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a  b  s  t  r  a  c  t

Dogs  infected  with  Leishmania  infantum  have  a reduced  number  of  T lymphocytes.  PD-1  (Programmed  cell
death  1) a new  member  of  the  B7-CD28  family  that  is  expressed  by  immune  cells,  and  its  binding  to  PD-L1
(CD274)  or  PD-L2  (CD273)  induces  the  deactivation  or apoptosis  of  T cells.  This study  aimed  to  evaluate
the  expression  of  PD-1  and  its ligands,  as  well  as blocking  in  the  induction  of  apoptosis  in  T lymphocytes,
TNF-�,  IL-4  and nitric  oxide  production  by leucokocytes  from  PBMC  and  spleen  and  the  parasite  load  in
dogs  with  visceral  leishmaniasis  (VL).  Our  results  showed  that  the expression  of PD1  and  its  ligands  was
increased  in  CD3+ T cells and  CD21+ B  lymphocytes  within  the  peripheral  blood  and  splenic  mononuclear
cells  of dogs  with  VL.  In peripheral  blood  monocytes,  only  PD-1  ligands  exhibited  increased  expression;
however,  in  spleen  macrophages,  increased  expression  of  both  PD-1  and  its ligands  was  observed.  Lev-
els of  apoptosis  in  peripheral  blood  and  splenic  T  lymphocytes  were  higher  in dogs  with  VL  compared
to  healthy  dogs.  Blocking  monoclonal  antibodies  to PD-1  and  its  ligands  in  the  culture  of  mononuclear
cells  from  the  peripheral  blood  and  spleen  decreased  the  amount  of  CD3+ T  lymphocyte  apoptosis.  The
concentration  of  nitric oxide,  TNF-�  and  IL-4  increased  in  the culture  supernatants  of peripheral  blood
mononuclear  cells  treated  with  a blocking  monoclonal  antibody  against  PD-1.  The  TNF-�  concentration
increased  in  the  culture  supernatants  of splenic  cells  following  all  treatments  with  antibodies  blocking

PD-1  and  its ligands;  however,  the  amount  of IL-4  increased  only  in  the  presence  of  a  PD-1  blocking  agent.
Treatment  with  a PD-1  blocking  monoclonal  antibody  in  the  mononuclear  peripheral  blood  of dogs  with
VL  reduced  the  parasite  burden  while  increased  TNF-�.  We  conclude  that  in canine  visceral  leishmani-
asis,  PD-1  and its  ligands  are involved  in  the  induction  of  T lymphocyte  apoptosis  and  in  regulating  the
production  of nitric  oxide,  TNF-�,  and  IL-4,  as  well  as  the  parasitic  load.

©  2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction
Visceral leishmaniasis (VL) is considered one of the most impor-
ant parasitic zoonoses expanding throughout the world, with over
86 million people being at risk of infection, affecting children and

Abbreviations: IL, interleukins; TNF, tumor necrosis factor; VL, visceral leishma-
iasis.
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young adults in 88 countries and on every continent. Considered
by the World Health Organization (WHO) among the six major
tropical diseases, the absence of treatment causes the death of 30%
of infected individuals, and approximately 50,000 victims of para-
site infection die annually (WHO, 2010). Between 2003–2007, an
increased annual incidence from an estimated 4200 to 6300 cases
of VL was reported in Brazil, while there was an increase in the esti-

mated annual incidence from 202,200 to 389,100 cases of VL (Alvar
et al., 2012).

Canine visceral leishmaniasis (CVL) cases have been associated
with an increase in the number of human cases (Coura-Vital et al.,
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.imbio.2016.03.007&domain=pdf
mailto:vmflima@fmva.unesp.br
dx.doi.org/10.1016/j.imbio.2016.03.007


8 obiolo

2
c
I
a
o
i
D
T
s

r
c
t
e
c
l
e

a
t
s
o
o
l
t
(
m
a
t
r
d

b
m
(
L
s
i
p
t
i
e
s
T
T
d
I
T
a
i
n

I
c
t
w
2
t
(
P

b
i
e
a
e

80 V.M. Chiku et al. / Immun

011; Nunes et al., 2010), and the intense cutaneous parasitism in
anine reservoirs facilitates infection vectors (Verç osa et al., 2012).
n dogs, the suppression of cellular immunity is the most important
spect in the pathogenesis and progression of the disease. The lack
f response of T lymphocytes to Leishmania antigen spp. is observed

n vivo with a negative Montenegro test (Dos-Santos et al., 2008).
ogs infected with Leishmania infantum have a reduced number of

 lymphocytes (Bourdoiseau et al., 1997) and a disruption of the
plenic white pulp (Santana et al., 2008).

Chronic illness in dogs leads to high T lymphocyte apoptosis
ates in the spleen and peripheral blood; this mechanism could
ontribute to the disruption of the white pulp of the spleen and
he reduction of T lymphocyte levels in the peripheral blood (Lima
t al., 2012). In CVL, protective immunity has been generally asso-
iated with a cellular immune response manifested by a positive
ymphoproliferative response to Leishmania antigen spp. (Cabral
t al., 1992).

Macrophages play an important role in the immune response
gainst Leishmania spp.; in addition to being the parasitized cells,
hey are also responsible for the adaptive imune response. Co-
timulatory signals have been described as important regulators
f the adaptive response, generating cytotoxic functions, memory
r anergy induction (Pentcheva-Hoang et al., 2007). The costimu-
atory molecules involved in the response to Leishmania belong to
he B7-CD28 family, which transmit activating (CD28) or inhibitory
CTLA-4) signals to T cells (Greenwald et al., 2005). In canine

acrophages infected with Leishmania spp., failure occurs in the
ntigen presentation process, and analysis of the expression of cos-
imulatory molecules indicates decreased expression of B7, which
educes the proliferation of T lymphocytes (Pinelli et al., 1999) and
ecreases nitric oxide production (Diaz et al., 2012).

A co-stimulatory molecule with negative function has recently
een described. PD-1 (programmed cell death 1), or CD279, is a new
ember of the B7-CD28 family that is expressed by immune cells

Sharpe et al., 2007). When PD-1 is associated with its ligands PD-
1 (CD274) or PD-L2 (CD273), an inhibitory tyrosine-containing
equence in PD-1 recruits phosphatases to the molecule’s tail that
nduce the deactivation of T lymphocytes or the induction of apo-
tosis, or even other responses that are important for maintaining
he balance between the development of immunity, tolerance and
mmunopathology (Pardoll, 2012). The PD1 molecule is highly
xpressed in chronic infections (McNab et al., 2011), which can
uppress the effector function of CD8+ T cells (Day et al., 2006;
rautmann et al., 2006) and CD4+ cell secretion of the cytokine
NF-� (Zhang et al., 2010; D’Souza et al., 2007) and lead to immune
ysfunction (D’Souza et al., 2007). Furthermore, cytokines such as

FN-� and TNF-� are produced in large quantities in response to
. cruzi infection and play a role in the production of nitric oxide
nd death of the parasite (Silva et al., 1995), and PD-L1 expression
n uninfected mouse macrophages can control the production of
itric oxide (Yamazaki et al., 2005).

PD-L1 is more broadly expressed than PD-L2 and is induced by
FN-�, whereas PD-L2 expression is more restricted to dendritic
ells and macrophages is induced by IL-4 and IL-13. Studies suggest
hat PD-L1 expression can preferentially regulate the Th1 response,
hereas PD-L2 can regulate the Th2 response (Loke and Allison,

003; Lázár-Molnár et al., 2008). Therefore, PD-L1 and PD-L2 func-
ion may  depend on the microenvironmental tissue and cytokines
Dulgerian et al., 2011). However, only one study in dogs evaluated
D-1 expression in CD4+ and CD8+ cells during VL (Esch et al., 2013).

In an experimental model of sepsis in mice, PD-L1 blocking anti-
odies decreased the apoptosis of T lymphocytes in the spleen,
ndicating that PD-L1 blockade may  inhibit T cell apoptosis (Zhang
t al., 2010). In humans, apoptosis of antigen-specific T cells was
ssociated with increased PD-L1 expression in tumor cells (Dong
t al., 2002), and PD-L1 expression on the surface of human hep-
gy 221 (2016) 879–888

atocytes was  identified as a mediator of T lymphocyte apoptosis
(Muhlbauer et al., 2006).

In CVL, PD-1/PD-L1 blockade in adherent cells restored the pro-
liferation of CD4+ and CD8+ lymphocytes from the peripheral blood
(Esch et al., 2013). However, the involvement of PD-1 receptors and
their ligands in cell apoptosis and inflammatory mediators has not
been thoroughly investigated. Thus, this study aimed to evaluate
the role of PD-1 and its ligands in regulating T cell apoptosis and
the production of nitric oxide, TNF-� and IL-4, as well as the influ-
ence on the parasitic load, in dogs with symptomatic VL. Our study
clarifies aspects of T lymphocyte apoptosis and disease pathogene-
sis in dogs symptomatic for VL, which may  be useful in preventive
and therapeutic strategies that could reduce the incidence of leish-
maniasis in dogs.

2. Materials and methods

2.1. Approval of the ethics committee

This study was  approved by the Research Ethics Commit-
tee of Experimental Animals (COBEA), with the approval of the
Ethics Committee on Animal Use (CEUA) of UNESP – Universidade
Estadual Paulista “Julio de Mesquita Filho” – Campus Araç atuba –
Faculty of Veterinary Medicine – FMVA – on 15/04/2011, as case
00679/2011.

2.2. Animals

We  selected 20 adult dogs with visceral leishmaniasis (VL)
between two  and five years old, of various breeds and weights.
The dogs were from the Araç atuba Zoonosis Control Center and
were seropositive for L. infantum by indirect ELISA (Lima et al.,
2003). All dogs were symptomatic and had at least three of the
following clinical signs of VL: onychogryphosis, lymphadenopathy,
hepatomegaly and splenomegaly, cachexia, alopecia, skin and peri-
ocular injuries. Dogs with VL showed moderate-stage disease and
were classified based on a physical examination and on the levels of
anti-leishmania antibodies, as determined by indirect ELISA (Lima
et al., 2003), as proposed by (Solano-Gallego et al., 2009).

To control the group composition, 10 clinically healthy dogs
(6 females and 4 males with an average age of 3.4 years) were
selected using hematological, biochemical plasma analysis (albu-
min, aminotransferase-ALT alanine, aspartate aminotransferase,
AST, total bilirubin, direct and indirect, calcium, total cholesterol,
kinase CK creatine, creatinine, alkaline-FA phosphatase, phospho-
rus, gamma glutamyl transferase, GGT, glucose, globulins, lactate
dehydrogenase, LDH, total protein, triglycerides and urea) and type
I urinalysis. All results had an optical density (OD) compatible with
non-reactive animals in serology by ELISA for the diagnosis of CVL
(Lima et al., 2003). These dogs were followed clinically and were
monitored by serological examination at least three months before
the experimente; Leishmania spp. DNA was not detected in their
spleen and bone marrow samples by q-PCR (Perosso et al., 2014).

2.3. Sample collection

Dogs with VL were euthanized with intravenous barbiturate
anesthesia (thiopental, Cristália Itapira, SP) followed by an infu-
sion of potassium chloride according to state law. After euthanasia,
spleen fragments were collected and maintained in RPMI-1640
(Sigma, St. Louis, MO,  USA) supplemented with inactivated 10%

fetal bovine serum (FBS) (Gibco, Waltham, MA,  USA), 0.03% L-
glutamine (Sigma, St. Louis, MO,  USA), 100 IU/mL penicillin (Sigma,
St. Louis, MO,  USA) and 100 mg/mL  streptomycin (Sigma, St. Louis,
MO,  USA). The control group spleen samples were obtained by sur-
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ical excision using a previously described protocol (Lima et al.,
012).

Blood samples (10 mL)  were obtained by jugular vein puncture
nd placed into tubes containing sodium heparin (BD, San Diego,
A, USA) and processed immediately after harvest.

.4. Isolation of mononuclear cells from the peripheral blood and
ollection of spleen cells

Mononuclear cells from the peripheral blood of healthy dogs
nd dogs with VL were isolated by gradient separation with
istopaque® 1077 and 1119 (Sigma, St. Louis, MO,  USA) follow-

ng the manufacturer’s recommendations. Then, the isolated cells
ere washed three times in phosphate buffered saline (PBS) pH

.2 and resuspended in RPMI 1640 (Sigma, St. Louis, MO,  USA)
upplemented as described above and maintained at 37 ◦C with
% CO2 (Revco, Waltham, MA,  USA). The total spleen cells were
btained from a 2 cm2 fragment that was macerated and added
o 10 mL  of RPMI-1640 medium supplemented as described above.
fter removal of cellular “debris” (BD Falcon Cell strainer, San Diego,
A, USA), the suspension was processed with 5 mL  of lysis buffer
ontaining 7.46 g/L of ammonium chloride (NH4ClO3) at 4 ◦C for
0 min, centrifuged at 2000 rpm for 5 min  and washed three times
ith phosphate buffered saline, pH 7.2.

For flow cytometry, the cells were processed immediately after
heir separation, and the cell cultures were incubated at 37 ◦C in a
% CO2 incubator for 72 h.

.5. Antibodies

The following FITC-conjugated monoclonal antibodies were
sed: anti-CD3, canine (5 �L/mL; Serotec, Kidlington, OX, UK), anti-
D21 canine (15 �L/mL; Exbio, Czech Republic) anti-F4/80 mouse
5 �L/mL; Abcam, CA, UK) (Diaz et al., 2012) and isotype controls
0.05 mL;  BD Biosciences, San Diego, CA, USA). The following mon-
clonal antibodies conjugated to PE were also used: Anti-human
D279 (PD-1, the PD1 protein shows high degree of homology
etween the canine and human species (Folkl et al., 2010)), anti-
uman CD274 (PD-L1), anti-human CD273 (PD-L2) (15 �L/mL, BD
iosciences, San Diego, CA, USA) and isotype controls. Finally, mon-
clonal anti-human CD279 blocking (PD-1), anti-human CD273
B7-DC) and anti-mouse CD274 (B7-H1), (5 �L/mL, eBioscience, San
iego, CA, USA) were used.

.6. Flow cytometry

For fluorochrome labeling, the cells were suspended in PBS con-
aining 1% bovine serum albumin, 0.1% azide and 20% fetal bovine
erum to block the Fc receptors (FcRs). The cells were incubated
ith monoclonal antibodies for 30 min  at 4 ◦C, washed twice with

BS containing 2% fetal bovine serum, then stored at 4 ◦C in the
ark until flow cytometric acquisition (BD Accuri C5 Flow Cytome-
er, San Diego, CA, USA) and analysis using BD Accuri C6 software,
ersion 1.0.264.21 to quantify the expression of PD-1, PD-L1, PD-L2,
D3, CD21 and F4/80. Ten thousand events were acquired, exclud-

ng cellular “debris.Ïsotype controls (BD Biosciences, San Diego, CA,
SA) were used to delimit the negative populations of cells doubly

tained with PE/FITC.

.7. Culture of peripheral blood and splenic mononuclear cells
rom infected dogs with blocking PD-1, PD-L1, PD-L2
Approximately 5 × 106 mononuclear cells from the peripheral
lood and spleens of dogs with VL were suspended in 1 mL  of RPMI
640 medium (Gibco, Waltham, MA,  USA) supplemented as pre-
iously described. The cells were grown on 24-well plates (Costar,
gy 221 (2016) 879–888 881

Sigma, St. Louis, MO,  USA) in the presence of 5 �g/mL of block-
ing antibodies to PD-1, PD-L1 or PD-L2 (Dulgerian et al., 2011)
or isotype controls. The cultures were incubated at 37 ◦C in a 5%
CO2 incubator for 72 h. The cells were used for the assessment
of CD3+ T cell apoptosis, and the culture supernatants were cen-
trifuged at 2500 rpm and stored in the freezer at −80 ◦C for TNF-�
and IL-4 measurements or at −20 ◦C for nitric oxide measurements.
The percentage of apoptotic CD3+ T lymphocytes was determined
using the Guava nexin commercial reagent kit (Millipore, Darm-
stadt, Germany) following the manufacturer’s instructions. Flow
cytometric analysis was  performed as described above. The cells
were considered to be in the final stage of apoptosis when they
were positive for 7-AAD and Annexin V-PE.

2.8. Cytokine assay for TNF-  ̨ and IL-4

TNF-� and IL-4 were evaluated in the supernatants of mononu-
clear cell cultures from the peripheral blood and spleen after
centrifugation at 2000 rpm for 5 min  using a capture ELISA
(R&D Systems, Minneapolis, USA) according to the manufacturer’s
instructions. The optical density at 450 nm was obtained in a 96-
well plate reader (Spectra Count, Packard Bio Science Company,
Meriden, CT, USA).

2.9. Nitric oxide dosage

The nitric oxide levels were measured using the Griess method
(Dulgerian et al., 2011) in the supernatants of blood and spleen cell
cultures. For this measurement, 100 �L of culture supernatant was
added to 100 �L of Griess reagent (one part 0.1% NEED and one part
sulfanilamide 1% phosphoric acid, H3PO4). After 5 min of incubation
at room temperature, the optical density at 540 nm was  obtained
using a 96-well plate reader (Spectra Count, Packard Bio Science
Company, Meriden, CT, USA). The concentration of nitric oxide was
obtained after comparison with the sodium nitrite standard curve,
ranging from 3 to 200 �M.

2.10. Quantification of parasite load

Peripheral blood mononuclear cells (5 × 106) from 10 dogs with
VL were suspended in RPMI 1640 medium (Gibco, Waltham, MA,
USA) supplemented as previously described. The cells were grown
in 24-well sterile culture plates (Costar, Sigma, St. Louis, MO,  USA)
containing sterile, LPS-free glass circular cover slips (15 mm diame-
ter, Perfecta coverslips, Sao Paulo, Brazil) in the presence or absence
of 5 �g/mL of blocking monoclonal antibody against PD-1, PD-L1
or PD-L2. After 5 days of incubation at 37 ◦C and 5% CO2, the cov-
erslips were scraped and the cells were subjected to cytospin at
1000 rpm for 5 min  at room temperature. The slides were stained
with a commercial hematological dye (Instant-Prov, Newprov, Pin-
hais, PR, Brazil) to count the parasites within the macrophages.
At least 100 cells were counted under light microscopy to deter-
mine the macrophage infection rate (Eclipse E800, Nikon, Tokyo,
JP), differentiating infected cells from those not parasitized, while
the parasite load was  determined after dividing the number of
amastigotes by the number of infected macrophages. TNF-� were
also evaluated in the supernatants of mononuclear cell cultures
from the peripheral blood using a capture ELISA (R&D Systems,
Minneapolis, USA) according to the manufacturer’s instructions as
described above.

2.11. Statistical analysis
The non-parametric Mann-Whitney test was used to compare
the expression of PD-1, PD-L1, and PD-L2 on total lympho-
cytes, CD3+ T cells, B lymphocytes, CD21+ and F4/80+ monocytes,
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Fig. 1. Expression of PD-1, PD-L1 and PD-L2 on CD3+ T lymphocytes, CD21+ B lymphocytes, and F4/80+ monocytes/macrophages within peripheral blood and spleen
m A) CD3 + T lymphocytes, (B) CD21+ B lymphocytes, and (C) F4/80+ monocytes from the
p + macrophages from the spleens. All experiments included 26 dogs, 10 healthy dogs and
1  0.05 by Mann Whitney test (A–F).
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Table 1
Expression of PD1 and its ligands (mean and standard deviation) in CD3+, F4/80+

and CD21+ mononuclear cells from the peripheral blood of dogs with VL.

Expression CD3+ (%) F4/80+ (%) CD21+ (%)

PD-1 9.36 ± 9.60a 2.89 ± 2.60b 3.02 ± 7.37b
PD-L1 3.11 ± 3.82a 1.39 ± 1.25b 0.93 ± 0.75b
PD-L2 1.79 ± 1.20a 1.35 ± 1.06a 0.73 ± 0.49b

a,b Equal letters in the same line indicate no statistical difference, Wilcoxon test
(p  < 0.05).

Table 2
Expression of PD1 and its ligands (mean and standard deviation) in CD3+, F4/80+

and CD21+ spleen cells from dogs with VL.

Expression CD3+ (%) F4/80+ (%) CD21+ (%)

PD-1 1.37 ± 0.94a 1.53 ± 2.06a 0.90 ± 0.56b
PD-L1 1.02 ± 0.99a 0.88 ± 0.88a 0.73 ± 0.35a
PD-L2 0.87 ± 0.50a 0.98 ± 0.96a 0.91 ± 0.77a
ononuclear cells from dogs with VL (gray bars) and healthy dogs (black bars). (
eripheral blood. (D) CD3 + T lymphocytes, (E) CD21+ B lymphocytes, and (F) F4/80
6  dogs with VL. Graphical data presented as the mean and standard deviation; *p <

ononuclear blood cells and leukocytes from the spleen and apop-
otic CD3+ T lymphocytes in dogs with VL vs. healthy dogs. The

ilcoxon test and paired t test was used to compare the levels of
poptotic CD3+ T cells, TNF-� and IL-4 cytokines and nitric oxide.
he parametric paired t test was used for the analysis of the parasite
oad in blood mononuclear cells from dogs with VL. The statistical
nalyses were performed and graphed using the computer program
raphPad Prism 6 (GraphPad Software, Inc., CA, USA), and a dif-

erence between the means of two groups was considered to be
ignificant at p < 0.05.

. Results

.1. Evaluation of PD-1, PD-L1 and PD-L2 expression on
ononuclear cells from the peripheral blood and spleens of dogs
ith VL and healthy dogs

Our aim was to evaluate whether chronic infection of dogs by
eishmania spp. alters the expression of PD-1 and its ligands in
D3+ T lymphocytes, CD21+ B lymphocytes, and F4/80+ mono-
ytes/macrophages within mononuclear cells from the peripheral
lood and spleen. We  observed increased expression of PD-1 and its

igands PD-L1/PD-L2 (p < 0.05) in CD3+ T lymphocytes (Fig. 1A) and
D21+ B lymphocytes (Fig. 1B) in peripheral blood mononuclear
ells from dogs with VL. In F4/80+ monocytes, only the expres-
ion of the ligands PD-L1 and PD-L2 was significantly increased
Fig. 1C). CD3+ T lymphocytes, CD21+ B lymphocytes and F4/80+

acrophages from the spleens of dogs with VL showed increased
xpression of PD1, PD-L1 and PD-L2–1 (p < 0.05) (Fig. 1D, E and F,
espectively).
Fig. 2 contains representations of the detection of double-
abeled CD3+/PD-1, CD3+/PD-L1, CD3+/PD-L2 T lymphocytes within

ononuclear cells from the peripheral blood (Fig. 2A, B and C) and
pleen (Fig. 2D, E and F).
a,b Equal letters in the same line indicate no statistical difference, Wilcoxon test
(p  < 0.05).

Next, the expression of PD1 and its binding was evaluated in
cells from dogs with VL. The results indicated that CD3+ T lympho-
cytes exhibited the highest cell expression of PD-1 and its ligands
compared to F4/80+ monocytes and CD21+ B lymphocytes within
peripheral blood mononuclear cells, except for PD-L2 in F4/80+

cells (Table 1). In the spleen, CD3+ T lymphocytes had increased
expression of PD-1 only compared to CD21+ B cells (Table 2).

3.2. Quantification of apoptosis in CD3+ T lymphocytes from the
peripheral blood and spleens of dogs with VL in the presence of
blocking monoclonal antibodies to PD-1, PD-L1 and PD-L2
Due to the increased expression of PD-1 and its ligands
PD-L1/PD-L2 during infection by Leishmania spp. in dogs, we
attempted to investigate its role in cellular apoptosis. High rates of
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ig. 2. Dot- blot representing CD3 + T lymphocytes double-labeled for PD-1, PD-L1 a
xpressing PD-1 (A), PD-L1 (B) and PD-L2 (C) within peripheral blood mononuclea
ells.  Healthy dogs (left) and dogs with VL (right). All experiments included 26 dogs

poptosis of CD3+ T lymphocytes in the spleens and peripheral
lood of infected dogs has been described (Lima et al., 2012).
hus, we evaluated whether the apoptosis of CD3+ T lympho-
ytes observed in the infected dogs required PD-1 receptors and
heir ligands. The data confirmed that CD3+ T lymphocytes from
he peripheral blood and spleens in dogs with VL had higher lev-
ls of apoptosis compared to those from healthy dogs (p < 0.05)
Fig. 3A, B). The use of blocking monoclonal antibodies to PD1 and

ts ligands in peripheral blood mononuclear cell and spleen cell cul-
ures decreased the apoptosis rate of CD3+ T lymphocytes (p < 0.05)
Fig. 3C and D).
L2 on mononuclear cells from the peripheral blood and spleen. CD3+ T lymphocytes
. CD3+ T lymphocytes expressing PD-1 (D), PD-L1 (E) and PD-L2 (F) within spleen
ealthy and 16 with VL.

3.3. Determination of the nitric oxide concentration and TNF-˛
and IL-4 levels in the culture supernatants of mononuclear cells
from the peripheral blood and spleens of dogs with VL after
blockade of PD-1 receptors and its ligands

We investigated whether PD1 and its ligands have a regulatory
effect on other cellular functions such as the production of nitric
oxide and the cytokines TNF-� and IL-4 in the culture supernatants

of mononuclear cells from the peripheral blood and spleen.

The concentrations of nitric oxide (Fig. 4A), TNF-� (Fig. 4B) and
IL-4 (Fig. 4D) increased in the culture supernatants of mononuclear
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Fig. 3. Apoptosis of CD3+ T lymphocytes in cultures of mononuclear cells from the peripheral blood and spleens of dogs with VL. Control (black bars), naturally infected dogs
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gray  bars). (A) Mononuclear cells from the peripheral blood and (B) the spleens in th
ells  from the peripheral blood (C) and the spleen (D). All experiments included 20 d
npaired t test (A); Mann Whitney test (B) or Wilcoxon test (C, D).

ells from the peripheral blood treated with PD-1 blocking mono-
lonal antibody compared to untreated cell cultures (p < 0.05).

In splenic cells, an increase in the TNF-� concentration was
bserved following treatment with antibodies blocking PD-1 and
ts ligands (p < 0.05) (Fig. 4C). An increase in IL-4 was observed only
fter blocking PD-1 (Fig. 4E).

.4. Parasitic load in cultures of peripheral blood mononuclear
ells of dogs with VL in the presence of blocking monoclonal
ntibodies to PD-1 and its ligands

We  next investigated whether PD1 and its ligands can mod-
late the parasitic load of dogs with VL using peripheral blood
ononuclear cells treated with blocking monoclonal antibodies,

lso supernatants of these cultures were used to measure TNF-�
roduction. Treatment with a PD-1 blocking monoclonal antibody
educed the parasite burden (p < 0.05) (Fig. 5A) and an increase
n the TNF-� concentration (p < 0.05) (Fig. 5B) compared to the
ntreated cells.

. Discussion

Our results demonstrate the increased expression of PD1 and its
igands in CD3+ T lymphocytes, F4/80+ cells and CD21+ B lympho-

ytes in the spleens and peripheral blood of dogs with VL. These
olecules are related with the induction of apoptosis of CD3+ T

ymphocytes because blockade of PD-1 and its ligands in cultures
f splenic cells and PBMCs was able to modulate the apoptosis of
rol group. Blocking PD-1 and its ligands versus the untreated group in mononuclear
ith VL. Graphical data are presented as the mean ± standard deviation; *p < 0.05 by

CD3+ T lymphocytes, alter the production of TNF-�, IL-4 and nitric
oxide, and reduce the parasitic load.

The high expression of PD-1 in T lymphocytes observed in our
study in the peripheral blood and spleens is similar to that observed
for (Esch et al., 2013), where CD4+ CD8+ peripheral blood cells from
dogs with symptomatic and asymptomatic VL presented increased
PD-1 expression. In dogs with VL, CD3+ T lymphocytes in the
peripheral blood have increased expression of PD-1 and its ligands
compared to F4/80+ monocytes and CD21+ B lymphocytes; how-
ever, in the spleen, only PD-1 expression was  increased in CD3+ T
lymphocytes compared to CD21+ B lymphocytes.

This report is the first describing PD-1, PD-L1 and PD-L2 expres-
sion in CD3+ T lymphocytes, CD21+ B lymphocytes and F4/80+ cells
in healthy dogs and dogs with VL. Although there are no reports in
dogs, the expression of these molecules has also been character-
ized in other experimental models of chronic diseases, such as HIV
(D’Souza et al., 2007) and tuberculosis (McNab et al., 2011).

In agreement with previously reported results (Lima et al., 2012;
Perosso et al., 2014; Silva et al., 2013), we observed an increase in
the apoptosis of CD3+ T lymphocytes from the peripheral blood
and spleens of dogs with VL. This suggests that apoptosis may be
involved in the low lymphoproliferative response during this dis-
ease, as previously reported by (Esch et al., 2013), and therefore
may  contribute to the failure of immunity, the emergence of co-
infection and the development of neoplasms that are observed in

dogs chronically infected by Leishmania spp. (Foglia Manzillo et al.,
2008; Oliveira et al., 2008).

The use of blocking monoclonal antibodies against PD1 and its
ligands in cultured mononuclear cells from the peripheral blood
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Fig. 4. Effect of blocking PD1 and its ligands on the production of nitric oxide and the cytokines TNF-� and IL-4. (A) nitric oxide and (B) TNF-� in the culture supernatants from
p  in sp
c ded 1
*

a
g
I
s
a
F
2
p

b

eripheral blood mononuclear cells and (C) TNF-� in the culture supernatants from
ells  and (E) IL-4 in the culture supernatants from splenic cells. All experiments inclu
p  < 0.05 by Wilcoxon test (A,B,D); paired t test (C–E).

nd spleen led to decreased apoptosis in CD3+ T lymphocytes, sug-
esting that these receptors participate in the apoptotic process.
nhibition of T lymphocyte apoptosis is not complete because it is
till detected, suggesting that other inducers of cell death pathways
re still active. In fact, other receptors, including transmembrane
as/FasL (Silva et al., 2013) and soluble Fas/FasL (Perosso et al.,

014) have been shown to be involved in the apoptosis of T lym-
hocytes (CD3+, CD4+ and CD8+) in dogs with VL.

Inhibition of CD3+ T lymphocyte apoptosis in dogs with VL using
locking antibodies against PD-1 and its ligands in vitro suggests
lenic cells. (D) IL-4 in the culture supernatants from peripheral blood mononuclear
5 dogs with VL. The graphical data are presented as the mean ± standard deviation;

that the therapeutic use of monoclonal antibodies in dogs with VL
may  help to increase T lymphocyte numbers in the peripheral blood
and spleens and reestablish their immune function.

In our experiments, blocking monoclonal antibodies were used
in culture to block PD-1 and its ligands present on T lymphocytes
and macrophages, thereby inhibiting apoptosis by this pathway.

As both PD1 and PD-L1 are expressed on T lymphocytes, B lym-
phocytes and macrophages, there is the possibility for a two-way
interaction between PD-1 and PD-L1 (Sharpe et al., 2007). Unlike
our results, (Esch et al., 2013) used blocking antibodies only in



886 V.M. Chiku et al. / Immunobiology 221 (2016) 879–888

F uclea
(  with 

t

a
i
d
1
l

p
o
N
t
i
i
b
(
w
e
n

p
m
s
a
i
t
s
l
2

1
b
i
p
r
m
i
t
p
r
p
p

o
c
r
T

ig. 5. PD-1 influences the parasitic load of dogs with VL in peripheral blood monon
A)  parasite burden and (B) production of TNF-�. All experiments included 10 dogs
-test  (A) and Wilcoxon test (B).

dherent cells and found that the PD-1 receptor is not involved
n cell apoptosis in dogs with VL; this difference is likely due to
iferences in experimental design. Our data suggest that the PD-

 receptor and its ligands are involved in the induction of CD3+ T
ymphocyte apoptosis.

An increase in the amount of nitric oxide was observed in the
resence of blocking monoclonal antibodies to PD-1 in cultures
f mononuclear cells from the peripheral blood of dogs with VL.
itric oxide production in canine macrophages is correlated with

he induction of anti-leishmania activity (Pinelli et al., 2000). Sim-
lar to our studies, in other models such as in macrophages of mice
nfected with T. cruzi, it was also observed that PD-1 and PD-L1
lockade increased iNOS expression and nitric oxide production
Dulgerian et al., 2011). Our results indicate that PD1 interferes
ith nitric oxide production in mononuclear cells from the periph-

ral blood of dogs with VL, as blockade of this receptor increased
itric oxide production.

TNF-� is present in a higher concentration in cultures of
eripheral blood mononuclear cells treated with PD-1 blocking
onoclonal antibodies compared to untreated cultures. In the

pleen culture supernatants, all treatments carried out resulted in
n increase in the TNF-� concentration. It is possible that the block-
ng antibodies inhibited the interaction of PD-1 and its ligands, as
he ligation of PD-1 by PD-L1 or PD-L2 has been shown to inhibit the
ignal transduction triggered by TCR/CD3, blocking downstream T
ymphocyte proliferation and cytokine production (Freeman et al.,
000; Latchman et al., 2001).

The increase in TNF-� concentration observed after blocking PD-
 and its ligands may  be related to increased microbicidal activity
ecause the resistance of the intracellular survival of L. infantum

n canine macrophages is mainly associated with the increased
roduction of this cytokine (Turchetti et al., 2015). It was  also
eported that TNF-� enhances nitric oxide production in canine
acrophages (Pinelli et al., 2000). Although there are no reports

n dogs, in a sepsis model in mice, PD-L1 blockade also increased
he TNF-� levels and decreased the bacterial load in the blood and
eritoneal fluid (Zhang et al., 2010). Indeed, TNF-� expression is
egulated by signaling via PD-1 (Wei  et al., 2013). Thus, the TNF-�
roduction observed in our studies may  influence the nitric oxide
roduction and reduce the parasite load.

In our study there was an increase in IL-4 only in the presence
f a PD-1 blocking monoclonal antibody in cultures of mononu-

lear cells from both the peripheral blood and the spleen. The
ole of IL-4 in the polarization of the immune response towards
h2 in dogs with VL is controversial. Dogs experimentally infected
r cell culture after blockade of PD-1, PD-L1 or PD-L2 monoclonal antibody blockers.
VL. The slides are stained with a commercial hematological dye. *p < 0.05 by paired

with L. infantum with low parasite burden in their peripheral blood
mononuclear cells do not express IL-4, but its expression increases
with the appearance of clinical signs of VL (Sanchez-Robert et al.,
2008). However, no differences between IL-4 levels can be observed
between symptomatic and asymptomatic dogs (Leal et al., 2014).
The IL-4 production in our study appears to have a protective role
because it was  associated with a lower parasite load and with the
increased production of nitric oxide and TNF-�.

The protective effect of IL-4 has been previously observed in
experimental VL. The elevated production of IL-4 and concomitant
production of nitric oxide were associated with protection in ham-
sters after vaccination with VL (Basu et al., 2005). Knockout mice
for IL-4 were most susceptible to infection by Leishmania dono-
vani, also suggesting a protective ability of IL-4 against VL (Satoskar
et al., 1995). In mice, IL-4 expression was essential and necessary
for Th1 differentiation and the maintenance of IFN-� production
(Kamogawa et al., 1993). IL-4 expression in a mouse model is not
easily regulated by the inhibitory effect of PD-1 (Latchman et al.,
2001); however, in dogs with VL, we noted that PD-1 blockade
improved IL-4 production.

Treatment with a PD-1 blocking monoclonal antibody in
mononuclear cells from the peripheral blood of dogs with VL
decreased the parasite burden, similar to that observed for Esch
et al. (2013). In mice infected with L. donovani and treated with a
PD-L1 blocker, a reduction of parasite multiplication in the spleen
was observed (Joshi et al., 2009). Our results suggest that the PD-1
receptor can modulate the parasitic load of dogs with VL.

In an effort to evaluate the possible mechanism that reduced the
parasite burden, TNF-� production were measured. We  observed
blocking PD-1 decreased parasite load and increased TNF-� con-
centration. Study showed that increased production of TNF-�
with decreased intracelular survival of L. infantum in canine
macrophages (Turchetti et al., 2015). Our findings suggesting that
PD-1 blocking promotes TNF-� production and contribute to con-
trol of parasite multiplication. In fact, high levels of TNF-� was
related to the control of parasitic growth in spleen samples of
dogs naturally infected by L. infantum (Cavalcanti et al., 2015;
Nascimento et al., 2013). In this context, general reduction of par-
asite load could be related with increase of TNF-� production
induced by PD1 blocking in dogs with VL.

We  conclude that PD-1 and its ligands participate in the induc-
tion of T lymphocyte apoptosis and are capable of regulating

nitric oxide, TNF-�, and IL-4 production, as well as reducing the
parasitic load. Therefore, our results have implications for better
understanding the mechanisms that modulate apoptosis as well as
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