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Abstract

Leishmania infantum infantum (LIl) is one of the species that causes visceral leishmaniasis
(VL) in the Old World, while L. infantum chagasi (LIC) is present in the New World. Few stud-
ies address biological differences or the behavior of these strains during infection. These
parasites live inside cells of their hosts, continuously evading microbicidal mechanisms and
modulating the immune responses of these cells. One of the mechanisms used by these
protozoa involves the L-arginine metabolism. Understanding the differences between Leish-
mania species and establishing an improved murine model for study of leishmaniasis are
matters of extreme importance. Thereby, the objectives of this work were to analyze the bio-
logical and molecular differences between two Leishmania infantum strains (LIl and LIC)
and the degree of susceptibility to infection of mice with different genetic backgrounds. The
infectivity in vivo and in vitro of LIl and LIC strains was evaluated in BALB/c and Swiss Web-
ster mice, as well the NOS and ARG activities. The LIl strain was more infective than the
LIC strain both in vivo and in vitro. In animals infected by the LIl and LIC strains, differences
in NOS and ARG activities occurred. In vitro, promastigotes of LIl isolated from BALB/c and
Swiss Webster mice showed higher ARG activity than LIC promastigotes during the growth
curve. However, no difference was observed in intracellular NO production by promasti-
gotes of these strains. The ARG gene sequences were compared, and those of both strains
were identical. However, despite the similarity, the strains showed different expression lev-
els of this gene. It can be concluded that although L. chagasi strains are considered identical
to L. infantum strains from a molecular point of view, these strains have different biological
behavior.

Introduction

Leishmaniases are a group of infectious diseases found worldwide and are caused by protozoa
of the genus Leishmania. These diseases are distributed in 200 countries or territories, and
approximately 20,000 deaths each year are attributed to them. These diseases can manifest in
various forms with different symptoms depending on the infecting species and the host’s
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immune response. Visceral leishmaniasis (VL) is the most lethal manifestation, with almost 0.5
million new cases each year. If not treated, the mortality rate can reach 100% in two years [1, 2].
Leishmania infantum is one of the species that causes VL and is present in the Mediterra-
nean Basin, the Middle East and South Asia. Some years ago, L. chagasi was considered a new
species of Leishmania causing visceral leishmaniasis in the New World. However, after genetic

sequencing studies, L. chagasi was determined to be identical to L. infantum, being denomi-
nated L. infantum (syn. L. chagasi) [3]. Nevertheless, other studies have considered these
strains as two subspecies, L. infantum infantum in the Old World and L. infantum chagasi in
the New World, based on antigenic differences [4]. For leishmaniases studies, knowing the
particularities of different species of Leishmania is extremely important. Few studies have
demonstrated biological differences between parasites of L. infantum infantum and L. infan-
tum chagasi or differences in their interactions with host cells. Thus, comparative studies
between the two parasites are important and widely needed.

Our previous studies have reported a possible relationship between infectivity and the meta-
bolic pathway of L-arginine not only in L. infantum chagasi but also in L. amazonensis and L.
braziliensis [5-7]. L-arginine is metabolized mainly by nitric oxide synthase (NOS) and arginase
(ARG) [8], and the amount of this accessible amino acid is critical for Leishmania proliferation
or death [9, 10]. NOS and ARG can act directly on the intracellular fate of the parasite in macro-
phages; NOS activity results in nitric oxide (NO) production, which is harmful to the parasite,
whereas ARG produces L-ornithine, which is essential for parasite proliferation [11-14]. As
reported, L-arginine metabolism is important during Leishmania infection. However, how it
functions in the host-parasite interaction and in strains from other regions is still unclear.

In experimental chemotherapy studies, the choice of the animal model is a primary issue.
Hamsters are one of the models used in VL studies. However, the use of these animals is still
limited due to high maintenance costs and manipulation difficulties. In addition, there is a dif-
ficulty in finding specific reagents, such as cellular markers for immunological assays [15, 16].
Thus, mice are generally the chosen models due to the ease of manipulation and the similarity
to the human genome [17]. This similarity allows the use of these animals to mimic human
leishmaniasis manifestations [18]. Resistance/susceptibility to Leishmania major infection has
been associated with the balance of Th1 and Th2 immune responses [19-21]. However, for
other Leishmania species, the profile is not so clear-cut, hampering the study of the pathophys-
iology of the disease and the development of novel drugs. BALB/c mice (inbred) are highly sus-
ceptible to infection by Leishmania spp. since they present a Th2 immune response and
develop chronic disease a few weeks post-infection. In addition, due to the genetic variation of
the human population, infections are quite heterogeneous, which makes it difficult to trace
similarities with infections in inbred mice. In accordance with the above information, the aim
of this work was to demonstrate biological differences between these two L. infantum strains
in vivo and in vitro, including differences in L-arginine metabolism, which are very important
for parasite survival. Moreover, this study compared the degree of susceptibility of mice with
different genetic backgrounds to infection by these parasites.

In this work, it was demonstrated that L. infantum infantum and L. infantum chagasi pres-
ent different behaviors during in vivo and in vitro infections. In addition, BALB/c and Swiss
Webster mice have different susceptibilities to infection by these strains.

Materials and methods
Parasites

Two parasite strains were used: Leishmania infantum infantum (MHOM/MA/67/ITMAP263);
hereafter called LII) and Leishmania infantum chagasi (MCAN/BR/97/P142); hereafter called
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LIC). In all protocols, infective isolates newly isolated from infected BALB/c and Swiss Web-
ster mice were used. Promastigote forms were cultured at 26°C in Schneider’s Insect Medium
(Sigma Aldrich, St. Louis, MO, USA) supplemented with 20% fetal calf serum (FCS), 100 U/
mL Penicillin G potassium and 100 pg/mL streptomycin, at pH 6.9.

Mice infection

Female BALB/c and Swiss Webster mice (6-8 weeks of age) were obtained from Instituto de
Ciéncia e Tecnologia em Biomodelos (ICTB, FIOCRUZ, Rio de Janeiro, Brazil). All procedures
involving animals were approved by the Ethics Committee on the Use of Animals at FIOCRUZ
(CEUA LW-026/15). Six groups of animals (5 mice/group) were infected or not by an intraper-
itoneal injection of 1 x 10%/100 pL stationary-phase Leishmania infantum promastigotes as fol-
lows: Group 1: noninfected BALB/c mice (Control); Group 2: BALB/c mice infected by the
LIC strain; Group 3: BALB/c mice infected by the LII strain; Group 4: noninfected Swiss Web-
ster mice (Control); Group 5: Swiss Webster mice infected by the LIC strain; and Group 6:
Swiss Webster mice infected by the LII strain. The animals were maintained for 30 or 60 days
post-infection (dpi), when they were euthanized in a CO, chamber and the organs (spleen and
liver) were aseptically removed for further analysis.

Limiting Dilution Analysis (LDA)

Parasite quantification in the spleen and liver was performed by the limiting dilution method.
Mice were euthanized at 30 or 60 dpi, and the organs were aseptically removed, weighed and
homogenized in Schneider’s medium supplemented with 20% FCS. The cells were placed in a
96-well plate containing Schneider’s medium plus 20% FCS and serially diluted. For 7 days,
the plates were maintained at 26°C, and the wells were examined daily using an inverted
microscope. The number of parasites/mg of tissue was estimated based on the total weight of
the removed tissue and the parasite load in the serial dilution according to Taswell [22, 23].

NOS activity in spleen and liver cultures

Nitric oxide (NO) present in the supernatants of cultures was evaluated indirectly by Green’s
method [24]. Briefly, cells from infected organs were maintained in culture for 48 h. After-
ward, 100 uL of supernatant were collected and mixed (v/v) with Griess reagent (0.1% N-
1-naphthyl-ethylenediamine dihydrochloride in a solution of 5% phosphoric acid and 1% sul-
fanilamide). After 10 min at room temperature, the NO production was measured at 540 nm,
using sodium nitrite in Schneider’s Insect Medium in a concentration range of 0.78 to 200 uM
as the standard.

ARG activity in spleen and liver cultures

Infected organ cells (1 x 107) were treated as previously described by Corraliza and collabora-
tors (1994) [25]. Briefly, spleen and liver cells were previously washed in sucrose and KCL
solution, and an anti-proteolytic buffer was added. After cell lysis, L-arginine (0.5 M) at pH 9.7
was added. The samples were incubated at 37°C, and the reaction was stopped by the addition
of an acidic solution (H,SO,4, H;PO, and water [1:3:7]). The amount of urea produced was
measured by adding 25 pL 9% o.-isonitrosopropiophenone in ethanol and heating at 100°C for
45 min. After 10 min in the dark, the absorbance was determined at 540 nm, using a urea solu-
tion in Schneider’s Insect Medium in a concentration range of 1.5 to 30 pg/mL as the
standard.
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Promastigote proliferation

Promastigotes were obtained from amastigotes freshly isolated from the four infected experi-
mental groups, named LIC.B (L. infantum chagasi isolated from BALB/c mice), LILB (L. infan-
tum infantum isolated from BALB/c mice), LIC.S (L. infantum chagasi isolated from Swiss
Webster), and LILS (L. infantum infantum isolated from Swiss Webster). Promastigotes with
up to 5 passages were cultured as previously described. The initial inoculum used was 5 x 10°
promastigotes/mL, and the cultures were counted daily for up to 7 days. Cells and supernatant
were collected for use in the determination of the percent of metacyclic forms, the infectivity
to macrophages, the activity of NOS and ARG gene sequencing and expression.

Metacyclogenesis of promastigotes

To compare the percentage of metacyclic parasites between the LIC.B, LIL.B, LIC.S and LIL.S
groups during in vitro proliferation assay, a complement lysis test was performed. At 48, 72
and 96 h of the growth curve, the parasites were collected and washed in PBS, and the suspen-
sion was adjusted to 1 x 10° parasites/mL in PBS and was incubated with 20% human comple-
ment (Sigma Aldrich). After 30 min, the number of resistant parasites was counted, and the
percentage of metacyclic cells was calculated.

Infectivity to peritoneal macrophages

Peritoneal macrophages were removed from BALB/c and Swiss Webster mice to evaluate the
infectivity of the four isolates of the two Leishmania strains (LIC.B, LIL.S, LIC.B and LIC.S).
Mouse peritoneal cavities were washed with ice-cold RPMI 1640 medium (Sigma Aldrich)
supplemented with 10% FCS and 2 mM L-glutamine. The cells were adjusted to 2 x 10> macro-
phages/well (0.4 mL/well), placed in Lab-Tek eight-chamber slides and maintained for 1 h at
37°C with 5% CO,. Stationary-phase promastigotes were added to the cell cultures at a ratio of
5:1 (parasites/macrophage) and maintained overnight, followed by the removal of noninterna-
lized parasites with successive washes with RPMI 1640 medium. Cultures were kept for 24 or
72 h, and cells were stained with Fast Panotic (Laborclin, Pinhais, PR, Brasil). Using light
microscopy, the percentage of infected macrophages was determined. On each coverslip, at
least 200 cells were randomly counted in triplicate. The infection index was calculated by the
following formula:

(% of infected macrophages x number of amastigotes)

Infection index =
total number of macrophages

NOS and ARG activities in promastigotes

To evaluate the NO production within promastigotes (LIC.B, LILS, LIC.B and LIC.S), the par-
asites (2 x 10%/mL) were incubated with 200 uL of L-arginine solution and 5 uM 4,5-diamino-
fluorescein diacetate (DAF-2DA-Sigma) for 2 h at room temperature. The resulting
fluorescent compound was measured by fluorimetry with an emission wavelength at 485 nm
and an excitation wavelength at 530 nm [26, 27]. The assay specificity was confirmed using
RAW 264.7 cells as a positive control. To analyze the ARG activity, promastigotes (1 x 10”) cul-
tivated in Schneider’s medium plus 20% FCS were harvested at 48, 72 and 96 h. The amount of
urea produced by them was measured as previously described.

RNA purification, cDNA synthesis and qPCR of ARG

Total RNA was extracted from 107 promastigotes of the four isolates, LIC.B, LILS, LIC.B and
LIC.S, using TRIzol reagent (Invitrogen, Carlsbad, CA, EUA) following the manufacturer’s
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protocol. RNA (2 pg) was reverse transcribed through the GoScript™ Reverse Transcription
System performed with Oligo(dT),s (Promega, Madison, Wisconsin, EUA) according to the
manufacturer’s instructions. The resultant cDNA was quantified in a Qubit 2.0 Fluorimeter
(Thermo Fischer) and kept at - 20°C. Gene expression by qPCR was evaluated using a ViiA™7
Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA). All reactions were per-
formed as biological triplicates and technical duplicates using a GoTaq® qPCR Master Mix
Kit (Promega). The primers were designed according to the ARG gene sequence
(Lin].35.1490) obtained from the TriTrypDB.org platform (ARG: PF- 5’ GTGTGGTACGGTC
TCCGGTA 3';PR-5" GIGTGGTACGGTCTCCGGTA 3'). Alpha-tubulin and GAPDH
were used as housekeeper genes (Alpha-tubulin: PF- 5’ CAGGTGGTGTCGTCTCTGAC 3';
PR- 5’ TAGCTCGTCAGCACGAAGTG 3’ ). Fluorescence readings were performed under
the following conditions: pre-incubation at 95°C for 10 min, 40 cycles of amplification at 95°C
for 30 s, and 60°C for 60 s. Gene expression analyses were performed using QuantStudio™ Soft-
ware V1.2 (Applied Biosystems) based on ACt methods.

Sequencing of the ARG gene

The ARG gene was amplified by conventional PCR from promastigote DNA. DNA from LIC.
B, LIL.S, LIC.B and LIC.S parasites was extracted using the Genomic DNA Purification Kit
protocol (Thermo Fisher). Conventional PCR was performed with 50 ng DNA, GoTaq® Hot
Start Master Mix 2x (Promega), specific primers (5’ CGCATATGATGGAGCACGTGCA 3’
and 5’ CGGGATCCCTACAGTTTGGCG 3’)and DEPC-treated water up to 25 pL. PCR
amplification was performed with a programmable thermal cycler (Applied Biosystems). The
amplification protocol was carried out as follows: 1 cycle at 95°C; 30 cycles of 30 s at 94°C, 30 s
at 58°C, and 40 s at 72°C; and 1 cycle of 5 min at 72°C. Next, 200 ng of purified DNA and spe-
cific primers (described above) were used for Sanger sequencing using a Sequence Scanner
(Applied Biosystems). The results were analyzed using the BioEdit program (Ibis Biosciences,
Carlsbad, CA, USA).

Statistical analysis

The means and standard deviations were determined from at least three independent experi-
ments. Statistical analyses were performed with the program GraphPad Prism 5 (GraphPad
Software, USA). The ANOVA test was applied followed by Tukey’s post-test, and p values less
than 0.05 were considered significant.

Results
Parasite load

Initially, BALB/c and Swiss Webster mice were infected (i.p.) with 1 x 10%/100 uL promasti-
gotes of L. infantum infantum (LII) and L. infantum chagasi (LIC). Mice were kept for 30 or 60
days post-infection (dpi) until euthanasia. Total spleen weight was analyzed, and no alterations
were observed in BALB/c mice infected with the LIC or LII strain at 30 and 60 dpi. In Swiss
Webster mice infected with LII and LIC strains at 60 dpi, the spleen weight was significantly
(p < 0.05) higher than in noninfected counterparts (Fig 1A). No significant difference was
observed in the liver weight between noninfected and corresponding infected groups. The
LDAs of the spleen and liver cells of infected mice showed significant differences in the para-
sitic load among the different infected groups. In the spleen, this parameter was significantly
higher at 60 dpi than at 30 dpi in three experimental groups, except in Swiss Webster mice
infected by the LIC strain (Fig 1B). Comparing the LI and LIC strains, the former was always
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Fig 1. Evaluation of in vivo infection of two L. infantum strains. (A) Spleen weights of BALB/c and Swiss Webster mice infected by L. infantum strains. (B)
Parasite load in the spleens of infected mice. (C) Nitrite levels (NOS activity) of spleen cell cultures. (D) Urea levels (ARG activity) of spleen cell cultures. BALB/
c and Swiss Webster mouse infections were maintained for 30 or 60 dpi. The number of parasites/mg of tissue was estimated based on the total weight of the
spleen removed and the parasite load in the serial dilution. The nitrite and urea levels were measured by spectrophotometry at 540 nm. Control: noninfected

mice; LII (L. infantum infantum); LIC (L. infantum chagasi). *p < 0.05; **p < 0.0009; ***p < 0.0001. The values are represented by mean + standard deviation
of 3 independent experiments with 5 animals in each group.

https://doi.org/10.1371/journal.pone.0230545.9001

more infective in both mouse lineages. In BALB/c mice at 60 dpi, the LII strain was approxi-
mately 3 times more infective than the LIC strain. In the liver, although there were lower
amounts of parasite than in the spleen, a greater parasite burden was also detected in the case
of LII infection (S1A Fig).

In vivo NOS and ARG activities

Since NOS and ARG enzymes are regulated by cytokines related to Th1- and Th2-type immu-
nological response profiles, their activities may indicate the susceptibility/resistance to infec-
tion in different murine models [28]. After 48 h of incubation of the spleen and liver cell
cultures, supernatants were used to indirectly quantify the activities of NOS (by nitrite levels)
and ARG (by urea production). As expected, there were significant increases (p < 0.0001) in
nitrite levels due to Leishmania infection at both 30 and 60 dpi. In BALB/c mice, higher NO
levels in spleen cultures were observed after infection with the LIC strain when compared to
the LII strain, with the differences for the two parasite strains being statistically significant

(p <0.05) at 60 dpi (Fig 1C). In Swiss Webster mice, there were no significant differences
between the infections with LIC and LII strains. In liver cultures from BALB/c mice, infection
by the LIC strain showed higher nitrite levels than infection by the LII strain at both 30 and 60
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dpi. In Swiss Webster mice, significant differences (p < 0.009) were observed only at 60 dpi,
when LIC infection showed higher nitrite levels compared to LII one (S1B Fig).

Analysis of ARG in spleens from both mouse lineages revealed an overall decrease in the
enzyme activity compared to noninfected controls. For BALB/c mice infected by the LIC strain
at 30 dpi, there was a significant decrease (p < 0.0001) in ARG activity in comparison with the
corresponding noninfected control (Fig 1D), while such a decrease was not observed in those
animals infected by the LII strain. In fact, mice infected by the LII strain showed higher ARG
activity (p < 0.0001) than those infected by the LIC strain. However, at 60 dpi, a decrease in
ARG activity (p < 0.0001) was observed in BALB/c mice infected with LIC or LII strains when
compared with noninfected mice. Nevertheless, mice infected by the LII strain still showed
more ARG activity (p < 0.05) than those infected by the LIC strain. In Swiss Webster mice, the
ARG activity was significantly smaller in groups infected by the LIC and LII strains than in the
uninfected control at both 30 and 60 dpi. In addition, no differences were observed between
the two infected groups. Interestingly, in assays with liver cell cultures, a significant decrease
(p £0.0001) in ARG was observed in both mouse lineages infected by LIC or LII strains at 30
and 60 dpi (S1C Fig).

In vitro biological behaviour of LII and LIC

Since L. infantum strains (L. infantum infantum and L. infantum chagasi) showed differences
in infectivity in the two murine lineages evaluated, our next step was to analyze their in vitro
behavior and the potential influence of the host on these strains through promastigotes prolif-
eration and metacyclogenesis. First, promastigotes were obtained from amastigotes from the
four infected groups generating the isolates: LIC.B (L. infantum chagasi isolated from BALB/c
mice), LILB (L. infantum infantum isolated from BALB/c mice), LIC.S (L. infantum chagasi
isolated from Swiss Webster mice), and LILS (L. infantum infantum isolated from Swiss Web-
ster mice). In general, the proliferation profiles of the two Leishmania strains were similar,
since the late log phase was between the 3" and 4™ days of growth. However, the parasite con-
centration of LII (LIL.B and LILS) was higher than that of LIC (LIC.B and LIC.S), with signifi-
cant differences from the 2" to 6 days of culture (Fig 2).

Although the four isolates presented the same growth profile, their proliferation rates were
different. Therefore, the next step was to evaluate whether these parasites present differences
in percentage of metacyclic forms in culture, using the complement lysis test at different times
(48, 72 and 96 h). At all times evaluated, the percentage of complement-resistant cells was sig-
nificantly higher in L. infantum infantum isolated from BALB/c and Swiss Webster mice, sug-
gesting that L. infantum infantum could be more infective than L. infantum chagasi,
independent of the mouse lineage from which it was isolated (Table 1). It is important to note
that the highest percentage of metacyclic forms was seen at 72 h, coinciding with the late log
phase of the growth curve.

To confirm the hypothesis that the LII strain is more infective than the LIC strain, the four
parasite isolates from BALB/c and Swiss mice were used to infect peritoneal macrophages
obtained from the same mice from which they were isolated (Fig 3). After 24 or 72 h, the infec-
tion index was calculated.

As expected, infection rates were higher at 72 h than at 24 h (Fig 4A and 4B). In macro-
phages from BALB/c mice (Fig 4A), the LII strain from both mouse lineages (LII.B and LIL.S)
was more infective than the LIC strain at both 24 and 72 h and presented the highest percent-
ages of infected macrophages (except LILS at 72h). In macrophages from Swiss Webster mice,
the LII strain again proved to be more infective than the LIC strain at both times analyzed, but
only the LILS at 24 h showed a significant difference in the percentage of infected (Fig 4B).
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Fig 2. In vitro proliferation of promastigote forms. Promastigotes were obtained from amastigotes freshly isolated from the four infected experimental
groups and cultivated for 7 days. The parasites were counted daily, and the growth profile was evaluated. LIC.B (L. infantum chagasi isolated from BALB/c
mice); LILB (L. infantum infantum isolated from BALB/c mice); LIC.S (L. infantum chagasi isolated from Swiss Webster mice); and LILS (L. infantum
infantum isolated from Swiss Webster). *p < 0.05; **p < 0.009; ***p < 0.0001. The values are represented by mean + standard deviation of 3 independent
experiments realized in experimental triplicate.

https://doi.org/10.1371/journal.pone.0230545.9002

Comparing the mouse lineages, macrophages from BALB/c mice were more susceptible to
infection than those from Swiss Webster mice based on the higher infection rates. These data
reinforced those obtained in metacyclogenesis and in vivo experiments.

NOS activity

NOS activity was evaluated in promastigotes derived from amastigotes isolated from the four
experimental groups, i.e., LILB, LIC.B, LIL.S and LIC.S. Interestingly, the intracellular NO

Table 1. Evaluation of the metacyclogenesis for the four Leishmania isolates.

% metacyclic parasites

Time BALB/c Swiss Webster
LIL.B LIC.B LIL.S LIC.S
48h 56.0 £ 5.7°* 27.0£3.0 49.0 £ 7.8* 22.0+35
72h 75.0 £ 3.5%* 38.0+2.0 68.0 + 4.2%* 340+ 6.4
96h 56.0 £ 1.4* 31.0+ 14 43.0 £ 6.4* 18.0+1.4

Percentage of metacyclic forms was determined by complement lysis test. LIC.B (L. infantum chagasi isolated from BALB/c mice); LIL.B (L. infantum infantum isolated
from BALB/c mice); LIC.S (L. infantum chagasi isolated from Swiss Webster mice); LILS (L. infantum infantum isolated from Swiss Webster mice).

*p < 0.0009;

**p < 0.0001. Comparison of metacyclic form percentages observed on LII and LIC isolates from each mouse lineage. The values are represented by mean + standard

deviation of 3 independent experiments realized in experimental triplicate.

https://doi.org/10.1371/journal.pone.0230545.t001
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Fig 3. Workflow of in vitro infection. Four L. infantum isolates were used to infect peritoneal macrophages from BALB/c and Swiss Webster mice, at a ratio of
5:1 (parasite/macrophage). The infections were maintained for 24 or 72 h. M@ (macrophage); LIC.B (L. infantum chagasi isolated from BALB/c mice); LILB (L.
infantum infantum isolated from BALB/c mice); LIC.S (L. infantum chagasi isolated from Swiss Webster mice); and LILS (L. infantum infantum isolated from
Swiss Webster mice).

https://doi.org/10.1371/journal.pone.0230545.9g003

production in the four isolates showed no significant differences, possibly because the LII and
LIC strains produced similar basal NO levels (Fig 5A).

ARG activity and gene expression

ARG activity in promastigotes of the four isolates was measured after 48 to 96 h in culture. The
highest enzyme levels were obtained at 72 h of culture. At all evaluated points, LII isolated
from BALB/c and Swiss Webster mice (LIL.B and LILS) showed higher urea levels compared
to LIC, demonstrating the highest ARG activity (Fig 5B). Higher enzyme levels occurred in LII
parasites with higher percentages of metacyclic forms, suggesting that ARG activity may be
related to the parasite infectivity. Since LII and LIC strains showed differences in the in vitro
ARG activity, the expression of this enzyme was evaluated in the four Leishmania isolates. As
observed, LILS parasites (L. infantum infantum isolated from Swiss Webster) showed an
increase (p < 0.05) in ARG expression compared to LIC.S (L. infantum chagasi isolated from
Swiss Webster) (Fig 5C), indicating that such activity differences may be associated with the
enzyme gene. Thus, to identify genetic differences in the ARG gene, Sanger sequencing was
performed. However, upon analyzing the four Leishmania isolates, no differences were
observed between the ARG sequences of the LII and LIC strains. Thus, it is possible to state
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Fig 4. Infectivity of the four Leishmania isolates to peritoneal macrophages. (A) Infection index in macrophages from BALB/c mice (top) and percentage of
infected macrophages (bottom). (B) Infection index in macrophages from Swiss Webster mice (top) and percentage of infected macrophages (bottom).
Peritoneal murine macrophages were infected (overnight) by stationary-phase promastigotes (MOI: 5:1), and cultures were maintained for 24 or 72 h. On each
coverslip, at least 200 cells were randomly counted, and infection index was calculated using the following formula: % infected macrophages x number of
amastigotes)/total number of macrophages. M@ (macrophage); LIC.B (L. infantum chagasi isolated from BALB/c mice); LILB (L. infantum infantum isolated
from BALB/c mice); LIC.S (L. infantum chagasi isolated from Swiss Webster mice); and LILS (L. infantum infantum isolated from Swiss Webster mice).

*p <0.05; *p < 0.0001. The values were represented by mean + standard deviation of 3 independent experiments realized in experimental triplicate.

https://doi.org/10.1371/journal.pone.0230545.9004

that the strains are molecularly equal (relative to the ARG gene) and identical to the L. infan-
tum sequence deposited in the TriTrypDB database.

Discussion and conclusions

Visceral leishmaniasis (VL) is a tropical disease that affects millions of people and can lead to
death. Therefore, the study of this pathology, as well as the understanding of the characteristics
of its etiological agents, are of fundamental importance. As previously reported, the classifica-
tion of the parasite responsible for American visceral leishmaniasis (AVL) is still controversial.
Considering L. infantum chagasi (LIC) as a different species or as a synonymous of L. infantum
infantum (LII) must take into account the biological, biochemical and pathogenic behaviors
[29]. In the literature, there are several studies demonstrating specific genetic and molecular
variations among L. infantum isolates from different geographic regions [30]. However, few
studies have addressed the biological differences and the behavior of these strains during infec-
tion. In this work, it was reported that LIC and LII strains presented differences in infectivity
and survival capacity in two different murine models.
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Fig 5. In vitro NOS and ARG activities. (A) NOS activity of promastigotes. (B) ARG activity by urea production by promastigotes. (C) Relative expression of
the arginase gene. The intracellular NO production was detected by DAF-2DA labeling. RAW 264.7 macrophages were used as the positive control. The urea
production was measured by spectrometry at 540 nm. The relative expression of the arginase gene was evaluated by qRT-PCR. The alfa-tubulin gene was used
as the reference gene. LIC.B (L. infantum chagasi isolated from BALB/c mice); LILB (L. infantum infantum isolated from BALB/c mice); LIC.S (L. infantum
chagasi isolated from Swiss Webster mice); and LILS (L. infantum infantum isolated from Swiss Webster mice). *p < 0.05; **p < 0.009; ***p < 0.0009;

****p < 0.0001. The values are represented by mean + standard deviation of 3 independent experiments realized in experimental triplicate.

https://doi.org/10.1371/journal.pone.0230545.9g005

Genetic factors dependent on the mouse lineage interfere with the success of experimental
infection, leading to differences in disease development. Thus, the choice of animal model is of
great relevance since the genetic background influences both immunological and pharmaco-
logical responses to chemotherapeutic agents. It has already been established that different ele-
ments of the host’s immune response directly influence the course of infection [31, 32]. In the
L. major infection model in C57BL/6 and BALB/c mice, the T-helper cell-mediated response
plays a key role in infection control [33]. Such an immune response is determined by environ-
mental and genetic factors, explaining different susceptibilities to infection in mice with differ-
ent genetic backgrounds. In the present study, BALB/c mice (inbred lineage) were more
susceptible to Leishmania infantum infection than Swiss Webster mice (outbred lineage).
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Parasites of the genus Leishmania have the ability to modulate the infected host’s immune
response to increase their chances of intracellular survival [34]. One of these mechanisms is
the uptake of L-arginine, a substrate used by the enzyme iNOS, in order to suppress NO pro-
duction in the host and to inhibit the release of pro-inflammatory cytokines [35]. This process
leads to an increase in ARG activity, which in turn can be modulated by the parasite. The data
here obtained demonstrated that spleen and liver cells from infected mice produced different
NO levels, with the highest levels observed in LIC strain-infected BALB/c cells. Interestingly,
although infected spleen cells produced more NO than uninfected ones, both the LIC and LII
strains were still able to survive and multiply within the host, increasing parasite load at 60 dpi,
especially in the case of the LII strain. Marques and collaborators (2015) [36] have reported
that LII parasites were able to survive high amounts of NO added to the culture. Regarding
ARG activity, lower urea production was observed in the spleen and liver of infected animals
when compared to uninfected controls. However, spleen cells from BALB/c infected by the LII
strain showed higher urea production than the other infected groups. This higher ARG pro-
duction may be correlated with higher parasite loads and parasite survival observed in spleen
cells. Taken together, the results of NOS and ARG activities suggest that different strains of L.
infantum may influence the infected host L-arginine metabolism in different ways.

In addition to the host’s ability to respond to infection, the biological differences between
the parasite strains and parasite species, should be considered. Previous studies have shown
that L. infantum isolates belonging to the same zymodeme may present different sensitivities
to the host’s immune response. This may be related to parasite virulence factors [29]. In addi-
tion, there are studies indicating that differences in infectivity between L. infantum strains
could be related to parasite modulation of the L-arginine metabolic enzyme expression during
mice infection [34]. Studies evaluating differences between parasites from different geographic
regions are needed. Therefore, the present study aimed to evaluate some biological and molec-
ular characteristics of different L. infantum strains and their behavior when isolated from dif-
ferent hosts (LIC.B, LIL.B, LIC.S and LILS). Both LII isolates (LIL.B and LII.S) showed a higher
growth rate than LIC.B and LIC.S, even considering that all four isolates present the same pro-
liferation profile. The infectivity and behavior of these parasites during infection in macro-
phages from the same hosts from which they were isolated were also evaluated. As in the in
vivo results, the LII strain was shown to be more infective by the percentage of metacyclic
forms in culture, as well as by the infection index in murine macrophages. In addition, macro-
phages from mice with different genetic backgrounds also presented different susceptibilities
to in vitro infection.

As reported, Leishmania can modulate the host’s L-arginine metabolism. Therefore, it is of
great interest to establish a relationship between the levels of NOS and ARG induction and
inhibition in intracellular parasites, as well as in the infected host cell itself. However, few stud-
ies have reported differences in the L-arginine metabolic enzymes activity, mainly comparing
promastigotes from different strains of L. infantum. Thereby, the intracellular NO production
by promastigotes of L. infantum strain isolates from different hosts was evaluated using the
fluorescent indicator DAF-2DA. However, no significant differences were observed among
the four isolates. As demonstrated by Balestieri and collaborators (2002) [37], inhibition of
iNOS activity was observed in Leishmania-infected macrophages followed by reduction in NO
production, indicating the parasite’s ability to evade host cell defense mechanisms.

The existence of NOS in Leishmania spp. [6], as well as in Trypanosoma cruzi [38], has
already been reported. However, the identification of the gene responsible for encoding this
enzyme in trypanosomatids [39] is insufficient in the literature and in genomic databases,
making it difficult to search for molecular differences in NOS among Leishmania strains.
However, the ARG gene is already well described, thus allowing several analyses to be
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performed. In this work, it was demonstrated that L. infantum strains isolated from different
hosts presented distinct ARG activities during their proliferation. However, LII and LIC
strains showed higher enzyme activity on the third day of culture, when parasites reached the
stationary phase. To search for possible differences in ARG gene sequences and in relative
enzyme expression, Sanger sequencing and qPCR assays were performed. As a result, it was
found that the ARG gene sequence was identical in LIC and LII strains and identical to the
sequence deposited in the online database TriTryp. However, the strains isolated from differ-
ent hosts presented different mRNA expression levels relative to each other, which may be
related to posttranscriptional changes.

Data presented in this study indicate that strains of L. infantum from the Old and New
Worlds present different biological behaviors, although they are considered identical by some
authors. This demonstrates the importance of conducting further studies on these differences,
as this may assist in the search for better alternatives to combat these parasites.

It was also concluded that mice with different genetic backgrounds present different sus-
ceptibilities to infection by L. infantum strains, both in vivo and in vitro. This reinforces the
importance of the search for ideal animal models to study the leishmaniasis pathophysiology.
Before starting a study, it is necessary to verify how each animal model behaves during infec-
tion by a certain pathogen. This leads to a better control of the host’s interference in the experi-
mental phenomenon to be analyzed, when this interference is not part of the objectives. In
addition, L. infantum strains demonstrated differences in L-arginine metabolism, which
should be better studied during the host-parasite relationship. These differences may be related
to disease pathogenesis since the nitric oxide synthase and arginase enzymes have been related
to the modulation of the host’s response to infection.

Supporting information

S1 Fig. Evaluation of in vivo infection of two L. infantum strains. (A) Parasite load in the liv-
ers of infected mice. (B) Nitrite levels (NOS activity) of liver cell cultures. (C) Urea levels (ARG
activity) of liver cell cultures. BALB/c and Swiss Webster mice infections were maintained at
30 or 60 dpi. The number of parasites/mg of tissue was estimated based on total weight of the
liver removed and the parasite load in the serial dilution. The nitrite and urea levels were mea-
sured by spectrophotometry at 540 nm. Control: noninfected mice; LII (L. infantum infan-
tum); LIC (L. infantum chagasi). *p < 0.05; **p < 0.009; ***p < 0.0001. The values are
represented by mean * standard deviation of 3 independent experiments with 5 animals in
each group.

(TIF)

Acknowledgments

We are grateful to the support given by Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico (CNPq) and Instituto Oswaldo Cruz (Fiocruz).

Author Contributions
Conceptualization: Raquel Ferreira Rodrigues, Leonor Laura Leon.

Data curation: Taiana Ferreira-Paes, Karen dos Santos Charret, Raquel Ferreira Rodrigues,
Leonor Laura Leon.

Formal analysis: Taiana Ferreira-Paes, Karen dos Santos Charret, Raquel Ferreira Rodrigues.

Funding acquisition: Leonor Laura Leon.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230545 December 3, 2020 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0230545.s001
https://doi.org/10.1371/journal.pone.0230545

PLOS ONE

Comparative aspects of Leishmania infantum strains

Investigation: Taiana Ferreira-Paes, Merienny Ramos da Silva Ribeiro, Raquel Ferreira
Rodrigues.

Methodology: Taiana Ferreira-Paes, Karen dos Santos Charret, Merienny Ramos da Silva
Ribeiro, Raquel Ferreira Rodrigues.

Project administration: Raquel Ferreira Rodrigues, Leonor Laura Leon.
Resources: Leonor Laura Leon.
Supervision: Raquel Ferreira Rodrigues, Leonor Laura Leon.

Writing - original draft: Taiana Ferreira-Paes, Karen dos Santos Charret, Raquel Ferreira
Rodrigues, Leonor Laura Leon.

Writing - review & editing: Taiana Ferreira-Paes, Leonor Laura Leon.

References
1.  WHO. Weekly epidemiological record. No 38. 2017; 92: 557-572.

2. WHO. Leishmaniases [Internet]. Available from: https://www.who.int/leishmaniasis/disease/
clinicalformes_leishmaniases/

3. Mauricio IL, Stothard JR, Miles MA. The Strange Case of Leishmania chagasi. Parasitol. Today. 2000;
16:188-189. https://doi.org/10.1016/s0169-4758(00)01637-9 PMID: 10782075

4. Lainson R, Shaw JJ. New World Leishmaniasis. In: Cox FEG, Wakelin D, Gillespie SH, Despommier
DD, editors. Topley & Wilson’s Microbiology and Microbial Infections: parasitology. 10th Ed. London:
Hodder Arnold ASM Press. 2005; p. 313-349.

5. Géigel LF, Leon LL. Cyclic 3'-5’ guanosine monophosphate-dependent activity in Leishmania amazo-
nensis. Mem Inst Oswaldo Cruz. 2003; 98(4): 499-500. https://doi.org/10.1590/s0074-
02762003000400012 PMID: 12937761

6. Genestra M, Souza WJ, Cysne-Finkelstein L, Leon LL. Comparative analysis of the nitric oxide produc-
tion by Leishmania sp. Med. Microbiol. Immunol. 2003a; 192(4): 217—-223. https://doi.org/10.1007/
s00430-003-0176-z PMID: 12827512

7. Genestra M, Cysne-Finkelstein L, Guedes-Silva D, Leon LL. Effect of L-arginine analogs and a calcium
chelator on nitric oxide (NO) production by Leishmania spp. J Enz Inhibit Med Chem. 2003b; 18
(5):445-452. https://doi.org/10.1080/1475636031000138787

8. Morris SM Jr. Arginine Metabolism Revisited. J Nutr. 2016; 146(12):2579S-2586S. https://doi.org/10.
3945/jn.115.226621 PMID: 27934648

9. Soares-Bezerra RJ, da Silva EF, Echevarria A, Gomes-da-Silva L, Cysne-Finkelstein L, Monteiro FP,
et al. Effect of mesoionic 4-phenyl-5-(cinnamoyl)-1,3,4-thiadiazolium-2-phenylamine chloride derivative
salts on the activities of the nitric oxide synthase and arginase of Leishmania amazonensis. J Enz Inhib
Med Chem. 2008; 23(3):328-333. https://doi.org/10.1080/14756360701585619 PMID: 18569335

10. Da Silva MF, Floeter-Winter LM. Arginasein Leishmania. Subcell Biochem. 2014; 74:103—117. https://
doi.org/10.1007/978-94-007-7305-9_4 PMID: 24264242

11.  Mori M, Gotoh T. Regulation of nitric oxide production by arginine metabolic enzymes. Biochem Biophys
Res Commun. 2000; 7: 275(3):715-719. https://doi.org/10.1006/bbrc.2000.3169 PMID: 10973788

12. Brandonisio O, Panaro MA, Sisto M, Acquafredda A, Fumarola L, Leogrande D et al. Nitric oxide pro-
duction by Leishmania-infected macrophages and modulation by cytokines and prostaglandins. Parasi-
tol. 2001; 43, Supl 1:1-6. PMID: 12078472

13. Acufa SM, Aoki JI, Laranjeira-Silva MF, Zampieri RA, Fernandes JCR, Muxel SM, et al. Arginase
expression modulates nitric oxide production in Leishmania (Leishmania) amazonensis. PLoS One.
2017;1 2(11): e0187186. https://doi.org/10.1371/journal.pone.0187186 PMID: 29135983

14. Garcia AR, Oliveira DMP, Claudia F Amaral A, Jesus JB, Rennd Sodero AC, Souza AMT, et al. Leish-
mania infantum arginase: biochemical characterization and inhibition by naturally occurring phenolic
substances. J Enz Inhib Med Chem. 2019; 34(1): 1100—1109. https://doi.org/10.1080/14756366.2019.
1616182 PMID: 31124384

15. Rodrigues RF. Eficacia terapéutica dos compostos mesoidnicos no modelo experimental murino de
infeccéo por Leishmania (L.) amazonensis. M.Sc Thesis Instituto Oswaldo Cruz, Rio de Janeiro. 2007.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230545 December 3, 2020 14/16


https://www.who.int/leishmaniasis/disease/clinicalformes_leishmaniases/
https://www.who.int/leishmaniasis/disease/clinicalformes_leishmaniases/
https://doi.org/10.1016/s0169-4758(00)01637-9
http://www.ncbi.nlm.nih.gov/pubmed/10782075
https://doi.org/10.1590/s0074-02762003000400012
https://doi.org/10.1590/s0074-02762003000400012
http://www.ncbi.nlm.nih.gov/pubmed/12937761
https://doi.org/10.1007/s00430-003-0176-z
https://doi.org/10.1007/s00430-003-0176-z
http://www.ncbi.nlm.nih.gov/pubmed/12827512
https://doi.org/10.1080/1475636031000138787
https://doi.org/10.3945/jn.115.226621
https://doi.org/10.3945/jn.115.226621
http://www.ncbi.nlm.nih.gov/pubmed/27934648
https://doi.org/10.1080/14756360701585619
http://www.ncbi.nlm.nih.gov/pubmed/18569335
https://doi.org/10.1007/978-94-007-7305-9_4
https://doi.org/10.1007/978-94-007-7305-9_4
http://www.ncbi.nlm.nih.gov/pubmed/24264242
https://doi.org/10.1006/bbrc.2000.3169
http://www.ncbi.nlm.nih.gov/pubmed/10973788
http://www.ncbi.nlm.nih.gov/pubmed/12078472
https://doi.org/10.1371/journal.pone.0187186
http://www.ncbi.nlm.nih.gov/pubmed/29135983
https://doi.org/10.1080/14756366.2019.1616182
https://doi.org/10.1080/14756366.2019.1616182
http://www.ncbi.nlm.nih.gov/pubmed/31124384
https://doi.org/10.1371/journal.pone.0230545

PLOS ONE

Comparative aspects of Leishmania infantum strains

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Mears ER, Modabber F, Don R, Johnson GE. A Review: The current in vivo models for the Discovery
and utility of new anti-leishmanial drugs targeting cutaneous leishmaniasis. Plos Neg Trop Dis. 2015; 9
(9): e0003889. https://doi.org/10.1371/journal.pntd.0003889 PMID: 26334763

Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril JF, Agarwal P et al. Initial sequencing and
comparative analysis of the mouse genome. Nature. 2002; 420: 520-562. https://doi.org/10.1038/
nature01262 PMID: 12466850

Yardley V & Croft SL. In: Handbooks of animal models of infection. Experimental models in antimicrobial
chemotherapy. Cap. 93 Animal models of cutaneous leishmaniasis. 1sted. San Diego: Academic
Press; 1999. p. 775-781.

Scharton-Kersten T, Scott P. The role of the innate immune response in Th1 cell development following
Leishmania majorinfection. J Leukoc Biol. 1995; 57(4):515-522. https://doi.org/10.1002/jIb.57.4.515
PMID: 7722408

Sacks D, Noben-Trauth N. The immunology of susceptibility and resistance to Leishmania majorin
mice. Nat Rev Immunol. 2002; 2(11):845-858. https://doi.org/10.1038/nri933 PMID: 12415308

Maspi N, Abdoli A, and Ghaffarifar F. Pro- and anti-inflammatory cytokines in cutaneous leishmaniasis:
a review. Pathog Glob Health. 2016; 110(6):247—260. https://doi.org/10.1080/20477724.2016.
1232042 PMID: 27660895

Taswell C. Limiting dilution assays for the determination of immunocompetent cell frequencies |. Data
analysis. J. Immunol. 1981; 126 (4):1614—1619. PMID: 7009746

Taswell C. Limiting dilution assays for the determination of immunocompetent cell frequencies. Il. Valid-
ity tests for the single-hit Poisson model. J. Immunol. Methods. 1984; 72(1):29-40. https://doi.org/10.
1016/0022-1759(84)90430-7 PMID: 6611376

Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS. Analysis of nitrate, nitrite, and ['°N]
nitrate in biological fluids. Anal Biochem. 1982; 126: 131-138. https://doi.org/10.1016/0003-2697(82)
90118-x PMID: 7181105

Coraliza ML, Campo ML, Soler G, Modolell M. Determination of arginase activity in macrophages: a
micro method. J Immunol Methods. 1994; 174:231-235. https://doi.org/10.1016/0022-1759(94)90027-
2 PMID: 8083527

Chatton JY, Broillet MC. Detection of nitric oxide production by fluorescent indicators. Meth. Enzymol.
2002; 359: 134—148. https://doi.org/10.1016/S0076-6879(02)59178-3

Zhou X, He P. Improved measurements of intracellular nitric oxide in intact micro vessels using 4,5-dia-
minofluorescein diacetate. Am J Physiol HeartCirc Physiol. 2011; 301(1):H108-114. https://doi.org/10.
1152/ajpheart.00195.2011 PMID: 21536843

Vincendeau P, Gobert AP, Daulouéde S, Moynet D, Mossalayi MD. Arginases in parasitic dis-
eases. Trends Parasitol. 2003; 19(1):9-12. https://doi.org/10.1016/s1471-4922(02)00010-7
PMID: 12488215

Silveira FT, Corbett CEP. Leishmania chagasi Cunha & Chagas, 1937: Nativa ou introduzida? Uma
breve revisdo. Rev Pan-Amaz Saude. 2010; 1(2):143-147. https://doi.org/10.5123/S2176-
62232010000200018

Baptista-Fernandes T, Marques C, Roos Rodrigues O, Santos-Gomes GM. Intra-specific variability of
virulence in Leishmania infantum zymodeme MON-1 strains. Comp. Immunol. Microbiol. Infect. Dis.
2007; 30(1): 41-53. https://doi.org/10.1016/j.cimid.2006.10.001 PMID: 17109961

Basselin M, Badet-Denisot MA, Lawrence F, Robert-Gero M. Effects of pentamidine on polyamine level
and biosynthesis in wild-type pentamidine treated and pentamidine-resistant Leishmania. Exp. Parasi-
tol. 1997; 85: 274-282. https://doi.org/10.1006/expr.1996.4131 PMID: 9085924

Chrusciak-Talhari A, Ribeiro-Rodrigues R, Talhari C, Silva RM Jr, Ferreira LC, Botileiro SF, et al. Tegu-
mentary leishmaniasis as the cause of immune reconstitution inflammatory virus and Leishmania guya-
nensis. Am. J. Trop. Med. Hyg. 2009; 81: 559-564. https://doi.org/10.4269/ajtmh.2009.09-0077 PMID:
19815866

Heinzel FP, Sadick MD, Holaday BJ, Coffman RL, Locksley RM. Reciprocal expression of interferon
gamma or interleukin 4 during the resolution or progression of murine leishmaniasis. Evidence for
expansion of distinct helper T cell subsets. J Exp Med. 1989; 169 (1): 59-72. https://doi.org/10.1084/
jem.169.1.59 PMID: 2521244

Cecilio O, Pérez-Cabezas B, Santarém N, Maciel J, Rodrigues V, Cordeiro da Silva A. Deception and
manipulation: the arms of Leishmania, a successful parasite. Front Immunol. 2014; 20(5):480. https://
doi.org/10.3389/fimmu.2014.00480 PMID: 25368612

Wanasen N, Soong L. L-arginine metabolism and its impact on host immunity against Leishmania infec-
tion. Immunol. Res. 2008; 41: 15-25. https://doi.org/10.1007/s12026-007-8012-y PMID: 18040886

PLOS ONE | https://doi.org/10.1371/journal.pone.0230545 December 3, 2020 15/16


https://doi.org/10.1371/journal.pntd.0003889
http://www.ncbi.nlm.nih.gov/pubmed/26334763
https://doi.org/10.1038/nature01262
https://doi.org/10.1038/nature01262
http://www.ncbi.nlm.nih.gov/pubmed/12466850
https://doi.org/10.1002/jlb.57.4.515
http://www.ncbi.nlm.nih.gov/pubmed/7722408
https://doi.org/10.1038/nri933
http://www.ncbi.nlm.nih.gov/pubmed/12415308
https://doi.org/10.1080/20477724.2016.1232042
https://doi.org/10.1080/20477724.2016.1232042
http://www.ncbi.nlm.nih.gov/pubmed/27660895
http://www.ncbi.nlm.nih.gov/pubmed/7009746
https://doi.org/10.1016/0022-1759(84)90430-7
https://doi.org/10.1016/0022-1759(84)90430-7
http://www.ncbi.nlm.nih.gov/pubmed/6611376
https://doi.org/10.1016/0003-2697(82)90118-x
https://doi.org/10.1016/0003-2697(82)90118-x
http://www.ncbi.nlm.nih.gov/pubmed/7181105
https://doi.org/10.1016/0022-1759(94)90027-2
https://doi.org/10.1016/0022-1759(94)90027-2
http://www.ncbi.nlm.nih.gov/pubmed/8083527
https://doi.org/10.1016/S0076-6879(02)59178-3
https://doi.org/10.1152/ajpheart.00195.2011
https://doi.org/10.1152/ajpheart.00195.2011
http://www.ncbi.nlm.nih.gov/pubmed/21536843
https://doi.org/10.1016/s1471-4922(02)00010-7
http://www.ncbi.nlm.nih.gov/pubmed/12488215
https://doi.org/10.5123/S2176-62232010000200018
https://doi.org/10.5123/S2176-62232010000200018
https://doi.org/10.1016/j.cimid.2006.10.001
http://www.ncbi.nlm.nih.gov/pubmed/17109961
https://doi.org/10.1006/expr.1996.4131
http://www.ncbi.nlm.nih.gov/pubmed/9085924
https://doi.org/10.4269/ajtmh.2009.09-0077
http://www.ncbi.nlm.nih.gov/pubmed/19815866
https://doi.org/10.1084/jem.169.1.59
https://doi.org/10.1084/jem.169.1.59
http://www.ncbi.nlm.nih.gov/pubmed/2521244
https://doi.org/10.3389/fimmu.2014.00480
https://doi.org/10.3389/fimmu.2014.00480
http://www.ncbi.nlm.nih.gov/pubmed/25368612
https://doi.org/10.1007/s12026-007-8012-y
http://www.ncbi.nlm.nih.gov/pubmed/18040886
https://doi.org/10.1371/journal.pone.0230545

PLOS ONE

Comparative aspects of Leishmania infantum strains

36.

37.

38.

39.

Marques F, Vale-Costa S, Cruz T, Marques JM, Silva T, Neves JV et al. Studies in the mouse model
identify strain variability as a major determinant of disease outcome in Leishmania infantum infection.
Parasites & Vectors. 2015; 18:8:644. https://doi.org/10.1186/s13071-015-1259-6 PMID: 26684322

Balestieri FM, Queiroz AR, Scavone C, Costa VM, Barral-Neto H, Abrahamsohn Ide A. Leishmania (L.)
amazonensis-induced inhibition of nitric oxide synthesis in host macrophages. Microbes Infect. 2002;
4:23-89. https://doi.org/10.1016/s1286-4579(01)01505-2 PMID: 11825771

Paveto C, Pereira C, Espinosa J, Montagna AE, Farber M, Esteva M et al. The nitric oxide transduction
pathway in Trypanosoma cruzi. J Biol Chem. 1995; 270(28):16576—16579. https://doi.org/10.1074/jbc.
270.28.16576 PMID: 7542649

Silva FS. Caracterizag3o do Sintase do Oxido Nitrico de Leishmania infantum. M.Sc. Thesis Universi-
dade de Lisboa. 2010. Available from: http://hdl.handle.net/10451/9353.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230545 December 3, 2020 16/16


https://doi.org/10.1186/s13071-015-1259-6
http://www.ncbi.nlm.nih.gov/pubmed/26684322
https://doi.org/10.1016/s1286-4579(01)01505-2
http://www.ncbi.nlm.nih.gov/pubmed/11825771
https://doi.org/10.1074/jbc.270.28.16576
https://doi.org/10.1074/jbc.270.28.16576
http://www.ncbi.nlm.nih.gov/pubmed/7542649
http://hdl.handle.net/10451/9353
https://doi.org/10.1371/journal.pone.0230545

