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Abstract

Cutaneous Leishmaniasis (CL) is a parasitic infection classified by the WHO as one of the
most uncontrolled spreading neglected diseases. Syria is endemic for Leishmania tropica
and Leishmania major, causing CL in the Eastern Mediterranean. The large-scale displace-
ment of Syrian refugees exacerbated the spread of CL into neighboring countries. Therapeu-
tic interventions against CL include local, systemic and physical treatments. The high risk for
drug-resistance to current treatments stresses the need for new therapies. Imiquimod is an
immunomodulatory drug with a tested efficacy against L. major species. Yet, Imiquimod effi-
cacy against L. tropica and the molecular mechanisms dictating its potency are still underex-
plored. In this study, we characterized the effect of Imiquimod against L. tropica and L.
major, and characterized the molecular mechanisms dictating its anti-leishmanial efficacy
against both strains. We also investigated the potency and molecular mechanisms of an Imi-
quimod analog, EAPB0503, against these two strains. We have tested the effect of Imiqui-
mod and EAPB0503 on macrophages infected with either L. major, L. tropica strains, or
patient-derived freshly isolated L. tropica parasites. The anti-amastigote activity of either
drugs was assessed by quantitative real time PCR (RT-PCR) using kinetoplast specific prim-
ers, confocal microscopy using the Glycoprotein 63 (Gp63) Leishmania amastigote antibody
or by histology staining. The mechanism of action of either drugs on the canonical nuclear
factor kappa- B (NF-kB) pathway was determined by western blot, and confocal microscopy.
The immune production of cytokines upon treatment of infected macrophages with either
drugs was assessed by ELISA. Both drugs reduced amastigote replication. EAPB0503
proved more potent, particularly on the wild type L. tropica amastigotes. Toll-Like Receptor-7
was upregulated, mainly by Imiquimod, and to a lesser extent by EAPB0503. Both drugs
activated the NF-kB canonical pathway triggering an immune response and i-NOS upregula-
tion in infected macrophages. Our findings establish Imiquimod as a strong candidate for
treating L. fropica and show the higher potency of its analog EAPB0503 against CL.
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Author summary

Cutaneous Leishmaniasis (CL) is a parasitic infection caused by Leishmania (L.) parasites.
In the Old World and the Near East, CL is mainly caused by L. major and L. tropica. The
ongoing Syrian war and the resulting massive population displacement led to an alarming
increase in the incidence of CL, in Syria and its surrounding countries. Current therapies
against CL lead to partial or complete cure in L. major infections but are less effective
against L. tropica. These therapies associate with several limitations, including patient-
s’age, immune system, repetitive painful injections, high cost, poor availability, and
mainly systemic toxicity. Therefore, it is of high interest to seek for novel drugs against
CL. We assessed the activity of an immunomodulatory drug and its analog against L.
major and L. tropica parasites and showed their potency. Importantly, the analog proved
more efficient against the wild type L. tropica strain. These results highlight the promising
efficacy of immuno-modulatory drugs against CL.

Introduction

Cutaneous leishmaniasis (CL) is caused by Leishmania parasite and is classified by the World
Health Organization (WHO) as one of the most common neglected tropical diseases [1]. During
the past decade, an alarming increase in the incidence of CL was documented, ranging from 2.1
million cases in 2002, to approximately 4 million cases in 2015 [2]. In the Eastern Mediterranean,
Leishmania tropica and Leishmania major cause CL [3]. In Syria, the prevalence lately doubled
due to chronic conflicts [4]. The displacement of Syrian refugees to the neighboring countries,
including under-endemic ones like Lebanon, promoted the dissemination of this infection [5].

CL treatment varies among patients [6], and include local, systemic and physical
approaches [7]. Meglumine antimoniate (Glucantime) is widely used [8], but yet presents with
many disadvantages such as the painful intra-lesional injections to be repeatedly injected in
each lesion, on a weekly basis and for up to 8 weeks [9]. An intramuscular injection of Glucan-
time was proposed to overcome this painful process, however it was associated with high
hepatic and cardiac toxicity [10]. Imiquimod is an FDA approved imidazoquinoxaline against
skin infections, with great anti-viral/anti-tumor activities [11]. Imiquimod proved potent in
CL treatment [12, 13]. It was used in combination with systemic antimonials [14], and pre-
sented with cure rates exceeding 90% in refractory patients [15]. Accordingly, it was intro-
duced by the WHO to the guidelines of CL treatment [16].

Among several synthesized Imiquimod analogs [11], EAPB0503 (1-(3-methoxyphenyl)-N-
methylimidazo[1,2-a]quinoxalin-4-amine) exhibited higher potency than Imiquimod in sev-
eral cancer models [17,18,19]. This study addressed the effect of Imiquimod and its analog,
EAPBO0503, in the context of CL, against amastigote stages of L. tropica and L. major parasites.
The mechanism of action as well as the elicited immune response were also investigated. This
work gives a better insight about the effect of immunomodulatory drugs derivatives on CL,
and opens horizons for new and promising treatment paradigm.

Results

EAPBO0503 exhibited a higher effect on L. tropica and L. major amastigotes
replication

To compare the effect of Imiquimod and EAPB0503 on L. major amastigotes, macrophages
were infected at the ratio of 5 parasites per cell. Treatment was performed with different
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concentrations of either drugs for 24 hours. Amastigotes replication was evaluated by real time
PCR, using kinetoplast specific primers. Starting the concentration of 0.1 uM, L. major amasti-
gotes transcription levels decreased in a concentration-dependent manner following treatment
with either drugs, and leading to 80% inhibition of parasite replication at the concentration of
1uM (Fig 1A).

L. tropica, the most endemic species causing anthroponotic CL (ACL) in the Middle East
area [7], showed that both drugs exert an anti-amastigote activity in a concentration depen-
dent manner. Strikingly, a concentration of 0.1 uM was obtained upon treatment with
EAPB0503 as compared to 1uM of Imiquimod (10 folds higher concentration) (Fig 1B). This
decrease in amastigotes was also more prominent at 0.5 and 1 pM of EAPB0503, compared
to the same doses of Imiquimod (Fig 1B). No effect was observed using the vehicle alone (S1
Fig). This promising data clearly shows a different response of leishmanial strains to treatment
with either drugs, and a better response obtained upon treatment of L. tropica strain with
EAPB0503.

EAPBO0503 inhibited amastigote replication as early as 10h post-treatment

Based on our concentration screening results, we chose the optimal concentration of 0.1 pM
for further analysis. We examined the effect of this concentration at an earlier time point of
10h. Imiquimod induced a decrease in L. major amastigotes replication by 50% at 10h post-
treatment, and by 65% at 24h post-treatment (Fig 1C). More interestingly, EAPB0503 showed
a more prominent decrease of amastigotes expression at 10h or 24h post-treatment, where
only 10% of amastigote transcripts were detected by RT-PCR (5 folds less than Imiquimod)
(Fig 1C).

Imiquimod reduced L. tropica amastigotes transcription levels to around 60% at 10h
post-treatment and to around 20% at 24h post-treatment (Fig 1D). Interestingly, EAPB0503
reduced amastigotes transcript levels to 30% (almost 2 folds less than Imiquimod) at 10h post-
treatment and to 10% (around 2 folds less than Imiquimod) at 24h post-treatment (Fig 1D).

We then assessed the effect of both drugs on amastigotes of L. major and L. tropica strains
histologically. Consistent with the transcript results, both drugs had a leishmanicidal effect on
both strains (Fig 1E and 1F). Whilst Imiquimod displayed similar results against L. major at
both time points (Fig 1E), EAPB0503 was more potent against L. tropica strain (Fig 1F). Alto-
gether, these data show that EAPB0503 acts at the low dose of 0.1 uM and as early as 10h,
when compared to its parental compound Imiquimod.

Imiquimod triggered an increase of TLR-7 expression in L. tropica infected
macrophages

Imiquimod belongs to the class of Toll-like receptor (TLR) agonists with high affinity to TLR7,
commonly involved in pathogen recognition (Fig 2A) [14, 20]. We investigated the molecular
mechanisms underlying the potency of Imiquimod and its analog EAPB0503 against Leish-
mania amastigotes. We focused on L. tropica and adopted the concentration of 0.1 pM at both
time points 10 and 24h post-treatment. Our results showed that TLR7 protein levels increased
after treatment with either drugs, in comparison to uninfected or untreated infected macro-
phages (Fig 2B). Same results were obtained on L. major infected macrophages upon treatment
with either drugs (S2 Fig 2). In case of L. tropica and consistent with published data, the upre-
gulation was maximal upon treatment with Imiquimod for 10h (Fig 2B). EAPB0503 induced a
higher protein expression of TLR7. Nonetheless, the highest induction of TLR7 was obtained
upon treatment with Imiquimod. Our results confirm the mechanism of action of Imiquimod
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Fig 1. EAPB0503 exhibits a higher efficacy on L. tropica amastigotes replication. Real-time quantitative PCR
detection of infected macrophages with L. major or L. tropica amastigotes treated with different concentrations of
Imiquimod or EAPB0503 (A, B). RT-PCR detection of infected macrophages with L. major (C) or L. tropica (D)
amastigotes treated with 0.1 pM of Imiquimod or EAPB0503 for 10 and 24h. Briefly, differentiated and activated THP-
1 into macrophages were infected with L. major or L. tropica at the ratio of 5 parasites/cell for 24h. Treatment with 0.1,
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0.5, 1 or 10 uM of Imiquimod or its analog EAPB0503 was performed for 24h (A-D). Treatment with 0.1uM of
Imiquimod or EAPB0503 was performed for 10 and 24h (C, D). The results are shown as percentage of untreated
infected macrophages. Amastigote transcripts were evaluated by Syber green RT-PCR using kinetoplast specific
primers and their percentage of expression was normalized to GAPDH. Results are expressed as percentage of
untreated control (+) SD and are representative of at least three independent experiments. Giemsa staining on
untreated or treated macrophages infected with amastigotes of L. major (E) and L. tropica (F) strains. Treatment with
0.1 uM of Imiquimod or EAPB0503 was performed for 10 or 24h. The results depict one representative of three
independent experiments. The t-test was performed to validate significance. *, ** and *** indicate p values < 0.05; 0.01
and 0.001, respectively. P-values less than 0.05 were considered significant.

https://doi.org/10.1371/journal.pntd.0006854.9001

via this receptor in the context of CL. The lower expression of TLR7 upon treatment with
EAPB0503, seemingly shows a potential mode of action through a different TLR.

Imiquimod and EAPB0503 induced the canonical NF-kB pathway
activation

Following recognition of pathogens, TLRs trigger the NF-kB pathway activation (Fig 2A) [21]
inducing immune inflammatory responses [22]. Imiquimod activates the canonical NF-xB
pathway (Fig 2A) [23]. We explored this pathway in the context of CL. Western blot analysis
clearly showed an activation of the multimeric IKK complex (IKKo/IKKp) after 10 or 24h
treatment with either drugs (Fig 2C). Furthermore, an induction of the phosphorylated form
of the IxBo at both time points was obtained, presumably leading to its degradation (Fig 2C).
We then examined whether this NF-xB activation involves the canonical pathway. Our results
demonstrate that the p50 subunit was upregulated especially upon 24h post-treatment with
either drugs (Fig 2C). This led to the nuclear translocation of p65 (Fig 2D), which represents
the active NF-«xB subunit, and known to activate immune response genes. Collectively these
results showed that both Imiquimod and EAPB0503 inhibit amastigote replication via activa-
tion of the canonical NF-xB pathway.

Imiquimod and EAPB0503 induced NF-kB mediated macrophage immune
response

We investigated the expression of pro- and anti-inflammatory mediators after treatment. Mac-
rophage Inflammatory Proteins (MIP-1o and ) and Monocyte Chemoattractant Protein
(MCP-1) levels increased upon treatment with both drugs (Fig 3A). The secreted levels of
depicted pro-inflammatory cytokines namely Interleukin-12 (IL-12), IL-1B3, TNF-a and IL-6,
important in CL clearance [24], were increased upon treatment with Imiquimod or EAPB0503
(Fig 3A).

Macrophage-derived nitric oxide (NO) is effective against microbes, and synthesized by
Nitric Oxide Synthase (i-NOS). i-NOS is induced in response to pro-inflammatory cytokines
[25] and, in CL-infected macrophages, iNOS is protective against L. major [26]. Both drugs
increased i-NOS transcripts in macrophages infected with either L. tropica or L. major strains,
with EAPB0503 inducing a 5-fold higher expression (Fig 3B, S2B Fig respectively). This pre-
sumably leads to higher NO production, hence enhanced leishmanicidal activity.

In CL, pro-inflammatory cytokines are linked to resistance against leishmaniasis; whereas
anti-inflammatory cytokines relate to disease progression [27]. We examined the secretion lev-
els of two depicted anti-inflammatory cytokines, IL-10 and IL-4 after treatment with either
drugs. In comparison to non-treated L. tropica infected macrophages, secretion levels of IL-10
and IL-4 decreased by around 4 folds after treatment with Imiquimod (Fig 3C). More interest-
ingly, treatment with EAPB0503 showed a significant decrease by 4 and 15 folds of IL-10 and
IL-4 respectively and as compared to non-treated infected macrophages (Fig 3C).
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Fig 2. Imiquimod triggers an increase of TLR-7 expression in L. tropica infected macrophages leading to the canonical
NEF-kB pathway activation. Schematic representation of the mode of action of Imiquimod through TLR-7 immuno-
modulation and its subsequent downstream NF-kB activation (A). Western blot analysis for TLR-7 (B), IKKo/B, P-IkBo. and
P50 (C) in L. tropica infected macrophages treated with 0.1 uM of Imiquimod or EAPB0503 for 10 and 24h. The results
depict one representative experiment among three independent ones. Densitometry was performed using Image Lab

software (Biorad). Results shown represent the

average of quantification of three independent experiments. (D) Confocal

microscopy on L. tropica infected macrophages treated with 0.1 uM of Imiquimod or EAPB0503 for 10h. The NF-«B p65
subunit was stained with an anti-p65 antibody (red), and nuclei were stained with Hoechst 33342 (blue). The results depict
one representative experiment among three independent ones.

https://doi.org/10.1371/journal.pntd.0006854.9g002

Altogether, our results show that NF-«xB activation by Imiquimod and EAPB0503 induces
secretion of pro-inflammatory cytokines. This leads to i-NOS upregulation, presumably lead-
ing to NO production and leishmanicidal activity. In addition, and concomitantly with the
upregulation of pro-inflammatory cytokines, a decrease in the anti-inflammatory cytokines is
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Fig 3. Imiquimod and EAPB0503 induce NF-kB mediated macrophage immune response. (A) ELISA showing the secretion level of the pro-
inflammatory cytokines (MIP-1o, MIP-1B, MCP-1, IL-12, IL-1B, TNF-a, and IL-6 in infected macrophages with L. fropica amastigotes treated
with 0.1 pM of Imiquimod or EAPB0503 for 10h. (B) RT-PCR detection of iNOS in infected macrophages with L. tropica amastigotes, treated with
0.1 uM of Imiquimod or EAPB0503 for 10h. iNOS percentage of expression was normalized to GAPDH. Results are expressed as percentage of
untreated control (+) SD. (C) ELISA showing the secretion level of and anti-inflammatory cytokines (IL-10 and IL-4) upon treatment of L. tropica
infected macrophages with 0.1 uM of Imiquimod or EAPB0503 for 10h. Results are expressed as percentage of untreated control (+) SD and are

representative of at least three independent experiments. The t-test was performed to validate significance. *, ** and *** indicate p values < 0.05;
0.01 and 0.001, respectively. P-values less than 0.05 were considered significant.

https://doi.org/10.1371/journal.pntd.0006854.9003

obtained, diminishing macrophage susceptibility to L. tropica infection, and triggering the
leishmanicidal effect of the tested drugs.

EAPBO0503 exhibited a higher efficacy on freshly isolated L. tropica from
patients’ biopsies

To eliminate the potential doubt due to the susceptibility of cultured L. tropica and L. major
strains to our tested treatments (e.g genetic drift and less virulent strains after long term cul-
ture), we investigated the effect of Imiquimod and its analog EAPB0503 on freshly isolated
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parasites from untreated patients’ biopsies. The infection with L. tropica was confirmed in all
used patients by PCR and Restriction Fragment Length Polymorphism (RFLP) (S3A and S3B
Fig respectively). Both drugs inhibit amastigote replication in a time dependent manner. As a
control of potency, we used Glucantime, alone or combined with Imiquimod, since these
drugs were clinically used in the treatment of CL [15, 16, 28]. Upon treatment with Imiqui-
mod, amastigotes transcription levels decreased to reach around 10% at 72h post-treatment as
compared to 60% upon treatment with Glucantime alone, or around 25% upon treatment with
Glucantime combined to Imiquimod (Fig 4A). Treatment with EAPB0503 induced a more
prominent effect where, L. tropica amastigote transcripts decreased by 70 and 90%, at 10 and
24h post-treatment respectively (Fig 4A). This effect was identical at 72h post-treatment (Fig
4A). Interestingly, the effect of EAPB0503 was more profound than Glucantime alone, Imiqui-
mod alone or Glucantime combined to Imiquimod at all tested time points, and starting 10h
post-treatment (Fig 4A). We then assessed the effect of both drugs on amastigotes histologi-
cally (Fig 4B) and by immunofluorescence confocal microscopy (Fig 4C). Our results were
very consistent with the transcript data with less amastigotes detected upon treatment. Consis-
tently, and using the Leishmania Glycoprotein Gp63 marker for quantification of amastigotes
[29], Imiquimod treatment led to a decrease in amastigotes percentage reaching 60% at 10h
and 35% at 24h post-treatment (Fig 4C). More interestingly, EAPB0503 induced a more prom-
inent decrease in amastigotes number, to 40% after 10h of treatment, and to 25% after 24h of
treatment (Fig 4C). Altogether, these data show that Imiquimod and mostly EAPB0503 are
highly active at the low dose of 0.1 M and as early as 10h on patients’ derived L. tropica stages,
confirming the obtained results on in vitro cultured strains.

The mechanism of action of either drugs on L. tropica obtained from patients, was evalu-
ated for TLR7 protein expression and showed an increase after treatment, in comparison to
uninfected or untreated infected macrophages. Consistently with the cultured strain, Imiqui-
mod induced the highest TLR7 protein levels (Fig 5A). Moreover, i-NOS transcript levels
were increased reaching the highest levels after 10h treatment with EAPB0503 (Fig 5B). These
results indicate a similar mode of action of both drugs on freshly isolated parasites from
patients’ biopsies and confirm the higher potency of EAPB0503 against CL.

Discussion

CL is one of the most common neglected tropical diseases worldwide. Globally, the annual
incidence of CL is estimated to be 0.7 to 1.2 million new cases per year. This disease is still
endemic in many countries [30]. In the Eastern Mediterranean, Syria presents with the highest
number of CL cases [31]. The Syrian conflict exacerbated the spread of the infection to the sur-
rounding areas. In Lebanon, 85% of infected Syrian refugees were diagnosed with L. tropica
whilst the remaining 15% were infected with L. major [5].

Pentavalent antimony compounds remain the treatment choice for CL. However, these
compounds associate with high cost, poor availability, drug resistance and systemic toxicity
[32]. We focused on testing novel drugs’ efficacy on L. tropica and L. major. Imiquimod acti-
vates macrophages [15], the main host cells for Leishmania replication. In CL, Imiquimod was
mainly tested against L. major amastigote [33]. In Imiquimod treated mice infected with L.
major, an increased protection was obtained [34]. In CL patients, Imiquimod combined to
Glucantime induced a high healing rate in refractory patients [13, 16, 34]. We showed that
both drugs affected amastigotes. Conversely, EAPB0503 was more potent on L. tropica strain
[4, 5]. Imiquimod acts via binding TLR7, leading to the activation of the NF-kB pathway. Imi-
quimod protective effect, on L. major infected mice, was coupled with the induction of NO
synthesis [26, 35]. Consistent with the published data, but on L. tropica strain, we showed that
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Fig 4. EAPB0503 exhibits a higher efficacy on freshly isolated L. tropica from patients’ biopsies. (A) RT- PCR detection of
infected macrophages with patients’ derived L. tropica amastigotes treated with 0.1 uM of Imiquimod or EAPB0503 for 10 or
24h, compared to 100 ug/mL of Glucantime alone or combined to 0.1 uM of Imiquimod. Percentage of expression of
amastigotes was normalized to GAPDH. Results are expressed as percentage of untreated control (+) SD and are
representative of three independent experiments. (B) H&E staining on untreated or treated macrophages infected with
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representative patient. Similar results were obtained on the remaining two patients. (C) Confocal microscopy on patients’
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derived L. tropica infected macrophages treated with 0.1 pM of Imiquimod or EAPB0503 for 10 or 24h. The Gp63 surface
parasite was stained with an anti-Gp63 antibody (red), and nuclei were stained with Hoechst 33342 (blue). Images represent Z
sections. Graphs show quantification of Gp63 (Blind count) as averages of one Z section/cell from 50 different cells of 2
independent experiments on two different patients’ derived amastigotes.

https://doi.org/10.1371/journal.pntd.0006854.9004

Imiquimod and EAPB0503 upregulated TLR7 expression. Nonetheless, the highest induction
was obtained upon Imiquimod treatment. This finding suggests that EAPB0503 may partially
act via TLR7, or through other TLRs. The canonical NF-xB pathway was activated by both
drugs, leading to increased secretion levels of pro-inflammatory cytokines. MIP-1o. and MIP-
1B, involved in resistance against infections [36] were both secreted at higher levels upon treat-
ment with either drugs. Consistently with the known role of MIP-1o and MIP-1p in recruiting
other cytokines such as TNF-a and IL-6 [37], levels of secretion for these two cytokines were
also increased. TNF-a increased secretion levels were consistent with its protective role against
CL [38].

Previous studies have shown that MCP-1 is highly expressed in lesions of patients with self-
healing localized cutaneous leishmaniasis whereas it is scarce in those of chronic diffuse cuta-
neous leishmaniasis [39]. This suggests its role in the parasites elimination via induction of
reactive oxygen intermediates (ROI). Our results showed that MCP-1 levels increased upon
treatment with either drugs, but more importantly with EAPB0503, presumably explaining its
higher potency. However, the potential involvement of ROIs on the clearance of treated para-
sites remains to be elucidated.

We also succeeded to test the activity of Imiquimod and EAPB0503 on freshly isolated L.
tropica from skin lesions of CL patients. We confirmed the results obtained on cultured
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Fig 5. Imiquimod and EAPB0503 trigger an upregulation of TLR-7 and iNOS expression in patients’ derived L. tropica infected macrophages. (A) Western
blot analysis for TLR-7 on patients’ derived L. tropica infected macrophages (from one patient) treated with 0.1 pM of Imiquimod or EAPB0503 for 10 and 24h. (B)
RT- PCR detection of iNOS in infected macrophages with patients’ isolated L. tropica amastigotes upon treatment with 0.1 uM of Imiquimod or EAPB0503 for 10
and 24h. Percentage of expression of amastigotes was normalized to GAPDH. Results are expressed as percentage of untreated control (+) SD and are
representative of three independent experiments. The t-test was performed to validate significance. *, ** and *** indicate p values < 0.05; 0.01 and 0.001,
respectively. P-values less than 0.05 were considered significant.

https://doi.org/10.1371/journal.pntd.0006854.9g005
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strains, thus eliminating any potential doubt about a lower virulence or a genetic drift obtained
from long term cultures. Moreover, EAPB0503 showed a better anti-leishmanicidal activity
than the clinically used Glucantime, whether alone or combined to Imiquimod [15, 16, 28].
These results highlight the promising potency of EAPB0503 for CL treatment.

Nitric Oxide production by activated macrophages is known to play a major role in fighting
against infections [40], including Leishmania [41]. Inhibition of i-NOS reduced L. infantum
burden in human macrophages [42]. In addition, the increase of i-NOS and NO generation in
response to IFN-y and TNF-o is crucial to control CL [43]. We checked for i-NOS transcripts
in treated macrophages infected with either L. major or patients’ derived L. tropica and showed
an important increase with either drugs. Interestingly, the highest levels were obtained upon
EAPB0503 treatment, presumably explaining its higher leishmanicidal efficacy.

TLRs are important pattern recognition receptors expressed abundantly on macrophages.
Early studies concluded that TLR2, TLR4, and TLRY, are involved in the recognition of L.
major and that TLR2 ligands play a protective immune role against Leishmaniasis [44]. How-
ever, recent studies on C57BL/6 mice deficient in either TLR2, 4, or 9, showed that only
TLR9™" mice are more susceptible to L. major infection, indicating TLR2 and TLR4 related
immunity to murine leishmaniasis requires re-evaluation [45]. In this study, we confirmed
that Imiquimod displays its anti-amastigote activity via TLR7 upregulation, leading to NF-xB
activation and pro-inflammatory cytokine production. EAPB0503 effect on TLR7 was less
prominent. Whether EAPB0503 acts via any of the important TLRs in CL or not, requires fur-
ther investigation.

Collectively, our results did not only show a promising efficacy of a new compound,
EAPB0503 against CL, but also highlighted the mechanism of action through which Imiqui-
mod and its analog acted against the aggressive L. tropica strain. We also described the molecu-
lar mechanisms of these drugs against amastigotes highlighting the importance of immune-
modulatory therapy against CL.

Materials and methods
Parasite culture

Leishmania major (MHOM/MA/81/LEM265 and MMER/MA/81/LEM309) and Leishmania
tropica (MHOM/LB/76/LEM61, MRAT/1Q/72/ADHANIS1) were purchased from the CRHU
“Montpellier”. Parasites were maintained in RPMI1640 (Lonza) supplemented with 10% Fetal
Bovine Serum (FBS), 100IU/ml streptomycin/penicillin (Sigma).

Test agents

Imiquimod was purchased from Molekula (Wessex House) and EAPB0503 was synthesized
using microwave-assisted chemistry as described by Khier et al. [46]. Drugs were prepared as a
0.1 M stock in dimethylsulfoxide (DMSO) and stored at -80°C. Glucantime (1.5g/5ml) was
used at the final concentration of 100 pg/mL. Working solutions of 0.1 uM were freshly pre-
pared in culture media.

Macrophage culture and treatment

Human monocytic THP-1 cells (American Type Culture Collection (ATCC TIB-202), Manas-
sas, VA) were grown in RPMI1640 medium with L-Glutamine, 25 mM Hepes (Lonza), supple-
mented with 10% of fetal bovine serum (FBS), 1% penicillin-streptomycin, 1% kanamycin

and 1% glutamine (Invitrogen). 1 million THP-1 cells were differentiated into macrophages,
using 50 ng/mL of phorbol 12-myristate 13-acetate (PMA, Sigma) overnight. Following their
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Table 1. List of primers.

Primer

GAPDH Forward Primer
GAPDH Reverse Primer
Kinetoplast Forward Primer
Kinetoplast Reverse Primer
i-NOS Forward primer
i-NOS Reverse primer
Leishmania L5.8S Forward

Leishmania Internal Transcribed spacer (LITS)-Reverse

https://doi.org/10.1371/journal.pntd.0006854.t001

Sequence 5°—3’ References
5-CATggCCTTCCgTgTTCCTA-3 48]
5-CCTgCTTCACCACCTTCTTgGAT-3 [48]
5-CCTATTTTACACCAACCCCCAGT-3 [49]
5- GGGTAGGGGCGTTCTGCGAAA -3’ [49]
5'-GGGAGCCAGAGCAGTACAAG-3' [43]
5'-GGCTGGACTTCTCACTCTGC-3' [43]
5-TGATACCACTTATCGCACTT-3 [49]
5-CTGGATCATTTTCCGATG-3 [49]

adherence, differentiated macrophages were then activated with 1 ug/mL of LPS for 4h, then
infected with L. major or L. tropica at the ratio of 5 parasites/macrophage, and incubated for
24h at 37 °C. Non-internalized promastigotes were removed by two gentle washes with PBS.

Isolation of fresh L. tropica promastigotes from biopsies of CL patients

Punch biopsies (4 mm of diameter) from three CL patients were performed in 2016, and incu-
bated in sterile physiological serum, supplemented with Penicilline G (100 IU/ml). Specimens
were incubated in a semi-solid culture media (10g agar, 3g NaCl, 500 mL water). 3 weeks later,
promastigotes were transferred to liquid medium.

Anti-amastigote activity

Macrophages infected with L. major, L. tropica, or patients’ derived L. tropica parasites were
treated with Imiquimod and EAPB0503 (0.01 M, 0.05 puM, 0.1 uM, 0.5 uM and 1 uM) for 24h.
Total RNA was extracted using Trizol (Qiagen). cDNA synthesis was performed using a Revert
Aid First cDNA synthesis Kit (#K1622-Thermo Scientific). Syber green qRT PCR was per-
formed using the BIORAD-CFX96 machine. Primers for the housekeeping Glyceraldehyde-
3-Phosphate dehydrogenase GAPDH, and i-NOS are listed in Table 1. Primers for amastigotes
detection target the minicircle kinetoplast DNA (kDNA) (Table 1). Percentage of expression
was calculated according to Livac method [47].

Enzyme-linked immunosorbent assay (ELISA)

Supernatants of infected macrophages in presence or absence of either drugs were collected
10h and 24h after treatment, and ELISA was performed using Multi-Analyte ELISArray Kit
(Qiagen) according to the manufacturer’s instructions. Briefly, supernatants of L. tropica
infected macrophages (untreated or treated with 0.1 uM of Imiquimod or EAPB0503) were
collected. Supernatants were spun for 10 min at 1000g and transferred to new Eppendorf
tubes, and diluted using a specific cocktail of antigens (IL-12, IL-1f, IL-6, and TNF-a, MIP-
lo, MIP-1B, MCP-1, IL-10 and IL-4) provided by the kit (Qiagen). Samples were then loaded
in the coated ELISA plaque, and were incubated for 2 hours. 3 washes were performed, and
the detection antibody was added and incubated for 2 hours. Then, Avidin-HRP was added
for 30 min, and 4 washes were performed. Development solution was then added in dark
and kept for 15 min, before addition of the stop solution. The secreted levels of the following
cytokines and chemokines were then assessed. The optic density (O.D) was determined at 450
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and 570 nm and calculated according to the standard values of a positive control provided by
the kit.

Immunofluorescence and confocal microscopy

For Immunofluorescence assay, p6 well plates were seeded with activated macrophages
infected with L. tropica (5p/c) for 24h and treated with Imiquimod or EAPB0503 for 10 or 24h.
At these time points, coverslips were fixed in 4% paraformaldehyde for 20 minutes. Permeabi-
lization was performed in Triton (0.2%) for 10 minutes. Following one PBS wash, blocking for
30 min with PBS-10% FBS was performed. Primary antibody directed against the NF-xB p65
subunit (Santa Cruz, Sc-8008) was used at the dilution of 1:50. For Leishmania parasite stain-
ing inside macrophages, an anti-Gp63 (LifeSpan BioSciences, LS-C58984) was used at the
dilution 1:50. Anti-mouse secondary antibodies (Abcam, ab150116) were used at the concen-
tration of 1:100. Staining of nuclei was performed using 1 pg/mL of Hoechst 33342, trihy-
drochloride trihydrate solution (Invitrogen, H33342) for 5 min and then coverslips were
mounted on slides using a Prolong Anti-fade kit (Invitrogen, P36930). Z-section images were
acquired by confocal microscopy using a Zeiss LSM 710 confocal microscope (Zeiss, Ger-
many) and all images were analyzed using Zeiss LSM 710 software.

Hematoxylin and eosin stain

H&E staining was performed as described by Grosset et al., 2017 [50]. Briefly, hematoxylin
(Fisher Scientific, Canada) was added on cells, and a counterstaining for 30 seconds was
performed followed by a water rinse for 5 minutes. Slides were then dipped in 50% (vol/vol)
alcoholic eosin Y solution (Leica Microsystems, Canada) then rinsed in ethanol before slide
mounting.

Giemsa staining

Giemsa staining was performed using Ral 555 Kit (RAL Diagnostics). Briefly, cells were fixed
with methanol for 1 min, stained with solution 2 for 40 seconds then with Solution 3 for 25
seconds as per the manufacturer. Cells were then mounted using Prolong Anti-fade (Invitro-
gen, P36930).

Western blot analysis

Activated macrophages infected with L. tropica (5p/c) for 24h were treated with 0.1 pM of Imi-
quimod or EAPBO0503 for 10 or 24h. Cells were scrapped, washed with PBS, and pellets were
re-suspended in 1x Laemmli buffer. Following denaturation, samples were run on 10% poly-
acrylamide gels. Proteins were then transferred to nitrocellulose membranes (BIO RAD Cat#
162-0112) at 30V overnight using a BioRad transfer unit. To verify the protein transfer, nitro-
cellulose membranes were stained with Ponceau Red. Blocking was performed for 1h in 5% of
Bovine Albumin serum (BSA) in wash buffer and probed with specific primary antibodies
against TLR7 (sc- 57463 Santa Cruz Biotechnology, 1:100), NF-«B p65 (sc-8008; Santa Cruz
Biotechnology, 1:250), or p52 (sc-7386, Santa Cruz Biotechnology, 1:250). Equal loading was
tested following probing with the anti- GAPDH antibody (MAB5476; abnova, 1:20 000).
Nitrocellulose membranes were then washed three times with wash buffer for 5 minutes each,
before incubation with the appropriate anti-mouse secondary antibody conjugated to Horse-
radish peroxidase (HRP) (m-IgGk BP-HRP, Santa Cruz, sc-516102, 1:5000). Bands were visu-
alized by autoradiography, following incubation with luminol chemiluminescent substrate
(Bio-Rad, Cat# 170-5061).
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Internal Transcribed Spacer-1 (ITS1)-PCR and Restriction Fragment
Length Polymorphism (RFLP) analysis of amplified ITS1-PCR amplicons

DNA extraction from patient’s biopsies and PCR were performed as previously described
using ITS-1 primers (Table 1) [49]. Following PCR amplification, 10 pl of the remaining vol-
ume of the amplicon was digested with 2 pl MnlI enzyme, in 2 pl in 10x Buffer G (Fermentas
Life Sciences, Thermo Fisher Scientific) and 18ul of nuclease-free water. Digestion was carried
out using the TS100 thermal cycler (Biorad) by incubating for 6h at 37°C, followed by enzyme
inactivation for 20 minutes at 65°C.

25 ul of the digestion products were electrophoresed on 1.5% agarose gels at 100 V in 1x
TBE buffer (0.04 M Tris-acetate and 1 mM EDTA, pH 8.0) for 30 minutes. The restriction
fragments were visualized under UV light. Images were then captured using the GelDoc-IT
TM Imaging System and RFLP patterns interpreted for sub-speciation. Leishmania tropica is
characterized by the presence of two bands of 300 base pairs (bp) and 50bp respectively.

Ethics statement

Sample collection was approved by the Institutional Review Board of the American University
of Beirut (PALK.IK.01). A parent of each of the three children participants provided written
informed consent on the child’s behalf before sample collection.

Statistical analysis

Continuous variables were analyzed by the unpaired Student’s t test. P value was determined
and values for p < 0.05 were considered as significant.

Supporting information

S1 Fig. DMSO alone has minimal effect on L. tropica infected macrophages. RT- PCR
detection of uninfected macrophages, or infected macrophages with patients’ derived L. tro-
pica amastigotes either untreated or treated with 0.1% of DMSO for 24h.

JPG)

$2 Fig. Imiquimod and EAPB0503 trigger an increase of TLR-7 and i-NOS expression in L.
major infected macrophages. (A) Western blot analysis for TLR-7 in L. major infected macro-
phages treated with 0.1 pM of Imiquimod or EAPB0503 for 10 and 24h. The results depict one
representative experiment among three independent ones. Densitometry was performed using
Image Lab software (Biorad). Results shown represent the average of quantification of three
independent experiments. (B) RT- PCR detection of i-NOS in infected macrophages with L.
major amastigotes upon treatment with 0.1 pM of Imiquimod or EAPB0503 for 10 and 24h.
Percentage of expression of amastigotes was normalized to GAPDH. Results are expressed as
percentage of untreated control (+) SD and are representative of three independent experi-
ments. The t-test was performed to validate significance. *, ** and *** indicate p values < 0.05;
0.01 and 0.001, respectively. P-values less than 0.05 were considered significant.

(JPG)

S3 Fig. The three CL patients are infected with L. tropica. (A) Gel electrophoresis for the
Internal Transcribed Spacer-1 (ITS-1) amplicon of one patient. A band of 300 bp is an indica-
tor of CL infection. (B) Gel electrophoresis after Restriction Fragment Length Polymorphism
(RFLP) using MnlI restriction enzyme, on one CL patient. The results depict one representa-
tive patient. Similar results were obtained on the remaining two patients.

(JPG)

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006854 November 21, 2018 14/17


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006854.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006854.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006854.s003
https://doi.org/10.1371/journal.pntd.0006854

®PLOS |

NEGLECTED

TROPICAL DISEASES In vitro efficacy of Immuno-modulatory drugs against cutaneous leishmaniasis

Acknowledgments

We thank Marwan Eid El Sabban for his critical and thorough reading of this manuscript. We
thank the Department of Pathology & Laboratory Medicine for assisting the H&E staining
procedure.

Author Contributions

Conceptualization: Hiba El Hajj.

Funding acquisition: Hiba El Hajj, Ibrahim Khalifeh.
Investigation: Hiba El Hajj.

Methodology: Rana El Hajj, Hanady Bou Youness, Laurence Lachaud, Patrick Bastien, Carine
Masquefa, Pierre-Antoine Bonnet, Hiba El Hajj, Ibrahim Khalifeh.

Project administration: Hiba El Hajj, Ibrahim Khalifeh.
Supervision: Hiba El Hajj.

Validation: Ibrahim Khalifeh.

Writing - original draft: Rana El Hajj.

Writing - review & editing: Hiba El Hajj.

References

1. Cavalli A, Bolognesi ML. Neglected tropical diseases: multi-target-directed ligands in the search for
novel lead candidates against Trypanosoma and Leishmania. Journal of Medicinal Chemistry. 2009 Jul
16; 52(23):7339-59. https://doi.org/10.1021/jm9004835 PMID: 19606868

2. Bailey F, Mondragon-Shem K, Hotez P, Ruiz-Postigo JA, Al-Salem W, Acosta-Serrano A, et al. A new
perspective on cutaneous leishmaniasis—Implications for global prevalence and burden of disease
estimates. PLoS Neglected Tropical Diseases. 2017 Aug 10; 11(8):e0005739. https://doi.org/10.1371/
journal.pntd.0005739 PMID: 28796782

3. Roberts MT. Current understandings on the immunology of leishmaniasis and recent developments in
prevention and treatment. British Medical Bulletin. 2005 Jan 1; 75(1):115-30.

4. Al-Salem WS, Pigott DM, Subramaniam K, Haines LR, Kelly-Hope L, Molyneux DH, et al. Cutaneous
leishmaniasis and conflict in Syria. Emerging Infectious Diseases. 2016 May; 22(5):931. https://doi.org/
10.3201/eid2205.160042 PMID: 27088251

5. Saroufim M, Charafeddine K, Issa G, et al. Ongoing epidemic of cutaneous leishmaniasis among Syrian
refugees, Lebanon. Emerging Infectious Diseases. 2014 Oct; 20(10):1712-5. https://doi.org/10.3201/
€id2010.140288 PMID: 25279543

6. Oryan A, Akbari M. Worldwide risk factors in leishmaniasis. Asian Pacific Journal of Tropical Medicine.
2016 Oct 1; 9(10):925-32. https://doi.org/10.1016/j.apjtm.2016.06.021 PMID: 27794384

7. Gonzalez U, Pinart M, Reveiz L, Alvar J. Interventions for Old World cutaneous leishmaniasis.
Cochrane Database Syst Rev. 2008 Oct 8; 4(issue):CD005067.

8. Esfandiarpour I, Alavi A. Evaluating the efficacy of allopurinol and meglumine antimoniate (Glucantime)
in the treatment of cutaneous leishmaniasis. International Journal of Dermatology. 2002 Aug 1; 41
(8):521—4. PMID: 12207774

9. Papakostas D, Stockfleth E. Topical treatment of basal cell carcinoma with the immune response modi-
fierimiquimod. Future Oncology. 2015 Nov; 11(22):2985-90. https://doi.org/10.2217/fon.15.192 PMID:
26450707

10. Hadighi R, Mohebali M, Boucher P, Hajjaran H, Khamesipour A, Ouellette M. Unresponsiveness to Glu-
cantime treatment in Iranian cutaneous leishmaniasis due to drug-resistant Leishmania tropica para-
sites. PLoS Medicine. 2006 Apr 18; 3(5):e162. https://doi.org/10.1371/journal.pmed.0030162 PMID:
16605301

11. Deleuze-Masquéfa C, Gerebtzoff G, Subra G, Fabreguettes JR, Ovens A, Carraz M, et al. Design and
synthesis of novel imidazo [1, 2-a] quinoxalines as PDE4 inhibitors. Bioorganic & Medicinal Chemistry.
2004 Mar 1; 12(5):1129-39.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006854 November 21, 2018 15/17


https://doi.org/10.1021/jm9004835
http://www.ncbi.nlm.nih.gov/pubmed/19606868
https://doi.org/10.1371/journal.pntd.0005739
https://doi.org/10.1371/journal.pntd.0005739
http://www.ncbi.nlm.nih.gov/pubmed/28796782
https://doi.org/10.3201/eid2205.160042
https://doi.org/10.3201/eid2205.160042
http://www.ncbi.nlm.nih.gov/pubmed/27088251
https://doi.org/10.3201/eid2010.140288
https://doi.org/10.3201/eid2010.140288
http://www.ncbi.nlm.nih.gov/pubmed/25279543
https://doi.org/10.1016/j.apjtm.2016.06.021
http://www.ncbi.nlm.nih.gov/pubmed/27794384
http://www.ncbi.nlm.nih.gov/pubmed/12207774
https://doi.org/10.2217/fon.15.192
http://www.ncbi.nlm.nih.gov/pubmed/26450707
https://doi.org/10.1371/journal.pmed.0030162
http://www.ncbi.nlm.nih.gov/pubmed/16605301
https://doi.org/10.1371/journal.pntd.0006854

@ PLOS | RSHCAE Biseases

In vitro efficacy of Immuno-modulatory drugs against cutaneous leishmaniasis

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Arevalo |, Tulliano G, Quispe A, Spaeth G, Matlashewski G, Llanos-Cuentas A, et al. Role of imiquimod
and parenteral meglumine antimoniate in the initial treatment of cutaneous leishmaniasis. Clinical Infec-
tious Diseases. 2007 Jun 15; 44(12):1549-54. https://doi.org/10.1086/518172 PMID: 17516397

Miranda-Verastegui C, Tulliano G, Gyorkos TW, Calderon W, Rahme E, Ward B, et al. First-line therapy
for human cutaneous leishmaniasis in Peru using the TLR7 agonist imiquimod in combination with pen-
tavalent antimony. PLoS Neglected Tropical Diseases. 2009 Jul 28; 3(7):e491. https://doi.org/10.1371/
journal.pntd.0000491 PMID: 19636365

Raman VS, Reed SG, Duthie MS, Fox CB, Matlashewski G. Adjuvants for Leishmania vaccines: from
models to clinical application. Frontiers in Immunology. 2012 Jun 11; 3:144. https://doi.org/10.3389/
fimmu.2012.00144 PMID: 22701453

Arevalo |, Ward B, Miller R, Meng TC, Najar E, Alvarez E, et al. Successful treatment of drug-resistant
cutaneous leishmaniasis in humans by use of imiquimod, an immunomodulator. Clinical Infectious Dis-
eases. 2001 Dec 1; 33(11):1847-51. https://doi.org/10.1086/324161 PMID: 11692295

Firooz A, Khamesipour A, Ghoorchi MH, Nassiri-Kashani M, Eskandari SE, Khatami A, et al. Imiquimod
in combination with meglumine antimoniate for cutaneous leishmaniasis: a randomized assessor-blind
controlled trial. Archives of Dermatology. 2006 Dec 1; 142(12):1575-9. https://doi.org/10.1001/
archderm.142.12.1575 PMID: 17178983

Zghaib Z, Guichou JF, Vappiani J, Bec N, Hadj-Kaddour K, Vincent LA, et al. New imidazoquinoxaline
derivatives: Synthesis, biological evaluation on melanoma, effect on tubulin polymerization and struc-
ture—activity relationships. Bioorganic & Medicinal Chemistry. 2016 Jun 1; 24(11):2433-40.

Nabbouh Al, Hleihel RS, Saliba JL, Karam MM, Hamie MH, Wu HC, et al. Imidazoquinoxaline derivative
EAPBO0503: A promising drug targeting mutant nucleophosmin 1 in acute myeloid leukemia. Cancer.
2017 May 1; 123(9):1662—73. https://doi.org/10.1002/cncr.30515 PMID: 28055106

Saliba J, Deleuze-Masquéfa C, Iskandarani A, El Eit R, Hmadi R, Mahon FX, et al. EAPB0503, a novel
imidazoquinoxaline derivative, inhibits growth and induces apoptosis in chronic myeloid leukemia cells.
Anti-cancer Drugs. 2014 Jul 1; 25(6):624—32. PMID: 24463483

Zhang WW, Matlashewski G. Immunization with a Toll-like receptor 7 and/or 8 agonist vaccine adjuvant
increases protective immunity against Leishmania major in BALB/c mice. Infection and Immunity. 2008
Aug 1; 76(8):3777-83. https://doi.org/10.1128/I1A1.01527-07 PMID: 18474642

Barton GM, Medzhitov R. Toll-like receptor signaling pathways. Science. 2003 Jun 6; 300(5625):1524—
5. https://doi.org/10.1126/science. 1085536 PMID: 12791976

Sun SC. Non-canonical NF-kB signaling pathway. Cell Research. 2011 Jan; 21(1):71. https://doi.org/
10.1038/cr.2010.177 PMID: 21173796

El-Khattouti A, Selimovic D, Hannig M, Taylor EB, Abd EImageed ZY, Hassan SY, et al. Imiquimod-
induced apoptosis of melanoma cells is mediated by ER stress-dependent Noxa induction and
enhanced by NF-kB inhibition. Journal of Cellular and Molecular Medicine. 2016 Feb 1; 20(2):266-86.
https://doi.org/10.1111/jcmm.12718 PMID: 26578344

Maspi N, Abdoli A, Ghaffarifar F. Pro-and anti-inflammatory cytokines in cutaneous leishmaniasis: a
review. Pathogens and Global Health. 2016 Aug 17; 110(6):247—60. https://doi.org/10.1080/20477724.
2016.1232042 PMID: 27660895

Aktan F. iINOS-mediated nitric oxide production and its regulation. Life Sciences. 2004 Jun 25; 75
(6):639-53. https://doi.org/10.1016/}.1fs.2003.10.042 PMID: 15172174

Stenger S, Thiring H, Réllinghoff M, Bogdan C. Tissue expression of inducible nitric oxide synthase is
closely associated with resistance to Leishmania major. Journal of Experimental Medicine. 1994 Sep 1;
180(3):783-93. PMID: 7520472

Sacks D, Noben-Trauth N. The immunology of susceptibility and resistance to Leishmania major in mice.
Nature Reviews Immunology. 2002 Nov; 2(11):845. https://doi.org/10.1038/nri933 PMID: 12415308

Arevalo |, Tulliano G, Quispe A, Spaeth G, Matlashewski G, Llanos-Cuentas A, et al. Role of imiquimod
and parenteral meglumine antimoniate in the initial treatment of cutaneous leishmaniasis. Clinical Infec-
tious Diseases. 2007 Jun 15; 44(12):1549-54. https://doi.org/10.1086/518172 PMID: 17516397

Cuevas IC, Cazzulo JJ, Sanchez DO. gp63 homologues in Trypanosoma cruzi: surface antigens with
metalloprotease activity and a possible role in host cell infection. Infection and Immunity. 2003 Oct 1; 71
(10):5739-49. https://doi.org/10.1128/IA1.71.10.5739-5749.2003 PMID: 14500495

Reithinger R, Mohsen M, Aadil K, Sidigi M, Erasmus P, Coleman PG. Anthroponotic cutaneous leish-
maniasis, Kabul, Afghanistan. Emerging Infectious Diseases. 2003 Jun; 9(6):727. https://doi.org/10.
3201/eid0906.030026 PMID: 12781016

Salam N, Al-Shagha WM, Azzi A. Leishmaniasis in the Middle East: incidence and epidemiology. PLoS
Neglected Tropical Diseases. 2014 Oct 2; 8(10):€3208. https://doi.org/10.1371/journal.pntd.0003208
PMID: 25275483

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006854 November 21, 2018 16/17


https://doi.org/10.1086/518172
http://www.ncbi.nlm.nih.gov/pubmed/17516397
https://doi.org/10.1371/journal.pntd.0000491
https://doi.org/10.1371/journal.pntd.0000491
http://www.ncbi.nlm.nih.gov/pubmed/19636365
https://doi.org/10.3389/fimmu.2012.00144
https://doi.org/10.3389/fimmu.2012.00144
http://www.ncbi.nlm.nih.gov/pubmed/22701453
https://doi.org/10.1086/324161
http://www.ncbi.nlm.nih.gov/pubmed/11692295
https://doi.org/10.1001/archderm.142.12.1575
https://doi.org/10.1001/archderm.142.12.1575
http://www.ncbi.nlm.nih.gov/pubmed/17178983
https://doi.org/10.1002/cncr.30515
http://www.ncbi.nlm.nih.gov/pubmed/28055106
http://www.ncbi.nlm.nih.gov/pubmed/24463483
https://doi.org/10.1128/IAI.01527-07
http://www.ncbi.nlm.nih.gov/pubmed/18474642
https://doi.org/10.1126/science.1085536
http://www.ncbi.nlm.nih.gov/pubmed/12791976
https://doi.org/10.1038/cr.2010.177
https://doi.org/10.1038/cr.2010.177
http://www.ncbi.nlm.nih.gov/pubmed/21173796
https://doi.org/10.1111/jcmm.12718
http://www.ncbi.nlm.nih.gov/pubmed/26578344
https://doi.org/10.1080/20477724.2016.1232042
https://doi.org/10.1080/20477724.2016.1232042
http://www.ncbi.nlm.nih.gov/pubmed/27660895
https://doi.org/10.1016/j.lfs.2003.10.042
http://www.ncbi.nlm.nih.gov/pubmed/15172174
http://www.ncbi.nlm.nih.gov/pubmed/7520472
https://doi.org/10.1038/nri933
http://www.ncbi.nlm.nih.gov/pubmed/12415308
https://doi.org/10.1086/518172
http://www.ncbi.nlm.nih.gov/pubmed/17516397
https://doi.org/10.1128/IAI.71.10.5739-5749.2003
http://www.ncbi.nlm.nih.gov/pubmed/14500495
https://doi.org/10.3201/eid0906.030026
https://doi.org/10.3201/eid0906.030026
http://www.ncbi.nlm.nih.gov/pubmed/12781016
https://doi.org/10.1371/journal.pntd.0003208
http://www.ncbi.nlm.nih.gov/pubmed/25275483
https://doi.org/10.1371/journal.pntd.0006854

@ PLOS | RSHCAE Biseases

In vitro efficacy of Immuno-modulatory drugs against cutaneous leishmaniasis

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Croft SL, Olliaro P. Leishmaniasis chemotherapy—challenges and opportunities. Clinical Microbiology
and Infection. 2011 Oct 1; 17(10):1478-83. https://doi.org/10.1111/j.1469-0691.2011.03630.x PMID:
21933306

EI-On J, Bazarsky E, Sneir R. Leishmania major: in vitro and in vivo anti-leishmanial activity of paromo-
mycin ointment (Leshcutan) combined with the immunomodulator Imiquimod. Experimental Parasitol-
ogy. 2007 Jun 1; 116(2):156—62. https://doi.org/10.1016/j.exppara.2006.12.004 PMID: 17306255

Buates S, Matlashewski G. Treatment of experimental leishmaniasis with the immunomodulators imi-
quimod and S-28463: efficacy and mode of action. The Journal of Infectious Diseases. 1999 Jun 1; 179
(6):1485-94. https://doi.org/10.1086/314782 PMID: 10228071

Miller RL, Gerster JF, Owens ML, Slade HB, Tomai MA. Review article imiquimod applied topically: a
novel immune response modifier and new class of drug. International Journal of Inmunopharmacology.
1999 Jan 25; 21(1):1-4. PMID: 10411278

Bonecchi R, Bianchi G, Bordignon PP, D’ambrosio D, Lang R, Borsatti A, et al. Differential expression
of chemokine receptors and chemotactic responsiveness of type 1 T helper cells (Th1s) and Th2s. Jour-
nal of Experimental Medicine. 1998 Jan 5; 187(1):129-34. PMID: 9419219

Sallusto F, Lanzavecchia A, Mackay CR. Chemokines and chemokine receptors in T-cell priming and
Th1/Th2-mediated responses. Immunology Today. 1998 Dec 1; 19(12):568-74. PMID: 9864948

Liew FY, Parkinson C, Millott S, Severn A, Carrier M. Tumour necrosis factor (TNF alpha) in leishmania-
sis. |. TNF alpha mediates host protection against cutaneous leishmaniasis. Immunology. 1990 Apr; 69
(4):570. PMID: 2335376

Campanelli AP, Brodskyn Cl, Boaventura V, Silva C, Roselino AM, Costa J, et al. Chemokines and che-
mokine receptors coordinate the inflammatory immune response in human cutaneous leishmaniasis.
Human Immunology. 2010 Dec 1; 71(12):1220-7. https://doi.org/10.1016/j.humimm.2010.09.002
PMID: 20854864

Brandonisio O, Panaro MA, Sisto M, Acquafredda A, Fumarola L, Leogrande D, et al. Nitric oxide pro-
duction by Leishmania-infected macrophages and modulation by cytokines and prostaglandins. Para-
ssitologia. 2001 Dec; 43:1-6.

Green SJ, Nacy CA, Meltzer MS. Cytokine-Induced Synthesis of Nitrogen Oxides in Macrophages: A
Protective Host Response to Leishmania and Other Intracellular Pathogens. Journal of Leukocyte Biol-
ogy. 1991 Jul 1; 50(1):93—-103. PMID: 2056250

Panaro MA, Acquafredda A, Lisi S, Lofrumento DD, Trotta T, Satalino R, et al. Inducible nitric oxide
synthase and nitric oxide production in Leishmania infantum-infected human macrophages stimulated
with interferon-y and bacterial lipopolysaccharide. International Journal of Clinical and Laboratory
Research. 1999 Sep 1; 29(3):122—7. PMID: 10592110

Serarslan G, Yilmaz HR, S6git S. Serum antioxidant activities, malondialdehyde and nitric oxide levels
in human cutaneous leishmaniasis. Clinical and Experimental Dermatology. 2005 May 1; 30(3):267—71.
https://doi.org/10.1111/j.1365-2230.2005.01758.x PMID: 15807687

de Veer MJ, Curtis JM, Baldwin TM, DiDonato JA, Sexton A, McConville MJ, et al. MyD88 is essential
for clearance of Leishmania major: possible role for lipophosphoglycan and Toll-like receptor 2 signal-
ing. European Journal of Immunology. 2003 Oct 1; 33(10):2822—31. https://doi.org/10.1002/eji.
200324128 PMID: 14515266

Fakher FH, Rachinel N, Klimczak M, Louis J, Doyen N. TLR9-dependent activation of dendritic cells by
DNA from Leishmania major favors Th1 cell development and the resolution of lesions. The Journal of
Immunology. 2009 Feb 1; 182(3):1386-96. PMID: 19155485

Khier S, Deleuze-Masquéfa C, Moarbess G, Gattacceca F, Margout D, Solassol I, et al. Pharmacology
of EAPB0203, a novel imidazo [1, 2-a] quinoxaline derivative with anti-tumoral activity on melanoma.
European Journal of Pharmaceutical Sciences. 2010 Jan 31; 39(1-3):23-9. https://doi.org/10.1016/j.
€jps.2009.10.006 PMID: 19854270

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C T method. Nature Proto-
cols. 2008 Jun; 3(6):1101. PMID: 18546601

Wisnieski F, Calcagno DQ, Leal MF, dos Santos LC, de Oliveira Gigek C, Chen ES, et al. Reference
genes for quantitative RT-PCR data in gastric tissues and cell lines. World Journal of Gastroenterology:
WJG. 2013 Nov 7; 19(41):7121. https://doi.org/10.3748/wjg.v19.i41.7121 PMID: 24222956

Yehia L, Adib-Houreih M, Raslan WF, Kibbi AG, Loya A, Firooz A, et al. Molecular diagnosis of cutane-
ous leishmaniasis and species identification: analysis of 122 biopsies with varied parasite index. Journal
of Cutaneous Pathology. 2012 Mar 1; 39(3):347-55. https://doi.org/10.1111/j.1600-0560.2011.01861.x
PMID: 22335594

Grosset AA, Loayza-Vega K, Adam-Granger E, Birlea M, Gilks B, Nguyen B, et al. Hematoxylin and
Eosin Counterstaining Protocol for Immunohistochemistry Interpretation and Diagnosis. Applied Immu-
nohistochemistry and Molecular Morphology 2017 Dec 21.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006854 November 21, 2018 17/17


https://doi.org/10.1111/j.1469-0691.2011.03630.x
http://www.ncbi.nlm.nih.gov/pubmed/21933306
https://doi.org/10.1016/j.exppara.2006.12.004
http://www.ncbi.nlm.nih.gov/pubmed/17306255
https://doi.org/10.1086/314782
http://www.ncbi.nlm.nih.gov/pubmed/10228071
http://www.ncbi.nlm.nih.gov/pubmed/10411278
http://www.ncbi.nlm.nih.gov/pubmed/9419219
http://www.ncbi.nlm.nih.gov/pubmed/9864948
http://www.ncbi.nlm.nih.gov/pubmed/2335376
https://doi.org/10.1016/j.humimm.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20854864
http://www.ncbi.nlm.nih.gov/pubmed/2056250
http://www.ncbi.nlm.nih.gov/pubmed/10592110
https://doi.org/10.1111/j.1365-2230.2005.01758.x
http://www.ncbi.nlm.nih.gov/pubmed/15807687
https://doi.org/10.1002/eji.200324128
https://doi.org/10.1002/eji.200324128
http://www.ncbi.nlm.nih.gov/pubmed/14515266
http://www.ncbi.nlm.nih.gov/pubmed/19155485
https://doi.org/10.1016/j.ejps.2009.10.006
https://doi.org/10.1016/j.ejps.2009.10.006
http://www.ncbi.nlm.nih.gov/pubmed/19854270
http://www.ncbi.nlm.nih.gov/pubmed/18546601
https://doi.org/10.3748/wjg.v19.i41.7121
http://www.ncbi.nlm.nih.gov/pubmed/24222956
https://doi.org/10.1111/j.1600-0560.2011.01861.x
http://www.ncbi.nlm.nih.gov/pubmed/22335594
https://doi.org/10.1371/journal.pntd.0006854

