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We identified a T-cell determinant of the 35-kDa antigen of Mycobacterium leprae which is discriminatory
against cross-sensitization by its closely related homologue in Mycobacterium avium. From synthetic peptides
covering the entire sequence, those with the highest affinity and permissive binding to purified HLA-DR
molecules were evaluated for the stimulation of proliferation of peripheral blood mononuclear cells (PBMCs)
from leprosy patients and healthy sensitized controls. Responses to the peptide pair 206–224, differing by four
residues between M. leprae and M. avium, involved both species-specific and cross-reactive T cells. Lymph node
cell proliferation in HLA-DRB1*01 transgenic mice was reciprocally species specific, but only the response to
the M. leprae peptide in the context of DR1 was immunodominant. Of the cytokines in human PBMC cultures,
gamma interferon production was negligible, while interleukin 10 (IL-10) responses in both patients and
controls were more pronounced. IL-10 was most frequently induced by the shared 241–255 peptide, indicating
that environmental cross-sensitization may skew the response toward a potentially pathogenic cytokine phenotype.

The study of the epitope specificity and interlinked function
of responding T cells may help to improve the understanding
of immunopathogenesis of nerve and skin lesions and may
advance the search for immunodiagnostic and vaccine sub-
units. Considering the many antigens with structural homology
among the pathogenic Mycobacterium leprae, Mycobacterium
tuberculosis, and environmental mycobacteria (2) only a few
have been studied by using synthetic peptides for the stimula-
tion of cloned T cells (10) or blood lymphocytes (3, 12). Al-
though most M. leprae antigens have close homologues in the
M. tuberculosis complex (20), the 35-kDa antigen is an excep-
tion, with homologues in Mycobacterium avium only (21, 22).
The 35-kDa antigen of M. leprae, a major membrane protein
(8), has been cloned and sequenced (25). It contains an M.
leprae-specific B-cell epitope of conformational nature (9),
which is the target of serum antibodies (Ab), elevated in a very
high proportion of multibacillary, but only few tuberculoid
(TT/BT), leprosy patients (17, 19). The purified 35-kDa anti-
gen of M. leprae has previously been found to be stimulatory
for peripheral blood mononuclear cells (PBMCs) of TT/BT
leprosy patients and Mycobacterium bovis BCG-vaccinated
healthy subjects in California (15), and the purified recombi-
nant protein was stimulatory of both proliferation and gamma
interferon (IFN-g) production in 65% of paucibacillary pa-
tients and 80% of healthy contacts in Nepal (21). These studies

with the whole antigen indicated a strong immunogenicity but
also its lack of M. leprae specificity, attributable to sensitization
by the 88% homologous 35-kDa antigen of M. avium, since the
gene encoding the 35-kDa protein is not found in the M.
tuberculosis complex or BCG (21, 25). The purpose of this
study was to identify immunogenic peptides and search for M.
leprae-specific epitopes involving the 12% of residues that dif-
fer between M. leprae and M. avium. The mapping of T-cell
epitopes is complicated in humans because of heterozygosity at
three HLA class II loci (DR, DQ, and DP). Predictive motifs
are only of partial value, and empirical mapping by PBMC
proliferation is too elaborate for larger proteins. Therefore, for
the analysis of the 35-kDa protein we opted for a strategy in
which the initial screening of peptides was carried out by bind-
ing to purified HLA-DR molecules.

Affinity of peptide binding to purified HLA-DR molecules.
On the basis of the 35-kDa protein sequence (25), a total of 58
15-mer peptides overlapping by five residues were synthesized
and characterized by previously described methods (23).
HLA-DR molecules of 10 different haplotypes were purified
(5, 6), and the binding assay was performed with mixtures
containing purified HLA-DR protein (0.5 mM), N-terminally
biotinylated reference peptide (1.8 mM class II-associated in-
variant chain peptide [CLIP], 1.6 mM influenza hemagglutinin
307–319, or 1.6 mM HLA-A3 153–168), and competitor pep-
tide (0, 3, 30, or 300 mM) (11). The 50% inhibitory concentra-
tions (IC50) for competitor peptides were calculated by regres-
sion analysis of the measured absorbencies.

Of the 58 synthesized peptides, all but two showed some
binding (IC50, ,200 mM) for at least one, but often a number,
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of the HLA-DR molecules tested, with large variation in the
specificity, binding affinity, and the total number of DR alleles
bound (results not shown). Of these, peptides 176–190, 206–
219, 271–285, and 276–290 bound to three or more DR alleles
with the highest affinity (Table 1). Peptides differing in four to
five residues between M. leprae and M. avium showed high-
affinity (206–220 and 271–285) or moderate-affinity (141–155
and 266–280) DR binding. The M. leprae sequence of 206–219
differs from that of M. avium by a frameshift due to the inser-
tion of a tyrosine at position 209 in the M. avium sequence that
comes back into frame at position 219 with an additional iso-
leucine. The apparent specificity of 271–285 is compromised by
the N-terminal location of four of the distinct residues. There-
fore, the best combination of high affinity and potential spec-
ificity was predicted to be the 206–219 [FGA(P)(T)QFIT
WR(H)GIP(R)LI(2)P] M. leprae sequence (differences in the
M. avium sequence are shown in parentheses).

Peptide-stimulated proliferation of PBMCs from leprosy
patients and controls. All 55 Indian leprosy patients recruited
from the Central Jalma Institute for Leprosy, Agra, India, and
the Army Hospital, Lucknow, India, had received less than 4
weeks of World Health Organization multidrug chemotherapy,
while healthy controls were recruited from staff working in the
same institutes. Leprosy patients without microbiologically ac-
tive disease were from the Hospital for Tropical Diseases in
London, United Kingdom (UK). Healthy purified protein de-
rivative-negative (4) and purified protein derivative-positive
(18) controls, none of whom had been exposed to leprosy, were
recruited from the tuberculosis contact clinic at Northwick
Park Hospital, Harrow, England. The absence of any likely
exposure to leprosy was ascertained by excluding those who
had traveled to any area where leprosy was known to be en-
demic and by excluding any in a health service occupation.
Proliferation and cytokine assays were performed as previously
described (23). Although peptides were essentially lipopolysac-
charide free, polymyxin B (10 mg/ml) was added to cultures as
an additional precaution. The lymphocyte stimulation index
(SI) was calculated as the average counts per minute in the

presence of antigen/the average counts per minute in the ab-
sence of antigen. A positive response was defined by a lym-
phocyte SI of .2. A total of 4 of 105 subjects having values for
background counts per minute of .3 standard deviations from
the population mean were excluded from the analysis.

Fourteen peptides which bound with moderate to high af-
finities (IC50, ,100 mM or ,10 mM, respectively) to one or
more DR molecules were selected for evaluation (Table 1).
This part of the study was performed mainly with TT/BT lep-
rosy patients and controls from areas where leprosy was en-
demic and where it was not. The most frequently stimulatory
peptides, giving positive responses in at least 30% of tested
subjects, were 41–55, 141–155, 206–219, 231–245, 266–280, and
271–285. The high frequency of recognition suggests a genet-
ically permissive recognition (confirmed by PCR and se-
quence-specific primer-based HLA-DRB1* typing of the do-
nors; data not shown). Response frequencies in patients and
controls did not differ consistently for any of the tested pep-
tides. The trend towards greater recognition of 276–290 by
TT/BT patients was not statistically significant. However, re-
sponses to 41–55 were about three times more frequent for
both patients and controls in London than for those in India
(P , 0.01).

Response to pairs of homologous peptides with either the M.
leprae or M. avium sequence. In view of the abundant exposure
to environmental M. avium in areas where leprosy is endemic,
we investigated if cross-sensitization could be distinguished
with a pair of 19-mer peptides (206–224) (rather than the
original 14-mer, 206–219) containing five residues differing
between M. leprae and M. avium. Proliferation was tested in
PBMC cultures of leprosy patients and controls from India and
the UK. In the latter group (excluding any contact with M.
leprae infection) all but one subject (a total of five) responded
only to the M. avium peptide (P 5 0.019), thus suggesting a
specific recognition of M. avium 206–224. In contrast, T cells
from the UK leprosy patients recognized 206–224 in about
equal proportions either alone or in conjunction with M. avium
206–224. These data suggest that T cells can recognize each of
these two peptides specifically, but a contribution from cross-
reactive T cells cannot be excluded. This conclusion is corrob-
orated by the absence of any response to the M. avium peptide
in all three responders of the Indian lepromatous (LL/BL)
group, hence suggesting the presence of M. leprae 206–224-
specific T cells. One problem of interpretation remains the
initial finding of 50% responsiveness of UK controls to peptide
206–219 (Table 1). Although the four N-terminal residues of
the extended 19-mer peptide used in the comparison shown in
Table 2 were all conserved between the two species, the addi-
tion of these residues ostensibly improved specificity. There-
fore, detailed analysis of the epitope localization (i.e., window
pepscan, establishment of minimal epitope length, the role of
flanking regions, and characterization of the epitope core) is
required. Based on the lack of response in UK controls who
were not exposed to M. leprae infection we conclude, tenta-
tively, that peptide 206–224 carries M. leprae specificity.

Analysis of p206–224 specificity in HLA-DRB1*0101 trans-
genic and FVB/N (H2-Aq) control mice. The transgenic mice
express both DRB1*0101 and indigenous H2-Aq but only mu-
rine CD4 (1). Mice were immunized subcutaneously in each
hind footpad with 50 mg of synthetic peptides of either the M.
leprae or M. avium sequence or with 25 mg of recombinant
35-kDa protein (a gift from Warwick Britton, Centenary Insti-
tute, Sydney, Australia) (21) (rpL35) or phosphate-buffered
saline emulsified in a 1:1 (vol/vol) ratio with incomplete
Freund’s adjuvant (Difco, Detroit, Mich.). After 8 days, the
draining popliteal lymph node (LN) cells in triplicate cultures

TABLE 1. Proliferative responses of leprosy patient and control
PBMCs to peptides selected on the grounds of a distinct sequence

and pronounced binding to HLA-DR molecules

Peptide
Binding to purified
proteins of HLA-

DRb

No. of respondersc/total no. (%)

Healthy subjects TT/BT leprosy
patients

26–40 (0)a 1, 15, 6, 7, 8 NT 3/14 (21)
36–50 (1) 4, 6, 9 NT 1/14 (7)
41–55 (1) B5, 6, 7 2/9 (22) 5/29 (17)

9/14 (64)d 3/8 (38)d

86–100 (2) 6, 7, 8 NT 2/14 (14)
141–155 (5) 15 2/6 (33) 3/10 (30)
176–190 (1) 1, B5, 4, 5, 6, 7, 8 1/3 (33) 4/10 (40)
206–219 (5) 1, 15, B5, 6, 7, 8 5/9 (55) 12/31 (39)

9/18 (50)d 4/8 (50)d

216–230 (4) B5 0/3 (0) 1/10 (10)
226–240 (3) 6, 8 NT 1/15 (7)
231–245 (1) B5, 6, 8 2/9 (22) 6/20 (30)
241–255 (0) 15, 8 1/6 (17) 1/10 (10)
266–280 (5) 6, 8 3/6 (50) 5/10 (50)

8/12 (66)d 5/8 (63)d

271–285 (4) 15, B5, 6, 7 NT 1/15 (7)
276–290 (1) B5, 4, 6, 8, 9 0/9 (0) 6/20 (30)

a Number of residues differing between M. leprae and M. avium.
b IC50 of #100 mM or ,10 mM for those in bold.
c SI, .2.0. NT, not tested.
d Tested patients and controls were from London; all others were from India.
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of 4 3 105 cells/well were incubated in the presence of the
synthetic peptides (50 mg/ml) or rpL35 (10 mg/ml), and
[3H]thymidine uptake (on day 3 after 6 h) was determined.
Reciprocal priming and in vitro stimulation of LN cells showed
that LN cells from M. leprae 206–224-primed mice were stim-
ulated by the homologous peptide but not by the M. avium
peptide (Fig. 1); this response was higher in the DR1 trans-
genic mice than in the control FVB mice. Stimulation with
rpL35 was also pronounced in the DR1 transgenic mice but
was much weaker in the control mice, thus suggesting the
immunodominance of M. leprae 206–224 in the context of
DR1. Moreover, this immunodominant determinant appeared
to be M. leprae-specific, since LN cells from M. avium 206–224-
primed mice responded only to the homologous peptide and
not the peptide or the whole antigen from M. leprae.

Interestingly, following priming with rpL35, the LN response
to the M. leprae peptide was demonstrable exclusively in the
DR1 transgenic mice and not in the control FVB mice. Thus,
the response to M. leprae 206–224 was immunodominant in the
context of DR1 but was cryptic in the control FVB mice.
Further evidence for the role of DR1 was suggested by the
finding of 53.3% specific inhibition of the peptide response in
the LN cultures which contained the L243 anti-DR1 monoclo-
nal Ab (results not shown). In contrast, the LN proliferation
response to rpL35 was pronounced in both DR1 transgenic

and control mice. The response of DR1 transgenic cells to
rpL35 was not inhibited by the pan-HLA-DR-specific mono-
clonal Ab L243 (ATCC HB-55, mouse immunoglobulin G2a)
at 10 mg/ml, when compared with the same concentration of
isotype control (murine anti-mouse I-Ab1k, ATCC HB-163).

Cytokine production by peptide-stimulated PBMCs. PB-
MCs (107 cells/ml) were cultured in 96F plates (Nunc, Ros-
kilde, Denmark), and the supernatants were harvested at 48 h
for enzyme-linked immunosorbent assay. Median values of
nonparametric variables with the range were calculated. In
cultures of 22 Indian controls and leprosy patients, concanava-
lin A (5 mg/ml) stimulated higher IFN-g levels in the healthy
controls (415.4 pg/ml; range, 409.1 to 642.9 pg/ml) in UK
controls than in either the TT/BT group (344.9 pg/ml; range,
101.5 to 608.2 pg/ml) or the LL/BL group (281.8 pg/ml; range,
70.9 to 583.5 pg/ml) (P , 0.05 in both cases). Although M.
leprae soluble extract, obtained from R. J. W. Rees, World
Health Organization Bank, also stimulated higher IFN-g levels
in TT/BT patients (206.0 pg/ml; range, 33.8 to 415.0 pg/ml)
than in healthy controls (48.3 pg/ml; range, 0 to 279.1 pg/ml),
this difference was not statistically significant, while LL/BL
patients produced, as expected, the lowest levels (9.1 pg/ml;
range, 0 to 262.2 pg/ml; P , 0.05, by comparison with the
TT/BT group). Most surprisingly, the IFN-g responses of both
healthy controls and TT/BT patients to the tested peptides
were very low (results not shown). Considering the high sen-
sitivity of the IFN-g assay (#1 pg/ml), the low background
production (median value, 0 pg/ml; the highest value in the
range was 11 pg/ml), and the high values in a previous analysis
of tuberculosis patients (24), we are confident that the lack of
significant peptide-stimulated IFN-g production was not due
to technical reasons. This is in contrast with the corresponding
proliferation and IFN-g responses to the recombinant whole
35-kDa protein in the Nepali study (21). It seems unlikely that
immunogenic peptides per se are not stimulatory of IFN-g,
since at least one peptide (p-624), derived from the LSR/A15
antigen of M. leprae, was reported to be stimulatory in Indian
leprosy patients and controls (13).

The interleukin 10 (IL-10) assay, which had a sensitivity of
20 pg/ml, showed considerable individual variation (0 to 1000
pg/ml) in the absence of antigen. Therefore, it was necessary to
compensate for this problem by introducing an arbitrary cutoff
point for grading a positive peptide-stimulated increase. The
results (Table 3) showed that the peptide-induced IL-10 re-
sponse, irrespective of peptide specificity, was more than twice
as common among patients with LL/BL disease (37.1%) than
in both TT/BT (14.6%) and control (14.7%) groups (P , 0.01).
Moreover, the results also suggested a significant role for pep-
tide specificity, since 241–255 induced IL-10 production more
frequently (43.5%) than peptides 41–55, 141–155, or 206–219
(8.7 to 16.17%) (P , 0.01), while 231–245 had an intermediate
capacity.

TABLE 2. Proliferation of PBMCs in response to peptide 206–224 of either M. leprae or M. avium

Group of patients No. of respondersa to peptide of:

Diagnosis Country No. tested M. leprae only M. leprae 1 M. avium M. avium only

Healthy sensitized India 6 1 1 1
United Kingdom 8 0 1 5

TT/BT leprosy India 10 1 1 2
United Kingdom 8 2 2 2

LL/BL leprosy India 10 3 0 0
United Kingdom 13 2 3 3

a SI, .2.

FIG. 1. Proliferative responses of LN cells from HLA-DRB1*01-transgenic
mice (black bars) and control FVB mice (white bars). Mice (two males per
group) were primed by footpad inoculation with 50 mg of peptide 206–224 of M.
leprae (Ml) or M. avium (Ma) or 25 mg of rpL35 (rP) in incomplete Freund’s
adjuvant. [3H]thymidine uptake corrected for phosphate-buffered saline controls
of pooled 8-day primed LN cells incubated in the presence of 50 mg of peptide
or protein stimuli per ml was measured for transgenic and control mice. Anti-
HLA-DR monoclonal Ab inhibited 53.3% of the M. leprae 206–224-specific
response and not the rpL35 stimulation of DR1 transgenic LN cells (results not
shown). *31000, counts per minute.
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We interpret the significant production of IL-10 in the ab-
sence of antigen in both TT/BT and LL/BL patients as a sign
of macrophage activation, contributing to T anergy in LL dis-
ease (14, 18). Interestingly peptide 241–255, identical in se-
quence in both M. leprae and M. avium, stimulated an increase
in IL-10 secretion, especially in LL/BL patients, whereas the
M. leprae-specific 206–219 sequence induced a minimal IL-10
response. Although the protective effect of BCG against lep-
rosy (16) suggests a role for cross-reactive T cells in protection,
our observation suggests that sensitization by M. avium in this
instance could lead to a nonprotective response. Downregula-
tion of the expression of major histocompatibility complex
class II and costimulatory molecules on antigen-presenting
cells by IL-10 (4) could also explain the observed low IFN-g
response to peptides. It is of further interest that 241–255 binds
with the highest affinity to the DR15 allele, which has been
associated with leprosy (7).
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TABLE 3. Disease associations and specificities of peptide-
stimulated IL-10 responses

Peptide
sequence

No. of IL-10 positivea/total no. of Indian subjects (%)

Healthy controls TT/BT leprosy LL/BL leprosy Total

41–55 1/7 1/10 1/7 3/24 (12.5)
141–155 0/7 2/10 2/7 4/24 (16.7)
206–220 0/6 0/10 2/7 2/23 (8.7)
231–245 1/7 1/9 4/7 6/23 (26.1)
241–255 3/7 3/9 4/7 10/23c (43.5)

Total 5/34 (14.7) 7/48 (14.6) 13/35b (37.1)

a Cutoff: increment of .100 pg/ml and at least twice above background (no
peptide) value.

b Higher than either controls or TT/LL patients (P , 0.01; Fisher’s exact test).
c Higher than 41–55, 141–155, or 231–245 (P , 0.01; Fisher’s exact test).
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