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of IL-17a in stimulated blood from dogs
in different clinical stages of leishmaniosis
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Abstract

Background Leishmania infantum infection progression in dogs depends on the interaction between the parasite
and the host’s immune response. The adaptive immune response, primarily mediated by T-helper 1 lymphocytes,
promotes an effective reaction by increasing cytokines such as interferon-gamma (IFN-y). In addition, interleukin-17a
(IL-17a) plays a role in controlling parasite growth through inducible nitric oxide synthase activation. However, limited
data exist on IL-17a production in dogs at different disease stages. This study aimed to evaluate L. infantum-specific IL-
17a production in blood samples from dogs with varying clinical stages of leishmaniosis and to assess its correlation
with disease severity, humoral response, and IFN-y concentrations.

Methods In total, 65 dogs were included; 10 healthy seronegative and 55 sick dogs, classified into three groups
according to the LeishVet clinical stages, were studied. IFN-y and IL-17a concentrations were measured using a sand-
wich enzyme-linked immunosorbent assay (ELISA) after performing a L. infantum-specific cytokine release whole-
blood assay following stimulation with soluble L. infantum antigen.

Results No significant differences in IL.-17a concentration were observed between healthy and all sick dogs
(P=0.77). Dogs in stage | presented higher IL-17a concentrations than dogs in stages Il and Ill. However, the differ-
ence was only statistically significant when compared with stage Ill (P=0.044). Regarding IFN-y, all sick dogs demon-
strated higher concentrations than healthy dogs (P=0.003). Stage | dogs also exhibited higher IFN-y concentrations
compared with healthy dogs (P=0.0002) and with dogs in stage Il (P=0.016) and Ill (°P=0.016). Stage Il dogs showed
higher IFN-y concentrations than healthy dogs (P=0.03).

All dogs studied presented a positive correlation between IFN-y and IL-17a concentrations (Spearman'’s r: 0.54,
P<0.0001). Regarding all the sick dogs, a negative correlation was found between IFN-y concentration and antibody
levels (Spearman’s r: —0.41, P=0.002), and between IL-17a concentration and antibody levels (Spearman’s r. —=0.27,
P=0.044). There was a positive correlation between IFN-y and IL-17a concentration (Spearman’s r: 0.61, P<0.0001).

Conclusions This study demonstrates that IL-17a production is increased in mild disease when compared with more
advanced clinical stages, acting as a possible “resistance” marker. However, IL-17a seems to be less reliable as a marker
when compared with IFN-y.
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Background
Zggr;‘i’;:gfjé;‘féo Canine leishmaniosis (CanL) is a zoonotic vector-borne
laia.solano@uab.cat disease caused by the intracellular protozoan Leishma-
' Departament de Medicina i Cirurgia Animals, Facultat de Veterinaria, nia infantum [1]. It is considered a disease of worldwide
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distribution, but it shows higher prevalence in tropical,
subtropical, and Mediterranean countries where it is cur-
rently endemic [2].

The infection is caused by the parasite that is transmit-
ted by the bite of female sand flies from the genus Phle-
botomus and Lutzomyia [3]. Although wild animals can
be affected by the infection and have been described as
potential reservoir [4], dogs are considered the main res-
ervoir host, showing seroprevalence between 3% and 30%
in endemic areas [5].

Leishmania infantum infection has shown a wide spec-
trum of clinical disease and severity, from mild cutane-
ous lesions to life-threatening systemic disease [3, 6].
Canine leishmaniosis is classified into four clinical stages
proposed by LeishVet: mild (stage I), moderate (stage II),
severe (stage III), or very severe (stage IV) disease on the
basis of clinical signs, clinicopathological abnormalities,
and measurement of antileishmanial antibodies [3].

The progression of Leishmania infection and disease is
influenced by the interactions between the parasite and
the host’s innate and adaptive immune responses [1, 7,
8]. An adaptive response driven by T-helper 1 lympho-
cytes (Thl) triggers an effective immune reaction that
helps manage the infection by promoting the production
of proinflammatory cytokines such as interferon-gamma
(IEN-vy), interleukin-2 (IL-2), and tumor necrosis factor-
alpha (TNF-a). These cytokines activate macrophages,
leading to the production of nitric oxide (NO) and reac-
tive oxygen species (ROS), which work together to elimi-
nate the parasite [9]. The proinflammatory Thl immune
response must be balanced with a regulatory immune
response mediated by T regulatory 1 lymphocytes, whose
main function is to prevent harmful overactivation of
the immune system [10]. Therefore, a strong cell-medi-
ated immune response, involving dendritic cell-primed
CD4* (Thl type) and CD8* T lymphocytes that produce
IEN-y, IL-2, and/or TNF-«, along with the proper acti-
vation of T regulatory 1 lymphocytes, is crucial for pre-
venting the spread of the parasite and limiting host tissue
damage [11]. In contrast, a T-helper 2 lymphocyte (Th2)
response favors a predominantly humoral response and
downregulation of cellular immune response, which is
not protective and is linked to the progression of the dis-
ease [8—12].

The host’s innate and adaptive immune responses to the
parasite infection determine the clinical signs and overall
outcome of the infection [1, 8]. Consequently, dogs with
a strong cellular immune response tend to show resist-
ance to the disease or develop subclinical forms, whereas
those with a predominantly humoral response are more
likely to experience clinical illness [10, 13]. Besides the
cellular differentiation into Thl or Th2, there is another
CD4* T cell subset known as T-helper 17 (Th17) whose
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function is the production of interleukin-17, among oth-
ers. Interleukin-17 is a family formed by six cytokines
from A to F [14]. Interleukin-17a (IL-17a), produced by
various cells, including Th17, natural killer cells, and mac-
rophages [15], contributes to inhibiting parasite growth
by activating inducible nitric oxide synthase (iNOS) [16].
In addition, the stimulation of granulocyte—macrophage
colony-stimulating factor, interleukin 1, interleukin 6,
interleukin 8, TNF-a, and various chemokines amplifies
the inflammatory response, among other mechanisms
[16, 17]. As a result, IL-17a is linked to resistance against
L. infantum infection or disease in both humans [16] and
dogs [18], working in synergy with IFN-y. Moreover, this
cytokine facilitates the recruitment of neutrophils and
other lymphocytes bridging the gap between innate and
adaptive immunity. Therefore, it plays a crucial role in the
host’s immune defenses against pathogens [15].

As mentioned before, the downregulation of Thl cells
and cytokines such as IFN-y contributes to the progres-
sion of the disease, as well as a decrease in the expression
of genes for IL-17a and iNOS [8]. The transcription level
of the IL-17a gene showed a positive correlation with the
mRNA expression of iNOS and IFN-y. Thus, cytokines
associated with Th1 and Th17 responses seem to contrib-
ute to limiting parasite growth by activating iNOS and
reducing the susceptibility of dogs to disease [17].

However, the function of IL-17a in leishmaniosis is still
debated. While some studies propose that IL-17a has a
protective effect in leishmaniosis [16, 17], other research
suggests that IL-17a might have no link with resistance to
Leishmania spp. infection in dogs [19] or may even con-
tribute to worsening of the disease in mice with experi-
mental infection of L. donovani [20]. This conflicting
evidence underscores the need for further research to
clarify the specific role of IL-17a in CanL pathogenesis
and determine its potential as a prognostic marker. There
is limited information available on IL-17a production in
dogs with different degrees of disease severity due to L.
infantum [17]. The aim of this study was to investigate L.
infantum-specific IL-17a production in stimulated blood
from dogs with different clinical stages of leishmaniosis
at diagnosis and correlate this finding with disease sever-
ity, humoral response, and IFN-y production.

Methods

Dogs and clinical data

A total of 65 dogs were included in this study. Ten healthy
seronegative Beagle dogs were purchased from Isoqui-
men S.L. (Sant Feliu de Codines, Spain) and housed in
indoor kennels at Servei de Granges i Camps Experi-
mentals, Facultat de Veterinaria, Universitat Autonoma
de Barcelona. Ethical approval was obtained by Comis-
si6 d’Etica en I'Experimentacié Animal i Humana de
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la Universitat Autonoma de Barcelona (OH-CEEA100
i CEEA 4747, July 2019 in the case of the Beagle dogs),
(CEAAH 4526, November 2018 for the dogs in stage I),
and by Generalitat de Catalunya (10649, June 2021, for
the Beagles and FUE-2018-00944112 i ID KSHYD6LVR,
April 2019, for the dogs in stage I).The remaining 55 sick
dogs were patients at veterinary clinics whose owners
provided a signed consent for physical examinations and
blood sample collection from their pets. Study authori-
zation was obtained from the Spanish authority, Agen-
cia Espafiola de Medicamentos y Productos Sanitarios
(AEMPS) with authorization no. 008/EPA-2383ESP. No
dogs were receiving anti-Leishmania or anti-inflamma-
tory or immunomodulatory treatment at the time of sam-
ple collection.Dogs were divided into four groups: one
consisting of healthy seronegative dogs, and the remain-
ing sick dogs were classified according to the LeishVet
clinical stages (Table 1) [21]. Group 1 (n=10): healthy
seronegative Beagle dogs with no clinical signs nor hema-
tological or biochemical abnormalities; group 2 (n=24):
dogs with mild leishmaniosis (LeishVet stage I) present-
ing with papular dermatitis as the sole clinical sign [22]
(diagnosed by intralesional cytology), characterized by
the absence of laboratory abnormalities and negative or
positive antibody levels; group 3 (n=21): dogs with mod-
erate disease (LeishVet stage II), including the character-
istic clinical signs (diffuse clinical manifestations, such as
extensive skin lesions, widespread lymph node enlarge-
ment, or weight loss among others), hematological and
serum biochemical abnormalities with normal creati-
nine values (<1.4 mg/dL),and positive antibody levels;
and group 4 (1#=10): dogs with severe disease (LeishVet
stage 1II), including the characteristic clinical signs and
hematological and biochemical abnormalities (including
creatinine values of 1.4-2.8 mg/dL or urinary protein/
creatinine ratio [UPC]>1 for stage III and presenting
with positive antibody levels [3].
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A complete physical examination, complete blood
count, biochemistry, and in-house enzyme-linked immu-
nosorbent assay (ELISA) to determine serum L. infantum
antibody levels were carried out for all dogs, and cyto-
logic evaluation of papular dermatitis was performed in
stage I to confirm diagnosis. IFN-y and IL-17a concen-
trations were measured using a sandwich ELISA after
performing an L. infantum-specific cytokine release
whole-blood assay following stimulation with soluble L.
infantum antigen [22].

Blood collection

Blood samples were obtained via jugular or cephalic
venipuncture and collected in ethylenediaminetet-
raacetic acid tubes (BD Vacutainer 2 mL) for hemato-
logic analysis, in heparin tubes (BD Vacutainer 6 mlL)
for the cytokine release whole-blood assay, and in serum
tubes (BD Vacutainer 2 mL) for antileishmanial antibody
quantification.

Enzyme-linked immunosorbent assay for specific L.
infantum antibody detection

Antibody levels against L. infantum antigen were meas-
ured using an in-house enzyme-linked immunosorbent
assay (ELISA), following methods described in previous
studies [1].

Briefly, dog serum samples were diluted 1:800 in
phosphate-buffered saline (PBS) with Tween 20 and 1%
dry milk and incubated at 37 °C for 1 h on plates coated
overnight with sonicated promastigotes of L. infantum
(MHOM/MON-1/LEM-75) at a concentration of 20 ug/
mL [23]. Plates were then washed three times with PBS—
Tween and PBS, followed by the addition of horserad-
ish peroxidase-conjugated Protein A (diluted 1:30,000;
Merck KGaA, Darmstadt, Germany). After a 1-h incuba-
tion at 37 °C and further washes, plates were treated with
o-phenylenediamine and substrate buffer (SIGMAFAST

Table 1 Leishmania antibody.IFN-y and IL-17a concentrations of dogs according to clinical status and staging

Clinical status and Number of I-17a (pg/mL), Number of IFN-y (pg/mL), median ~ Number of IL-17aand  Leishmania antibody
staging IL.-17a producers median (IQR) IFN-y producers  (IQR) IFN-y producers (%) concentrations (EU),
(%) (%) median (IQR)
Healthy seronegative 0 58(08-175) 0 0(0-0) 0 5.8 (4.8-6.5)
(n=10)
Papular dermatitis: 9(37.5) 23.2(0-1355) 12(50) 127.9(10.2-685.1) 8(33.3) 214 (6.6-664)
stage | (n =24)
Stage Il (n=21) 2(9.5) 0(0-17.3) 4(19) 9(0-28.9) 2(9.5) 2187 (1691-4438)
Stage lll (n=10) 1(10) 0(0-3.3) 1(10) 0(0-49) 1(10) 2679 (1914-5833)
Total sick dogs (n =55) 12(21.8) 0(0-36.3) 17 (31) 20 (0-236.5) 11 (20) 4094 (25.8-3041)
Total (n =65) 12(18.5) 2.8(0-33.7) 17 (26.2) 9.7 (0-140.1) 11(17) 1009 (74-21.11)

EU enzyme-linked immunosorbent assay units, IFN-y interferon-gamma (IFN-y producers > 110 pg/mL), IL-17a interleukin-17a (IL-17a producers > 272 pg/mL), QR

interquartile range
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OPD; Merck KGaA). The reaction was stopped using
5 M H,SO,, and absorbance was measured at 492 nm
with a spectrophotometer (MB-580 HEALES; Shenzhen
Huisong Technology Development Co., Ltd., Shenzhen,
China). Results were quantified in ELISA units (EU) nor-
malized against a positive canine serum calibrator set at
100 EU.

A threshold of 35 EU was established as previously
described [22]. Serum samples were classified as negative
(<35 EU), weak positive (35-150 EU), intermediate posi-
tive (150-300 EU), or strong positive (>300 EU).

For intermediate- or strong-positive samples, an
ELISA with twofold serial dilutions (starting at 1:800
and extending through 7-11 dilutions) was performed.
The quantification was expressed in arbitrary EU rela-
tive to a calibrator set at 100 EU (optical density [OD] of
1 at 1:800 dilution). The mean OD values from dilutions
approximating 1 were used to calculate EU using the for-
mula: (sample OD/calibrator OD) X 100 X dilution factor
[24].

Cytokine release whole-blood assay and determination

of canine IFN-y and IL-17a

Cytokine release whole-blood assay was performed fol-
lowing established protocols [1].

Briefly, the procedure involved incubating heparinized
whole blood under three conditions: (i) medium alone
(unstimulated), (i) medium containing L. infantum-sol-
uble antigen (LSA) at 10 pg/mL [25], and (iii) medium
with the mitogen concanavalin A (ConA) (100 mg,
Medicago®, Uppsala, Sweden) at 10 pg/mL. LSA was
prepared by subjecting cultured L. infantum promastig-
otes (MHOM/MON-1/LEM-75) at a concentration of
1x 107 cells/mL in PBS to three freeze—thaw cycles. The
supernatant was then collected following centrifugation
(8000g, 20 min, 4 °C) on the basis of the method previ-
ously described, with minor modifications [26].

After a 5-day incubation at 37 °C in a 5% CO, environ-
ment, the supernatants were separated by centrifuga-
tion (300g, 10 min), collected, and stored at—80 °C until
analysis.

The concentrations of IFN-y and IL-17a in all samples
were measured using a commercially available sandwich
ELISA (DuoSet® ELISA, R&D Systems', Abingdon,
UK) with a canine IFN-y and IL-17a antibody. Standard
curves for canine IFN-y and IL-17a were generated using
a four-parameter logistic curve-fit in the MyAssays soft-
ware (http://www.myassays.com/) [3].

Dogs were classified as L. infantum-specific IFN-y
producers when concentrations were>110 pg/mL [25]
and considered IL-17a producers when concentrations
were >272 pg/mL, after subtracting the medium alone
[22].
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To compare, control, and analyze data more precisely,
eliminating irrelevant variations and highlighting truly
significant relationships, ratios between IFN-y concen-
trations after stimulation with LSA and IFN-y concentra-
tions after stimulation with ConA were performed. They
were also performed in the case of IL-17a concentration
after stimulation with LSA and ConA.

Statistical analysis
Statistical analyses were conducted using GraphPad
Prism 8.0.1 for Windows software (GraphPad Software,
California, USA).

To determine whether the variables (anti-L. infan-
tum antibodies, LSA IFN-y, and LSA IL-17a) followed
a normal distribution, a Shapiro—Wilk test was applied.
P<0.05 was considered statistically significant.

To compare the medians of quantitative variables (age,
anti-L. infantum antibodies, LSA IFN-y and LSA IL-17a,
IFN-y LSA/IEN-y ConA ratio, and IL-17a LSA/ IL-17a
ConA ratio) among different states of infection (healthy
seronegative, stage I, stage II, and stage III), a nonpara-
metric Kruskal-Wallis H test was conducted, followed by
Dunn’s multiple comparisons test. Following a significant
Kruskal-Wallis test result, pairwise comparisons were
performed using the Mann—-Whitney U test. In cases
where the Kruskal-Wallis test was not statistically sig-
nificant, but a potential trend was suspected owing to the
small sample size and high intragroup variability, direct
Mann—-Whitney comparisons between selected pairs of
groups were performed.

To examine associations between categorical variables
(sex, IFN-y producers versus IFN-y nonproducers, and
IL-17a producers versus IL-17a nonproducers), Fisher’s
exact test was utilized. The Spearman correlation coef-
ficient was calculated to assess relationships between
cytokine production and L. infantum-specific antibody
levels. Differences were deemed statistically significant at
a level of 5% (P <0.05).

Results

Signalment and clinical data

Overall, 37% of dogs were crossbreeds (n=24) and
63.08% were purebred (m=41), of which the most rep-
resented breeds were Beagle (n=10; 15.38%) belonging
to the healthy seronegative group and Belgian Malinois
(n=4; 6.15%) belonging to the stage I group.

The median age of healthy seronegative dogs was
14.5 months, with a range between 13 and 19 months;
6 months (3—84 months) in the case of stage I, 60 months
(12-96 months) for the stage II group, and 48 months
(11-120 months) for the stage III group. The total
median age was 19 months (3—-120 months), with the
median age of the sick dogs being 24 months. Significant
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differences were observed when comparing the age of
all four groups (Kruskal-Wallis H test, H=41.34; df =3;
P<0.0001). Dogs in stage I were significantly younger
than dogs in stage II (Mann—Whitney U test, U=26;
Z=5.95; P<0.0001) and dogs in stage III (Mann—Whit-
ney U test, U=12; Z=4.44; P<0.0001).

Regarding sex, the healthy seronegative group had 5
males and 5 females; stage I, 15 males and 9 females; stage
II, 10 males and 11 females; and stage III, 9 males and 1
female. The total amount of males was 39 males and 26
females of which 34 males and 21 females belonged to
the sick group. No significant differences were found
when comparing sex among groups (Fisher’s exact test,
P=0.13; odds ratio [OR]=0.62, 95% confidence interval
[CI] 0.16-2.39).

Leishmania infantum-specific antibody levels
The results of L. infantum-specific antibody levels are
presented in Table 1 and Fig. 1.

All healthy control dogs were confirmed seronegative
(n=10; 5.8 EU, range: 4.4-7.7). Among stage I group
(n=24; 21.4 EU, range: 2.8-227.1), 75% of dogs were clas-
sified as negative, 21% were classified as weak positive,
and 4% were intermediate positive. In the case of stage II
group (n=21; 2143 EU, range: 87.2-9782), all dogs were
seroreactive, with 9.5% of dogs being considered as weak
positive, 42.9% as intermediate positive, and 47.6% as
strong positive. Among the stage III group (n=10; 2481
EU, range: 270.8—-11114), 10% of dogs were classified as
weak positive, 40% intermediate positive, and 50% strong
positive.

Significant differences in L. infantum-specific antibody
levels were observed among the four groups (Kruskal—
Wallis H test, H=48.94; df =3; P<0.0001). Leishma-
nia infantum-specific antibody levels were statistically
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Fig. 1 Leishmania infantum-specific antibody levels in different L.
infantum states of infection. Healthy versus stage |, P=0.0036; healthy
versus stage I, P<0.0001; healthy versus stage Ill, P<0.0001; stage

I versus stage Il, P<0.0001; stage | versus stage Ill, P=0.003; stage Il
versus stage Ill, P=0.42. EU ELISA units.
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significantly lower when comparing healthy dogs to
sick dogs (Mann—Whitney U test, U=45; Z=-4.19;
P<0.0001). The healthy seronegative group showed sig-
nificantly lower values when compared with stage I
(Mann—Whitney U test, U=45; Z=-2.85; P=0.004).
In addition, the healthy seronegative group showed sig-
nificantly lower antibody levels when compared with
dogs in stage II (Mann—Whitney U test, U=0; Z=—4.45;
P<0.0001) and stage III (Mann—Whitney U test, U=0;
Z=-3.81; P<0.0001). Antibody levels were significantly
lower when comparing stage I to stage II (Mann—Whit-
ney U test, U=3; Z=-5.67; P<0.0001) and stage III
(Mann—Whitney U test, U=0; Z=-4.55; P<0.0001).
However, as expected, no statistically significant differ-
ences were found when comparing stage II and stage
III values (Mann—Whitney U test, U=85; Z=-0.85;
P=0.42) (Fig. 1).

IFN-y concentration
The results of the IFN-y concentration are presented in
Table 1 and Figs. 2 and 3.

Significant differences were observed when comparing
IFN-y concentrations among the four groups (Kruskal—
Wallis H test, H=16.63; df =3; P=0.0008).

Sick dogs (median: 20 pg/mL, range: 0-5691) demon-
strated higher IFN-y concentrations after stimulation
with LSA than healthy seronegative dogs (Mann—Whit-
ney U test, U=124.5; Z=-2.74; P=0.003) when com-
pared as a group. No significant differences were found
when comparing IFN-y concentrations of sick dogs after
stimulation with ConA to healthy dogs (Mann—Whit-
ney U test, U=168; Z=-1.69; P=0.08). Stage I dogs
(median: 127.9 pg/mL, range: 0-3998) also exhibited
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Fig. 2 IFN-y concentrations after stimulation with LSA in different
L. infantum states of infection. Healthy versus stage |, P=0.0002;
healthy versus stage Il, P=0.03; healthy versus stage lll, P=0.25;
stage | versus stage Il, P=0.02; stage | versus stage Ill, P=0.02;
stage Il versus stage lll, P=0.35. IFN-y interferon-gamma, LSA L.
infantum-soluble antigen.
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Fig. 3 Median concentration with 95% Cl after LSA stimulation

in IFN-y producers and nonproducer dogs. /FN-y interferon-gamma,

LSA L. infantum-soluble antigen

higher IFN-y concentrations compared with healthy dogs
(median: 0 pg/mL, range: 0-109.5) (Mann—Whitney U
test, U=30; Z=-3.4; P=0.0002) and with dogs in stage
II (median: 9 pg/mL, range: 0-5691) (Mann—Whitney U
test, U=148; Z=2.37; P=0.016) and III (median: 0 pg/
mL, range: 0-1519) (Mann-Whitney U test, U=58;
Z=2.34; P=0.016). Stage II dogs showed also higher con-
centrations than healthy dogs (Mann—Whitney U test,
U=585; Z=1.96; P=0.03). No significant differences
were found when comparing dogs belonging to stage III
and healthy seronegative dogs (Mann—Whitney U test,
U=36; Z=1.06; P=0.25) and stage II (Mann—Whitney U
test, U=119; Z=0.59; P=0.53), respectively (Fig. 2).

Regarding the healthy seronegative group, all dogs
(10/10) were classified as IFN-y nonproducers. In total,
12 dogs out of 24 (50%) from stage I were considered
IFN-y producers (>110 pg/mL). Among the stage II
group, 4 dogs out of 21 (19%) were classified as IFN-y
producers. In stage III, only one dog out of ten (10%) was
identified as IFN-y producer (Fig. 3). Statistically signifi-
cant differences were found when comparing the pro-
portions of IFN-y producers versus IFN-y nonproducers
in the different groups (Fisher’s exact test, P=0.007;
OR=0.10, 95% CI 0.87-1.89).

Concerning the IFN-y LSA/IFN-y ConA ratios, sig-
nificant differences were observed when comparing all
four groups (Kruskal-Wallis H test, H=22.36; df =3;
P<0.0001).

There were significant differences between dogs in
stage I when comparing with healthy seronegative dogs
(Mann—Whitney U test, U=28; Z=-3.48; P=0.0001),
dogs in stage II (Mann—Whitney U test, U=129; Z=2.73;
P=0.004) and dogs in stage III (Mann—Whitney U test,
U=33; Z=3.44; P=0.0004). Statistically significant dif-
ferences were also found between dogs in stage II when
compared with healthy seronegative dogs (Mann—Whit-
ney U test, U=56.50; Z=1.84; P=0.023). Dogs in stage
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III did not show differences when compared with stage II
(Mann—Whitney U test, U=75.50; Z=1.25; P=0.2) and
healthy dogs (Mann—Whitney U test, U=41.50; Z=0.51;
P=0.58).

IL-17a concentration
The results of the IL-17a concentration are presented in
Table 1 and Figs. 4 and 5.

No significant differences were observed when com-
paring IL-17a concentrations among the four groups
(Kruskal-Wallis H test, H=6.7; df =3; P=0.08).

No significant differences in IL-17a concentration after
stimulation with LSA were observed between healthy
dogs (median: 5.8 pg/mL, range: 0-37.2) and all sick dogs
(median: 6.5 pg/mL, range: 0-7679) when compared
as a group (Mann—Whitney U test, U=461; Z=-7.91;
P=0.77). No significant differences were found when
comparing IL-17a concentrations of sick dogs after
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stimulation with ConA to healthy dogs (Mann—Whit-
ney U test, U=152; Z=-26.52; P=0.06). No differences
were found when comparing healthy seronegative dogs
(median: 5.8 pg/mL, range: 0-37.2) to stage I (Mann-—
Whitney U test, U=91; Z=0.69; P=0.28) and stage II
(Mann—Whitney U test, U=86; Z=0.68; P=0.29). IL-
17a concentrations of healthy seronegative dogs were
significantly different from IL-17a concentrations of
dogs in stage III (Mann—Whitney U test, U=24; Z=1.45;
P=0.03). Dogs in stage I (median: 23.2 pg/mL, range:
0-1933) presented higher IL-17a concentrations than
dogs in stages II (median: 0 pg/mL, range: 0-6548) and
I (median: 0 pg/mL, range: 0-7679); however, the dif-
ference was only statistically significant when stage I was
compared with stage III (Mann—Whitney U test, U="70;
Z=24; P=0.044). Significant difference was not found
comparing dogs in stage II and stage III (Mann—Whitney
U test, U=81; Z=0.99; P=0.35) (Fig. 4).

Considering the healthy seronegative group, all dogs
(10/10) were classified as IL-17a nonproducers. In total,
9 dogs out of 24 (37.5%) from stage I were considered IL-
17a producers (>272 pg/mL). Among the stage II group,
2 dogs out of 21 (9.5%) were classified as IL-17a produc-
ers. In stage III, only one dog out of ten (10%) was identi-
fied as an IL-17a producer (Fig. 5). Significant differences
were found when comparing the proportions of IL-17a
producers versus IL-17a nonproducers in the different
stages (Fisher’s exact test, P=0.03; OR=0.17, 95% CI
0.01-2.82).

Regarding the IL-17a LSA/ IL-17a ConA ratios, sig-
nificant differences were observed when comparing all
four groups (Kruskal-Wallis H test, H=11.36; df =3;
P=0.009).

Statistically significant differences were shown between
dogs in stage III and healthy seronegative dogs (Mann-—
Whitney U test, U=14; Z=2.2; P=0.003) and dogs
in stage I (Mann—Whitney U test, U=49.50; Z=3.22;
P=0.004). Statistically significant differences were not
found when comparing dogs in stage I with dogs in stage
II (Mann—Whitney U test, U=181; Z=1.93; P=0.09) and
with healthy dogs (Mann—Whitney U test, /=88; Z=0.6;
P=0.23). In the same way, dogs belonging to stage II did
not show differences with stage III dogs (Mann—Whitney
U test, U=69; Z=1.65; P=0.07) nor with healthy dogs
(Mann—Whitney U test, U=77; Z=0.91; P=0.22).

Concerning both IFN-y and IL-17a producers, the
healthy seronegative group (all dogs [10/10]) were clas-
sified as IFN-y and IL-17a nonproducers. In addition,
8 dogs out of 24 (33.3%) from stage I were considered
IFN-y and IL-17a producers. Among the stage II group, 2
dogs out of 21 (9.5%) were classified as IFN-y and IL-17a
producers. In stage III, only one dog out of ten (10%) was
identified as an IFN-y and IL-17a producer.
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Correlation between studied parameters

All studied dogs presented a positive correlation between
IFN-y and IL-17a concentrations (Spearman’s correla-
tion coeflicient, r: 0.54, P<0.0001). Regarding all the sick
dogs, a negative correlation was found between IFN-y
concentration and antibody levels (Spearman’s correla-
tion coefficient, r: —0.41, P=0.002), and between IL-17a
concentration and antibody levels (Spearman’s correla-
tion coefficient, : —0.27, P=0.044) (Figs. 6 and 7, respec-
tively). However, there was a positive correlation between
IFN-y and IL-17a concentrations (Spearman’s correlation
coefficient, r: 0.61, P<0.0001) (Fig. 8).

Discussion

This is the first study to evaluate L. infantum-specific IL-
17a production in stimulated blood in dogs with different
clinical stages of leishmaniosis at diagnosis and correlate
this information with disease severity, humoral response,
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and IEN-y production. The results obtained in this study
showed that dogs belonging to stage I demonstrated
higher IL-17a concentrations than dogs with moderate-
to-severe disease. In addition, stage I group showed a
higher percentage of dogs considered as IL-17a produc-
ers when comparing with healthy seronegative, stage II,
and stage III groups.

In this study, all dogs in stage I showed papular derma-
titis as the only clinical sign, which is considered a benign
cutaneous manifestation that often shows self-healing of
the skin lesions, meaning that these dogs demonstrated
mild leishmaniosis [27]. Papular dermatitis is associated
with effective Thl-dominant parasite-specific cellular
immunity and a minimal humoral immune response. In
addition, it is typically characterized by the absence of
laboratory abnormalities and systemic clinical signs [22,
27].

The higher IL-17a levels in stage I dogs could reflect
an effective early immune response limiting disease pro-
gression. This observation aligns with previous research
underscoring the potential protective role of IL-17a in
controlling Leishmania infection [16, 28]. IL-17a exerts
potent proinflammatory effects by inducing the produc-
tion of NO, granulocyte—macrophage colony-stimulating
factor, interleukin-1, interleukin-6, interleukin-8, TNEF-
a, and various chemokines, which collectively enhance
macrophage activation and pathogen clearance [29, 30].
The production of these inflammatory mediators sug-
gests that IL-17a plays a role in intracellular parasite
infections, as evidenced by studies on Trypanosoma cruzi
infections in humans [16, 31].

In addition, IL-17a could have a significant role in the
recruitment of neutrophils, which are pivotal in mediat-
ing pathogen elimination through mechanisms such as
phagocytosis, ROS production, and neutrophil extracel-
lular trap formation [29, 30, 32]. Evidence suggests that
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the IL-17-mediated neutrophilic influx is critical for con-
trolling parasite replication and fostering a Thl-biased
immune environment in humans [28]. This is also sup-
ported by studies demonstrating that IL-17-deficient
murine models exhibit impaired Thl responses and
increased parasite burdens, underscoring the protective
role of this cytokine [33]. Thus, higher IL-17a could con-
tribute to the self-limiting characteristics of patients with
papular dermatitis (stage I group) by potentially promot-
ing Thl immunity and a rapid neutrophil recruitment
to infection sites, facilitating parasite clearance before
extensive dissemination occurs, similar to what has been
described in humans [34].

The decline in IL-17a levels observed in more advanced
stages (stages II and III) may signify an ineffective
immune response. In humans, the absence of IL-17a
signaling leads to the generation of a T-reg/IL-10-domi-
nated response and an impaired Th1 profile, resulting in
parasite growth [16, 32]. Alternatively, low IL-17a levels
in these patients could reflect immune exhaustion. T cell
exhaustion refers to the dysfunction of T cells resulting
from prolonged exposure to antigens, and it is character-
ized by the heightened expression of inhibitory receptors
such as programmed death-1 and cytotoxic T-lympho-
cyte-associated antigen 4 [35, 36]. T cell exhaustion in
canine leishmaniosis has been reported and associated
with a reduction in other protective cytokines such as
IEN- y [37]. In these patients, reduced IL-17a likely par-
allels impaired Th1/Th1l7 responses, potentially leading
to inadequate macrophage activation and uncontrolled
parasite replication, contributing to disease exacerbation.

In human medicine, IL-17a has attracted considerable
attention for its proinflammatory role in autoimmune
diseases. When dysregulated, IL-17a contributes to the
pathogenesis of diverse inflammatory and autoimmune
conditions, such as in psoriasis, psoriatic arthritis, anky-
losing spondylitis, and multiple sclerosis [38, 39]. In this
context, it has shown to promote keratinocyte hyperpro-
liferation, chronic neutrophilic inflammation, and tis-
sue destruction [38]. At the same time, IL-17a is crucial
for mucosal protection against extracellular pathogens
through the recruitment of neutrophils, induction of
antimicrobial peptides, modulation of T cell differentia-
tion, and maintenance of epithelial barrier integrity [39,
40]. Furthermore, IL-17a also participates in tissue repair
and can influence cancer progression by supporting angi-
ogenesis and tumor growth, though context-dependent
antitumor roles have also been described [38, 40]. Thus,
the IL-17a cytokine family plays a dual role in immunity,
being indispensable for host defense while also contrib-
uting to chronic inflammation and autoimmunity. Taken
together, our findings indicate that, while dysregulated
IL-17a contributes to pathology in autoimmune diseases
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such as psoriasis or arthritis in humans, in canine leish-
maniosis, IL-17a may serve a protective role in promot-
ing an effective immune response.

As mentioned above, Leishmania infection and disease
progression depend on the dynamic interplay between
the parasite and the host’s innate and adaptive immune
responses [1, 8, 41]. A Thl-mediated adaptive immune
response plays a pivotal role in infection control by driv-
ing the production of cytokines such as IFN-y, IL-2,
and TNF-a. These cytokines stimulate macrophages to
produce NO and ROS, leading to the elimination of the
parasite [9]. Among these, IFN-y stands out as a potent
immunoregulatory cytokine that not only orchestrates
the adaptive immune response but also enhances neu-
trophil activity [42, 43].The production of L. infantum-
specific IFN-y in stimulated blood is a key indicator of
a strong Thl-mediated immune response and has been
strongly linked to disease control and a resistant phe-
notype across multiple species. Consistent with this,
elevated IFN-y levels have been observed in dogs with
mild, self-limiting clinical leishmaniosis, underscoring its
association with infection control and milder clinical out-
comes during Leishmania infection [8, 10, 44, 45].

In the present study, 50% (12/24) of dogs in stage I
were identified as IFN-y producers. In contrast, only
19% of dogs in stage II and 10% in stage III were classi-
fied as IFN-y producers. Regarding the IFN-y median
concentrations, dogs in stage I showed higher levels
than dogs belonging to stage II and stage III as well as
healthy seronegative dogs. These results align with pre-
vious studies that utilized IFN-y release whole-blood
assays in dogs with stage I and papular dermatitis. One
study reported that 58% of dogs were classified as IFN-y
producers, with dogs in stage I (25.7%) and Ila (48.5%)
exhibiting higher IFN-y production compared with
those in stages IIb (8.5%), III (14.2%), and IV (2.8%) [1].
Similarly, another study found that 15 out of 19 dogs in
stage I (79%) were IFN-y producers, whereas only 6 of
15 dogs (40%) in stages II-III were classified as such [7].
In addition, another study reported that 78% of IFN-y-
producing dogs were classified as stage I or IIa, while 43%
of IFN-y nonproducers were in stage IIb. Notably, none
of the stage I dogs were classified as IFN-y nonproducers
[45]. In our study, most dogs in stages II and III were cat-
egorized as nonproducers of IFN-y. As observed in pre-
vious studies, dogs in the more advanced clinical stages
exhibited reduced IFN-y levels, indicating a potentially
less effective immune response that deviates from either
a Thl-driven phenotype or T cell exhaustion [37, 46].

Our study identified a positive correlation between
IL-17 and IFN-y concentrations in dogs naturally
infected with L. infantum, highlighting the poten-
tial interplay of these cytokines in the host immune
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response. Notably, in different murine and in vitro
studies, IL-17 was reported to synergize with IFN-y to
potentiate NO production in infected macrophages, a
mechanism critical for effective antileishmanial activ-
ity [16, 33, 47]. In addition, previous studies performed
in murine models for bacterial pneumonia have dem-
onstrated that IL-17 can indirectly enhance IFN-y pro-
duction by promoting the recruitment and activation
of neutrophils, which, in turn, secrete IL-12, a critical
cytokine for inducing IFN-y release [48—50]. Such syn-
ergy between IL-17 and IFN-y underscores their com-
plementary roles in sustaining a robust Thl-mediated
immune response, essential for controlling intracellular
pathogens such as L. infantum. Our results align with
these findings and suggest that IL-17 may play a role
in sustaining the IFN-y-mediated immune response
in dogs naturally infected with L. infantum. While the
role of IL-17 in leishmaniosis is complex and may vary
depending on the species and clinical context, its asso-
ciation with increased IFN-y production in our study
supports their synergy and contributes to maintain-
ing an inflammatory microenvironment conducive to
parasite control. Further investigation is warranted to
elucidate the specific mechanisms underlying IL-17 and
IEN-y interplay in CanL and their implications for dis-
ease progression and clinical outcomes.

Considering serological status, dogs in stage II showed
the highest L. infantum-specific antibody levels, since
90.5% of individuals were considered as intermediate and
strong positive. Dogs belonging to stage III also dem-
onstrated high antibody levels as expected. In contrast,
most of the dogs in stage I were classified as seronegative
(75%). Moreover, all sick dogs demonstrated a negative
correlation between IFN-y concentrations and L. infan-
tum-specific antibody levels [51]. This kind of relation-
ship may be explained by the role of IFN-y as an indicator
of a strong Th1 response, which is predominantly cellu-
lar rather than humoral. In contrast, elevated antibody
levels are associated with a vigorous humoral immune
response, which is often linked to other cytokines such
as IL-4, IL-10, and TGF-f [8, 9, 12]. A negative correla-
tion was also found between IL-17a concentration and L.
infantum-specific antibody levels, which may reinforce
the hypothesis that IL-17a is a marker of resistance to the
disease.

One of the main limitations of this study was the
small and uneven sample sizes across the different
groups. Furthermore, we were unable to include dogs in
stage IV of the disease, limiting the generalizability of
our findings to the most advanced stage of leishmani-
osis. In addition, healthy seropositive dogs were not
included. Despite these limitations, the results provide
valuable preliminary data that can guide the design of
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future studies with larger and more balanced cohorts
and with different states of infection.

Conclusions

The results of this study demonstrated that IL-17a
production is increased in mild disease (stage I) when
compared with more advanced clinical stages (II and
III). Despite that IL-17a seems to be less reliable as a
marker when compared with IFN-y, these findings
highlight the potential role of IL-17a as a biomarker for
effective immune response in CanL.

Abbreviations

CanlL Canine leishmaniosis
ConA  Concanavalin A
ELISA  Enzyme-linked immunosorbent assay

EU ELISA units

iNOS Inducible nitric oxide synthase
IFN-y Interferon-gamma

IL-2 Interleukin-2

IL-4 Interleukin-4

IL-10 Interleukin-10

Il-17a  Interleukin-17a

LSA Leishmania infantum-soluble antigen
NO Nitric oxide

oD Optical density

PBS Phosphate-buffered saline

ROS Reactive oxygen species

Thi T-helper 1 lymphocytes

Th2 T-helper 2 lymphocytes

TGF-B  Transforming growth factor-beta
TNF-a  Tumor necrosis factor-alpha
UpC Urinary protein/creatinine ratio

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513071-025-07147-6.

[ Additional file 1. }

Acknowledgements

The authors would like to thank Lourdes Alarcon for her technical support
with some of the lab work. The authors also appreciate the cooperation of vet-
erinarians and dog owners. This paper has been sponsored by Elanco Animal
Health in the framework of the 19th CVBD® World Forum Symposium.

Author contributions

Conceptualization: IMF and LSG; methodology: IMF, MB, and LSG; formal
analysis: IMF and LSG; writing —original draft preparation: IMF and LSG; writ-
ing—review and editing: IMF, MB, and LSG; supervision: LSG. All authors have
read and agreed to the published version of the manuscript.

Funding

This work was partially funded by Ecuphar Veterinaria SLU with funding

no. CF617624 and the Spanish Ministry of Science and Innovation and

Fondo Europeo de Desarrollo Regional (FEDER, EU) with funding project no.
AGL2015-68477 and with funding project no. PID2020-113267RB-100 by Agen-
cia Estatal de Investigacion (Ministerio de Ciencia, Innovacion y Universidades,
Spain, AEI/https://doi.org/10.13039/501100011033). Iciar Martinez-Florez

was granted with a young research predoctoral scholarship from Generalitat
de Catalunya (FI SDUR 2020). Marta Baxarias was also granted with young
research industrial predoctoral scholarship from Generalitat de Catalunya
(2017 DI 0080).

Page 10 of 11

Availability of availability and materials

All data supporting the main conclusions are available in the manuscript and
in Additional File 1 (Dataset S1: signalment, clinical data, and immunological
results).

Declarations

Ethical approval and consent to participate
Ethics approval is described in the “Methods” section. All animal owners signed
informed consent before the collection of dog samples.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 7 August 2025 Accepted: 4 November 2025
Published online: 27 November 2025

References

1. Solano-Gallego L, Montserrrat-Sangra S, Ordeix L, Martinez-Orellana P.
Leishmania infantum-specific production of IFN-y and IL-10 in stimulated
blood from dogs with clinical leishmaniosis. Parasit Vectors. 2016;9:317.

2. Baneth G, Koutinas AF, Solano-Gallego L, Bourdeau P, Ferrer L. Canine
leishmaniosis — New concepts and insights on an expanding zoonosis:
part one. Trends Parasitol. 2008;24:324-30.

3. Solano-Gallego L, Mird G, Koutinas A, Cardoso L, Pennisi MG, Ferrer L,
et al. Leishvet guidelines for the practical management of canine leish-
maniosis. Parasit Vectors. 2011;4:86.

4. Azami-conesa |, Gdmez-mufioz MT, Martinez-diaz RA. A systematic
review (1990-2021) of wild animals infected with zoonotic Leishmania.
Microorganisms. 2021;9:1101.

5. Gradoni L. Epidemiological surveillance of leishmaniasis in the European
Union: operational and research challenges. Euro Surveill. 2013;18:20539.

6. Chawla B, Madhubala R. Drug targets in Leishmania. J Parasit Dis.
2010;34:1-13.

7. Montserrat-Sangra S, Ordeix L, Martinez-Orellana P, Solano-Gallego L.
Parasite specific antibody levels, interferon-y and TLR2 and TLR4 tran-
scripts in blood from dogs with different clinical stages of leishmaniosis.
Vet Sci. 2018;51:31. https://doi.org/10.3390/vetsci5010031.

8. Hosein S, Blake DP, Solano-Gallego L. Insights on adaptive and innate
immunity in canine leishmaniosis. Parasitol. 2017;144:95-115.

9. Scott P, Riley EM. Acquired immunity to intracellular protozoa. In:
Kaufmann SHE, Rouse BT, Sacks DL, editors. The immune response to
infection. Hoboken: Wiley; 2014. p. 301-11.

10. Toepp AJ, Petersen CA. The balancing act: immunology of leishmaniosis.
Res Vet Sci. 2020;130:19-25.

11. Moreno J. Assessment of vaccine-induced immunity against canine
visceral leishmaniasis. Front Vet Sci. 2019;6:168.

12. Papadogiannakis El, Koutinas AF. Cutaneous immune mechanisms in
canine leishmaniosis due to Leishmania infantum. Vet Immunol Immuno-
pathol. 2015;163:94-102.

13. Alvar J, Cafavate C, Molina R, Moreno J, Nieto J. Canine leishmaniasis. Adv
Parasitol. 2004;57:1-88.

14. Tesmer LA, Lundy SK, Sarkar S, Fox DA.Th17 cells in human disease.
Immunol Rev. 2008;223:87.

15. Hernandez-Bures A, Gillen J, Apostolidis K, Saridomichelakis M, Di Loria
A, Santoro D. Evaluation of the cutaneous inflammatory cells in dogs
with leishmaniosis and in dogs without the disease that were natu-
rally infected by Leishmania infantum (syn. L. chagasi). Vet Dermatol.
2021;32:99-e19.

16. Nascimento M, Carregaro V, Lima-junior DS, Costa DL, Ryffel B, Duthie
MS, et al. Interleukin 17a acts synergistically with interferon y to
promote protection against Leishmania infantum infection. J Infect Dis.
2015;211:1015-26.


https://doi.org/10.1186/s13071-025-07147-6
https://doi.org/10.1186/s13071-025-07147-6
https://doi.org/10.13039/501100011033
https://doi.org/10.3390/vetsci5010031

Martinez-Flérez et al. Parasites & Vectors

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.
36.

37.

(2025) 18:510

Nascimento MSL, Albuquerque TDR, Nascimento AFS. Impairment of
interleukin-17a expression in canine visceral leishmaniosis is correlated
with reduced interferon-y and inducible nitric oxide synthase expression.
J Comp Pathol. 2015;153:197-205.

Rebech GT, Venturin GL, Siqueira Ito LT, Bragato JP, de Carvalho Fonseca
BS, Melo LM, et al. PD-1 regulates leishmanicidal activity and IL.-17 in dogs
with leishmaniasis. Vet Immunol Immunopathol. 2020;219:109970.
Gongalves-de-Albuquerque SC, Silva LG, Sousa-Paula LC, Sales KGS,
Boegel A, Dantas-Torres F. Exploring /L-17 gene promoter polymorphisms
in canine leishmaniasis. Acta Trop. 2022;232:106452.

Terrazas C, Varikuti S, Kimble J, Moretti E, Boyaka PN, Satoskar AR. IL-17a
promotes susceptibility during experimental visceral leishmaniasis
caused by Leishmania donovani. FASEB J. 2016;30:1135.

Solano-Gallego L, Cardoso L, Pennisi MG, Petersen C, Bourdeau P, Oliva
G, et al. Diagnostic challenges in the era of canine Leishmania infantum
vaccines. Trends Parasitol. 2017;33:706-17.

Martinez-Florez I, Guerrero MJ, Dalmau A, Cabré M, Alcover MM, Beren-
guer D, et al. Effect of local administration of meglumine antimoniate and
polyhexamethylene biguanide alone or in combination with a toll-like
receptor 4 agonist for the treatment of papular dermatitis due to Leish-
mania infantum in dogs. Pathogens. 2023;12:821.

Riera C, Valladares JE, Géllego M, Aisa MJ, Castillejo S, Fisa R, et al. Serologi-
cal and parasitological follow-up in dogs experimentally infected with
Leishmania infantum and treated with meglumine antimoniate. Vet
Parasitol. 1999;84:33-47.

Baxarias M, Jornet-Rius O, Donato G, Mateu C, Alcover MM, Pennisi MG,
et al. Signalment, immunological and parasitological status and clinico-
pathological findings of Leishmania-seropositive apparently healthy dogs.
Animals. 2023;13:1649.

Martinez-Orellana P. Gonzélez N, Baldassarre A, Alvarez-Ferndndez A,
Ordeix L, Paradies P, et al. Humoral responses and ex vivo IFN-y produc-
tion after canine whole blood stimulation with Leishmania infantum
antigen or KMP11 recombinant protein. Vet Sci. 2022;9:116.

Carrillo E, Carrasco-Antédn N, Lépez-Medrano F, Salto E, Fernandez L, San
Martin JV, et al. Cytokine release assays as tests for exposure to Leishma-
nia, and for confirming cure from leishmaniasis, in solid organ transplant
recipients. PLoS Negl Trop Dis. 2015;9:2¢0004179.

Lombardo G, Pennisi MG, Lupo T, Chicharro C, Solano-Gallego L. Papular
dermatitis due to Leishmania infantum infection in seventeen dogs: diag-
nostic features, extent of the infection and treatment outcome. Parasit
Vectors. 2014;7:1-11.

Dayakar A, Chandrasekaran S, Kuchipudi SV, Kalangi SK. Cytokines: key
determinants of resistance or disease progression in visceral leishma-
niasis: opportunities for novel diagnostics and immunotherapy. Front
Immunol. 2019;10:670.

Kolls JK, Lindén A. Interleukin-17 family members and inflammation.
Immunity. 2004;21:467-76.

Dong C. Regulation and pro-inflammatory function of interleukin-17
family cytokines. Immunol Rev. 2008;226:80-6.

Guedes PMDM, Gutierrez FRS, Maia FL, Milanezi CM, Silva GK, Pavanelli
WR, et al. IL-17 produced during Trypanosoma cruzi infection plays a
central role in regulating parasite-induced myocarditis. PLoS Negl Trop
Dis. 2010;4:e604. https://doi.org/10.1371/journal. pntd.0000604.
Gongalves-de-Albuquerque SC, Pessoa-e-Silva R, Trajano-Silva LAM, de
Goes TC, de Morais RCS, Oliveira CNC, et al. The equivocal role of Th17
Cells and neutrophils on immunopathogenesis of leishmaniasis. Front
Immunol. 2017;8:1437.

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

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

Wherry EJ. T cell exhaustion. Nat Immunol. 2011;12:492-9.

Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ. The function of pro-
grammed cell death 1 and its ligands in regulating autoimmunity and
infection. Nat Immunol. 2007;8:239-45.

Boggiatto PM, Ramer-tait AE, Metz K, Kramer EE, Gibson-corley K, Mullin
K, et al. Immunologic indicators of clinical progression during canine
Leishmania infantum infection. Clin Vaccine Immunol. 2010;17:267-73.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Page 11 of 11

Mcgeachy MJ, Cua DJ, Gaffen SL. The IL-17 family of cytokines in health
and disease. Immunity. 2019;50:892-906.

Akhter S, Tasnim FM, Islam MN, Rauf A, Mitra S, Emran TB, et al. Role of
Th17 and IL-17 cytokines on inflammatory and auto-immune diseases.
Curr Pharm Des. 2023;29:2078-90.

Huangfu L, Li R, Huang Y, Wang S.The IL-17 family in diseases: from bench
to bedside. Signal Transduct Target Ther. 2023;8:402.

Montserrat-Sangra S, Alborch L, Ordeix L, Solano-Gallego L. TLR-2 and
TLR-4 transcriptions in unstimulated blood from dogs with leishmaniosis
due to Leishmania infantum at the time of diagnosis and during follow-
up treatment. Vet Parasitol. 2016;228:172-9.

Schoenborn JR, Wilson CB. Regulation of interferon-gamma during
innate and adaptive immune responses. Adv Immunol. 2007,96:41-101.
Ambruso DR, Briones NJ, Baroffio AF, Murphy JR, Tran AD, Gowan K, et al.
In vivo interferon-gamma induced changes in gene expression dramati-
cally alter neutrophil phenotype. PLoS ONE. 2022;17:1-22.
Santos-Gomes GM, Rosa R, Leandro C, Cortes S, Roméo P, Silveira

H. Cytokine expression during the outcome of canine experimen-

tal infection by Leishmania infantum. Vet Immunol Immunopathol.
2002;88:21-30.

Martinez-Orellana P, Mari-Martorell D, Montserrat-Sangra S, Ordeix L,
Baneth G, Solano-Gallego L. Leishmania infantum-specific IFN-y produc-
tion in stimulated blood from dogs with clinical leishmaniosis at diagno-
sis and during treatment. Vet Parasitol. 2017,248:39-47.

Esch KJ, Juelsgaard R, Martinez PA, Jones DE, Petersen CA. PD-1-mediated
T cell exhaustion during visceral leishmaniasis impairs phagocyte func-
tion. J Immunol. 2013;191:5542.

Yang Z, Peng Z, Li X, Song J, Ren J. Effect of curcumin on IL-17- induced
nitric oxide production and expression of iNOS in human keratinocytes.
Chin J Cell Mol Immunol. 2011;27:959-61.

Cai S, Batra S, Langohr |, Iwakura Y, Jeyaseelan S. IFN-y induction by
neutrophil-derived IL-17a homodimer augments pulmonary antibacterial
defense. Mucosal Immunol. 2016;9:718-29.

Kimizuka Y, Kimura S, Saga T, Ishii M, Hasegawa N, Betsuyaku T, et al. Roles
of interleukin-17 in an experimental Legionella pneumophila pneumonia
model. Infect Immun. 2012;80:1121-7.

Friedman H, Yamamoto Y, Klein TW. Legionella pneumophila pathogenesis
and immunity. Semin Pediatr Infect Dis. 2002;13:273-9.

Blasi-Brugué C, Martinez-Flérez |, Baxarias M, del Rio-Velasco J, Solano-
Gallego L. Exploring the relationship between neutrophil activation and
different states of canine L. infantum infection: nitroblue tetrazolium test
and IFN-y. Vet Sci. 2023;10:572. https://doi.org/10.3390/vetsci10090572.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1371/journal.pntd.0000604
https://doi.org/10.3390/vetsci10090572

	Leishmania infantum-specific production of IL-17a in stimulated blood from dogs in different clinical stages of leishmaniosis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Dogs and clinical data
	Blood collection
	Enzyme-linked immunosorbent assay for specific L. infantum antibody detection
	Cytokine release whole-blood assay and determination of canine IFN-γ and IL-17a
	Statistical analysis

	Results
	Signalment and clinical data
	Leishmania infantum-specific antibody levels
	IFN-γ concentration
	IL-17a concentration
	Correlation between studied parameters

	Discussion
	Conclusions
	Acknowledgements
	References


