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We have used expression screening of a genomic Mycobacterium tuberculosis library with tuberculosis (TB)
patient sera to identify novel genes that may be used diagnostically or in the development of a TB vaccine.
Using this strategy, we have cloned a novel gene, termed mtb39a, that encodes a 39-kDa protein. Molecular
characterization revealed that mfb39a is a member of a family of three highly related genes that are conserved
among strains of M. tuberculosis and Mycobacterium bovis BCG but not in other mycobacterial species tested.
Immunoblot analysis demonstrated the presence of Mtb39A in M. tuberculosis lysate but not in culture filtrate
proteins (CFP), indicating that it is not a secreted antigen. This conclusion is strengthened by the observation
that a human T-cell clone specific for purified recombinant Mtb39A protein recognized autologous dendritic
cells infected with TB or pulsed with purified protein derivative (PPD) but did not respond to M. fuberculosis
CFP. Purified recombinant Mtb39A elicited strong T-cell proliferative and gamma interferon responses in
peripheral blood mononuclear cells from 9 of 12 PPD-positive individuals tested, and overlapping peptides
were used to identify a minimum of 10 distinct T-cell epitopes. Additionally, mice immunized with mtb39a DNA
have shown increased protection from M. tuberculosis challenge, as indicated by a reduction of bacterial load.
The human T-cell responses and initial animal studies provide support for further evaluation of this antigen

as a possible component of a subunit vaccine for M. fuberculosis.

Approximately 1.7 billion people are infected with Mycobac-
terium tuberculosis (21), the causative agent of tuberculosis
(TB). TB is a leading cause of infectious mortality worldwide,
accounting for 2.9 million deaths annually (5). The emergence
of drug-resistant strains and coinfections with human immu-
nodeficiency virus (HIV) has led to an increased mortality of
TB cases (7, 27, 40). The only currently available vaccine to
prevent TB is Mycobacterium bovis BCG, a live attenuated
mycobacterial strain first developed in 1921 (11). However,
individual trials with BCG have yielded highly variable results
(6), and a recent meta-analysis of BCG as a vaccine to prevent
TB has shown it to have limited efficacy, providing only 50%
protection from pulmonary TB (14). In addition, BCG can
cause disseminated disease in immunocompromised individu-
als (10, 43, 44). The variable efficacy of BCG, coupled with the
inherent difficulties of standardization and safety of a live vac-
cine, has generated interest in the development of a subunit
vaccine based on immunodominant M. tuberculosis antigens.

Immunity to M. tuberculosis depends upon the cellular im-
mune response. In studies in the mouse model for TB, cellular
depletion and adoptive transfer experiments have demon-
strated a protective role for both CD4" and CD8* T lympho-
cytes (26, 29, 30, 34). In addition, gamma interferon (IFN-vy) is
critical for immunity to TB since disruption of the IFN-y gene
in mice resulted in increased susceptibility to TB infection (16,
18). In humans, evidence for the need of an intact cellular
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immune response for resistance to TB also exists. Impaired
cellular immunity resulting from HIV infection leads to in-
creased likelihood of active tuberculosis (9, 12), and the need
for IFN-v is suggested by increased susceptibility to atypical
mycobacteria in individuals with a mutated IFN-vy receptor (20,
28).

The identification of M. tuberculosis antigens capable of elic-
iting T-cell responses has been pursued by a variety of proce-
dures, including the biochemical fractionation and purification
of M. tuberculosis proteins (4, 36) and the utilization of myco-
bacterium-specific monoclonal antibodies to screen genomic
M. tuberculosis expression libraries (13, 17, 41). A strategy that
has been less widely exploited is expression cloning of M.
tuberculosis genomic libraries by using sera from patients with
active or recently treated infections (2). The rationale for this
approach is based on the hypothesis that some M. tuberculosis
T-cell antigens are capable of generating a detectable humoral
response in individuals with active disease. Since serological
responses to protein antigens are T cell dependent and an
increase in mycobacterial antigen-specific immunoglobulin G
in sera from TB patients compared to sera from healthy puri-
fied protein derivative (PPD)-positive controls has previously
been reported (39), we reasoned that pools of sera from indi-
viduals with active or recently treated disease could be used as
a tool to identify T-cell antigens.

In this study, we have used serological expression cloning to
identify a novel T-cell antigen from M. tuberculosis, referred to
as Mtb39A. Recombinant Mtb39A protein elicited strong T-
cell responses in 75% of healthy PPD-positive individuals, and
mtb39a DNA immunization of mice provided partial protec-
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tion against M. tuberculosis challenge. These results support
further evaluation of the antigen as a component of a subunit
vaccine.

MATERIALS AND METHODS

Bacterial strains. M. tuberculosis strains H37Rv, H37Ra, and Erdman were
gifts from the Seattle VA Hospital; strain C was a gift from Lee Riley, University
of California, Berkeley; and Mycobacterium bovis BCG and Mycobacterium leprae
(Pasteur) were obtained from Genesis Corp., Auckland, New Zealand. The
following other species of mycobacteria were obtained from the American Type
Culture Collection (Rockville, Md.): M. vaccae (ATCC 15483), M. avium avium
(ATCC 35718), M. chelonae (ATCC 14472), M. fortuitum (ATCC 6841), M.
gordonae (ATCC 14470), M. scrofulaceum (ATCC 19981), and M. smegmatis
(ATCC 19420).

Patient sera and peripheral blood mononuclear cells (PBMCs). A pool of M.
tuberculosis patient sera was made from three samples. Patient 1 serum was
obtained from a 52-year-old male with pulmonary TB (4+ acid-fast bacillus
[AFB]) 2 months after initiation of treatment (16-mm PPD; patient had a history
of vaccination with BCG). Patient 2 serum was obtained from an 18-year-old
female with pulmonary TB (2+ AFB) 3 months after initiation of treatment
(19-mm PPD; patient’s pulmonary TB 5 years earlier was treated for 1 year).
Patient 3 serum was obtained from a 46-year-old female with pulmonary TB (3+
AFB) 2 months after initiation of treatment (16-mm PPD; no history of BCG
vaccination).

PBMC were obtained from either blood or apheresis product from healthy
PPD-positive or -negative individuals by density centrifugation over Ficoll. None
of the 12 PPD-positive donors had a history of BCG immunization.

Isolation of M. tuberculosis clones. M. tuberculosis H37Ra genomic DNA was
isolated and sheared by sonication to a size range of 1 to 4 kilobases. M. tuber-
culosis H37Rv genomic DNA was partially digested with Sau3Al. Libraries were
constructed in Lambda ZaplII (Stratagene, La Jolla, Calif.) by using EcoRI
adaptors. Expression screening was performed using a pool of patient sera pre-
adsorbed with Escherichia coli (38). This resulted in the identification and puri-
fication of the following seven immunoreactive clones: TbH2, TbH4, TbHS,
TbHS, TbH9, TbH12, and TbH16. TbH2, TbHS5, TbHS, TbH9, and TbH16 were
recovered from the M. tuberculosis H37Ra library, and TbH4 and TbH12 were
recovered from the M. tuberculosis H37Rv library.

Cloning of full-length genes mtb39a and mtb39b and the partial mtb39c was
accomplished by isolating the 5’ portion (approximately 500 bp) of the TbH9
insert, random labeling with [**P]dCTP, and screening approximately 75,000
PFU. DNA screening was performed as described previously (38). Seven positive
clones were recovered, the insert sizes were determined by restriction digests,
and the three largest were subjected to DNA sequence analysis (Applied Bio-
systems, Foster City, Calif.).

Expression of recombinant M. tuberculosis antigens. The recombinant antigens
encoded by TbH4, TbH5, TbH9, TbH12, and TbH16 were expressed and puri-
fied. All of these antigens represented fusions with the N-terminal 4-kDa B-ga-
lactosidase, except rTbH4, which initiated within the clone. Induced bacterial
pellets were lysed, and rTbH4, rTbHS, rTbHY, rTbH12, and rTbH16 were re-
covered from the inclusion bodies. The recombinant proteins were purified by
ammonium sulfate precipitation and preparative gel separation by sodium do-
decyl sulfate-10% polyacrylamide gel electrophoresis (SDS-10% PAGE). Re-
combinant proteins were eluted from the gels and dialyzed in either phosphate-
buffered saline (PBS) or 10 mM Tris (pH 7.4), the protein concentration was
measured by the Pierce (Rockford, I1l.) bicinchoninic acid assay, and purity was
assessed by SDS-PAGE followed by Coomassie blue staining.

The insert of the TbH9 clone was engineered for expression by PCR, utilizing
a primer containing an Ndel site, an N-terminal histidine tag, and a primer
encoding a termination site followed by a HindIII site. Amplified product was
digested with Ndel and HindIII and ligated into pET17b. This clone was termed
pETAM1tb39A, and the recombinant protein encoded was termed rAMtb39A.
This recombinant protein contained the N-terminal residues encoded by the
vector sequence MHHHHHHPGCR and followed by residues encoded by the
M. tuberculosis DNA sequence.

The full-length mth39%a gene was engineered for expression as follows. PCR
was performed by using primers which included flanking restriction sites Ndel
and HindIII and DNA sequence encoding an N-terminal 6-histidine tag. The
PCR product was digested with Ndel and HindIII and ligated into pET17b.

Expression and purification of rMtb39A and rAMtb39A was performed as
follows. Induced E. coli BL-21(pLysE) pellets were lysed, and the recombinant
proteins were recovered in the inclusion bodies. Purification was accomplished
by solubilization of pellets in binding buffer (8 M urea—0.1 M NaPO,~10 mM Tris
[pH 8.0]) and mixed with Ni*>* nitrilotriacetic acid-agarose by rocking at room
temperature. The mixture was placed in a column and washed with 8 M urea—0.1
M NaPO,-10 mM Tris (pH 6.3), and recombinant protein was then eluted with
8 M urea-0.1 M NaPO,-10 mM Tris (pH 4.5). Fractions containing protein were
combined and dialyzed against 10 mM Tris (pH 7.4). Under these purification
conditions, complete solubility as assessed by microfiltration (0.2 M) was main-
tained at concentrations up to 1 mg/ml. Purity of the two recombinants was
assessed by SDS-PAGE followed by Coomassie blue staining and by high-per-
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formance liquid chromatography (HPLC) analysis, which demonstrated greater
than 95% purity. N-terminal sequencing using traditional Edman chemistry with
a Procise 494 protein sequencer (Perkin-Elmer, Applied Biosystems Division,
Foster City, Calif.) was performed to confirm recombinant protein identities.
Endotoxin was determined to be less than 100 EU/mg by Limulus amoebocyte
lysate (LAL) assay (BioWhittaker, Walkersville, Md.).

The DNA sequence encoding the M. tuberculosis 85B protein was engineered
by PCR amplification of genomic DNA isolated from the H37Ra strain by using
primers designed to amplify the entire mature secreted sequence (25), with the
5" primer encoding 6-histidine residues. The PCR product was digested with
Ndel and EcoRI and ligated into the pET 17b plasmid. Plasmids were subse-
quently transformed into competent E. coli BL-21(pLysE) cells for expression
of the recombinant protein. Purification of recombinant M. tuberculosis 85B
(r85B) was performed in a manner similar to that described for rMtb39A and
rAMtb39A.

All DNA manipulations of the various clones were confirmed by DNA se-
quencing to eliminate the possibility of the introduction of mutations by restric-
tion, ligation, and PCR.

Mtb39A peptide synthesis. Mtb39A peptides were synthesized on a Rainin/
PTI Symphony peptide synthesizer by using 9-fluorenylmethoxycarbonyl batch
chemistry with HBTU activation. Peptides were analyzed by reverse-phase
HPLC using a Vydac C18 column. Peptide molecular weights were verified by
using a matrix-assisted laser desorption/ionization time-of-flight mass spectrom-
eter.

Molecular analysis of M. tuberculosis clones. DNA was prepared by following
the manufacturers’ protocols (Qiagen, Chatsworth, Calif.; Promega, Madison,
Wis.). DNA sequencing was performed with an Automated Sequencer (model
373; Applied Biosystems). DNA sequences and deduced amino acid sequences
were used in database searches (EMBL, GenBank, and Swiss and PIR and
Translated Release 97).

Genomic DNA from mycobacterial strains was digested with PstI, separated by
agarose gel electrophoresis, and blotted on Nytran (Schleicher & Schuell, Keene,
N.H.). The mtb39a gene was labeled with [*>P]JdCTP by random oligonucleotide
primers (Boehringer Mannheim, Indianapolis, Ind.) and used as a probe. Hy-
bridization was performed at 65°C in 0.2 M Na-H,PO,-3.6 M NaCl-0.2 M
EDTA overnight and washed to a stringency of 0.075 M NaCl-0.0075 M sodium
citrate (pH 7.0)-0.5% SDS at the temperature of hybridization.

Immunoblot analysis. Antisera to rTbH9 and r85B were raised by using adult
New Zealand White rabbits (R & R Rabbitry, Stanwood, Wash.) by an initial
subcutaneous (s.c.) delivery of 100 to 200 pg of recombinant antigen in 1 ml of
incomplete Freund’s adjuvant (IFA) (Bethesda Research Laboratories, Gaith-
ersburg, Md.) together with 100 g of muramyl dipeptide (Calbiochem, La Jolla,
Calif.), followed by two successive s.c. immunizations of 75 to 100 g of antigen
in 1 ml of IFA at 3-week intervals. A final intravenous boost of 75 to 100 pg of
antigen was delivered after four additional weeks, and serum was collected 2
weeks later.

M. tuberculosis H37Rv lysate, culture filtrate proteins (CFP), PPD, and puri-
fied rMtb39A were subjected to SDS-PAGE in either a 7.5 or 12% polyacryl-
amide gel and transferred to nitrocellulose. Filters were blocked with PBS (pH
7.4) containing 5% nonfat milk at 4°C overnight, washed three times in PBS-
0.1% Tween 20 (PBS-T), and incubated for 1 h in rabbit sera (diluted 1:250 in
PBS-T) on a rocker at room temperature. Filters were washed three times with
PBS-T, and bound antibody was detected with 10° cpm of '**I-labeled protein
A/ml followed by autoradiography.

Proliferation and cytokine production assays. PBMC were cultured in 96-well
round-bottom plates (Corning Costar, Cambridge, Mass.) at 2 X 10° cells/well in
a volume of 200 pl. Antigens were tested in triplicate at 10 pg/ml and in some
assays, antigens were titrated. Culture medium consisted of RPMI medium with
10% pooled human serum and 50 p.g of gentamicin/ml. After 5 days of culture at
37°C in 5% CO,, 50 pl of culture supernatant was carefully aspirated for deter-
mination of IFN-y levels, and the plates were pulsed with 1 pnCi of tritiated
thymidine/well. After culture for a further 18 h, cells were harvested, and tritium
uptake was determined by using a gas scintillation counter. IFN-y levels in
culture supernatants were determined by enzyme-linked immunosorbent assay
ELISA, as described previously (42).

Evaluation of Mtb39A in Mtb-infected DC. Monocyte-derived dendritic cells
(DC) were prepared essentially according to the method of Romani et al. (37),
by culture of adherent PBMC in RPMI-10% human serum containing 10 ng of
interleukin 4 (Immunex Corporation, Seattle, Wash.)/ml and 30 ng of granulo-
cyte-macrophage colony-stimulating factor (Immunex)/ml for 5 to 7 days. Cells
were harvested with cell-dissociation medium (Sigma, St. Louis, Mo.) and seeded
at 2 X 10* cells per well in 96-well flat-bottom plates (Corning Costar) in 100 pl
of RPMI-10% HS. Where indicated, M. tuberculosis was subsequently added in
25 wl of medium. After 18 h, 5 X 10* CD4* D160TbH9-9 T cells were added in
100 pl of medium, and supernatants were harvested after 18 to 24 h for deter-
mination of IFN-y levels. D160TbH9-9 is an Mtb39A-specific T-cell clone gen-
erated by limiting dilution cloning of D160 PBMC stimulated with rMtb39A.

Naked DNA immunization. C57BL/6 mice were immunized intramuscularly
(i.m.), three times, 1 month apart, with 100 pg of mtb39a DNA engineered in the
pJA4304 vector (generous gift of James I. Mullins and Jim Arthos, University of
Washington School of Medicine, Seattle, Wash.) lacking the tPA signal peptide,
or with control pJA4304 vector. The plasmid for DNA immunizations was gen-
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FIG. 1. Purification of rMtb39A and rAMtb39A proteins. Expression and purification of rMtb39A (A) and rAMtb39A (B) are shown with uninduced (lane 2) and
induced (lane 3) E. coli lysates and 5 pg of purified proteins (lane 4). Molecular mass markers are shown in kDa (lane 1).

erated by PCR cloning of the mtb39a coding sequence into the expression vector
JA4304. The 5’ PCR primer contained a consensus Kozak sequence (GGCCA
CC) just upstream of the ATG initiator codon to allow efficient initiation of
eukaryotic translation. The PCR fragment was inserted as a HindIII-Bg/II frag-
ment into the corresponding restriction sites of the vector. Plasmid DNA prep-
arations were done on a Qiagen column. Expression of the mtb39a gene was
confirmed upon transient transfection into Cos cells. Residual endotoxin content
was measured by the LAL assay and was below 0.001 EU/p.g. In addition, groups
of mice were also immunized with 10* BCG (once, s.c.) or simply injected with
saline. Thirty days after the last immunization, the mice were challenged by the
aerosol route with approximately 100 CFU of M. tuberculosis Erdman. Protection
was measured by enumerating the bacteriological burden (CFU) in the mouse
lungs.

RESULTS

Isolation and molecular characterization of mtb39a. Ap-
proximately 126,000 recombinant phage from M. tuberculosis
H37Ra and M. tuberculosis H37Rv genomic libraries were
screened by using a pool of TB patient sera (see Materials and
Methods). This resulted in the identification and purification
of seven serologically reactive clones. The recombinant anti-

gens encoded by five of these clones were expressed and pu-
rified.

Preliminary cellular assays with the five purified recombi-
nant M. tuberculosis antigens, designated rTbH4, rTbHS, rTbHO,
rTbH12, and rTbH16, demonstrated that only rTbH9 was ef-
fective in eliciting T-cell proliferation and production of IFN-y
using purified PBMC from healthy PPD-positive donors (data
not shown). DNA sequence analysis of the region encoding the
entire open reading frame (ORF) of TbH9 revealed the pres-
ence of 22 carboxy-terminal residues derived from N\ phage
sequence, presumably due to an unusual ligation or recombi-
nation event during the formation of the library. The TbH9
clone was reengineered to remove both the majority of the 5’
lacZ sequence and contaminating phage sequence and to add
a six-histidine tag. This recombinant protein (rAMtb39A) was
expressed and purified on a nickel column (Fig. 1).

The TbHY insert was used as a probe to clone the full-length
gene from an M. tuberculosis H37Rv genomic library. Three
clones that were recovered were sequenced, one of which en-

Mtb39A MVDFGALPPEINSARMYAGPGSASLVAAAQOMWDSVASDLFSAASAFQSVVWGLTVGSWIG 60

MEDB39B ... iiiiecencnecnnenn L P eeeseTanans 60

MED3OC i eiiiciicttc e B P eeee Ve 60

Mtb39A SSAGLMVAAASPYVAWMSVTAGOAELTAAQVRVAAAAYETAYGLTVPPPVIAENRAELMI 120
Mtb39B = ...... VeeoeeeseoorssosoresBecereeenn ceesneas Geveveoononnnse A...I 120
Mth39C FIRIY - S B 0 A, RicvsoeoaeeaoTeo.T 120
Mtb39A LIATNLLGONTPATAVNEAEYGEMWAQDAAAMFGYAAATATATATLLPFEEAPEMTSAGG 180
Mtb39B e AV.E.E.GE..A...A..F....TA....EA,....D..LI.NP.. 180
Mtbh39C «Teeeveseeses.EA.Q.A.5Q..G...E..Y,...TA....EA.....D, .LI,NP.. 180
Mtb39A LLEQAAAVEEASDTAAANOLMNNVPOALOQOLAQPTOGTTPSSKLGGLWKTVSPHRSPISN 240
Mtb39B = ..... Veeooo Y TKSIW.FDQ.SE..KAI...L..L.. 240
Mtb39C ceeeeVeieeeTeeeeeneneanans ceerrenes AQGVV.SSK.GG..TAV...L..L.. 240
Mtb3%a MVSMANNHMSMTNSGVSMTNTLS SMILKGFAPAAAAQAVOTAAQONGVRAMSSLGS~~~-SL 296
Mtb39B IV.ML...V..TNS....AS..H.....F..... RIS > PIRE o PRV o DR QLGS.. 299
Mtb3sC VS.IA...M..MGT....TN..H..... Licvee=e..E...E...W.'voo. .QLGS. . 299
Mtb39A GSSGLGGGVAANLGRAASVGSLSVPQAWAAANQAVTPAARALPLTSLTSAAERGPGQOMLG 356
Mtb39B = ...... Aicereessorsencsance Qecerssencocnnscscssancnans QTA..H... 359
Mtb3%Cc = ...... D L teecens Pevececaannns cesrresseereas QTA..H... 359
Mtb3SA GLPVGQMGARAGG--GLSGVLRVPPRPYVMPHSPAAG 391
Mtb39B .+ .L.QLTNSGG.FG.VSNA..M.P.A.VM.RV.... 396
Mtb39C ++.L.HSVNAGS---.INNA..V.A.A.AI.RT.... 393

FIG. 2. Comparison of amino acid sequences encoded by mtb39 genes. Identical residues are indicated by dots (.) and deletions are indicated by dashes (-). Amino
acid residues present in rTbH9 are underlined. The carboxy-terminal portion of the Mtb39C ORF was recovered by database searching and extends from residues 360
to 393.
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FIG. 3. Southern blot analysis of mtb39 genes. Genomic DNA (2.5 pg) from
mycobacterial strains was digested with PstI, separated by agarose gel electro-
phoresis, and blotted onto Nytran. The mth39a gene was labeled with [*>P]dCTP
by random oligonucleotide primers and used as a probe. Molecular sizes in kilo-
bases are shown.

coded the full-length gene consisting of 391 amino acids, with
a predicted mass of 39,162 Da (Fig. 2), and the gene was
designated mitb39a. Interestingly, the other two clones con-
tained DNA sequences that were highly related to, but non-
identical with, m#b39a and each other (data not shown), indi-
cating the presence of a family of at least three highly related
genes. The genes of these other family members were desig-
nated mtb39b and mitb39c. The DNA sequence analysis of
these two clones revealed the full-length ORF encoded by
mt39b was present within one clone, but mtb39¢ was incom-
plete, lacking the C-terminal portion. The sequence compari-
son of the proteins encoded by mtb39a, mtb39b, and the N-
terminal portion of mtb39c, referred to as Mtb39A, Mtb39B,
and Mtb39C respectively, revealed amino acid identity ranging
from 82 to 88% (Fig. 2). Database searches with the DNA
sequences of mtb39a, mtb39b, and the N-terminal portion of
mtb39c¢ using the EMBL and GenBank database revealed
identities with recently deposited sequences derived from the
Sanger Center (Cambridge, United Kingdom). These se-
quences were located on cosmids 1364, SCY02B10, and
SCY13E12, respectively. The amino acid sequences from
Mtb39A, Mtb39B, and Mtb39C have identity to hypothetical
ORFs encoded within these cosmids (accession no. €311073,
€250360, and 316074, respectively). The hypothetical ORF
identical to the partial Mtb39C amino acid sequence recovered
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by cloning demonstrates that this family member is of approx-
imately the same size as Mtb39A and Mtb39B, and the C-
terminal portion is included for comparative purposes (Fig. 2).
All three of the Mtb39 family members belong to a group of 68
M. tuberculosis proteins referred to as the PPE family, based on
the presence of this amino acid sequence within the members,
usually located near the N terminus (15). The cellular location
of the PPE family of proteins has not been demonstrated, nor
has a function been assigned to any of the family members
except one, a lipase (15). Hydropathy analysis (22) of the
Mtb39 amino acid sequences demonstrated the presence of
several extended hydrophobic regions in the three family mem-
bers that could potentially serve as transmembrane domains
(data not shown).

Genomic DNA from a number of mycobacterial species was
analyzed by Southern blotting by using the mtb39a gene as a
probe. The results demonstrate the presence of three highly
related members of the mtb39 gene family in various M. tuber-
culosis strains, consistent with the number of genes recovered
from the M. tuberculosis H37Rv genomic library (Fig. 3). Based
on restriction enzyme digest patterns, all three family members
appear to be conserved in M. tuberculosis isolates, including
clinical isolates M. tuberculosis Erdman (Fig. 3) and M. tuber-
culosis C (data not shown). Hybridization consistent with the
presence of the three family members was also observed in
M. bovis BCG, but no hybridization was detected in M. leprae,
M. smegmatis, M. vaccae, M. gordonae, M. chelonae, M. fortui-
tum, M. scrofulaceum, and M. avium.

To further characterize native and recombinant Mtb39A,
full-length recombinant Mtb39A (rMtb39A) was expressed
and purified (Fig. 1). To characterize the native M. tuberculosis
protein encoded by mtb39a, a rabbit antiserum was raised to
rTbHY and used in an immunoblot of M. tuberculosis lysate.
Mtb39A protein could be detected in M. tuberculosis lysate at
approximately 40 kDa, in agreement with the predicted mass.
However, no protein could be detected in M. tuberculosis CFP
(Fig. 4). Integrity of the CFP was verified by Coomassie stain-
ing (data not shown) and by immunoblotting using a rabbit
antiserum raised against purified r85B, a known secreted M. fu-
berculosis protein (Fig. 4).
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FIG. 4. Characterization of native Mtb39A. M. tuberculosis H37Rv lysate (2.5
wg; lane 1), 2.5 pg of culture filtrate protein (lane 2), 50 ng of purified rMtb11
(recombinant 11-kDa M. tuberculosis antigen [unpublished results]) (lane 3), 50
ng of purified rAMtb39A (lane 4), and 50 ng of purified recombinant antigen 85B
(lane 5) were subjected to SDS-PAGE, transferred to nitrocellulose, and reacted
with rabbit antisera generated against rAMtb39A (A) or recombinant antigen
85B (B). Molecular markers in kDa are indicated.
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FIG. 5. Proliferation and IFN-y production by PBMC from PPD-positive and -negative donors to CFP, tetanus toxoid, rAMtb39A, rMtb39A, and r85B. Proliferation
was measured in PBMC from PPD-positive donors (n = 12) and PPD-negative donors (n = 12). PBMC (2 X 10° cells/well) were cultured in the presence of antigen
(10 wg/ml) for 5 days. After 5 days, 50 ul of culture supernatant was carefully aspirated for determination of IFN-y levels by ELISA, and the plates were pulsed with
tritiated thymidine. After culture for a further 18 h, cells were harvested, and tritium uptake was determined by using a gas scintillation counter. Proliferation results
are reported as an SI (counts per minute of cultures with antigen/counts per minute of medium control cultures). The number of responses that have an SI of greater

than 100 is indicated in parentheses.

PBMC responses to Mtb39A. PBMC from 12 PPD-positive
and 12 PPD-negative donors, all with no history of TB, were
analyzed for T-cell proliferation and IFN-y production in re-
sponse to CFP, tetanus toxoid, purified rAMtb39A, purified
rMtb39A, and, for comparative purposes, r85B. The prolifer-
ation results (Fig. SA and B) indicate responses by the majority
of the 12 PPD-positive donors to rAMtb39A, while only very
weak or negative responses were observed in the PPD-negative
donors. Using an arbitrary cutoff of a stimulation index (SI) of
5 for a positive response, the full-length protein rMtb39A
elicited proliferative responses in 9 of 12 PPD-positive donors
tested, with responses seen in none of the 12 PPD-negative
donors. In addition, the majority of PPD-positive individuals
responding to both rAMtb39A and rMtb39A, had greater re-
sponses to rMtb39A (the mean SI for rMtb39A was 32.4,
compared with 19.4 for rAMtb39A), suggesting the recognition
of multiple T-cell epitopes within rMtb39A, with some located
in the N-terminal and/or C-terminal regions not present within
rAMtb39A. A similar number of donors (8 of 12) responded to
r85B, although the mean SI was considerably lower with r85B
(15.3) compared with that of Mtb39A (32.4). In addition, r85B

induced a response (SI, >5) in 2 of 12 of the PPD-negative
donors. The response to tetanus toxoid was similar in both
groups, with 11 of 12 PPD-positive and -negative donors re-
sponding with SIs of greater than 5.

The IFN-y production responses (Fig. 5C and D) were sim-
ilar to the proliferative responses, with the majority of PPD-
positive individuals responding to both rAMtb39A and rMtb39A,
and low or no response observed in the PPD-negative donors.

Four of the strongest responders to rMtb39A were selected
for more detailed analysis. The results of antigen titration
experiments indicated that very low amounts of rMtb39A pro-
tein were sufficient to elicit significant responses, such that in
some donors as little as 1 ng of antigen/ml elicited a maximal
response (Fig. 6). PBMC from these donors all made strong
IFN-y responses to tMtb39A that correlated well with their
proliferative responses. Stronger proliferation and IFN-y re-
sponses to the full-length protein were noted over the entire
titration curve with several donors, again suggesting the pres-
ence of additional T-cell epitopes in the N-terminal or C-ter-
minal region of rMtb39A that were not present in rAMtb39A.

To determine the complexity of T-cell epitopes being recog-
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FIG. 6. Dose response of PBMC from PPD-positive donors to rAMtb39A and rMtb39A. Proliferation and IFN-y production to rAMtb39A and rMtb39A were
measured in PBMC from four PPD-positive donors. After 5 days, 50 pl of culture supernatant was carefully aspirated for determination of IFN-y levels by ELISA, and
the plates were pulsed with tritiated thymidine. After culture for a further 18 h, cells were harvested, and tritium uptake was determined by using a gas scintillation

counter.

nized by the PPD-positive donors, overlapping peptides across
the entire ORF of Mtb39A were synthesized and analyzed for
the ability to elicit T-cell proliferation from PBMC (Fig. 7).
Responses by the four donors tested indicated the presence of
at least 10 distinct T-cell epitopes within rMtb39A. The inten-
sity and complexity of responses varied greatly among the
different donors, from the restricted response observed with
donor 7 (responding to only three peptides) to the broad re-
sponse observed with donor 160, where proliferative responses
to 26 of the 38 peptides were observed. All peptides were test-
ed on PBMC from eight PPD-negative donors and none of the
peptides elicited a response (SI, >5) from any of the donors
(data not shown).

The peptide results are also consistent with the differential
responses to TAMtb39A and rMtb39A in donor 7, donor 62,
and donor 131 that were observed. In all three donors, PBMC
yielded greater proliferative responses to the full-length pro-
tein than to the truncated portion. Examination of the profile
of stimulatory peptides for these three donors revealed that all
recognize additional peptides in the N-terminal or C-terminal
region of Mtb39 not included in rAMtb39A. The response to
rAMtb39A was not significantly reduced in donor 160, where
the majority of stimulatory peptides are located within regions
present in both recombinant proteins and the overwhelming
response to these epitopes likely masks any additivity by reac-
tive N-terminal and C-terminal peptides.

Mtb39A is presented by M. tuberculosis-infected DC. An
Mtb39A-specific CD4™ T-cell clone, termed D160TbH9-9, was
utilized to confirm the immunoblot results indicating that
Mtb39A was not detectable in M. tuberculosis CFP. Blood-de-
rived DC were chosen for these studies because of their supe-
rior antigen-presenting capabilities compared with monocytes
and because they are amenable to infection with M. tubercu-

losis (24). Autologous DC were pulsed with PPD, CFP, or
rMtb39A and incubated with D160TbH9-9 cells, and IFN-y
production was measured. Production of IFN-y was observed
when the dendritic cells were pulsed with PPD or rMtb39A but
not when pulsed with CFP (Fig. 8A), consistent with the pre-
vious immunoblot data indicating that Mtb39A was not present
in CFP. An Mtb39A-specific CD4" T-cell clone derived from
donor 131 also showed strong reactivity with PPD but no re-
activity with CFP (data not shown). The D160TbH9-9 clone
was then used to determine if Mtb39A could be detected in
M. tuberculosis-infected DC. When autologous DC infected
with M. tuberculosis were incubated with D160TbH9-9 cells,
production of IFN-y was observed (Fig. 8B), indicating that
Mtb39A expressed by M. tuberculosis can be processed and pre-
sented by infected DC.

Responses to Mth39A DNA immunization in murine pro-
tection model. Because immunity to tuberculosis is apparently
dependent on both CD4™ and CD8™ T-cell responses, exper-
iments were designed to investigate the protection potential of
mtb39a delivered in a naked DNA format. These experiments
were supported by previous immunogenicity studies which dem-
onstrated that mtb39a engineered in the expression vector
pJA4304 under the CMV promoter induced both CD4™ and
CD8™" T-cell responses (data not shown). C57BL/6 mice were
immunized three times with pJA4304 vector DNA or the mtb39a
construct and challenged with aerosolized viable and virulent
M. tuberculosis. Resistance was assessed 4 weeks after infection
by enumerating the bacteriological burden in the lungs. Figure
9 illustrates the results and shows that mice immunized with
mtb39a DNA were able to develop lung protection against
tuberculosis. This protection was not as strong as that induced
by BCG vaccination but was significant in that the bacteriolog-
ical burden in the lungs of mtb39a DNA immunized mice was
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FIG. 7. PBMC responses from PPD-positive donors to rAMtb39A, rMtb39A, and peptides derived from the amino acid sequence. Proliferation to rAMtb39A,
rMtb39A and peptides based on Mtb39A amino acid sequence was measured in PBMC from four PPD-positive donors. PBMC (2 X 10° cells/well) were cultured in
the presence of antigen (10 pg/ml) for 5 days. After 5 days, 50 pl of culture supernatant was carefully aspirated for determination of IFN-vy levels by ELISA, and the
plates were pulsed with 1 pnCi of tritiated thymidine/well. After culture for a further 18 h, cells were harvested, and tritium uptake was determined by using a gas
scintillation counter. Proliferation results to the antigens are reported as an SI (counts per minute of cultures with antigen/counts per minute of medium control

cultures).

five times smaller than that observed for mice infected with
control DNA or with saline.

DISCUSSION

An initial requirement a TB candidate vaccine antigen must
meet is that it is recognized by the immune system during the
course of infection in the majority of individuals of the target
population. To assess candidate M. tuberculosis antigens, we
have used a panel of PPD-positive donors, with no history of
tuberculosis disease. We have purposely chosen an ethnically
diverse group, and have used T-cell proliferation and produc-
tion of IFN-y from in vitro-stimulated PBMC to measure rec-
ognition of the relevant antigen during previous exposure to M.
tuberculosis. The presumption that strong IFN-vy responses are
required for protective immunity is supported by the fact that
both mice and humans that are deficient in IFN-y production
or signaling in vivo are susceptible to mycobacterial infections
(16, 18, 20, 28). This preliminary screening of candidate anti-
gens has identified Mtb39A as an antigen recognized by the
majority of M. tuberculosis infected individuals without evident

disease, with strong T-cell proliferation and IFN-y production
observed in 9 of 12 donors tested. Often, the responses to this
single recombinant antigen that were observed were similar in
magnitude to that elicited by the complex mixture of proteins
present in CFP and were superior to those elicited by r85B.
Equally striking is the ability of Mtb39A to elicit responses
from PPD-positive donors at exceedingly low antigen con-
centrations, suggesting that M. tuberculosis antigens expressed
at low levels retain the ability to trigger potent immune re-
sponses.

It is likely that a candidate vaccine antigen for M. tubercu-
losis will need to contain multiple T-cell epitopes to afford pro-
tection in an outbred human population. Experiments using
overlapping peptides on a small panel of donors confirmed the
presence of at least 10 distinct T-cell epitopes contained within
Mtb39A recognized by PBMC from human PPD-positive do-
nors. The recovery of three highly related Mtb39 family mem-
bers poses the question of antigen immunogenicity versus a
cross-reactive elicitation of a T-cell response. A broad response,
such as that observed in donor 160, indicates that Mtb39A was
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FIG. 8. Mtb39A is present in Mtb-infected DC. A total of 5 X 10* Mtb39A-
specific CD4" T-cell clone D160TbH9-9 cells were incubated with 2 X 10*
autologous DC that had either been incubated with PPD, CFP, or rMtb39A at a
concentration of 10 pg/ml (A) or incubated for 18 h with M. tuberculosis H37Rv
(MO, 50) (B). Supernatants were collected after 18 h and assessed for the
presence of IFN-y by ELISA.

the antigen against which the immune system developed a
response during the infection by M. tuberculosis. Less clear are
more restricted responses, as was observed in donor 7, in which
only three peptides appeared to be recognized. A complete
understanding of the potential contributions by all three family
members will rely on the synthesis and testing of overlapping
peptides derived from all three amino acid sequences in the
regions of divergence.

The data generated with the rMtb39A and derived peptides
indicate an abundance of T-cell epitopes recognized by healthy
PPD-positive donor PBMC. However, these data are based
entirely on either synthetic or recombinant molecules. Indeed,
native Mtb39A may contain additional epitopes that cannot
be detected by using these synthetic or recombinant forms,
since the possibility of differential processing due to potential
conformational differences between these forms and native

INFECT. IMMUN.

Mtb39A exists. The low level of expression of native Mtb39A
in M. tuberculosis cultures makes testing this a difficult propo-
sition, since purification will likely result in some contaminat-
ing M. tuberculosis proteins which could contribute to the re-
sponse in T-cell assays.

Recent research with the goal of identifying TB antigens
recognized by human T cells has focused on antigens present in
M. tuberculosis CFP. This focus has arisen from the observation
that live mycobacteria, but not heat-killed preparations, elicit
protective immunity in animal models (31). Subsequent exper-
iments in mice and guinea pigs demonstrated that the mixture
of antigens that comprise CFP could confer protection (3, 32,
33). These protection experiments indicate that immunologi-
cally relevant antigens are present in CFP, and efforts have
resulted in the identification of a number of these antigens
capable of eliciting CD4* T-cell recall responses, including the
Ag 85 complex, ESAT-6, MPT64, and the 10-kDa antigen (1,
8, 19, 23, 35). The results presented here provide evidence that
potent T-cell antigens from TB are not exclusively present in
CFP. This assertion is based upon two lines of evidence. First,
data demonstrated that Mtb39A is a very potent antigen based
upon its ability to stimulate strong T-cell proliferation and
IFN-y production by PBMC from PPD-positive but not PPD-
negative individuals. Second, Mtb39A could not be detected in
CFP by either a high-titer polyclonal Mtb39A antiserum or by
a very sensitive CD4" T-cell clone cultured with DC pulsed
with CFP.

More important than whether an antigen is present within
CFP or PPD is whether the antigen is expressed, processed,
and presented by major histocompatibility complex molecules
upon infection of cells with TB. We have demonstrated that
the Mtb39A-specific CD4* T-cell clone could detect the pres-
ence of Mtb39A upon infection of autologous DC with TB.
Although the data presented here are insufficient to claim that
M. tuberculosis expresses Mtb39A during infection of DC, they
do demonstrate the ability of the protein to be processed and
presented in the context of an infection, either by the infected
DC or uninfected neighboring DC.
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FIG. 9. mtb39a DNA immunization in the murine protection model. Groups
of five C57BL/6 mice were immunized i.m. three times 1 month apart with 100
ng of mtb39a DNA or with control DNA (Vector). In addition, groups of five
mice were also immunized with BCG (once) or simply injected with saline. Thirty
days after the last immunization, the mice were challenged by the aerosol route
with approximately 100 CFU of M. tuberculosis Erdman. Protection was mea-
sured by enumerating the bacteriological burden (CFU) in the mouse lungs,
shown as log;, CFU.
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Utilization of the host immune response provides a direct
method to distinguish relevant antigens in a complex lysate or
gene expression library. We have used a two-step expression
cloning approach, initially screening with antisera from indi-
viduals with active TB, followed by evaluation of purified re-
combinant proteins based on T-cell stimulation, in an attempt
to isolate novel T-cell antigens. Although the majority of M.
tuberculosis antigens recovered by their reactivity with TB pa-
tient sera did not elicit significant cellular responses, one po-
tent T-cell antigen, Mtb39A, was identified through this ap-
proach. We have utilized a process that starts with human
reactivity (both T cell and serological) to identify candidate
antigens, and proceeded by characterizing these by testing hu-
man T-cell responses from protected individuals. We then pro-
ceeded to animal studies, and evaluated both immunogenicity
and protective characteristics of the antigens. This approach
clearly differs from that used by many other researchers in this
field, where initial tests of candidate antigens involve animal
immunogenicity and protection studies using native M. tuber-
culosis antigens, followed by evaluation of human responses to
the antigens. It is worth noting that the validity of either of
these approaches to recover relevant antigens that would com-
prise an effective M. tuberculosis vaccine for humans is as yet
uncertain. Presumably, the best candidate vaccine antigens
would be those that are able to provide protection in at least
one of the animal models and are known to be recognized by
the immune systems of humans infected with M. tuberculosis.
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