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Every year, up to 90,000 new cases of Visceral Leishmaniasis and 30,000 resultant
deaths are estimated to occur worldwide. Such numbers give relevance to the
continuous study of this complex form of the disease: a zoonosis and an anthroponosis;
two known etiological agents (Leishmania infantum and L. donovani, respectively);
with an estimated average ratio of 1 symptomatic per 10 asymptomatic individuals;
and sometimes associated with atypical clinical presentations. This complexity, which
results from a long co-evolutionary process involving vector-host, host-pathogen, and
pathogen-vector interactions, is still not completely understood. The determinants of
visceralization are not fully defined and the dichotomy resistance vs. susceptibility
remains unsolved, translating into obstacles that delay the progress of global disease
control. Inbred mouse models, with different susceptibility patterns to Leishmania
infection, have been very useful in exploring this dichotomy. BALB/c and C57BL/6 mice
were described as susceptible strains to L. donovani visceral infection, while SV/129
was considered resistant. Here, we used these three mouse models, but in the context
of L. infantum infection, the other Leishmania species that cause visceral disease in
humans, and dynamically compared their local and systemic infection-induced immune
responses in order to establish a parallel and to ultimately better understand susceptibility
vs. resistance in visceral leishmaniasis. Overall, our results suggest that C57BL/6 mice
develop an intermediate “infection-phenotype” in comparison to BALB/c and SV/129
mouse strains, considering both the splenic parasite burden and the determined target
organs weights. However, the immune mechanisms associated with the control of
infection seem to be different in each mouse strain. We observed that both BALB/c and
SV/129, but not C57BL/6 mice, show an infection-induced increase of splenic T follicular
helper cells. On the other hand, differences detected in terms of CD21 expression by B
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cells early after infection, together with the quantified anti-Leishmania specific antibodies,
suggest that SV/129 are faster than BALB/c and C57BL/6 mice in the assembly
of an efficient B-cell response. Additionally, we observed an infection-induced
increase in polyfunctional CD4+ T cells in the resistant SV/129 model, opposing an
infection-induced increase in CD4+IL-10+ cells in susceptible BALB/c mice. Our data
aligns with the observations reported for L. donovani infection and suggest that not only
a single mechanism, but an interaction of several could be necessary for the control of

this parasitic disease.

Keywords: Leishmania, visceral leishmaniasis, mouse models, susceptibility vs. resistance, immune regulation

INTRODUCTION

More than a century after the discovery of leishmaniasis and
its vector-borne causative agent, Leishmania spp., a lot of
ground remains to be covered. The number of species described
associated with human disease has been increasing [around 20
species with clinical relevance (Akhoundi et al., 2016)] and,
with them, the complexity of the host-parasite interactions
equation. It is well-accepted that the infection outcome depends
on a number of factors including the infecting parasite species,
and the “equilibrium” between the host immune response and
the parasite immune-evasion strategies (Cecilio et al., 2014).
These aspects justify the different known leishmaniasis clinical
manifestations (that vary from a localized cutaneous ulcer to skin
and mucosa metastatic lesions, or to the colonization of internal
organs such as the spleen, liver, and bone marrow), consequently
associated with different pathological mechanisms (Bates, 2007;
Hartley et al., 2014). Every year up to one million new cases
and 30,000 deaths are associated with this spectrum of diseases
(World Health Organization, 2017).

The quest for the missing vaccine and for better therapeutic
options for human leishmaniasis requires the understanding of
the infectious process (from the transmission of Leishmania
parasites by their phlebotomine vector) which is still not
completely understood. The determinants of metastization
(diffuse cutaneous leishmaniasis; mucocutaneous leishmaniasis;
PKDL) and visceralization (visceral leishmaniasis) are still
ambiguous, while the susceptibility vs. resistance dichotomy
remains unestablished for some disease forms (McCall et al.,
2013; Hartley et al, 2014). The use of murine inbred
animal models was indispensable for the establishment of the
Th1/Th2 paradigm which explains resistance vs. susceptibility
(respectively) to cutaneous disease (Sacks and Noben-Trauth,
2002), and for the disclosure of genetic resistance determinants
in visceral disease, such as the expression of Nramp1 antiporter,
that when functional, prevents parasite replication in the
phagolysosome, by limiting their access to essential divalent
cations (Lipoldova and Demant, 2006; Kumar and Nylén, 2012).
Still, in visceral disease, the immunological aspects that condition
parasite persistence and their connection with host genetic
factors needs to be further explored, in a way to definitively
understand resistance vs. susceptibility.

Here, taking advantage of three inbred mouse strains, with
known different susceptibility patterns to infection by the

viscerotropic L. donovani species (Lipoldova and Demant, 2006),
we compared the development of experimental L. infantum
infection, the main causative agent of visceral leishmaniasis in
South America and the Mediterranean Basin (Ready, 2014).
For this, at two different time-points, we quantified the
parasite burdens in the main target organs; evaluated the
liver’s granulomatous responses; studied the splenic immune
cell compartment composition and their infection-induced
modifications, particularly emphasizing T and B lymphocyte’s
phenotypes; and assessed the development of specific humoral
responses against the parasite, as a way to explore the
above-mentioned dichotomy. The data obtained complement
findings recently reported for L. donovani infection (Bodhale
et al, 2018), important for the establishment of a parallel
between the viscerotropic Leishmania strains in the context of
in vivo infections.

MATERIALS AND METHODS

L. infantum Culture

A cloned line of virulent Leishmania infantum
(MHOM/MA/67/TTMAP-263) freshly recovered from BALB/c
mice was used for a total of 10 passages. Promastigotes were
routinely maintained at 26°C in standard RPMI 1640 medium
supplemented with 10% heat-inactivated Fetal Calf Serum
(FCS; Biowest, Nuaillé, France), 2mM L-glutamine, 100 U/ml
penicillin, 100 pg/ml streptomycin and 20 mM HEPES buffer,
all products from Lonza (Basel, Switzerland). All maintenance
cultures were grown with a starting inoculum of 10° parasites/ml.
Parasites for in vivo infections were always collected after 5 days
of culture.

Mouse Strains, Infections, and Euthanasia

Six- to eight-week-old sex-matched BALB/c, C57BL/6 and
SV/129 mice (Charles River Laboratories, France) were
maintained under specific pathogen-free conditions at the
i3S facilities, in sterile IVC cabinets, with food and water
available ad [libitum. The three mouse strains were always
infected in parallel with the same parasite’s preparation. Each
animal was infected intraperitoneally with 1 x 10% stationary
promastigotes, prepared as reported elsewhere (Faria et al,
2016). Two or eight weeks after infection, mice were anesthetized
with isoflurane (Piramal healthcare, Northumberland, UK) and
further manipulated only after the total loss of pedal reflex (firm
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toe pinch). Euthanasia was performed by cervical dislocation
(under volatile anesthesia). All the controls (non-infected) used
in the experiments were strain-, age-, and sex-matched.

Blood and Organ Collection and

Manipulation

Blood from mice was collected through intracardiac puncture
under isoflurane anesthesia. Serum was collected and stored
at —80°C for posterior analysis. Spleens and livers were
aseptically collected from euthanized animals, weighed, and
either homogenized using Falcon®100 pm Cell Strainers
(Corning Life Sciences, Tewksbury, MA, USA) and manual
Potter-Elvehjem tissue homogenizers, respectively, or preserved
in formalin for posterior histological evaluation.

Determination of Parasite Burdens

Splenic and hepatic parasite burdens were assessed using the limit
dilution method, starting from 1 and 5 mg of organ, respectively.
The “parasite titer” was considered the last dilution with >1
motile parasite. The number of parasites per gram of organ was
calculated as previously described (Silvestre et al., 2007).

Histopathology

Livers were fixed in 10% formaldehyde (pH 7.4) for 48h,
followed by dehydration in ethanol and clarification in xylene
(all from Sigma-Aldrich, MO, USA). Tissues were embedded
in paraffin and cut to a thickness of 4 um. All sections were
stained with Hematoxylin and Eosin (H&E) for histopathological
analysis. Slides were observed in an Axioskop 2 Zeiss microscope
(Carl Zeiss, Jena, Germany) and photographs (100 and
400X magnifications) were acquired using a Nikon DS-L1
camera (Nikon, Tokyo, Japan). Two distinct observers blindly
evaluated the preparations. The total number of granulomas was
determined for each animal by accounting 20 microscopic fields
(100x magnification). In cases with a very poor granulomatous
response, the total number of granulomas per slide was
accounted for.

Flow Cytometry

The anti-mouse monoclonal antibodies used to perform this
study were all purchased from BioLegend (CA, USA) except
if otherwise stated: FITC labeled anti-IgM (R6-60.2, BD
Biosciences, NJ, USA), anti-CD8 (53-6.7), and anti-IFN-y
(XMG1.2); PE labeled anti-CD8 (53-6.7, BD), anti-CD44 (IM?7),
anti-CD19 (6D5) and anti-CXCRS5 (L138D7); PerCP labeled anti-
TNFa (MP6-XT22), anti-CD3 (17A2) and anti-CD4 (RM4-5);
PE-Cy7 labeled anti-CD3 (HA2), anti-GL7 (GL7) and anti-PD1
(RMP1-30); APC labeled anti-CD19 (6D5), anti-CD23 (B3B4)
and anti-IL-10 (JES5-16E3); BV510 labeled anti-CD4 (RM4-
5), PB labeled anti-CD21 (7E9) and anti-IL-2 (JES6-5H4); and
BV421 labeled anti-CD62L (MEL-14).

To analyze lymphoid cell populations, different antibody
panels were designed. The general lymphoid panel was composed
of anti-CD8, -CD3, -CD4, and -CDI19. The T cell memory
phenotype panel was composed of anti-CD8, -CD3, -CD4, -
CD44, and -CD62L. The “T follicular” panel was composed of
anti-CD3, -CD4 -PD1, and -CXCRS5. The “B cell phenotype”

panel was composed of anti-CD19, -IgM, -CD21, -CD23 and
-GL7. Surface staining of splenic cells was performed in PBS
+ 0.5% BSA (20 min, 4°C) followed by 15 min fixation using
1% PFA. For intracellular staining, splenocytes were cultured
for 4h with PMA/Ionomycin (50/500 ng/ml) and Brefeldin A
(10 g/mL). Cells were surface-stained and then intracellularly
after fixation and permeabilization with 1% saponin (all from
Sigma-Aldrich, MO, USA). Isotype controls were always used
for this study. Samples were acquired in a FACSCanto (BD,
Franklin Lakes, NJ, USA) and analyzed with FlowJo software v10
(TreeStar, OR, USA).

Supplementary Figure 1 illustrates the gating strategies used
in this work. Briefly, an initial gate plotting FSC-A vs. SSC-A
was performed to exclude cell debris. Afterward, singlets were
selected by plotting FSC-A vs. FSC-H and the remaining cell
populations were resolved. T lymphoid cell populations were
defined as CD3+/CD4+ and CD3+4/CD8+ while B cells were
defined as CD19+. Memory populations were defined as Naive
(CD62L+-CD44-), T Effector Memory (TEM - CD62L-CD44+),
and T Central Memory (TCM - CD62L+CD44+). Expression
of CD21, CD23, and GL7 was evaluated within B cells. Cytokine
production by T cells was assessed within CD3+/CD4+ and
CD3+/CD8+ cells. Co-expression of PD1 and CXCR5 was
evaluated within CD3+4/CD4+ T cells.

Immunoglobulin Determination

Antigen-specific immunoglobulins were quantified by sandwich
ELISA. Briefly, high protein binding 96-well plates (Greiner Bio-
One, Kremsmiinster, Austria) were coated overnight at 4°C with
Soluble Total Leishmania infantum Antigens (Silvestre et al.,
2008) prepared in NaHCO3 0.1M to a final concentration
of 40 ug/ml. Plates were then washed with PBS Tween 0.1%,
blocked with 1% gelatin from porcine skin (Sigma-Aldrich, MO,
USA) in PBS (blocking buffer) for 1h at 37°C and re-washed.
Each serum was then diluted 1:100 in blocking buffer and
added to the plates in duplicate. Wells filled with just blocking
buffer were used as blanks. Plates were incubated for 2h at
37°C and re-washed. Afterward, IgG and IgG1l were detected
using horseradish peroxidase (HRP) coupled a-mouse antibodies
[diluted 1:5,000 (IgG1; Southern Biotech, AL, USA) or 1:8,000
(IgG; Southern Biotech, AL, USA) in blocking buffer; incubated
for 1h, at 37°C]. Plates were washed for the last time, and the
substrate (ortho phenyl diamine (OPD) in citrate buffer) was
added for 10 min, time after which the reaction was stopped
with HCI 3N. Absorbance values were determined at 492 nm
in a Synergy™ 2 Multi-Mode Reader (BioTek instruments,
VT, USA).

Statistical Analysis

Results are expressed per individual animals/samples and/or
normalized in relation to the average values of the respective
control groups, with a representation of the group mean-
value =+ standard deviation. Statistical differences were analyzed
using GraphPad Prism v6.01 (CA, USA). One Way ANOVA
(with Tukey’s post-hoc analysis) was used for comparisons
between the different murine strains (infected or non-infected),
as well as for the comparison of normalized values; t-test
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was used for comparison between infected animals and the
respective controls.

RESULTS

Dynamics of L. infantum Infection in the
Different Mouse Strains: Looking at the
Main Target Organs

To study the determinants of visceral leishmaniasis resistance
vs. susceptibility, we compared the evolution of experimental
L. infantum infection in three inbred mouse strains. SV/129
is the strain described as resistant while C57BL/6 and
BALB/c are defined as susceptible models in the context
of L. donovani infection (Lipoldova and Demant, 2006).
Two weeks after an intraperitoneal challenge with 1 x 108
L. infantum promastigotes, BALB/c mice showed significantly
higher splenic parasite burdens in comparison with their SV/129
counterparts (Figure 1A, p < 0.05). This was accompanied
by infection-induced increased hepatic and splenic weights in
BALB/c, in a higher magnitude than the one observed for
both C57BL/6 and SV/129 (Figure 1B, p < 0.05). Eight weeks
post-infection, BALB/c mice still presented the highest splenic
parasite counts, followed by C57BL/6 and last by SV/129
Figure 1A, p < 0.05), although at this time-point relative
spleen weights were comparable among all the mouse strains
(Figure 1B). Interestingly, at this later time point, relative
liver weights were significantly different comparing the mouse
strains (at least p < 0.05): BALB/c relative liver weight was
the highest, while SV/129 was the lowest (Figure 1B) with a
liver weight below the determined weight for control animals
(Supplementary Figure 2A). However, such differences were
not translated into different absolute hepatic parasite burdens,
determined comparable among groups at both 2- and 8-
weeks post-infection. Curiously, liver granulomatous response
to L. infantum infection was consistently different between
the mouse strains (Figures 1C,D, Supplementary Figure 2B).
While BALB/c mice liver-sections contained on average 10
granulomas/field at both 2- and 8-weeks post-infection, in
C57BL/6 we observed on average five hepatic granulomas/field
(2- and 8 -weeks post-infection) and in SV/129 always
less than five granulomas/field (Figure 1D). Additionally,
we observed that SV/129 had rather less structured cell
infiltrates when compared to the more susceptible mouse
strains (Figure 1C).

Basal Differences in the Murine Strains
Splenic Cell Compartments and Their

Modification 2 Weeks Post-infection

It is known that the splenic cell compartments of different
murine strains are not similar (Forni, 1988). To understand
if such differences would influence the early response to
L. infantum infection, we resolved by flow cytometry the
splenic cell compartments of the three murine strains
studied, comparing animals infected for 2 weeks with their
non-infected counterparts. While regarding the lymphoid

splenic cell populations, we observed differences comparing
BALB/c, C57BL/6, and SV/129 both before and 2 weeks after
infection (Figures 2A,B), this was not true for myeloid
cell populations for which no major differences were
observed (data not shown).

T lymphocytes (CD3+) represented more than 35% of
spleen cells in BALB/c and SV/129 control mice, while
in C57BL/6 this population accounted in average for 25%
of this organ basal cell content (Figure2A). Furthermore,
within splenic T lymphocytes the basal levels of CD4+ cells
were higher in BALB/c (50%) than in SV/129 (40%) and
C57BL/6 (30%), while the basal levels of CD8+ were higher
in C57BL/6 (55%) compared to both BALB/c and SV/129
mice (around 40%) (Figure2A). Two weeks post-infection,
these general tendencies were overall maintained, although
an infection-induced effect was observed for BALB/c mice:
CD3+ T cells decreased with infection (statistically different
normalized numbers compared with SV/129, p < 0.05), as
well as CD4+ T cells (p < 0.05 compared with non-infected
values). We also resolved the T cell memory pool, and
although we observed some differences comparing the strains,
no major infection-induced effect was observed for CD4+ T
cells, while for CD8+ T cells an infection-induced decrease
in naive and an increase in TEM and TCM populations was
observed, particularly comparing C57BL/6 with BALB/c animals
(Supplementary Figure 3). Additionally, we analyzed a subset
of CD4+ T lymphocytes expressing CXCR5 and PD1, known
as follicular helper T cells (Tth), important for germinal center
reaction related to T-B cell cognate interaction, since they
may play an important role in the anti-Leishmania immune
response (Rodrigues et al., 2014). Although the basal levels
of this population were higher in C57BL/6 animals, 2 weeks
post-infection this CD4 subset significantly increased in BALB/c
and SV/129 mice, while it did not change in C57BL/6 mice
(Figure 1A, p < 0.05 or p < 0.01, compared with BALB/c or
SV/129, respectively).

Concerning total splenic B cells (CD19+) we observed that
their basal levels in BALB/c mice were lower in comparison
with C57BL/6 animals (Figure 2B). Furthermore, no major
changes were observed in the frequencies of splenic B cells
2 weeks after infection (Figure2B). Although most of these
B cells expressed CD23 [important down-regulator of BCR
signaling (Liu et al, 2016)], SV129 displayed a relatively
larger population of CD19+CD23lo/- cells than BALB/c or
C57BL/6. However, once again no significant changes in
the frequency of CD19+CD23+ cells were observed as a
consequence of L. infantum infection. CD21 is an important
co-receptor molecule in BCR cognate stimulation (Roozendaal
and Carroll, 2007). Although no significant differences were
detected in terms of basal expression, comparing the three
murine strains, a downregulation of this receptor 2 weeks
after infection was detected for both BALB/c and C57BL/6
(Figure 2B), but not for SV129. Last but not least, we also
observed a significant increase in the expression of the activation
marker GL7 only in BALB/c mice 2 weeks after infection
(Figure 2B; p < 0.05).

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2019 | Volume 9 | Article 30


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Pérez-Cabezas et al.

Resistance vs. Susceptibility in VL

A Spleen Liver
3 - 8
2 6 2 . 09%0.%‘"
4%?&.& ‘ 2wns
o 2 2
S
8 . 8
. °
: BE: 2
Fel ®T .
gz 2
2 BALBIc CSTBLS SVM29 s BALB/c CSTBLE SVI129
C

BALB/c

2 Weeks
25+
z20{ O
H
154
g .
S 104
c
[
G 54

BALB/c C57BL/6 SV/129

FIGURE 1 | Parasite burdens, organ weights, and hepatic granulomas quantification in the three murine strains 2 and 8 weeks after infection with L. infantum. BALB/c
(white circles), C57BL/6 (black circles) and SV/129 (brown circles) mice were infected intraperitoneally with 1 x 108 L. infantum promastigotes and euthanized 2 or 8
weeks after. Aged matched non-infected controls were euthanized at the same time-points. (A) Hepatic and splenic total parasite burdens (determined by limiting
dilution). (B) Relative splenic and hepatic weight alterations with infection (normalized by the controls average organ weights). (C) Hepatic granuloma morphology
(representative images of H&E stained liver slides; 100X magnification; arrowheads point to granulomas; scale bar corresponds to 100 wm) and (D) quantification.
Each dot represents an animal; average and SD of the values within each group are shown (A,B,D). Results are representative of at least two independent
experiments. Statistical differences are properly identified (One-Way ANOVA (with Tukey’s post-hoc analysis): *p < 0.05, **p < 0.01, and ***p < 0.0001).
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Murine Strains Splenic Cell Compartment
Composition 8 Weeks Post-infection

To figure out if the murine strain’s splenic cell compartments
would differentially change with the course of L. infantum
infection, we performed flow cytometry analysis in the
spleens from age-matched BALB/c, C57BL/6 and SV/129 mice,

at 8 weeks post-infection, always in comparison with the
respective non-infected and age-matched controls. Once again,
in the myeloid cell compartment no major infection-induced
differences were seen at this later time-point (data not shown)
while in the lymphoid cell compartment some alterations with
the course of infection were observed (Figure 3). The CD3+
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FIGURE 2 | Splenic lymphoid compartment of the different mouse strains and it’s alteration 2 weeks post L. infantum infection. BALB/c (white circles), C57BL/6
(black circles), and SV/129 (brown circles) mice were infected intraperitoneally with 1 x 108 L. infantum promastigotes and euthanized 2 weeks after. Splenic
lymphoid populations were resolved by flow cytometry: T cell (A) and B cell (B) compartments. Results, obtained in at least two independent experiments, are
represented both in total percentages (infected and control animals) and normalized (infected in relation to control group average values) as a way to highlight the
infection-induced alterations. Each dot represents an animal. Average and SD of the values within each group are shown. Statistical differences are properly identified.
One Way ANOVA (with Tukey’s post-hoc analysis) was used for comparisons between the different murine strains (infected or non-infected; gray lines), as well as for
comparison of normalized values (black lines); t-tests (black lines) were performed for comparison between infected animals and controls from the same strain: *p <
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cells normalized levels at this time point were comparable
among the groups, while the CD4+ and CD8+ normalized
values were significantly different in C57BL/6 mice compared
to both BALB/c and SV/129 strains: the infection induced an
increase of CD4+ and a decrease of CD8+ T cells (Figure 3A).
Furthermore, with respect to the T cell memory pool, apart

from the previously observed strain-specific differences in basal
levels, no major infection-induced alterations were observed
(Supplementary Figure 4). Additionally, and as observed 2
weeks after infection, differences in CD4+CXCR5+PD1+ T cells
were detected, comparing the different mouse strains, regarding
both basal levels and the ones determined in 8-week-infected
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animals. While C57BL/6 mice showed a decrease of splenic Tth
cells (p < 0.05; compared with control counterparts), SV/129,
and BALB/c mice showed an increase in this splenic T cell
subset, more pronounced for the latest (Figure 3A; p < 0.001,

compared with control counterparts). Finally, at this later time-
point, an infection-induced increase in the splenic B cells was
observed in BALB/c mice (p < 0.01) but not in C57BL/6
nor SV/129 animals, although phenotypically no alterations
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were observed with infection comparing the different mouse
strains (Figure 3B).

Dynamics of Splenic T Cell’s Cytokine
Response With the Course of Infection in

the Different Mouse Strains

It is well-known that the inflammatory environment of target
organs conditions parasite persistence or elimination (Rodrigues
et al, 2016). These responses are particularly relevant in
the spleen, organ used many times to distinguish between
susceptible and resistant animal models, related to observations
of infection progression or parasite elimination, respectively
(Stanley and Engwerda, 2007). To extrapolate the infection-
induced environment in the spleen of the different animal models
used in this study, and to disclose potential differences between
them, we evaluated by flow cytometry the cytokine production
potential of splenic T cells at 2- and 8-weeks post-infection,
always compared to non-infected matched controls.

Overall, no major differences were observed in the basal
cytokine production by CD4+ T cells. Additionally, early
after infection, all murine strains showed a similar capacity
to produce IFN-y. On the other hand, CD4+ T cells from
infected BALB/c mice responded by producing significantly more
IL-2 and IL-10 compared to both non-infected counterparts
and infected C57BL/6 and SV/129 mice (Figure 4A; at least
p < 0.05). No significant differences with respect to TNF-a
producing CD4+ T cells were observed at this time-point, when
comparing the different mouse strains, and consequently, no
significant differences were observed when we looked at the
frequencies of splenic polyfunctional CD4+ T cells (with the
potential to produce simultaneously IFN-y, IL-2, and TNF-a)
(Figure 4A). However, 8 weeks after infection, SV/129 mice
displayed a significant increase in the percentage of splenic
CD4+ T cells with the capacity to secrete IFN-y or TNF-
o (Figure4B; at least p < 0.05). This translated into a
significant increase in the levels of splenic polyfunctional CD4+
T cells, comparing SV/129 animals with both BALB/c and
C57BL/6 mice (Figure 4B; p < 0.05 and p < 0.01, respectively).
Furthermore, at 8 weeks post-infection, the percentage of splenic
CD4+ T cells showing the potential to secrete IL-10 was
significantly and tendentiously increased in BALB/c and SV129
mice, respectively. Curiously, at this later time-point, the only
infection-induced phenotype observed for C57BL/6 animals was
the significant increase in the IL-2 production by splenic CD4+
T cells (Figure 4B).

Regarding the basal splenic CD8+ T cell cytokine-secreting
potential, some differences were observed, particularly
comparing SV/129 with the other models that show a higher
response (Figure 5A). However, when we evaluated infection-
induced effects 2 weeks post-challenge, splenic CD8+ T cells
from C57BL/6 and SV/129 mice showed a greater potential
of TNF-a secretion, when compared to BALB/c animals
(Figure 5A; at least p < 0.05 comparing normalized values).
Once again at this early time-point after infection, no major
differences were observed in terms of infection-induced IFN-y
secretion (now by CD8+ T cells), while a significant increase

in the splenic CD8+ T cells with the ability to produce either
IL-10 or IL-2 was observed comparing BALB/c mice with
both C57BL/6 and SV/129 animals (Figure 5A; at least p <
0.05 comparing normalized values). At 8 weeks post-infection
we once again detected some differences in CD8+ T cell’s
cytokine-secretion potential when we compared the three mouse
strains. While the infection-induced increase of CD8+ T cells
producing IFN-y was not strain related, TNF-a splenic CD8+ T
cell secretion potential of SV/129 mice was significantly higher
than the one of CD8+ T cells from both BALB/c and C57BL/6
animals (Figure 5B; p < 0.0001). Furthermore, as for CD4+
T cells at this time-point, splenic CD8+ T cells from C57BL/6
mice showed a significantly higher capacity of producing IL-2
than both CD8+ T cells from BALB/c and SV/129 (Figure 5B; at
least p < 0.001). Finally, at this later time-point post-infection,
CD8+ T cells from infected BALB/c mice maintained their
capacity to secrete IL-10 (Figure 5B).

Anti-Leishmania Specific Inmunoglobulin
Response to Infection in the Three Murine

Strains

The role of antibodies in leishmaniasis susceptibility vs.
resistance is still not clear (Rodrigues et al., 2016). However,
antibody responses, particularly having in consideration IgG
isotypes, as the switch for IgGl isotype is dependent on IL-
4 and can be a marker of a Th2 response, may help us to
better understand the immune response being mounted against
Leishmania parasites (Tripathi et al., 2007). Because of this, we
evaluated, using ELISA, the specific antibody responses generated
upon Leishmania infection in the three mouse strains, at 2- and
8-weeks post-infection. Specific IgG response could be detected 2
weeks after L. infantum infection in mice from the three strains
(Figure 6A). Curiously, SV/129 mice presented significantly
higher levels of serum IgG that binds to L. infantum antigens, in
comparison with both BALB/c and C57BL/6 strains (Figure 6A;
p < 0.001). Importantly, this difference was not mediated by a
significant increase of anti-Leihmania specific IgG1 antibodies
(Figure 6A). Later, 8 weeks after infection, we did not observe
any further difference in the levels of serum L. infantum specific
IgG antibodies, comparing all mouse strains. However, at this
later time-point, BALB/c mice presented significantly higher
levels of serum L. infantum specific IgG1l antibodies, when
compared to both C57BL/6 and SV129 infected mice (Figure 6A;
atleast p < 0.05). These results were evidenced by the calculation
of specific immunoglobulin dynamics: BALB/c mice presented
on average 5-fold more anti-Leihmania specific IgG1 antibodies
at 8 vs. 2 weeks post-infection, while C57BL/6 and SV129 mice
presented no more than a 2-fold increase.

DISCUSSION

One of the layers of complexity associated with leishmaniasis
relates to the distinct known disease manifestations, a
consequence of heterogeneous pathogen-host interactions
that will condition the infectious process outcome (Loeuillet
et al., 2016; Cecilio et al., 2018). While for some disease
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forms,

such as cutaneous leishmaniasis, we are close to
understanding the determinants of resistance vs. susceptibility,
for visceral leishmaniasis we are still unable to clearly
establish this dichotomy. Here, trying to address this issue,

we took advantage of different inbred mouse models,
with known different susceptibility patterns to Leishmania
spp. infection, and dynamically explored their splenic cell
compartment’s composition, in health, and after infection with
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L. infantum. Furthermore, we also looked at local and systemic
infection-induced immune responses, comparing the different
murine strains.

As expected, pathological differences were observed when we
compared the different infected mouse strains. Two weeks post-
infection BALB/c mice demonstrated hepatosplenomegaly, while
both C57BL/6 and SV/129 mice kept their splenic and hepatic
weights comparable to the respective controls (Figure 1B). Eight
weeks post-infection, BALB/c mice continued to be the only

model demonstrating hepatomegaly, while all of the strains
showed similar signs of splenomegaly (Figure 1B). Interestingly,
determined hepatic weights were in accordance with the
granulomatous response quantified (Figures 1C,D), which may
indicate a correlation between cell infiltrates and hepatic weight.

The above-mentioned results partially translated to the
determined parasite burdens, particularly considering the splenic
ones. As early as 2 weeks post-infection, we detected a significant
difference when comparing the susceptible BALB/c model with
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the resistant SV/129 (Figure 1A). These results are in line with  similar with L. donovani infection, the splenic parasite burdens
the ones reported for the other viscerotropic Leishmania species,  of C57BL/6 animals were always intermediate, compared with
L. donovani (Bodhale et al., 2018). Interestingly, similar to what ~ the other two animal models (Bodhale et al., 2018). Overall
(Bodhale et al., 2018) reported, we also observed an increase of ~ this may suggest that the pathogenic process of these two
splenic parasite burdens with time in BALB/c and C57BL/6 mice,  different parasite strains is similar, as will probably be the
while for SV/129 mice we observed a plateau. Additionally, also  determinants of susceptibility vs. resistance. This gives relevance
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to the convergent study of the two viscerotropic Leishmania spp.
in vivo, as a way to tackle the many questions that still remain
unanswered, that go beyond the dichotomy susceptibility vs.
resistance (e.g., determinants of visceralization).

Regarding liver parasite burdens, no significant differences
were detected among the mouse strains at both 2- and 8-
weeks post-infection (Figure 1A). Most certainly, at a later time
point post-infection, we would observe a reduction in hepatic
parasite burdens, considering the organ-specific immunity
associated with murine Leishmania infection models (Stanley
and Engwerda, 2007), together with a milder granulomatous
response. Although such a hepatic resolution of infection is
observable at early time-points in other studies, we have to keep
in mind that Leishmania spp. in vivo infection outcomes depend
on a number of factors, including the parasite strain, the parasite
dose, and the route of challenge (Loeuillet et al., 2016).

To understand if the infectious process differentially
influences the immune response of different hosts and to try
to infer how the host responds to the parasite, we resolved the
splenic cell compartments of the three murine strains at two
time-points after infection, always comparing with their basal
(non-infected) statuses. And more than to identify the main
cell types analyzed in host-Leishmania interaction studies, we
looked at some functional markers of T and B cells. Interestingly,
both BALB/c and SV/129 showed higher levels of infection-
induced splenic Tfh cells than C57BL/6 mice (Figures2A,
3A). One possible explanation for such differences may be
related to the generation, or absence thereof, of an environment
favorable for Tfh differentiation, dependent, among other
factors on cytokine secretion (Ma et al, 2012). Curiously,
upon Leishmania infantum infection, BALB/c but not C57BL/6
mice, showed increased levels of IL-27 (Perez-Cabezas et al,,
2016), one of the cytokines associated with Tfh differentiation
(Ma et al, 2012). We may only speculate that the infection-
induced expansion of the SV/129 Tfh cell compartment may
be due to the same infection-induced IL-27 secretion observed
in BALB/c mice. Regarding B cell functional markers, the
infection-induced differences observed 2 weeks post-infection
(comparing the different mouse strains) were absent at the 8
weeks post-infection time-point (Figures 2B, 3B). Relevantly,
2 weeks post-infection, while splenic B cells from SV/129 mice
retained the basal levels of CD21 expression, the ones from
both BALB/c and C57BL/6 mice showed a downregulation of
this surface marker, which may indicate a “more immature” B
cell compartment (Thorarinsdottir et al., 2015). Such results
are fittingly in line with the specific antibody titers determined
against total parasite extract (Figure 6A), significantly higher in
SV/129 mice early after infection, in comparison with the other
two murine strains. This relation between CD21 expression
levels and specific antibody titers is well-characterized in other
infection models (Haas et al., 2002; Schauer et al, 2003).
These results suggest that SV/129 are faster than BALB/c and
C57BL/6 mice in the assembly of an efficient B-cell response
that cannot be separated from a competent T-cell response
(Crotty, 2015).

To disclose if possible, strain-related characteristics of the
infection-induced splenic environment might justify the resistant

vs. susceptible phenotypes, we further explored the dynamics of
splenic T cell’s cytokine response with the course of infection
in the different mouse strains. It is well-known that IL-10
regulates the kinetics of visceral Leishmania infection (Nylén
and Sacks, 2007). Relevantly, here we show that only CD4+
and CD8+ cells from BALB/c mice showed an infection-
induced increase capacity of secreting IL-10, which is retained
at 8 weeks post-infection (Figures4, 5). This is probably
the main indirect justification of the differences in splenic
parasite burdens determined, comparing BALB/c and SV/129
animals. On the other hand, and although also considered a
susceptible model of VL, C57BL/6 mice never showed this
IL-10 upregulation, while the resistant SV/129 mice showed
an infection-induced IL-10 upregulation (in CD4+ T cells
only) 8 weeks post-infection. Interestingly, when we looked at
polyfunctional CD4+ T cells (Seder et al., 2008) we observed
a significant increase in their frequency at 8 weeks post-
infection in SV/129 mice compared to the susceptible murine
models (Figures 4, 5). Looking at the bigger picture, we may
speculate that the control of infection observed in SV/129 mice is
associated with this probable increase of T cell polyfunctionality,
which is not well-explored in visceral leishmaniasis [only in
a few vaccine studies, e.g., (Coler et al, 2015)], but is well-
understood in other infectious diseases, such as the one caused
by HIV-2 (Duvall et al., 2008). The infection-induced increased
potential of IL-10 secretion detected for CD4+ T cells of
SV/129 mice may also be an indirect indication of an effective
anti-parasitic response, bearing in mind that accompanied
with inflammation, regulatory mechanisms are expected to
occur in order to limit tissue damage, and ultimately restore
homeostasis (Iyer and Cheng, 2012).

Finally, we explored the specific anti-Leishmania humoral
responses, also dynamically. Curiously, in BALB/c we observed
a prevalent IgGl response that increased with the course
of infection (Figure6B). It is certain that the Th1/Th2
paradigm explains resistance vs. susceptibility in cutaneous
disease, but is not that straightforward in the visceral form
of leishmaniasis (Wilson et al., 2005; Tripathi et al., 2007).
This said, our results support the development of a prevalent
Th2-like response in BALB/c mice, but not in C57BL/6
[as expected (Watanabe et al, 2004)] or SV/129 mice, a
potential justification of the results observed regarding splenic
parasite burdens.

Overall, our results suggest that C57BL/6 mice demonstrates
an intermediate “infection-phenotype” compared to the
susceptible and resistant BALB/c and SV/129 mouse strains
respectively, in the context of L. infantum infection. It is
difficult to draw a parallel between visceral leishmaniasis
mouse models and human disease since the clinicopathological
features of the last, are not recapitulated by the first (Loria-
Cervera and Andrade-Narvéaez, 2014). Still, it is proposed
by some authors that murine models of visceral disease
may be translated to sub-clinical infection (Loria-Cervera
and Andrade-Narvdez, 2014) hypothesis, which is hard to
confirm since most human individuals studied are either
active patients or treated individuals. Allowing ourselves
some speculation in convergence with this hypothesis,
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these distinct mouse models may be representative of the
spectrum of asymptomatic individuals: those with a higher
probability to develop disease (BALB/c), those that remain
asymptomatic (C57BL/6) and those that are able to resolve the
infection (SV/129).

The genetic determinants of susceptibility vs. resistance
in mouse models of visceral leishmaniasis, such as NRAMP
functionality are well-known (Lipoldova and Demant, 2006;
Loeuillet et al, 2016). However, we believe that regardless
of the genetic background [which will obviously condition
susceptibility/resistance to disease in humans (Blackwell, 1996),
although not entirely], we need to understand the anti-parasitic
immune response mounted by susceptible and resistant models
of infection, which may or may not be influenced by the
identified genetic susceptibility/resistance determinants, since
infection establishment depends on a(n) (in)balance of parasite
multiplication and elimination.
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Leishmaniases are neglected diseases that cause a large spectrum of clinical
manifestations, from cutaneous to visceral lesions. The initial steps of the inflammatory
response involve the phagocytosis of Leishmania and the parasite replication inside the
macrophage phagolysosome. Melatonin, the darkness-signaling hormone, is involved
in modulation of macrophage activation during infectious diseases, controlling the
inflammatory response against parasites. In this work, we showed that exogenous
melatonin treatment of BALB/c macrophages reduced Leishmania amazonensis
infection and modulated host microRNA (miRNA) expression profile, as well as cytokine
production such as IL-6, MCP-1/CCL2, and, RANTES/CCL9. The role of one of the
regulated miRNA (miR-294-3p) in L. amazonensis BALB/c infection was confirmed
with- miBNA inhibition assays, which led to increased expression levels of Tnf and
Mcp-1/Ccl2 and diminished infectivity. Additionally, melatonin treatment or miR-30e-5p
and miR-302d-3p inhibition increased nitric oxide synthase 2 (Nos2) mMRNA expression
levels and nitric oxide (NO) production, altering the macrophage activation state
and reducing infection. Altogether, these data demonstrated the impact of melatonin
treatment on the miRNA profile of BALB/c macrophage infected with L. amazonensis
defining the infection outcome.

Keywords: polyamine pathway, nitric oxide synthase, arginase 1, interleukin, NRNA-miRNA interaction, melatonin
and Leishmania

INTRODUCTION

Leishmaniases are neglected tropical diseases characterized by cutaneous, mucocutaneous, or
visceral lesions (Alvar et al., 2012; Scott and Novais, 2016). The diseases are endemic in 98
countries worldwide (Alvar et al., 2012). According to the World Health Organization (WHO),
approximately 12 million people are currently infected, and ~20,000-30,000 deaths occur annually
(Alvar et al., 2012; WHO, 2017). The etiological agents of leishmaniases are the protozoan parasites
of Leishmania genus (Marsden, 1986; Ashford, 2000).
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Leishmania amastigotes are obligatory intracellular parasites,
which survive and replicate inside macrophage phagolysosomes,
being able to modulate the host immune response by the
reduction of inflammation and the development of an adaptive
immune response (Nathan and Shiloh, 2000; Gregory and
Olivier, 2005; Mosser and Edwards, 2008; Scott and Novais,
2016). Modulation of type 1 (Th1) or type 2 (Th2) polarization of
T CD4* lymphocytes is essential to define the fate of infection,
inducing death or proliferation of Leishmania amastigotes in
the macrophages (Corraliza et al., 1995; Munder et al.,, 1998;
Wanasen and Soong, 2008). Some enzymes, such as nitric oxide
synthase 2 (NOS2) and arginase 1 (ARGI), are competitively
regulated by Thl or Th2 cytokines, and both enzymes use L-
arginine as substrate. Stimulation with Thl-associated cytokines
and chemokines, such as interferon gamma (IFN-y), tumor
necrosis factor (TNF) and granulocyte macrophage colony-
stimulating factor (GM-CSF), polarize macrophages to the M1
phenotype by increasing NOS2 and decreasing ARGI1 levels,
leading to parasite control (Hrabak et al., 1996; Boucher et al,,
1999; Mantovani et al., 2004; Wang et al., 2014). Conversely,
Th2-associated cytokines and chemokines, such as interleukin
4 (IL-4), IL-13, tumor growth factor beta (TGF-B), IL-10
and macrophage colony-stimulating factor (M-CSF) (Verreck
et al,, 2004), induce M2 polarization by decreasing NOS2 and
increasing ARG1 levels (Martinez et al., 2009), leading to parasite
replication and survival (Hrabak et al., 1996; Boucher et al., 1999;
Mantovani et al., 2004; Wang et al., 2014).

Melatonin, the darkness hormone, is synthesized during the
night by the pineal gland under the control of the central clock,
the suprachiasmatic nuclei of the hypothalamus. Melatonin is
also synthesized by immune-competent cells and plays a role
in surveillance against infection and in the recovery phase of
acute defense responses (Markus et al., 2007, 2017; Carrillo-
Vico et al,, 2013). The interplay between timing and defense
is a fine-tuned regulated process that involves melatonin-
mediated restriction of leukocyte migration from the circulation
to the tissues under normal conditions (Lotufo et al., 2001;
Ren et al., 2015). However, suppression of pineal melatonin
synthesis can occur in response to pathogen (bacteria and fungi)-
and danger-associated molecular patterns (Da Silveira Cruz-
Machado et al.,, 2010; Carvalho-Sousa et al., 2011) to allow
migration of leukocytes to the lesion site at night as well as
during the day. In addition, melatonin can be synthesized “on
demand” by macrophages (Pontes et al., 2006; Muxel et al.,
2012), dendritic cells (Pires-Lapa et al., 2018) and lymphocytes
(Carrillo-Vico et al., 2004) during the recovery phase or under
low-grade and chronic inflammatory conditions (Markus et al.,
2017). This fine-tuned regulation of melatonin synthesis reduces
susceptibility to bacterial infection (Rojas et al., 2002), lethal
endotoxemia (Maestroni, 1996; Prendergast et al., 2003) and
several parasite infections such as Schistosoma mansoni (El-
Sokkary et al., 2002), Plasmodium falciparum, and Plasmodium
chabaudi (Hotta et al., 2000), Trypanosoma cruzi (Santello
et al., 2007), Leishmania infantum (Elmahallawy et al., 2014),
and Leishmania amazonensis (Laranjeira-Silva et al, 2015).
Melatonin promotes the expression of the immunoregulatory
phenotype in immune-competent cells (Rojas et al., 2002; Kinsey

et al., 2003), acting as a cytoprotector (Luchetti et al., 2010), an
antioxidant (Reiter et al., 2013; Zhang and Zhang, 2014) and
an immunomodulator (Reiter et al., 2000; Carrillo-Vico et al.,
2005, 2013). Unlike bacteria and fungi, L. amazonensis did not
suppress the nocturnal melatonin surge (Laranjeira-Silva et al.,
2015), resulting in lower infectivity in the dark environment than
in the day.

The immune response can also be modulated by microRNAs
(miRNAs) participation (Baltimore et al.,, 2008; O’neill et al,
2011; Muxel et al., 2017b, 2018b). miRNAs are small non-coding
RNAs that act as posttranscriptional regulators by targeting
messenger RNAs (mRNAs) via 3’ untranslated region (UTR)
sequence complementarity, leading to translational repression
or mRNA degradation, among other mechanisms (Bagga et al.,
2005; Lim et al., 2005). miRNAs are involved in macrophage
activation and polarization (Baltimore et al., 2008; Graft et al.,
2012; Banerjee et al, 2013; Wang et al, 2014). In recent
years, some studies have been describing macrophage miRNA
modulation during Leishmania infections (Ghosh et al., 2013;
Lemaire et al,, 2013; Frank et al, 2015; Geraci et al.,, 2015;
Mukherjee et al., 2015; Muxel et al., 2017b). In this study, we
demonstrated that the miRNA profile of Leishmania-infected
macrophages was modified after melatonin treatment. Also,
melatonin reduced the levels of cytokines and chemokines such
as IL-6, MCP-1, MIP-2/CXCL2, and RANTES/CCL5. In contrast,
melatonin increased Nos2 mRNA expression and NO production
during infection. Melatonin treatment, as well as functional
inhibition of miRNAs in macrophages, impaired the infectivity
of L. amazonensis.

MATERIALS AND METHODS

Parasite Culture

Leishmania amazonensis (MHOM/BR/1973/M2269)
promastigotes were maintained in culture at 25°C in M199
medium (Invitrogen, Grand Island, NY, USA), supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Invitrogen), 5
ppm hemine, 100 uM adenine, 10 U/mL penicillin (Invitrogen),
10 pg/mL  streptomycin (Life Technologies, Carlsbad, CA,
USA), 40mM HEPES-NaOH and 12mM NaHCOs; buffer
(pH 6.85). The cultures were maintained for 7 days until
the new subcultures and only in early passages (P1-P5) for
infection assays.

In vitro Macrophage Infection

All experiments were performed with 6-8 weeks-old female
BALB/c mice obtained from the Animal Center of the Institute
of Bioscience of the University of Sdo Paulo. Bone marrow-
derived macrophages (BMDMs) were obtained from femurs and
tibias by flushing with 2mL of PBS. Then, the collected cells
were centrifuged at 500 x g for 10 min at 4°C and resuspended
in RPMI 1640 medium (LGC Biotecnologia, Sdo Paulo, Brazil)
supplemented with penicillin (100 U/ml) (Invitrogen, Sdo Paulo,
Brazil), streptomycin (100 pg/ml) (Life Technologies, Carlsbad,
CA, USA), 10% heat-inactivated FBS (Invitrogen) and 20% of
1929 cell supernatant. The cells were submitted to differentiation
for 7-8 days at 34°C in an atmosphere of 5% CO,. BMDMs
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were used after phenotypic analysis by flow cytometry showing
at least 95% F4/80- and CDI11b-positive cells. Fluorescence
detection was performed using an Amnis FlowSight (Merck-
Millipore, Darmstadt, Germany) and analyzed using Ideas®
Software (Amnis Corporation, Seattle, WA, USA).

For melatonin treatment assays, 2 x 10° cells were plated
into 8-wells glass chamber slides (Lab-Teck Chamber Slide;
Nunc, Naperville, IL, USA) and incubated at 34°C in an
atmosphere of 5% CO;, After, macrophages were treated with 3
or 30 nM melatonin (Tocris, Bristol, United Kingdom), vehicle
(0.0005% ethanol in medium, Sigma-Aldrich, St. Louis, MO,
USA) or medium only (untreated control) for 1, 2, or 4h.
Then, the macrophages were infected with promastigotes in
the stationary growth phase (MOI 5:1), as previously described
(Laranjeira-Silva et al., 2015). After 4 h of infection, the cells were
washed to remove nonphagocytosed promastigotes, and then
incubated with fresh RPMI medium supplemented as previously
described, or removed for cell-fixation process. The infectivity
was microscopically analyzed after 4 and 24h of infection,
cell-fixation was performed with acetone/methanol (1:1, v:v,
Merck, Darmstadt, Germany) for 20 min at —20°C, followed by
PBS washing and Panoptic-staining (Laborclin, Parana, Brazil).
Infectivity was analyzed in phase-contrast microscopy (Nikon
Eclipse E200, NJ, USA) counting the number of infected
macrophages and amastigotes per macrophage in at least 1,000
macrophages/treatment in three independent experiments. The
infection index was calculated by multiplying the mean number
of amastigotes per macrophage by the rate of macrophage
infection. The values were normalized based on the average
values for the untreated infected macrophages.

For mRNA and miRNA expression analysis, 5 x 10° cells/well
were plated into 6-well plates (SPL Life Sciences, Pocheon,
Korea) and for cytokines quantification in supernatant, 1 x 10°
cells/well were plated into 24-well plates (SPL Life Sciences), then
the melatonin treatment (30nM for 4h before infection) and
infection were performed as described above.

RNA Extraction, Reverse Transcription,

and RT-gPCR for miRNA

Total RNA was extracted using a miRNeasy Mini Kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions.
cDNA was synthesized from mature miRNA templates using
a miScript II RT Kit (Qiagen), according the manufacturer’s
instructions. Briefly, 250 ng of total RNA was added to 2 pL
of 5X miScript HiSpec Buffer, 1 pL of 10X Nucleics Mix and
1 uL of miScript Reverse Transcriptase Mix. RNase-free water
was added to a final volume of 10 wL. The RNA was incubated
for 60 min at 37°C to insert poly-A tail downstream of the
miRNA sequence and to anneal a T-tail tag for the elongation
of the cDNA. The enzyme was inactivated at 95°C for 5 min. The
reaction was performed in Mastercycler Gradient thermocycler
(Eppendorf, Hamburg, Germany), and the product was stored at
—20°C until use.

An array of 84 miRNAs was measured using a Mouse
Inflammatory Response and Autoimmunity miRNA PCR Array
kit (MIMM-105Z, Qiagen) and miScript SYBR PCR Kit (Qiagen).

The reaction was performed with 2X QuantiTect SYBR Green
PCR Master Mix, 10X miScript Universal Primer and 105 uL of
cDNA (triplicate samples of the 10-fold diluted cDNA). RNase-
free water was added to a final volume of 2,625 L (25 wL/well).
For specific amplification of miR-181¢, miR-294-3p, miR-30e,
miR-302d, and SNORD95A (used as a normalizer), reactions
were prepared with 2X QuantiTect SYBR Green PCR Master
Mix, 10X miScript Universal Primer, 10X specific primer, 5
pL of cDNA (3-4 samples 10-fold diluted) and RNase-free
water to a final volume of 25 pL/well. qPCR started with
activation of the HotStart DNA Polymerase for 15s at 95°C
and 40 cycles of 15s at 94°C for denaturation, 30s at 55°C for
primer annealing and 30s at 70°C for elongation. The reaction
was performed in Thermocycler ABI Prism 7300 (Applied
Biosystems, Carlsbad, CA, USA), and the relative Ct was analyzed
using online tools provided with the kit (miScript miRNA PCR
Array Data Analysis software). The geometric average Ct of the
miRNAs was normalized based on the SNORD95A values, and
then the fold changes were calculated to compare untreated,
vehicle-treated or melatonin-treated and infected macrophages
in relation to untreated and uninfected macrophages at the same
time of culture. The RT-qPCR efficiencies were determined and
a negative control reaction without reverse transcriptase enzyme
was included to verify the absence of any DNA contamination
in the RNA samples. The fold regulation (FR) was considered
to be the negative inverse of the fold change [function =
—1*(1/fold change value)]. FR > 1.5 were considered to indicate
upregulation, and levels <—1.5 were considered to indicate
downregulation, as previously described (Muxel et al., 2017a).

Reverse Transcription and RT-qPCR for
mRNA

Reverse transcription was performed using 2 pg of RNA and
20 nmol of random primer (Applied Biosystems) to a final
volume of 13 pL. The mixture was incubated at 70°C for
5min and then at 15°C for addition of the mix including 4
WL of 5X buffer, 2 WL of 10mM dNTPs and 1 pL (2U) of
RevertAid "~ Reverse Transcriptase (Fermentas Life Sciences,
Burlington, Ontario, Canada). The reaction was incubated at
37°C for 5min and at 42°C for 60 min. The enzyme activity
was blocked by heat inactivation at 75°C for 15 min, and the
cDNA was stored at —20°C until use. A negative control reaction
without reverse transcriptase enzyme was included to verify
the presence of some DNA contamination in the RNA samples.
Reactions were performed with 2X SYBR Green PCR Master
Mix (Applied Biosystems), 200 nM of each primer pair, 5 WL of
c¢DNA (100-fold diluted) and RNase-free water to a final volume
of 25 pL. The reactions were performed in an ExicyclerTM
96 Real-Time Quantitative Thermal Block (Bioneer, Daejeon,
Korea). The mixture was incubated at 94°C for 5 min followed
by 40 cycles of 94°C for 30s and 60°C for 30 s. Quantification
of target gene expression was performed based on a standard
curve prepared from a 10-fold serial dilution of a quantified and
linearized plasmid containing the target DNA. The following
primer pairs were used for mouse mRNA analysis: Nos2:

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2019 | Volume 9 | Article 60


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Fernandes et al.

Melatonin and microRNAs in Leishmania Infection

5'-agagccacagtcctetttge-3’ and 5'-gctectettecaaggtgett-3'; Argl: 5-
agcactgaggaaagctggtc-3’ and 5'-cagaccgtgggttcttcaca-3’; Cat-2b:
5'-tatgttgtctcggeaggete-3’ and 5'-gaaaagcaacccatectecg-3'; Catl:
5'-cgtaatcgecactgtgacct-3' and 5'-ggctggtaccgtaagaccaa-3'; Mcp-
1/Ccl2: 5'-tgatcccaatgagtaggetgg-3’ and 5'-gcacagacctctetettgage-
3/, Rantes/Ccl5: 5'- ggagtatttctacaccagcagca-3’ and 5'-
cccacttcttetetgggttgg-3', Tnf: 5'- ccaccacgctcttetgtcta—3’ and 5'-
agggtctgggecatagaact—3' and Gapdh: 5 -ggcaaattcaacggcacagt-3'
and 5'-ccttttggcetecacecttca-3'.

Transfection of miRNA Inhibitors

For miRNA expression analysis, 5 x 10° cells/well were plated
into 24-well plates (SPL Life Sciences, Pocheon, Korea) and
incubated at 34°C in an atmosphere of 5% CO,. For infectivity
analysis, 2 x 10° cells/well were plated into 8-well glass Lab-
Teck chamber slides (Thermo Scientific, NY, USA) and incubated
at 34°C in an atmosphere of 5% CO; for 18 h. Then, the cells
were incubated with 30 or 100 nM of the inhibitors miR-181c-
5p, miR-294-3p, miR-30e-5p, miR-302d-3p, the negative control
(Ambion, Carlsbad, CA, USA) or only medium (untreated),
which were previously incubated for 20 min at room temperature
with 3 pL of the FuGENE HD transfection reagent (Roche,
Madison, WI, USA) in 250 L of 10% FBS RPMI 1640 medium
(LGC Biotecnologia, Sdo Paulo, Brazil). After 36 h of transfection,
the cells were infected, as previously described.

Cytokine Quantification

The cytokines IL-1a, IL-1f, IL-4, IL-6, TNF-a, IL-13, IL-10,
and IL-12; and the chemokines RANTES/CCL5, KC/CXCLL1,
MIP-2/CXCL2 and MCP-1/CCL2 were quantified using 25 pL
of the supernatant of 1 x 10° cells of uninfected or infected
macrophages that were untreated, vehicle-treated or melatonin-
treated using a MILLIPLEX MAP Mouse Cytokine/Chemokine
Panel I kit (Merck Millipore, MA, USA), according to the
manufacturer’s instructions.

NO Quantification

NO quantification was performed with DAF-FM (4-amino-
5-methylamino-2’,7’-difluorofluorescein diacetate; Life
Technologies, Eugene, OR, USA) labeling and analyzed by
flow cytometry (FlowSight, Merck Millipore, Germany), as
previously described (Muxel et al., 2017a,b).

In silico Analysis

To analyze miRNA-mRNA interactions, we used the miRecords
platform  (http://cl.accurascience.com/miRecords/),  which
provides information of predicted mRNA targets by integrating
data from various tools: DIANA-microT, Microlnspector,
miRanda, MirTarget2, miTarget, NBmiRTar, PicTar, PITA,
RNA22, RNAhybrid, and TargetScan/TargetScansS.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
Software (GraphPad Software Inc, La Jolla, CA, USA).
Significance was determined based on Students t-test and
p < 0.05 was considered significant.

RESULTS

Melatonin Reduces macrophage-
Leishmania amazonensis Infectivity in a

Dose- and time-Dependent Manner
Melatonin treatment (3 or 30 nM) for 1 and 2h did not modify
the macrophage infection rate (as showed in the normalized data
in Figures 1A,B and original data in Supplementary Figure 1),
mean number of amastigotes per infected macrophage (3-5
amastigotes. Figures 1D,E) or infection index (Figures 1G,H)
after 4 and 24 h of infection, compared to vehicle treatment.
Otherwise, melatonin (30nM) treatment for 4h showed
reduction of 30% in the number of infected macrophages, while
treatment with 3nM of melatonin had no effect (Figure 1C;
Supplementary Figure 1). The number of amastigotes per
infected cell was reduced by the same percentage (20-25%) with
3 or 30nM (Figure 1F), and the infection index was reduced
at both concentrations (20-30% 3 nM, 60% 30 nM; Figure 1I).
Subsequent analyses were performed based on treatment with
30 nM melatonin for 4 h.

Melatonin Modulates the Expression of
Genes Related to L-arginine Transport and
Metabolism in Leishmania

amazonensis-Infected Macrophages
Considering that parasite survival in macrophages is affected
by deviation of L-arginine metabolism to the production
of polyamines (Muxel et al., 2018a), we evaluated the gene
expression of melatonin-treated macrophages in comparison
with  vehicle-treated macrophages, by quantification of
mRNA expression levels of Cat2B and Catl (both involved
in the macrophage L-arginine uptake), and of Argl and
Nos2 (involved in the polyamine production and NO
production, respectively) (Figure 2).

Based on these mRNA expression levels, we observed that
at both times of infection, early (4h) and established (24h), L.
amazonensis induced sustained expression of Cat2B and Catl
mRNA (Figures 2A,B). Argl and Nos2 were transiently expressed
in early (4h) infected macrophages compared to uninfected
macrophages. Exposure to vehicle and melatonin modulated
mRNA levels in uninfected macrophages, increasing the basal
levels of Cat2B and Argl (Figures 2A-C). However, in infected
macrophages, melatonin treatment did not alter the Cat2B,
Catl, or Argl mRNA levels (Figures 2A-C) compared to vehicle
treatment. Still, melatonin sustained the levels of Nos2 mRNA
(Figure 2D) and increased the frequency of NO-producing cells
(Figure 2E) and the amount of NO per cell (Figure 2F) at 24h
of infection. Our data revealed that melatonin treatment of
macrophages promoted modulation of the expression of mRNA
involved in L-arginine metabolism during infection, inducing
Nos2 to the detriment of Argl and thus altering infectivity.

Melatonin Modifies Cytokine and
Chemokine Production in Leishmania

amazonensis-Infected Macrophages
Furthermore, we analyzed cytokine and chemokine production
in response to melatonin treatment and L. amazonensis infection.
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FIGURE 1 | Melatonin inhibition of L. amazonensis infectivity in a dose dependent manner. BALB/c macrophages (2 x 10° cells) were pre-incubated for 1, 2, or 4h
with medium (untreated, white bar), vehicle (ethanol 0.0005%, gray bar), or 3 (purple bar) or 30 (magenta bar) nM of melatonin. After, macrophages were infected with
L. amazonensis (MOI 5:1) and analyzed after 4 and 24 h. (A-C)—Percentage of infected macrophages; (D-F)—number of amastigotes per infected macrophage;
(G-1)—Infection index (rate of infected macrophages multiplied by the number of amastigotes per infected macrophage). Each bar represents the mean + SEM of
values normalized by untreated macrophages at 4 h of infection. The data were representative of three independent experiments (n = 5-8). *p < 0.05, comparing the
melatonin treatment with the vehicle-treated macrophage at the same concentration and time.

The levels of the cytokines IL-4, IL-18, IL-13, IL-6, TNF-  macrophages (24h of infection) compared to uninfected
o, and IL-12 and the chemokine RANTES/CCL5 did not macrophages (Figure 3).

changed after 4 and 24h of infection, whereas IL-la (2- Melatonin treatment (30nM) reduced the levels of IL-6
fold), IL-10 (5-fold), MIP-2/CXCL2 (8-fold), and KC/CXCL1 (4-  (2-fold), MCP-1/CCL2 (5-fold), and RANTES/CCL5 (6-fold)
fold) showed decreased levels after 24 h of infection compared  compared to vehicle treatment after both 4 and 24 h of infection,
to those in uninfected macrophages (Figure 3). In contrast, = while both vehicle and melatonin treatment reduced the levels
MCP-1/CCL2 (2-fold) showed increased levels in infected  of IL-10, MIP-2/CXCL2, and KC/CXCLI1 (Figure 3). Our data
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untreated or vehicle.

FIGURE 2 | Quantification of mRNA involved in L-arginine transport and metabolism and NO production. Macrophages (5 x 106) were treated with 30 nM of
melatonin (squared dots), vehicle (5 x 10~6% ethanol, hexagonal dots) or untreated (triangular dots) for 4 h, infected with L. amazonensis (MOI 5:1) and collected
after 4 and 24 h of infection. RT-qPCR of Cat2B (A), Cat1 (B), Arg1 (C), and Nos2 (D) were normalized by Gapdh quantification and the values were normalized by
untreated-uninfected condition (0 h); (E) Frequency of NO producing cells and (F) mean of fluorescence intensity (MFI) of NO were quantified by DAF-FM label using
flow cytometry. Each bar represents the average + SEM of the values obtained in three independent experiments (n = 6-8). Statistical significance was determined
based on two-tailed Student’s t-test. *p < 0.05, infected macrophages (4 h or 24 h) compared to non-infected (0 h) **p < 0.05, melatonin-treated compared to

demonstrated that L. amazonensis-infection and melatonin could
regulate the synthesis of these cytokines and chemokines.

Melatonin Antagonizes Changes in the
miRNA Profile in Leishmania

amazonensis-Infected Macrophages

The effect of melatonin on the miRNA expression profile
was also evaluated after 4 and 24h of infection. In untreated
and 24 h-infected macrophages, only miR-294-3p, miR-410-
3p, and miR-495-3p appeared upregulated. In vehicle-treated
macrophages at 4 h of infection, miR-294-3p, miR-410-3p, miR-
669h-3p, and miR-721 appeared upregulated, while miR-26a-
5p, miR-130b-3p, and miR-181c-5p appeared downregulated
(Figure 4, Supplementary Table 1). In addition, at 24h of
infection, the expression of miR-302d-3p, miR-30e-5p, and miR-
669h-3p appeared upregulated, while miR-181c-5p and miR-26a-
5p appeared downregulated.

Melatonin treatment and 4h of L. amazonensis infection
induced the expression of miR-294-3p, miR-410-3p, miR-
694, and miR-669h-3p, while miR-26a-5p expression appeared
reduced (Figure 4). Additionally, melatonin treatment at both 4
and 24 h of L. amazonensis infection reduced the expression of
miR-26a-5p (Figure 4). However, only miR-694 was exclusively
affected by melatonin treatment since it did not appear in

vehicle treatment at early infection (Figure4). These data
indicated that melatonin blocked the upregulation of miR-
721 and the downregulation of miR-130b-3p and miR-181c-
5p after vehicle treatment at 4h of infection, as well as the
upregulation of miR-30e-5p, miR-302d-3p, and miR-669h-3p at
24 h of infection (Figure 4).

Our data demonstrated that melatonin treatment
could modulate the miRNA profile of L. amazonensis-
infected macrophages.

Inhibition of miR-181c-5p, miR-294-3p,
miR-30e-5p, and miR-302d-3p Reduces the
Infectivity of Leishmania amazonensis by
Modulation of Nos2, Tnf, Mcp-1/Ccl2, and

Rantes/Ccl5 mRNA Expression
Since miR-181c-5p, miR-294-3p, miR-30e-5p, and miR-302d-3p
appeared modulated in both vehicle and melatonin treatment,
we performed validation assays to determine the impact of those
miRNAs modulation on mRNA expression during infection.
Firstly, we performed in silico analysis, and based on
a miRecord search, we identified miR-181c-5p, miR-294-3p,
miR-30e-5p, and miR-302d-3p targeting thousands of mRNAs
(Supplementary Tables 2-5). Among these interactions and
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FIGURE 4 | Volcano plot showing melatonin modulation of miRNA profile in macrophages infected with L. amazonensis in a time dependent manner. Each dot
represents one MiIRNA in untreated, vehicle or melatonin (30 nM) treated in macrophages infected for 4 or 24 h with L. amazonensis. The red dots indicate
up-regulated miRNA and green dots indicate down-regulated miRNAs. Blue dotted line corresponds to p = 0.05, log 10. The relative up- and down-regulation of
miRNAs, expressed as boundaries of 1.5 or —1.5 of Fold Regulation, respectively. p-value was determined based on unpaired two-tailed Student’s t-test. The data
are representative of three independent experiments (n = 3-4).

trial to focus on L-arginine metabolism and NO, cytokine
and chemokine production, we identified that these miRNAs
could target the following mRNAs: Nos2, Tnf, Mcp-1/Ccl2, and
Rantes/Ccl5. Then, we performed in vitro validation through
miRNA inhibition of infection-induced expression at 4 and 24 h.
The miR-495-3p, miR-694, and miR-721 did not present in silico
prediction on these mRNA, with exception of miR-721/Nos2
validated target (Muxel et al., 2017b), then we did not perform
the validation assay (Supplementary Tables 6-8).

According to miRNA inhibition assays, we observed
reduced levels of these miRNAs at 4h, but not at 24h
of infection compared to untreated or negative control -
transfected macrophages, indicating the efficiency of miRNA
inhibition (Figure 5A).

Further, we evaluated the miRNA inhibitions and Nos2
mRNA expression levels, and we observed increased levels after
inhibition of miR-30e-5p and miR-302d-3p compared to the
negative control group (Figure 5B), indicating the interaction
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FIGURE 5 | Functional analysis of miR-181c, miR-294-5p, miR-30e, and miR302d inhibition. Macrophages (5 x 105) were transiently transfected with the negative
control (NC, gray bars), 30 or 100 nM of miR-181c-5p, miR-294-3p, miR-30e-5p, or miR-302d-3p inhibitors (purple bars), or left non-transfected (untreated, white
bars). After 36 h of incubation, the cells were infected with L. amazonensis (MOI 5:1) for 4 and 24 h. The inhibition with 100 nM of NC or miRNAs were performed to
evaluated miR-181c-5p, miR-294-3p, miR-30e-5p, or miR-302d-3p expression (A) and for Nos2 (B), Tnf, (C) Mcp-1 (D), and Rantes (E) mRNA expression, by
gPCR; the inhibition with 30 or 100 nM of NC or miRNAs were also performed for infectivity evaluation (F) by microscopy analysis, counting the numbers of infected
macrophages and amastigotes per macrophage (n = 1,000 macrophages/treatment). The values of mMIRNAs were represented by Fold change using SNORD95, as a
normalizing endogenous control. The values of mMRNAs were normalized (100%) based on the average values of the negative control (NC) at 4 h of infection. Each bar
represents the average + SEM of the values obtained in three independent experiments (n = 4-6). Statistical significance was determined based on unpaired
two-tailed Student’s t-test. In infectivity analysis (F), *p < 0.05, compared to negative control (NC) infected macrophages.

of these miRNAs with Nos2. The Tnf mRNA expression (Figures 5C,D), indicating the interaction of these miRNAs
showed increased levels after inhibition of miR-294-3p and  with Tnf. The Mcp-1 mRNA expression showed increased
miR-302d-3p compared to those in the negative control group  levels after inhibition of miR-294-3p (Figure 5D), indicating
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the interaction of this miRNA with Mcp-1. Interestingly, Mcp-
I mRNA expression showed decreased levels after inhibition of
miR-181c¢-5p (Figure 5D).

Since we observed no statistically significance in miRNA
inhibitions at 24h of infection, we did not infer a role for
an interaction between miR-294-3p and Rantes/Ccl5 mRNA
targeting (Figure 5E).

The impact of miRNA inhibition assays were also evaluated
in infection index and according to the Figure 5F, we observed
that the inhibition of miR-181c-5p, miR-294-3p, miR-30e-5p, and
miR-302d-3p at 30 or 100 nM inhibitors reduced the infection
index at 4h of infection, but only 30 nM of miR-294-3p, miR-
30e-5p, and miR-302d-3p inhibitors presented reduction in the
infection index at 24 h of infection (Figure 5F).

Altogether, the present data indicated that modulation of
macrophage infection by melatonin is dependent of these miRNA
expressions and therefore on changes in the cell defense program,
rather than on only isolated effects at one enzyme or receptor.

DISCUSSION

Macrophages are essential components of innate immunity and
are capable of differentiating into cells with a wide range of
functions. These cells are able to respond to different stimuli,
such as microbial molecules, damaged cell components, co-
stimulatory molecules, cytokines, and chemokines by changing
their phenotypes (Mosser and Edwards, 2008; Zhang and Mosser,
2008). In addition, melatonin can act as a pro- or anti-
inflammatory agent depending on cell activation state and/or cell
type. Melatonin also primes macrophages to a phenotype that
reduces L. amazonensis infectivity (Laranjeira-Silva et al., 2015).
Melatonin can also act in the modulation of gene expression
through transcriptional and posttranscriptional mechanisms,
and these intricate regulatory mechanisms interfere with
melatonin production. Several studies have shown the role of
melatonin in inhibiting arginine uptake via CAT2B (Laranjeira-
Silva et al., 2015), CAT1 (Gilad et al., 1998; Deng et al., 2006;
Nair et al., 2011), and NOS2 activity (Xia et al., 2012). In contrast,
our work showed that melatonin treatment of BALB/c BMDMs
increased Nos2 mRNA expression and NO production during
infection, leading to a decreased infection index. Moreover,
Nos2 expression and NO production kill parasites and result in
resistance to infection (Ghalib et al., 1995; Wei et al., 1995; Vieira
et al., 1996; Wilhelm et al., 2001; Yang et al., 2007; Ben-Othman
et al., 2009; Srivastava et al., 2012; Muxel et al., 2017b, 2018a,b).
In this work, we showed that melatonin treatment reduced
IL-6, RANTES, MCP-1 and MIP-2 protein levels in infected
macrophages, which could correlate with macrophage activation
and cell recruitment to the inflammation site. In contrast,
melatonin reduced IL-10 levels, which could correlate with
immune response modulation induced by infection and
pathogenesis. The melatonin treatment was previous described
in the pM-mM range concentrations inhibiting IL-18, TNF-a,
IL-6, IL-8, IL-13, and IL-10 and attenuating NOS2 activation
induced by LPS (Zhou et al., 2010; Xia et al., 2012). Additionally,
melatonin treatment increased TNF-a, IFN-y, and IL-12

production but reduced NO levels during Trypanosoma cruzi
infection (Santello et al., 2008a,b). A recent study demonstrated
that melatonin also inhibits the production of proinflammatory
cytokines, such as TNF-a, IL-6, and IL-12, by TLR-9-stimulated
peritoneal macrophages through ERK1/2 and AKT pathways
(Xu et al, 2018). However, melatonin in the pM-nM range
promotes increased phagocytosis of fungus-derived particles
(zymosan) by macrophages (Muxel et al,, 2012) and can also
reduces the entrance and replication of L. amazonensis in
peritoneal macrophages (Laranjeira-Silva et al., 2015).

Here, we show that L. amazonensis infection of BALB/c
untreated-macrophages promoted a reduction in IL-la
production and did not alter IL-18, IL-6, TNF-a, or IL-12
protein levels. However, in C57BL/6-macrophages, the levels
of Il1b, Tnf, 1110, and II6 receptor transcripts increase during
infection (Muxel et al., 2018b). IL-1p plays a role in macrophage
activation, increasing NO production and leading to host
resistance to Leishmania infection (Lima-Junior et al., 2013).
Also, IL-1 receptor signaling induces NF-kB activation (Ikeda
and Dikic, 2008; David et al., 2010; Roh et al., 2014; Fletcher et al.,
2015), suggesting a negative regulation of inflammatory cytokine
production in infected macrophages. This is in contrast to the
upregulation of proinflammatory cytokine gene expression in
human macrophages after infection with L. amazonensis and
L. major, such as that of II-1b, Tnf, and II-6 (Fernandes et al,,
2016), and in murine macrophages after L. major infection, in
which Tnf, II-1, and II-6 are upregulated (Dillon et al., 2015).
However, melatonin treatment reduced IL-6 levels in infected
macrophages compared to untreated infected macrophages.
Indeed, melatonin inhibits IL-18, IL-6, and TNF production
mediated via LPS-TLR4 signaling (Xia et al., 2012).

In this work, we showed that another effect of melatonin
is related to modulation of miRNA profile imposed by L.
amazonensis infection. Both miR-294-3p and miR-721 appeared
upregulated in vehicle-treated macrophages after 4 h of infection,
whereas miR-721 was downregulated in melatonin-treated
infected macrophages. Our previous studies showed that these
miRNAs reduce Nos2 expression and NO production, enabling
the establishment of infection (Muxel et al., 2017b). Additionally,
melatonin blocked the downregulation of miR-130b-3p and miR-
181c-5p compared to vehicle. Functional inhibition of miR-
181c-5p, miR-30e-5p, and miR-302d-3p increased Nos2 mRNA
expression, impairing infectiveness.

Based on in silico analysis of miRNA-mRNA interactions, we
performed functional validation through miRNA inhibition. In
this way, the inhibition miR-30e-5p and miR-302d-3p increased
the levels of Nos2 and also the inhibition of miR-294-3p and
miR-302d-3p increased Tnf levels, which reduced infectivity.
Indeed, miR-294 belongs to the miR-291/294 family and controls
the cell cycle during embryogenesis (Houbaviy et al.,, 2003;
Wang et al., 2008; Zheng et al, 2011). Previous functional
validation of miR-294-3p in L. amazonensis infection of BALB/c-
macrophages demonstrated that this miRNA targets Nos2 mRNA
reducing NOS2 expression and NO production impacting in
infectivity (Muxel et al., 2017b). Also, miR-294 shares the same
putative binding site of miR-302d in Nos2 3'UTR, suggesting the
competition to interact in the Nos2 3'UTR. The signaling via
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TLR4 by LPS injection on mice downregulates miR-294 levels
in blood and lung samples (Fernandes et al., 2016), whereas the
miR-294-3p is overexpressed in C57BL/6-macrophages infected
with L. amazonensis independently of TLR2, TLR4, and MyD88
(Muxel et al., 2018b), suggesting an alternative induction of
this miRNA.

The miR-302d encompasses the miR-302/367 cluster that
is highly conserved in vertebrates and plays a role in cell
proliferation and differentiation (Xia et al., 2012). miR-302d is
expressed at the early time and downregulated in late time of
exudate during acute inflammation in murine peritonitis induced
via TLR2/zymosan stimuli (Recchiuti et al., 2011). In contrast,
miR-302d appears at lower levels in plasma of experimental
autoimmune encephalomyelitis mouse model and systemic lupus
erythematosus and regulates IFN type I gene expression targeting
interferon regulator factor-9 (IRF-9) in murine model (Smith
et al,, 2017). Interestingly, the IRF9, STAT1, STA3, and NF-
kB can bind to promoter region of Nos2 gene and induce
its transcription during Listeria monocytogenes infection (Farlik
et al,, 2010), suggesting both direct and indirect routes for miR-
302d regulation of Nos2 expression.

Moreover, miR-30e alters cell proliferation, colony formation
and invasiveness in cancer cells, interfering with NF-kB/IxBa
negative feedback and apoptosis (Jiang et al., 2012; Hershkovitz-
Rokah et al., 2015; Zhuang et al., 2017), suggesting a putative
role of NF-kB activation during miR-30e-5p inhibition and
increased levels of Nos2. miR-30e leads to hyperactivation
of NF-kB by targeting IkBa 3'UTR, which induces IFN-B
and suppresses dengue virus replication (Zhu et al., 2014).
miR-30e is overexpressed in Mycobacterium tuberculosis-
infected THP-1-macrophages (Wu et al, 2017), and in
neutrophils of traumatic injured patients correlating to systemic
inflammation (Yang et al., 2013).

Additionally, infection and melatonin treatment reduced
the levels of KC/CXCL1 and MIP-2/CXCL2 produced by
macrophages. These chemokines recruit neutrophils to sites
of Leishmania infection (Muller et al., 2001). RANTES/CCL5
levels produced by L. amazonensis-infected and non-infected
macrophages were reduced in melatonin-treated macrophages
compared with untreated macrophages. Rantes/Ccl5 mRNA
levels tended to increase after functional inhibition of miR-
30e and miR-302d. The cytokines KC/CXCL1, MIP-2/CXCL2,
and RANTES/CCLS5 are associated with neutrophil, monocyte
and lymphocyte recruitment to the inflammatory focus (Schall
et al., 1993; Ohmori and Hamilton, 1994; Hornung et al., 1997,
2001; Lebovic et al., 2001), and nocturnal levels of melatonin
reduce neutrophil and monocyte migration to inflammatory
sites in vivo (Lotufo et al., 2001, 2006; Tamura et al., 2010;
Margola et al., 2013).

Interestingly, MCP-1/CCL2 levels were enhanced after
infection with L. amazonensis, but melatonin treatment reduced
this chemokine production in infected macrophages. Melatonin
(pretreatment with 100 wM for 4 h) also reduces MCP-1/CCL2
levels and the levels of RANTES/CCL5 produced by PBMCs
stimulated with LPS (Park et al., 2007). Corroborating the role
of melatonin in miRNA modulation in infected macrophages,
inhibition of miR-294-3p increased Mcp-1 mRNA levels,

impacting Leishmania infectivity. The validation of interactions
of these miRNAs/mRNAs can be explored in the future.

Our data confirmed the previous idea that Leishmania
infection may regulate cytokine, chemokine and NO production
to prevent or delay macrophage activation, allowing parasite
entrance and replication. These data reinforced the importance
of studying miRNA expression in L. amazonensis infection
and its role in macrophage activation. Additionally, we
demonstrate that melatonin treatment can modulate the miRNA
profile and consequently alter the activation phenotype of
infected macrophages.
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Supplementary Figure 1 | Leishmania infectivity in melatonin-treated
macrophages. BALB/c macrophages (2 x 10° cells) were pre-incubated for 1, 2,
or 4 h with medium (untreated, white bar), vehicle (ethanol 0.0005%, gray bar), or
3 (blue bar) or 30 (light blue bar) nM of melatonin. After, macrophages were
infected with L. amazonensis (MOI 5:1) and analyzed after 4 and 24 h.
(A-C)—percentage of infected macrophages; (D-F)—number of amastigotes per
infected macrophage; (G-I)—infection index (rate of infected macrophages
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multiplied by the number of amastigotes per infected macrophage). Each bar
represents the mean + SEM of three independent experiments (0 = 5-8). *p <
0.05, comparing the melatonin treatment with the vehicle-treated macrophage at
the same concentration and time.

Supplementary Table 1 | miRNAs Up-Down Regulation in melatonin

and infected L. amazonensis infected macrophages compared to uninfected. The
relative up- and down-regulation of miRNAs, expressed as boundaries of 1.5 and
—1.5 of Fold Regulation, respectively. p < 0.05 was considered statistically
significant. p-value was determined based on two-tailed Student’s t-test. The data
are representative of three independent experiments. Untreated: only 10% FBS
RMPI 1640 medium; Vehicle: ethanol 0.0005% in 10% FBS RMPI 1640 medium;
Melatonin 30 nM diluted 10% FBS RMPI 1640 medium.

Supplementary Table 2 | Predicted mRNA-targets for miR-30e. The
miRNA-MRNA interaction was predicted using miRecord tools (http://c1.
accurascience.com/miRecords/) based in the integration of various prediction
tools: DIANA-microT, Microlnspector, miRanda, MirTarget2, miTarget, NBmiRTar,
PicTar, PITA, RNA22, RNAhybrid, and TargetScan/TargertScansS.

Supplementary Table 3 | Predicted mRNA-targets for miR-181c. The
miRNA-MRNA interaction was predicted using miRecord tools (http://c1.
accurascience.com/miRecords/) based in the integration of various prediction
tools: DIANA-microT, Microlnspector, miRanda, MirTarget2, miTarget, NBmiRTar,
PicTar, PITA, RNA22, RNAhybrid, and TargetScan/TargertScanS.

Supplementary Table 4 | Predicted mRNA-targets for miR-294. The
miRNA-MRNA interaction was predicted using miRecord tools (http://c1.
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Despite the increasing number of studies concerning insect immunity, Lutzomyia
longipalpis immune responses in the presence of Leishmania infantum chagasi infection
has not been widely investigated. The few available studies analyzed the role of the Toll
and IMD pathways involved in response against Leishmania and microbial infections.
Nevertheless, effector molecules responsible for controlling sand fly infections have not
been identified. In the present study we investigated the role a signal transduction
pathway, the Transforming Growth Factor-beta (TGF-B) pathway, on the interrelation
between L. longipalpis and L. i. chagasi. We identified an L. longipalpis homolog
belonging to the multifunctional cytokine TGF-pg gene family (L/ITGF-B), which is closely
related to the activin/inhibin subfamily and potentially involved in responses to infections.
We investigated this gene expression through the insect development and in adult flies
infected with L. i. chagasi. Our results showed that LITGF- was expressed in all L.
longipalpis developmental stages and was upregulated at the third day post L. i. chagasi
infection, when protein levels were also higher as compared to uninfected insects. At
this point blood digestion is finished and parasites are in close contact with the insect
gut. In addition, we investigated the role of LITGF- on L. longipalpis infection by L. i.
chagasi using either gene silencing by RNAI or pathway inactivation by addition of the
TGF-B receptor inhibitor SB431542. The blockage of the LITGF-p pathway increased
significantly antimicrobial peptides expression and nitric oxide levels in the insect gut, as
expected. Both methods led to a decreased L. i. chagasi infection. Our results show that
inactivation of the L. longipalpis TGF-g signal transduction pathway reduce L. i. chagasi
survival, therefore suggesting that under natural conditions the parasite benefits from the
insect LITGF-B pathway, as already seen in Plamodium infection of mosquitoes.

Keywords: Lutzomyia longipalpis, Leishmania, vector-parasite interaction, innate immunity, TGF-8, activin

INTRODUCTION

Leishmaniasis is a serious public health concern, affecting millions of people every year.
Leishmaniasis is caused by parasites from the genus Leishmania. These parasites are transmitted
in the New and Old World by phlebotomine sand flies belonging to the Lutzomyia and
Phlebotomus genera, respectively. When a female sand fly feeds on an infected vertebrate host,
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macrophages containing amastigote parasites are ingested. Inside
the insect gut, the aflagellated immotile rounded parasites
transform into flagellated motile promastigotes that multiply
and then migrate to the anterior midgut (Lainson and Rangel,
2005). To prevent being eliminated these parasites must resist the
blood digestion process (Pruzinova et al., 2018) and adhere to
the midgut epithelium prior to insect defecation (Wilson et al.,
2010). The presence of Leishmania parasites in the insect gut
is not harmless to the vector. For instance, parasites secrete
a chitinolytic enzyme that attack and damage the sand fly
stomodeal valve, leading to the regurgitation of the gut content at
the bite site (Rogers et al., 2008). The intricate interactions among
Leishmania parasites, gut microbioma and the insect immunity
are complex, and evolved to avoid the harmful consequences
of an eventual uncontrolled microbial or leishmanial growth
inside the insect gut (Sant’Anna et al.,, 2014; Kelly et al,, 2017;
Telleria et al., 2018).

Most of the knowledge on insect immune responses was
acquired from Drosophila studies. Pathogens in the insect
midgut elicit immune responses that have evolved to eliminate
or control infections. These immune responses initiate when
the insect innate immune system recognizes the invader. This
recognition occurs when pathogen-associated molecular patterns
(PAMPs) binds to host-derived pattern recognition receptors
(PPRs), leading to the activation of signal transduction pathways.
These pathways intensify the immune responses, induce the
synthesis of antimicrobial molecules and potentiate effector
mechanisms. Among these widely conserved receptor-mediated
immune mechanisms, Toll, IMD, and Jak-Stat pathways are the
most studied in insects. They are regulators and mediators of
insect humoral and cellular immune responses, with intracellular
negative regulators that keep these pathways under control
(reviewed in Lemaitre and Hoffmann, 2007; Kleino and
Silverman, 2014; Lindsay and Wasserman, 2014; Myllymaki
and Riamet M, 2014). To date few studies have addressed L.
longipalpis immunity. The Toll and IMD pathways can be
activated in L. longipalpis LL5 embryonic cells in response to
microbial and L. i. chagasi infections (Tinoco-Nunes et al,
2016). Bacterial challenges in L. longipalpis larvae leads to a
positive modulation of Pirk gene, a suppressor of the IMD
pathway at the signal transduction level (Heerman et al., 2015).
In adult L. longipalpis the RNAi-mediated gene silencing of the
IMD pathway repressor Caspar decreased Leishmania survival
(Telleria et al., 2012). Furthermore the expression of a sand fly
defensin was upregulated after artificial infection with different
bacteria (Boulanger et al., 2004; Telleria et al., 2013). In insects
another important strategy for infection control is the gut
environment oxidative stress modulation. The oxidative stress is
a consequence of aerobic processes that lead to the production
of reactive oxygen species (ROS) such as superoxide, hydrogen
peroxide, and nitric oxide (NO), among others (reviewed in
Murphy et al, 2011, Kodrik et al, 2015). While aerobic
processes occur autonomously in many organisms, some stimuli
during development and pathogen challenges can induce ROS
production as a result of growth factor receptors and activation
of cytokines such as mitogen, integrin and wingless (reviewed in
Covarrubias et al., 2008).

The Transforming Growth Factor-beta (TGF-p) pathway,
a highly conserved signal transduction pathway in animals,
has received very little attention in insects. This cytokine
superfamily comprises more than 40 members, grouped into
subfamilies according to structure or function: TGF-B stritu
sensu, bone morphogenic protein (BMP), decapentaplegic (Dpp),
Mullerian inhibiting substance, and activin/inhibin (Massague,
1990). These cytokines are involved in several aspects of animal
biology including embryonic development, organogenesis, stress
responses, and immune modulation (Huminiecki et al., 2009;
Massague, 2012; Chen and Ten Dijke, 2016; Morikawa et al.,
2016; Mullen and Wrana, 2017). Activins and BMPs are
key regulators of immune response having pro- and anti-
inflammatory roles (reviewed in Jones et al, 2004; Aleman-
Muench and Soldevila, 2012; Lee et al., 2012; Spottiswoode et al.,
2017). Activins are secreted in stimulated immune cells and they
can act as immune response activator or repressor depending on
the which cell type is stimulated (Ogawa and Funaba, 2011).

Although we have some information regarding immunity
effectors in sand flies, there is little information on the cytokine-
like molecules possibly involved in their regulation. In the present
work, we characterized a L. longipalpis TGF-f gene (LITGF-p).
We also investigated the involvement of LITGF-8 in L. i. chagasi
infection. The blockage of this signal transduction pathway
revealed an effect on insect immune related molecules and NO
production with consequences to L. i chagasi infection.

MATERIALS AND METHODS

Insects

Sand flies were obtained from a laboratory colony of L. longipalpis
established from sand flies caught in Jacobina (Bahia, Brazil).
Insects were fed on 50-70 % sucrose ad libitum and females
were blood fed on anesthetized hamsters or mice once a week.
Females 2-3 day old were used on experimental procedures.
All procedures involving animals were performed in accordance
with the Brazilian Ethics Committee for Animal Use at FIOCRUZ
(CEUA L-016/2018).

Artificial Infection With Leishmania

L. i. chagasi (MHOM/BR/1974/PP75) were cultured in M199
medium, pH 7.4, supplemented with 10% fetal bovine serum
and collected at exponential growth phase, washed with PBS,
and resuspended in inactivated rabbit blood at 107 parasites/mL.
Sand flies were infected with promastigotes for practical
reasons, since there is evidence that infections initiated with
Leishmania promastigotes, axenic amastigotes or macrophage-
derived amastigotes yield to equally successful infections of sand
flies (Freitas et al., 2012; Sadlova et al., 2017). Insects were fed
on infective blood through chick skin using a Hemotek artificial
feeder. As control group, insects were fed on blood.

For the LITGF-p receptor inhibition assays, the flies were fed
with blood containing L. i. chagasi and 10 pM of the TGF-p
receptor inhibitor SB431542 (TOCRYS Biosciences). As control
the flies were fed with the same volume of the vehicle dimethyl
sulfoxide (DMSO) added to the infective blood meal. For these
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experiments, pools of 10 fully engorged females were collected at
24,72, and 144 h post infection.

LITGF-B Gene ldentification

Partial L. longipalpis TGF-B gene (LITGF-B) sequence was
identified through the screening of a L. longipalpis EST library.
Sequence identity was determined by similarity using the blastx
search tool (Altschul et al., 1990) against the NCBI GenBank.
Full cDNA sequence was obtained by PCR using an existing
c¢DNA library (Ramalho-Ortigao et al., 2001) with a LITGF-8
internal primers (LITGFblibraryl-R or LITGFblibrary2-R) and
cDNA library plasmid primer (T3) (Table 1). Phylogeny analysis
of LITGF-B was performed utilizing Mega 6.06 software, using
Maximum Likelihood statistical method with bootstrap method
with 500 replicates as phylogeny test. The mutation model
used was Jones-Taylor-Thornton with Gamma distribution with
invariant sites, and 5 rate categories was chosen according to
MEGA 6.06 best mutation model analysis.

LITGF- Double Stranded RNA Synthesis
LITGF-B ¢cDNA template was amplified by PCR using primers
containing the T7 promoter at the 5 end (dsTGFb-F and
dsTGFb-R—Table 1). The control dsRNA ¢cDNA template was
obtained from p-galactosidase gene amplified from plasmid
PGEM T-easy vector (PROMEGA) (Tinoco-Nunes et al., 2016).
The PCR products were used as templates for transcription
reactions with the Megascript RNAi Kit (Ambion) according to
the manufacturer’s instructions and subsequently concentrated to
40 pg/L using a vacuum microcentrifuge concentrator.

TABLE 1 | Primers.

Primer name Sequence

LITGFblibrary1-R GCAGTTGATGTTCCGC

LITGFblibrary2-R CTGCGTAATCTTCCCGTAGT

T3 AATTAACCCTCACTAAAGGG

LITGFb-F CTCTTCTACTTGGACAGCAA

LITGFb-R CATACAGCCGCATCCTTC

LIRP49-F GACCGATATGCCAAGCTAAAGCA

LIRP49-R GGGGAGCATGTGGCGTGTCTT

LIHistone-F GAAAAGCAGGCAAACACTCC

LIHistone-R GAAGGATGGGTGGAAAGAAG

LICecropin-F TGGCAGTCCTGACCACTGGA

LICecropin-R CTTCTCCACTGAACGGTGAACG

LIDefensin2-F ATCCATCCTTTATGCAACCG

LIDefensin2-R GCCTTTGAGTCGCAGTATCC

LIINOS-F TGGCTGTCGCAATTTGTGTG

LIINOS-R CCGCAATGTTCACCTCAACC

dsTGFb-F TAATACGACTCACTATAGGGGGCTATCATGCCTACTTC
dsTGFb-R TAATACGACTCACTATAGGGGGCAAAACTTTCTGTGTG
dsBgal-F TGGCGCCCCTAGATGTGATGGCACCCTGATTGA
dsBgal-R TGGCGCCCCTAGATGTCATTGCCCAGAGACCAGA
T7-adaptor CCGTAATACGACTCACTATAGGGTGGCGCCCCTAGATG
Leish-Actin-F GTCGTCGATAAAGCCGAAGGTGGTT

Leish-Actin-R TTGGGCCAGACTCGTCGTACTCGCT

Sandfly Microinjections

L. longipalpis female dsRNA microinjection procedure was
adapted from Sant’Anna et al. (2008). Shortly, 3 day old sandflies
were microinjected with 32 nL of 4 g/ L ds-LITGF-B or control
dsRNA solution using micro-capillary glass needle coupled to
a Nanoject II microinjector (Drummond). Injected flies were
artificially blood fed or infected with Leishmania as previously
described and pools of 5 females were collected at the time-points
of 24, 48, and 72 h after feeding.

RNA Extraction and cDNA Synthesis

Total RNA was extracted with TRIzol reagent (Invitrogen-Life
Technologies) according to the manufacturers protocol, from
groups of 5 to 10 fully engorged females collected at 24, 48, 72,
and 144 h after blood feeding, after artificial L. i. chagasi infection,
or after dsRNA microinjection. Total RNA was also extracted
from pools of unfed females (0h), males, eggs, and larvae (L1,
L2, L3, and L4 instars). RNA was treated with RQ1 RNase-
Free DNase (Promega). First strand cDNA was synthetized
with SuperScript III First-Strand Synthesis System for RT-PCR
(Invitrogen), oligo dT(16) primer, and up to 1 pg of total RNA.

Semi-Quantitative PCR of Larvae and
Blood Fed or Infected Sand Flies cDNA

Semi-quantitative PCR was carried out using cDNA samples
under the following cycling conditions: 96°C/3 min, followed
by 25 cycles at 96°C for 45s, 60°C for 45s and 72°C for
45s, and a final extension of 72°C for 5min. Primers for
LITGF-B and constitutive expression controls, histone (Telleria
et al.,, 2007) and RP49 (Tinoco-Nunes et al., 2016), are listed
in Table 1. PCR products were separated in 2.0% ethidium
bromide-stained agarose gel. The intensity of amplified products
was determined by densitometry using the Image] software
1.48 software (Schneider et al, 2012). LITGF-$ transcription
was normalized to histone or RP49 amplification, plotted on
GraphPad Prism software (version 6.05—GraphPad Software,
Inc). RT-PCR procedures were performed at least 3 times with
consistent results. Significance was evaluated by ¢-test and Mann-
Whitney post-test, with p < 0.05.

Quantitative PCR Using cDNA From L.
longipalpis Silenced for LITGF-p or Fed

With TGF-8 Receptor Inhibitor SB431542
Quantitative PCR was performed using the kit iQTM SYBR
Green Supermix (Applied Biosystems) under the following
cycling conditions: 96°C/3 min, followed by 42 cycles at 96°C
for 30s, 60°C for 20s. All experiments were performed using
three biological cDNA replicates. The primers used are listed
on Table 1. Expression was normalized using the L. longipalpis
reference gene RP49, relative levels of RNA expressed were
calculated using the AACT method (Schefe et al., 2006) and
plotted on GraphPad Prism software. Q-PCR procedures were
performed with 3 replicates with consistent results. Significant
differences were evaluated by ¢-test and Mann-Whitney post-test,
with p < 0.05.
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LITGF-g Recombinant Protein (LITGF-frec)
A 3'-end fragment (359 bp) of the LITGF-p gene was amplified
by PCR using specific primers (T'GF-beta-His-F and TGF-beta-
His-R), the PCR product was cloned in pGEM-T easy plasmid
(Promega), excised with BamH-I and Hind-III restriction
enzymes and then subcloned in pET28a expression plasmid.
Protein expression was carried out in E. coli (BL21 DE3 strain)
system by IPTG induction followed by purification with Ni?*-
NTA Agarose His-tagged protein purification system (QIAGEN).
The expressed recombinant protein (~15 kDa) was sequenced
for identity confirmation by mass spectrometry at the protein
sequencing platform at FIOCRUZ.

LITGF-B Anti-serum Production

LITGF-Brec (1 mg) was inoculated into 45 days old New
Zealand male rabbit with Freund’s complete adjuvant, with
two subsequent boosts using incomplete Freund’s adjuvant.
Animal use was approved by the Instituto Oswaldo Cruz
Ethical Commitee on Animal Use (CEUA/IOC-010/2018).
Serum titration was carried out by immuno-dot blot (not
shown), using the corresponding antigen, and revealed with
horseradish peroxydase (HRP)-labeled goat anti-rabbit IgG as
the secondary antibody. Western blot assays were also carried
to verify LITGF-f anti-serum specificity in sand fly dissected gut
samples (Figure S2).

ELISA

ELISA high binding microplates (NOH® ELISA Plate—
LBEP196) were coated overnight in a moist chamber with the
protein extract of 12 midguts from L. longipalpis 72h after
feeding on blood or blood containing L. i. chagasi. 5 ug of LITGF-
Prec was also used as a positive control. Wells were blocked
overnight at 4°C with 1% BSA in PBS. On the following day,
wells were incubated overnight at 4°C with anti-LITGF-B serum
1:100 diluted in 1% BSA in PBS. Wells were washed three
times with PBS and incubated overnight at 4°C with 1:40.000
dilution of goat anti-rabbit IgG peroxidase-conjugated antibody.
After washing, plates were revealed by adding to each well 50
pl of 3,3/,5,5/-Tetramethylbenzidine (TMP) substrate solution
followed by a 15 min incubation at room temperature. Following
this step, 50 pl of stop solution (0.2M H,SO4) was added to
each well and incubated for 30 min. The endpoint absorbance was
measured at 450 nm.

Nitrite Detection in Sand Fly Guts

Detection of Nitrite-derived NO was performed with pools
of 10 midguts (with Malpighian tubules removed) dissected
from LITGF-B or p-gal (control group) dsRNA injected flies
artificially fed on defibrinated rabbit blood, or non-injected
insects fed on blood containing 10 uM of the TGF-p receptor
inhibitor SB431542 or DMSO (control group). Samples were
collected at 24, 48, and 72h after feeding, homogenized in
0.9% NaCl solution, and centrifuged. The supernatant was
split in 2 replicates of 50 pL, loaded in a clear polystyrene
medium-binding flat bottom 96-well plate (Corning, SIGMA) for
Griess Reagent nitrite detection in 150 wL final volume assay
following standard procedures. Nitrite levels were measured

under 550 nm wave-length in an Infinite M2000 plate reader
(TECAN, Switzerland).

RESULTS

LITGF-$ Sequence and Phylogenetic Tree
The full LITGF-B sequence (GenBank: MF074142) contains 1,158
nucleotides that encode a 386 amino acid sequence (Figure S1).
The amino acid sequence contains eight conserved cysteine
residues involved in disulfide bonds and a RXXR motif that is
a putative catalytic domain. The TGF-p superfamily domain was
identified from amino acids 280 to 385.

TGF-B family aminoacid sequences available on NCBI data
base were aligned in order to create a TGF-f family tree and
assess subgroup similarities. Sequences obtained from organisms
of different taxa but belonging to the same TGF-p subfamily
were grouped such as activin/inhibin, TGF-B sensu stricto,
and glass bottom boat (GBB) member of the BMP subfamily
(Figure 1). LITGF- grouped with G. morsitans and P. papatasi
activin/inhibin sequences with high bootstrap support.

LITGF-B Gene Expression in Immature and

Adult Insects, and in Infected Females

Due to the activin/inhibin subfamily association to growth
and development regulation we investigated its expression
in sand fly larval and adult stages. The LITGF-f gene was
ubiquitously expressed in all L. longipalpis developmental stages
(Figure 2A), with a slight non-significant increase in adult
male and female insects. Comparison among sugar fed, blood
fed and Leishmania infected sand flies females revealed that
blood ingestion induced LITGF-f expression when compared to
sugar fed females (Figure 2B). Additionally, LITGF-B gene was
significantly upregulated in Leishmania infected females when
compared to blood fed insects at 72 h post feeding (Figure 2B).
This increased LITGF-B transcription occurred in both carcass
and dissected gut (Figure 2C). Our attempts to use Western
blot to verify the presence of LITGF-B in L. longipalpis guts
were hindered by the recognition of mammal TGF- in blood
fed insects (Figure S2). Nevertheless, these bands disappeared
rapidly and were totally absent at 24, 48, and 72h post-blood-
feeding. Using the more sensitive ELISA detection we also
observed an increased production of LITGF- at the protein level
in Leishmania infected compared to blood fed females at 72h
after feeding (Figure 2D).

Leishmania Infection of Sandflies Silenced
for LITGF-B or Fed With TGF-8 Receptor
Inhibitor SB431542

To investigate the involvement of the TGF-p signal transduction
pathway on the evolution of Leishmania infection in L.
longipalpis this pathway was abrogated using RNAi to silence
LITGF-pB (Figure S3A) or employing a TGF-f receptor inhibitor.
After each treatment L. longipalpis were infected with L. i.
chagasi. Both approaches had as consequence a significant
decrease in Leishmania infection at 72 and 144h post
infection (Figures 3A,B).

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

38

March 2019 | Volume 9 | Article 71


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Di-Blasi et al.

TGF-B and Lutzomyia Longipalpis Immunity

bootstrap values higher than 85% (500 replicates).

FIGURE 1 | LITGF-B phylogenetic tree. The LITGF-B deduced amino acid sequence was aligned with other TGF-B sequences from the insect vectors Aedes aegypti,
Glossina morsitans, Phlebotomus papatasi, and the vertebrates Danio rerio, Gallus gallus, Mus musculus, Xenopus laevis. The evolutionary history was inferred using
MEGA 6.06 software with Maximum Likelihood method based on the JTT matrix-based model. Evolutionary rate differences among sites [5 categories (+G,
parameter = 3.2942)] were modeled by discrete Gamma distribution. The rate variation model allowed for some sites to be evolutionarily invariable ([+1], 2.1884%
sites). Positions with gaps and missing data were eliminated. The TGF-B subfamily groups are indicated on the right side of the phylogram. Each sequence is labeled
with species name followed by GenBank accession number. Branch length represents numbers of substitutions per site. Numbers on the tree nodes indicate

Gene Expression of Immune Effectors
After LITGF-g Knock-Down or Feeding
With TGF-g Receptor Inhibitor SB431542

Followed by Leishmania Infection

The decreased L. longipalpis infection by Leishmania upon the
TGF-f signaling pathway inhibition led us to investigate the
expression of some effector molecules. We assessed the effect
of LITGF-f silencing or TGF-B receptor inhibitor treatment
on Toll regulated AMPs, such as defensin 2 and cecropin. In
sand flies with TGF-beta silenced and infected with L. i. chagasi

a statistically significant increase of both cecropin (Figure 3C)
and defensin 2 (Figures 3E,F) expression was observed only
at 24h post infection, with a significant decrease at 72 and
144, respectively. In sand flies fed with the TGF-B receptor
inhibitor and infected with Leishmania, cecropin expression
levels increased at 24 h, although not significantly (Figure 3D).

Regulation of NO Production by LITGF-§
To test the possible role of LITGF- transduction signaling
pathway on NO production, we assessed iNOS expression by
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FIGURE 2 | LITGF-B gene expression in sand flies. (A) L. longipalpis development stages: egg (E), larval stages (L1, L2, L3, L4), pupae (P), adult female (F), and male
(M). (B) L. longipalpis fed on sucrose (S) are represented by white bar. Flies collected at 12, 24, 48, and 72 h post blood meal are represented by gray bars or after
feeding on infective blood represented by black bars. (C) LITGF-B expression in gut and carcass 72 h after ingestion of blood without (gray bars) or with (black bars)
Leishmania. Gene expression by semi-quantitative PCR was calculated relative to histone or RP49 L. longipalpis reference genes. (D) ELISA for detection of LITGF-p
protein 72 h after blood or infective meal. Bars represent mean with standard error of 3 replicates. Significant differences were evaluated by t-test and Mann-Whitney
post-test (o < 0.05; **p < 0.001).

qPCR. iNOS levels were increased in LITGF- silenced insects
at 24h post infection (Figure4A) and presented a slight but
not significant increase on TGF-p receptor inhibitor SB431542
fed insects at 24h post infection (Figure4B). We tested the
nitrite production levels in LITGF-B silenced insects. In non-fed
silenced insects nitrite levels were very low and no detectable
modulation occurred (Figure S3B). Since the insect acquire
Leishmania parasites through blood feeding we also measured
the nitrite levels after LITGF-f gene silencing or TGF-f receptor
inhibitor treatements on blood fed L. longipalpis. LITGF-B gene
silencing was followed by an increase of nitrite levels in sand fly
guts at 48 h post blood feeding when compared to control groups
(Figure 4C). A similar result was obtained in TGF-B receptor
inhibitor treated females, with an increase of nitrite at 48 h post
blood feeding (Figure 4D).

DISCUSSION

TGF-B belongs to a family of multifunctional cytokines found
in organisms that go from arthropods to mammals (Massague,
1990). TGF-B molecules belonging to different subfamilies has
been identified in many insect species including Bombyx mori
(Hu et al,, 2016), Drosophila (reviewed in Hinck et al., 2016),
and the mosquitoes Culex pipiens (Hickner et al., 2015) and
Anopheles stephensi (Crampton and Luckhart, 2001). In the
malaria vector A. stephensi, a TGF-p homolog named As60A
was implicated in the insect immune response to Plasmodium

(Crampton and Luckhart, 2001). It was also determined that
the mammalian TGF-f 1 present in the ingested blood regulates
NO production, modulating the A. stephensi immune response
against the parasite (Luckhart et al., 2003).

In sand flies, this is the first report on the characterization of
a TGF-B family gene. The identified LITGF-B sequence contains
the catalytic and conserved signature domains of the TGF-p
superfamily. Phylogenetic analysis showed LITGF- to be highly
similar to the activin/inhibin subfamily.

In insects, as much as in other organisms, TGF-f family
molecules are involved in ontogeny (O’Connor et al., 2006).
The expression profile of the L. longipalpis TGF-B gene shows
that it is expressed in all developmental stages and may thus be
involved in sand fly ontogeny as well. Additionaly, members of
the TGF-p family have a role in nutrient detection and therefore
may regulate nutrient acquisition (Chng et al,, 2014). In the
case of L. longipalpis LITGF- expression in blood fed females
was increased after blood intake, indicating that the presence of
nutrients stimulates activin production. Regarding the effect of L.
longipalpis infection with Leishmania, LITGF-f expression was
increased at 3 days post infection, when parasites are in close
contact with the insect midgut epithelium, shown both by RT-
PCR as well as by ELISA. This is in line with the fact that the
activin/inhibin subfamily may be involved in immune response.

TGF- is considered an anti-inflammatory and
immunosuppressive cytokine in mammals. When mice
chronically infected with L. major were treated with an antibody
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FIGURE 3 | Gene expression in sand flies infected by L. i. chagasi after abrogation of the LITGF-B signaling pathway. (A,C,E) Gene expression of LITGF- silenced
insects. (B,D,F) Gene expression of insects fed with TGF- receptor inhibitor. (A,B) Quantification of L. i. chagasi in sand flies. (C,D) Relative expression of cecropin.
(E,F) Relative expression of defensin 2. Samples were collected at 24, 72, and 144 h post infection. Dotted lines indicate gene expression of B-galactosidase dsRNA
injected (A,C,E) or DMSO fed flies (B,D,F) control groups, or. Both test and control groups were infected by L. i. chagasi. Comparisons were done between silenced
vs. non-silenced, or inhibitor treated vs. non-treated sand fly groups. Bars represent mean with standard error of fold change in gene expression relative to control
groups of 3 independent experiments. Significant differences were evaluated by t-test and Mann-Whitney post-test ("o < 0.05; **p < 0.01; **p < 0.001).

anti-TGF-B a pro-inflammatory environment was created with  incubation of recombinant TGF-f with L. braziliensis infected
consequent decrease of parasite numbers at the lesion site  macrophages increased parasite loads (Barral et al., 1995). In an
(Li et al, 2018). In addition, in vitro assays showed that the inflammatory situation, Toll-like receptors (TLRs) mediate the
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0.05).

FIGURE 4 | Nitric oxide production in sand flies abrogated for the LITGF- signaling pathway. (A) iNOS gene expression of LITGF-B silenced insects, (B) fed with
blood containing TGF-B receptor inhibitor, both (A,B) infected by L. i. chagasi. Samples were collected at 24, 72, and 144 h post infection. Dotted line indicates gene
expression of control group, B-gal dsRNA injected or blood containing DMSO fed flies. Bars represent mean with standard error of fold change in gene expression
relative to control groups of three independent experiments. Significant differences were evaluated by t-test and Mann-Whitney post-test. (C) NO measurement in
LITGF-B silenced sand flies fed on blood. (D) Nitrite measurement in flies fed on blood containing TGF- receptor inhibitor. Bars represent mean with standard error of
nitrite measurements in test and control groups of 3 independent experiments. Significant differences were evaluated by t-test and Mann-Whitney post-test ("p <

activation of activins that consequently suppresses the immune
response (negative feedback; Sideras et al., 2013).

To investigate the putative participation of the insect LITGF-
P signaling pathway in response to parasitic infection, we
blocked this signaling pathway. Both blocking gene translation or
protein interaction with a receptor generated a strong decrease
on parasite numbers in late time points, revealing that the
suppression of this cytokine-like has a deleterious effect on
the parasite. This indicates that this molecule most probably
has an anti-inflammatory role in L. longipalpis, as already seen
in mammals.

We assessed the effects of suppressing the TGF-f signaling
on sand fly immune effector molecules. The silencing of
LITGF-B or inhibition of a TGF-B receptor resulted in an
early increased expression of the AMPs cecropin and defensin
suggesting that the L. longipalpis activin-like molecule can have
a suppressing effect over AMPs expression. AMPs production
is one of the main responses against infection in insects
and is regulated mainly by the Toll and IMD pathways
(Leulier et al., 2003; Kaneko et al, 2004). In Drosophila,
AMPs are crucial for the maintenance of gut homeostasis,

especially in what concerns microbiota regulation (Bosco-
Drayon et al., 2012), and the dpp and dawdle, members of the
TGF-B family, have a suppressing effect on AMPs expression
(Coggins et al., 2012).

Besides the repressor effect on the insect immunity, activins
were previously shown to be involved in immune response
regulation throught other pathways. Studies with parasitic
infections in vertebrates showed that TGF-p family members are
responsible not only for regulating initial pro-inflammatory and
late anti-inflammatory responses (Vodovotz et al., 2004), but are
also involved in repressing inducible nitric oxide synthase (iNOS)
expression, stability and activity in different cell types through
mechanisms that were not fully understood (Berg et al., 2007;
Aleman-Muench and Soldevila, 2012).

In A. stephensi, the TGF-f gene As60A expression was
induced by infection with Plasmodium berghei (Crampton
and Luckhart, 2001). Interestingly, human blood derived
TGF-f was able to activate the mosquito TGF-f pathway
leading to the activation of the MAPK/ERK cascade and
downregulation of NO production (Surachetpong et al., 2009).
Both A. stephensi and Drosophila are able to modulate ROS
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levels to combat pathogen infections (Luckhart et al,
1998; Ha et al, 2005; Shrinet et al., 2014). On the other
hand, NO mediated an early Drosophila innate immune
responses through diptericin and drosomycin expression
(Foley and O’Farrell, 2003) indicating that it is an important
signaling molecule.

ROS production in L. longipalpis immune response against
two different pathogens, Leishmania mexicana and Serratia
marcescens, elicited different immune responses. S. marcescens
infection increased ROS levels in the insect gut whereas L.
mexicana did not (Diaz-Albiter et al., 2012). The RNAi gene
silencing of L. longipalpis catalase, a ROS-detoxifying gene, led to
decreased L. mexicana infection. These results suggest that ROS
are harmful to Leishmania and S. marcescens but Leishmania is
able to modulate the L. longipalpis oxidative stress response while
S. marcescens is not (Diaz-Albiter et al., 2012).

Our results showed that blocking the TGF-f pathway
increased iNOS expression in early times post Leishmania
infection. In the following days infection levels were reduced
indicating that, in the absence of an intact TGF-p pathway,
increased iNOS levels can be deleterious to Leishmania. We
would expect that under normal LITGF-B conditions it would
control iNOS expression and consequently nitrite levels. To test
this hypothesis we measured nitrite levels in blood fed flies
under the effect of both TGF-f pathway blockage methods. We
observed that there was a significant increase of nitrite levels
2 days post blood feeding. In hematophagous insects blood
digestion requires an efficient control of oxidative stress (Souza
et al., 1997) and in L. longipalpis the nitrite levels in blood fed
gut reached nearly 100 times higher than sugar fed insects. In
order to control the harmful effects of these free radicals insects
have a plethora of mechanisms to keep the ROS balance in the
gut. In L. longipalpis the TGF-f blockade significantly hindered
the nitrite balance in the gut on the second day of blood feeding,
time when the subproducts of blood digestion are released in high
levels (Graga-Souza et al., 2006). High doses of NO are implicated
in parasite killing, but in the case of Leishmania infection the
parasites proliferate in the insect gut apparently benefitting from
LITGF- controlling NO levels.

Our results show the conservation of the TGF-p-mediated
signaling in the presence of Leishmania infection in vector and
vertebrate hosts, and a role for this citokine-like molecule in the
regulation of AMPs expression and nitrite levels.
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Figure S1 | L/ITGF-B cDNA and deduced amino acid sequences. Numbers on the
left side indicate nucleotides. Numbers on right indicate amino acid residues.
Cleavage signal peptide site is indicated by a black triangle (between residues 24
and 25). Conserved cysteine residues are shown in bold characters (residues 282,
283, 311, 315, 350, 351, 383, and 385). Putative catalytic domain motif is
indicted by a rectangle (residues 268 to 271). The TGF-B superfamily domain is
indicated by underlined characters (residues 280 to 385).

Figure S2 | LITGF-B antiserum assay detecting a single polypeptide from L.
longipalpis gut samples. Samples corresponding to 2 guts dissected at 0
(non-fed), 2, 6, 12, 24, 48, and 72 h after blood feeding, and recombinant LITGF-B
as positive control (750 ng) were separated by 12% SDS-PAGE under constant
100V, and transferred to nitrocellulose membrane during 1 h at 4°C. Membranes
were blocked with 5% low-fat dried milk in Tris buffered saline (TBS)
supplemented with 0.05% Tween-20. Membranes were washed three times with
TBS and incubated for 1 h with anti-LITGF-g serum at 1:500 dilution.
HRP-conjugated goat anti-rabbit IgG at a 1:40,000 dilution was used as
secondary antibody. The relative molecular mass of the reactive polypeptides was
calculated by comparison with the mobility of molecular mass standards, using
Imaged 1.42q software (NIH, USA).

Figure S3 | LITGF-B silencing: Non-blood fed flies were injected with LITGF-8
dsRNA or B-gal dsRNA (control group) and kept with sugar meal ad libitum. (A)
LITGF-B gene expression in non-blood fed females after LITGF-B dsRNA
microinjection is expressed relative to control group indicated by dotted line as
described previously in manuscript gPCR methods; (B) Guts were dissected at
24, 48, and 72 h pos dsRNA injection for nitrite detection assays. Gray bars
represent nitrite levels in LITGF-B dsRNA injected insects. White bars represent
nitrite levels in B-gal dsRNA injected insects. Graphics represent mean with
standard error of 3 independent experiments. Significant differences were
evaluated by t-test and Mann-Whitney post-test (*p < 0.05; **p < 0.01).
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The leishmaniases are a group of diseases caused by Leishmania parasites, which
have different clinical manifestations. Leishmania (Leishmania) amazonensis is endemic in
South America and causes cutaneous leishmaniasis (CL), which can evolve into a diffuse
form, characterized by an anergic immune response. Since the leishmaniases mainly
affect poor populations, it is important to understand the involvement of immunonutrition,
how the immune system is modulated by dietary nutrients and the effect this has on
Leishmania infection. Vitamin D3 (VitD) is an immunonutrient obtained from diet or
endogenously synthesized, which suppresses Th1 and Th17 responses by favoring T
helper (Th) 2 and regulatory T cell (Treg) generation. Based on these findings, this study
aims to evaluate dietary VitD influence on L. (L.) amazonensis experimental infection in
C57BL/6 and BALB/c mice. Thus, C57BL/6 and BALB/c VitD deficient (VDD) mice were
generated through dietary VitD restriction 45 days prior to infection. Both strains of VDD
mice showed a more controlled lesion development compared to mice on a regular diet
(Ctrl). There were no differences in serum levels of anti-Leishmania 1IgG1 and IgG2a, but
there was a decrease in IgE levels in BALB/c VDD mice. Although CD4T T cell number
was not changed, the CD4* IFN-y* T cell population was increased in both absolute
number and percentage in C57BL/6 and BALB/c VDD mice compared to Ctrl mice.
There was also no difference in IL-4 and IL-17 production, however, there was reduction
of IL-10 production in VDD mice. Together, our data indicate that VitD contributes to
murine cutaneous leishmaniasis susceptibility and that the Th1 cell population may be
related to the resistance of VDD mice to L. (L.) amazonensis infection.

Keywords: leishmaniasis, Leishmania amazonensis, vitamin D, Th1, immunonutrition, IL-10
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INTRODUCTION

The leishmaniases are a group of diseases caused by protozoans
of the Leishmania genus, which are transmitted to mammalian
hosts by female sandflies of the Phlebotominae family. Each
year, 0.7 to 1 million new cases occur worldwide and clinical
manifestations are divided into cutaneous and the lethal visceral
leishmaniasis (VL) (Burza et al., 2018). Cutaneous leishmaniasis
(CL) is generally characterized by a single self-healing ulcer.
However, depending on the parasite species involved in infection
and on the host immune status, it can evolve into a more severe
manifestation (Scott and Novais, 2016). Leishmania (Leishmania)
amazonensis, a species of the L. (L.) mexicana complex, is
endemic in many South American countries and can cause
diffuse CL, characterized by an anergic immune response and
excess of parasites in multiple lesions. Moreover, cases of VL
caused by L. (L.) amazonensis have been reported previously
(Silveira et al., 2004).

Since Leishmania spp. amastigote forms are intracellular and
mainly infect macrophages, the development of a T helper (Th)
1 immune response is desirable for disease control. Although
BALB/c mice are susceptible and C57BL/6 mice are resistant to
L. (L.) major infection, developing a Th2, and a Thl immune
response, respectively (Heinzel et al., 1989; Launois et al., 1997;
Scott and Novais, 2016), this dichotomy is not observed in L.
(L.) amazonensis infection. Most mice strains are susceptible and
develop a mixed Th1/Th2 immune response with low cellular
activation, as is observed in humans (Ji et al., 2002; Silveira et al.,
2009; Velasquez et al., 2016).

Available treatments against leishmaniases are based on drug
repositioning and have many problems such as high toxicity, high
cost and development of resistant parasite strains. In addition,
there is still no human vaccine approved (Rossi and Fasel, 2018).
Thus, understanding disease immunobiology is necessary for the
development of strategies that promote infection control.

In this context, immunonutrition is a key factor to
be considered to better understand the immune system
modulation by dietary nutrients, particularly in diseases that
affect poor populations (McCarthy and Martindale, 2018), such
as the leishmaniases.

Vitamin D3 (VitD) is an important immunonutrient that can
be obtained from the diet or can be endogenously synthesized
from a cholesterol precursor (7-dehydrocholesterol) through
incidence of sun-UVB rays on the skin. This vitamin and
its metabolites are essential for calcium homeostasis and also
affect cell growth, differentiation, and function in many tissues,
including the immune system (Baeke et al., 2010; Bikle, 2011).

VitD binds to the nuclear VitD receptor (VDR), which forms
a complex with retinoic acid X receptor (RXR) and promotes
transcription of several genes through VitD response elements
(VDREs) (Pike and Meyer, 2012). VitD also induces non-
genomics effects related to cell maturation, including growth
factor and cytokine modulation through cytosolic pathways
(Hii and Ferrante, 2016). Immune cells express VDR and
they are capable of metabolizing circulating VitD to the
active form 1,25-dihydroxycholecalciferol [1,25(OH),; D3], which
suppresses the immune response by blocking dendritic cell (DC)

differentiation and maturation, inducing a stable tolerogenic
phenotype (Piemonti et al., 2000; Penna et al, 2005; Széles
et al., 2009; Ferreira et al., 2012). Moreover, DCs treated with
1,25(0OH), D3 stimulate regulatory T cell (Treg) generation and
impair autoreactive T cell activation (van Halteren et al., 2004;
Penna et al., 2005; Unger et al., 2009). Active 1,25(0OH),Ds3 also
induces CCR10 expression and skin-homing through the CCL27
chemokine, imprinting T cell epidermotropism (Sigmundsdottir
et al., 2007). These are fundamental functions in the context of
autoimmune diseases, allergies, and immunopathologies, such
as leishmaniases.

A previous study demonstrated that VitD treatment has a
beneficial effect on L. (L.) mexicana infection, controlling lesion
development in BALB/c mice (Ramos-Martinez et al., 2013). In
addition, VitD also plays a favorable role in canine infection by
L. (L.) infantum, since disease progression is strongly associated
with VitD deficiency in dogs (Rodriguez-Cortes et al., 2017).
On the other hand, BALB/c VDR knockout mice have increased
resistance to L. (L.) major infection (Whitcomb et al., 2012),
suggesting a negative role for VitD. Overall, the role of VitD in
Leishmania infection seems to depend on the parasite species
involved. Thus, this study aims to evaluate the effect that dietary
VitD has on experimental infection with L. (L.) amazonensis
in both C57BL/6 and BALB/c mice, including its role in the
development of an immune response to the parasite.

MATERIALS AND METHODS

Mice

Female C57BL/6 and BALB/c mice of 6-8 weeks old from
Instituto de Biofisica Carlos Chagas Filho, Universidade Federal
do Rio de Janeiro (Brazil) were maintained in sterilized cages
and received filtered water and regular pelleted food (AIN-
93M, Pragsolugdes, Brazil). Dietary VitD deficient (VDD) mice
were subjected to a commercial diet without VitD (AIN-93M,
Pragsolugdes, Brazil) for 45 days before infection. The diet
was maintained throughout the experiment. All procedures
performed are in accordance with the “Basic Principles for
Research Involving Animal Use,” approved and registered by
the Ethics Committee on Animal Use in Research (CEUA/UFR]
number 157).

Parasites

Leishmania (L.) amazonensis promastigotes (MHOM/BR/75)
were maintained at 26°C in Minimum Essential Medium
199 (MEM 199, Cultilab, Brazil) supplemented with 10%
heat inactivated fetal bovine serum (HIFBS, Cultilab, Brazil),
penicillin and streptomycin (100 U/mL and 100 pg/mL,
respectively, Stemcell Technologies, USA) and hemin (5 pg/mL,
Sigma-Aldrich, USA). To ensure infectivity, parasites were used
at most until the fourth culture passage, after which, parasites
were reisolated from pre-infected BALB/c mice.

Infection

Culture promastigotes in the stationary growth phase were used
for infection. Parasites were washed with PBS by centrifugation at
1500 g. Mice were subcutaneously injected into the hind footpad
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with 2 x 10° L. (L.) amazonensis promastigotes in a volume of
20 pL. Lesion development was monitored by measurement with
a caliper (No. 7301, Mitutoyo, Japan) once every 7 days for 92
(C57BL/6 mice) or 99 (BALB/c mice) days.

Parasite Load

Parasite loads were evaluated by limiting dilution assay as
previously described (Torres-Santos et al., 1999). Briefly, on day
92 (C57BL/6 mice) or 99 (BALB/c mice) post-infection, footpads
were individually homogenized (2 mL/footpad), and diluted
1:100 (only BALB/c mice samples) in MEM 199. Homogenates
were serially diluted 1:4 in microplates for 16 dilutions (final
volume of 200 pL/well), performed in triplicate for each sample,
and incubated at 26°C for 14 days. The original number of
amastigotes per footpad was calculated taking as reference the
last dilution in which promastigotes were observed under optical
microscope, theoretically equivalent to a single amastigote.

Cytokines

IL-4, IL-17, and IL-10 were measured in supernatants of
lesion homogenates by Enzyme-Linked Immunosorbent Assay
(ELISA). Cytokine concentrations were determined from
standard curves using recombinant cytokines and murine
antibodies, according to manufacturer’s instructions (BD
Systems, USA).

Antibodies

On day 92 (C57BL/6 mice) or 99 (BALB/c mice) post-infection,
blood samples were collected, and after standing at room
temperature for 2h, then centrifuged at 2000g to obtain
serum. Seric IgGl, IgG2a, IgA, and IgE antibodies specific
for L. (L.) amazonensis promastigote antigens (LaAg) were
quantified by ELISA. LaAg was prepared as described before
(Pratti et al.,, 2016). Briefly, plates were pretreated with LaAg (1
ng/well) and incubated overnight at 4°C. Samples were diluted
250x for evaluation and biotinylated antibodies were used for
detection (Goat Anti-Mouse IgG1-UNLB: Cat. No. 1071-01,
Goat Anti-Mouse 1gG2a-UNLB: Cat. No. 1101-01, Goat Anti-
Mouse IgE-UNLB: Cat. No. 1110-05, Goat Anti-Mouse IgA-
UNLB: Cat. No. 1040-05, SouthernBiotec) according to the
manufacturer’s recommendations.

Flow Cytometry

On day 92 (C57BL/6 mice) or 99 (BALB/c mice) post-infection,
popliteal lesion-draining lymph nodes homogenates were
prepared, cellularity was performed by manual counting on a
Neubauer chamber and single cell suspensions were incubated
with anti-CD3 (Peridinin Chlorophyll Protein Complex;
Percp-conjugated), anti-CD4 [R-phycoerythrin PE and the
cyanine dye Cy7 combined; PE-Cy7-conjugated], and anti-IFN-y
(Allophycocyanin; APC-conjugated) monoclonal antibodies
according to manufacturer’s instructions from eBioscience. The
analyzes were performed in the software Summit. Gate strategy
is demonstrated in Supplementary Figure 5.

Statistical Analysis
Results were analyzed using GraphPad PRISM® version 6.0
software. Student t-test was used. For lesion development

kinetics a Two-way ANOVA with Bonferroni post-test was
used. Results are expressed as mean =+ standard deviation
(SD) and the differences between means with P < 0.05 are
considered significant. All data are representative of three
independent experiments.

RESULTS

VDD Mice Are More Resistantto L. (L.)

amazonensis Infection

The development of L. (L.) amazonensis infection was evaluated
in partially susceptible C57BL/6 and susceptible BALB/c mice
submitted to dietary VitD restriction (VDD) or fed a regular
diet (Ctrl). Both C57BL/6 and BALB/c VDD mice showed
a more controlled lesion development compared to those on
the regular diet (Figures 1A,B) when mice were infected with
2 x 10° promastigotes. In C57BL/6 VDD the lesions began
to resolve by day 60, whereas in the Ctrl mice this did not
occur until day 75. In BALB/c mice, the lesions continued to
develop until the endpoint of the experiment, with BALB/c
VDD mice showing a significantly smaller lesion over this time.
There was no significant difference in the parasite loads at
the infection site of the C57BL/6 VDD compared to C57BL/6
ctrl (day 92) or BALB/c VDD compared to BALB/c ctrl (day
99) (Figures 1C,D). We also evaluated parasite load in lymph
nodes, and no difference was observed between the infected
Ctrl and VDD mice for either C57BL/6 and BALB/c mice
(Supplementary Figure 1). It is important to note that dietary
VitD restriction did not interfere in the appearance or body
weight of the mice (Supplementary Figure 2). Moreover, when a
high challenge model of infection with 2 x 10® promastigotes was
used, no difference was observed in lesion size between the Ctrl
and VDD mice for each mouse strain (Supplementary Figure 3).
Based on that, subsequent experiments were performed using
an infection dose of 2 x 10° parasites. However, as we had
already observed that the lesion resolution was more accelerated
in the C57BL/6 VDD mice (Figure 1), we further evaluated the
infection profile of these mice for 149 days to assess whether
there was complete resolution of the lesion. In the beginning
of chronic phase there was no difference between the VDD
and Ctrl mice, however, later in the chronic phase, VDD mice
presented significantly smaller lesions in comparison to the Ctrl
mice (Supplementary Figure 4) indicating a reduction of lesion
size at both the peak of infection and in late chronic phase.
However, again, there was no significant difference in the parasite
loads at this late chronic phase time-points.

Increase in CD4* IFN-y™ T Cell Population
in the Lesion-Draining Lymph Nodes of
VDD Mice

To better understand the role of VitD in the immune response
to infection, cell phenotype in lesion-draining popliteal lymph
nodes was evaluated at the endpoint of infection, day 92 for
C57BL/6, and day 99 for BALB/c. There was no difference in
the total number of lymph node cells between VDD and Ctrl
mice, in both mouse strains, C57BL/6 (Figure 2A) and BALB/c
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FIGURE 1 | VDD mice are more resistant to L. (L.) amazonensis infection. C57BL/6 and BALB/c mice normally fed (Ctrl) or on a Vitamin D-deficient diet (VDD) were
subcutaneously infected in the footpad with 2 x 10° L. (L.) amazonensis promastigotes and lesion development was followed weekly (A,B). On day 92 (C57BL/6) or
99 (BALBY/c) post-infection, parasite loads in the infection site were evaluated by limiting dilution assay (C,D). The data (means + SD; n =5 P <0.0001; P < 0.05)
are representative of three independent experiments producing the same result profile.

(Figure 2B). There was also no difference in the number of CD4™"
cells between VDD and Ctrl mice (Figures 2C,D), but in terms
of the percentage of CD4™ cells in the total cell population, there
was a reduction in C57BL/6 VDD (Figure 2E) and an increase in
BALB/c VDD (Figure 2F) compared to their respective controls.
Since Leishmania spp. are intracellular parasites and induction
of Th1 response is generally associated with disease control, the
number and percentage of the CD4™ cell population producing
IFN-y was further evaluated. The CD4" IFN-y™ cell population
was increased in both absolute number (Figures2G,H) and
the percentage within the CD4™1 population (Figures 2L]) in
C57BL/6 VDD and BALB/c VDD mice compared to respective
controls. This cell population may be associated with resistance
of mice to L. (L.) amazonensis infection.

BALB/c VDD Exhibit a Reduction in IL-10
and IgE Levels, Without Affecting IgG1 and

IL-4 Production

Cytokine and antibody production at the endpoint of infection,
day 92 for C57BL/6 and day 99 for BALB/c, were also
evaluated. Both C57BL/6 VDD and BALB/c VDD mice showed
no difference in IL-4 and IL-17 production compared to
respective controls (Figures 3A-D), however, a decrease of IL-
10 was observed in VDD mice in comparison with Ctrl mice
(Figures 3E,F). Moreover, both C57BL6 VDD and BALB/c VDD
mice had no difference in the production of IgG1, 1gG2a, and IgA

antibodies specific for L. (L.) amazonensis antigens compared to
respective controls (Figures 4A-F). However, BALB/c VDD mice
showed reduced levels of IgE compared to the control mice on the
regular diet (Figure 4H).

DISCUSSION

Since the leishmaniases are neglected diseases that mainly affect
poor populations, dietary factors could likely influence the
development of infection. The hypothesis of a possible VitD
involvement in the regulation of immune processes was due to
the presence of an abundance of VDR receptors in different
cell types of the immune system, such as CD4" and CD8"
T lymphocytes, neutrophils, dendritic cells, and macrophages
(Baeke et al., 2010). In addition, VitD plays a role in the
development of Th2 and Treg immune responses, and in the
induction of lymphocyte expression of molecules that target
homing of cells to the skin (Sassi et al., 2018).

VDD mice exhibited a smaller lesion progression profile,
although they did not present a significant reduction in the
parasite load, compared to control mice fed on a regular
diet (Figure1). This profile was observed in both partially
susceptible C57BL/6 and susceptible BALB/c mice. A previous
study described that C57BL/6 VitD-receptor knockout (VDRKO)
mice are also more resistant to L. (L.) major infection compared
to wild-type (WT) mice (Ehrchen et al., 2007; Whitcomb et al.,
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FIGURE 2 | Increase in the T CD4% IFN-y™ cell population in lesion-draining lymph nodes of L. (L.) amazonensis-infected VDD mice. C57BL/6 and BALB/c mice
normally fed (Ctrl) or on a Vitamin D-deficient diet (VDD) were subcutaneously infected in the footpad with 2 x 100 L. (L, ) amazonensis promastigotes. On day 92
(C57BL/6) or 99 (BALB/c) post-infection, lesion-draining lymph node cellularity (A,B), number of T CD4F lymphocytes (C,D), percentage of T CD4™ lymphocytes
(E,F), number of IFN-y producing T CD4* lymphocytes (G,H) and percentage of IFN-y producing T CD4™ lymphocytes (I,J) were assessed by flow cytometry. The
data (means + SD; n = 5 **P < 0.0001) are representative of two independent experiments producing the same result profile.
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FIGURE 3 | Cytokine profile in the lesions of L. (L.) amazonensis-infected VDD mice. C57BL/6 and BALB/c mice normally fed (Ctrl) or on a Vitamin D-deficient diet
(VDD) were subcutaneously infected in the footpad with 2 x 10° L. (L.) amazonensis promastigotes. On day 92 (C57BL/6) or 99 (BALB/c) post-infection, the cytokine
profile in the lesions was evaluated by ELISA. IL-4 (A,B), IL-17 (C,D), and IL-10 (E,F) levels in tissue homogenates were quantified. The data (means &+ SD; n = 5;
P < 0.001, *P < 0.01) are representative of two independent experiments producing the same result profile.

2012). However, BALB/c VDRKO mice present no difference in
lesion development during L. (L.) major infection compared WT
mice (Whitcomb et al., 2012). Together, these data indicate that
VDD, either through dietary VitD depletion or the ablation of
VitD-signaling, leads to an increased resistance to Leishmania
infection. It is important to note that experimental models
lacking VDR expression are quite different from the dietary
VitD deprivation model used in this study. VDRKO animals
have an absence of a systemic response to VitD, affecting cell
differentiation and impacting on the innate and adaptive immune
system. On the other hand, the use of a deficient diet does
not impair the endogenous synthesis of VitD or its signaling

pathway, being the best model to study the nutritional impact.
Our data show that using VDD mice, either in a C57BL/6 or
BALB/c background, a similar resistance to L. (L.) amazonensis
infection was observed, indicating a strong phenotype using the
VitD deficient diet.

Contrary to what was observed in CL, VitD deficiency is
related to the progression of VL in dogs (Rodriguez-Cortes
et al.,, 2017), suggesting clear differences in the involvement of
macrophages from skin and the visceral organs, such as spleen,
liver, and bone marrow. Clinical studies in humans should be
performed to better comprehend the impact of VitD deficiency
in CL and VL.
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FIGURE 4 | L. (L.) amazonensis-specific antibody production in VDD mice. C57BL/6 and BALB/c mice normally fed (Ctrl) or on a Vitamin D-deficient diet (VDD) were
subcutaneously infected in the footpad with 2 x 10 L. (L.) amazonensis promastigotes. On day 92 (C57BL/6) or 99 (BALB/c) post-infection, L. (L.)
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Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

April 2019 | Volume 9 | Article 88


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Bezerra et al.

VDD Increases Resistance to Leishmaniasis

A different approach showed that intraperitoneal treatment
with the active form of VitD, 1,25-dihydroxycholecalciferol
[1,25(0OH), D3] significantly reduces lesion size in BALB/c mice
infected with L. (L.) mexicana, but without reducing the
parasite load. Treatment with 1,25(OH),D3 is associated with
a healing profile, increasing eosinophils and fibroblasts in the
lesions, enhancing collagen production, and decreasing pro-
inflammatory cytokines levels compared to untreated control
mice, without affecting parasite elimination (Ramos-Martinez
et al., 2013). However, this model uses the active form of VitD
after infection, while the VitD deficient diet affects immunity in
the mice prior to infection. Thus, it is not adequate to compare
results between these different approaches, and dietary VitD
deficiency is the most appropriate model to evaluate the impact
of nutrition on immunity against leishmaniasis.

Comparing C57BL/6 ctrl mice (partially resistant) to
BALB/c ctrl mice (susceptible), C57BL/6 mice exhibited higher
numbers of IFN-y-producing CD4™ cells, which are related
to leishmaniasis control (Figure 2). It has been demonstrated
that VitD suppresses the Thl response (Cantorna et al., 2015).
Corroborating this data, our results show that both C57BL/6
and BALB/c VDD have an increased frequency and number
of IFN-y-producing CD4" cells (Figure2). This increased
Th1 response is probably related to the more controlled lesion
development in infected VDD mice. However, the increase of
IEN-y-producing cells was not enough to control the parasite
load, so perhaps other mechanisms are necessary, such as
reactive oxygen species production by macrophages. Whereas,
VDRKO mice also exhibit an increase in IFN-y production by
CD4" and CD8" T cells during L. (L.) major infection, this
controls both lesion development and parasite load (Ehrchen
et al,, 2007). In our experiments, no difference in CD8" T cells
was observed (data not shown), which may be associated to the
failure to control parasite load.

Evaluation of cytokine production at the site of infection in
the chronic phase showed that VDD mice, both C57BL/6, and
BALB/c, have no difference in IL-4 (Figure 3), which has also
been observed in L. (L.) major infection of C57BL/6 VDRKO
mice (Whitcomb et al., 2012). In vitro studies indicate that
VitD upregulates the activity of Th2 cells (Boonstra et al,
2001; Staeva-Vieira and Freedman, 2002). IL-4 is a cytokine
associated with susceptibility to L. (L.) amazonensis infection
and IL-4-deficient BALB/c mice are more resistant to infection,
depending on the initial parasite inoculum, developing smaller
lesions and a higher Th1 response, with higher IFN-y, and IgG2a
production than WT mice (Guimardes et al., 2006). In addition,
leishmaniasis pathogenesis is associated with the blockage of
a Thl response development, leading to a greater number of
IL-4 and IL-10-producing cells in the lesions (Carvalho et al.,
2016). Studies with C57BL/6 mice show that only 30% of IL-
4-receptor-deficient animals develop a lesion after inoculation
of L. (L.) amazonensis and they have higher IFN-y production
compared to WT mice (Felizardo et al., 2012). Despite the fact
that VitD is related to a Th2 immune response development,
dietary VitD deficiency did not impact IL-4 production during
L. (L.) amazonensis infection. It has also been demonstrated

that VitD suppresses Th17 cell differentiation (Korf et al., 2012;
Fawaz et al., 2016), a cytokine related to pathogenesis of L. (L.)
mexicana infection (Pedraza-Zamora et al., 2017). However, no
difference in the level of IL-17 was observed between VDD and
Ctrl mice.

We demonstrated that VDD mice presented a reduction of
IL-10 in comparison to Ctrl mice (Figures 3E,F). A similar
phenotype was observed in C57BL6 VDRKO mice, with a
decrease of IL-10 by Real Time PCR in comparison to WT mice
(Whitcomb et al., 2012). IL-10 production has been associated
to susceptibility to L. (L) amazonensis infection (Padigel et al.,
2003) and reduction of IL-10 is related to a decrease of lesion
size (Padigel et al., 2003; Firmino-Cruz et al., 2018). In addition,
the production of IFN-y inhibits the production of IL-10 by
macrophages (Herrero et al., 2003). Therefore, we suggest VitD
deficiency promotes the increase of IFN-y that inhibits the
production of IL-10, which is associated with reduction of
lesion size.

Antibody production has been associated to pathogenesis in
L. (L.) amazonensis infection (Firmino-Cruz et al., 2018). Our
results show that VDD mice had no difference in antigen specific-
IgG1 and IgG2a production compared to Ctrl mice (Figure 4).
However, it has been shown that C57BL/6 VDRKO mice infected
with L. (L.) major produce more IgG2a in comparison to WT
mice (Whitcomb et al., 2012). With regards to BALB/c VDD
mice, there was a higher serum level of IgE compared to Ctrl
mice, which is related to a Th2 immune response. In humans,
VitD deficiency is related to increased IgE with direct effect on B
cells during allergy (James et al., 2016; Guo et al., 2018).

Studies using experimental models have demonstrated that
lack of VitD also interferes with the immune response to
other pathogens. VDD mice have increased susceptibility to
lung infection by Aspergillus fumigatus, developing an excessive
inflammatory response (Li et al., 2014). VitD also plays a key
role in the immunity against Mycobacterium tuberculosis in
mice. Following BCG stimulation, IFN-y levels significantly
increased and IL-10 levels significantly decreased in the VDD
mice compared to control mice (Yang et al., 2013). On the
other hand, 1,25(OH);, D3 treatment inhibited the inflammatory
infiltrates and expression of IL-2, IFN-y and TNF-f in the spleen
of VDD mice following vaccination with BCG (Zhang et al,,
2018). These findings corroborate that Thl cells are strongly
activated under VDD conditions.

CONCLUSION

Altogether, our results indicate that dietary VitD deficiency is
able to decrease lesion growth and provide an increase in Thl
response in C57BL/6 and BALB/c mice upon L. (L.) amazonensis
infection, although it does not decrease parasite burden in either
of the murine models used. Thus, VitD may contribute to
host susceptibility to murine tegumentary leishmaniasis. Further
studies on the influence of immunonutrition in the leishmaniases
are needed to better understand the immunobiology of
these diseases.
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Leishmania genus protozoan parasites have developed various strategies to overcome
host cell protective mechanisms favoring their survival and propagation. Recent findings
in the field propose a new player in this infectious strategy, the Leishmania exosomes.
Exosomes are eukaryotic extracellular vesicles essential to cell communication in various
biological contexts. In fact, there have been an increasing number of reports over
the last 10 years regarding the role of protozoan parasite exosomes, Leishmania
exosomes included, in their capacity to favor infection and propagation within their
hosts. In this review, we will discuss the latest findings regarding Leishmania exosome
function during infectious conditions with a strong focus on Leishmania-host interaction
from a mammalian perspective. We also compare the immunomodulatory properties
of Leishmania exosomes to other parasite exosomes, demonstrating the conserved,
important role that exosomes play during parasite infection.

Keywords: Leishmania, macrophage, exosome, host-pathogen interaction, immunomodulation

INTRODUCTION

Leishmaniasis is a complex pattern of diseases caused by sand fly-transmitted Leishmania sp.
With more than 300 million people living in Leishmania-endemic areas (Alvar et al., 2012),
there are over 2 million new cases of leishmaniasis every year resulting in 30 000 deaths
each year (WHO, 2015). In mammals, Leishmania parasites establish a persistent infection by
inducing macrophage dysfunction through direct manipulation of macrophage signaling. We have
deciphered the mechanisms whereby Leishmania exploits macrophage signaling pathways to block
microbicidal functions and innate inflammatory responses during infection (Olivier et al., 2005;
Isnard et al., 2012). Our lab has previously demonstrated how Leishmania major surface protease
GP63 manipulates macrophage responses to promote infection through direct activation of protein
tyrosine phosphatases (Gomez et al., 2009), thus negatively downregulating JAK and MAP kinase
pathways and cleaving key signaling molecules such as the transcription factors AP-1 and NF-«B
(Abu-Dayyeh et al., 2008; Contreras et al., 2010; Shio et al., 2015).

Additional investigation from our lab has demonstrated how Leishmania parasites, like the
majority of eukaryotic cells and other protozoan parasites, release extracellular vesicles (EVs) that
play a key role in macrophage modulation. These cellular entities are a vehicle for biologically
active macromolecules, such as proteins and nucleic acids, which, once delivered, act on the
physiology and function of host cells. Generally grouped according to various criteria including
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size, density, and location within cells, these vesicles originate
from the cell membrane. They have been termed microparticles,
microvesicles, or even ectosomes. On the other hand, exosomes
are produced inside and released by multivesicular bodies (MVB)
when the latter merge with the plasma membrane (Tkach and
Thery, 2016). In scientific literature, the term “exosome” is
generally used in reference to a group of mixed EVs regardless
of their intracellular provenance. Advanced scientific techniques
should soon be capable of distinguishing the many types of
EVs (Thery et al., 2009; Raposo and Stoorvogel, 2013; Tkach
and Thery, 2016). Recently, the universality of exosomes and
their numerous possible applications in medicine (diagnostics or
treatment) have garnered them special consideration.

40-120 nm in size, ultracentrifugation (at 100,000 g or greater)
is necessary to the sedimentation of exosomes (Johnstone et al.,
1987). Linear sucrose gradients can be used for additional
purification given their specific density in the medium (1.13-1.19
g/ml) (Raposo et al., 1996). Exosomes occur when the endosomal
membrane invaginates into MVBs. Melding of the latter with
the plasma membrane (PM) leads to exosome secretion (Thery
et al., 2002). This novel EV biogenesis pathway was first noted
in transferrin secretion by reticulocytes (Harding et al., 1983;
Pan et al., 1985). This distinguished exosomes from other EVs
that were thought to simply bud from the PM. The mechanism
of protein sorting into these vesicles is remarkably organized
as well as contingent on the type and biological status of the
original cell (Thery et al., 2002). That said, given their frequent
enrichment within exosomes, select proteins are thought to be
necessary to exosome generation in MVBs. This suggests some
conservation in terms of the sorting and biogenesis pathway
(Baietti et al., 2012).

Exosomes originating from distinct cell varieties consist of
different endosome-associated proteins. Rab GTPases are one
example, or proteins included in MVB synthesis (Alix, Tsg101)
(Thery et al, 2009; Taylor and Gercel-Taylor, 2011; Raposo
and Stoorvogel, 2013). Additionally, within exosomes there are
numerous categories of proteins that are constantly present: heat
shock proteins (HSP60, HSP70, HSP90), proteins with adhesion
activity (tetraspanins CD81, CD63, CD37), annexins (I, IL, V, VI),
cytoskeletal proteins (actin, tubulin), metabolic enzymes, and
proteins with translational (Elongation Factors 1, 2) or signaling
activity (Schorey and Bhatnagar, 2008; Simpson et al., 2008;
Thery et al., 2009; Silverman et al., 2010a; Hassani et al., 2011;
Taylor and Gercel-Taylor, 2011; Yang and Robbins, 2011; Raposo
and Stoorvogel, 2013; Atayde et al., 2015). Exosomes also contain
mRNAs and microRNAs (miRNA) that can be transmitted
to cells of interest in a functional state (Valadi et al., 2007;
Zomer et al., 2010).

THE CRITICAL ROLE OF EXOSOMES IN
CELL-CELL COMMUNICATION

Exosomes play a role in numerous biological processes, both
pathophysiological and physiological. They have been identified
in many types of biological material including saliva, urine,
plasma, breast milk, and amniotic fluid (Admyre et al., 2007;

Keller et al., 2007, 2011; Looze et al., 2009; Moon et al., 2011).
Currently, uses for exosomes in the treatment of cancer and
infectious diseases are being extensively studied, as well as their
possible function in regenerative therapy, targeted therapy, and
more (Lener et al, 2015). With the popularity of exosome
research, the International Society for Extracellular Vesicles
(ISEV) has implemented a gold standard for the isolation and
analysis of extracellular vesicles, exosomes included. For instance,
this includes the use of nanovesicle tracking assay (NTA) for the
determination of population homogeneity, use of transmission
electron microscopy (TEM) for morphological observation, use
of linear sucrose gradients to assess their density, as well as the
use of mass spectrometry, western blotting, and high throughput
sequencing to precisely analyze their protein and RNA contents
(Lotvall et al., 2014). Classification of Leishmania exosomes
requires such analyses.

The enrichment of certain molecules in exosomes, including
tetraspanins and integrins (involved in adhesion and cell
communication), suggests that the cooperation between said
proteins and their counterparts found on the plasma membrane
of the target cell facilitates exosome delivery. Moreover, various
stimuli can induce changes in tetraspanin composition that
impacts the selection of targets by exosomes (Rana and Zoller,
2011; Andreu and Yanez-Mo, 2014). Exosomes merge with the
plasma membrane of the target cell for direct cargo transfer
(Silverman et al., 2010a) or undergo endocytosis or phagocytosis
(Feng et al, 2010; Bastos-Amador et al., 2012). Additionally,
certain exosomes can deliver their information through simple
attachment to target cells (fusion, endocytosis, or phagocytosis
are unnecessary); specifically exosomes expressing MHC II in
their interaction with T-cells (Yang and Robbins, 2011). That said,
demonstration of the majority of the aforementioned methods of
interaction came from experiments performed in vitro; as such,
the mechanisms taking place in vivo are still in question.

SECRETION OF EXOSOMES CONTAINING
Leishmania PROTEINS

As with higher eukaryotes, the parasite Leishmania and members
of the trypanosomatids use the ER/Golgi-mediated secretion
system (McConville et al., 2002; Corrales et al., 2010), polarizing
parasite proteins toward the parasites flagellar pocket (Field
et al., 2007) Several Leishmania virulence factors, including the
metalloprotease GP63 and other immunomodulatory proteins,
use this pathway to exit the host cell (Yao et al., 2003; Joshi et al.,
2005). For example, the cysteine proteases of L. mexicana are
sorted to lysosomes and then released via the flagellar pocket
upon their passage into the Golgi apparatus (Brooks et al., 2000).

One of the first pieces of evidence for the use of non-
conventional secretory mechanisms in trypanosomatids was
revealed while studying their hydrophilic acylated surface
proteins (HSAPs). HSAPB is a surface protein found in many
Leishmania, possessing the unique characteristic of lacking a
signal peptide, a transmembrane domain, and a GPI-anchor site.
Denny et al. revealed a sequence of amino acids in the protein’s
N-terminal region that seems to act as a signal peptide, allowing
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HSAPB distribution to the plasma membrane. To support this,
they transferred a fluorescent GFP protein to the parasite surface
by simply adding this sequence of amino acids. Interestingly,
HSAPB transfection of mammalian cells also brought about
its cell surface translocation, establishing that similar protein
trafficking can occur in higher eukaryotes (Denny et al., 2000).

Included among non-conventional mechanisms of protein
secretion is the exosomal pathway, since the majority of exosome
proteins do not bear a predicted signal peptide (Thery et al,
2009; Hassani et al., 2011; Atayde et al., 2015). Importantly, this
pathway is not rare and found to be a cardinal mechanism utilized
by a great number of eukaryotic organisms, including protozoan
parasites such as Leishmania.

The accurate analysis of the complex proteins of exosomes
is now possible by advanced mass spectrometry. This further
applies to the identification of a myriad of proteins belonging
to the secretomes of various cell types (Skalnikova et al.,
2011), microscopic unicellular (Silverman et al., 2008; Cuervo
et al, 2009; Atyame Nten et al, 2010; Geiger et al, 2010)
and multicellular organisms (Moreno et al., 2011), and various
tissues (Pardo et al., 2012). Information stemming from these
analyses is of paramount importance for our understanding of
the mechanisms of secretion and responses of cells to diverse
stimuli. Notably, different laboratories have reported that, similar
to higher eukaryotes, the majority of Leishmania species studied
to date also have a low percentage of exosomal proteins that
bear a signal peptide (Thery et al., 2009; Hassani et al., 2011;
Atayde et al., 2015). This suggests that a great majority of
proteins belonging to the secretome of various organisms are
non-conventionally secreted (Silverman et al., 2008; Cuervo et al.,
2009; Atyame Nten et al., 2010; Geiger et al., 2010).

Vesicle release, common to organisms including prokaryotes,
protozoans, fungi, archaea, and higher eukaryotes, has been
proposed as universal (Deatherage and Cookson, 2012).
Exosomes are special in that they are derived from the
endocytic pathway, rather than from direct budding from the
plasma membrane like other EVs (Tkach and Thery, 2016).
In mammalian cells, the most important pathway requires
the action of endosomal sorting complexes necessary for
transport (ESCRT) proteins. These ESCRT proteins were first
discovered in yeast by selecting for mutant yeasts deficient in
vacuole biogenesis and sorting, resulting in the discovery of
vacuolar sorting proteins (VPS) (Banta et al., 1988). There are
4 ESCRT complexes, ESCRT 0-III, and they are responsible
for the formation of MVBs, as well as the sequestration of
ubiquitinated proteins into the intraluminal vesicles (ILVs)
(Raposo and Stoorvogel, 2013).

Interestingly, this ESCRT machinery seems common
to eukaryotes, including trypanosomatids (Leung et al,
2008). In trypanosomatids, the exact processes responsible
for secretion of exosomes are still unclear, but they appear
comparable biochemically to those of mammalian exosomes
in terms of density and morphology (Silverman et al., 2008,
2010a; Trocoli Torrecilhas et al., 2009). Furthermore, TEM
analyses offer convincing arguments for the direct, in
vivo secretion of exosomes by Leishmania through MVBs
(Atayde et al., 2015), while Rab GTPases, Alix, and ESCRT

orthologs were found through proteomic analyses of Leishmania
exosomes/exoproteome (Silverman et al., 2008, 2010a; Corrales
et al,, 2010; Deatherage and Cookson, 2012; Atayde et al., 2015);
this suggests a pathway analogous to that of the mammalian
ESCRT-dependent pathway previously reported. Although
ESCRT-independent exosome biogenesis pathways have been
described in mammalian cells and other parasites, this area has
yet to be explored in depth in Leishmania (Theos et al., 2006;
Trajkovic et al, 2008). For example, sphingomyelinase and
tetraspanin CD63 have been identified in Fasciola hepatica, the
common liver fluke, which represent an alternative pathway
for cargo sorting and invagination of the endosome for MVB
formation (Cwiklinski et al., 2015). The mechanisms for exosome
secretion itself remain unclear, though soluble NSF-attachment
protein receptor (SNARE) complexes and the RAB family of
small GTPases have been suggested to be involved in mammalian
cells (Thery et al., 2009; Raposo and Stoorvogel, 2013).

Leishmania EXOSOMES: ITS IMPACT ON
CUTANEOUS LEISHMANIASIS
PROGRESSION

In the last 10 years, several groups reported that various
Leishmania species secrete exosomes in culture and in the midgut
of its sand fly vector. These vesicles are actively manipulating
host signaling and immune cell functions, as per the enrichment
by Leishmania exosomes of virulence factors such as GP63
(Silverman et al.,, 2010a,b; Hassani et al., 2014; Atayde et al.,
2015). Experiments performed on macrophages in vitro and
with mice in vivo brought clear evidences that enrichment
of Leishmania virulence factors by exosomes is of cardinal
importance for the infectious process and the development of
pathologies related to leishmaniasis.

Our interest, in regards to the study of Leishmania exosomes,
was initially triggered by the observation of intra-macrophage
vesicles clustering around the Leishmania surface protease GP63,
leading us to hypothesis that Leishmania parasite can form and
release extracellular vesicles, including exosomes (Gomez et al.,
2009; Gomez and Olivier, 2010). Initial evidence for Leishmania
exosome secretion was obtained through the study of L. mexicana
exoproteome (Hassani et al., 2011), but Silverman et al. were
the first to report bona fide secretion of Leishmania exosomes
(Silverman et al., 2010a). However, in our study, we found that
temperature shift (T'S) mimicking the conditions for inoculation
of Leishmania into its host was sufficient to cause a rapid and
important augmentation in protein release from the Leishmania
parasite in culture alongside a clear increase of exosome-like
vesicles being released from the parasites’ surface (see Figure 1).
Additionally, the majority of Leishmania exosomal proteins
were found to be secreted non-conventionally, as per their
proteomic analysis (Hassani et al., 2011). We further showed
that L. mexicana exosomes released upon TS possessed a similar
capacity to inhibit several macrophage microbicidal functions
as the parasite per se, relying on the induction of PTP activity
concurring to the alteration of key host cell signaling pathways.
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FIGURE 1 | Scanning electron microscopy of L. mexicana parasites before
and after temperature shift. Top left, Parasites at 250C for 4 h; Top right,
Parasites at 370C for 4 h; Bottom left, Close-up of parasite surface at 370C;
Bottom right, purified exosomes. Exosomes were of 40-100 nm in size as per
electron microscopy observation [from Hassani et al. (2011)].

Thereafter, the role of exosome-enriched Leishmania GP63
and its impact on immune cell functions was explored.
Using a L. major gp63~/~ (KO), it was found that the
immunomodulatory capacities of leishmanial exosomes deficient
in the metalloprotease GP63 were strikingly abrogated in
comparison to L. major wild type (WT). This strongly supports
the cardinal role of exosome-enriched Leishmania virulence
factors in the infectious process. Using gqRT-PCR analysis, this
was further confirmed by the divergent capacity of WT and
KO exosomes to induce macrophage gene expression, such
as cytokines and chemokines. Of utmost interest is how the
proteomic analysis of WT and KO exosomes revealed such
drastic modification of their protein contents, suggesting that
GP63 in Leishmania participates in the regulation of exosomal
protein sorting (Hassani et al., 2014).

Studies performed in Reiner’s lab further established the
impact of Leishmania exosomes on host immune responses
(Silverman et al.,, 2010a,b). For instance, they observed that
exosomes from Leishmania donovani can modify the secretion
of IL-10 and TNF-a by human monocytes subjected to IFN-y

stimulation. Furthermore, they found that mice treated with L.
donovani exosomes will have an augmented production of CD4™
T-cells producing IL-10 and IL-4 once challenged with infectious
Leishmania, which could explain in part the exacerbated
skin inflammation they observed (Silverman et al, 2010b).
Findings stemming from these studies suggested that Leishmania
exosomes are mainly favoring an immunosuppressive status
permitting the parasite to better propagate within its infected
host. More recently, a study by Lambertz et al. reported
enrichment of small RNAs originating from non-coding RNAs
in various Leishmania species’ exosomes. Unfortunately, the role
for this cargo has not been investigated in depth, therefore its
potential impact in the infectious process remains uncertain
(Lambertz et al., 2015).

RELEASE OF Leishmania EXOSOMES
WITHIN SAND FLY MIDGUTS

For many years, a great number of investigations dealing with
extracellular vesicles were done with vesicles obtained from
diverse biological fluids and supernatants from cells cultured
in vitro. Until recently, the observation of exosome biogenesis
and their exit from the cell in an in vivo context has proved to
be an incredible challenge. After years of effort, we have been
able to report a seminal finding demonstrating that Leishmania
exosomes were produced and released in the sandfly vector
midgut and are egested during blood meals together with
Leishmania parasites (see Figure 2). This co-inoculation was
found to significantly augment skin lesion due to the synthesis
of key pro-inflammatory cytokines, such as IL-17a (Atayde
et al,, 2015). Of utmost importance, this work represents the
first demonstration that GP63-enriched Leishmania exosomes
are critical vector-inoculated virulence factors and solidly
places these Leishmania vesicles as important infectious agents
necessary for proper progression of the Leishmania life cycle.

Contrasting with the work of Silverman et al. using L. major
exosomes (Silverman et al., 2010b), we found the induction of
IL-17a to be increased relative to IL-4 (Atayde et al., 2015). This
can be in part due to the fact that instead of vaccinating mice
with exosomes, we directly co-injected exosomes and parasites
together, therefore better mimicking what is happening in natural
conditions. IL-17a is known to be a hallmark of neutrophil
recruitment during the development of Leishmania-induced
human and murine lesions (Lopez Kostka et al., 2009; Boaventura
et al, 2010). Previous findings from our laboratory are in
accordance with the fact that Leishmania exosome inoculation
trigger neutrophil recruitment at the site of injection (Deatherage
and Cookson, 2012).

Leishmania RNA VIRUS 1 ENHANCES
MUCOCUTANEOUS LEISHMANIASIS
USING EXOSOMES

Leishmania, being eukaryotic organisms themselves, are a host
to infectious agents as well, including viruses like Leishmania
RNA Virus 1 (LRV1) (Guilbride et al., 1992). The significance
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sand fly midgut » Exosome
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FIGURE 2 | Cartoon depicting the release of Leishmania exosomes within the sand fly midguts and their egestion during the insect blood meal. Their co-inoculation
seems to favor skin hyperinflammation and increase in parasitic load [from Atayde et al. (2015)].

of this was revealed when Ives et al. reported that LRV1  role in the LRV1 life cycle by protecting the whole LRV1 virion
modulates mucocutaneous leishmaniasis when investigating L. from a potential dangerous external environment (e.g., from
guyanensis, a member of the L. Viannia subgenus and a common  the action of RNAses) (Atayde et al., 2019). Another defense
cause of mucocutaneous leishmaniasis (Ives et al., 2011). They =~ mechanism that this exosomal coating confers to the virus is
identified two groups of L. guyanensis clones, metastatic (LgM™)  the ability to disguise LRV1 since these Leishmania exosomes
and non-metastatic (LgM ™), based on their ability to cause are naturally integrated into the naive recipient parasites,
secondary lesion formation in hamsters. When investigating leading to an increase of in infectivity. In this way, Leishmania
the role of macrophage Toll-like receptors (TLR), they found  exosomes act both as a protecting and facilitating viral carrier.
that metastasis caused by LgM™ was dependent on TLR3  Exosomes bear a striking resemblance to viral particles on many
and enhanced by TLR7. This was particularly interesting since  levels, including their structure and physical properties. This
TLR3 and TLR7 recognize double stranded and single stranded  similarity is a possible reason why exosomes are exploited by
RNA, respectively (Doyle and O’Neill, 2006), implicating a viral ~ HIV to facilitate their distribution (Teow et al., 2016). In fact,
infection taking place in the LgM™ infected macrophages. Ives  a variety of viruses, including HCV, HAV, HSV, and EBV, have
et al. were able to quantify LRV1 infection of L. guyanensis  all had exosome release in the course of infection linked to
by RT-qPCR, and showed that LgM™ had higher viral load  their pathological processes (Meckes and Raab-Traub, 2011;
compared to LgM ™. They further demonstrated that TLR3~/~  Alenquer and Amorim, 2015). However, this is the first time
and TLR7~/~ mice did not display enhanced inflammation  exosomes have been shown to carry the whole virion. We could
or pathology when infected with LgM™ compared to LgM~  also conclude that the newly LRV 1-infected parasites generated a
and LgLRV ™. more aggressive form of leishmaniasis in a mice infection model,

Building upon this discovery, our group recently demonstrating how this exosomal coating process used by LRV1
demonstrated that Leishmania exosomes play an important  is also important in the context of the mammalian host; it can be
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said that Leishmania and LRV1 have a mutualistic relationship
facilitated by exosomes.

PARASITE-DERIVED EXOSOMES/EVS

The prospective uses of exosomes and various pathogen-secreted
vesicles as immunomodulators are countless; they are being
further explored for their potential in treatments or vaccine
development. Combined with cutting-edge genomics techniques
like CRISPR, a better understanding of pathogen-derived EVs
may allow the engineering of exosomes and other EVs that
stimulate and promote an immune response and host protection
in the hopes of combatting infectious diseases.

Exosomes have been shown to possess both immune-
stimulatory and -inhibitory effects in eukaryote pathogens. For
example, Oliveira et al. recently demonstrated that Cryptococcus
neoformans produces exosome-like vesicles that lead to the
release of TNE IL-10, and NO through stimulation of
macrophages. Macrophage priming with the aforementioned
vesicles facilitates the killing of fungi (Oliveira et al., 2010).
In contrast, extracellular vesicles originating from T. cruzi
and administered to mice led to a worsened infection; lower
iNOS and higher IL-4 and IL-10 levels were observed, as well
as greater localization of parasites to the viscera and heart
(Trocoli Torrecilhas et al., 2009).

In addition, another parasite of the genus Trypanosoma, T.
brucei, has been reported to use extracellular vesicles in their
pathogenesis. In the study performed by Szempruch et al,
bloodstream parasites could be observed producing extracellular
vesicles enriched in flagellar proteins and virulence factors
including serum resistance-associated protein (SRA), a well-
defined protein of this group (Trocoli Torrecilhas et al., 2009).
More interestingly, when stimulating non-human infectious
trypanosomes with these vesicles, SRA was transferred to these
parasites, giving them the ability to evade the innate immune
response. Finally, these extracellular vesicles were able to fuse
with erythrocytes and make them express Variant Surface
Glycoprotein (VSG), leading to a rapid clearance of these cells
by the immune system and resulting in anemia in two distinct
mouse strains. In a more recent study by another group, these
vesicles were also found to affect the social motility of parasites;
they drove parasites away, repelling them from overstressed or
compromised cells, thus providing a novel function for these
vesicles in the parasite life cycle (Eliaz et al., 2017).

In a similar fashion, Trichomonas vaginalis exosomes were
found to be produced and released with similar biophysical
properties to mammalian vesicles, sharing many proteins found
in the mammalian exosome proteome (e.g., tetraspanins, Alix,
and Rabs) (Twu et al,, 2013). In addition to their ability to
fuse and deliver proteins to vaginal epithelial cells, exosomes
from strains of very adherent parasites improved the adherence
of strains of less adherent parasites. Furthermore, the extracted
exosomes led to production of IL-6 in stimulated epithelial
cells while down-regulating IL-8 yield. This potential immune
modulation was further studied by Olmos-Ortiz et al. (2017), who
showed T. vaginalis exosomes not only increased IL-6 production

but highly increased IL-10 production in macrophages. The
possible anti-inflammatory role of T. vaginalis exosomes was
tested in a murine in-vivo model, which showed that pre-
treatment with these vesicles lead to a diminished inflammatory
response after T. vaginalis infection, favoring the persistence and
viability of the parasite.

IMPACT OF IMMUNE CELL EXOSOMES
AND CONTROL OVER
INFECTIOUS AGENTS

The function of host exosomes during infection by related
parasites has also been explored during this time period. While
most in-depth studies were related to cancer, reports of exosomes
playing unique, crucial roles during host viral, bacterial, or
protozoan infection are accumulating.

Schorey lab  reported that exosomes containing
glycopeptidolipids ~ derived from Mycobacterium can be
released from macrophages infected by various species of
the bacteria, and contain numerous Mycobacterium-derived
proteins (Bhatnagar and Schorey, 2007; Giri et al, 2010).
Particularly, it was demonstrated that said exosomes can lead
to protection against infection by M. tuberculosis in mice
through production of iNOS and TNF-a by naive macrophages;
a pro-inflammatory response (Bhatnagar and Schorey, 2007;
Cheng and Schorey, 2013). Further testing by said group
explored infection of macrophages with Mycobacterium ssp.,
Salmonella typhimurium, and Toxoplasma gondii (protozoan
parasite) and demonstrated that the produced exosomes also
prompted MyD88- and TLR-dependent production of TNF-a
by naive macrophages (Bhatnagar et al., 2007). Interestingly,
exosomes from dendritic cells infected with T. gondii used to
vaccinate mouse fetuses were reported to offer protection against
congenital infection (Beauvillain et al., 2009).

Infection of reticulocytes by Plasmodium yoelii and
immunization with the released exosomes was investigated
by Martin-Jaular et al. Said exosomes had previously been
shown to incorporate the parasites’ proteins, and authors noted
impressive protection of immunized mice when later challenged
with infection by P. yoelii (Martin-Jaular et al., 2011). Research
from 2013 demonstrated how P. falciparum-infected erythrocytes
are capable of using released exosomes to communicate with
certain parasites among a population, evidence suggesting that
exosomes may be crucial to the transfer of P. falciparum to
its insect vector (Regev-Rudzki et al., 2011). Likewise, a newer
investigation performed by the aforementioned researchers
showed that these vesicles contain small RNA and genomic DNA
of the parasite and can reach human monocytes, which will
lead to a STING-dependent DNA sensing, possibly acting as an
immune decoy, favoring parasite survival (Sisquella et al., 2017).

In this same time period, we studied the outcome of infection
by Leishmania on release of exosomes by macrophages (Hassani
and Olivier, 2013). Exosome production by macrophages
(untreated, LPS-stimulated, and L. mexicana-infected) was
compared using proteomic analyses. We noted that stimulation
by LPS and infection by Leishmania lead to both similar
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and dissimilar variations in protein function group sorting
(particularly plasma membrane-associated proteins) into
exosomes; additionally, signaling molecules (including MAPK)
were differentially induced in naive macrophages by said
exosomes. This work demonstrated that, within exosomes
liberated by infected macrophages, Leishmania GP63 was the
sole enriched Leishmania protein (Hassani and Olivier, 2013).

Importantly, from the perspective of all the work performed
up to now, it is clear that Leishmania exosomes are pro-active
components of this parasitic infection, both in vitro and in
vivo, mainly influencing the early innate immune response
during Leishmania infection to favor the parasite’s survival,
allowing it to fully establish itself within the mammalian host.
Although it has been suggested that non-vesicular components
display immunomodulatory potential (Perez-Cabezas et al,
2019), offering the counterpoint that EVs are not the sole effector
of immunomodulation, the vast majority of findings stemming
from these various studies fully establish Leishmania exosomes
as cardinal virulence factors.

In conclusion, we hope that this review brings about a new
and more in-depth understanding of the part that Leishmania
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Leishmania amazonensis amastigotes can make use of surface-exposed
phosphatidylserine (PS) molecules to promote infection and non-classical activation of
macrophages (M®), leading to uncontrolled intracellular proliferation of the parasites.
This mechanism was quoted as apoptotic mimicry. Moreover, the amount of PS
molecules exposed on the surface of amastigotes correlates with the susceptibility
of the host. In this study, we tested whether host cellular responses influence PS
expression on intracellular amastigotes. We found that the level of PS exposure on
intracellular amastigotes was modulated by CD4* T cell and M® activation status
in vitro and in vivo. L. amazonensis infection generated a Th1/Th2-mixed cytokine
profile, providing the optimal M® stimulation that favored PS exposure on intracellular
amastigotes. Maintenance of PS exposed on the parasite was dependent on low, but
sustained, levels of nitric oxide and polyamine production. Amastigotes obtained from
lymphopenic nude mice did not expose PS on their surface, and adoptive transfer of
CD4™ T cells reversed this phenotype. In addition, histopathological analysis of mice
treated with anti-PS antibodies showed increased inflammation and similarities to nude
mouse lesions. Collectively, our data confirm the role of pathogenic CD4* T cells for
disease progression and point to PS as a critical parasite strategy to subvert host
immune responses.

Keywords: phosphatidylserine, amastigote, T cell, parasitophorous vacuole, macrophage, immune evasion
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INTRODUCTION

Leishmania amazonensis (L. amazonensis) is the causative agent
of cutaneous Leishmaniasis in South America. This species is
associated with most cases of diffuse/disseminated cutaneous
Leishmaniasis (DCL), a very severe clinical manifestation (Leon
et al., 1990). Experimentally, most inbred mouse strains develop
progressive cutaneous lesions, although the disease severity varies
among mice of different genetic backgrounds (Terabe et al.,
2004). Both DCL patients and experimentally infected mice
show deficient cellular immune responses to the pathogen, as
judged by delayed-type hypersensitivity (DTH) responses or
cytokine/chemokine profiles (Ji et al., 2003; Silveira et al., 2005).
In fact, when compared to the classical L. major infection models,
L. amazonensis-infected mice failed to elicit a polarized Th
response because activated CD4™ T cells produced a mix of
Th1/Th2/Th17 and modulatory cytokines (Ji et al., 2003; Ramer
et al., 2006; Vargas-Inchaustegui et al., 2009). This phenotype
is consistent with the poor activation presented by infected
dendritic cells, which is not sufficient to turn these cells into
efficient, functional antigen-presenting cells (Xin et al., 2008;
Wanderley et al., 2013). Consequently, macrophages (M®s), the
preferential host cells for parasite growth, are not efficiently
activated and not capable of controlling the infection. Competent
M® activation is necessary for disease control, since those
cells are the main effector cells for parasite killing, usually
dependent on the expression of nitric oxide synthase (iNOS)
(Xie et al.,, 1993) or the production of reactive oxygen species
(Carneiro et al, 2018). On the other hand, alternative or
non-classical M® activation leads to an increased activation
of arginase I, an enzyme responsible for the first step of
polyamine synthesis, which is mandatory for parasite growth
(Franca-Costa et al., 2015) and restrains NO production by
competing for the same substrate, L-arginine (Wanasen and
Soong, 2008). Those intracellular pathways control the fate of the
intracellular parasite.

Apoptotic cells are known to display several distinctive
molecular patterns, which are recognized by phagocytic cells
for efficient internalization (Poon et al., 2014). In addition,
phagocytes stimulated by apoptotic cell recognition are prompted
to produce modulatory cytokines such as TGF-p and IL-10
(Fadok et al, 1998). Phosphatidylserine (PS) is a structural
phospholipid that is actively maintained in the cytoplasmic leaflet
of the plasma membrane but is translocated to the surface
at the early stages of apoptotic death (Fadok et al., 1992).
Recognition of PS exposed at the surface of apoptotic cells is
sufficient to induce apoptotic cell clearance and non-classical
activation of phagocytic cells (Hoffmann et al., 2001). We had
previously shown that the amastigote forms of L. amazonensis,
when purified from mice lesions, exposed PS at their surface
without additional signs of apoptotic death. Since PS-exposing
amastigotes are fully viable and highly competent in infecting
and maintaining a productive disease in mice, we termed this
phenotype apoptotic mimicry (de Freitas Balanco et al., 2001).
As in the case of apoptotic cell/phagocyte interactions, the host
cell is induced to produce immunosuppressive cytokines, which,
in turn, signal for M® non-classical activation and consequent

parasite growth (de Freitas Balanco et al., 2001; Wanderley et al.,
2006). PS exposure on L. amazonensis amastigotes correlates
with the severity of the disease, since amastigotes purified from
BALB/c mice, which are highly susceptible to the infection,
exhibit a higher density of PS moieties than do those from
parasites purified from semi-resistant C57BL/6 mice (Wanderley
et al., 2006). In addition, in vivo treatment of infected mice with
anti-PS monoclonal antibodies delays disease progression and
up-regulates the efficiency of dendritic cells to present antigen
and activate parasite-specific T cells (Wanderley et al., 2013). PS
exposure on pathogens operates in several different models of
infection, such as those using Trypanosoma cruzi (Damatta et al.,
2007), Toxoplasma gondii (Seabra et al., 2004), enveloped and
non-enveloped viruses in which they confirm PS as a strategy to
silently invade host cells (Seabra et al., 2004; Damatta et al., 2007;
Mercer and Helenius, 2008; Feng et al., 2013). Additionally, by
inducing transient PS exposure on the surface of host cells, viral
infections can spread signals derived from PS recognition, such
as TGF-B and IL-10 production by neighbor phagocytes, to avoid
full activation of the immune system (Soares et al., 2008).

In this study, we tested whether PS exposure is an
adaptive response of L. amazonensis amastigotes to the hostile
environment of the parasitophorous vacuole generated by M®
immune activation. We observed that intracellular amastigotes
infecting activated M®s are able to increase PS exposure. This is
dependent on iNOS and arginase I concomitant expression. We
confirmed our findings by demonstrating that PS exposure on
amastigotes purified from lesions of T cell-deficient nude mice
was nearly absent, but the adoptive transfer of primed CD4"
T cells recovered this phenotype. We also demonstrated that
lesions of anti-PS antibody-treated infected mice were similar to
lesions of immunodeficient mice. Our data lead us to conclude
that PS exposed by intracellular amastigotes of L. amazonensis is
a phenotype acquired as a response to host immune activation,
and thus an important adaptive strategy employed by those
intracellular parasites.

MATERIALS AND METHODS

Mice and Parasites

Female nude BALB/c mice (C.Cg/AnNTac-Foxnl™ NE9),
C57BL/6 mice deficient in iNOS (C57BL/6NTac-Nos2™1N12),
and their corresponding wide-type (WT) controls were
purchased from Taconic Farms (Germantown, NY) or Harlan
Sprague Dawley (Indianapolis, IN), respectively. All mice were
maintained under specific pathogen-free conditions and used at
6-8 weeks of age, according to the protocols approved by the
Animal Care and Use Committee of the University of Texas
Medical Branch (#9803016A). Promastigotes of L. amazonensis
(LV78) were cultured at 23°C in Schneider’s Drosophila medium
(Invitrogen, Carlsbad, CA), pH 7.0, supplemented with 20%
FBS (Sigma, St. Louis, MO) and 50 jug/ml of gentamicin. Axenic
amastigotes of L. amazonensis (LV78) were cultured at 33°C in
complete Grace’s insect cell culture medium (Invitrogen), pH 5.0,
supplemented with 20% FBS. Parasite infectivity was maintained
by in vivo passages in BALB/c mice, and cultures of <6 passages
were used for infection.
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Reagents

Otherwise stated, all recombinant cytokines were purchased
from Peprotech (Rocky Hill, NJ, USA). Superoxide scavenger
MnTBAP (Mn?® tetrakis (4-benzoic acid) porphyrin chloride)
was purchased from Enzo Life Sciences (Farmingdale,
NY, USA), iNOS inhibitor L-NIL- [L—NG—(liminoethyl)
lysine], and (ODC) decarboxylase inhibitor DFMO (DL-a-
Difluoromethylornithine, Hydrochloride) were purchased from
Calbiochem (Darmstadt, Germany).

Amastigote Purification

Infected tissues or infected M®s were finely minced and
homogenized with a tissue grinder (Thomas Scientific, NJ). The
cell suspension was centrifuged at 50 g for 10 min at 4°C. The
supernatant was carefully collected, and further centrifuged and
washed for 3 more times at 1,450¢g for 17 min at 4°C. After
2h incubation under rotation at 34°C to liberate endocytic
membranes (Saraiva et al, 1983), amastigotes were further
centrifuged and incubated for 16 h at 34°C to complete release
of endocytic membranes and to test for bacterial contamination.
After this time, they were centrifuged and washed 3 times before
use. Prior to amastigote purification from in vitro infected cells,
M®s were thoroughly washed with HBSS.

Generation of Bone Marrow-Derived
Macrophages (BMM®s)

BMM®s were generated from mice by cultivating fresh bone
marrow cells in complete IMDM (Invitrogen) containing 10%
FBS, supplemented with 20ng/ml of recombinant M-CSF
(eBioscience, San Diego, CA). To generate BMM ®s, we replaced
the medium at 5-6 days of culture and harvested adhered cells
after 10-12 days. To recover adhered M®s, we washed the petri
dishes twice with warm PBS (Invitrogen) and incubated the
cells with 5ml of cell dissociation solution (CellGro, Manassas,
VA) for 20 min at room temperature. We detached the cells by
pipetting up and down and washed the cell pellet twice with
complete medium prior to use.

Flow Cytometry

Parasites were quantified and 10° amastigotes were washed and
suspended in annexin V binding buffer, which contains 10 mM
HEPES, 150 mM NaCl, and 2.5mM CaCl,, at pH 7.2. Cells
were incubated at room temperature for 15 min with annexin
V-FITC (Molecular Probes, Eugene, OR) at the concentration
indicated by the manufacturer and diluted in the binding buffer.
All incubation procedures were performed on ice. At the time of
acquisition, 0.4 pg/ml of propidium iodide (PI, Sigma) was added
to the control and Annexin V-FITC-labeled samples to determine
parasite viability. Data were collected in a BD FACSCalibur®
(20,000 gated events per sample) and analyzed by Cellquest Pro®
(BD Biosciences, San Jose, CA) and FlowJo software (TreeStar,
Ashland, OR).

Generation of Supernatant (SN) From
Stimulated Lymph Node Cells

Mice were infected in the footpad with 2 x 10° promastigote
forms of L. amazonensis. After 5-7 weeks of infection, popliteal

lymph nodes (LNs) were harvested, and a single-cell suspension
was obtained. Total LN cells from infected or naive mice were
plated in U-bottomed, 96-well plates, 4 x 10° cells per well, in
the presence of 40 jLg/ml of soluble Leishmanial antigens (SLA).
After 4 days of culture, supernatants from stimulated LN cells
from naive mice or infected mice were pooled, filtered, and stored
in aliquots at —70°C. To generate SLA, promastigote forms were
submitted to 5 cycles of freeze-and-thaw and centrifugation to
dispose of insoluble materials.

Adoptive Cell Transfer

BALB/c WT or nude mice were infected in the footpad with
1-2 x 10° promastigote forms of L. amazonensis. After 6-8
weeks of infection, popliteal LNs from WT mice were harvested
and a single-cell suspension was obtained. CD4% or CD8"
T cells were purified by selected cell isolation kits (Miltenyi
Biotech, Alburn, CA), following the manufacturer’s instructions.
Infected BALB/c nude mice were i.v. injected with 1-3 x 10°
purified CD4" or CD8" T cells. At 2-3 weeks post-transfer,
mice were euthanized to obtain popliteal LNs and lesion-derived
amastigotes to evaluate T cell activation and PS exposure on
amastigotes, respectively.

Macrophage Infection

Thioglycolate-elicited peritoneal M®s or BMM®s were placed
on 24-well plates and allowed to attach overnight. Cells were
incubated with axenic amastigotes or promastigotes in a 3:1
ratio. After 4 h at 33°C, free parasites were removed by washing
and, if necessary, cells were activated and/or treated with SN,
cytokines or drugs. Cultures proceeded for an additional 24-
h period. In some cases, M®s were attached on 13-mm? glass
coverslips (Fisher Scientific, Pittsburgh, PA) and, after infection
and activation/treatment, were stained with Giemsa (Sigma) to
evaluate host cell morphology and infection efficiency.

Polymerase Chain Reaction (PCR)

Total RNA was extracted from 1 x 10 Mds 24h post-
infection and/or activation by using the RNeasy system
(QIAGEN, Valencia, CA). Immediately cDNA was generated
by using up to 5 pg of total RNA and the Superscript III
Synthesis System (Invitrogen) and following the manufacturer’s
instructions. Amplifications of specific cDNAs were performed
by using the GoTaq® Green Master Mix system (Promega,
San Luis Obispo, CA). Briefly, Arginase I c¢DNA was
subsequently amplified by use of the following cDNA primers:
sense, 5-AGACATCGTGTACATTG-3’ and antisense, 5'-
GAGTTCCGAAGCAAGCCAAG-3'. Amplification occurred
over 30 cycles, with the first cycle for primary denaturing
at 95°C for 2min; the next 28 cycles each comprising three
steps for denaturing (94°C, 35s), primer annealing (59°C for
455s) and primer extension (72°C, 45s); and a final cycle of
denaturing (95°C, 30s), annealing (69°C, 30s), and extension
(72°C, 5min). To amplify inducible nitric oxide synthase
(iNOS) and B-actin ¢cDNA, we used the following ¢cDNA
primers: iNOS sense, 5-GTTTCTGGCAGCAGCGGCTC-
3’; antisense, 5-GCTCCTCGCTCAAGTTCAGC-3'. B-actin
sense, 5'-CGTGGGCCGCCCTAGGCACCAGGG-3'; antisense,
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5'-GGGAGGAAGAGGATGCCGCAGTGG-3".  Amplification
occurred over 36 cycles, by using the following approaches:the
first cycle for primary denaturing at 95°C for 2 min; 34 cycles
each comprising three steps for denaturing (95°C, 30s),
annealing (69°C, 30s), extension (72°C, 20s); and a final
cycle of denaturing (95°C, 30s), annealing (69°C, 30s), and
extension (72°C, 5min). All reactions were performed by using
a GeneAmp PCR System 2700 (Applied Biosystems, Foster City,
CA), and the PCR products were separated by electrophoresis
on 1.2% agarose gels. Real-time RT-PCR assays were performed
with TagMan Universal PCR Master Mix (Applied Biosystems,
Foster City, CA, USA), using the following primer-probe sets
purchased from Applied Biosystems: inos (Mm00440502_m1),
arginase I (Mmo00475988_m1), and S-actin endogenous control.
The reactions were performed using Bio-Rad CFX96 Real-Time
PCR detection system. Data were normalized to the expression
of B-actin.

Cytokine Production

Cytokine production was measured in the supernatant of LN
cell or M® cultures by using the Bio-Plex Pro-Mouse Cytokine
23-plex Assay from Bio-Rad (Hercules, CA) and following
the manufacturer’s instructions. Total and biologically reactive
TGF-pB; were measured by using the ELISA Ready-SET-Go
system (eBioscience), and data for biological reactive TGF-f; are
presented, The level of nitric oxide was measured by using a
Griess assay (Caymann Chemical, Ann Arbor, MI).

Parasite Quantification by Real-Time PCR
Parasite loads were quantified by measuring the gene of L.
amazonensis cysteine proteinase isoform 1 (Llacysl), which
is a single-copy gene per haploid genome and expressed
in both developmental stages (Lasakosvitsch et al, 2003).
Infected M®s were collected for DNA extraction with a
DNeasy kit (Qiagen, Valencia, CA). DNA (10 ng) was
used for parasite detection by the UTMB Real-time PCR
Core Facility (all reagents were purchased from Applied
Biosystems, Foster City, CA). Each sample was run in
duplicate and normalized by the amount of total DNA
extracted. The number of parasites per sample was calculated
based on a standard curve, as described in our previous
studies (Xin et al., 2010).

Histopathological Analysis

Mice were infected i.d. in the right ear with 10 promastigotes.
After 2 weeks of infection and every 3 days thereafter they
were given i.p. injections of 100 pg of PGN635, a second-
generation fully humanized anti-PS monoclonal antibody (Zhou
et al., 2014). Other groups of mice received PBS or the isotype
control C44 antibody that binds to colchicine (Edmond Rouan
et al., 1989). Mice were treated for 6 weeks and the infected
ears were collected, fixed in 4% paraformaldehyde, dehydrated,
embedded in paraffin, and mounted slides were stained with
hematoxylin and eosin.

Parasitophorous Vacuole

Morphometric Evaluation

The sizes parasitophorous vacuoles from lesions of mice treated
with anti-PS, isotype antibodies or PBS were observed under an
Axioplan (Zeiss) microscopy and images were captured using a
MRc5 AxioCam digital camera and processed with the software
Image] version 1.47t (Wayne Rasband-NIH). Values are shown
as the area in pum? for at least 200 PVs in each tested sample.

Western Blot

BMM®s (1 x 10°) were infected with axenic amastigotes at a
3:1 parasite-to-cell ratio. At 24 h post-infection and/or indicated
treatments, cells were harvested, washed, and suspended in 10
pl of PBS and 10 pl of 2X lysis buffer (2% Triton X-100,
100 mM Tris-Cl, 600 mM NaCl, 10 mM EDTA, 2mM PMSE
250 mM sucrose) that contained an inhibitor cocktail (Roche,
Indianapolis, IN). Protein concentrations were determined
by using the BCA protein assay kit (Pierce Biotechnology).
Equal amounts of proteins were loaded onto 10% SDS-
polyacrylamide gels, and then transferred to polyvinylidene
difluoride membranes (BioRad Laboratories, Hercules, CA).
Rabbit anti-mouse iNOS and arginase I antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Mouse anti-actin mAb (Sigma) was obtained from Dr. Jiaren Sun
(Department of Microbiology and Immunology, UTMB, TX).
Membranes were incubated with primary Abs (diluted 1:200 in
TBS buffer containing 5% non-fat milk and 0.05% Tween-20) at
4°C overnight, washed, and incubated with an HRP-conjugated
secondary Ab (1:2000) for 1h. Blots were developed with the
enzyme chemiluminescence kit ECL (Amersham Biosciences,
Piscataway, NJ).

Statistical Analysis

One- or two-way ANOVA was used for multiple group
comparisons (GraphPad Software v5.0, San Diego, CA).
Statistically significant values are referred to as follows: *, p <
0.05; **, p < 0.01; **, p < 0.001.

RESULTS

Increase of PS Exposure on Intracellular
Amastigotes Depends on Macrophage
Interactions With Lymph Node Cells

We previously showed that lesion-derived amastigotes purified
from BALB/c mice expose higher amounts of PS than
do those parasites derived from C57BL/6 mice (Wanderley
et al, 2006), a finding that may indicate that the host can
modulate this phenotype of the parasite. To evaluate the
role of host macrophages (M®s) in modulating PS exposure
on the parasite, we obtained thioglycollate-elicited peritoneal
M®s from BALB/c and C57BL/6 mice, infected them either
with promastigotes or lesion-derived amastigotes and collected
intracellular amastigotes every 24h to evaluate PS exposure
by flow cytometry. We found no major differences between
parasites derived from BALB/c vs. C57BL/6 M®s (Figure 1A),
regardless of the form of parasite used for infection or the time
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post-infection. Consequently, we suspected that the interaction
between M®s and other types of immune cells was responsible
for the differential levels of PS on lesion-derived parasites in
vivo. To investigate this possibility, we obtained lymph node
(LN) cells from infected BALB/c mice and incubated them
with peritoneal M®s infected with lesion-derived amastigotes.
These interactions stimulated an about 30% higher PS exposure
on intracellular amastigotes compared to that in parasites
obtained from isolated M®s, in a dose-dependent manner
(Figure 1B).

To determine whether cytokine production by LN cells was
a requirement to induce PS exposure on intracellular parasites,
we generated supernatants from LN cells obtained from naive
(nSN) or infected (iSN) mice and stimulated with SLA for
4 days. We treated M®s infected with axenic amastigotes
with different concentrations of those supernatants (SNs) and
evaluate PS exposure on intracellular amastigotes 24h post-
infection and stimulation. As shown in Figure 1C, axenic
amastigotes exposed very low amounts of PS, which represented
a technical advantage for minimizing background levels of PS
exposure and indicated that parasite-host interactions should
be necessary to stimulate PS exposure on amastigotes. Indeed,
intracellular amastigotes from unstimulated M®s (“no SN”)
increased PS on their surface, 24 h post-infection. In addition,
treatment of infected M®s with iSNs induced PS exposure
on intracellular amastigotes. This effect was dependent on the
activation of those LN cells, since iSN was significantly more
efficient than nSN and a clear positive correlation with the
concentration of SN was observed: 10% of iSN added to the
culture induced a 50% increase, while 25% of iSN induced
about a 70% increase in PS exposure on intracellular amastigotes
(Figure 1C).

As expected, the cytokine profile of those SNs corroborated
the previous data regarding T cell activation during L.
amazonensis infection in the mice (Ji et al., 2003). Moderate
amounts of Thl, Th2, and modulatory cytokines such as IL-
4, 1L-13, IFNy, IL-18, TGF-B;, and IL-10 (Figure 1D), were
present, especially in the SN generated from re-stimulated, in
vivo-primed cells (iSN), which indicates that this response is
antigen-specific. One of the hallmarks of the apoptotic mimicry,
described to operate during amastigote infection, is the fact that
amastigotes exposing PS are perfectly viable and infective and do
not display any other sign of apoptotic death (de Freitas Balanco
et al., 2001; Wanderley et al., 2006). To evaluate whether M®
activation leads to PS exposure on intracellular amastigotes due
to apoptotic mimicry, we measured parasite loads on infected
M®s at 24 and 72h post-infection. As shown in Figure 2A,
M® activation with SNs derived from stimulated LN cells from
either infected or naive mice promoted parasite proliferation
72 h post-infection, as opposed to LPS and IFNy activation. In
addition, the morphological characteristics of L. amazonensis
infection are maintained, and include, for example, enlarged
parasitophorous vacuoles with parasites attached to the vacuole
internal membrane (Figure2B). Our data suggest that M®
activation through interactions with primed LN cells and their
soluble products modulate active PS exposure by intracellular
amastigotes in an apoptotic mimicry fashion.

Balanced Expression of iNOS and Arginase
| Controls cytokine-Dependent PS
Exposure on Amastigotes and

Parasite Survival

It is known that the survival of Leishmania parasites inside
macrophages (M®s) is mostly mediated by the balance between
iNOS and arginase I activation. These are induced enzymes
and therefore their activity is directly related to their cellular
expression. Arginase I is the first enzyme in the polyamine
synthesis pathway, while iNOS is the enzyme responsible for all
steps of NO synthesis. Those intracellular signaling pathways
compete with each other, since they depend on the same
substrate. In addition, some molecules, produced as secondary
metabolites, act as cross-inhibitors (Wanasen and Soong, 2008).
Interactions between infected M®s and other immune cells
determine which pathway is activated, since inflammatory
cytokines stimulate iNOS expression and decrease mRNA levels
of arginase I and vice-versa (Corraliza et al., 1995; Modolell
et al., 1995). Since M® activation seems to be important for
the cytokine-dependent PS exposure by intracellular parasites,
we aimed to understand the role of those pathways in this
mechanism. We observed that SN from re-stimulated, in vivo-
primed LN cells induced the expression of both arginase I
and iNOS at the mRNA and protein levels (Figures 3A,B and
Figure S1). The expression of both enzymes was the highest
when 25% of iSN was used to stimulate infected M®s, the same
concentration that induced an optimal increase of PS exposure
on intracellular amastigotes. However, iSN stimulation was weak,
when compared to that in the positive controls for arginase I
and iNOS expression, TGFf;+IL-4 or IFNy+TNFa, respectively
(Figures 3A,B). The expression of both enzymes by activated
M®s correlates with the profile of cytokines present on those
SN, since they are constituted by a mix of Th1/Th2/modulatory
cytokines (Figure 1D).

To understand the contribution of both pathways
individually, we activated infected M®s in the presence of
L-NIL, a relatively selective inhibitor of iNOS, or, as a control,
we used MnTBAP, a superoxide scavenger molecule. L-NIL has
ICsg values of 0.4-3.3 M for iNOS as opposed to 8-38 and
17-92uM for eNOS and nNOS, respectively (Moore et al,
1994; Stenger et al., 1995). At 24h of infection, we evaluated
PS exposure on purified intracellular amastigotes. The iNOS
inhibitor abrogated the cytokine-dependent induction of PS
exposure, while scavenging superoxide molecules had no effect
(Figure 4A). Treatment with both inhibitors brought the levels
of PS exposure on amastigotes to the same levels of L-NIL
alone, indicating that there was no synergistic effect between
NO and superoxide to induce PS exposure on the parasite
(Figure 4A). To further demonstrate the role of iNOS expression
by M®s in the induction of PS exposure on amastigotes, we
generated BMM®s from wild-type (WT) and iNOS™/~ C57BL/6
mice, infected them, and purified intracellular amastigotes
from activated M®s to evaluate PS exposure on the parasite.
C57BL/6-derived M®s were more sensitive to activation, since
25% of nSN was able to induce the same levels of PS on the
parasite when compared with iSN (Figure4B). Activation
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FIGURE 1 | PS exposure on the surface of intracellular amastigotes is induced through M® activation by lymph node cells. (A) BALB/c- or C57BL/6-derived
peritoneal M®s were infected with stationary-phase promastigotes (upper panel) or amastigotes (lower panel). Every 24 h post-infection, intracellular parasites were
purified, and PS exposure was analyzed by flow cytometry. Results are shown as the ratio between the MFIs of annexin V staining of amastigotes derived from
BALB/c and C57BL/6 M®s. BALB/c-derived BMM®s were infected with amastigotes in the absence or presence of (B) LN cells from infected BALB/c mice (at
indicated LN cell-to-M® ratios), or (C) supernatants of in vitro-stimulated LN cells from naive BALB/c mice (nSN) or infected mice (iSN). After 24 h of treatment,
amastigotes were purified for PS exposure analysis by flow cytometry. Results are pooled from 3 to 5 independent experiments. (D) Cytokine levels in supernatants of
in vitro-stimulated LN cells from naive BALB/c mice (nSN) or infected mice (iSN) were measured by bioplex assays. Graph represents data from 3 independent
batches of SNs, produced from LNs of 2 mice per batch. *p < 0.05, **p < 0.01, **p < 0.001.
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FIGURE 2 | PS exposure on intracellular amastigotes, induced by M® stimulation is not due to apoptotic death. (A) Parasite loads in infected BALB/c-derived
BMM®s activated with different concentrations of nSN and iSN were measured by real-time PCR. Asterisks indicate comparison between black and white bars. LPS
(100 ng/ml) plus IFN-y (100 ng/ml) was used as positive control. *p < 0.05, **p < 0.01, **p < 0.001. All comparisons were made among the same samples at 24 and
72 h post infection. (B) Photomicrography of infected BMM®s activated with different concentrations of nSN and iSN. Bars indicate 10 wm. Graph represents data
from 5 independent experiments.

of infected iNOS™/~ M®s did not increase PS exposure on  amastigotes, since parasite loads 72h post-infection were not
amastigotes regardless of the source or the concentration of SN altered among the different SN treatments (Figure 4C). Despite
(Figure 4B). Similar to what happened in BALB/c-derived M®s,  the increased iNOS expression, M® activation with 10 or 25% of
the differences observed on amastigotes purified from WT or  iSN or nSN did not induce detectable amounts of NO, evaluated
iNOS™/~ C57BL/6 M®s were not related to the death of the by Griess reaction (Figure4D). To test whether polyamines
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FIGURE 3 | Macrophage stimulation leads to concomitant expression of iNOS and arginase I. (A) RT-PCR and (B) real-time RT-PCR analyses of INOS and Arginase |
expression by BALB/c-derived BMM®s at 24 h post-infection and activation with SNs from SLA-stimulated, naive LN cells (n\SN) or re-stimulated, in vivo-primed LN
cells (iISN). (A) Representative photographs of 2-3 experiments. TGF-8 (10 ng/ml) plus IL-4 (1 ng/ml) stimulation was used as a positive control for arginase expression
and IFN-y (100 ng/ml) plus TNF-a (10 ng/ml) stimulation for iNOS expression. *p < 0.05 (compared with medium controls), #p < 0.05 (between the groups).

play a role in the induction of PS exposure on amastigotes, —or nude BALB/c mice in the footpad and purified lesion-
we purified amastigotes from infected- and activated-M®s  derived amastigotes to evaluate PS exposure on a weekly basis.
treated with different concentrations of difluoromethylornithine ~ Confirming previous data from the literature, we observed a
(DEMO), an specific and irreversible inhibitor of ornithine  delay in the development of lesions in immunodeficient mice,
decarboxylase, the enzyme responsible for metabolizing L-  which, eventually, reached the same size of lesions from WT
arginine-derived ornithine into the polyamine putrescine mice (Soong et al, 1997; Figure 5A). PS exposure on lesion-
(Canellakis et al., 1979). Independent on the concentration of  derived amastigotes purified from WT mice was 2- to 6-times
DEMO used, this drug had no effect on the PS exposure on the  higher than on parasites obtained from nude mice, depending
amastigotes (Figure 4E). However, when we quantified parasite ~ on the time post infection (Figure 5B), confirming previous
loads on infected-M®s activated with 25% of iSN, we observed  results (Franca-Costa et al., 2012). Since CD4T T cells are
that DFMO treatment was detrimental for the proliferation of  the major regulators of host immune response to Leishmania
intracellular parasites at 72h post-infection (Figure 4F). This  infection, we hypothesized that the modulation of PS exposure on
finding may indicate that polyamine synthesis is a requirement intracellular parasites observed by incubating infected M®s with
for parasite proliferation and maintenance in these conditions, LN cells or culture SNs was due to CD4™" T cell-dependent M®
as described in other models (Majumder and Kierszenbaum,  activation. To test this hypothesis, we purified CD4™ T cells from
1993; Vannier-Santos et al., 2008). Nevertheless, our data imply ~ draining LNs of infected WT mice and adoptively transferred
that PS exposure on intracellular amastigotes is modulated by  these cells to infected nude mice. After 2-3 weeks post-transfer,
cytokine-mediated, iINOS-dependent M® activation, rather than ~ we purified lesion-derived amastigotes to evaluate PS exposure.
by arginase I expression. Arginase I, however, is necessary for ~ The adoptive transfer of CD4™ T cells increased PS exposure
parasite proliferation and survival in activated M ®s. on the amastigotes by 2- or 3-fold, whereas transfer of CD8*
. T cells, used as a control, did not alter the parasite phenotype
CD4+ T Cells Are Required for PS Exposure  (rigures 5C,D).
on Intracellular Amastigotes in vivo In addition to the decreased PS exposure on amastigotes
To further understand the role of different cellular populations  derived from nude mice (Franca-Costa et al., 2012; Figure 5B),
present in the lymph nodes (LNs) for the modulation of histopathological analysis of BALB/c nude mice lesions showed
PS exposure on intracellular amastigotes, we infected WT  a marked decrease in the size of the parasitophorous vacuoles of

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org n April 2019 | Volume 9 | Article 105


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Wanderley et al. Macrophage Activation Promotes Amastigote Counteraction

A B Cc
* %
601 T ——
= *kk 2.0 3 no SN
Ry o X B 10%nSN 207
~ o @
o 401 T 15- NN =9 25%nSN 2
2 30 o M R mm 10%iSN X 157
3 Qe N N :
< 204 t:I; =O 1.04 \ § 25%iSN  §
4 o = N N S 101
O 104 Q o \ \
o X > § \ 2
oll, 0 = 054 § § ‘B 0.5
iSN = ¥ ¥ + N 5 N N o
LNIL = = o+ - 4 o NN &
MnTBAP - - - + + 0.0- 0- )
WT iNOS KO WT iNOS KO
D E F
50- — ctrl ~ & 204 5 bkl
= = 10% nSN ™ o) 3 Uninfected —_—
= 40 0 = % 101 Untreated -
= 404 == 25% nSN < i3 s 1
= == 10% pSN ] o 02_-25A:|SN
7. 304 o p 2 & “Tmm 25% iSN + DFMO
o 0 o
2 mm 25% pSN 8 3 0.151 T
o 201 wm LPS + IFNy 3 2 o4 - m
(7]
e : Lol
N.D. N.D.
0 T T iSN - + + + + a 0 T T
24 h 72 h DFMO - - 1uM 5uM 10uM 24 h 72 h
FIGURE 4 | Cytokine-induced PS exposure on amastigotes depends on iNOS function. Infected BALB/c-derived BMM®s were activated with SNs from re-stimulated,
in vivo-primed LN cells (iSN) in the presence of (A) 50 ug/ml of L-NIL (a selective inhibitor of INOS), 200 1M of MnTBAP (a superoxide scavenger molecule), or (E)
different concentrations of DFMO (a selective ODC inhibitor). After 24 h of infection, amastigotes were purified for PS exposure analysis by flow cytometry. (B) BMM®s
were obtained from WT or iINOS KO mice, infected and activated with different concentrations of iSN and nSNs. After 24 h of infection, amastigotes were purified for
PS exposure analysis by flow cytometry. Parasite loads in infected BMM®s (F) treated with 10 uM of DFMO or (C) obtained from iNOS KO mice and activated with
iISN were measured by real-time PCR. (D) NO production by BMM®s stimulated with different concentrations of iSN, nSNs or LPS-++IFN-y (100 ng/ml for both),
measured by Griess reaction. (A) Asterisks indicate comparison with untreated M®s. Graphs represent data from 3 to 5 pooled experiments. **p < 0.01, **p < 0.001.

infected M®s (Franca-Costa et al., 2012). This is also observed  infection models are typically characterized by presenting a
in lesions from MHC class I/~ mice (Soong et al, 1997).  weak and non-polarized T cell response that is not sufficient
We observed that infected mice treated intraperitoneally with  to induce proper M® activation and control of parasite loads
anti-PS mAb displayed decreased parasitophorous vacuole  (Soong etal., 1997; Ji et al., 2002, 2003).

size (Figures 6D-F) when compared to untreated mice Our group has previously shown that the ability of amastigotes
(Figures 6A-C). The difference in the vacuole size was not of L. amazonensis to silently infect host cells is mainly due to
observed in infected mice treated with isotype control antibodies ~ the exposure of PS molecules at their surface in a mechanism
(Figure 6G and Supplementary Table 1). Our data demonstrate  referred to as apoptotic mimicry (de Freitas Balanco et al,
that PS exposure on intracellular amastigotes is a response of the ~ 2001; Wanderley et al., 2006). The recognition of this molecule
parasite when it senses M® activation through primed CD4"  and opsonizing ligands such as antibodies and complement

T cells. factors mediate amastigote uptake by M®s. In addition PS
is highly effective in triggering anti-inflammatory cytokine
DISCUSSION production by M®s, creating a permissive environment for

parasite intracellular proliferation (de Freitas Balanco et al.,
L. amazonensis, particularly its amastigotes, can infect host ~ 2001; Wanderley et al., 2006; Birge et al., 2016). Interestingly,
cells without triggering overt cellular activation. Actually, those ~ PS exposure on amastigotes is correlated with disease severity,
parasites are able to down-modulate signaling pathways involved ~ since amastigotes derived from BALB/c mice, which develop a
in dendritic cell activation, suppress cytokine production and  more severe disease when exposed to higher amounts of PS
expression of MHC class IT molecules and, therefore, to inhibit ~ than do those obtained from moderately susceptible C57BL/6
antigen presentation (Prina et al., 2004; Xin et al., 2008). In  mice (Wanderley et al., 2006). In the context of parasite/host
addition, the inhibitory effects of L. amazonensis amastigotes on interactions, there are several reports showing a similar effect in
macrophages (M®s) are also well known, including sequestration  the opposite direction: infection modulating host cell functions
and degradation of MHC class II molecules, inhibition of  such as apoptosis, and expression of molecules involved with
endosomal proteases and blocking of NO production (Prinaetal.,  microbicidal effects or immune functions (Osorio y Fortea et al.,
1990, 1993; Antoine et al., 1999). Consequently, L. amazonensis ~ 2007; Soong, 2008; Lecoeur et al., 2010; Muxel et al., 2017b).
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FIGURE 6 | Histopathological analysis of mice lesions treated with anti-PS blocking monoclonal antibodies. (A-F) Mice were infected in the ear dermis with 106
stationary-phase promastigotes. After 2 weeks of infection and every 3 days thereafter, mice were given i.p. injections of 100 g of anti-PS or isotype control antibody.
After 6 weeks of treatment the lesions were processed for histopathological analysis. (A-D) Asterisks in the images indicate large vacuoles containing amastigotes,
(E,F) arrows indicate vacuoles containing parasites in anti PS treated infected mice. (G) Quantification of parasitophorous vacuole size from 2 independent

experiments. ***o < 0.0001 compared to isotype and PBS treated mice.
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However, the presence of this phenotype suggests that, in the case
of BALB/c mice infection, the host is able to modulate parasite
virulence by inducing or selecting amastigotes with an increased
capacity to expose PS. Definitely, this modulation depends on
host cell types and activation status, since the internalization of
axenically-cultured amastigotes by M®s induces a basal level
of PS exposure on these parasites, which is absent in vitro.
However, M®s with different genetic backgrounds are not able,
by themselves, to differentially modulate PS exposure by the
intracellular parasites. Differential modulation only occurs in the
presence of lymph node (LN) cells or soluble molecules produced
by antigen-stimulated LN cells.

PS recognition is clearly related to the internalization of
amastigotes by M®s (de Freitas Balanco et al., 2001; Wanderley
et al., 2006) and to the modulation of dendritic cells and M®
responses by both promastigotes and amastigotes (Wanderley
et al., 2006, 2009, 2013; Franca-Costa et al., 2012). These events
are dependent on PS recognition by surface receptors expressed
by M®s and other phagocytic cells. However, our results indicate
that PS exposure on intracellular amastigotes is a counteraction
of M® activation, suggesting that the parasite is able to modulate
the host cells from within the parasitophorous vacuole. Therefore
it should be determined whether there are endosomal PS
receptors expressed by the M®, especially those ones involved
in the regulation of host cell inflammatory activation such as
TAM receptors (Axl, Tyro3, and Mer; Rothlin et al., 2007). Since
signal transduction can be mediated by endosomal receptors it is
likely to assume that PS receptors either coopted from the plasma
membrane during parasite uptake or specifically trafficked to the
parasitophorous vacuole.

It is known that the T cells response elicited by L. amazonensis
infection is not sufficient to induce parasite killing, which was
confirmed by our results. Cytokines produced by both in vivo
primed (iSNs) or naive LN cells (nSNs) stimulated with SLA
were able to induce increased PS exposure, although this effect
is prominent when in vivo primed cells were used, due to
higher cytokine concentrations. In addition to this effect, we
are demonstrating that M® stimulation with soluble factors
produced by LN cells stimulated with L. amazonensis antigens
generates a unique condition that triggers PS exposure on
intracellular amastigotes, thereby increasing parasite virulence
(Wanderley et al., 2006). We tried to activate infected M®s with
different combinations of cytokines, such as IFN-y and TNEF-
®, in an attempt to create the exact conditions that drive PS
exposure on the intracellular parasites. Although some induction
of PS exposure was observed, it did not reach the same efficiency
when compared to iSN (data not shown). We understand that
PS exposure depends on a very unique combination of time-
dependent and concentration-dependent cytokines, which favor
parasite survival over parasite killing, but maintain stress-signals
sufficient to induce PS exposure. This issue could be addressed
by using SNs from LN cells from other infected mice strains,
such as C57BL/6 or C3H.He mice (de Oliveira Cardoso et al.,
2010). There are several reports demonstrating that CD4™ T
cells are pathogenic for L. amazonensis infection; however, the
mechanisms underlying this effect are not fully understood. It
is well known that C57BL/6 mice deficient in the CIITA, MHC

class II, and RAG2 genes or nude C57BL/6 mice exhibit a delay in
lesion development and smaller parasite loads in infected tissues,
indicating that CD4™ T cells play a role in lesion pathology and
disease progression (Soong et al., 1997). However, those mice are
persistently infected, developing lesions at later time points. The
administration of competent CD4"CD25™ regulatory T cells is
capable of transiently inhibiting those pathogenic effector cells,
ameliorating the disease (Ji et al., 2005). Actually, amastigotes
derived from BALB/c nude mice expose low amounts of PS,
when compared to those in parasites obtained from their WT
counterparts (Franca-Costa et al., 2012). The adoptive transfer
of CD4™ T cells to infected nude mice stimulated PS exposure
on lesion-derived amastigotes. These data reinforce the assertion
that pathogenic CD4" T cells affect Leishmania infection and
suggest that these cells are necessary to generate amastigotes with
high amounts of PS at their surface that, therefore, are highly
capable of re-infecting new host cells, modulating M® functions
and avoiding immune surveillance.

The outcome of Leishmania infection is determined by the
efficiency of M® activation and by the enzyme metabolizing
the aminoacid L-arginine. Classical M® activation through
inflammatory cytokines leads to iNOS expression, NO
production and parasite killing, whereas regulatory or anti-
inflammatory cytokines lead to non-classical M® activation,
arginase I expression, polyamine production and parasite
survival and growth (Wanasen and Soong, 2008; Acuna et al.,
2017; Muxel et al., 2017a). Both pathways use L-arginine as a
primary substrate. Infected M®s stimulated with supernatants
from re-stimulated LN cells led to the simultaneous expression
of iINOS and arginase 1. This activation provides the necessary
stimuli to increase PS exposure on intracellular amastigotes
without interfering with the parasites’ viability and proliferative
capacity. The presence of very low concentrations of NO as a
result of iNOS activation was sensed by intracellular amastigotes,
triggering PS exposure, while arginase I expression and possible
polyamine synthesis were necessary for maintenance of parasite
viability and persistence in the host. NO is known to induce
apoptosis in intracellular amastigotes (Murray and Nathan,
1999). However, it is possible that the low levels of NO
produced, undetected by the Griess reaction, are sufficient to
trigger PS exposure that does not lead to cell death due to the
simultaneous presence of polyamines derived from arginase
I/ODC activity. The latter can act as a protective factor, through
DNA stabilization, protecting cells from DNA degradation
or inducing autophagic processes, as shown in other models
(Rowlatt and Smith, 1981; Ha et al., 1998; Madeo et al., 2010).
However, our data do not exclude a possible participation
polyamines derived from the parasite, since treatment with
DFMO could block ODC expressed by the parasite. We are
currently determining the optimal concentration of different
NO-donor molecules, to induce PS exposure on axenic
amastigotes. This information is necessary to study both the
ability of NO to induce this phenotype and to better understand
the role of polyamines for parasite survival. This mechanism
configures a positive feedback cycle that is beneficial for the
parasite. The poor activation of specific CD4™ T cell responses
generates stimulatory conditions that induce non-classical M®
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activation, leading to concomitant and low expression of both
iNOS and arginase I. Non-classical M® activation in turn,
stimulates increased and sustained PS exposure on intracellular
amastigotes, generating parasites more competent to infect new
host cells and spread the anti-inflammatory signals derived from
PS recognition. This mechanism seems to operate in BALB/c
mice. The differential activation of CD4™" T cells in other mouse
strains, such as C57BL/6, can explain the variations on PS
exposure described in lesion-derived parasites from different
mouse strains (Wanderley et al., 2006), and need to be further
investigated. In addition, it is important to determine the impact
of PS-dependent infection in human infections. Previous work
showed that there is a positive correlation between PS exposure
on parasites isolated from patients and the development of
diffuse cutaneous Leishmaniasis (DCL). This correlation is also
observed when comparing the level of PS on the surface of
the isolated parasites and the number of lesions in the patient
and the duration of the disease (Franca-Costa et al,, 2012).
DCL patients are characterized by low inflammatory and T
cell response that leads to uncontrolled parasite dissemination
and lesion development (Barroso et al., 2018). It is possible to
suppose that in DCL patients, there is a unique combination of
cytokines that induce augmented PS exposure on the parasite
therefore leading to more severe disease.

One of the hallmarks of L. amazonensis infection is the
peculiar parasitophorous vacuoles formed in infected M®s.
These vacuoles are large organelles shared by several parasites
that continuously undergo fusion with lysosomes, exosomes
and endosomes (Veras et al,, 1996; Real et al, 2008). This
feature is important for amastigotes to uptake nutrients (Borges
et al., 1998), to dilute microbicidal molecules (Sacks and Sher,
2002; Wilson et al., 2008) and to evade the immune response
(Antoine et al., 1999). Interestingly, different authors showed
that enlarged vacuoles are less present in immunodeficient
mice (Soong et al., 1997; Franca-Costa et al., 2012), suggesting
that vacuole enlargement is also a counteractive response
from amastigotes against a stressful environment. We observed
that mice treated with anti-PS antibodies showed a marked
and significant decrease in vacuole size when compared to
untreated or isotype-treated mice. Surely, the antibodies are
binding to released amastigotes since they do not have
access to the parasitophorous vacuole. PS blockade could
lead to a deviation in the endocytic pathway of parasite
internalization since PS-dependent amastigote internalization
occurs by macropinocytosis (Wanderley et al., 2006), which
is characterized by the formation of enlarged endosomes
(Basagiannis et al, 2016). The effect of anti-PS blocking
antibodies on vacuole size provides a further explanation for the
decreased parasite load of mice treated with anti-PS blocking
antibodies (Wanderley et al.,, 2013). These results suggest that
M® activation by T lymphocytes stimulate PS exposure and
the consequences of this exposure are the alternative activation
of M®s, increase amastigote infectivity and enlargement of the
parasitophorous vacuoles. The direct mechanism that link PS
exposure and vacuole enlargement warrant further investigation.

In summary, this work describes that cytokine-dependent
interactions between CD4T T cells and infected M®s are

sensed by intracellular parasites, which counteract by exposing
PS. Exposed PS, in turn, down-regulates the M® microbicidal
capacity (Wanderley et al., 2006, 2013). Such cross-talk is
obtained by a fine-tuned balance between iNOS activation,
sufficient for stress-induced PS exposure, and arginase I
activation, required for maintaining parasite survival and
proliferation. We provide evidence that the increased PS
exposure observed on amastigotes in vitro or from mouse
lesions is due to M® stimulation by cytokines produced
by CD4% T cells. Therefore, the cellular immune response
against the parasite can be exploited by the pathogen,
generating amastigotes that are more competent to disseminate
the disease and to escape from the host's immune system
(Wanderley et al., 2006). In addition, we have provided further
explanation for the pathogenic role of CD4" T cells during
L. amazonensis infection.
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Cutaneous leishmaniasis (CL) caused by infection with Leishmania braziliensis is
characterized by an exaggerated inflammatory response that controls the parasite
burden, but also contributes to pathology. While myeloid cells are required to eliminate
the parasite, recent studies indicate that they may also participate in the inflammatory
response driving disease progression. The innate immune response to leishmania is
driven in part by the Toll-like receptors (TLRs) TLR2, TLR4, and TLR9. In this study,
we used flow cytometric analysis to compare TLR2 and TLR4 expression in monocyte
subsets (classical, intermediate, and non-classical) from CL patients and healthy subjects
(HS). We also determined if there was an association of either the pro-inflammatory
cytokine TNF or the anti-inflammatory cytokine IL-10 with TLR2 or TLR4 expression levels
after L. braziliensis infection. In vitro infection with L. braziliensis caused CL monocytes
to up-regulate TLR2 and TLR4 expression. We also found that intermediate monocytes
expressed the highest levels of TLR2 and TLR4 and that infected monocytes produced
more TNF and IL-10 than uninfected monocytes. Finally, while classical and intermediate
monocytes were mainly responsible for TNF production, classical monocytes were
the main source of IL-10. Collectively, our studies revealed that up-regulated TLR2/4
expression and TNF production by intermediate/inflammatory subsets of monocytes
from patients correlates with detrimental outcome of cutaneous leishmaniasis.

Keywords: human cutaneous leishmaniasis, Leishmania braziliensis, toll like receptor 2, toll like receptor 4,
inflammation, monocytes subsets
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INTRODUCTION

The protozoan parasite leishmania is the causal agent of
tegumentary and visceral leishmaniasis. Cutaneous leishmaniasis
(CL), characterized by a well-delimited ulcer, is the most
common form of American Tegumentary Leishmaniasis, and
Leishmania braziliensis is the most important species associated
with CL in the New World (Alvar et al., 2012). The immune
response to L. braziliensis is characterized by a strong Thl
response with high production of IFN-y, TNF and other pro-
inflammatory cytokines (Bacellar et al., 2002; Gomes-Silva et al.,
2007; Faria et al., 2012; Gonzalez-Lombana et al., 2013). This
defense mechanism is important to control parasite growth and
dissemination, but the exaggerated inflammation, mainly due
the reduced ability of IL-10 to appropriately down regulate the
immune response to leishmania antigens (Bacellar et al., 2002;
Gonzalez-Lombana et al., 2013; Oliveira et al., 2014), contributes
to the pathology of CL (Antonelli et al., 2005; Santos Cda et al.,
2013; Cardoso et al., 2015; Novais et al., 2017).

Myeloid cells, including monocytes, dendritic cells, and
macrophages, act as the principal host cells for Leishmania.
Myeloid cells play a central role in the development of the
immune response against these parasites via antigen presentation
as well as the secretion of cytokines, chemokines, and
microbicidal products. Early interactions between leishmania
and macrophages can determine the outcome of the infection
(Bosque et al., 2000). In L. braziliensis infection we have shown
that macrophages from CL patients produce high amounts of
TNE, CXCL9, CXCL10, and CCL3 after leishmania infection but
their ability to kill the parasite is impaired (Giudice et al., 2012;
Muniz et al., 2016).

Monocytes are macrophage precursors. Based on the
expression of CD14 and the high affinity Fc receptor for IgG
(CD16), monocytes are differentiated into three subsets: classical
monocytes(CD14highCD16’), intermediate or inflammatory
monocytes (CD14M8hCD16%), and non-classical monocytes,
also known as patrolling monocytes (CD141°VCD16*+)(Ziegler-
Heitbrock et al., 2010). Intermediate monocytes are increased
in CL and are the major source of TNE a cytokine involved
in the pathology of CL (Soares et al., 2006; Passos et al., 2015).
These data point to the participation of myeloid-lineage cells, in
addition to T cells, in the pathology of CL.

The Toll-like receptors (TLR) are a well-characterized class
of pattern recognition receptors (PRRs) and the TLR signaling
pathway is one the first defense mechanisms against Leishmania
(Medzhitov and Janeway, 2000; Tuon et al, 2008). TLRs
bind to myeloid differentiation factor 88 (MyD88), resulting
in downstream activation of NF-kB and the subsequent
transcription of inflammatory mediators such as TNE, IL-6, and
IL-1 (Medzhitov and Janeway, 2000). Macrophages recognize
Leishmania mainly through TLR2, TLR4, and TLR9 (Becker et al.,
2003; de Veer et al., 2003; Kropf et al., 2004a,b; Faria et al., 2005;
Flandin et al., 2006; Viana et al., 2017).

Most of the studies about TLRs in leishmaniasis are in
experimental models with different species of the parasite.
For instance, C57Bl/6 MyD88-null mice are more susceptible
to infection with L. major than wild type animals (de Veer

et al., 2003) while C57BL/6] TLR2™/~ mice infected with
L. braziliensis are more resistant to infection than C57BL/6]
wild type mice (Vargas-Inchaustegui et al., 2009). Also, in
C57BL/6 TLR2™/~ mice infected with Leishmania amazonensis,
the parasite burden is reduced when compared with C57BL/ 6
wild type mice which were more susceptible to the infection
(Guerra et al.,, 2010). Studies performed in BALB/c mice infected
with Leishmania donovani showed an increase in TLR2 and
TLR4 mRNA, which was correlated with parasite load (Cezério
et al,, 2011). In contrast, TLR4-deficient mice are unable to
control L. major infection and develop lesions that are more
severe as compared to wild type animals (Kropf et al., 2004b).
Additionally, in BALB/c mice infected with Leishmania pifanoi,
the TNF production in the infected TLR4 ~/~ bone marrow-
derived macrophages was significantly lower and in vivo the
number of parasites in footpad lesions was higher than their
wild type counterpart (Whitaker et al., 2008). In CL patients,
the exposure to soluble Leishmania antigen (SLA) enhances
TLR9 expression on monocytes [30]. Moreover, the frequency of
TLR9" monocytes is correlated with greater lesion size (Vieira
etal., 2013). However, in the lesion site, TLR9 was associated with
granuloma formation (Tuon et al., 2010). These studies show that
depending on the mice strain and the leishmania species, TLR
expression may have either a protective or a deleterious effect on
leishmania infection.

We have previously shown that ex vivo expression of TLR2
and TLR4 is higher on monocytes from CL patients as compared
to monocytes from healthy subjects (HS) (Carneiro et al., 2016).
In the present study, we investigate the expression of TLR2
and TLR4 on L. braziliensis infected monocyte subsets from
CL patients and assess if TLR expression in monocyte subsets
is associated with the production of TNF and IL-10. Our
results reveal that infection with L. braziliensis increases the
expression of TLR2 and TLR4 on inflammatory monocyte subsets
and this increase is accomplished mainly by TNF production.
These findings suggest that TLR expression contributes to an
enhancement in the inflammatory response and pathology in the
L. braziliensis infection.

MATERIALS AND METHODS

Patients

A total of 30 patients with CL were included in this study. These
patients sought medical attention from the Health Post of Corte
de Pedra, municipality of Tancredo Neves, Bahia, Brazil, a known
area of L. braziliensis transmission. Patients were diagnosed with
CL if they presented with a clinical picture characteristic of the
disease in conjunction with one of the following positive test
results: parasite isolation in culture, parasite identification in
histopathologic analysis, or the presence of parasite DNA by
polymerase chain reaction (PCR) (Weirather et al., 2011). The
CL group was composed of 25 males and 5 females. The median
of age was 31 ranging between 18 and 54 years of age. A control
group was formed by 20 healthy subjects (HS) living in an urban
area of no exposure to leishmania, with 5 males and 15 females.
The median of age was 31, ranging between 23 and 45 years.
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All the experiments were performed prior to therapy. All
patients were treated with i.v. meglumine antimoniate (Sanofi-
Aventis, Paris, France) in a dose of 20 mg/kg body weight daily
for 20 days.

Ethics Statement

This study was carried out in accordance with the
recommendations of Institutional Review Board of the Federal
University of Bahia, Brazil, with written informed consent
from all subjects. All subjects gave written informed consent
in accordance with the Declaration of Helsinki. The protocol
was approved by the Institutional Review Board of the Federal
University of Bahia, Brazil (approval number 693.111).

Human Blood Samples and Preparation of
Peripheral Blood Cells

Peripheral blood mononuclear cells (PBMC) were separated
from heparinized venous blood by Ficoll-Hypaque gradient
centrifugation. Cells were then washed in saline and resuspended
in RPMI 1640 (supplemented with 5% of fetal calf serum, 100 U
penicillin/mL, 100 ug streptomycin/ mL) (GIBCO BRL., Grand
Island, NY, USA).

Parasites

An isolate of leishmania obtained from a skin lesion of a
CL patient from Corte de Pedra (MHOM/BR/LTCP11245)
was characterized as L. brazilensis using PCR and multicolus
enzyme electrophoresis (Cupolillo et al., 1994). Parasites were
initially grown in biphasic medium (NNN). After isolation, the
parasite was cryopreserved in liquid nitrogen. The parasites
selected for this study had not been previously passaged in
liquid culture medium. After selection, the parasites were
expanded in complete Schneider’s medium (Aldrch Sigma,
St. Louis, MO) supplemented with 10% fetal bovine serum
(FBS) (Gilco BRL) and 2% sterile urine. For in vitro infection
of PBMC, the promastigotes in the stationary growth phase
were stained with 5mM Carboxyfluorescein succinimidyl ester
(CESE) to identify cells infected by L. braziliensis (Chang
et al, 2007). All the reagents and Schneider medium are
endotoxin free as determined by Endotoxin Testing (LAL)
(BioReliance, SIGMA-ALDRICH).

Infection of Monocytes With L. braziliensis
PBMC (1 x 10° cells / tube) of CL patients and healthy subjects
were infected with L. braziliensis labeled with CFSE (as described
above) at a ratio of 5:1 parasites per cell and incubated for 1h at
37°C in a 5% CO, atmosphere. After this period, extracellular
parasites were washed with 0.9% saline containing 10% FBS.
The cells were placed in complete RPMI 1640 medium and
incubated at 37°C in an atmosphere of 5% CO, for 4h and
24 h. The infection was assessed by CFSE fluorescence (FITC) by
flow cytometry.

Expression of CD14, CD16, TLR4, and
TLR2 in Monocytes From Peripheral Blood

by Flow Cytometry
CL patient and healthy subject peripheral blood monocyte
expression of CD14, CD16, TLR2, and TLR4 was analyzed in

vitro after 4h incubation with CFSE-labeled L. braziliensis
or stimulation with one of the following reagents:
lipopolysaccharide (LPS) (100 ng/ml) or synthetic TLR2 ligands
tripalmitoyl-S-  glycerol-Cys-(Lys)4 (Pam3Cys) (100 ng/ml).
The analysis was performed by flow cytometry. The following
antibodies were used: anti-CD14 conjugated with PerCP-Cy5.5
(clone 61D3) and anti-CD16 conjugated to APC (clone CB16)
(eBioscience, San Diego, CA, USA); anti-TLR2 conjugated to PE
(clone TL2.1) and anti-TLR4 PE-conjugated (clone HTA125)
(IMGENEZX, San Diego, CA, USA). Analysis of TLR2 and TLR4
expression was undertaken in separate tubes. After staining, cells
were washed and resuspended in 4% paraformaldehyde solution.
We acquired at least 200,000 events on the flow cytometry BD
FACS CANTOII Data analysis was performed using FlowJo
software (Free Star Inc.).

Analysis of the Expression of TNF and
IL-10 in Monocytes by Flow Cytometry

PBMCs were either infected with parasites of L braziliensis
or left uninfected. Infected and uninfected PBMCs were then
incubated separately for 8h and 24h at 37°C, 5% CO;, Cells
were then stained with anti-CD14 monoclonal antibodies (PerCP
Cy-5.5), anti-CD16 (APC), anti-TLR2 (PE) and anti-TLR4 (PE)
for 15min 4°C in the dark (BD-Bioscience). The cells were
washed with PBS (1,500 rpm, 5min, 4°C), fixed with 4%
paraformaldehyde, and permeabilized with Perm Wash solution
for 15min at 4°C in the dark (BD-Bioscience). Intracellular
staining was performed with anti-TNF and anti-IL-10 (FITC)
antibodies for 30 min. After this period, the cells were washed and
suspended in 400 1 PBS for flow cytometry analysis on BD FACS
CANTOIL A total of 200,000 events were acquired. Data analysis
was performed using Flow]o program (Free Star Inc.).

Statistical Analysis

Data analyses were performed using GraphPad Prism 5.0
(GraphPad Software, Inc., San Diego, CA, USA). The comparison
between groups was performed using the non-parametric Mann-
Whitney U test. Analysis of variance (Kruskal-Wallis) was
calculated to assess the differences between three or more groups,
with Dunn’s post-test. Analysis of variance (ANOVA) with
Bonferroni post-tests was performed when the data presented
normal Gaussian distribution. An error below 5% (p < 0.05%)
was used for statistical significance.

RESULTS

Ex vivo Expression of TLR2 and TLR4 on

Different Monocytes Subsets

We had shown that ex vivo expression of TLR2 and TLR4 on
monocytes from CL patients was higher than on monocytes
from HS (Carneiro et al., 2016). Monocytes are a heterogeneous
population of cells and there are three monocytes subsets based
on the expression of CD14 and CD16. The expression and CD14
CD16 was not modified after infection with L.braziliensis (data
not shown) but it known that the frequency of intermediate
(inflammatory) monocytes is higher in CL patients than in
HS (Soares et al., 2006; Passos et al., 2015). In the present
study, to determine if the expression of TLRs differs among
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monocyte subsets, we analyzed the ex vivo expression of TLR2
and TLR4 on classical, intermediate, and non-classical monocytes
(Figure 1). In CL patients, TLR2 expression, represented by the
mean fluorescence intensity (MFI), was more intense in classical
and intermediate monocytes than in non-classical monocytes,
although only the latter achieved statistical significance, p <
0.001 (Figure 1B). The MFI for TLR4 (Figure1lC) in CL
patients was similar in classical and intermediate monocytes and
both subpopulations expressed more TLR4 than non-classical
monocytes (p < 0.01). In HS, the MFI for TLR2 and TLR4 was
higher in classical and intermediate monocytes than in non-
classical monocytes (Figures 1B,C). In HS group, the expression
of these receptors in all monocytes subsets was lower than in CL
monocytes (p < 0.01 and p < 0.001). A comparative analysis of
the MFI for TLR2 and TLR4 in CL patients vs. HS in intermediate
monocytes showed that cells from CL patients expressed more
TLR2 and TLR4 than cells from the HS group (p < 0.001).

Infection With L. braziliensis Increase TLR2
and TLR4 Expression on Monocytes From
CL Patients

To assess if the infection with L. braziliensis modifies either
TLR2 or TLR4 expression in CL monocytes, the expression
of these receptors was evaluated on L. braziliensis-infected
monocytes. First, the infection rate on monocytes from CL
and HS was compared. The frequency of L. braziliensis-infected
monocytes was similar in CL cells and in HS cells, 55and
62%, respectively, p > 0.05 (Figure 2A). Also, we found that
classical and intermediate monocytes were more infected than
non-classical monocytes and there was no difference in CL and
HS (Figure 2B)

Next, the expression of these receptors was evaluated on non-
infected cells and L. braziliensis-infected cells from CL patients.
The median MFI of TLR2 and TLR4 on infected monocytes was
significantly higher (p < 0.001) than that observed in uninfected
monocytes (Figures 3A,B). We also evaluated the expression of
TLR2 and TLR4 on monocytes from HS after infection with
L.braziliensis. The infection with L.braziliensis increased the
expression of TLR2 and TLR4 on monocytes from HS. However,
the expression of TLR2 and TLR4 was lower than that observed
in CL patients, 25 (22-29); (Whitaker et al., 2008; Guerra et al.,
2010; Cezario et al., 2011) vs. 70 (27-150, < 0.05) and 43 (24-56)
vs. 54 (25-72, p <0.05), respectively. There was no difference in
the expression of these receptors between the different periods of
infection in both groups, CL and HS (Supplementary Figure 1).

TLR2 and TLR4 Expression on Different
Monocytes Subsets After Infection With

L. braziliensis

Because the ex vivo expression of these receptors was higher on
inflammatory monocytes from CL patients, further experiments
evaluating the expression of TLR2 and TLR4 on monocyte
subsets after infection with L. braziliensis were performed.

The intensity of expression of TLR2 and TLR4 on different
monocyte subsets from CL patients and HS after infection with
L. braziliensis is shown in Figure 4.

In fact, the infection with L. braziliensis increased the
expression of TLR2 and TLR4 on intermediate monocytes.
Again, in CL patients, TLR2 expression was more intense
in classical and intermediate monocytes than in non-classical
monocytes (Figure 4B), Also, the expression of TLR4 was
higher on intermediate monocytes than in classical and non-
classical monocytes. However, the expression of TLR2 and
TLR4 on L. braziliensis infected intermediate monocytes from
CL patients was higher than that observed on monocyte
subsets from HS individuals (Figures 4A,B). In uninfected
monocytes the expression of these receptors was lower
than in infected cells in both groups. Additionally, we
evaluate the expression of TLR2 and TLR4 after 24h of
infection and the expression of these receptors was similar
to that obtained after 4h of infection. The expression of
these receptors was also higher in intermediate monocytes
(Supplementary Figure 2).

So far, these results indicate that in human CL, in addition
to TLR2 and TLR4 are preferentially expressed in intermediate
monocytes, the infection with L. braziliensis increases the
expression of these receptors on this monocyte subset. Thus,
increased expression of TLR2 and TLR4 in the CL patients
intermediate monocytes may result in an enhancement of the
inflammatory response.

Evaluation of the Intracellular Expression
of TNF and IL-10 in Monocytes From CL
Patients Expressing TLR2 and TLR4 After

Infection With L. braziliensis

TLRs initiate innate immune responses in a variety of ways,
leading to the production of inflammatory cytokines, such as
TNE by dendritic cells, macrophages, and monocytes (Kuniyoshi
et al., 2014). IL-10 is the most important regulatory cytokine
in leishmaniasis (Carvalho et al., 1994b; Bomfim et al., 1996;
Bacellar et al., 2002). The high levels of TNF and the decreased
ability of IL-10 to down regulate cytokine production leads to
an exacerbation of the inflammatory reaction and development
of cutaneous and mucosal leishmaniasis following infection
with L. braziliensis (Da-Cruz et al., 1996; Bacellar et al., 2002;
Antonelli et al., 2005). Thus, we asked if the increased expression
of TLR2 and TLR4 on infected-monocytes was associated
with an increase in production of TNF and IL-10 by these
cells. While the frequency of infected monocytes co-expressing
TLR2 and TNF was 44% (19-74%) and TLR4 and TNF was
61% (39-75%), in non-infected monocytes co-expression of
these receptors and TNF was 7% (3-75%) and 7% (4-33%),
respectively (Figure 5A). Similar data was observed regarding
IL-10. The frequency of cells expressing IL-10 in TLR2 V) and
TLR4 V) infected monocytes was higher than that observed in
non-infected monocytes expressing these receptors (Figure 5B).
These data reveal that expression of TLR2 and TLR4 up
regulate TNF and IL-10 expression in infected monocytes from
CL patients.
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FIGURE 1 | Classical (CD14"9"CD16~) and intermediate monocytes (CD14MINCD161) express more TLR2 and TLR4 than non-classical (CD14°%CD167)
monocytes. (A) Representative strategy analysis for the TLR2 and TLR4 expression. (B) Ex vivo expression of TLR2 on monocytes subsets from CL patients and HS
group (n = 10). (C) Ex vivo expression of TLR4 in monocytes subsets from CL patients and HS group (n = 10). Data are represented by the median of the mean
intensity of fluorescence (MIF).Mann-Whitney and Kruskal-Wallis with Dunn’s post-test was used for statistical analyses. (A) classical vs. non-classical monocytes, (¢)

post-test was used for statistical analyses (**P < 0.001).

FIGURE 2 | The frequency of L. braziliensis-infected monocytes is similar in CL and HS cells. Classical and intermediate monocytes are more infected than
non-classical monocytes in CL and HS groups. (A) Frequency of PBMC-derived monocytes (CD141CD16%) from CL patients (n = 8) and HS (n = 8) infected with
CFSE-labeled parasites after 4 h of culture. (B) Frequency of infected classical (CD14hi9hCD16’), intermediate (CD14hi9hCD16Jr ), and non-classical monocytes
(CD1 4lowepq 61) from CL patients and HS after 4 h of culture. Data are represented by the median of the frequency of cells infected. Kruskal-Wallis with Dunn’s

TNF and IL-10 Are Expressing Mainly in
TLR2 +) and TLR4 () Infected Monocytes

Due to the observation that TNF and IL-10 expression
was enhanced in TLR2 P and TLR4 ) infected
cells, we evaluated the expression of TNF and IL-
10 in TLR ™ and in TLR ) infected monocytes
in order to investigate if these cytokines are
preferentially expressed on TLR2 P and TLR4 )
infected monocytes.

The frequency of cells expressing intracellular TNF was
higher in TLR2 P and TLR4 V) infected monocytes,
44%(19-74%) and 61%(39-75%), respectively, than TLR2 ()
and TLR4 ) infected monocytes, 13%(7-28%) and 7%(3-
17%), respectively (Figure 6A). Similarly, the frequency of
cells expressing intracellular IL-10 was higher on TLR2 V)
and TLR4 (V) infected monocytes than on TLR2 (7) and
TLR4 ) infected monocytes (Figure 6B). In a small number
of patients we also evaluate the expression of these cytokines
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FIGURE 3 | L. braziliensis up regulate the expression of TLR2 and TLR4 on monocytes from CL patients. PBMC-derived monocytes from CL patients (1 = 08) and
HS (n = 08) were infected for 4 h with L. braziliensis (ratio 5:1) stained with CFSE. (A) Representative strategy analysis for the TLR2 and TLR4 expression after
infection by L. braziliensis (B) TLR2 and (C) TLR4 expression in monocytes from CL after infection with L. braziliensis. Data are represented by the median of the mean
intensity of fluorescence (MIF). Wilcoxon test were used for statistical analyses (*P < 0.05, **P < 0.01).
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FIGURE 4 | TLR2 and TLR4 expression in monocytes subsets from CL patients after infection by L. braziliensis. PBMC-derived monocytes from CL patients (n = 08)
and HS (n = 08) were infected for 4 h with L.braziliensis (ratio 5:1) stained with CFSE for 4 h. (A) Representative strategy analysis for the selection of monocytes
subsets and TLR2 and TLR4 expression. (B) TLR2 expression in classical (CD14NM9NCD16™), intermediate (CD14M9"CD161), and non-classical monocytes

(CD1 4lwepiet ) from CL patients and HS after infection by L. braziliensis.(C) TLR4 expression in monocytes subsets from CL patients and HS after infection by L.
braziliensis. Data are represented by the median of the mean intensity of fluorescence (MIF). (A) Intermediate vs. classical monocytes, P < 0.01 (¢) Intermediate vs.
non-classical monocytes, P < 0.01. Mann-Whitney and Kruskal-Wallis with Dunn’s post-test was used for statistical test was used for statistical analyses (‘P < 0.05).

after 24h of infection and as expected there was a decrease Intracellular Expression of TNF and IL-10
in the intracellular expression of TNF and IL-10 as these on Monocytes Subsets From CL Patients

cytokines are predominantly detected early after infection After Infection With L. braziliensis

(Supplementary Figure 3?' ) ) The classical CD14TrCD16~ monocytes specialize in
Together, these data reinforce the idea that the up regulation phagocytosis, production of reactive oxygen species, and

of these receptors, after infection with leishmania, activates the e retion of IL-10, CCL2, IL-6, and TNF in response to ligands for
monocytes to produce TNF and IL-10. extracellular TLRs (such as the bacterial product LPS) (Saha and
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FIGURE 5 | Infection with L. braziliensis increases the frequency of TLR2 ) and TLR4 (P monocytes expressing TNF and IL-10. PBMC-derived monocytes from CL
patients (n = 9) were infected with L. braziliensis (ratio 5:1) for 8 h. The data represent the frequency of TLR2 ) and TLR4 () on monocytes (CD14+) from CL
patients (n = 9) expressing TNF (A) and IL-10 (B). The percentage of CD14+ cells expressing cytokines in non-infected and infected cells was determined by gating
on the corresponding population. The results are expressed as median and Mann-Whitney test was used for statistical analyses (P < 0.05, **P < 0.01, ***P < 0.001).
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FIGURE 6 | Monocytes from CL patients expressing TLR2 and TLR4 produce more TNF and IL-10 after L.braziliensis infection. PBMC-derived monocytes from CL
patients (n = 9) were infected with L.braziliensis (ratio 5:1) for 8h. The data represent the frequency of cells expressing TNF (A) and IL-10 (B) on monocytes TLR) or
TLR™). The frequency of CD14+ cells expressing cytokines on cells TLRMH) or TLR™) was determined by gating on the corresponding population. The results are
expressed as median and Mann-Whitney test was used for statistical analyses (*P < 0.05, **P < 0.01, **P < 0.001).

Geissmann, 2011; Wong et al., 2012). The intermediate subset  inflammasome by pro-inflammatory molecules derived from
displays the characteristics of activated cells. Such cells have  sandflies derived-microbiota (Dey et al., 2018).
elevated intracytoplasmic levels of pro-inflammatory cytokines
such as TNF (Hristov and Weber, 2011; Wong et al., 2012). DISCUSSION

Because we observed that intermediate monocytes express
more TLR2 and TLR4 than classical and non-classical monocytes
after infection with leishmania, we analyzed the frequency of
cells expressing TNF and IL-10 on monocyte subsets expressing
TLR2 and TLR4. Figure 7 shows the percentage of cells within
each monocyte subset that express these cytokines. There was
no difference in TNF expression on monocyte subsets expressing

TLR2 (Figure 7A). However, the percentage of TLR4 (V) classical  induce expression of pro-inflammatory cytokines genes that are
and intermediate monocytes expressing TNF was higher than  essential for controlling parasite replication (Tuon et al., 2008).
TLR4 ) non-classical monocytes. Moreover, TLR2 (*) and  However, in several infectious diseases, such as tuberculosis,
TLR4 () classical monocytes were the main source of IL-10  malaria, and toxoplasmosis, TLR2 and TLR4 have been
(Figure 7B). considered important in the development of the inflammatory

We recognized that experimental design adopted in this  response and pathology (Mukherjee et al, 2016). We have
study may simulate the scenario of reinfection as the patients  previously described that ex vivo expression of TLR2 and TLR4
remained in the endemic area and could be continually exposure  was higher on monocytes from CL patients than on HS cells
to sandflies bites. In such case, the ex vivo expression of  (Carneiro et al., 2016). In this study we show that the expression
TLR2 and TLR4 and cytokines spontaneously produced by the  of these receptors was higher on classical and intermediate
intermediate monocytes could also reflect stimulation of NLRP3  monocytes from CL patients. The expression of TLR2 and TLR4

The TLRs are a well-characterized class of pattern recognition
receptors that are expressed on phagocytes and interact with
PAMPs expressed on the surface of infectious agents (Ozinsky
etal., 2000). TLR activation by parasite molecules trigger nuclear
factor the nuclear localization of transcription factor NF-«kB and
mitogen activated protein kinase (MAPk) signaling pathways, to
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FIGURE 7 | Frequency of monocytes subsets from CL patients expressing TNF and IL-10 in cells TLR2 () and TLR4 (V) after L. braziliensis infection. PBMC-derived
monocytes from CL patients (n = 9) were infected with L. braziliensis (ratio 5:1) and stained with CFSE for 8 h. The data represent the frequency of cells expressing
TNF (A) and IL-10 (B) on classical (CD14N9hCD167), intermediate (CD14N9NCD167), and non-classical monocytes (CD14°VCD167) after infection with L.
braziliensis. The percentage of monocytes expressing cytokines on cells TLR ) was determined by gating on the corresponding population. The results are
expressed as median. Kruskal-Wallis with Dunn’s post-test were used for statistical analyses (*P < 0.05, **P < 0.01).

was higher on intermediate monocytes from CL patients than on
cells from the HS group. We also demonstrate that following in
vitro infection with L. braziliensis, TLR2 and TLR4 expression
is up-regulated in cells from CL patient monocytes as compared
to HS monocytes.

On cells from CL patients the expression of TLR2 and TLR4
was highest on classical and intermediate monocyte subsets. As
the infection rate was similar between monocyte subsets from
CL and HS (Figure 2A), the up regulation of these receptors
on cells from CL after infection with L. braziliensis suggests
that peripheral blood monocytes are already activated and the
interaction with the parasite induces the increased expression
of these receptors. Also, the increased expression of TLRs
may be due to recognition of Leishmania lipophosphoglycans
(LPGs) by the innate immune system (Tuon et al., 2008). L.
braziliensis LPG is a strong agonist of TLR2, inducing TNF, IL-
18, and IL-6 production (Ibraim et al., 2013). Our results give
support to the finding of increased expression of TLR2 and
TLR4 in skin lesions from CL patients caused by L.braziliensis
(Campos et al., 2018).

Previous studies have evaluated the importance of the TLR
in mice infected with leishmania, but the functional role of
TLRs in human leishmaniasis still needs to be elucidated.
TLR signaling has been linked to pro-inflammatory responses
(Medzhitov and Janeway, 2000). For instance, macrophages
from MyD88~/~TRIF~/~ L. panamensis infected C57BL/6 mice,
which are unable to activate TLR-dependent pathways, have
a decreased ability to secrete TNF and an increased parasite
burden early in the infection (Gallego et al., 2011). In contrast,
in TLR2-deficient C57BL/6 mice infected with L. amazonensis, a
decrease in parasitic load and in the recruitment of inflammatory
cells at the infection site was observed in the early stages of
infection, suggesting that absence of this receptor decreases
inflammation and favors the control of parasitic burden (Guerra
et al., 2010). The results found in the studies involving TLR4
are also controversial. TLR4-deficient C57BL/10ScN mice are
more susceptible to L. major infection, presenting with more
severe lesions and higher parasitic load than TLR4-competent
mice, an observation that was associated with an increase in IL-
10 synthesis and IL-4 receptor expression (Kropf et al., 2004a).

However, macrophages from TLR4~/~ C57BL/6 infected with L.
panamensis are able to clear amastigotes (Gallego et al., 2011).

IFN-y is the main cytokine that activates macrophages to
kill parasites. However, clearance of the leishmania parasite is
also mediated by TNF. Monocytes are the main source of TNF
and the importance of this cytokine in the pathology of CL
and ML caused by L. braziliensis, has been well documented
(Lessa et al., 2001; Antonelli et al., 2005; Oliveira et al., 2014;
Passos et al., 2015).

To further assess the potential roles of TLR signaling
and cytokine production by distinct monocyte subsets in L.
braziliensis infection, we evaluated their expression in CL
monocytes before and after infection with L. braziliensis. First,
we showed that after infection with L. braziliensis there is an
increase in TNF expression and it occurs predominantly in TLR2
() and TLR4 (V) cells. Giving support to the role of TLR4 in
cytokine secretion, Galdino et al. demonstrated that infection
with L. braziliensis increases the production of TNF and IL-10
by human cells in a TLR4 dependent manner (Galdino et al,
2016). However, a small number of both TLR (=) and uninfected
monocytes also expressed TNF. This observation is likely due
to the ability of L. braziliensis infected cells to induce TNF
production in uninfected bystander cells (Carvalho et al., 2008).

Previously, we have shown that while classical monocytes
have the ability to kill leishmania, intermediate monocytes were
the main source of TNF (Novais et al., 2014; Passos et al,
2015). Here we demonstrated the importance of TLR2 and
TLR4 in cytokine secretion and that in addition to intermediate
monocytes, classical monocytes expressing TLR4 also produce
TNF. Moreover, while all monocyte subsets express TNEF, classical
and intermediate monocytes expressing TLR4 were the main
source of this cytokine. We also show that TLR2 (V) and TLR4
() cells express TNF and IL-10. As more than 60% of TLR2 ()
or TLR4 () cells expressed TNF and a large percentage of TLR ()
monocytes also expressed IL-10, it is likely that some cells express
both inflammatory and anti-inflammatory cytokines.

IL-10 is the major regulatory cytokine in human leishmaniasis
(Carvalho et al., 1994a; Bacellar et al., 2002; Gautam et al.,
2011). Although IL-10 is associated with parasite persistence
and dissemination (Bomfim et al, 1996; Anderson et al,
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2008), it is also important for controlling the exaggerated
inflammatory response associated with pathology observed
in parasitic diseases such as malaria, Chagas disease, and
leishmaniasis (Li et al., 2003; Costa et al, 2009, 2015;
Gautam et al, 2011). Classical monocytes are the main
source of IL-10 after stimulation with LPS (Wong et al,
2011). Therefore, the increased expression of IL-10 in classical
monocytes may have two explanations. As classical monocytes
are cells responsible for leishmania killing (Novais et al,
2013), the increase in IL-10 may be one way leishmania is
able to escape host defense mechanisms. Alternatively, IL-
10 production may represent an attempt of the classical
monocytes to attenuate pathology mediated by the exaggerated
pro-inflammatory response of the intermediate monocyte
(Cyktor and Turner, 2011).

As the experiments in this study were performed with
promastigotes in the stationary phase and it known that this
population contain about 20% of the parasites that are not
metacyclics promastigotes (Viana et al., 2017), there is a minor
chance that the results obtained with such global parasite
populations might be shaped by pro-inflammatory molecules
produced by the stationary promastigotes, rather than from the
80% metacyclics parasites.

While TLRs participate in host defense mechanisms by
promoting secretion of pro-inflammatory molecules and
development of a Thl type immune response, their role in
the pathology of human CL has not been clearly documented.
Comparing expression of TLR2 and TLR4 in macrophages from
patients infected with L. major, Tolouei et al. showed that on
macrophages from patients who had healing lesions with no
history of treatment, TLR2 and TLR4 expression was higher
than macrophages from CL patients with non-healing lesions
and with an illness duration of more than 1 year (Tolouei
et al., 2013). While this finding suggests that a decrease in TLR
expression may impair the control of the infection, the patients
evaluated in this study with no healing lesions had history of
at least two full courses of treatment with Glucantime which
could explain the decreased expression of these receptors on
cells from these patients. Here, we showed the importance
of TLR2 and TLR4 expression in the production of TNE a
cytokine associated with pathology in human CL caused by
L. braziliensis.

We add to the body of knowledge about TLRs in L.
braziliensis infection and about different monocyte subset
functions. L. braziliensis infection enhanced TLR2 and TLR4
receptors as well as the frequency of classical and intermediate
monocytes expressing these receptors. Moreover, while classical
and intermediate monocytes expressing TLR2 and TLR4 are
the main cells secreting TNF, the classical monocytes are the
major cell source of IL-10. This study also has implications
in immunotherapy for infectious diseases. As TLRs trigger
inflammatory responses, agonists of TLRs have been used
as adjuvants in vaccines against leishmania infection in
experimental animals (Calvopina et al., 2006; Raman et al., 2010).

However, our data show that L. braziliensis enhances TLR2 and
TLR4 which leads to a pro-inflammatory environment that does
not prevent the appearance of the disease. Thus, it is possible
that over expression of TLRs may be more related to pathology
than protection in human CL. As TLR antagonist molecules have
been used in the treatment of inflammatory diseases (Gao et al.,
2017), studies evaluating the role of TLR2 and TLR4 antagonists
in the modulation of the inflammatory response in patients with
CL should be performed.
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Physical exercise has been described as an important tool in the prevention and
treatment of numerous diseases as it promotes a range of responses and adaptations
in several biological systems, including the immune system. Studies on the effect of
exercise on the immune system could play a critical role in improving public health.
Current literature suggests that moderate intensity exercise can modulate the Th1/Th2
dichotomy directing the immune system to a Th1 cellular immune response, which favors
the resolution of infections caused by intracellular microorganisms. Leishmaniasis is a
group of diseases presenting a wide spectrum of clinical manifestations that range from
self-limiting lesions to visceral injuries whose severity can lead to death. The etiological
agents responsible for this group of diseases are protozoa of the genus Leishmania.
Infections by the parasite Leishmania major in mice (Balb/c) provide a prototype model for
the polarization of CD4+ T cell responses of both Th1 (resistance) or Th2 (susceptibility),
which determines the progression of infections. The aim of this study was to evaluate the
effect of exercise on the development of L. major experimental infections by scanning
the pattern of immune response caused by exercise. Groups of Balb/c mice infected
with L. major were divided into groups that preformed a physical exercise of swimming
three times a week or were sedentary along with treatment or not with the reference
drug, meglumine antimoniate. Animals in groups submitted to physical exercise did not
appear to develop lesions and presented a significantly lower parasite load independent
of drug treatment. They also showed a positive delayed hypersensitivity response to a
specific Leishmania antigen compared to control animals. The IFN-y/IL-4 and IFN-y/IL10
ratios in trained animals were clearly tilted to a Th1 response in lymph node cells. These
data suggest that moderate intensity exercise is able to modulate the Th1 response that
provides a protective effect against the development of leishmanial lesions.
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Moderate Exercise Promotes Leishmaniasis Control

INTRODUCTION

Regular physical exercise promotes a series of responses and
physiological adaptations that are dependent on different aspects
of the activity such as volume and intensity (American College
of Sports Medicine Position Stand American Heart Association,
1998, 2007; Walsh et al., 2011b). The metabolic changes from
exercise have been associated to alterations in immune function
(Pedersen and Hoffman-Goetz, 2000), which can directly
influence the immune response of a host to an infectious agent
(Lili and Cheng, 2007). Intense exercise favors the resolution
of bacterial infections by promoting a predominance to a Th2
type response (Malm, 2004, reviewed by Terra et al, 2012).
Prolonged and strenuous exercise decreases the expression
of Toll-Like Receptors in macrophages and compromises the
presentation of antigens to T lymphocytes, which diminishes
the Th1 inflammatory response. This anti-inflammatory effect
prevents tissue damage caused by inflammatory mediators and
reduces the risk of chronic inflammatory diseases, but increases
the susceptibility to infections by intracellular microorganisms
(Gleeson, 2006). Moderate exercise, in contrast, induces the
immune system to a predominately Thl type response that
favors the resolution of viral infections and control of
infections caused by intracellular microorganisms (Gleeson,
2006, 2007), which can include the bacteria Mycobacterium
tuberculosis and Listeria monocytogenis along with the protozoa
Toxoplasma gondii, Trypanosoma cruzi, and Leishmania spp.
(Bogdan, 2008).

Parasites from the Leishmania genus are the etiological agents
responsible for leishmaniasis, a vector-borne group of diseases
that are endemic in 102 countries and territories distributed
throughout Europe, Africa, Asia, and the Americas (Alvar et al.,
2012; World Health Organization, 2018). Approximately 350
million people are at risk of infection with an annual incidence
of around 1.6 million and a prevalence of 12 million individuals
(World Health Organization, 2018). Phlebotomine sandflies are
the principle vector of transmission and the macrophages of an
infected person are the main host cell (Lainson et al., 1997). Based
on the clinical manifestations and the parasites species involved,
leishmaniasis can be present three main forms: visceral (also
known as kala-azar, the most serious form that can be lethal),
cutaneous (the most common), and mucosal (Stark et al., 2006;
Shah et al., 2010; Badirzadeh et al., 2013; McCall et al., 2013;
Organizagdo Pan Amaricana De Satde and, 2018). Cutaneous
leishmaniasis (CL) is caused by several species of dermotropic
Leishmania, such as L. tropica and L. major in the Old World
along with L. braziliensis and L. amazonesis in the New World
(Carvalho et al.,, 2005; Samy et al., 2014; Kahime et al., 2016).
Mucosal leishmaniasis, also known as or mucocutaneous, is
most commonly observed with infections by species restricted
to South America, principally from the sub-genius Viannia,
such as L. braziliensis and L. panamensis (Miranda Lessa et al.,
2007). Visceral leishmaniasis is caused by viscerotropic species
as L. donovani (Old World) and L. infantum (New World)
(Momen et al., 1993).

Control of all the clinical forms of leishmaniasis appears to
depend on type 1 immune response. Interferon-gamma (IFN-y)
and tumor necrosis factor (ITNF) -a and -8, from the Th1 profile,

are known to be involved in the resistance and elimination of
the parasites, while Th2 cytokines such as IL-4 and IL-10 are
linked to susceptibility to infections by Leishmania (Von Stebut,
2007; de Assis Souza et al.,, 2013). However, an exacerbation
of the Thl type response (hyperergia) leads to increased tissue
destruction as observed in mucocutaneous leishmaniasis (Martin
and Leibovich, 2005; Mendes et al., 2013).

The mouse strain Balb/c provides a laboratory model for
the study of Leishmania infections, because this strain toward a
Th2 (susceptibility) response, which determines the progression
of infections (Fritzche et al., 2010; Barthelmann et al., 2011).
The aim of the current study was to evaluate the effect of
moderate exercise on the development of L. major experimental
infections in Balb/c. Mice were infected with L. major and
divided into a number of cohorts to analyse the impact of
a swimming exercise (three times a week for 12 weeks) in
combination or not with treatment with the reference drug,
meglumine antimoniate (Glucantime®). In addition, the pattern
of immune response caused by exercise was measured. The data
obtained demonstrate that moderate intensity exercise was able
to modulate the Thl response, suggesting a protective effect of
exercise on the development of leishmanial lesions.

MATERIALS AND METHODS
Chemicals

Kits for measuring cytokines were purchased from R&D Systems
(Minneapolis, MN, USA). Fetal calf serum (FCS) was purchased
from Cultilab Co (Campinas, Sao Paulo, Brazil). DMEM culture
medium, Schneider medium, bacterial lipopolysaccharide (LPS),
concanavalin A (ConA), and all other chemicals used in this
study were purchased from Sigma (St. Louis, MO, USA).
The Glucantime® and the Ketamine were kindly provided
by Oswaldo Cruz Institute and University Hospital Pedro
Ernesto, respectively.

Animals

A total of 94 male BALB/c mice (Mus musculus) were included
in this study. Animals were housed in mini-isolators at 22-
24°C on shelves ventilated by an IVC filter system (Model Domi
AL20 system; Alesco®) with a 12h light/dark cycle. Food and
water was provided ad libitum. Animals were sacrificed using
ketamine hydrochloride (7.5mg), 48h after the last training
session. Popliteal lymph nodes and paws were immediately
isolated following the sacrifice. This study was approved by the
Ethics Committee for Experimental Use and Animal Care at the
Biology Institute Roberto Alcdntara Gomes (Protocol number
CEA/043/2009). Animals were divided into eight cohorts (N =
8). In the case of lactate and MDA (lipid peroxidation) dosages,
the animals were divided into three cohorts (N = 5). After 12
weeks of infection, the mice were scarified using CO, chamber.

Microorganisms

Promastigotes of the LV39 strain of Leishmania major were
grown as previously described (Terra et al, 2013). Briefly,
parasites were cultured in Schneider’s medium supplemented
with 2mM glutamine, 100 units/mL penicillin, 100 mg/mL
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streptomycin and 20% fetal calf serum in a humidified incubator
at 26°C. This strain was kindly provided by Dr. George dos Reis.

Infection Model

Mice were infected in the plantar cushion with 2 x 10° L. major
promastigotes suspended in 20 pl of PBS. Lesion development
was measured weekly using a caliper ruler (Mitutoyo, Brazil). The
lesion size was calculated by the difference between the sizes of
infected paw in relation to non-infected one.

Groups

C—Control, E—Exercised—animals trained for 12 weeks, I—
Infected—animals infected with 2 x 10° L. major promastigotes,
IE—Infected and exercised—infected animals trained for 12
weeks, from the first week of infection. IT—Infected with
treatment—Animals infected and treated with therapeutic dose
(8 mg) of Glucantime® after the onset of injury. ITE—Infected
with treatment and exercised post-lesion—Animals infected,
treated with therapeutic dose (8 mg) of Glucantime® and
exercised after the onset of injury (from 6th week). [IEP—Infected
and exercised post-lesion—infected animals trained (for 6 weeks)
after the onset of injury (from 6th week). EAPI -Trained during
6 weeks, infected and exercised—Animals trained for 6 weeks,
infected and trained for 12 weeks.

Treatment Protocol

Animals were treated with a therapeutic dose (8 mg @ ~500
mg/kg) of Glucantime® by an intraperitoneal application 5
times/week over a 12 week span. The treatment started after the
onset of injury (6th week).

Exercise Protocol and Physical Tests

Animals were subjected to a previously described swimming
exercise protocol for 30 min X 3 times per week for 6 or 12 weeks
with some modifications (Terra et al., 2013). The training started
6 weeks before the infection (EAPI), 48 h after the infection (IE)
or after 6 weeks from the infection (ITE and IEP). Animals were
introduced into a tank (50 x 50 x 40 cm) with a water depth of
30 cm and a temperature of 32 & 2°C that stimulated swimming,
herein referred to as the study protocol. To meet the desired
exercise intensity, weight was attached to their tails. The initial
mass was 2% of the measured body mass (BM) of each individual
animal. The load was increased to 4% BM in week 4 and 6% BM
in week 6. Animal BM was measured weekly.

Animals in the exercise groups (E, IE, ITE, IEP, and EAPI)
were submitted to multiple physical capacity tests starting on the
initial week and repeated on the fourth, 8th and 12th weeks. The
other groups (C, I and IT) were submitted to physical capacity
tests just in starting on the initial week and repeated on the
12th week. The test consisted of a timed swimming session with
a 2% BM load until the point of fatigue, which was defined
as the moment when the animal remained submerged for 10s
without returning to the surface for breath. An intense exercise
test was also applied prior to measure lactate and MDA levels
that consisted of a swimming session until the exhaustion with
the addition of weight equal to 6% BM.

Lactate

To verify that the study protocol reflected a protocol of moderate
intensity, we measured the blood lactate in the animals after
three different situations: rest, submitted to study protocol and
submitted to a strenuous exercise protocol. The animals used in
this evaluation (N = 15) did not participate of the experimental
groups. Blood lactate levels were measured using a lactometer
(Accusport®) from a whole blood sample (~10 pl) collected
from a small incision in the tail. Measurement were performed on
three groups: sedentary, moderate exercise and intense exercise,
at rest and, for the exercise groups, immediately after an exercise
session (acutely, before beginning training).

Evaluation of Lipid Peroxidation Indices

The lipid peroxidation dosage (thiobarbituric acid reactive
substances-TBARs) was performed as previously described
(Keles et al., 2001). Three groups were used: rest, moderate
exercise and intense exercise. The animals used in this dosage
(N = 15) did not participate of the experimental groups.
Immediately after the exercise session, animals were anesthetized
with ketamine hydrochloride (7.5 mg) and blood was collected
by a cardiac puncture into tubes with EDTA. The blood was
centrifuged for 10 min at 1,000g and the plasma was isolated
to perform an assay for lipid peroxidation. The plasma (50
L) was mixed with 200 pL of 10% TCA and 150 pL of
potassium phosphate buffer (100 mM, pH 7.4) and incubated
at room temperature for 10 min before centrifugation (2,000
x g for 15min). The supernatant was collected and then,
500 WL thiobarbituric acid (0.67%) was added followed by an
additional incubation at 95°C for 60 min. The samples were then
cooled for 5 min and subjected to vortex. Finally, the absorbance
was measured at 532nm in a microplate reader, TP reader
Thermo Plate. The MDA (malondialdehyde) concentrations
were evaluated using a TMP (1,1,3,3-Tetramethoxypropane)
standard curve.

Antigen Parasite Preparation

After obtaining sufficient numbers of parasites in the first culture
pass (P1) at the beginning of the stationary phase (determined
by a growth curve), they were centrifuged at 1,300 g for 10 min
and washed twice with PBS to remove serum. The pellet
was resuspended in DMEM medium and the parasite number
adjusted to 2 x 103/mL. The promastigotes were submitted to
three cycles of freezing-thawing in liquid nitrogen for complete
lysis. The total antigen thus obtained was aliquoted and stored at
—20°C until use. For the quantification of protein in the lysate,
the Lowry method (Lowry et al., 1951) was used.

Delayed Type Hypersensitivity (DTH)

DTH was evaluated using total antigen of L. major (1 pg/pl).
The antigen (20 1) was inoculated into the plantar cushion of
non-infected paw. The extent of swelling was measured using a
caliper rule (Mitutoyo, Brazil) 48 h after inoculation. The DTH
was expressed as the difference between the paw sizes before and
after the antigen inoculation.
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Lymph Node Cell Culture

The popliteal lymph nodes were harvested as previously
described (Terra et al, 2013). Briefly, after the excision of
the lymph nodes, a single cell suspension for each group
was prepared by forcing tissue fragments through a stainless-
steel mesh. The cell suspension (500 pwL) was plated at 2
x 10° cells/mL in 24-well plates in the absence or presence
of the parasite antigen (10g/mL) and incubated at 37°C in
atmosphere of 5% CO; for 48 h. Supernatants were collected for
cytokine measurements.

Infected Paws

After sacrifice, infected paws were collected and weighed. After
removal of claws and skin, a single cell suspension for each group
was prepared by forcing tissue fragments through a stainless-steel
mesh into Schneider medium. The product of maceration was
separated by centrifugation (1,300 x g for 20 min). From the
supernatant, measurements for cytokines levels were made and
the parasite load determined.

Measurement of Cytokine Production

The levels of the cytokines IFN-y, IL-4, IL-10, TNE, TGEF-B,
and IL-12 in the supernatants of cultured lymph node cells
and isolated infected paws were measured by sandwich ELISA
(R&D Systems, USA) utilizing a standard curve of recombinant
murine cytokines and antibodies according to the manufacturer’s
instructions. Briefly, capture antibodies were plated into a 96-
well ELISA plates and incubated at room temperature for 18 h
(TNF-a = 0.8 ug/mL, other cytokines - 4g/mL), washed 3
times with PBS pH 7, 2, TWEEN 20 (0.05%) and blocked with
PBS (pH 7.2) with 1% bovine serum albumin (BSA) for 1h
at room temperature. For TGF-B, the blocking solution also
contained TWEEN 20 (5%) and sodium azide (0.05%) and that
of IFN-y, 0.05% sodium azide. After blocking, the plates were
washed 3 times with wash buffer and the samples added (TGEF-
p dosing samples were previously activated by 1N HCI solution
and neutralized by the addition of 1.2N NaOH, 0.5 M HEPES).
Then, the systems were incubated at room temperature for 2h,
washed three times with wash buffer and followed by the addition
of biotinylated antibodies to cytokines TGF-f, TNF-a (200 ng/ml
each), IL-10, IL-12p40 (400 ng/ml), IFN-y (800 ng/ml), and IL-4
(600 ng/ml). Again, the samples were incubated for 2 h at room
temperature and subsequently washed 3 times. The detection
was achieved with Streptavidin HRP (conjugated to peroxidase
and diluted 1:250). After washing, 0.1 M sodium citrate-acetate
buffer, pH 4.0, containing 0.02% Tetramethylbenzidine (TMB),
0.02% hydrogen peroxide (H,O;) and 5% DMSO was added
in the absence of light, for 20 min at room temperature. After
this period, the reaction was stopped by adding 2N sulfuric acid
(H2SO4) and read at 450 nm in a microplate reader, TP reader
Thermo Plate.

Parasite Load
To obtain an estimative from number of live parasites, these were
quantified as described before, with modifications (Kalama and

Nanda, 2009). Briefly, to obtain the parasites, after the sacrifice
of the animals, the infected paws were cut, weighed, had claws,
and skin removed and were macerated in Schneider’s medium
(8 mL), with samples of the eight animals per group grouped
as a pool. The resultant supernatant was used for parasites
quantification. A volume of this supernatant was distributed
into a 96-well plate through a serial dilution of 1:10 to 1:10,000
using Schneider medium supplemented with 100 units/mL of
penicillin, 100 mg/mL of streptomycin and 20% fetal calf serum.
Plates were cultured at 26°C until the presence of parasites was
observed in group I (7th day). Then, the parasites were quantified
in Neubauer Chamber, and the number of parasites obtained was
divided by the total weight (gram) of infected paws tissue.

Statistical Analysis

Normality testing was performed for all samples. One-way
ANOVA followed by the Tukey multiple comparisons test
were used to analyze the statistical significance of cytokine
concentrations from cultured lymph node cells and supernatant
of infected paws. One-way ANOVA followed by the Dunnet
test were used to analyze the statistical significance of DTH
and parasite load. Differences were considered significant
when P < 0.05.

RESULTS

Control of Exercise Intensity Through
Physical Capacity Tests, Blood Lactate

Concentration, and Lipid Peroxidation
Animal physical performance was evaluated by a maximum
physical capacity test that was executed every 4 weeks to verify
the adaptation of each animals to the swimming exercise. Exercise
intensity was adjusted by an increase in the weight overload (%
BM) or time of the exercise to maintain a moderate level of
physical exertion. By the 8th week of exercise, the IEP, EAPI
groups did not adapt satisfactorily to the increase of the overload
to 6% of BM. The weight overload of 4% BM was maintained with
an increase in time, since this was significantly different from
the previous test for the same overload (P < 0.05). There was
no significant difference in the maximum exercise time for the
IE and E groups as a function of the overload increase over the
weeks. However, the exercised groups showed an improvement in
swimming capacity when compared to control groups (Table 1).
All trained groups showed a significant increase in swimming
time (>100%) during the physical fitness test. This data indicated
that the exercise protocol used here, the study protocol, was able
to produce positive training effects.

The blood lactate levels were measured under three different
conditions to verify that the study protocol imposed an
exercise of moderate intensity; (1) animals at rest, (2) animals
immediately after being submitted to the study protocol, and (3)
animals immediately after being submitted to a known strenuous
exercise protocol. At rest, the blood lactate concentration
was 1.78 mmol/L. Following the study protocol, the measured
concentraton was 3.23 mmol/L and it was 5.63 mmol/L after
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FIGURE 1 | Control of exercise intensity [blood lactate concentrations (A) and TBARs (B)]: (A) Blood lactate concentrations were measured at rest as well as after a
session of study protocol and intense exercise. (B) MDA concentrations (lipid peroxidation) were measured at rest as well as after a session of study protocol and
intense exercise. The animals used in these dosages, lactate (1 = 15) and lipid peroxidation (n = 15), did not participate of the experimental groups. (*P < 0.01
compared to rest, **P < 0.001 compared to rest and study protocol). Values are expressed as mean and + SD. Data were analyzed by one-way ANOVA followed by
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TABLE 1 | Maximal physical capacity of animal groups in a timed swim test at the
start and end of the study.

Group Swim time (min) Differences (%)
Initial week Final week
16.41 + 4.45 22.02 £ 11.77 134
E 30.98 + 11.31 62.29 + 3.16* 1101
| 41.82+7.79 35.57 +9.07 115
T 43.09 + 5.80 40.00 + 7.21 17
ITE 38.23 + 6.95 69.73 + 8.87* 182
IE 22.02 +11.78 59.37 + 12.32* +170
IEP 23.28 £ 12.57 60.39 + 11.77 1159
EAPI 40.283 £ 7.47 69.45 £+ 6.29" 173

*P < 0.05. The animals were submitted to maximal physical capacity test in the starting
and at the final of experiment. In the case of E, IE, ITE, IER, and EAPI groups, the
test also was applied every 4 weeks from the initial week. The time was measured in
minutes. "P < 0.05. Arrows indicate increase or decrease in exercise time in relation to
the first week.

a strenuous exercise (Figure 1A). These data suggest that
the exercise protocol employed in this study was associated
with moderate intensity, since the lactate level of animals
submitted to strenuous exercise was significantly greater than
level of the study protocol. In addition, there was a change
of 88% in lipid peroxidation from the rest group (1.52pM
of MDA) to moderate exercised group (2.87 .M of MDA).
However, the strenuous exercised mice (4.50 .M of MDA)
presented an increase of 196% in lipid peroxidation when
compared to rest group (Figure1B). These data suggest
the animals did not suffer much oxidative stress from our
study protocol.

Effect of Exercise on Development of

Murine Leishmaniasis
After 12 weeks of infection, it was observed that treatment with
therapeutic dose of Glucantime® after the appearance of the

lesion (IT) led to a regression in the lesion size consistent with
inhibiting their progression (Figure 2A). This was considered
our experimental control that represented current practice for
clinical care. The development of lesion size due to infection
in control animals (I) was significant only from the 6th week
after injection of the inoculum of L. major (P < 0.01 compared
to the first week of infection). Animals that performed exercise
from the beginning of study period when the infection was
introduce (IE) displayed a complete inhibition in the progression
of the lesion (Figure2B). Even when exercise was begun
at 6 weeks post-infection, when a lesion had been visually
established (IEP), a regression was observed in the lesions
(Figure 2B). The animals in the ITE group, which were treated
with Glucantime® and submitted to the training protocol
after the onset of injury, showed the same pattern presented
by the IT group (Figure2A). Interestingly, the prophylaxis
group that was subjected to 6 weeks of training before
infection (EAPI) did not develop lesion (Figure2C). These
data suggest that exercise may modulate the immune response
to leishmaniasis.

Intradermal Response to Total

Leishmania Antigen

The DTH response was measured 48 h after an inoculum of L.
major was injected into the uninfected paw (Figure 3). IE and IEP
groups had significant differences compared to control infection
(I) showing a positive DTH. The group treated with a therapeutic
dose of Glucantime® showed no positive DTH as well as EAPI
and ITE groups.

Parasite Load

We observed that the number of promastigotes grown from
the parasites isolated in the infected control group (I) was,
at least, 230 times higher than in the other groups, reaching
this difference, at 7,000 times when compared with IE group
(Figure 4).
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FIGURE 2 | Effect of exercise on the development of lesions on the paws of BALB/c mice that were infected with L. major (2 x 106 promastigotes): (A-C) The size of
paws was measured weekly for 12 weeks with a pachymeter (Mitutoyo). Results are expressed as the difference between the contralateral paw and infected paw
(mm). The arrow indicates the start of training and/or treatment. Values represent the average of two experiments with 8 animals per group in each experiment. (D)
A representative image of the infected footpad from 1 animal of each different group at the end of the assay (13th week). Values were expressed as mean + SD.
|—Infected. IT—Animals infected and treated with therapeutic dose (8 mg) of Glucantime® after the onset of injury. ITE - Animals infected, trained and treated with
therapeutic dose (8 mg) of Glucantime® after the onset of injury. IE—infected animals trained from the first week of infection. IEP—infected animals trained after the
onset of injury (6th week). EAPI—Animals trained for 6 weeks, infected and trained for 12 weeks. * The week displaying significant difference (P < 0.001) from the
control group (1).

Effect of Exercise on the Production of

Cytokines by Infected Animals

Cytokine Production in Lymph Node Cells Draining
the Lesion

The IL-4 cytokine was not detected in the C and IEP, with
very similar concentrations in the other groups (Figure 5A).
The IE, IT, and ITE groups had IL-4 production inhibited after
stimulation with the parasite antigen (Figure 5A), where the
other groups showed no significant difference from group I
The production of IL-10 was greatest in the infection control
group (I), which was significantly stimulated by the parasite
antigen (Figure 5B). Although this profile was also presented
by groups E, IE, IT, and ITE, the increase promoted in I
was significantly higher (Figure 5B). The production of TGF-
p was very similar in all groups that were not stimulated, and
was more pronounced in group I after stimulation with the
parasite antigen (Figure 5C). The presence of IFN-y was not
detected in the supernatant of both cells, non-stimulated cells
and stimulated by the L. major antigen in group C (Figure 5D).
In groups E and IE, this cytokine was shown to be increased

in comparison to its respective C and I controls in both, non-
stimulated and stimulated cells (Figure 5D). The cytokine IL-
12 was not detected in the both systems non-stimulated and
stimulated from C group (Figure 5E). Again, in the E and IE
groups, the cytokine in question was shown to be increased in
relation to its respective C and I controls in the system stimulated
by L. major antigen (Figure 5E). The Group I presented the
highest TNF production in both systems, where the differences
with the other groups, although statistically significant, were not
very pronounced (Figure 5F). To compare the cytokines pattern
production (Th1 and Th2), we calculated the ratio of IFN-y/IL-
4 and IFN-y/IL-10. The groups IT, ITE and IE showed a higher
ratio for IFN-y/IL-4 (Figure 5G), while for IFN-y/IL-10, the
largest ratios were observed for the exercised mice (ITE, IE, and
IEP) (Figure 5H).

Cytokine Production in Infected Paw Cells

The animals submitted to physical exercise presented an increase
in the production of inflammatory cytokines IL-12, IFN-y, and
TNE, with an exception for IEP for IL-12 and TNF and ITE for
IFN-y (Figures 6C-E). Though group I presented a production
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of inflammatory cytokines lower than the exercised groups, it
cannot be said that this group presents an anti-inflammatory
profile because the production of these cytokines in the paw
of infected animals was higher in the groups submitted to the
exercise. The EAPI group showed a more pro-inflammatory
pattern, with the concentrations of the anti-inflammatory
cytokines IL-4 (Figure 6A) and TGF-f (Figure 6C) lesser than I
and the regulatory cytokine IL-10 (Figure 6B) higher than I.

DISCUSSION

The potential benefits promoted by physical exercise with regards
to immune response appears to depend on the level of exertion
experienced by the individual. In practice, the absence of training
control can lead to overtraining such as in the case of strenuous
training that may not promote the beneficials adaptations
(Kellman, 2010; Walsh et al, 201la). As a consequence,
there is a possibility of an increase in viral infections or
intracellular microorganisms, since high intensity exercises direct
the immune system to a predominance of humoral response
(Th2), which is not able to overcome these types of infection.
In contrast, the practice of controlled exercise to provide
a moderate physical intensity, results in a predominance of
the cellular response pattern (Thl), controlling these kind of
infections (Walsh et al., 2011b).

There are several parameters currently used to control exercise
volume and intensity. The gold standard is represented by the
maximum oxygen consumption (VO,max). However, heart rate,
subjective perception of effort, blood lactate concentration and
specific physical capacity tests can also be employed (ACSM,

infected, trained and treated with therapeutic dose (8 mg) of Glucantime® after
the onset of injury. [IE—Animals infected and trained from the first week of
infection. IEP—Animals infected and trained after the appearance of the lesion
(6th week). EAPI—Animals trained for 6 weeks, infected and trained for
another 12 weeks. *P < 0.05 with respect to I.

2011). Here, the blood lactate concentration in mice submitted
to a session of exercise (moderate or strenuous) were evaluated
to verify that the study protocol reflected a moderate exercise.
In the post-exercise period of study protocol (3.23 mmol/L), the
lactate level was characteristic of a moderate intensity exercise,
since the concentration for a protocol of intense exercise until
fatigue (5.63 mmol/L) was significantly larger (Figure 1A). Other
protocols of moderate intensity presented lactate values very
similar to those found in this work. Balb/c mice submitted to a
moderately intensive run (25 m/min) presented a blood lactate
concentration of 2.61 mmol/L, whereas at rest the value found
was 1.81 mmol/L (Haramizu et al., 2009). This value is similar
to the value measured in this work (1.78 mmol/L at rest). In
addition, the mice submitted to a strenuous exercise presented a
lipid peroxidation level that was 196% greater than the rest group,
while the study protocol group increased 88% (Figure 1B). This
is a further indication that the intensity of the protocol used was
moderate, since the production of reactive oxygen species (ROS)
by the muscle is directly proportional to the increase in exercise
intensity (Bloomer and Fisher-Wellman, 2008). The levels of lipid
peroxidation are increased after exhaustive aerobic exercise and
resistance exercise (Alessio et al., 2000; Pinho et al., 2010).
Additional factors associated to increases in lipid peroxidation
include the physical fitness level and the antioxidant capacity
(Pinho et al., 2010). The training protocol implemented in this
study included an adjustment to the overload weight applied

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

95

May 2019 | Volume 9 | Article 115


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Terra et al.

Moderate Exercise Promotes Leishmaniasis Control

Groups

. Medium =3 Antigen
1404
1204
'—E‘ 1004 %
Y60 5
- -
= 404 o

600
Am =
€ 400 E
- 2
O 200 =
(=4
100
9 c E | T ME E (g
Groups
Groups
100+
E # 6004
__ 804 &
£ 3 5 400
o 604 1
é * g
$ 404 N
4 ## Z 2004
204 =
*
0- 04
c E 1 m ITE E IEP [ E I T ITE [ |gp
Groups Groups
50+ 0.8
G H
404 0.6
=]
I - 3 04
= = 0.4-
gzo- g
0.2
10
04— v v T T T v 0.0-
Cc E | IT ITE IE IEP c E | IT ITE IE IEP
Groups Groups

FIGURE 5 | Effect of physical exercise on cytokine production by lymph node cells of BALB/c mice. The concentration of cytokines was determined by ELISA

according to Material and Methods. Values represent the mean of two experiments with samples of the eight animals per group grouped as a pool. (A) IL-4; (B) IL-10;
(C) TGF-B; (D) IFN-y; (E) IL-12; (F) TNF-a; (G) IFN-y/IL-4 ratio; (H) IFN-y/IL-10 ratio. The bars represent the standard error. C—Sedentary and uninfected. E—Trained
not infected. |—Infected. IT—Animals infected and treated with a therapeutic dose (8 mg) of Glucantime®, after the onset of the lesion. ITE—Animals infected, trained
and treated with therapeutic dose (8 mg) of Glucantime® after the onset of injury. IE—Animals infected and trained from the first week of infection. IEP—Animals
infected and trained after the appearance of the lesion (6th week). #P < 0.05 in relation to C and in *P < 0.05 in relation to I.

to the animals during swimming every four weeks to maintain
the desired intensity. This load adjustment is necessary for two
reasons: (1) the timeframe of the experiments was during a
growth phase of the animals when their weight increased and
the extra loads are relative to body weight; and (2) the animals

adapt to exercise through improved fitness. Thus, a greater
stressor stimulus was required for homeostasis breakdown. These
changes reflected an adaptation of the animals to the exercise,
which was confirmed by the increased fitness level of the
animals (Table 1). These adaptations are generally associated
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FIGURE 6 | Effect of physical exercise on cytokine production by cells in the paws of infected BALB/c mice. The cytokines IL-4 (A), IL-10 (B), TGF-g (C), IL-12 (D),
IFN-y (E) and TNF (F) were determined by ELISA (see Material and Methods). Values represent the mean of two experiments with samples of the eight animals per
group grouped as a pool. The bars represent the standard error. C—Non-infected sedentary. E—Trained not infected. |—Infected. IT—Animals infected and treated
with a therapeutic dose (8 mg) of Glucantime®, after the onset of the lesion. ITE—Animals infected, trained and treated with therapeutic dose (8 mg) of Glucantime®
after the onset of injury. IE—Animals infected and trained from the first week of infection. IEP—Animals infected and trained after the appearance of the lesion (6 th
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with increases in antioxidant capacity. Since the maintenance of
the intensity and volume parameters of an exercise is essential
to achieve the adaptations promoted by it (Walsh et al., 2011a)
and the official positioning of the International Society for
Exercise and Immunology (ISEI) establishes that a program
of physical exercises of mild/moderate intensity improves
immune function (Walsh et al., 2011b), the parameters of the
swimming protocol executed by the trained animals provided a
moderate exertion level that positively modified their immune
response to an infection with Leishmania. This is consistent
with multiple studies on exercise that show, when prescribed
according to ACSM recommendations, reduces episodes of

infection (Karper and Boschen, 1993; Nieman et al, 1993;
Rowbottom and Green, 2000).

Our physical training protocol was able to not only able
to avoid the development of lesions (EAPI and IE—Figure 2),
it also appeared to reverse an established infection (IEP and
ITE—Figure 2) along with a reduction in parasitic burden
(Figure 4). Mice trained after a lesion was established displayed
a disease progression that was similar to animals treated with
Glucantime® over the same period. The delayed hypersensitivity
response (DTH) in the trained Balb/c mice (IE and IEP)
was significantly higher in relation to the infected group (I)
(Figure 3). The positive DTH is indicative of a cellular immune
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response (Thl), which appears generally to correlate with
protection against parasites of the genus Leishmania (Naderer
and Mcconville, 2008; Mougneau et al., 2011). Although the
infection was also contained in the I'T and ITE groups, the DTH
appeared equal to or less than group I (Figure 3). The IT and
ITE groups were treated with the reference drug Glucantime®,
therefore the direct antiparasite effect of the drug induced control
of infection. However, the literature is not clear on this issue
and the mechanism of action of pentavalent antimonials has
not yet been fully elucidated (Baiocco et al., 2009; Kaur and
Rajput, 2014; Brazilian Ministry of Health, 2017). Likewise,
the correlation between a therapeutic response and immunity
is unclear (Conceigdo-Silva et al., 2018). Similar findings have
been achieved in L.major-infected mice after immunization with
Ipg2- L. major (Uzonna et al, 2004) and Lmp27~/~ mutant
(Elikaee et al, 2018), where protection and DTH are not
necessarily correlated.

The infected group (I) had a high prevalence of parasites in
the infected paw how can be observed in the estimate of parasite
load (Figure 4). Animals that underwent the moderate exercise
protocol at the time of lesion appearance presented an estimate
parasite load nearly 300-fold lower than that of infected animals
(IEP and EAPI—Figure 4) or 4,000 fold lower in the case of ITE.
Animals that began the exercises at the time of the infection, the
difference was 7,000 fold (IE—Figure 4). The estimate parasite
load appeared to be inversely proportional to DTH, except for the
animals treated with the drug (IT—Figures 3, 4). In a previous
study on the development of leishmaniotic lesions caused by L.
major (2 x 10° promastigotes) injections in susceptible Balb/c
and resistant C57BL/6 mice (Barthelmann et al., 2011), the
course of the lesion size, DTH and parasite in resistant animals
presented positive DTH and low parasite load similar to that
found in this study for susceptible mice submitted to exercise.
These observations corroborate our hypothesis that moderate
exercise can promote a protective and curative effect against
Leishmania. Although we have not evaluated the parasitic load
in the draining lymph nodes, it is known that even in cured
animals the persistence of parasites in the draining lymph node
occurs for long periods. The persistence of parasites seems to be
important for the maintenance of the cellular immune response
and generation of T cell memory (Mandell and Beverley, 2016;
Conceigao-Silva et al., 2018).

During a Thl response, the increased production of IFN-y
stimulates the expression of the enzyme iNOS resulting in the
production of nitric oxide (NO) by macrophages. The expression
of this enzyme is induced by various stimuli, including IL-1, TNF,
IFN-y, and LPS (Stafford et al., 2002; Mansueto et al., 2007). The
NO appears to be the main molecule involved in leishmanicidal
mechanisms (Liew et al., 1990). In an anterior study from our
group using the same exercise protocol, macrophages from 12
weeks trained Balb/c mice showed a significant increase in NO
production after LPS stimulation (Terra et al., 2013). Here, mice
infected and submitted to physical exercise (IE) had significantly
higher concentrations of Thl cytokines than the infected
sedentary (I) in the isolated cells of the popliteal lymph node. This
pattern was also observed for the uninfected animals submitted
to exercise (E) when compared to the control system (C)

(Figure 5). There was a significant decrease in IL-10 production
by lymphocytes isolated from trained animals (Figure 5B),
mainly in animals that were trained from the 6th week of
infection (IEP).

Qualitatively, the production of these cytokines can be
compared to the Thl/Th2 dichotomy models afforded by
the resistant C57BL/6 mouse (Fritzche et al., 2010) and the
susceptible Balb/c mouse (Barthelmann et al., 2011). In Balb/c
mice, IL-10 is associated with the phenomena of susceptibility
to infection by intracellular microorganisms, such as Leishmania
major (Sacks and Noben-Trauth, 2002). The cytokine IL-
10 was initially described as a Th2-type cytokine (Belkaid,
2007). Additional evidence has shown that its production
is associated with regulatory T cell response (Treg) (Vignali
et al., 2008). However, IL-10 production is not Th2 or Treg
specific. It can also be expressed by other cells including Thl,
Th17 subgroups, CD8" cells and B lymphocytes (Maloy and
Maloy and Powrie, 2001; Roncarolo et al., 2006; O’Garra and
Vieira, 2007; Trinchieri, 2007; Saraiva and O’Garra, 2010).
Further, IL-10 can also be produced by cells participating in
the innate immune response such as dendritic cells (DCs),
macrophages, mast cells, NK cells, eosinophils and neutrophils
(Saraiva and O’Garra, 2010). The decrease in IL-10 and TGF-
f measured in the IEP group may play an important role in
the resolution of the infection since the inflammatory cytokines
IFN-y and IL-12 were not modified in this group at the
end of 12 weeks of infection in the systems stimulated by
the parasitic antigen (popliteal lymph node) (Figures 5D,E).
This was significantly different from that presented by the
group that was trained from the first week of infection
(IE), where the decrease in IL-10 and TGF-§ (Figures 5B,C),
production and the increase in IFN-y and IL-12 production
occurred concurrently (Figures 5D,E). It is possible that this
difference may be due to the shorter training time to which
this group (IEP) was submitted (6 weeks only). However, this
hypothesis can be confirmed only if the IE cytokine training
pattern is analyzed in the 6th week. Although TNF is an
inflammatory cytokine (Mougneau et al., 2011), it has been
decreased in the systems of mice submitted to exercise (IE
and IEP) compared to infected animals (I) (Figure 5F). Our
findings are in agreement with the literature where it has
been widely argued that the practice of moderate-intensity
physical exercise leads to a predominance of Thl cytokines
(Pedersen and Hoffman-Goetz, 2000; Walsh et al., 2011b).

Although the levels of IFN-y detected of the trained (ITE,
IEP)/treated (IT) groups were relatively similar to infected group
(I), the levels of anti-inflammatory cytokines as IL-4, IL-10,
and TGF-B were significantly lower. We hypothesize that in the
absence of a strong IL-4 or IL-10 response, the low levels of IFN-y
produced may be sufficient for protection. When we performed
the IFN-y/IL-4 and IFN-y/IL10 ratio, we observed a clear slope
for the Th1 response (Figures 5G,H). These data are consistent
with the cytokine patterns of the lymph node cells after 12 weeks
training of Balb/c mice, when compared with sedentary group
(Terra et al., 2013).

A similar scheme can be observed at the site of infection.
When we analyzed the cytokine profile produced in the
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infected paw (Figure6), we observed that the response
tended to be of a Thl type where cytokines associated with
this pattern (IL-12 and IFN-y) are increased in the three
of the four exercised groups studied including IEP. The
local increase in this group could possibly contribute to the
resolution of the infection. The presented EAPI cytokine
profile at the site of infection seems characteristically to
trend toward the Thl pattern. The inflammatory cytokines
IL-12 and IFN-y, as well as TNE were found to be increased
(Figures 6D-F), whereas those associated with the Th2
pattern were significantly decreased (IL-4 and TGEF-B)
(Figures 6A,C) or without significant difference (IL-10)
(Figure 6B). One possibility for this well-established pattern
could be associated to training time, since this group began
the practice of physical exercise at 6 weeks before the
infection, and maintained their training throughout the
course of the experiments. Data from the EAPI group suggest
that regular physical exercise of moderate intensity can
modulate the Thl response and provide protection against
L. major infection.

A regulatory response also appears to be present, especially
in the IEP group, where IL-10 and TGF-f cytokines have
been found to be increased (Figures 6B,C). The phenomena
of resistance and susceptibility in all forms of leishmaniasis
have been related to immune responses mediated by cells
(Belosevic et al., 1989). Individuals with cutaneous leishmaniasis
in the New World present a positive prognosis when their
cellular immune response is balanced (Brazilian Ministry of
Health, 2017). On the other hand, susceptibility is associated
with an activation response of Th2-type lymphocytes (T
helper 2), with production of interleukin 4 (Bogdan et al,
1996; Romagnani and Abbas, 1996; Lanouis et al., 2002;
Mansueto et al., 2007). Diffuse cutaneous leishmaniasis
and visceral leishmaniasis present non-protective Th2
responses (Romagnani and Abbas, 1996; Mansueto et al,
2007). However, an exacerbation of the Thl type response
(hypererygia) leads to increased tissue destruction where
parasite antigen is present. This is characteristic of classical
mucosal leishmaniasis, where IFN-y and TNF levels are very
high, associated with a relatively low production of IL-10. In
addition, cells from individuals with this parasite have low
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Leishmaniases are neglected diseases, caused by intracellular protozoan parasites
of the Leishmania (L.) genus. Although the principal host cells of the parasites are
macrophages, neutrophils are the first cells rapidly recruited to the site of parasites
inoculation, where they play an important role in the early recognition and elimination
of the parasites. The nature of early interactions between neutrophils and Leishmania
could influence the outcome of infection. Herein we aimed to evaluate whether different
Leishmania strains, responsible for distinct clinical manifestations, could influence ex vivo
functional activity of neutrophils. Human polymorphonuclear leukocytes were isolated
from 14 healthy volunteers and the ex vivo infection of these cells was done with
two L. infantum and one L. major strains. Infection parameters were determined and
neutrophils activation was assessed by oxidative burst, degranulation, DNA release and
apoptosis; cytokine production was measured by a multiplex flow cytometry analysis.
Intracellular amastigotes were rescued to determine Leishmania strains survival. The
results showed that L. infantum and L. major promastigotes similarly infected the
neutrophils. Oxidative burst, neutrophil elastase, myeloperoxidase activity and apoptosis
were significantly increased in infected neutrophils but with no differences between
strains. The L. infantum-infected neutrophils induced more DNA release than those
infected by L. major. Furthermore, Leishmania strains induced high amounts of IL-8
and stimulated the production of IL-18, TNF-a, and TGF-p by human neutrophils.
We observed that only one strain promoted IL-6 release by these neutrophils. The
production of TNF-a was also differently induced by the parasites strains. All these results
demonstrate that L. infantum and L. major strains were able to induce globally a similar
ex vivo activation and apoptosis of neutrophils; however, they differentially triggered
cytokines release from these cells. In addition, rescue of intracellular parasites indicated
different survival rates further emphasizing on the influence of parasite strains within a
species on the fate of infection.

Keywords: Leishmania spp., neutrophils, oxidative burst, degranulation, DNA release, apoptosis, multiplex
cytokine bead array, amastigote survival
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INTRODUCTION

Leishmaniases are a complex group of neglected diseases, caused
by the intracellular protozoan parasites of the genus Leishmania.
They are endemic in more than 98 countries and cause significant
morbidity and mortality worldwide. They are characterized by a
spectrum of clinical manifestations of the disease ranging from
the self-healing skin lesions of cutaneous leishmaniasis (CL) to
the visceral leishmaniasis (VL) that is fatal in the absence of
treatment. The different clinical manifestations depend on the
Leishmania parasite species and on the immune response of
the host among other factors (Herwaldt, 1999; Guizani et al.,
2011; Alvar et al.,, 2012). An estimated 700,000 to 1 million
new cases and some 26,000 to 65,000 deaths occur annually
(Who, 2019). In addition, the Global Burden of Disease 2017
study estimated the prevalence of leishmaniases to be 4.130
Million (95 % Uncertainty Interval 3.515-4.966) (Diseases, 2018).
Maps presenting the global distribution of these diseases and
their local risk factors were recently updated; based on such
maps computer modeling predicted that 1.7 billion are living
in areas at risk for leishmaniases (Pigott et al., 2014). In spite
of sustained efforts, no effective human vaccine is yet available
(Kumar and Engwerda, 2014; Didwania et al., 2017; Seyed et al.,
2018). The mainstay therapy is based on the use of pentavalent
antimonials, which present adverse effects and increasingly
induce drug resistance (Hefnawy et al., 2017; Ghorbani and
Farhoudi, 2018). Studies in animal models have shown that
protection against the disease is associated with the production
of IL-12 by innate cells, which induces the proliferation of CD4+
Th1 cells, which in turn produce IFN-y to activate macrophages
to kill the parasites (Sacks and Noben-Trauth, 2002; Kaye and
Scott, 2011). Furthermore, it seems that early events that occur
during the establishment of the infection in the skin are very
important to the development of an effective immune response
against Leishmania infection (Peters and Sacks, 2006). Infectious
Leishmania promastigotes are inoculated to the mammalian host
by sand fly bites, then these parasites transform into amastigotes
inside parasitophorous vacuoles within a range of host cells:
macrophages, dendritic cells and neutrophils as result of complex
host/pathogen/ vector interactions (Rodriguez and Wilson, 2014;
Martinez-Lopez et al., 2018). Studies on animal models have
shown that neutrophils are massively and rapidly recruited to
the site of infection and are the first cells to encounter the
parasites (Miiller et al., 2001; Peters et al., 2008). Neutrophils
constitute the first line of defense against these pathogens.
They participate in their elimination by several mechanisms
including the production of reactive oxygen species (ROS),
the release of azurophilic granules that contain antimicrobial
proteins such as Neutrophil Elastase (NE) and myeloperoxidase
(MPO) (Segal, 2005; Nauseef, 2007). In addition, neutrophils
can release extracellular traps (NETs) composed of histones,
fibrous DNA and granule proteins (Brinkmann et al.,, 2004),
which can trap extracellular pathogens and in some cases kill
them (Kolaczkowska and Kubes, 2013; Bardoel et al., 2014). The
role of neutrophils in host defense against leishmaniases has
been well studied in animal models. Both protective and non-
protective roles against Leishmania infection have been reported

for these cells, which depend on Leishmania species and host
immune responses (Peters and Sacks, 2009; Charmoy et al,
2010; Ribeiro-Gomes and Sacks, 2012; Carlsen et al., 2015b;
Hurrell et al,, 2016). Indeed, it was shown that at the time
of L. major infection, depletion of neutrophils in susceptible
BALB/c mice reduced the parasite load and induced resistance
to L. major infection (Tacchini-Cottier et al., 2000). In contrast,
at the same time, the depletion of neutrophils in resistant
C57Bl/6 exacerbated parasite load and footpad lesion (Tacchini-
Cottier et al., 2000; Ribeiro-Gomes et al.,, 2004; Chen et al.,
2005). The use of neutropenic Genista mice that lack mature
neutrophils has provided further information about the role of
neutrophils in disease progression. Indeed, these mice were able
to control parasite load and resolve their lesion after L. mexicana
infection suggesting that neutrophils impaired the development
of effective immune response against this species (Hurrell et al.,
2015). The neutrophils can also influence the development of
the immune response against Leishmania by secreting cytokines
and chemokines. These cytokines can influence the subsequent
T cell differentiation (Tacchini-Cottier et al., 2000). In addition,
the chemokines can attract other innate immune cells to the
site of infection where they interact with neutrophils, which can
influence the early anti-Leishmania response (Ribeiro-Gomes
and Sacks, 2012; Hurrell et al., 2016). Ex vivo studies have shown
that the impact of neutrophils on parasite survival depends
on the Leishmania species. Indeed, L. major can escape killing
by neutrophils, which act as “T'rojan horses” providing to the
parasites a silent entry into macrophages (Van Zandbergen
et al.,, 2004; Ritter et al., 2009). Furthermore, the NETs release
induced in vitro can trap the parasites but could kill them
or not (Guimaraes-Costa et al., 2009; Gabriel et al., 2010).
Thus, we believe that understanding the interaction between
Leishmania species and neutrophils could help understanding
the mechanisms controlling these parasites. In this context, as
a first step we aimed to evaluate whether Leishmania strains
that belong to L. infantum and L. major species, responsible for
distinct clinical manifestations in the Old World, could influence
ex vivo functional activity of human neutrophils. The interactions
were addressed by the characterization of infection parameters
(percentage of infection, index of infection), by measuring the
oxidative burst, degranulation, neutrophils extracellular traps
(NETs) release and apoptosis. The cytokine production was also
measured by a multiplex flow cytometry analysis. Viability of
intracellular parasites was also assessed by an MTT assay on
rescued amastigotes.

MATERIALS AND METHODS
Ethical Statement

Blood sample collection was done from fourteen informed
healthy volunteers that consented by writing to participate to the
study. The Ethical committee of the Institut Pasteur de Tunis
approved this study (2018/07/I/LR11IPT04).

Parasites
Three laboratory strains were used in this study: Leishmania
(L.) infantum LV50 (MHOM/TN/94/LV50) was isolated

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

May 2019 | Volume 9 | Article 153


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Qualha et al.

Leishmania Strains Activate Human Neutrophils

from a visceral leishmaniasis case, L. infantum Drep-14
(MHOM/TN/96/Drep-14) from the lesion of a sporadic
cutaneous leishmaniasis patient (CL patient only), and L.
major Empa-12 (MHOM/TN/2012/Empa-12) from a zoonotic
cutaneous leishmaniasis case. Virulence of these parasites was
maintained by regular passages through BALB/c mice. Mice were
subcutaneously (s.c.) infected with 1 x 106 L. major (Empa-12)
stationary phase promastigotes. While 1 x 107 L. infantum
strains Drep-14 or LV50 stationary phase promastigotes were
injected intravenously (i.v.) in the lateral tail vein of BALB/c
mice. The L. major Empa-12 strain was isolated from the
infected footpad lesion. While L. infantum LV50 and Drep-14
strains were isolated from the mouse inguinal lymph node.
Samples taken from the lesion (in the case of L. major) or
lymph nodes (in the case of L. infantum) were cultured at 22 °C
in RPMI-1640/ Glutamax medium (Gibco BRL, Germany)
containing penicillin (100 U/mL) and streptomycin (100 pLg/mL)
supplemented with 10 % heat-inactivated Fetal Bovine Serum
(FBS) (Gibco BRL, Germany). Cultures were monitored every
3-4 days for the presence of flagellated promastigotes forms
by microscope. The growing parasites were cryopreserved to
constitute the stocks used in this study. The growth kinetics
of each strain was established to determine the stationary
growth phase. Promastigotes at this phase were used in the
infection experiments.

Polymorphonuclear Neutrophil (PMN)

Isolation and Purification

Neutrophils granulocytes from fourteen healthy volunteer
donors were isolated based on density gradient centrifugation
using Ficoll-Paque density gradients and dextran sedimentation
as previously described (Kuhns et al., 2015). Briefly, with no
delay between sampling and purification, platelet-rich plasma
was removed from EDTA-anticoagulated (BD Vacutainer, BD
Bioscience, UK) blood by centrifugation at 500 g for 10 min.
The blood cells then were overlayed on Ficoll-Paque (GE
Healthcare, Sweden) and the mononuclear cells were aspirated
and eliminated after centrifugation at 500g for 30min at
+4 °C. The red blood cells were separated from the neutrophils
by sedimentation for 35min at room temperature in 6 %
dextran (Sigma, Denmark). The neutrophils rich supernatant
was collected by centrifugation at 300g at +4 °C. The
remaining red blood cells were removed by a hypotonic
lysis Buffer (Sigma, Denmark). Finally, the neutrophils were
collected and washed two times with phosphate buffer saline
(PBS) and centrifuged at 300 g for 5min. The viability counts
of the PMNs were systematically checked by trypan blue
dye exclusion [0.4 % trypan blue solution (Sigma)l; viability
was estimated as > 99 %. The purity of granulocytes was
> 97 % as determined microscopically by morphological
analysis after May-Grunwald-Giemsa staining with RAL 555
Kit (RAL DIAGNOSTICS, France). The Supplementary Table 1
summarizes the contribution of the donors to the experiments.

Leishmania Infection of PMN
2 x 10° PMN were cultured in 24 wells plates for 18h
at 37 °C and 5 % CO, in RPMI-1640/ Glutamax medium

containing penicillin (100 U/mL) and streptomycin (100 j.g/mL)
supplemented with 5 % FBS, in the presence or absence of
stationary phase Leishmania promastigotes at a ratio of 10
parasites per 1 neutrophil (Multiplicity Of Infection (MOI) 10
or otherwise as indicated). After 18 h of incubation, the cultures
were washed to remove extracellular parasites. Cells were then
fixed and stained with RAL 555 kit (RAL DIAGNOSTICS,
France) following the manufacturer’s instructions. The numbers
of infected cells and intracellular amastigotes within infected
cells were quantified by counting at least 100 cells under optical
microscopy. Infection index was calculated as: the percentage of
infected cells x mean amastigotes number per cell.

Measurement of Oxidative Burst

Superoxide anion (O,7) production was measured using a
colorimetric nitroblue tetrazolium (NBT) assay, in which the
soluble yellow dye NBT is reduced by intracellular O, ~ generated
upon activation of phagocytes forming insoluble blue black
formazan crystals. The oxidative burst assay was performed
as described previously (Marques et al., 2015). Briefly, the
neutrophils and the infected neutrophils, or the positive control
neutrophils that were stimulated with 100nM Phorbol 12-
Myristate 13-Acetate (PMA), were incubated in triplicate in 1 mL
of RPMI-1640/ Glutamax medium containing penicillin (100
U/mL) and streptomycin (100 g/mL) supplemented with 5 %
FBS containing 0.2 % NBT (Sigma, China), at 37 °C and 5 % CO;
for 18 h, or at different time points: 1, 2, 3, 4, 5, 6, and 18 h when
we performed a kinetic analysis of O, production. Following
this incubation, the cells were washed with warm PBS and the
NBT deposited inside the PMNs was solubilized with 10 %
SDS and 0.1 N HCI. Absorbance of dissolved NBT solution was
measured at 570 nm using a microplate reader (MULTISCAN
GO, Thermo Scientific, Finland). Results are expressed as the
mean values of O, production from 14 donors + standard
deviation (SD).

Degranulation Assays

Myeloperoxidase (MPO) and elastase activity of neutrophils
were measured spectrophotometrically in supernatants of PMN
and PMN infected with Leishmania parasites during 18 h, by
adding specific substrates. Neutrophils stimulated with 100 nM
PMA were used as a positive control. When we did kinetics
of enzymes release, we incubated the cells for 2, 4, 6, and
18 h. The activity of MPO was assessed in the supernatants as
described previously (Kumar et al., 2002). Briefly, 100 pL of
the substrate cocktail containing o-Dianisidine/H,O, was added
to 100 wL of culture supernatants. The mixture was kept at
room temperature for 10 min and the absorbance of oxidized
o-Dianisidine was measured at 450 nm. Elastase activity was
quantified by addition of 100 pL of 1mM elastase substrate [N-
methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide (Sigma, USA)]
to 100 L of supernatants (Marques et al., 2015). After 3h of
incubation at 37 °C, absorbance of the cleaved p-nitroanilide was
measured at 405 nm in a microplate reader (MULTISCAN GO,
Thermo Scientific, Finland). Results are expressed as mean values
of MPO and elastase production from 14 donors & standard
deviation (SD).
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Quantification of DNA Released in the

Culture Medium

Neutrophils were incubated with Leishmania promastigotes as
described above or with 100nM PMA as positive control, for
18 h. To quantify the release of DNA (hallmark of NET release)
into the culture supernatant, EcoR1 and HindIII (20 U/mL)
restriction enzymes (GE Health care, Amersham, Greece) were
added to the cultures as described (Guimaraes-Costa et al., 2009)
to digest any released DNA, and were incubated for additional 4 h
at 37 °C. Then, the cells were centrifuged and DNA release was
quantified in the culture supernatants, using the Qubit 1x double
stranded HS Assay kit (Invitrogen, USA), by Qubit 4 Fluorometer
following the manufacturer instructions. Results are expressed as
mean values of NETs DNA release from seven donors =+ standard
deviation (SD). To visualize the DNA, we also did electrophoresis
on 0.7 % agarose gels in presence of ethidium bromide (0.5
ng/mL) at 40 V/cm, and observation under UV light.

Measurement of Neutrophils Apoptosis

For the detection of apoptotic or necrotic cell death, the
PE-Annexin V / 7-amino-actinomycin D (7-AAD) apoptosis
detection kit (BD Biosciences, San Diego, CA) was used
according to the manufacturer’s protocol. Briefly neutrophils
(1 x 10° cells/mL) were incubated in the presence or absence
of promastigotes (MOI of 10). After 18h of incubation, the
extracellular parasites were removed as described above. Then,
the PMNs were washed with cold PBS and stained with PE-
Annexin V / PerCP-cy5.5-(7-AAD). After 15 min of incubation
in the dark at room temperature, the cells were re-suspended
in 1x binding Buffer and the samples were acquired by flow
cytometry (FACS Canto II, BD Biosciences).

Cytometric Bead Array Assay (CBA)
Interleukin-8 (IL-8), interleukin-1p (IL-1), interleukin-6 (IL-6),
interleukin-10 (IL-10), tumor necrosis factor alpha (TNF-a), and
interleukin-12p70 (IL-12p70) protein levels were detected and
quantified in culture supernatants of neutrophils infected or not
by Leishmania promastigotes after 18 h of incubation at 37 °C
in the presence of 5 % CO;, by multiplex flow cytometry using
the BD Cytometric Bead Array (CBA): Human Inflammation
Cytokines kit according to the instructions of the manufacturer
(BD Biosciences, San Diego, CA). Briefly, 50 pL of mixed
antibody conjugated capture beads were incubated with 50 pL
supernatants or cytokine standard dilutions containing a mixture
of each recombinant protein, and with 50 pL of phycoerythrin
(PE)-conjugated detection antibodies. After 3 h of incubation, the
mixture was washed, centrifuged and re-suspended in 300 pwL
of wash buffer. Finally, fluorescence signals of the beads were
acquired by flow cytometry (FACS Canto II, BD Biosciences, San
Diego, CA). Results were expressed as the cytokine concentration
obtained for each of ten tested donors.

ELISA Quantification of TGF-8

Active form of transforming growth factor beta (TGF-P) levels
were quantified, in culture supernatants of non-infected and
infected cells collected after 18 h of incubation, by Enzyme-linked
immunosorbent assay (ELISA) using Human TGF-$ ELISA Sets

(BD Biosciences, San Diego, CA) according to manufacturer’s
instructions. All supernatants were activated by acidification
using 1 N HCI and incubated for 60 min at +4 °C. The activated
samples were then neutralized with 1 N NaOH as recommended
by manufacturers instructions. The TGF-f concentrations in
the supernatants were interpolated from a standard curve using
known amounts of the recombinant cytokine. Results were
expressed as the mean cytokine concentration of technical
replicates, obtained for each of seven tested donors.

Statistical Assessment and Principal

Component Analysis
Most graphs were prepared using GraphPad Prism version
7.0 (GraphPad Software). Data were shown as mean values +
standard deviation (SD). The non-parametric Mann-Whitney
test was used to assess the differences between two groups. These
differences were considered significant when the p-value was
< 0.05. *p <0.05, **p <0.01, ***p <0.001 on the figures indicate
statistically significant differences at the indicated p-values.
Principal component analysis (PCA) was performed using
R3.4 under the RStudio environment. Since PCA can only be
performed on complete data, we considered through this analysis
data collected from healthy donors, out of the fourteen, for
which data was available for all the observations. Thus, data
collected from ten donors about the infection parameters and
the cytokine production under the non-infected (NI) and the
infected conditions were formatted into a data frame. This
led to 40 individuals (10 donors in 4 conditions) for which
11 variables were observed (infection index, percentage of
infection, Oxidative burst, Elastase, MPO, IL-12p70, IL-8, IL-
6, IL-10, IL1-B, and TNF-a). The observations “TGF-f” and
“NETs” were discarded in the analysis as it only concerned
seven donors and no missing data could be considered for
PCA. An additional observation, called “species,” was used as
a supplementary qualitative variable to generate the groups of
individuals according to the infection condition (NI, Drep-14,
LV50, and Empa-12). The package FactoMineR was used for PCA
calculation and the package factoextra was used to generate the
corresponding figures.

Measure of Neutrophils Leishmanicidal
Activity Against Intracellular L. infantum
and L. major

To evaluate the impact of neutrophils activity on intracellular
Leishmania survival, promastigotes of each strain were incubated
with an excess of neutrophils at a ratio of 1 parasite per
10 neutrophils to allow efficient parasite internalization as
described previously (Carlsen et al., 2015a). Briefly, 2 x 10°
neutrophils isolated from three donors were infected with 0.2
x 10® promastigotes (MOI of 0.1) in technical replicates in 24
well-plates. After 18 h of infection, the cultures were washed
to remove the extracellular parasites. Cells were then fixed
and stained with RAL 555 kit, and the infected cells and
the intracellular amastigotes per infected cells were quantified
by counting at least 100 cells under optical microscope. The
remaining cells were lysed by SDS (0.01 %), and the pellets were
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washed with PBS and resuspended in 100 iL Schneider medium  from 14 healthy donors were infected ex vivo with Drep-14,
supplemented with 10 % FBS and cultured at 22 °C in 96 well-  LV50 and Empa-12 strains and infection parameters were
plates. Parasites viability was assessed right after the lysis of the = determined. Their comparison showed that the neutrophils were
cells and 24h later, by a Methylthiazolyldiphenyl-tetrazolium  similarly infected (Figure 1), according to all parameters tested:
bromide (MTT) assay as described previously (Harigua-Souiai  the percentage of infection (Figure 1A), the infection index
et al, 2018). Briefly, 20 pL of MTT (5 mg/mL) were added  (Figure 1B) and the parasite load (Figure 1C). Intracellular
to each well and incubated at 22 °C. After 4h of incubation,  parasites had an amastigote-like morphology and were therefore
the MTT is reduced to formazan crystals by the mitochondrial =~ designated as amastigotes (Supplementary Figure 1B). The
dehydrogenases of the live parasites, and 150 pL of DMSO  percentage of infected neutrophils was in average 56 % [50-68]
was added to dissolve the formazan crystals. Absorbance was  with Drep-14, 64.2 % [55-72] with LV50, and 60 % [54-67] with
measured at 570 nm using a microplate reader (MULTISCAN  Empa-12. The infection index was in average of 115 [88-177]
GO, Thermo Scientific, Finland). A range of serial dilutions of ~ with Drep-14, 146 [129-183] with LV50, and 127 [114-142]
counted promastigotes (1:2) were performed and submitted to ~ with Empa-12. The number of amastigotes within infected cell
MTT assays. The resulting linear equation was used to interpolate ~ (Figure 1C) showed that of the infected cells nearly 66 % [63-69]
the number of parasites recovered from the infected PMNs, carried only one to two parasites, while approximately 34 %
having an active metabolism and thus which are viable. Results ~ [30-36] of them had multiple parasites (3 to 6 parasites). The
are expressed as mean number of viable parasites + standard ~ mean amastigote number per cell was also similar for each strain,
deviation (SD). in the range of [2.05-2.27]. Therefore, the mean percentage
of infected neutrophils and infection index were similar in
neutrophils infected with each strain (p > 0.05). Taken together
RESULTS these results demonstrated that in these experimental conditions
Human Neutrophils Similarly Uptake ‘igei;ef:éfrheutrlr(:aiileilri;; ﬁq&the ability of the three tested strains
Leishmania Promastigotes From Different
Strains Leishmania Promastigotes Upregulate

To investigate the interaction between neutrophils and ~Neutrophil Oxidative Burst

Leishmania promastigotes, 2 x 10° PMN were infected Reactive oxygen species (ROS) are a critical component
with stationary phase Leishmania promastigotes at various  of the microbicidal activity of neutrophils (Robinson, 2008;
MOI (3, 5, 10, and 15) and incubation times (2, 4, 6, 18, and ~ Winterbourn et al., 2016). We investigated the effects of infection
24h). The cultures were washed to discard un-internalized  with the different Leishmania strains on superoxide anion (O,7)
parasites. PMN were then fixed and stained with May Grunwald ~ generation in human neutrophils. We incubated infected and
Giemsa and assessed for the percentage of infected cells and  non-infected cells isolated from 14 healthy donors with NBT
parasite burden. The optimum number of infected PMN and  as described above. As shown in Figure 2, a significant increase
intracellular parasites were obtained with 10:1 ratio and after  in O,~ production was observed following infection with the
18h of incubation (Supplementary Figure 1A). Thus, the three Leishmania strains or exposure to PMA as compared
experimental conditions at MOI of 10 and 18h of incubation = with PMN alone, whereas no differences could be observed in
were chosen for the rest of our study. Neutrophils isolated  superoxide anion production by neutrophils infected with the
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FIGURE 1 | Leishmania infection of PMNs. Human neutrophils were infected with Leishmania promastigotes (MOI of 10) for 18 h. Then, extracellular parasites were
removed and the cells were fixed and stained with May-Grinwald Giemsa kit. (A) The percentage of infected PMN, (B) the infection index and (C) the percentage of
cells carrying the designated number of amastigotes were quantified using optical microscopy, by counting at least 100 neutrophils. Data are shown as the mean
values from fourteen donors + standard deviation (SD). Statistical comparisons were performed using the non-parametric Mann-Whitney test.
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-~ Leishmania- infected neutrophils as compared to the non-
: = - N "I infected nel.lt.rop‘hils. We also found greater le\.fels of MPO agd
z B —l— T elastase activity in supernatants from PMA stimulated cells in
£ 06 T comparison to untreated neutrophils. Therefore, infection with
. each of the three strains triggered in the same manner the
£ g T extracellular release of myeloperoxidase and elastase by human
-§ -§ 0.4 neutrophils. Furthermore, to assess the absence of significant
s 2 differences in MPO and elastase production between strains
5 § within the first hours of infection, a kinetics of released MPO
E 0.2 and elastase activities (2, 4, 6, and 18 h) was performed in case of
&z three of the 14 donors. As shown in the Supplementary Figure 3,
the three strains significantly, and similarly, increased MPO
e ? g T 7 T and elastase release at all-times tested. In conclusion, our data
q"‘e & \;\@ Q'so Q\‘s" showed that all the tested strains induced in the same way the
& 4 ¥ <& “s\‘ degranulation of human neutrophils.
q“ Q Q*‘\ R

FIGURE 2 | Measures of oxidative burst in Leishmania infected neutrophils.
PMNSs, PMNs exposed to Leishmania promastigotes, and PMNs stimulated
with 100 nM PMA were incubated in triplicate in 96 well-plates in 100 wL of
RPMI-1640/ Glutamax medium plus penicillin (100 U/mL) and streptomycin
(100 pg/mL) supplemented with 5 % FBS containing 0.2 % NBT solution to
quantify intracellular O~ production. After 18 h of incubation at 37 °C, in
presence of 5 % CO», blue formazan particles were generated after NBT
reduction in activated neutrophils. Intracellular formazan deposits were then
solubilized by adding 100 pL of 10 % SDS / 0.1 N HCI, and the absorbance of
the solution was measured at 570 nm. Data are shown as the mean values of
05~ production from fourteen donors + SD. Mann-Whitney test was used to
compare the absorbance of Leishmania infected PMNs to control PMN
cultures, and of the infected PMNs in a pair-wise manner; **p < 0.01 and ***p
< 0.001 indicate statistically significant differences at the indicated p-values.

Drep-14, LV50 or Empa-12 strains (p > 0.05). These results
suggested that the three Leishmania strains induced in the same
manner O, production from human neutrophils. To confirm
that at 18h after infection the O, production did not reach
a plateau, a kinetics of O,~ production (1, 2, 3, 4, 5, 6, and
18 h) was performed for three of the 14 donors. As shown in
the Supplementary Figure 2, the tested parasites were able to
similarly induce significant O, ~ production at all times tested.

Leishmania Promastigotes Trigger
Neutrophils Degranulation

Degranulation of vesicles into the phagolysosome or in the
extracellular space is a key event for microbicidal activity.
Contents release of neutrophil granules contributes to the
elimination of pathogens (Kumar and Sharma, 2010). To
evaluate degranulation, we examined the release of MPO and
Neutrophil elastase, which are both azurophilic granule contents,
by neutrophils isolated from the 14 healthy donors in the culture
medium upon their infection by the different Leishmania strains.
Enzymatic activities were measured spectrophotometrically in
supernatants of non-infected and promastigote-infected PMN
through addition of the appropriate substrates (Figure 3). The
MPO (Figure 3A) and elastase activities (Figure 3B) were 2.4
and 2 fold higher, respectively, in the supernatants from

Leishmania Promastigotes Induce DNA

Release

NETs were described as a host defense mechanism of the innate
immune response. NETs involve the release of DNA into the
extracellular environment associated with nuclear and granular
proteins (Brinkmann et al., 2004; Guimaraes-Costa et al., 2009).
To determine whether Leishmania strains trigger the extracellular
release of DNA, neutrophils purified from seven healthy donors
were infected or not with parasites for 18 h. Upon this time,
extracellular DNA was digested with two restriction enzymes
and the DNA released in the supernatants were quantified by
fluorometry on a Qubit.

The results showed that all parasite strains significantly
induced DNA (and thus likely NETs) release, in higher amounts
than non-infected neutrophils and PMA-stimulated neutrophils
(p < 0.01) (Figure4). Moreover, the two L. infantum strains
induced more DNA release from infected neutrophils than the
L. major strain (p < 0.05). Furthermore, to prove the presence of
DNA in the supernatants, we did electrophoresis on agarose gels.
As shown on Supplementary Figure 4, the supernatants showed
the presence of DNA smears ranging from high molecular weight
DNA (> 10KDb) to lower DNA sizes as observed in other studies
(Sousa-Rocha et al., 2015; Stephan et al., 2016).

Leishmania Promastigotes Infection

Increases Neutrophils Apoptosis Rates

Neutrophils have a very short life span and they rapidly die
via apoptosis. Apoptotic cells express phosphatidylserine (PS),
which could be detected by PE Annexin V. To evaluate the
effect of Leishmania strains on neutrophils apoptosis, neutrophils
purified from three healthy donors (among the 14 selected) were
infected or not with parasites for 18 h. Then, cells were double
stained with Annexin V and the vital dye (7-ADD) to differentiate
between viable (PE-Annexin V~/ 7-ADD™), necrotic (PE-
Annexin V~/ 7-ADD™), early apoptotic (PE-Annexin V*/ 7-
ADD™) and late apoptotic and/or already dead PMN (PE-
Annexin Vt/7-ADD™). The results showed a significant increase
in the percentage of apoptotic cells (PE-Annexin V') following
exposure to Leishmania strains as compared to PMN alone
(Figure 5). Neutrophils viability was significantly decreased in
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FIGURE 3 | Leishmania promastigotes stimulate the degranulation of human PMNs. PMN cultures were infected with stationary phase promastigotes of Leishmania
strains or incubated with PMA (OnM & 100 nM, as negative and positive control, respectively) for 18 h, at 37 °C in presence of 5 % CO». Then, supernatants were
collected and tested for the presence of enzymes released in the culture medium. (A) The enzymatic activity of MPO was quantified by an enzyme-substrate reaction
using o-Dianisidine and hydrogen peroxide. The absorbance of oxidized o-Dianisidine was measured at 450 nm after 10 min of substrate incubation at room
temperature. (B) The enzymatic activity of neutrophil elastase was determined from the same culture supernatants using a specific synthetic peptide substrate of
elastase that is cleaved to colorimetric p-nitroanilide (oNA). The release of pNA was measured at 405 nm after 3 h of incubation at 37 °C. Data are shown as the mean
values from fourteen donors + SD. Mann-Whitney test was used to compare the absorbance of (PMN) vs. each (PMN-Leishmania strain) or (PMN-PMA)
supernatants, and of the infected PMNs in a pair-wise manner; **p < 0.01 and ***p < 0.001 indicate statistically significant differences at the indicated p-values.
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FIGURE 4 | Leishmania promastigotes induce DNA release. Neutrophils (2 x
105) were infected with Leishmania strains at a 10:1 ratio or with 100 nM PMA
as a positive control (0nM PMA was the negative control) for 18 h at 37 °C in
presence of 5 % COy. Then, EcoR1 and Hindlll (20 U/mL) were added to the
medium to digest the DNA trapped in the released NETs. After 4 h of
incubation at 37 °C, the cells were centrifuged and released DNA was
quantified in the culture supernatant by DNA quantification using a dsDNA
High Sensibility Assay Kit on a Qubit. Data are shown as mean values from
seven donors + SD. Pair wise comparisons of PMN vs. each strain-infected
PMNSs or vs. PMN-PMA, and of infected PMNs between each other were
performed using the Mann-Whitney test; “o < 0.05 and **p < 0.01 indicate
statistically significant differences at the indicated p-values.

the presence of all tested Leishmania strains, whereas we detected
low percentages of both necrotic and late apoptotic PMN that
were not affected upon Leishmania infection (Figure 5A). No
statistically significant differences could be observed in apoptosis

of neutrophils infected with Drep-14, LV50, or Empa-12 strains
(Figure 5B). In conclusion, our data showed that the three L.
infantum and L. major strains tested in our study were able to
similarly increase the apoptosis of the tested human neutrophils.

Leishmania Strains Differently Induce

Cytokines Release From Neutrophils

As neutrophils are the first cells to arrive at the sites of
infection, they may influence the development of the anti-
Leishmania immune response by producing cytokines and
chemokines, which in turn can influence the outcome of
disease (Ribeiro-Gomes and Sacks, 2012; Hurrell et al., 2016).
In order to evaluate the immune response triggered by the
three Leishmania strains through the release of cytokines,
neutrophils purified from ten healthy donors were incubated
in the presence (MOI 10) or absence of each Leishmania
strain. Supernatants were then collected 18h after infection,
and a cytokine multiplex analysis of culture supernatants
was performed by flow cytometry (Figure6). As shown in
Figure 6A, infected neutrophils with each Leishmania strain
produced approximately 150 fold higher IL-8 amounts than the
non-infected neutrophils (Figure 6A). Additionally, IL-1p and
(active form) TGF-f production by neutrophils were significantly
induced by all strains (Figures 6C,G). Interestingly, we observed
that only Drep-14 strain promoted IL-6 release (Figure 6B) by
the neutrophils. The production of TNF-a was also significantly
induced by all parasite strains (Figure 6D), whereas Drep-14
induced the highest TNF-o amounts as compared to LV50 and
Empa-12. The IL-10 and IL-12p70 cytokines (Figures 6E,F) were
neither produced in the supernatant of the non-infected nor of
the infected neutrophils. All these results demonstrated that the
three Leishmania strains have differently affected the pattern of
cytokines production by the human neutrophils.
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FIGURE 5 | Increased neutrophils apoptosis upon Leishmania promastigotes infection. Neutrophils isolated from three donors were infected or not with Leishmania
parasites (MOI of 10). After 18 h of infection, the cells were labeled with PE Annexin V / 7-ADD and analyzed by FACS. (A) Representative dot plots of non-infected
PMN and PMN infected with Drep-14 (PMN+Drep-14), with LV50 (PMN+LV50) or with Empa-12 (PMN+Empa-12) were labeled with Annexin V vs. 7-ADD. The plots
illustrate the results obtained for one of three donors tested. (B) Percentage of PMN Annexin V* of non- infected and infected PMN of three donors. Data are shown
as mean percentage of apoptotic PMN =+ SD. Pair- wise comparisons of the non-infected PMN vs. each strain- infected PMN were performed using the
Mann-Whitney test; *p < 0.05 indicates statistically significant differences.

Principal Component Analysis Reveals
Strain-Dependent Cytokine Production

Profiles

In order to compare the effect of each donor immune response
to the effect of the Leishmania strain on the cytokine production
profiles by human neutrophils, we generated 3D histograms of
the data (Supplementary Figure 5). The histograms suggested
no donor-specific variability in cytokines production from one
side and a possible strain-specific variability from the other. To
statistically confirm such observations, we performed a principal
component analysis (PCA) using data from ten individuals
(donors) for which 11 observations could be collected under
four conditions (non-infected (NI), infected with Drep-14, LV50,
or Empa-12 strains). This analysis consisted in an orthogonal
linear transformation of the data that led to its projection in
a new coordinates system, composed of linearly uncorrelated
variables called the principal components (PCs). The objective
was to observe a maximum of variance of the data on the
first PCs, and thus to be able to reduce the dimension of
the data while observing the possible variations among the
individuals. Herein, the PCA resulted in 69.6 % of the total
variation on the first two principal components (PCI: 51 %

and PC2: 18.6 %), which indicated reliability of the analysis.
The projection of the individuals on the 2D plot composed by
PC1 and PC2, presented a clear separation of the non-infected
vs. Leishmania-infected individuals (Figure 7A). Observations
on all individuals infected by each strain were presented
in different colors. The centroids of each strain group and
the geometry of the projections suggested that no significant
difference could be observed between the LV50 and the Empa-
12-infected individuals. Both groups were centered and mostly
aggregated in the same plane quarter with a slight diffusion
along PC2. Whereas, the Drepl4-infected individuals presented
a more diffuse geometry along PC1 and PC2, simultaneously.
Noticeably, PC1 mostly segregated the non-infected vs. infected
populations (Figure 7B) and PC2 distinguished the infection
parameters (infection index, percentage of infection, oxidative
burst, Elastase, and MPO) vs. the cytokines IL-6, IL-10, IL1-8, and
TNF-a production. This suggested that all three strains induced
the infection in an equivalent manner, whilst Drep-14 induced
different cytokine production profiles as compared to LV50 and
Empa-12. IL-8 production presented the least variation between
the strains. IL-12p70 production appeared as non-correlated
to the infection conditions. Thus, this statistical analysis of all

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

109

May 2019 | Volume 9 | Article 153


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Qualha et al.

Leishmania Strains Activate Human Neutrophils

Concentration (pg/ml)

A Cc D
IL-1p
6000 gy 8 e . - »
= = E T T E
E E = 40
= - 60
8 o 2 2" : &
5 5 s . P
g g £ n~ N v £
s = £ - €
£ 2000 < © °
© © o [] A vv © 20
e 2 510 ° P 5
3 8 8 VR M
0 0 4 T 0
Q@‘\ > 4(,,0 Q.{»
& 04 &
A
Q“ N Q“
E F G
IL-10 IL-12p70 TGF-p

FIGURE 6 | Effect of Leishmania strains on cytokines production after ex vivo infection of human PMNs. Neutrophils were infected or not by Leishmania parasites
(MOI of 10). Then, supernatants were collected after 18 h of incubation. The amounts of (A) IL-8, (B) IL-6, (C) IL-18, (D) TNF-a, (E) IL-10, and (F) IL-12p70 protein
were quantified from (50 wL) culture supernatants using the BD Cytometric Bead Array (CBA) Human Inflammation Cytokines kit. The amount of (G) TGF-p was
quantified from the supernatants (100 L) by Enzyme-linked immunosorbent assay (ELISA). Results were expressed as the cytokine concentration obtained from
seven (TGF-B) or ten sampled donors. The horizontal bars indicate the median value of cytokine production. Statistical pair- wise comparisons of PMN vs. each strain-
infected PMN, and of strain- infected PMNs were performed using the Mann-Whitney test; “po < 0.05, *p < 0.01, and **p < 0.001 indicate statistically significant

differences at the indicated p-values.

the results together reveals a strain (and species) dependent
cytokine production.

Leishmania Strain Dependent Survival

Within Infected Neutrophils

Our previous results indicated that the neutrophils differently
responded to the strains tested. So we assessed whether the
neutrophils differently impair intracellular parasite survival using
a model of infection where most parasites would be internalized,
thus leaving very few extracellular ones (Carlsen et al., 2015a).
To this end, 2 x 10° neutrophils purified from three donors
were infected with 0.2 x 10° parasites (MOI of 0.1) for 18 h
and the number of internalized parasites was quantified using
optical microscopy. The percentage of infected cells was similar
for the 3 strains ~8 % (Figure 8A). The number of intracellular
parasites was estimated to be 0.18 x 10° for the strains Drep-
14 and Empa-12, and 0.19 x 10° for LV50 (Figure 8B). These
values are considered as equivalent. Thus, all strains had a similar
infectivity index in average 28.5 [28-29]. Internalized parasites
were then recovered from the infected PMN after cellular lysis,
and their viability was assessed right after the lysis and after 24 h
of incubation at 22 °C, using an MTT assay. The interpolated
number of viable parasites was compared to the intracellular

amastigotes counts by microscope and the percentage of viability
was determined at the 2 time points (Figure 8C). Whereas, 87.8
and 82 % of LV50 parasites were viable at lysis and 24 h later,
respectively, the estimates were significantly reduced in case of
the other two strains, Drep-14 (43.6 % vs. 30.4 %) and Empa-12
(48.2 and 48.3 %). The difference in survival of the Drep-14 and
EMPA-12 strains vs. LV50 was considered to be significant at the
two time points tested.

Therefore, while all strains presented the same infectivity,
the results clearly indicated that their intracellular survival
was different. Noticeably, both dermotropic strains that belong
to two different species: L. infantum and L. major showed
poorer survival rates as compared to the viscerotropic LV50
strain (L. infantum).

In conclusion, our results suggest that intracellular
leishmanicidal ability of the tested human neutrophils will
depend on the Leishmania strains, even for the same species.

DISCUSSION

Our objectives were to assess effect of strains of the L. infantum
and L. major species that cause different clinical manifestations
(VL or CL) on ex vivo human neutrophils. To this end, we
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parasites at each time point; *p < 0.05 indicates statistically significant differences.

the infected cells vs. the number of Viable Parasites (VP) after lysis at each time point, and (i) between strains, in a pair- wise manner, the number of surviving

have used neutrophils purified from healthy human donors
and established conditions that allowed optimal infection of the
cells by using stationary phase promastigotes. We reached 65 %
infection upon 18h incubation at an MOI 10. With a higher
MOI we observed an extensive cell lysis and so we retained
the MOI 10 condition. Previous studies provided evidence that
either human or murine neutrophils internalize promastigotes of

a range of Leishmania species including L. major (Laufs et al.,
2002; Van Zandbergen et al., 2004; Peters et al., 2008; Mollinedo
et al., 2010; Ricci-Azevedo et al., 2016; Ronet et al., 2018) and L.
infantum (Rousseau et al., 2001; Thalhofer et al., 2011; Marques
et al., 2015; Quintela-Carvalho et al., 2017; Sacramento et al.,
2017; Valério-Bolas et al., 2019). Species of the Viannia subgenus
internalized more parasites than those of the Leishmania
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subgenus (L. infantum; L. amazonensis) (Valério-Bolas et al.,
2019). Here we confirmed infection of human neutrophils by
in vitro promastigote forms of strains of the L. major or L.
infantum species. The intracellular parasites had an amastigote-
like morphology and were therefore designated as amastigotes.
This indicated that in our experiments the parasites underwent
morphological transformation within the neutrophils. Previous
studies also observed “amastigotes or amastigote- like forms”
within promastigote- infected neutrophils as soon as after 3h
incubation (Marques et al., 2015; Quintela-Carvalho et al., 2017;
Valério-Bolas et al., 2019). In addition, we did not observe
any significant differences between the strains in the different
infection parameters measured at two different MOIs (10 and
0.1). Interestingly, with the MOI 10 experiments, 34 % of the
infected cells were found to contain 3 to 6 amastigotes. This
may be correlated with the fact that more than 2 parasites were
uptaken at this higher MOIL Amastigotes were also seen to
replicate within neutrophils (Hurrell et al., 2017) but we cannot
ascertain it was the case here.

Neutrophils, as key component of the innate immune system,
play a pivotal role in first line defense against invading pathogens
through phagocytosis, the release of granule contents (Segal,
2005; Nauseef, 2007) and the production of NETs (Brinkmann
et al., 2004; Guimaraes-Costa et al., 2009). Upon phagocytosis,
neutrophils NADPH oxidase is activated and produces the
superoxide anion (O, 7) (Pham, 2006) leading to the production
of antimicrobial molecules such as ROS, which contribute to the
killing of intracellular parasites such as L. donovani and L. major
(Pearson and Steigbigel, 1981; Laufs et al., 2002). Neutrophils
from VL patients displayed impaired effector functions but they
were able to phagocyte L. donovani similarly to neutrophils
from healthy controls, which suggested a role in the survival
and dissemination of L. donovani (Yizengaw et al., 2016). In
contrast, other studies documented differences in the induction
of oxidative burst response depending on Leishmania species.
It was significantly higher in L. braziliensis-infected murine
neutrophils than in those infected by L. amazonensis (Carlsen
et al., 2015a). Herein, we report that the tested L. infantum and
L. major strains similarly induced high oxidative burst in the
infected human neutrophils at different time points.

Release of azurophilic granules that contain antimicrobial
proteins such as NE and MPO, into the phagolysosome
or the extracellular space of infected neutrophils, plays a
crucial role in pathogens elimination (Segal, 2005; Nauseef,
2007). Degranulation was observed in human, murine and in
canine neutrophils infected by different Leishmania species:
L. braziliensis (Carlsen et al.,, 2015a; Falcao et al.,, 2015), L.
amazonensis (Tavares et al, 2014; Carlsen et al., 2015a), L.
infantum (Marques et al., 2015; Pereira et al., 2017). Here, we
have observed that the tested L. infantum and L. major strains
induced the neutrophils degranulation with similar NE and
MPO production.

The release of NETs, also known as NETosis, in response to
different Leishmania species has been described in human or
murine neutrophils. These extracellular structures made of fiber-,
web- and tube- like elements emitted by activated neutrophils
are rich in histones (toxic proteins to pathogens), DNA, and

granular and cytosolic proteins such as NE or MPO, and are
able to entrap the parasites (Guimardes-Costa et al., 2009;
Valério-Bolas et al., 2019). In case of L. infantum, it appeared
that tube-like structures could allow coiling phagocytosis of
promastigotes by murine neutrophils (Valério-Bolas et al,
2019), an unconventional phagocytosis mechanism also used by
macrophages to internalize the parasites (Hsiao et al.,, 2011). L.
amazonensis induced the formation of NETs by a mechanism
involving surface lipophosphoglycan (LPG) and was killed by
them (Guimaraes-Costa et al., 2009). L. donovani and L. infantum
were also shown to induce NETs release but they escaped NETs
killing owing to their LPG (Gabriel et al., 2010) or their 3’-
nucleotidase/nuclease activity (Guimaries-Costa et al., 2014),
respectively. Furthermore, L. mexicana induced the formation of
NETs but was also not killed by them through a not reported
mechanism (Hurrell et al., 2015). We here report that the 3 L.
infantum and L. major strains induced the release of DNA in
the extracellular medium by human neutrophils, suggesting the
presence of NETs. L. infantum released more DNA amounts
than L. major suggesting that the intensity of this release may
be species-specific. A difference between the DNA amounts
released by the two L. infantum strains was also noticed although
not considered significant. In line with this observation, it
was recently shown that murine neutrophils exposed to L.
amazonensis emitted fewer NETs than those exposed to L. shawi
or L. guyanensis (Valério-Bolas et al.,, 2019). L. infantum also
induced more NETs release than L. major in human neutrophils
(Guimaraes-Costa et al., 2009).

Different studies reported that L. major, L. donovani and
L. infantum can delay human, murine or canine neutrophils
apoptosis and prolong the cell’s life span to ensure an intracellular
environment favorable to parasites survival, and their silent
entry in macrophages (Aga et al,, 2002; Gueirard et al., 2008;
Sarkar et al., 2013; Marques et al., 2015; Pereira et al., 2017).
In contrast, L. amazonensis and L. braziliensis induced murine
neutrophils apoptosis and accelerated their death (Carlsen et al.,
2013; Falcdo et al, 2015). In the present study the tested L.
infantum and L. major strains increased apoptosis in the donors
tested. This difference between our results and those reported in
previous studies for these species could be due to the difference
between strains, the genetic background of the donors and/or
the experimental conditions (MOI, infection time, etc). Further
studies are necessary to further investigate apoptosis induced
by these species and cellular mechanisms involved in death.
Notably L. infantum infected neutrophils were shown to undergo
necroptosis in presence of specific caspase 8 inhibitor (and so
when apoptosis was inhibited) (Barbosa et al., 2018).

In addition to the classical functions of phagocytosis and
killing of invading pathogens, neutrophils can modulate the
immune responses against Leishmania infection by secreting
chemokines that attract macrophages and dendritic cells to the
site of infection (Ribeiro-Gomes and Sacks, 2012; Hurrell et al.,
2016), and also cytokines that influence T cells differentiation
(Tacchini-Cottier et al, 2000). Indeed, the early wave of
neutrophils in L. major-infected BALB/c was shown to express
IL-4, and to induce the development of a Th2 response and the
partial control of the disease (Tacchini-Cottier et al., 2000) or its
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exacerbation (Chen et al., 2005). Furthermore, the interactions
between neutrophils and macrophages or dendritic cells were
shown to influence the outcome of L. major infection in animal
models (Ribeiro-Gomes et al., 2004, 2012). To our knowledge,
the present study is the first addressing the determination of
cytokines produced by human neutrophils exposed to different
Leishmania species using cytometry bead assays (CBA). The
choice of this method rather than more classical ones: ELISA or
real time PCR (RT-PCR), relied on the limited sample volume
needed for the CBA assays, their high sensitivity, the time gain
and the diminution of inter assay variations (Faresjo, 2014).

IL-8 enhances the early recruitment of neutrophils to the
site of infection (Miiller et al, 2001) and activates their
functions, such as the phagocytosis (Scapini et al., 2000). IL-8
produced by neutrophils seems to have a limited role in human
leishmaniasis as neutrophils from either asymptomatic or non-
healing individuals produced high and similar levels of IL-8 after
exposure to L. major (Safaiyan et al., 2011). Here, we report
that human neutrophils exposed to L. infantum or L. major also
produced high amount of IL-8 as in previously reported studies
(Laufs et al., 2002; Van Zandbergen et al., 2002; Safaiyan et al.,
2011; Keyhani et al,, 2014).

TNF-a produced by neutrophils plays an important role for
leucocytes migration and for DC and macrophages activation
and differentiation (Nathan, 2006). Furthermore, it can induce
the neutrophils degranulation at the site of infection, thus it
influences the development of an efficient immune response
against the parasite (Nathan, 2006). Our results showed that
all Leishmania strains tested induced the production of TNF-
a by the neutrophils of the healthy donors of this study
as previously described in case of L. major exposed human
neutrophils (Safaiyan et al.,, 2011), or L. braziliensis- exposed
murine neutrophils (Falcdo et al., 2015). Notably, TNF-a release
was significantly higher from Drep-14- infected neutrophils than
from LV50 and Empa-12- infected ones.

IL-12 and IL-10, which are important immune modulatory
cytokines known to favor Thl or Th2 type responses,
respectively, were not induced by the strains tested as reported
in previous studies using human and murine neutrophils (Van
Zandbergen et al., 2006; Falcio et al., 2015). In contrast,
neutrophils from L. major infected C57BL6 mice were able to
induce the secretion of IL-12p70 and IL-10 (Charmoy et al.,
2007). This discrepancy could be due to the host origin of the
neutrophils. In line with this hypothesis, in the same study, L.
major-infected BALB/c neutrophils were unable to induce the
secretion of IL-12p70 and IL-10 (Charmoy et al., 2007).

The production of anti-inflammatory TGF-p was associated
to the development of non-protective response against L. major
infection (Van Zandbergen et al., 2006). Furthermore, it was
shown that TGF-B favors the uptake of apoptotic cells by
macrophages (Fadok et al., 1998). Our observation that human
neutrophils produced high amounts of TGF-p after exposure
to L. infantum or L. major strains is consistent with previous
studies that highlighted the prominent role of neutrophils in the
creation of a microenvironment favorable for parasite survival
and the exacerbation of the disease (Safaiyan et al., 2011; Hurrell
etal., 2015). In contrast to our results and other studies, Keyhani

et al. reported that L. major failed to induce expression of TGF-
B mRNA in human neutrophils (Keyhani et al, 2014). This
discrepancy could be due to the methods used for quantification
of cytokine expression: CBA in our study and RT-PCR in the
mentioned one, and the other experimental conditions.

IL-1 is a pro-inflammatory cytokine that has a controversial
role in murine leishmaniasis. IL-1f promotes the development
of leishmaniasis in L. major infected susceptible BALB/c mice
(Voronov et al., 2010). Furthermore, the inflammasome -derived
IL-1PB production was important to develop an efficient immune
response against L. braziliensis, L. amazonensis, and L. chagasi
infection (Lima-Junior et al., 2013) but it failed to induce
resistance against the infection of the resistant C57BL/6 mice
by L. major Seidman strain (LmSd) (Charmoy et al., 2016) or
the hamster infection by L. donovani (Dey et al., 2018). Both
studies highlighted the role of the early production of IL-1f in
sustaining the recruitment of neutrophils and in inducing the
exacerbation of the disease (Charmoy et al.,, 2016; Dey et al,
2018). Few studies assessed the production of IL-1f by human
neutrophils. Our results showed that human neutrophils exposed
to L. infantum or to L. major were able to produce IL-1f as
previously described (Keyhani et al., 2014). Contrary to our
results, it was also shown that L. infantum down regulates the
expression of IL-1f in murine neutrophils (Marques et al., 2015).
This discrepancy could be due to the strains, the host origin of
the neutrophils, or the methods used for the detection of this
cytokine: CBA detection of the protein vs. quantitative measure
of the transcript, or to the time of detection: 18 h here and 3h in
the mentioned study.

IL-6 is a pleiotropic cytokine produced by many cells that is
involved in B cell maturation, macrophages differentiation and
promotion of Th2 differentiation (Kishimoto, 2005; Kopf et al.,
2010). In addition, with TGF-f, IL-6 induces the differentiation
of Th17 cells and inhibits regulatory T cells generation (Bettelli
et al., 2006; Kimura and Kishimoto, 2010). IL-6 plays also a
pivotal role in the regulation of neutrophils trafficking during
inflammation, by regulating the production of chemokines and
by inducing neutrophils apoptosis (Fielding et al., 2008). The role
of IL-6 in leishmaniases has been assessed in animal models. It
was shown that BALB.B mice that are deficient for IL-6 were
still susceptible to L. major infection, and they were not able
to resolve their infection (Titus et al., 2001). In contrast, IL-6
deficient C57BL/6 mice were able to control the infection by L.
major as the wild type corresponding mice (Moskowitz et al.,
1997). Furthermore, multiple studies have shown a correlation
between the high level of some cytokines, including IL-6, and
the severity of visceral leishmaniasis (Ansari et al., 2006; Van
Den Bogaart et al., 2014; Dos Santos et al., 2016; Ramos et al.,
2016) and cutaneous leishmaniasis (Latifynia et al., 2012; Espir
et al,, 2014). To our knowledge, this is the first study addressing
the determination of IL-6 protein levels produced by human
neutrophils after exposure to Leishmania species. Our results
showed that only the Drep-14 strain induced the production of
IL-6 by human neutrophils. Notably, this strain also induced
higher levels of TNF-o and IL-1f than the other two strains, LV50
and Empa-12 while the levels were comparable in case of the 4
other cytokines measured.
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Collectively, our results suggest that the response of human
neutrophils in vitro, at least for the production of cytokines
and DNA release, seem to depend on the Leishmania strains
and species. Although, the three Leishmania strains used in
the present study induced very high and comparable levels
of TGF-B, there was a differential production of the other
inflammatory cytokines: TNF-a, IL-1B, and IL-6 according to
the strain and species. Importantly, the statistical analysis of our
results consolidated the fact that the strain (within the same
species) appeared as the main drive in influencing the donors’
cell response to the infection. This is further corroborated by
the measures of parasite survival. In our experiment, while all
strains presented similar infection index, the number of viable
parasites was significantly lower in case of the dermotropic
strains Drep-14 and Empa-12 that belong to two different species,
L. infantum and L. major. Whereas, in case of the viscerotropic
L. infantum (LV50 strain) the number of rescued parasites
was similar to the number of internalized ones. This indicates
that different leishmanicidal mechanisms are may be triggered
within the infected cells according to the parasite strains and
species. Importantly, our results point that in the interaction of
a Leishmania species with human blood neutrophils, the parasite
strains may differently influence the fate of the infection. Taking
account that only three laboratory strains of two species were
used in the present study, it would be interesting to assess the
effect of more strains and clinical isolates of these species on
human neutrophils infection and activation. Interestingly, this
would also open ways to study relationship between clinical
origin or genetic background of the strains (/species) and the
immune response induced.

In conclusion, the present study established an infection
model of human neutrophils to evaluate ex vivo their responses
to L. infantum or L. major strains infection. Our study clearly
demonstrated that the strains were able to induce similar
ex vivo activation and apoptosis of the tested human neutrophils.
However, they differently triggered DNA and inflammatory
cytokines release from the neutrophils suggesting that these
responses are Leishmania species- and strain- specific notably
in case of L. infantum. Intracellular survival of the parasites
also depended on the strains and species. Further study on
the mechanisms involved in the responses triggered by these
strains needs to be developed. Likewise, the effect of these
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Leishmaniasis is an infectious disease caused by protozoans of the genus Leishmania.
The macrophage is the resident cell in which the parasite replicates and it is important
to identify new compounds that can aid in parasite elimination since the drugs
used to treat leishmaniasis are toxic and present side effects. We have previously
shown that treatment of Leishmania braziliensis-infected macrophages with DETC
(Diethyldithiocarbamate) induces parasite killing, in vivo. Thus, the objective of this study
was to further evaluate the effect of oxidants and antioxidants in L. braziliensis-infected
macrophages, following treatment with either oxidizing Hydrogen Peroxide, Menadione,
DETC, or antioxidant [NAC (N-Acetyl-Cyteine), Apocynin, and Tempol] compounds.
We determined the percentage of infected macrophages and number of amastigotes.
Promastigote survival was also evaluated. Both DETC (SOD-inhibitor) and Tempol
(SOD-mimetic) decreased the percentage of infected cells and parasite load. Hydrogen
peroxide did not interfere with parasite burden, while superoxide-generator Menadione
had a reducing effect. On the other hand, NAC (GSH-replenisher) and Apocynin
(NADPH-oxidase inhibitor) increased parasite burden. Tempol surfaces as an interesting
candidate for the chemotherapy of CL with an ICsq of 0.66 & 0.08 MM and selectivity
index of 151. While it remains obscure how a SOD-mimetic may induce leishmanicidal
effects, we suggest the possibility of developing Tempol-based topical applications for
the treatment of cutaneous leishmaniasis caused by L. braziliensis.

Keywords: L. braziliensis, oxidants, anti-oxidants, leishmaniasis, chemotherapy

INTRODUCTION

Leishmaniasis is zoonotic infection widely distributed from Asia to America which exhibits a high
mortality rate. The clinical forms of leishmaniasis depend on the infecting organism and the general
state of the host’s immune response and are divided in visceral leishmaniasis (VL) and tegumentary
leishmaniasis (TL). TL is characterized by cutaneous or mucosal lesions with low lethality, but with
high morbidity. CL caused by Leishmania braziliensis is distinguished from other leishmaniasis by
its chronicity, latency, and tendency to metastasize in the human host (Bittencourt et al., 2003).
Brazil along with nine other countries account for 70-75% of the global CL incidence (Alvar
et al., 2012). First choice drugs for leishmaniasis chemotherapy are pentavalent antimonials (Sb")
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[Meglumine  Antimoniate (Glucantime®) and  Sodium
Stibogluconate (Pentostam®) (Croft and Coombs, 2003)]
which are significantly toxic and with reported drug resistance
(Llanos-Cuentas et al., 2008). Amphotericin B (Annaloro et al.,
2009) and Miltefosine (Machado et al., 2010) are also limited with
regards to toxicity, cost, and/or time of treatment, reinforcing
the need for new chemotherapeutic alternatives.

Leishmania promastigotes infect both resident macrophages
and monocytes recruited to the infection site. Macrophages
are the main host cell, where the parasite differentiates into
replicating amastigotes. Upon macrophage activation by IFN-
Yy, NADPH oxidase generates O,° through the transfer of
electrons from NADPH, coupling them to O,. In a phagosome
where leishmania parasites reside, O, * may either undergo SOD
degradation to form H,O, or be used to generate other ROS,
depending on expressed enzymes/cofactors availability and the
imbalance between oxidants and antioxidants results in oxidative
damage (Sies, 1993). ROS inhibits the growth of L. braziliensis
amastigotes and contribute to parasite killing (Novais et al.,
2014), while NO production alone does not suffice to control
infection (Carneiro et al., 2016).

As an evasion strategy, Leishmania induces IFN-B production
by infected macrophages, which on its turn induces the
expression of the enzyme superoxide dismutase (SOD1). The
enzyme SODI1 has an antioxidant function: it converts O;*®
into molecular oxygen (O;) and hydrogen peroxide (H,O,),
the latter degraded by catalase. Survival of L. amazonensis
and L. braziliensis in the host depends on this process
(Khouri et al., 2009).

The SOD1-inhibitor diethyldithiocarbamate (DETC) kills
intracellular parasites in vitro and in vivo in a murine model
of cutaneous leishmaniasis (Khouri et al., 2010). We have
previously shown that DETC can be used as a topical treatment
in the cutaneous lesions caused by L. braziliensis (Celes
et al., 2016), suggesting that manipulation of the redox status
during in vitro infection with L. braziliensis can contribute
to the identification of novel therapeutic alternatives. To this
purpose, we incubated promastigotes and infected macrophages
with Glutahtione replenisher N-acetyl-cysteine (NAC) (Aldini
et al., 2018), SOD-mimetic Tempol (Wilcox, 2010) and O5*
-generator menadione (Hassan, 2013). Much to our surprise,
we observed that Tempol, a SOD-mimetic, was as effective as
DETC (SOD-inhibitor) and menadione (superoxide generator
via redox cycling (Criddle et al, 2006) with regards to its
ability to reduce macrophage infection by L. braziliensis,
suggesting novel yet unexplained effects of antioxidants over
Leishmania infection.

MATERIALS AND METHODS

Ethics Statements

Female BALB/c mice, 6-8 weeks of age, were obtained from
IGM/FIOCRUZ animal facility where they were maintained
under pathogen-free conditions. All animal work was conducted
according to the Guidelines for Animal Experimentation of
the Colégio Brasileiro de Experimenta¢do Animal and of the
Conselho Nacional de Controle de Experimenta¢io Animal.

The local Ethics Committee on Animal Care and Utilization
(CEUA) approved all procedures involving animals (CEUA
L001/12 IGM/FIOCRUZ).

Parasites

Leishmania  braziliensis ~ (MHOM  /BR/00/BA788/GFP)
were grown in Schneider Insect medium (ThermoFisher
Scientific) supplemented with 100 U/mL penicillin, 100 mg/mL
streptomycin and 10% inactivated FBS (ThermoFisher Scientific)
at 26°C until the stationary phase.

Infection of Bone Marrow-Derived
Macrophages (BMDM) With L. braziliensis
and Treatment With Oxidants and

Anti-oxidants

Bone marrow derived macrophages were obtained as described
(Weischenfeldt and Porse, 2008) and were resuspended in
DMEM medium (ThermoFisher Scientific) supplemented with
100 U/ml penicillin, 100 ug/ml streptomycin, and 10%
inactivated FBS (ThermoFisher Scientific) and seeded at density
of 3 x 10° cells per well in 24-well tissue plates. Monolayers
received 3 x 10° L. braziliensis promastigotes and were
incubated at 35 °C in supplemented DMEM medium for 24 h.
Infected macrophages were washed to remove non-internalized
parasites. Cultures were treated with Diethyldithiocarbamate
(DETC) (1 or 2mM) (Khouri et al, 2010; Celes et al,
2016), Hydrogen Peroxide (100 or 150 uM), N-acetyl cysteine
(NAC) (1, 5, or 10mM), Apocynin (APO) (20mM) (Paiva
et al,, 2012), Tempol (4-Hydroxy-TEMPO) (0.5, 1, or 5mM)
(Hahn et al.,, 1997; Shilo and Tirosh, 2003; Kim et al., 2017)
and Menadione (1, 10, or 20 uwM) (Mittra et al., 2013), all
from SIGMA. Compounds were diluted in DMSO (vehicle).
Amphotericin B (0.25 pg/mL, Invitrogen) was used as positive
control. After 48h, cells were extensively washed, fixed, and
stained with hematoxylin and eosin (Fischer et al., 2008).
The number of infected cells and intracellular amastigotes
were counted by optical microscopy in 200 macrophages.
Cultures (control and infected macrophages) were performed in
quintuplicate. Alternatively, the rate of infection was evaluated
by flow cytometry. Briefly, cells were fixed in PBS with 2%
paraformaldehyde for 10 min, and kept at 4°C in the dark until
acquisition. Data were acquired in a Fortessa flow cytometer (BD
Biosciences, USA), for analysis by using FlowJo software (Tree
Star, Version 10.2).

Treatment of L. braziliensis Promastigotes
With Tempol, DETC, and Menadione

Stationary-phase promastigotes (3 x 10°) were cultured
in supplemented Schneider in the presence of Tempol (1,
3, or 5mM), DETC (0.1, 0.5, or 1mM) and Menadione
(2, 5 10, or 20uM), all from SIGMA. Promastigotes
were cultured in 96-well plates for up to 3 days and the
number of viable promastigotes was determined daily using
hemocytometer. All assays were performed in quadruplicate
and Schneider’s medium alone or medium containing vehicle
alone were used as a negative control. The half-maximal
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cytotoxic concentration (CCsp) and half maximal effective
concentration (ECsp) values of Tempol were determined
by a non-linear regression of the concentration-responses
curves using GraphPad Software. The selectivity index
(SI) was calculated as a ratio between CCsy/ECsy obtained
with murine macrophages and intracellular L. braziliensis
amastigotes, respectively.

Statistical Analysis

For non-parametric data, analyzes were performed using
the Kruskal-Wallis test, followed by the Dunn’s multiple
comparisons test, for comparisons between three or more
groups. For all the analyzes the confidence interval of 95%
was established, being the values considered statistically
significant when p<0.05. Three biological replicates
were performed for each experiment. All analyzes were
done using GraphPad Prism Software version 5.0. Flow
cytometric analyzes were performed using FlowJo software
version 10.

RESULTS AND DISCUSSION

Herein, we tested a number of compounds for their ability to
modulate the oxidative stress in macrophages infected with L.
braziliensis. We hypothesized that compounds able to increase
ROS induce parasite elimination, building on previous studies
showing that such effect can be applied to the development of
topical formulations for the treatment of cutaneous leishmaniasis
(Celes et al., 2016).

BMDM were infected with L. braziliensis and treated
with DETC. DETC significantly reduced the percentage of
infected cells (Figure 1A) and the number of intracellular
parasites (Figure 1B). DETC (2mM) showed a leishmanicidal
effect similar to that of Amphotericin B, used to treat
human leishmaniasis and employed here as a positive control,
corroborating our previous findings that the elevation of
0O, ° levels by DETC-mediated inhibition of SODI induces
L. braziliensis killing (Khouri et al.,, 2010; Celes et al., 2016).
H,0, significantly reduced the number of infected cells
nor the number of amastigotes (Figures 1C,D, respectively),
indicating that the ROS responsible for parasite killing induced
by DETC is O,° itself or another species which uses O;°
as a substrate. These results are in accordance with the
killing of L. braziliensis amastigotes by EGCG (Inacio et al,
2014), shown to induce the production of superoxide anions,
hydrogen peroxide, and other reactive oxygen species (ROS)
(Suh et al, 2010), an effect inhibited by catalase-PEG. L.
donovani was reported to evade oxidative conditions by
removing H,O, and allowing parasite survival (Channon and
Blackwell, 1985). More recently, resistance of L. donovani-
infected macrophages to H,O,_ mediated apoptosis was
shown to be due to upregulation of thioredoxin and SOCS
(Srivastav et al., 2014).

Tempol is an antioxidant able to promote O, ° metabolism
at rates similar to SOD and able to permeate membranes freely
(Batinic-Haberle et al., 2010). It acts as an O,° scavenger
that crosses cell membranes and therefore can be used to

scavenge O * in living phagocyte (Gariboldi et al., 1998). We
thus expected that Tempol, as an antioxidant molecule, would
also favor infection by L. braziliensis. Strinkingly, exposure
to Tempol significantly reduced the percentage of infected
cells (Figure 1E) and the number of amastigotes (Figure 1F),
controlling L. braziliensis infection, as seen with DETC.
Moreover, the combination DETC+Tempol also reduced the
percentage of infected cells (Supplemental Figure 1), as seen
individually with DETC (Figure 1). Tempol mimics superoxide
dismutase activity thus generating hydrogen peroxide and
water, destabilizing the oxidation. We can speculate that
the presence of Tempol increased H,O, levels, interfering
with parasite viability. In this case, the concentrations of
H,0, reached inside the phagosome would need to be
significantly higher than those obtained herein following
macrophage incubation with 50 M H,O, (Figures 1C,D).
Alternatively, Tempol may have off-target leishmanicidal effects
superimposed to its anti-oxidant effects. Treatment with
Menadione also significantly decreased the percentage of
L. braziliensis-infected cells (Figure 1G) and the number of
intracellular parasites (Figure 1H). We can speculate that,
as seen with DETC (Celes et al, 2016), the presence of
Menadione may have elevated superoxide levels, leading to
parasite elimination.

In L. infantum-infected BMDM macrophages, addition of
Tempol during phagocytosis increases intracellular infection
(Gantt et al.,, 2001). In L. amazonensis-infected mice, SOD-
mimetic Tempol exacerbated lesion development and
increased parasite load after oral administration. This was
associated with reduction of nitric oxide and sequestration
of oxidizing molecules (Linares et al, 2008). Differences
in the pathogenesis of CL caused by L. amazonensis and
L. braziliensis have been reported regarding the role of
neutrophils, for example (Novais et al., 2009; Roma et al.,
2016; Carneiro et al., 2018). Therefore, we can speculate that
the microbicidal effect of Tempol observed herein, in vitro,
recapitulate such differences and thus warrant further in vivo
experiments, especially given Tempol’s ability to modulate
H,0; levels.

We also verified the leishmanicidal effect of oxidants
on L. braziliensis promastigotes: DETC  significantly
reduced L. braziliensis  proliferation at all DETC
concentrations  tested (Supplemental Figure 2A). As
seen  with  amastigotes  (Figures 1E,F), SOD-mimetic
Tempol also inhibited the proliferation of L. braziliensis

promastigotes  (Supplemental Figure 2B),  similarly  to
SOD-inhibitor DETC, although we did not observe
clear-cut  dose-dependent effects. Menadione induced
promastigote  killing  (Supplemental Figure 2C).  Lastly,
a combination of Tempol+DETC strongly reduced

parasite survival as seen with combinations of Menadione
+ Tempol and Menadione 4+ DETC combinations
(Supplemental Figure 2D).

In parallel to the oxidants, we examined the effect of
antioxidants: N-Acetyl-Cysteine (NAC) is a synthetic precursor
of intracellular cysteine and glutathione, and its anti-ROS
activity results from its ability to directly remove free radicals
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FIGURE 1 | Oxidants reduce Leishmania braziliensis infection in vitro. Macrophages were infected with L. braziliensis for 24 h, and then exposed to different
concentrations of DETC (A,B), H>O» (C,D) for 24 h, Tempol (E,F), and Menadione (G,H) for 24 h. Cells were stained with H&E and assessed for the percentage of
infection (A,C,E,F) and the number of amastigotes per 100 macrophages (B,D,G,H) by optical microscopy. Infected macrophages treated with Amphotericin B (AMB)
were used as positive controls. Data are shown as mean + SEM. *p < 0.05; **p < 0.01, **p < 0.001, all comparisons were against negative control (medium).
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through the redox potential of thiols and indirectly by increasing
levels of glutathione in cells (Sun, 2010). L. braziliensis-infected
macrophages treated with NAC had a significantly higher
percentage of infection (Figure 2A) and a significantly increased
parasite load (Figure 2B). Similar results were reported in human
monocytes infected with L. braziliensis and incubated with NAC
(Novais et al., 2014). We believe that these effects are due
to the neutralization of ROS, since NAC restores glutathione
(GSH) and NAC may protect L. braziliensis from oxidative
stress just as it does with human red blood cells (Grinberg
et al., 2005). Alike NAC, exposure of L. braziliensis-infected
macrophages to APO did not change the percentage of infected
cells (Figure 2C), but induced an increase in the number of
amastigotes in cells, indicating that the source of ROS in
infected macrophages is indeed NADPH-oxidase respiratory
burst (Figure 2D).

Although news studies are needed to understand the
mechanisms by which Tempol acts to eliminate L. braziliensis, we
believe Tempol is an interesting candidate for the chemotherapy

of CL. Of note in BMDM, the IC5 of Tempol was determined
at 0.66 mM = 0.08 mM, the CCsy was calculated as >100 mM
and the selectivity index was established at 151. Tempol
presents low toxicity and has successfully completed phase
I clinical trials to be used topically against tissue damage
(Metz et al., 2004). Given that treatment options for CL are
currently limited and that the number of refractory cases
has increased, Tempol surfaces as a viable alternative for
further investigation.
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Concurrently, leishmaniasis and AIDS are global public health issues and the overlap
between these diseases adds additional treats to the management of co-infected
patients. Lopinavir (LPV) has a well characterized anti-HIV and leishmanicidal action, and
to analyze its combined action with miltefosine (MFS) could help to envisage strategies
to the management of co-infected patients. Here, we evaluate the interaction between
LPV and MFS against Leishmania infantum infection by in vitro and in vivo approaches.
The effect of the compounds alone or in association was assessed for 72 h in mouse
peritoneal macrophages infected with L. infantum by the determination of the IC5gs
and FICIs. Subsequently, mice were orally treated twice daily during 5 days with the
compounds alone or in association and evaluated after 30 days. The in vitro assays
revealed an IC5p of 0.24 wM and 9.89 uM of MFS and LPV, respectively, and an additive
effect of the compounds (FICI 1.28). The in vivo assays revealed that LPV alone reduced
the parasite load in the spleen and liver by 52 and 40%, respectively. The combined
treatment of infected BALB/c mice revealed that the compounds alone required at least
two times higher doses than when administered in association to virtually eliminate the
parasite. Mice plasma biochemical parameters assessed revealed that the combined
therapy did not present any relevant hepatotoxicity. In conclusion, the association of
MFS with LPV allowed a reduction in each compound concentration to achieve the same
outcome in the treatment of visceral leishmaniasis. Although a pronounced synergistic
effect was not evidenced, it does not discard that such combination could be useful in
humans co-infected with HIV and Leishmania parasites.
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INTRODUCTION

Visceral leishmaniasis (VL), also known as kala-azar, is a vector-
borne disseminated protozoan infection caused by species of
the Leishmania donovani complex (Lukes et al., 2007; Burza
et al., 2018). It is a an important but neglected tropical disease
that occurs worldwide (Ready, 2014). In 2015, more than
90% of VL occurred in only seven countries: Brazil, Ethiopia,
India, Kenya, Somalia, South Sudan, and Sudan (Burza et al.,
2018). Notwithstanding, VL remains prevalent in more than 60
countries worldwide (Burza et al., 2018).

VL is an opportunist disease in human immunodeficiency
virus (HIV) infected patients and this co-infection is one
of the major challenges for VL control (Alvar et al, 2008).
The re-emergence of VL in Europe in the 1990’ was caused
by immigration and HIV infection worsened the scenario
(Agostoni et al., 1998). Since then, co-infection cases have been
reported in 35 countries worldwide (Lindoso et al., 2016), being
more prevalent in the East Africa region, especially Ethiopia
(Van Griensven et al., 2014b; Yimer et al., 2014), in Brazil
(Nascimento et al, 2011; Lima et al, 2018), and in India
(Burza et al., 2014; Singh, 2014). VL promotes an increase in
viral load and accelerates the clinical progression of acquired
immunodeficiency syndrome (AIDS), thereby reducing the life
quality and expectancy of these patients. On the other hand,
HIV co-infection significantly increases the risk of progression
to VL disease in asymptomatic or subclinical individuals (Alvar
et al., 2008; Ezra et al., 2010; Adriaensen et al., 2017). Indeed, it
has been shown that the immunological status of HIV patients
is favorable for the multiplication of Leishmania parasites
(Adriaensen et al., 2017). Thus, both pathogens exert synergistic
detrimental effect on the immune response of co-infected
patients (Ezra et al., 2010).

Despite VL/HIV co-infection representing a significant public
health burden, the current therapies are inefficient, and an
effective treatment is remaining a challenge (Ritmeijer et al,
2011; Sinha et al., 2011; Van Griensven et al., 2014a). VL/HIV
co-infection cases have higher rates of treatment failure, greater
susceptibility to drug toxicity and higher lethality and relapse
than in VL infected patients without HIV infection (Monge-
Maillo et al., 2014; Van Griensven, 2014; Van Griensven et al.,
2014c). The advent of the highly active antiretroviral therapy
(HAART) improved the life quality, increased the life expectancy
of HIV patients, as well as promoted a substantial reduction
on the incidence of opportunistic infections (Crabtree-Ramirez
et al, 2016; Lindoso et al, 2016). Particularly, HIV-aspartyl
peptidase inhibitors (HIV-PIs) have been described as a powerful
in vitro antiproliferative agents against several opportunistic
pathogens (Pozio and Morales, 2005; Trudel et al., 2008; Santos
et al, 2009; Santos, 2010; Lindoso et al., 2016). Previous
data from our research group demonstrated that nelfinavir
is an effective antileishmanial agent against promastigotes of
several Leishmania species (Santos et al, 2013), as well as
that lopinavir (LPV) affects Leishmania-macrophage interaction
(Santos et al., 2009).

The combination therapy may be an interesting strategy to
deal with the co-infection. Previous studies have shown that drug

association can be very effective, reducing side effects, decreasing
the induction of resistance, and allowing the prescription of lower
doses to achieve the same outcome (Perron et al., 2012; Stone
et al,, 2014; Trinconi et al., 2014; Sun et al., 2016). Driven by the
necessity of finding alternative therapeutic strategies for VL/HIV
co-infection, we evaluated the combination treatment with LPV,
an HIV-PI, and miltefosine (MFS) in L. infantum infection.
Our results suggest that LPV- MFS combination therapy can
be effective in the treatment of VL/HIV co-infected patients
and provides data that can help to guide a possible therapeutic
strategy in VL/HIV co-infection.

MATERIALS AND METHODS

Drugs and Chemicals

LPV was synthesized in the Laboratory of Chemical Synthesis,
Farmanguinhos, FIOCRUZ. MFS, heat inactivated fetal bovine
serum (FBS), RPMI-1640 medium, streptomycin, penicillin,
hemin, D-biotin, adenine, folic acid, AlamarBlue®, and
dimethylsulfoxide (DMSO) were purchased from Sigma Aldrich
Chemical (St. Louis, MO, USA). Drugs were prepared in DMSO,
aliquoted, and kept at —20°C until use. All other reagents were
analytical grade or superior.

Parasites

Leishmania infantum (strain MHOM/MA/67/TTMAP-263) was
cultivated at 26°C in RPMI medium supplemented with 10%
FBS, streptomycin (100 jug/mL), penicillin (100 U/mL), hemin
(5 mg/mL), D-biotin (0.2 mg/mL), adenine (4 mg/mL), and folic
acid (0.5 mg/mL).

Experimental Animals a