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Abstract

Domestic dogs are the primary urban reservoirs of Leishmania infantum, the causative agent

of visceral leishmaniasis. In Canine Leishmaniasis (CanL), modulation of the host’s immune

response may be associated with the expression of small non-coding RNAs called microRNA

(miR). miR-194 expression increases in peripheral blood mononuclear cells (PBMCs) of

dogs with leishmaniasis with a positive correlation with the parasite load and in silico analysis

demonstrated that the TRAF6 gene is the target of miR-194 in PBMCs from diseased dogs.

Here, we isolated PBMCs from 5 healthy dogs and 28 dogs with leishmaniasis, naturally

infected with L. infantum. To confirm changes in miR-194 and TRAF6 expression, basal

expression of miR-194 and gene expression of TRAF6 was measured using qPCR. PBMCs

from healthy dogs and dogs with leishmaniasis were transfected with miR-194 scramble,

mimic, and inhibitor and cultured at 37˚ C, 5% CO2 for 48 hours. The expression of possible

targets was measured: iNOS, NO, T-bet, GATA3, and FoxP3 were measured using flow

cytometry; the production of cytokines IL-1β, IL-4, IL-6, IL-10, TNF-α, IFN-γ, and TGF-β in

cell culture supernatants was measured using capture enzyme-linked immunosorbent

assays (ELISA). Parasite load was measured using cytometry and qPCR. Functional assays

followed by miR-194 inhibitor and IL-1β blockade and assessment of NO production were

also performed. Basal miR-194 expression was increased in PBMC from dogs with Leish-

maniasis and was negatively correlated with TRAF6 expression. The mimic of miR-194 pro-

moted an increase in parasite load. There were no significant changes in T-bet, GATA3, or

FoxP3 expression with miR-194 enhancement or inhibition. Inhibition of miR-194 increased

IL-1β and NO in PBMCs from diseased dogs, and blockade of IL-1β following miR-194 inhibi-

tion decreased NO levels. These findings suggest that miR-194 is upregulated in PBMCs

from dogs with leishmaniasis and increases parasite load, possibly decreasing NO produc-

tion via IL-1β. These results increase our understanding of the mechanisms of evasion of the

immune response by the parasite and the identification of possible therapeutic targets.
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Author summary

Visceral leishmaniasis (VL) is a zoonosis in tropical and subtropical regions. In the new

world, it is caused by the obligate intracellular protozoan Leishmania infantum. In urban

areas, domestic dogs are the primary reservoir. Increase in canine leishmaniasis (CanL)

contributes to the increase in VL in humans. One mechanism of parasite survival is

through regulation of microRNA (miRNA), responsible for translational control of tran-

scripts related to anti-parasite immunity. One example is miR-194, which is increased in

the peripheral blood mononuclear cells (PBMCs) of dogs with leishmaniasis. In the pres-

ent study, we found that increasing miR-194 increases parasite load, and decreasing miR-

194 increases IL1β and NO. Subsequently, we found that the increase in NO depends on

IL1β. Since NO its directly involved in parasite load control, these findings contribute to

understanding how the parasite evades immune responses and paves the way for the dis-

covery of new therapeutic targets.

Introduction

Visceral Leishmaniasis (VL) is a zoonosis caused in the new world by the obligate intracellular

protozoan Leishmania infantum (syn. Leishmania chagasi) [1]. VL is one of the primary para-

sitic diseases with the potential for outbreaks and death worldwide; it occurs primarily in trop-

ical and subtropical regions, with an estimated 50.000 to 90.000 new cases annually [2]. Brazil

is an endemic region for VL, with 97% of the cases registered in the Americas [2].

The domestic dog is the primary urban reservoir [3]; in endemic regions, there is a correla-

tion between seropositive dogs and the number of cases in humans [4,5]. In canine leishmania-

sis (CanL), infection-resistant dogs develop a cellular immune response (Th1) with the

production of cytokines IL-2, IL-12, and IFN-γ [6,7] stimulating production of nitric oxide

(NO) in infected macrophages and parasite death [8]. By contrast, dogs susceptible to the dis-

ease develop a humoral immune response (Th2) with high antibody titers [6] and production

of IL-4 and IL-10 cytokines, that inhibit activation of leishmanicidal mechanisms, resulting in

increased parasite loads [9].

Modulation of immune response in favor of the parasite in CanL may be associated with

the differential expression of microRNAs (miRNAs), which are small non-coding RNAs that

bind to their target messenger RNA via base complementarity, resulting in the regulation of

translation by messenger RNA degradation [10,11]. In Leishmania spp. infections, parasites

have developed the ability to exploit the expression of microRNAs and manipulate the pheno-

type of infected cells to evade the host’s immune response [12].

In this context, in experimental models of Leishmania donovani infection, the parasite neg-

atively regulates miRNA expression in murine macrophages through the gp63 surface glyco-

protein, a Zinc-metalloprotease that cleaves the Dicer1 protein which is necessary for mature

miRNA biogenesis [13]. In human macrophages, the parasite induces increased expression of

the transcription factor c-Myc and negatively regulates a group of 19 miRNAs at the level of

transcription of the miRNA gene, decreasing the synthesis of primary miRNAs in infected

cells [12]. There are still few studies on the mechanisms used by intracellular pathogens to

induce changes in the expression of miRNAs in host cells.

In CanL, differential expression of several miRNAs, miR-21, miR-148a, and miR-615 in

splenic leukocytes and of miR-21, miR-159, miR-451, miR-192, miR-194, and miR371 in

peripheral blood mononuclear cells (PBMCs) can impact immunity-related targets [14,15]. In
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PBMCs from dogs with leishmaniasis, miR-194 is increased and positively correlates with par-

asite load [15]. In human diploid fibroblasts and human colorectal carcinoma cell line, miR-

194 can be up-regulated by the tumor suppressor p53, which regulates the expression of micro-

RNAs at different levels, p53 might enhance the cleavage processivity of Drosha [16,17] and

thus, p53 can promote the processing of specific pri-miRNAs to pre-miRNAs of several micro-

RNAs [18], however, whether the same mechanisms occur in PBMCs from dogs with leish-

maniasis still needs to be elucidated. miR-194 is conserved across species, including humans

and dogs [19]. Dogs share the same sequence as human miR-194-5p, located in dogs on chro-

mosome 38 [19].

In silico analyses demonstrate that the MAPK1 gene transcript is target of miR-194 in

PBMCs from dogs with leishmaniasis [15]. MAPK1 can act on various elements of the

immune response [20]. The MAPK1 gene encodes extracellular signal-regulated protein kinase

2 (ERK2), a member of the mitogen-activated protein (MAP) kinase family. ERK2 acts in the

differentiation of helper T cells and regulatory T cells, inducing a decrease in T-bet and

increasing the expression of GATA3 and Foxp3 [21]. In VL caused by Leishmania donovani,
parasite downregulation of MAPK1 is associated with resistance to treatment with Antimoni-

als [22,23]. In ERK1/2-deficient murine macrophages infected in vitro with Leishmania ama-
zonensis, a decrease in phagocytosis and TNF-α production and an increase in IL-10

production were observed [24]. These findings demonstrate that ERK MAPK1 pathway can

regulate T-bet, GATA3, FoxP3 expression and TNF-α and IL-10 production which participate

immune response against Leishmania infantum infection, however, the regulation of these

mechanisms by miR-194 in CanL has not yet been demonstrated.

Another transcript predicted as a target of miR-194 in CanL is cytokine signaling suppres-

sor protein 2 (SOCS2) [15]. This protein is a member of the SOCS family whose primary activ-

ity is the attenuation of cytokine-triggered signal transduction [25]. No changes in parasite

load and cytokine production were observed in lymph node cells from SOCS2 knockout mice

infected with L. major [26]. There are no studies on the role of SOCS2 in VL; however, the

absence of SOCS2 in mice stimulated the differentiation of TCD4 cells to the Th2 profile in the

spleen, with increased production of IL-4, IL-10, and GATA3 [27]. Furthermore, the absence

of SOCS2 also decreases the expression of the Th1 cytokine IFN-γ in the spleen and heart of

mice infected with Trypanosoma cruzi. Together, these data suggest that SOCS2 inhibition

promotes an increase in IL-4 and IL-10 cytokines and the differentiation of T helper cells to

Th2, a response profile associated with the progression of CanL, however, whether miR -194

regulate Th2 in sick dogs remains to be verified.

TRAF6 transcript is also a predicted target of miR-194 in CanL [15]. The TNF receptor-

associated factor 6 protein (TRAF6), participates in signal transduction after stimulation of

TNF family receptors and in the TLR, OPGL, and CD40 signaling pathway [28,29], resulting

in NF-κB activation and pro-inflammatory cytokine production [30,31]. TRAF6 participates

in NF-κB activation in murine macrophages infected by Leishmania donovani [32,33], and

NF-κB activation promotes the expression of TNF-α and iNOs in infected cells [32]. TRAF6 is

a target of miR-194 [34,35], and its inhibition positively regulated the expression of TRAF6

and the production of cytokines IL-1, IL-6, and TNF-α in disk pulposus cells of rats [35] and

TNF-α and TGF-β in a human monocytic lineage [34]. These studies suggest an important

role for TRAF6 in regulating the pro-inflammatory response and activation of leishmanicidal

mechanisms in infected cells, however, whether the same mechanisms are regulated by TRAF6

in CanL, as well as the regulation of TRAF6 by miR-194, still needs to be determined eluci-

dated in the disease in dogs.

In this study, we determined whether miR-194 regulates parasite load. We measured the

expression of transcription factors T-bet, GATA3, and FoxP3 and studied the leishmanicidal
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elements iNOS and NO in PBMCs from dogs with lesihamiasis. We measured production of

cytokines IL-1β, IL-4, IL-6, IL-10, TNFα, IFN-γ, and TGFβ in culture supernatants. We also

analyzed the expression of TRAF6 in these cells. We demonstrated that an increase in miR-194

activity increases parasite load, and its inhibition increases IL-1β and NO in PBMCs from

dogs with leishmaniasis. We also demonstrated that increase in NO levels following reduction

of miR-194 activity depended on IL-1β in PBMCs from diseased dogs.

Methods

Ethics statement

The Animal Experimental Research Ethics Committee approved the study, and we received

the approval of the Animal Use Ethics Committee of UNESP–Universidade Estadual Paulista

"Júlio de Mesquita Filho” (process number 00624–2018).

Canine screening and sample collection

To compose the infected group, we selected 28 adult dogs, of various breeds, male and female

with natural leishmaniasis infections. The infected dogs came from the Zoonosis Control Cen-

ter of Araçatuba/SP Brazil and presented with positive serological tests for anti-leishmania

antibodies, according to indirect enzyme-linked immunosorbent assay (ELISA) [36] and

immunochromatographic (rapid test DPP /Bio-Manguinhos, BR), and for Leishmania spp.

DNA according to qPCR [37]. All dogs were symptomatic and exhibited at least three typical

clinical signs of the disease in dogs, including onychogryphosis, lymphadenopathy, hepato-

megaly and splenomegaly, cachexia, alopecia, periocular lesion, and skin lesions.

We selected 5 healthy dogs of various breeds, male and female for the control group. The

dogs came from private owners after providing a consent form. Healthy dogs did not show

clinical, hematologic, or biochemical alterations, and the serological and molecular tests

described above were negative for leishmaniasis.

Blood samples were collected by jugular vein puncture, and 8 mL were placed in plastic

tubes containing K2EDTA (Becton-Dickson, USA), intended for obtaining mononuclear cells

and carrying out the hemogram. Another 4 mL was placed in plastic tubes without anticoagu-

lant for serology and biochemical measurements.

PBMC isolation

PBMCs from the dogs were isolated using a gradient of Histopaque 1077 (Sigma, USA) follow-

ing the manufacturer’s instructions. Red cells were lysed using a lysis buffer containing 7.46 g/

L of ammonium chloride and washed three times in phosphate-buffered saline (PBS) pH 7.2.

Cells were resuspended in 1 mL of RPMI 1640 supplemented with 10% fetal bovine serum,

penicillin-G 100 IU/mL, streptomycin 100 μg/mL, and L-glutamine 2 mmol/L (Sigma, USA).

DNA extraction and determination of Leishmania species in dogs with

leishmaniasis

The extraction of 1x106 total DNA from PBMCs from dogs with leishmaniasis was performed

using a commercial DNAeasy kit (Qiagen, Valencia, California, 91355, USA) following the

manufacturer’s instructions. The final DNA elution was 30 μL. The Leishmania spp. was deter-

mined using PCR-RFLP [38], comparing the sample restriction profile with the profile

obtained from Leishmania infantum (IOC/L0575-MHOM/BR/ 2002/LPC-RPV). We used a

positive control and water as a negative control.
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PBMC miRNA extraction and miR-194 expression

Total RNA from PBMC miRNAs was extracted using the mirVana miRNA Isolation kit (Invi-

trogen, CA, USA), following the manufacturer’s instructions. Isolated RNAs were then ana-

lyzed on a NanoDrop ND-1000 spectrophotometer (NanoDrop, Thermo Fisher, MA, USA)

for purity evaluation (260/280) and quantification.

For miR-194 expression, we used a methodology described elsewhere [15]. Briefly, cDNA

was synthesized using a miScript RT II kit (Qiagen, MD, USA), as recommended by the manu-

facturer. Next, RT-qPCR was performed using a commercially available primer specific for

Canis familiaris miR-194 (Qiagen, MD, USA). Amplification conditions consisted of an activa-

tion step of 95˚C for 15 min, followed by 40 cycles of 94˚C for 15 s, 55˚C for 30 s, and 70˚C for

30 s for denaturation, annealing, and extension, respectively. We also generated a ten-fold

standard curve using a cDNA pool serial dilution to evaluate reaction efficiency.

Because SNORD96A and miR-194 presented similar reaction efficiencies, miR-194 relative

expression values were obtained using the 2-ΔΔCt method [39]. All samples were tested in

duplicate.

Transfection with miR-194 mimic and inhibitor in PBMCs

miR-194 activity was altered in PBMCs of dogs using transfection of chemically-modified dou-

ble-stranded RNA that mimics or inhibts microRNA with HiPerfect Transfection Reagent

(QIAGEN, USA). Following the manufacturer’s recommendations, PBMCs at 1.6 x105 were

transfected with All Stars Negative control siRNA (5 nM), miR-194 control transfection

(Scrambled), miR-194 mimic (5 nM) (Mimic), or miR-194 inhibitor (50 nM) (Inhibitor) (miS-

cript miRNA Mimic and Inhibitor Qiagen, USA). For the evaluation of the transfection rate,

siRNA AllStars HS Cell Death Control (50nM) (Qiagen, USA) was used, and cell death was

analyzed using light microscopy after staining with trypan blue according to the manufactur-

er’s recommendations. Transfected cells were placed in culture in 24-well plates with complete

RPMI medium at 37˚C in a 5% CO2 incubator. After 48 hours, the cells and supernatants were

collected to evaluate transfection rate, cell viability, and evaluation of targets of miR-194.

Mean transfection rates were 20% in the control group and 22% in the infected group.

DNA extraction and Leishmania infantum parasitic load quantification

PBMC DNA was extracted using a phenol-chloroform protocol [40]. Extracted DNA was ana-

lyzed on the NanoDrop ND-1000 spectrophotometer for purity evaluation (260/280) and

quantification.

For Leishmania infantum parasitic load quantification, qPCR was used, employing primers

that amplify the intergenic spacer internal transcript (ITS1) segment of the parasite rRNA

gene at a concentration of 10mM (5’TCCAGCACATTTTGCGA GTA3’ and

5’CCACACAGGTTTCTTCTTTATTTGG3’) [41]. qPCR reaction was standardized with 30 ng

purified genomic DNA, 12.5 μL SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich,

St. Louis, MO, USA), 5 pmol of each primer, and 9.5 μL of ultrapure H2O in a final reaction

volume of 25 μL. We also generated a ten-fold standard curve using extracted DNA from

Leishmania infantum promastigotes (MHOM/BR00/MER02) for parasite quantification. Reac-

tions were performed using a Mastercycler RealPlex2 system (Eppendorf, CT, USA) under the

following conditions: Initial heating of 94˚C for 2 min, followed by 40 cycles of denaturation

(94˚C for 15 s), annealing, and extension (58˚C for 1 min). After these steps, a dissociation

curve of the amplified fragment was determined (95˚C for 15 s, then 60˚C to 95˚ C at 15 s/˚C).

Parasitic DNA load was determined in each sample by comparing each sample to the standard

curve.
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Quantification of parasite load, NO, iNOS, T-bet, GATA3, and FoxP3

using flow cytometry

To quantify the parasite load, the method described by Di Giorgio et al. [42] was used with modifi-

cations. After 48 hours of culture at 37˚ C and 5% CO2, PBMCs were harvested and incubated for

60 minutes at room temperature in 1x PBS containing 1% paraformaldehyde (Sigma). Cells were

centrifuged at 400 g for 5 minutes. Permeabilization of cell membranes and parasitophorous vacu-

oles was performed by resuspending the cells in ethanol (Sigma) for 60 minutes at –20˚ C. Cells

were washed with 2% bovine serum albumin (BSA, Sigma) in 1x PBS and incubated for 60 minutes

at 4˚C with anti-LPG Leishmania monoclonal antibody (ABD, Serotec) diluted 1/250. After three

successive washes with PBS/BSA, amastigotes were stained with 1 μM of PE-conjugated anti-IgG2a

(Sigma) and FITC-conjugated anti-human CD14 monoclonal antibody (Bio-Rad) for 60 minutes

at 4˚ C. Cells were labeled for monocytes (CD14+ cells) and positivity for gp63.

To determine intracellular NO levels, PBMCs were centrifuged at 400 g for 5 minutes, resus-

pended in a minimum volume of PBS, and stained with DAF-2DA (2M) (Invitrogen-Leiden Molec-

ular Probes, Netherlands) for 60 minutes at 37˚ C in the presence of 5% CO2. Samples without

markings were used as a negative control to delimit the negative populations of the analyzed samples.

For analysis of iNOS production, PBMCs were fixed with 500 μl of fixation buffer (Invitro-

gen) and incubated for 10 min at room temperature. Cells were centrifuged at 400 g for 5 min-

utes and washed twice with permeabilization buffer (Invitrogen). Then, PBMCs were

resuspended with 50 μl of permeabilization buffer (Invitrogen) and incubated with anti-

human iNOS antibodies conjugated to PE and its respective isotype control (BIORBYT) for 60

minutes at 4˚ C. Cells were washed with PBS/BSA and stored at 4˚C in the dark until analysis.

To determine the expression of T-bet, GATA3, and FoxP3 transcription factors, T CD3

+ lymphocytes were incubated. PBMCs were suspended in PBS containing 1% BSA, 0.1%

azide, and 20% FBS to block Fc receptors and incubated for 30 minutes at room temperature.

Cells were centrifuged at 400 g for 5 minutes and incubated with FITC-conjugated Anti-Dog

CD3 monoclonal antibodies and their respective isotype controls (Bio-Rad, USA). PBMCs

were then fixed with 500 μl of fixation buffer (Invitrogen) and incubated for 45 minutes at

room temperature. Cells were centrifuged at 400 g for 5 minutes and washed twice with per-

meabilization buffer (Invitrogen). Then, cells were resuspended with 50 μl of permeabilization

buffer (Invitrogen) and incubated with anti-human T-bet (BioLegend, USA), anti-human

GATA3 (BioLegend, USA), and anti-human Foxp3 (eBioscience) antibodies conjugated to PE

and with their respective isotype control during 90 minutes at 4˚ C. Cells were washed with

PBS/BSA and stored at 4˚ C in the dark until analysis.

For all targets, the acquisition of 10.000 events was performed on an Accuri C5 flow cytom-

eter (BD Biosciences, USA) and analyzed using BD Accuri C6 software, version 1.0.264.21 (BD

Biosciences, CA, USA).

Quantification of cytokines IL-1β, IL-4, IL-6, IL-10, TNF-α, IFN-y, and

TGF-β by capture ELISA

Detection of cytokines in the PBMC culture supernatants was performed using the DuoSet

ELISA Development Systems kits (R&D Systems, Minneapolis, MN, USA), according to the

manufacturer’s instructions.

Relative gene expression of TRAF6

After isolation of PBMCs, total RNA was extracted from PBMCs using a commercial RNeasy

Mini Kit (Qiagen, Valencia, California, 74104, USA) according to the manufacturer’s
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recommendations. Then, RNA was eluted in nuclease-free water, and the concentration of the

extracted RNA (ng/μL) and the degree of purity (A260 nm/A280 nm coefficient) were evalu-

ated using a spectrophotometer (NanoDrop Technologies ND 1000 UV/VIS, USA). Cells were

frozen at –80˚C to perform reverse transcription subsequently. cDNA production was per-

formed using a commercial QuantiTect Reverse Transcription kit (Qiagen, Valencia, Califor-

nia, 205311, USA) with 100 ng of RNA and oligo (dT) primer in a final volume of 20 μL.

cDNA was frozen at –20˚C until analysis.

TRAF6 gene expression was determined by RT-qPCR using a Mastercycler-Ep Realplex 4-S

thermal cycler (Eppendorf North America, Westbury, NY, USA). The RT-qPCR reactions

were standardized with 1ul of cDNA, 4 μl of HOT FIREPoL EvaGreen qPCR MIX Plus (no

ROX) 5X (SOLIS BIODYNE), 100 nM of each oligonucleotide primer, and 13.2μl of ultrapure

water in a volume of final reaction of 20 μl. Specific primers for TRAF6 were designed using

the Primer3Plus1 software (UNTERGASSER et al., 2012), selecting the fragment

5’TCTGCAAAGCTTGCATCA TC3’ and 5’AAGGTACGTTGGCACTG GAG3’. Amplifica-

tion conditions were an initial incubation of 2 min at 50˚C and 2 min at 95˚C, followed by 40

cycles at 95˚C for 15 s, 60˚C for 1 min, and 60˚C for 1 min. At the end of amplification, a disso-

ciation curve of the amplified fragment was determined under the following conditions: 95˚C

for 15 s, 60˚C for 15 s, followed by 20 minutes until reaching 95˚C for 15 s. Nuclease-free

water (Sigma-Aldrich Co, St. Louis, USA) was used as a negative control, and samples were

evaluated in duplicate. Reaction efficiency values, coefficients of determination, and angular

coefficients (slopes) were obtained from the amplification of seven serial dilutions of a cDNA

pool. To analyze the results, the relative gene expression was performed with efficiency correc-

tion as previously described [43], using the geometric mean of reference genes beta-actin

(5’CCAGCAAGGATGAAGATCAAG3’ and 5’TCTGCTGGAAGGTGGACA G3’) and HPRT-1

(5’CACTGGGAAAACAATGCAGA3’ and 5’ACAAAGTCAGGTT TATAGCCAACA3’) [44].

Functional assay with IL-1β blockade after transfection with miR-194

inhibitor in PBMCs from dogs with leishmaniasis

For the functional assay with IL-1β neutralization, PBMCs from dogs with leishmaniasis were

transfected with miR-194 Inhibitor as described in section 2.4.5, and treated with canine IL-

1β/IL-1F2 beta (R&D System) at 400 ng/mL with its respective isotype control (Sheep IgG Iso-

type Control-Invitrogen/USA) according to the manufacturer’s recommendations. Cells were

cultured in 24-well plates with complete RPMI medium at 37˚C and 5% CO2. After 48 hours,

cells were stained with DAF-2DA (2M) (Invitrogen-Leiden Molecular Probes, The Nether-

lands) for 60 minutes at 37˚C in 5% CO2 for NO detection. IL-1β was evaluated in PBMCs cul-

ture supernatants by capturing ELISA to assess blocking efficiency (S1 Fig).

Statistical analysis

Statistical analysis was performed using GraphPad Prism v6 software (GraphPad Software,

Inc., La Jolla, CA, USA). All statistical variables were tested for normality using the Shapiro-

Wilk test. To analyze the correlation between the expression of miR-194 and the relative gene

expression of TRAF6, the PEARSON correlation test was used. To compare the values corre-

sponding to the parasite load and production of iNOS, NO, T-bet, GATA3, FoxP3, IL-1β, IL-4,

IL-6, IL-10, TNF-α, IFN-y, TGF-β, and TRAF6 expression between treatments within groups,

Friedman’s test with Dunn’s post-test was used. Mann-Whitney test was used to compare the

results between the control and infected groups. Values were considered significant when

p< 0.05.
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Results

All dogs with leishmaniasis were infected with Leishmania infantum
To determine the species of Leishmania present in the infected dogs, Restriction fragment

polymorphism (RFLP)-PCR was performed. All sick dogs (Infected group) were infected with

Leishmania infantum (S2 Fig).

Clinical and laboratory findings

Dogs with leishmaniasis (Infected group) showed at least three characteristic clinical signs of

the disease, the most frequent clinical sign being skin lesions (86% [24/28]), followed by

lymphadenopathy (75% [21/28]), onychogryphosis (68% [19/28]), cachexia (50% [14/28]), seb-

orrhea (36% [10/28]), alopecia and periocular lesions (32% [9/28]), and hepatosplenomegaly

(28% [8/28]). Healthy dogs (Control group) showed no clinical signs (S1 Table). Dogs in the

infected group tested positive for the anti-Leishmania antibodies by indirect ELISA [36] and

the rapid DPP test. They tested positive for Leishmania spp. DNA by qPCR (S1 Table). Healthy

dogs (Control group) were negative for all serological and molecular diagnostic tests for leish-

maniasis (S1 Table).

Dogs with leishmaniasis showed a significantly lower red blood cell count, hemoglobin,

hematocrit, and serum albumin concentration and significantly higher serum globulin con-

centrations than healthy dogs (control group) (S2–S4 Tables). Based on clinical and laboratory

findings, sick dogs showed moderate manifestations of leishmaniasis and were classified in

stage II of the disease, as proposed by Solano-Gallego et al. [45]. Healthy dogs (control group)

showed no alterations in the blood count (S1 and S2 Tables) or biochemical parameters

(S4 Table).

miR-194 is increased in PBMCs from dogs with leishmaniasis

miR-194 expression was elevated in the PBMCs of dogs with leishmaniasis [15]. To validate

the increase in miR-194, we measured the expression of miR194. Expression of miR-194 was

significantly higher in the PBMCs of dogs in the infected group than in the Control group

(Fig 1).

Mimic miR-194 increased parasite load in PBMCs from dogs with

leishmaniasis

Progression and worsening of CanL are associated with parasite proliferation [46]. miR-194

was positively correlated with increased parasite load in the PBMCs of dogs with leishmaniasis

[15]. To determine the role of miR-194 in regulating parasite burden, PBMC from diseased

dogs were transfected with miR-194 mimic and miR-194 inhibitor, and after 48 hours of cul-

ture at 37˚C and 5% CO2, parasite burden was determined. Parasite load increased after trans-

fection with miR-194 mimic according to flow cytometry (Fig 2A) and quantification of

Leishmania spp. DNA using qPCR (Fig 2B). Flow cytometry gating strategy data for parasite

load is shown in S3 Fig

Inhibitor miR-194 increased NO levels in PBMCs from dogs with

leishmaniasis

In CanL, parasite control depends on the activation of leishmanicidal mechanisms such as

iNOS activation [47,48] and NO production in infected cells [49–51]. To determine whether

miR-194 regulates iNOS and NO production, PBMCs from healthy dogs and those with
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leishmaniasis were transfected with Mimic and Inhibitor of miR-194. After 48 hours of culture

at 37˚ C and 5% CO2, spontaneous production of iNOS and NO was measured using flow

cytometry. There were no significant differences in basal iNOS and NO production between

PBMCs from healthy dogs and those with leishmaniasis (S4 Fig). The same result was observed

for iNOS and NO production in PBMCs from healthy dogs after increasing and decreasing

miR-194 activity (Fig 3A and 3C). Interestingly, there was a tendency to increase iNOS pro-

duction, followed by a significant increase in NO production after transfection with a miR-194

inhibitor in PBMCs from dogs with leishmaniasis (Fig 3B and 3D). Flow cytometry gating

strategy data for iNOS and NO production is shown in S5 Fig).

Fig 1. miR-194 expression in PBMCs from healthy dogs and those with leishmaniasis. Expression of miR-194 in

PBMCs from healthy dogs (Control Group N = 5) and dogs with leishmaniasis (Infected Group N = 10) was quantified

using qPCR. Data are expressed as the median and interquartile range (25 and 75). Symbols represent individual data

for each animal. Asterisks indicate significant differences (Mann-Whitney test, p< 0.05).

https://doi.org/10.1371/journal.pntd.0011789.g001

Fig 2. Quantifying parasite load in PBMCs from dogs with leishmaniasis after transfection with Mimic and miR-194 Inhibitor. Parasite load was

quantified using flow cytometry (N 18) (A) and qPCR (N = 9) (B). Data are expressed as the median and interquartile range (25 and 75). Symbols represent

individual data for each animal. Asterisks indicate significant differences (Friedman’s test followed by Dunn’s test, p< 0.05).

https://doi.org/10.1371/journal.pntd.0011789.g002
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miR-194 did not regulate the expression of transcription factors T-bet,

GATA3, or FoxP3 in PBMCs from dogs

Progression of leishmaniasis in dogs is associated with an exacerbated humoral immune response

(Th2) or the development of an immunosuppressive state at the expense of an effective cellular

immune response (Th1) [1,52,53]. Treg cells have been associated with a protective role during

infection in dogs [54–56]. Generation of subsets of Th1, Th2, and Treg cells involves the expres-

sion of transcription factors T-bet [57], GATA3 [58], and FoxP3 [59], respectively. To determine

whether there is a regulatory role for miR-194 in the differentiation of TCD4+ cells subsets,

PBMCs from healthy dogs and those with leishmaniasis were transfected with miR-194 Mimic

and Inhibitor and cultured for 48 hours at 37˚ C and 5% CO2. There was no significant difference

in the basal expression of transcription factors between healthy dogs and those with leishmaniasis

(S6 Fig). The same result was observed with the increase or decrease of miR-194 activity in T-bet

expression (Fig 4A and 4B), GATA3 (Fig 4C and 4D), and FoxP3 (Fig 4E and 4F). Flow cytometry

gating strategy data for T-bet, GATA3 and FoxP3 expression is shown in S7 Fig.

miR-194 Inhibitor increased production of IL-1β in the supernatants of

PBMC culture from dogs with leishmaniasis but did not alter the

production of IL-6, IL-4, TNF-α, IFN-y, TGF-β, or IL -10

Pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α, and IFN-y have been associated with

resistance in leishmaniasis [1,60]. In contrast, immunoregulatory cytokines such as TGF-β and

IL-10 and anti-inflammatory such as IL-4 are associated with disease susceptibility [52,61].

Fig 3. iNOS and NO production in PBMCs from healthy dogs and those with leishmaniasis after transfection with Mimic and Inhibitor of miR-194. The

evaluation of iNOS and NO production was performed on PBMCs from healthy dogs (Control group, N = 5) (A and C) and dogs with leishmaniasis (Infected

group, N = 18) (B and D). Data are expressed as the median and interquartile range (25 and 75). Symbols represent individual data for each animal. Asterisks

indicate significant differences (Friedman’s test followed by Dunn’s test, p< 0.05).

https://doi.org/10.1371/journal.pntd.0011789.g003

PLOS NEGLECTED TROPICAL DISEASES MicroRNA-194 regulates parasitic load and IL-1β in canine leishmaniasis

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011789 January 19, 2024 10 / 22

https://doi.org/10.1371/journal.pntd.0011789.g003
https://doi.org/10.1371/journal.pntd.0011789


Test for a possible regulatory role of miR-194 in the production of cytokines IL-1β, IL-6,

IL-4, TNF-α, IFN-y, TGF-β, and IL-10, PBMCs from healthy dogs and those with leishmania-

sis were transfected with miR-194 Mimic and Inhibitor. After 48 hours of culture at 37˚ C and

5% CO2, supernatants were collected, and the cytokines were measured using capture ELISA.

IL-4 and TGF-β were increased in the PBMCs supernatants from dogs with leishmaniasis,

and the other cytokines did not show significant differences between the groups (S8 Fig).

Regarding the pro-inflammatory cytokines IL-1β, IL-6, TNF-α, and IFN-y, only IL-1β
increased in PBMC culture supernatants from dogs with leishmaniasis after transfection with

the miR-194 inhibitor (Fig 5B). In contrast, of healthy dogs post transfection, there was no

alteration in IL-1β in the PBMC supernatants (Fig 5A). No changes were observed in the pro-

duction of IL-6 (Fig 5C and 5D), TNF-α (Fig 5E and 5F), or IFN-y (Fig 5G and 5H) in the

PBMC culture supernatants of healthy dogs and those with leishmaniasis after transfection

with miR-194 Mimic and Inhibitor. This same result was found for the production of the anti-

inflammatory cytokine IL-4 (Fig 6A and 6B) and the immunoregulatory cytokines IL-10 (Fig

6C and 6D) and TGF-β (Fig 6E and 6F).

miR-194 expression is negatively correlated with the relative gene

expression of TRAF6 in PBMC from dogs with leishmaniasis

In silico analyzes demonstrated that TRAF6 is a target of miR-194 in the PBMCs of dogs with

leishmaniasis [15]. In rat spinal disk pulposus cells, miR-194 regulates TRAF6 translation [35].

Relative expression of TRAF6 was lower in PBMCs from dogs with leishmaniasis than those from

healthy dogs (S9 Fig). To assess whether miR-194 plays a role in regulating TRAF6 expression, we

analyzed the correlation between miR-194 expression and TRAF6 in PBMC from dogs with leish-

maniasis. There is a significant negative correlation between miR-194 expression and TRAF6

expression in PBMCs from dogs with leishmaniasis (Fig 7A). The TargetScan 8.0 (an in-silico

miRNA target prediction tool) to predict the interaction between TRAF6 and cfa-miR-194. In a

conserved region, cfa-miR-194 seed region is completely linked (8-mer site type) with the position

Fig 4. Quantification of T-bet, GATA3, and FoxP3 transcription factors in lymphocytes from healthy dogs and those with leishmaniasis after

transfection with miR-194 Mimic and Inhibitor. Quantification of T-bet, GATA3, and FoxP3 transcription factors was performed on PBMCs from healthy

dogs (Control group, N = 5) (A, C, and E) and dogs with leishmaniasis (Infected group, N = 18) (B, D, and F). Data are expressed as the median and

interquartile range (25 and 75). Symbols represent individual data for each animal. Asterisks indicate significant differences (Friedman’s test followed by

Dunn’s test, p< 0.05).

https://doi.org/10.1371/journal.pntd.0011789.g004
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Fig 5. Quantification of pro-inflammatory cytokines in the supernatants of cultured PBMCs from healthy dogs and those with leishmaniasis after

transfection with miR-194 Mimic and Inhibitor. Production of pro-inflammatory cytokines IL-1-β, IL-6, TNFα and IFN-y was performed on the

PBMC culture supernatants of healthy dogs (Control group, N = 5) (A, C, E and G) and dogs with leishmaniasis (Infected group, N = 18) (B, D, F and H).

Data are expressed as the median and interquartile range (25 and 75). Symbols represent individual data from each animal. Asterisks indicate significant

differences (Friedman’s test followed by Dunn’s test, p< 0.05).

https://doi.org/10.1371/journal.pntd.0011789.g005
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157–164 of TRAF6 3’ UTR and have a low context score (CS) and a CS percentile of 96. This

shows us that this interaction is highly predicted to happen and is efficient.

IL-1β blockade decreases NO after miR-194 inhibition in PBMCs from

dogs with leishmaniasis

miR-194 inhibition increased IL-1β and NO production in PBMCs from dogs with leishmani-

asis. Adding IL-1β to cultured macrophages from mice infected with Leishmania amazonensis

Fig 6. Quantification of anti-inflammatory and immunoregulatory cytokines in the supernatants of cultured

PBMCs from healthy dogs and dogs with leishmaniasis after transfection with miR-194 Mimic and Inhibitor.

Production of anti-inflammatory cytokine IL-4 and immunoregulatory cytokines IL-10 and TGF-β, were evaluated

using capture ELISA. The evaluation was performed on the PBMC culture supernatants of healthy dogs (Control

group, N = 5) (A, C, and E) and dogs with leishmaniasis (Infected group, N = 18) (B, D, and F). Data are expressed as

the median and interquartile range (25 and 75). Symbols represent individual data from each animal. Asterisks

indicate significant differences (Friedman’s test followed by Dunn’s test, p< 0.05).

https://doi.org/10.1371/journal.pntd.0011789.g006
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increased nitrite production in culture supernatants [60]. To determine whether NO produc-

tion depends on IL-1β in PBMCs from dogs with leishmaniasis after miR-194 inhibition, a

functional assay with IL-1β blockade was performed. PBMCs from dogs with leishmaniasis

were transfected with miR-194 inhibitor with IL-1β blocking antibody. After 48 hours of cul-

ture at 37˚ C and 5% CO2, NO production was evaluated using flow cytometry. Nitric oxide

production was significantly decreased after transfection with miR-194 inhibitor followed by

IL-1β blockade when compared to PBMC transfected with miR-194 Scramble and IL-1β block-

ade and also when compared with miR-194 inhibitor without IL-1β blockade (Fig 8). Flow

cytometry gating strategy data for NO production is shown in S10 Fig.

Discussion

Increased parasite load in dogs naturally infected with Leishmania infantum is associated with

the inability to establish an effective cellular immune response (Th1) and an exacerbated stim-

ulation of the humoral immune response (Th2). There is evidence that miR-194 positively reg-

ulates parasite load in CanL [15], possibly affecting gene expression and translation of proteins

fundamental for immune system development, function, and cell differentiation. In the pres-

ent study, molecular tools were used to increase and decrease miR-194 activity in PBMCs

from dogs, with and without leishmaniasis, to evaluate its functional role in activating leishma-

nicidal mechanisms. We also measured the expression of transcription factors related to cell

differentiation T helper profile Th1, Th2, and regulatory T cells, pro-inflammatory, anti-

inflammatory, and immunoregulatory cytokines, and their correlation with parasitic load.

miR-194 was increased in the PBMCs of dogs with leishmaniasis. Increased activity of miR-

194 using mimic increased parasite load in PBMCs of diseased dogs. In a previous study, there

was an increase in miR-194 in the PBMCs of dogs with leishmaniasis, which positively

Fig 7. Correlation between miR-194 expression and relative gene expression of TRAF6 in PBMC from dogs with

leishmaniasis. Expression of miR-194 and relative expression gene of TRAF6 in PBMCs from dogs with leishmaniasis

(N = 10) was quantified using qPCR. Data represents a negative correlation between miR-194 expression and relative

gene expression of TRAF6. Asterisks indicate significant correlation by Pearson correlation test.

https://doi.org/10.1371/journal.pntd.0011789.g007
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correlated with parasite load [15]. There are no studies on the role of miR-194 in parasite load

in CanL. In H1N1 influenza virus infection, increased miR-194 activity induced an increase in

viral load in vitro in human lung cells, and in vivo in mice [62]. In both models, miR-194

downregulated the production of IFN-α and IFN-β, facilitating viral replication. These find-

ings suggest that miR-194 participates in upregulating the replication of intracellular parasites,

including CanL; however, the mechanisms by which miR-194 regulates parasite load in dis-

eased dogs are unknown.

In CanL, high levels of iNOS and NO are associated with decreased parasitic load [63]. We

observed that after miR-194 activity was decreased with an inhibitor in the PBMCs of dogs

with leishmaniasis, there was an increase in iNOS followed by NO, suggesting a possible regu-

lation of this factor by miR-194. In addition to its microbicidal effect on monocytes and mac-

rophages, NO is produced from iNOS in other immune system cells, such as T lymphocytes

[64] and dendritic cells [65]. In human and mouse T lymphocytes and dendritic cells, NO

exerts several immunoregulatory effects, including a decrease in apoptosis [66] an increase in

MHC II expression [67,68], and increased chemotaxis directed by CCL19 [69]. Although these

mechanisms have not yet been described in CanL, it is possible that NO, in addition to its

leishmanicidal effects, has immunoregulatory functions.

MAPK1 is a predicted target of miR-194 in CanL [15]. It encodes the ERK2 protein

involved in various stages and components of the immune system [20]. In mice with ERK2

protein deficiency, there is increased expression of GATA3 and FoxP3 and decreased expres-

sion of T-bet in T lymphocytes of lymph nodes and the spleen [21]. In our study, miR-194 did

not regulate the expression of transcription factors T-bet, GATA3, or FoxP3 in CanL, suggest-

ing that miR-194 has no role in the MAPK1/ERK2 pathway in the expression of these tran-

scription factors in sick dogs.

Fig 8. NO levels in PBMCs from dogs with leishmaniasis after transfection with miR-194 inhibitor and IL-1β blockade. The

evaluation NO production after IL-1β blockade. Data are expressed as the median and interquartile range (25 and 75). Symbols

represent individual data for each animal. Asterisks indicate significant differences (Friedman’s test followed by Dunn’s test,

p< 0.05).

https://doi.org/10.1371/journal.pntd.0011789.g008
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We observed higher levels of IL-4 and TGF-β in the supernatants of PBMCs from dogs with

leishmaniasis than from healthy dogs, confirming the regulatory role of these cytokines in

CanL. IL-4 increases in the blood of dogs infected with Leishmania infantum with the onset of

clinical signs [70]. High levels of TGF-β have been observed in the supernatant of spleen cell

cultures [71] and the lymph nodes associated with disease progression in dogs [61]. No signifi-

cant change was observed in the expression of IL-4 and TGF-β or IL-10 and IL-6, TNFα, and

IFN-y after increasing and decreasing miR-194 activity. These findings suggest that in CanL,

miR-194 has no regulatory role in the expression of these cytokines.

By contrast, there was an increase in IL-1β following a decrease in miR-194 activity in the

supernatant of PBMCs from dogs with leishmaniasis. Analysis of the sequences of the IL-1β
and miR-194 in dogs in the “TargetScan” program, demonstrate that there is no complemen-

tarity between the sequences [72], suggesting an indirect regulation of IL-1β by miR-194.

Several studies showed that miR-194 decreases inflammatory response, negatively regulat-

ing the production of pro-inflammatory cytokines (e.g., IL-1β) and inhibiting the activation of

the NF-κB pathway by various targets, and in various cell types [35,73,74]. miR-194 inhibits

the NF-κB pathway by decreasing the expression of TRAF6 in cells of the disk pulposus of the

intervertebral disk of rats [35], decreases the expression of neutrophilin 1 in human astrocytes

in neurodegenerative diseases [73], and decreases the chemokine CXCR4 in murine alveolar

macrophages in acute lung injury [74]. In these studies, decreasing miR-194 activity increased

IL-1β production and its regulatory targets. In silico analyses demonstrated that TRAF6 is a

target of miR-194 in PBMCs of dogs with leishmaniasis [15], and previous studies demon-

strated that TRAF6 is a target of miR-194 [35,74,75]. Thus, it is possible that miR-194 indi-

rectly regulates IL-1-β production via TRAF6 in CanL, since we observed a negative

correlation between miR-194 expression and TRAF6 expression in PBMC from sick dogs.

We observed that the decrease in miR-194 activity in PBMCs from dogs with leishmaniasis

increased NO and IL-1β in the culture supernatants. IL-1β regulates NO production in cells infected

by intracellular protozoa [60,76]. To clarify the modulatory role of IL-1β in NO production, IL-1β
blockade was performed after miR-194 activity decreased in PBMCs from dogs with leishmaniasis.

IL-1β blockade significantly decreased NO production, suggesting a regulatory role for IL-1β in NO

production. Leishmania induces NLRP3 inflammasome activation in macrophages in vitro and in

mice in vivo. The production of IL-1β and the IL1-β-IL-1R and MyD88 signaling pathways increase

NO production [60]. Furthermore, miR-194 can downregulate inflammasome activation in inflam-

matory cells by significantly decreasing IL-1β production [75]. In the present study, we did not ana-

lyze inflammasome activation following increases and decreases in miR-194 activity. The

mechanism by which miR-194 regulates IL-1β in CanL remains unknown.

We conclude that miR-194 is upregulated in PBMCs from dogs naturally infected with

Leishmania infantum and increases parasite load, possibly decreasing IL-1β-dependent NO

production. These findings contribute to the understanding of the molecular mechanisms by

which the parasite evades the host’s immune response, in addition to identifying targets for

new therapies.

Supporting information

S1 Fig. Quantifying IL-1-β in the PBMC supernatant cultures of dogs with leishmaniasis

after transfection with miR-194 Inhibitor and IL-1-β blockade. Data are expressed as the

median and interquartile range (25 and 75). Symbols represent individual data for each ani-

mal. Asterisks indicate significant differences (Friedman’s test followed by Dunn’s test,

p< 0.05).

(TIF)
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S2 Fig. RFLP analysis of ITS1-PCR fragments amplified from DNA samples of standard

isolates using the Hae III enzyme. M: molecular marker (100 bp); Li: Leishmania infantum.

Samples 1 to 28 showed an identical sampling profile to L. infantum. RFLPs were identified on

3% agarose gels stained with gel red and indicated by an arrow.

(TIF)

S3 Fig. Histogram representative of the flow cytometric analysis of the labeling of parasite

load. Gate M1 were used to detect CD14+ cells (A) and Gate M2 were used to detect GP63

positive CD14+ cells (B)

(TIF)

S4 Fig. Basal levels of iNOS and NO in PBMCs from healthy dogs and dogs with leishmani-

asis. The evaluation of NO production was performed on PBMCs from healthy dogs (Control

group, N = 5) (A) and dogs with leishmaniasis (Infected group, N = 18) (B). Data are expressed

as the median and interquartile range (25 and 75). Symbols represent individual data for each

animal. Asterisks indicate significant differences (Mann-Whitney test, p< 0.05).

(TIF)

S5 Fig. Histogram representative of the flow cytometric analysis of the labeling of NO and

iNOS production. Gate M1 were used to detect NO production (A) and Gate M2 were used to

detect iNOS production (B) in PBMC from dogs.

(TIF)

S6 Fig. Basal quantification of transcription factors T-bet, GATA3, and FoxP3 in lympho-

cytes from healthy dogs and dogs with leishmaniasis. Quantification of T-bet, GATA3, and

FoxP3 transcription factors was performed on PBMCs on PBMCs from healthy dogs (Control

group N = 5) and dogs with leishmaniasis (Infected group N = 18). T-bet (A), GATA3 (B), and

FoxP3 (C). Data are expressed as the median and interquartile range (25 and 75). Symbols rep-

resent individual data for each animal. Asterisks indicate significant differences (Mann-Whit-

ney test p< 0.05).

(TIF)

S7 Fig. Histogram representative of the flow cytometric analysis of the labeling of T-Bet,

GATA3 and FoxP3 transcription factors. Gate M1 were used to detect CD3+ lymphocytes

(A), Gate M2 to detect CD3+lymphocytes expressing T-bet (B), Gate M3 to detect CD3+-

lymphocytes expressing GATA3 (C) and Gate M4 to detect CD3+lymphocytes expressing

FoxP3(D).

(TIF)

S8 Fig. Basal quantification of cytokines in PBMC culture supernatants from healthy dogs

and dogs with leishmaniasis. The production of cytokines IL-1-β (A), IL-6 (B), TNFα (C),

IFN-y (D), IL-4 (E), IL-10 (F), and TGF-β (G) were measured using capture ELISA. The evalu-

ation was performed on the PBMC culture supernatants from healthy dogs (Control group,

N = 5) and dogs with leishmaniasis (Infected group, N = 18). Data are expressed as the median

and interquartile range (25 and 75). Symbols represent individual data for each animal. Aster-

isks indicate significant differences (Mann-Whitney test, p< 0.05)

(TIF)

S9 Fig. Basal relative gene expression of TRAF6 in PBMCs from healthy dogs and dogs

with leishmaniasis. The relative expression of TRAF6 was analyzed using qPCR. Data are

expressed as the median and interquartile range (25 and 75). Symbols represent individual
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data for each animal. Asterisks indicate significant differences (Mann-Whitney test, p< 0.05)

(TIF)

S10 Fig. Histogram representative of the flow cytometric analysis of the labeling of NO

production. Gate M1 were used to detect NO production (A) and Gate M2 were used to detect

NO production after IL-1β blockade (B) in PBMC from dogs with leishmaniasis.

(JPG)

S1 Table. Clinical signs, serological and molecular diagnosis of dogs with leishmaniasis

(Infected group) and healthy dogs (Control group).

(DOCX)

S2 Table. Red blood cell parameters.

(DOCX)

S3 Table. White blood cells and platelet counts.

(DOCX)

S4 Table. Sera biochemical profile.

(DOCX)

Author Contributions

Conceptualization: Sidnei Ferro Costa, Valéria Marçal Felix de Lima.
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