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ABSTRACT

PHOTOFRIN AND INDOCYANINE GREEN-MEDIATED
PHOTODYNAMIC THERAPY IN CANCER TREATMENT

Photodynamic therapy (PDT) is a minimally invasive therapeutic approach for
clinical treatment of cancer. PDT-mediated oxidative stress leads to cell death and
can elicit the expression of genes associated with cell survival, such as AKT/protein
kinase B. Phosphorylation and subsequent activation of AKT induces a survival re-
sponse. For the first time in literature, our results from in vitro and in vivo exper-
iments demonstrated that PDT treatments mediated by excitation of Photofrin with
a 630-nm diode laser induced AKT phosphorylation. PDT-mediated AKT pathway
activation may stimulate cell survival in remaining tumor tissue leading to tumor reoc-
currence,therefore, inhibiting PDT-mediated AKT activation may improve treatment
responsiveness. Our findings demonstrated that, minimally toxic AKT inhibitor, PI-
103, effectively inhibited PDT-mediated AKT phosphorylation both in wvitro and in
vivo. These results have great importance in relevance to development of combinato-

rial therapies using PDT and PI-103 inhibitor to improve treatment responsiveness.

Indocyanine Green (ICG) exhibits maximum absorption at around 800 nm,
which is an advantage for its use in treatment of deeper tumors. In this study, an
809 nm diode laser was designed and custom manufactured in our laboratory to inves-
tigate the effects of ICG-mediated PDT on human breast cancer cells. This study for
the first time reported that ICG-PDT application exhibited strong and stable photo-
toxic effects on MDA-MB231 breast cancer cells. Collectively, these novel findings
presented in this thesis study contributed largely to the knowledge of PDT in cancer
treatment, which is the first reported PDT study in Turkey, and open new research

areas for further investigations.

Keywords: AKT, ICG, PDT, Photofrin, 630 nm diode laser, 809 nm diode laser.



OZET

KANSER TEDAVISINDE PHOTOFRIN VE INDOCYANINE
GREEN DOLAYLI FOTODINAMIK TERAPI

Fotodinamik terapi (FDT) kanserin klinik tedavisinde kullanilan, diigiik yan
etkili bir tedavi yontemidir. FDT sonucunda olusan oksidatif stres, hiicrenin 6liimiine
ya da AKT /Protein Kinaz B gibi hiicre ¢ogalmas ile ilintili yolaklar1 etkinlesmesine
neden olabilir. AKT’nin fosforile edilmesi ve etkinlesmesi hiicre ¢ogalmasini tetik-
ler. 630 nm diyot laser ile uyarilan Photofrin’in kullanildigi hiicre kiiltiirii ve hay-
van modellerindeki deney sonuclarimiz literatiirde ilk kez FDT’nin AKT fosforilasy-
onunu artirdigini gostermigtir. FDT sonrasi canli kalabilen hiicrelerde etkinlegen AKT
yolaginin hiicre ¢ogalmasini uyarmasinin tiimor tekrarlamasina neden olabilecegi diigiin
iilmektedir. Deney sonuclarimiz ve literatiirdeki verilere dayanarak FDT sonucu ar-
tan AKT etkinliginin engellenmesinin tedavinin etkisini arttiracagini 6ngordiik. Hiicre
kiiltiirii ve hayvan modellerindeki deney sonuclarimiz, AKT yolagi engelleyici molekiilii
PI-103’iin FDT sonucu artan AKT fosforilasyonunu, etkili bir gekilde ve minimum tok-
sisite ile onledigi tespit edilmigtir. Bu sonuclar FDT ile PI-103’iin birlikte kullaniminin,

FDT'nin kanser tedavilerindeki etkinligini arttirabilecegini ortaya koymustur.

800 nm civarinda maksimum emilime sahip olan, 1s1ga-duyarh-ilag, Indocya-
nine Green (ICG), derin tiimérlerin FDT ile tedavisi i¢in ideal bir molekiildiir. Bu
calismada ICG-FDT’ nin insan meme kanseri hiicre kiiltiiriindeki etkileri incelenmigtir.
Laboratuvarimizda tasarlanip, geligtirilen 809 nm diyot laser, 151k kaynagi olarak kul-
lanilmigtir. Sonuglarimiz literaturde ilk olarak ICG-FDT uygulamasinin MDA-MB231
meme kanseri hattinda etkili ve kalicifototoksik etkisini géstermigtir. Bu tez ¢aligmasi
sonuclar Tiirkiye’deki FDT aragtirmalarinin 6nciisii olup, FDT ile kanser tedavisindeki

bilgimizi arttirmig ve gelecek icin yeni arastirma konulari ortaya koymustur.

Anahtar So6zciikler: AKT, FDT, ICG, Photofrin, 630 nm laser, 809 nm laser.
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Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6
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PDT procedure. PDT involves the selective uptake (a) and re-
tention of a photosensitizer in a tumor(b), followed by irradiation
with light of a particular wavelength (c), thereby initiating tu-
mor necrosis (d) presumably through formation of singlet oxygen
[1].

The basic pathway by which the combination of photosensitizer
(PS), light and oxygen (Os) leads to cell death or survival. Fol-
lowing irradiation, photosensitizers absorb light and undergo spe-
cific reactions to generate reactive oxygen species. The PS in a
singlet ground state (°PS) becomes activated to an excited sin-
glet state (*PS*) which is followed by intersystem crossing to
an excited triplet state (*PS*). Energy transfer from *PS* to
biological molecules and molecular O, via Type I and Type II
reactions generates reactive oxygen species (*O, = Oq, *~OH and
Hy05) that produces different cellular responses.

a) Molecular structure of Photofrin (PH)[2]. b) Absorption spec-
tra of PH

a) Molecular structure of Indocyanine Green (ICG). [2], b) Ab-
sorption spectra of ICG [3]

Absorption spectra for the main constituents of biological tissues
4

Interactions between PD'T and the tumor microenvironment. PDT
induces oxidative stress in the treated tumor tissue. Low levels
of oxidative stress can lead to enhanced expression of a wide va-
riety of transcription factors and cytokines directly associated
with cell survival. Inhibitors of these factors is a promising way

of improving PDT responsiveness.
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Figure 2.7

Figure 2.8

Figure 3.1
Figure 3.2

AKT Pathway. PDT induces oxidative stress in the treated tu-
mor tissue. Activation of AKT involves growth factor binding to
a receptor tyrosine kinase and activation of PI3-K, which phos-
phorylates membrane bound PIP2 to generate PIP3. The bind-
ing of PIP3 to AKT anchors it to the plasma membrane and
allows its phosphorylation and activation by PDK1. Phospho-
rylation at the position Thr 308 and Ser 473 is required for the
fully activation of AKT. It causes a charge-induced conforma-
tional change, allowing substrate binding and increased rate of
catalysis.

Molecular structures of PI3-K inhibitors [5]. a) Wortmannin, b)
LY294002, c¢) PI-103

In wvitro light treatment set-up for ICG-PDT

In vivo PDT treatment procedure.Right flank of 15 weeks old
C3H/HeJ female mice was shaved, and animals were anaesthetized
with isoflurane. a) 2-3 animals were injected with C3H/BA cells
(108 /tumor in 50 ul DMEM) into shaved flank of animal and
they were kept 2-3 weeks for the primary tumor to grow. When
the tumor became visible under the skin, animals were sacrificed
with overdose COy . b) Tumors were surgically removed, cut
into small pieces (1 mm?®) and trocar injected into shaved flanks
of experimental animals. Animals were housed in cages (4=£1
animals per cage) in temperature controlled vivarium, food and
water were available ad libitum. ¢) When tumors reached to a
certain size (6-7 mm) animals were injected with PH (5 mg/kg)
intravenously and kept in dark for 24 hr. Tumor area was illu-
minated with light at 630 nm. After certain time point animals
were sacrificed with overdose COs, tumors were removed, and
cut into two; one half was fixed with paraformaldehyde for im-
munohistochemistry and the other was homogenized for western

blot analysis.
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Figure 3.3

Figure 4.1

Figure 4.2

In vivo light treatment during PDT. Three animals were treated
at a time. Optical fiber coming out of 630 nm diode laser was
split in three 800 um optic fibers. Animals were taped so that the
tumor under the light stays at a fixed position and the optic fibers
were positioned such a way that the light covers all the tumor
area. Each tumor area was illuminated with 630 nm diode laser
at a dose rate of 75 mW /cm? and the total light dose 100 J/cm?.
Before every treatment, light output at tumor site was measured
with a powermeter.

H50O5 induces PI3-K-dependent AKT phosphorylation in both
C3H/BA (a, ¢) and BT-474 (b, d) cells. Cells were plated for
24 hr prior to exposure to HoO5 (500 M ) in PBS for 10 min,
which is followed by incubation with complete media (a, b). Cell
lysates were collected at indicated time points and were sub-
jected to western blot analysis using phospho-AKT (Ser 473),
total AKT and actin antibodies. PI3-K inhibitor Wortmannin
blocks AKT phosphorylation in both C3H/BA (c¢) and BT-474
(d) cells. HyOo-treated cells were incubated with complete media
supplemented with Wortmannin (100 nM) for 30 min (c, d). At
the end of incubation, cell lysates were collected and analyzed as
described above. "C" stands for control.

The cytotoxic effects of PDT is directly related to the light dose.
Cells were then photosensitized with PH (25 pg/ml) for 16 hr in
dark and exposed to light at 570-650 nm for 1, 1.5 and 2 min
(210, 315 and 420 J/m?, respectively). After treatment, cells
were refed with complete media and incubated for 24 hr in dark.
Cell viability was measured by M'T'T assay according to manufac-
turer’s specifications (details in Materials and Methods Section).
Results are expressed as the mean £+ SE of three separate ex-
periments done in a group of 8 wells for each condition. * The
decrease in cell viability in PDT treated samples were statisti-

cally significant (p <0.01)
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Figure 4.3

Figure 4.4

PH-PDT induces AKT phosphorylation in a time dependent
manner. BT-474 cells were incubated overnight in complete me-
dia. Cells were then photosensitized with PH (25 ug/ml) for 16
h in dark. Cells were fed with complete media for 30 min before
treatment with light (570-650 nm) for 1.5 min (315 J/m?). After
treatment, cells were fed with complete media and were lysed at

indicated time points. Cell lysates were subjected to western blot

xii

analysis with AKT, phospho-AKT (Ser 473) and actin antibodies. 44

Photofrin (PH)-mediated PDT induces AKT phosphorylation.
BT-474 cells were plated in the 96-well plates for 24 hr. Cell
cultures were treated with PH (25 pg/ml) or carrier dextrose
solution and incubated for 16 hr in dark. Then a group of
PH-treated cells were exposed to broad-spectrum red light (570-
650 nm, 0.35 mW /cm?) for 1.5 min (315 J/m?). All cells were
fixed with formaldehyde 2 hr after treatment and transferred to
ELISA plates (FACE Cell-based AKT kit) to detect total AKT
and phospho-AKT (Ser 473) levels with specific antibodies. The
colorimetric readings were taken at 450 nm. The data is cor-
rected for crystal violet readings and presented as percentage
normalized to controls. *The increase in phospho-AKT in PDT
group was statistically significant (p<0.05) above control and

PH-treated samples.
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Figure 4.5

Figure 4.6

Figure 4.7

PH-PDT induced AKT phosphorylation in tumors created in
mice. Tumors were created by injecting BT-474 cells within
matrigel to the hind flank of athymic mice. When the tumors
reached 6-7 mm in largest diameter, PH (5 mg/kg) was injected
intravenously to each mouse 24 hr before treatment with 630-nm
diode laser at a total light dose of 100 J/cm? with a dose rate
of 75 mW /ecm?. Mice were sacrificed with overdose of COy for
1 hr after PDT treatment. The tumors were removed surgically
and and prepared for immunohistochemistry analysis. Paraffin
embedded 5 pm tissue sections were stained with H&E (Hema-
toxylin and Eosin) (left), phospho-AKT (Ser 473) specific an-
tibody (middle) and phospho-AKT (Ser 473) blocking peptide
(right). a, no treatment. b, PH only without light treatment. c,
PDT treatment. Magnification, x 20.

Photofrin-mediated PDT and PH alone induce AKT phosphory-
lation in murine and human breast cancer cells. Murine BA and
human BT cells were incubated with PH (25 pg/ml) along with
or without LY294002 (100 uM) (a) or Wortmannin (1 pM) (b)
for 16 hr in the dark and then exposed to 315 J/m? of broad-
spectrum red light. Cells were then incubated in the dark for an
additional 2 or 6 hr in the presence or absence of LY294002 (100
uM) (a) or Wortmannin (1 M) (b). Cell lysates from control,
PH alone and PH-PDT cultures were collected and assayed for
phospho-AKT, total AKT and Actin.

Exposure of murine or human breast cancer cells to 315 J/m?
red light alone does not increase AKT phosphorylation at that
dose of light. Murine BA and human BT cells were incubated
in the dark for 16 hr, exposed to red light (315 J/m?) and then
incubated in the dark for an additional 2 or 6 hr. Cell lysates
from control and light-treated cultures were collected and assayed

for phospho-AKT, total AKT and Actin.
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Figure 4.8

Figure 4.9

Figure 4.10

PI3-K inhibitors increase apoptosis in PDT-treated murine C3H/BA

and human BT-474 breast cancer cells. a) C3H/BA cells and b)
BT-474 cells were treated with PH-mediated PDT in the presence
or absence of Wortmannin or LY294002 as described in Fig. 4.6.
Apoptosis was measured as an enrichment factor 6 hr following
treatment using the Cell Death Apoptosis Detection ELISA Plus
kit. Results are expressed as the mean + SE of three separate
experiments.

Photofrin-mediated PDT and light alone induce AKT phospho-
rylation in murine BA breast cancer tumors. C3H/HeJ female
mice with subcutaneously transplanted BA tumors were injected
with PH (5 mg/kg) and then 24 hr later the tumors were exposed
to a 100 J/cm? dose of 630 nm light. Additional tumor-bearing
mice not injected with PH were also exposed to light alone. Tu-
mor lysates were collected at various time intervals (0.5-24 hr)
after treatment and assayed for phospho-AKT, total AKT and
Actin. (a) Western immunoblot analysis for three separate ex-
periments and (b) densitometric readings obtained from the im-
munoblots. *The increases in phospho-AKT above control were
statistically significant (p<0.05) at 0.5 and 6 hr after PDT (n —
3).

Photofrin alone does not induce AKT phosphorylation in murine
BA breast cancer tumors. C3H/HeJ mice with subcutaneously
transplanted BA tumors were injected with PH (5 mg/kg) and
then kept in the dark until assayed for protein expression. Tu-
mor lysates were collected at various time intervals (24.5-48 hr)
after PH injection and assayed for phospho-AKT, total AKT
and Actin. (a) Western immunoblot analysis for two separate
experiments and (b) densitometric readings obtained from the

immunoblots.
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Figure 4.11

Figure 4.12

Figure 4.13

PH-mediated PDT and light alone induce AKT phosphoryla-
tion in human BT breast cancer tumors. Athymic mice with
subcutaneously transplanted BT tumors were injected with PH
(5 mg/kg) and then 24 hr later the tumors were exposed to
a 100 J/cm? dose of 630 nm light. Additional mice were ex-
posed to light alone or kept in the dark following PH adminis-
tration. Tumor lysates were collected 1 hr after treatment and
assayed for phospho-AKT, total AKT and actin. (a) Western
immunoblot analysis for two separate experiments and (b) den-
sitometric readings obtained from the immunoblots. *The in-
crease in phospho-AKT above control was statistically significant
(p<0.05) for PDT (n = 4).

PI-103 inhibits AKT phosphorylation at both Ser 473 and Thr
308. C3H/BA cells were grown for 24 hr in complete media and
than incubated with PH (25 pg/ml) in dark for 16 hr that was
followed by exposure to broad-spectrum red light (315 J/m?) as
indicated. After treatments, cell cultures were refed with fresh
media in the absence or presence of PI-103 at 0.1, 1, 10 uM con-
centrations. Following 2 hr incubation, cell lysates were collected
and analysed by western immunoblot analysis for protein levels
of phospho-AKT at the position of both Ser 473 and Thr 308,
total AKT and actin.

PI-103 inhibits PDT-mediated AKT phosphorylation in a con-
centration dependent manner. (a, b) C3H/BA cells were plated
for 24 hr in complete media and then treated with PH (25 pg/ml)
for 16 h followed by light (315 J/m?) exposure as indicated. After
treatments, cell cultures were refed with fresh media in the ab-
sence or presence of PI-103 at various concentration from 0.05 to
0.4 M for 2 hr (a) or 24 hr (b). Following treatment, cell lysates
were collected and analyzed by western immunoblot analysis for
protein levels of phospho-AKT at the position of Ser 473, total
AKT and actin.
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Figure 4.14

Figure 4.15

PI-103 inhibits PDT-mediated AKT phosphorylation within 15
min. C3H/BA cells were plated for 24 hr in complete media
and then treated with PH (25 ug/ml) for 16 hr followed by light
(315 J/m?) exposure as indicated. After treatments, cell cultures
were refed with fresh media in the absence or presence of P1-103
at the concentration of 0.25 uM. Cell lysates were collected 15
min, 30 min or 1 h following treatment and analyzed by western
immunoblot analysis for protein levels of phospho-AKT at the
position of both Ser 473 and Thr 308, total AKT and actin.

PDT-induced AKT phosphorylation and colony formation was
dose dependently blocked by PI-103. Murine C3H/BA cells were
plated for 24 hr in complete media and incubated with PH for 16
hr in dark and exposed to broad-spectrum red light (315 J/m?).
Then, cell cultures were incubated in dark for an additional 2
hr in the presence or absence of PI-103 at concentrations rang-
ing from 0.1 to 1 uM. (a) Cell lysates from control, PH alone
and PDT cultures were collected and assayed for protein levels
of phospho-AKT, total AKT, and actin by western blot analy-
sis. (b) Following culturing as explained above, PH-PDT-treated
(3000 cells seeded), PH alone (300 cells seeded) or control cells
(300 and 3000 cells seeded) were grown in dark in the presence
or absence of PI-103 for 11 days. To determine colony formation,
the cultures were stained with methylene blue and plates were
scanned for image analysis. The remaining colonies having 30
cells or more are counted and illustrated as a graph for survival
rate in different concentrations of PI-103 (c¢). The PH alone con-
trol was normalized to untreated controls without PI-103 and set
to 100 %. * The decrease in survival was statistically significant
(p<0.05) compared to cultures grown in the absence of PI-103.

The experiment was carried out in triplicates where n = 3.
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Figure 4.16

Figure 4.17

PI-103 increased apoptosis in PDT-treated murine C3H/BA breast
cancer cells. Murine C3H/BA cells were plated for 24 hr in com-
plete media and incubated with PH for 16 hr in dark and exposed
to broad-spectrum red light (315 J/m?). Then, cell cultures were
incubated in dark for an additional 6 hr in the presence or ab-
sence of PI-103 at a concentration of 0.25 puM. Apoptosis was
measured by using the Cell Death Apoptosis Detection ELISA
Plus kit according to manufacturer’s protocols. Results are ex-
pressed as the mean + SE of three separate experiments. *The
change in apoptosis was statistically significant (p<0.05).
PI-103 inhibits phosphorylation of downstream targets of AKT.
Murine C3H/BA cells were plated for 24 hr in complete media
and incubated with PH for 16 hr in dark and exposed to broad-
spectrum red light (315 J/m?). Then, cell cultures were incu-
bated in dark for an additional 2 hr in the presence or absence of
PI-103 at the concentrations of 0.05, 0.1, 0.2, 0.3 and 0.4 uM and
cell lysates were collected and assayed for phospho-AKT, total
AKT, phospho-GSK-3a/3, GSK-3a/3, phospho-rpS6, rpS6 and
Actin.
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Figure 4.18

Figure 4.19

PI-103 inhibits PDT-induced AKT phosphorylation in murine
BA tumors. (a) C3H/BA mice with subcutaneously transplanted
tumors were injected intravenously with PH (5 mg/kg) and kept
in dark for 24 hr. Then, the tumors were exposed to 100 J/cm?
dose of 630 nm light. Additional mice were exposed to light alone
or kept in the dark following PH administration. Mice were sac-
rificed 40 min following PDT treatment and tumor lysates were
collected and assayed for phospho-AKT, total AKT and actin
protein levels by western blot analysis. *The increase in phospho-
AKT levels for PDT treatment was statistically significant over
PH alone, light alone and untreated controls (p<0.05, n = 3). (b)
Tumors were generated and treated in mice as above and PDT
was followed by two injections of PI-103 (50 mg/kg) in 20 min
interval. Control mice were injected with DMSO vehicle. Mice
were sacrificed 20 min following the second PI-103 injection. Tu-
mor lysates were collected and assayed as above. *The phospho-
AKT levels in tumors treated with PI-103 in combination with
PDT was statistically lower than PDT-treated or control mice
(p<0.05, n=3).

ICG-PDT exhibits significant cytotoxicity in human MDA-MB231
breast cancer cells within minutes. MDA-MB231 breast cancer
cells grown in 96-well plates for 16 hr were divided into ICG-PDT,
ICG alone, Light alone and untreated control groups. Indicated
groups were refed with complete media supplemented with 50
uM ICG for 24 hr in dark. Light and ICG-PDT samples were
exposed to light at 809 nm with a total energy density of 24
J/cm?. Immediately after treatment the viability of cells in each
well was measured by MTT analysis (Details in Materials and
Methods). *The decrease in cell viability in ICG-PDT group is

significant (p<0.01, n = 16) over controls.
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Figure 4.20

Figure 5.1

ICG-mediated PDT treatments severely and stably decreased cell
viability in human MDA-MB231 breast cancer cells. (a) MDA-
MB231 breast cancer cells grown in 96-well plates for 16hr were
divided into ICG-PDT, ICG alone, Light alone and untreated
control groups. Indicated groups were refed with complete me-
dia supplemented with 50 uM ICG for 24 hr in dark. Light and
ICG-PDT samples were exposed to light at 809 nm with a total
energy density of 24 J/cm?. Following 3, 6, 9, 12, 24 and 48
hr after treatment, the viability of cells in each well was mea-
sured by MTT analysis (Details in Materials and Methods). *
The decrease in cell viability in ICG-PDT groups are significant
(p<0.01, n=16) over controls. (b) Quantitative analysis of rel-
ative cell viability of ICG-PDT over controls at different time
points after treatment.

Schematic presentation of pathways leading to PDT-mediated
AKT activation
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1. INTRODUCTION

1.1 Motivation

Cancer has become one of the most devastating diseases worldwide. According
to a World Health Organization (WHO) report published in 2008, 7.4 million people
die of cancer in 2004 and 83.2 million people will die by 2015 [7|. Early diagnosis is
critical for extended survival period and lower reoccurrence rates. Therefore, research
has focused on understanding the molecular basis of different cancers to enable ear-
lier diagnosis and to develop new treatment options. The best established treatment
approaches include surgery, chemotherapy and radiotherapy. A relatively new and
promising United States Food and Drug Administration (US-FDA) approved approach
with the use of low power light sources is the Photodynamic Therapy (PDT) [8]. The
main advantages of PDT over other treatment methods are; its low systemic toxicity,
selective tumor cell death without damaging the surrounding healthy tissue, minimal

invasiveness and inexpensive application.

Given that there is a critical need for cancer treatment that is effective, well-
tolerated and that can be repeatedly used, PDT emerges as a promising alterative
approach. However, previous reports suggested that PDT may induce cell survival
pathways in the tumor microenvironment that may account for tumor reoccurrence.
AKT /Protein kinase B is a central player in cell survival pathways that was suggested
to be one of these molecules. Thus, it is conceivable that AKT activation may be
induced in PDT-treated tumors. Part of this thesis was devoted to this essential need
to investigate PDT-induced cell survival pathways and to test inhibitors to block this

undesired activity to improve PDT responsiveness.

Another major challenge in PDT treatment is to develop new photosensitizers
that can be used at wavelengths suitable to treat deep tissue tumors. The photosensi-

tizer Indocyanine Green (ICG) has maximum absorption at around 800 nm which can



penetrate deep into the tissue. Thus, ICG-mediated PDT on breast cancer cells were
tested to assess whether this method presents an alternative for deep tumor treatments

in the future.

1.2 Objective

PDT is based on the induction of cell death by mediating oxidative stress and
hypoxia through combined effects of light, a compound with photosensitizing properties
and oxygen. Depending on its dose PDT can either kill the cells directly by necrosis
or indirectly by activating apoptotic pathways. Additionally, PDT can also activate
survival pathways that can reduce the PDT responsiveness causing angiogenesis and

inflammation within the tumor microenvironment as an undesired effect.

One of the signaling molecules that can be activated by PDT-mediated oxidative
stress is AKT /protein kinase B [9, 10, 11]. AKT is a central regulator of different
cellular pathways and has to be phosphorylated to be fully active. Activated AKT
molecules can stimulate cell survival in the remaining malignant cells following PDT
application. This indirect effect of PDT needs to be considered to enhance PDT

responsiveness in cancer treatment.

In this thesis study, the effects of two different PDT approaches had been em-
ployed. The first approach utilized light at 630 nm to activate Photofrin (PH) as a
photosensitizer which is the first FDA approved drug for the treatment of different
cancers with PDT. Even though the PH-PDT caused highly localized cytotoxicity, a
number of reports suggested that PH-PDT can also induce cell survival by leading to
tumor reoccurrence [12]|. In order to increase the responsiveness of PH-PDT treatment,
the source of this induction needs to be determined. Given that none of the previous
studies reported the effect of PH-PDT on AKT activation, one of the objectives of this
thesis study was to examine the effects of PH-PDT on the AKT pathway both in vitro
breast cancer cell cultures and in vivo animal tumor models. This study opened up

the interesting possibility of PH-PDT application in combination with AKT inhibitors



to increase the effectiveness of cancer treatment.

The second part of this thesis study utilized near-infrared light to activate ICG
which is a photosensitizer for PDT application. Near-infrared light can penetrate
deeper into the tissue than the red part of the spectrum [13]. Thus, ICG-PDT can be
a good alternative for treatment of deeper tissue tumors. In this study, a laser source
emitting light at 800 nm, which was developed in our laboratory, was used to investigate
the photo-toxic effects of ICG in vitro breast cancer cell culture. The findings of this
study can be used as a start point for future investigations and development of 1CG-

PDT applications in clinics for tumor treatment.



2. BACKGROUND

2.1 Cancer

Cancer is a genetic disease |7, 14, 15, 16, 17]. Normal cell growth is a controlled
balance between growth inhibiting and promoting signals where proliferation occurs
only when required. This balance is broken when increased cell numbers are required
such as in wound healing and during normal tissue turnover. Differentiation of cells
during this process occurs in an ordered manner and proliferation ends when no longer
required. In tumor cells this process is disturbed and uncontrolled cell proliferation

occurs.

Cancer usually forms as a tumor but not all tumors are cancerous. Tumors can
be divided into two main groups, benign or malignant [14]. Benign tumors are rarely life
threatening and grow within a well-defined capsule which limits their size and maintain
the characteristics of the cell of origin. Malignant tumors invade surrounding tissues
and spread to different areas of the body to generate further growth and metastases.
This is partly because of the fact that tumor cells proliferate independent of growth
factors as opposed to normal cells and are less adhesive than normal cells. Normal
cells stop proliferating when they reach a certain density but tumor cells continue to

proliferate |14, 15, 16, 17, 18|.

2.2 Cancer Therapies

A detailed comparison of survival rates of cancer patients has shown that most
cancers are treatable if diagnosed early. Given that cancer is one of the leading causes
of death in the world, a variety of treatment options have been developed that can be
used alone or in combination. Surgery is the first and most commonly used approach

for removal of solid tumors. It also has an important role in diagnosing and staging of



cancer. In addition to surgery, chemotherapy [19] is another approach for treatment
of both solid and metastatic tumors with anticancer drugs [20] that can destroy tumor
tissue by inhibiting cellular growth and proliferation. However, these drugs can exert
cytotoxic side effects by damaging rapidly dividing healthy tissue in addition to tumor
cells. These undesired side effects may often result in discomfort to the patient and
early termination of the treatment. Thus, development of new chemotherapy drugs

with low toxicity is a main interest in treatment of cancer.

Radiation therapy [16, 18, 21] is another commonly used method for the treat-
ment of solid tumors. This method is based on damaging cancerous tissue by using
penetrating beams of high energy waves. In fact, more than 50% of all cancer patients
receive radiotherapy. However, similar to chemotherapy, radiotherapy has a number
of side effects such as fatigue, hair loss, blood loss, diarrhea, nausea and vomiting.
In addition to these commonly used methods; angiogenesis inhibitors, bone marrow
transplantation, peripheral blood stem cell transplantation and gene therapy are other

alternative ways for cancer treatment [16, 17, 18|.

PDT is a promising US-FDA approved approach for the treatment of solid tu-
mors by using low power light sources and photosensitizing compounds. The main
advantages of PDT over other treatment options include; localized treatment with
minimal toxicity to healthy tissue, its ease of application, possible repeated adminis-
trations and relatively cost-effective. Intriguingly, results from a variety of clinical trials

underlined the importance of PDT as an invaluable alternative for cancer treatment.

2.3 Photodynamic Therapy

Light has been used for treatment of a diverse array of diseases for more than
thousand years [22]. It was used in ancient Egypt, India and China to treat skin dis-
eases such as psoriasis, vitiligo and skin cancer |2, 22|. At the end of the nineteenth
century Niels Finsen further developed "phototherapy" and found that red-light expo-

sure prevented the formation and discharge of smallpox pustules [23]. Finsen also used



ultraviolet light from the sun to treat cutaneous tuberculosis. This was the beginning
of the modern light therapy, and, in 1903, Finsen was awarded a Nobel Prize for his
discoveries [24]. The foundations of clinical applications of PDT were established as
early as the beginning of the twentieth century when Oscar Raab noted that certain
wavelengths of light were lethal to the organism "paramecia" exposed to the chemical
compound "acridine" [25, 26]. Herman von Tappeiner and A. Jensionek later reported
that another chemical "eosin" can treat skin cancer [26]. The most explored class
of chemical compounds in PDT today, the porphyrins, were investigated by Friedrich
Meyer-Betz as early as 1913 [24, 25, 26]. PDT began to shape in 1960s by the studies
of Richard Lipson and Baldes on the tumor accumulation of haematoporphyrin deriva-
tive (HpD) prepared by Dr. Samual Schwartz and its use in the photodetection of
tumors [27, 28, 29]. HpD was further developed for laboratory and clinical investiga-
tions through the efforts of Dougherty and his colleagues in 1980s [30]. In 1987 FDA
approved the first photosensitizing drug the Photofrin® (PH) [25]. Currently, there
are a number of photosensitizing agents approved for the treatment of cancer and a

variety of diseases [25].

Three components are required for PDT; a photosensitiser, a light source and
oxygen. Cancer treatment with PDT [26, 30, 31, 32, 33, 34, 35, 36] involves the systemic
administration of a photosensitizer [6, 34| followed by irradiation of targeted lesion
with appropriate wavelength of light source [37, 38| (Figure 2.1). The exposure of light
results in the generation of highly reactive oxygen radicals formed by the transfer of
energy absorbed by photosensitizers to the molecular oxygen during the light treatment.
Oxidation of biological targets such as proteins, lipids and nucleic acids by reactive

oxygen species may lead to cell death by necrosis or apoptosis.

2.3.1 Photosensitizers

Photosensitizers are chemical compounds that absorb light at a specific wave-
length and transfers that energy to biological molecules. In the case of PDT, this energy

transfer involves the production of cytotoxic and reactive oxygen species (ROS), in-



Figure 2.1 PDT procedure. PDT involves the selective uptake (a) and retention of a photosensitizer
in a tumor(b), followed by irradiation with light of a particular wavelength (c), thereby initiating
tumor necrosis (d) presumably through formation of singlet oxygen [1].

cluding singlet oxygen (*O,), leading to localized cell death. There is a large number of
natural and synthetic molecules that can function as photosensitizers for PDT ranging
from plant extracts to complex synthetic molecules. The key characteristic of any pho-
tosensitizer is its ability to preferentially accumulate in tumor tissue due to the high

proliferative activity of cancer cells.

The basic mechanism by which the combination of a photosensitizer (PS), light
and oxygen leading to cell death are shown in Figure 2.2. These photosensitized pro-
cesses are classified as Type I and Type II depending on the nature of the primary
steps [39, 40]. The non-excited ground state PS (°PS) absorb visible light and shift to
an electronically excited singlet state ('PS*) then to the relatively long-lived excited
triplet state (*PS*) via intersystem crossing. The energy of the excited PS can be
dissipated by thermal decay, emission of fluorescence (from 'PS*) or phosphorescence
(from 3PS*). In Type I reactions, the *PS* can also transfer a hydrogen atom or
an electron to biomolecules (lipids, proteins, nucleic acids, etc.) or generate radicals
that interact with Oy to form ROS products such as the superoxide anion (-~Os), the
hydroxyl radical (—OH) and hydrogen peroxide (H203). On the other hand, in Type
IT reactions the 3PS* state can transfer energy directly to the ground-state molecular
oxygen in its natural triplet state (*03), which then yields the non-radical but highly

reactive singlet oxygen [30].
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Figure 2.2 The basic pathway by which the combination of photosensitizer (PS), light and oxygen
(O2) leads to cell death or survival. Following irradiation, photosensitizers absorb light and undergo
specific reactions to generate reactive oxygen species. The PS in a singlet ground state ("PS) becomes
activated to an excited singlet state (*PS*) which is followed by intersystem crossing to an excited
triplet state (’PS*). Energy transfer from *PS* to biological molecules and molecular Oy via Type I
and Type II reactions generates reactive oxygen species (1O, =0y, *“OH and H205) that produces
different cellular responses.

Although the precise mechanisms of PDT have not yet fully understood, it is
generally accepted that 'Oy produced through Type II reaction is primarily responsible
for cell death. The contribution of both Type I and Type II reactions to cell death
depends on several factors including the PS, the subcellular localization, the substrate
and the presence of O,. Under hypoxic conditions, radicals arising from Type I pho-
toreaction of PSs are primarily responsible for sensitization. In an oxygenated medium,
10, largely mediates photosensitization, but the supplemental role of HyO,, -~OH and
~0s is also relevant. It is to be noted that, ROS are highly reactive and present a very
short half-life. Therefore, only substrates colocalized with ROS will be affected by the

PDT application. For instance, half-life 1O, is about 0.6 us in cellular environment, 50



ps in water and 50-100us in lipid [41, 42, 43, 44]. It has a short radius of action (about
0.1 um) [41]. The range of cellular responses of 'Oy from cytotoxicity to enhanced
survival is attributed at least partly to differences in 'O, concentrations. Higher con-
centrations are mostly associated with cell death, whereas, lower concentrations may

stimulate cellular survival pathways [45].

Photosensitizers can be categorized depending on the chemical structure. Table

2.1 outlines the photosensitizer families currently applied in clinics or under clinical

investigation.
Table 2.1
Photosensitizer families [6]
Family Name Photosensitizers

Porphyrin platform | HpD, HpD-based, BPD, ALA, Texaphyrins

Chlorophyll platform Chlorins, Purpurins,Bacteriochlorins

Dyes Phtalocyanine, Napthalocyanine

The first PSs used in experimental PDT were haematoporphyrin (Hp) and
haematoporphyrin derivative (HpD) which belong to the Porphyrin family (Table 2.1).
HpD is a mixture of mono-, di- and oligomers of porphyrins with photosensitizing prop-
erties |[46|. Several decades ago, Lipson and colleagues reported that both Hp and HpD
were localized and detected in the tumors by fluorescence and were proposed to be al-
ternative diagnostic tools [27]. Later studies reported that HpD excited by red light
eradicated mammary tumors and bladder carcinomas in mice [28, 29]. Following these
preliminary findings, PDT was evaluated in clinical trails in treatment of a variety of
cancers and in 1994, porfimer sodium (Photofrin®) based PDT was first approved in

Canada for the treatment of bladder cancer [2].

The criteria for selection of a suitable PS for PDT application include: (i)
minimal toxicity in the absence of light and cytotoxicity following photoactivation (ii)
chemical purity with known molecular structure, (iii) chemical stability in biological

systems, (iv) preferential accumulation in the targeted tumor tissue, (v) high quantum
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vield of 'Og and (vi) high molar extinction coefficient and high absorbance, particularly
in red and near infrared spectral regions (600-810 nm). This last property is related
with light penetration into the tissue, which is associated with the wavelength. For
instance, the penetration depth of light between 500<A<600 nm and 600<A<810 nm
is about 4 mm and 8 mm, respectively [16]. Thus, for the PDT treatment of deeper

tumors, light source at longer wavelengths should be applied with compatible PS.

Although some photosensitizers satisfy all or some of these criteria, currently
there is only a small number of photosensitizers that have received official approval for

PDT treatment of cancer [47]. These with their A.,. include but are not limited to:

Photofrin (630 nm, Axcan Pharma, Inc.)

Levulan (predrug of protoporphyrin IX; 630 nm, DUSA Pharmaceuticals, Inc.)

Metvix (predrug of protoporphyrin IX; 630 nm, PhotoCure ASA.)

Foscan (652 nm, Biolitec AG)

Laserphyrin (664 nm, Meiji Seika Kaisha, Ltd.)

Visudyne (693 nm, Novartis Pharmaceuticals)

Several 2"¢ generation photosensitizers (e.g. HPPH - 665 nm, SnET2 - 665 nm,
Lu-Tex - 732 nm) have been investigated in many preclinical and clinical trials for
various solid tumors [48, 49, 50|. The current research in PDT has been focused on the
development of alternative new-generation PSs with improved physical, chemical and

therapeutic properties |51].

2.3.1.1 Photofrin. Photofrin is a purified mixture of HpD and the molecular

structure with absorbtion spectra are shown in Figure 2.3. It is important to note
that, Photofrin can be excited by wavelengths around 630-635 nm. PH is commercially

available from Axcan Pharma, Inc. and has the longest clinical history. PH was
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first applied in experimental PDT in 1973; however, was finally approved in 1993
by the Canadian government for the treatment of bladder cancer [31, 32]. It was
later approved by US-FDA for its applications in treatment of pre-cancerous lesions
in Barrett’s esophagus [8, 30, 52|. Additionally, Photofrin-PDT has been tested for

cervical, stomach, skin, brain and lung cancers.
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Figure 2.3 a) Molecular structure of Photofrin (PH)[2]. b) Absorption spectra of PH

2.3.1.2 Indocyanine Green. Indocyanine Green (ICG) is a water-soluble, an-

ionic tricarbocyanine dye which exhibits strong absorption band between 600-900 nm
(Figure 2.4) (3, 40, 53, 54, 55, 56, 57|. ICG has been widely applied in medical di-
agnosis since 1956 and was approved by the US-FDA for the measurement of cardiac
output, ophthalmic angiography and capillary microscopy [55]. Human tissue is rela-
tively transparent for near-infrared light compared to red part of the spectrum, and
it can penetrate into deep tissues [13]. Therefore, searching for photosensitive agents
working with near-infrared light is one of the new topics in photodynamic therapy. ICG
exhibits strong maximum absorption at around 800 nm which will be an advantage for

its use in PDT; light at that wavelength can be used to treat deeper tumors.

In wvitro effects of ICG-PDT on cell survival have been investigated on different
human cell lines. In a study where four different human skin cell lines (SCL1 and
SCL2 squamous cell carcinoma, HaCaT keratinocytes, N1 fibroblasts) were used, ICG

concentrations above 25 uM produced a significant photo-toxic effect when used in
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Figure 2.4 a) Molecular structure of Indocyanine Green (ICG). [2], b) Absorption spectra of ICG

3]

combination with a light (24 and 48 J/cm?) at a wavelength of 805nm [3]. According
to another study photoactivated ICG (500 pM) by a 805-nm diode laser at a power of
30 J/cm? can effectively destroy HT-29 human colon cancer cells |58]. Similar photo-
toxic effects were observed in human pancreatic ductal adenocarcinoma cell lines (MIA
PaCa2, PANC-1, BxPC-3); 90% cell mortality were seen at 20 pg/ml of ICG when
used together with light (0.45 W, for 5 min) at 808 nm [59]. A combined radiotherapy
and ICG-PDT study was done on human prostate cell lines (PC-3 carcinoma and EPN
normal) and this combination revealed an additive effect which could be more useful
since they allow the reduction of ionization dose to obtain same therapeutic effect [60].
It was also found that ICG induces cell death following photoactivation in both cell
lines, however due to possible more ICG uptake by PC-3 carcinoma cells, the effect of
PDT is more toxic than on EPN normal prostate cells. Up till now the only ICG-PDT
application on breast cancer cell lines was with MCF-7 cells |56]. It was found that cell
viability is both ICG concentration and light dose dependent. In addition Crescenzi
et. al. also checked the combinatory therapeutic effect of a chemotherapeutic drug
(cisplatin) and ICG-PDT, and found that low doses of cytostatic drugs may be more
effective when combined with PDT. The main mechanism of how ICG-PDT causes
cell death is still unclear. It is believed to have both photo-oxidative [58, 59| and
photo-thermal effects [61, 62].
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2.3.2 Light Sources

PDT involves the use of a photosensitizer and light, typically visible or infrared.
Since non-invasive PDT depends on targeted light delivery, it can be applied only to
tumors and other lesions that can be reached by direct light or light through optical
fibers. The light source and the light delivery systems have fundamental importance
in PDT. There is a need for designing optimal combinations of photosensitizers, light

sources and treatment parameters for all PDT applications.

Light is absorbed by the dominant chromophores; such as hemoglobin, melanin,
and water in the tissue (Figure 2.5) [4] which determine how deep the light will pene-
trate. Each chromophore absorbs light at specific wavelength. The so-called "optical
window" of living tissue is between 600-1300 nm. Thus, in order to reach the optimal
depths, the photosensitizers are selected that absorb at the longest wavelength possible.
However, photons above 850 nm can hardly generate triplet states with high enough

energy to produce singlet oxygen.
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Figure 2.5 Absorption spectra for the main constituents of biological tissues [4]

The wavelength of the light should be selected depending on the depth of the

lesion and the absorption band of the photosensitizer. For treatment of deep lesions,
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it is desirable to apply a photosensitizer with a high absorbance at longer wavelenghts.
Many of the second generation photosensitizers absorb at longer wavelengths than the

traditionally used 630 nm for HpD (Photofrin) in order to treat deep tissue tumors.

The light sources must generate sufficient power and the light should be deliver-
able to the target tissue with high efficiency. However, increased light absorption leads
to heat generation and generally, fluence rates above 150 mW /cm? cause hyperthermia
[63]. Previous studies have reported that a low fluence rate and short exposure time
are preferable in order to prevent hyperthermia [64, 65, 66]. Moreover, the fluence rate
affects the direct photochemical oxygen consumption that plays a critical role in clini-
cal PDT [67]. Typically, the power of the light ranges from 1 to 5 W with a wavelength

2

between 630 nm and 850 nm and the irradiance up to several hundred mW /cm® so

that the treatment can be delivered in minutes [68].

The main light sources for PDT treatment are; lasers, light emitting diodes
(LEDs) and filtered lamps. One main advantage of lasers is their monochromaticity,
which gives maximum efficiency of photoactivation during treatment. In early 1980s,
most clinical treatments were performed with an argon-ion laser (488-514 nm). Since
these lasers have the advantage of wavelength tenability, the same source could be
used for different photosensitizers. However, this technology was not well-suited to
the clinical environment due to its size, high electrical power usage and water-cooling
requirements. Later, the argon-ion lasers were replaced by all-solid-state, frequency-
doubled Nd:YAG (1064 nm) or KTP (532 nm) laser source. Although this significant
advance solved some of the reliability and cooling problems, it was still cumbersome
and expensive. More recently, KTP-dye systems have been largely replaced by diode
lasers, which are now the standard sources for many PDT applications. Diode lasers
can be very efficiently (>90 %) coupled into single optical fibers for endoscopic and
interstitial light delivery. The main limitation of diode lasers in PDT application is
that they produce light at a single wavelength, and thus a separate laser system is

required for different photosensitizer.

LEDs became a practical technology for PDT in the past few years, especially
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for irradiation of easily accessible tissue surfaces such as in dermatology. The main
advantages of using LEDs over diode laser sources are their low cost, smaller size, large
illumination field and ease of configuring LEDs into different irradiation geometries
|34]. Initially, generation of low output power and the range of wavelengths were major
limitations for LEDs. Recent improvements in LED technology enabled generation of
hundreds of mW /cm?2 irradiance and production of wavelengths spanning most of the
visible to near infrared spectrum. Linear arrays of LEDs have been developed that can
be applied endoscopically or interstitially. Similar to laser diodes, LEDs have single
output wavelength; however, the cost per Watt generated is significantly less, and thus

having different sources for each photosensitizer is less of a problem.

The main advantage of a number of lamp systems available for PDT is that they
can be spectrally filtered to match any photosensitizer. As in the case of LEDs, flexible
geometry is an advantage; however, they cannot be efficiently coupled into optical fiber

bundles, so that endoscopic use is not possible.

The light sources should be determined based on the photosensitizer absorption;
location, size and accessibility of the tumor; simplicity of maintenance and cost of the
unit. Importantly, the clinical efficacy of PDT is dependent on the light delivery
parameters including; total light dose, light exposure time, fluence rate, and mode of

operation (continuous or pulsed).

2.3.3 Clinical Applications of Photodynamic Therapy

PDT is a unique treatment modality, that requires injection of a photosensitizing
drug followed by a single light treatment after a certain time interval. Even though, the
main disadvantage for the patient is hypersensitivity to light up to one week following
treatment, this procedure is often performed on an outpatient basis and has major
advantages over other cancer treatment options. In comparison, typical radiotherapy
regimes include daily irradiation for a total of 6-7 weeks and chemotherapy schedules

typically last for several months with severe side effects. Another treatment method;
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surgery mostly requires a single procedure with general anesthesia and hospitalization
for one to several weeks. Another advantage of PDT is that the treatment can be
repeated in case of recurrence or a new primary tumor in the previously treated area.
Such retreatment is extremely difficult for either surgery or radiotherapy, without the
risk of severe normal tissue damage. Among those other treatment methods, PDT is

cost-effective, have minor side effects and provide increased life expectancy [69, 70, 71].

PDT is a local, rather than systemic, treatment, therefore, suitable for solid
tumors. Light applied to excite current photosensitizers can provoke tissue necrosis up
to 10 mm [72]. For superficial illuminations, the indication for PDT as a primary treat-
ment should be limited to small, accessible tumors. It can also be given in combination
with debulking surgery for palliative treatment of larger tumors. An important advan-
tage of the limited light penetration is that this protects normal healthy tissue beneath
the tumor from phototoxicity. Modern fiber-optic technology facilitates delivery of
light, of the desired wavelength and fluence rate, to tumors located virtually anywhere
in the body. Localized illumination, together with shielding of sensitive tissues at the
margin of the field, enables specific tumor treatment without destruction of critical
normal tissues outside the treated area. By contrast, surgery and radiotherapy of tu-
mors located close to critical structures can be mutilating and lead to loss of function.
PDT has the advantage that, although there is severe ulceration of the illuminated area
immediately after treatment, there is minimal long-term fibrosis, resulting in functional
recovery without scarring. PDT spares tissue architecture, providing a matrix for re-
generation of normal tissue, because it does not damage subepithelial collagen and

elastin and there is preservation of noncellular supporting elements [73, 74].

Since early 1980s, PDT has been used for the treatment of a large number of
diseases and cancers in clinics in USA, UK, EU, Canada, Japan and China (Table
2.2). The first indication for PDT, by using Photofrin as a photosensitizer, was in
Canada for bladder cancer in 1993. This was a true milestone and set the stage for
PDT to be an accepted novel treatment for cancer. Later in 1995, PDT received its
first FDA approval in the US for advanced and obstructing esophageal cancer. In
2004, FDA approved Photofrin-PDT for Barrett’s Esophagus. A study in Japan by
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Kato et al. suggested HpD-PDT for the treatment of early and advanced stage non-
small cell lung cancer in 1998, that was confirmed by several publications from other
groups [75, 76, 77, 78|. Bronchoscopic PDT has now achieved the status of a standard
protocol for early stage lung cancer in Japan. Photofrin and Foscan-PDT has been used
for the treatment of head and neck cancers since early 1980s [79, 80|. Biel reported
the largest series of Photofrin-PDT in head and neck cancers in 1998 [81]. Foscan-
PDT was approved in Europe in 2001 for treatment of patients with advanced head
and neck cancer who have exhausted other treatment options [82]. PDT has also been
widely used for dermatological cancers and disease due to the ease for therapy. The
first published report by Dougherty’s group in 1978 pioneered the treatment of skin
cancer with PDT [83]. Later in 2000, FDA approved Levulan (ALA)-PDT in treatment
of a skin disease known as "actinic keratoses" [84]. It is to be noted that PDT also
presents a high potential of application in ophthalmology [85, 86, 87, 88]. Visudyne
(Vertiporfin)-PDT was approved in 1999 by FDA for the treatment of age-related
macular degeneration (AMD) [89]. Many studies demonstrated evidence for the efficacy
of PDT application in combination with various treatment approaches such as laser
photocoagulation, subretinal surgery or novel anti-angiogenic drugs [90]. Furthermore,
there is a considerable research interest in improving clinical applications of PDT in
brain, breast, cardiovascular, gastroenterological, urological and gynecological cancers

2, 32).

It is also important to note that, current research focused on the development
of next generation PSs with better efficiency. Nanotechnogical methods have been
employed for development of PS-containing liposome carriers, that are coated with an-
tibodies against tumor tissue, for targeted delivery. Another significant area of research
is the combination of PDT with other treatment modalities such as chemotherapy, ra-

diation therapy, immunotherapy and gene therapy [104].

PDT-induced cellular damage is caused by singlet oxygen species in which the
dose of this reactive species determine the fate of the cell. High doses result in cell
death where as low doses can stimulate proliferation of remaining tumor cells account-

ing for the relapse of the tumor [12|. Therefore, there is extensive interest and research
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on understanding PDT and tumor microenvironment interactions in order to increase
treatment responsiveness and minimize tumor reoccurrence following PDT. Conse-
quently, combination therapies with PDT and multi-target inhibitors or appropriate

anti-angiogenic compounds have great potential to improve cancer treatment.

2.4 Photodynamic Therapy and Tumor Microenvironment In-

teractions

Clinical trials have encouraging results for PDT in cancer treatment; however,
recent studies showed some evidence suggesting that, besides its cytotoxic effects, PDT
can stimulate survival pathways [12]. This can account for tumor recurrence, therefore,

improving long-term PDT responsiveness by combination therapies are required.

Cellular components such as, mitochondria, lysosomes, and plasma membrane,
are subcellular targets of PDT [105]. PDT mediates oxidative stress, localized in-
flammation and vascular injury within treated tumors and surrounding tissue, and
each of these responses can lead to increased expression of angiogenic factors, cy-
tokines and survival molecules [32, 33, 106]. Overexpression or activation of these
molecules, including Vascular Endothelial Growth Factor (VEGF), Matrix Metallopro-
teases (MMPs), Cyclooxygenase-2 (COX-2), AKT/Protein Kinase B, following PDT
treatment can activate pathways associated with cellular proliferation leading to tumor
recurrence. In order to prevent or minimize tumor relapse, inhibitors designed to block
these growth stimulating factors needs to be administered in combination with PDT

[12, 107, 108, 109, 110].

There is growing evidence supporting the dependence of various components of
the tumor microenvironment on the efficacy of cancer therapy [12]. The tumor mi-
croenvironment is composed of malignant cancer cells, connective tissue as well as host
cells including endothelial cells and inflammatory leukocytes (macrophages and neu-

trophils). During angiogenesis, leukocytes and neutrophils are recruited into the tumor
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tissue and stimulate VEGF and MMP-9 release to stimulate the endothelium and in-
directly or directly activate tumor vascularization [111, 112, 113]. Moreover, tumor
associated macrophages participate in tissue growth, tissue remodeling and angiogen-
esis. Furthermore, tumor microenvironment is rich in growth factors, chemokines, and
proteolytic enzymes which enhance angiogenesis, tissue breakdown and tissue remod-

eling [114].

Cellular factors associated with PDT, such as necrosis, apoptosis and hypoxia,
can stimulate survival pathways in the tumor microenvironment. For instance, PDT-
induced hypoxia can lead to activation of VEGF via the Hypoxia-inducible factor 1
pathway [109]. Moreover, several studies demonstrated that, PDT can induce ex-
pression and/or activation of a number of pro-angiogenic molecules including, COX-2,
prostaglandins, tumor necrosis factor alpha (TNF-«), MMPs, integrins, interleukin-6
(IL-6), and interleukin-8 (IL-8) within the tumor microenvironment [108, 109, 110, 115,
116, 117, 118, 119| (Figure 2.6).

Large body of evidence suggested that, PDT-induced activation of apoptotic and
survival pathways in the tumor microenvironment may lead to increased expression of
angiogenic and pro-survival factors [12]. It is conceivable that chemical inhibitors sup-
pressing PDT-mediated angiogenesis and cell proliferation, can significantly improve
treatment responsiveness. In support of this idea, preclinical investigations indicated
that, combination therapies with inhibitors directed against survival factors enhance
PDT responsiveness [108, 109, 110, 115, 116]. However, severe side effects in combina-
tion therapies become a major concern since increasing the number of medications can
be life threatening to the patient. Therefore, current research is directed towards dis-
covering new drugs and selecting the most effective, least cytotoxic molecular targets

for improving PDT efficiency.

AKT pathway plays a central role in major cellular processes and a vast amount
of literature reported this pathway in tumor development as well as in the responsive-
ness of tumor cells to treatment. Numerous studies have shown that oxidative stress

stimulates AKT activation and promote cell survival [120, 121]. In the literature, Rose
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Figure 2.6 Interactions between PDT and the tumor microenvironment. PDT induces oxidative
stress in the treated tumor tissue. Low levels of oxidative stress can lead to enhanced expression of a
wide variety of transcription factors and cytokines directly associated with cell survival. Inhibitors of
these factors is a promising way of improving PDT responsiveness.

Bengal-mediated PDT reported to induce AKT activation in mouse fibroblasts [120].
Additionally, inhibition of AKT activation resulted in enhanced cell death. Due to its
critical involvement in tumorigenesis, AKT /Protein Kinase B is a candidate molecule
that needs to be further investigated for its possible involvement in PDT-induced cell

survival.

2.5 AKT Pathway

AKT, also known as Protein Kinase B, is a serine/threonine kinase |9, 10, 11,
122, 123, 124, 125, 126], that was identified as the human homologue for the viral
oncogene v-akt which is known to be responsible for a type of leukemia in mice [127].
Three isoforms of AKT (1, 2, 3) were reported that exhibit a high degree of homology
[128,129]. (For simplicity, all three isoforms will be mentioned as "AKT" at the entirety
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of this dissertation.) AKT has a characteristic kinase domain, which is involved in
phosphorylation of downstream substrates resulting in either activation or inhibition
of these molecules. Importantly, AKT itself has to be phosphorylated at two sites at
Threonine residue 308 (Thr 308) and Serine residue at 473 (Ser 473) to be fully active.

The phosphorylation and subsequent activation of AKT is highly regulated both
spatially and temporally. The following model for activation of AKT has been es-
tablished (Figure 2.7): External stimuli, such as cytokines, growth factors and hor-
mones, activate family of transmembrane Receptor Tyrosine Kinases (RTK) leading to
production of phosphatidylinositol-3,4-biphosphate (PIP2) and phosphatidylinositol-
3,4,5-triphosphate (PIP3) at the membrane through the activation of phosphoinositide
3-kinase (PI3-K) family members. Following PI3-K activation, AKT interacts with
these phospholipids causing its translocation to the plasma membrane [130, 131] where
AKT is phosphorylated at Thr 308 by a distinct protein kinase called phosphoinositide-
dependent kinase 1 (PDK-1). AKT is further phosphorylated at Ser 473 by the kinase
"mammalian target of rapamycin" (mTOR) in complex with the binding partner Ric-
tor [Sarbassov D 2005]. Activated AKT then translocates to the nucleus where several
of its targets reside and regulate signal transduction pathways involved in cell prolif-

eration, apoptosis and angiogenesis [132, 133, 134, 135, 136, 137, 138, 139, 140, 141].

AKT mediates some of the biological processes attributed to PI3-K activity
that are important in tumourigenesis. PI3-K activity is required in many tissues for
cell survival, an observation first noted in 1995 [142] and AKT activity appears to be
the predominant pathway that accounts for this [143]. Among the AKT substrates
identified |144, 145| several are likely to play a role in cell survival, including Foxo
transcription factors [146| glycogen synthase kinase 3 (GSK-3) [147| and mouse double
minute 2 (MDM?2) [148, 149, 150]. Other substrates have also been proposed, including
the Bel-2 antagonist Bad [151], IKK (the inhibitor of NFxB kinase) [152] and caspase-
9 [153]. A possible mechanism that could account for the ability of AKT to increase
cellular survival is through regulation of glucose metabolism by activation of GSK-
3. AKT stimulates glucose uptake into the cell [154]. The importance of glucose
metabolism in the ability of AKT to regulate cell survival is suggested by the fact that
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Figure 2.7 AKT Pathway. PDT induces oxidative stress in the treated tumor tissue. Activation
of AKT involves growth factor binding to a receptor tyrosine kinase and activation of PI3-K, which
phosphorylates membrane bound PIP2 to generate PIP3. The binding of PIP3 to AKT anchors it to
the plasma membrane and allows its phosphorylation and activation by PDK1. Phosphorylation at
the position Thr 308 and Ser 473 is required for the fully activation of AKT. It causes a charge-induced
conformational change, allowing substrate binding and increased rate of catalysis.

activated forms of AKT are unable to inhibit apoptosis in cells that are deprived of

glucose [155].

mTOR is a large protein kinase that nucleates at least two distinct multi-protein
complexes; mTORC1 and mTORC2 [156]. The main difference between these two
complexes is; mMTORC1 contains Raptor protein as cofactor whereas mTORC2 con-
tains Rictor as a cofactor. The mTORC1 pathway regulates protein synthesis and
growth through downstream effectors, such as "eukaryotic translation initiation factor
4E binding protein 1" (4EBP1) and "ribosomal S6 kinase 1" (rpS6) (Figure 2.7) [157].
The mTORC2 complex is less understood than mTORC1 but recent work indicates
that it should be considered part of the AKT pathway as it directly phosphorylates
AKT on one of the two sites that are necessary for AKT activation in response to

growth factor signalling [158, 159].
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These findings suggest P13-Ks, mTOR complexes and PDK1 as key players in
AKT pathway and numerous studies have demonstrated deregulation of these factors
in a variety of cancers. Activation of AKT has been described in breast, colon, ovar-
ian, pancreatic, head and neck, prostate and bile duct cancers |160, 161, 162, 163, 164,
165, 166]. Importantly, activated AKT has been linked to poor prognosis in many
human cancers [9]. Moreover, AKT activity has been shown to promote resistance to
chemotherapy and radiotherapy [167, 168]. Thus, PI3-K, mTOR, complexes, PDK-1
and AKT itself present a great potential for drug design for cancer treatment. Fur-
thermore, an AKT pathway inhibitor promises to be useful in combination with other
cancer treatments. Therefore, pharmacological inhibitors selectively targeting both
PI3-K and mTOR most likely inhibit PDT-mediated AKT activation which results in

effective enhancement of treatment response.

2.6 PI3-K Inhibitors

PI3-K activates an important cell survival signaling pathway, and constitutive
activation is seen in ovarian, head and neck, urinary tract, cervical and small cell
lung cancer [169]. Signaling through PI3-K is critical to fundamental processes in
diverse cell types [169]. The eight mammalian PI3-K are divided into three classes
according to their structure, regulation, and substrate specificity [160]. Among these
enzymes, the three class 1A PI3-K (p110c«, p1103, and p110§) have been identified as
the most critical for cell growth and survival. Class 1A PI3-K are heterodimers of a
catalytic p110 lipid kinase subunit and an adaptor p85 subunit that recruits PI3-K to
tyrosine phosphorylated membrane docking sites [160]. Gain of-function mutations in
the p110 gene are found in cancers of the colon, breast, and brain [170, 171]. Tt is
increasingly clear that many of the most effective targeted cancer therapies owe their
activity to unexpected synergy through inhibition of multiple targets. The requirement
for inhibition of multiple targets likely reflects the complexity of signaling underlying
malignant transformation and the ability of tumor cells to dynamically adapt to stress.
For this reason, there is a growing consensus that inhibition of individual targets is

unlikely to succeed as a therapeutic strategy in solid tumors.
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Wortmannin, a furanosteroid metabolite of the fungi Penicillium funiculosum,
is a specific, covalent inhibitor of PI3-Ks. Wortmannin is a more potent inhibitor than
LY294002, another commonly used PI3-K inhibitor (Figure 2.8). However, Wortman-
nin and LY294002 have considerable side-effects due to high toxicity, therefore they are
not suitable for further studies in animal models. Importantly, dual PI3-K and mTOR
small molecule inhibitor PI-103 (Figure 2.8) has negligible cytotoxicity and minimal
side effects besides being highly effective in AKT pathway inhibition. The activity
of this compound was traced to its ability to selectively block p110a and mTOR at
nanomolar concentrations. Combinatorial inhibition of p110a and mTOR was well
tolerated in vivo and was highly effective against glioma xenografts [172]. These data
suggest that combinatorial inhibition of mTOR and p110« represents a safe and effec-
tive therapy in the treatment of cancers driven by aberrant signaling through PI3-K.
Signaling through PI3-K is critical to fundamental processes in diverse cell types. In
part for this reason, the broad-spectrum PI3-K inhibitors Wortmannin and LY294002
are associated with significant cellular toxicity. PI3-K and mTOR inhibitor PI-103
inhibitor is active in low concentrations with minimal cytotoxicty and is a promising

drug for clinical use [172, 173].

Wortmannin LY294002

OH

PI-103

Figure 2.8 Molecular structures of PI3-K inhibitors [5]. a) Wortmannin, b) LY294002, ¢) PI-103
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3. MATERIALS AND METHODS

3.1 Cell Culture and Mice Strains

C3H/BA murine mammary cancer cells (National Institute of Health, Bethesda,
MD, USA), BT-474 human breast cancer cells (ATCC Bioproducts, Manassas VA,
USA) and MDA-MB231 human breast cancer cells (gift from Prof. Mustafa B.A.
Djamgoz, Imperial College, UK) were grown at 37 °C in a humidified incubator (Napco
Digital, USA) under 5 % CO,. C3H/BA and BT-474 cell lines were grown as monolay-
ers in tissue culture flasks (75¢m2; Corning, Inc., Corning, NY, USA) or tissue culture
plates (100 mm, 60 mm; Corning, Inc., Corning, NY, USA in complete growth media
composed of Dulbecco Modification Eagle Medium (DMEM; Mediatech, Inc., Hern-
don, VA, USA), 10 % Fetal Calf Serum (FCS; Omega Scientific, Inc., Tarzana, CA,
USA), 0.5 % L-glutamine (Gemini Bio-Products, Woodland, CA, USA), 1 % penicillin-
streptomycin (Gibco, Grand Island, NY, USA). MDA-MB231 cells were grown in tissue
culture flasks in DMEM (without phenol red), supplemented with 5 % Fetal Bovine
Serum (FBS; Gibco BRL-Invitrogen, Holland) 4 mM L-glutamine, 0.1 % penicillin-
streptomycin. The cells were passaged in every 3 days before they become 100 %
confluent. A new vial of cells frozen in liquid nitrogen were thawed in every month,

and they were checked for mycoplasma every 3 months.

For in vivo experiments and tumor models, C3H/HelJ (The Jackson Laboratory,
Bar Harbor, ME, USA) and Athymic mice (The Jackson Laboratory, Bar Harbor,
ME, USA) was purchased and grown in the animal facility at Children’s Hospital Los
Angeles, CA, USA.
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3.2 Plating Cells

C3H/BA and BT-474 cells were grown to 90 % confluency in the incubator
and were only processed under tissue culture hoods (Streamline, Singapore) only with
gloved hands (latex gloves; Cardinal Health, McGaw Park, IL, USA) to eliminate
contamination. The growth medium inside the flask was removed with a sterile pasteur
pipette (Pyrex-Corning Inc., Corning, NY, USA) connected to a controlled, continuous
vacuum pump system. The cultured cells were rinsed with 6-7 ml PBS (Phosphate
Buffered Saline) twice in order to completely remove the medium. Then, 10X trypsin-
EDTA (Irvine Scientific, Santa Ana, CA, USA) was diluted 1:10 with PBS and 3 ml of
this 1X trypsin-EDTA solution was added into each flask. Following 3-5 min incubation
in the incubator, the flasks were agitated to separate the cells. 5 ml of fresh growth
media was used to gently resuspend the cells in order to obtain a single cell suspension.
The media containing the cells were put into a 15 ml falcon tube (Corning Labware
Equipment, Inc., Corning, NY, USA). Then, 0.5 ml of cell suspension was added into
9.5 ml of isotonic solution to measure the cell count by using the cell counter (Coulter

Electronics Inc., Hialeah, FL, USA).

Unless otherwise mentioned, in all in vitro experiments 10° cells were seeded
per each 10 cm plates. Required amount of cells were resuspended in a new falcon
tube and were spined for 5 min at 5000 rpm by using a mini centrifuge (Brinkmann
Inst. Co., Westbury, NY, USA). The media was aspirated with a pasteur pipet without
disturbing the cell pellet which was then resuspended in pre-warmed complete growth
media to reach a volume of 10 ml for a 10 cm plate. The cells were evenly distributed
throughout the plate by gentle shaking. Lastly, the plates were placed in the incubator

till they were processed.
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3.3 In wvitro PDT Protocol

3.3.1 Preparing the Photosensitizer Solutions and Photosensitizer Treat-

ments

The photosensitizer Photofrin (PH; Axcan Pharma Inc., Mont-Saint-Hilaire,
Canada) was dissolved in 5 % dextrose (Baxter Healthcare Corporation, McGraw
Park, IL, USA) to prepare a stock solution at a concentration of 2.5 mg/ml and was
aliquoted to store at -20 °C refrigerator (Baxter Healthcare Corporation, McGraw
Park, IL, USA). The aliquots were thawed only once before treatment. For the in
vitro experiments, PH was used at a concentration of 25 pg/ml in which stock solution
was diluted 1:100 with DMEM supplemented with 5 % FCS, 0.5 % L-glutamine, 1 %
penicillin-streptomycin. Culture were grown for 24 hr before PH application. Follow-
ing PH addition cultures were kept in dark, since PH is highly light sensitive. The
cultures were incubated for 16 hr before treatment with light. In parallel, light alone
or untreated controls were fed with growth media supplemented with 5 % dextrose at

volumes equal to PH administration.

The photosensitizer Indocyanine Green (ICG, Pulson Medical Systems AG, Mu-
nich, Germany) was dissolved in DMEM to obtain a final concentration of 50 M. The
cell cultures were incubated in 50 uM of ICG for 24 hr in dark. During and following
ICG incubations, plates were always kept in dark. The cultures were refed with fresh
growth media after 24 hr. In parallel, the media of light alone or untreated control

groups were replaced with fresh complete media.

3.3.2 In vitro Drug Treatments

Stock solutions for the PI3-K inhibitors for this study were prepared as follows:
Wortmannin was purchased from Calbiochem (San Diego, CA, USA) and dissolved in
dimethyl sulfoxide (DMSO) to reach a concentration of 1 mM. LY294002 was purchased
from Sigma-Aldrich (St Louise, MO, USA) and dissolved in DMSO to a concentration
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of 29 mM. PI-103 was purchased from Calbiochem (San Diego, CA, USA) and dissolved
in DMSO to a stock concentration of 5 mg/ml. All stock solutions were aliquoted and
kept at -20 °C. Immediately before the experiments, inhibitor aliquots were thawed and
complete media containing Wortmannin (1 M), LY294002 (100 M) or PI-103 (0.25
uM) were prepared. In parallel, DMSO was added to growth media at the amounts
equal to the inhibitor volumes and added to control cultures. It is important to note
that, Wortmannin and LY294002 were always added to the cultures at the time of PH
incubation and kept in cultures till cells were harvested. On the other hand, PI-103

was added to the cultures immediately after PD'T treatment.

3.3.3 In wvitro Light Treatments

Following 16 hr PH incubation, the PH-containing media was removed and the
cells were refed with prewarmed fresh media supplemented with 10 % FBS, L-glutamine
and penicillin-streptomycin for 30 min at 37 °C. At the end of incubation, cells were
rinsed once with DMEM only and were exposed to broad-spectrum red light (570-650
nm, 0.35 mW /cm?) for 1.5 min. Unless otherwise mentioned, the cells were refed with

prewarmed complete growth media.

For ICG-PDT experiments, the MDA-MB231 cells incubated overnight in 50
uM ICG The next day, indicated groups were exposed to 809-nm diode laser [174] for
10 min with a power density of 60 mW /cm? (Figure 3.1). Each well was washed with
PBS before light treatment and they were refed with 300 ul complete fresh complete

media following treatment and incubated for different time points (0, 3, 6, 9, 12, 24,

48 hr).

3.3.4 Harvesting Cells

Following PH-PDT treatment, the cells were harvested in dark. The culture

plates were chilled on ice, the media was aspirated and the cells were rinsed with ice-
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Figure 3.1 In vitro light treatment set-up for ICG-PDT

cold PBS. At the meantime, 10X Cell Lysis Buffer (Cell Signaling Tech., Inc., Beverly,
MA, USA) was diluted to 1:10 with ultra pure water and supplemented with 1:100
Phenylmethylsulfonyl Fluoride (PMSF; Sigma-Aldrich Co. Ltd, St Louise, MO, USA)
that was prepared by dissolving 17.4 mg PMSF in 1 ml 100 % ethanol (Pharmco-Aaper
Subsidiaries of Commercial Alcohols, Inc., Brookfield, CT - Shelbyville, KY, USA) .
The PBS was aspirated and 300 pl of ice-cold 1X cell lysis buffer was added into each
60 or 100 mm plate and the plates were sit on ice for 5 min. Then cells were collected
with a cell scraper and the cell lysates were collected in pre-chilled 1.5 ml eppendorf
tubes (USA Scientific, Inc., Ocala, FL, USA). The whole cell lysates were sonicated
(Virsonic300, The Virtis Company Inc., Gardiner, NY, USA) on ice for 10-15 sec and
centrifuged at 10.000 rpm for 10 min on a tabletop centrifuge. The cleared cell lysates
were transferred into a pre-chilled clean eppendorf tubes and the samples were stored

at -80°C refrigerator (Thermo-Fisher Scientific, Rockford, 1L, USA).

3.4 Protein Assay

In order to accurately determine the concentration of solubilized proteins in cell

lysates, the protein quantification assay (Bio-Rad Laboratories, Inc., Hercules, CA,
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USA) was used based on the Bradford method. This method involves the addition
of an acidic dye to protein solution, and subsequent measurement at 595 nm with a
spectrophotometer (Beckman Instruments Inc., Fullerton, CA, USA). First, the dye
reagent concentrate was diluted 1:4 with distilled water. The 2, 4, 8 ug of a protein
standard were prepared by adding 5, 10, 20 ul of bovine serum albumin (BSA, Sigma-
Aldrich Co. Ltd, St Louise, MO, USA) into separate tubes of 1 ml diluted dye reagent.
Then the mixture was vortexed (Baxter Healthcare Corporation, McGraw Park, IL,
USA), poured into a clean 1 ml cuvettes (Sarstedt, Inc., Nurmbrecht, Germany) and
the absorbance of the standards were read at 595 nm. These results were used to obtain
the standard curve which would be representative of the samples to be tested. Next,
the protein content of each sample was measured by adding specific amount into 1 ml
diluted dye reagent and the readings were taken at 595 nm. The protein content of
each sample was calculated based on where the absorbance values correspond on the

standard curve.

3.5 Western Immunoblot Analysis

The changes in protein expression before and after PDT treatments were ex-
amined by Western immunoblot analysis. In this method, protein samples were mixed
with 4X Sample Buffer (Bio-Rad Laboratories, Inc., Alfred Nobel Dr., Hercules, CA,
USA) and size-separated on 10 % tris-glycine precast continued gels (Invitrogen Life
Tech., Carlsbad, CA, USA) by using electrophoresis apparatus (Novex Experimental
Tech., San Diego, CA, USA) connected to a power supply (Haakebuchler Inst. Inc.,
Saddle Brook, NJ, USA) generating 125 V for 2 hr. The molecular weight marker
(Amersham Biosciences Corp., Piscataway, NJ, USA) was also run with the samples to
be used as a control for protein size. The electrophoresis was carried out in the running
buffer prepared by dissolving 3.03 tris-base (Sigma-Aldrich Co. Ltd, St Louise, MO,
USA), 14.4 glycine (Sigma-Aldrich Co. Ltd, St Louise, MO, USA), and 1 g Sodium
Dodecyl Sulfate (SDS; Sigma-Aldrich Co. Ltd, St Louise, MO, USA) dissolved in 1
1 distilled water. Following electrophoresis, the proteins on the gel were transferred

overnight onto a nitrocellulose membrane (Optitran, Schleicher & Schuell Bioscience,
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Dassel, Germany) in transfer buffer at a constant 20 V generated by the transfer ap-
paratus (Hoefer Scientific Inst., San Francisco, CA, USA). The transfer buffer was
prepared by dissolving 78.82 g glycine and 19.96 g tris-base in 5.6 1 distilled water and
1.4 1 methanol (Sigma-Aldrich Co. Ltd, St Louise, MO, USA).

Following the transfer, membranes were blocked in 5 % non-fat milk (Nestle S.A.,
Verey, Switzerland) solubilized in PBS for 1 hr at room temperature by gentle agitation
on the rocker platform (Bellco Biotechnology, Vineland, NJ, USA). After block, mem-
branes were rinsed 3 times for 5 min with the fresh western wash buffer, Tween-Tris
Buffered Saline (TTBS), which was prepared by dissolving 12.11 g tris-base, 9 g NaCl
(Sigma-Aldrich Co. Ltd, St Louise, MO, USA) and 1 ml tween-20 (Tween-20; Bio-Rad
Laboratories, Inc., Alfred Nobel Dr., Hercules, CA, USA) in 1 1 of distilled water and
the pH was adjusted at pH 7.5. Then, the membranes were incubated overnight at 4°C
with the primary antibodies and rinsed with T'TBS 3 times for 5 min each. Depending
on the experiment, the primary antibody used were as follows: anti-phospho-AKT at
Ser 473 (Cell Signaling Tech., Inc., Beverly, MA, USA), anti-phospho-AKT at Thr 308
(Cell Signaling Tech., Inc., Beverly, MA, USA), anti-AKT 1/2/3 (Santa Cruz Biotech.,
Inc., Santa Cruz, CA, USA), anti-AKT 1/2 (Santa Cruz Biotech., Inc., Santa Cruz,
CA, USA), anti-phospho-GSK-3a/3 at Ser21/9 (Cell Signaling Tech., Inc., Beverly,
MA, USA), anti-GSK-3«a/3 (Santa Cruz Biotech., Inc., Santa Cruz, CA, USA), anti-
phospho-rpS6 at Ser 235/236 (Cell Signaling Tech., Inc., Beverly, MA, USA), anti- rpS6
(Cell Signaling Tech., Inc., Beverly, MA, USA) and anti-actin (MP Biomedicals, Inc., St
Louis, MO, USA). Membranes were then incubated with appropriate peroxidase conju-
gated secondary antibodies as follows: anti-rabbit peroxidase conjugate (Sigma-Aldrich
Co. Ltd, St Louise, MO, USA), anti-mouse peroxidase conjugate (Sigma-Aldrich Co.
Ltd, St Louise, MO, USA) and anti-goat peroxidase conjugate (Santa Cruz Biotech.,
Inc., Santa Cruz, CA, USA). Anti-rabbit peroxidase conjugates were used for phospho-
AKTs, AKT, phospho-GSK-3, phospho-rpS6, rpS6 primary antibodies. On the other
hand, anti-mouse peroxidase conjugates were used for GSK-3 and actin. The mem-
branes were rinsed with TTBS 3 times for 5min and the resulting immuno-complexes
were visualized by incubation the membranes with enhanced chemiluminescence west-

ern blotting reagent (ECL-TM; GE Healthcare, Buckinghamshire, UK) and detecting
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chemiluminescence by autoradiography. The exposed films (Chemiluminescence Film;
Kodak Biomax Industrie, Cedex, France) were processed by the medical film proces-
sor (Konica-Minolta Medical and Graphic Inc., Tokyo, Japan). Protein loading was
controlled by comparing the intensity of the protein band representing actin protein in

each sample.

3.6 ELISA

Quantitative analysis of AKT activation was performed by FACE Cell-Based
AKT ELISA Kit (Active Motif, Carlsbad, CA, USA). Briefly, 2.5x10* BT-474 cells
were seeded in the 96-well plate and incubated for 24 hr in complete growth media.
Then, cell cultures were incubated with PH (25 M) for 16 h at 37 °C and exposed
to 570-650 nm light for 1.5 min (315 J/m?). After treatment, the cells were refed
with complete growth media for 1 hr and were fixed with formaldehyde. Samples were
treated according to the manufacturers’ instructions for AKT ELISA kit. The readings

were taken at crystal violet light. The data were normalized for protein concentrations.

3.7 MTT Cell Viability Assay

3.7.1 MTT Assay for PH-PDT Experiments

10* BT-474 and C3H/BA cells in 100 pul complete growth media were seeded for
each well of 96-well plate (TPP, Switzerland) and incubated at 37 °C for 24 hr. The
following day, the cell cultures were refed with fresh 5 % FBS complete media sup-
plemented with 25 ug/ml of PH for 16 hr. Following photosensitizer treatments, the
cultures were fed with complete growth media for 30 min, quickly rinsed with serum
free medium and exposed to 570-650 nm light for 1, 1.5 and 2 min. At time points indi-
cated for each experiment, cell viability was measured with 3-(4,5-dimethylthiazol)-2,5-

diphenyltetrazolium bromide (MTT; ATCC Bioproducts, Manassas VA, USA) assay
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according to the manufacturer’s protocol. Following 24 hr of PDT application, 10 ul
of MTT reagent was added to each well and incubated for 2 to 4 hr at 370C until the
purple precipitate was visible. Then the plates were washed with 100 ul of detergent
reagent at room temperature in dark for 2 hr. Finally, the absorbance was measured at
570 nm by using with Microplate Reader (MR600; Dynatech Products, USA). 8 wells
were used for each group and the mean was determined from these wells and standard

error was calculated.

3.7.2 MTT Assay for ICG-PDT Experiments

1.5x10* MDA-MB231 cells were seeded in 96-well plates and incubated overnight
in 100 pl complete growth media. ICG and ICG-PDT groups were incubated in 50 uM
of ICG (dissolved in medium) for 24 hr. In parallel, the media of Control and Light
groups were replaced with fresh complete media. The next day, indicated groups were
rinsed with PBS and exposed to 809-nm diode laser for 10 min. Cells were refed with
300 ul complete fresh complete media following treatment and incubated for different
time points (0, 3, 6, 9, 12, 24 and 48 hr). Cell viability after each treatment was
determined by MTT (Roche-Diagnostics GmbH, Mannheim, Germany) assay according
to manufacturers’ specifications. The wells were refed with media supplemented with
0.5 mg/ml MTT reagent and incubated for 4 h at 37 °C. For the time 0 group, the cells
were directly exposed to MTT right after treatment. To terminate the reaction, 100
1l solubilization medium was added to each well and incubated overnight. The next
day the optical density of the wells were measured at 595 nm with a microplate reader

(Model 680; Bio-Rad Laboratories, Hercules, USA).

3.8 Apoptotic Cell Death Detection Assay

105 cells suspended in 10 ml 10 % FBS growth media were plated in 100 mm
plates. Following 24 hr incubation at 37 °C, the media was replaced with 5 % FBS

medium containing 25 pg/ml PH and incubated for 16 hr. The cells were refed with
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fresh media for 30 min, rinsed with serum free media and treated with 570-650 nm for
1.5 min and refed with 1.5 ml of 10 % FBS complete growth medium. Following 6 hr
incubation, the cells were lifted from the plate and transferred into a 1.5 ml eppendorf
tube. 100 pl of cell suspension was used for cell death determination and the rest of the
suspension was lysed and processed for protein assay and western blot analysis. This
100 pl of PH-PDT treated cell suspension was mixed with 200 ul of 10 % FBS complete
media and spined at 1200 rpm for 10 min. Then the supernatant was discarded and
cell pellet was resuspended in 200 ul of cell lysis buffer supplied with the apoptotic
cell death detection kit (Cell Death Detection ELISA-Plus; Roche Diagnostics GmbH,
Mannheim, Germany) and incubated at room temperature for 30 min. After a second
spin at 1200 rpm for 10 min, the supernatant was recovered and equal protein amounts
of each sample was prepared by diluting with lysis buffer. 20 ul of equilibrated samples
were mixed with 80 ul of reaction buffer and transferred into the streptavidin-coated
microplate supplied with the apoptosis kit. Microplate was covered with foil in order
to protect from light and gently shaken for 2 hr at room temperature. The solution
was removed and each well was rinsed 3 times with 200 pl incubation buffer. Then 100
1 of developing buffer was added to each well and the microplate was gently shaken

until the color development for photometric analysis at 405 nm.

3.9 Colony Assay

3x10% or 3x10% cells were plated in triplicates in 60 mm plates in 6 ml complete
growth media and incubated at 37 °C for 24 hr. The indicated groups were treated
with PH (25 pg/ml) for 16 hr and were refed with fresh complete media for 30 min.
The cultures were then quickly rinsed with serum free media and treated with broad
spectrum of light and refed with complete media with or without the 0.25 pM of PI-103
inhibitor. Then cell cultures were incubated for 11 days to observe colony formation.
After the colonies reached a certain size, the cells were rinsed with PBS and fixed
with 70 % alcohol and the plates were left open to for alcohol to evaporate. After the
plates were completely dry, they were stained with methylene blue working solution.

First, Methylene blue stock solution was prepared by dissolving 10 g methylene blue
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(Sigma-Aldrich Co. Ltd, St Louise, MO, USA) in 1 1 of 95 % ethanol. Then, 30 ml
of stock was mixed with 100 ml of 0.01 % potassium hydroxide (Sigma-Aldrich Co.
Ltd, St Louise, MO, USA) and the plates were treated with this solution for at least
30 min. Once the colonies on each plate was visible with blue color, the dishes were
gently rinsed with running tab water and they were let to dry. Colonies having more

than 30 cells were counted under light.

3.10 In wviwvo Treatment Protocol

Mouse breast cancer (BA) and human breast cancer (BT-474) cells were grown
as a monolayer in complete growth media. Primary BA tumors were generated by
subcutaneous trochar injection of 1x10° cells in 50 ul media into the hind flank of 8 to
10 week-old female C3H/HelJ mice (Figure 3.2a). Once tumor lesions reach around 5
mm in diameter, these tumors were surgically removed, diced into 1 mm? pieces and
injected (Implant Needles; Popper and Sons, Inc., New Hyde Park, NY, USA) into
the hind flank of new 8 to 10 week-old female C3H/HeJ mice (Figure 3.2b) to create
secondary tumors. On the other hand, BT-474 tumors were generated by injecting
8x10° cells within 100 ul matrigel matrix (BD Biosciences, San Jose, CA) to the hind
flank of 10 to 12 week-old female athymic mice. In vivo tumor treatments of lesions
measuring 6-7 mm in largest diameter involved an i.v. injection of PH (5 mg/kg) for
24 hr followed by tumor irradiation using a non-thermal argon-pumped 630 nm diode
laser (Diomed Inc., Andover, MA, USA)(Figure 3.2c). Light was delivered via a 800 pm
quartz fiber microlens. The light delivery was split (Fiber splitter; Laser Technologies
Inc., Buellton, CA, USA) into three fibers to enable treatment of three mice at a time
(Figure 3.3). The light output at treatment site was measured with a power meter
(Coherent, Palo Alto, CA, USA). A light dose rate of 75 mW /cm? and the total light

dose 100 J/cm? was used to treat tumors.

It is important to note that, mice were kept in dark for the rest of the experiment
following PH administration. Since PH is dissolved in dextrose, control groups were

given 5 % dextrose at volumes equal to PH administration. Moreover, 630 nm diode
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laser was equilibrated by 664 nm Diode Laser (Miravant Systems Inc., Santa Barbara,
CA, USA) before use. For PI-103 applications in vivo, mice were injected twice with
50 mg/kg of PI-103 solubilized in DMSO. The first injection was the time of PDT
treatment and the second injection was 20 min following the first injection. Control

animals received equal volumes of DMSO.

Following treatments, mice were sacrificed with overdose of CO4 and each tumor
was surgically removed and divided in to two. One half of the tumor was stored in
formalin for further immunohistochemistry application and the other half was ground
(Virtishear Company, Gardiner, NY, USA) and homogenized in cell lysis buffer for

western blot analysis.

/' Immunohistochemistry
\ Western blot analysis

Figure 3.2 In vivo PDT treatment procedure.Right flank of 15 weeks old C3H/HelJ female mice was
shaved, and animals were anaesthetized with isoflurane. a) 2-3 animals were injected with C3H/BA
cells (10°/tumor in 50 xl DMEM) into shaved flank of animal and they were kept 2-3 weeks for the
primary tumor to grow. When the tumor became visible under the skin, animals were sacrificed
with overdose COs . b) Tumors were surgically removed, cut into small pieces (1 mm?®) and trocar
injected into shaved flanks of experimental animals. Animals were housed in cages (4+1 animals per
cage) in temperature controlled vivarium, food and water were available ad libitum. ¢) When tumors
reached to a certain size (6-7 mm) animals were injected with PH (5 mg/kg) intravenously and kept
in dark for 24 hr. Tumor area was illuminated with light at 630 nm. After certain time point animals
were sacrificed with overdose CQOs, tumors were removed, and cut into two; one half was fixed with
paraformaldehyde for immunohistochemistry and the other was homogenized for western blot analysis.
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Figure 3.3 In vivo light treatment during PDT. Three animals were treated at a time. Optical fiber
coming out of 630 nm diode laser was split in three 800 pum optic fibers. Animals were taped so that
the tumor under the light stays at a fixed position and the optic fibers were positioned such a way
that the light covers all the tumor area. Each tumor area was illuminated with 630 nm diode laser at
a dose rate of 75 mW /cm? and the total light dose 100 J/cm?. Before every treatment, light output
at tumor site was measured with a powermeter.

3.11 Immunohistochemistry

Immunohistochemistry was done on paraffin-embedded 5 pm tissue sections
mounted on poly-L-lysine-coated slides (Corning Labware Equipment, Inc., Corning,
NY, USA). For de-paraffinization, slides were baked at 60 °C for 1 hr by using an in-
cubator shaker (New Brunswick Scientific Co., Inc., Edison, NJ, USA), washed 3 times
with xylene for 5 min each, rinsed with 2 times with 100 % and 95 % ethanol for 10 min
each and washed in 2 times in water for 5 min. After antigen retrieval (BioGenex, Ran
Raman, CA; USA) in a microwave oven for 15 min, slides were maintained at a sub-
boiling temperature for 15 min and cooled on bench. Then, slides were washed 3 times
with water for 5 min each and incubated in 3 % Hydrogen Peroxide (HyOs; Sigma-
Aldrich Co. Ltd, St Louise, MO, USA) for 10 min. Next, sections were washed in 1X
TTBS for 5 min and blocked with 5 % goat serum for 1 hr at room temperature. Then,
slides were incubated with avidin and biotin supplied in Avidin/Biotin Blocking Kit
(Vector Laboratories, Inc., Burlingane, CA, USA) for 15 min each and the sections were
incubated with the immunohistochemistry-specific antibodies for phospho-AKT at Ser
473 position (Cell Signaling Tech., Inc., Beverly, MA, USA) or phospho-AKT blocking
peptide (Cell Signaling Tech., Inc., Beverly, MA, USA) to check the specific binding
of the phospho-AKT antibody overnight at 4 °C. The following day, biotinylated-goat



39

anti-rabbit IgG (Vector Laboratories, Inc., Burlingane, CA, USA) was applied on the
sections for 30 min at room temperature. Then, sections were rinsed with TTBS for
5 min and incubated with Vectastain ABC Kit (Vector Laboratories, Inc., Burlingane,
CA, USA) for 30 min at room temperature followed by detection of immunoreactiv-
ity using 3,3’-diaminobenzidine (DAB) Peroxidase Substrate Kit (Vector Laboratories,
Inc., Burlingane, CA, USA). Finally, sections were lightly counter stained with hema-
toxylin solution (Sigma-Aldrich Co. Ltd, St Louise, MO, USA) and mounted with
mounting medium (Fluka Biochemika-Sigma-Aldrich Co. Ltd, St Louise, MO, USA).
The slides were analyzed and the representative pictures were taken by CCD camera

attached microscope (Olympus, Tokyo, Japan).

3.12 Statistical Analysis

Statistical analysis was performed using a two-tailed paired Student’s t-test to

determine statistical differences for groups as indicated.
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4. RESULTS AND DISCUSSION

4.1 Multiple Components of PH-PDT can Phosphorylate AKT

Therapeutic PDT applications in cancer therapy is encouraging but long term
PDT responsiveness needed to be improved to decrease tumor recurrence [30]. Pre-
clinical investigations show that PDT can induce expression and/or activation of pro-
angiogenic molecules including VEGF, COX-2, prostaglandins, TNF-a, MMPs, inte-
grins, IL-6 and IL-8 within the tumor microenvironment {108, 109, 110, 115, 116, 117,
118]. Overexpression of these molecules is often associated with a survival phenotype
and recent studies show that targeted therapy directed at these molecules can enhance

the therapeutic effectiveness of PDT [12].

AKT /Protein Kinase B is a signaling molecule that plays a key role in inte-
grating cellular responses to growth factors and extracellular signals [160]. The AKT
pathway plays a major role in tumor development as well as in the responsiveness of
tumor cells to treatment [175]. Phosphorylation of AKT activates this molecule and
can provide cells with a survival signal that protects them from apoptotic stimuli. Nu-
merous studies have shown that oxidative stress stimulates AKT phosphorylation and

proteins activated by phosphorylated AKT promote cell survival [120, 121].

In this study, it was examined whether PH-PDT phosphorylates AKT in mouse
and human breast cancer cell lines cultured in vitro and grown as solid tumors in mice.
It was found that PH-mediated PDT induced strong AKT phosphorylation and that
inhibition of this activation after PDT increases the treatment responsiveness [176].
However, it was also observed that PH alone, without any light exposure, induced
measurable levels of AKT phosphorylation in cancer cells exposed to the photosensitizer
in culture and that 630 nm light alone induced AKT phosphorylation in transplanted
tumors growing in mice [176]. These results indicate that individual components of the

PDT and not just PDT can play a role in activating the AKT pathway. These findings
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suggest that targeting AKT pathway may improve PDT responsiveness and warrants

further investigations.

4.1.1 Oxidative Stress Induced by H>0O, Stimulates AKT Phosphorylation
via PI3-K Pathway

AKT is a target of PI3-K and oxidative stress generating reactive oxygen species,
such as HyOs, as well as hypoxia can phosphorylate and activate AKT pathway and
lead to increased cell survival [120, 121, 177, 178]. To confirm these previous findings in
our cell culture system, C3H/BA and BT-474 breast cancer cell lines were exposed to
H,0, and the level of total AKT and phosphorylated AKT at Ser 473 (phospho-AKT)
was measured in a time course experiment. Protein samples from cell cultures were col-
lected at different time points following incubation with HoO5 and analyzed by western
blot using AKT and phospho-AKT specific antibodies as well as Actin antibodies as a
loading control. These experiments demonstrated that, HoOs-induced AKT phospho-
rylation was detectable as early as 15 minutes upon exposure which persisted at least
for 3 hr in both cell lines (Figure 4.1). In the same experimental set-up, the PI3-K
inhibitor Wortmannin was used to test whether HoOs-induced AKT phosphorylation
was dependent on PI3-K activity. Addition of Wortmannin to HoOo-treated C3H/BA
or BT-474 cells effectively blocked AKT phosphorylation without altering total AKT
protein levels. Consistent with previous findings [120, 178|, our results indicate that
Hy0O5-induced AKT phosphorylation was sensitive to PI3-K inhibitor Wortmannin in
C3H/BA and BT-474 cells.

4.1.2 Photofrin-PDT Induces AKT Phosphorylation in vitro

A variety of cytotoxic and survival responses are observed following PDT. A
previous study reported that, oxidative stress associated with Rose Bengal-mediated
PDT activated AKT in mouse fibroblasts [120]. To determine whether Photofrin (PH)-

mediated PDT initiates a similar response as determined for HoOo, BT-474 cells were
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Figure 4.1 H,05 induces PI3-K-dependent AKT phosphorylation in both C3H/BA (a, ¢) and BT-
474 (b, d) cells. Cells were plated for 24 hr prior to exposure to HoO2 (500 uM ) in PBS for 10 min,
which is followed by incubation with complete media (a, b). Cell lysates were collected at indicated
time points and were subjected to western blot analysis using phospho-AKT (Ser 473), total AKT
and actin antibodies. PI3-K inhibitor Wortmannin blocks AKT phosphorylation in both C3H/BA
(c) and BT-474 (d) cells. HoOs-treated cells were incubated with complete media supplemented with
Wortmannin (100 nM) for 30 min (c, d). At the end of incubation, cell lysates were collected and
analyzed as described above. "C" stands for control.

tested for PH-mediated PDT treatment. To start with, the optimum light dose for
PDT treatments were determined by using M'TT cell viability assay. For this, BT-474
and C3H/BA cell lines were incubated with PH and exposed to 210, 315 and 420 J/m?
of broad-spectrum red light (570-650 nm). The MTT analysis following treatment
showed that, doses of 315 and 420 J/m? lead to a statistically significant decrease in
cell viability over control for both cell types used (Figure 4.2). In order to keep the
treatment time short at an effective dose with relatively less side effects, 315 J/m? was

chosen to be the optimal dose for the rest of the PDT applications in this study.

Next, BT-474 cells were tested for PH-mediated PDT treatment to investigate
its effects on AKT phosphorylation. For this, BT-474 cells were incubated with PH
and treated with red light. The effects of PH-PDT on AKT phosphorylation were
then determined by either western blot analysis (Figure 4.3) or ELISA assay (Figure
4.4). In western blot analysis, AKT phosphorylation was detected 2 hr following PDT
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Figure 4.2 The cytotoxic effects of PDT is directly related to the light dose. Cells were then
photosensitized with PH (25 pg/ml) for 16 hr in dark and exposed to light at 570-650 nm for 1, 1.5
and 2 min (210, 315 and 420 J/m?, respectively). After treatment, cells were refed with complete
media and incubated for 24 hr in dark. Cell viability was measured by MTT assay according to
manufacturer’s specifications (details in Materials and Methods Section). Results are expressed as
the mean + SE of three separate experiments done in a group of 8 wells for each condition. * The
decrease in cell viability in PDT treated samples were statistically significant (p <0.01)

treatment (Figure 4.3). Even though the signal for phospho-AKT persisted for 24 hr
post-treatment, the levels decreased by time. Although, the phospho-AKT levels de-
tected were highest in PDT group, PH alone sample harvested 2 hr post-incubation
showed a slight increase in phospho-AKT levels compared to control (C) (Figure 4.3).
Importantly, the level of total AKT protein detected remained the same in all groups
at different time points. In order to confirm our results quantitatively, a cell-based
ELISA kit was used to measure levels of phospho-AKT in PDT treated BT-474 cells.
Since the phospho-AKT levels detected by western blot analysis were highest 2 hr after
treatment, ELISA assay was performed 2 hr following PH-PDT as described in Mate-
rials and Methods section of this thesis (Section 3.6). Our results showed a significant
increase in phospho-AKT in samples detected for PDT treated cells compared to both
control and PH alone (Figure 4.4). Taken together, our results indicated that PH-PDT
treatment significantly increased AKT phosphorylation which persisted for at least 24

hr suggesting a long-term response to PDT treatment.
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Figure 4.3 PH-PDT induces AKT phosphorylation in a time dependent manner. BT-474 cells were
incubated overnight in complete media. Cells were then photosensitized with PH (25 ug/ml) for 16 h
in dark. Cells were fed with complete media for 30 min before treatment with light (570-650 nm) for
1.5 min (315 J/m?). After treatment, cells were fed with complete media and were lysed at indicated
time points. Cell lysates were subjected to western blot analysis with AKT, phospho-AKT (Ser 473)
and actin antibodies.

4.1.3 PH-PDT Induces AKT Phosphorylation in vivo

In the previous section, PH-PDT treatment was shown to induce AKT phos-
phorylation in witro. To examine the in wvivo relevance of this finding, solid tumors
generated in mice were treated with PH-PDT and the induction of AKT phosphory-
lation was detected with immunohistochemical analysis. For this experiment, BT-474
cells were injected subcutaneously to athymic mice to create solid tumors. When the
tumors reached a certain size, the tumor area was treated with red light following in-
jection of PH or vehicle control. Immunohistochemical analysis of PH-PDT treated,
PH alone or control tumor sections were performed for hematoxylin and eosin (H&E),
phospho-AKT antibodies with or without blocking peptide (Figure 4.5). The H&E
stained sections from different tumors showed similar morphology and cell distribu-
tion. PDT-treated samples had stronger hematoxylin staining compared to controls
and cells lack nuclei suggesting the presence of red blood cells. This observation may
be a consequence of hemorrhage in the tissue triggered by PDT treatment. As ex-
pected, tumor sections stained for phospho-AKT antibody showed a strong staining in
PDT treated samples compared to PH alone and control (Figure 4.5). However, the
phospho-AKT stained samples of PH alone treatment was only slightly stronger than
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Figure 4.4 Photofrin (PH)-mediated PDT induces AKT phosphorylation. BT-474 cells were plated
in the 96-well plates for 24 hr. Cell cultures were treated with PH (25 pg/ml) or carrier dextrose
solution and incubated for 16 hr in dark. Then a group of PH-treated cells were exposed to broad-
spectrum red light (570-650 nm, 0.35 mW /cm?) for 1.5 min (315 J/m?). All cells were fixed with
formaldehyde 2 hr after treatment and transferred to ELISA plates (FACE Cell-based AKT kit)
to detect total AKT and phospho-AKT (Ser 473) levels with specific antibodies. The colorimetric
readings were taken at 450 nm. The data is corrected for crystal violet readings and presented as
percentage normalized to controls. *The increase in phospho-AKT in PDT group was statistically
significant (p<0.05) above control and PH-treated samples.

control samples. Importantly, the samples that were stained for phospho-AKT anti-
body in the presence of its blocking peptide did not show any positive staining in all
groups (Figure 4.5). This result suggests that the phospho-AKT antibody specifically
recognize the phospho-AKT protein in these tissue sections. The results of this in vivo
study is in accordance with our previous cell culture analysis (Section 4.1.2) suggesting

that PH-PDT stimulates AKT phosphorylation.

4.1.4 PH-PDT and PH Alone Induce AKT Phosphorylation via PI3-K
Pathway

In the first set of experiments, our results indicate that PH-PDT induced AKT
phosphorylation in human breast cancer cells in vitro and in vivo animal tumor models.

To test whether PDT-induced AKT phosphorylation is dependent on PI3-K pathway,
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Figure 4.5 PH-PDT induced AKT phosphorylation in tumors created in mice. Tumors were created
by injecting BT-474 cells within matrigel to the hind flank of athymic mice. When the tumors
reached 6-7 mm in largest diameter, PH (5 mg/kg) was injected intravenously to each mouse 24 hr
before treatment with 630-nm diode laser at a total light dose of 100 J/cm? with a dose rate of 75
mW/cmz. Mice were sacrificed with overdose of CO5 for 1 hr after PDT treatment. The tumors
were removed surgically and and prepared for immunohistochemistry analysis. Paraffin embedded 5
um tissue sections were stained with H&E (Hematoxylin and Eosin) (left), phospho-AKT (Ser 473)
specific antibody (middle) and phospho-AKT (Ser 473) blocking peptide (right). a, no treatment. b,
PH only without light treatment. ¢, PDT treatment. Magnification, x 20.

murine and human breast cancer cells were utilized in PH-PDT experiments in the
absence and presence of PI3-K inhibitors. Figure 4.6 shows the protein expression pro-
files for phospho-AKT, total AKT and actin in murine C3H/BA mammary carcinoma
cells and human BT-474 breast cancer cells. AKT phosphorylation was examined at
2 and 6 hr after PDT or after PH incubation. Two inhibitors of PI3-K, Wortmannin
and LY?294002, attenuated AKT-induced phosphorylation indicating that PDT and PH
were acting through the PI3-K signaling pathway. These in vitro experiments demon-
strated that treatment of murine and human breast cancer cells with PH-mediated
PDT induced phosphorylation of AKT via PI3-K pathway. Additionally, PH in the
absence of light also induced AKT phosphorylation and this result agrees with re-
cent studies demonstrating that both the heme molecule and an extended porphyrin,

Motexafin gadolinium, induce AKT phosphorylation [179, 180].
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To test whether exposure of the murine and human breast cancer cells to red
light in the absence of exogenous photosensitizer (PH), the same experimental set-up
was used to monitor AKT phosphorylation. Exposure of these cell lines to red light in
the absence of PH did not induce AKT phosphorylation above control levels (Figure
4.7), indicating that red light does not have additive effects on PDT-induced AKT

phosphorylation wn wvitro.
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Figure 4.6 Photofrin-mediated PDT and PH alone induce AKT phosphorylation in murine and
human breast cancer cells. Murine BA and human BT cells were incubated with PH (25 ug/ml)
along with or without LY294002 (100 M) (a) or Wortmannin (1 uM) (b) for 16 hr in the dark and
then exposed to 315 J/m? of broad-spectrum red light. Cells were then incubated in the dark for
an additional 2 or 6 hr in the presence or absence of L'Y294002 (100 yM) (a) or Wortmannin (1
uM) (b). Cell lysates from control, PH alone and PH-PDT cultures were collected and assayed for
phospho-AKT, total AKT and Actin.
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Figure 4.7 Exposure of murine or human breast cancer cells to 315 J/m? red light alone does not
increase AKT phosphorylation at that dose of light. Murine BA and human BT cells were incubated
in the dark for 16 hr, exposed to red light (315 J/m?) and then incubated in the dark for an additional

2 or 6 hr. Cell lysates from control and light-treated cultures were collected and assayed for phospho-
AKT, total AKT and Actin.

4.1.5 PI3-K Inhibitors Increase Apoptosis in PDT-treated Breast Cancer
Cells

A major function of activated AKT is to promote cell survival and to block
apoptosis. Phosphorylation of the pro-apoptotic effector molecules such as BAD and
Caspase-9, by activated AKT decreases their ability to induce apoptosis [175]. Next
it was determined whether inhibition of AKT-phosphorylation by PI3-K inhibitors,
Wortmannin and LY294002, induces apoptosis in vitro. For this purpose, C3H/BA and
BT-474 cells were treated with light alone, PH alone, PH in combination with light
or left untreated and the levels of apoptosis was determined by Apoptosis Detection
ELISA Kit. Our results showed that cells treated with Wortmannin or LY294002 in-
duced increased levels of apoptosis in PH-PDT treated cells (Figure 4.8) while as shows
in Figure 4.6, these inhibitors block AKT phosphorylation. The observed apoptosis
involves direct toxicity by the inhibitors and could include a role for phospho-AKT.
These results showed a role for PI3-K inhibitors in modulating cellular apoptosis fol-
lowing PH-mediated PDT. Additional experiments are needed to confirm a direct effect
of AKT in modulating PDT response. Our results agree with a previous study show-
ing AKT phosphorylation following exposure of mouse fibroblasts to singlet oxygen
generated by rose bengal-mediated photosensitization [120]. This study also reported



49

that inhibition of AKT activation using Wortmannin and LY294002 resulted in in-
creased cellular apoptosis. Continued examination of methods to selectively attenuate

AKT phosphorylation may prove useful in improving PDT responsiveness by enhancing

treatment-related apoptosis.
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Figure 4.8 PI3-K inhibitors increase apoptosis in PDT-treated murine C3H/BA and human BT-474
breast cancer cells. a) C3H/BA cells and b) BT-474 cells were treated with PH-mediated PDT in the
presence or absence of Wortmannin or LY294002 as described in Fig. 4.6. Apoptosis was measured as
an enrichment factor 6 hr following treatment using the Cell Death Apoptosis Detection ELISA Plus
kit. Results are expressed as the mean + SE of three separate experiments.
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4.1.6 Photofrin-mediated PDT and Light Alone Induce AKT Phosphory-

lation n vivo Tumor Models

The in vivo effects of PH-mediated PDT on AKT phosphorylation was exam-
ined by using tumors generated from the same cell lines described above for in vitro
experiments (Section 4.1.5). Western immunoblot analysis and the corresponding den-
sitometry readings were evaluated for murine C3H/BA tumors exposed to PDT, light
alone, or untreated controls (Figure 4.9). Both PDT and light exposure induced phos-
phorylated AKT levels above background. Moreover, the level of phospho-AKT was
highest at 0.5 hr post PDT treatment and decreased by time. Figure 4.10 shows west-
ern immunoblots and densitometric readings for murine C3H/BA tumors exposed to
PH alone, light alone or untreated controls. In this experiment, phospho-AKT levels in
tumors receiving PH alone or light alone was not significantly increased compared to
controls. Interestingly, the intracellular levels of PH are higher for the n vitro experi-
ments (Figure 4.6) and this may be why AKT phosphorylation was observed following

PH alone in cells but not in tumors.

Similarly, the levels of AKT phosphorylation following PH-PDT treatment was
determined for human BT-474 tumors by western immunoblot analysis. The results
demonstrated that AKT phosphorylation was significantly increased only following
PH-mediated PDT for BT-474 tumors (Figure 4.11) similar to the results obtained
for C3H/BA tumors (Figure 4.9 and 4.10). These findings suggested that, PH-PDT
induces a significant increase in AK'T phosphorylation in vivo. Interestingly, PH alone
did not induce AKT phosphorylation in vivo, in contrast to in vitro findings. Addition-
ally, administration of the photosensitizer PH without subsequent light exposure did
not result in increased AKT phosphorylation while exposure of tumors to light alone
resulted in a small but not significant increase in AKT phosphorylation over control
levels. Collectively, these results demonstrate that individual components of the PDT
process, photosensitizer alone and light alone, as well as the complete PDT procedure

can activate the AKT signaling pathway.

Improvements in PDT responsiveness may be achieved by employing combined
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Figure 4.9 Photofrin-mediated PDT and light alone induce AK'T phosphorylation in murine BA
breast cancer tumors. C3H/HeJ female mice with subcutaneously transplanted BA tumors were
injected with PH (5 mg/kg) and then 24 hr later the tumors were exposed to a 100 J/cm? dose of 630
nm light. Additional tumor-bearing mice not injected with PH were also exposed to light alone. Tumor
lysates were collected at various time intervals (0.5-24 hr) after treatment and assayed for phospho-
AKT, total AKT and Actin. (a) Western immunoblot analysis for three separate experiments and
(b) densitometric readings obtained from the immunoblots. *The increases in phospho-AKT above
control were statistically significant (p<0.05) at 0.5 and 6 hr after PDT (n = 3).

modalities targeting malignant cells and survival pathways. Inhibition of PDT-induced
AKT activation with the use of appropriate, non toxic inhibitors may enhance the
PDT response. In the second part of this study, a new PI3-K inhibitor was tested in

an attempt to improve PDT responsiveness.
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Figure 4.10 Photofrin alone does not induce AKT phosphorylation in murine BA breast cancer
tumors. C3H/HeJ mice with subcutaneously transplanted BA tumors were injected with PH (5
mg/kg) and then kept in the dark until assayed for protein expression. Tumor lysates were collected
at various time intervals (24.5-48 hr) after PH injection and assayed for phospho-AKT, total AKT and
Actin. (a) Western immunoblot analysis for two separate experiments and (b) densitometric readings
obtained from the immunoblots.

4.2 Inhibition of PDT-mediated AKT Activation can Enhance

Treatment Responsiveness

Clinical applications of PDT in cancer treatment are encouraging; however,
improvement of long-term PDT responsiveness is needed to decrease tumor recurrences.
In the first part of this thesis study it was shown that multiple components of PH-PDT
can induce AKT activation [176]. The aim of the following section of this study is to
evaluate PDT responsiveness in combination with an effective AKT inhibitor, PI-103,

both in witro and in vivo experiments. PI-103 is a non-toxic, dual PI3-K /mTOR
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Figure 4.11 PH-mediated PDT and light alone induce AKT phosphorylation in human BT breast
cancer tumors. Athymic mice with subcutaneously transplanted BT tumors were injected with PH (5
mg/kg) and then 24 hr later the tumors were exposed to a 100 J/cm? dose of 630 nm light. Additional
mice were exposed to light alone or kept in the dark following PH administration. Tumor lysates were
collected 1 hr after treatment and assayed for phospho-AKT, total AKT and actin. (a) Western
immunoblot analysis for two separate experiments and (b) densitometric readings obtained from the
immunoblots. *The increase in phospho-AKT above control was statistically significant (p<0.05) for
PDT (n = 4).

inhibitor that was shown to effectively inhibit AKT phosphorylation in different mouse
tumor models [172].

4.2.1 PI3-K Inhibitor PI-103 Effectively Inhibits PDT-mediated AKT Ac-

tivation n vitro

In order to confirm that PI-103 effectively inhibits AKT phosphorylation in the
C3H/BA mouse mammary carcinoma cell cultures, these cells were exposed to PH

alone, PH treatment followed by light exposure (PH-PDT) or were left untreated in
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the absence or presence of PI-103. The cell lysates were collected and the levels of
phospho-AKT at the position of both Ser 473 and Thr 308 as well as total AKT and
actin were evaluated by western immunoblot analysis. As shown in Figure 4.12, PI-103
at the concentration of 0.1 M significantly decreased AKT phosphorylation at both
sites and importantly, phospho-AKT was completely diminished in cells treated with
1 uM or above concentration of PI-103 inhibitor. Moreover, DMSO was used as a
carrier for PI-103 and it was added to cultures that did not receive PI-103 and showed
no inhibitory effect. These results clearly demonstrate that PI-103 effectively inhibit
PDT-mediated AKT phosphorylation at both Ser 473 and Thr 308 without affecting

the total AKT expression in our culture system (Figure 4.12).
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Figure 4.12 PI-103 inhibits AKT phosphorylation at both Ser 473 and Thr 308. C3H/BA cells were
grown for 24 hr in complete media and than incubated with PH (25 pg/ml) in dark for 16 hr that
was followed by exposure to broad-spectrum red light (315 J/m?) as indicated. After treatments, cell
cultures were refed with fresh media in the absence or presence of PI-103 at 0.1, 1, 10 uM concen-
trations. Following 2 hr incubation, cell lysates were collected and analysed by western immunoblot
analysis for protein levels of phospho-AKT at the position of both Ser 473 and Thr 308, total AKT
and actin.

4.2.2 PI-103 Inhibits PDT-mediated AKT Phosphorylation in a Concen-

tration Dependent Manner

In order to determine the minimum and most effective PI-103 concentration

with least side effects, the PH-PDT treated C3H/BA cell cultures were incubated at
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different PI-103 concentrations and cell lysates were analyzed 2 hr (Figure 4.13a) and
24 hr (Figure 4.13b) post-treatment. The Figure 4.13 clearly shows that PDT-enhanced
phospho-AKT levels gradually decreases as the PI-103 concentration increase, where,
concentrations between 0.2 and 0.3 uM is sufficient for complete inhibition of AKT
phosphorylation (Figure 4.13a). Importantly, this dose dependent decrease in AKT
phosphorylation was also observed 24 hr post-PDT treatment suggesting that, the
effects of PI-103 in AKT inhibition is stable in our cell culture system (Figure 4.13b).

a b
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Figure 4.13 PI-103 inhibits PDT-mediated AKT phosphorylation in a concentration dependent
manner. (a, b) C3H/BA cells were plated for 24 hr in complete media and then treated with PH (25
pg/ml) for 16 h followed by light (315 J/m?) exposure as indicated. After treatments, cell cultures
were refed with fresh media in the absence or presence of PI-103 at various concentration from 0.05
to 0.4 uM for 2 hr (a) or 24 hr (b). Following treatment, cell lysates were collected and analyzed by
western immunoblot analysis for protein levels of phospho-AKT at the position of Ser 473, total AKT
and actin.

After determining the optimum PI-103 concentration as 0.25 uM for in vitro ex-
periments, next, the earliest effective time point for PI-103 treatment was determined.
For this experiment, the effect of PI-103 was evaluated in a time course where cell
lysates were collected starting from 15 min to 1 hr (Figure 4.14). Our western blot
analysis results showed that PI-103 completely inhibited PDT-mediated AKT phos-
phorylation at both Ser 473 and Thr 308 within 15 min. Taken together, these findings
clearly demonstrated that concentrations of PI-103 as low as 0.25 uM effectively inhib-
ited PDT-mediated AKT phosphorylation and this effect was rapid (within 15 min)

but importantly stable at least for 24 hr.
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Figure 4.14 PI-103 inhibits PDT-mediated AKT phosphorylation within 15 min. C3H/BA cells
were plated for 24 hr in complete media and then treated with PH (25 ug/ml) for 16 hr followed by
light (315 J/m?) exposure as indicated. After treatments, cell cultures were refed with fresh media in
the absence or presence of PI-103 at the concentration of 0.25 uM. Cell lysates were collected 15 min,

30 min or 1 h following treatment and analyzed by western immunoblot analysis for protein levels of
phospho-AKT at the position of both Ser 473 and Thr 308, total AKT and actin.

4.2.3 PI-103 Effectively Decreased the Formation and Size of Colonies in
Combination with PDT

To determine the toxicity of PI-103 on C3H/BA cells; PH-PDT-treated, PH
alone or control cells were grown in dark in the presence or absence of various PI-103
concentrations for 11 days. The number of colonies formed at the end of this period
was examined by methylene blue staining. In parallel, the level of PDT-mediated
AKT phosphorylation under these conditions were analyzed by western blot. As found
in the previous section, 0.25 uM of PI-103 effectively inhibited PDT-mediated AKT
phosphorylation at both Ser and Thr sites (Figure 4.15a). Moreover, the number and
size of colonies formed in 11 day old cultures were gradually decreased in PH alone or
PDT-treated cells incubated in the presence of increasing amounts of PI-103 (Figure
4.15b). Quantification of the number of colonies indicated that cultures grown in
0.25 uM or higher concentrations of PI-103 has a significant toxic effect on the colony
formation (Figure 4.15c). Together, our results in colony formation assay showed that
PI-103 treatment in combination with PH-PDT treatment has significant cytotoxic

effects and grants further analysis in vitro and in vivo experiments.
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Figure 4.15 PDT-induced AKT phosphorylation and colony formation was dose dependently blocked
by PI-103. Murine C3H/BA cells were plated for 24 hr in complete media and incubated with PH for
16 hr in dark and exposed to broad-spectrum red light (315 J/m?). Then, cell cultures were incubated
in dark for an additional 2 hr in the presence or absence of PI-103 at concentrations ranging from 0.1
to 1 uM. (a) Cell lysates from control, PH alone and PDT cultures were collected and assayed for
protein levels of phospho-AKT, total AKT, and actin by western blot analysis. (b) Following culturing
as explained above, PH-PDT-treated (3000 cells seeded), PH alone (300 cells seeded) or control cells
(300 and 3000 cells seeded) were grown in dark in the presence or absence of PI-103 for 11 days. To
determine colony formation, the cultures were stained with methylene blue and plates were scanned
for image analysis. The remaining colonies having 30 cells or more are counted and illustrated as a
graph for survival rate in different concentrations of PI-103 (¢). The PH alone control was normalized
to untreated controls without PI-103 and set to 100 %. * The decrease in survival was statistically
significant (p<0.05) compared to cultures grown in the absence of PI-103. The experiment was carried
out in triplicates where n = 3.

4.2.4 PI-103 Increased Apoptosis in PH-PDT Treated Murine Breast Can-

cer Cells

In order to further investigate the cytotoxic effects of PI-103 on PDT-treated
C3H/BA cells, it was examined whether PI-103 treatment caused apoptosis. For this
analysis, the apoptosis-induced DNA damage was quantitatively determined by colori-
metric ELISA analysis 6 hr post-PDT. Our results demonstrated that, PI-103 at a con-
centration of 0.25 pM induced a significant increase in apoptosis in only PDT-treated

C3H/BA cells compared to controls (Figure 4.16). This finding implied that PI-103
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significantly increased the PDT treatment response in vitro, whereas, the previously
examined PI3-K inhibitors, Wortmannin and 1.Y294002, were unable to significantly
increase apoptosis in PDT-treated cultures (Figure 4.8). Collectively, PI-103 emerges
as a promising and effective inhibitor of AKT phosphorylation that should be fur-
ther investigated for experimental and clinical application in combination with PDT

treatment.

=y
o
|

O Control BPH @ PDT

=y
(=]
L

L=y
L

1.8

1.0 0.9 —

- - - + + +

Apoptosis Index in C3H/BA Cells

i=]

PI-103 (0.25uM)

Figure 4.16 PI-103 increased apoptosis in PDT-treated murine C3H/BA breast cancer cells. Murine
C3H/BA cells were plated for 24 hr in complete media and incubated with PH for 16 hr in dark and
exposed to broad-spectrum red light (315 J/m?). Then, cell cultures were incubated in dark for an
additional 6 hr in the presence or absence of PI-103 at a concentration of 0.25 pM. Apoptosis was
measured by using the Cell Death Apoptosis Detection ELISA Plus kit according to manufacturer’s
protocols. Results are expressed as the mean + SE of three separate experiments. *The change in
apoptosis was statistically significant (p<0.05).

4.2.5 PI-103 Effectively Inhibits Phosphorylation of Downstream Targets
of AKT

It is well-documented that, AKT activation increases cell survival. A possi-
ble mechanism that could account for this is that, AKT directly regulates glucose
metabolism by activation of Glycogen synthase kinase 3 (GSK-3) [144, 145, 147]. An-
other possible AKT-regulated pathway is through mTOR, which is a large protein
kinase that regulates protein synthesis and growth through downstream effectors, such
as "ribosomal S6 kinase 1" (rpS6) (Figure 2.7) [157]. AKT phosphorylation leads to

direct phosphorylation of GSK-3 and indirectly stimulates rpS6 phosphorylation that
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results in activation of AKT pathway.

To this point, the effects of PI-103 on PDT-mediated AKT phosphorylation
have been investigated. Next, it was examined whether PI-103-mediated inhibition of
AKT phosphorylation leads to deactivation of AKT pathway. For this experiment,
the phosphorylation of GSK-3 and rpS6 was analyzed in PDT-stimulated C3H/BA
cancer cells in the presence of various concentrations of PI-103. The phosphorylated
and total protein levels of AKT, GSK-3 and rpS6 as well as actin were analyzed by
western blots (Figure 4.17). As previously shown, PDT-mediated phosphorylation of
AKT at Ser 473 was completely diminished by PI-103 at concentrations above 0.2 M
where total AKT protein levels were remained unchanged. Importantly, this inhibition
in AKT phosphorylation correlated with a complete block of rpS6 phosphorylation
and a significant decrease in GSK-3 phosphorylation in samples treated with PI-103
was dose dependent. Surprisingly, total rpS6 protein levels were decreased in PI-103
treated samples suggestive of downregulation of rpS6 protein expression which was an
intriguing observation for further investigation. Taken together, these results clearly
demonstrated that PI-103 inhibited phosphorylation of AKT and its downstream tar-

gets GSK-3 and rpS6, and led to subsequent inactivation of AKT pathway.

4.2.6 PI-103 Inhibits PDT-mediated AKT Phosphorylation in Animal Tu-

mor Models

The previous analysis firmly established an inhibitory role for PI-103 on PDT-
mediated AKT phosphorylation and activation in wvitro. In order to determine the in
viwo relevance of this finding, C3H mice with subcutaneously transplanted breast ade-
nocarcinoma tumors were treated with PDT in combination with PI-103 and assayed
for protein levels of phospho-AKT by western blot analysis (Figure 4.18). First, it was
reevaluated whether PH alone, light exposure alone or PDT induces AKT phospho-
rylation in animal tumors. The quantitative densitometric analysis of phospho-AKT
protein levels in tumors treated with PH alone or light alone was slightly but insignifi-

cantly increased compared to the levels detected for untreated control tumors (Figure
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Figure 4.17 PI-103 inhibits phosphorylation of downstream targets of AKT. Murine C3H/BA cells
were plated for 24 hr in complete media and incubated with PH for 16 hr in dark and exposed to
broad-spectrum red light (315 J/m?). Then, cell cultures were incubated in dark for an additional 2
hr in the presence or absence of PI-103 at the concentrations of 0.05, 0.1, 0.2, 0.3 and 0.4 uM and cell
lysates were collected and assayed for phospho-AKT, total AKT, phospho-GSK-3a/3, GSK-3a/f3,
phospho-rpS6, rpS6 and Actin.

4.18a). Even though some animals in each group showed detectably higher levels com-
pared to counterparts, the statistical analysis did not show any significant change.
These differences can be explained by animal to animal experimental variation. On
the other hand, tumors treated with PDT showed significantly higher levels of phospho-
AKT compared to controls. Importantly, the result of this experiment was consistent
with the previous analysis (Section 4.1.6) [176] and showed that single components
of PDT may induce low levels of AKT phosphorylation in vivo; however, only PDT

treatment led to significant enhancement compared to control.

Next, the inhibitory effects of PI-103 on PDT-mediated AKT phosphorylation
was evaluated ¢n vivo. The animal tumors were created and treated as explained above
with an additional PI-103 treatment after PDT. Consistent with results obtained from
cell cultures (Figure 4.12), PI-103 treated tumors showed a near complete reduction

in AKT phosphorylation induced by PDT (Figure 4.18b). This presented a novel
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finding since the application of PI-103 or any other AKT inhibitor was not reported
to be successful in combination therapies with PDT in vivo. Given that, effective
doses of PI-103 did not cause any detectable levels of toxicity in murine tumor models,
the application of PI-103 in combination with PDT in clinical research grants further

investigations and an intriguing possibility to enhance treatment response.
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Figure 4.18 PI-103 inhibits PDT-induced AKT phosphorylation in murine BA tumors. (a) C3H/BA
mice with subcutaneously transplanted tumors were injected intravenously with PH (5 mg/kg) and
kept in dark for 24 hr. Then, the tumors were exposed to 100 J/cm? dose of 630 nm light. Additional
mice were exposed to light alone or kept in the dark following PH administration. Mice were sacrificed
40 min following PDT treatment and tumor lysates were collected and assayed for phospho-AKT, total
AKT and actin protein levels by western blot analysis. *The increase in phospho-AKT levels for PDT
treatment was statistically significant over PH alone, light alone and untreated controls (p<0.05, n =
3). (b) Tumors were generated and treated in mice as above and PDT was followed by two injections
of PI-103 (50 mg/kg) in 20 min interval. Control mice were injected with DMSO vehicle. Mice were
sacrificed 20 min following the second PI-103 injection. Tumor lysates were collected and assayed
as above. *The phospho-AKT levels in tumors treated with PI-103 in combination with PDT was
statistically lower than PDT-treated or control mice (p<0.05, n=3).
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4.3 Photo-toxic Effects of 809-nm Diode Laser and Indocyanine
Green on MDA-MB231 Breast Cancer Cells

This part of the thesis is devoted for the results of experiments which employed
a different photosensitizer Indocyanine Green (ICG) for PDT application on breast
cancer cells. Breast cancer is the most common cause of cancer mortality in women
[181]. For our analysis, an aggressive type of human breast cancer cell line, MDA-
MB231, was used for [CG-mediated PDT treatment for the first time in the literature
[182]. For these analysis, cultures incubated with ICG were treated with a computer
controlled 809 nm diode laser that was designed and manufactured in our laboratory
[174]. The laser system was set to deliver the light output via optic fibers to a lens
system in order to illuminate specific wells of the culture plate with a constant energy

density.

ICG is a non-toxic, water-soluble and bio-compatible molecule that has photo-
sensitizing ability for PD'T applications. Since ICG exhibits strong maximum absorp-
tion at around 805 nm, that represents an advantage for its use in PDT. Importantly,
light at that wavelength can be used to treat deeper tumors which is a major limitation
for clinical applications of PDT. Therefore, ICG-PDT is an ideal candidate for ther-
apy for patients with solid breast cancer. In this study we investigated the inhibitory
growth effects of ICG-PDT on MDA-MB231 human breast cancer cells in a time course

experiment.

4.3.1 ICG-PDT Exhibits Strong Photo-toxic Effects on Breast Cancer
Cells

To determine the effects of ICG-PDT on the viability of MDA-MB231 human
breast cancer cells, MTT cell survival assay was employed. To start with, the immedi-
ate cytotoxic effects was measured after treatment (t = 0). Even though ICG or light
treatments on their own did not result in any significant cytotoxicity, the ICG-PDT

treatment lead to a significant decrease in cell viability compared to untreated cultures
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(Figure 4.19). It is surprising to observe this five fold decrease in ICG-PDT sam-
ples over controls immediately after treatment. This result indicates that ICG-PDT

effectively causes cell death in MDA-MB231 cells within minutes after treatment.
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Figure 4.19 ICG-PDT exhibits significant cytotoxicity in human MDA-MB231 breast cancer cells
within minutes. MDA-MB231 breast cancer cells grown in 96-well plates for 16 hr were divided into
ICG-PDT, ICG alone, Light alone and untreated control groups. Indicated groups were refed with
complete media supplemented with 50 M ICG for 24 hr in dark. Light and ICG-PDT samples were
exposed to light at 809 nm with a total energy density of 24 J/cm?. Immediately after treatment
the viability of cells in each well was measured by MTT analysis (Details in Materials and Methods).
*The decrease in cell viability in ICG-PDT group is significant (p<0.01, n = 16) over controls.

4.3.2 The Growth Inhibitory Effect of ICG-PDT is Stable

Next, the cytotoxic effects of ICG-PDT was analyzed at different time points
and stability of this effect was measured by MTT assay. To check the ICG-PDT
responsiveness on MDA-MB231 cell line, cultures following 3, 6, 9, 12, 24 and 48 hr
after PDT treatment were analyzed in a time course experiment (Figure 4.20). The
results of this experiment showed that, at all time points cell cultures that received
ICG-PDT treatment had significantly decreased cell viability compared to other groups
that received ICG alone, light alone or kept untreated (Figure 4.20a). Importantly, this
high photo-toxic effect of ICG-PDT was stable at least for 48 hr.
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In order to quantitatively examine relative cell viability after PDT treatment,
the absorbance values measured at each time point for ICG-PDT treated cultures
with respect to control were plotted as per cent value (Figure 4.20b). This analysis
indicated that the photo-toxic effects of ICG-PDT gradually increased by time. The
samples collected at 3 hr after ICG-PDT treatment showed that only 26 % of the
population remained alive. Importantly, 48 hr after ICG-PDT treatment, relative cell
viability of MDA-MB231 breast cancer cells with respect to control decreased to 4.6
%. This is a significant finding in that, even though the cell numbers doubled in 48
hr as observed by the absorbance readings increasing from 0.3 (at t = 0) to 0.6 (at
t = 48 hr), the ICG-PDT values continued to decrease. This analysis showed that,
the ICG-mediated PDT treatment have long-lasting cytotoxic effects on MDA-MB231
breast cancer cells. These findings are in accordance with previous reports showing
that, cancer cell lines incubated with ICG followed by laser irradiation in the range
of NIR lead to cell death by photo-oxidation [56, 3, 58, 59, 60]. The findings of this
study grants further experimental and clinical investigation of ICG-PDT applications

in breast cancer treatment.
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Figure 4.20 ICG-mediated PDT treatments severely and stably decreased cell viability in human
MDA-MB231 breast cancer cells. (a) MDA-MB231 breast cancer cells grown in 96-well plates for
16hr were divided into ICG-PDT, ICG alone, Light alone and untreated control groups. Indicated
groups were refed with complete media supplemented with 50 uM ICG for 24 hr in dark. Light and
ICG-PDT samples were exposed to light at 809 nm with a total energy density of 24 J/cm?. Following
3, 6,9, 12, 24 and 48 hr after treatment, the viability of cells in each well was measured by MTT
analysis (Details in Materials and Methods). * The decrease in cell viability in ICG-PDT groups
are significant (p<0.01, n=16) over controls. (b) Quantitative analysis of relative cell viability of
ICG-PDT over controls at different time points after treatment.
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5. CONCLUSION

5.1 Combination Cancer Therapies Employing AKT Pathway
Inhibitors with PH-PDT may Enhance Treatment Response

PDT is a well-established, minimally invasive, non-toxic approach for clinical
cancer treatment. Additionally, PDT treatment has relatively less side-effects, short
patient recovery period and is easier to apply compared to other therapy methods,
such as surgery, chemotherapy and radiotherapy. PDT has three major components; a
photosensitizer, light at a certain wavelength and oxygen. According to the location,
size and the tissue origin of the tumor, an appropriate photosensitizer and compatible
light source are determined for PDT procedure. Among all approved photosensitizers,
Photofrin stands as the first and the most commonly used photosensitizing drug for
PDT applications in clinical cancer treatment. Even though there is a high success
rate in death of tumor cells by PDT, there is also a risk of tumor relapse following
treatment. It is well-accepted that, the remaining tumor cells that survived besides
treatment are the main cause of tumor reoccurrence. The molecular analysis of the
remaining tumor cells indicated a possible role for PDT-mediated oxidative stress to
enhance cell survival [12]. Discovering the molecular components of this PDT-induced
cellular survival is one of the major challenges for improving PDT response to prevent

tumor reoccurrence.

A variety of cytotoxic and survival responses are observed following PDT [30].
Oxidative stress is effective at initiating numerous molecular responses including the
activation of AKT [107, 120]. AKT is a target of PI3-K and this pathway plays a critical
role not only in tumor development but also in the tumors response to cancer treatment.
A major function of phosphorylated and activated AKT is to promote cell survival and
to block apoptosis [175]. AKT increases cell survival in a PI3-K-dependent manner
and efforts to target or deregulate AKT are being pursued as means of enhancing

conventional chemotherapy and radiation therapy [175].
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This thesis study addressed important issues to develop better approaches to
enhance PDT response in cancer treatment. The results of these study showed that
PH-mediated PDT induces AKT phosphorylation in murine and human breast cancer
cells and tumors |176]. These results are expected as previous reports have clearly
shown that reactive oxygen species, including singlet oxygen, can phosphorylate and
activate AKT [120, 121]. The possible mechanism of PDT-induced AKT activation is
illustrated in Figure 5.1. In addition, it was also demonstrated that blockage of AKT
phosphorylation using PI3-K inhibitors can increase apoptosis in PDT-treated cells and
this also agrees with previous work [120]. The observations of AKT phosphorylation
following incubation of breast cancer cells with PH in the absence of light and following
treatment of experimental breast cancer tumors with light alone suggest that individual
components of PDT can activate signaling pathways. It is currently unclear exactly why
PH alone or light alone can induce AKT phosphorylation. A variety of chromophores,
including porphyrin-based molecules, are found within cells and these molecules may
interact with light to elicit the photochemical generation of oxidative stress. The in
vivo light dose was higher than the n wvitro light dose and this could contribute to the
observed increase in AK'T phosphorylation in tumors treated with light alone but not
in cell cultures. In conclusion, individual components of the PDT procedure were able

to induce AKT phosphorylation in cancer cells and in animal tumor models.

The findings from our in vitro experiments with AKT pathway inhibitors; Wort-
mannin, [LY294002 and PI-103, showed that these inhibitors attenuated PDT-induced
phosphorylation. However, Wortmannin and L.Y294002 have considerable side-effects
due to high toxicity, therefore they are not suitable for further studies in animal mod-
els. Importantly, dual PI3-K and mTOR inhibitor PI-103 (Figure 5.1) has negligible
cytotoxicity and minimal side effects besides being highly effective in AKT pathway
inhibition. Our further analysis in animal models clearly showed that PI-103 inhibited
PDT-mediated AKT phosphorylation in tumors without any detectable side-effects.
In this regard, our findings suggest PI-103 as a promising candidate improve PDT
treatment. In order to enhance clinical response of PDT treatment, PI-103 may be co-
administered with PDT to inhibit AKT activation, thus prevent tumor relapse. In fact,
specific inhibition of AKT pathway is a good therapeutic strategy for cancer. Many
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Figure 5.1 Schematic presentation of pathways leading to PDT-mediated AKT activation

of the new targeted agents have been specifically designed to act on AKT related tar-
gets. In fact, PDT responsiveness can be increased with combinatorial approaches with
multitarget inhibitors or appropriate anti-angiogenic compounds [108, 109, 110, 116].
Our findings strongly support the possibility that PDT treatment in combination with
AKT inhibitors have clinical relevance in cancer treatment in humans. Our results

grants further in vivo and clinical studies to investigate this possibility.
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5.2 ICG-PDT is a Promising Alternative for Treatment of Deep-

tissue Tumors

Our discussion in the previous section focused on improving PDT response to
prevent tumor reoccurrence by combination therapies. Another major challenge in
PDT treatment is to develop new photosensitizers that are suitable to be used at
wavelengths to treat deep tissue tumors. The photosensitizer ICG has maximum ab-
sorption at around 800 nm which can penetrate relatively deep into the tissue. Our
studies focused on the initial in vitro examination of ICG-PDT on breast cancer cells
to test the possibility that whether this method presents an alternative for treatments

deeply localized tumors in future.

ICG-PDT has been reported to be effective in inducing cell death in a variety
of cancer cell lines. Even though, it has not been approved for clinical treatment of
cancer, it represents a promising candidate. The molecular basis of ICG-PDT medi-
ated cell death is unclear; However, it has been proposed to have both photothermal
[61, 62, 183 and photochemical [58, 59| effects. In our studies, highly metastatic breast
cancer cells, which have never been reported in ICG-PDT experiments, were employed.
Additionally, a computer controlled 809 nm diode laser which was designed and man-
ufactured by our group was used to photoactivate ICG [174]. Our results showed that
ICG when used in combination with near-infrared light showed an effective phototoxic
effect on human breast cancer cells [182]. Importantly, this cytotoxic effects mediated
by ICG-PDT was rapid and stable. In order to examine the in vivo relevance of this
finding, future work should focus on testing the in vivo effects of ICG-PDT on ani-
mal tumor models. Additionally, it is important to investigate the molecular basis of
ICG-PDT mediated cell death in tumors to develop strategies to overcome possible
side-effects as observed for PH-PDT. Our findings represent a promising start for the

ICG-PDT applications on the treatment of breast cancer in clinics.
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