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Abstract

Vitamin D (VitD) deficiency has been shown to be a risk factor for a plethora of disorders.
We have shown that dogs with clinical leishmaniasis presented lower VitD serum levels
than non-infected dogs, and even lower than those with asymptomatic infection. However, if
VitD deficiency is a risk factor to develop clinical leishmaniasis remains to be answered. It is
also unknown if VitD participates in Leishmania control. First, we retrospectively analysed
VitD concentration in serum samples from 36 healthy dogs collected in different periods of
the year concluding that there isn’t a seasonal variation of this vitamin in dogs. We also
included 9 dogs with clinical leishmaniasis and 10 non-infected healthy dogs, in which we
measured VitD levels at the beginning of the study, when all dogs were negative for serology
and qPCR, and 1 year later. Whereas non-infected dogs showed no change in VitD levels
along the study, those developing clinical leishmaniasis showed a significant VitD reduction
at the end of the study (35%). When we compared VitD concentration between the two
groups at the beginning of the study, no differences were detected (43.6 (38-59) ng/mL, P=
0.962). Furthermore, an in vitro model using a canine macrophage cell line proved that add-
ing active VitD leads to a significant reduction in L. infantum load (31.4%). Analyzing expres-
sion of genes related to VitD pathway on primary canine monocytes, we showed that
CBD103 expression was significantly enhanced after 1,25(0OH),D addition. Our results
show that VitD concentration is neither seasonal nor a risk factor for developing canine leish-
maniasis, but it diminishes with the onset of clinical disease suggesting a role in parasitic
control. Our in vitro results corroborate this hypothesis and point out that VitD regulates
infection through CBD103 expression. These results open the possibility for studies testing
VitD as an adjuvant in leishmaniasis therapy.
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Author summary

Vitamin D (VitD), the precursor of the powerful steroid hormone calcitriol, has been
widely known to regulate the calcium and phosphate homeostasis. Several studies have
shown that VitD plays also an important role on innate immunity. The mechanisms by
which VitD modulates the immune function have been studied within different contexts
involving multiple pathogens, but not Leishmania sp. It is known that VitD strengthens
the innate immune system by inducing the expression of anti-microbial peptides in Myco-
bacterium tuberculosis-infected human macrophages. Antimicrobial peptides act on the
bacterial wall, increasing the formation of reactive oxygen species, modulating cytokine
expression, and inducing autophagy. Immune system plays a key role in leishmaniasis dis-
ease control, thus VitD could have a relevant contribution in leishmaniasis. In a previous
study, we shown that clinical leishmaniasis is associated with VitD deficiency. This
research aims to determine whether vitamin D is seasonal and a risk factor for developing
canine leishmaniasis and, also, to study the possible VitD anti-parasitic effect and the
expression of genes related to VitD pathway. The results show that VitD in canine leish-
maniasis is neither seasonal nor a risk factor for developing clinical disease. However, its
role in reducing parasite load suggests that VitD could be an adjuvant in leishmaniasis
therapy.

Introduction

Leishmaniases are a group of neglected vector-borne diseases caused by obligate intracellular
protozoan parasites of the genus Leishmania (Trypanosomatida: Trypanosomatidae). The dis-
ease is considered endemic in tropical and subtropical regions of the Palearctic and Neotropic
ecozones, and in ecoregions around the Mediterranean Basin. Human visceral leishmaniasis
(VL) can be fatal if left untreated, resulting in 26 000-65 000 deaths per year (World Health
Organization, 2019). Canids are the main reservoir and hosts of L. infantum, the causative
agent of zoonotic VL in the Mediterranean Basin [1]. Only in western Mediterranean coun-
tries, there is an estimate of 2.5 million infected dogs [2]. Most Leishmania-infected humans
and dogs show an asymptomatic infection, with only 5-20% of the cases developing the patent
disease over a variable period of time [3,4]. The mechanisms that regulate the final outcome of
the infection remain unknown, although it appears that asymptomatic infections are associ-
ated with a strong specific cell-mediated immunity and a Th1-proinflamatory immune
response [5]. Some studies show that Th17 cells act synergistically with the Th1 population to
control L. infantum growth by modulating some key regulatory cytokines [6]. However, exac-
erbated Th1 and Th17 may be responsible for excessive inflammation and pathology [7,8].
Susceptible individuals develop progressive disease with increasing parasite burden, concomi-
tant to high antibody levels and a progressive Th2-deactivating immune response in the pres-
ence of a strong inflammatory reaction [9,10]. Innate immune system plays an important role
by promoting the appropriate adaptive cellular immune response against the Leishmania
infection [11]. Macrophages are central players in innate immune response and the main host
cell for Leishmania spp.

Several studies have shown the important role that vitamin D (VitD) plays on innate immu-
nity [12-14]. In humans, active VitD can be obtained from a small number of foods, from die-
tary supplements or photochemically through conversion of provitamin D by UVB rays
exposure [15], resulting in a poorer VitD status in non-summer seasons [16]. Previous studies
suggest that there would be no seasonal variations in vitamin D levels in dogs due to
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inadequate cutaneous synthesis [17], but this should be confirmed. The effects of VitD are
mediated by its binding to the vitamin D receptor (VDR) which is expressed in several anti-
gen-presenting cells and acts as a transcription factor specifically modulating the expression of
many genes [12,18]. In human macrophages, toll-like receptors (TLR) activation by Mycobac-
terium tuberculosis antigens increases the expression of VDR and 25-hydroxyvitamin D la-
hydroxylase (CYP27B1) genes, resulting in an over-expression of target genes, including anti-
microbial peptides (APM) such as cathelicidins and B-defensins genes [19]. These peptides
carry out several anti-microbial functions by increasing the formation of reactive oxygen spe-
cies, modulating cytokine expression and inducing autophagy [20,21]. In the last decade, other
transcriptional regulators that participate in the secondary gene regulatory response to VitD
have been also described [22]. Also, it is well established that VitD plays a role modulating
adaptive immune response against infection by reducing the production of pro-inflammatory
Th1 and Th17 derived cytokines [23,24], IgG secretion and maintaining B-cell homeostasis
[25].

Some observational, preclinical, and clinical studies have shown that low levels of VitD
increase the risk of developing multiple diseases in humans (cancer, diabetes, autoimmune dis-
eases and infectious diseases such as toxoplasmosis, AIDS, influenza or malaria) [26-32].
However, few studies have investigated VitD and leishmaniasis, with contradictory results
depending on the animal model and Leishmania species [33-36]. We previously showed, for
the first time, that dogs with clinical leishmaniasis and also those with asymptomatic infection
presented lower VitD serum concentration than non-infected dogs. Vitamin D concentration
were strongly negatively correlated with clinical severity, parasite load, and anti-Leishmania
IgG levels. However, no association was found between VitD and T-cell response. Therefore,
we reported that progression of clinical CanL was strongly associated with VitD deficiency in
dogs [37].

The aims of the current study were i) to evaluate if VitD concentration in dogs shows a sea-
sonal variation as it is the case for humans; ii) to investigate whether low VitD concentration is
arisk factor for developing canine leishmaniasis (CanL); and iii) to determine if VitD has an
anti-parasitic effect in Leishmania-infected macrophages and analyze RNA expression of com-
ponents of VitD pathway.

Methods
Ethics statement

The research protocol was submitted to the Ethics Committee on Animal Experimentation
(CEEA) of Universitat de Barcelona which, in compliance with national (Royal Decree 1201/
2005) and European Union regulations (European Directive 86/609/CE) for projects using
animals for research purpose, considered that an ethical approval was not required for this
study. The project was also submitted to and approved by ISGlobal Internal Scientific Com-
mittee (ISC). All dog owners were informed about the research protocol and signed an
informed consent allowing for sample and data collection.

Dog population included in seasonality study

In order to know if there is a seasonal variation in vitamin D levels in dogs, we included serum
samples from thirty-six dogs from different breeds and ages living in Spain, which remained
clinically healthy and Leishmania-free thorough one year (2016-2017). Serum samples from
these dogs obtained in three timing points (February 2016, May/June 2016 and January 2017)
were analysed. All dogs were fed commercial dry diet during the entire studied period. No
changes in diet were made between timing points.
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Dog population included in longitudinal study

To study the relationship between VitD levels and evolution of L. infantum infection we
included retrospective serum samples from 19 dogs belonging to a longitudinal study of CanL
living in a highly endemic area (Spain). Nine of these dogs became Leishmania infected, while
10 remained healthy and Leishmania-free along the study. This studied population included
60% males and 40% females from different breeds, and ages ranging from 1 to 11 years (4 + 3.3
years). Samples at Spring times T1 and T2 were analysed.

Clinicopathological characterization

Clinical signs, clinical chemistry, and haematological values were scored using a clinicopatho-
logical score (CPS) as previously described [38]. Briefly, clinical signs compatible with leish-
maniasis such as cutaneous lesions, ocular signs, and epistaxis were scored 0-3. Both clinical
chemistry and haematological results scored 1 point for each abnormal value. These scores
were added to obtain an overall clinicopathological score for each dog.

Samples

Serum was obtained after centrifugation of peripheral blood at 1600 g for 10 min and stored at
-20°C until serology and biochemical analyses were performed. Popliteal lymph node samples
collected by fine needle aspiration in sterile 0.9% NaCl solution were frozen at -20°C until
DNA extraction. Peripheral Blood Mononuclear Cells (PBMCs) were isolated from blood in
heparin tubes and preserved in liquid nitrogen until processing.

Crude total L. infantum antigen (CTLA)-based ELISA

B cell function was analysed through anti-Leishmania antibody concentration using an ELISA
technique, as previously described with minor modifications [39]. Briefly, microtiter plates
were coated with 2 pg of CTLA per well and sequentially incubated with sera and protein A
conjugated to horseradish peroxidase (Pierce). Working dilutions were 1/400 and 1/10 000 for
sera and protein A-HRP, respectively. Absorbance values were read at 450 nm in an automatic
microELISA reader (Spark 10M, Tecan). Results were expressed in ELISA units (EU), referred
to a known positive serum used as a calibrator and arbitrarily set to 1 EU. Cut-off value (mean
+ 3 SD) for 76 dogs from a non-endemic area was 0.200 OD.

Real-Time PCR amplification of Leishmania DNA

Parasite load was determined by qPCR in lymph nodes. DNA was extracted using the High
Pure PCR Template Preparation Kit (Roche). L. infantum DNA was specifically detected and
quantified with a TagMan qPCR Assay (Applied Biosystems) following a previously reported
protocol [40] with some modifications. The qPCR assay was designed to target conserved
DNA regions of the kinetoplast from L. infantum genome. Primer sequences were LEISH-1 5'-
AAC TTT TCT GGT CCT CCG GGT AG-3/,LEISH-25'-ACC CCC AGT TTC CCG CC-
3’, and the TagMan-MGB probe FAM-5'-AAA AAT GGG TGC AGA AAT-3'- MGB. The
thermal cycling profile was 50°C for 2 min, 95°C for 10 min, 40 cycles at 95°C for 15 s, and
60°C for 1 min. Analyses were performed in a StepOnePlus Real Time PCR System device
(Applied Biosystems). Each sample plus a negative control was analysed in triplicate. Parasite
quantification was performed by comparison with a standard curve generated with L. infan-
tum DNA extracted from 1 x 107 parasites by using serial dilutions from 10° to 10~ parasites.
This technique was sensitive enough to detect 0.001 parasites per reaction with a dynamic
range of 10”. The median slope of three different standard curves was —3.44, and the qPCR
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efficiency was 98%. Quantification was linear between 10° and 1072 parasites per reaction tube
(correlation = 0.99).

Determination of Vitamin D levels in serum samples

The prehormone 25-hydroxyvitamin D (25(OH)D) is the most reliable estimate of overall
VitD status because this is a stable circulating metabolite of VitD, and its concentration is
nearly 1000-fold higher than the biologically active form 1,25-dihydroxyvitamin D (1,25
(OH),D). Thus, 25(OH)D levels were assessed in serum samples using a competitive direct
enzyme-linked immuno-sorbent assay (IDS 25-Hydroxy Vitamin D Direct EIA kit, Immuno-
diagnostic Systems Ltd.) according to the manufacturer’s instructions and employing an auto-
matic micro-ELISA reader (Spark 10M, Tecan). The concentration of 25(OH)D in each
sample was calculated using a four-parameter logistic curve fit (Prism 5, GraphPad Software),
and results were expressed in ng/mL units.

In vitro evaluation of Vitamin D effect on L. infantum parasite killing

L. infantum promastigotes of the MCAN/ES/92/BCN-83/MON-1 strain were cultured at 26°C
in R15 medium [RPMI 1640 medium (Gibco) supplemented with 15% heat-inactivated fetal
bovine serum (FBS) (Gibco), 2% HEPES 1M (Gibco) and 1% 10000 U/mL penicillin with 10
000 pg/mL streptomycin (Gibco)]. Weekly passages were performed. Metacyclic promastigotes
for in vitro infections were obtained from a 6-days-old stationary culture. DH82 dog macro-
phages kindly provided by Dr. Javier Moreno (Instituto de Salud Carlos III, Spain). Cells were
cultured in R-10 media [RPMI 1640 medium (Gibco) supplemented with 10% FBS (Gibco)
and 1% Penicillin/Streptomycin (Gibco)] and kept in a humid atmosphere at 37°C and in 5%
CO,. The day of the experiment, cells were cultured in a 24-well plate (250 000 cells per well)
and left to adhere for 2h. Different concentrations of 1,25-dihydroxyvitamin D (CAS N 250-
963-8, Sigma-Aldrich) were added to DH82 cells in triplicate (0.01 pM, 0.1 uM and 1 pM) and
plates were incubated for 24 h. After 24 hours, pre-treated DH82 cells were infected with meta-
cyclic promastigotes at a parasite:cell ratio of 5:1, incubated for 24 h and then, washed with 1x
PBS to discard non-internalized promastigotes. Cells were treated with trypsin-EDTA 0.05%
(Gibco) and plated on microscopic slides by cytocentrifugation (Thermo Scientific Shandon
Cytospin 4). Preparations were fixed with methanol and stained with Giemsa 10%. The num-
ber of infected macrophages and of intracellular parasites were recorded by direct microscopic
count of 200 cells per sample. Values of infected macrophages and parasite burden were
expressed as absolute number per 100 macrophages.

Monocytes isolation

Monocytes were isolated from 2 groups of dogs: a) Nine dogs from the field study, 4 Leish-
mania-infected dogs and 5 non-infected dogs at T2; b) Six healthy dogs whose buffy coats
were obtained from the animal blood bank of Spain (Banco de Sangre Animal SL). Bufty coats
were obtained by centrifugation (Megafuge 40R, Thermo Scientific) of 450 ml whole blood
bags at slow speeds (4000 rpm, 17 min) at 22° C, after which the buffy coat was transferred
into an attached satellite bag. First, PBMCs were isolated using Ficoll density gradient method.
Samples were diluted (1:3) with 1x PBS, gently layered over 15 mL of Ficoll Paque Plus solution
(GE Healthcare) and centrifuged at 400 g for 30 min. The buffy coat cells collected at the inter-
face were washed with 1x PBS and treated with 4 mL of Ammonium-Chloride-Potassium Lys-
ing Buffer (150 mM ammonium chloride, 10 mM potassium bicarbonate and 0.1 mM EDTA)
and washed again with 1x PBS. Cells were resuspended in R-10 medium. The differential
counting was determined by haematological analyser (XN-1500, Sysmex Europe GmbH).
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PBMCs from dogs of the field study were frozen in liquid nitrogen until use. PBMCs were cul-
tivated in 24-well plates (2.5 x 10° cells/well) and incubated for 18 h at 37°C in humidified
incubator (5% CO,) for adherence. Later, cells were washed to obtain (a) only monocytes and
RNA was directly extracted or (b) monocytes were treated with 1,25(OH),D at a concentration
of 0.1 uM of Lipopolysaccharides from Escherichia coli O111:B4 (LPS) (EC N 297-473-0,
Sigma-Aldrich) at 0.1 pg/mL as positive control for 24 h. Plates were centrifuged at 400 g for
10 min, washed once with 1x PBS and monocytes were collected with 1 mL TRI Reagent
(Ambion) and stored at -80°C until RNA extraction.

Gene expression analysis of Vitamin D pathway

RNA was extracted from monocytes using the RiboPure RNA Purification Kit (Ambion) fol-
lowing manufacturer’s instructions and measured with a NanoDrop-2000 Spectrophotometer
(Isogen Life Science B.V). Retro-transcription was carried out by using High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems) following a thermal profile of 25°C for 10 min,
37°C for 120 min, 95°C for 5 min. Levels of CAMP, CBD103, CYP24A1, CYP27B1, NOS2 and
VDR expression were determined in addition to RPL18 as a housekeeping gene. To ensure
amplification of cDNA sequences derived from retro-transcription of mRNA of interest, prim-
ers were designed including exon boundary (Table 1). Amplification of each sample was car-
ried out in triplicate by using SYBR Select Master Mix reagents (Applied Biosystems) with the
aid of Applied Biosystems StepOnePlus PCR instrument and StepOnePlus Software v2.3
(Applied Biosystems). The thermal cycling profile was 10 min at 50°C, followed by 40 cycles of
95°C for 10 min, 95°C for 15 s, and 60°C for 1 min. Melting curves assessed the specificity of
our amplification products. Cytokine mRNA expression levels were calculated by relative
quantification using the 2724CT method [41].

Data analysis

In the unadjusted analysis, the comparisons between different groups were performed using
unpaired ¢-test and comparisons between same groups but different times using paired -test.
For analysis in which distribution does not conform to parametric criterion we used Wilcoxon

Table 1. Sequences of primers used for gene expression determinations.

Gene
CAMP

CBD103

CYP24A1

CYP27B1

NOS2

VDR

RPL18

Primer sequence
5’-AGGACACGGGCTACTTTGAC-3
5-TTTCGCCAATCTTCTGCCCC-3
5-GCCGCTGCTTACTTGTACCT-3
5’-CCTCATGACCAACAGGCTTC-3’
5-ACTCCTTCGGAAGAATGCGG-3’
5’-CGACCGGGGTTACCATCATC-3’
5’-GGCACACCTGACCTACTTCC-3’
5-AGAGCGTGTTGGATACCGTG-3’
5-CACAGGATGACCCCAAGTGTC-3

5-CAGCTGGCTTGATTGTGGATTC-3
5-TATCACCAAGGACAACCGCC-3
5-CAGGATCATCTCCCGCTTCC -3’
5-GTCGACATCCGCCACAACAA-3
5-AGGTAGAGTTGGTTCGTCTGG-3

Dl |m e g |m|a|m om0

Initials: F and R mean forward primer and reverse primer, respectively.

https://doi.org/10.1371/journal.pntd.0009681.t001
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signed-rank test to compare related samples and Mann-Whitney U test for independent sam-

ples. One-way ANOVA was used for multiple comparisons in dose-response experiments. All

statistical tests were performed using GraphPad Prism 9.0 software. A P-value < 0.05 was con-
sidered significant.

Resulits
Vitamin D seasonality in healthy dogs

The mean 25(OH)D concentration of healthy dogs in the three points evaluated were

44.6 + 12.5 ng/mL, 41.28 + 12.4 ng/mL and 43.15 + 14.8 ng/mL for February, May/June and
January, respectively. No statistically significant variation was observed in any of the times
studied (Wilcoxon matched-pairs signed rank test) (Fig 1).

Vitamin D concentration as a risk factor for CanL

We selected 9 Leishmania-infected dogs presenting clinicopathological symptoms compatible
with this disease (median CPS = 4) and which tested positive for qPCR analysis and/or CTLA-
serology at T2 (“Infected” group) and 10 dogs which consistently tested negative in both tests
(“Non-Infected” group). The baseline characteristics of both groups at the starting and end
points are shown in Table 2.

No statistically significant differences in VitD levels were observed between groups at the
beginning of study (T1) (unpaired t-test; P = 0.9619) (Fig 2). Likewise, there were no statisti-
cally significant differences between initial and final 25(OH)D levels in the healthy group
(paired t-test; P = 0.1828). Conversely, infected dogs showed statistically significant lower con-
centration of 25(OH)D in serum at the end of the study (T2) than at the beginning (T1)
(paired t-test; P = 0.0396). At the end of the study, healthy animals showed higher 25(OH)D
levels in serum than infected dogs (unpaired ¢-test; P = 0.0032). Therefore, sick animals show a
greater reduction in VitD (-35.37%) than healthy ones (-7.18%) after a year. The median
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Fig 1. Serum Vitamin D levels of 36 healthy dogs living in Spain at three different time points. Vitamin D status in
dogs was assessed according to the serum levels of 25-hydroxyvitamin D estimated with an ELISA test.

https://doi.org/10.1371/journal.pntd.0009681.9001
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Table 2. Characteristics of the dog population used in the current study at the two points studied.

PARAMETERS GROUPS OF ANIMALS Ref. RANGE
Non-Infected T1 Infected T1 Non-Infected T2 Infected T2
Median [IQR] = (+) | Median [IQR] (+) | Median [IQR] | (+) Median [IQR] (+)
CPS 0.0 [0.00-0.00] 0% 0.0 [0.00-0.00] 0% 0.0 [0.00-0.00] 0% 6 [4.00-9.00] 100.0% >4
Anti-Leishmania Antibodies (EU) 4.8 [3.55-6.56] 0% 7.8 [7.04-8.41] 0% 5.2 [4.68-5.56] 0% 58.9 [34.91-124.40] 77.8% > 20
Parasite Load in LN (pp/mL) 0.0 [0.00-0.00] 0% 0.0 [0.00-0.00] 0% 0.0 [0.00-0.00] 0% 1195.1 [4.5-5862.5] 75.0% >1

https://doi.org/10.1371/journal.pntd.0009681.t002

[interquartile range] levels of 25(OH)D in Non-Infected dogs at the beginning and at the end
of the study were 48.3 [37.19-60.00] and 45.2 [39.22-48.80], respectively, and in Infected dogs
were 42.9 [39.03-52.57] and 24.5 [20.86-42.27] ng/ml, respectively.

In vitro effect of vitamin D in L. infantum parasite killing

In an in vitro model using a canine macrophage cell line (DH82) infected by L. infantum we
found that addition of active VitD lead to a significant reduction in parasite load (Fig 3). Pre-
treatment of canine macrophages cell line with 1,25(OH),D at a dose of 0.1 uM, achieved a
reduction of 26.5% in the number of infected macrophages (Wilcoxon matched pairs signed
rank test; P = 0.0156) and 31.4% in the number of amastigotes per 100 macrophages (Wil-
coxon matched pairs signed rank test; P = 0.0078) (Fig 3A and 3B). These reductions follow a
dose-response effect (ANOVA test; P = 0.0285 and P = 0.0107, for infected macrophages and
number of amastigotes reduction, respectively) (Fig 3C and 3D).

VitD pathway in primary canine monocytes

In a model using monocytes obtained from bufty coat of healthy blood donor dogs from an
animal blood bank we found that 24 h treatment with 1,25(OH),D lead to a statistically
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Fig 2. Serum vitamin D concentration in a dog population living in Spain. Vitamin D status in dogs was assessed
according to the serum levels of 25-hydroxyvitamin D estimated with an ELISA test. Comparison between Non-
Infected dogs (NI) and Infected dogs during the longitudinal study (Infected) at the inclusion point (T1) and at the end
of the study (T2) (* P < 0.05).

https://doi.org/10.1371/journal.pntd.0009681.g002
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Fig 3. Vitamin D effect on L. infantum parasite load in macrophages. Number of infected macrophages per 100 macrophages (A) and amount of
intracellular amastigotes per 100 macrophages (B) counted in Giemsa stained-preparations from DH82 macrophages infected with L. infantum at
ratio 5:1 and pre-treated or not (Control) with 1,25(OH),D at 0.1 uM 24 h before infection (* P < 0.05, ** P < 0.01). Dose response curves showing
inhibitory rates of L. infantum-infected macrophages (C) and intracellular amastigote growth (D) after 24h of treatment with 1,25(OH),D based on
the values for the untreated controls.

https://doi.org/10.1371/journal.pntd.0009681.g003

significant increase of the AMP B-defensin CBDI03 gene compared to the basal expression of
untreated monocytes (Wilcoxon signed rank test; P = 0.0313). No differences were detected in
cathelicidin AMP CAMP gene expression (Wilcoxon signed rank test; P = 0.0625) neither to
the VDR, CYP24A1 and NOS2 gene expression (Wilcoxon signed rank test; P = 0.0938 and

P =0.0625, respectively) (Fig 4). Addition of LPS at a concentration of 0.1 ug/mL greatly
increased CAMP, VDR and NOS2 expression (Wilcoxon signed rank test; P = 0.0313, both),
but not that of CBD103 and CYP24A1 (Wilcoxon signed rank test; P = 0.0938 and P = 0.8125,
respectively).

Gene expression of monocytes from retrospective field longitudinal study

We have shown that CBDI03 expression increases with the presence of VitD, so that it could
play a key role in the antiparasitic activity derived from the action of VitD. For this reason, we
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Fig 4. Fold expression of CBD103 (A), CAMP (B), VDR (C), CYP24A1 (D) and NOS2 (E) genes. mRNA fold-
increase from VitD treated samples was calculated with reference to its negative control (cells of same extraction but
untreated). mRNA expression from 0 condition was normalized from a control with a lowest value (* P < 0.05).

https://doi.org/10.1371/journal.pntd.0009681.g004
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analysed mRNA expression of CAMP, CBD103, CYP24A1, CYP27B1 and VDR in monocytes
from 9 dogs included in the retrospective longitudinal study from which we were able to col-
lect PBMC samples (4 dogs for Infected group and 5 for the Non-Infected group). We found
no statistically significant differences in any of the genes studied. However, results suggest that
at the endpoint healthy animals have higher expression of B-defensin CBD103, while animals
suffering leishmaniasis have higher expression of CYP27B1. In the case of VDR there are no
indications of a differential trend between groups (Fig 5). CAMP expression levels were very
close to the quantification limit, and reliable results could not be obtained. CYP24A1 was
undetectable.

Discussion

Our previous study showed that dogs with clinical leishmaniasis presented lower VitD serum
concentration than non-infected dogs, and even lower than those with asymptomatic infection
[37]. However, it was not possible to prove whether the low VitD levels found in dogs with
CanL were the consequence or the cause of this parasitic disease. Although VitD levels have
been determined in other canine infectious diseases such as spirocercosis [42], no longitudinal
studies have been performed. Based on the literature search, this is the first longitudinal study
describing VitD concentration in a canine population living in a highly endemic area of
leishmaniasis.

In humans, it has been widely described that VitD status is seasonal due to photochemical
activation of VitD in skin by UVB rays [15,43], but it remains unclear if the same is true in
dogs because of differences in skin hair. Our results show that VitD concentration in dogs
does not follow a seasonal pattern, with similar concentration in winter and spring. These
results are consistent with the few previous studies that investigated VitD synthesis in dogs.
Whatley and Sher (1961) reported low presence of VitD precursors in the skin of healthy dogs
[44] and How et al. (1994) detected a low UV-mediated conversion rate of the precursor
7-dihydrocholesterol to VitD in dogs compared to rats [16]. However, only one longitudinal
study has been performed, enrolling huskies from polar latitudes and showing an inverse rela-
tionship between UVB radiation and VitD status [45]. This result accounted for the VitD rich
diet received by these dogs during the winter. These studies pointed out the importance of
VitD supplementation in dogs, but they did not rule out some effect of UVB light on this spe-
cie. Our results confirm that VitD status in dogs is not influenced by the number of hours of
exposure to sunlight and would not matter the season of the year when assessing VitD levels in
clinical practice.

In the present retrospective longitudinal study, we showed that non-infected dogs did not
present significant changes in VitD concentration between the beginning and the end of the
study one year later, whereas those developing clinical leishmaniasis have a significant VitD
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decrease at the end of the study (35% reduction). When VitD levels at starting points were
compared, no differences between groups were detected. Therefore, VitD concentration could
not be used as a prognostic marker of clinical leishmaniasis. However, as VitD concentration
decreased with the onset of clinical symptoms, we suggest that VitD concentration could be
useful as clinical marker for the evolution of this disease. Low VitD concentration in sick dogs
could be a consequence of VitD exhaustion due to the inflammatory process, following a simi-
lar pattern as the previously described for vitamin A during chickenpox infection [46].
Decreased VitD with the onset of clinical disease would be consistent with studies that have
suggested that low VitD concentration is a marker of ill health [47]. However, we cannot rule
out that VitD decrease in Leishmania-infected dogs were related to a poor nutritional status,
although, only 2 dogs presented a loss of body weight at T2.

One limitation of the present study could be the low number of dogs included in the analy-
sis, but we have to keep in mind that CanlL is a disease with a long latent period, and that only
2.5% of dogs is diagnosed for this disease within 12 months in Spain [48]. We are planning
future studies including a larger number of animals.

We investigated if VitD plays a role in the control of Leishmania load inside macrophages.
Our in vitro model using a canine macrophage cell line showed that this hormone has a para-
site killing activity, since addition of active VitD at 0.1 uM led to a significant reduction in L.
infantum parasite load at 24 h post-infection. This is in line with the inhibitory effect of 1,25
(OH),D described for Toxoplasma gondii and Mycobacterium tuberculosis intracellular growth
[18,29] and it suggests that VitD could have a protective in vivo effect against Leishmania, as it
is the case for Trypanosoma cruzi infection [49]. The present study and our previous results
[37] pointed out that L. infantum induced VitD deficiency in dogs and at the same time, this
deficiency favored parasite dissemination. Other studies investigating the relationship between
VitD and response to Leishmania infection yielded discrepant results. Ramos-Martinez et al.
(2013) reported a significant reduction in the lesion size in L. mexicana-infected mice treated
with 1,25(0OH),D [35], while other studies suggest that VitD deficiency increases resistance to
L. major and L. amazonensis [50-52]. However, these results focused on the cutaneous form
and/or in a mouse model, which is predisposed to Th1 immune response. A study with VL
patients has shown that people suffering from this disease presented significant lower 1,25
(OH)Dj3 serum concentration than healthy people, in agreement with our results [33].

Although the molecules and signals involved in VitD effects against Leishmania infection
have not yet been investigated, the mechanism of VitD action against tuberculosis infection is
well-known. Following TLR-2 activation of human macrophages by M. tuberculosis antigens,
expression of CYP27BI and VDR increases [19]. This ends up in increased expression of
AMPs, mainly cathelicidin [12]. AMPs are important innate immunity mediators against
microbial pathogens. They act through direct interaction with and disruption of microbial
membranes, and indirectly through modulation of host cell migration and activation [53].
There are evidences that mammalian AMP cathelicidin influences control of cutaneous Leish-
mania infection; a Leishmania study using a CAMP knock-out mouse model showed that the
presence of high inflammatory response in infected animals was CAMP-dependent [54]. In
our retrospective longitudinal study, we did not find statistically significant differences in
CAMP expression between non-infected and Leishmania-infected groups at the end of the
study. We also investigated CAMP expression in primary canine monocytes as an ex vivo
model. These experiments also showed no-differences in CAMP expression after addition of
1,25(0OH),D, even though CAMP expression was increase after LPS stimulation. Although in
human macrophages 1,25(OH),D increases the expression of CAMP directly via VitD
response elements in the CAMP gene promoter [33,55], the pathway of action of VitD could
be different depending on the animal species. In cattle, CAMP was not affected by addition of
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1,25(0OH),D [56] but it modulates the immune response by increasing NO production in
peripheral blood mononuclear cells [57]. On the contrary, addition of 1,25(OH),D did not
increase the expression of CAMP neither NOS2 in our ex vivo model. For this reason, we inves-
tigated other candidates that could explain the parasite killing effect of VitD in Leishmania-
infected canine macrophages.

The other group of AMPs that can fend off bacterial and viral infections are B-defensins
[58,59]. Antimicrobial response of VitD in human macrophages is also mediated by B-defen-
sins through human TLRs [14,60]. In dogs, canine B-defensin 103 (CBD103) has been found
in the epidermis of healthy dogs and its expression was altered in atopic animals [61]. In our
study, CBD103 expression was significantly enhanced after 1,25(OH),D addition on primary
canine monocytes from blood donors. In addition, we detected that healthy dogs had slightly
higher expression of CBD103 than those suffering from the disease at the end of the study,
although this difference was not statistically significant. In agreement with our results, other
studies have determined the important role that B-defensins play in host defense against Leish-
mania protozoa [62,63]. In dogs, some SNP’s in CBD103 gene have been associated with Leish-
mania infection, suggesting that it could be a marker of susceptibility [62]. The expression of
B-defensins in Leishmania-infected human macrophage cell line THP-1 was induced by the
cytokine IL-32y. The inhibition of IL-32 lead to an increase of Leishmania infection index in
THP-1 cells whereas its overexpression induced parasite control by AMPs [63]. The detection
of IL-32 in canine macrophages would be very useful to determine if B-defensin expression in
dogs is also modulated by this cytokine. Functional studies investigating the direct effect of -
defensin on Leishmania growth could confirm this molecule as responsible of the observed
antiparasitic activity of VitD in canine monocytes.

LPS stimulation did not induce B-defensin expression in canine monocytes. CBD103 has
antimicrobial activity against the respiratory pathogen Bordetella bronchiseptica, but tracheal
epithelial cells stimulated with LPS did not increase B -defensins production [64]. Similarly,
LPS stimulation was not enough to induce B-defensin expression in cattle monocytes [65].
These authors showed that VitD was the major driver of the B-defensin response of bovine
monocytes. These results suggest that VitD pathway in canine macrophages may not be acti-
vated via TLR-4, but TLR-2/1 as in humans [66].

After addition of VitD, VDR expression remains unchanged in canine macrophages. Treat-
ment of bovine monocytes with the protein translation inhibitor cycloheximide blocked upre-
gulation of B-defensins in response to 1,25(0OH),D [65]. This suggests that although B-
defensins are targets of 1,25(OH),D in cattle, they are not direct targets of the VDR. Nurminen
et al. (2015) identified multiple transcriptional regulators that are direct targets of VitD in the
human THP-1 monocyte cell line. They demonstrated that BCL6 mediated the induction of
several of the secondary response genes, and concluded that most of the physiological response
of human monocytes to 1,25(0OH),D was a secondary response [22]. The same could occur in
canine monocytes where we found a significant increase in CBD103 after adding active VitD
but not in VDR.

In summary, we have shown that VitD in dogs was not seasonal and was not lower a-priori
in dogs that will develop the disease. We have described for the first time the parasite killing
activity of VitD addition in Leishmania-infected canine monocytes. Our results suggest that
this relevant effect could be due to the induction of expression of genes implicated in host
defence, such as the AMP B-defensin 103. A future goal derived from this study would be to
investigate if VitD or calcitriol supplementation during clinical disease may mitigate the symp-
toms and progression of this parasitic infection in dogs. Leishmaniases are of great concern
because they deeply intertwine pathogenic protozoa, insect vectors, dogs, humans and envi-
ronment. The "One Health, One World" approach—the interconnection between human
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medicine, veterinary medicine, environmental science and wildlife conservation—is particu-
larly suited for the control of this kind of diseases. The demonstration that vitamin D can be
useful as a clinical marker, and that it decreases parasite load and may have a protective effect
in vivo in dogs suggests that it may play a significant role in this holistic approach.
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