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Abstract

Unicellular eukaryotes of the genus Leishmania are collectively responsible for a heterogeneous group of diseases
known as leishmaniasis. The visceral form of leishmaniasis, caused by L. donovani or L. infantum, is a devastating
condition, claiming 20,000 to 40,000 lives annually, with particular incidence in some of the poorest regions of the
world. Immunity to Leishmania depends on the development of protective type I immune responses capable of
activating infected phagocytes to kill intracellular amastigotes. However, despite the induction of protective
responses, disease progresses due to a multitude of factors that impede an optimal response. These include the
action of suppressive cytokines, exhaustion of specific T cells, loss of lymphoid tissue architecture and a defective
humoral response. We will review how these responses are orchestrated during the course of infection, including
both early and chronic stages, focusing on the spleen and the liver, which are the main target organs of visceral
Leishmania in the host. A comprehensive understanding of the immune events that occur during visceral
Leishmania infection is crucial for the implementation of immunotherapeutic approaches that complement the
current anti-Leishmania chemotherapy and the development of effective vaccines to prevent disease.

Background
Leishmania is a genus of kinetoplastid eukaryotes whose
life-cycle relies on continuous shuttling between a mam-
malian host and an insect vector. These protozoans have
a digenetic lifestyle, undergoing dramatic morphological
changes to ensure adaptation and survival in either host.
Within the gut of the sandfly vector, Leishmania endures
as extracellular, flagellated and motile promastigotes.
Conversely, in mammalian hosts, parasites survive and
replicate inside host’s phagocytes as non-motile, round
and obligate intracellular amastigotes. The continuous
replication of amastigotes inside macrophages leads to
apoptotic cell death of the host cell. The ingestion of
apoptotic bodies and membrane blebs containing viable
parasites by neighboring phagocytes allows a silent
propagation of the infection [1].
More than 30 species of Leishmania have been identified,

of which about 20 are human pathogens. The leishmaniases
are divided into three medical conditions that involve cuta-
neous, mucocutaneous or visceral pathology. Virtually, all
the mortality associated with the leishmaniases results from

visceral disease. Due to the remote location of many
visceral leishmaniasis (VL) endemic areas, the degree of
under-reporting is severe. Conservative assumptions esti-
mate the annual incidence at 400,000 cases, with about
20,000 to 40,000 associated deaths [2]. The primary VL en-
demic foci are located in the Indian sub-continent and East
Africa, accounting for approximately 90 % of all cases [2].
L. donovani causes VL in Asia and East Africa, while L.
infantum accounts for visceral disease in the Mediterranean
basin and South America [3].
Visceral leishmaniasis has an asymptomatic incubation

period of variable duration and early symptoms include
intermittent fever, malaise and shivering. Overt disease
manifests by striking splenomegaly, accompanied or
not by hepatomegaly. In cases of concurrent VL and
Acquired Immunodeficiency Syndrome (AIDS), spleno-
megaly may be absent. The hyperplasia of the reticulo-
endothelial system is accompanied by wasting and
pallor of the mucous membranes [3–5]. Mononuclear
phagocytes in the spleen, liver, bone marrow and lymph
nodes appear heavily parasitized, but lymphocyte infil-
tration is usually scarce. In the spleen, atrophy of the
white pulp is common, with loss of the architectural
organization of lymphoid structures. Plasma cells are
abundant in the spleen, and probably associated with
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the occurrence of polyclonal hypergammaglobulinemia.
Anemia, thrombocytopenia and neutropenia are fre-
quent and reflect both splenic sequestration and sup-
pression of bone marrow function. Immune complexes
are present, sometimes associated with nephritis, pro-
teinuria and microscopic hematuria [3–6]. At advanced
stages, thrombocytopenia along with prothrombin de-
pletion leads to severe mucosal hemorrhage. Jaundice
and ascites also occur at advanced disease. Secondary
infections, particularly tuberculosis and pneumonia, be-
come common and are frequent causes of death [5].
Immunity to Leishmania has long been known to depend

on the development of type I immune responses character-
ized by initial production of Interleukin-12(IL-12) by
antigen-presenting cells (APCs) that induce Interferon-
γ(IFN-γ)-secreting Th1 T cells [7]. These, in turn, will
induce the activation of the macrophage’s microbicidal
mechanisms; in particular they induce the production of ni-
tric oxide (NO) and reactive oxygen species (ROS), which
are highly effective in killing intracellular amastigotes [8].
However, early studies noticed that VL progresses even in
the presence of detectable levels of T helper-1 (Th1) cyto-
kines, whose action is neutralized by immunosuppressive
factors, such as IL-10 [9–11].
Here, we will review the immune events occurring in

visceral organs, focusing on the spleen and the liver, dur-
ing the acute and chronic stages of VL. By highlighting
the main immune parameters associated with parasite
persistence vs. parasite elimination, we aim to provide a
concise picture of the immunology of VL that may help
in the development of new therapeutic strategies.

Review
Studying the immunology of visceral leishmaniasis:
animal models and human patients
Due to the intrusive procedures required to study in-
fected organs in VL patients, the bulk of the knowledge
concerning the regulation of immunity during VL has
been obtained from mouse models [12]. In murine VL,
the terms resistance and susceptibility refer to the ability
of the host to rapidly control parasite growth. Indeed,
susceptible strains such as the Balb/c develop a life-long
chronic infection, which unlike humans is not fatal to
the host. Most studies in mice are based on intravenous
or intraperitoneal injection of a high dose of parasites,
hence bypassing the early events on the skin and para-
site navigation to the viscera [13]. Some comparative
studies suggest that the parasite dose and inoculation
route influence the kinetics of parasite colonization of
the viscera and the ensuing immune response [14, 15].
Acknowledging these limitations, researchers are starting
to employ alternative animal models of the disease to
perform in-depth immunologic studies, such as the ex-
tremely susceptible Syrian hamster model, through

sand-fly-mediated parasite inoculation [16]. Also, the re-
cent use of rhesus macaques as models of VL takes ad-
vantage of the close phylogeny between humans and
non-human primates and provides a window to the early
events after infection which are silent in humans and
hence not accessible [17, 18].
In mice, VL provides a clear example of organ-restricted

immunity. In the liver, infection is self-resolving, in a man-
ner that is dependent on the development of T cell-
mediated immunity and formation of granulomas [19]. In
contrast, in the spleen the immune system fails to clear
parasites and instead, a lifelong chronic infection persists
associated with immunopathology [20]. The compartmen-
talized immune responses clearly observed in murine VL
are not evident in human patients, where infection is pro-
gressive and varying degrees of parasite load are observed
in the viscera [21]. Also, in the Syrian hamster, parasites
grow unimpaired in the spleen, liver and bone marrow
(BM), until animal demise [22]. Finally, in our recent study
in L. infantum-infected rhesus macaques, we observed a
progressive increase in the parasite load in visceral organs
as the infection advanced toward the chronic phase
(8 months) [17]. Nevertheless, the compartmentalized im-
mune response observed in mouse VL has been instrumen-
tal in defining the immune networks that dictate parasite
elimination vs persistence during visceral Leishmania infec-
tion. We will address these events in the following sections.

Mechanisms underlying the control of hepatic infection in
mice
Liver resident Kupffer macrophages harbor most parasites
after intravenous injection of mice with L. donovani or L.
infantum [23, 24]. Kupffer cells have reduced innate cap-
acity to kill intracellular Leishmania and hepatic parasite
burden increases rapidly during the first weeks [25, 26].
Restriction of liver parasite numbers parallels the assembly
of inflammatory structures, known as granulomas, consti-
tuted by a central core of fused and parasitized Kupffer
cells and an outer cuff of motile lymphocytes and variable
amounts of other immune cells [24, 27, 28]. Granulomas
allow the local concentration of inflammatory cytokines
that in turn efficiently activate the leishmanicidal mecha-
nisms of Kupffer cells [29]. The kinetics of granuloma
maturation during experimental infection of mice with L.
donovani has been dissected in detail [27, 29, 30]. Interest-
ingly, Kupffer cells exposed to the inflammatory environ-
ment during infection, but not directly infected by the
parasite, appear activated a few hours after parasite inocu-
lation and play a crucial role in initiating the protective
response [31], by secreting several chemokines and cyto-
kines that recruit immune populations, including mono-
cytes, neutrophils and invariant natural T killer (iNKT)
cells [32–34]. INKT cells, in particular, play a major role in
coordinating initial granuloma formation [35]. Via their
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invariant T-cell receptor (TCR), iNKT cells recognize
CD1d-bound lipophosphoglycan (LPG), the most abun-
dant surface glycolipid of Leishmania spp., triggering early
production of IFN-γ [36]. Additionally, iNKT cells rapidly
secrete several cytokines upon activation, including C-X-C
motive chemokine-10 (CXCL10), which attracts T cells
and promotes maturation of granulomas [34, 35, 37].
However, the role of iNKT cells during VL is unclear, as
their activation with selective ligands was contradictorily
associated to disease amelioration or aggravation in inde-
pendent studies [38, 39]. It is possible that these cells are
important in the orchestration of the initial response after
infection, but their chronic activation is detrimental to the
host [39].
By one week after infection, T cells are recruited to the

granuloma and eventually become the predominant im-
mune cell type [40]. Given the low level of innate para-
site killing in the early stages of infection in the liver, it
has long been assumed that the majority of parasite-
specific T cells were primed in the spleen and subse-
quently migrated to the liver, guided by chemotactic
gradients [30]. Nevertheless, a recent study demon-
strated that specific CD4 T cells can be primed in the
liver and suffice to confer hepatic immunity [41]. Both
CD4 and CD8 T cells appear indispensable for the devel-
opment of mature granulomas [40]. Two-photon im-
aging revealed that antigen presentation to CD8 T cells
is restricted to Kupffer macrophages [42], whereas CD4
T cells may be activated by both Kupffer cells and some
granuloma-associated dendritic cells (DCs) [13, 29].
A number of cytokines play critical roles in granu-

loma development and parasite killing. IL-12 is pro-
duced by activated Kupffer macrophages and induces
IFN-γ by granuloma-associated lymphoid cells [43]. In
turn, IFN-γ maximizes the leishmanicidal capacity of
Kupffer cells [13]. Arguably, the most important sol-
uble factor for granuloma development and hepatic
control of Leishmania infection is Tumor Necrosis
Factor (TNF), which plays a crucial role in coordinat-
ing the assembly and maturation of granulomas [20].
In the absence of TNF, parasite growth in the liver
proceeds unimpaired during the first weeks due to
completely absent granuloma formation. However,
later in infection (6–8 weeks) there is an abrupt
assembly of granulomas causing rapid death due to
fulminant hepatic necrosis [44, 45]. Additionally,
lymphotoxin-α, a TNF-related cytokine, promotes the
recruitment of leukocytes from the perivascular space
to the sinusoidal areas, where infected Kupffer cells
reside [46].
Granulomas attain full maturation by 2–4 weeks after

infection and hepatic parasite burden rapidly declines up
to 8 weeks post-infection [27]. Importantly, sterile im-
munity in the liver is not achieved. However, the

presence of a residual parasite population is thought to
incite a small but enduring immune response that pro-
vides long-term immunity to reinfection [13].

Early events in the spleen during visceral Leishmania
infection
The spleen is the body’s largest blood filter. Splenic macro-
phages are strategically placed to remove any exogenous
particle or pathogen that enters the spleen through the
blood stream [47]. Following intravenous injection of L.
donovani, about 95 % of the parasites are phagocytized by
three distinct splenic populations; red pulp macrophages,
marginal zone macrophages (MZM) and marginal metallo-
philic macrophages (MMM) [48]. Unlike liver Kupffer cells,
macrophage populations of the spleen demonstrate a re-
markable innate capacity to kill the parasite. Indeed, it is es-
timated that 50 % of the initial parasite inoculum is killed
by macrophage populations of the marginal zone within
the first 24 hours after infection [48]. For both MZMs and
MMMs this was shown to depend on the recruitment of
the Interferon Regulatory Factor (IRF)-7 to parasite-
containing phagosomes and may involve leishmanicidal
mechanisms independent of NO [49].
A few hours after mice infection, mature DCs appear

in T cell areas at the periarteriolar lymphoid sheaths
(PALS) and produce IL-12 to initiate protective T cell re-
sponses [48, 50, 51]. Interestingly, priming DCs do not
contain viable parasites, which led to the notion that
protective T cell responses are induced by DCs activated
in a bystander manner, hence resembling the early
events in the liver mediated by bystander Kupffer cells
(Fig. 1) [52, 53]. It is not clear how bystander DCs ac-
quire parasite antigens for T cell priming. DCs may
phagocytize parasite debris present in the splenic mar-
ginal zone or ingest macrophages containing digested
parasites [13]. In mice infected with L. donovani, CD4 T
cell activation can be detected in the first day after infec-
tion and the pool of parasite-specific splenic CD4 T cells
increases several fold during the first weeks contributing
to splenomegaly [20, 54].
In CD4 T cells, IL-12 signaling leads to nuclear trans-

location of Signal Transduction and Activator of
Transcription-4 (STAT-4) resulting in induction of the
transcription factor T-box transcription factor-21 (T-bet)
and upregulation of IL-12 receptor (IL-12R) to prime for
Th1 differentiation. T-bet, in turn, induces the cardinal
Th1 cytokine IFN-γ that through autocrine signaling acti-
vates STAT-1 and further stabilizes the Th1 lineage [55].
There is substantial evidence indicating that all the com-
ponents involved in Th1 differentiation are necessary for
an effective response against visceral Leishmania [56–59].
Shortly after infection, splenic DCs are also capable of

producing other members of the IL-12 family, including
IL-23p19 [60], which may pair with IL12p40 to form
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biologically active IL-23 [61]. Along with additional cyto-
kines present in the VL spleen, such as the Transforming
Growth Factor-β (TGF-β), IL-6 or IL-1β; IL-23 promotes
the differentiation of Th17 cells from naïve CD4 T cells
[55]. Recent evidence suggests an important protective
role for Th17 cells during VL (Fig. 1). Mice deficient for
the IL17 receptor A (IL17RA) were more susceptible to
L. infantum infection, exhibiting decreased numbers of
splenic IFN-γ-producing CD4 T cells. Furthermore, IL-
17A acts synergistically with IFN-γ to potentiate NO
production in infected macrophages [62]. These studies
in mice are supported by observations in human pa-
tients. For instance, analysis of cytokine responses in
peripheral blood mononuclear cells (PBMCs) from
symptomatic and asymptomatic VL patients revealed
that the expression of Th17 cytokines was strongly
associated with the asymptomatic state [63, 64]. Also,
another study noticed negligible transcript levels of

Th17-associated cytokines or transcription factors in
splenic tissue from patients with active disease [65].
Interestingly, IL-17A appears to play a host-detrimental
role during infections by cutaneous Leishmania species
[66]. During parasite development in the sand-fly vector,
Leishmania produces extracellular vesicles (also known
as exosomes) which accumulate in the midgut and be-
come part of the inoculum injected by the fly during
feeding. By exacerbating the inflammatory response, par-
ticularly through the induction of IL-17A, exosomes
cause larger lesion size and longer footpad swelling [67].
It would be interesting to explore whether exosomes
described in visceral Leishmania species [68], similarly
induce an exacerbation of the immune response in the
skin or instead down regulate inflammation to allow a
silent navigation to the viscera.
CD8 T cell-mediated immunity has been compara-

tively less studied than the CD4 T cell response during

Fig. 1 The immunologic environment in the spleen during visceral leishmaniasis. The picture aims to summarize the main host-protective
responses occurring during VL in the spleen, as well as the major immune networks that promote parasite persistence (top half). Protective
responses in the spleen are initiated by DCs exposed to parasite products, but not productively infected by Leishmania (bystander DCs).
These secrete cytokines such as IL-12 or IL-23 that guide the differentiation of Th1 or Th17 cells, respectively, which, in turn, will produce
IFNγ, TNF or IL-17 that maximize the capacity of infected macrophages to produce NO and ROS. In parallel, naïve CD8 T cells are primed
by DCs in the presence of IL-12 and type I IFNs and differentiate into effector cells that further contribute to the protective response by
producing IFNγ and TNF. Effector CD8 T cells may also degranulate perforin and granzymes and kill infected cells, although it remains
unclear whether cytotoxic mediators play any protective role during VL. In contrast, in infected DCs the parasite hijacks the capacity of the
cell to initiate protective responses (the mechanisms employed by Leishmania to subvert signaling pathways and impair host cell function
fall outside the scope of this review and the reader is referred to recent reviews [167, 168]). The combined secretion of cytokines such as
IL-12, IL-27 and IL10 by infected DCs leads to the differentiation of Tr1 cells that simultaneously produce IFN-γ and IL-10 and decrease the
leishmanicidal capacity of the macrophage. In parallel, parasite persistence and possibly suppressive cytokines lead to the exhaustion of
specific CD8 T cells, by upregulating the expression of inhibitory receptors such as PD-1, LAG-3 or additional unidentified receptors. These
cells perform very limited effector function hence decreasing the capacity of the host to fight the parasite
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VL [69–71]. The expansion of splenic CD8 T cells after
infection is impressive and may reach 10-fold within a
2 month period [20, 72]. CD8 T cells respond to IL-12
and type I IFNs by upregulating the T-bet and Eomeso-
dermin (Eomes). These promote the expression of type I
cytokines such as TNF or IFN-γ and cytotoxic molecules
such as granzymes and perforin which allow CD8 T cells
to perform effector function [73]. There is sustained evi-
dence pointing to an important role of CD8 T cell-
derived IFN-γ in the activation of infected macrophages
to control parasite growth [70, 71, 74]. Less clear is
whether CD8-mediated cytotoxicity plays any protective
role (Fig. 1). Some studies in mice demonstrate that
parasite-specific cytotoxic T lymphocytes (CTLs) gener-
ated during infection are capable of killing infected cells
ex vivo [70, 74, 75], via mechanisms relying on the per-
forin/granzyme and Fas/FasL pathways [70]. However, it
is not clear whether the parasite is killed concomitantly
with the demise of the host cell. In vitro experiments in-
dicate that parasites remain viable after CD8-mediated
host cell lysis, but are eventually killed after infecting
neighboring macrophages pre-activated with CD8-
derived IFN-γ [76]. These observations suggest that the
cytotoxic and cytokine-secreting functions of CTLs col-
laborate for efficient parasite killing, but such mechan-
ism has so far not been demonstrated in vivo. The role
of CD8 T cell effector function has been studied with
more detail in infections with cutaneous Leishmania
species [77]. In mouse models of CL and human CL pa-
tients, the current paradigm indicates that CD8 T cells
producing IFN-γ contribute to the protective response
against the parasite while CD8-mediated cytotoxicity
leads to tissue pathology and promotes skin ulceration
[78–82]. Whether a similar dichotomy in the effector
functions of CD8 T cells is operative in VL remains un-
known and is a matter of great interest in future studies.
In mice, after the initial period of parasite elimination

by splenic macrophages, the parasite population is main-
tained at a constant size throughout the following
two weeks, suggesting that parasite replication is bal-
anced by parasite killing [19]. While able to control in-
fection, the immune response appears to be far from
optimal, as it cannot eradicate the parasite. By the third
week after infection, parasite load in the spleen starts to
increase slowly, signaling the onset of the chronic phase.
By this time, infection is starting to resolve in the liver
[19]. In the following sections, we will review the main
immune networks responsible for parasite persistence in
the spleen during chronic VL.

Chronic visceral leishmaniasis: regulatory cytokines
Mice deficient in the immunosuppressive cytokine IL-10,
or in which IL-10 signaling is blocked, are highly resistant
to L. donovani infection [83, 84]. IL-10 is found in elevated

levels in the serum, splenic aspirates, lymph nodes and
bone marrow of VL patients [65, 85, 86] and is produced
after Leishmania antigen stimulation of whole blood cul-
tures from patients with active disease, but significantly de-
creases after drug cure [87]. Neutralization of IL-10
augments IFN-γ production in whole blood assays and pro-
motes amastigote clearance in cultured splenic cells from
VL patients [87, 88]. Together, all these pieces of evidence
led to the conclusion that IL-10 is the major mediator of
the immunological defects observed in the spleen during
chronic VL [89, 90].
IL-10 is a general suppressive cytokine with a range of

anti-inflammatory effects in several immune lineages
[91]. During VL, IL-10 deactivates the leishmanicidal
mechanisms of the macrophage and down regulates the
expression of co-stimulatory molecules and MHC ex-
pression [89, 92, 93]. It also decreases the production of
IFN-γ in T cells [87, 94] and inhibits DC migration to T
cell areas [95].
IL-10 can be produced by multiple immune line-

ages [91, 96]. During VL, several cell types have
been identified as sources of IL-10, including CD4
and CD8 T cells, B cells, NK cells, macrophages and
DCs [53, 85, 97–100]. A major topic of interest in
the past decade has been the identification of the
relevant sources of IL-10 during VL. The best avail-
able evidence points to conventional IFN-γ-secreting
Th1 cells as the most relevant source of pathological
IL-10 during chronic experimental and human VL
(Fig. 1) [17, 53, 85, 101, 102]. In mice, splenic CD4
T cells producing both IFN-γ+ IL-10+(sometimes
denoted as type I regulatory T cells, Tr1) can be de-
tected already at two weeks after parasite infection
and attain a plateau by one month, representing 2 to
5 % of the total splenic CD4 T cell pool [53, 101].
A matter of upmost interest is to decipher the mech-

anisms underlying the regulatory switch that results in
the induction of the IFN-γ+ IL-10+double producer
CD4 T cells. Recent studies are unveiling a cytokinic
network that works to maintain the suppressive envir-
onment during chronic VL. One study, employing
splenocytes from human VL patients evidenced a role
for T cell-derived IL-21 and myeloid cell-derived IL-27
in the induction of IL-10 in CD4 T cells [65]. More-
over, recent data points to a crucial role for DCs in
promoting the regulatory switch in CD4 T cells (Fig. 1)
[53, 101]. Indeed, DC-derived IL-27 and IL-12 appear
to be involved in the induction of IL-10 in CD4 T cells
[53, 101]. Interestingly, the suppressive-promoting
capacity is restricted to infected DCs [53] and DC de-
pletion between the third and fourth week after infec-
tion reduces pathology and enhances resistance to
infection [101]. Finally, IL-10 signaling may contribute
to additional IL-10 and IL-27 secretion by the infected
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macrophage, to continuously fuel this suppressive loop
[65, 103]. Expression of IL-10 by Th1 cells is a widespread
phenomenon that ensures a tight control over exces-
sive activation that may cause pathology [96, 104].
During infections with the apicomplexans Plasmo-
dium or Toxoplasma, the emergence of IL-10+ IFN-γ+

CD4 T cells is required to limit excessive pathology
[105, 106]. Even during VL some evidence suggests
that IL-10 may be host protective; particularly, in
regulating a detrimental inflammatory response in the
liver. Indeed, the extensive hepatic necrosis accom-
panying L. donovani infection in TNF-deficient mice
may result from a concomitant defect in IL-10 induc-
tion [13]. Likewise, the severe hepatic pathology that
follows L. donovani infection in IL27R−/− mice involves
CD4 T cells and may result from curtailed IL-10 induc-
tion [107].
The suppressive role played by DCs during chronic VL

is not limited to the induction of Tr1 cells. Indeed, early
work evidenced the expansion of a CD11low CD45RBhi

DC population during L. donovani infection in mice that
dampened T cell responses and induced antigen-specific
tolerance in vivo [108]. The transfer of these CD11clow

DCs to DC-depleted and infected mice was able to restore
splenomegaly and parasite burden to levels present in
non-depleted mice, via a mechanism that did not involve
the induction of Tr1 cells [101]. Finally, a recent study
demonstrated that the early inflammatory milieu during
VL promotes the activation of IRF-5 in DCs, which leads
to upregulation and stabilization of the transcription fac-
tor Hypoxia Inducible Factor-1α (HIF-1α). HIF-1α, in
turn, promotes the secretion of IL-10 by DCs, while limit-
ing IL-12, which results in delayed expansion of specific
CD8 T cells and their limited effector function, thus fur-
ther supporting the suppressive role of DCs and IL-10
during VL (Fig. 1) [109].
Whilst much less studied than IL-10, TGF-β is another

suppressive cytokine that has been linked with parasite
persistence in VL [90, 110, 111]. Additionally, mice re-
sistant to L. infantum infection become significantly
more susceptible when injected with a viral vector ex-
pressing TGF-β [110].

Chronic visceral leishmaniasis: T cell exhaustion
Chronic infections are characterized by a prominent im-
pairment of T cell function, known as T cell exhaustion,
which precludes an effective response in the long term
[112]. Exhaustion proceeds progressively, paralleling the
increase in pathogen burden [112]. Some functions, such
as cytotoxicity, IL-2 production or proliferation are lost
initially. Severe exhaustion is characterized by an inability
to produce TNF, IFN-γ or to degranulate [113]. Apoptotic
deletion is usually the final fate of an exhausted T cell.
Nevertheless, exhausted T cells are capable of long-term

survival, if their specific antigen remains present [112].
Evidence has convincingly linked the occurrence of T cell
exhaustion with progressive and sustained expression of
inhibitory receptors on effector T cells [114]. These in-
clude programmed death-1 (PD-1), cytotoxic T lympho-
cyte antigen-4 (CTLA-4) or lymphocyte-activation gene-3
(LAG-3) [112, 115, 116]. These receptors act by inhibiting
T cell activation, thus precluding optimal effector func-
tion. T cell exhaustion was initially noticed over a decade
ago in models of chronic viral infections [117, 118], but
recent work unveiled a similar paradigm during chronic
protozoan infections [119].
In mice infected with L. donovani, splenic CD8 Tcells ex-

hibit signs of functional exhaustion by the third week after
infection, and severe functional impairment is evident after
the fourth week, with abrogated production of IFN-γ, TNF,
IL-2 and granzyme B (Fig. 1) [120]. Exhaustion is paralleled
by increased expression of PD-1 in CD8 T cells and its lig-
and PD-L1 in splenic DCs. Treatment with an antibody
blocking the PD-1/PD-L1 interaction rescued the function-
ality of parasite-specific effector/memory CD8 T cells,
resulting in lower splenic parasite burden [120]. Interest-
ingly, the recovery of CD8 T cell effector function after α-
PD-1 treatment was only partial [120], suggesting that
additional inhibitory receptors may contribute to the func-
tional attrition of CD8 T cells during VL. In agreement,
mice treated with a CTLA-4 blocking mAb 1 day after in-
fection demonstrate significantly lower parasite burden by
1 month post-infection, consistent with the timing of CD8
Tcell exhaustion [121, 122]. The relevance of these findings
in mice has been confirmed in human VL patients, whose
splenic CD8 T cells similarly exhibited functional impair-
ment and augmented expression of PD-1 and CTLA-4
[123]. Contrasting with the wealth of evidence demonstrat-
ing CD8 T cell exhaustion, in CD4 T cells the phenomenon
has been far less studied and is less understood [112]. In
chronic canine VL, splenic CD4 T cell exhaustion is less se-
vere than CD8 exhaustion and appears only in aggravated
clinical stages of the disease [124].
Suppressive cytokines, such as IL-10 and TGF-β, have

been consistently linked with T cell exhaustion in viral
infections and cancer [125]. For instance, TGF-β directly
enhances PD-1 expression in CD8 T cells [126]. Due to
the elevated levels of these cytokines in the VL spleen it
would be interesting to explore how these cytokines in-
fluence T cell exhaustion during VL and whether their
blockade leads to an amelioration of the functionality of
effector T cells (Fig. 1).

Chronic visceral leishmaniasis: loss of splenic lymphoid
architecture
The most striking clinical feature of both human and
experimental VL is the impressive splenomegaly [30].
Concomitant with increased organ mass and size, a
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number of changes in the splenic microarchitecture
occur [20]. These include disorganization of the white
pulp, hypertrophy of the red pulp and disruption of the
marginal zone. In the white pulp, germinal centers
(GCs) disappear, and the PALS collapses [127]. Neovas-
cularization is also prominent in both red and white
pulp [128, 129].
In mice, the structural changes in the spleen start as the

infection enters the chronic phase (around 3 to 4 weeks
post-inoculation) [30]. Disorganization of the PALS is me-
diated by TNF and results mainly from the loss of gp38+

stromal cells. These are crucial for establishment and
maintenance of the PALS by producing the chemokines
Chemokine (C-C motif) Ligand-19 (CCL19) and CCL21,
which attract naïve and memory T cells [95, 130, 131].
Concomitant with the disassembly of the PALS, an exten-
sive remodeling of the splenic marginal zone also occurs,
characterized by depletion of the MZM population [132].
Again, TNF appears to mediate the loss of MZMs,
through a mechanism that is not clearly elucidated but
may involve a direct apoptotic effect [132]. It is intriguing
to note that TNF, the crucial cytokine responsible for the
maturation of protective granulomas in the liver, is simi-
larly the major factor responsible for the histopathological
sequelae of chronic infection in the spleen [13].
A final significant alteration in the lymphoid architec-

ture of the spleen during chronic VL is the loss of fol-
licular dendritic cells (FDCs), leading to loss of GCs and
B cell follicles, which become occupied by parasitized
macrophages and plasma cells [13]. The structural
changes that lead to loss of splenic lymphoid architec-
ture during chronic VL disrupt cell-cell interactions that
are crucial for effective immune responses, thus contrib-
uting to the suboptimal responses during chronic VL.
For instance, the deletion of FDCs and concomitant
disorganization of GCs impedes the long-term interac-
tions between B cells and T follicular helper cells (Tfh
cells) that are necessary for the production of specific
antibodies capable of neutralizing the parasite [133].

Antibodies, B cells and T follicular helper cells in visceral
leishmaniasis
Experimental work performed over the past decades
led to a prevailing view that considers B cells and
antibodies of minimal importance for the protective
immunity during VL. Indeed, hypergammaglobuline-
mia has long been recognized as one of the cardinal
signs of VL, correlates positively with disease severity
and decreases upon drug cure [134–138]. Early stud-
ies also demonstrated that most of the circulating
IgGs are not parasite-specific, but instead result from
polyclonal B cell activation [139, 140]. Indeed, auto-
antibodies are a recurrent finding in VL patients

[141–143], frequently associated with proliferative
glomerulonephritis [144].
In our recent study, employing a non-human primate

model of VL, hypergammaglobulinemia was established
early after infection and persisted during the chronic phase.
Yet, the production of Leishmania-specific IgG was short-
lived and decreased at chronic infection, implying that most
antibodies produced are not specific for the parasite [17].
Analyzing the splenic B cell population we observed the ex-
pansion of memory B cells expressing CD27 after infection
that contracted at the chronic phase, hence closely follow-
ing the production of specific antibodies. We further ob-
served the persistent expansion of a splenic B cell
population with the atypical CD21−CD27− phenotype that
appeared responsible for the non-specific hypergammaglo-
bulinemia (Fig. 2) [17]. These observations incited us to
explore the dynamics of T follicular helper cells (Tfh cells)
in the spleen of rhesus macaques infected with L. infantum.
Tfh cells are a CD4 T cell helper subset specialized in
coordinating GC reactions and providing crucial help to B
cells in the production of high affinity antibodies [145]. In-
deed, we observed the expansion of a splenic Tfh popula-
tion in the first few weeks following parasite inoculation.
Tissue imaging further evidenced that Tfh cells were able
to infiltrate B cell follicles and GC during the acute phase.
However, Tfh cells were mostly absent from the spleen at
the chronic phase, hence paralleling the decline in CD27+

memory B cells and specific IgG [17]. Thus, our study in
non-human primates suggests that the inability to maintain
a sustained Tfh response during the chronic phase of infec-
tion may underlie the defects in the humoral response
during VL (Fig. 2). Thus, it will be important to decipher
the immune mechanisms behind this failure to maintain
Tfh cells. One possibility may relate to the existence of a
strong Th1-polarizing environment in the spleen during
VL, with induction of expression of T-bet in CD4 T cells
that directly represses the expression of the Tfh master
transcription factor B cell lymphoma-6 (Bcl-6) (Fig. 2)
[146]. Furthermore, the destruction of FDC networks and
loss of GCs that occurs during VL, may also preclude a
sustained Tfh differentiation and preclude their effector
function.
During chronic VL, amastigotes are exposed to anti-

bodies when they egress from heavily infected macro-
phages to infect new ones. The view that antibodies are
detrimental to the host is supported by the observation
that, when ingested by macrophages, IgG-opsonized
amastigotes promote IL-10 secretion and inhibit IL-12
production [135, 147, 148]. However, ligation of FcγRs
on the surface of macrophages and DCs may lead to
pro- or anti-inflammatory outcomes, depending on the
identity of the Fc receptors activated, IgG subclass or
cell type [149, 150]. For instance, one study demon-
strated that parasite-specific IgG is required for efficient
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L. major uptake and IL-12 production by DCs, suggest-
ing that FcγR-mediated uptake has contrasting outcomes
in DCs and macrophages [151]. Also, in a model of co-
infection of L. amazonensis and L. major in mice, it was
shown that resolution of the lesion required specific
antibody that was able to enhance the microbicidal
mechanisms in the macrophage by promoting ROS pro-
duction [152, 153]. As such, the role of antibodies and
Fc receptors during Leishmania infections is more com-
plex than previously appreciated, with the outcome of
FcγR ligation being clearly context-dependent.
Furthermore, the role of antibodies as regulators of

the inflammatory response is not necessarily detri-
mental to the host. While B cell-deficient mice resolve
L. donovani infection more rapidly than WT mice,
such increased resistance comes at the cost of hepatic
pathology. However, administration of immune serum
to infected B cell-deficient mice alleviates pathology
without decreasing the efficiency of hepatic parasite

clearance, suggesting a tissue-protective role for anti-
bodies [154].
Even conceding that parasite opsonisation by specific

IgG is deleterious for the host, there are alternative
mechanisms through which antibodies may contribute
to the protective response against Leishmania; for
instance by neutralizing parasite virulence factors. An
illustrative example comes from the intracellular bac-
teria Listeria monocytogenes. A monoclonal antibody
against listeriolysin, the pore-forming toxin of L. mono-
cytogenes, was capable of blocking bacterial replication
inside macrophages and provided resistance to infec-
tion in mice [155, 156]. Antibodies against Leishmania
virulence factors, such as the metalloprotease gp63,
have been detected in the sera of VL patients [157], but
it is not clear whether they are capable of neutralization
or play any protective function. As such, it is imperative
to identify antibodies with neutralizing capacity and to
evaluate whether their administration is capable of

Fig. 2 Dysfunctional humoral response during visceral leishmaniasis. The picture summarizes the sequence of events that lead to a suboptimal
humoral response during visceral leishmaniasis, based primarily on data from our recent study in non-human primates compounded with evidence from
additional studies. (1) Shortly after parasite inoculation, B cells are activated in a non-specific manner by soluble parasite products that act as B cell mitogens
as well as by inflammatory mediators generated during the response to infection. (2) As a result, B cells with the atypical CD21− CD27− phenotype expand
and eventually give rise to plasmablasts that produce copious amounts of immunoglobulin leading to the occurrence of hypergammaglobulinemia. (3)
Some B cells appear to be activated in a specific manner via their BCR and follow the follicular pathway where they engage in cognate interactions with
pre-Tfh cells. (4) If these interactions are productive, both cell types proceed to form a germinal center where Tfh cells promote affinity maturation of B cell
for their specific antigen and direct the selection of the B cells clones with the highest affinity. B cells then exit the germinal center as high-affinity CD27+
memory B cells and plasma cells that produce antibodies with high affinity for the parasite. (5) However, the germinal center response is not sustained
during the chronic phase of infection accompanying the decreasing numbers of Tfh cells. A strong Th1-polarizing environment is established in the spleen
during VL, with high levels of expression of T-bet in CD4 T cells. Given that T-bet and the Tfh master transcription factor, Bcl-6, mutually repress each other’s
expression, it is reasonable to speculate that the inflammatory environment during VL is unfavourable for the sustained differentiation of Tfh cells
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modifying the course of the disease to the benefit of the
host.
Rather than considering the role of antibodies solely as

pathological or irrelevant, it is perhaps wiser to acknow-
ledge that these molecules may play both protective and
non-protective roles during VL.

Conclusions
The fight against the Neglected Tropical Diseases has
received worldwide attention after the recent attribution of
the 2015 Nobel Prize in Physiology or Medicine to William
Campbell and Satoshi Ōmura for their development of a
novel therapy against infections caused by roundworm
parasites. Given its deadly and poverty-promoting features,
control of visceral leishmaniasis should be given a high
priority by policy makers of public health worldwide [158].
In 2007, the World Health Assembly delineated a proposal
to drastically reduce the burden associated with the leish-
maniases in the following years. By 2020, it is expected to
identify and treat all cases of VL in the endemic regions of
Africa, Europe and Americas and to reduce the prevalence
below 1/10,000 in the endemic districts of the Indian sub-
continent [159]. Such ambitious plan requires effective and
affordable drugs. Unfortunately, all the available anti-Leish-
mania medicines suffer from more or less severe side-
effects. In this context, immunotherapeutic approaches
may help to restore immune function, potentially decreas-
ing the dose of drug administered, while maintaining drug
efficacy. Based on a detailed understanding of the immune
events occurring during VL, one may envision multiple
points at which immunotherapeutics may intersect the in-
fection and improve the immune response to the parasite.
Some immunotherapeutic strategies have already been
employed in experimental models as well as human pa-
tients with variable degrees of success. Early work consisted
in the administration of type I cytokines, such as IFN-γ and
Il-12 [160, 161], which carries the risk of inducing excessive
immunopathology. As an alternative, blocking the action of
immune-suppressive factors should allow restoration of im-
mune function in a more controlled manner. IL-10 block-
ade, in particular, has obtained remarkable success in
lowering parasite loads, when combined with conventional
treatment, in multiple studies in mice and splenocytes from
human patients [162].
In the past few years, and following the advances in

our understanding of the fundamental immunology of
VL, new immunotherapeutic approaches have been pro-
posed. As discussed above, blocking inhibitory receptors
with the aim of reverting T cell exhaustion has obtained
limited success, possibly because we still do not com-
pletely understand the factors governing T cell exhaus-
tion during VL. Nevertheless, reverting T cell exhaustion
has enjoyed a remarkable success in the treatment of
viral infections and cancer [125]. As such, efforts should

continue to elucidate the role of additional inhibitory re-
ceptors and suppressive cytokines in T cell exhaustion
during VL. The remodelling of lymphoid structures in
the spleen during VL represents an additional target for
immunotherapeutics, as restoration of normal lymphoid
architecture may potentially improve immune function.
Indeed, a study in mice demonstrated that the adminis-
tration of an anti-angiogenic drug prevents splenic vas-
cular remodelling and loss of lymphoid architecture
during VL. As a result, the numbers of IFN-γ-producing
CD4 T cells augmented and the efficacy of antimonial
therapy improved drastically [128]. Finally, as discussed
before, administration of neutralizing or otherwise pro-
tective antibodies should not be discarded as a future
potential immunotherapeutic approach for VL, although
this strategy has not yet been tested by researchers, pos-
sibly because we still do not know whether such anti-
bodies can be produced during VL. Ultimately, effective
and long-lasting control of VL will depend on the devel-
opment of a human vaccine. Unfortunately, despite the
remarkable progress obtained in identifying new im-
munogenic parasite antigens and increasingly powerful
adjuvants, the goal of controlling VL through vaccin-
ation remains a formidable challenge [163]. Such lack of
success results, at least in part, from the incomplete
knowledge on the memory T cell subsets that vaccin-
ation should induce in order to confer protection. In this
respect, VL vaccinology may profit from recent advances
made in cutaneous models of leishmaniasis. Previous
work identified circulating subsets of effector (TEM)
and central memory (TCM) T cells generated in mice
that clear their primary cutaneous infections and that,
when transferred to naïve hosts, could confer partial
protection [164, 165]. More recently, a skin-resident
CD4 T cell memory subset, similarly generated in mice
who resolved their primary infections, was shown to
rapidly produce IFN-γ at the site of secondary challenge
and boost the recruitment circulating T cell memory
subsets. The simultaneous transfer of both skin-resident
and circulating memory T cells to naïve mice conferred
complete protection to L. major infection [166].
Whether skin-resident memory T cells can be generated
and confer protection during visceral Leishmania infec-
tion remains unknown. Nevertheless, a vaccine approach
capable of constraining the visceralizing parasites to the
skin holds much promise as it would block colonization
of the viscera, where these species are perfectly adapted
for survival and subversion of the immune response.

Abbreviations
APCs: antigen-presenting cells; AIDS: Acquired Immunodeficiency Syndrome;
Bcl-6: B cell lymphoma-6; BM: bone marrow; CCL19: chemokine (C-C motif)
ligand-19; CTLA-4: cytotoxic T lymphocyte antigen-4; CTLs: cytotoxic T
lymphocytes; CXCL10: chemokine (CXC motif) Ligand-10; DC: dendritic cell;
Eomes: Eomesodermin; FDCs: follicular dendritic cells; GCs: germinal centers;
HIF-1α: Hypoxia Inducible Factor-1α; IFN-γ: interferon-γ; IL-12: interleukin-12;

Rodrigues et al. Parasites & Vectors  (2016) 9:118 Page 9 of 13



IL-12R: IL-12 receptor; IL17RA: IL17 receptor A; iNKT: invariant natural killer T;
IRF: Interferon Regulatory Factor; LAG-3: lymphocyte activation gene-3;
LPG: lipophosphoglycan; MMM: marginal metallophilic macrophages;
MZM: marginal zone macrophages; NO: nitric oxide; PALS: periarteriolar
lymphoid sheaths; PBMCs: peripheral blood mononuclear cells; PD-
1: programmed death-1; ROS: reactive oxygen species; STAT-4: Signal
Transducers and Activators of Transcription-4; T-bet: T box transcription
factor-21; TCM: central memory T cells; TCR: T cell receptor; TEM: effector
memory T cells; Tfh: T follicular helper cells; TGF-β: Transforming Growth
Factor- β; Th1: T helper 1; TNF: tumor necrosis factor; Tr1: type I regulatory
cells; VL: visceral leishmaniasis.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
Performed literature searches, wrote and revised the manuscript: VR, ACS,
ML, RS, and JE. All authors read and approved the final version of the
manuscript.

Acknowledgements
The research leading to these results has received funding from the
European Community’s Seventh Framework Programme under grant
agreement No.602773 (Project KINDRED). VR is supported by a post-doctoral
fellowship granted by the KINDReD consortium. RS thanks the Foundation
for Science and Technology (FCT) for an Investigator Grant (IF/00021/2014).
This work was supported by grants to JE from ANR (LEISH-APO, France),
Partenariat Hubert Curien (PHC) (program Volubilis, MA/11/262). JE acknowledges
the support of the Canada Research Chair Program.

Author details
1CNRS FR3636, Université Paris-Descartes, Paris, France. 2Instituto de
Investigação e Inovação em Saúde, Universidade do Porto, Porto, Portugal.
3Departamento de Ciências Biológicas, Faculdade de Farmácia, Universidade
do Porto, Porto, Portugal. 4School of Health Sciences, Life and Health
Sciences Research Institute (ICVS), University of Minho, Braga, Portugal. 5ICVS/
3B’s-PT Government Associate Laboratory, Braga, Guimarães, Portugal.
6Centre de Recherche en Infectiologie, Université Laval, Québec, Canada.

Received: 2 November 2015 Accepted: 20 January 2016

References
1. Real F, Florentino PT, Reis LC, Ramos-Sanchez EM, Veras PS, Goto H, et al.

Cell-to-cell transfer of Leishmania amazonensis amastigotes is mediated by
immunomodulatory LAMP-rich parasitophorous extrusions. Cell Microbiol.
2014;16(10):1549–64.

2. Alvar J, Velez ID, Bern C, Herrero M, Desjeux P, Cano J, et al. Leishmaniasis
worldwide and global estimates of its incidence. PLoS One. 2012;7(5):e35671.

3. Murray HW, Berman JD, Davies CR, Saravia NG. Advances in leishmaniasis.
Lancet. 2005;366(9496):1561–77.

4. Control of the leishmaniasis: Report of a meeting of the WHO Expert
Committee on the Control of Leishmaniases [http://whqlibdoc.who.int/trs/
WHO_TRS_949_eng.pdf]

5. van Griensven J, Diro E. Visceral leishmaniasis. Infect Dis Clin North Am.
2012;26(2):309–22.

6. Chappuis F, Sundar S, Hailu A, Ghalib H, Rijal S, Peeling RW, et al. Visceral
leishmaniasis: what are the needs for diagnosis, treatment and control? Nat
Rev Microbiol. 2007;5(11):873–82.

7. Muller I, Pedrazzini T, Farrell JP, Louis J. T-cell responses and immunity to
experimental infection with Leishmania major. Annu Rev Immunol. 1989;7:
561–78.

8. Kaye P, Scott P. Leishmaniasis: complexity at the host-pathogen interface.
Nat Rev Microbiol. 2011;9(8):604–15.

9. Cillari E, Milano S, Dieli M, Maltese E, Di Rosa S, Mansueto S, et al. Reduction in
the number of UCHL-1+ cells and IL-2 production in the peripheral blood of
patients with visceral leishmaniasis. J Immunol. 1991;146(3):1026–30.

10. Sacks DL, Lal SL, Shrivastava SN, Blackwell J, Neva FA. An analysis of T cell
responsiveness in Indian kala-azar. J Immunol. 1987;138(3):908–13.

11. Carvalho EM, Barral A, Pedral-Sampaio D, Barral-Netto M, Badaro R, Rocha H,
et al. Immunologic markers of clinical evolution in children recently infected
with Leishmania donovani chagasi. J Infect Dis. 1992;165(3):535–40.

12. Nieto A, Dominguez-Bernal G, Orden JA, De La Fuente R, Madrid-Elena N,
Carrion J. Mechanisms of resistance and susceptibility to experimental
visceral leishmaniosis: BALB/c mouse versus syrian hamster model. Vet Res.
2011;42(1):39.

13. Stanley AC, Engwerda CR. Balancing immunity and pathology in visceral
leishmaniasis. Immunol Cell Biol. 2007;85(2):138–47.

14. Rolao N, Melo C, Campino L. Influence of the inoculation route in BALB/c
mice infected by Leishmania infantum. Acta Trop. 2004;90(1):123–6.

15. Kaur S, Kaur T, Garg N, Mukherjee S, Raina P, Athokpam V. Effect of dose and
route of inoculation on the generation of CD4+ Th1/Th2 type of immune
response in murine visceral leishmaniasis. Parasitol Res.
2008;103(6):1413–9.

16. Aslan H, Dey R, Meneses C, Castrovinci P, Jeronimo SM, Oliva G, et al. A new
model of progressive visceral leishmaniasis in hamsters by natural
transmission via bites of vector sand flies. J Infect Dis.
2013;207(8):1328–38.

17. Rodrigues V, Laforge M, Campillo-Gimenez L, Soundaramourty C, Correia-
de-Oliveira A, Dinis-Oliveira RJ, et al. Abortive T follicular helper
development is associated with a defective humoral response in Leishmania
infantum-infected macaques. PLoS Pathog. 2014;10(4):e1004096.

18. Porrozzi R, Pereira MS, Teva A, Volpini AC, Pinto MA, Marchevsky RS, et al.
Leishmania infantum-induced primary and challenge infections in rhesus
monkeys (Macaca mulatta): a primate model for visceral leishmaniasis. Trans
R Soc Trop Med Hyg. 2006;100(10):926–37.

19. Engwerda CR, Ato M, Kaye PM. Macrophages, pathology and parasite
persistence in experimental visceral leishmaniasis. Trends Parasitol. 2004;
20(11):524–30.

20. Kaye PM, Svensson M, Ato M, Maroof A, Polley R, Stager S, et al. The
immunopathology of experimental visceral leishmaniasis. Immunol Rev.
2004;201:239–53.

21. Faleiro RJ, Kumar R, Hafner LM, Engwerda CR. Immune regulation during
chronic visceral leishmaniasis. PLoS Negl Trop Dis. 2014;8(7):e2914.

22. Mangoud AM, Ramadan ME, Morsy TA, Amin AM, Mostafa SM.
Histopathological studies of Syrian golden hamsters experimentally infected
with Leishmania D. infantum. J Egypt Soc Parasitol. 1997;27(3):689–702.

23. Honore S, Garin YJ, Sulahian A, Gangneux JP, Derouin F. Influence of the
host and parasite strain in a mouse model of visceral Leishmania infantum
infection. FEMS Immunol Med Microbiol. 1998;21(3):231–9.

24. McElrath MJ, Murray HW, Cohn ZA. The dynamics of granuloma formation
in experimental visceral leishmaniasis. J Exp Med. 1988;167(6):1927–37.

25. Leclercq V, Lebastard M, Belkaid Y, Louis J, Milon G. The outcome of the
parasitic process initiated by Leishmania infantum in laboratory mice: a
tissue-dependent pattern controlled by the Lsh and MHC loci. J Immunol.
1996;157(10):4537–45.

26. Wilson ME, Sandor M, Blum AM, Young BM, Metwali A, Elliott D, et al. Local
suppression of IFN-gamma in hepatic granulomas correlates with tissue-
specific replication of Leishmania chagasi. J Immunol. 1996;156(6):2231–9.

27. Murray HW. Tissue granuloma structure-function in experimental visceral
leishmaniasis. Int J Exp Pathol. 2001;82(5):249–67.

28. Murray HW, Stern JJ, Welte K, Rubin BY, Carriero SM, Nathan CF.
Experimental visceral leishmaniasis: production of interleukin 2 and
interferon-gamma, tissue immune reaction, and response to treatment with
interleukin 2 and interferon-gamma. J Immunol. 1987;138(7):2290–7.

29. Moore JW, Moyo D, Beattie L, Andrews PS, Timmis J, Kaye PM. Functional
complexity of the Leishmania granuloma and the potential of in silico
modeling. Frontiers in immunology. 2013;4:35.

30. Engwerda CR, Kaye PM. Organ-specific immune responses associated with
infectious disease. Immunol Today. 2000;21(2):73–8.

31. Beattie L, d'El-Rei Hermida M, Moore JW, Maroof A, Brown N, Lagos D, et al.
A transcriptomic network identified in uninfected macrophages responding
to inflammation controls intracellular pathogen survival. Cell Host Microbe.
2013;14(3):357–68.

32. Cotterell SE, Engwerda CR, Kaye PM. Leishmania donovani infection initiates
T cell-independent chemokine responses, which are subsequently amplified
in a T cell-dependent manner. Eur J Immunol. 1999;29(1):203–14.

33. Cervia JS, Rosen H, Murray HW. Effector role of blood monocytes in
experimental visceral leishmaniasis. Infect Immun.
1993;61(4):1330–3.

Rodrigues et al. Parasites & Vectors  (2016) 9:118 Page 10 of 13



34. Svensson M, Zubairi S, Maroof A, Kazi F, Taniguchi M, Kaye PM. Invariant
NKT cells are essential for the regulation of hepatic CXCL10 gene expression
during Leishmania donovani infection. Infect Immun.
2005;73(11):7541–7.

35. Robert-Gangneux F, Drogoul AS, Rostan O, Piquet-Pellorce C, Cayon J,
Lisbonne M, et al. Invariant NKT cells drive hepatic cytokinic
microenvironment favoring efficient granuloma formation and early control
of Leishmania donovani infection. PLoS One. 2012;7(3):e33413.

36. Amprey JL, Im JS, Turco SJ, Murray HW, Illarionov PA, Besra GS, et al. A
subset of liver NK T cells is activated during Leishmania donovani infection
by CD1d-bound lipophosphoglycan. J Exp Med. 2004;200(7):895–904.

37. Beattie L, Svensson M, Bune A, Brown N, Maroof A, Zubairi S, et al.
Leishmania donovani-induced expression of signal regulatory protein alpha
on Kupffer cells enhances hepatic invariant NKT-cell activation. Eur J
Immunol. 2010;40(1):117–23.

38. Karmakar S, Bhaumik SK, Paul J, De T. TLR4 and NKT cell synergy in
immunotherapy against visceral leishmaniasis. PLoS Pathog. 2012;8(4):e1002646.

39. Stanley AC, Zhou Y, Amante FH, Randall LM, Haque A, Pellicci DG, et al.
Activation of invariant NKT cells exacerbates experimental visceral
leishmaniasis. PLoS Pathog. 2008;4(2):e1000028.

40. Stern JJ, Oca MJ, Rubin BY, Anderson SL, Murray HW. Role of L3T4+ and LyT-2+
cells in experimental visceral leishmaniasis. J Immunol. 1988;140(11):3971–7.

41. Bunn PT, Stanley AC, de Labastida RF, Mulherin A, Sheel M, Alexander CE,
et al. Tissue Requirements for Establishing Long-Term CD4+ T Cell-Mediated
Immunity following Leishmania donovani Infection. J Immunol. 2014;192(8):
3709–18.

42. Beattie L, Peltan A, Maroof A, Kirby A, Brown N, Coles M, et al. Dynamic
imaging of experimental Leishmania donovani-induced hepatic granulomas
detects Kupffer cell-restricted antigen presentation to antigen-specific CD8
T cells. PLoS Pathog. 2010;6(3):e1000805.

43. Murray HW, Squires KE, Miralles CD, Stoeckle MY, Granger AM, Granelli-
Piperno A, et al. Acquired resistance and granuloma formation in
experimental visceral leishmaniasis. Differential T cell and lymphokine roles
in initial versus established immunity. J Immunol. 1992;148(6):1858–63.

44. Tumang MC, Keogh C, Moldawer LL, Helfgott DC, Teitelbaum R, Hariprashad
J, et al. Role and effect of TNF-alpha in experimental visceral leishmaniasis. J
Immunol. 1994;153(2):768–75.

45. Murray HW, Jungbluth A, Ritter E, Montelibano C, Marino MW. Visceral
leishmaniasis in mice devoid of tumor necrosis factor and response to
treatment. Infect Immun. 2000;68(11):6289–93.

46. Engwerda CR, Ato M, Stager S, Alexander CE, Stanley AC, Kaye PM. Distinct
roles for lymphotoxin-alpha and tumor necrosis factor in the control of
Leishmania donovani infection. Am J Pathol. 2004;165(6):2123–33.

47. Mebius RE, Kraal G. Structure and function of the spleen. Nat Rev Immunol.
2005;5(8):606–16.

48. Gorak PM, Engwerda CR, Kaye PM. Dendritic cells, but not macrophages,
produce IL-12 immediately following Leishmania donovani infection. Eur J
Immunol. 1998;28(2):687–95.

49. Phillips R, Svensson M, Aziz N, Maroof A, Brown N, Beattie L, et al. Innate
killing of Leishmania donovani by macrophages of the splenic marginal
zone requires IRF-7. PLoS Pathog. 2010;6(3):e1000813.

50. Engwerda CR, Murphy ML, Cotterell SE, Smelt SC, Kaye PM. Neutralization of
IL-12 demonstrates the existence of discrete organ-specific phases in the
control of Leishmania donovani. Eur J Immunol. 1998;28(2):669–80.

51. Squires KE, Schreiber RD, McElrath MJ, Rubin BY, Anderson SL, Murray HW.
Experimental visceral leishmaniasis: role of endogenous IFN-gamma in host
defense and tissue granulomatous response. J Immunol. 1989;143(12):4244–9.

52. De Trez C, Brait M, Leo O, Aebischer T, Torrentera FA, Carlier Y, et al. Myd88-
dependent in vivo maturation of splenic dendritic cells induced by
Leishmania donovani and other Leishmania species. Infect Immun. 2004;
72(2):824–32.

53. Resende M, Moreira D, Augusto J, Cunha J, Neves B, Cruz MT, et al.
Leishmania-infected MHC class IIhigh dendritic cells polarize CD4+ T cells
toward a nonprotective T-bet+ IFN-gamma+ IL-10+ phenotype. J Immunol.
2013;191(1):262–73.

54. Polley R, Zubairi S, Kaye PM. The fate of heterologous CD4+ T cells during
Leishmania donovani infection. Eur J Immunol. 2005;35(2):498–504.

55. Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T cell populations
(*). Annu Rev Immunol. 2010;28:445–89.

56. Rosas LE, Snider HM, Barbi J, Satoskar AA, Lugo-Villarino G, Keiser T, et al.
Cutting edge: STAT1 and T-bet play distinct roles in determining outcome

of visceral leishmaniasis caused by Leishmania donovani. J Immunol. 2006;
177(1):22–5.

57. Lehmann J, Enssle KH, Lehmann I, Emmendorfer A, Lohmann-Matthes ML. The
capacity to produce IFN-gamma rather than the presence of interleukin-4
determines the resistance and the degree of susceptibility to Leishmania
donovani infection in mice. J Interferon Cytokine Res. 2000;20(1):63–77.

58. Murray HW. Endogenous interleukin-12 regulates acquired resistance in
experimental visceral leishmaniasis. J Infect Dis. 1997;175(6):1477–9.

59. Oghumu S, Gupta G, Snider HM, Varikuti S, Terrazas CA, Papenfuss TL, et al.
STAT4 is critical for immunity but not for antileishmanial activity of antimonials
in experimental visceral leishmaniasis. Eur J Immunol. 2014;44(2):450–9.

60. Maroof A, Kaye PM. Temporal regulation of interleukin-12p70 (IL-12p70) and
IL-12-related cytokines in splenic dendritic cell subsets during Leishmania
donovani infection. Infect Immun. 2008;76(1):239–49.

61. Vignali DA, Kuchroo VK. IL-12 family cytokines: immunological playmakers.
Nat Immunol. 2012;13(8):722–8.

62. Nascimento MS, Carregaro V, Lima-Junior DS, Costa DL, Ryffel B, Duthie MS, et al.
Interleukin 17A acts synergistically with interferon gamma to promote protection
against Leishmania infantum infection. J Infect Dis. 2015;211(6):1015–26.

63. Pitta MG, Romano A, Cabantous S, Henri S, Hammad A, Kouriba B, et al.
IL-17 and IL-22 are associated with protection against human kala azar
caused by Leishmania donovani. J Clin Invest. 2009;119(8):2379–87.

64. Ghosh K, Sharma G, Saha A, Kar S, Das PK, Ukil A. Successful therapy of
visceral leishmaniasis with curdlan involves T-helper 17 cytokines. J Infect
Dis. 2013;207(6):1016–25.

65. Ansari NA, Kumar R, Gautam S, Nylen S, Singh OP, Sundar S, et al. IL-27 and
IL-21 are associated with T cell IL-10 responses in human visceral
leishmaniasis. J Immunol. 2011;186(7):3977–85.

66. Lopez Kostka S, Dinges S, Griewank K, Iwakura Y, Udey MC, von Stebut E.
IL-17 promotes progression of cutaneous leishmaniasis in susceptible mice.
J Immunol. 2009;182(5):3039–46.

67. Diniz-Atayde V, Aslan H, Townsend S, Hassani K, Kamhawi S, Olivier M.
Exosome Secretion by the Parasitic Protozoan Leishmania within the Sand
Fly Midgut. Cell reports. 2015;13:11.

68. Santarem N, Racine G, Silvestre R, Cordeiro-da-Silva A, Ouellette M.
Exoproteome dynamics in Leishmania infantum. J Proteomics. 2013;84:106–18.

69. Murray HW. Prevention of relapse after chemotherapy in a chronic
intracellular infection: mechanisms in experimental visceral leishmaniasis. J
Immunol. 2005;174(8):4916–23.

70. Tsagozis P, Karagouni E, Dotsika E. CD8(+) T cells with parasite-specific
cytotoxic activity and a Tc1 profile of cytokine and chemokine secretion
develop in experimental visceral leishmaniasis. Parasite Immunol. 2003;
25(11–12):569–79.

71. Polley R, Stager S, Prickett S, Maroof A, Zubairi S, Smith DF, et al. Adoptive
immunotherapy against experimental visceral leishmaniasis with CD8+ T cells
requires the presence of cognate antigen. Infect Immun.
2006;74(1):773–6.

72. Polley R, Sanos SL, Prickett S, Haque A, Kaye PM. Chronic Leishmania
donovani infection promotes bystander CD8+−T-cell expansion and
heterologous immunity. Infect Immun. 2005;73(12):7996–8001.

73. Kaech SM, Cui W. Transcriptional control of effector and memory CD8+ T
cell differentiation. Nat Rev Immunol. 2012;12(11):749–61.

74. Tsagozis P, Karagouni E, Dotsika E. Function of CD8+ T lymphocytes in a self-
curing mouse model of visceral leishmaniasis. Parasitol Int. 2005;54(2):139–46.

75. Costa Lima SA, Silvestre R, Barros D, Cunha J, Baltazar MT, Dinis-Oliveira RJ,
et al. Crucial CD8(+) T-lymphocyte cytotoxic role in amphotericin B
nanospheres efficacy against experimental visceral leishmaniasis.
Nanomedicine. 2014;10(5):1021–30.

76. Smith LE, Rodrigues M, Russell DG. The interaction between CD8+ cytotoxic T
cells and Leishmania-infected macrophages. J Exp Med. 1991;174(3):499–505.

77. Stager S, Rafati S. CD8(+) T cells in leishmania infections: friends or foes?
Frontiers in immunology. 2012;3:5.

78. Belkaid Y, Von Stebut E, Mendez S, Lira R, Caler E, Bertholet S, et al. CD8+ T
cells are required for primary immunity in C57BL/6 mice following low-
dose, intradermal challenge with Leishmania major. J Immunol.
2002;168(8):3992–4000.

79. Muller I, Kropf P, Louis JA, Milon G. Expansion of gamma interferon-
producing CD8+ T cells following secondary infection of mice immune to
Leishmania major. Infect Immun. 1994;62(6):2575–81.

80. Faria DR, Souza PE, Duraes FV, Carvalho EM, Gollob KJ, Machado PR, et al.
Recruitment of CD8(+) T cells expressing granzyme A is associated with

Rodrigues et al. Parasites & Vectors  (2016) 9:118 Page 11 of 13



lesion progression in human cutaneous leishmaniasis. Parasite Immunol.
2009;31(8):432–9.

81. Santos Cda S, Boaventura V, Ribeiro Cardoso C, Tavares N, Lordelo MJ,
Noronha A, et al. CD8(+) granzyme B(+)-mediated tissue injury vs.
CD4(+)IFNgamma(+)-mediated parasite killing in human cutaneous
leishmaniasis. J Invest Dermatol. 2013;133(6):1533–40.

82. Novais FO, Carvalho LP, Graff JW, Beiting DP, Ruthel G, Roos DS, et al.
Cytotoxic T cells mediate pathology and metastasis in cutaneous
leishmaniasis. PLoS Pathog. 2013;9(7):e1003504.

83. Murphy ML, Wille U, Villegas EN, Hunter CA, Farrell JP. IL-10 mediates
susceptibility to Leishmania donovani infection. Eur J Immunol.
2001;31(10):2848–56.

84. Murray HW, Moreira AL, Lu CM, DeVecchio JL, Matsuhashi M, Ma X, et al.
Determinants of response to interleukin-10 receptor blockade
immunotherapy in experimental visceral leishmaniasis. J Infect Dis. 2003;
188(3):458–64.

85. Nylen S, Maurya R, Eidsmo L, Manandhar KD, Sundar S, Sacks D. Splenic
accumulation of IL-10 mRNA in T cells distinct from CD4+CD25+ (Foxp3)
regulatory T cells in human visceral leishmaniasis. J Exp Med.
2007;204(4):805–17.

86. Kenney RT, Sacks DL, Gam AA, Murray HW, Sundar S. Splenic cytokine
responses in Indian kala-azar before and after treatment. J Infect Dis. 1998;
177(3):815–8.

87. Singh OP, Gidwani K, Kumar R, Nylen S, Jones SL, Boelaert M, et al.
Reassessment of immune correlates in human visceral leishmaniasis as
defined by cytokine release in whole blood. Clin Vaccine Immunol. 2012;
19(6):961–6.

88. Gautam S, Kumar R, Maurya R, Nylen S, Ansari N, Rai M, et al. IL-10
neutralization promotes parasite clearance in splenic aspirate cells from
patients with visceral leishmaniasis. J Infect Dis.
2011;204(7):1134–7.

89. Nylen S, Sacks D. Interleukin-10 and the pathogenesis of human visceral
leishmaniasis. Trends Immunol. 2007;28(9):378–84.

90. Kumar R, Nylen S. Immunobiology of visceral leishmaniasis. Frontiers in
immunology. 2012;3:251.

91. Ouyang W, Rutz S, Crellin NK, Valdez PA, Hymowitz SG. Regulation and
functions of the IL-10 family of cytokines in inflammation and disease. Annu
Rev Immunol. 2011;29:71–109.

92. Bhattacharyya S, Ghosh S, Jhonson PL, Bhattacharya SK, Majumdar S.
Immunomodulatory role of interleukin-10 in visceral leishmaniasis: defective
activation of protein kinase C-mediated signal transduction events. Infect
Immun. 2001;69(3):1499–507.

93. Vouldoukis I, Becherel PA, Riveros-Moreno V, Arock M, da Silva O, Debre P,
et al. Interleukin-10 and interleukin-4 inhibit intracellular killing of
Leishmania infantum and Leishmania major by human macrophages by
decreasing nitric oxide generation. Eur J Immunol.
1997;27(4):860–5.

94. Ito S, Ansari P, Sakatsume M, Dickensheets H, Vazquez N, Donnelly RP, et al.
Interleukin-10 inhibits expression of both interferon alpha- and interferon
gamma- induced genes by suppressing tyrosine phosphorylation of STAT1.
Blood. 1999;93(5):1456–63.

95. Ato M, Stager S, Engwerda CR, Kaye PM. Defective CCR7 expression on
dendritic cells contributes to the development of visceral leishmaniasis. Nat
Immunol. 2002;3(12):1185–91.

96. Saraiva M, O'Garra A. The regulation of IL-10 production by immune cells.
Nat Rev Immunol. 2010;10(3):170–81.

97. Nandan D, Camargo de Oliveira C, Moeenrezakhanlou A, Lopez M, Silverman
JM, Subek J, et al. Myeloid cell IL-10 production in response to leishmania
involves inactivation of glycogen synthase kinase-3beta downstream of
phosphatidylinositol-3 kinase. J Immunol. 2012;188(1):367–78.

98. Peruhype-Magalhaes V, Martins-Filho OA, Prata A, Silva Lde A, Rabello A,
Teixeira-Carvalho A, et al. Mixed inflammatory/regulatory cytokine profile
marked by simultaneous raise of interferon-gamma and interleukin-10 and
low frequency of tumour necrosis factor-alpha(+) monocytes are hallmarks
of active human visceral Leishmaniasis due to Leishmania chagasi infection.
Clin Exp Immunol. 2006;146(1):124–32.

99. Bankoti R, Gupta K, Levchenko A, Stager S. Marginal zone B cells
regulate antigen-specific T cell responses during infection. J Immunol.
2012;188(8):3961–71.

100. Maroof A, Beattie L, Zubairi S, Svensson M, Stager S, Kaye PM.
Posttranscriptional regulation of II10 gene expression allows natural killer

cells to express immunoregulatory function. Immunity.
2008;29(2):295–305.

101. Owens BM, Beattie L, Moore JW, Brown N, Mann JL, Dalton JE, et al. IL-10-
producing Th1 cells and disease progression are regulated by distinct
CD11c(+) cell populations during visceral leishmaniasis. PLoS Pathog. 2012;
8(7):e1002827.

102. Stager S, Maroof A, Zubairi S, Sanos SL, Kopf M, Kaye PM. Distinct roles for
IL-6 and IL-12p40 in mediating protection against Leishmania donovani and
the expansion of IL-10+ CD4+ T cells. Eur J Immunol. 2006;36(7):1764–71.

103. Kane MM, Mosser DM. The role of IL-10 in promoting disease progression in
leishmaniasis. J Immunol. 2001;166(2):1141–7.

104. Cope A, Le Friec G, Cardone J, Kemper C. The Th1 life cycle: molecular control
of IFN-gamma to IL-10 switching. Trends Immunol. 2011;32(6):278–86.

105. Jankovic D, Kullberg MC, Feng CG, Goldszmid RS, Collazo CM, Wilson M,
et al. Conventional T-bet(+)Foxp3(−) Th1 cells are the major source of host-
protective regulatory IL-10 during intracellular protozoan infection. J Exp
Med. 2007;204(2):273–83.

106. Freitas do Rosario AP, Lamb T, Spence P, Stephens R, Lang A, Roers A, et al.
IL-27 promotes IL-10 production by effector Th1 CD4+ T cells: a critical
mechanism for protection from severe immunopathology during malaria
infection. J Immunol. 2012;188(3):1178–90.

107. Rosas LE, Satoskar AA, Roth KM, Keiser TL, Barbi J, Hunter C, et al.
Interleukin-27R (WSX-1/T-cell cytokine receptor) gene-deficient mice display
enhanced resistance to leishmania donovani infection but develop severe
liver immunopathology. Am J Pathol. 2006;168(1):158–69.

108. Svensson M, Maroof A, Ato M, Kaye PM. Stromal cells direct local
differentiation of regulatory dendritic cells. Immunity. 2004;21(6):805–16.

109. Hammami A, Charpentier T, Smans M, Stager S. IRF-5-Mediated
Inflammation Limits CD8+ T Cell Expansion by Inducing HIF-1alpha and
Impairing Dendritic Cell Functions during Leishmania Infection. PLoS
Pathog. 2015;11(6):e1004938.

110. Wilson ME, Young BM, Davidson BL, Mente KA, McGowan SE. The
importance of TGF-beta in murine visceral leishmaniasis. J Immunol. 1998;
161(11):6148–55.

111. Barral-Netto M, Barral A, Brownell CE, Skeiky YA, Ellingsworth LR, Twardzik
DR, et al. Transforming growth factor-beta in leishmanial infection: a
parasite escape mechanism. Science. 1992;257(5069):545–8.

112. Wherry EJ. T cell exhaustion. Nat Immunol. 2011;12(6):492–9.
113. Schietinger A, Greenberg PD. Tolerance and exhaustion: defining

mechanisms of T cell dysfunction. Trends Immunol. 2014;35(2):51–60.
114. Yi JS, Cox MA, Zajac AJ. T-cell exhaustion: characteristics, causes and

conversion. Immunology. 2010;129(4):474–81.
115. Jin HT, Anderson AC, Tan WG, West EE, Ha SJ, Araki K, et al. Cooperation of

Tim-3 and PD-1 in CD8 T-cell exhaustion during chronic viral infection. Proc
Natl Acad Sci U S A. 2010;107(33):14733–8.

116. Jin HT, Jeong YH, Park HJ, Ha SJ. Mechanism of T cell exhaustion in a
chronic environment. BMB Rep. 2011;44(4):217–31.

117. Zajac AJ, Blattman JN, Murali-Krishna K, Sourdive DJ, Suresh M, Altman JD,
et al. Viral immune evasion due to persistence of activated T cells without
effector function. J Exp Med. 1998;188(12):2205–13.

118. Gallimore A, Glithero A, Godkin A, Tissot AC, Pluckthun A, Elliott T, et al.
Induction and exhaustion of lymphocytic choriomeningitis virus-specific
cytotoxic T lymphocytes visualized using soluble tetrameric major
histocompatibility complex class I-peptide complexes. J Exp Med. 1998;
187(9):1383–93.

119. Gigley JP, Bhadra R, Moretto MM, Khan IA. T cell exhaustion in protozoan
disease. Trends Parasitol. 2012;28(9):377–84.

120. Joshi T, Rodriguez S, Perovic V, Cockburn IA, Stager S. B7-H1 blockade
increases survival of dysfunctional CD8(+) T cells and confers protection
against Leishmania donovani infections. PLoS Pathog.
2009;5(5):e1000431.

121. Gomes NA, Barreto-de-Souza V, Wilson ME, DosReis GA. Unresponsive CD4+
T lymphocytes from Leishmania chagasi-infected mice increase cytokine
production and mediate parasite killing after blockade of B7-1/CTLA-4
molecular pathway. J Infect Dis. 1998;178(6):1847–51.

122. Murphy ML, Cotterell SE, Gorak PM, Engwerda CR, Kaye PM. Blockade of
CTLA-4 enhances host resistance to the intracellular pathogen, Leishmania
donovani. J Immunol. 1998;161(8):4153–60.

123. Gautam S, Kumar R, Singh N, Singh AK, Rai M, Sacks D, et al. CD8 T
cell exhaustion in human visceral leishmaniasis. J Infect Dis. 2014;
209(2):290–9.

Rodrigues et al. Parasites & Vectors  (2016) 9:118 Page 12 of 13



124. Esch KJ, Juelsgaard R, Martinez PA, Jones DE, Petersen CA. Programmed
death 1-mediated T cell exhaustion during visceral leishmaniasis impairs
phagocyte function. J Immunol. 2013;191(11):5542–50.

125. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion.
Nat Rev Immunol. 2015;15(8):486–99.

126. Cumont MC, Monceaux V, Viollet L, Lay S, Parker R, Hurtrel B, et al. TGF-beta
in intestinal lymphoid organs contributes to the death of armed effector
CD8 T cells and is associated with the absence of virus containment in
rhesus macaques infected with the simian immunodeficiency virus. Cell
Death Differ. 2007;14(10):1747–58.

127. Smelt SC, Engwerda CR, McCrossen M, Kaye PM. Destruction of follicular
dendritic cells during chronic visceral leishmaniasis. J Immunol. 1997;
158(8):3813–21.

128. Dalton JE, Maroof A, Owens BM, Narang P, Johnson K, Brown N, et al.
Inhibition of receptor tyrosine kinases restores immunocompetence and
improves immune-dependent chemotherapy against experimental
leishmaniasis in mice. J Clin Invest. 2010;120(4):1204–16.

129. Yurdakul P, Dalton J, Beattie L, Brown N, Erguven S, Maroof A, et al.
Compartment-specific remodeling of splenic micro-architecture during
experimental visceral leishmaniasis. Am J Pathol.
2011;179(1):23–9.

130. Nolte MA, Belien JA, Schadee-Eestermans I, Jansen W, Unger WW, van Rooijen
N, et al. A conduit system distributes chemokines and small blood-borne
molecules through the splenic white pulp. J Exp Med. 2003;198(3):505–12.

131. Cyster JG. Chemokines and the homing of dendritic cells to the T cell areas
of lymphoid organs. J Exp Med. 1999;189(3):447–50.

132. Engwerda CR, Ato M, Cotterell SE, Mynott TL, Tschannerl A, Gorak-Stolinska
PM, et al. A role for tumor necrosis factor-alpha in remodeling the splenic
marginal zone during Leishmania donovani infection. Am J Pathol. 2002;
161(2):429–37.

133. Victora GD, Nussenzweig MC. Germinal centers. Annu Rev Immunol. 2012;
30:429–57.

134. Caldas A, Favali C, Aquino D, Vinhas V, van Weyenbergh J, Brodskyn C, et al.
Balance of IL-10 and interferon-gamma plasma levels in human visceral
leishmaniasis: implications in the pathogenesis. BMC Infect Dis. 2005;5:113.

135. Miles SA, Conrad SM, Alves RG, Jeronimo SM, Mosser DM. A role for IgG
immune complexes during infection with the intracellular pathogen
Leishmania. J Exp Med. 2005;201(5):747–54.

136. da Matta VL, Hoshino-Shimizu S, Dietze R, Corbett CE. Detection of specific
antibody isotypes and subtypes before and after treatment of American
visceral leishmaniasis. J Clin Lab Anal. 2000;14(1):5–12.

137. Cooper GR, Rein CR, Beard JW. Electrophoretic analysis of kala-azar human
serum; hypergammaglobulinemia associated with seronegative reactions for
syphilis. Proc Soc Exp Biol Med. 1946;61:179–83.

138. Campos-Neto A, Bunn-Moreno MM. Polyclonal B cell activation in hamsters
infected with parasites of the genus Leishmania. Infect Immun. 1982;38(3):871–6.

139. Ghose AC, Haldar JP, Pal SC, Mishra BP, Mishra KK. Serological investigations
on Indian kala-azar. Clin Exp Immunol. 1980;40(2):318–26.

140. Chavas J, Guimaraes Ferri R. Immunoglobulins in visceral leishmaniasis. Rev
Inst Med Trop Sao Paulo. 1966;8(5):225–6.

141. Galvao-Castro B, Sa Ferreira JA, Marzochi KF, Marzochi MC, Coutinho SG,
Lambert PH. Polyclonal B cell activation, circulating immune complexes and
autoimmunity in human american visceral leishmaniasis. Clin Exp Immunol.
1984;56(1):58–66.

142. Pearson RD, de Alencar JE, Romito R, Naidu TG, Young AC, Davis JS.
Circulating immune complexes and rheumatoid factors in visceral
leishmaniasis. J Infect Dis. 1983;147(6):1102.

143. Kager PA, Hack CE, Hannema AJ, Rees PH, von dem Borne AE. High C1q
levels, low C1s/C1q ratios, and high levels of circulating immune complexes
in kala-azar. Clin Immunol Immunopathol. 1982;23(1):86–93.

144. Agu WE, Farrell JP, Soulsby EJ. Proliferative glomerulonephritis in
experimental Leishmania donovani infection of the golden hamster. Comp
Immunol Microbiol Infect Dis. 1981;4(3–4):353–68.

145. Crotty S. T follicular helper cell differentiation, function, and roles in disease.
Immunity. 2014;41(4):529–42.

146. Nakayamada S, Kanno Y, Takahashi H, Jankovic D, Lu KT, Johnson TA, et al.
Early Th1 cell differentiation is marked by a Tfh cell-like transition. Immunity.
2011;35(6):919–31.

147. Thomas BN, Buxbaum LU. FcgammaRIII mediates immunoglobulin G-
induced interleukin-10 and is required for chronic Leishmania mexicana
lesions. Infect Immun. 2008;76(2):623–31.

148. Buxbaum LU. A detrimental role for IgG and FcgammaR in Leishmania
mexicana infection. Immunol Res. 2008;42(1–3):197–209.

149. Gallo P, Goncalves R, Mosser DM. The influence of IgG density and
macrophage Fc (gamma) receptor cross-linking on phagocytosis and IL-10
production. Immunol Lett. 2010;133(2):70–7.

150. Guilliams M, Bruhns P, Saeys Y, Hammad H, Lambrecht BN. The function of
Fcgamma receptors in dendritic cells and macrophages. Nat Rev Immunol.
2014;14(2):94–108.

151. Woelbing F, Kostka SL, Moelle K, Belkaid Y, Sunderkoetter C, Verbeek S, et al.
Uptake of Leishmania major by dendritic cells is mediated by Fcgamma
receptors and facilitates acquisition of protective immunity. J Exp Med.
2006;203(1):177–88.

152. Gibson-Corley KN, Boggiatto PM, Bockenstedt MM, Petersen CA,
Waldschmidt TJ, Jones DE. Promotion of a functional B cell germinal center
response after Leishmania species co-infection is associated with lesion
resolution. Am J Pathol. 2012;180(5):2009–17.

153. Gibson-Corley KN. Understanding the role of B cells during Leishmania
amazonensis infection. Ames, Iowa: Iowa State University; 2010.

154. Smelt SC, Cotterell SE, Engwerda CR, Kaye PM. B cell-deficient mice are
highly resistant to Leishmania donovani infection, but develop neutrophil-
mediated tissue pathology. J Immunol. 2000;164(7):3681–8.

155. Edelson BT, Cossart P, Unanue ER. Cutting edge: paradigm revisited: antibody
provides resistance to Listeria infection. J Immunol. 1999;163(8):4087–90.

156. Edelson BT, Unanue ER. Intracellular antibody neutralizes Listeria growth.
Immunity. 2001;14(5):503–12.

157. Shreffler WG, Burns Jr JM, Badaro R, Ghalib HW, Button LL, McMaster WR,
et al. Antibody responses of visceral leishmaniasis patients to gp63, a major
surface glycoprotein of Leishmania species. J Infect Dis. 1993;167(2):426–30.

158. Matlashewski G, Arana B, Kroeger A, Battacharya S, Sundar S, Das P, et al.
Visceral leishmaniasis: elimination with existing interventions. Lancet Infect
Dis. 2011;11(4):322–5.

159. Sustaining the drive to overcome the global impact of neglected tropical
diseases: Second WHO report on neglected tropical diseases [http://www.
who.int/neglected_diseases/9789241564540/en/]

160. Badaro R, Johnson Jr WD. The role of interferon-gamma in the treatment of
visceral and diffuse cutaneous leishmaniasis. J Infect Dis. 1993;167 Suppl 1:S13–17.

161. Murray HW, Hariprashad J. Interleukin 12 is effective treatment for an
established systemic intracellular infection: experimental visceral
leishmaniasis. J Exp Med. 1995;181(1):387–91.

162. Singh OP, Sundar S. Immunotherapy and targeted therapies in treatment of
visceral leishmaniasis: current status and future prospects. Frontiers in
immunology. 2014;5:296.

163. Engwerda CR, Matlashewski G. Development of Leishmania vaccines in the
era of visceral leishmaniasis elimination. Trans R Soc Trop Med Hyg. 2015;
109(7):423–4.

164. Zaph C, Uzonna J, Beverley SM, Scott P. Central memory T cells mediate
long-term immunity to Leishmania major in the absence of persistent
parasites. Nat Med. 2004;10(10):1104–10.

165. Colpitts SL, Dalton NM, Scott P. IL-7 receptor expression provides the
potential for long-term survival of both CD62Lhigh central memory T cells
and Th1 effector cells during Leishmania major infection. J Immunol. 2009;
182(9):5702–11.

166. Glennie ND, Yeramilli VA, Beiting DP, Volk SW, Weaver CT, Scott P. Skin-
resident memory CD4+ T cells enhance protection against Leishmania
major infection. J Exp Med. 2015;212(9):1405–14.

167. Arango Duque G, Descoteaux A. Leishmania survival in the macrophage:
where the ends justify the means. Curr Opin Microbiol. 2015;26:32–40.

168. Olivier M, Atayde VD, Isnard A, Hassani K, Shio MT. Leishmania virulence
factors: focus on the metalloprotease GP63. Microbes and infection / Institut
Pasteur. 2012;14(15):1377–89.

Rodrigues et al. Parasites & Vectors  (2016) 9:118 Page 13 of 13

http://www.who.int/neglected_diseases/9789241564540/en/
http://www.who.int/neglected_diseases/9789241564540/en/

	Abstract
	Background
	Review
	Studying the immunology of visceral leishmaniasis: animal models and human patients
	Mechanisms underlying the control of hepatic infection in mice
	Early events in the spleen during visceral Leishmania infection
	Chronic visceral leishmaniasis: regulatory cytokines
	Chronic visceral leishmaniasis: T cell exhaustion
	Chronic visceral leishmaniasis: loss of splenic lymphoid architecture
	Antibodies, B cells and T follicular helper cells in visceral leishmaniasis

	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



