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Abstract

Visceral Leishmaniasis (VL), caused by the intracellular protozoan Leishmania donovani, is
characterized by relentlessly increasing visceral parasite replication, cachexia, massive
splenomegaly, pancytopenia and ultimately death. Progressive disease is considered to be
due to impaired effector T cell function and/or failure of macrophages to be activated to kill
the intracellular parasite. In previous studies, we used the Syrian hamster (Mesocricetus
auratus) as a model because it mimics the progressive nature of active human VL. We dem-
onstrated previously that mixed expression of macrophage-activating (IFN-y) and regulatory
(IL-4, IL-10, IL-21) cytokines, parasite-induced expression of macrophage arginase 1
(Arg1), and decreased production of nitric oxide are key immunopathologic factors. Here we
examined global changes in gene expression to define the splenic environment and pheno-
type of splenic macrophages during progressive VL. We used RNA sequencing coupled
with de novo transcriptome assembly, because the Syrian hamster does not have a fully
sequenced and annotated reference genome. Differentially expressed transcripts identified
a highly inflammatory spleen environment with abundant expression of type | and type Il
interferon response genes. However, high IFN-y expression was ineffective in directing
exclusive M1 macrophage polarization, suppressing M2-associated gene expression, and
restraining parasite replication and disease. While many IFN-inducible transcripts were
upregulated in the infected spleen, fewer were induced in splenic macrophages in VL. Para-
doxically, IFN-y enhanced parasite growth and induced the counter-regulatory molecules
Arg1, Ido1 and Irg1 in splenic macrophages. This was mediated, at least in part, through
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IFN-y-induced activation of STAT3 and expression of IL-10, which suggests that splenic
macrophages in VL are conditioned to respond to macrophage activation signals with a
counter-regulatory response that is ineffective and even disease-promoting. Accordingly,
inhibition of STAT3 activation led to a reduced parasite load in infected macrophages. Thus,
the STAT3 pathway offers a rational target for adjunctive host-directed therapy to interrupt
the pathogenesis of VL.

Author Summary

Visceral leishmaniasis (VL) is a neglected parasitic disease that is caused by the intracellu-
lar protozoan Leishmania donovani. Patients with this disease suffer from muscle wasting,
enlargement of the spleen, reduced blood counts and ultimately will die without treat-
ment. Progressive disease is considered to be due to impaired cellular immunity, with T
cell or macrophage dysfunction, or both. We studied the Syrian hamster as an infection
model because it mimics the progressive nature of human disease. We examined global
changes in gene expression in the spleen and splenic macrophages during experimental
VL and identified a highly inflammatory spleen environment with abundant expression of
interferon and interferon-response genes that would be expected to control the infection.
However, the high level of IFN-y expression was ineffective in mediating a protective mac-
rophage response, restraining parasite replication and halting progression of disease. We
found that IFN-v itself stimulated parasite growth in splenic macrophages and induced
expression of counter-regulatory molecules, which may paradoxically make the host more
susceptible. These data give insights into the nature of the immune response that pro-
motes the infection, and identifies potential targets for therapeutic intervention.

Introduction

Visceral leishmaniasis (VL), caused by the intracellular protozoa Leishmania donovani and L.
infantum (syn L. chagasi), affects nearly a half-million people each year [1]. It occurs in tropical
and subtropical regions of the world and is commonly associated with poverty. Infection is ini-
tiated when parasites are deposited in the skin by the sand fly vector. In most infected people,
the infection is controlled by a type 1 cellular immune response and there are no signs of dis-
ease. However, some infected individuals develop a chronic progressive illness characterized
by fever, splenomegaly, cachexia, pancytopenia and a relentlessly increasing parasite burden in
the spleen, liver and bone marrow. Susceptibility is associated with decreased antigen-induced
IFN-y and IL-12 responses in peripheral blood mononuclear cells [2,3], CD8 T cell exhaustion
[4], reduced T cell-mediated macrophage activation and parasite killing [5], and increased IL-
10 production [6-8]. In contrast to the in vitro finding of decreased antigen-induced IFN-v,
there is a high level of plasma and splenic IFN-y production [6,9-11] and evidence of antigen-
induced IFN-y production in ex vivo whole blood assays [12] in patients with VL. The discon-
nect between what should be a protective IFN-y response and the relentless parasite replication
and disease progression in VL remains an enigma. In vitro models of L. donovani infection
identified several pathways of impaired macrophage function [13], but macrophage function
in vivo has not been investigated.

L. donovani infection of Syrian hamsters (Mesocricetus auratus) leads to disease that mimics
the clinicopathological features of active human VL [14]. We have studied this model to better
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understand the immunopathogenic mechanisms that lead to progressive VL. We demon-
strated that in the spleen of hamster with VL, like in human disease, there is strong expression
of IFN-y that inexplicably does not protect against the relentlessly increasing parasite burden
[15,16]. This suggested that splenic macrophages did not effectively respond to classic macro-
phage activating signals, or responded in a way that was not protective. Indeed, expression of
macrophage nitric oxide synthase (NOS2 or iNOS), the primary anti-leishmanial effector
mechanism in mice [17], was impaired in macrophages in hamster VL [16,18]. We found evi-
dence for several mechanisms that could account for this, including polarization of macro-
phages toward an M2-like phenotype with STAT6-dependent dominant arginase expression
[19,20], and simultaneous expression of the macrophage suppressive cytokines IL-4 and IL-10
[15,19,21].

To better understand the immunopathogenesis of this disease and macrophage function in
the infected tissue environment, we determined global gene expression in infected spleens and
splenic macrophages. We used RNA sequencing (RNA-Seq) with de novo transcriptome
assembly because the hamster genome has not been fully sequenced and/or annotated. Other
groups have used this approach to enable transcriptional profiling in non-model organisms
[22-26]. RNA-Seq permits cost-effective, simultaneous sequencing at unprecedented scale and
speed to quantitatively characterize gene transcription [27]. Analysis of the transcriptional
profile in the L. donovani infected hamster spleen revealed a strikingly proinflammatory envi-
ronment. There was a remarkable breadth and magnitude of upregulated transcripts related to
interferon signaling in the spleen. However, splenic macrophages isolated from hamsters with
VL showed fewer differentially expressed transcripts, expressed fewer IFN-response genes, and
had a transcriptional profile indicative of a mixed M1- and M2-like activation phenotype. In
fact, IFN-y paradoxically enhanced parasite growth and induced the counter-regulatory mole-
cules Argl, Ido1 and Irgl in splenic macrophages. This was mediated, at least in part, through
IFN-y-induced STATS3 activation and expression of IL-10, which suggests that splenic macro-
phages in VL are conditioned by the chronic inflammatory environment to respond to macro-
phage activation signals with an exuberant counter-regulatory response that contributes to the
progressive infection. The STAT3 pathway offers a rational target for adjunctive host-directed
therapy to interrupt the pathogenesis of VL.

Results and Discussion
de novo assembly of the hamster transcriptome

We evaluated global gene expression in spleen tissue and splenic macrophages in the Syrian
(Golden) hamster (Mesocricetus auratus) model of progressive VL. de novo assembly of a tran-
scriptome was necessary because sequences derived from Chinese Hamster Ovary cells (from
its near relative Crisetulus griseus) [28], and a draft genome of Mesocricetus auratus via genome
shotgun sequencing (https://www.ncbi.nlm.nih.gov/bioproject/77669), were incompletely
sequenced and/or annotated. To avoid using low quality and artificial sequences, we first per-
formed a quality control analysis of the raw RNA sequencing data. Phred score medians at all
bases were >30 (i.e., error rate < 0.001) and the majority of the reads had average phred score
>37 (S1A and S1B Fig). CG content per read was similar to the theoretical distribution (S1C
Fig) and per base N content at each position was <5% (S1D Fig). Control and infected samples
generated high quality sequencing reads with a low frequency of sequence artifacts and low
quality reads (less than 2%), which were filtered out. We further removed reads that mapped
to the Leishmania donovani genome (NCBI BioProject PRJEA61817) [29] and assembled a
high quality de novo transcriptome using Trinity software. Trinity has been proven effective in
generating high quality de novo transcriptomes with low base-error rates and acceptable
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Fig 1. Generation of a Syrian hamster de novo assembled transcriptome. (A) Summary of the RNA sequencing and
transcriptome assembly workflow. (B) E-value of BLAST results of transcripts generated by the Trinity and BRANCH software. (C)
Distribution of BLAST alignment scores generated by the Trinity and BRANCH software. (D) Lengths of transcripts generated by
BRANCH that passed or failed a BLAST E-value threshold of <1e-3. (E) Distribution of number of transcripts generated by the Trinity
and BRANCH software according to length of transcript. (F) Percent BLAST alignment of the assembled transcriptome with the
published NCBI Mesocricetus auratus genome, and conversely, the percent BLAST alignment of the NCBI genome with our de novo
assembled transcriptome.

doi:10.1371/journal.ppat.1006165.g001

accuracy of RNA-Seq reads from non-model organisms [23]. A summary of the workflow is
shown in Fig 1A. Trinity produced 187,847 transcripts ranging from 201 to 23,840 nucleotides
in length. To validate the assembled results, we compared each transcript against the CHO
RefSeq genome (GenBank Assembly ID GCF_000223135.1) by Basic Local Alignment Search
Tool (BLAST), which can be exploited to assign a gene ID by identifying homologues in close
species [30]. Using the hit with the lowest E-value and the largest alignment score, the largest
reported E-value was 1e-5 and 78% of the hits had an E-value equal to 0 (Fig 1B). The majority
of the hits returned alignment scores >400 (Fig 1C). These data indicated that the Syrian ham-
ster de novo assembled transcriptome was highly homologous to sequences in the CHO-K1
genome, but that it contained more transcript sequences than what is represented or annotated
in the CHO RefSeq genome.

We used the BRANCH software to expand the Trinity transcriptome into a more complete
transcriptome [22]. With BRANCH, 205,041 transcripts ranging from 201 to 23,840 nucleo-
tides in length were obtained. 64% (131,021) of the BRANCH transcripts had a BLAST E-value
<le-3 when compared to the rat and mouse genomes. The transcripts that passed the E-value
cutoff were typically longer and thus more informative than those that failed (Fig 1D). After
application of the <1e-3 cutoff to the assembled transcripts, BRANCH produced more
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transcripts compared to Trinity (Fig 1E). These data indicated that BRANCH improved the
Trinity assembly, so we pooled the BRANCH transcripts with an E-value <1e-3 to generate a
draft reference transcriptome. Using the alignment software Bowtie2 (v2.1.0), the alignment
of the RNA-Seq data to this draft transcriptome had a 92.76 + 0.68% alignment rate, which
was considerably higher than the 58.46 + 1.38% and 37.77 + 1.25% obtained when the
sequences were aligned to the incomplete NCBI Mesocricetus auratus genome (NCBI BioPro-
ject PRINA210213) and CHO RefSeq transcripts. Additionally, we compared our assembled
transcriptome with the NCBI Mesocricetus auratus genome and found >70% of NCBI tran-
scripts could be found in our de novo assembled transcriptome, while <30% of our assembled
transcripts were represented (or annotated) in the NCBI genome (Fig 1F). Collectively, these
data indicate that the de novo assembled and annotated transcriptome is to date the most com-
plete compilation of hamster transcripts available.

Spleen adherent cells have markers of macrophages

Consistent with our previous observations [31], we determined that during the course of
experimental VL, there is expansion of splenic macrophages (Fig 2A). We demonstrated

A. Cell population B. Morphology of adherent splenic cells
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Fig 2. Characterization of a highly enriched macrophage population from the hamster spleen. (A)
Percent of macrophages, neutrophils, eosinophils and lymphocytes determined by microscopy of
Hematoxylin and Eosin stained cytospin preparations of spleen cells from uninfected control (C) and 28-day L.
donovaniinfected (Inf) hamsters (n = 4 per group). *p<0.05 (B) Immunostaining of the enriched splenic
macrophage population for intracellular CD68. An isotype-matched antibody was used as a control, and cells
were counterstained with Mayer's hematoxylline. (C) Expression of specific cell lineage markers in the
enriched splenic macrophage population. Data are shown as the fold-enrichment of sequence counts in the
splenic macrophages relative to the total spleen tissue.

doi:10.1371/journal.ppat.1006165.g002
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previously that this population is parasite-permissive and disease-promoting [16,19,20].
Therefore, their transcriptional profile, in the context of the diseased spleen, was of consider-
able interest. Antibodies for purification of hamster macrophages are not available, so we used
adherence to isolate this population from whole spleen cells from control and infected ham-
sters. Heavily infected macrophages are less-adherent so may have been underrepresented in
the purified population. The purity of this population was demonstrated by their typical mac-
rophage morphology and intracellular expression of the macrophage marker CD68 (Fig 2B).
The enrichment of transcripts characteristic of the macrophage lineage, and the absolute or
relative absence of transcripts specific to other cell lineages (Fig 2C and S1 Table) confirmed
the purity of the isolated macrophages. Note that the transcription factor SPI1 (PU.1), which is
involved in the differentiation of macrophages, was also highly enriched in the splenic macro-
phage population. The enrichment of the fibroblast markers P4HB in the adherent spleen cells
is most likely the consequence of expression by inflammatory macrophages [32,33], but we
cannot exclude the possible contamination with a small number of fibroblasts. Collectively,
these data indicate that the adherent spleen cell population was highly enriched for splenic
macrophages.

Differential gene expression in L. donovaniinfected spleens and splenic
macrophages

The de novo assembled annotated transcriptome was used as a draft reference genome for dif-
ferential gene expression analysis. Multidimensional Scaling (Principal Component Analysis)
plots revealed that infected and uninfected samples were appropriately clustered in both spleen
and splenic macrophage samples. However, the first dimensional coordinate separated spleen
tissue but not splenic macrophage samples (S2A and S2B Fig), which suggests a greater effect
of Leishmania infection in the whole spleen samples than in the macrophage population. We
performed differential expression analysis, using two R BioConductor packages EdgeR and
DESeq2 [34-36], between uninfected controls and Leishmania infected whole spleen and puri-
fied splenic macrophages (both from 28-day infected hamsters). We chose this time point
because at this time in the course of infection there is dramatic increase in spleen size, parasite
burden and change of splenic macrophages to a more permissive phenotype [20,21,37]. We
considered a transcript to have significant differential expression when it was detected by each
of the 3 different approaches (see methods). At a False Discovery Rate (FDR) cutoff <0.01 we
identified 4,360 differentially expressed transcripts in the spleen samples, which included
2,340 (53.7%) up-regulated and 2,020 (46.3%) down-regulated genes (Fig 3A). At the FDR
<0.01 cutoff, splenic macrophages had substantially fewer differentially expressed transcripts
(n = 692), which included 449 (64.9%) that were up-regulated and 243 (35.1%) that were
down-regulated (Fig 3B). Some differentially expressed transcripts were common to both the
spleen and splenic macrophage samples (240 up-regulated and 64 down-regulated) (Fig 3A
and 3B), but less <10% of the differentially expressed transcripts in the spleen samples were
also differentially expressed in splenic macrophages. The number of differentially expressed
transcripts in the spleen tissue and splenic macrophages was decreased to 2778 and 363,
respectively, by tightening the FDR to < 0.001 (S2C Fig).

Molecular pathways are activated or repressed in the spleen and splenic
macrophages during VL
We identified the molecular pathways significantly altered during infection using the Ingenu-

ity Pathway Analysis (IPA) software package. The top 10 pathways identified as enriched in
the 28-day infected spleen and splenic macrophages are shown in Fig 4A and 4B, respectively.
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Fig 3. Identification of differentially expressed transcripts in spleen tissue and splenic macrophages in hamsters with VL. The number of
differentially expressed transcripts in spleen (A) and splenic macrophages (B) from hamsters with VL determined by exact tests (FET) and
generalized linear models with the likelihood ratio test (LRT) using the BioConductor R package EdgeR, and the Wald test in DESeq. A false
discovery rate (FDR) <0.01 was used as the cutoff. Only transcripts with at least 1 count per million in at least 3 out of 4 samples in the control or
experimental group were included in the analysis. A transcript was considered differentially expressed only when it was identified by all three
different approaches. The lower panels show volcano plots and heat maps of the differentially expressed transcripts (DETs).

doi:10.1371/journal.ppat.1006165.g003

A list of the top 50 canonical pathways for both samples can be found in S3A and S3B Fig. A
number of the top pathways (Hepatic fibrosis, pathogenesis of multiple sclerosis, atherosclero-
sis signaling, communication between innate, adaptive immune cells, and the glucocorticoid
receptor signaling pathways) identified in whole spleen tissue were also identified in splenic
macrophages, supporting the central importance of macrophages in the immunopathogenesis
of the splenic infection.

The splenic environment in experimental VL is highly proinflammatory

A common characteristic shared by several of the enriched pathways in the infected spleen
and splenic macrophages was the upregulation of inflammatory cytokines, chemokines and
their receptors. The significance of these molecules was also confirmed by Gene Set Enrich-
ment Analysis (GSEA), which revealed that at least 4 out of the top 10 gene sets enriched in
spleen and splenic macrophages, were associated with production, receptor activity and signal-
ing of cytokines and chemokines. The list of these gene clusters and their interaction networks
are shown in Figs 4C and S3C. Differentially expressed cytokines, chemokines, and their
receptors identified the broad inflammatory nature of the spleen during VL and suggested
involvement of multiple leukocyte populations (Fig 5; S2 Table). In the spleen, transcription
factors that drive inflammation, including those involved in interferon and cytokine responses
(STAT1, STAT2, STAT3, IRF1, IRF7, XBP1, LITAF) and MHC expression (XBP1, NLRC5),
were both transcriptionally upregulated and predicted to be activated during infection (S3
Table). Additionally, transcription factors involved in regulation of the inflammatory
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7/34



@’PLOS | PATHOGENS

Splenic Inflammatory Response in Visceral Leishmaniasis

A. Top 10 CPs in spleen tissue -log(p-value) B. Top 10 CPs in splenic M® -log(p-value)
012345678910 0123456728910
Hepatic Fibrosis / Hepatic
SteFI)Iate Cell Activatior? ———— I Glucocorticoid Receptor Signaling o ———_a————
Axonal Guidance Signaling D_ Pathogenesis of Multiple Sclerosis
) ) . Role of Pattern Recognition Receptors
Pathogenesis of Multiple Sclerosis M= —————————— in Recognition of Bacteria and Viruses ——
Hepatic Cholestasis
IL-8 Signaling a P -
. . —
Role of Hypercytokinemia /
Atherosclerosis Signalin e ——— hyperchemokinemia in the [—
B g — Pathogenesis of Influenza -
Molecular Mechanisms of Cancer S a——— Hepatic Fibrosis / Hepatic Stellate
Cell Activation ]
Breast Cancer Regulation by S O S S Communication between Innate e ——
Stathmin1 8] and Adaptive Immune Cells =
Mitotic Roles of Polo-Like Kinase Granulocyte Adhesion and Diapedesis ————
Cell Cycle Control of Y _ . [
Chromosomal Replication = Dendritic Cell Maturation =
Communication between Innate  m———— IL-3 Signaling M Spleen Tissue
and Adaptive Immune Cells ] — 0O Splenic M®
C. Selected GSEA GO analysis results
T~
) I Top 10 Gene Sets NOM  FDR Top 10 Gene Sets NOM FDR
Iy '« . \ in Spleen Tissue NES p-val g-val in Splenic M® NES p-val q-val
collagen& / Y \ Mitosis 251 0.000 0.000 Regulation of cytokine production 2.03 0.000 0.064
extracellulary / \ M oh £ mitoti T
matrix . \l phase ormitolic 5, 43 5500 0.000 Hematopoietin/interferon-class
cell cycle (D200-domain) cytokine receptor 1.90 0.000 0.064
) Chemokine activity
receptor binding 238  0.000 0000 Chemokine receptor binding 1.91 0.002 0.071
Inflammationar G protein coupled
response /y — receptor binding 2.36 0.000 0.000 Immune .response . 1.84 0.000 0.078
7’ . Mitoi Il ovel 234 0000 0.000 Interleukin receptor activity 1.87 0.002 0.080
M':h::: o 553 0000 0000 Extrinsic to membrane 185 0000 0.084
. . . Ch ki tivit, 191 0.000 0.094
Chemokine activity 2.33 0.000 0.000 e ey
. - G protein coupled receptor
N/ 'cytokines a Cytokine activity 2.30 0.000 0.000 binding 1.95 0.000 0.094
. ~\/ 7 chemokines Cell cycle process  2.26  0.000 0.000 Cellular defense response 1.78 0.003 0.110
So _,/ 4 Cell cycle phase 225 0.000 0.000 Exocytosis 179 0.010 0.122

Fig 4. Functional characterization of differentially expressed transcripts in the spleen and splenic macrophages from
hamsters with VL. (A) Top 10 canonical pathways (CPs) in the spleen (blue bars) compared to splenic macrophages (gray bars). The
pathways were generated by loading all transcripts into IPA. (B) Top 10 canonical pathways (CPs) in splenic macrophages (gray bars)
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Discovery Rate (FDR) are shown for each gene set in the table. A network representation of the inflammatory response, cytokines and
chemokines, and collagen and extracellular matrix gene sets is shown.

doi:10.1371/journal.ppat.1006165.g004

response, including the NF-kB complex (RELA, RELB), TBX21, NFATC2 (T cell activation),
STAT4, IRF3/5, IF116, HMGBI1, BCL10 (NF-kB activator), CBP/P300, and DDIT3 (caspase
activation, cytokine expression), were predicted to be activated in the infected spleen tissue

despite some not being differentially expressed (S3 Table). The predicted activation of lipo-
polysaccharide-induced TNF factor (LTIF) [38] and increased expression of TLR4 in the
splenic macrophages suggested that circulating LPS may might be a contributor to the proin-
flammatory nature of the spleen in VL. Elevated circulating endotoxin levels resulting from
increased intestinal permeability and bacterial translocation were observed during human VL
[39]. In hamsters with VL we found serum endotoxin levels to be highly variable without a sig-
nificant increase in mean levels in infected vs. uninfected hamsters (15.9 vs. 8.4, p = 0.13; 54
Fig). However, the proportion of infected hamsters with a high circulating endotoxin level
(>30 EU/mL) was significantly greater in the infected compared to uninfected animals (40%
vs. 5%; p = 0.027 by Fisher Exact Test).

Fewer cytokine and chemokine mRNAs were differentially expressed in splenic macro-
phages compared to whole spleen tissue, but all of the differentially expressed cytokine/
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Fig 5. Differential expression of cytokine and chemokine transcripts in spleens and splenic
macrophages of hamsters with VL. Heat maps showing the differential expression of selected transcripts in
spleen tissue (A) and splenic macrophages (B) in uninfected (left side) and 28-day L. donovaniinfected (right
side) hamsters (n = 4 per group). Transcripts down-regulated during infection are shown in green and
upregulated transcripts are in red. The source or general function of the cytokine or chemokine is annotated to
the left.

doi:10.1371/journal.ppat.1006165.9005
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chemokine transcripts in splenic macrophages were upregulated. Notably, proinflammatory
macrophage-activating cytokines (IFN-y, IL-1B) were upregulated, as were receptors that
would be responsive to inflammatory signals (e.g. toll-like receptor-4 [TLR4], IL-15Raq,
CSF2RB/IL-5RB [common subunit of the IL-3, IL-5, and GM-CSF receptors] and IL-21R) (Fig
5B; S2 Table). These findings distinctly contrast with data from in vitro infected mouse [40,41]
and human [42] macrophages, which indicated that Leishmania infection had a broadly silent
or suppressive rather than activating effect on macrophage inflammatory gene expression.
Thus, our data suggest that the inflammatory signals generated in the infected spleen environ-
ment, which would be absent from in vitro infected macrophages, have considerable influence
on the activation status of splenic macrophages.

Diverse expression of myeloid cell chemokines in the spleen

The expansion of myeloid cells in the spleen in VL may result from recruitment from the bone
marrow, extramedullary hematopoiesis from in situ precursors [43], and/or local proliferation
of resident macrophages. Chemokines that act to recruit monocytes/macrophages (CCL2,
CCL3, CCL4, CCL5, CCL6 and CCL7) were highly expressed in the spleen during VL. The
chemokine receptors CCR1, CCR2, and CCR5 were also increased on splenic macrophages
(Fig 5; S2 Table). Spleens from mice infected with Leishmania chagasi had sustained expression
of CCL2, which was associated with the influx of macrophages that enhanced the infection
[44]. Transcription factors that regulate myelopoiesis (Egr2, SPI1, IRF8 and AP1) [45,46] were
enriched or predicted to be activated in the splenic macrophage population (S1 and S3 Tables).
Thus, local generation may also contribute to the accumulation of myeloid cells in the spleen.
We have found that splenic macrophages are highly proliferative during active VL (Osorio,
Melby, manuscript in preparation). Expression of neutrophil (CXCL2, CXCL3, CXCLS5, and
CCL3) and eosinophil (CCL11 and its receptor CCR3) chemoattractants was also increased
significantly in the infected spleen, but we found no increase in these cells by morphological
analysis of splenocytes (Fig 2A). Better markers for hamster neutrophils are needed to exclude
their accumulation in the spleen. It is also possible that the neutropenia commonly found in
VL limits their accumulation in the spleen.

Splenic macrophages in experimental VL demonstrate a mixed
polarization/activation phenotype

Macrophages exhibit considerable plasticity in their activation state, which depends on cues
received from the local environment [47,48]. The macrophage activation phenotype, and the
signals that drive it, is critically important in VL because macrophages have the dual role of
mediating intracellular parasite killing and controlling tissue damage and repair [49]. At the
extremes of the polarization spectrum, M1 macrophages are important for the clearance of
intracellular pathogens including Leishmania [50], while M2 macrophages are protective
against helminths and have anti-inflammatory and tissue repair functions [49,51]. However,
accumulating evidence indicates that in tissue inflammation and infection [52,53], the polari-
zation of macrophages does not always fit neatly within the dichotomous M1-M2 classification
system [48]. We evaluated the expression of genes known to be associated with macrophage
activation/polarization (see S4 Table for a full list of references). Splenic macrophages from
hamsters with VL had a significantly increased expression of genes characteristic of both M1
(CXCL9, CXCL11, IL1B, IL6, FCGRI1A, IDO, IRG1, IFNy, STAT1, CCL3, CCL5) (Fig 6, S4
Table) and M2 (Fig 7, S4 Table) polarization. The M1-associated genes showed a more consis-
tent pattern of upregulation in the infected vs. uninfected groups compared to the M2-associ-
ated genes, perhaps suggesting a bias toward the M1 phenotype (compare Figs 6 and 7). Some
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Fig 6. Expression of M1-associated transcripts in spleen and splenic macrophages in VL. Heat maps showing
the differential expression of selected M1-associated transcripts in spleen tissue (A) and splenic macrophages (B) in
uninfected (left side) and 28-day L. donovaniinfected (right side) hamsters (n = 4 per group). Transcripts down-
regulated during infection are shown in green and upregulated transcripts are in red. The expression of selected
M1-associated transcripts were confirmed by real-time RT-PCR in spleen tissue (C) and splenic macrophages (D)
from hamsters with VL (n = 6—8 per group). Data are shown as the mean and SEM of the fold-change relative to the

uninfected group. *p<0.05; **p<0.01; ***p<0.001.

doi:10.1371/journal.ppat.1006165.9006

M1 -associated transcripts (OASL, IRF1, IRF7) were upregulated in the spleen tissue but not
splenic macrophages, suggesting that other cell populations, possibly fibroblasts [37], may have
an immunoregulatory role. Other M1-associated markers (NOS2, CXCL13, IFNGR, CD86,
CCR7, CD80, CD68, IL7R, HRH1, BCL2A1, SPHK1, PFKFB3, PSMA2, ATF3) were not upre-
gulated in either spleen tissue or splenic macrophages (data accessible in NCBI’s Gene Expres-
sion Omnibus [54] through GEO Series accession number GSE91187; http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE91187). The upregulation of IL-1B, IFN-y and IL-6 in
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Fig 7. Expression of M2-associated transcripts in spleen and splenic macrophages in VL. Heat maps showing
the differential expression of selected M2-associated transcripts in spleen tissue (A) and splenic macrophages (B) in
uninfected (left side) and 28-day L. donovaniinfected (right side) hamsters (n = 4 per group). Transcripts down-
regulated during infection are shown in green and upregulated transcripts are in red. The expression of selected
M2-associated transcripts was confirmed by real-time PCR in spleen tissue (C) and splenic macrophages (D) from
hamsters with VL (n = 6-8 per group). Data are shown as the mean and SEM of the fold-change relative to the
uninfected group. *p<0.05; **p<0.01; ***p<0.001.

doi:10.1371/journal.ppat.1006165.9g007

splenic macrophages (Fig 6; S2 Table) suggests an additional inflammatory effect on the mac-
rophages through paracrine or autocrine activation.

The M2 program of macrophage polarization was classically described as driven by IL-4- or
IL-13-induced STATS6 activation [55]. However, there is a spectrum of macrophage phenotypes
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induced by anti-inflammatory signals such as IL-10, TGF-B, glucocorticoids, and immune
complexes [48,52], which overlap with the IL-4/IL-13-polarized phenotype. In hamsters with
VL, the splenic macrophages showed significantly increased expression of some M2-associated
transcripts, including Argl, IL-10, SOCS2, CCL17, Chi3L1 (Fig 7, S4 Table). We demonstrated
previously that parasite-induced arginase-1 expression in macrophages in VL was dependent
on STAT6 activation and amplified by IL-4 and growth factor receptor signaling [19,20].
Increased expression of IL-10 and IL-10R in splenic macrophages (Fig 5; S2 Table) also con-
tributed to arginase expression [20]. IL-10 is also likely to dampen the effects of the proinflam-
matory cytokines and promote infection through suppression of T cell or macrophage effector
function [56,57]. In contrast, other transcripts considered to be markers for M2 macrophages
(F13A1, CCL11, FN1, CCL2, CCL22, PPARYy) were not upregulated in splenic macrophages
(5S4 Table). The M2-associated marker MSR1 (Fig 7, S4 Table) was down-regulated. Further-
more, splenic macrophages did not display upregulation of angiogenic factors (VEGFA,
EPHBI1/4, DLL4, LYVE1, ANGPT1, NRP1), which are characteristic of M2 activation. CCL2,
which was highly upregulated in the spleen in VL, was demonstrated to drive the accumulation
of tumor-associated macrophages and together with IL-6 (also found to be upregulated in
splenic macrophages) promoted polarization and survival of M2-like macrophages [58].

To determine if the coexistent expression of M1- and M2-associated transcripts occurred
within the same macrophages or within a mixed population of macrophages, we detected
M1-associated (Ido1 and Cxcl9) and M2-associated (Argl) mRNA transcripts in CD68"
splenic macrophages by in situ amplification and fluorescence hybridization [59]. We found
that the spleen of hamsters with VL contained macrophages that were single-positive for either
the M1 or M2 marker, and double-positive for both (Fig 8). Thus, splenic macrophages in VL
have a diverse phenotype with evidence of M1, M2 and mixed polarization. Co-expression of
M1 and M2 associated genes has also been shown in peritoneal macrophages elicited with Tox-
oplama gondii [52], adipose tissue macrophages [60], GM-CSF knockout mice [61] and mono-
cytes infected with human cytomegalovirus [53]. A mixed phenotype of macrophages could
also be present during the transition from acute to chronic stages of infection [62].

Regulators of splenic macrophage polarization in VL

To better define the regulation of the splenic macrophage transcriptional response we exam-
ined differential expression of mRNAs of M1/M2-relevant specific transcription factors. We
also loaded the set of differentially expressed genes into IPA software to predict the transcrip-
tion factors likely to be activated. mRNAs for transcription factors associated with M1 (IRF1,
IRF7, STAT1, STAT5A/B) and M2 (IRF4, CEBPB, STAT3) were upregulated, and except for
CEBPB, were predicted to be activated (S3 Table). The M2-associated transcription factor
KLF4 was downregulated and predicted to be inhibited in the spleen (S3 Table). In splenic
macrophages, STAT1 mRNA was significantly upregulated and this transcription factor was
predicted to be activated, while other M1- (RELA, IRF3, IRF7, JUNB/API1, NFE2L2/NRF2,
IFI16) and M2-associated transcription factors (CEBPa,f; NFKB1/P50) were predicted to be
activated (based on downstream gene targets) without increase in their mRNA expression (S3
Table). Overlapping network analysis suggests IRF7 as a primary regulator of M1-associated
gene expression, and STAT1, IRF1 and STAT3 as dual regulators of both M1 and M2 gene
expression in VL (Fig 9). IRF7 was shown previously to mediate acquired resistance in the
liver of L. donovani infected mice via expression of IFN-y and iNOS [63]. STAT6, which we
showed was activated (phosphorylated) in the spleen in VL and was critically important for
splenic argl expression [20,37], was neither upregulated at the transcript level or predicted to
be activated. This suggests that the effect of STAT6 activation is limited to a relatively small set
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Fig 8. Single-cell expression of Cxcl9, Arg1, and Ido1 RNAs in splenic macrophages from uninfected and L. donovaniinfected
hamsters. The single-cell expression of M1-associated (Ido1 and Cxcl9) and M2-associated (Arg1) mRNA transcripts and CD68 in
splenic macrophages from uninfected (row A) and L. donovaniinfected hamsters (rows B, C, and D) was determined by in situ
amplification and fluorescence hybridization. To determine co-expression, cells were hybridized with fluorescent probes specific to
CD68, CXCL9, and Arginase 1 (upper panel) or CD68, IDO1, and Arginase 1 (lower panel) and imaged using confocal microscopy.
Nuclei were detected by DAPI staining and cellular morphology by Differential interference contrast (DIC) microscopy. In some cases,
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parasite nuclei could be seen adjacent to macrophage nuclei (indicated by white arrowheads in the DAPI stained cells). The percent of
single-positive and double-positive cells was calculated by counting 100 CD68-positive cells. Uninfected cells (row A) were negative for
CXCL9, IDO1, and Arginase 1.

doi:10.1371/journal.ppat.1006165.9g008

of genes that do not reach the threshold for detection of pathway activation in the context of
global gene expression. Consistent with our previous finding [20], activation of STAT3 was
predicted. Its activation may be driven by IL-21, IL-6 and/or IL-10, which were upregulated in
the spleen and splenic macrophages. STAT3 may coordinately regulate with STAT6 the
expression of M2-associated genes, including ARG1 [20]. STATS3 also has a key role in the
expansion and suppressive activity of myeloid derived suppressor cells (see further discussion
below) [64]. IRF4, a transcription factor that contributes to M2 polarization [65], showed
upregulated mRNA but was not predicted to be activated.

Interferons and interferon-response signature in VL

Consistent with previous studies in this experimental model [15,16,20,21] and human VL
[6,9-11], we found IFN-y was highly upregulated in the spleens of infected hamsters (>50-fold
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Fig 9. Predicted transcription factor regulation of M1- and M2-associated gene expression in splenic macrophages
from hamsters with VL. The set of differentially expressed genes in splenic macrophages was loaded into IPA software to
predict the transcription factors likely to be activated. Shown is the overlapping network analysis of these transcription factors
and the differentially expressed transcripts.

doi:10.1371/journal.ppat.1006165.g009
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Fig 10. IFN-y signaling leads to altered gene expression and increased parasite load in infected splenic
macrophages. Differentially expressed transcripts from spleen tissue (A) and splenic macrophages (B) were
loaded into IPA and the canonical IFN-y signaling pathway generated. Transcripts upregulated in infection are
shaded in red. (C) Expression of Cxcl9 and Cxcl10 in bone marrow derived macrophages (BMDMs) that were
uninfected (Un) or infected in vitro with L. donovani (Ld), and left unstimulated (C) or stimulated with IFN-a, IFN-y, or
a combination of both (IFNa/y) for 24 hrs. Data are shown as the mean and SEM of the fold-change relative to the
uninfected, unstimulated group. (D) Parasite burden in bone marrow derived macrophages infected in vitro with L.
donovani and left unstimulated (Con) or stimulated by IFN-a, IFN-y, or a combination of both (IFNa/y) for 24 hrs. (E)
Relative parasite burden in splenic macrophages isolated from hamsters at 7, 14, 21, and 42 days after L. donovani
infection, cultured and stimulated ex vivo for 24 hrs with hamster IFNy (+) or mock supernatant (-). Parasite load was
determined by expression of Leishmania 18S gene and fold-increase calculated against uninfected cells. (F)
Expression of Arg1, Ido1, and Irg1 in uninfected (Un) and infected (Ld) BMDMs treated for 24 hrs with recombinant
mouse IFN-a, recombinant hamster IFN-y, or a combination of both (IFNa/y). (G) Expression of Arg1 in uninfected
BMDMs treated for 24 hrs with recombinant hamster IL-4, IFN-y, or a combination of both (IL4-IFNy). *p<0.05;

*%p<0.01; ***p<0.001.
doi:10.1371/journal.ppat.1006165.9g010

increase). We also found significantly increased splenic expression of >100 known IFN-
responsive genes (Figs 10A and S5, S5 Table). These included members of the IFI gene family,
interferon-stimulated genes (ISG), guanylate binding proteins, interferon response factors,
and antiviral effectors. The repertoire of interferon response genes (compared to a manually
curated reference set) was significantly more extensive in the spleen tissue compared to splenic
macrophages (99/148 [67%)] vs. 52/148 [35%]; p = 0.0001 by Fisher Exact Test; S5 Table). Inge-
nuity Pathway Analysis confirmed that there were fewer IFN-response genes upregulated in
splenic macrophages relative to the whole spleen (Fig 10A and 10B). Collectively, these data
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suggest impaired or altered responsiveness of splenic macrophages to interferons in VL rela-
tive to other spleen cell populations. Although the production of IFN-y is considered to be
restricted to T cells and NK cells, we also found increased IFN-y expression in splenic macro-
phages from hamsters with VL (11-fold increase) (Fig 6, S4A Table). Other studies demon-
strated that murine macrophages expressed IFN-y in response to LPS, IFNy, M. tuberculosis,
and Streptococcus pyogenes [66-69].

In the environment of the chronically infected spleen, the high level of IFN-y expression is
ineffective in mediating exclusive M1 macrophage polarization, suppressing M2-associated
gene expression, and restraining parasite replication and progressive disease. The generation
of nitric oxide via macrophage inducible nitric oxide synthase (NOS2) is a key anti-leishmanial
effector mechanism in mice [17]. Consistent with our previous observations [16,18], NOS2
was notably absent from the upregulated M1-associated repertoire of genes. NOS2 is a target
of IFN-v via the action of STAT1 and IRF1. These transcription factors were predicted to be
activated, so the absence of NOS2 expression suggests its suppression by other regulatory
mechanisms. Specific sequences in the hamster NOS2 promoter that render it less responsive
to IFN-y-mediated transactivation (also found in the human NOS2 promoter) [18] may con-
tribute to this. There is also a large body of evidence that supports NOS2 suppression by anti-
inflammatory cytokines such as IL-10 (see below).

Evidence for a role of type 1 interferons in Leishmania infection is ambiguous. Early type 1
IFN production is protective in murine L. major infection, probably via promoting or shaping
the adaptive Th1 response [70,71]. However, IFN- impaired parasite killing in human macro-
phages [72]. Furthermore, sustained pathogen-induced type 1 interferon signaling can pro-
mote infection with intracellular bacteria [73-76]. Since many of the upregulated IFN-
response genes in VL are induced by type 1 interferons (either uniquely or in common with
IFN-y), we reasoned that the apparent unresponsiveness of infected macrophages to IFN-y
could be due to antagonistic crosstalk with type 1 IFN signaling (reviewed in [77]). Pathway
analysis revealed evidence of activation of the type 1 interferon signaling pathway with upregu-
lation of numerous type 1 IFN-responsive genes in the spleen (Figs 10A and S5; S5 Table). Sur-
prisingly, we did not find increased expression of type 1 or type 3 interferon transcripts in the
spleen of infected animals in the RNA-Seq dataset (data accessible in NCBI’s Gene Expression
Omnibus [54] through GEO Series accession number GSE91187; http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE91187). Since there is considerable heterogeneity in type 1 and
type 3 interferons among different animal species, it is possible that some hamster IFN
sequences were missed because they did not have sufficient homology to mouse, rat, or human
sequences to meet the threshold of identification by BLAST. Alternatively, activation of the
type 1 IFN pathway independent of type 1 IFNs, such as may occur via TLR-mediated activa-
tion of IRF3 or IRF7 [78,79] (which were predicted to be activated), may contribute to the
broad type 1 IFN-response signature.

To evaluate the functional significance of IFN signaling we exposed hamster macrophages
to IFN-a, IFN-y or both. We found that both were effective in inducing the classic IFN-
response genes, CXCL9 and CXCL10 (Fig 10C). Pre-exposure to IFN-o did not blunt the IFN-
v-induced transcriptional response but amplified the expression of IFN-response genes (Fig
10C). This indicates there was no IFN-o-induced inhibitory crosstalk. Pre-exposure of bone
marrow derived macrophages to IFN-q, like IFN-y [16], did not lead to parasite killing (Fig
10D). Strikingly, however, splenic macrophages isolated from hamsters with VL showed a dra-
matic increase in parasite burden when exposed to IFN-y (Fig 10E). This pathological effect
increased over the course of the infection. Collectively, these data indicate that type 1 interfer-
ons have neither a direct pathologic or protective role, but IFN-y has a paradoxical disease
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promoting effect on macrophages conditioned by the inflammatory environment of the spleen
or the high intracellular parasite load in VL.

We found evidence that IFN-y induces immunomodulatory proteins that are likely to ren-
der the macrophage more permissive to parasite replication. Our previous work demonstrated
a pathological role for macrophage Argl in VL [19,20]. Argl is a prototypic IL-4-induced M2
marker in most models (as discussed above). The pathological expression of Argl in L. major
infection in mice is driven by a dominant Th2 response [80-82]. In contrast, our data indicate
that expression of Argl is not part of a conventional Th2-driven M2 macrophage phenotype,
but occurs within the highly proinflammatory, IFN-dominated environment of the spleen. We
show here for the first time that both IFN-o and IFN-y are potent inducers of Argl in unin-
fected and infected macrophages (Fig 10F). Furthermore, IL-4 and IFN-y, both of which are
expressed in the spleen in VL, were synergistic in their induction of Argl expression (Fig
10G). Since Argl expression impairs macrophage and T cell effector function (the latter
through depletion of L-arginine), this may be part of the mechanism through which IFN-y is
paradoxically disease-promoting.

The IEN-y-inducible gene indoleamine 2,3-deoxygenase (IDO-1), which mediates the cata-
lytic degradation of L-tryptophan [83], was highly upregulated in the whole spleen (369-fold)
and splenic macrophages (40-fold) of hamsters with VL (Fig 6, S4A Table). IDO-1 was induced
in macrophages by IFN-y and/or IFN-a, and this was amplified by infection with L. donovani
(Fig 10F). Previous studies demonstrated that Ido1 can suppress adaptive immunity through
generation of T cell tolerance [83], suppression of the T cell stimulatory capacity of dendritic
cells [84], generation of regulatory T cells [85], and polarization of macrophages into an
M2-like phenotype [86]. Ido1 has been proposed as a biomarker of active VL in humans [87]
and a pathological determinant in experimental L. major infection [84,88]. Its role in the path-
ogenesis of VL remains to be determined.

Another IFN-y-induced transcript, immunoresponsive gene 1 (Irgl) [89] was significantly
up regulated in the infected spleen (365-fold) and splenic macrophages (7.8-fold) compared to
uninfected controls (Fig 6, S4 Table). Irgl expression was increased in macrophages following
IFN-y and/or IFN-o exposure, and this was amplified by infection (Fig 10F). Recently, IRG1
was found to suppress macrophage activation via expression of the negative regulator A20
[90]. Thus, the high level of IFN-y expression in VL may be paradoxically counterproductive
by promoting the development of macrophage and/or T cell phenotypes that favor parasite
growth and survival. This possibility needs further research.

Splenic expression of cytokine inhibitors of macrophage effector function
in VL

Concomitant with the IFN-y expression, several anti-inflammatory cytokines that favor para-
site growth and survival were expressed in the spleen and/or splenic macrophages. IL-10 and
IL-10R were upregulated in splenic macrophages. IL-10 has emerged as a key cytokine that
drives VL pathogenesis [6,12] through suppression of effector T cell responses and possibly
macrophage function. The binding of immune complexes (known to be abundant in active VL
[91]) to Fc-gamma receptors (upregulated in splenic macrophages) can also polarize macro-
phages to a regulatory IL-10-producing phenotype [92,93]. The pleiotropic cytokines IL-21
and IL-27 can induce the production of IL-10 through the activation of STAT3 [94,95]. Co-
expression of splenic IL-21, IL-27 and IL-10, and IL-21-mediated induction of IL-10, was
shown in patients with VL [96]. In our model, 1127 mRNA (IL-27p38 subunit) was upregulated
2.7-fold (FDR = 0.045) in the spleen in VL. However, the other subunit of the heterodimer,
Eib3, was downregulated (2.0-fold in the spleen and 2.7-fold in splenic macrophages;
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FDR<0.001 for both). IL-21 and its receptor were upregulated in the spleen, and IL-21R was
upregulated in splenic macrophages. Besides its induction of IL-10, IL-21 receptor signaling
may also promote infection via M2 polarization of macrophages [97], development of Th2
responses [98], and suppression of dendritic cell activation and maturation [99]. It could also
have a role in expansion of splenic hematopoietic progenitor cells [100] and B cells, both of
which are associated with an increase in parasite burden [101]. Splenic B cells in turn may
promote infection by production of IL-10 and suppression of protective Th1 cell responses
[102-104].

Inflammatory cues in a number of infections and cancers lead to accumulation of a hetero-
geneous population of immature myeloid-derived suppressor cells (MDSC) that have pro-
found anti-inflammatory and immunosuppressive effects [105]. These cells accumulate in the
blood, bone marrow, and secondary lymphoid organs and may arise within either the granulo-
cytic or monocytic MDSC lineages [106]. MDSCs are induced by pro-inflammatory cytokines
(TNF, IL-6, IL-1), such as we found in the inflammatory environment of the spleen in VL.
MDSCs promote immune suppression primarily by dampening T cell responses [105,107], but
may also provide a permissive environment for replication of intracellular pathogens. Argl
and Ido1, which were highly upregulated in splenic macrophages in VL, are common media-
tors of the immunosuppression conferred by MDSC [105,108]. The high expression of CCL8
in the spleen in VL may also contribute to the expansion of immature myeloid cells having a
regulatory phenotype [109]. While tools to detect surface markers for MDSCs in hamsters are
not available, our data suggests that splenic MDSCs may have a role in disease progression in
VL.

The parasite-promoting effect of IFN-y is mediated through STAT3
activation

We hypothesized that IFN-y may increase parasite load in splenic macrophages through the
STAT3 pathway, which was predicted by IPA analysis of the RNA-seq dataset to be activated
during VL (S3 Table; Fig 9). STAT3 phosphorylation was significantly increased in splenic
macrophages from hamsters with VL as early as 7 days post-infection and was sustained
throughout the course of infection (Fig 11A). This preceded the activation of STAT1, which
was increased at day 14 and 28 post-infection. We used a chemical inhibitor to block STAT3
phosphorylation in infected splenic macrophages exposed to IFN-y (Fig 11B). Inhibition of
STATS3 activation abrogated the IFN-y-induced increase in parasite load and ARG1 expression
in in vitro infected bone marrow macrophages (Fig 11C) and ex vivo cultured splenic macro-
phages from hamsters with VL (Fig 11D). We reasoned that IFN-y could mediate the disease
promoting effect through direct STAT3 activation, as has been demonstrated [110,111], or
through an indirect pathway involving STAT3-activating counter-regulatory cytokines, such
as IL-10. Using a STATS3 reporter assay, we found that exposure to L. donovani and IFN-y
induced STAT3 activation as early as 4 hrs after exposure (Fig 11E). This early effect would
not be dependent on de novo synthesis of a secondary protein mediator, and was not affected
by IL-10 neutralization (Fig 11E). However, at 48 hrs after exposure the increased IFN-y-
induced STATS3 activation was reduced by neutralization of IL-10 (Fig 11E), suggesting an
indirect effect that required synthesis of this cytokine. Lastly, we found that IFN-y induced a
STAT3-dependent IL-10 response in in vitro infected bone marrow-derived macrophages (Fig
11F) and ex vivo stimulated splenic macrophages from hamsters with VL (Fig 11G). Collec-
tively, these data indicate that IFN-y promotes disease in experimental VL in part through
direct and indirect (via IL-10) activation of STAT3, which then acts on downstream genes (e.g.
Argl) that confer a permissive macrophage phenotype. The blockade of this process with
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Fig 11. IFN-y-mediated counter-regulatory response and increased parasite load in macrophages is dependent on STAT3 activation. (A)
Representative immunoblots showing phosphorylation of STAT1 and STAT3 in splenic macrophages from uninfected (day 0) and L. donovani
infected (day 7, 14 and 28) hamsters. The relative band intensities are graphed from data from 3 experiments with samples pooled from 4 hamsters
per time point. (B) Representative immunoblot of phospho-STAT3 (p-STAT3) expression in infected splenic macrophages after 20 min of IFN-y
exposure with and without treatment with 100 uM STATS3 inhibitor (STAT-3i) before IFN-y stimulation. The relative intensities of the p-STAT3 bands
are graphed, representative of 3 experiments. (C) Relative parasite burden (left panel) and arginase-1 (Arg-1) expression (right panel) in hamster
BMDM infected in vitro with L. donovani and treated or not for 24 hrs with IFN-y, with or without pre-treatment with the STAT3 inhibitor (STAT-3i). Fold
change compared to mock treated macrophages. (D) Relative parasite burden (left panel) and arginase-1 (Arg-1) expression (right panel) in splenic
macrophages from L. donovaniinfected hamsters (21 days p.i.), cultured and stimulated ex vivo for 24h with or without IFN-y, with or without pre-
treatment with the STAT3 inhibitor (STATS3i). Fold change compared to mock treated macrophages. (E) STAT3 Luciferase reporter assay in BHK
cells transduced with STAT3 lentiviral reporter (Cignal Lenti, Qiagen) exposed or not for 4h or 48h to L. donovani with or without IFN-y, with or without
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or pre-treatment with 2 pg/mL of anti-mouse/rat IL-10 neutralizing antibody (AF519, R&D). (F) Interleukin-10 (IL-10) mRNA expression in hamster
BMDM uninfected or infected in vitro with L. donovani and stimulated or not for 24 hours with IFN-y, with or without pre-treatment with the STAT3i.
Fold change compared to mock treated macrophages. (G) Interleukin-10 (IL-10) expression in splenic macrophages from hamsters isolated 7, 14, or
21 days after infection with L. donovani, and cultured and stimulated ex vivo with IFN-y for 24h, with or without pre-treatment with the STAT3 inhibitor
(STATSi). Fold change compared to mock treated macrophages. *p<0.05, **p<0.01, ***p<0.001.

doi:10.1371/journal.ppat.1006165.9011

STATS3 inhibitors, which are being extensively studies as non-cytotoxic chemotherapeutics for
some cancers [112], identifies STAT3 as a candidate target for adjunctive host-directed therapy
in VL.

IFN-y is well-established as having a critical role in protection against Leishmania infection
so our contrary finding of an infection-promoting effect deserves some contextual discussion.
A number of previous studies in experimental models demonstrated that IFN-v is required,
but not sufficient, to protect against Leishmania infection [113]. The reason that the high
endogenous IFN-y production in the spleen is not protective in human VL has been an
enigma. A clinical benefit of exogenous IFN-v as adjunctive therapy was shown when it was
combined with antileishmanial chemotherapy (pentavalent antimony) [114,115]. Since the
anti-leishmanial activity of pentavalent antimony is mediated in part through modulating
macrophage signaling [116], this drug may make the cells more responsive to IFN-y-induced
activation. Use of IFN-y as monotherapy in VL was beneficial in some but not all patients
[117], and the variable response was one of the reasons that IFN-y was abandoned as a thera-
peutic agent for VL. Ex vivo cultures of splenic aspirates from patients with VL [118] showed
that endogenous splenic IFN-y was protective in most, but not all, subjects. In some subjects,
the parasite burden decreased with IFN-y neutralization, suggesting that It might play a patho-
logical role. Collectively, these data suggest that a subset of patients fail to benefit from endoge-
nous splenic IFN-y expression and some are refractory to the effects of exogenous IFN-y. Our
data suggest a possible explanation for this enigma: that in some patients with VL, IFN-v is
part of a broad splenic proinflammatory response that drives an exuberant STAT3-dependent
counter-regulatory response that promotes disease. Further investigation is needed to deter-
mine if this is the case.

Conclusions

Genome-wide expression analysis revealed evidence of a broad inflammatory signature that
included an extensive array of upregulated interferon response genes in the spleen during pro-
gressive VL. This type of gene expression would be expected to drive macrophages toward a
M1 phenotype and protect against Leishmania [119]. However, M1 polarization was not domi-
nant and IFN-y paradoxically enhanced parasite growth in splenic macrophages. Importantly,
the parasite-promoting effect of IFN-y was more pronounced in splenic macrophages isolated
later in the course of infection. This suggests that as VL progresses, splenic macrophages in VL
are conditioned by the chronic inflammatory environment to respond to macrophage activa-
tion signals in an aberrant, pathological way that contributes to the progressive infection. Sev-
eral mechanisms could account for this. First, the finding of fewer upregulated IFN-response
genes in splenic macrophages relative to the whole spleen, including transcripts known to be
induced in macrophages, suggests relative macrophage unresponsiveness to IFN-y. The
absence of NOS2 upregulation is likely a central determinant of ineffective parasite killing.
Impaired IFN-y signaling, which has been well-described in in vitro infected macrophages
[120-124], is likely to contribute to impaired NOS2 expression during VL. Second, the co-
expression of M1- and M2-associated transcripts, and the finding that IFN-y induces Argl, are
suggestive of a misdirected signaling in splenic macrophages during VL. There is a growing

PLOS Pathogens | DOI:10.1371/journal.ppat.1006165 January 31, 2017 21/34



@'PLOS | PATHOGENS

Splenic Inflammatory Response in Visceral Leishmaniasis

body of evidence that Argl has a significant pathological role in Leishmania infection, includ-
ing human VL [19,20,80-82,125,126]. Our data indicate that expression of Argl is not part of a
conventional Th2-driven M2 macrophage phenotype, but identify a previously unrecognized
mechanism of IFN-induced Argl. This has significant bearing on the pathogenesis of VL so
the mechanisms of IFN regulation of Argl in VL need further investigation. Third, parasite-
derived signals and anti-inflammatory/regulatory cues (e.g. IL-10 and IL-21) [19,20] may
impair macrophage effector function and lead to disease-promoting gene expression. Fourth,
the massive interferon response in the spleen appears to have a counter-protective effect
through initiation of an exuberant counter-regulatory response mediated via STAT3 and IL-
10. The STAT3-dependent IFN-y-induced Argl expression may paradoxically lead to impaired
macrophage or T cell responses, as we and others have described previously in VL [19,20,80-
82,125,126]. Lastly, the high expression of a broad array of chemokines in the spleen is likely to
lead to accumulation of immature myeloid cell populations, which have some features consis-
tent with myeloid-derived suppressor cells, that are less responsive to classical activation sig-
nals. Collectively, these data identify a number of molecules, pathways and transcription
factors that contribute to the pathogenesis of VL. The STAT3 pathway in particular is an
attractive target for adjunctive host-directed therapy for VL.

Materials and Methods
Ethics statement

The animals used in this study were handled in strict accordance with the recommendations

in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
The protocol was approved by the Institutional Animal Care and Use Committee of the Uni-
versity of Texas Medical Branch, Galveston, Texas (protocol number 1101004).

Animal model and Leishmania donovaniinfection

6-8 week old outbred Syrian hamsters females (Mesocricetus auratus) were obtained from
Harlan Laboratories. Hamsters were either uninfected or infected (n = 4-8 per group) with
1x10° peanut agglutinin purified Leishmania donovani (MHOM/SD/001S-2D) metacyclic pro-
mastigotes by intracardial injection as we have described previously [127].

Isolation of total spleen cells and splenic macrophages

Hamsters were sacrificed at 28 days post-infection by CO, inhalation and the spleens were col-
lected in complete DMEM (Gibco), supplemented with 2% fetal bovine serum (FBS), 1 mM
Sodium pyruvate (Gibco), 1X MEM amino acids solution (Sigma), 0.02% v/v/ EDTA, 10 mM
HEPES buffer (Cellgro) and 100 IU/mL Penicillin/100mg/mL Streptomycin solution (Cellgro).
Adherent spleen cells were isolated after infiltrating the whole organ with the injection of 2 mL
of Collagenase D (Sigma) at 2 mg/mL. The spleen tissue was cut into small pieces and incu-
bated for 20 minutes at 37°C resuspended in the enzyme solution. The cell suspension and
remaining tissue fragments were suspended in culture medium and gently passed using a
syringe plug through a 100 um cell strainer (B-D) to obtain a single cell suspension. Cells were
cultured in a 75cm flasks and were allowed to adhere for 4 hr at 37°C and the non-adherent
cells were removed after washing the monolayers with pre- warmed PBS (10 times), before the
RNA was isolated.
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RNA isolation and RNA-seq library preparation and sequencing

For isolation of RNA from the whole spleen, it was cut in small pieces, resuspended in 2 mL of
lysis buffer and homogenized to isolate RNA using the RNAqueus kit (Ambion-Life Technolo-
gies, CA) following the manufacturers protocol. Adherent splenic macrophages were similarly
lysed and the RNA isolated. Libraries for deep sequencing were constructed from poly-A RNA
isolated from the spleens or splenic macrophages of uninfected and 28-day L. donovani-
infected hamsters (n = 4 per group) using the Illumina TruSeq RNA Sample Preparation kit.
The library quality was confirmed by Agilent Bioanalyzer. Paired-end 50-base sequencing was
performed using TruSeq SBS kit v3 (Illumina) on an Illumina HiSeq 1000.

De novo transcriptome assembly

The quality of raw sequencing reads was checked using FastQC (v0.10.1) [128]. To avoid the
contamination of pathogen sequences, we filtered out reads (using the FASTX Toolkit v0.0.13)
that aligned to the Leishmania donovani BPK282A1 genome (NCBI BioProject PRJEA61817)
[29] using Bowtie 2 (v2.0.0-beta5) [129] under default options. To reduce the effect of low
quality reads, we further filtered out artifacts and reads having a phred score <28 in more than
10% of nucleotides using FASTX Toolkit (v0.0.13). Both forward and reverse reads were
removed if any of them failed to pass the filters. To obtain a complete transcriptome, we used
two steps. First, the cleaned sequencing reads from different spleen samples were pooled
together and de novo assembled using Trinity software [23]. Second, the resulting transcrip-
tome was combined with all cleaned reads from hamster spleen and splenic macrophages and
the CHO-K1 RefSeq genome [28] to perform a second de novo assembly using BRANCH [22].
Both assembling steps were run in collaboration with Texas Advanced Computing Center
(TACC) at the University of Texas at Austin.

BLAST filtering

We first created a customized reference library using Rattus norvegicus (Rnor_5.0.73) and Mus
musculus (GRCm38.73) genomes. We then used BLAST (v 2.2.28+) [30] to align each tran-
script generated from BRANCH against the customized library to assign it a gene name based
upon sequence similarity. An E-value cutoff of <1le-3 was used. Additionally, we compared
the Trinity transcripts with the CHO-K1 Ref Seq genome.

RNA-Seq differential analysis

The spleen tissue and splenic macrophage RNA samples were collected and sequenced in two
different experiments, so we analyzed them separately to avoid the batch effects. All the non-
Leishmania-like raw sequencing reads were first mapped to our de novo reference genome
using Bowtie2 (v2.1.0) with default options, but allowing one read to map to as many as 500
different transcripts. We then measured the expression abundance, count of reads mapped to
each transcript, using the software eXpress. The effective counts were recommended for
RNA-Seq differential expression analysis because they correct biases caused by multiple hits
and mismatches in alignment. To identify differentially expressed transcripts in each experi-
ment, 3 different approaches were applied: exact tests of Robinson and Smyth [130] and gener-
alized linear models with the likelihood ratio test using the BioConductor R package EdgeR
[35], and the Wald test using DESeq2 [36]. Only transcripts with at least 1 count per million in
at least 3 out of 4 samples in control or experimental group were included in the analysis. A
transcript was considered differentially expressed only when it was identified by all three dif-
ferent approaches. The transcriptome data have been deposited in NCBI’s Gene Expression
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Omnibus [54] and are accessible through GEO Series accession number GSE91187 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE91187).

Ingenuity Pathway Analysis (IPA). We evaluated the functional significance of differen-
tially expressed transcripts in hamsters with VL using Ingenuity Pathway analysis (IPA) soft-
ware (http://www.ingenuity.com) and gene set enrichment analysis [131]. We uploaded data
sets (those that met false discovery rate (FDR) cut-offs of either FDR < 0.001 or FDR < 0.01)
into IPA, and mapped them to the pathways available in the program to identify the most sig-
nificant canonical pathways.

Gene Set Enrichment Analysis (GSEA). We performed GSEA via Broad Institute (http://
www.broadinstitute.org/gsea) using MSigDB C5: GO gene set collection (1379 gene set avail-
able) (v4.0). The GSEA determines the significance of a pre-defined gene set by comparing the
correlation between their expression and the class distinction to other random situations
[132]. We carried out 1000 random gene set permutations because each group has 4 samples,
and the significance threshold was set at FDR<0.1.

Validation of gene expression by quantitative RT-PCR

RNA samples were DNase treated with TURBO DNA-free kit (Ambion) and quantified using
a NanoDrop Spectrophotometer (Thermo Scientific) and maintained at -80°C until used.
250-500 ng of RNA were used for cDNA synthesis using the high capacity cDNA reverse tran-
scription kit (Applied Biosystems). Gene expression was determined by SYBR green (Applied
Biosystems) PCR using primers whose sequences were reported previously [20,21] or are
shown in S6 Table, at a final concentration of 300-500 nM. With the exception of CCL17,
SOCS1, and IRG1 primers were designed to span an intron, and were confirmed by analysis of
dissociation curves to not generate primer dimers. Data was analyzed using the comparative
Ct method, relative to uninfected control spleen or macrophages, and with the 18S rRNA gene
as the normalizer.

Gene expression by in situ amplification and fluorescence hybridization

The expression of M1- and M2-associated transcripts in splenic macrophages was determined
at the single cell level using the QuantiGene ViewRNA ISH cell Assay (Affymetrix, Santa
Clara, CA). RNA was visualized following the manufacturer protocol with the exception that
MOWIOL (Sigma, ST Louis, MO) was used as mounting media. Spleen cells from infected
hamsters and uninfected controls were allowed to attach to poly-L-lysine coated glass cover
slips for 3 hr. After-fixation with 4% formaldehyde, adherent cells on coverslips were incu-
bated with 1x detergent solution and digested with a protease solution (1:4000). Cells were
subsequently hybridized with specific probes sets (1:100 in diluent QF), conjugated to a spe-
cific fluorescent dye with different excitation wavelengths. Probes were designed to target the
hamster IDO1 (typel fluorophore-550nm), CXCL9 (type 1 fluorophore-550nm), Argl (type 6
fluorophore-650nm) and CD68 mRNA (type 4 fluorophore-488nm) using the accession num-
bers (XM_005066560, MH01025X1B04, NM_001281645 and XM_005067542), respectively
(Affymetrix). Cells were then hybridized with pre-amplifier (1:25 in amplifier diluent QF) and
amplifier (1:25 in amplifier diluent QF) mix solutions. All hybridization steps were carried out
at 40°C and were followed by three washes with washing buffer. All hybridized slides were
examined by confocal microscopy and the number of fluorescent cells counted manually.
Nuclei were stained with a 1X working DAPI solution in PBS. Cells incubated with no probe
were used as negative controls.
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In vitro and ex vivo macrophage cultures

To determine effect of IFNs in macrophages, splenic macrophages were obtained as described
above and BMDM were generated as we described previously [20]. Cells were infected with
stationary phase L. donovani promastigotes (5 parasites per macrophage) as described previ-
ously [20]. Uninfected or L. donovani infected macrophages were stimulated with recombinant
hamster IFN-y expressed in CHO cells (10% v/v supernatant) or CHO cells transfected with
empty vector (mock supernatant control) as described [16], or with recombinant IFN-o (Uni-
versal Type I Interferon, PBL Interferon Source) at 100 U/mL. Infections and treatments were
carried out for 24 hrs. For treatment with the STAT3 inhibitor, hamster BMDM or splenic
macrophages were treated with 25-100 uM STATS3 inhibitor (§31-201, Cayman) or DMSO
vehicle control for 30 min before stimulation with recombinant hamster IFN-y. The viability
of cells after treatment was >95% (CellTiter Glo, Promega).

Determination of parasite burden

The parasite burden in infected macrophages was determined by quantitation of Leishmania
18S rRNA expression by qPCR. RNA was extracted and reverse-transcribed [20] and the Leish-
mania 18S rRNA amplified and quantified by SYBR-Green reaction (Bio-Rad). The primers
used were: For: 5- CCAAAGTGTGGAGATCGAAG-5 and Rev: 5- GGCCGGTAAAGGCC
GAATAG-3’. The number of parasites was determined by extrapolation from a standard curve
generated from purified splenic amastigotes, or by the relative expression determined by com-
parison to mock-infected cells (background Ct value).

Immunoblotting

Phosphorylation of STAT-1 and STAT-3 was determined by immunoblotting of splenic mac-
rophages obtained at different times after infection of hamsters with L. donovani as described
[20]. The following antibodies were used: p-STAT1 (9171, Cell Signaling), p-STAT3 (9145,
Cell Signaling), GAPDH (Clone 6C5, Millipore) and STAT3 (Sc-80910, SantaCruz). Bands
were captured with a Chemi X T4 camera (G BOX, SynGene) and relative band intensity cal-
culated by densitometry analysis with the softGeneTools Analysis Software (Syngene).

STAT3 reporter assay

Hamster BHK-21 cell line was transiently transduced with lentiviral particles carrying a
STAT-3 luciferase reporter construct (Cignal Lenti Reporter, Qiagen). Cells (5,000 cells/

100 pL) were transduced at 20 MOI in 8 ug/mL polybrene in DMEM with 10% FBS. At 16 hrs
post-transduction the medium was changed, and after 72h cells were exposed or not to L.
donovani promastigotes (1:5), treated with or without recombinant hamster IFN-vy, and pre-
treated with or without 2 pg/mL of anti-IL-10 antibody (mouse/rat anti-IL-10, R&D, AF519,
R&D). Activity of the STAT-3 reporter was expressed as relative luciferase activity per number
of cells determined with cell titer Glo (Promega).

Determination of plasma endotoxin concentration

Bacterial endotoxin level was determined by the Limulus Amebocyte Lysate (LAL) method
(Pierce LAL Chromogenic Endotoxin Quantitation Kit, Thermo Scientific) in serum samples
from uninfected or infected hamsters according the manufacturer instructions.
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Statistical analysis

We implemented “trimmed mean for M-values” (TMM) method for normalization and calcu-
lated the significance using tagwise dispersion in the RNA differential analysis. The Benjamin-
Hochberg procedure was applied to gain the False Discovery Rate (FDR) from p values for
multiple tests. Differences in mRNA expression determined by qRT-PCR between non-
infected and 28 day infected animals were analyzed by two tail Mann-Whitney test or two tail
unpaired t-test using GraphPad Prism version 5.01 for windows, GraphPad Software, San
Diego California USA (www.graphpad.com). In instances where groups were compared,
ANOVA with a post hoc correction for multiple comparisons (Bonferroni or Tukey) was
applied. All other statistical analyses are as described in the body of the paper or figure
legends.

Supporting Information

S1 Fig. Quality assessment of RNA sequencing data. (A) Quality (Phred) scores at each base
position. (B) Quality (Phred) score distribution across all sequences. (C) GC distribution over
all sequences compared to theoretical distribution. (D) Percentage of unidentified nucleotides
(N content) across all bases.

(PDF)

S2 Fig. Characterization of RNA sequences and differentially expressed transcripts. Clus-
tering of samples within groups shown by Principal Component Analysis of RNA sequences
from uninfected and infected spleen tissue (A) and splenic macrophages (B). (C) Venn dia-
gram of the number of differentially expressed transcripts in spleen and splenic macrophages
(M®) from hamsters with VL determined by exact test (FET), generalized linear model with
likelihood ratio test (LRT), and Wald test using a false discovery rate (FDR) of <0.001 as the
cutoff. Only transcripts with at least 1 count per million in at least 3 out of 4 samples in control
or experimental group were included in the analysis. A transcript was considered differentially
expressed only when it was identified by all three different approaches.

(PDF)

$3 Fig. Canonical pathway analysis and Gene Set Enrichment Analysis (GSEA) of differen-
tially expressed transcripts. (A) Top 50 canonical pathways (CPs) in the spleen (blue bars)
compared to splenic macrophages (gray bars). (B) Top 50 canonical pathways (CPs) in splenic
macrophages (gray bars) compared to spleen tissue (blue bars). (C) Top 10 gene sets identified
in spleen and splenic macrophages determined by Gene Set Enrichment Analysis (GSEA) and
Gene Ontology (GO) analysis. The N Enrichment Score (NES), nominal p value, and False
Discovery Rate (FDR) are shown for each gene set in the table. A pictorial representation of
the inflammatory response, cytokines and chemokines, and collagen and extracellular matrix
gene sets is shown.

(PDF)

$4 Fig. Serum endotoxin levels in uninfected and L. donovani infected hamsters. Blood was
collected from euthanized uninfected (n = 21) or 28-day infected (n = 10) hamsters by termi-
nal cardiac puncture. After clotting, the serum was separated and endotoxin concentration
determined by ELISA. Data are expressed as a single endotoxin unit (EU) value per animal
with the median and 25" and 75 percentiles shown as a horizontal lines.

(PDF)

S5 Fig. Network analysis of differentially expressed transcripts of type I (IFNa/p) and type
IT (IFN-y) interferon and interferon-response genes in the spleen tissue of hamsters with
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IFN-B, or IFN-y) is shown.

(PDF)

S1 Table. Cell markers used to evaluate lineage of adherent spleen cells.
(PDF)

S2 Table. Expression of cytokines, chemokines and Innate Immune Receptors in infected
spleen tissue and splenic macrophages.
(PDF)

S3 Table. TFs predicted to be activated/inhibited in infected spleen tissue and splenic mac-
rophages.
(PDF)

$4 Table. Expression of M1- and M2-associated genes in infected spleen tissue and splenic
macrophages.
(PDF)

S5 Table. Expression of Hamster Interferon Response Genes in infected spleen tissue and
splenic macrophages.
(PDF)

S6 Table. Primer sequences used for real time RT-PCR assays.
(PDF)

Acknowledgments

The authors thank Dr. Tom Wood, Steve Widen and Jill Thompson for the service provided
by the Nex-Gen Sequencing Core at UTMB, Adriana Paulucci in the Optical Microscopy Core
at UTMB for help with the images acquisitions, and Liliana Cadavid for help with creation of
graphics. The excellent care provided to the experimental animals by the staff at the Animal
Resources Center at the University of Texas Medical Branch is appreciated.

Author Contributions
Conceptualization: OAS EYO BLT PCM.
Data curation: FK OAS HS BAL PCM.
Formal analysis: FK OAS HS EYO PCM.
Funding acquisition: PCM.

Investigation: FK OAS EYO.
Methodology: FK OAS HS EYO BLT BAL PCM.
Project administration: FK OAS HS PCM.
Supervision: HS BAL PCM.

Validation: FK OAS HS EYO PCM.
Visualization: FK OAS EYO PCM.

PLOS Pathogens | DOI:10.1371/journal.ppat.1006165 January 31, 2017 27/34


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006165.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006165.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006165.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006165.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006165.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006165.s011

@’PLOS | PATHOGENS

Splenic Inflammatory Response in Visceral Leishmaniasis

Writing - original draft: FK OAS PCM.

Writing - review & editing: FK OAS HS EYO BLT PCM.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

World Health Organization (2014) Leishmaniasis: Situation and trends. Global Health Observatory
(GHO) World Health Organization, http://www.who.int/gho/neglected_diseases/leishmaniasis/en/.

Carvalho EM, Bacellar O, Barral A, Badaro R, Johnson WD Jr. (1989) Antigen-specific immunosup-
pression in visceral leishmaniasis is cell mediated. J Clin Invest 83: 860—864. doi: 10.1172/JCI113969
PMID: 2522103

Bacellar O, Brodskyn C, Guerreiro J, Barral-Netto M, Costa CH, et al. (1996) Interleukin-12 restores
interferon-gamma production and cytotoxic responses in visceral leishmaniasis. J Infect Dis 173:
1515-1518. PMID: 8648233

Gautam S, Kumar R, Singh N, Singh AK, Rai M, et al. (2014) CD8 T cell exhaustion in human visceral
leishmaniasis. J Infect Dis 209: 290-299. doi: 10.1093/infdis/jit401 PMID: 23922369

Carvalho EM, Bacellar OA, Reed S, Barral A, Rocha H (1988) Visceral leishmaniasis: a disease asso-
ciated with inability of lymphocytes to activate macrophages to kill leishmania. Braz J Med Biol Res
21:85-92. PMID: 3179584

Nylen S, Maurya R, Eidsmo L, Manandhar KD, Sundar S, et al. (2007) Splenic accumulation of IL-10
mRNA in T cells distinct from CD4+CD25+ (Foxp3) regulatory T cells in human visceral leishmaniasis.
J Exp Med 204: 805-817. doi: 10.1084/jem.20061141 PMID: 17389235

Nylen S, Sacks D (2007) Interleukin-10 and the pathogenesis of human visceral leishmaniasis. Trends
Immunol 28: 378-384. doi: 10.1016/}.it.2007.07.004 PMID: 17689290

Gautam S, Kumar R, Maurya R, Nylen S, Ansari N, et al. (2011) IL-10 neutralization promotes parasite
clearance in splenic aspirate cells from patients with visceral leishmaniasis. J Infect Dis 204: 1134—
1137. doi: 10.1093/infdis/jir461 PMID: 21881130

Karp CL, el-Safi SH, Wynn TA, Satti MM, Kordofani AM, et al. (1993) In vivo cytokine profiles in
patients with kala-azar. Marked elevation of both interleukin-10 and interferon-gamma [see com-
ments]. J Clin Invest 91: 1644—-1648. doi: 10.1172/JCI116372 PMID: 8097208

Kenney RT, Sacks DL, Gam AA, Murray HW, Sundar S (1998) Splenic cytokine responses in Indian
kala-azar before and after treatment. J Infect Dis 177: 815-818. PMID: 9498473

Hailu A, van der Poll T, Berhe N, Kager PA (2004) Elevated plasma levels of interferon (IFN)-gamma,
IFN-gamma inducing cytokines, and IFN-gamma inducible CXC chemokines in visceral leishmaniasis.
Am J Trop Med Hyg 71: 561-567. PMID: 15569785

Singh OP, Gidwani K, Kumar R, Nylen S, Jones SL, et al. (2012) Reassessment of immune correlates
in human visceral leishmaniasis as defined by cytokine release in whole blood. Clin Vaccine Immunol
19: 961-966. doi: 10.1128/CV1.00143-12 PMID: 22539471

Gregory DJ, Olivier M (2005) Subversion of host cell signalling by the protozoan parasite Leishmania.
Parasitology 130 Suppl: S27-35.

Melby PC, Tryon VV, Chandrasekar B, Freeman GL (1998) Cloning of Syrian hamster (Mesocricetus
auratus) cytokine cDNAs and analysis of cytokine mRNA expression in experimental visceral leish-
maniasis. Infect Immun 66: 2135-2142. PMID: 9573100

Melby PC, Chandrasekar B, Zhao W, Coe JE (2001) The hamster as a model of human visceral leish-
maniasis: progressive disease and impaired generation of nitric oxide in the face of a prominent Th1-
like cytokine response. J Immunol 166: 1912—-1920. PMID: 11160239

Perez LE, Chandrasekar B, Saldarriaga OA, Zhao W, Arteaga LT, et al. (2006) Reduced nitric oxide
synthase 2 (NOS2) promoter activity in the Syrian hamster renders the animal functionally deficient in
NOS2 activity and unable to control an intracellular pathogen. J Immunol 176: 5519-5528. PMID:
16622021

Wei XQ, Charles IG, Smith A, Ure J, Feng GJ, et al. (1995) Altered immune responses in mice lacking
inducible nitric oxide synthase. Nature 375: 408—411. doi: 10.1038/375408a0 PMID: 7539113

Saldarriaga O, Travi B, Choudhury G, Melby P (2012) Identification of hamster inducible nitric oxide
synthase (iNOS) promoter sequences that influence basal and inducible iNOS expression. Journal of
leukocyte biology 92: 205-218. doi: 10.1189/jIb.1010568 PMID: 22517919

Osorio E, Zhao W, Espitia C, Saldarriaga O, Hawel L, et al. (2012) Progressive visceral leishmaniasis
is driven by dominant parasite-induced STATG6 activation and STAT6-dependent host arginase 1
expression. PLoS pathogens 8.

PLOS Pathogens | DOI:10.1371/journal.ppat.1006165 January 31, 2017 28/34


http://www.who.int/gho/neglected_diseases/leishmaniasis/en/
http://dx.doi.org/10.1172/JCI113969
http://www.ncbi.nlm.nih.gov/pubmed/2522103
http://www.ncbi.nlm.nih.gov/pubmed/8648233
http://dx.doi.org/10.1093/infdis/jit401
http://www.ncbi.nlm.nih.gov/pubmed/23922369
http://www.ncbi.nlm.nih.gov/pubmed/3179584
http://dx.doi.org/10.1084/jem.20061141
http://www.ncbi.nlm.nih.gov/pubmed/17389235
http://dx.doi.org/10.1016/j.it.2007.07.004
http://www.ncbi.nlm.nih.gov/pubmed/17689290
http://dx.doi.org/10.1093/infdis/jir461
http://www.ncbi.nlm.nih.gov/pubmed/21881130
http://dx.doi.org/10.1172/JCI116372
http://www.ncbi.nlm.nih.gov/pubmed/8097208
http://www.ncbi.nlm.nih.gov/pubmed/9498473
http://www.ncbi.nlm.nih.gov/pubmed/15569785
http://dx.doi.org/10.1128/CVI.00143-12
http://www.ncbi.nlm.nih.gov/pubmed/22539471
http://www.ncbi.nlm.nih.gov/pubmed/9573100
http://www.ncbi.nlm.nih.gov/pubmed/11160239
http://www.ncbi.nlm.nih.gov/pubmed/16622021
http://dx.doi.org/10.1038/375408a0
http://www.ncbi.nlm.nih.gov/pubmed/7539113
http://dx.doi.org/10.1189/jlb.1010568
http://www.ncbi.nlm.nih.gov/pubmed/22517919

@’PLOS | PATHOGENS

Splenic Inflammatory Response in Visceral Leishmaniasis

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Osorio EY, Travi BL, da Cruz AM, Saldarriaga OA, Medina AA, et al. (2014) Growth factor and Th2
cytokine signaling pathways converge at STAT6 to promote arginase expression in progressive exper-
imental visceral leishmaniasis. PLoS Pathog 10: €1004165. doi: 10.1371/journal.ppat.1004165 PMID:
24967908

Espitia CM, Saldarriaga OA, Travi BL, Osorio EY, Hernandez A, et al. (2014) Transcriptional profiling
of the spleen in progressive visceral leishmaniasis reveals mixed expression of type 1 and type 2 cyto-
kine-responsive genes. BMC Immunol 15: 38. doi: 10.1186/s12865-014-0038-z PMID: 25424735

Bao E, Jiang T, Girke T (2013) BRANCH: boosting RNA-Seq assemblies with partial or related geno-
mic sequences. Bioinformatics 29: 1250—-1259. doi: 10.1093/bioinformatics/btt127 PMID: 23493323

Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, et al. (2011) Full-length transcriptome
assembly from RNA-Seq data without a reference genome. Nat Biotech 29: 644—652.

Balakrishnan CN, Mukai M, Gonser RA, Wingdfield JC, London SE, et al. (2014) Brain transcriptome
sequencing and assembly of three songbird model systems for the study of social behavior. Peerd 2:
€396. doi: 10.7717/peer|.396 PMID: 24883256

Srivastava A, Winker K, Shaw TI, Jones KL, Glenn TC (2012) Transcriptome analysis of a North Amer-
ican songbird, Melospiza melodia. DNA Res 19: 325-333. doi: 10.1093/dnares/dss015 PMID:
22645122

Santure AW, Gratten J, Mossman JA, Sheldon BC, Slate J (2011) Characterisation of the transcrip-
tome of a wild great tit Parus major population by next generation sequencing. BMC Genomics 12:
283. doi: 10.1186/1471-2164-12-283 PMID: 21635727

Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: a revolutionary tool for transcriptomics. Nat Rev
Genet 10: 57-63. doi: 10.1038/nrg2484 PMID: 19015660

Hammond S, Kaplarevic M, Borth N, Betenbaugh MJ, Lee KH (2012) Chinese hamster genome data-
base: An online resource for the CHO community at http://www.CHOgenome.org. Biotechnology and
Bioengineering 109: 1353—-1356. doi: 10.1002/bit.24374 PMID: 22105744

Downing T, Imamura H, Decuypere S, Clark TG, Coombs GH, et al. (2011) Whole genome sequenc-
ing of multiple Leishmania donovani clinical isolates provides insights into population structure and
mechanisms of drug resistance. Genome Res 21: 2143-2156. doi: 10.1101/gr.123430.111 PMID:
22038251

Camacho C, Madden T, Ma N, Tao T, Agarwala R, et al. (2008 Jun 23 [Updated 2013 Jul 30]) BLAST
Command Line Applications User Manual. In: BLAST Help [Internet] Bethesda (MD): National Center
for Biotechnology Information (US); 2008- http://wwwncbinimnihgov/books/NBK1763/.

Osorio Y, Travi B, Renslo A, Peniche A, Melby P (2011) Identification of small molecule lead com-
pounds for visceral leishmaniasis using a novel ex vivo splenic explant model system. PLoS neglected
tropical diseases 5.

Osterreicher CH, Penz-Osterreicher M, Grivennikov SI, Guma M, Koltsova EK, et al. (2011) Fibro-
blast-specific protein 1 identifies an inflammatory subpopulation of macrophages in the liver. Proc Natl
Acad Sci U S A 108: 308-313. doi: 10.1073/pnas.1017547108 PMID: 21173249

Mor-Vaknin N, Punturieri A, Sitwala K, Markovitz DM (2003) Vimentin is secreted by activated macro-
phages. Nat Cell Biol 5: 59—63. doi: 10.1038/ncb898 PMID: 12483219

Trapnell C, Hendrickson DG, Sauvageau M, Goff L, Rinn JL, et al. (2013) Differential analysis of gene
regulation at transcript resolution with RNA-seq. Nat Biotech 31: 46-53.

Robinson M, McCarthy D, Smyth G (2010) edgeR: a Bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics (Oxford, England) 26: 139-140.

Anders S, Huber W (2010) Differential expression analysis for sequence count data. Genome biology
11.

Osorio EY, Zhao W, Espitia C, Saldarriaga O, Hawel L, et al. (2012) Progressive visceral leishmaniasis
is driven by dominant parasite-induced STATG6 activation and STAT6-dependent host arginase 1
expression. PLoS Pathog 8: €1002417. doi: 10.1371/journal.ppat.1002417 PMID: 22275864

Myokai F, Takashiba S, Lebo R, Amar S (1999) A novel lipopolysaccharide-induced transcription fac-
tor regulating tumor necrosis factor alpha gene expression: molecular cloning, sequencing, characteri-
zation, and chromosomal assignment. Proc Natl Acad Sci U S A 96: 4518-4523. PMID: 10200294

Santos-Oliveira JR, Da-Cruz AM (2012) Lipopolysaccharide-Induced Cellular Activation May Partici-
pate in the Immunopathogenesis of Visceral Leishmaniasis Alone or in HIV Coinfection. Int J Microbiol
2012: 364534. doi: 10.1155/2012/364534 PMID: 22956960

Rodriguez NE, Chang HK, Wilson ME (2004) Novel program of macrophage gene expression induced
by phagocytosis of Leishmania chagasi. Infect Immun 72:2111-2122. doi: 10.1128/IA1.72.4.2111-
2122.2004 PMID: 15039333

PLOS Pathogens | DOI:10.1371/journal.ppat.1006165 January 31, 2017 29/34


http://dx.doi.org/10.1371/journal.ppat.1004165
http://www.ncbi.nlm.nih.gov/pubmed/24967908
http://dx.doi.org/10.1186/s12865-014-0038-z
http://www.ncbi.nlm.nih.gov/pubmed/25424735
http://dx.doi.org/10.1093/bioinformatics/btt127
http://www.ncbi.nlm.nih.gov/pubmed/23493323
http://dx.doi.org/10.7717/peerj.396
http://www.ncbi.nlm.nih.gov/pubmed/24883256
http://dx.doi.org/10.1093/dnares/dss015
http://www.ncbi.nlm.nih.gov/pubmed/22645122
http://dx.doi.org/10.1186/1471-2164-12-283
http://www.ncbi.nlm.nih.gov/pubmed/21635727
http://dx.doi.org/10.1038/nrg2484
http://www.ncbi.nlm.nih.gov/pubmed/19015660
http://www.CHOgenome.org
http://dx.doi.org/10.1002/bit.24374
http://www.ncbi.nlm.nih.gov/pubmed/22105744
http://dx.doi.org/10.1101/gr.123430.111
http://www.ncbi.nlm.nih.gov/pubmed/22038251
http://wwwncbinlmnihgov/books/NBK1763/
http://dx.doi.org/10.1073/pnas.1017547108
http://www.ncbi.nlm.nih.gov/pubmed/21173249
http://dx.doi.org/10.1038/ncb898
http://www.ncbi.nlm.nih.gov/pubmed/12483219
http://dx.doi.org/10.1371/journal.ppat.1002417
http://www.ncbi.nlm.nih.gov/pubmed/22275864
http://www.ncbi.nlm.nih.gov/pubmed/10200294
http://dx.doi.org/10.1155/2012/364534
http://www.ncbi.nlm.nih.gov/pubmed/22956960
http://dx.doi.org/10.1128/IAI.72.4.2111-2122.2004
http://dx.doi.org/10.1128/IAI.72.4.2111-2122.2004
http://www.ncbi.nlm.nih.gov/pubmed/15039333

@’PLOS | PATHOGENS

Splenic Inflammatory Response in Visceral Leishmaniasis

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Buates S, Matlashewski G (2001) General suppression of macrophage gene expression during Leish-
mania donovani infection. J Immunol 166: 3416-3422. PMID: 11207299

Chaussabel D, Semnani RT, McDowell MA, Sacks D, Sher A, et al. (2003) Unique gene expression
profiles of human macrophages and dendritic cells to phylogenetically distinct parasites. Blood 102:
672—681. doi: 10.1182/blood-2002-10-3232 PMID: 12663451

Liu K, Waskow C, Liu X, Yao K, Hoh J, et al. (2007) Origin of dendritic cells in peripheral lymphoid
organs of mice. Nat Immunol 8: 578-583. doi: 10.1038/ni1462 PMID: 17450143

Rousseau D, Demartino S, Anjuere F, Ferrua B, Fragaki K, et al. (2001) Sustained parasite burden in
the spleen of Leishmania infantum-infected BALB/c mice is accompanied by expression of MCP-1
transcripts and lack of protection against challenge. Eur Cytokine Netw 12: 340-347. PMID:
11399524

Friedman AD (2007) Transcriptional control of granulocyte and monocyte development. Oncogene
26: 6816—6828. doi: 10.1038/sj.onc.1210764 PMID: 17934488

Friedman AD (2007) C/EBPalpha induces PU.1 and interacts with AP-1 and NF-kappaB to regulate
myeloid development. Blood Cells Mol Dis 39: 340—-343. doi: 10.1016/j.bcmd.2007.06.010 PMID:
17669672

Watkins SK, Egilmez NK, Suttles J, Stout RD (2007) IL-12 Rapidly Alters the Functional Profile of
Tumor-Associated and Tumor-Infiltrating Macrophages In Vitro and In Vivo. J Immunol 178: 1357—
1362. PMID: 17237382

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, et al. (2014) Macrophage activation and polari-
zation: nomenclature and experimental guidelines. Immunity 41: 14—20. doi: 10.1016/j.immuni.2014.
06.008 PMID: 25035950

Murray PJ, Wynn TA (2011) Protective and pathogenic functions of macrophage subsets. Nat Rev
Immunol 11: 723-737. doi: 10.1038/nri3073 PMID: 21997792

Murray HW, Nathan CF (1999) Macrophage microbicidal mechanisms in vivo: reactive nitrogen versus
oxygen intermediates in the killing of intracellular visceral Leishmania donovani. J Exp Med 189: 741—
746. PMID: 9989990

Raes G, Brys L, Dahal BK, Brandt J, Grooten J, et al. (2005) Macrophage galactose-type C-type lec-
tins as novel markers for alternatively activated macrophages elicited by parasitic infections and aller-
gic airway inflammation. J Leukoc Biol 77: 321-327. doi: 10.1189/jIb.0304212 PMID: 15591125

Patil V, Zhao Y, Shah S, Fox BA, Rommereim LM, et al. (2014) Co-existence of classical and alterna-
tive activation programs in macrophages responding to Toxoplasma gondii. Int J Parasitol 44: 161—
164. doi: 10.1016/}.ijpara.2013.08.003 PMID: 24083945

Chan G, Bivins-Smith ER, Smith MS, Smith PM, Yurochko AD (2008) Transcriptome analysis reveals
human cytomegalovirus reprograms monocyte differentiation toward an M1 macrophage. J Immunol
181:698-711. PMID: 18566437

Edgar R, Domrachev M, Lash AE (2002) Gene Expression Omnibus: NCBI gene expression and
hybridization array data repository. Nucleic Acids Res 30: 207-210. PMID: 11752295

O’Shea JJ, Gadina M, Schreiber RD (2002) Cytokine signaling in 2002: new surprises in the Jak/Stat
pathway. Cell 109 Suppl: S121-131.

Cyktor JC, Turner J (2011) Interleukin-10 and immunity against prokaryotic and eukaryotic intracellular
pathogens. Infect Immun 79: 2964-2973. doi: 10.1128/IA1.00047-11 PMID: 21576331

Schreiber T, Ehlers S, Heitmann L, Rausch A, Mages J, et al. (2009) Autocrine IL-10 induces hall-
marks of alternative activation in macrophages and suppresses antituberculosis effector mechanisms
without compromising T cell immunity. J Immunol 183: 1301-1312. doi: 10.4049/jimmunol.0803567
PMID: 19561100

Roca H, Varsos ZS, Sud S, Craig MJ, Ying C, et al. (2009) CCL2 and interleukin-6 promote survival of
human CD11b+ peripheral blood mononuclear cells and induce M2-type macrophage polarization. J
Biol Chem 284: 34342-34354. doi: 10.1074/jbc.M109.042671 PMID: 19833726

Kwon S (2013) Single-molecule fluorescence in situ hybridization: quantitative imaging of single RNA
molecules. BMB Rep 46: 65-72. doi: 10.5483/BMBRep.2013.46.2.016 PMID: 23433107

Kadl A, Meher AK, Sharma PR, Lee MY, Doran AC, et al. (2010) Identification of a novel macrophage
phenotype that develops in response to atherogenic phospholipids via Nrf2. Circ Res 107: 737-746.
doi: 10.1161/CIRCRESAHA.109.215715 PMID: 20651288

Dalrymple H, Barna BP, Malur A, Malur AG, Kavuru MS, et al. (2013) Alveolar macrophages of GM-
CSF knockout mice exhibit mixed M1 and M2 phenotypes. BMC Immunol 14: 41. doi: 10.1186/1471-
2172-14-41 PMID: 24044676

Pearce EJ, MacDonald AS (2002) The immunobiology of schistosomiasis. Nat Rev Immunol 2: 499—
511. doi: 10.1038/nri843 PMID: 12094224

PLOS Pathogens | DOI:10.1371/journal.ppat.1006165 January 31, 2017 30/34


http://www.ncbi.nlm.nih.gov/pubmed/11207299
http://dx.doi.org/10.1182/blood-2002-10-3232
http://www.ncbi.nlm.nih.gov/pubmed/12663451
http://dx.doi.org/10.1038/ni1462
http://www.ncbi.nlm.nih.gov/pubmed/17450143
http://www.ncbi.nlm.nih.gov/pubmed/11399524
http://dx.doi.org/10.1038/sj.onc.1210764
http://www.ncbi.nlm.nih.gov/pubmed/17934488
http://dx.doi.org/10.1016/j.bcmd.2007.06.010
http://www.ncbi.nlm.nih.gov/pubmed/17669672
http://www.ncbi.nlm.nih.gov/pubmed/17237382
http://dx.doi.org/10.1016/j.immuni.2014.06.008
http://dx.doi.org/10.1016/j.immuni.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/25035950
http://dx.doi.org/10.1038/nri3073
http://www.ncbi.nlm.nih.gov/pubmed/21997792
http://www.ncbi.nlm.nih.gov/pubmed/9989990
http://dx.doi.org/10.1189/jlb.0304212
http://www.ncbi.nlm.nih.gov/pubmed/15591125
http://dx.doi.org/10.1016/j.ijpara.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/24083945
http://www.ncbi.nlm.nih.gov/pubmed/18566437
http://www.ncbi.nlm.nih.gov/pubmed/11752295
http://dx.doi.org/10.1128/IAI.00047-11
http://www.ncbi.nlm.nih.gov/pubmed/21576331
http://dx.doi.org/10.4049/jimmunol.0803567
http://www.ncbi.nlm.nih.gov/pubmed/19561100
http://dx.doi.org/10.1074/jbc.M109.042671
http://www.ncbi.nlm.nih.gov/pubmed/19833726
http://dx.doi.org/10.5483/BMBRep.2013.46.2.016
http://www.ncbi.nlm.nih.gov/pubmed/23433107
http://dx.doi.org/10.1161/CIRCRESAHA.109.215715
http://www.ncbi.nlm.nih.gov/pubmed/20651288
http://dx.doi.org/10.1186/1471-2172-14-41
http://dx.doi.org/10.1186/1471-2172-14-41
http://www.ncbi.nlm.nih.gov/pubmed/24044676
http://dx.doi.org/10.1038/nri843
http://www.ncbi.nlm.nih.gov/pubmed/12094224

@’PLOS | PATHOGENS

Splenic Inflammatory Response in Visceral Leishmaniasis

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Beattie L, Phillips R, Brown N, Owens BM, Chauhan N, et al. (2011) Interferon regulatory factor 7 con-
tributes to the control of Leishmania donovani in the mouse liver. Infect Immun 79: 1057—1066. doi:
10.1128/1A1.00633-10 PMID: 21149596

Condamine T, Mastio J, Gabrilovich DI (2015) Transcriptional regulation of myeloid-derived suppres-
sor cells. J Leukoc Biol 98: 913-922. doi: 10.1189/jIb.4R10515-204R PMID: 26337512

Satoh T, Takeuchi O, Vandenbon A, Yasuda K, Tanaka Y, et al. (2010) The Jmjd3-1rf4 axis regulates
M2 macrophage polarization and host responses against helminth infection. Nat Immunol 11: 936—
944. doi: 10.1038/ni.1920 PMID: 20729857

Fultz MJ, Barber SA, Dieffenbach CW, Vogel SN (1993) Induction of IFN-gamma in macrophages by
lipopolysaccharide. Int Immunol 5: 1383—1392. PMID: 8260452

Di Marzio P, Puddu P, Conti L, Belardelli F, Gessani S (1994) Interferon gamma upregulates its own
gene expression in mouse peritoneal macrophages. J Exp Med 179: 1731-1736. PMID: 8163951

Fenton MJ, Vermeulen MW, Kim S, Burdick M, Strieter RM, et al. (1997) Induction of gamma interferon
production in human alveolar macrophages by Mycobacterium tuberculosis. Infect Immun 65: 5149—
5156. PMID: 9393809

Matsumura T, Ato M, Ikebe T, Ohnishi M, Watanabe H, et al. (2012) Interferon-gamma-producing
immature myeloid cells confer protection against severe invasive group A Streptococcus infections.
Nat Commun 3: 678. doi: 10.1038/ncomms1677 PMID: 22334081

Diefenbach A, Schindler H, Donhauser N, Lorenz E, Laskay T, et al. (1998) Type 1 interferon (IFNal-
pha/beta) and type 2 nitric oxide synthase regulate the innate immune response to a protozoan para-
site. Immunity 8: 77-87. PMID: 9462513

Mattner J, Wandersee-Steinhauser A, Pahl A, Rollinghoff M, Majeau GR, et al. (2004) Protection
against progressive leishmaniasis by IFN-beta. J Immunol 172: 7574-7582. PMID: 15187137

Khouri R, Bafica A, Silva Mda P, Noronha A, Kolb JP, et al. (2009) IFN-beta impairs superoxide-
dependent parasite killing in human macrophages: evidence for a deleterious role of SOD1 in cutane-
ous leishmaniasis. J Immunol 182: 2525-2531. doi: 10.4049/jimmunol.0802860 PMID: 19201909

McNab FW, Ewbank J, Howes A, Moreira-Teixeira L, Martirosyan A, et al. (2014) Type | IFN induces
IL-10 production in an IL-27-independent manner and blocks responsiveness to IFN-gamma for pro-
duction of IL-12 and bacterial killing in Mycobacterium tuberculosis-infected macrophages. J Immunol
193: 3600-3612. doi: 10.4049/jimmunol. 1401088 PMID: 25187652

Nagarajan UM, Prantner D, Sikes JD, Andrews CW Jr., Goodwin AM, et al. (2008) Type | interferon
signaling exacerbates Chlamydia muridarum genital infection in a murine model. Infect Immun 76:
4642-4648. doi: 10.1128/1A1.00629-08 PMID: 18663004

O’Connell RM, Saha SK, Vaidya SA, Bruhn KW, Miranda GA, et al. (2004) Type | interferon production
enhances susceptibility to Listeria monocytogenes infection. J Exp Med 200: 437-445. doi: 10.1084/
jem.20040712 PMID: 15302901

Teles RM, Graeber TG, Krutzik SR, Montoya D, Schenk M, et al. (2013) Type | interferon suppresses
type Il interferon-triggered human anti-mycobacterial responses. Science 339: 1448-1453. doi: 10.
1126/science.1233665 PMID: 23449998

Rayamajhi M, Humann J, Kearney S, Hill KK, Lenz LL (2010) Antagonistic crosstalk between type |
and Il interferons and increased host susceptibility to bacterial infections. Virulence 1:418-422. doi:
10.4161/viru.1.5.12787 PMID: 21178482

Brownell J, Bruckner J, Wagoner J, Thomas E, Loo YM, et al. (2014) Direct, interferon-independent
activation of the CXCL10 promoter by NF-kappaB and interferon regulatory factor 3 during hepatitis C
virus infection. J Virol 88: 1582—-1590. doi: 10.1128/JV1.02007-13 PMID: 24257594

Ning S, Pagano JS, Barber GN (2011) IRF7: activation, regulation, modification and function. Genes
Immun 12: 399—414. doi: 10.1038/gene.2011.21 PMID: 21490621

Iniesta V, Carcelen J, Molano |, Peixoto PM, Redondo E, et al. (2005) Arginase | induction during
Leishmania major infection mediates the development of disease. Infect Immun 73: 6085-6090. doi:
10.1128/1A1.73.9.6085-6090.2005 PMID: 16113329

Iniesta V, Carlos Gomez-Nieto L, Molano I, Mohedano A, Carcelen J, et al. (2002) Arginase | induction
in macrophages, triggered by Th2-type cytokines, supports the growth of intracellular Leishmania par-
asites. Parasite Immunol 24: 113-118. PMID: 11982856

Modolell M, Choi BS, Ryan RO, Hancock M, Titus RG, et al. (2009) Local suppression of T cell
responses by arginase-induced L-arginine depletion in nonhealing leishmaniasis. PLoS Negl Trop Dis
3: e480. doi: 10.1371/journal.pntd.0000480 PMID: 19597544

Katz JB, Muller AJ, Prendergast GC (2008) Indoleamine 2,3-dioxygenase in T-cell tolerance and
tumoral immune escape. Immunol Rev 222: 206-221. doi: 10.1111/1.1600-065X.2008.00610.x PMID:
18364004

PLOS Pathogens | DOI:10.1371/journal.ppat.1006165 January 31, 2017 31/34


http://dx.doi.org/10.1128/IAI.00633-10
http://www.ncbi.nlm.nih.gov/pubmed/21149596
http://dx.doi.org/10.1189/jlb.4RI0515-204R
http://www.ncbi.nlm.nih.gov/pubmed/26337512
http://dx.doi.org/10.1038/ni.1920
http://www.ncbi.nlm.nih.gov/pubmed/20729857
http://www.ncbi.nlm.nih.gov/pubmed/8260452
http://www.ncbi.nlm.nih.gov/pubmed/8163951
http://www.ncbi.nlm.nih.gov/pubmed/9393809
http://dx.doi.org/10.1038/ncomms1677
http://www.ncbi.nlm.nih.gov/pubmed/22334081
http://www.ncbi.nlm.nih.gov/pubmed/9462513
http://www.ncbi.nlm.nih.gov/pubmed/15187137
http://dx.doi.org/10.4049/jimmunol.0802860
http://www.ncbi.nlm.nih.gov/pubmed/19201909
http://dx.doi.org/10.4049/jimmunol.1401088
http://www.ncbi.nlm.nih.gov/pubmed/25187652
http://dx.doi.org/10.1128/IAI.00629-08
http://www.ncbi.nlm.nih.gov/pubmed/18663004
http://dx.doi.org/10.1084/jem.20040712
http://dx.doi.org/10.1084/jem.20040712
http://www.ncbi.nlm.nih.gov/pubmed/15302901
http://dx.doi.org/10.1126/science.1233665
http://dx.doi.org/10.1126/science.1233665
http://www.ncbi.nlm.nih.gov/pubmed/23449998
http://dx.doi.org/10.4161/viru.1.5.12787
http://www.ncbi.nlm.nih.gov/pubmed/21178482
http://dx.doi.org/10.1128/JVI.02007-13
http://www.ncbi.nlm.nih.gov/pubmed/24257594
http://dx.doi.org/10.1038/gene.2011.21
http://www.ncbi.nlm.nih.gov/pubmed/21490621
http://dx.doi.org/10.1128/IAI.73.9.6085-6090.2005
http://www.ncbi.nlm.nih.gov/pubmed/16113329
http://www.ncbi.nlm.nih.gov/pubmed/11982856
http://dx.doi.org/10.1371/journal.pntd.0000480
http://www.ncbi.nlm.nih.gov/pubmed/19597544
http://dx.doi.org/10.1111/j.1600-065X.2008.00610.x
http://www.ncbi.nlm.nih.gov/pubmed/18364004

@’PLOS | PATHOGENS

Splenic Inflammatory Response in Visceral Leishmaniasis

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Makala LH, Baban B, Lemos H, El-Awady AR, Chandler PR, et al. (2011) Leishmania major attenu-
ates host immunity by stimulating local indoleamine 2,3-dioxygenase expression. J Infect Dis 203:
715-725. doi: 10.1093/infdis/jiq095 PMID: 21282196

Donovan MJ, Tripathi V, Favila MA, Geraci NS, Lange MC, et al. (2012) Indoleamine 2,3-dioxygenase
(IDO) induced by Leishmania infection of human dendritic cells. Parasite Immunol 34: 464—472. doi:
10.1111/j.1365-3024.2012.01380.x PMID: 22803643

Wang XF, Wang HS, Wang H, Zhang F, Wang KF, et al. (2014) The role of indoleamine 2,3-dioxygen-
ase (IDO) inimmune tolerance: Focus on macrophage polarization of THP-1 cells. Cell Immunol 289:
42-48. doi: 10.1016/j.cellimm.2014.02.005 PMID: 24721110

Gangneux JP, Poinsignon Y, Donaghy L, Amiot L, Tarte K, et al. (2013) Indoleamine 2,3-dioxygenase
activity as a potential biomarker of immune suppression during visceral leishmaniasis. Innate Immun
19: 564-568. doi: 10.1177/1753425912473170 PMID: 23413147

Makala LH (2012) The role of indoleamine 2, 3 dioxygenase in regulating host immunity to leishmania
infection. J Biomed Sci 19: 5. doi: 10.1186/1423-0127-19-5 PMID: 22230608

Lee CG, Jenkins NA, Gilbert DJ, Copeland NG, O’Brien WE (1995) Cloning and analysis of gene regu-
lation of a novel LPS-inducible cDNA. Immunogenetics 41: 263-270. PMID: 7721348

LiY, Zhang P, Wang C, Han C, Meng J, et al. (2013) Immune responsive gene 1 (IRG1) promotes
endotoxin tolerance by increasing A20 expression in macrophages through reactive oxygen species. J
Biol Chem 288: 16225—-16234. doi: 10.1074/jbc.M113.454538 PMID: 23609450

Galvao-Castro B, Sa Ferreira JA, Marzochi KF, Marzochi MC, Coutinho SG, et al. (1984) Polyclonal B
cell activation, circulating immune complexes and autoimmunity in human american visceral leishman-
iasis. Clin Exp Immunol 56: 58—-66. PMID: 6424987

Edwards JP, Zhang X, Frauwirth KA, Mosser DM (2006) Biochemical and functional characterization
of three activated macrophage populations. J Leukoc Biol 80: 1298—1307. doi: 10.1189/jIb.0406249
PMID: 16905575

Sutterwala FS, Noel GJ, Salgame P, Mosser DM (1998) Reversal of proinflammatory responses by
ligating the macrophage Fcgamma receptor type |. J Exp Med 188: 217-222. PMID: 9653099

Habib T, Senadheera S, Weinberg K, Kaushansky K (2002) The common gamma chain (gamma c) is
a required signaling component of the IL-21 receptor and supports IL-21-induced cell proliferation via
JAKS3. Biochemistry 41: 8725-8731. PMID: 12093291

Spolski R, Kim HP, Zhu W, Levy DE, Leonard WJ (2009) IL-21 mediates suppressive effects via its
induction of IL-10. J Immunol 182: 2859-2867. doi: 10.4049/jimmunol.0802978 PMID: 19234181

Ansari NA, Kumar R, Gautam S, Nylen S, Singh OP, et al. (2011) IL-27 and IL-21 are associated with
T cell IL-10 responses in human visceral leishmaniasis. J Immunol 186: 3977-3985. doi: 10.4049/
jimmunol.1003588 PMID: 21357266

Pesce J, Kaviratne M, Ramalingam TR, Thompson RW, Urban JF Jr., et al. (2006) The IL-21 receptor
augments Th2 effector function and alternative macrophage activation. J Clin Invest 116: 2044—-2055.
doi: 10.1172/JCI27727 PMID: 16778988

Frohlich A, Marsland BJ, Sonderegger |, Kurrer M, Hodge MR, et al. (2007) IL-21 receptor signaling is
integral to the development of Th2 effector responses in vivo. Blood 109: 2023—-2031. doi: 10.1182/
blood-2006-05-021600 PMID: 17077330

Brandt K, Bulfone-Paus S, Foster DC, Ruckert R (2003) Interleukin-21 inhibits dendritic cell activation
and maturation. Blood 102: 4090-4098. doi: 10.1182/blood-2003-03-0669 PMID: 12893770

Ozaki K, Hishiya A, Hatanaka K, Nakajima H, Wang G, et al. (2006) Overexpression of interleukin 21
induces expansion of hematopoietic progenitor cells. Int J Hematol 84:224—230. doi: 10.1532/IJH97.
06036 PMID: 17050196

Cotterell SE, Engwerda CR, Kaye PM (2000) Enhanced hematopoietic activity accompanies parasite
expansion in the spleen and bone marrow of mice infected with Leishmania donovani. Infect Immun
68: 1840-1848. PMID: 10722572

Bankoti R, Gupta K, Levchenko A, Stager S (2012) Marginal zone B cells regulate antigen-specific T
cell responses during infection. J Immunol 188: 3961-3971. doi: 10.4049/jimmunol.1102880 PMID:
22412197

Deak E, Jayakumar A, Cho KW, Goldsmith-Pestana K, Dondji B, et al. (2010) Murine visceral leish-
maniasis: IgM and polyclonal B-cell activation lead to disease exacerbation. Eur J Immunol 40: 1355—
1368. doi: 10.1002/eji.200939455 PMID: 20213734

Andreani G, Ouellet M, Menasria R, Gomez AM, Barat C, et al. (2015) Leishmania infantum amasti-
gotes trigger a subpopulation of human B cells with an immunoregulatory phenotype. PLoS Negl Trop
Dis 9: e0003543. doi: 10.1371/journal.pntd.0003543 PMID: 25710789

PLOS Pathogens | DOI:10.1371/journal.ppat.1006165 January 31, 2017 32/34


http://dx.doi.org/10.1093/infdis/jiq095
http://www.ncbi.nlm.nih.gov/pubmed/21282196
http://dx.doi.org/10.1111/j.1365-3024.2012.01380.x
http://www.ncbi.nlm.nih.gov/pubmed/22803643
http://dx.doi.org/10.1016/j.cellimm.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24721110
http://dx.doi.org/10.1177/1753425912473170
http://www.ncbi.nlm.nih.gov/pubmed/23413147
http://dx.doi.org/10.1186/1423-0127-19-5
http://www.ncbi.nlm.nih.gov/pubmed/22230608
http://www.ncbi.nlm.nih.gov/pubmed/7721348
http://dx.doi.org/10.1074/jbc.M113.454538
http://www.ncbi.nlm.nih.gov/pubmed/23609450
http://www.ncbi.nlm.nih.gov/pubmed/6424987
http://dx.doi.org/10.1189/jlb.0406249
http://www.ncbi.nlm.nih.gov/pubmed/16905575
http://www.ncbi.nlm.nih.gov/pubmed/9653099
http://www.ncbi.nlm.nih.gov/pubmed/12093291
http://dx.doi.org/10.4049/jimmunol.0802978
http://www.ncbi.nlm.nih.gov/pubmed/19234181
http://dx.doi.org/10.4049/jimmunol.1003588
http://dx.doi.org/10.4049/jimmunol.1003588
http://www.ncbi.nlm.nih.gov/pubmed/21357266
http://dx.doi.org/10.1172/JCI27727
http://www.ncbi.nlm.nih.gov/pubmed/16778988
http://dx.doi.org/10.1182/blood-2006-05-021600
http://dx.doi.org/10.1182/blood-2006-05-021600
http://www.ncbi.nlm.nih.gov/pubmed/17077330
http://dx.doi.org/10.1182/blood-2003-03-0669
http://www.ncbi.nlm.nih.gov/pubmed/12893770
http://dx.doi.org/10.1532/IJH97.06036
http://dx.doi.org/10.1532/IJH97.06036
http://www.ncbi.nlm.nih.gov/pubmed/17050196
http://www.ncbi.nlm.nih.gov/pubmed/10722572
http://dx.doi.org/10.4049/jimmunol.1102880
http://www.ncbi.nlm.nih.gov/pubmed/22412197
http://dx.doi.org/10.1002/eji.200939455
http://www.ncbi.nlm.nih.gov/pubmed/20213734
http://dx.doi.org/10.1371/journal.pntd.0003543
http://www.ncbi.nlm.nih.gov/pubmed/25710789

@’PLOS | PATHOGENS

Splenic Inflammatory Response in Visceral Leishmaniasis

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

124.

125.

Gabrilovich DI, Nagaraj S (2009) Myeloid-derived suppressor cells as regulators of the immune sys-
tem. Nat Rev Immunol 9: 162—174. doi: 10.1038/nri2506 PMID: 19197294

Peranzoni E, Zilio S, Marigo |, Dolcetti L, Zanovello P, et al. (2010) Myeloid-derived suppressor cell
heterogeneity and subset definition. Curr Opin Immunol 22: 238—-244. doi: 10.1016/j.c0i.2010.01.021
PMID: 20171075

Nagaraj S, Schrum AG, Cho Hl, Celis E, Gabrilovich DI (2010) Mechanism of T cell tolerance induced
by myeloid-derived suppressor cells. J Immunol 184: 3106—3116. doi: 10.4049/jimmunol.0902661
PMID: 20142361

Yud,DuW, YanF, Wang Y, Li H, et al. (2013) Myeloid-derived suppressor cells suppress antitumor
immune responses through IDO expression and correlate with lymph node metastasis in patients with
breast cancer. J Immunol 190: 3783-3797. doi: 10.4049/jimmunol.1201449 PMID: 23440412

Nguyen Hoang AT, Liu H, Juarez J, Aziz N, Kaye PM, et al. (2010) Stromal cell-derived CXCL12 and
CCL8 cooperate to support increased development of regulatory dendritic cells following Leishmania
infection. J Immunol 185: 2360-2371. doi: 10.4049/jimmunol.0903673 PMID: 20624948

Platanias LC (2005) Mechanisms of type-I- and type-ll-interferon-mediated signalling. Nat Rev Immu-
nol 5: 375-386. doi: 10.1038/nri1604 PMID: 15864272

Qing Y, Stark GR (2004) Alternative activation of STAT1 and STAT3 in response to interferon-
gamma. J Biol Chem 279: 41679—-41685. doi: 10.1074/jbc.M406413200 PMID: 15284232

Wang X, Crowe PJ, Goldstein D, Yang JL (2012) STAT3 inhibition, a novel approach to enhancing tar-
geted therapy in human cancers (review). Int J Oncol 41: 1181-1191. doi: 10.3892/ij0.2012.1568
PMID: 22842992

Soong L, Henard CA, Melby PC (2012) Immunopathogenesis of non-healing American cutaneous
leishmaniasis and progressive visceral leishmaniasis. Semin Immunopathol 34: 735-751. doi: 10.
1007/s00281-012-0350-8 PMID: 23053396

Badaro R, Falcoff E, Badaro FS, Carvalho EM, Pedral-Sampaio D, et al. (1990) Treatment of visceral
leishmaniasis with pentavalent antimony and interferon gamma. N Engl J Med 322: 16-21. doi: 10.
1056/NEJM199001043220104 PMID: 2104665

Sundar S, Rosenkaimer F, Lesser ML, Murray HW (1995) Immunochemotherapy for a systemic intra-
cellular infection: accelerated response using interferon-gamma in visceral leishmaniasis. J Infect Dis
171: 992-996. PMID: 7706829

Mookerjee Basu J, Mookerjee A, Sen P, Bhaumik S, Sen P, et al. (2006) Sodium antimony gluconate
induces generation of reactive oxygen species and nitric oxide via phosphoinositide 3-kinase and mito-
gen-activated protein kinase activation in Leishmania donovani-infected macrophages. Antimicrob
Agents Chemother 50: 1788-1797. doi: 10.1128/AAC.50.5.1788-1797.2006 PMID: 16641451

Sundar S, Murray HW (1995) Effect of treatment with interferon-gamma alone in visceral leishmania-
sis. J Infect Dis 172: 1627—-1629. PMID: 7594733

Kumar R, Singh N, Gautam S, Singh OP, Gidwani K, et al. (2014) Leishmania specific CD4 T cells
release IFNgamma that limits parasite replication in patients with visceral leishmaniasis. PLoS Negl
Trop Dis 8:e€3198. doi: 10.1371/journal.pntd.0003198 PMID: 25275531

O’Shea JJ, Murray PJ (2008) Cytokine signaling modules in inflammatory responses. Immunity 28:
477-487. doi: 10.1016/j.immuni.2008.03.002 PMID: 18400190

Blanchette J, Pouliot P, Olivier M (2007) Role of protein tyrosine phosphatases in the regulation of
interferon-{gamma}-induced macrophage nitric oxide generation: implication of ERK pathway and AP-
1 activation. J Leukoc Biol 81: 835-844. doi: 10.1189/jlb.0505252 PMID: 17170076

Blanchette J, Racette N, Faure R, Siminovitch KA, Olivier M (1999) Leishmania-induced increases in
activation of macrophage SHP-1 tyrosine phosphatase are associated with impaired IFN-gamma-trig-
gered JAK2 activation. Eur J Immunol 29: 3737-3744. PMID: 10556830

Forget G, Gregory DJ, Olivier M (2005) Proteasome-mediated degradation of STAT 1alpha following
infection of macrophages with Leishmania donovani. J Biol Chem 280: 30542—-30549. doi: 10.1074/
jbc.M414126200 PMID: 15983048

Ray M, Gam AA, Boykins RA, Kenney RT (2000) Inhibition of interferon-gamma signaling by Leish-
mania donovani. J Infect Dis 181: 1121-1128. doi: 10.1086/315330 PMID: 10720539

Sen S, Roy K, Mukherjee S, Mukhopadhyay R, Roy S (2011) Restoration of IFNgammaR subunit
assembly, IFNgamma signaling and parasite clearance in Leishmania donovani infected macro-
phages: role of membrane cholesterol. PLoS Pathog 7: €1002229. doi: 10.1371/journal.ppat.1002229
PMID: 21931549

Abebe T, Hailu A, Woldeyes M, Mekonen W, Bilcha K, et al. (2012) Local increase of arginase activity
in lesions of patients with cutaneous leishmaniasis in ethiopia. PLoS Negl Trop Dis 6: e1684. doi: 10.
1371/journal.pntd.0001684 PMID: 22720104

PLOS Pathogens | DOI:10.1371/journal.ppat.1006165 January 31, 2017 33/34


http://dx.doi.org/10.1038/nri2506
http://www.ncbi.nlm.nih.gov/pubmed/19197294
http://dx.doi.org/10.1016/j.coi.2010.01.021
http://www.ncbi.nlm.nih.gov/pubmed/20171075
http://dx.doi.org/10.4049/jimmunol.0902661
http://www.ncbi.nlm.nih.gov/pubmed/20142361
http://dx.doi.org/10.4049/jimmunol.1201449
http://www.ncbi.nlm.nih.gov/pubmed/23440412
http://dx.doi.org/10.4049/jimmunol.0903673
http://www.ncbi.nlm.nih.gov/pubmed/20624948
http://dx.doi.org/10.1038/nri1604
http://www.ncbi.nlm.nih.gov/pubmed/15864272
http://dx.doi.org/10.1074/jbc.M406413200
http://www.ncbi.nlm.nih.gov/pubmed/15284232
http://dx.doi.org/10.3892/ijo.2012.1568
http://www.ncbi.nlm.nih.gov/pubmed/22842992
http://dx.doi.org/10.1007/s00281-012-0350-8
http://dx.doi.org/10.1007/s00281-012-0350-8
http://www.ncbi.nlm.nih.gov/pubmed/23053396
http://dx.doi.org/10.1056/NEJM199001043220104
http://dx.doi.org/10.1056/NEJM199001043220104
http://www.ncbi.nlm.nih.gov/pubmed/2104665
http://www.ncbi.nlm.nih.gov/pubmed/7706829
http://dx.doi.org/10.1128/AAC.50.5.1788-1797.2006
http://www.ncbi.nlm.nih.gov/pubmed/16641451
http://www.ncbi.nlm.nih.gov/pubmed/7594733
http://dx.doi.org/10.1371/journal.pntd.0003198
http://www.ncbi.nlm.nih.gov/pubmed/25275531
http://dx.doi.org/10.1016/j.immuni.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18400190
http://dx.doi.org/10.1189/jlb.0505252
http://www.ncbi.nlm.nih.gov/pubmed/17170076
http://www.ncbi.nlm.nih.gov/pubmed/10556830
http://dx.doi.org/10.1074/jbc.M414126200
http://dx.doi.org/10.1074/jbc.M414126200
http://www.ncbi.nlm.nih.gov/pubmed/15983048
http://dx.doi.org/10.1086/315330
http://www.ncbi.nlm.nih.gov/pubmed/10720539
http://dx.doi.org/10.1371/journal.ppat.1002229
http://www.ncbi.nlm.nih.gov/pubmed/21931549
http://dx.doi.org/10.1371/journal.pntd.0001684
http://dx.doi.org/10.1371/journal.pntd.0001684
http://www.ncbi.nlm.nih.gov/pubmed/22720104

@’PLOS | PATHOGENS

Splenic Inflammatory Response in Visceral Leishmaniasis

126.

127.

128.

129.
130.

131.

132.

Abebe T, Takele Y, Weldegebreal T, Cloke T, Closs E, et al. (2013) Arginase activity—a marker of dis-
ease status in patients with visceral leishmaniasis in ethiopia. PLoS Negl Trop Dis 7: e2134. doi: 10.
1371/journal.pntd.0002134 PMID: 23556019

Sacks DL, Melby PC (2001) Animal models for the analysis of immune responses to leishmaniasis.
Curr Protoc Immunol Chapter 19: 2.1-2.20.

Andrews S FastQC A Quality Control tool for High Throughput Sequence Data. http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/.

Langmead B, Salzberg SL (2012) Fast gapped-read alignment with Bowtie 2. Nat Meth 9: 357-359.

Robinson MD, Smyth GK (2008) Small-sample estimation of negative binomial dispersion, with appli-
cations to SAGE data. Biostatistics 9: 321-332. doi: 10.1093/biostatistics/kxm030 PMID: 17728317

Mootha VK, Lindgren CM, Eriksson KF, Subramanian A, Sihag S, et al. (2003) PGC-1alpha-respon-
sive genes involved in oxidative phosphorylation are coordinately downregulated in human diabetes.
Nat Genet 34:267-273. doi: 10.1038/ng1180 PMID: 12808457

Subramanian A, Tamayo P, Mootha V, Mukherjee S, Ebert B, et al. (2005) Gene set enrichment analy-
sis: a knowledge-based approach for interpreting genome-wide expression profiles. Proceedings of
the National Academy of Sciences of the United States of America 102: 15545—15550. doi: 10.1073/
pnas.0506580102 PMID: 16199517

PLOS Pathogens | DOI:10.1371/journal.ppat.1006165 January 31, 2017 34/34


http://dx.doi.org/10.1371/journal.pntd.0002134
http://dx.doi.org/10.1371/journal.pntd.0002134
http://www.ncbi.nlm.nih.gov/pubmed/23556019
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://dx.doi.org/10.1093/biostatistics/kxm030
http://www.ncbi.nlm.nih.gov/pubmed/17728317
http://dx.doi.org/10.1038/ng1180
http://www.ncbi.nlm.nih.gov/pubmed/12808457
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1073/pnas.0506580102
http://www.ncbi.nlm.nih.gov/pubmed/16199517

