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Leishmania donovani infection down-regulates TLR2-stimulated
IL-12p40 and activates IL-10 in cells of macrophage/monocytic
lineage by modulating MAPK pathways through a
contact-dependent mechanism
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Summary

Postgraduate Institute of Medical Sciences, The failure of Leishmania, an intracellular pathogen, to stimulate a pro-
inflammatory response following entry into macrophages has been well
reported. This occurs in spite of the fact that ligands for the toll-like receptors

(TLR) have been recently shown on the parasite surface and their role in
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disease protection well documented. The outcome of infection in leishmania-
sis is determined by the Th1 versus Th2 nature of the effector response and the
generation of IL-12 and IL-10 by the infected macrophages is important for
this decision. We evaluated the effect of L. donovani infection of monocytes
(cell line THP-1, and monocytes derived from human peripheral blood) on
Pam3cys (TLR2 ligand) and lipopolysaccharide (TLR4 ligand) stimulated
production of IL-12p40 and IL-10. L. donovani infection caused suppres-
sion of TLR2 and TLR4-stimulated IL-12p40, with an increase in IL-10
production. Parasites also modulated the TLR2-stimulated mitogen-activated
protein kinase (MAPK) pathway by suppressing MAPK P** phosphorylation
and activating extracellular regulated kinase (ERK)1/2 phosphorylation.
These effects could be reversed either by using a MAPK P** activator, aniso-
mycin, or ERK1/2 inhibitor, U0126. L. donovani caused modulation of TLR2-
stimulated MAPK pathways in a contact-dependent mechanism. In addition
parasite structural integrity but not viability was required for suppression
of TLR2-stimulated IL-12p40 and activation of IL-10. These observations
suggest that L. donovani has evolved survival strategies that subvert the pro-
inflammatory response generated through TLRs.
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Leishmania. The control of leishmania infection requires

1. Introduction generation of a strong Th1 response [3], which is driven by

Leishmaniasis, caused by protozoan parasites of the genus
Leishmania, affects 12 million people worldwide. The para-
site is transmitted by phlebotomine sandflies to several
mammals, including humans in whom it causes cutaneous,
muco-cutaneous and visceral forms of disease. While
cutaneous leishmaniasis caused by L. major is a self-healing
disease, VL, also known as Kala-azar in India, is caused by L.
donovani and represents the most severe form of the disease.
An estimated 350-million population is at risk of infection
and approximately 100 000 cases of VL are estimated to
occur annually in India alone [1,2].

Production of pro-inflammatory cytokines by antigen
presenting cells is the central event for generation of a suc-
cessful immune response against the intracellular pathogen,

the presence of IL-12 at the initiation of the immune
response [4,5]. However, it has been well established that
Leishmania enter and establish infection by stealth and infec-
tion of macrophages with either the amastigote or promas-
tigote forms of Leishmania does not activate macrophages to
produce IL-12 [6-8].

An increasing number of receptor families are being
implicated in the recognition of pathogen-associated
molecular patterns (PAMP) by cells of the immune system.
Among these, toll-like receptors (TLR) are key players that
provide a link between innate and adaptive immunity in
higher organisms. The TLR ligands such as LPS, glycolipids,
peptidoglycans and lipopeptides are shared by large groups
of microorganisms and allow recognition of a wide range of
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microbial pathogens [9,10]. This leads to the production of
inflammatory mediators such as TNF-o. and IL-12 by
monocyte/macrophage lineage cells and dendritic cells [11].
The adaptor molecule, MyD88, is recruited to the cyto-
plasmic Toll/IL-1-like receptor domain of the TLR receptors,
leading to activation of IL-1 receptor-associated kinase-1
(IRAK-1), IRAK-4 and the TNF receptor-associated factor-6
molecular complexes. Further down-stream activation of
mitogen-activated protein kinase (MAPK) is important for
activation of IL-12 [12-14]. Activation through TLR2
follows ligand engagement of heterodimers formed by TLR2
with either TLR1 or TLR6. TLR4 engagement causes activa-
tion through both the MyD88 dependent and non-
dependent pathways [10-12].

Recent reports have implicated TLRs in the recognition of
immune response to Leishmania [15]. While Myd88~~ and
TLR4™~ C57BL/6 mice showed increased susceptibility to
infection [16-18], monocytes from Myd887~ mice failed to
produce IL-10t on L. major infection [19]. The Leishmania
surface molecule, lipophosphoglycan, has been shown to
activate NK cells and monocytes through TLR2 [17,20].
However, L. donovani promastigotes appear to evade the
induction of a pro-inflammatory response in naive mac-
rophages despite the presence of TLR2. Also, infection with
L. donovani promastigotes inhibited robust extracellular
regulated kinase (ERK) and Jun N-terminal kinase (JNK)
phosphorlation that is stimulated by LPS, a well-established
TLR4 ligand [21]. Despite recent demonstration of TLR2
ligands on Leishmania and their relevance to the establish-
ment of infection, the strategies adopted by the parasite to
silence the TLR2 stimulated pro-inflammatory responses
have not been investigated.

In the present study, we have evaluated the effect of
L. donovani infection on the production of the pro-
inflammatory mediators, IL-12p40 and IL-10, by monocytes
stimulated with the well-described ligands for TLR2 and
TLR4, namely LPS and Pam;Cys-Ser-(Lys); (Pam3Cys). We
have evaluated the effect of infection of monocytes by L.
donovani promastigotes on TLR2-stimulated phosphoryla-
tion of MAPK P* of ERK1/2 and the effect of the MAPK P
activator, anisomycin, or an ERK1/2 inhibitor, U0126. In
addition, because recognition of the pathogen PAMP by TLR
is a very early event in the infective process we assessed
whether phagocytosis was required for the parasite to
mediate changes in the macrophage.

2. Material and methods

2-1 Parasite

Leishmania donovani strain 2001 was maintained in culture
media L-15 supplemented with 10% heat inactivated FBS
(Life Technologies, Carlsbald, CA, USA) and 0-3% Tryptose
phosphate broth, penicillin (100 U/ml) and streptomycin
(100 ug/ml) at 25°C. Parasite virulence was maintained by
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periodic passage in Syrian golden hamsters at the Central
Drug Research Institute, Lucknow, India. L. donovani 2001 is
a strain developed from a recent clinical isolate from Bihar,
India [22]. Stationary phase parasites were centrifuged at
2000 rpm for 5 min and washed with PBS, re-suspended in
culture medium and used for infection of monocytes. Sta-
tionary phase parasites were centrifuged, washed and treated
with 1% para-formaldehyde for 15 min to generate formal-
dehyde treated parasites (Ld-F). These parasites were washed
five times with PBS and resuspended in culture medium
before adding to monocytic cells. Stationary phase parasites
were lysed by five cycles of freeze thawing to generate Ld-K
and kept at 37°C temperature before adding to monocytic
cells. Ld-K was used in 1:10 cell to parasite ratio in all
experiments.

2-2 Cell culture and experimental protocols

Human monocytic cell line, THP-1 (National Center for Cell
Science, Pune, India), was maintained in RPMI-1640 (Sigma,
St Louis, MO, USA) supplemented with 10% FBS, penicillin
(100 U/ml) and streptomycin (100 pg/ml). In order to induce
maturation, THP-1 cells at a concentration of 5 X 10° cells/
well in 0.5ml medium were treated with 4o-Phorbol
12-myristate 13-acetate (PMA) (Sigma) in a 24-well culture
plate for 12 h followed by 12 h in fresh medium prior to
infection. Viable L. donovani promastigotes and Ld-F were
added to THP-1 cells (0-5 x 10° cells/well) at 10:1 parasites to
cell ratio and kept for 2 hat 37°C, 5% CO, and 95% humidity.
Non-ingested parasites were removed and cells were stimu-
lated either with TLR2 ligand, Pam3cys (1 pg/ml), or TLR4
ligand, LPS (1 ug/ml), for 24 h. Human peripheral blood
mononuclear cells were isolated by the density gradient sedi-
mentation method and incubated for 1 h in FBS free medium
in culture flasks in order to allow monocytes to adhere.
Adherent cells were detached by incubation with Trypsin-
EDTA (Life Technologies) for 1 min, flushed and washed with
PBS. L. donovani promastigotes were added to monocytes
(5% 10* cells/well in 0.2 ml medium in a 96-well culture
plate) at 10:1 parasites to cell ratio and stimulated with
Pam3cys (10 ng/ml) or LPS (10 ng/ml) for 24 h. The dose of
LPS and Pam3cys for optimal stimulation of the different cell
types was standardized in preliminary experiments (data not
shown). Plates were incubated at 37°C, 5% CO, and 95%
humidity for 24 h. For IL-10 neutralization assay, THP-1 cells
were infected and activated with Pam3cys or LPS and IL-10
neutralization antibodies were added at a concentration of 1,
0-1,0-01 pg/ml (BD Biosciences, Pharmingen, San Diego, CA,
USA). Neutralization of IL-10 was confirmed by IL-10 ELISA
in culture supernatants.

2-3 Cytokine ELISAs

Supernatants were analysed for IL-12p40 and IL-10 by com-
mercial sandwich ELISA kits as per the manufacturer’s
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Table 1. Nucleotide sequences of various forward (F) and reverse (R) primers used for RT-PCR.

Target Primers sequences (5'-3") Annealing Temp (°C) Product size (bp)

IL-12p40 F-GGCCCAGAGCAAGATGTGTCACCA 65 144
R-TCTCCAGGGGCATCCGGATACCAA

IL-10 F-ACAGCTCACCACTGCTCTGT 60 327
R-AGTTCACATGCGCCTTGATG

GAPDH F-GAAGGTGAAGGTCGGAGTC 60 225
R-GAAGATGGTGATGGGATTTC

TLR2 F-GCCTACTGGGTGGAGAACCT 60 340
R-GGCCACTCCAGGTAGGTCTT

TLR4 F-TGCAATGGATCAAGGACCAGAGGC 62 449

R-GTGCTGGGACACCACAACAATCACC

instruction (BD Biosciences). Briefly, plates were coated with
monoclonal capture antibody by overnight incubation at
4°C and blocked with 10% FBS in PBS for 1 h. One hun-
dred pl of culture supernatant or recombinant standard was
added to the plates and incubated for 2 h. Cytokines were
detected by addition of biotinylated secondary antibodies
and horseradish peroxidase-conjugated streptavidin labelled
antibodies. Colour was developed using tetramethylbenzi-
dine (BD Biosciences) for 15 min and absorbance was read
at 570 nm.

2-4 Reverse transcriptase PCR

THP-1 cells were infected and activated with Pam3cys and
LPS in six-well plates and incubated for 10 h as described
above. Cells were lysed in TRIZOL reagent (Life Technolo-
gies) and total cellular RNA was extracted as per the manu-
facturer’s instruction. One microgram of total RNA was
incubated in reaction buffer containing Oligo-dT primer,
10 U of AMV reverse transcriptase (Invitrogen, Maryland,
USA), RNAase inhibitor and dNTP mix for 1 h at 37°C. PCR
was performed for human IL-12p40, IL-10, TLR2, TLR4 and
GAPDH using gene specific primers (Table 1). PCR was per-
formed in 25 pl reaction volume, for 30 cycles with the fol-
lowing cycling conditions: denaturation at 94°C for 1 min;
annealing at 60-65°C (Table 1) for 1 min and extension at
72°C for 1 min. Twenty micro litres of the PCR products
were resolved on 1-5% agarose gel stained with ethidium
bromide. GAPDH was used as housekeeping gene.

2-5 Western blot analysis

THP-1 cells were infected and activated simultaneously with
Pam3cys and LPS in 40-mm culture plates and incubated for
0,5, 15 and 30 min as described above. Cellular extracts were
prepared at 4°C with ice-cold reagents. Cells were pelleted by
centrifugation and re-suspended in 400 pl of ice-cold lysis
buffer (1 M HEPES, 0-5M EDTA, 0.1 M EGTA, 2 M KCI
0.1 M DTT, cocktail of protease inhibitors 5 ig/ml, and 10%
NP-40). The lysates (20 pug) were resolved on 10% SDS-
polyacrylamide gels and proteins were electro-transferred to

nitrocellulose filter membrane (Sigma). Membranes were
probed with rabbit polyclonal antibodies against phospho-
rylated MAPK P** and ERK1/2 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The membranes were stripped and
reprobed with antibodies to non-phosphorylated P** and
ERK1/2 to ensure equal loading. Membranes were incubated
with HRP-conjugated anti-rabbit goat IgG secondary anti-
bodies (Bangalore Genei, Bangalore, India) and detection
was done using chemiluminescence detection kit (Roche
Diagnostics, Mannheim, Germany).

2:6 Statistics

Student’s t-test was employed for inter-group comparisons
and a P value of P < 0-05 was taken as significant. The study
was approved by the Institutional Ethics Committee and
venous blood was drawn from normal, healthy volunteers
after obtaining informed consent.

3. Results

3-1 L. donovani infection had no effect on expression
of TLR2 and TLR4 mRNA

In order to determine whether L. donovani infection had
any effect on TLR2 and TLR4 expression, TLR2 and TLR4
mRNA levels were evaluated. THP-1 cells were infected with
L. donovani and activated with Pam3cys or LPS for 10 h.
Neither infection of THP-1 with L. donovani nor activation
of these cells with Pam3cys or LPS had any effect on the
TLR2 and TLR4 mRNA expression. The activation of L.
donovani infected THP-1 cells with Pam3cys or LPS also did
not have any effect on the TLR2 and TLR4 mRNA expression
(Fig. 1).

3-2 L. donovani infection suppresses TLR2-stimulated
IL-12p40 production and activates IL-10 production

THP-1 cells were infected with L. donovani for 2 h and then
activated with Pam3cys or LPS for 24 h. Infection of L.
donovani alone had no effect on the IL-12p40 and IL-10
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Fig. 1. Effect of L. donovani infection on TLR2 and TLR4 mRNA
expression. THP-1 cells were infected with L. donovani at 10:1
parasites to cell ratio and stimulated with Pam3cys (1 pug/ml) or LPS
(1 png/ml) for 10 h. RNA was isolated and RT-PCR performed for
human TLR2, TLR4 and housekeeping gene GAPDH. Gel picture
shown here is a representative of three independent experiments.

production; however, L. donovani infection suppressed
Pam3cys-stimulated IL-12p40 production by 70% and LPS-
stimulated IL-12p40 production by 35% (Fig. 2a). L. dono-
vani infection enhanced Pam3cys and LPS-stimulated IL-10
production (Fig. 2b). The changes seen at the protein level
were also seen at the mRNA transcript level (Fig. 2c and d).
The observations on IL-12p40 suppression and IL-10
stimulation were similar when L. donovani and Pam3cys
or LPS were added simultaneously to THP-1 cells (data
not shown). L. donovani infection of human monocytes
also caused suppression of Pam3cys and LPS-stimulated
IL-12p40 production and activation of IL-10 production, as
was seen in the THP-1 cells (Fig. 3a and b). To exclude the
possibility that IL-12p40 suppression by L. donovani infec-
tion of THP-1 cells may be due to induction of IL-10 by
the parasite, we added IL-10 neutralizing antibodies in
culture medium. IL-10 neutralization had no effect on the
IL-12p40 suppression by L. donovani infection (data not
shown).

3.3 L. donovani infection modulates TLR2-stimulated
MAPK pathways

The MAPK are key regulators of IL-10 and IL-12 activation
[23,24]. They also are important for the counter-regulation
of IL-12 and IL-10, which in turn influence the Th1-Th2
balance. Because in our system, L. donovani infection caused
suppression of TLR2-stimulated IL-12 with activation of
IL-10, we looked at the MAPK pathways. THP-1 cells were
infected and activated simultaneously with Pam3cys for
0, 5, 15 and 30 min. L. donovani alone did not cause
phosphorylation of P* and ERK1/2 (data not shown).
Pam3cys-stimulated phosphorylation of MAPK P** was seen
maximally after 15 min of stimulation and this was inhibited
by L. donovani infection (Fig. 4a). Pam3cys had no effect on
the phosphorylation of MAPK-ERK1/2, while L. donovani
infection stimulated ERK1/2 phosphorylation in Pam3cys-
stimulated cells (Fig. 4b). Maximum LPS-stimulated

L. donovani modulate TLR2 stimulated MAPK pathways

phosphorylation of MAPK P* was seen after 30 min of
stimulation and was inhibited by L. donovani infection while
ERK1/2 phosphorylation was activated in LPS-stimulated
infected-cells (Fig. 4c and d). Thus L. donovani counter-
regulates MAPK pathways by inhibiting the TLR2 and
TLR4-stimulated phosphorylation of P* with simultaneous
activation of ERK 1/2.
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Fig. 2. Effect of L. donovani infection on Pam3cys or LPS stimulated
cytokines production by THP-1 cells. THP-1 cells were infected with
L. donovani at 10:1 parasites to cell ratio and stimulated with Pam3cys
(1 pg/ml) or LPS (1 ng/ml). Supernatants were collected after 24 h
activations and IL-12p40 (A) and IL-10 (B) production was measured
by ELISA. RNA was isolated at 10 h and RT-PCR performed by using
specific primers for IL-12p40, IL-10 and housekeeping gene GAPDH.
The results are expressed as ratio of densitometric readings of
IL-12p40 (C) and IL-10 (D) to GAPDH mRNA. All graphs represent
mean + SD of three independent experiments. Group comparison was
done using student’s t test P < 0-05 considered significant (*P < 0-05,
4P < 0-005).
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Fig. 3. Effect of L. donovani infection on Pam3cys or LPS stimulated
cytokine production by human monocytes. Isolated monocytes were
infected with L. donovani at 10:1 parasites to cell ratio and stimulated
with Pam3cys (10 ng/ml) or LPS (10 ng/ml). Supernatants were
collected after 24 h of stimulation and IL-12p40 and IL-10 was
measured by ELISA. Data represents mean + SD of five individuals.
Group comparison was done using student’s t test P < 0-05 considered
significant (*P < 0-05, **P < 0-005, ***P < 0-0005).

3-4 Effect of L. donovani infection of monocytes is
reversed with pharmacological modulators

In order to assess whether the effect of L. donovani infection
on MAPK phosphorylation could be modulated, we used
anisomycin, a well-established activator of P** phophoryla-
tion and ERK1/2 inhibitor U0126. THP-1 cells were infected
with L. donovani and stimulated simultaneously with
Pam3cys and different doses of anisomycin (0-1, 1 and 10 ng/
ml) for 15 min or THP-1 cells were pretreated with U0126
(0-1, 1 and 10 uM) followed by simultaneously infection
with L. donovani and stimulation with Pam3cys. L. donovani
infection showed no P* phosphorylation by Pam3cys stimu-
lation at 15 min; however, it was restored on activation
with anisomycin or U0126 treatment in a dose-dependent
manner (Fig. 5a). To demonstrate the effect of anisomycin or
U0126 treatment on IL-12p40 and IL-10 levels, infected cells
were incubated with anisomycin and Pam3cys for 24 h or
pretreated with U0126 followed by activation with Pam3cys
for 24 h. While IL-12p40 levels were increased by anisomycin
or U0126 treatment in a dose-dependent manner (Fig. 5b),
there was a decrease in IL-10 levels (Fig. 5c). U0126 pre-
treatment had no effect on L. donovani infection and it did
not cause any stimulation of IL-12p40 in infected or non-
infected THP-1 cells (data not shown). These observations
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Fig. 4. Effect of L. donovani infection on Pam3cys and LPS stimulated
phosphorylation of MAPK P* and ERK1/2. THP-1 cells were infected
with L. donovani at 10:1 parasites to cell ratio and simultaneously
stimulated with Pam3cys (1 pg/ml) (A, B) or LPS (1 ug/ml) (C, D) for
0, 5, 15 and 30 min. Cells lysates were subjected to electrophoresis,
transferred on nitrocellulose membrane and probed with antibodies
to phosphorylated and non-phosphorylated P** and ERK1/2.

The results are expressed as ratio of densitometric readings of
phosphorylated P* (A, C) and ERK1/2 (B, D) to non-phosphorylated
P* and ERK1/2. Mean + SD of three independent experiments is
shown.
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Fig. 5. Effect of L. donovani infection on Pam3cys stimulated
activation of MAPK P** in anisomycin and U0126 treated cells. THP-1
cells were infected with L. donovani at 10:1 parasites to cell ratio and
simultaneously stimulated with Pam3cys and P** activator anisomycin
(0-1, 1 and 10 ng/ml) or pretreated with ERK1/2 inhibitor U0126 (0-1,
1 and 10 uM) for 1 h followed by addition of L. donovani at 10:1
parasites to cell ratio and Pam3cys. Cell lysates were prepared after
incubating for 15 min, subjected to electrophoresis, transferred on
nitrocellulose membrane and probed with anti-phosphorylated P**
and non-phosphorylated P** antibodies. The results are expressed as
ratio of densitometric readings of phosphorylated P* to non-
phosphorylated P** (A). L. donovani infected THP-1 cells were
activated with anisomycin and Pam3cys (1 pg/ml) or U0126
pretreated and infected cells were activated with Pam3cys (1 pg/ml).
Supernatant were collected after 24 h and IL-12p40 (B) and IL-10 (C)
measurement done by ELISA. Mean + SD of three independent
experiments is shown and group comparison was done using

student’s t test P < 0-05 considered significant (*P < 0-05, **P < 0-005).
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Fig. 6. Effect of L. donovani infection on Pam3cys stimulated
activation of MAPK P*and ERK1/2 in cytochalasin-B treated THP-1
cells. THP-1 cells were treated with cytochalasin-B for 15 min
followed by simultaneous infection with different dose of parasite
(2:1, 5:1 and 10:1 parasites to cell ratio) and activation with Pam3cys
for 15 min. Cells lysates were subjected to electrophoresis, transferred
on nitrocellulose membrane and probed with antibodies to
phosphorylated and non-phosphorylated P*® and ERK1/2. Results
show ratio of densitometic readings of phosphorylated P* and
ERK1/2 to non-phosphorylated P** and ERK1/2. Mean + SD of three
independent experiments is shown.

show that modulation of the MAPK pathway by L. donovani
infection can be reverted by anisomycin and U0126.

3:5 L. donovani modulate TLR2-stimulated MAPK
pathways in a contact-dependent mechanism

Our observation that P** phosphorylation was suppressed
within 15 min of L. donovani infection of THP-1 cells raised
the question, whether parasite ingestion was required for
the immuno-modulation. As 15 min appears inadequate for
establishing infection, we investigated whether the suppres-
sion could be a contact-dependent phenomenon. THP-1
cells were treated with cytochalasin-B for 15 min followed by
infection with different doses of parasite (2:1, 5:1 and 10:1
parasites to cell ratio) and simultaneously activated with
Pam3cys for 15 min. Cytochalasin-B, an inhibitor of actin
polymerization, prevents the ingestion of the parasite.
Stimulation of cytochalasin-B pre-treated THP-1 cells with
Pam3cys, caused phosphorylation of P* but not ERK1/2.
Addition of different doses of L. donovani with Pam3cys
caused suppression of P* phosphorylation and activated
ERK1/2 phosphorylation in parasite dose-dependent
manner (Fig. 6).

3:6 L. donovani structural integrity but not viability is
required for modulation of TLR2-stimulated response

Because L. donovani caused modulation of the MAPK
pathway without ingestion by monocytic cells, we tried to
establish whether the modulation was caused by a molecule
secreted by the parasite or was due to contact with parasite
surface molecule. We added paraformaldehyde fixed para-
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Fig. 7. Effect of paraformaldehyde fixed parasites (Ld-F) or
freeze-thawed parasites (Ld-K) infection on Pam3cys stimulated
cytokines (IL-12p40 and IL-10) production and activation of MAPK
pathway by THP-1 cells. THP-1 cells were infected with either Ld-F or
Ld-K for 2 h, non-ingested parasites were washed and cultures were
activated with Pam3cys (1 ug/ml) for 24 h. Supernatants were
collected for IL-12p40 (A) and IL-10 (B) measurement. Mean + SD
of three independent experiments is shown and group comparison
was done using student’s t test P < 0-05 considered significant

(*P < 0-05, ***P < 0-005).

sites (Ld-F), which were not viable but structurally intact,
and freeze-thawed parasites (Ld-K), which should have
native proteins and antigens intact, to THP-1 cells. These
cells were stimulated with Pam3cys for 24 h. Ld-F but not
Ld-K was able to suppress Pam3cys-stimulated IL-12p40
production (Fig. 7a) and cause stimulation of IL-10 produc-
tion (Fig. 7b) by THP-1 cells. Addition of paraformaldehyde
fixed parasites (Ld-F) but not freeze-thawed parasites (Ld-K)
was able to suppress TLR2 stimulated MAPK P* phospho-
rylation and activated MAPK-ERK1/2 phosphorylation
(Fig. 8a—c). These results suggest that the modulation is
dependent on surface contact because killed but structurally
intact parasites could cause suppression of IL-12p40, to the
same degree as live parasites. This also suggests that parasite
structural integrity but not viability is required for the
suppression of Pam3cys-stimulated IL-12 production by
monocyte [6].

4. Discussion

It has been previously demonstrated that the Myd88 depen-
dent pathway is important for the protective immune

response against L. major. The majority of the evidence
shows that infection per se fails to stimulate an inflammatory
response in monocyte/ macrophage cells [7,8,25], although
there have been reports to the contrary. It has also been
shown that the parasite suppresses the pro-inflammatory
response that is stimulated by LPS, a TLR4 ligand [8,6,21]. In
this paper, we show for the first time that L. donovani can
modulate TLR2-mediated intra-cellular pathways, resulting
in suppression of IL-12p40 production and activation of
IL-10 production. We further show that this is a contact-
mediated phenomenon that is dependent on parasite struc-
tural integrity and not viability.

As has been reported by previous workers, we too have
shown that infection of monocyte cells with L. donovani
promastigotes failed to stimulate a pro-inflammatory
response with negligible production of IL-12. The TLR2 and
TLR4 ligands stimulated production of impressive levels
of IL-12 and IL-10 in THP-1 cells and primary human
monocytes. However, following infection with L. donovani,
there was suppression of TLR2 and TLR4 stimulated IL-12
production accompanied by simultaneous stimulation of
IL-10 production. The suppression was more pronounced in
TLR2-stimulated cells then in TLR4-stimulated cells. These
changes were not caused by decreased expression of TLR2
or TLR4 in infected cells, because the transcript levels of
TLR2 and TLR4 were unaffected by infection. While IL-12 is
an important link between innate and adaptive immune
responses, IL-10 promotes the Th2 immune response by
down-regulating IL-12 production and during Leishmania
infection plays a major role in disease susceptibility
[4,26,27]. The suppression of IL-12 reported by us is,
however, not caused by IL-10 secreted by the macrophages,
because neutralization with anti-IL-10 antibody did not
abrogate the suppression. Decreased generation of oxygen
intermediate following activation of Leishmania-infected
mouse macrophage cells with Zymogen (a TLR2/6 ligand)
has been reported; however, cytokines generation was not
studied by these workers [28].

TLR ligation leads to phosphorylation of MAPK P** with
production of IL-12 and of ERK1/2 with production of
IL-10 [23,24,29]. The MAPK have been shown to play a
crucial role in the control of Leishmania infection [30] and
reciprocal regulation of MAPK P* and ERK1/2 has been
shown to be responsible for protection versus susceptibility
to infection [31,32]. In this study, we have shown that L.
donovani infection failed to induce any phosphorylation of
P* or ERK1/2 in 30". The failure of Leishmania to activate
phosphorylation of MAPK has been previously reported.
While wild-type L. donovani promastigotes failed to activate
MAPK in mouse bone marrow derived macrophage (BMM)
they were able to do so in IFN-y treated mouse BMM [25].
We found that in the presence of L. donovani promastigotes,
TLR2 and TLR4 stimulated P** phosphorylation was inhib-
ited and ERK1/2, which showed very little TLR2 or TLR4
stimulated phosphorylation by 30’, showed significant
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Fig. 8. Effect of paraformaldehyde fixed
parasites (Ld-F) or freeze-thawed parasites
(Ld-K) infection on Pam3cys stimulated
activation of MAPK pathway by THP-1 cells.
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increase in phosphorylation. Thus, the parasite is able to
counter regulate P** and ERK1/2 phosphorylation and this is
seen as suppression of IL-12 and induction of IL-10.
Counter regulation between P** and ERK1/2 seems to be
important for the decision regarding development of Th1 or
Th2 type of effecter responses, which in turn has important
consequences for the outcome of infection.

Further, we observed that the L. donovani-induced IL-12
suppression and IL-10 production in TLR2- and TLR4-
stimulated cells could be reversed by either anisomysin, a P
activator, or ERK1/2, specific inhibitor, U0126. Treatment of
Leishmania-infected mice with anisomysin [30] or ani-
somysin along with CD40L as well as an ERK1/2 inhibitor
has been shown to cause rapid recovery from parasitemia
[31,32]. In these cases, recovery from parasitemia was

5 15
Time (min)

accompanied by a Thl cell expansion and restoration of
CD40/CD40L mediated IL-12 production. Administration
of U0126 (ERK1/2 inhibitor) to Leishmania amazonensis-
infected mice was shown to delay lesion progression with
reduction in parasite burden [33]. These studies emphasize
the important role of these kinases in the Th1-Th2 decision
and highlight the significance that the observations in the
present study may have for the disease outcome.

We observed that the effects of L. donovani on the mono-
cytes was seen irrespective of whether TLR ligands and para-
sites were added simultaneously or TLR ligand was added to
cells with established infection. In addition, the suppression
of P* phosphorylation was seen within 15 min of adding L.
donovani to monocyte cultures, which appears inadequate
time for establishing infection. This suggested that surface
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contact between parasite and the cells is adequate to generate
inhibitory signals. We found that the changes brought about
by L. donovani parasites in MAPK phosphorylation could be
brought about even in Cytochalasin-B pre-treated THP-1
cells within 15”. Cytochalasin-B is an inhibitor of actin poly-
merization and prevents phagocytosis but does not inhibit
parasite attachment. These findings, for the first time,
provide evidence that parasites probably modulate the host
immune response within minutes of its contact with phago-
cytic cells. It was clear that structural integrity of the parasite
was important because paraformaldehyde fixed parasites
caused suppression of the TLR2-stimulated IL-12 produc-
tion and activated IL-10 production while freeze-thawed
parasites did not.

Thus, in the presence of activation through the TLR recep-
tors by their ligands (as in our experiments) or through LPG
during infection in vivo, how does suppression dominate over
activation? One possibility is engagement of a second recep-
tor by the parasite. It has been shown that TLR-stimulated
IL-10 levels are enhanced with concomitant ERK1/2 phos-
phorylation by a second signal generated through FcyR on
monocytes [34]. On the other hand, immunomodulatory
signaling through various phagocytic receptors such as mac-
rophage mannose receptor (MR), FcyR and complement
receptor 3 (CR3), has been shown to subvert the activation
of macrophages and help in the silencing of the pro-
inflammatory response [33,35,36]. Of these, we cannot impli-
cate FcyR for the changes brought about by Leishmania
contact, because opsonized parasites were not used by us. The
role of CR3 cannot be ruled out completely because L. major
surface molecule PSA has been shown to bind with host
monocyte CR3 receptor [37]. Signaling through MR has been
extensively implicated in the subversion of macrophage pro-
inflammatory responses in another important intracellular
infection, M. tuberculosis [38].In L. major infection, however,
MR was not seen to cause suppression of CD40 stimulated
IL-12 production in monocytes of MR KO mice, indicating
that MR was not involved in modulation of CD40 stimulated
pathways [39]. However, there is considerable variation in the
results reported in various studies due to the type of cell used
(primary monocytes, cell lines or DC), the type of stimulation
given (IFN-y, TNF-a, LPS) and the parasite species (L. dono-
vani, L. major). The role of MR receptors and of CR3 receptors
in the observed modulation of monocyte functions in this
study needs to be further evaluated.

An alternative possibility is that receptor engagement acti-
vates the PI3K/Akt signaling pathway. Signaling through this
pathway promotes anti-inflammatory responses [40] and
PI3K has been shown to suppress IL-12 production triggered
by TLR signaling and limit excessive TH1 polarization [41].
Leishmania promastigotes have been shown to activate this
pathway to confer host cell resistance to apoptosis, another
important evasion strategy adopted by the parasite [42].
The role of PI3K signaling in the dampening of the IL-12
response needs to be investigated.

Although our findings are related to the early events
following promastigote-host cell contact, these may also
influence the immune evasion mechanism adopted by Leish-
mania amastigote infection. As in the case of promastigotes,
infection of monocyte or DC by amastigotes also failed to
stimulate any cytokine production and inhibited LPS-
stimulated IL-12 production. [43-45]. Infection with lesion-
derived L. mexicana amastigotes inhibited LPS-induced
IL-12 production by mouse BMM with selective degradation
of the LPS-stimulated MAPK, JNK and ERK. [45]. While
L. amazonensis amastigote infection of murine peritoneal
macrophages caused decrease in ERK activity as infection
progressed, that of BMM caused activation of the MAPK
ERK1/2 associated with parasite-induced secretion of IL-10
[33,46]. Thus the modulation of the host macrophage
responses by the MAPK pathways probably plays a role at
various stages of parasite entry and maturation within the
host cell to maintain a favourable environment for its
survival.

In summary, we describe a new contact-dependent
evasion mechanism adopted by the parasite for modulation
of TLR2-stimulated MAPK pathways to favour its survival.
In addition, parasite structural integrity but not viability was
required for the modulation of TLR2-stimulated pathways.
Understanding of this mechanism will help development of
new control strategies for the disease.
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