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Abstract: New therapeutic strategies are urgently needed to overcome drawbacks in the treatment
of some infections, particularly sexually transmitted infections (STI). STIs are easily spread by the
transmission of various bacteria, viruses, and parasites with some of the infections being incurable
or even lethal, leading to a serious impact on reproductive health worldwide. Phototherapy (PT)
is a major therapeutic approach based on the controlled administration of light in the visible, near
infrared, or UV spectrum, with or without the application of an external photosensitizer. Despite
the fact that PT has not been explored to its full potential in the control of STIs, it has already
demonstrated good clinical response rates and lower recurrence rates in genital infections. For
instance, increasing evidence has demonstrated that 5-aminolevulinic acid photodynamic therapy
(5-ALA-PDT) is effective in the treatment of condyloma acuminatum (CA), by eliminating the
causative latent human papillomavirus (HPV) infection, and also in the antiviral treatment of re-
current genital herpes simplex virus (HSV) infections. The clinical application of PDT is a new
treatment for oral fungal infection caused by Candida albicans in adult acquired immune deficiency
syndrome (AIDS) patients, with human immunodeficiency virus (HIV), and could also be used for
genital fungal infections. Another antimicrobial PT strategy, water-filtered infrared A combined with
visible light irradiation, has been shown to be effective against genital Chlamydia trachomatis bacterial
infection, and an optical nano-genosensor has been designed for the diagnosis of trichomoniasis, a
parasitic Trichomonas vaginalis infection. This review aims to summarize the published evidence for
the effectiveness of PT in the treatment of STIs, and for the suppression of STI-related pathogens of
various types.
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1. Introduction

Sexually transmitted infections (STIs) are a major public health problem throughout
the world [1]. They can be either ancient or emerging infections, with an increasing
likelihood of being resistant to treatment [2]. Three types of viruses are often responsible
for STIs [3]. First and foremost are human papillomavirus (HPV) infections, which have
recently been brought under control by the development of highly effective vaccines [4].
Herpes virus infections (HSV) are characterized by high prevalence and morbidity [5]. No
effective vaccine against viruses of the herpes group is currently available. This is also the
case with HIV (human immunodeficiency virus) infections [6]. STIs can also be caused by
non-viral pathogens such as bacteria, parasites, or fungi. Examples of these are Chlamydia
trachomatis, Neisseria gonorrhoeae, Treponema pallidum, Mycoplasma genitalium and Trichomonas
vaginalis [7]. While the site of infection is mainly urogenital, it can also be pharyngeal
and/or anorectal [2]. Although pharyngeal infections with C. trachomatis and N. gonorrhoeae
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often resolve spontaneously, they can be transmitted by oral sex, suggesting a large oral
reservoir of germs as a source of contamination [8,9]. Genital and extra-genital co-infection
is far from rare and could explain the occurrence of re-infection and the sustainability of
an epidemic [8]. The clinical presentation could be an erosive or ulcerative anorectal or
genital lesion, more or less painful or raised [10]. The context is important to confirm the
diagnosis, and possible co-infections should be systematically sought out because they are
frequent, and this is essential in HIV-positive patients [11].

Moreover, the emergence of antimicrobial resistance in sexually acquired infection
pathogens is an important global public health threat. There is an urgent need for novel
STI treatment and prevention strategies to tackle the rising incidence of STIs in high-
income settings, and the static incidence in low- and middle-income settings over the past
decade [12]. Both the treatment and the prevention of these infections are often complex.
Recent clinical studies have made it possible to use new light-based therapeutic approaches
to treat skin lesions caused by sexually transmitted viral infections [13].

The primary care therapeutic approaches to treat benign skin lesions associated with
HPYV infection are quite diverse, such as topical therapy with agents such as podophyllin,
trichloroacetic acid, salicylic acid, or 5-fluorouracil. However, 5-fluorouracil has the dis-
advantage of inducing a strong local inflammatory response, which makes its use on
mucous membranes difficult [14]. Similar treatments have been used in cases of vaginal
intraepithelial neoplasia with high-risk HPV infection, and other sites of this infection,
including excision by surgery and intravaginal radiotherapy or chemotherapy [15]. Some
physical methods constitute an alternative approach employed in current practice [16,17].
Several different approaches could be considered: cryotherapy [18]; photodynamic therapy
(PDT) [19]; thermocoagulation [20]; CO; laser ablation [21]. However, chemotherapy has
certain disadvantages and side effects which can vary according to the individual patient,
the drugs used, the doses, and the combination treatments. In some cases chemotherapy
is performed during concomitant radiochemotherapy [22]. This therapeutic approach
does not have the same side effects as chemotherapy alone, and it may be more effective
than chemotherapy alone, because it targets the tissue with malignant cells in a spatially
confined manner [23,24]. The undesirable effects often include digestive disorders, a drop
in immune cells, red blood cells, and platelets, oral mucositis, and the appearance of skin
disorders [25,26]. Locally applied laser and radiation therapies could improve the cure
rate while avoiding the damage caused by surgery [27], but they could also cause damage
to the vaginal mucosa resulting in scarring or vaginal stenosis, and other adverse effects
such as burning sensations, pain, and dyspareunia [28,29]. Moreover, the development
of therapeutic HPV vaccines could be used for the treatment of persistent infections, and
to prevent the progression of HPV-associated cancers [6]. There are three vaccines called
Cervarix (GlaxoSmithKline, London, United Kingdom), Gardasil and Gardasil9 (Merck
Sharp & Dohme Corp, Whitehouse Station, Township of Readington, New Jersey, United
States). Cervarix can protect against oncogenic HPV types HPV16 and HPV18. Gardasil
provides protection against oncogenic types HPV16 and 18, as well as low-risk HPV types
6 and 11. Gardasil9 provides protection against a broad panel of HPV strains, protecting
against the seven most common oncogenic HPV types (HPV16, 18, 31, 33, 45, 52 and 58)
and the two low risk types (HPV6 and 11) [30,31]. For HSV lesions, the primary therapeutic
arsenal consists of anti-herpesviridae antiviral drugs such as aciclovir, valaciclovir, or
famciclovir [32]. The use of topical aciclovir still has a strong following. However, new
approaches are in the evaluation phase, but do not yet present an established management
plan in current practice [33].

For infectious diseases caused by C. trachomatis, the first-line treatment is doxycycline
in the European and American guidelines [34]. However, in the event of an allergy to doxy-
cycline or in pregnant women, a single dose of oral azithromycin or erythromycin (500 mg)
has been used [35]. Exceptional treatment failure has been reported with this treatment,
which could then be controlled with moxifloxacin. Due to the frequent co-infection with
gonococcus bacteria, treatment with ceftriaxone is often added to this regimen. Neverthe-
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less, the notable limitations of these antibiotics, highlight the need for further, updated
research in this area, particularly for low- and middle-income settings [36]. Furthermore,
azithromycin (500 mg) and doxycycline (100 mg) are also recommended for the treatment
of Mycoplasma genitalium. The persistence of this infection requires treatment with pristi-
namycin (1 g) [37]. To date, all findings suggest that doxycycline is inefficient for the
eradication of M. genitalium. Although azithromycin was not significantly less efficient than
extended dosage doxycycline, it was associated with the selection of macrolide-resistant M.
genitalium strains. The monitoring of M. genitalium macrolide resistance should be encouraged.

In the case of gonococcal infections, the WHO Global Gonococcal Antimicrobial
Surveillance Program (WHO GASP) reported that between 2009 and 2014, there emerged a
persistent and widespread resistance to penicillin, tetracycline, ciprofloxacin, and
azithromycin. This was accompanied by a decrease in sensitivity to broad-spectrum
cephalosporins, especially cefixime [38]. To date, three strains of gonococci with a high
resistance to ceftriaxone have been reported in France, Japan and Spain [39,40]. There is a
need to develop and implement a national sentinel program for gonococcal antimicrobial
susceptibility and to develop new therapeutic strategies to combat this scourge.

STIs can also be caused by a parasitic infection, particularly Trichomonas vaginalis. The
standard treatment for trichomoniasis is metronidazole. This molecule is an antibiotic
and an antiparasitic drug. Treatment adherence should be followed closely to avoid re-
infection [41]. Therapeutic failure of this protocol sometimes occurs, and then the treatment
dose is increased. Because metronidazole can cause leukopenia, an antabuse effect (similar
to disulfiram) or a candida secondary infection, there is a relative contraindication in early
pregnancy [42].

Drug resistance is increasingly observed in pathogens causing STIs. Clinical trials
have used some physical therapy approaches that do not cause resistance. In this review,
we are particularly interested in the treatment of STIs by phototherapy (PT). PT is a major
therapeutic approach based on the controlled administration of light in the visible, near
infrared, or UV spectrum, with or without the application of an external photosensitizer.
When the light is combined with a photosensitizer, it is called photodynamic therapy (PDT).
PDT is a physicochemical method initially developed to treat cancer and tumors [19]. It
was first approved in the 1980s, as a new approach intended for cancer patients who
could not be treated by surgery or radiotherapy [43]. During phototherapy, the non-toxic
photosensitizer agents can be activated by light irradiation to induce cell death without
causing much damage to normal tissues [44]. A successful clinical PDT involves complex
procedures, but can lead to the eradication of tumor or infected tissue with lower toxicity
due to more limited light penetration compared to PT [44]. The three key components of
the PDT are photosensitizer, oxygen and light, with light dosimetry being a key factor. The
photosensitizer should have some selective affinity for the target cells. Since the 1980s,
three generations of photosensitizers have emerged. The first generation derivatives were
the first photosensitizers to have been used clinically, hematoporphyrin and its derivatives
(HpD) [45]. HpD is difficult to obtain pure and contains oligomeric compounds responsible
for photocytotoxicity [44]. Photofrin (first generation) is a purified form of HpD. Photofrin
can persist in normal skin for long periods of time [46,47], meaning that patients should
be protected from strong light sources for several weeks after Photofrin administration.
This problem was minimized when new photosensitizing agents were identified with
shorter persistence [46]. The second generation photosensitizers (e.g., Visudyne, Foscan,
5-aminolevulinic acid (5-ALA) ... ) have been developed to overcome some of these
drawbacks [48]. They are pure compounds; mostly absorbing strongly in the red part
of the spectrum, and have a high quantum yield of singlet oxygen formation. Rapid
elimination of the photosensitizer from the body is also desirable in order to limit residual
phototoxicity after treatment. The third generation photosensitizers have been modified
by conjugation or by encapsulation (e.g., liposomes and nanoparticles) of the second
generation photosensitizers in order to allow passive or active targeting of neoplastic cells,
and thus improve their selectivity for the lesion to be treated [49]. Basic studies made it
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Inactivation of viruses and
bacteria

possible to establish the mechanistic principles of PDT, which relies on the absorption of
light by a photosensitizer molecule or dye, leading to a photochemical reaction to produce
reactive oxygen species that can kill cancer cells or microorganisms [46]. Furthermore, it
is only relatively recently that PDT has been studied as a treatment for various types of
localized infections. This resurgence of interest has been partly motivated by the alarming
increase in drug resistance amongst bacteria and other pathogens. The clinical application
of antimicrobial PDT to localized viral infections caused by herpes or papilloma viruses, or
non-viral dermatological infections such as acne, yeast, fungal, and bacterial skin infections
has been validated. PDT has been used to treat bacterial infections in brain abscesses and
non-healing ulcers [50]. Figure 1 schematically illustrates the applications of PT and PDT
to treat a variety of STIs.
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Figure 1. (A) Treatment of multifocal disease based on 5-aminolaevulinic acid (ALA)-PDT, effective
in treating HPV lesions. The PDT can be also used for selective and specific destruction of subclinical
bacteria and fungui-infected areas, as in the case of N. gonorrhoeae and C. albicans. (B) The com-
bination of water-filtered infrared A (WIRA) with visible light VIS (WIRA /VIS) is used for killing
intracellular and extracellular Chlamydia trachomatis strains in Vero and HeLa cell lines. Visible
light irradiation (405 and 670 nm) also leeds to dose-dependent inhibitory effect on Chlamydia.
(C) Diagnostic approach based on an optical nano-genosensor and gold nanoparticles conjugated to a
specific oligonucleotide for T. vaginalis PCR detection.

2. PT for Viral STIs

Human papilloma virus (HPV) infection, the most common sexually transmitted dis-
ease in the world and the main cause of genital warts, infects millions of people worldwide
every year [51], with an estimated 291 million HPV-positive women worldwide in 2007 [52].
Among diseases caused by HPV, condyloma acuminata refers to an anogenital infection
caused by HPV strains 6 and 11 [53,54]. Successful treatment can still be challenging.
Traditional forms of treatment for condyloma acuminata that are effective at removing
wart tissue including topical approaches, carbon dioxide laser (CO, laser), cryotherapy,
or electrosurgery [55], or medical treatment with topical agents (imiquimod, podofilox,
podophyllin, trichloroacetic acid, sinecatechins ointment) [56,57].

However, these therapies are often ineffective with a high recurrence rate, as they
cannot eliminate subclinical latent HPV infection. Multiple reports have shown that
5-aminolaevulinic acid (ALA)-PDT can be effective in treating HPV lesions [16,58]. A real
benefit of PDT lies in its ability to treat multifocal disease without tissue loss [59]. Treat-
ment with 5-ALA-PDT can destroy the warts and cause selective and specific destruction of
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subclinical virus infected areas [58]. The cure rate and viral clearance rate are significantly
higher after ALA-PDT therapy compared to pharmacotherapy or physically destructive
therapies. However, clinical trials have demonstrated the feasibility of applying topical
ALA cream for photodiagnosis (PD) and PDT of condylomas caused by HPV. Women
receiving PDT in this clinical trial had often failed with conventional treatment [56]. Con-
ventional treatment can often be painful and sometimes disfiguring, and often results in
high recurrence rates, which reinforces the need for new approaches [56,60]. One study
evaluated the persistence or clearance of HPV infection after ALA-PDT in patients suf-
fering from genital warts. The data was analyzed between January 2019 and December
2020 at Nanfang Hospital and Dermatology Department, Hospital of Southern Medical
University in China, and showed that different variables such as multiple sexual partners,
a history of recurrent infection, and severe pain during PDT affected the overall outcomes
of PDT treatment. The authors suggested that the patients may need additional PDT
sessions. Interestingly, PDT appears from this study to be effective against single strain
HPV infections [61].

In one patient with condyloma acuminata covering the glans penis, a case study
reported a patient who had a single large lesion. ALA-PDT was used as a therapeutic
approach to reduce the risk of recurrence and minimize the trauma caused by traditional
methods such as CO, laser therapy. The choice of therapy by ALA-PDT is dictated by the
fact that ALA accumulates the warts and reduce the rate of recurrence in the surrounding
tissue with subclinical infection [55]. ALA-PDT is an effective, safe and curative alternative
to the conventional treatment of genital warts [55]. ALA-PDT-based treatment was also
effective against urethral condyloma acuminata; in this case, the authors suggested that the
dynamic monitoring of the HPV viral load could objectively demonstrate the effectiveness
and guide the treatment of PDT [62]. These results were reinforced by a randomized
controlled clinical trial carried out recently. The objective was to compare the use of PDT
with the application of trichloracetic acid (TAA) in the treatment of HPV condyloma in the
perianal and vulval regions. A total of 16 patients was treated with PDT using the prodrug
methyl aminolevulinate incubated for 3 h and irradiation at 630 nm (100 J/ cm?). Fifteen
patients were treated with TAA, received acid using a cotton swab. The results of these
experimentations revealed that the PDT-based treatment appeared to be effective in the
treatment of lesions due to the physical destruction of condyloma and subclinical lesions.
A complete response rate was evaluated at 63% for PDT versus 60% (10 had a complete
response and 6 had a partial response) for TAA (9 patients had a complete response in
the elimination of lesions, 3 had a partial response), and a recurrence rate of 0% for PDT
versus 33% for TAA. In addition, treatment with PDT led to complete clearance in an area
with many warts; the authors suggested that PDT may be more beneficial for patients with
recurrent HPV warts [63].

Another therapeutic strategy based on a combination of CO, laser and ALA-PDT
was tested to treat condyloma acuminata in 98 adult patients (male and female). Firstly,
patients were treated by CO, laser to remove the visible warts. Secondly, the patients
had the ALA-PDT treatment immediately after the laser exposition. The ALA surface
application was performed for 3h at light irradiation of 100~150]/cm?. The ALA-PDT
was continued once a week for three weeks. A combination of CO, laser and ALA-PDT
has been shown to be feasible and effective in the treatment of condyloma acuminata.
The cure rate was high at 93.8% (92/98) [64]. Shi et al., (2013) tested a different treatment
strategy on 361 patients diagnosed with condyloma acuminata. Patients were divided
into three groups according to the maximum diameter of their lesion (A < 0.5, B = 0.5-2.0,
and C > 2.0-4.0 cm). Five treatments were compared in each group (cryotherapy, CO,
laser, ALA-PDT alone, ALA-PDT plus CO, laser, ALA-PDT plus cryotherapy). The clinical
outcomes evaluated during follow up after each treatment showed that the ALA-PDT was
best if the maximum lesion diameter was <0.5 cm, while ALA-PDT plus cryotherapy was
better for lesions 0.5-2.0 cm. ALA-PDT treatment, after either cryotherapy or CO; laser
was effective for lesions >2.0-4.0 cm, which should be the first choice. They suggested that
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all treatments could be effective, but the choice depended on the size of the condyloma
lesion [65].

However, a study by Szeimies et al. (2009) reported a different result. CO; laser
ablation followed by ALA-PDT was investigated in a phase III prospective randomized
bicenter double-blind clinical trial to prevent recurrence of condyloma acuminata. One
hundred seventy-five patients with condyloma acuminata received CO; laser vaporization
plus adjuvant ALA-PDT or adjuvant placebo-PDT. Results showed no statistically signifi-
cant difference between the groups with regard to recurrence rates up to 12 months after
treatment. No major complications were observed [66].

Persistent HPV infection can lead to the development of malignant lesions in the
vaginal and cervical epithelium. Indeed, HPV infection represents the main cause of
cervical intraepithelial neoplasia [15]. The clinical treatments recommended for cervical
intraepithelial neoplasia have already been mentioned, and mainly include the topical
application of certain drugs or surgical excision, as well as irradiation by intravaginal
radiotherapy or ablation by a laser [67]. PDT is a new therapeutic tool which has been
used mainly in HPV infections causing condyloma acuminata, or in the case of non-
melanoma skin tumors [58,68]. PDT has become a promising therapeutic method used in
the treatment of various tumors including cervical intraepithelial neoplasia, cervical HPV
infection, and vaginal intraepithelial neoplasia [69]. One meta-analysis revealed that out
of 77 patients with cervical HPV infection included in four randomized controlled trials
who received PDT, 48 of them showed complete remission. The complete remission rate
ranged from 53.5 to 94.4% [69]. The authors of this meta-analysis concluded that PDT
was effective for HPV clearance, particularly high-risk HPV genotypes. In addition, the
study showed that out of 120 patients with cervical intraepithelial neoplasia treated by
PDT, 77 patients achieved full primary remission by the end of the 3-month follow-up.
Interestingly, the complete remission rate ranged from 31.3 to 100% [69]. Clinically, PDT is
becoming increasingly employed to treat malignant HPV viral infection, including cervical
intraepithelial neoplasia and cervical HPV infection, and has shown complete remission
and local eradication of the virus. Another systematic review also demonstrated the efficacy
of PDT for the treatment of cervical intraepithelial neoplasia. Analysis revealed that the
complete remission rate of PDT for cervical intraepithelial neoplasia ranged from 0 to 100%,
with an HPV eradication rate varying from 53.4 to 80% [70]. These results were based on
analysis of the data published in several studies [71,72]. The effectiveness of PDT for the
treatment of cervical intraepithelial neoplasia and for the eradication of HPV has also been
confirmed in several studies by Li et al. [73], Cang et al. [74], Wu et al. [75], Su et al. [76]
and Zang et al. [15]. Furthermore, the efficacy of PDT for the treatment of cervical cancer
has also recently been demonstrated. At three months after PDT, complete elimination of
HPV was detected in more than 90% of patients with early stage cervical cancer [19].

Herpes simplex viruses, HSV-1 and HSV-2, are the most common cause of mucocu-
taneous herpes lesions with a chronic or recurrent course. Approximately 20% of people
infected with HSV have clinical manifestations that recur, especially during periods of
weakened immunity [1]. HSV-1 is mainly transmitted by oral-to-oral contact causing oral
herpes, but can also cause genital herpes. The World Health Organization has estimated
that 3.7 billion people under age 50 (67%) have HSV-1 infection globally. HSV-2 is a sexually
transmitted infection that causes genital herpes and has been estimated to affect 491 million
people aged 1549 (13%) worldwide [77]. HSV infections cause discomfort (itching, pain)
associated with the eruption of vesicles and development of erosions. Lesion recurrence
and aesthetic discomfort significantly reduce patient quality of life [78]. To improve the
quality of life of women affected by genital HSV, several therapeutic approaches are being
developed. Conventional therapy with nucleotide analogue antiviral drugs inhibits viral
replication and shortens the duration of symptoms, but does not prevent recurrence. PDT
is selective, non-invasive, not harmful to the patient, and can be used in parallel with
other therapies, even in immunocompromised subjects (e.g., transplantation or oncology
patients). Recent studies have shown the effectiveness of PDT in the inactivation of dif-
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ferent types of virus in vitro and in vivo [79]. The HSV strains VR-3 and MS were used
to infect Vero cell cultures and the antiherpetic effect was evaluated after PDT and laser
irradiation treatments (Figure 1A). The results showed a significant reduction in virus load
(100-1000 times) [79]. Nevertheless, a study determining the effect of ALA-PDT on the
recurrence of herpes simplex showed that one patient irradiated with a higher dose of
light (630 + 20 nm; 120 J/cm?) developed an acute inflammation, accompanied by the
appearance of prolonged scabs [80].

Published case reports regarding the treatment of recurrent herpes with photother-
apy (including lasers) sometimes combined with synthetic dyes have focused mainly on
reducing the duration of HSV infection symptoms and its accompanying pain, reducing
viral titers, and the acceleration of wound healing, in cases of herpes labialis and genital
herpes [80]. Donnarumma et al. demonstrated that laser phototherapy applied in HSV
infection could also act on the immune response, restoring the expression of proinflamma-
tory cytokines, tumor necrosis factor « (TNF«), interleukin (IL)-13, and IL-6 suppressed
by the virus, and limiting the viral spread from cell to cell [81]. A case report by Ferreira
et al.,, (2011) used low-level laser therapy on a patient (50-year-old heterosexual female),
with recurrent episodes of labial herpes over the preceding 5 years. Follow up showed
that the patient remained symptom free for 17 months. Low-level laser therapy showed
promising clinical results as a long-lasting suppression therapy in a single patient, but its
wider efficacy for long-term suppression has yet to be established [82]. HSV infection can
cause hyperpigmentation of the skin which may be present even when the infection is
latent. Hyperpigmentation is linked to an inflammatory process in the tissues. Staining can
cause people aesthetic inconvenience with a sense of shame. Hyperpigmentation can be
treated topically with alpha-hydroxy acids (AHAs), hydroquinone, azelaic acid, retinoic
acid, ascorbic acid, kojic acid can be effective alone or in combination with others therapies
such as phototherapy or laser therapy [83]. A multitude of different lasers are currently
available for the treatment of cutaneous hyperpigmentation. Five major classes of dermato-
logical lasers are currently used: ablative and non-ablative lasers in their fractionated and
non-fractionated forms as well as radio frequency technologies. Non-ablative lasers are
gentler on the skin and allow faster healing, while harsher ablative lasers tend to be more
effective. Fractionating increases the number of treatments but minimizes downtime and
complications [84]. In addition, given the absorption spectrum of melanin (250-1200 nm),
visible and near-infrared lasers can be used successfully to target excess melanin in the skin
in the case of postinflammatory hyperpigmentation [85]. The Q-switched Nd-YAG laser,
the fractional thulium laser (via tranexamic acid) and the picosecond alexandrite laser are
the most used in the treatment of hyperpigmentation of the skin [86,87].

3. PT for Bacterial STIs

Neisseria gonorrhoeae (also known as gonococcus) is a Gram-negative bacterial species
that can be sexually transmitted. N. gonorrhoeae infects the urogenital tract, causing dysuria
with a penile discharge in men, and a vaginal mucopurulent discharge, along with severe
pelvic pain in women [88]. Antimicrobial resistance is emerging, which limits antibiotic
treatment for N. gonorrhoeae. Novel treatment strategies are urgently needed, according to
Klausner et al. (2021) [89].

To combat antibiotic resistance in sexually transmitted bacteria, PDT has been tested
against N. gonorrhoeae, including antibiotic-resistant strains cocultured with human vagi-
nal epithelial cells in vitro. No PDT-induced genotoxicity to vaginal epithelial cells was
observed upon delivering a sufficient radiant exposure to inactivate N. gonorrhoeae. PDT
effectively inactivated N. gonorrhoeae, which had attached and invaded vaginal epithelial
cells in their co-culture model [90]. In addition, studies have demonstrated that blue light
(405 nm) used alone has an intrinsic antimicrobial activity against N. gonorrhoeae. This wave-
length of light inactivated N. gonorrhoeae cells, including antibiotic-resistant strains, without
causing epithelial cell cytotoxicity. Blue light was still effective against these bacteria after
15 successive cycles of exposure [90,91].
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The use of water-filtered infrared A (WIRA), a short wavelength band of infrared
radiation with a spectrum from 780-1400 nm, which is combined with visible light VIS
(WIRA /VIS) showed efficacy in killing intracellular and extracellular Chlamydia strains (C.
pecorum, C. trachomatis serovar E) in two different cell lines (Vero and HeLa). Irradiation of
the infected cells (HeLa and Vero) neither affected cell viability nor induced any molecular
markers of cytotoxicity. However, a single exposure to wIRA /VIS at 40 h post infection
(hpi) led to a significant reduction in the frequency of C. pecorum incorporation in Vero cells,
and C. trachomatis in HeLa cells (Figure 1B). Three sessions of irradiation (24, 36, 40 hpi)
during the course of C. trachomatis infection further reduced the chlamydial incorporation
frequency in HelLa cells [92].

In another study carried out in vitro, Wasson et al. (2021) investigated the effects of
visible light irradiation (405 and 670 nm) using light emitting diodes (LEDs) on Chlamydial
growth in HeLa cells (Figure 1B). The results demonstrated a significant dose-dependent
inhibitory effect and a diminished bacterial load during both active and persistent infection,
following irradiation [93].

4. PT for Parasitic STIs

Trichomoniasis is a condition caused by Trichomonas vaginalis, and is a very common
vaginal infection that, in some women, manifests as a vaginal discharge, with a disagreeable
smell and a yellowish or greenish color. T. vaginalis is usually transmitted sexually [94].
Recently, a new diagnostic approach based on an optical nano-genosensor was designed by
conjugation of gold nanoparticles to a specific oligonucleotide that recognized a T. vaginalis
gene sequence (AuNP-probe) for specific and sensitive PCR diagnosis. An investigation
was performed using the AuNP-probe with different concentrations of a synthetic comple-
mentary sequence as a standard for T. vaginalis. Complete hybridization was detected by
adding acid to the medium and observing the changes in the color and the spectroscopic
absorption spectrum. The results confirmed the accurate function of the genosensor for
the detection of T. vaginalis in clinical samples (Figure 1C). This new diagnosis strategy
used a photo-genosensor for T. vaginalis detection [95]. PDT has also been used for T.
vaginalis inactivation. The trophozoites (JT and CDC 085 strains) were exposed to PDT
using methylene blue as a photosensitizer. The degree of parasite inhibition was signifi-
cant, with 80.21% = 7.11 for the JT strain and 91.13% =+ 2.31 for the CDC 085 strain. This
study confirmed that PDT using methylene blue could inhibit parasite multiplication and
therefore could possibly reduce infection [96].

5. PDT for Fungal STIs

There was a pilot clinical trial carried out by Du et al. (2021), in which they investigated
the effectiveness of a PDT-based treatment on 21 adult AIDS patients with C. albicans oral
candidiasis. After two consecutive PDT treatments the clinical symptoms of oral candidiasis
in adult AIDS patients were improved [97]. This success suggests that PDT might also be
effective in genital thrush caused by C. albicans. In addition, one case report has shown
that treatment with methylene blue (660 nm red laser) for PDT of vulvovaginal candidiasis
significantly decreased fungal infection in the vaginal canal. This report claimed that this
therapy improved the quality of life of patients who reported a reduction in symptoms [98].
Moreover, antifungal blue light therapy (400-470 nm) has been reported to be effective in
decreasing vaginal candidiasis. A viability study using both C. albicans and human vaginal
epithelial cells was performed. These two models were irradiated at different wavelength
ranges of 405, 415 and 450 nm. The experimental data showed that an inhibition rate of
approximately 80% of C. albicans was achieved, while the epithelial cells had a survival
rate which varied according to the wavelength: 0.6700, 0.7748, and 0.6027, respectively,
for treatment with light of wavelength 405, 415 and 450 nm. Additionally, 415 nm light
showed a more effective antifungal effect with less damage to epithelial cells compared to
405 nm or 450 nm light [99].
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The efficacy of PDT was studied against yeast cells in a mouse model of vaginal infec-
tion. PDT was carried out using two photosensitizers, methylene blue and protoporphyrin
IX. The study was carried out on mice with persistent vaginitis evoked by an intravaginal
inoculation of C. albicans. PDT was performed 5 days after fungal inoculation using both
photosensitizers. The irradiation was carried out using two custom-made LED devices at
660 and 630 nm. The results showed that PDT reduced fungal colony-forming units. After a
follow-up time, the results did not change and the colonies did not increase from the initial
value immediately after PDT. The use of PDT as a therapy to reduce fungal infection in a
model of vaginal candidiasis produced a significant reduction in C. albicans while causing
no damage to the vaginal mucosa [100]. Another mouse model study testing the effects
of PDT on vaginal candidiasis using methylene blue and red (660 nm) laser irradiation,
demonstrated that PDT significantly reduced C. albicans colonies. In addition, this study
also demonstrated that the percentage of inflammatory cells per unit surface area was
significantly reduced after only two sessions of PDT [101].

Table 1 summarizes the published reports of PT or PDT to treat a variety of STIs, either
in vitro, in animal models, or in humans.

Table 1. Selected studies of PT or PDT treatment for sexually transmitted infections.

Type of Disease Type of Photosensitizer Light Source Light Parameters References

Wavelength
Condyloma acuminata (penis) 5-ALA Helium-neon laser 635 nm [55]
y P Power density

100 mW/cm?

Wavelength
635 nm
Carbon diode (CO,) Fluence
laser 100 J/cm?
Power density
100 mW /cm?

Wavelength
635 nm
Power density
100 mW/cm?
Fluence
100 J/cm?

Genital warts and 5-aminolevulinic acid
Subclinical Human papilloma (ALA)
virus (HPV)

Condyloma acuminata

(urethral) 5-ALA Semiconductor laser

Wavelength
630 nm
LEDs Power density 80 mW/ cm? [63]
Fluence
100 J/cm?

Fluence 100-150]/cm?
Power density [64]
60-100 mW /cm?

Urethral meatus with a
spot size
<3 cm:
Wavelength
Cylindrical laser fiber 630 & 5 nm
High energy Fluence 100-150 J /cm?
narrow-band red light Power density
therapy equipment 150-300 mW /cm?
Size > 3 cm
Wavelength
633 &= 5 nm
Fluence 105 J/cm?

HPV Condyloma (perianal and Methyl
vulval regions) aminolevulinate

CO;, laser

Condyloma acuminata 5-ALA light

Condyloma acuminata 5-ALA




80-120 J/cm?
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Table 1. Cont.
Type of Disease Type of Photosensitizer Light Source Light Parameters References
Wavelength
600-740 nm
. CO; laser Fluence
Condyloma acuminata 5-ALA red light 100 ] /cm? [66]
Power density
100 mW /cm?
. YAG-OPO laser (laser Wavelength
o N . Polyhematoporphyrin . 630 nm
Cervical intraepithelial neoplasia pumped optical [102]
ether/ester . . Fluence
parametric oscillator) 100 7/cm?
150 W halogen lamp
Power density
Thermal light source 90 mW /cm?
emitting a broadband Fluence
Cervical intraepithelial neoplasia 5-ALA red light 100 J/cm? [103]
[lluminate the Power density
cervical canal 300 mW /cm?
Fluence
50 J/cm?
s oy . Hexaminolevulinate Red coherent laser and Wavelength
Cervical intraepithelial neoplasia (HAL) a special light catheter 633 nm [104]
Excimer dye laser Wavelength
Cervical intraepithelial neoplasia Photofrin Or 630 nm [105]
YAG-OPO laser Fluence 100 J/cm?
Photolon Wavelength
(a combination of Therapeutic laser 670 nm
Cervical intraepithelial neoplasia ~ chlorin e6 potassium device ”I:IiD 680-2000" Power density [106]
salt and low-weight 200 mW /cm?
polyvinylpyrrolidone) Fluence 100 J /cm?
Wavelength
635 nm
Cervical intraepithelial neoplasia 5-ALA Semiconductor laser Power density [72]
100-150 mW /cm?
Fluence 100 J/cm?
L N . Wavelength
Cerv1ce.11 mtra.eplth.ehal .neoplas1a 5 ALA Red laser 633 nm (73]
combined with high-risk HPV 2
Fluence 80 J/cm
Wavelength
. . . . Cylindrical 635 nm
High-risk HII’ViwIithout cervical 5-ALA semiconductor laser Power density [74]
estons fiber 100 mW /cm?
Fluence 100 J/cm?
s s . Wavelength
ol it s i 2
o ¢ gh-s Fluence 100 J/cm?
Cervical intraepithelial neoplasia LED optical fibers Wz\églirgth
with vaginal intraepithelial 5-ALA Semiconductor [76]
. Fluence
neoplasia laser
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Type of Disease Type of Photosensitizer Light Source Light Parameters References
Wavelength
LED 400 nm
Early stage cervical cancer Photoran E6 Flexible cylindrical Power [19]
ystag Fotoditazin el 1-12W
diffuser
Fluence
400]/cm?
HSV (HSV-1 (VR-3 strain) and Fotoditazin preparation
HSV-2 (MS strain)) infected Vero . prepara NI NI [79]
(chlorin E6 derivative)
cell culture
Wavelength
630 4+ 20 nm
. Red light from a Power density
Genital and oral herpes 5-ALA halogen lamp 100 mW /cm? [80]
Fluence
120]/cm?
HSV-I strain infected human . Wavelength
epithelial cell NI Diode laser 830 nm [51]
Wavelength
Low intensity red laser 660 nm
Hyperemic lesions NI Direct machining Power density 2]
labial herpes control (DMC) Photon 100 mW /cm?
Laser II Fluence
30]/cm?
Neisseria gonorrhoeae (N. Wavelength
gonorrhoeae) 405 nm
(ATCC 700825) NI LED Power density [50]
4 clinical N. gonorrhoeae isolates 60 mW/cm?
N. gonorrhoeae Wavelength
(ATCC 700825) . 405 nm
one multidrug-resistant clinical NI Blue light Fluence [91]
strain of N. gonorrhoeae 547 /cm?
Wavelength
N. gonorrhoeae (ATCC 700825) NI LED 405nm, 470nm [107]
Power density
60 mW/cm?
Water-filtered infrared Wavelengths
Chlamydia (C.) pecorum 1710S NI A combined with 380 nm up to 1400 nm [92]
C. trachomatis serovar E visible light Power density
(WIRA/VIS) 3700 W/m?
Warfighter Accelerated Wavelengths
R b 405 nm, 670 nm
C. trachomatis serovar E NI ccovery by | Power density [93]
Photobiomodulation 60 mW /cm?
(WARP) 10 LED Fluence 5 J/cm?
Wavelength
Trichomonas vaginalis LED monochromatic 630 nm
CDC 085 strain (ATCC 50143) Methylene blue light source Power [96]
300 mW
Wavelength
HIV/ AIDS, co-infected with POVSSS’ é‘eﬁsﬂy
Candida (C.) albzf:ans in the Methylene blue LED 20.72 mW /em? [97]
oral cavity
Fluence

37.29 ] /cm?
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Table 1. Cont.
Type of Disease Type of Photosensitizer Light Source Light Parameters References
PDT using the MAC Wavelength
Vulvovaginal candidiasis Scar Acceleration 660 nm
(C. albicans) Methylene blue Method Power 98]
Red laser 100 mW
Wavelength
C. albicans NI Blue LED light sources 415 nm . [99]
Power density
50 mW /cm?
. Cqe . Wavelengths
Vag1nal(f::(r)13:;h§il)z Sl.)alblcans Mfi\g/l((e)r;e }kl)h;ienalr)l(d LEDs 660 nm, 630 nm Power [100]
protoporphy 800 mW
Wavelength
660 nm
C. albicans Power density
(mouse model) Methylene blue Red laser 100 mW /cm? [101]
Fluence 18 J/cm?,
36 J/cm?

6. Conclusions

So far, despite the range of treatment options available, no light-based approach has
been able to achieve satisfactory results against all pathogens that cause STIs. In addition,
to date and to our knowledge, there are no randomized controlled clinical trials evaluating
the efficacy of phototherapy-based treatment against each pathogen causing a specific
infection and comparing this efficacy to a reference treatment. Nevertheless, controlled
trials comparing treatments are currently being optimized. In the case of HPV infection, no
current PDT-based treatment completely eradicates the HPV virus. However, the variables
that could be considered include (but are not limited to) the morphology of the lesions such
as thickness and size, quantity, anatomic location, and HPV strain. The viral replication
cycle and stage of infection appear to play a role in the response of the infection. It would
be difficult at present for this type of treatment to be implicated as a specific mode of
treatment (e.g., phototherapy) and could cover a wide variety of biologically unrelated
pathogens that belonged only to STIs. PDT approaches should be further developed against
genital HSV infection, and against STIs with bacterial and parasitic causes (C. trachomatis, N.
gonorrhoeae, Treponema pallidum, Mycoplasma genitalium and T. vaginalis). The development
of nanotechnology over the past decades has led to the incorporation of nanomedicine
into PT for cancer treatment. The merging of nanomedicine into PT has allowed the
continuous refinement of PDT approaches. With the careful design of phototherapeutic
agents and good control of light illumination at the site of the lesions, effective PDT can be
achieved, with reductions in the systemic toxicity associated with traditional chemotherapy
and radiotherapy. However, we hope that this localized therapy could also be used in
the case of STIs, especially in view of the rise in drug resistance observed in most types
of pathogens.
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