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Chapter I. Colorectal cancer

I.1. The large intestine

1.1.1. Location and structure

The alimentary canal also called the “digestive tract” is the major digestive organ consisting of
the stomach, small intestine, and large intestine. The large intestine is located at the terminal
part of this canal and is around 150 cm in length and 8 cm in diameter. It is composed of the
caecum, colon, and rectum. The colon follows a proximo-distal sequence subdivided into
ascending, transverse, descending, and sigmoid colon. The rectum joins the sigmoid colon
from the top and the anal canal from beneath (Figure 1) [1].

e Caecum

It represents the first segment of the large intestine, initiating from the junction with the small
intestine known as the “ileocaecal junction” and extending inferiorly. It is about 5-7 cm in length
and is fully enveloped with the peritoneum, supporting its mobility, and terminates by a small
tail-like structure called the appendix, which is deprived of both taenia coli and appendices
epiploicae. The appendix is located at the posteromedial position of the caecum and is mostly
in its caudal position, yet in some cases, it can move behind the ascending colon or come in
contact with the caecum posteriorly. The ileocaecal junction includes the ileocaecal valve or
Bauhin’s valve which controls the flow of the content between the ileum of the small intestine
and the colon. Its shape is like a large pouch, also hamed the caecal ampulla, where the rest
of the food from the ileum is stored.

e Ascending colon

It represents the right lateral side of the colon, also known as the right colon, and extends
vertically within 15 cm in length to reach up to the inferior surface of the liver. At this area, the
colon curves transversally forming the “hepatic flexure” (right colic flexure) which is the
immobile segment of the colon and is specifically located in front of the right kidney’s lower
part. Only the anterior part of the colon is covered by the peritoneum, whereas the posterior
part rests directly against the abdominal wall.

e Transverse colon

It is the longest segment of the colon, measuring about 40 cm, starting from the hepatic flexure
and ending with the splenic flexure (left colic flexure). The hepatic flexure is noticeably lower
than the splenic flexure because of the phrenicocolic ligament, which holds the splenic flexure
up and connects it to the diaphragm. In this way, both the ligament and the left colic flexure
are in superior adherence with the front side of the spleen. Being the most mobile segment of
the intestine, the transverse colon is supported by a mesenteric sheet known as “mesenteric
mesocolon” which is a layer of peritoneum joining this segment to the posterior abdominal wall.

e Descending colon

It represents the left lateral side of the colon, running vertically for 25 cm from the splenic
flexure to the iliac fossa and connecting to the sigmoid colon which is located at the anterior
side of the lower part of the left kidney. The abdominal wall directly joins its posterior surface,
a ligament attaches its terminal side to the pelvic cavity wall, and the peritoneum shields the
rest of the segment.

e Sigmoid colon

This segment is “S” shaped and situated at the inferior side of the descending colon, just before
the rectum behind the bladder. It is about 35-40 cm in length. The mesocolon supports this
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highly mobile segment, which extends from the left iliac fossa to the presacral area of the pelvic
cavity.

e Rectum

The rectum is the terminal part of the large intestine joining the sigmoid colon from the top and
the anal canal from beneath. It is localized in the pelvis, adjacent to the third sacral vertebra.
Being around 15 cm in length, the rectum prolongs behind the sacrum and follows its curved
structure. It is considered an extra-peritoneal or retroperitoneal organ, as it emerges from the
peritoneum and lies posterior to the bladder. It contains three lateral bands that form the rectal
valves, which are three internal transverse folds that help separate gas and feces. Moreover,
the rectal ampulla, its terminal part, dilates and stores the already formed fecal matter. Like
the appendix, both taenia coli and appendices epiploicae are absent on the rectum.

e Anal canal

After the whole process of food passage through the alimentary canal including the large
intestine, the remaining food will reach the anal canal, which is positioned in the perineum,
external to the abdominopelvic cavity. The anal canal is around 3.8-5 cm in length and ends
with the opening of the anus. It is composed of internal and external anal sphincters. Both
sphincters differ in the type of muscles that constitute them. The internal sphincter is composed
of smooth muscles with involuntary contraction, whereas the external sphincter is made up of
skeletal muscles with voluntary contractions [1], [2], [3], [4].

First part of e duodenum
Spleen
Right lobe of the liver Tad of pancreas
Hepatic fexure Splenic flexure
Transverse colon Anterosupernior taenia
Third part of the duodenum
Left kidney
Right kidney
Descending colon
Ascanding colon
Anterior taenia (kbera)
Anlerior taenia (Wbera)
Lef ac crest
Sgmoid colon
Vermiform appendix
Rectum
Figure 1. Anatomy of the large intestine [1]
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I.1.2. Histology of the large intestine

Generally, the tissue layers of the large intestinal wall follow the same pattern as any other
organ of the gastrointestinal tract (GIT). The outer layer is the tunica serosa, which is inferiorly
followed by the tunica muscularis, tunica submucosa, and tunica mucosa, sequentially.

e Tunica mucosa

It represents the inner layer of the large intestine facing the lumen which is much smoother
than the layer of the small intestine. It contains some cells that produce and secrete enzymes
including colonocytes, involved in colonic absorption, and caliciform cells which form the
caliciform glands of the large intestine secreting mucus into the intestinal lumen. These
secretions aid in the production of fecal bolus and mucosal protection. In contrast to the anal
canal, the colon’s mucosa is made up of a simple columnar epithelium with brush borders
where most cells are enterocytes involved in the absorption process. The enterocytes are
highly present in the intestinal glands, along with goblet cells, which are associated with the
production of the mucus that aids the fecal motility and provides overall protection to the
intestine from the gases and acids produced by the enteric bacteria. The circular structures or
villi are absent and are replaced with straight intestinal crypts called the “crypts of Lieberkihn”,
present in the sub-mucosa, acting as tubular glands secreting mucus. Between the crypts,
many cell types forming the lamina propria are present including plasma cells, lymphocytes,
and macrophages. The sub-mucosa consists of connective tissues and includes many blood
vessels, lymphatic vessels, and nerves such as the Meissner plexus. The muscularis
mucosae, a thin layer of smooth muscle, is located at the boundary between the mucosa and
sub-mucosa.

e Tunica muscularis

The tunica muscularis represents the main muscular layer of the large intestinal wall and is
composed of circular muscle fibers in its inner layer that undergo the rhythmic contractions that
contribute to the large intestine’s motility and enable the mixing and propelling of the colon
contents. This layer is relatively thin, and the fibers’ scattered contractions contribute to the
colonic haustra’s formation. The outer muscular layer does not provide an entire shielding of
the colon and is composed of longitudinal muscle fibers arranged into groups of three distinct
longitudinal bands called taenia coli that run along the length of the colon.

e Tunica serosa

It is the outermost layer, constituting a part of the peritoneum that covers the large intestine
mainly through the connective tissue and mesothelium composing it. It doesn't provide entire
coverage of the colon, instead, it partially covers the ascending colon, descending colon, and
rectum (Figure 2) [2], [5], [6].
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Figure 2: (a) Histology of the large intestine optimized for its digestive function and (b)
micrograph showing the simple columnar epithelium and tissue layers of the colon [2]

I.1.3. Functions and state of the large intestine

The colon's main functions are to absorb water and electrolytes from the remaining ileal chyme
and form feces for the excretion of the residuals from the body. Mainly, the mucous membrane
removes water, electrolytes, and some metabolites by moving over luminal contents through
muscular contractions of the intestine’s wall. These movements enhance the absorption of
fluids; therefore, reduced wall contractions can lead to diarrhea, whereas increased
contractions can lead to constipation. Indeed, maintaining a regular pattern of muscular
contractions is ultimately necessary for human well-being. In fact, each day the colon receives
from the small intestine one to two liters of chyme, a liquid containing water, electrolytes, and
unabsorbed nutrients. Moreover, the large intestine contains the enteric bacteria which
produces vitamin K, an essential factor for the liver's synthesis of the clotting factors, and the
mucus secretions are often associated with potassium that will be provided into the contents.
Also, the bacteria in the colon’s lumen undergo a process called “saccharolytic fermentation”
causing the degradation of carbohydrate residues which yields the release of carbon dioxide,
hydrogen, and methane gases forming the flatus gas within the colon. The bacteria of the large
intestine forming populations of trillions in number create the “bacterial flora”. While the colon
lacks the interdigestive complexes regularly moving from the esophagus to the end of the ileum
after passing through the stomach, in some cases the ascending colon can be affected by the
contractile activities originating from the ileum. The intrinsic nerve plexus exerts its role in the
colorectal contractions and when it's partially present or destroyed by trypanosomes, it can
lead to the congenital Hirschsprung'’s disease and Chaga’s disease, respectively. This explains
the reason behind the colon’s blockage or acute constipation after the uptake of psychoactive
drugs for a long time. The muscular contractions are also highly affected by gut hormones
such as cholecystokinin, vasoactive intestinal peptide, motilin, and catecholamines as their
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variable concentrations can control the intrinsic nerve plexus. For instance, after food intake,
the movement increases significantly, most probably due to the cholecystokinin activity. Also,
sleeping considerably diminishes the matility of the colon, whereas mental stress augments it.
Consuming fiber-rich food aids in defecation because it increases water absorption and fecal
bulk [2], [7], [8].

I.1.4. Vascularization of the large intestine

The large intestine is well vascularized with a complex of arteries and veins providing blood
supply to the area of the large intestine. The ascending colon's blood supply up to the distal
part of the transverse colon starts by the superior mesenteric artery from the aorta and is
followed by the inferior mesenteric artery which slightly connects with the pudendal vessels in
the anal region providing vascularization to the left colon and the sigmoid. Being situated
between the superior and inferior mesenteric arteries, the transverse colon can benefit from
both arterial supplies. The rectum is supplied by the superior rectal artery which is issued from
the inferior mesenteric artery and by the middle and inferior rectal arteries originating from the
internal iliac arteries. Conditions affecting the aorta can tighten or block the mesenteric arteries,
especially the inferior mesenteric artery. In such cases, the marginal artery present near the
intestinal wall will sustain the blood flow. Smaller arteries supplying the transverse colon are
particularly susceptible to hardening. The veins generally follow the arteries with the superior
and inferior mesenteric veins draining into the portal vein of the liver. The ascending colon’s
venous drainage flows to the right lobe of the liver, whereas the rectum and left colon drain to
the left lobe due to the directional flow of blood in the portal vein. Concerning the lymphatic
vessels, they travel alongside the arteries to the para-aortic lymph nodes, with smaller nodes
situated on the colon wall and midway to the aorta. The lymphatic vessels of the rectum and
anus drain into the lymph nodes of the iliac and inguinal regions. The extrinsic innervation of
the large intestine is linked to the parasympathetic and sympathetic fibers, both efferent and
afferent, which are connected to the central nervous system and mainly to the hypothalamus.
The intrinsic innervation of the intestine represents a local innervation within the walls of the
gastrointestinal tract through the myenteric and submucosal plexus (Figure 3) [4], [7].

(b)

Figure 3: (a) Arterial supply, lymphatic drainage, and (b) venous drainage of the large intestine

[7]
1.1.5. Diseases of the colon

The colon is susceptible to multiple different diseases that can be either benign or malignant.
Benign diseases such as diverticulosis, Crohn’s disease, and ulcerative colitis contrast with
malignant diseases like colorectal tumors.
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I.1.5.1. Inflammatory bowel disease

Inflammatory bowel disease (IBD) is a complex group of conditions characterized by
permanent and recurrent chronic colon inflammation due to endoplasmic reticulum (ER) stress
and cytokine dysregulation. It is triggered by individuals' genetic susceptibility alongside
environmental and microbial factors. Imbalances and alterations of the gut microbiota can lead
to an abnormal immune response and chronic inflammation in the gut. Interleukin-23 (IL-23)
and IL-17A cytokines are particularly involved in promoting intestinal inflammation. Mainly, IL-
17A was detected in the mucosa of Crohn’s disease and ulcerative colitis [9]. The pathological
differences are mainly in the specific location of the colon and the associated symptoms (Table
1).

Table 1: Key pathological differences between Crohn’s disease and ulcerative colitis [10]

Key features Crohn’s disease Ulcerative colitis
Location
Upper parts of GIT Rarely MNever
Distal lleumn Very common Never
Colon Common Always
Rectum Rarely MNever
Signs and symptoms Pain in the lower Pain in the lower left
right abdomen, abdomen, diarrhea,
swelling, thickening weight loss, rectal
of the bowel wall bleeding

Abbreviation: GIT, gastrointestinal tract.

e Crohn’s disease

Crohn’s disease is a chronic inflammatory disease of the GIT, with a growing incidence
worldwide. This disease’s onset is predominant in females and usually appears at young age,
particularly, 30 years old or under. It is associated with transmural inflammation of all the layers
of the intestinal wall with anal lesions in 81% of cases. This causes diarrhea, abdominal pain,
anal lesions as well as the appearance of lifted inflamed mucosa resembling a “cobblestone”
with imaging, and irregularities in the bowel structure including linear ulcerations and internal
fistulae [11]. One key molecular basis of this disease lies in the dysregulation of the innate and
adaptive immune responses in the gut. Immune response genes, including NOD2, ATG16L1,
and IL23R, have been linked to a higher risk of Crohn’s disease because their alterations can
affect the mucosal immunity, the composition of the gut microbiota, and barrier functions, which
can result in chronic inflammation. The key pathways involved in Crohn’s disease
pathogenesis include the nuclear factor kappa B (NF-kB) signaling pathways, autophagy, and
cytokine signaling pathways where their imbalances or dysregulation contribute to the
development of chronic inflammation [12], [13], [14]. Additionally, Crohn’s disease is known for
its associated irregularities of the epithelial barrier of the colon which permits the movement of
microbial antigens into this region. Thus, the mucosal immunity system will induce the
differentiation of T-cells into T-helper type 1 (Thl) effector cells, leading to the generation and
release of cytokines such as interferon-gamma (IFN-y), tumor necrosis factor-alpha (TNF-a),
and IL-2, which promote inflammation. On the other hand, T-helper type 2 (Th2) cells exert
their role in reducing the inflammatory response through the generation of anti-inflammatory
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cytokines such as IL-4, IL-5, IL-6, and IL-10. Natural killer (NK) cells and antigen-presenting
cells (APCs) influence T cell differentiation, activation of T cells, and the overall complex
interactions determining the course of the disease (Figure 4). Symptoms of Crohn’s disease
include abdominal pain, chronic diarrhea, fatigue, and weight loss. It is important to note that
patients suffering from this condition are at risk of developing colorectal cancer (CRC) [10],
[15].
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Figure 4: Crohn’s disease-induced immune response. Complex interactions between various
immune cells and cytokines determine the type of immune response and disease progression
[10]

e Ulcerative colitis

It is mainly associated with the inflammation of the mucosal layer of the colon with rectal
involvement in most cases. Its incidence is increasing worldwide and often affects adults aged
between 30 and 40 years old. The recurrent inflammation causes bloody diarrhea and
abdominal pain diagnosed by colonoscopy and histological findings. However, the anal lesions
and deep intestinal fissures are less frequent [16]. Several genetic factors are involved in the
development of this disease, mainly those implicated in the immune response, such as HLA
genes, genes related to the mucosal barrier function, IL23R and IL10 genes. Like Crohn’s
disease, the NF-kB signaling pathway’s alterations are highly implicated in this disease’s
pathology [10], [17]. Hence, this disease can be treated through the administration of
immunosuppressants, 5-aminosalicylic acid-based drugs, and steroids [4], [18].

1.1.5.2. Diverticulosis and diverticulitis of the colon

Diverticulosis is a gastrointestinal condition characterized by the formation of the diverticula
which are small pouches that form in the mucosa or sub-mucosa due to an increased pressure
bulging the colon wall outward, especially in the sigmoid colon (Figure 5). Diverticula can be
found on both the left and right sides of the colon. Left diverticula are pseudo-diverticula
because they do not pass through all the layers of the colon, whereas diverticulosis of the right
side of the colon is known as true diverticula as they can hit all the colonic layers. Diverticulosis
prevalence increases with age and is mostly asymptomatic, yet symptoms such as bloating,
abdominal pain, alterations in bowel habits and rectal bleeding might occur. Obesity, low fiber
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diet, and physical inactivity can increase the risk of incidence of this disease. However, high-
fiber diet intake may not necessarily provide against asymptomatic diverticulosis.

Colonic diverticulitis is another pathological condition characterized by inflammation or
infection of the colon’s diverticula and leading to chronic gastrointestinal symptoms. The
pathogenesis of diverticulitis can be influenced by chronic inflammation and alterations in the
gut microbiome. This can lead to a range of intestinal malformations including abscesses,
perforations, strictures, obstructions, and fistulas forming complicated diverticulitis. However,
uncomplicated diverticulitis is more common and can be limited to the thickening of the colon
wall and pericolic inflammatory changes. It is also worth mentioning that there is a minor
probability that patients with diverticulosis develop diverticulitis [19], [20], [21].

NORMAL COLON DIVERTICULOSIS DIVERTICULITIS

'SIGMOID COLON

INFLAMED
DIVERTICULA

Figure 5: Diverticulosis and diverticulitis of the colon [22]

I.2. Cancer: general overview and prevalence

Cancer is a complex category of diseases distinguished by the unrestrained proliferation and
growth of cells in any tissue within the body and their ability to spread into different body sites.
It occurs because of a series of genetic mutations that transform healthy and normal tissue
into malignant tissue by triggering the imbalance between cell growth and cell death. The
transition from benign to malignant tumors is distinguished by the ability of the cells to
penetrate the various histological layers of the affected organ. The most advanced form of
cancer is in its metastatic stage where the tumor cells acquire their ability to detach from their
surrounding environment and form secondary tumors in body sites distant from the original
tumor site, via the blood or lymph. Therefore, certain hallmarks such as uncontrollable
proliferation of cells, resistance to cell death, inducing angiogenesis, and metastasis,
differentiate cancer from any other disease (Figure 6). Different factors can trigger the onset
of these mutations such as exposure to environmental carcinogens, oncogenic viruses, and
hereditary factors. The accumulation of mutations that can either activate the oncogenes or
inhibit tumor suppressor genes such as KRAS and P53, respectively, triggers a cascade of
events leading to the initiation and progression of cancer [23].
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Figure 6: Hallmarks of cancer [23]

The global cancer incidence differs between transitioning and transitioned countries. Higher
cancer incidence and mortality rates are estimated in transitioning countries due to aging,
lifestyle, and limited access to healthcare facilities. On the other hand, transitioned countries
have implemented effective measures for cancer control that lower the incidence and mortality
rates. Therefore, integrating preventive and curative measures to help reduce the cancer
burden and address the existing gaps between transitioning and transitioned countries is
necessary. By 2040, there is an estimation of a significant increase in cancer incidence
influenced by factors such as population growth, aging populations, changes in lifestyle
behaviors, and environmental factors. Additionally, colorectal cancer prevalence can differ
between sexes among different age groups and countries. For instance, Denmark, Iceland,
and Sweden show higher rates of cancer incidence in females than in males of certain age
groups. Also, there is an expected increase in cancer incidence in females as compared to
males in the United States, Canada, Denmark, Germany, New Zealand, and the Netherlands.
Whereas, globally, men experience a higher mortality rate of 43% from CRC compared to
women.

Among the different types of cancer, CRC has been the focus of many research studies due
to its potential for early detection and prevention through screening, high prevalence, and
significant mortality [24]

|.3. Colorectal cancer

Currently, CRC is at a critical point where many changes are happening, but even with
advancements in treatments, CRC remains the second leading cause of cancer-related deaths
in France. Particularly, the treatment of metastatic CRC remains a major challenge, and finding
innovative strategies for the treatment of CRC is essential to improving the patient’s quality of
life and limiting mortality rates [25].

1.3.1. Epidemiology

A study carried out in 2024 by the World Health Organization (WHO) and the International
Agency for Research in Cancer (IARC) shows that in 2022, for both males and females, CRC
is the third most common cancer and the second leading cause of mortality [24], [26] (Figure
7). Annually, it accounts for about 1.85 million diagnoses and 850,000 deaths [27]. In terms of
frequency among both sexes, CRC ranks second in women after breast cancer and third in
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men after prostate and lung cancers. Concerning the ages, the incidence rates increase with
age and peak at the age of 92 and 87 in women and men, respectively [24], [28]. An
epidemiological study performed by Yu Xi et al. demonstrated that the incident and death cases
vary across different regions with China and the United States having the highest estimated
new cases among the countries with a large number of diagnosed CRC cases. The number of
new CRC cases in China is projected to increase significantly from 0.56 million in 2020 to 0.91
million in 2040, reflecting a 64% increase. In the United States, approximately 0.16 million new
cases were estimated in 2020, with projections indicating an increase to 0.21 million by 2040.
Other countries mentioned with high incidence rates include Japan, Russia, India, Germany,
Brazil, the United Kingdom, Italy, and France. The mortality rates are expected to rise in line
with the increasing incidence (Figure 8). The disparities in survival rates and the importance
of early detection are highlighted, as CRC symptoms often appear at advanced stages,
complicating treatment and increasing mortality. Notably, the increase in incidence is more
pronounced among young adults and in economically transitioning countries [25].

(a) (b)
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Figure 7 : Worldwide (a) incidence and (b) mortality cases in 2022 [25], [26]

. () (b)
3 545713
3 911970 12}
© £
= - 53308
= ©
8 8 3 286162 ‘”.”.
— 555477 91543 20834 27077,
2 70084 = Q 21682 =l Russia
- 57528 [ 79699 Germany
[} 208978 sz Rusels &) 58 UK 73438
© 155008 a Germany poi? - o l S o
[3) UK 0133 148508 o Cge S
S ass7e - USA 20983 84347 0
o USA uou."" u D - RaY 3 Japan
b i Italy ““'."‘“ rosed 2 France .I China
= France B china . 3 Indla
g India -
c 48749

97229 T
B uw:. e 2«;0.
= < Brazil
© Brazil =
E 2020 = . 2020
@ 2040 ® w2
7] 40
(1 w

Figure 8: The estimated number of CRC (a) incidents and (b) death cases in the top 10
countries with the highest incidence rates in 2020 and projections until 2040 [25]

1.3.2. Risk factors and symptoms

A combination of environmental and genetic factors can trigger the development of CRC. Diets
that are low in fiber, consumption of red and processed meats, as well as saturated fats
increase the risk of CRC development. A sedentary lifestyle leads to obesity, with adipose
tissue producing hormones that promote tumor growth. Smoking, particularly tobacco,
introduces carcinogens that can damage DNA in the cells of the rectal and colon walls. Heavy
alcohol consumption induces inflammation and oxidative stress promoting tumor development.
Besides, the probability of developing CRC increases with age, with most cases diagnosed
after the age of 50 years old. Also, the risk of CRC incidence varies across different racial and
ethnic groups. Lastly, chronic inflammation associated with inflammatory bowel diseases
increases the risk of tumor formation due to the cell damage of the colon lining. Early symptoms
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include weight loss, alterations in bowel habits, abdominal pain, rectal bleeding, and iron
deficiency. Genetic predisposition significantly increases the likelihood of the development of
CRC. Hereditary diseases such as Lynch Syndrome (hereditary nonpolyposis colorectal
cancer) and familial adenomatous polyposis (FAP) are linked with a high risk of CRC
occurrence. Mutations in genes such as APC and CTNBB1 genes are associated with early-
onset CRC and can influence its progression and development [29].

1.3.3. Types

1.3.3.1. Sporadic CRC

Sporadic CRC refers to the cancer that emerges in the colorectal area without known
germline causes or family history. It is mainly a somatic genetic disease where
biomarkers related to somatic genes such as tumor suppressor genes and oncogenes
as well as epigenetics such as microsatellite instability (MSI), CpG island methylation
phenotype (CMP) aid in the diagnosis, prognosis, and treatment of sporadic CRC [30].

1.3.3.2. Hereditary CRC

Hereditary CRC is linked to specific germline gene mutations that are inherited and
predispose individuals to develop CRC at a younger age [31]. Additionally, there are
hereditary syndromes such as Lynch syndrome and FAP that elevate the potential risk
of developing CRC.

e Lynch syndrome

Lynch syndrome, also known as hereditary nonpolyposis colon cancer (HNPCC), is
one of the most common genetic syndromes. It is caused by changes in the DNA
mismatch repair (MMR) genes, which include MLH1, MSH2, MSH6, and PSM2.
Patients with Lynch syndrome are prone to an increasing risk of CRC development.

e Familial adenomatous polyposis

FAP is a hereditary disease, mainly caused by mutations in the APC gene (tumor
suppressor gene) with a significantly high predisposition to CRC development.

¢ MUTYH-associated polyposis

This disease is triggered by the mutation in the MUTYH (mutY DNA glycosylase) gene
which is responsible for DNA repair.

e Peutz-Jegher syndrome

This syndrome is characterized by hamartomatous polyps’ development in the GIT
and is caused by mutations in the STK1 gene increasing the risk of CRC.

e Juvenile polyposis syndrome

The development of multiple juvenile polyps in the colon and rectum is induced by
gene mutations in SMAD4 and BMPR1A genes and is associated with an increased
risk of CRC [32].

1.3.4. Pathways of CRC carcinogenesis

Carcinogenesis is identified by a gradual transformation of a normal cell into a cancer cell after
passing through a series of genetic mutations and epigenetic alterations that activate
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oncogenes or inactivate tumor suppressor and mutator genes. Normally, tumor suppressor
genes are recessive genes that inhibit cancer formation; however, when mutations or
epigenetic changes trigger both alleles of the gene, this inhibition will be suppressed leading
to tumor formation. On the other hand, mutations in oncogenes promote the hyperactivation of
the translated protein. Additionally, acting as dominant genes, oncogenes’ mutation of one
allele is sufficient to induce cell growth and division. The sequence and type of genetic changes
constituting the genetic pathways of carcinogenesis, result in the clonal evolution of
premalignant lesions into malignant tissues and contribute to CRC development (Figure 9).
CRCs most often develop from a polyp detected during a colonoscopy. Most sporadic CRC
development follows the classical adenoma-carcinoma sequence. This process begins with
the emergence of a unicryptal adenoma, which progresses through dysplasia and eventually
develops into several crypts due to uncontrolled cell growth and proliferation, forming
adenomas. These adenomas can further evolve into tubular to villous structures. Villous
morphology becomes the dominant structure as the tumor progresses through this multi-step
process, which can take between 10 to 40 years in sporadic CRC. Also, not all adenomas
transform into malignant tumors. Although most polyps are benign, some can progress to
cancer. CRC develops from a previously benign adenomatous polyp in 60-80% of cases.
However, not all polyps advance to colon cancer. Out of a thousand polyps, approximately one
hundred will reach a size of 1 cm, which increases the probability of progression to cancer,
and about twenty-five may develop into CRC within ten years. Colon polyps are massive
lesions that protrude from the intestinal mucosa into the intestinal lumen and usually arise due
to defects in cell proliferation, differentiation, or apoptosis within the normal mucosa. While
most polyps are benign, their diagnosis, frequent monitoring, and treatment are crucial, as
some have the potential to progress into cancer [7].

Malignant phenotype

Figure 9: Several genetic mutations contribute to the development of cancer [7]

1.3.5. CRC development: genetics and histology

The molecular mechanisms behind the progression of CRC from normal epithelium to
adenoma involve a complex of genetic and epigenetic modifications that influence various
signaling pathways. Wnt signaling pathway is among the most influenced signaling pathways
and is influenced by the accumulation of mutations in the adenomatous polyposis coli (APC)
and CTNNB1 (B-catenin) genes. Such accumulation triggers the transcription of Wnt target
genes such as MYC and cyclin D1 responsible for cell growth and proliferation and contributing
to the formation of early adenomas. Further mutations triggering KRAS oncogenes and the
deletion of chromosomes 17p and 18q holding SMAD (SMAD2 and SMAD4) and TP53 tumor
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suppressor genes, respectively, induce the additional progression into intermediate, late
adenomas and carcinomas. As the tumor progresses, the level of chromosomal instability
increases, making them more susceptible to mutations (Figure 10). Hence, specific mutations
or epigenetic changes in oncogenes and tumor suppressors with different frequencies and
consequences accompany the progression of CRC. Such genetic and epigenetic mutations
contribute to the activation of a variety of signaling pathways including Wnt, MAPK, and TGF-
B pathways, and disrupt the DNA integrity [7]

ad
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Figure 10: The somatic genetic mutations contributing to the development and progression of
cancer [7]

Moreover, mutations in KRAS genes are highly observed with the formation of adenomas as
they are involved in the activation of the MAPK/ERK signaling cascade which promotes
oncogenesis and inhibits apoptosis. Furthermore, the loss of function of the PTEN
(phosphatase and Tensin Homolog) gene and mutations in the PISBKCA (phosphatidyl-4,5-
biphosphate-3-Kinase catalytic subunit alpha) gene, encoding the p110a catalytic subunit of
the PIK3 gene, cause the activation of the AKT pathway which induces oncogenesis and
malignant transformation. Also, the TGF-3/SMAD pathway can be disrupted due to mutations
in the SMAD 4 gene, inhibiting its role in tumor-suppressing and favoring the growth,
proliferation, and metastasis of cancer cells. The NF-kB pathway can get constitutively active
after mutation in the NF-kB 1(subunit 1). Additionally, the NOTCH pathway also gets
dysregulated either positively or negatively depending on the type of mutations affecting the
NOTCH 1-4 gene. Mutations that lead to loss of function in these genes can result in pathway
inactivation, while mutations that cause gain of function can lead to hyperactivation of the
pathway. Finally, the JAK/STAT3 pathway is also involved in CRC development, particularly
through its activation following mutations in the JAK1/2/3 (Janus Kinase 1/2/3) and STAT3
(Signal Transducer and Activator of Transcription 3) (Figure 11) [33]. Additionally, epigenetic
changes such as DNA methylation and histone modifications also contribute to the initiation
and progression of CRC. Hypermethylation of promoter regions in tumor suppressor genes,
including MLH1 and CDKN2A, positively influences gene silencing and promotes oncogenesis
by the disruption of DNA repair and cell cycle. Mismatch repair (MMR) systems, often leading

Suzan GHADDAR | Ph.D. Thesis | University of Limoges | 2024 37
License CC BY-NC-ND 4.0



to microsatellite instability (MSI) are also linked to the neoplastic transformation that is
particularly arising from the hereditary transformation seen in HNPCC or Lynch syndrome [34],
[35].
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Figure 11: The molecular pathways contributing to the development and progression of CRC
[33]

1.3.6. Classification of polyps

Polyps of the colon are histologically classified according to their size, morphology, and depth
of invasion. Usually, small colonic polyps are asymptomatic and diagnosed incidentally during
endoscopic and radiographic examinations carried out for other purposes. However, polyps
can be painful as they ulcerate and bleed, and large polyps can cause intestinal obstruction.
Colorectal polyps are classified by their macroscopic appearance as pedunculated (extending
from the mucosa through a fibrovascular stalk) or sessile (flat, arising directly from the
mucosa). The two major groups of polyps are the non-neoplastic (hyperplastic,
hamartomatous, or inflammatory) and neoplastic (adenomas or dysplasia associated lesions).
Only adenomatous polyps can develop into cancer. Hence, accurately identifying the type of
polyps is crucial for determining the most effective treatment options and strategies to follow
for a better patient outcome [3].

1.3.6.1. Non-neoplastic polyps

These polyps are usually benign and don’t have the ability to develop into cancer. Hyperplastic
polyps and hamartomatous polyps are the two main types of non-neoplastic polyps. The
hyperplastic polyps, as their name implies, exhibit hyperplasia. They are the most common
type of colorectal polyps with a diameter of less than 5 mm. However, larger polyps greater
than 2 cm in size may pose a risk of developing dysplasia and malignancy. They’re sessile and
are most commonly found in the sigmoid colon and rectum. Hamartomatous polyps, also
known as “juvenile polyps”, are composed of connective tissue covered by hypertrophic
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epithelium and form a pedunculated structure. They can also develop into dysplasia when they
significantly outgrow their regular size [36]

1.3.6.2. Neoplastic polyps

Neoplastic polyps are a type of colorectal polyps that have the potential to develop into cancer.
The adenomatous polyps are the most diagnosed neoplastic polyps in patients and are usually
divided into three major subtypes according to their histology: tubular adenomas, villous
adenomas, and tubulovillous adenomas. Tubular adenomas are characterized by the presence
of tubular glands with a branching structure and are the most prevalent histological category,
accounting for 65-80% of all excised polyps. Compared to villous adenomas, tubular
adenomas are typically pedunculated and show less atypia. The risk of invasive carcinoma in
tubular adenomas is generally low. Villous adenomas represent a smaller proportion (5-10%)
of neoplastic polyps but are more likely to be sessile and exhibit severe atypia or dysplasia.
Villous adenomas, especially when they are large, have a high risk of progressing into invasive
carcinoma. Tubulovillous adenomas, which exhibit features of both tubular and villous
structures, account for 10-25% of neoplastic polyps and have an intermediate risk of
malignancy. The risk of carcinoma in tubulovillous adenomas falls between that of tubular and
villous adenomas. (Figures 12 and 13) [36].

(a)

Figure 12: Tubular adenoma with hematoxylin-eosin staining and visualization under (a) low
and (b) high power microscopic magnifications with clear histological appearances of the
branched tubular structures [36]

Figure 13 : Villous adenoma with hematoxylin-eosin staining and visualization under (a) low
and (b) high power microscopic magnifications with clear histological appearances of the long
finger-like projections [36]

I.4. Screening and clinical diagnosis

Screening for colorectal cancer is vital for the early detection and prevention of colorectal
cancer, as well as the identification of other bowel diseases. Early screening and clinical
diagnosis allow for the discovery of precancerous polyps or malignancies at a stage when they
are more easily treatable and can significantly improve patient outcomes.
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1.4.1. Endoscopic diagnosis

Colonoscopy is used not only as a diagnostic tool, but also a therapeutic one, as biopsies can
be taken to assess the histology of the malignant lesion. Colonoscopy is the gold standard for
CRC screening and diagnosis. It enables the removal of the dysplastic and/or premalignant
lesions. The accuracy of colonoscopy in diagnosing CRCs varies between 88% and 98% for
adenomas with a diameter of 10 mm. Surveys have demonstrated a 50% to 70% reduction in
CRC occurrence, and a 30% reduction in CRC-associated deaths when early diagnosis is
achieved with colonoscopy. Colonoscopy can also assess both the distal and proximal parts
of the colon considering the complexity of the procedure, the requirement for bowel preparation
with precise diet and time, and the need for sedation or anesthesia. It is worth emphasizing
that when normal colonoscopy is not possible, virtual colonoscopy or computed tomography
(CT) colonography can be used instead as they are accurate, non-invasive, and powerful
diagnostic tools, with equivalent capabilities in detecting large lesions of 10 mm or more.
Besides, CT colonography allows the examination of the colon using computed tomography
(X-rays) to acquire images of the different sections of the colon, enabling the analysis and
diagnosis of the colonic state. Flexible sigmoidoscopy (FS) provides inspection of the sigmoid
colon and taking biopsies distally. Another non-invasive technique is the capsule endoscopy
during which the patient ingests a capsule with a camera that captures the entire intestinal wall
and then is naturally eliminated from the body [37].

1.4.2. Biochemical and histological diaghosis

When CRC is under investigation, it's essential to identify the family history of the patient,
perform clinical diagnosis by digital rectal examination (DRE), and demonstrate the associated
biomarkers such as the carcinoembryonic antigen (CEA), used for prognosis and examination.
If clinically detectable, it is important to assess the extent to which the tumor is invasive,
peripheral, large, and disseminated within the pelvis [38]. Biochemical analysis includes the
examinations of the different antigens and biomarkers highlighting the onset of CRC. Upon the
presence of a polyp, various tests should be performed to ensure the presence of the tumor
and determine its stage. Biological and biochemical blood tests are carried out for the detection
of certain biomarkers, in particular, CEA which is a protein usually found in normal physiologic
conditions, yet it can be overproduced by tumor cells. There can still be cancerous tumors
even if this antigen exhibited a normal level in blood; however, augmented levels is linked to
the presence of cancer. Further blood tests to detect other antigens such as creatinine levels
and complete blood counts (CBC) are necessary. Also, taking biopsies is a critical step for
examining the tissue’s morphological and histological features and determining the stage of
the cancer. In addition, searching for certain gene mutations such as KRAS, BRAF, NRAS,
BRAF and PIK3CA genes as well as epigenetic changes such as gene silencing or MSI. After
diagnosis, the patient’s treatment path can be directed toward the optimal treatment strategy
aiming to enhance his/her life quality [39]. Although the carbohydrate antigen (CA 19.9) has a
reduced diagnostic sensitivity and specificity by 34%-55% as compared to CEA, it is still used
as a biomarker in the diagnosis of CRC. Additionally, the tissue polypeptide specific antigen
(TPS) biomarker is also used with a high diagnostic sensitivity of 95% and moderate specificity
of 83%. Other biomarkers include the hematopoietic growth factors (HGFs), tumor-associated
glycoprotein-72 (TAG), stem cell factor (SCF), granulocyte-colony stimulating factor (G-CSF),
and macrophage-colony-stimulating factors (M-CSF). G-CSF and M-CSF have a high
specificity (95%) providing a reliable confirmation of the presence or absence of the disease.
Another marker is the circulating tumor DNA (ctDNA) analysis which shows a growing area of
research as a non-invasive method involved in the detection of tumor DNA fragments in the
bloodstream [40]. An additional clinical analysis, the fecal immunochemical test (FIT), which
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detects blood in stool, offers significant accuracy and higher compliance compared to the
guaiac-based fecal occult blood test (gFOBT) [38].

I.5. Colorectal cancer therapies

Like any other type of cancer, conventional treatment methods such as surgery, radiotherapy,
and chemotherapy, including both targeted therapy and immunotherapy, are used in CRC
treatment.

I.5.1. Surgery

Surgery is the primary treatment option, especially at the early stages of CRC where the tumor
is still small and localized into the colon and rectal areas without spreading into any other
distant body sites. Additionally, upon metastasis, spreading cancer cells will reach the liver
through the portal circulation as the first target site. One-third of patients are detected with liver
metastasis three years after the first diagnosis which allows 15-20% of patients to undergo
hepatectomy. Surgical resection combined with proper systemic chemotherapy can enhance
the patient’s quality of life and prognosis increasing their median survival rates. Surgery also
reduces the recurrence and relapse of the patient especially when combined with adjuvant
therapies, post-surgery, such as radiation or chemotherapy aiming at the residual cells that
weren’t removed by surgery. However, surgeries might also be accompanied by complications
such as bowel dysfunction, infections, and bleeding that further require to be managed. Other
factors that can impact the outcome and recovery process after surgery include age,
comorbidities, and overall well-being [41]. Among the performed surgeries in the treatment of
CRC, colostomy involves performing an incision in the anterior abdominal wall in which a part
of the colon is brought to the surface of the skin. This aperture frequently forms an external
colostomy bag along with a connected ostomy system. This gives the body an alternate route
for excretion. Colostomies are also made to treat other medical conditions affecting the colon
such as IBD and can also be temporary or permanent depending on the underlying condition.
Hemicolectomy is a surgery involving the elimination of a part of the colon, either the right or
the left side of the colon carrying the tumor. Polypectomy refers to the removal of polyps after
early detection during colonoscopy to prevent the progression and development of colorectal
cancer [42], [43].

I.5.2. Radiotherapy

Radiotherapy is a treatment modality based on the use of high-energy radiation such as
external beam radiation (EBRT) and internal radiation therapy also called “brachytherapy”
penetrating the body to trigger the death of the cancer cells. The specific brachytherapy model
used in the treatment of rectal tumors is endorectal brachytherapy. Endorectal brachytherapy
used in combination with EBRT can highly influence better control of rectal cancer and prevent
recurrence. The radiations used can be photon radiations (X-rays and gamma rays), proton
radiations, electron radiations, and radioactive isotopes. It started in the late 1980s and 1990s
when it was detected that combining it with surgery as neo-adjuvant and adjuvant therapy
improved the patient’s outcome. Radiotherapy can also be used as a palliative treatment as it
mitigates the symptoms associated with advanced cancer cases. Advances in the methods of
radiotherapy used widely in clinics include intensity-modulated radiotherapy (IMRT) and
stereotactic body radiotherapy (SBRT) is accompanied by reduced side effects and more
accuracy. IMRT is based on the use of multiple beams with different intensities that can be
adapted to best suit the tumor structure, giving it the advantage of being used for the treatment
of complicated tumor structures and locations. This technique allows the radiation dose to be
precisely modulated and delivered homogeneously to the tumor area while sparing healthy
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tissues, thereby reducing toxicity. On the other hand, IMRT delivers high radiation doses in
short periods into the tumor site and is often used for small and well-defined tumors. These
augmented doses will cause significant DNA damage and cell death providing a local control
of the tumor area [44], [45], [46].

I.5.3. Chemotherapy

The principal treatment strategy for all types of cancer is chemotherapy, which comprises the
administration of a variety of chemical compounds that are administered orally or intravenously
(IV) and cause toxicity to cancer cells. These compounds include enzymes, anti-metabolites,
alkylating agents, plant-alkaloids, antitumor antibiotics, hormones, and enzymes. They can be
administered as one drug type at a time or a combination of drugs, known as monotherapy
and polytherapy, respectively. Chemotherapy can be neoadjuvant minimizing the tumor size
before surgery, or adjuvant to kill the cancer cells remaining in the tumor and limit cancer
recurrence and relapse. Chemotherapy acts by targeting the death of cancer cells through
alkylating into DNA and deteriorating their integrity allowing the inhibition of DNA replication
and the induction of cancer cell death. Also, drugs can act by building up a toxic
microenvironment of the tumor which further weakens their aggressiveness and invasiveness.
However, the major limitation of this type of therapy is not selective only towards the cancer
cell, so it can affect surrounding normal healthy cells which contributes to adverse undesirable
side effects. So far, none of the medications have spared the healthy cells while Killing the
cancer cells.

In CRC, 5-fluorouracil (5-FU), a pyrimidine analog acting as an inhibitor of the thymidine
synthase enzyme, remains a first-line chemotherapeutic option. Nevertheless, it is
accompanied by certain limitations such as low solubility and short half-life. Adjuvant
chemotherapeutic drugs such as capecitabine, leucovorin, irinotecan, ramucirumab,
cetuximab, and oxaliplatin are often used in combination with 5-FU to boost the therapeutic
potency against CRC. However, some drugs are used as monotherapy without 5-FU, including
regorafenib, a multi-kinase inhibitor affecting the vascular endothelial growth factor receptor
(VEGFR) and platelet-derived growth factor receptors (PDGFR). Regorafenib also affects the
SHP-1-STAT3 axis; SHP-1 (SH2 containing phosphatase-1 domain) by inhibiting the involved
kinases leading to tumor growth and suppression of epithelial to mesenchymal transition.
Chemotherapy, radiotherapy, and surgery can be combined to produce an optimal outcome in
causing tumor eradication [47] [48] .

I.5.4. Targeted therapies and nanomedicine

To reduce the undesirable side effects associated with chemotherapy and radiotherapy,
targeted therapy acted as a promising breakthrough in the field of cancer therapies. These
therapies are based on the use of drugs well-designed to target cancer areas and be selective
to the cancer cells. This includes the use of monoclonal antibodies that can directly bind to
surface proteins, glycoproteins, and carbohydrates specific to the cancer cells or indirectly
through interference with factors essential for the growth of the tumor. For example,
bevacizumab is a monoclonal antibody targeting VEGFR present on the surface of endothelial
cells. This receptor is activated after the binding of its VEGF ligand secreted by the tumor cells
and the overall process is regulated by numerous factors that can either promote or inhibit
angiogenesis, such as the vascular endothelial growth factor (VEGF) and fibroblast growth
factors (FGF1 and FGF2). Consequently, the growth and formation of new blood vessels will
be triggered to nourish the tumor and promote its development. Hence, the role of the
bevacizumab drug will be highlighted through the suppression of this growth and inhibition of
angiogenesis, thereby limiting blood supply and tumor progression. This targeted drug
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category also includes cetuximab and panitumumab targeting the epidermal growth factor
receptors (EGFRs). EGFR is a tyrosine kinase receptor and belongs to the erythroblastosis
oncogene B Erb8 and the human epidermal growth factor (HER) receptors. They become
activated by the binding of their ligands EGF and TGF-a. Once activated, many signaling
pathways such as JAK/STAT3, RAS, RAF, and MEK are induced causing cell growth and
proliferation. EGFRs are overexpressed in cancers such as CRC, melanoma, glioma, and
esophageal cancer [49], [50], [51].

Additionally, new approaches are being made to target cancer cells and enhance drug
absorption and clearance. This involves the application of nanoparticles (NPs) ranging from 1
to 100 nm in size and holding the anticancer drug interiorly through encapsulation or on its
surface. Different types of NPs can be mentioned. This includes polymers, micelles,
nanocrystals, dendrimers, silica/gold nanopatrticles, and liposomes. NPs are non-toxic and
flexible as they can be modified and conjugated to functional groups with optimal compatibility
with the body and selectivity towards cancer cells. Coupling of NPs with substrates, peptides,
or antibodies can allow their binding to a receptor that is overexpressed on cancer cells. For
instance, 5-FU can be coated by a PH-sensitive methacrylic-based copolymer to enhance its
solubility and targeting capacity [52]. Similarly, folate-conjugated gold NPs are designed to
actively target cancer cells as they express high levels of folate receptors. Moreover, magnetic
NPs are also used in targeted cancer therapy through the application of external magnetic
fields alone or in combination with hyperthermia or chemotherapy and can act as drug delivery
systems [53].

I.5.5. Immunotherapy

Our immune system is often ready to respond to various pathogens, foreign structures, or even
abnormal cells in our body. However, in some cases, this system fails to accomplish the
desired outcomes or accidentally confers to undesired outcomes such as auto-immune
disease. In the case of cancer occurrence, the immune system considers the abnormal cell as
a foreign substance and tries to attack it, but when it is unable to differentiate between this cell
and a normal cell or when the cancer cells secrete an immunosuppressive molecule, the
immune system weakens, and cancer develops. Therefore, to boost the immune system
against cancer cells, immunotherapy plays a significant role in modifying the immune response
through certain ligands and drugs. This includes immune checkpoint inhibitors such as
pembrolizumab, nivolumab, and atezolizumab that can interfere with the interaction between
the immune cells such as T cells, and the cancer cells carrying immune checkpoints on their
surface such as the programmed death-ligand 1 (PD-L1) which blocks the immune cells’
activity. Therefore, these drugs inhibit these checkpoints and trigger the desired activity of the
immune cells (Figure 14) [50], [51], [54], [55].
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Figure 14: Immune checkpoint inhibitors: (a) the interaction between PD-1 and PD-L1 prevents
the T cell from killing the tumor cell (b) blocking this interaction with anti-PD-1 triggers the
death of the tumor cell by the T cell [56]

I.5.6. Gene therapy

With the development of science-based techniques, gene therapy is a method for inserting
specific genes into the host genome, such as those associated with the expression of
antibodies, cytokines, and specific receptors. The benefit of gene therapy is that, once the
specific gene has been delivered successfully and inserted at the target site, it will stimulate
sustained generation of the therapeutic molecule in the patient. Selecting the particular gene
delivery system and targeting the appropriate cell for insertion are typical challenges in gene
technology. The gene insertion system may employ viral or non-viral methods. In cancer,
genes involved in the inhibition of angiogenesis and cell proliferation, as well as genes
generating therapeutic antibodies, may be identified as suitable targets for gene therapy.
Recent improvements are being made with the use of antisense genetic tools such as siRNA,
mMiRNA, and CRISPR-Cas9 [57]. Gene therapies involve the adenovirus-mediated wild type
p53 replacement therapy which is based on using adenoviruses to deliver the wild-type p53
gene to colorectal cancer cells with mutated p53 genes. Also, immunization and proper
vaccination of patients with CRC to boost their immune system against specific antigens such
CEA leading to tumor regression [58].

I.5.7. Laser therapy

Laser therapy is a recent therapy based on the utilization of fundamental light energy sources.
It is comprised of two major approaches which are photothermal therapy (PTT) and
photodynamic therapy (PDT). PTT involves hyperthermia-mediated NPs. Once these particles
are administrated, they will reach the tumor site where they will accumulate and get exposed
to light illumination of a specific wavelength. The electrons within the NPs will perform
coordinated oscillations inducing the transformation of the near-infrared light into heat resulting
in the death of the tumor cells. PDT in laser therapy permits the detection of tumor areas
through photo-diagnosis and provides anti-cancer therapy, simultaneously. This therapy
provides advantages as a focal and localized treatment modality diminishing the undesirable
side effects [59], [60].
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1.5.8. Adoptive cell therapy (ACT)

ACT is a personalized cancer therapeutic approach that enables the immune system to attack
cancer cells. It is based on obtaining the immune cells from a patient’s blood or tumor tissue
through a process called ‘leukapheresis”, particularly T cells, which are then enhanced in the
laboratory through exposing them to specific antigens or cytokines to improve their activity in
the immune response. On the other hand, these cells can be modified through genetic
engineering to induce the expression of chimeric antigen receptor (CARS) or T cell receptors
(TCRs) which can recognize tumor associated antigens (TAA). Once a sufficient number of
the modified or enhanced T cells is obtained, they are infused back into the patient. For
metastatic colorectal cancer (MCRC), several metastatic lung lesions showed clear regression
following the infusion of HLA-C*08:02-restricted tumor-infiltrating lymphocytes (TILs)
specifically targeting the KRAS G12D mutation [61]. While this type of therapy holds a
promising potential, different challenges are accompanied with its application in solid tumors
like CRC. This includes the tumor microenvironment which is often an immunosuppressive
environment due to certain cytokines, regulatory T cells and myeloid-derived suppressor cells
that hinder the effectiveness of ACT. Other challenges include the heterogeneity in antigen
expression exhibited by the tumor as well as the ACT associated side effects including cytokine
release syndrome (CRS) and neurotoxicity. The first CAR T-cell therapy began in the early
2000s when it gained attention for its potential in treating hematological malignancies,
particularly in patients with B-cell lymphoma. Nevertheless, the antigen targets used in CAR
T-cell therapy for CRC are often also expressed in normal cells, making it challenging to
accurately distinguish tumor-associated antigens (TAAs). As a result, this therapy lacks the
high specificity and effectiveness in the treatment of CRC [62)].

1.5.9. Anti-tumor vaccine therapies

Anti-tumor vaccine therapies are designed to enhance the potential of the immune system in
recognizing and attacking cancer cells by targeting specific TAAs or tumor-specific antigens
(TSAs). These vaccines aim to enhance the body’s immune response against tumors, enabling
regression and long-term immunity against cancer recurrence. This includes dendritic cell
vaccines which employ dendritic cells that have been loaded with tumor antigens. Once
administered, they activate T cells to recognize and attack cancer cells. Peptide vaccines
consisting of peptides that correspond to specific tumor antigens which are also designed to
elicit a targeted immune response. Viral or bacterial vector vaccines involving modified viruses
or bacteria for the delivery of tumor antigens to the immune system to induce an immune
response. Whole tumor vaccines which use whole tumor cells that are dead or modified to
stimulate an immune response against a broad range of tumor antigens. Anti-tumor vaccines
work by presenting tumor antigens to the immune system, particularly to T cells. This process
activates T cells, which then proliferate and migrate to the tumor site to attack cancer cells.
The vaccines can also promote the development of memory T cells, which provide long-lasting
immunity against cancer recurrence. Anti-tumor vaccines are being actively investigated for
their potential in treating CRC. Various clinical trials are underway to evaluate the safety and
efficacy of different vaccine platforms in CRC patients. Some vaccines are designed to target
specific antigens commonly expressed in CRC such as CEA and mucin 1 (MUC1). Several
clinical trials have explored the use of peptide-based vaccines in CRC, aiming to elicit an
amplified immune response against tumor cells. For example, vaccines targeting CEA have
shown promise in early-phase trials. There is growing interest in combining anti-tumor vaccines
with other immunotherapies, such as immune checkpoint inhibitors (e.g., anti-PD-1/PD-L1
therapies), to enhance the overall immune response against CRC. Anti-tumor vaccine
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therapies represent a promising strategy against CRC, with ongoing research aimed at
optimizing their efficacy and overcoming existing challenges. These vaccines harness the
immune system’s capability to identify and destroy cancer cells which offer the potential to
enhance the patient outcomes and open new pathways for the treatment of CRC [62].

I.6. Current targeted therapies for mCRC

It is important to highlight and develop critical therapies for the treatment of mCRC as its
corresponding 5-year survival rate is 15% after treating with the conventional cancer therapies
including surgery, radiotherapy and chemotherapy. Whereas this rate is almost 65% for
patients with early stages of CRC. Surgical excision of the tumor showed to enhance the
overall survival (OS) of patients. However, almost 25% of patients are shown with tumor
metastasis into different body sites at the time of diagnosis which limits their surgical
effectiveness. In this case, to minimize the tumor size and enhance the survival of patients,
chemotherapy alongside targeted therapy and/or radiotherapy is required. It is important to
well explore the involved genetic mutations and resistance strategies to decide on the optimal
therapeutic approach included in the first-line chemo- and targeted therapies. For instance,
chemotherapy including FOLFOX (fluorouracil, leucovorin, and oxaliplatin), FOLFOXIRI
(fluorouracil, leucovorin, oxaliplatin and irinotecan), FOLFIRI (fluorouracil, leucovorin, and
irinotecan) can be combined to targeted drugs such as VEGF and EGFR inhibitors to be used
as a primary option for the mCRC treatment. Fluorouracil-based chemotherapy showed to
ameliorate the OS of patients suffering from mCRC up to 14 months. Subsequently, FOLFOX
lengthened the OS of patients to reach 19.5 months. Cetuximab, an anti-EGFR, was approved
by the FDA in 2004 and thereafter several targeted drugs gained approval for the treatment of
MCRC (Table 2) [63], [64].

Table 2 : Targeted therapies for mCRC approved by the FDA [64]

e S‘i‘;:rg‘:d by Drugs Targets Drug Details
Cetuximab EGFR Chimeric mouse/human mAb (IgG,)
2o Bevacizumab VEGF-A Humanized mAb (IgG;)
2006 Panitumumab EGFR Fully human mAb (IgG;)
Fusion protein which consists of the
Abecept  VEGEAVEGER,PIGE  indg potons ol VECE om,
2012 ofimmunoglobulin G (IgG)
Regorafenib VEPGDFg ;:IE,C;I:{ /’\?T’ mcsg:'z:ciﬂ:;lg::\‘;h;?::g;g{ular
receptor tyrosine kinases
2015 Ramucirumab VEGFR-2 Fully human mAb (IgG,)
Pembrolizumab PD-1 Humanized mAb (IgG;)
e Nivolumab PD-1 Fully human mAb (IgGy)
Ipilimumab CTLA4 Fully human mAb (IgG;)
R Larotrectnib TRK Small maloauieo/tyostne
2019 Entrectinib TRK, ALK, ROSI sl ipolech  of fyrosine
2020 Encorafenib BRAF (V600E-mutant) Small molecule kinase inhibitor
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I.7. New biomarkers of the clinical response

Several biomarkers are correlated with the patient’s response to the clinical treatments such
as mutations in BRAF, KRAS, HER2 amplifications, the density of TILs and PD-L1 expression.
Patients with BRAF mutations are associated with a poor prognosis and may indicate
resistance to certain therapies. Also, KRAS mutations, particularly in codons 12 and 13, are
associated with resistance to anti-EGFR therapies such as cetuximab and panitumumab.
HER2-positive CRC may respond to targeted therapies such as trastuzumab. Additionally, high
levels of PD-L1 expression in CRC may correlate with a better response to PD-1/PD-L1
inhibitors. Performing tests to reveal the PD-L1 expression can help identify patients who are
more likely to benefit from ICIs. The presence and density of TILs, particularly CD8+ T cells,
can be indicative of an active immune response against the tumor. High levels of TILs are often
associated with better prognosis and may predict response to immunotherapy. Emerging
biomarkers include tumor mutational burden (TMB) that are linked to mutations in DNA repair
genes, such as POLE or POLD1 mutations, where tumors with high TMB are often more
immunogenic and may respond better to ICIs due to the abundance of mutation-associated
neoantigens. Mutations in POLE and POLD1 genes can lead to proofreading defects in DNA
replication and are characterized by higher infiltration of CD8+ T cells as well as greater
expression of cytotoxic markers, suggesting a similar immune response profile to dAMMR/MSI-
H tumors. The dMMR/MSI-H (mismatch repair deficiency/ microsatellite instability) in tumors
contributed to a favorable response to ICls in about 15% of CRC patients and in 5% of patients
with metastasis. Also, the telomere length and telomerase activity are emerging as indicators
of the immunity state, may serve as prognostic and predictive biomarkers in CRC therapy, and
improving them could potentially improve the efficacy of immune-mediated therapies, including
ACT and ICls. The identification and validation of these emerging biomarkers are crucial for
specifying treatment strategies in CRC according to the individual patient’'s biomarkers. By
understanding the molecular characteristics of tumors, clinicians can better predict which
patients are likely to benefit from specific therapies, ultimately improving treatment outcomes
and minimizing adverse effects [62] .

1.8. Staging classification

After tumor detection, it is crucial to detect the stage of the tumor, which can be divided into
stages based on TNM classification systems. The TNM classification system of the American
Joint Committee on Cancer (AJCC) is most used for CRC staging. The TNM classification is
an international system for classifying cancers based on their anatomical spread. It allows
stage assessment into three criteria: local, regional, and metastatic anatomical propagation.
The three letters symbolize the spread of the cancerous disease at the site of the primary
tumor (T), in the nearby lymph nodes (N), and at distant sites for potential metastases (M) [65],
[66], [67].

The letter “T”” symbolizes the initial tumor and is an indicator of the size and depth of the tumor.
It is ordered from TO in which no primary tumor is detected until T4 which refers to the most
invasive form of the tumor. When cells become cancerous, they are localized to the inner
surface of the colorectal wall, but in some cases, they can reach deeper layers. Investigating
the tumor size, especially its histological extent, allows for the estimation of the degree of
disease progression. The deeper the tumor has spread within the histological layers, the poorer
the survival prognosis (Figure 15).
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Figure 15: TNM classification system: the letter “T” refers to “Tumor” and is an indicator of the
size and depth of the tumor. It ranges from Tx until T4. (Created using Microsoft office
PowerPoint)

The letter “N” indicates lymph node involvement and the number of affected lymph nodes. It
describes the cancer cells’ ability to spread to the organ’s surrounding lymph nodes. NO means
that the cancer has not spread to any nearby lymph nodes. N1, N2, or N3 means that the
cancer has reached the lymph nodes and reveals the number, size, and location of affected
lymph nodes. Indeed, the involvement of lymph nodes is a sign of poor prognosis, but the
number of affected lymph nodes determines the chances of recovery (Figure 16).

Lymph nodes (N)
|
N (T ) ) )
w [ w0 [ w [ we |
No metastasis = N2a: Metastasisin 4 to 6
to regional regional lymph nodes
lymph nodes = N2b: Metastasisin 7 or
more regional lymph nodes
Insufficient
information to = N1la: metastasisin 1 regional lymph node
classify the ® N1b: metastasisin 2 to 3 regional lymph nodes
regional lymph = N1c: Tumor nodules in the sub-serosaor the
nodes non-peritoneal pericolic or perirectal soft tissues
without lymph node involvement

Figure 16: TNM classification system: the letter “N” refers to “lymph nodes” and is an indicator
of lymph nodes’ involvement. It ranges from Nx until N2. (Created using Microsoft office
PowerPoint)
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The letter “M” indicates metastasis. After dissemination into the lymph nodes, the cancer cells
will metastasize through the bloodstream to reach distinct body sites. Typically, the cells can
now leave the large intestine and move to distant body organs forming a secondary tumor. A
higher risk of metastasis is linked to a more advanced stage of cancer. MO indicates the
absence of known metastasis and M1 refers to the presence of metastasis regardless of the
location or number of affected body sites (Figure 17).

‘l Distant Metastasis (M) \

Fo [

¥

No distant
metastasis

M1a: Distant metastasis confined to one organ
without peritoneal involvement: liver, lung, ovary,
non-regional lymph nodes.

M1b: Metastases affecting more than one
metastatic site.

M1c: Peritoneal metastases with or without
involvement of another organ

Figure 17: TNM classification system: the letter “M” refers to “metastasis” and is an indicator
of distant metastasis. It consists of MO and M1. (Created using Microsoft office PowerPoint)

The most common staging system used for CRC is the TNM classification. The grouping of
TNM criteria enables the staging of CRC at the time of diagnosis. It progresses from stage 0
to stage IV and can generally establish the optimal therapeutic options for the patient. Higher
stages often have elevated numbers and demonstrate a more advanced cancer progression

(Figure 18).

Stages of Colorectal cancer

Figure 18: The different stages of CRC representing its development and progression [68]
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e Stage 0 (Carcinoma in situ)

It represents the earliest stage which is also referred to as carcinoma in situ or intramucosal
carcinoma. Cancer cells are restricted to the mucosa (inner lining) of the colon or rectum. They
can be detected in the epithelium, yet sometimes they may have invaded the connective tissue
layer of the mucosa. However, cancer cells have not developed beyond the muscular layer of
the mucosa.

e Stagel

The tumor has invaded the submucosa or even extended into the tunica muscularis of the
colon or rectum but has not progressed to neighboring lymph nodes or distant sites.

e Stagell
This stage is further subdivided into Il A, 1l B, and Il C.

- Stage Il A: the tumor has penetrated the layer of tissue between the muscularis
and the serosa or has reached tissue beyond the muscularis where there is no
serosa.

- Stage Il B: the tumor has invaded the membrane that surrounds and supports the
colon and rectum (serosa or visceral peritoneum).

- Stage Il C: the tumor has progressed through the wall of the colon or rectum to
other organs or regions of the body, such as the bladder, uterus, or prostate.

e Stage lll

At this stage, cancer cells have infiltrated the lymph nodes near the colon or rectum. Stage Il
is also divided into stages Il A, 11l B and Il C based on the extent of the tumor and the number
of affected lymph nodes.

e StagelV

Stage IV is also known as metastatic CRC where the tumor has disseminated to other parts of
the body (distant metastases), such as the liver or lungs. It is sub-divided into stage IV A, IV
B, IVC.

- Stage IV A: the tumor has spread into one organ.

- Stage IV B: the tumor has extended to more than one organ.

- Stage IV C: it is the most aggressive stage of CRC where the tumor has invaded the
peritoneum [65], [69] (Table 3).

Table 3: Classification of CRC based on their stages and the associated probability
percentage of five—year survival [70]

Stage TNM Classification Five-Year
Survival (%)
Stage 0 Tis-NO-MO >90 %
Stage | T1-2, NO, MO
Stage Il A T3, NO, MO 60-85 %
Stage Il B T4a, NO, MO
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Stage Il C T4b, NO, MO

Stage lll A T1-2, N1-2a, MO 25-65 %
Stage Il B T1-4a, N1-2b, MO

Stage lll C T3-4b, N1-2b, MO

Stage IV A T (all)- N (all)- M1b 5-7%
Stage IV B T (all)- N (all)- M1a

Stage IV C T (all)- N (all)- M1c
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Chapter Il. Photodynamic therapy

Considering a treatment that uses light, a source of energy and life to fight several diseases,
including cancer, can be quite compelling. This is the potential of photodynamic therapy (PDT)
as an innovative approach that combines light energy with modern medicine. Initially arising
from a fusion of ancient wisdom and the forefront of research, PDT represents the intersection
of science and innovation, offering a versatile and accurate procedure against cancer and
other diseases.

II.1. History of photodynamic therapy

PDT has a rich history since ancient civilizations, yet not until the 20" century, it showed a
significant development. Sunlight has been recognized to have a therapeutic potential in the
ancient times when heliotherapy was practiced by the Greeks and individuals exposed
themselves to sunlight for healing and health restoration. In the early 20" century,
phototherapy was further discovered after the work of pioneers like Niels Finsen, Oscar Raab,
and Herman von Tappeiner. Niels Finsen, a Danish physician, discovered the light’s
therapeutic potential for skin tuberculosis. He demonstrated certain wavelengths of light
specifically in the ultraviolet range, exerting an anti-bactericidal effect against lupus vulgaris.
Oscar Raab, a German scientist, conducted a study on acridine which is a coal tar, to see its
effect when combining it with light. He observed an increased toxicity hypothesizing that it
originated from the fluorescence and not light itself. Hence, he demonstrated the role of
fluorescence in enhancing the biological effects of certain compounds which contribute to the
understanding of light-induced reactions in living systems. This conclusion was also validated
by an Austrian physician named Herman von Tappeiner. In the mid-20" century, the uptake
and retention of haematoporphyrin (HP) was investigated by Auler and Benzer in the 1940s.
They showed that HP was preferentially accumulated in tumor cells at higher levels than in
normal and surrounding tissues. When tumors were then illuminated, necrosis occurred in the
tumor demonstrating a PDT effect of HP. In the 1950s, post-war advances occurred in this
field, Schwartz et al. manifested that the uptake of HP in tumors was inconsistent and its
associated phototoxicity limited its use which recruited further research and investigations to
overcome the associated challenges and optimize its potential in cancer treatment.

In the 1960s, a derivative of haematoporphyrin (HpD) was used as a candidate for
phototherapy of tumors. Lipson et al. reported the first successful treatment of cancer using
HpD on a patient with recurrent breast carcinoma. Further trials further validated the
therapeutic effect of HpD which showed promising outcomes on various tumor types between
the 1960s and 1970s. HpD is made up of monomers, dimers, and oligomers of porphyrins and
was partially purified to remove the porphyrin monomers with low activity to yield Photofrin, a
widely used photosensitizer (PS) in clinics. Finally, by the 1980s, PDT using porphyrins was
applied to a wide range of tumors such as lung, esophagus, bladder, lung, and skin cancers.
Hence, since the late 20" century until now, PDT has been the center of attention of a lot of
researchers where a lot of studies are being conducted to optimize the potential of different
photosensitive molecules and light dosimetry necessitating developments in photochemistry
and photophysics to use in the PDT against cancer with minimal side effects and better
outcomes. Ongoing research aims to enhance the development of novel photosensitizers
(PSs), optimization of light systems, and imaging techniques for good monitoring of the
response to treatments. Nowadays, PDT is being applied in clinics for the treatment of many
cancer types. [71], [72], [73] .
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I1.2. Principles of photodynamic therapy

As its name implies, PDT is a therapy based on the use of photons referring to light. PDT is an
innovative clinically approved and minimally invasive therapeutic procedure that can exert
selective cytotoxic activity against tumor cells while preserving surrounding healthy tissues and
thereby limiting side effects. It requires three essential factors to exert its potential, which are
PS, light (photons), and oxygen (O-) (Figure 19). The PSs are the molecules sensitive to light
that cause their activation and trigger their biological effect. Upon the administration of this
photoactive substance, it will accumulate in cancer cells and then will be exposed to light
illumination at a particular dose (J/cm?) and specific wavelength corresponding to its absorption
band. The light-excited PS transfers energy to oxygen (O-) creating singlet oxygen (*O) and
ROS. These cytotoxic species produced initiate a cascade of biochemical events that cause
cells’ damage and death. This therapy overcomes one of the main challenges in cancer
treatment which is targeting cancer cells and its selectivity stems from the localized nature of
the illumination used to activate the PS, as well as the preferential accumulation of the PS into
targeted tissues, thereby significantly limiting the systemic toxicity as compared to
conventional chemotherapy treatments. Additionally, this therapy can be used alone or in
combination with other therapies such as chemotherapy, radiotherapy, and surgery. PDT
outcomes vary from a delay in the growth of the tumor with a better patient’s quality of life to a
total regression of the tumor [74].

Hematoporphyrin, porfimer
sodium, verteporfin, chlorin

€6, pheophorbide a, light emitting diodes

Incandescent lamps, lasers,

curcumin, riboflavin, etc.

Photosensitizer

O, dissolved in the
cytoplasm, cytoplasmic H,0

Figure 19: The essential factors of PDT [74]

The administration of PS can be either topically or systemically. Topical PDT is based on the
use of PS applied locally (cream, solution, emulsion, subcutaneous injection); whereas
systemic PDT is when PS is administered intravenously or orally. In both cases, the potential
of these molecules will be confined to the tumor site as they can be designed to accumulate in
cancer cells. Afterward, the area of the tumor will be exposed to light with a wavelength specific
to its absorbance capacity causing the activation of the PSs, thereby triggering selective death
of cancer cells (Figure 20). The drawback of systemic PDT is that the PS may not preferentially
accumulate in the tumor site if not properly structured and designed. On the other hand, topical
PDT ensures the local application of PS, and this paved the way for advancements in the field
of dermato-oncological pharmacology. However, PDT offers a wide range of advantages over
other anti-cancer therapies allowing it to be at the center of research and investigation for
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improving the selectivity of PS and PDT applications in the treatment of deeper solid tumors
[75], [76].

*Sj )\ﬁ Ef ¥ i g L

(a) Photosensitive delivery (b) Selective accumulation in diseased tissue (c) Lightirradiation  (d) Selective destruction of diseased tissue

Figure 20 : PS administration and selective tumor targeting of the patient [75]

I1.3. Mechanisms of action in photodynamic therapy

Over time, many cancer types were diagnosed and treated by photodynamic diagnosis (PDD)
and PDT. Both approaches can occur simultaneously and share a common strategy based on
the use of PS which can be excited by a specific wavelength of light in the visible or near-
infrared regions. In PDD, the patient administers the PS that selectively accumulates in the
tumor cells at relatively higher levels than normal tissues due to the enhanced permeability
and retention (EPR) effect. This is a consequence of the poor lymphatic drainage and
increased vessel permeability facilitating the way for the drugs and macromolecules to reach
and accumulate in the tumor. Once the PS is absorbed and excited by light, it will emit
fluorescence and become photoactivated. The produced fluorescence by the PS is used to
identify and detect the tumor as it will illuminate it non-invasively and distinguish it from the
surrounding tissues. These fluorescent properties are particularly beneficial during surgery
permitting an accurate and effective fluorescence-guided resection of cancerous tissues. A
study with fluorescein contributed to a total resection of the tumor in most of the patients. Also,
indocyanine green fluorescence has revealed breast cancer lesions that were undetectable by
clinical techniques such as palpations. In addition to indocyanine green, methylene blue
offered many advantages in the detection of undetectable parathyroid adenomas and the
treatment of breast, head, and neck cancers [77], [78], [79], [80], [81].

The PDT process starts when the PS is activated through the absorption of photons from light
allowing its transformation from a singlet ground state (*PS) to a short-lived, few nanoseconds
or less, electronically excited singlet state (*PS*). At this stage, the PS is very unstable and
can decay back to its ground state by losing excess energy through fluorescence emission or
heat production by undergoing internal conversion. On the other hand, this excited singlet state
can also undergo intersystem crossing to develop into a more stable long-lived electronically
excited triplet state (3PS*) by electron spin conversion in the higher-energy orbital. 3PS* can
also decay into the ground state through light emission (phosphorescence) or it can directly
transfer energy into molecular oxygen (O-) through type | and type Il photochemical reactions.
The long lifetime of tens of microseconds of 3PS* gives it an advantage in undergoing this
interaction. In type | reaction, 3PS* reacts with biological substrates such as the cell membrane,
lipids, proteins, and nucleic acids to give free radicals and radical ions through hydrogen atom
abstraction, or electron transfer. These species can undergo a reaction with O, and stimulate
the production of superoxide anion (O2™), hydroxyl radical (OH"), or hydrogen peroxide (H20>).
Type Il reaction is predominant during PDT and occurs when the excited PS reacts directly
with oxygen molecules to produce non-radical but highly reactive singlet oxygen O, The
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kinetics of both reactions are highly dependent on the availability of oxygen, the nature of PS,
and the substrate concentration, as well as they may occur simultaneously leading to the
reversion of the excited state into its ground state. Indeed, the produced ROS are highly
cytotoxic, have a short half-life, and can oxidize diverse biomolecules through the induction of
redox reactions causing oxidative stress and subsequent cell death (Figure 21) [74], [82], [83],
[84].

Type | reaction

1pg* (electron transfer)
-, Intersystem
4 Croulng ROS

’ps* , OH*, H,0,)

Fluorescence or
E | Absorption internal conversion
Type Il reaction
Phosphorescence

(energy transfer)
ps

Cellular death

Oxygen singlet
('0,)

Figure 21: Jablonski diagram of PDT mechanism of action [85]

Type | photochemical reactions consist of the direct reaction of PS in an excited state with
biological substrates by the transfer of electrons or hydrogen ions (H*), resulting in the
production of radical species. The oxidized forms of PS or substrate as well as their semi-
reduced forms can react with the surrounding molecular oxygen to form peroxide radicals,
leading to an auto-oxidation chain, and the superoxide anion (0O2"). Although this species is
not significantly reactive, it can interact with other substrates to form other ROS such as the
hydroperoxyl radical (HO2"), hydrogen peroxide (H20-), and the hydroxyl radical (OH). ROS
are strong oxidizing agents inducing cytotoxic reactions in many biomolecules. In type |
photochemical reactions, oxygen is not implicated in the initial step of the reaction mechanism,
but it has a powerful impact on the subsequent chemical reactions which allows the production
of ROS [83].

Radical chain reactions cease only when two radical species react with each other through
disproportionation or recombination. Disproportionation, a classic free radical reaction, can be
catalyzed by enzymes of the superoxide dismutase (SOD) family. This process involves two
molecules of the same radical (e.g., O%") undergoing a redox reaction to produce oxidized
products (*O2 or 30,) and reduced H.O.. In recombination reactions, two molecules of the
same or different radicals react to form a covalently linked dimer. Lipid peroxidation is typical
for cellular destruction regularly leading to necrosis. Hydroxyl radicals, being highly responsive
to nonpolar species undergo hydrogen atom abstraction from saturated lipids yielding lipid
radicals (L*). Subsequently, oxygen molecules, in their ground state, can combine with the lipid
radicals resulting in the formation of peroxyl radicals. Such radicals react with other lipids,
inducing chain reactions across the membrane until disproportionation reactions occur. Given
that the cell membrane is composed of a bilayer of phospholipids interacting with each other
in close proximity and with membrane proteins, enabled free radical chain reactions to
propagate across the membrane which triggers the rupture of the membrane and necrosis.
Particular attention should be given to the damage inflicted on nucleic acids (DNA and RNA)
by hydroxyl radicals (HO") formed in type | reactions. Conversely, superoxide radicals (0%)
rarely interact with nucleic acids due to the repulsive forces between the negatively charged
species. Although hydrogen peroxide (H.O>) is neutral, it reacts with most biomolecules at
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negligible rates. The initial step in free radical reactions in this context typically involves the
abstraction of hydrogen from sugar moieties or the addition of double bonds in nucleotides.
Both pathways lead to the formation of radicals within nucleic acids, potentially initiating chain
reactions that amplify damage either within the nucleic acid molecule itself or with neighboring
molecules. Consequently, HO™ exhibits a versatile ability to damage nucleic acids, producing
various damage patterns that can impair replication, transcription, and translation processes
[86], [87].

When molecular oxygen is excited to its singlet state, the spin restriction that typically slows
the rates of the reaction with non-radical molecules is removed. As a result, singlet oxygen
possesses a low-energy empty valence orbital, making it a relatively powerful oxidizing agent
compared to its ground-state triplet form. There are two main ways that singlet oxygen interacts
with molecules: chemical reactions with biomolecules and scavengers, or physical interactions
with quenchers. In the initial mechanism, a quenching molecule receives the excitation energy
from singlet oxygen, which causes it to get excited and the oxygen to revert to its ground state.
The excited quenching molecule can then undergo cleavage to form new products or react
with biomolecules, causing potential damage. Singlet oxygen undergoes cycloaddition
reactions with compounds containing conjugated double bonds, resulting in oxidized
molecules that can further react to yield hydroperoxyl, hydroxyl, and carbonyl groups.
Unsaturated lipids such as cholesterol and essential fatty acids can also react with singlet
oxygen. These lipids are crucial for maintaining membrane integrity and producing various
cytokines and hormones. Singlet oxygen interacts with the double bonds of unsaturated lipids,
forming lipid peroxides, which can initiate free radical chain reactions and propagate oxidative
damage across the membrane. This effect is particularly pronounced in mitochondrial
membranes, potentially causing membrane rupture. Lipophilic PSs that preferentially undergo
type Il photodynamic reactions primarily produce singlet oxygen, effectively damaging the
mitochondrial membrane and inducing apoptosis [88], [89], [90].

In type Il photochemical reactions, oxygen enters the reaction directly at the first stage of the
process. The excess energy of PS in the triplet state is transferred directly to molecular oxygen,
thereby returning PS to its stable ground state and, above all, promoting the generation of
singlet oxygen. Due to its high reactivity, singlet oxygen reacts with many biological substrates,
causing cell death due to oxidative damage.

Type | and type Il reactions can occur simultaneously. However, type Il reactions predominate
in antitumor PDT. Indeed, PDT-induced cytotoxicity is the result of oxidation phenomena
involving the degradation of mitochondria (cholesterol, phospholipids), amino acids (histidine,
tryptophan, methionine), and the lipids making up cell membranes [84].

I1.4. PDT-induced molecular damage and cell death

Cell death is a fundamental mechanism promoted by certain biological events such as DNA
damage and organelles’ stress and dysregulation. The initiation and execution of cell death
involve complex genetically encoded pathways that are extensively regulated and a slight
change in these pathways such as mutations in any of its genes trigger malignancies. Thus,
therapies, including PDT, have focused on triggering malignant cell death. PDT efficiently
generates considerable quantities of ROS provoking the death of photosensitized cells.
Excited photosensitizer (PS) molecules can transfer electrons or energy to the ground state of
oxygen through type | or type Il reactions producing either superoxide radicals (O?%) or singlet
oxygen (*O). Each of the ROS exhibits a specific chemical reactivity pattern towards the
different biomolecules leading to distinct types of cellular damage.

In the context of PDT, achieving therapeutic success through targeting specificity has recently
been enhanced by functionalizing PSs with specific targeting molecules, such as antibodies,
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to recognize cells and improve the specificity of the therapy. However, ROS produced within
the cell will damage all susceptible molecules within their diffusion radius. Excessive or
prolonged oxidative stress can lead to significant detrimental effects, including inflammation,
cell death, and tissue damage. The extent of these harmful effects depends on the site of ROS
production, its rate, duration, and total yield. Moreover, the balance between apoptotic and
necrotic cell death pathways induced by ROS injury is directly influenced by the level of
oxidative stress and other factors, such as the localization of the PS. Consequently, ROS
primarily react with biomolecules close to their production site, specifically in the PS
accumulation region. The extent of damage distributed to each cellular structure largely
depends on the PS accumulation site, the concentration of targets in that area, and the cell's
capacity to repair oxidative damage.

PDT can induce apoptosis, necrosis, and autophagy, representing three distinct forms of cell
death that frequently occur with PDT. However, other forms of cell death including ferroptosis,
necroptosis and pyroptosis can also be triggered after PDT. Mainly, the cellular response to
PDT is influenced by several factors, including the type of the cell, its metabolic and genetic
characteristics, and experimental conditions such as the total irradiance applied, the specific
types of PSs used, and their intracellular localization. The initial site of PDT-induced damage
may influence the subsequent activation of specific cell death pathways. The extent of PDT-
induced injury can modulate the cellular response, potentially initiating autophagy as an initial
rescue mechanism. In this scenario, PDT-damaged cells may attempt to contain and eliminate
damaged proteins through autophagic processes. However, when PDT-induced damage
exceeds the repair capacity of the cells, apoptosis is triggered. At higher PDT doses, necrosis
can also occur, as the proteins involved in autophagy and apoptosis may be rapidly degraded,
leading to the disruption of cellular integrity. Additionally, PDT-induced closure of tumor
vasculature may result in localized nutrient and oxygen deprivation, further contributing to
secondary necrosis. Understanding the sequence of events critical to PDT-mediated apoptosis
remains incomplete. Defining these processes will be crucial for optimizing PDT protocols and
enhancing its efficacy as an anti-cancer therapeutic approach.

PDT can induce irreversible photodamage to various cellular organelles, including the
mitochondrial outer membrane, ER, Golgi apparatus, and lysosomes. The specific site of
damage is influenced by the subcellular distribution of the PS. Given that most PSs are
localized outside the nucleus, DNA damage, mutations, and carcinogenesis typically occur
indirectly during PDT. Generally, apoptosis arises from PS activation within mitochondria or
the ER, leading to substantial oxidative stress. In contrast, necrosis is commonly associated
with PS localization in the plasma membrane. Cell death is crucial for maintaining and
regulating homeostasis in multicellular organisms. It serves as a primary mechanism for the
immune system to eliminate cells that are infected with pathogens or harbor potentially
carcinogenic mutations. The pathways responsible for initiating and executing cell death are
complex, genetically encoded, and subject to extensive regulation. Mutations in genes that
govern cell death are common and can lead to either the loss of tumor-suppressing proteins
or the overexpression of proteins that drive uncontrolled cell proliferation, both of which are
significant in cancer progression. Consequently, PDT aims to induce two principal cell death
pathways, necrosis and apoptosis, representing their therapeutic targets [91], [92].

During PDT, lesions occur at the level of cellular organelles such as:

¢ Ribosomes

Ribosomes are large complexes composed of proteins and RNA, crucial for synthesizing all
cellular proteins. They contain multiple oxidatively labile sites that can result in functional
inactivation when damaged. Such impairment of ribosomes is lethal to the cell, as it disrupts
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protein synthesis, including the translation of antioxidant defense and repair systems
necessary for maintaining cellular redox balance [93].

e Mitochondria

Mitochondria are critical in apoptosis signaling cascades. Numerous PSs, especially cationic
lipophiles, can selectively accumulate in mitochondria, leading to rapid permeabilization and
destruction upon photoactivation. Elevated levels of lipid peroxides in the outer mitochondrial
membrane can open membrane permeability pores, facilitating the release of caspase
activators such as cytochrome c¢ and apoptosis-inducing factor (AIF), which contribute to
apoptotic cell death [94].

e Lysosomes

Lysosomes are organelles responsible for degrading damaged or unwanted intracellular and
extracellular biomolecules. They maintain an acidic internal environment (pH 4.5-5) and
contain over 50 enzymes that degrade various biological substrates. When PDT is targeted to
lysosomes, it can cause membrane rupture, releasing the lysosomal contents into the
cytoplasm. This release includes cathepsins, which can promote mitochondrial membrane
permeabilization by cleaving BH3-only family proteins or directly activating caspases to initiate
the intrinsic apoptosis pathway [95].

e Endoplasmic reticulum

The pathway that ultimately determines the cell’s fate is governed by the level of oxidative
stress to which the organelle has been exposed. Low to moderate ROS levels can activate
survival pathways through autophagy induction and antioxidant production. Conversely, high
levels of oxidative stress can increase ER membrane permeability, leading to the release of
calcium ions and triggering intrinsic apoptosis mediated by mitochondria. Furthermore, ER
stress induced by PDT has been linked to the activation of CCAAT-enhancer binding proteins
(C/EBPs) and its homolog, CHOP, which is also inducible by DNA damage. The CHOP
transcripts promote the expression of apoptosis-related genes that determine the cell's fate
[96].

I1.5. Characteristics and design of PSs

Special characteristics should be taken into consideration when designing an ideal
photosensitizer [97]:

1. PSs must be chemically pure with known composition and good stability.
2. PSs should be able to accumulate in the tumor tissues.

3. PSs must have cytotoxicity only in the presence of light so that the likelihood of
developing undesirable pharmacological side effects such as hypotension or allergic
reactions is reduced.

4. PSs are supposed to have a high quantum yield of 0., a high molar extinction
coefficient, and high absorbance in red or far-red regions. The capability of the PS to
absorb in such regions is of great importance as it is linked to the light's penetration
into deep layers of tissues, making it effective for treatment. This way, the PS and light
doses can be reduced while still achieving their intended effect. The absorbance of PS
falling between 500 and 600 nm has a penetration of 4 mm and the absorbance
between 600 nm and 800 nm has a penetration capacity of around 8 mm.

5. It's also important that the PS has a high clearance rate to reduce the side effects in
the body.
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6. PS synthesis should be almost uncomplicated, and the materials required for synthesis
should be accessible to enable large-scale production.

7. PS should not aggregate in biological environments because this reduces their
photochemical efficiency.

8. To possess short drug-to-light intervals (time between PS administration and light
exposure), allowing for an effective treatment outcome.

The first PSs applied in PDT trials were HP and HpD. As mentioned earlier, HpD localization
in tumors was detected by fluorescence, and its effect on cancer cells was validated to be
successful after light exposure. The use of the porfimer sodium also called “Photofrin®“grabbed
the first approval for its clinical use in PDT in 1994 in Canada for the treatment of bladder
cancer. Nevertheless, porfimer sodium wasn’t characterized as an ideal PS since it contains
many oligomers of HP making it chemically unpure, has weak absorption capacity in the red
region, low selectivity, and is associated with side effects mainly skin phototoxicity. This
recruited the development of a new generation of PSs with enhanced characteristics. Basically,
different synthetic and natural PSs have been investigated in vitro and in vivo such as synthetic
porphyrins, benzoporphyrins, chlorins, bacteriochlorophylls, naphthalocyanines, and natural
hydroxiquinone including porphycenes and hypericins. Moreover, a pro-photosensitizing
metabolite 5-aminolevulinic acid (ALA) was subjected to PDT studies [74], [98]. 5-
aminolevulinic acid (ALA) is a natural metabolite acting as a precursor of endogenous
porphyrin PS. The heme synthesis from glycine and succinyl CoA is controlled by negative
feedback by the free heme to ALA synthase. To overcome this feedback, exogeneous ALA
can be administered allowing the assembly of the downstream targets. In this case,
ferrochelatase, an enzyme catalyzing the addition of iron into protoporphyrin 1X (PpIX) will
become a rate-limiting enzyme and PplX will be overproduced in tumor cells contributing to
the photosensitization [74], [98]. The fact that PpIX has a rapid clearance from the tissues
permits the administration of ALA as a treatment for early tumors. ALA esters also are less
hydrophilic than ALA and are used as alternatives for their enhanced penetration and
selectivity toward the tumor. These esters include ALA hexyl ester (HAL) and ALA methyl ester
(MAL). Most of the PSs used nowadays for PDT are cyclic tetrapyrrolic structures including
porphyrins and their derivatives, phthalocyanines, chlorins, bacteriochlorins [99].

I1.5.1. PS absorbance spectra

As mentioned earlier, an ideal PS has a high quantum yield with a capacity of absorbance in
high wavelengths especially in the red and far-red regions of the spectrum (650-850 nm), as
this region provides a potent ability of light penetration into deep tissue layers. As illumination
is a major and crucial step in PDT, well-investigating the optical characteristics of the PS is
highly essential. Physiologically, innate chromophores such as melanin and hemoglobin
present in blood can absorb light at wavelengths less than 650 nm restricting light penetration.
On the other hand, wavelengths greater than 1,300 nm are absorbed by water molecules.
Thus, the optimal light penetration wavelengths falling between 650 nm and 1,300 nm
constitute the “therapeutic window” (Figure 22). However, light energy at wavelengths greater
than 850 nm is insufficient to permit the generation of singlet and triplet oxygen species
contributing to the need for the PS to absorb two photons instead of one photon of a short
wavelength to yield the same outcome [97], [99].
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Figure 22: (a) The variation in the ability of light of different wavelengths to penetrate along the
depth of the tissue and (b) the phototherapeutic window where tissue absorption and light
scattering are insignificant [97], [99]

[1.5.2. PS uptake and localization

To enhance the design of PS drugs, it is important to well investigate the general uptake of PS
into the cells and their involved mechanisms. Among the established targets, mitochondria,
lysosomes, plasma membrane, nuclei, and cytoskeletal localizations were revealed in studies
of various PS and the vessels supplying the tumor. This was facilitated since most of the PS
are auto-fluorescent allowing their detection by fluorescence microscopy. The fluorescence
emission is not the same with all PS binding sites which will make it difficult to acquire precise
information about the main sites affected by photodamage. Since the generated O can travel
only a very short distance of 0.02 ym within the cell after its generation, this permits the
detection of the initial PS localization within the cell before photo-activation after finding the
sites of photodamage. This allows many scientists to focus on the affected cellular targets
rather than the PS binding sites. For example, studies show that for the “photofrin” PS, the
mitochondria were highly affected after photoactivation through mitochondrial changes, and
ALA-yielding proto-porphyrin 1X in the mitochondria induces apoptosis; whereas, PS that
localizes in the plasma membrane usually triggers cell necrosis. Hydrophilic PS that form
aggregates are likely to be internalized into the cells by pinocytosis or endocytosis mechanisms
and be hosted in cell lysosomes and endosomes, then liberated with hydrolytic enzymes
following the exposure to light illumination. Additionally, most of the PSs accumulate in the cell
cytoplasm rather than the nucleus, so DNA mutations and oncogenesis are not associated
with PS administration [71]. Most PSs are not site-specific and can localize in different
subcellular compartments. Changes after PDT can be early detected through microscopic
observations and biochemical alterations of the cell and organelles’ membranes. This involves
lipid peroxidation, protein cross-linking, de-polarization, and inhibition of membrane-linked
enzymes such as Ca?*, Na*, K" and Mg?* ATPases [98].

Charge, hydrophobicity, and the three-dimensional structures of the PS are the main factors
influencing the mode of internalization and the localization of the PS into the cells. First,
research demonstrated that negatively charged PS does not facilitate transport across plasma
membranes. However, if a PS possesses at most two negative charges and exhibits high
hydrophobicity, it compensates for this limitation, enabling it to pass through the plasma
membrane and enter the cell. On the other hand, positively charged PS can easily diffuse
through the plasma membrane due to the electrostatic attraction between these positive
charges and the negative charges of the plasma membrane which offers a facilitated uptake
and accumulation into the target cells. These positively charged PSs can also be found in the
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mitochondria because of the negative charges on the mitochondrial membranes. Additionally,
these positively charged PSs can interact with negatively charged protein subunits, which also
contribute to their uptake into the target cells. Second, hydrophobicity strengthens the uptake,
and the longer the alkyl side chains, the easier it is to internalize the PS. However, the length
should not exceed a certain limit, as this could lead to an opposite outcome. The right length
of the side chain can allow molecules to pass through deeper layers of lipid membranes and
change their locations within the cells. For instance, positively charged metalloporphyrin with
an additional 2 to 6 carbons in the aliphatic tails alters the cytosolic localization into
mitochondrial localization. Third, the shape, bulkiness, and three-dimensional structure of the
PS can also influence its uptake and localization. Isomers of the same compound can
contribute to different outcomes because the alkyl chains are positioned differently. The
orientations of the different chains interfere with the electrostatic attractions, disrupting the
accessibility to the molecular charges.

The cellular distribution determines the PDT efficacy as the different targets regulate different
signaling pathways. PS targeting the mitochondria triggers an apoptotic response rapidly
through the disruption of the electron transport chain, mitochondrial membrane potential, and
mitochondrial swelling representing mitochondrial damage. Concerning the PSs that localize
in the biological membranes such as the cell plasma membrane allow the generation of high
levels of singlet oxygen and lead to the peroxidation of the membrane, inhibition of the protein
complexes, and disruption of the signaling pathways leading to cell death. The PSs with
cytoskeletal targeting are also interestingly involved in cell death as these PS can act as
microtubule inhibitors by binding to the tubulin and preventing its polymerization, which
contributes to arresting the cells in the mitotic phase of the cell cycle [99].

11.5.3. Photobleaching of PS

As already explained, the singlet oxygen *O; has a very short lifetime but a very high reactivity,
so it is likely to react with cellular substrates located in its immediate environment triggering
the production of ROS and thereby cell death. Similarly, oxygen molecules can react with PSs,
causing their degradation. This phenomenon is known as photobleaching, and it consists of
photo-degradation and photo-transformation mechanisms. Photo-degradation consists of the
fragmentation of the PS structure that results in the formation of several photoproducts with
little or no ability to absorb light. In the case of photo-transformation, the PS structure remains
intact, but its ability to absorb light is modulated as its capacity of absorbance in certain spectral
bands is reduced, the emitted fluorescence intensity is diminished, or by the formation of new
absorption and emission bands. The formation of new bands has the benefit of inducing the
formation of new photoproducts, which can themselves be used as PSs. Photobleaching is a
fundamental problem in PDT since it deteriorates the accuracy of the concentration of delivered
PS in the tumor zone [100], [101]. Photobleaching of PS occurs when it absorbs light and
performs a cascade of photochemical reactions that contribute to its degradation.
Consequently, the PS therapeutic efficiency will be reduced due to lower levels of ROS
generation. The extent of photobleaching depends on the type of PS, the light dose, and the
duration of exposure. Understanding photobleaching is crucial as it influences PS drug designs
and treatment strategies that can be modulated accordingly to better control tumor growth and
improve patient survival rates [71]

I1.6. Photo-physics and light sources
The efficiency of PDT is highly dependent on the interaction between the PS and the light
source through PS's ability to get excited into a higher and more stable excited triplet state. PS
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must meet specific criteria such as strong absorbance and high quantum yield for generating
ROS. Various light sources are used in PDT including lasers, light-emitting diodes (LED), and
conventional lamps. Initially, conventional lamps were used to emit light in a broad spectrum
of wavelengths making it difficult to target the tumor site and achieve optimal activation of the
PS in these regions due to the lack of targeted or uniform light delivery. Conventional lamps
also have several disadvantages including thermal effects, low light intensity, and
unmanageable light doses. The combination of lasers and single-stranded optical fibers has
added flexibility to PDT allowing light delivery into deep tumors either interstitially or
endoscopically. Lasers are the most used in PDT due to their ability to generate high-energy
monochromatic light specific to the absorbance wavelength of each PS. This allows the laser
light to be focused, delivered through optical fibers, and directed to the target site using
specially designed illuminator tips. Various laser types such as diode lasers are involved in
clinical PDT worldwide, providing multichannel units for complicated procedures. LEDs also
show a promising modality of light source as they have different shapes and sizes with the
capability of generating high-energy light of a specific desired wavelength. Hence, the field of
studying and evaluating the optimal PDT applications is referred to as “dosimetry”. It allows
the determination of the optimal drug and light doses, drug-to-light intervals, and the associated
side effects. Dosimetry ensures the desired homogeneity over the area of treatment requiring
accurate dosimetry tools to realize the optimal conditions for a full PDT potential. Different
techniques can be used to irradiate the tumor and subsequently activate the PS. They can be
customized for special applications such as intraoperative PDT of brain tumors where the LED
probe is designed with a cylindrical tip to fit inside a balloon catheter, interstitial PDT with a
reduced invasiveness in which a small and flexible LED catheter can be percutaneously
implanted into the tumor, and PDT of wide-surface lesions through a large LED array. PDT of
superficial and thin tumors is the least difficult as they are accessible and present only at the
surface of the mucosa, so they do not require deep light penetration. In this case, the light
delivery occurs through a fiber coupled to a microlens on its tip to irradiate the tumor and its
nearby tissues of 0.5-1 cm (Figure 23 A). To irradiate tumors exceeding 1 cm in thickness,
laser fibers coupled to a light diffuser at its end are implanted in tumor tissues with the potential
of accurate interstitial positioning using image guidance techniques such as CT, magnetic
resonance imaging, or ultrasound. For large tumors, multiple fibers are positioned near each
other to irradiate the whole tumor area (Figure 23 B). It is mostly used when a substantial
tumor resection is required or when the patient is not a good candidate for surgery. Intra-
operative PDT can occur if the patient administers the PS before the surgical resection of the
tumor in several days which is specified based on the drug-light interval of the PS used in the
treatment. Hence, the tumor will be removed surgically, and an intra-operative PDT will take
place after the operation. Lights used through the operation procedure should be well-filtered
to eliminate the wavelengths that can activate the PS before the end of the surgical tumor
resection (Figure 23 C). Intracavity PDT is performed for tumors located in tubular body
structures such as the esophagus, bronchus, and uterus using intracavity light diffuser systems
[102].
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Figure 23: Different laser light irradiation approaches corresponding to the various tumor
locations [102]

II.7. Principle structures of PSs

11.7.1. Non-tetrapyrrolic PSs

11.7.1.1. Hypericin

Hypericin (Figure 24) is biosynthesized from acetyl coenzyme A and malonyl coenzyme A in
plants belonging to the Hypericum genus, particularly Hypericum Perforatum. It is
characterized by a unique polycyclic structure consisting of three benzene rings joined to a
central pyran ring and a phenanthrenequinone core. It contains a conjugated system of double
bonds that gives it a deep red color contributing to its photodynamic properties. Also, hypericin
is strongly lipophilic which limits its solubility and bioavailability in aqueous environments.
Thus, it forms aggregations in biological fluids, which can affect its stability and distribution in
the body. Environmental factors such as temperature, light, and pH can affect the stability and
efficacy of hypericin.

OH O OH

AL,
HO Q‘OOG CHs

OH O OH

Figure 24: Chemical structure of hypericin [103]

It has also been reported to interact with biological macromolecules, including human serum
albumin and low-density lipoprotein, which can influence its pharmacokinetics and
pharmacodynamics [103]. Additionally, it can interact with cellular lipid membranes. Hypericin
is reported for its ability to generate superoxide radicals and singlet oxygen after PDT with
maximal absorption at 595nm (Table 4), as well as for its antiviral activity against a range of
viruses [104], [105].
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11.7.1.2. Curcumin

Curcumin (Figure 25) is a natural polyphenolic compound belonging to the curcuminoid family
and consists of two methoxy groups and one hydroxyl group attached to two aromatic rings in
addition to the presence of an active ketone functional group. The ketone, methoxy, and phenol
groups contribute to its apoptotic and antioxidative properties. They are hydrophobic
compounds which limit their solubility and bioavailability. They can interact with metallic and
non-metallic compounds through hydrogen bonding to exert their biochemical reactions. Once
they are activated by light with a maximal excitation wavelength of 547 nm (Table 4), they can
induce ROS production leading to cell damage and death. It exerted photo-cytotoxic effects on
different cancer cell lines including prostate, fibroblasts, and HelLa cells as well as in
antimicrobial PDT. Its use as a treatment modality is considered non-invasive for cancer
patients [106].
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Figure 25: Chemical structure of curcumin [107]

11.7.1.3. Methylene blue

Methylene blue (Figure 26) is a tricyclic phenothiazine, positively charged PS. It is amphiphilic,
a characteristic that offers methylene blue a lot of advantages such as its ability to be
transported throughout the body and cross the plasma membrane of the cells. It also has a
high extinction coefficient and absorption capacity in a wavelength range between 600 and
900 nm (Table 4). When excited, it undergoes a type Il reaction predominantly and generates
high levels of singlet oxygen. Pre-clinical studies of methylene blue for their effect on tumors
were successfully performed on various cancer types such as squamous cell carcinoma and
breast cancer and has been used in clinics for the treatment of Malaria, methemoglobinemia,
poisoning from cyanide or carbon monoxide, and neurodegenerative diseases because it has
a history of safe application on human. As it is protonated, it displays a preferable accumulation
in the mitochondria of the cells as well as it can accumulate in lysosomes and interact with
proteins, nucleic acids, and lipids after crossing the plasma membrane. Nevertheless,
methylene blue is unstable as it can get easily degraded by enzymes which limits its use in
healthcare modalities [108], [109].
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Figure 26: Chemical structure of methylene blue [110]
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11.7.1.4. Rose bengal

Rose bengal (Figure 27) belongs to the xanthene class of dyes having a rose-to-red color. It
has an absorption capacity in the range between 500 and 800 nm (Table 4). When excited by
light it exerts anti-cancer and anti-microbial properties through the generation of singlet
oxygen. However, its limitations are that it has reduced penetration capacity into tissues due
to its low solubility which restricts its application to surface tumors and can stimulate
photosensitivity reactions such as redness [111].
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Figure 27: Chemical structure of rose bengal [112]

Table 4: Characteristics of hypericin, rose bengal, curcumin, and methylene blue [105],

[113]
Photosensitizer Charge Excitation Maximum (nm)
Hypericin Neutral 595
Rose bengal Anionic 559
Curcumin Neutral 547
Methylene blue Cationic 632

[1.7.1.5. Inorganic PS structures

Photocatalytic metal-based PSs include transition metal complexes, semiconductors, and
metal-organic frameworks (MOFs). Generally, these structures well possess electronic
characteristics that enable light absorption and energy transfer processes. For example, new
organometallic systems containing transition metals such as ruthenium or iridium are designed
with complexes that have the highest molar absorbance capacity in the visible spectral region
and high stability in their lowest excited states, which contributes to their high efficiency in
energy conversion. Other examples include semiconductor materials like titanium dioxide
(TiO2) and zinc oxide (ZnO), valued for their stability and ability to generate charge carriers
when exposed to light. These inorganic structures have essential roles in the development and
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stabilization of PSs in artificial photosynthesis and PDT. Additionally, the application of
ruthenium bipyridyl complexes especially [Ru(bpy)s]?* where bpy is 2,2’-bipyridine, makes
them one of the most studied inorganic PSs allowing for their unique photophysical properties.
These complexes displayed high photoabsorption in the visible region and has a long-lived
metal-to-ligand charge transfer excited state which improves the light absorption capacity and
the catalysis of photoredox reactions [114], [115].

11.7.2. Tetrapyrrolic PSs

[1.7.2.1. First generation PSs

The tetrapyrrolic class of PSs contains the largest number of compounds explored as PSs for
PDT, approved and tested clinically. As mentioned earlier, the first tetrapyrrolic PS used in
PDT was obtained from hemoglobin. The hematoporphyrin derivative later known by the trade
names Photofrin® and Photogem® was approved in 1990 and remains today the most widely
used PS in clinical PDT. Photofrin®, also known as porfimer sodium, has demonstrated
effective photocytotoxicity in the treatment of many solid cancers, including skin, lung,
esophageal, and bladder cancers. However, this PS was withdrawn from the market in 2012,
as it has several drawbacks. Firstly, the compound is not pure and is composed of a complex
mixture of porphyrins that is not well-defined and difficult to reproduce. It also has a low
absorbance in the red, which limits its use to superficial tumors. In addition, its lack of selectivity
for cancer cells, combined with low clearance, leads to cutaneous photosensitization in
patients after treatment. To overcome the disadvantages of first-generation PS, and to come
as close as possible to the characteristics of the ideal PS, new so-called second-generation
PSs have been developed (Table 5) [116], [117].

11.7.2.2. Second generation PSs

The second-generation PSs have been developed through various chemical modifications to
the structure of tetrapyrrolic compounds. Unlike first-generation PSs, these are pure
compounds. The majority of these compounds are of synthetic origin, but they can also be
synthesized from natural molecules. Second-generation PSs have an optimized light
absorption spectrum in the red to enable treatment of larger or deeper tumors. In addition,
these compounds have a high singlet oxygen quantum yield, enhancing the anti-cancer effect
of PDT, and a much higher clearance than first-generation PSs. Consequently, the
phototoxicity associated with the previous generation would become limited. In addition, these
molecules are more rapidly eliminated from the body, limiting the period of cutaneous
photosensitization. The four most explored structures are porphyrins, chlorins,
bacteriochlorins, phthalocyanines and their derivatives. This includes compounds like
Verteporfin, also known as Visudyne. Verteporfin is a benzoporphyrin derivative that was
developed and undergone Phase lll clinical trials for the treatment of cutaneous non-
melanoma skin cancer and macular degeneration. Also, Foscan is another second-generation
PS, a chlorin-derivative with a red-shifted and increased long wavelength absorption capacity
permitting better tissue penetration and overall PDT efficacy and safety profiles (Table 5) [118],
[119], [120].
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Table 5: Examples of first and second-generation PSs, their characteristics and uses

References

[121], [122]

Generation Name Structure A max (nm) Use
First Photofrin 630 Bladder and
hematoporphyri lung,
n derivative Esophagus
(HpD) and brain
cancers
Second Chlorin Foscan 652 Head and
m- neck cancers
tetrahydroxyphe N =
nylchlorin N
(MTHPC) g
Chlorin Visudyne or = . 690 Age-related
verteporfin / () macular
Benzoporphyrin degeneration
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Phthalocyanine Silicon e, e 675 Stomach,skin,
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[1.7.2.3. Third generation PSs

Third-generation PSs are still under development to improve the tumor selectivity of second-
generation PSs, these new PSs have undergone chemical modifications by substituting them
with chemical motifs that can be specifically recognized by tumor cells. This relies on the
covalent conjugation of PS to various targeting ligands (macromolecules or small molecules)
that exhibit specific molecular recognition ability with a cognate receptor that is overexpressed
on the tumor or other cells of interest. These motifs are generally biomolecules: steroids, sugar,
amines, vitamins, or antibodies. Tumor cells have specific antigens on their surface that are
not found in healthy cells, making it possible to use antibodies directed against these specific
antigens as vectors to increase PS targeting efficiency. In addition to conjugated PS, the third
generation includes vectorized and encapsulated PSs. The use of nanotechnology in PDT can
be divided into two different approaches. When the nanoparticle (NP) is itself the PS, such as
gold and silver NPs, the NP can absorb light improving the efficacy of PDT. Also, the NP can
serve as a delivery system of PS which is the active element, to improve solubility and ensure
better targeting of tumor sites. This includes dendrimers, liposomes, and mesoporous silica
NPs (Figure 28) (Table 6) [127], [128], [129].
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Figure 28: Third generation formulated through (a) chemical modification by linking the
second-generation PS to a targeting moiety and (b) vectorization of PS through encapsulation
in carriers [130]

Table 6: Examples of targeted PSs of the third generation, their characteristics, and

applications
Class Ligand PS Target  Application = References
Monoclonal Herceptin Porphyrin HER2 Breast [131]
Antibodies (Trastuzumab) Cancer
Lipoproteins Low-Density Chlorin e6 (Ce6) LDL Cancer [132]
Lipoprotein Receptors
(LDL)
Serum Proteins | Human Serum Chlorin e6 (Ce6) HSA Cancer [133]
Albumin (HSA) Receptors
Peptides RGD peptide Phthalocyanine Integrin Breast [134]
(Arg-Gly-Asp) Receptors Cancer
Carbohydrates Mannose Meso- Mannose Cancer [135]

tetraphenylporphyrin | Receptors

Steroids Estradiol Pheophorbide a Steroid Breast [136]
Receptors Cancer

Vitamins Folic Acid Chlorin e6 (Ce6) Folate Cancer [137]
Receptors

Most PSs used in clinical or preclinical development are hydrophobic and tend to aggregate in
an aqueous environment, whereas their monomeric state is necessary to maintain their
photophysical, chemical, and biological properties for effective PDT. In addition, the
inadequate affinity of most PSs for tumor sites also results in damage to healthy tissue after
PDT. To circumvent these problems, it is necessary to develop delivery systems for PS to
ensure more selective delivery to tumor sites. In the ongoing quest to improve the efficacy and
safety of PDT, NPs with high loading capacity and flexibility to accommodate PSs with varying
physico-chemical properties have been introduced. Designing an effective delivery system for
PS requires knowledge of the physicochemistry of the PS, its specific therapeutic application,
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and the characteristics of the delivery system's interaction with biological structures. The
integration of PS into its delivery system requires consideration of several highly important
properties besides its charge, this includes its stability, solubility, size and molecular weight.
Indeed, the vectorization of PSs generally leads to changes in its biodistribution which usually
reinforces the passive and active EPR effect. One or other of these mechanisms aims to
increase the concentration of the PS at the desired site of action and reduce its toxicity. PS
vectorization could then be one of the solutions for improving efficacy and circumventing the
resistance and limitation phenomena of PDT (Table 7) [138], [139].

Table 7: Examples of nano-vectorized PSs of the third generation, their characteristics, and

applications
Class PS Structure = Objective @ Application @ Reference
Functionalized BB6 Photostability = Antimicrobial [140]
Fullerenes
Quantum Dots Tetrgphenyl Solubilize the Anti-cancer [141], [142]
porphyrin quantum PS Anti-microbial
dots
Gold or Silver Conventional PS «®e Plasmonic Anti-cancer [143], [144]
L=
NPs Dl Enhancement
S
Upconversion Hypocrelline A pe— Exc_itefttiond Anti-cancer [145], [146]
NP g near infrare
S and emission
in blue
Dendrimers Fr:Ar\]MIAM-zinc “.L,_;t”:;z_. Prevention of Anti—ce:jncer [147], [148]
Phthalocyanine aggregation an
(ZnPo) atherosclerosis
Mesoporous PEI-PEG-MSN/ O @ Solubilization Anti-cancer [149]
o1 5 P ;
Silica NPs ZnPc U and Protection
Liposomes Foslip® (meta- TR Solubilize Anti-cancer [150], [151]
tetra(hydroxyphenyl) (O} and protect
chlorin) (m THPC), . :#;,' PS, reduce
Fospeg® (Foslip e the
polyethylene secondary
glycoyl) side effects

To further improve the properties and performance of PSs, a new generation, referred to as
the fourth generation PSs, has emerged few years ago. These PSs involve the employment of
mesoporous silica and MOFs which are identified as porous carriers. Such carriers can hold
more than one PS molecule and are designed to enable a spatiotemporal release of the PSs.
An example of this generation is the porous Au@Rh (gold@rhobidium) nanostructures holding
ICG PSs within their pores and allowing their controlled release through their diffusion out of
the pores in response to specific stimuli such as changes in the tumor microenvironment. Also,
these nanostructures hold cell membrane coating on their surface which facilitate their
homologus binding and selective accumulation at the tumor site. Additionally, the catalytic
properties of their structure allow the decomposition of endogeneous H;O, to O, which
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alleviates tumor hypoxia. Both the third and fourth generation of PSs are classified as
advanced pharmaceutical formulations due to their promising potential in PDT. However,
fourth generation PSs are still under development and require further research [152], [153].

11.8. Pharmacokinetics of PS

As previously demonstrated, PDT includes the injection of a PS either systematically or
topically, and then the targeted tissue is exposed to the light wavelength corresponding to the
PS absorption spectrum. Once a PS is in the bloodstream, a set of reactions occurs, the timing
of which depends on the PS’s composition. The PS must be equivalent to the components of
the blood depending on the solvent or vehicle used for the injections. The PS may undergo
degradation, release from its delivery vehicle, or interact with various serum proteins and cells
present in the blood during this process.

Systemic PSs have the ability to bind to blood vessel walls. It is postulated that tumor
vasculature and those of the surrounding normal tissue are morphologically and physiologically
different, which may influence the localization and accumulation of PSs. Once adhered to the
blood vessels, PSs penetrate the vessel walls at rates determined by their binding affinity to
the endothelial lining. Thus, PSs with stronger binding exhibit slower diffusion rates across the
vessel wall, whereas those with fragile binding diffuse across the vessel wall more rapidly.
After crossing the blood vessels, the PS is released to enter the parenchyma in the target
organ/tumor. If the organ is the liver or another metabolically active organ, the PS might be
subjected to chemical transformations under catalysis of metabolic enzymes. However, this is
uncommon for most of the tetrapyrrole-based PSs, including porphyrins, chlorins, and
phthalocyanines which are the PSs widely applied in clinical practice. It has been revealed that
the localization of the PS in the intracellular space depends on its characteristics such as its
hydrophobic or hydrophilic tendency and the charge and asymmetry of its structure. Certain
PSs, either charged or possessing a polar region, are too hydrophilic to cross biological
membranes, leading to their internalization through endocytosis. On the other hand, some PSs
are mostly hydrophobic, with few or no polar groups, allowing them to freely diffuse through
the plasma and into other cellular organelles. The PSs are eventually cleared from the tissue,
though the exact mechanism remains unclear. It can be assumed that if the PS accumulates
in a tumor or a non-metabolic organ, it is returned to the circulation through the lymphatic
system. Finally, the PS is eliminated from the body. In most clinically used PSs, the process
begins with metabolism by hepatic cells which is transported into the bile, passes through the
intestines, and is ultimately excreted through the feces [117], [154].

It is crucial to differentiate between selective accumulation and retention of PS in tumors. PS
with faster pharmacokinetics mostly localize in tumors due to selective accumulation, whereas
those with slower pharmacokinetics localize commonly due to selective retention. The
selective accumulation model suggests that the increased vascular permeability, which is
prominent with tumor neovascularization, allows for the preferential extravasation of PS. These
rapidly acting PS often bind to albumin with a relative size that enables passage through the
"pores" of the tumor endothelium. In contrast, in the selective retention model, the PSs are
retained in tumors while being eliminated from surrounding healthy tissues and organs. Tumor
selectivity and retention of PSs are promoted by two key features of tumor tissues. Firstly,
tumor cells overexpress low-density lipoprotein (LDL) receptors due to the increased
cholesterol catabolism in proliferating tissues, leading to higher LDL receptor expression. The
hydrophobicity of LDL molecules enables their role as effective carriers of hydrophobic
molecules to deliver the cholesterol molecules that are crucial for membrane formation during
cell division. Hence, LDL can transport hydrophobic PS to neoplastic tissues. Secondly, the
acidic pH in the tumor microenvironment enhances the retention of PS. As the tumor develops
and its periphery extensively receives oxygen molecules, an intra-tumoral hypoxic condition
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arises. This acidic environment can change the physico-chemical properties of PS, particularly
their charge, making it easier for them to enter cancer cells. For example, protonation of the
carboxylic acid groups in hematoporphyrin increases its lipophilicity, enabling its entry into
tumor cells via simple diffusion through the plasma membrane. Moreover, the PS distribution
between albumin and LDL is pH dependent. Studies have shown that the acidic tumor
environment favors the binding of PS to LDL enhancing the selectivity and accumulation of PS
in tumors [155], [156].

11.9. Passive tumoral targeting

Passive targeting of the tumor occurs due to the EPR effect. The latter phenomenon occurs
when the endothelial cells’ junctions lining the blood vessels become highly permeable due to
the pathology of a disease. Especially, upon the existence of a tumor, the lymphatic drainage
becomes poor allowing macromolecules and NPs used in therapies to accumulate in the
interstitial space following their passive diffusion into the tumor areas. These molecules consist
of poly (styrene-co-maleic acid anhydride) conjugated to peptides and proteins, as well as
hydroxypropyl methacrylate-based macromolecular drugs. The EPR effect augments the
accumulation of drugs in tumors due to their extended circulation time in blood and the ligand-
mediated target of drugs in regions with reduced blood supply, through passive diffusion,
improving the drug efficacy and delivery to the target areas. Additionally, the tumor can secrete
vascular permeability factors that increase the vascular permeability facilitating the tumor
development. Hence, in this case, a key element is to inhibit tumoral angiogenesis by inhibiting
VEGF, a factor responsible for the vascularization, limiting the tumoral supply of nutrients and
others [157]. On the other hand, to enhance the EPR effect, some drugs including nitric acid
oxide releasing agents (nitroglycerin), ACE inhibitors, and angiotensin ll-induced hypertension
allow the drug transport to elevate by 2 to 3 folds, thereby boosting the overall therapeutic
efficacy. Other vascular mediators such as heme-oxygenase-1, carbon monoxide, TGF-$
inhibitors, and TNF-a can also favor better efficiency of therapies. Indeed, the physiological
factors enhancing the tumoral EPR effect endogenously include abnormalities and
dysfunctions in the tumor vasculature, the presence of large pore sizes, and the absence of
smooth-muscle layers which is responsible for the regulation of the blood volume in response
to the blood pressure. Additionally, there are some methods used in clinics such as using
polymeric drugs with extended retention and plasma half-life permitting a less-frequent
administration. Innovative drugs, such as SMANCS-Lipiodol, have also been developed,
enabling the delivery of macromolecular drugs under a hypertensive state of the patient, which
results in improved accumulation within the solid tumors [158].

[1.10. Current applications of PSs

As previously mentioned, PDT has been employed in the treatment of various diseases and
cancer types. Just like any other drug, PSs must successfully navigate phases |, Il, and Il of
clinical trials and receive approval prior to their official application and use in therapies. Clinical
phase trials are currently underway for various PSs, while others have received approval for
cancer treatment (Table 8).
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Table 8: PSs under clinical phase trials and approved for the treatment of different
cancer types and diseases [159], [160]

PS

Indocyanine
green (ICG)

Methylene blue

5_
Aminolevulinic
acid (ALA)

Methyl-
aminoleuvinate

(MAL)

Hervix/Cysview

Meta-
tetrahydroxy-
phenylchlorin
(m-THPC)

Verteporfin

Suzan GHADDAR | Ph.D. Thesis | University of Limoges | 2024

License CC BY-NC-ND 4.0

A Absorption
Range

Near-infrared
(>800 nm)

600-665 nm

410-630 nm

630 nm

380-450 nm

652 nm

689 nm

Approval
Status

FDA approved
for diagnostic in
ophthalmology,
hepatology,
cardiology, and
fluorescence-
tracked cancer
surgery

Approved in
Canada for
nasal

decolonization
of
Staphylococcus
aureus, and
periodontal
diseases

FDA approved
for
dermatological
conditions

FDA approved
for
dermatological
conditions

EU and FDA
approved for
intravesical
administration
and diagnosis of
bladder cancer

Approved in EU

for  advanced
head and neck
cancer as a
palliative
treatment
Approved in
Japan for

macular

Applications

Chronic
periodontitis and
topical melanoma

PDT
Antimicrobial
potential against

filamentous fungi
and yeasts, dental
caries, basal cell
carcinoma

Hypertrophic
actinic keratoses
on the face and
scalp, vulvar
lichen sclerosis,
glioblastoma

Actinic keratoses,

basal cell
carcinoma, Bowen
disease, viral
warts

Bladder cancer,
prostate  cancer,

colon cancer

Pancreatic cancer,
biliary cancer,
breast cancer
metastases

Choroidal
hemangioma,
gastric cancer

72



degeneration
related to age

Talaporphin 664 nm Approved in Esophageal
sodium Japan for early cancer, gastric
endobronchial cancer, bile duct
carcinoma carcinoma
Lutetium 732 nm Phase | trial Skin metastases,
texaphyrin breast cancer,

prostate cancer

Porfimer 630 nm Phase | / 11 /11l Palliative
sodium advanced rectal
cancer and

advanced CRC

Npe6 664 nm Phase | Different
malignant tumors

[1.L11. PDT of CRC

Among the challenges of conventional chemotherapy for CRC, the lack of specificity in
targeting the cancer cells is prominent and recruits the intervention of selective treatment
approaches that maintain the patient’s healthy tissues. The application of PDT in the treatment
of CRC is quite promising and minimally invasive, especially for early-stage tumors and is also
considered as a palliative option for advanced stages of cancer. PDT for CRC aids in
overcoming the challenge of multi-drug resistance and stimulates the immune system. By
inducing tumor cell damage, PDT exposes tumor-associated antigens, which activate immune
cells to perform their anti-tumor function and promote cancer cell death. Many preclinical and
clinical studies have been conducted on PDT for CRC, as well as the effects of combining PDT
with other treatments such as radiotherapy and surgery. Given CRC's resistance to
conventional therapies, PDT may be an innovative and promising treatment. Moreover, as
CRC is a well-localized solid tumor, it represents a good candidate in terms of accessibility for
PDT treatment as it can be performed relatively simply by colonoscopy. Recently, PDT using
PSs such as porphyrin or chlorin derivatives has received increasing attention in the treatment
of CRC. PDT's chemical mechanism entails the simultaneous interaction of molecular oxygen,
the PS, and a suitable wavelength of light source. When PS absorbs visible light during PDT,
it converts that energy into the surrounding molecular oxygen which causes several ROS to
be produced. According to early studies carried out in the 1980s and 1990s, PDT produced
positive response rates and recovery in CRC patients. Indeed, the first clinical use of PDT for
CRC was in 1986 when Mexican surgeon Lemuel Herrera-Ornelas used Photofrin HpD
(hematoporphyrin derivative-HPD) illuminated with a 630 nm wavelength on 14 CRC patients.
This study was elaborated by analyzing biopsies derived from the CRC patients and showed
a significant eradication of cancer cells [127]. The study went on to prove the efficacy of PDT
against CRC, especially in reducing side effects compared with conventional treatments. After
the success of this first CRC study, numerous clinical trials have been carried out with the aim
of demonstrating the efficacy of PDT in CRC treatment. A study by Gavrina et al. explored the
efficacy of PDT using chlorin (Ce6) conjugated to polyvinyl alcohol (PVA) NPs in mouse
models xenografted with the murine CRC line CT26. Using in vivo fluorescence imaging, Ce6-
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PVA NPs were found to have a higher accumulation in the tumor and greater photobleaching
compared to the use of Ce6 alone. On histological examination, CT26 tumors showed faster
regression with much more advanced necrosis after PDT with the Ce6-PVA NPs complex
compared with PDT-Ce6 alone. This study revealed that vectorization of Ce6 into PVA is an
effective approach to improve PDT's photoactivity efficacy and selectivity for the treatment of
colorectal cancer [161]. Another study carried out in our laboratory by Bretin et al.
demonstrated the efficiency of vectorizing third-generation PS in NPs for tumor targeting by
PDT in CRC. This study is based on the use of 5-(4-hydroxyphenyl)-10,15,20-
triphenylporphyrin (TPPOH) attached to xylan (X)-coated silica nanoparticles (SNPs). The
results showed greater phototoxicity with TPPOH-X SNPs-PDT than with free TPPOH-PDT in
vitro on HT-29, HCT116 and SW620 human CRC cell lines and in vivo on xenograft mouse
models [162].

More recently, a study by Simelane et al. successfully demonstrated the creation of a bioactive
nanoconjugate delivery system, ZnPcSs-AuNP-S-PEG5000-NH»-Anti-GCC mAb (BNC),
based on PEGylated AuNPs. These systems were functionalized with metallized ZnPcS4 PDT
fluorescent PS, and anti-GCC mAbs specific for PDT treatment. In addition, they were
functionalized with specific mAbs targeting GCC to overcome the challenges of PDD and PDT
of CRC in vitro. The final BNC was photostable with selectively enhanced subcellular
accumulation in the targeted CRC compared to healthy cells in vitro for successful PDD.
Furthermore, final-PDT BNC exhibited significantly higher cell death rates (34%), compared to
PS-PDT treatment alone (15%). The above results suggest that the improved PDD and PDT
outcomes are due to the specific accumulation of nano-vectorized PS in CRC cells cultured in
vitro with enhanced targeting of bioactive anti-GCC. Consequently, this final synthesized BNC
platform could enhance PDT against CRC due to its targeting capabilities and serve as a
simultaneous early diagnostic measure in further studies [163].

At present, preclinical research is being carried out to improve the anticancer performance of
existing PS through better tumor targeting which paves the way for the creation of new and
more effective PS and optimizes light illumination in terms of power, time, or illumination
systems. Unlike chemotherapy or other conventional treatments, the promising results of
previous clinical trials, whether for early-stage tumors or palliative treatment of high-stage
lesions without involving serious side effects allowed PDT to remain a great aspiration for many
patients. Different PSs have been investigated through in vitro culturing of human colorectal
tumor cells as in vitro studies are the first preliminary step in building the base for further
complex studies and investigations of PDT whether on animal models or clinically on patients.
The evaluation of various parameters such as the selection of PS, light wavelength, ideal
concentration, and drug-light time intervals offers profound and reliable insights. Such research
allows the detection of the mode of action of the PS and the PDT-induced cell death
mechanisms such as apoptosis, necrosis, and autophagy as well as monitoring ROS
production in these cells. Aside from the studies performed on the cell monolayers, it is
important to consider the investigations on more complex structures such as 3D tumor models
that are closer to the real tumors and to determine the cellular interactions and the extracellular
matrix components as compared to the monolayer cultures. Among the in vitro preclinical
studies performed on CRC we can mention porfimer sodium (2.5-10 pg/mL) on HT-29,
temoporfin (0.125-1 ug/mL) on Colo 201, phthalocyanine Pc 4 (0-300 nM) on HCT116, and 5-
ALA (3 mM) on SW-620. Animal studies are also fundamental requirements before initiating
clinical trials. It's crucial to perform such studies on nude animals to eliminate the possibility of
an immune attack on the tumor cells. Many human CRC cell lines are grown as xenograft
tumors subcutaneously in nude mice exposed to PDT. Thus, phthalocyanine Pc4 (1 mg/kg)
was administered intravenously into female nude mice xenografted with SW-480 tumor CRC
cells, and porfimer sodium or liposomal pheophorbide (30 mg/kg) with intraperitoneal
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administration to male athymic nude mice with HT-29 tumor cells xenografts. Clinical
procedures performing PDT of CRC rely on light exposure through an endoscope using optical
fibers that target tumor tissue while sparing the normal cells. The majority of clinical trials
investigating PDT of CRC are at the pilot, phase I, and phase Il stages. Phase | trials typically
involve a small number of terminal patients and focus primarily on safety and toxicity. Phase Il
trials expand on these studies with a larger patient group. Limited data from phase Ill trials are
available, and no phase IV trials have been conducted, as PDT is not yet authorized for CRC
management. Nevertheless, current trials demonstrate that PDT is an effective treatment
option for CRC. Various PSs are clinically used in CRC treatment including photofrin, 5-ALA,
and temoporfin. These PSs can be photoactivated through light sources that can be through
endoscopic laser and/or interstitial laser [160].

Even though PDT is considered a promising targeted approach in the treatment of CRC, it is
associated with drawbacks limiting its efficacy. This includes the poor solubility of the PS, low
selective uptake, tumor hypoxia, and cancer stem cell resistance to PDT. Nevertheless, the
PS hydrophobicity was managed, as previously mentioned, by the development of third-
generation PSs involved in the treatment of CRC. The latest studies demonstrated the
effectiveness of PDT against CRC using various PSs and delivery systems through focusing
on the design of PSs with enhanced solubility and capacity to absorb in red and infrared light
regions with enhanced tissue penetration. This includes chitosan nanoparticles (CS NPs), lipid
NPs, PheoA-ss-GC NPs, functionalized polyacrylamides (AFPAA) and chlorin-core star-
shaped blocked copolymer which showed selectivity and efficacy towards CRC models in vitro
and in vivo [68]. All these studies hold promising potential and advancements in the future of
PDT in CRC.

[1.12. Combination therapies with PDT in the treatment of CRC

PDT can be combined with different therapeutic approaches to enhance its efficiency.
Combining PDT with immunotherapy including immune checkpoint inhibitors enhances the
anti-cancer immunity. Interestingly, NPs are being designed to encapsulate both a PS and an
immune checkpoint inhibitor within the same nanocarrier. For example, a study by Xu et al.
involved up conversion NPs chlorin e6-imiquimod (UCNP-Ce6-R837) which incorporate R837,
a Toll-like receptor 7 agonist, enhancing the anti-tumor immunity with chlorin e6 PS [164].
Another study by He et al. was based on the synthesis of nanoscale coordination polymer
(NCP) core—shell nanoparticles (NCP@pyrolipid) where the PS is pyrolipid and is positioned
in the shell which harbors oxaliplatin in its core. Combining PDT, oxaliplatin chemotherapy,
and the checkpoint blocking therapy anti-PDL1 enhanced CRC antitumor immunity and
therapeutic efficacy even with metastatic CRC. Additional combinations of chemotherapeutic
drugs with PSs such as brigatinib with Ce6 PS and cetuximab-conjugated Ag.S quantum dots
integrate chemotherapy and PDT to target CRC. PDT can also be combined to photothermal
therapy (PTT) for the treatment of CRC in which the effects of generated ROS can be
enhanced with hyperthermia. For instance, gold nanorod@SiO> NPs and SN-38-encapsulated
photonic micelles showed to significantly improve the antitumor efficacy [160], [165].

Chemotherapeutic anti-cancer drugs such as doxorubicin, belonging to anthracycline group,
showed an ability to control the tumor growth in mice models. Cisplatin augments the PDT
anti-tumor potential and methotrexate, an anti-metabolite, stimulate the synthesis of
protoporphyrin 1X contributing to a better in vitro cytotoxicity of PDT with ALA. Other drugs
such as vincristine, 5-azadeoxycytidine and bortezomib which are inhibitors of microtubules,
DNA methyltransferases and proteasomes, respectively, caused a better effectiveness in the
anti-tumor potential of PDT. Other combination therapies include combining radiotherapy with
PDT which showed a two-way enhancement strategy. PDT confers the sensitization of cells to
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radiotherapy, and in turn, radiotherapy synergizes with PDT to augment its anticancer efficacy.
COX-2 inhibitors which modulate the arachidonic acid cascade and suppress the cell survival
also enhance PDT. Additionally, various agents involved in increasing the accumulation of PS
in cancer cells such as vitamin D, imatinib, lipid-lowering and salicylate drugs can also be
considered. Vitamin D and imatinib usually elevate the accumulation of ALA-induced
protoporphyrin IX and the second-generation PSs, respectively. Lovastatin enhances the in
vitro LDL binding and the internalization of porfimer sodium into cancer cell and salicylate drugs
exert similar impact on the uptake of PSs by tumor cells. Another strategy used for a better
PDT efficacy is increasing the levels of oxygen within the tumor. This can be achieved through
the administration of hyperbaric oxygen and erythropoietin (EPQO) which improves
chemotherapy induced anemia and hyperthermia. Hyperthermia positively influences the
membrane permeability of cells through enhancing the PS uptake, improving the blood flow to
the tumor microenvironment, and elevating the oxygen concentration. Moreover, targeting key
mechanisms involved in cell protection and survival can enhance PDT outcomes. Inhibiting the
SOD enzyme by 2-methoxyestradiol and blocking heme degradation pathways with specific
inhibitors or siRNAs that disrupt iron chelation are effective strategies. Buthionine sulfoximine
reduces cellular GSH levels, while certain vitamin E derivatives promote the production of ROS
leading to a boosted PDT efficacy. Also, agents that promote cell apoptosis, such as Bcl-2
antagonist, and those that affect cell cycle progression, like ceramide analogs, can enhance
the effect of PDT. Rapamycin, an mTOR inhibitor, and ursodeoxycholic acid, which sensitizes
mitochondrial membranes in tumor cells are also involved in improved PDT results. Finally,
combining two PSs, 5-ALA and low-dose porfimer sodium, showed PDT-induced cytotoxicity
in vitro with reduced skin photosensitivity [97].

Using anti-angiogenic agents such as anti-VEGF or anti-VEGFR, TNP-470, and matrix
metalloprotease inhibitors as well as elevating IL-12 expression by adenoviruses are all
beneficial for PDT. Hypoxia or low oxygen supply is usually associated with PDT, which
triggers the expression of many angiogenic growth factors such as hypoxia-induced factor
(HIF)-1 o, cyclooxygenase (COX-2), basic fibroblast growth factor, VEGF, prostaglandin (PG)
E2, and matrix metalloproteinase. The link between PDT and elevated HIF-1 o and VEGF
expression levels was first reported by the study of Ferrario et al. with photofrin PS-mediated
PDT in tumors of mammary carcinomas. This contributed to the development of the approach
of combining anti-angiogenic agents with PDT which resulted in a decrease in the VEGF
expression levels as demonstrated by the study of Zhou et al., highlighting a better anti-tumoral
outcome as compared to PDT alone. Also, the receptor tyrosine kinase inhibitors (TKI) with its
anti-angiogenic potentials enhanced the efficacy of PDT Additionally, combining COX-2
inhibitors with PDT highly diminished the production of PGE2 and VEGF that is stimulated by
PDT [166]. For PDT/PTT tumor targeting therapy, Wang et al. created polydopamine NPs
coated with hyaluronic acid and conjugated Ce6. The compound's combined actions showed
enhanced accumulation inside tumors, greater suppression of tumor development, and
enhanced phototoxic impact in mice harboring HCT116 tumors [167]. Yang et al. generated
sub-100 photonic micelles encapsulated in SN-38 for efficient trimodal (photothermal,
chemotherapy, and PDT) cancer treatments, showing a noticeably higher in vivo anticancer
effectiveness compared to a single treatment in mice with an HT-29 colon in the nude xenograft
for cancer [168] .

PDT can be associated with acute inflammation primarily due to the phototoxic damage of
tumor cells activating various immune cells at the tumor site. In contrast to radiotherapy and
chemotherapy which may not induce systemic immunity, the PDT induced immune cell
activation is beneficial because it generates a robust immune response targeting residual
tumor cells. Various immunotherapy agents were evaluated in combination with PDT to further
potentiate this immune response. This includes non-specific immunotherapy agents such as

Suzan GHADDAR | Ph.D. Thesis | University of Limoges | 2024 76
License CC BY-NC-ND 4.0



the Corynebacterium parvum vaccine, glucan Schizophyllan, and Bacillus Calmette-Guérin, as
well as specific immune agents like granulocyte-macrophage colony-stimulating factor, TNF-a
and IL-7. The observed synergistic effect of this combination is due to the enhanced
recruitment of the activated macrophages to the treatment area which can amplify the immune
response against the tumor site. Not only does this approach enhance the overall PDT
effectiveness but also it reduces the therapy associated side effects including the collateral
damage in surrounding healthy tissues formed due to the induced inflammatory response.
Eventually, combining immunotherapy with PDT enhances tumor destruction and improves the
patient’s prognosis while potentially mitigating the risk of tumor recurrence [166].
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Chapter Ill. Apoptosis

lll.1. Apoptosis or programmed cell death

Apoptosis is one of the most extensively studied and well-characterized forms of cell death,
often referred to as programmed cell death. Apoptosis was first discovered in the 1970s and
was thought to occur in conjunction with mitosis. Many years later, the definition of apoptosis
was established as the ATP-dependent, genetically programmed and enzyme-mediated death
of unwanted or harmful cells. Apoptosis occurs when the cytoskeleton and DNA degrade by
proteases and endonucleases, respectively, through various homeostatic or pathological
routes. However, when the process is uncontrolled, apoptosis does not happen in the
appropriate order or at the right rate. During development, apoptosis, in conjunction with cell
proliferation, shapes tissues and organs. For example, the apoptosis of cells between the toes
facilitates their separation [169]. In the immune system, apoptosis selectively eliminates self-
reactive or ineffective T-cells which are responsible for destroying damaged or infected cells
in the body. At the molecular level, apoptosis plays a crucial role in various biological functions
and its dysregulation is associated with humerous diseases including cancer. The evasion of
apoptosis is considered a hallmark of cancer. In normal cells, growth and proliferation are
tightly regulated by a balance of growth-promoting and growth-inhibitory mechanisms.
However, cancer cells often harbor mutations that bypass antiproliferative signals promoting
uncontrolled growth. Under stress, normal cells undergo apoptosis, but cancer cells lack this
mechanism which leads to their uncontrolled proliferation and tumor growth [170].

Apoptosis is a key mechanism by which chemotherapeutic agents kill cancer cells and
mutations in the apoptotic pathways often lead to resistance to such treatments. It is mediated
by caspases which are enzymes that regulate the downstream intrinsic and extrinsic signaling
pathways. Numerous studies, conducted over the last several decades, have shed light on the
function of apoptosis in the regulation of cell death and its implications in several diseases. It
involves the systematic fragmentation of cells into apoptotic bodies, which are then efficiently
phagocytozed and removed by immune cells, thereby preserving the integrity of surrounding
tissues. The apoptotic process is primarily mediated by cysteine-aspartic proteases known as
caspases. It is characterized by distinct morphological changes and typically does not provoke
an inflammatory immune response. The process of apoptosis is characterized by a cascade
of events leading to a programmed cell death. Apoptotic cells shrink due to the dysregulation
of the lamins and actin filaments of the cytoskeleton, primarily driven by caspases. These cells
become highly eosinophilic, retract from neighboring cells, and lose cell-to-cell contact. The
nucleus of the apoptotic cell becomes intensely basophilic. A key feature of apoptosis is
pyknosis, where nuclear chromatin condenses into one or more dark-staining masses against
the nuclear envelope. This is followed by the dissolution of the nuclear membrane and the
action of endonucleases which cleave the DNA into regularly sized short fragments.
Subsequently, the condensed cytoplasm and nucleus fragment into apoptotic bodies, which
detach from the cell and get eliminated by the macrophages through a process called
efferocytosis. In contrast to pyroptosis, necrosis or ferroptosis in which cell swelling and
inflammation are typical, apoptosis maintains an intact cell membrane without provoking
inflammation. Macrophages efficiently clear apoptotic cells with minimal to no inflammation in
the surrounding tissues rendering the process immunologically silent. Additionally, the
apoptotic process entails a series of biochemical events that result in specific cellular
alterations including the loss of membrane asymmetry and adhesion, cell shrinkage, nuclear
fragmentation, chromatin condensation, and the fragmentation of chromosomal DNA which
are considered as key features of apoptosis (Figure 29) [171].
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Figure 29: Features representing the apoptotic phenomenon [170]
Il1.2. Physiological role of apoptosis

Apoptosis exerts a crucial role throughout the development of the organism's physiology and
maintaining tissue homeostasis in adulthood. During embryogenesis, apoptosis intervenes and
enables the destruction of structures initially formed, particularly during sexual differentiation.
When the embryo is genetically male, the anti-mullerian hormone (AMH) is secreted by the
Sertoli cells in the testes. This induces the degeneration of the Millerian ducts through
apoptosis. Simultaneously, testosterone secreted by Leydig cells maintains Wolff's ducts. In
contrast, when the embryo is genetically female, AMH and testosterone are not secreted due
to the absence of a testes which allows the persistence of the Miillerian ducts and the relapse
of the Wolffian ducts [172].

Given its capacity to eliminate cells with minimal disturbance to surrounding tissue, apoptosis
is a particularly well-suited 'clean and silent' form of cell death for tissue morphogenesis. It is
widely established that apoptosis is the primary mechanism for the elimination of organs and
tissues that are only necessary in the periods of embryonic or larval stages or that are
phylogenetic remnants. This includes the resorption of the tadpole tail, the regression of the
umbilical arteries after birth, and the degeneration of the pronephros in mammals and
amphibians (Figure 30 A). Additionally, apoptosis plays a significant role in tissue sculpting,
as the removal of many cells can result in the formation of new structures. A classic example
is the role of apoptosis in finger morphogenesis where it leads to the death of cells forming the
interdigital space early in embryogenesis and a lack of apoptosis activity leads to a lack of
finger differentiation. (Figure 30 B) [173].

Apoptosis is also involved in the development of the immune system, where autoimmune B
and T lymphocytes are eliminated. As previously noted, apoptosis is involved in maintaining
tissue homeostasis especially in highly renewable tissues such as skin, eliminating aging cells
and excess T cells after an immune response [174].
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I11.3. Caspases and cell death

Caspases are a family of proteases also known as “Cysteinyl Aspartate-Specific Proteases”
as they contain a cysteine residue at their catalytic site. They are the major key contributors to
apoptosis and are regulated by various upstream factors. Caspases are categorized into
several distinct subsets based on their specialized functions. Among these, the effector
(executer) and initiator caspases are critical regulators of apoptosis. Effector caspases,
including caspase-3, -6, and -7, are responsible for executing cell death by proteolytically
cleaving a wide array of cellular substrates. The activation of these caspases involves the
cleavage of their inactive monomeric forms into active dimers, which then propagate apoptotic
signaling cascades. Once activated, they will cleave several cellular substrates promoting cell
death and the phagocytic removal of cellular debris. Caspase-3, the most activated effector
caspase, plays a pivotal role by catalyzing the cleavage of key cellular proteins and inducing
chromatin condensation. Additionally, caspase-3 activates DNase enzymes leading to DNA
fragmentation and internucleosomal cleavage.

Initiator caspases, such as caspase-2, -8, -9, and -10 in various vertebrates, play a role in the
upstream activation of effector caspases. Unlike effector caspases, initiator caspases are
activated through conformational changes rather than direct cleavage. Multiple upstream
signals recruit initiator caspases to large macromolecular signaling complexes via their
extended pro-domain where they undergo dimerization and activation. The activation of each
initiator caspase is regulated by distinct signals and platforms, allowing for specialization in
different cellular contexts.

Additionally, a third subset of caspases includes those involved in non-apoptotic processes,
particularly inflammation. These inflammatory caspases, such as caspase-1, -4, -5, -11, and -
12, are integral to the inflammatory response [175], [176], [177].
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I11.3.1.1. Structure of caspases

Caspases are initially synthesized as enzymatically inactive precursors. The active form of
caspases is a tetramer composed of two large and two small subunits. Procaspase zymogens
contain a catalytic C-terminal domain and an N-terminal prodomain. The active site is located
in the catalytic domains of caspases and consists of both a small and a large subunit which
together form the enzymatically active conformation. The large subunit carries the catalytic
cysteine residue which is crucial for the enzyme’s activity. The small subunit includes residues
essential for shaping the substrate-binding pockets and facilitating substrate recognition. The
structure and function of caspase prodomains vary significantly. Apoptotic effector caspases
(such as caspase-3, -6, and -7) and caspase-14 possess very short prodomains typically
consisting of 20-30 amino acids. In contrast, initiator caspases and inflammatory caspases
have large prodomains that can extend up to 220 amino acids. These larger prodomains
contain homotypic protein-protein interaction motifs such as the caspase activation and
recruitment domain (CARD) found in caspases-1, -2, -4, -5, and -9, as well as the death effector
domain (DED) present in caspases-8 and -10. These interaction motifs are crucial for the
dimerization and recruitment of initiator caspases into caspase activation complexes.
Activation of procaspases requires enzymatic cleavage to achieve a mature, fully active
tetrameric conformation. This stringent activation requirement is crucial for the tight regulation
of caspase activity preventing inappropriate activation of caspase cascade. Depending on the
specific protein-protein interaction motifs present in their prodomains, different caspases are
activated through distinct biochemical mechanisms (Figure 31) [178], [179].
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Figure 31: Caspase structure and activation [180]

111.3.1.2. Activation of initiator caspases

Initiator caspases containing a long prodomain exist as inactive zymogenic monomers in
normal cells. After auto-proteolytic processing, the prodomains of the initiator caspases are
removed by proteolysis to promote a mature enzyme conformation with full catalytic activity.
Initiator caspases exist as inactive monomers, each comprising a large subunit, a small
subunit, and a prodomain. Upon receiving apoptotic signals, these monomers undergo
proximity-induced dimerization which is facilitated by adaptor proteins bringing two monomers
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together. This dimerization is considered as the “classical model” that is crucial for the
activation of the initiator caspases through the stimulation of the catalytic activity and self-
proteolytic cleavage between the small and large subunits of the catalytic domains. The
researchers believe that homo-dimerization is the initial event that triggers the activation of
initiator caspases mediating downstream signaling to effector molecules (Figure 32) [181].

111.3.1.3. Activation of effector caspases

Effector pro-caspases exist as inactive dimers in hormal cells and lack the prodomain that is
usually present in the initiator procaspases, yet they are composed of large and small subunits.
They lack protein-protein interaction motifs, so their activation relies on proteolytic cleavage at
specific sites by upstream active initiator caspases. Like initiator caspases, cleavage of the
effector caspases within the catalytic domain triggers conformational changes in the active site
resulting in the formation of an active tetramer with a substantial increase in the catalytic
activity. This inter-chain cleavage facilitates the transition of effector caspases from their
inactive dimeric form to an active enzymatically competent state. Once activated, effector
caspases execute the apoptotic program by cleaving various cellular substrates. Thus, while
initiator caspases require dimerization followed by proteolytic processing for activation, effector
caspases are directly activated through proteolytic cleavage by the initiator caspases,
highlighting a key distinction in their activation mechanisms (Figure 32) [182].
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Figure 32: Activation of initiator and effector caspases [183]

Ill.4. Downstream activity of caspases

Initiator caspases target effector caspases which subsequently cleave numerous substrates
leading to cell death [184]:

e Caspases and apoptosis-regulating proteins: This includes caspases themselves,
as well as other proteins that regulate apoptotic processes.

e Mediator and regulator proteins in apoptotic signal transduction: These proteins
facilitate the transmission of apoptotic signals within the cell.
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e Proteins maintaining intermediate filament integrity:

o Lamins A/C and B: Cleavage of these proteins results in nuclear envelop
disruption and nuclear lamina disassembly, respectively.

o Stk4 and Mst1 kinases: Cleaved forms of these kinases become constitutively
active, promoting apoptotic morphology.

e Proteins involved in transcription and DNA repair:

o Poly (ADP-ribose)-polymerase (PARP): Once cleaved, PARP loses its ability
to repair DNA damage which compromises the genomic integrity.

e Cell-cycle regulatory proteins:

o Akt: Cleavage of Akt leads to the inactivation of cell-cycle inhibitors, ultimately
resulting in the loss of survival signaling.

l1I.5. Other key factors of apoptosis

o TNF-a: It is a cytokine produced and released by macrophages and serves as a key
extrinsic mediator of apoptosis. It binds to the tumor necrosis factor receptor (TNFR1)
initiating the activation of caspases.

o Fas: T cells express the Fas receptor, which is upregulated during infection.
Subsequently, activated T lymphocytes generate Fas ligands. When Fas on the same
or adjacent cells binds to these ligands, they trigger apoptosis by activating caspases.
The Fas receptor, a transmembrane protein within the TNF family, interacts with Fas
ligand (FasL) to start the activation of caspases.

e Bcl-2 genes: Located on chromosome 18, these anti-apoptotic genes encode the Bcl-
2 protein, which inhibits Apaf-1 and cytochrome c release from the mitochondria.
Cytochrome c, situated between the inner and outer mitochondrial membranes, binds
to Apaf-1 upon release to activate procaspase-9.

e TP53 suppressor gene: This gene is transcribed and translated to a protein that
controls the cell cycle and suppresses tumors. In response to DNA damage from
chemotherapeutic agents, hypoxia, or ionizing radiation, TP53 inhibits the cell cycle in
the G1 phase, thereby preventing the proliferation of damaged cells and facilitating
DNA repair. Severe DNA damage induces the activation of TP53 gene (p53) which
promotes the expression of the BAX gene leading to apoptosis. The products of the
BAX genes are pro-apoptotic proteins that antagonize the effects of the anti-apoptotic
Bcl-2 gene. The optimal equilibrium between anti-apoptotic and pro-apoptotic genes
governs this process in which an increase in the pro-apoptotic signals from BAX can
lead to cell death when they surpass the protective effects of Bcl-2.

e Cytotoxic CD8+ T-cell pathway: These cells release perforins which form pores in
the target cell membrane. Then, granzymes are secreted into the target cells through
these pores leading to caspase activation and apoptosis [171].
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I11.6. Apoptotic signaling pathways

Like any other physiological phenomenon, apoptosis requires stimuli such as ultraviolet
radiation, cellular stress and cytokines to be triggered. Based on the nature of the stimulus and
its location whether intracellular or extracellular, two main induction pathways can be involved
in apoptosis: the intrinsic or mitochondrial pathway and the extrinsic or death receptor pathway.
Generally, both apoptotic pathways follow the same pattern which is associated with three
different phases [185]:

1. Initiation or induction phase: This phase is reversible where the stimulus triggers
initiating caspase through several adaptor molecules.

2. Execution phase: This phase is non-reversible in which executing caspases are
involved and maintain the apoptotic process.

3. Cell degradation phase: In this phase, the apoptotic cell features, previously
mentioned, are induced to destroy the cells.

I11.6.1. Mitochondrial or Intrinsic Apoptotic Pathway

This pathway is activated when intracellular stress arises from factors such as DNA damage
caused by X-ray or UV light exposure, chemotherapeutic agents, hypoxia, or the accumulation
of misfolded proteins. Under stress conditions, cytochrome c leaks from the mitochondrial
intermembrane space into the cytosol, leading to the activation of caspase-9. The regulation
of this pathway is controlled by the BCL-2 and TP53 genes. This pathway is primarily
characterized by mitochondrial outer membrane permeabilization (MOMP), which leads to the
activation of caspase-9. MOMP is facilitated by the proteins Bax and Bak which belong to the
Bcl-2 family. These proteins form pores in the mitochondrial membrane compromising
membrane integrity and causing the release of cytochrome c from the mitochondrial
intermembrane space. Upon release, cytochrome c¢ binds to the adaptor protein Apaf-1
(apoptotic protease activating factor 1) leading to the assembly of a large multiprotein complex
known as the apoptosome. The apoptosome subsequently activates caspase-9 which plays a
crucial role in the apoptotic cascade (Figure 33).

The activation of Bax and Bak, and consequently MOMP, is regulated by the interplay between
pro-apoptotic and anti-apoptotic proteins of the Bcl-2 family. "BH3-only" pro-apoptotic proteins,
such as Bid, Bim, Puma, and Noxa, possess one of the four Bcl-2 homology domains and can
directly activate Bax and Bak. Conversely, anti-apoptotic proteins, including Bcl-2, Bcl-XL, Al,
and Mcl-1, inhibit apoptosis by binding to and sequestering BH3-only proteins and directly
inhibiting the activity of Bax and Bak [186].
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Figure 33: Apoptosome assembly in the intrinsic (mitochondrial) apoptotic pathway [187]
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[11.6.2. Extrinsic Apoptotic Pathway

The extrinsic apoptotic pathway is initiated when a cell acquires death signals from various
cells. This receptor-mediated pathway begins when ligands from neighboring cells bind to
death receptors found on the surface of the cell, thereby triggering apoptosis. The primary
receptors involved include Fas, TNFR, CD95/FAS, and TRAIL receptors (DR4 and DRS5).
These receptors interact with their respective ligands including FasL and TNF-a. These
receptors and ligands are members of the tumor necrosis factor superfamily. Upon ligand
binding, these death receptors recruit the adapter protein Fas-associated protein with Death
Domain (FADD) which binds to the receptors and facilitates the recruitment and dimerization
of inactive caspase-8 monomers into active caspase-8 homodimers. This process leads to the
formation of the death-inducing signaling complex (DISC) which consists of FADD,
procaspases-8 and -10, and cellular FLICE (FADD-like IL-1B-converting enzyme) inhibitory
proteins (cFLIP). Once caspase-8 is activated within the DISC, it is released and subsequently
cleaves and activates effector caspases such as caspase-3 and caspase-7 leading to the
execution of apoptosis.

Additionally, the binding of TNF-a to its receptor TNFR1 results in the formation of another
complex (complex 1) that includes TNFR1-associated protein with death domain (TRADD),
TNFR1, TNF receptor-associated factor 2 (TRAF2), and TNF-a-related receptor-interacting
protein (RIP). Complex | can either activate the nuclear factor kappa light chain enhancer of
activated B cells (NF-kB) pathway or transition into complex Il which comprises TRADD,
TNFR1, TRAF2, RIP, FADD, procaspase-8, and procaspase-10 (Figure 34) [188].
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Figure 34: Biological factors involved in the extrinsic apoptotic pathways [188]
l11.7. Crosstalk between the intrinsic and extrinsic pathways

The interaction between the intrinsic and extrinsic apoptotic pathways is one of the key
processes that govern apoptosis since it allows the realization of various apoptotic signals if
necessary. This complex interconnection becomes vital in regulating the intracellular
environment and is involved in homeostasis, defense, and the removal of unhealthy or
undesirable cells.

The pro-apoptotic protein known as Bid serves as the primary connector between the two
pathways. When the extrinsic pathway is initiated, for instance, through the activation of death
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receptors such as CD95 (Fas) by their ligands’ binding, caspase-8 is brought to the DISC. On
activation, caspase-8 cleaves Bid into its active form, which is named tBid. After that, this
truncated form of Bid moves into the mitochondria, where it activates cytochrome ¢ and other
apoptotic proteins that move from the mitochondria's intermembrane gap into the cytosol. It's
important to note that cells are divided into type | and type Il cells based on the apoptotic
pathway that is more prominent. Type | cells are mostly subjected to the extrinsic apoptotic
pathway while type Il cells’ apoptosis is mainly induced by the intrinsic apoptotic pathways. For
example, when the intracellular levels of growth factors or cytokines increase, type Il cells
become more resistant to apoptosis as the intrinsic apoptotic pathway becomes
downregulated. This underscores the influence of the cellular environment on the apoptotic
outcome. On the other hand, type | cells respond significantly to external stimuli and are
endowed with a very effective DISC mechanism that activates the extrinsic pathway apart of
the intrinsic pathway. Thus, even when type | cells receive inhibitory signals that block
apoptosis, they can still undergo cell death if their death receptors are activated. This
independence, in a way, also contributes to the understanding of apoptotic signaling as it
shows that different forms of cells may respond differently to apoptotic triggers because of the
specific signaling mechanism within each cell type and the stimuli perceived by the cell.
The intrinsic and extrinsic pathways of apoptosis are not simply demonstrated since it is a
rather complex and flexible process that cells can use to adapt their responses to apoptotic
signals. This intercommunication is employed in sustaining life processes through the dialog
between survival and death proteins in development, tissue homeostasis, and cancer. In
certain pathophysiologic conditions such as in cancer cells, the crosstalk can go where anti-
apoptotic Bcl-2 proteins are upregulated hence enhancing tumor survival and growth. In cancer
cells, the dysregulation in these pathways contributes to apoptotic resistance and promotes
tumor growth and development. Hence, it is crucial to understand the dynamism of this
crosstalk for designing therapeutic approaches that can efficiently promote apoptosis to cancer
cells to enhance the efficacy rates and the survival of the patients (Figure 35) [189].
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111.8. Apoptosis and cancer

As previously mentioned, the hallmarks of cancer include self-sufficiency of growth signals, the
ability to induce the formation of new blood vessels and resistance to cell death. Apoptosis is
among the vital processes that prevent the formation of cancer and tumor growth; however,
several mechanisms of apoptosis suppression can be found in malignancies. These prognostic
changes of apoptotic regulation allow the survival of cancer cells through the emergence of
certain mutations that could lead to the increased invasiveness of cells, angiogenesis, aberrant
cell proliferation, and termination of differentiation. Cancer cells evade apoptosis through
several mechanisms including the inhibition of caspases’ activity. The major mechanisms of
evasion include increased expression of anti-apoptotic Bcl-2 proteins and/or decreased
expression of the proapoptotic proteins Bax and/or Bak. Although Bcl-2 is not recognized as
an oncogene, any mutations that involve this protein will enhance the rate of carcinogenesis.
Bcl-2 is overexpressed in more than 50% of cancers regardless of the tissue origin, as tumor
cells become resistant to intrinsic apoptosis and various apoptotic anticancer treatment
modalities. Additionally, cancer cells often exhibit augmented sensitivity to apoptosis in
response to microenvironmental stress factors such as nutrient deprivation and hypoxia.
Generally, tumor cells are more responsive to the extrinsic apoptotic pathway compared to the
intrinsic pathway suggesting that targeting the extrinsic pathway may be more effective in
cancer therapies. Besides, mutations in oncogenes and tumor suppressor genes influence
apoptotic processes contributing to apoptotic evasion. For instance, tumor suppressor p53
promotes the transcription of pro-apoptotic proteins within the Bcl-2 family. Mutations in p53
lead to apoptotic evasion which recruits anti-cancer drugs that induce apoptosis in another
mechanism. Anti-cancer therapies aim to regulate or even eliminate the abnormal growth of
cancer cells through strategies involving the use of the cell's proapoptotic pathways. Many
anticancer agents are formulated to interfere with different mechanisms of both the intrinsic
and extrinsic apoptotic pathways by stimulating the apoptotic signals and blocking the anti-
apoptotic signals. Targets of anti-cancer therapies include death-receptor ligands, inhibitors of
Bcl-2 and X-linked inhibitor of apoptosis protein (XIAP), as well as analogs of alkyl
phospholipids (APLs)which normally induce apoptotic signals. While it is efficient to target
various stages within the apoptotic pathways, determining the optimal target remains a
significant challenge. Further research and development of the apoptosis-inducing anticancer
therapies will be essential to identify the most effective targets that can yield the best
therapeutic outcome in cancer patients [191].

[11.9. PDT induced apoptosis

PDT of cancer cells trigger apoptosis through multiple complex pathways that include plasma
membrane death receptors, mitochondria, lysosomes, ER, caspases, Bcl-2 proteins, ROS
generation and specific signaling pathways. PSs, such as porphyrin, Photoditaz Porfimerate
Sodium, and Metvix, preferentially accumulate in mitochondria, lysosomes and ER. After their
photo-activation, PSs generate ROS that induce oxidative stress to lipids, proteins, and DNA
of cells leading to activation of apoptotic signal transduction pathways. PSs targeted to the
mitochondria release cytochrome ¢ upon photoactivation to form the apoptosome complex that
activates caspase-9 and caspase-3 which cleaves nuclear lamins, PARP, DNA-protein kinase
(DNA-PK), inhibitor of caspase-activated DNase (ICAD), and many other effectors. Using Fas
and TNFR, caspase-8 induces the activation of caspase-3 which activates Bid. As previously
mentioned, the latter is cleaved into tBid to trigger the release of mitochondrial cytochrome c.
Lysosomal PSs cause the release of cathepsin that cleaves Bid and caspase-3 influencing
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apoptosis. Also, PDT-induced ER damage releases calcium (Ca?*) which in turn enhances
apoptosis. Members of the Bcl-2 family are involved in the regulation of apoptosis after PDT,
but the role of every protein might be ambiguous. influencing apoptosis. Also, PDT-induced
ER damage releases calcium (Ca?*) which in turn enhances apoptosis. Members of the Bcl-2
family are involved in the regulation of apoptosis after PDT, but the role of every protein might
be ambiguous. As noted earlier, the anti-apoptotic proteins including Bcl-2, Bcl-xL prevent
cytochrome c liberation and caspase activation while proteins of pro-apoptotic group, such as
Bax, promote a contrary effect represented by the release of cytochrome c and caspase
activation. Due to its pro-apoptotic effects, PDT can activate Bax proteins and disturb the
progression of the cell cycle in which an arrest in the G1 phase can be induced by increasing
the levels of p21/WAF1/CIP1 expression and decreasing the expression of cyclins and cyclin-
dependent kinases. Moreover, since PDT is widely known to activate stress kinases such as
p38 MAPK, multiple signaling pathways are stimulated and may converge with mitochondria-
mediated apoptotic pathways. Indeed, PDT triggers apoptosis through the production of ROS,
stimulation of death receptors, activation of caspases, disruption of the cell cycle, and
dysregulation of signaling pathways. All these mechanisms give a general view of the PDT
mechanisms involved in identifying and destroying cancer cells (Figure 36) [94].
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Figure 36: PDT induced cell apoptosis [94]

Different research studies demonstrated that PDT induces cell death by triggering apoptosis.
For instance, a study by Baron et al. using silicon phthalocyanine (Pc 4) as PS showed that it
induced the activation of caspases including caspase-3 which appeared as a key feature of
apoptosis since their activation levels were higher in the photosensitized as compared to the
control cells. Additionally, the evaluation of tissue sections taken at 24h post-illumination
showed a positive staining of caspase-3. Parallel findings showed the disruption of the anti-
apoptotic proteins such as Bcl-2 and Bcl-xl leading to the loss of mitochondrial membrane
potential and the release of cytochrome c into the cytosol. It was also suggested that the type
Il photochemical reaction took place due to the elevated levels of protein-derived peroxides
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revealed in A375 skin cancer cells post-illumination. Thus, it is found that measuring caspase-
3 levels is a potent biomarker of the apoptotic clinical responses to Pc-4-PDT in cutaneous
neoplasms [192].

Another study by Bissonnette et al. was based on the evaluation of the ability of ALA to induce
apoptosis in T lymphocytic lesions in patients with psoriasis. The results showed that the
activated T lymphocytes which are prevalent in psoriatic skin are more sensitive to
photosensitization and undergo apoptosis as compared to dormant T cells and that the
illumination with high fluence rates is correlated to higher levels of apoptosis. The induction of
apoptosis in lesional T lymphocytes indicates that ALA-PDT could be an effective therapeutic
modality for psoriasis and potentially other conditions characterized by T lymphocyte
activation, such as atopic dermatitis and alopecia areata [193].
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Chapter IV. Ruthenium Metal Assemblies

IV.1. Past and present states

PDT has arisen as a promising approach for treating various diseases including cancer. It was
approved as an anticancer treatment nearly two decades ago; however, its clinical use remains
limited, and only a few porphyrin-, chlorin-, and bacteriochlorophyll-based- PSs have received
approval. Ongoing research tends to focus on determining the optimal PS to enhance the
efficacy of PDT. This has led to the emergence and development of metal-based PSs,
particularly platinum (Pt(Il))- based compounds such as oxaliplatin, carboplatin, and cisplatin.
Such advancements have paved the way to understanding the interactions between
biomolecules (DNA, proteins, etc.) and metal complexes [194]. The therapeutic application of
metals has a rich historical background originating from around four thousand years ago in
ancient China where gold was used in the treatment of skin ulcers and mercury sulfide was
employed, for various medical conditions. Subsequently, in ancient Rome the act of placing
silver coins in drinking water reservoirs aided in the prevention of water poisoning due to
prolonged storage. During the 9™ and 11" centuries BCE, scientists such as Rhazes and
Avicenna identified the toxicological effects of mercury in animals and its use as an ointment
for dermatological problems. Also, another metallic compound is arsenic trioxide which was
utilized in Chinese medicine as an antiseptic for the treatment of rheumatoid disorders and
psoriasis. Additionally, this metallic compound was among the compounds suggested for the
treatment of leukemia in the 18" and 19" centuries but was later replaced by radiotherapy and
chemotherapy in the early 20" century due to their association with considerable side effects
[195]. The involvement of different metal ions in normal physiological processes has prompted
their investigation as anti-cancer therapeutic agents. The advancements were mainly driven
by the discovery of diamminedichloroplatinum (II) which was the base for further metal studies
in this field. Its mechanism involves forming DNA cross-links, disrupting replication and
transcription, and inducing cell death. The clinical success of cisplatin prompted the research
into the role of other metal ions such as gallium, zinc, cobalt, and silver for cancer therapy.
This research established the potential of metal-based drugs and extended investigations into
the roles and therapeutic potential of various metal complexes. Indeed, it became the
foundation for the development of the field of metal-based cancer drugs [196].

IV.2. Platinum-based cancer therapy

The development of platinum-based compounds with reduced toxicity and enhanced selectivity
recruited a lot of investigations in the field of metal-based cancer therapies. Cisplatin,
carboplatin, and oxaliplatin (Figure 37) are among the major platinum-based
chemotherapeutic agent used in clinics due to their well-defined mechanism of action. Cisplatin
is an effective first-generation anticancer drug against numerous malignant tumors such as
breast, ovarian, and CRC. However, it is a non-specific chemotherapeutic agent contributing
to systemic toxicity by affecting both cancerous and healthy tissues. Several side effects are
associated with cisplatin including neurotoxicity, nephrotoxicity, ototoxicity, and
myelosuppression and its prolonged use can result in severe damage to healthy tissues.
Various strategies have been developed to overcome the associated toxicity, such as liposome
encapsulation, drug delivery through nanoparticles, and bio-conjugation to target proteins
overexpressed in cancer cells. Then, carboplatin, a second-generation platinum-based
chemotherapeutic drug, was developed as a less toxic alternative to cisplatin. It has a higher
stability due to the presence of cyclobutane dicarboxylate ligand which replaces the more
reactive chloride ligands found in cisplatin resulting in a slower activation and lower overall
toxicity. The low systemic toxicity of carboplatin permits its use in high doses to treat highly
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aggressive tumors. It was FDA approved in 1989; nevertheless, the development of tumor
resistance to cisplatin and carboplatin remained a major challenge limiting the efficacy of such
therapies. To address this issue, third-generation platinum-based drugs such as oxaliplatin
have emerged. Oxaliplatin use was approved for clinical use in 2002, and its mechanism of
action is similar to that of cisplatin but does not produce cross-resistance with either cisplatin
or carboplatin. Consequently, oxaliplatin can be used simultaneously with cisplatin in cancer
therapy. Cisplatin was approved for its clinical use in 1978 alongside second-generation drugs
such as carboplatin and oxaliplatin. Pt (II) based drugs act by slowly hydrolyzing the anionic
ligands in the cell to form aqueous cationic complexes that will bind to DNA and create stable
cross-links. These cross-links diminish the potential of the DNA to replicate and undergo
transcription, ultimately leading to cell death [197], [198], [199] .
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Figure 37: Chemical structures of cisplatin, carboplatin, and oxaliplatin [200]

For instance, cisplatin is a small simple molecule consisting of one platinum atom bonded to
two amine groups and two chlorides. Despite its simplicity, it is an extremely potent drug. Under
conditions of low chloride concentration that can be found in the cytosol, cisplatin undergoes
aquation representing a process in which one or both chloride ligands are replaced by water
molecules (Figure 38 a). This transformation renders cisplatin highly reactive and allows it to
readily bind to various biomolecules within the cell. In its reactive form, cisplatin covalently
attaches to DNA bases, forming DNA adducts. Specifically, cisplatin reacts with the
nucleophilic N7-sites of purine bases and can covalently link purines through a double reaction.
When purines are on the same strand, intrastrand adducts are formed, whereas, if the purines
are on opposite strands, an interstrand crosslink is produced (Figure 38 b). Cisplatin-induced
DNA adducts inhibit transcription and DNA synthesis, triggering a complex intracellular signal
transduction cascade as the cell attempts to resolve the lesions. This response involves cell
cycle arrest for DNA repair mechanisms to take place. If the repair mechanisms are insufficient
or the damage is too extensive, the cells ultimately undergo apoptosis [201]. Even though
current Pt(ll)-based drugs are effective, the associated side effects and resistance limit their
use. Therefore, it is necessary to identify alternative transition metal complexes that could
potentially offer better efficacy and safety profiles in cancer therapy [201], [202].

Suzan GHADDAR | Ph.D. Thesis | University of Limoges | 2024 91
License CC BY-NC-ND 4.0



Hy OH, H, OH,
H,0 / +H,0 /
Pt

o N\o| |\ [ N
Cisplatin ; Cisplatin Cisplatin
monoaquated diaquated
b 65% 25% 3-5%
HO_ At
Pt
_,no/ SSSNH, ‘ Pl<::’ ‘ _NH,
3 \NH)
e NH
gl
NH,
| Intrastrand Adduct | | Interstrand Crosslink (ICL) |

Figure 38: Activation of cisplatin and DNA damage (a) through undergoing aquation reactions
and (b) formation of intrastrand adducts and interstrand cross links [201]

IV.3. Ru applications in cancer therapy

Transition metal complexes made up of organic ligands bonded to a central metal showed to
be crucial in several applications throughout human history. Ruthenium (Ru), a second-row
transition metal exhibits distinctive characteristics that make it remarkable among its metal
series as well as a potent alternative to Pt(Il)-based drugs due to its lower toxicity and selective
targeting. Ru has Lewis acid nature combined with moderate oxophilicity which enables the
transmission of a range of useful properties to various industrial and scientific fields. Ru has
grabbed the awareness of scientists in the field of medicinal organic chemistry that witnessed
advancements in recent years. One of the most studied Ru complexes is the tris(2,2’-
bipyridine) ruthenium (1) [Ru(bpy)s]?* and its derivatives. Under visible light illumination, it
enters a long-lived triplet photoexcited state that facilitates electron transfer process and lead
to the generation of ROS and cytotoxicity of cancer cells. In this context, a new field of research
was produced and the Ru chemical effects continued to be elaborated by new discoveries and
potential applications especially due to Ru potential in exhibiting multiple oxidation states and
different electron transfer mechanisms. This also encompasses the study of Ru coordination
and organometallic chemistry as well as their application in the fields of biology, nanoscience,
redox reactions and photoactive materials which became a major focus and showed rapid
advancements in recent years. Ru is characterized by a wide spectrum of oxidation states
making it highly active in redox reactions with a typically reversible nature. This attracted the
performance of detailed studies revolving around Ru unigue photophysical and photochemical
properties. The discovery and exploration of Ru complexes as anticancer therapies gained
attraction in the late 1970s after the success of cisplatin and the search for alternative metal-
based drugs. Earlier research is marked by the study of Dwyer et al. in the 1950s which focused
on the development of bioactive Ru polypyridyl complexes, but mainly for their antimicrobial
properties. Since then, research has significantly expanded and focused on the synthesis of
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novel Ru(ll) and Ru(lll) complexes as potential anticancer agents and elucidating their
mechanisms of action. Most of these compounds, regardless of the ligands attached to the Ru
ion, exhibit minimal cytotoxicity and toxicity compared to cisplatin, necessitating higher
therapeutic doses. Ruthenium complexes have garnered attention as alternatives to platinum-
based drugs due to their lower toxicity and selective targeting of cancer cells. Ru(lll) complexes
typically remain in their Ru(lll) oxidation state which is relatively inactive until they reach the
tumor site. The tumor microenvironment is distinguished by its low oxygen content and pH
compared to healthy tissue facilitating Ru(lll) reduction to the more reactive Ru(ll) oxidative
state. This process, known as “reduction activation,” enables Ru(lll) compounds to be
selectively toxic. Another mechanism potentially contributing to the anticancer effect is the high
affinity of Ru(lll) for the iron-binding sites of transferrin. This binding capability allows for the
targeted delivery of Ru(lll) complexes to tumors with a high density of transferrin receptors.
Many Ru complexes in both oxidative states have been synthesized and demonstrated to
possess antitumor activity in vitro. Despite the promising attributes of the Ru complex, none of
them have received approval for clinical use as anticancer drugs. Nevertheless, several
compounds, such as NAMI-A, KP1019, NKP1339, and TLD1443 have progressed to clinical
trials demonstrating the potential of Ru-based chemotherapeutics in cancer treatment. Current
research aims to develop new metal-based anticancer drugs that enhance efficacy and
selectivity while reducing toxicity compared to existing therapies [203], [204], [205], [206],
[207], [208].

e NAMI-A

NAMI-A or imidazolium trans-imidazole dimethylsulfoxide tetrachlororuthenate (lll) is an
innovative ruthenium-based anticancer agent (Figure 39). Stability studies conducted by Sava
et al. using a reversed-phase-high-performance liquid chromatographic assay demonstrated
that NAMI-A is unstable in aqueous solutions which necessitates the development of a
lyophilized formulation for long-term storage and use in clinical settings. Moreover, it was found
that it has the highest stability within the pH range of 3-4 and is photostable. Additionally,
preclinical studies determined the anti-metastatic efficacy of NAMI-A in the treatment of lung
metastasis in murine tumor models with low exhibited toxicity and its mechanism of action
appeared to be independent of the primary tumor type and metastatic stage, yet further
investigations are needed. Additionally, cytotoxicity of NAMI-A is also attributed to its ability to
bind to DNA and form cross-links. However, when phase Il clinical studies were conducted,
they showed that it led to acute side effects in patients which ceased its further investigations
[209], [210].
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Figure 39: Structure of NAMI-A [211]

e KP1019

KP1019 or indazole trans- [tetrachlorobis(1H-indazole)ruthenate(lll)] is the second Ru-derived
antitumor compound to undergo clinical trials (Figure 40). It showed promising activity against
a range of tumor types including CRC [212]. KP1019 induces apoptosis in CRC cell lines
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(SW680 and HT-29) through the mitochondrial pathway highlighted by a reduction in the
mitochondrial membrane potential [213], [214]. Caspase-3 activation was detected four hours
post-treatment with KP1019 followed by the formation of apoptotic bodies within 6-8 hours.
The apoptotic effect of KP1019 was independent of the p53 status of the tumor cells indicating
that DNA strand breaks were not the direct cause of cell death [215]. In phase | clinical trials,
KP1019 did not show any side effects revealing its potential as a promising therapeutic agent.
Nevertheless, KP1019 was not further investigated due to its poor water solubility, significant
side effects in phase Il trials, and inadequate efficacy for clinical studies [216].
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Figure 40: Structure of KP1019 [211]
o NKP1339

To overcome the low solubility trait of KP1019, sodium salt derivatives were added to yield
NKP1339 also known as sodium trans-[tetrachloridobis(1H-indazole) ruthenate(lll)] (Figure
41). NKP1339 ruthenium-based compound exhibits a rapid cellular uptake typically 1 hour after
drug exposure. It exerts its anti-cancer effect through inducing ER stress and interfering with
the integrity of the unfolded protein response which is usually triggered as a defense
mechanism to the ER stress to maintain cell survival and proliferation. Hence, NKP1339
ultimately promotes cell death through increasing cellular stress. Additionally, NKP1339
showed a better overall safety profile compared to traditional chemotherapeutic agents. Its
design promotes a selective targeting towards cancer cells reducing the associated toxicity
and side effects. Phase | clinical trials showed promising results after the use of NKP1339 for
the treatment of solid tumors which promoted it as a viable candidate for further clinical
development particularly due to its unique mechanism of action and its ability to synergize with
other treatments such as sorafenib [217].
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Figure 41: Structure of NKP1339 [211]
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e TLD1443

TLD1443 (Figure 42) also known as trans-tetrachloridobis (dimethylsulfoxide) ruthenium (ll)
has been shown to have photosensitive characteristics as it was designed with considering the
photophysical and chemical characteristics of Ru(ll) complex. It showed a highly enhanced
effectiveness of phototherapy with prominent significance on bladder cancer and with reduced
toxicity in vitro and in vivo and is undergoing phase Il clinical trials [218], [219].

Figure 42: Structure of TLD1143 [211]
IV.4. Ru coordinated PSs in PDT

The selectivity of PDT as an anticancer treatment is based on the local generation of cytotoxic
ROS in tumor tissue due to both the preferential uptake of PS by malignant tissue and the
subsequently localized light illumination. In fact, PS, at the concentrations used for PDT, is
non-toxic in the dark and only turns photocytotoxic upon exposure to light at its appropriate
wavelength. To improve tumor cell selectivity, the PS can be coupled to a tumor-targeting
moiety, such as a peptide, folic acid, or sugar [220], [221], [222] .

The coupling of PS to a vector is advantageous either through passive or active targeting:

e Passive targeting occurs by regulating the amphiphilicity and improving the solubility of

these compounds in biological media to avoid self-aggregation.

e Active targeting is promoted using vectors to enhance specific cell recognition which

augments the therapeutic efficacy.
Many of these targeting strategies offer the benefit of transporting the PS molecules across
the cell membrane which highly impacts the intracellular accumulation of the photoactive
compounds and enables the targeting of photosensitive intracellular sites to elevate the
photodynamic efficacy.
Various PS conjugated to Ru complexes have been designed and tested in vitro [223]. These
complexes have several objectives:

e Elevate the PS solubility through specific Ru ligands and coordination

e Combine the cytotoxicity of Ru with the photodynamic activity of PS

o Enhance the PS’s tumor selectivity and cellular uptake by improving its specificity to

transferrin receptors expressed on cancer cells.

e Following tumor illumination, join the PS activity and Ru-induced DNA photocleavage.
Porphyrin and its Ru-conjugated derivatives have been well-investigated as PSs (Figure 43).
In particular, to benefit from cumulative tumor suppressive effects, the synthesis of compounds
where porphyrin chromophores are conjugated to peripheral metal moieties is an intriguing
strategy combining porphyrin’s phototoxicity and the metal moiety’s cytotoxicity [223], [224]
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Figure 43: Examples of arene-Ru tetranuclear complexes conjugated to porphyrin to enhance
PDT efficacy [223]

Research has demonstrated that metal-porphyrin conjugates not only exert the basic PDT
functions but also offer additional benefits such as enhanced tumor selectivity. Porphyrins tend
to be preferentially absorbed and retained by tumor tissues mainly through low-density
lipoprotein receptor-mediated endocytosis [223]. Collaborative studies with Swiss researchers
have revealed that neutral meso-pyridylporphyrin conjugates with organometallic Ru(n6-
arene)Cl, moieties exhibit a cytotoxic effect on ME300 human melanoma cells upon activation
with visible light. Similar findings were reported by Swavey et al. Furthermore, which focused
on a mixed-metal supramolecular complex, especially [{(bpy).Ru(dpp)}.RhCl,]**which has
been shown to effectively photocleave DNA when exposed to visible light. This complex
combines two ruthenium light absorbers with a central rhodium atom which form a unique
excited state known as metal-to-metal charge transfer (MMCT). This is different from other
systems that rely on metal to ligand charge transfer (MLCT) states that do not exhibit DNA
photocleavage. The findings suggest potential for developing new DNA-cleaving agents based
on this structural motif, with implications for both research and therapeutic applications in
molecular biology. Gianferrara et al. reported on the synthesis and characterization of various
new Ru-porphyrin conjugates, which included both Ru(ll) fragments and Ru (II) coordination
compounds. Among these, water-soluble tetracationic Ru-TedabpyPP compounds displayed
phototoxic effects with cell proliferation inhibition after exposure to visible light within the range
590-700 nm in MDA-MB-231 breast cancer cell line [224], [225].

IV.5. Arene implications within Ru complexes

As evidenced by previous studies, investigations for alternative metal-based anticancer agents
are recurring with Ru compounds showing high potency and promising results. Despite
developing numerous Ru-based anticancer agents, none have achieved clinical application.
Even though NAMI-A and KP1019 have progressed to clinical trials and demonstrated
prospective efficacy, extensive research continues to investigate Ru-based drugs as novel
anticancer therapies [226], [227]. Unfortunately, organometallic compounds are unstable and
prone to decomposition when exposed to water and air. However, numerous organometallic
complexes have been identified to exhibit aqueous solubility and stability. Jaouen introduced
the term “bioorganometallic chemistry” in 1985, growing the interest in organometallic
anticancer drug discoveries [228]. Anti-tumoral and anti-metastatic arene-Ru complexes idea
started with the pioneering work of Tocher et al. in 1992 who conducted the first study that
exhibited augmented toxicity after conjugating metronidazole [1-B-(hydroxyethyl)-2-methyl-5-
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nitro-imidazole] anti-cancer agent coordinated to a benzene ruthenium dichloride fragment
[229], [230]. Subsequently, it was extensively investigated through the work of Sadler and
Dyson. The work of Sadler’s team has focused on a series of arene-Ru compounds studied
on A2780 ovarian cancer models in vitro and in vivo. They demonstrated that the treatment
didn’t exert cross-resistance in cisplatin-resistant models or even high toxicity which is quite
promising. Concerning Dyson’s work, a series of arene-Ru complexes named RAPTA (Ru
arene PTA) were synthesized using 1,3,5-triaza-7-phophaadamantane (PTA) as ligand. These
complexes were examined biologically and RAPTA-C (nf-p- MeCeH4Pr)Ru(pta)Cl, showed
great efficacy through several pathways including p53/INK pathway (Figure 44) [231], [232].
The fundamental structure of RAPTA is defined by its coordination complexes where Ru metal
center is coordinated to arene and various ligands such as phosphine ligands that augment its
biological efficacy. These compounds exhibit anticancer properties through several
mechanisms such as inducing apoptosis in cancer cells, suppressing tumor growth, and
disrupting angiogenesis. This is supported by studies showing a reduction in mature blood
vessels in tumors treated with RAPTA-C in athymic mice bearing LS174T colorectal
adenocarcinoma [233]. Another study conducted by Dyson’s team in 2008, where they
fabricated another series of RAPTA adduct complexes and characterized them. Upon their
study on cancer cell lines, they showed a high cytotoxicity on breast cancer (T-47D) and colon
cancer (WiDr) cell lines [234]. It also demonstrated the importance of ligand choices on the
biological activity of these complexes. Additionally, RAPTA-C stability profile was well-
characterized and showed a promising stability in agueous environments. Some factors can
influence its stability such as ligand modifications, pH changes and interactions with
biomolecules (proteins and nucleic acids) [235].
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Figure 44: Chemical structure of RAPTA-C [233]

In 2009, two different tetranuclear arene-Ru metallacycles have demonstrated a biological
advantage. The complexes [(n®-p-cymene)sRu4(y-oxanato)z(bpy)2]** (Figure 45 a) and [(n®-p-
cymene)sRu4(p-dihydroxybenzoquinonato).(bpy).]** (Figure 45 b) interact with DNA due to the
oxanato derivatives, and exert anti-proliferative effects against various cancer cell lines
including Colo320, MCF-7 and A549 corresponding to colorectal cancer, breast cancer, and
lung cancer cell lines, respectively [236], [237].
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Figure 45: Biologically active arene-Ru metalla-assemblies with tetranuclear molecular
structures [236]

Our chemist collaborators focused on a step-controlled strategy for synthesizing the arene-Ru
assemblies in which the metal based elements such as the metallaclips also called “spacers”
and metallapanels are well-subjected to prior organization. These elements can be confined
and characterized or can be synthesized and react without being purified. In both ways, the
formed product is the same and the synthesis of the arene-Ru assemblies requires this
methodology. They have used dinuclear arene-Ru complexes with tetradentate bridging
ligands which form highly stable dinuclear complexes in which some of them can be subjected
to further functionalization (Figure 46 a). The dinuclear complexes represented, in Figure 46
b, are all cis isomers which represents the only coordination responsible for the formation of a
discrete assembly. Nevertheless, cis-trans intercoversion might occur rapidly depending on
the nature of the ligands [236].
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Figure 46: (a) Formation of arene-Ru metallaprisms from metallapanels and (b) dinuclear arene-
Ru metallaclips [236]

IV.6. Arene-Ru metal assemblies as PS delivery systems

In a further attempt to address the solubility and stability challenges of Ru-based PS, metal
assemblies have been receiving substantial attention, but these systems have remained
relatively unexplored as vectors for drug encapsulation. Numerous groups have looked at the
building of transition metal complexes with polydentate ligands to create supramolecular
structures that are spatially different. There has been much research done on the precise
arrangement of coordination blocks and linear ligands to create square assemblies, with four
metal centers bridged by four equivalent bidentate ligands, and rectangular assemblies, with
four metal centers bridged by ligands of varying lengths. A few years later, discrete geometries
in three dimensions were produced using the same technique. Up to now, a wide range of two-
and three-dimensional structures with square planar geometries made of transition metals
have been created. These molecular assemblies have been used to create isolation
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environments that allow PS to enclose and protect its visitors, who may include molecules that
are unstable or sensitive. These assemblies have been referred to as “host-guest” systems
[236], [238], [239], [240]. This term was first invented by the pioneering work of Jean-Marie
Lehn, Charles J. Pedersen, and Donald J. Cram as they won the first Nobel Prize in Chemistry
in 1987 for the development of molecules with highly selective structure-specific interactions
[241].

In 2008, our Swiss collaborator proved the potential of ruthenium-metallaprisms [Rus(p-
cymene)s(tpt)2(dhbq)s]®*, [Rus(p-cymenes(tpt)2(dchq)s]®*, [Rus(CsMes)s(tpt)2(dhbg)s]®*, and
[Rus(CsMes)s(tpt)2(dchq)s]®* to encapsulate square planar complexes and aromatic molecules.
The inclusion systems can be formed when large aromatic molecules including pyrene,
fluoranthene, benzo[e]pyrene, triphenylene, or coronene are present to give the assembly of
interest. Fortunately, the incorporation of pyrene is flexible as it can be included even if it
carries a functionalized aliphatic substituent. This dynamism paved the way for a synthesis of
arene-Ru metallaprismatic cages that have the potential to encapsulate aromatic and
functionalized aromatic groups so that they can be used as delivery vectors. The host-guest
systems were further elaborated to include compounds of interests including PSs (Figure 47)
[242].
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Figure 47: Synthesis of the metalla-prisms and the molecular structures of different guests that
can be included into various host-guest systems [242]

Different forms of arene-Ru metal cages can be obtained such as prismatic and cubic cages.
The metallaprism [Rus(p-cymene)s(tpt)2(dhng)s]®* and the large octanuclear metalla-cube
[Rus(p-cymene)s(dhnq)a(tbpv).]2* (tbpv: 1,2,4,5-tetrakis {2-(4-pyridyl) vinylbenzene) are both
hydrophilic allowing the encapsulation and delivery of porphin intracellularly (Figure 48). The
release of porphin showed to be higher from the cubic than from the prismatic cages due to its
larger dimensions and its phototoxicity was absent when it was still present inside the cage
[242]
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Figure 48: Examples of the different host-guest systems where the guest can be included in the
cavities of (a) prismatic or (b) cubic metallacages [242]

Numerous metal assemblies have performed an essential role as host systems, but arene-Ru
has gained special consideration because of its advantageous characteristics. The initial
compound, the arene-Ru dimers are uncomplicated to synthesize, inert, and stable at room
temperature. Additionally, they are generally highly soluble in traditional organic solvents,
giving them great interest in biological applications [243], [244].
Several studies have shown that employing arene-Ru-based metal cages as vehicles can
address the poor solubility of PSs in two different ways:
o The first type of cage enhances the solubility of these organometallic complexes in
biological fluids and can transport and release PS into target cells by hosting them as
guests in their internal cavities (Figure 49 a).
e The second type of cage depends on the PS being integrated into the metal cage’s
original structure, which guarantees the PS’s optimal physiological solubility and
continuous availability for illumination (Figure 49 b).
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Figure 49: (a) Encapsulation or (b) functionalization of PS in arene-Ru metalla-assemblies [236]

Metal cages are constructed from two main blocks:

e The bimetallic arene-Ru complex (spacer) acts as the edges of the cage. A tetradentate
spacer ligand separates the two Ru atoms, determines the distance between them, and
defines the size of the cage.

¢ The panel ligand determines the shape of the metal cage such as prismatic and cubic
metal cages.
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The internal cavity of the cage is hydrophobic which permits the internalization of planar
compounds containing hydrophobic groups that are added to the reaction mixture alongside
the panel ligands. If the structure and size of these compounds permit their internalization,
these compounds will end up in the cavity through hydrophobic affinity. This is the approach
used to introduce poorly water-soluble PS into metal cages for effective delivery into cells [243].

Whereas the second type of metal cage is constructed so that the PS is an integral component
of the cage structure and used as a panel ligand. The PS containing pyridine substituents can
be conjugated to Ru atoms in a way similar to that of triangular panels. This new encapsulation
strategy in which the PS is a part of the cage's structure rather than a guest in the internal
cavity of the cage has provided a major advantage in improving PDT efficiency. Indeed, once
the cage has been integrated into the cell, it is no longer necessary to release the PS to ensure
its activity [245], [246].

Several porphyrin derivatives have been previously investigated in PDT to treat various
diseases with promising results. For this, in collaboration with chemists, we decided to study
porphin, the simplest form of porphyrin PS, for its initial photosensitizing characteristics from
which different complex PSs can be derived known as “porphyrin derivatives”. Porphin
possesses advantageous photophysical and photochemical characteristics that distinguish it
from other PSs. This includes its high rigidness and good coplanarity of its large cyclic structure
composed of four conjugated pyrrole rings interconnected by methine bridges. It has a versatile
structure that can be easily chemically modified and functionalized for optimal photo efficiency
in various applications. It exhibits strong UV-visible absorption with a maximum absorption
around the therapeutic window of 630 nm which is lower than that of chlorins (644 nm) and
bacteriochlorins (736 nm) with fluorescence at room temperature. Additionally, they are
derived from naturally occurring compounds like heme which makes them more biocompatible
and less toxic than other systemic PSs. They almost have a facilitated physiological
metabolism and clearance providing safer profiles and reducing long-term toxicity. They also
exhibit strong photostability permitting their long-term effectiveness, high photodynamic activity
through efficient electron transfer, and almost negligible dark toxicity [247], [248], [249].

The distinctiveness of PDT as an anticancer therapy depends fundamentally on the local
generation of cytotoxic ROS in tumor tissues, inducing cell death. Indeed, the rapid proliferation
of cancer cells causes a reduction in O, concentrations in the target tissue which may result
in less efficient ROS production.

To overcome this obstacle, some research groups have proposed oxygenating tumor tissue
with hyperbaric oxygen therapy (HBO.) before PDT. Additionally, some of these Ru complexes
have hydroxide groups or other substituents in the arene ligands that may help to increase the
presence of oxygen species, which in turn might produce more O, and boost the generation
of ROS [250].

Following the synthesis of these proprietary metal assemblies by our Swiss collaborators,
Gallardo-Villagran was the first to test this type of vectorized molecules on an in vitro model of
rheumatoid arthritis. Indeed, this study demonstrated the cytotoxic effects of several types of
prismatic and cubic arene-Ru-based metal cages for the functionalization of different types of
PS for PDT. The results obtained were very encouraging, with 1Cso values in the nanomolar
range and no cytotoxicity in the dark [251].

In our investigation, the porphin PS is lodged within the internal cavity of prismatic arene-Ru
metallacages. Two different cages were implemented which are M1 [(n®-p-
cymene)sRus(dong)s(tpt)z] [CFsSOs]®* and M2  [{(n8-p-cymene)Ru}s(dotq)s(tpt)2][CFsSOs]®*
containing arene-Ru vertices, panels (tpt = 2,4,6-tris(pyridin-4-yl)-1,3,5-triazine) and spacers
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(dong = 5,8-dioxido-1,4-naphthoquinonato; dotq = 6,11-dioxido-5,12-naphthacenedionato)
that act as edges [251] (Figure 50).
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Figure 50: The host-guest systems investigated in our study with porphin PS acting as guests.

In this project, we focused on investigating the effect of porphin PS encapsulated within the
prismatic Ru assemblies on human colorectal cancer cell lines. This interest is based on the
exceptional properties of this metal assembly. In fact, this encapsulation structure offers our
treatment several advantages [243], [244]:

a- Combining the cytotoxic effect of porphin with that of Ru to enhance the effect of PDT.

b- Porphin has poor solubility in biological media due to its planar structure and lack of polar
groups, so its encapsulation ensures cellular internalization.

c- This prismatic metal assembly contains ligand substituents, such as hydroxide groups, that
could potentially promote ROS generation.

d- Once formed, the Ru-based assembly is stable in its environment.

All these features make our system one of the best PS encapsulation systems for improving
PDT efficacy.
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Chapter V. Objective of the Research Project

Suzan GHADDAR | Ph.D. Thesis | University of Limoges | 2024 103
License CC BY-NC-ND 4.0



The emergence of therapeutic approaches for the focal treatment of cancerous lesions in the
colon is indicative of an evolution in the field of cancer research. In particular, CRC remains a
formidable challenge as it ranks among the primary cancer types in terms of incidence and
mortality. Standard treatment options including surgery, radiotherapy, and chemotherapy do
not often show success, especially in typical cases of cancer metastasis and recurrence with
high resistance to treatments. Hence, focusing on developing innovative CRC therapies is
necessary for providing a selective targeting of the tumor and limit the drawbacks accompanied
by conventional cancer therapies. Among these approaches, PDT emerged to act on tumor
cell destruction while preserving the surrounding healthy tissues. It is based on the
administration of a PS which is taken up by cancer cells and activated by light to induce
oxidative chemical reactions leading to tumor destruction. Among the PSs used currently,
tetrapyrrole derivatives including porphyrins, chlorins, bacteriochlorins, and phthalocyanines
show a constrained application due to their photophysical properties such as their low solubility
and ability to form molecular aggregations in biological media which diminish the efficacy of
their intravenous administration and tumor selectivity. Consequently, there is an ongoing effort
in the research community to discover and develop better PS with enhanced therapeutic
potential in PDT. In this manner, Ru conjugation to PS has appeared as a promising approach,
and especially the coupling of Ru with polypyridyl ligands to porphyrins has garnered significant
interest for their photoactive DNA cleavage properties. Ru has been recently integrated into
organometallic assemblies that can act as delivery vectors of PS to the tumor cells promoting
optimal efficacy and selectivity.

This research project aims to further advance this field by investigating the anticancer potential
and the underlying mechanisms of action of innovative prismatic arene-Ru metallacages
encapsulating porphin PS in their inner cavity as an advanced drug delivery system. Our
objective was obtained through in vitro assays testing to evaluate these compounds as PS
against human CRC cell lines HCT116 and HT-29 which are classified into stage | and stage
I, respectively. The assays are performed to attain the following purposes:

¢ Investigation of whether the presence of two additional aromatic rings in the structure
of the spacer of the arene-Ru cage can significantly enhance the overall anti-cancer
efficacy

e Detection of the presence of phototoxicity and/or dark toxicity

e Evaluation of the PS internalization into the cell lines and their co-localization in cellular
organelles

¢ Detection of the difference in the antiproliferative activity of the Ru metal cage with and
without porphin PS in the inner cavity

¢ Evaluation of the oxidative stress induction by the PS and its consequences on the cell
cycle progression, specifically by evaluating each of sub-G1, G1, S, and G2 phases

¢ Identifying the induced cell death mechanism through molecular analysis of key cell
death biomarkers

o Evaluation of the expression and activity of proteins involved in apoptosis to provide a
deeper insight into the involved anti-cancer mechanism

Suzan GHADDAR | Ph.D. Thesis | University of Limoges | 2024 104
License CC BY-NC-ND 4.0



Chapter VI. Materials and Methods
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VI.1. Materials

RPMI 1640 media with or without phenol red as well as fetal bovine serum (FBS), L-glutamine,
penicillin/streptomycin solution, and type | collagen were supplied by Gibco BRL (Cergy-
Pontoise, France). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), anti-3-
human-actin antibody, acetic acid and the “Cell death detection enzyme-linked immunosorbent
assaytUs (ELISA)” kit were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France).
Anti-human caspase-3, anti-cleaved caspase-3, anti-PARP, anti-Bax, anti-Bcl-2 antibodies
and anti-rabbit IgG H&L secondary antibody coupled to horseradish peroxidase (HRP) were
supplied by Cell Signaling Technology - Ozyme (Saint-Quentin-en-Yvelines, France). The
cellular ROS detection kit containing 2',7'-dichlorofluorescein diacetate (DCFDA) was
purchased from Abcam (Paris, France). LysoTracker, MitoTracker, ER-Tracker, HRP-coupled
mouse anti-lgG-IgM H&L secondary antibody, Alexa Fluor® 488 annexin V/Dead Cell
Apoptosis kit and propidium iodide (PI), 5X sample buffer (Pierce™ Lane Marker Reducing
Sample Buffer), polyvinylidene fluoride (PVDF) membrane, and molecular weight marker
(Page Ruler Plus Prestained Protein Ladder) are from Thermo Fisher Scientific (Villebon-sur-
Yvette, France). Immobilon Western chemiluminescent HRP substrate, RNase A, and
protease inhibitor (Complete™ Mini Protease Inhibitor Cocktail) was obtained from Merck
(Lyon, France), and caspase-3/7 reagent from Sartorius (Gottingen, Germany).

VI.2. Synthesis of the arene-Ru assemblies encapsulating a photosensitizer

The PS=M1 and PS=M2 assemblies were synthesized and purified by our collaborator at the
University of Neuchéatel (Switzerland) according to the literature [244]. He synthesized the
arene-Ru dinuclear dimers Ru(p-cymene)»(5,8-dioxydo-1,4-naphthoquinonato)Cl, and (Ruz(p-
cymene),(6,11-dioxydo-5,12-naphthacenedionato)Cl, [252] and the panel ligands 2,4,6-
tris(pyridin-4-yl)-1,3,5-triazine [253] following reported methods. The PS, 21H,23H-porphin
(PS), was synthesized as reported in the literature [254] and the corresponding lodging into
arene-Ru assemblies was attained by host-guest interactions. Stock solutions were prepared
at 1 mM concentration in DMSO and stored at -20 °C.

VI.3. Cell lines and culture

Human CRC cell lines HCT116 and HT-29 were purchased from the American Type Culture
Collection (ATCC) (LGC Standards, Molsheim, France). The HCT116 cell line was isolated
from stage | colorectal carcinoma in an adult male. The HT-29 cell line originates from a stage
Il colorectal carcinoma of a 44-year-old female. Cells were grown in RPMI 1640 medium for
culturing and were supplemented with 10% FBS, 1% L-glutamine, 100 U/mL penicillin, and
100 pg/mL streptomycin. Cultures were in a humidified atmosphere containing 5% CO-in an
incubator thermostatically regulated at 37°C. For all in vitro experiments, the cells were seeded
at 1.2 x 10* and 2.1 x 10* cells/cm? for HCT116 and HT-29 cells, respectively.

VI.4. Treatment and illumination

The stock solutions of PS=M1 and PS=M2 assemblies were diluted in a culture medium to
obtain the final concentration required, and the medium was replaced by a red phenol-free
culture medium before illumination. The maximal concentration of DMSO in the culture medium
was less than 0.1% in all cases which is non-toxic.

lllumination of cells was done using a Lumidox® Il device (Analytical Sales and Services,
Flanders, New Jersey, USA) under red visible light at 630 nm, at 75 J/cm?, and fluence rate of
70 mWY/LED, for 6 min.
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VI.5. Cell viability assay

This assay relies on the reduction of the tetrazolium salt MTT to formazan crystals by the
mitochondrial enzyme succinate dehydrogenase. This reaction represents the metabolic
activity of the cells and results in the formation of violet precipitates within the mitochondria,
with the amount of precipitate being directly proportional to the number of viable cells. The
formazan crystals are dissolved in DMSO, and the optical density at 550 nm is measured using
a spectrophotometer. This measurement allows for the quantification of living cells and the
comparison of cell viability between treated and control groups, whether or not they were
exposed to illumination. HCT116 and HT-29 cells were seeded into 96-well plates at a pre-
determined density and cultured for 24 h in 100 pL of culture medium. After 24 h of cell
adhesion and growth, cells were treated with PS=M1 and PS=M2 which were diluted in RPMI
1640 medium to obtain an appropriate range of concentration, or left untreated, for 24 h. The
medium was then replaced with 100 uL of red phenol-free culture medium, and the cells were
either illuminated or not using a Lumidox lamp (630 nm). At 12 h, 24 h and 48 h post-
illumination, 10 yL of MTT solution (5 mg/mL in phosphate-buffered saline (PBS)) was added
to each well. After 3 h of incubation at 37°C, the medium was removed and 100 uL of DMSO
was added per well to solubilize the formed formazan crystals. The absorbance of each well
was then measured at 550 nm using a spectrophotometer (Thermo Scientific, Multiskan FC).
Wells containing only 100 uL of DMSO served as blanks. Cell viability is expressed as a
percentage relative to the control cells: (mean OD of treated cells / mean OD of control cells)
x 100 £ SEM. ICs values for each cell line and compound represent the concentration at which
only 50% of cells remain viable compared to control cells. It was expressed as a percentage
of cell viability for each treatment condition relative to the untreated cells.

VI.6. Intracellular ROS generation

Cellular ROS generated after the illumination of cells was quantified using 2',7'-
dichlorofluorescein diacetate DCFDA substrate which diffuses into the cell and is deacetylated
by cellular esterases into a hon-fluorescent compound. This compound is then oxidized in the
presence of cellular ROS to produce 2',7'-dichlorofluorescein (DCF) which is a fluorescent
molecule detectable by flow cytometry (excitation: 485 nm; emission: 535 nm). Cells were
seeded in 75 cm? culture flasks for 24 h, then they were treated or not with PS=M1 and

PS<=M2 assemblies at their determined ICso values. After 24 h, the cells with different treatment
conditions were collected and incubated with DCFDA for 30 min before illumination. The
guantification of cellular ROS production was determined directly after illumination through
CytoFLEX LX (Beckman Coulter). H,O, was used as a positive control at 800 uM
concentration.

VI.7. Cellular internalization and localization

The localization of the compounds within HCT116 and HT-29 cells was determined by confocal
microscopy. Cells were seeded into incubation chambers (ibidi p-Slide 8 wells; Clinisciences,
Martinsreid, Germany) coated with a gel prepared by mixing collagen type | (3 mg/mL) and
acetic acid (20 mM) and incubated for 24 h before their treatment or not with PS=M1 and

PS=M2 at their ICso values. After 24 h of treatment, the cells were labeled with MitoTracker
(50 nM), ER-tracker (500 nM), or Lysotracker (50 nM) and then image acquisitions were taken
by a Carl Zeiss LSM 510 Meta — x1000 confocal laser microscope. The natural fluorescence
of the assemblies permitted their observation within the cells with emission (excitation: 405/561
nm; emission: 650/673 nm). Additionally, the excitation/emission wavelengths of the
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fluorescent compound allowed proper determination of the localization of the compounds of
interest. LysoTracker fluorescence (excitation/emission: 504/511 nm), MitoTracker
fluorescence (490/516 nm), and ER- Tracker fluorescence (504/511 nm).

VI.8. Cell cycle analysis

The distinct phases of the cell cycle progression were assessed for both HCT116 and HT-29
cell lines by flow cytometry using Pl staining. Cells were seeded into 75 cm? flasks and
incubated for 24 h. The treatment or not with PScM1 and PScM2 assemblies at their
determined ICso values was done after 24 h of incubation. The media was replaced by phenol
red phenol-free media. lllumination of cells was carried out after 24 h and then pellets of 1x10°
cells were collected at 12 h, 24 h, and 48 h post-illumination. The cells were washed with PBS
and fixed with the addition of 1 mL of chilled 70% ethanol in PBS and stored at -20°C. Before
flow cytometry analysis, the cell pellets were washed with cold PBS and centrifuged, then they
were resuspended with 500 L of cold 1X PBS along with 30 pL of RNase A (10 mg/mL) and
incubated for 30 min at room temperature. After incubation, the cells were stained with 25 pL
of Pl (1 mg/mL) allowing the determination of the percentage of cells present in each phase of
the cell cycle using the FACs system (BD Biosciences, San Jose, CA, USA). The results were
displayed as cytograms, showing peak fluorescence (FL3, PI fluorescence) with respect to the
number of cells analyzed. Pellets of 1x10° cells were analyzed at a rate of 300 cells per second.
The cell distribution according to DNA content representing different phases of the cell cycle
was determined from these cytograms using ModFit LT software (Verity Software, USA).

VI1.9. Apoptotic Assays

VI1.9.1. Annexin V-FITC/PI dual staining

The application of annexin V, a protein with a strong affinity to phosphatidylserines, is the
principle of this method of apoptotic analysis. Cells in the early stages of apoptosis can be
identified by combining annexin V with the fluorochrome FITC. This staining along with the PI
staining permits the differentiation between the viable cells, early apoptotic cells, and late
apoptotic cells. Phosphatidylserines are normally exposed to the intracellular compartment.
However, the ATP-dependent flip-flop phenomenon, mediated by the enzyme flippase, is one
of the first steps in cell death. It results in the translocation of phosphatidylserines to the exterior
side of the plasma membrane. Consequently, cells in the early stage of apoptosis will be
stained with annexin V. Pl is a DNA-intercalating agent that only penetrates cells when the
plasma membrane is disrupted which is the case during necrosis or in the late stages of
apoptosis. Annexin V negative/Pl negative cells indicate viable cells; annexin V positive/PI
negative indicates early apoptotic cells; and annexin V positive/Pl positive indicates late
apoptotic cells. The condition corresponding to annexin V-negative and PI-positive indicates
nuclear debris and possible necrosis. Cells were seeded into 75 cm? flasks and were treated
or not by the determined ICso values of PSeM1 and PS=M2 assemblies after 24 h of
incubation. Then, cells were illuminated or not and were harvested by trypsin at 12 h, 24 h,
and 48 h post-illumination. Cell pellets of 2.5 x 10° for each condition were prepared, washed
in PBS, centrifuged, and resuspended in 300 pL of Annexin V lysis buffer (1X). The cells were
labeled with 5 pL Annexin V-FITC and 1 pL of Pl (0.1 mg/mL) and then were kept in the dark
and at room temperature for 15 min. The percentage of cells undergoing apoptosis was then
determined by CytoFLEX LX (Beckman Coulter).
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VI1.9.2. Quantitative analysis of caspases-3/-7

Activated caspases-3/-7 were quantitatively analyzed using the IncuCyte® S3 live cell analysis
system (Sartorius) with a green caspase-3/-7 reagent. This method involves tracking the green
fluorescence emitted by the reagent through the acquisition of image and video scans of the
cells over time. The reagent, NucView™488, combines the caspase-3/-7 recognition sequence
(DEVD) to allow the measurement of apoptosis as it occurs. Initially non-fluorescent, the
reagent is added to the culture medium and accumulates inside cells. In living cells, the DEVD
sequence is not cleaved by caspases-3/-7, so no fluorescence emission is detected. However,
in apoptotic cells, activated caspases-3/-7 cleave the DEVD sequence triggering the release
of the dye and the production of green fluorescence in the nuclei, as the dye can bind to the
DNA, enabling the real-time monitoring of caspase-3 enzymatic activity. HCT116 and HT-29
cells were seeded in 96-well plates, cultured for 24 h, and then treated with PScM1 and
PScM2 at their respective 1Cso values. After 24 h, the culture medium was replaced with red
phenol-free medium, and cells were either illuminated or left untreated. They were then
exposed to the caspase-3/-7 green reagent (5 uM) and placed in the IncuCyte® S3 system.
Images were captured every 2 h, with four images per well at 10x magnification in both phase
contrast and green fluorescence. At each time up to 48 h, the apoptotic cells were quantified
using IncuCyte® software (Sartorius) by determining the ratio of fluorescent cells to the total
number of cells in each well.

VI.9.3. Protein extraction and western blot

HCT116 and HT-29 cells were seeded in 75 cm? culture flasks at the specified density and
incubated for 24 h. They were then treated with either PScM1 and PScM2 at their respective
ICso values or left untreated. After 24 h, the medium was replaced with red phenol-free medium,
and the cells were subjected to illumination or not. Cells of different conditions were collected
12 h, 24 h, and 48 h post-illumination, washed with PBS, and pelleted by centrifugation at
1,500 rpm and 4°C for 5 min to extract and identify specific proteins of interest. For total protein
extraction, cells were lysed with RIPA lysis buffer (containing 50 mM HEPES, pH 7.5; 1%
Deoxycholate; 1% Nonidet P-40; 0.1% SDS; 150 mM NacCl; and 20 pg/mL Aprotinin) with a
protease inhibitor solution. After centrifugation at 12,000 rpm for 20 min at 4°C, the lysates
were collected. The protein levels were quantified using the Bradford colorimetric method after
acquiring the measurements on the spectrophotometer at 595 nm and compared to a standard
curve of bovine serum albumin (BSA) ranging from 0 to 2 mg/mL. The exact calculated quantity
of protein extracts was mixed with 5X sample buffer and denatured at 95°C for 5 min. Then
they were separated on 12.5% SDS-PAGE gels for approximately 2 h at 90 V in migration
buffer (25 mM Tris-HCI, pH 8.3; 192 mM Glycine; and 0.1% SDS) using the XCell SureLock
Mini-Cell Electrophoresis System (Thermo Fisher Scientific). Post-electrophoresis, proteins
were transferred to PVDF membranes (Amersham Pharmacia Biotech, Saclay, France) that
were priorly activated by methanol, rinsed, and equilibrated with the gel in transfer buffer (50
mM Tris; 380 mM Glycine; 0.1% SDS; and 20% Methanol). Transfer was conducted at 100 mA
for 90 min. The primary antibody was applied in blocking buffer overnight at 4°C with agitation.
After several rinses with TBS-Tween 0.1%, the membrane was incubated with the appropriate
secondary antibody for 1 h at room temperature with agitation. Rabbit secondary antibodies
(1:2000) and mouse secondary antibodies (1:5000) were used. Excess secondary antibody
was removed by rinsing in washing buffer. Apoptosis-related human proteins were studied by
membrane probing with primary anti-PARP-1 (1:1000), primary anti-cleaved caspase 3
(1:2000), and primary anti-pro-caspase 3 (1:1000), primary anti-Bax (1:1000) and primary anti-
Bcl-2 (1:1000). For loading control, primary human anti-B-actin (1:5000) was used. After
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incubation with the primary antibodies overnight at 4°C, appropriate secondary antibodies were
used to incubate the membranes for at least 1 h. The blots were revealed using Immobilon
Western Chemiluminescent HRP substrate which is based on a chemiluminescence reaction
in a G:BOX system (Syngene, Cambridge, UK).

V1.9.4. DNA fragmentation

The “Cell Death Detection Enzyme-Linked Immunosorbent assayP-VS” kit was used to assess
the level of DNA fragmentation in the different cell conditions. After the cells were seeded in
75 cm? flasks for 24 h, the cells were treated or not using the ICso values of PScM1 and PScM2
assemblies. After 24 h, the cells were illuminated or not and cell pellets of 2 x 10° cells were
collected for each condition after 12 h, 24 h, and 48 h post-illumination. These pellets were
then resuspended in 400 uL of lysis buffer and incubated at room temperature for 30 min. After
centrifuging at 200 g for 10 min, 20 uL of the supernatant from the lysed cells was transferred
into wells coated with streptavidin. Then, 80 uL of a solution containing biotinylated anti-histone
antibodies and peroxidase-conjugated anti-DNA antibodies was added to each well. This is
followed by a 2 h incubation period with shaking at 300 rpm in the dark. The mono- and oligo-
nucleosomes generated by DNA fragmentation were bound by the peroxidase-conjugated anti-
DNA antibodies and anti-histone antibodies which themselves were bound to the streptavidin
at the bottom of the wells. Following three washes, 100 pL of the peroxidase substrate solution
(2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid “ABTS”) was added to each well. The
incubation with the substrate was for 15 min and a color change was observed during and after
this period due to the peroxidase enzyme linked to the anti-DNA antibodies. The amount of
oxidized ABTS was directly proportional to the level of DNA fragmentation. The reaction was
then stopped using a stop solution and the optical density of each condition was measured at
405 nm. A blank reading was obtained using the ABTS solution with a reference wavelength
of 492 nm. The average absorbance values (405 nm — 492 nm) were calculated for each
condition and compared to those of the control samples. The DNA fragmentation levels were
expressed as a fold change compared to the control cells.

VI.10. Statistical Analysis

All data are expressed as the mean * standard error of the mean (SEM) of at least three
independent experiments. The statistical significance of the results was evaluated by a two-
tailed unpaired Student’s t-test and expressed as *p < 0.05, **p < 0.01, and ***p <0.001.
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Chapter VII. Results of in vitro experiments
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VII.1. Cell viability assay

To investigate the effects of our arene-Ru assembilies in vitro, we conducted a comprehensive
series of experiments using two human CRC cell lines, HCT116 and HT-29. These cell lines
serve as well-established models for studying the efficacy of potential chemotherapeutic
agents on different stages of CRC. The experiment is based on treating the cells with two
compounds, PS=M1 and PS=M2, which are porphin-based systems encapsulated within
arene-Ru assemblies. Also, the empty assemblies, M1 and M2, which lack the porphin
component in their inner cavity were tested. This setup allowed us to differentiate between the
effects of the porphin component and the arene-Ru assembly itself. Following the treatment,
the cells were divided into two groups: one exposed to red light illumination (630 nm
wavelength and a fluence of 75 J/cm2) and the other kept in the dark. This dual approach
enabled us to evaluate the photoactivation-dependent cytotoxicity or “photocytotoxicity” of the
compounds. The impact on cell viability was measured at three time points, which are 12 h, 24
h, and 48 h post-illumination, using the MTT assay. This assay is widely recognized for its
ability to evaluate cellular metabolic activity and offers a reliable indicator of cell viability and
proliferation.

The results of the MTT assay provided critical insights into the cytotoxic potential of these
compounds. In the absence of light, no significant cytotoxic effect was observed on either the
HCT116 or HT-29 cell lines after treatment with PS=M1, PS=M2, M1, or M2, even at 1000
nM concentration. This finding indicates that these compounds are inherently non-toxic to cells
under dark conditions (Figures 51 and 52). Additionally, the lack of cytotoxicity in the dark
strongly suggests that any reduction in cell viability observed under illuminated conditions can
be attributed to the photoactivation of the porphin component, rather than intrinsic toxicity of
the assemblies themselves.

Upon exposure to red light, however, a marked decrease in cell viability was observed in cells
treated with PS=M1 and PS=M2, indicating a strong phototoxic effect. This phototoxicity was
both dose- and time-dependent, with significant reductions in cell viability detected at 12 h, 24
h, and 48 h post-illumination for both the HCT116 and HT-29 cell lines (Figures 51 and 52).
The ICsp values, which represent the concentration of the compound required to inhibit 50% of
the cells, were determined to be in the nanomolar range for both PS=M1 and PS=M2 host-
guest systems. These low ICsg values highlight the high potency of these compounds when
activated by light.

For the HCT116 cell line, the ICs values for PS=M1 were calculated as 666 nM, 602 nM, and
588 nM at 12, 24, and 48 h post-illumination, respectively. Similarly, the ICso values for PS=M2
were determined to be 647 nM, 541 nM, and 518 nM at the same time points. In the HT-29 cell
line, the ICso values for PS=M1 were slightly higher, at 892 nM, 672 nM, and 536 nM, while
those for PS=M2 were 884 nM, 593 nM, and 539 nM at 12, 24, and 48 h post-illumination,
respectively (Figure 53). The relatively lower ICsp values for PS=M2 compared to PS=M1 in
both cell lines suggest a slightly higher phototoxic efficacy of PS=M2, although both
assemblies are highly effective.

Notably, under illuminated conditions, the phototoxicity was significantly pronounced, while in
the dark, no I1Cso values could be determined, further underscoring the essential role of light
activation in the cytotoxic effects observed. Interestingly, the individual components M1 and
M2, which do not contain the porphin, did not show any significant changes in cell viability
under either illuminated or non-illuminated conditions (Figures 51 and 52). This finding
strongly suggests that the complete PS=M1 and PS=M2 assemblies are crucial for the
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observed photodynamic activity due to the presence of the porphin PS, with M1 and M2 which
are mainly used as delivery vehicles of the porphin into the cancer cells, in the studied
concentrations.

In summary, these results demonstrate that the PS=M1 and PS=M2 assemblies possess
significant phototoxic activity, leading to substantial reductions in cell viability upon light
exposure. The specificity of this phototoxic effect, combined with the lack of intrinsic toxicity
under dark conditions, highlights the potential of these compounds as targeted photodynamic
PDT agents. Subsequently, the 1Cso values determined post-illumination will serve as a basis
for further exploration of the therapeutic potential and mechanistic aspects of these
compounds, including their interactions with cellular components and the pathways involved
in cell death.
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Figure 51: Evaluation of the photocytotoxicity of the arene-Ru assemblies, with or without
porphin PSin their inner cavity, in the HCT116 cell line.

HCT116 cell line was cultured in RPMI medium for 24 h. After 24 h, cells were treated or not with PSeM1, PSeM2,
M1 or M2. lllumination (630 nm, 75 J/cm?) or not of the cells occurred 24 h after treatment and the cell viability for
all the conditions was determined 12 h, 24 h, and 48 h post-illumination. Data are represented as a mean + SEM
of three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001.
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Figure 52 : Evaluation of the photocytotoxicity of the arene-Ru assemblies, with or without
porphin PS in their inner cavity, in the HT-29 cell line.

HT-29 cell lines was cultured in RPMI medium for 24 h. After 24 h, cells were treated or not with PS=M1, PS=M2,
M1 or M2. lllumination (630 nm, 75 J/cm?) or not of the cells occurred 24 h after treatment and the cell viability for
all the conditions was determined 12 h, 24 h, and 48 h post-illumination. Data are represented as a mean + SEM
of three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001.
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Figure 53: Graphical representation of the ICsg values (nM) determined by MTT assay in the
HCT116 and HT-29 cell lines.
HCT116 and HT-29 cell lines were seeded and cultured in RPMI medium for 24 h. After 24 h of incubation, cells
were treated or not with PS=M1 or PS=M2. lllumination (630 nm, 75 J/cm?) or not of the cells occurred 24 h after
treatment and the cell viability for all the conditions was determined 12 h, 24 h, and 48 h post-illumination. Data are
represented as a mean + SEM of three independent experiments.
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VII.2. ROS generation

The efficacy of PDT is intrinsically linked to the production of ROS, which plays a pivotal role
in the mechanism of cell damage and death induced by PDT. To quantitatively assess the
levels of ROS generated by our porphin loaded arene-Ru assemblies, we conducted
experiments using the DCFDA, a widely useful fluorogenic dye measuring ROS activity in live
cell samples. Cells were treated with DCFDA and subsequently analyzed using flow cytometry
immediately after illumination. H,O, was used as a positive control to ensure the reliability of
ROS detection and to establish a baseline for comparison. The results of these experiments
revealed a substantial increase in ROS production in the treated cells following light exposure,
compared to both the treated non-illuminated cells and the control cells. This significant
increase in ROS levels underscores the effectiveness of light-induced activation of the PS=M1
and PS=M2 assemblies in generating cytotoxic ROS species. Specifically, in the HCT116 cell
line, treatment with the PS=M1 assembly under light exposure led to a remarkably high level
of ROS production, with a measured value of 88.46%. This level was significantly greater than
the 12.79% observed in the absence of light, indicating that ROS production is primarily driven
by the photoactivation process (Figures 54 and 55). Similarly, the PS=M2 assembly induced
a notable ROS level of 89.20% under light exposure, in contrast to the 16.79% measured in
dark conditions. These findings demonstrate that both PS=M1 and PS=M2 are highly
effective in producing ROS when exposed to light, with ROS levels under illuminated conditions
exceeding those in the dark by more than 5 folds.

Parallel results were found with the HT-29 cell line, where ROS levels reached 83.02% and
87.68% for PS=M1 and PS=M2, respectively, under light exposure. These values were
significantly higher than the 6.03% and 7.40% observed in the absence of light for PS=M1
and PS=M2, respectively (Figures 56 and 57). These data highlight the critical role of
photoactivation in the function of the PS=M1 and PS=M2 assemblies. The substantial
increase in ROS levels following illumination provides compelling evidence of the effectiveness
of these assemblies in generating cytotoxic ROS species. This ROS production is a key
mechanism through which the PS=M assemblies exert their PDT effects, leading to the
targeted destruction of cancer cells.

The clear distinction in ROS levels between illuminated and non-illuminated conditions further
affirms the effectiveness of these PS=M assemblies as promising candidates for PDT
applications. The potential of these assemblies to produce ROS offers a controllable and
targeted approach to cancer treatment, minimizing damage to surrounding healthy tissues and
enhancing therapeutic outcomes.
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Figure 54 : Evaluation of ROS production by DCFDA staining in the HCT116 cell line.
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HCT116 cells were seeded and incubated for 24 h followed by their treatment with PS=M1 or PS=M2. After 24
h, cells were stained with DCFDA and illuminated (630 nm, 75 J/cm?). Immediately after illumination, cells were
analyzed using flow cytometry. Quantification of the intensity of fluorescence emitted due to DCF formation is
correlated to the level of ROS generation. A shift to the right can be observed with data of flow cytometry in the
presence of a high fluorescence intensity which is linked to high DCF formation.
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Figure 55: Histogram representing the intracellular ROS production in the HCT116 cell line.

HCT116 cells were seeded and incubated for 24 h followed by their treatment with PSc=M1 or PSc=M2. After 24
h, cells were stained with DCFDA and illuminated (630 nm, 75 J/cm?). Immediately after illumination, cells were
analyzed using flow cytometry. Quantification of the intensity of fluorescence emitted due to DCF formation is
correlated to the level of ROS generation. Data are represented by histograms as a mean + SEM of three
independent experiments. **p < 0.01 and ***p < 0.001.
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Figure 56: Evaluation of ROS production by DCFDA staining in the HT-29 cell line.
HT-29 cells were seeded and incubated for 24 h followed by their treatment with PS=M1 or PS=M2. After 24 h,
cells were stained with DCFDA and illuminated (630 nm, 75 J/cm?). Immediately after illumination, cells were
analyzed using flow cytometry. Quantification of the intensity of fluorescence emitted due to DCF formation is
correlated to the level of ROS generation. A shift to the right can be observed with data of flow cytometry in the
presence of a high fluorescence intensity which is linked to high DCF formation.
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Figure 57: Histogram representing the intracellular ROS production in HT-29 cell line.
HT-29 cells were seeded and incubated for 24 h followed by their treatment with PS=M1 or PS=M2. After 24 h,
cells were stained with DCFDA and illuminated (630 nm, 75 J/cm?). Immediately after illumination, cells were
analyzed using flow cytometry. Quantification of the intensity of fluorescence emitted due to DCF formation is
correlated to the level of ROS generation. A shift to the right can be observed with data of flow cytometry in the
presence of a high fluorescence intensity which is linked to high DCF formation. Data are represented as a mean
+ SEM of three independent experiments. **p < 0.01.
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VII.3. Cellular localization using confocal microscopy

The intracellular localization of the PS=M assemblies within cells was determined using
confocal microscopy, a powerful tool for visualizing and analyzing the spatial distribution of
molecules within cellular compartments. Upon internalization of the metallacages into the cells,
the guest molecule, porphin, is released from the assemblies, enabling it to be excited by light
and undergo photoactivation [255]. Porphin, which possesses inherent autofluorescent
properties in the red or infrared regions, can be efficiently tracked within the cells, providing
valuable insights into its intracellular dynamics and localization [256], [257]. Following
treatment with PS=M1 and PS=M2 assemblies, the fluorescence was predominantly
observed in the cytoplasm of the HCT116 and HT-29 cells. This cytoplasmic accumulation is
a crucial observation as it confirms the successful cellular uptake of these assemblies which
primarily interact with cytosolic targets (Figures 58 and 59). The cytoplasmic localization of
porphin PS is significant for understanding the intracellular distribution and potential
mechanisms of action of these assemblies, particularly in relation to their ability to exert
therapeutic effects through interactions with specific cellular structures.

HCT116

Brightfield PSc M1 Merge Brightfield PSc M2 Merge

Figure 58: Detection of cytoplasmic localization in the HCT116 cell line after treatment with
PS=M1 or PS=M2.

Detection of cellular internalization of PScM1 and PScM2 in the HCT116 cell line by confocal microscopy. Cells
were seeded into incubation chambers and cultured for 24 h. Cells were then treated with the compounds, and the
fluorescence was measured by confocal microscopy (laser Zeiss LSM 510 Meta—x 1000). The internalization was
processed using the Image J image-processing software (version 1.54f).

HT-29
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Figure 59: Detection of cytoplasmic localization in the HT-29 cell line after treatment with
PS=M1 or PS=M2.

Detection of cellular internalization of PScM1 and PSc=M2 in the HT-29 cell line by confocal microscopy. Cells were
seeded into incubation chambers and cultured for 24 h. Cells were then treated with the compounds, and the
fluorescence was measured by confocal microscopy (laser Zeiss LSM 510 Meta—x 1000). The internalization was
processed using the Image J image-processing software (version 1.54f).

To further investigate the intracellular targeting of our PS=M assemblies and assess their
potential co-localization with various cytoplasmic organelles, specific markers were used to
stain and track mitochondria, lysosmes and ER. The results from these co-localization studies
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revealed that, following treatment with both PS=M1 and PS=M2 complexes, there was a clear
co-localization with mitochondria which was evident in both HCT116, and HT-29 cell lines after
the image acquisitions obtained from mitochondrial staining were overlaid with those
corresponding to the PS=M assemblies (Figures 60 and 61). The co-localization with
mitochondria suggests that the porphin, upon release from the metallacages, preferentially
localizes within the mitochondria, which reveals a potential interaction with mitochondrial
components by exerting a critical role as typical target for PDT and in regulating cell death
pathways. However, no significant co-localization with lysosomes or ER was observed, which
provides important insights into the internalization and trafficking pathways of the assemblies.
Indeed, these findings underscore the specificity of the PS=M assemblies in targeting key
organelles but also highlights their potential for inducing mitochondrial-mediated apoptosis in
cancer cells through the generation of ROS near the mitochondria, potentially leading to the
disruption of mitochondrial function and the initiation of cell death pathways. The
understanding of this intracellular distribution is vital for optimizing the design and application
of these assemblies in future PDT protocols.
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Figure 60: Investigation of possible co-localization with mitochondria, ER, and lysosomes in
the HCT116 cell line.
Detection of a possible co-localization with mitochondria, ER and lysosomes in the HCT116 cell line by confocal
microscopy after treatment with PS=M1 and PS=M2. Cells were seeded into incubation chambers and cultured
for 24 h. Cells were then treated with the compounds and incubated with the mitotracker, lysotracker and ER tracker
before the fluorescence was detected by confocal microscopy (laser Zeiss LSM 510 Meta—x 1000). The
internalization was processed using the Image J image-processing software (version 1.54f).
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Figure 61: Investigation of a possible co-localization with mitochondria, ER, and lysosomes in
the HT-29 cell line.

Detection of a possible co-localization with mitochondria, ER and lysosomes in the HT-29 cell line by confocal
microscopy after treatment with PS=M1 and PS=M2. Cells were seeded into incubation chambers and cultured
for 24 h. Cells were then treated with the compounds and incubated with the mitotracker, lysotracker and ER tracker
before the fluorescence was detected by confocal microscopy (laser Zeiss LSM 510 Meta—x 1000). The
internalization was processed using the Image J image-processing software (version 1.54f).

VIl.4. Cell cycle analysis

Given the rapid proliferation rate of cancer cells, it is crucial to investigate the impact of the
PS=M assemblies on cell cycle progression. Thus, the number of cells at each phase were
monitored using DNA labeling with PI. This method allowed the analysis of the distribution of
cells across the different phases of the cell cycle in the HCT116 and HT-29 cell lines using
flow cytometry (Figures 62, 63, 64 and 65).

In the HCT116 cell line, treatment with PS=M1 and PS=M2 assemblies under light exposure
led to notable changes in the cell cycle distribution. At 12 h post-illumination, the proportion of
cells in the sub-G1 phase which is an indicative of apoptosis was 8.43% for PS=M1 and 8.23%
for PS=M2. These values were significantly higher compared to the control cells with 1.48%
of cells in the sub-G1 phase. This increase suggests that the PS=M assemblies induce early
apoptosis within 12 h of light exposure. At 24 h post-illumination, the sub-G1 phase percentage
increased significantly to 21.42% for PS=M1 and 34.34% for PS=M2 as compared to 0.60%
in the control cells. This indicates a pronounced apoptotic response driven by the PS=M
assemblies. By 48 h post-illumination, the sub-G1 phase cells continued to increase, reaching
24.14% for PS=M1 and 36.67% for PS=M2 as compared to 3.66% in the control group. The
data suggests that while the proportion of apoptotic cells peaks at 24 h, it remains elevated at
48 h indicating a sustained apoptotic activity. Additionally, we observed a noticeable
accumulation of cells in the G1 phase, with a significant decrease in the number of cells moving
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to the S phase. This effect was particularly prominent at 12 h and 24 h post-illumination. The
accumulation in the G1 phase, combined with a reduction in the number of cells in the S phase
indicates that the PS=M assemblies induce G1 phase arrest. This observation is consistent
with the hypothesis that the maximum phototoxic effect occurs at 24 h post-illumination, with
induced apoptosis and G1 phase arrest contributing to the overall therapeutic efficacy (Figures

62 and 63).
Control PSc M1 PSc M2
\ Dark Light Dark Light Dark Light
Sub-G1: 0.07% Sub-G1:0.33% Sub-G1:0.18% Sub-G1: 2.01% Sub-G1: 0.33% Sub-G1: 2.86%
G1:33.33% G1:32.43% G1:34.82% Grazn% G1:35.01% Grassw
S 42.49% $:43.04% $: 42.00% $:38.01% $:42.07% $:35.01%
12h G2:24.18% G2:23.63% G2:23.09% G2:19.08% G2:22.02% G2:17.88%
A
— s Sub-G1: 0.98% Sub-G1: 3.96% Sub-G1:25.13% Sub-G1: 1.13% Y
Sub-G1: 0.74% Sub-G1:45.79%
o 01:22.20% G1:36.87% G1:32.75% O1:41.47% G1:.35.96% peoesiiones
K] Scaza0% s:42.44% S: 38.55% N 8: 33.720% 5 53.25% $:28.57%
E 24h G2:25.35% G2:20.69% 62:27.70% i G2:24,74% G2:20.79% OE1ABIN
3 i wy |
: A A S WY | A
= -~ [ - P
Q
o Sub-G1: 0.24% Sub-G1: 0.95% 1 Sub-G1: 3.70% Sub-G1: 9.82% Sub-G1: 2.22% I Sub-G1: 20.27%
G1:39.20% G1:38.45% G1I7.21% G1:42.10% G1:38.65% G1:43.06%
S: 29.45% S: 30.90% $:32.53% S: 38.62% S: 40.62% $:38.27%
48h G2:31.35% G2:31.50% 02:29.32% G2:20.19% 02:20.73% C2:17.77%
DNA Content
[Dsub-G1 W61 s MG2

Figure 62: PDT effect on the cell cycle progression of HCT116 cell line.

Cell cycle distribution analysis on HCT116 cell line after the photoactivation of PScM1 and PScM2. Cells were
seeded for 24 h in a culture medium before the treatment or not with the assemblies at their determined ICso
concentrations. After 24 h of treatment, cells were illuminated or not with red light at 630 nm and 75 J/cm?2. Cells
were collected at 12 h, 24 h, and 48 h post-illumination for analysis by flow cytometry using Pl staining. Images of
cell cycle distribution on HCT116 cells at the three time points post-illumination are represented of one experiment.
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Figure 63: Histograms representing the PDT effect on cell cycle progression of HCT116 cell line.

Cell cycle distribution analysis on the HCT116 cell line after the photoactivation of PS=M1 and PS=M2. Cells were
seeded for 24 h in a culture medium before the treatment or not with the assemblies at their determined I1Cso
concentrations. After 24 h of treatment, cells were illuminated or not with red light at 630 nm and 75 J/cm?2. Cells
were collected at 12 h, 24 h, and 48 h post-illumination for analysis by flow cytometry using Pl staining. Histograms
representing the percentage cell number at each phase of the cell cycle on the HCT116 cell line are displayed as
a mean + SEM of three independent experiments. *p < 0.05; **p < 0.01 and ***p < 0.001.

In the HT-29 cell line, the sub-G1 phase was not observed at 12 h post-illumination; however,
it became evident at 24 h, with 3.96% of cells in the sub-G1 phase for PS=M1 and 2.49% for
PS=M2, compared to 0.03% in the control cells. The proportion of cells in the sub-G1 phase
continued to increase at 48 h post-illumination to reach 11.02% for PS=M1 and 12.28% for

PS=M2. This delayed onset of the sub-G1 phase in HT-29 cells highlights a time-dependent
apoptotic response, indicating a progressive accumulation of apoptotic cells over time.
Moreover, in HT-29 cells, there was a persistent accumulation of cells in the G2 phase at 12
h, 24 h, and 48 h post-illumination, accompanied by a significant reduction in cells entering the
G1 phase. This suggests that the PS=M assemblies induce a cell cycle arrest in the G2 phase,
thereby blocking the cells' ability to proceed to mitosis (Figures 64 and 65). It is important to
mention that in both cell lines, the assemblies did not affect overall cell cycle progression in
the absence of light (Figures 62, 63, 64 and 65). However, the observed differences in
apoptotic responses between the HCT116 and HT-29 cell lines indicate that HT-29 cells exhibit
a slower apoptotic response compared to HCT116 cells. This difference may be attributed to
variations in cellular machinery and differential sensitivity to the treatments.
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Figure 64: PDT effect on the cell cycle progression of HT-29 cell line.

Cell cycle distribution analysis on HT-29 cell line after the photoactivation of PScM1 and PScM2. Cells were
seeded for 24 h in a culture medium before the treatment or not with the assemblies at their determined ICso
concentrations. After 24 h of treatment, cells were illuminated or not with red light at 630 nm and 75 J/cm?2. Cells
were collected at 12 h, 24 h, and 48 h post-illumination for analysis by flow cytometry using Pl staining. Images of
cell cycle distribution on HT-29 cell line are represented at the three time points post-illumination of one experiment.
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Figure 65 : Histograms representing the PDT effect on cell cycle progression of HT-29 cell line.

Cell cycle distribution analysis on the HT-29 cell line after the photoactivation of PS=M1 and PS=M2. Cells were
seeded for 24 h in a culture medium before the treatment or not with the assemblies at their determined ICso
concentrations. After 24 h of treatment, cells were illuminated or not with red light at 630 nm and 75 J/cm?2. Cells
were collected at 12 h, 24 h, and 48 h post-illumination for analysis by flow cytometry using PI staining. Histograms
representing the percentage cell number at each phase of the cell cycle on the HT-29 cell line are displayed as a
mean + SEM of three independent experiments. *p < 0.05; **p < 0.01 and ***p < 0.001.

In summary, these findings demonstrate that the PS=M assemblies induce significant changes
in cell cycle progression with an arrest in the G1 phase of the HCT116 cell line and the G2
phase of the HT-29 cell line.

VII.5. Apoptotic assay

VII.5.1. Annexin V/PI

To gain a deeper understanding of the apoptotic mechanisms suggested by the sub-G1 phase
of the cell cycle, a comprehensive investigation using an Annexin V-FITC/PI dual staining
assay was performed and analyzed through flow cytometry. This assay allows for the
distinguishing between the different stages of apoptosis within a population of cells. Early
apoptotic cells are characterized by the binding of Annexin V, which occurs due to the
translocation of phosphatidylserine from the inner to the outer leaflet of the plasma membrane
through a process often referred to as membrane flip-flop. This change in membrane
asymmetry serves as an early marker of apoptosis. On the other hand, the late apoptotic cells
are not only identified by the annexin V staining but also by PI uptake which can only occur in
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the cells with compromised membrane integrity. By using this dual staining approach, we were
able to accurately quantify and differentiate between cells in early and late stages of apoptosis,
providing critical insights into the effectiveness of the PS=M1 and PS=M2 assemblies as
inducers of cell death.

The results of flow cytometry were quantified and represented by histograms showing the
variations in the percentages of viable and apoptotic cells (a combination of early and late
apoptotic cells for each condition) after treatment with PS=M1 or PS=M2 at 12 h, 24 h and
48 h post-illumination and in the dark (Figures 66, 67, 68 and 69). In our experiments on the
HCT116 and HT-29 cell lines, a significant increase in the number of cells stained positively
with only annexin V (annexin V+/ PI-) and with both annexin V and PI (annexin V+/ Pl+), was

observed following treatment with PS=M1 and PS=M2 assemblies and illumination. However,
the control groups and the treated non-illuminated groups displayed minimal staining.

In the HCT116 cell line, the percentage of apoptotic cells at 12 h post-illumination was 17.64%
for the cells treated with PS=M1 and 19.81% for those treated with PS=M2. After 24 h of
illumination, the apoptotic activity significantly increased, reaching 34.38% for PS=ML1 treated
cells and 49.05% for PS=M2 treated cells. These numbers represent a nearly threefold
increase compared to the apoptotic rates of the treated cells that were kept in the dark, which
showed 11.96% and 14.50% of apoptotic cells, for PS=M1 and PS=M2 treated cells,
respectively. This increase indicates induction of cell death, likely driven by the accumulation
of ROS and subsequent damage to cellular components. By 48 h post-illumination, while the
percentage of apoptotic cells decreased slightly to 23.90% for PS=M1 and 36.37% for
PS=M2, these levels remained significantly elevated compared to controls (Figures 66 and
67).
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Figure 66: Histograms representing the percentages of apoptotic and viable cells after PDT in
the HCT116 cell line

Apoptosis due to photoactivation was assessed on the HCT116 cell line. Cells were seeded and incubated for 24
h then treated or not with PS=M1 and PS=M2 assemblies at ICso concentrations. Cells were either illuminated (630
nm, 75 J/cm?) or not after 24 h of treatment and then they were collected at 12 h, 24 h, and 48 h post-illumination.
The collected cells were stained with Annexin V- FITC and Pl and their state was revealed by flow cytometry.
Histograms represent the viable and apoptotic (early + late) cell percentages of the treated HCT116 cells whether

subjected or not to a prior illumination. Data is represented as a mean + SEM of three independent experiments. *p
< 0.05; *p < 0.01 and ***p < 0.001.
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Figure 67 : Evaluation of the percentages of apoptotic cells after 24 h of PDT in HCT116 cell
line.

Apoptosis due to photoactivation was assessed on the HCT116 cell line. Cells were seeded and incubated for 24
h then treated or not with PS=M1 and PS=M2 assemblies at ICso concentrations. Cells were either illuminated (630
nm, 75 J/cm?) or not after 24 h of treatment and then they were collected at 12 h, 24 h, and 48 h post-illumination.
The collected cells were stained with Annexin V- FITC and Pl and their state was revealed by flow cytometry.
Representative data from flow cytometry for the HCT116 cell line at 24 h post-illumination is shown.
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In contrast, the HT-29 cell line exhibited a different temporal pattern of apoptosis. At 12 h post-
illumination, apoptosis rates in these cells were 19.04% for PS=M1 and 21.59% for PS=M2,
However, the progression of apoptosis in HT-29 cells was more gradual. By 24 h post-
illumination, apoptosis had increased to 31.68% for PS=M1 and 34.13% for PS=M2, showing
a steady, but not a rapid escalation as that observed with the HCT116 cell line. The non-
illuminated cells, in contrast, exhibited relatively low levels of apoptosis, with rates at 7.81%
and 11.86%, respectively confirming that the PS assemblies’ effect is predominantly light-
dependent. By 48 h post-illumination, the apoptotic response in HT-29 cells further augmented,
with 40.12% of cells in the PS=M1 treated group and 41.56% in the PS=M2 treated group.
Similarly, the non-illuminated treated groups remained unaffected, with apoptosis rates of
6.11% and 6.95%, for PS=M1 and PS=M2 treated groups, respectively. This gradual yet
sustained increase in apoptotic cells suggests that HT-29 cells may require more time to fully
engage their apoptotic pathways in response to the treatment (Figures 68 and 69).
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Figure 68: Histograms representing the percentages of apoptotic and viable cells after PDT in
the HT-29 cell line.

Apoptosis due to photoactivation was assessed on the HT-29 cell line. Cells were seeded and incubated for 24 h
then treated or not with PSeM1 and PS=M2 assemblies at ICso concentrations. Cells were either illuminated (630
nm, 75 J/cm?) or not after 24 h of treatment and then they were collected at 12 h, 24 h, and 48 h post-illumination.
The collected cells were stained with Annexin V- FITC and Pl and their state was revealed by flow cytometry.
Histograms represent the viable and apoptotic (early + late) cell percentages of the treated HCT116 cells whether
subjected or not to a prior illumination. Data are represented as a mean + SEM of three independent experiments.
*p < 0.05; **p < 0.01 and ***p < 0.001.
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Figure 69: Evaluation of the percentages of apoptotic cells after 48h of PDT in the HT-29 cell
line.

Apoptosis due to photoactivation was assessed on the HCT116 and HT-29 cell line. Cells were seeded and
incubated for 24 h then treated or not with PS=M1 and PS=M2 assemblies at ICso concentrations. Cells were either
illuminated (630 nm, 75 J/cm?) or not after 24 h of treatment and then they were collected at 12 h, 24 h, and 48 h
post-illumination. The collected cells were stained with Annexin V- FITC and Pl and their state was revealed by flow
cytometry. Representative data from flow cytometry for the HT-29 cell line at 48 h post-illumination is shown.
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These findings highlight the effectiveness of PS=M1 and PS=M2 assemblies in inducing
significant apoptotic cell death mechanism in both HCT116 and HT-29 cell lines following
illumination. The distinct patterns of apoptosis between these two cell lines underscore the
importance of understanding the cellular responses to treatment, which can lead to the
development of better designed and effective therapeutic strategies.

VII.5.2. Quantitative analysis of caspase-3/7 activity

Caspase-3/7 is a crucial effector enzyme that plays a key role in the execution phase of
apoptosis. Its activity is characterized by its own cleavage, triggering a cascade of proteolytic
events that lead to the breakdown of various downstream proteins vital for cell survival. This
process ultimately results in the disruption of the cellular state, triggering its subsequent death.
To better understand the role of caspase-3/7 in apoptosis, its activity was monitored in real-
time using the advanced live-cell imaging technology provided by the Incucyte® S3 system,
which allowed continuous observation over a period of 48 h.

After treating HCT116 and HT-29 cell lines with PS=M1 and PS=M2 complexes, cells were
either illuminated or not and placed in the Incucyte® S3 system which enables the capturing
of images of the cells every 2 h. The observed green fluorescence indicates active caspase-
3/7 enzymes. This fluorescence is generated when caspase 3/7 cleaves a specific substrate
linked to a fluorescent marker permitting the observation of the conditions with active caspase-
3/7 enzymes and the quantitative assessment of the enzyme's activity. The continuous
monitoring provided a detailed temporal profile of caspase-3/7 activation which offers

significant insights into the apoptotic process triggered by PS=M1 and PS=M2 assemblies.

Quantification of the fluorescence intensity showed a marked increase in caspase-3/7 activity
after illumination of HCT116 cells treated with PS=M1 and PS=M2. This increase was evident

at multiple time points compared to both non-illuminated treated cells and untreated control
cells (Figures 70 and 71). After 12 h of illumination, the fluorescence intensity was 51.47% in

the PS=ML1 treated cells and 79.40% in the PS=M2 treated cells. The fluorescence intensity
further increased at 24 h post-illumination to reach 73.98% for PS=M1 and 95.46% for
PS<=M2. At 48h, the fluorescence intensity reached 91.39% and 99.55% in the PS=M1 and
PS=M2 treated groups, respectively. However, the fluorescence intensity for the non-
illuminated groups remained minimal over time and didn’t exceed 14% in the PS=ML1 treated
group and 33% in the PS=M2 treated group. Similarly, the fluorescence intensity of the control
cells remained very low at around 5-6%. The data indicated that caspase-3/7 activation was

significantly higher in illuminated cells, occurring in a time-dependent manner with activity
progressively increasing with time.
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Figure 70: Caspase-3/7 activity revealed by green fluorescence in the HCT116 cell line.
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HCT116 cells were seeded in 96-well plates, cultured for 24 h, and then treated with PScM1 and PScM2. After 24
h, the culture medium was replaced with phenol red-free medium, and cells were either illuminated or not. They
were then exposed to the caspase-3/7 green reagent (5 yM) and placed in the IncuCyte® S3 system. Images were

captured every 2 h, with four images per well at 10x magnification in both phase contrast and green fluorescence.
Representative images are shown.
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Figure 71: Evaluation of the caspase-3/7 activity by fluorescence in the HCT116 cell line.

HCT116 cells were seeded in 96-well plates, cultured for 24 h, and then treated with PScM1 and PScM2. After 24
h, the culture medium was replaced with phenol red-free medium, and cells were either illuminated or not. They
were then exposed to the caspase-3/7 green reagent (5 yM) and placed in the IncuCyte® S3 system. Images were
captured every 2 h, with four images per well at 10x magnification in both phase contrast and green fluorescence.
At each time point up to 48 h, the apoptotic cells were quantified using IncuCyte® software (Sartorius) by
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determining the ratio of fluorescent cells to the total number of cells in each well. Data are represented as a mean
+ SEM of three independent experiments. ***p < 0.001.

In the HT-29 cell line, the illumination of the cells treated with PS=M1 or PS=M2 showed a
significant increase in caspase-3/7 activity as compared to the control and treated non-
illuminated cells (Figures 72 and 73). After 12 h of illumination, the fluorescence intensity was

25.71% in the PS=ML1 treated cells and 41.79% in the PS=M2 treated cells. The fluorescence
intensity further increased at 24 h post-illumination to reach 50.47% for PS=M1 and 65.47%
for PS=M2. The fluorescence intensity continued to rise steadily over time 48h, to reach
89.86% and 93.54% in the PS=M1 and PS=M2 treated groups, respectively. However, the
fluorescence intensity for the non-illuminated treated groups remained minimal over time and
didn’t exceed 13% for PS=M1 and 12% for PS=M2. Additionally, the fluorescence intensity
of the control cells, whether exposed to illumination or not, relatively remained at 4% over the

time period of 48h.
48h

5

Figure 72: Caspase-3/7 activity revealed by green fluorescence in the HT-29 cell line.
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HT-29 cells were seeded in 96-well plates, cultured for 24 h, and then treated with PScM1 and PScM2. After 24
h, the culture medium was replaced with red phenol-free medium, and cells were either illuminated or left untreated.
They were then exposed to the caspase-3/7 green reagent (5 uM) and placed in the IncuCyte® S3 system. Images
were captured every 2 h, with four images per well at 10x magnification in both phase contrast and green
fluorescence. Representative images are shown
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Figure 73: Evaluation of the caspase-3/7 activity by fluorescence in the HT-29 cell line.

HT-29 cells were seeded in 96-well plates, cultured for 24 h, and then treated with PScM1 and PScM2. After 24
h, the culture medium was replaced with red phenol-free medium, and cells were either illuminated or left untreated.
They were then exposed to the caspase-3/7 green reagent (5 uM) and placed in the IncuCyte® S3 system. Images
were captured every 2 h, with four images per well at 10x magnification in both phase contrast and green
fluorescence. At each time up to 48 h, the apoptotic cells were quantified using IncuCyte® software (Sartorius) by
determining the ratio of fluorescent cells to the total number of cells in each well. Data are represented as a mean
+ SEM of three independent experiments. **p < 0.01.

As previously mentioned, control and non-illuminated treated cells in both HCT116 and HT-29
lines showed minimal to null increase in caspase-3/7 activity over different time points.
Fluorescence intensity in these groups remained constant and low, indicating that apoptotic
pathways remained inactive in the absence of illumination. This lack of activation further
confirms the specificity of PS=M1 and PS=M2 treatments in inducing apoptosis through a
light-dependent mechanism.

These findings validate the activation of caspase-3/7 enzyme in inducing potent apoptotic
effects after treatment with PS=M1 and PS=M2 assemblies and illumination, in both HCT116
and HT-29 cell lines.

VII.5.3. Western Blot

To evaluate the onset of apoptosis, we conducted a comprehensive analysis of the expression
of apoptosis-related proteins by Western blot (WB). Apoptosis involves a complex cascade of
events conducted within the cells ultimately leading to the activation of several apoptotic
proteins, including caspase-3. Caspase-3 is initially produced as an inactive precursor, known
as “pro-caspase-3”. This enzyme is activated following proteolytic cleavage. Once cleaved,
caspase-3 performs crucial functions in the apoptotic process by targeting and cleaving several
key cellular proteins. One of its critical substrates is poly (ADP-ribose) polymerase-1 (PARP-
1). The cleavage of PARP-1 by active caspase-3 impairs the enzyme's ability to repair DNA,
which effectively signals the cell to commit to the apoptosis pathway. Therefore, analyzing the
levels of caspase-3 and PARP-1 expression in HCT116 and HT-29 cell lines provided insights
into the initiation and progression of apoptosis in response to our treatments.
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WB analysis aimed to evaluate the impact of photoactivation on the expression of apoptotic
markers. Cells treated with PS=M1 and PS=M2 assemblies were exposed to illumination, and
their protein expression was compared to those of treated non-illuminated and control cells.
For both cell lines, the results revealed a distinct activation pattern of caspase-3, evidenced by
the presence of its cleaved form, exclusively in cells subjected to illumination following
treatment with PS=M1 or PS=M2. This cleavage was not observed in cells kept in the dark or
in control cells, indicating that the activation of caspase-3 was specifically triggered by the light-
dependent activation of the PSs. This pattern was consistently observed at both 24 and 48 h
post-illumination, reinforcing the role of our treatments in inducing apoptosis through light
activation (Figures 74 and 75).

In addition to caspase-3 activation, we assessed PARP-1 cleavage, which was only evident in
cells that were treated and illuminated, further supporting the conclusion that our treatments
effectively induced apoptosis. This cleavage was observed at both 24 and 48 h in HCT116 and
HT-29 cells, correlating with the observed activation of caspase-3 and confirming the induction
of the apoptotic pathway (Figures 74 and 75).
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Figure 74: Effects of the assemblies with/without PDT on the protein expression of apoptotic
markers in the HCT116 cell line.

Protein expression was evaluated by WB. HCT116 cells were seeded and incubated for 24 h, and then were treated
or not at ICso values of PScM1 or PScM2. After treatment, cells were either illuminated (630 nm, 75 J/cm?) or not
and collected 24 h and 48 h post-illumination. Proteins were extracted and the levels of protein expression in the
different conditions were revealed. B-actin was used as a loading control. Representative images are shown.
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Figure 75: Effects of the assemblies with/without PDT on the protein expression of apoptotic
markers in the HT-29 cell line.

Protein expression was evaluated by WB. HT-29 cells were seeded and incubated for 24 h, and then were treated
or not at ICso values of PScM1 or PScM2. After treatment, cells were either illuminated (630 nm, 75 J/cm?) or not
and collected 24 h and 48 h post-illumination. Proteins were extracted and the levels of protein expression in the
different conditions were revealed. -actin was used as a loading control. Representative images are shown.

To further validate the onset of apoptosis, we also examined the expression of Bax, a pro-
apoptotic protein in the different cellular conditions. An increase in Bax protein expression was
detected in cells treated with PS=M1 and PS=M2 after both 24 and 48 h of illumination as
compared to the treated non-illuminated, and control cells. Bax promotes apoptosis by
antagonizing the anti-apoptotic effects of other proteins, thereby inducing programmed cell
death. Bax protein was highly expressed in the treated and illuminated cells at both 24 h and
48h post-illumination for both HCT116 and HT-29 cell lines. Conversely, the expression of Bcl-
2, an anti-apoptotic protein, was strongly inhibited in the treated and illuminated cells,
prominently visible at 24 h post-illumination in the HCT116 cells and at 48 h post-illumination
in the HT-29 cells. Here, these results show a time lag in response to PScM1 and PScM2
treatment with illumination, depending on the cell line. Our findings emphasize the targeted
and effective nature of these assemblies in inducing apoptosis after illumination (Figures 76
and 77).
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Figure 76: Effects of the assemblies with/without PDT on the expression of pro-apoptotic and
anti-apoptotic proteins in the HCT116 cell line.

Protein expression was evaluated by WB. HCT116 cells were seeded and incubated for 24 h, and then were treated
or not at ICso values of PScM1 or PScM2. After treatment, cells were either illuminated (630 nm, 75 J/cm?) or not
and collected 24 h and 48 h post-illumination. Proteins were extracted and the levels of protein expression in the
different conditions were revealed. B-actin was used as a loading control. Representative images are shown.
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Figure 77: Effects of the assemblies with/without PDT on the expression of pro-apoptotic and
anti-apoptotic proteins in the HT-29 cell line.

Protein expression was evaluated by WB. HT-29 cells were seeded and incubated for 24 h, and then were treated
or not at ICso values of PScM1 or PScM2. After treatment, cells were either illuminated (630 nm, 75 J/cm?) or not
and collected 24 h and 48 h post-illumination. Proteins were extracted and the levels of protein expression in the
different conditions were revealed. B-actin was used as a loading control. Representative images are shown.
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In summary, these consistent findings concerning the activation of caspase-3, cleavage of
PARP-1, and increased expression of Bax, along with reduced expression of Bcl-2 in treated
and illuminated cells of both HCT116 and HT-29 cell lines, validate the effectiveness of our
assemblies. This demonstrates their potential as effective agents for inducing apoptosis
through a light-dependent mechanism.

VII.5.4. DNA fragmentation

To gain deeper insights into the apoptotic mechanisms activated by our treatments, we
analyzed nuclear changes by assessing DNA fragmentation using an ELISA assay in both
HCT116 and HT-29 cell lines. DNA fragmentation is a hallmark of apoptosis, representing the
final stages of cellular destruction where the DNA is cleaved into small fragments by
endonucleases. This process is a crucial indicator of the extent of apoptosis occurring within
the cells.

In the HCT116 cell line, a significant increase in DNA fragmentation was observed at 24 h post-
illumination which indicates the activation of the apoptotic pathway (Figure 78). Specifically,
24 h after exposure to red light illumination, the DNA fragmentation levels increased by 4.7-
fold for cells treated with PScM1 and by an even more pronounced 6.2-fold for those treated
with PScM2 as compared to the control cells. This marked elevation suggests that the
apoptotic response peaks around this time point. However, by 48 h post-illumination, the extent
of DNA fragmentation slightly decreased, showing a 3.1-fold increase for PScM1 and a 4.4-
fold increase for PScM2 relative to controls.
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Figure 78: PDT-induced DNA fragmentation in the HCT116 cell line.

DNA fragmentation in the HCT116 cell line was analyzed from cytosol extracts using an ELISA assay. After seeding
the cells for 24 h followed by treatment, cells were illuminated (630 nm, 75 J/cm?) or not. After 12 h, 24 h, and 48 h
post-illumination, cells were collected, and the level of DNA fragmentation was analyzed. Histograms are
represented as a mean + SEM of at least three independent experiments. **p < 0.01 and ***p < 0.001.
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For the HT-29 cell line (Figure 79), at 24 h post-illumination, there was a noticeable rise in
DNA fragmentation with a 2.5-fold increase for PScM1 and a 2.9-fold increase for PScM2 as
compared to the control cells. Unlike HCT116 cells, where DNA fragmentation peaked at 24 h,
the HT-29 cells continued to show an increase in DNA fragmentation up to 48 h post-
illumination. At this time point, the fold increase in DNA fragmentation reached 4.2 for PScM1
and 5.6 for PScM2 relative to controls.

Importantly, in both cell lines, no significant increase in DNA fragmentation was detected at 12
h post-illumination after treatment with either PScM1 or PScM2. This lack of early response
further highlights the delayed but potent apoptotic activity triggered by these assemblies upon
illumination. Moreover, cells treated with PScM1 or PScM2 that were not subjected to
illumination did not exhibit any significant changes in DNA fragmentation levels at 12 h, 24 h,
or 48 h compared to control cells. This underscores the specificity of the apoptotic response to
the light-dependent activation of these PS assemblies, confirming that illumination is crucial
for initiating the apoptotic cascade.
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Figure 79: PDT-induced DNA fragmentation in the HT-29 cell line.

DNA fragmentation in the HT-29 cell line was analyzed from cytosol extracts using an ELISA assay. After seeding
the cells for 24 h followed by treatment, cells were illuminated (630 nm, 75 J/cm?) or not. After 12 h, 24 h, and 48 h
post-illumination, cells were collected, and the level of DNA fragmentation was analyzed. Histograms are
represented as a mean + SEM of at least three independent experiments. **p < 0.01 and ***p < 0.001.

These findings underscore the critical role of PScM1 and PScM2 in inducing DNA
fragmentation, a key event in the apoptotic process. The most significant changes in DNA
fragmentation were observed at 24 h post-illumination in HCT116 cells, while HT-29 cells
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demonstrated a progressively increasing response up to 48 h. The absence of significant DNA
fragmentation in non-illuminated cells and at earlier point further emphasizes the specificity
and timing of the apoptotic response induced by these PS assemblies.
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Chapter VIII. Discussion
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PDT is known for its extensive historical background, when a lot of light-based therapies were
tested on different types of diseases including cancer [71], [72], [73]. Since conventional
anticancer therapies are often associated with numerous undesirable side effects, PDT came
as a breakthrough in cancer therapy for its effectiveness and selectivity towards the tumor site.
As an innovative therapy, PDT is still under current elaboration and advancement, as new PS
systems are being developed and modulated to fit a targeted and selective approach in the
treatment of cancer. In particular, the involvement of PDT in the treatment of CRC had grabbed
the interest of scientists in various research domains because CRC is distinguished by a high
frequency of incidence and mortality rates, worldwide [24], [27].

Only a few PSs have been approved for medical applications, with porphyrin-based
compounds being the most prominent [258]. However, this class of PSs has a low solubility in
biological media which often constrains their use, applications, and implications in different
studies. Fortunately, this limitation can be managed through the use of delivery vectors that
encapsulate the PS so that a facilitated delivery and effective internalization by cells can be
reached. To attain this outcome, the conjugation of porphyrin with metal-based drugs is
considered a strategic approach for the treatment of several cancer types including CRC [259].

Ru complexes exhibit distinctive photochemical and photophysical properties conferring their
uniqueness among metal-based therapies such as their ability to interact with cellular
biomolecules and selectively accumulate in cancer cells [256], [260]. As reported in previous
studies, Ru has grabbed the attention of many researchers as a modality of treatment of
various cancer types including prostate, colorectal, bladder, and hepatic cancer due to its
ability to act as a chemotherapeutic cytotoxic agent with selectivity towards the cancer cells
[257], [261], [262], [263], [264]. Furthermore, it is demonstrated that the combination of
tetrapyridylporphin and Ru(ll) arene complexes played a crucial role as PDT-conjugated
anticancer agent for the treatment of synovial sarcoma [265]. Several studies have highlighted
that porphyrin-Ru complexes have significant anticancer effects. Bogoeva et al., demonstrated
a porphyrin-Ru-induced photolesions in bladder cancer cells [263]. Also, a study by Schmitt et
al. reported that five Ru(ll) arene derivatives 5,10,15,20-tetra(4-pyridyl)porphyrin (TPP), as
well as one p-cymeneosmium a and two pentamethylcyclopentadi-enyliridium showed
significant phototoxicities towards melanoma cells after exposure to 652 nm laser light [266].

More recently, it was reported that arene-Ru cubic or prismatic cages could serve as ideal
carriers of PS for the treatment of rheumatoid arthritis [267]. In our study, a similar advanced
PDT approach involving two distinct hostc—guest systems where the porphin PS acts as a guest
in a hexanuclear arene-Ru metalla-prismatic hosts, is investigated on two CRC cell lines of
different stages: HCT116 and HT-29. These prismatic cages are composed of three major
components including p-cymene-ruthenium vertices, spacers joining these vertices and acting
as edges, and two tpt panels. The particular difference among both tested cages is in the
structure of the spacers that act as the cages’ edges, in which one cage carries “dong” spacers
that are composed of two aromatic rings and the other one holds “dotq” spacers that are
composed of four aromatic rings. This variation yielded metal cages with similar-sized cavities
but different-sized portals.

The same cages were previously described and studied by Barry et al. who used different
guest molecules such as pyrene-R and Pd-(acac).. In their study, it was mentioned that once
the system enters the cell by endocytosis, the PS guest is usually released from its host cage
through the cage’s portal without the destruction or rupture of the host. Once released, the PS
gets excited by an appropriate light wavelength and exerts its potential to induce oxidative
stress and cell damage. The dynamism between the host and the guest can interfere with the
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excitation energy normally absorbed by the guest through static quenching and might enable
energy transfer from the guest to the host. This energy transfer can reduce the fluorescence
emission of the guest through partial quenching as the spectral absorbance of the metal prisms
might overlap with the emission spectrum of the guest. Hence, it is preferred that the PS guest
is released from its host for proper tracking, excitation and induction of action mechanisms
[255]. Besides, as these encapsulation structures are cationic, the electric repulsion between
the assemblies will prevent the formation of aggregates, thereby enhancing their solubility
[268]. This could positively impact the PDT efficacy and improve the therapeutic index.

¢ Photocytotoxic activity and ROS generation

Primarily, the cellular metabolic activity of HCT116 and HT-29 cell lines was assessed after
their treatment with the two assemblies containing porphin in their inner cavities, or with the
empty cages, and showed different activity profiles after exposure or not to red illumination. In
the presence of light, the assemblies containing porphin PS, showed a potent photocytotoxic
activity in a dose and time-dependent manner. However, in the dark the cell viability was rarely
affected demonstrating the ability of these assemblies to exert a selective potential in PDT.
Interestingly, the determined ICso values were found in nanomolar ranges on the two cell lines
studied after 12, 24 and 48 h post-illumination. Both compounds exerted a relatively similar
efficacy on the viability of the cell with a preferable effect associated with the cage having the
larger spacer “dotq”. Additionally, our findings demonstrated the potency of the Ru
metallacages (M1 and M2) to act as delivery systems of porphin since they did not exhibit a
cytotoxic effect under the studied concentration range either in the presence or in the absence
of illumination. Hence, the 1Cso of the PS=M systems determined with light illumination after
different time points, ranging between 500 and 900 nM, is mainly due to the porphin PS rather
than the metallacages. In the study of Gallardo-Villagran et al., a correlation between the
spacer size and the release of porphin PS was proved through the 1Cso determination. In their
study, the same metallacages with porphin PS inside the cavity were investigated on
rheumatoid arthritis synoviocytes, and the 1Cso of the PS=M2 (named G1=M3 in their study)

was around two-fold lower than that of PS=M1 (named G1=M2 in their study) at 18 h post-
illumination. This was linked to the fact that a bulkier spacer made up of four aromatic rings
(M2) allows a facilitated release of PS from the internal cavity of the cage as compared to that
with two aromatic rings (M1). Additionally, the spacer that was made up of only one aromatic
ring had a significantly higher I1Cso value compared to both PS=M1 and PS<=M2 [244].
However, in a previous study, the latter spacer was also included in the same cage with porphin
PS inside and investigated on DU 145 and PC-3 prostate cancer cell lines, and the determined
ICs0 values were found in nanomolar ranges between 500 and 650 nM after 24 h of illumination
[257]. These values were close to our findings with PS=M1 and PS=M2 treatments on
HCT116 and HT-29 CRC cell lines. We can still notice that in our study PS=M2 with the larger

spacer has a better overall effect than PS=M1 validating the study of Gallardo-Villagran et al.,
yet the difference is not significant.

Here, we can demonstrate that the cell lines originating from different diseases will ultimately
possess different sensitivity to the same treatment, also taking into consideration the impact
of the difference in the drug-light time intervals. Even the different cell lines originating from
the same disease will rationally not display similar outcomes. This was validated in our study
when HCT116 and HT-29 CRC cell lines did not exhibit equal responses to the same
treatment. As HCT116 is more sensitive than HT-29, the ICs values obtained in our study with
the same treatment at 12 h post-illumination was about two-fold lower than that of HT-29.
Additionally, the observed apoptotic effect was reached faster in HCT116 than in the HT-
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29 cell line where the maximal effect of the complexes was obtained 24 h post-illumination in
the HCT116 whereas a relatively similar effect was obtained 48 h post-illumination on the HT-
29 cell line. In our study, the anti-cancer efficacy of the PS=M1 and PS=M2 complexes could
not be compared with the free porphin PS, as it exhibits a strong hydrophobicity in physiological
media, as previously mentioned, leading to the formation of aggregates which strongly limit
their biodistribution and availability [269], [270].

The principle of PDT is based on the generation of ROS following the photoactivation of PS.
Indeed, depending on the intensity of the generated oxidative stress, the produced lesions can
induce cell death. Even so, this is also related to the ROS concentration, lifespan, and site of
production [90]. To confirm the involved photocytotoxicity of our complexes, it is essential to
investigate the production of ROS. Our data revealed that these assemblies induce ROS
production in the cells directly after their illumination. The ROS levels were significantly high,
which strongly validates the use of these compounds in PDT of CRC. However, this was not
observed with the cells that were not illuminated. These results are compatible with many
previous findings [162], [257], [261].

Taken together, these results confirm that PS=M1 and PS=M2 meet the key criteria of an
ideal PS: stability and constant solubility, low dose for high therapeutic efficacy, no dark
toxicity, and potential absorbance in the red-light spectrum. The selectivity to tumor cells
contributed to the presence of Ru in the cage’s structure enabling its binding to transferrin
receptors on tumor cells through its affinity to transferrin binding sites [97], [271].

¢ Localization, protein expression, and enzymatic activity

The determination of the cellular localization of the drugs paves the way to the understanding
of the involved cellular mechanisms in response to treatment. In the context of PDT, the
induced mode of the apoptotic pathway is dependent on the PS localization within the cell. As
porphin PS is auto-fluorescent in the visible red-light regions, this allowed its efficient tracking
by confocal microscopy [256]. Also, since the absorbance spectrum of our PS is in red, this
allows our complexes to be a good fit for an ideal PS involved in the treatment of deeply
situated tumor tissues. Generally, when PS is excited, it follows the “Jablonski scheme” where
it reaches a higher energy state (excited singlet state). Fluorescence is the consequence of
the energetic decay of the excited state of the PS towards a minimal energy state or ground
state [269], [270]. As previously stated, the fluorescence is emitted at its best when the PS is
released from the cage as the dynamism between the guest and the host could potentially
diminish the excitation and emission properties of the PS.

In our study, the fluorescence associated with the PS was primarily observed in the cytoplasm
of the cell. Moreover, to further investigate the possible localization of these PS in cellular
organelles, staining of ER, mitochondria, and lysosomes was used for their efficient tracking
in HCT116 and HT-29 cell lines. The co-localization was only observed with the mitochondria,
which is consistent with the mechanism of action of PDT. However, no co-localization of the
PS was observed in the ER and lysosomes. This finding reveals that when the metal cages
are internalized, by endocytosis, the PS is released via the cage’s aperture, leading to its
primary localization within the mitochondria of the cells. The absence of lysosomal co-
localization aligns with the study of Barry et al., which demonstrated that these cages do not
deliver their content to lysosomal targets. The internalization of the metal cages was also
confirmed by the inductively coupled plasma mass spectrometry (ICP-MS) technique, which
quantified the Ru concentrations within the cell and showed a positive result [255]. Another
study involving [Rus-( ne-CeHsCHa)4(TPP)Cls and [Rus-(ns-CsMes)4(TPP)Clg] showed that they
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accumulated in the cytoplasm of melanoma cells in granular structures different from
lysosomes [266]. It was also demonstrated that when ROS are generated in the cytoplasm or
mitochondria, they trigger the induction of apoptosis. At this level, ROS facilitates the opening
of pores in the mitochondrial membrane, eventually inducing the activation of caspases and
promoting the apoptotic cell death mechanism [272].

Moreover, the regulation of the apoptotic process via mitochondria is mediated by members of
the Bcl-2 family. Indeed, the ratio between pro- and anti-apoptotic proteins determines the cell's
susceptibility to apoptosis. The antagonistic Bcl-2 and Bax proteins bind and neutralize each
other. The Bcl-2 protein prevents homodimerization of Bax, Bak and other multi-domain pro-
apoptotic proteins of the same family. The Bax homodimer binds to the mitochondrial outer
membrane. This leads to perforation of the mitochondrial membrane and release of
cytochrome c into the cytosol that can form apoptosome and activate caspases resulting in cell
death [181], [186], [187].

Thus, it can be interpreted from our data that when the porphin PS is released, it will mainly
localize in the mitochondria, and generate ROS, which will alter the mitochondrial membrane
potential and compromise the membrane integrity. This will induce the corresponding release
of cytochrome c that can form apoptosome and induce the activation of apoptotic markers such
caspase-3 and PARP-1 enzymes. This was confirmed by our results of WB where we observed

cleavage of caspase-3 and PARP-1 enzymes only in the samples treated with our PS=M1

and PS=M2 assemblies and exposed to red illumination (630 nm and 75 J/ cm?), mainly 24
and 48 h post-illumination. Additionally, the expression of the Bcl-2 anti-apoptotic protein was
reduced in these samples; whereas an increased expression of the Bax, pro-apoptotic protein,
was observed in these samples as compared to the control and treated non-illuminated
conditions.

Being a programmed cell death mechanism, apoptosis is distinguished by the formation of
apoptotic bodies budding off the cells which are subsequently phagocytosed. Other
morphological features of cells undergoing apoptosis include cell shrinkage, chromatin
condensation, and nuclear fragmentation [273]. During the early stages of apoptosis,
phosphatidylserines translocate from the inferior side of the plasma membrane to the outer
side. The externalization of the phosphatidylserines in early apoptotic cells was evaluated on
HCT116 and HT-29 cell lines through annexin V staining and the total loss of membrane
integrity in late apoptotic cells was measured through PI staining. Our data showed a significant
increase in the percentage of apoptotic cells (early and late) after treatment and exposure to
red illumination at different time points post-illumination, mainly 24 and 48 h.

This was also validated by our findings using the IncuCyte® S3 system in which the high green
fluorescence intensity was only observed with the treated and photo-activated samples which
is correlated with the caspase-3/7 activity. Our findings are supported by a study conducted by
Pena et al. which demonstrated that Ru(ll) polypyridyl compounds with nitrogen ligands
induced apoptosis of human lung adenocarcinoma cells after photo-activation through the
activation of caspase-3/7 [274]. Also, a study performed by Li et al. on a group of Ru complexes
showed an overexpression of Bax and a reduced expression of Bcl-2 in human lung carcinoma
A549 cells [275]. Another study by Jiang et al. revealed that their Ru complexes decreased the
expression of the anti-apoptotic protein Bcl-xL but increased the expression of the pro-
apoptotic proteins Bax, Bad and Bid [276].

In our results, the cleavage of caspase-3 and in turn of PARP-1, which is a DNA repair enzyme
and a substrate of the active caspase-3, strongly confirm our first conclusions. Eventually, it is
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expected that this will lead to the emergence of high levels of DNA damage and fragmentation
in these conditions and will possibly induce cell cycle arrest to pave the way for repairing the
formed DNA damage.

e Cell cycle analysis and DNA fragmentation

The inhibition of cancer cell proliferation by cytotoxic drugs could result from induction of
apoptosis or cell cycle arrest, or from a dual combination of both phenomena [277]. After the
evaluation of the progression of the cell cycle, we observed a peak of sub-G1 marking an
apoptotic cell death after photoactivation in both cell lines. Li et al. established a successful
apoptotic effect on A549 lung carcinoma cells distinguished by a sub-G1 peak after treatment
with several Ru complexes [275].

Also, we demonstrated that the cell cycle blockage was not the same on both cell lines, as
mentioned earlier, the studied systems caused an arrest of the cell cycle at the G1 phase in
the HCT116 cell line and at the G2 phase in the HT-29 cell line. Another study showed that Ru
tetrapyridylporphyrin assemblies investigated on CRC caused a blockage in the S phase of
the cell cycle [261]. Cell cycle regulation recruits a well-demonstration of the cellular integrity
and its constituents. Upon DNA damage, the cell cycle is arrested at specific checkpoints to
provide time for DNA repair mechanisms to take place. If the damage was successfully
repaired the cell continues its cycle; however, in the case of failure of DNA repair, apoptotic
signals will be induced, and the cell enters apoptosis [278]. Therefore, these results validate
our hypothesis of apoptosis and cell cycle arrest. A study by Rani-Beeram et al. carried on
melanoma cells demonstrated a strong interaction of fluorinated porphyrin-Ru with DNA,
inducing its cleavage [279]. This can also be correlated with the photophysical and
photochemical properties of Ru complexes which allow them to bind to DNA and induce their
cleavage after photoactivation [280]. Additionally, these results are in agreement with the study
of Lu et al. who reported the anticancer effect of Ru complexes on hepatocellular carcinoma
through cell growth inhibition, induction of apoptosis revealed by the sub-G1 peak, and the
activation of caspases along with DNA fragmentation [264].

Cumulatively, the observed sub-G1 peak in the cell cycle assay, the externalization of
phosphatidylserines, the cleavage of caspase-3 and PARP-1 enzymes and the DNA
fragmentation also confirm the apoptotic cell death mechanism exerted by these assemblies
on HCT116 and HT-29 CRC cell lines. Proteases of the caspase family are generally activated
during apoptosis. The caspase family contains initiator caspases which, once activated,
activate effector caspases represented mainly by caspase-3 and caspase-7. This activation
occurs during the executor phase of apoptosis leading to the cleavage of numerous cellular
substrates including PARP-1 enzyme. Caspase-3 also activates endonucleases during the late
apoptotic stages which cleave the DNA into oligonucleosomal fragments [170], [185], [273].

Similarly, a study by Li et al. reported the induction of apoptosis in HepG2 liver cancer cells
after the photoactivation of the Ru porphyrin complex Rup-03 [281]. Another study conducted
by Pan et al. demonstrated the induction of apoptosis by a Ru polypyridine (Ru3) complex
conjugated to a 5-FU derivative acting as a ligand on Hela cervical cancer cells [282]. Also,
Bomfim et al. proved that the complexes of Ru(ll) with 6-methyl-2-thiouracil induced a reduction
in cell proliferation, externalization of phosphatidylserines, a reduced mitochondrial membrane
potential, and activation of caspase-3, -8 and -9 in the HL-60 myeloid leukemia cells [283]

In summary, the inhibition of cell proliferation after the photoactivation with red illumination of
PS=M1 and PS=M2 assemblies is due to the production of ROS that can trigger the cell cycle
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arrest and apoptosis of HCT116 and HT-29 CRC cell lines. This makes these complexes
potential candidates of PDT agents to undergo further testing in vivo and in clinical phase trials.
Also, by understanding the timing and magnitude of apoptotic responses, clinicians can better
design treatment schedules that maximize therapeutic efficacy while minimizing potential side
effects, laying the groundwork for more personalized and precise cancer treatments.
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Chapter IX. Conclusion and Perspectives
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Currently, one of the major obstacles associated with the conventional cancer therapies is their
non-selectivity to tumor cells. This leads to a significantly reduced therapeutic index and
numerous side effects in cancer patients. Conversely, PDT, based on using non-cytotoxic PS
in the absence of photoactivation, emerged as a promising focal therapy limiting the
undesirable side effects. However, some challenges are also associated with PDT including
the low solubility of PS in biological media, limited biodistribution, and poor tumor targeting. In
this context, this study was conducted to evaluate the combination of PS in arene-Ru carriers,
which can enhance the hydrophilicity of PS and improve tumor targeting, thereby overcoming
the PDT-associated challenges. Particularly, this study was performed on two CRC cell lines
HCT116 and HT-29 of stages |, and Il, respectively. The choice of this type of cancer is based
on the fact that CRC is among the most common malignant tumors in terms of incidence and
death, distinguished by high mortality, rapid metastasis, and recurrence.

Indeed, the conjugation of porphyrins to Ru complexes has proven to be a valuable approach
in advancing the design of anticancer agents. This approach aims to combine the cytotoxicity
and selectivity of the Ru metal with the phototoxicity of porphin chromophore for a synergistic
effect. To bypass the challenges of stability and solubility of Ru-based PSs, arene-Ru metal
cages were synthesized to encapsulate the PS. This encapsulation system provides an
isolated environment to protect the PS from degradation and enhance its solubility.

Our collaborators Gallardo-Villagran et al., synthesized these encapsulation systems where
arene-Ru metal cages were used to lodge a porphin PS in their inner cavity, and reported their
efficacy on primary cultures of fibroblast-like synoviocytes from patients with rheumatoid
arthritis [244]. Additionally, these systems showed anticancer photocytotoxicity against
prostate cancer cell lines [257]. In this encapsulation form, the prismatic or cubic-shaped cages
act as hosts for the PS guests in their inner cavities, transport them as delivery vehicles and
release them intracellularly. Also, there is another type of cage that can be either prismatic or
cubic, not studied in this project, where the PS is integrated within the initial structure of the
cage host, thereby maintaining excellent solubility in biological media and always ensuring the
availability of the PS for excitation.

The prismatic arene-Ru metal cages studied in this project, carries 21H, 23H-porphin PS in
their inner cavities. As mentioned earlier, this structure provides advantageous characteristics,
making them one of the best PS delivery systems. In view of the cage’s metallic structure and
its effect after photoactivation, it was confirmed that these cages are mainly used as delivery
vehicles of the photosensitive porphin. The aim of this project was to evaluate the anti-cancer
efficacy of two different arene-Ru cages encapsulating porphin PS in comparison to the empty
arene-Ru cages and the involved phototoxic mechanisms in vitro on CRC.

The results showed that the two photoactivated arene-Ru-PS assemblies (PS=M1 and

PS<M2) exerted a potent anticancer efficacy on HCT116 and HT-29 CRC cell lines, especially
that the determined ICso values were low, in the nanomolar range. It is also noticed that due to
the bulkier spacer contributing to a larger portal size of the M2 cage, there was a more
facilitated release of PS and an overall better effect of the assemblies as compared to M1
cage. However, the difference in the effect exerted with both systems is not significant and
both systems showed a very promising encapsulation potential. Furthermore, we
demonstrated that both complexes did not exert any cytotoxic effect in the absence of
illumination in both HCT116 and HT-29 cell lines. We also reported that the good cellular
internalization of PS with mitochondrial accumulation of both encapsulation systems is
correlated to the anticancer apoptotic potential of our complexes. To gain a deeper
understanding, we evaluated the mechanisms induced after the internalization of PS where
we found that once they are photoactivated, they induce the production of ROS inducing an
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oxidative stress within the cell. The oxidative stress triggers the activation of the pro-apoptotic
protein, Bax, and the inhibition of its antagonist, Bcl-2 proteins. This causes a loss of
mitochondrial membrane potential which subsequently triggers the activation of caspase-3/7
through cleavage. The active caspase-3/7, in turn, can now activate its downstream proteins
such as the PARP (DNA repair enzyme). This will eventually lead to DNA fragmentation and
apoptosis of cells. Also, the apoptosis was remarked by the sub-G1 peak during the analysis
of the cell cycle progression. Interestingly, we found that these assemblies triggered the cell
cycle arrest in the G1 phase of the HCT116 cell line and the G2 phase of the HT-29 cell line.
We can mention that both cell lines exhibited differences in their response to the treatment.
The HCT116 cell line exhibited a more rapid response which peaked at 24 h post-illumination.
Nevertheless, to reach the same apoptotic outcome, the HT-29 cell line required more time,
particularly 48 h after illumination. The difference in the response profiles obtained seemed
logical as the HCT116 cell line is more sensitive than the HT-29 cell line.

Hence, we can conclude that PS=M1 and PS=M2 complexes exerted their anti-proliferative
by inducing ROS generation and apoptotic mechanisms. Their significant phototoxic effect,
reduced required doses for a therapeutic effect, lack of toxicity in the dark, stability, and tumor
selectivity, position these metal cages as one of the most promising PS vectorization systems
for therapeutic purposes against CRC.

More in vitro experiments can be conducted to gain a deeper insight into the mechanisms
involved and those that may interfere with the success of these complexes in PDT applications.
This includes the evaluation of the kinetics involving the timing and rate of PS uptake and
release into the cells to help scientists better decide on the strategy to follow in further studies.
Also, the investigation of the affected signaling pathways responsible for cell proliferation such
as the MAPK/ERK, PI3K/Akt, JAK/STAT, NF-kB, and TGF-f signaling pathways.

As autophagy of cells plays a significant role in resistance to apoptosis during PDT treatment,
autophagy appears to be a target of choice for increasing the anticancer efficacy of PSs. Some
studies have demonstrated that the inhibition of autophagy during PDT potentiates its
therapeutic index [243] [244]. Therefore, it would be interesting to analyze in vitro the effect of
our complexes in PDT after inhibition of autophagy process. In addition, it is important to study
the presence of necrosis markers in order to determine whether this other form of cell death
could also be associated with the effects produced by our PDT complexes. One of the major
challenges in the processes of drug discovery and evaluation, in vitro, is the development of
predictive cell-based assays and biological conditions that mimic the actual physiological
environment for optimal PS screening. The integration of three-dimensional (3D) assay models
is becoming more common for conducting research that bridges basic science and clinical
applications. These cell culture models have the advantage of closely mimicking human
physiological tissues and their corresponding microenvironments through offering relevant
features such as cellular organization, cell-cell interactions, cell-matrix dynamism, and
improved drug penetration. This also enables better analysis of the involved resistance
mechanisms and provides the opportunity of creating extended studies of chronic effects and
long term-drug responses. Thus, the use of 3D cell assays enhances research by connecting
the insights gained from 2D cell cultures to observations from animal models, thereby
increasing the relevance of the results for clinical applications. Hence, it would then be of great

prominence to assess the anticancer efficacy of red-light photoactivated PS=M1 and PS=M2
on 3D CRC models.

Importantly, for a treatment to progress to the clinical phase trials, it must be subjected to in
vivo testing on animal models. To enhance the study of the antiproliferative and apoptotic effect
of our assemblies in PDT, it would be crucial to test these two complexes on a subcutaneous

Suzan GHADDAR | Ph.D. Thesis | University of Limoges | 2024 150
License CC BY-NC-ND 4.0



xenograft model of human CRC using genetically modified immunodeficient mice as well as to
evaluate their biocompatibility, biodistribution, kinetics, and effect on various body organs.

Briefly, the encapsulation of the porphin PS into arene-Ru metal assemblies has demonstrated
a promising potential, notably in terms of stability, solubility, phototoxicity and induction of
apoptotic pathways on CRC. The arene-Ru cages effectively served as delivery vehicles of
PS, facilitating its intracellular transport. Once delivered, the PS predominantly accumulates in
cell cytoplasm, particularly in the mitochondria. The activation of apoptotic markers has
provided solid evidence for the relevance of PDT treatment following cellular oxidative stress.
It is now essential to set up a pre-clinical model to validate the results obtained in vitro, so that
this therapeutic approach using arene-Ru complexes can one day make its appearance in the
clinic.
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Abstrack Colorectal cancer {CRC) is the third most commoen cancer in the word, with an engoing
rising incidence. Despite secupe advancements in CRC treatments, challenges such as side effects and
therapy resistance remain to be addressed. Photodynamic therapy (PDT) emerges as a promising
meodality, clinically wsed in beating different diseases, including cancer. Ameng the main challenges
with current photosensitizers (PS), hydrophobicity and low selective uptake by the tumor femain
prominent Thus, developing an optimal design for FS to improve their solubility and enhance
their selective accumulation in cancer cells is crucial for enhancing the efficacy of PDT. Targeted
phetoactivation triggers the production of seactive oxygen species (ROS), which promote exidative
stess within cancer cells and ultimately kad to their death. Euthenium (Rulbased compounds,
knnan for their selective toxicily towands cancer cells, hold potential as anticancer agents. In this
study, we investigated the effect of bvo distinet aene- Bu assemblies, which lodge porphin PS in their
inner cavity, and tested them as PDT agents on the HCT116 and HT-29 human CRC cell lines. The
cellular intermalization of the porphin-loaded assemblies was confirmed by Auofescence microscopy.
Additionally, significant photocytotoxicity was observed in both cell lines after photoackivation
of the parphin in the cage systems, inducing apoptesis through caspase activation and cell cycle
progression disruptions. These findings sugpest that arene-Ru assemblies lodging porphin PS ane
potent candidates for PDT of CRC.

Keywordz colomctal cancer; photodynamic therapy; photosenaitizers; arene-ruthenium assemblies;
apoplosis

1. Introduction

Colorectal cancer (CRC) is the third most common cancer and the second leading cause
of cancer-related deaths worldwide. Annually, it accounts for about 1.85 million diagnoses
and 850,000 deaths [1]. The primary treatments include standard systemic chemotherapy,
immunotherapy, and alternative therapies that target the mechanisms responsible for
promoting cancer spread and progression [2]. In recent decades, substantial advancements
in treating CRC have been made through the introduction of innovative medications and
treatment strategies. However, an augmentation in the resistance of tumor ells combatting
these therapies is a widespread phenomenon, and most of these therapies do not show
selective targeting of cancer cells, which harms healthy tissues and generates a variety of
adverse effects [3-6]. Therefore, the development of innovative drugs with high effidency
and selectivity has become a must.
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Photodynamic therapy (FDT) has undergone significant historical development, begin-
ning with observing photody namic effects in the early 20th century. The pivotal discovery
of hematoporphyrin derfvatives in the 1960s laid the groundwork for FDT s therapeutic
applications. Subsequent clinical trials culminated in the approval of FDT by the LS.
Food and Drug Administration (FDA) in 1993 for treating cancers, making it a viable
cancer treatment modality [7-5]. The mechanism of FDT revobves around the interaction
of photosensitizers (P5), light, and molecular oxygen to induce cytotoxic effects in target
tissues. Upon light absorption at specific wavelengths [10], PS undergoes excitation and
transfers energy to molkecular ccygen, generating reactive oxygen species (ROS). These
KR0S, particularly singlet oxygen, initiate a cascade of biochemical reactions leading to
cellular damage and eventually cell death. The key principle of PDIT lies in its ability to
selectively target tumor cells while sparing adjacent healthy tissues [11].

CRC, as a prevalent malignancy, presents an area of interest for investigating the
efficacy of PDT through the evaluation of nowvel P5 on human CRC cell lines [12]. In this
context, the FOT action mechanism should be well understood. This process starts when
the I'Sis activated through the absorption of photons from light allowing its transformation
from a singlet ground state to a short-lived electronically excited singhet state. At this
stage, the P'S is very unstable and can decay back to its ground state by losing excess
energy through light emission and /or heat production. On the other hand, this excited
singlet state can also undergo intersystem crossing to develop into a more stable long-lived
electronically excited triplet state, which can directly transter energy into molecular oxoygen
{Oy) through type I and for type [1 photochemical reactions. In the type [ process, the
excited 'S reacts with biological substrates such as cell membranes to give free radicals
and radical ions through hydrogen atom abstraction or electron transfer. These species can
undergo a reaction with Or and stimulate the production of supercwide anion, hydroyl
radical, or hydrogen peroxide. The kinetics of both reactions are highly dependent on
the availability of ccygen, the nature of the I'S, and the substrate concentration, as well
as oocurring simultanecusly, keading to the reversion of the excited state into its ground
state. Indeed, ROS ame highly ortotocic and can oxidize diverse biomolecules through the
induction of redox reactions, causing oxidative stress and subsequent cell death [13-15].

Among PS5 used in PDT, tetrapyrmole derivatives including porphyrins, chlorins, bacte-
rinchlorins, and phthalocyanines are known to have low solubility in water and biological
media, forcing their aggregation and generating improper photophysical properties, thus
limiting their selectivity, and overall, their attractiveness in healthcare modalities [16].
Therefore, to enhance the PS absorption rate and bioavailability, drug delivery systems
are often used [17]. This includes vectorization through nanoparticles that can selectively
transport the PS5 into the tumor sites by passive diffusion due to the enhanced permeability
and retention (EPE) effect. The EFR effect is an outcome of increased vessel permeabil-
ity, poor lymphatic drainage, and leaky vasculature. Vectorization can also augment the
hydrophilicity of PS5, allowing their proper characterization in water and increasing their
availability in blood [18-20] Lodging of 'S within carriers was elaborated through the
development of the third-generation P'S to overcome the limitations associated with the
first- and second-generation 'S [21]. Such a strategy has been previously used by us,
showing that arene-Ru metalla-assemblies can act as drug delivery vectors [22-24].

In parallel, metal-based chemotherapeutic agents including cisplatin, carboplatin, and
oxaliplatin are frequently used to treat cancer. In this context, Ru-based complexes are also
used and showed better overall efficiency as compared to the other metal-based agents,
because they can facilitate more selective targeting to tumor sites. Essentially, Fu ions
can bind to transferrin proteins, which accordingly bind to transterrin receptors that are
highly expressed on cancer cells [25-27]. This highlights the advantage of Eu derivatives
in chemotherapy since the ruthenjum toxicity, antiangiogenic, antimetastatic, and overall
effects om cellular processes are well documented [28,29]. Therefore, using coordination-
driven self-assembled arene-Fu cages to cammy the S to cancer cells is quite efficient, as
demonstrated in previous studies [22-24].
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Herein, the binlogical effect of two prismatic arene-Eu water-soluble organometallic
cages (M1 and M2) encapsulating 21H, 23H-porphin (PS) within their cavity was evaluated
(Figure 1). This encapsulation yielded PSCM1 and PSC M2 host-guest systems (Figume 2),
which can be internalized into cancer cells after the Fu-transferrin-mediated binding to
transferrin meceptors. Onee internalized, the PS gets excited at specific wavelengths of light
illumination to induce cellular oxidative stress, cycle amest, and apoptosis.

The lodging of porphin inside their cavities was designed to enhance the solubility of
porphin in biological media, with parphin being the simplest porphyrin-based F5. However,
porphin alone is not soluble in water, like most porphyTinic compounds [30], and therefore,
the use of organometallic cages was essential for this study. The organometallic cages, [(n-
cymene s Rug(donga(tpth[CFaS04]*" (M1) and [{(1°-p-cymene)Ruls(dotgh(tpth[CF2S0;
(M2}, weme built from three main components, including the arene-Ru vertices, the pan-
els (tpt = 2,4, f-tris(pyridin-4-y1}-1,3 5-triazine), and the spacers (dong = 5 8diowido-1,4-
naphthoguinonato; dotq = 6,11-dioxido-5,12-naphthacenedionata) that act as edges. The
anti-inflammatorny activity of these assemblies after FDT was previously evaluated for the
first time in vitro on a primary, nen-cancerous theumatoid arthritis fibroblast-like synovio-
oy tes (RA-FLS) cell line, which mainly focused on the influence of PDT on key mediators of
the inflammatory process, without delving into the PDT-induced cell death me chanism [31].
In contrast, our study shifts the focus entirely to the anticancer potential of these assemblies
by evaluating their ability to induce photocy totoxicity and cell death, specifically ina CRC
maodel, which represents a distinctly different disease type. To establish their therapeutic
efficacy, we assessed the effect of these assemblies on two human CRC cell lines of different
stages, HCT116 and HT-29, and thoroughly investigated their ability to generate ROS,
induce apoptotic cell death, and alter the cell cycle progmession through various biological
assays. HCT116 cells are known to be less mesistant than HT-29 cells due to their less
differentiated state, which allows this study to encompass the investigations on more than
one stage of CRC development [32].

Figure 1 Schematic description of the cellular mechanisms induced by PSCMI1 and PSCM2L
evaluated in this study. (Created with BioRendeccom (accessed on 29 June 2024)).
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Figure L. Chemical structure of perphin (FS) and the anene-ruthenium assemblies M1 amd M2
together with the host-guest systems PSCM.

2. Resulis
21. Cell Viability and Phototoxic Effect Evaluation

To investigate the effects of our arene-Ru assemblies in vitmo, we conducted a series
of experiments on HCT116 and HT-2% human CRC cell lines. The cell lines were treated
with the compounds PSC M1 and PSCM2, as well as the empty assemblies M1 and M2,
which lack the PS component in their inner cavity. Fnlln‘wﬁnﬁ treatment, the cells weme
either exposed to red light illumination (630 nm and 75 [ /cm®) or kept in the dark. The
impact on cell viability was assessed at 12 h, 24 h, and 48 h post-illumination using the
MTT assay, a standard method for measuring cellular metabolic activity as an indicator of
cell wiability and proliferation. The results of the MTT assay revealed that in the absence
of light, there was not any significant oytotocic effect exhibited on the HCT116 and HT-29
cell lines after treatment with PSCM1, PSCM2, M1, or M2 (> 1000 nM). This indicates
that these compounds are non-toxic to cells under dark conditions, ensuring that amy
observed cytotodicity can be attributed to photoactivation rather than intrinsic tocicity.
However, upon exposure to red light, a marked decrease in cell viability was observed
for both PSC M1 and PSCM2 systems (Figure ). This phototoxdc effect was both dose-
and time-dependent, with significant reductions in cell viability noted at 12 h, 24 b, and
48 h post-illumination for both HCT116 and HT-29 @1l lines (Figure 34, B). Spedifically, the
ICs values, representing the concentration at which 50% of the cells ame inhibited, wemne
found to be in the nanomolar range for both the PSCM1 and PSCM2 host-guest systems,
indicating the high potency of these compounds under light activation. For the HCT116 cell
line, the ICsy determined for PSCM1 at 12 h, 24 h, and 48 h post-illumination were 666 nM,
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602 nM, and 588 nM, respectively. Moreover, the ICg, values determined for PSCM2 at
12, 24, and 48 h post-illumination were 647 nM, 541 nM, and 518 nM, respectively. For
the HT-29 cell line, the ICs values of PSCM1 were 892 nM, 672 nM, and 536 nM, and
for PSCM2, were 884 nM, 593 nM, and 539 nM at 12 h, 24 h, and 48 h post-illumination,
respectively (Figure 3C). We notice that the determined ICsg values of PSCM1 at each time

-illumination were slightly greater than those of PSCM2 in both the HCT116 and HT-
29 cell lines. In illuminated conditions, the phototoxicity was significantly high, whereas in
the dark, the ICg, values could not be determined, underscoring the lack of cytotoxicity
without light activation. Interestingly, the individual components M1 and M2, when not
carrying porphin, did not exhibit significant changes in cell viability under illuminated or
non-illuminated conditions (Figure 3A B). This indicates that the full assemblies PSCM1
and PSCM2 are crucial for the observed photodynamic activity facilitating the targeted
delivery and effective photoactivation of the PS. In summary, these results demonstrate
that the PSCM1 and PSCM2 assemblies possess significant phototoxic activity, leading to
substantial reductions in cell viability upon light exposure. For subsequent experiments,
the ICsg values determined after illumination are used to further explore the therapeutic
potential and mechanistic aspects of the compounds.
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Figure 3. Phototoxicity of arene-Bu porphin PS assemblies on human CRC cell ines. (A) HCT116
and (B) HT-29 cell lines wee cultured in BPMI medium for 24 b Afler 24 h, cells wene teated or
not with PSCM1, PSCMZ M1, or M2, Nlumination (630 ram, 75 ]/ cm®) of the cells eccurmed 24 h
after treatment, and the cell viability for all the conditions was determined 12 h, 24 h, and 48 h post-
illuminaticn. Data are fepresented as a mean + SEM of three independent experiments. * p < 0L05;
*pe 01; and *** p< 00001 (C) Graphical pepresentation of the 1T, values (nM) of PSCMI and
PS5 M2 deternnined by MTT asaay on HCT116 and HT-29 cell hinea. Data ade fepiesenbed a0 a tean
+ 5EM of three independent experiments.

Suzan GHADDAR | Ph.D. Thesis | University of Limoges | 2024 181
License CC BY-NC-ND 4.0



Int | Mol Sci D024, 35, 10847

7of 19

2.2, RO5 Production

The efficacy of PDT is directly linked to the production of KOS, a crucial aspect. To
assess ROS levels, the cells were stained with the dichlorodibydrofluorescein (DCFDA)
substrate and analyzed using flow cytometry immediately after illumination, with hydro-
gen peroxide (HaOy) being used as a positive control. The results revealed a substantial
increase in ROS production following illumination in the treated cells compared to the
treated non-illuminated and control cells. Specifically, in the HCT116 cell line, treatment
with the PSCM1 assembly under light exposure mesulted in a remarkably high level of
ROS production of 88.46%, significantly exceeding the 12.79% observed in the absence of
light (Figure 4A). Similarly, the PSCM2 assembly induced a notable ROS level of 89,207
under light exposure, compared to 16.79% in the dark. Parallel findings wene observed
in the HT-29 cell lines, with the ROS levels reaching 83.02% and 87.68% for PSCM1 and
PSCM2, respectively, under light exposure. These values were significantly higher than
the £.03% and 7.40% observed in the absence of light for PSI”M1 and PSCM2, respectively
(Figure 4B). These results underscore the photoactivation of the FSCM1 and PSCM2
assemblies through ROS production, affirming their role in exerting the PDT effect. The
substantial increase in ROS levels following illumination provides compelling evidence of
the effectiveness of these assemblies in generating cytotoxic ROS species, validating their
potential as promising candidates for PDT applications.

A HCT116 B HT-29
o [
T - =
7 & T T
: 3
fL]
e 3
i :
o ' O e | :
M3, Daa  Light Dark  Lighl  Dark  Light M;0, Dark Lgd% Dark Light Dark  Light
Cantral PSS M1 PS c W2 ‘Coeiral P& = M1 PE = M2

Figure 4. Intracellular ROS production was evaluated in (A) HCT116 and (B) HT-29 human CRC cell
lines immediately after illumination (630 nm, 75 ]/co?) wsing DOFDA staining. Cells wene analyzed
using flow oytometry. Quantification of the intensity of fluomscence emitted due to DCF formation is
corfelated to the kevel of ROS generation. Data ane repoesented as a mean + S5EM of three inde pendent
experiments. ** p< 001 and *** p < 0O0OL

2.3, Cellular Internalization

The molecular uptake and internalization of the PS(CM assemblies within cells were
determined by confocal microscopy. After the internalization of the metallacages into the
cells by endocytosis, the guest molecule was released from the host, allowing it to be excited
by light and to undergo photoactivation [33]. Porphin, which is inherently auto-fluorescent
in the red or infrared regions, can be efficiently tracked after its internalization into the
cells [34]. After treatment with PSCM1 and PSCM2 assemblies, the fluorescence was
predominantly observed in the cytoplasm of the HCT116 and HT-29 cell lines. This cyto-
plasmic accumulation confirms the cellular uptake of these assemblies, which potentially
permits their interaction with cytosolic targets (Figure 54, B). Indeed, this cytoplasmic local-
ization is crucial for understanding the intracellular distribution and potential mechanismes
of action of these assemblies.
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Figure 5. Detection of the cellular intemalization of PSCM1 and PSCM2 in HCT116 (A) and HT-29
(B) cell lines by confocal microscopy. The cells werne seeded into incubation chambers and cultured
for 24 h. The cells were then treated with the compounds, and the fluorescence was measured by
confocal microscopy (laser Zeiss LSM 510 Meta— x1000). The internalization was processed using
the Image] image-processing softw are (version 1.54f). White scale bar = 20 pm.

24, Cell Cycle Analysis

As cancer cells possess a rapid proliferation rate, it is important to investigate the
effects of the PSCM assemblies on the cell cycle progression. The number of cells present
at each phase of the cell cycle was monitored through DNA labeling with propidium
iodide (PI). The effect of the PSCM1 and PSCM2 assemblies on cell cycle progression was
examined in the HCT116 and HT-29 cell lines. The distribution of cells across different
phases of the cell cycle was analyzed by flow cytometry (Figure 6A,B). In the HCT116 cell
ling, the sub-G1 phase, indicative of apoptotic cells, was 8.43% after 12 h of illumination with
PSCM1 and 8.23% with PSCM2, which were higher than that of the control cells (1.48%).
At 24 h post-illumination, there was a significant increase in the sub-G1 phase for the treated
and illuminated cells, rising to 21.42% for PSCM1 and 34.34% for PSCM2 as compared
to the control cells (0.60%). Similar trends were observed at 48 h post-illumination, with
sub-G1 phase cells reaching 24.14% for PSCM1 and 36.67% for PSCM2 as compared to
the control cells (3.66%:) (Figure £C). The data indicate that the sub-G1 phase culminates
at 24 h post-illumination, with no significant change observed at 48 h compared to 24 h.
Furthermore, there was a noticeable accumulation of cells in the G1 phase with a decrease in
the number of cells passing into the S-phase in the illuminated cells compared to the control
cells, which was more prominent at 12 h and 24 h post-illumination. These findings suggest
that the maximum phototoxic effect of the PSCM1 and PSCM2 assemblies in the HCT116
cell line is reached at 24 h post-illumination, with a pronounced increase in apoptosis and
G1 phase arrest contributing to thiseffect. In the HT-29 cell line, at 12 h post-illumination,
the sub-G1 phase was not observed; nevertheless, at 24 h post-illumination, the emergence
of the sub-G1 phase was evident, with 3.96% of cells observed with PSCM1 and 2.49% with
PSCM2 as compared to 0.03% in the control cells. The proportion of cells in the sub-G1
phase increased significantly at 48 h post-illumination, reaching 11.02% for PSCM1 and
12.28% for PSCM2 (Figure 6D). This delayed onset of the sub-G1 phase highlights a time-
dependent apoptotic response to the treatment contributing to a progressive accumulation
of apoptotic cells over time. Additionally, a persistent accumulation of cells in the G2
phase was observed at 12 h, 24 h, and 48 h post-illumination accompanied by a significant
decrease in the number of cells entering the G1 phase. This indicates that these assemblies
induce a cell cycle arrest in the G2 phase of the HT-29 cell line, blocking the ability of the
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cells to proceed to mitosis. In both cell lines, the assemblies do not influence the owverall
el cycle progression in the dark. However, after illumination, we can conclude that the
difference indicates that HT-29 cells have a slower apoptotic response compared to HCT116
cells, potentially due to variations in their cellular machinery or sensitivity to treatments.
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Figure 6. Cell cycle distribution analysis on HCT116 and HT-29 cell lines after the photoactivation
of PSCM1 and PSCMIL Cells were seeded for 24 h in a cultuse medium before the treatment
or not with the assemblies at their determined gy concentrations. A fier 24 h of teatment, ells
wene illuminated or not with sed Light at 630 nm and 75 J#em® Cells were collected at 12h, 24 b,
and 48 h post-illumination for analysis by flow cytometry using P1 staining. Images of the cell
cycle distribution on (A) HCT116 eells at 24 h post-illumination and (B) HT-29 cell line at 44 h
post-illumination are fepresented Histograms representing the percentage cell numbers at each
phase of the cell cycle on (C) HCT116 and (D) HT-29 cell lines ane displayed as a mean + SEM of
three mdependent experiments. *p< 005 ™ pe 001 and ™ p < 000

L5 Annexm V-FI

To investigate the apoptotic mechanisms as suggested by the sub-G1 phase of the
cell cycle, we conducted an Annexin V-FITC /FI dual staining assay, analyzed via flow
oytometry. This assay distinguishes early apoptotic cells, marked by Annexin V after
membrane flip flop and phosphatidylserine exposure, as well as late apoptotic and necrotic
cells, identified by PI uptake due to membrane integrity loss. In the HCT116 and HT-
29 cell lines, the number of cells that were positively stained with Annexin V and PI
increased significantly following the treatment with PSCM1 and PSCM2 assemblies
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Propidium lodide

after illumination, as compared to the control (Figure 7A,B). In the HCT116 cell line,
at 12 h post-illumination, the percentage of apoptotic cells (early + late apoptosis) was
17.64% for PSCM1 and 19.81%, for PSCM2, indicating an early onset of apoptosis. This
increased dramatically at 24 h post-illumination to 34.38% for PSCM1 and 49.05% for
PSCM2, nearly tripling the apoptotic response observed in non-illuminated treated cells
(11.96% and 14.50%, respectively). By 48 h, apoptosis rates were 23.90% for PSCM1
and 36.37% for PSCM2, still elevated compared to the non-illuminated cells of 9.07%
and 10.98%, respectively, but lower than the 24 h peak, indicating a maximal apoptotic
activity around 24 h post-illumination (Figure 7C). In the HT-29 cell line, the apoptotic
response was also evident but exhibited a distinct pattern. At 12 h post-illumination, the
percentage of apoptotic cells was 19.04% for PSCM1 and 21.59% for PSCM2. At24 h
post-illumination, apoptosis increased to 31.68% for PSCM1 and 34.13% for PSCM2 while
remaining relatively constant in the norvilluminated cells, 7.81% and 11.86%, respectively.
At 48 h post-illumination, the percentage of apoptotic cells further increased to 40.12% for
PSCM1 and 41.56% for PSCM2, whereas the non-illuminated groups showed minimal
apoptosis, 6.11% and 6.95%, respectively (Figure 7). These results demonstrate that these
PS assemblies induce significant apoptotic cell death in the HCT116 and HT-29 cell lines
following illumination. The apoptotic response in the HCT116 cells peaks at 24 h post-
illumination, while the HT-29 cells exhibit a more gradual increase in apoptosis, reaching
a significant level at 48 h. The observed apoptotic responses confirm the photocytotoxic
effects of these porphyrin-based PS assemblies, supporting their potential use in PDT.
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Figure 7. Apoptosis due to photoactivation was assessed on HCT116 and HT-29 cell lines. Cells
wene seeded and incubated for 24 h then treated or not with PSCM1 and PSC M2 assemblies at
[Csn concentrations. Cells weme either illuminated (630 nm, 75 ]/ em®) or not after 24 h of teeatment,
and then, they wene collecked at 12 b, 24 h, and 48 b post-illumination. The collected cells wene
stained with Annexin V- FITC and P, and their state was revealed by flow cytometry. Repesentative
data from flow cytometry for the HCT116 cell line at 24 h post-illumination (A) and HT-29 at 48 h
post-illumination (B) are displayed. Histograms represent the viable and apoptotic cell percentages
of the treated HCT116 (C), and HT-29 (D) cells subjected to prior illumination. Data ase pepresented
as a mean + SEM of thee inde pendent ex periments. * p < 0L05; ** p < 001; and *** p < 0001

26, Western Blot

To evaluate the onset of apoptosis, the expression of different proteins was analyzed
by Western blot. During apoptosis, a complex cascade of events is initiated within cells,
culminating in the activation of various apoptotic proteins, including caspase 3. Caspase 3
is initially synthesized in its inactive form, pro-caspase 3, which can become activated after
a proteolytic cleavage. Once activated, caspase 3 will target and cleave poly (ADP-ribose)
polymerase-1 (PARP-1). The cleavage of PARP-1 by active caspase 3 impairs the encyme’s
ability to repair DNA, effectively signaling the cell to proceed with apoptosis. Hence,
the level of expression of caspase 3 and PARP-1 in the HCT116 and HT-29 cell lines was
evaluated after photoactivation or not of the PSCM assemblies (Figure 84,B). Our analysis
revealed that in both cell lines, the activation of aspase 3, indicated by the presence of its
cleaved form, was detected exclusively in cells that wemne subjected to illumination after
treatment with PSCM1 and PSCMZ2 In contrast, the cells that were kept in the dark
and the control cells exhibited no sign of caspase 3 cleavage. This activation pattern was
consistent at both 24 h and 48 h post-illumination, designating the induction of apoptosis
in response to our treatment. Similarly, we observed that the cleavage of PARP-1, which
serves as a hallmark of apoptosis, occurred only in the treated and illuminated cells. This
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cleavage was evident at both 24 h and 48 h time points, correlating with the observed
activation of caspase 3. This highlights the potential of the assemblies as effective agents
for inducing apoptesis through a targeted, light-dependent mechanism. The consistent
findings in both the HCT116 and HT-29 cell lines further validate the general applicability

of our approach.
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Figure 8. Protein expression was evaluated by Western blot HCT116 (A) and HT-29 (B) cells were
seeded and incubated for 24 h and then wene treated or not at [Cxy values of PSCM1 or PSCM2.
After teeatment, cells were either illuminated (630 nm, 75 J/cm?) or not and collected 24 h and
48 h post-illumination. Proteins wene extracted, and the level of protein expression of the different
conditions were evealed. f-actin was used as a leading control Representative images are shown.
2.7. DNA Fragmentation
To further elucidate the apoptotic mechanisms, we assessed nuclear changes through
DNA fragmentation using ELISA assay in both cell lines. In the HCT116 cell line, there
was a marked increase in DNA fragmentation 24 h post-illumination. The levels of DNA
fragmentation increased by 4.7-fold for PSCM1 and by 6.2-fold for PSCM2 compared to
the control cells. By 48 h post-illumination, the fold increase was 3.1 for PSCM1 and 4.4 for
PSCM2, suggesting a peak at 24 h, followed by a slight decline (Figure 9A). For the HT-29
cell line, a significant rise in DNA fragmentation was observed 24 h post-illumination.
The levels increased by 2.5-fold for PSCM1 and by 2.9-fold for PSCM2 compared to
the control cells. At 48 h post-illumination, DNA fragmentation further increased to
Suzan GHADDAR | Ph.D. Thesis | University of Limoges | 2024 187

License CC BY-NC-ND 4.0



Int | Mol 5ci D024, 25, 10847

13 of 19

Dark  Light

4.2-fold for PSCM1 and 5.6-fold for PSC M2, indicating a sustained and progressively
increasing apoptotic response (Figure 9B). For both cell lines, no significant increase in
DMA fragmentation was observed at 12 h post-illumination after treatment with either
PSCM1 or PSCM2. Additionally, non-illuminated cells treated with PSCM1 or PSCM2
did not exhibit any significant changes in DNA fragmentation levels at 12h, 24 h, and 46 h
compared to the control cells. These findings underscore the role of PSCM1 and PSC M2
in inducing DNA fragmentation as part of the apoptotic process, with the most significant
changes ohserved at 24 h post-illumination for HCT116 cells and a progressive incease up
to 48 h for HT-39 cells. The lack of significant DNA fragmentation in non-illuminated cells
and at earlier time points highlights the specificity and timing of the apoptotic response
triggered by these P5 assemblies upon illumination.

HCT116 B HT-29

= 1

Dark Light Dark Lipht Dark Light Dark Light Dark Light

Contral

PS=M1  PScM2 Control FS— M1 _ PE-M2

Figure 9. DNA fragmentation in HCT116 (A) and HT-29 (B) cells analyzed from cptosol extracts
using ELISA assay. A fter seeding the cells for 24 h, followed by teatment, the cells were illuminated
(630 rum, 75 ].-"r:mz]lorﬂ.at After 12 h, 24 h, and 48 h post-illumination, the cells were collected, and
the level of DNA fragmenbation was analyzed. Histograms ane fepiesented as a mean = SEM of at
least theee independant ex perimenta. ** p< 0L01 and *** p < 0.001

3. Discussion

As comventional anticancer therapies are often associated with numerous undesirable
side effects, FDT came as a breakthrough in cancer therapy for its effectiveness and selec-
tivity towards the tumor site. Only a few PS have been approved for medical applications,
with porphyrin-based compounds being the most prominent [35]. However, this class of
P5 has a low solubility in biclogical media, which often constrains their use, applications,
and implications in different studies. Fortunately, this limitation can be managed through
the use of delivery vectors that encapsulate the PS5 so that a facilitated delivery and ef-
fective internalization by cells can be reached. To attain this cutcome, the conjugation of
porphyrin with metal-based drugs is considered a strategic approach for the treatment of
several cancer types including CRC [36]. Ru complexes exhibit distinctive photochemical
and photophysical properties conferring their unigueness among metal-based therapies
such as their ability to interact with cellular biomolecules and selectively accumulate in
cancer cells [34,37]. As mported in previous studies, Ru has grabbed the attention of many
mesearchers as a modality of treatment of various cancer types including prostate, colorectal,
bladder, and hepatic cancer due to its ability to act as a chemotherapeutic cytotoxic agent
with selectivity to the cancer cells [22-24,38,35].

In this research, we examined the anticancer efficacy of arene-Ru assemblies lodg-
ing porphin PS within their cavity on HCT116 and HT-29 CRC cell lines. Our findings
demonstrated the potency of the Ru metallacages (M1 and M2) to act as delivery systems
of the porphin since they did not exhibit a cytotoxic effect under the studied concentration
range either in the presence or in the absence of illumination. Hence, the [Csy of the PSCM
systems determined with light illumination after different times, ranging between 500 and
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900 nM, is mainly due to the porphin PS5 rather than the metallacage. In this study, the
main difference between our PSCM systems was in the spacer acting as the edges of the
cage and joining the Ru ions. In the study of Gallardo-Villagran et al,, a correlation between
the spacer size and the release of porphin PS5 was proved through ICyy determination. In
their study, the same metallacages with porphin PS inside the cavity wene investigated
on theumatoid arthritis (RA) synoviocytes, and the ICs; of the PSCM2 (named G1CM3
in their study) was around two-fold lower than that of PSC M1 (named G1CM2 in their
study) at 18 h post-illumination. This was linked to the fact that a bullder spacer made up
of four aromatic rings (M2) allows for the facilitated release of I'S from the internal cavity
of the cage as compared to that with two aromatic rings (M1). Additionally, the spacer that
was made up of only one aromatic ring had a significantly higher ICs; value compared to
both PSCM1 and PSCM2 [31]. However, in a previous study; the latter spacer was also
included in the same cage with porphin P5 inside and imvestigated on DU 145 and PC-3
prostate cancer cell lines, and the determined ICs; values were found to be in nanomolar
ranges between 500 and 650 nM after 24 h of illumination [23]. These values weme close to
our findings with FSIZM1 and PSC M2 treatments on HCT116 and HT-29 CRC cell lines.
We also notice that in our study, PSCM2 with the larger spacer has a slightly better overall
effect than PSCM]1, validating the study of Gallardo- Villagran et al. [31], yet the difference
is not significant. Here, we can demonstrate that the cell lines originating from different
diseases will ultimately possess different sensitivities to the same treatment, also taking into
consideration the impact of the difference in the drug-light time intervals. Bven the differ-
ent cell lines originating from the same disease will rationally not display similar outcomes.
This was confirmed in our study when the HCT116 and HT-29 CRC cell lines showed a
different overall outcome to the same treatment. As HCT116 is mome sensitive than HT-29,
the ICs values obtained in our study with the same treatment at 12 h post-illumination
were about two-fold lower than that of HT-29. Additionally, the observed apoptotic effect
was meached faster in the HCT116 than in the HT-29 cell line where the maximal effect
of the complexes was obtained 24 h post-illumination in the HCT116 cell line, whereas a
relatively similar effect was obtained 48 h post-illumination on the HT-29 cell line. This
was confirmed by the apoptotic phenomenon observed through Annexin V-1 staining
and DNA fragmentation levels relative to time. DNA fragmentation can be enhanced
when the P5 is chemically modified or conjugated to facilitate its binding and interaction
with DMNA, as evidenced by the study of Zhao et al. [40]. Similarly, a study conducted
by Rani-Beeram et al. demonstrated that fluorinated porphyrin-Ru showed a significant
interaction with DMNA, causing their cleavage in melanoma cells [41]. Additionally, the
apoptotic induction of Hep(G2 liver cancer cells after photoactivation of the Ru porphyrin
complex Rup-03 has been previously established [42]. Apoptotic cell death was further
confirmed by Western blot through the cleavage of pro-caspase 3 and PARP-1 proteins. In
the dark, there was a total absence of ortotaxicity in the treatment, which is also consistent
with many previous studies [20,22-24,31]. Furthermore, we assessed the progression of
the cell oycle and observed a peak for sub-G1, marking the cell death after photoactivation
in both cell lines. Another study by Liet al. established a successful apoptotic effect on
AS549 lung carcinoma cells, distinguished by a sub-G1 peak after treatment with several Ru
complexes [43]. Also, it was demonstrated that the cell cycle blockage was not the same
on both cell lines; as mentioned earlier, the studied systems caused an arrest of the cell
oycle at the (31 phase in the HCT116 cell line and the (G2 phase in HT-29. Another study
showed that Ru tetrapyridy lporphin assemblies investigated on CRC caused a blockage
in the 5 phase of the cell oycle [22]. As our systems ame intrinsically auto-fluorescent, their
intracellular accumulation was tracked by confocal microscopy, and image acquisitions
showed that they are localized in the oytoplasm of the cells. Previous studies mentioned
that the PS can be released from the cage either through a partial/ total rupture of the
cage or through an aperture, which is the case in our study. It was also demonstrated
that these cages enter the cell to deliver their contents through the assessment of the Eu
ions inside the cells by inductively coupled plasma mass spectrometry (ICP-MS) [33,34].
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After internalization into the cells, the released PS gets excited in the oytoplasm at specific
wavelength (630 nm) and thereby contributes to detrimental effects on cells through the
production of ROS. The cytoplasmic localization of Bu assemblies including PS5, as well as
RS production triggering apoptosis, was also recognized in earlier imvestigations [22, 23]
Overall, our results agree with the study of Lu et al., which demonstrated the anticancer
potential of Ru complexes on hepatocellular carcinoma through growth inhibition of the
HCC cells, induction of apoptosis marked by the sub-(31 peak, activation of caspases, and
DMA fragmentation [39].

Further studies to elaborate on the imvolved mechanisms that these systems follow to
melease PS after internalization as well as the imrolved kinetics would be emarkable. Also,
performing pre-clinical research on these systems through advanced culturing and in vive
models would be a principal objective for their further use as treatment options in clinics
as they hold promising potential as candidates for PDT agents.

4. Materials and Methods
41. Materials

RPMI 1640 medium, RPFMI 1640 red- phenol-free medium, fetal bovine serum (FBS),
L-glutamine, and penicillin-streptomycin were purchased from Giboo BRL (Cergy-Pontoise,
France). 3-{45-dimethy lthiazol-2-y[)-2, 5 dipheny ltetrazolium bromide (MTT), cell death
detection enzyme-linked immunosorbent assay (ELISAY™YS, 2/ 7" dichlorofluoresceine
diacetate (DCFDA), and human anti- f-actin antibody wem obtained from Sigma-Aldrich
(Saint-Cruentin-Fallavier, France). Pro-caspase 3, cleaved caspase 3, poly-AD-ribose
polymerase-1 (PARP-1) antibodies, and goat anti-rabbit Ig(s secondary antibody conjugated
to horseradish peroxidase (HRF) weme acquired from Cell Signaling Technology-Owyme
(Saint-Cruentin-en-Yvelines, France). Rabbit anti-mouse IgG-IgM Hé&L HRFP secondary
antibody, Annexin V-FITC, and Pl were obtained from InvitrogenThermo Fisher Scientific
{(Villebon-Sur-Yyvette, France). Immobilon Western Chemiluminescent HEP Substrate was
acquired from Merck (Lyon, France).

4.2, Synthesis of the Arene-Ruthenium Assemblies Lodging @ Photosmsifizer

The assemblies were synthesized according to the literature [31]. The PS5, 21H, 23H-
porphin (PS), was synthesized as reported in the literature [44], and the corresponding
lodging into arene Ru assemblies was attained by host-guest interactions. Stock solutions
were prepared at 1 mM concentration in DMS0 and stored at —20 *C.

4.3, Cell Culture and Treatment

The human CRC cell lines HCT116 and HT-29 were purchased from the American
Type Culture Collection (ATCC-LGC Standards, Molsheim, France). The cells were grown
in RPMI 1640 medium for culturing and were supplemented with 10% FBS, 1% L-glutamine,
100 Uy mL penicillin, and 100 pug/mL streptomycin. The cultures were maintained in a
humidified atmosphere containing 5% COy at 37 "C. For all experiments, the cells werne
seeded at 1.2 x 104 and 2.1 » 104 cells/cm? for the HCT116 and HT-29 cells, respectively.
The stock solution PSCM1 and PSC M2 assemblies were diluted in a culture medium to
obtain the final concentration required, and the medium was replaced by a red phenol-free
culture medium before PDT. The maximal concentration of DMS0 in the culture medium
was less than (01% in all cases, which is non-toxic.

44, Light Source
Nlumination of the cells was achieved using a Lumidox® II device (Analytical Sales

and Services, Flanders, NJ, USA) under red wisible light at 630 nm, at 75 I/ em?, and
70 mW,/ LED for & min
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45, Cell Viability Assay

The cell viability was assessed using an MTT reagent (Sigma-Aldrich) as an indicator
of the metabolic activity of the cells. The cells were seeded in %6-well culture plates and
incubated for 24 h before treatment with the PSCM1 and PSC M2 assemblies, which were
diluted in RPMI 1640 medium to obtain an appropriate range of concentration. A fter 24 b,
the cells wem illuminated or not using a Lumidox lamp 70 mW /LED. MTT assays wemne
performed at 12 h, 24 h, and 48 h post-illumination, and cell viability was expressed as a
percentage of cell viability for each treatment condition normalized to the untreated cells.

4.6. Intracedlular ROS Generafion

Cellular ROS generated after the illumination of the cells was quantified using a
DCFDA substrate (Sigma-Aldrich). The cells were seeded in 75 cm? culture flasks for 24 b;
then, they were treated or not with PSCM1 and PSCM2 assemblies at their determined
ICsy values., After 24 h, the cells with different treatment conditions were collected and
incubated with DCFDA for 30 min before illumination. The quantification of cellular ROS
production was determined directly after illumination through CytoFLEX LX (Beckman
Coulter, Brea, CA, USA ). HyO was used as a positive control at 00 ph concentration.

4.7, Cellular Internalization

The internalization of the compounds within the HCT116 and HT-29 cells was de-
termined by confocal microscopy. The cells wene seeded into incubation chambers (ibidi
p-Slide & wells; Clinisciences, Martinsreid, Germany ) with a density of 25 = 10* and
3.5 x 10* cells/ well for the HCT116 and HT-2% cell lines, respectively. The wells wene
coated with a gel prepared by mixing collagen type [ (3 mg/mL) and acetic acid (20 mM)
and incubated for 24 h before their treatment or not with PSCM1 and PSCM2 at their
[Csy values. After treatment, image acquisitions were taken by a Carl Zeiss LSM 510
Meta—:x 1000 confocal laser microscope. The natural fluorescence of the assemblies per-
mitted their observation within the cells with emission jexcitatiore 405,561 nm; emission
650/ 673 nmm).

4.8, Cell Cycle Analysis

The distinct phases of the cell cycle progression were assessed for both the HCT116
and HT-24 cell lines by flow cytometry using Pl staining, The cells wemw seeded into 75 cm®
flasks and incubated for 24 h. The treatment or not with PSCM1 and PSC M2 assemblies
at their determined 1Cs values was performed after 24 h of incubation. [llumination of
the cells was carried out after 24 h, and then, pellets of 1 = 10° cells were collected at
12h, 24 h, and 48 h post-illumination. The cells were washed with PBS and fixed by the
addition of 1 mL of chilled 70% ethanol in PBS and stored at —20“C. Before flow oy tometry
analysis, the cell pellets were washed with cold PBS and centrifuged, and then, they were
resuspended with 500 ul. of cold PBS along with 30 pl. of KNase A (10 mg/mL) and
incubated for 30 min at room temperature. After incubation, the cells were stained with
25 pl. of PI (1 mg/mL), allowing the determination of the percentage of cells present in
each phase of the cell cycle using the FACs system (BD Biosciences, San Jose, CA, USA ).

4.9, Apoptotic Assays
49.1. Annexin V-FITC/FI Dual Staining Assay

The cells were seeded into 75 cm?” flasks and were treated or not based on the deter-
mined ICs; values of the PSCM1 and PS{” M2 assemblies after 24 h of incubation. Afeer
24 h, the cells were illuminated or not and were harvested by trypsinat 12h, 24 h,and 48 h
post-illumination. Cell pellets of 2.5 x 107 for each condition were prepared, washed in
PBS, centrifuged, and msuspended in 300 pL of Annexin V lysis buffer (1X). The cells were
labelled with 5 pl. Annexin V-FITC and 1 L of PI {0.1 mg/mL) and then were kept in the
dark and at room temperature for 15 min. The percentage of cells undergoing apoptosis
was then determined by CytoFLEX LX (Beckman Coulter).
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4.9.2, Protein Extraction and Western Blot Analysis

Cells of different conditions were gathered to extract and identify specific proteins of
interest. A fter cell seeding for 24 h, the cells weme treated or not with PSCM1 and PSCM2
assemblies at the determined 1Cs values and collected 12 h, 24 b, and 48 h post-illumination.
For total protein extraction, the cells were bysed with RIPA lysis buffer containing protease
inhibitors according to the manufacturer’s instructions, as described [20]. The protein
levels were guantified using the Bradford method; then, were separated on 12.5% SD5-
FPAGE gels; and then, transferred to FVDF membranes (Amersham Pharmacia Biotech,
Saclay, France). Apoptosis-related human proteins were studied by membrane probing
with primary anti-PARP-1 {(1:1000), primary anti-cleaved caspase 3 (1:1000}, and primary
anti-pro-caspase 3 (1:1000). For the loading control, primary human anti--actin {1:5000)
was used. After incubation with the primary antibodies overnight at 4 °C, appropriate
secondary antibodies were used to incubate the membranes for at least 1 h. The blots
were evealed using an Immobilon Western Chemiluminescent HRP substrate in a G: BOX

system (Syngene, Cambridge, UK).

49.3. DNA Fragmentation

A Cell Death ELISA™Y kit was used to assess the level of DNA fragmentation in the
different cell conditions. After the cells were seeded in 75 cm? flasks for 24 h, the @lls were
treated or not using the [Csy values of the FSCM1 and PSC M2 assemblies. After 24 b,
the cells were illuminated or not and cell pellets of 2 x 10° cells were collected for each
condition. The DNA fragmentation levels were assessed according to the manufacturer’s
protocol [22] and expressed as a fold change compamed to the control cells,

410, Statistical Analysis

All data are expressed as the mean + standard error of the mean (SEM) of three

independent experiments. The statistical significance of the results was evaluated by a
two-tailed unpaired Student’s f-test and expressed as ® p < (105, ** p= 0L01, and *** p < (L0O01.

5. Conclusions

In this in vitro study, we investigated the effects of arene-Ru assemblies with porphin
sitting in their cavity (F5CM) on the HCT116 and HT-2% human CRC cell lines. The two
host-guest systems showed melatively similar effects on both cell lines, with PSC M2 ex-
hibiting a slightly greater efficacy, possibly due to its bulkier structure fadlitating the release
of the PS After being internalized into the cell cytoplasm, the assemblies demonstrated
significant phototoxdcity, primarily through the production of ROS, leading to oxidative
stress, cell cycle arrest, and apoptosis. These findings suggest the potential use of these
assemblies in anticancer PI¥T.
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ATCC: American Ty pe Culture Collection; CRC: colonectal cancer; cyme oymens; DCFDA: 2°-
F-dichlerofluoescein diacetate; DMSC: dimethy] sulfocide; DNAC: decxyribomuckic acd; dosg
58-dioy do-1 Anaphthoquinenate; dotg: §,11-diocyde- 5 12-naphthacenedionate; ELISA: eneyme-
linked immrunesorbent assay; FBS fetal bovine serum; HyOs: hydrogen peroxide; HRF: horseradish
peroxidase; I hali-maximal imhibitory concentration; kDa kilodalton; M: metallacage MTT: 3-(45
dimethylthiaz ol 2-y[}-2 5-dipheny letraz olivm bromide; PARP-L poly-ADP-ribose polymerase-1; PBS
phesphate-buffered saline; PDT: photodynamic therapy; PL propidium iodide; PL phototosic indes;
P& photosensitizes; PV DF membrane: pobyvinylidene fluoride membrane; RA: theumatoid arthrilis;
RIFPA: radio immune precipitation assay ; Ku puthenium; ROS: reactiv e oxygen species; RPMLE: Roswell
Park Memorial Institute medium; SD5-PAGE: electrophonesis in polyacrylamide gel containing sodiam
dedecyl sulfate; SEM: standard ecror of the mean; tpt 24, 6-trifpy ridin-4¢13-1,3, 5-briaz ine.
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Nouveaux Photosensibilisateurs Encapsulés dans des Complexes d'Aréne-Ruthénium
Actifs en Thérapie Photodynamique : Signalisation Intracellulaire et Evaluation dans le
Cancer Colorectal

Le cancer colorectal (CCR) est le troisieme cancer le plus fréquent dans le monde et son
incidence ne cesse d'augmenter. Malgré des avancées dans les traitements du CCR, des défis
tels que les effets secondaires et la résistance aux thérapies restent a relever. La thérapie
photodynamique (PDT) apparait comme une modalité prometteuse, utilisée cliniquement dans le
traitement de différentes maladies, dont le cancer. Elle repose sur l'utilisation de molécules
photosensibles appelées photosensibilisateurs (PSs), suivie d'une photoactivation par
illumination des tissus malades. Les PSs peuvent étre congus pour s'accumuler spécifiquement
dans les cellules cancéreuses, ce qui permet lors de leur photoactivation ciblée de déclencher la
production d'espéces réactives de l'oxygéne. Cela provoquera un stress oxydatif conduisant a la
mort cellulaire. Les composés a base de ruthénium (Ru), connus pour leur toxicité sélective a
I'égard des cellules cancéreuses, ont un potentiel en tant qu'agents anticancéreux. Dans cette
étude, nous avons évalué l'effet de deux assemblages aréne-Ru distincts, hébergeant des
porphines dans leur cavité interne, comme agents de PDT sur les lignées cellulaires humaines
HCT116 et HT-29 de CCR. L'internalisation et la localisation cellulaire des assemblages chargés
de porphine ont été confirmées par microscopie a fluorescence. De plus, une photocytotoxicité
significative a été observée dans les deux lignées cellulaires aprés la photoactivation de la
porphine dans les systémes de cages, perturbant la progression du cycle cellulaire et induisant
I'apoptose par l'induction de la voie apoptotique mitochondriale avec activation de la caspase-3.
Ces résultats suggerent que les assemblages aréne-Ru hébergeant un PS sont des candidats
potentiels pour le traitement du CCR.

Mots-clés : cancer colorectal ; thérapie photodynamique ; photosensibilisateurs ; assemblages
aréne-ruthénium ; apoptose

New Photosensitizers Encapsulated within Arene-Ruthenium Complexes Active in
Photodynamic Therapy: Intracellular Signaling and Evaluation in Colorectal Cancer

Colorectal cancer (CRC) is the third most common cancer in the world with an ongoing rising
incidence. Despite advances in CRC treatments, challenges such as side effects and therapy
resistance remain to be addressed. Photodynamic therapy (PDT) emerges as a promising
modality, clinically used in treating different diseases, including cancer. It is based on the use of
photosensitive molecules called photosensitizers (PSs), followed by photoactivation through
illumination of the diseased tissues. The PSs can be designed to specifically accumulate in cancer
cells, enabling their targeted photoactivation to trigger the production of reactive oxygen species.
This will cause oxidative stress leading to cell death. Ruthenium (Ru)-based compounds, known
for their selective toxicity towards cancer cells, hold potential as anti-cancer agents. In this study,
we investigated the effect of two distinct arene-Ru assemblies lodging porphin in their inner cavity,
as PDT agents on HCT116 and HT-29 human CRC cell lines. The cellular internalization and
localization of the porphin-loaded assemblies were confirmed by fluorescence microscopy.
Additionally, significant photocytotoxicity was observed in both cell lines after photoactivation of
the porphin in the cage systems, disrupting the cell cycle progression and inducing apoptosis
through induction of the mitochondrial apoptotic pathway with caspase-3 activation. These
findings suggest that arene-Ru assemblies lodging a PS are potent candidates for CRC treatment.

Keywords: colorectal cancer; photodynamic therapy; photosensitizers; arene-ruthenium
assemblies; apoptosis
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