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recognition, rather than recognition of particular antigens, is
the signature of humoral immunity in TB.

Tuberculosis (TB) is the leading cause of death from a single
infectious agent. Worldwide, one third of the population is
infected with Mycobacterium tuberculosis; each year, 8 million
cases of disease arise, and 3 million people die (4, 17). Immunological research on TB has focused largely on cell-mediated
immunity because this part of the immune system mediates
acquired resistance to TB (8). Much less effort has been placed
on the characterization of the nonprotective, humoral immune
response. It has often been suggested but never firmly established that different clinical outcomes are related to the fact
that some patients show a stronger cell-mediated response and
others show a stronger humoral response (12). It has also been
conjectured that antibodies and immune complexes play an
immunosuppressive role in TB (7, 23). Clearly, a full understanding of immune responses in TB and the use of such
information to develop TB control measures require knowledge of humoral immunity in the infected host.
Most of our current knowledge on humoral immunity in TB
derives from serodiagnostic studies. In the search for appropriate antigens, it has been repeatedly observed that singleantigen-based assays never achieve satisfactory serodiagnostic
performance (reviewed in references 11 and 29), leading to the
view that up to 30% of patients with TB are seronegative (15).
However, complex antibody binding patterns are usually observed with immunoblot analyses of sera from TB patients
(28). Thus, it has not been clear whether the poor performance
of serodiagnostic assays reflects a lack of antibody responses in
a large number of patients or a lack of appropriate reagents to
measure the responses. An answer to this question requires the
availability of a broad set of serologically active M. tuberculosis
antigens.
We looked for antigens that elicit antibody responses in TB
by focusing on the extracellular proteins of M. tuberculosis
(operationally referred to as culture filtrate proteins), since
these proteins are known to induce strong immune responses
in TB (reviewed in references 1 and 10). Using a panel of 10
culture filtrate proteins purified from recombinant Escherichia
coli, we found that person-to-person heterogeneity of antigen

MATERIALS AND METHODS
Antigens. Ten genes encoding M. tuberculosis culture filtrate proteins (Table 1)
were cloned in the pQE30 (Qiagen) plasmid vector of E. coli as described earlier
(19, 20). Recombinant proteins were expressed as NH2-terminally polyhistidinetagged fusion proteins and purified from E. coli cells to near homogeneity by
sequential chromatography with metal chelate affinity, size exclusion, and anionexchange columns (9).
Sera. Sera were obtained from 139 individuals as follows. Fifty-nine serum
samples were collected in the first month of antitubercular chemotherapy from
human immunodeficiency virus-negative patients with active pulmonary TB. For
51 of the patients, the diagnosis of TB was microbiologically confirmed by
sputum smear microscopy and/or culturing. For the remaining eight patients, the
diagnosis of TB was made on the basis of reactivity to the tuberculin skin test,
clinical and radiological findings, and response to antitubercular chemotherapy
determined with chest X-ray films taken 3 months apart and judged in a blind
fashion by reviewers. Eighty control serum samples were obtained from 34
healthy blood donors, from 40 patients with pulmonary disease other than TB,
and from 6 patients infected with nontuberculous mycobacteria. Of these 80
individuals, 20 were tuberculin skin test reactive and 24 were skin test negative,
and for the remaining 36, skin reactivity to tuberculin was unknown. Of these 80
individuals, 29 had been vaccinated with BCG and 20 had not, and for the
remaining 31, BCG vaccination status was unknown.
ELISA. For the enzyme-linked immunosorbent assay (ELISA), polystyrene
96-well microtiter plates were coated overnight with antigen at 1.0 mg/ml (0.1 ml
per well) or, for the 38-kDa protein, at 0.1 mg/ml, in carbonate-bicarbonate buffer
(pH 9.6). Plates were blocked with phosphate-buffered saline (pH 7.4) containing
0.05% Tween 20 (PBS-T) for 2 h at 37°C and washed extensively with PBS-T.
Serum samples were diluted 1:20 in sample diluent (Biochem ImmunoSystems,
Montreal, Quebec, Canada), and 0.1 ml of diluted serum was added to antigencoated wells in duplicate and incubated for 30 min at room temperature. Plates
were washed extensively with PBS-T and then incubated for 30 min with 0.1 ml
of goat anti-human immunoglobulin G (IgG) labelled with horseradish peroxidase (Tago Inc., Burlingame, Calif.) diluted 1:25,000 in conjugate diluent (Biochem ImmunoSystems) per well. Plates were washed with PBS-T, and 0.1 ml of
tetramethylbenzidine substrate (Biochem ImmunoSystems) was added to each
well. After the addition of 0.1 ml of 1 N H2SO4 to stop the reaction, the optical
density at 450 nm (OD450) was measured with an automatic microplate reader
(Spectra Shell; Tecan).
Data analysis. For evaluation of antibody responses, cutoff values were calculated for each antigen as the means of OD450 values obtained with the sera
from 34 healthy donors plus 3 or 6 standard deviations (SD).

RESULTS
We characterized the humoral response during TB by measuring with an ELISA serum IgG antibodies to 10 antigens of
M. tuberculosis in 59 patients with active TB and 80 control
individuals (healthy blood donors, patients with pulmonary
pathology other than TB, and patients with non-TB mycobac-
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Antibody responses during tuberculosis were analyzed by an enzyme-linked immunosorbent assay with a
panel of 10 protein antigens of Mycobacterium tuberculosis. It was shown that serum immunoglobulin G
antibodies were produced against a variety of M. tuberculosis antigens and that the vast majority of sera from
tuberculosis patients contained antibodies against one or more M. tuberculosis antigens. The number and the
species of serologically reactive antigens varied greatly from individual to individual. In a given serum, the level
of specific antibodies also varied with the antigen irrespective of the total number of antigens recognized by
that particular serum. These findings indicate that person-to-person heterogeneity of antigen recognition,
rather than recognition of particular antigens, is a key attribute of the antibody response in tuberculosis.
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TABLE 1. Antigens of M. tuberculosis used in this study
Antigen

ESAT-6
14 kDa
MPT63
19 kDa
MPT64
MPT51
MTC28
Ag85B
38 kDa
KatG

Molecular mass
(kDa)

6
14
16
19
23
27
28
30
38
80
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TABLE 2. Antigen recognition by serum IgG antibodies in
TB patients

Reference

26
27
20
3
30
22
19
21
2
13

ESAT-6
14 kDa
MPT63
19 kDa
MPT64
MPT51
MTC28
Ag85B
38 kDa
KatG

Totala

High levelb

% of high-level
responders among
total responders

12 (20)
26 (44)
9 (15)
23 (39)
7 (12)
5 (8)
16 (27)
10 (17)
15 (25)
8 (14)

9 (15)
20 (34)
7 (12)
10 (17)
4 (7)
0 (0)
7 (12)
2 (3)
8 (14)
2 (3)

75
73
78
50
57
0
38
20
53
25

No. (%) of responders

a
TB patients having antibody levels greater than or equal to the mean OD450
plus 3 SD, obtained with negative control sera.
b
TB patients having antibody levels greater than or equal to the mean OD450
plus 6 SD, obtained with negative control sera.

Serological reactivity of antigens of M. tuberculosis. ELISA
measurements of serum antibodies against each of 10 antigens
are shown in Fig. 1. The number of serum samples reacting to
each antigen with antibody levels greater than or equal to
cutoff values (mean OD450 of negative control sera plus 3 SD)
is presented in Table 2. Antibodies against two antigens (14and 19-kDa proteins) were detected in more than one third of
TB patients (44 and 39%, respectively). Two other antigens
(38-kDa protein and MTC28) were recognized by antibodies in
approximately one fourth (25 to 27%) of TB patients. Five
additional antigens (MPT63, MPT64, KatG, Ag85B, and
ESAT-6) elicited antibody responses in a smaller proportion
(12 to 20%) of TB patients. While the serological reactivities of

FIG. 1. Antibody responses to protein antigens of M. tuberculosis. Levels of serum IgG antibodies to 10 purified antigens of M. tuberculosis in TB patients, healthy
blood donors (Healthy), patients with pulmonary pathology other than TB (OPD), and patients with mycobacterioses other than TB (MOTT) are shown. Each point
represents one serum sample tested by an ELISA. The horizontal bar in each panel denotes the cutoff value determined as mean OD450 plus 3 SD by use of negative
control sera (see Materials and Methods). An OD450 of 3.00 was the highest value obtained under the experimental conditions used. Mean OD450 (SD) used for cutoff
determinations were as follows: ESAT-6, 0.104 (0.085); 14 kDa, 0.192 (0.109); MPT63, 0.210 (0.209); 19 kDa, 0.318 (0.141); MPT64, 0.140 (0.134); MPT51, 0.180
(0.276); MTC28, 0.166 (0.100); Ag85B, 0.112 (0.051); 38 kDa, 0.157 (0.095); and KatG, 0.119 (0.118). Of 59 sera from TB patients, 52 contained antibodies to at least
one antigen. Of the seven nonreactive sera, one serum was sputum smear positive and six sera were sputum smear negative.
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terioses). Antibody responses to each antigen were analyzed
with cutoff values equal to the means of OD450 readings obtained with sera from 34 healthy individuals plus 3 SD (Fig. 1).
In the control group (N 5 80), the number of sera showing IgG
binding to M. tuberculosis antigens at or above cutoff values
ranged from 1 to 3 per antigen. Thus, the chosen cutoff values
were appropriate to evaluate specific antibody responses in
TB.
With the criteria outlined above, analyses of antibody responses to 10 antigens of M. tuberculosis gave the following
results.
Antibody responses to the antigen panel. A total of 88% of
sera (52 of 59) from TB patients contained antibodies against
at least one antigen (data sorted by antigen are shown in Fig.
1). This observation indicates that, when appropriate reagents
are used, specific antibody responses to antigens of M. tuberculosis can be measured in the vast majority of individuals with
active TB.

Antigen
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several antigens in our panel (in particular, Ag85B and the 38-,
14-, and 19-kDa proteins) have been well established (reviewed
in reference 29), this is the first report of the involvement of
MPT63, MTC28, and ESAT-6 in antibody responses in human
TB. Seroreactivity to another antigen, MPT51, did not appear
to differ significantly between TB patients and control individuals.
The serological reactivity of a given antigen could be evaluated not only by calculating the number of antibody responders among TB patients but also by determining the proportion
of high-level responses among sera reacting with that antigen.
For example, ESAT-6 and Ag85B reacted with similar numbers of sera from TB patients (12 and 10, respectively) (Table
2). However, even a visual comparison of the data obtained
with these two antigens (Fig. 1) indicated that antibody responses to ESAT-6 were much stronger than those to Ag85B.
To analyze levels of antibody responses, we counted the number of highly reactive sera (antibody levels greater than or
equal to the mean OD450 of negative control sera plus 6 SD)
(Table 2) and then calculated the proportion of high-level
antibody responses among responders to each antigen (Table
2). Some antigens (14-kDa protein, MPT63, and ESAT-6) elicited high-level antibody responses in the majority (.70%) of
responders to those antigens. Others (38- and 19-kDa proteins
and MPT64) elicited high-level antibody responses in approximately half of the responders (50 to 57%). MTC28 elicited
strong humoral responses in only 38% of the responders. Antibody levels against Ag85B and KatG were significantly lower
than those against other antigens, with 25% or fewer responders having high-level antibody responses against either antigen.
Taken together, analyses of antibody responses to each antigen showed that at least 9 of 10 antigens in our panel reacted
with sera from TB patients, indicating that multiple antigens of
M. tuberculosis are targets of antibody responses to TB. The
serological reactivity of a given antigen could be evaluated not
only by calculating the number of antibody responders among
TB patients but also by determining the proportion of highlevel responses among sera reacting with that antigen. These
two components of antigen seroreactivity often failed to cor-

relate, suggesting that serological evaluation of antigens must
be based on multiple parameters.
Heterogeneity of antigen recognition. Analyses of antigen
recognition by individual sera revealed that the pattern of
antigens reacting with serum antibodies varied greatly from
patient to patient (data sorted by sera are shown in Fig. 2). No
single antigen or group of antigens was reactive with all (or
even with most) sera from TB patients. The number of antigens recognized also varied markedly, from one (in 16 of 59
sera) to eight (in 1 of 59 sera). An additional element of
heterogeneity was that antibody levels to a certain antigen
were higher in some responders than in others, irrespective of
the total number of antigens recognized. For example, the level
of anti-19-kDa antibodies was higher in serum sample 13
(OD450, 2.095) than in serum sample 19 (OD450, 1.052) (Fig.
2), even though serum sample 19 reacted with four antigens
and serum sample 13 reacted with only two. Likewise, the level
of anti-MPT64 antibodies was higher in serum sample 33
(OD450, 1.960), which reacted only with MPT64, than in serum
sample 49 (OD450, 0.644), which reacted with eight antigens
(Fig. 2). Thus, in a given serum, the levels of antibodies to one
or more antigens did not correlate with the number of antigens
targeted. As a result, antigen recognition was heterogeneous at
each of the antibody levels analyzed (Fig. 2).
DISCUSSION
The findings described above indicate that serum antibodies
are produced against a variety of M. tuberculosis antigens in
most patients with active TB. The number and type of serologically reactive antigens vary greatly from individual to individual. In a given serum, the level of specific antibodies also
varies with the antigen irrespective of the total number of
antigens recognized by that particular serum. Thus, the present
work establishes that person-to-person variation of antigen
recognition, rather than recognition of particular antigens, is a
key attribute of humoral immunity in human TB.
Heterogeneous recognition of antigens by serum antibodies
in TB probably results from multiple factors. One is the im-
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FIG. 2. Heterogeneous antigen recognition by serum IgG antibodies in TB. Each lane represents one serum sample tested by an ELISA. Data for 52 antibody
reactors among 59 TB patients are shown. Sera: 1 to 22, sputum smear positive for TB; 23 to 46, sputum smear negative for TB; 47 to 52, culture positive for TB (sputum
smear information was not available). Cutoff values were calculated for each antigen as indicated in the text. Yellow boxes indicate OD450 values greater than or equal
to the mean OD450 plus 3 SD, obtained with negative control sera. Cyan boxes indicate OD450 values greater than or equal to the mean OD450 plus 6 SD, obtained
with negative control sera. 30 kDa, Ag85B.
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infection, presumably inducing highly diverse immune responses (18). Thus, the heterogeneity of antigen recognition in
humoral immunity established above for TB may also be characteristic of other important infectious diseases.
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munogenetic background of the infected host. Different patterns of antibody binding to M. tuberculosis antigens have been
revealed by immunoblot analysis of sera from different mouse
strains immunized with BCG (14). For humans, an association
between antibody titers against particular M. tuberculosis-specific epitopes and certain HLA alleles has been described (6).
A second factor in heterogeneous antigen recognition may be
the production of different mycobacterial antigens at different
stages of TB. Analysis of immune responses in human TB is
usually a single snapshot taken for each individual, with the
stage of disease varying from individual to individual. The
intriguing possibility that antigen recognition varies with stage
of disease (also suggested in earlier work [15, 16]) requires
rigorous testing with animal models of TB. A third determinant of heterogeneous antigen recognition may be differential
gene expression by different strains of M. tuberculosis as they
cause disease in different patients. We do not favor this explanation, because sera from animals experimentally infected with
a single strain (guinea pigs aerosol infected with M. tuberculosis
H37Rv and cattle infected intratracheally with Mycobacterium
bovis BM228) also recognized different patterns of mycobacterial antigens in our panel (unpublished observations). A
fourth factor in heterogeneous antigen recognition may be
bacillary load in the sputum. In the present study, only the
38-kDa antigen reacted more frequently with sera from sputum-smear-positive TB patients (36%; 8 of 22) than from sputum-smear-negative TB patients (16%; 4 of 24), in agreement
with the results of previous studies with this antigen (reviewed
in reference 29). A correlation between sputum bacillary load
and antigen recognition was not observed for any other antigen
in our panel. However, definitive information on this question
requires sera from a larger cohort of TB patients. A fifth factor
to consider is antituberculosis therapy. However, antigen recognition by sera taken prior to therapy was also highly heterogeneous (some examples are serum samples 27 to 35 in Fig.
2). Thus, antituberculosis therapy is unlikely to be an important factor in diverse antigen recognition.
Heterogeneous antigen recognition during TB is presumably
not unique to humoral immunity. Since IgG antibody responses against proteins are T-cell dependent, heterogeneous
antigen recognition by serum antibodies implies that helper T
cells also recognize different antigens in different individuals.
Indeed, highly diverse patterns of recognition of multiple antigens of M. tuberculosis by T cells from TB patients have been
described (5, 25).
Heterogeneity of antigen recognition by serum antibodies
during TB explains the failure to detect specific antibody responses in up to 30% of TB patients when only a few purified
antigens of M. tuberculosis were used (15). The present work
shows that specific antibodies to at least one of a broad set of
serologically reactive antigens of M. tuberculosis can be measured in almost 90% of TB patients. The use of additional
seroreactive antigens of M. tuberculosis should lead to the
detection of specific antibodies in almost all patients with active TB. Thus, an important practical implication of patientto-patient variation in antigen recognition is that serodiagnostic assays for TB must be based on a rational design of antigen
combinations to achieve high diagnostic accuracy.
Heterogeneous immune responses may be common to infection by a variety of pathogens that rely on an array of
parasite-produced factors. For example, immunoblot analyses
of serum antibody reactivities in patients with visceral leishmaniasis revealed different antibody binding patterns (24) suggestive of diverse antigen recognition. The complex life cycle of
Plasmodium spp., the causative agents of malaria, is associated
with the expression of different antigens at different phases of
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