the respiratory route with M. 
tuberculosis, strain RIRv. He reported that BCG strains that grew best in 
the lungs imparted the greatest degree of "protection" (as judged from 
the number of RIRv recovered from lung and spleen) against challenge 
via the respiratory route. Hank et al. 57 reported that the "protective 
effect" (as judged from the number of bacilli recovered from primary 
lung lesions and primary lesion-free lung lobes of BCG in guinea pigs) 
was influenced by the virulence of the challenge strain. This observation 
disagrees with a conclusion in a recent report by Collins,58 in which the 
criteria of "protection" was microbial enumeration of the lungs and 
spleen of mice. This disagreement could relate to the observation that 
isolates of tubercle bacilli differing in virulence for guinea pigs do not 
differ in virulence for mice.59 

It has been shown in mice60 and in guinea pigs26.27 that the protec
tive effect of BCG is not suppressed in animals sensitized with environ
mental mycobacteria prior to BCG vaccination. 
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4.2.3. Guinea Pig Model 

A preliminary report of early studies with a rational guinea pig 
model52 indicated that animals could be challenged in an aerosol infec
tion chamber under conditions leading to the inhalation and retention 
of 5-10 virulent tubercle bacilli capable of multiplying and developing 
primary lesions on the pleural surface of the lungs. This report also 
describes significant differences in the number of bacilli recovered from 
the lungs and spleen of BCG vaccinated and nonvaccinated animals 
killed 3-20 weeks postchallenge. A problem was noted in this early study 
with regard to the reproducibility of the infection when large numbers 
of animals were to be exposed. This problem was solved in the next 
report,61 with the discovery that single-cell suspensions of tubercle 
bacilli, to be used for the nebulizer fluid for the aerosol infection cham
ber, could be stored at constant viability at -70°C. This observation. 
together with careful monitoring of the operating parameters of the 
infection chamber (airflow rates, exposure time) permitted the infection 
of large groups of guinea pigs via the respiratory route, leading to the 
induction of a reproducible and predictable number of primary lesions 
on the lungs of non vaccinated animals. 

The next topic considered in this series of studies, that by Wieges
haus et al. 62, was the development of a rationale for the selection of a 
nonarbitrary measure of acquired resistance. Because the purpose of 
our research is to gain knowledge relevant to acquired resistance to 
tuberculosis in humans, acquired resistance was operationally defined as 
follows: An animal has acquired resistance if after vaccination by reg
imens used in man and after challenge under conditions which simulate 
those under which humans are infected, the vaccinated animal lives 
significantly longer than a non vaccinated animal. Because determina
tion of survival time in guinea pigs infected via the respiratory route 
with small numbers of tubercle bacilli is a time-consuming method, this 
study also asked: What measurement made on the tissues of vaccinated 
and non vaccinated animals killed 3 or 5 weeks after challenge is corre
lated with the survival time of the animals? The survival curves shown in 
Fig. 6 are for groups vaccinated with (1) BCG, (2) a preparation of 
nonliving (defatted) tubercle bacilli given in paraffin oil, or (3) placebo. 
Statistical analyses showed a high correlation between survival time and 
the number of bacilli recovered from the lungs of guinea pigs killed 3 or 
5 weeks after challenge. Other studies63 have shown that at 3 weeks, 
bacilli recovered from the lungs essentially reflect bacilli in primary lung 
lesions. Accordingly, the data from Wiegeshaus et al. 62 can be inter
preted to indicate that there is a high correlation between survival time 
and the number of bacilli recovered from excised primary lung lesions. 
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FIGURE 6. Least squares lines showing the change with time in the Ilumber of vaccinated 
and non vaccinated guinea pigs surviving after respiratory challenge with a small number 
of virulent tubercle' bacilli. (From Weigeshaus rl (!l.,'i~ with permission.) 

The fourth report in this series61 examined the time course of infec
tion with virulent tubercle bacilli in BeG-vaccinated and -non vaccinated 
animals and reported the following observations: 

1. The development of virulent tubercle bacilli in the lungs (Fig. 7) 
followed the same time course in BCG-vaccinated and -nonvacci
nated animals during the first 10-14 days after challenge with 
3-5 CFU. This suggests that in BCG-vaccinated guinea pigs, 
tuberculin reactors at the time of challenge, the inhaled bacilli 
were ingested by nonactivated macro phages. It also means that 
BCG vaccination did not prevent infection with virulent bacilli. 

2. In BCG-vaccinated guinea pigs that were tuberculin reactors at 
the time of challenge, the exponential increase in the number of 
tubercle bacilli in the lungs (Fig. 7) did not change until after the 
number of tubercle bacilli had reached approximately 103 CFU 
in each primary lung lesion. 

3. In non vaccinated (tuberculin-negative) guinea pigs, the expo
nential increase in the number of tubercle bacilli continued 4-5 
days longer (Fig. 7) than in vaccinated animals. Thus, the max-



362 DONALD W. SMITH et al. 

6 
<!) 

/.&~.& z 
:::> 
...J 

~ 
5 .& 

~ / ~ 4 :I: .& 
ILl ;0-----0 ......... 0 _____ 0 ...J 
III 
<[ 3 :> 
ci z .& 

<!) 
0 

2 
...J 

I I I I I I I 
I 

0 10 14 18 22 26 30 34 38 
TIME POST CHALLENGE (DAYS) 

FIGURE 7. Change with time in the number of tubercle bacilli recovered from the lung~ 
of vaccinated (e--e) and non vaccinated (A--A) guinea pigs challenged via the respira
tory route. (Frolll Smith e/ (Ii .. ,;1 with permission.) 

imum number of bacilli in the lungs of non vaccinated animals 
was approximately 105 CFU per primary lesion, IOO-fold higher 
than the maximum number of bacilli in primary lesions in guinea 
pigs vaccinated with BCG. 

4. The difference in the maximum number of bacilli recovered 
from the lungs of vaccinated and non vaccinated animals was 
accompanied by a difference in the extent of tissue damage in 
primary lung lesions. Whereas extensive caseous necrosis was 
evident in the primary lesion in a non vaccinated animal (Fig. 
8A), the primary lesion in a lung lobe of a guinea pig vaccinated 
with BCG (Fig. 8B) only showed evidence of chronic inflammato
ry changes. 

5. In contrast to the prompt bactericidal events accompanying the 
onset of cell-mediated immune (CMI) and macrophage activation 
against Listeria monocytogenes,65 macrophage activation against tu
bercle bacilli leads to bacteriostasis. A significant reduction in the 
number of bacilli recovered from the lungs was not observed until 
the 10th week of infection in guinea pigs challenged via the 
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FIGURE 8. Hematoxylin-eosin stained sections of the lungs of gUlIlea pigs killed 24 days 
aftcr respiratory infcction with 3-5 virulelll tubercle bacilli. (A) Primary lesion in the lung 
of a nonvaccinalcd guinca pig. (B) Primary lesion in thc lung of a BC(;·vaccinated guinca 
pig. (From Smilh l'l ,d .. '10 wilh permission.) 
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respiratory route with 3-5 CFU of virulent tubercle bacilli.66 A 
study by Ho et al. 63 indicated that macrophage activation was a 
local rather than a systemic event. 

6. Hematogenous transport of virulent bacilli to the spleen, ob
served on the 21 st day, is coincident with the first detection of 
delayed-type hypersensitivity in nonvaccinated animals and was 
delayed in onset and reduced in extent in BCG-vaccinated 
guinea pigs. 

Because of the importance of hematogenous seeding in the patho
genesis of endogenous reactivation tuberculosis, a subsequent series of 
reports was devoted to quantitative evaluation of the inf1uence of BCG 
vaccination on hematogenous dissemination. Fok et al. 67 asked whether 
vaccination prevented hematogenous seeding or whether it induced a 
bactericidal event against tubercle bacilli transported to metastatic sites, 
e.g., in the lungs and spleen. The results of the study provided no 
evidence in support of the hypothesis of a prompt bactericidal event; 
accordingly, the data support the hypothesis that BCG vaccination inf1u
ences hematogenous dissemination by retarding the release of bacilli 
from primary lung lesions. This hypothesis was confirmed and observa
tions extended in a subsequent study6H showing that vaccination inf1u
enced both the onset and the extent of hematogenous seeding. The 
inf1uence of BeG vaccination on hematogenous seeding of fully virulent 
tubercle bacilli to previously uninvolved regions of the lungs was such 
that transport of significant numbers of bacilli to the lungs did not occur 
before 60-80 days postchallenge. Of potential significance to the failure 
to observe a protective effect of BeG in the Chingleput trial is the 
observation of Edwards et al. 27 that in guinea pigs challenged with a 
recent isolate of low virulence for guinea pigs, hematogenous seeding of 
previously uninvolved lung lobes was insignificant, even in nonvacci
nated animals. 

4.2.4. Protein-Deficient Guinea Pig Model 

In order to study the interaction between nutritional status of the 
host and response to BeG vaccination and challenge with M. tuberculosis 
strain H37Rv, McMurray et al. 69•7o developed a protein-deficient ra
tional guinea pig model in which challenge was administered via the 
respiratory route. Protein-deficient animals developed smaller reactions 
to skin tests with PPD, and an inferior protective effect was evident from 
the data showing the number of H37Rv recovered from lungs and 
spleen. The most recent report by this group70 included an additional 
factor, i.e., the use of strain 2 and strain 13 inbred guinea pigs. This 
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study showed that strain 13 guinea pigs were more strongly affected by 
protein deficiency-an interaction between protein-deficiency and ge
netic pedigree. 

5. CONCLUDING REMARKS 

Evidence indicates BeG vaccination protects against tuberculosis in 
humans by the induction of changes in the vaccinated person that lead to 

interference with the bacillemia accompanying the first infection with 
virulent tubercle bacilli in a non vaccinated person. For endogenous re
activation tuberculosis, this bacillemia is a key event for the transition 
from tuberculous infection to clinically apparent tuberculosis. A corol
lary of these observations is that BeG vaccination has no influence on 
exogenous reinfection tuberculosis, because it is independent of a 
bacillemia. 

Data obtained in a rational guinea pig model designed to mimic the 
conditions of vaccination and infection in humans demonstrate the fol
lowing protective effects of BeG vaccination: 

1. There is an earlier onset of bacteriostasis in the lungs of BeG 
vaccinated animals, leading to a maximum bacillary population 
in the lungs 100-fold lower in vaccinated than in non vaccinated 
animals. 

2. The tissue damage due to a CMI response is significantly re
duced in the lungs of vaccinated as compared to nonvaccinated 
animals and is not accompanied by caseous necrosis. 

3. The dissemination of virulent bacilli via the bloodstream to the 
spleen and to previously uninvolved areas in the lungs is signifi
cantly delayed in onset and reduced in extent in the tissues of 
BeG vaccinated animals. 

4. BeG alters the host response of a vaccinated guinea pig so that it 
responds to challenge with high virulent tubercle bacilli in the 
same way as a nonvaccinated animal responds to challenge with 
bacilli of low virulence. 

A rationale has been presented for the selection of animal models 
for the assay of the protective potency of the new generation of anti
tuberculosis vaccines currently under development. The authors urge 
that the protective effect of these vaccines be assayed in rational animal 
models. Vaccines expected to protect against endogenous reactivation 
tuberculosis must be able to interfere with some event in path A shown 
in Fig. 1. BCG vaccine inhibits the bacillemic phase of infection, an event 
that can be determined by measuring the number of virulent bacilli 
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recovered from the spleen or from primary lesion-free lung lobes. One 
of the new vaccines may interfere at an earlier stage in the infection; e.g., 
vaccination could induce bacteriostasis after only a few cycles of replica
tion of the infecting bacilli. Such a protective response could be quanti
tated by measuring the number of bacilli recovered from the lungs of 
vaccinated and nonvaccinated animals killed 3-5 days after challenge via 
the respiratory route. 

Vaccines designed to protect against exogenous reinfection, a much 
more demanding requirement, must interfere with some event in path B 
(Fig. 1). This would appear to mean that the vaccine would have to 
induce an altered state such that a droplet nucleus landing in any al
veolar space in the lung would be ingested by a macrophage that has 
already been activated, i.e., a state of systemic macrophage activation. 

A further complication with regard to the ability of vaccines to 
protect against exogenous reinfection is that evidence obtained with 
BCG vaccine indicates that activated macrophages in the upper lung 
zones can reduce the bacillary population in a lesion to a low level but 
cannot sterilize the lesion. When this individual later experiences an 
immunosuppressive event, bacilli escape from dormancy to go on to 
produce disease. These observations suggest that efforts should be di
rected toward the development of vaccines that produce an immune 
response of sufficient intensity that sterilization of metastatic foci also 
occurs in the apical-subapical area of the lungs and in other areas in 
which bacilli survive in a dormant state. These considerations indicate 
that a rational animal model designed to detect protective responses to 
new antituberculosis vaccines should measure not only inhibition of 
hematogenous transport of bacilli to primary lesion-free lung lobes and 
spleen but events in excised primary lung lesions and in lung lobes 
excised 1-2 weeks after aerosol challenge with 3-5 tubercle bacilli as 
well. 
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Changing Faces of Clinical 
Tuberculosis 

WILLIAM W. STEAD and ASIM K. DUTT 

1. INTRODUCTION 

Throughout recorded and archeologic history, tuberculosis has affected 
humans in every part of the world. Even today, tuberculosis is a major 
cause of morbidity and mortality in many countries, despite extensive 
understanding of its cause, epidemiology, prevention, and therapy.l 
There has been considerable change in the face of the disease, with a 
shift from the young and female to the old and male. 2 In densely popu
lated developing countries, it remains a major killer of the young. 

According to estimates of the World Health Organization (WHO), 
there are approximately 20 million active cases in the world today. Mor
tality due to disease is approximately 3 million annually. From 50 to 100 
million persons become infected annually. Eighty percent of deaths are 
in developing countries. 

The causative organism, Mycobacterium tuberculosis, was discovered 
more than 100 years ago by Robert Koch. Much remains to be learned 
about the nature of the organism, variation in virulence, and the host
parasite interaction. Unlike smallpox, there is little prospect of eradicat
ing the disease so long as overcrowding, malnutrition, and poverty pre
vail in a large part of the world. 
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gram, Arkansas Department of Health, Little Rock, Arkansas 72201. ASIM K. DUTT 
• Alvin C. York Veterans Administration Medical Center, Murfreesboro, Tennessee 
37130; Department of Medicine, Meharry Medical College, Nashville, Tennessee 37208. 

371 



372 WILLIAM W. STEAD and ASIM K. DUTT 

0:: 
<l 
w 
>-
" o 
o 
o 
6 
o 
" W 
I
<l 
0:: 

250 

1910 '20 '30 '40 '50 '60 

YEAR 

FIGURE 1. Decline in morbidity and mortality rate due to tuberculosis, 1910-1980. 

2. EPIDEMIOLOGY OF DISEASE 

The decline in incidence of disease in developed countries began 
even before the scientific advances of the past century (Fig. 1). Mortality 
from the disease has declined faster than the incidence of disease. With 
the introduction of chemotherapy in about 1950, there was a much 
sharper drop in mortality than in incidence. 

3. INCIDENCE AND MORBIDITY 

In the United States, the average decline in morbidity during the 
past 32 years has been about 5% annually, save for the period of 1978-
1981 when it dropped only 1.4% annually due to the influx of refugees 
from Southeast Asia. 3 However, since 1985, the rate of decline has again 
slowed appreciably for reasons that are not yet clear. This coincides 
temporally with the rapid rise in incidence of acquired immunodeficien
cy syndrome (AIDS), and there is some speculation that tuberculosis 
may be a harbinger of a much more serious problem. Four of the five 
states with the largest population of AIDS cases had the greatest increase 
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in tuberculosis cases and their metropolitan areas with the largest 
number of AIDS cases also reported the greatest increase of tuberculosis 
cases.1 

4. TUBERCULOSIS IN CHILDREN 

Reports from 1985 cases show an increase in morbidity in all age 
groups, sexes, and races (Fig. 2). An increase in incidence of tuberculosis 
in children is a clear indication of transmission of infection in the popu
lation. Implementation of preventive measures and adherence to the 
guidelines for screening and preventive therapy are necessary to pre
vent development of disease. A recent study documents poor com
pliance by physicians themselves in following the recommendations for 
the prevention of tuberculosis. Health departments need to redouble 
their efforts at preventive measures, particularly among children. Both 
ph ysician and patient com pliance are necessary, if the desired results are 
to be attained in prevention of tuberculosis among infected persons. 
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FIGURE 2. Difference in cumulative tuberculosis cases between 1985 and 1984 in the 
United States. 
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5. TUBERCULOSIS IN OLD AGE 

With the decline of cases in developed countries, tuberculosis is 
progressively becoming a disease of the elderly population.7 Many states 
have experienced an increased incidence among the elderly. There has 
been a dramatic shift in the age of cases during the past half-century 
from the young to old age. Figure 3 shows the shift for Arkansas. The 
age shift in the population has given rise to another problem that needs 
further attention. About 5% of the elderly population are confined to 
nursing homes, of whom 80-85% are tuberculin non reactors. The ma
jority are still immunocompetant, 10-15% are anergic and more suscep
tible to new infection.32 Reactivation of an ancient tuberculosis infection 
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in an elderly resident of a nursing home may give rise to new infection 
and disease among other susceptible residents who are in close contact 
for a protracted period. Such newly infected elderly subjects may devel
op disease in 7% (women) to 13% (men). Occasionally, this may reach 
epidemic form in the closed environment of a nursing home. The same 
may occur among inmates in the closed environment of prisons and 
crowded shelters of homeless, often with added risk of exposure to HIV 
infection. Prevention consists of identifying infected persons on entry 
(tuberculin reactors), study of all cases of pneumonia for active tuber
culosis, and application of preventive therapy for new infections with 
isoniazid (INH) according to the guidelines recommended by the Amer
ican Thoracic Society and Centers for Disease Control. 

6. TUBERCULOSIS IN IMMUNOCOMPROMISED HOSTS 

Progress in therapy of several diseases in recent years has entailed 
use of long term costicosteroids, immunosuppressive drugs and some
times radiation therapy. These immunosuppressed patients are at in
creased risk of tuberculosis, whether from new infection or from reac
tivation of healed foci. The latter are likely to reactivate under long-term 
immunosuppression, producing pulmonary or even disseminated tuber
culosis. Clinical symptoms and signs of the disease may be suppressed 
producing an unusual delay in diagnosis. 

Many authors have documented that persons with malignancies are 
at increased risk of developing clinical tuberculosis. A tuberculin test 
and chest radiograph should be done before initiation of such therapy. 
Preventive chemotherapy with INH should be given to those exhibiting 
a significant (2: 10 mm) tuberculin reaction. Awareness of the risk of 
tuberculosis in immunosuppressed subjects and application of appropri
ate measures for chemoprophylaxis and chemotherapy should eliminate 
the risk of tuberculosis in these patients. 

7. TUBERCULOSIS IN HOMELESS AND ALCOHOLICS 

It is well recognized that the prevalence of tuberculosis among va
grant, alcoholic and homeless persons is considerably higher compared 
with other groups. In advanced countries, homelessness is increasing in 
most cities. The homeless are generally malnourished, in poor general 
health, and often crowded into cramped quarters. When tuberculosis 
reactivation occurs in a crowded shelter for the homeless, widespread 
transmission may occur. Recently, it has been reported that not only the 
disease spreads to those who have never been infected before but also to 
previously infected persons whose immunity is impaired.6 ,s The ex-
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ogenous reinfection with tuberculosis in a shelter for the homeless is a 
serious problem as transmission of drug resistant tuberculosis has even 
been reported. The high prevalence of infection and disease among the 
homeless is akin to developing countries where exogenous reinfection 
plays an important role in the development of disease. Stead and 
Lofgren 10 also observed tuberculosis from exogenous reinfection among 
nursing home elderly residents but believed it was generally due to 
reversion of the skin test to negative, rendering the subjects more suscep
table to reinfection. 

8. TUBERCULOSIS IN HEALTH CARE WORKERS 

Tuberculosis is a recognized occupational hazard among health care 
workers. With the great decline in prevalence of the disease in devel
oped countries, the hazard to medical students, physicians, and nurses is 
less than ever but greatly increased over that for the general population. 
The shift in prevalence of the disease to the elderly means that persons 
working in hospitals and nursing homes cannot escape inadvertent and 
unrecognized exposure to tuberculosis. An epidemiologic survey among 
the practicing physicians in California in 1979 revealed 3.5% of them 
had disease treated within 10 years of entering medical school. A recent 
report of a survey in a large medical school showed the incidence of 
tuberculosis to be higher in physicians than in the general population. IS 

The risk of tuberculosis was found to be 140 per 100,000 person-years 
within 6 years of graduation. As many as 63% of initially tuberculin 
negative students whose tuberculin test converted to positive during 
medical school or clinical training developed clinical tuberculosis. These 
observations are supported by another study that showed a 4% annual 
conversion rate among house officers. 

Increased risk of infection as an occupational hazard among health 
care workers should not be surprising. Undiagnosed infections in pa
tients present the greatest hazard. Younger physicians who take care of 
patients from lower socioeconomic strata often work long hours. Inad
vertent nosocomial spread of infection may occur among health care 
workers through special procedures such as bronchoscopy of persons 
with undiagnosed pulmonary disease. As the disease is encountered less 
often, alertness to its possibility is declining. 

Unexpected exposure to tuberculosis is likely to continue for years to 
come. The most important preventive measure is to follow the recom
mendation of regular tuberculin testing and taking preventive INH thera
py when a definite conversion to positive occurs. Unfortunately, compliance 
of health care workers for preventive measures is often very poor. 19,20 
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9. TUBERCULOSIS AMONG IMMIGRANTS 

Tuberculosis continues to be a major problem in developed coun
tries among immigrants and refugees from areas of the world that have 
a high prevalence of tuberculosis. Tuberculosis morbidity in the United 
States from 1978 to 1981 clearly reflected the impact of the large 
number of cases among Southeast Asian refugees. In many developing 
countries, virtually the entire population is infected with tubercle bacilli 
before adulthood. Such immigrants are likely to break down with disease 
under the stress of moving to a new environment. Development of active 
disease in the immigrant population is often associated with a high inci
dence of drug resistant organisms due to misuse of antituberculosis 
drugs, especially INH, which is often included in over the counter cough 
syrups. Treatment regiments should include at least two bactericidal 
drugs besides INH for Southeast Asian refugees. 

10. CLINICAL PRESENTATION 

With the declining incidence and changing epidemiology of tuber
culosis in the United States, there have been changes in the clinical 
presentation of the disease. The likelihood of misdiagnosis increases 
with unusual presentations. Several studies have revealed that the diag
nosis is missed in 40-50% at the time of hospital admission. Many cases 
must go undiagnosed, because about 5% of cases are unsuspected until 
discovered by autopsy. 

Over the years, the incidence of pulmonary tuberculosis has been 
falling in the United States, but the incidence of extrapulmonary tuber
culosis has remained almost constant for reasons unknown. Extra
pulmonary manifestations of tuberculosis are seen more often in pa
tients with immunosuppression. Acquired immunodeficiency syndrome 
(AIDS) patients show extrapulmonary disease, particularly lymphatic 
and disseminated (miliary). The incidence may range from 60-75%. 
Patients may have an infiltrate in any lung zone often associated with 
mediastinal and/or hilar adenopathy, although cavitation is uncommon 
due to inadequate T cells. 

In patients with chronic renal failure receiving chronic dialysis, the 
incidence of tuberculosis is 10-15 times higher than in the general pop
ulation. The disease presents very often in extrapulmonary sites such as 
lymphatic, pleural, and skeletal. Diagnosis of the disease becomes more 
confusing because of confusion of symptoms with those of the renal 
disease. Disseminated tuberculosis often occurs in immunosuppressed 



378 WILLIAM W. STEAD and ASIM K. DUTT 

states, the diagnosis of which may be missed if a high index of suspicion 
for the disease is not maintained. 

Tuberculin negative elderly patients may contract initial infection in 
nursing homes, which may progress to produce cavitary tuberculosis or 
even death. 10 There may be tuberculous plural effusion which may be 
passed off as due to congestive heart failure. The occurrence of tuber
culin conversion and progressive primary tuberculosis has been re
ported among very elderly tuberculin-negative persons in nursing 
homes. Dissemination of tuberculosis may occur at any stage of disease 
and may produce miliary tuberculosis or meningitis. A manifestation 
that is more commonly seen among the elderly is tuberculous endobron
chitis which leads to segmental atelectasis. It is often mistaken for a 
tumor. The diagnosis is made only if bronchoscopy is performed with 
appropriate biopsy and culture of the material. 

For the past decade, several authors have drawn attention to the fact 
that radiological abnormalities of tuberculosis may be atypical. 12,13 It is 
estimated that 30-40% of cases may have unusual presentations, such as 
lower lobe infiltrates, nodules, reticulonodular infiltrates, pleural effu
sion, and lymphadenopathy. Thus, absence of apical involvement should 
not dissuade one from considering tuberculosis when the etiology of 
pulmonary disease is not readily apparent. Tuberculosis must be consid
ered when the chest roentgenogram is not characteristic of nontuber
culous pneumonia and fails to resolve in response to antibiotics. Clinicians 
should remain alert to the possibility of tuberculosis because it is a curable 
disease that can be devastating if not treated. 

11. TUBERCULOSIS THERAPY 

The most exciting change in tuberculosis during the past two dec
ades has been in the therapy of tuberculosis. With a better understand
ing of the effects of drugs on the mycobacteria in tuberculous lesions,24 
the therapy has been considerably simplified and its duration shor
tened. 25 

A few years ago, the standard therapy of tuberculosis used to be 
INH and ethambutol (EMB) with or without streptomycin (SM) during 
initial 1-3 months of treatment. This therapy was effective, provided it 
was taken for 18-24 months. Consequently, there were great problems 
of compliance from patients in completing the full course of therapy. 
Due to availability of another oral bactericidal drug, rifampin (RIF), and 
revival of interest from better understanding of action of an old drug, 
pyrazinamide (PZA), during the past one to two decades, it has become 
possible to complete curative therapy much more rapidly. With the use 
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of a combination of INH and RIF, the therapy is completed in 9 months 
or in 6 months if PZA plus SM or EMB are added to the regimen for the 
first 2 months. 

Current chemotherapy is based on evidence from many in vitro and 
in vivo studies that have increased our understanding of the bacterial 
populations in tuberculosis lesions and the effect of drugs on them.24 

Tubercle bacilli are obligate aerobes which thrive best in an environment 
having a high oxygen tension. There appear to be four distinct bacterial 
populations in a tuberculous lesion (Fig. 4). The largest population 
(ranging 107-109 organisms) replicate actively in a neutral or slightly 
alkaline medium with high oxygen tension. A much smaller population 
(range 102-10" organisms) is harbored in a neutral or slightly alkaline 
milieu of closed caseous or noncaseous lesions, in which they are meta
bolically less active. A third population of similar size replicates slowly in 
the acid environment inside macrophages. Finally, few organisms are 
dormant and metabolically inactive. 

The number and rate of replication of the organisms are important 
because drug resistance develops at a predictable rate by mutation, irre
spective of the presence of drug(s) in the environment. Drug-resistant 
mutants develop independently of each other, approximately once in 
10"-106 divisions. A lung cavity containing 109 organisms may contain 
hundreds of thousands of bacilli resistant to one antituberculous drug, 
and very few or none may exhibit double drug resistance, since re
sistance to two drugs occurs in about every 1012 divisions. Since active 
tuberculous lesions harbor a mixture of drug sensitive and a few re
sistant bacilli, the use of two drugs is mandatory. Antituberculous drugs 
are effective in killing the bacilli only when they are metabolically active 
and replicating. Tubercle bacilli replicate infrequently, about every 16-
20 hr. Thus, antituberculous drugs are best given in a single daily dose 
and for a prolonged period, permitting killing of,the entire population, 
including semidormant organisms, which replicate only intermittently. 

Rapid killing of the large, actively multiplying extracellular popula
tion of bacilli prevents emergence of drug-resistant organisms and 
eventual treatment failure. Elimination of slowly multiplying organisms 
or persisters with continued treatment prevents late relapse after discon
tinuation of therapy. 

Modern treatment consists of the use of at least two bactericidal 
drugs: the major ones that may be considered in this group are SM/Ca
preomycin (CAP), INH, RIF, PZA, and EMB in doses of 25 mg/kg. The 
bacteriostatic drugs are EMB (15 mg/kg), ethionamide (ETA), cycloser
ine (CS), p-aminosalicylic acid (PAS), thiacetazone (TZ) which are not 
often used except in treatment failure and drug resistant cases. 

The bactericidal drugs are highly active on rapidly multiplying ex-
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tracellular organisms (Fig. 5). Intensive initial daily therapy rapidly elim
inates the bacilli. The emergence of drug-resistant mutants is avoided 
with rapid conversion of sputum smears to negative. Inadequate therapy 
either due to wrong doses or to irregular compliance may result in 
therapy failure with emergence of drug resistance. 

RIF, INH, and PZA are effective against slowly multiplying bacilli 
inside macro phages or extracellularly. PZA is particularly effective in 
the acid milieu of macrophages. The drug is found more effective when 
given during the initial period of therapy. RIF is a useful drug during 
the continuation phase of therapy because it is particularly effective 
against organisms that show even the slightest intermittent activity. Ade
quate duration of therapy eliminates the persisters, with eventual cure of 
the disease. Inadequate duration of therapy may result in late relapse 
due to late replication of some surviving persisters. However, such re
lapses are usually due to drug-sensitive organisms. It has also been ob
served that the drugs can be given twice weekly after initial daily admin
istration for 1-2 months. The supplement of SM or EMB and PZA 
during the initial period of therapy with INH and RIF is not generally 
necessary in areas with few drug-resistant cases. However, such intensive 
initial therapy with four drugs for 2 months reduces the necessary dura
tion of treatment to 6 months, with the additional advantage of being 
effective even in the presence of INH resistance. 
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treatment , 
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The drug combination of choice for newly diagnosed tuberculosis is 
INH and RIF, except in areas of increased prevalence of INH re
sistance. In the United States, newly diagnosed tuberculosis in patients 
who had not been exposed to antituberculosis drugs in the past almost 
always harbor drug-sensitive bacilli. Ir\H and RIF are given in a single 
daily dose for 9 months or daily for 1 month, followed by twice weekly 
for another 8 months. The regimen has been successful in more than 
95% of the 1795 cases in Arkansas. 26 Some recommend the addition of 
SM or EMB (25 mg/kg) initially for 2-3 months, which, although adding 
nothing to the bactericidal activity of INH and RIF, ensures against 
failure due to drug resistant organisms. Dosage of INH is 300 mg and 
RIF 600 mg during daily therapy. During twice-weekly therapy, the dose 
of INH is increased to 900 mg, and RIF remains the same at 600 mg. 
Preferably, the drugs should be given as combination capsules, e.g., 
Rifamate (Merrell-Dow). Each capsule contains INH, 150 mg, and RIF, 
300 mg. Thus, two capsules a day, early in the morning, supplies the full 
dose. For twice weekly administration, the addition of two tablets of 
INH, 300 mg each, to two capsules of Rifamate furnishes the adequate 
dose. 

The same regimen (based on weight) is effective in pediatric disease, 
in all forms of extra pulmonary disease29 and also when the tuberculosis 
is associated with additional risk factors, e.g., long-term corticosteroid 
therapy, diabetes, malignancies, and immunosuppressive stages. In re
cent studies, the therapy has also been effective in AIDS patients and is 
the recommended mode of therapy.4 

However, the addition of at least two other drugs to the regimen is 
essential in patients with suspected or proven drug-resistant disease. 
Drug resistant disease should be suspected when antituberculosis drugs 
were given in the past, disease is acquired in countries with high preva
lence of the disease, e.g., Southeast Asia, Africa, and Latin America, 
acquired infection from a known case with drug resistant disease, or if 
the prevalence of INH resistance disease is more than 5% in the commu
nity. Under such circumstances, therapy should be initiated with INH 
300 mg, RIF 600 mg, (SM -0.5-1.0 GM 5 days a week, or EMB 25 
mg/kg) and PZA 25-30 mg/kg until drug susceptibility results are 
known, usually 2 months, when the regimen may be altered. If the 
organisms are found susceptible to INH and RIF, additional drugs are 
discontinued and INH and RIF are given daily or twice-weekly for the 
remaining 6 months of treatment. When the organisms are resistant to 
INH or RIF, the drug is discontinued and the remaining three drugs are 
given twice-weekly for the remaining period of 9 months. In INH-re
sistant cases, INH may be continued for its action against an INH-sen
sitive population of slowly replicating persisters. The regimen ensures 
effectiveness of at least two bactericidal drugs against the resistant bacilli, 
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e.g., SM/EMB and RIF, on the rapidly multiplying extracellular bacilli 
and RIF and PZA on the slowly replicating organisms. When resistance 
to both INH and RIF is found, there is no short-course chemotherapy 
that is effective, and the therapy must be given for a period of 18-24 
months with three or four new drugs to which the bacilli are sensitive. 

Tuberculosis due to organisms resistant to both IKH and RIF re
quires therapy with three or four other antituberculosis drugs. SM (or 
CAP, if SM resistant) is given in doses of 0.5-1.0 g/day, 5 days a week, 
for at least 3 months along with another two sensitive drugs: EMB 25 
mg/kg, PZA 25-30 mg/kg, ETA 500-750 mg on the tolerance, CS 0.75-
1 g along with pyridoxine 100 mg. ETA and CS are given in divided 
doses. As these drugs are not bactericidal, the duration of therapy 
should be 18-24 months. 

12. ADVERSE DRUG REACTIONS 

The principal side effects of antituberculosis drugs are shown in 
Table I. In a large number of experiences, hepatic toxicity has occurred 
among 2-4% of cases, even when PZA is included along with INH and 
RIF in the regimen. In our experience, hepatic toxicity has occurred in 
2.5% of 2000 patients treated with INH and RIF.31 The series included 
many elderly patients, 60% over age 65 years, and many alcoholics. It is 
evident that two hepatotoxic drugs should be avoided in patients with 
active hepatitis. Usually, the therapy in such patients should be initiated 
with INH and EMB (25 mg/kg), supplemental with initial SM in smear
positive cases. If RIF is instituted to replace SM and EMB after the 
hepatitis has subsided, the therapy can still be finished in 9 months. 
Minor side effects, e.g., rashes, gastrointestinal (GI) disturbances, occur 
in 5% of cases. In them, the drugs can be reintroduced one at a time 
without recurrence of the symptoms. PZA regularly causes hyper
uricemia but gout rarely occurs. 

Intermittent use of RIF may cause thrombocytopenia, but the prob
lem usually arises with higher doses of RIF (900-1200 mg once or twice 
a week). When RIF is given in a dose of 600 mg twice a week, throm
bocytopenia is rare and occurred in less than 1 % of our patients. A 
hypersensitivity reaction termed flulike syndrome may also develop with 
intermittent use of RIF but is infrequent (2%) with a 600-mg dose twice 
weekly. More serious effects, e.g., shock, acute renal failure, and hemo
lytic anemia, have been reported with intermittent RIF, but we have not 
encountered these problems yet in treating more than 2000 patients in 
this way. 

SM may cause vestibular or auditory damage, but the side effect is 
minimized by administering it 5 days a week and also reducing the dose 
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of medication with advancing age and impaired renal function. EMB in 
doses of 25 mg/kg may give rise to visual symptoms in one to three 
percent of the cases. 

Monitoring of side effects of the drug is accomplished by remaining 
in close contact with the patients who should have easy access to the 
health care team for reporting unusual signs and symptoms.31 Transient 
abnormalities in liver function are common during early periods of che
motherapy in asymptomatic patients, usually subsiding even when che
motherapy is continued. Some authorities recommend monthly labora
tory studies in asymptomatic patients, but we believe that this approach 
leads to more confusion than enlightenment. We recommend per
forming a baseline study of liver function before initiation of therapy 
and to repeat only if the patient develops symptoms of hepatitis (nausea 
and vomiting). The patients are informed about the symptoms and 
asked to report their occurence promptly. 

Health teams must monitor the compliance of patients in ingesting 
the medication as prescribed by frequent personal interviews, by check
ing regularly the attendance for clinic appointments, by surprise pill 
counting, and by random examination of the urine for the metabolites 
of INH and RIF. 

13. PREVENTIVE THERAPY 

Since the release of INH in 1952, prevention of tuberculosis became 
a possibility among infected individuals. Six randomized trials of INH 
preventive therapy for one year by the U.S. Public Health Service among 
70,000 infected persons during the 1960s showed protection in 55-83% 
of participants. Isoniazid chemoprophylaxis has become a recognized 
and recommended preventive therapy by the Centers for Disease Con
trol (CDC), which is now widely practiced in the country.28 However, the 
pitfall of the therapy is noncompliance in pill taking for 12 months 
among infected individuals who are otherwise healthy. The CDC esti
mated that 57% of infected contacts were started on preventive therapy, 
and approximately 25% of them did not complete the full course of 
therapy. It is estimated that only 43% of individuals at risk of developing 
tuberculosis completed the full course of therapy. Stead and co-work
ers 10,23 reported remarkable protection of 99% among tuberculin con
verters among nursing home residents compared with 7-13% of those 
who were not treated. 

The protective effect of INH depends on regular ingestion of the 
drug for a prolonged period. Shortening the duration of chemopro
phylaxis has become an issue of considerable importance in achieving 
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greater success in prevention and also in reducing the high costs of 
supervision, particularly in developed countries. Moreover, in recent 
years, the therapy of active disease has been reduced to 6-9 months, 
while, paradoxically, the duration of INH preventive therapy for infec
tion continues to remain for 12 months. This question was addressed in 
a large trial in six Eastern European countries. 21 In those persons who 
ingested 80% of the prescribed INH, the result of 6 months of therapy is 
nearly as effective as 12 months. The recent recommendation in this 
country is to reduce the duration of preventive therapy to 6 months for 
most patients. This is expected to improve the compliance rates. To 
reduce the duration further, short-course chemotherapy with combina
tion of several drugs is being evaluated at present. A combination of 
four drugs; SM, INH, RIF, and PZA for 3 months has shown promising 
results in smear-negative, culture-negative suspected tuberculosis. For 
350 such patients, we have used a combination of INH and RIF for only 
4 months, daily for 1 months, followed by twice-weekly ingestion for 
another 3 months. During a median follow-up of 45 months, there has 
been only 1 % relapse. Although this is encouraging, more follow-up in a 
larger number of patients is needed for a final conclusion. Thus, it 
seems likely that the duration of preventive treatment may be consider
ably shortened in the future. 
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1. INTRODUCTION 

18 

The atypical mycobacteria constitute a diverse and heterogeneous group 
of acid-fast bacilli that are widespread in distribution throughout the 
natural environment. I They also include a number of important oppor
tunistic human and animal pathogens.2 Most organisms in this group 
are not considered pathogenic for immunocompetent adults, although 
they do occasionally establish residence within normal tissues, where 
they give rise to persistent infections that can be difficult to eliminate, 
due to their high resistance to most antituberculosis drugs. 3 Such sys
temic infections are usually associated with some other underlying dis
ease, such as silicosis, emphysema, or Hodgkin disease. A few species 
(e.g., M. kansasii, M. avium, and M. ulcerans) are considered overt human 
pathogens, causing progressive pathologic changes within the infected 
tissues. 4 Although most cases of pulmonary tuberculosis are caused by 
M. tuberculosis, small numbers of M. kansasii and M. avium infections are 
reported each year. When combined, these pathogens are responsible 
for at least 2 million deaths worldwide each year,5 with the atypical 
mycobacterial infections constituting perhaps 5% of the total patient 
population.6 These organisms are generally considered much less vir
ulent for humans than M. tuberculosis, 7 although recently they have be-
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come a matter for concern due to the increasing acquired immunodefi
ciency syndrome (AIDS) epidemic.8 

The M. avium complex consists of at least 31 different serotypes that 
can be readily distinguished one from another both on the basis of their 
animal virulence patterns8 and their serologyY·lo M. avium was first 
isolated from birds but has long been recognized as being virulent for 
both man and animals. I I By contrast, the closely related M. intracellulare 
serotypes are of much lower virulence for humans, as well as for most 
experimental animals. For many years, this difference was the only prac
tical means of differentiating between M. avium and M. intracellulare. 
Except for M. kansasii and M. avium, little significance was attached to the 
presence of atypical mycobacteria in clinical specimens collected from 
apparently normal individuals. 4 Now, with the increasing number of 
immunosuppressed individuals in the community (both naturally occur
ring and iatrogenically induced), this assumption is having to be re
evaluated. 12 It appears that many atypical mycobacteria are able to colo
nize the nasopharyngeal, bronchial, and intestinal mucosae of normal 
immunocompetent individuals and epidemiologic data suggest that many 
of these individuals go on to develop limited tissue involvement, es
pecially when the normal cellular defenses are temporarily depressed. 13 
Colonization probably follows the ingestion of contaminated drinking 
water or the inhalation of aerosols generated from natural waters l1 
rather than being the result of animal or person-to-person infections. IS 

Widespread exposure to such environmental mycobacteria could explain 
the continued persistence of atypical mycobacterial infections in the face 
of a steady decline in the incidence of M. tuberculosis infections through
out most of the Western world. 16 

This chapter discusses the increasing public health importance of 
this group of atypical mycobacteria, which only a few years ago were 
looked upon as little more than taxonomic curiosities. 13 Ironically, it was 
only 20 years ago that the prediction was made that pulmonary tuber
culosis would be virtually eliminated, at least from the United States and 
Europe, by the end of the twentieth century.17 This forecast is now 
generally acknowledged to have been hopelessly overoptimistic l8 and, if 
anything, the incidence of tuberculosis is actually on the increase again. 8 
Although the effect of AIDS on both tuberculous and non tuberculous 
disease in this country cannot be accurately assessed at this time, it is 
bound to be substantial. 

2. M. AVIUM-COMPLEX INFECTIONS IN THE NORMAL 
POPULATION 

Tuberculosis was first shown to be caused by M. tuberculosis in a 
classic series of papers published by Robert Koch in 1882, in which he 
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described the isolation and cultivation of the tubercle bacillus in the 
laboratory and proposed his now-famous set of postulates to establish its 
pathogenicity for humans.29 By the turn of the century, a number of 
other mycobacteria (including M. avium) had been described, some of 
which were later shown to be capable of causing disease in both humans 
and animals. 1,2 However, it was not until the second half of this century 
that a number of pigmented atypical or anonymous mycobacteria were 
first described in the literature. 2o These organisms were resistant to the 
newly developed antituberculous drugs and were for this reason exam
ined systematically as potential human pathogens. Most of these early 
studies were methodologic and taxonomic in nature,21 but gradually a 
substantial body of information has been built up about the immu
nogenicity and pathogenicity of the four so-called Runyon groups of 
nontuberculous mycobacteria. 2 Even so, most members of the M. avium 
complex were ignored in clinical practice because they did not result in 
progressive disease when inoculated into the guinea pigs routinely used 
for virulence testing in the laboratory.22 However, several reports exist 
in the early literature that atypical mycobacteria could be recovered 
from routine cultures prepared from gastric washings taken from both 
tuberculous and nontuberculous patients.23- 25 In the former group, 
the atypical mycobacteria often persisted long after chemotherapy had 
successfully eliminated the M. tuberculosis from the tissues. In some cases, 
they may have been secondary invaders.13 However, their presence in 
apparently normal control specimens raised the question of their signifi
cance as potential secondary invaders versus their accidental presence as 
benign environmental contaminants.26 Most of these atypical mycobac
teria normally exist as free-living environmental saprophytes, but there 
is a substantial body of skin test data to suggest that the more virulent 
members of this group may be capable of temporarily colonizing the 
bronchial or intestinal mucosae leading to sensitization of the host tissues 
to specific mycobacterial antigens.27 In most cases, such colonization 
results in, at most, a localized, self-limiting lymphadenitis and rarely lead 
to the development of progressive pulmonary disease. 28 Thus, it was 
only after the repeated isolation of the same atypical mycobacterial spe
cies from a patient showing clinical or radiological evidence of active 
lung disease, that a positive significance could be attributed to their 
presence in sputum or gastric washings. 12 

With the increased understanding of the taxonomic and antigenic 
relationships existing between M. tuberculosis and the slow-growing 
atypical mycobacteria,1 a number of detailed epidemiologic studies were 
carried out using normal individuals and tuberculous patients, both in 
this countrv and overseas.7,16 The availability of carefully standardized 
preparations of purified protein derivative (PPD-S) made it possible to 
compare exposure rates to tuberculous infection in widely separated 
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populations.31 Less success was observed for patients infected with 
atypical mycobacteria, however, most of whom responded poorly (if at 
all), giving skin-test responses ofless than lO-mm in duration measured 
72 hr after an injection of 5 TU of pPD-S.7 Somewhat better reactions 
were reported when PPD-A (prepared from M. avium) or PPD-B (pre
pared from the Battey bacillus or M. intracellulare) were included in these 
tests. 30 Careful assessment of an extended series of skin tests carried out 
in children and military inductees in the United States and in Europe 
suggested that localized infection (or colonization) by various members 
of the M. avium complex may be far more widespread than might other
wise be suspected on the basis of clinical and pathologic findings. 31 
Tuberculin skin sensitivity to PPD-A and PPD-B usually declines rela
tively rapidly with time, suggesting that such local colonization was 
short-lived and did not result in ongoing infections. Responses by naval 
recruits coming from the southern Atlantic States were usually-stronger 
and occurred more frequently than in individuals coming from other 
parts of the country,29 suggesting a more widespread exposure to the 
opportunistic pathogens in hot and dusty climates and this generally 
agrees with the pattern of isolations for the M. avium complex across the 
United States.32 

While it is generally agreed that the environmental strains of M. 
avium complex constitute the main source of both human and animal 
infections caused by these organisms, there is also epidemiological evi
dence that these diseases occur more frequently in individuals coming 
from a farming background where they may be more heavily exposed to 
colonization by these environmental strains than most urban dwellers. 13 
Various atypical mycobacteria can be readily isolated from tap water 
samples collected in many parts of this country,33 as well as from soil and 
seawater. 34 The main portal of entry for these organisms is presumed to 
be intragastric or aerogenic, since a variety of atypical mycobacterial 
species have been recovered from pharyngeal and gastric washings col
lected from apparently normal individuals.2 Most of these organisms 
will be eliminated from the intestinal tract before they can establish a 
foothold among the commensals inhabiting the normal mucosal sur
faces. However, the more virulent serotypes of M. avium and M. intra
cellulare may be able to colonize the host producing self-limiting mucosal 
infections temporarily, leading to sensitization of the host tissues. Young 
children tend to develop a localized cervical lymphadenitis in which the 
causative organism turns out to be one of the M. scrofulaceum sero
types.35 The infection pattern seen in these children again strongly sug
gests an oral infection route and when this is combined with the pres
ence of M. avium complex in the intestinal mucosae of many AIDS 
patients, the principal portal of entry for most of these organisms must 
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be oral rather than aerogenic in nature.36 However, this remains a mat
ter for speculation.37 

The incidence of pulmonary tuberculosis in the Western world has 
declined steadily for at least the last 100 years.5 It now stands at around 
9 cases per 100,000 in the United States. This represents more than 
28,000 new cases per year, with more than 1800 deaths directly ascriba
ble to this disease annually.18 Approximately 5% of these patients are 
infected with atypical mycobacteria, although the precise makeup of this 
population has been difficult to establish.31 Until recently, up to 50% of 
the isolates were identified as M. kansasii, with various members of the 
M. avium complex making up about one half the other strains.38 Howev
er, over the past decade, this ratio has shifted considerably, with the M. 
avium complex and M. fortuitum now making up the major proportion of 
these isolates.36 This distribution pattern varies considerably in different 
parts of the country, with M. kansasii infections still predominating in the 
Midwest, while the M. avium complex is found increasingly along the 
East Coast, in the Southeast and on the West Coast.31 ,32 These infections 
are usually relatively indolent, unless there is evidence of some other 
form of prior lung damage, such as silicosis, emphysema, or cavitary 
tuberculosis.4 Thus, most of the atypical mycobacteria appear to be op
portunistic pathogens, at best, although they may be able to persist in
definitely on the mucosal membranes of young children, heavy smokers, 
and sufferers of chronic bronchitis or asthma.2 Such infections also tend 
to remain silent for long periods of time, so that the M. avium-complex 
infection may produce little or no sign of tissue destruction or pro
gressive systemic disease.39 Heavily infected organs show little sign of a 
cellular response or tissue destruction, and the lesions can be difficult to 
detect radiologically or bronchoscopically, even when the disease has 
become far advanced.4o,4I 

The incidence of M. avium-complex infections in any community 
probably depends on the level of available laboratory expertise.22 Even 
so, unexplained and extensive variations in the number and type of 
atypical mycobacterial isolates have been reported for the same hospital 
over extended periods of time.46 Most of these infections could not be 
related to any obvious index source, occupational hazard, or other pre
disposing factor. 45 In general, adult M. avium-complex infections oc
curred in elderly white males, although, over the past decade, an in
creasing number (up to one third) of isolates have come from younger 
men with no sign of coexisting disease.28 Although most of these pa
tients show little evidence of progressive disease beyond the primary 
lesion, surgical intervention and aggressive chemotherapy may be re
quired in order to cure the patient completely of this infection.46 By 
contrast, children in whom a localized lymphadenitis develops usually 
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show involvement only in a single lymph node, with no obvious lung 
involvement, and the infection resolves spontaneously with time.35,45 

While there is little demographic or epidemiologic evidence for 
obvious predisposing factors for these M. avium-complex infections, it 
seems likely that some form of temporary depression to the cell-mediated 
defenses must be involved.47 M. avium-complex serotypes 1,4,8, 12, and 
16 are most frequently isolated from these patients (Table I), and it is 
generally agreed that these serotypes are relatively more virulent for both 
humans lO and experimental animals,4 compared with the other 
serotypes. Most M. avium and M. intracellulare isolates can also be readily 
differentiated into flat translucent, domed opaque, and rough colony 
variants, when grown on solid media.48 The translucent colony type 
appears to be substantially more virulent for experimental animals,49,5o 
as well as being more resistant to most antituberculous drugs.51 Mice 
infected with a mixture of the two colony variants develop lung infections 
that yield increasing numbers of the virulent translucent colony forms 
with time (Fig. 1), a finding that may have important implications for the 
therapy of chronic lung infections in humans as well. 51 Even when 
challenged with the translucent colony variant, however, the severity of 
the infection varies considerably, depending on the strain of organism, 52 
the route of inoculation (Fig. 2), and the genetic makeup of the host.53 
Some translucent colony variants of M. intracellulare are virtually avi
rulent for the susceptible BALB/c strain of mouse, even when large 
numbers of bacilli are inoculated (Fig. 3). More susceptible strains devel
op chronic M. intracellulare infections that often persist until death occurs 
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FIGURE 1. Recovery of thin translucent (virulent) and opaque domed (attenuated) colo
nies of M. intracellulare from the spleens (and lungs, not shown) of intravenously chal
lenged B6D2 mice receiving a mixture of the two colony types. 
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M. intracellulare 673 a b 
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FIGURE 2. Growth of the mouse virulent M. intracellulare 673 in B6D2 mice following 
challenge by the intravenous (a), subcutaneous (b), aerogenic (c), or intragastric (d) routes. 
Spleen (_), lungs (A), footpad ( 0 ), popliteal lymph nodes (X), mesenteric lymph node 
(0). 

as a result of old age. 52 However, the more virulent M. avium serotypes 
give rise to life-threatening infections in both the susceptible and resistant 
strains of mouse, whether introduced by the intravenous, aerogenic, or 
intragastric routes. 53 Mice infected with M. scrofulaceum or avirulent 
serotypes of M. intracellulare eliminate them rapidly, even when inocu-
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M. intracellulare 1406 a 
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FIGURE 3. Growth of the mouse avirulent M. inlmrellul"re T;\IC # 1406 in B6D2 mice. 
See legend to Fig. 2 for further details. 
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FIGURE 4. Growth of virulcnt M. rwiulIl TMC #724 (a), virulent M. intracellulare 673 (b), 
less virulent M. illtmallnlare TMC # 1405 (c), or avirulent M. intmcellulare TMC #14.06 (d), 
following aerogenic challenges to T-cell-depleted BALB/c mice ( ... ) or normal BALB/c 
micc (--). Lungs (~), spleen (-'D). 

lated into T-cell-depleted BALB/c mice (Fig. 4). By contrast, the growth 
of the virulent serotypes (M. intracellulare 673 and 1405) appears to be 
potentiated by T-cell depletion. This finding suggests that the avirulent 
M. avium-complex serotypes may be eliminated from the tissues by a non
T-cell-mediated mechanism, whereas the virulent strains can only be 
killed by immunologically activated macrophages and thus are potenti
ated by depletion of the T-cell defenses. 37 ,53 It is clear that the host
parasite interactions responsible for controlling the growth of the M. 
avium-complex serotypes within normal tissues are both complex and 
diverse; we need to learn a lot more about the mechanisms these oppor
tunistic pathogens use to establish themselves within the normal host. 

3.M. AVIUM-COMPLEX INFECTIONS IN IMMUNODEPLETED 
PATIENTS 

Although virulent M. tuberculosis multiplies freely within the lungs 
and spleens of normal mice for several weeks (Fig. 5), eventually there 
will be evidence of an immune response as the rate of growth begins to 
decline and large numbers of activated macrophages enter the develop
ing tubercles. 19 Despite this immune response, large numbers of viable 
mycobacteria may persist within the tissues for many months, providing 
an ongoing antigenic stimulus that results in a chronic granulomatous 
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response (especially within the lung), eventually leading to cavitation 
and death. 54 The less virulent M. avium may survive within the spleen 
for many months with no sign of an immune decline equivalent to that 
seen in the M. tuberculosis-infected animals (Fig. 5). Avirulent species, 
such as M. intracellulare 1406 and M. scrofulaceum 1306, are eliminated 
progressively immediately after challenge, with no sign of an early 
growth phase. Paradoxically, virulent M. avium and M. intracellulare 
strains can persist within the spleen despite evidence that both immune 
T cells and immunologically activated macrophages are also present in 
the lesions. 55 

Host resistance to a variety of intracellular parasites can be en
hanced or depressed by a number of extraneous factors,56 some natural 
(intercurrent infections, tumor loads) and others artificial (irradiation, 
chemotherapy). Most normal individuals (95% of those exposed) devel
op sufficient cell-mediated immunity to the primary tuberculous infec
tion to limit its growth to subclinical proportionsY' The sequence of 
events responsible for the inability of apparently immunocompetent in
dividuals to develop an effective cell-mediated response to the pathogen 
is not well understood. Some of these factors are nonspecific in nature, 
involving overcrowding, poor housing, malnutrition, alcoholism, and 
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FIGURE 5. Growth of M. tuberculosis Erdman (a), M. 
avium (b), M. intracellulare or M. scrofulaceum (c), in the 
spleens of intravenously challenged B6D2 mice. 107 
= M. tuberculosis Erdman; 724 and 702 = M. avium; 
673, 1405, 1406 = M. intracellulare; 1306 = M. scro!
ulaceum. 
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drug abuse. It is also possible that genetic factors may be involved, al
though this is still far from proven. 57 Infection by a number of systemic 
viral pathogens can temporarily reduce the ability of the cellular de
fenses to function properly.56 For instance, cytomegalovirus, measles, 
and Sendal virus infections are all known to cause a marked reduction in 
tuberculin hypersensitivity and other mitogenic responses in vitro, as well 
as temporarily potentiating the severity of several experimental bacterial 
lung infections in vivo. 58 Further discussion of this virally induced im
munosuppression is found in Section 4. 

Although tuberculosis traditionally attacks individuals from all so
cioeconomic levels throughout the community, some individuals appear 
to be particularly susceptible to mycobacterial lung disease. 16 These in
clude patients suffering from silicosis and pneumoconiosis, especially 
sand blasters, quarry men, coal miners, and other industrial workers 
exposed to heavy dust loads.59,6o The enhanced virulence of the nor
mally opportunistic mycobacteria for these groups can be explained by 
the known toxic effects of silica on both pulmonary and peritoneal mac
rophages.61 Experimentally, even the growth of an attenuated orga
nism, such as BeG, can be substantially potentiated by silica treatment.62 
In addition, age seems to be an important factor. since most adult M. 
tuberculosis infections are now seen in elderly men.63 On the other hand, 
non tuberculous disease occurs equally in males and females at all age 
levels. The sharp increase in the number of geriatric tuberculosis cases 
appears to be primarily due to the reactivation of healed lesions, pre
sumably as a result of an age-related decline in cell-mediated immune 
responsiveness.64 The source of atypical mycobacterial infections in this 
age group is unknown. 

A second group of immunosuppressed patients known to be at in
creased risk of developing atypical mycobacterial infections includes 
those suffering from terminal renal disease and kidney transplantation 
patients.65 ,66 While there appears to be a preponderance of M. tuber
culosis and M. kansasii infections in these patients, a substantial number 
of M. avium-complex isolates have also been reported. This seems to be 
true even in communities in which atypical mycobacterial infections are 
normally rare,67 an anomaly reported in other patients subjected to 
long-term immunosuppressive therapy.ti8 Repeated doses of cytoxan, 
methotrexate, vinblastine, and corticosteroids reduce the ability of the 
host to defend itself against a number of facultative intracellular patho
gens69 ; in particular, heavy cortisone treatment has long been recog
nized as a potential reactivator of dormant tuberculosis lesions, both in 
experimental animals and in humans.7o ,71 Some antituberculous drugs 
have even been reported to be immunosuppressive when given at max
imum tolerated doses, although much of this evidence is circumstantial 
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at best. 72 However, this may become an increasingly important factor 
when massive combined chemotherapy is required to treat acquired im
munodeficiency syndrome (AIDS) patients infected with M. avium 
complex. 73 

There are considerable data to indicate that many cancer patients 
are especially susceptible to severe M. tuberculosis and M. kansasii lung 
infections.74,75 The number of M. avium-complex infections seen in this 
group of patients seems to be relatively much lower,76 with relatively 
larger numbers of M. simiae, M. gordonae, and M. fortuitum isolates, all of 
which were thought to be virtually avirulent in humans until a few years 
ago. 2 ,4 This trend is perhaps due to the increased number of patients in 
the community who are receiving combined immunosuppressive thera
py and in whom systemic M. tuberculosis and atypical mycobacterial infec
tions frequently develop as a result. 77 However, this is probably an over
simplification, since these infections also occur in hemophiliacs, who 
seem to be as susceptible to tuberculous infections as the cancer pa
tients.78 As a result of the increasing number of immunodeficient indi
viduals in the community, the presence of even small numbers of 
atypical mycobacteria in sputum, urine, or bone marrow specimens 
should be viewed with concern and the patient treated immediately in an 
attempt to eliminate the colonizing organisms before a life-threatening 
infection develops. 

4.M. AVIUM-COMPLEX INFECTIONS IN AIDS PATIENTS 

Acquired immunodeficiency syndrome was first recognized in 1981 
as a new immunologic disease afflicting homosexual men and drug ad
dicts in New York and San Francisco. 73 The disease is caused by the 
human immunodeficiency virus (HIV-I), which parasitizes the T4 cell 
population of the host, affecting its ability to mount an effective cell
mediated immune response against a number of facultative intracellular 
parasites. 79 Many of the AIDS-related complex (ARC) patients (20-
30%) develop disseminated mycobacterial infections, and a surprisingly 
high proportion of these isolates have been shown to be M. avium or M. 
intracellulare. 37 In more than 40 separate investigations involving 1000 
AIDS patients, at least 20% were infected with M. avium complex (Table 
II), with smaller numbers of M. tuberculosis infections (mainly Haitians), 
together with a few isolates of M. gordonae and M. fortuitum. In one 
recent study carried out in New York City, almost 50% of AIDS patients 
were infected with M. avium complex, mainly serotype 4, with smaller 
numbers of serotypes 1 and 8. 76 Those patients suffering from dissemi
nated M. tuberculosis infections80 were mainly Haitians living in Miami 



18. MAC INFECTIONS AND IMMUNODEFICIENCY 401 

TABLE II 
Mycobacterial Infections in AIDS Patients in the United States a.b 

Patient Number M. avium 
population of patients M. tuberculosis complex 

Homosexual 76 0 32 
Drug abuse 12 0 6 
Hemophiliac 2 0 2 
Female consorts 12 7 
Unspecified 819 46 162 
Haitian 102 53 6 

Total 1023 99 215 

aBased on 41 reports. 319/1023 = 31'1! incidence of M. (ubem"o.,;" and MAC infections. 
b_, not specified. 

M. 
gordonae 

4 

5 

and New York City.81 The increased number of cases of M. avium
complex infection may be partly due to better diagnostic procedures, 
since many of the early AIDS patients were not suspected to be suffering 
from disseminated mycobacterial disease, largely because of the benign 
nature of the M. avium-complex infections. 82 Specialized staining, cul
tural, and serologic methods are needed to identify these organisms 
fully in biopsy and postmortem specimens lO ,22 and, since these atypical 
mycobacteria do not usually induce cavitary lung disease, few acid-fast 
bacilli will be present in either sputum or bronchial lavage samples or 
even in gastric washings.83 However, many of these patients develop 
heavy intestinal infections with large numbers of viable M. avium com
plex in both intestinal biopsy specimens36 and fecal samples. 76 Greater 
success has also been reported for cultures84 prepared from bone mar
row and blood samples collected from both ARC and AIDS patients85,86 
and, with the increasing incidence of these patients in the community, it 
is now recommended that all high-risk and HIV-positive individuals be 
routinely skin tested with PPD-S, PPD-A, and PPD_B87 and that blood 
and bone marrow specimens be examined for the presence of M. tuber
culosis or M. avium complex, which can now be considered as diagnostic 
for terminal AIDS.88 The presence of the M. tuberculosis infection often 
precedes the HIV infection by months or years,90 but the exact rela
tionship between the M. avium-complex infection and AIDS remains 
more of a matter of speculation.9o 

In many of the early reports, mycobacterial involvement was based 
simply on the presence of acid-fast bacilli in histologic material prepared 
at postmortem examination. The lesions had an appearance strongly 
reminiscent of that seen in lepromatous leprosy or miliary tuber-
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culosis,91.92 conslstmg of large aggregations of foamy macrophages, 
often packed with acid-fast bacilli.93 Massive involvement of the lungs, 
gut-associated lymphoid tissues, spleen, and bone marrow is frequently 
observed, together with Pneumocystis carinii, Candida albicans, cytomega
lovirus, and Epstein-Barr (EBV) lung infections.94.95 Most of these 
cases occurred in homosexual and drug abuse patients, although re
cently there has been an increasing involvement of consorts of drug 
abusers suffering from AIDS, prostitutes, and other highly promiscuous 
heterosexuals in the community.96.97 

Another group of patients of largely unknown size and importance 
are the transfusion patients who received blood or blood products be
fore effective screening was instituted.98 These patients form a relatively 
small component of the overall AIDS population but, because of the 
long incubation period for this disease, they may turn out to be a critical 
factor in the final analysis. The fact that they are mainly heterosexuals 
makes them more analogous to the African and Haitian AIDS popula
tions which also involve equal numbers of males and females.lOo Evi
dence is accumulating from both central Africa and Haiti that heterosex
ual spread due to sexual promiscuity seems to be the major factor in 
promoting this epidemic in those countries. This mode of spread may 
also become an increasing factor in the United States and Europe. The 
preponderance of M. tuberculosis infections in Haitians and African pa
tients lOl may reflect genetic differences57 but is more likely to be due to 
the extremely high prevalence of pulmonary tuberculosis in these coun
tries, 102 where more than 90% of adult Haitians are known to be tuber
culin positive by the time they are 20 years old. On the other hand, 
Americans suffer a much lower rate of exposure to M. tuberculosis and a 
more frequent involvement with environmental opportunistic mycobac
teria, including the M. avium complex. It is difficult to explain why 
Americans and Haitians now living side by side in Miami or New York 
City do not develop mixed M. tuberculosis and M. avium-complex infec
tions more frequently than they do.101 

Early detection of systemic M. avium-complex infections in ARC 
patients poses a number of technical problems, mainly because the le
sions are inapparent until late in the disease. Careful examination of 
radiologic evidence has revealed signs of disseminating tuberculous dis
ease in some pre-AIDS patients,103 and cultures prepared from stool 
and rectal biopsy specimens have revealed the presence of acid-fast 
bacilli within the submucosa, usually within large foamy macrophages.36 
The histologic picture seen in many of these patients resembles Whip
ple's disease in humans lO4 or Johne's disease in cattle,105 and much the 
same has been reported for M. tuberculosis-infected Haitian AIDS pa
tients.106 Such extensive involvement of the intestinal mucosae, Peyer's 
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patches, and mesenteric lymph nodes seems to point to an intragastric 
infection pathway, although direct transfer via rectal trauma may also 
occur in some homosexual AIDS patients.36 This has been made the 
more plausible by the presence of mixed intestinal infections involving 
several opportunistic gut pathogens in some of these patients. 107 

The alternative route of infection for these organisms involves the 
nasopharyngeal mucosae, and many AIDS patients do develop severe 
lung infections relatively early in their disease. lOll However, there is little 
evidence for direct aerogenic spread by members of the M. avium com
plex, even from heavily immunosuppressed patients. 109 In most pa
tients, sputum samples are consistently negative for acid-fast bacilli at a 
time when both bone marrow and blood cultures are strongly positive, 
again suggesting a non pulmonary infection route of infection for most 
of these patients. 110,111 Blood cultures also provide a convenient tool for 
monitoring the effectiveness of the chemotherapeutic regimen, 112 since 
the presence of only one or two colony-forming units per milliliter 
(CFU/ml) of blood indicates the presence of many millions of viable 
mycobacteria elsewhere in the host tissues. I 13 Positive blood cultures 
from an ARC patient must now be considered diagnostic for AIDS.sI 

In addition to playing a relatively passive secondary role in the 
tissues of the ARC patient, M. avium complex may later playa more 
direct role in the evolution of the terminal phases of this infection.37 

Both splenic and lymph node infections involving virulent M. avium
complex serotypes affect the T-cell-dependent periarteriolar regions of 
the lymphoid organs, thereby contributing to a progressive loss of T-cell 
function as the infection develops. 114 Eventually, the M. avium-complex 
infection may resemble that seen in lepromatous leprosy, 115 a chronic 
mycobacterial infection also characterized by a persistent loss of specific 
T-cell reactivity. I 16 This similarity provides further circumstantial evi
dence that the systemic M. avium-complex infection may contribute to 
the progressive immunosuppression seen in the ARC patient. 117 It is 
well known that only a proportion of HI V-infected individuals go on to 
develop clinical AIDS unless they are subjected to some type of second
ary antigenic or infectious stimulus, which seems to be required in order 
to drive the disease into its final stages.73 A number of opportunistic 
pathogens can provide this type of stimulus, but it appears that the M. 
avium complex may have a special propensity for doing this to the HIV
infected patient. gO It should be noted that the distribution of oppor
tunistic mycobacterial infections in AIDS patients is quite different from 
that seen in other immunosuppressed cancer and transplantation pa
tients. 76 The dominance of M. avium-complex serotypes 1, 4, and 8 in 
the AIDS population suggests the existence of some sort of causal rela
tionship between the two phenomena.82 ,IIS T-cell depletion is known to 
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enhance the growth of virulent mycobacteria within the lung. 53 Howev
er, the virtual absence of M. simiae infections in the American AIDS 
patient population argues against simple T-cell depletion as the only 
factor involved. 37 M. avium-complex serotypes 1, 4, and 8 are known to 

be relatively more virulent than other serotypes for humans lo and might 
therefore be expected to persist on the mucosal membranes of the nor
mal host more effectively than less virulent strains. 13 However, one 
would still expect M. simiae infections to occur more frequently than they 
do in the AIDS population, since these organisms are also commonly 
found in the environment.4 

One possible explanation for this paradox could be the possession 
by these three M. avium-complex serotypes of unique surface receptors 
that enable them to colonize the nasopharyngeal and/or intestinal 
mucosal cells more effectively than other mycobacteria. The flat translu
cent (virulent) colony variant of M. avium is known to possess surface 
antigens (or receptors) not found on the domed less virulent colony 
variants. 119 Thus, the presence of these antigens on the translucent 
variant may be important simply by permitting persistent colonization of 
the gut-associated lymphoid tissues of the normal host, resulting in an 
earlier and more substantial local infection and the induction of an 
ongoing state of immune tolerance to the specific mycobacterial sen
sitin(s) of these organisms. Much the same process has been postulated 
to occur in miliary tuberculosis and lepromatous leprosy. 120 Such heavy 
mycobacterial infections may also induce the formation of suppressor 
cells within the lymphoreticular organs of the host, which then remains 
unresponsive to specific antigenic stimulation for many months (Fig. 6). 
Such an infection may also serve as a polyclonal B-cell activator, result
ing in a persistent hyperglobulinemia and excess antigen-antibody com
plex formation. 121 This B-cell response will have little protective value 
for the tuberculous host but may divert an already depleted T-cell re
source into an essentially unprofitable humoral response. The AIDS 
virus is also known to act as a potent B-cell mitogen, and the combined 
effect of these two pathogens may induce an immunologic defect similar 
to that seen in systemic lupus erythematosus (SLE).90 

One final contribution by the developing M. avium-complex infec
tion to this disease could be its ability to provide an ongoing stimulus to 
the T-cell population within the virally infected spleen. 122 This would 
provide an increasing number of activated T cells for the AIDS virus to 
parasitize,123 thereby enhancing the growing immunodepletion of the 
ARC patient. 124 The end result of these multiple antigenic and mitogen
ic stimuli would be a deepening level of immunosuppression, slowly 
ablating both humoral and cellular responsiveness until one or other of 
the opportunistic pathogens within the host tissues assumed life-threat-
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FIGURE 6. C;roll"th of ,\E. Gl'illlll (A) in the spleens 
of intravenously infected B6D2 mice compared 
with the blastogenic responsiveness bv whole spleen 
cells (e) or T-cell-enriched suspensions ill pitro (.) 
exposed to phytohemagglutinin. 
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ening proportions, leading to a diagnosis of clinical AIDS.125 The 
nature and hierarchy of these life-threatening infections may provide 
clues to their role in the evolution of this immunologic disease. 79,84 

The prognosis for the AIDS patient remains poor, with a 2-year 
survival rate of virtually zero. The outlook for AIDS patients suffering 
from disseminated M. avium-complex disease is even more dismal. 73 
While AIDS patients with M. tuberculosis infections may respond effec
tively to conventional antituberculous chemotherapy,125 those with M. 
avium-complex disease seldom do, partly because of the inherent drug 
resistance shown by these atypical mycobacteria, and partly because the 
infections frequently reach massive proportions before their existence is 
even suspected. 126 Some clinical improvement has been reported in 
some M. avium-infected AIDS patients subjected to combined therapy 
with ansamycin, clofazimine, ethambutol, cycloserine, amakacin, and 
ethionamide, but most show a bacteriostatic response at best, with 
growth resuming once the therapy is discontinued.73 This poor clinical 
response may be partly explained by the ablation of the T-cell-mediated 
defenses, suggesting that a combined chemotherapy and immunother
apy should be provided for the treatment of all ARC patients. 112 At
tempts to reconstitute the depleted host defenses in AIDS patients by 
means of bone marrow transplants and IL-2 and gamma interferon 
(IFN-y) infusions have not been particularly successful, although this 
approach will undoubtedly be continued in the future. 127 
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5. CONCLUSIONS 

Until recently, most atypical mycobacteria have been of interest to 
bacteriologists more for their taxonomic obscurity and their immu
nologic complexity than for their public health significance. While some 
species have been recognized as potential human and animal pathogens, 
most have been thought of as opportunistic pathogens at best, of doubt
ful virulence for normal healthy adults. Some species have been shown 
to function as troublesome secondary invaders in tuberculosis patients, 
although the resulting infection is usually indolent and relatively limited 
in nature. Occasionally, they result in disseminated systemic disease, 
usually when some form of immunosuppression is also present. Atypical 
mycobacterial infections show a distinctive regional distribution, with 
some occupational factors involved as well. However, the primary 
human isolation patterns for most of these opportunistic pathogens 
seem to conform to the distribution of these organisms in the environ
ment and to the ability of the different species to survive in aerosols 
generated from infected natural waters. Direct person-to-person spread 
by these atypical mycobacteria does not appear to be an important public 
health factor, nor is there any strong evidence for infection from animal 
sources. However, skin-test data obtained using PPD-A and PPD-B indi
cate surprisingly widespread colonization of the nasopharyngeal and 
intestinal mucosae of apparently normal individuals. Some of these or
ganisms establish self-localizing infections within the draining lymphoid 
tissues of the throat and gut, and the more virulent of these organisms 
may eventually become part of the commensal membrane flora. This 
probably results in intermittent involvement of the Peyer's patches and 
the mesenteric lymph nodes, although the normal T-cell defenses will 
limit the spread of these organisms beyond the mucosal surface. Howev
er, this balance is upset by the introduction of the HIV infection. T-cell 
depletion allows these organisms to reach the bloodstream, and the in
fection begins to disseminate. Detection of localized M. avium-complex 
infections at this time can be technically difficult due to the small 
number of mycobacteria present and the large number of contaminants. 
Greater success has been achieved using gastric washings, bone marrow 
biopsies, and blood cultures. 

Infection studies using susceptible inbred mice indicate the growth 
of some but not all M. avium-complex serotypes following aerogenic and 
intragastric inoculation. These infections could be potentiated by T-cell 
depletion. However, even massive doses of avirulent M. avium-complex 
serotypes failed to induce progressive disease in T-cell-deficient mice, 
suggesting that only the more virulent serotypes were likely to be re
covered from the AIDS-virus infected patient. On the other hand, vir
ulent M. tuberculosis can persist within healed lesions in the lung and 
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elsewhere for many years and so could be expected to reactivate in the 
AIDS patient population roughly in proportion to the exposure rates for 
the population as a whole. While this may explain the dominance of M. 
tuberculosis infections in Haitian AIDS patients, the virtual absence of M. 
tuberculosis, M. kansasii, and M. simiae from the American AIDS patient 
population suggests that other factors may be involved as well. The 
striking difference that exists in the distribution of M. avium-complex 
serotypes in AIDS versus cancer and transplant patients again suggests 
some unexplained specificity for the HIV-infected individual. Possibly 
the M. avium complex possesses factors (nutritional, metabolic, or anti
genic) that render it particularly suited to growth within the tissues of 
the ARC patient. Once established within the lymphoreticular organs of 
that host, the M. avium complex may contribute to the deepening immu
nosuppression characteristic of the ARC patient, helping to drive the 
disease into its terminal phase. Under these circumstances, the M. avium 
complex may no longer be considered a mere casual opportunist but 
rather a contributory cofactor to this important new immunologic dis
ease. Regardless of the truth or otherwise of this hypothesis, it would 
seem prudent to determine the nature of the factors governing the 
growth and spread of these opportunistic human pathogens in both 
normal and immunodepleted hosts. At present, we know very little 
about the distributional patterns for these different serotypes in the 
different organs of the immunosuppressed host or how various immu
no- and chemotherapeutic strategies might be able to affect their ability 
to contribute to this rapidly spreading epidemic of human immunodefi
ciency disease. 

6. SUMMARY 

The Mycobacterium avium complex consists of 31 serotypes that vary 
extensively in their distribution within the environment and in their 
virulence for man, as well as domestic and laboratory animals. Most can 
be considered opportunistic human pathogens, able to cause disease 
only when the normal host defenses have been ablated in some way. 
Some species can colonize the normal nasopharyngeal and intestinal 
mucosae, producing self-limiting lymph node infections. They can also 
induce systemic disease in congenitally and iatrogenically immunosup
pressed patients, as well as in some renal, transplant and cancer patients. 
Patients suffering from acquired immunodeficiency syndrome (AIDS) 
develop life-threatening M. tuberculosis and M. avium-complex lung in
fections. Up to 50% of some AIDS populations have been reported to 

have systemic M. avium-complex infections, mostly serotypes 1, 4, and 8. 
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The existence of these relatively rare opportunistic mycobacterial patho
gens in so many AIDS patients suggests some sort of linkage between 
their presence in the HI V-infected individual and the subsequent devel
opment of clinical AIDS. This possibility deserves further detailed inves
tigation that could also lead to improved chemotherapeutic and immu
notherapeutic procedures for the treatment of ARC patients before they 
develop life-threatening disease caused by the more virulent members of 
this M. avium complex. 
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mechanisms of immune disorders in, 

175-178 
suppressor cells in, 230 
T suppressor cells' relationship to 

disease state, 335-336 
Lipids, from mycobacteria, 235 
Lipopolysaccharide (LPS) 

murine B cell activation, 277-278 
PPD-induced, production by monocytes, 

257-259 
5-lipoxygenase inhibitors, as inflammatory 

agents, 146 
Lymphocytes 

B, immunoregulatory role in 
nonmycobacterial model systems, 
264-265 

Bs, effect on granulomatous response, 
270 

polyclonal activation: see Polyclonal 
lymphocyte activation 

recirculation, as mechanism of acquired 
anergy, 188-189 

T: see T lymphocytes 
Ts: see Ts lymphocytes 

Lymphokines 
antigen-generated, effect on tubercle 

bacilli uptake, 107 
immune, influence on human 

macrophage uptake of tubercle 
bacilli, 105, 107 

and PPD responsiveness, 92-93 
production of, 50 

genetic control in myobacterial 
infections, 66-67 

Lysosome-phagosome fusion, virulent 
tubercle bacilli interference with, 
310-311 

Macrophage activation factor (MAF), 245 
Macrophage migration inhibition factor 

(MIF) 
cellular immunity and, 50-51 
MDP and, 48-49 

Macrophages 
alveolar: see Alveolar macrophages 
uptake of tubercle bacilli: see under 

Tubercle bacilli 
virulent mycobacteria toxic to, 307-309 



INDEX 

MAF: see Macrophage activation factor 
(MAF) 

Major histocompatibility complex (MHC) 
mycobacterial infections and, 66, 74 
and T-cell types, 152 

MOP: see N-acetyl-muramyl-L-alanyl-D
isoglutamine (MOP) 

MIF: see Macrophage migration inhibition 
factor (MIF) 

Mitogenicity, of MOP, 293-392 
Modulation, in murine schistosomiasis, 139 

Molecular exclusion chromatography, as 
fractionation modality, 14 

Monoclonal antibodies, and antigen 
examination, 30 

Monocytes 
LPS- and PPD-induced IL-I production 

by, 257 
properties associated with 

immunosuppression, 254-256 
Monocytic phagocytes (MP) 

human, bacillary growth in, 110-111 
antituberculosis drugs effect, 122-

125 
donor serum effect, 119-122 
intracellular generation time 

differences, 115-119 
intracellular variation, 111-113 
original infection intensity effect, 

113-114 
strain virulence properties, 114-115 

tubercle bacilli interaction with, 99-100 
Mononuclear cells, adherant, 

immunosuppression by, 247-251 
subpopulations responsible, 251-254 

Mononuclear phagocytes 
immune induction and effector 

functions of, 244-245 
immunosuppression by, 245-246 

Mouse models, for BCG protective effect 
studies, 357-359 

MP: see Monocytic phagocytes (MP) 
Muramyl dipeptide: see N-acetyl

muramyl-L-alanyl-D-isoglutamine 
(MOP) 

Murine schistosomiasis, as model of 
granulomatous inflammation, 
138-140 

Mycobacteria 
atypical, suppressor cells and, 231 
environmental, population sensitivity to, 

350-351 

Mycobacteria (Cont.) 
lipids from, 235 

421 

pathogenic: see Pathogenic mycobacteria 
Mycobacterial infections 

AIDS associated, 40 I 
antibody in, 171-172 

anti-idiotypic, 235 
cell-mediated immunity in, 171 
lipids from mycobacteria in, 235 
and major histocompatibility complex, 

66, 74 
phenolic glycolipid-I and Ts-cell 

induced activity in, 234 
prostaglandins and interferons in, 235-

236 
suppressor cells and IL-2 in, 233-234 

M.vcobacterium africanum, evasion 
mechanisms of, 151 

Mycobacterium avium 
anergy and, 220-221 
-complex infections 

in AIDS patients, 400-405 
in immunodepleted patients, 397-

400 
in normal population, 390-397 
serotypes, 390, 394, 407-408 

A1.ycobacterium bovis 
BCG 

immune response to, 193-195 
suppressor cells and, 227-228 

evasion mechanisms of, 151 
growth inhibited by CD8 T cells, 160, 

162 
hyporesponsiveness in mice, 263-264 
infection, suppressor cells in, 228-230 
lymphocyte activation 

from BCG-infected mice, 290-292 
by whole cells and their fraction, 

288-290 
Mycobacterium fortuitum infection 

in immunodepleted patients, 400 
pulmonary tuberculosis and, 393 

Mycobacterium gordonae infection, in 
immunodepleted patients, 400 

Mycobacterium intracellulare infection, 
virulence of, 390, 395-397 

Mycobacterium kansasii 
anergy and, 220-221 
infection 

in immunodepleted patients, 399-400 
incidence and morbidity, 389-390 
pulmonary tuberculosis and, 393 
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Mycobacterium leprae 
infection with, 173-174 
phenolic glycolipid-I as antigen specific 

to, 234 
Mycobacterium lepraemurium infection 

resistance of mice after, 198 
suppressor cells in, 231 

Mycobacterium scrofuloceum infection, in 
children, 392-393 

Mycobacterium simiae 
anergy and, 220-221 
infection in immunodepleted patients, 

400 
Mycobacterium smegmatis, water-soluble 

fraction from, 296-297 
Mycobacterium tuberculosis 

adjuvant moieties role, 41-44 
evasion mechanisms of, 151 
genetic control 

Bcg gene, 62-63 
in Biozzi mice, 61-62 
of immunologic responses, 64-68 
inheritance mode analysis, 61 
intraspecies variation, 61 

historical perspective, 1-3 
immunogenic moieties role, 50-53 
infection 

disseminated, acquired anergy and, 
187-188 

experimental, anergy in, 186; see also 
Anergy 

H-2 control of antibody production, 
67-68 

H-2 restriction of immunoregulatory 
events in, 65-66 

lymphokine production in, 66-67 
macrophage role, 81-83 
suppressor cells in, 228-230 

molecular biologic approaches, 28-30 
virulent H37rv strain, phagosome 

destruction by, 311-313 
BCG-immune AM resistance to, 313-

314 
effect of INH on potential for, 314-

315 
Myelopoiesis, MDP effect and, 45-46 

N-acetyl-muramyl-L-alanyl-D-isoglutamine 
(MDP), 39-40, 292 

adjuvant activity of, 41 
in immune response, 41 
target cells for, 42 

INDEX 

N-acetyl-muramyl-L-alanyl-D-isoglutamine 
(MDP) (Cont.) 

adjuvanticity of, genetic and gender 
control of, 43-44 

biologic activities of, 43 
bone marrow 

granulocyte/macrophage 
progenitor cells and, 45-46 

effect on CNS, 49-50 
granuloma formation, 44, 45 
host resistance stimulation, 46 
immune suppression, 46-49 
necrotic inflammatory reaction, 44-

45 
mitogenicity of, 292-294 
polyclonal antibody synthesis stimulated 

by, 294-296 
suppressor cells and, 229 

Nafazatrom, for granulomatous 
inflammation control, 146 

Natural killer (NK) cells, adherent 
mononuclear cells and, 252-253 

NDGA: see Nordihydroguarietic acid 
(NDGA) 

Necrotic inflammatory reaction, MDP 
and,44-45 

Niridazole, for granulomatous 
inflammation control, 143, 145 

NK: see Natural killer (NK) cells 
Nordihydroguarietic acid (NDGA), for 

granulomatous inflammation 
control, 146 

Ofloxacin, effects of, 124, 125 
Optical microscopy, tubercle bacillus

human MP relationship 
morphology by, 125-128 

OT: see Koch's Old tuberculin (OT) 
Oxazolone 

B lymphocyte/antibody 
immunoregulatory role and, 
264-265 

and Ts lymphocyte activation, 268-269 

p-aminosalysylic acid (PAS) 
side effects of, 385 
in tuberculosis therapy, 379 

PAGE: see Polyacrylamide gel 
elctrophoresis (PAGE) 

PAS: see p-aminosalysylic acid (PAS) 
Pathogenic mycobacteria 

evasion mechanisms of, 151 



INDEX 

Pathogenic mycobacteria (Cont.) 
humoral defense mechanisms and, 151-

152 
PBA: see Polyclonal B-cell activator (PBA) 
D-Penicillamine, for granulomatous 

inflammation control, 143, 145 
Peripheral mononuclear cells (PMNC) 

antigen-induced IL-2 production and 
blastogenesis in, 249-251 

proliferative response to PPD, 87-90 
responses to PPD, indomethacin effect 

on AG suppression of, 246-247 
suppressor cells and, 229 

in leprosy, 230 
PHA: see Phytohemagglutinin (PHA) 
Phagocytes 

monocytic: see Monocytic phagocytes 
(MP) 

mononuclear: see Mononuclear 
phagocytes 

Phagosome destruction, 311-313 
BCG-immune alveolar macrophage 

resistance to, 313-314 
demonstrated, 315-316 
effect of INH on, 314-315 

Phenotype expression, of Bcg gene, 62-
63 

Physiochemical techniques, for antigen 
isolation, 16-18 

Phytohemagglutinin (PHA), polyclonal 
activation and, 277 

Pleurisy, tuberculous, 95 
PMNC: see Peripheral mononuclear cells 

(PMNC) 
Polyacrylamide gel electrophoresis (PAGE) 

as fractionation modality, survey, 19-21 
modified, 6-7 
mycobacterial antigen identification by, 

5-6 
Polyclonal activation, 277 

of lymphocytes: see Polyclonal 
lymphocyte activation 

Polyclonal antibody synthesis, MDP 
stimulated, 294-296 

Polyclonal B-cell activator (PBA), 278 
tuberculin as, 278-279; see also Purified 

protein derivative (PPD) 
Polyclonal lymphocyte activation, 277-278 

M. bovis and, 288-292 
muramyl dipeptides and, 292-296 
by tuberculin, 278-288 
WSA and, 296-297 
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Preventative therapy, 386-387 
Primate models, for BCG protective effect 

studies, 357 
Prostaglandins 

E2 
basal production by monocytes, 254 
as mediator in immunosuppression, 

245-246 
and interferons, in mycobacterial 

infections, 235-236 
Pseudomonas aeruginosa, B 

lymphocyte/antibody 
immunoregulatory role in, 264-
265 

Pulmonary tuberculosis, see also 

Tuberculosis 
cavitary: see Cavitary pulmonary 

tuberculosis 
incidence 

in AIDS patients, 372-373 
in normal population, 393 

lesion characteristics, 93-94 
Purification, of adherent mononuclear 

cells, effect on T non-"y cell 
responses. 252 

Purified protein derivative (PPD) 
antibody to, 91-92 
and blastogenesis regulation, 247-249 
interleukin-2 production and, 90-91 
PMNC proliferative response to, 87-90 
as a polyclonal B-cell activator, 278-279 

B-cell subpopulation activation, 281-
282 

genetic effects, 286-288 
of human lymphocytes, 285-286 
immune response regulation, 283-

285 
mediator production, 282-283 
nonspecific effects 

lymphocyte activation, 279-281 
other, 288 

responsiveness, Iymphokines and, 92-
93 

standard (PPD-S), 4 
early studies, 9-12 

test, 2 
tuberculin preparation and, 3-4 

early studies, 8-9 
Pyrazinamide (PZA) 

effects of, 125 
side effects of, 383, 384 
in tuberculosis therapy, 378-383 
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PZA: see Pyrazinamide (PZA) 

Radioimmunoassay (RIA), in tuberculosis 
diagnosis, 23-24 

Ranitidine, for granulomatous 
inflammation control, 145-146 

Rational animal models, BCG protective 
effect studies in guinea pig, 360-
364 

protein-deficient, 364-365 
major variables constituting, 356 
mouse, 357-359 
primates, 357 
selection, 356-357 

Resistance: see Host resistance 
RIA: see Radioimmunoassay (RIA) 
Rifampin (RIF) 

as cause of thrombocytopenia, 383, 384 
effects of, 123, 125 
in tuberculosis therapy, 378-383 

SAFA: see Soluble antigen fluorescent 
antibody (SA FA) procedure 

Schistosoma mansoni, granulomatous 
inflammation and, 137 

Segregation analysis, of inheritance mode 
of resistance to M. tuberculosis, 64 

Side effects, to antituberculosis drugs, 
383-386 

Skin testing 
false-negative reaction, causes of, 172-

173 
tuberculin preparation for 

from bacillary extracts, 4-7 
from culture filtrate 

heated,3-4 
unheated,4 

early studies on, 7-12 
other fractionation modalities, 12-21 

SM: see Streptomycin (SM) 
Soluble antigen fluorescent antibody 

(SAF A) procedure, for 
tuberculosis diagnosis, 22-23 

Staphylococcus aureus, B 
lymphocyte/antibody 
immunoregulatory role in, 264-
265 

Streptococcus pneumoniae, B 
lymphocyte/antibody 
immunoregulatory role in, 264-
265 

Streptomycin (SM) 
effects of, 124 
side effects of, 383, 384, 386 

INDEX 

in tuberculosis therapy, 378-383 
Sulfatides, in alveolar macrophages, 320-

321 
Sulfolipids, phagosome destruction and, 

315-316 
Suppression, see also Immunosuppression 

acquired anergy, dissemination and, 
195-198 

effector cells of, 330-331 
mechanism of, 331-332 

in anergy, 182-183 
cell-mediated, in acquired anergy, 

189-190 
mediators of, 331 

Suppressor cells 
in atypical mycobacteria and M. leprae

murium infection, 231 
clinical observations of, 332-333 

immunoregulation and, 336 
in leprosy patients, 333-336 
overcoming anergy, 336 

experimental induction of, 327-329 
effector cells and, 330-331 
by killed BCG or its cell fractions, 

329-330 
mechanism for, 331-332 
mediators, 331 

and IL-2, in mycobacterial infections, 
233-234 

in leprosy, 230 
in M. bovis and M. tuberculosis infection, 

228-230 
Susceptibility: see Host resistance 

T cells 
CD8 

clones: see Clones 
role in immunopathology, 165-167 
role in tuberculosis, 162-164 

as protection against, 164-165 
CD4, role in tuberculosis, 164 
with cytolytic activity from M. 

tuberculosis immune mice: see 
Cytolytic cells 

effector functions of, 152-153 
relevancy to acquired reistance against 

tuberculosis, 153-154 



INDEX 

T cells (Cant.) 
splenic: see Ts-cell induction; Ts 

lymphocytes 
suppressor type, and leprosy 

relationship, 335-336 
types, 152 

T lymphocytes, spe also T cells 
activation of alveolar macrophages, 85-

86 
CD8, and infected host cells interaction, 

166-167 
and human tuberculosis lesion 

characteristics, 94 
splenic: see Ts lymphocytes 

T suppressor cells, and leprosy 
relationship, 335-336 

Target cells, for adjuvant activities of 
MOP, 43 

TeA: see Trichloroacetic acid (TCA) 
Thiacetazone (TZ) 

side effects of, 385 
in tuberculosis therapy, 379 

Toxicity, of virulent mycobacteria to 
macrophages, 307-309 

Trehalose dimycolate: see Cord factor 
Trichloroacetic acid (TCA), tuberculin 

preparation and, 3 
early studies, 9 

Ts-cell induction 
antigen-presenting cells for, 232 
phenolic glycolipid-I and, in 

mycobacterial infections, 234 
UV irradiation effect on, 232-233 

Ts lymphocytes 
activation by anti-Id B lymphocytes, 

268-269 
effect on granulomatous response, 271 

Tube GOD test, for tuberculosis diagnosis, 
22 

Tubercle bacilli 
animal models and data, 100 
Erdman: see Erdman tubercle bacilli 
human macrophage uptake of, 100-

104 
culture medium influence, 104-105, 

106 
human serum influence, 105, 107 
immune Iymphokines influence, 105, 

107 
quantitative characteristics, 10 I, 103 
variations, 107-110 

425 

Tubercle bacilli (Cant.) 
killing of, 107-110 

factors involved, 82-83 
T-Iymphocyte activation of alveolar 

macrophages, 85-86 
and monocytic phagocyte interaction, 

99-100 
morphology of, 125-130 
system synopsis, 130-131 

virulent 
historical background, 305-307 
lysosome-phagosome fusion, 

interference with, 310-311 
phagosomal membrane disruption, 

311-313 
toxicity to macrophages, 307-309 

Tuberculin, see also Purified protein 
derivative (PPD) 

false-negative reactions to, causes of. 
172-173 

as polyclonal B-cell activator, 278-279 
preparation for skin testing, 3-7 

early studies, 7-12 
purified, 8 

Tuberculin skin test 
anergy in vivo and, 217-220 
history of, 2 

Tuberculoimmunity, human, in vitro 
model of, 86-92 

Tuberculosis 
in alcoholics, 375-376 
among immigrants, 377 
anergy, 178 

compartmentalization, 181-182 
genetic and environmental 

predispositions, 184-186 
serum factors, 183-184 
suppressor mechanisms, 182-183 

cavitary pulmonary: see Cavitary 
pulmonary tuberculosis 

cell-mediated immunity in, 83-84 
cellular focus of, 99-100 
in children, 373 
clinical presentation, 377-378 
diagnosis by serologic methods, 21-28 
epidemiology, 372 
extra pulmonary presentation in AIDS, 

377 
genetic control of 

Beg gene, 62-63 
in Biozzi mice, 61-62 
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Tuberculosis (Cont.) 
gene-tic control of (Cont.) 

in humans, 69-73; see also Human 
leukocyte-antigen (HLA) complex 

immunologic responses, 64-68 
intraspecies variation studies, 61 
resistance inheritance mode analysis, 

64 
in health care workers, 376 
in homeless, 375-376 
in immunocompromised hosts, 375 
immunologic spectrum groups, 179-

180 
immunoregulation in, 69-70 
incidence and morbidity, 372-373 
inherited resistance in rabbits, 60 
in old age, 374-375 
pathogenesis of, key events, 342-347 
T cells' role in 

CD4,164 
CD8, 162-164 

as protection against, 164-165 
therapy for, 378-383; see also 

Antituberculosis drugs; 
Chemotherapy 

preventative, 386-387 
Tuberculosis Prevention Trial (Chingleput 

District), 348-349 
Tuberculous lesions, bacterial populations 

in, 380 
Tuberculous pleurisy, 95 
TZ: see Thiacetazone (TZ) 

Unresponsiveness: see Anergy 
UV irradiation, effect on Ts-cell 

induction, 232-233 

Vaccine 
BCG, protective effects of, 365-366; see 

also Bacillus Calmette-Guerin 
(BCG) 

INDEX 

Vaccine (Cont.) 
combined, overcoming anergy by, 336 
field trials: see BCG field trials 
protective potency of, 350 
WHO strategy, 59 

Virulence, see also Toxicity 
among strains of bacillus, 113-115 
concept of, 306 
expressed in normal alveolar 

macrophages, 316-317 
cord factor, 317-320 
other relevant mycobacterial 

components, 321-322 
sulfatides, 320-321 

as factor in immune response, 82 
of M. intracellulare, 390, 395-397 
of tubercle bacilli 

historical background, 305-307 
responsible for infection, 351-352 

1,25(OHh Vitamin D3 , antituberculosis 
protectiveness of, 120, 121 

Water-soluble adjuvant (WSA) 
activity of, 40-41 
from M. smegmatis, 296-297 

WaxD 
adjuvant activity of, 40-41 
polycionallymphocyte activation and, 

296-297 
World Health Organization (WHO) 

BCG trial, 115 
fractionation method study, 21 
incidence estimates, 371 
tuberculosis immunology, 

memorandum on, 95-96 
vaccine strategy, 59 

WSA: see Water-soluble adjuvant (WSA) 
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