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Visceral leishmaniasis caused by Leishmania (Leishmania) infantum in Latin America progress

with hepatosplenomegaly, pancytopenia, hypergammaglobulinemia, and weight loss and

maybe lethal mainly in untreated cases. miRNAs are important regulators of immune and

inflammatory gene expression, but their mechanisms of action and their relationship to

pathogenesis in leishmaniasis are not well understood. In the present study, we sought to

quantify changes in miRNAs associated with immune and inflammatory pathways using the L.

(L.) infantum promastigote infected- human monocytic THP-1 cell model and plasma from

patients with visceral leishmaniasis. We identified differentially expressed miRNAs in infected

THP-1 cells compared with non-infected cells using qPCR arrays. These miRNAs were

submitted to in silico analysis, revealing targets within functional pathways associated with

TGF-b, chemokines, glucose metabolism, inflammation, apoptosis, and cell signaling. In

parallel, we identified differentially expressed miRNAs in active visceral leishmaniasis patient

plasma compared with endemic healthy controls. In silico analysis of these data indicated

different predicted targets within the TGF-b, TLR4, IGF-I, chemokine, and HIF1a pathways.

Only a small number of miRNAs were commonly identified in these two datasets, notably with

miR-548d-3p being up-regulated in both conditions. To evaluate the potential biological role

of miR-548d-3p, we transiently transfected a miR-548d-3p inhibitor into L. (L.) infantum

infected-THP-1 cells, finding that inhibition of miR-548d-3p enhanced parasite growth, likely

mediated through reduced levels of MCP-1/CCL2 and nitric oxide production. Further work

will be required to determine how miR-548d-3p plays a role in vivo and whether it serves as a

potential biomarker of progressive leishmaniasis.
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INTRODUCTION

The leishmaniases are vector-borne diseases caused by protozoan

parasites of the order Kinetoplastida, family Trypanosomatidae,
and genus Leishmania. The leishmaniases are endemic in 98

countries, affecting 0.9 to 1.6 million people globally each year,

and are considered the second most important of the neglected

diseases caused by protozoa (Bi et al., 2018; Burza et al., 2018;

Sasidharan and Saudagar, 2021; WHO, 2021). Transmission

occurs when sand flies inject metacyclic promastigotes into the
skin. These parasite forms enter phagocytic myeloid cells,

transform into amastigotes, and then proliferate, establishing

the infection. The diversity of Leishmania parasites and vector

species and host genetic and immunological conditions lead to

different clinical presentations. The three main clinical forms of

the disease are cutaneous, mucosal, and visceral leishmaniasis

(VL). Human active VL is a severe disease caused by either
Leishmania (Leishmania) donovani or L. (L.) infantum and

affects organs rich in mononuclear phagocytes. Active VL

manifests with fever, hepatosplenomegaly, pancytopenia,

hypergammaglobulinaemia, and significant weight loss and

may be lethal mainly in untreated cases (Burza et al., 2018;

Ibarra-Meneses et al., 2020; Serafim et al., 2020). Most cases
occur in Brazil, East Africa, and India. An estimated 50 000 to 90

000 new cases of VL occur worldwide annually (WHO, 2021).

Data from endemic areas for VL in Brazil indicate that L.

infantum efficiently induces lifelong protective immunity in most

infected individuals that remain asymptomatic (Badaro et al.,

1986; Silveira et al., 2009), highlighting the still need to search for

factors and mechanisms leading to disease development. Among
factors leading to the development of active disease, an

immunosuppressive state resulting from either protein-energy

malnutrition (Malafaia, 2009) or HIV infection (Lindoso et al.,

2014) rank highest. However, participation of other factors gains

evidence, including lipoprotein and lipoprotein fraction levels

(Carvalho et al., 2014) and growth factors (Reis et al., 2021), and
inhibition of secretion of pro-inflammatory cytokines and

chemokines (Tasew et al., 2021), along with alterations in the

adaptive immune response (Saporito et al., 2013; Palacios

et al., 2021).

In active human VL, studies using peripheral blood

mononuclear cells (PBMCs) have identified Leishmania
antigen-specific T cell suppression associated with increased

abundance of Transforming growth factor b (TGF-b),
interleukin (IL-)10, IL-35 and apoptosis of CD4+ T cells. In

contrast, studies directly analyzing lymphoid tissues where

parasites proliferate, such as bone marrow and spleen, suggest

intense immune activation in active VL, including abundant

mRNA for tumor necrosis factor a (TNF-a) and interferon g
(IFN-g) (Goto and Prianti, 2009) and consequently high serum

IFN-g levels (de Medeiros et al., 1998; Samant et al., 2021). Data

in the experimental hamster model of VL supports this view,

with a broad inflammatory environment found in the spleen that

favors parasite proliferation (Kong et al., 2017). This view is

consistent with studies showing increased T cell expression of
Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and

Programmed cell death protein 1 (PD-1), indicative of

exhausted or anergic T cells (Gautam et al., 2014). The

pathogenesis of VL is complex and the factors that cause the

disease are not well understood. In this context, many changes in

the gene expression profile may occur during infection

development, including microRNAs (miRNAs).
miRNAs are a group of small non-coding RNAs (23-25

nucleotides), acting to post-transcriptionally fine-tune gene

expression by regulating mRNA levels (Guo et al., 2012; Meng

et al., 2012; Liu and Abraham, 2013). miRNAs exert a critical

regulatory role in various biological processes, such as cell

proliferation, death, reprogramming, signaling, participating in
homeostasis, hematopoiesis, cell migration, and regulation of the

immune response (Bartel, 2004; Tufekci et al., 2014). In recent

years, miRNAs have been shown to play a critical role in

developing functional immune responses (Liu and Abraham,

2013). miRNAs have been implicated in various aspects of

immunity to viruses, bacteria, and protozoan parasites,
including Trypanosoma, Toxoplasma, Plasmodium, and

Leishmania (Chandan et al., 2019; Acuna et al., 2020; Rashidi

et al., 2021). miRNAs have been considered as targets for

therapeutic strategies, and since some miRNAs are considered

stable in plasma and other biological fluids and are resistant to

environmental conditions, they are also attractive as biomarkers

of disease or therapeutic response (Sohel, 2016; Takahashi et al.,
2019; Souza et al., 2021).

In Leishmania infection, modulation of miRNAs expression

has been identified in experimental models of visceral and

cutaneous leishmaniasis (Acuna et al., 2020; Paul et al., 2020).

In VL caused by L. donovani, decreased miR-122 expression in

the liver of infected mice was associated with an increase in the
parasite load (Ghosh et al., 2013). In symptomatic dogs naturally

infected with L. infantum, expression of miRNAs in PBMCs has

been associated with parasite load, with miR-194 and miR-371

positively and miR-150 negatively correlating with the parasitism

(Bragato et al., 2018).

In human leishmaniasis, we recently identified a role for miR-

548d-3p in cutaneous leishmaniasis caused by L. (Viannia)
braziliensis. miR-548d-3p was differentially expressed in

plasma from patients with active compared to self-healed

cutaneous leishmaniasis and up-regulated in L. braziliensis-

infected THP-1 cells. A role for miR-548d-3p in directly

regulating parasite growth was demonstrated in vitro, besides

modulation of chemokines MCP1/CCL2, RANTES/CCL5, and
IP10/CXCL10 production through miR-548d-3p inhibition

(Souza et al., 2021). In another in vitro study, more than 300

differentially expressed miRNAs were identified in THP-1 cells

infected with an L. donovani strain isolated from a patient with

post-kala-azar dermal leishmaniasis (Kumar et al., 2020).

In the present study, we analyzed the expression of miRNA

related to immune-inflammatory processes during L. infantum
infection. We studied miRNA abundance in plasma of patients

with active VL caused by L. infantum compared to healthy non-

endemic controls and in THP-1 cells infected in vitro with L.

infantum compared to uninfected THP-1 cells. We observed that

differentially expressed miRNAs in these two settings targeted
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different cellular pathways, including TCR and chemokine

signaling and JAK-STAT signaling, as well as cellular processes

like apoptosis and peroxisome and phagosome function. miR-

548d-3p, previously implicated in L. braziliensis infection, was

one of the few miRNAs commonly regulated in these two

experimental conditions. Transfection of THP-1 cells with a
miR-548d-3p inhibitor revealed an effect on inhibiting

Leishmania growth, likely through induction of MCP-1/CCL2

and nitric oxide production.

MATERIAL AND METHODS

Ethics Statement
All individuals agreed to participate by signing the Informed

Consent Form. The experimental protocols were approved by the

Ethics Committee of the Faculdade de Medicina, Universidade

de São Paulo (CAAE 71602217.4.0000.0065) and are in

accordance with the World Medical Association Declaration of
Helsinki on Ethical Principles for Medical Research lnvolving

Human Subjects of 1964, with the latest amendment of 2013. All

animal procedures were approved by the Faculdade de Medicina,

Universidade de São Paulo, to adhere to institutional guidelines

for animal care and use (Protocol n° 336).

Patients
Individuals were selected from endemic areas for VL in

Pernambuco state, Northeastern Brazil. The sample was

collected from 8 active VL patients, five males and three

females, mean 14 and median 9 years old (1- 48 years old)

with confirmed diagnosis by PCR (using the primers RV1 5′-

CTTTTCTGGTCCCGCGGGTAGG-3′ and RV2 5′-CCACCT

GGCCTATTTTACACCA-3′ targeting the L. infantum
kinetoplast minicircle DNA) (Ravel et al., 1995). They had no

comorbidities such as HIV/AIDS. The control group was six

healthy adults recruited from non-endemic areas without

previous leishmaniasis or coinfections. Four milliliters of whole

blood were collected in EDTA from each individual, and plasma

was stored at -80°C until use.

Parasites
L. (L.) infantum (MHOM/BR/72/LD) was maintained through

regular passages in the hamster (Mesocricetus auratus) to

preserve infectivity. Promastigotes were derived from

amastigotes purified from the spleen of a hamster and

expanded and maintained in 199 medium (Cultilab, Brazil)

containing penicillin (100 IU/ml), gentamicin (10 µg/ml), L-
glutamine (2mM), HEPES (10 mM) and Hemin (20 mg/ml) and

supplemented with 10% heat-inactivated fetal calf serum (FCS)

(Cultilab, Brazil) at 26°C. The promastigotes used in the

experiments were in the stationary phase of growth and had

undergone no more than four passages in culture.

Infection of Macrophages With L. infantum
The THP-1 human monocytic cell line (ATCC) was grown in
RPMI 1640 medium (Sigma-Aldrich, USA) supplemented with

2 mM L-glutamine, 1 mM sodium pyruvate, 0.2% sodium

bicarbonate, and 5% FCS (complete medium). Cells (5x105)

were dispensed onto round 13-mm2 glass coverslips in 24-well

plates for infectivity analysis, or 2x106 cells in the wells of 24-well

plates (Corning Costar, USA) and incubated in the presence of

20 ng/mL phorbol myristate acetate (PMA; Sigma-Aldrich, USA)
for 48 hours at 37°C in a humid atmosphere with 5% CO2 to

allow differentiation into macrophages (Tsuchiya et al., 1982).

Then, the wells were washed twice with a culture medium to

remove non-adherent cells. Promastigote suspensions (at a

multiplicity of infection of 8 parasites per cell) were dispensed

into the wells, and infection was allowed to occur for 4 hours at
37°C in a humid atmosphere with 5% CO2. After incubation, the

non-internalized parasites were washed away, and a complete

RPMI medium was added to the wells, beginning the

experimental period (0h). The plates were then maintained for

6h or 24h at 37°C in a humid atmosphere with 5% CO2. The cells

into coverslips were stained for evaluation of parasitism. Cells in
24-well plates were prepared in triplicates per plate, and a pool of

cells was considered one biological replicate, and experiment was

developed three times to generate three biological replicates for

RNA extraction. Uninfected cells were considered as controls.

Parasite Load in Macrophages
Coverslips were removed from plates, stained with panoptic dyes

(Instant Newprov, Brazil), mounted, and processed to evaluate
parasitism under a light microscope (Carl Zeiss, Germany); 900

cells per group were counted. The data are presented as the

number of parasites per 100 cells [(number of parasites/number

of infected cells)x(number of infected cells/total number of cells)

x100]. Two independent observers who were blinded to the

experimental conditions performed the analysis.

RNA Extraction, Reverse Transcription
and Pre-Amplification
Total RNA extraction from THP-1 cells was performed using the

miRVana PARIS isolation kit (Thermo Fisher, USA), and from
plasma samples was performed using the miRNeasy Serum/

Plasma kit (Qiagen, USA), with the addition of a spike-in

control (Caenorhabditis elegans cel-miR-39) to ensure the

quality of the procedure and to allow qPCR normalization,

according to the manufacturer’s instructions. RNA integrity

was determined in a spectrophotometer as an OD260/280
absorption ratio between 1.8 and 2.1.

Complementary DNA (cDNA) to template RNA purified

from THP-1 cells and plasma samples was synthesized with

miScript II RT kit (Qiagen, USA). Briefly, 250 ng of total RNA

from THP-1 cells were added to 2 mL of 5X miScript HiSpec

Buffer, 1 mL of 10X Nucleics Mix, and 1 mL of miScript Reverse

Transcriptase Mix. RNase-free water was added to a final volume
of 10 mL. The RNA was incubated for 60 min at 37°C to insert

poly-A tail downstream of the miRNA sequence and anneal a T-

tail tag for the cDNA elongation. The enzyme was inactivated at

95°C for 5 min. The reaction was performed in the Mastercycler

Gradient thermal cycler (Eppendorf, Germany), and the product

was stored at −20°C until use. The reverse transcription reaction
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for plasma samples followed the same protocol, with the

manufacturer’s instructions to add 4.5 µL of the purified total

RNA. Then, 40 µL of DEPC water was added into each 10 µL RT-

PCR product and submitted to a pre-amplification reaction

(preAmp), using the miScript PreAmp PCR Kit (Qiagen, USA)

according to the manufacturer’s instructions. Then the samples
were diluted 10x and stored at -20°C.

Quantitative Real-Time PCR for miRNA
miRNA expression was evaluated in three biological replicates

with the miScript microRNA PCR array (Qiagen, USA), focusing

on inflammation and auto-immunity pathway-related molecules

(MIHS-105Z). Ready-to-use qPCR plates containing a set of
eighty-four specific primers for miRNAs and twelve internal

controls were filled in with the previously prepared master mix

containing PCR Buffer, SYBR Green, and the 10-fold diluted

cDNA for in vitro infected THP-1 macrophages or preAmp

samples of plasma samples. Quantitative PCR conditions were 40

cycles of 94°C for 15 seconds, 55°C for 30 seconds, and 70°C for

30 seconds (Souza et al., 2021). Normalization of miRNA
expression in THP-1-derived macrophages was performed

using SNORD95 and RNU6-6p as reference genes amplified in

the qPCR plate. The relative expression levels were calculated

using the Comparative Ct method, with non-infected cells

considered the calibrator group.

For plasma samples, miRNA expression was also evaluated by
relative quantification after previous normalization using the

miScript miRNAPCR Array Data Analysis software (Qiagen,

USA). The cel-miR-39 spike-in control was considered as a

technical reference. Simultaneously, a geometric mean of all

expressed miRNAs was used as a normalization factor to

calculate relative expression to a calibrator group, which varied

depending on the analysis.

In Silico miRNA Target Prediction
Target prediction strategy was performed using DIANA-

miRpath 3.0 server in the reverse search module (Vlachos

et al., 2015), with Targetscan (Agarwal et al., 2015) as the

chosen algorithm. To discover potential interactions with other

biological pathways related to human leishmaniasis
pathogenesis, we performed a second analysis using MiEEA

(MiRNA Enrichment Analysis and Annotation), which

integrates data from different databases such as miRBase,

miRWalk, and miRTarBase (Backes et al., 2016).

In Vitro miRNA Inhibition
The inhibition of miR-548d-3p in THP-1-derived macrophages

was performed through a transient transfection protocol. Assays
with three different concentrations (3 nM, 10 nM, and 30 nM) of

the mirVana® miR-548d3p inhibitor (Ambion, USA) or

scrambled Negative Control (Ambion, USA) were performed,

and 10 nM concentration was chosen for further use. Before the

addition of L. infantum promastigotes, a solution containing the

miR-548d-3p inhibitor or the negative control together with 3mL
of FUGENE transfection reagent (Promega, USA) diluted in 500

uL of RPMI medium previously incubated for 20 min at room

temperature was added into each well containing the cells and

maintained for 24h (Souza et al., 2021). Simultaneously, non-

transfected cells received only a complete RPMI medium. The

experiment continued with promastigote infection to evaluate

parasitism, chemokine, and nitrite levels in supernatants

collected and stored at -80°C until use.

Evaluation of Chemokine Production
Chemokine quantification was performed using CBA – Human

Chemokine Kit (BD Biosciences, USA), following the

manufacturer’s instructions in culture supernatants. Briefly, 50

µl of capture beads for MCP1/CCL2, RANTES/CCL5, IL-8/

CXCL8, MIG/CXCL9, and IP10/CXCL10, 50 µl of Detection
Reagent and 50 µl of the studied sample or standard were added

consecutively to each sample tube and incubated for 3 h at room

temperature, in the dark. Next, the samples were washed with

1 ml of wash buffer and centrifuged. After discarding the

supernatant, the pellet was resuspended in 300 µl buffer and

analyzed in a FACS LSR Fortessa flow cytometer (BD

Biosciences, USA) (Souza et al., 2021). Raw data were then
analyzed using FCAP Array software (BD Biosciences, USA).

The detection limits of each chemokine were as follows: 2.7 pg/

mL for MCP1/CCL2, 1.0 pg/mL for RANTES/CCL5, 0.2 pg/mL

for IL-8/CXCL8, 2.5 pg/mL for MIG/CXCL9 and 2.8 pg/mL for

IP10/CXCL10.

Nitric Oxide (NO) Production
Nitrite (NO2) accumulation in the cell culture supernatants was

used as an indicator of NO production and was determined using

the standard Griess reaction (Green et al., 1982). Fifty microliters

of the culture supernatant were reacted with 50 µL of Griess

reagent (1% sulfanilamide, 0.1% N-(1-Naphthyl)ethylenediamine

dihydrochloride and 2.5% phosphoric acid in bidistilled water) for

10 min at room temperature. The absorbance was measured at 540
nm using a Multiskan MCC/340 P version 2.20 plate reader

(Labsystems, Brazil), and the nitrite concentration was calculated

using a standard curve for sodium nitrite (NaNO2). The tests were

run in triplicate.

Statistical Analysis
Statistical analyses of in vitromiRNA expression were performed

with Qiagen miScript miRNA PCR Array Data Analysis online

software, where data from three independent experiments

were submitted to an integrated Student’s t-test under the

manufacturer’s recommendation as done in the previous
similar work (Muxel et al., 2017). The fold regulation (FR)

was considered to be the negative inverse of the fold change

[function = −1*(1/fold change value)]. FR ≥ 2 were considered to

indicate upregulation, and levels ≤ − 2 were considered to

indicate downregulation, as previously described (Muxel et al.,

2017). Ex vivo data were also submitted to Student’s t-test, with

Bonferroni’s correction, using Microsoft Excel 365. Parasite
load data were analyzed by ANOVA with Tukey’s post-test

and data from chemokine quantification by Kruskal-Wallis test

with Bonferroni’s correction. The differences were considered

significant when P < 0.05.
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RESULTS

miRNA Expression in L. infantum-Infected
THP-1 Cells
miRNA expression was evaluated at 6h and 24h post infection

(p.i.), with non-infected THP-1 cells used as a calibrator group.
Twenty two (26%) out of 84 miRNAs assayed were significantly

altered in expression (P < 0.05) across one or more condition. At

6h p.i., nine miRNAs were upregulated (miR-302a-3p, miR-

302b-3p, miR-372-3p, miR-373-3p, miR-381-3p, miR-524-5p,

miR-543, miR-548c-3p, miR-607), while seven were down-

regulated (let-7b-5p, let-7d-5p, miR-144-3p, miR-19b-3p, miR-
21-5p, miR-29c-3p, miR-548d-3p) (Figure 1A). At 24h p.i., eight

miRNAs were upregulated (let-7b-5p, let-7d-5p, miR-302b-3p,

miR-340-5p, miR-372-3p, miR-373-3p, miR-548d-3p, miR-607)

and five were downregulated (miR-144-3p, miR-29c-3p miR-

302a-3p, miR-524-5p, miR-548c-3p) (Figure 1B). Through the

time course of infection, we observed that four miRNAs (miR-
302b-3p, miR-372-3p, miR-373-3p, miR-607) were upregulated

at both 6h and 24h, while miR-144-3p was down-regulated at

both times. let-7b-5p, let-7d-5p, miR-340-5p and miR-548d-3p

were down-regulated at 6h and upregulated at 24h. In contrast,

miR-302a-3p and miR-548c-3p were up-regulated at 6h and

down-regulated at 24h (Figure 1C). These data indicate that L.

infantum infection selectively alters miRNA abundance in

human macrophage in a time-dependent manner.

miRNA Expression in Plasma From Active
VL Patients
miRNA expression was next evaluated in plasma samples from

patients with active disease compared to a healthy endemic
control group. Forty-two (50%) out of 84 miRNAs assayed

were significantly altered in abundance (P < 0.05) (Figure 2).

32 miRNAs were up-regulated in patients with active VL,

whereas 10 were downregulated (Table 1). Of note, 6 miRNAs

were commonly up-regulated both in these plasma samples and

in infected THP-1 cells (miR-302a-3p, miR-302b-3p, miR-372-

3p, miR-373-3p miR-340-5p, and miR-548d-3p) (Table 1).

miRNA Predicted Targets and Their
Interactions With Biological Pathways
Related to VL
Considering all differentially expressed miRNAs, we searched for

target genes and metabolic pathways using Diana MiRPath 3.0

with TargetScan2 as the chosen algorithm to predict miRNA/

mRNA interactions. Analyzing modulated miRNAs in infected

A B

C

FIGURE 1 | miRNA profiles of L. (L.) infantum infected THP-1-macrophages. Volcano plot of differential expression of miRNAs in L. (L.) infantum promastigote-

infected THP-1 macrophages compared to uninfected macrophages at 6h (A) and 24 h (B) post-infection. Each dot represents one miRNA. Red dots indicate up-

regulated miRNAs, and blue dots represent downregulated ones (P < 0.05). The horizontal black dotted line corresponds to p=0.05, log 10. The relative up- and

down-regulation of miRNAs, expressed as boundaries of 2 or -2 of Fold Regulation, respectively. P-value was determined based on a two-tailed Student’s t-test

comparing the 6h p.i. or 24 h p.i. with uninfected macrophages. Significantly expressed miRNAs in different times distributed in four groups (C). Results from three

biological replicates developed in independent experiments.
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FIGURE 2 | Volcano plot of differential expression of miRNA in plasma from VL patients. Volcano plot showing differential expression of miRNA in plasma samples of

active VL patients compared to healthy individuals. Each dot represents one miRNA. Red dots indicate up-regulated miRNAs, and blue dots represent downregulated

ones (P < 0.05). The horizontal black dotted line corresponds to p=0.05, log 10. The relative up- and down-regulation of miRNAs, are expressed as boundaries of 2 or

-2, of Fold Regulation respectively. P-value was determined based on a two-tailed Student’s t-test. P < 0.05 (Student t-test and Bonferroni correction).

TABLE 1 | miRNAs significantly expressed in plasma samples of patients with active disease.

Up-Regulated miRNAs Down-Regulated miRNAs

hsa-let-7a-5p hsa-miR-29a-3p hsa-miR-410-3p hsa-let-7c-5p

hsa-let-7d-5p hsa-miR-29c-3p hsa-miR-424-5p hsa-miR-101-3p

hsa-let-7i-5p hsa-miR-300 hsa-miR-449a hsa-miR-16-5p

hsa-miR-128-3p hsa-miR-302a-3p hsa-miR-449b-5p hsa-miR-19b-3p

hsa-miR130b-3p hsa-miR-302b-3p hsa-miR-497-5p hsa-miR-30a-5p

hsa-miR-1324 hsa-miR-302c-3p hsa-miR-511-5p hsa-miR-30c-5p

hsa-miR-181a-5p hsa-miR-340-5p hsa-miR-520d-3p hsa-miR-30d-5p

hsa-miR-195-5p hsa-miR-34a-5p hsa-miR-524-5p hsa-miR-30e-5p

hsa-miR202-3p hsa-miR-372-3p hsa-miR-548d-3p hsa-miR-374a-5p

hsa-miR-21-5p hsa-miR-373-3p hsa-miR-875-3p hsa-miR-9-5p

hsa-miR-23a-3p hsa-miR-381-3p

miRNAs in bold, miRNAs up-regulated in infected THP-1 cells and plasma samples of VL patients.
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THP-1 cells, four important metabolic pathways were predicted:

the TGF-b pathway with 56 possible target genes; the FOXO

transcription factor pathway (Forkhead box) with 74 putative

target genes, associated with the control of apoptosis and glucose

metabolism; Wnt signaling pathway with 64 putative targets

related to foxo, PI3/AKT and the HIF-1 factor pathway with 55
putative target genes associated with anaerobic metabolism in

M1 macrophages (Table S1).

New targets were predicted using the MiEEA platform to

obtain coverage from more than one classification system

(PANTHERDB, WikiPathways, and KEGG). This analysis is

worth highlighting those likely targeted by more than one
miRNA. There were some pathways known to be important in

the Leishmania-host interaction like T cell receptor, chemokine

signaling pathway, peroxisome, JAK-STAT signaling pathway,

apoptosis, PPAR signaling pathway, phagosome, JAK1, MAPK1,

PTPN6, PTGS2, of which MAPK1, JAK are involved in the

TGFB, FOXO, and HIF1 pathways (Figure 3). Some of these
pathways have also been observed in our previous study of L.

braziliensis infection (Souza et al., 2021). Hsa-miR-548d-3p also

targets common genes in these pathways. A similar analysis was

then conducted with the miRNAs that were found to be

differentially regulated in plasma from VL patients (Figure 4),

revealing a similarly broad and diverse set of potential targets

influenced by infection. Among various differentially expressed

miRNAs identified, we selected miR-548d-3p, up-regulated in

both plasma samples from active VL patients and L. infantum-

infected THP-1 cells for further validation.

Effect of miR-548d-3p Inhibition on the
Parasite Load in L. infantum-Infected
THP-1 Cells
Having identified miR-548d-3p as one of 6 miRNAs affected

both in infected THP-1 cells and in plasma from patients with

VL, we next sought to identify how this miRNA affected the
outcome of infection using the THP-1 model by conducting

targeted knockdown experiments. We inhibited miR-548d-3p

during L. infantum infection using different concentrations

(3, 10, and 30 nM) of specific inhibitor or scrambled miRNA.

THP-1 cell viability was not affected by the inhibitors at the

concentrations used. All concentrations of miR-548d-3p
inhibitor increased parasite load in THP-1 cells with the

maximal response (1.5 fold increase in parasite numbers)

observed at 10 nM and above (Figure S1). At both 6h and 24h

FIGURE 3 | Heatmap of predicted interactions between differentially expressed miRNAs in infected THP-1 cells. The set of differentially expressed microRNAs in L.

infantum-infected THP-1 at 6 and 24 h and the biological pathways on which they are suggested to act, according to MiEAA algorithms, are shown in heat map

format. Results are shown as -log10 of prediction p-value, and the degree of color saturation corresponds to the -log10 of the p-value.
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post-infection, we observed a significant increase in the parasite

load when miR-548d-3p was inhibited (P < 0.05), compared with
transfection with scrambled RNA (negative control) and non-

transfected cells (Figure 5A).

Effect of miR-548d-3p Inhibition on the
Nitric Oxide and Chemokine Production in
L. infantum-Infected THP-1 Cells
As we observed a change in parasite load, we next evaluated NO

production, given its role as a major leishmanicidal effector

mechanism in macrophages. The effect of miR-548d-3p on nitric
oxide (NO)productionwas assessedat 6 and24hourspost-infection.

We observed a tendency towards decreasedNOproduction at 6h p.i.

and a significant decrease at 24h when miR-548d-3p was inhibited

(P<0.05) comparedwith transfectionwith scrambledRNA(negative

control) and non-transfected cells (Figure 5B).

Given that chemokines can regulate and be regulated by NO

production and are also stimulated by infection with Leishmania,
we analyzed the production of chemokines in the supernatant of

infected THP-1 cells with or without miR-548d-3p inhibition

(Figures 5C–F). Since the approach was on THP-1 cells, we

selected the chemokines related to monocyte/macrophages

biology. Production of MCP-1/CCL2, RANTES/CCL5, and IP-

10/CXCL10, but not IL-8/CXCL8, was readily observed at 6h p.i.
MIG/CXCL9 was undetectable in all samples. Although MCP-1/

CCL2 and RANTES/CCL5 expression was maintained at 24h p.i.,

MIG/CXCL10 expression was reduced at this later time, possibly

reflecting limited induction of interferon in this system. Amongst

these four chemokines, only the production of MCP-1/CCL2

(Figure 5D) was significantly decreased by miRNA inhibition
and only at 24 h p.i. Although NO has been shown to be

positively regulated by MCP-1/CCL2 (Biswas et al., 2001), the

more immediate impact of miR-548d-3p inhibition on NO

production (Figure 5A) suggests that this may occur

independently of its effect on MCP-1/CCL2 production.

Chemokine Levels in the Plasma of
VL Patients
Finally, we examined the plasma of VL patients and controls for

expression of the same set of chemokines. VL patients showed

significantly increased IP-10/CXCL10, MCP-1/CCL2, MIG/

CXCL9, and IL-8/CXCL8 chemokines compared to the control

group (healthy individuals). No difference was observed in

RANTES/CXCL5 production (Figure 6).

FIGURE 4 | Heatmap of predicted interactions between differentially expressed miRNAs in VL patient plasma. The set of differentially expressed microRNAs in

plasma samples from active VL patients caused by L. infantum and the biological pathways on which they are suggested to act according to MiEAA algorithms are

shown in heat map format. Results are shown as -log10 of prediction p-value, and the degree of color saturation corresponds to the -log10 of the p-value.
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DISCUSSION

In the present study, we examined miRNA expression in L.
infantum infection to identify signatures likely associated with

the pathogenic process. Few studies have evaluated the

participation of miRNAs during Leishmania infection (Lemaire

et al., 2013; Muxel et al., 2017; Muxel et al., 2018; Fernandes et al.,

2019; Paul et al., 2020; Rashidi et al., 2021; Souza et al., 2021). We

compared miRNAs in plasma of patients with VL caused by L.
infantum and in human monocyte-derived THP-1 cells infected

in vitro with L. infantum.

Our data are the first to report on the profile of miRNAs in

plasma from patients with active VL caused by L. infantum. We

identified 32 miRNAs up-regulated and 10 down-regulated in

plasma during VL infection compared to plasma-derived from

healthy endemic controls. Amongst up-regulated miRNAs, six
were also up-regulated in vitro in THP-1 cells, namely miR-302a-

3p, miR-302b-3p, miR-340-5p, miR-372-3p, miR-373-3p, and

miR-548d-3p, suggesting that these miRNAs can be directly

regulated in macrophages as a consequence of intracellular

parasitism. One of these, miR-548d-3p, had not previously

been described with L. infantum infection. Therefore, we

determined whether it played a functional role during in

vitro infection.
The miR-548 family, only described in primates, comprises

over 69 identified miRNAs present on almost all human

chromosomes and is one of the larger yet more poorly

conserved microRNA families. The miR-548 family is implicated

in different biological processes, including regulating important

signaling pathways: MAPK, Phosphatidylinositol (PI3K), p53, B

cell receptor, T cell receptor, TGF-beta, PPAR, Calcium, and
Insulin signaling pathways. It also has a role in human

tumorigenesis (Liang et al., 2012).

Members of this miRNA family have been shown to target

immune system-associated genes and have been described as

differentially expressed in other diseases. miR-548ah-5p is up-

regulated at the immune activation phase of chronic hepatitis B
patients, and in vitro studies using THP-1 cells treated with

miR-548ah-5p mimics suggest that it may involve the reduced

expression of IFN-gR1, which may, in turn, facilitate viral

A B

D

E F

C

FIGURE 5 | Parasite load, nitric oxide production, and chemokine levels in L. (L.) infantum promastigote-infected THP-1 cells transiently transfected with miR-548d-3p

inhibitor. THP-1 cells were transiently transfected with miR-548d-3p inhibitor (10 nM) or negative control (scrambled miRNA; 10 nM) as described in Methods. After 24h,

macrophages were infected with L. (L.) infantum promastigotes and incubated for 6 and 24h post-infection for different evaluations. (A) Parasite load represented as the

number of parasites/100 cells. (B) Nitric oxide (NO) production was determined by the accumulation of nitrite in the cell culture supernatants. IP-10/CXCL10 (C), MCP1/

CCL2 (D), RANTES/CXCL5 (E), and IL-8/CXCL8 (F) concentrations (pg/mL) were measured by flow cytometry using the CBA kit. * = P < 0.05 (one way ANOVA and

Tukey´s test). One representative experiment from three independent assays is shown.
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pathogenesis (Xing et al., 2014). Other members of the miR-548

family down-regulate host antiviral response via direct targeting
interferon-l1 (IFN-l1). For example, inhibition of miR-548b-

5p, miR-548c-5p, miR-548i, and miR-548j increased IFN-l1
secretion, and the targeted IFN-l1 gene can induce IP-10,

MCP1, IL-8 (Fu et al., 2021). The chemokine MCP-1 was seen

affected by miR548d-3p in the present study. Due to the

diversity of signaling pathways regulated by the miR-548
family and its participation in Leishmania infection in our

previous results in L. braziliensis infection affecting parasite

growth and chemokine production (Souza et al., 2021),

we proceeded to evaluate the role of miR-548d-3p in L.

infantum infection.

miR-548d-3p was up-regulated in plasma from VL patients

and in L. infantum infected- THP-1 cells in vitro. Our results also
show that L. infantum infected-THP-1 cells treated with miR-

548d-3p inhibitor had increased parasite load and decreased

expression of MCP1 and NO. MCP-1 is known to induce the

production and release of NO, a leishmanicidal molecule,

explaining in part the increase in parasitism in the presence of

the miRNA inhibitor. However, the MCP-1 level in serum
samples was elevated in active VL that presents with high

parasitism. However, in another study, it was even higher after

6 months of treatment and in asymptomatic patients (Ibarra-

Meneses et al., 2017). These data suggest that MCP-1 affects

parasite growth inhibition but not as a single anti-leishmanial

element. In addition, full concordance across in vitro and in vivo

data would not be expected as multiple cells, and tissue sources

may contribute to MCP1 plasma levels in vivo, many of which

would not be directly subject to intracellular parasitism. In our
previous study, miR-548d-3p was up-regulated in plasma from

self-healed cutaneous leishmaniasis patients and in vitro L.

braziliensis-infected THP-1 cells, and when miR-548d-3p was

inhibited in infected THP-1 cells, a decrease in parasite load was

observed, and an increase in the production of MCP1/CCL2,

RANTES/CCL5, and IP-10/CXCL10 (Souza et al., 2021). These
differences may be due to species-specific mechanisms for

immune system activation and evasion and the differences

(cutaneous or systemic) in clinical presentation. Other

members of the 548-miRNA family, miR-548at-5p and miR-

548t-3p, were up-regulated in THP-1 cells infected with

promastigotes isolated from VL and post kala-azar dermal

leishmaniasis patients caused by L. donovani. These were seen
as related to inflammation and apoptosis (Kumar et al., 2020).

It was observed that MCP-1 cytokine mRNA is more

abundant in lesions of L. mexicana-infected patients who

developed self-healing localized lesions when compared to

lesions from chronic diffuse cutaneous leishmaniasis. This

finding suggests that the cytokine MCP-1 may contribute to
the spontaneous healing process (Ritter et al., 1996). Using

human monocytes infected with L. major, it was demonstrated

that MCP1 chemokine activates monocytes and decreases

parasitism, possibly by producing intermediate reactive oxygen

species (Ritter and Moll, 2000). In the same line, human

peripheral macrophages infected with L. infantum showed that

MCP-1 enhances macrophage’s nitric oxide production and

FIGURE 6 | Chemokines in plasma of active VL patients and controls. IP-10/CXCL10, MCP1/CCL2, MIG/CXCL9, RANTES/CXCL5, and IL-8/CXCL8 concentrations

were measured in the CBA kit using flow-cytometry. Data are shown as pg/mL, and each symbol corresponds to one subject * = p <0.05 (Mann-Whitney test).

Patients (N=8) and controls (N=6).
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release at levels induced by INF-g stimulation. This NO

production results in decreasing parasitism (Brandonisio

et al., 2002).

Another study demonstrated that L. infantum-infected whole

blood cells from asymptomatic patients, when stimulated with

soluble Leishmania antigen, produce significantly higher levels of
MCP1 than patients with active or cured VL. Whole blood cells

from cured patients have significantly higher levels of MCP-1

after 6 months of the treatment (Ibarra-Meneses et al., 2017).

These data reinforce that MCP-1 is essential for a protective

immune response and can be used as a biomarker for a protective

immune response against L. infantum. The increase in
parasitism observed in the present study may suggest

inhibition of NO production via MCP1. However, other

studies showed the activation of PI3K/AKT signaling pathway

activation upon knockdown of miR-548b-3p with further

suppression of cell apoptosis and enhancement of cell

proliferation (Xie et al., 2017; Wang et al., 2020). The increase
the parasitism in the presence of the miRNA inhibition in vitro

may also be related to the activation of the PI3K/AKT

signaling pathway.

Our ex-vivo results show that patients with active VL have

significantly higher IP10/CXCL10, MIG/CXCL9, IL-8/CXCL8,

and MCP1/CCL2 compared with the control group, probably an

attempt of the immune system to control Leishmania infection.
IP-10 seems to be related to the control of L. amazonensis

infection and also protects against VL (Vasquez and Soong,

2006; Fallahi et al., 2016). In the active VL, if miR-548d-3p is

acting to control the parasite growth, it should have other

elements counteracting to maintain infection progression seen

in these cases.
In addition to miR-548d-3p, other miRNAs identified in this

study have also been observed to change expression in studies of

Leishmania infection. These miRNAs presented below in

sequence are related to activation or modulation of the

immune system and may play a crucial role in Leishmania

infection either in the control or progression of the infection.

The following miRNAs may contribute to the progression of the
infection: a) miR-21 seen up-regulated in dendritic cells,

macrophages, inflammatory monocytes, polymorphonuclear

neutrophils, and in the spleen and liver tissues after L.

donovani infection and in splenic leukocytes from L. infantum-

naturally infected dogs and related to the inhibition of IL-12

expression and impairment of the Th1 response implied in the
control of the infection (Melo et al., 2019; Varikuti et al., 2021);

b) miR-302a-3p that regulates receptor activator of nuclear factor

kappa-B ligand (RANKL) (a member of the tumor necrosis

factor TNF superfamily) that regulates T-cell-dependent

immune response and apoptosis (Irwandi et al., 2018) and also

up-regulated in in vitro L. braziliensis infection (Souza et al.,

2021); c) miR-372-3p that inhibits cell proliferation and
apoptosis and seen up-regulated in L. braziliensis infection

(Chen et al., 2015; Souza et al., 2021). Otherwise, distinct

miRNAs may act on the control of the infection: a) miR-340-

5p that targets the IL-4, major Th2 cytokines secreted by CD4+ T

cells, and this miRNA, different from observed with L. infantum,

was down-regulated in in vitro L. donovani infection (Kumar

et al., 2020); b) miR-302b-3p that inhibits cell proliferation

through the AKT pathway by targeting insulin-like growth

factor 1 receptor (IGF-1R) (Guo et al., 2017) and was also up-

regulated in in vitro L. amazonensis and L. braziliensis infection

(Muxel et al., 2017; Souza et al., 2021); c) miR-373-3p that is
implicated in the regulation of cell proliferation, apoptosis,

senescence, migration, and cell invasion and was up-regulated

in L. braziliensis infection (Wei et al., 2015; Souza et al., 2021).

Our in silico results show that up-regulated microRNAs in

plasma and THP-1 cells can target processes or pathways of TGF-

b signaling, T cell receptor signaling chemokine signaling, cytokine-
cytokine receptor interaction, NOD-like receptor signaling,

arginine a proline metabolism. From the total up-regulated

microRNAs seen in the present study, six miRNAs are also up-

regulated in plasma and THP-1 samples and target important

pathways. When inhibited, phagosome and peroxisome processes

may result in a favorable microenvironment for amastigote
parasites, including the inhibition of apoptosis by infection. Other

pathways like the NOD pathway associated with inflammasome,

TGF-b signalingpathway, INHBAgene thatmaymodulateMCP-1,

IP-10, NO production, arginine, proline metabolism, chemokine

signaling were targeted. These pathways are involved directly or

indirectly in chemokine, cytokine signaling, or gene expression,

including MCP-1 and NO production altered or modulated in the
present experiments upon miR-548d-3p inhibition.

In conclusion, this study of VL patients and using L.

infantum-infected THP-1 cells extend previous observations on

the role of miR-548d-3p in cutaneous leishmaniasis caused by L.

braziliensis (Souza et al., 2021). Our data open new possibilities

to study the interactions of the 548 family and the respective
targeted genes, using the miR-548d-3p as a tool directed to the

regulation of immune or pathological processes in humans/

primates leishmaniases. In addition, miR-548d-3p may be

explored as a biomarker of prognostic value, and targeting

miR-548d-3p may provide new therapeutic opportunities in

leishmaniasis and other inflammatory diseases.
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Supplementary Figure 1 | Parasite load (number of parasites/100 cells) in L. (L.)

infantum promastigote-infected THP-1 cells transiently transfected with miR-548d-

3p inhibitor. THP-1 cells were transiently transfected with miR-548d-3p inhibitor
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nM) as described in Methods. After 24h, cells were infected with L. (L.) infantum

promastigotes, and parasite load in macrophages was assessed at 6 hours post-

infection (A) and 24 hours post-infection (B). * = P < 0.05 (one-way ANOVA and

Tukey´s test) compared to the control groups. One representative experiment from

three independent assays is shown.
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