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SUMMARY

In Chapter 1, the authors described feline mammary tumors (FMT), photodynamic
therapy (PDT), and three-dimensional (3D) culture. Most feline mammary tumors are
malignant. Therefore, removing one or both sides of the mammary gland remains the
mainstay treatment for eradicating mammary tumors. However, metastasis or recurrence
is often observed post-surgery, with the postoperative prognosis being poor. Therefore,
developing novel treatments to provide palliative care when tumors recur postoperatively
is a necessity.

Photodynamic therapy using 5-aminolevulinic acid (5-ALA) is a tumor treatment
that is low in toxicity and invasiveness. 5-ALA, protoporphyrin IX (PpIX) precursor, has
been used in PDT because of its wide availability and safety. Photosensitizers (PS)
preferentially accumulate in neoplastic tumor tissues based on their multiple factors.
Three conditions are required to achieve PDT: PS, light, and oxygen. These three
conditions are non-toxic when used alone. Still, the simultaneous action of the three can
produce photochemical reactions, generating highly reactive and toxic ROS, including
singlet oxygen, superoxide anion, hydroxyl radical, efc. PpIX has absorption peaks at 410,
510, 545, 580, and 630 nm, and 5-ALA-PDT usually uses light at a wavelength of 630 +
5 nm for tumor therapy. PDT induces reactive oxygen species production by irradiating
specific areas (areas of high PS concentration) with light, resulting in tumor cell apoptosis
and necrosis, achieving the therapeutic goal, with minimal toxic side effects and low drug
resistance. Clinically, PDT can be used in combination with surgery based on its
mechanism of action. Despite decades of research, PDT has been poorly studied in FMT.
Our aim was to assess the effectiveness of PDT using 5-ALA on FKR in primary cultured

FMT and analyze the impact of tumor cell morphology on cell killing efficacy.



The most used tumor cell culture method in studies related to PDT is still the two-
dimensionally (2D) model culture. 2D culture mainly has the advantages of simplicity of
cell culture, low maintenance costs, and the ability to fulfill essential research testing
functions. 2D culture mainly has the advantages of simplicity of cell culture, low
maintenance costs, and the ability to fulfill essential research testing functions. However,
under the conditions of 2D culture, tumor cells grown adherent to the flat surface on a
flask or plate cannot mimic the natural structure of cellular tissues or tumors. Upon
isolation from tissues and transfer to 2D conditions, the morphology of the cells is altered,
and the pattern of cell division is changed. Altered cell morphology affects its function,
the organization of intracellular structures, secretion, and cell signaling. In addition, alien
to the in-vivo tumor microenvironment, due to the monolayer nature of 2D cultures, all
cells in the culture receive equal amounts of oxygen, nutrients, and drugs. Oxygen
concentration and the uptake of externally given photosensitizer by tumor cells are key
factors affecting the therapeutic efficacy of 5-ALA-PDT, leading to the need for more
suitable tumor cell culture models to enhance the accuracy of in vitro studies. In vitro
studies, 2D cultures lack the ability to recapitulate the complexity of the tumor
microenvironment, whereas 3D cultures models have overcome these limitations and are
increasingly being applied in drug screening and oncology research. In Chapter 2, the
author evaluated the cytotoxic effect of 5S-ALA-PDT on FMT cells and influence of cell
culture morphology differences on cell killing efficacy. Therefore, the author conducted
a series of studies using 5-ALA-PDT on 2D cultured FKR-A and 3D cultured FKR-S
FMT cells. FKR-A and FKR-S are homologous tumor cells, with the FKR cells extracted
from the same FMT tissue.

In the in vitro study, to evaluate the cytotoxic effects of 5-ALA-PDT on FMT, 5-



ALA-HCI was added at final concentrations of 0, 0.03, 0.1, 0.3, and 1 mM (n = 3) and
incubated for 4 h. The cells were irradiated with LED light of 633 nm wavelength at 20
mW/cm?, 0, 5, 10, or 20 J/cm?. The survival rate of the FKR cells was determined under
these conditions. 5-ALA-PDT had a cytotoxic effect on FKR, and 5-ALA-PDT reduced
cell survival in a PS dose-dependent manner. In addition, the cytotoxic effects of FKR-S
cells were more substantial than those of FKR-A cells. Thus, the author evaluated the
intracellular concentration of PpIX in FKR cells. The concentration of PpIX in FKR-S
cells was approximately five-fold higher than that in FKR-A cells (£<0.05).

The cytotoxic potential of 5-ALA-PDT was assessed using mRNA expression levels
of transporters associated with the uptake of 5-ALA and enzymes related to porphyrins
metabolism and excretion. The target genes were divided into four major categories for
analysis, based on ALA uptake transporter gene, genes related to heme synthesis,
porphyrin excretion transporter, and hypoxia-related genes. About the 5-ALA uptake
transporter gene, compared with FKR-A, FKR-S tended to have higher expression levels
of the 5-ALA uptake transporter genes PEPT1, PEPT2, GAT2, and TAUT. Of these, the
difference in the expression levels of PEPTI and PEPT2, which are mainly responsible
for 5-ALA uptake, was most pronounced in FKR-S cells. About the genes related to heme
synthesis, compared with those in FKR-A, the expression levels of ALASI and HO-1
tended to be higher in FKR-S, and the expression of FECH and UROS tended to be lower.
About the porphyrin excretion transporter gene, in FKR-S, the expression level of ABCG2
remained almost unchanged compared with that in FKR-A, and the expression of ABCB6
was approximately half of the expression of FKR-A 4ABCB6 mRNA. About the hypoxia-
related genes, compared with those in FKR-A cells, the expression levels of HIF-1a,

LDHA, and LDHB were not considerably altered in FKR-S cells. However, we observed



a trend toward enhanced expression of PDK/, which suppresses the activity of PDH and
VEGF. The intracellular concentration of PpIX in FMT cells may be correlated with cell
culture morphology (2D adherent and 3D spheroid cultures) and gene expression levels,
including PEPTI, PEPT2, FECH, and HO-1.

In addition, FKR-S cells were subcutaneously inoculated into the backs of eight 6-
week-old females NOD/ShiJic-scidJcl mice. When the average tumor volume reaches
approximately 100 mm?, four mice in the experimental group were intraperitoneally
injected with 250 mg/kg 5-ALA-HCI, followed by PDT after 4 h. In-vivo findings showed
that FKR-S tumor volume was reduced (from an average of 100.6 mm? to an average of
27.3 mm?®) after 24 h, after receiving one treatment of 5-ALA-PDT compared with the
control group; tumor growth was subsequently inhibited.

In summary, in vitro cytotoxicity was correlated with PpIX concentration in FMT
cells, and PpIX accumulation was correlated with differences in cell culture morphology
(2D or 3D cultured). 5-ALA-PDT inhibits the growth of FMT in vivo.

Most in vitro studies on 5-ALA-PDT were conducted using 2D cultured cells due to
the preparation simplicity and low maintenance and monitoring costs. Previous in vitro
experiments using 2D culture did not reflect the in vivo condition, but it was thought that
using 3D culture could produce results that reflect the in vivo condition. To our knowledge,
this is the first study of 5-ALA-PDT using 3D-cultured primary FMT cells. By advancing
the findings of this study, it may be possible to establish a less invasive treatment for

mammary tumors in elderly cats.



CHAPTERI1

General introduction



1.1. Feline Mammary Tumor (FMT)
1.1.1. Epidemiological

Feline mammary tumor (FMT) is a very common tumor in veterinary medicine,
accounting for 17% of tumors in female cats [1]. The malignancy rate of FMT has been
reported to be 80-90% [2], with a higher incidence in the abdominal gland sand a high
rate of metastasis occurring in cases [3,4], and metastasis most often occurs in the regional
lymph nodes and lungs [3-6]. FMT shares anatomical, biological, and clinical
characteristics with human breast cancer (HBC), but the mechanism of metastasis is still
poorly understood [7]. It is also classified into several molecular subtypes, including
triple-negative normal basal-like, luminal A, luminal B, and epidermal growth factor
receptor 2-positive (HER2-positive) [5,8]. Although the etiology is unknown, it is widely
believed to be due to multiple factors, with major risk factors including gender, breed,
age and hormonal influences [4,9]. A case-control study reported a lower risk of
mammary cancer in cats spayed before one year of age and a seven-fold higher proportion
of cats with mammary tumors were unspayed compared to controls [10].

Felines typically have four sets of mammary glands, two of which are located in the
thorax and two in the abdomen. Mammary tumors appear as a single or multiple
subcutaneous nodule or mass within the mammary gland, which may exhibit mobile,
isolated, or adhered characteristics, and also could be ulcerated, or present as cystic [11].
One study reported that 60% of felines present with multiple mammary masses in several
glands ipsilaterally or bilaterally [4,8]. Since it is difficult to distinguish whether a FMT

is benign or malignant, all nodules should be treated as potentially malignant.

1.1.2. Therapeutic methods and prognosis



Feline mammary tumors are generally treated with surgery, chemotherapy, hormone
therapy and radiation therapy [12,13]. Whereas surgical excision remains the most widely
accepted treatment for FMT, unilateral or bilateral radical mastectomy is recommended
in order to prolong the disease-free interval [11,14]. However, the complication (include
infection, dehiscence, seroma, efc) rate was 19.7% after undergoing unilateral
mastectomy and 40.6% after undergoing bilateral mastectomy [ 14]. Given the aggressive
metastatic behavior of FMT, consideration should also be given to removing any lymph
nodes with cytological evidence of metastasis. Despite this, however, it has been shown
that one-year postoperative survival remains low in feline patients treated with surgery
alone [15].

To maximize survival time, systemic chemotherapy may be used as an adjunct to
surgery in the treatment of mammary tumor [16,17]. However, sequelae such as vomiting,
anorexia, diarrhea, lethargy, myelosuppression, and seizures are usually observed [16].
And radiation therapy is rarely used in the treatment of mammary tumors [13].

Overall, although conventional therapies do provide some benefits in terms of quality
of life and survival time, newer treatment options are still necessary. As a result,
photodynamic therapy, which selectively eliminates tumor cells and can be used in

combination with other therapies, is coming into focus.



1.2. Photodynamic Therapy (PDT)
1.2.1. Background

Ancient Egyptian, Chinese, and Indian civilizations employed light with active
chemicals to cure ailments, including vitiligo, psoriasis, and skin cancer more than 3,000
years ago [18]. Light has been used therapeutically for thousands of years [19, 20]. In
research of the effects of dye acridine on infusoria more than a century ago in 1900, Oscar
Raab, a German student working for Prof. Hermann von Tappeiner, noticed that the
toxicity of acridine varied according to the degree of exposure to light and discovered that
specific wavelengths were lethal to infusoria [21]. The same year, French neurologist Jean
Prime discovered that epileptic patients on oral eosin caused dermatitis in sun-exposed
areas [21,22]. Later, in 1903, Hermann von Tappeiner and Albert Jesionek treated skin
cancers using topical eosin and white light treatment [21-23]. Hermann Von Tappeiner
looked into Oscar Raab's discoveries on the effects of the dye acridine on infusoria in
more detail, creating the phrase "photodynamic action" [21,24]. Hematoporphyrin, the
porphyrin presents in hemoglobin, and Friedrich Meyer-Betz performed a self-skin test,
he noticed swelling and discomfort in the areas exposed to light [25]. Subsequent research
with a hematoporphyrin derivative (HPD) by Lipson [26] demonstrated that the substance
accumulates and fluoresces in tumors. It was a helpful diagnostic tool because of these
characteristics and the lower dosage compared to crude hematoporphyrin [26]. A decrease
in glioma development was noted for many weeks following HPD treatment before
deeper tumor tissue started to recover, as demonstrated by Diamond et al. ten years later
in their demonstration of the efficacy of HPD in treating cancer in mice [27]. The
development of photodynamic treatment (PDT) in the 1970s was made possible by the

work of Dougherty et al. First, they used HPD in conjunction with red light to completely



eradicate breast cancers in mice [28]. The first attempt to use PDT in the treatment of
bladder cancer was made in 1970s, and other studies have been conducted on skin and

lung tumors, with results showing effective control of cancer growth [29-31].

1.2.2. Principle and mechanism of PDT

Photodynamic therapy is the use of specific wavelengths of light irradiation of the
target site, which uses photosensitizers and oxygen molecules and other conditions to
generate reactive oxygen species (ROS), especially hydroxyl radical (HO) and singlet
oxygen (102) [32] to induce apoptosis and necrosis [33], to achieve tumor growth
inhibition [33]. As an emerging noninvasive treatment method, PDT has the advantages
of less tissue trauma, low toxicity and no drug resistance compared to traditional
treatments, and thus has received extensive attention from researchers in recent years [34].
Three conditions are required to achieve PDT: photosensitizer (PS), light, and oxygen.
These three conditions are non-toxic when used alone. Still, the simultaneous action of
the three can produce photochemical reactions, generating highly reactive and toxic ROS,
including singlet oxygen, superoxide anion, hydroxyl radical, efc. Reactive oxygen
species can cause apoptosis or necrosis, thus killing tumor cells [35,36]. The short half-
life and strong reactivity of ROS and owing that only cells near the ROS-generating
region (photosensitizer-localized region) are directly affected by PDT [37] theoretically
make PDT specific and controllable.

The mechanism of PDT can be broadly classified into three categories: killing the
tumor cells, destroying the vasculature, and triggering the body's immune response
[38,39]. First, when the photosensitizer accumulates in the cell, PDT can be targeted

according to the amount of intracellular photosensitizer accumulation, and the generated



ROS may lead to cell death, apoptosis, necrosis, and autophagy [40]. The cell-killing
effect depends mainly on the concentration and distribution location of 'O produced
during treatment [41-43]. Second, the 'O created by the photochemical reaction can
damage the blood vessels when the photosensitizer is exposed to a laser while it is mostly
localized within and around in blood vessels [44—46]. This will result in inadequate blood
flow to the lesion and will indirectly cause cell death. Third, the locally induced acute
inflammatory response during PDT and the later series of immune responses also have

sustained systemic effects on tumor suppression and destruction [47—49].

1.2.3. PDT at a cellular level

The cellular damage caused by PDT mainly depends on the selective accumulation
of the photosensitizer in subcellular structures such as cell membranes, mitochondria,
lysosomes, and other organelles and the direct oxidative damage to these organelles
leading to cell death [50]. Furthermore, three primary mechanisms of cell death are
induced by PDT: apoptosis, necrosis, and autophagy.

Among them, apoptosis is a controlled cell death mechanism with highly regulated
processes [51]. Following damage to a range of organelles caused by PDT, it can be
started via various pathways [52]. PDT likely leads to apoptosis when PS accumulates
mainly in mitochondria [53].

Secondly, higher PS doses and laser intensities exacerbate cellular damage. With
extensive cellular damage, apoptosis is not executed correctly due to the absence of
components of the apoptotic pathway, leading to necrosis rather than apoptosis [41-43].
In addition, necrosis rather than apoptosis is also more likely to be observed when the site

of action of PS is the plasma membrane.
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Finally, damaged and ruptured cell or organelle fragments are phagocytosed through
cellular autophagy, which may act as a cytoprotective mechanism when lower doses of
PS or weaker laser intensity cause less damage to cells [54]. Conversely, when cells are
severely damaged, leading to apoptosis, autophagy may act as a cell-death mechanism to

respond to PDT [55,56], becoming one of the leading causes of cell death [57,58].
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1.3. Photosensitizer (PS)
1.3.1. 5-Aminolevulinic acid (5-ALA)

As a synthetic precursor of protoporphyrinic organisms, the second-generation
photosensitizer S-aminolevulinic acid (5-ALA) has been one of the research hotspots in
the field of photodynamic therapy in the last few years, which is not entirely
photosensitizing. It can be converted into the photosensitizer protoporphyrin IX(PplX) in
cells [59]. The synthesis and degradation of PpIX, the immediate precursor of heme, is
strictly monitored and maintained at low cell levels during normal physiological
conditions [60]. Heme biosynthesis consists of a series of enzyme-catalyzed steps, the
last of which is the conversion of PpIX to heme using ferrochelatase (FECH) located in
the inner mitochondrial membrane [61]. Although 5-ALA synthesis is negatively
feedback-regulated by ferrous heme, exogenous increases in 5-ALA will affect this
feedback-regulatory system, accumulating PpIX. The red fluorescence emitted by PpIX
when irradiated with visible blue light (375-475 nm), or the generation of cytotoxic
substances when irradiated with specific wavelengths of red light (630 = 5 nm), is the

basis for photodynamic diagnosis (PDD) and PDT photosensitizing effects [62].

1.3.2. Generation pathway of photosensitizer protoporphyrin IX (PplX)
Protoporphyrin IX is an endogenous photosensitizer with strong photosensitizing
activity, which is irradiated by red light around 630 nm to produce ROS such as singlet
oxygen ('O2). The singlet oxygen oxidatively damages the subcellular structures such as
mitochondrial, cell membranes and lysosome, ultimately to the therapeutic effect [63,64].
In the cytoplasm, 5-ALA undergoes the porphobilinogen (PBG)-hydroxymethylbilane

(HMB)—uroporphyrinogen III (UROIIl)—coproporphyrinogen III (COPROIII) pathway,
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forms PpIX in the mitochondria, and finally becomes heme, catalyzed by ferrochelatase
(FECH) [65—67]. Notably, the first step in the heme synthesis pathway is the production
of 5-ALA from the condensation reaction of glycine and succinyl-CoA catalyzed by the
rate-limiting enzyme, S5-aminolevulinic acid synthase (ALAS), which occurs in
mitochondria, where it is inhibited by heme feedback [68,69]. However, in the presence
of exogenous 5-ALA, synthesis inhibition of synthesis is lifted, and the synthesis of the
intermediate PpIX increases. Heme oxidase-1 (HO-1) is also the rate-limiting enzyme for
the synthesis of heme. treatment with ALA or PpIX leads to enhanced mRNA expression
of HO-1, which metabolizes heme to biliverdin, carbon monoxide, and ferrous iron and
dose-dependently inhibits mRNA expression of ALASI [65]. In addition to enzymes,
various transporter proteins are involved in producing and disposing of PpIX. Fecal
porphyrinogen III is transported from the cytoplasm back to the mitochondria by ATP-
binding cassette transporter protein subfamily B member 6 (4BCB6), found in the outer
mitochondrial membrane. Here, it completes the final three stages of heme production
[70,71]. In cell membranes and mitochondrial cristae, ATP-binding cassette transporter
protein subfamily G member 2 (ABCG?2) is expressed [72,73]. The primary route for PpIX
elimination in the body is via hepatocyte uptake and excretion into the bile ducts, which
is facilitated by ABCG2's pumping of PpIX from myeloid cells and erythrocytes into the
plasma [74—78]. It can be seen that the expression of relevant genes and proteins has a
crucial effect on the accumulation of PpIX [79], so when the cell morphology is altered
and results in differences in the expression of genes and proteins [80,81], it is

hypothesized that the accumulation of PpIX will also change.
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1.4. Two-dimensional (2D) and Three-dimensional (3D) Cell Cultures
1.4.1. 2D cell cultures

The most used tumor cell culture method in studies related to PDT is still the 2D
model culture. In adherent 2D culture, cells grow as a monolayer attached to a surface in
a culture flask or flat dish [82].

2D culture mainly has the advantages of simplicity of cell culture, low maintenance
costs, and the ability to fulfill essential research testing functions. However, with the
depth of various studies, the disadvantages of 2D culture have been gradually exposed.
Firstly, under the conditions of 2D culture, tumor cells grown adherent to the flat surface
on a flask or plate cannot mimic the natural structure of cellular tissues or tumors [83—
85]. As a result, the interactions between cell—cell and cell-extracellular matrix (ECM)
could not be fully expressed as in tumor tissues. These interactions affect cell proliferation,
differentiation, gene and protein expression, drug metabolism and other cellular functions,
and response to external stimuli [86—89]. Upon isolation from tissues and transfer to 2D
conditions, the morphology of the cells is altered, and the pattern of cell division is
changed. The loss of diverse phenotypes is also a result of 2D culture [90,91]. Altered
cell morphology affects its function, the organization of intracellular structures, secretion,
and cell signaling [90-92]. In addition, alien to the in-vivo tumor microenvironment, due
to the monolayer nature of 2D cultures, all cells in the culture receive equal amounts of
oxygen, nutrients, and drugs [86,93]. Oxygen concentration and the uptake of externally
given photosensitizer by tumor cells are key factors affecting the therapeutic efficacy of
5-ALA-PDT, leading to the need for more suitable tumor cell culture models to enhance

the accuracy of in vitro studies.
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1.4.2. 3D cell cultures

Due to the shortcomings of 2D cultures, three-dimensional (3D) in vitro models have
gained increasing momentum in drug screening and tumor research owing to their
improved ability to recapitulate the complexity of the tumor microenvironment (TME)
[94,95]. The use of 3D culture models for PDT studies also has developmental
implications that can improve the predictability of toxicity and drug sensitivity in cancer
[96].

To create one of the first 3D primary organoid cultures in the field of mammary tumor
research, researchers cleverly combined 3D cultures in collagen gels [97] or laminin-rich
gels [98] with a protocol for the isolation of primary mammary epithelial tissue fragments
that was proposed nearly 50 years ago [99]. Nowadays there are three different methods
of preparing 3D culture models: suspension cultures on non-adherent plates, cultures in
concentrated medium or in gel-like substances and cultures on a scaffold [91].

The 3D culture of tumor cells comprises cells forming individual layers that combine
to form a spherical structure. This structure largely mimics solid tumor tissues' physical
and biochemical characteristics, similar to cells grown in vivo in terms of cell topology,
gene expression, signaling, and metabolism [100-102], facilitating cell-cell and
extracellular matrix (ECM) interactions. This structure allows cells to receive stimuli
from the local environment as in vivo [103,104]. Furthermore, since changes in ECM
composition correlate with cancer progression and tumor characteristics [105], ECM
interactions play an essential role in tumor drug resistance, in which case 3D culture could

open the door to better preclinical screening of drug candidates [106,107].
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1.5. Objectives of this study

1. The mortality rate of 5-ALA-PDT-induced primary homologous feline mammary
tumor cells in 2D and 3D culture conditions was determined by measuring cellular ATP
with a luminescence photometer for effect evaluation.

2. qRT-PCR was used to determine the expression of relevant mRNAs and to investigate
the reasons for the differences in the therapeutic effects induced by 5-ALA-PDT at the
molecular level.

3. In vivo assays were performed to assess the efficacy of 5-ALA-PDT in feline mammary

tumors.
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CHAPTER2
In vitro evaluation of the efficacy of photodynamic therapy using 5-ALA on
homologous feline mammary tumors in 2D and 3D culture conditions and a mouse

subcutaneous model with 3D cultured cells
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2.1. Introduction

Feline mammary tumors (FMTs), similar to those in people, are among the most
frequent causes of cancer-related mortality in female cats [108,109]. FMTs may serve as
cancer models because they exhibit molecular, histological, epidemiological, and
clinicopathological classifications similar to those reported in human breast cancer. [109—
111]. However, the antitumor effects of 5-ALA-PDT on FMT remain unclear.

Primary FMT FKR-A (two-dimensional [2D] culture) and FKR-S (three-dimensional
[3D] culture) cells are established cell lines to explore FMT treatment in vitro. FMT FKR
cells were isolated and cultured from the mammary tumor tissue of a 14-year-old spayed
female mongrel cat. The 2D adherent proliferating cells were FKR-A cells, and the 3D
spheroid proliferating cells were FKR-S cells, and each cell was passaged and maintained.
Notably, in this study, the original FKR-A and FKR-S cells were derived from the same
tumor tissue. Importantly, the 3D-cultured FKR-S cells that more accurately recapitulate
physiological conditions are naturally formed when FKR-A cells are cultured. With cell
culture passaging, some FKR-A cells will naturally form FKR-S cells when the number
of cells increases, and there is insufficient space for growth, and vice versa. In this study,
the spherical structures observed in the experimental group of FKR-S cells are not
individual cells but spherical cell clusters made up of aggregates of unequal amounts of
individual cells. As the spherical cell clusters vary considerably in size, quantitative
analyses among the individual clusters were not performed in this study.

This study aimed to evaluate the therapeutic effect of S-ALA-PDT in FMTs through
in vitro experiments using FKR-A and FKR-S cells. Currently, 3D cultures are less
commonly used than are mainstream 2D cultures in in vitro studies. Therefore, the present

study also assessed the effect of differences in culture methods on 5-ALA-PDT for FMTs,
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with the aim of advocating the use of suitable culture methods to establish in vitro
biological models that more closely resemble the environment in living organisms. This
included the comparative determination of cell viability between FKR-A and FKR-S cells,
determination of intracellular PpIX content, assessment of cell death, and determination
of 5-ALA uptake transporter genes, heme synthesis-related genes, and porphyrin
excretion transporter genes. In addition, because FKR-A and FKR-S cells are inherently
homologous tumor cells (FKR cells), with the only difference being the number of cell
passages in vivo, mice were inoculated with FKR-S cells only for in vivo studies to

evaluate the in vivo inhibitory effect of 5-ALA-PDT on FMT FKR cells.

2.2. Materials and methods
2.2.1. Materials
SBI Pharmaceuticals Co., Ltd. (Tokyo, Japan) donated 5-ALA hydrochloride (5-

ALA-HCI).

2.2.2. Cells

We successfully established homologous FMT cells, named FKR cells. These cells
were cultured at 37°C with 5% CO,;. RPMI 1640 medium was supplemented with
5 mg/mL streptomycin, 5 mg/mL penicillin, 10 mg/mL neomycin (Invitrogen; Thermo
Fisher Scientific, Inc.), and 10% heat-inactivated fetal bovine serum (FBS; Nichirei

Biosciences Inc. in Tokyo, Japan).

2.2.3. Cell viability

We seeded 2x10* 2D-cultured FKR cells (FKR-A cells) and 3D-cultured FKR cells
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(FKR-S cells) into each well of white 96-well plates (Corning Inc, Armonk, NY, USA)
and incubated the cells at 37°C for 24 h. The cells were then washed twice with
phosphate-buffered saline (PBS) and a fresh medium was added. Next, 5-ALA-HCI was
added at final concentrations of 0, 0.03, 0.1, 0.3, and 1 mM (n = 3) for 4 h. After being
washed with fresh medium, the cells were exposed to 633-nm wavelength radiation from
an LED light (Pleiades Technology LLC., Fukuoka, Japan) at 20 mW/cm?, 0, 5, 10, and
20 J/ecm?. The cells were then incubated at 37°C for 24 h in the dark. The amount of ATP
was determined using luminescence photometry (LuMate Microplate Luminometer,
Awareness Technology Inc., Palm City, FL, USA) using the KATAMARINO ATP assay
reagent ver.2 (Toyo Benet Co., Ltd., Tokyo, Japan), following the manufacturer’s
directions. ATP is an important source of cellular energy [112], and the amount of

intracellular ATP is related to cell viability and can indicate the number of viable cells.

2.2.4. Evaluation of cell death

FKR-A and FKR-S cells were cultured in clear 96-well plates (Corning Inc.) using
the cell culture method mentioned in section 2.2.3. Subsequently, 5-ALA-HCI was added
to achieve final concentrations of 0, 0.3, and 1 mM, and cells were cocultured for 4 h.
Subsequently, irradiation with a 633-nm wavelength (20 mW/cm?, 10 J/cm?) emitted by
the LED light was conducted. After PDT, the culture was continued for 24 h, and ethidium
homodimer III (5 pL; EthD-III), annexin V, and Hoechst 33342 (Promo Kine production)
were subsequently added to each well, respectively. The Apoptotic/Necrotic/Healthy
Cells Detection Kit is a practical assay to identify healthy (blue), necrotic (red), and
apoptotic (green) cells within the same cell population using fluorescence microscopy.

After staining, the cell viability was observed under fluorescence microscopy (BZ-X810;
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Keyence Co., Osaka, Japan).

2.2.5. Intracellular PpIX concentration in FKR-A and FKR-S cells

A 75-cm? tissue culture flask (Corning Inc.) was seeded with 1-2 x 10% FKR-A cells
and incubated for 24 h. FKR-S cells (1 mL) were washed twice with PBS and then
cultured in a 75-cm? culture flask. FKR-A and FKR-S cells were incubated with 0.3 and
1 mM 5-ALA-HCI for 4 h. Trypsin was used to separate the FKR-A cells from the culture
flask after two PBS washes. FKR-S cells underwent two PBS washes. A total of 200 L.
of centrifuged FKR-A and FKR-S cell solution were placed in 1.5 mL Eppendorf tubes,
respectively, and then lysed by sonication for 30 s. The concentration of PpIX in FKR-A

and FKR-S cells was determined according to a previous report [113].

2.2.6. Histological evaluation

A 75-cm? tissue culture flask (Corning Inc.) was seeded with 1.5-2 x 10* FKR-A
cells and then incubated for 24 h. FKR-S cells (1 mL) were washed twice with PBS and
then cultured in 75-cm? culture flasks (Corning Inc.). FKR-A and FKR-S cells were then
incubated with 0.3 mM 5-ALA-HCI for 4 h. Trypsin was used to separate the FKR-A cells
from the culture flask after two PBS washes; FKR-S cells underwent two PBS washes.

The cells were fixed in 4% buffered formalin. Next, samples were paraffin-embedded,
sectioned to a thickness of 4 um, and stained with terminal deoxynucleotidyltransferase-
mediated dUTP nick end labeling (TUNEL) and hematoxylin and eosin (H&E). TUNEL

staining was performed in situ.

2.2.7. mRNA expression
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Cell culture was performed in the same way as mentioned in section 2.5. RNA levels
were determined by qRT-PCR (triplicate) on the FI Step One PlusTM system using a
SYBR Select Master Mix (Applied Biosystems®, Waltham, MA, USA). The mRNA
expression levels in FKR-A and FKR-S cells were determined according to a previous
report [114]. Target genes and specific primers used for each gene are listed in Table 1.

mRNA sequences were selected according to previously described methods [115].

2.2.8. In vivo evaluation of the antitumor effect

Eight six-week-old female NOD/ShiJic-scidJcl mice (CLEA Japan, Inc., Tokyo,
Japan) were housed in a Jic rack (Jic Co., Kanagawa, Japan) under sterile conditions and
given unlimited access to gamma-sterilized food (CL-2; CLEA Japan) and autoclaved
water. The Tottori University Animal Research Committee approved the use of animals
and the methods in this study (project number: 19-T-31). The mice were divided into two
cages, with four mice per cage. One group was the control group, and the other was the
5-ALA-PDT experimental group. A subcutaneous injection of 1-2 x 10 FKR-S cells/0.1
mL PBS was administered into the backs of all eight mice.

After approximately 2 weeks, when the average tumor volume reached
approximately 100 mm?, four mice in the experimental group were intraperitoneally
injected with 250 mg/kg 5-ALA-HCI. Four hours later, they were irradiated with a
636-nm wavelength (250 mW/cm?, 150 J/cm?) emitted by a diode-pumped solid-state
laser (HangZhou NaKu Technology Co. Ltd, Zhejiang, China). Continuous measurement
of tumor volume was conducted in the mice over 2 weeks. Histopathological sections
were obtained from the tumor tissues of the control and experimental groups. The

experiment was terminated on day 14.
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The mice were euthanized by cervical dislocation, and the tumors were harvested 24
h after 5-ALA-PDT administration, to examine the PDT-induced histological changes in
the tumor tissue. Tumor tissues were fixed in 4% buffered formalin. The specimens were
then embedded in paraffin, sectioned to a thickness of 4 um, and stained with H&E and

TUNEL.

2.2.9. Statistical analysis
Differences between the experimental groups were analyzed for statistical
significance using the multiple paired #-test. Statistical significance was set at a p-value

<0.05.

2.3. Results
2.3.1. Cell viability

We measured the cell survival rate, as shown in Fig. 2a. When no light irradiation
was performed (20 mW/cm?, 0 J/cm?), the number of both types of tumor cells showed a
slow decreasing trend. However, when the light fluence rate was 20 mW/cm? and light
fluence was 5 J/cm? (Fig. 2b), the FKR-S cell viability decreased to 2.79% at 0.3 mM 5-
ALA-HCI.

When the light fluence rate was 20 mW/cm? and light fluence was increased to
10 J/cm? (Fig. 2c¢), the viability in both FKR-A and FKR-S cells significantly decreased.
At 0.3 mM 5-ALA-HCI, the FKR-S cell viability dropped sharply to 4.69% compared
with that at 0 mM 5-ALA-HCI, while FKR-A cells were also in a nodal position, reaching
a low viability of 49.97% compared with that at 0 mM 5-ALA-HCI. Cell viability also

significantly decreased (p<0.01) at 1 mM 5-ALA-HCI; however, in general, the decrease
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was far less significant than that at 0-0.3 mM 5-ALA-HCI (0.81% for FKR-S cells and
38.08% for FKR-A cells). Meanwhile, the FKR-S cell viability was lower than that in
FKR-A cells under the same conditions. A similar result was observed when the light

fluence rate was 20 mW/cm? and light fluence was 20 J/cm? (Fig. 2d).

2.3.2. Evaluation of cell death

To observe the extent of cell death in FKR-A and FKR-S cells, the cells were
incubated with two different concentrations (0.3 and 1 mM) of 5-ALA-HCI for 4 h and
then irradiated. After 24 h, the cells were stained with Hoechst 33342, EthD-III, and
annexin V and observed under fluorescent microscopy (Fig. 3).

The degree of necrosis and apoptosis in both FKR-A and FKR-S tumor cells
increased with increasing 5-ALA-HCI concentrations.

In FKR-A cells, green-stained areas, representing apoptotic cells, increased
significantly with increasing 5-ALA-HCI concentrations, and the number of stained cells
increased (Fig. 3a). The amount of red staining, representing necrotic cells, greatly
increased at 1 mM 5-ALA-HCI compared with that at 0 and 0.3 mM 5-ALA-HCI. The
area of live-cell staining in FKR-A cells far exceeded the areas of apoptotic and necrotic
staining at 0 and 0.3 mM 5-ALA-HCI. At 1 mM 5-ALA-HCI, no evident difference was
visualized between individual staining areas.

In FKR-S cells, the area of green staining, representing apoptosis, and the number of
cells did not change with increasing 5-ALA-HCI concentrations (Fig. 3b). However,
FKR-S cells manifested a large red area, representing necrosis, at 0, 0.3, and 1 mM
5-ALA-HCI. As shown in the composite graph, there was no obvious difference between

the necrotic- and live-stained areas in FKR-S cells at 0 mM 5-ALA-HCI. At 0.3 mM
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5-ALA-HCI, the stained area of living cells was larger than that of necrotic cells. At
1 mM 5-ALA-HCI, the stained area of the living cells included necrotic and apoptotic

arecas.

2.3.3. Intracellular PpIX concentration in FKR-A and FKR-S cells

Most porphyrins detected in the cells and culture supernatants were PpIX. The
amount of PpIX in the cells was approximately 5-fold higher in the 3D culture of FKR-S
cells than in the 2D culture of FKR-A cells (Fig. 4a). The amount of PpIX in the culture
supernatant tended to be higher in the 2D cultures but the difference was smaller than that
of the amount of PpIX in the cells (Fig. 4b). When the concentration of 5-ALA-HCI
increased by 3.3-fold, the amount of PpIX that accumulated in the cells increased by

approximately 1.3-fold. This trend remained the same for the FKR-A and FKR-S cells.

2.3.4. Histological evaluation

The number of FKR-A cells (Fig. 5a—d) decreased after 5-ALA-PDT. Cells treated
with 5-ALA-PDT were shrunken (Fig. 5¢) and stained slightly with TUNEL (Fig. 5d). In
FKR-S cells (Fig. Se-h), the cells within the spheroids were stained slightly with TUNEL
prior to 5-ALA-PDT (Fig. 5f). Spheroid cells shrank (Fig. 5g), and the number of

TUNEL-positive cells increased (Fig. 5h) after S-ALA-PDT.

2.3.5. mRNA expression
The target genes were divided into four major categories for analysis, based on ALA
uptake transporter gene, genes related to heme synthesis, porphyrin excretion transporter,

and hypoxia-related genes. The target genes and specific primers for each gene are shown
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in Table 1.
2.3.5.1. 5-ALA uptake transporter gene

Compared with FKR-A, FKR-S tended to have higher expression levels of the
5-ALA uptake transporter genes PEPT1, PEPT2, GAT2, and TAUT (Fig. 6). The relative
quantitative value of mRNA expression (normalized to AC7TB) in FKR-A cells was taken
as 1, and the following results of mRNA expression were applied. Of these, the difference
in the expression levels of PEPTI and PEPT2, which are mainly responsible for 5-ALA
uptake, was most pronounced in FKR-S cells. The expression of PEPTI in FKR-S cells
was approximately 2.5-fold that of FKR-A cells, whereas the expression of PEPT2 was
approximately 5-fold that of FKR-A cells. The expression of TAUT was approximately

1.88, and that of GAT2 was 1.30.

2.3.5.2. Genes related to heme synthesis (heme synthase)

The expression of ALAS] mRNA in FKR-S cells was approximately 1.58 and the
expression of HO-I mRNA was approximately 4.26 (Fig. 7), while the expression of
FECH mRNA was approximately 0.45, and the expression of UROS mRNA was
approximately 0.54. It can be observed that compared with those in FKR-A, the
expression levels of ALAS1 and HO-1 tended to be higher in FKR-S, and the expression

of FECH and UROS tended to be lower.

2.3.5.3. Porphyrin excretion transporter gene
In FKR-S, the expression level of ABCG2 remained almost unchanged compared
with that in FKR-A (Fig. 8). The expression of ABCG2 in FKR-S was approximately 1.08;

the expression of ABCB6 was approximately 0.57, which was approximately half of the
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expression of FKR-A ABCB6 mRNA.

2.3.5.4. Hypoxia-related genes

Compared with those in FKR-A cells, the expression levels of HIF-1a, LDHA, and
LDHB were not considerably altered in FKR-S cells (Fig. 9). However, we observed a
trend toward enhanced expression of PDK/ (pyruvate dehydrogenase kinase 1), which
suppresses the activity of pyruvate dehydratase (PDH) and vascular endothelial growth
factor (VEGF). The expression of PDK/ in FKR-S was approximately 2.76, while that of

VEGF was approximately 1.51.

2.3.6. In vivo evaluation of the antitumor effect

Figure 10 shows that the volume of the tumor tissue treated with 5-ALA-PDT was
significantly lower than that of the untreated control group.

Moreover, the volume of the tumor tissue gradually increased over time in the
untreated control group, reaching 270.7 mm? on day 14, which was 306% of that on day
0. In contrast, the group treated with 5-ALA-PDT showed a considerable decrease in
tumor tissue volume after 24 h of PDT, from an average of 100.6 mm? to an average of
27.3 mm?. Although a small rebound occurred daily thereafter, the tumor tissue volume

on day 14 remained smaller than that before treatment, averaging 95.1 mm?.

2.3.7. Histological examination
In untreated tumor tissues (Fig. 11a, b), necrotic areas were observed in the center of
the tumors, and the boundary between the tumor and necrotic tissues was clearly defined.

In the treated tumor tissues (Fig. 11lc, d), the tumor cells appeared necrotic and
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apoptotic. Pyknosis and cell separation were observed; however, the boundary between

the tumor and necrotic tissues was unclear.

2.4. Discussion

In the present study, we evaluated the cytotoxic and antitumor effects of 5-ALA-PDT
on FMT FKR-A and FKR-S cells and the mRNA expression levels associated with PpIX
accumulation. To our knowledge, this is the first study of 5-ALA-PDT using naturally
occurring 3D FMT cells.

In vitro cell culture methods (2D), in contrast to 3D culture, involve conventional
uses of flat supports [116,117] for cell development in monolayers. However, this culture
method cannot perfectly replicate physiological settings and the natural
microenvironment, including the tissue structure, physiology, biological signals of live
tissues, and interactions between cells and the matrix, resulting in several limitations
[117-122]. In addition, differences in gene expression levels between 2D and 3D cultures
of mammary tumor cells have implications for drug screening. Cellular 3D cultures have
been shown to better recapitulate the tumor response to anticancer drugs than 2D cultures
[123,124]. These include changes in the expression of genes related to drug metabolism,
transporters, and survival pathways. Therefore, 3D models provide more accurate
predictions of drug efficacy.

In vitro evaluation: Accordingly, we used both 2D and 3D culture methods to study
the effect of 5-ALA-PDT on FMT. Our results showed that the concentration of
intracellular PpIX in 3D-cultured FKR-S cells was approximately 5-fold higher than that
in 2D-cultured FKR-A cells at the same dose of 5-ALA (Fig. 4). Similarly, the cytotoxicity

induced by 5-ALA-PDT was higher in FKR-S cells than that in FKR-A cells, which
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correlates with the cytotoxicity assay results (Fig. 2). Based on the cytotoxicity assay
results, 5-ALA-PDT reduced cell viability in a dose-dependent manner. That is, the higher
the 5-ALA concentration and light intensity, the lower the cell survival rate. In particular,
the cell survival rate was most significantly reduced at 0.3 and 1 mM 5-ALA. Our findings
demonstrate that 5-ALA-PDT has an inhibitory or even cytotoxic effect on FKR-A and
FKR-S cells. Histological evaluation showed that FKR-A and FKR-S cells treated with
5-ALA-PDT underwent degeneration (Fig. 5). In addition, 5-ALA-PDT was more
effective against FKR-S cells than against FKR-A cells. Therefore, we investigated the
expression levels of various genes that may affect ALA-mediated PpIX accumulation in
several tumor cell lines, including 5-ALA uptake transporter genes, porphyrin transporter
genes, and heme synthesis-related genes (Figs. 6-9).

Based on our results, we confirmed that 2D-cultured FKR-A cells differed in gene
expression levels from 3D-cultured FKR-S cells. Several studies have shown that the
cellular microenvironment and culture conditions in 3D systems can significantly
influence gene expression patterns. The VEGF expression level was higher in 3D-cultured
FKR-S cells than that in 2D-cultured FKR-A cells (Fig. 9). According to other studies,
tumor microenvironment (TME) cells promote angiogenesis by secreting VEGF and
fibroblast growth factor 2 (FGF-2) [125], and the newly created capillaries feed the
expanding tumor tissue with oxygen and nutrients.

The present study showed that the expression levels of both PEPTI and PEPT2 were
higher in FKR-S cells (Fig. 6). From a medicinal chemistry perspective, the uptake of 5-
ALA into transgenic yeast cells expressing the mammalian di- and tri-peptide transporters
PEPTI and PEPT?2 suggests that these systems contribute to the delivery of 5-ALA [126].

Furthermore, the 5-ALA influx transporters PEPT1 and PEPT?2 are extensively expressed
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in tumor cells, leading to increased PpIX accumulation [127-129]. Thus, the high
expression levels of PEPT] and PEPT2 in FKR-S cells may result in a large influx of 5-
ALA into the tumor cells.

An ATP-binding cassette (4BC) transporter G2 (4BCG?2) has been implicated in the
regulation of the intracellular accumulation of porphyrin derivatives in tumor cells, which
excrete excess PpIX from tumor cells and reduce the therapeutic efficacy of PDT
[130,131]. However, in FKR-S cells with better PDT efficacy, the expression level of
ABCG2 was marginally higher than that in FKR-A cells (Fig. 8); these results contrast
with those of previous reports [132,133], which have not yet been fully resolved due to
the multitude of factors affecting PDT by ABCG2. We considered that the overall
intracellular PpIX content was not reduced because of the possibility that excess PpIX
released by the cells was reabsorbed by the surrounding cells. In mitochondria, CPGIII is
converted to protoporphyrinogen (Ppgen), which is then converted to PpIX; ABCB6 can
mediate the entry of fecal porphyrinogen III into mitochondria [130,132], excluding
excess fecal porphyrinogen III from tumor cells, which is the same as that of ABCG2 and
PpIX. The results showed that the expression of ABCB6 was lower in FKR-S cells, which
had a stronger effect of PDT.

FECH, HO-1, and ALAS1 are intracellularly involved in heme synthesis. The results
of this study showed that the expression level of FECH was two-fold different between
FKR-A and FKR-S cells (Fig. 7). Iron (Fe*") is incorporated into PpIX via FECH to form
heme, thereby reducing the level of PpIX available for PDT [133]. However, other studies
have shown that the Warburg effect, where the tricarboxylic acid cycle is downregulated,
results in a shortage of electrons necessary to decrease ferric ions to ferrous ions since

anaerobic metabolism in cancer cells is greater than that in normal cells [134,135]. This
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leads to a decline in FECH activity, which transforms PpIX into heme. As a result, PpIX
preferentially accumulates in cancer cells [134]. As previously mentioned, the low
expression of FECH favors the selective accumulation of PpIX in 3D-cultured FKR-S
cells, thereby enhancing the therapeutic efficacy of 5-ALA-PDT. However, the
accumulation of PpIX in tumor cells is influenced by multiple interacting factors, and
several studies have shown that HO-1 expression reduces PpIX accumulation [136,137]
and exerts a protective effect against PDT-mediated cytotoxicity [138]. This could not
explain why HO-1 expression in FKR-S cells with stronger PDT effects in the present
study was up to 4 times higher than that in FKR-A cells with weaker PDT effects (Fig. 7);
thus, the mechanism of HO-1 expression in cat mammary tumor cells, FKR cells, required
investigation.

The crucial enzyme, 5-aminolevulinate synthase (4LAS), enables the production of
5-ALA from glycine and succinyl-CoA and is the first rate-limiting enzyme [139].
Negative feedback mechanisms via ALAS! inhibition by excessive heme rigorously
regulate heme production in non-erythrocytes by reducing transcription and translation,
destabilizing mRNA, inhibiting mitochondrial transport of precursor proteins, and
degrading precursor proteins [140]. Combined with the higher expression of ALASI in
FKR-S cells than that in FKR-A cells in the present study (Fig. 7), this indicates that
hemoglobin production in 3D-cultured FKR-S cells is lower than that in 2D-cultured
FKR-A cells and further explains the diminished conversion of PpIX to hemoglobin by
reduced FECH activity.

These results suggest that the high expression levels of PEPTI, PEPT2, and ALASI
in FKR-S cells, synergized with the low expression levels of ABCB6 and FECH and other

synergistic effects, lead to a strong accumulation of intracellular PpIX, ultimately
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resulting in a stronger effect of PDT than that in FKR-A cells. These findings suggest that
the uptake mechanisms of 2D cells and 3D spheroids may differ, even for homologous
tumor cells.

In vivo evaluation: In the present study, we evaluated the inhibitory effect of 5-ALA-
PDT on FKR-S tumor cells in vivo. Since FKR-S and FKR-A cells are essentially
homologous and tumor cells do not grow in a monolayer in vivo, and FKR-A cells will
autogenously grow into FKR-S cells in a 3D state after transplantation into mice through
passaging, only FKR-S cells were used in this in vivo assay. According to the results of
in vivo studies, the average tumor volume after a single 5-ALA-PDT session was 35.13%
of that in the control group (No 5-ALA-PDT performed), which has a significant
inhibitory effect (Fig. 10). The mean tumor volume after 24 h of a single 5-ALA-PDT
treatment was reduced to 27.14% of the pre-PDT volume, and although the tumor volume
continued to increase over the next two weeks, it remained lower than the pre-PDT
volume, which was approximately 94.51% of the pre-treatment volume (Fig. 10).
Histological examination also revealed a large number of necrotic cells after PDT (Fig.
11), indicating that a single 5-ALA-PDT session could have an inhibitory effect on the
continued development of mammary tumors in NOD/ShiJic-scidJcl mice.

Multiple studies have shown that 5-ALA-PDT is effective against human and canine
mammary tumors [114,141-143], and we verified, for the first time, the inhibitory and
cytotoxicity effects of S-ALA-PDT on primary cultured FMT FKR cells. Based on in
vitro studies, we demonstrated that the effects of 5S-ALA-PDT on homologous FMTs
exhibited a significant difference in 2D and 3D cultures. In the present study, we assessed,
as far as possible, the possible reasons for this disparity due to differences in the

expression levels of the genes involved; however, differences in the TME during 2D and
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3D culture remain to be investigated.

2.5. Conclusions

The results of this study confirm the inhibitory effect of applying photodynamic
methods in FKR cells in FMTs. However, although FKR-A and FKR-S are derived from
the same tumor tissue, the effects obtained in in vitro studies can vary due to differences
in the TME and culture morphology (2D and 3D cultures). The expression levels of
PEPTI, PEPT2, HO-1, and FECH mRNAs closely correlated with PpIX accumulation.

Furthermore, 5-ALA-PDT inhibited tumor growth of FKR-S cells in FMTs in vivo.

33



Table 1. Target genes and specific primers for each gene.

Target genes

ALA uptake transporter gene

Genes related to heme synthesis

Porphyrin excretion transporter gene

Hypoxia-related genes

PEPTI, PEPT2, GAT2, TAUT, PATI

ALASI, ALAD, HMBS, UROS, UROD,
GAPDH, CPOX, PPOX, FECH, HO-1

ABCG2, ABCB6

HIF-1a, LDHA, LDHB, PDK1, VEGF

Primer Sequence Primer Sequence
PEPTI Fw: cagaagccagaaaaaggagaaa PEPT2 Fw: ccacctectgaaggaaacatag
(XM 023252783.1) Rv: aaaactgatattcgctggcatt (XM _003991691)  Rv: agctgctttgggtatttctcag
GAT?2 Fw: ttcteattctcagegtgtetgt TAUT Fw: gatcgactttgtgctctetgtg
(XM _023256642)  Rv: atggcectgtacccaatcatate (XM _003982523)  Rv: ggccaggatgatgacgtagtat
PATI Fw: ggtggacttcttcctgattgte ALASI Fw: atgagtttggagcaatcacctt
(XM _006927971)  Rv: gtcteattgttgtggcagttat (XM _003982295)  Rv: atgtccattttgggcataacte
ALAD Fw: tgtgtaccacgtttctggagag HMBS Fw: ttgaaatcgttgctatgtccac
(XM _019816383)  Rv: ggcgtgtagtaggtgatgatga (NM_001177808)  Rv: gggagtgaacgactaagtccac
UROS Fw: tatggacttgaagccactctga UROD Fw: ttcccagagecattaagagaag
(XM_023241082)  Rv: acagctctctecttetgtgtee (XM_003990027)  Rv: gatatgggaccagagcatcagt
GAPDH Fw: ctcatgaccacagtccatge. CPOX Fw: tccatccaaggaagaagtgttt
(NM_001009307.1) Rv: gtgagcttcccattcagete (XM_003991594)  Rv: cacagtgctttttcacaagagg
PPOX Fw: ctggatgctgaccacgttatta FECH Fw: tggtcattctcettttctgetea
(XM_011291117)  Rv: gaaagcaaccgagtcatacaca (XM_006938940)  Rv: ttcaatgtgatcgcetggtaaac
HO-1 Fw: caggtcctcaagaagattgcte ABCG2 Fw: tttcagggctgttggtaaatct
(XM_003989222)  Rv: gtacagctgcttgaacttggtg (XM_023252947)  Rv: ttaccaaaaattcttcgecagt
ABCB6 Fw: attgtgttcctgtgeatgagtc HIF-1a Fw: cacatagaaatggccttgtgaa
(XM_003991168)  Ruv: tttgacttccactccaaatect (XM_003987716)  Rv: tagacatgaatatggcctgtgce
LDHA Fw: attggaagtggttgcaatctg LDHB Fw: agcgggtgtaatctggattct
(XM_019812152.2) Rv: gggagacaccagcaacattta (XM_003988487.3) Rv: atgttctcccaaaatccatee
PDK1 Fw: ccgtetcatcgaaaacacatt VEGF Fw: acgaagtggtgaagttcatgg
(XM_006935366.4) Rv: ctgteetggtgattttgcatt (NM_001009854.1) Rv: gcatggtgatgttgaactcct

Peptide transporter 1 (PEPT1), peptide transporter 2 (PEPT2), gamma amino butyric acid
transporter 2 (GAT?2), taurine transporter (7AUT), H+/amino acid transporter 1 (PATI),
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S'-aminolevulinate synthase 1 (ALASI), aminolevulinate dehydratase (ALAD),
hydroxymethylbilane synthase (HMBS), uroporphyrinogen III synthase (UROS),
uroporphyrinogen  III  decarboxylase = (UROD),  glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), coproporphyrinogen oxidase (CPOX), protoporphyrinogen
oxidase (PPOJX), ferrochelatase (FECH), heme oxygenase 1 (HO-I), adenosine
triphosphate (ATP)-binding cassette transporter G2 (ABCG2), ATP-binding cassette
transporter B6 (ABCB6), hypoxia-inducible factor-1 alpha subunit (HIF-Ia), lactate
dehydrogenase A (LDHA), lactate dehydrogenase B (LDHB), pyruvate dehydrogenase
kinase 1 (PDK1), vascular endothelial growth factor A (VEGF).
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Figure 1. Mechanism of cellular uptake of S-aminolevulinic acid (5-ALA) for

protoporphyrin IX (PpIX) biosynthesis.

Peptide transporter 1 (PEPTI), peptide transporter 2 (PEPT2), gamma amino butyric
acid transporter 2 (GAT2), taurine transporter (74UT), H+/amino acid transporter 1
(PATI), 5'-aminolevulinate synthase 1 (4LAS7), aminolevulinate dehydratase (4LAD),
hydroxymethylbilane synthase (HMBS), uroporphyrinogen III synthase (UROS),
uroporphyrinogen III decarboxylase (UROD), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), coproporphyrinogen oxidase (CPOX), protoporphyrinogen
oxidase (PPOX), ferrochelatase (FECH), heme oxygenase 1 (HO-1), adenosine
triphosphate (ATP)-binding cassette transporter G2 (4BCG2), ATP-binding cassette
transporter B6 (ABCB6), hypoxia-inducible factor-1 alpha subunit (H/F-1a), lactate
dehydrogenase A (LDHA), lactate dehydrogenase B (LDHB), pyruvate dehydrogenase
kinase 1 (PDK1), vascular endothelial growth factor A (VEGF).
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Figure 2. Cell viability.

(a) Light fluence rate: 0 mW/cm?, light fluence: 0 J/cm?, (b) Light fluence rate: 20
mW/cm?, light fluence 5 J/cm?, (¢) Light fluence rate: 20 mW/cm?, light fluence 10 J/cm?,
(d) Light fluence rate: 20 mW/cm?, light fluence: 20 J/cm?.

To determine the cytotoxic effect of photodynamic therapy with 5-aminolevulinic acid
hydrochloride (5-ALA-HCI) on FKR-A and FKR-S cells, cells are treated with 4 different
concentrations (0.03, 0.1, 0.3, and 1 mM) of 5-ALA-HCI and then irradiated with 5, 10,
and 20 J/cm? (20 mW/cm?). Results are presented as mean + standard deviation (n = 3~6).
**Significantly different at p<0.01.
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Figure 3. Evaluation of cell death. (a) FKR-A cells; (b) FKR-S cells.

Annexin V-stained apoptotic cells appear green. Ethidium Homodimer IIl-stained
necrotic cells appear red, and Hoechst 33342-stained live cells have bright blue nuclei.
Scale bar = 500 um. Images are acquired 24 h after photodynamic therapy.
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Figure 4. Intracellular protoporphyrin IX concentration in FKR-A and FKR-S Cells.

(a) Intracellular protoporphyrin IX (PpIX) concentration, (b) Extracellular PpIX
concentration.
Results are presented as mean + standard deviation (n = 3).
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Figure 5. Histological evaluation.

40

All experimental groups use 0.3 mM 5-aminolevulinic acid hydrochloride (5-ALA-HCI),
and cells are irradiated with an LED light (630 nm, 20 mW/cm?, 10 J/cm?).
(a-d) FKR-A cells; (e-h) FKR-S cells, (a,e) Hematoxylin and eosin (H&E) staining of the
control group, (b,f) Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining of the control group, (c,g) H&E staining after 5-ALA-photodynamic
therapy (PDT), (d,h) TUNEL staining after 5-ALA-PDT.
Images after 24 h of PDT. Scale bars = 100 pum.
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Figure 6. 5-aminolevulinic acid uptake transporter gene.

Peptide transporter 1 (PEPTI), peptide transporter 2 (PEPT2), GABA transporter 2
(GAT2), taurine transporter (TAUT), and H+/amino acid transporter 1 (PAT1). Results are
presented as mean + standard deviation (triplicates).

41



mRNA expression
(normalized to ACTB)

COOO =mmy
ocvhrow—~ibhon
1

LDk

ALAS1 ALAD HMBS UROS UROD GAPDH CPOX PPOX FECH

@ FKR-A O FKR-S

-
Lh
1

S
Wy Lh b
T

g
Lh
T

mRNA expression
(normalized to ACTB)

o
— Lh b
T

<
o Lh
| T T

HO-1
m FKR-A o FKR-S

Figure 7. Genes related to heme synthesis (heme synthase).

5’-aminolevulinate synthase 1 (ALASI), aminolevulinate dehydratase (ALAD),
hydroxymethylbilane synthase (HMBS), uroporphyrinogen III synthase (UROS),
uroporphyrinogen III decarboxylase (UROD), coproporphyrinogen oxidase (CPOX),
protoporphyrinogen oxidase (PPOX), ferrochelatase (FECH), and Heme oxygenase 1
(HO-1). Results are presented as mean + standard deviation (triplicates).
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Figure 8. Porphyrin excretion transporter gene.

ATP-binding cassette transporters G2 (ABCG?2) and B6 (ABCB6). Results are presented
as mean + standard deviation (triplicates).
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Figure 9. Hypoxia-related genes.

Hypoxia-inducible factor 1 alpha subunit (HIF-1a), lactate dehydrogenase A (LDHA),
lactate dehydrogenase B (LDHB), pyruvate dehydrogenase kinase 1 (PDK1), and vascular
endothelial growth factor A (VEGF). Results are presented as mean =+ standard deviation
(triplicates).
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Figure 10. Changes in tumor volume.

Mice were intraperitoneally injected with 250 mg/kg 5-aminolevulinic acid hydrochloride
(5-ALA-HCI), and 4 h later, photodynamic therapy (PDT) were performed using a 636
nm laser (250 mW/cm?, 150 J/cm?). Data are presented as mean + SD (n = 4). Data
represent the mean relative tumor volume normalized to that on the day of therapy
initiation (day 0). The bars indicate standard errors. **Significantly different at p<0.01.
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Figure 11. Histopathological section after 24 h of photodynamic therapy (PDT) with

5-aminolevulinic acid hydrochloride (5-ALA-HCI).

(a) Hematoxylin and eosin (H&E) staining of the control group, (b) terminal
deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) staining of the
control group, (¢) H&E staining after 5-ALA-PDT, (d) TUNEL staining after 5-ALA-
PDT. Scale bars = 100 pum.
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CHAPTER 3

General conclusion
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Mammary tumors are one of the most common tumors in felines. Although primary
FMTs can be surgically resected, the prognosis is often poor because of the development
of pulmonary metastases or metastasis to body surface lymph nodes. In addition, new
palliative treatments are needed for recurrent cases or for cases that do not tolerate surgery.
PDT, which is low invasive, selectively causes apoptosis and necrosis of tumors, and can
be used with other therapies, is one of the novel therapies for treating tumors. However,
PDT has done little research related to the treatment of FMTs. This study aimed to
evaluate the efficacy of 5-ALA-PDT against FMTs and assess the factors affecting this
therapy by alterations in cell morphology.

Based on in vitro studies, the author evaluated the cell viability of FMTs FKR-S and
FKR-A under 5-ALA-PDT. A cytotoxic effect of 5-ALA-PDT on FKR-S and FKR-A was
demonstrated, and a significant difference in cytotoxicity was produced between the two
(stronger toxicity on 3D-cultured FKR-S than on 2D-cultured FKR-A). The author
concluded that 5-ALA-PDT reduced cell viability in a PS-dose-dependent manner. The
higher the 5-ALA concentration and light intensity, the lower the cell viability.

At the same dose of 5-ALA, the intracellular PpIX concentration in FKR-A cells was
approximately 20% that in FKR-S. Therefore, the authors investigated the expression
levels of various genes that may affect ALA-mediated PpIX accumulation. These results
suggest that compared to FKR-S, the low expression of PEPTI, PEPT2, and ALASI in
FKR-A cells, in synergy with the high expression levels of ABCB6 and FECH, among
others, resulted in lower intracellular accumulation of PpIX. PDT was less effective than
in FKR-S cells. These findings suggest that the uptake mechanisms of 2D cells and 3D
spheroids may differ, even for homologous tumor cells.

In this study, cell death assessment showed that 5-ALA-PDT induced apoptosis and
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necrosis.

In addition, the in vivo inhibitory effect of 5-ALA-PDT on FKR-S tumor cells was
evaluated. Mean tumor volume was reduced after a single 24-hour treatment with 5-ALA-
PDT. Histological examination after 14 days also revealed many necrotic cells after PDT,
suggesting that a single 5-ALA-PDT could have an inhibitory effect on the persistence of
mammary tumor development in NOD/ShilJic-scidJcl mice.

A notable limitation of the present study is that a subcutaneous xenograft mouse
model was used. This does not allow for a completely accurate assessment of the effect
of 5-ALA-PDT when FKR cells are grown in FMTs. The development of an orthotopic
xenograft mouse model should be considered in future studies. We also investigated gene
expression in vivo, however, because of the invasion of mouse cells, we were unable to
obtain accurate results. Therefore, we were unable to confirm whether gene expression in
vivo 1s the same as gene expression in vitro.

In conclusion, the author believes that 5-ALA-PDT is effective for FMT. 5-ALA-
PDT exerts cytotoxic effects in a PS-dose-dependent manner. Even in homologous tumor
cells, differences in cell morphology and mRNA expression levels can lead to different
sensitivities to PDT. 5-ALA-PDT can inhibit in-vivo FMT growth. The author believes
that establishing an in-vitro tumor model closer to a living organism for use in 5-ALA-

PDT-related research will yield more accurate and effective results.
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