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Abstract

Visceral leishmaniasis in humans is a chronic and fatal disease if left untreated. Canine leish-

maniasis (CanL) is a severe public health problem because infected animals are powerful

transmitters of the parasite to humans via phlebotomine vectors. Therefore, dogs are an

essential target for control measures. Progression of canine infection is accompanied by fail-

ure of cellular immunity with reduction of circulating lymphocytes and increased cytokines

that suppress macrophage function. Studies showed that the regulation of the effector func-

tion of macrophages and T cells appears to depend on miRNAs; miRNA-21 (miR-21) shows

increased expression in splenic leukocytes of dogs with CanL and targets genes related to

the immune response. Mimics and inhibitors of miR-21 were used in vitro to transfect splenic

leukocytes from dogs with CanL. After transfection, expression levels of the proteins FAS,

FASL, CD69, CCR7, TNF-α, IL-17, IFN-γ, and IL-10 were measured. FAS, FASL, CD69, and

CCR7 expression levels decreased in splenic leukocytes from dogs with CanL. The miR-21

mimic decreased CD69 expression in splenic leukocytes from CanL and healthy groups. The

miR-21 inhibitor decreased IL-10 levels in culture supernatants from splenic leukocytes in the

CanL group. These findings suggest that miR-21 alters the immune response in CanL; there-

fore, miR-21 could be used as a possible therapeutic target for CanL.

Introduction

Visceral leishmaniasis (VL), also known as kala-azar, is caused by the protozoan Leishmania
infantum (syn Leishmania chagasi) and is fatal if left untreated in over 95% of cases. An esti-

mated 50000 to 90000 new cases of VL occur worldwide annually, and most cases occur in Bra-

zil, East Africa, and India [1]. Dogs are considered the primary domestic reservoirs of L.

infantum [2]. In humans and dogs, the parasite causes characteristic symptoms of the disease

[3,4]. The most frequent clinical signs of canine leishmaniasis (CanL) are lymphadenopathy,

onychogryphosis, cutaneous lesions, weight loss, cachexia, fever, and locomotor abnormalities

[5].

Dogs with CanL present a complex immune response, which is decisive for disease resis-

tance or susceptibility [6,7]. The protective immune response against Leishmania sp. in dogs is
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related to the increase in the Th1 response with the production of IFN-γ and IL-2, cytokines

that promote activation of macrophages and cytotoxic T lymphocytes [8]. Susceptibility to

infection has been associated with the predominance of IL-4 and IL-10; reducing the effects of

Th1 cytokines that decrease the production of nitric oxide in macrophages prevents the

destruction of the parasite [9].

MicroRNAs (miRNAs) are small non-coding RNAs that work as post-transcriptional regu-

lators of gene expression, regulating the translation of proteins fundamental to the immune

response [10]. In splenic leukocytes [11] and peripheral blood mononuclear cells from dogs

with CanL [12], microarray analysis showed increased expression of miR-21 in the CanL

group. The parasitic load in the spleens of these animals negatively correlated with the expres-

sion of miR-21 [11].

In silico analysis of pathways and targets of differentially expressed miRNAs in splenic leu-

kocytes from dogs naturally infected by L. infantum, some genes related to the immune

response in CanL were targets of miR-21 [11]. The canonical pathways included the miR-21

target genes FAS, FASL, CCR7, CD69, and TNF-α [11,12].

IL-10 is associated with susceptibility in CanL, and high levels of this cytokine are detected

in the spleens of dogs with CanL [13]. There was a positive correlation between splenic levels

of this cytokine and the progression of CanL [14]. In peripheral blood mononuclear cells of

dogs with CanL, increased IL-10 levels were associated with the detection of parasitic DNA

[15]. IL-10 mRNA was a target of miR-21 in a murine model of adenovirus [16] and autoim-

mune encephalomyelitis [17].

IFN-γ is a Th1 cytokine associated with resistance in CanL [13]. Significantly higher IFN-γ
concentrations were noted in dogs in stage I of the disease [18]. IFN-γ-producing dogs pre-

sented lower antibody levels and lower blood parasitemia [18]. IL-17 is a mediator of inflam-

matory reactions in CanL, and the infection inhibited IL-17A mRNA expression in the spleen,

especially in symptomatic dogs [19]. IL-17A acts synergistically with IFN-γ to promote protec-

tion against L. infantum infection [20]. IL-17 and IFN-γ mRNAs were targets of CD69 in

murine CD4+ cells [21,22].

In the present study, we demonstrate that miR-21 overexpression leads to a decreased

CD69 expression in splenic leukocytes of infected and healthy dogs, whereas decreased miR-

21 expression leads to lower expression of IL-10 in culture supernatants from dogs with CanL.

Materials and methods

Animal screening and collection of samples

The Committee for Ethics in Animal Experimental Research approved the study, with the

approval of the Committee for Ethics in Animal Use of São Paulo State University, School of

Veterinary Medicine, Araçatuba (process number 00624–2018). The owners of the control

group dogs did the consent to the surgery by written the term of consentient, according Com-

mittee for Ethics instructions.

Five healthy dogs were used in the control group. These animals were selected following

clinical examination, complete blood count, and serum biochemical profile within the normal

range for the species and negative results for CanL (serological [23] and molecular [24];

Table 1). Dogs selected are of both sexes and have between 1–5 years old.

In the infected group, ten dogs were naturally infected with L. infantum; all animals were

positive for leishmaniasis by serology and molecular testing and were kept at the Zoonosis

Control Center of Araçatuba. These animals carried at least three characteristic clinical signs

of the disease, including onychogryphosis, weight loss, ear-tip injuries, periocular lesions, alo-

pecia, skin lesions, or lymphadenopathy (Table 1).
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Blood samples from the healthy and infected groups were collected in tubes without EDTA

to obtain serum for biochemical profiles (S1 Table) and indirect ELISA (Table 1) to measure

anti-leishmanial antibodies [23]. Blood was collected in EDTA-containing tubes for complete

blood count (S2 Table). Infected dogs were euthanized by barbiturate anesthesia (Tiopental,

Cristália Itapira, SP), followed by intravenous injection of 19.1% potassium chloride, as recom-

mended for VL control in compliance with local legislation. After euthanasia, a 2-cm3 frag-

ment of the spleen was collected for isolation of splenic leukocytes. Splenic fragments in

control dogs were removed by surgical excision as described by [25]. Dogs with laboratory

exams incompatible with clinical leishmaniasis were not used in the study.

Isolation of splenic leukocytes

Splenic leukocytes were obtained from a 2-cm3 fragment that was macerated using a mortar and

pestle, and added to 10 ml RPMI-1640 medium (Sigma, USA) supplemented with 10% heat-inac-

tivated fetal bovine serum (FBS), 0.03% L-glutamine, and 100 IU/mL penicillin and 100 mg/mL

streptomycin. After removal of cell debris through a 100-μm cell strainer (BD Falcon Cell strainer,

USA), suspensions were processed with 5 mL of red blood cell lysis buffer containing 7.46 g/L

ammonium chloride (NH4ClO3), 1,6 g/L EDTA and 0,84 g/L sodium carbonate (Na2CO3) at 4˚

C for 10 minutes, centrifuged at 2000 rpm for 5 minutes, and washed with phosphate-buffered

saline (PBS) at pH 7.2 three times. Cells were counted in a Neubauer chamber.

Serological diagnosis by ELISA

Samples were analyzed by ELISA using total antigen from lysed promastigotes [26]. The antigen

was coated overnight with 20 μg/ml protein pH 9.6, then washed three times in PBS containing

0.05% Tween 20 (washing buffer) and saturated for 1 hour with 150 μl/well of a mixture of PBS

and 10% FBS at room temperature. Next, the preparation was washed three times with washing

buffer. Blocking buffer/Tween (100 μl of serum sample (1/400) diluted in PBS, pH 7.2, contain-

ing 0.05% Tween 20 and 10% FCS) was added to each well and incubated at room temperature

for 3 h, followed by three washes with washing buffer. Subsequently, 100 μl/well of anti-dog IgG

conjugated with horseradish peroxidase (Sigma, St. Louis, MO, USA) at appropriate dilution in

Table 1. Screening of dogs. Optical density on ELISA and clinical signs of CanL and control groups.

Animal O.D. (ELISA) Sex Clinical Signs PCR

Infected 1 1,132 F Onychogryphosis, skin lesions, cachexia, seborrhea +

Infected 2 1,065 M Lymphadenopathy, onychogryphosis, cachexia and skin lesions +

Infected 3 0,978 F Lymphadenopathy, onychogryphosis, ear injuries, alopecia, skin lesions +

Infected 4 0,636 M Lymphadenopathy, cachexia, skin lesions, periocular lesion +

Infected 5 1,374 F Onychogryphosis, cachexia, alopecia, skin lesions +

Infected 6 1,208 M Lymphadenopathy, onychogryphosis, cachexia, alopecia +

Infected 7 1,267 F Lymphadenopathy, onychogryphosis, seborrhea, alopecia, skin lesions, periocular lesion, hepatosplenomegaly +

Infected 8 1,052 F Lymphadenopathy, onychogryphosis, periocular lesion, hepatosplenomegaly +

Infected 9 0,968 F Lymphadenopathy, onychogryphosis, cachexia +

Infected 10 1,049 F Lymphadenopathy, onychogryphosis, seborrhea +

Control 1 0,062 F No clinical signs -

Control 2 0,026 M No clinical signs -

Control 3 0,147 F No clinical signs -

Control 4 0,028 M No clinical signs -

Control 5 0,071 F No clinical signs -

https://doi.org/10.1371/journal.pone.0265192.t001
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blocking buffer/Tween was added, incubated at room temperature for 1 hour, and washed. Sub-

strate solution (0.4 mg/ml o-phenylenediamine (Sigma) and 0.4 μl/ml H2O2 in phosphate citrate

buffer, pH 5.0) was added at 100 μl/well and developed for 5 min at room temperature. The

reaction was stopped with 50 μl of 3M H2SO4. Absorbance was measured at 490 nm using a

Tecan microplate reader (Sunrise model ref. 16039400). Negative and positive controls were

included on each plate. Positive controls obtained from a hyperimmune animal were included.

The cut-off was determined using the mean +3 SD of the readings obtained from serum samples

of healthy dogs from non-endemic areas for leishmaniasis.

DNA extraction and determination of the Leishmania species

DNA extraction from splenic leukocytes samples from the experimental dogs was performed

using 5 x 106 cells with the commercial DNAeasy kit (Qiagen, USA) according to the manufac-

turer’s recommendations. Extracted DNA was quantified in a spectrophotometer 260/280

(NanoDrop, Thermo Fisher Scientific) to measure purity and concentration and were then

stored at –20˚C until analysis.

Determination of the Leishmania species was performed by polymerase chain reaction

(PCR)-restriction fragment length polymorphism [24], comparing the restriction profiles of

the sample with a PCR restriction profile obtained from L. infantum (IOC / L0575-MHOM /

BR / 2002 / LPC-RPV), L. braziliensis (IOC / L0566-MHOM / BR / 1975 / M2903) and L. ama-
zonensis (IOC / L0575-MHOM / BR / 1967 / PH8) as positive controls, and water as a negative

control (S1 Fig).

Extraction and quantification of total RNA

Extraction of total RNA, including miRNAs, from 5 x 104 splenic leukocytes post-transfection,

was performed using the commercial mirVana kit for isolation of total RNA with phenol (Life

Technologies, USA), following manufacturer’s instructions. After RNA isolation, samples

were stored at –80˚C.

RNA samples were analyzed in a spectrophotometer (NanoDrop, Thermo Scientific, USA)

for purity evaluation (260/280) and quantification.

Real-time PCR for miR-21

To confirm that miR-21 is upregulated in dogs with CanL obtained by [11], real-time quantita-

tive PCR (qPCR) was performed. cDNA production was performed using the miScript RT II

kit (Qiagen, USA), as recommended by the manufacturer. A total of 1 μg of RNA was used for

each sample with the 5x miScript Hiflex Buffer, in a final volume of 20 μl. Mix was incubated

for 60 min at 37˚C, followed by 5 min at 95˚C to inactivate the miScript Reverse Transcriptase.

Next, qPCR was performed using commercially available specific primer for Canis familiaris
miR-21 and the endogenous reference RNA SNORD96A, as recommended by manufacturer

(miScript, Qiagen). The SYBR Green system (MyScript SYBR Green PCR Kit, Qiagen) was

used in a real-time thermal cycler (RealPlex, Eppendorf). Amplification conditions consisted

of an initial activation step of 95˚C for 15 min followed by 40 cycles of 94˚C for 15 seconds,

55˚C for 30 seconds, and 70˚C for 30 seconds denaturation, annealing, and extension, respec-

tively. For miRNA analysis, a standard curve was generated with serial dilution of a pool of all

cDNAs. The absolute quantification of miR-21 was performed by converting the sample cycle

threshold values to a concentration (ng/μl) based on the standard curves generated using

10-fold serial dilutions of the cDNA pool. Values obtained for the target miRNA were then

divided by SNORD96A values to obtain normalized target values for each sample. All samples

were run in duplicate.
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Transfection with miR-21 mimic and inhibitor in splenic leukocytes

Splenic leukocytes were cultured (1.6 x 105 cells/replicate) in triplicate in 24-well plates for 48

h at 37˚C in 5% CO2. All-Stars Negative control siRNA (scrambled), miR-21 mimic (5 nM),

and miR-21 inhibitor (50 nM) (miScript miRNA Mimic and Inhibitor Qiagen, USA) were

used, and splenic leukocytes were transfected using 3 μL of Hiperfect (Qiagen, USA) in each

well, following manufacturer’s instructions. To evaluate transfection rates, AllStars HS Cell

Death Control siRNA (Qiagen, USA) was used at a final concentration of 50 nM. AllStars Hs

Cell Death Control siRNA is a blend of highly potent siRNAs targeting ubiquitously expressed

genes that are essential for cell survival. Knockdown of these genes induces a high degree of

cell death. The transfection rate was measured by flow cytometry using 7-AAD Viability Stain-

ing Solution (BioLegend, USA) according to the manufacturer’s instructions. Cell death was

evaluated using Trypan blue in a Neubauer chamber for optical microscopy. A medium trans-

fection rate of 20% was obtained for both groups. Experiment to confirm the transfection rate

are demonstrate in representative image (S2 Fig).

Flow cytometry analysis in splenic leukocytes

For flow cytometry analysis, 1 x 104 cells were incubated with Fc blocking buffer (10% FBS) for 30

min at room temperature. Cells were centrifuged at 1800 rpm for 7 minutes and then incubated

with phycoerythrin (PE)-conjugated anti-human CD95 (FAS) monoclonal antibody (BD Biosci-

ences, USA), anti-human CD178 (FASL) monoclonal antibody (BD Biosciences, USA), and anti-

human CD69 polyclonal antibody (Lifespan Biosciences, USA). To measure CCR7 in dendritic

cells, splenic leukocytes were incubated with PE-conjugated anti-human CCR7 monoclonal anti-

body (Invitrogen, USA), anti-dog MHC class II conjugated with fluorescein isothiocyanate

(FITC) (Bio-Rad, USA), or anti-human CD11c conjugated with peridinin-chlorophyll-protein

(Lifespan Biosciences, USA). To avoid non-specific binding, cells were incubated with respective

control isotypes. Acquisition of 10,000 events was counted by experimental replicate on channels

FL1, FL2, and FL3, and cytometric analysis was performed using an Accuri C5 Flow Cytometer

(BD Biosciences, USA) with BD Accuri C6 software, version 1.0.264.21 (BD Biosciences, USA).

To determine CD69 expression on lymphocytes, splenic leukocytes were incubated with Fc

blocking buffer (10% FBS) for 30 min at room temperature. Cells were centrifuged at 1800

rpm for 7 minutes and then incubated with anti-dog CD4 monoclonal antibody (FITC) (ABD

Serotec, USA), anti-dog CD8 monoclonal antibody (FITC) (ABD Serotec, USA), or anti-

human CD21 monoclonal antibody (FITC) (ExBio, Czech Republic) in different tubes, and

with PE-conjugated anti-human CD69 polyclonal antibody (Lifespan Biosciences, USA) to

obtain double tagging of CD69 in T CD4+, T CD8+, and B lymphocytes, respectively. To

avoid non-specific binding, cells were incubated with respective control isotypes. Acquisition

of 10,000 events was counted by experimental replicate on channels FL1 and FL2, and cytome-

try was performed using an Accuri C5 Flow Cytometer (BD Biosciences, USA) using BD

Accuri C6 software version 1.0.264.21 (BD Biosciences, USA).

Dosage of cytokines by ELISA

After 48 h of transfection, supernatants from splenic leukocyte cultures were collected, centri-

fuged at 2500 rpm, and stored at –80˚C until further analysis. Concentrations of TNF-α [12],

IL-10 [17], IL-17, and IFN-γ [21] in the supernatant were determined by capture ELISA using

a Canine DuoSet ELISA Kit (R&D Systems, USA) for the respective cytokines. The assay was

performed according to the manufacturer’s instructions. The plates were read using a Spectra

Count™ reader (Packard BioScience Company) with a 450-nm filter. All measurements were

performed in duplicate.
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Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 software (GraphPad Software, Inc.,

La Jolla, CA, USA). D’Agostino & Pearson, Shapiro–Wilk, and Kolmogorov-Smirnov tests

were determined to assess for normality of distribution, and then non-parametric tests were

used. The Mann–Whitney test was used for group comparison. Treatment comparisons (miR-

21 mimic, miR-21 inhibitor, scrambled, hiperfect and untransfected cells) were evaluated

using the Friedman test followed by Dunn’s multiple comparisons test (comparing the mean

rank of each treatment with every other treatments). Differences were considered significant

when p< 0.05.

Results

miR-21 expression is increased in CanL

Because miR-21 regulates the immune response, to confirm the increase in miR-21 expres-

sion in CanL, real-time PCR was performed with samples of splenic leukocytes from dogs

of both groups. We found a higher expression of miR-21 in dogs with CanL than healthy

dogs (Fig 1).

Fig 1. Expression of miR-21. miR-21 expression using real-time PCR. Expression of miR-21 was quantified using real-time PCR in splenic leukocytes of

CanL (n = 10) and control (n = 5) dogs. Fold change of miR-21 was calculated with normalized results by converting the sample cycle threshold values to a

concentration (ng/μl). Data represent the mean values of miRNA expression ± standard deviation, and the asterisks represent statistically significant data

following the Mann–Whitney test. Results were considered significant when p< 0.05.

https://doi.org/10.1371/journal.pone.0265192.g001
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Expression of proteins regulated by miR-21 in splenic leukocytes of CanL

and healthy dogs

Expression of FAS, FASL, CD69, and CCR7 were compared between control and CanL groups.

Proteins FAS (Fig 2A), FASL (Fig 2B), CD69 (Fig 2C), and CCR7 (Fig 2D), regulated by miR-

21 [11,12] were decreased in splenic leukocytes from the CanL group.

miR-21 mimics lead to decreased CD69 expression by B lymphocytes in

healthy dogs and those with CanL

To determine whether miR-21 affects the expression of FAS, FASL, CD69, and CCR7, splenic

leukocytes were transfected with miR-21 mimics and inhibitors, and after 48 hours, protein

expression was measured using flow cytometry. Expression of FAS, FASL, and CCR7 pre-

sented no statistically significant difference after transfection with mimics and inhibitors of

miR-21 in CanL and healthy groups (S3 Fig). A decrease in CD69 protein expression was

found in splenic leukocytes after transfection with miR-21 mimic in the control group (Fig

3A) and the CanL group (Fig 3B).

To determine which cell subpopulation showed decreased CD69 expression, splenic leuko-

cytes from the CanL group were transfected with miR-21 mimics and inhibitors, and CD69

expression in CD4+, CD8+, and CD21+ cells was obtained by double tagging (S4 Table). We

found significantly lower CD69 expression only in B lymphocytes (CD21+) after transfection

with miR-21 mimics compared with scrambled (Fig 4).

IL-10 expression decreased in the presence of miR-21 inhibitor

To determine whether miR-21 regulates the expression of cytokines IL-10, TNF-α, IFN-γ, and

IL-17, splenic leukocytes from the CanL group were transfected with miR-21 mimics and

inhibitors, and after 48 hours, cytokine concentrations were measured by capture ELISA in

cell culture supernatants. We observed a decrease in IL-10 in culture supernatants in the pres-

ence of miR-21 inhibitor in the CanL group (Fig 5). TNF-α, IFN-γ, and IL-17 showed no sig-

nificant differences (S4 Fig).

Discussion

Dogs naturally infected with L. infantum that develop disease show an inability to mount a

specific effective adaptive immune response; miRNAs, including miR-21, could be responsible

for modulation of the immune system. To elucidate the role of miR-21 in dogs with CanL, we

evaluated targets of miR-21 after transfection with mimics and inhibitors. Real-time PCR con-

firmed higher expression of miR-21 in dogs with CanL than healthy dogs. In silico analysis

showed that miR-21 targets the genes FAS, FASL, CCR7, CD69, TNF-α, and IL-10. Expression

levels of proteins FAS, FASL, CCR7, and CD69 were decreased in dogs with CanL. Next, the

role of miR-21 was evaluated using splenic leukocyte transfection with miR-21 mimics and

inhibitors, and protein expression was studied. We found that FAS, FASL, and CCR7 expres-

sion was not regulated by miR-21; however, the miR-21mimic decreased CD69 expression in

B lymphocytes and the inhibition of miR-21 decreased IL-10 in culture supernatants from

splenic leukocytes.

We observed lower expression levels of CD95 (FAS) and CD178 (FASL) in splenic leuko-

cytes from infected dogs than dogs in the control group. FAS and FASL play critical roles in

the immune system, particularly in the death of target cells infected by pathogens and obsolete

and potentially dangerous lymphocytes [27]. FASL-FAS signaling triggers apoptosis through

recruitment mediated by FADD adapter proteins (FAS-associated protein with death domain,
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Fig 2. Expression of proteins regulated by miR-21 in splenic leukocytes of CanL and healthy dogs. Expression of

FAS (A), FASL (B), CD69 (C), and CCR7 (D) in splenic leukocytes from CanL and healthy dogs after culture and

respective representative histograms obtained from flow cytometry analysis. The red line represents the CanL group,

and the blue line represents the control group. Cells were cultured for 48 h at 37˚C and 5% CO2 without treatment

(medium) and then incubated with monoclonal antibodies. Data are presented as median ± min-max. Asterisks

represent statistical significance (Mann–Whitney, �p< 0.05).

https://doi.org/10.1371/journal.pone.0265192.g002
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Fig 3. Expression of CD69 after transfection of splenic leukocytes with mimics and inhibitors of miR-21. Expression of CD69 protein in splenic leukocytes

of the control (A) and CanL group (B). Splenic leukocytes of dogs naturally infected by L. infantum and healthy dogs were transfected with scrambled, miR-21

mimic, and miR-21 inhibitor, all in the presence of Hiperfect, following 48 h in culture at 37˚C and 5% CO2. Data are presented as median ± min-max. The

asterisk indicates significant differences (Friedman’s multiple comparison test followed by Dunn’s multiple comparisons test (comparing the mean rank of each

treatment with every other treatments), � p< 0.05).

https://doi.org/10.1371/journal.pone.0265192.g003
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Fig 4. CD69 expression in T CD4+, T CD8+ and B lymphocytes. Expression of CD69 protein in (A) CD4+, (B) CD8

+ and (C) B lymphocytes (CD21+ cells) in the CanL group. Splenic leukocytes of dogs naturally infected by L.

infantum were transfected with scrambled, miR-21 mimic, and miR-21 inhibitor, all in the presence of Hiperfect,

following 48 h in culture at 37˚C and 5% CO2. Data are presented as median ± min-max, and the asterisk indicates

significant differences (Friedman’s multiple comparison test, � p< 0.05).

https://doi.org/10.1371/journal.pone.0265192.g004
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also called MORT1) and caspase-8 activation [27]. Similar to our finding, low FAS and FASL

expression levels were observed in spleen and peripheral blood CD4+ cells from dogs with

CanL [28]. The increase or decrease in miR-21 in cultures did not alter the expression of FAS

and FASL, suggesting that, in dogs, the mRNA of these proteins may not be targets of miR-21.

The low transfection rate obtained may not have been sufficient to modulate the expression of

these molecules.

CCR7 protein showed lower expression in splenic leukocytes from the CanL group than the

control group. CCR7, a chemokine receptor important for cell migration, is expressed in den-

dritic cells and its mRNA is a target of miR-21 in human CD4+ T cells [29]. Dendritic cells

from mice infected with L. donovani showed impairment of migration from the marginal zone

to the periarteriolar region of the spleen, partly attributed to the inhibition of CCR7 expression

[30]. The interaction between T cells and dendritic cells is essential to generate an adaptive

immune response; mature dendritic cells from mice with CCR7 deficiency do not migrate to

draining lymph nodes after activation, making it impossible to mount a rapid response of pri-

mary B or T cells. [31]. These findings suggest that it is possible in CanL that the low expres-

sion of CCR7 compromises cell migration; nevertheless, we did not observe regulation of the

expression of CCR7 by miR-21, which may be due to low transfection rates.

Fig 5. Concentration of IL-10 after transfection of splenic leukocytes with mimics and inhibitors of miR-21. IL-10 production was quantified in

supernatants from splenic leukocytes cultures of dogs naturally infected by L. infantum and transfected with scrambled, miR-21 mimic, and miR-21 inhibitor,

all in the presence of Hiperfect, following 48 h in culture. Data represent the median values of the IL-10 + min-max. Asterisks represent significance (p< 0.05)

by the Friedman Test with the Dunn multiple comparisons.

https://doi.org/10.1371/journal.pone.0265192.g005
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We also found lower expression of CD69 in splenic leukocytes from dogs with CanL than

healthy dogs. CD69 gene is a target of miR-21 in splenic leukocytes of dogs with CanL. CD69

is a cell surface molecule and is one of the first to be expressed after activation of T and B lym-

phocytes and other cells of hematopoietic origin [32,33]. CD69 expression rapidly increases

after activation in most leukocytes, highlighting its widespread use as a marker of activated

lymphocytes and NK cells [21]. In addition to its intrinsic value as an activation marker, CD69

is also an essential regulator of immune responses [21]. Therefore, it is crucial to elucidate the

role of CD69 expression in the function of immune cells in L. infantum infection of dogs.

A decrease in CD69 expression was observed in splenic leukocytes in the presence of miR-

21 mimic compared to the negative control (scrambled), both in dogs with CanL and in

healthy dogs. The low expression of CD69 observed in dogs with CanL contrasts with results

in experimental models in mice infected with L. infantum, where an increase in the percentage

of CD69+ cells was observed in the spleen in the acute phase [34] and in the chronic phase of

the disease where activation of protective immunity reduces the splenic parasitic load [35]; this

is not seen in CanL, where the disease is progressive. These results suggest that miR-21 reduces

the expression of CD69 by B cells, possibly regulating B lymphocyte function.

There was a decrease in the expression of IL-10 in the presence of miR-21 inhibitor in the

CanL group. IL-10 is the primary cytokine suppressing the immune response in humans and a

murine model of VL [36,37]. In CanL, increased levels of IL-10 were described [38], and this

increase was associated with the detection of parasitic DNA [15], confirming the regulatory

role of IL-10 in the spleen. Differently to our finding, in naive T cells from healthy humans,

the induction of miR-21 led to an increase in IL-10 expression [39]. These findings suggest

that the parasite may be using IL-10 as an escape mechanism, modulating immune responses

through miR-21.

We conclude that L. infantum infection in dogs increases expression miR-21 that regulates

CD69 and IL-10 expression, essential proteins involved in the immune response to the

parasite.
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36. Bacellar O, D’oliveira A, Jerônimo S, Carvalho EM. IL-10 and IL-12 are the main regulatory cytokines in

visceral leishmaniasis. Cytokine. 2000; 12: 1228–31. https://doi.org/10.1006/cyto.2000.0694 PMID:

10930301

37. Barral A, Barral-Netto M, Yong EC, Brownell CE, Twardzik DR, Reed SG. Transforming growth factor β
as a virulence mechanism for Leishmania braziliensis. Proc Natl Acad Sci U S A. 1993; 90: 3442–3446.

https://doi.org/10.1073/pnas.90.8.3442 PMID: 7682701

38. Almeida BFM de Silva KLO, Chiku VM Leal AAC, Venturin GL Narciso LG, et al. The effects of

increased heme oxygenase-1 on the lymphoproliferative response in dogs with visceral leishmaniasis.

Immunobiology. 2017; 222: 693–703. https://doi.org/10.1016/j.imbio.2016.12.006 PMID: 28065450

39. Namdari H, Ghayedi M, Hadjati J, Rezaei F, Kalantar K, Rahimzadeh P, et al. Effect of MicroRNA-21

transfection on in-vitro differentiation of human naive CD4+ T cells to regulatory T cells. Iran J Allergy,

Asthma Immunol. 2017; 16: 235–244. PMID: 28732437

PLOS ONE miR-21 in the immunoregulation in canine leishmaniasis

PLOS ONE | https://doi.org/10.1371/journal.pone.0265192 March 24, 2022 15 / 15

https://doi.org/10.1002/eji.201646837
http://www.ncbi.nlm.nih.gov/pubmed/28475283
https://doi.org/10.1128/MCB.00456-10
http://www.ncbi.nlm.nih.gov/pubmed/20696842
https://doi.org/10.1590/s0100-736x2005000400005
https://doi.org/10.1590/s1984-29612016071
https://doi.org/10.1590/s1984-29612016071
http://www.ncbi.nlm.nih.gov/pubmed/27925065
https://doi.org/10.1016/j.vetpar.2011.08.024
http://www.ncbi.nlm.nih.gov/pubmed/21899954
https://doi.org/10.1590/s0100-879x2003000400010
https://doi.org/10.1590/s0100-879x2003000400010
http://www.ncbi.nlm.nih.gov/pubmed/12700826
https://doi.org/10.1016/j.immuni.2009.01.001
http://www.ncbi.nlm.nih.gov/pubmed/19239902
https://doi.org/10.1016/j.vetpar.2013.07.012
https://doi.org/10.1016/j.vetpar.2013.07.012
http://www.ncbi.nlm.nih.gov/pubmed/23920055
https://doi.org/10.1371/journal.pone.0076217
https://doi.org/10.1371/journal.pone.0076217
http://www.ncbi.nlm.nih.gov/pubmed/24098447
https://doi.org/10.1038/ni861
https://doi.org/10.1038/ni861
http://www.ncbi.nlm.nih.gov/pubmed/12436111
https://doi.org/10.1016/s0092-8674%2800%2980059-8
http://www.ncbi.nlm.nih.gov/pubmed/10520991
https://doi.org/10.1016/0167-5699%2894%2990193-7
https://doi.org/10.1016/0167-5699%2894%2990193-7
http://www.ncbi.nlm.nih.gov/pubmed/7945773
https://doi.org/10.1046/j.1365-2567.1999.00738.x
https://doi.org/10.1046/j.1365-2567.1999.00738.x
http://www.ncbi.nlm.nih.gov/pubmed/10447727
https://doi.org/10.1016/j.exppara.2011.02.022
http://www.ncbi.nlm.nih.gov/pubmed/21354140
https://doi.org/10.1111/j.0141-9838.2004.00672.x
http://www.ncbi.nlm.nih.gov/pubmed/15053778
https://doi.org/10.1006/cyto.2000.0694
http://www.ncbi.nlm.nih.gov/pubmed/10930301
https://doi.org/10.1073/pnas.90.8.3442
http://www.ncbi.nlm.nih.gov/pubmed/7682701
https://doi.org/10.1016/j.imbio.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28065450
http://www.ncbi.nlm.nih.gov/pubmed/28732437
https://doi.org/10.1371/journal.pone.0265192

