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Abstract 

Background The Ibizan Hound is a canine breed native to the Mediterranean region, where leishmaniasis is an 
endemic zoonosis. Several studies indicate a low prevalence of this disease in Ibizan Hound dogs, whereas other 
canine breeds present a high prevalence. However, the underlying molecular mechanisms still remain unknown. The 
aim of this work is to analyse the relationship between serum levels of cytokines and the genomic profiles in two 
canine breeds, Ibizan Hound (resistant canine breed model) and Boxer (susceptible canine breed model).

Methods In this study, we analyse the haplotypes of genes encoding cytokines related to immune response of Leish-
mania infantum infection in twenty‑four Boxers and twenty‑eight Ibizan Hounds apparently healthy using CanineHD 
DNA Analysis BeadChip including 165,480 mapped positions. The haplo.glm extension of haplo.score was used to 
perform a General Linear Model (GLM) regression to estimate the magnitude of individual haplotype effects within 
each cytokine.

Results Mean levels of interferon gamma (IFN‑γ), interleukin 2 (IL‑2) and IL‑18 in Boxer dogs were 0.19 ± 0.05 ng/ml, 
46.70 ± 4.54 ng/ml, and 36.37 ± 30.59 pg/ml, whereas Ibizan Hound dogs present 0.49 ± 0.05 ng/ml, 64.55 ± 4.54 ng/
ml, and 492.10 ± 31.18 pg/ml, respectively. The GLM regression shows fifteen haplotypes with statistically significant 
effect on the cytokine serum levels (P < 0.05). The more relevant are IL6‑CGAAG and IFNG‑GCA haplotypes, which 
increase and decrease the IL‑2, IL‑8 and IFN‑γ serum levels, respectively.

Conclusions Haplotypes in the IFNG and IL6 genes have been correlated to serum levels of IFN‑γ, IL‑2 and IL‑18, and 
a moderate effect has been found on IL8 haplotype correlated to IL‑8 and IL‑18 serum levels. The results indicate that 
the resistance to L. infantum infection could be a consequence of certain haplotypes with a high frequency in the 
Ibizan Hound dog breed, while susceptibility to the disease would be related to other specific haplotypes, with high 
frequency in Boxer. Future studies are needed to elucidate whether these differences and haplotypes are related to 
different phenotypes in immune response and expression gene regulation to L. infantum infections in dogs and their 
possible application in new treatments and vaccines.
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Background
Leishmaniasis is a vector-borne zoonotic disease caused 
by infection with the obligate intracellular protozoan 
parasite in the family Trypanosomatidae, order Kine-
toplastida, genus Leishmania [1], which is transmitted 
by phlebotomine sandflies from the Psychodidae fam-
ily [2]. This disease could present with different clinical 
manifestations, which are classified into mucocutaneous 
(ML), cutaneous (CL) or visceral (VL) form (kala-azar 
disease), the latter being the most pathogenic and caused 
by L. donovani in Asia and Africa, and by L. infantum 
in the Mediterranean Basin, the Middle East, Central 
Asia, South America and Central America [3]. The VL 
form causes around 20,000 to 40,000 deaths in humans, 
with 200,000 to 400,000 new infections per year, being 
one of the most relevant parasitic diseases [4]. Although 
the parasite has recently been found in different species 
including reptiles [5], wild carnivores [6, 7], wild rabbits 
[8, 9], horses [10] and cats [11], the most relevant host of 
L. infantum is the dog, where it causes canine leishma-
niasis (CanL) [12].

Seroprevalence of L. infantum infection is related to 
different factors, with controversial results. For example, 
Gálvez et al. and Rombolà et al. found higher prevalence 
in males than females, and in younger dogs than older 
ones, whereas Varjao et al. found no association between 
seropositivity and sex, but described a higher preva-
lence in older dogs than younger ones [13–15]. Differ-
ent seroprevalence related to canine breed is commonly 
cited in several papers, with higher prevalence in Dober-
man Pinscher or Boxer when compared to the autoch-
thonous canine breeds of endemic areas [14, 16]. One 
of them is the Ibizan Hound, an autochthonous canine 
breed of the Balearic Islands, which appears to be resist-
ant to L. infantum infection compared to other breeds 
[17]. In fact, the study conducted by Solano-Gallego et al. 
showed a significant cellular response to infection in this 
canine breed [18]. Cellular response mediated that Th1 
response is related to the production of several cytokines, 
specifically interferon gamma (IFN-γ), tumour necro-
sis factor alpha (TNF-α) and interleukin 2 (IL-2), which 
activate the macrophage that eliminates the parasite [12, 
19]. Other cytokines such as IL-4, IL-10 and transform-
ing growth factor beta (TGF-β) activate the Th2 response 
(humoral immune response) and lead to dissemina-
tion of the parasite [20]. Abbehusen et al. [21] related L. 
infantum infection with CXCL1 production, which pro-
duces a cellular immune response and increases levels of 

several cytokines such as IFN-γ, IL-6 and IL-18, whereas 
TNF-α, IL-2 and IL-8 levels are decreased. Thus, canine 
breeds resistant to infection could present different lev-
els of cytokines other than IFN-γ, which triggers the Th1 
response. Furthermore, the genetic factors associated 
with cytokine levels and resistance to L. infantum infec-
tion have not been studied. A few studies have been car-
ried out in this sense, but none of them related to the 
Ibizan Hound. Specifically, twenty-four polymorphisms 
have been analysed in the SLC11A1 gene in 40 dogs of 
different canine breeds, and two of them were associ-
ated with increased risk for CanL [22]. The SLC11A1 
gene is related to autoimmune and infectious diseases 
in humans, such as fibrosis progression in hepatitis C, 
Crohn’s disease, type-1 diabetes mellitus and tuberculo-
sis [23–26]. In L. infantum infection, this gene controls 
the replication of intracellular parasites [27], and its 
haplotypes TAG-9-145 and TAG-8-141 are found more 
frequently in Boxer dogs than other canine breeds and, 
given that the CanL is elevated in this breed, the authors 
conclude that this gene could be related to leishmaniasis 
susceptibility [28]. Quilez et al. [29] conducted a genome-
wide association study in the same canine breed and 
found a region in chromosome 4 which could present 
several markers with the greatest effect on the suscepti-
ble phenotype. However, none of these studies have been 
able to relate the genetic differences found within the dif-
ferent levels of cytokines in breeds described as resistant 
or susceptible to the disease.

The aim of this work is to analyse the relationship 
between serum levels of cytokines and the genomic 
profiles in two canine breeds, Ibizan Hound (resistant 
canine breed model) and Boxer (susceptible canine breed 
model).

Methods
Animals and epidemiological data
Information on thirty-one Boxer and twenty-eight Ibi-
zan Hound dogs was recorded from animals living in 
the Valencia Community (Eastern Spain, Mediterranean 
region). Data and samples were recovered from Octo-
ber 2021 to June 2022. Apparently healthy dogs which 
had never presented clinical signs were tested for anti-
Leishmania specific immunoglobulin G (IgG) antibod-
ies by indirect immunofluorescent antibody test (IFAT) 
 (MegaFLUO® LEISH, Megacor Diagnostik GmbH, 
Hörbranz, Austria). Only animals with IFAT titre < 1/80 
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were considered seronegative [30] and included in this 
study. Seven Boxer dogs were positive for IFAT test and 
excluded from the study. The epidemiological data of ani-
mals included are shown in Table 1.

Sample collection and cytokine levels
Ten millilitres of whole blood were taken by cephalic ven-
ipuncture with Vacutainer tubes without anticoagulant. 
Samples were kept at room temperature to obtain serum 
aliquots, which were stored at – 20  °C until processing. 
The whole blood samples were used for DNA isolation 
within 24 h of extraction.

The IL-2, IL-6, IL-8, IFN-γ [Canine IL-2 ELISA kit, 
Canine IL-6 ELISA kit, Canine IL-8 ELISA kit, and 
Canine IFN-γ ELISA kit, Invitrogen (Waltham, Mas-
sachusetts, USA), respectively], and IL-18 (Canine 
IL-18 ELISA kit, Mybiosource, San Diego, CA, USA) 
levels were measured in serum samples using a com-
mercial ELISA method kit following the manufacturer’s 
recommendations. In brief, a 100 µl sample of serum was 
used for analysis with the sandwich-ELISA. The micro-
plate had been pre-coated with an antibody specific to 
cytokines. The sample was added to the microplate wells 
and combined with the specific antibody. Then, a bioti-
nylated detection antibody specific for each cytokine and 
Avidin-Horseradish peroxidase (HRP) conjugate were 
added successively to each microplate well and incu-
bated. Free components were washed away. The substrate 
solution was added to each well. The enzyme-substrate 
reaction was determined by optical density (OD) and 
measured spectrophotometrically at a wavelength of 
450  nm in the plate reader Victor-X3™ (Perkin  Elmer®, 

Waltham, Massachusetts, USA). The concentration of 
each cytokine was calculated by comparing the OD of the 
samples to the standard curve.

DNA extraction and whole genome analysis
Genomic DNA (gDNA) from samples was isolated using 
a QIAamp DNA Blood Kit following the manufacturer’s 
protocol (QIAamp; Qiagen, Hilden, Germany). DNA was 
quantified using the  Glomax® Discover Fluorimeter and 
the  QuantiFluor® dsDNA kit (Promega, Madison, WI, 
USA). The genomic DNA concentrations for all samples 
were a minimum of 50 ng/µl. DNA samples were whole-
genome amplified for 20–24  h at 37  ℃, fragmented, 
precipitated and resuspended in an appropriate hybridi-
sation buffer.

Fifty-two samples (twenty-four Boxer and twenty-eight 
Ibizan Hound) were genotyped using the CanineHD 
DNA Analysis BeadChip WG-440-1001 (Illumina, Inc., 
San Diego, CA, USA) and hybridised on the prepared 
BeadChips for 16–24 h at 48 ℃. Following the hybridisa-
tion, non-specifically hybridised samples were removed 
by washing, while the remaining specifically hybridised 
loci were processed for the single-base extension reac-
tion, stained, and imaged on an Illumina iScan Reader 
 (iScan® System, San Diego, CA, USA). GenomeStudio 
2.0.5 (Illumina Inc., San Diego, CA, USA) was used to 
process data generated from the iScan system for sub-
sequent analysis, according to the manufacturer’s guide-
lines. Intensity data was loaded into the Genotyping 
Module for primary data analysis, including raw data 
normalisation, clustering and genotype calling. Sin-
gle nucleotide polymorphisms on sexual chromosomes 
and with a call rate < 95% were discarded using PLINK 
v1.90b6.22 [31]. The final data set includes 165,480 
mapped positions in samples with a mean genotyping 
rate of 0.988.

Statistical analysis
The homogeneity of epidemiological data of dogs used in 
the study was evaluated by Fisher’s test analysis. Serum 
levels of cytokines were analysed using the general lin-
ear model procedure (PROC GLM) of the SAS statisti-
cal package (version 9.2, North Carolina State University, 
USA), after normality and homoscedasticity were tested 
by Shapiro-Wilks and Levene tests, respectively. The 
model was implemented with sex, age, and breed as fixed 
effects. Pearson’s correlations between cytokine levels 
were carried out. The statistical significance was set at 
P-value < 0.05.

Polymorphisms included in each cytokine gene were 
selected from those genotyped according to the map-
ping information of the Canis lupus familiaris genome 
assembly CanFam3.1. Upstream and downstream regions 

Table 1 Epidemiological data of Boxer and Ibizan Hound dogs 
analysed

The epidemiological variables are gender (male or female), age (puppy-less than 
one year old, young-between one to five years old, adult-between five to ten 
years old, and elder,-more than ten years old), and diet (fed only commercial 
feed or not)

Variable Categories Number of dogs (%)

Boxer Ibizan Hound

Gender Male 13 (54.2) 17 (60.7)

Female 11 (45.8) 11 (39.3)

Age Puppy (< 1 year) 3 (12.5) 2 (7.1)

Young (1 to 5 years) 8 (33.3) 6 (21.4)

Adult (5 to 10 years) 11 (45.8) 9 (32.1)

Elder (> 10 years) 2 (8.3) 11 (39.3)

Diet Only commercial food 24 (100.0) 23 (82.1)

Home prepared/raw food 
consumption

0 (0.0) 5 (17.7)

Overall 24 (100.0) 28 (100.0)
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(25 kb) were added to each cytokine gene to include pos-
sible regulatory regions in the haplotype analysis (Addi-
tional file  1: Table  S1). PLINK v1.90b6.22 was used to 
extract variants from the selected genome regions, 
according to the mapping information of the Canis lupus 
familiaris genome assembly CanFam3.1. The rsID infor-
mation was downloaded and annotated from the Euro-
pean Variation Archive EVA release 3 files corresponding 
to the CanFam3.1 assembly.

Haplotypes for each sample were inferred using the 
haplo.stats version 1.8.9 package in Rstudio [32]. The 
haplo.stats software computes scores to evaluate the 
association of a trait with the inferred haplotypes when 
the linkage phase is unknown. We used the Haplo.glm 
extension of haplo.score to perform a GLM regression 
to estimate the magnitude of individual haplotype effects 
within each cytokine. The haplotypes with an absolute 
frequency less than 5 were later dropped by setting the 
haplo.min.count parameter to 5 for the final analysis to 
only account for major haplotypes.

Results
Differences between cytokine levels were found between 
the two canine breeds, with IFN-γ, IL-2, and IL-18 lev-
els being higher in Ibizan Hound than in Boxer, whereas 
IL-8 levels were lower in Ibizan Hound than in Boxer 

(P < 0.05). No statistical differences were found in IL-6 
levels between breeds (Fig. 1).

Mean levels of IFN-γ, IL-2 and IL-18 in Boxer 
dogs were 0.19 ± 0.05  ng/ml, 46.70 ± 4.54  ng/ml,  
and 36.37 ± 30.59  pg/ml respectively. In con-
trast, Ibizan Hound dogs present 0.49 ± 0.05  ng/ml,  
64.55 ± 4.54  ng/ml, and 492.10 ± 31.18  pg/ml,  
respectively. Related to IL-8, the values in Boxer 
dogs are higher than in Ibizan Hounds, at 
230.04 ± 23.11  pg/ml and 136.33 ± 23.55  pg/ml,  
respectively (Table 2).

The complete set of the expected effects of haplotype-
serum level interactions under the tested GLM is detailed 
in Additional file 1: Table S2. We found fifteen haplotypes 
that presented a statistically significant effect on the 
cytokine serum levels (P < 0.05). These fifteen haplotypes 
can be divided into two categories: (i) those showing a 
relative frequency of less than 50% in a specific breed. 
Thirteen IL8 haplotypes are involved, which are related 
to IL-8 and IL-18 serum levels. (ii) Those showing rela-
tive frequencies above 50% in a specific breed. There are 
two haplotypes, IL6 (CGAAG) and IFNG (GCA), which 
present an extended effect on the IL-2, IL-18 and IFN-γ 
serum values (Fig. 2).

On the one hand, the IL6-CGAAG haplotype, com-
pared against the basal haplotype IL6-CAAAG (the most 

Fig. 1 Serum levels of cytokines in Boxer (B) and Ibizan hound (I). Different P‑values for cytokines are shown in figures a–e. a Interferon gamma 
(IFN‑γ), b Interleukin 2 (IL‑2), c Interleukin 6 (IL‑6), d Interleukin 8 (IL‑8), and e Interleukin 18 (IL‑18). Squares represent LS means values for two 
breeds, and vertical lines represent standard deviation. Values for IL‑8 and IL‑18 are expressed in pg/ml, and for IFN‑γ, IL‑2, and IL‑6 in ng/ml. Different 
p‑values for cytokines are shown in figures a–e 
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frequent haplotype being > 40%), increases the IL-2, IL-8 
and IFN-γ serum levels. Having a single copy of the IL6-
CGAAG haplotype increases the value of the IL-2 in 
serum by 10.1 (P < 0.05), increases the value of IL-18 by 
176.1 (P < 0.001) and increases the value of IFN-γ by 0.3 
(P < 0.01) when compared to a dog being homozygous 
for the reference haplotype. The IL6-CAAAG allele is 
almost exclusive to the Ibizan Hound breed, with fre-
quencies above 64% in the IL2, IL8 and IFNG computed 
interactions.

On the other hand, the IFNG-GCA haplotype that 
was compared against the reference haplotype IFNG-
ATG (> 40%) decreases the IL-2, IL-18 and IFN-γ 
serum levels. Having a single copy of the IFNG-GCA 
haplotype decreases the value of the IL-2 in serum by 
15.8 (P < 0.001), decreases the value of IL-18 by 183.7 
(P < 0.001) and decreases the value of IFN-γ by 0.2 
(P < 0.05) when compared to a dog that is homozygous 
for the reference haplotype. The IL6-CAAAG allele is 
almost exclusive to the Ibizan Hound breed, with fre-
quencies above 68.5%, while IFNG-GCA is almost exclu-
sive to Boxer breed dogs (> 70%) in the IL2, IL8 and IFNG 
computed interactions.

Finally, our results (Additional file 1: Table S2) suggest 
a moderate effect of IL8 haplotypes on IL-8 and IL-18 
serum levels, which could indicate a relationship between 
resistance or susceptibility to disease.

Discussion
The results of the present work show fifteen haplotypes 
within genes encoding cytokines that correlated with 
serum cytokines serum levels in apparently healthy dogs 
of the two canine breeds. Two of them, located in IFNG 
and IL6, are statistically correlated with the IFN-γ, IL-2 
and IL-18 measured serum levels. The IL6-CGAAG 
are related to increased levels of IFN-γ, IL-2 and IL-18, 
whereas the IFNG-GCA haplotype are related to reduced 
levels. The frequency of these two haplotypes differs 
between the two canine breeds, so IL6-CGAAG and 

IFNG-GCA haplotypes present high frequency in Ibizan 
Hound and in Boxer, respectively. Consistent with these 
results, the Ibizan Hounds present higher serum levels of 
IFN-γ, IL-2 and IL-18 compared to Boxer dogs.

IFN-γ plays a relevant role in macrophage activation 
against Leishmania infection via nitric oxide [33–35]. 
When IFN-γ binds its receptor on the cell membrane 
of macrophages, the JAK-STA-1 pathway is activated, 
inducing IFN-γ stimulated genes [34]. Furthermore, sev-
eral studies indicate that IFN-γ regulates the transcrip-
tional mechanisms by alternative splicing and altering the 
expression of microRNAs and lncRNAs [36]. Regarding 
L. infantum, the control of infection requires the activa-
tion of T helper 1 (Th-1) cells, which increases the IFN-γ 
and IL-2 serum levels [37, 38]. The production of these 
cytokines was correlated with resistance to disease, so 
IFN-γ has been proposed as biomarker for immune 
monitoring in canine leishmaniasis [17, 39, 40], and IL-2 
expression was negatively correlated with splenic parasite 
loads in infected dogs [41]. The IL-18, known as IFN-γ 
inducing factor, increases the production of this inter-
feron by T cells and has a relevant role in the defence 
against visceral leishmaniasis [42, 43]. According to that, 
these three cytokines (IFN-γ, IL-2 and IL-18) present 
high levels in Ibizan Hound dogs, which have a natural 
resistance against canine leishmaniasis [18, 39, 44, 45]. 
Our results indicate that these elevated levels are cor-
related with the IL6-CGAAG haplotype, which is found 
with a higher frequency in Ibizan Hound dogs compared 
to Boxers. Different haplotypes of IL6 gene or IL6R genes 
have been related to IL-6 and other cytokine serum lev-
els in humans, including IL-2, IL-8 and IL-18 cytokines 
[46–49], and with the severity or protective effect of 
the infectious disease, including parasitic diseases. For 
example, Mendonça et  al., Sortica et  al. and Wujcicka 
et al. founded IL6 gene haplotypes related to the severity 
of the malaria disease and Toxoplasma gondii infection 
[50–52], whereas Chen et  al. showed several IL6 haplo-
types with protective effect against COVID-19 infection 

Table 2 Serum levels of cytokines analysed in Boxer and Ibizan Hound

p-values < 0.05 are statistically significant and shown in bold
a IFN interferon; IL interleukin
b Serum levels of IFN-γ, IL-2 and IL-6 were measured in ng/ml, whereas serum levels of IL-8 and IL-18 were measured in pg/ml

Cytokinea Boxerb (Mean ± SD) Ibizan  Houndb 
(Mean ± SD)

Mean square F value P-value

IFN‑γ 0.19 ± 0.05 0.49 ± 0.05 1.14 16.95 0.0001
IL‑2 46.70 ± 4.54 64.55 ± 4.54 4460.00 7.72 0.0075
IL‑6 0.56 ± 0.09 0.59 ± 0.08 0.01 1.29 0.2611

IL‑8 230.04 ± 23.11 136.33 ± 23.55 116,315.75 8.06 0.0065
IL‑18 36.37 ± 30.59 492.10 ± 31.18 2,750,907.87 108.85  < 0.0001
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Fig. 2 Effects of cytokines haplotype (IL6, IFNG)‑serum levels (IFN‑γ, IL‑2, IL‑18) interactions. Dots represent the expected serum values under the 
tested GLM for each cytokine haplotype (Predicted values for the basal/base haplotype are signalled with a solid line), sizes are according to their 
relative frequencies, total and breed specific. Those statistically significant haplotypes are indicated with an *. IFN interferon; IL interleukin
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[53]. According to the results of Yang et al. in human, our 
results show a correlation between IL6 haplotype and 
serum levels of IL-18, in addition to finding an associa-
tion with high levels of other cytokines such as IFN-γ and 
IL-2, all of them related to protective effect against L. 
infantum infection.

On the contrary, Boxer dogs present higher frequency 
of the IFNG-GCA haplotype, which is related to low lev-
els of IFN-γ, IL-2 and IL-18. Correlations between IFNG 
gene haplotypes and low level of cytokines have previ-
ously been detected in humans. In fact, da Silva et  al. 
demonstrated a correlation between single haplotype 
of IFNG and low levels of IFN-γ, associated with the 
susceptibility to leishmaniasis [54]. According to these 
authors, the correlation between IFNG-GCA haplotype 
and the low levels of IFN-γ was also detected, together 
with low levels of other cytokines with a protective effect 
in Leishmania infection, such as IL-2 and IL-18. The IL-2 
cytokine is secreted by the Th1 cells and stimulates the 
production of IFN-γ [55]. In fact, treatment of exogenous 
IL-2 in mice reduced parasitic load, increasing the IFNG 
expression [56]. Moreover, the IL-18 cytokine presents 
a protective effect against visceral leishmaniasis caused 
by L. infantum infection in humans [57], inducing IFN-γ 
and leading to the production of Th1 responses and natu-
ral killer (NK) cells [58].

Although studies correlating haplotypes of IFNG gene 
and cytokine levels and/or susceptibility to infectious dis-
ease have not yet been carried out in dog, several stud-
ies described different haplotypes in this gene as being 
related to the susceptibility or resistance to infectious dis-
eases in humans, including parasitic infection diseases. 
For example, some authors associated IFNG haplotypes 
with the susceptibility to virus infection, such as hepa-
titis B virus [59], T-lymphotropic virus type 1 infection 
[60], or tuberculosis [61, 62], as well as bacterial infec-
tions such as brucellosis [63], or parasitic infections such 
as malaria [64, 65]. Related to leishmaniasis, Kalani et al. 
[66] found several haplotypes in the IFNG gene related to 
susceptibility and resistance to visceral leishmaniasis in 
Iran.

Several haplotypes of IL8 gene have been related to 
susceptibility and severity of different infectious dis-
eases such as tuberculosis [67], syncytial virus disease 
[68] and hepatitis B [69]. In fact, several studies have 
demonstrated that IL8 haplotypes are related to the 
susceptibility of infectious diseases, increasing the 
percentage of ROS-producing monocyte-derived mac-
rophages [70] and increasing the influx of neutrophils 
in inflammatory lesions [71]. However, the relationship 
between IL8 haplotype and cytokine serum levels or 
susceptibility to Leishmania infection is still unknown. 
The limited number of dogs included in our study with 

these haplotypes made it difficult to obtain determi-
nant results. More studies related to these haplotypes 
and their effect on the severity of diseases are needed 
to elucidate the molecular mechanisms of susceptibility 
and resistance to L. infantum in dogs and other mam-
mals, including humans.

Conclusions
In this study, haplotypes in the IFNG and IL6 genes have 
been correlated to serum levels of IFN-γ, IL-2 and IL-18, 
and a moderate effect on IL8 haplotype correlated to IL-8 
and IL-18 serum levels was found. The results indicate 
that the resistance to L. infantum infection could be a 
consequence of certain haplotypes with a high frequency 
in the Ibizan Hound dog breed, while susceptibility to 
the disease would be related to other specific haplotypes, 
with high frequency in Boxer. Future studies will be nec-
essary to elucidate the specific biological function of 
these haplotypes, their relationship with cytokine expres-
sion and regulation, and with different stages of disease 
in dogs and other mammals, including humans.

Abbreviations
CanL  Canine leishmaniasis
GLM  General linear model
IFAT  Indirect immunofluorescent antibody test
IFN  Interferon
IFNG  Interferon gamma
IL  Interleukin
TGF  Transforming growth factor
Th  T helper
TNF  Tumour necrosis factor
VL  Visceral leishmaniasis

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40249‑ 023‑ 01058‑3.

Additional file 1: Table S1. Analysed poslymorphism in the cytokines 
genes, including the identification number (rsID), chromosmes (Chr) and 
genomic position (Pos), according to CanFam3.1 assembly. Table S2. 
Cytokines haplotype‑serum interactions. Total haplotype frequencies s 
are shown along with breed specific values. Coefficients summarized the 
estimated magnitude of individual haplotype effects. Coefficients values 
for base haplotypes correspond  to the Intercept or constant value in the 
model.

Acknowledgements
We sincerely thank the “Podenco Ibicenco Association” and “Boxer club España” 
for allowing their data and samples of Ibizan Hound and Boxer dogs. We 
are grateful to the Precision Medicine Unit of INCLIVA for carrying out the 
genomic analysis.

Author contributions
LA, PJMG performed data analysis and edited the manuscript. PRG and CPMJ 
performed data analysis. LL conceived of the research, designed the methods, 
and wrote the manuscript. All authors read and approved the final manuscript.

https://doi.org/10.1186/s40249-023-01058-3
https://doi.org/10.1186/s40249-023-01058-3


Page 8 of 9Álvarez et al. Infectious Diseases of Poverty            (2023) 12:9 

Funding
This research was funded by Ministerio de Universidades, grant number 
CAS21/00039 and by Universidad Cardenal Herrera CEU, Grant Number 
PUENTE22‑01.

Availability of data and materials
All data generated or analysed during this study are included in this published 
article and its Additional files.

Declarations

Ethics approval and consent to participate
The experiments involving animals were conducted according to the Declara‑
tion of Helsinki ethical principles and approved by the Animal Experimenta‑
tion Ethics Committee of the Universidad Cardenal Herrera CEU, with code 
2020/VSC/PEA/0216.

Consent for publication
Not applicable.

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

Author details
1 Department of Animal Production and Health, Public Health and Food Sci‑
ence and Technology, Veterinary Medicine Faculty, Facultad de Veterinaria, 
Universidad Cardenal Herrera‑CEU, CEU Universities, Valencia, Spain. 2 Precision 
Medicine Unit, INCLIVA Biomedical Research Institute, Valencia, Spain. 3 Helm‑
holtz Pioneer Campus (HPC), Helmholtz Zentrum München, Neuherberg, 
Germany. 

Received: 7 November 2022   Accepted: 26 January 2023

References
 1. Maxfield L, Crane JS. Leishmaniasis. In: Maxfield L, editor. StatPearls. 

Treasure Island: StatPearls publishing; 2022.
 2. Akhoundi M, Kuhls K, Cannet A, Votýpka J, Marty P, Delaunay P, et al. 

A historical overview of the classification, evolution, and dispersion 
of Leishmania parasites and sandflies. PLoS Negl Trop Dis. 2016;10: 
e0004349.

 3. Burza S, Croft SL, Boelaert M. Leishmaniasis. Lancet. 2018;392:951–70.
 4. https:// www. who. int/ es/ news‑ room/ fact‑ sheets/ detail/ leish mania sis. 

Accessed 07 Nov 2022.
 5. Mendoza‑Roldan JA, Latrofa MS, Tarallo VD, Manoj RR, Bezerra‑Santos MA, 

Annoscia G, et al. Leishmania spp. in Squamata reptiles from the Mediter‑
ranean basin. Transbound Emerg Dis. 2022;69:2856–66.

 6. Giner J, Villanueva‑Saz S, Fernández A, Gómez MA, Podra M, Lizarraga P, 
et al. Detection of anti‑Leishmania infantum antibodies in wild European 
and American mink (Mustela lutreola and Neovison vison) from Northern 
Spain, 2014–20. J Wildl Dis. 2022;58:198–204.

 7. Ortuño M, Nachum‑Biala Y, García‑Bocanegra I, Resa M, Berriatua E, 
Baneth G. An epidemiological study in wild carnivores from Spanish 
Mediterranean ecosystems reveals association between Leishmania 
infantum, Babesia spp. and Hepatozoon spp. infection and new hosts for 
Hepatozoon martis, Hepatozoon canis and Sarcocystis spp. Transbound 
Emerg Dis. 2022;69:2110–25.

 8. Athanasiou LV, Katsogiannou EG, Tsokana CN, Boutsini SG, Bisia MG, Papat‑
siros VG. Wild rabbit exposure to Leishmania infantum, Toxoplasma gondii, 
Anaplasma phagocytophilum and Babesia caballi evidenced by serum and 
aqueous humor antibody detection. Microorganisms. 2021;9:2616.

 9. Martín‑Sánchez J, Torres‑Medina N, Morillas‑Márquez F, Corpas‑López V, 
Díaz‑Sáez V. Role of wild rabbits as reservoirs of leishmaniasis in a non‑
epidemic Mediterranean hot spot in Spain. Acta Trop. 2021;222: 106036.

 10. Escobar TA, Dowich G, Dos Santos TP, Zuravski L, Duarte CA, Lübeck I, 
et al. Assessment of Leishmania infantum infection in equine popula‑
tions in a canine visceral leishmaniosis transmission area. BMC Vet Res. 
2019;15:381.

 11. Ahuir‑Baraja AE, Ruiz MP, Garijo MM, Llobat L. Feline leishmaniosis: an 
emerging public health problem. Vet Sci. 2021;8:173.

 12. Morales‑Yuste M, Martín‑Sánchez J, Corpas‑Lopez V. Canine leishmania‑
sis: update on epidemiology, diagnosis, treatment, and prevention. Vet 
Sci. 2022;9:387.

 13. Gálvez R, Montoya A, Cruz I, Fernández C, Martín O, Checa R, et al. 
Latest trends in Leishmania infantum infection in dogs in Spain, part 
I: mapped seroprevalence and sand fly distributions. Parasit Vectors. 
2020;13:204.

 14. Rombolà P, Barlozzari G, Carvelli A, Scarpulla M, Iacoponi F, Macrì G. 
Seroprevalence and risk factors associated with exposure to Leishma-
nia infantum in dogs, in an endemic Mediterranean region. PLoS ONE. 
2021;16: e0244923.

 15. Varjão BM, Pinho FA, Solcà MD, Silvestre R, Fujimori M, Goto H, et al. 
Spatial distribution of canine Leishmania infantum infection in a munic‑
ipality with endemic human leishmaniasis in Eastern Bahia, Brazil. Rev 
Bras Parasitol Vet. 2021;30: e022620.

 16. Edo M, Marín‑García PJ, Llobat L. Is the prevalence of Leishmania infan-
tum linked to breeds in dogs? Characterization of seropositive dogs in 
Ibiza. Animals (Basel). 2021;11:2579.

 17. Ordeix L, Silva JEDS, Llull J, Quirola P, Montserrat‑Sangrà S, Martínez‑
Orellana P, et al. Histological and immunological description of the 
Leishmanin skin test in Ibizan hounds. J Comp Pathol. 2018;158:56–65.

 18. Solano‑Gallego L, Llull J, Ramos G, Riera C, Arboix M, Alberola J, et al. 
The Ibizian hound presents a predominantly cellular immune response 
against natural Leishmania infection. Vet Parasitol. 2000;90:37–45.

 19. Carrillo E, Moreno J. Cytokine profiles in canine visceral leishmaniasis. 
Vet Immunol Immunopathol. 2009;128:67–70.

 20. 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.

 21. Abbehusen MM, Almeida VD, Solcà MD, Pereira LD, Costa DJ, Gil‑
Santana L, et al. Clinical and immunopathological findings during long 
term follow‑up in Leishmania infantum experimentally infected dogs. 
Sci Rep. 2017;7:15914.

 22. Sanchez‑Robert E, Altet L, Utzet‑Sadurni M, Giger U, Sanchez A, Fran‑
cino O. Slc11a1 (formerly Nramp1) and susceptibility to canine visceral 
leishmaniasis. Vet Res. 2008;39:36.

 23. Asante‑Poku A, Morgan P, Osei‑Wusu S, Aboagye SY, Asare P, Otchere 
ID, et al. Genetic analysis of TB susceptibility variants in Ghana reveals 
candidate protective loci in SORBS2 and SCL11A1 genes. Front Genet. 
2021;12: 729737.

 24. Paccagnini D, Sieswerda L, Rosu V, Masala S, Pacifico A, Gazouli M, et al. 
Linking chronic infection and autoimmune diseases: Mycobacterium 
avium subspecies paratuberculosis, SLC11A1 polymorphisms and 
type‑1 diabetes mellitus. PLoS ONE. 2009;4: e7109.

 25. Romero‑Gómez M, Montes‑Cano MA, Otero‑Fernández MA, Tor‑
res B, Sánchez‑Muñoz D, Aguilar F, et al. SLC11A1 promoter gene 
polymorphisms and fibrosis progression in chronic hepatitis C. Gut. 
2004;53:446–50.

 26. Sechi L‑A, Gazouli M, Sieswerda L‑E, Molicotti P, Ahmed N, Ikono‑
mopoulos J, et al. Relationship between Crohn’s disease, infection 
with Mycobacterium avium subspecies paratuberculosis and SLC11A1 
gene polymorphisms in Sardinian patients. World J Gastroenterol. 
2006;12:7161–4.

 27. Gruenheid S, Pinner E, Desjardins M, Gros P. Natural resistance to infection 
with intracellular pathogens: the Nramp1 protein is recruited to the 
membrane of the phagosome. J Exp Med. 1997;185:717–30.

 28. Sanchez‑Robert E, Altet L, Sanchez A, Francino O. Polymorphism of 
Slc11a1 (Nramp1) gene and canine leishmaniasis in a case‑control study. 
J Hered. 2005;96:755–8.

 29. Quilez J, Martínez V, Woolliams JA, Sanchez A, Pong‑Wong R, Kennedy LJ, 
et al. Genetic control of canine leishmaniasis: genome‑wide association 
study and genomic selection analysis. PLoS ONE. 2012;7: e35349.

 30. Olías‑Molero AI, Corral MJ, Jiménez‑Antón MD, Alunda JM. Early antibody 
response and clinical outcome in experimental canine leishmaniasis. Sci 
Rep. 2019;9(1):18606.

 31. Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ. Second‑
generation PLINK: rising to the challenge of larger and richer datasets. 
Gigascience. 2015;4:7.

https://www.who.int/es/news-room/fact-sheets/detail/leishmaniasis


Page 9 of 9Álvarez et al. Infectious Diseases of Poverty            (2023) 12:9  

 32. Lake SL, Lyon H, Tantisira K, Silverman EK, Weiss ST, Laird NM, et al. Estima‑
tion and tests of haplotype‑environment interaction when linkage phase 
is ambiguous. Hum Hered. 2003;55:56–65.

 33. Corradin SB, Mauël J. Phagocytosis of Leishmania enhances mac‑
rophage activation by IFN‑gamma and lipopolysaccharide. J Immunol. 
1991;146:279–85.

 34. Gurjar D, Kumar Patra S, Bodhale N, Lenka N, Saha B. Leishmania 
intercepts IFN‑γR signaling at multiple levels in macrophages. Cytokine. 
2022;157: 155956.

 35. Sousa‑Franco J, Araújo‑Mendes É, Silva‑Jardim I, Jane L, Faria DR, Dutra 
WO, et al. Infection‑induced respiratory burst in BALB/c macrophages 
kills Leishmania guyanensis amastigotes through apoptosis: possible 
involvement in resistance to cutaneous leishmaniasis. Microbes Infect. 
2006;8:390–400.

 36. Schneider WM, Chevillotte MD, Rice CM. Interferon‑stimulated genes: a 
complex web of host defenses. Annu Rev Immunol. 2014;32:513–45.

 37. Maia C, Campino L. Biomarkers associated with Leishmania infantum 
exposure, infection, and disease in dogs. Front Cell Infect Microbiol. 
2018;8:302.

 38. Maia C, Campino L. Cytokine and phenotypic cell profiles of Leishmania 
infantum infection in the dog. J Trop Med. 2012;2012: 541571.

 39. Martínez‑Orellana P, Marí‑Martorell D, Montserrat‑Sangrà S, Ordeix L, 
Baneth G, Solano‑Gallego L. Leishmania infantum‑specific IFN‑γ produc‑
tion in stimulated blood from dogs with clinical leishmaniosis at diagno‑
sis and during treatment. Vet Parasitol. 2017;248:39–47.

 40. Ordeix L, Montserrat‑Sangrà S, Martínez‑Orellana P, Solano‑Gallego L. 
Toll‑like receptors 2, 4, and 7, interferon‑gamma, interleukin 10, and 
programmed death ligand 1 transcripts in Leishmanin skin test‑positive 
reactions of Ibizan hound dogs. J Immunol Res. 2020;2020:9602576.

 41. Aslan H, Oliveira F, Meneses C, Castrovinci P, Gomes R, Teixeira C, et al. 
New insights into the transmissibility of Leishmania infantum from dogs 
to sand flies: experimental vector‑transmission reveals persistent parasite 
depots at bite sites. J Infect Dis. 2016;213:1752–61.

 42. Dinarello CA. IL‑18: A TH1‑inducing, proinflammatory cytokine and new 
member of the IL‑1 family. J Allergy Clin Immunol. 1999;103:11–24.

 43. Mullen AB, Lawrence CE, McFarlane E, Wei X‑Q, Carter KC. Endogenous 
interleukin‑18 is involved in immunity to Leishmania donovani but its 
absence does not adversely influence the therapeutic activity of sodium 
stibogluconate. Immunology. 2006;119:348–54.

 44. Martínez‑Orellana P, González N, Baldassarre A, Álvarez‑Fernández A, 
Ordeix L, Paradies P, et al. Humoral responses and ex vivo IFN‑γ produc‑
tion after canine whole blood stimulation with Leishmania infantum 
antigen or KMP11 recombinant protein. Vet Sci. 2022;9:116.

 45. Sanchez‑Robert E, Altet L, Alberola J, Rodriguez‑Cortés A, Ojeda A, López‑
Fuertes L, et al. Longitudinal analysis of cytokine gene expression and 
parasite load in PBMC in Leishmania infantum experimentally infected 
dogs. Vet Immunol Immunopathol. 2008;125:168–75.

 46. Gigante B, Strawbridge RJ, Velasquez IM, Golabkesh Z, Silveira A, Goel 
A, et al. Analysis of the role of interleukin 6 receptor haplotypes in the 
regulation of circulating levels of inflammatory biomarkers and risk of 
coronary heart disease. PLoS ONE. 2015;10: e0119980.

 47. Singh M, Mastana S, Singh S, Juneja PK, Kaur T, Singh P. Promoter poly‑
morphisms in IL-6 gene influence pro‑inflammatory cytokines for the risk 
of osteoarthritis. Cytokine. 2020;127: 154985.

 48. Wang X‑Q, Hu M, Chen J‑M, Sun W, Zhu M‑B. Effects of gene polymor‑
phism and serum levels of IL‑2 and IL‑6 on endometriosis. Eur Rev Med 
Pharmacol Sci. 2020;24:4635–41.

 49. Yang Y, Song YJ, Nie QB, Wang YF, Zhang M, Mao GS. Correlations of IL-18 
and IL-6 gene polymorphisms and expression levels with onset of glioma. 
Eur Rev Med Pharmacol Sci. 2022;26:1475–83.

 50. Mendonça VRR, Souza LCL, Garcia GC, Magalhães BML, Lacerda MVG, 
Andrade BB, et al. DDX39B (BAT1), TNF and IL6 gene polymorphisms and 
association with clinical outcomes of patients with Plasmodium vivax 
malaria. Malar J. 2014;13:278.

 51. Sortica VA, Cunha MG, Ohnishi MDO, Souza JM, Ribeiro‑dos‑Santos ÂKC, 
Santos SEB, et al. Role of IL6, IL12B and VDR gene polymorphisms in 
Plasmodium vivax malaria severity, parasitemia and gametocytemia levels 
in an Amazonian Brazilian population. Cytokine. 2014;65:42–7.

 52. Wujcicka W, Gaj Z, Wilczyński J, Nowakowska D. Contribution of IL6 ‑174 
G>C and IL1B +3954 C>T polymorphisms to congenital infection with 
Toxoplasma gondii. Eur J Clin Microbiol Infect Dis. 2015;34:2287–94.

 53. Chen T, Lin Y‑X, Zha Y, Sun Y, Tian J, Yang Z, et al. A low‑producing haplo‑
type of interleukin‑6 disrupting CTCF binding is protective against severe 
COVID‑19. mBio. 2021;12: e0137221.

 54. da Silva GA, Mesquita TG, Souza VC, Junior JD, Gomes de Souza ML, 
Talhari AC, et al. A Single haplotype of IFNG correlating with low circulat‑
ing levels of interferon‑γ is associated with susceptibility to cutane‑
ous leishmaniasis caused by Leishmania guyanensis. Clin Infect Dis. 
2020;71:274–81.

 55. Murray JS, Madri J, Pasqualini T, Bottomly K. Functional CD4 T cell subset 
interplay in an intact immune system. J Immunol. 1993;150:4270–6.

 56. Murray HW, Miralles GD, Stoeckle MY, McDermott DF. Role and effect of 
IL‑2 in experimental visceral leishmaniasis. J Immunol. 1993;151:929–38.

 57. Moravej A, Rasouli M, Asaei S, Kalani M, Mansoori Y. Association of 
interleukin‑18 gene variants with susceptibility to visceral leishmaniasis in 
Iranian population. Mol Biol Rep. 2013;40:4009–14.

 58. Nakanishi K. Unique action of interleukin‑18 on T cells and other immune 
cells. Front Immunol. 2018;9:763.

 59. Liu M, Cao B, Zhang H, Dai Y, Liu X, Xu C. Association of interferon‑gamma 
gene haplotype in the Chinese population with hepatitis B virus infec‑
tion. Immunogenetics. 2006;58:859–64.

 60. Rocha‑Júnior MC, Haddad R, Cilião Alves DC, de Deus Wagatsuma VM, 
Mendes‑Junior CT, Deghaide NHS, et al. Interleukin‑18 and interferon‑
gamma polymorphisms are implicated on proviral load and susceptibil‑
ity to human T‑lymphotropic virus type 1 infection. Tissue Antigens. 
2012;80:143–50.

 61. Etokebe GE, Bulat‑Kardum L, Johansen MS, Knezevic J, Balen S, Mata‑
kovic‑Mileusnic N, et al. Interferon‑gamma gene (T874A and G2109A) 
polymorphisms are associated with microscopy‑positive tuberculosis. 
Scand J Immunol. 2006;63:136–41.

 62. Hassuna NA, El Feky M, Hussein AARM, Mahmoud MA, Idriss NK, 
Abdelwahab SF, et al. Interleukin‑18 and interferon‑γ single nucleotide 
polymorphisms in Egyptian patients with tuberculosis. PLoS ONE. 
2021;16: e0244949.

 63. Eskandari‑Nasab E, Moghadampour M, Hasani S‑S, Hadadi‑fishani M, 
Mirghanizadeh‑Bafghi S‑A, Asadi‑Saghandi A, et al. Relationship between 
γ‑interferon gene polymorphisms and susceptibility to brucellosis infec‑
tion. Microbiol Immunol. 2013;57:785–91.

 64. Kanchan K, Jha P, Pati SS, Mohanty S, Mishra SK, Sharma SK, et al. 
Interferon‑γ (IFNG) microsatellite repeat and single nucleotide 
polymorphism haplotypes of IFN‑α receptor (IFNAR1) associated with 
enhanced malaria susceptibility in Indian populations. Infect Genet Evol. 
2015;29:6–14.

 65. Phawong C, Ouma C, Tangteerawatana P, Thongshoob J, Were T, 
Mahakunkijcharoen Y, et al. Haplotypes of IL12B promoter polymor‑
phisms condition susceptibility to severe malaria and functional changes 
in cytokine levels in Thai adults. Immunogenetics. 2010;62:345–56.

 66. Kalani M, Choopanizadeh M, Rasouli M. Influence of genetic variants of 
gamma interferon, interleukins 10 and 12 on visceral leishmaniasis in an 
endemic area, Iran. Pathog Glob Health. 2019;113:14–9.

 67. Lindenau JD, Guimarães LSP, Friedrich DC, Hurtado AM, Hill KR, Salzano 
FM, et al. Cytokine gene polymorphisms are associated with susceptibil‑
ity to tuberculosis in an Amerindian population. Int J Tuberc Lung Dis. 
2014;18:952–7.

 68. Hacking D, Knight JC, Rockett K, Brown H, Frampton J, Kwiatkowski DP, 
et al. Increased in vivo transcription of an IL-8 haplotype associated 
with respiratory syncytial virus disease‑susceptibility. Genes Immun. 
2004;5:274–82.

 69. Qin X, Deng Y, Liao X‑C, Mo C‑J, Li X, Wu H‑L, et al. The IL-8 gene polymor‑
phisms and the risk of the hepatitis B virus/infected patients. DNA Cell 
Biol. 2012;31:1125–30.

 70. Pigossi SC, Anovazzi G, Finoti LS, de Medeiros MC, Mayer MPA, Rossa Jun‑
ior C, et al. Functionality of the Interleukin 8 haplotypes in lymphocytes 
and macrophages in response to gram‑negative periodontopathogens. 
Gene. 2019;689:152–60.

 71. Benakanakere MR, Finoti LS, Tanaka U, Grant GR, Scarel‑Caminaga RM, 
Kinane DF. Investigation of the functional role of human interleukin‑8 
gene haplotypes by CRISPR/Cas9 mediated genome editing. Sci Rep. 
2016;6:31180.


	Interleukin 6 and interferon gamma haplotypes are related to cytokine serum levels in dogs in an endemic Leishmania infantum region
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Animals and epidemiological data
	Sample collection and cytokine levels
	DNA extraction and whole genome analysis
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


