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Introduction

Summary

Toll-like receptors (TLRs) recognize pathogen-associated molecular patterns
and results in innate immune system activation that results in elicitation of
the adaptive immune response. One crucial modulator of the adaptive
immune response is CD40. However, whether these molecules influence each
other’s expression and functions is not known. Therefore, we examined the
effects of TLRs on CD40 expression on macrophages, the host cell for the
protozoan parasite Leishmania major. While polyinosinic-polycytidylic acid
[poly (I:C)], a TLR-3 ligand, lipopolysaccharide (LPS), a TLR-4 ligand,
imiquimod, a TLR-7/8 ligand and cytosine—phosphate—guanosine (CpG), a
TLR-9 ligand, were shown to enhance CD40 expression, CD40 stimulation
enhanced only TLR-9 expression. Therefore, we tested the synergism between
CD40 and CpG in anti-leishmanial immune response. In Leishmania-
infected macrophages, CpG was found to reduce CD40-induced extracellular
stress-regulated kinase (ERK)1/2 activation; with the exception of interleu-
kin (IL)-10, these ligands had differential effects on CD40-induced IL-10a.,
IL-6 and IL-12 production. CpG significantly enhanced the anti-leishmanial
function of CD40 with differential effects on IL-4, IL-10 and interferon
(IFN)-y production in susceptible BALB/c mice. Thus, we report the first sys-
tematic study on CD40-TLR cross-talk that regulated the experimental
L. major infection.
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leishmanial activity [12-14]. Thus, once it is known that
TLRs activate the adaptive immune system and that CD40

Toll-like receptors (TLRs) recognize various molecular pat-
terns on pathogens and activate the cells of the innate
immune system [1-3], such as macrophages and dendritic
cells, both of which are antigen-presenting cells. It is
reported that activation of the innate immune system by the
ligands of TLR results in the activation of the adaptive
immune system, particularly the T cells [4,5]. The TLR-
expressing antigen-presenting cells provide not only
the major histocompatibility complex (MHC)—peptide
complex for recognition by the antigen-specific T cell
receptor but also the co-stimulatory signals through
co-stimulatory ligand-receptor interaction, such as CD80-
CD28 and CD40-CD40-ligand interactions for optimal T
cell activation [6-8]. It is reported that in the absence of
CD40 or CD40-L, infections with Leishmania major or
L. amazonensis exacerbate due to deficient T cell response
[9-11]. We have also shown that CD40 exerts strong anti-
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is a crucial component in the anti-leishmanial T cell
responses, it remains to be examined whether TLRs and
CD40 modulate each other’s expressions and Leishmania
major infection.

TLRs recognize different ligands with restricted specific-
ity. It is shown that TLR-2 heterodimerizes with TLR-1
or TLR-6 and recognizes triacylated or diacylated
lipopeptides, respectively [15]. TLR-3, TLR-4 and TLR-5
recognize polyinosinic-polycytidylic acid [poly (I:C)],
lipolysaccharide (LPS) complex and flagellin, respectively,
whereas TLR-7/-8, TLR-9 and TLR-11 are shown to recog-
nize imiquimod, cytosine—phosphate—guanosine (CpG)
and profilin, respectively [16-19]. Thus, each of these
ligands is used to activate cells through a specific TLR.
Once these ligands bind to their specific TLRs, signals
induce the production of proinflammatory cytokines such
as interleukin (IL)-1c, IL-6 and IL-12 [20], which serve as
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an index of cellular activation. Another measure of activa-
tion is the control of intracellular pathogens such as
L. major. Tt has been reported that several TLRs play
important roles in the control of Leishmania infections
[21]. As CD40 is also shown to exert anti-leishmanial
functions in macrophages [12-14], it remains to be
assessed whether the TLR ligands can alter the anti-
leishmanial effects of CD40 in macrophages and in suscep-
tible hosts such as BALB/c mice.

Based on these arguments, we examined whether TLRs
and CD40 modulated each other’s expressions in
thioglycolate-elicited macrophages and whether TLRs could
modulate the CD40-induced phosphorylation of p38
mitogen-activated protein kinase (MAPK), extracellular
stress-regulated kinase (ERK)-1/2 and nuclear factor
(NF)-kB and the CD40-induced release of IL-la, IL-6,
IL-10 and IL-12 from macrophages. Finally, we tested
whether the TLR ligands with distinct effects on CD40-
induced functions could modulate the L. major infection in
BALB/c mice. We observed that most TLRs enhanced CD40
expression, but the effects of poly (I:C), LPS, imiquimod
and CpG were most prominent. Conversely, CD40 altered
the expression of only TLR-9. These ligands had differential
effects on CD40 signalling, cytokine induction and parasite
load. Corroborating these observations, these ligands, CpG
in particular, were found to exert significant anti-
leishmanial effects, accompanied by differential effects on
cytokine production in BALB/c mice. Thus, we report the
CD40-TLR cross-talk for the first time, to our knowledge.

Materials and methods

Reagents

Antibodies specific for p-p38 MAPK, total p38 MAPK,
pERK-1/2, total ERK-1/2 and B-actin (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), p-NF-«B, total NF-kB (Cell
Signaling Technology, Danvers, MA), anti-cytokine anti-
bodies [IL-1o, IL-6, IL-12, IL-10, interferon (IFN)-y and
IL-4] and standard cytokines for enzyme-linked immuno-
sorbent assay (ELISA), anti-CD40 antibody [no-azide/low
endotoxin (NA/LE); clone 3/23], anti-CD11b, anti-CD16/
32, anti-CD40 antibody for fluorescence-activated cell
sorter (FACS) analyses, anti-CD3 and anti-CD28 antibodies
(BD Biosciences, San Diego, CA, USA) were procured. TLR
ligands — Pam3CSK4, peptidoglycan (PGN), poly (I:C),
LPS, flagellin, fibroblast-stimulating lipopeptide (FSL),
imiquimod and CpG from (Invivogen, San Diego, CA,
USA) and Profilin (Alexis, San Diego, CA, USA) — were pro-
cured, as mentioned. TLR-9 antibody and myeloid
differentiation-associated gene 88 (MyD88) inhibitory and
control peptides were from Imgenex (San Diego, CA, USA).
IL-4 and granulocyte—-macrophage colony-stimulating
factor (GM-CSF) were procured from BD Biosciences.

Mice, parasites and infection

Susceptible BALB/c mice were procured from Jackson
Laboratories (Bar Harbour, ME, USA). Mice were bred,
maintained and monitored by resident veterinarians in the
National Centre for Cell Science’s experimental animal
facility. The animal use protocol was approved by the Insti-
tutional Animal Care and Use Committee (IACUC) and the
Committee for the Purpose of Control and Supervision
of Experiments on Animals (CPCSEA), the regulatory
authorities for animal experimentation in the country.

The L. major strain (MHOM/Su73/5ASKH) was main-
tained in vitro in RPMI-1640, 10% fetal calf serum (FCS);
for maintenance of virulence, the parasite was passaged
regularly through BALB/c mice by subcutaneous infection
of the stationary-phase promastigotes (2 X 10°/mouse).

The BALB/c-derived, thioglycolate-elicited macrophages
were harvested and plated in vitro. In some experiments
macrophages were infected with L. major promastigotes at a
1:10 ratio for 12 h, followed by washing of the extracellular
parasites, cultured with or without TLR ligand or anti-
CD40 antibody for 60 h and Giemsa-stained, followed by
enumeration of amastigotes per 100 macrophages.

Generation of bone marrow-derived dendritic
cells (BMDC)

DC were generated from bone marrow progenitor cells.
BALB/c-derived femoral cells were cultured in DC culture
media (advanced RPMI medium, 10% FCS, 100 U/ml peni-
cillin, 100 pg/ml streptomycin, 50 UM 2-mercaptoethanol,
10 ng/ml IL-4 and 20 ng/ml GM-CSF) in a 24-well plate
(1 x 10%ml/well). Culture medium was replaced with fresh
medium on alternate days till day 6. BMDC were dislodged
for further experiments; 2-5x 10° cells were plated in six-
well plates and infected with L. major promastigotes at a
1:10 ratio, 64 h cells were stimulated with TLR ligands for a
further 8 h (total 72 h), then total RNA was extracted and
reverse transcription—polymerase chain reaction (RT-PCR)
was performed [22].

Reverse transcriptase PCR and real-time PCR

BALB/c-derived  2:5x10°  peritoneal =~ macrophages,
uninfected or 64 h L. major-infected, were treated with or
without TLR ligands alone or in combination with anti-
CD40 antibody for further 8 h (total 72 h of infection).
RNA was extracted using TRI-reagent (Sigma-Aldrich, St
Louis, MO, USA); ¢cDNA was synthesized and amplified
using gene-specific primers, as described previously [23].
Each sample was amplified for mouse glyceraldehyde
3-phosphate dehydrogenase (GAPDH) to ensure equal
¢DNA input. Amplified PCR products were analysed
in 1-2% agarose gel. The primers were: GAPDH, forward
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5"-GAG CCA AAC GGG TCA TCA TC-3’, reverse 5-CCT
GCT TCA CCA CCT TCT TG-3%; IL-12 p40 forward
5-CAC GCC TGA AGA AGA TGA CA-3’, reverse 5-GAC
AGA GAC GCC ATT CCA CA-3’; inducible nitric oxide
synthase (iNOS), forward 5-CAG AGG ACC CAG AGA
CAA GC-3/, reverse 5-AAG ACC AGA GGC AGC ACA TC-
3’; and CDA40, forward 5-TCC CTG CCC AGT CGG CTT
CT-3, reverse 5'-CTG TCT TGG CTC ATC TCA AA-3".

Real-time PCR was performed using the cDNA sample,
as prepared above, in a 10-pl reaction mixture containing
10 ng cDNA, 2 ng forward primer, 2 ng reverse primer and
2% iQ SYBR Green Supermix (5 pl; Bio-Rad; Hercules, CA,
USA) in thin-walled 0-2-ml strip tubes (Axygen, Union
City, CA, USA). Quantitative real-time PCR was performed
on an Eppendorf realplex4 Mastercycler under the follow-
ing conditions: 95°C for 2 min, 40 cycles of 95°C for 1 min,
60°C for 30 s and 72°C for 35 s. Reactions were performed
in duplicate. Relative quantitation was performed by nor-
malizing the ACt value of the target gene with the ACt value
of GADPH, and relative fold changes were expressed using
the comparative threshold (AACt) method compared with
untreated controls. The sequences for the gene-specific
primers used were: TLR-3, forward 5'-TCC TTG CGT TGC
GAA GTG AA-3’, reverse: 5-TTG GGC GTT GIT CAA
GAG GA-3"; TLR-7, forward 5’-TGC AAC TGT GAT GCT
GTG TGG T-3’, reverse 5-TTT GAC CTT TGT GTG CTC
CTG G-3; TLR-9, forward 5-ACT GAG CAC CCC TGC
TTC TA-3, reverse 5-AGA TTA GTC AGC GGC AGG
AA-3’; CDA40, forward 5-AGG AAC GAG TCA GAC TAA
TGT-3’, reverse 5'-GGA TCT TGC CGT CGA GC-3’; and
GAPDH, forward 5-ATG GAC TGT GGT CAT GAG CC-3’
and reverse 5"-ATT GTC AGC AAT GCA TCC TG-3".

Flow cytometry

BALB/c-derived peritoneal macrophages, uninfected or 48 h
L. major-infected, were treated with or without TLR
ligands. Twenty-four h after stimulation, cells were scraped
out and incubated with anti-CD16/32 for 30 min. After
washing with FACS buffer (PBS with 2% FCS), cells were
incubated with phycoerythrin (PE)-conjugated monoclonal
anti-CD40 antibody for 1 h, washed twice with FACS buffer
[12,24] and acquired on a FACS CyAn™ ADP Analyzer flow
cytometer and analysed by Summit software (Beckman
Coulter, Brea, CA, USA).

Preparation of cell lysates and Western blotting

BALB/c-derived thioglycolate-elicited macrophages were
treated with or without TLR ligands and anti-CD40 anti-
body. Cells were washed twice with chilled PBS and lysed in
cell lysis buffer [20 mM Tris (pH 7-4), 150 mM NaCl, 1%
Nonidet P-40, 10% glycerol, 2mM ethylenediamine
tetraacetic acid (EDTA), protease inhibitor mixture (Roche
Applied Science, Mannheim, Germany) and phosphatase

CD40-TLR cross-talk in L. major infection

inhibitor cocktail (Pierce, Rockford, IL, USA)]. Lysates were
centrifuged (12 000 g for 30 min) and protein was quanti-
fied by a bicinchoninic acid (BCA) kit (Pierce) and an equal
amount of protein was resolved on sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).
Resolved proteins were immunoblotted and the immunore-
active bands were visualized with luminol reagent
(Santa Cruz Biotechnology), as described earlier [25].
Densitometric analyses of bands were performed using
Quantity One 4-6-1 (basic) software (Bio-Rad).

Cytokine ELISA

Culture supernatants from macrophages — uninfected or
infected with L. major for 12h and treated with various
TLR ligands and/or anti-CD40 antibody (4 pg/ml) stimula-
tion for 48 h—or from popliteal lymph node cells from
L. major-infected and TLR ligand- or anti-CD40-treated
were assayed for IL-10., IL-6, IL-10 and IL-12 (p70), IL-4 or
IFN-y, as shown [23].

Treatment of mice with poly (I:C), imiquimod, CpG
and anti-CD40 antibody

Susceptible BALB/c mice were infected subcutaneously
into the hind leg with 2 X 10° L. major stationary phase
promastigotes. Mice were treated with ligands for TLR-3
[poly (I:C)]; 10 ug/ml), TLR-7 (imiquimod; 10 pg/ml),
TLR-9 (CpG ODN; 10 ug/ml) or with CpG ODN control
subcutaneously into the same footpad infected with Leish-
mania and/or with anti-CD40 antibody [intraperitoneally
(i.p.), 50 ug/mouse; clone 3/23, a gift from Dr G. Klaus,
London, UK] from the third day, starting from infection,
alternately for 3 days. Disease severity was assessed by meas-
urement of footpad thickness using a digital micrometer
(Mitutoyo, Kawasaki, Kanagawa, Japan); mice were sacri-
ficed after 5 weeks of infection and parasite load was enu-
merated from the popliteal lymph node cells. Lymph node
cells from various mice in a group were pooled for assaying
the cytokine response. Seven mice were kept in each group.

Statistical analyses

Student’s t-tests were performed to evaluate the significance
between the mean values of the control and the treated
groups or between two treated groups. The fiducial limit
was fixed at 0-03, such that P-values less than 0-05 are sig-
nificant. All experiments were performed in biological
duplicates and repeated at least thrice.

Results

TLRs enhance CD40 expression on macrophages

Because TLRs are reported to activate an adaptive immune
response [4,5], wherein CD40 plays a crucial role [6-8], we
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Fig. 1. Toll-like receptor (TLR) ligands induce expression of CD40, inducible nitric oxide synthase (iNOS) and interleukin (IL)-12.
Thioglycolate-elicited peritoneal mouse macrophages were harvested and plated. (a) Mouse macrophages were infected with either Leishmania major

promastigoes (IM) at a 1:10 macrophage to parasite ratio or left uninfected (UIM), as described in Materials and methods, and were treated with the
indicated doses of the TLR ligands: Pam;CSK, peptidoglycan (PGN), polyinosinic-polycytidylic acid [poly( I:C)], lipopolysaccharide (LPS), flagellin
(FLG), fibroblast-stimulating lipopeptide (FSL), imiquimod (IMQ), cytosine—phosphate—guanosine (CpG) and Profilin for 8 h, followed by RNA
extraction and reverse transcriptase polymerase chain reaction (PCR) to assess the expression of CD40, iNOS and IL-12 (left panel). (b,c) uninfected
(UIM) and infected (IM) mouse macrophages were treated with the TLR ligands: Pam;CSK, (50 ng/ml), PGN (5 pg/ml), poly (I:C) (10 ug/ml), LPS
(50 ng/ml), FLG (50 ng/ml), fibroblast-stimulating lipopeptide (FSL) (50 ng/ml), imiquimod (IMQ; 2 ug/ml)), CpG (0-12 uM) and Profilin

(250 ng/ml) for 8 h and 24 h, to check the expression of CD40 by real-time PCR (upper right panel) and by fluorescence activated cell sorter (FACS)
(middle panel), respectively. Expression of CD40 was analysed by FACS in uninfected (medium) and infected (infection) macrophages (lower panel).
(d) Bone marrow-derived dendritic cells (BMDC) were treated with poly (I:C) (10 pg/ml), imiquimod (2 pg/ml) and CpG (0-12 uM) for 8 h
followed by RNA extraction and reverse transcriptase PCR was performed to assess the expression of CD40 and IL-12p40. UIDC = uninfected

BMDGC; IDC = infected BMDC. Error bars shown are the mean + standard error (SE) from three experiments; *P < 0-05.

tested the effects of known TLR ligands on CD40 expres-
sion by RT-PCR, real-time PCR and FACS. We observed
that all TLR ligands except profilin, a TLR-11 ligand,
enhanced CD40 expression in a dose-dependent manner
in both uninfected and L. major-infected macrophages
(Fig. 1a). In addition, these TLR ligands also enhanced
iNOS and IL-12, known for nitric oxide (NO) generation
and host-protective T helper type 1 (Thl) cell differentia-
tion, respectively [26,27], in macrophages (Fig. 1). We con-
firmed the findings by real-time PCR; of all the TLR
ligands, poly (I:C), LPS, imiquimod and CpG were found to
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be highly active (Fig. 1b). While confirming these observa-
tions using FACS, which checked CD40 expression on the
macrophage surface, it was observed that poly (I:C),
imiquimod and CpG were among the most active TLR
ligands in enhancing CD40 expressions (Fig. 1c). We
also observed that poly (I:C), imiquimod and CpG
also enhanced CD40 and IL-12 expression in BMDC
(Fig. 1d). These results demonstrated that all intracellular
TLRs — TLR-3, TLR-7/-8 TLR-9 — significantly
enhanced CD40 expression on both uninfected and
L. major-infected macrophages.

and
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cantly in the CD40-stimulated macrophages (Fig. 2a). The

CD40 and TLRs cross-talk heightened expression of TLR-9 in CD40-stimulated

Because CD40 activates macrophages to kill Leishmania macrophages was confirmed by Western blot (Fig. 2a). Fur-
amastigotes [12—14], it is possible that CD40 stimulation thermore, inhibition of TLR-2 signalling by the MyD88
may alter the expression of TLRs. Therefore, we assessed inhibitory peptide but not the control peptide impaired
the expression of all TLRs following CD40 stimulation CD40 expression (Fig. 2b).
in uninfected and L. major-infected macrophages. We To test whether the ligands for TLRs could modulate the
observed that compared to the wuntreated control CD40-induced ERK-1/2 and p38 MAPK phosphorylation,
macrophages, only TLR-9 expression was enhanced signifi- both uninfected and L. major-infected macrophages were
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Fig. 2. CD40 and Toll-like receptors (TLRs) cross-talk. Thioglycolate-elicited mouse macrophages were infected with Leishmania major (IM) or left
uninfected (UIM) for 72 h (a—c). (a) UIM and IM were treated with the indicated doses of anti-CD40 antibody for 8 h and RNA extraction was
performed to check the expression of TLR-3, TLR-7 and TLR-9 by real-time polymerase chain reaction (PCR). Mouse macrophages treated with
anti-CD40 (6 pg/ml) for the indicated time-point and cells were lysed to check the expression of TLR-9 by Western blotting (upper right subpanel).
TLR-9 expression in UIM and IM were checked by macrophages treated with anti-CD40 (6 ug/ml) for 24 h, followed by cell lysis and
immunoblotting. (b) Mouse macrophages were pretreated with myeloid differentiation-associated gene 88 (MyD88) inhibitory peptide (150 ug/ml)
for 1 h, followed by treatment with Pam;CSK, (50 ng/ml), peptidoglycan (PGN) (5 pg/ml) and fibroblast-stimulating lipopeptide (FSL) (50 ng/ml)
for 8 h and RNA extraction to check the expression of CD40. (c) UIM and IM cells were treated with or without polyinosinic-polycytidylic acid
poly-(I:C)] (10 ug/ml), imiquimod (2 pg/ml), cytosine—phosphate—guanosine (CpG) (0-12 pM) and anti-CD40 antibody (4 pg/ml) for 15 min; cells
were lysed and the activation of phospho-p65, phospho-p38 and phospho-extracellular stress-regulated kinase (ERK)1/2 mitogen-activated protein
kinases (MAPKs) were observed by Western blotting. Ratio of p-ERK : p-p38 and p-65 were calculated from the densitometric values obtained from
the quantity one program (lower panel). (d) Uninfected (UIM) and infected (IM) mouse macrophages were treated with poly (I:C) (10 ug/ml),
imiquimod (2 ug/ml), CpG (0-12 uM) and/or anti-CD40 antibody (4 ug/ml) for 48 h; culture supernatants were collected to assess interleukin
(IL)-1at, IL-6, IL-10 and IL-12 production by enzyme-linked immunosorbent assay (ELISA). The data shown are representative of one experiment,
which was performed thrice in duplicate. The error bars shown represent mean * standard error; *P < 0-05.
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treated with CD40 or respective TLR ligands or both, fol-
lowed by Western blotting. It was observed that TLR-9
decreased ERK-1/2 phosphorylation in L. major-infected
macrophages, compared to uninfected macrophages
(Fig. 2¢c). We did not observe any differential changes in
NF-xB phosphorylation in response to the indicated TLR
ligands alone or CD40 alone, or the CD40+TLR ligand
combination (Fig. 2¢).

As described earlier [28], cytokines also play important
roles in anti-leishmanial functions. As TLRs can induce
different proinflammatory cytokines, they have been impli-
cated in host-protective anti-leishmanial functions [25].
However, whether TLRs enhance the cytokine induction by
CD40 is not known. Therefore, in order to test whether
TLRs enhance CD40-induced cytokine production, we
treated uninfected and L. major-infected macrophages with
TLR ligands alone or in combination with anti-CD40 and
assessed cytokine production, as indicated. TLR-3 induces
IL-1o. in combination with anti-CD40. It was observed
that there were no differences between the three TLR
ligands in inducing IL-10 production (Fig.2d). However,
IL-6 production was significantly less in CpG+CD40-
treated macrophages and IL-12p70 production was signi-
ficantly higher in macrophages treated with imiquimod+
anti-CD40 or CpG+anti-CD40 antibody (Fig. 2d). Taken
together, these data imply that poly (I:C), imiquimod
and CpG might exert significant host-protective anti-
leishmanial effects.

Anti-leishmanial function of CD40 is enhanced
by TLRs

As both CD40 and TLRs are shown to exert anti-
leishmanial effects [9-14,25], we tested if combinations
of a TLR ligand with CD40 exerted a better anti-leishmanial
effect. First, BALB/c-derived thioglycolate-elicited macro-
phages were infected with L. major, as described in Materi-
als and methods, followed by the indicated treatments
from 24h after the infection. The amastigotes in
macrophages were enumerated 72 h after infection. It was
observed that the anti-leishmanial function of CD40 was
enhanced significantly by poly (I:C), imiquimod and CpG
(Fig. 3a).

Next, BALB/c mice were infected with L. major
promastigotes and were treated with the respective TLR
ligand and anti-CD40 antibody from the third day of infec-
tion on 3 alternate days. Mice were sacrificed 5 weeks after
the L. major infection and the parasite load in the draining
lymph node was enumerated [12]. It was observed that, in
combination with the anti-CD40 antibody, CpG was the
most active anti-leishmanial TLR ligand, followed by
imiquimod and poly (I:C) (Fig.3b—d). The CpG+anti-
CD40 antibody-mediated protection was accompanied by
differential IFN-y, IL-4 and IL-10 production (Fig. 3d).
Therefore, these results suggest that CpG, along with the

agonistic anti-CD40 antibody, can be a significant anti-
leishmanial therapeutic agent.

Discussion

Leishmania infection begins with its interaction between the
parasite-expressed lipophosphoglycan (LPG) and the host
cell-expressed TLR-2 [29]. Previous reports, including ours,
show that TLR-2 may not necessarily be host-protective, as
proposed for all TLR anti-pathogen functions [29,30].
However, there are nine other TLRs that are implicated dif-
ferentially in infections with different Leishmania species
[25]. It is proposed that activation of TLRs leads to activa-
tion of adaptive immune responses, primarily maturation
of antigen-presenting cells and T cell activation [4,5]. CD40
plays a crucial role in adaptive immune responses to Leish-
mania infection [9-11]. Therefore, we examined whether
TLR ligands and CD40 modulated each other’s expression
and whether TLR ligands could effectively enhance the anti-
leishmanial functions of CD40.

In this study we show, for the first time, the effect of dif-
ferent TLR ligands on CD40 expression and vice versa. Our
observations demonstrate clearly that CD40 expression in
L. major-infected macrophages is enhanced by poly (I:C),
imiquimod and CpG, all of which are DNA- or RNA-
recognizing intracellular TLRs. The observations suggest
that the pathogen-derived nucleic acids may play important
roles in enhancing the expression of CD40 in the host cell.
As LPG-TLR-2 interaction suppresses TLR-9 expression as
an immune evasion strategy, the up-regulation of CD40 by
intracellular TLR can be a host-protective strategy. L. major
infection deviates CD40 signalling through various signal-
ling intermediates, particularly tumour necrosis factor
(TNF) receptor-associated factor (TRAF)-6 and MAP
kinases, but not its expression [12-14,23,25]. Both TRAF-6
and MAPK are also used for TLR signalling, so it is possible
that the parasite may modulate the use of the available sig-
nalling intermediates between these two pathways and that
by triggering the TLR-2 signal during its initial interaction
with the macrophages, Leishmania interferes with CD40 sig-
nalling either by competing for TRAFs or other signalling
intermediates, including transcription factors or by modu-
lating their availability to CD40. Therefore, a balance
between TLR-2 signalling and TLR-3, TLR-7/-8 and TLR-9
signalling may decide the outcome of Leishmania infection.

Conversely, CD40 enhanced the expression of only
TLR-9, which recognizes the CpG motifs in DNA. This
observation implies that CpG may trigger such host-
protective functions which may synergize the host-
protective functions of CD40. Indeed, both CD40 and CpG
induce IL-12, a cytokine shown to have a strong host-
protective anti-leishmanial effect by promoting Th1 differ-
entiation [31]. CD40 induces iNOS expression in
macrophages and IL-12-induced Thl cells secrete IFN-v,
which also enhances iNOS expression in macrophages [32].
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Fig. 3. Anti-leishmanial function of CD40 is enhanced by Toll-like receptor (TLR) ligands. (a) Mouse macrophages were infected with

Leishmania major for 12 h, extracellular parasites were washed out and after 12 h incubation cells were treated with polyinosinic-polycytidylic acid
[poly (I:C)] (10 pg/ml), imiquimod (2 ug/ml), cytosine—phosphate—guanosine (CpG) (0-12 um) and/or anti-CD40 antibody (4 pg/ml) for 60 h.
Cells were washed with 1 x phosphate-buffered saline (PBS) and fixed with chilled methanol, stained with Giemsa for enumeration of amastigotes

per 100 macrophages under a light microscope. (b—d) The indicated groups of mice, comprising seven mice in each group, injected subcutaneously
with L. major (2 X 10¢/mouse) into one of the hind leg footpads or left uninfected as a control. Mice were treated with poly (I:C) (30 ig/mouse),

imiquimod (10 pg/mouse) or CpG (10 pg/mouse) subcutaneously into the same infected footpad and/or intraperitoneally with anti-CD40 antibody
(50 pg/mouse) starting from the third day of infection for 3 alternate days. Footpad thickness was assessed weekly until the mice were sacrificed

5 weeks after the infection. Parasite loads in the popliteal lymph node cells were enumerated. Lymph node cells from the mice in each group were
pooled, stimulated with anti-CD3 (0-5 pug/ml) and anti-CD28 (2-:0 pg/ml) for 48 h, and the culture supernatants were assessed for interleukin (IL)-4,
IL-10 and interferon (IFN)-y by (ELISA). The data shown are from one representative experiment that was repeated twice. The error bars shown

represent mean * standard error; *P < 0-05; **P < 0-001.

Therefore, it is possible that CpG and CD40 positively regu-
late each other’s expression to enhance host-protective anti-
leishmanial effects. Corroborating this proposition, the
combination of anti-CD40 antibody and CpG provided the
best anti-leishmanial effect both in macrophages and in sus-
ceptible BALB/c mice.

The host-protective function of CD40 and CpG was
accompanied by low IL-10 and IL-4 secretion. Because
IL-12 promotes Th1 cells [31] and may reciprocally reduce
the disease-exacerbating Th2 cells, as reflected in low IL-4
and low IL-10 production, this observation corroborates
well with the high IL-12 production by CpG-treated
macrophages. Another subset of CD4" T cells that may alter
L. major infection is transforming growth factor (TGF)-f-
dependent regulatory T (T.,) cells. It is also possible that
TLR ligands may alter TGF-B production, altering T-reg
cells; these require separate studies, however. None the less,
the data reported here refine the rationale for anti-
leishmanial immunotherapy by a combination of agents

targeting the innate immune system and the adaptive
immune system. To the best of our knowledge, this is the
first report on CD40-TLR cross-talk and how the data
derived from such a study can be used to rationalize a novel
anti-leishmanial therapeutic strategy.
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