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Background. Monocytes are important effector cells during Leishmania infection, and changes in their functions may impact 
development of immunity. However, functional characteristics of monocytes in patients with visceral leishmaniasis (VL) remains 
poorly understood.

Methods. Peripheral blood monocytes from patients with VL and healthy endemic controls from Muzaffarpur, India, were 
isolated and compared in an ex vivo setting, using cell-culture techniques, flow cytometry, and reverse transcription quantitative 
polymerase chain reaction analysis.

Results. A blood monocyte population with a gene signature comprising upregulated expression of TGM2, CTLRs, VDR, PKM, 
SOCS1, and CAMP1 and downregulated expression of NOS2 and HIF1A was observed in patients with VL but not in controls. 
Monocytes from patients with VL also had impaired expression of chemokine receptors and adhesion molecules and decreased 
frequencies of interleukin 1β– and interleukin 6–producing cells. Importantly, monocytes from patients with VL had a markedly 
reduced capacity for phagocytosis of amastigotes, p47phox and p67phox expression, and reactive oxygen species production.

Conclusions. Monocytes from patients with VL express antiinflammatory molecules and lack a classically activated phenotype. 
They have reduced expression of molecules related to activation and antiparasitic effector functions, indicating that monocytes are 
skewed toward an antiinflammatory phenotype. These findings provide insights into the functional status of monocytes during VL 
and advise that therapeutic manipulation of this important cell population may result in favorable patient outcomes.

Keywords. Visceral leishmaniasis; monocytes; antiinflammatory; proinflammatory; phagocytosis; blood.
 

Visceral leishmaniasis (VL) is a protozoan parasitic disease with 
approximately 0.2–0.4 million cases each year [1]. It constitutes 
a major public health issue in the Indian subcontinent, where 
it is caused by Leishmania donovani. Parasites infect and reside 
within tissue macrophages, although dendritic cells, mono-
cytes, and neutrophils can all be infected, albeit for only a short 
time [2]. The outcome of L. donovani infection depends upon 
various host and parasite factors and can range from asymp-
tomatic infection to clinical syndromes, including life-threat-
ening visceral disease and post–kala azar dermal leishmaniasis 
(PKDL). However, only a minority of infected individuals de-
velop symptoms of VL [3]. The production of interferon γ and 
tumor necrosis factor α (TNF-α) by T-bet+CD4+ T helper type 
1 (Th1) cells is critical for production of reactive oxygen species 
(ROS) and reactive nitrogen species by infected cells, which is 
crucial for control of parasite growth [4].

Monocytes develop in the bone marrow and migrate to periph-
eral tissues in response to chemotactic signals initiated by tissue 
damage caused by infection and inflammation [5]. Once mono-
cytes have migrated into tissues, they can adjust their phenotype 
in response to microenvironmental cues, thereby displaying plas-
ticity and heterogeneity under various pathological situations [6, 7].  
Monocyte recognition of parasites is mediated through patho-
gen-recognition receptors [8, 9], leading to a cascade of events 
that result in the production of oxygen radicals capable of killing 
internalized parasites [10]. As a consequence, they are critical 
for defense and also play an important role in tissue repair after 
an infection has been controlled. However, Leishmania parasites 
have evolved various mechanisms for subversion or evasion of 
host immune mechanisms, allowing for their intracellular survival 
[11]. Under the influence of Th1-cell cytokines, monocytes dis-
play a proinflammatory phenotype with antiparasitic functions. 
Conversely, in a milieu of Th2 cytokines, monocytes acquire an 
antiinflammatory phenotype that can impede protective immu-
nity and promote persistent infection [12]. Interestingly, the po-
larization of monocytes toward an antiinflammatory phenotype 
has been reported in patients with PKDL [13].

The aim of the present study was to define the functional and 
phenotypic characteristics of monocytes in patients with VL be-
fore and after antiparasitic drug administration and to compare 
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the characteristics to those of monocytes from ECs. Previous 
work with in vitro experimental models and human studies 
has identified various activation markers for monocyte-mac-
rophages [12, 14–16]. However, monocytes display a range of 
phenotypes in vivo, and assessment of only a particular set of 
markers is often not sufficient to establish the activation status 
[17]. Therefore, we assessed monocytes by using a combination 
of established proinflammatory and antiinflammatory markers 
at transcriptional and functional levels to better understand 
their role in VL.

Our results show that blood monocytes from patients with 
VL display a dominant antiinflammatory phenotype that is 
associated with a reduced phagocytic capacity and a decreased 
ability to generate microbicidal molecules. These data iden-
tify monocytes as potential targets for immune modulation to 
improve clinical outcomes in patients with VL.

METHODS

Recruitment and Characteristics of Human Subjects

All patients presented with clinical symptoms of VL at the Kala-
Azar Medical Research Center (Muzaffarpur, India), and their 
diagnosis was confirmed by detection of amastigotes in splenic 
smears or by a positive result of a rK39 dipstick test. In total, 
147 patients with VL and 134 endemic controls (hereafter, “con-
trols”) belonging to the households of patients were enrolled 
in the study. Pregnant females, individuals aged <14 years, and 
patients with human immunodeficiency virus coinfection, hep-
atitis, or tuberculosis were excluded from the study. Aggregate 
clinical features of all subjects are listed in Table 1.

Ethics Statement

The use of human subjects followed the recommendations out-
lined in the Declaration of Helsinki. All subjects were enrolled 
in this study and previous receipt of their consent, and written 
informed assent was obtained from all participants and/or the 
legal guardian of those aged <18 years. This study was approved 
by ethics review board of the Institute of Medical Sciences, 
Banaras Hindu University (Varanasi, India; Dean/2008–09/314 
and Dean/2012–2013/89).

Isolation of Peripheral Blood Mononuclear Cells (PBMCs) and 

Enrichment of CD14+ Cells

A heparinized venous blood specimen (volume, 8–10 mL) was 
collected from controls and patients with VL before the start 
of drug treatment (D-0). At the time of discharge (D-Dis), all 
patients began 30-day treatment with amphotericin B [18]. A dia-
gram showing the work flow for processing and analyzing samples 
is shown in Figure 1. PBMCs were isolated using Lymphoprep 
(StemCell Technologies, Oslo, Norway) as described elsewhere 
[19], and cell viability was assessed using 0.4% (w/v) Trypan blue 
(Lonza, Walkersville,  MD) followed by microscopy and found 
to be >97%. CD14+ cells were positively selected from PBMCs 

by using magnetic-activated cell-sorting MicroBeads (catalog 
number 130 050 201; Miltenyi Biotech, Bergisch Gladbach, 
Germany) according to manufacturer’s instructions.

RNA Isolation, Complementary DNA (cDNA) Synthesis, and Real-Time 

Polymerase Chain Reaction (PCR) Analysis

Total RNA was isolated from enriched CD14+ cells, using an 
RNeasy mini kit (catalog number 74106; Qiagen,  Hilden, 
Germany) and QIAshredder homogenizers (catalog number 
79656; Qiagen) according to the manufacturer’s instructions. 
RNA (500–1000 ng) was reverse transcribed in a 20-μL reaction 
volume with random primers and a multiscribe MuLV reverse 
transcriptase, using a high-capacity cDNA reverse transcription 
kit (catalog number 4368813; Applied Biosystem, Foster City, 
CA) as per the manufacturer’s instructions. Real-time PCR 
analysis was performed on an ABI Prism 7500 real-time PCR 
system (Applied Biosystems), using cDNA-specific FAM-MGB–
labeled probes and primer sets for messenger RNAs (mRNAs) 
of interest (Supplementary Table 1) and VIC-MGB–labeled eu-
karyotic 18S ribosomal RNA (rRNA) as an endogenous control. 

Table  1. Aggregate Clinical Characteristics of Patients With Visceral 
Leishmaniasis (VL) and Healthy Endemic Controls (ECs)

Variables VL Group (n = 147) EC Group (n = 134)

Age, y

 Mean ± SD 31.60 ± 15.16 34.97 ± 11.87

 Median 32 33.5

Sex, no.

 Male 47 51

 Female 100 83

Illness duration, d

 Mean ± SD 50.75 ± 56.58 NA

 Median 30 NA

Hemoglobin level, mg/mL

 Before treatment

  Mean ± SD 8.19 ± 1.72 ND

  Median 8.1 ND

 After treatment

  Mean ± SD 10.30 ± 1.41 ND

  Median 10.2 ND

WBC, ×103 cells/mm3

 D-0

  Mean ± SD 4281.63 ± 1671.23 ND

  Median 4100 ND

 D-Dis

  Mean ± SD 11 094.56 ± 3800.23 ND

  Median 10 500 ND

Splenic enlargement, cm

 D-0

  Mean ± SD 4.33 ± 3.25 NA

  Median 3 NA

 D-Dis

  Mean ± SD 0.41 ± 1.09 NA

  Median 0 NA
Abbreviations: D-Dis, 28  days after treatment and prior to discharge; D-0, before treatment; 
NA, not applicable; ND, not done.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy228#supplementary-data
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Relative gene expression was calculated as the number of cycles 
for the mRNA of interest over 18S rRNA.

Fluorescence-Activated Cell-Sorting (FACS) Analysis

For staining of cell surface molecules, whole blood cells from 
patients with VL and controls were stained for surface mark-
ers, using combinations of fluorescently conjugated antibodies 
(Supplementary Table 2), for 30 minutes at room temperature. 
Erythrocytes were then lysed using FACS lysing solution (cat-
alog number 349202; BD Biosciences), and cells were washed 
using FACS buffer (phosphate-buffered saline [PBS] supple-
mented with 1% [w/v] bovine serum albumin). For intracellular 
cytokine staining, PBMCs from patients with VL and controls 
were cultured at 1 × 106 cells/mL in round-bottomed polypro-
pylene tubes (BD Biosciences) for 4 hours at 37°C in 5% (v/v) 
CO2, in complete Roswell Park Memorial Institute (cRPMI) 
medium (RPMI supplemented with 10% [v/v] heat-inacti-
vated fetal calf serum, 100 μg/mL streptomycin, and 100 U/mL  
penicillin; Invitrogen). Cells were stimulated with soluble 
Leishmania antigen (SLA; 10  µg/mL) or lipopolysaccharide 
(LPS; 5  µg/mL) in the presence of Golgi plug (1  μL/mL; BD 
Biosciences). Surface-stained cells were fixed and permeabi-
lized using Cytofix/Cytoperm, as per the manufacture’s instruc-
tion (BD Biosciences); washed in permeabilization buffer (BD 
Biosciences); and stained for intracellular cytokines with the 
fluorescent conjugated antibodies listed in Supplementary 
Table 2.

The expression of myeloperoxidase (MPO) was assessed by ex 
vivo intracellular whole-blood staining by using an anti-human 

MPO flow kit (Biolegend) according to the manufacturer’s 
instructions. For expression of p47phox and p67phox, PBMCs 
(1 × 106) were incubated in cRPMI medium alone or stimulated 
with L. donovani promastigotes (5 × 106) or phorbol myristate 
acetate (PMA; 10 ng/mL) for 3 hours at 37°C in 5% CO2. After 
surface staining, cells were fixed and permeabilized as described 
above and then underwent intracellular staining for detection 
of purified anti-p47phox (clone 1/p47Phox; BD Biosciences) 
or anti-p67phox (clone D-6; Santa Cruz Biotechnology) for 
20 minutes. Cells were stained for another 20 minutes with 
anti–immunoglobulin G1 (clone A851; BD) conjugated with 
PE. Following staining, samples were fixed in 200 μL of phos-
phate-buffered saline/1% (w/v) paraformaldehyde, acquired 
on a FACSort machine (BD Biosciences), and analyzed using 
FlowJo, version 10.2 (Tree Star). Analysis was performed on 
cells gated according to their forward- and side-scatter proper-
ties, followed by gating on CD14+ cells.

Parasite

L. donovani promastigotes (1 × 108) originally isolated from a 
splenic aspirate culture from a patient with VL were used for 
intracardial inoculation and generation of amastigotes in Syrian 
golden hamsters [20]. Amastigotes were isolated aseptically 
from hamster spleens 40–60 days after infection, as described 
elsewhere [21, 22].

Phagocytosis Assay

L.  donovani amastigotes (107) were labeled with 2.5  μM car-
boxyfluorescein succinimidyl ester (CFSE; catalog number 
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Figure 1. Schematic diagram showing sample processing and various immunological assays performed in the study on blood samples from patients with visceral leish-
maniasis (VL) and healthy endemic controls (ECs). MACS, magnetic-activated cell sorting; MPO, myeloperoxidase; PBMC, peripheral blood mononuclear cell; ROS, reactive 
oxygen species.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy228#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy228#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy228#supplementary-data
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423801; Biolegend) for 10 minutes at 37°C. PBMCs (3.5 × 106 
cells/100 μL) were incubated with equal numbers of Fluoresbrite 
641 carboxylate microspheres (diameter, 0.50 μm; catalog num-
ber 21116-1; Polysciences) or CFSE-labeled amastigotes sus-
pended in 100 μL of phagocytosis buffer (a 1:1 ratio of RPMI 
and Dulbecco’s modified Eagle’s medium supplemented with 1% 
[w/v] bovine serum albumin and HEPES) in a round-bottomed 
tube. Control PBMCs were treated with 10 μg/mL of cytochala-
sin D (Sigma-Aldrich) for 30 minutes, prior to incubation with 
parasite or beads. Samples were then centrifuged at low speed to 
synchronize phagocytosis and incubated for 30 minutes at 37°C 
in 5% CO2. Cells were kept on ice in chilled phosphate-buff-
ered saline containing 2.5  mM ethylenediaminetetraacetic 
acid, to terminate phagocytosis. Cells were then stained with 
anti-human CD14-FITC/APC (Biolegend). The proportion of 
monocytes ingesting parasites or beads was quantified by flow 
cytometry.

ROS Detection

To measure ROS production, the CellROX Green flow cytom-
etry kit (catalog number C10492; Invitrogen) was used accord-
ing to the manufacturer’s instructions. Following staining, 
cells were placed on ice and immediately acquired by flow 
cytometry.

Statistical Analysis

Data sets were analyzed using Graph Pad Prism7 software and 
are presented as mean  values ±  standard errors of the mean, 
unless otherwise stated. The statistical significance of differ-
ences between groups was determined using the Wilcoxon 
signed rank test and the Mann-Whitney test, as appropriate. 
A P value of < .05 was considered statistically significant.

RESULTS

Changes in the Frequency and Phenotype of Circulating Monocytes in 

Patients With VL

Flow cytometry of specimens from patients with VL revealed 
an increased frequency of CD14+ cells at disease presentation, 
compared with specimens collected on D-Dis and those from 
controls (P < .05; Figure 2A). Since monocyte migration is crit-
ical to their immune functions, we next examined the surface 
expression of chemokine receptors and cell adhesion molecules 
on CD14+ cells (Figure 2B). We found that monocytes observed 
at the time of VL presentation displayed significantly enhanced 
expression of CX3CR1 (P  <  .05) and ICAM-1 (P  <  .001) but 
decreased expression of CCR2 (P <  .05), CCR7 (P <  .05), and 
PECAM-1 (P < .05), compared with controls. We found no dis-
ease-associated change in the expression of CD11a (Figure 2B). 
Overall, these data show an increased frequency of monocytes 
at disease presentation that was associated with differential 
expression of several chemokine receptors and cell adhesion 
molecules.

Monocytes From Patients With VL Have an Antiinflammatory Gene 

Signature

We next performed ex vivo gene expression analysis on CD14+ 
cells, purified by magnetic-activated cell sorting, from patients 
with VL and controls. We found decreased accumulation of 
mRNA encoding inflammation-associated nitric oxide synthase 
2 (NOS2; P  <  .05) and hypoxia-inducible factor 1A (HIF1A; 
P < .01) but increased accumulation of mRNA encoding major 
histocompatibility complex class II DR β1 (HLA-DRB1; P < .05) 
and solute carrier family 2 member 1 (SLC2A1; P  <  .05) in 
patients with VL, compared with controls (Figure 3A). Among 
the genes usually associated with antiinflammatory responses, 
we found enhanced expression of mRNA encoding transglu-
taminase 2 (TGM2; P <  .001), dendritic cell–specific intracel-
lular adhesion molecule 3–grabbing nonintegrin (DC-SIGN; 
P < .001), c-type lectin domain family 7 member A (CLEC7A; 
P < .05), peroxisome proliferator-activated receptor γ (PPARγ; 
P  <  .01), vitamin D signaling receptor (VDR; P  <  .01), pyru-
vate kinase M (PKM; P <  .05), suppressor of cytokine signal-
ing 1 (SOCS-1; P < .05), and cathelicidin antimicrobial peptide 
(CAMP; P < .01) in patients with VL, compared with controls 
(Figure  3B). We found no changes in expression of mRNA 
encoding the antiinflammatory genes CCL17, IL-1R1, and IL-
1R2, while neuropilin 1 precursor (NRP1) and Fc fragment 
of IgE receptor 2 (FCER2) mRNA was downmodulated in 
patients with VL, compared with controls (P < .01; Figure 3B). 
Expression of arginase 1 mRNA was not detectable in CD14+ 
cells in any group (data not shown). Treatment reduced levels 
of most transcripts, although levels were not always comparable 
with those in controls. Taken together, these data indicate that 
VL is associated with expression of a number of antiinflamma-
tory gene transcripts by monocytes, but this was not a universal 
observation.

Impaired Monocyte Cytokine Production in Patients With VL

VL is generally associated with a mixed proinflammatory and 
antiinflammatory cytokine response, but the contributions 
made by monocytes to this milieu are not clear. Therefore, to 
understand the impact of VL on monocyte effector functions, 
we assessed the cytokine-producing ability of monocytes in 
response to stimulus with SLA or LPS. Intracellular interleu-
kin 1β (IL-1β), interleukin 6 (IL-6), and TNF-α expression was 
examined in CD14+ cells from patients with VL and controls 
(Figure 4). We found a reduced frequency of IL-1β–expressing  
CD14+ cells (P  <  .001) and IL-6–expressing CD14+ cells 
(P < .001) at VL presentation following no stimulation or stim-
ulation with LPS, compared with controls (Figure 4A and 4B). 
Interestingly, there was no change in production of these cyto-
kines or TNF-α in response to SLA stimulation, suggesting 
some selectivity in the effects of disease on pattern-recognition 
pathways (Figure 4C). IL-1β and IL-6 are involved in host pro-
tection, so their modulation during VL may be associated with 
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disease outcome. We also measured ex vivo MPO expression 
by CD14+ cells and found no change in the frequency of cells 
expressing this molecule, although we found increased expres-
sion of MPO on a per-cell basis, as indicated by an increased 
mean fluorescence intensity, in CD14+ cells at VL presentation, 
compared with controls (Figure 4D).

Monocytes From Patients With VL Have Diminished Phagocytic Capacity

Given our finding that monocytes from patients with VL 
expressed a relatively dominant antiinflammatory gene signa-
ture and that this signature has been associated with reduced 
phagocytic capacity, we next examined this function. We again 
defined monocytes as CD14+ cells in our assay and found that 
they had a reduced ability to phagocytose CFSE-labeled amasti-
gotes, compared with monocytes from controls. This was indi-
cated by both a reduced frequency of cells taking up amastigotes 
(P < .01) and a reduced number of parasites being phagocytosed, 
as indicated by a reduced mean fluorescence intensity (P < .05; 
Figure 5A). The diminished phagocytic capacity of monocytes 

from patients with VL was also confirmed using Fluoresbrite 
beads (Figure  5B). In both assays, cytochalasin D inhibited 
phagocytosis, indicating that cells from patients with VL and 
controls were capable of phagocytic activity. These results in-
dicate that the phagocytic potential of monocytes during VL 
is impaired and that disruption of a cellular function capable 
of monocyte activation could possibly favor parasite spread to 
neighboring cells.

Decreased Generation of ROS by Monocytes From Patients With VL

Phagocytosis leads to NADPH oxidase activation and gener-
ation of ROS. To understand the impact of diminished phag-
ocytosis on ROS production, we examined the expression of 
p47phox and p67phox, cytosolic components of NADPH oxi-
dase, in monocytes following short-term culture with L. dono-
vani promastigotes or PMA. We found significantly reduced 
expression of p47phox (P  <  .05) and p67phox (P  <  .05) in 
monocytes from patients with VL, compared with controls 
(Figure  6A). Finally, we examined the ability of monocytes 
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to produce intracellular ROS and, in support of our p47phox 
and p67phox data, found significantly lower levels of ROShi-
producing monocytes (P < .001) in patients with VL, compared 
with controls (Figure  6B). Together, these data indicates that 
monocytes from patients with VL have a suppressed ability to 
generate ROS and that attenuation of oxidative molecules ca-
pable of killing parasites could favor parasite survival.

DISCUSSION

Monocytes play an essential role in many infectious diseases, in-
cluding experimental VL [23–25]. A recent study with samples 
from patients with PKDL reported that blood monocytes had 
an antiinflammatory phenotype that the authors proposed may 

contribute to disease chronicity [13]. However, limited studies 
have been conducted to establish the phenotypic and functional 
characteristics of monocytes in humans with VL. We attempted 
to address this shortcoming in the present study and showed 
that blood monocytes appeared to acquire a disease-promoting 
antiinflammatory phenotype during VL, with reduced phago-
cytic potential and diminished ability to generate microbicidal 
molecules.

We found an enhanced frequency of monocytes at disease 
presentation. An increased frequency of CD16+ monocytes has 
been shown to be associated with disease pathology in patients 
with cutaneous leishmaniasis [26]. In addition, reduced recruit-
ment and activation of inflammatory monocytes to skin lesions 
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II; HIF1A, hypoxia-inducible factor 1-alpha; HLA-DRB1, major histocompatibility complex class II DR β1; IL1R1, interleukin 1 receptor type 1; IL1R2, interleukin 1 receptor type 
2; NRP-1, neuropilin 1 precursor; NOS2, nitric oxide synthase 2; PKM, pyruvate kinase M; PPARγ, peroxisome proliferator-activated receptor γ; SLC2A1, solute carrier family 
2, member 1; SOCS1, suppressor of cytokine signaling 1; TGM2, transglutaminase 2; VDR, vitamin D receptor. 
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and draining lymph nodes has been associated with subop-
timal priming of Th1 responses and consequent development of 
chronic infection [27], thus supporting the idea that these cells 
can play a disease-promoting role during VL. Impaired expres-
sion of chemokines and chemokine receptors has been reported 
in patients with VL [28], and CCR2-deficient mice have dysreg-
ulated monocyte migration to infected tissue that is associated 
with disease progression [29]. We found reduced expression 
of CCR2 and CCR7 but increased expression of CX3CR1 on 
CD14+ cells in patients with VL. CCR7 is required for migration 
of monocytes into inflamed tissues in experimental cutaneous 
leishmaniasis [30]. Additionally, CCR7 is needed for migration 
of monocytes that ultimately develop into lymphatic trafficking 
dendritic cells [31]. Therefore, the reduced CCR7 expression 
we report likely influences several monocyte functions. The 
altered CCR2 and CX3CR1 expression may affect monocyte 
recruitment to inflamed tissues and possibly indicates a para-
sitic strategy to limit monocyte migration. Monocytes also use 
various cell adhesion molecules to migrate into infected tissues 

from blood via cell-cell and endothelial cell–surface interac-
tions [32]. An earlier study with Leishmania chagasi reported 
no change in expression of ICAM-1 and downregulated CD11b 
expression on CD14+ cells [33]. However, we found enhanced 
ICAM-1 expression, reduced PECAM-1 expression, and no 
change in CD11b expression on CD14+ cells in the VL group, 
suggesting that changes in these molecules are disease specific. 
Of note, ICAM-1–dependent recruitment of monocytes to the 
liver and hepatic granuloma assembly has been shown to be im-
portant for host responsiveness to conventional antiparasitic 
chemotherapy in experimental VL [34]. Furthermore, enhanced 
ICAM-1 and decreased PECAM-1 expression on monocytes 
could avoid simultaneous expression of these molecules, which 
may enhance cell adhesion to vascular endothelium and thereby 
promote parasite escape mechanisms. Thus, changes in expres-
sion of these molecules may not just influence cell migration 
but may also determine responses to antiparasitic drugs.

We observed elevated mRNA expression for HLADRB1 and 
SLC2A1, which encode proteins promoting acute inflammation 
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and inflammatory activation of monocytes [35]. However, 
NOS2 and HIF1A gene expression were downregulated in 
CD14+ cells from patients with VL, indicating a selective im-
pact of L. donovani infection on inflammatory gene expression 
by monocytes. Interestingly, in an experimental model of VL, 
HIF-1α promoted inhibitory functions in myeloid cells and 
rendered them more susceptible to L. donovani infection [36]. 

Thus, it appears that this mechanism of parasite persistence is 
not operating in human cells. Further, TGM-2 was identified 
as an antiinflammatory gene [37] involved in parasite growth 
and survival, cross-linking of cellular proteins, and extracellular 
matrix generation [38]. The enhanced expression of TGM-2 
in CD14+ cells from patients with VL provides support for the 
skewing of these cells toward an antiinflammatory phenotype. 
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We also observed enhanced expression of DC-SIGN, dectin-1, 
and PPARγ, which have also been associated with antiinflam-
matory phenotypes [39]. Cell responses against L. infantum are 
characterized by a C-type lectin receptor gene signature [39]. 
Upregulated PPARγ expression and activation has also been 
reported in experimental VL model and associated with par-
asite survival and disease chronicity [40]. Similarly, enhanced 
PPARγ is associated with an antiinflammatory monocyte phe-
notype in patients with PKDL [13]. VDR-dependent signaling 
inhibits proinflammatory cytokine and NO production [41] 
and contributes to susceptibility to L. major infection [42]. We 
observed enhanced VDR and CAMP transcripts in CD14+ cells 
at D-0, again supporting the presence of CD14+ cells with an 
antiinflammatory phenotype in patients with VL. Importantly, 
metabolic manipulation of host cell by parasites to enhance the 
access to bioenergy and essential nutrients is recognized to play 
an important role in the pathology of leishmaniasis [43], and an 
observed increase in transcription of glycolytic enzyme PKM 

suggests a shift in metabolism of CD14+ cells toward aerobic 
glycolysis. Activation of transcripts typical for noninflamma-
tory pathways indicate that VL induces the molecular switch 
required for skewing of monocyte toward antiinflammatory 
phenotype.

The inflammatory monocyte phenotype primarily produces 
proinflammatory cytokines, but a reduced population of mono-
cytes expressed IL-1β and IL-6 in the VL group. Significant dif-
ferences in the capacity of CD14+ cells from the VL and control 
groups to respond to LPS and produce IL-1β and IL-6 indicate a 
capacity of parasites to infect monocytes without triggering the 
production of potentially host protective cytokines. Our results 
are in agreement with those from a previous study demonstrat-
ing that Leishmania organisms are capable of infecting mono-
cytes without inducing IL-1β production [44]. Interestingly, 
CD14+ cells from patients with VL had a reduced capacity to 
produce IL-1β and IL-6 but not TNF-α in response to activa-
tion with SLA or LPS. This finding suggests that CD14+ cells are 
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not fully suppressed to produce proinflammatory molecules, a 
finding further supported by the ability of these cells to upreg-
ulate expression of MPO, which is believed to augment cellular 
cytotoxic activity by catalyzing the generation of hypochlorous 
acid [45]. However, functional defects in the ability of these 
cells to phagocytose parasites or beads were found. This dimin-
ished phagocytosis was in concordance with findings from a 
study of canine VL [46]. We also showed reduced production 
of ROS, accompanied by diminished expression of p47phox 
and p67phox, in CD14+ cells. ROS are important effector mol-
ecules for killing of Leishmania organisms [47], and our data 
showed marked attenuation in ROS production by CD14+ 
cells in patients with VL, similar to a previous study [48], sug-
gesting that the variation in redox status is attributable to VL. 
Decreased generation of ROS is suggestive of antiinflammatory 
activation [49], and alterations in ROS production influence the 
redox balance and thereby monocyte host defense functions.

Our findings support the notion that encounters between 
monocytes and Leishmania primarily stimulate the transcrip-
tion of antiinflammatory genes, but some inflammatory capac-
ity is also retained. Monocytes from patients with VL did not 
effectively respond to classical activation signals and were 
poor effector cells, as indicated by their diminished capac-
ity to produce cytokines, perform phagocytosis, and generate 
ROS. During VL, monocytes are not fully directed toward an 
inflammatory phenotype but are skewed toward a disease-pro-
moting antiinflammatory phenotype. Further, impaired mono-
cyte functions improved after drug treatment, suggesting that 
reorientation of monocyte activation status can restore the 
proinflammatory and antiinflammatory balance needed to 
be effective for parasite control in VL. Knowledge about the 
dynamic changes in monocyte phenotypes during VL may 
instruct the interpretation of future mRNA and protein anal-
ysis of these cells, which may reveal more-selective therapeu-
tic manipulation. Our study identified genes, molecules, and 
pathways associated with monocyte activation status in VL that 
can potentially be modulated and provides a guide for future 
functional reprogramming of monocytes to enhance their 
proinflammatory properties while limiting antiinflammatory 
properties.
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