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Abstract – Dogs are the main reservoir host for zoonotic visceral leishmaniasis caused by Leishma-
nia infantum. In this study we investigated the immune response in spleens of L. infantum-infected
dogs by measuring the mRNA expression levels for a wide panel of cytokines, transcription factors
and chemokines. mRNA levels and parasite load were followed during 7 months of experimen-
tal infection and 14 months post-treatment, and were compared to naturally-infected (NI) dogs.
Similarly, serum anti-Leishmania IgG and IgG subclass levels were measured during experimental
infection. An increase in IFN-γ, T-bet, IP-10 and RANTES was found in the experimentally and
NI dogs, implicating a substantial type-1 immune response during canine visceral leishmaniasis.
IL-4, a type-2 associated cytokine, increased as early as one month after experimental infection,
while IL-5 was high at later stages. Interestingly, the expression levels of the Treg-associated cy-
tokines, IL-10 and TGF-β, did not change during the infection. Total anti-Leishmania IgG and
IgG subclasses increased during the experimental infection. However, no association with specific
cytokine patterns was observed. Parasite load in the spleens increased as early as one month post-
infection and remained high until treatment. The load was higher in the polysymptomatic NI dogs
than in the experimentally-infected dogs. This study indicates that both type-1 and type-2 immune
responses occur in the spleen during canine L. infantum infection, and suggests that the early el-
evation of IL-4 might have a role in the persistence of parasites in the presence of high IFN-γ
expression.

canine visceral leishmaniasis / IFN-γ / IL-4 / T-bet / IP-10

1. INTRODUCTION

Zoonotic visceral leishmaniasis (ZVL)
is caused by parasites belonging to the
Leishmania donovani complex (L. d. infan-
tum syn. L. d. chagasi) and is widespread
in the Mediterranean Basin, Middle East
and South America. Dogs are the main
reservoir host for this parasite in endemic

* Corresponding author: strauss@umd.edu

areas. Following transmission, these para-
sites multiply in the skin at the infection
site and in the absence of an efficient pro-
tective immune response they migrate to
the viscera and establish an infection in
the spleen, liver and bone marrow. This
eventually results in a symptomatic and fa-
tal disease unless treated. Interruption of
parasite transmission during canine vis-
ceral leishmaniasis (CVL) was shown to
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reduce disease incidence in humans [18].
However, current treatment regimens for
CVL are not fully effective for eradicating
these parasites [28]. A commercial vaccine
against CVL [5], is available in parts of
South America but not in the Old World.

The murine Leishmania major model of
leishmaniasis was the first model where
the T helper 1 and 2 dichotomy was
studied and shown to be associated with
resistance and susceptibility to an infec-
tious disease [37]. It is now widely ac-
cepted that protective immunity against
Leishmania parasites is mediated by type-1
immune responses [26]. However, infec-
tion of L. major-susceptible inbred mouse
strains with the visceralizing parasite, L.
donovani, manifested a mixed pattern of
Th1 and Th2 cytokines resulting in re-
sistance [27]. Moreover, researchers were
unable to clearly associate a Th2 po-
larity with non-healing, reactivating, or
systemic leishmaniasis in humans. Inter-
estingly, the severity of human visceral
leishmaniasis (HVL) has not been asso-
ciated with increased levels of IL-4 but
of IL-10, which was also detected in the
spleen of infected patients [23]. Similarly,
elevated levels of IFN-γ were found in
biopsies taken from the spleen, lymph
nodes and bone marrow of infected peo-
ple [19, 21, 23], indicating that an unfavor-
able disease prognosis in humans is not
related to a defect in Th1 cell response
but rather to a concurrent expression of
the cytokine IL-10. Interleukin-10, tradi-
tionally thought to be produced mainly by
macrophages, is secreted by naturally oc-
curring CD4+CD25+ T regulatory (Treg)
cells in lesions of low dose L. major in-
fected C57BL/6 mice. This cytokine ap-
pears to be responsible for the suppression
of Leishmania-specific Th1 immunity and
prevention of sterile cure in this model [3].

Understanding the cellular immune re-
sponses of dogs to infection with Leishma-
nia parasites is crucial for vaccine design.
It will also be instrumental in discover-

ing efficient treatment modalities that can
decrease the prevalence of ZVL. Never-
theless, only little information is currently
available on these responses in vivo. In-
volvement of IL-10 in the immune re-
sponse of Leishmania-infected dogs has
not yet been established, since the expres-
sion of IL-10 mRNA in antigen stimulated
PBMC or the bone marrow of infected
dogs was not elevated during the course of
an experimental infection, or in naturally-
infected dogs, respectively [31, 36]. Ex-
pression of IL-4 mRNA was found in
the bone marrow of some symptomatic
dogs [31], and significantly higher IL-4
expression was recently detected locally
in skin lesions from L. infantum-infected
dogs [7]. Interferon-γ expression of anti-
gen stimulated PBMC, in skin lesions and
in the bone marrow of infected dogs was
shown to be elevated [7, 10, 31, 41].

The critical role of chemokines and their
receptors in the development of immu-
nity against a wide variety of pathogens
has become a focus of interest in recent
years [9, 42]. Chemokines are often dif-
ferentially induced in response to various
stimuli or pathogens as a reflection of
their varied ability to activate T cells and
macrophages, influence T cell differentia-
tion and recruit appropriate effector cells to
the site of inflammation. The involvement
of chemokines in leishmaniasis was in-
vestigated primarily using murine models
of leishmaniasis [13, 35, 44]. A few stud-
ies have examined chemokine responses
locally in the skin or peripheral blood
mononuclear cells of people with leishma-
niasis [20, 34]. However, no information is
available on the pattern of chemokine ex-
pression in visceral organs during HVL or
during CVL.

The aim of this study was to charac-
terize the components of the spleen im-
mune response in dogs, a natural host
of visceral leishmaniasis, during disease
development and treatment, and to eval-
uate the association between immune
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responses and parasitic load. The expres-
sion levels of various cytokines and tran-
scription factors associated with type-1
(IFN-γ, TNF-α, IL-12, IL-18 and T-bet),
and with type-2 immune responses (IL-4,
IL-5 and GATA-3), and with an inhibi-
tion of the immune response associated
with Treg cells (IL-10, TGF-β) were eval-
uated using a quantitative real-time PCR.
In addition, several chemokines (IP-10,
RANTES, MIP-1α, MCP-1) that have
been associated with the secretion of dis-
tinct type-1 and type-2 cytokines [1, 22],
macrophage activation [8, 15], and with
the recruitment of specific T cell popula-
tions [16, 33] were analyzed. Using an ex-
perimental model of CVL we followed the
kinetics of spleen cytokine, transcription
factor and chemokine expression levels
during 7 months of an oligosymptomatic
infection and then for 14 more months after
treatment. These levels were compared to
expression levels in dogs with polysymp-
tomatic natural CVL, and correlated to
parasite load in the spleen.

2. MATERIALS AND METHODS

2.1. Animals

The first group of dogs consisted of
six male beagles (6 months old, Wt
(mean ± SE) 12.58 ± 0.36 kg) that
were studied following an experimen-
tal infection [40, 41]. In brief, the dogs
were infected intravenously with 8.6 × 108

L. infantum amastigotes. Two laboratory-
bred L. infantum free male beagle dogs
(6 months old, 12.25 ± 0.17 kg) served
as uninfected controls (second group).
Experimentally-infected (EI) dogs and
their controls were monitored for 7 months
post-infection. EI dogs were then treated
for three months with oral allopurinol
(20 mg/Kg B.W./day), and their response
to therapy was followed for 14 additional
months (24 months altogether). The ab-
sence of L. infantum parasites was verified

in EI and control dogs prior to initiation
of this study by evaluating cultures and
PCR of spleen and lymph node aspirates,
and by conjunctival PCR [40]. The dogs
were negative for L. infantum on all tests.
The third group consisted of 10 naturally-
infected (NI) mixed breed dogs (Age
(mean): 5.35 years, 5 males and 5 females);
6 were evaluated for chemokine expression
and 10 for cytokine and transcription factor
expression. The NI dogs were seropositive
for anti-Leishmania IgG when evaluated
by ELISA (mean OD = 1.488).

All L. infantum EI dogs were clas-
sified as oligosymptomatic according to
the semi-quantitative scoring method sug-
gested by Quinnell et al. [31]. These dogs
(n = 6) demonstrated relatively mild skin
involvement manifested as hair loss and
fine exfoliation of the ear tips (pineal
alopecia) (5/6). Other clinical signs typi-
cal of CVL included enlargement of the
lymph nodes and/or spleen (6/6), and con-
junctivitis (1/6). All clinical signs resolved
in response to treatment. Uninfected con-
trol dogs did not exhibit any clinical signs
typical of CVL. The albumin to globu-
lin ratio in the blood of EI dogs, de-
creased below normal values by 5 and
7 months post-infection (median A/G ra-
tio = 0.59 and 0.45, respectively; Suppl.
Fig. 1A1). These values were also lower
than the control dogs at 3, 5, and 7 months
post-infection, as well as immediately af-
ter treatment (p < 0.05). Similar de-
creases were measured for white blood
cells (WBC) counts (p < 0.05; 3, 5, and
7 months post-infection), hematocrit and
platelet counts (p < 0.05; 3 and 7 months
post-infection) (Suppl. Fig. 1B−D1, re-
spectively). Biochemical parameters used
to evaluate kidney function (urea and cre-
atinine) were all within the normal range
except for one dog that showed ele-
vated serum urea and creatinine beginning

1 Supplementary data are available online only
at www.vetres.org.
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2 months after the treatment was stopped.
Renal disease is a common finding in CVL
and usually results from immune-mediated
glomerulonephritis. After the treatment pe-
riod the dog did not show any external
clinical signs that were compatible with
leishmaniasis. However, it was humanely
euthanized 3 months before the end of
the study because of chronic kidney dis-
ease. All (n = 10) L. infantum naturally-
infected dogs exhibited multiple typical
clinical signs of leishmaniasis (lymphade-
nomegaly (10/10), splenomegaly (9/10),
alopecia (8/10), dermatitis (8/10), ocular
lesions (4/10), onychogryposis (2/10) and
bleeding tendencies (1/10)). According to
the same semi-quantitative score, all the NI
dogs were classified as polysymptomatic.
The albumin to globulin ratio in the blood
of these NI dogs was below the normal
(median A/G ratio = 0.35, Suppl. Tab. I1),
as were their hematocrit and platelet val-
ues (Suppl. Tab. I1). While 2 of the NI
dogs had elevated kidney parameters, the
median urea and creatinine values for
this group were within the normal range
(Suppl. Tab. I1).

After clinical evaluation, dogs were
anesthetized with 0.075 mg/kg B.W
of acepromazine s.c. followed by i.v.
administration of ketamine hydrochlo-
ride (10 mg/kg B.W) and diazepam
(1 mg/kg B.W). Fine needle aspirates
were taken from the spleen of EI and
control dogs during the infection and from
EI dogs after the treatment was stopped
(Suppl. Fig. 21). Spleen aspirates were
similarly obtained from the NI dogs at the
time of diagnosis. Aspirates were snapped
frozen in liquid nitrogen, when intended
for later RNA extraction, or kept on ice
when intended for later DNA extractions,
and were then stored at −70 ◦C. Serum
was obtained from the EI dogs for longi-
tudinal measurement of anti-Leishmania
total IgG and IgG subclasses (Suppl.
Fig. 21). This study was approved by the
Animal Ethics Committee of the Hebrew

University of Jerusalem (MD-64.18-06;
DHHS animal welfare assurance number
OPRR-A01-5011).

2.2. Leishmania infantum real-time
PCR

Quantification of the Leishmania par-
asite load in the spleen was carried out
using a Leishmania qPCR previously de-
scribed by Wortmann et al. [43], that
was adapted for use with a canine sys-
tem in this study. The target for the
canine qPCR was the dog single copy
gene: prostaglandin E2 receptor subtype
EP2 (PGE2R) gene (GenBank accession
number AF075602). The primers (365F;
5‘ TGCACCTACTTCGCCTTCG 3‘ and
445R; 5‘ CTAGCGCTCCAGGGCCAT 3‘)
were designed (“Primer Express” soft-
ware, Applied Biosystems, Foster City,
CA, USA) to amplify an 80 bp fragment,
and used with a flurogenic probe (5‘ FAM -
ATGACCTTCTTCAGCCTGGCCACG 3‘
TAMRA). Amplifications were performed
in duplicate using the Geneamp 5700 sys-
tem (Applied Biosystems) in a 25 μL reac-
tion mix containing 2.5 μL DNA, 900 nM
of each primer, 200 nM fluorogenic probe,
5.5 mM MgCl2, 200 μM of each dNTP,
0.025 U/μL Hot Goldstar Taq polymerase
and 10× buffer (qPCR Core Kit - Eurogen-
tec, Seraing, Belgium). The sensitivity of
the Leishmania TaqMan system was evalu-
ated using DNA extracted from 10-fold di-
lutions of L. infantum stationary phase pro-
mastigotes (MCAN/IL/2001/LRC-L1020)
in a fixed number of WBC obtained from
a healthy Leishmania negative dog. Using
these standards, this assay was able to de-
tect down to 0.25 parasites per sample. The
sensitivity of the canine PCR system was
evaluated using ten fold dilutions of DNA
extracted from WBC of a healthy Leish-
mania negative dog. This system which
amplified the PGE2R single copy gene was
able to detect as little as 25 WBC per
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sample. No parasites were detected with
DNA obtained from healthy CVL nega-
tive canine WBC. Similarly, parasite DNA
was not amplified using the canine sys-
tem. Both TaqMan systems, as well as the
appropriate non-template controls, reagent
controls and standards were always run on
the same plate using DNA obtained from
canine splenic aspirates. The number of
parasites and canine cells was obtained for
each sample, based on the standard curves.
The number of canine cells was then ad-
justed to a fixed number of canine cells
(106), and the number of parasites in the
same samples was multiplied by the same
factor, allowing comparison between the
samples. The number obtained represented
the number of parasites per 106 canine cells
and was designated as the PL (parasite
load).

2.3. Cytokine, transcription factor
and chemokine quantitative
PCR assays

Total RNA was extracted from spleen
aspirates using the RNAeasy mini kit (Qi-
agen GmbH, Hilden, Germany). RNA ex-
traction, as well as further RT-PCR and
real-time PCR, were done in batches con-
taining samples from one dog at various
time points (when aspirates were taken
from EI and control dogs). Extracted RNA
was then treated with RQ1 RNAse free
DNAse (Promega, Madison, WI, USA)
according to the manufacturer’s protocol.
Aliquots of DNAse treated RNA were kept
at −70 ◦C until subjected to RT-PCR us-
ing the RT-iT kit (Abgene, Epsom, UK).
Briefly, each RNA sample (200 ng) was
added to 1 μL of Oligo dT and adjusted
to 12 μL using RNAse free ddH20. Af-
ter 5 min of heating to 70 ◦C, RNA was
cooled and an 8 μL mixture consisting of
5 × 1st strand buffer (4 μL), 5 mM dNTP
mix (2 μL), 0.1 mM DTT (1 μL), and RT-
iT mix (1 μL), was added to each sample.

Samples were further heated to 47 ◦C for
40 min, followed by heating to 75 ◦C for
10 min, and cooling to 4 ◦C. cDNA sam-
ples were then kept at −20 ◦C until use. To
control for residual genomic DNA contam-
ination, a non-RT sample was obtained at
one sampling point for each dog by adding
to the RNA the oligo-dT, ddH20, 5 × 1st
strand buffer, and DTT only.

Quantification of canine cytokine, tran-
scription factor and chemokine transcripts
was carried out by real-time PCR, us-
ing the Geneamp 5700 system (Applied
Biosystems) with the DNA binding dye
SYBR Green I (qPCR Core Kit for SYBR
Green I, Eurogentec, Seraing, Belgium).
The canine β-actin gene was used as a
reference. Reverse and forward primer se-
quences were established using the Primer
Express software (Applied Biosystems)
(Suppl. Tab. II1) based on published ca-
nine sequences (IFN-γ, TNF-α, IL-4, IL-5,
IL-10, TGF-β, IP-10, RANTES, MIP-1α,
MCP-1 and β-actin), or deduced from ar-
eas of high homology in other species
when known canine sequences were not
available (T-bet and GATA-3). Primers for
IL-18 and IL-12p40 were previously pub-
lished by Peters et al. [30]. Cultured DH82
cells (malignant canine histiocyte cell line,
kindly obtained from Dr Shimon Harrus)
were used as a source of cDNA for
qPCR optimization (either stimulated with
LPS (Sigma Aldrich, Rehovot, Israel):
β-actin, IL-18, TGF-β, TNF-α, IL-10,
RANTES, or not stimulated with LPS:
MIP-1α and MCP-1). cDNA obtained
from Concanavalin A (Sigma Aldrich)
stimulated peripheral blood mononuclear
cells from a healthy dog was used for
the optimization of IFN-γ, IL-4, IL-5, IL-
12p40, T-bet, GATA-3 and IP-10 qPCR,
together with non-RT and non-template
controls. Final primer and MgCl2 con-
centrations are detailed in Suppl. Ta-
ble II1. PCR products were sequenced
to verify their homology to the relevant
mRNA sequences. The sequence of T-bet
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amplification product had 100% homol-
ogy to a predicted canine T-bet mRNA
sequence (GenBank XM 548164) and to
a sequence on chromosome 9 of the
dog (13748146-13748246; GenBank NW
139866.1). The sequence for the GATA-3
amplification product had 100% homol-
ogy to a sequence on chromosome 2 of
the dog (21493-20598; GenBank AAEX
01006157.1).

Due to a lack of RNA template with suf-
ficient gene copies the reaction efficiencies
were analyzed by running 10-fold dilutions
of cleaned PCR product as was previously
published by Peters et al. [29]. Since these
were in the range of 95−105% it enabled
the use of a relative quantitation method
expressed as the 2ΔCt, also previously de-
scribed by Peters et al. [30].

2.4. Total IgG and IgG subclass ELISA

The presence of anti-Leishmania total
IgG was measured in EI and NI dog sera
using an ELISA, as previously described.
The cut-off value was set at 0.6OD [2].
IgG subclasses were measured in sera ob-
tained from the L. infantum – EI dogs
before infection, at 2, 4, 6 and 8 weeks,
3, 5 and 7 months post-infection, and
at 7 months after treatment was stopped
(Suppl. Fig. 21). IgG subclass ELISA were
performed using a panel of mAbs [25]
(kindly provided by M.J. Day), and the
protocol previously described by Quinnell
et al. [32] with minor changes. Crude anti-
gen (30 μg/mL) prepared from L. infan-
tum promastigotes (MCAN/IL/1994/LRC-
L369) was used for coating the plates.
Serum obtained from each dog was tested
using all IgG subclass mAbs on one ELISA
plate. Known positive and negative con-
trols were run for each subclass on every
plate, thus enabling standardization be-
tween the different runs.

2.5. Statistical analysis

Differences between infected and un-
infected dogs were evaluated using the
Wilcoxon rank sum test, while differences
between EI dogs at different time points
were analyzed using the Wilcoxon signed
rank test. Correlations were done using the
Spearman rank correlation test. Analysis
was done using the Statistix software (An-
alytical Software, Tallahassee, FL, USA).

3. RESULTS

3.1. Spleen parasite load

All EI dogs had detectable Leishmania
DNA in their spleens as early as one month
after the experimental infection (Tab. I).
Parasite load decreased and remained rel-
atively constant at 3 and 5 months post-
infection (Tab. I), but dropped even further
at 7 months when compared to 1 month
post-infection. Immediately after treatment
parasite load decreased dramatically and
remained very low until the end of the
study 14 months later (Tab. I). Evidence of
parasite DNA was observed in a random
fashion for 3 or 4 of the treated dogs at
each sampling point. L. infantum NI dogs
had a higher parasite load when compared
to EI dogs at 3 and 7 months post-infection
(Tab. I).

3.2. Cytokine, transcription factor and
chemokine expression levels in the
spleen during the experimental
infection

Among the type-1 cytokines that were
evaluated in this study, the expression lev-
els of IFN-γ increased most prominently
in the spleen following infection (Fig. 1).
More specifically, IFN-γ expression was
elevated in infected dogs compared to their
pre-infection values, at 3 and 5 months
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Figure 1. Cytokine and transcription factor gene expression during the course of experimental L.
infantum infection in dogs. Spleen mRNA expression of IFN-γ, IL-12, IL-18, T-bet, IL-4 and IL-5,
analyzed using SYBR green qPCR in EI dogs (n = 6). Box plots show the medians (horizontal
lines across the box), interquartile ranges (vertical ends of the box), and whiskers (lines extending
from the box to the highest and lowest values). Values that are different from pre-infection values
(p < 0.05 �, p < 0.063 •) are indicated, as well as those different from uninfected control dogs
(n = 2; p < 0.05 Δ).

Table I. Parasite load in the spleen of Leishmania infantum experimentally and naturally-infected
dogs.

Experimental Post Natural

infection treatmenta infection

Time (months) 0 1 3 5 7 0 7 14

Median parasite 0b 592.14 244.43 375.11 200.88c 0.015d 0.1d 0.07d 1714.16e

load (PL)

25th–75th (0-0) (205-1072) (136-1010.2) (265-1019) (26-493) (0-1.37) (0-11.35) (0-6.9) (434.4-5602)

percentiles

a Parasite load following treatment of experimentally-infected dogs.
b Values are median number of parasites standardized to 106 canine cells.
c Different from the PL value of 1 month post-infection (p < 0.05).
d Different from the PL value at 7 months post-infection (p < 0.05).
e Different from the experimentally-infected dogs PL values of 3 and 7 months post-infection (p < 0.05).
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Figure 2. Chemokine gene expression during the course of experimental L. infantum infection in
dogs. Spleen mRNA expression of IP-10, RANTES, MIP-1α and MCP-1, analyzed using SYBR
green qPCR in EI dogs (n = 6). Box plots show the medians (horizontal lines across the box),
interquartile ranges (vertical ends of the box), and whiskers (lines extending from the box to the
highest and lowest values). Values that are different from pre-infection values (p < 0.05 �, p <
0.063 •) are indicated, as well as those different from uninfected control dogs (n = 2; p < 0.05 Δ).

post-infection (median fold increase from
pre-infection value (MFI) = 64 and 35
respectively, p < 0.05). At 7 months
post-infection IFN-γ expression still re-
mained high (MFI = 69; p < 0.063).
Differences in the expression of IFN-γ
were also noted between infected and un-
infected dogs at 3 and 5 months post-
infection (p < 0.05). Interleukin-12 ex-
pression did not change markedly during
the infection period (Fig. 1), but was higher
in infected compared to uninfected dogs
at 7 months post-infection (p < 0.05).
IL-18 (Fig. 1) and TNF-α (data not shown)
expression levels remained relatively con-
stant throughout the infection period. The
expression level of T-bet, a type-1 as-
sociated transcription factor was elevated
in infected dogs 3 months post-infection
(MFI = 1.7, p < 0.05, Fig. 1).

Cytokines associated with type-2
immune response were also examined.
IL-4 expression levels were increased

at 1 month post-infection (MFI = 9.1,
p < 0.05, Fig. 1) and remained elevated
at 3 months (MFI = 6.9, p < 0.05). At
7 months post-infection IL-4 expression
(MFI = 4) had decreased, but was still
somewhat elevated compared to the pre-
infection value (p < 0.063). Differences
in IL-4 expression compared to uninfected
dogs were also noted after 1 month of
infection (p < 0.05). Interleukin-5 ex-
pression at 5 and 7 months post-infection
was higher than pre-infection values
(MFI values of 5.6 and 6.3, respectively,
p < 0.063, Fig. 1). The expression of
GATA-3, a type-2 associated transcription
factor remained similar throughout the
infection (data not shown). Interestingly,
the expression of IL-10 and TGF-β did not
change during the experimental infection
(data not shown).

The expression levels of all chemokines
tested in EI dogs increased during the in-
fection period (Fig. 2). More specifically,
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Figure 3. Chemokine gene expression following treatment of experimental L. infantum infection.
Spleen mRNA expression of IP-10, RANTES, MIP-1α and MCP-1, was analyzed following treat-
ment of experimental CVL. Box plots show the medians, interquartile ranges, and whiskers as
described in the previous figures. Gray box plots indicate values at 7 months post-infection while
white box plots show the expression levels at various time points after 3 months of oral allopurinol
treatment (post-Tx). Values that are different from pre-treatment values (p < 0.063 •) are indicated.

IP-10 expression was elevated in in-
fected dogs compared to their pre-infection
values at 3, 5 and 7 months post-infection
(MFI = 17.13, 9.34 and 22.7, respectively,
p < 0.05, p < 0.063 and p < 0.05, respec-
tively; Fig. 2). RANTES expression fol-
lowed a similar pattern (Fig. 2), increasing
the above pre-infection values at 1 month
post-infection (MFI = 1.45, p < 0.05), and
remaining elevated at 3, 5 (MFI = 18.51
and 13.26, respectively, p < 0.063) and
7 months post-infection (MFI = 20.19;
p < 0.05). Differences in the expression of
IP-10 and RANTES were noted between
infected and uninfected dogs at 3 months
post-infection (p < 0.05). MIP-1α and
MCP-1 expression values in the spleen
of EI dogs were elevated (MFI = 1.8
and 4.88 for MIP-1α at 1 and 7 months
post-infection, and MFI = 6.82 for MCP-1
at 7 months post-infection), compared to
pre-infection values (p < 0.063; Fig. 2).
No differences in the expression levels
of MIP-1α and MCP-1 were detected be-
tween infected and uninfected dogs.

3.3. Cytokine, transcription factor and
chemokine expression levels in the
spleen following treatment

The expression level of IFN-γ dropped
noticeably immediately after treatment and
was > 13-fold lower than the level at
7 months post-infection (Tab. II). However,
the expression levels of the other cytokines
and transcription factors in the spleen of
the EI dogs were not different when com-
pared to pre-treatment values (Tab. II).

At the end of treatment (Fig. 3,
t = 0 post-Tx) the expression of IP-10,
RANTES and MCP-1 in the spleen of
the EI dogs (MFI = 0.73, 2.82, and 0.63,
respectively, Fig. 3) was lower than in
samples taken just prior to treatment
(MFI = 22.7, 20.19, and 6.82, respectively,
p < 0.063). Interestingly, at 14 months
post-treatment MIP-1α and MCP-1 ex-
pression levels were similar to their pre-
treatment values (MFI = 3.25 and 6.92,
respectively), while those of IP-10 and
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RANTES remained lower (MFI = 3.19
and 4.42, respectively).

3.4. Cytokine and transcription factor
expression levels in the spleen of L.
infantum naturally-infected dogs

Cytokine and transcription factor ex-
pression levels in the spleen of NI dogs
(Tab. III) were similar when compared to
values observed for EI dogs at 7 months
post-infection (Tab. II, p > 0.1 for all
comparisons). When compared to healthy
control dogs (beagle dogs before exper-
imental infection; n = 8) the expression
levels of IFN-γ and T-bet in the spleens of
NI dogs were elevated (p < 0.0001 and
p < 0.05, respectively, Tab. III). Expres-
sion levels of IL-12, IL-18, IL-4 and IL-5
in NI dogs were not higher (Tab. III), and
no differences were observed in the expres-
sion of TNF-α, IL-10 and TGF-β similar to
findings with EI dogs (Tabs. II, III).

Chemokine expression levels in the
spleens of NI dogs were higher when com-
pared to the control dogs (p < 0.001 for
IP-10 and RANTES; p < 0.05 for MIP-
1α and MCP-1, Fig. 4). Differences were
not observed when these levels in NI dogs
were compared to EI dogs at 7 months
post-infection (p > 0.4 for all compar-
isons).

3.5. Association between the splenic
parasite load and cytokine,
transcription factor and chemokine
expression levels

Meaningful statistical correlation be-
tween the parasite load in the EI dogs and
any of the immunological parameters ex-
amined was not observed throughout the
post-infection and post-treatment periods.
Low rho values were noted for some of
the cytokines and chemokines (IL-4, IP-10,
TGF-β and GATA-3; r = 0.3, 0.38, −0.37

and −0.35 respectively, p < 0.05). Inter-
estingly, the fluctuations in the IFN-γ MFI
levels during the experimental infection
were inversely associated with changes ob-
served in the median parasite load. Lower
IFN-γMFI was associated with higher par-
asite load and vice versa. Upon treatment
of EI dogs, the expression of IFN-γ, IP-10,
RANTES and MCP-1 decreased consider-
ably, similarly to the splenic parasite load.
Statistical correlation between the para-
site load and the expression levels of any
of the cytokines, transcription factors and
chemokines tested in the NI dogs was not
found.

3.6. IgG subclass levels during
experimental infection

A general increase in the amount of
IgG and IgG subclass antibodies was ob-
served following experimental infection
(Fig. 5). The kinetics of IgG1 and IgG4
increase was similar to that seen for total
IgG, plateauing at about 2−3 months and
then stabilizing or increasing slowly until
7 months post-infection. On the contrary,
IgG2 and IgG3 levels peaked at 3 months
and then decreased over the infection pe-
riod. Seven months after treatment (Fig. 5),
IgG1, IgG2 and IgG3 were essentially the
same as the pre-treatment values, while
the amounts of total IgG and IgG4 were
markedly reduced (p < 0.05).

Total IgG, IgG1, IgG2 and IgG4 were
positively correlated to IFN-γ expression
levels during the experimental infection
(r = 0.57, 0.63, 0.62, 0.68 respectively,
p < 0.05). IgG3 was correlated to a lesser
degree with IFN-γ (r = 0.48, p < 0.05).
IgG3 and IgG4 also showed poor correla-
tion with IL-18 (r = 0.42, p < 0.05), and
IL-12 (r = 0.34, p < 0.05) expression, re-
spectively. Associations were not detected
between total IgG and IgG subclasses and
the expression levels of other cytokines and
transcription factors.
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Figure 4. Chemokine gene expression in natural L. infantum infection of dogs. Spleen mRNA
expression of IP-10, RANTES, MIP-1α and MCP-1 in NI dogs (n = 6) and control uninfected dogs
(n = 8). Box plots show the medians, interquartile ranges, and whiskers as described in the previous
figures. Gray box plots indicate NI dogs while white box plots indicate control dogs. Values that are
different from uninfected control dogs (p < 0.0001 ��) and (p < 0.05 �) are indicated.

4. DISCUSSION

It is now widely accepted that protec-
tive immunity against Leishmania para-
sites is mediated by type-1 immune re-
sponses [26]. This study established that a
type-1 immune response is present in the
spleen of L. infantum-infected dogs. This
was indicated by the higher IFN-γ, T-bet,
IP-10, and RANTES mRNA levels found
in infected dogs during both oligosymp-
tomatic and polysymptomatic stages of
the disease. Type-2 immune response was
manifested as an increase in the expression
of IL-4 and IL-5 during oligosymptomatic
disease. Our data suggest that during L.
infantum infection a mixed type-1 and
type-2 immune response can be found in
the spleen of infected dogs. This immune
response failed to control the parasites lo-
cally.

The two groups of L. infantum-infected
dogs included in this study were differ-
ent in their mode of infection (experimen-
tal versus natural), and in the severity of
their clinical signs (oligosymptomatic ver-

sus polysymptomatic, respectively). How-
ever, when the clinical scores for these
groups are appraised together with their
comparable laboratory results (low albu-
min to globulin ratio, low hematocrit and
low platelet counts), it appears justified to
consider them as representatives of dif-
ferent stages in disease development for
the purpose of analyzing the immune re-
sponse.

Fluctuations in the parasite loads dur-
ing the experimental infection could be
inversely associated with IFN-γ and IP-
10 MFI. Although the expression level of
IFN-γ mRNA in polysymptomatic dogs
was higher than uninfected controls, it was
still lower than that found in EI oligosymp-
tomatic dogs. This relatively lower IFN-γ
expression may explain the higher para-
site load observed in the spleen of these
polysymptomatic dogs. Nevertheless, par-
asite loads were substantial, even in the
presence of high IFN-γ expression, impli-
cating that in the spleen of L. infantum-
infected dogs high levels of IFN-γ do not
result in the complete elimination of the
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Figure 5. Parasite specific total IgG and IgG subclass values during experimental L. infantum
infection and following treatment. Serum titers of Leishmania-specific total IgG (dotted line in
each plot) and IgG subclass (IgG1, IgG2, IgG3, IgG4; solid lines) antibodies were evaluated and
compared in EI dogs (n = 6). Solid triangles (IgG subclasses) and transparent circles (total IgG)
represent the median ELISA OD values for all dogs tested. Error bars represent the 25−75th per-
centiles. The treatment period is indicated by a gap in the plot area. Anti-Leishmania total IgG �

and anti-Leishmania IgG4 �� were lower 7 months after the treatment was stopped compared to the
pre-treatment value (p < 0.05).

parasites. One possible explanation is that
new parasites are constantly being seeded
into the spleen from other highly infected
tissues, where IFN-γ is not elevated.

High splenic IFN-γ was also de-
tected in people infected with L. dono-
vani [19, 21, 23]. In contrast to HVL, IL-10
mRNA expression was not elevated in the
spleen of L. infantum-infected dogs in this
study, as was the amount of IL-10 pro-
tein in a different study [12]. Interleukin-4,
a type-2 immune response cytokine, does
not have a clear role in HVL [19, 21].
Nevertheless, it was significantly ele-
vated relatively early post-infection in the
oligosymptomatic EI dogs studied here. In-
terestingly, even though IL-4 expression
was not previously found to be signifi-
cantly elevated in the bone marrow of L. in-
fantum-infected dogs, higher expression
was associated with the presence of more
severe clinical signs [31]. Moreover, IL-4
expression in skin biopsies obtained from

infected dogs was found to be significantly
higher than in similar samples taken from
uninfected dogs and was correlated with
increased parasite load in skin lesions [7].
We hypothesize that the suppressive effect
of IL-4 on macrophage activation [4] dur-
ing the early stages of the infection could
have facilitated parasite survival and repli-
cation, and the inability of a host type-1
immune response to eliminate the para-
sites.

The most noticeable immunological
change in the dogs’ response to treatment
were the decreases in the expression levels
of IFN-γ (13.2 fold lower), IP-10 (31.2 fold
lower), RANTES (7.2 fold lower) and
MCP-1 (10.8 fold lower) when compared
to pre-treatment values. Similarly, para-
site load in the spleens of the oligosymp-
tomatic dogs was high during the infection
but decreased after treatment (t = 0, 1.3 ×
104 fold lower, p < 0.05). As demonstrated
by the minimal number of parasites and
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lack of clinical signs during the 14 months
follow-up, clinical response of the EI dogs
to this treatment regimen in the oligosymp-
tomatic stage of the disease was good. We
assume that the decrease we observed in
chemokine and IFN-γ mRNA levels re-
flects the reduced recruitment of immune
cells into the spleen following treatment,
due to the minimal amount of parasites re-
maining in the tissue. This assumption can
also be corroborated by the fact that the
spleen was not enlarged after treatment.

To our knowledge, this is the first study
to examine chemokine expression in the
spleen of a natural host with visceral leish-
maniasis. Experimental and natural infec-
tion of dogs with L. infantum caused an
up-regulation of the chemokines tested in
the spleen, although in the oligosypm-
tomatic dogs, only IP-10 and RANTES
were markedly elevated. The elevated lev-
els of the tested chemokines in this study
are suggestive of an accumulation of infil-
trating monocytes attracted by MIP1-α and
MCP-1, as well as of CD4+Th1 and CD8+
cells which could have been recruited by
IP-10 and induced further IP-10 expression
through IFN-γ secretion. This is true also
for later stages of the disease (7 months
post-experimental infection and in natural
infection). Not surprisingly, the expression
level of IP-10 was relatively lower in NI
when compared to EI dogs, while those
of RANTES, MIP-1α and MCP-1 were
higher in the NI dogs. The higher IP-10
expression in EI dogs is consistent with
the higher IFN-γ expression observed in
these dogs and with IP-10 being induced
by IFN-γ.

It has been previously described in mice
that the production of IgG1 is associated
with the Th2 type response and that of
IgG2a is associated with the Th1 type re-
sponse [39]. Earlier studies to determine
if specific IgG subclass levels in L. infan-
tum-infected dogs are associated with the
clinical outcome and hence with resistance
or susceptibility to the disease, produced

conflicting results [6, 14, 24, 38]. However,
these studies used commercial polyclonal
anti-sera to canine IgG1 and IgG2, while
we used the same monoclonal antibody
panel (IgG1, IgG2, IgG3 and IgG4) previ-
ously employed by Quinnell et al. [31,32].
We found a general up-regulation of the to-
tal IgG, as well as of all IgG subclasses
during experimental infection similarly to
what was previously found for L. infan-
tum NI dogs using this antibody panel, and
also for HVL patients [11, 32]. This find-
ing, together with the inability to associate
specific cytokine patterns with specific IgG
subclasses during the course of the exper-
imental infection and following the treat-
ment, further implies that specific canine
IgG subclasses cannot be directly asso-
ciated with resistance or susceptibility to
CVL, as was previously suggested [14,32].

This study established that a type-1 im-
mune response was the dominant response
in the spleen during visceral leishmania-
sis in the dog. Moreover, the expression
of various chemokines with roles in T cell
activation, differentiation, recruitment and
other effector mechanisms was found to
be elevated in the spleen of L. infantum-
infected dogs. Elevated IL-4 mRNA was
noted early during infection and is thought
to have a role in the persistence of para-
sites in the spleen in the presence of high
IFN-γ, IP-10, and RANTES expression.
Future studies are needed in order to clar-
ify the association between the trafficking
of various cell populations, cytokine and
chemokine gradients, and the presence of
parasites in the spleen, as well as the asso-
ciation with the immune responses and par-
asite loads in other visceral and peripheral
organs. The differences that we observed
between the splenic immune response in
dogs and previous studies in humans fur-
ther suggest that the nature of the immune
response to infection with Leishmania
parasites is not solely dependent on the
specific Leishmania sp. involved, but has
a considerable host-dependent component.
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