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Leprosy elimination has been a goal of the WHO for the past 15 years. Widespread BCG vaccination and
multidrug therapy have dramatically reduced worldwide leprosy prevalence, but new case detection rates have
remained relatively constant. These data suggest that additional control strategies, such as a subunit vaccine,
are required to block transmission and to improve leprosy control. We recently identified several Mycobacte-
rium leprae antigens that stimulate gamma interferon (IFN-�) secretion upon incubation with blood from
paucibacillary leprosy patients, a group who limit M. leprae growth and dissemination. In this study, we
demonstrate that M. leprae-specific mouse T-cell lines recognize several of these antigens, with the ML0276
protein stimulating the most IFN-� secretion. We then examined if the ML0276 protein could be used in a
subunit vaccine to provide protection against experimental M. leprae infection. Our data demonstrate that
combining ML0276 with either a Toll-like receptor 4 (TLR4) (EM005), TLR7 (imiquimod), or TLR9 (CpG
DNA) agonist during immunization induces Th1 responses that limit local inflammation upon experimental M.
leprae infection. Our data indicate that only the ML0276/EM005 regimen is able to elicit a response that is
transferable to recipient mice. Despite the potent Th1 response induced by this regimen, it could not provide
protection in terms of limiting bacterial growth. We conclude that EM005 is the most potent adjuvant for
stimulating a Th1 response and indicate that while a subunit vaccine containing the ML0276 protein may be
useful for the prevention of immune pathology during leprosy, it will not control bacterial burden and is
therefore unlikely to interrupt disease transmission.

Leprosy, which is caused by infection with Mycobacterium
leprae, can manifest across a wide spectrum of disease symp-
toms. Through the use of clinical, histopathological, and im-
munological diagnoses, five forms of leprosy have been char-
acterized: lepromatous (LL), borderline lepromatous (BL),
mid-borderline, borderline tuberculoid (BT), and tuberculoid
(TT) leprosy (53, 56). Multibacillary (MB) patients, encom-
passing the BB, BL, and LL forms, are characterized as having
multiple skin lesions largely devoid of functional lymphocytes.
At the extreme MB pole, LL patients demonstrate high titers
of anti-M. leprae antibodies but an absence of specific cell-
mediated immunity (53). In the absence of a strong cellular
immune response, LL patients do not control bacterial repli-
cation and have high bacterial indices (BI). It is still unclear
why these patients do not mount effective cell-mediated im-
munity, but factors such as ineffective initial antigen presenta-
tion or priming of Treg cells may contribute. In marked con-
trast, paucibacillary (PB) leprosy patients, encompassing the
BT and TT forms, are characterized as having one or few skin
lesions and granulomatous dermatopathology with a low or
absent BI. At the extreme PB pole, TT patients demonstrate
specific cell-mediated immunity against M. leprae and have a
low BI. Control of bacterial growth by PB patients indicates

that these individuals mount an effective immune response
against M. leprae infection. Identifying antigens that are the
targets of this cell-mediated response and presenting them in a
potent fashion with appropriate immune stimulation with ad-
juvants are likely to be the keys to effective vaccination against
leprosy.

The WHO has promoted the widespread availability of drug
cocktails for the standard care of patients diagnosed with lep-
rosy. The multidrug therapy (MDT) program has been an
overall success in reducing the prevalence of leprosy to the
level of new cases detected annually, at �250,000 cases, from
levels as high as 12 million cases per year only 20 years ago.
Despite this success, complications can and do arise—treat-
ments are long (6 to 24 months), relapse rates in some areas
are unacceptably high (22), and drug resistance is emerging
(11, 31, 37–39). While MDT remains effective in the majority
of cases, the widespread emergence of drug-resistant M. leprae
could have catastrophic consequences and undo the efforts of
the last 20 years. These concerns and the now stagnant decline
in new cases indicate that additional control strategies, such as
a vaccine, are necessary to eliminate leprosy.

Vaccination to prevent infection with M. leprae has been
performed. The most common vaccine strategy has been to
immunize individuals with M. bovis BCG, conferring cross-
protection against leprosy and tuberculosis. BCG vaccina-
tion to prevent leprosy has been efficacious, but the degree
of protection has varied dramatically between studies (57).
It is likely that, as with tuberculosis, protection afforded by
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BCG vaccination wanes over time. Many other whole bac-
teria have been examined for leprosy vaccine potential in
mice, with several related mycobacteria conferring some
degree of protection (46, 54, 59). The widespread use of a
live bacterial vaccine is limited by concerns over safety and
the inability to manufacture large, reproducible batches.
The use of heat-killed M. leprae or crude M. leprae antigens,
both of which confer protection in mice, is severely re-
stricted by the inability to produce sufficient quantities of M.
leprae to supply vaccine for a significant intervention cam-
paign (23, 25, 26, 42–44). Some recombinant antigens have
been shown to confer protection in mice, although many
results are inconsistent. Most of these antigens, however,
have not been evaluated in leprosy patients, and several are
unlikely to be approved for use in humans due to their high
homology with human proteins (9, 24, 40, 44, 45).

Following the recent completion of M. leprae and other
mycobacterial genomes, molecular biology and bioinformatic
tools have revealed M. leprae-specific antigens that may be
used for leprosy diagnosis or vaccination (12, 20, 27, 49). Our
own recent investigations identified several antigens that are
recognized by immune cells of PB patients, suggesting that
these antigens may be targets of an immune response associ-
ated with limited or localized disease (20). These antigens may
be the key to producing an effective subunit vaccine against
leprosy.

Of our recently identified antigens, ML0276 yielded the
highest percentage of responders and the highest median
gamma interferon (IFN-�) response when evaluated against
Brazilian PB leprosy patients (20). The current study was de-
signed to explore the vaccine potential of the ML0276 protein.
We compared the immune responses to this protein when
various Toll-like receptor (TLR) ligands were used as adju-
vants to enhance the response and examined the protective
efficacy of the most potent vaccine regimen.

MATERIALS AND METHODS

Mice. Female C57BL/6 (B6) mice were purchased from Charles River Labo-
ratories (Wilmington, MA) and maintained under specific-pathogen-free condi-
tions in the animal facilities of the Infectious Disease Research Institute (IDRI),
Seattle, WA, or National Hansen’s Disease Programs (NHDP), Baton Rouge,
LA. All mice entered experiments at 6 to 8 weeks of age. All animal procedures
were approved by the institutional animal care and use committee.

M. leprae inoculations. Live M. leprae bacilli (Thai-53 strain) were extracted
from the footpads of nu/nu mice at NHDP and were enumerated by direct
microscopic counting of acid-fast bacilli according to the method of Shepard and
McRae (58). Bacilli were used immediately at NHDP or shipped overnight on ice
to IDRI for inoculations. The viability of all M. leprae used in these studies
exceeded 80%, as judged by staining and radiorespirometry (36). Heat-killed M.
leprae (HKML) was obtained by heating bacilli at 60°C for 30 min and then
quenching them on ice. Mice were inoculated either by intradermal injection of
1 � 106 bacilli into the ear pinnae or by subcutaneous (s.c.) injection of 1 � 104

bacilli into the footpads.
Cell preparations. Single-cell suspensions were prepared from the draining

lymph nodes (DLN) (auricular), ears, and spleens. Spleens and LN were dis-
rupted between frosted slides, and erythrocytes were removed by lysis in 1.66%
NH4Cl solution. Mononuclear cells were enumerated using either a hemocytometer
or a ViaCount assay with a PCA system (Guava Technologies, Hayward, CA).

Cell line stimulations. Cell lines were generated from spleen cells of M.
leprae-infected mice. In the first stimulation round, single-cell suspensions were
prepared in RPMI 1640 supplemented with 5% heat-inactivated fetal calf serum
and 50,000 U penicillin-streptomycin (Invitrogen, Carlsbad, CA) and were
seeded at 5 � 106 cells per well in 48-well plates. Cells were incubated in the
presence of 2 �g/ml M. leprae cell sonicate (MLCS; kindly provided by John

Spencer, Colorado State University, through NIH contract N01 AI-25469) for 5
days, and then cultures were supplemented with 2 ng/ml interleukin-2 (IL-2).
After 10 to 12 days, cells were washed and counted and underwent one or two
further stimulation rounds. In the restimulation rounds, spleen cells were pre-
pared from uninfected mice and 2 � 106 cells incubated in 48-well plates over-
night to permit binding of adherent cells. Nonadherent cells were removed by
gentle pipetting, and 2 � 105 cells of each cell line were added to the adherent
cells. Cells were incubated with 2 �g/ml MLCS, supplemented with 2 ng/ml IL-2
after 5 days and an additional 0.5 ng/ml IL-2 after 10 days. Cell lines were used
to assess antigen specificity after 15 days.

To determine antigen specificity, spleen cells from uninfected mice were
seeded at 5 � 105 cells per well in 96-well plates and allowed to adhere overnight.
The next day, nonadherent cells were gently removed and cell lines were added
at 5 � 104 cells per well with 10 �g/ml crude or recombinant antigen (MLCS, M.
leprae membrane antigen, M. leprae cell wall antigen, or M. leprae secreted
antigen; kindly provided by John Spencer, Colorado State University, through
NIH contract N01 AI-25469). Culture supernatant was collected after 4 days, and
IFN-� content was determined by enzyme-linked immunosorbent assay (ELISA)
following the manufacturer’s instructions (eBioscience, San Diego, CA).

Immunizations and cell transfers. Recombinant ML0276 protein was formu-
lated with various TLR ligands to provide a final protein concentration of 100
�g/ml. Antigen was mixed with adjuvant to provide a final adjuvant concentra-
tion of either 250 �g/ml CpG ODN 1826 (CpG; Coley Pharmaceuticals, Ottawa,
Ontario, Canada), 250 �g/ml imiquimod (IMQ; 3M Pharmaceuticals, Minneap-
olis, MN), or 200 �g/ml EM005 (IDRI) (7). All mice were immunized three
times by s.c. injection of 0.1 ml of vaccine at the base of the tail at 2- to 3-week
intervals.

To determine if immune cells could transfer protection, single-cell suspensions
were prepared from the spleens of immunized or previously infected mice and
1 � 107 cells transferred to recipient mice by intravenous injection in the tail
vein. One day after cell transfer, recipient mice were infected with 1 � 106 M.
leprae cells in each ear, and DLN cell numbers were determined 15 weeks later.

Antibody analyses. Individual mouse sera were analyzed by antibody capture
ELISA. Briefly, ELISA plates (Nunc, Rochester, NY) were coated with 1 �g/ml
recombinant antigen in 0.1 M bicarbonate buffer and blocked with 0.1% bovine
serum albumin–phosphate-buffered saline. Then, in consecutive order and fol-
lowing washes in phosphate-buffered saline–Tween, serially diluted serum sam-
ples, anti-mouse immunoglobulin G (IgG) conjugated to horseradish peroxidase
(Southern Biotech, Birmingham, AL), and 2,2�-azinobis(3-ethylbenzthiazoline-
sulfonic acid)–H2O2 (ABTS-H2O2; Kirkegaard and Perry Laboratories, Gaith-
ersburg, MD) were added to the plates. Plates were analyzed at 405 nm (ELX808;
Bio-Tek Instruments Inc., Winooski, VT). The endpoint titer was determined as
the last dilution to render a positive response, determined as 2 � the mean
optical density derived from sera from unimmunized mice.

Antigen stimulation assays. Single-cell suspensions from spleens were cul-
tured at 2 � 105 cells per well in duplicate in a 96-well plate (Corning Incorpo-
rated, Corning, NY) in RPMI 1640 supplemented with 5% heat-inactivated fetal
calf serum and 50,000 units penicillin-streptomycin (Invitrogen). Cells were cul-
tured in the presence of 10 �g/ml crude MLCS. Culture supernatants were
harvested after 72 to 96 h, and cytokine content was assayed for IFN-� produc-
tion by ELISA performed according to the manufacturer’s instructions (eBio-
science, San Diego, CA).

Flow cytometry. For the elucidation of intracellular cytokine expression, cells
were cultured at 37°C for 12 to 16 h in the presence of 1 �g/ml phorbol myristate
acetate-ionomycin (Sigma, St. Louis, MO) or 10 �g/ml recombinant antigen and
Golgi Stop (BD Biosciences, San Diego, CA). Cells were fixed and permeabilized
in Cytofix/Cytoperm (BD Biosciences, San Diego, CA). For staining, cells were
first incubated with the anti-Fc�II/IIIR antibody 2.4G2 to block nonspecific
binding before the addition of a cocktail of fluorescently conjugated antibodies
to identify activated antigen-experienced T helper cells (anti-CD4 [clone GK1.5],
anti-CD3ε [clone 17A2], anti-CD44 [clone IM7], and anti-IFN-� [clone
XMG1.2] [all from eBioscience]). Flow cytometry was performed using LSR
Vantage (BD Biosciences), and the data were analyzed with FlowJo software
(Treestar, Ashland, OR).

Enumeration of M. leprae cells in mouse footpads. The number of M. leprae
cells in footpad homogenates was assessed by DNA amplification, using real-time
PCR with previously described primers and probes (62). Suspensions of nude
mouse-derived M. leprae were used as a standard to establish relative numbers of
M. leprae in tissues.

Statistics. P values were determined using Student’s t test. Vaccine studies
comparing acid-fast bacillus growth in mouse footpads were assessed using the
Mann-Whitney rank sum test.

5624 RAMAN ET AL. INFECT. IMMUN.



RESULTS

Suitability and selection of ML0276 as a vaccine candidate
in mice. We recently described several recombinant M. leprae
antigens that are recognized by PB leprosy patients (19). To
examine the potential of these antigens as vaccine candidates, we
first queried if these antigens were meaningful during experimen-
tal infection and could therefore be used in mice. M. leprae-
reactive T-cell lines were generated by repeated stimulation of
mouse spleen cells with a crude M. leprae antigen (MLCS). The
antigen-specific responses of these T-cell lines were then evalu-
ated by stimulation with the recombinant M. leprae antigens pre-
viously identified by IFN-� secretion from PB patient cells
(ML0276, ML0840, ML1623, ML2044, and 46f) (19). In agree-
ment with our previous data generated with human samples, the
antigens induced IFN-� secretion from the M. leprae-specific
mouse T-cell lines (Fig. 1). Among all four of the cell lines tested,
ML0276 induced the highest levels of IFN-� secretion (15- to
70-fold over control level). These data indicate that M. leprae-
generated mouse T-cell lines are capable of recognizing similar
antigens to those recognized by PB leprosy patients.

Immunization with ML0276/CpG induces Th1-like re-
sponses. Since ML0276 was the most immunogenic protein
tested against both patient cells and mouse T-cell lines, we
hypothesized that this protein possessed the greatest vaccine
potential. To examine this vaccine potential, mice were immu-
nized with ML0276 mixed with CpG (a TLR9 agonist). Al-
though immunization with ML0276/CpG induced an antigen-
specific antibody response, there was only a fourfold increase
in serum antibody titer compared with that for mice treated
with CpG only (Fig. 2a). Spleen cells from immunized mice
responded to antigen stimulation by secreting significant levels
of IFN-�, indicating the generation of a strong cellular re-
sponse (Fig. 2b). These data indicate that immunization with
ML0276/CpG promotes a Th1-like response that could be pro-
tective against M. leprae infection.

Immunization with ML0276/CpG reduces local inflamma-
tion but not bacterial burden. To investigate if the cellular
response generated by immunization could reduce disease se-

verity, mice were immunized with ML0276/CpG before being
infected in the ear with M. leprae. While unimmunized, in-
fected mice developed enlarged DLN with a characteristic
increase in cell numbers, this was not observed in mice that
received either control vaccine (HKML) or experimental vac-
cine (ML0276/CpG) (Fig. 3a). These data indicate that
ML0276/CpG immunization can limit the local inflammatory
reaction caused by M. leprae infection.

To determine if the reduction in lymphadenopathy corre-
lated with a reduction in bacterial number, we employed Shep-
ard’s mouse footpad model to evaluate M. leprae growth fol-
lowing vaccination. Mice were immunized and then infected in
the footpad, and bacterial numbers were determined 24 weeks
later. As expected, unimmunized mice demonstrated out-
growth of bacteria, whereas mice that were immunized with
HKML had a reduced bacterial burden. Surprisingly, mice that

FIG. 1. IFN-� responses of MLCS-reactive T-cell lines following
antigen (Ag) stimulation. Mice were infected with M. leprae in the ear,
spleens were removed, and MLCS-reactive T-cell lines were derived in
vitro. Cell lines were stimulated with 10 �g/ml recombinant antigen for
4 days, culture supernatants were collected, and IFN-� content was
assayed by ELISA. MLCS, M. leprae cell sonicate; MLMA, M. leprae
membrane antigen; MLCwA, M. leprae cell wall antigen; MLSA, M.
leprae secreted antigen; PMA, phorbol myristate acetate.

FIG. 2. Immunization with ML0276 in the presence of CpG induces
B- and T-cell responses. Mice were immunized by s.c. injection of
ML0276 and CpG a total of three times, at biweekly intervals. One month
after the last immunization, sera were collected and antigen-specific IgG
titers were assayed by ELISA (a) or spleen cells were cultured with 10
�g/ml ML0276 and supernatants were assayed for IFN-� production (b).
Results are shown as means and standard errors (SE) (n � 5 per group).
Data are representative of two independent experiments.

FIG. 3. Immunization with ML0276 in the presence of CpG reduces
lymphadenopathy but fails to decrease M. leprae burden. Mice were im-
munized by s.c. injection of ML0276 and CpG a total of three times, at
biweekly intervals. One month after the last immunization, mice were
infected. (a) Mice were infected with 1 � 106 M. leprae organisms in each
ear, and DLN cell numbers were determined 15 weeks later. Results are
shown as means and SE (n � 5 per group), and data are representative of
three independent experiments. Student’s t test was used to calculate P
values between mice that were immunized with CpG only and those
immunized with ML0276/CpG. (b) Mice were infected with 1 � 104 M.
leprae organisms in each foot, and bacillus numbers were determined 24
weeks later. Results are shown as means and SE, and data are represen-
tative of two independent experiments. The Mann-Whitney test was used
to calculate P values between infected and HKML-immunized mice for
footpad infection (n � 12 per group).
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were immunized with ML0276/CpG did not control bacterial
numbers and exhibited burdens similar to those of unimmu-
nized mice (Fig. 3b). These data indicate that despite limiting
the local inflammatory reaction, vaccination with ML0276/
CpG is not sufficient to limit bacterial growth.

Vaccination with ML0276 in conjunction with different TLR
agonists alters the magnitude of the Th1-like response. In an
effort to enhance the antigen-specific immune response to pro-
vide a response sufficient to limit bacterial growth, we com-
pared the responses induced by immunization with ML0276 in
conjunction with a variety of adjuvants that are ligands of
different TLRs. We first compared the effects of immunizing
mice with ML0276 in the presence of different TLR ligands on
the anti-ML0276 IgG response. Immunization with ML0276 in
combination with a TLR7 ligand (IMQ) or a TLR9 ligand
(CpG) induced comparable Ig titers (Fig. 4a). The use of a
TLR4 ligand (EM005), however, enhanced the IgG response
10-fold over control (saline) levels. Further evaluation of the
IgG subtypes indicated that immunizing with ML0276 and
EM005 also induced a potent shift to a Th1-like profile, with an
IgG2a/IgG1 ratio of 18.95 (Fig. 4b; data not shown). These
results suggest that EM005 promotes a more potent Th1-like
response against ML0276 than that obtained with either CpG
or IMQ.

To further examine if ML0276/EM005 immunization pro-
moted an antigen-specific Th1-like response, we evaluated the
ability of spleen cells from immunized mice to produce IFN-�
when cultured with ML0276. As expected, spleen cells from
unimmunized mice did not respond to the antigen, while cells

from immunized mice secreted IFN-�. Cells from mice immu-
nized with ML0276/EM005 secreted the highest levels of
IFN-� (Fig. 5a). More detailed analyses of these responses by
flow cytometry revealed that antigen-experienced CD44hi

CD4� T cells were the dominant source of IFN-� (Fig. 5b).
Mice immunized with ML0276/EM005 possessed significantly
larger populations of IFN-�-producing cells than did mice im-
munized with ML0276/CpG or ML0276/IMQ (P � 0.05).
These results indicate that although all of the vaccine formu-
lations stimulated a Th1-like response against ML0276, the
strongest response was induced by ML0276/EM005. These
data suggest that immunization with ML0276/EM005 repre-
sents the best opportunity to limit both pathology and bacterial
burden during M. leprae infection.

ML0276/EM005 immunization reduces disease pathology.
Having established the most immunogenic vaccine regimen for
ML0276, we hypothesized that the ML0276/EM005 regimen
would limit experimental infection. To fully examine the rela-
tionship of effective immunization to protection, mice were
immunized with antigen in saline or antigen in conjunction
with adjuvant directed to either TLR4, TLR7, or TLR9 before
being infected with M. leprae. DLN cell numbers were signifi-
cantly increased in unimmunized mice following experimental
infection, indicating that local pathology was not controlled
(Fig. 6a). In contrast, DLN cell numbers in mice immunized
with ML0276/CpG, ML0276/IMQ, and ML0276/EM005 were
not markedly increased following infection, suggesting that
infection was controlled by vaccination of these mice, irrespec-
tive of the adjuvant used (Fig. 6a). These data suggest that
when used for immunization with an appropriate adjuvant,
ML0276 can limit local inflammation associated with M. leprae
infection.

To determine if the cellular response promoted by immuni-
zation was responsible for the reduction in inflammation ob-
served in these mice, we transferred spleen cells from immu-
nized donor mice to unimmunized recipient mice. The
recipient mice were infected with M. leprae within a day of cell
transfer, and DLN cell numbers were determined 15 weeks
later. In contrast to cells from unimmunized or ML0276/CpG-
or ML0276/IMQ-immunized mice, cells from ML0276/EM005-
immunized mice limited the lymphadenopathy induced by in-
fection (Fig. 6b). These data indicate that ML0276/EM005
vaccination generated a transferable memory response that
could limit the local inflammatory response during experimen-
tal M. leprae infection.

Immunization with ML0276/EM005 does not reduce bacte-
rial burden. Our results suggested that EM005 was a more ap-
propriate adjuvant than the other tested adjuvants for elicitation
of both ML0276-specific effector and memory cell generation and
for reducing local inflammation during infection. To investigate if
this adjuvant could limit bacterial growth, ML0276/EM005-im-
munized mice were infected with M. leprae in the footpad and
bacillus numbers assessed 24 weeks later. Unexpectedly, even
with a more potent vaccine regimen that can limit the local in-
flammatory response, and unlike immunization with HKML,
ML0276 immunization did not decrease bacterial numbers com-
pared with those in unimmunized mice (Fig. 6c). Taken together,
our data indicate that while ML0276 immunization can limit the
local inflammatory response during experimental M. leprae infec-
tion, additional antigens are required to limit bacterial growth.

FIG. 4. Immunization with ML0276 in conjunction with different
TLR agonists affects serum Ig responses. Mice were injected s.c.
with ML0276 in the presence of CpG, IMQ, or EM005 at biweekly
intervals, for a total of three immunizations. (a) Sera were collected
1 month after the third immunization, and ML0276-specific IgG
titers were determined by ELISA. (b) ML0276-specific IgG1 and
IgG2a titers were determined. Results are shown as means and SE
(n � 6 per group). Data are representative of three independent
experiments.
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DISCUSSION

Leprosy is a complex disease that manifests across a highly
divergent range of pathological, bacteriologic, and immuno-
logic outcomes. The immune responses range from strong cel-
lular responses in TT patients to predominantly humoral re-
sponses in LL patients. The strong antigen-specific cellular

responses of TT patients allow these individuals to control
bacterial numbers and to limit dissemination. Experimental M.
leprae infection of immunocompromised mice has demon-
strated that T cells and IFN-� participate in the control of
bacterial growth (1, 2, 5, 15, 16, 34, 51). We recently described
several recombinant M. leprae antigens that stimulate IFN-�

FIG. 5. Immunization with ML0276 in the presence of EM005 stimulates a strong Th1 response. Mice were injected s.c. with ML0276 in the
presence of CpG, IMQ, or EM005 at biweekly intervals, for a total of three immunizations. Spleens were collected 1 month after the third
immunization, and single-cell suspensions were prepared and cultured with 10 �g/ml ML0276. (a) Culture supernatants were collected and IFN-�
content determined by ELISA. Results are shown as means and SE (n � 3 per group). Data are representative of three independent experiments.
(b) Alternatively, spleen cells were cultured with antigen and BD Golgi Stop (to prevent secretion) overnight and then fixed and stained for flow
cytometry to determine the percentage of CD3� CD4� CD44hi IFN-� cells. A representative dot plot for groups of three mice is shown, and data
are representative of three independent experiments.

FIG. 6. ML0276 immunization in the presence of EM005 provides potent and transferable protection. Mice were injected s.c. with ML0276 in
the presence of EM005 at biweekly intervals, for a total of three immunizations. (a) One month after the final immunization, mice were infected
with 1 � 106 M. leprae organisms in each ear, and DLN cell numbers were determined 15 weeks later. Results are shown as means and SE. Student’s
t test was used to calculate P values between infected controls and immunized mice (n � 5 per group). (b) Single-cell suspensions were prepared
from the spleens of immunized mice and 1 � 107 cells transferred to recipient mice by intravenous injection in the tail vein. One day after cell
transfer, recipient mice were infected with 1 � 106 M. leprae organisms in each ear, and DLN cell numbers were determined 15 weeks later. Results
are shown as means and SE. Student’s t test was used to calculate P values between infected controls and mice that received cells from
ML0276/EM005-immunized mice (n � 5 per group). (c) Immunization with ML0276 and EM005 does not decrease M. leprae burden. One month
after the final immunization, mice were infected with 1 � 104 M. leprae organisms in each foot, and bacterial burdens were determined 24 weeks
after infection. Results are shown as means and SE, and data are representative of two independent experiments. The Mann-Whitney test was used
to calculate P values between infected and HKML-immunized mice for footpad infection (n � 10 per group).
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secretion when recognized by PB leprosy patients. In this
study, we have extended those observations to demonstrate
that mouse T cells can recognize and respond to these antigens
and that immunization with the most immunogenic antigen
(ML0276) can limit infection-induced inflammation in the
mouse ear short-term infection model. Surprisingly, despite
adjuvant refinement of ML0276-based vaccines to generate a
potent and transferable Th1 response, vaccination with
ML0276 did not limit bacterial growth in the long-term foot-
pad model.

Due to its documented ability to induce potent Th1 re-
sponses against even weak antigens, we initially used CpG, a
TLR9 agonist, to potentiate the response against ML0276 (10,
48). The adjuvant properties of CpG have been well charac-
terized for a variety of species, and various CpG DNAs are
being used in human clinical trials (8, 10, 30, 35, 60, 61). In our
study, ML0276/CpG-immunized mice exhibited a modest Th1
response that reduced the local inflammatory response. Our
previous characterization of the rapid ear infection model
identified a correlation between live M. leprae infection and the
magnitude of the local inflammatory response (21). It was
therefore highly surprising that ML0276/CpG vaccination
failed to control bacterial numbers. A similar phenotype has
been described following M. bovis BCG vaccination of neona-
tal calves, where tuberculosis-associated pathology was re-
duced but bacterial colonization was not impacted (65). These
data indicate that despite the inability to control bacterial
burden, the local inflammatory response can be limited follow-
ing vaccination. This outcome would be highly beneficial to
individual leprosy patients, as a common complication is un-
controlled inflammatory reactions (type 1 and type 2) that
cause significant distress and worsening of nerve damage and
occasionally result in hospitalization. However, at a population
level, this outcome would likely not impact M. leprae transmis-
sion and would not reduce new case numbers.

Our data prompted us to evaluate if adjuvants that engage
other TLRs could improve the potency of an ML0276 vaccine
and thereby stimulate stronger Th1 responses with more po-
tential to limit M. leprae growth (41). Besides TLR9, agonists
of TLR4 and TLR7/8 have been well characterized in experi-
mental vaccine studies and are being employed in human clin-
ical trials (10). To engage TLR4, we used a synthetic TLR4
agonist (EM005) (7) that is related to the powerful yet non-
toxic adjuvant monophosphoryl lipid A (MPL) (13, 28). MPL
has been used extensively as an adjuvant in clinical trials with
parenterally administered vaccines (6, 13, 14, 28, 32, 47, 50,
63). To engage TLR7, we used IMQ (29). IMQ has demon-
strated potent antiviral and antitumor properties in animal
models and stimulates Th1 and cytotoxic T-lymphocyte re-
sponses (3, 10, 64). In humans, it has been used widely as a
topical cream to treat skin diseases (Aldara; 3M Pharmaceu-
ticals), and the immunomodulatory properties are retained
when IMQ is administered either orally, intraperitoneally, or
intravenously (3, 4, 52). Our data demonstrate that when ad-
ministered with ML0276, IMQ induced similar serum IgG
responses to those achieved when CpG was coadministered
with the antigen. In contrast, EM005 potentiated the anti-
ML0276 response to levels well above those achieved when
either IMQ or CpG was used as adjuvant. In addition to stim-
ulating greater levels of ML0276-specific IgG, EM005 pro-

moted a strong shift in the antibody response to a Th1 profile,
as demonstrated by an enhancement of the IgG2a/IgG1 ratio.
This Th1-biased antibody profile was supported by an in-
creased population of antigen-experienced, IFN-�-producing
CD4 T cells in mice immunized with ML0276/EM005.
ML0276/EM005 not only stimulated a greater Th1 response
than the other vaccines, but unlike the other vaccines, it also
generated a response that could limit inflammation when
transferred to recipient mice. Together, these data demon-
strate that EM005 was able to generate strong and transferable
antigen-specific immunity.

We were extremely surprised to find that despite ML0276/
EM005 inducing strong and transferable Th1 responses that
could limit local inflammation, this vaccine regimen still did
not reduce the bacterial burden when assessed in a long-term
growth model. It is unclear why ML0276 immunization could
not decrease the bacterial burden. ML0276 is transcribed dur-
ing M. leprae infection in humans and mice and is clearly
recognized by immune cells of leprosy patients and MLCS-
reactive T-cell lines of mice (19; D. Williams, personal com-
munication). The functional classification of ML0276 is as a
conserved hypothetical protein, and protein expression levels
during infection are unknown. It may be that the ML0276
protein is not expressed consistently or is presented in insuf-
ficient amounts that do not permit identification of M. leprae-
infected cells. These data indicate that additional antigens are
required to provide a vaccine that can reduce bacterial burden.
We are currently striving to identify additional antigens that
are recognized by leprosy patients and will evaluate these as
vaccine candidates in mice to determine if they can limit both
local inflammation and bacterial burden.

Some clinicians and researchers fear that immunization to
boost inflammatory responses will lead to reversal reactions in
leprosy patients. It is common practice in some countries,
however, to reimmunize leprosy patients and their close con-
tacts with BCG, even though the efficacy of this BCG reimmu-
nization regimen is debated (17, 18, 57). In addition, direct
injection of IL-2 and IFN-� into leprosy lesions does not in-
duce type 1 reactions, although prolonged intradermal IFN-�
treatment of LL patients does increase the risk of type 2 re-
actions (erythema nodosum leprosum) (33, 55). These results
highlight the importance of preclinical evaluation of leprosy
vaccines in animal models that present with inflammation at
the infection site. Events seen in the immunocompetent mouse
footpad and ear model systems following infection with M.
leprae appear to be similar to those in indeterminate leprosy
(16a, 21). Indeterminate leprosy in humans is a disease man-
ifestation characterized by small numbers of T-cell and other
mononuclear cell infiltrates that partially control bacterial
growth. Clinical descriptions of this form of leprosy indicate
that approximately 50% of indeterminate lesions self-heal and
clear infection. Therefore, infection of mice with live M. leprae
provides legitimate models of immune-mediated inhibition of
bacterial growth that can be boosted by immunization prior to
challenge. Given these outcomes, the mouse model appears to
be appropriate for leprosy vaccine assessments. Our data, ob-
tained with mouse models, suggest that inducing inflammatory
anti-M. leprae responses in uninfected individuals will be safe
and will limit local inflammatory responses. Vaccination of
individuals with subclinical infection or even of patients with
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low BI is also likely to be safe, but vaccination of MB patients,
particularly LL patients, may not be wise. Our data suggest
that immunization could reduce the likelihood of developing
reversal reactions, and this merits analysis of how already-
infected animals respond to immune challenge. Mice do not
develop nerve damage during experimental M. leprae infection,
and it may be that vaccine testing in armadillos, which can
develop nerve damage following M. leprae infection, is re-
quired to resolve these safety concerns. Examining how MDT
affects immunization would also appear merited.

The ideal vaccine against leprosy would induce a strong,
long-lasting T-cell response directed against M. leprae that
would both prevent disease and reduce bacterial transmission.
The most common vaccine strategy has been to immunize
individuals with BCG, conferring cross-protection against lep-
rosy and tuberculosis. BCG vaccination to prevent leprosy has
been efficacious, but the degree of protection has varied dra-
matically between studies (57). It is also likely that, as with
tuberculosis, protection afforded by BCG vaccination against
leprosy wanes over time. A defined subunit vaccine would
appear well suited to provide a second, long-lasting line of
protection. A potent adjuvant that facilitates a strong inflam-
matory response against the antigenic components of a subunit
vaccine, such as EM005, is also likely to be critical for protec-
tion against intracellular pathogens such as M. leprae.

Our data suggest that vaccination with ML0276, by limiting
infection-induced inflammation, may be beneficial to individ-
uals but would not impact M. leprae transmission. We are
currently identifying additional proteins that are recognized by
PB leprosy patients and evaluating the potential of these an-
tigens to limit bacterial growth.
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