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The Lsr2 protein of Mycobacterium leprae and its synthetic peptides have been shown to elicit lymphoproliferation and gamma
interferon (IFN-�) release by peripheral blood mononuclear cells (PBMCs) of patients with lepromatous leprosy (M. Chaduvula,
A. Murtaza, N. Misra, N. P. Narayan, V. Ramesh, H. K. Prasad, R. Rani, R. K. Chinnadurai, I. Nath, Infect. Immun. 80:742–752,
2012). PBMCs from 16 patients with lepromatous leprosy who were undergoing erythema nodosum leprosum (ENL) (type 2)
and 5 patients with reversal reactions (RR) (type 1) were stimulated with M. leprae, recombinant Lsr2, and six end-to-end syn-
thetic peptides (A through F) spanning the Lsr2 sequence. During the reaction all patients with ENL showed lymphoprolifera-
tion (stimulation index, >2) in response to peptides A and F, with other peptides eliciting responses in 75 to 88% of the subjects.
In PBMC cultures, both lymphoproliferation and IFN-� release for peptide E were significantly higher than for peptides B and C
and recombinant Lsr2 (P < 0.05, Wilcoxon signed-rank test). Five patients with RR also showed enhanced lymphoproliferative
responses and IFN-� release in response to Lsr2, M. leprae, and peptide E. Six months postreaction, 14 patients with ENL contin-
ued to exhibit responses to Lsr2 and its peptides, with the highest responses being elicited by peptide E. However, 5 subjects
showed no lymphoproliferation and had reduced IFN-� release in response to Lsr2 peptides (P < 0.001, Kruskal-Wallis test) but
responded to recombinant Lsr2. Six patients with ENL had HLA-A*68.01, which the STFPEITHI program showed to have high
peptide-binding scores of 20 to 21 for peptides E, B, and C. Eleven patients had HLA-DRB1*1501 and HLA-DRB1*1502, which
had high binding scores for peptides C and E. Thus, Lsr2 and its peptides are recognized in leprosy reactions during and well
after the subsidence of clinical signs.

Lsr2, a 15-kDa basic protein of Mycobacterium leprae, has been
reported to be immunodominant in leprosy (1, 2, 3). As M.

leprae is not cultivable by conventional means, it became feasible
to study the biological functions of Lsr2 after homologues were
identified in cultivable strains of mycobacteria. In recent years,
Lsr2 has been reported in all sequenced mycobacteria (4, 5) and
mycobacteriophages (6, 7). That lsr2 is an essential gene was
shown in Mycobacterium tuberculosis, an important human
pathogen for which lsr2 deletion was not compatible with survival
(8, 9). Lsr2 is a transcription regulator and influences gene expres-
sion. It binds to AT-rich regions of chromosomal DNA (9, 10) and
physically protects the DNA from damage by reactive oxidative
intermediates (11), targets virulence genes (9, 12), influences cell
wall synthesis and biofilm formation (4), and affects drug resis-
tance (8). Lsr2 is upregulated under stress conditions such as iron
increase (13), nutrient starvation (14), and high temperatures
(15).

The protein encoded by the lsr2 gene is recognized by antibod-
ies and T cells of leprosy patients (1, 2, 3, 16, 17, 18). Leprosy is
characterized by a clinicopathological spectrum wherein some pa-
tients present with localized depigmented hypoanesthetic skin
patches (polar tuberculoid [TT] and borderline tuberculoid [BT]
leprosy), whereas other patients have generalized involvement
and show bacilli (polar lepromatous [LL] and borderline lepro-
matous [BL] leprosy) in lesions; a fifth form, called borderline
borderline (BB), also shows bacilli (19). It is now established that
lepromatous leprosy patients have antibody responses but not
CD4� T cell-mediated responses to the causative organism. The T
cell unresponsiveness is uniquely directed against M. leprae and

not against other mycobacteria/antigens. Though many patients
remain clinically stable throughout the disease period, about 15 to
20% of patients with leprosy suffer from two types of leprosy
reactions. Reversal reactions (RR) (type 1) occur mainly in bor-
derline types of leprosy (BT, BB, and BL), and episodes termed
erythema nodosum leprosum (ENL) (type 2) reactions occur in
both borderline and polar lepromatous leprosy (20). Whereas RR
is localized to the skin lesions and neighboring peripheral nerves,
patients with ENL present with generalized signs of fever, dissem-
inated skin nodules, and joint pains. Selective sequences of Lsr2, as
determined by synthetic peptides, were uniquely recognized by
antibodies of leprosy patients undergoing episodes of ENL (16).
While the antigen-specific anergy to M. leprae has been intensely
investigated, it is of interest that during reactional episodes such
patients show transient Th1 responses to specific M. leprae anti-
gens (21).

Some patients with lepromatous leprosy who showed unre-
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sponsiveness to M. leprae nevertheless responded to recombinant
Lsr2 and its peptides (1), which indicated the possibility in these
patients of restitution of T cell responses by selective epitopes of
M. leprae. The present investigation was undertaken with end-to-
end Lsr2 peptides with a view to dissecting the T cell recognition of
Lsr2 during the natural immunological perturbations that occur
in leprosy reactions. Peripheral blood mononuclear cells (PB-
MCs) from patients with ENL and RR were stimulated with M.
leprae and recombinant Lsr2, and six end-to-end synthetic pep-
tides (A through F) spanning the Lsr2 sequence were evaluated as
in vitro correlates of CD4� T cell function with assays of lym-
phoproliferation and gamma interferon (IFN-�) release.

MATERIALS AND METHODS
Subjects. A total of 21 patients with multibacillary leprosy attending the
Voluntary Health Services (VHS) Leprosy Project, Shaktinagar, Periyar
District, Tamil Nadu, India, were included in the investigation (Table 1).
The study was approved by the institutional ethics committees of VHS
and the All India Institute of Medical Sciences. Informed consent was
obtained from the patients before the collection of samples. Subjects who
met the inclusion criteria were adult patients who consented to the study,
gave assurance for regular clinical follow-up, and showed no clinical evi-
dence of hypertension, diabetes, and other infectious diseases such as
tuberculosis, HIV, or helminth infections. Exclusion criteria were age be-
low 15 years, pregnancy, and anemia.

Among the patients with leprosy reaction included in the study, the
leprosy in 13 patients was classified as polar lepromatous leprosy (LL), in
7 patients as borderline lepromatous leprosy (BL), and in 1 patient as

borderline borderline leprosy (BB). Five and 16 patients, respectively, had
RR and ENL leprosy reactions (16 males and 5 females aged 20 to 57
years). All patients with ENL were studied during the reaction episode
(time [t] � 0) and at 0.5 and 1 year after the onset of reaction. Patients
with RR were investigated only at the time of reaction. Patients were
investigated within 4 days of the onset of reaction and before receiving
antireaction therapy. The follow-up studies were undertaken well after the
therapy was completed. The patients were classified for the type of leprosy
and reaction types on the basis of clinical and histopathological examina-
tion of the skin lesions per the Ridley Jopling classification (19, 20). Pa-
tients 14 and 15 were also investigated at 4 and 3 months prior to the onset
of ENL and patients 5 and 6 at 5 and 1.5 years post-ENL episode.

The patients received antileprosy multidrug therapy (MDT) consist-
ing of 100 mg of dapsone daily, 100 mg clofazamine on alternate days, and
600 mg of rifampin monthly prior to and during reactions, as indicated in
Table 1. During the reaction episodes, the patients received additional
steroids for 12 weeks per WHO guidelines, which consisted of tapering
doses of corticosteroids every 2 weeks starting at 40 mg daily and ending at
5 mg daily for weeks 11 and 12.

Antigens. Heat-killed integral M. leprae was kindly provided by P. J.
Brennan (Colorado State University, Fort Collins, CO). The Lsr2 protein
obtained from the pQE9 clone was kindly provided by Josie Clarke Cur-
tiss, Washington University, St. Louis, MO, and purified as described
earlier (1). In brief, the His-tagged Lsr2 protein was purified from lysates
in a slurry of Ni-iminodiacetic acid (IDA) resin with buffer containing
various concentrations of imidazole per the manufacturer’s instructions
(Qiagen Inc., Chatsworth, CA). The pooled dialyzed fractions were sus-
pended in endotoxin-free phosphate-buffered saline (PBS) and checked
for purity in 12% SDS-PAGE gels and for reactivity by Western blotting

TABLE 1 Clinical details of 21 leprosy patients with RR (type 1) and ENL (type 2) included in the study prior to administration of antireaction
therapya

Type of reaction
and patient no.

Age
(yrs) Sex

Leprosy
typeb BIc

Duration of
leprosy (yrs)

No. of previous
reaction episodes

Duration of reaction
prior to study (d)

Duration of MDTd prior
to the study (mos)

ENL
1 49 M LL 2.5 1.5 1 0 6
2 40 M LL 1.2 5 1 2 11
3 35 M LL 3.7 3 1 2 12
4 28 M LL 3.1 2 1 4 12e

5 37 F LL 4 3.4 3 0 24e

6 35 M LL 0.7 1.1 1 3 3
7 20 F LL 1.3 3 3 2 6
8 26 M LL 4 2 1 1 1.2
9 42 M BL 3.5 3 1 1 1.5
10 32 M BL 3 0.5 0 2 2
11 42 M LL 3 1.2 1 2 4
12 47 M LL 3.2 8 2 1 12e

13 35 M LL 3 2 1 1 6
14 38 M BL 3.5 0.5 0 1 1
15 47 F BL 2.7 2 1 3 3
16 32 F LL 5 2 0 2 1

RR
17 57 M BL 3 2 1 4 6
18 40 F LL 2.5 0.5 0 1 0
19 52 M BL 2 0.75 0 1 3
20 30 M BB 3.5 5 4 3 3f

21 52 F BL 3 1.5 0 4 6
a Patients were classified on the basis of the Ridley Jopling classification (19, 20).
b LL, BL, and BB indicate polar lepromatous, borderline lepromatous, and borderline borderline leprosy, respectively.
c BI, mean bacillary index of skin sites.
d MDT, multidrug therapy (see Materials and Methods).
e Irregular treatment was received due to nonattendance at the clinic.
f Received steroids during the last reaction episode, which was 14 months prior to the present study.
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using lepromatous sera as described earlier (1). Endotoxin contamination
was 0.3 EU/ml as evaluated by chromogenic Limulus amebocyte lysate
assay (Lonza, Walkersville, MD). Six end-to-end synthetic peptides were
designed by M. E. Pattarayo (Institute de Immunologia, Bogotá, Colum-
bia) on the basis of the Lsr2 sequence (GenBank accession no. M67510)
using algorithms for T cell epitopes. They were synthesized by solid phase
using the N-tert-butoxycarbonyl (t-BOC) method as described earlier (1).
The six peptides with an amino acid (aa) location in the Lsr2 sequence
(given in parentheses) were peptide A (aa 1 to 23) (MAKKVTVTLVDDF
DGAGAADETV), peptide B (aa 24 to 42) (EFGLDGVTYEIDLTNKN
AA), peptide C (aa 43 to 60) (KLRGDLRQWVSAGRRVGG), peptide D
(aa 61 to 80) (RRRGRSNSGRGRGAIDREQS), peptide E (aa 81 to 100)
(AAIREWARRNGHNVSTRGRI), and peptide F (aa 101 to 112) (PADVI
DAFHAAT).

Ex vivo PBMC cultures. Heparinized peripheral blood obtained by
venipuncture was transported by air and processed within 10 to 12 h of
bleeding.

(i) Lymphoproliferation assay. As described earlier (1), PBMCs were
separated by density gradient centrifugation on Histopaque (Sigma-Al-
drich, St. Louis, MO), washed in Hank’s balanced salts solution (HBSS)
and resuspended in RPMI 1640 (Gibco-BRL, MD), with 10% AB serum, 2
mM L-glutamine, 100 units of penicillin (Alembic Chemicals, India), and
100 �g streptomycin (Sarabhai Chemicals, India). Staining with 0.2%
trypan blue dye exclusion showed 95 to 98% cell viability. We dispensed
1 � 105 cells/well of PBMCs in triplicate at a volume of 100 �l into 96-well
sterile flat-bottom culture plates (Nunc, Intermed, Kampstrup, Den-
mark) as cells alone or with 25 �l each of integral heat-killed armadillo-
derived M. leprae at a concentration of 5 � 106 bacilli/ml, Lsr2 at 1 �g/ml,
or synthetic peptides at a concentration of 50 �g/ml. The optimal concen-
trations of antigens and time periods of cultures had been determined as
reported earlier for 5 healthy individuals and 10 patients with tuberculoid
and 10 with lepromatous leprosy (1). Cultures were incubated for 5 days
at 37°C in humidified air containing 5% CO2. The cultures were pulsed
with [3H]thymidine (2 Ci/mM; Amersham International, Buckingham-
shire, United Kingdom) for 16 to 18 h prior to harvesting on glass fiber
discs (Whatman GF/C, Maidstone, England, United Kingdom), by a
semiautomatic PHD cell harvester (Cambridge Technology, Inc., Cam-
bridge, MA). The incorporated radioactivity was assessed by liquid scin-
tillation counting on an LKB Rackbeta 1209 counter (Piscataway, NJ)
using toluene-based scintillation counting fluid. The counts per minute
(cpm) were obtained, and the results are given as the mean change in cpm
(�cpm) � the standard deviation (SD), the mean cpm of stimulated cul-
tures minus the mean cpm of unstimulated cultures, and the stimulation
index (SI) (mean cpm of stimulated cultures/mean cpm of unstimulated
cultures). An SI value of �2 was considered a positive response based on
a P value of 	0.001 obtained using receiver operating characteristic
(ROC) analysis.

(ii) IFN-�. PBMCs were cultured as described above for 48 h, which
was found to be the optimum time in preliminary experiments under-
taken in patients with tuberculoid and lepromatous leprosy as described
earlier (1). The supernatants were centrifuged to remove cell debris and
stored at 
20°C until further use. IFN-� was assayed in triplicate per the
manufacturer’s instructions (Quantikine enzyme-linked immunosorbent
assay [ELISA]; R&D Systems Europe, Ltd., Abingdon, United Kingdom),
with a sensitivity of 8 pg/ml.

Identification of IFN-�-producing cells was established by flow cy-
tometry using Lsr2 and M. leprae as the antigens in 3 representative pa-
tients with ENL undergoing reactions. PBMCs were cultured as above at
37°C for 48 h in the presence of Lsr2 and M. leprae. Golgi Stop (BD
Biosciences, San Diego, CA) was added 8 h prior to harvest, and then cells
were washed three times and resuspended in stain buffer. Aliquots of 50 �l
of 1 � 106/ml cells were first incubated for surface staining for 30 min on
ice with fluorescent conjugated antibodies (BD Biosciences) consisting of
anti-human CD3 (peridinin chlorophyll protein/PerCP-Cy 5.5 labeled),
anti-human CD4 (allophycocyanin/APC-H7 labeled) and anti-human

CD8 (phycoerythrin [PE]/PE-Cy 7 labeled). Cells were washed as before
and then fixed and permeabilized in Cytofix/Cytoperm (BD Biosciences),
followed by intracellular cytokine staining using fluorescein isothiocya-
nate (FITC)-labeled anti-IFN-� per the manufacturer’s instructions. Flow
cytometry was performed using BD FACS Aria (BD Biosciences). Stained
cells were gated for CD3� cells and analyzed for intracellular IFN-� con-
taining CD4� and CD8� phenotypes.

(iii) HLA-A, -B, and -DRB1 polymorphisms. Alleles of HLA-A,
HLA-B, and HLA-DRB1 were studied using PCR followed by hybridiza-
tion with sequence-specific oligonucleotide probes as described earlier
(22, 23) using a bead-based technology (Luminex, Austin, TX) following
the manufacturer’s instructions (LABType SSO kit from One Lambda,
Canoga Park, CA). Briefly, 40 ng of DNA was amplified in master mix,
primers, and 2 �l of Taq DNA polymerase (5 units/�l) in a PerkinElmer
2700 thermal cycler. The amplified product was run on 1% agarose gel to
confirm amplification, and then 5 �l of amplified product was hybridized
with an appropriate amount of multiplex beads conjugated with oligonu-
cleotide probes in hybridization buffer at 60°C for 15 min followed by
washing and incubation with 50 �l 1� streptavidin phycoerythrin (SAPE)
solution at 60°C for 5 min. Fluorescence of the labeled beads was acquired
on a Luminex 2.2 flow cytometer (Luminex Corporation, Austin, TX).
Acquired data were analyzed using LABType software (One Lambda) for
analysis of HLA alleles. The latest nomenclature for the HLA system was
used to designate the alleles of the three loci studied (24).

Statistical analysis. The nonparametric statistical analyses used to
evaluate significance were one-way analysis of variance (ANOVA), the
Kruskal-Wallis test, the Wilcoxon signed-rank test, the two-tailed Mann-
Whitney test, and Spearman’s rank correlation coefficient, performed us-
ing GraphPad prism version 5. The differences were considered statisti-
cally significant at two-sided P values of 	0.05.

RESULTS

That unresponsiveness to M. leprae may be overcome by selective
constituents of the leprosy bacillus was indicated by earlier stud-
ies, wherein recombinant Lsr2 and its synthetic peptides were rec-
ognized in T cell assays performed in patients with lepromatous
leprosy (1). To further identify the regions of Lsr2 that are in-
volved in T cell reactivity, Lsr2 and six end-to-end synthetic pep-
tides (A to F) spanning its sequence were investigated in 21 pa-
tients undergoing leprosy reactions (Table 1). Sixteen patients
with ENL belonging to multibacillary polar (LL) and borderline
lepromatous (BL) leprosy types were serially examined during an
active reaction (t � 0) and 0.5 and 1 year following the reaction,
with care being taken to avoid the influence of steroids adminis-
tered as antireaction therapy. Five patients with RR were investi-
gated only during the reaction episode.

ENL reactions. (i) Ex vivo lymphoproliferative responses of
PBMCs. Sixteen patients with ENL (4 with BL and 12 with LL)
were included in the study. Thirteen of the patients had previous
episodes of ENL and had bacilli in skin lesions at the time of the
study (Table 1). Figure 1 provides data on individual subjects and
Table 2 overall data on the clinical group studied at 3 time points.
It may be observed that, in general, patients with active ENL (t �
0) showed lymphoproliferation in response to recombinant Lsr2
and Lsr2 peptides A through F as well as to M. leprae (Fig. 1).
Whereas 69% and 94% of patients showed responses to the whole
recombinant Lsr2 protein and M. leprae, respectively (SI range,
	2 to 10.5), peptides A and F elicited lymphoproliferation in
100% (SI, 2.1 to 15.7 and 2.0 to 13.2, respectively) and B, C, and D
in �75% of patients with ENL, indicating that T cell epitopes of
the leprosy bacilli are recognizable during ENL episodes (Table 2).
Peptide E was of interest; although it was recognized in only 88%
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of patients, it elicited the highest �cpm and SI values among the
antigens (Table 2; P of 	0.05 to 	0.001, ANOVA).

Individual subjects with ENL showed variations in the magni-
tude of SI and the number of antigens recognized (Fig. 1). Thus,
patients 5, 6, and 13 showed relatively higher SIs to all antigens (SI,
	10). These patients had suffered previous ENL episodes (Table
1) but otherwise appeared to show no clinical or histopathological
differences to explain the heightened responses. The observed re-
sponse levels were much higher than those reported earlier in the
same population of patients with lepromatous leprosy but with-
out reactions (1).

With a view to understanding the duration of heightened T cell
responses, we investigated the same patients at 6 months (0.5 year)
and 1 year following the episodes, when no clinical evidence of
reaction was discernible. This time period amounted essentially to
3 and 9 months, respectively, after the conclusion of 12 weeks of
antireaction therapy with steroids, and thus steroid-induced im-
mune modulation was ruled out. In general, it was noticed that at
0.5 years, patients with ENL continued to show various levels of
peptide stimulation ranging from �2.1 to 41, except for patients
14 and 15, who became unresponsive to all peptides (Fig. 1). It is of

interest that these patients had been examined 3 to 4 months prior
to the present reaction episode and had shown nonresponsiveness
to whole antigens as well as the peptides (data not provided). No
statistically significant responses were observed for any of the pep-
tides between time zero and the 0.5-year responses (two-tailed
Mann-Whitney and Wilcoxon signed-rank tests).

By 1 year, there was a general decrease in lymphoprolifera-
tion, with individual patients showing lower SIs or SIs of 	2 to
different peptides. Five patients lost responsiveness to all pep-
tides, although two of them responded to whole antigens (Fig.
1). Comparison of responses to Lsr2 and its peptides at the 0-
and 1-year time points showed significant decreases in the SI
and �cpm values (Table 2) (P 	0.01 to 0.004, Wilcoxon
signed-rank test). The percentages of responders to M. leprae
(63%) and Lsr2 (75%) remained high, whereas the percentages
of responders to peptides were reduced to 25 to 44% (Fig. 1),
which was within the range reported earlier for the same pep-
tides in stable lepromatous patients from the same population
(1). Patients 5 and 6 were also investigated at 5 and 1.5 years,
respectively, when responses were not seen for any of the pep-
tides and M. leprae. However, Lsr2 continued to be recognized

FIG 1 Individual lymphoproliferative responses of PBMC to end-to-end Lsr2 peptides A through F, recombinant Lsr2, and heat-killed armadillo-derived M.
leprae (ML) in 16 patients with erythema nodosum leprosum (ENL)/type 2 leprosy reactions, expressed as stimulation index (SI). The same patients (1 to 16)
were investigated at the time of reaction (t � 0), 6 months (0.5 year), and 1 year. Boxes show SI graded as 20 to 40 (black), 10 to 19.9 (dark gray), 5 to 9.9 (hatched),
2 to 4.9 (light gray), and 	2 (white). The percentages of responders with an SI of �2 to each antigen are shown on the right.
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in patient 5 (data not shown). These results indicate that in
some patients the flux in T cell responses continues even after
clinical signs of reaction have subsided, whereas in other pa-
tients no/reduced lymphoproliferation is seen. The group
showing continued responses had suffered from recurrent ep-
isodes of ENL.

(ii) IFN-� release in stimulated PBMC cultures. The IFN-�
levels were concurrently investigated in the same patients at time
zero and 1 year after their ENL episodes. ELISA was used to deter-
mine secreted IFN-� levels in culture supernatants of antigen-
stimulated PBMCs, which were analyzed at both the individual
subject (Fig. 2) and ENL group (Fig. 3) levels for each antigen.
During ENL episodes in general, stimulated PBMC cultures for all
subjects showed IFN-� release. In agreement with lymphoprolif-
erative data, IFN-� responses also showed wide variation for the
same antigen. Some patients responded to all antigens with similar
levels of IFN-�, whereas other patients showed variable levels
(Fig. 2 and 3) (range, 52 to 1,842 pg/ml). Cytokine levels corre-
lated well with lymphoproliferation (two-tailed Spearman corre-
lation test) in the patient group. There was highly significant cor-
relation between the two assays (P 	 0.0001 with r � 0.8861 for SI
and P 	 0.0001 with r � 0.6510 for �cpm). The r value for the two
assays was best for peptide E (P 	 0.0001 and r � 0.84 for SI, P 	
0.0005 and r � 0.76 for �cpm) compared to other peptides and
antigens. There were significant decreases in the levels of IFN-� at
1 year after the ENL episode (Fig. 2 and 3) for peptides A, C, D, and
E (P 	 0.001, Kruskal-Wallis test) and for peptide B and M. leprae
(P 	 0.01), with some subjects showing the lowest detectable level
of 8 pg/ml. During ENL and at 1 year post-ENL, patient 12 had
IFN-� responses for peptide E that were similar to the responses
that patients 1 and 3 had for M. leprae. At these two time points
Lsr2 did not show statistically significant reductions in the cyto-
kine levels in the patient groups.

The responses of the whole ENL group were next analyzed for

each of the antigens. Figure 3, which presents the data as box plots
with whiskers, confirms the wide variation in the groups for each
antigen. The highest median values of �IFN-� were noted with
peptide E (375.5 pg/ml), followed in decreasing order by peptides
A (332.5 pg/ml), F (313.5 pg/ml), D (311 pg/ml), C (179 pg/ml),
and B (168 pg/ml). However, due to wide variations in values
(ANOVA), statistically significant differences were not found be-
tween the peptides or whole antigens. Recombinant Lsr2 elicited
lower median IFN-� values (229 pg/ml) compared to peptides and
M. leprae (374 pg/ml). The ENL group as a whole also showed a
decrease in IFN-� levels 1 year after the reaction episode. Peptides
A to F elicited significantly lower levels of IFN-�, with median
values ranging from 10 to 17 pg/ml for peptides A through F
(P 	0.001 to 	0.0001 by Kruskal-Wallis test). Lsr2 and M. leprae,
respectively, elicited 40 pg/ml and 26.5 pg/ml.

With a view to evaluating the major histocompatibility com-
plex (MHC) binding potential of the above peptides, ENL patients
were checked for their HLA genotypes for the HLA-A, -B, and
-DRB1 loci. Of interest were four patients who had HLA-A*68:01.
Three of the responders (patients 1, 2, and 4) who responded to all
the peptides had HLA-A*68:01 along with HLA-A*02 alleles. Pa-
tient 7 responded to a few peptides and had HLA-A*68:01 along
with HLA-A*23:02. Patient 11 also responded to a few peptides
and did not have HLA-A*68:01. These results suggest that these
peptides may bind to the HLA-A locus allele HLA-A*68:01, a find-
ing which also is in consensus with the in silico HLA-binding data
obtained from the SYFPEITHI program (http://www.ebi.ac.uk
/cgi-bin/imgt/HLA/align.cgi), which showed the best binding to
sequences in peptide E (81 to 89 aa), with a score of 21, fol-
lowed by peptide B (35 to 43 aa) and peptide C (53 to 61), with
scores of 20. Eleven ENL patients showed HLA-DRB1*1501
and HLA-DRB1*1502, with three patients also having HLA-
DR13 and one having HLA-DR3 as the second allele. We pre-
viously described a similar HLA-DR profile in patients with

TABLE 2 Lymphoproliferative responses of PBMCs from 16 patients with ENL to heat-killed M. leprae, Lsr2, and its peptides A through F at the
time of diagnosis and at 0.5 and 1 yeara

PBMC response

Time (yr)

0 (diagnosis) 0.5 1

Mean �cpm � SD (range)
Peptide A 5,117 � 3,950 (785–15,739) 2,763 � 1,866 (808–7,907) 1,610 � 1,813 (600–8,282)
Peptide B 4,201 � 8,760 (850–36,859) 2,185 � 1,740 (508–7,738) 1,499 � 728 (596–2,968)
Peptide C 3,978 � 4,195 (554–16,523) 2,833 � 2045 (242–7,642) 1,453 � 998 (491–4,222)
Peptide D 5,324 � 4,752 (641–19,065 3,229 � 2,144 (909–7,590) 1,335 � 601 (767–2,786)
Peptide E 7,753 � 7,033 (1,046–2,2591) 6,375 � 7,529 (606–31,164) 2,387 � 3,422 (847–14,726)
Peptide F 4,638 � 3,665 (961–14,632) 3,110 � 2,102 (823–8,184) 1,655 � 764 (847–3,492)
Lsr2 3,263 � 3,965.1 (496–15,379) 2,977 � 2,002.6 (1,074–7,589) 2,092 � 976.37 (972–3915)
M. leprae 4,245 � 3,882.4 (926–17,794) 2,658 � 1,479 (908–5,916) 1,832 � 949.98 (887–4,158)

Mean SI � SD (range)
Peptide A 6.5 � 5.2 (2.1–15.7) 4.3 � 3.0** (1.4–11.56) 2.4 � 2.8** (1.2–10.2)
Peptide B 4.5 � 6.9 (1.1–10.6) 3.3 � 2.6 (1.9–8.9) 2.0 � 1.0 (0.69–4.1)
Peptide C 4.9 � 6.8 (1.2–17) 4.6 � 4.4* (1.5–14.2) 2.1 � 2.0* (0.86–8.2)
Peptide D 6.3 � 4.5 (0.9–13.94) 5.0 � 3.3** (1.1–11.5) 2.1 � 1.8** (0.85–8.6)
Peptide E 12.62 � 14*** (1.6–41) 9.7 � 10.6* (0.5–14) 3.2 � 4.3* (0.9–18.5)
Peptide F 6.8 � 8 (2–13.2) 5.2 � 3.8* (1.5–11.2) 2.3 � 1.5** (1.7- 4.5)
Lsr2 4.2 � 3.5 (0.76–2.1) 4.5 � 2.8 (1.3–9.8) 2.8 � 1.2 (1.3–4.7)
M. leprae 6.7 � 5.0* (1.8–11.0) 4.3 � 3.1** (1.2–10) 2.4 � 1.0* (1.3–4.58)

a Asterisks indicate the statistical significance of the stimulation index at 0 versus 0.5 and 1 year (*, P 	 0.01, and **, P 	 0.001, Wilcoxon signed-rank test) and peptide E versus B,
C, and Lsr2 (***, P 	 0.05 to 0.01, one-way analysis of variance).

T Cell Responses to Lsr2 in Leprosy Reactions

May 2013 Volume 20 Number 5 cvi.asm.org 677

http://www.ebi.ac.uk/cgi-bin/imgt/HLA/align.cgi
http://www.ebi.ac.uk/cgi-bin/imgt/HLA/align.cgi
http://cvi.asm.org


leprosy from this population. Using HLAPred software (http:
//www.imtech.res.in/raghava/hlapred/), we demonstrated that
the binding thresholds for peptides C and E for HLA-DRB1*1502
were 7 and 6, respectively, whereas the binding threshold of HLA-
DRB1*1501 to peptide C was 7 (1).

The phenotype of Lsr2-induced IFN-�-producing T cells was
established by flow cytometry in representative PBMC cultures
from 3 patients with active ENL (Fig. 4). The predominant popu-
lation with intracellular IFN-� was the CD3� CD4� phenotype,
which was found in 73.5 to 82.4% of T cells, whereas the CD3�

FIG 2 Mean �IFN-� levels (pg/ml) estimated by ELISA in duplicate samples of supernatants from PBMC cultures from 16 ENL patients stimulated with Lsr2 peptides
A through F and whole antigens as described in the legend to Fig. 1. Black bars indicate IFN-� levels during active ENL reaction, and gray bars indicate values obtained
under the same conditions in the same patients 1 year later for the same peptide. Values are given in a log2 scale on the y axis. Significant reductions in IFN-� levels were
noted in the 1 year post-ENL group of patients for peptides and M. leprae (P 	 0.001, Kruskal-Wallis test) but not for Lsr2. Unstimulated cultures showed mean IFN-�
levels of 	8 to 5 pg/ml, and each value was subtracted from the value for paired stimulated cultures to obtain �IFN-� values. The sensitivity of the assay was 8 pg/ml.

FIG 3 �IFN-� levels in supernatants of antigen-stimulated PBMC cultures from the ENL group of patients as given in the legend to Fig. 1. White boxes indicate
values during reaction episodes and patterned boxes values obtained 1 year after reaction episode. Each box-and-whisker plot shows the range (whiskers),
interquartile range (box), and median (horizontal line). Significant reductions of IFN-� were noted at 1 year post-ENL episodes for peptides A, C, D, and E (P 	
0.001) and peptide B and M. leprae (P 	 0.01, ANOVA with post-Kruskal-Wallis test).
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FIG 4 Identification of IFN-�-producing cells in stimulated ex vivo PBMC cultures from a representative patient with ENL. Flow cytometry analysis was undertaken
after 48 h of culture with Lsr2 and heat-killed M. leprae (ML) with the addition of Golgi Stop 8 h prior to harvest, as described in Materials and Methods. Cells were surface
stained with PerCP-Cy5-5A-labeled anti-CD3, allophycocyanin (APC-H7) anti-CD4, and phycoerythrin (PE-Cy7)-labeled anti-CD8. Surface-stained cells were then
subjected to intracellular cytokine staining with FITC-labeled anti-IFN-� after permeabilization of the cells. (A) IFN-�-containing CD3 population after antigen
stimulation. The CD3� population was gated and subsequently analyzed for CD4� (B) and CD8� (C) phenotypes with intracellular IFN-�.
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CD8� phenotype was found in 11.2 to 15.3%. M. leprae-stimu-
lated cultures also showed intracellular IFN-� in 60 to 68% of
CD3� CD4� T cells, with 27 to 31% being of the CD3� CD8�

phenotype. That the CD4�/CD8� ratio was altered by Lsr2 stim-
ulation is indicated by the data shown in Fig. 4, which demonstrate
that the ratios for Lsr2- and M. leprae-stimulated cultures were,
respectively, 7.03 and 2.2. It may be noted that both antigens also
elicited intracellular IFN-� in the CD3
 population (6.1 and 5.4%
for Lsr2 and M. leprae, respectively). Thus, it would appear that
there is a flux in T cell responses, with different peptides/Lsr2
sequences being recognized in patients with ENL compared to
patients from the same population with nonreaction lepromatous
leprosy.

Reversal reactions. (i) Ex vivo lymphoproliferation. Five pa-
tients with a leprosy background of BB, BL, and LL developed RR
limited to the lesions and neighboring nerves, with two having
suffered from a previous reaction episode (Table 1). Table 3 shows
lymphoproliferation and IFN-� release in PBMCs stimulated with
Lsr2 peptides, M. leprae, and recombinant Lsr2. Commensurate
with the findings in ENL, 4/5 patients showed lymphoprolifera-
tion to all peptides, Lsr2, and M. leprae. Individual responses
showed variations in �cpm and SI for the same peptide. Reduced
responses to all peptides except peptide E were observed in pa-
tients 17 and 19. Peptide E was recognized in all RR patients, with
SI values ranging from 7.4 to 38.

(ii) IFN-� release in stimulated PBMC cultures. In agreement
with lymphoproliferation data, IFN-� release was also detected in
stimulated PBMCs (Table 3). Peptide E stimulated higher levels of
IFN-� compared to other peptides.

There were no statistically significant differences in lym-
phoproliferation and IFN-� levels between patients with ENL and
those with RR (two-tailed Mann-Whitney test).

DISCUSSION

Leprosy reactions which appear episodically in a proportion of
patients have high morbidity and are of immediate clinical con-
cern, as they lead to peripheral nerve damage. These reactions are
also of interest because immunological reconstitution has been
shown to occur in anergic lepromatous leprosy during these epi-
sodes (25, 26). ENL, earlier thought to be predominantly due to
immune complexes (27, 28), was shown in the 1980s (25, 26, 29,
30) to be associated with the transient emergence of T cell func-
tions. RR has also been associated with increases in delayed-type
hypersensitivity (31). Lsr2 peptides had been reported to elicit T
cell responses in PBMC cultures of some patients with stable lep-
romatous leprosy who were nonresponsive to heat-killed M. lep-
rae (1). Moreover, sequence-specific antibodies to Lsr2 peptides
were also observed in patients with ENL (16). The present inves-
tigation was undertaken to investigate whether T cells of patients
undergoing leprosy reactions also show recognition of selective
Lsr2 peptides.

T cell responses to Lsr2 and its peptides occurred during both
RR and ENL reactions. In general, patients with ENL showed lym-
phoproliferation in response to many of the peptides as well as
recombinant Lsr2 and M. leprae (Fig. 1 and Table 2). Some indi-
viduals showed universally high SI values for all peptides (Fig. 1).
The median SI values were highest for peptide E compared to Lsr2
and other peptides (P 	 0.01 by ANOVA). It is of interest that
there was a change in peptide recognition in patients with ENL
compared to those with stable, nonreaction lepromatous leprosy
from the same population (1). Whereas all patients with ENL
responded to peptides A and F, recognition or these peptides oc-
curred in only 26 and 28%, respectively, of patients with stable
nonreaction LL who were in the same population (1). The other
peptides also elicited lymphoproliferation in a greater number of
patients with ENL (75 to 88%) compared not only to those with

TABLE 3 Lymphoproliferative and IFN-� release responses in supernatants of antigen-stimulated PBMC cultures from leprosy patients with type 1
leprosy reactionsa

PBMC response

Patient no.

17 18 19 20 21

Mean �cpm � SD (SI) for responses to:
Peptide A 951 � 856 (1.3) 11,569 � 1875 (14.4) 1,003 � 253 (1.8) 885 � 104 (2.3) 3,373 � 185 (6.1)
Peptide B 385 � 230 (0.98) 12,034 � 2012 (10.5) 448 � 92 (1.8) 808 � 85 (2.1) 2,297 � 201 (5.1)
Peptide C 2,097 � 245 (1.8) 11,930 � 1252 (10.4) 1,540 � 155 (2.0) 1,694 � 235 (4.4) 5,136 � 127 (10.2)
Peptide D 1,398 � 230 (1.6) 10,091 � 1254 (8.9) 492 � 88 (1.5) 847 � 35 (2.2) 6,672 � 327 (12)
Peptide E 17,852 � 2130 (7.4) 17,471 � 1275 (12.8) 12,182 � 2340 (9.2) 14,630 � 1824 (38) 3,515 � 97 (7.3)
Peptide F 1,147 � 127 (1.5) 3,936 � 203 (4.1) 393 � 54 (1.5) 809 � 203 (2.1) 6,370 � 1450 (12.3)
Lsr2 1,851 � 230 (2.5) 17,010 � 203 (12.4) 1,950 � 156 (2.3) 1,386 � 167 (3.6) 5,824 � 203 (11.4)
M. leprae 820 � 102 (2.3) 2,910 � 128 (2.4) 722 � 56 (2.3) 848 � 150 (2.2) 6,777 � 1295 (13.1)

Mean IFN-� � SD (pg/ml) for responses to:
Peptide A 205 � 7.5 540 � 13.0 102 � 6.5 175 � 1.5 562 � 10.4
Peptide B 75 � 2.2 735 � 12.0 182 � 6.4 315 � 8.5 523 � 12.5
Peptide C 128 � 7.5 450 � 12.5 205 � 3.5 507 � 5.5 645 � 11.0
Peptide D 82 � 2.5 452 � 12.0 267 � 7.5 312 � 5.5 726 � 10.2
Peptide E 746 � 8.4 620 � 13.2 820 � 10.6 1982 � 11.2 567 � 10.2
Peptide F 205 � 7.5 180 � 6.2 120 � 2.5 275 � 8.5 845 � 13.1
Lsr2 215 � 2.5 825 � 2.7 218 � 3.8 259 � 9.7 925 � 12.6
M. leprae 102 � 4.5 230 � 5.7 245 � 6.5 205 � 8.6 1,024 � 13.4

a Peptides A through F are peptides of Lsr2, M. leprae, and heat-killed M. leprae. Unstimulated culture supernatants showed mean IFN-� levels ranging from 8 to 10 pg/ml.
Numbers in parentheses indicate the stimulation index, as described in Materials and Methods.
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stable lepromatous leprosy but also to those with tuberculoid lep-
rosy and healthy contacts (1). Peptide E, which elicited responses
in 88% of patients with ENL, had elicited responses in only 29% of
the group of patients with nonreaction lepromatous leprosy (1).
Moreover, peptide E showed the highest SI values among all the
antigens examined. We next explored selective binding of pep-
tides to MHC alleles by using both in silico programs and HLA
typing of patients with ENL. Of interest was the finding of HLA-
A*68:01 in four patients in whom all or most of the peptides were
recognized, which was further confirmed by high MHC binding
scores obtained using the SYFPEITHI program. However, patient
11, who responded to all of the peptides, did not have this HLA-A
locus allele, suggesting that other alleles may present these pep-
tides. Eleven patients with ENL showed HLA-DR B1*1501 and
HLA-DR B1*1502. Using HLAPred software, we showed that
HLA-DR B1*1501 and HLA-DR B1*1502 have high binding
scores for peptides C and E. However, these alleles also have been
reported in this population in both patients with nonreaction lep-
rosy and healthy subjects (1). The CD4� T cells secreting peptide-
specific IFN-� may be restricted by the MHC class II alleles
DRB1*15:01 and DRB1*15:02.

Further evidence for the engagement of functional T cells in
ENL was the high secretion of IFN-� in culture supernatants of
stimulated PBMC cultures (Fig. 2). In agreement with the lym-
phoproliferative responses, some patients showed high IFN-� in
response to all peptides, with the highest level being elicited by
peptide E, followed in decreasing order by peptides D and A. IFN-
�-producing cells in Lsr2-stimulated PBMC cultures were pre-
dominantly of the CD3� CD4� T cell phenotype, as indicated by
flow cytometry (Fig. 4). Thus, not only was antigen-specific T cell
recognition observed during reactions, but there was also a shift in
the peptide recognition of Lsr2, for which peptides A, F, and E
showed high numbers of responders. These peptides had been
shown earlier to have high transporter-associated protein (TAP)-
binding scores, with the sequence of AAIREW in peptide E show-
ing a score of 8.602 (1). The RGR sequence seen in the D and E
peptides has been also reported to be critical for the binding of
Lsr2 to the AT region of the DNA minor groove of M. tuberculosis-
derived Lsr2 (10).

The duration of the T cell responses in ENL was studied in the
same patients at 6 months and 1 year after the onset of the reaction
and months after the cessation of antireaction steroid therapy. It
was not possible to study these responses prior to onset of the
reaction except in 2 patients who had shown unresponsiveness to
all antigens. Although lymphoproliferative responses were re-
duced by 6 months in 2 patients, the others continued to show SI
values of �2 for all peptides. By 1 year there were significant re-
ductions in both lymphoproliferation and IFN-� levels to Lsr2
and all peptides, with P values ranging from 	0.05 to 0.001 (two-
tailed Mann-Whitney test, Fig. 2 and Table 2). Two patients with
recurrent ENL showed nonresponsiveness to all peptides at 1.5
years and 5 years, with one of the patients continuing to show
lymphoproliferation and IFN-� release in response to recombi-
nant Lsr2. Thus, it would appear that even after the clinical signs of
reaction have subsided, T cell responses to Lsr2 and its peptides
continue to be detectable, with the extent of peptide recognition
decreasing over time in many patients. In five patients with RR,
similar results were observed with regard to lymphoproliferation
and IFN-� secretion, for which peptide E elicited the highest re-
sponses among the peptides. We were unable to undertake serial

investigations in this group. There were no statistically significant
differences in the T cell responses during reactions in patients with
RR and ENL (two-tailed Mann-Whitney test). It is of interest that
reactions emerged in patients receiving clofazamine as part of the
antileprosy MDT regimen, as clofazamine is considered to have
anti-inflammatory anti-tumor necrosis factor alpha (TNF-�)
properties, suggesting the complexity of mechanisms underlying
leprosy reactions.

The recurrent ENL observed in many patients with leproma-
tous leprosy suggests that in response to selective epitopes of M.
leprae antigen-specific T cell functions emerge periodically which
may be revealed during bacterial killing. The characteristic immu-
noreactive T cells associated with transient and limited prolifera-
tive responses with high levels of IFN-� production and cytotoxic
function have been linked to a subset of effector memory (TEM)
cells in antigen-primed individuals (32–34). Repetitive antigen
exposure is known to activate TEM cells. Continuous exposure to
antigens is observed in bacilliferous lepromatous leprosy due to
the chronicity of the disease, slow clearance of bacilli, and release
of antigenic fragments from degraded bacilli following MDT
treatment. Moreover, in areas where this disease is endemic, it is
not possible to rule out the possibility of reinfection with bacilli
from other infected patients. The present study showing restitu-
tion of lymphoproliferation and IFN-� production after Lsr2 and
peptide stimulation is suggestive of a role for TEM cells. Their
reactivation may explain the recurrent reactions seen in multiba-
cillary lepromatous leprosy and the associated pathology unique
to these episodes. Interestingly, HIV patients who had received
retroviral therapy (highly active antiretroviral therapy [HAART])
presented with leprosy reactions as the first indicator of latent
leprosy, which was interpreted to be a result of immune reconsti-
tution inflammatory syndrome (IRIS) (35, 36). This further en-
dorses the natural or iatrogenic emergence of immune responses
in leprosy.

Sequences of peptide E showed homology in M. avium, M.
intracellulare, and M. tuberculosis (1). T cell epitopes in M. tuber-
culosis are evolutionarily hyperconserved, suggesting a coevolu-
tion of host-pathogen adaptation (37). Lsr2, with increasing re-
ports of homologues and orthologues, suggests such an evolution
and makes this protein a promising candidate to be explored as a
disease marker/predictor in leprosy reactions. Additional studies
are required to narrow down the critical Lsr2 residues recognized
during and before the onset of leprosy reactions.
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