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Abstract

Leishmaniasis encompass a group of infectious parasitic diseases occurring in 97 endemic

countries where over one billion people live in areas at risk of infection. It is in the World

Health Organization list of neglected diseases and it is considered a serious public health

problem, with more than 20,000 deaths a year and high morbidity. Infection by protozoa

from the genus Leishmania can cause several forms of the disease, which may vary from a

self-healing ulcer to fatal visceral infection. Leishmania species, as well as host immune

response and genetics can modulate the course of the disease. Leishmania sp are obliga-

tory intracellular parasites that have macrophages as their main host cell. Depending on the

activation phenotype, these cells may have distinct roles in disease development, acting in

parasite control or proliferation. Therefore, the purpose of this work was to analyze Leish-

mania amazonensis infection in primary macrophage cells obtained from mice with two dis-

tinct genetic backgrounds, ie. different susceptibility to the infection; evaluating the cause

for that difference. After infection, peritoneal macrophages from the resistant C3H/He strain

presented lower parasite load when compared to susceptible BALB/c macrophages. The

same was also true when cells received a Th2 stimulus after infection, but the difference

was abrogated under Th1 stimulus. Nitric oxide production and arginase activity was differ-

ent between the strains under Th1 or Th2 stimulus, respectively, but iNOS inhibition was

unable to suppress C3H/He resistance. Hydrogen peroxide production was also higher in

C3H/He than BALB/c under Th1 stimulus, but it could not account for differences in suscep-

tibility. These results led us to conclude that, although they have an important role in parasite

control, neither NO nor H2O2 production can explain C3H/He resistance to infection. Other

studies are needed to uncover different mechanisms of resistance/susceptibility to L.

amazonensis.

Introduction

Leishmaniasis are a group of parasitic diseases with a wide geographic distribution, which are

considered a public health problem in several countries, as reported by the World Health
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Organization [1]. Among the affected countries, Brazil has one of the largest numbers of

reported cases, according to the Pan-Americana Health Organization [2]. This set of diseases

is caused by a protozoan of the genus Leishmania, which is transmitted to the mammalian

hosts through the bite of the female sand fly [3,4]. Leishmaniasis are spectral diseases and their

broad spectrum of clinical manifestations is influenced by several factors, including the species

and genetics of the Leishmania, the interaction of the parasite with the immune response and

the host genetics [5–7].

In vertebrate hosts, macrophages are the main infected cells, which are, in turn, essential

for the establishment of infection and persistence of Leishmania. However, in addition to har-

boring the parasite, these cells act on parasite control and modulation of the subsequent

immune response. The sustainment or elimination of the infection will, therefore, be largely

dependent on the type of macrophage activation [8,9].

Macrophages are cells with high plasticity equipped with homeostatic functions. Their phe-

notype is influenced by the microenvironment in which it is inserted [10,11]. Upon receiving

proinflammatory stimuli, such as IFN-γ and lipopolysaccharide (LPS), the macrophage is pro-

grammed into an M1 profile (classical activation). As a result of this activation, it produces

high levels of reactive oxygen species (ROS), nitric oxide (NO) and pro-inflammatory cyto-

kines such as IL-12 and TNF-α, leading to increased microbicidal capacity [12,13]. This activa-

tion is essential for the elimination of the Leishmania parasite [9,14]. Nevertheless, when the

macrophage is stimulated by anti-inflammatory cytokines, such as IL-4 and IL-13, it acquires a

M2 profile (alternative activation). This type of activation promotes the production of proline,

polyamines and urea. As polyamines are nutritional supports for the Leishmania [8,14], the

alternative activation of the macrophage favors the replication of the parasite [15].

Murine experimental models of Leishmania infection have been used as a tool to study

immunology [16] as well as parasite resistance/susceptibility [17]. Mice from the C3H/He

strain are considered resistant to infection by L. amazonensis, developing only a small, self-

resolving lesion. A hundred and twenty days after infection, these animals presented no sign of

injury or parasites, although parasites could still be isolated from their draining lymph node

[18]. The extracellular matrix at the site of infection was also restructured [19]. For this reason,

in this work we studied ex vivo macrophages from two distinct genetic backgrounds, with the

purpose of analyzing the role of these cells in the control or growth of parasites in the initial

times of L. amazonensis infection. Ultimately, this may lead to a better understanding of the

mechanisms involved in the resistance of C3H/He animals.

Methods

Cells and parasites

L. amazonensis (MHOM/BR/2000/MS501) is maintained by successive passages in female

BALB/cAn mice and periodically reisolated from the popliteal lymph node. In vitro, promasti-

gote forms were maintained in axenic culture in Schneider’s Insect medium (Sigma-Aldrich,

St. Louis, MO) supplemented with 10% inactivated fetal bovine serum (Cultilab), 100 U/mL

penicillin and 10 μg/mL streptomycin (Sigma-Aldrich, St. Louis, MO) at 26ºC in a BOD incu-

bator, for a maximum of 6 passages. The strain, originally isolated from a human visceral case,

has been characterized by isoenzymes and RFLP [20].

Peritoneal macrophages were obtained by peritoneal lavage of BALB/cAn and C3H/He

mice (ICTB/FIOCRUZ) 72 hours after 3% thioglycollate intraperitoneal injection. After the

lavage, cells were diluted in RPMI medium without phenol red (Sigma-Aldrich, St. Louis,

MO) supplemented with 10% fetal bovine serum (Cultilab, Campinas, Brazil), 200 mM L-glu-

tamine, 100 U/mL penicillin and 10 μg/mL streptomycin (Sigma-Aldrich, St. Louis, MO),
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seeded in a culture dish or over coverslips and kept at 34˚C in a humidified atmosphere with

5% of CO2. The BALB/cAn animals will be referred to in the article as BALB/c.

Ethics statement

Procedures with animals were performed in accordance to the Brazilian legislation on the use

of animals for scientific research, as regulated by the Conselho Nacional de Controle de

Experimentação Animal (CONCEA). Experiments were carried out after approval by Instituto

Oswaldo Cruz (IOC) Institutional Animal Care and Use Committee (Comissão de ética no

uso de animais—CEUA—IOC) under the number L-030/2016. Euthanasia was performed by

anesthetic overdose (ketamin associated with xylazine) followed by cervical dislocation to

ensure death.

Infection of peritoneal macrophages

Peritoneal macrophages were infected by L. amazonensis promastigotes always at a ratio of 2

parasites per cell. Axenic cultures of promastigote forms in stationary phase were left in con-

tact with the cells for 6 hours. After, the culture was washed with PBS pH 7.0 to remove pro-

mastigotes from the supernatant.

Experiments with pro-inflammatory stimulation used 5 μg/mL of LPS (Sigma-Aldrich,

St. Louis, MO) and 2 ng/mL of recombinant mouse IFN-γ (BD Pharmingen™, BD Biosciences,

San José, CA). In experiments with anti-inflammatory stimulation, 2 ng/mL of recombinant

mouse IL-4 (BD Pharmingen™, BD Biosciences, San José, CA) were used. Cells were stimulated

6 hours after infection. The number of cells used in each experiment is described in S1 Table.

Determination of the intracellular parasite load

At 24, 48, 72 and 96 hours post infection coverslips with infected macrophages were fixed and

stained with Giemsa (Merck1, Darmstadt, DE). Infection rate, mean number of amastigotes/

cell and total number of amastigotes/100 cells were calculated by counting 100 cells/coverslip.

Nitric oxide (NO) production

Nitric oxide production was estimated by the Griess reaction [21]. Briefly, 50 μL of cell super-

natant were added to 50 μL of Griess reagent (25 μL of 0.1% solution of N-(1-Naphthyl) ethyle-

nediamine dihydrochloride (Sigma-Aldrich, St. Louis, MO) and 25 μL of 1% sulfanilamide

solution (Fluka) in 2.5% H3PO4. After 10 minutes in the dark, samples absorbance were read

at 570 nm. The amount of NaNO2 was calculated by comparison with a standard curve rang-

ing from 0 to 100 μM of NaNO2. Non-infected cells were also essayed for control purposes.

Hydrogen peroxide (H2O2) production

The hydrogen peroxide production was estimated by the method of Pick and Keisari [22]

modified by Pick and Mizel [23]. Briefly, cell supernatant was removed and 100 μL of a solu-

tion containing 140 mM NaCl (Sigma-Aldrich, St. Louis, MO), 10 mM potassium phosphate

buffer, pH 7.0, 5.5 mM dextrose (Sigma-Aldrich, St. Louis, MO), 0.56 mM (0.2 g/l) phenol red

(Sigma-Aldrich, St. Louis, MO) and 0.01 mg/mL horseradish peroxidase type II (Sigma-

Aldrich, St. Louis, MO) was added. Non-infected cells were used as negative control and non-

infected cells treated with 0.2 μM phorbol myristate acetate (PMA) (Sigma-Aldrich, St. Louis,

MO) were used as positive control. The plates were maintained for 1 hour at 37 C and 5%

CO2, after which the reaction was stopped with 50 μL 5 N NaOH and the absorbance was read
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at 620 nm. A standard curve with known concentrations of H2O2 (0–100 μM) was used to

determine the production of H2O2 by peritoneal macrophages.

Arginase activity

The activity of arginase was evaluated according to Classen et al [12]. Briefly, cells were lysed

in a 0.1% triton solution under agitation. Next, 100μL of a 50mM of Tris-HCl pH 7.5 solution

was added to each well and samples were incubated at 56˚C for 7 minutes, before addition of

0,5M of arginine (pH 9.7) and a new incubation at 37˚C for 1 hour. Reaction was stopped by

an acidic mix of H3PO4, H2SO4, in water (1:3:7) before addition of α-Isonitrosopropiophenone

(ISPP 6% solution, Sigma-Aldrich, St. Louis, MO). After subsequent 30 minutes-incubations

at 95˚C and 4˚C, absorbance was read at 540 nm. A standard curve with known concentrations

of urea (0–180μg) was used to estimate arginase activity by peritoneal macrophages. The

experiment was performed with anti-inflammatory stimulation and without stimulation, in

infected and non-infected cells.

iNOS and arginase mRNA determination

Total RNA was extracted from cells using the TRIreagent1 (ThermoFisher, Whaltan, MA) fol-

lowing the manufacturer’s instructions. cDNA synthesis was performed with 1 μg of total

RNA with the iScript cDNA Synthesis kit (BD Pharmingen™, BD Biosciences, San José, CA)

according to the manufacturer’s recommendations. The Real Time PCR assays were per-

formed by Power SYBR1 Green Master Mix and the relative quantification method was

applied, using the mouse gene TUBB5 as the endogenous control. For mRNA quantification,

specific primers for iNOS, Arginase and Tubb5 (100nM) were used (Table 1). Reactions were

conducted in a QuantStudio 3 System (Applied Biosystems, Foster City, CA). The temperature

parameters consisted of a hold at 95˚C for 10 min followed by 40 cycles of 95˚C for 15 s and

58˚C for 1 min. A melt curve analysis was performed on all reactions. The results were ana-

lyzed with the QuantStudio™ Design & Analysis Software (Applied Biosystems, Foster City,

CA).

Inhibition of iNOS

100μM of 1400W dihydrochloride (Sigma-Aldrich, St. Louis, MO), a specific iNOS inhibitor

[24], was added just after macrophage plating and repeated after PBS washing following infec-

tion. Infection was estimated by amastigotes counting 72 and 96h after infection, as described

above.

Statistical analysis

Each experiment was carried out three times, always in triplicate. Values were expressed as

mean ± SD. Results were analyzed by Analysis of Variance (ANOVA) Sidak’s multiple com-

parisons test, using GraphPad Prism 7. Differences were considered significant when p< 0.05.

Results

C3H/He macrophages are less permissive to the multiplication of L.

amazonensis amastigotes than BALB/c’s

Based on the difference in susceptibility previously observed between C3H/He and BALB/c

mice infected with L. amazonensis [20], we hypothesized that the response to infection of the

main host cell of Leishmania parasite, the macrophages, would be distinct, determining the

resistance/susceptibility profile in C3H/He and BALB/c animals. From this premise, it was
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suggested that C3H/He macrophages would be able to control L. amazonensis infection. In

order to verify this hypothesis, stationary phase promastigotes were used to infect cells from

BALB/c and C3H/He genotypes and calculate the infection rate. At 24 hours after infection,

there was no difference in the amount of infected cells from each genetic background (Fig 1A),

leading to the conclusion that both cells are permissive to infection. To verify if there was a dif-

ference in the multiplicative capacity of amastigotes in peritoneal macrophages of both lines,

the infection was followed for 96 hours, analyzing the quantity of amastigotes per cell. From

72h of infection, the infection rate (Fig 1A) and total number of amastigotes (Fig 1C) increased

in BALB/c macrophages, but remained stable in C3H/He cells, suggesting that the later does

not allow the dissemination of infection.

Stimulation by IL-4 increases the susceptibility of both macrophage

lineages

Depending on the microenvironment in which macrophages are inserted, their response may

favor the survival or elimination of intracellular protozoa. BALB/c mice is considered suscepti-

ble to L. major and several other parasites because it mounts an early Th2 response [25].

Therefore, we hypothesized that, by creating an environment that favors a response pro-multi-

plication of amastigotes, we would make C3H/He cells as susceptible as BALB/c cells. Thus, we

stimulated the cultures with IL-4 after infection and repeated the experiments of intracellular

amastigote count. When the infection of IL-4-stimulated cells was compared to non-stimu-

lated cells, a significant increase in the infection rate at 24 and 48 hours after infection, as well

as at the parasite load at 48h and 96h was observed (S1A–S1C Fig). These results suggest that

both strains responded to the stimulus, favoring parasite proliferation. However, IL-4-treated

C3H/He macrophages showed lower infection rate, lower amount of amastigotes per cell, and

lower total parasite load 96h after infection compared to IL-4-treated BALB/c macrophages

(Fig 1D–1F), showing that, even under anti-inflammatory stimulus, the C3H/He macrophages

remained more resistant to infection than BALB/c. In conclusion, incubation with IL-4 let

C3H/He and BALB/c macrophages more susceptible to infection, but the difference in suscep-

tibility was unaltered.

On the other hand, if the parasite load of the IL-4-stimulated C3H/He macrophages is com-

pared to non-stimulated BALB/c macrophages, there is an inversion 48 and 96 hours after

infection (S1C Fig). This shows that anti-inflammatory stimulus is capable of increasing the

susceptibility of C3H/He macrophages, making it more susceptible than non-stimulated

BALB/c cells.

Pro-inflammatory stimulus equates BALB/c and C3H/He microbicidal

activity

Since IL-4 was able to increase cell susceptibility, we also evaluated the response profile of mac-

rophages under pro-inflammatory stimulus. For this, we stimulated macrophages of both

strains with IFN-γ and LPS. At this condition, a reduction in total parasite load and infection

Table 1. Primers used for real time PCR.

Target Primer sequence Sequence source

Forward (5’- 3’) Reverse (5’- 3’)

iNOS GGATCTTCCCAGGCAACCA CAATCCACAACTCGCTCCAA NM_010927

Arginase I GGTCCACCCTGACCTATGTGT ACGATGTCTTTGGCAGATATGC NM_007482.3

Tubb5 GATCGGTGCTAAGTTCTGGGA AGGGACATACTTGCCACCTGT NM_011655.5

https://doi.org/10.1371/journal.pone.0226837.t001
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rate was observed in cells from both strains when compared to non-stimulated cells, showing

that IFN/LPS stimulus was able to make cells more resistant to infection (S1D–S1F Fig). How-

ever, no difference was observed either in the number of amastigotes per cell, infection rate or

total parasite load between BALB/c and C3H/He stimulated-cells (Fig 1G–1I). Thereby, the

pro-inflammatory stimulus was capable to equate the microbicidal activity in macrophages of

both lineages, and significantly reduce the parasitic load on both of them.

C3H/He macrophages without stimulus have similar arginase activity but

higher NO production than BALB/c

The microbicidal capacity of the macrophage depends largely on its oxidative metabolism, the

production of NO and the arginase activity. Therefore, NO production and arginase activity

Fig 1. Intracellular amastigote count in BALB/c and C3H/He macrophages. Peritoneal macrophages of BALB/c and C3H/He were infected with L.

amazonensis promastigotes (2 MOI). After Giemsa staining, 100 cells/coverslip were counted in order to estimate the percentage of infected cells, mean

number of amastigotes per cell and total amount of amastigotes in a hundred cells at 24, 48, 72 and 96 hours after infection. (A-C) non-stimulated cells; (D-F)

cells were stimulated with IL-4 (2 ng/mL) 6 hours after infection (Th2 stimulus); (G-I) cells were stimulated with IFN-γ (2 ng/mL) and LPS (5 μg/mL) 6 hours

after infection (Th1 stimulus). Statistical analysis were performed by ANOVA followed by a Sidak’s multiple comparisons test. �p<0,05; ��p<0,01, ���p<0,001.

Bars represent mean ± SD.

https://doi.org/10.1371/journal.pone.0226837.g001
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were evaluated in L. amazonensis-infected macrophages from both genetic backgrounds. In

unstimulated cells, Griess reaction was able to detect higher NO production in C3H/He than

BALB/c infected cells, despite the fact that the supernatant of cultures of both lineages pre-

sented extremely low NaNO2 levels (Fig 2A). This result corroborates the difference observed

between strains in infection rate and parasitic load at the same condition. When the amount of

iNOS mRNA was evaluated by RT-qPCR the amount of mRNA was minimal on both cells. On

the other hand, the arginase activity in unstimulated cells did not present any difference

between the lineages (Fig 2B) just as the in mRNA. When cells received the Th2 stimulus, NO

production on both cells was extremely low and could not be quantified, but the arginase activ-

ity of BALB/c infected macrophages was significantly higher than C3H/He’s cells 96 hours

after infection (Fig 2D). This result was in accordance with the higher susceptibility of BALB/c

cells and suggested that this pathway could be implicated in the susceptibility to L. amazonen-
sis. On the other hand, when under Th1 stimulus, C3H/He presented higher NO production

than BALB/c, even though the infection rate and parasite load at this condition was the same

on both genetic backgrounds (Fig 2C).

Fig 2. Nitric oxide production and arginase activity. (A) Peritoneal macrophages of BALB/c and C3H/He strains infected with L. amazonensis (2 MOI).

Nitric oxide production (A) and arginase activity (B) in non-stimulated cells. (C) Nitric oxide production after Th1 stimulus (IFN- γ 2 ng/mL and LPS 5 μg/mL

6 hours after infection). (D) Arginase activity in Th2-stimulated cells (IL-4 2 ng/mL 6 hours after infection). Arginase activity was measured in cell lysate at

different time points after infection. Nitric oxide production was measured from the cell supernatant by Griess reaction at different times after infection.

Statistical analysis were performed by ANOVA followed by a Sidak’s multiple comparisons test. �p<0,05; ��p<0,01, ���p<0,001, ����p<0,0001. Bars represent

mean ± SD.

https://doi.org/10.1371/journal.pone.0226837.g002
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iNOS enzyme activity is not primordial for the leishmanicidal capacity of

the C3H/He macrophages

In order to undoubtedly assess whether C3H/He resistance could be dependent on increased

NO production, we inhibited iNOS activity in macrophages using 1400W dihydrochloride,

starting before infection, at the time of cell plating (S2 Fig). NO inhibition was able to increase

the infection rate and parasite load on both BALB/c and C3H/He, but the total parasite burden

was still lower on C3H/He macrophages (Fig 3). These results show that, although NO cer-

tainly participates on parasite control, it is not the main mechanism responsible for C3H/He

resistance.

Hydrogen peroxide production is higher in Th1-stimulated C3H/He

macrophages

In addition to NO, macrophages also produce reactive oxygen species (ROS) in response to

infection. The enzyme NADPH oxidase generates superoxide radicals, which are then con-

verted to more toxic hydrogen peroxide (H2O2) [26]. ROS has been implicated in the killing of

L. braziliensis by monocytes from patients with cutaneous leishmaniasis [27]. Therefore, we

hypothesized that it might be involved in C3H/He resistance. However, when we estimated

H2O2 concentration in the supernatant of L. amazonensis-infected and non-stimulated macro-

phages, no difference was observed between BALB/c and C3H/He. The same was true for the

supernatant of IL-4 stimulates cells, but when cells received a Th1 stimulus, C3H/He released

more H2O2 than BALB/c (Fig 4). Although interesting, these data do not correlate with the dif-

ferences observed in infection rate and parasite load, since Th1-stimulated cells from both

BALB/c and C3H/He presented similar infection (Fig 1G–1I).

Discussion

We have used the differences in susceptibility between BALB/c and C3H/He mice to search

for cellular mechanisms that might influence Leishmania pathogenesis. The work with perito-

neal macrophages proved itself a valid model since C3H/He and BALB/c cells, when infected

by L. amazonensis, presented differences in infection rate and parasite load. Stimulation with

Th1 or Th2 cytokines were able to modulate infection, altering infection rate, the amount of

parasites per cell and production of NO and H2O2, as well as arginase activity. However, none

of these mechanisms was able to explain the resistance of C3H/He macrophages.

The analysis of infection in BALB/c and C3H/He peritoneal macrophages showed no differ-

ence in the infection rate in the first 48 hours, suggesting that the genetic of the host does not

exert influence in the initial time of infection. Nevertheless, after 72h of infection, peritoneal

macrophages of C3H/He mice showed a lower percentage of infected cells and less prolifera-

tion of amastigotes than BALB/c macrophages. These results suggest that L. amazonensis
amastigotes can proliferate on cells from both backgrounds, but C3H/He macrophages have

mechanisms that can limit multiplication of the parasite or are able to maintain a stable infec-

tion, whereas BALB/c macrophages allow the increase of parasite load. These observations cor-

roborate the in vivo experiment, in which BALB/c is susceptible to infection, developing a

growing ulcer, while C3H/He develops only a small lesion which self-resolves [18,20]. An in

vitro study from another group also demonstrated that BALB/c macrophages are susceptible

to infection by L. amazonensis, but they observed a slight non-significant decrease in the infec-

tion rate, from 94.3% at 24h to 83.5% at 72h post infection. On the other hand, they observed

an increase in the average number of amastigotes per cell [28]. In our work, we also observed

an increase in the number of amastigotes per cell through time corroborating their data.
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Fig 3. Intracellular amastigote count after iNOS inhibition. Peritoneal macrophages of BALB/c and C3H/He were treated with

100 μM of 1400W dihydrochloride after macrophage plating and infection with L. amazonensis (2 MOI). Non-treated control cells were
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Once established that there was a difference in the multiplication of amastigotes in BALB/c

and C3H/He macrophages, we departed to evaluate the mechanisms involved in parasite con-

trol or proliferation. The L. major infection model demonstrated the relevance of the Th1/Th2

model in vivo [25]. In general, this paradigm of resistance/susceptibility demonstrates that a

protective response against L. major parasites is associated with a Th1-type cellular immune

response with IFN-γ production, typically found in the C57BL/6 model; and a non-protective

response is associated with a Th2-type cellular immune response with IL-4 production, usually

seen in BALB/c mice [29]. This immune response can determine the type of macrophage acti-

vation, classic or alternative [9,12]. Although this paradigm holds true for L. major, in New

World Leishmania species, including L. amazonensis, this dichotomy is not well established

[30] and both BALB/c and C57BL/6 mouse are susceptible to L. amazonensis infection [20].

Accordingly, we challenged BALB/c and C3H/He macrophages with Th1 and Th2 stimuli

in order to change the susceptibility profile and test its influence on parasite host resistance/

susceptibility to L. amazonensis infection and NO production. In experiments without any

stimulus, NO production was higher in C3H/He cells, which also presented lower infection

rate and parasitic burden. When C3H/He and BALB/c macrophages were stimulated with LPS

and IFN-γ, NO production increased and infection rate decreased on both cells. However,

although C3H/He macrophages produced more NO than BALB/c cells, infection rate and par-

asite burden was equal on both cells. In non-stimulated macrophages infected with L. major,
there was no difference in NO production between BALB/c (susceptible) and C57BL/6 (resis-

tant) [31]. When they were stimulated with IFN-γ and LPS, the total parasite load decreased

on both cells, but, surprisingly, BALB/c macrophages produced NO at a higher concentration

than C57BL/6’s [31]. Some authors reported that macrophages derived from the bone marrow

of C3HeB/FeJ mice infected with L. amazonensis or L. major promastigotes present similar

infection rate 72 hours after infection. However, when cells are activated with LPS and IFN-γ,

the number of L. major-infected cells declines, while no difference is observed on L. amazo-
nensis-infected cultures, arguing that L. amazonensis parasites are not susceptible to NO killing

[32]. Contrary to these results, we demonstrated that, similarly to L. major, L. amazonensis is

also sensitive to the effect of NO, since the increase in its production causes a reduction in the

infection rate. These results corroborate the role of Th1 stimuli in favoring parasite clearance,

regardless of the genetic background of the host.

Concerning the arginase pathway, no difference in the enzyme activity was observed in the

non-stimulated protocol, despite the fact that we observed differences in the parasite load and

infection rate between BALB/c and C3H/He macrophages. However, in the protocol with Th2

stimulus it was possible to observe a difference in arginase activity among the macrophage

strains, which was associated with a difference in the total parasite load. The same results were

observed in mice with distinct susceptibility to L. infantum infection [33]. This confirms the

idea that increased arginase activity favors parasite proliferation, regardless of the host suscep-

tibility profile. IL-4 is known to modulate the host immune response, inhibiting NO produc-

tion by macrophages and preventing its activation by the classical pathway [34].

To determine if NO was playing a role in limiting L. amazonensis infection in vitro, we

inhibited iNOS activity using a specific inhibitor. 1400W was shown to strongly and selectively

inhibit iNOS, without effect on the constitutive enzyme [24]. As we suppressed NO

either untreated or received IFN- γ (2 ng/mL) and LPS (5 μg/mL) 6 hours after infection. Coverslips were stained with Giemsa and

intracellular amastigotes were counted in 100 cells at different times after infection. (A) Infection Rate; (B) Average number of

amastigotes per cell; (C) Total parasitic load. Statistical analysis were performed by ANOVA followed by a Tukey’s multiple

comparisons test, comparing the iNOS-inhibited group with each of the others, at the different time points, as well as comparing cells in

the same condition but with distinct genetic backgrounds. �p<0,05; ����p<0,0001. Bars represent mean ± SD.

https://doi.org/10.1371/journal.pone.0226837.g003
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production, infection rate increased in both cells. Similarly, when Th1-activated macrophages

from C3HeB/FeJ mice were infected with L. major or L. amazonensis and treated with LN-

(1-iminoethyl) lysine, another iNOS-specific inhibitor, their ability to eliminate parasites was

also abrogated, resulting in a significant increase in the number of infected macrophages com-

pared to untreated activated macrophages [32]. Together, these findings demonstrate that

iNOS plays an important role in limiting infection independent of the Leishmania or host spe-

cies. Nevertheless, other authors argue that elimination of L. infantum amastigotes is depen-

dent on the action of NO, whereas the control of L. amazonensis is independent [35]. In our

study, the inhibition of iNOS resulted in a significant increase in the parasite load and infec-

tion rate. Nevertheless, C3H/He macrophages maintained lower parasite load than BALB/c

cells, showing that the observed differences between the lineages could not be eliminated by

iNOS inhibition. This result corroborates the idea that NO could act as a cytostatic agent

against L. amazonensis, supporting the need for other factors, such as ROS, to kill the amasti-

gotes [32,36]. It is know that NO alone is not sufficient to control infection and may contribute

to the tissue damage observed in human cutaneous leishmaniasis [27]. This damaged tissue is

observed in later times during L. amazonensis infection in BALB/c mice [20].

In order to study the contribution of ROS in parasite control, we evaluated the production

of H2O2, to see whether it could explain the differences in infection observed between BALB/c

and C3H/He macrophages. No difference was observed in the non-stimulated and Th2-stimu-

lated protocols, but when cell received a Th1 stimulus, H2O2 production was increased and

C3H/He cells produced significantly more H2O2 than BALB/c. This result corroborates the lit-

erature findings, showing that IFN-γ enhances the respiratory burst in macrophages, leading

to ROS production and better parasite elimination [37]. It also supports the idea that Leish-
mania parasites are sensitive to ROS, but in non-activated macrophages the production is

insufficient to eliminate the parasites [37].

Altogether our results show that both NO and H2O2 are involved in restraining L. amazo-
nensis infection in macrophages. However, differences in the production of these molecules

could not explain the differences in infection rate between BALB/c and C3H/He. Moreover,

iNOS inhibition could not suppress interstrain differences. Therefore, we conclude that, in our

model of infection, NO and H2O2, in spite of their role, are not the principal factors in the

resistance to L. amazonensis infection. Whatever mechanisms make C3H/He macrophages

more resistant to infection than BALB/c, it is still to be described.

Further studies are being carried out to find other factors that might be implicated in C3H/

He resistance. The Slc1a1 (formelly Nramp1) gene have been described to be associated with

susceptibility to multiple pathogens, including L. donovani [38]. The gene encodes for a trans-

membrane transporter that carries divalent cations out of the phagossome innerspace, depriv-

ing parasites from these ions [39]. C3H/HeJ animals are described to have a resistant allele

while BALB/cJ carries the susceptible one [40]. A recent systematic review and meta-analysis

have found some SLC11A1 polymorphisms to be associated with susceptibility to both cutane-

ous and visceral human leishmaniasis [41]. Meanwhile, genome wide association studies in

Brazilian and Indian populations have implicated only HLA genes in the susceptibility to leish-

maniasis [42]. Either way, susceptibility to leishmaniasis is clearly a complex trait with a

Fig 4. Hydrogen peroxide production. Peritoneal macrophages of BALB/c and C3H/He were infected with L.

amazonensis promastigotes (2 MOI). ROS production was estimated by the measurement of H2O2 in cultures

supernatants 24, 48, 72 and 96 hours after infection. (A) non-stimulated cells; (B) cells were stimulated with IL-4 (2 ng/

mL) 6 hours after infection (Th2 stimulus); (C) cells were stimulated with IFN-γ (2 ng/mL) and LPS (5 μg/mL) 6 hours

after infection (Th1 stimulus). Statistical analysis were performed by ANOVA followed by a Sidak’s multiple

comparisons test. �p<0,05; ����p<0,0001. Bars represent mean ± SD.

https://doi.org/10.1371/journal.pone.0226837.g004
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multifactorial etiology that needs further studies. Uncovering the molecular basis of host resis-

tance could provide valuable tools in the search for a vaccine or more efficient treatment.

Supporting information

S1 Fig. Effect of Th2 or Th1 stimuli in BALB/c and C3H/He macrophage infection. Perito-

neal macrophages of BALB/c and C3H/He were infected with L. amazonensis promastigotes (2

MOI). After Giemsa staining, 100 cells/coverslip were counted in order to estimate the per-

centage of infected cells, mean number of amastigotes per cell and total amount of amastigotes

in a hundred cells at 24, 48, 72 and 96 hours after infection. (A-C) non-stimulated cells versus

IL-4 (2 ng/mL) stimulated cells and (D-F) non-stimulated cells versus IFN-γ (2 ng/mL) and

LPS (5 μg/mL) stimulated cells. Statistical analysis were performed by ANOVA followed by a

Tukey’s multiple comparisons test. �p<0,05; ��p<0,01, ���p<0,001, ����p<0,0001. Bars repre-

sent mean ± SD.

(TIF)

S2 Fig. Nitric oxide production after iNOS inhibition. Peritoneal macrophages of BALB/c

and C3H/He were treated with 100 μM of 1400W dihydrochloride after macrophage plating

and infection with L. amazonensis (2 MOI). Nitrite production was measured by Griess reac-

tion. No difference was observed between non-stimulated and iNOS-inhibited cells. Statistical

analysis were performed by ANOVA followed by a Tukey’s multiple comparisons test.
����p<0,0001. Bars represent mean ± SD.

(TIF)

S1 Table. Number of cells and type of plate used in the experiments.

(PDF)
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