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Immunity in tuberculosis

SOTIROs D. CHAPARAS

Tuberculosis continues to be one of the most prevalent and serious diseases in
the world. The varied and sometimes profound immune responses induced by
Mycobacterium tuberculosis are not only responsible for immunity but can cause
considerable tissue damage and metastasis. For many years the cellular and humoral
immunity induced by M. tuberculosis has served as a valuable model, but, despite
this, many questions concerning the pathogenicity of the organism and protection
against tuberculosis remain unanswered. In this review, various aspects oftuberculo-
immunity and of the pathogenesis and diagnosis of tuberculosis are examined in the
light of current immunological knowledge.

DEDICATION TO ROBERT KOCH

Robert Koch was a physician in Wollstein (now Wolsztyn), a country town. Through
patience, labour, and ingenuity, he isolated in pure form a bacillus that was common in all
forms of tuberculous lesions. This pure culture was inoculated into 94 guinea-pigs, 70
rabbits, 9 cats, and 44 mice. All animals developed tuberculosis. A far-reaching discovery
thus emerged after centuries of ignorance. These findings were published one hundred
years ago, on 10 April 1882, in Berliner klinische Wochenschrift, vol. 15, pp. 221 - 230.
Koch had hopes of attenuating the organism and of producing a vaccine to protect

against the terrible scourge that ravaged virtually every country in the world. He did not
achieve this goal because of the nature of the tubercle bacillus and the complex range of
immune responses that it evokes during the course of progressive disease. These include a
profound cellular hypersensitivity response to tuberculoproteins which is gradually lost as
the disease progresses. This loss is accompanied by increases in the levels of circulatory
antibodies; variably contrasting and concomitant responses of helper T lymphocytes (TH)
and suppressor T lymphocytes (Ts); activated and suppressor macrophages; and increased
numbers of B-lymphocytes. Koch did not have the advantage of our current knowledge of
immunology, but even if he had, this may not have helped him to achieve his goal of
obtaining an attenuated tuberculosis vaccine.

* A French translation of this article will appear in a later issue of the Bulletin.
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Koch reported in 1891 on the heightened response that tubercle bacilli induced when they
were injected into guinea-pigs that were already infected with the same organisms. His
observations were the forerunner of what we recognize today as tuberculin reactivity and
cellular hypersensitivity. He later attempted to' treat persons with tuberculosis using the
cell-free filtrate of a tuberculous culture. The material he used was called old tuberculin.
This practice was later abandoned; but as the tuberculosis rate subsided in many countries,
tuberculin was found to have a valuable role in the diagnosis of the disease.

Fortunately, today, several effective drugs exist for the treatment of active tuberculosis
and for prophylactic treatment of infection. However, in many ways, the disease remains
as enigmatic today as it was in the time of Koch. Although we now understand the immune
response much better, we are only at the earliest stages of being able to modulate it so as to
minimize adverse consequences and maximize those responses that favour destruction and
elimination of the pathogen. Cellular hypersensitivity provides the immune response that is
essential in the body's control of tuberculosis, but its demonstration' in the form of- tuber-
culin reactivity is no guarantee of protection against tuberculosis.
One hundred years have passed since Robert Koch first isolated the tubercle bacillus.

Although there are still many gaps in our knowledge of immunity in tuberculosis, in the
recent decade some very exciting advances in immunology have enabled us to understand
better the various types of immune response and how they can be modified. In this review I
have attempted to present a practical summary of current immunological knowledge as
regards pathogenesis, diagnosis, and immunization in tuberculosis.

THE TUBERCLE BACILLUS

In order to comprehend the biological, pathological, and immunological consequences
of infection with Mycobacterium tuberculosis, it is essential to understand the nature of the
bacterium and its components and the manner in which they evoke their effects.

Lipids and lipid-containing structures are especially active in evoking direct and
immunologically induced effects on cells. Mycobacteria possess a thick lipoidal wall
which has a dual effect. First, the wall renders the organism impermeable, protecting it
from an adverse environment, such as that found within phagocytic cells or within tissues
containing a drug or an antibody. Second, the cell wall components participate in the
induction of certain activities, some of which are helpful to the host in its effort to contain
progression of disease, some of which cause tissue destruction, and some of which involve
both.

Intact whole cells of the mycobacterium are, for the most part, non-toxic; however, the
component parts may be toxic if the cell is broken down, and cells may become toxic if they
respond specifically to induced sensitivity. The manner in which whole cells or cell compo-
nents are presented can affect the host's response. Organisms in a water-in-oil emulsion or
present on the surface of a lipid droplet can evoke a far greater response than the same
quantity of organisms in saline. However, massive numbers of organisms without the oil
can also eventually lead to extensive granuloma production or tissue destruction.
Some of the more important lipoidal elements of mycobacteria and the effects they

induce are shown in Table 1. The structure and chemistry of these components will not be
discussed here. The reader is referred to the brilliant review by Goren & Brennana for these
aspects. In general, adjuvanticity, granulomagenicity, and the capacity to activate macro-
phages and to increase host resistance are associated properties and are induced by most of

a GOREN, M. B. & BRENNAN, P. J. Mycobacterial lipids: chemistry and biological activities. In: Youmans, G. P., ed.,
Tuberculosis, Philadelphia, W. B. Saunders Co., 1979, pp. 63- 193.
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Table 1. Effects of mycobacterial components on host-cell responses

Granu- Macro- Increased Lysosome
loma- phage host Adjuvant- dys- Microbial

Component genic' activation Toxicity resistance' icity function shield

Wholecell + + - + + +
(viable)

Wax D + b + b + +

Water soluble adjuvant ± + - + +

N-glycolyl muramyl + + ± + +
dipeptide + + + + +

Trehalose 6,6'-dimycolate + + + + +
(cord-factor)

Sulfatides - _ _ + c

Phthienoic acid and + + ±
mycocerosic acids

C-mycosides - - - - - - +

May require presentation in oil for effect.
b When peptides are attached.
Non-toxic per se, but acts synergistically, only at low doses, with cord-factor on membranes.

the components listed in Table 1. It is often difficult to differentiate tissue damage caused
by direct toxicity from that caused by immune hypersensitivity. Isolated cord-factor is
decidedly toxic but in the intact cell it manifests no apparent toxicity.

Virulence factors that permit the organism to escape the host's defence include: the
sulfatides, which are produced by mycobacteria and prevent the release of lysosomal
enzymes into the phagosomes (Table 1); C-mycosides, which form a shield around the
organisms; and the toxic cord-factor. It is important for the host to restrict bacterial
growth and to reduce or eliminate the bacterial mass. First, a large bacterial load will
produce a large quantity of toxic components. Secondly, it will induce a high level of
hypersensitivity, which may cause an exaggerated response with the bacterial antigens and
lead to caseation and much of the pathology observed in progressive tuberculosis. Thirdly,
continued replication of the tubercle bacilli will eventually induce a large population of
suppressor cells and anergy, which is associated with a poor prognosis.

Thus, successful resistance in tuberculosis is not easily predicted by the presence or
absence of an immune response. Rather, it is a balance, on the one hand, between the
various types of immune response of the host and, on the other hand, the virulence of the
infecting bacterial strain for that individual host. The host-strain interrelationship will
determine whether the bacterium will be successfully resisted and sequestered or whether it
will proliferate. The favourable and unfavourable consequences of the immune response in
tuberculosis and efforts to modulate it will be discussed.

NATURAL HISTORY OF TUBERCULOSIS

Fortunately, man is very resistant to tuberculosis and, in addition, is even more resistant
to non-tuberculous mycobacteria which can also produce disease (Table 2) and which pose
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difficult chemotherapeutic problems. Pri-
mary infection is acquired usually by the
inhalation of infected droplets which pass
down the bronchial tree into bronchioles
or alveoli beyond the mucociliary layer.
Phagocytosis may occur slowly but the
mycobacteria remain viable and can
reproduce within this intracellular
environment. The organisms enter the
blood and regional lymphatic channels
and are carried to regional and distant
organs. Organisms deposited in the upper
lung zones, renal parenchyma, epiphyseal
lines, cerebral cortex, and regional lymph
nodes permit much bacterial multipli-
cation bef9re immunity develops. Other
organs do not normally permit such exten-
sive growth at the early stage. Typically,
the primary site and newly seeded sites will
become healed as immunity develops in
the host. A significant but unknown pro-
portion of individuals who develop immu-
nity after successful recovery from a
primary infection do not eliminate the
tubercle bacillus and remain at risk of
reactivation. The infection may progress
to chronic disease at anytime from a few
weeks to many years. The probability of
the development of disease among tuber-
culin-positive individuals varies from
about 30/100 000 in Denmark to about
600/100 000 in some Eskimo popu-
lations.b The risk factors for the reacti-
vation of dormant tuberculosis are poorly
understood, but may include life-style,
age, socioeconomic factors, malnutrition,
alcoholism, drug addiction, diabetes, and
treatment with immunosuppressive drugs.
In general, in the newly infected indivi-
dual, the risk of developing tuberculosis is
about 8% during the first two years
following infection and diminishes in sub-
sequent years. It should be remembered
that about 15% of tuberculosis cases are
extrapulmonary.
Most new tuberculous infections occur

by contact with persons with pulmonary
tuberculosis, who are sources of infection
(Fig. 1). The size of the reservoir (infected

Table 2. Mycobacteria capable of causing human
disease

Mycobacterium Runyon group

Principally pulmonary'
M. tuberculosis-africanum-

bovis complex
M. asiaticumb
M. aviumiM. intracellulare 111
M. kansasii
M. malmoenseb Ill
M. simieeb
M. szulgae 11
M. xenopi 11

Principally skin
M. lepraeb
M. ulcerans
M. marinum
M. chelonei (also in

implants) IV

Principally lymphoid
M. scrofulaceum 11
M. hemophilumb III

a Site noted reflects localized tissue usually involved in
disease. Progression to deeper tissues, and organ
involvement, may occur.

b Denotes species not yet isolated from the environ:
ment.

RESERVOIRf

DISEASE INFECTION

CURE WHO 82437

Fig. 1. Transmission and course of tuberculosis
infection.

population) varies widely in different parts
of the world, from about 7% in the USA
to essentially the entire adult population
in certain countries in Asia, Africa,
and South America. Chemotherapy and

b COMSTOCK, G. W. Frost revisited: the modern epidemiology of tuberculosis. American journal of epidemiology, 101:
363-382 (1975).
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prophylactic treatment has dramatically reduced the risk of transmission of the infection in
many developed countries. Persons already infected or ill should be treated with drugs and
hospitalization if necessary. Where a high prevalence of tuberculosis exists, immunization
with BCG vaccine should be considered. To ensure freedom from disease, infected persons
should ideally be monitored throughout their lives, but such a measure is socioeconomi-
cally impossible at this time.

It is not possible at present to control the non-tuberculous mycobacterial diseases caused
by some of the organisms listed in Table 2. For those that are acquired from the environ-
ment, e.g., Mycobacterium avium and M. intracellulare, control would necessitate the
drastic reduction in infection in wild bird and animal populations. So even if tuberculosis
were eradicated, sporadic cases of other mycobacterial diseases would continue to occur.
The development of effective chemotherapeutic agents is, of course, another approach that
should be pursued.

TUBERCULO-IMMUNITY

Some of the various cellular and humoral interactions that follow a tuberculous
infection are outlined in Fig. 2. There are subtractive influences on immunity as well as
positive ones. Lenzinic has established a spectrum of progressive human tuberculosis on
clinical and immunological grounds. Patients are placed on a scale represented by four
groups: (a) a polar group in which cell-mediated reactivity is fully active (RR); (b) an
unreactive polar group at the opposite end of the scale in which cell-mediated immunity is
not detected (UU); (c) an intermediate group leaning more towards the reactive pole (RI);
and (d) an intermediate group towards the unreactive pole (UI). The number of tubercle
bacilli in the tissues and the level of antibodies both increase towards the unreactive end.
Histologically, in the RR form, lymphocytes and epithelioid cells predominate. In the UU
form, bacteria and lesions spread rapidly in the lungs and other organs. The cells involved
in the outcome of a tuberculous infection will be discussed individually.

Macrophages

In primary tuberculosis, neutrophils are an important first line of defence, soon
followed by the more important macrophages. This natural defence mechanism may be
sufficient to contain and eliminate the infecting organisms. Virulent strains, however, may
survive and multiply within the phagocytic cells until cell-mediated immunity develops with
an attendant activation of macrophages. Some strains of organism, in certain hosts, may
be capable of withstanding the newly developed cellular immunity and cause progressive
and chronic tuberculosis.

Alveolar macrophages are strategically located and play an important role in defence
against tuberculosis. Besides providing an effective natural aggressive defence mechanism,
they initiate the afferent limb of the immune response. Inhaled bacilli are transported to
regional lymph nodes, the spleen, and other organs, where processing and transfer
of antigens to lymphocytes with specific receptors is accomplished. Most antigens
(T-dependent) require a macrophage-T lymphocyte interaction for immune responsive-
ness and to trigger an antibody response by B lymphocytes. A few, primarily polysaccha-

c LENZINI, L. ET AL. The spectrum of human tuberculosis. Clinical and experimental immunology, 27: 230-
239 (1977).
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TUBERCULOUS INFECTION

SUPPRESSION4 MACROPHAGES - ACTIVATION
TUBERCU LOCIDAL

s t ~~INFLAMMATORY

IMMUNOPRESENTATION

ANTIBODIES B CELLS T CELLS - LYMPHOKINES
PROTECTIVE ?
ANTI-PROTECTIVE
IMMUNE DISEASE HELPER WHO 82438
ANTI-CELLU LAR IMMUNITY SUPPRESSOR

MEMORY

Fig. 2. Expressions of tuberculo-immunity.

ride or lipopolysaccharide antigens (T-independent) may not require the intervention of
T lymphocytes. The net outcome of the immune response, i.e., whether anergy develops,
will depend on a number of factors including the number of inhaled bacilli and their
virulence, the genetic make-up of the host cells and their ability to recognize the antigen,
and the presence of a prior immunity.

Table 3 depicts the activities and the products of macrophages. Once activated they
exhibit profound morphological changes-an increase in the number of mitochondria and
lysosomes, increased activity, spreading, and phagocytosis, and increased tuberculocidal
activities. Phagocytosis is normally an orderly process whereby mycobacteria that contact
receptors on phagocytic cells are taken into the cell in a phagosome (Fig. 3). Within the

cytoplasm enzyme-containing lysosomes
contact and fuse with the phagosomes
producing a phagolysosome. Enzymes

Table 3. Consequences of, and activities related released by the lysosomes then exert diges-
to, macrophage activation tive activities on the ingested organisms,

which may be destroyed. However, certain
- Increase in size strains of tubercle bacilli elaborate sub-
- Increase in cytoplasmic organelles, stances that may prevent the formation of

involving increases in enzymatic activity, phagolysosomes. It will be recalled from
mitochondria, and lysosomes Table 1 that mycobacterial sulfatides are

- Increase in membrane mobility capable of inducing lysosomal dysfunc-
- Adherence and spreading tion in this way. This property is exhibited

by virulent tubercle bacilli and is absent
-Increase in phagocytosis and pinocytosis from most of the atypical mypobacteria.
- Increase in ability to destroybacteria Since activation of macrophages is de-

- Production of mediators affecting lymphocytes pendent largely on the activities of T
lymphocytes, additional information on
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2. 3.
-Tubercle Bacilli 4 Phagosome

S Lysosomes

4. 5.

Macrophage
Lysosomes Fusion-p-
Contact Phagolysosome

Phagosome

Fig. 3. The process of phagocytosis of tubercle bacilli by macrophages.

the role of macrophages in immunity will Table 4. Factors released by activated lympho-
be covered in subsequent sections. cytes

Lymphocytes Inhibitors of growth
proliferation inhibitory factors (PIF)
clonal inhibitory factorsAll immune activities are dependent on cytotoxic factors (CF)

lymphocytes, which are the key recog-
nition cells in the immune response. As Promotersofgrowth
seen in Fig. 2, there are three types of blastogenic factors (BF)
lymphocyte: the B cells, which are princi- Inhibitors of motility
pally involved in antibody production; the migration inhibitory factors (MIF)
T cells, wvhich produce lymphokines and leukocyte (polymorphonuclear) inhibitory factors (LIF)
are associated with cell-mediated activi- Promoters of motility
ties; and null cells which possess natural chemotaxins
killer-cell activities. Table 4 shows a Activators and inflammation inducers
number of the activities stimulated by the

macrophage activating factors (MAF)products of lymphocytes. skin reactive factors (SRF)
The role of B cells in immunity to tuber- Transfer factors

culosis is not clear. B lymphocytes may
produce lymphokines, such as migration Interferon
inhibitory factor (MIF), which affect Antibody
macrophage activity and thus contribute
to immunity in a manner similar to T
lymphocytes. That B lymphocytes might
also exert a suppressive influence on T cells was suggested by Bona et al.d However, the
principal suppressor populations appear to consist of monocytes. The cell type most associ-
ated with protective immunity in tuberculosis is the helper T lymphocyte (TH cell). The
positive effects of TH cells may be countered by suppressor monocytes and suppressor T
lymphocytes (Ts cells). In tuberculosis, both types of T cell may be produced at the same
time. Initially, TH effects are prominent but in advanced disease and in the presence of a
large bacterial load there appears to be a transition to a more predominant suppressor

d BONA, C. F. ET AL. Cell suppression in PPD-induced blast specific response of human peripheral blood lymphocytes.
Clinical and experimental immunology, 26: 258 - 266 (1976).
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influence. Kleinhenz & Ellnere showed that, in tuberculosis, adherent monocytes and T
cells with surface receptors for the Fc portion of IgG(Ty + ) independently suppressed res-
ponsiveness to specific antigen. The T-y+ cells appeared to be suppressive in tuberculin
reactors while the dominant suppressor cells were the adherent monocytes in anergic
patients.
The interaction of immune TH cells with tubercle bacilli or antigens results in the release

of a number of mediators (lymphokines) with different activities (Table 4). Those
mediators which mobilize and activate macrophages are most important in the destruction
of tubercle bacilli and recovery from disease. Movement to the site of tubercle bacilli is
prompted by the release from sensitive lymphocytes of macrophage chemotactic factor.
Macrophages so attracted are encouraged to remain at the site by migration inhibitory
factor (MIF). Increased enzymic activity is induced by macrophage activating factor
(MAF), which is responsible for the increased tuberculocidal activity. The release of skin
reactive factor (SRF) leads to inflammation and increased vascular permeability. The
positive response to tuberculin deposited in the skin is related to the release of SRF.
Blastogenic factor directs the activities of lymphocytes by inducing proliferation and
further participation of the new cells in the various reactions. The activities of these
factors, and of others such as lymphotoxin, interferon, and inhibitors of granulocytes,
have been demonstrated and assayed in vitro. Their interplay in vivo is not understood, and
it is not clear which of the observed activities are induced by which lymphokines.

Transfer factor is also believed to be a lymphokine released as a result of the interaction
of sensitive lymphocytes with antigens of tubercle bacilli. Transfer factor can impart
tuberculin sensitivity to non-sensitive cells and because of this has been used to treat drug
resistant tuberculosis. The results of such treatment have so far been mixed and evaluation
of efficacy of transfer factor awaits standardization of the product and properly controlled
studies.
Suppressor T lymphocytes are readily demonstrable in advanced tuberculosis and are

presumed to function by the release of soluble suppressor substances that modify the
production of B cells, helper T cells, and the action of their mediators. Antigen mediates
the suppression. In advanced tuberculosis, the enormous bacterial load perpetuates the
suppression, which in turn allows unrestricted growth of the organisms and a poor
prognosis. Anergy in tuberculosis, as defined by a negative skin reaction to the injection of
a 250 IU dose of tuberculin, is seen in about 10% of patients with active pulmonary
tuberculosis. Up to 250/o of such patients give reactions of less than 10 mm to the 5 IU dose
of PPD. Soluble factors inhibitory to cell-mediated immunity have been found in the
serum of such patients. It should not be surprising that exposure to large levels of antigen
results in suppression of T cells. This could be due to either clonal deletion or blockage of
specific receptor sites by antigen or antigen-antibody complexes. Saturation of the large
number of specific-receptor sites on B lymphocytes is more difficult.

In patients with tuberculosis, adherent cells contribute to anergy. Reducing this
population of cells has been shown to enhance the in vitro responsiveness ofT lymphocytes
to tuberculin about 25-fold. The impairment of response due to the adherent cells
continues even during successful chemotherapy, presumably because these cells continue to
be generated.

Conditions known to suppress cell-mediated immunity such as uraemia, long-term
dialysis, or treatment with immune suppressive drugs, result in an increased incidence of
tuberculosis, and a higher mortality rate, than in the general community. The problem is
far more serious than is realized and is believed to be due to an endogenous reawakening of
organisms in old quiescent lesions. Prophylactic measures with isoniazid should be

" KLEINHENZ, M. E. & ELLNER, J. J. Regulatory interactions between Ty + cells and monocytes in health and tuberculosis.
Proceedings of the Joint Conference on Tuberculosis, 16: 192 - 209 (1981).
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considered in tuberculin positive patients who fall into this category. Unfortunately, many
such patients have a lowered cellular immunity and may be skin-test negative even though
they may harbour M. tuberculosis. In such cases, previous history of tuberculin reactivity
and other information may be helpful.

IMMUNIZATION AGAINST TUBERCULOSIS

Immunity in tuberculosis is complex. It does not involve simply the induction of an
antibody or a sensitized cell to react with and destroy the bacillus. As has been discussed,
one of the reasons for this is the thick impervious nature of the cell wall of M. tuberculosis
which resists destruction by enzymes, antibodies, and other factors. Another reason is the
intracellular location of the invading bacilli which are thus protected from deleterious
substances found in tissues and the circulation. Immunity in tuberculosis requires a
mechanism that will activate macrophages and histocytes, as described in Table 1, to
breach this resistant cell wall, and ultimately lead to cell death. Such activation is
accomplished indirectly by the interaction of TH lymphocytes with antigen resulting in the
release of macrophage activating substances. Unfortunately, other lymphocytes (Ts) and
macrophages may also be stimulated or activated and be capable of countering the
protective effects of immunity. These interactions have been discussed in the previous
section.
What can we realistically expect of a vaccine against tuberculosis? Briefly, we can expect

immunization to impart to a subject a mechanism capable of responding to an encounter
with tubercle bacilli with the activation of macrophages that would attempt to contain,
destroy, and eliminate the organisms. It is desirable that this mechanism be a long-lasting
one. BCG vaccine imparts this type of immunity to most immunized subjects who lack it.
An infection with M. tuberculosis acquired after immunization plays a very important role
in that it provides an antigenic booster to an existing immunity and a rapid mobilization of
the cells involved in the destruction of tubercle bacilli. In the absence of a pre-existing
immunity, the invading organisms may proliferate to a greater degree, spread to a greater
extent, and permit the establishment of a larger number of metastatic lesions. Such a
course has been strongly suggested by the studies of Lindgrenfwho analysed post-mortem
findings of tuberculous lung lesions of immunized and non-immunized persons. He
reported that although primary foci of infection were found in equal numbers in the two
groups, increased resistance in the immunized group resulted in the tuberculous foci being
more confined to pulmonary tissue, without spread to the regional lymph nodes. Foci
outside the primary complex were also less frequent and smaller than in the non-immunized
group. The disease has also been shown to progress more slowly in the lungs of immunized
than in non-immunized monkeys following challenge by an aerosol containing virulent
tubercle bacilli.8 Interestingly, although the skin-test and the in vitro cellular-immune
reactivities of immunized (challenged and unchallenged) monkeys were lower than those of
challenged non-immunized monkeys, they resisted disease much better. This lack of
correlation between skin-test reaction size and protection is often seen in human subjects
and should not be interpreted as indicating that skin reactivity does not correlate with
protection. Nothing could be less true. A large reaction indicates that the tubercle bacilli
have already multiplied extensively and have stimulated many lymphocytes. However,

f LINDGREN, 1. The pathology of tuberculous infection in BCG-vaccinated humans. Advances in tuberculosis research, 14:
202- 234 (1965).

8 CHAPARAS, S. D. ET AL. Lymphocyte transformation and skin reactivity in monkeys vaccinated and non-
vaccinated with Bacille Calmette-Guerin and challenged with virulent Mycobacterium tuberculosis. American review
of respiratory diseases, 112: 43 - 47 (1975).
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despite a strongly induced cellular immunity, the increased bacterial load of virulent bacilli
may resist this defence and effect a relentless invasion of the tissues of the host.
Even a small amount of a cross-immunity induced by distantly related mycobacteria may

permit an anamnestic response to an exposure to virulent tuberculosis organisms. This in
turn may permit the host to restrict the growth and spread of the infecting organism.

Stanford et al.h have proposed that cell-mediated immunity to mycobacteria is of two
types. One, which they refer to as "Listeria" type, affords good protection against tuber-
culosis, is induced by environmental mycobacteria such as M. vaccae and M. non-
chromogenicum, and is enhanced by BCG immunization. The other type, which is referred
to as the "Koch" type, is induced by other environmental mycobacteria such as M. scrofu-
laceum and is not enhanced by BCG immunization. The former is considered to be more
protective and the latter to be more responsible for tissue-damaging hypersensitivity. In
fact, the two types of reaction described by Stanford & Rook may not be qualitatively
different responses but rather different forms of expression of quantitatively different
levels of the same type of immunity. The degree of immune response to a tuberculosis
challenge will depend on two criteria: (a) the degree of sensitivity the mycobacterial species
is capable of inducing, and (b) how much of this sensitivity is cross-reactive with M. tuber-
culosis. The degree of sensitivity induced will depend on how invasive the organism is,
whether it possesses sufficient adjuvant elements, such as wax D, that enhance cell-
mediated immunity, and the presence of tolerogenic antigens. M. vaccae and M. non-
chromogenicum are poor sensitizers and poorly invasive. Most strains of BCG and
M. leprae are less invasive for man than virulent strains of M. tuberculosis and induce
lower levels of sensitivity even though they possess the lipoidal elements necessary for
sensitization. More virulent forms of BCG can induce a higher degree of sensitivity
approaching that induced by M. tuberculosis infection. Non-tuberculous mycobacteria
such as M. scrofulaceum, M. kansasii, and M. intracellulare share more antigens with
M. tuberculosis than M. vaccae and M. nonchromogenicum. Additionally, their cell walls
contain an effective complement of sensitizing elements, as demonstrated by worldwide
skin-test surveys with antigens homologous to these species. The high levels of sensitivity
and the fact that these species cause more disease than other "atypicals" suggests that they
can also be invasive. Infections with organisms that induce the so-called "Koch" sensitivity
exhibit a high level of immunity which BCG immunization will boost little if at all. Some of
those persons may already be developing tuberculosis. The immunity induced by species
that produce low-grade sensitivity can be boosted by BCG immunization, and such
boosting can add significantly to protection.
A low level of sensitivity such as that induced by mycobacteria distantly related to

M. tuberculosis is advantageous because the persisting immunity appears to be primarily of
the helper variety. The more closely related species of mycobacteria induce a higher cross-
sensitivity and may also induce significant suppressor-cell as well as helper-cell popu-
lations. Both cell types may be further stimulated by a superimposed tuberculous
infection.
The foregoing discussion may be helpful in understanding the success or failure of

different BCG trials that were all conducted in a methodologically appropriate fashion.
Including the recent 71-year follow-up of the WHO trial in south India, eight valid studies
are generally cited. Some of the characteristics of these trials, and their results, are listed in
Table 5. Two features show a striking correlation with high effectiveness of BCG
immunization: a high case rate in the non-immunized control population and a low
endemicity of non-tuberculous mycobacteria. In Georgia and Alabama, where the control
case rate was low and sensitivity to non-tuberculous mycobacteria is prevalent, the

" STANFORD, J. L. ET AL. How environmental mycobacteria may predetermine the protective efficacy of BCG. Tubercle, 62:
55-62 (1981).
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Table 5. Results of eight BCG vaccination trials

Prevalence Vaccinated Unvaccinated
of non-

Population Tuberculin tuberculous Case Case Effective-
group status mycobacteria Cases rate' Cases rate ness

(NTM)

High efficacy
Mostly northern USA, Negative Low NTM 64 320 238 1563 79.5
American Indians, to 250 IU
less than 20 years old of PPD
Chicago, Illinois, Presumed Low NTM 17 57 65 223 74.4
mostly newborns in negative
1 st week of life

United Kingdom, Less than Low NTM 56 28 240 128 78.4
urban children 5 mm to
14- 15.5 years of age 100 IU of OT

Intermediate efficacy
Puerto Rico, Less than High NTM 186 19.7 141 27.6 28.7
children 1 - 19 6 mm to
years of age 10 IU of PPD

South India, Less than High NTM 56 61 46 89 31
rural population, 5 mm to
all ages 5 IU of PPD

Low or no efficacy
Muscogee County, GA, Less than High NTM 26 11 32 12.8 14.2
Russell Counties, AL, 5 mm to
all persons aged 5

5IU of PPD
years or older

Muscogee County, GA, Less than High NTM 5 16.8 3 10.7 0
schoolchildren, average 5 mm to
age 11.4 years 100 IU of PPD

Chingleput District, Lessthan High NTM 74 NA 28 NA 0
south India 7 mm to

3IU of PPD

Case rate per 100 000.
NA = value not available.

effectiveness of BCG immunization was very low. Evaluation of BCG immunization must
take into account the fact that at least some protective immunity may have already been
acquired by natural immunization with endemic non-tuberculous mycobacteria. In the
recent Chingleput study (south India) a reaction smaller than 7 mm in diameter was
regarded as negative. This, undoubtedly, included many individuals who were already
immunized by natural exposure to prevalent mycobacteria. Thus, a baseline of protection
already existed to which BCG immunization may have added little or no further protection.
It has been suggested that one of the reasons for a low case rate in Chingleput is that the
strain(s) of M. tuberculosis present in the region are of low virulence. It is very difficult to
distinguish whether a low tuberculosis case rate in a region with a high tuberculosis infec-
tion rate is due to a low-virulence strain ofM. tuberculosis or to a background of naturally
acquired'immunity. Further discussion of the recent BCG trial in south India has been
published elsewhere.'

i WHO Technical Report Series, No. 651, 1980 (Vaccination against tuberculosis: report of an ICMR/WHO Scientific
Group).
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The failure of BCG vaccine to improve protection in Chingleput does not mean that it is
not, or will not be, effective in other parts of the world. In countries with a high prevalence
of tuberculosis it would seem justifiable to continue BCG immunization, especially in very
young children. BCG should be administered as early in life as possible so that non-
pathogenic primary infection may offer the child a mechanism for resisting a subsequent
exposure to a virulent tubercle bacillus. Further consideration should be given to
evaluating the role of endemic mycobacteria and of the natural immunization that they
induce.

PATHOGENESIS AND PATHOLOGY OF TUBERCULOSIS

Tuberculosis is a granulomatous disease. The granulomas are induced either directly by
granulomagenic substances (Table 1) or by immunological responses to antigens. Boros
has reviewed at lengthJ granulomatous diseases and has pointed out that such lesions are
usually sharply demarcated from surrounding tissue cells. The cell composition is in a
dynamic state and varies throughout the various stages of formation and involution. The
tightly packed cells permit the emission and receipt of inhibitory or facilitating signals or
tissue destructive substances. At the height of a granulomatous response, T cells
predominate although B cells are also present. Macrophages are abundant and
undoubtedly continue their phagocytic, affector, and effector roles in the immune
response. These cells may be transformed into epithelioid cells, which are less phagocytic
but active in pinocytosis and in the elaboration of digestive enzymes. Eventually some of
these cells may form the characteristic multinucleate giant cells.

Neutrophils are present in the earliest stages of granuloma formation, and also, later, in
liquefying granulomas, where the enzymes they release may further contribute to the
liquefaction of the caseous material. Fibroblastic infiltration and collagen production are
important in the repair and subsequent fibrosis of the lesion.

It appears that granuloma production by antigen requires presentation in an insoluble
form. Because of their insolubility, lipid substances may also be granulomagenic without,
however, being immunogenic. Persistence is a prerequisite for a persisting granuloma.

In chronic tuberculosis, a granuloma that has become caseous may become fibrotic,
calcified, or liquefied. The tubercle bacilli are inhibited from multiplying in the caseous
mass, but do so well in liquefied material. A hypersensitivity response to such material may
permit the discharge of the liquified material into other portions of the lung, a bronchus, or
a blood vessel. Dissemination of the bacilli to other parts of the body may thus occur.

Before abundant growth and/or dissemination of the organisms occurs a pronounced
cellular hypersensitivity to mycobacterial antigen exists which is responsible for tissue
destruction. Also circulatory antibodies and antigen-antibody complexes may be
abundant. Circulating complexes can be demonstrated in patients with tuberculosis by
their ability to react with the Clq component of complement which has been bound to a
surface or to an insoluble substrate. The circulating complexes decrease with treatment and
clinical improvement. However, the clinical significance of complexes is not clear. The
possible induction of immune disease, e.g., dermatomyositis, has been reported following
BCG immunization.k The role of humoral antibodies in immune disease in leprosy is strong
but their role in tuberculosis is still intriguing. Kidney diseases are the most common cause
of death in leprosy and Cologlu' reviewed reports of leprosy-associated impaired renal

BOROS, D. L. Granulomatous inflammation. Progress in allergy, 24: 183 - 244 (1978).
k KASS, E. ET AL. Dermatomyositis associated with BCG vaccination. Scandinavian journal of rheumatology, 8: 187 - 191

(1979).
' COLOGLU, A. S. Immune complex glomerulonephritis in leprosy. Leprosy review, SO: 213 - 222 (1979).
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function, including renal amyloidosis, interstitial nephritis, pyelonephritis, and
proliferative glomerulonephritis. The incidence of renal disease was dependent on
antibody levels and involved either Type II or Type III mechanisms. The presence of IgG or
IgM complexes with tuberculosis antigens would doubtlessly activate the complement
sequence with its attendant production of anaphylotactic, phlogistic, and chemotactic
influences. To what degree these consequences induce detectable tissue damage is
unclear.

IMMUNOLOGICAL TESTS

The tuberculin test

A tuberculin test indicates whether the individual shows evidence of sensitivity as a result
of a past or present mycobacterial infection. The information has diagnostic and epidemio-
logical relevance.
The tuberculin test is not perfect owing to the fact that cross-sensitivity to mycobacteria

other than M. tuberculosis occurs in various degrees in different parts of the world. The
significance of this sensitivity was not appreciated until the frequency distribution of
different reaction sizes was examined. Most of the small reactions to low doses of tuber-
culin (1,3, or 5 IU) are accounted for by infection with non-tuberculous mycobacteria.

Fig. 4 shows the reaction-size distribution curves for low doses of tuberculin in four
epidemiological situations. Panel A is typical for developed countries in regions where the
prevalence of infection with non-tuberculous mycobacteria is low (e.g., Sweden, United
Kingdom, northern USA). There is, of course, a large proportion with reactions less than
5 mm and a peak occurs at around 15 mm, with a dip between 5 and 10 mm. This type of
bimodal distribution is typical of such regions. In contrast, tuberculin surveys in a region in
which there is a high prevalence of sensitivity to non-tuberculous mycobacteria result in a
pattern similar to that seen in panel D. In such regions a significant proportion of reactions
are between 5 and 10 mm in diameter. Such distributions have been reported for the south-
eastern segment of the USA, e.g., Georgia. Panel C shows the type of bimodal distribution
of reaction sizes that may be seen in regions such as south India and Haiti where there is a
high prevalence of both tuberculous and non-tuberculous mycobacteria. In contrast to the
pattern seen in panel A, there is an elevated baseline which masks the sensitivity contri-
buted by the non-tuberculous mycobacteria (dotted line). A number of subjects may have a
tuberculous infection superimposed on a non-tuberculous one. Panel B represents a
pattern typical for tuberculosis patients throughout the world. Most patients give a reac-
tion of 14 - 20 mm with a few giving reactions less than 10 mm and some with reactions
greater than 25 mm. In each of the patterns shifts may occur, either upwards, downwards,
or to the left or right, depending on the infecting species or strain.
Although multiple-puncture devices for the administration of tuberculin provide for

convenience and easeof administration, they are valuable mainly for screening and do not
permit discrimination between non-tuberculous and tuberculous sensitivity. The Mantoux
procedure offers the opportunity for some discrimination between sensitivity due to
infection with M. tuberculosis and that due to other mycobacteria. A more derinitive
interpretation of tuberculous sensitivity can be made by considering whether a subject has
been in contact with a person with tuberculosis. For example, in Table 6, which was
compiled from data provided by Rust & Thomas,m the probability of tuberculous infection

m RUST, P. & THOMAS, J. A method for estimating the prevalence of tuberculosis infection. American journal of epi-
demiology, 101: 301 - 322 (1975).
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Fig. 4. Distribution of reaction sizes for different population groups.

in naval recruits in the USA was determined on the basis of both the size of the reaction and
the degree of contact with tuberculosis patients. The values shown in the table are estimates
and will vary with geographical location. Nevertheless, the value of the skin test as an aid to
diagnosis can be increased considerably if information concerning contact is available. Of
course, definitive diagnosis depends on isolation and identification of the causative
organism.

In vitro tests

A number of tests for cellular hypersensitivity and for antibody have been used in studies
with tuberculosis. The two most widely used tests for cellular hypersensitivity involve the
inhibition of macrophage migration and the transformation of lymphocytes. The ability of
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Table 6. Probability of tuberculous infection in naval recruits in the USA on the basis of reaction size to
tuberculin, (5 IU of PPD), and of contact with tuberculosis patients

Probability of tuberculous infection
Reaction size

(mm) With contact Without contact

0 0 0

2-5 10 < 1
6-9 50 4
10-13 86 22
14- 17 97 57
18- 21 99 79
> 22 100 100

human cells to respond to tuberculin reflects cellular hypersensitivity and host resistance to
tuberculosis. A number of factors can influence the degree of responsiveness of a sensitive
lymphocyte to an antigen, including the affinity of receptors on the lymphocyte, antigen
concentration, the macrophage population, and the presence of helper or suppressor
factors, antibody, or blocking factors. The overall reaction can affect the outcome of the
patient's disease. At present the in vitro tests for cellular hypersensitivity are useful
investigative procedures but are not generally available for reliable, routine, diagnostic
purposes.
A number of tests for antibody have been used on sera from tuberculosis patients,

including the agglutination of particles coated with tuberculosis antigen, immunoprecipi-
tation reactions, and tests using fluorescent, isotopic, or enzymatic markers. The
importance of antibody in tuberculosis is not clear. It may actually have a negative effect in
that it may interfere with cellular immunity. It probably does not play a direct protective
role but may modulate some of the destructive effects induced by cellular hyper-
sensitivity.

Dual skin tests

Skin-test antigens from mycobacteria other than M. tuberculosis have a limited role in
diagnosis, but a somewhat greater role in epidemiological studies. One of the greatest
limitations is improper standardization of these reagents. Standardization of tuberculin
can readily be achieved in human populations, but with other mycobacterial antigens the
measurement of non-tuberculous sensitivity is very uncertain. Patients with disease caused
by non-tuberculous mycobacteria are relatively rare and even then past sensitivity may exist
and complicate standardization. For these antigens, standardization is best achieved in
guinea-pigs deliberately sensitized to a single species.
Because of cross-reactivity, all non-tuberculous antigens are capable of reacting in

persons sensitized to tuberculin. For this reason, tuberculin should be used as a comparion
antigen whenever skin tests are performed with other mycobacterial antigens. Ideally, all
reagents should be standardized to the same level of homologous reactivity. The
appropriate tuberculin strength is 3 IU, or 5 IU for products produced in the USA. These
two products are approximately equivalent in reactivity.
A comparison between the size of the tuberculin reaction and that to the non-tuberculous

antigen may be useful in the diagnosis of a tuberculous infection. A larger reaction with the
non-tuberculous antigen does not necessarily mean infection with the species from which
the antigen was prepared. At present, non-tuberculous infection can be determined only by
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isolation and identification of the infecting species. Hopefully, in the future, pure
monospecific skin-test antigens for the medically important mycobacteria will be prepared,
and these may offer a more definitive diagnosis of the etiology of an existing sensitivity. Of
course, sensitivity induced by more than one species could still pose a diagnostic
dilemma.

FUTURE RESEARCH

Despite great strides in immunology, our knowledge of immunity in tuberculosis is
rather limited. There are still an estimated 20 million cases of active tuberculosis in the
world and over 3 million deaths annually. The contradictory results as regards the
effectiveness of BCG vaccine have not been adequately explained, and we do not fully
understand the mechanism by which tubercle bacilli are killed by cells. Of the numerous
antigenic components of the bacterial cell, it is not known which are immunogenic or
tolerogenic, and under what conditions they become active. These and other pressing
problems were considered recently at a meeting arranged by the World Health
Organization. In the report of the meeting' the need to purify antigenic components of
M. tuberculosis and to prepare monoclonal antibodies towards them is stressed. Large
batches of these reagents should be standardized. Such reagents could be helpful in
improving the sensitivity, specificity, and diagnostic utility of tuberculins. They would also
simplify studies of the pathogenesis of tuberculosis and of the genetic factors involved.

Studies of human cells in vitro could provide a greater understanding of tuberculosis.
Although the skin test is a very useful parameter for diagnosis and pronosis, development
of an in vitro test that correlates well with a person's ability to resist tuberculosis, and of
tests that differentiate cell populations, should permit a better evaluation of resistance
acquired naturally or by vaccination. The lymphokines produced during infection that
have positive or negative regulatory properties, and their mechanism of action, need to be
evaluated. Perhaps it may be possible with monoclonal antibodies to eliminate specific
populations of lymphocytes (e.g., Ts cells) and deliberately modulate the host's immune
response in a desired direction.

It has become more difficult and expensive to evaluate tuberculosis vaccines in field
trials. Many years of follow-up and surveillance are required and the population groups
studied are often difficult to keep track of. It has still not been possible to define a
laboratory animal model that will give information of value as regards the disease in
human subjects.
More attention should be directed towards the investigation of in vitro models of

tuberculosis immunity. These may be of help in our understanding of many vexing
problems, for example, the conditions for endogenous reactivation of tuberculosis,
recrudescence of the disease after chemotherapy, and the reasons why an apparently
immunologically normal person develops the disease.
Immunology is a rapidly progressing branch of science, and in many respects the

progress has been contributed to by observations of the immune response in tuberculosis.
Now, there are many new findings in immunology that can contribute to our understanding
and control of tuberculosis. The advent of hybridoma technologies, genetic engineering,
and immunological manipulation now provide many new immunological approaches to
tuberculosis and the next decade should provide us with answers to many of the outstand-
ing questions.

*Immunological research in tuberculosis: Memorandum from a WHO meeting. Bulletin of the World Health Organization,
vol. 60 (in press, 1982).


