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ABSTRACT Leishmania donovani is a causative pathogen of potentially fatal visceral
leishmaniasis (VL). Therapeutic agents are available; however, their use is limited be-
cause of high cost, serious side effects, and development of antimicrobial resistance.
Protective immunity against VL depends on CD4� Th1 cell-mediated immunity.
Studies have shown that progression of VL is due to exhaustion of T cells; however,
the mechanism involved is not clearly understood. Here, we examined the role of
PD1/PDL-1 in the pathogenesis of VL by using a murine model of VL. Our data indi-
cate that L. donovani is able to elicit initial expansion of gamma interferon-
producing CD4� Th1 and CD8� T cells at day 7 postinfection (p.i.); however, the fre-
quency of those cells and inflammatory response decreased at day 21 p.i., despite
persistence of parasites. Persistent infection-induced expansion of interleukin-10�

FOXP3� Treg and CD4� and CD8� T cells expressing PD1. Blocking of PDL-1 signal-
ing in vivo resulted in restoration of protective type 1 responses by both CD4� and
CD8� T cells, which resulted in a significant decrease in the parasite burden. Mecha-
nistically, PDL-1 blocking inhibited autophagy, a cellular degradation process hi-
jacked by Leishmania to acquire host cell nutrients for their survival. Inhibition of au-
tophagy was marked by decreased lipidation of microtubule-associated protein 1
light chain 3, a marker of autophagosome formation, and P62 accumulation. To-
gether, our findings show for the first time that anti-PDL-1 antibody is an effective
therapeutic approach for restoration of effector arms of protective immunity against
VL and subsequent parasite clearance.
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Leishmania donovani is one of the causative organisms of visceral leishmaniasis (VL),
which is most prevalent on the Indian subcontinent, in East Africa, and in South

America. VL is transmitted by the female sand fly and is manifested by chronic fever,
hepatosplenomegaly, and pancytopenia and progresses to fatal multiorgan failure if
left untreated (1). Control of VL depends on gamma interferon (IFN-�) production by
Th1 CD4� T cells, which promotes protective cell-mediated immunity via several
mechanisms, including induction of cytotoxic CD8� T cells that lyse infected cells and
activation of macrophage bactericidal functions that clear intracellular parasites (2). In
contrast, progression of VL is characterized by the expansion of transforming growth
factor beta (TGF-�)- or interleukin-10 (IL-10)-producing T regulatory cells (Tregs) or
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IL-4-producing Th2 cells (3), which impair intracellular parasite clearance. L. donovani
also evades host protective immune mechanisms such as complement-mediated lysis
(4) and phagosomal-lysosomal fusion (5). Leishmania lipophosphoglycan also prevents
the acidification of phagosomes, which allows promastigotes to differentiate into
resistant amastigotes (6). In addition, Leishmania attenuates CD4� T cell priming via
negative regulation of TLR2- and TLR4-mediated IL-12 and tumor necrosis factor alpha
(TNF-�) production (7, 8), as well as decreasing antigen presentation (9). Current
chemotherapies against VL are associated with serious side effects and cannot achieve
a sterile cure. Thus, alternative immunotherapy that enhances the different arms of
cell-mediated immunity against Leishmania and thus effectively eliminates parasites is
warranted.

PD1 and PDL-1 are accessory molecules expressed on T cells and antigen-presenting
cells (APCs), respectively (10). Their ligation triggers inhibitory signals that diminish T
cell proliferation and cytokine production. Several pathogens exploit the PD1/PDL-1
pathway to suppress innate and adaptive immune responses (11–13). On the other
hand, PD1/PDL-1 signals dampen autoimmune responses, and thus it is critical for
maintaining effective immune responses against pathogens while avoiding tissue
damage caused by dysregulated immune responses and inflammation (14). Blockade of
the PD1/PDL-1 pathway during infections with certain pathogens such as Toxoplasma
and Plasmodium restored exhausted CD8� T and B cell responses, respectively, con-
trolled parasite reactivation, and prevented death in chronically infected animals (15,
16). However, the effect of blocking PD1/PDL-1 signaling on CD4� T cell responses
during L. donovani infection has not been studied.

Autophagy is the mechanism by which cells recycle their cytoplasmic contents in
lysosomes. Autophagy plays important roles in the elimination of pathogens, control of
inflammation, and adaptive immunity (17). Nevertheless, intracellular pathogens, in-
cluding Leishmania, have evolved mechanisms to block the autophagic microbicidal
defense and subvert the host autophagic machinery for their survival or growth (18).
The interaction between autophagy and the PD1/PDL-1 pathway has not been clearly
understood.

In this study, we examined the T cell response in VL following murine infection with
L. donovani. Our data indicated that L. donovani is able to elicit an initial immune
response, followed by deterioration of the inflammatory response and late immuno-
suppression. Further, in vivo blocking of the PD1/PDL-1 pathway with anti-PDL-1
antibodies restored both CD4� and CD8� T cell functions and decreased the parasite
burden. Our data also suggest that autophagy inhibition could be a potential mecha-
nism by which anti-PDL-1 antibody therapy exerts its action. These data demonstrate,
for the first time, that PD1/PDL-1 blockade in VL is a promising therapeutic approach
that is able to control parasite survival and persistence and prevent the development
of potentially fatal disease, possibly by blocking autophagy.

RESULTS
L. donovani infection is associated with initial T cell activation, which subsides

later in the course of infection. Leishmania is known to exploit the immune mecha-
nisms of the host in order to evade the host immune responses and persist; however,
the mechanism by which L. donovani exploits the immune system is not fully under-
stood. In this study, we examined the immune response of mice to L. donovani
infection. We selected BALB/c mice for our experiments because they are susceptible to
L. donovani infection and develop a VL that recapitulates the disease in humans (19).
Wild-type mice were injected with L. donovani promastigotes and body weight and
signs of morbidity were monitored. Mice were sacrificed at 7 and 21 days postinfection
(dpi), and another group was left for survival studies.

Infection with L. donovani decreased the body weight of infected mice at 7 dpi
compared to that of the control group; however, this decrease became significant after
10 weeks postinfection (see Fig. S1A in the supplemental material). L. donovani-infected
mice had a slightly greater spleen weight than controls at 7 and 21 dpi (P � 0.08) (Fig.
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S1B). In addition, the total number of splenocytes was significantly lower in infected
mice at 21 dpi than the number of infected splenocytes at 7 dpi (P � 0.007) (Fig. S1C).
The spleens of infected mice showed severely disorganized white pulp and hypertro-
phy of the red pulp, which was more marked at 21 dpi (Fig. S1D). Staining of liver
sections with hematoxylin and eosin (H&E) showed cellular infiltration and formation of
granuloma-like structures at both 7 and 21 dpi in infected mice (Fig. S1E); however,
there was no clear evidence of apoptotic or necrotic cell death. Quantitative real-time
PCR (qRT-PCR) analysis indicated parasite dissemination with a greater burden in the
spleens of infected mice at both 7 and 21 dpi than in the bone marrow (BM) (P � 0.01)
(Fig. S1F). The failure to eliminate parasites at 21 dpi is consistent with signs of
morbidity and histological findings and suggests the development of persistent infec-
tion.

Protective immunity against VL is mediated by CD4� Th1 cells, where IFN-� and
TNF-� activate microbicidal functions of macrophages to clear the parasites. In addi-
tion, generation of Th17 cells is associated with resistance to VL (20). To determine the
magnitude and function of antigen-specific immune responses against L. donovani, we
analyzed the different T cell subsets in the spleens of infected mice and uninfected
controls directly ex vivo by flow cytometry. Having comparable controls at both time
points justified the use of the data of the control group from the 7-dpi time point. Our
data show that L. donovani did not induce significant expansion of total, activated
(CD69�), or proliferating (Ki67�) CD4� T cells in infected mice at 7 dpi compared to the
control. Furthermore, failure to clear infection at 21 dpi was associated with a lower
number of total and activated CD69� CD4� T cells in infected mice than in control
and/or infected mice at 7 dpi (P � 0.0001 and P � 0.03, respectively) (Fig. S2B to D).
Similarly, L. donovani infection did not induce significant expansion of CD8� T cells in
infected mice; there was no significant difference in the activation or proliferation of
CD8� T cells. Moreover, there were significantly fewer CD69� CD8� T cells in infected
mice at 21 dpi than in infected mice at 7 dpi (P � 0.006) (Fig. S2E to G). In addition,
there was a significantly lower frequency of antigen-specific IFN-��, TNF-�� CD4� Th1,
and IL-17� Th17 cells in infected mice at 21 dpi than in controls and/or infected mice
at 7 dpi (P � 0.0001, P � 0.004, and P � 0.003, respectively) (Fig. S2H to J). Similarly,
expansion of antigen-specific IFN-��, but not TNF-��, CD8� Tc1 cells was impaired at
21 dpi compared to that in infected mice at 7 dpi (P � 0.003 and P � 0.03, respectively)
(Fig. S2K and L). Together, these data suggest that persistent L. donovani infection
correlates with a decreased frequency of effector antigen-specific CD4� Th1, Th17, and
CD8� T cells.

Induction of regulatory and effector cells expressing inhibitory markers during
the course of infection with L. donovani. The above data suggest that L. donovani
may stimulate inhibitory signals that induce either exhaustion or suppression of
effector CD4� Th1 cells as an immune evasion mechanism. To test this possibility, we
examined the expression of inhibitory markers such as CTLA-4/PD1 on effector T cells
as potential mechanisms known to be responsible for T cell exhaustion and/or immu-
nosuppression. Our data demonstrate a significantly higher level of CTLA-4 and PD1
expression on CD4� T cells at 21 dpi than on those of uninfected controls and/or
infected mice at 7 dpi (P � 0.02 and P � 0.003, respectively) (Fig. 1B and C). Similarly,
we observed a significantly higher level of CTLA-4 and PD1 expression on CD8� T cells
in infected mice at 21 dpi than on those of control and/or infected mice at 7 dpi (P �

0.001 and P � 0.02, respectively) (Fig. 1D and E).
Induction of Tregs during infection with several intracellular pathogens is associated

with suppression of immune responses and ineffective clearance of infection (21). Thus,
we examined the frequency of different subsets of Tregs in infected mice at 7 dpi. Our
data demonstrated a significant increase in the frequency of IL-10-producing CD4� and
CD8� T cells in infected mice at 7 dpi than in those of controls (P � 0.02, both);
however, the frequency of these cells was similar to that in controls at 21 dpi (Fig. 1F
and G). To determine whether IL-10-producing cells are natural Tregs or effector T cells,
we examined FOXp3 expression. Our data indicated that L. donovani infection induced
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expansion of FOXp3� IL-10� CD4� CD25� natural Tregs, as well as FOXp3� IL-10�

CD4� effector T cells, in infected mice at 7 dpi compared to control mice (P � 0.002 and
P � 0.007, respectively) (Fig. 1H to J). However, the majority of cells producing IL-10 at
7 dpi were also producing IFN-�, consistent with type 1 regulatory T (Tr1) cells (P �

0.02) (Fig. 1K).
Studies have shown that APCs, including dendritic cells (DCs) and macrophages, can

suppress T cell responses by providing inhibitory signaling via binding of B7,1/2 or
PDL-1 on APCs with the coinhibitor CTLA-4 or PD1 molecules on T cells, respectively
(22). To this end, we analyzed PDL-1 expression on DCs (defined as CD11c� F4/80�)
and macrophages (defined as CD11c� CD11b� F4/80�) in the spleen and BM by flow
cytometry. The percentage of PDL-1-expressing macrophages in the spleen and BM of
infected mice was significantly higher than that in the controls at 7 and/or 21 dpi (P �

0.0009 and P � 0.008, respectively) (Fig. 2B and C). Similarly, we detected higher
percentages of PDL-1-expressing, as well as IL-10-producing, DCs in the BM of infected
mice at 21 dpi than in that of controls (P � 0.02 and P � 0.01, respectively) (Fig. 2D and
E). Consistent with flow cytometry data, immunohistochemistry (IHC) staining of liver
sections from uninfected and infected mice with an anti-PDL-1 antibody showed
positive staining of PDL-1 on myeloid cells in liver sinusoids and blood vessels,
including infiltrating circulating macrophages, liver-resident Kupffer cells, and DCs in
infected mice (P � 0.0005) (Fig. 2F and G).

Restoration of protective immunity by blocking of PD1/PDL-1 signaling. We
hypothesized that persistent L. donovani infection is due to defective expansion of

FIG 1 L. donovani upregulates CTLA-4, PD1, and IL-10 expression by different T cell subsets. Splenocytes were harvested from indicated mice at 7 and 21 dpi,
fixed, permeabilized, and stained for flow cytometry analysis. (A) Gating strategy for CD4�, CD8� T cells, PD1, and IL-10 in CD4� T cells by flow cytometry. SSC,
side scatter; FSC, forward scatter. (B) CTLA-4 expression by CD4� T cells is significantly higher in infected mice at 21 dpi than in the control (CTRL). (C) PD1high

CD4� T cell levels in infected mice at 7 and 21 dpi are significantly higher than those in control and infected mice at 7 dpi. (D) CTLA-4 expression by CD8�

T cells in infected mice at 21 dpi is significantly higher than that in both control and infected mice at 7 dpi. (E) PD1� CD8� T cell levels are significant higher
at 21 dpi than in the control. (F) IL-10� CD4� T cell levels at 7 dpi are significantly higher than in the control. (G) IL-10� CD8� T cell levels in infected mice
at 7 dpi are significantly higher than those in the control. (H) Gating strategy for Tregs and IL-10 expression by them. (I) The percentage of IL-10� FOXp3� CD4�

CD25� cells in infected mice at 7 dpi is significantly higher than in the control. (J) The percentage of IL-10� FOXp3� CD4� cells in infected mice at 7 dpi is
significantly higher than in the control. (K) The percentage of IL-10� IFN-�� CD4� CD25� FOXp3� (Tr1) cells in infected mice at 7 dpi is significantly higher
than in the control. *, P � 0.05; **, P �0.01. Data are presented as the mean � the SEM of three to five mice per group and are representative of three
independent experiments. LD, L. donovani.
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effector CD4� Th1 cells and IFN-�-producing CD8� T cells during the late stage of
infection secondary to PD1/PDL-1-mediated immunosuppression or exhaustion. To test
this hypothesis, we blocked PDL-1 on APCs in infected mice as described in Materials
and Methods. Infected mice were classified into three groups, i.e., those infected and
treated with anti-PDL-1 antibody (L/anti-PDL-1) and two control groups consisting of
those infected and not treated (L/no ttt) and those infected and treated with an isotype
control antibody (L/isotype). Blocking of PD1/PDL-1 signaling did not affect body
weight during the course of infection (Fig. 3A); however, treatment with anti-PDL-1
antibody resulted in effective clearance of parasites from the spleen and BM compared
to the isotype control (P � 0.0001 and P � 0.003, respectively) (Fig. 3B and C). Further,
blocking of PDL-1 restored the splenic architecture, as marked by the presence of
well-organized white pulp and absence of amastigotes (Fig. 3D). In addition, the
spleens of anti-PDL-1 antibody-treated mice had fewer caspase 3-positive stained cells
than did those of controls, which suggests that blocking of PD1/PDL-1 signaling
decreased the apoptosis of leukocytes (Fig. 3E). Further, blocking of PDL-1 signaling
resulted in a significantly greater percentage of CD4� Th1 cells producing IFN-� or
TNF-�, Th17 cells producing IL-17, and CD8� Tc1 cells producing IFN-� or TNF-� in the
anti-PDL-1 antibody-treated group than in the control groups (P � 0.01, P � 0.007, P �

0.03, P � 0.02, and P � 0.008, respectively) (Fig. 4A to F).

FIG 2 L. donovani infection upregulates PDL-1 in macrophages and DCs. Splenocytes and BM cells were harvested from the mice
indicated at 7 and 21 dpi, fixed, permeabilized, and stained for flow cytometry analysis. (A) Gating strategy used for flow cytometry
of macrophages (CD11c� CD11b� F4/80�) in BM. SSC, side scatter; FSC, forward scatter. (B) The percentage of PDL-1� macrophages
in the spleens of infected mice at 7 and 21 dpi is significantly higher than that in the control (CTRL). (C) The percentage of PDL-1�

macrophages in BM is significantly higher at 21 dpi than in the control. (D) The percentage of PDL-1� DCs (CD11c� F4/80�) in BM
is significantly higher at 21 dpi than in the control. (E) The percentage of IL-10� DCs in BM is significantly higher at 21 dpi than in
the control. (F) IHC of liver tissue stained with anti-PDL-1 antibody. Red arrows point to positively stained myeloid cells (original
magnification, �63). (G) Quantification of PDL-1-stained myeloid cells at 21 dpi shows a highly significant increase in infected mice
compared to those in control mice. *, P � 0.05; **, P �0.01; ***, P �0.001. Data are presented as the mean � the SEM and are from
three independent experiments with three to five mice per group. LD, L. donovani.
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Anti-PDL-1 antibody enhanced T cell priming functions of macrophages. Res-
toration of T cell functions in anti-PDL-1 antibody-treated mice could be due to
enhanced T cell priming functions of APCs, mainly macrophages as the main target cells
for Leishmania, and/or decreased inhibitory or immunosuppressive signals. To examine
these possibilities, we first measured the effect of treatment on macrophage survival,
activation, and effector functions (e.g., upregulation of major histocompatibility com-
plex (MHC) class II and costimulatory molecules and production of TNF-�). We found
that infected mice treated with anti-PDL-1 antibodies had a significantly higher number
of macrophages, mainly those producing TNF-�, than controls (P � 0.0001 and P �

0.001, respectively) (Fig. 5A to D). In terms of antigen presentation capacity, blocking of
PDL-1 increased the percentage of activated macrophages expressing high levels of
MHC class II and costimulatory molecule CD86 (i.e., signals I and II for T cell priming)
compared to that in infected nontreated mice (P � 0.03 and P � 0.002, respectively)
(Fig. 5E and F).

Next, we examined the effect of PDL-1 blocking on T cell responses at 21 dpi. The
percentage of immunosuppressive IL-10 or CTLA-4 in CD4� or CD8� T cells was not
significantly different in the anti-PDL-1 antibody-treated and control groups at 21 dpi
(data not shown).

Anti-PDL-1 antibody-induced memory T cell responses. To determine whether
blocking of PDL-1 signaling enhances the memory responses against Leishmania and
provides long-term protective immune responses, we first analyzed the frequency of
effector memory (EM) CD44� CD62L� and central memory (CM) CD44� CD62L� CD4�

FIG 3 Anti-PDL-1 antibody ameliorates the splenic architecture and decreases the parasite burden dramatically in infected mice.
An anti-PDL-1 antibody/isotype control antibody was introduced intraperitoneally into infected mice starting at 7 dpi, and the
mice were sacrificed at 21 dpi. (A) The body weight of mice shows no significant change among different groups. (B) qRT-PCR
of mouse splenic gDNA showing a highly significant decrease in the parasite burden in anti-PDL-1 antibody-treated mice
compared to that in isotype control mice. (C) qRT-PCR analysis of BM gDNA showing a moderately significant decrease in the
parasite burden in anti-PDL-1 antibody-treated mice compared to that in isotype control mice. LD, L. donovani. (D) H&E staining
of splenic tissues showing the preserved splenic architecture of the anti-PDL-1 antibody-treated group and highly disorganized
white pulp in the isotype control spleen (original magnification, �40). (E) IHC staining of splenic cuts for cleaved caspase 3
showing more staining in the isotype control group than in the control and anti-PDL-1 antibody-treated groups (original
magnification, �40). **, P � 0.01; ***, P �0.001. Data are presented as the mean � the SEM of five mice per group and are
representative of two independent experiments.
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and CD8� T cells at 21 dpi. Our data showed that anti-PDL-1 antibody treatment
enhanced the expansion of CD44� CD62L� EM CD4� T cells compared to the infected
nontreated group (P � 0.01) (Fig. S3B). Additionally, it enhanced the expansion of
CD44� CD62L� EM CD8� T cells compared to that in the negative- and positive-control
groups (P � 0.001) (Fig. S3C). The number of CD44� CD62L� CM CD4� and CD8� T
cells at 21 dpi was higher in infected untreated mice than in infected mice treated with
anti-PDL-1 or isotype control antibody; however, the number of CM CD8� T cells in the
anti-PDL-1 antibody-treated group was higher than that of the isotype control group
(P � 0.0002) (Fig. S3D and E).

Next, we investigated the effect of anti-PDL-1 antibody on the parasite burden at 42
dpi. Blocking of PDL-1 signaling significantly decreased the parasite burden in the
spleen and the BM compared to that in the isotype control group, as demonstrated by
qRT-PCR analysis (P � 0.0001 and P � 0.001, respectively) (Fig. S4A and B). H&E staining
also revealed an organized architecture of the white pulp of the spleen in anti-PDL-1
antibody-treated mice (Fig. S4C), while isotype control mice showed disorganized
lymphoid follicles consistent with hyperactivation. Finally, IHC staining suggested
decreased apoptosis in the anti-PDL-1 antibody-treated group, as marked by less
cleaved caspase 3 staining than in the isotype control group (Fig. S4D).

Autophagy inhibition is a mechanism of action used by anti-PDL-1 antibody.
Autophagy acts as an innate immune defense mechanism against intracellular patho-
gens. On the other hand, studies using cutaneous and VL models showed that
Leishmania exploits autophagy to obtain nutrients to survive and multiply within
membrane-bound compartments (23, 24). These studies suggested that autophagy is a

FIG 4 Anti-PDL-1 antibody promotes type 1 response for both CD4� and CD8� T cells. Splenocytes were harvested from the following groups of mice: control
(CTRL) noninfected, infected nontreated, infected treated with isotype control antibody, and infected treated with anti-PDL-1 antibody at 21 dpi. Cells were
fixed, permeabilized, and stained for flow cytometry analysis. (A) Gating strategy for flow cytometry of CD4� and CD8� T cells and IFN-�, TNF-�, and IL-17 in
CD4� T cells. SSC, side scatter; FSC, forward scatter. (B) The percentage of IFN-�� CD4� T cells is significantly higher in the anti-PDL-1 antibody-treated group
than in the control group. (C) The percentage of TNF-�� CD4� T cells is significantly higher in the anti-PDL-1 antibody-treated group than in the isotype control
groups. (D) The percentage of IL-17� CD4� T cells is significantly higher in the anti-PDL-1 antibody-treated group than in the infected nontreated group. (E)
The percentage of IFN-�� CD8� T cells is significantly higher in the anti-PDL-1 antibody-treated group than in the infected nontreated group. (F) The percentage
of TNF-�� CD8� T cells is significantly higher in the anti-PDL-1 antibody-treated group than in the infected nontreated and isotype control groups. *, P � 0.05;
**, P �0.01. Data are presented as the mean � the SEM and are from three independent experiments with three to five mice per group.
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pathogen-friendly mechanism during Leishmania infection. Since anti-PDL-1 antibody
treatment resulted in effective elimination of L. donovani and enhanced T cell re-
sponses, we hypothesized that anti-PDL-1 antibody might have suppressed autophagy.
To measure autophagy induction, we assessed the expression of beclin-1 (the initial
autophagy protein that binds to other autophagy proteins, Atgs, to form the phago-
phore), as well as the ratio of LC3II to LC3I (LC3I is a cytosolic nonlipidated molecule
that is recruited to the phagophore and undergoes proteolytic cleavage and lipidation,
yielding LC3II, which forms the autophagosome). To this end, BM tissues were har-
vested at 21 dpi from uninfected and infected mice that were either left untreated or
treated with anti-PDL-1 antibody, and the expression level of beclin-1 and LC3II-to-LC3I
ratio in BM lysates were assessed by immunoblotting with anti-beclin and anti-LC3
antibodies, respectively. We chose BM because it is one of the major sites of L. donovani
infection in humans and mice and is highly enriched with progenitors of mononuclear
phagocytic cells, the major target cells for Leishmania. We found that treatment of
infected mice with anti-PDL-1 antibody inhibited autophagy induction in BM cells, as
marked by a lower beclin-1 level and LC3II-to-LC3I ratio than in uninfected controls
(P � 0.02 and P � 0.05, respectively) (Fig. 6A to C). We also analyzed autophagic flux
in BM tissue lysates by analyzing the level of p62/SQSTM1, a selective autophagy
adaptor/receptor that binds to ubiquitinated proteins and damaged organelles to
target them to autophagosomal-lysosomal compartments for degradation. The total
cellular p62 expression level inversely correlates with the autophagic flux and activity
(25). Compared to the control groups, inhibition of autophagosome formation in
anti-PDL-1 antibody-treated mice was associated with accumulation of P62 (P � 0.0007)
(Fig. 6D), suggesting a block of autophagy flux.

FIG 5 Anti-PDL-1 antibody enhances T cell priming by macrophages. Splenocytes were harvested from the following groups of mice: control (CTRL)
noninfected, infected nontreated, infected treated with isotype control antibody, and infected treated with anti-PDL-1 antibody at 21 dpi. Cells were fixed,
permeabilized, and stained for flow cytometry analysis. (A) Gating strategy for macrophages (CD11c� CD11b� F4/80�) and their expression of TNF-�, CD86,
and MHC class II in the spleen by flow cytometry. SSC, side scatter; FSC, forward scatter. (B) Decreased percentage of macrophages in the spleens of infected
groups compared to that in negative controls. (C) The absolute number of macrophages in the anti-PDL-1 antibody-treated group is significantly higher than
that the infected nontreated and isotype control groups. (D) The percentage of TNF-�� macrophages is significantly higher in the anti-PDL-1 antibody-treated
group than in the negative- and positive-control groups. (E) The percentage of MHC II� macrophages in the spleen is significantly higher in the anti-PDL-1
antibody-treated group than in the infected nontreated group. (F) The percentage of CD86� macrophages in the anti-PDL-1 antibody-treated group is
significantly greater than that in the infected nontreated group. *, P � 0.05; **, P �0.01; ***, P �0.001. Data are from three independent experiments and are
presented as the mean � the SEM of three to five mice per group.
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DISCUSSION

The outcome of infection with L. donovani and the ensuing immune responses vary
in different studies because of the differences in the host genetic background, parasite
strains, route of infection, and inoculum dose (26). Previous studies indicated that
immune dysfunction due to CD8� T cell exhaustion or suppression is responsible for
chronic infection and susceptibility to VL (27). However, the role of CD4� T cells in VL,
and whether these cells undergo exhaustion during L. donovani infection remains
elusive. In this study, we investigated the magnitude and function of both CD4� and
CD8� T cells, which are major components of protective cell-mediated immunity to
Leishmania infection. We demonstrated that L. donovani is able to induce an initial
suboptimal CD4� and CD8� T cell immune responses at 7 dpi in the spleen; however,
this response becomes weak and ineffective in the elimination of parasites at 21 dpi
(Fig. S2). Furthermore, we showed that this dysfunctional adaptive immunity was
associated with heightened expression of inhibitory molecules, including CTLA-4 and
PD1, as well as expansion of Tregs (Fig. 1). More importantly, blocking of PDL-1 in vivo
decreased the parasite burden (Fig. 3B and C) and enhanced the magnitude of
protective type 1 CD4� and CD8� T cell-mediated immune responses (Fig. 4), as well
as the T cell activation function of macrophages (Fig. 5C to F). We attributed the
action of anti-PDL-1 antibody, in part, to autophagy inhibition (Fig. 6). Thus, our
data introduce anti-PDL-1 antibody as an important effective and protective im-
munotherapy against VL.

IL-10 has a major role in the regulation of inflammation, disease development, and
pathogen persistence (28–30), as it produces its effect by disabling Th1 cell-type
responses, preventing macrophage activation, and decreasing their production of key
Th1 cytokines such as IL-12 and TNF-� (28, 31). Thus, our data showing expansion of

FIG 6 Autophagy inhibition is a possible mechanism of action of the anti-PDL-1 antibody. BM cells from
uninfected and infected mice not treated or treated with anti-PDL-1 antibody were harvested, and
autophagy markers were analyzed by immunoblotting. (A) Expression of LC3I, beclin, and P62. �-Actin
was used as an internal control (CTRL). (B to D) Densitometry data showing that the anti-PDL-1
antibody-treated group has less beclin (B) and a lower LC3II-to-LC3I ratio (C) but more P62 (D) than the
control groups. *, P � 0.05; **, P �0.01. Data are presented as the mean � the SEM and are from three
independent experiments with four or five mice per group.
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IL-10-producing effector CD4� and CD8� cells and Tregs, as well as by DCs, during the
course of L. donovani infection could account for defective parasite killing by macro-
phages at later stages of infection (Fig. 1F to K and 2E). We also found that increased
IL-10 production is associated with decreased expansion of TNF-�-producing CD4� and
CD8� T cells at 21 dpi (Fig. S2I and L). Since TNF-� has important roles in macrophage
activation and intracellular parasite clearance (32), it is possible that IL-10 promotes
parasite persistence via inhibition of TNF-� secretion by T and non-T cells. These data
are consistent with other studies showing that depletion of IL-10 enhances TNF-�
production, reduced pathology, and enhanced resistance to L. donovani infection (33,
34) and that IL-10 receptor blockade is a potential immunotherapeutic approach in L.
donovani infection (31).

The PD1/PDL-1 pathway is a key signaling pathway that ensures a critical balance
between the stimulatory and inhibitory signals needed for effective immune responses
to microbes and for self-tolerance (14). The PD1/PDL-1 pathway is exploited by several
microorganisms that cause chronic infections to weaken the immune response and
support infection (35). Consistent with other studies that used Leishmania infantum and
L. donovani models (2, 10), we found that PD1 and PDL-1 were upregulated on T cells
and macrophages, respectively (Fig. 1C and E and 2B to D, F, and G). Importantly, we
demonstrate here that treatment of infected mice with anti-PDL-1 antibodies that block
the interaction of PDL-1 on APCs with a PD1 receptor on T cells ameliorated the splenic
architecture, decreased apoptosis in white and red pulp, and decreased the parasite
burden dramatically in both the spleen and BM (Fig. 3B to E). Blocking of PD1/PDL-1
signaling also enhanced the production of proinflammatory cytokines, including IFN-�,
TNF-�, and IL-17, by CD4� and CD8� T cells (Fig. 4B to F). The improvement of the
cytokine profile of protective antigen-specific CD4� and CD8� T cells producing IFN-�
was surprising, since two similar studies showed improved survival of antigen-specific
CD8� T cells but not the cytokine profile after PD1/PDL-1 blockade in L. infantum and
L. donovani models (2, 10). Thus, our data suggest that restoration of antigen-specific
T cell responses during VL can be achieved by targeting the PDL-1 pathway at early, but
not at later, stages of infection, as suggested by other studies. Notably, blocking of
PD1/PDL-1 at both early and late stages of infection (21 and 42 dpi) was associated with
induction and maintenance of EM CD4� and CD8� T cell responses (Fig. S3 and S4 and
data not shown). Together, our data suggest that blocking of PDL-1 signaling improved
not only primary immune responses against L. donovani but also memory responses.
Further studies will examine the mechanism by which anti-PDL-1 antibody immuno-
therapy influences the recall response against L. donovani and other agents causing VL.

How blocking of PD1/PDL-1 signaling restores protective primary CD4� and CD8�

T cell responses is not clearly understood. Our data suggest that blocking of PDL-1
signaling more likely inhibits the apoptosis of immune and host cells, as marked by
lower expression of cleaved/active caspase 3 in treated/infected mice than in controls
(Fig. 3E). This conclusion is consistent with recent studies showing reduced apoptosis
of T cells in mice infected with other intracellular protozoa such as Toxoplasma and
treated with anti-PDL-1 antibodies (15). The improvement in T cell functions was
reflected in macrophages, which exhibited increased absolute numbers, as well as
increased markers related to activation and antigen presentation (Fig. 5C to F). Other
studies of malignant glioma and melanoma have shown that this treatment restores
CD4� and CD8� effector T cells by abrogation of the immunosuppressive effect of
Tregs which express these inhibitory markers and produce immunosuppressive IL-10
cytokine (36, 37).

Although anti-PDL-1 antibodies confer a protective response against VL, as shown
in this study, one has to consider the role of PD1/PDL-1 in the prevention of autoim-
munity and immunopathology. In that regard, our data indicate that early treatment
with anti-PDL-1 antibody was not only able to induce protective immunity but also was
able to preserve tissue integrity, as marked by the presence of organized architecture
of the white pulp in the spleen of anti-PDL-1 antibody-treated mice compared to
untreated infected controls (Fig. S4C). The mechanism by which anti-PDL-1 antibody
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treatment prevents immunopathology and tissue damage in our model remains elu-
sive. However, it is possible that decreased expansion of TNF-�� CD8� T cells in the
treated group compared to that in controls may account for decreased host cell death
and tissue damage (38).

Several Leishmania species, such as L. major, L. infantum, L. amazonensis, and L.
donovani (23, 24, 39, 40), induce autophagy as a mechanism of immune evasion, as it
attenuates T cell responses (23). Recent studies have shown that Leishmania species
exploit the autophagy process and induce autophagosome formation to obtain nutri-
ents for their intracellular survival and/or replication while inhibiting lysosomal acidi-
fication and degradation by lysosomal enzymes (41, 42). Our data (Fig. 6) are consistent
with these studies, as we show, for the first time, that treatment of infected mice with
anti-PDL-1 antibody inhibited autophagosome formation in BM tissues, suggesting that
the antiparasite effect of anti-PDL-1 antibody treatment could be due to attenuated
autophagy induction. The accumulation of p62 in anti-PDL-1 antibody-treated mice
could also be due to block of autophagy flux since cellular p62 expression levels
inversely correlate with the autophagic flux and lysosomal activity. As BM tissues
contain a mixture of pluripotent stem cells and myeloid and lymphoid progenitors, it
is not yet clear in which cell subsets the inhibition of autophagy induction and flux
occurs. However, the correlation between autophagy inhibition in BM tissues and the
decreased parasite burden in BM suggests that autophagy inhibition in anti-PDL-1-
treated mice is more likely to occur in the progenitors of myeloid cells or mature
mononuclear phagocytic cells as major target cells for Leishmania. Nevertheless, further
studies are required to dissect autophagy flux by using lysosomal acidification inhibi-
tors. Together, our data suggest that the decreased parasite burden in anti-PDL-1
antibody-treated mice could be due to inhibition of autophagosome formation as a
source of nutrients for the parasite’s survival.

In conclusion, our study provides strong evidence that blocking of the PD1/PDL-1
pathway is a promising effective immunotherapeutic strategy against VL that restores
protective antigen-specific CD4� and CD8� type 1 responses without inducing auto-
immunity or immunopathology. Mechanistically, this study suggests that autophagy
inhibition could be a potential mechanism by which anti-PDL-1 antibody promotes
protective immunity against VL.

MATERIALS AND METHODS
Ethics statement. The animal experiments in this study were approved by the Institutional Animal

Care and Use Committee of Augusta University, Augusta, GA.
Mice, parasites, and experimental infections. Six- to 8-week-old inbred female BALB/c mice

were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and used for all experiments. All
animals were housed under specific-pathogen-free conditions at the Animal Research Facility,
Augusta University. L. donovani promastigotes (30030; ATCC, Manassas, VA, USA) were grown in
M199 medium (12-109F; Lonza, Walkersville, MD, USA) supplemented with 10% fetal bovine serum
(10082-147; Gibco, Waltham, MA, USA) and 0.2% hemin solution, the pH was adjusted to 7, and the
parasites were grown in a standard incubator at 26°C. Stationary-phase promastigotes were centri-
fuged at 1,000 � g (Sorvall ST 16 centrifuge; Thermo Scientific, Waltham, MA, USA), washed twice
with phosphate-buffered saline (PBS), counted with a hemocytometer, and then resuspended in PBS
at a concentration of 5 � 107/ml. Mice were infected via the intravenous route with 107 promas-
tigotes/mouse and monitored daily for signs of illness and survival.

In vivo administration of antibodies. Anti-mouse PDL-1 antibody (CD274) and rat IgG2b isotype
control antibodies (124328 and 400664; BioLegend, San Diego, CA, USA) were administered intraperi-
toneally at 400 �g/mouse in four divided doses at 7, 10, 14, and 17 dpi.

Flow cytometry. Spleens and BM were harvested, and single-cell suspensions were made with a 40-
to 70-�m cell strainer. Cells were used as direct ex vivo, counted, fixed, and permeabilized with the BD
Cytofix/Cytoperm kit (554714; BD Biosciences, San Jose, CA, USA). FcRs were blocked with a monoclonal
antibody (14-9161-71; eBioscience, Cleveland, OH, USA) against mouse cell surface antigens CD16 and
CD32 for 15 min and then stained according to standard protocols. The following antibodies (with the
specific catalog number in parentheses) were purchased from BioLegend (San Diego, CA, USA) and used
at the concentrations recommended by the manufacturer: anti-CD3 (100221, 100218), anti-CD4 (100406),
anti-CD8a (100708), anti-CD69 (104510), anti-CD25 (101904), anti-CD44 (103005), anti-CD62L (104427), anti-
CD11c (117318), anti-CD11b (101212), anti-F4/80 (123118), anti-Ki69 (652425), anti-PD1 (135210), anti-IL-10
(505009, 505008, 505036), anti-IFN-� (505825, 505822), anti-TNF-� (506322), anti-CD152 (anti-CTLA-4)
(106313), anti-IL-17 (506943), anti-PDL-1 (124308), and anti-CD86 (105006). Anti-FOXp3 (17-5773-82) and
anti-MHC class II (12-5322) antibodies were purchased from eBioscience (Cleveland, OH, USA). Lympho-
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cytes and macrophages were gated on the basis of forward and side scatter parameters, and 100,000
events were collected with a flow cytometer (BD Systems, San Jose, CA, USA). Data were analyzed with
FlowJo 0.7 (FlowJo Software LLC, Ashland, OR, USA).

Protein extraction and Western blotting. Cells extracted from BM were resuspended in radioim-
munoprecipitation assay buffer with protease inhibitors (P8340; Sigma, St. Louis, MO, USA), processed
with a Sonic Dismembrator (FB-120; Fisher Scientific, Waltham, MA, USA), and centrifuged at 12,000 rpm
for 10 min at 4°C, and the supernatant was collected. Protein concentration was measured with protein
assay reagent (500-0006; Bio-Rad, Hercules, CA, USA), and the optic density was measured with Synergy
HT plate reader (BioTek, Winooski, VT, USA). The proteins were then separated by 4 to 20% SDS-PAGE
(456-1096; Bio-Rad, Hercules, CA, USA) and transferred onto a polyvinylidene difluoride membrane
(IPVH00010; Millipore, Temecula, CA, USA). Blocking treatment of the membrane was done with nonfat
dry milk (170-6404; Bio-Rad, Hercules, CA, USA), and the membrane was incubated at 4°C overnight with
the following antibodies diluted in accordance with the manufacturer’s instructions: anti-LC3A/B rabbit
monoclonal antibody, anti-beclin-1 rabbit monoclonal antibody (12741 and 3495, respectively; Cell
Signaling, Danvers, MA, USA), anti-SQSTM1/P62 mouse monoclonal antibody (ab56416; Abcam, Cam-
bridge, MA, USA), and anti-�-actin mouse monoclonal antibody (A2228; Sigma, St. Louis, MO, USA).
Subsequent to washing, the horseradish peroxidase-linked anti-rabbit and anti-mouse IgG 7074 and
7076 secondary antibodies (Cell Signaling, Danvers, MA, USA), respectively, were added and the
membrane was incubated at room temperature for 1 h. Finally, the membrane was developed by using
an enhanced chemiluminescence reagent (34076; Thermo Scientific, Waltham, MA, USA). The developed
film was scanned with the ChemiDoc imaging system (Bio-Rad, Hercules, CA, USA) and densitometry was
performed with Image Lab software (Bio-Rad, Hercules, CA, USA).

Histopathology. Livers and spleens were fixed in 10% paraformaldehyde, paraffin wax embed-
ded, sectioned, and stained with H&E, as well as IHC with anti-cleaved caspase 3 antibody (9661; Cell
Signaling, Danvers, MA, USA) and anti-PDL-1 antibody (4059; ProSci, Poway, CA, USA); this was
followed by detection with a biotin-labeled anti-rabbit antibody and staining with Vectastain ABC kit
purchased from Vector Laboratories (Burlingame, CA, USA). Stained splenic imprints were obtained
with Giemsa stain (GS500; Sigma, St. Louis, MO, USA). Slides were examined by EVOS (Thermo Fisher
Scientific, Waltham, MA, USA) and Zeiss Axioplan microscopy (Carl Zeiss Microscopy LLC, Thorn-
wood, NY, USA).

qRT-PCR. DNA was extracted from the spleens and BM of mice with the DNeasy blood and tissue kit
(69506; Qiagen, Germantown, MD, USA) in accordance with the manufacturer’s instructions. Real-time
PCR was performed with iTaq Universal SYBR green supermix from Bio-Rad (Raleigh, NC, USA). We used
the following primers, which target kinetoplastid DNA: JW11 (forward), 5=-CCTATTTTACACCAACCCCCA
GT-3=; JW12 (reverse), 5=-GGGTAGGGGCGTTCTGCGAAA-3= (43). The following protocol was used: an initial
denaturation cycle of 94°C for 5 min, followed by 40 amplification cycles of 94°C for 15 s and 58°C for
30 s on a CFX Connect real-time system (Bio-Rad, Hercules, CA, USA). A standard curve was created by
using genomic DNA (gDNA) extracted from L. donovani promastigotes grown in culture and was used to
calculate the absolute number of L. donovani DNA copies per PCR.

Statistical analysis. Statistical analysis was done with GraphPad Prism 5 (GraphPad Software Inc.,
San Diego, CA, USA). Comparisons of two groups were made with the Student t test. For comparison of
multiple experimental groups, we used one-way analysis of variance with Bonferroni’s post hoc test. Data
are presented as the mean � the standard error of the mean (SEM). P � 0.05 was taken as evidence of
statistical significance.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/IAI
.00019-18.

SUPPLEMENTAL FILE 1, PDF file, 1.2 MB.

ACKNOWLEDGMENTS
We thank the Egyptian Ministry of Higher Education for supporting this project. The

funder had no role in study design, data collection and interpretation, or the decision
to submit the work for publication.

We also thank Inas Helwa and Archana Laknaur for technical help.
We have no conflicts of interest to declare.

REFERENCES
1. van Griensven J, Diro E. 2012. Visceral leishmaniasis. Infect Dis Clin North

Am 26:309 –322. https://doi.org/10.1016/j.idc.2012.03.005.
2. Esch KJ, Juelsgaard R, Martinez PA, Jones DE, Petersen CA. 2013. Pro-

grammed death 1-mediated T cell exhaustion during visceral leishman-
iasis impairs phagocyte function. J Immunol 191:5542–5550. https://doi
.org/10.4049/jimmunol.1301810.

3. Nylén S, Sacks D. 2007. Interleukin-10 and the pathogenesis of human

visceral leishmaniasis. Trends Immunol 28:378 –384. https://doi.org/10
.1016/j.it.2007.07.004.

4. Puentes SM, Da Silva RP, Sacks DL, Hammer CH, Joiner KA. 1990. Serum
resistance of metacyclic stage Leishmania major promastigotes is due to
release of C5b-9. J Immunol 145:4311– 4316.

5. Olivier M, Gregory DJ, Forget G. 2005. Subversion mechanisms by which
Leishmania parasites can escape the host immune response: a signaling

Habib et al. Infection and Immunity

June 2018 Volume 86 Issue 6 e00019-18 iai.asm.org 12

https://doi.org/10.1128/IAI.00019-18
https://doi.org/10.1128/IAI.00019-18
https://doi.org/10.1016/j.idc.2012.03.005
https://doi.org/10.4049/jimmunol.1301810
https://doi.org/10.4049/jimmunol.1301810
https://doi.org/10.1016/j.it.2007.07.004
https://doi.org/10.1016/j.it.2007.07.004
http://iai.asm.org


point of view. Clin Microbiol Rev 18:293–305. https://doi.org/10.1128/
CMR.18.2.293-305.2005.

6. Ali HZ, Harding CR, Denny PW. 2012. Endocytosis and sphingolipid
scavenging in Leishmania mexicana amastigotes. Biochem Res Int 2012:
691363. https://doi.org/10.1155/2012/691363.

7. Srivastav S, Kar S, Chande AG, Mukhopadhyaya R, Das PK. 2012. Leish-
mania donovani exploits host deubiquitinating enzyme A20, a negative
regulator of TLR signaling, to subvert host immune response. J Immunol
189:924 –934. https://doi.org/10.4049/jimmunol.1102845.

8. Das S, Pandey K, Kumar A, Sardar AH, Purkait B, Kumar M, Kumar S,
Ravidas VN, Roy S, Singh D, Das P. 2012. TGF-beta1 re-programs TLR4
signaling in L. donovani infection: enhancement of SHP-1 and ubiquitin-
editing enzyme A20. Immunol Cell Biol 90:640 – 654. https://doi.org/10
.1038/icb.2011.80.

9. Chakraborty D, Banerjee S, Sen A, Banerjee KK, Das P, Roy S. 2005.
Leishmania donovani affects antigen presentation of macrophage by
disrupting lipid rafts. J Immunol 175:3214 –3224. https://doi.org/10
.4049/jimmunol.175.5.3214.

10. Joshi T, Rodriguez S, Perovic V, Cockburn IA, Stager S. 2009. B7-H1
blockade increases survival of dysfunctional CD8(�) T cells and confers
protection against Leishmania donovani infections. PLoS Pathog
5:e1000431. https://doi.org/10.1371/journal.ppat.1000431.

11. Lee J, Ahn E, Kissick HT, Ahmed R. 2015. Reinvigorating exhausted T cells
by blockade of the PD-1 pathway. For Immunopathol Dis Therap 6:7–17.
https://doi.org/10.1615/ForumImmunDisTher.2015014188.

12. Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL. 2004. SHP-1 and
SHP-2 associate with immunoreceptor tyrosine-based switch motif of
programmed death 1 upon primary human T cell stimulation, but only
receptor ligation prevents T cell activation. J Immunol 173:945–954.
https://doi.org/10.4049/jimmunol.173.2.945.

13. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, Fitz
LJ, Malenkovich N, Okazaki T, Byrne MC, Horton HF, Fouser L, Carter L,
Ling V, Bowman MR, Carreno BM, Collins M, Wood CR, Honjo T. 2000.
Engagement of the PD-1 immunoinhibitory receptor by a novel B7
family member leads to negative regulation of lymphocyte activation. J
Exp Med 192:1027–1034. https://doi.org/10.1084/jem.192.7.1027.

14. Keir ME, Francisco LM, Sharpe AH. 2007. PD-1 and its ligands in T-cell
immunity. Curr Opin Immunol 19:309 –314. https://doi.org/10.1016/j.coi
.2007.04.012.

15. Bhadra R, Gigley JP, Weiss LM, Khan IA. 2011. Control of Toxoplasma
reactivation by rescue of dysfunctional CD8� T-cell response via PD-1-
PDL-1 blockade. Proc Natl Acad Sci U S A 108:9196 –9201. https://doi
.org/10.1073/pnas.1015298108.

16. Butler NS, Moebius J, Pewe LL, Traore B, Doumbo OK, Tygrett LT,
Waldschmidt TJ, Crompton PD, Harty JT. 2011. Therapeutic blockade of
PD-L1 and LAG-3 rapidly clears established blood-stage Plasmodium
infection. Nat Immunol 13:188 –195. https://doi.org/10.1038/ni.2180.

17. Deretic V, Saitoh T, Akira S. 2013. Autophagy in infection, inflammation
and immunity. Nat Rev Immunol 13:722–737. https://doi.org/10.1038/
nri3532.

18. Deretic V, Levine B. 2009. Autophagy, immunity, and microbial adaptations.
Cell Host Microbe 5:527–549. https://doi.org/10.1016/j.chom.2009.05.016.

19. Afrin F, Ali N. 1998. Isotype profiles of Leishmania donovani-infected
BALB/c mice: preferential stimulation of IgG2a/b by liposome-associated
promastigote antigens. J Parasitol 84:743–748. https://doi.org/10.2307/
3284581.

20. Nascimento MS, Carregaro V, Lima-Junior DS, Costa DL, Ryffel B, Duthie
MS, de Jesus A, de Almeida RP, da Silva JS. 2015. Interleukin 17A acts
synergistically with interferon gamma to promote protection against
Leishmania infantum infection. J Infect Dis 211:1015–1026. https://doi
.org/10.1093/infdis/jiu531.

21. Rodrigues FM, Coelho Neto GT, Menezes JG, Gama ME, Goncalves EG,
Silva AR, Laurenti MD, Corbett CE, Silveira FT, Gomes CM. 2014. Expres-
sion of Foxp3, TGF-beta and IL-10 in American cutaneous leishmaniasis
lesions. Arch Dermatol Res 306:163–171. https://doi.org/10.1007/s00403
-013-1396-8.

22. Tai X, Van Laethem F, Sharpe AH, Singer A. 2007. Induction of autoim-
mune disease in CTLA-4�/� mice depends on a specific CD28 motif that
is required for in vivo costimulation. Proc Natl Acad Sci U S A 104:
13756 –13761. https://doi.org/10.1073/pnas.0706509104.

23. Crauwels P, Bohn R, Thomas M, Gottwalt S, Jackel F, Kramer S, Bank E,
Tenzer S, Walther P, Bastian M, van Zandbergen G. 2015. Apoptotic-like
Leishmania exploit the host’s autophagy machinery to reduce T-cell-

mediated parasite elimination. Autophagy 11:285–297. https://doi.org/
10.1080/15548627.2014.998904.

24. Esch KJ, Schaut RG, Lamb IM, Clay G, Morais Lima AL, do Nascimento PR,
Whitley EM, Jeronimo SM, Sutterwala FS, Haynes JS, Petersen CA. 2015.
Activation of autophagy and nucleotide-binding domain leucine-rich
repeat-containing-like receptor family, pyrin domain-containing 3 in-
flammasome during Leishmania infantum-associated glomerulonephri-
tis. Am J Pathol 185:2105–2117. https://doi.org/10.1016/j.ajpath.2015.04
.017.

25. Lamark T, Svenning S, Johansen T. 2017. Regulation of selective
autophagy: the p62/SQSTM1 paradigm. Essays Biochem 61:609 – 624.
https://doi.org/10.1042/EBC20170035.

26. Loeuillet C, Banuls AL, Hide M. 2016. Study of Leishmania pathogenesis
in mice: experimental considerations. Parasit Vectors 9:144. https://doi
.org/10.1186/s13071-016-1413-9.

27. Hofmeyer KA, Jeon H, Zang X. 2011. The PD-1/PD-L1 (B7-H1) pathway in
chronic infection-induced cytotoxic T lymphocyte exhaustion. J Biomed
Biotechnol 2011:451694. https://doi.org/10.1155/2011/451694.

28. Kane MM, Mosser DM. 2001. The role of IL-10 in promoting disease
progression in leishmaniasis. J Immunol 166:1141–1147. https://doi.org/
10.4049/jimmunol.166.2.1141.

29. Akuffo H, Maasho K, Blostedt M, Hojeberg B, Britton S, Bakhiet M. 1997.
Leishmania aethiopica derived from diffuse leishmaniasis patients pref-
erentially induce mRNA for interleukin-10 while those from localized
leishmaniasis patients induce interferon-gamma. J Infect Dis 175:
737–741. https://doi.org/10.1093/infdis/175.3.737.

30. Salhi A, Rodrigues V, Jr, Santoro F, Dessein H, Romano A, Castellano
LR, Sertorio M, Rafati S, Chevillard C, Prata A, Alcais A, Argiro L,
Dessein A. 2008. Immunological and genetic evidence for a crucial
role of IL-10 in cutaneous lesions in humans infected with Leishmania
braziliensis. J Immunol 180:6139 – 6148. https://doi.org/10.4049/
jimmunol.180.9.6139.

31. Murray HW, Lu CM, Mauze S, Freeman S, Moreira AL, Kaplan G, Coffman
RL. 2002. Interleukin-10 (IL-10) in experimental visceral leishmaniasis and
IL-10 receptor blockade as immunotherapy. Infect Immun 70:
6284 – 6293. https://doi.org/10.1128/IAI.70.11.6284-6293.2002.

32. Kaye PM, Svensson M, Ato M, Maroof A, Polley R, Stager S, Zubairi S,
Engwerda CR. 2004. The immunopathology of experimental visceral
leishmaniasis. Immunol Rev 201:239 –253. https://doi.org/10.1111/j.0105
-2896.2004.00188.x.

33. Resende M, Moreira D, Augusto J, Cunha J, Neves B, Cruz MT, Estaquier
J, Cordeiro-da-Silva A, Silvestre R. 2013. Leishmania-infected MHC class
IIhigh dendritic cells polarize CD4� T cells toward a nonprotective T-bet�

IFN-�� IL-10� phenotype. J Immunol 191:262–273. https://doi.org/10
.4049/jimmunol.1203518.

34. Owens BM, Beattie L, Moore JW, Brown N, Mann JL, Dalton JE, Maroof A,
Kaye PM. 2012. IL-10-producing Th1 cells and disease progression are
regulated by distinct CD11c(�) cell populations during visceral leish-
maniasis. PLoS Pathog 8:e1002827. https://doi.org/10.1371/journal.ppat
.1002827.

35. Klenerman P, Hill A. 2005. T cells and viral persistence: lessons from
diverse infections. Nat Immunol 6:873– 879. https://doi.org/10.1038/
ni1241.

36. Lowther DE, Goods BA, Lucca LE, Lerner BA, Raddassi K, van Dijk D,
Hernandez AL, Duan X, Gunel M, Coric V, Krishnaswamy S, Love JC,
Hafler DA. 2016. PD-1 marks dysfunctional regulatory T cells in malig-
nant gliomas. JCI Insight 1:e85935. https://doi.org/10.1172/jci.insight
.85935.

37. Wang W, Lau R, Yu D, Zhu W, Korman A, Weber J. 2009. PD1 blockade
reverses the suppression of melanoma antigen-specific CTL by CD4�

CD25(Hi) regulatory T cells. Int Immunol 21:1065–1077. https://doi.org/
10.1093/intimm/dxp072.

38. Engwerda CR, Ato M, Cotterell SE, Mynott TL, Tschannerl A, Gorak-
Stolinska PM, Kaye PM. 2002. A role for tumor necrosis factor-alpha in
remodeling the splenic marginal zone during Leishmania donovani
infection. Am J Pathol 161:429 – 437. https://doi.org/10.1016/S0002
-9440(10)64199-5.

39. Cyrino LT, Araujo AP, Joazeiro PP, Vicente CP, Giorgio S. 2012. In vivo
and in vitro Leishmania amazonensis infection induces autophagy in
macrophages. Tissue Cell 44:401– 408. https://doi.org/10.1016/j.tice
.2012.08.003.

40. Mitroulis I, Kourtzelis I, Papadopoulos VP, Mimidis K, Speletas M, Ritis K.
2009. In vivo induction of the autophagic machinery in human bone

Anti-PDL-1 Antibody as Immunotherapy for VL Infection and Immunity

June 2018 Volume 86 Issue 6 e00019-18 iai.asm.org 13

https://doi.org/10.1128/CMR.18.2.293-305.2005
https://doi.org/10.1128/CMR.18.2.293-305.2005
https://doi.org/10.1155/2012/691363
https://doi.org/10.4049/jimmunol.1102845
https://doi.org/10.1038/icb.2011.80
https://doi.org/10.1038/icb.2011.80
https://doi.org/10.4049/jimmunol.175.5.3214
https://doi.org/10.4049/jimmunol.175.5.3214
https://doi.org/10.1371/journal.ppat.1000431
https://doi.org/10.1615/ForumImmunDisTher.2015014188
https://doi.org/10.4049/jimmunol.173.2.945
https://doi.org/10.1084/jem.192.7.1027
https://doi.org/10.1016/j.coi.2007.04.012
https://doi.org/10.1016/j.coi.2007.04.012
https://doi.org/10.1073/pnas.1015298108
https://doi.org/10.1073/pnas.1015298108
https://doi.org/10.1038/ni.2180
https://doi.org/10.1038/nri3532
https://doi.org/10.1038/nri3532
https://doi.org/10.1016/j.chom.2009.05.016
https://doi.org/10.2307/3284581
https://doi.org/10.2307/3284581
https://doi.org/10.1093/infdis/jiu531
https://doi.org/10.1093/infdis/jiu531
https://doi.org/10.1007/s00403-013-1396-8
https://doi.org/10.1007/s00403-013-1396-8
https://doi.org/10.1073/pnas.0706509104
https://doi.org/10.1080/15548627.2014.998904
https://doi.org/10.1080/15548627.2014.998904
https://doi.org/10.1016/j.ajpath.2015.04.017
https://doi.org/10.1016/j.ajpath.2015.04.017
https://doi.org/10.1042/EBC20170035
https://doi.org/10.1186/s13071-016-1413-9
https://doi.org/10.1186/s13071-016-1413-9
https://doi.org/10.1155/2011/451694
https://doi.org/10.4049/jimmunol.166.2.1141
https://doi.org/10.4049/jimmunol.166.2.1141
https://doi.org/10.1093/infdis/175.3.737
https://doi.org/10.4049/jimmunol.180.9.6139
https://doi.org/10.4049/jimmunol.180.9.6139
https://doi.org/10.1128/IAI.70.11.6284-6293.2002
https://doi.org/10.1111/j.0105-2896.2004.00188.x
https://doi.org/10.1111/j.0105-2896.2004.00188.x
https://doi.org/10.4049/jimmunol.1203518
https://doi.org/10.4049/jimmunol.1203518
https://doi.org/10.1371/journal.ppat.1002827
https://doi.org/10.1371/journal.ppat.1002827
https://doi.org/10.1038/ni1241
https://doi.org/10.1038/ni1241
https://doi.org/10.1172/jci.insight.85935
https://doi.org/10.1172/jci.insight.85935
https://doi.org/10.1093/intimm/dxp072
https://doi.org/10.1093/intimm/dxp072
https://doi.org/10.1016/S0002-9440(10)64199-5
https://doi.org/10.1016/S0002-9440(10)64199-5
https://doi.org/10.1016/j.tice.2012.08.003
https://doi.org/10.1016/j.tice.2012.08.003
http://iai.asm.org


marrow cells during Leishmania donovani complex infection. Parasitol
Int 58:475– 477. https://doi.org/10.1016/j.parint.2009.07.002.

41. Vinet AF, Fukuda M, Turco SJ, Descoteaux A. 2009. The Leishmania
donovani lipophosphoglycan excludes the vesicular proton-ATPase
from phagosomes by impairing the recruitment of synaptotagmin V.
PLoS Pathog 5:e1000628. https://doi.org/10.1371/journal.ppat.1000628.

42. Biswas A, Bhattacharya A, Das PK. 2011. Role of cAMP Signaling in the

survival and infectivity of the protozoan parasite, Leishmania donovani.
Mol Biol Int 2011:782971. https://doi.org/10.4061/2011/782971.

43. Abbasi I, Aramin S, Hailu A, Shiferaw W, Kassahun A, Belay S, Jaffe C,
Warburg A. 2013. Evaluation of PCR procedures for detecting and quan-
tifying Leishmania donovani DNA in large numbers of dried human
blood samples from a visceral leishmaniasis focus in northern Ethiopia.
BMC Infect Dis 13:153. https://doi.org/10.1186/1471-2334-13-153.

Habib et al. Infection and Immunity

June 2018 Volume 86 Issue 6 e00019-18 iai.asm.org 14

https://doi.org/10.1016/j.parint.2009.07.002
https://doi.org/10.1371/journal.ppat.1000628
https://doi.org/10.4061/2011/782971
https://doi.org/10.1186/1471-2334-13-153
http://iai.asm.org

	RESULTS
	L. donovani infection is associated with initial T cell activation, which subsides later in the course of infection. 
	Induction of regulatory and effector cells expressing inhibitory markers during the course of infection with L. donovani. 
	Restoration of protective immunity by blocking of PD1/PDL-1 signaling. 
	Anti-PDL-1 antibody enhanced T cell priming functions of macrophages. 
	Anti-PDL-1 antibody-induced memory T cell responses. 
	Autophagy inhibition is a mechanism of action used by anti-PDL-1 antibody. 

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement. 
	Mice, parasites, and experimental infections. 
	In vivo administration of antibodies. 
	Flow cytometry. 
	Protein extraction and Western blotting. 
	Histopathology. 
	qRT-PCR. 
	Statistical analysis. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS

