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Cutaneous leishmaniasis (CL) is a neglected disease that represents a serious global public health concern. We
performed a systematic review with meta-analysis targeting the use of light-based therapies on CL in preclinical
studies since they are essential to identify the benefits, challenges, and limitations of proposing new technologies
to fight CL. We searched Pubmed and Web of Science to include original preclinical researches in English that
used light-based technologies to fight CL. Inclusion criteria encompassed any animal model for CL induction, an
untreated infected group as the comparator, reliable and consistent methodology to develop and treat CL, focus
on an antimicrobial therapeutic approach, and data for lesion size and/or parasite load in the infection site. We
identified eight eligible articles, and all of them used photodynamic therapy (PDT). For the meta-analysis, three
studies were included regarding the parasite load in the infection site and four comprised the lesion size. No
overall statistically significant differences were observed between untreated control and PDT groups for parasite
load. Differently, PDT significantly reduced the lesion size regardless of the protocol used to treat CL (in mm,
SMD: -1.90; 95% CI: —3.74 to —0.07, p = 0.04). This finding is particularly encouraging since CL promotes
disfiguring lesions that profoundly affect the quality of life of patients. We conclude that PDT is a new promising
technology able to be topically used against CL if applied in more than one session, making it a promising ally for
the management of CL.

1. Introduction Although leishmaniasis can cause several forms of clinical manifes-

tations, the cutaneous presentation remains the most prevalent world-

Leishmaniasis is a group of vector-borne diseases caused by proto-
zoan parasites of the genus Leishmania, commonly transmitted by
infected sandflies during their blood meal [1,2]. It has been targeted as
one of the World Health Organization top 20 neglected tropical diseases,
affecting mostly people from low- and middle-income countries that live
in poor housing conditions with malnutrition, have a weak immune
system, and lack basic health resources [3].

wide [1,2,4]. Cutaneous leishmaniasis (CL) poses a substantial clinical
challenge due to long treatment regimens, the emergence of drug-
resistant parasites, and treatment failure [1,2,4]. Besides, the disfigur-
ing lesions of active CL on exposed parts of the body for more than one
year may lead to severe psychological impacts such as decreased body
satisfaction, anxiety, depressive symptoms, resulting in a low quality of
life for CL-affected patients [5].

Abbreviations: ALA, aminolevulinic acid; AICIPC, liposomal chloroaluminum phthalocyanine; aBL, antimicrobial blue light; CI, confidence interval; CL, cutaneous
leishmaniasis; GFP+, green fluorescent protein; La-LUC, Leishmania amazonensis recombinant strain expressing the luciferase gene; LED, light-emitting diode; MB,
methylene blue; PDT, photodynamic therapy; PpIX, protoporphyrin IX; PS, photosensitizer; RoB, risk of bias; ROS, reactive oxygen species; SMD, standard mean

difference..
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There are few advances in CL treatment and no consensus on its best
management. Current therapy includes the use of different drugs that
have particular benefits and limitations so they are still ineffective
[1,4,6]. Pentavalent antimony has been considered the first-line anti-
leishmanial drug, however, the increasing reports of clinical isolates of
Leishmania spp. resistant to this compound has restricted its usage [7].
Second-line drugs include amphotericin and pentamidine, but emerging
resistance and acute toxicity have been considered limiting factors for
their administration [1,7]. Miltefosine, an anticancer agent, is the only
oral drug currently available. However, it has not been approved for
leishmaniasis treatment in many countries, as the ease with which
miltefosine-resistant strains are selected in vitro has been reported [8].
Moreover, the main disadvantages include teratogenicity effects and
long lifespan (an essential contributing factor to drug resistance) [6,9].
Topical treatments with cryotherapy, thermotherapy, and topical
paromomycin have also been explored for CL form, but with variable
results [1]. Indeed, the current scenario demands an urgent search for
novel approaches for CL, and light-based therapies have been in the
spotlight as an interesting strategy to treat localized infections,
including leishmaniasis [10,11].

Antimicrobial light-based approaches encompass the use of light
alone or the association of light and photoactivated compounds to reach
antimicrobial effects. Among them, antimicrobial photodynamic ther-
apy (PDT) and antimicrobial blue light (aBL) treatment at 400-470 nm
have been broadly investigated to achieve microbial inactivation
[10,12,13]. PDT combines the administration of a photosensitizer (PS)
agent that is activated by a low power light source, at a wavelength
matching the PS absorption band, to promote photochemical reactions,
leading to the generation of reactive oxygen species (ROS) [10]. On the
other hand, aBL can be absorbed by endogenous pigments (e.g., flavins
and porphyrins), resulting in ROS production [13]. As sunlight com-
prises a broad range of wavelengths in ultraviolet and visible regions,
this kind of irradiation has also been suggested as an antimicrobial
approach [14,15]. It is well known that ROS are detrimental to microbial
cells, and therefore these antimicrobial light-based therapies can inac-
tivate a broad range of pathogens with proper light doses [10,12,13].
From this perspective, antimicrobial light-based technology has been
demonstrated to have a high potential to fight infectious diseases, being
also an attractive cost-effective candidate [16].

As most conventional treatments are based on long-term multiple
administrations, an ideal therapy for CL should be efficient within a
short-term period. Besides, it should be minimally invasive or toxic, with
low potential to induce resistance. For example, it is well known that
Leishmania parasites are highly susceptible to oxidative stress. Thus,
increased levels of ROS promoted by PDT can strongly disturb their
redox state, resulting in the parasite’s death. Because of its immediate
results, PDT might shorten the duration of treatment, contributing to
patient compliance.

However, the severity of leishmaniasis depends not only on the
virulence of the wide range of Leishmania species but also on the host
immune response, which plays an essential role in either disease pro-
gression or healing [1]. Thus, animal models significantly contribute to
advance in the development of new therapies against CL. Herein, we
systematically revised preclinical studies of light-based technologies to
fight CL.

2. Methods

We followed the protocol recommended by the SYRCLE (SYstematic
Review Center for Laboratory animal Experimentation) to conduct this
systematic review [17]. We specified the population, intervention,
control, and outcome to identify and include comparative preclinical
studies of CL models that investigated the potential of antimicrobial
light-based therapies for the primary outcome of two quantitative data:
lesion size and parasite load.

The search was performed using two bibliographic databases:
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Pubmed and Web of Science from inception until September 2020. The
following search terms were used: “cutaneous leishmaniasis” AND
(“photodynamic” OR “photoinactivation” OR “photosensitization” OR
“phototherapy” OR “photochemotherapy” OR “light therapy” OR “blue
light” OR “sunlight” OR “daylight” OR “laser” OR <“light-emitting
diode”) to cover all modalities of light sources and/or light-based
therapies to fight CL. The protocol for this review was registered on
the PROSPERO (International Prospective Register of Systematic Re-
views, registration number: CRD42020212365).

We included original research articles in any animal model published
in English. After identification, duplicate articles were excluded. The
screening was performed after reading titles and/or abstracts, which
excluded reviews, clinical trials, case reports, in vitro assays, and studies
published in languages other than English. The titles and abstracts were
independently screened by all reviewers and checked for agreement.

For eligibility, studies should present consistent methodology, reli-
able light and/or PS parameters, infected untreated group, besides
focusing on the treatment of CL. We used the infected untreated group as
the control for comparison with the intervention group since light-based
therapies are used topically and conventional antileishmanial drugs are
systemically administered.

Articles also should contain quantitative or scored results for lesion
size and/or reduction of parasite load at the site of infection. We
excluded studies when the data were duplicate. Full articles tried by title
and abstract were read and independently appraised by two reviewers
(FVC and THSS) considering the eligibility criteria. Discrepancies were
discussed by all authors.

The quality of included studies was assessed by SYRCLE's risk of bias
(RoB) tool and performed by two reviewers (FVC and MSR) [18]. The
degree of bias was categorized as low, high or unclear related to the
following topics: 1) sequence generation, baseline characteristics, and
allocation concealment (selection bias); 2) random housing and blinding
(performance bias); 3) random outcome assessment and blinding
(detection bias); 4) incomplete outcome data (attrition bias); 5) selective
outcome reporting (reporting bias); and 6) other sources of bias. We
used the Kappa coefficient to evaluate the agreement between reviewers
and discrepancies were resolved by discussion among all reviewers.

For the meta-analysis, we included only the articles that presented
the number of animals per group with quantitative measurements for
lesion size and/or parasite load. We contacted the authors if some data
was unclear. Due to expected heterogeneity among studies, we per-
formed a random effect meta-analysis to calculate the reduction of lesion
size and/or parasite load at the site of infection at the end of treatment.
Mean values + standard deviations were estimated from the graphs of
the studies if not reported by authors. The effect size was assessed and
reported as the standardized mean differences (SMD) between treated
and untreated infected groups with 95% confidence intervals (95% CI).
Weight was calculated based on the inverse of the variance. Statistical
analysis was conducted by Cochrane RevMan software (Review Man-
ager 5.4).

3. Results

Overall, 353 records were found through Database searching on
Pubmed and Web of Science. No additional records were identified
through any other sources. Duplicate articles were then removed,
resulting in 246 publications for screening. Afterward, by reading the
title and/or abstract, 223 articles were excluded. As a result, 23 full-text
manuscripts were selected for eligibility of which 15 were excluded
because they did not meet the inclusion criteria (Fig. 1).

Indeed, four publications were focused on vaccination and host im-
mune response modulation [19-22], and one was focused on treatment
optimization conjugating the PS to TiO, nanoparticles [23]. Three ar-
ticles did not show reliable light parameters, i.e., the combination of
light dose, power density, and exposure time were conflicting [24-26].
The other four did not report enough data due to the absence of some
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Fig. 1. Study selection flow chart according to the PRISMA guidelines.

light parameters [27-29] or the infected untreated control group [30],
two showed the same experimental design for CL induction and treat-
ment conducting to duplicate data [31,32], and the last one did not
present quantitative data regarding the lesion size or the parasite load on
the infection site [33]. Therefore, eight papers were included for the
systematic review, and all of them used PDT to treat CL. For the meta-
analysis, three studies were included regarding the parasite load in the
infection site and four comprised the lesion size (Fig. 1).

We noticed a diversity of animal models for Leishmania species and
different sites of infection. We have found four articles that performed

Table 1
Biological conditions used to induce CL infection in the selected studies.

assays using Old World Leishmania species (L. major) inoculated in the
ear of BALB/c mice [34-37]. One of these works designed the experi-
ments using L. major expressing green fluorescent protein (GFP+) to
monitor parasitic load by measuring GFP fluorescence intensity [34]
(Table 1).

New World CL species were found in the other studies, in which one
of them golden hamsters were infected in the footpad with L. braziliensis
[38]. Two studies used wild-type L. amazonensis, for which one induced
CL in BALB/c mice in the base of the tail [39] and the other infected
C57BL/6 mice in the footpad [40]. One study induced CL in the footpad

Animal model Gender Age (days) Leishmania species Inoculation (number of parasites) Infection site Infection time (days)
BALB/c mice [39] Female 35-42 L. amazonensis (amastigotes) 1 x 10° Base of the tail 45

Golden hamsters [38] Female 90 L. braziliensis (promastigotes) 4 %107 Right footpad 90

C57BL/6 mice [40] Female 70 L. amazonensis (promastigotes) 3 x 10° Hind paw 30

BALB/c mice [41] Female 56 L. amazonensis (LUC) (promastigotes) 1 x 10° Left footpad 28

BALB/c mice [34] Female 42-56 L. major (GFP) (promastigotes) 1 x 10° Ear 21

BALB/c mice [35] Female 42-56 L. major (promastigotes) 1 x10° Ear 28-56

BALB/c mice [36] female 42-56 L. major (promastigotes) 1 x 10° Ear 21

BALB/c mice [37] Female 42-56 L. major (promastigotes) 1 x10° Ear 21
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of BALB/c mice with an L. amazonensis recombinant strain expressing
the luciferase gene (La-LUC) to monitor in real-time the parasite burden
[41] (Table 1).

We have also realized an interesting standardization in biological
parameters in terms of gender and the number of parasites used to
induce CL. All animals used were female. We found in five papers an
average of between 6 and 8 weeks old BALB/c mice, in which animals
had been infected by inoculation of 1 x 10° promastigotes (extracellular
form) [34-37,41]. In another one, CL was induced by 1 x 10° amasti-
gotes (intracellular form) in the base of the tail [39]. We found that in
two papers other animal models of distinct ages were infected with
different inoculum [38-40] (Table 1).

In terms of light sources and parameters, studies were more het-
erogeneous. All studies were addressed by using a wavelength within a
range between 660 and 670 nm. Three articles used a laser [36,39,40] in
contrast to the other three studies that have reported an LC-122A lamp
(LumaCare) as the main light source [34,35,37]. Only two works per-
formed red LED (light-emitting diode)-based PDT [38,41]. There was a
huge variability in power density and exposure time, delivering different
light doses in the infected tissue. Moreover, no standard was noticed for
the PS as well. Different concentrations, formulations, routes of
administration, number of sessions, and dark periods were assessed
(Table 2).

The parasite load quantification was assessed at the site of infection
by limiting dilution assay after animal euthanasia, except for L. major
GFP+ and La-LUC strains that were continuously monitored after PDT
by either fluorescence or bioluminescence, respectively [34,41].
Another article has performed a scored analysis at the site of infection
through histological evaluation [39]. The disease progression was also
evaluated by measuring lesion size in four articles, whereas in the other
four, the authors did not address this issue (Table 3).

Regarding the risk of bias (Fig. 2), for the sequence generation, we
noticed that only one study reported that animals were randomly
divided into untreated control and PDT groups [41]. Additionally, one
study reported that animals were distributed into groups according to
the lesion size indicating that the baseline was not the same for the
groups [39]. Another study has made no clear the time of infection when
PDT was applied [35].

Allocation concealment, random and blinding housing as well as
random outcome assessment were unclear in all studies since authors
did not address these issues. Although we have considered that the
outcome evaluation was not blinded, we have assumed a low risk of bias

Journal of Photochemistry & Photobiology, B: Biology 221 (2021) 112236

Table 3
Best results achieved by the selected studies for CL treatment.

Follow-up Mean values of lesion size Mean values of parasite load

(days) (mm) (PDT vs. control) (PDT vs. control)

21 [39] 12.8 vs. 13.3 1 x 10% vs. 1 x 10° (limiting
dilution)

84 [38] 2.5vs. 4.0 Weak vs. moderate (histology)

20 [40] 2.5vs. 2.7 1.2 x 10° vs. 1.4 x 10° (limiting
dilution)

30 [41] 0.75 vs. 2.0° 4 %107 vs. 2 x 108
(bioluminescence)

6 [34] - 50 vs. 100% (fluorescence)

4 (1 session) 0.2vs. 0.6 1% 10%vs. 1 x 107

12 (3 sessions) 5x 10 vs. 5 x 10° (limiting

[35] dilution)
7 [36] - 1 x 10 vs. 1 x 10* (limiting
dilution)

5 (3 sessions)
[37]

1 vs. 0.005 (limiting dilution)

# Informed by the author.

for all studies, which reported score or quantitative data for parasite
load and lesion size.

Selective outcome reporting was stated as a high risk of bias when we
observed any selective and/or lack of information over methodology or
results. Besides, studies with unpaired data regarding the number of
animals per group and plotted results were considered with a high risk of
bias related to attrition bias. In this context, we identified that three
studies reported different numbers of data per group suggesting that
control and PDT groups were unpaired [35-37]. In one study, the au-
thors did not describe how the lesion size was measured [35].

We defined the other risks of bias as the lack of information
regarding the number of animals. One article was considered with a high
risk of bias since it did not mention the number of animals per group
[34]. In the other four articles the number of animals for untreated
control and PDT groups was unclear [35-37,40] (Fig. 2). A good
agreement of 80% was achieved between reviewers (Kappa index =
0.7).

Fig. 3 presents the results of the meta-analysis comparison for lesion
size (Fig. 3A) and parasite load (Fig. 3B). Four studies compared lesion
size (in mm) for PDT (n = 27) and untreated control group (n = 27)
[38-41]. We noticed a statistically significant decrease in lesion size (in
mm, SMD: -1.90; 95% CI: —3.74 to —0.07, p = 0.04) for animals that

Table 2
Parameters applied by the selected studies to reach the best results in the CL treatment.
PS Concentration Formulation Administration ~ Dark period  Light A (nm) Power density Radiant Exposure Sessions
(min) source (mW/cmZ) exposure (J/ time (s)
cm?)
AICIPC [39] 3.6 + 0.9 pg/ Liposomal Topical 15 Laser 660 81 95 1200 10
mL
MB [38] 10 mM Water Topical - 6 LEDs in a 663 5/LED 18/LED" 3600 36
solution series
AICIPC [40] 5 uM Gel Topical 15 Laser 670 80 100 1250" 10
liposomal
MB [41] 100 pM PBS Subcutaneous 10 LED 660 + 100 150 1500 2
11
PPA904 2 mg/cm? Cream Topical 60 LC-122A 665 + 30 21 696 1
[34] 15
PPA904 500 pM Cream Topical 30 LC-122A 665 + 50 50 1000° land3
[35] 60 15
90
120
PpIX [36] 20% Solution Topical 240 Laser 635 66 50 ~760" 1
(ALA)
PPA904 10.7 pM Solution Intralesional 30 LC-122A 665 + 60 50 ~830" 1
[37]1 500 pM Cream Topical 15 3

@ Calculated by reviewers.



F.V. Cabral et al.

Random sequence generation (selection bias)
Baseline characteristics (selection bias)
Allocation concealment (selection hias)
Random housing (performance hias)

Blinding housing (performance hias)

Random outcome assessment (detection bias)
Blinding assessment (detection hias)
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Selective outcome reporting (reporting hias)

Other hias
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Fig. 2. Risk of bias graph for the eligible studies. “Other bias” refers to the lack of information regarding the number of animals per group.
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Fig. 3. Forest plots for lesion size (a) and parasite load (b) from PDT studies of preclinical models of CL.

received PDT. On the other hand, three studies were compared
regarding the parasite load (in log), totalizing 17 animals per group
[39-41]. No statistically significant differences were observed between
PDT and untreated control groups (SMD: -0.12, 95% CI: —0.79 to 0.56, p
= 0.73).

4. Discussion

CL remains a serious public health problem and the development of
effective treatment options is urgently required. Hence preclinical
studies can provide essential information in respect of the benefits,
challenges, and limitations of proposing clinical treatment protocols to
manage CL. As CL is part of the group of neglected diseases, fast, safe,
and simple treatment options are desirable.

As far as we are concerned, we performed for the first time a sys-
tematic review with meta-analysis targeting the use of light-based
technologies on CL. The central purpose of this study was to deter-
mine whether there is sufficient scientific evidence that this kind of
therapy would be able to tackle CL using animal models, which could
inspire and guide subsequent clinical studies.

We identified that PDT is the only antimicrobial light-based tech-
nology reported to fight CL. Then, we conducted a search in Pubmed
looking for “cutaneous leishmaniasis” and “treatment”. We noticed that
the search for antileishmanial drugs has been growing since 1917.
Surprisingly, the first studies about the photodynamic treatment of CL
were published in 2003, even though the photodynamic effect was
postulated more than 100 years ago [10]. Moreover, the number of these
studies is much smaller than those regarding other kinds of
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antileishmanial therapies (Fig. 4).

In this review, we noticed that depending on Leishmania spp.,
different animal models were used to induce CL, although most of the
studies used females and the promastigote form. Indeed, the immune
response to CL depends not only on the host but also on the Leishmania
species. BALB/c and C57BL/6 are not susceptible to L. braziliensis, a
species responsible for developing the mucocutaneous form [42,43]. For
both animal models, the infection is self-healing as a consequence of L.
braziliensis to elicit a Thl primary immune response [42]. Therefore,
golden hamsters seem to be the only animals with the potential to be
suitable experimental models over this Leishmania species [42,44,45].

C57BL/6 mice infected by L. major also lead to a self-healing disease
because of the predominant Th1 response [46]. The same animal model
might develop either a Th1 or Th2 immune response when infected by L.
amazonensis [42]. On the other hand, BALB/c mice infected by L. major
or L. amazonensis tend to develop chronic diseases due to the suscepti-
bility to infection because of dominant Th2 immune response
[42,44,46].

Leishmania parasites, once in the mammalian host, are obligatory
intracellular pathogens, multiplying mostly within macrophages
[47,48]. For this reason, only a humoral response does not ensure
parasite control [49]. Indeed, parasitic load eradication may be a huge
challenge using BALB/c mice and L. major or L. amazonensis, since there
is no cellular immune response Th1l-mediated [46].

Nevertheless, this type of preclinical study is very important to
benefit, in the future, human patients without Th1l-mediated immune
response, which is strongly associated with the severe CL form [49]. The
main purpose of using BALB/c mice for treatment studies relies on the
idea that if the therapy has a positive effect on susceptible animals, so it
will also be able to have an impact on resistant cases in humans to heal
more severe wounds. The natural susceptibility allows the parasite
regrowth in case they are not completely eradicated. Thus, any parasite
load reduction could be considered promising [44].

The infection site is another key point for the development of CL in
preclinical trials. It allows monitoring both the evolution of the lesion
and the disease progress. It has been reported that footpad lesions are
commonly used for drug screening and/or alternative therapies [44].
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Ear infections or CL induced at the base of the tail have been widely
employed for vaccine development [44,50]. In this review, half of the
studies induced CL in the ear [34-37], followed by three studies
infecting the footpad [38,40,41], and one at the base of the tail [39].

Furthermore, PS choice is of great importance. Antileishmanial effect
of liposomal chloroaluminum phthalocyanine (AICIPC) was reported
against Leishmania amazonensis in two studies [39,40]. We found that in
both articles, the authors have encapsulated AICIPC into liposomes as a
strategy to target the parasite membrane and deliver the PS since it is
insoluble on water and aggregation is often an issue.

Other five studies used phenothiazine compounds, such as methy-
lene blue (MB) [38,41] and 3,7-bis(N,N-dibutylamino) phenothiazinium
bromide (PPA904) [34,35,37]. As cationic agents, both MB and PPA904
can interact better with the negatively charged Leishmania membrane.
Besides, it seems that if the PS is administered in a cream, a longer in-
cubation time in the dark is necessary to obtain a lower parasitic load
[35,371.

On the other hand, ALA (aminolevulinic acid)-PDT has been
demonstrated to induce necrosis when L. major-infected mice were
treated. ALA is converted into protoporphyrin IX (PpIX), an endogenous
PS. Although Leishmania spp. are unable to produce PpIX from ALA,
Akilov et al. suggested that these parasites could take up exogenous PpIX
from the host macrophages [36].

Although light doses and irradiances varied slightly among studies,
all studies used red light, since PS should be able to absorb the light and
transfer energy or charge to molecular oxygen and substrate to produce
ROS [10]. However, PpIX could exhibit more pronounced cell killing
using blue light due to its more intense absorption at this wavelength
[51]. Additionally, six studies performed more than one PDT session
[35,37-41]. Thus, we assume that at least two sessions are required to
enhance PDT.

The studies were further investigated regarding the risk of bias.
Although most of the studies reported baseline characteristics, few or no
studies provided information regarding the random sequence generation
and allocation concealment. Yet, no studies reported any indication
regarding the performance bias and the random outcome assessment.
Taking together, it is noteworthy to recommend that future preclinical
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studies regarding PDT on CL take into account these issues.

In terms of random and blinding housing, although they were not
mentioned in the studies, the investigator should be blind. Despite that,
we believe that a full-blinded study would be very difficult to accom-
plish because of the PS color. As a dye, many PSs could stain the skin for
days or even weeks depending on the concentration and/or the com-
pound used, making it difficult to blind the investigator. Other domains
were mostly assessed as low risk of bias, even though we emphasize the
importance of reporting the number of animals evaluated per group in
future studies.

To assess if PDT could promote benefits to decrease lesion size and/
or parasite load, we performed the meta-analysis. Although all studies
have reported a reduction in the parasite burden, no overall statistically
significant differences were observed between untreated control and
PDT groups. In contrast, although the methodological heterogeneity has
been reflected in high statistical heterogeneity, PDT significantly
reduced the lesion size. Therefore, based on the meta-analysis, the main
effect of PDT in preclinical trials, regardless of the animal model, PS,
light parameters, and the number of PDT sessions would be clinical
healing rather than a complete parasitological cure.

These findings suggest not only that the disease is being controlled,
but also indicate a possible modulation of the inflammatory response, as
reported by Sbeghen et al. [38]. Histopathological analysis of lesions
demonstrated a lower number of inflammatory cells on the epidermis. A
regenerated dermis with bundles of collagen fibers and reduction of
lymphatic capillaries was further observed after PDT. Cabral et al. also
suggested an anti-inflammatory effect over pain relief associated with
smaller lesions and better clinical presentations [41].

It is noteworthy that in this review we used the untreated group as
the comparator since traditional antileishmanial drugs are systemically
administered besides promoting adverse effects. Besides, literature is
rich in reporting that no pronounced microbial killing is observed when
PS or light is used alone in in vitro assays. Thus, only three studies re-
ported the parasite load after PS administration in this review [35-37].
As expected, no significant parasite inactivation was observed, regard-
less of the PS used.

Interestingly, one of the studies showed that the association of oral
miltefosine and AICIPC-PDT further decreased the lesion size and the
parasite load [40]. This could be an attractive point to be addressed in
future studies since PDT has shown synergism with different antimi-
crobials and could even decrease the recommended dose of the drug
[52-54] preventing toxicity to vital organs like the liver, kidneys, etc.

Indeed, as previously mentioned the choice of the PS plays an
important role in PDT, particularly concerning in vivo administration.
Successful PDT is highly influenced by PS penetration into the tissue as
well as its affinity to accumulate in the target. ROS generation is also
strongly dependent on the PS physicochemical properties. Thus,
different PSs have been investigated against several medically important
pathogens to improve PDT. For example, 1,9-dimethyl-methylene blue
(DMMB) is an attractive phenothiazine-based compound because of its
capability to produce 21% more singlet oxygen, be more lipophilic, and
promote higher microbial inactivation with a lower concentration than
MB [55,56]. Besides, the use of longer wavelengths, which promote
deeper light penetration into biological tissue, has been a motivation for
the development of new PSs. In this regard, tetrapyrrole molecules as
bacteriochlorins seem to be promising near-infrared PSs [57]. Further
studies are welcome to evaluate the effectiveness of these and other PSs
in vivo to combat CL.

Even though there is no validated protocol of preclinical PDT to-
wards CL, this systematic review demonstrates that topical PDT reduces
the lesion size. This is a very important issue to be addressed as the
disfiguring lesions have a huge psychological impact on affected people.
Thus, PDT can also improve patients’ quality of life and self-esteem,
making it a potential ally for the management of CL.
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