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Mycobacterium tuberculosis has a unique family of PE-PGRS proteins with conserved N-terminal domains
(PE) containing site-specific proline-glutamine residues and polymorphic GC-rich repetitive sequences
(PGRS). Tuberculosis (TB) patients produce antibodies against some such proteins, but it is not clear whether
these responses correlate with disease. Clinical groups with different mycobacterium exposure were studied for
their seroreactivity to PE-PGRS17 and PE-PGRS62 proteins and their respective PE domains. There were
minimal antibody responses against both PE domains and full-length PE-PGRS17, even in patients with active
TB. However, patients with active and latent TB showed significantly higher PE-PGRS62-specific immuno-
globulin G antibody responses than treated TB patients and mycobacterium-reactive TB contacts without
latent infection. Latently infected persons had high anti-PE-PGRS62 responses but low responses to the
38-kDa antigen commonly used for TB serology, while treated TB cases showed the opposite response. Thus,
patterns of seroreactivity to PE-PGRS62 correlate with clinical status and are associated with latent TB
infection.

The genome sequence of the Mycobacterium tuberculosis
H37Rv strain reveals a family of highly homologous PE-PGRS
genes that encode a highly conserved N-terminal domain with
Pro-Glu (PE) residues at specific sites and a polymorphic GC-
rich repetitive-sequence (PGRS) domain at the C terminus (7).
The abundance of these unique genes suggests that this gene
family may have important roles, but many members have
unknown functions. The PGRS domain of PE-PGRS proteins
is generally rich in glycine-alanine (Gly-Ala) repetitive se-
quences (7). Comparison of some of the PE-PGRS gene se-
quences between an M. tuberculosis laboratory strain (H37Rv),
an M. tuberculosis clinical isolate (CDC1551), and Mycobacte-
rium bovis (2, 14) reveals that the repetitive regions of PGRS
domains are prone to insertion-deletion mutations. Moreover,
M. tuberculosis clinical isolates exhibit variations in restriction
fragment length polymorphism patterns in their PE-PGRS
genes (11). Hence, it has been speculated that the PGRS
domain has a functional role in generating antigenic diversity
to avoid host recognition.

Antibodies against the PGRS domains of some such pro-
teins, e.g., wag22 (Rv1759cPE-PGRS) and PE-PGRS51, have
been detected in sera of tuberculosis (TB) patients (10, 21).
Murine immunization with a DNA vaccine encoding PE-
PGRS33 also elicits substantial antibody responses (9). Thus,
at least some of the M. tuberculosis PE-PGRS proteins are
expressed in vivo and are recognized by host immunity. How-
ever, it is not known whether latent versus active infection, the

stage and extent of disease, or duration of treatment may
influence immune reactivity to PE-PGRS proteins in human
TB. The relevance of such reactivity to TB diagnosis and prog-
nosis is also unknown.

In this study, the association of seroreactivity against PE-
PGRS proteins with disease status was evaluated to uncover
any differences in immune recognition of these proteins be-
tween healthy persons and persons with TB. We aimed to
determine whether latent infection or prior mycobacterium
exposure results in responses to these proteins similar to those
in persons with active infection and whether such antibodies
persist after treatment. As prior studies suggest that there are
differential immune responses to the two domains (PE versus
PGRS) and that the Gly-Ala repeats may inhibit immune rec-
ognition of the whole protein (3), we also wanted to know if
these repetitive sequences influence the induction of antibod-
ies against specific PE-PGRS proteins. Therefore, we studied
two contrasting PE-PGRS proteins with only 20% identity—
one rich in these repeats (PE-PGRS17) and one with a relative
paucity of these repeats (PE-PGRS62). We also chose these
two proteins because of evidence based on expression or
knockout studies (19, 23) suggesting that they have relevance
to host-pathogen interactions in vivo, which increases the like-
lihood that they may interact with host immunity in infected
persons. Our study reveals markedly different antibody re-
sponses to PE-PGRS62 and to PE-PGRS17. We also demon-
strate that strong responses to the former are particularly as-
sociated with latent and active TB infection but not treated TB,
suggesting that immune recognition of this protein may be a
feature of the acute response to TB infection.

MATERIALS AND METHODS

Identification of study subjects. According to methods detailed previously (1),
gamma interferon (IFN-�) production by human peripheral blood mononuclear
cells, in response to 5-day stimulation with purified protein derivative (PPD), a
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mixture of overlapping peptides of M. tuberculosis early secretory antigen target
(ESAT-6) protein and culture filtrate protein 10 (CFP-10) peptides, phytohem-
agglutinin (positive control), or phosphate-buffered saline (negative control), was
tested in culture supernatants. Samples with IFN-� levels four standard devia-
tions above the mean for negative control wells were deemed to be positive for
responses to the specific antigens. Healthy persons who were ESAT-6/CFP-10�

were defined in this study as having latent TB infection (LTBI�), in accordance
with many published studies (15).

Based on the above tests, out of a larger group of clinically healthy subjects, we
selected 59 subjects to constitute three groups with distinct profiles for further
antibody testing. There were 20 subjects who were nonreactive to PPD and
ESAT-6/CFP-10 (i.e., LTBI� PPD�) and who had no TB exposure history (i.e.,
“nonexposed” group); this was the negative control group. The remaining 39
healthy subjects chosen had a recent TB exposure history (“TB contact” group);
of these, there were 19 with the profile LTBI� PPD� and 20 who were LTBI�

PPD�. Approximately 60% of the healthy subjects had a history of M. bovis BCG
vaccination; in most cases the last vaccination occurred more than a decade ago.

We also recruited 40 study subjects with radiologically and sputum culture-
proven TB; 20 had active pulmonary TB (“active-TB” group), and 20 had just
completed 6 months of chemotherapy with clinical and radiological evidence of
recovery (“treated-TB” group). All these TB patients had positive ESAT-6/
CFP-10 and PPD responses, and all were human immunodeficiency virus nega-
tive. For the 20 active-TB cases, all were either untreated or had started treat-
ment less than 2 weeks before the blood sample was taken. Of these, 13 were
sputum smear positive and 5 had at least one cavity visible on chest X-ray. All
subjects gave informed consent, and guidelines of the National University of
Singapore review board for human studies were followed in the conduct of this
research. The serum samples of all the above subjects were studied for reactivity
to PE-PGRS proteins.

Recombinant proteins. Recombinant PE-PGRS17 and PE-PGRS62 proteins
and their corresponding PE domains (PE-PGRS17PE and PE-PGRS62PE) were
generated by expression in Escherichia coli. The coding regions of M. tuberculosis
H37Rv genes Rv0978c and Rv3812 (7) and their corresponding PE regions were
separately cloned into the pET-11a expression vector (Novagen) containing
histidine tags to permit protein purification by affinity chromatography. The
control antigen, M. tuberculosis 38-kDa antigen, was purchased from Biodesign
International.

Western blotting. To verify the identity of the recombinant proteins, the
purified samples were fractionated on sodium dodecyl sulfate-polyacrylamide gel
and immobilized on a Hybond-P membrane (GE Biosciences), which was then
incubated overnight with either mouse monoclonal antipolyhistidine (1 �g/ml;
R&D Systems) or antihemagglutinin (50 ng/ml; Roche). Horseradish peroxidase-
conjugated anti-mouse immunoglobulin G (IgG) (1:4,000 dilution; GE Bio-
sciences) was used for detection of protein bands, which were visualized with the
ECL chemiluminescence kit (GE Biosciences). The recombinant proteins were
also analyzed by mass spectrometry to verify their identity.

Enzyme-linked immunosorbent assay. To measure serum antibodies specific
for the PE-PGRS and 38-kDa antigen proteins, 96-well microplates (Corning)

were coated with diluted PE or PE-PGRS proteins (2.5 �g/well) or the 38-kDa
antigen (0.4 �g/well) overnight at 4°C. Bovine serum albumin was used to coat
negative control wells to determine the level of nonspecific reactivity. Plates were
washed with phosphate-buffered saline containing 0.05% Tween 20 (PBS-T)
prior to being blocked with PBS-T containing 1% bovine serum albumin for 1 h
at room temperature. After a washing, 50 �l of diluted sera (1:10 for PE-
PGRS17, 1:50 for PE-PGRS62 and the 38-kDa antigen) was added to the
microplates in replicates and incubated at 37°C for 2 h. Bound IgG was detected
with horseradish peroxidase-labeled anti-human IgG (1:20,000 dilution; Sigma)
and 3,3�,5,5�-tetramethylbenzidine substrate (BD Biosciences). The colorimetric
reaction was read at 450 nm, and each absorbance (optical density [OD]) reading
was normalized against the respective serum dilutions to obtain relative OD units
per milliliter of serum.

Statistical analysis. Statistical analysis software SPSS 13.0 was used. In Spear-
man rank correlation analysis, P values that were �0.05 were considered signif-
icant. The Kruskal-Wallis test was used in multigroup comparisons for testing for
overall differences between groups. Where there was a significant overall differ-
ence, pairwise comparisons between groups were performed with the nonpara-
metric Mann-Whitney U test. The Bonferroni correction was applied, and only
pairwise comparisons for which P was �0.005 were considered statistically sig-
nificant.

RESULTS

Expression of PE-PGRS recombinant proteins. Figure 1A
illustrates the first 94 amino acids of a subset of M. tuberculosis
PE-PGRS proteins; this contains the common conserved PE
regions of these proteins, based on pfam v11.0 software
(NCBI). These were the regions of PE-PGRS17 and PE-
PGRS62 proteins expressed as truncated proteins (the PE do-
mains alone) for our study. The identity and purity of full-
length and truncated recombinant proteins were confirmed by
Western blotting (Fig. 1B). We assayed the serum of our five
subject groups for IgG antibodies specific for these proteins.

Humoral immune response of clinical subjects to PE-PGRS
proteins. All groups showed generally low anti-PE-PGRS17
responses (Fig. 2A). The LTBI� TB contacts had the lowest
response. Those with active and treated TB showed greatest
intragroup variability (Fig. 2A). Relative to responses to the
full-length protein, responses to the PE-PGRS17PE domain
were weaker (Fig. 2B). There was no evidence that TB infec-
tion increased recognition of this protein, no difference be-
tween persons with active TB and nonexposed persons was

FIG. 1. (A) The N-terminal domains (amino acids 1 to 94) of both PE-PGRS17 and PE-PGRS62 proteins have significant homology with the
PE domain consensus sequence found in products of other members of the PE multigene family. (B) Western blot analysis of the recombinant
proteins using mouse anti-His monoclonal antibodies. Lanes: 1, PE-PGRS17; 2, PE-PGRS62; 3, PE-PGRS17PE; 4, PE-PGRS62PE.
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noted, and LTBI� subjects showed even lower responses than
the nonexposed (Fig. 2A). The treated-TB group had the low-
est responses to both full-length and truncated proteins. Over-
all, antibodies to the PE-PGRS17 protein were not discrimi-
natory between infected and noninfected groups.

In contrast, antibody responses to PE-PGRS62 were mark-
edly higher in all groups, suggesting that this protein was more
immunogenic. M. tuberculosis-infected subjects responded
most strongly overall. LTBI� contacts had the highest median
PE-PGRS62-specific responses, statistically similar to those of
the active-TB group (Fig. 3A) and significantly higher than
those of the nonexposed (P � 0.005) and LTBI� contacts (P �
0.005). The treated-TB patients had the lowest median re-
sponses, significantly lower than those of all the other four
groups. Based on a cutoff antibody level of 620 relative OD
units/ml of PE-PGRS62 IgG, a significantly higher proportion
of LTBI� (infected but not diseased) subjects had anti-PE-
PGRS62 antibodies than active-TB patients (84% versus 50%;
chi-square test, P � 0.05). As with PE-PGRS17PE, anti-PE-
PGRS62PE, responses were much weaker than responses to
the full-length protein, minimal difference between groups was
seen, and there was little intragroup variability (Fig. 3B). Over-

all, anti-PE-PGRS62 responses, but not anti-PE-PGRS62PE

responses, showed clear clinical correlates, with differential
recognition in infected and noninfected persons.

The 38-kDa antigen is an immunogenic M. tuberculosis
secretory protein (24). Some serodiagnostic studies using
this antigen have shown good sensitivity and specificity for
the diagnosis of TB although this opinion is not universally
supported (5, 12, 22). We chose the 38-kDa antigen as an
established, serodominant control antigen to determine
whether reactivity in our panel of sera relates to the clini-
cally predicted level of M. tuberculosis infection in the dif-
ferent clinical groups. The treated- and active-TB groups
had the highest median responses to the 38-kDa antigen
(Fig. 4), and the nonexposed group had the lowest. Thus, the
groups showed levels of seroreactivity consistent with their
relative levels of M. tuberculosis exposure. With a cutoff
value of 300 relative OD units/ml for defining positive anti-
38-kDa antigen responses, the response rates for TB and
LTBI� groups were not significantly different. However,
there was a marked difference in response rates between the

FIG. 2. Serum IgG responses to (A) PE-PGRS17 and (B) PE-
PGRS17PE proteins. Group medians are shown as horizontal bars. By
the Kruskal-Wallis test there was no significant difference overall be-
tween groups.

FIG. 3. Serum IgG responses to (A) PE-PGRS62 and (B) PE-
PGRS62PE proteins. Group medians are shown as horizontal bars. By
the Kruskal-Wallis test, there was an overall significant difference
between groups. Medians were compared pairwise using the Mann-
Whitney U test with the Bonferroni correction. **, P � 0.005; ***,
P � 0.0005.
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diseased group (combining active and treated TB) and the
combination of the three healthy groups (50% versus 10%,
respectively; chi-square test, P � 0.0001).

A general pattern linking clinical status and antibody re-
sponses was noted among the clinically healthy persons.
LTBI� contacts and nonexposed groups had low responses
to PE-PGRS62 and the 38-kDa antigen (PE-PGRS62lo 38-
kDalo), LTBI� contacts had high responses to PE-PGRS62
and low responses to the 38-kDa antigen (PE-PGRS62hi 38-
kDalo), and posttreatment TB patients were PE-PGRS62lo 38-
kDahi. Those with active disease fell between the LTBI� con-
tact and treated-TB groups in response to these two antigens.

Correlation of responses to full-length and truncated PE-
PGRS62 proteins. Reactivity to the PE domain was generally
proportional to reactivity to the full-length protein; thus, a
positive correlation between responses to PE-PGRS62 and
PE-PGRS62PE in all groups was noted (Fig. 5). The exception
was the active-TB group, in which there was no apparent re-
lationship between the two parameters. Interestingly, there
were only two active-TB patients in this cohort (n � 20) with
extensive disease (i.e., with radiographic lesions exceeding
one-third of one lung volume), and both fell within the group
with strong responses to the full-length PE-PGRS62 but weak
responses to the PE domain. Thus, within the limits of our
small sample, patients with greater extent of disease were those
with disproportionately poor antibody responses to PE-
PGRS62PE compared to responses to PE-PGRS62.

DISCUSSION

Our main purpose for investigating antibody responses of
different clinical groups to the PE-PGRS proteins was to ex-
amine whether these proteins could be expressed in vivo dur-
ing human infection (latent, active, and treated) and whether
differences in immune recognition of these proteins may be
influenced by prior mycobacterium immune exposure in
healthy persons or by differences in Gly-Ala repeats in the

PGRS domain. This provides insight into the extent and nature
of immune interactions between PE-PGRS proteins and
the host.

PE-PGRS17 and PE-PGRS62 proteins, like many M. tuber-
culosis PE-PGRS proteins, are generally GC rich, with con-
served N-terminal PE regions (7). However, PE-PGRS17 and
PE-PGRS62 proteins differ particularly with respect to the
glycine and alanine repeats in their PGRS domains (3), with
the former having eight GGA and eight GGX repeats, whereas
the latter has only one of each. If the marked difference in the
seroreactivities of TB patients to these two PE-PGRS proteins
is due to this, then Gly-Ala repeats in the PGRS domain could
be impeding recognition of PE-PGRS proteins, as suggested by
others (4); however, this remains speculative at present.

We were initially interested in the potential of PE-PGRS17
to be involved in host-pathogen interactions because it is ex-
pressed in vivo during murine M. tuberculosis infection (23)
and upregulated within IFN-�-activated macrophages (20).
However, the generally low antibody response in all groups
(Fig. 2A) does not discriminate between those with and with-
out disease. Perhaps this protein is not expressed in M. tuber-
culosis in infected humans, or clinical strains may have under-
gone genetic alteration in the associated gene (from the
published sequence), thereby resulting in altered immunoge-
nicity. The last hypothesis would support a view that the Gly-
Ala repeats of the PGRS domain have a role in antigenic
variation (6, 7). It would also account for the relatively wide
variation of responses to this protein in the TB group. There is
one contrasting report suggesting significant differences be-
tween IgG responses in first-time adult TB patients and
healthy controls (18), but no differences between the same
controls and extrapulmonary-TB patients or relapsed patients
who had previously completed one course of treatment. It is
possible that the strength of this response may decline with
increasing disease severity and/or time since first acquisition of
disease, which may account for differences in our study out-
comes. The PE-PGRS62 protein is a cell wall-associated pro-
tein (4), but the location of the PE-PGRS17 protein is not
known. We considered it possible that low anti-PE-PGRS17
responses could be because this protein is not exposed on the
mycobacterium cell surface, but in silico analysis of this protein
based on TMpred (Prediction of Transmembrane Regions and
Orientations; available at http://www.ch.embnet.org/software
/TMPRED_form.html) predicts the presence of four trans-
membrane helices, which supports a cell membrane location
for this protein.

Preclinical TB serum samples, but not serum of healthy
persons, have antibodies against PE-PGRS51 (21). The ele-
vated anti-PE-PGRS62 responses in our M. tuberculosis-in-
fected groups (latent- and active-TB groups), as distinct from
the responses in clinically healthy groups (nonexposed, LTBI�

contacts, and treated TB) suggest that immune recognition of
this protein is specific to the acute response to infection. If
PE-PGRS62 is, like Mycobacterium marinum mag24 (19), ex-
pressed during M. tuberculosis dormancy and active replication
within macrophages, then higher expression during acute in-
fection would account for higher seroreactivity in persons with
latent and active TB and waning responses in persons with
resolving disease (treated-TB group). The higher seroreactivity
in LTBI� (infected but not diseased) subjects than in ac-

FIG. 4. Serum IgG responses to the M. tuberculosis 38-kDa protein.
By the Kruskal-Wallis test, there was an overall significant difference
between groups. Medians were compared pairwise using the Mann-
Whitney U test with the Bonferroni correction. **, P � 0.005.
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tive-TB patients could imply that anti-PE-PGRS62 antibody
responses in latent infection are relevant to M. tuberculosis
containment. An alternative explanation relates to PE-
PGRS62 being a cell surface protein; thus, PE-PGRS62-spe-
cific antibodies could form immune complexes with M. tu-
berculosis. Since our assay measures free antibodies, active
TB patients could have increased immune complex forma-
tion related to higher bacterial burdens, accounting for
lower antibody levels in the active-TB group relative to the
LTBI group.

There has been interest in the domain specificity of re-
sponses to PE-PGRS proteins. TB patients have antibodies
against PGRS domains of wag22 (Rv1759cPE-PGRS) and PE-
PGRS51 (10, 21). One report suggests that full-length PE-
PGRS33 elicits antibodies on immunization in mice but that its
PE domain elicits mainly cellular immune responses when not
associated with PGRS (9). We also find that both the full-
length PE-PGRS proteins studied yielded stronger antibody
responses than their respective PE domains, particularly for
PE-PGRS62, suggesting that humoral responses to this pro-
tein were mainly directed toward epitopes in the PGRS
domain. The minimal differences between infected and non-
infected persons in antibody response to PE domains of
both proteins also suggest that immune recognition of this
domain was generally weak and unrelated to bacterial load.
However, since PE-PGRS62PE and PE-PGRS62 protein re-
sponses were generally correlated in magnitude (Fig. 5),
anti-PE antibodies probably contribute partially to the PE-
PGRS62 response. The notable exception to this correlation
was the active-TB group (Fig. 5D). Since the two active-TB
patients with antibodies recognizing epitopes in PE-
PGRS62, but not in PE-PGRS62PE, were the two with the
most extensive disease out of all cases studied, a relative
lack of response to the PE domain may be linked to greater
disease susceptibility, although a causative relationship can-
not be directly inferred. Consistent with this hypothesis, the
LTBI� contacts (exposed but not diseased) did not show a
dissociation of responses to the PE domain and full-length
protein.

Antibodies against the M. tuberculosis 38-kDa antigen
have been consistently associated with active TB, hence its
inclusion in this study as a control antigen. However, its
overall sensitivity and specificity levels in meta-analysis are
insufficient for its routine use in diagnosis (22). Responses
in TB patients reportedly increase 2 months after treatment
(16), consistent with our observations. Whether this test
discriminates latent from active TB is unclear. Some studies
show that the levels are higher in active-TB subjects than
healthy PPD� subjects (8), others find no significant differ-
ence in levels in the progression from latent to active TB on
serial serum testing (13), and yet others show higher re-
sponse rates in PPD� subjects (17). There is a paucity of
studies comparing TB patients and ESAT-defined LTBI
groups. Our study shows that this test did not discriminate

FIG. 5. Correlations between responses to PE-PGRS62 and PE-
PGRS62PE proteins. Regression lines and correlation coefficients are
shown; statistics are based on the Spearman rank correlation.
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specifically between latent and active TB, but the clear dif-
ferences in response rates between the diseased and healthy
groups were consistent with other reports (22).

PE-PGRS62 IgG levels could have relevance to the diag-
nosis of LTBI or active TB. As PPD� LTBI� contacts had
significantly lower responses than the LTBI� subjects (Fig.
3A), the heightened reactivity in the latter group is a specific
response to TB infection and not due to cross-reactivity with
antibodies against other common mycobacterium antigens.
It would appear from the strong responses in the healthy
LTBI� group that high bacterial loads are not required for
good seroreactivity. With a positive ESAT-6/CFP-10 re-
sponse in healthy TB contacts as the definition of LTBI in
our study, a cutoff antibody level of 620 relative OD units/ml
of PE-PGRS62 IgG gives a sensitivity of 84% and specificity
of 70% for diagnosis of LTBI if applied to the clinically
healthy subjects in our study. However, with regard to the
utility of this assay in diagnostics, our observation must be
considered preliminary as we have not performed receiver-
operator characteristic curve studies because it was not a
primary objective of this study to develop this test for LTBI
diagnostics.

Considering the three groups with M. tuberculosis exposure
(latent, active, and treated TB), LTBI� contacts had the high-
est reactivity to PE-PGRS62 and lowest to the 38-kDa antigen,
whereas the treated-TB group reacted most strongly to the
38-kDa antigen but least to PE-PGRS62 (Fig. 3 and 4). A
plausible explanation for this pattern is that reactivity to the
38-kDa antigen increases with chronicity of M. tuberculosis
exposure, whereas reactivity to PE-PGRS62 occurs in the
acute stages of infection. This could happen if PE-PGRS62 is
mainly expressed during acute infection, while the 38-kDa an-
tigen is expressed continuously in vivo. Future investigations
should be directed at examining seroreactivity of patients who
pose a diagnostic challenge related to having relevant symp-
toms without obvious radiological evidence of disease but who
are later proven by sputum culture to have active TB. We
predict that such patients would show a pattern of reactivity
similar to the LTBI� contact group. If so, this test could be
useful for rapid TB diagnosis as well.

This study has shown that not all members of the M. tuber-
culosis PE-PGRS family elicit similar seroreactivities in in-
fected persons and that such proteins have differential immu-
nogenicities, despite the shared antigen domains. Antibodies
specific for the PE-PGRS62 protein, in particular, have clear
correlations with clinical status. Anti-PE-PGRS62 is associated
with latent and active TB, but not treated TB or PPD reactors
without LTBI; thus, this protein must be expressed in the
human host during infection. The response appears to be more
associated with epitopes in the PGRS domain; however, dis-
sociation of responses to PE-PGRS62PE and PE-PGRS62 pro-
teins is linked to those active-TB cases with relatively more
extensive disease. The combination of low responses to the
38-kDa antigen with high anti-PE-PGRS62 responses deserves
consideration as a potential tool for diagnosing LTBI. That full
recovery in treated-TB patients is associated with reversal of
these two responses supports its specificity as a marker of acute
infection.
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