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Abstract

The antigenicity of Mycobacterium leprae (M. leprae)-derived cell membrane fraction was examined using human dendritic cells
(DCs). Immature DCs internalized-and processed the cell membrane components, and expressed M. leprae-derived antigens (Ags)
on their surface. The expression of MHC class II, CD86, and CD83 Ags on DCs and CD40 ligand (L)-associated IL-12 p70
production from DCs were up-regulated by the membrane Ags. Moreover these stimulated DCs induced significantly higher level
of interferon-y (IFN-y) production by autologous CD4" and CD8* T cells than those pulsed with equivalent doses of live
M. leprae or its cytosol fraction. Both subsets of T cells from tuberculoid leprosy patients also produced several fold more IFN-y
than those from normal individuals. Furthermore, the intracellular perforin production in CD8" T cells was up-regulated in an
Ag-dose dependent manner. These results suggest that M. leprae membrane Ags might be useful as the vaccinating agents against

leprosy.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Mycobacterium leprae is a causative agent of leprosy
and cause an irreversible peripheral nerve injury [1,2].
Two to three million individuals are now infected with
the bacteria and about half a million new cases are de-
tected each year [3,4]. The recent emergence of M. leprae
strains resistant to multiple chemotherapeutic agents [5],
has necessitated the development of reliable vaccination
agents and immunotherapeutic tools.

Host defense against mycobacterial infection such as
M. tuberculosis, is considered to be mediated primarily
by Ag-specific IFN-y-producing (Th 1 type) CD4™ T
cells [6]. Also, mycobacterium-specific CD8" T cells are
recently recognized as the other important component

" Corresponding author. Fax: +81-42-391-8212.
E-mail address: mmaki@nih.go.jp (M. Makino).

[7,8]. Among CD8" T cells, cells of Tcl type, which
produce not only IFN-y but also perforin and gra-
nulysin, are considered as direct effector population,
because they can induce apoptotic cell death of myco-
bacteria-infected cells and also directly kill the bacteria
[9,10]. The activation of Ag-specific CD4* and CD8" T
cells is carried out by a cell-to-cell contact with Ag-
presenting cells (APCs)'. Among the professional APCs,
we reported that the M. leprae-infected macrophages did
not vigorously stimulate autologous T cells [11]. In ad-
dition, while the monocyte-derived DCs are known to be
the most potent APCs capable of stimulating both naive
and memory type T cells and of activating both innate

U Abbreviations used: M., Mycobacterium; DCs, dendritic cells; Ag,
antigen; mAb, monoclonal antibody; IFN-y, interferon-y; L, ligand;
APC, Ag-presenting cell; PGL-1, phenolic glycolipid-I; LAM, lipoara-

- binomannan; CTL, cytotoxic T lymphocytes; PBMC, peripheral blood

mononuclear cell; r, recombinant.

0008-8"749/03/$ - see front matter © 2003 Elsevier Science (USA). All rights reserved.
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and acquired immunity [12-14], and M. tuberculosis and
M. bovis BCG actually induce the activation and mat-
uration of DCs [15,16], our previous studies indicated
that DCs required enormous number of M. leprae to
stimulate autologous T cells in spite of the fact that DCs
can be infected with the bacteria [11]. The exact reason
for this less efficient T cell stimulating property of M.
leprae-infected DCs is still not clear, but, one possible
reason may be due to the presence of inhibitory mole-
cules which avoid interaction of DCs with T cells, and of
molecules which reduce the expression of MHC class 1
and class II Ags on DCs. Another reason may be the
lack of antigenic molecules on the surface of bacteria,
which can evoke drastic T cell responses. However,
the latter speculation seems unlikely, since, many of
M. leprae Ags are supposed to have strong antigenic
properties. As a fact, during chemotherapy, some le-
promatous patients show strong cellular immune re-
sponses against the bacteria, which is recognized as type
1 reverse reaction [17,18].

Presently, not much is known about the antigenic
molecules of M. leprae in the context of cellular immu-
nity. Recently the whole genome data of M. leprae as
well as M. tuberculosis have been revealed {19,20]. Less
than half of the M. leprae genome contains pseudogene
with intact counterparts in M. ruberculosis genome.
Therefore, we can presume that M. leprae has smaller
number of antigenic entities when compared to that of
M. tuberculosis. In the cell wall fraction of M. leprae,
phenolic glycolipid-I (PGL-I) is recognized as M. leprae-
specific Ag [21], but it rather suppresses T cell activation
[11,22]. Lipoarabinomannan (LAM), phosphatidylino-
sitol mannosides, and major membrane protein I
(MMP-]) are important components of cell membrane
fraction of M. leprae [23-26]. LAM has activity to evoke
CDlb-mediated innate immunity [27], but it skews T
cells response to TH 2 type when it binds to C-type
lectin on DCs [28].

In addition to the antigenic molecules, the cytokine
milieu of both APCs and T cells should be considered,
because it can determine the direction of differentiation
and activation of T cells. In this respect, 1L-12 p70
heterodimer is known to be one of the most important
cytokines [29]. However, again, contrary to M. tuber-
culosis, the molecules of M. leprae that efficiently induce
IL-12 production are not fully uncovered.

The present study was undertaken to search M. le-
prae-derived antigenic molecules, which could be a
candidate of vaccinating agent and to assess the anti-
genicity of such bacterial fraction. We fractionated M.
leprae into membrane and cytosol components, and
examined their antigenicity from the aspect of induction
of type 1 CD4* and CD8" T cell activation. To this end,
we have measured IFN-y production as a marker of the
T cell activation and perforin production as a marker of
cytotoxic T lymphocytes (CTL) differentiation.

2. Materials and methods
2.1. Preparation of cells and bacteria

Peripheral blood was obtained under informed con-
sent from healthy, but PPD positive individuals and
three tuberculoid leprosy patients. Peripheral blood
mononuclear cells (PBMCs) were isolated using Ficoll-
Paque Plus (Pharmacia, Uppsala, Sweden) and cryop-
reserved in liquid nitrogen until use, as previously
described. Monocyte-derived DCs were differentiated
from peripheral plastic-adherent cells as described
[30,31]. Briefly, CD3" T cells were removed from either
freshly isolated heparinized blood, or cryopreserved
PBMCs using immunomagnetic beads coated with anti-
CD3 mADb (Dynabeads 450, Dynal, Oslo, Norway). The
CD3™ fraction of the PBMCs were plated on collagen-
coated plates and cultured for 60min at 37°C. The
plastic-adherent cells were cultured in 3ml of RPMI
1640 medium containing 10% FCS and 100 U/ml Peni-
cillin G (Katayama Chemical, Osaka, Japan) for 5 days
in the presence of 50ng of recombinant (r)GM-CSF
(Pepro Tech EC, London, England) and 10ng of rIL-4
(Pepro Tech) per ml. rGM-CSF and rIL-4 were supplied
every 2 days as described previously [30,31]. In some
cases, Ag-pulsed or unpulsed DCs were further treated
with indicated doses of the soluble form of CD40L
(kindly supplied by Immunex, Seattle, WA).

Since M. leprae cannot be cultivated or grown in in
vitro, M. leprae (Thai 53) was isolated from the liver of
M. leprae-infected armadillo. The purified bacteria were
counted by Shepard method [32], and were frozen at
—80 °C until use. The viability of M. leprae was assessed
by using fluorescent diacetate/ethidium bromide test
[33]. The fractionation of the mycobacterial proteins was
carried out according to previous report [26], with
modifications. Briefly, the mycobacterial suspension
containing the protease inhibitors was mixed with zir-
conium beads at a ratio of approximately 1:1 (v/v) and
homogenized using Beads Homogenizer Model BC-20
(Central Scientific Commerce, Tokyo) at 1500 rpm for
90 s three to four times. The beads were separated and
the suspension was centrifuged at 10,000g for 30 min to
remove the cell wall fractions. The supernatant was then
ultra-centrifuged at 100,000g for 1h. The resulting su-
pernatant was taken as the cytosolic fraction and the
pellet was suspended in PBS, washed two times and
taken as the membrane fraction. This fraction was as-
sessed by Western blotting and found to contain MMP-
I, MMP-1I, and LAM, which are reliable markers of the
membrane fraction [26].

2.2. Analysis of cell surface and intracellular Ags

The expression of cell surface Ags on DCs
was analysed using FACScalibur (Becton Dickinson
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Immunocytometry System, San Jose, CA). Dead cells
were eliminated from the analysis by staining with
propidium iodide (Sigma Chemical, St. Louis, MO). For
analysis of cell surface Ags, the following mAbs were
used: FITC-conjugated mAbs against HLA-ABC (G46-
2.6, PharMingen, San Diego, CA), HLA-DR (L243,
Becton Dickinson), and CD86 (FUN-1, PharMingen);
phycoerythrin  (PE)-labeled mAbs against CD83
(HB15a, Immunotech, Marseille, France). Purified
murine mAbs to PGL-I (DZ2Cl11, provided by Dr. H.
Minagawa, Leprosy Research Center) and LAM (CS-
35, provided by Prof. P.J. Brennan, Colorado State
Univ.), which was followed by FITC-labeled goat
F(ab'), anti-mouse IgG (Tago-immunologicals, Cama-
rillo, CA). We also used sera donated by leprosy pa-
tients (provided by Dr. H. Minagawa), 1ml of serum
from each of 10 patients was pooled and used to detect
M. leprae-derived Ags, followed by FITC-conjugated
murine anti-human Igs (Tago-immunologicals) for de-
tection by FACScalibur. To determine differentiation of
T cells to CTL by stimulation with Ag-pulsed DCs, we
performed intracellular staining of perforin. Briefly,
CD4" and CD8" T cells were surface stained with PE-
labeled mAb to CD4 and CDS8, respectively, and were
fixed in 2% formaldehyde. Subsequently, they were
permeabilized using Lysing solution (Becton Dickinson)
and Permeabilizing solution (Becton Dickinson), and
stained with FITC-conjugated anti-perforin mAb (8G9,
PharMingen). The optimal concentrations of mAbs and
patient’s pooled sera were determined in advance.

2.3. Assessment of APC function of DC pulsed with
bacterial Ags

The ability of DCs pulsed with various Ags, to
stimulate autologous T cells was assessed using an au-
tologous DC-T cell mixed reaction. DCs pulsed with
Ags for 48 h were treated with 50 ug/ml of mitomycin C,
washed extensively to remove extracellular Ags, and
were used as a stimulator. Freshly thawed PBMCs were
depleted of MHC class II™ cells by using magnetic
beads coated with mAb to MHC class IT Ag (Dynabe-
ads 450; Dynal) and further treated with beads coated
with either CD4 or CD8 mAb to select T cells negatively
as previously reported [31]. The purity of CD4™ T cells
or CD8% T cells was more than 98%. The purified re-
sponder CD4™ and CD8™ T cells (1 x 10° per well) were
plated in 96-well round-bottom tissue culture plates and
DCs were added at the indicated DC-T cell ratio. The T
cell proliferation during the last 10h of a 4-day culture
in the presence of 4% heat-inactivated human serum
(a generous gift from Kagoshima Red Cross Blood
Center) was quantified by incubating the cells with
1uCi/well of [PH]thymidine. The results are expressed
as mean differences in cpm obtained from triplicate
cultures.

2.4. Assessment of cytokine production

Levels of the following cytokines were measured;
IFN-y and IL-10 produced by CD4" and CD8" T cells
stimulated with DCs infected with M. leprae or DCs
pulsed with M. leprae-derived fractions, and IL-12 p70
produced by DCs stimulated with the Ags in the pres-
ence or absence of various concentrations of soluble
form of CD40L (Immunex). Supernatants were collected
from T cells stimulated with DCs for 4 days or 24-h Ag-
pulsed DCs and the concentrations of cytokines were
measured using enzyme linked immunoassay kits (Opt
EJA Human IFN-y SET, Opt EIA Human 1L-10 SET,
and Opt EIA Human I[L-12 (p70) SET) available from
BD PharMingen International.

2.5. Statistical analysis

Student’s ¢ test was applied to demonstrate statisti-
cally significant differences.

3. Results
3.1. Influence of M. leprae membrane Ags on DCs

The antigenicity of M. leprae was assessed using
mycobacterial fractions. When immature DCs were
pulsed with M. leprae and equivalent dose of its cell
membrane or cytosol fractions, the DCs pulsed with cell
membrane Ags induced significantly higher proliferation

p<0. 01
p<0. 01

- BCD4+ T gell
OCD8+ T cell

[*H] Thymidine uptake (10* cpm)
O = N W O N 0 ©
T

Whole Cytosol Membrane

Fig. 1. Proliferative response of autologous CD4" and CD8* T cells to
DCs pulsed with M. leprae or its fractions. The responder CD4" and
CDS8* T cells (1 x 10°/well) obtained from healthy individuals were
stimulated for 4 days with autologous DCs at a CD4" T cell:DC ratio
of 20 and a CD8* T cell:DC ratio of 10. Monocyte-derived immature
DCs were pulsed with M. leprae-derived membrane Ags (16 pg/ml) or
with equivalent dose of its cytosol or whole live M. leprae (1 x 10°
M. leprae was taken as 1 mg). Onepg per ml of soluble form CD40L
was used as a maturation factor of DCs. The T cell activating activity
of cytosol and membrane fraction was statistically compared. Repre-
sentative result of three separate experiments are shown. Assays were
done in triplicate, and results are expressed as means + SD. & CD4* T
cells, £ CD8' T cells.
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of autologous CD4" and CD8™ T cells than DCs pulsed
with the other components (Fig. 1). This point was as-
sessed by using various concentrations of Ags and M.
leprae, and similar tendencies were observed (not
shown). The cell wall fraction, however, was quite toxic
to DCs. Therefore, in the following experiments, we
chiefly focused on membrane fractions and examined
their involvement in the up-regulation of the immune
system.

We assessed whether M. leprae-derived Ags are
expressed on DCs. The membrane Ags pulsed DCs

expressed Ags such as LAM, which are known to be
present in the cell-membrane fraction, but failed to ex-
press cell wall Ag such as PGL-I on their surface (Fig.
2a). In addition to LAM, the DCs pulsed with the Ags
positively reacted with the pooled sera obtained from
leprosy patients, the expression level of which was sig-
nificantly reduced in the presence of chloroquine, an
inhibitor of intracellular processing of Ags (Fig. 2a).
When FITC-conjugated membrane and cytosolic Ags
were pulsed to DCs, the cells positively emitted fluo-
rescence and their levels were not reduced after treat-

A Antibody
Antigen DZ2C11 CS-35 Leprosy sera Leprosy sera
(PGL-1) LAM) [Chloroquine(-)] [Chloroquine(+)]
& 7.7 5.5 J 9.1 p 11.0
None 4 3
1 b
N
9.4 it 104 i 27.9 P 129
Cell membrane ; : , j ; !
s } j '\\‘
FITC
B
Antigen
(ug/mD
i 160.2 f 476.9 97.2 116
None by i
5 5 635.4 Y 155.0 145
Membrane ' ‘1‘..
(4.0) | I
n n, 190.1 P 19.3
Membrane ., I
(16.0) i I iy
i i gy
Y \
HLA-ABC HLA-DR CDs86 CD83

Fig. 2. (A) Surface expression of M. leprae-derived Ags on DCs. Monocyte-derived DCs from healthy individuals were pulsed with M. leprae-derived

membrane Ags (16 ug/ml) in the presence or absence of chloroquine and were stained with indicated mAbs or sera pooled from leprosy patients. - - - - -

control mAb or sera from uninfected donors; ==, indicated mAb or sera from leprosy patients. The mean fluorescence intensity and a rep-
resentative of three independent experiments are shown. (B) Expression of various molecules on DCs pulsed with M. leprae-derived membrane

Ags. Monocye-derived DCs were obtained from healthy individuals. - - -

and a representative of three independent experiments are shown.

--, control mAb; ==, indicated mAb. The mean fluorescence intensity
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ment with trypan blue which quenches the fluorescence
due to mere attachment of FITC-conjugated Ags to cell
surface (not shown). These results suggest that imma-
ture DCs take up M. leprae-derived membrane Ags and
express their derivatives on the surface of DCs.

We then examined the cell surface APC-associated
molecules on DCs. Upon exposure to membrane Ags,
immature DCs expressed higher level of MHC class 11
and CD86 on the surface in the manner dependent on
the Ag dose, and CD83 Ag expression was induced
when higher dose of membrane Ags was used. Al-
though, a significant up regulation of MHC class I ex-
pression was not observed (Fig. 2b). These results
suggest that M. leprae-derived membrane Ags at least
partially induced maturation of DCs.

3.2. Assessment of antigenicity of M. leprae-derived
membrane Ags

The APC function of DCs pulsed with membrane
Ags was assessed using autologous DC-T cells mixed
reactions. The membrane Ags pulsed DCs stimulated
both CD4" and CD8" T cell subsets, and produced a
significant dose of IFN-y (Table 1). The IFN-y pro-
duction was dependent on the dose of Ags pulsed to
DCs and on the number of DCs, enrolled in T cell
stimulation. Furthermore, when the antigenicity of
M. leprae-derivatives was compared using IFN-y as a
responder product, membrane Ags induced signifi-
cantly higher production than cytosol fraction. These
phenomena were observed in both CD4* and CD8" T
cells (Table 1, Exp. 1). On the other hand, since the
expression of MHC class I Ag on DC was up-regulated

marginally, we determined the effect of maturation
factors on DCs [34]. When DCs were pulsed with
membrane Ags and further treated with soluble form
of CD40L, significant up-regulation of IFN-y produc-
tion by both T cell subsets was observed. This up-
regulation was significant when 1.0 ug/ml of membrane
Ag was used (Table 1, Exp. 2). The CD40L-mediated
up-regulation of IFN-y production by cytosol fraction
was also observed (not shown). We then examined the
T cell activity towards the Ags in tuberculoid leprosy
patients. Marked IFN-y production was induced in
both CD4" and CD8" T cells when stimulated with
membrane Ags pulsed autologous DCs in all three
leprosy patients examined. The representative case is
shown in Fig. 3. More than 70% suppression of IFN-y
production was observed, when T cells were stimulated
in the presence of mAb to CD86 Ag. We also observed
that T cells stimulated with cell membrane-pulsed
DCs did not produce significant level of IL-10 (not
shown).

We further assessed if membrane Ags pulsed DCs
induced CD8" CTL by measuring the intracellular
perforin production (Fig. 4). Consistent with previous
study indicating that perforin is constitutively expressed
in the granules of cytolytic T cells, both CD4" and
CD8* T cells stimulated with Ag-unpulsed DCs pro-
duced marginal level of intracellular perforin. However,
while CD4" T cells stimulated by the membrane Ag-
pulsed DCs did not enhance the perforin production,
CDS8™" T cells produced significant intracellular perforin
by the antigenic stimuli. The CD8" T cells perforin
production was dependent on the dose of Ag, and, as
seen in Fig. 4, 25.3% of CD8" T cells produced perforin

Table 1
IFN-y production by T cells stimulated with DCs pulsed with M. leprae-derived fractions
Antigen Dose (pg/ml) MAF® CD4" T cells CD8* T cells
T/DC 20 40 10 20
(IFN-y, pg/ml)
Exp. 1 Membrane 1.0 None 230.6+ 12.2¢ 55.0 + 8.5 94.5 £ 5.3 282 4+2.7°
Cytosol 1.0 47.1 £6.9° 25.14+£2.00 78.8 £5.2° 19.9 £ 1.5
Membrane 4.0 None 366.4 £ 19.6 60.3 +7.3° 1154 £9.6° 86.6 + 4.8°
Cytosol 4.0 231.2411.0¢ 39.8 +4.6° 91.8 £ 84 274 £2.1¢
Exp. 2 Membrane 0.25 None 87.6 £5.5¢ 210+ 1.6 192+14 72408
0.25 CD40L 134.34£9.7¢ 260x1.9 236+1.2 157+0.9
Membrane 1.0 None 141.8 £ 9.9 25.0%£2.0¢ 18.4 +1.0° 18.3 £ 1.1¢
1.0 CD40L 452.2 +26.3¢ 99.4 +7.9¢ 4242 4£23.0¢ 32.1+2.8°

“The responder CD4* and CD8* T cells (1 x 10°/well) were stimulated for 4 days with autologous DCs at an indicated T cel:DC ratio.
Monocyte-derived immature DCs were pulsed with various dose of M. leprae-derived components on day 3, treated with maturation factor (CD40L,
1.5ug/ml) on day 4, and were used as stimulator on day 5. Representative of three separate experiments are shown. Assays were done in triplicate,
and results are expressed as means + SD. The detection limit of IFN-y is 4.7 pg/ml.

®Maturation factor of DC.
°p < 0.001.

4p < 0.005.

‘p < 0.0l

Tp < 0.05.
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Fig. 3. IFN-y production of T cells from leprosy patient. The re-
sponder CD4" and CD8* T cells (1x10° /well), obtained from healthy
donor and tuberculoid leprosy patient, were stimulated for 4 days with
autologous DCs pulsed with M. leprae membrane Ags (4.0 ug/ml) at
an indicated T cells:DC ratio. Onepg per ml of soluble CD40L was
used as a maturation factor of DCs. Representative result obtained
from three different patients is shown. Assays were done in triplicate,
and results are expressed as means = SD.

when higher concentration (16 pg/ml) of membrane Ags
was used.

3.3. Production of IL-12 p70 by DC upon stimulation with
membrane Ags

The antigenicity of M. leprae-derived membrane
was further analyzed by measuring the bioactive IL-12
p70 production by DCs (Table 2). Although undetect-

Y. Maeda et al. | Cellular Immunology 222 (2003) 69-77

able level of IL-12 p70 was produced by immature DCs
upon membrane or cytosol Ag stimulation, a significant
dose of the cytokine was produced when the Ags were
pulsed in the presence of soluble CD40L. The IL-12 p70
production was observed with the CD40L treatment
alone, of which concentration was dependent on the
PBMC donors, but was commonly enhanced by co-
pulsing with M. leprae-derived Ags. There were signifi-
cant differences in the cytokine production between
membrane and cytosol fractions at two different con-
centrations of Ags: the former produced significantly
higher level than the latter (Exp. 1). When M. leprae
membrane fraction was further separated into hydro-
phobic and hydrophilic fraction using Triton X114,
both fractions produced IL-12 p70 from DCs (Exp. 2).
This result may indicate that M. leprae-derived mem-
brane fraction contain various antigenic molecules.

4. Discussion

Leprosy presents a variety of disease spectrum with
representative ones: tuberculoid and lepromatous lep-
rosy [35]. The disease manifestation seems to be asso-
ciated with the impairment of immune responses against
M. leprae. The differences in the clinical manifestations
of leprosy appeared, based on the extent of bacterial
spread, which is regulated by the cellular immune re-
sponses towards M. leprae, and, in this context, IFN-vy-
producing type 1 CD4* T cells and cytotoxic CD8" T
cells occupy a central place [6-8]. Although DC is the

Antigen Dose CD4+ T cell CD8+ T cell
(ug/ml)
oo
H 0.6 0.8
None
0.5 13.0
M. leprae 4.0
(Membrane fraction)
I o1
1 0.2 Iy 95.3
M. leprae 16.0 ¥ i
(Membrane fraction) ) J i
9
Perforin -

Fig. 4. Intracellular production of perforin. Unseparated PBMCs were stimulated for 10 days with DCs pulsed with M. leprae membrane Ags. The
CD4" and CD8" T cells were gated for analysis and intracellular perforin in both cells was analyzed by using FITC-conjugated mAb to perforin.
----- , control mADb; e anti-perforin mAb. The number in each figure represents the percent positive cell number among the indicated cell
population. A representative of three independent experiments is shown.
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Table 2

Production of TL-12 p70 heterodimer by DCs pulsed with M. leprae-derived fractions®

M. leprae-derived fraction Stimulator IL-12 p70 {pg/ml)
Fraction Dose (pg/ml)

Exp. 1 None CD40L 68.2 £+ 3.1
Membrane 16 None ND*
Cytosol 16 None ND
Membrane 4 CD40L 217.5£11.9¢
Cytosol 4 CD40L 105.4 +8.9¢
Membrane 16 CD40L 861.5 + 40.7°
Cytosol 16 CD40L 185.4 9.6

Exp. 2 None CD40L 493+4.6
Membrane 4 CD40L 151.6 £9.3
Membrane-hydrophobic 4 CD40L 1152+6.1
Membrane-hydrophilic 4 CD40L 446.1 £25.8
Membrane 16 CD40L 301.7 +20.8
Membrane-hydrophobic 16 CD40L 25134132
Membrane-hydrophilic 16 CD40L 854.9 + 50.0

* Monocyte-derived immature DCs were stimulated for 24 h with various mycobacterial components in the presence or absence of soluble CD40L
(1.0ug/ml). Representative of more than two separate experiments are shown. Assays were done in triplicate, and results are expressed as

means = SD. The detection limit of IL-12 p70 is 7.8 pg/ml.
®Not detectable.
¢p < 0.001.

most potent APC to stimulate both CD4* and CD8* T
cells, we previously reported that DCs required un-
physiological number of live or killed bacteria to evoke
the activation of these T cells [I1]. The results may
suggest that subcellular components rather than whole
bacteria are useful as vaccinating agents. Therefore, in
this study, we examined the subcellular preparations of
M. leprae for identifying vaccine candidate. However
the cell wall fraction consisting of the core of covalently
linked mycolic acids, arabinan and galactan attached to
peptidoglycan, was quite toxic to DCs probably due to
the high lipid and sugar content. Therefore in this paper,
we focused on the cytosol and membrane fraction, and
concluded that there are more efficient antigens in the
membrane fraction, rather than in the cytosol fraction,
which should be identified.

M. leprae membrane fraction was taken up and
processed by DCs, leading to the up-regulation of MHC
class IT and CD86 Ags expression. In contrast to whole
live M. leprae, which reduced MHC class I and class 11
expression [11], the cellular membrane components of
M. leprae enhanced the expression level. The exact
mechanism leading to the maturation of DCs and en-
hanced cytokine production is not clear. However, it is
likely that toll-like receptors, mannose receptor and DC
specific ICAM-3 grabbing non-integrin are involved in
the ligation to membrane Ags of M. leprae [36,37].
Further study will be required to identify the M. leprae
membrane ligands which are closely associated with DC
maturation. Furthermore, while whole live or killed M.
leprae expressed molecules which suppress the interac-
tion of DCs and T cells [I1], the membrane Ags
did stimulate IL-12 p70 production from DCs, IFN-y

production by CD4" T cells, and both IFN-y and per-
forin production by CD8" T cells. The membrane
fraction was superior to cytosol fraction in all these
parameters. Although the exact reason for the difference
in T cell stimulating activity between two fractions is
under investigation, one of the possible reasons for the
superiority of membrane fraction may be due to the
presence of abundant antigenic molecules. We then in-
vestigated whether DC could be differentiated from tu-
berculoid leprosy patients. From all three patients’
monocytes examined, we obtained CD83", CD86",
MHC class I, and class II" DCs (not shown), of which
phenotype was similar to DCs obtained from healthy
individuals (Fig. 2b). When immature DCs were pulsed
with membrane Ags, DCs obtained from tuberculoid
leprosy patients induced several fold more IFN-y pro-
duction from autologous CD4" and CD8" T cells than
those derived from normal individuals (Fig. 3). This up-
regulation of IFN-y production was observed in all
three tuberculoid leprosy patients examined, that sug-
gests that the patients’ DCs are able to efficiently present
membrane Ags to autologous T cells and that the pa-
tient’s T cells are primed in vivo with some components
of the membrane fraction. There are reports indicating
that when T cells from tuberculoid leprosy patients were
stimulated with CD3 mAb, they produced significant
IFN-y and also PBMCs from tuberculoid patients pro-
duced IFN-y when stimulated with M. leprae antigens
[38,39]. Our findings extend the report, and further
suggest that Ag-specific IFN-y production can be in-
duced in these patients by using DCs.

The CD40L molecules are considered, in general, to
be an essential component for the induction of type 1 T
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cell responses without inducing tolerance of CD8* T
cells [40-42]. In this study, the signaling through CD40L
molecules on M. leprae-derived cell membrane Ag-
pulsed DCs was required for: (a) massive production of
IFN-y by both T cell subsets, (b) production of IL-12
p70 heterodimer by DCs, which is an important cyto-
kine highly associated with bacteriocidal activities [29],
and (c) production of perforin by CD8" T cells. How-
ever, LPS did not induce these cytokines to the same
level (not shown) and therefore could not substitute
CD40L. CD40L may be one of the essential components
required for designing the vaccine candidate.

Another important point to be considered is whether
CD8™' T cells have cytokilling activity. This point was
assessed by measuring the intracellular perforin pro-
duction. Relation between perforin and CD8" T cells
recognizing M. leprae Ags is still unclear. The compar-
ison of M. leprae reactive CD4" T cell line with M. tu-
berculosis tecognizing CD8' T cell line have been
reported and the CD8" T cell line was found to contain
perforin [43]. Our in vitro studies indicated that obvious
intracellular perforin production was achieved sorely in
CD8* T cells, although not in CD4™ T cells. The results
indicate the possibility of CD8* T cells being involved in
anti-microbial effector function. It is interesting to note
that, the upregulation of perforin production was ob-
served in about 60% of the PBMC donor examined (not
shown). This fact may be related to the previous clinical
trial in Malawi which showed that M. bovis BCG vac-
cination was effective in the prevention of leprosy
among 50% of the vaccinated population [44]. Also,
recent report showed that, both rhesus and cynomolgus
monkeys developed progressive tuberculosis, but only in
cynomolgus monkey, M. bovis BCG vaccination pro-
tected toward disease development [45]. Since CTL dif-
ferentiation of CD8' T cells requires at least twice
stimulations, we may speculate that the perforin pro-
duction was a consequence of priming of CD8"* T cells
with M. bovis BCG (childhood M. bovis BCG vaccina-
tion carried out in most Japanese individuals) and of
secondarily stimulation with M. leprae membrane Ags.
The present studies indicated that M. leprae membrane
fraction might have efficient cell immunity-inducing
molecules, however, further detailed studies from both,
the aspect of priming naive T cells and of reactivation of
memory CD8" T cells should be pursued.

Taken together, the membrane fraction of M. leprae
contain antigenic molecules which are associated with
induction of Th1 CD4* T cells and Tcl1 CD8™ T cells, and
could be useful as vaccination agents against leprosy.
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The expression and activation of Toll-like receptors (TLRs) was investigated in leprosy, a spectral
disease in which clinical manifestations correlate with the type of immune response mounted to-
ward Mycobacterium leprae. TLR2-TLR1 heterodimers mediated cell activation by killed M. leprae,
indicating the presence of triacylated lipoproteins. A genome-wide scan of M. leprae detected 31
putative lipoproteins. Synthetic lipopeptides representing the 19-kD and 33-kD lipoproteins ac-
tivated both monocytes and dendritic cells. Activation was enhanced by type-1 cytokines and in-
hibited by type-2 cytokines. in addition, interferon (IFN)-y and granulocyte-macrophage
colony-stimulating factor (GM-CSF) enhanced TLR1 expression in monocytes and dendritic cells,
respectively, whereas IL-4 downregulated TLR2 expression. TLR2 and TLR1 were more strongly
expressed in lesions from the localized tuberculoid form (T-lep) as compared with the dissemi-
nated lepromatous form (L-lep) of the disease. These data provide evidence that regulated ex-
pression and activation of TLRs at the site of disease contribute to the host defense against

microbial pathogens.

Toll-like receptors (TLRs) represent one mechanism by which
the innate immune system recognizes biochemical patterns dis-
played by infectious invaders. The specificity of TLRs in mediat-
ing responses to defined bacterial ligands has been clearly
shown: TLR2 homodimers*? and TLR2-TLR1 heterodimers medi-
ate the response to microbial triacylated lipoproteins®*, TLR3 to
double-stranded viral RNAS, TLR4 to lipopolysaccharide (LPS)**,
TLRS5 to bacterial flagellin®, TLR2-TLR6 to diacylated lipopep-
tides'®, TLR7 and TLR8 to imidazoquinolines'"” and TLR9 to
bacterial CpG DNA sequences®™. Upon activation, TLRs trigger
the release of cytokines and the induction of co-stimulatory
molecules that can influence the nature of the adaptive T- or B-
cell response’. Activation of TLRs also induces antimicrobial
pathways that kill intraceliular organisms'.

Leprosy provides an excellent opportunity to investigate
mechanisms of innate and adaptive immunity in humans. First,
leprosy primarily affects skin, so the lesions are readily accessible
to study. Second, the disease presents as a clinical spectrum that
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correlates with the level of the immune response to the
pathogen’®. Patients with the tuberculoid form are relatively re-
sistant to the pathogen; the infection is localized and the lesions
are characterized by expression of the type-1 cytokines charac-
teristic of cell-mediated immunity?”’%. In contrast, patients with
lepromatous leprosy are relatively susceptible to the pathogen;
the infection is systemically disseminated and the lesions are
characterized by the type-2 cytokines characteristic of humoral
responses. To gain insight into the innate immune response in
human disease, we investigated the expression and activation of
TLRs in human leprosy.

TLR2 and TLR2-TLRT mediate activation by M., leprae

To determine the role of TLRs in mediating cell activation by M.
leprae, we used human cell lines transiently expressing TLR ho-
modimers (TLR1-10) or heterodimers (TLR2-TLR1, TLR2-TLR6,
TLR2-TLR10) with an endothelial leukocyte adhesion mole-
cule-luciferase (ELAM.luc) reporter. These cells were activated

525

—139—



ARTICLES e

250
a 250
200 200
=4 =4
2 S
g 150 g 150
o k]
£ £
B 100 T 100
O Q
W '™
50 50
0 |_=-_|:. 0
- 1 2 3 4 5 86 7 8 9 10 211 206 210
TLR TLRs
3,500
¢ - 3,000 -
E E w00
B 2,500 B
& £
o 2000 S 600
3 150 B o
- 1,000 w
= 550 = 200
0 0
Media - oTLR2 IgGi1 Media ~ oTLR2 IlgG1
19-kD 18-kD
Fig. 1 TLR2 and TLR2-TLR1 mediate the response to M. leprae and M. lep-

rae 19-kD and 33-kD lipopeptides. a, HEK 293 cells transiently expressing
TLR homodimers (TLR1-10) or heterodimers (TLR2/1, 2/6 or 2/10) and an
ELAM.luc plasmid were stimulated with killed M. leprae. Cells transfected
with TLR4 were also transfected with MD2 (a TLR-4-associated protein).
b, Left, peritoneal macrophages from wild-type (8), Tir1-- (®), Thri2"- (&)
or TIr67 (O) mice were activated with either medium or kilted M. leprae.
Right, peritoneal macrophages from wild-type (03), TIr1~- (), Tr2* (@), or
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Tir6™~ (8) were also activated with either media, Pam;Cys, MALP-2 or LPS
to serve as controls. TNF-a. production was measured by ELISA. ¢ and d,
Primary human monocytes (left) or monocyte-derived dendritic cells (right)
were stimulated with the M. feprae 19-kD (¢) or 33-kD (d) lipopeptides in
the presence of medium, a TLR2-blocking antibody (oTLR2) or an IgG1
control antibody. IL-12 p40 production was measured by ELISA. The data
are representative of at least 2 independent experiments. Error bars repre-
sent s.e.m.

with killed M. Ieprae and luciferase activity was measured.
Among the homodimers tested, only TLR2 was able to mediate
responsiveness toward M. leprae, activating the cells by 28-fold
above background (Fig. 1a). Co-expression of TLR1 greatly en-
hanced TLR2-mediated activity, resulting in 215-fold activation
(Fig. 1a). These data indicate that TLR2 homodimers or TLR2-
TLR1 heterodimers can mediate cell activation by M. leprae.
Studies of TIr2”~ and TlrI"" mice corroborate the transfection
data. Peritoneal macrophages from TIr2™ mice did not respond
to M. leprae, as measured by TNF-a production, whereas
macrophages from TIr1”~ mice had a diminished response (Fig.
1b). In accordance with previous studies, macrophages from
Tlr2™" mice did not respond to Pam,Cys or macrophage-activat-
ing lipopeptide (MALP)-2. Macrophages from TIlr1~ and Tir6™"
mice had diminished responses to Pam,Cys and MALP-2, respec-
tively (Fig. 1b).

Two groups recently showed that TLR2-TLR1 heterodimers
mediate the response to triacylated lipopeptides®*. It was thus
logical to investigate M. leprae lipoproteins and synthesize corre-
sponding triacylated lipopeptides as a model for M. leprae lig-
ands that stimulate TLR2 and TLR1. Unfortunately, M. leprae
cannot be grown in the laboratory and it is difficult to purify
proteins from the small number of organisms that can be har-
vested from armadillos. We therefore scanned the M. leprae
genome for proteins with a putative lipoprotein signal motif and
identified 31 putative lipoproteins (see Supplementary Table 1
online). The M. leprae lipoproteins ML1966 and ML0603 were
chosen for further study.

MIL1966 (a putative M. leprae 19-kD lipoprotein) shares 47%
amino acid sequence identity with the 19-kD lipoprotein of
Mycobacterium tuberculosis (ipqH), a major inducer of monocyte
cytokine release through TLR2 (refs. 1, 3). ML1966 seems to have
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arisen by means of a gene duplication event as its gene is located
in a different site than that occupied by IpgH (Rv3763) of M. tu-
berculosis. The M. leprae chromosomal locus corresponding to
Rv3763 contains the pseudogene ML2363, which is strictly or-
thologous to IpqH, and is flanked by pseudogenes equivalent to
Rv3762 arid Rv3764, the neighboring genes in M. fuberculosis.
ML1966 mRNA has been detected in M. leprae (D. Williams and
T. Gillis, personal communication). MLO603, the M. leprae 33-kD
lipoprotein, was also studied because expression of this lipopro-
tein by M. leprae has been detected by western blot, and because
a recombinant lipoprotein expressed in Escherichia coli triggers
monocyte cytokine release™.

Analysis by GC mass spectrometry of mycobacterial lipopro-
teins provided evidence for the presence of three fatty acid sub-
stitutions: two in the glycerol portion (consisting of either
palmitic, stearic or tuberculostearic acid) and one in the amide
linkage to the cysteine residue (palmitic acid). Although the nat-
ural lipoproteins from M. leprae may contain a combination of
three different fatty acids, tri-palmitylated lipopeptides activate
a similar pattern of TLRs when compared with a purified M. tu-
berculosis lipoprotein®. Therefore, hexameric peptides with a tri-
palmityl modification corresponding to the M. leprae 19-kD and
33-kD lipoproteins were synthesized and examined for their
ability to trigger monocytes in a TLR-dependent manner.

Both M. leprae lipopeptides activated primary human mono-
cytes obtained from healthy donors, as measured by the release of
1L-12 p40 (Fig. 1c). A TLR2-neutralizing antibody blocked activa-
tion. Similarly, the 19-kD and 33-kD lipopeptides activated
monocyte-derived dendritic cells in a TLR2-dependent manner to
release IL-12 p40 (Fig. 1d). Together, these data provide evidence
that M. leprae and two of its constituent ligands activate cells of
the innate immune system through TLR2 and TLR2-TLR1.
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Fig. 2 Cytokine profiles influence TLR2-TLR1 activation of monocyte and
monocyte-derived dendritic cells. @ and b, Monocytes (@) or monocyte-
derived dendritic cells (b) were activated with M. leprae 19-kD lipopeptide
together with either media, IFN-y, IL-12, IL-18, GM-CSF, iL-4 or IL-10. TNF-
o () or 1L-12 p40 (b) production was measured by ELISA. The data are
shown as TNF-a or IL-12 p40 levels above media background and are rep-
resentative of 3 independent experiments.

Regulation of TLR2-TLR1 activation by cytokines
For intracellular pathogens, including M. leprae, the balance of
type-1 and type-2 cytokines influences whether the clinical form
of the disease is localized or disseminated, respectively. In lep-
rosy, the type-1 cytokines IFN-y, IL-12, IL-18, and GM-CSF pre-
dominate in localized T-lep lesions, whereas the type-2
_cytokines IL-4 and IL-10 characterize disseminated L-lep le-
sions!’®, We investigated whether these cytokines could influ-
ence TLR2-TLR1 activation of monocytes and monocyte-derived
dendritic cells by stimulating these cells with the M. leprae 19-kD
lipopeptide in the presence or absence of cytokines, and then
measuring cytokine release. The type-1 cytokines IFN-y, IL-12,
1L-18 and GM-CSF enhanced the ability of the M. leprae 19-kKD
lipopeptide to trigger monocyte release of TNF-a (Fig. 2a). In
contrast, IL-4 and IL-10 substantially inhibited the lipopeptide-
induced release of TNF-c. IFN-y also upregulated lipopeptide-
induced release of IL-12 p40 from monocyte-derived dendritic
cells (Fig. 2b). IL-18 had little effect, whereas 1L-4 and IL-10 in-
hibited IL-12 p40 release. In the absence of the 19-kD lipopep-
tide, the type-1 and type-2 cytokines did not stimulate
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monocyte and monocyte-derived dendritic-cell cytokine release
(data not shown). These data provide evidence that the local
type-1 or type-2 cytokine environment can influence the degree
of TLR2-TLR1 activation.

Type-1 and type-2 cytokines influence TLR expression
We next wanted to address whether type-1 and type-2 cytokine
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Fig. 3 Effect of cytokines on TLR2 and TLR1 expression on monocytes and
monocyte-derived dendritic cells. @, Monocytes and monocyte-derived den-
dritic cells were treated with media or recombinant type-1 cytokines IFN-y, IL-
12, IL-18 or GM-CSF. Cells were labeled with a TLR2-specific monocional
antibody or an isotype control and examined by flow cytometry.
b, Monocytes and monocyte-derived dendritic cells were treated with media
or the recombinant type-2 cytokines IL-4 or IL-10. TLR2 cell-surface expression
was examined by flow cytometry. a and b, the data shown are representative
of at least 2 independent experiments; values at upper right of each graph rep-
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resent changes in mean fluorescence intensity between TLR2 and the 19G1 iso-
type control. ¢, Monocytes and monocyte-derived dendritic cells were treated
with media, IFN-y, IL-12, IL-18 or GM-CSF. Cells were labeled with a TLR1-spe-
cific monoclonal antibody or an isotype control and examined by flow cytom-
etry. d, Monocytes and monocyte-derived dendritic cells were treated with
media, 1L-4 or IL-10. TLR1 cell-surface expression was examined by flow cy-
tometry. ¢ and d, the data shown are representative of at least 2 independent
experiments; values at upper right of each graph represent changes in mean
fluorescence intensity between TLR1 and the 1gG1 isotype control.
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graph represent change in mean fluorescence intensity. b and ¢, Monocytes
(b) or monocyte-derived dendritic cells (¢) from T-lep (8; n=10 (b) or 4 (0))
and L-lep (O3; n =11 (b) or 6 (¢)) leprosy patients were stimulated with the
19-kD lipopeptide with or without IFN-y. IL-12 p40 production was mea-
sured by ELISA. Error bars represent s.e.m.

patterns could influence the level of TLR2 and TLR1 expression
on monocytes and monocyte-derived dendritic cells. Cells were
treated with recombinant cytokines and TLR expression was
measured by flow cytometry. The type-1 cytokines IFN-y, IL-12,
IL-18, and GM-CSF did not affect TLR2 expression (Fig. 3a). IL-
10, which inhibited TLR2-TLR1 activation, did not downregu-
late TLR2 expression. The type-2 cytokine IL-4, however,
substantially decreased TLR2 cell surface expression on both
monocytes and monocyte-derived dendritic cells (Fig. 3b). As
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previously shown®, IL-4 downregulates TLR2 mRNA as mea-
sured by quantitative PCR (data not shown).

In contrast to the downregulation of TLRZ by type-2 cy-
tokines, TLR1 expression was upregulated by type-1 cytokines.
Freshly isolated monocytes expressed undetectable to low levels
of TLR1, but this expression was increased through the addition
of the type-1 cytokine IFN-y (Fig. 3c). The other type-1 cytokines,
IL-12, IL-18, and GM-CSF, as well as the type-2 cytokines tested
did not influence levels of TLR1 expression. In monocyte-
derived dendritic cells, the type-1 cytokine GM-CSF
induced expression of TLR1 (Fig. 3c). The type 2 cy-
tokine IL-10 seemed to have a modest effect on TLR1
expression in dendritic cells, perhaps from driving the
dendritic cell towards a more macrophage-like cell
(Fig. 3d). Taken together, our data indicate that type-1
and type-2 cytokine patterns differentially regulate
TLR1 and TLR2 expression, respectively.

TLR2-TLR1 activation in leprosy

As an initial step to determine whether the expression
of TLRs in leprosy might correlate with the disease
type, we measured the amount of TLR2 and TLR1 ex-
pression on peripheral monocytes. We found that the
amounts of TLR2 on circulating monocytes was simi-
lar in both T-lep and L-lep patients, whereas the
amounts of TLR1 were undetectable (Fig. 4a and data
not shown). Although TLR2 was expressed equally in
both patient groups, there could have been differ-
ences in the TLR2-TLR1-dependent activation path-
ways. We therefore examined the responses of
peripheral monocytes and monocyte-derived den-
dritic cells from T-lep and L-lep patients to the 19-kD
lipopeptide. The ability of the 19-kD lipopeptide to
trigger IL-12 p40 release from monocytes was similar
in T-lep and L-lep patients (Fig. 4b). These responses
were TLR2-dependent, as the TLR2-specific antibody

Fig. 5 Expression of TLR2 and TLR1 in leprosy patients. a
and b, Sections from skin biopsy specimens of T-lep (n = 10)
and L-lep (n = 10) lesions stained by the immunoperoxidase
method with a monoclonal antibody specific for TLR2 (a) or
TLR1 (b). Original magnification, x40.
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Fig. 6 Phenotype of cells expressing TLR2 in T-lep lesions.
Two-color immunofluorescence confocal images were obtained
for the markers CD14, CD68, CD1a, TLR1 or CD3 (green; left)
and TLR2 (red; center). The 2 images were then superimposed
(yellow; right). TLR2-positive cells in the T-lep lesions were posi-
tive for CD14, CD68, CD1a and TLRT, but not CD3. Original
magnification, x63.

blocked the response by 80% (data not shown). The
19-kD lipopeptide also induced similar levels of IL-12
p40 release from monocyte-derived dendritic cells
from T-lep patients as compared with L-lep patients
(Fig. 4¢). These data indicate that in circulating blood,
both T-lep and L-lep patients can mount a functionally
‘equivalent TLR2-TLR1 response.

Expression of TLR2 and TLR1 in leprosy lesions
"The battle between host immune response and micro-
bial pathogens in leprosy is enjoined in the skin lesion,
the site of disease activity. We wanted to determine
whether the expression of TLR2 and TLR1 in the le-
sions of leprosy patients correlates with the local cy-
tokine pattern characteristic of the different forms of
the disease. We assessed the frequency and distribution
of TLR2- and TLR1-expressing cells in biopsy speci-
mens from patients with leprosy using immunoperoxi-
dase labeling. Notable differences were observed at the
level of both TLR2 and TLR1 expression. TLR2 was
strongly expressed in T-lep lesions on large ovoid cells
and on cells with a dendritic morphology (Fig. 5a). Of
ten T-lep lesions studied, approximately 40-50% of the
cells infiltrating the granulomas were positive for
TLR2. In contrast, TLR2 was only weakly expressed on
cells in ten L-lep lesions. Similarly, TLR1 was much
more strongly expressed in T-lep lesions as compared
with L-lep lesions (Fig. 5b).

We used double immune labeling and confocal laser
microscopy to examine the nature of the cells express--
ing TLRZ and TLRl in T-lep lesions (Fig. 6).
Approximately 90-95% of TLR2-expressing cells ex-
pressed both CD14 and CD68, indicating expression of
TLR2 on cells of the monocyte/macrophage lineage.
An additional 5% of cells expressed both- TLRZ and
CD1a, indicating expression of TLR2 on dendritic cells in these
lesions. Expression of TLR1 co-localized with TLR2, indicating
that most cells expressed the TLR2-TLR1 heterodimer. Finally,
TLR2-positive cells did not express the T-cell marker CD3.
Together, these findings indicate that the frequency of mono-
cytes and dendritic cells expressing TLR2 and TLR1 in leprosy fe-
sions is higher in T-lep patients, the group with localized
infection and expression of type-1 cytokines in lesions, as com-
pared with L-lep patients, the group with disseminated infection
and expression of type-2 cytokines in lesions.

cD3

Discussion

The discovery of mammalian TLRs has provided new insight
into mechanisms of innate immunity to microbial pathogens.
Activation of TLRs leads to the induction of antimicrobial path-
ways central to innate defense' as well as the upregulation of
antigen presentation molecules and secretion of cytokines that
influence the nature of the adaptive immune response'. Here,
we undertook a comprehensive and integrated analysis of TLR
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responsiveness, regulation and distribution in human disease,
by analyzing human leprosy. We focused on TLR2 and TLR1 be-
cause the bacteria that causes leprosy, M. leprae, was found to ac-
tivate either TLR2 homodimers or TLR2-TLR1 heterodimers. In
addition, scanning of the M. leprae genome revealed 31 lipopro-
teins that could serve as pathogen-associated molecular patterns
to be recognized by the innate immune system. Synthetic
lipopeptides representing putative 19-kD and 33-kD lipoproteins
activated monocytes and monocyte-derived dendritic cells
through TLR2. We found that expression and activation of TLR2
and TLR1 were regulated by type-1 and type-2 cytokine patterns.
Analysis of lesions provided in vivo evidence that the local cy-
tokine environment regulates the expression of TLR2 and TLR1,
thus determining the outcome of the innate immune response
against microbial infection.

Through our study of human leprosy, we correlated TLR2 and
TLR1 expression in disease lesions with resistance and suscepti-
bility to a human pathogen. Whereas TLR2 expression on pe-
ripheral monocytes of patients from across the spectrum of
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leprosy was equivalent, we observed differences at the sites of
disease in the skin lesions obtained from patients. TLR2 was
strongly expressed on monocytes and dendritic cells in lesions
from T-lep patients, which are self-healing and characterized by
resistance to growth of M. leprae. In contrast, TLR2 was weakly
expressed on monocytes in L-lep lesions, which are progressive
and characterized by enormous quantities of the organism.
Similarly, we found much higher TLR1 expression in T-lep le-
sions compared with L-lep lesions. Previous studies of leprosy le-
sions indicates that the local expression of the type-1 cytokines
IFN-y, IL-12, IL-18 and GM-CSF predominates in T-lep lesions,
whereas the type-2 cytokines IL-4 and IL-10 characterize L-lep le-
sions'#2.22 Our data corroborate this by showing that IL-4
downregulates TLR2 mRNA and protein expression on mono-
cytes®? and also downregulates TLR2 on dendritic cells. We hy-
pothesize that the strong expression of the type-2 cytokine IL-4
in L-lep lesions accounts for the diminished expression of TLR2.
In contrast, the type-1 cytokines IFN-y and GM-CSF upregulate
levels of TLR1 expression in vitro, suggesting that the high levels
of these cytokines in T-lep lesions accounts for the higher levels
of TLR1 expression. These findings indicate that in humans, the
regulated expression of TLR2 and TLR1 contributes to the out-
come between the host response and the microbial invader.
These results also suggest that effects of the local cytokine envi-
ronment on the expression of TLR2-TLR1 heterodimers is a pos-
sible mechanism by which some individuals are hyporesponsive
to vaccination with the Borrelia burgdorferi OspA lipopeptide®.

A notable finding of the present study was that type-1 and
type-2 cytokine patterns differentially affected TLR2 and TLR1
activation by an M. leprae lipopeptide. The type-1 cytokines IFN-
v, GM-CSF, IL-12 and IL-18 enhanced TLR2 and TLR1 activation,
whereas the type-2 cytokines IL-4 and IL-10 inhibited activation.
It is noteworthy that IL-10 inhibited TLR2 and TLR1 activation
but did not downregulate TLR2 or TLR1 expression as compared
with IL-4, which inhibited both TLR2 expression and TLR2-TLR1
heterodimer activation. The type-1 cytokines IFN-y, IL-12 and IL-
18 upregulated TLR2-TLR1 heterodimer responses without af-
fecting TLR2. expression. The type-1 cytokines IFN-y and
GM-CSF, however, increased TLR1 expression in monocytes and
monocyte-derived dendritic cells, respectively. Thus, the local
cytokine pattern triggered during microbial infection regulates
the innate immune system through two different and indepen-
dent mechanisms, one directly affecting TLR activation and the
other modulating TLR expression. It is well known that the in-
nate immune response serves an instructional role in shaping
the adaptive immune response. Our data indicate that the adap-
tive immune response, by releasing cytokines from T cells that
regulate TLR activation, can also influence the magnitude of the
innate immune response.

The ability of the innate immune system to recognize and
rapidly respond to microbial pathogens is crucial to the host de-
fense against infection. The Toll family of receptors seems to be
integral in this role, given that it has been conserved throughout
hundreds of millions of years of evolution, and is found in both
insects and mammals. In Drosophila, mutations in Toll or down-
stream signaling molecules substantially increase susceptibility
to fungal and bacterial infections. Mice with spontaneous or tar-
geted mutations in TLRs are more susceptible to bacterial infec-
tion, further implicating TLRs as critical receptors in mammalian
host defense®?. Recent studies also indicate that TLRs are re-
quired for optimal induction of innate immunity in mouse mod-
els of microbial infection®**!. Although genetic analysis of TLR2
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in L-lep patients detected a polymorphism in the cytoplasmic
signaling domain of the TLR2 protein®, we found that there was
no difference in the ability of the TLR2-TLR1 ligand to trigger IL-
12 p40 release from peripheral blood monocytes obtained from
L-lep as compared with T-lep patients. Further experiments are
warranted to determine whether such polymorphisms affect TLR
activation pathways.

We found that M. leprae activates cells through TLR2 and
TLR2-TLR1. Of the potential ligands that activate TLR2-TLR1,
microbial lipoproteins have long been known to be potent im-
munostimulatory molecules. Experiments have shown that
TLR2 mediates responsiveness to lipoproteins and lipopep-
tides™*. Additional studies have shown that triacylated
lipoproteins and lipopeptides activate a TLR2-TLR1 het-
erodimer**. Using a genome-wide scan, 31 putative lipoprotein
genes were identified in the annotated genome sequence of M.
leprae®, together with 3 genes encoding enzyme systems re-
quired for processing the lipoprotein precursor and attaching
the lipid group. All of these genes have orthologs in M. tubercu-
losis®*, which also contains about 60 additional genes for
lipoproteins that have either been lost by the leprosy bacillus
or retained in inactive form as pseudogenes. Among the latter
group is ML1966, a gene orthologous to IpgH (Rv3763), which
encodes the well-characterized 19-kD lipoprotein antigen of
M. tuberculosis®®¥. A synthetic M. leprae 19-kD lipopeptide in-
duced IL-12 p40 release from human monocytes and mono-
cyte-derived dendritic cells through TLR2. Similarly, a 33-kD
lipoprotein known to be expressed by M. leprae’ was studied
and found to activate monocytes and monocyte-derived den-
dritic cells through TLR2. Because our data suggest a promi-
nent role for TLR2 and TLR1 in mediating the response to
M. leprae, we cannot rule out other TLR ligands such as lipoara-
binomannan and peptidoglycan activating through TLR2 (refs.
38, 39). In addition, although the response through TLR4 was
weak using the available killed M. leprae, previous studies sug-
gest that live mycobacteria can activate TLR4 (ref. 38). Further
investigation to identify the TLR4 ligand(s) in live M. tuberculo-
sis should clarify this issue.

Our data suggest that the outcome of the immune response
in leprosy is determined in part by the influence of the local
cytokine environment on the regulated expression and activa-
tion of TLR2 and TLR1. Although TLR activation is a central
part of innate immunity, TLR activation can also lead to im-
munopathology and tissue damage, as in the apoptosis and in-
flammation-mediated tissue injury seen in septic shock. Even
in the T-lep form of leprosy, where the level of TLR activation
is strong and the pathogen is contained, inflasmmation-medi-
ated nerve injury is a prominent feature. It should be possible
to design therapeutic agents that regulate TLR expression and
activation. Although such interventions could be used as an
adjuvant for immune responses for vaccines or to treat active
infection, the potential consequence of tissue injury requires
scrutiny.

Methods

TLR ligands. Killed M. leprae was obtained from P. Brennan (Colorado State
University, Fort Collins, Colorado). M. leprae hexameric peptides with a tri-
palmityl modification corresponding to 19-kD and 33-kD lipoproteins from
M. leprae (Pam,CSGGTQ and Pam;CLPAWK, respectively) and peptides
lacking the tri-palmityl modification were synthesized (Norgard and
Bachem, Torrance, California). Salmonella minnesota LPS (Sigma, St. Louis,
Missouri) was purified as described®. MALP-2 and Pam,;Cys-Ser-(Lys),
(CSK,) were used as described**'.
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Patients and clinical specimens. Patients with leprosy were classified ac-
cording to the criteria of Ridley and Jopling™. Scalpel or punch skin
biopsy specimens (6 mm diameter) were obtained after informed consent
(Institutional Review Board, University of Southern California School of
Medicine) from 10 T-lep and 10 L-lep leprosy patients at the time of diag-
nosis. Specimens were embedded in OCT medium (Ames, Efkhart,
Indiana), snap-frozen in liquid nitrogen and stored at -70 °C until sec-
tioning.

Antibodies and cytokines. We used antibodies against TLR2 (2392;
Genentech, San Francisco, California), TLR1 (eBioscience, San Diego,
California), CD14 (Zymed, San Francisco, California), CD1a (OKT6 igG1;
ATCC, Manassas, Virginia), CD3 (OKT3 IgG1; ATCC), CD68 (Y1/82A; BD
Pharmingen, San Diego, California) and IgG controls (Sigma). The follow-
ing cytokines were used: [FN-y (Endogen, Woburn, Massachusetts), IL-4
(Peprotech, Rocky Hill, New Jersey), IL-10 (BD Pharmingen), IL.-12° (BD
- Pharmingen), IL-18 (R&D Systems, Minneapotlis, Minnesota) and GM-CSF
(immunex, Seattle, Washington).

Monocytes, dendritic cells and ELISA. Monacytes were isolated by adher-
ence in 1% FCS as described'. For dendritic cells, adherent cells were cui-
tured in RPMI with 1,000 U/ml IL-4 and 750 U/ml GM-CSF and matured for
7 d. Monocytes and dendritic cells were stimulated with medium, killed M.
leprae, or M. leprae 19-kD or 33-kD lipopeptides in the presence or absence
of IFN-y (100 U/ml), 1L-12 (100 ng/ml), 1L-18 (100 ng/ml), GMCSF (800
u/mi), IL-4 (1,000 U/ml) or IL-10 (100 U/ml). Antibody blocking was per-
formed as described'. 1L-12 p40 or TNF-a. production was measured by
ELISA after 24 h-(BD Pharmingen).

Bacterial genomics. During the annotation of the M. leprae genome se-
quence®, lipoproteins were identified by the presence of an appropriately
positioned PROSITE motif (PS00013 prokaryotic membrane lipoprotein
lipid attachment site*) following a signal peptide, allowing no mismatches.
Lipoprotein gene and protein sequences were obtained from the Leproma
database (http://genolist.pasteur.fr/Leproma/).

Transfection and reporter assays. Human embryonic kidney 293 cells
were transiently transfected as described®. Twenty-four hours after transfec-
tion, cells were stimulated with M. leprae for 8 h. Cells were lysed and lu-
ciferase activity was measured as described®.

Mouse peritoneal macrophages and ELISA. TIr1=, Tir2”~, and TIr6" mice
were generated as described**'. Isolation of peritoneal macrophages was
done as described's. Macrophages (10°) were stimulated for 24 h. TNF-a
(Genzyme Techne, Minneapolis, Minnesota) and IL-6 (R&D Systems) pro-
duction were measured by ELISA.

Cell surface labeling. Surface expression of TLR1, TLR2, CD14 and CD1a
was determined using marker-specific antibodies. TLR1 and TLR2 signals
were amplified with a biotin-conjugated goat antibody against mouse IgG
(Southern Biotechnology Associates, Birmingham, Alabama) and a strepta-
vidin-phycoerythrin conjugate (Caltag, Burlingame, California). Cells were
fixed with 1% paraformaldehyde, acquired on a Becton Dickinson FacsScan
(Mountain View, California) and analyzed using WinMDI 2.8 (J. Trotter,
Scripps Research Institute, San Diego, California).

Real-time quantitative PCR. Monocytes were stimulated for 12 h with
medium or IL-4 (0.01-~1,000 U/mi). RNA was isolated using Trizol Reagent
(ihvitrogen, Carlsbad, California). cDNA was synthesized using the SUPER-
SCRIPT Choice System Kit (Invitrogen). The following h36B4 primers and
probes were designed using Primer Express (Applied Biosystems,
Branchburg, New Jersey): 5-CCACGCTGCTGAACATGCT-3 (forward), 5’-
TCGAACACCTGCTGGATGAC-3"  (reverse), 5-AACATGTCCCCCTTCTC-
CTTTGGGCT-3’  (probe); TLR2 primers and probe sequences
5".GGCCAGCAAATTACCTGTGTG-3'  (forward), 5-AGGCGGACATCCT-
GAACCT-3'  (reverse), 5-TCCATCCCATGTGCGTGGCC-3' (probe).
Reactions were carried out in TagMan Universal PCR Master Mix (Applied
Biosystems) under recommended conditions, run on the ABI PRISM 7700
and analyzed with Sequence Detector Software (Applied Biosystems). The
relative quantities of TLR2 per sample were calculated using the AA CT for-
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mula as described®. The data were normalized by fold change to media
control. The assay was repeated 3 times and values were averaged.

immunoperoxidase labeling, immunofluorescence labeling and mi-
croscopy. Immunoperoxidase labeling of cryostat sections was done as de-
scribed™. TLR1- and TLR2-positive cells in dermal granulomas were
quantitated by calculating the percentage of positive cells based on the
total number of cells within the granuloma, as described*. Double im-
munofluorescence was performed by serially incubating sections with anti-
bodies against CD markers and TLR1, followed by incubation with
isotype-specific fluorochrome (Caltag, Burlingame, California). Sections
were washed with PBS containing 2% goat serum, incubated with TLR2-
specific antibody for 1 h, then incubated with a tetramethyl rhodamine
isothiocyanate (TRITC)-conjugated antibody against mouse IgG1
(Southern Biotechnology). Sections were washed and mounted in
Vectashield medium (Vector laboratories, Burlingame, California). Controls
were performed as described**, Double immunofiuorescence was exam-
ined with a Leica-TCS-SP inverted confocal laser scanning microscope as
described*.

Note: Supplementary information is available on the Nature Medicine website.
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