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Visceral Leishmaniasis (VL) is a zoonotic chronic endemic infectious disease caused by Leishmania donovani
infection and a well-studied model for intracellular parasitism. Guanylate binding proteins (GBPs) are induced by
interferons (IFNs), and play a crucial role in cell autonomous immunity and the regulation of inflammation.
Guanylate-binding protein 1 (GBP1) has been shown vital for the host immune response against various path-
ogens. However, the role of GBP1 during VL is undefined. In the present study, we have investigated the role of
GBP1 in Leishmania donovani infection using in vitro model. For that, knock down of the Gbp1l gene was carried
out in both PMA differentiated human monocyte cell line THP-1 and mouse macrophages RAW264.7 cell line
using siRNA based RNA interference. Infection of these cell lines revealed a high parasite load in knock down
cells at 24 and 48h post infection as compared to control cells. A significant increase was observed in the level of
different cytokines (IL-4, IL-10, IL-12b, IFN-y, TNF-a) and chemokines (CXCL9, CXCL 10, and CXCL 11) in GBP1
knock down cell lines after post-infection. In GBP1 knock down cells the expression level of IFN effector mol-
ecules (iNOS and PKR) was found to be elevated in THP1 cells and remained almost unchanged in RAW264.7
cells after Leishmania donovani infection as compared to the control cells. Moreover, interestingly, the level of
MAPK activated ERK1/2, and p38 MAPK were considerably induced by the parasite in knock down cells as
compared to control after 24 h post-infection. This study, first time reported the involvement of GBP1 in
Leishmania donovani infection by modulating the level of important cytokines, chemokines, IFN effector mole-
cules, and MAP kinases.

amastigotes thereby protects the host [6-9]. While the host’s innate
immune response against leishmaniasis is important, it is now clear that

1. Introduction

Leishmania is a well-studied model of protozoan parasitic infection
because of its global incidence, affecting roughly 12 million people and
over 90% of new cases were reported in 2020 in 10 countries from all
five continents [1]. Leishmania spp. are transmitted by sand fly vectors in
the promastigote form and in vertebrate hosts, mainly found inside
macrophages, assume the round, oval and non-flagellated amastigote
form. Leishmania promastigote is phagocytized by dendritic cells (DCs)
and macrophages and forms a parasitophorous vacuole for its survival
and propagation within the cell [2-4]. Further, they produced inter-
leukin —12 (IL-12), which stimulates NK cells to produce interferon
Interferon- y (IFN-y) which is responsible for skewing Th1 response [2,5]
and stimulate the macrophage to produce reactive oxygen species (ROS)
and nitric oxide (NO) for the oxidative killing of intracellular
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the T-cell mediated immunity and the cytokines produced from various
immune cells play a crucial role in determining the disease outcome [10,
11]. Leishmania parasites have evolved sophisticated mechanisms to
subvert macrophage immune responses by altering the host cell signal
transduction machinery, including inhibition of Janus kinase - signal
transducer and activator of transcription (JAK-STAT) signaling and
other transcription factors such as Activator protein 1 (AP-1),
cAMP-response element-binding protein (CREB), nuclear factor-kappa B
(NF-kB), and stimulation of mitogen-activated protein kinase (MAPK)
activated extracellular signal-regulated kinase (ERK), and p38 MAPK
[12-16].

In Visceral Leishmaniasis (VL) the balance between the microbicidal
and suppressor functions exhibited by macrophages in association with
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parasitic adaptive strategies dictates disease progression. The produc-
tion of NO by iNOS (or NOS2) is one of the main effector mechanisms for
Leishmania elimination by macrophages. This enzyme is induced by IFN-
y and TNF-a, which are cytokines produced by CD4"Th1 cells [17]. It
has been also reported that the cross-talk between IFN- y and
CXCR3-cognate chemokines (C-X-C motif) ligand (CXCL): CXCL9/Mig
(also known as monokine induced by interferon-gamma), CXCL10/1IP-10
(also known as interferon-inducible protein-10), and CXCL11/I-TAC
(also known as interferon-inducible T cell alpha-chemoattractant) play
an important role against Leishmania infection [18]. However, the cy-
tokines associated with Th2 responses, such as IL-4, IL-10, and TGF-g,
not only inhibit the IFN-y mediated killing of parasites but also directly
favor the growth of Leishmania inside macrophages through the pro-
duction of polyamines [19,20]. IFN-y is an important T helper 1 (Th1)
cell cytokine that strongly suppresses the growth and survival of intra-
cellular pathogens and plays essential roles in the induction and regu-
lation of innate and adaptive immune responses [21]. Robust gene
expression of several effector molecules results after stimulation of
innate immune cells such as macrophages and dendritic cells by IFN-y.
Immunity-related GTPases such as the Myxovirus resistance proteins
(Mx), the small GTPases or immunity-related p47 GTPases (IRGs), and
large GTPases or p65 guanylate-binding proteins (GBPs) [22,23] are
well known among them. Furthermore, GBPs have recently been shown
to induce antibacterial responses involving phagocytic oxidases, auto-
phagic effectors, and inflammasome [24]. Thus, IFN-y-inducible IRGs
and GBPs play pivotal roles in antiviral and antibacterial immune sys-
tems. In humans, thirteen GBPs (hGBP1 to hGBP13), and in mice, eleven
GBPs (mGBP1 to mGBP11) have been identified that have a high degree
of sequence homology [25,26]. GBP1 is an interferon-inducible protein
of the GTPase family [25,27] involved in the host immune response
against microbial infections such as viral [28], bacteria [29,30], and
protozoa [31,32]. However, the distinct role of GBP1 in Leishmania
parasite infection is not clearly defined. Thus, we studied the role of
GBP1 during Leishmania donovani infection in different in vitro models of
intracellular parasitism.

2. Materials and methods
2.1. Parasite

Promastigotes of L. donovani strain Dd8 (MHOM/IN/80/Dd8) were
cultured in RPMI-1640 medium supplemented with 10% heat-
inactivated fetal bovine serum (Sigma, USA), 100 U/ml penicillin
(Sigma, USA), and 100 mg/ml streptomycin (Sigma, USA) at 26 °C [33].
The strain has also been maintained in hamsters through the serial
passage, i.e. from amastigote to amastigote [34].

2.2. Cell lines, infection with the parasite, and stimulation with IFN-y

The human monocyte THP-1 cell line was maintained in RPMI 1640
(Sigma, USA) and the RAW 264.7 murine macrophage cell line was
cultured in DMEM (Sigma, USA). Both the cell lines were supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and 100 U/ml
penicillin (Sigma, USA), and 100 mg/ml streptomycin (Sigma, USA) ina
culture flask and placed at 37 °C with 5% CO,. THP-1 monocyte cell line
was further differentiated into macrophages using phorbol-12-
myristate- 13-acetate (PMA) at 10 ng/ml [35]. For in vitro infection,
both cells were infected with promastigote at a parasite: cell ratio of
20:1. These cell lines (1.5 x 10%) were stimulated with 10 ng/ml of
recombinant IFN-y protein (PeproTech, USA).

2.3. Knockdown of GBP1 in cell lines and quantification of parasite load
Human/mice GBP1 siRNA (small interfering RNA) were purchased

from Sigma-Aldrich, USA. For evaluation of gene silencing of GBP1,
RAW 264.7 and PMA induced THP-1 cells (1 x 10° cells) were seeded in
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a 35 mm cell culture dish (Sigma, USA). The 75 mM of siRNA for THP-1
cells and 100 mM of siRNA for RAW 264.7 cells were used to prepare the
transfection mixture in Opti-MEM™ [ Reduced Serum Medium (Gibco,
USA) containing 7.5 pl of X-tremeGENE™ 360 Transfection Reagent
(Sigma, USA), followed as per instruction manual. Scrambled siRNA
served as control. Both the cells were infected with promastigote at a
parasite: cell ratio of 20:1. After 24 and 48h of incubation at 37 °Cin a
5% COy atmosphere, the cells were washed with phosphate-buffered
saline (PBS) of pH 7.2, dried, and fixed with methanol. The cells were
then stained with Giemsa stain. Parasite load was determined by
counting the number of amastigotes in 100 cells under the light micro-
scope. Cells after 24h post-infection were used for the estimation of
cytokines, chemokines, and MAPK induced ERK1/2 and p38.

2.4. Quantitative estimation of cytokine and chemokines

Cells were harvested using a cell scraper (SPL, Germany) in Dul-
becco’s phosphate-buffered saline (DPBS Gibbco, USA) and washed
twice in DPBS. Total RNA was extracted from cells using an RNase kit
(Qiagen, Germany) following the manufacturer’s instructions. RNA
concentration was determined photometrically using Nanodrop,
(Thermo-Scientific US). Complementary DNA (cDNA) was synthesized
in a total reaction volume of 20 pl using 1 pg RNA with an iScript syn-
thesis kit (Biorad US). Quantitative PCR was conducted in a total reac-
tion volume of 25 pl with 1 pl of cDNA using 12.5 pl Maxima SYBR Green
qPCR Master with Mix (2X) (Fermentas, US) using Step-One Real-Time
PCR system (Applied Biosystem Foster City, CA). PCR was conducted as
initial denaturation at 95 °C for 10 min followed by 40 cycles, each
consisting of denaturation at 95 °C for 15s, annealing at 60 °C for 30s,
and extension at 72 °C for 1 min per cycle. “*Ct method was used to
calculate the results and the beta-actin (3-Actin) gene was used as the
internal reference gene. The primer sequences for measuring the
expression of selected genes are provided in Table 1 and 2.

2.5. Assessment of the level of MAPK phosphorylation or activation of
ERK1/2 and p38 by western blotting

Cells (10%) were washed twice with ice-cold PBS and lysed in 100 pl
of lysis buffer (50 mM Tris-HCl, pH 7.5; 5 mM EDTA; 10 mM EGTA; 50
mM NaF; 20 mM p-glycerophosphate; 250 mM NaCl and 0.1% Triton X-
100) to which contains a 1:100 dilution of protease inhibitor cocktail
(Sigma, USA). Proteins were quantified by the Bradford assay kit (Bio-
Rad US). Proteins were subjected to electrophoresis in 10% SDS-PAGE
and transferred onto a nitrocellulose membrane. Subsequently, the
membrane was blocked with 5% BSA in TBS (50 mM Tris, 150 mM NacCl)
with 0.1% of Tween-20 (TBST) buffer. Further blots were incubated for
2h with diluted primary antibodies p38 (Phosphorylated p38 MAPK and
p38 MAPK antibody, CST, USA) and ERK1/2 (phosphorylated ERK1/2
and ERK1/2 antibody, CST, USA) separately in a blocking solution
(TBST+5% skimmed milk). Finally, the membranes were incubated with
anti-rabbit or anti-mouse horseradish peroxidase-conjugate IgG coupled
secondary antibody for 1h. The membranes were then washed three
times with TBST buffer, and proteins were detected by the ECL chemi-
luminescent detection system (BioRad).

2.6. Densitometric Analysis

Densitometric analyses for all experiments were carried out using
ImageLab (Bio-Rad US). Band intensities were quantitated densito-
metrically, and the values were normalized to endogenous control and
expressed in arbitrary units. The ratios of optical density of particular
bands/endogenous control are indicated as bar graphs adjacent to
figures.
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Table 1

List of primers of Mus musculus gene.
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Gene Description

Forward Prime 5'-3'

Reverse Primer 5'-3'

GBP1 ACAACTCAGCTAACTTTGTGGG TGATACACAGGCGAGGCATATTA
GBP2 CTGCACTATGTGACGGAGCTA GAGTCCACACAAAGGTTGGAAA
GBP3 CTGACAGTAAATCTGGAAGCCAT CCGTCCTGCAAGACGATTCA
GBP4 GGAGAAGCTAACGAAGGAACAA TTCCACAAGGGAATCACCATTTT
GBPS CAGACCTATTTGAACGCCAAAGA TGCCTTGATTCTATCAGCCTCT
GBP6 GTTCCAGGAAGTAACAAAGGCT ATCCCTAGTCTATTCCCAGTGAC
GBP7 TCCTGTGTGCCTAGTGGAAAA CAAGCGGTTCATCAAGTAGGAT
TNF-a CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
IFN-y ATGAACGCTACACACTGCATC CCATCCTTTTGCCAGTTCCTC
CxCl-9 GGAGTTCGAGGAACCCTAGTG GGGATTTGTAGTGGATCGTGC
CxCl-10 CCAAGTGCTGCCGTCATTTTC TCCCTATGGCCCTCATTCTCA
CxCl-11 TGTAATTTACCCGAGTAACGGC CACCTTTGTCGTTTATGAGCCTT
IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
IL-4 ATCATCGGCATTTTGAACGAGG TGCAGCTCCATGAGAACACTA
1L-12b TGGTTTGCCATCGTTTTGCTG ACAGGTGAGGTTCACTGTTTCT
H2-Aa TGGGAGTCTTGACTAAGAGGTC CTGACTTGCTATTTCTGAGCCAT
B-Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
PKR CCAAAGAGAAAGGCAGGCTCC TTCCTCCCTCCCTCCTCCATTC
iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
Table 2

List of primers for Homo sapiens gene.

Gene Description

Forward Prime 5'-3’

Reverse Primer 5'-3’

GBP1 AGGAGTTCCTTCAAAGATGTGGA
GBP2 CATCCGAAAGTTCTTCCCCAA
GBP3 ATTCCCTGAAGCTAACGCAAG
GBP4 AGGCTGCTAAAACACAAGCTG
GBP5 TGCTATCGACCTACTGCACAA
GBP6 GTGGAGCGACTCCTTGTCTG
GBP7 AACCATCTGGCAGGACAGAAT
TNF-a CCTCTCTCTAATCAGCCCTCTG
IFN-y TCGGTAACTGACTTGAATGTCCA
CxCl-9 CCAGTAGTGAGAAAGGGTCGC
CxCl-10 GTGGCATTCAAGGAGTACCTC
CxCl-11 GACGCTGTCTTTGCATAGGC
IL-10 GACTTTAAGGGTTACCTGGGTTG
IL-4 CCAACTGCTTCCCCCTCTG
IL-12b ACCCTGACCATCCAAGTCAAA
H2-Aa GAGCAGGTTAAACATGAGTGTCA
p-Actin CATGTACGTTGCTATCCAGGC
PKR TGGAAAGCGAACAAGGAGTAAG
iNOS TTCAGTATCACAACCTCAGCAAG

GCAACTGGACCCTGTCGTT
CTCTAGGTGAGCAAGGTACTTCT
GGGCAGATCGAAGACAAAACATT
CCCCAGGTAGAGTGACAATCAT
GCAGGATCTTCAACCCTGTCA
GTGGGGAATCTCACTTGCTGG
TCACCCTTTTCCACATCGCC
GAGGACCTGGGAGTAGATGAG
TCGCTTCCCTGTTTTAGCTGC
AGGGCTTGGGGCAAATTGTT
TGATGGCCTTCGATTCTGGATT
GGATTTAGGCATCGTTGTCCTTT
TCACATGCGCCTTGATGTCTG
TCTGTTACGGTCAACTCGGTG
TTGGCCTCGCATCTTAGAAAG
CTCTCCACAACCCCGTAGT
CTCCTTAATGTCACGCACGAT
CCAAAGCGTAGAGGTCCACTT
TGGACCTGCAAGTTAAAATCCC

2.7. Statistical analysis

Data processing and analysis were performed using GraphPad Prism
5.2. An unpaired Student’s t-test was used for statistical analysis be-
tween the two groups. One-way analysis of variance was performed for
multiple comparisons between different groups. In all situations, a P-
value of, 0.05 was considered statistically significant.

3. Results
3.1. Gbplto 7 induced upon L. donovani infection and IFN-y treatment

Mouse macrophage cell line RAW264.7 and PMA differentiated
human monocyte THP1 cell line can be readily infected by L. donovani
and used as an in vitro model for the study of the host-parasite immune
response. By using a quantitative RT-PCR (qRT-PCR), we measured the
expression of GBP1to 7 in L. donovani infected and IFN-y treated THP1
cells and RAW264.7 cells. Post-infection, time-dependent induction of
GBP1 (up to 17 fold), GBP2 (up to 8 fold), GBP3 (up to 5 fold), GBP4 (up
to 17 fold), GBP5 (up to 6 fold), GBP6 (up to 9 fold), and GBP7 (up to 20
fold) were observed in THP1 cells. In RAW264.7 cells, induction of GBP1
(up to 15 fold), GBP2 (up to 22 fold), GBP3 (up to 2 fold), GBP4 (up to 2
fold), GBP5 (up to 0.8 fold), GBP6 (up to 1.5 fold), and GBP7 (up to 5

fold) were reported (Fig. 1). IFN-y treated THP1 cells and RAW264.7
cells also showed time-dependent induction of GBPs. The expression of
GBP1 (up to 25 fold), GBP2 (up to 6 fold), GBP3 (up to 3fold), GBP4 (up
to 9 fold), GBP5 (up to 11 fold), GBP6 (up to 7 fold), and GBP7 (up to 15
fold) were observed in THP1 cells. In RAW264.7 cells, induction of GBP1
(up to 24 fold), GBP2 (up to 12 fold), GBP3 (up to 3 fold), GBP4 (up to 3
fold), GBP5 (up to 7 fold), GBP6 (up to 3 fold), and GBP7 (up to 5 fold)
were reported. (Fig. 2).

3.2. Gbpl has anti-parasitic activity

To establish the role of GBP1 during L. donovani infection, RNA
interference-based study with GBP1 specific siRNA was performed in
both mouse RAW264.7 cells and human THP1 cells. The level of GBP1
transcript and protein were determined by qRT-PCR and Western blot
respectively. The p-actin was used as an internal standard for each
experiment. The level of Gbpl transcript and protein were significantly
reduced in PMA derived knockdown THP1 cell line (>90% at mRNA
level and >52% at protein level) and in mouse macrophage RAW264.7
cell line (>80% at mRNA level and up to 70% at protein level) respec-
tively as compared to scrambled control (Fig. 3A and B). Both macro-
phage cells, PMA derived THP1 and RAW264.7 were infected in vitro
with L. donovani promastigote at a parasite-to-host cell ratio of 20:1.
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Fig. 1. Time-dependent quantification of GBP1to 7 expression in the PMA differentiated THP-1 and RAW 264.7 cells infected with L. donovani. A) Induction of
GBP1to 7 in PMA differentiated THP1 cells quantified by q-RT-PCR. B) Induction of GBP1to 7 in PMA differentiated RAW 264.7 cells quantified by RT-PCR.
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Fig. 2. Time-dependent quantification of GBP1to 7 expression in the PMA differentiated THP-1 and RAW 264.7 cells stimulated with IFN-y (10 ng/ml). A) Induction

of GBP1to 7 in PMA differentiated THP1 cells quantified by q-RT-PCR. B) Induction of GBP1to 7 in PMA differentiated RAW 264.7 cells quantified by RT-PCR.
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After 24hr of post-infection the parasite load was reported to be
increased ~2 fold in Gbpl silenced cells compared with control cells in
both the cell lines. Up to a two-fold increase in parasite load in knock-
down THP1 cells (mean parasite load of 250 in control and 552 in
knockdown) and RAW 264.7 cells (mean parasite load of 200 in control
ad 415 knockdown cell line) were observed after 24h post-infection as
compared to control. The parasite load was further increased after 48h
post-infection in knock down cells of both the cell line as compared to
control cells. (Fig. 3C and D).

3.3. Expression levels of selective cytokines and chemokines are altered in
Gbp1 silenced cells upon L. donovani infection

Macrophages are proposed primary host cells for Leishmania but the
role of these cells has been well characterized neither in disease pre-
vention nor in progression independent of T cell. It has been reported
that cytokines and chemokines play a vital role in the activation of
macrophages and overall pathogenesis and immunity against intracel-
lular pathogens including L. donovani [36].To investigate whether the
silencing/knockdown of Gbpl would affect the expression of some
crucial cytokines (IFN-y, TNF-a, IL-4, IL-10, IL-12b) and chemokines
(CXCL9, CXCL10, CXCL11) which play important role in the final
outcome of VL, the expressions of some typical cytokines and chemo-
kines and IFN effector molecules (iNOS, Protein kinase R (PKR) along
with histocompatibility 2, class II antigen A (H2-Aa) were measured in
Gbp1 siRNA or scrambled siRNA treated cells after L. donovani infection.
After infection, the knockdown RAW264.7 cells showed a significant
upregulation in the mRNA expression level of H2-Aa (19.55fold), PKR
(8.24fold), IL-10 (8.06fold), CXCL11 (7.37fold), CXCL10 (6.56fold), and
CXCL9 (2.57fold) whereas the mRNA expression level of IFN-y
(0.92fold) and TNF-a (0.89fold) remained constant as compared to
infected control cells. Moreover, in the knockdown THP-1 cells, all cy-
tokines and chemokines were found to be significantly increased i.e.,
H2Aa (9.96fold), PKR (8.83fold), IL-4 (14.19fold), IL-10 (17.77fold),
IL-12b (11.7fold), iNOS (13.97fold), IFN-y (27.77fold), TNF-«
(4.66fold), CXCL9 (11.04fold), CXCL10 (5.98fold), CXCL11 (7.5fold) as
compared to the infected control cells (Figure. 4 A and B). These data
suggested GBP1 can modulate some pro-inflammatory cytokines/che-
mokines and effector molecules during L. donovani infection.

3.4. Gbpl gene silencing modulates the MAPK induced activity of ERK/
12 and p38 MAPK

The expression levels of some cytokines/chemokines were increased
and some of them almost remained unchanged in Gbpl silenced cells
after Leishmania infection. ERK1/2 and p38 MAPK have been reported to
be activated upon a broad range of pathogen infections including
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Leishmania donovani and play a crucial role in its pathogenesis, [37].
Hence, we measured the effect of GBP1 knock down the activities of
these transcription factors in both the THP-1 and RAW264.7 cell lines.
Both cell lines were infected by L. donovani, and the transcriptional
factor activity was measured using a Western blot assay. The relative
activity of ERK1/2 and p38 were found to be increased in GBP1
knockdown infected cells as compared to infected control cells. After the
densitometric analysis of the western blots, we found more than a 3-fold
and a 2-fold increase in the level of phospho-ERK1/2 in THP-1 differ-
entiated macrophage and RAW 264.7 cell line respectively. Moreover,
the level of phospho-p38 MAPK was increased 1.6-fold and 1.8-fold in
THP-1 differentiated macrophage and RAW 264.7 cell line respectively
(Figure. 5 A and B). These data suggested that GBP1 may influence the
activity of ERK1/2 and p38, thereby contributing to the production of
pro-inflammatory cytokines/chemokines.

4. Discussion

Visceral leishmaniasis, caused by L. donovani and endemic in more
than 60 countries of the world, is the most serious systemic disease with
diverse clinical manifestations, ranging in severity from self-healing skin
lesions to life-threatening visceral diseases, which may have fatal con-
sequences if left untreated [1,38]. Macrophage and dendritic cells are
the major cells that play important role in innate immunity against
intracellular pathogens including L. donovani. Activated macrophages
are a heterogeneous collection of cells with very diverse functions such
as secretion of pro- or anti-inflammatory mediators, intracellular path-
ogen killing, induction of T-helper 1 or T-helper 2 cell responses, and
others [36]. The effector functions of macrophages for Leishmania have
always been described in a T-dependent manner. The fate of infected
macrophages in the pre-T cell phase is not well known. It is possible that
the parasite modulates its host in terms of signaling or antigen presen-
tation for its benefit and induces factors that provide a disease pro-
gressive environment and prime T cells for Th2 differentiation.
Moreover, parasites may also start modulating the macrophages at the
time of entry, and later on modulated parasitized macrophages interact
with T cells and may induce IL-4 and disease-inducing factors from T
cells that help in disease progression and parasite survival in susceptible
hosts [39]. IFN - inducible GBPs are reported to play important role in
the containment of these pathogens. Therefore, this study was carried
out to establish the role of GBPs in L. donovani pathogenesis. By using
quantitative real-time PCR, we measured the expression level of GBPs
(GBP1-7). The induction of GBPs (GBP1-7) was found to be increased
significantly in a time-dependent manner in PMA differentiated THP1
macrophages whereas only GBP1, GBP2 and GBP7 were significantly
expressed in RAW264.7 cells. Since GBPs are IFN inducible effector
molecules, therefore we have also measured the induction of GBP1to7 in
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Fig. 5. Effect of Gbpl RNAi silencing on ERK1/2 and p38 phosphorylation levels in PMA differentiated THP-1 and RAW 264.7 macrophages. (A) Both the cell lines
(THP1 and RAW264.7) were infected with the parasite for 24h, whole-cell lysate was prepared and analyzed by western blotting. (B) Densitometric analysis of THP1
and RAW 264.7 Western blot showed the ratio of the intensity of protein expression to p-Actin expression per unit.

both macrophage cell lines. Here the time-dependent expression of
GBP1to7 was reported in THP1 cells and GBP1, GBP2, GBP5, and GBP7
were significantly induced in RAW264.7 cells. Further, the induction
GBP1 and GBP2 expression have been also reported in L. donovani
strains AG83 and DDS8 infection in human epithelial A549 cells [31],
Listeria monocytogenes, and Toxoplasma gondii infection in vivo and in
vitro [40], and dengue virus infection [41]. A siRNA-based RNA inter-
ference study was performed to study the specific role of GBP1 during L
donovanai infection, in both mouse RAW264.7 cells and PMA differen-
tiated human monocyte THP1 cells. The parasite load was found to be
increased in Gbpl silenced cells compared with control cells. These data
suggested the anti-parasitic role of Gbpl against L. donovani in both the
macrophage cells. A balance between Th1 (IL-12b, IFN-y, and, TNF-a)
and Th2 (IL-4, and TGF beta) cytokines along with IL-10 determines the
outcome of VL. Thl cytokines IFN-y, TNF-a, and IL-12 are involved in
the protection or natural resistance against VL, wherein IFN-y induces
NO production and blocks IL-10 production by macrophages and
monocytes [42]. NO has been reported to be anti-parasitic activity [42,
43]. Similarly, TNF-a synergize with IFN-y to kill the parasite, and IL-12
plays an essential role in the polarization of Thl-associated immunity as
it induces IFN-y production and allows differentiation and proliferation
of naive T-cells into Thl cells [36]. Conversely, Th2 cytokines, TGF-p,
IL-4, and IL-10 play a crucial role in parasite survival, and disease pro-
gression, by inhibiting oxidative burst and IFN-y production by macro-
phages [36]. These cytokines are also involved in the suppression of
Thl-associated immune response in murine VL [44,45]. So the level of
some of the representative cytokines was analyzed in Gbpl1 silenced/-
knockdown macrophage cells. A significant alteration in the level of
these cytokines were observed in Gbp1 knock down cells as compared to
control cells. It has been revealed that there is a cross-talk between IFN-y
and CXCR3-cognate chemokines and has beneficial role in Leishmania
infection. In Leishmania infection these chemokines were found to be
involve in protection and disease pathogenesis [18]. Therefore we also
tried to investigate the correlation between GBP1 and CXCR3 chemo-
kines if any. We found that the level of these chemokines are also
significantly altered in Gbp1 knock down macrophage cells as compared
to control cells. Further this has been shown that some intracellular
pathogens inhibit the level of MHC class II molecules for their prolonged
survival inside macrophages [36]. Alteration in the level of histocom-
patibility 2, class II antigen A was evident in both the knock down
macrophage cells as compared to control cells. Double-stranded,
RNA-activated protein kinase R (PKR) activation has been reported to
have antiviral and antiproliferative effects for many years (17). This has
been shown to involve in both the survival and immunity against
Leishmania depending on the species [46,47]. In our study the expression
level of PKR was significantly changed in Gbpl knock down macro-
phages as compared to control cells. Intracellular pathogens interfere

with host cell signaling in order to prevent or modulate cellular acti-
vation in their favor. Leishmania interferes with host protein kinase and
phosphatase activities, thereby preventing macrophage activation. It
was shown that Leishmania parasite modulates the level of JAK-STAT
and MAP kinase signaling for its survival inside macrophages [36]. In
light of these facts we also measured the level of MAPK inducible
ERK1/2 and p38 MAPK in knock down macrophage cells after infection
with L. donovani. Interestingly, the level of these MAP kinases were
considerably increased in knock down macrophage cells as compared to
control cells.

In a nutshell, this study confirmed that GBP1 limits the growth of
L. donovani, influences the activity of ERK1/2 and p38 MAPK, and
further modulates the induction of pro-inflammatory cytokine/chemo-
kines along with IFN inducible effector molecules iNOS and PKR. This
makes it an interesting molecule that needs further study to explore its
role in L. donovani infection and immunity.
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