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Introduction

The isolation of the tubercle bacillus by Robert Koch in 1882 came at
a time when tuberculosis was among the commonest causes of morbidity
and mortality throughout Europe, and at a time when both microbiology
and immunology were emerging as distinct scientific disciplines. Studies on
the humoral immune response had begun with the work of Bekring and
Kitasato on bacterial toxins and antitoxins while Koch’s work with tuber-
culin helped to lay the foundations of the subject of cell-mediated immunity.
Tt was, therefore, not very long before Koch’s tubercle bacillus was being
used as an antigen in both skin tests and serological techniques in attempts
to diagnose tuberculosis.

There is no simple diagnostic test for tuberculosis. Clinical and radio-
logical signs are notoriously non-specific; and cultural techniques, although
providing a definitive diagnosis, are expensive and time-consuming, and
vary considerably in their reliability from laboratory to laboratory. Con-
sequently, numerous workers have sought to develop simpler tests, especially
serological tests.

When considering any diagnostic test it is necessary to look carefully
at its potential role and usefulness. Being an infectious disease, the diag-
nosis of tuberculosis is of importance both to the individual patient and to
the community. In addition, therefore, to its value in reaching a diagnosis
in a patient with symptoms, a reliable test would be useful for screening
contacts of infected individuals and, in some areas, for detecting infectious
cases in the community.

In the more prosperous countries the incidence of tuberculosis is low
and is declining, but in many of the poorer countries it continues to be a
major health problem. The approach to the disease by the public health
authorities in these two different populations must of necessity be quite
different.

Although the marked decline in the incidence of tuberculosis in the
developed nations is a most welcome occurrence, it has brought problems
for the remaining victims of this disease [124]. In the face of such a decline
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it is natural that both individual physicians and medical organizations
should become less interested in tuberculosis and more concerned with
other pulmonary diseases; some of which are caused by, or aggravated by,
conditions prevailing in modern industrial societies. Under such circum-
stances tuberculosis, if it is considered at all, will be seen as one of a number
of possible causes of pulmonary symptoms, lung shadows, lymphadeno-
pathy, genito-urinary disease, pyrexia of unknown origin, orthopaedic con-
ditions and many other presenting features. There is no doubt that tubercu-
losis is often misdiagnosed; many cases are not recognized until a post-
mortem examination is performed [32] and cases of renal tuberculosis are
often only diagnosed late in the course of the disease [210]. A simple, reli-
able, inexpensive test could therefore be of great benefit by alerting the clin-
ician to a diagnostic possibility that might otherwise have been overlooked.
Such a test would have to be one that could be easily, cheaply and routinely
performed alongside other routine laboratory examinations. Its inclusion in
a serological screening test for antibodies to common infecting agents would
be a possibility. It would be necessary for such a test to diagnose tubercu-
losis in a high proportion of cases, but also to be consistently negative in
other diseases, or clinicians would rapidly lose confidence in the test. It might
be possible, however, to perform a quantitative test on all sera found to be
positive on a screening test and, in some cases, a very high level of antibody
would give a virtually unequivocal diagnosis.

The situation in poor countries with a very high incidence of tubercu-
losis is quite different. In these countries the main priority is to block the
transmission of the disease. This can be achieved by improving the standard
of living and by reducing overcrowding both in the home and at work, but
this is a social problem rather than a medical one. Transmission may also
be reduced by finding infectious cases of tuberculosis and by ensuring that
they receive a full course of chemotherapy.

It has been shown [255] that tuberculosis is spread by individuals who
are excreting enough bacilli in the sputum for these to be detected by micro-
scopic examination, the so-called smear-positive cases. The search for ad-
ditional cases of tuberculosis by more expensive and complicated methods
would only be justifiable if it were also possible to offer curative chemo-
therapy to all these additional patients. Under the circumstances prevailing
in most countries which have a high incidence of tuberculosis, an immun-
ological test would only replace sputum microscopy if it was shown to be
cheaper, technically easier and as socially acceptable as the latter, and if it
contributed usefully to the tuberculosis control programme. -
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For a serological test to become widely used, it must therefore be able
to withstand a very severe trial of its applicability and effectiveness under
several quite different circumstances.

Diena [80] summarized the requirements for the ideal serological test
for tuberculosis as follows: (1) It must differentiate between antibody re-
sponses due to natural infection and to bacille Calmette-Guérin (BCG) vac-
cination. (2) It should be a diagnostic aid in case-finding surveys. (3) It
should be of use in the monitoring of chemotherapy. (4) It should assist in
the diagnosis of other mycobacterial infections. (5) It should be of value in
the diagnosis of extrapulmonary tuberculosis in which radiological studies
are unhelpful and specimens not easily obtained.

The fact that no serodiagnostic test for tuberculosis is used extensively
at the present time is a sure indication that all such tests have so far fallen
short of such requirements. It is therefore of relevance to consider why they
have proved ineffective. It is of even greater relevance to consider whether
it will be possible to develop a near-perfect serological test or whether the
basic biological nature of both the disease and the host’s immune response
renders this an impossibility. In order to reach a logical conclusion it is
necessary to take into account the basis of the humoral immune response in
general, the antigenic structure of the infecting pathogen and the nature of
the host’s response to it.

The Antigenic Structure of Mycobacteria

A mycobacterial cell is a complex structure containing many different
proteins, sugars and lipids which are often closely associated in macro-
molecular complexes. The number of different antigenic determinants, or
epitopes, occurring in each mycobacterium is unknown but must be enorm-
ous. The number of antigens demonstrable in practice depends on the sensi-
tivity of the test and the nature of the bacterial preparation. No serological
technique reveals the total set of antigens in a bacterial cell [169]. Thus,
immuno-electrophoresis of cytoplasm or concentrated culture filtrates of
M. tuberculosis reveals 14 distinct antigens [221]; immunodiffusion of bac-
terial ultrasonicates demonstrates about the same number [283] while crossed
immuno-electrophoresis permits the detection of up to 100 such antigens
[54, 247]. Yet even this technique probably gives a gross underestimate of
the total number.

Many workers have shown that there is a high degree of sharing of
antigens between the various mycobacterial species and that some of the
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antigens are also shared with other bacterial genera [169]. In the Stanford
classification [281, 283] the soluble antigens demonstrable as distinct lines
on immunodiffusion analysis are placed into four groups: Group i: antigens
detectable in all mycobacterial species. Group ii: antigens restricted to the
slowly growing species. Group iii: antigens present in rapidly growing
species. Group iv: antigens restricted to individual species.

The antigens demonstrable by immunodiffusion in groups i, ii and iii,
number 5, 3 and 4, respectively, while the group iv antigens vary in number
from 2 to 8 depending on the species. 6 group iv antigens are detectable in
ultrasonicates of M. tuberculosis [283] and minor variations in the distri-
bution of the species-specific antigens occur in many species including
M. tuberculosis.

In many instances more than one antigenic determinant is present on
a single molecule. While some molecules, such as certain polysaccharides,
consist of repeating subunits with identical antigenic properties, others,
notably proteins, bear many different epitopes. As evolutionary changes
may occur only in certain parts of a protein molecule, a single protein could
possess both species-specific and shared epitopes. Immunodiffusion analyses
of mycobacterial catalase [318] and superoxide dismutase enzymes [160]
from different species have shown that these proteins possess both common
and species-specific antigenic determinants. Daniel and Janicki [76] have also
shown that widely distributed mycobacterial epitopes may occur on the
same molecule as epitopes of more limited distributions. In view of this
molecular linkage of antigenic determinants, Chaparas [49] considers it
highly unlikely that monospecific reagents for use in the diagnosis of myco-
bacterial disease will be forthcoming.

An additional problem encountered in the purification of mycobacterial
antigens is the occurrence of a particular antigenic determinant on a range
of molecules of differing physicochemical properties. Kniker and LaBorde
[157] showed that culture filtrates of M. tuberculosis could be eluted as 12
fairly distinct fractions from an ion-exchange column (diethylaminoethyl
cellulose, DEAE-cellulose) but 22 of the 23 demonstrable antigens occurred
in more than 1 of the fractions and 1 antigen was present in § of the peaks.
Similar results were obtained by Pickett et al. [223] who used ammonium
sulphate fractionation in addition to ion-exchange chromatography. Nassau
and Nelstrop [200] found that 1 antigen specific for M. tuberculosis was
present on 4 distinct protein bands separable by acrylamide gel electro-
phoresis. This phenomenon is probably due, in part, to the uneven degrada-
tion of macromolecular complexes in culture filtrates by autolytic enzymes.
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The earliest serious attempts to separate the soluble components of
M. tuberculosis were reported by Seibert [267] in 1949 and Affronti and
Seibert [4]. 2 polysaccharide fractions (I and II) and 3 protein fractions
(A, B and C) were separated by precipitation by various concentrations of
acetic acid and ethanol. Subsequent antigenic analysis of these fractions by
Daniel and Affronti [10] revealed that the polysaccharide fractions I and II
contained 2 and 1 distinct antigens, respectively, while the protein fractions
contained many antigens, and there was considerable sharing of these anti-
gens between the fractions.

Subsequent to Seibert’s pioneering studies, many investigators attempted
to fractionate the antigens of M. tuberculosis by more sophisticated tech-
niques, including differential precipitation, gel-filtration, ion-exchange chro-
matography and preparative electrophoresis but, in general, the results
[reviewed in ref. 76] were disappointing. Somewhat better results were ob-
tained by the combination of several separative methods. Yoneda and Fukui
[335] isolated 2 antigens from culture filtrates of M. tuberculosis by a combi-
nation of ammonium sulphate precipitation, preparative electrophoresis and
jon-exchange chromatography. The B-antigen was detected in various strains
of M. tuberculosis while the a-antigen was present in a number of slowly
growing species but not in rapidly growing species. These 2 antigens would
therefore belong to groups iv and ii, respectively, in the Stanford classi-
fication.

Polysaccharides are readily separable from proteins by differential pre-
cipitation [267], ion-exchange chromatography [81] and by continuous flow
electrophoresis {141].

Small amounts of individual protein antigens have been obtained by
acrylamide gel electrophoresis. The position of protein bands in the gel
were ascertained by staining the gel, and slices corresponding to the stained
bands were cut out of a parallel gel. Serological analysis of eluted antigens
showed that a rapidly migrating component was probably specific for
M. tuberculosis [22, 253]. A species-specific antigen was also demonstrated
by Nassau and Nelstrop [200]. These authors selected sera from patients
with tuberculosis which were considered to contain antibodies to a species-
specific antigen only of M. tuberculosis. The lines of precipitation formed
by the pooled sera and concentrated culture filtrates of M. tuberculosis
H37Rv in immunodiffusion plates were excised and used as an antigen to
raise antisera in rabbits. The resulting rabbit serum gave a single precipitin
line on electrophoresis against the H37Rv antigen and was used to detect
proteins containing this antigenic determinant after polyacrylamide gel elec-
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trophoresis. Similarly Harboe et al. [133] raised antibodies to a single com-
ponent of BCG obtained by cutting out an antigen-antibody line from a
countercurrent immuno-electrophoresis gel.

As noted above, minor antigenic variations occur within the group iv
antigens and such variation has been reported in M. tuberculosis [283]. An
antigen present in human strains of M. tuberculosis but not in bovine strains
has been isolated and purified by Hirai et al. [138] by differential salting out
with ammonium sulphate followed by gel filtration. Likewise Sravri et al.
[286] reported the isolation of antigens from M. tuberculosis H37Rv that
were not present in BCG by the technique of preparative countercurrent
immuno-electrophoresis. The antigens, used as a skin testing reagent, dis-
tinguished between guinea-pigs infected with M. tuberculosis or vaccinated
with BCG. .

The use of a set of 7 murine monocional antibodies enabled Coates
et al. [55] to demonstrate antigenic differences between human and bovine
strains of M. tuberculosis and between strains within these two groups.

Affinity chromatography is a powerful technique for the isolation of
antigens and utilizes the natural affinity between certain molecules such as
antigens and antibodies, or certain sugars and a class of plant proteins
termed lectins. One of the pair of compounds is immobilized by attaching
it to solid particles such as agarose beads. When crude preparations contain-
ing several antigens are passed down a column containing such particles,
the relevant antigen binds to the antibody while all other antigens are eluted.
The retained antigen is subsequently eluted by altering the physical con-
ditions so that the antigen-antibody complex is dissociated. The use of lec-
tins, such as concanavalin A, in affinity chromatography permits the isola-
tion of polysaccharides and also of certain glycoproteins which bind to the
lectin through their sugar moieties [71]. Although the use of this technique
isolates antigens irrespective of the size of the molecule to which they are
linked, it will not separate antigens from others which are situated on the
same molecule. Consequently reagents prepared by this method are not
necessarily monospecific.

Affinity chromatography has also been used to remove shared antigens
from mycobacterial preparations. In such a technique, crude preparations
are passed down a column containing antibodies to a heterologous strain or
species so that shared antigens are retained but specific antigens pass directly
through. This technique was used by Wayne and Sramek [319] to demon-
strate that resting cells of M. tuberculosis in the sediments of cultures con-
tained an antigen not present in actively replicating cells.
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It may be concluded that, in general, polysaccharide antigens are easier
to isolate and purify than protein antigens. Polysaccharides are readily separ-
able from proteins and from each other and tend to be antigenically distinct
as they often consist of repeating subunits. In contrast, proteins often con-
tain several antigenic determinants of differing specificities and distribution.

In all studies on antigens of mycobacteria and their interactions with
human sera, the antigens have been obtained from bacilli grown in vitro.
It is, however, very likely that antigens from such bacilli differ both quanti-
tatively and qualitatively from those grown in vivo. Wayne and Sramek [319]
have stressed the need to consider this possibility when antigens are to be
used to study host-pathogen interactions.

Boyden and Sorkin [29], in a useful review of the early studies on myco-
bacterial antigens, suggested that tubercle bacilli might produce special
adaptive enzymes when growing in vivo and that these might elicit the for-
mation of antibodies which, by neutralizing the enzymes, could play a protec-
tive role. Such antibodies would not, obviously, be detectable by the use of
antigens from in vitro-grown bacilli.

Analysis and Nomenclature of the
Soluble Mycobacterial Antigens

In the early studies of Stanford and his colleagues [282], mycobacterial
antigens detected by immunodiffusion were numbered, but this practice
was subsequently abandoned as it served no useful purpose. Instead, the
antigens were simply classified according to their distribution within the
genus as described above.

11 major antigens of M. tuberculosis demonstrable by electrophoresis
have been numbered by Janicki et al. [142], and standard ultrasonicate
antigens and antisera are available for reference purposes [75]. Information
concerning the physicochemical nature of these antigens, and their distri-
bution within the genus, is being acquired. Antigens 1, 2 and 3 are poly-
saccharides and have been identified as arabinomannan, arabinogalactan
and a macromolecular glucan, respectively [76]; they are common to all
mycobacteria and occur in some other bacterial genera. Antigens 6, 7 and 8
were also found to be widely distributed throughout the genus although the
molecules bearing antigens 6 and 7 also carried determinants of more limited
distribution. Antigen 5 has been identified as a glycoprotein with antigenic
specificities apparently restricted to M. tuberculosis [77].



Humoral Immunity in Tuberculosis 9

Slow growers

Rapid growers

Nocardiae

Listeria

Fig. 1. The distribution of the group i,ii,iii and N antigens among the slow growing
mycobacteria, the rapid growing mycobacteria, nocardiae and Listeria.

Closs et al. [54] studied the antigenic composition of concentrated cul-
ture filtrates of BCG (Copenhagen strain) by crossed immuno-electropho-
resis. A commercially available anti-BCG serum was used and 31 distinct
and stable precipitation lines were numbered for reference purposes. Many
of these antigens were absorbed by antisera to other mycobacteria and 5
were absorbed by an antiserum to Nocardia asteroides.

The arabinomannan and arabinogalactan antigens of mycobacteria are
shared with the genera Nocardia and Corynebacterium [333] and arabino-
galactan also occurs in the cell walls of Thermomonospora and Micropoly-
spora [123]. It is also likely that the arabinogalactan antigen is the same as
the a-haemosensitin of Boyden and Sorkin [29, 169]. The p-haemosensitin
is, by contrast, a protein with some degree of species specificity. Other
widely distributed antigens are associated with ribosomes. Baker et al. [15]
have shown that ribosomal antigens constitute an important part of the
precipitinogens of mycobacterial cytoplasm and culture filtrates. Ridell et al.
[243, 244] isolated an antigen, termed the S-antigen, from the core particles
of mycobacterial ribosomes. This antigen was also present in the genera
Nocardia, Corynebacterium, Rhodococcus, Kurthia and Arthrobacterium. A
ribonucleoprotein isolated from M. tuberculosis was found to react with
sera from patients with lepromatous leprosy [327], and the ribosomal S-anti-
gen of Ridell et al. [243] also reacted with sera from patients with this dis-
ease. A ribonucleoprotein prepared from M. tuberculosis by the method of
Wilhelm and Sellier [326] was found to be one of Stanford’s group i antigens
[Grange, unpublished datal.

Stanford and Wong [285] found that mycobacteria and nocardiae shared
the common mycobacterial (group i) antigens and also the antigens present
in rapidly growing but not slowly growing species (group iii). Thus, there is
a very close antigenic similarity between the nocardiae and the rapidly grow-
ing mycobacteria. The nocardiae possess a group of antigens which do not
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occur in the mycobacteria and are termed the N antigens. The antigenic
relationships of the rapidly growing and slowly growing mycobacteria and
the nocardiae are shown in figure 1. Rajki et al. [236] also found a marked
sharing of antigens between mycobacteria and nocardiae. Thus, on crossed
immuno-electrophoresis, the 4 most prominent antigens in cytoplasmic ex-
tracts of BCG were also present in Nocardia asteroides.

Lipid Antigens

The mycobacterial cell wall is probably the most complex of all the cell
walls throughout nature (for reviews see Ratledge and Stanford [237];
Barksdale and Kim [20]). The cell wall contains a number of peptides, poly-
saccharides, lipids, glycolipids and peptidoglycolipids which bear antigenic
determinants.

Takahashi et al. [295] divided the antibodies detectable in human tuber-
culosis into antiprotein, antipolysaccharide and antiphosphatide. The ‘phos-
phatide’ was a methanol extract of acetone-washed mycobacteria [26, 203]
and was subsequently used in serodiagnostic tests (see p. 19). Analysis of
this methanol extract showed that it contained phosphatidyl inositol, at
least 3 phosphatidyl inositol mannosides and a polyglycerophosphatidic acid
similar to the cardiolipin used in the Wasserman test for syphilis [211]. These
studies were continued by Reggiardo and Middlebrook [239, 240] who iso-
lated 3 classes of serologically active glycolipids and cardiolipin. The latter
compound cross-reacted with beef heart cardiolipin (the antigen used in the
Wasserman test for syphilis) and the importance of freeing antigens from
this compound in order to avoid ‘false’ positive results was stressed. The 3
glycolipids are termed A (glycolipid without phosphorus), B (phosphatidyl-
inositol dimannoside) and C (a mixture of phosphatidyl inositol pentaman-
nosides). These 3 glycolipids have been used as antigens in the haemag-
glutination test and the enzyme-linked immunosorbent assay (ELISA) (see
pp. 17 and 28).

Mycosides are a class of peptidoglycolipids situated on the surface of
mycobacterial cells. They were originally considered to have species-specific
differences in their structure but this is now known not to be the case. Some
species of mycobacteria which form smooth colonies, notably M. avium,
are divisible into a number of agglutination serotypes [262], and the re-
sponsible antigens have been shown to be mycosides [31]. Sera from some
patients infected with environmental mycobacteria agglutinate the homo-
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logous organism at a high titre [79] suggesting that such bacteria elicit a
marked antimycoside humoral response in the host. Strains of M. tubercu-
losis are rough, and tend to auto-agglutinate, and for this reason relatively
few studies have been made on the antigenicity of the surface components
of this organism. Shepard and Kirsh [272] found that whole cells of M. tuber-
culosis were stained much less efficiently by fluorescein-linked antiserum
than disrupted bacilli and therefore suggested that the surface layer of this
organism contained little or no antigen. On the other hand, antibody has
been shown to bind to M. tuberculosis by agglutination and agglutination-
inhibition tests [329] and by an antiglobulin fixation test [85]. Mudd [197]
observed that normal mycobacterial cells entered the oil phase at an oil/water
interface while those ‘sensitized’ with antiserum remained in the water phase,
indicating that a considerable amount of hydrophilic antibody became at-
tached to the cell surface.

Methods Used in Serological Studies of Tuberculosis

There are many ways by which the binding of an antibody to an antigen
may be detected and quantitated. Not only have almost all of the various
technologies been applied from time to time to the study of antimyco-
bacterial antibodies, but in several cases workers in this field have made
important contributions to the methodology and to an understanding of the
basic immunological principles. In particular, Boyden [28] pioneered the
attachment of protein antigens to erythrocytes by treating the latter with
tannic acid, and Middlebrook [186] introduced the haemolytic modification
of the haemagglutination reaction thereby showing that antibody binding to
foreign antigens attached to red cells, rather than just to the cells’ own
antigens, could cause cell lysis by activating complement.

The continuing challenge posed by the desire to develop a reliable
diagnostic test for tuberculosis may have been a powerful driving force in
the development and improvement of the technical methods used in serology.
Many eminent workers in the field of immunodiagnosis have, at one time
or another, turned their attention to tuberculosis. Wasserman {317}, for ex-
ample, studied the complement fixation reaction in tuberculosis as well as
in syphilis. Consequently, it can be fairly said that the absence of a reliable
serodiagnostic test for tuberculosis at the present time is certainly not due
to a lack of effort, initiative or competence on the part of the many workers
who have attempted to develop such a test.



