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Simple Summary: Many clinical examples between gastrointestinal tumors exist which require the use of a
high-precision technology to eradicate tumors that are located next to vital anatomical sites. These sites of
gastrointestinal systems are often inaccessible or unsafe for treatment by traditional surgical procedures.
Therefore, we revised current literature on the potential offered by photodynamic therapy and immunological
view in gastrointestinal tumors. Over the past two decades, photodynamic therapy has emerged as a powerful
method for the treatment of cancer, such as skin and esophageal cancers. Traditionally, photodynamic therapy
uses intravenously injected photosensitizers to generate singlet oxygen. Prodrug delivery strategies have
shown promise, but selectivity of the photosensitizer drug in diseased tissue could be improved. Thus, there
is a critical need for treatment strategies that would generate singlet oxygen site-specifically in abundant
concentrations for enhanced tumor destruction.

Abstract: Gastrointestinal cancers are a specific group of oncological processes in which the location and nature
of growth are of key importance for clinical symptoms and prognosis. At the same time, as research shows,
they can pose a very serious threat to the patient's life, especially at an advanced stage of development. The
type of therapy used depends on the anatomical location of the cancer, its type and degree of progression. One
of the modern forms of therapy used to treat gastrointestinal cancers is photodynamic therapy, which, as
already mentioned, has been approved for the treatment of esophageal cancer in the United States. Despite the
increasingly rapidly developing clinical use of this treatment method, the exact immunological mechanism it
induces on cancer cells has not yet been known. This article presents the current findings on the mode of action
of dynamic phototherapy on cells of various gastrointestinal cancers. There are most of them about the impact
on colorectal cancer. The types of cell death induced by PDT include apoptosis, necrosis, and pyroptosis. The
anticancer effect also results from the induction of destruction of tumor vessels and activation of the immune
system. Most reports exist on the mechanism of apoptosis induction, in which the mitochondrial pathway is
most often emphasized. Photodynamic therapy may also have a beneficial effect on such aspects of cancer as
the ability to develop metastases, or contribute to reducing resistance to known pharmacological agents.

Keywords: gastrointestinal cancers; PDT; Anticancer effect

1. Introduction

Cancer is one of the most important health problems worldwide [1]. One of the more diverse
groups of cancers are those originating in the gastrointestinal tract [2—4]. There is a steady increase in
the number of patients with the condition [5,6]. One of the aggressive cancers in this group with a
poor prognosis is esophageal cancer [7,8]. Globally, it is a significant cause of cancer deaths, and the
five-year survival rate for patients diagnosed with cancer is only 20% [7,9]. Nonspecific symptoms
can delay a patient's presentation to a physician [10]. This implies a delayed diagnosis, resulting in
inoperable tumor stage and the presence of metastases (in more than 50% of patients), which makes
this cancer have a poor prognosis [10,11]. This cancer is more often diagnosed in men. More than 95%
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of new cases of this cancer are adenocarcinoma, more common in developed countries, and
squamous cell carcinoma, prevalent in non-industrialized countries. There are many risk factors for
developing esophageal cancer. Among them, smoking and obesity predispose both to the
development of adenocarcinoma and squamous cell carcinoma, while reflux disease predisposes
more to adenocarcinoma and alcohol consumption and esophageal achalasia to squamous cell
carcinoma [11]. The third most common cause of cancer deaths worldwide is stomach cancer, with a
five-year survival rate of about 20%. Risk factors for the development of this disease are socially
prevalent (including high salt intake, a diet low in fruits and vegetables, and H. pylori infection)
making it the fifth most common cancer worldwide, with about 1.1 million new cases of the disease
in 2020 alone [12,13]. Gastric cancer should be treated in a multidisciplinary manner. Surgical
resection is the primary treatment method with demonstrated treatment efficacy. This method is
being expanded with adjuvant and neoadjuvant therapies for the treatment of locally advanced
lesions. In patients found to have metastases, therapy has unsatisfactory results, with a median
survival of about 1 year [14,15]. Analyzing the issue of cancers of the gastrointestinal tract, attention
should be paid to cancers of its distal part. According to estimates, colorectal cancer, being the third
most common cancer globally, occurs in more patients compared to upper gastrointestinal cancers.
Its incidence is increasing year by year, mainly in the developed countries of the Western world,
accounting for the fourth most common cause of death among cancer patients, with a 5-year survival
rate of 57% [16,17]. Factors such as an unhealthy lifestyle (including unhealthy diet, smoking, and
excessive alcohol consumption), the presence of chronic diseases, advanced age, and exposure to
adverse environmental factors predispose to the development of this cancer [16,18]. It has been
established that the development of this neoplasm is the result of multistage progression of adenoma
to carcinoma, caused by mutation of the APC gene, and progression of serrated adenoma to
carcinoma, the genetic basis of which remains unknown [19]. The worsening prognosis is due to the
fact that both the early stages and precancerous adenomatous polyps and advanced cancer can
progress asymptomatically [20]. This strongly hinders earlier diagnosis, resulting in the need for
screening in people over the age of 50 [21]. In addition, a major factor contributing to the poor
prognosis is the fact that up to 20% of patients may present with metastases, most commonly in the
liver [19].

The significant number and growth of new cancer cases worldwide creates the need to discover
a new, effective therapeutic method. The search for a modern form of therapy is ongoing, and
photodynamic therapy (PDT) may be one of them. This method uses an interaction between a
photosensitizer, light of a specific wavelength and oxygen [22]. Numerous studies have demonstrated
its effectiveness not only in cancer therapy, but also in the treatment of many non-oncological diseases
(e.g., dermatoses) [23-26]. In the presence of oxygen, a series of reactions of selectively accumulating
photosensitizer in tumor tissue, pre-irradiated with light of the appropriate wavelength, results not
only in direct cell death through various pathways, but also to the induction of the inflammatory
response and the destruction of blood vessels supplying the tumor [27,28]. The phenomenon of
photon absorption is key to the excitation of photosensitizers (PS) to a higher energy level and the
formation of a triplet state, which in turn is responsible for the production of other reactive oxygen
species or singlet oxygen [29]. The delivery of singlet oxygen site-specifically in focused
concentrations for hypoxic tumor destruction is a major technological challenge. This review project
is, therefore, significant because it presents an integrative approach towards selective generation of
singlet oxygen by optical excitation of sensitizer molecules. Figure 1 presents the mechanism of
singlet oxygen generation.
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Figure 1. The mechanism of PDT.

At the same time, PDT-induced damage heals mainly through regeneration rather than scarring
[30,31]. Due to the organ-preserving principle of PDT, important structures are preserved with good
functional and cosmetic results [30]. In the treatment of gastrointestinal cancers, photodynamic
therapy has found application mainly in the treatment of lesions located in the esophagus. In
addition, studies have shown that PDT is indicated not only for treating cancer that has already
developed, but also for Barett’s esophagus, its precursor state. The origins of photodynamic therapy
for esophageal cancer include the palliative treatment of patients with obstructive esophageal cancer.
In addition, PDT is being used to treat superficial esophageal cancers characterized by difficulties
with endoscopic treatment, and this indication has already been approved for treatment in Japan. In
patients in whom local radiotherapy has not achieved the intended therapeutic goals and in whom
treatment with other methods may not be sufficiently effective, PDT with second-generation
photosensitizers is indicated [32]. The strength of photodynamic therapy is that with its help it is
possible to cure early mucosal disease after a single endoscopic procedure [33]. Photodynamic
therapy with the photosensitizer porfimer sodium was approved in the United States in 1995 for use
in patients with advanced esophageal cancer [34]. Most clinical experiences with gastrointestinal PDT
involve patients who are considered to be at low surgical risk, and reported posttreatment follow-up
is not only limited but also variable [35]. Despite the demonstrated efficacy of PDT and knowledge
of its underlying mechanism of action, reports on the exact mechanisms by which it leads to cell death
are still scarce (Figure 2).


https://doi.org/10.20944/preprints202311.1102.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 November 2023 doi:10.20944/preprints202311.1102.v1

Lysosome 7
Pg%/
‘ ROS
O

- 3l.ysosml'ml enzymeso O

\ & CytochJ:ome ©

Fe ROS

UPR activation \ Cgspa.se
i Sy I activation
\L Lipid preoxidation
g / CHOP 11 flammassome Ferroptosis A " "
” Apoptosis pOptosis

Figure 2. Cellular mechanism of PDT.

2. Materials and methods

The search, which focused on the immunological mechanisms induced by dynamic
phototherapy in the treatment of gastrointestinal cancers, was conducted using articles from
PubMed, ScienceDirect, Web of Science, and Google Scholar from 1990 to September 2023. The
authors of this review worked according to an agreed framework, selecting articles based on their
title, language, abstract and access. Duplicate works have been removed. The review included papers
describing the immunological view of dynamic phototherapy in the treatment of gastrointestinal
cancers, such as esophageal, stomach and colon cancer.

3. Literature review

3.1. Esophageal cancer

The antitumor effect of photodynamic therapy in esophageal cancer is due to a combination of
direct cell damage, destruction of tumor blood vessels, and activation of the immune response [36].
However, the exact mechanism of action of PDT has not yet been precisely researched and
established. The mechanism of photosensitizer accumulation in cancer cells is also insufficiently
understood. One study suggests that in the case of photofrin-II, the mechanism responsible for the
accumulation of the photosensitizer in cancer cells is the direct uptake of this compound by the cells,
while others negate these conclusions [37,38]. It has been shown that after administration of 5-alpha-
aminolevulinic acid, porphyrins accumulate in greater amounts in Barrett's epithelium and
esophageal adenocarcinoma, which results from an imbalance between the activity of
porphobilinogen deaminase and ferrochelatase enzymes [39]. PDT causes cell death by apoptosis and
necrosis, and induces autophagy and pyroptosis of esophageal cancer cells [40—44]. In the study by
Shi Y. et al. PDT using sinoporphyrin sodium (DVDMs-PDT) has been shown to induce apoptosis
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and autophagy of Eca-109 cells of this tumor. By inducing the formation of reactive oxygen species
in Eca-109 esophageal cancer cells, photodynamic therapy leads to the activation of p38MAPK and
JNK kinases, and HO-1 heme oxygenase, i.e. proteins responsible, among others, for these types of
cellular response to stress [40,45-47]. In Eca-109 cells, apoptosis is also induced by ALA-PDT,
stopping the cell cycle in the GO/G1 phase and increasing the level of the pro-apoptotic Bax protein,
while decreasing the anti-apoptotic Bcl-2 [41,48,49]. Despite the observed increased levels of
apoptosis and caspase-3 activity in esophageal adenocarcinoma cells, PDT using Photofrin-II has not
been shown to be responsible for these differences [42]. Necrosis of Eca-109 esophageal cancer cells
was induced by dynamic phototherapy with hematoporphyrin, while significantly increasing the
level of malondialdehyde (a product of peroxidation of omega-6 fatty acids), and not leading to an
increase in the expression of caspase-3, a key proenzyme in the apoptosis process [43,50,51]. By
inhibiting the last enzyme involved in glycolysis, pyruvate kinase PKM-2, and consequently
activating caspase-8 and caspase-9, ultimately leading to the release of gasdermin E (GSDME), PDT
can induce pyroptosis of esophageal squamous cell carcinoma cells [44,52]. A reduction in PKM-2
activity was also observed when examining the effect of ALA-PDT on the Warburg effect. It was
shown that in esophageal cancer cells, glucose uptake was inhibited within 4 hours after ALA-PDT,
however, after 24 hours, a significant increase in the expression of this enzyme and glucose uptake
was observed [53]. ALA-PDT enhances the effect of the EGFR inhibitor AG1478 and the PI34 inhibitor
LY294002, significantly reducing the expression of EGFR/PI3K and PI3K/AKT proteins, leading to a
synergistic reduction in the growth and migration ability of Eca-109 esophageal cancer cells in vitro
[54]. PDT increased NF-kB activity and HIF-1a and VEGF gene expression in vitro and in vivo, which
may maintain their proliferation, protect against apoptosis, and promote tumor development.
Dihydroartemisinin (DHA) may enhance the effect of PDT on esophageal cancer cells [55-57]. Yan
Jing Li et al. examined the mechanism of action of DHA and showed that it was at least partially due
to the deactivation of NF-kB [58].

3.2. Stomach cancer

There is little information available regarding the mechanism of action of dynamic phototherapy
on gastric cancer cells. One study showed that the mechanism involved in the specific accumulation
of porphyrins in gastric cancer cells is related to the presence of nitric oxide and heme carrier protein-
1. In addition, intracellular levels of porphyrins in cells were found to increase after administration
of the NO donor following 5-aminolevulinic acid treatment, and heme carrier protein-lwas also
found to be capable of transporting other porphyrins [59]. It has been shown that through the intrinsic
production of free radicals and an increase in the internal level of Ca2+ ions, photodynamic therapy
using the photosensitizer DH-II-24 at a low dose induces apoptosis. In the case of high-dose PDT, a
massive and prolonged increase in cellular Ca2+ ion levels was observed, resulting in the induction
of necrosis process. Moreover, low dose activated caspase-3 [60]. It was observed that ALA-PDT
applied to human gastric cancer xenografts in vivo caused apoptosis and necrosis of its cells, and in
histological examination, most of the tumor blood vessels were hyperemic [61]. It has been shown
that photodynamic therapy via the photosensitizer photofrin in the MKN45 gastric cancer cell line
within 15 minutes leads to an increase in the activity of caspase-3 and caspase-9, and chromatin
condensation, the reduction of rhodamine 123 uptake begins after 30 minutes and induces after 60
minutes mitochondrial damage and apoptosis [62]. Moreover, due to its ability to activate the
immune system, PDT has a specific effect on metastatic lesions [63]. We investigated the effects of
PDT on gastric adenocarcinoma cells in patients receiving immune checkpoint inhibitors. Immune
cell infiltration increased in tumors after PDT, which is associated with upregulation of the B2M gene,
which is lost in tumor cells. TCR analysis revealed specific clonal expansion after PDT in cytotoxic T
cells but constriction in Treg cells [64,65].

3.3. Colon cancer

The largest number of reports on the effects of dynamic phototherapy on gastrointestinal cancer
are related to colorectal cancer. However, the exact sequence of reactions occurring after PDT has not
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yet been precisely explained [66]. It has been established that PDT leads to direct killing of cancer
cells by singlet oxygen species, and indirect killing of cells through damage to blood vessels and the
induced immune response [67]. The effectiveness of PDT itself depends on the concentration of the
photosensitizer in the cell, but it has been shown that precise intracellular localization has an
additional impact on the way in which the therapy causes damage. Moreover, the degree of
differentiation of cancer cells also affects the effectiveness of therapy. It was shown that well-
differentiated tumor cells had a better response to PDT using PpIX than less differentiated ones [68].
Research results indicate that the internalization of a photosensitizer may be the result of partitioning,
pinocytosis and endocytosis, and the target place of its accumulation in the cell is different for
different photosensitizers [69,70]. In the case of PPIX, it was found that the tumor-preferential
accumulation of this compound is influenced by the difference in activity between porphobilinogen
deaminase and ferrochelatase [71]. Photodynamic therapy causes the death of colorectal cancer cells
by apoptosis and necrosis [66,72,73,75-86,88-91]. One of the most important mechanisms of apoptosis
triggered by PDT appears to be the mitochondrial pathway. PDT using hexaminolevulinaine as a
photosensitizer leads to the loss of mitochondrial membrane potential, the release of cytochrome c
from mitochondria into the cytosol and rapid activation of caspase-9 and caspase-3, and consequently
to apoptosis of 320 DM colon cancer cells [83]. Identical observations were made in the case of PDT
with silicon (IV) phthalocyanine conjugated [77]. It has been shown that the calcium signal plays an
important role in the apoptosis of SW480 cells induced by PDT with the photosensitizer ALA [73].
However, the role of this signal may also contribute to the failure of PDT, as it induces the activation
of the ERK pathway, which plays a key role in the survival and development of cancer cells, and
calcium ions released from the endoplasmic reticulum resulted in an increase in the expression level
of the chaperone protein GRP78, which in many cancer models, both in both in vitro and in vivo, it
confers a growth advantage and drug resistance to solid tumors [73,74,77,78]. Another study
highlighting the involvement of the mitochondrial apoptosis pathway is the study by Guogqing
Ouyang et al. showing that PDT with PpIX led to an increase in the expression of the pro-apoptotic
protein bax and caspase-3, while the expression of the anti-apoptotic bcl-2 was decreased [82]. It was
shown that cell lines with cytosolic or mitochondrial localization of PpIX were characterized by a loss
of mitochondrial transmembrane potential, which led to growth arrest [68]. In turn, in the case of
dynamic phototherapy with pyropheophorbide methylester (PPME), accumulating in the
endoplasmic reticulum/Golgi apparatus and lysosomes, it was not demonstrated that transmitters
such as calcium ions, Bid proteins, Bap31, phosphorylated Bcl-2 and caspase-12 were involved. in
triggering the release of cytochrome c¢ from mitochondria when provoking apoptosis [61]. Loss of
mitochondprial functionality and therefore apoptosis was also induced by PDT using [Ir-b]Cl and [Rh-
b]CI complexes, and PpIX attached to triphenylphosphonium (TPP), which has the ability to target
mitochondria [76,86]. Moreover, it is assumed that the leakage of lysosomal protease into the cytosol
may also be involved in the induction of apoptosis [85]. The effect of PDT on gene expression, which
can contribute to resistance, also appears to be important. A study by H. Abrahamse et al. showed
that the level of tumorigenic features of PDT-treated cells affects the nature of proapoptotic and anti-
apoptotic gene expression. It was found that apoptosis and up-regulation of 3 genes and 20 genes
down-regulation were observed in cells showing increased tumorigenic features. In addition, it was
noted that these cells showed an increased risk of resistance to therapy. In contrast, cells showing
reduced neoplastic features responded more favorably to photodynamic therapy, as manifested by
the observed up-regulation of 16 genes and 22 genes down-regulation [80]. As mentioned earlier,
PDT can also cause necrosis of colorectal cancer cells, however, there are no precise reports on the
specific mechanism by which this cell death occurs. A study conducted on colon adenocarcinoma
cells showed that the predominant mechanism of cell death induced by photodynamic therapy with
Foscan was necrosis, and apoptosis was observed, only at the lowest and moderate fluence levels.
The use of higher fluences (at identical levels of photocytotoxicity) did not affect caspase-3 activation
[92]. It is known that protoporphyrin IX (PpIX) bound to the cell membrane leads to loss of membrane
integrity and induces cell necrosis, while 21-selenoporphyrin probably induces necrosis in the


https://doi.org/10.20944/preprints202311.1102.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 November 2023 doi:10.20944/preprints202311.1102.v1

endothelial cells of newly formed tumor vessels [68,90]. Necrosis may also be induced by other
photosensitizers [89].

So far, it has been established that cellular interactions in the tumor microenvironment also
participate in the induction of cancer cell death. It has been shown that due to their plasticity,
macrophages residing in or recruited from the tumor can enhance tumor development by promoting
tumor cell migration and endothelial stimulation. The increased cytotoxicity of PDT mediated by the
production of nitric oxide, interleukin-6 (IL-6) and tumor necrosis factor alpha was in turn achieved
in the presence of non-resident macrophages with a strong anti-tumor phenotype [93]. On the other
hand, in a study conducted by A. Jalili et al, it was found that inactivation of colon cancer cells after
PDT was followed by necrosis and apoptosis and an increase in the expression of some heat shock
proteins [88]. It was observed that after photodynamic therapy, immature dendritic cells co-cultured
with tumor cells showed an effective ability to phagocytose killed tumor cells. In addition, they
acquired features of functional maturity and generated significant amounts of interleukin-12,
resulting in increased activity of macrophages, NK cells and monocytes. Moreover, it was observed
that these dendritic cells also stimulated the cytotoxic activity of NK cells and T cells, and promoted
their migration to lymph nodes [87,88]. Vascular PDT of colon adenocarcinomas expressing the f3-
galactosidase antigen was shown to completely cure metastasis in mice with antigen-positive tumors,
and their T cells were able to recognize the epitope derived from this antigen and specifically destroy
the antigen-positive tumor cells. When the antigen was lost, the metastatic lesions were not cured
[94]. The effect of PDT on the ability of cells to migrate and metastasize seems to be significant. It is
known that PDT using low concentrations (5 pM) of hyperforin and aristophorin not only inhibits
cell cycle progression and induces apoptosis, but also reduces the expression of metalloproteinases-
2/-9 and cell adhesion potential [75]. Similar observations were found in the case of PDT therapy
using m-THPC, which also reduces the colony formation and migration ability of SW480 and SW620
colorectal cancer cells [81]. The possible mechanism of this effect was investigated during PDT
involving the photosensitizer chlorin-e6 (Ce6-PDT). It was shown that the therapy led to inhibition
of proliferation, almost complete disappearance of pseudopodia, a decrease in the migration ability
of SW480 cells and an increase in the expression of F-actin, a-tubulin, B-tubulin, vimentin and E-
cadherin. It is assumed that the possible inhibition of cancer cell migration was due to the increased
expression of E-cadherin, the loss of which is often observed during metastases, causing the
disappearance of pseudopodia and destruction of the cytoskeleton [95,96]. In another study, it was
shown that under the influence of Ce6-PDT, the healing and migration rate of SW620 cells was
significantly reduced, the pseudopodia of the cells were reduced or disappeared, the original
microfilament structure was destroyed and the expression of F-actin was significantly reduced. The
Racl/PAK1/LIMKI1/cofilin signaling pathway, which is one of the main pathways through which Rho
GTPases regulate microfilaments, was downregulated by Ce6-PDT [97]. Another aspect of PDT's
action is the ability to reduce the resistance of colorectal cancer cells. As shown by M. Luo et al.
photodynamic therapy with the photosensitizer chlorin-e6 can inhibit oxaliplatin (L-OHP)-induced
autophagy while promoting apoptosis and increasing the expression of procaspase-3 protein, while
the combination of Ce-6PDT with L-OHP led to the same effects and an increase in the expression of
proapoptotic Bcl -2 and reduced the migration capacity of SW620 colorectal cancer cells [91].

An important aspect of PDT is the possibility of developing tumor resistance to this type of
therapy, resulting from the cells' response to stress, hypoxia, or heterogeneity of photosensitivity
uptake by individual tumor cells [98-100]. It is known that in response to hypoxia, cells can induce
HIF-la-mediated autophagy, leading to increased colon cancer cell survival and reduced cell death
after PDT. By binding to hypoxia-responsive elements in the VMP1 promoter, stabilization of HIF-1«
has been shown to significantly increase the VMP1-related autophagy process [101]. An important
factor involved in tumorigenesis is hypoxia-inducible factor-1 alpha (HIF-1a), which may also
contribute to the development of PDT resistance [102,103]. The resistance phenotype of human colon
cancer spheroids to photodynamic therapy using methyl-5-aminoleuvlinic acid may be the result of
highly upregulated transcriptional activity of hypoxia-inducible factor-1a. The degree of resistance
can be reduced by RNA interference of hypoxia-inducible factor-1 alpha, while inhibition of the
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MEK/ERK signaling pathway and removal of ROS is responsible for the abrogation of hypoxia-
inducible factor-1 alpha regulation [103]. The ineffectiveness of PDT may also be influenced by
elevated levels of the heat shock protein Hsp27, since phosphorylation of this protein plays an
important role in cytoprotective processes, which consequently increases the resistance of cells to
photooxidative damage [104]. By examining the effect of YM155, a small molecule inhibitor of
survivin expression, on HT-29 colorectal adenocarcinoma cells resistant to dynamic phototherapy
with hypericin, it was shown that a protein belonging to proteins that inhibit apoptosis plays a key
role in cancer progression and therapeutic resistance [105]. Further, the interaction of hypericin with
the mechanisms of elimination of anticancer drugs by cancer cells is unclear. Moreover, the
interaction of hypericin with the mechanisms of elimination of anticancer drugs by cancer cells is
unclear. It is known that they are complex. Activities of multidrug resistance-related protein 1 and
breast cancer resistance protein were increased in colon cancer cells exposed to hypericin, and
cytochrome P450 inhibition led to increased levels of this photosensitizer [106]. On the other hand,
examining the contribution of the mechanism of export by p-glycoprotein, it was shown that the use
of verapamil, a p-glycoprotein antagonist, can reverse the resistance of HRT-18 colorectal cancer cells
to dynamic phototherapy with hematoporphyrin, which suggests a significant role of p-glycoprotein
in reducing sensitivity to treatment [107]. One study examined the effect of histone deacetylase
(HDAC) inhibitors on the development of resistance to PDT with hypericin by colorectal cancer cells.
The combination of histone deacetylase inhibitors with photodynamic therapy using hypericin
showed a significant reduction in cancer cell resistance to treatment. The nature, specificity and
potency of histone deacetylase inhibition were dependent on the specific inhibitor, suggesting that
histone deacetylase may initiate cellular resistance to photodynamic therapy [108]. In colon cancer
cells undergoing photodynamic therapy, 1096 long non-coding RNAs were identified, and an
interaction between them was found to be responsible for the onset of resistance to PDT [109].
Epigenetic changes may also account for colorectal cancer cell resistance [110]. Stem cells are
considered resistant to photodynamic therapy, a potential factor limiting the therapeutic efficacy of
P5DT. Due to their ability to self-renew in long-term cycles, they show increased resistance to
therapies, which increases the risk of relapse [111]. Photodynamic therapy has demonstrated the
ability to increase the sensitivity of colorectal cancer cells to drug treatment, particularly L-
oxaliplatin. A complex mechanism for this phenomenon has been identified, including reduced efflux
of L-oxaliplatin, inhibition of glutathione S-transferase activity and reduced intracellular glutathione
levels [112]. Photodynamic therapy shows synergism with drugs that block programmed death
ligand 1, potentially increasing the effectiveness of treatment. Analysis by Z. Yuan and colleagues
showed that this combination is able to effectively inhibit the growth of both the primary tumor and
distant metastases. In addition, it contributes to the maintenance of long-term host immune memory,
which counteracts cancer recurrence. The mechanism of this synergy has been shown to include
induction of cell apoptosis and activation of the systemic immune response, which can be further
supported by blockade with drugs that block programmed death ligand 1 [113]. It was found that the
efficacy of photodynamic therapy against colon cancer cells can be enhanced by stimulating the
apoptosis process using the specific 5-lipoxygenase inhibitor MK-886. Further analyzes of individual
ROS groups revealed the effect of increasing MK-886 concentration on peroxide accumulation, which
was accompanied by a decrease in the level of hydrogen peroxide in cells. A clonogenicity test
revealed impaired colony formation when both agents were combined compared to MK-886 or PDT
alone [114].

4. Conclusions

Cancer treatment using dynamic phototherapy poses many challenges. One of them is the
possibility of cancer cells becoming resistant to this type of therapy. This article presents evidence
that mechanisms such as removal of photosensitizer from cancer cells, induction of autophagy in
response to damage, natural increased resistance of tumor stem cells and, finally, increased presence
of various cytoprotective proteins are involved in this process. Interactions between tumor cells and
other cells are also an important aspect, as they may contribute to weakening the effect of PDT and
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even to accelerating tumor development. Further research is necessary to determine the exact
mechanisms of action of dynamic phototherapy on gastrointestinal cancer cells, taking into account
the type of photosensitizers, classification of cancers and their stage of advancement. Understanding
the precise impact of PDT on the treatment of this disease may help discover new photosensitizers,
their transport mechanism, or determine the appropriate, most effective therapeutic regimens. It also
seems extremely promising to investigate the mechanisms by which photodynamic therapy can lead
to the activation of the immune system and, as a result, to the treatment of metastases. Moreover,
based on this review, it can be concluded that a thorough examination of the mechanisms responsible
for cellular resistance to dynamic phototherapy may contribute to the discovery of new therapeutic
agents that can inhibit this resistance. To sum up, the immunological mechanisms of the action of
dynamic phototherapy on gastrointestinal cancer cells are still insufficiently understood, and their
detailed examination may contribute to increasing the effectiveness of this therapy.
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