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Abstract: The recent COVID-19 pandemic outbreak and arising complications during treatments
have highlighted and demonstrated again the evolving ability of microorganisms, especially viral
resistance to treatment as they develop into new and strong strains. The search for novel and effective
treatments to counter the effects of ever-changing viruses is undergoing. Although it is an approved
procedure for treating cancer, photodynamic therapy (PDT) was first used against bacteria and has
now shown potential against viruses and certain induced diseases. PDT is a multi-stage process
and uses photosensitizing molecules (PSs) that accumulate in diseased tissues and eradicates them
after being light-activated in the presence of oxygen. In this review, studies describing viruses
and their roles in disrupting cell regulation mechanisms and signaling pathways and facilitating
tumorigenesis were described. With the development of innovative “or smart” PSs through the
use of nanoparticles and two-photon excitation, among other strategies, PDT can boost immune
responses, inactivate viral infections, and eradicate neoplastic cells. Visualization and monitoring of
biological processes can be achieved in real-time with nanomedicines and better tissue penetration
strategies. After photodynamic inactivation of viruses, signaling pathways seem to be restored but
the underlying mechanisms are still to be elucidated. Light-mediated treatments are suitable to
manage both oncogenic viral infections and induced neoplasia.

Keywords: oncogenic viruses; neoplasia; photodynamic therapy; photodynamic inactivation; nanomaterials;
immunity; signaling pathways

1. Introduction
1.1. Historical and Background of Photodynamic Therapy

Photochemical therapy involves reactions initiated by the absorption of photons.
The direct outcome of such absorption is the creation of transient excited states, whose
chemical and physical properties differ greatly from those of their original or ground
states. The excited substances can interact with nearby molecules and act as stronger acids
or reducing agents when compared to their counterpart ground states. Light-sensitive
substances are essential to initiate some processes including photosynthesis, rhodopsin
isomerization, vitamin D production, photography, xerography, semiconductor chips,
and many others [1]. Photodynamic actions refer to the requirement of oxygen in the
targeted microenvironment for effective photosensitization, initiating reactions through
the use of agents able to facilitate light absorption coupled with energy-transferring to
the desired reactants. Photodynamic therapy (PDT) is an alternate form of photochemical
therapy that has been widely practiced in dermatology [2]. PDT is a multi-stage process
that selectively causes photo-antiproliferative effects in cancerous cells, coupled with free
radical production and action to induce apoptosis in aggressive and resistant neoplastic
cells [3]. Photosensitizing substances, also called photosensitizers (PSs), are (systemically
or topically) administered in the dark and preferentially accumulate in diseased structures
and areas. In the presence of molecular oxygen, they effectively eradicate targeted cells
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after light activation and the generation of reactive oxygen species (ROS). It is known
as a minimally invasive and minimally toxic treatment that offers additional advantages
over conventional treatments. Other light-mediated therapies such as wound healing,
rejuvenation, or hair removal do not require PS or tissue oxygen [4]. Photochemical
substances have been used to treat conditions such as psoriasis and vitiligo by applying
psoralen-plant extracts and light in Ancient Egypt, India, China, and Greece [4–8].

PDT was unintentionally discovered when Oscar Raad observed that a fluorescent
product, generated by the interaction of acridine and light, was toxic to paramecium,
and had antibacterial activities. Skin cancer, lupus, condyloma, and numerous cutaneous
conditions have been successfully treated with eosin-mediated PDT [9]. Eosin is a dye used
to stain cytoplasm, red blood cells, collagen, and muscle fibers for histological examination.
Eosin fluorescence is utilized for diagnostics. It has great photodynamic potency and is
currently utilized as PSs in the treatment of palmar and axillary hyperhidrosis [10]. The
history of PDT is linked to the development of PSs throughout the years. Hematoporphyrin
(Hp), another plant dye, and its derivatives (HpD) produced better therapeutic effects
and higher biosafety levels than the first PSs, namely acridine, eosin, and chinidine. The
purified or derivatives Hp (HpD) showed better efficacy for neoplastic conditions than
their precursor. Photofrin was the first HpD to be reported for human skin cancer and
remains the most commonly used PS worldwide. Since then, many kinds of PSs are being
synthesized and tested to enhance the therapeutic efficacy of PDT over a wider range of
diseases and infections [9,11].

1.2. Emerging Challenges

The efficacy of PDT depends on the physicochemical features of PSs. Due to the
high reactivity and short half-life of photo-induced 1O2 and other free radicals, structures
that are affected by PDT have to be close the aforementioned radicals as their half-lives
last less than 40 nanoseconds [12]. Ideal PSs should have minimal dark toxicity toward
all kinds of cells, light activation in the visible or near-infrared region of the spectrum,
minimal light toxicity to normal cells, high yield of ROS, and effective curative effects at
therapeutic doses to the diseased cells [11]. Lights in the therapeutic window (visible and
near-infrared wavelengths) can excite suitable absorbing PSs. These wavelengths usually
offer limited light penetration into deep-seated tissues but activate PSs on the surface
or within a couple of millimeters in depth. As a result, they are unable to treat bulking
tissues or those localized inside the body [9]. For optimal PS activation, and even when the
depth coincides with the distance of the targeted tissues, the light dose has to be correctly
determined and adjusted, and in some instances, delivered in pulses (non-continuous) [13].

ROS generation depends on the cellular oxygenation in the microenvironment of
targeted tissues. Hyperactive cells rely on the vasculature for their need of nutrients and
oxygen. If the supply systems are not adequate, certain diseased and/or high proliferating
cells can rapidly run out of oxygen due to accelerating growth and high oxygen diffu-
sion [14]. During PDT, the efficacy can significantly decrease as the cellular oxygen level
drops. PDT is known as a self-limiting modality because it sometimes causes its inhibition
by damaging the vasculature of the treated tissues [15,16]. In return, damaged oxygen
supply systems promote hypoxia, which further reduces the efficacy of treatment [17].
High singlet oxygen quantum yield in the aqueous environment is an essential criterion
for ROS generation [18]. The physicochemical features of PSs affect their successful accu-
mulation and activities in the targeted tissues. One of the major issues is the solubility
of PSs and aggregation in aqueous environments, leading to ineffective photodynamic
actions [19]. Through chemical manipulations, both the water solubility and singlet oxygen
generation can be improved [20–24]. Adenosine triphosphate (ATP)-binding cassette (ABC)
proteins are ATP-dependent pumps that belong to a class of membrane-bound transporters.
They move substrates in (influx) and out (efflux) of cells and control the movement of
most drugs and metabolites across the cell surfaces and organelle membranes [24]. High
expression of efflux proteins promotes the inaccessibility of PSs inside the targeted and
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diseased tissues. The ABC transport proteins prevent therapeutic agents from entering the
desired tissues, and this constitutes a major setback, leading to the development of cancer
resistance to treatment [25]. Diseases may develop resistance to any type of therapeutic
approach through different mechanisms. The development of resistance to therapy is a
major setback and promoter of disease progression [26].

Recurrence or/and refractory diseases are becoming common and mediated through
drug resistance, which is more evident with limited treatment efficacy. Several factors may
contribute to drug resistance and include stem cell regulation, increased DNA damage,
epigenetic and microRNA regulation, drug–target mutation, and reduced cell death in-
duction [25,27,28]. Resistance to different drugs is known as multidrug resistance (MDR),
which prevents drug accumulation through ATP-dependent pumps. The ATP-dependent
proteins negatively affect the uptake of xenobiotics and mediate their excretion in the bile
and urine [29]. Over 2.8 million people are diagnosed with infectious diseases caused by
antibiotic-resistant microorganisms in the United States each year. As these emerging forms
of infections increase, the so-called superbugs are currently claiming more than 35,000 lives
lost annually [30]. The occurrence of MDR and antimicrobial resistant (AMR) pathogenic
microorganisms in human and veterinary medicine are causing tremendous fatalities and
becoming major societal threats [31,32]. Aside from the aforementioned, various factors
can impact both conventional and non-conventional treatments including PDT and limit
the outcomes. Skin sensitivity is a common reaction where a patient’s skin becomes photo-
sensitive, even to sunlight, for a few weeks. This is seen as a major drawback, while other
undesirable effects could be significantly reduced by adjusting the parameters of PDT. Such
improvements will give rise to the enhanced treatment of a variety of neoplastic conditions,
but also in non-cancerous diseases related to ophthalmology, dermatology, cardiology, viral
inactivation, and blood purification [33].

2. Therapeutic Improvements
2.1. Emergence of “Smart” Light-Sensitive Molecules

Light-sensitive molecules (PSs) induce chemical changes in other molecules due to
their ability to absorb photons and successfully pass them onto nearby molecules. To
overcome certain limitations, second generations PSs were developed from HpD coun-
terparts and other precursors. Recently, third-generation PSs have been examined for
their therapeutic efficacy after also being developed based on specific features and limita-
tions of second-generation PSs. Bioconjugation of second-generation PSs with targeting
moieties and their encapsulation into carriers constitute the main route of synthesis [34].
The improvements made to the core properties of first-generation PSs have led to second-
generation PSs that have better solubility and enhanced phototoxicity activity. The periph-
eral features are modified by conjugation or encapsulation of specific moieties, leading to
the development of third-generation PSs that possess great biostability and better targeting
abilities to achieve improved delivery and accumulation into the desired cells or areas.
Both bioconjugation and encapsulation are strategically conducted to allow for enhanced
affinity to targeted and diseased tissues. In the cancer scenario, newly developed PSs have a
stronger affinity toward cancerous, cancer stem, tumor vascular endothelial cells, and other
cellular structures that are highly expressed in diseased tissues [35]. Recombinant DNA
technology is an interesting approach that could offer multiple possibilities and among
these is the capability to produce fusion proteins made up of fluorescent PSs associated
with DNA targeting domains. Such products could be utilized as theranostic agents. An-
other approach is photo-immunoconjugation, which uses antibodies linked to PSs, able to
recognize membrane-bound receptors of targeted cells [36,37].

Nanotechnology is a term used to designate an area of science and engineering that
studies events that take place at the nanoscale. It has a wide range of applications in
medical treatments, pharmaceuticals, food, and the electronics industries. With innovative
nanotechnology, applications of PDT in deep-seated tissues and enhanced therapy can
be achieved. Nanomedicine involves the use of nanoparticles (NPs) and nanodevices in
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delivering drugs, monitoring conditions, and diagnosing diseases. PDT was restricted
to superficial conditions, mostly skin-related illnesses, due to limited light penetration
depth, low oxygen, and PS concentration in the hypoxic core or inside targeted areas.
With nanomedicine, NPs serve as a hyper-class of carriers and help achieve enhanced PS
accumulation, increased oxygen transport, and hypoxia relief in a tumor microenvironment
(TME) [38,39]. Below a diameter of 100 nm, nanospheres or capsules mediate the transport
and controlled release of hydrophobic drugs in blood, the modification of their surface
areas with functional groups for more biochemical interactions, a large distribution of
volume, and drug uptake by the host cells [40,41].

Numerous nanocarriers include polymers, micelles, liposomes, dendrimeric as well
as inorganic structures. Novel and biocompatible nanocarriers might encapsulate and
provide additional targeting effects of PSs for better anticancer actions [42]. Niosomes are
advanced and better nanocarriers as they are more stable than other nanocarriers used in
drug-delivery systems. One of the effects of NPs, when used in combination with PSs, is
the prolonged circulation and accumulation of PSs in the TME. NP-carriers can enhance
PS accumulation in tumor sites by the enhanced permeability retention (EPR) effect and
specifically targeting neoplastic and endothelial cells [43]. The EPR effect depends on
the leaky vasculature of solid tumors that has several pores. NPs easily recognize and
enter into the targeted TME through the porous vasculature [44]. Additionally, nano-
encapsulators protect and control the release of PSs, thus the pharmacokinetics of such
nanoconjugates are mainly dependent on the physicochemical characteristics of NPs [45].
Through the development of nanocarrier complexes, not only is better targeting and the
accumulation of therapeutic agents being achieved but also the possibility of overcoming
hypoxia and metastatic outturns. Multifunctional nanoplatforms are being developed and
might provide better targeting and accumulation in TME, enhanced pharmacokinetics and
pharmacodynamics, and improved therapeutic outcomes [46].

2.2. Light-Related Strategies

The light penetration depth into target tissues is an important parameter in photoacti-
vated therapy. The absorption mechanisms are complex as light can be reflected, scattered,
and absorbed. Light absorption also depends on the tissue constitution of chromophores
including hemoglobin, myoglobin, and cytochromes. These endogenous chromophores
can enter a competition with PSs, thus reducing the possibility of light absorption and sub-
sequent photodynamic effects. The electromagnetic spectrum range from 600 to 1200 nm
is known as the tissue optical window and is mainly considered when multifunctional
complexes are been developed. The phototherapeutic window (600–850 nm) is mainly
targeted for proper photodynamic actions. Below, shorter wavelengths offer more absorp-
tion, which results in increased skin photosensitivity but limited tissue penetration. While
better tissue penetration is achieved with longer wavelengths, it does not have sufficient
energy to excite PSs and produce sufficient ROS for subsequent damage and death [47].
The NIR light at about 830 nm is seemingly the optimal region for both PS absorption
and suitable tissue penetration. Good light penetration at that wavelength was reported
and reached formalin-treated tissues, bone, and brain [48]. The two-photon excitation
(TPE) technique is now being preferred over the commonly used activation (one-photon
excitation, OPE) of PSs. Activation through TPE improves the light penetration depth in
thicker tissues and samples, coupled with other beneficial effects including very limited
photo-damage to normal tissues when compared to OPE, and increased imaging for di-
agnosis [49]. TPE is ideally used for diagnostic applications and provides 3-dimensional
imaging without photo-bleaching and photo-toxicity or any other damage to the plane of
focus. For in-depth analysis of live tissues or small animals, TPE is also preferred over con-
focal microscopy [49]. Certain NP-modified PSs have shown characteristics of luminescent
materials when activated through TPE [50–54]. Several NP-formulated complexes have
aggregation-induced emission (AIE) effects and have shown great PDT capabilities with
high fluorescent quantum yield [54–57].
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2.3. Few Supplying Oxygen Strategies

To successfully induce photodynamic effects, PDT also depends on the O2 supply. One
of the possible ways is to alternate the photochemical structure of PSs by using antennae
fullerene complexes and switching from type II to type I reactions [58]. Although the
oxygen-independent type I route might maintain PDT actions, hypoxia in TME must be
dealt with at some stage. Hypoxia can be overcome through several means and using
PS-multifunctional complexes containing specific hypoxia probes can constitute a way
out. When light-activated, the hypoxia probes in microcarriers can trigger O2 release,
leading to enhanced PDT effects [59]. Another plausible option is to use micelles formed
by PSs conjugated to bio-stable nanocarriers containing hemoglobin polymers to generate
O2 and subsequently exert great phototoxicity [60]. Hypoxia-responsive nanocarriers are
another class of intelligent molecules with ROS-generating abilities in hypoxic conditions.
Some hypoxia-responsive nanocarriers are equipped with azobenzene at their core and
are stabilized together with PSs in micelles, and their light-activated forms cause the
continuous conversion of O2 to 1O2 to induce damage to neoplastic cells in type II reactions.
Such micelles can incorporate several therapeutic agents yielding synergistic effects [61].
Additionally, the pulse irradiation mode is commonly used as the continuous wave mode of
irradiation but provides a more efficient way of generating 1O2 due to re-oxygenation [62].
It also induces apoptosis as the main cell death program, which is a better response than
the necrotic response. In pulse mode, the breaks between repeats create a high level of O2
in pulse irradiation, allowing the replenishment of O2 and tissue re-oxygenation [63,64].
The ratio between the pulse repetitions and the total pulse irradiation time is known as
the intermittency index, which is directly proportional to the ROS generation and PDT
response [62]

2.4. Mechanisms of Photodynamic Actions

After undergoing intersystem crossing, triplet state PSs can interact with nearby
substrates for energy transfer and the formation of superoxide anion radicals and other free
radicals in type I photo-reactions, or with molecular oxygen in the type II photo-reaction
to give rise to the singlet oxygen (1O2). The ground state of molecular oxygen is a triplet
state. The PS returns to the ground state (S0) from the excited state (S1) while promoting the
formation of 1O2. In type II photo-reaction scenarios, the cycle can be repeated and PSs can
also be excited, undergoing the same processes and generating more 1O2. Eventually, both
types generate ROS, which are toxic agents leading to oxidative damage and subsequent
cell death. Figure 1 depicts the different states or forms of PSs from the ground state (S0) to
induce photodynamic reactions (PDT I/II) and the killing of neoplastic cells. Activation
or excitation can be conducted through one-photon or two-photon excitation (OPE and
TPE) routes. Ground state PSs are being excited by light, which enables the transition into
the singlet excited state (S1). In both routes, the tumor size was significantly reduced, but
normal growth and conditions are being restored and promoted with TPE. Restoring events
are promoted after light exposure to normal tissues as light alone is known to stimulate cell
growth in the wound healing process.
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eased cells, and a reduction in tumor. PSs (S0) are excited through one (OPE) or two (TPE) photon 
routes. The tumor-size is reduced in both routes, but normal cell growth is being promoted with 
TPE. 
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Therefore, strategies that maintain sufficient oxygen levels in TME are being developed 
to ensure limited hypoxia and therapeutic efficacy. Strategies might include metal-organic 
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(H2O2) endogenous decomposition. Biomimetic nanoplatforms containing MOF store up 
oxygen and later release NIR light-responsive oxygen inside cancer cells during PDT, as 
reported by Gao et al. [57]. Fluorinated-nanocarrier conjugates could effectively induce 
phototoxicity after delivering oxygen inside cancer and hypoxic cells [63–65].  

Furthermore, certain nanocarriers with catalytic activities can mediate chemical de-
composition reactions that increase oxygen, leading to the subsequent reduction of hy-
poxia in TME. Manganese oxide (MnO2) is often considered as a hypoxia reliever, it can 
react with H2O2 and is decomposed into Mn2+ and oxygen under an acidic microenviron-
ment. Multifunctional NP complexes containing MnO2 can trigger the decomposition of 
H2O2 into oxygen as the main byproduct during PDT. Facilitated by magnetic field attrac-
tions, MnO2-nanocarrier mediated-PDT led to increased concentrations of PSs and oxygen 
inside hypoxic cells [66–69]. The integration of MnO2 into NP-based platforms helps in 
sustaining sufficient levels of oxygen inside cancer cells and the magnetic-induced accu-
mulation of PSs [70,71]. Carbon-dots (CDs) have been identified as highly efficient singlet 
oxygen promoters; in association with MnO2, they formed an impressive H2O2-driven ox-
ygenator that boosted the PDT effects on solid hypoxic tumors in an acidic microenviron-
ment [72]. 
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Figure 1. Modified Jablonski diagram. Different states of photosensitizers (PSs) from the ground state
(S0) to the activated or excited state (S1) to fluorescence or conversion (IC and ISC) into the excited
triplet state (T1). Triplet state PSs induce photodynamic reactions (PDT I/II), killing of diseased cells,
and a reduction in tumor. PSs (S0) are excited through one (OPE) or two (TPE) photon routes. The
tumor-size is reduced in both routes, but normal cell growth is being promoted with TPE.

However, type II usually predominates over type I reactions; the level of molecular
oxygen determines the occurrence of 1O2 and photodynamic reactions in TME [55,56].
Therefore, strategies that maintain sufficient oxygen levels in TME are being developed to
ensure limited hypoxia and therapeutic efficacy. Strategies might include metal-organic
framework (MOF) nanomaterials, fluorine-mediated nanocarriers, or hydrogen peroxide
(H2O2) endogenous decomposition. Biomimetic nanoplatforms containing MOF store up
oxygen and later release NIR light-responsive oxygen inside cancer cells during PDT, as
reported by Gao et al. [57]. Fluorinated-nanocarrier conjugates could effectively induce
phototoxicity after delivering oxygen inside cancer and hypoxic cells [63–65].

Furthermore, certain nanocarriers with catalytic activities can mediate chemical de-
composition reactions that increase oxygen, leading to the subsequent reduction of hypoxia
in TME. Manganese oxide (MnO2) is often considered as a hypoxia reliever, it can react
with H2O2 and is decomposed into Mn2+ and oxygen under an acidic microenvironment.
Multifunctional NP complexes containing MnO2 can trigger the decomposition of H2O2
into oxygen as the main byproduct during PDT. Facilitated by magnetic field attractions,
MnO2-nanocarrier mediated-PDT led to increased concentrations of PSs and oxygen inside
hypoxic cells [66–69]. The integration of MnO2 into NP-based platforms helps in sustaining
sufficient levels of oxygen inside cancer cells and the magnetic-induced accumulation of
PSs [70,71]. Carbon-dots (CDs) have been identified as highly efficient singlet oxygen
promoters; in association with MnO2, they formed an impressive H2O2-driven oxygenator
that boosted the PDT effects on solid hypoxic tumors in an acidic microenvironment [72].

3. Viral Infections and Photodynamic-Induced Immunity
3.1. Induced Immunity

Humans have various mechanisms that work together to provide immune defense
and prevent viral infections. Immune responses result from a series of events triggered
by foreign invaders including viruses, bacteria, fungi, prions, or other microbes. An
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immune reaction involves defense mechanisms against harmful invaders and is initiated
by recognizing their antigens. Antigens are usually proteins on the surfaces of invaders,
not limited to living substances, and can also be toxins, chemical drugs, or any foreign
particles. We could distinguish three main classes of immunity: against all antigens or
innate immunity; against various antigens developed especially after exposure or acquired
immunity, and passive immunity, which is targeted against specific antigens as a result
of exposure to antibodies, immunization, or placental substances [73]. An inflammatory
response often occurs after tissues are injured or invaded, causing the release of chemicals,
which induce swelling or inflammation. PDT-induced destruction of tumor tissues also
leads to immediate and localized inflammatory responses that assist in containing and
removing debris. Preclinical and clinical studies have reported that PDT induced innate
and adaptive immune responses as well as the release of pro-inflammatory proteins. PDT-
induced immune responses tend to increase the beneficial effects of the anticancer or
antibacterial treatment [74]. The resulting death or immunogenic cell death (ICD) is
characterized and mediated by the activities of damage-associated molecular patterns
(DAMPs) [75,76]. The generation of an anti-cancer vaccine with PDT has been demonstrated
whereas neutrophils have a pivotal role in enhancing anticancer treatment and suitable
immune response against basal cell carcinoma in patients [74]. Additionally, such ideal
therapies should stimulate the immune responses to simultaneously recognize, pursue,
and eradicate both primary and emerging conditions. For successful PDT, the cellular and
nuclear membranes of infected host cells could constitute a suitable target. However, most
conventional cancer treatments kill any residual malignant cells at or near the primary site
as well as distant metastases, but also suppress immune responses. At their efficient doses
to destroy tumors, current anticancer treatments cause damage to the bone marrow, from
where all cells of the immune system originate.

Viruses only exist to replicate and rely on plant, animal, or bacterial cells. First, they
must penetrate and then utilize the machinery of the host cells for their replication of
genetic materials. They consist of nucleic acids (DNA or RNA) at the core, protective
proteins (or capsids), and optionally outer spikey coats (or envelopes). Enveloped and non-
enveloped/naked (RNA/DNA) viruses are classified according to their genetic materials
and reproductive modes. Most viral sizes range from 0.02 to 0.3 µm on average, but larger
viruses can be up to 1 µm in diameter. After infections, some viral-induced diseases are
harmless such as the common cold, diarrhea, and gastroenteritis, while others cause far
more serious illnesses including human immunodeficiency virus infection and acquired
immune deficiency syndrome (HIV/AIDS), Ebola, severe acute respiratory syndrome
(SARS) or Zika infections [77,78]. The plausible PDT-induced mechanisms may affect the
infected cells as well as the target viruses. The nuclear materials of viruses can be directly
targeted by UV-c irradiation. Both UV-c and PS-mediated PDI could destroy viral genetic
materials and the spike proteins, but UV-c will specifically damage nuclear material, while
PSs-mediated PDI could mostly destroy the spike and viral membrane. Together, they lead
to limited viral entry into the cells, the suppression of viral replication, and significant
viral inactivation. The PSs used would maximally be localized in diseased/infected cells,
leaving normal cells unaffected or with limited effect. Additionally, light-mediated effects
should not only suppress viral infection but also prevent tumorigenesis. A recent study
reported that a light-mediated therapeutic approach was able to both induce damage to
the viral genome and disinfection through UV-c irradiation, and also cause damage to the
viral spike and membrane, leading to no interaction with the host membrane receptors,
and subsequently no transcription of the reporter protein after photodithazine-mediated
PDT. Other advantages were reported including high repeatability of the results without
viral resistance, and a fast removal of viruses in a very short time [79].

3.2. Oncogenic Viruses

Certain groups of viruses have cancer-inducing capabilities and are known as onco-
genic viruses. The best known oncogenic viruses include Epstein–Barr virus (EBV), hepatitis
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B virus (HBV), human T-Lymphotropic virus-type 1 (HTLV-1), human papilloma virus
(HPV), hepatitis C virus (HCV), Kaposi sarcoma (Human) herpes virus (KSHV or HHV-8)
and Merkel cell polyomavirus (MCV). They induce precancerous conditions, which may or
may not develop into malignancies [80]. Table 1 presents the main PS-mediated PDT/PDI
that have been used and the characteristics of oncogenic viruses. Approximately, DNA
oncogenic viruses including HBV, MCV, and HPV account for about a quarter of all human
cancers.

Table 1. The PS-mediated PDT/PDI and characteristics of oncogenic viruses.

PSs Tropisms Cancer Primary Infection Viral Integration Virus Family Virus Type Transmission Refs.

5-ALA
mTHPc

Curcumin

Keratinocytes,
stratified

epithelial cells

Cervical carcinoma,
pharyngeal carcinoma,

anal carcinoma,
penile carcinoma

Warts,
condyloma,

acumatum, oral
and laryngeal
papillomatosis

Yes HPV-16
HPV-18

Papillomavirus
Viridae

Enveloped
DNA

Sexual contact,
Mucosal contact [80–86]

PBNP
Zn-Bc_Am

B-lymphocytes,
epithelial cells

Burkitt’s lymphoma,
nasopharyngeal

carcinoma

Asymptomatic,
mononucleosis Yes ERV/

HH-4
Herpesvirus

Viridae
Enveloped

DNA Saliva [84–87]

Photosens
Chlorin e6

Macrophages,
keratinocytes,

endothelial cells,
B cells, etc.

Kaposi’s sarcoma,
effusion lymphoma,

multicentric Castleman’s
disease

Asymptomatic Yes KSHV/
HHV-8

Herpesvirus
Viridae

Enveloped
DNA Sexual contact [84–86,88–90]

Curcumin,
Methylene Blue Hepatocytes Hepatocellular

carcinoma
Acute hepatitis

and chronic (10%) Yes HBV Hepadnavirus
Viridae

Enveloped
DNA

Sexual contact,
parental [84–86,89,91–93]

Curcumin,
Methylene Blue

Hepatocytes,
B-lymphocytes,
dendritic cells

Hepatocellular
carcinoma

Acute hepatitis
and chronic (85%) No HCV Flavivirus

Viridae
Enveloped

RNA
Sexual contact,

parental [84–86,94–96]

5-ALA
Hypericin T-lymphocytes Adult T-cell leukemia Asymptomatic Yes HTLV-1 Retrovirus

Viridae
Enveloped

RNA Fluids with cells [84–86,97–101]

Quinacrine Merkel’s cells Merkel cell carcinoma Asymptomatic Yes MCV Polymavirus
Viridae

Naked
DNA

Not clear
(respiratory

droplets)
[84–86,102–104]

Facilitated by immune-deficiency conditions, HPV infection is one of the most common
oncogenic infections and is implicated in more than 50% of all infections associated with
cervical cancer in females. The virus genome is a linear double-stranded DNA (7–8 Kbp)
and is mainly transmitted by mucosal contact, skin-to-skin contact, microabrasion in the
skin, or mucosal epidermal surface. Both HPV-16 and 18 are forms directly related to cervi-
cal cancer [83,98]. The human herpesvirus-4 (HHV-4) or EBV was the first oncogenic virus
to be discovered and its genome is a linear double-stranded DNA (168–184 Kbp). EBV is
lymphotropic but also infects epithelial cells that are the primary site of replication [84,105].
The HTLV-1 infection is an important factor in the carcinogenesis of T-cell leukemia [91,98].
Both HTLV-1 and HCV have RNA genomes, with the latter belonging to the flavivirus with
a positive polarity. Generally, HCV infections are asymptomatic but are the main causes
of liver transplantation in the USA and the Western world, and can lead to hepatocellular
carcinoma, liver damage, and cirrhosis. It is sexually or intravenously transmitted and
spreads well with more than 200 million infected people worldwide and a high preva-
lence among prison inmates [89,106]. Along with their hepatitis counterpart, they often
cause chronic inflammation. Mostly reported in Sub-Saharan Africa and East Asia, HBV
infections cause cirrhosis, acute liver infection, and failure, which requires transplantation.
Related to the development of hepatocellular carcinoma, the circular and double-stranded
DNA hepadnavirus member is transmitted via blood and body fluids. More than 50% of
infections are asymptomatic and require an incubation of 3 months at least before the first
symptoms are manifested [96,97]. The gammaherpesvirus (KSHV/HHV-8) exists in its
latent form but when the episome that expresses the latency-associated nuclear antigen
(LANA) is activated, it can replicate to yield linear DNA of around 140 Kbp. The variable
rate of reproduction does not affect the ability to infect B-lymphocytes, endothelial cells,
macrophages, and keratinocytes. HHV-8 causes a rare skin tumor, Kaposi’s sarcoma, and
other diseases including effusion lymphoma and multicentric Castleman’s disease, all
after the effects of HIV/AIDS are evident [81,87]. The last to be discovered, MCV is a
5.4 Kbp-size circular DNA genome that easily integrates the cell genome. MCV infection
usually occurs under immunosuppression and leads to Merkel cell carcinoma, a rare but
aggressive malignancy [106].
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4. Oncogenic Viruses—Signaling Pathway Interactions

Oncogenic viruses are believed to play a major role in cell transformation and tu-
morigenesis. Such mediated transformations are brought about through alternations of
molecular mechanisms related to cell cycle, proliferation, survival, and death. Disrupted
mechanisms induce unregulated cell cycle, uncontrolled proliferation, and facilitated con-
version into cancer forms by pro-oncogenic effectors. As viral infections progress, viruses
can evolve and develop mutations, tumors, or resistance (to the treatment of immune
defense). When one or more diseases emerge as the result of a primary disease, it is known
as co-morbidity, the coexistence of two or more diseases in a patient. Most sexually trans-
mitted infections spread to other parts or systems of the body. In the case of co-morbidity
that includes systemic infection, the resulting condition becomes a complex issue and
requires an appropriate therapy that should neutralize both the primary and emerging
diseases in patients with limited if no impact on immune response [84,85].

Infections with oncogenic viruses affect and cause the diversion of conserved signal-
ing pathways in favor of carcinogenesis. The phosphatidylinositol 3-kinases (PI3K)-Akt-
mechanistic target of rapamycin (mTOR, PI3K-Akt-mTOR) is a cascade signaling pathway,
which is often disrupted by viral infection [107]. Activated PI3K mediates Akt activation,
which in return further activates downstream effectors through phosphorylation including
mTOR [108,109]. mTOR ensures the proper phosphorylation and translation of proteins
such as the 4eBP1 initiator that control cell proliferation [109]. Disruption in the oxygen-
dependent crosstalk PI3K-Akt-mTOR signaling pathway causes the alternation of the 4eBP1
initiator’s functions and cell proliferation. Under hypoxic conditions, the suppression of
senescence can occur as a result of synergistic effects. Senescence involves the inhibition
of cell proliferation through cell cycle arrest [110,111]. Another cascade signaling path-
way that is often disturbed by oncogenic viruses is the mitogen-activated protein kinase
(MAPK), which is activated by stimuli such as growth factors, heat shock, and osmotic
or oxidative stress. Normal MAPK is involved in tumor suppression and antimicrobial
activities, through the induction of senescence. Generally, mutations lead to upregulation
and hyperactivity of kinases operating in MAPK. This high activity of MAPK is unable to
suppress tumorigenesis [112,113].

Affected also by oncogenic infections, the Notch signaling pathway functions as a cell
regulator for cell monitoring of mobility, differentiation, proliferation, and fate. Addition-
ally, this signaling has both protumorigenic and suppressing effects, and its oncogenic activ-
ity was first related to the pathogenesis of T-cell acute lymphoblastic leukemia/lymphoma
(T-ALL), and then colon cancer, lung carcinoma, and Kaposi’s sarcoma [114]. Although
HPV infection is unable to induce cancer alone, the persistent infection has been revealed to
have a stronger impact, and HPV is known as the primary causal factor for cervical carcino-
genesis [115,116]. The imbalance in structural and β-catenin promotes the occurrence of
various cancers including cervical cancer. The WNT/β-catenin signaling pathway activates
the cell surface receptors and stabilizes B-catenin for the regulation of stem cell renewal,
maturation, and proliferation [115]. Human oncogenic viruses including HTLV-1, HHV-8,
and EBV can have prolonged effects on cytoplasmic nuclear factor-kB (NF-kB), a group of
transcriptional factors that co-exist in complex with their inhibitors, IkB proteins. Usual
activation is rapid and ensures the induction of target genes involved in inflammation, im-
munity, cell proliferation, or death. After gene expression, IkB proteins bind back to NF-kB,
leading to the deactivation of IkB kinases to restore the sequestration state of the NF-kB
signaling pathway [116–118]. All viral infections invade and alter the nuclear activities
and materials of their hosts, causing damage, dysfunction, and/or diseases. If the nuclear
damage response is not effective, it gives rise to the possible mutation and development of
resistance to therapy.

5. Future Perspective and Conclusions

During replication, several viruses can cause mutations, and some mutations lead
to carcinogenesis. Most oncogenic events are usually preceded by immune suppression,
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which is caused by other pathogens such as HIV/AIDS for HTLV-1 or HHV-8. The emer-
gence of a precancerous state creates comorbidity, a coexistence of at least two diseases
that coexist simultaneously. When designing a treatment regimen, considerations must
be made to effectively deal with each existing condition or pathology. Most anticancer
treatments (chemotherapy and radiotherapy) further suppress the immune system by
damaging the bone marrow and other immune components as part of their unspecific side
effects. Effective treatments, in such circumstances, should heal the different pathologies
with limited damage to normal and healthy structures. Thus, a multi-targeted approach
is an option that should be applied when considering treatment for virus-induced cancer.
PDT is widely recognized as a treatment for non-melanoma skin and is often considered
as an anticancer therapy due to its high selectivity for neoplastic tissues. It has antimicro-
bial effects and constitutes a novel strategy. The PDT-mediated antiviral effects not only
inactivate infections, but also seem to reinstate immune mechanisms, which are generally
suppressed by traditional treatments.

PSs are the pivotal elements in all PDT as they are designed to target or interact
with multiple entities including cellular components from various tissues, light radiation
from different wavelengths (range), molecular oxygen, etc. The success of PDT mainly
depends on the physicochemical features, hence they are constantly being improved. The
therapeutic improvement is directly proportional to the structural improvements made
to PSs. Nanotechnology offers tremendous opportunities and helps to improve targeting
strategies, leading to enhanced therapeutic outcomes. In some other cases, it allows for
better conditioning for therapeutic actions, as discussed with hypoxia relievers. However,
biocompatible (or organic) nanoparticles must be prioritized and considered over others.
Many studies, both in vitro and in vivo, do not specify the fate of the used nanoparticles
after PDT, nor the clearance mechanisms associated with them. More is still to be done
to clarify these important biosafety issues. Alternatively, herbal nanomaterials could be
considered for conjugation and multicomplex formations with PSs. Many medicinal drugs
are developed from plants, and the synthesis of PSs derived from plant extracts should
be encouraged. Both herbal derivatives hypericin and curcumin-based PSs work well in
light-mediated treatments (PDT and PDI) and should be safer than other synthetic PSs as
the green approach in PDT generally leads to low systemic cytotoxicity.

Finally, multifactorial PDT is efficient in effectively treating comorbidity (viral infection
and oncogenic cancer) and triggering antitumor immune responses. This flexible modality
can be enhanced through recombination and conjugation methods to more specifically tar-
get viral DNA and capsids. Through TPE activation, the tumor size is significantly reduced
while normal cell growth and regulatory mechanisms are being promoted and restored.
This restoring role is well-known and observed in wound healing when light alone has a
stimulating effect on the cell growth, proliferation, and signaling pathways. TPE-activated
treatments can not only induce viral inactivation (PDI) and tumor damage and also decrease
normal cell growth (PDT) and biological event visualization and monitoring in real-time
(Photodiagnosis, PDD). The utilization of TPE enhances the depth of light-penetration
into tissues, rendering light-based treatment (PDT/PDI/PDD) applicable to embodied
conditions and no longer restricted to superficial ones. PDT has a restoring/stimulating
effect on the immune system; if similar effects can be observed and verified in signaling
pathways and cell control mechanisms, it would make PDT even more appealing.
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AIDS Acquired immune deficiency syndrome KSHV Kaposi’s sarcoma herpes virus
AIE Aggregation induced emission LANA Latent associated nuclear antigen
AMR Antimicrobial resistance MAPK Mitogen-activated protein kinase
ATM Ataxia-telangiectasia mutated MCV Merkel cell polymavirus
ATP Adenosine triphosphate MDR Multiple drug resistance
ATR Ataxia-telangiectasia Rad3 MOF Metal organic framework
ART Antiretroviral treatment MnO2 Manganese oxide
CD Carbon dots mTOR Mechanistic target of rapamycin
CHK Checkpoint kinase NF-kB Nuclear factor kB
DAMPs Damage associated molecular patterns NIR Near infrared
DNA Deoxyribonucleic acid NPs Nanoparticles
EBV Epstein–Barr Virus 1O2 Singlet oxygen
EPR Enhanced permeability retention OPE One photon emission
FG Fluorescence-guided PDD Photodynamic diagnosis
GBM Glioblastoma PDI Photodynamic inactivation
HBV Hepatitis B virus PDT Photodynamic therapy
HCV Hepatitis C virus PI3K Phosphatidylinositol-3-kinase
HHV Human herpes virus PSs Photosensitizers
HIV Human immune virus RNA Ribonucleic acid
Hp Hematoporphyrin ROS Reactive oxygen species
HpD Hematoporphyrin derivatives SARS Severe acute respiratory syndrome
HTLV Human T-lymphotropic virus S0/S1 Ground state/excited state
H2O2 Hydrogen peroxide T-ALL T-cell acute lymphoblastic leukemia
IC Internal conversion TPE Two photon emission
ICD Immunogenic cell death TME Tumor microenvironment
ISC Intersystem crossing T1 Excited triplet state
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