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Abstract

Visceral Leishmaniasis is a chronic zoonosis and, if left untreated, can be fatal. Infected
dogs have decreased cellular immunity (Th1) and develop a potent humoral response
(Th2), which is not effective for elimination of the protozoan. Immune response can be mod-
ulated by microRNAs (miRNAs), however, characterization of miRNAs and their possible
regulatory role in the spleen of infected dogs have not been done. We evaluated miRNA
expression in splenic leukocytes (SL) from dogs naturally infected with Leishmania infantum
and developing leishmaniasis (CanL; n = 8) compared to healthy dogs (n = 4). Microarray
analysis showed increased expression of miR 21, miR 148a, miR 7 and miR 615, and down-
regulation of miR 150, miR 125a and miR 125b. Real-time PCR validated the differential
expression of miR 21, miR 148a and miR 615. Further, decrease of miR 21 in SL, by means
of transfection with a miR 21 inhibitor, increased the IL-12 cytokine and the T-bet/GATA-3
ratio, and decreased parasite load on SL of dogs with CanL. Taken together, these findings
suggest that L. infantum infection alters splenic expression of miRNAs and that miR 21 inter-
feres in the cellularimmune response of L. infantum-infected dogs, placing this miRNA as a
possible therapeutic target in CanL.

Introduction

Visceral Leishmaniasis (VL), caused by the protozoan Leishmania (L.) infantum [1], is consid-
ered one of the most severe forms of the disease [2] and has seen a very significant increase in
number of cases in recent years, representing a serious problem to public health [1]. The vis-
ceral form of the disease can be found in at least 65 countries, with most cases occurring in
Brazil, East Africa and Southeast Asia [3]. It is estimated that 50,000 to 90,000 new cases of VL
occur worldwide each year [3]. In humans and dogs, the parasite can cause lesions and
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symptoms that are characteristic of VL [4,5], with lymphadenopathy, onychogrifosis, cutane-
ous lesions, weight loss, cachexia and locomotor abnormalities being commonly found in dogs
[6].

In CanL, the spleen is one of the most affected organs during infection [7], along with skin
and bone marrow [8]. High parasitism is observed in the spleen, leading to significant mor-
phological changes such as hypertrophy and hyperplasia of the red pulp with infiltration of
mononuclear cells and mainly plasma cells [9]. Replacement of macrophages by lymphocytes
takes place in the white pulp due to hypertrophy and hyperplasia of this area [9]; unlike periph-
eral blood, the spleen is the place where immune response against the parasite will occur
through macrophage and lymphocyte activation. Canine immune response to the parasite is
compartmentalized [9], emphasizing the importance of spleen investigations.

In CanlL, protective immunity has been associated with a cellular immune response [10],
manifested by positive lymphoproliferative response to Leishmania spp antigens [11] and cyto-
kine production, such as IFN-y, TNF-o and IL-12 [10]. These cytokines are required for mac-
rophage activation and death of intracellular parasites [12]. Regulation of the effector function
of macrophages and T cells seems to depend on microRNAs (miRNAs), small non-coding
RNAs of approximately 21 nucleotides in length that are transcribed in the cell nucleus and
function as post-transcriptional regulators of gene expression, controlling translation of key
proteins involved in immune response [13]. Recent studies have characterized miRNA profiles
in VL [14-17], but the regulatory role of these miRNAs in the immune response is poorly
characterized.

In this study, we demonstrate that miRNAs are differentially expressed in SL of dogs with
CanL when compared to control dogs. MiR 21 regulation of IL-12 production and polarization
of the immune response by Th2, consequently modifying the Th1/Th2 profile, contributes to
increased parasite load.

Materials and methods
Dog screening and sample collection

This study was approved by the Committee for Ethics in Animal Experimental Research
(COBEA), with the approval of the Committee for Ethics in Animal Use (CEUA) of Sdo Paulo
State University (UNESP), School of Veterinary Medicine, Aragatuba (process 00978/2016).

Adult dogs of both sexes were selected from the Aragatuba Zoonosis Control Center or
from owners who signed a free and informed consent form.

For microarray analysis, four dogs were used as controls. These animals were selected fol-
lowing clinical examination, complete blood count (S1 Table) and serum biochemical profile
(S2 Table) within normal range for the species and negative results (serological and molecular
diagnosis) for CanL (S3 Table). For the infected group, eight dogs naturally infected by L.
infantum [18], with at least three clinical signs of the disease, including onychogrifosis, weight
loss, ear-tip injuries, periocular lesions, alopecia, skin lesions and lymphadenopathy, and with
serological and molecular diagnosis positive for leishmaniasis (S3 Table) were chosen for the
study. Infected dogs were further classified in the clinical stage II of the disease, based on
blood count results (S1 Table) and biochemical profile (S2 Table) [19].

For transfection studies with miScript miRNA Mimic and Inhibitor (Qiagen, USA) in SL,
four control dogs with negative serological [20] and molecular diagnosis for leishmaniasis [21]
(54 Table), and eight dogs naturally infected by L. infantum with positive serological and
molecular diagnosis for leishmaniasis (S4 Table) were employed. The same inclusion criteria
described above were used for transfection experiments (S5 and S6 Tables).
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Blood (5ml) was collected from dogs enrolled in the study by jugular vein puncture, 4ml in
tubes without EDTA to obtain serum for indirect ELISA for detection of anti-leishmania anti-
bodies [20] and biochemical profile, and 1ml in tubes with EDTA for complete blood count.
Veterinarians at the shelter euthanized the infected dogs using barbiturate anesthesia (Tiopen-
tal, Cristalia Itapira, SP), followed by intravenous injection of 19.1% potassium chloride by the
same route, in compliance with local legislation. Visceral Leishmaniasis Control and Surveil-
lance Program mainly relies on the euthanasia of seropositive dogs to control VL in Brazil.

After euthanasia, a 2cm® fragment of the spleen was collected for isolation of splenic leuko-
cytes. Spleen fragments in control dogs were removed by surgical excision [22].

Isolation of splenic leukocytes

Total splenic leukocytes were obtained from a 2cm’ fragment that was macerated and added
to 10ml RPMI-1640 medium (Sigma, USA) supplemented with 10% heat inactivated fetal
bovine serum, 0.03% L-glutamine, and 1001U/ml penicillin and 100mg/ml streptomycin. After
removal of cell debris through a 100um filter (BD Falcon Cell strainer, USA), suspension was
processed with 5ml of red blood cell lysis buffer containing 7.46g/L ammonium chloride (NH4
ClO3) at 4°C for 10 minutes, centrifuged at 2000rpm for 5 minutes and washed with phos-
phate buffered saline (PBS) at pH 7.2 three times. Obtained cells were then counted in a Neu-
bauer chamber, and DNA and total RNA were extracted as described below.

Serological diagnosis by ELISA

Samples were analyzed by ELISA assay using total antigen from lysed promastigotes [20]. The
plate was coated with 20pl/ml protein, diluted in coating buffer, pH 9.6.The plates were then
incubated overnight at 4°C, then washed three times in PBS containing 0.05% Tween 20
(washing buffer) and saturated for 1 hour with 150 pl/well of a mixture of PBS and 10% FCS at
room temperature. Next, the preparation was washed again three times with washing bulffer.
Blocking buffer/Tween (100ul of serum sample (1/400) diluted in PBS, pH 7.2, containing
0.05% Tween 20 and 10% FCS) was added to each well and incubated at room temperature for
3h, followed by three washes with washing buffer. Subsequently 100ul/well of anti-dog IgG
conjugated with horseradish peroxidase (Sigma, St. Louis, MO, USA) at appropriate dilution
in blocking buffer/Tween was added, incubated at room temperature for 1 hour and washed.
Substrate solution (0.4mg/ml o-phenylenediamine (Sigma, St. Louis, MO, USA) and 0.4pl/ml
H202 in phosphate citrate buffer, pH 5.0) was added at 100 pl/well and developed for 5 min at
room temperature. The reaction was stopped with 50ul of 3 M H2SO4. Absorbance was mea-
sured 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 leishmaniasis areas.

Molecular diagnosis by real-time PCR

Parasite load quantification was performed by Real-Time PCR with a final reaction volume of
20pL using primers amplifying a 116bp fragment from the kinetoplast DNA (kDNA) of Leish-
mania spp. (5 'CCTATTTTACACCAACCCCCAGT 3'and 5 'GGGTAGGGGCGTTCTGCG
AAA 3'),ataconcentration of 900nM [23], Power SYBR Green PCR Master Mix (Applied
Biosystems, USA) and 50ng of DNA. Amplification conditions consisted of an initial denatur-
ing step at 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 65°C for 60
seconds. Following amplification, a dissociation curve of the amplified fragment was deter-
mined from 60°C to 95°C, with an increase of 0.5°C every 5 seconds. For each reaction, a

PLOS ONE | https://doi.org/10.1371/journal.pone.0226192 December 11, 2019 3/19


https://doi.org/10.1371/journal.pone.0226192

@ PLOS|ONE

miR 21 impairs IL-12 production in canine leishmaniasis

standard curve with serial dilution of DNA from Leishmania infantum promastigotes
(MHOM / BR00 / MER02) was performed.

Extraction and quantification of total RNA

Extraction of total RNA from splenic leukocytes was performed immediately after sample pro-
cessing, with the commercial mirVana kit for isolation of total RNA with phenol (Life Tech-
nologies, USA), following manufacturer’s instructions. After total RNA isolation, sample were
stored at -80°C for determination of quality and concentration.

RNA samples were analyzed by spectrophotometer (NanoDrop, Thermo Scientific, USA)
for purity evaluation (260/280) and quantified in a fluorimeter (Qubit 3.0, Invitrogen), using
Qubit RNA HS Assay Kit (Life Technologies, USA). Before performing microarray, RNA qual-
ity of all samples was also evaluated by capillary electrophoresis (Bioanalyzer, Agilent Technol-
ogies, USA) using the commercial Agilent RNA 6000 Nano Kit.

Microarray

Total RNA (250ng) with RNA Integrity Number (RIN) superior to 8 were used to perform
microarray analysis using the miRNA 4.1 Array Strip (Affymetrix, USA), containing probes
designed for miRNAs of different species.

miRNAs were biotinylated using the Affymetrix FlashTag Biotin HSR RNA Labeling Kit.
Hybridization, staining and washes were performed using the GeneAtlas Hybridization,
Wash, and Stain Kit for miRNA array Strips. Hybridization was carried out for 20 hours at
48°C, and immediately followed by the GeneAtlas Wash, Stain and Scan protocol.

Microarray data were deposited in the Gene Expression Omnibus database with accession
number GSE112459 (https://www.ncbinlm.nih.gov/geo/query/acc.cgi?acc=GSE112459)
according to the Minimum Information About Microarray Experiment (MIAME) standards.

Microarray data analysis

Normalization and quality control of microarray results for control and infected dogs were
performed in the Expression Console Software, version 1.4.1 (Affymetrix, Thermo Fisher Sci-
entific, USA). Differential expression analysis of miRNAs was performed in the Transcriptome
Analysis Console software (Affymetrix, Thermo Fisher Scientific, USA).

Targets of differentially expressed miRNAs in dogs with CanL, and their canonical path-
ways were analyzed using the Ingenuity Pathway Analysis program (Qiagen, USA). Enrich-
ment analysis of Gene Ontology (GO) terms was performed using the ENRICHR program
(http://amp.pharm.mssm.edu/Enrichr/) [24,25].

Real-time PCR for miRNAs validation

Microarray results were validated by real-time PCR (qPCR). miScript IT RT kit (Qiagen) was
used for cDNA production from total RNA samples. A total of 1ug of RNA was used for each
sample with the 5x miScript Hiflex Buffer, in a final volume of 20ul. 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 primers for the Canis familiaris
miRNAs and the endogenous reference SNORD96A (miScript, Qiagen). 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, for
denaturation, annealing and extension, respectively. For each miRNA, a standard curve was
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performed with serial dilution of a pool of cDNAs. Absolute quantification of each miRNA
was performed by converting the sample cycle threshold values to a concentration (ng/l),
based on the standard curves, which were generated using 10-fold serial dilutions of the cDNA
pool. Values obtained for each target miRNA were then divided by SNORD96A values, in
order to obtain normalized target values for each sample. All samples were run in duplicate.

Transfection to increase or decrease miR 21 in splenic leukocytes

Splenic leukocytes were cultured (10* cells/replicate) in triplicate in a 96-well plate for 67h at
37°Cin 5% CO2. All Stars Negative control siRNA (scrambled), miR 21 mimic, miR 21 inhibi-
tor (miScript miRNA Mimic and Inhibitor Qiagen, USA) were used at a final concentration of
75nM and were transfected using 1.5uL of Hiperfect (Qiagen, USA) in each well. For the evalu-
ation of transfection rates, AllStars HS Cell Death Control siRNA (Qiagen, USA) was used at a
final concentration of 75nM. A transfection rate of >40%, as measured by trypan blue and
analyzed by optical microscopy, was set as a cut off value.

Dosage of IL-12

After transfection, SL were incubated for 67h at 37°C in the 5% CO, and supernatants were
collected, centrifuged at 2500rpm and stored at -80°C until further analysis. Concentration of
IL-12 in the supernatant was determined by capture ELISA using Canine IL-12/IL-23 p40
DuoSet ELISA Kit (R&D Systems, USA). Initially, plate was prepared with capture antibody
and incubated overnight at room temperature. Then, washed three times with Wash Buffer.
Plate was blocked by adding 300yl of Reagent diluent to each well, then incubated for 1h at
room temperature and washed three times with Wash Buffer. A volume of 100ul of sample or
standards in Reagent Diluent was added per well, incubated for 2h at room temperature and
washed three times with Wash Buffer. Next, 100pl of Streptavidin-HRP was added to each
well, incubated for 20 minutes at room temperature and washed three times with Wash Buffer.
Revelation was performed with 100yl of substrate solution per well, followed by a 20-minute
incubation at room temperature. Lastly 50ul of Stop Solution were added to each well. Results
were expressed in pg/ml. The lower limit of detection of the standard curve was 3.5 pg/ml.

Quantification of parasite load in cell culture by flow cytometry

After transfection, SL were incubated for 67 h at 37°C in the 5% CO,, and parasite load was
determined by flow cytometry. The method described by [26] was used, with modifications.
SL (10* cells / treatment) were fixed with 1% paraformaldehyde for 60 min at room tempera-
ture and permeabilized in ethanol for 60 min at -20°C. SL were incubated with Leishmania
gp63 monoclonal antibody mouse IgG2a non-conjugated (ABD, Serotec, USA) at 4°C for 60
min. After three successive washes with PBS at pH 7.2 with 2% BSA (bovine serum albumin),
cells were stained with secondary antibody goat anti-mouse IgG2a conjugated to phycoery-
thrin (PE) (R&D Systems, USA), and monoclonal antibody anti-human CD14 conjugated to
fluorescein isothiocyanate (FITC) (Bio Rad, USA) for 60 minutes at 4°C. After incubation with
secondary antibody, SLs were washed in PBS at pH 7.2 with 2% BSA, and resuspended in PBS
at pH 7.2. Flow cytometry was performed on an Accuri C5 cytometer (BD Biosciences, USA).
Acquisition of 10,000 events was counted for each replicate on channel FL1 and FL2, and data
analysis was performed using the BD Accuri C6 software (version 1.0.264; BD Bioscience, CA,
USA). Cells were gated on monocytes (CD14+ cells) and positivity for gp63+ was considered
in the analysis.

PLOS ONE | https://doi.org/10.1371/journal.pone.0226192 December 11, 2019 5/19


https://doi.org/10.1371/journal.pone.0226192

@ PLOS|ONE

miR 21 impairs IL-12 production in canine leishmaniasis

Flow cytometry analysis of T-bet (Th1) and GATA 3 (Th2) transcription
factors in splenic leukocytes

For T-bet and GATA-3 staining, SL were fixed with 500yl of fixation buffer (R&D systems,
USA) and incubated for 10 min at room temperature. Cells were centrifuged at 2000rpm for 5
minutes and washed twice with PBS. Then, SL were resuspended with 150 pl of permeabiliza-
tion buffer (R&D systems, USA). Cells were incubated with FITC conjugated anti-human
monoclonal antibody T-bet (R&D Systems, USA) and with PE conjugated anti-human mono-
clonal GATA3 (R&D Systems, USA), and control isotypes (R&D Systems, USA). According to
a previous study that assessed the similarities between T-bet and GATA-3 protein sequences of
Homo sapiens and Canis lupus familiaris using BLAST (basic local alignment search tool) algo-
rithm of the National Center for Biotechnology Information (NCBI), human T-bet and
GATA-3 showed, respectively, 93% and 97% homology with the canine protein. Acquisition of
10,000 events were counted by experimental replicate on channel FL1 and FL2, and cytometric
analysis was performed with an Accuri C5 Flow Cytometer (BD Biosciences, USA) using BD
Accuri C6 software, version 1.0.264.21 (BD Biosciences, CA, USA).

Lymphocytes were gated by forward and side scatter. Mean fluorescence obtained on T-bet
positive cells was divided by the mean fluorescence of positive GATA-3 cells, generating a T-
bet (Th1)/GATA-3 (Th2) ratio for each treatment.

Statistical analysis

Statistical analysis were performed using the GraphPad Prism 6 software (GraphPad Software,
Inc., La Jolla, CA, USA). For the microarray, analysis of variance (ANOVA) was used for
group comparison. Real-time PCR values for miRNAs were tested by Mann-Whitney test. T-
bet, GATA-3, IL-12 dosage and parasite load were evaluated by Friedman Test with multiple
comparison. Differences were considered significant when p<0.05.

Results
Differentially expressed miRNAs in SL of dogs with CanL

Given that immunological responses can be regulated by miRNAs [18], we performed micro-
array for a comparative analysis of miRNA expression in SL of dogs with CanL and control
dogs. We observed that miR 21, miR 148a, miR 7 and miR 615 showed increased expression
(3.2,2.3, 2.4 and 2.3 times, respectively), while a decrease in miR 150, miR 125a, miR 125b was
observed in CanL (Fig 1A and 1B). To confirm the results, real-time PCR validation was per-
formed. Increase in miR 148a, miR 615 and miR 21 in the SL of the infected group was con-
firmed by qPCR, similarly to microarray results, as shown in Fig 1C.

Target genes and their canonical pathways regulated by differentially
expressed miRNAs in the spleen of infected animals

With the aid of the IPA target filter tool (highly predicted and experimentally observed targets
only), we observed that 114 canonical pathways were regulated by the differentially expressed
miRNAs and gene targets (S7 Table). Top 30 canonical pathways and target genes are shown
in Table 1, including p53 signaling, PTEN signaling, STAT3 pathway, death receptor and
crosstalk signaling between dendritic cells, p38 MAPK signaling, and activation of Th1/Th2
pathways, which are known to regulate immune response in CanL.
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Fig 1. Differentially expressed miRNAs in SL of dogs with CanL. (A) Representation of the 7 miRNAs differentially expressed in SL of dogs with CanL in
comparison to healthy dogs. Heat map lines represent individual miRNAs and the columns represent individual samples (eight dogs with CanL and four
control dogs). Color scale represents normalized expression levels of miRNAs in the two conditions on the log2 scale; red denotes up-regulation and green
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the infected and control groups was quantified by real-time PCR in SL. Data represent mean of miRNA expression + standard error of the mean. Asterisks
represent significance (p<0.05) by Mann-Whitney test.
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miR 21 plays an important role in the inhibition of IL-12

Given that IL-12 is an important cytokine for activation of NK and IFN-y production by T
cell, polarization of immune response to Th1 [27] and is induced during CanL [28], we investi-
gated its potential regulation by miR 21, through the use of transfection of miR 21 mimic and
inhibitor into SL. We observed an increase in IL-12 in the supernatant of SL cultures of dogs
with CanL, following inhibition of miR 21 (Fig 2). In control dogs, SL levels of IL-12 decreased
in the supernatant, though not significantly, likely due to low levels of miR 21 in non-infected
animals (data not showed).

Inhibition of miR 21 increases Th1 response

To assess whether miR 21 plays a role in the polarization of immune response to Th1 or Th2
in dogs with CanL, T-bet and GATA-3 transcription factors were evaluated (Th1 and Th2 sig-
naling, respectively [29]) following transfection of SL with mimic and inhibitor of miR 21.
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Table 1. Thirty major canonical pathways predicted for differentially expressed miRNAs in CanL.

Ingenuity Canonical Pathways P value |Target Target genes
miRNAs
Neuregulin Signaling 0.0001 | miR 148a CDKG5R1, ERBB3, ERRFI1, MRAS, NRAS, PRKCZ, PTEN, SOS1, SOS2, TGFA
miR 21 PIK3R1, PTEN
miR 615 PRKCG
STAT3 Pathway 0.0010 | miR 148a FLT1, MAP3K9, MRAS, NRAS, TGFA
miR 21 BMPR2, CDC25A, CDKN1A, SOCS5, TGFBR2
miR 615 MAPK13
PTEN Signaling 0.0010 | miR 148a FLT1, MRAS, NRAS, PRKCZ, PTEN, SOS1, SOS2
miR 21 BMPR2, CDKNI1A, FASLG, PIK3R1, PTEN, TGFBR2
HER-2 Signaling in Breast Cancer 0.0015 | miR 148a ERBB3, MRAS, NRAS, PRKCZ, SOS1, SOS2
miR 21 CDK6, CDKNI1A, PIK3R1
miR 615 PRKCG
Myc Mediated Apoptosis Signaling 0.0015 | miR 148a MRAS, NRAS, PRKCZ, SOS1, SOS2
miR 21 APAF]I, FAS, FASLG, PIK3R1
Glioma Signaling 0.0018 | miR 148a MRAS, NRAS, PRKCZ, PTEN, SOS1, SOS2, TGFA
miR 21 CDK6, CDKN1A, PIK3R1, PTEN
miR 615 PRKCG
Cytotoxic T Lymphocyte-mediated Apoptosis of Target | 0.0019 | miR 148a HLA-A, HLA-B, HLA-C
Cells miR 21 APAF1, FAS, FASLG
Neurotrophin/TRK Signaling 0.0019 | miR 148a MRAS, NRAS, SOS1, SOS2
miR 21 NTEF3, PIK3R1, SPRY1, SPRY2
miR 615 NTF4
ErbB Signaling 0.0019 | miR 148a ERBB3, MRAS, NRAS, PRKCZ, SOS1, SOS2, TGFA
miR 21 PIK3R1, MAPK13
miR 615 PRKCG
Cholecystokinin/Gastrin-mediated Signaling 0.0021 | miR 148a CCKBR, FLT1, MRAS, NRAS, PRKCZ, ROCK1, SOS1, SOS2
miR 21 ACTA2, EIF1AX, PIK3R1, TNF
miR 615 MEF2A, PRKCG
Type I Diabetes Mellitus Signaling 0.0026 | miR 148a HLA-A, HLA-B, HLA-C
miR 21 APAF1, FAS, FASLG, IL12A, SOCS5, TNF
miR 615 MAPK13
TGF-B Signaling 0.0032 | miR 148a INHBB, MRAS, NRAS, SOS1, SOS2
miR 21 BMPR2, SMAD7, TGFBR2
miR 615 MAPK13
VEGF Family Ligand-Receptor Interactions 0.0032 | miR 148a FLT1, MRAS, NRAS, NRP1, PRKCZ, SOS1, SOS2
miR 21 PIK3R1
miR 615 PRKCG
Molecular Mechanisms of Cancer 0.0038 | miR 148a CDK19, MRAS, NRAS, PRKCZ, SOS1, SOS2
miR 21 APAF1, BMPR2, CDC25A, CDK6, CDKNI1A, FAS, FASLG, PIK3R1, SMAD7,
TGFBR2
miR 615 MAPK13, MAX, PRKCG, RALBP1
Th2 Pathway 0.0056 | miR 148a BHLHE41, HLA-A, HLA-B, HLA-DQB2, MAF, S1PR1
miR 21 BMPR?2, IL12A, JAGI, PIK3R1, TGFBR2
VEGEF Signaling 0.0071 | miR 148a FLT1, MRAS, NRAS, ROCK1, SOS1, SOS2
miR 21 ACTA2, EIF1AX, PIK3R1
Th1 and Th2 Activation Pathway 0.0071 | miR 148a BHLHE41, HLA-A, HLA-B, HLA-DQB2, MAF, S1PR1
miR 21 BMPR?2, IL12A, IL6R, JAGI, PIK3R1, TGFBR2
(Continued)
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Table 1. (Continued)

Ingenuity Canonical Pathways P value |Target Target genes
miRNAs
Graft-versus-Host Disease Signaling 0.0071 | miR 148a HLA-A, HLA-B, HLA-C
miR 21 FAS, FASLG, TNF
p53 Signaling 0.0071 | miR 148a GADD45A, JMY, MDM4, PTEN
miR 21 APAF1, CDKNI1A, FAS, PIK3R1, PTEN, SERPINB5
Prolactin Signaling 0.0071 | miR 148a MRAS, NRAS, PRKCZ, SOS1, SOS2
miR 21 PIK3R1, SOCS5
miR 615 PRKCG
Crosstalk between Dendritic Cells and Natural Killer 0.0071 | miR 148a HLA-A, HLA-B, HLA-C
Cells miR 21 ACTA2, FAS, FASLG, IL12A, TNF
JAK/Stat Signaling 0.0071 | miR 148a CCKBR, MRAS, NRAS, SOS1, SOS2
miR 21 CDKNI1A, PIK3R1, SOCS5
Cell Cycle: G2/M DNA Damage Checkpoint Regulation | 0.0077 | miR 148a GADD45A, MDM4, PRKCZ, SKP1
miR 21 CDKNI1A, SKP2
Virus Entry via Endocytic Pathways 0.0085 | miR 148a HLA-A, HLA-B, HLA-C, MRAS, NRAS, PRKCZ
miR 21 ACTA2, PIK3R1
miR 615 PRKCG
HGEF Signaling 0.0100 | miR 148a MAP3K9, MRAS, NRAS, PRKCZ, SOS1, SOS2
miR 21 CDKNI1A, PIK3R1
miR 615 PRKCG
p38 MAPK Signaling 0.0102 | miR 148a RPS6KA5
miR 21 FAS, FASLG, TGFBR2, TNF
miR 615 HSPB7, MAPK13, MAX, MEF2A
ErbB2-ErbB3 Signaling 0.0104 | miR 148a ERBB3, MRAS, NRAS, PTEN, SOS1, SOS2
miR 21 PIK3R1, PTEN
Antigen Presentation Pathway 0.0112 | miR148a HLA-A, HLA-B, HLA-C, HLA-DQB2, PDIA3
Fc Epsilon RI Signaling 0.0112 | miR 148a MRAS, NRAS, PRKCZ, SOS1, SOS2
miR 21 PIK3R1, TNF
miR 615 MAPK13, PRKCG
NGEF Signaling 0.0112 | miR 148a MAP3K9, MRAS, NRAS, PRKCZ, ROCK]1, RPS6KA5, SOS1, SOS2
miR 21 PIK3R1

To understand the functional networks of the target genes, Gene Ontology (GO terms) were analyzed. Analysis showed that these target genes were involved in a large

number of biological processes where from a total of 1,101 entries, 30 are presented in S8A Table; for cellular component, of a total of 74 entries, 30 are presented in S8B

Table; and for molecular function, a total of 151 entries were found, and 30 are presented in S8C Table.

https://doi.org/10.1371/journal.pone.0226192.t001

Inhibition of miR 21 increased Thl profile population in the SL of dogs with CanL (Fig 3A),
whereas in the SL of control dogs, miR 21 mimic resulted in a numerical decrease, albeit not
significant, possibly due to low endogenous levels of miR 21 (Fig 3B). Representative images of
cytometry analysis were demonstrated in S1 Fig.

Inhibition of miR 21 decreases parasite load

Parasite load is important in the progression of CanL [30]. To assess whether miR 21 is related

to its control, decrease of miR 21 in SL by transfection with miR 21 inhibitor, or increase of

miR 21 by transfection of miR 21 mimics was performed. We observed that the inhibition of
miR 21 was followed by a decrease of parasite load in SL of dogs with CanL (Fig 4). Represen-
tative images of cytometry analysis were demonstrated in S2 Fig.
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Fig 2. IL-12 production. IL-12 production was quantified in supernatants from SL cultures of dogs transfected with negative control (scrambled), miR 21 mimic, miR
21 inhibitor, all in the presence of Hiperfect (miScript miRNA Mimic and Inhibitor Qiagen, USA), following 67h in culture. SL from dogs naturally infected by L.
infantum. Data represent the mean values of IL-12 + SE. Asterisks represent significance (p<0.05) by Friedman Test with multiple comparison.

https://doi.org/10.1371/journal.pone.0226192.9002

Discussion

Following global expression analysis by microarray, we demonstrated that seven miRNAs are
differentially expressed in SL of dogs with CanL when compared to control dogs; miR 21, miR
148a, miR 7 and miR 615 showed increased expression, while miR 150, miR 125a and miR
125b showed a decrease in expression. Real-time PCR confirmed increased expression of miR
21, miR 148a and miR 615. Next, the role of miR 21 was evaluated by means of SL cell transfec-
tion with mimic and inhibitors, and we could observe modulation of IL-12 cytokine levels, reg-
ulation of immune response polarization to the Thl profile, as well as regulation of parasite
load.

MicroRNAs found to be differentially expressed in the SL of dogs with CanL differed from
previous studies, conducted in other species. Differential expression of miR 122 was demon-
strated in mice macrophages infected by L. infantum [31], in human macrophages, infected by
L. donovani, members of the miR 30A-3p family were misregulated [15], suggesting that there
is variation in miRNA response to Leishmania spp. This indicates that it is indispensable to
study the dog, given its role as the main reservoir of the disease.

miR 148a showed a significant increase of 2.29 (fold) in SL of dogs with CanL. An exoge-
nous increase in the expression of this miRNA may induce apoptosis in colon cancer cells by
silencing Bcl-2 [32]. In dogs with CanlL, high levels of apoptosis of CD4 + and CD8 + cells are
observed in both blood and spleen, when compared to healthy dogs [33]. Further, miR 148a
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Fig 3. Th1 and Th2 profile. Th1 profile in SL transfected with negative control (scrambled), miR 21 mimic, miR 21 inhibitor and cultured for 67h. (A) SL from dogs
with CanL and (B) SL from control non-infected dogs. Data represent the mean values of Th1/Th2 + standard error of the mean. Asterisks represent significance
(p<0.05) by Friedman Test with multiple comparison.

https://doi.org/10.1371/journal.pone.0226192.9g003

targets important genes for the regulation of apoptosis, such as FAS and FASLG, suggesting a
role for this miRNA in the death of CD4 + and CD8 + cells in dogs with CanL.

Likewise, miR 615 was also increased in SL of dogs with CanL (2.3 fold). This miRNA tar-
gets ligand-dependent nuclear corepressor (LCoR), a derepressor of peroxisome proliferator-
activated receptor gamma (PPARY), which promotes the phagocytic capacity of splenic
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Fig 4. Parasite load. Parasite load in cultures of SL naturally infected by L. infantum and transfected with negative control (scrambled), miR 21 mimic, miR 21 inhibitor
for 67h. Data represent mean + standard error of the mean. Asterisks represent significance (p<0.05) by Friedman Test with multiple comparison.

https:/doi.org/10.1371/journal.pone.0226192.g004

macrophages in mice [34]. In the spleen of dogs with CanlL, there is an increase in proliferation
and differentiation of macrophages [35]. Therefore, an increase in the expression of this
miRNA may increase phagocytic capacity of macrophage in an attempt to combat infection by
L. infantum.

Similarly, miR 21 was significantly increased (3.7 fold) in SL of dogs with CanL. This
miRNA is involved with immune regulation as a negative modulator of T cell activation in
human [36], and a negative correlation was observed with TNF-o. and IL-6 production in
human PBMC [37]. In addition, presence of TNF-o. is associated with resistance to CanL [12],
thus, high levels of miR 21 may be decreasing TNF-o, which could increase splenic parasite
load, contributing to disease progression.

In face of the differentially expressed miR 148a, miR 615 and miR 21 in SL from L. infantum
infected dogs, targets were identified in order to search for canonical pathways. Immunity-
related pathways were identified such as STAT3, PTEN, cytotoxic T cells mediating apoptosis
TGEF-B, Th2 activation, Th1 and Th2 activation, p53, crosstalk between dendritic cells and NK,
JAK/Stat, p38 MAPK, and antigen presentation, amongst others. Some genes from these path-
ways have already been described in the disease. In humans with VL, PTEN is actively involved
in susceptibility to the disease, its expression is decreased in splenic tissues [38], and similar
results were observed in mice macrophages infected with L. major [39]. Infection of murine
macrophages with L. donovani increases signaling of p38MAPK [40]. In vitro infection of
human phagocytes with L. donovani showed that differentially expressed miRNAs interfere
with JAK-STAT and TGF-f signaling pathways [14], similarly to the results we presented
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herein. Therefore, these pathways may be important to guide future studies on immune
responses in VL.

Next, we carried out SL cell transfection with mimic and inhibitor of miR 21, due to its
involvement in immune response regulation [41]. Inhibition of miR 21 in SL from dogs with
CanL showed that miR 21 targets IL-12 cytokine, confirming the involvement of miR 21 in the
regulation of IL-12 expression in the canine model. Similar results were observed in mouse
dendritic cells following LPS stimulation, where miR 21 deficiency increased IL-12 production
[42]. miR 21 binds to the 3"UTR of IL-12p35, which is conserved in several species [43], regu-
lating the production of IL-12. IL-12 is a heterodimeric cytokine produced by most inflamma-
tory cells in response to intracellular pathogens. IL-12 induces the production of IFN-y by NK
cells and T cells, and is important for the maintenance of Thl-type response [44]. In fact, IL-
12 neutralization causes amastigote replication in the spleen of BALB/c mice, and IL-12 knock-
out mice have a greater parasite load in liver and spleen, when compared to wild-type mice
[45-47]. In CanL, IL-12 has been observed in the spleen [48-50], but the amount produced
seems to be insufficient to maintain a strong Th1-type response, since exogenous IL-12
increases PBMC proliferation and IFN-y production [48]. High production of miR 21 in dogs
with CanL decreases IL-12 production, possibly favoring parasite replication in the spleen.

Moreover, another effect observed by inhibition of miR 21 was the increase in the T-bet /
GATA-3 ratio in SL of dogs with CanL. IL-12 signaling induced T-bet transcription in T cells
after 24h [51], so the increase in the T-bet/GATA-3 ratio observed could be an indirect action
of miR 21 in the polarization of the Th1 response, as previously observed in a model of allergic
inflammation in mice [43]. In dogs, the progression of CanL is associated with inhibition of
protective Th1 response [11,52], and with an increased non-protective Th2 antibody response.
In sick dogs, this may eventually result in tissue damage via different pathomechanisms, nota-
bly granulomatous inflammation (e.g. nodular dermatitis, osteomyelitis), immune complex
deposition (e.g. glomerulonephritis), and/or autoantibody production (e.g. polymyositis) [53].
Thus, it is feasible that the decrease in miR 21 favored an increase in IL-12, responsible for Th1l
polarization in naturally infected dogs.

Furthermore, inhibition of miR 21 also promoted a decrease in parasite load in SL of dogs
with CanL. Decreased parasite load has been associated with increased TNF-o., and the asymp-
tomatic condition in dogs seems to depend on differential expression of Thl cytokines [12].
Increase of miR 21 in mice is associated with the M2 phenotype in macrophages, characterized
by high production of IL-10, increased arginase 1 and decreased TNF [41]; on the other hand,
deficiency of miR 21 in mice promotes macrophage polarization for M1 [54]. In dogs with
CanlL, the M2 phenotype predominates in splenic macrophages, where high parasite load is
observed [53,55], therefore, it is tempting to suggest that inhibition of miR 21 may have
increased the percentage of macrophages with M1 profile, producing nitric oxide and conse-
quently decreasing parasite load.

Besides that, another possibility for the observed decrease in parasite load, following inhibi-
tion of miR 21, is related to the activation of T cells. Expression of miR 21 affects ERK phos-
phorylation and AP-1 activity by inhibiting T cell activation and production of IFN-y [36]. In
mice, dysfunction of cellular immunity with VL has been attributed to dephosphorylation of
key molecules involved in signaling, leading to inactivation of T cells [56]. Inhibition of miR
21 may have promoted the reduction of parasite load by restoring the signaling involved in T
cell activation, however further studies are needed to confirm this hypothesis in CanL.

Finally, increased production of miR 21, targeting IL-12 and impairing immune response,
has also been observed in infection by other intracellular pathogens. Increase of miR 21
induced by vaccination with Bacillus Calmette-Guerin (BCG) in mice suppresses IL-12 pro-
duction by targeting IL-12p35, impairing anti-mycobacterial T cell responses both in vitro and
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in vivo [57]. Brucella Omp25 infection in human macrophages induces miR 21-5p and nega-
tively regulates IL-12 production at both transcriptional and post-transcriptional levels,
impairing macrophage function [58]. Taken together, these results suggest that the induction
of miR 21 may be involved in an escape mechanism, common to intracellular pathogens in
macrophages.

Conclusion

L. infantum infection alters expression of miRNAs and miR 21 interferes with cellular immune
response in dogs with CanL.
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Hiperfect (miScript miRNA Mimic and Inhibitor Qiagen, USA) for 67h. (A) Orange peak

population labeled with CD14+ (M11), red peak positivity for gp63 and CD14+ cell (B) in the
presence of a miR 21 Mimic (C) in the presence of a negative control (scrambled) (D) and in

the presence of the Inhibitor of miR 21 (D).

(TIF)
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