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Leishmaniases are a complex of diseases with a broad spectrum of clinical forms, which
depend on the parasite species, immunological status, and genetic background of the
host. In the Leishmania major model, susceptibility is associated with the Th2 pattern of
cytokines production, while resistance is associated with Th1 response. However, the
same dichotomy does not occur in L. amazonensis-infected mice. Cytokines are key
players in these diseases progression, while the extracellular matrix (ECM) components
participate in the process of parasite invasion as well as lesion healing. In this article,
we analyzed the influence of host genetics on the expression of cytokines, inducible nitric
oxide synthase (INOS), and ECM proteins, as well as the parasite load in mice with different
genetic backgrounds infected by L. amazonensis. C57BL/10 and C3H/He mice were
subcutaneously infected with 10° L. amazonensis promastigotes. Lesion kinetics, parasite
load, cytokines, INOS, and ECM proteins expression were measured by quantitative PCR
(aPCR) in the footpad, draining lymph nodes, liver, and spleen at early (24 h and 30 days)
and late phase (120 and 180 days) of infection. Analysis of lesion kinetics showed that
C57BL/10 mice developed ulcerative lesions at the inoculation site after L. amazonensis
infection, while C3H/He showed slight swelling in the footpad 180 days after infection.
C57BL/10 showed progressive enhancement of parasite load in all analyzed organs, while
C3H/He mice showed extremely low parasite loads. Susceptible C57BL/10 mice showed
high levels of TGF- mRNA in the footpad early in infection and high levels of proinflammatory
cytokines mRNA (IL-12, TNF-a, and IFN-y) and iNOS in the late phase of the infection.
There is an association between increased expression of fibronectin, laminin, collagen Il
and IV, and TGF-f. On the other hand, resistant C3H/He mice presented a lower repertory
of cytokines mRNA expression when compared with susceptible C57BL/10 mice, basically
producing TNF-a, collagen IV, and laminin early in infection. The findings of our study
indicate that L. amazonensis infection induces different cytokine expression in resistant
and susceptible mice but not like the L. major model. An organ-compartmentalized
cytokine response was observed in our model. Host genetics determine this response,
which modulates ECM proteins expression.

Keywords: leishmaniasis, mice, extracellular matrix, immunopathology, cytokines, quantitative PCR, real-time
quantitative PCR
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INTRODUCTION

Leishmaniases are a complex of diseases caused by Leishmania
spp. It is estimated that between 600,000 and 1 million new
cases of cutaneous leishmaniasis (CL) and 50,000 and 90,000
new cases of visceral leishmaniasis (VL) occur worldwide
annually (World Health Organization, 2020). Leishmania
amazonensis is commonly related to the cutaneous manifestations
of the disease, although a broad spectrum of clinical
manifestations can be found in humans (Barral et al, 1991;
Almeida et al., 1996) and mice (Calabrese and Gongalves da
Costa, 1992; Cupolilo et al., 2003). The visceralization of
L. amazonensis to several organs such as brain (Cupolilo et al,,
2003), liver, spleen (Almeida et al, 1996; Abreu-Silva et al.,
2004a), and bone marrow (Barral et al., 1986, 1991) has been
observed. Reduced cellular immunity, with dysfunction of
macrophages and/or T cells is responsible for disease progress
(Kong et al, 2017). Development of different clinical
manifestations, as well as disease severity, has been attributed,
not only to the parasite species, but also to the host genetics
and immune responses (Afonso and Scott, 1993; Von Stebut
and Udey, 2004; Rosas et al., 2005; Alexander and Brombacher,
2012; Velasquez et al., 2016; Muxel et al., 2018). In comparison
to Leishmania major, parasites belonging to the Leishmania
mexicana complex show profound differences in the virulence
factors, which affect the immune mechanisms that mediate
the susceptibility/resistance to infection (McMahon-Pratt and
Alexander, 2004). Transcriptome analysis has shown that different
mouse strains present different transcriptional signatures, which
might influence the course of Leishmania spp. infection. BALB/c
and C57BL/6 non-infected macrophages present over 500 genes
differentially expressed, which probably influences host response
in the event of an infection (Aoki et al, 2019). Similarly,
Probst et al. (2012) showed significant differences between
C57BL/6 and CBA macrophages baseline gene expression profiles,
suggesting that the higher capacity to control L. amazonensis
infection by C57BL/6 macrophages is due to the baseline
transcriptional signature of these cells.

In the 1980s, immunological studies with L. major established
the Th1/Th2 paradigm of resistance/susceptibility to CL in
inbred mice (Heinzel et al., 1989). While BALB/c mice develop
a Th2 response, producing IL-4, IL-10, and IL-13, that leads
to disease progression, C57BL/6 mice spontaneously heal
lesions due to the development of a Thl response, with the
production of IFN-y (Bogdan and Rollinghoff, 1998; Sacks
and Noben-Trauth, 2002; Von Stebut et al., 2003; Von Stebut
and Udey, 2004; Alexander and Brombacher, 2012). Balance
between Thl and Th2 responses is primordial for a good
prognosis of the disease. Resolution is related to macrophage
polarization to the proinflammatory M1 phenotype,
characterized by a Thl response with production of IFN-y,
TNF-a, and granulocyte macrophage colony stimulating factor
(GM-CSF). M1 macrophages have increased nitric oxide
synthase 2 (NOS2) expression and nitric oxide (NO) levels,
which leads to parasite control. On the other hand, disease
progression is related to macrophages polarization to an anti-
inflammatory M2 phenotype with Th2 cell-mediated production

of IL-4, IL-13, IL-10, TGF-p, and macrophage colony-stimulating
factor (M-CSF), which increase arginase 1 activity and polyamine
production, resulting in parasite replication (Mantovani et al.,
2004; Gordon and Taylor, 2005; Lawrence and Natoli, 2011;
Wang et al.,, 2014; Muxel et al., 2018; Aoki et al.,, 2019;). It
is, however, known that cytokines are not exclusive from one
or other profile. Early IL-4 release, for instance, is actually
important for the establishment of a Th1 response in C57BL/6
mice (Alexander and Brombacher, 2012).

Although it is accepted that protective immunity against
Leishmania spp. is dependent on a Thl response, when different
inbred mouse strains are infected with New World Leishmania
species, such as L. amazonensis, the Th1/Th2 dichotomy does
not occur and the immunological response varies according to
the host genetic background (Ji et al., 2002, 2003; Probst et al.,
2012). Parasites from the L. mexicana complex have different
ways of subverting the development of this protective response.
Vanloubbeeck et al. (2004) demonstrated that induction of a
Thl phenotype by immunotherapy with dendritic cells in
L. amazonensis-infected mice does not promote cure, revealing
that increase of Thl cytokines alone does not lead to resistance
against this Leishmania complex. Nevertheless, it is possible that
neutralization of the Thl response can interfere with protection
during L. amazonensis infection. In vitro and in vivo studies
showed that L. amazonensis promotes the impairment of multiple
immune functions at early stages of infection, significantly
delaying and depressing the expression of inflammatory cytokines
and chemokines (Ji et al, 2003). In vitro studies with
L. amazonensis-infected macrophages have shown that inducible
nitric oxide synthase (iNOS) inhibition increases parasite load
inside the cells, however, it does not abrograte C3H/He cells
resistance to infection (Santos-Pereira et al., 2019).

Immune responses in CL have a critical role during the
wound healing process. This process is influenced by the
cytokine expression profile (Thl or Th2) induced by parasite/
host interactions. The induction of fibrogenesis has been strongly
linked to a Th2 response (with production of IL-4, IL-5, IL-10,
and IL-13), while the predominance of IFN-y and IL-12-
producing Thl cells has been shown to almost completely
attenuate the formation of tissue fibrosis (Doucet et al., 1998;
Wynn, 2004; Gauglitz, 2013). The main regulatory cytokines
involved in this process are IL-10 and TGF-p. At the same
time that these cytokines increase the susceptibility to CL,
suppressing the immune responses against Leishmania parasite
(Maspi et al., 2016), they exert a critical role in the acceleration
of the wound healing process. IL-10 and TGF-p stimulates
the granulation tissue formation, angiogenesis, and extracellular
matrix (ECM) synthesis (Gauglitz, 2013; Abdoli et al., 2017).

The ECM is an elaborate meshwork of non-cellular components,
basically composed of proteins (e.g., collagens, laminins, fibronectin,
and elastin) and proteoglycans (e.g., perlecan and aggrecan).
Although it is present within all tissues and organs, its precise
composition varies from tissue to tissue (Daley et al, 2008;
Frantz et al., 2010; Lu et al., 2011). It provides not only tissue
and organ structure but also regulates many aspects of cell
behavior, such as cell proliferation and growth, survival, change
in cell shape, migration, differentiation, and wound healing
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(Daley et al., 2008; Hynes, 2009; Lu et al., 2011). The ability of
some pathogens to invade host tissues depends on its ability to
interact with and overcome a variety of obstacles, including the
ECM and basement membrane (BM) proteins, to establish infection
within macrophage phagolysosomes (Chang and McGwire, 2002;
McGwire et al., 2003). The presence of adhesion molecules on
the parasite surface participates in the pathogenesis of leishmaniasis
and may explain the affinity of certain species to the skin, where
the ECM components are abundant. Parasites of the L. mexicana
complex present adhesion molecules on their surface, which
interact with the ECM during the early stages of infection (Lira
et al,, 1997; Chang and McGwire, 2002; McGwire et al., 2003;
Kulkarni et al., 2008). Promastigotes preferentially bind to type
I collagen when they are inoculated into the skin, and this
interaction is specific and saturable (Lira et al., 1997). The gp63,
a surface protein of Leishmania, enhances the ex vivo ability of
this parasite to migrate through the ECM, degrading components
of this matrix, contributing significantly to the access of the
parasite at the lymphatic system and blood circulation and
facilitates the activation and migration of macrophages (McGwire
et al,, 2003). In a previous study using mice with different patterns
of susceptibility to L. amazonensis, our group observed changes
in the ECM at the infection site and draining lymph nodes,
confirming the involvement of ECM in the host cell-parasite
relationship (Abreu-Silva et al., 2004b). These results suggested
that amastigotes might be directly involved in the degradation
of ECM components as suggested by McGwire et al. (2003).

Therefore, the study of leishmaniasis cellular and humoral
immunity, the mechanisms responsible for parasite dissemination
in the murine model, as well as the involvement and influence
of the ECM in parasite-host relationship are important to
evaluate the mechanisms involved in resistance and susceptibility
to different species of Leishmania. For that reason, the aim
of this work was to study the differential modulation of cytokines,
iNOS, and ECM components expression in L. armazonensis-
infected mice from resistant and susceptible genetic backgrounds
and their influence on progression or clinical cure of the
disease. The study provides a better understanding of the factors
responsible for the different clinical forms of the disease and
its broad spectrum of immune responses.

MATERIALS AND METHODS

Animals

Four to six weeks old female C57BL/10 (192 animals) and C3H/
He mice (192 animals) were obtained from the Instituto de Ciéncia
e Tecnologia em Biomodelos (ICTB/FIOCRUZ) and maintained
under pathogen-free conditions, at a controlled temperature and
with food and water ad libitum. These strains were elected on
the basis of their resistance or susceptibility pattern previously
determined in our laboratory (Cardoso et al., 2010).

Parasites

L. amazonensis (MHOM/BR/2000/MS501) strain was isolated
from the bone marrow aspirate of a patient that developed
visceral leishmaniasis in Mato Grosso do Sul state, Brazil, and

was maintained by serial passages in BALB/c mice in our
laboratory. Periodically, amastigote forms were isolated from
mouse footpads and cultivated in LIBHIT medium (Gongalves
da Costa and Lagrande, 1981) to obtain promastigotes for
subsequent mouse infection.

Experimental Design

Mice were divided into four groups with 32 animals each:
Gl - infected C57BL/10 mice, G2 - control C57BL/10 mice,
G3 - infected C3H/He mice, and G4 - control C3H/He mice.
Animals of G1 and G3 were subcutaneously infected by injecting
10° L. amazonensis promastigotes in the right hind footpad
(RHF) and animals of G2 and G4 were subcutaneously injected
with 50 pl of PBS also in the RHE Infective-stage metacyclic
promastigotes were obtained from stationary phase cultures
(6 days old) and quantified in a Neubauer hemocytometer
prior to infection (Hoff, 1974) using Erythrosine B stain, as
described elsewhere (Hodgkinson et al., 1980). Eight animals
from each group were euthanized prior to the removal of
footpad lesions, draining lymph nodes, spleen, and liver. Organs
were obtained at four moments after infection: 24 h and 30 days
(early phase), and 120 and 180 days (late phase). Immediately
after euthanasia, fragments were removed (approximately
100 mg), immediately frozen, and stored at —70°C. Three
independent experiments were performed.

Lesion Kinetics

Lesion size of the six animals of each group was measured
1, 30, 120, and 180 days after L. amazonensis infection, using
a Schnelltaster dial gauge caliper (Kr6plin GRBH). The footpad
swelling was expressed as the difference in thicknesses in
millimeters between the inoculated footpad and normal
contralateral footpad.

qPCR Primer Design

All primers were designed to be used in a SYBR green quantitative
PCR (qPCR) assay for detection and quantification of Leishmania
DNA and cytokines, iNOS and ECM proteins mRNA expression.
Primers targeting Leishmania kinetoplast minicircle 3 (kDNA3)
and Actb - actin, beta (p-actin) mouse gene were synthesized
as previously reported (Giulietti et al., 2001; Weirather et al,,
2011). Primers targeting the mouse genes, Il4 - interleukin 4,
transcript variant 1 (IL-4); 1110 - interleukin 10 (IL-10); Il12a -
interleukin 12a, transcript variant 1 (IL-12); Tnf - tumor necrosis
factor, transcript variant 1 (TNF-a); Ifng - interferon gamma
(IEN-y); Tgfbl - transforming growth factor, beta 1 (TGF-f);
Nos2 - nitric oxide synthase 2, inducible, transcript variant 1
(iNOS); Lama5 - laminin, alpha 5 (LM); Fnl - fibronectin 1,
transcript variant 1 (FN); Collal - collagen, type I, alpha 1
(collagen I); Col3al - collagen, type III, alpha 1 (collagen III);
Col4a2 - collagen, type 1V, alpha 2 (collagen IV); and
Rplp0 - ribosomal protein, large, PO (Rplp0), were designed
using the Primer Express software version 3.0 (Applied
Biosystems, 2004; Table 1). All primers were manufactured
by Gene Link (Hawthorne, NY). The relative quantification
and calibration of the mRNA levels was performed using the

Frontiers in Microbiology | www.frontiersin.org

August 2020 | Volume 11 | Article 1986


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Cardoso et al.

Mice Leishmaniasis: Cytokines and Matrix

TABLE 1 | Primers used for real time PCR.

Primer sequence

Target Forward Reverse Sequence source
kDNA3 GGGTAGGGGCGTTCTGC CCCGGCCTATTTTACACCAACC M94088.1

B-actin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT X03672.1

IL-4 TTGAACGAGGTCACAGGAGAAG AGGACGTTTGGCACATCCA NM_021283.2
IL-10 GATGCCCCAGGCAGAGAA CACCCAGGGAATTCAAATGC NM_010548.2
IL-12 ACAGGGTGATGGGCTATCTGA TGTGGCAGAGGGCCTTGA NM_001159424.2
TNF-a CACAAGATGCTGGGACAGTGA TCCTTGATGGTGGTGCATGA NM_013693.3
IFN-y TTGGCTTTGCAGCTCTTCCT TGACTGTGCCGTGGCAGTA NM_008337.4
TGF-p GCAGTGGCTGAACCAAGGA AGCAGTGAGCGCTGAATCG NM_011577.2
iNOS GGATCTTCCCAGGCAACCA CAATCCACAACTCGCTCCAA NM_010927.4
Laminin GCAGGACGACGACGTCATCT AAGTCTCGAAGTAACGGTGAGTAGGA NM_001081171.2
Fibronectin GTGTAGCACAACTTCCAATTACGAA GGAATTTCCGCCTCGAGTCT NM_010233.2
Collagen | CTTCACCTACAGCACCCTTGTG TGACTGTCTTGCCCCAAGTTC NM_007742.3
Collagen IIl AAGGCGAATTCAAGGCTGAA TGTGTTTAGTACAGCCATCCTCTAGAA NM_009930.2
Collagen IV ACGGGCCAACGCTTCTTC CATGATCCCAGTCTTTGAGCTCTA NM_009932.4
Rplp0 GCCAGCTCAGAACACTGGTCTA ATGCCCAAAGCCTGGAAGA NM_007475.5

mouse gene Rplp0 as the endogenous control. For parasite
quantification, the Actb reference gene was used as a positive
control to monitor DNA integrity, the presence of potential
inhibitors of PCR or variation in DNA yield.

DNA and mRNA Extraction

For DNA extraction, fragments from the lesion site (footpad),
draining lymph node, spleen, and liver were digested in 500 pl
of lysis buffer (50 mM Tris, 10 mM NaCL, 5 mM EDTA,
0,5% SDS) containing proteinase K (20 mg/ml). DNA was
extracted following a standard phenol/chloroform protocol
(Sambrook and Russell, 2006).

Total RNA from tissues was extracted using the TRIZOL
reagent (Invitrogen, Karlsruhe, Germany) following the
manufacturer’s instructions. cDNA synthesis was performed
with 1 pg of total RNA using iScript cDNA Synthesis kit
(Bio-Rad Laboratories, Hercules, CA), according to the
manufacturer’s recommendations.

DNA, mRNA, and ¢cDNA concentrations and purity were
determined by reading A260 and A280 on a NanoDrop 2000c
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE,
United States).

qPCR Assay Conditions
All reactions were conducted using Applied Biosystems 7500
Fast Real-Time PCR Systems.

For the Leishmania DNA quantification, the reaction mixtures
contained Fast SYBR Green Master Mix 2X (Applied Biosystems),
250 nM of kDNA3 or 100 nM of p-actin primers and 20 ng
of DNA template in a final volume of 20 ul. PCR conditions
were as follows: hold at 95°C for 20 s, followed by 40 temperature
cycles of 95°C for 3 s and 60°C for 30 s. Standard curves
were generated from 10-fold serial dilutions of axenic Leishmania
DNA (100 ng-1 pg).

For ECM proteins, iNOS and cytokines qPCR assay, the
reaction mixtures contained 12.5 pl of Power SYBR Green
PCR Master Mix (Applied Biosystems) with 5 pl of cDNA

(15 ng) for all targets, except IL-4 and collagen IV for which
10 pl were used; 100 nM of each primer was used in each
reaction in a final volume of 25 pl. The temperature parameters
consisted of a hold at 95°C for 10 min followed by 40 temperature
cycles of 95°C for 15 s and 58°C for 1 min.

A melt curve analysis was performed on all reactions. The
quality parameters of the standard curves were analyzed with
the 7500 software v2.0.6 (Applied Biosystems).

Statistical Analysis

The data were expressed by mean + SD and analyzed statistically
by two-way ANOVA and Bonferroni’s multiple comparison test.
Correlation between parasite load and lesion kinetics was performed
by Pearson’s linear correlation coefficient in each strain. The
analyses were performed with the software GraphPad Prism 6.01
and differences were considered significant when p < 0.05.

RESULTS

Parasite Load and Lesion Kinetics
Primary lesion kinetics showed that C57BL/10 mice developed
ulcerative and progressive cutaneous lesions after L. amazonensis
infection, while C3H/He infected mice presented a discrete
footpad swelling, that never developed into lesions even 180 days
after infection (Figure 1).

qPCR analysis showed a progressive enhancement of parasite
load in C57BL/10 in all organs analyzed (Figure 2). Parasite
density was higher in the lesion site (footpad), but parasite
DNA was present in all organs. C3H/He mice showed extremely
low parasite loads in all analyzed tissues. Parasite visceralization
to liver and spleen occurred in C57BL/10 mice, at the late
phase of infection. These mice showed a growing parasite load
in both organs from 120 days after infection, while C3H/He
mice showed a low parasite load in spleen at the late phase
of infection. A positive correlation between parasite load in the
footpad and lesion size was found in C57BL/10 mice (r = 0.9519,
p = 0.0481) but not in C3H/He (r = 0.6323, p = 1838).
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Cytokines and iNOS Expression Analysis

Analyses of footpads, in the early phase of infection, showed that
L. amazonensis infection induced the upregulation of TNF-a and
TGEF-f expression in both mouse strains, when compared with
control groups, 24 h after infection. The expression of TGF-f

807 = C3HHe
* Kk k%

-~ C57BL/M0

**k%k

N

o
2

/

0 T T

NS oS

Days after infection

FIGURE 1 | Lesion kinetics. Progression of lesion size in the footpad of
C57BL/10 and C3H/He mice subcutaneously infected with 108 Leishmania
amazonensis promastigote forms in the right hind footpad (RHF). Data
represent mean + SD of two independent experiments with four animals.
****p < 0.0001 when compared between groups by two-way ANOVA and
Bonferroni’s multiple comparison test.

mRNA-transcripts was significantly higher in C57BL/10 than in
C3H/He mice at this time (Figures 3A,F). After 30 days of
infection, both infected mouse strains showed an upregulation
of TNF-a, IL-12, and TGF-f, but IL-12 and TGF-f upregulation
was higher in C57BL/10 mice compared to C3H/He mice
(Figures 3A,C,F). IFN-y mRNA upregulation was observed only
in C57BL/10 infected mice (Figure 3B). In the late phase of
infection, after 120 days of L. amazonensis inoculation, an
upregulation of IL-4 and iNOS expression was observed in C57BL/10
when compared with C3H/He mice (Figures 3D, 4A). At 180 days,
C57BL/10 mice showed an upregulation of proinflammatory
cytokines (TNF-a, IFN-y, and IL-12) in comparison with C3H
mice (Figures 3A-C). No differences in IL-10 mRNA expression
was observed in the footpads (Figure 3E). These results indicate
a strong Thl stimulus, with the upregulation of proinflammatory
cytokines mRNA-transcripts in C57BL/10 infected mice when
compared with C3H/He infected mice in the early and late phases
of infection, suggesting an unbalance of immune response, which
might contribute to excessive tissue damage in that strain.

The cytokine evaluation in the draining lymph node showed
low cytokine expression. On the next day after infection, an
upregulation of iNOS and TGF-f could be observed in C57BL/10
mice followed by an increase of those genes and the inflammatory
cytokines TNF-a, IFN-y, and IL-12, 30 days after infection.
At that time, expressions of IL-10 and IL-4 could only be detected
in C57BL/10. At later times, no modulation was observed in
neither mouse strain (Supplementary Table S1). These results
showed a mixed immune response in draining lymph nodes
of C57BL/10 infected mice in early phase of infection and
low cytokine expression in late phase in both mouse strains.
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FIGURE 2 | Parasite Load. Quantification of parasites by quantitative PCR (qPCR) in the footpad (lesion site; A), draining lymph node (B), liver (C), and spleen (D)
of C57BL/10 and C3H/He mice subcutaneously infected with 10° L. amazonensis promastigote forms in the RHF. Data represent mean + SD of two independent
experiments with four animals assayed in triplicate. ****p < 0.0001 when compared with the control group or between groups in brackets by two-way ANOVA and

Bonferroni’s multiple comparison test.
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quantification; Ifng — interferon gamma; Tnf — tumor necrosis factor, transcript variant 1; Il12a — interleukin 12a, transcript variant 1; ll4 — interleukin 4, transcript
variant 1; 110 — interleukin 10; Tgfb1 — transforming growth factor, beta 1, RplpO — ribosomal protein, large, PO.
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In the liver, on the first day after infection, an upregulation
of IFN-y and IL-10 expressions was observed in susceptible
C57BL/10 mice when compared with C3H/He mice (Figures 3H,K,
respectively). IL-4 was upregulated in C3H/He infected mice,
in comparison with non-infected mice (Figure 3J). Finally, iNOS
expression was upregulated in both mouse strains, when compared
with control groups, but no significant difference was observed
between the infected lineages (Figure 4B). On the thirtieth day
after infection, a significant IL-4 mRNA downregulation was
observed in C57BL/10 infected mice when compared with the
control group (Figure 3J). In the late phase, 120 days after
L. amazonensis infection, C57BL/10 mice presented an increase
of IFN-y, IL-10, and TGF-p expressions in comparison with
C3H/He mice (Figures 3H,K,L). C3H/He mice also showed an
increase in IL-10 expression in comparison to the control group,
in addition to an upregulation of the TNF-a mRNA transcript,
which proved to be significantly higher than in C57BL/10 infected
mice (Figures 3G,K, respectively). The iNOS expression increased
in both infected mouse strains, only when compared with their
controls (Figure 4B). After 180 days, few transcripts were regulated.
TNF-a, IL-12, IL-4, IL-10, and iNOS showed basal levels of
expression on both infected lineages (Figures 3G,I-K, 4B).
C57BL/10 mice showed the same profile of IFN-y expression
observed at 120 days, which were significantly higher than in
C3H/He infected mice (Figure 3H), whereas C3H/He infected
mice, showed an upregulation of TGF-f expression when compared
with the control group (Figure 3L). Altogether, these results
showed a higher regulation of mRNA-transcripts in the liver
by C57BL/10 infected mice, mainly in the late phase of infection,
where parasites can be detected in this organ.

The spleen analysis showed a significant enhancement of
proinflammatory cytokines expression - TNF-o, IFN-y, and IL-12 —
and regulatory cytokine — TGF-f — on the first day after infection
in C3H/He mice, in comparison with C57BL/10. All these cytokines
returned to basal levels at later times, except for TGF-B, which
was upregulated again 120 days after infection (Figures 3M-O,R).
IL-10 expression in C57BL/10 infected mice was significantly
upregulated during the experiment (Figure 3Q), while IL-4
expression was upregulated in this group only at 30 days after
infection (Figure 3P). The iNOS expression on both mice strains
was upregulated by L. amazonensis 24 h after infection, decreasing
to basal levels in C3H/He mice at later times but remaining
upregulated in C57BL/10 mice (Figure 4C). Altogether, these
results showed that L. amazonensis infection causes an impairment
in the immune response in the spleen of C57BL/10 mice during
all infection, with higher upregulation of IL-10, mainly at later
times where the parasite load is high. On the other hand, C3H/
He infected mice showed an early Thl proinflammatory response,
which might have been important for infection control.

Extracellular Matrix Component Analysis

Footpad real-time quantitative PCR (RT-qPCR) analyses showed,
in the early phase of infection, an upregulation of collagen
IV mRNA-transcripts after 1 day of L. amazonensis infection
in both mouse strains, but this upregulation was significantly
higher in C3H/He infected mice (Figure 5C), which also showed
only a transient increase of LM (Figure 5E). Thirty days after
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FIGURE 4 | Inducible nitric oxide synthase (iNOS) expression. iNOS
expression by RT-gPCR in the footpad (lesion site; A), liver (B), and spleen (C)
of C57BL/10 and C3H/He mice subcutaneously infected with 10° L.
amazonensis promastigote forms in the RHF and normal mice from the same
genetic background. Expression of INOS was estimated by the AACT method,
using Rplp0 as a reference gene. Data represent mean + SD of two
independent experiments with four animals assayed in triplicate. *p < 0.05,

**p <0.01, **p < 0.001, and “***p < 0.0001 when compared with the control
group or between groups in brackets by two-way ANOVA and Bonferroni’s
multiple comparison test. RQ, relative quantification; Nos2 — nitric oxide
synthase 2; inducible, transcript variant 1, RplpO — ribosomal protein, large, PO.
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infection, the expression levels of collagen III, IV, FN, and
LM were upregulated in C57BL/10 infected mice (Figures 5B-E).
At the same time, in C3H/He mice only collagens III and IV
were upregulated (Figures 5B,C), decreasing at basal levels in
the late phase of infection. In the late phase of infection, only
LM (120 days) and collagen III (180 days) were upregulated

in C57BL10/10 infected mice (Figures 5B,E, respectively).
Collagen I expression maintained basal levels throughout the
experiment (Figure 5A). These results showed an upregulation
of BM components (Collagen IV and FN) in the early phase
of infection, mainly 1 day after L. amazonensis inoculation,
suggesting a degradation of these components by parasite and
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FIGURE 5 | Extracellular matrix (ECM) protein expression. Expression profile of ECM proteins by RT-gPCR from the lesion site, liver, and spleen of C57BL/10 and
C3H/He mice subcutaneously infected with 10° L. amazonensis promastigote forms in the RHF and normal mice from the same genetic background. Expression of
collagens | (A,F,K), Il (B,G,L), and IV (C,H,M), fibronectin (D,I,N), and laminin (E,J,0) were estimated by the AACT method, using Rplp0 as a reference gene. Data
represent mean + SD of two independent experiments with four animals assayed in triplicate. *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001 when
compared with the control group or between groups in brackets by two-way ANOVA and Bonferroni’s multiple comparison test. RQ, relative quantification; Col1a? —
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consequent tissue invasion. In the late phase of infection, few
ECM components were expressed, either by complete wound
healing (C3H/He) or by excessive tissue destruction (C57BL/10).

The lymph node evaluation showed low levels of mRNA from
ECM proteins at all times after infection in both mouse strains.
The exception was a higher expression of collagens I, III, and IV
in C57BL/10 mice 30 days after infection (Supplementary Table S1).

In the liver, L. amazonensis infection induced a downregulation
of fibronectin-mRNA in C3H/He mice when compared with
C57BL/10 mice 1 day after infection and a mild upregulation
after 180 days in C3H/He infected mice in comparison with
the control group (Figure 5I). An increase of collagen I mRNA
was observed in L. amazonensis-infected C3H/He mice only
30 days after infection (Figure 5F). A hundred and twenty
days after infection, there was an upregulation of collagen III
in C3H/He mice when compared with the control group and,
after 180 days, there was a downregulation of C3H/He mRNA
expression in comparison with L. amazonensis-infected C57BL/10
mice (Figure 5G). Both mouse strains maintained basal levels
of collagen IV and LM expression throughout the experiment
(Figures 5H,J). These results showed that, in spite of liver
colonization, infection caused only a mild modulation in the
expression of ECM components, which suggests that tissue
architecture was not intensely affected by the parasite presence.

Spleen analysis showed that one day after infection, collagen
IV expression was enhanced in both infected mouse strains but
gradually decreased at later times, to increase again 180 days
after infection, only in C57BL/10 (Figure 5M). C57BL/10 infected
mice also showed an upregulation of LM when compared with
C3H/He (Figure 50). Thirty days after infection, there was an
increase of collagen I mRNA expression on both mice strains
(Figure 5K) and an upregulation of collagens IIT and IV expression
in C3H/He infected mice when compared with the control group
(Figures 5L,M). At the same time, the FN expression in C57BL/10
infected mice was higher when compared with C3H/He
(Figure 5N). On the opposite, after 180 days of infection, there
was an upregulation of this ECM protein expression in C3H/
He when compared with the control group (Figure 5N). These
observations suggest that like observed in the footpad, the spleen
showed an upregulation of BM components (Collagen IV and
LM) in the early phase of infection, 1 day after L. amazonensis
inoculation, mainly in C57BL/10 infected mice. C3H/He infected
mice showed an upregulation of collagens expression at 30 days
after infection. In the late phase of infection, despite the parasite
detection in this organ, there were few ECM proteins expressions.

DISCUSSION

Immunological mechanisms of leishmaniasis are complex and
the outcome of infection depends on the association of host
genetics and Leishmania species, which influence the type of
immune response promoting healing or disease progression.
Promastigote forms of Leishmania are regurgitated by the
phlebotomine at the moment of blood meal and immediately
get in touch with the extracellular microenvironment interacting
with ECM constituents (Ghosh et al., 1999). Skin is the largest

organ of the body and acts not only as a physical barrier
against infection but also as an important immunological organ
(Nylén and Eidsmo, 2012; Abdoli et al., 2017). After the skin
injury produced by sandfly bites and Leishmania deposition,
several growth factors and cytokines, including TGF-B, are
released to attract immune (e.g., neutrophils, macrophages, and
eosinophil) and non-immune cells (e.g., fibroblasts and endothelial
cells; Gauglitz, 2013). Neutrophils rapidly infiltrate the wounded
skin and take up the parasites (Laskay et al., 2008; Peters
et al, 2008; Abdoli et al., 2017). Posteriorly, within 2 days,
monocytes/macrophages infiltrate to infection site and act as
the main host cells for Leishmania amastigotes (Ribeiro-Gomes
et al., 2004; van Zandbergen et al., 2004; Peter et al., 2007;
Abdoli et al, 2017). During the early phase of infection, no
macroscopic alterations occur in the epidermis. The development
of ulcerative lesions is followed by a vigorous acute inflammatory
response (Modlin et al., 1989) and dermal necrosis, accompanied
by a reduction in the parasite number in the dermis (Lima
et al, 1994). At this stage, infiltrating T cells produce IL-10,
TNF-a, and IFN-y (Belkaid et al, 2002; Lopez et al, 2012).
Depending on the infecting Leishmania species and host genetics,
lesions progress into erythematous nodules, indurated plaques,
scaly plaques, or ulcers (Nylén and Eidsmo, 2012). The relationship
between parasite growth, lesion formation, and immunity has
been studied by several authors in different mouse strains (Lira
et al., 2000; Cardoso et al., 2010; Velasquez et al., 2016; Souza
et al, 2018). Velasquez et al. (2016) have shown that
L. amazonensis-infected C57BL/6 mice developed smaller lesions
that progressed to complete healing, while BALB/c and BALB/c
nude mice developed progressive lesions, which correlated to
the parasite load. In the present study, a positive correlation
between parasite load and lesion size was also found in C57BL/10
mice but not in C3H/He. C57BL/10 mice developed ulcerative
and progressive cutaneous lesions after L. amazonensis infection,
while C3H/He infected mice presented a discrete footpad swelling
and never developed lesions even at the end of infection.

Oxide nitric is a key player in the control of Leishmania
parasites. As early as 24 h after infection, iNOS expression is
induced by type 1 IEN. Antibody blockage of IFNo/f at that
point abolishes iNOS expression, leading to parasite dissemination
(Diefenbach et al., 1998). At later times of infection, iNOS expression
is induced by IFN-y in combination with TNE In vitro, macrophages
treated with IFN-y alone or in combination with TNF-a, rapidly
upregulate iNOS expression and produce NO (Liew et al.,, 1991).
Overall, NO production by iNOS promotes Leishmania control
from the first hours after infection, until the resolution of the
clinical phase and control of parasite latency at the healed tissue
(Olekhnovitch and Bousso, 2015). In the present work however,
resistant C3H/He presented lower levels of iNOS than susceptible
C57BL/10, suggesting that resistance is not dependent on NO
production by iNOS. In fact, iNOS inhibition in C3H/He peritoneal
macrophages did not abrogate the resistant phenotype. C3H/He
macrophages maintained a heavier parasite load than iNOS-inhibited
BALB/c macrophages (Santos-Pereira et al., 2019).

Although Thl response is required to induce lesion healing
in CL caused by L. major in humans and mice (Kane and
Mosser, 2001; Murray et al, 2002; Trinchieri et al, 2003),
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excessive proinflammatory cytokines, mainly IFN-y and TNF-o,
can contribute to development of mucosal leishmaniasis (LM)
(Follador et al, 2002) and to the tissue damage (Ribeiro-de-
Jesus et al., 1998) produced by cellular recruitment, as observed
in infections caused by L. braziliensis (Vargas-Inchaustegui et al.,
2010) and L. amazonensis (Carneiro et al., 2015). Studies conducted
in mock-treated C57BL/6 L. amazonensis-infected mice showed
an excessive secretion of pro-inflammatory cytokines in these
animals, leading to uncontrolled tissue degradation and perpetuates
the non-healing condition (Almeida-Souza et al., 2016). However,
the production of regulatory cytokines, mainly IL-10, is related
to the control of exacerbated inflammatory response. Antonelli
et al. (2004) using peripheral blood mononuclear cell (PBMC)
cultures from patients with localized cutaneous leishmaniasis
(LCL), stimulated with soluble Leishmania antigens demonstrated
a strong positive correlation between IL-10 and TNF-a, suggesting
an active mechanism of intrinsic self-regulation of the macrophage
in these patients. On the other hand, patients with LM showed
a decreased expression of IL-10 receptors (Faria et al., 2005),
which can lead to a poorly controlled inflammatory response.
Such observations corroborate the data obtained in our study
in the primary lesion, where the most susceptible mice (C57BL/10)
presented, in the late stage of infection, a higher expression of
proinflammatory cytokines such as IL-12, IFN-y, and TNF- o.
These higher proinflammatory cytokine and the lack of IL-10
expression can contribute to footpad swelling, presence of intense
inflammatory infiltrate and severe tissue damage, as observed
previously in this strain by our group in the late phase of
infection (Cardoso et al., 2010; Souza et al.,, 2018).

It is known that L. amazonensis parasites have unique strategies
to delay the induction of host immune responses at early stages,
favoring its establishment and disease pathogenesis at later stages
of infection (Ji et al, 2003). The parasite is able to subvert
the host response at multiple levels including modification of
cytokines, chemokines, and their receptor expression, preventing
antigen presentation by major histocompatibility complex (MHC)
class II molecules and killing mechanisms through reduction
of NO production. This impairment of immune response, early
in infection, favors parasite establishment and development of
chronic disease (Ji et al., 2003; Aoki et al., 2019). Several studies
showed that L. amazonensis induces TGF-p production early
in infection. It is frequently seen in the literature that TGF-f
acts suppressing the immune response and macrophage activation
(Tsunawaki et al., 1988), increasing the susceptibility to CL
(Maspi et al., 2016; Abdoli et al., 2017). Consistent with this
view, Barral-Netto et al. (1992) showed an increased production
of TGF-f in L. amazonensis-infected BALB/c footpads and
peritoneal macrophages. In addition, they have also shown an
enhancement of lesion development in mice receiving exogenous
TGE-p. These results demonstrate that TGF- p exerts inhibitory
effects on a macrophage’s ability to kill intracellular pathogens.
Other studies reinforce this idea, showing that TGF-p blocks
IFNy-induced macrophages activation, reducing their oxidative
responses (Ding et al., 1990). Besides, TGF-p is also involved
in the attraction of immune cells (e.g., neutrophils, macrophages,
epithelial cells, and mast cells) to the site of injury (Gauglitz, 2013;
Abdoli et al., 2017), which is often associated with increased

pathology (Alexander and Brombacher, 2012). In previous studies
(Cardoso et al., 2010), we showed that footpads of C57BL/10
mice presented an intense inflammatory infiltrate composed
by vacuolated macrophages full of amastigotes, mast cells, and
eosinophils in the initial phase of infection and these mice
developed progressive ulcerative lesions. These results added
to the present findings, where an enhancement of TGEF-f
expression in C57BL/10 footpads (early in infection) was observed,
sustains the hypothesis that this cytokine contributes to
macrophage failure to kill parasites, which in turn leads to
chronic inflammatory responses and tissue destruction, favoring
disease progression in C57BL/10 infected mice.

The spleen is a main organ involved in the immune response
of VL. As early as the first 24 h after infection, dendritic cells
containing parasite antigens, but not parasites, secrete IL-12,
and prime T-cell, inducing their differentiation on Thl cells,
which, in turn will produce pro-inflammatory cytokines such
as TNF-a and IFN-y, maximizing the capacities of macrophages
to produce NO and reactive oxygen species to fight parasites
(Rodrigues et al., 2016). In L. infantum-infected dogs, parasite
load negatively correlates with pro-inflammatory (IFN-y, IL-12,
and IL-6) and anti-inflammatory (IL-10 and TGF-p) cytokine
levels on the spleen (Cavalcanti et al, 2015). Similarly, the
evolution of the infection process in dogs may be determined
correlating the parasite load with the TNF-a and IL-10 level
in the spleen (Michelin et al, 2011). In the present study,
infected C57BL/10 mice showed high levels of IL-10, which
was also associated with parasite presence in this organ. In
fact, IL-10 produced by T reg cells have been implicated in
the persistence of L. major parasites in infected C57BL/6 mice.
In the absence of IL-10, however, sterile cure occurs (Alexander
and Brombacher, 2012). In addition, a study using B-1CDP
cells infected by L. major showed that cells from wild type
mice showed higher parasite loads than cells from IL-10 KO
mice, confirming the importance of IL-10 in preventing parasite
killing (Arcanjo et al., 2015). On the other hand, IL-10 production
by B-2 lymphocytes, but not by B-1 lymphocytes, have been
related with faster lesion progression during L. amazonensis
infection (Firmino-Cruz et al.,, 2018, 2020). While no parasite
was noted in the C3H/He spleen when limiting dilution assay
was employed (Cardoso et al., 2010), the presence of Leishmania
DNA was revealed in the present study by qPCR. Pathogen-
derived nucleic acids could be recognized by host PRRs and
the cross-linked of these molecules triggers signaling cascades
that culminate in the cytokine production, leading to activation
of immunity (Tan et al., 2018). In this way, the presence of
Leishmania DNA can explain the cytokine profile found in
C3H/He mice. On the other hand, C3H/He spleen showed an
early response to infection, with high expression of TNF-a,
TGEF-f, IL-12, IFN-y, and iNOS, suggesting a commitment of
the spleen in the early response against infection. It is known
that spleen macrophages demonstrate a remarkable innate capacity
to kill L. donovani parasites, reducing in 50% the inoculum
in the first 24 h after infection (Rodrigues et al., 2016). This
rapid spleen response may be related with C3H/He resistance.

The liver is considered an important immune tissue that
acts on the front line, ideally positioned to detect pathogens.
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Dynamic interactions between the numerous immune cell
populations in the liver are the key to maintain balance and
overall tissue health. Studies on VL suggest that central target
organs, such as the liver and spleen, have an immune response
to mixed cytokines at the onset of infection. The liver is
continuously exposed to a large antigenic load because of its
location and function. It has an “epithelial constitution” and
contains a large number of phagocytic cells, antigen-presenting
cells and lymphocytes and it is a site for the production of
cytokines, complement components, and acute phase proteins.
In the liver, cytokines such as IFN-y and TNF-a are involved
in the activation of immunocompetent cells and account for
the final microbicidal response (Murray and Nathan, 1999;
Murray et al, 2005). The temporal variation in the specific
immune response of these organs may be related to the differential
control of the parasite load on the liver and spleen of the
infected host (Kubes and Jenne, 2018). It is known that IL-10
and TGF-f are macrophage-deactivating cytokines that play key
roles in murine and human VL (Wilson et al, 2005; Nylén
and Sacks, 2007). Studies of experimental infection with L. infantum
in dogs showed a significant increase in the expression of IL-10
and TGF-p in the liver and spleen, respectively (Rodriguez-
Cortés et al., 2016). Our results showed that both IL-10 and
TGF-f expression were more increased in C57BL/10 liver when
compared to C3H/He mice, at 180 days, when an increase in
parasite load was also observed. Rodriguez-Cortés et al. (2016)
demonstrated a correlation between the presence of IFN-y and
the parasite load in the liver. The same was observed in our
study, in C57BL/10 mice that showed high levels of IFN-y
expression, associated with high parasitism 180 days after infection.
Our results demonstrated a significant expression of IFN-y in
susceptible C57BL/10 mice livers during all the experiment and
regulatory cytokines (TGF-p and IL-10) in the late phase. Similar
to what was observed in the spleen, Leishmania DNA was found
in the liver, explaining the induction of cytokines in this organ.

The immunopathological characteristics of L. amazonensis
infection show marked differences in relation to those produced
by L. major, the prototype of the Th1/Th2 dichotomy (Afonso
and Scott, 1993; Rossi-Bergmann et al, 1993). An organ-
compartmentalized cytokine response against L. amazonensis
antigens was observed in our model, in the same way as
described by Lamb et al. (2005) in L. major. A direct association
between cytokine expressions in different organs was not observed.
However, we noted a mix of different cytokines produced in
all organs studied, both in C57BL/10 and C3H/He mice,
corroborating the observation of mixed immune responses by
other authors in L. infantum (Roldo et al, 2007; Maia et al,
2009) and in L. amazonensis (Xin et al., 2007) murine models.

ECM components also play a pivotal role during Leishmania
infection, influencing both wound healing and parasite
establishment, since it presents bioactive macromolecules, which
modulate cellular events such as adhesion, migration, proliferation,
differentiation, and survival (Daley et al., 2008). Thus, Leishmania
uses certain mechanisms, which can alter the organization of
the matrix, favoring its entrance into macrophages and affecting
the activation state of this cell (Kulkarni et al., 2008). After skin
injury caused by phlebotomine bite, high levels of TGF-f are

released, acting both as chemoattractants for lymphocytes,
fibroblasts, monocytes, neutrophils, and other cells (Bullard et al.,
2003), and as mediator of wound healing, stimulating the synthesis
and contraction of ECM by fibroblasts (Bradham et al., 1991;
Leask and Abraham, 2004). TGF-B1 and TGF-B2 are the most
important factors in the matrix formation, stimulating collagen
(especially the type I and III collagens) and proteoglycan synthesis
(Szulgit et al., 2002; Kose and Waseem, 2008). Influx and activation
of leukocytes and fibroblasts lead to breakdown of the normal
tissue architecture. In C57BL/6 mice infected by Leishmania,
the organization of collagen bundles is seen at the start of healing.
Non-healing or chronic lesions have been related to the impairment
of TGF-p signaling pathway (Kim et al., 2003; Penn et al., 2012).
TGF-p knockout mice showed an impaired late-stage wound
repair (e.g., collagen deposition and reepithelialization) with a
higher inflammatory response and tissue necrosis when compared
with wild type mice (Kulkarni and Karlsson, 1993; Bottinger
et al, 1997; Abdoli et al, 2017). In our study, LN, EN, and
collagens IIT and IV mRNA expression were enhanced in the
footpad overlapping to high TGF-f expression in C57BL/10 mice,
30 days after infection. Probably, the increase of these proteins
mRNA expression occurs in an attempt to recover the damaged
tissue caused by parasite proliferation. In C3H/He mice, the
same did not occur probably due to tissue preservation, which
corroborates the histological description by our group in previous
studies (Silva-Almeida et al., 2012). C57BL/10 mice also exhibited,
in the late phase of infection, an enhancement of type III collagen
mRNA expression in the footpad. Previous studies showed a
great number of parasitized macrophages in C57BL/10 mice
infected by L. amazonensis after 180 days (Cardoso et al., 2010).
The presence of type III collagen appeared to offer support to
the inflammatory cells, mainly vacuolated and parasitized
macrophages as described by our group in a previous study
(Abreu-Silva et al., 2004b). Our results indicate that the increase
of collagen IIT mRNA expression is related to the presence of
infected macrophages in the lesions and may be important for
assessing the pathogenesis of experimental leishmaniasis.

The findings of our study indicate that, in the primary lesion,
a strong Th1 stimulus, with the upregulation of proinflammatory
cytokines mRNA-transcripts in C57BL/10 infected mice when
compared with C3H/He infected mice in the early and late
phases of infection, suggesting an unbalance of immune response,
which might contribute to excessive tissue damage in C57BL/10
strain. An upregulation of BM components (Collagen IV and
FN) was also observed in the early phase of infection, mainly
1 day after L. amazonensis inoculation, suggesting a degradation
of these components by parasite and consequent tissue invasion.
In the late phase, few ECM components were expressed, either
by complete wound healing, in C3H/He or by excessive tissue
destruction in C57BL/10. A summary of C3H/He and C57BL/10
responses at the lesion site is illustrated in Figure 6.

In the draining lymph nodes the immune response showed
a mixed pattern of cytokines expression in C57BL/10 infected
mice early in infection. In the late phase of infection, there
was a low cytokine expression in both mouse strains The ECM
proteins expression in this organ was always low after infection
in both mouse strains.
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C57BL/10-infected mice liver showed high regulation of
mRNA-transcripts from a mixed poll of cytokines, mainly in
the late phase of infection, where parasites can be detected. In
spite of liver colonization, infection caused only a mild modulation
in the expression of ECM components, which suggests that tissue
architecture was not intensely affected by the parasite presence.

In the spleen, L. amazonensis infection causes an impairment
of the immune response in C57BL/10 mice during all the
experiments, with higher upregulation of IL-10, mainly at later
times where the parasite load is high. On the other hand,
C3H/He infected mice showed an early Thl proinflammatory
response, which might have been important for infection control.
Similarly to the observed in the footpad, the spleen showed
an upregulation of BM components (Collagen IV and LM) in
the early phase of infection, 1 day after L. amazonensis inoculation,
mainly in C57BL/10 infected mice. C3H/He infected mice
showed an upregulation of collagens expression at 30 days
after infection. In the late phase of infection, despite parasite
detection in this organ, there were few ECM proteins upregulated.

Overall, resistant C3H/He mice express lower cytokine levels
than susceptible C57BL/10 mice, with the exception of TNF-a
in the footpad and TNF-a, TGF-p, IL-12, and IFN-y in the
spleen, all in the early phase of infection. Therefore, we can
presume that parasite control at the inoculation site is due to
a rapid and strong innate immune response. We believe that
our results will help to elucidate the role of the host immune
system during L. amazonensis infection and wound healing by
comparing two mouse strains that differ in response to infection
and susceptibility to disease. The elucidation of the resistance
mechanisms in the susceptible and resistant models will help
us understand the natural resistance against the parasite, giving
us the basis to explain the wide spectrum of diseases caused
by L. amazonensis and contribute to the understanding of New
World CL pathology in order to predict patient prognostic.

DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

The experiments with animals were conducted following the
guidelines for experimental procedures of the National Council

REFERENCES

Abdoli, A., Maspi, N., and Ghaffarifar, F. (2017). Wound healing in cutaneous
leishmaniasis: a double edged sword of IL-10 and TGE-B. Comp. Immunol.
Microbiol. Infect. Dis. 51, 15-26. doi: 10.1016/j.cimid.2017.02.001

Abreu-Silva, A. L., Calabrese, K. S., Cupolilo, S. M. N., Cardoso, F. O,
Souza, C. S. E, and Gongalves Da Costa, S. C. (2004a). Histopathological
studies of visceralized Leishmania (Leishmania) amazonensis in mice
experimentally infected. Vet. Parasitol. 121, 179-187. doi: 10.1016/j.
vetpar.2004.03.002

for the Control of Animal Experimentation (CONCEA) and
approved by the Ethics Committee for Animal Research of the
Instituto Oswaldo Cruz (CEUA/IOC), license number L001/07.

AUTHOR CONTRIBUTIONS

FC concepted and designed the study, as well as performed
all the experiments and wrote the manuscript. TZ-V and FA-S
contributed to data collection and analysis of results, assisted
the writing, and contributed to the preparation of the figures.
AA-S and KC contributed to funding acquisition and assisted
the writing. KC administered and supervised the project. All
authors contributed to manuscript revision, read, and approved
the final version of the manuscript.

FUNDING

This work was supported by a grant from Instituto Oswaldo
Cruz, Fundac¢io de Amparo a Pesquisa do Rio de Janeiro
[E-26/110.331/2011 - APQ-1], Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico [309885/2017-5 to
AA-S, 312765/2016-9 and DCR03438/16 to FA-S]. The funders
had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

ACKNOWLEDGMENTS

The authors would like to thank the Real time PCR platform
from the Programa de Pds graduacdo em Biologia Parasitaria,
IOC/FIOCRUZ and the Laboratério de Imunofarmacologia,
IOC/FIOCRUZ for the use of their real time PCR machines
and the Program for Technological Development in Tools for
Health-PDTIS/FIOCRUZ for the use of the nanodrop machine.
A special thanks to Dr. Ana Claudia Maretti-Mira for assistance
in primers design and experiments padronization. The content
of this manuscript has previously appeared online, in a thesis
format (Cardoso, 2012).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01986/
full#supplementary-material

Abreu-Silva, A. L., Calabrese, K. S., Mortara, R. A., Tedesco, R. C., Cardoso, E O.,
Carvalho, L. O. P, et al. (2004b). Extracellular matrix alterations in experimental
murine Leishmania (L.) amazonensis infection. Parasitology 128, 385-390.
doi: 10.1017/S0031182003004621

Afonso, L. C. C., and Scott, P. (1993). Immune responses associated with
susceptibility of C57BL/10 mice to Leishmania amazonensis. Infect. Immun.
61, 2952-2959. doi: 10.1128/1A1.61.7.2952-2959.1993

Alexander, J., and Brombacher, E. (2012). T helper1/T helper2 cells and resistance/
susceptibility to Leishmania infection: is this paradigm still relevant? Front.
Immunol. 3:80. doi: 10.3389/fimmu.2012.00080

Frontiers in Microbiology | www.frontiersin.org

August 2020 | Volume 11 | Article 1986


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01986/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01986/full#supplementary-material
https://doi.org/10.1016/j.cimid.2017.02.001
https://doi.org/10.1016/j.vetpar.2004.03.002
https://doi.org/10.1016/j.vetpar.2004.03.002
https://doi.org/10.1017/S0031182003004621
https://doi.org/10.1128/IAI.61.7.2952-2959.1993
https://doi.org/10.3389/fimmu.2012.00080

Cardoso et al.

Mice Leishmaniasis: Cytokines and Matrix

Almeida, R. P, Barral-Netto, M., De Jesus, A. M. R,, De Freitas, L. A. R,,
Carvalho, E. M., and Barral, A. (1996). Biological behavior of Leishmania
amazonensis isolated from humans with cutaneous, mucosal, or visceral
leishmaniasis in BALB/c mice. Am. J. Trop. Med. Hyg. 54, 178-184. doi:
10.4269/ajtmh.1996.54.178

Almeida-Souza, E, Cardoso, E d. O., Souza, B. V. d. C, do Valle, T. Z,
de S4, J. C., Oliveira, I. d. S, et al. (2016). Morinda citrifolia Linn. reduces
parasite load and modulates cytokines and extracellular matrix proteins in
C57BL/6 mice infected with Leishmania (Leishmania) amazonensis. PLoS
Negl. Trop. Dis. 10:¢0004900. doi: 10.1371/journal.pntd.0004900

Antonelli, L. R. V., Dutra, W. O., Almeida, R. P, Bacellar, O., and Gollob, K. J.
(2004). Antigen specific correlations of cellular immune responses in human
leishmaniasis suggests mechanisms for immunoregulation. Clin. Exp. Immunol.
136, 341-348. doi: 10.1111/j.1365-2249.2004.02426.x

Aoki, J. I, Muxel, S. M., Zampieri, R. A., Miiller, K. E., Nerland, A. H., and
Floeter-Winter, L. M. (2019). Differential immune response modulation in
early Leishmania amazonensis infection of BALB/c and C57BL/6 macrophages
based on transcriptome profiles. Sci. Rep. 9:19841. doi: 10.1038/
$41598-019-56305-1

Arcanjo, A. F, LaRocque-de-Freitas, 1. F, Rocha, J. D. B., Zamith, D., Costa-
da-Silva, A. C., Nunes, M. P, et al. (2015). The PGE2/IL-10 axis determines
susceptibility of B-1 cell-derived phagocytes (B-1CDP) to Leishmania major
infection. PLoS One 10:e0124888. doi: 10.1371/journal.pone.0124888

Barral, A., Badaro, R., Barral-Netto, M., Grimaldi, G.,, Momem, H., and
Carvalho, E. M. (1986). Isolation of Leishmania mexicana amazonensis from
the bone marrow in a case of American visceral leishmaniasis. Am. J. Trop.
Med. Hyg. 35, 732-734. doi: 10.4269/ajtmh.1986.35.732

Barral, A., Pedral-Sampaio, D., Grimaldi, G., Momen, H., McMahon-Pratt, D.,
Ribeiro De Jesus, A., et al. (1991). Leishmaniasis in Bahia, Brazi: evidence
that Leishmania amazonensis produces a wide spectrum of clinical disease.
Am. J. Trop. Med. Hyg. 44, 536-546. doi: 10.4269/ajtmh.1991.44.536

Barral-Netto, A. M., Barral, A., Brownell, C. E., Skeiky, Y. A. W,, Ellingsworth, R.,
Twardzik, D. R., et al. (1992). Transforming growth factor-p in leishmanial
infection: a parasite escape mechanism. Science 257, 545-548. doi: 10.1126/
science.1636092

Belkaid, Y., Piccirillo, C. A., Mendez, S., Shevach, E. M., and Sacks, D. L.
(2002). CD4"CD25" regulatory T cells control Leishmania major persistence
and immunity. Nature 420, 502-507. doi: 10.1038/nature01152

Bogdan, C., and Réllinghoff, M. (1998). The immune response to Leishmania:
mechanisms of parasite control and evasion. Int. J. Parasitol. 28, 121-134.
doi: 10.1016/S0020-7519(97)00169-0

Bottinger, E. P, Letterio, J. J., and Roberts, A. B. (1997). Biology of TGF-§
in knockout and transgenic mouse models. Kidney Int. 51, 1355-1360. doi:
10.1038/ki.1997.185

Bradham, D. M., Igarashi, A., Potter, R. L., and Grotendorst, G. R. (1991).
Connective tissue growth factor: a cysteine-rich mitogen secreted by human
vascular endothelial cells is related to the SRC-induced immediate early
gene product CEF-10. J. Cell Biol. 114, 1285-1294. doi: 10.1083/jcb.114.6.1285

Bullard, K. M., Longaker, M. T., and Lorenz, H. P. (2003). Fetal wound healing:
current biology. World J. Surg. 27, 54-61. doi: 10.1007/s00268-002-6737-2

Calabrese, K. S., and Gongalves da Costa, S. C. (1992). Enhancement of
Leishmania amazonensis infection in BCG non-responder mice by BCG-
antigen specific vaccine. Mem. Inst. Oswaldo Cruz 87(Suppl. 1), 49-56. doi:
10.1590/50074-02761992000500010

Cardoso, E O. (2012). Infec¢ao por Leishmania amazonensis em camundongos
sensiveis e resistentes: alteragoes na matriz extracelular, perfil de citocinas
e caracterizagdo do infiltrado inflamatdrio. doctoral thesis. Rio de Janeiro:
Instituto Oswaldo Cruz, Pés-graduagao em Biologia Parasitaria.

Cardoso, E O., Souza, C. d. S., Mendes, V. G., Abreu-Silva, A. L., Gongalves
da Costa, S. C., and Calabrese, K. d. S. (2010). Immunopathological studies
of Leishmania amazonensis infection in resistant and in susceptible mice.
J. Infect. Dis. 201, 1933-1940. doi: 10.1086/652870

Carneiro, M. B. H,, Lopes, M. E. D. M., Vaz, L. G, Sousa, L. M. A., Dos
Santos, L. M., De Souza, C. C., et al. (2015). IFN-y-dependent recruitment
of CD4" T cells and macrophages contributes to pathogenesis during leishmania
amazonensis infection. J. Interf. Cytokine Res. 35, 935-947. doi: 10.1089/
jir.2015.0043

Cavalcanti, A. S., Ribeiro-Alves, M., Pereira, L. d. O. R.,, Mestre, G. L,
Ferreira, A. B. R., Morgado, F. N., et al. (2015). Parasite load induces

progressive spleen architecture breakage and impairs cytokine mRNA expression
in Leishmania infantum-naturally infected dogs. PLoS One 10:¢0123009.
doi: 10.1371/journal.pone.0123009

Chang, K. -P, and McGwire, B. S. (2002). Molecular determinants and regulation
of Leishmania virulence. Kinetoplastid Biol. Dis. 1:1. doi: 10.1186/1475-9292-1-1

Cupolilo, S. M. N., Souza, C. S. E, Abreu-Silva, A. L., Calabrese, K. S., and
Gongalves da Costa, S. C. (2003). Biological behavior of Leishmania (L.)
amazonensis isolated from a human diffuse cutaneous leishmaniasis in inbred
strains of mice. Histol. Histopathol. 18, 1059-1065. doi: 10.14670/HH-18.1059

Daley, W. P, Peters, S. B., and Larsen, M. (2008). Extracellular matrix dynamics
in development and regenerative medicine. J. Cell Sci. 121, 255-264. doi:
10.1242/jcs.006064

Diefenbach, A., Schindler, H., Donhauser, N., Lorenz, E., Laskay, T., MacMicking, J.,
et al. (1998). Type 1 interferon (IFN/) and type 2 nitric oxide synthase
regulate the innate immune response to a protozoan parasite. Immunity 8,
77-87. doi: 10.1016/S1074-7613(00)80460-4

Ding, A., Nathan, C. E, Graycar, J., Derynck, R., Stuehr, D. J., and Srimal, S.
(1990). Macrophage deactivating factor and transforming growth factors-beta
1 -beta 2 and -beta 3 inhibit induction of macrophage nitrogen oxide
synthesis by IFN-gamma. J. Immunol. 145, 940-944.

Doucet, C., Brouty-Boyé, D., Pottin-Clémenceau, C., Canonica, G. W, Jasmin, C.,
and Azzarone, B. (1998). Interleukin (IL) 4 and IL-13 act on human lung
fibroblasts. Implication in asthma. J. Clin. Invest. 101, 2129-2139. doi: 10.1172/
JCI741

Faria, D. R., Gollob, K. J., Barbosa, J., Schriefer, A., Machado, P. R. L., Lessa, H.,
et al. (2005). Decreased in situ expression of interleukin-10 receptor is
correlated with the exacerbated inflammatory and cytotoxic responses observed
in mucosal leishmaniasis. Infect. Immun. 73, 7853-7859. doi: 10.1128/
1AI.73.12.7853-7859.2005

Firmino-Cruz, L., Ramos, T. D., da Fonseca-Martins, A. M., Maciel-Oliveira, D.,
Oliveira-Silva, G., Pratti, J. E. S., et al. (2018). Immunomodulating role of
IL-10-producing B cells in Leishmania amazonensis infection. Cell. Immunol.
334, 20-30. doi: 10.1016/j.cellimm.2018.08.014

Firmino-Cruz, L., Ramos, T. D., da Fonseca-Martins, A. M., Oliveira-Maciel, D.,
Oliveira-Silva, G., Dos Santos, J. S., et al. (2020). B-1 lymphocytes are able
to produce IL-10, but is not pathogenic during Leishmania (Leishmania)
amazonensis  infection. Immunobiology ~ 225:151857. doi:  10.1016/j.
imbi0.2019.10.006

Follador, I., Araujo, C., Bacellar, O., Araujo, C. B., Carvalho, L. P,, Almeida, R. P,
et al. (2002). Epidemiologic and immunologic findings for the subclinical
form of Leishmania braziliensis infection. Clin. Infect. Dis. 34, e54-e58. doi:
10.1086/340261

Frantz, C., Stewart, K. M., and Weaver, V. M. (2010). The extracellular matrix
at a glance. J. Cell Sci. 123, 4195-4200. doi: 10.1242/jcs.023820

Gauglitz, G. G. (2013). “Wound healing and wound care” in Burn care and
treatment. eds. M. Jeschke, L. P. Kamolz and S. Shahrokhi (Viena: Springer),
31-42.

Ghosh, A., Bandyopadhyay, K., Kole, L., and Das, P. K. (1999). Isolation of a
laminin-binding protein from the protozoan parasite Leishmania donovani
that may mediate cell adhesion. Biochem. J. 337, 551-558. doi: 10.1042/
bj3370551

Giulietti, A., Overbergh, L., Valckx, D., Decallonne, B., Bouillon, R., and
Mathieu, C. (2001). An overview of real-time quantitative PCR: applications
to quantify cytokine gene expression. Methods 25, 386-401. doi: 10.1006/
meth.2001.1261

Gongalves da Costa, S. C., and Lagrande, P. H. (1981). Development of cell
mediated immunity to flagellar antigens and acquired resistance to infection
by Trypanosoma cruzi in mice. Mem. Inst. Oswaldo Cruz 76, 367-381. doi:
10.1590/50074-02761981000400005

Gordon, S., and Taylor, P. R. (2005). Monocyte and macrophage heterogeneity.
Nat. Rev. Immunol. 5, 953-964. doi: 10.1038/nril733

Heinzel, E P, Sadick, M. D., Holaday, B. J., Coffman, R. L., and Locksley, R. M.
(1989). Reciprocal expression of interferon y or interleukin 4 during the
resolution or progression of murine leishmaniasis. Evidence for expansion
of distinct helper T cell subsets. . Exp. Med. 169, 59-72. doi: 10.1084/
jem.169.1.59

Hodgkinson, V. H., Herman, R., and Semprevivo, L. (1980). Leishmania donovani:
correlation among assays of amastigote viability. Exp. Parasitol. 50, 397-408.
doi: 10.1016/0014-4894(80)90042-9

Frontiers in Microbiology | www.frontiersin.org

August 2020 | Volume 11 | Article 1986


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.4269/ajtmh.1996.54.178
https://doi.org/10.1371/journal.pntd.0004900
https://doi.org/10.1111/j.1365-2249.2004.02426.x
https://doi.org/10.1038/s41598-019-56305-1
https://doi.org/10.1038/s41598-019-56305-1
https://doi.org/10.1371/journal.pone.0124888
https://doi.org/10.4269/ajtmh.1986.35.732
https://doi.org/10.4269/ajtmh.1991.44.536
https://doi.org/10.1126/science.1636092
https://doi.org/10.1126/science.1636092
https://doi.org/10.1038/nature01152
https://doi.org/10.1016/S0020-7519(97)00169-0
https://doi.org/10.1038/ki.1997.185
https://doi.org/10.1083/jcb.114.6.1285
https://doi.org/10.1007/s00268-002-6737-2
https://doi.org/10.1590/S0074-02761992000500010
https://doi.org/10.1086/652870
https://doi.org/10.1089/jir.2015.0043
https://doi.org/10.1089/jir.2015.0043
https://doi.org/10.1371/journal.pone.0123009
https://doi.org/10.1186/1475-9292-1-1
https://doi.org/10.14670/HH-18.1059
https://doi.org/10.1242/jcs.006064
https://doi.org/10.1016/S1074-7613(00)80460-4
https://doi.org/10.1172/JCI741
https://doi.org/10.1172/JCI741
https://doi.org/10.1128/IAI.73.12.7853-7859.2005
https://doi.org/10.1128/IAI.73.12.7853-7859.2005
https://doi.org/10.1016/j.cellimm.2018.08.014
https://doi.org/10.1016/j.imbio.2019.10.006
https://doi.org/10.1016/j.imbio.2019.10.006
https://doi.org/10.1086/340261
https://doi.org/10.1242/jcs.023820
https://doi.org/10.1042/bj3370551
https://doi.org/10.1042/bj3370551
https://doi.org/10.1006/meth.2001.1261
https://doi.org/10.1006/meth.2001.1261
https://doi.org/10.1590/S0074-02761981000400005
https://doi.org/10.1038/nri1733
https://doi.org/10.1084/jem.169.1.59
https://doi.org/10.1084/jem.169.1.59
https://doi.org/10.1016/0014-4894(80)90042-9

Cardoso et al.

Mice Leishmaniasis: Cytokines and Matrix

Hoff, R. (1974). Method for counting and concentrating living Trypanosoma
cruzi in blood lysed with ammonium-chloride. J. Parasitol. 60, 527-528.
doi: 10.2307/3278377

Hynes, R. O. (2009). Extracellular matrix: not just pretty fibrils. Science 326,
1216-1219. doi: 10.1126/science.1176009

Ji, J., Sun, J., Qi, H., and Soong, L. (2002). Analysis of T helper cell responses
during infection with Leishmania amazonensis. Am. J. Trop. Med. Hyg. 66,
338-345. doi: 10.4269/ajtmh.2002.66.338

Ji, J., Sun, J., and Soong, L. (2003). Impaired expression of inflammatory cytokines
and chemokines at early stages of infection with Leishmania amazonensis.
Infect. Immun. 71, 4278-4288. doi: 10.1128/IA1.71.8.4278-4288.2003

Kane, M. M., and Mosser, D. M. (2001). The role of IL-10 in promoting
disease progression in leishmaniasis. J. Immunol. 166, 1141-1147. doi: 10.4049/
jimmunol.166.2.1141

Kim, B. C, Kim, H. T, Park, S. H., Cha, J. S., Yufit, T, Kim, S. J., et al.
(2003). Fibroblasts from chronic wounds show altered TGEF-p-signaling and
decreased TGF-P type II receptor expression. J. Cell. Physiol. 195, 331-336.
doi: 10.1002/jcp.10301

Kong, E, Saldarriaga, O. A., Spratt, H., Osorio, E. Y., Travi, B. L., Luxon, B. A,,
et al. (2017). Transcriptional profiling in experimental visceral leishmaniasis
reveals a broad splenic inflammatory environment that conditions macrophages
toward a disease-promoting phenotype. PLoS Pathog. 13:21006165. doi:
10.1371/journal.ppat.1006165

Kose, O., and Waseem, A. (2008). Keloids and hypertrophic scars: are they
two different sides of the same coin? Dermatologic Surg. 34, 336-346. doi:
10.1111/j.1524-4725.2007.34067.x

Kubes, P, and Jenne, C. (2018). Immune responses in the liver. Annu. Rev.
Immunol. 36, 1-31. doi: 10.1146/annurev-immunol-051116-052415

Kulkarni, M. M., Jones, E. A., McMaster, W. R., and McGwire, B. S. (2008).
Fibronectin binding and proteolytic degradation by Leishmania and effects
on macrophage activation. Infect. Immun. 76, 1738-1747. doi: 10.1128/
1A1.01274-07

Kulkarni, A. B., and Karlsson, S. (1993). Transforming growth factor-p1 knockout
mice: a mutation in one cytokine gene causes a dramatic inflammatory
disease. Am. J. Pathol. 143, 3-9.

Lamb, T. J., Graham, A. L., Le Goff, L., and Allen, J. E. (2005). Co-infected C57BL/6
mice mount appropriately polarized and compartmentalized cytokine responses
to Litomosoides sigmodontis and Leishmania major but disease progression is
altered. Parasite Immunol. 27, 317-324. doi: 10.1111/j.1365-3024.2005.00779.x

Laskay, T., van Zandbergen, G., and Solbach, W. (2008). Neutrophil granulocytes
as host cells and transport vehicles for intracellular pathogens: apoptosis
as infection-promoting factor. Immunobiology 213, 183-191. doi: 10.1016/j.
imbio.2007.11.010

Lawrence, T., and Natoli, G. (2011). Transcriptional regulation of macrophage
polarization: enabling diversity with identity. Nat. Rev. Immunol. 11, 750-761.
doi: 10.1038/nri3088

Leask, A., and Abraham, D. J. (2004). TGF-p signaling and the fibrotic response.
FASEB ]. 18, 816-827. doi: 10.1096/1).03-1273rev

Liew, E Y, Li, Y., Moss, D., Parkinson, C., Rogers, M. V., and Moncada, S.
(1991). Resistance to Leishmania major infection correlates with the induction
of nitric oxide synthase in murine macrophages. Eur. J. Immunol. 21,
3009-3014. doi: 10.1002/€ji.1830211216

Lima, H. C., Vasconcelos, A. W, David, J. R., and Lerner, E. A. (1994). American
cutaneous leishmaniasis: in situ characterization of the cellular immune
response with time. Am. J. Trop. Med. Hyg. 50, 743-747. doi: 10.4269/
ajtmh.1994.50.743

Lira, R., Doherty, M., Modi, G., and Sacks, D. (2000). Evolution of lesion
formation, parasitic load, immune response, and reservoir potential in
C57BL/6 mice following high- and low-dose challenge with leishmania major.
Infect. Immun. 68, 5176-5182. doi: 10.1128/IAI1.68.9.5176-5182.2000

Lira, R, Rosales-Encina, J. L., and Argiello, C. (1997). Leishmania mexicana:
binding of promastigotes to type 1 collagen. Exp. Parasitol. 85, 149-157.
doi: 10.1006/expr.1996.4127

Lopez, L., Robayo, M., Vargas, M., and Vélez, I. D. (2012). Thermotherapy.
An alternative for the treatment of American cutaneous leishmaniasis. Trials
13:58. doi: 10.1186/1745-6215-13-58

Lu, P, Takai, K., Weaver, V. M., and Werb, Z. (2011). Extracellular matrix
degradation and remodeling in development and disease. Cold Spring Harb.
Perspect. Biol. 3:a005058. doi: 10.1101/cshperspect.a005058

Maia, C., Ramada, J., Cristévao, J. M., Gongalves, L., and Campino, L.
(2009). Diagnosis of canine leishmaniasis: conventional and molecular
techniques using different tissues. Vet. J. 179, 142-144. doi: 10.1016/j.
tvjl.2007.08.009

Mantovani, A., Sica, A., Sozzani, S., Allavena, P, Vecchi, A., and Locati, M.
(2004). The chemokine system in diverse forms of macrophage activation
and polarization. Trends Immunol. 25, 677-686. doi: 10.1016/}.it.2004.09.015

Maspi, N., Abdoli, A., and Ghaffarifar, E (2016). Pro- and anti-inflammatory
cytokines in cutaneous leishmaniasis: a review. Pathog. Glob. Health 110,
247-260. doi: 10.1080/20477724.2016.1232042

McGwire, B. S., Chang, K. P, and Engman, D. M. (2003). Migration through
the extracellular matrix by the parasitic protozoan Leishmania is enhanced
by surface metalloprotease gp63. Infect. Immun. 71, 1008-1010. doi: 10.1128/
IAI.71.2.1008-1010.2003

McMahon-Pratt, D., and Alexander, J. (2004). Does the Leishmania major
paradigm of pathogenesis and protection hold for New World cutaneous
leishmaniases or the visceral disease? Immunol. Rev. 201, 206-224. doi:
10.1111/j.0105-2896.2004.00190.x

Michelin, A. D. E, Perri, S. H. V, and de Lima, V. M. E (2011). Evaluation
of TNF-a, IL-4, and IL-10 and parasite density in spleen and liver of
L. (L.) chagasi naturally infected dogs. Ann. Trop. Med. Parasitol. 105,
373-383. doi: 10.1179/1364859411Y.0000000027

Modlin, R. L., Pirmez, C., Hofman, F. M., Torigian, V., Uyemura, K., Rea, T. H.,
et al. (1989). Lymphocytes bearing antigen-specific yd T-cell receptors
accumulate in human infectious disease lesions. Nature 339, 544-548. doi:
10.1038/339544a0

Murray, H. W,, Berman, J. D., Davies, C. R, and Saravia, N. G. (2005). Advances
in leishmaniasis. Lancet 366, 1561-1577. doi: 10.1016/S0140-6736(05)67629-5

Murray, H. W, Lu, C. M., Mauze, S., Freeman, S., Moreira, A. L., Kaplan, G,,
et al. (2002). Interleukin-10 (IL-10) in experimental visceral leishmaniasis
and IL-10 receptor blockade as immunotherapy. Infect. Immun. 70, 6284-6293.
doi: 10.1128/1A1.70.11.6284-6293.2002

Murray, H. W,, and Nathan, C. E (1999). Macrophage microbicidal mechanisms
in vivo: reactive nitrogen versus oxygen intermediates in the killing of
intracellular visceral Leishmania donovani. ]. Exp. Med. 189, 741-746. doi:
10.1084/jem.189.4.741

Musxel, S. M., Aoki, J. I, Fernandes, J. C. R., Laranjeira-Silva, M. F, Zampieri, R. A.,
Acuna, S. M., et al. (2018). Arginine and polyamines fate in Leishmania
infection. Front. Microbiol. 8:2682. doi: 10.3389/fmicb.2017.02682

Nylén, S., and Eidsmo, L. (2012). Tissue damage and immunity in cutaneous
leishmaniasis. Parasite Immunol. 34, 551-561. doi: 10.1111/pim.12007

Nylén, S., and Sacks, D. (2007). Interleukin-10 and the pathogenesis of human
visceral leishmaniasis. Trends Immunol. 28, 378-384. doi: 10.1016/}.it.2007.07.004

Olekhnovitch, R., and Bousso, P. (2015). Induction, propagation, and activity
of host nitric oxide: lessons from Leishmania infection. Trends Parasitol.
31, 653-664. doi: 10.1016/j.pt.2015.08.001

Penn, J. W,, Grobbelaar, A. O., and Rolfe, K. J. (2012). The role of the TGF-p
family in wound healing, burns and scarring: a review. Int. J. Burns Trauma
2, 18-28.

Peter, M. E., Budd, R. C., Desbarats, J., Hedrick, S. M., Hueber, A. O,
Newell, M. K., et al. (2007). The CD95 receptor: apoptosis revisited. Cell
129, 447-450. doi: 10.1016/j.cell.2007.04.031

Peters, N. C., Egen, J. G., Secundino, N., Debrabant, A., Kimblin, N., Kamhawi, S.,
etal. (2008). In vivo imaging reveals an essential role for neutrophils in leishmaniasis
transmitted by sand flies. Science 321, 970-974. doi: 10.1126/science.1159194

Probst, C. M., Silva, R. A., Menezes, J. P, Almeida, T. E, Gomes, 1. N.,
Dallabona, A. C., et al. (2012). A comparison of two distinct murine
macrophage gene expression profiles in response to Leishmania amazonensis
infection. BMC Microbiol. 12:22. doi: 10.1186/1471-2180-12-22

Ribeiro-de-Jesus, A., Almeida, R. P, Lessa, H., Bacellar, O., and Carvalho, E. M.
(1998). Cytokine profile and pathology in human leishmaniasis. Braz. J.
Med. Biol. Res. 31, 143-148. doi: 10.1590/S0100-879X1998000100020

Ribeiro-Gomes, E L., Otero, A. C., Gomes, N. A., Moniz-de-Souza, M. C. A,,
Cysne-Finkelstein, L., Arnholdt, A. C., et al. (2004). Macrophage interactions
with neutrophils regulate leishmania major infection. J. Immunol. 172,
4454-4462. doi: 10.4049/jimmunol.172.7.4454

Rodrigues, V., Cordeiro-Da-Silva, A., Laforge, M., Silvestre, R., and Estaquier, J.
(2016). Regulation of immunity during visceral Leishmania infection. Parasit.
Vectors 9:118. doi: 10.1186/s13071-016-1412-x

Frontiers in Microbiology | www.frontiersin.org

August 2020 | Volume 11 | Article 1986


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.2307/3278377
https://doi.org/10.1126/science.1176009
https://doi.org/10.4269/ajtmh.2002.66.338
https://doi.org/10.1128/IAI.71.8.4278-4288.2003
https://doi.org/10.4049/jimmunol.166.2.1141
https://doi.org/10.4049/jimmunol.166.2.1141
https://doi.org/10.1002/jcp.10301
https://doi.org/10.1371/journal.ppat.1006165
https://doi.org/10.1111/j.1524-4725.2007.34067.x
https://doi.org/10.1146/annurev-immunol-051116-052415
https://doi.org/10.1128/IAI.01274-07
https://doi.org/10.1128/IAI.01274-07
https://doi.org/10.1111/j.1365-3024.2005.00779.x
https://doi.org/10.1016/j.imbio.2007.11.010
https://doi.org/10.1016/j.imbio.2007.11.010
https://doi.org/10.1038/nri3088
https://doi.org/10.1096/fj.03-1273rev
https://doi.org/10.1002/eji.1830211216
https://doi.org/10.4269/ajtmh.1994.50.743
https://doi.org/10.4269/ajtmh.1994.50.743
https://doi.org/10.1128/IAI.68.9.5176-5182.2000
https://doi.org/10.1006/expr.1996.4127
https://doi.org/10.1186/1745-6215-13-58
https://doi.org/10.1101/cshperspect.a005058
https://doi.org/10.1016/j.tvjl.2007.08.009
https://doi.org/10.1016/j.tvjl.2007.08.009
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1080/20477724.2016.1232042
https://doi.org/10.1128/IAI.71.2.1008-1010.2003
https://doi.org/10.1128/IAI.71.2.1008-1010.2003
https://doi.org/10.1111/j.0105-2896.2004.00190.x
https://doi.org/10.1179/1364859411Y.0000000027
https://doi.org/10.1038/339544a0
https://doi.org/10.1016/S0140-6736(05)67629-5
https://doi.org/10.1128/IAI.70.11.6284-6293.2002
https://doi.org/10.1084/jem.189.4.741
https://doi.org/10.3389/fmicb.2017.02682
https://doi.org/10.1111/pim.12007
https://doi.org/10.1016/j.it.2007.07.004
https://doi.org/10.1016/j.pt.2015.08.001
https://doi.org/10.1016/j.cell.2007.04.031
https://doi.org/10.1126/science.1159194
https://doi.org/10.1186/1471-2180-12-22
https://doi.org/10.1590/S0100-879X1998000100020
https://doi.org/10.4049/jimmunol.172.7.4454
https://doi.org/10.1186/s13071-016-1412-x

Cardoso et al.

Mice Leishmaniasis: Cytokines and Matrix

Rodriguez-Cortés, A., Carrillo, E., Martorell, S., Todoli, E, Ojeda, A.,
Martinez-Florez, A., et al. (2016). Compartmentalized immune response in
leishmaniasis: changing patterns throughout the disease. PLoS One 11:¢0155224.
doi: 10.1371/journal.pone.0155224

Rolao, N,, Cortes, S., Gomes-Pereira, S., and Campino, L. (2007). Leishmania infantum:
mixed T-helper-1/T-helper-2 immune response in experimentally infected BALB/c
mice. Exp. Parasitol. 115, 270-276. doi: 10.1016/j.exppara.2006.09.013

Rosas, L. E., Keiser, T., Barbi, J., Satoskar, A. A., Septer, A., Kaczmarek, J.,
et al. (2005). Genetic background influences immune responses and disease
outcome of cutaneous L. mexicana infection in mice. Int. Immunol. 17,
1347-1357. doi: 10.1093/intimm/dxh313

Rossi-Bergmann, B., Muller, I., and Godinho, E. B. (1993). TH1 and TH2 T-cell
subsets are differentially activated by macrophages and B cells in murine
leishmaniasis. Infect. Immun. 61, 2266-2269. doi: 10.1128/IAL61.5.2266-2269.1993

Sacks, D., and Noben-Trauth, N. (2002). The immunology of susceptibility and
resistance to Leishmania major in mice. Nat. Rev. Immunol. 2, 845-858.
doi: 10.1038/nri933

Sambrook, J., and Russell, D. W. (2006). Purification of nucleic acids by extraction
with phenol:chloroform. Cold Spring Harb. Protoc. 2006:pdb.prot4455. doi:
10.1101/pdb.prot4455

Santos-Pereira, S., Cardoso, E O., Calabrese, K. S., and Zaverucha do Valle, T.
(2019). Leishmania amazonensis resistance in murine macrophages: analysis
of possible mechanisms. PLoS One 14:¢0226837. doi: 10.1371/journal.
pone.0226837

Silva-Almeida, M., Carvalho, L. O., Abreu-Silva, A. L., Souza, C. S., Hardoim, D. J.,
and Calabrese, K. S. (2012). Extracellular matrix alterations in experimental
Leishmania amazonensis infection in susceptible and resistant mice. Vet. Res.
43:10. doi: 10.1186/1297-9716-43-10

Souza, C. d. S. E, Calabrese, K. d. S., Abreu-Silva, A. L., Carvalho, L. O. P,
Cardoso, E. d. O., Dorval, M. E. M. C,, et al. (2018). Leishmania amazonensis
isolated from human visceral leishmaniasis: histopathological analysis and
parasitological burden in different inbred mice. Histol. Histopathol. 33,
705-716. doi: 10.14670/HH-11-965

Szulgit, G., Rudolph, R., Wandel, A., Tenenhaus, M., Panos, R., and Gardner, H.
(2002). Alterations in fibroblast alpl integrin collagen receptor expression
in keloids and hypertrophic scars. J. Invest. Dermatol. 118, 409-415. doi:
10.1046/j.0022-202x.2001.01680.x

Tan, X., Sun, L., Chen, J., and Chen, Z. J. (2018). Detection of microbial
infections through innate immune sensing of nucleic acids. Annu. Rev.
Microbiol. 72, 447-478. doi: 10.1146/annurev-micro-102215-095605

Trinchieri, G., Pflanz, S., and Kastelein, R. A. (2003). The IL-12 family of
heterodimeric cytokines: new players in the regulation of T cell responses.
Immunity 19, 641-644. doi: 10.1016/S1074-7613(03)00296-6

Tsunawaki, S., Spornt, M., Ding, A., and Nathan, C. (1988). Deactivation of
macrophages by transforming growth factor-P. Nature 334, 260-262. doi:
10.1038/334260a0

van Zandbergen, G., Klinger, M., Mueller, A., Dannenberg, S., Gebert, A,,
Solbach, W, et al. (2004). Cutting edge: neutrophil granulocyte serves as
a vector for Leishmania entry into macrophages. J. Immunol. 173, 6521-6525.
doi: 10.4049/jimmunol.173.11.6521

Vanloubbeeck, Y. E, Ramer, A. E., Jie, E, and Jones, D. E. (2004). CD4* Thl
cells induced by dendritic cell-based immunotherapy in mice chronically
infected with Leishmania amazonensis do not promote healing. Infect. Immun.
72, 4455-4463. doi: 10.1128/IA1.72.8.4455-4463.2004

Vargas-Inchaustegui, D. A., Hogg, A. E. Tulliano, G., Llanos-Cuentas, A.,
Arevalo, J., Endsley, J. J., et al. (2010). CXCL10 production by human
monocytes in response to Leishmania braziliensis infection. Infect. Immun.
78, 301-308. doi: 10.1128/IAL.00959-09

Velasquez, L. G., Galuppo, M. K., De Rezende, E., Branddo, W. N., Peron, J. P,
Uliana, S. R. B, et al. (2016). Distinct courses of infection with Leishmania
(L.) amazonensis are observed in BALB/c, BALB/c nude and C57BL/6 mice.
Parasitology 143, 692-703. doi: 10.1017/S003118201600024X

Von Stebut, E., Ehrchen, J. M., Belkaid, Y., Kostka, S. L., Mélle, K., Knop, J.,
et al. (2003). Interleukin la promotes TH1 differentiation and inhibits disease
progression in Leishmania major-susceptible BALB/c mice. J. Exp. Med. 198,
191-199. doi: 10.1084/jem.20030159

Von Stebut, E., and Udey, M. C. (2004). Requirements for Thl-dependent
immunity against infection with Leishmania major. Microbes Infect. 6,
1102-1109. doi: 10.1016/j.micinf.2004.05.024

Wang, N., Liang, H., and Zen, K. (2014). Molecular mechanisms that influence
the macrophage M1-M2 polarization balance. Front. Immunol. 5:614. doi:
10.3389/fimmu.2014.00614

Weirather, J. L., Jeronimo, S. M. B., Gautam, S., Sundar, S., Kang, M., Kurtz, M. A,,
etal. (2011). Serial quantitative PCR assay for detection, species discrimination,
and quantification of Leishmania spp. in human samples. J. Clin. Microbiol.
49, 3892-3904. doi: 10.1128/JCM.r00764-11

Wilson, M. E., Jeronimo, S. M. B., and Pearson, R. D. (2005). Inmunopathogenesis
of infection with the visceralizing Leishmania species. Microb. Pathog. 38,
147-160. doi: 10.1016/j.micpath.2004.11.002

World Health Organization (2020). Leishmaniasis. World Heal. Organ. Available
at: https://www.who.int/news-room/fact-sheets/detail/leishmaniasis (Accessed
June 22, 2020).

Wynn, T. A. (2004). Fibrotic disease and the TH1/TH2 paradigm. Nat. Rev.
Immunol. 4, 583-594. doi: 10.1038/nril412

Xin, L., Li, Y., and Soong, L. (2007). Role of interleukin-1p in activating the
CDllchigh CD45RB™ dendritic cell subset and priming Leishmania
amazonensis- specific CD4" T cells in vitro and in vivo. Infect. Immun. 75,
5018-5026. doi: 10.1128/TAL.00499-07

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2020 Cardoso, Zaverucha-do-Valle, Almeida-Souza, Abreu-Silva and
Calabrese. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

16

August 2020 | Volume 11 | Article 1986


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1371/journal.pone.0155224
https://doi.org/10.1016/j.exppara.2006.09.013
https://doi.org/10.1093/intimm/dxh313
https://doi.org/10.1128/IAI.61.5.2266-2269.1993
https://doi.org/10.1038/nri933
https://doi.org/10.1101/pdb.prot4455
https://doi.org/10.1371/journal.pone.0226837
https://doi.org/10.1371/journal.pone.0226837
https://doi.org/10.1186/1297-9716-43-10
https://doi.org/10.14670/HH-11-965
https://doi.org/10.1046/j.0022-202x.2001.01680.x
https://doi.org/10.1146/annurev-micro-102215-095605
https://doi.org/10.1016/S1074-7613(03)00296-6
https://doi.org/10.1038/334260a0
https://doi.org/10.4049/jimmunol.173.11.6521
https://doi.org/10.1128/IAI.72.8.4455-4463.2004
https://doi.org/10.1128/IAI.00959-09
https://doi.org/10.1017/S003118201600024X
https://doi.org/10.1084/jem.20030159
https://doi.org/10.1016/j.micinf.2004.05.024
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.1128/JCM.r00764-11
https://doi.org/10.1016/j.micpath.2004.11.002
https://www.who.int/news-room/fact-sheets/detail/leishmaniasis
https://doi.org/10.1038/nri1412
https://doi.org/10.1128/IAI.00499-07
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Modulation of Cytokines and Extracellular Matrix Proteins Expression by Leishmania amazonensis in Susceptible and Resistant Mice
	Introduction
	Materials and Methods
	Animals
	Parasites
	Experimental Design
	Lesion Kinetics
	qPCR Primer Design
	DNA and mRNA Extraction
	qPCR Assay Conditions
	Statistical Analysis

	Results
	Parasite Load and Lesion Kinetics
	Cytokines and iNOS Expression Analysis
	Extracellular Matrix Component Analysis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions

	References

