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The control of leprosy will be facilitated by the identification of majorMycobacterium leprae-specific antigens
which mirror the immune response to the organism across the leprosy spectrum. We have investigated the host
response to a 35-kDa protein ofM. leprae. Recombinant 35-kDa protein purified fromMycobacterium smegmatis
resembled the native antigen in the formation of multimeric complexes and binding by monoclonal antibodies
and sera from leprosy patients. These properties were not shared by two forms of 35-kDa protein purified from
Escherichia coli. The M. smegmatis-derived 35-kDa protein stimulated a gamma interferon-secreting T-cell
proliferative response in the majority of paucibacillary leprosy patients and healthy contacts of leprosy
patients tested. Cellular responses to the protein in patients with multibacillary leprosy were weak or absent,
consistent with hyporesponsiveness to M. leprae characteristic of this form of the disease. Almost all leprosy
patients and contacts recognized the 35-kDa protein by either a T-cell proliferative or an immunoglobulin G
antibody response, whereas few tuberculosis patients recognized the antigen. This specificity was confirmed in
guinea pigs, with the 35-kDa protein eliciting strong delayed-type hypersensitivity in M. leprae-sensitized
animals but not in those sensitized withMycobacterium tuberculosis orMycobacterium bovis BCG. Therefore, the
M. leprae 35-kDa protein appears to be a major and relatively specific target of the human immune response
to M. leprae and is a potential component of a diagnostic test to detect exposure to leprosy or a vaccine to
combat the disease.

Leprosy is a chronic intracellular infection affecting predom-
inantly the skin and peripheral nerves. The clinicopathological
spectrum of the disease reflects the host immune response to
Mycobacterium leprae, the causative agent (4). At the tubercu-
loid pole of the spectrum, patients mount a strong cell-medi-
ated immune response against antigens of M. leprae. This is
characterized by a strong type 1-like cytokine pattern, resulting
in a reduction of the bacterial load in patient tissues (36).
Individuals exposed to leprosy who control the infection show
strong cellular reactivity but without immune pathology. At the
lepromatous end of the spectrum, patients display dissemi-
nated infection, with large numbers of mycobacteria in tissues,
high levels of anti-M. leprae antibodies, and weak or absent
cellular immunity to M. leprae (4). Although the introduction
of multidrug therapy for the treatment of leprosy has been
associated with a reduction in the number of registered pa-
tients, an effective leprosy vaccine would complement chemo-
therapy and help eradicate the disease. Monitoring of the
effectiveness of leprosy control will rely on the development of
specific diagnostic tests for the early detection of infection with
M. leprae, as the currently used lepromin and leprosin skin test
reagents lack specificity. Such tests will need to distinguish
between exposure to leprosy and other antigenically similar
mycobacteria, such as Mycobacterium tuberculosis. Further-
more, candidate antigens should be recognized by cellular or
antibody responses across the leprosy spectrum in order to
detect all infected individuals. Although a number ofM. leprae
antigens have been recognized as major targets of the host

immune response (15–18), all have closely related homologs in
M. tuberculosis, making them unlikely candidates as leprosy-
specific diagnostic reagents.
The 35-kDa protein of M. leprae was initially identified

through the binding of M. leprae-specific monoclonal antibod-
ies (MAbs) (12, 13). Independently, major membrane protein
I of M. leprae was purified by biochemical methods and iden-
tified as the same 35-kDa protein (11). Serological assays based
on a MAb inhibition enzyme-linked immunosorbent assay
(ELISA) detected antibodies to the 35-kDa protein in almost
all lepromatous leprosy patients (25, 31). The levels of these
antibodies correlate strongly with the antigenic load and de-
cline with effective chemotherapy (20, 26). A crude membrane
fraction of M. leprae, containing predominantly the 35-kDa
protein, elicited strong T-cell proliferative responses in tuber-
culoid leprosy patients, suggesting that the protein was also
recognized by the human cellular immune response (19).
Recently, the gene encoding the M. leprae 35-kDa protein

has been isolated and characterized (35). The limited distribu-
tion of the protein (13) was confirmed at the genetic level, as
the gene is absent from M. tuberculosis and Mycobacterium
bovis bacillus Calmette-Guérin (BCG), the current vaccine
used against tuberculosis (TB) and leprosy. In order to explore
the cellular reactivity of the protein across the leprosy spec-
trum, we have purified recombinant 35-kDa proteins from
mycobacterial and Escherichia coli expression systems and
compared the recombinant products. The Mycobacterium
smegmatis-derived recombinant 35-kDa protein was recog-
nized by the immune response of over 90% of leprosy patients
and healthy leprosy contacts. Moreover, the 35-kDa protein
elicited specific delayed-type hypersensitivity (DTH) responses
in M. leprae-sensitized animals, highlighting its potential use in
leprosy diagnosis and/or vaccination.

* Corresponding author. Mailing address: Centenary Institute of
Cancer Medicine and Cell Biology, Locked Bag No. 6, Newtown,
N.S.W. 2042, Australia. Phone: 61-2-565-6114. Fax: 61-2-565-6101.
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MATERIALS AND METHODS

Patients. The study population consisted of 63 subjects (47 males and 16
females) aged between 17 and 61. The 31 Nepali leprosy patients included in the
study were diagnosed according to the classification of Ridley and Jopling (24).
Three tuberculoid leprosy and 15 borderline tuberculoid leprosy patients con-
stituted the paucibacillary (PB) group. Five polar lepromatous, one borderline,
and seven borderline lepromatous leprosy patients made up the multibacillary
(MB) group. All leprosy patients were either undergoing multidrug therapy or
had recently completed treatment. The contact group was made up of three
Nepali individuals with household exposure to leprosy and nine health workers
from Anandaban Leprosy Hospital. None of the contacts had any clinical signs
of leprosy. Of the 10 Nepali TB patients included, 7 had pulmonary and 3 had
active nonpulmonary TB. All TB patients were seronegative for the human
immunodeficiency virus and were undergoing multidrug therapy. The BCG vac-
cinee group consisted of 10 Caucasians not exposed to leprosy infection.
Antigens and antibodies. Whole M. leprae (batch CD140) cells were kindly

provided by R. J. W. Rees through the Immunology of Mycobacteria program of
the World Health Organization. M. leprae sonicate (MLS) and BCG sonicate
were prepared as described previously (6). M. tuberculosis purified protein de-
rivative (PPD) was purchased from the Statens Serum Institute, Copenhagen,
Denmark. MAbs ML-03 and CS-38 were kind gifts of J. Ivanyi (MRC Unit for
Tuberculosis and Related Infections, Hammersmith Hospital, London, United
Kingdom) and P. J. Brennan (Department of Microbiology, Colorado State
University, Fort Collins), respectively.
Purification of the recombinant M. leprae 35-kDa protein from M. smegmatis

and E. coli. Construction of plasmid pWL19, expressing the gene encoding theM.
leprae 35-kDa protein, has been described previously (35). In order to purify
recombinant 35-kDa protein, single M. smegmatis/pWL19 colonies were inocu-
lated into 1 liter of Middlebrook 7H9 broth plus ADC (Difco Laboratories,
Detroit, Mich.) and incubated for 3 days at 378C with shaking. Cells were
pelleted and resuspended in phosphate-buffered saline (PBS) containing 1%
Triton X-100, 10% glycerol, and 1 M NaCl, and the suspension was sonicated
four times for 4 min each. Anti-35-kDa-protein MAb ML-03 immunoglobulin G
(IgG) was purified from ML-03 ascites by ammonium sulfate precipitation and
protein A-Sepharose chromatography and coupled to cyanogen bromide-acti-
vated Sepharose 4B (Pharmacia, Uppsala, Sweden). The sonicate was applied to
the affinity column at a rate of 0.7 ml/min and recirculated for 3 h. The column
was washed with 5 volumes of PBS containing 0.5% Triton X-100, 10% glycerol,
and 1 M NaCl, 5 volumes of the initial wash buffer without Triton X-100, and 5
volumes of PBS containing 0.5 M NaCl. Bound protein was eluted with 0.1 M
diethylamine (pH 11.0), dialyzed against PBS, and freeze-dried.
Primers JN8 (59 TAGCTGCAGGGATCCATGACGTCGGCT) and JN9 (59

CTAGAATTCGAGCTCAAGCTTTCACTTGTACTC) were used to amplify
the 35-kDa-protein-encoding gene from plasmid pLJ3 (35). The BamHI-PstI-
digested product was cloned into the pQE9 vector (Qiagen Inc., Chatsworth,
Calif.) for the generation of histidine-tagged 35-kDa protein. Protein was puri-
fied from recombinant E. coliMC1061 under denaturing conditions with the use
of nickel-nitrilotriacetic acid resin (Qiagen). The protein was resolubilized by
dialysis against PBS. In addition, the above PCR product was inserted into the
pMAL-c2 vector (New England Biolabs, Beverly, Mass.) for the purification of
maltose-binding protein (MBP)-M. leprae 35-kDa fusion protein. Soluble MBP–
35-kDa protein was purified by use of amylose resin (New England Biolabs).
Proteins were fractionated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and immunoblotting with MAb CS-38 performed as
described previously (27). The presence of otherM. smegmatis antigens in theM.
smegmatis-derived 35-kDa protein was examined in immunoblots with antili-
poarabinomannan MAb L9 (6), anti-HSP65 MAb L22 (7), and polyclonal anti-
sera to antigen 85B (27).
Molecular mass estimation of the 35-kDa protein was performed by gel filtra-

tion using a Superose 6 fast-performance liquid chromatography (FPLC) column
(Pharmacia). The column was calibrated with six standard proteins: chymo-
trypsinogen A (25 kDa), albumin (67 kDa), aldolase (158 kDa), catalase (232
kDa), ferritin (440 kDa), and thyroglobulin (669 kDa) (Pharmacia).
Lymphocyte proliferation and cytokine assays. Peripheral blood mononuclear

cells (PBMCs) were isolated by centrifugation over a 1077 Ficoll-Hypaque gra-
dient (Sigma, Sydney, Australia), and 2 3 105 cells were cultured in triplicate in
RPMI medium containing 10% heat-inactivated group A serum with antigen at
378C in 5% CO2. MLS and the M. leprae 35-kDa protein were added at final
concentrations of 10 to 0.1 mg/ml. M. tuberculosis PPD was used at 10 and 1
mg/ml, and concanavalin A was used at 10 mg/ml. After 5 days, 0.5 mCi of
[3H]thymidine (DuPont NEN, North Ryde, Australia) was added to each well,
and the cultures were harvested after 16 h. Specific [3H]thymidine incorporation,
expressed as counts per minute, was calculated by subtracting the mean counts
per minute in control wells (no antigen) from the counts per minute of the test
samples. The stimulation index (SI) was the ratio of the mean counts per minute
in the test wells divided by the mean counts per minute in the control wells. A
response to a particular antigen was considered positive if the net [3H]thymidine
incorporation (Dcpm) was .2,000 cpm and the SI was .4.
Gamma interferon (IFN-g) in the supernatant of 5-day cultures was detected

by the QuantiFERON MAb ELISA (CSL Limited, Parkville, Australia). The
control group consisted of 10 non-leprosy-exposed individuals. An individual

with an IFN-g level of .10.1 IU/ml, the mean of the control group plus 2
standard deviations (SD), was considered positive.
Antibody binding to the 35-kDa protein. Antibodies to the 35-kDa protein

were detected by indirect ELISA. Microtiter plate wells were coated with antigen
at a concentration of 10 mg/ml overnight at room temperature. The plates were
washed and blocked with 3% bovine serum albumin, patient’s sera (diluted
1:100) were added, and the plates were incubated for 90 min at 378C. The plates
were washed, alkaline phosphatase-conjugated anti-human IgG was added, and
the plates were incubated for 60 min at 378C. Binding was visualized by the
addition of n-nitrophenyl phosphate (1 mg/ml), and the A405 was measured.
Individuals who had an absorbance of greater than 0.337, which was the mean of
40 endemic control serum samples plus 2 SD, were considered positive. The
binding of MAbs and pooled lepromatous leprosy sera to the recombinant
35-kDa proteins was measured by ELISA with protein concentrations of 100
pg/ml to 100 mg/ml. Denaturation of the M. smegmatis-derived 35-kDa protein
for use in ELISA was performed by heating at 1008C for 5 min.
Measurement of DTH. Outbred female guinea pigs (10 to 12 weeks old) were

sensitized intradermally with 0.5 mg (wet weight) of heat-killed M. leprae, heat-
killedM. bovis BCG, or gamma-irradiatedM. tuberculosis. Controls received 400
ml of PBS. The guinea pigs were challenged 4 weeks later by intradermal injec-
tion of 10 mg of MLS or theM. smegmatis-derivedM. leprae 35-kDa protein. The
area of induration was measured 24 h later.

RESULTS

Characterization of the M. leprae 35-kDa protein purified
from M. smegmatis and E. coli. In plasmid pWL19 (35), the
gene encoding the M. leprae 35-kDa protein was placed under
the control of the promoter region from the b-lactamase gene
of a highly amoxicillin-resistant mutant of Mycobacterium for-
tuitum (33). This resulted in high-level expression of the gene
in M. smegmatis. M. leprae 35-kDa protein was purified by
affinity chromatography from the sonicate of recombinant
heat-killed M. smegmatis containing pWL19. The preparation
contained a single 35-kDa species as assessed by SDS-PAGE
(Fig. 1A). Typical yields of protein ranged from 1 to 2 mg of
protein per liter of culture. Immunoblotting for lipoarabino-
mannan, HSP65, and antigen 85B showed that the protein
preparation was free of these major immunogenic mycobacte-
rial components (data not shown). Two forms of E. coli-de-
rived M. leprae 35-kDa protein were also produced, one as an
MBP–35-kDa fusion protein and the second as a histidine-
tagged 35-kDa protein (Fig. 1A). All three forms of the re-
combinant protein reacted in an immunoblot with anti-M. lep-
rae 35-kDa protein MAb CS-38 (Fig. 1B).
Since the native M. leprae 35-kDa protein, purified from the

sonicate of M. leprae, exists as a multimer of 955 kDa (35), the

FIG. 1. SDS-PAGE analysis of theM. leprae 35-kDa protein purified fromM.
smegmatis and E. coli. (A) Coomassie blue-stained SDS-polyacrylamide gel of
the three forms of the recombinant 35-kDa protein. (B) Immunoblotting with
MAb CS-38. Lanes 1, M. smegmatis-derived 35-kDa protein; lanes 2, E. coli
histidine-tagged 35-kDa protein; lanes 3, E. coli MBP–35-kDa protein.
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ability of the recombinant preparations of the 35-kDa protein
to form such multimeric complexes was assessed. FPLC anal-
ysis indicated that the M. smegmatis-derived M. leprae 35-kDa
protein existed as a multimeric complex with an estimated size
of 1,010 6 40 kDa (mean 6 SD of three experiments). By
contrast, the sizes of the two E. coli forms of the protein were
in agreement with their predicted monomeric size. Histidine-
tagged 35-kDa protein eluted at 34.6 6 9.9 kDa, similar to the
37 kDa estimated by SDS-PAGE (Fig. 1A). The size of the
MBP–35-kDa fusion protein was 87.3 6 10.7 kDa, compared
with 80 kDa as determined by SDS-PAGE.
The conformational state of the recombinant 35-kDa pro-

tein was investigated by using MAbs recognizing both linear
and conformational determinants on the native M. leprae 35-
kDa protein. MAb CS-38, generated against the purified native
M. leprae 35-kDa protein (11), recognizes a linear determinant
on both native and denatured protein. CS-38 bound all forms
of the recombinant 35-kDa protein, with slightly reduced rec-
ognition of the histidine-tagged 35-kDa protein (Fig. 2A).
MAb ML-03, which was generated against MLS, reacts only
with the protein in its nondenatured state (8, 13). This MAb
bound only the M. smegmatis, not the E. coli, forms of the
protein (Fig. 2B). Sera from lepromatous leprosy patients re-
acted exclusively with the M. smegmatis-derived 35-kDa pro-
tein (Fig. 2C). Denaturation of the M. smegmatis recombinant
35-kDa protein by heating abolished the reactivity of MAb
ML-03 and the leprosy serum pool but did not affect the
binding of MAb CS-38 (data not shown). These data indicate
that the recombinant 35-kDa protein purified from M. smeg-
matis retains conformational determinants present on the na-
tive antigen but absent from the E. coli products.
The 35-kDa protein induces strong and specific lymphopro-

liferative responses. The proliferation of PBMCs from leprosy
patients and their healthy contacts and TB patients was tested
to determine the magnitude and specificity of the cellular im-
mune response recognized by the M. smegmatis-derived M.
leprae 35-kDa protein. None of the groups showed any defect
in proliferative responses to M. tuberculosis PPD (Fig. 3A) or
the mitogen concanavalin A (data not shown). The majority of
contacts and PB leprosy patients showed strong proliferative
responses to MLS, with similar proportions of individuals re-
sponding to the 35-kDa protein (Fig. 3B and C). A total of 26

of 28 individuals in these two groups who mounted a response
to MLS were responsive to the 35-kDa protein. Significantly
reduced proliferative responses to the 35-kDa protein were
observed in MB leprosy patients, consistent with the defective
T-lymphocyte proliferative response to M. leprae observed in
these patients. A few MB leprosy patients (3 of 13) who failed
to respond to MLS did respond to the 35-kDa protein (Fig. 3B
and C). Only 2 of 10 TB patients exhibited positive PBMC
proliferation in response to the 35-kDa protein, and both had
strong proliferative responses to MLS, indicative of exposure
to leprosy (Fig. 3B and C). No significant responses were seen
in the PBMCs of the 10 BCG vaccinees tested, in response to
either MLS (mean Dcpm 6 SD, 1,035 6 160) or the 35-kDa
protein (mean Dcpm 6 SD, 1,335 6 271).
IFN-g production in response to the 35-kDa protein. IFN-g

is a key cytokine in the resistance to mycobacterial infection (9,
10). We examined whether the stimulation of PBMCs by the
35-kDa protein is associated with enhanced production of this
cytokine. All four groups produced similar amounts of IFN-g
in response to M. tuberculosis PPD (Fig. 4A). The 35-kDa
protein induced high levels of IFN-g from the PBMCs of
healthy leprosy contacts and PB leprosy patients, with 83% of
contacts and 72% of PB leprosy patients exhibiting positive
responses to the protein (Fig. 4C). IFN-g responses compara-
ble to that elicited by the recombinant 35-kDa protein were
produced in response to MLS by these two groups (Fig. 4B and
C). Lower levels of IFN-g were produced by MB leprosy pa-
tients in response to the recombinant 35-kDa protein and MLS
(Fig. 4B and C). As observed in the proliferative responses,
some MB patients produced IFN-g in response to the 35-kDa
protein in the absence of such responsiveness to MLS. PBMCs
from the majority of TB patients did not produce appreciable
amounts of IFN-g upon stimulation with the 35-kDa protein,
while most responded to MLS (Fig. 4B and C).
Responses to the 35-kDa protein correlate with exposure to

the leprosy bacillus and not M. tuberculosis. As the patterns of
proliferative and IFN-g responsiveness to the 35-kDa protein
appeared to resemble the corresponding responses to MLS
and not PPD of M. tuberculosis, the statistical significance of
these responses was compared by using Spearman’s rank cor-
relation. There was a strong correlation between proliferative
responses to the M. leprae 35-kDa protein and MLS (rs 5

FIG. 2. Binding of MAbs and lepromatous leprosy sera to the M. leprae 35-kDa protein. The binding of the three forms of the recombinant 35-kDa protein and
MBP by MAb CS-38 (A), MAb ML-03 (B), and pooled lepromatous leprosy sera (C) was determined by ELISA. ■, M. smegmatis-derived 35-kDa protein; Ç,
histidine-tagged 35-kDa protein; F, MBP–35-kDa protein; E, MBP.
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0.760; P , 0.001). The correlation was the strongest in the
contact group (rs 5 0.881; P , 0.001) and weakest in the MB
leprosy group (rs 5 0.198; P 5 0.49). This highly significant
relationship was also observed for the IFN-g responses to
these two antigens (rs 5 0.667; P , 0.001). As with the prolif-
erative responses, the strongest correlation was seen in the
contact group (rs 5 0.923; P, 0.001) and the weakest was seen
in the MB leprosy group (rs 5 0.629; P , 0.05). By contrast,
weaker correlation was seen for both the proliferative (rs 5
0.409; P, 0.05) and the IFN-g (rs5 0.318; P, 0.05) responses
between the 35-kDa protein and M. tuberculosis PPD.
Humoral immune responses to theM. leprae 35-kDa protein.

Although a high proportion of PB leprosy patients and healthy
leprosy contacts showed strong T-cell proliferative responses
to the 35-kDa protein, this was not reflected in the MB leprosy
group, who characteristically have weak T-cell responses and
high levels of antibodies to M. leprae antigens (4). The level of
antibodies to the purified M. smegmatis-derived M. leprae 35-
kDa protein in all subjects was examined by ELISA (Fig. 5).
MB leprosy patients had the highest levels of IgG antibodies
recognizing the 35-kDa protein, although the proportion of
seropositive individuals in this group (55%) was lower than
previously observed for untreated MB leprosy patients (25).
This was due to the inclusion of patients who either were

FIG. 3. Proliferative response of PBMCs from leprosy and TB patients and healthy leprosy contacts in response to the 35-kDa protein. PBMCs from subjects were
stimulated with 10 mg ofM. tuberculosis PPD (A), MLS (B), orM. leprae 35-kDa protein (C) per ml. The percentage of positive responders (Dcpm . 2,000; stimulation
index . 4) is shown in parentheses beneath each patient group. The mean Dcpm for each group is represented by a horizontal bar. Significant differences in the
proliferative responses of patient groups compared with that of leprosy contacts were determined by Student’s t test (*, P , 0.001; †, P , 0.01; ‡, P , 0.05). The mean
cpm 6 standard error of the mean for control cultures was 1,531 6 162.

FIG. 4. IFN-g production by PBMCs of leprosy and TB patients and healthy leprosy contacts in response to the 35-kDa protein. Supernatants of 5-day proliferative
cultures of PBMCs stimulated with 10 mg of M. tuberculosis PPD (A), MLS (B), or the M. leprae 35-kDa protein (C) per ml were collected, and IFN-g levels were
measured by ELISA. The percentage of positive responders (IFN-g, .10.1 IU/ml) is shown in parentheses beneath each patient group. The mean IFN-g level for each
group is represented by a horizontal bar. Significant differences in the IFN-g levels of patient groups compared with that of leprosy contacts were determined by
Student’s t test (*, P , 0.001; †, P , 0.01; ‡, P , 0.05).
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undergoing or had completed multidrug therapy, as the levels
of anti-35-kDa-protein antibodies decline with effective che-
motherapy (20, 26). A smaller proportion of PB leprosy pa-
tients (28%) had anti-35-kDa-protein antibodies, and only one
individual in each of the leprosy contact and TB groups was
seropositive. Serum specimens from 15 TB patients from an
area in which leprosy is not endemic were all seronegative for
the 35-kDa protein (data not shown).
When both T-cell proliferative and antibody responses to

the 35-kDa protein were considered, over 90% of leprosy pa-
tients and contacts recognized this protein (Fig. 6). By contrast,
only 2 of 10 TB patients responded to the protein. Most indi-
viduals mounted exclusively either a T-cell proliferative re-
sponse or an antibody response to the 35-kDa protein, not
both. No overlap in responses was observed in the MB and
contact groups, and only a small degree of overlap occurred in

the PB (2 of 14) and TB (1 of 10) groups. This apparent
dichotomy in the response to the 35-kDa protein was not
exhibited in response to M. leprae itself, since a number of
patients exhibited both proliferative and antibody responses to
MLS (data not shown).
The M. leprae 35-kDa protein elicits specific DTH. The suit-

ability of theM. leprae 35-kDa protein as a skin test reagent for
the detection of leprosy exposure was assessed. The M. smeg-
matis recombinant 35-kDa protein elicited strong DTH in all
M. leprae-sensitized animals, similar to the response elicited by
MLS (Table 1). When guinea pigs were sensitized with M.
tuberculosis, the 35-kDa protein elicited weak DTH in only one
of eight animals. A similar result was obtained with animals
sensitized with the vaccine strain BCG. By contrast, MLS
lacked this specificity, eliciting DTH in all M. tuberculosis- and
BCG-sensitized animals.

DISCUSSION

As an effective T-lymphocyte response is essential for pro-
tection against mycobacterial infection, the identification of
antigens involved in such responses is of prime importance.
This study indicates that the M. leprae 35-kDa protein is one
such antigen. Almost all subjects (26 of 28) who demonstrated
a cellular response to M. leprae showed a T-cell proliferative
response to the 35-kDa protein with the release of IFN-g.
Immune responses to the antigen parallel those to M. leprae
across the leprosy spectrum, with cellular immune responses
dominant in PB leprosy patients and healthy subjects exposed
to leprosy and antibody responses maximal in MB leprosy
patients (Fig. 6). The previously documented discrimination
between leprosy and TB patients in antibody responses to the
protein (23, 32) was evident in cellular reactivity to the antigen.
The small proportion of TB patients with proliferative re-
sponses to the 35-kDa protein also demonstrated strong re-
sponses to MLS, suggesting that the reactivity of these patients
in an area in which leprosy is endemic may have been due to
their exposure to leprosy. This is consistent with the observa-
tion that proliferative and IFN-g responses to the 35-kDa
protein were more strongly correlated with responses to MLS
than to M. tuberculosis PPD.
Although many of the MB leprosy patients showed no re-

sponse to the 35-kDa protein, consistent with their specific
unresponsiveness to M. leprae, a proportion (3 of 13) who
failed to respond toM. leprae did respond to the protein. It was
not considered that the reactivity was due to contamination of
the 35-kDa protein with other M. smegmatis antigens, as other
proteins were not apparent upon SDS-PAGE fractionation
(Fig. 1A) and immunoblots for three other major mycobacte-
rial antigens were negative. Furthermore, TB patients who
were PPD positive but unresponsive to the 35-kDa protein
would have recognized any cross-reactive M. smegmatis con-
taminating proteins if present. Previous reports have described
a level of T-cell reactivity to single M. leprae antigens in M.
leprae-unresponsive MB leprosy patients (21, 22, 30). This has
been attributed to the presence of suppressive components in
unfractionated M. leprae preparations, but not recombinant
proteins, which inhibit T-cell responses to the whole organism.
This possible explanation for lepromatous unresponsiveness is
different from that proposed by Kaleab et al. (14), who sug-
gested that the reactivity of MB leprosy patients to M. tuber-
culosis PPD is due to recognition of specific determinants on
M. tuberculosis proteins.
The inverse relationship between cell-mediated and IgG an-

tibody responses to the 35-kDa protein is a striking example of
the immune deviation present in leprosy. On the basis of our

FIG. 5. Antibody levels to the 35-kDa protein in sera of leprosy and TB
patients and healthy leprosy contacts. Sera from all subjects were diluted 1/100,
and the levels of anti-35-kDa-protein IgG antibodies were determined by ELISA.
A level greater than the mean plus 2 SD of control subjects (A405 . 0.337) was
considered positive.

FIG. 6. Comparison of proliferative responses and levels of antibody to the
35-kDa protein. The percentage of individuals in each group with a positive
PBMC proliferative response (Dcpm . 2,000; stimulation index . 4) (dotted
bars), the percentage of individuals with a positive antibody response (A405 .
0.337) (striped bars), and the percentage of individuals with both positive pro-
liferative and antibody responses (black bars) are indicated.
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criteria, 37 of the 43 leprosy contacts or patients tested made
exclusively a proliferative or an antibody response to the pro-
tein, irrespective of the clinical classification of the patients. A
variety of immunoregulatory mechanisms may contribute to
this dichotomous response, including age, route of inoculation
and bacterial load at the time of infection (3), genetic contri-
bution from the host (2), and the cytokine milieu at the site of
T-cell activation (29, 36). Determining the relative importance
of these mechanisms will require the availability of M. leprae
antigens, such as the 35-kDa protein, which mirror the re-
sponse to the whole organism.
The utility of recombinant mycobacterial antigens may be

enhanced if the recombinant form more closely resembles the
native protein. Our approach was to purify recombinant pro-
tein from the rapidly growing, nonpathogenic M. smegmatis.
The 35-kDa protein of M. leprae purified from this mycobac-
terial host folded into the correct conformation, as assessed by
its recognition by conformation-dependent MAbs (Fig. 2) and
its formation of multimeric complexes. By contrast, the recom-
binant 35-kDa protein appeared to be incorrectly folded in E.
coli. The M. smegmatis form of the protein was preferentially
bound by sera from leprosy patients, indicating that nonlinear
determinants were dominant in the human antibody response
to this antigen. The lack of recognition of denatured M. smeg-
matis recombinant 35-kDa protein suggested that the inability
of the E. coli recombinant 35-kDa protein to bind leprosy sera
was most likely due to differences in the conformation of the
proteins, rather than posttranslational modification. Previous
studies have also shown enhanced recognition of mycobacte-
rium-derived proteins by the cellular immune response. For
example, the MPT64 protein of M. tuberculosis when purified
from M. smegmatis was more potent in eliciting DTH than the
E. coli recombinant MPT64 and preferentially stimulated lym-
phocytes from M. tuberculosis-infected individuals to secrete
IFN-g (28). The M. smegmatis-derived recombinant 35-kDa
protein elicited strong and specific DTH inM. leprae-sensitized
guinea pigs (Table 1). Although the basis for the enhanced
immunogenicity of recombinant proteins purified from myco-
bacteria in DTH and T-cell assays is unclear, presentation of
the protein in the correct conformation may lead to more-
efficient antigen processing and T-cell activation.
Monitoring of the effectiveness of leprosy control programs

is hindered by the lack of specific and sensitive diagnostic
reagents with which to detect subclinical infection with M.
leprae and measure transmission within a community. For a
single mycobacterial protein to be useful as a diagnostic re-
agent, it should be limited in distribution, must be widely
recognized by the desired population, and must stimulate the

correct pattern of immune responses. The M. leprae 35-kDa
protein fulfills all these criteria; it is absent fromM. tuberculosis
and M. bovis BCG, over 90% of leprosy patients and leprosy
contacts respond to the protein, and it stimulates IFN-g pro-
duction and DTH. Only a few mycobacterial proteins have
been evaluated for each of these criteria. For example, the M.
leprae 10-kDa, or GroES, protein elicited DTH in M. leprae-
sensitized guinea pigs and is widely recognized by leprosy pa-
tients but lacks specificity, as it shares 90% identity with its M.
tuberculosis counterpart (18). The immunodominant M. bovis
BCG 70-kDa heat shock protein elicits DTH in tuberculin-
positive subjects (5), but the dominant T-cell epitopes are
shared with the M. leprae homolog (1). Similarly, the 85B
antigen of M. tuberculosis also elicits DTH, but the protein is
common to all mycobacteria (34). Our finding that the 35-kDa
protein elicits no or only weak DTH in M. tuberculosis- or
BCG-sensitized animals further highlights the potential use of
this protein as a component of a diagnostic test for leprosy
exposure.
In addition, the M. leprae 35-kDa protein is a strong candi-

date as a component of an M. leprae vaccine. As the current
vaccine strain BCG lacks the antigen, the introduction of this
protein to extend the antigenic repertoire of BCG may en-
hance the protective efficacy of BCG vaccination against lep-
rosy infection. We are currently evaluating the immunogenicity
of BCG overexpressing the gene encoding the M. leprae 35-
kDa protein, with a view to developing a more effective recom-
binant vaccine for immunoprophylaxis against leprosy.
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