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Antileishmanial effects of yCdcPLI, a phospholipase A, inhibitor
from Crotalus durissus collilineatus snake serum,
on Leishmania (Leishmania) amazonensis
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BACKGROUND Leishmaniasis, a neglected disease caused by the parasite Leishmania, is treated with drugs associated with
high toxicity and limited efficacy, in addition to constant reports of the emergence of resistant parasites. In this context, snake
serums emerge as good candidates since they are natural sources with the potential to yield novel drugs.

OBJECTIVES We aimed to show the antileishmanial effects of yCdcPLI, a phospholipase A, inhibitor from Crotalus durissus
collilineatus snake serum, against Leishmania (Leishmania) amazonensis.

METHODS Promastigotes forms were exposed to yYCdcPLI, and we assessed the parasite viability and cell cycle, as well as
invasion and proliferation assays.

FINDINGS Despite the low cytotoxicity effect on macrophages, our data indicate that yCdcPLI has a direct effect on parasites
promoting an arrest in the G1 phase and reduction in the G2/M phase at the highest dose tested. Moreover, this PLA, inhibitor
reduced the parasite infectivity when promastigotes were pre-treated. Also, we demonstrated that the yCdcPLI treatment
modulated the host cell environment impairing early and late steps of the parasitism.

MAIN CONCLUSIONS yCdcPLI is an interesting tool for the discovery of new essential targets on the parasite, as well as an
alternative compound to improve the effectiveness of the leishmaniasis treatment.
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Leishmaniasis is a set of complex and multifaceted
syndromes, with different clinical manifestations, caused
by protozoa of the species of the genus Leishmania.V Al-
though leishmaniasis has a wide distribution worldwide,
most cases occur in the American, Asian, and African
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continents.? According to the Pan American Health Or-
ganization (PAHOS), leishmaniasis affected 18 countries
in America in 2019, with Brazil being the country with
the most notifications (about 15,000 cases).®

In the Americas, leishmaniasis is associated with at
least 15 Leishmania species, belonging to the subgenera
Viannia, Leishmania and Mundinia, allocated into the
subfamily Leishmaniinae.®4>6™ Leishmania can cause
damage to the skin, mucosa, and visceral organs. The
main forms are Cutaneous Leishmaniasis (CL), Diffuse
Cutaneous Leishmaniasis (DCL), Mucocutaneous Leish-
maniasis (MCL), Anergic Diffuse Cutaneous Leishmani-
asis (ADCL) and Visceral Leishmaniasis (VL).>? The
most common clinical form is CL, while VL is the most
severe form and, in most cases, fatal if left untreated.®'?

CL is a widespread tropical infection caused by nu-
merous different species of Leishmania that are trans-
mitted by sandflies.® Among them, one can highlight
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Leishmania (Leishmania) amazonensis, which affects
skin, causing ulcers characteristic of cutaneous leish-
maniasis.'"'? However, L. (L.) amazonensis has been
also associated with a remarkably diverse clinical mani-
festations, such as DCL, ADCL and, less frequently,
with MCL and VL.(3¥ In patients with no known causes
of immunodeficiency, CL may progress to an absence of
specific cellular response (anergy) which characterises
the rare diffuse cutaneous leishmaniasis (DLC).("!

In Brazil, the anergic-multiparasitic end of the leish-
maniasis spectrum is exclusively associated with infec-
tion caused by L. (L.) amazonensis. Evidences suggest
that this species has a particular capacity to negatively
interfere with several immunological mechanisms nec-
essary for the generation of an effective immune re-
sponse.!¥ Therefore, these peculiarities highlight the ur-
gency of further studies addressing possible alternative
treatments against L. (L.) amazonensis.”

Drug therapy for all forms of leishmaniasis aims at
ensuring adherence to treatment, alleviating symptoms
caused by the disease, safely administering indicated
medications, controlling and/or minimising the occur-
rence of adverse effects.' Currently, therapy against
leishmaniasis is based on the use of drugs that are as-
sociated with serious deficiencies such as toxicity, pro-
longed administration and possible emergence of resis-
tance by the parasite.">

The complexity of leishmaniasis symptoms is large-
ly a result of the parasite’s virulence, which among
several actions can induce responses in the host cell,
such as changes in lipid metabolism that lead to plas-
ma membrane remodelling by membrane phospholipid
turnover, then modulating the process of adhesion and
invasion of the parasite.!® In this context, studies have
reported that the secretion of endogenous phospholi-
pases present in protozoa such as Trypanosoma cruzi
and L. (L.) amazonensis increases the ability of the
parasites to infect host cells.(181

Literature findings have demonstrated the role of
some molecules with anti-phospholipase action on leish-
maniasis. Borges et al.,*” using polyclonal antibodies
with high avidity and affinity for specific antigenic
toxin epitopes of phospholipases A, (PLAs) from snake
venom, demonstrated that these antibodies possibly rec-
ognise PLA_s present in the L. (L.) amazonensis, com-
promising its ability to establish infection in the host.
Similarly, Bordon and collaborators®” demonstrated a
selective action of three phospholipase A, (PLA.) inhibi-
tors against L. (L.) amazonensis, which was illustrated
by a reduction in the lesion size and skin parasitism in
infected BALB/c mice.

Natural products have been extensively studied in
regards its anti-PLA, activity, especially compounds
from plants extracts, marine organisms and snakes.®?
Venomous and non-venomous snakes display PLA, in-
hibitory proteins, named PLIs, which are serum globular
proteins and possess the unique ability to neutralise the
enzymatic and toxic components of snake venom PLA s.
(232425 PL[s are classified into types a, f and vy, according
to structural features, based on common motifs found
in other proteins with diverse physiological properties.

@9 y-type inhibitors (yPLIs) possess the group with the
highest number of subunits. The monomers with mo-
lecular masses around 20-31 kDa are typically establish
non-covalent oligomers of three to six subunits, which
form in response to temperature changes.?” Moreover,
yPLIs contain two conserved cysteine-rich domains,
termed three-finger protein domain (TFPD), which are
suggested to play a role in PLA recognition.*®
yCdcPLI, a y-type PLA, inhibitor isolated from Cro-
talus durissus collilineatus snake serum, has been ex-
plored for its therapeutic properties.?"?*30 It was firstly
isolated and chemically characterised as an oligomeric
protein with 23 kDa by monomer, capable of inhibiting
PLA -induced biological activities, such as oedema and
myotoxicity.?” yCdcPLI showed interesting antitumor
and antiangiogenic properties, which appear to be related
to the modulation of the PI3K/AKT pathway.*” yCdcPLI
inhibited gene expression of PI3KR1, Aktl and Akt3.
Moreover, the use of YCdcPLI decreased the active form
of Akt (p-Akt) and the PGE2 level in MDA-MB-231 cel-
lular supernatant, thus suggesting a possible interaction
between this inhibitor and endogenous PLA 5.*%

Since endogenous PLA s can be involved in para-
site virulence and maintenance in vertebrate hosts, they
can be considered a possible target for studies that aim
to better understand the parasite infection process that
leads to leishmaniasis.?*3!323339 Here, we presented for
the first time the antiparasitic effects of YCdcPLI on the
proliferation and infectivity of L. (L.) amazonensis pro-
mastigotes. Our findings may pave the way for further
investigations on the pathogenesis of the parasitic dis-
ease, as well as for the development of new therapeutic
approaches against leishmaniasis.

MATERIALS AND METHODS

Crotalus durissus collilineatus serum and Bothrops
pauloensis crude venom - The serum of C. d. collilinea-
tus (Cdc) was obtained from specimens maintained in
the Reptiles Sector of the Federal University of Uber-
landia, Minas Gerais, Brazil. This serpentarium was
registered in the Brazilian Institute of Environment and
Renewable Natural Resources — IBAMA (n° 301286).
The snake blood was collected periodically and the se-
rum was obtained by centrifugation at 5,000 g for 10 min
at 4°C. The serum was stored at -20°C. B. pauloensis
crude venom was collected from snakes kept at the Ceta
serpentarium, Animal Toxin Extraction Center, Ltda. -
CNPJ: 08.972.260/0001-30, Morungaba, SP, Brazil. This
serpentarium has undergone IBAMA registration and
obtained authorisation for the use of renewable natural
resources (n° 2087163).

Isolation of PLA, inhibitor (yCdcPLI) from Cdc se-
rum - yCdcPLI was purified from the same specimens
of Cdc serum in two sequential chromatographic steps,
as previously published by Gimenes et al.?” First, 98
mg of serum was dissolved into 1 mL 0.05 M sodium
phosphate buffer (pH 6.5) containing 0.2 M NaCl and
applied on a Q-Sepharose column (GE Healthcare -
United Kingdom) previously equilibrated with the same
buffer. Fractions (Q1 to Q5), eluted with 0.05 M sodium
phosphate buffer (pH 6.5) with crescent concentrations



of NaCl (0.2 M, 0.35 M, 0.5 M and 0.7 M) at a flow
rate of 12 mL/h at room temperature, were monitored at
Abs 280 nm (spectrophotometer Ultrospec 1000 UV/vis-
ible, Pharmacia Biotech - United States). Fractions were
lyophilised and stored at -20°C.

Q4 fraction (8.5 mg) with inhibitory activity on
phospholipases A, (data not shown) was further submit-
ted to NHS Hitrap (N-hydroxysuccinimide) affinity col-
umn immobilised with PLA, BnSP-7."9 Affinity column
was equilibrated with 10 mM Tris-HCI buffer (pH 7.5)
and the inhibitor was eluted with 100 mM glycine-HCI
buffer (pH 2.0). Fractions of 1 mL/tube were collected
at a flow rate of 0.1 mL/min using an AKTA prime plus
(Amersham Biosciences - United Kingdom). pH of the
eluted samples was immediately adjusted with 1 M Tris-
HCI buffer (pH 8.0).

The protein concentration was determined using
Bradford reagent (Sigma, B6916) according to Bradford
(1976).% The homogeneity of protein was assessed by
12.5% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE).

Inhibition of PLA, activity - The PLA, inhibition as-
say was determined according to De Haas and Postema.
% Phospholipase activity was measured using egg yolk
as a substrate in the presence of 0.03 M sodium deoxy-
cholate and 0.6 M CaCl,. In order to evaluate the inhibi-
tory effect of yCdcPLI on PLA, activity, the yCdcPLI
was incubated with B. pauloensis venom at different
venom:yCdcPLI (m/m) ratios for 30 min at 37°C. Results
were in triplicate and expressed in mEqNaOH/mg/min.

Cell culture and parasite maintenance - Immor-
talised macrophages (macrophages C57) were derived
from the bone marrow of C57BL/6 mice and main-
tained according to Araujo et al.®” L. (L.) amazonensis
promastigotes (IFLA/BR/67/PH8) were maintained in
Brain Heart Infusion - HiMedia medium supplemented
with 10% foetal bovine serum (FBS) (Cultilab, Campi-
nas, Brazil), 100 mg of gentamicin/mL and 2 mM L-
glutamine (GibcoBRL, Life Technologies, New York) at
23°C. Promastigotes in the stationary phase (metacyclic)
were used in the experiments.

Cellular viability in promastigote forms of L. (L.)
amazonensis - Cytotoxicity assays in the presence or
absence of yCdcPLI were performed on promastigote
forms by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay, as previously de-
scribed.®%3°49 Promastigotes (1.0 x 10° parasites/well)
were placed in 96-well culture plates and incubated
in two-fold serial dilution of yCdcPLI (from 0.781 to
50 pug/mL) for 24 h at 23°C. Control parasites were in-
cubated with medium only. After 24 h, promastigotes
were incubated with 5 mg/mL MTT for 3 h at 23°C.
Formazan crystals were dissolved by adding 100 pL of
PBS (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO, and
2 mM KH,PO,) containing 10% SDS and 0.01 M HCL
After 18 h, the absorbance was measured in a multi-
well scanning spectrophotometer (MultiskanGO, Ther-
mo Scientific) at 570 nm. Results were expressed as the
percentages of viable cells in relation to untreated con-
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trol (100% viability). Dose response inhibition curves
[Log (inhibitor) vs. normalised response — Variable
slope] were calculated.

Cellular viability in macrophages C57 - Cell viabil-
ity in the presence or absence of yCdcPLI was evalu-
ated in macrophages C57 by MTT assay. Briefly, cells
were cultured in 96-well plates (3.0 x 10* cells/200 pL/
well) in a medium supplemented with FBS for 24 h at
37°C and 5% CO,. Then, cells were treated in two-fold
serial dilution of yCdcPLI (from 0.781 to 50 pg/mL)
in RPMI 1640 medium. After 24 h, supernatants were
discarded and 10 pL of MTT (5 mg/mL) and 90 pL of
10% FBS medium were added to each well for 3 h, un-
der the same culture conditions. Subsequently, forma-
zan crystals were dissolved by adding 100 pL of PBS
containing 10% SDS and 0.01 M HCI and, after 18 h,
the optical density was determined at 570 nm on a plate
reader. Cell viability was reported in percentages (vi-
ability %), with the absorbance of cells incubated only
with culture medium considered as 100% viable. Dose
response inhibition curves [Log (inhibitor) vs. nor-
malised response - Variable slope] were calculated. The
selectivity index (SI) was determined as the ratio be-
tween the half-maximal cytotoxic concentration (CC,))
for macrophages C57 and the half-maximal inhibitory
concentration (IC, ) against L. (L.) amazonensis.

Inference of the cell cycle phases based on DNA con-
tent analysis - The cell cycle phases were inferred based
on the DNA content analysis, as previously described.
424349 Exponentially growing promastigotes of L. (L.)
amazonensis (1.0 x 10° cells/well) were plated in 96-well
micro-plates and treated with yCdcPLI (10 and 50 pg/mL)
or culture medium (control group) for 24 h at 23°C. Then,
parasites were harvested and fixed in 70% ethanol for 18 h
at 4°C. To ensure that only the DNA was stained, parasites
were incubated with RNase A (100 pg/mL) and propidium
iodide (PI) (10 pg/mL) for 45 min in the dark at 37°C. Cell
cycle was analysed by a FACS Cantoll (BD), and the data
were obtained using Flow Jo software (version 7.6.3).

Invasion assays - Invasion assays were carried out
following a published study, with minor modifications.
@) Macrophages C57 (5.0 x 10° cells/well) were cultured
in a 24-well plate containing 13-mm coverslips in each
well. After adhesion, the cells were submitted to two dis-
tinct experimental models: (i) macrophages C57 were pre-
treated or not with 10 and 50 pg/mL of yCdcPLI for 24 h,
and then infected with L. (L.) amazonensis promastigotes,
with a multiplicity of infection (MOI) of 10 parasites per
1 cell, for 4 h at 23°C; (ii) Promastigote forms of L. (L.)
amazonensis (with a MOI of 10:1) were pre-treated or not
with 10 and 50 pg/mL of yCdcPLI for 1 h, and allowed
to invade the cells for 4 h at 23°C. For both protocols,
cells were fixed with Bouin’s solution (HT10132 Sigma
Aldrich) and stained with Giemsa (1:20 - P3288 Sigma
Aldrich).®” Finally, the coverslips were analysed under
a light microscope to assess the following parameters:
number of cells with invaded parasites (invasion rate) and
total number of parasites invaded to these cells in a total
of 200 cells examined randomly. Three independent ex-
periments were performed in triplicate for each treatment.
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Intracellular killing assay - Macrophages C57 (2.0 x
10° cells/well) were cultured in a 24-well plate containing
13-mm coverslips in each well, and infected with a MOI
of 10:1 of promastigote forms of L. (L.) amazonensis for
4 h at 23°C. Cells were carefully rinsed several times
with PBS to remove the excess of extracellular parasites.
Next, cells were incubated with twofold serial dilutions
of yCdcPLI (ranging from 50 to 1.56 pg/mL), or culture
medium for 24 h 37°C and 5% CO,. Also, the present
study used the amphotericin B (1 pg/mL) (Sigma #1397-
89-3) as a gold standard drug against leishmaniasis.“®
Finally, the cells were fixed and stained as mentioned
above, and the total number of intracellular amastigotes
were counted in a total of 100 infected cells examined
randomly an optical microscope.

Statistical analysis - Data are expressed as mean +
standard deviation (SD) of experiments performed at
least three times in triplicate. All data were first checked
for normal distribution. Differences between two groups
were determined by Student’s t test (two-tailed) and
Mann-Whitney test for parametric or non-parametric
data, respectively. Differences among multiple groups
were assessed by one-way analysis of variance (ANO-
VA) test with Dunnett’s multiple comparisons test, for
parametric data, or by Kruskal-Wallis test with Dunn’s
multiple comparison post-test, in the case of non-para-
metric data (GraphPad Prism Software version 8.00).
Data were considered statistically significant at p <0.05.

RESULTS AND DISCUSSION

Isolation of yCdcPLI from Cdc serum - Here, we de-
scribed the antileishmanial effects induced by yCdcPLI
isolated from Cdc snake serum. Initially, we isolated
yCdcPLI according to Gimenes et al.,*” with two chro-
matography steps by ion exchange chromatography on
Q-Sepharose and by affinity on NHS Hitrap (N-hy-
droxysuccinimide) immobilised with the PLA -BnSP-7
[Fig. 1A, B and Supplementary data (Figure)]. Affinity
chromatography has been employed by other authors to
isolate different classes of inhibitors.*” The success of
this method is related to the specificity and purity of the
isolated proteins.®”

The fractionation of Cdc serum on a Q-Sepharose
Fast Flow column produced five major protein peaks,
called Q1 to Q5 (Fig. 1A). The inhibitory effect of all
fractions on PLA activity was tested (data not shown).
The Q4 fraction, which showed PLA  activity inhibi-
tion, was applied to an NHS Hitrap (N- hydroxysuccin-
imide) affinity column immobilised with PLA -BnSP-7,
resulting in two fractions, NHS-1 and NHS-2 (Fig. 1B).
Similar to Gimenes et al.,*” NHS-2 fraction, which con-
tains the yCdcPLI, was shown to be homogenous with
a unique peak and a single band with a Mr of approxi-
mately 23kDa (Fig. 1C). This protein represented 0.5%
of the Cdc serum and was able to inhibit 58.25% the
PLA, activity induced by B. pauloensis crude snake ven-
om at the ratio 1:5 (B. pauloensis venom:yCdcPLI, m/m)
(Fig. 1D). Gimenes et al.,?” showed the efficiency of
the inhibitory yCdcPLI against acidic and basic Asp-49
PLA s (BpPLA,-TXI and BthTX-II, respectively). The
authors demonstrated that yCdcPLI can inhibit 100% of

the activity of different types these PLA . Furthermore,
Gimenes et al.,®® determined the value of interaction be-
tween a PLA from honey bee and the recombinant form
of yCdcPLI. The authors demonstrated a higher capacity
of inhibitor to interact with the PLA,, which Kd value
around 1.48 uM. Here, we observed a lower inhibition
percentage of inhibitor against the whole snake venom.
This finding suggests that due to snake venom is a rich
mixture of a different types of toxins, among them dif-
ferent classes of PLA,,*Y the protein interaction is af-
fected, which contributes to a decrease in the capacity
of the inhibitor to recognise, bind, and inhibit the en-
zymatic activity.*” This capacity of yPLIs in inhibiting
PLA , activities has been already described in the current
literature. Oliveira et al.®” showed that the yBjussuMIP
isolated from B. jararacussu plasma was able to inhibit
oedema, myotoxic, cytotoxic and bactericidal effects in-
duced by bothropic PLA s, which show the remarkable
scenario for the use of these molecules as tools for the
treatment of diseases.

yCdcPLI decreases the viability of promastigote
forms of L. (L). amazonensis and macrophages C57 -
The viability assays were performed on both promas-
tigote forms and macrophages cultivated in absence
(control) or presence of increasing concentrations of
yCdcPLI (0.78 -50 pg/mL) for 24 h. Regarding the con-
trol group (untreated group), YCdcPLI was able to re-
duce 20% and 50% of the parasite’s viability at 25 and
50 pug/mL, respectively (p < 0.05, Fig. 2A). Interestingly,
yCdcPLI decreases the viability of macrophages C57
only at 50 ug/mL compared to control group (p < 0.05,
Fig. 2B). yCdcPLI at 50 pg/mL reduced the parasite and
macrophage viability around 50% and 30%, respective-
ly, showing to be more cytotoxic to promastigote forms
when compared to macrophages at the same concentra-
tion (p < 0.05, Fig. 2C). Moreover, the half-maximal in-
hibitory concentration (IC, ) against L. (L.) amazonensis
is 48.9 pg/mL, while the half-maximal cytotoxic con-
centration (CC, ) for macrophages C57 is higher than 50
pg/mL (highest concentration tested), revealing a SI >
1.0. These results suggest that yCdcPLI had a possible
selective action against parasites, as well as an ideal con-
centration to cause a better effect on promastigote forms
of L. (L.) amazonensis.

Antileishmanial activity induced by PLA, inhibi-
tors has been described in the literature. Alvarez et al.,*?
showed the anti-proliferative effect induced by Imidazoli-
din-2-one derivative compounds against L. (L) infantum
promastigotes. The most active derivative Imidazolidin-
2-one showed an important activity against the clinically
relevant stage of parasites in comparison with Glucan-
time® and did not induce toxicity on human fibroblast
cells. This same study suggested that Imidazolidin-2-one
compounds have a direct antiparasitic effect through
a perturbation of phospholipid membrane homeosta-
sis and through the inhibition of the parasite protein ki-
nase C (PKC), an important enzyme that regulates early
events of the parasite-macrophage interaction process.
69 Another study demonstrated that bromoenol lactone
(an inhibitor of calcium-independent PLA,) and methyl
arachidonyl fluorophosphonate (a selective and irrevers-



ible inhibitor of cytosolic PLA, and calcium-independent
PLA,) induced cytotoxicity to 50% of promastigote forms
of L. (L.) amazonensis at 15.1 = 3.7 uM and 50.5 + 7.8
uM, respectively. Moreover, these PLA inhibitors did not
induce cytotoxicity to peritoneal macrophages.®"

yCdcPLI treatment promoted a cell cycle arrest at GO/
Gl1 phase in promastigote forms of L. (L.) amazonensis
- Our previous results demonstrated that yCdcPLI was
able to interfere in parasite’s viability. Thus, we aimed to
assess the impact of yCdcPLI treatment on the cell cycle
progression of promastigote forms of L. (L.) amazonen-
sis. This measurement was carried out indirectly, through
the analysis of DNA content by flow cytometry using a
DNA intercalant (PI). Of note, the inference of cell cycle
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phases (G1, S, and G2/M) through DNA content is a stan-
dardised approach, commonly used in several cellular
models,**3Y especially in trypanosomatids.®443

Briefly, promastigotes were treated (or not, in case
of control) with 10 and 50 pg/mL of yCdcPLI for 24 h,
and the DNA content was analysed by flow cytometry.
Our results demonstrated that yCdcPLI at 50 pg/mL ar-
rested the cells at G1 phase of the cell cycle and, as a
consequence, there was a decrease in the percentage
of cells in the G2/M phases 24 h post-treatment (p <
0.05, Fig. 2D, E). The proportion of cells in G1 phase
increased from 50% to 60% and decreased from 20%
to 5% in the G2/M phase after treatment with yCdcPLI
at 50 pg/mL (p < 0.05, Fig. 2D, E).
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Fig. 1: isolation of yCdcPLI from Crotalus durissus collilineatus snake serum. (A) 98 mg of lyophilised serum was dissolved in 1 mL of 0.05 M
sodium phosphate buffer (pH 6.5) containing 0.2 M NaCl, applied to ion exchange chromatography (Q-Sepharose), equilibrated and eluted with
buffer 0.05 M sodium phosphate with different NaCl concentrations (0.2, 0.35, 0.5 and 0.7 M) at a flow rate of 12 mL/h 25°C. (B) NHS-Hitrap
affinity chromatography (N- hydroxysuccinimide) coupled with BnSP-7 of Q4 fraction (8.7 mg) in (Buffer A: 10 mM Tris-HCI buffer, pH 7.5;
Buffer B: 100 mM glycine-HCI buffer, pH 2.0). (C) 12.5% (w/v) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of
yCdcPLI: MW: molecular weight markers (250, 130, 100, 70, 55, 35, 25 and 15 kDa). The black arrow indicates the isolated protein. (D) Phospho-
lipase A, (PLA,) activity inhibition (Bothrops pauloensis venom: yCdcPLI, 1:5; w/w). NHS-2 fraction (0.5 mg) contains the yCdcPLI inhibitor,
according to Gimenes et al.?”. Data are expressed as mean + standard deviation (SD). Significant differences were determined using Unpaired
Student’s t test (two-tailed). Differences were considered significant when p < 0.05.
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Fig. 2: effects of yCdcPLI inhibitor on the viability and cell cycle progression. Viability assay of both (A) Leishmania (Leishmania) amazonensis
promastigotes and (B) Macrophages C57 treated with yCdcPLI ranging from 0.781 to 50 pg/mL for 24 h. For the positive controls of viability,
cells and parasites were treated with RPMI and LIT media only, respectively. (C) A comparative analysis of viability between the effects of
vyCdcPLI on cells and parasites. (D, E) Representative histograms and graph showed that yCdcPLI (50 pg/mL) promoted a significant cell cycle
arrest at G1 phase at 24 h post-treatment. Data are expressed as mean + standard deviation (SD). Significant differences were determined us-
ing one-way analysis of variance (ANOVA) and Dunnett’s multiple comparisons test. Differences were considered significant when p < 0.05.

One possible explanation for this phenomenon, based
in other study,®” is that the treatment with 50 pg/mL of
vCdcPLI may have caused a variety of reactions that af-
fect the G2 phase, with impaired synthesis of proteins
that will be needed for the next phase of the cycle, as well
as impairment by the duplication of organelles in mitosis
and cytokinesis.®” However, we believe that the most par-
simonious hypothesis explaining the observed cell cycle
arrest in G1 phase is the presence of DNA damage. Pos-
sibly, the cells arrested in GO/G1 phase because they were
unable to overcome the G1/S checkpoint, which normally
occurs when there is something wrong with the cell, pre-
dominantly DNA damage. Similar findings have been
demonstrated by other natural or synthetic compounds
with antileishmanial activities. It was demonstrated that
solidagenone, sesamol, betulinic acid, among others, im-
paired cell cycle progression of Leishmania spp. by in-
creasing the number of cells in the G0/G1 phase, as well
as decreasing the proportion of promastigotes at the re-
maining phases (S and G2/M).(35455:365) Therefore, we
hypothesise that the yCdcPLI treatment may be causing
some type of DNA damage, perhaps DNA breaks as a
consequence of apoptotic processes, as demonstrated in
other cell models,®® which could explain the cell cycle
arrest in yCdcPLI-treated promastigotes. Another possi-
bility is that treatment with yCdcPLI would impair prolif-
eration,®® leading to an increase in quiescent (dormant)
cells. Although little studied, this phenomenon has been

reported in other trypanosomatids as a result of drug ex-
posure.®% To obtain more evidence to support any of
these hypotheses, further experiments need to be thor-
oughly evaluated in subsequent studies.

yCdcPLI interferes directly in the infective capac-
ity of promastigote forms and modulates the host cell
environment - To gain insights into the leishmanicidal
activity of yCdcPLI, we verified the capacity of this
protein to interfere with the parasite invasion process.
For this purpose, we assessed whether yCdcPLI would
be able to target the parasites and/or the cells, by treat-
ing infected macrophages, or pre-treating both the pro-
mastigotes and macrophages prior to infection. Our data
showed that the pre-treatment of promastigote forms of
L. (L.) amazonensis with yCdcPLI (10 and 50 pg/mL)
for 1 h reduced the number of intracellular parasites, as
well as the percentage of infected cells in comparison
with the untreated control group (p < 0.05; Fig. 3A, B).
Moreover, the previous treatment of macrophages C57
with both concentrations of yCdcPLI also reduced the
percentage of parasite-infected macrophages C57 (p <
0.05; Fig. 3B) and consequently decreased the number of
invaded parasites relative to the control group (p < 0.05;
Fig. 3A). Also, our data revealed that treatment for 24 h
with yCdcPLI (50 to 3.125 pg/mL) were able to inhibit
the intracellular parasite multiplication compared to the
untreated group (p < 0.05; Fig. 4A), thus highlighting
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Fig. 3: effect of yCdcPLI on the invasion of Leishmania (Leishmania)
amazonensis promastigotes in macrophages C57. Macrophages C57
or promastigotes were pre-treated with yCdcPLI (10 and 50 pg/mL)
prior infection for 24 and 1 h, respectively, and then allowed to inter-
act with macrophages for 4 h. (A) Total number of intracellular para-
sites, and (B) Percentage of infected cells in a total of 200 cells exam-
ined randomly. Data are expressed as mean + standard deviation (SD).
Significant differences were determined using one-way analysis of
variance (ANOVA) and Dunnett’s multiple comparisons test. “Statis-
tically significant difference (p < 0.05) compared with the control.

the antiparasitic action of yCdcPLI upon amastigotes
forms. As expected, the gold standard treatment with
amphotericin B (1 pg/mL) controlled the parasite repli-
cation within macrophages related to the control group
(p <0.05; Fig. 4A). It was not possible determine the IC,
value against intracellular forms of L. (L.) amazonensis.
Representative images are shown (Fig. 4B-E).

Several prokaryotic and eukaryotic pathogens pro-
duce PLA s that not only function as an important vir-
ulence factor, but also have been associated with the
penetration process, responsible for entering host cells,
and many others intracellular mechanisms."® Thardin
et al.,®" reported the role of parasite and host cell phos-
pholipases in eicosanoid production by mouse peritone-
al macrophages during 7. gondii invasion. The authors
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showed that the pre-treatment of tachyzoites with PLA,
inhibitors (e.g., 4-p-bromophenacyl bromide and quin-
acrine), in the absence of Ca?*, culminated in a reduc-
tion of parasite invasion into macrophages. Moreover,
the activities of the cyclooxygenase and lipoxygenase
pathways were down-modulated when macrophages
were pre-treated with these PLA  inhibitors, which led
the authors to suggest that the parasites activated the
host cell PLA €D

Leishmania spp. are intracellular protozoans capable
of scavenging glycerophospholipids from host cells and
degrading them via the PLA  activity, which suggests
that these parasites can remodel exogenous lipids into
their own via the Lands cycle.'%%%% Degrading activi-
ties of PLA s were also reported in Leishmania, and
they could be involved in the biosynthesis of lipophos-
phoglycan, the main macromolecule on the surface of
the procyclic promastigotes.® The modification of
phospholipid composition of infected macrophages has
been described, with increasing levels of lysophosphati-
dylcholine, an effect that may reflect, indirectly, the ac-
tion of endogenous/parasite PLA, on the macrophage.®

Passero et al.,®® demonstrated that macrophages in-
fected with L. (L.) amazonensis treated with PLA, had
more intracellular amastigotes relative to the control
group. Furthermore, this study showed an association
between intracellular parasitism and PGE, production
by infected macrophages.

The involvement of PLA, can be considered as an ad-
ditional mechanism by which L. (L.) amazonensis para-
sites infect, modulate inflammation and persist in the
host, suggesting that the inhibition of this molecule can
shed light on important targets for the host-parasite inter-
action.©%8%) In this way, these findings are in accordance
with our work, which can bring new antileishmanial ap-
proaches based on the role of PLA s in parasitism.

In summary, our data indicate that yCdcPLI has a
direct effect on parasites, since this protein was highly
toxic against promastigote forms, culminating in a re-
duction of the parasite invasion rate. However, even
though the mechanism of action of yCdcPLI appears
to be specific against the parasites, an additional and
non-exclusive hypothesis to explain the impact of this
inhibitor against L. (L.) amazonensis could involve
the modulation of the host cell environment, since the
treatment of macrophages prior or after infection also
impaired the parasite growth.

In conclusion, the present study demonstrated the
antileishmanial effects of yCdcPLI, a PLA, inhibitor iso-
lated from Cdc snake serum, against L. (L.) amazonen-
sis. yCdcPLI presented high toxicity against the parasites,
inducing cell cycle arrest that is probably a consequence
of DNA damage. Furthermore, yCdcPLI treatment inter-
fered with parasite invasion and intracellular proliferation
in host cells. Thus, our results provide evidence of the po-
tential use of PLA?2 inhibitors as an interesting approach
to studying the pathogenesis of infectious diseases, as well
as amodel for the discovery of relevant targets in parasites
and/or host cells, for the design of new compounds against
parasitic illnesses.
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Fig. 4: intracellular killing assay. Macrophages C57 were infected with Leishmania (Leishmania) amazonensis promastigotes (MOI 10:1) for 4
h, and then treated with twofold serial dilution of yCdcPLI (ranging from 50 and 1.56 pg/mL) or culture medium (control group) for 24 h. Am-
photericin B (1 pg/mL) were used as positive control against L. (L.) amazonensis. (A) Total number of intracellular amastigotes in a total of 100
infected cells examined randomly after treatments. Representative images of treatments are demonstrated, as follows: (B) control, (C) ampho-
tericin B (1 pg/mL), (D) yCdcPLI (12.5 pg/mL) and (E) yCdcPLI (50 pg/mL). Data are expressed as mean + standard deviation (SD). Significant
differences were determined using one-way analysis of variance (ANOVA) and Dunnett’s multiple comparisons test. "Statistically significant
difference (p < 0.05) compared with the control. Black arrows show intracellular amastigotes. Scale bars (bottom right): 20 um or 50 pm.
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