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Four antigens of Mycobacterium tuberculosis that are expressed in vivo after aerosol infection but prior to the
development of clinical tuberculosis (TB) in rabbits were identified by immunoscreening of an expression li-
brary of M. tuberculosis genomic DNA with sera obtained 5 weeks postinfection. Three of the proteins identified,
PirG (Rv3810), polymorphic GC-repetitive sequence (PE-PGRS; Rv3367), and proline-threonine repetitive
protein (PTRP) (Rv0538), have multiple tandem repeats of unique amino acid sequences and have character-
istics of surface or secreted proteins. The fourth protein, MtrA (Rv3246c¢), is a response regulator of a putative
two-component signal transduction system, mtrA-mitrB, of M. tuberculosis. All four antigens were recognized by
pooled sera from TB patients and not from healthy controls, confirming their in vivo expression during active
infection in humans. Three of the antigens (PE-PGRS, PTRP, and MtrA) were also recognized by retrospective
preclinical TB sera obtained, prior to the clinical manifestation of TB, from human immunodeficiency virus-TB
patients, suggesting that they are potential candidates for devising diagnostic tests for active, preclinical TB.

The vast majority of Mycobacterium tuberculosis-infected in-
dividuals develop immune responses that arrest the progres-
sion of infection to clinical tuberculosis (TB) and also prevent
latent bacilli from reactivating to cause clinical disease, where-
as about 10 to 15% of infected individuals progress to devel-
oping primary or reactivation TB. An understanding of the
host-pathogen interactions that occur after infection but prior
to the development of clinical TB (preclinical TB) is required
both for the design of effective vaccines and for the develop-
ment of diagnostic tests for early disease.

Several studies have shown that M. tuberculosis adapts to
different environments in broth media (17, 22, 37) and during
intracellular residence by altering its gene expression (8, 22,
34). Earlier studies from our laboratory with cavitary and non-
cavitary TB patients have also shown that the in vivo environ-
ment in which the bacilli replicate affects the profile of the
antigenic proteins expressed by M. tuberculosis (31). The goal
of this study was to identify the antigens expressed by inhaled
M. tuberculosis during the preclinical stages of TB. There are
no markers to identify nondiseased humans with an active in-
fection with M. tuberculosis, but the rabbit model of TB closely
resembles TB in immunocompetent humans in that both spe-
cies are outbred, both are relatively resistant to M. tuberculosis,
and in both the caseous lesions may liquefy and form cavities
(10). Studies have shown that on being inhaled, the bacilli are
phagocytosed by (nonspecifically) activated alveolar macro-
phages, which either destroy or allow them to multiply. If the
bacilli multiply, the alveolar macrophages die and the released
bacilli are phagocytosed by nonactivated monocytes or macro-
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phages that emigrate from the bloodstream. Intracellular rep-
lication and host cell death continue for 3 to 5 weeks, when
both cellular and humoral immune responses are elicited (11,
24, 25). Lymphocytes and macrophages enter the foci of infec-
tion, and if they become activated, bacillary replication is con-
trolled; if not, the infection progresses to clinical disease. Dur-
ing these initial stages of bacillary replication and immune
stimulation, there are no outward signs of disease except for
the conversion of cutaneous reactivity to purified protein de-
rivative (PPD). The antigens of M. tuberculosis that are ex-
pressed and their interaction with the immune system during
these preclinical stages of TB have not been delineated.

In view of the paucity of human material available to study
the immunological events occurring after the inhalation of
virulent bacilli but prior to the development of clinical TB, our
studies are based on aerosol-infected rabbits. We reasoned
that by 3 to 5 weeks postinfection, the sera from infected rab-
bits would contain antibodies to the antigens being expressed
by the in vivo bacteria. Six pathogen-free rabbits (Covance
Research Products, Inc., Denver, Pa.) were infected with aero-
sols of M. tuberculosis H37Rv, and another six were infected
with aerosols of M. tuberculosis CDC1551 (10). The infected
rabbits were bled 5 weeks postinfection, at which time all an-
imals were tuberculin positive (average induration diameters,
260 and 130 mm? in H37Rv- and CDC1551-infected rabbits,
respectively); 11 had pulmonary tubercles (averages of 8 tu-
bercles per rabbit in H37Rv infection and 5.2 tubercles per
rabbit in CDC1551 infection), with average numbers of CFU
of 3,460 in H37Rv- and 51 in CDC1551-infected rabbits (6).
Sera from three normal (uninfected) rabbits were obtained as
controls.

To obtain the antigenic proteins recognized by antibodies in
the sera from the infected rabbits at this early stage postinfec-
tion, their serum pool was used to immunoscreen ~1.2 X 10°
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FIG. 1. Reactivity of -Gal fusion proteins of AD clones with anti -Gal antibody and sera from uninfected and M. tuberculosis-infected rabbits.
Lysates (5 pg) of each AD lysogen and Agtll vector lysogen were fractionated on SDS-10% PA gels, and Western blots were probed with
anti-B-Gal antibody (lanes 2 to 5 in panel A and lanes 2 to 4 in panel B), a serum pool from uninfected rabbits (lanes 7 to 10 in panel A and lanes
6 to 8 in panel B), and a serum pool from infected rabbits (lanes 12 to 15 in panel A and lanes 10 to 12 in panel B). (A) Lanes 1, 6, and 11, molecular
mass markers; lanes 2, 7, and 12, uninduced Agtl11 lysogens; lanes 3, 8, and 13, induced Agt11 lysogens; lanes 4, 9, and 14, clone AD1; lanes 5, 10,
and 15, clone AD2. (B) Lanes 1, 5, and 9, molecular mass markers; lanes 2, 6, and 10, clone ADY; lanes 3, 7, and 11, clone AD10; lanes 4, 8, and

12, clone AD16.

PFU from the Agtll expression library of M. tuberculosis
H37Rv genomic DNA obtained from the World Health Orga-
nization (38). The library contains random sheared fragments
of M. tuberculosis H37Rv genomic DNA cloned into Agtll
phage that express the foreign insert DNA as Escherichia coli
B-galactosidase (B-Gal) fusion proteins. Several clones which
showed reactivity with the infected rabbit serum pool signifi-
cantly stronger than background were plaque purified. This
article describes the results obtained with five of these clones
(designated AD1, AD2, AD9, AD10, and AD16).

Lysates (5 pg) prepared from cultures of single colonies of
lysogens of all five AD clones were fractionated on sodium
dodecyl sulfate (SDS)-10% polyacrylamide (PA) gels, and
Western blots were probed with the rabbit serum pools from
infected or uninfected rabbits or with a mouse anti-B-Gal
monoclonal antibody (32). All five recombinant clones pro-
duced B-Gal fusion proteins which ranged in size from 125
to 170 kDa (AD1, 130 kDa; AD2, 147 kDa; AD9, 163 kDa;
ADI10, 157 kDa; and AD16, 125 kDa) and which were recog-
nized by both the anti-B-Gal monoclonal antibody (Fig. 1A,
lanes 4 and 5, and B, lanes 2, 3, and 4) and the serum pool from
the infected rabbits (Fig. 1A, lanes 14 and 15, and B, lanes 10,
11, and 12) but not the serum pool from the uninfected rabbits
(Fig. 1A, lanes 9 and 10, and B, lanes 6, 7, and 8). Neither of

the animal serum pools showed reactivity with the B-Gal pro-
tein in the control lysates (Fig. 1A, lanes 8 and 13).

Restriction digestion of the DNA from the five clones with
EcoRI yielded single inserts ranging from 3.7 to 5.6 kb (data
not shown). The EcoRI inserts were subcloned into plasmid
pGEMEX-1 (Promega, Madison, Wis.), and 450- to 700-bp nu-
cleotides from each end were sequenced using SP6 and T3
commercial primers. DNA sequence similarities were identi-
fied by using BLAST from the National Center for Biotech-
nology Information website (2). The orientation of each insert
in the AD clones was determined by restriction analysis (data
not shown).

DNA sequence analyses of both ends of the EcoRI inserts of
clones AD1 (5.1 kb) and AD2 (4.6 kb) revealed 98% identities
with different regions of two overlapping cosmids, MTV026
and MTCY409 (Fig. 2A). Restriction analyses showed that the
end of the inserts from both clones which showed homology
with cosmid MTV026 was fused with B-Gal. The peptides ex-
pressed in clones AD1 (nucleotides 1 to 123) and AD2 (nu-
cleotides 1 to 354) represent amino acids 245 to 284 and 168
to 284, respectively, in the C-terminal region of the Rv3810
(pirG) gene product. The PirG protein is a 284-amino-acid
protein with a theoretical molecular mass and pl of 27.6 kDa
and 4.34, respectively, and with 12 tandem repeats of five
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FIG. 2. Schematic maps showing positions of AD clones on cosmids of M. tuberculosis H37Rv. (A) Clones AD1 and AD2 on cosmids MTV026
and MTCY409. (B) Clone ADY on cosmid MTV004. (C) Clone AD10 on cosmid MTY25D10. (D) Clone AD16 on cosmid MTY20B11. Black
regions represent the gene on the cosmid. Hatched regions indicate regions expressed as B-Gal fusion proteins in AD clones. Arrows indicate the
direction of translation. E, EcoRI site.
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amino acids, PGLTS (Pro-Gly-Leu-Thr-Ser), in the central
region. The isolation and partial characterization of this pro-
tein have been described earlier (3, 4).

DNA sequence analyses of both ends of the EcoRI insert of
clone AD9 (4.9 kb) revealed 94% identity with different re-
gions of cosmid MTV004 (Fig. 2B). Restriction analysis showed
that the end of the insert which was fused with B-Gal started
within gene Rv3367 (polymorphic GC-repetitive protein [PE-
PGRS]). The peptide expressed in clone AD9 (nucleotides 1 to
1080) represents amino acids 230 to 588 in the C-terminal
region of the Rv3367 (PE-PGRS) gene product. This PE-
PGRS protein has 588 amino acids and has 39 tandem copies
of the motif Gly-Gly-Ala/Asn and 43 tandem copies of the
motif Gly-Gly-X (a total of 82 repeats) spanning the entire
protein except for the N-terminal region. The deduced amino
acid sequence for clone AD9 contains 61 repeats of the motifs.
The theoretical molecular mass and pI of the protein are 49.7
kDa and 4.05, respectively.

DNA sequence analyses of both ends of the EcoRI insert of
clone AD10 (3.7 kb) revealed 94% identity with different re-
gions of cosmid MTY25D10 (Fig. 2C). Restriction analysis
showed that the end of the insert which was fused with B-Gal
started within gene Rv0538. The peptide expressed in clone
AD10 (nucleotides 1 to 636) represents amino acids 338 to 548
in the C-terminal region of the Rv0538 gene product. The
Rv0538 gene product is a 548-amino-acid hypothetical protein
with a repetitive proline- and threonine-rich region at the C
terminus (proline-threonine repetitive protein [PTRP]).
Amino acid sequence analysis of PTRP showed the presence of
23 tandem repeats of motif Pro-Pro-Thr-Thr in the C-terminal
region from positions 415 to 516, with positions 2, 3, and 4
being better conserved than position 1. The theoretical molec-
ular mass and pl of the protein are 55 kDa and 4.44, respec-
tively.

DNA sequence analyses of both ends of the EcoRI insert of
clone AD16 (5.6 kb) revealed 98% identity with different
regions of cosmid MTY20B11 (Fig. 2D). Restriction analysis
showed that the end of the insert which was fused with B-Gal
started within gene Rv3246¢ (mtrA). The peptide expressed in
clone AD16 (nucleotides 1 to 216) represents amino acids 157
to 228 in the C-terminal region of the Rv3246¢ (mr4) gene
product. The Rv3246¢ gene product is a 228-amino-acid MtrA
response regulator protein, a putative transcriptional activator,
which is identical (100% identity in a 225-amino-acid overlap)
to the previously described response regulator protein MtrA of
a putative two-component system, mtrA-mtrB, of M. tuber-
culosis H37Rv (36). The theoretical molecular mass and pI of
MtrA are 25.2 kDa and 5.34, respectively.

To determine the relevance of these proteins during human
infection with M. tuberculosis, the reactivity of the four fusion
proteins with sera from TB patients at different stages of dis-
ease progression was evaluated by Western blotting. A serum
pool from five PPD-positive healthy controls showed poor or
no reactivity with any of the fusion proteins (Fig. 3). In con-
trast, the fusion proteins of PE-PGRS (Fig. 3A), PTRP (Fig.
3B), and MtrA (Fig. 3D) were strongly reactive with pooled
preclinical TB sera from five human immunodeficiency virus
(HIV)-TB patients. These sera have been described in detail
earlier (21). Briefly, these are sera from HIV-infected individ-
uals who were routinely being monitored for their CD4* T-cell
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numbers, and when these individuals developed TB, it was
possible to obtain retrospective preclinical TB sera that had
been saved (and frozen) from their previous hospital visits.
These sera, obtained during the preclinical hospital visits from
confirmed TB patients, represent the earliest stage of active
M. tuberculosis infection that can be recognized in humans.
Although multiple samples from each individual were avail-
able, to maintain the consistency of the preclinical TB time
point only sera obtained 3 to 6 months prior to the diagnosis of
clinical TB were included. The PE-PGRS fusion protein was
also well recognized by the serum pools from two noncavitary,
acid-fast bacillus sputum smear-negative, culture-positive TB
patients and five cavitary, acid-fast bacillus-positive TB pa-
tients (Fig. 3A), but the PTRP and MtrA fusion proteins
showed poorer reactivity with these serum pools (Fig. 3B and
D). In contrast, the PirG fusion protein reacted only with the
serum pool from the cavitary TB patients (Fig. 3C). In view of
the observed reactivity of the preclinical TB serum pools with
fusion proteins of three antigens, reactivity with individual
preclinical TB serum samples from 10 patients and 3 PPD-
positive controls was also assessed. All 10 preclinical TB serum
samples recognized the PE-PGRS and PTRP fusion proteins,
and 6 of the 10 patient serum samples had antibodies to the
MtrA fusion protein (data not shown).

It is interesting that three of the four proteins identified in
this study have multiple repeats of different amino acid motifs,
and all four proteins are either known to be or to have signa-
tures of surface or secreted proteins of M. tuberculosis. Thus,
the PirG gene product is identical (99.3% identity in a 284-
amino-acid overlap) to the previously described cell surface
protein ERP (exported repetitive protein) of M. tuberculosis
(4) and to secreted antigen P36/P34 of Mycobacterium bovis (5)
and has been shown to be a cell surface-exposed protein ex-
pressed by the bacilli during residence in the phagosomes of in
vitro-maintained macrophages (3). Sequence analysis with Sig-
nalP version 2.0 software using neural networks and hidden
Markov models trained on gram-positive bacteria (Center for
Biological Sequence Analyses, Lyngby, Denmark) showed that
the PE-PGRS protein possesses an N-terminal signal peptide
with a putative signal peptidase cleavage site between amino
acids 44 and 45; TMpred analysis predicted five transmem-
brane helices at amino acid positions 24 to 43, 166 to 186,
194 to 218, 351 to 368, and 431 to 451. PTRP was also pre-
dicted to contain four transmembrane domains at amino acid
positions 97 to 114, 198 to 218, 278 to 299, and 379 to 398. The
cellular location of M. tuberculosis MtrA is not known, al-
though the homolog of MtrA was isolated from cell walls of
Mycobacterium leprae (26).

Proteins with tandem repetitive amino acid sequences are
found in several eukaryotic (1, 18, 20, 23, 30) and prokaryotic
(13, 15, 16) organisms. In fact, the vast majority of gram-
positive cell wall-associated proteins have tandem repeats of
amino acid sequences which are associated with domains that
bind to host cell ligands (7, 19). In many instances, the ability
to alter the number of repetitive domains contributes to anti-
genic variations and to adaptation to environmental changes
(19). Although the role of the repetitive proteins of M. tuber-
culosis obtained in this study is not yet known, PTRP (Rv0538)
is structurally similar to other recently described mycobacterial
proteins in that it has repeat motifs clustered in the C-terminal
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FIG. 3. Reactivity of B-Gal fusion proteins with human sera. Lysates (5

ng) of each AD lysogen and Agt11 vector lysogen were fractionated on

SDS-10% PA gels, and Western blots were probed with human sera. (A) Clone AD9 (PE-PGRS). (B) Clone AD10 (PTRP). (C) Clone AD2
(PirG). (D) Clone AD16 (MtrA). Lanes 1, 4, 7, 10, and 13, molecular mass markers; lanes 2, 5, 8, 11, and 14, respective AD clones; lanes 3, 6, 9,
12, and 15, Agtll vector lysogens. Lanes 2 and 3 were probed with anti-B-Gal antibody, lanes 5 and 6 were probed with pooled sera from
PPD-positive healthy individuals, lanes 8 and 9 were probed with pooled preclinical TB sera from HIV-TB patients, lanes 11 and 12 were probed
with pooled sera from noncavitary TB patients, and lanes 14 and 15 were probed with pooled sera from cavitary TB patients.

region (27, 33). A 21-kDa surface protein of M. leprae which
has been shown to bind laminin-2 of peripheral nerves, thus
facilitating the entry of the bacilli into Schwann cells, has 11
repeats of the XKKX motif at the C terminus (33). Also, a
heparin-binding hemagglutinin of M. fuberculosis has been
shown to bind to epithelial cells via the Pro-Lys repeats in the
C-terminal region (27, 28). The structural similarities suggest
that PTRP may have a similar function.

The PE-PGRS (Rv3367) protein belongs to the PE protein
family, which is one of the two large clustered multigene fam-
ilies of glycine-rich acidic proteins discovered when the ge-
nome sequence of M. tuberculosis was determined (9). Some
information is now available regarding the expression, subcel-
lular location, and function of a few PE-PGRS proteins (14,
29). PE-PGRS proteins of Mycobacterium marinum which are
homologous to M. tuberculosis PE-PGRS proteins (Rv3812
and Rv1651c) have been shown to be induced in cultured
macrophages as well as in frog granulomas (29). Also, another
member of the M. tuberculosis PE-PGRS family (Rv1759c) has
been reported to be expressed in vivo but absent from antigen
preparations made from bacteria grown in bacteriological me-
dia (14). Recent studies showed that M. fuberculosis aerosol-
infected mice possess antibodies to the repetitive region of a

PE-PGRS protein (Rv1818) but not to the PE region (12).
Also, the C terminus (475 amino acids) of a PE-PGRS protein
(Rv1759c) which has a large number of Gly-Gly-X repeats was
shown to bind fibronectin (14). Preliminary experiments in
which the above peptide (obtained from Clara Espitia) and the
B-Gal fusion protein containing the C-terminal repetitive re-
gion of PE-PGRS (Rv3367) were evaluated showed that only
the former and not the latter bound fibronectin (data not
shown). Thus, it appears that not all PE-PGRS proteins bind
fibronectin.

Although a recent analysis of ~4,000 open reading frames
from the genome sequence carried out to predict their subcel-
lular location showed that, in contrast to Bacillus subtilis,
M. tuberculosis has four times as many proteins with basic pls
(35), all four proteins identified in this study have acidic plIs,
ranging between 4 and 6. Since ERP and MtrA are known to
be expressed during intracellular residence (3, 36, 39), it is
possible that the PTRP and PE-PGRS proteins are also ex-
pressed (or upregulated) under similar conditions. Interest-
ingly, retrospective preclinical TB sera from HIV-TB patients
contained antibodies to both of these proteins, and since none
of these patients had recognizable cavitary lesions even at the
time of the clinical manifestation of TB, bacterial replication
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would be intracellular during the preclinical TB stages. How-
ever, the presence of antibodies to these proteins in sera from
cavitary TB patients suggests that they are also expressed dur-
ing the later stages of the disease.

The presence in sera from TB patients of antibodies to all
four proteins and their absence in sera from PPD-positive
healthy individuals show that these proteins are expressed in
vivo during active infection with M. tuberculosis in humans and
that the native molecules (without B-Gal) are immunogenic.
Sera from PPD-negative and HIV-positive asymptomatic indi-
viduals also failed to show any reactivity with these proteins
(data not shown). It was shown previously that an 88-kDa
culture filtrate protein (now identified as the 81-kDa M. tuber-
culosis malate synthase, GlcB) was recognized by antibodies in
preclinical TB sera from about 75% of HIV-TB patients (21).
Since the B-Gal fusion proteins of PE-PGRS, PTRP, and MtrA
were also recognized by preclinical TB sera, these proteins may
be useful for developing surrogate markers for identifying
early, preclinical TB stages in HIV- and M. tuberculosis-coin-
fected individuals. Such markers have the potential to make a
significant contribution to TB control in countries with a high
incidence of coinfection.

Antibodies to M. bovis protein P36/P34, which is a homolog
of PirG (ERP), are present in M. bovis-infected cattle and in
leprosy patients (5). Our results show that cavitary TB patients
have antibodies to the PirG fusion protein, but sera from
noncavitary TB patients and preclinical TB sera did not show
reactivity even when individual patients were tested (data not
shown). It is possible that in the human tissue environment,
this protein is not well expressed and therefore is immunogenic
only when the bacterial load is high.

In summary, we have identified four antigenic proteins of
M. tuberculosis that are immunodominant during relatively
early, preclinical TB stages of an active M. tuberculosis infec-
tion. Three of the four antigens are proteins containing repet-
itive amino acid sequences and having characteristics of sur-
face or secreted molecules. The involvement of these proteins
in bacillary adhesion and/or invasion is currently under inves-
tigation. Three of the four antigens are potential candidates for
devising immunodiagnostic tests for the identification of indi-
viduals with active preclinical TB.

We are indebted to Arthur M. Dannenberg, Jr., for providing the
rabbit sera and for critical reading of the manuscript. We also thank
Josephine E. Clark-Curtiss for critical reading of the manuscript.
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