Biomedicine & Pharmacotherapy 177 (2024) 116881

Contents lists available at ScienceDirect

Biomedicine & Pharmacotherapy

FI. SEVIER

biomsdiigie
journal homepage: www.elsevier.com/locate/biopha

Photodynamic therapy offers a novel approach to managing
miltefosine-resistant cutaneous leishmaniasis

Fernanda V. Cabral?, Mina Riahi ", Saydulla Persheyevb, Cheng Lian ", Mauro Cortez , Ifor D.
W. Samuel ™", Martha S. Ribeiro® "
2 Center for Lasers and Applications, Nuclear and Energy Research Institute (IPEN-CNEN), Sao Paulo, Brazil

b Organic Semiconductor Centre, SUPA, School of Physics and Astronomy, University of St Andrews, St Andrews, KY16 9SS, UK
¢ Institute of Biomedical Sciences, University of Sao Paulo (ICB/USP), Sao Paulo, SP, Brazil

ARTICLE INFO ABSTRACT

Keywords:

1,9-dimethyl-methylene blue (DMMB)
Leishmania amazonensis

Organic light emitting-diodes (OLEDs)
Antimicrobial resistance

Wearable light sources

Cutaneous leishmaniasis (CL) is a neglected disease caused by Leishmania parasites. The oral drug miltefosine is
effective, but there is a growing problem of drug resistance, which has led to increasing treatment failure rates
and relapse of infections. Photodynamic therapy (PDT) combines a light source and a photoactive drug to
promote cell death by oxidative stress. Although PDT is effective against several pathogens, its use against drug-
resistant Leishmania parasites remains unexplored. Herein, we investigated the potential of organic light-emitting
diodes (OLEDs) as wearable light sources, which would enable at-home use or ambulatory treatment of CL. We
also assessed its impact on combating miltefosine resistance in Leishmania amazonensis-induced CL in mice. The in
vitro activity of OLEDs combined with 1,9-dimethyl-methylene blue (DMMB) (OLED-PDT) was evaluated against
wild-type and miltefosine-resistant L. amazonensis strains in promastigote (ECso = 0.034 pM for both strains) and
amastigote forms (ECso = 0.052 pM and 0.077 pM, respectively). Cytotoxicity in macrophages and fibroblasts
was also evaluated. In vivo, we investigated the potential of OLED-PDT in combination with miltefosine using
different protocols. Our results demonstrate that OLED-PDT is effective in killing both strains of L. amazonensis by
increasing reactive oxygen species and stimulating nitric oxide production. Moreover, OLED-PDT showed great
antileishmanial activity in vivo, allowing the reduction of miltefosine dose by half in infected mice using a light
dose of 7.8 J/cm? and 15 pM DMMB concentration. In conclusion, OLED-PDT emerges as a new avenue for at-
home care and allows a combination therapy to overcome drug resistance in cutaneous leishmaniasis.

1. Introduction concern in recent years [3]. The limited treatment options and wide-

spread misuse of drugs have created a sense of urgency for the devel-

Leishmaniasis is a neglected and poverty-related disease caused by
protozoa parasites of the genus Leishmania, which has two major clinical
forms: visceral and cutaneous. The cutaneous forms normally involve
ulcerated lesions at the site of infection, which may significantly lead to
mental illness and psychosocial morbidity, affecting the quality of life of
patients [1]. Its treatment comprises highly toxic formulations of
intravenous or intramuscular administration for a long period, which
are expensive, and sometimes unaffordable for patients [2]. Conse-
quently, there is a poor adherence of patients to treatments, hence
contributing to treatment failure and selection of resistant phenotypes
[3].

The emergence of drug resistance in leishmaniasis has been a major
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opment of effective therapies to address this problem. Miltefosine (MF),
for example, is approved for the treatment of cutaneous leishmaniasis
(CL) in many countries worldwide, including India, Argentina, Israel,
USA and others [4]. It is also included in the World Health Organiza-
tion’s list of essential medicines, indicating its widespread use and
importance in healthcare systems globally [5]. Moreover, MF offers
some advantages in the treatment of cutaneous leishmaniasis, such as:
i-) oral administration; ii-) high efficacy as MF can be effective in
treating various forms of CL; and iii) broad-spectrum activity against
multiple species of Leishmania parasites, making it useful in regions
where different species may be prevalent. However, MF also has some
drawbacks and harmful effects, including: i) adverse reactions such as
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nausea, vomiting, and diarrhea; ii) teratogenicity; and iii) development
of resistance [5].

This combination of benefits and drawbacks highlights the need for
ongoing research and development of new strategies against CL. Addi-
tionally, due to the rapid rise in treatment failure and refractory cases,
combination regimens are preferred [6]. Therefore, the use of MF in
combination with other therapies has been increasingly recommended

A) OLEDs fabrication and characterisation
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[7]. Drug combinations may shorten the duration of treatment, improve
compliance, enhance therapeutic efficacy, reduce costs and side effects,
and prevent the emergence of resistance [7].

In this regard, photodynamic therapy (PDT) arises as a potential
strategy to treat CL. PDT uses light to active a photosensitive drug that
leads to the generation of reactive oxygen species (ROS) to kill cells by
oxidative stress [8]. Although PDT is widely used in cancer treatment, it
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Fig. 1. Schematic illustration of the experimental design. (A) OLEDs were fabricated to match the absorbance of the PS DMMB. (B) In vitro activity of OLED-PDT
against promastigotes and intracellular amastigotes of the WT and MFR strains of L. amazonensis. (C) In vivo activity of OLED-PDT alone and in combination
with MF on BALB/c mice infected by L. amazonensis.
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represents a promising strategy for treating localized infectious diseases
since it possesses broad-spectrum activity and effective killing of resis-
tant pathogens [9]. Besides, because of its multi-target features, it can
oxidize different cellular biomolecules, thereby preventing the selection
of resistant microorganisms. As a topical treatment, PDT offers further
benefits, including targeting pathogens directly to the site of infection
without significant toxicity, thus accelerating wound healing [10]. Yet,
PDT has demonstrated synergy with antibiotics and antifungals in in
vitro studies [11-13].

Different photoactive compounds have been used to mediate PDT
[9-13]. Phenothiazinium derivatives, such as methylene blue (MB), are
cationic molecules that increase their interaction with negatively
charged biological membranes compared to anionic or neutral com-
pounds. MB analogues, e.g., 1,9- dimethyl methylene blue (DMMB),
have emerged as promising alternatives to MB due to their augmented
lipophilicity [14]. Moreover, DMMB exhibits the ability to generate
21 % more singlet oxygen than MB, further enhancing PDT efficacy [14,
15].

In addition to the photosensitisers (PSs), different light sources, such
as lasers and LEDs (light-emitting diodes), have been broadly explored
in PDT. Despite their benefits, they are bulky devices available in a
limited number of clinical settings. Organic LEDs (OLEDs), however, are
widely studied for use in displays and lighting, but there is a growing
realization that their distinctive properties can open new fields of
application, including biology and medicine [16-18]. They are very
unusual and attractive light sources for medical applications because
they are thin and lightweight, emit light over an area, and can be flex-
ible. Yet, their emission can be tuned, their energy of manufacture is low
and they are expected to be cost-effective when mass-produced. The use
of OLEDs may be particularly beneficial for CL, as they are flexible and
wearable light sources. They are suitable for at-home use or ambulatory
treatment, hence enabling patient compliance.

Here we hypothesise that PDT combined with MF can be an inno-
vative approach for targeted therapy and tackle antileishmanial drug
resistance. We show that OLEDs combined with DMMB (OLED-PDT) can
be effective in inactivating Leishmania parasites, including drug-
resistant species. We engineered red OLEDs to match the absorbance
of DMMB and evaluated OLED-PDT on both wild-type and MF-resistant
(MFR) strains, encompassing both promastigotes and intracellular
amastigotes forms of Leishmania amazonensis. This species is also
responsible for the diffuse clinical manifestation of CL. Moreover, we
take an important step towards translation to the clinic by conducting
pioneering animal studies of OLED-PDT combined with MF to address
drug resistance in CL induced in mice (Fig. 1).

2. Material and methods
2.1. Parasites

Promastigotes of L. amazonensis WT (MHOM/BR/73/M2269) were
grown at 28°C in M199 medium (Sigma-Aldrich, USA), HEPES (0.04 m)
pH 7.4 (Sigma-Aldrich, USA), hemin (2.5 mgmL’l) (Sigma-Aldrich,
USA) and adenosine (0.01 m) (Sigma-Aldrich, USA) supplemented with
10 % heat-inactivated fetal bovine serum (FBS; Gibco™ Invitrogen
Corporation). The L. amazonensis MFR was selected from the reference
strain M2269 (MF 150.3-1 line) as described elsewhere [19]. MFR
parasites were grown in the presence of MF (0.15 M) (Sigma-Aldrich,
USA), in the same media as the WT line. L. amazonensis transgenic line
expressing luciferase was also obtained from the reference strain M2269
and grown in the same conditions as the other strains. Transfected
parasites were selected in the presence of hygromycin (32 pgml™!) [20].
At least two independent experiments were performed in triplicate.

2.2. OLED fabrication

OLEDs were fabricated by a thermal evaporator (EvoVac, Angstrom
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Engineering Inc.) at a base pressure of 3 x 10~7 mbar. Two different
sizes of OLEDs were made: 3.2 cm by 4.1 cm for in vitro studies and
1.4 cm by 1.4 cm for in vivo studies. The OLEDs were designed in a top-
emitting configuration using a 150 nm Al bottom electrode deposited on
a glass substrate at 3 A/s. A hole transport layer consisting of 40 nm
2,2',7,7-tetra (N, N-di-p-tolyl) amino-9,9-spirobifluorene (Spiro-TTB) p
doped by 2,2-(-(perfluoronaphthalene-2,6-diylidene) dimalononitrile
(F6-TCNNQ) (4 wt%) was then deposited at 0.6 A/s. 10-nm of NPB (N,
N'-bis (naphthalen-1-y1)-N,N'-bis(phenyl)-benzidine) was then deposited
as an electron blocking layer. A 40 nm 10 wt% Ir(MDQ)z(acac) (2-
methyldibenzo[f,h]quinoxaline)(acetylacetonate)iridium(Ill)-  doped
NPB was used as the emissive layer and deposited at 0.3 A/s. Then a
10 nm hole-blocking layer consisting of bis(8-hydroxy-2-methyl quino-
line) -(4-phenylphenoxy) aluminium (BAlq) was deposited at 0.3 A/s.
Then a 60 nm n doped electron transport layer of cesium-doped 4,7-
diphenyl-1,10- phenanthroline (BPhen) was deposited at 1 A/s, fol-
lowed by 20 nm silver as a top electrode, and 80 nm NPB capping layer
to improve outcoupling efficiency.

2.3. OLED-PDT activity against WT and MFR L. amazonensis
promastigotes

L. amazonensis promastigotes of the WT and MFR strains were seeded
at a density of 1x10° parasites per well into a 96-well plate. OLED-PDT
activity against both strains was conducted by the addition of serial
dilutions of DMMB (0-3 pM) (Sigma-Aldrich, USA), incubated for
10 min before irradiation. Parasites were treated with a red OLED giving
broad emission peaking at 670 nm. An irradiance of 6.5 mWcm ™! was
applied for 20 min, giving a light dose of 7.8 Jem 2. The cellular
viability of parasites was carried out by the addition of resazurin (10 pL
at 1.1 mgmlfl) (Sigma-Aldrich, USA), incubated for 4 h. The fluores-
cence intensity was then measured by using a microplate reader
(Spectramax M4, Molecular Devices, USA) at Aex = 530 nm and Ay =
590 nm. Results were normalized and plotted as a percentage of live
parasites. The effective concentration of DMMB to kill 50 % (ECsg) and
90 % (ECyp) of parasites against both strains treated by OLED-PDT at 7.8
Jem ™2 was determined by sigmoidal regression analysis using GraphPad
Prism 7.0 software.

Fluorescence microscopy of promastigotes was assessed by live/dead
staining assay after OLED-PDT according to the instructions of the
manufacturer. Briefly, parasites were treated with DMMB concentration
equivalent to the ECqy of each strain, delivering a light dose of 7.8
Jem 2. Parasites were then washed and stained with live/dead kit assay
(Sigma-Aldrich, USA) for 15 min. Images were acquired with a fluo-
rescence microscope (Nikon, Japan) and analysed by ImageJ software
(https://imagej.nih.gov/ij/plugins/cell-counter.html).

2.4. ROS detection assay on promastigotes treated by OLED-PDT

L. amazonensis promastigotes WT and MFR were seeded into 96-well
plates (1 x 10° per well). Parasites were illuminated by the red OLED at
7.8 Jem ™2 and incubated with a DMMB concentration corresponding to
the ECqg determined for each strain (0.224 and 0.256 pM, for the WT
and MFR, respectively). Untreated cells were used as a negative control
and H203 (0.1 mM) as a positive control. ROS production was obtained
by using a fluorescent indicator 2-7'-dichlorodihydrofluorescein diac-
etate (DCFH-DA) (Sigma-Aldrich, USA). After OLED-PDT, DCFH-DA (10
uM) was added to each well and incubated for 45 min. Fluorescence
intensity was detected by using a microplate reader (Spectramax M4,
Molecular Devices, USA) at Aoy = 485 nm and Aey, = 535 nm.

2.5. Invitro cytotoxicity assay

2.5.1. OLED-PDT cytotoxicity on mammalian cells
Mouse embryonic fibroblast cells (NIH 3T3) were harvested in
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DMEM medium (15 mM HEPES, 2 g of sodium bicarbonate.L !, and
1 mM L-glutamine) and supplemented with 10 % FBS. Mouse RAW
264.7 macrophage cells were grown in RPMI 1640 medium (15 mM
HEPES, 2 g of sodium bicarbonate/L, and 1 mM of L-glutamine) and
supplemented with 10 % FBS. Both cell lines were incubated at 37°C and
5 % CO4 atmosphere.

Cytotoxicity assay was assessed by evaluating the mitochondrial
activity of both fibroblasts and macrophages seeded at a density of 5 x
10°% and 8 x 10* respectively. Cells were allowed to adhere to 96-well
plates overnight. Before irradiation cells were incubated for 10 min
(pre-irradiation time) with different concentrations of DMMB (from 0 to
3 pM) to allow its uptake. Then, cells were irradiated using a red OLED
(670 4+ 140 nm) in an irradiance of 6.5 chm’z, delivering 3 different
radiant exposures (2, 4, and 7.8 Jem™2). Cytotoxicity of DMMB without
light was also evaluated by exposing cells with the same concentrations
of DMMB in the dark for the same period.

MF cytotoxicity was evaluated on RAW 264.7 macrophages. For this,
8 x 10* cells were seeded on 96-well plates 24 h prior to experiments.
MF activity was performed by the addition of serial dilutions of MF
(0-500 uM), for 24 h at 37°C and 5 % CO5 atmosphere.

Cell viability was determined by MTT (3-[4,5-dimethyl-2-thiazolyl]-
2,5-diphenyl-2 H-tetrazolium bromide) assay. Briefly, the cells were
incubated with MTT (30 pL at 5 mgmL’l; Sigma-Aldrich, USA) after
treatment and maintained at 37°C for 4 h. Then, dimethyl sulfoxide
(30 pL) was added to each well and the optical density was measured by
using a spectrophotometer (Spectramax M4, Molecular Devices, USA) at
595 nm using a reference wavelength of 690 nm. Results were expressed
as a percentage of live fibroblasts or macrophages and compared to the
control. The cytotoxic concentration for 50 % of macrophages (CCs)
treated by either OLED-PDT or MF was obtained by sigmoidal regression
analysis using GraphPad Prism 7.0 software.

Fluorescence microscopy was also conducted to investigate the
morphology of cells after OLED-PDT treatment. For this, 2 x 10° fi-
broblasts or macrophages were allowed to adhere onto round glass
coverslips placed to the bottom of 24-well plates, for 24 h. Cells were
treated by OLED-PDT at the highest light dose (7.8 Jem™2) and the
DMMB concentration used was 1.5 pM, which was found to be a non-
toxic concentration for both mammalian cells. Cells were fixed with
methanol, washed 3 times with PBS, and coverslips were incubated for
10 min with 2 pgml~ of 4/,6-diamidino-2-phenylindole (DAPI, Sigma-
Aldrich, USA). Images were acquired with a fluorescence microscope
(Nikon, Japan) and processed by the ImageJ software.

2.5.2. OLED-PDT and miltefosine activity on intracellular amastigotes of
WT and MFR L. amazonensis

Macrophages at a density of 2 x 10° were plated on round glass
coverslips into 24-well plates 24 h before experiments. Cells were
infected with promastigotes of both strains at stationary growth phase at
a multiplicity of infection = 10 for 4 h, at 34°C. After that, infected cells
were washed to remove non-internalized parasites and incubated in a
fresh medium overnight. Then intracellular amastigotes were treated
with either MF (0-50 pM) or OLED-PDT at 7.8 Jem 2 and varying
DMMB concentrations (0-0.75 pM).

After 24 h cells were fixed with methanol, washed with PBS, and
stained with Giemsa. Then intracellular parasites were counted using
optical microscopy. Results were determined by counting 100 cells per
coverslip and expressed as a percentage of infected macrophages and the
average number of amastigotes per infected macrophage. The infection

index was calculated as follows:

Number of amastigotes
Number of infected macrophages

The selectivity index (SI) was determined by the ratio between CCsg
for macrophages and ECsg of either MF or DMMB when parasites were
exposed to a light dose of 7.8 Jem 2 as follows:

X % infection

CCso

SI =
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2.5.3. ROS and NO detection on intracellular amastigotes treated by OLED-
PDT

Macrophages were seeded and infected as outlined above. After-
ward, WT and MFR intracellular amastigotes were treated with OLED-
PDT at 7.8 Jem 2 and incubated with the DMMB concentration corre-
sponding to the ECso (WT = 0.052 pM, MFR = 0.077 pM) and ECgy (WT
= 0.47 pM, MFR = 0.31 pM) determined for each strain. Untreated
infected macrophages were used as a negative control and Hy0, at
0.1 mM as a positive control.

ROS production was obtained with the same methods used for pro-
mastigotes as previously mentioned. After OLED-PDT, DCFH-DA (10
puM) was added to each well and incubated for 45 min. Fluorescence
intensity was detected by using a microplate reader (Spectramax M4,
Molecular Devices, USA) at Aey = 485 nm and Aey, = 535 nm.

To assess cellular NO levels, macrophages infected with amastigotes
of both strains were treated with OLED-PDT under the same conditions
described above. NO production was obtained by the addition of 10 pM
of 4-amino-5-methylamino-2,7-difluorofluorescein (ThermoFisher,
USA). Then, fluorescence intensity was detected by taking reads every
5 min over a 12 h period using a microplate reader (Spectramax M4,
Molecular Devices, USA) at Aoy = 495 nm and Aep, = 515 nm.

2.6. Analysis of OLED-PDT and MF in vivo

Animal experimentation was approved by the Ethical Committee on
Animal Use from IPEN-CNEN under protocol number 280/21. Female
BALB/c mice (6-8 weeks old) were infected in the left hind paw by in-
jection of 10° stationary growth phase promastigotes of L. amazonensis
expressing the luciferase gene. Disease progression was monitored for 4
weeks until the development of lesions was observed. After 4 weeks,
animals were treated with OLED-PDT, MF, or a combination of both as
outlined below. In vivo experiments were conducted in two phases.

2.6.1. OLED-PDT in vivo

In phase 1, we evaluated the in vivo potential of OLED-PDT using the
same light parameters tested in vitro (7.8 Jem 2, 6.5 mWem ™2, 20 min of
exposure time). DMMB concentration was determined based on the re-
sults obtained from our in vitro cytotoxicity assays. We found that at a
1.5 pM concentration, macrophages and fibroblasts were still viable.
Therefore, 8 animals were infected and randomly sorted into 2 groups (n
= 4 per group), one untreated control and the other treated with OLED-
PDT (OLED-PDT 1.5).

2.6.2. OLED-PDT combined with miltefosine in vivo

In phase 2, 20 BALB/c mice were infected and randomly sorted into 5
groups (n = 4 per group), (1) Control: Animals were infected and un-
treated, (2) OLED-PDT 15: In this group, DMMB concentration was
increased by 10 times (15 pM), however light parameters remained
unchanged, being the same as used in vitro and in vivo (phase 1). (3) 6.5
MF: The in vivo activity of MF at a half-dose (6.5 mg/kg/day) was
evaluated (4) OLED-PDT 15 + 6.5 MF: Animals were treated with a
dual therapy - OLED-PDT for 20 min at 7.8 Jem ™2 and DMMB at 15 uM
associated with the half dose of MF 6.5 mg/kg/day, (5) 13 MF: Animals
were treated with the top dose of MF (13 mg/kg/day) [19].

2.6.3. Treatment and disease progression

In phase 1, animals were anaesthetized with isoflurane (2.5 % in-
duction and 1.5 % maintenance), and DMMB (30 pL) at 1.5 pM diluted
in PBS was injected into the infected paw. DMMB was incubated for
10 min before illumination to allow its uptake by parasites. Animals
from the group OLED-PDT 1.5 were treated with 6 sessions of PDT on
alternate days in the first 2 weeks, starting on day 0. The last PDT session
was carried out at the end of the second week (day 11).

In phase 2, mice from the OLED-PDT 15 group received a higher
DMMB concentration, while the same light parameters and the number
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of PDT sessions were applied. In the other 3 treated groups with MF, the
drug was given orally by gavage daily for 15 days, starting on day O.

Disease progression was monitored by assessing parasite burden,
lesion thickness, and pain score for the following 21 days. Parasite
burden was measured in real-time by the detection of luciferase activity
through bioluminescence imaging (IVIS Spectrum, Caliper Life Sciences,
USA). Before treatment, imaging was carried out to determine the
presence and establish the baseline of parasite burden in all animals.
Bioluminescence imaging was performed weekly and in the last PDT
session of every week, corresponding to days 4,7,11,14, and 21 as shown
in Fig. 2

For in vivo luminescence detection and imaging, 100 pL of luciferin

A Start
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(VivoGlo, Promega Corporation, USA) at 75 mg/kg was intraperitone-
ally injected in each animal. Afterwards, mice were anaesthetized with
isoflurane (2.5 % induction and 1.5 % maintenance). Twenty minutes
after luciferin administration, images were acquired using 2 min of
exposure time in a high-resolution mode [21]. Total photon emission
was evaluated by determining a region of interest and quantified
through software (Caliper Life Sciences). The bioluminescent signal was
expressed as photons/second/cm? /steradian (ph/sec/cm?/sr).

Pain evaluation was performed using the von Frey test, which allows
the assessment of nociceptive sensitization after mechanical stimulation.
The von Frey test consists of 5 filaments with different gauges or stiff-
ness. Each filament employs a different weight (weights of 10, 26, 60,

OLED-PDT

* Intensity: 6.5 mW/cm?
¢ Exposure time: 20 min
¢ Light dose: 8 J/cm?
J » 3times/week
d + 6 sessions

¢ DMMB: 1.5 uM

O Parasite burden

* Parasite burden
« Lesion size
* Pain score

End of treatment

-
:

End of Experiment

Miltefosine

Parasite burden

Lesion thickness ¢ Untreated control

FaScor + OLED-PDT 15
« 65MF

Parasite burden e OLED-PDT + 6.5 MF
« 13MF

End of treatment

End of Experiment

Miltefosine

e Oral * Intensity: 6.5 mW/cm2
* Exposure time: 20 min

* 6.5 mg/kg/day « Light dose: 8 J/cm2

¢ 13 mg/kg/day * 3times/week, 2 weeks
* 6 sessions

* 15days +  DMMB 15 M

Fig. 2. Schematic illustrations of the in vivo experimental design of (A) OLED-PDT and (B) OLED-PDT combined or not with MF.
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and 100 g) that is applied to the paw (from the weakest to the strongest)
until the stimulus causes a paw withdrawal or a hind leg retraction [22].
A pain score was defined ranging from 1 to 6, in which 1 refers to the
lowest nociceptive sensibility and 6 corresponds to the strongest
response (severe pain) as shown in Table 1. Results were normalized and
plotted as percentages.

Pain and lesion thickness were evaluated every week on days 0,7,14
and 21 (Fig. 2). Lesion thickness was determined by measuring the
differences between infected and contralateral non-infected paw with a
caliper as follows: Lesion thickness = Pi-Pc, in which Pi indicates the
infected paw and Pc refers to the contralateral uninfected paw of the
same animal [21].

2.7. Statistical analysis

Statistical analysis was evaluated using GraphPad Prism 7.0 software
by one-way ANOVA, followed by the Tukey post-test. In vitro dose-
response curves and in vivo statistical analysis were measured by two-
way ANOVA followed by the Bonferroni post-test. Differences were
considered statistically significant when p< 0.05.

3. Results

3.1. Invitro evaluation of OLED-PDT against the WT and MFR
promastigotes of L. amazonensis

To assess the potential of OLED-PDT against promastigotes of the WT
and MFR strains, DMMB was incubated at different concentrations
10 min before irradiation to allow the PS uptake by parasites. Then, an
irradiance of 6.5 mWcm ™2 was applied for 20 min, giving a light dose of
7.8 Jem ™2, The results show that either the WT or the resistant line of
promastigotes were successfully killed even at the lowest DMMB con-
centration. The killing rate was increased at greater PS concentrations in
a concentration-dependent manner. By doing a non-linear regression
analysis we found that both lines showed a similar ECsy value of
0.034 uM, while a minor difference in the ECgy was noticed between
both lines, equivalent to 0.22 M and 0.25 pM, for the WT and MFR,
respectively, with no statistically significant differences between strains
(Fig. 3A).

To investigate whether those differences were related to ROS pro-
duction, we measured the levels of ROS by exposing parasites to the
same light conditions and DMMB concentration corresponding to the
ECq of each strain. ROS levels were substantially increased by 2.9-fold
and 2.7-fold after OLED-PDT treatment, whereas HyO5 produced only
10.3 % and 17.9 % more ROS compared to untreated control for the WT
and MFR, respectively (Fig. 3B). Nevertheless, no significant differences
were noticed between the two strains, meaning that they were equally
susceptible to our treatment under the experimental conditions. This
susceptibility was further confirmed by fluorescence microscopy, which
revealed that after OLED-PDT, parasites were almost completely killed.
In Fig. 3C we observed only a few live parasites (stained with green-
fluorescent dye), while nearly all promastigotes were dead (stained
with red-fluorescent dye) after treatment.

Table 1
Pain score for Von Frey filaments referred to force
scale.
Pain Score Weight [g]
1 >100
2 60-100
3 26-60
4 15-26
5 10-15
6 <10
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3.2. OLED-PDT is not toxic to mammalian cells

Our results demonstrate that DMMB did not promote cytotoxic ef-
fects on NIH 3T3 fibroblasts when incubated in the dark, regardless of
the PS concentration (Fig. 4A). However, changes in mitochondrial ac-
tivity were noticed when cells were treated with OLED-PDT. Differences
in cellular viability were observed according to the light dose as well as
the PS concentration. The lowest light doses (2 and 4 J cm~?) resulted in
a slight reduction in fibroblast viability for concentrations greater than
0.75 uM. However, we demonstrate that 75 % of cells still were viable
even at higher PS concentrations (Fig. 4B and C). By exposing the cells to
the highest light dose (7.8 Jem™2), 88 % of cells were viable at
0.375 uM, whereas at the highest concentrations and same light dose,
we observed 75 % of cellular metabolic activity (Fig. 4D).

Regarding the macrophages, no cytotoxicity was observed for DMMB
in the dark, regardless of its concentration (Fig. 4E). We also noticed
alterations in cellular viability when macrophages were treated by
OLED-PDT as we increased the light dose and/or the DMMB concen-
tration. Interestingly, at 0.75 pM no reduction in mitochondrial activity
was observed at all light doses used, suggesting macrophages are more
resistant to oxidative stress when compared to fibroblasts, except for the
highest concentration (Fig. 4F, G, and H). Nonetheless, regardless of the
cell line, in all treated groups either fibroblasts or macrophages were
properly adhered to the bottom of the well plate. Yet, no morphological
alterations were observed by fluorescence microscopy, as shown in
Figs. 41 and 4J.

Cytotoxic evaluation of MF on macrophages was assessed by the
addition of varying drug concentrations ranging from 0 to 500 pM. As a
result, we also observed a dose-dependent effect of MF on macrophage
viability (Fig. 4K). By carrying out a sigmoidal regression analysis we
calculated CCsp of MF and DMMB on macrophages. We found that the
CCsp value of MF was 46.5 pM, while for DMMB, the CCs value found
corresponded to a concentration of around 1.2 pM for the highest light
dose (7.8 Jem™?) (Fig. 4K).

3.3. Intracellular L. amazonensis WT and MFR amastigotes are highly
susceptible to OLED-PDT

To evaluate the potential of OLED-PDT against the intracellular
amastigotes, macrophages were infected with promastigotes of
L. amazonensis WT and MFR at a multiplicity of infection of 10:1. After
24 h, parasites were treated with either OLED-PDT or MF. The experi-
mental conditions used were set from the previous results reported and
determined according to macrophages’ cytotoxicity assay.

Infected macrophages were treated with a radiant exposure of 7.8
Jem? and DMMB concentrations ranging from 0.96 to 0.75 pM since
these concentrations were not toxic to these cells. In terms of the per-
centage of infection, our results show that macrophages were consid-
erably infected by amastigotes, resulting in approximately 80 % of cells
being infected by amastigotes of both strains. When parasites were
treated with OLED-PDT, we noticed that at a very low nanomolar con-
centration (0.96 pM) the percentage of infection was significantly
reduced to 47 % and 38 % in WT and MFR, respectively, in comparison
with their respective untreated controls. At 0.75 pM, a further reduction
of 49 % (WT) and 51 % (MFR) was observed (Fig. 5A and D).

In contrast, parasites treated with MF did not show a significant
improvement in the percentage of infection. Since MF was toxic to
macrophages at high concentrations (CCsgp = 46.5 pM), the top con-
centration assigned was 50 pM. Therefore, under these conditions, the
percentage of infection was reduced by only 16 % for the WT strain.

Untreated controls also presented similar numbers of intracellular
amastigotes, accounting for an average of 15.7 and 12.3 parasites per
infected macrophage for the WT and MFR lines, respectively. The
number of amastigotes per infected macrophage was tremendously
reduced by OLED-PDT, thus indicating a concentration-dependent ac-
tivity against both strains. Surprisingly, even at the lowest
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concentration, the number of parasites was reduced by 34 % (from 15.7
to 10.4 in WT) and 15 % (from 12.3 to 10.5 in MFR). At a higher con-
centration (0.75 pM), OLED-PDT had a more pronounced effect, thus
inactivating nearly 79.2 % (from 15.7 to 3.2) of the WT amastigotes,
whereas about 42.6 % (from 12.3 to 5.2) of MFR parasites were killed
under the same conditions (Fig. 5B and E).

When both parasites were treated with MF, there was a decrease of
about 28 % in the number of WT parasites per infected cell (from 8.7 to
6.2) at the lowest DMMB concentration (6.25 pM), while at 50 pM, 48 %
(from 8.7 to 4.5) of parasites were killed. However, MF exhibited no
activity against the resistant parasites (Fig. 5E).

We also aimed to assess the infection index, which consists of the
overall efficacy of the treatment. Our data show that the infection index
was decreased by 65 % and 49.8 % at the lowest DMMB concentration
(0.096 pM), while the killing rate was tremendously improved at 0.75
pM, reduced by 94.5 % and 86.3 % in the WT and MFR, respectively
(Fig. 5C and F).

The infection index was significantly lower when the WT strain was
treated with MF at 50 pM (53.3 %) compared to the untreated control.
However, as expected, MF did not cause significant changes in the
infection index in the MFR strain (Fig. 5F).

By using sigmoidal regression analysis, we calculated the ECsg
related to the infection index of parasites treated with either MF or
OLED-PDT. The ECs( values of MF for the MFR strain could only be
calculated for conditions where there was an effect of the drug against
this line. The MF ECsq value determined for the WT was 5.9 pM. When
treated by OLED-PDT, the ECs value found for the WT strain was 0.052
uM while for the MFR line, the ECso was 0.077 pM. At the ECq level, a
different pattern was observed with values of 0.47 pM (WT) and 0.3 pM
(MFR) (Fig. 6A).

According to these results, we calculated the SI. As shown in Table 2,
the SI of MF for the WT was 7.7, while for MFR parasites it was very low
(< 0.92). Surprisingly, OLED-PDT resulted in a much higher SI. It

increased nearly 3-fold (22.5, WT) and 15-fold (15.3, MFR) when
compared to MF.

We also assessed the levels of ROS and NO after OLED-PDT using the
ECs0 and ECg values determined by each strain. The levels of ROS were
raised by 57.9 % and 43.3 % when parasites were treated with a DMMB
concentration corresponding to the ECsy. This effect was more pro-
nounced when challenged with the ECgg concentration, hence resulting
in about 100.4 % and 136.8 % increase for the WT and MFR lines,
respectively (Fig. 6B).

In addition, to show the activation effects of OLED-PDT on infected
macrophages, the levels of NO were measured over time for a 12-hour
period. We demonstrated that OLED-PDT produced a stimulatory ef-
fect on macrophages infected by both strains. By calculating the area
under the curve, we showed that OLED-PDT induced macrophages to
generate 5 % and 7 % more NO when ECsg concentrations were used.
NO production was greatly improved at a higher DMMB concentration
(14 % and 12 % for the WT and MFR, respectively) (Fig. 6C and D).

3.4. Invivo evaluation of OLED-PDT and MF on BALB/c mice infected by
L. amazonensis

For the initial in vivo study, BALB/c mice were infected subcutane-
ously in the left hind paw with late-stage promastigotes of L. amazonensis
expressing the luciferase gene. Twenty-eight days post-infection, ani-
mals were randomly assigned into 2 groups; one group was the un-
treated control, and the other group was treated with OLED-PDT. Light
parameters were set to deliver the same light dose (7.8 Jem™2) and in-
tensity (6.5 mWem ™ 2) used in the in vitro study. The DMMB concen-
tration was established from the cytotoxicity assay. Therefore, it was
applied subcutaneously at 1.5 pM concentration 10 min before irradia-
tion. On day O, animals received the first OLED-PDT session, being
exposed to light for 20 min. Treatment was carried out 3 times a week
for 2 weeks, totaling 6 sessions. Mice were monitored until day 21, 10
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Table 2
ECsp, CCso and selectivity index of intracellular amastigotes of WT and MFR
L. amazonensis treated with MF and OLED-PDT at 7.8 Jem 2.

MF PDT MF MF PDT PDT
Mg Mo WT MFR WT MFR
ECso Ama/ N/A N/A 5.9 > 50 0.052 0.077
InfecMg
CCso Mg 46 12 N/A N/A N/A N/A
SI N/A N/A 7.7 < 0.92 22.5 15.3

Mg = macrophages. Ama/InfecM@ = amastigotes per infected macrophage. MF
and DMMB concentrations are expressed in pM. N/A: not applicable as CCs is
not applicable to parasites, and ECsg is not applicable to macrophages.

days after the end of the treatment. Parasite burden, lesion thickness,
and pain sensitivity were also evaluated.

The results of OLED-PDT on infected BALB/c mice are displayed in
Fig. 7. Since the in vitro studies demonstrated that DMMB at nanomolar
concentrations were very effective against both lines, an initial study
was performed to investigate whether the same light parameters and a
low DMMB concentration (non-toxic to mammalian cells) would exhibit
any efficacy on these animals. Unfortunately, however, our treatment
did not demonstrate any statistically significant differences in parasite
burden between the untreated control and OLED-PDT 1.5 group (Fig. 7A
and B). Nevertheless, by the end of treatment lesion thickness was
reduced by 32 % with significant differences compared to the control.
Although on day 21 lesion thickness had increased, it was still 16 %

smaller than the untreated group (Fig. 7C). Pain evaluation showed that
treated animals were more tolerant to the nociceptive stimulus provoked
at the end of the experiment, reduced by 50 % (Fig. 7D), thus suggesting
that OLED-PDT had a positive impact on the clinical aspects of these
animals. This can also be seen in the images shown in Fig. 7E, in which
the untreated control had developed an ulcerated lesion by the end of
treatment, while the treated group had none.

3.5. Increased PS concentration and combination therapy

In the second study, DMMB concentration was increased by 10 times
to 15 uM (OLED-PDT 15), while light parameters were the same. We also
aimed to investigate the potential of OLED-PDT 15 combined with a half
dose of MF (6.5 MF). The drug combination is very advantageous for
preventing the development of drug resistance. Therefore, OLED-PDT
associated with MF could play a role in inhibiting the selection of
resistant strains. In addition, dual therapy could reduce MF side effects.
For this, BALB/c mice were infected and randomly sorted into 5 groups
28 days post-infection. There were 5 groups: (1) Untreated control, (2)
OLED-PDT 15, (3) half dose of MF at 6.5 mg/kg/day (6.5 MF), (4) OLED-
PDT 15 + 6.5 MF, (5) total dose of MF at 13 mg/kg/day (13 MF). MF was
given orally for 15 consecutive days.

Our results demonstrate that a higher DMMB concentration (15 pM)
significantly improved the efficacy of OLED-PDT even using the same
light parameters, resulting in a nearly 1-log difference from untreated
control by the end of the study. Most importantly, this remarkable result
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was achieved by exposing infected mice to only 20 min of OLED irra-
diation, at a relatively low intensity (6.5 mWem 2) and light dose
(7.8 J cm~2). Although we did not notice a parasite burden reduction
throughout treatment, OLED-PDT delayed parasite proliferation, while
in the control group, an upward trend was shown (Fig. 8A and B). The
same pattern was demonstrated for mice receiving 6.5 mg/kg of MF,
hence suggesting those animals were exposed to sublethal doses of either
OLED-PDT 15 or 6.5 MF.

In this context, the interaction of both therapies resulted in a
tremendous impact on the parasite burden, which was reduced by 92 %
after 14 days of treatment, resulting in approximately a 3-log difference
from the untreated control. Remarkably, the parasite burden was
completely eradicated at the end of the experimental period (day 21)
and decreased by 98.5 % with a 4-log difference from the untreated
group. It should be noted that such impressive result was sustained for at
least one week after the end of treatment, suggesting that OLED-PDT
potentiated the activity of MF, thus enabling us to reduce the dose by
half, reaching similar results as the top dose (13 mg/kg) (Fig. 8A and B).

Lesion thickness was significantly reduced by 50 % in all treated
groups after 7 days. By the end of treatment, only the groups treated
with 13 mg/kg MF and the combination of both therapies showed a
complete reduction in lesion thickness (Fig. 8C). Both groups treated
with OLED-PDT showed a significant decrease in the pain score (by
33 %) in the first week of treatment, which was sustained over the entire
course of the experimental period. Such improvement in the pain score
was noticed only 14 and 21 days post-treatment in the groups receiving

10

13 and 6.5 mg/kg of MF, respectively (Fig. 8D).

Clinical aspects of animals are shown in Fig. 8E and F. By the end of
treatment, we can see that the untreated control presented one large
nodule that progressed to an ulcerated lesion in the following week
(Fig. 8Ea and Fa). In addition, on day 21, another nodule appeared, thus
suggesting that infection was not controlled in those animals (Fig. 8Fa).
In contrast, all treated groups presented small lesion thicknesses without
nodules or ulcerated lesions. It should be noted the presence of slight
erythema in both OLED-PDT-treated groups at the end of treatment
(defined by the redness across the skin), which disappeared on day 21 in
the group treated with the combination of OLED-PDT 15 + 6.5 MF
(Fig. 8Ed and Fd). However, although there was an improvement in the
lesions of animals treated only with OLED-PDT 15, they still exhibited
minor rashes over the surface of the skin at the end of the study (Fig. 8Eb
and Fb). Despite that, the photosensitiser was well tolerated without
significant signs of skin irritation. No necrosis or oedema was noticed in
these mice.

4. Discussion

Herein, we show that OLED-PDT was effective in killing both strains
of L. amazonensis in vitro. Moreover, for the first time, we demonstrate
that OLED-PDT can be highly efficient in treating CL, mainly when
combined with MF.

We found that OLED-PDT had minimal in vitro toxicity to mammalian
cells depending on the light dose or DMMB concentration. Despite that,
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at the highest light dose (7.8 Jcm’z), the OLED-PDT antileishmanial
activity was increased nearly by 3-fold (WT) and 15-fold (MFR)
compared to the standard oral drug MF (see Table 2). This result sug-
gests that OLED-PDT has a highly selective activity against Leishmania
over the host cells.

Indeed, this selectivity could be related to the higher affinity of
DMMB for a lipid environment, thus easily diffusing across the lipid
bilayer of cellular membranes [23,24]. In addition, such properties
might increase the photosensitiser uptake by Leishmania-infected mac-
rophages inside parasitophorous vacuoles (PVs) [25]. PVs are large
compartments that protect parasites from oxidative stress, where they
replicate within the cells. Therefore, the DMMB accumulation within
PVs would generate significant amounts of ROS directly into the target,
beyond parasites antioxidant defenses, thereby resulting in a high killing
rate.

PDT has the advantage of dual selectivity, in which the photo-
sensitiser can specifically reach intracellular organelles, and yet, light
can be delivered directly onto the desired area, thus improving the ef-
ficacy of the therapy [8]. Moreover, PDT is very unlikely to select
resistant strains [26]. The multi-target characteristics of PDT make this
therapy attractive for the treatment of unresponsive patients, particu-
larly those infected by resistant phenotypes.

Our results demonstrated that promastigotes and intracellular
amastigotes of both WT and MFR were very susceptible to OLED-PDT.
One possible reason can be attributed to the high levels of ROS pro-
duced. In addition, we found that OLED-PDT increased the levels of NO
in infected macrophages after treatment. Indeed, parasite-host in-
teractions play an important role in determining disease progression or
cure. When macrophages are activated by a Th1-type immune response
(M1 macrophages), pro-inflammatory cytokines stimulate macrophages
to increase the production of ROS and NO, thereby resulting in parasite
killing by oxidative damage [27]. Alternatively, a Th2-type immune
response (M2 macrophages), inhibits the production of reactive species,
thus contributing to parasite proliferation. In this regard, PDT mediated
by chlorin e6 has been shown to polarize macrophages into an M1
phenotype [28]. We hypothesise that OLED-PDT might have activated
M1 macrophages, therefore enhancing the amounts of NO produced.

According to the results in vitro, we determined the initial in vivo
study. We decided to set the same light parameters and used a DMMB
concentration that was not cytotoxic to mammalian cells. Despite the
great results achieved in vitro, we found that those conditions were not
sufficient to reduce the parasite burden on infected mice. Indeed, the
infected tissue is a complex environment consisting of different epithe-
lial cells and several biomolecules present in inflammatory exudates.
Consequently, the photoactive drug can also bind to those biological
components or be diluted by organic fluids [29]. Therefore, we assume
the amounts of dye available to bind parasites were substantially
reduced in the infected mice. Nevertheless, under these circumstances,
we found a beneficial impact of OLED-PDT on lesion thickness and pain
score. It has been shown that PDT can reduce lesion thickness and
modulate the inflammatory responses of Leishmania-infected animals
without significantly reducing parasite load, thus improving clinical
healing, and relieving pain [30].

In the second part of the in vivo study, the DMMB concentration was
increased by 10 times, achieving in 1-log difference in parasite burden
from untreated control. Remarkably, such impressive results were
accomplished at a relatively low intensity (6.5 mWem™~2), light dose (7.8
Jem™2), and only 20 min of illumination each session. Importantly, the
same light parameters used in vitro were suitable for our in vivo studies.
This is particularly significant considering that previous studies using
methylene blue and LEDs against L. amazonensis demonstrated that the
light dose used in vivo (150 J cm’z) to produce an effect over the
parasite burden was 3 times higher than that used for in vitro experi-
ments (50 J cm’z) [21]. Indeed, low light intensities might offer a further
advantage [31]. PDT effects are thought to be dependent upon the ox-
ygen supply, therefore high intensities and light doses (continuously
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delivered in one single session) can rapidly deplete molecular oxygen,
thus compromising the efficacy of therapy [32]. Thus, by using low in-
tensities and fractionated light doses (in our study 6 sessions) it is
possible to allow reoxygenation of the tissue, hence improving the
outcome.

On the other hand, Leishmania parasites can evade the host’s immune
response and survive even in harsh conditions [33]. Particularly
L. amazonensis, which is one of the most prevalent species of CL, can
develop a systemic and complex form of the disease, defined as diffuse
CL. Our results show that under the given experimental conditions,
OLED-PDT delayed parasite proliferation, but eventually, the remaining
parasites could cause a relapse of the infection. Therefore, to prevent the
development of more serious clinical manifestations, we aimed to
associate OLED-PDT with a half dose of MF, the only oral drug available
at present to treat leishmaniasis.

Drug combinations are advantageous for increasing the efficacy of
the therapy, shortening the course of treatment, reducing costs, and
preventing the emergence of resistance. Indeed, it has been reported that
PDT combined with antibiotics appears to be a promising strategy to
tackle drug resistance in bacterial infections [34]. Likewise, the inter-
action of OLED-PDT with a half dose of MF resulted in a substantial
parasite burden reduction, achieving a 4-log difference compared to the
untreated group. This extraordinary result caused a complete eradica-
tion of parasite load and a reduction in lesion thickness at the end of the
study. Indeed, it is well-known that BALB/c mice when infected by
L. amazonensis, have predominantly a Th2 cell type immune response,
meaning that they are unable to control infection if left untreated [35].
Thus, the results achieved were mostly caused by the given treatment.

Although the mechanism of action of MF is poorly understood, it has
been suggested that this drug may interfere with the lipid metabolism of
parasites [36]. In addition, MF has shown immunomodulatory effects by
inducing the activation of Th1 cytokines, which are essential to control
Leishmania infection due to enhanced production of ROS and NO by
macrophages [36]. Yet, a Thl-type response can be improved when
combined with other therapies or compounds. Indeed, we also observed
an increase in NO production in vitro after irradiation, suggesting an M1
macrophage polarization. Therefore, we assume that OLED-PDT
potentiated the activity of MF allowing us to reduce the dose by half.

Given the long half-life of MF, a lower dose of the drug might reduce
side effects and systemic toxicity besides preventing the selection of
resistant strains, hence improving patient compliance. We also show
that OLED-PDT was well-tolerated by animals, making the OLEDs suit-
able for topical administration. This is particularly significant because
OLEDs can be flexible and conformable to human skin, being ideal
wearable light sources for medical applications. Therefore, in a combi-
nation regimen, minimal clinical monitoring would be needed, thus
encouraging the widespread use of dual therapy for CL in ambulatory
care.

In conclusion, we have successfully demonstrated for the first time
the potential of OLED-PDT against both stages of two strains of
L. amazonensis, including a drug-resistant line. Moreover, our results
indicate that OLED-PDT is suitable for combination treatment with MF,
offering a viable approach for at-home care and effectively combating
the emergence of resistant strains in CL.
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