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Abstract

Prostate cancer (PCa) is the most common cancer in men and the third leading cause of
cancer-related deaths in Canadian men. Despite hormone and radiation therapies, most patients
progress to late-stage metastatic castrate-resistant prostate cancer (NCRPC). /’Lu-PSMA617
radioligand therapy (rLT) is a radioactive biochemical substance that targets the human prostate-
specific membrane antigen (hPSMA). This rLT has been used in compassionate trials in mMCRPC
patients and has been demonstrated significant clinical efficacy. However, recent findings
suggest that this efficacy is short-lived, and most patients exhibit tumor recurrence. Here we
establish a murine model to study the anti-tumor effects and the corresponding immune response
of Y"Lu-PSMAG617 rLT on prostate cancer. We generated a doxycycline-inducible hPSMA-
expressing murine prostate cancer ((PSMA TRAMP-C2) cell line with high binding responses to
PSMAG617. Using this system, we evaluated the in vitro and in vivo binding of *""Lu-PSMA617
to the hPSMA TRAMP-C2 cell line. Here, we show that the hPSMA TRAMP-C2 cell line
expresses hPSMA upon doxycycline induction and that 1’/Lu-PSMAG617 can bind to its target in
vitro and in vivo. Together, these results show that the developed hPSMA TRAMP-C2 cell line
can be used to investigate therapeutic and immunological responses targeted against hPSMA in

prostate cancer.
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Chapter 1: Introduction

Summary of Prostate Cancer

Prostate cancer (PCa) is the most common cancer in Canadian men. Recent analysis
suggests that 1 in 7 men will be diagnosed with prostate cancer in their lifetime [1, 2]. PCa
progresses slowly during early stages but can be aggressive and lethal during late stages [1].
Although PCa has one of the highest five-year survival rates compared to other cancers,
treatments for patients with late-stage PCa are ineffective [1, 3, 4]. The current standard-of-care
treatments are only effective during the early stages of PCa. These treatment options become
ineffective as the disease progresses to a hormone-dependent state. Androgen deprivation
therapy (ADT) is often prescribed to patients at this stage of PCa [5, 6]. However, patients
receiving ADT advance to a hormone-independent state known as castrate-resistant prostate
cancer (CRPC) [2, 4]. Patients with CRPC rapidly advance to the final stage of PCa known as
metastatic castrate-resistant prostate cancer (MCRPC), for which there is currently no cure [2, 4].
This clinical problem forms the rationale for my thesis aimed at developing effective, novel

therapies that can be used to treat patients with mCRPC.

1.1. Diagnosis

Prostate cancer is a slow growing disease and symptoms may not present themselves for
many years [1, 3, 7]. The diagnosis of PCa is based on microscopic evaluation of prostate tissue
acquired through a needle biopsy. A primary and secondary Gleason grade (on a scale of 1 to 5)
are attributed to the sample based on most dominant histological patterns observed [8, 9]. The
diagnosis is further stratified into low, intermediate and high-risk based on the sum of the

Gleason scores and prostate specific antigen (PSA) levels in the blood. Combined Gleason scores



of 8, 9 or 10 can lead to death in significantly shorter amount of time compared to lower sums (<
6) [10, 11]. A study conducted on untreated cancer patients by Albertsan et al. showed that men
with tumors of Gleason score 5 had 6 - 11% mortality rate at 20 years post-diagnosis [8, 10]. In
the same 20-year follow-up analysis, this mortality rate slowly increased to 70% (Gleason score
7-8) and 87% (Gleason score 10) with few patients surviving past 15 years post-diagnosis [10]
Technological advances have allowed the diagnostic field to generate innovative imaging
technologies that enhance diagnostic performance. The most notable has been the
multiparametric magnetic resonance imaging (MRI). A prospective study of 1003 men who had
received prostate biopsies found that targeted biopsies through MRI-ultrasound fusion identified
30% more cases of Gleason score >4 + 3 disease compared to systemic prostate biopsies [11,
12]. New molecular biomarkers that classify tumor aggressiveness have also become available.
Using biopsy tissue, a cell cycle progression score based on 31 genes can be utilized to predict
clinical outcome [13]. There has also been increased interest in diagnosing with positron
emission tomography (PET) scans. Various radiotracers such as 8F-fluciclovine PET-CT and
11C-choline PET-CT provide >80% sensitivity in PCa [14]. Recently, PET-CT and PET-MRI
based on prostate-specific membrane antigen (nPSMA,; an enzyme overexpressed in PCa cells)
showed favorable sensitivity to existing modalities, particularly in patients with low PSA levels

and for detection of distant bone metastases [4, 12, 15].

1.2. Prostate Specific membrane antigen

Prostate specific membrane antigen (hPSMA), also known as glutamate carboxypeptidase
2 or N-acetyl-L-glutamate peptidase I, is a type-11 membrane protein highly expressed on
prostate cells compared to other sites in the body [16, 17, 18]. This expression of hPSMA

increases significantly as PCa progresses to later stages [16, 17, 18].



hPSMA has a three-part structure including: a 19-amino-acid (AA) internal portion, a
23AA transmembrane and a 707AA external portion [18, 19]. It is known to have enzymatic
activities and acts as a glutamate-preferring carboxypeptidase [18, 19].

One unique characteristic of APSMA is that its known to have an internalization signal
that allows the surface protein to enter the cell as an endosome. This characteristic makes it an
attractive target for diagnosing and treating PCa with hPSMA-targeting agents [5, 19]. As
mentioned, hPSMA is known to be highly expressed in PCa, particularly in poorly differentiated,
metastatic, castrate-resistant carcinomas [19, 20]. These two characteristics can help distinguish
local versus advanced/metastatic PCa and target distant metastatic sites.

Over the past two decades, hPSMA’s unique characteristics have been exploited to
generate antibodies and ligands that can target this protein. One of the first agents targeting
hPSMA was a monoclonal antibody called mAb 7E11 used to detect hPSMA on the human
prostate cancer cell line LNCaP [19, 20]. The next generation of antibodies were further
improved to target the extracellular portion of hPSMA which could be internalized by hPSMA-

expressing cells [19, 20]

1.3. Treatments in Prostate Cancer

Once the PCa stage and aggressiveness are assessed, treatments are recommended based
on patient’s risk assessment, age of the patient, and doctor’s recommendation. Low-risk patients
are recommended active surveillance to monitor progression; intermediate- to high-risk patients
are suggested radical prostatectomy, various levels of radiation therapy (RT) and androgen-
deprivation therapy (ADT) [1, 8, 21]. For patients who fail multiple lines of treatment and
progress to mMCRPC (bone metastases), there are no viable treatment options available. Currently

there are many new therapies in development that may benefit patients in the future.



1.3.1. Active Surveillance and watchful waiting

As a measure to provide the most effective treatment option to patients, active
surveillance (AS) was introduced. Patients diagnosed with low-risk or with localized disease are
recommended active surveillance (monitoring for PCa without going through therapy) [8, 21,
22]. Active surveillance includes multiple PSA testing, physical examinations and prostate
biopsies with an intent to cure the disease. Watchful waiting consists of treating symptoms for
only palliative intent. Active surveillance is also suggested to low-risk patients for better quality
of life. A trial performed by Prostate Testing for Cancer and Treatment randomized 1643 men
(ages 50 to 69) with diagnosed localized PCa into AS (n=545), surgery (n=553), or radiation
(n=545). There was no significant difference in the mortality rate at 120 months between the
three groups [8, 12]. Even though 50% of AS group had to receive treatment in the future, they

were reported to have better quality of life compared to the other two groups [12].

1.3.2. Radical Prostatectomy
Radical Prostatectomy (RP) is a surgical procedure in which the whole prostate and

seminal vesicles are removed. This is an effective treatment option for patients whose cancer has
not yet spread outside the prostate (stages | and I1). The surgery can be performed with open or
laparoscopic surgery. The type of surgery is left to the surgeon's discretion although men
undergoing laparoscopic surgery have lower blood-loss and shorter recovery time compared to
open surgery [8, 9, 24]. There has been no concrete evidence to suggest if one surgical procedure
is better than the other [8, 9].

Once the prostate is removed and if the cancer is still localized, PSA levels can drop to
zero. A randomized controlled trial reported that RP led to increased reduction in mortality rate

compared to the AS group only if the tumor was completely removed [8, 24]. A study performed



by the Scandinavian Prostate Cancer Group randomized 695 men to surgery or watchful waiting
with 76% of the patients having a palpable tumor [8, 25]. The results showed that benefits of
surgery became more significant over time. In 10 to 18 years post-diagnosis, clinicians saw

significant reductions in metastases and need for ADT [25].

1.3.3. Radiation Therapy in PCa
Radiation therapy (RT) has been a standard therapy option for patients with localized

tumor. RT includes a treatment in which ionizing radiation is utilized to kill cancer cells [6, 26].
It is widely used as a primary treatment for PCa but can also be used as an adjuvant treatment.
RT can be delivered as external beam radiation therapy (EBRT), brachytherapy or as systemic
radiation therapy [26, 27].

EBRT utilizes a high-energy radiation from an external source to deliver a radiation load
to the tumor. For an accurately targeted-radiation, three small gold markers are used to visualize
the exact location of the prostate before the radiation is delivered [6, 28]. Although there are
many different modalities through which EBRT can be delivered, most patients are
recommended 3-dimensional conformal radiation therapy (3D-CRT) or intensity modulated
radiotherapy (IMRT) and more recently through volumetric modulated arc therapy (VMAT) [6,
26, 27]. These modalities were developed to ensure a targeted and effective dosage to the tumor
while decreasing damage to nearby healthy tissue.

The radiation dosage is measured in Grays (Gy). A standard clinical dosage for
conformal radiotherapy is 74 Gy given in 2 Gy doses or “fractions” to the prostate. Once the
patient receives radical prostatectomy, this radiation load is reduced to 66 Gy [29, 30]. Dose
escalation has been shown to reduce PSA levels but has not shown significant improvement in

overall survival [30].



Brachytherapy is another method for delivering radiation dosage [31, 32. 33]. Instead of
using an external radiation source, radioactive seeds are placed in the prostate, and the dosage is
administered as internal radiation [32]. Brachytherapy implants can be either temporary or
permanent depending on the radiation dosage. Brachytherapy is mostly used for low-to high-risk
patients and can be divided into two groups: high-dose rate (HDR) and low-dose rate (LDR) [33,
34]. LDR is utilized for patients classified as low-risk. HDR brachytherapy is recommended for
high-risk patients and is used together with EBRT to boost the radiation dose to the tumor site
[32, 33, 34].

Systemic radiation therapy is a developing treatment option for patients with
metastasized PCa [27, 35]. In this treatment, a radioactive substance, such as radioactive iodine
or a radioactively labeled monoclonal antibody is administered to the patient, which circulates
through the blood to reach distant tumor sites [36]. PCa metastasizes through the lymph node and
later to the bone. Radium-223 dichloride is a type of approved systemic radioisotope that
particularly targets bone metastases in PCa patients [26, 36]. It is primarily an alpha emitter
(energy range 5 - 7.5 MeV) with a half-life of 11.4 days [26, 36]. This treatment has been shown
to improve overall survival by 3.6 months compared to standard treatment options [36]. Since
Radium-223 only targets bone metastases, other non-bone tumor metastases (lymph nodes) are
unaffected [7, 26, 36]. Although this treatment has been successful in patients, more effective

treatment options are needed for patients with mCRPC.

1.3.4. Androgen Deprivation Therapy

Androgen deprivation therapy (ADT) continues to be the first-line treatment for patients

with mCRPC. Prostate cells rely on the androgen receptor (AR) signaling pathway [1]. This



pathway is important for development and function of normal prostate cells and plays an
important role in growth of malignant PCa cells.

ADT is utilized to limit or deplete the action of androgens on malignant prostate cells.
This can be achieved through surgical (bilateral orchiectomy) or chemical castration. Surgical
castration involves the removal of testes which reduces the hormone levels. Chemical castration
delivers approved drugs that act on hypothalamus-pituitary-gonadal (HPG) axis. Beginning in
the hypothalamus, luteinizing hormone-releasing hormone (LHRH) signals to the pituitary gland
to release luteinizing hormone (LH) which induces release of androgens [37, 38]. The anterior-
pituitary gland can also secrete adrenocorticotropic hormone (ACTH) which stimulates the
adrenal glands to release androgens. This axis, together with the testes produces all the body’s
androgen supply [37, 38]

LHRH agonists and antagonists act on the HPG axis to limit the production of LH and
thus, depleting the androgens produced by the testes [38, 39]. Although this treatment can be
effective in metastatic PCa patients, some advance to the more lethal stage of mCRPC [38, 39].
There have been advances to develop next-generation ADT treatments such as Abiraterone and
Enzalutamide [40, 41]. These agents have shown mixed success in PCa patients that have
progressed to mCPRC [40. 41. 42]. Another downside to these treatments is the prevalence of

adverse events and related toxicity during treatment [40, 41].

1.3.5. New Advances in PCa Treatment

New developments using hPSMA’s characteristics have included generating a new type
of therapy, known as radioligand therapy (rLT) [42, 43, 44, 45, 46]. In the past, radionuclides
such as lodine-131 (*31) were bound to hPSMA ligands to test their ability to target and kill

hPSMA expressing carcinoma cells [43, 44, 47]. These *3I-labeled hPSMA ligands showed



promise thorough tumor-shrinkage in distant metastatic tumor sites [43, 47, 48]. The success in
these studies led to development of other radionuclides such as Lutetium-177 (*'’Lu) that could
be bound to hPSMA ligands such as PSMAG617 [43, 46, 49, 50]. Beginning with a compassionate
trial in Germany, /’Lu-PSMAG617 became an attractive therapy molecule to use for patients with
MCRPC [43, 48, 51]. Ideally, the emission characteristics of the radionuclide should be the exact
size to target the tumor lesions and limit the exposure to the surrounding healthy tissue. /’Lu is a
B-emitting particle (490 keV) with a tissue penetration range of <2 mm [43, 48, 49, 51]. This
shorter range of Y”7Lu provides a better irradiation load than other radionuclides such as Y
(Figure 1). Also, *""Lu has a relatively long half-life of 6.73 days that allows for high activity of
7Lu-PSMAG617 in PCa cells. During the decay, /"Lu emits B~ particles at 497 keV and low-

energy gamma photons at 208 keV to get to the stable ground state of *"Halfnium (Figure 1; 51).

Physical Radiation Particle
Radionuclide T2 (days) type (MeV) range (mm)
13 8 f (0.6), y (0.364) 2
0y 2.67 f(2.28) 12
°’Cu 2.58 B (O. 54, y (0.185) 1.8
180Re 3.77 £ (1.08), 7 (0.131) 5
"y 6.7 B (0. 49? 1 (0.208) 1.5

The ideal radionuclide for targeted therapy is persistent, short range
and powerful. Lu'’” compared favourably to other f emitters.

Figure 1. Different radionuclides used in targeted therapy and their characteristics.
Borrowed from Emmet et al. 2017.



There have been various PSMA peptides and conjugates that have been labeled with
177LLu, and which have been used for clinical use as therapy in patients with mCRPC. One of
these conjugates include PSMA-DKFZ-617 or PSMAG617 [43, 50]. This conjugate has been the
most widely used in patients that have received therapy. It is a small-molecule peptide that is
chemically conjugated with ""Lu. PSMAG617 was generated as a novel theragnostic (therapy and
diagnostic) compound consisting of 3 parts: a glutamate-urea-lysine pharmacophore, DOTA
chelator capable of binding to 1"’Lu and a linker to connect the 2 entities [43, 46, 50, 51]. The
linker is an important component of the compound as it impacts the internalization potency as

well as the pharmacokinetic properties that has an impact on the therapeutic result [43, 46, 51].

7Lu-PSMAG617 has steadily been a main subject in prospective clinical trials. A cancer
center in Australia identified 50 men out of 76 eligible for the trial. These patients had previously
received treatment including docetaxel (84%), cabazitaxel (48%), enzalutamide and/or
abiraterone (90%). These patients were treated with intravenous administration of /7Lu-
PSMAG17 every 6 weeks for a total of 4 cycles. The median overall survival (OS) was 13.3
months with PSA decline > 50% in 32 of the 50 patients, including 22 patients with > 80%
decline [43, 52]. The overall survival of patients with mCRPC treated with standard treatments
ranges from 2-5 months [2]. Various trials with 1"’Lu-PSMA617 have shown similar results in
patients, with high response rates and low-level toxicity [43, 46, 47, 50, 52]. Although *"’Lu-
PSMAG617 has shown to be effective, many patients seem to relapse [43, 52]. This novel
treatment although effective, has been poorly studied in terms of the process by which it induces

cell death and its ability to induce the immune system.
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1.4. Immunogenic Cell Death (ICD)

Induced-cytotoxicity from radiation causes production of damage-associated molecular
patterns (DAMPS). The release of DAMPS is part of a type of cell death called immunogenic
cell death (ICD) [53, 54, 55]. According to current research, ICD relies on the ability of the
treatment to induce cytotoxicity while also activating the coordinating release of immunogenic
signals. These signals are released by the above mentioned, DAMPs. These molecules are not
usually found to interact with the immune system in normal physiological conditions [53, 54,
55]. These molecules are either released or presented on the plasma membrane during a stress
response or upon cellular cytotoxicity (Figure 2). The released DAMPs bind to the pattern
recognition receptors (PRRs) expressed on antigen presenting cells (APCs) such as dendritic
cells and macrophages. Currently, three DAMPs have been studied to play a key role in ICD:
calreticulin, high mobility group box 1 (HMGB1) and ATP [53, 54, 55].

Calreticulin (CRT) is an endoplasmic-reticulum (ER) chaperone protein that becomes
exposed on the cell surface during ICD stimulation [56, 57, 58]. This signaling pathway includes
an ER stress module that results in arrest of protein synthesis and an apoptotic module that
cleaves caspase-8 and activates a consequent cascade of downstream apoptotic events [57, 58].
Once translocated to the surface, CRT binds to lipoprotein receptor related protein 1 (LRP1)
delivering a phagocytic signal to the APCs such as dendritic cells (DCs) [56, 57, 58].

The release of HMGBL1 from the cells undergoing ICD, requires permeabilization of the
plasma and nuclear membranes [59, 60, 61]. HMGBL is a non-histone chromatin-binding nuclear
protein. The release of HMGBL1 has been well known to initiate potent immune responses
through binding interactions with receptors such as TLR2 and TLR4 of various immune cells. A

recent study found that HMGB1-deficient malignant cells treated with ICD inducers failed to
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elicit an adaptive immune response [59, 60, 61]. This shows that HMGB1-TLR2/4 interactions

play a significant role in ICD-induced cell death [59, 60, 61].

Mature APCs

Antigen
presentation

T cell priming

Immature APCs

CD8* T cell
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Figure 2. Immunogenic cell death is induced through release of damage associated molecular
patterns (DAMPS)

There is evidence to suggest that radiation induces ICD. Many studies have shown that
radiation can induce an “abscopal” response [62, 63]. Abscopal effect is a term used to describe
radiation-induced anti-tumor response in distant metastatic sites [62, 63]. This response is

evidence for involvement of the immune system in eliciting the distant anti-tumor response [62,
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63, 64]. Although this phenomenon has been studied in the context of other ionizing radiations,

there is no evidence that shows if 1’/Lu-PSMAG617 can induce ICD.

1.5. Apoptosis

Apoptosis is a type of programmed cell death (PCD) that involves a coordinated and
energy-dependent process involving different cascading events that end with elimination of the
cell [65, 66]. This type of PCD normally occurs during development and acts as a homeostatic
mechanism to maintain healthy cell populations [65, 66]. It is also an important defense
mechanism when the cells are damaged by diseases such as cancer or by pathogens. In patients
with cancer, irradiation or chemotherapy has been shown to induce apoptosis [66, 67]. These
types of cancer treatment can lead to DNA damage in some cells, resulting in apoptotic cell
death [66, 68].

As mentioned earlier, apoptosis involves highly controlled and complex mechanisms.
Currently, three main mechanisms of apoptosis have been described in the literature:
intrinsic/mitochondrial pathway, extrinsic/death-receptor pathway and the perforin/granzyme
pathway [69, 70, 71]. The perforin/granzyme pathway is another mechanism that suggests that T-
cell mediated cytotoxicity can induce apoptotic cell death [65]. Although all three mechanisms
involve unique initiation steps, they all converge to the execution step of caspase-3 cleavage,
which leads to DNA fragmentation, degradation of nuclear proteins, expression of phagocytic
ligands, concluding with uptake by phagocytic cells [66, 68, 69, 71].

Caspases also known as cysteine aspartic proteases play critical roles in regulating
different stages of apoptosis [ 66, 72, 73]. Caspases exhibit proteolytic activity that allows them
to cleave proteins at aspartic acid residues. Once caspases are activated during apoptosis, there is

an irreversible commitment to cell death [66, 72, 73]. This proteolytic cascade that involves a
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chain-like activation of caspases amplifies the apoptotic signaling pathway leading to a faster
cell death. All the identified caspases have been categorized into initiation (caspase-2, -8, -9, -
10), effector (caspase-3, -6, -7) and inflammatory (caspases-1, -4, -5) caspases [72, 73, 74]. Both
intrinsic and extrinsic pathways converge at the execution phase that includes activation of
effector caspases such as caspase-3. These effector caspases induce activation of cytoplasmic
endonucleases and proteins that can degrade nuclear and cytoskeletal proteins [66, 72, 73].
Caspase-3 is a key effector caspase and is activated by either of initiator caspases found in
intrinsic (caspase-9) and extrinsic (caspase-8) pathway [66, 73, 75].

The intrinsic pathway involves a distinct arrangement of non-receptor-mediated stimuli
that produce intracellular signals and are mitochondrial-initiated events [66, 76, 77]. Negative or
positive signals can stimulate the intrinsic pathway of apoptosis. Example of negative signals
includes absence of growth factors, hormones and cytokines that can lead to loss of apoptotic
suppression and activation of PCD [66, 76]. Positive signals that can lead to apoptosis include
cellular stresses such as radiation, hypoxia, viral infections and surpluses of free radicals. These
stimuli can cause changes in the inner mitochondrial membrane leading to procaspase-9
activation and formation of an “apoptosome” [66, 76]. Downstream effects of this pathway
include caspase-3 cleavage and DNA fragmentation [66, 76, 77].

The extrinsic pathway of apoptosis involves various transmembrane receptor-ligand
interactions [66, 76]. One of those interactions is through the engagement of death receptors that
are members of the tumor necrosis factor (TNF) receptor family with their respective ligands.
The primary apoptosis-inducing ligands include TNF-a, lymphotoxin-a, FasL/CD178 and TNF-
related apoptosis-inducing ligand (TRAIL) [66, 76, 77]. After binding interactions, downstream

signaling leads to formation of signaling complexes such as the death inducing signaling



14

complex (DISC) resulting in activation of procaspase-8. Once caspase-8 is activated, execution

phase of apoptosis is initiated [66, 76, 77].

1.6. Tumor Immune Landscape
As mentioned earlier, augmenting the tumor-cytotoxicity by increasing the anti-tumor

immune response could potentially result in an even more effective treatment for PCa. The
immune system plays a crucial role in control as well as progression of cancer. The immune
system is constantly searching for foreign pathogens and even dangerous self-cells, including
precancerous and cancerous cells through a process called immunosurveillance [78, 79]. Once
the immune system has identified these entities, these transforming cells are quickly eliminated
in a process called cancer immunoediting [78, 79, 80]. Even though the immune system has
methods to stop cancer cells from replicating, some tumor variants gain the ability to survive the
selective pressure imposed by the immune system [80, 81].

In a tumor microenvironment, one can find varying subsets of immune cells called tumor-
infiltrating lymphocytes (TILs). As tumors develop, this microenvironment and the presence or
absence of TILs can play an important role in a patient’s prognosis [81, 82]. Different types of
cancer and a patient’s own biology can impact the density of TILs. Some of the immune cells
found among the TILs include: CD8* T cells, CD4* T cells and antigen presenting cells (APCs)
[80, 81].

There are two arms of the immune system, innate and adaptive, that must communicate to
elicit a T cell response. Cells from the innate immune system recognize foreign pathogens
through PRRs, phagocytose them and migrate to nearby lymph nodes [78, 79, 80]. These foreign
pathogenic proteins are processed into fragmented peptides by APCs such as DCs, macrophages

and B lymphocytes [78, 81]. These peptides are presented on the surface of APCs in
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transmembrane complexes called major histocompatibility complex (MHC). There are two
classes of MHCs, MHC class I is presented on all nucleated cells while MHC class 11 is
presented only on APCs [78, 80]. During a process called T cell priming, the APCs present their
peptides to naive CD8* and CD4* T lymphocytes [78, 81].

CD4* or helper T cells play an important role in providing the appropriate signals to
guide the adaptive immune response. CD4* T cells secrete cytokines such as interleukin-2 (IL-2)
interferon-gamma (IFN-y) and tumor necrosis factor-a (TNF-a) which aids APCs activate naive
CD8* T cells into effector cells [80, 81]. CD8" effector cells direct a cell-mediated immune
response. They act by targeting malignant cells and inducing cell-mediated apoptosis. An
immunological synapse forms between the T cell and the target cell through TCR-MHC class |
engagement. This leads to a cascade of signaling events that stimulates release of IFN-y,

granzymes and perforin [78, 80, 81].

1.6.1 Checkpoint Blockade and Agonists

Following activation, these T cells up-regulate the expression of many surface molecules
such as programmed death-1 (PD-1), and OX40 [82, 83, 84]. These molecules play important
roles in vivo, and they can serve as markers to detect activated T cells in vitro and in vivo. PD-1
expression on naive T cells is induced on TCR activation and functions to suppress T cell
activity. This inhibition is solely dependent on PD-1 binding with its corresponding ligands, PD-
L1 and PD-L2 [82, 84, 85]. As mentioned earlier, to limit the malignant cell growth, immune
cells can impose a selective pressure on the tumor cells. Some tumor variants gain the ability to
avoid elimination through mechanisms of tumor escape such as downregulating MHC class | and

expressing these checkpoint ligands such as PD-L1 [82, 83, 85].
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In contrast to PD-1, which suppresses T cell function, OX40 is known to promote T cell
effector function [86, 87]. OX40 or CD134 is a co-stimulatory marker expressed on activated
CD4* and CD8* T cells but not naive T lymphocytes [86, 87]. OX40 signaling on T cells is
induced after engagement with its corresponding ligand, OX40L [86, 87]. This ligand is not
constitutively expressed but can be induced on APCs. Although TCR signals can be sufficient to
induce OX40 expression, APC-derived cytokines like interleukin (IL)- 1, IL-2 and TNF can
further modulate the kinetics of their expression. Interaction between OX40 and OX40L can play
an important role in clonal expansion and proliferation of CD4* and CD8* T cells [86, 87, 88].

Checkpoint blockade and agonists have been gaining fast ground in the clinical field due
to their ability to induce the immune system leading to better patient outcome. The most
prevalent type of checkpoint therapies targets the PD-1/PDL-1 interaction [83, 89]. Clinical
response with anti-PD1/anti-PD-L1 has been insignificant or minimal in PCa compared to other
cancer types like melanoma [83, 89, 90]. There are several hypotheses for lack of success
including the low density or even absent immune cell infiltration in PCa. This is largely due to
the immunosuppressive microenvironment of the prostate [91, 92]. With the failure of PD-
1/PDL-1 checkpoint inhibitors, researchers have started looking at other T cell engagements that
could be exploited. 0OX40/0OX40L engagement supports T cell survival and proliferation by
enhancing IL-2 production [87, 88]. Several anti-OX40 agonists have been developed that can
augment the OX40 signaling pathway in T cells. Studies have shown that anti-OX40 agonists
induce significant increase in proliferation in conventional T cells [93, 94]. This engagement also
stimulated increased production of IL-2 cytokine [93, 94]. Still a developing treatment, anti-
OX40 agonists show a lot of promise and could be used in conjunction with other treatments in

mMCRPC for an augmented anti-tumor response.
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1.7 Hypothesis and Objectives
1.7.1 Hypothesis

| have hypothesized that 177Lu- PSMAG617 causes apoptosis and induces immunogenic
cell death.
1.7.2 Objectives
1.7.2i. The first objective of my thesis was to develop an inducible PPSMA TRAMP-C2 cell
line.
1.7.2ii. The second objective of my thesis was to determine the mechanism and kinetics of

T7_y-PSMAG17 induced cell death in TRAMP-C2
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Chapter 2: Doxycycline-inducible human PSMA expression in a
mouse prostate cancer cell line to study responses to /L u-
PSMAG17

2.1 Acknowledgements

I would like to start this chapter by thanking Marin Simunic and Helen Merkens for their
assistance with this project. The team in Vancouver, BC utilized the cell lines developed in this
chapter to perform binding response experiments (Figure 8) and perform the in vivo experiment

in immunodeficient mice (Figure 9).

2.2 Abstract

Prostate cancer is the most common cancer in men and the third leading cause of cancer-
related deaths in Canadian men [95]. Despite hormone and radiation therapies, most patients
progress to late-stage metastatic castrate-resistant prostate cancer (NCRPC). ’Lu-PSMA617
radioligand therapy (rLT) is a radioactive biochemical substance that targets the human prostate-
specific membrane antigen (hPSMA). This rLT has been used in compassionate trials in mCRPC
patients and has been demonstrated significant clinical efficacy [96, 97]. However, recent
findings suggest that this efficacy is short-lived, and most patients exhibit tumor recurrence [96].
Here we establish a murine model to study the anti-tumor effects and the corresponding immune
response of 1"Lu-PSMAG617 rLT on prostate cancer. We generated a doxycycline-inducible
hPSMA-expressing murine prostate cancer (1(PSMA TRAMP-C2) cell line with high binding
responses to PSMAG617. Using this system, we evaluated the in vitro and in vivo binding of
7Lu-PSMA617 to the hPSMA TRAMP-C2 cell line. Here, we show that the hPSMA TRAMP-
C2 cell line expresses hPSMA upon doxycycline induction and that *’"Lu-PSMAG17 can bind to

its target in vitro and in vivo. Together, these results show that the developed hPSMA TRAMP-
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C2 cell line can be used to investigate therapeutic and immunological responses targeted against

PSMA in prostate cancer.

2.3 Introduction

Prostate cancer is the most common cancer in men in Canada. In 2017, an estimated
21,300 men were diagnosed with prostate cancer [95]. The diagnosis is based on the microscopic
evaluation of the prostate tissue. A Gleason score from 1 to 5 is designated based on examination
of these samples [98]. The Gleason score is based on the appearance and architecture of the cells.
The final diagnosis is based on the sum of Gleason patterns, results from a digital rectal exam
(DRE) and prostate-specific antigen (PSA) levels [98]. Patients are diagnosed with low, medium
or high-risk prostate cancer and a variety of treatments are considered.

In patients with localized prostate cancer, there are three treatment options: active
surveillance, surgery and radiation therapy. Active surveillance includes regular PSA testing and
prostate biopsies to monitor disease burden [99]. Surgery and radiation therapy are the most
effective treatment options for patients with more advanced stages of cancer. When patients
advance to metastatic prostate cancer, surgery and radiation therapy become less effective.
Androgen deprivation therapy (ADT) and chemotherapy continue to be the major treatment
options for patients at this stage [100, 101]. Prostate cells rely on androgens to grow, proliferate
and function normally, thus ADT is effective against “androgen sensitive” cancer cells [101].
Unfortunately, these prostate cancer cells can mutate to become insensitive to the treatment and
most patients advance to the next stage of prostate cancer, known as advanced metastatic
castrate-resistant prostate cancer (MCRPC) [101, 102] During this stage of prostate cancer, the
tumor metastasizes to various sites in the body and to the bone [102]. As the tumor metastasizes

to the bone, treatment options for these patients become limited.
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Prostate-specific membrane antigen (hPSMA) is an extracellular transmembrane protein
found on prostate cells. When prostate cells become cancerous, hPSMA is overexpressed 1000-
fold in prostate cancers [103, 104]. This localized overexpression of APSMA on malignant
prostate cells makes it an effective target for prostate cancer therapy. Although antibodies against
hPSMA have been promising, therapeutic effects have been modest [104].

Recently, targeted radioligands such as *""Lu-PSMAG617, have shown promise in treating
mCRPC [97, 105, 106]. This therapy involves the systemic delivery of a radiolabeled carrier
(*"Lu) to cancer sites via a tumor targeting agent (PSMA617). A non-randomized trial showed
sustained PSA levels (with no significant toxicities) in ~60% of heavily pre-treated patients
(n=30) receiving "’Lu-PSMA617 [107]. The response to 1""Lu-PSMA617 is not fully explained
by the delivered radiation dose and may involve the stimulation of the immune system.

Although there is evidence that suggests the local RT can potentially elicit an anti-tumor
response, it may be insufficient to trigger a robust response in mMCRPC [26, 27]. Systemic rLT
would target both prostate and bone lesions, maximizing immunogenic cell death (ICD) and
increasing antigen spread [108]. ICD is a form of cell death that activates the immune system
and may induce an effective anti-tumor response [53]. This could help prime naive immune cells
that could be further activated with checkpoint blockade/agonists.

Currently, the scientific field lacks properly developed mouse prostate cancer model to
study PSMA-targeted therapy [8]. Here, we report the development of hPSMA TRAMP-C2 cell
line and its utilization in studying the binding responses to 1"’Lu-PSMA617. The hPSMA
TRAMP-C2 cell line was also used to evaluate the mechanism of cell death induced by *"’Lu-

PSMAG17.
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2.4 Methods and Materials

2.4.1 Cell line and culture conditions
The generation of TRAMP-C2 mouse prostate cancer cell line by Foster, et al. has been

previously described [109]. Briefly, the authors harvested a heterogeneous 32-week tumor from
the C57BL/6J transgenic adenocarcinoma mouse prostate (TRAMP) model. The TRAMP mouse
model was generated to study the development and progression of prostate cancer in mice. The
harvested cells were passaged and tested for their ability to form tumors in syngeneic mice [109].
One of the clones that had tumorigenic capability and showed intense androgen receptor staining
was referred to as TRAMP-C2.

The TRAMP-C2 lines used in this report were acquired from American Type Culture
Collection (ATCC). These TRAMP-C2 cells were cloned to express hPSMA upon doxycycline
(DOX) induction (Figure 3). Human PSMA-expressing TRAMP-C2 (hPSMA TRAMP-C2) cells
were maintained in DMEM High Glucose Medium containing fetal bovine serum (FBS ; 5%),
Nu-Serum 1V (5 %), bovine insulin (0.005 mg/mL), dehydroepiandrosterone (DHEA; 10 nM),
penicillin (100U/mL) and streptomycin (100 pg/mL (all items from Fisher Scientific). All cells
were maintained at 37°C, 20% Oz, and 5% CO2 in a water-jacketed Forma Scientific Incubator.

HEK?293T (293T) cells were used to generate lentivirus for the transduction and
generation of the hPSMA TRAMP-C2 cell lines. 293T cells were cultured in DMEM High
Glucose Medium containing 4 mM L-glutamine, and sodium bicarbonate (Sigma-Aldrich,
D5796); 10% Fetal Bovine Serum (FBS); 100 units/mL penicillin G sodium & 100 pg/mL
streptomycin sulfate. 293T cells were also maintained at 37°C, 20% O2, and 5% CO2 in a water-

jacketed Forma Scientific Incubator.
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LNCaP cells were derived from the metastasized prostate tumor in the lymph node of a
50-year-old male [19, 20]. These cells acted as my positive control for hPSMA expression.
LNCaP cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 (Gibco) medium
containing FBS 10%; penicillin (100U/mL) and streptomycin (100 pg/mL; all items from Fisher
Scientific). The LNCaP cells were maintained at 37°C, 20% Oz, and 5% CO:2 in a water-jacketed

Forma Scientific Incubator.

2.4.2 Gene ration of DOX-inducible hPSMA TRAMP-C2 clones using Lenti-X 3G Tet-On
Inducible System

The Lenti-X 3G Tet-On inducible system is a gene expression system for mammalian
cells. The Lenti-X 3G Tet-On includes a transactivator-expression vector and promoter-
expression vector [110]. Target cells that express the Tet-On 3G transactivator protein and
contain a gene of interest (e.g. APSMA) under the control of a TRE3G promoter will express
high levels of hPSMA only when cultured in the presence of a tetracycline [110]. DOX is a
preferred effector for Tet-On systems as it has a good tissue distribution, low toxicity and a
known half-life [111]. There were three main steps required to create a DOX-inducible
expression system that utilizes a lentiviral approach (Figure 3). This included cloning hPSMA
into the pLVX-TRE3G vector, producing lentiviral supernatants and co-transducing TRAMP-C2

cells with Tet-On 3G virus and TRE3G virus.
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Figure 3. Lenti-X 3G inducible expression protocol. (Adapted from Takara Bio. 25)

2.4.2i Cloning hPSMA into pLVX-TRE3G vector
To create hPSMA pLVX-TRE3G expression vector, hPSMA was sub-cloned out of an

expression plasmid (EX-G0050-Lv205), kindly provided by our collaborator Dr. Francois
Bénard. The expression plasmid contained the hPSMA insert between restriction sites BamHI
and EcoRI of the multiple cloning site (MCS). To isolate the hPSMA insert, the expression
plasmid was digested with EcoRI and BamH1 enzymes acquired from New England Biolabs
(NEB) to generate two non-compatible ends, thus allowing the insert to be cloned directionally.
The restriction digests reported in this thesis were all performed according to the protocol

provided by NEB. The target pLVX-TRE3G plasmid was also digested with EcoRI and BamH1
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enzymes (Figure 4A). The hPSMA insert was ligated into the pLVX-TRE3G plasmid according
to the protocol provided by NEB. The ligated product was transformed into E. coli strain for
plasmid amplification and verification. Transformed colonies that were resistant to puromycin
and Geneticin (G418) were verified by performing restriction digests and performing gel

electrophoresis to verify the sequence insertion of hPSMA in the pLVX-TRE3G vector.

2.4.2ii Lentiviral production of co-transduction of TRAMP-C2 cells
Lentiviral production was done according to the protocol provided Clonetech, utilizing

their proprietary Lenti-X packaging shots. To produce lentivirus, 293T cells were cultured in 10
cm dishes for 24 hours until they reached 70% confluency. In a sterile microfuge tube, 7 pg of
the lentiviral vector plasmid DNA (PSMA pLVX-TRE3G and pLVX-Tet3G) were diluted with
water to a final volume of 600 pl (Figure 4A, 4B). The diluted DNA was added to a tube of
Lenti-X Packaging Single Shots and vortexed at high speed. The samples were incubated at
room temperature for 10 minutes before being added dropwise to the cell culture dishes. The
transfected samples were incubated at 37°C, 20% Oz, and 5% CO3 in a water-jacketed Forma
Scientific Incubator. After 12 hours, fresh complete growth medium was replaced in both dishes
and incubated at 37°C, 5% CO: in a water-jacketed incubator. The lentiviral supernatants were
harvested at 72 hours after the start of transfection. The collected supernatants were filtered
through 0.45-pm filter to remove cellular debris. The filtered lentiviral supernatants were stored

at -80°C before being used for viral transduction.

2.4.2iii Viral transduction of TRAMP-C2 cells
Finally, to generate the DOX-inducible hPSMA TRAMP-C2 cell line, lentiviral

supernatants were used to transduce wildtype (WT) TRAMP-C2 cell line, TRAMP-C2 cells were

plated 18 hours before transduction to reach 70% confluency. pLVX-Tet3G and hPSMA pLVX-
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TRE3G lentiviral supernatants were slowly thawed on ice. Lentiviral supernatants were
combined and added to the TRAMP-C2 cells at a 1:1 ratio with polybrene (4 pg/mL). The cells
were transduced for 12 hours at 37°C, 5% CO:2 in a water-jacketed incubator. The lentiviral-
culture medium was discarded and replaced with fresh growth medium. After resting the cells for
24 hours, they were treated with G418 (500 pg/mL) and puromycin (3 pg/mL) antibiotics for
two weeks. The resulting population of APSMA TRAMP-C2 cells after a 2-week treatment with

antibiotics was referred to as the “bulk population”.

2.4.3 DOX-induction of LPSMA TRAMP-C2 bulk population
As explained earlier, this inducible system is dependent on DOX, a tetracycline that

initiates transcription after binding to the Tet-On 3G transactivator protein. To achieve the
highest level of hPSMA expression, a DOX dosage experiment was performed. hPSMA
TRAMP-C2 bulk cells were plated in 6-well plate 24 hours pre-DOX treatment to achieve 60%
confluency. DOX was added to the wells at varying concentrations between 0-1 ug/mL. The
cells were incubated with DOX for 18 hours and their hPSMA expression was validated through

flow cytometry. (see below)

2.4.4 Generation of APSMA TRAMP-C2 clones
To generate hPSMA TRAMP-C2 clones that have stable hPSMA expression after DOX

induction, we started by DOX-inducing the bulk population as mentioned in the earlier section.
The DOX-induced hPSMA TRAMP-C2 bulk cells were harvested and prepared for flow
cytometry and cell sorting. The harvested bulk cells were washed with phosphate buffered saline
(PBS) and centrifuged at 1250 RPM for 5 minutes at 4°C. These cells were then stained with
viability dye (e450; eBiosciences; 1 pug/mL) for 20 minutes at 4°C. The cells were washed again

with PBS and treated with anti-human PSMA antibody (Biolegend; clone LNI17; 0.5 pug/mL) for
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20 minutes at 4°C. The cells were prepared for cell sorting by resuspending them in 500 puL
TRAMP-C2 culture medium. Flow cytometry samples were run on a BD Influx Cell Sorter or
BD FACSAriall. The “bulk” hPSMA TRAMP-C2 cells were isolated into single-cell clones that
were cultured in multiple 96-well plates. This method was used to generate a clonal population
arising from a single cell.

Over the next two weeks, these single cells were treated with G418 (500 pug/mL) and
puromycin (3 ng/mL) to isolate clones that have “medium” and “high” level hPSMA expression.
Four clones were isolated from 25 clones that were tested. Two clones were validated to be
“medium” expressors while the other two were “high” expressors. All future experiments were

done with these four isolated clones.

2.4.5 Validating protein expression through Immunoblotting
For immunoblotting of hPSMA, hPSMA TRAMP-C2 cells were induced with

doxycycline for 18 hours. For immunoblotting, hPSMA TRAMP-C2 cells were treated with
7Lu-PSMAG617. The cells were lysed in Radioimmunoprecipitation assay (RIPA) buffer (50
mM Tris-HCI pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA)
containing complete protease inhibitor cocktail, and phosphatase inhibitor cocktail for 30 min at
4°C, Lysates for 1'Lu-PSMAG617-treated samples were collected 1, 24, 48, 72- and 120-hours
post-treatment. The samples were centrifuged at 13,000 g for 15 min at 4°C after which
supernatants were collected and stored at -80°C. Lysates were quantified using BCA assay
(Thermo Fisher) and equal amounts were loaded onto 4-12% gradient SDS-PAGE gels
(Invitrogen). Protein was transferred onto nitrocellulose membranes and immunoblots for
hPSMA (D4S1F; 1:1000; Cell Signaling) and GAPDH (14C10; 1/1500; Cell Signaling) were

performed using their respective antibodies (Cell Signaling).
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2.4.6. Evaluating the in vitro and in vivo binding response to an hPSMA ligand (BC
Cancer—Vancouver)

To understand the binding responses for each hPSMA TRAMP-C2 clone, cells were
plated in 24-well plates with TRAMP-C2 medium and treated with doxycycline for 18 hours.
Media was removed and cells were incubated with HEPES-buffered saline for one hour at 37°C.

Cells were treated with 18F- labelled 2-(3-(1-Carboxy-5-((6-(18F)fluoro-pyridine-3-carbonyl)-

amino)-pentyl)-ureido)-pentanedioic acid (DCFPyL) in a constant 1 nM concentration and

incubated at 37°C for one hour. The cells were trypsinized and transferred into biodistribution
tubes. The radioactivity bound to the cells was measured with a y-counter for 1 minute per tube.
To evaluate if the response observed in vitro was also viable in an immunodeficient
mouse model, immunodeficient mice were inoculated with hPSMA TRAMP-C2 clones. 10 x 108
cells in 200-250 ul of media and Matrigel (1:1) of each of the four clones (“parental clones": 1,
14,16 and 19) were subcutaneously inoculated in the area dorsocaudomedial to the
acromiotrapezius muscle of male NOD.Cg-Rag1t™Mom [|2rgm™IWiliSz] (“NRG”, NOD-Rag1™!
IL2rg™", NOD rag gamma) mice of 12 weeks of age and older (Jackson Laboratory, Bar Harbor,
ME, USA), using a 25 gauge needle. The mice were maintained in a pathogen-free animal
facility with restricted access on a 12:12 light cycle, monitored for tumor size (measured as
volume through length, width and thickness of the tumor), weight and general signs of illness
following protocol A16-0290-Mus-03 of the BCCRC Animal Resource Centre. Five to eight
weeks post-inoculation, mice with tumor volume of at least 200 mm?®were selected for in vivo
imaging and biodistribution studies with '®F-labelled radiotracer DCFPyL and pre-treated with
50 mg DOX/kg of body weight in 200-250 ul of PBS intraperitoneally, 36-48 hours prior to the
study. Additional mice were selected as controls and did not receive the antibiotic prior to the

study.


https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%222-(3-(1-Carboxy-5-((6-(18F)fluoro-pyridine-3-carbonyl)-amino)-pentyl)-ureido)-pentanedioic%20acid%22%5bCompleteSynonym%5d%20AND%2052950901%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%222-(3-(1-Carboxy-5-((6-(18F)fluoro-pyridine-3-carbonyl)-amino)-pentyl)-ureido)-pentanedioic%20acid%22%5bCompleteSynonym%5d%20AND%2052950901%5bStandardizedCID%5d
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2.5 Results

2.5.1 hPSMA was integrated into the Lenti-X 3G inducible expression system
To develop a hPSMA TRAMP-C2 that expresses human PSMA on DOX induction,

plasmid containing the folate hydrolase | gene (FOLHL1; encodes hPSMA) into the Lenti-X 3G
inducible expression system. The genomic size of hPSMA is reported to be 2253 base pairs (bp).
The hPSMA segment was located between restriction sites EcoRIl and BamH1 in the expression
plasmid (EX-G0050-Lv205) provided by Dr. Francois Bénard. hPSMA was isolated from the
expression plasmid by performing a restriction digest (Figure 4C). This insert was ligated into
the pLVX-TRE3G plasmid that was digested with EcoRI and BamH1 respectively (Figure 4D).
The insertion of hPSMA in pLVX-TRE3G was validated by performing a final restriction digest

on the vector products acquired after transformation in E. coli (Figure 4D).

2.5.2 hPSMA expression is non-dependent on DOX dosage concentration

Post-transduction, we examined the concentration of DOX required to obtain the highest
hPSMA expression in the bulk hPSMA TRAMP-C2 population. We tested multiple doses of
DOX at 0, 0.2, 0.4, 0.6, 0.8 and 1 pg/mL (Figure 5). Using flow cytometry, I found that 36.0% of
the DOX treated cell population became positive for surface expression hPSMA at 0.2 ug/mL. In
this experiment, WT TRAMP-C2 acted as my negative control while LNCaPs acted as my
positive control. There was no significant difference in expression of hPSMA (p>0.05) between
all other tested concentrations (Figure 5A, B). This suggested that the system was not
concentration-dependent, where an increasing concentration would lead to increased expression.
Rather, once the cells were treated with a lower dosage of DOX, the cells still retained high

hPSMA expression (Figure 5A, B). We also did not observe any DOX-related toxicity in these



cells even at higher concentrations. To be consistent in our experiments and for simplicity, we

decided to use 1 pg/mL as the standard DOX concentration for all future experiments.
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Figure 4. hPSMA was integrated into the pLVX-TRE3G plasmid. (A/B) Plasmid maps for pLVX-EF1la-
Tet3G and pLVX-TRE3G Lenti-X vectors. (C) Restriction digest of hPSMA from the expression plasmid. (D)
Restriction digest of the vectors derived after bacterial transformation. hPSMA has a genomic size of 2253 bp.

2.5.3 Four hPSMA TRAMP-C2 clones were isolated from the bulk population
For all future experiments, we wanted to have clonal populations of (PSMA TRAMP-C2

cells that would all express hPSMA at comparable levels. To generate these clones, the bulk
population was DOX-induced, and the single-cell populations were isolated into 96-well plates.
Out of this bulk population, 25 isolated clones had varying expression levels of hPSMA after
DOX induction (Figure 6). Even though these clones were able to express hPSMA, some of the
clones had slower growth or inconsistent (PSMA expression (Figure 6). Finally, after further

antibiotic selection and multiple passages, four clones were isolated from the earlier 25 clones.
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Figure 5. Doxycycline (DOX) induces PSMA expression hPSMA TRAMP-C2 cells. (A)
Histograms and corresponding (B) bar graph showing hPSMA expression post-DOX induction at
0-1 pg/mL concentrations in hPSMA TRAMP-C2 cells, WT TRAMP-C2 and WT LNCaPs.
(Tet-On +PSMA: hPSMA TRAMP-C2 cells + DOX; Controls: WT TRAMP-C2 cells and
LNCaP cells + DOX; N=3, Error bar =SD; NS= p-value> 0.05, * = p-value<0.05, ** = p-
value<0.01, *** = p-value<0.001)
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Figure 6. Single-cell sorting to generate hPSMA TRAMP-C2 clones. hPSMA TRAMP-C2
“bulk” cells were single-cell sorted to generate hPSMA TRAMP-C2 clones. These clones
expressed hPSMA at low, medium and high intensity levels. Each colored histogram demotes a
different clone. (Purple at top: WT TRAMP-C2; Green at bottom: LNCaPs)

These four clones had consistent “medium” or “high” hPSMA expression after DOX
induction and their doubling time was consistent with the WT TRAMP-C2 cell line (Figure 7).
These clones were tested against WT TRAMP-C2 (negative control) and LNCaPs (positive
control; Figure 7). The expression of the clones was also validated against non-induced clones
(Figure 7). All four clones had a significant difference in hPSMA expression compared to WT
TRAMP-C2 (p<0.001). To evaluate the significance of hPSMA expression on PCa cells, we
wanted to have some clones that expressed at “medium” levels and other clones that would

express hPSMA at “high” levels. Clones 1 and 16 were designated to be “high” expressors while
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clones 14 and 19 were identified as “medium” expressors (Figure 7A). “Medium” expressors had
significantly lower expression (p<0.001) than “high” expressors and my positive control. I also
observed no significant difference between the “medium” expressing clones 14 and 19. Non-
induced (orange) and isotype control (blue) had identical hPSMA expression profile.

| also wanted to validate the hPSMA expression of these clones through immunoblotting.
I tested one of each “medium” and “high” population and found that DOX-induced hPSMA
expression in these clones (Figure 7B). For this experiment, TRAMP-C2 lysates acted as my
negative control while LNCaP lysate was my positive control. GAPDH acted as my experimental
control. In contrast to flow cytometry analysis, | found that the non-induced samples exhibited
hPSMA expression even though no cell surface expression was observed. Once | developed

these four clones, | wanted to test their ability to interact with an *”’Lu-PSMA617 ligand.

2.5.4 hPSMA TRAMP-C2 is capable of binding to DCFPyL in vitro
Once the induced expression was confirmed through flow cytometry and

immunoblotting, | wanted to assess the binding response of the expressed hPSMA to 8F-
DCFPyL through positron emission tomography/computed tomography (PET-CT) scan. 8F-
DCFPyL is a urea-based radiotracer composed of hPSMA targeting agent (DCFPyL) and a
positron emitting isotope (Fluorine 18). This radiotracer was used as a substitute for /7Lu-
PSMAG17 for preliminary binding experiments. The hPSMA TRAMP-C2 clones were
successfully able to bind ®F-DCFPyL post DOX-induction. Clone 14 and 16 had significantly
higher binding responses (p<0.01) than Clone 1 and 19 (Figure 8A). We wanted to validate if
18E-DCFPyL could also bind in vivo. There was also a significant difference in ligand binding

between the uninduced TRAMP-C2 cells versus DOX-induced clones (Figure 8, p<0.001)
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Figure 7. Four hPSMA expressing clones were isolated from the “bulk” population. Transduced
TRAMP-C2 cells were single-cell sorted to acquire clonal populations of hPSMA expressing cells. Four
clones were isolated after cell sorting. (A) Histograms and corresponding bar graph showing the 4
clones acquired after single-cell sorting. Clones 1 and 16 were “high” hPSMA expressing clones while
clones 14 and 19 were “medium” expressing clones (Orange: isotype control, Blue: non-induced, red:
DOX-induced). N=3, Error bar =SD (B) Western blots were performed to verify protein expression in
clones 14 and 16. (NI: non-induced, DI: DOX-induced; LN: LNCaP (positive control); WT: WT
TRAMP-C2 (negative control); GAPDH: experimental control; NS= p-value> 0.05, * = p-value<0.05,
** = p-value<0.01, *** = p-value<0.001)
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Figure 8. ®F-DCFPyL binding response to hPSMA TRAMP-C2 in-vitro and in-vivo.
Binding response was quantified using 18F-DCFPyL ligand on hPSMA expressing TRAMP-C2
clones in vitro and in-vivo. (A) The clones were DOX-induced for 18 hours. These clones were
incubated with *F-labelled DCFPyL ligand for 1 hour and harvested to analyze binding response
to 1®F-DCFpyL. (B) hPSMA TRAMP-C2 clones inoculated in NRG mice express hPSMA upon

doxycycline-induction. Unpaired t-tests for all four clones showed a p-value of <0.0001 when
comparing radioactivity uptake of ®F-DCFPyL, a PSMA-binding radiotracer in mice with or
without pre-treatment with doxycycline. Significantly lower (p=0.0001, unpaired t-test) uptake
was seen with clone 19 (mean uptake = 6.96% ID/g) when compared to clones 1, 14 and 16
combined (mean uptake = 15.43 % ID/qg).
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2.5.5 hPSMA TRAMP-C2 is capable of binding to *F-DCFPyL in vivo

Post treatment of NRG mice with ®F-DCFPyL, we observed significantly increased
(p<0.001) uptake levels compared to non-induced mice (Figure 8B). Clone 1, 16 and 14 showed
an increased 8F-DCFPyL uptake (p=0.0001) compared to Clone 19 (Figure 8B). This
biodistribution response was confirmed with PET-CT images of 4 mice, each inoculated with a
different clone. PET-CT images were collected before and after induction with DOX. The
standardized uptake value used in PET scans uses the unit %ID/g. This unit can be explained as
% injected dose/ body weight (g) of the mice. Visualization of tumors signified 8F-DCFPyL
uptake and this response was only observed after the mice were treated with DOX (Figure 9).
Physiological uptake was also observed in normal tissues including the urinary bladder, kidneys,

and salivary glands.
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Figure 9. PET/CT images comparing 18F-DCFPyL uptake in non-induced and DOX-
induced hPSMA TRAMP-C2 tumors. Comparison of PET-CT images before (left) and after
(right) doxycycline-induction in 4 mice, each inoculated with one of the four transfected
TRAMP-C2 clones: 1, 14, 16 and 19. All mice received intravenously 5 +/- 0.86 MBq of ‘8F-
DCFPyL one hour before imaging. Corresponding to all images are spectrum bars of 283-3218
Hounsfield unit (HU) for CT (grey scale), and 0-7.1% ID/g for PET (yellow/red tones). White
arrows indicate tumor sites (%ID/g: % injected dose/body weight).
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2.6 Discussion

To develop a mouse model to study the effects of ’/Lu-PSMA617 on PCa tumors, we
had to generate a mouse PCa cell line that could express hPSMA. It would be pertinent to ensure
that hPSMA was not constitutively expressed due to possible foreign-antigen immune response.
For this reason, | developed the hPSMA TRAMP-C2 cell line that would express the
transmembrane protein only on DOX induction. To generate this cell line, I utilized the Lenti-X
Tet-On 3G Inducible Expression System which is a tetracycline-inducible gene expression
system. This system allows you to control expression of your gene on tetracycline (DOX)
induction.

The first step to generating these cell lines included generating vectors with my target
cDNA (FOLHZ1). This would allow for further transcription and translation of hPSMA in WT
TRAMP-C2 cell lines. The cloning of hPSMA into the Lenti-X system was verified by gel
digests and the protein expression was further verified through flow cytometry and western blots.
These vectors were utilized for viral transduction into WT TRAMP-C2 cells. Through this
transduction we acquired a primary “bulk” population that could express hPSMA post-induction
with DOX (Figure 5). Using these cells, | evaluated the concentration of DOX required to
express high levels of hPSMA in this “bulk” hPSMA TRAMP-C2 cells. It was interesting to
notice that this expression was not concentration dependent and the expression plateaued around
~40% with higher dosages of DOX (Figure 5). | was concerned about DOX-induced toxicity but
noticed high viability in our cells (data not shown). This allowed me to utilize a higher DOX-
concentration (1 pg/mL) for the next experiments.

Although I had a “bulk” hPSMA TRAMP-C2 cell line, | wanted a population that had
similar levels of hPSMA expression which would allow for easier analysis in future experiments

and consistency. From this “bulk” population, I was able to isolate 25 clonal populations that had
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varying hPSMA expression post-induction with DOX (Figure 6). These populations varied in
terms of their cellular growth and hPSMA expression. We noticed that some clones had very
high hPSMA expression but were slow growing while others had lower hPSMA expression but
were fast-growing (Figure 6). Out of these 25 clones, we isolated four clones that had a similar
doubling time but varying hPSMA expression. Clones 1 and 16 were “high” hPSMA expressing
clones while clones 14 and 19 were noted as “medium” expressing clones (Figure 7A). While
performing experiments we needed to verify that there was not hPSMA being expressed without
DOX-induction. To ensure this, performed flow-cytometry experiments for cell-surface
expression and western blots for total expression. Through flow-cytometry experiments, we
found no hPSMA expression in non-induced and expected level of expression in DOX-induced
cells. This was also the expected result for our western blot experiments but after analysis we
found low-level expression in non-induced hPSMA TRAMP-C2 cells (Figure 7B).

Initially it was unclear why the results between flow experiments and western blots were
different as the hPSMA TRAMP-C2 cells tested came from the same culture conditions. One
possibility is that the low-level expression may be due to tetracyclines found in fetal bovine
serum (FBS) that was use in the TRAMP-C2 culture medium. To control for this, we acquired
tetracycline-free (Tet-free) FBS but still noticed similar levels of non-induced hPSMA
expression. Another ingredient in TRAMP-C2 medium is Nu-serum which also contains
tetracyclines. Unfortunately, a source of Tet-free Nu-serum was not available. Therefore, | was
unable to fully rule out the possibility of Tet contamination in the culture media. Another
possible explanation could be related to different forms of hPSMA. A review by Heston et al.,
noted PSMA gene mapped to 2 identical regions: one of chromosome 11p11.2 and the other on

11q14.3. The 11914.3 PSMA was designated as PSMA-like [112]. They also noted that PSMA-
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like protein lacks the transmembrane domain and thus only found as a cytosolic protein [112].
This property also allows for clinical targeting of the transmembrane hPSMA without
interference [112]. Therefore, it is possible that the antibody I used for western blot may also be
binding to the cytosolic PSMA-like protein. As | had noticed no surface-level expression without
DOX-induction when verifying with flow cytometry, | decided to move further and analyze if
the DOX-induced hPSMA can bind to its corresponding ligands.

We performed our binding-response experiments using ®F-DCFPyL ligand. This
experiment acted as a verification process to verify that hPSMA ligands can bind to DOX-
induced hPSMA on these clones. The results from this response correlated well with my
previous experiments. We found no hPSMA-8F-DCFPyL binding in non-induced clones while
much higher binding-response was noted with DOX-induced hPSMA clones. In our initial
analysis it seemed that the “medium” clones 14 and 19 had a significantly increased binding
compared to our “high” expressing clone 16 (Figure 8A). After further analysis with our
collaborators in Vancouver, we concluded that the 6-fold difference between clone 16 and
“medium” clones was due to the differences in cell concentration between the two clones. Fewer
cells/well were used in this assay for clone 16 than clone 14 and 19. This may have resulted in
the visualized “lower” binding response. Once this binding-response was verified in vitro, we
wanted to test it in an immunodeficient mouse model.

The in vivo experiment performed with immunodeficient mice resulted in similar and
expected results. This experiment verified hPSMA inducibility in vivo and verified uptake of ‘8F-
DCFPyL. Clone 19 showed significantly lower uptake levels compared to clones 1, 14 and 16
(Figure 8B). It is unclear why this difference was noticed between the clones. Even though clone

14 is a “medium” expressing clone, it had similar uptake levels compared to clone 1 and 16
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(“high” expressing clones). This result is even more peculiar considering that clone 19 had a high
binding response in vitro. It is unclear if the number of passages during cell culture between the
in vitro and the in vivo experiment changed the biology of the cell resulting in a lower uptake. It
is also interesting to note that clone 1 had lower binding response during the in vitro binding-
response experiment but had similar uptake response to clone 14 and 16. It is unclear what may
have resulted in these different responses and should be studied further. The ®F-DCFPyL uptake
was verified with PET/CT scan images of the DOX-treated mice. With the PET/CT images, there
was significant difference in binding at tumor sites between non-induced and DOX-induced mice
(Figure 9). We also noticed uptake of the *®F-DCFPyL ligand in salivary glands, urinary bladder
and kidneys. The uptake in urinary bladder and kidneys can normally be attributed to the release
of radionuclide through the renal system. Salivary glands have been known to have low level
hPSMA expression which may have contributed to the observed uptake [113]. It is important to
note that we did not observe any radionuclide attributed toxicity in these mice.

This array of experiments show support towards a promising PCa mouse model that can
be used to study the effects of different hPSMA-targeted therapies and most importantly 1"7Lu-
PSMAG617 radioligand therapy. Recently, there have been a few other mouse models that have
been developed to study hPSMA response. One study established an immunocompetent model of
PCa to investigate the impact of 1/’Lu-PSMAG617 activity on organ distribution and efficacy of
the compound. This group stably expressed hPSMA in RM1 murine carcinoma model to study
therapeutic behavior of Y'/Lu-PSMAG617 [16]. They found that high specific activity was
associated with increased tumor uptake and more prominent DNA damage [16]. They also
observed that hPSMA expression did not induce an adaptive immune response in the RM1

carcinoma model for 14 days post-inoculation in C57BL/6 mice [16].
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The current FDA approved immunotherapies for PCa include cancer vaccines
(Sipuleucel-T, PROSTVAC-F), checkpoint inhibitors (anti CTLA-4) [114]. One Phase 111 studies
analyzing the effects of combining Ipilimumab (anti CTLA-4) with low dose radiation showed
that Ipilimumab had no benefit in overall survival (OS), but slightly improved progression-free
survival (PFS), suggesting possible antitumor activity [115]. Individually, PCa targeted
immunotherapy trials have yielded modest results [89]. Early trials targeting the programmed
death | (PD-1)/ programmed death ligand | (PDL-1) axis have failed to elicit effective responses
in patients [89].

Most clinical trials involving 1/’Lu-PSMA617 have shown positive results with >50%
decline in PSA levels and median increase in overall survival of 11.3 months [116]. This may be
considered an effective outcome but unfortunately, many patients relapse with the disease and it
remains unclear whether the treatment is unable to eradicate all the disease or if the cells can
mutate to nullify the expression of PSMA [29, 116]. There is a growing recognition that
combination therapy is necessary to overcome the immunosuppressive nature of PCa [117]. One
of our future directions is to perform a combined therapy experiment with 17’Lu-PSMA617 and a
checkpoint agonist (anti-OX-40). In Chapter 5, 1 will discuss and present the data on the
expression patterns of OX-40 and PD-1 in T cells for potential combinatorial treatment with

17 u-PSMA617.



43

Chapter 3: Y"Lu-PSMAG617 induces apoptosis in hPSMA TRAMP-
C2 cells

3.1 Acknowledgments

I would like to start this chapter by thanking Tim Turcotte (BC Cancer- Victoria) and
Adria Devlinger (BC Cancer- Victoria) for helping me perform Truebeam Irradiation on my
cells. 1 would also like to thank Helen Merkens (BC Cancer, Vancouver) for collection of

TRAMP-C2 lysates after treatment with 1"/Lu-PSMA617.

3.2 Abstract

Apoptosis is one of the cell-death modalities observed in cells as a response to irradiation
and other cancer immunotherapies [65, 68]. In normal tissues, it plays an important role in
maintaining cellular homeostasis [66, 69, 70]. Apoptosis involves a highly complex set of
cascading molecular events that include activation of cysteine proteases known as caspases [35].
This type of programmed cell death involves two mechanisms: intrinsic and extrinsic pathways
[66, 69, 69]. All the apoptotic events can be divided into four stages: induction, early, execution
and late phase. Both pathways result in an important execution-step of caspase-3 cleavage [66,
118]. Although irradiation-induced apoptosis has been widely studied, the mode of cell death
induced by radioligand therapy (rLT) requires clarification [67]. Here | investigated the
mechanism of cell death induced by "’Lu-PSMA617 in TRAMP-C2 cells. Using
immunoblotting, | investigated the cleavage of caspase-3 post-treatment with /’Lu-PSMAG617
rLT. | show that 1""Lu-PSMAG17 induces apoptosis in TRAMP-C2 as evident by cleavage of
caspase-3. These results provide the first evidence evaluating the mechanism of cell death

induced by Y""Lu-PSMAG17 rLT.
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3.3 Introduction

Apoptosis is a type of programmed cell death (PCD) that involves activation of caspases
leading to cascading events that end with elimination of the cell [65, 70, 119]. This type of PCD
normally occurs during development and acts as a homeostatic mechanism to maintain cell
populations [66, 70, 120]. It is also an important defense mechanism when the cells are damaged
by diseases such as cancer [119]. During cancer treatment, irradiation or chemotherapy can be
used to induce apoptosis [66, 119]. These type of cancer treatments can lead to DNA damage in
some cells, resulting in apoptotic cell death [69, 70, 121].

Caspases or cysteine aspartic proteases play critical roles in regulating different stages of
apoptosis [66, 70, 120]. Caspases exhibit proteolytic activity that allows them to cleave proteins
at aspartic acid residues [66, 120]. Once caspases are activated during different phases of
apoptosis, there is an irreversible commitment to cell death [70, 122, 123]. This proteolytic
cascade involves a chain-like activation of caspases that catalyzes the apoptotic signaling
pathway leading to cell death. All the identified caspases have been categorized into three types:
induction (caspase-2, -8, -9, -10), effector (caspase-3, -6, -7) and inflammatory (caspases-1, -4, -
5) caspases [66, 122].

As mentioned earlier, apoptosis involves highly controlled and complex mechanisms.
Currently, researchers have identified two main mechanisms of apoptosis: intrinsic
(mitochondrial) pathway and extrinsic (death-receptor pathway) [66, 122, 123]. Both
mechanisms involve the cleavage of caspase-3 which leads to DNA fragmentation, degradation
of nuclear proteins, expression of phagocytic ligands, concluding with uptake by phagocytic cells
[66, 123, 124].

The intrinsic pathway of apoptosis involves a distinct arrangement of non-receptor

mediated stimuli that produce intracellular signals and are mitochondrial-initiated events [125].
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These intracellular signals can act in a negative or positive manner. Furthermore, these negative
or positive signals can stimulate the intrinsic pathway of apoptosis. Negative signals involve the
withdrawal of growth factors, hormones and cytokines which can result in loss of apoptotic
suppression and PCD activation [66, 125]. Positive signals that lead to apoptosis include cellular
stresses such as radiation, viral infections and surpluses of free radicals [125]. These stimuli can
cause changes in the inner mitochondrial membrane leading to procaspase-9 activation and
formation of a large quaternary protein structure called the apoptosome [126]. Downstream
effects of this pathway include caspase-3 cleavage and DNA fragmentation.

The extrinsic pathway of apoptosis involves transmembrane receptor-ligand interactions.
This induction phase of the extrinsic pathway is activated when death receptors (members of the
tumor necrosis factor (TNF) receptor family) bind with their respective ligands. The primary
apoptosis inducing ligands include tumor necrosis factor alpha (TNF-a), lymphotoxin-a (LT-a),
fatty acid synthetase ligand (FasL)/CD178 and TNF-related apoptosis-inducing ligand (TRAIL)
[69. 127]. During the early phase, downstream binding interactions occur where signaling
pathways are activated leading to formation of the death inducing signaling complex (DISC)
resulting into activation of procaspase-8 [123, 127]. Once caspase-8 is activated, it initiates the
execution-phase of apoptosis.

Both intrinsic and extrinsic pathways converge at the execution phase that includes
activation of effector caspases such as caspase-3 [123, 128]. These effector caspases induce
activation of cytoplasmic endonucleases and proteins that can degrade nuclear and cytoskeletal

proteins (Figure 10). Caspase-3 is regarded as the key effector caspase and is activated by either
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Figure 10. Caspase-3 activation via the intrinsic and extrinsic pathway of
apoptosis (Boland et al., 2013)

initiator caspases which are activated in the intrinsic (caspase-9) and extrinsic (caspase-8)
pathway of apoptosis [66, 123, 128].
There have been many cancer therapies that can induce apoptosis in cancer cells. Some of

these treatments target specific signaling mechanisms. The p53 transcription factor controls
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DNA repair genes and apoptosis [129, 130]. Irradiation and chemotherapies induce this p53
pathway leading to effective induction of apoptosis [66, 129, 131]. Targeted radioligand therapy
such as "Lu-PSMAG17 rLT has not been studied for its role in activation of apoptosis.
Although the role of irradiation in apoptosis has been widely studied, there are significant
differences between the type of particles emitted from ionizing radiation versus *’’Lu-PSMA617
radioligand therapy. Thus, here | report an investigation into the induction of apoptosis in
previously generated (refer to Chapter 2) hPSMA TRAMP-C2 cells through Y""Lu-PSMA617

rLT.

3.4 Methods and Materials

3.4.1 Cell line and culture conditions
The TRAMP-C2 lines used in this report were acquired from American Type Culture

Collection (ATCC). These TRAMP-C2 cells were cloned to express hPSMA upon doxycycline
(DOX) induction. Human PSMA-expressing TRAMP-C2 (hPSMA TRAMP-C2) cells were
maintained in DMEM High Glucose Medium containing fetal bovine serum (FBS; 5%), Nu-
Serum 1V (5 %), bovine insulin (0.005 mg/mL), dehydroepiandrosterone (DHEA; 10 nM),
penicillin (100 U/mL) and streptomycin (100 pg/mL (all items from Fisher Scientific). All cells

were maintained at 37°C, 20% O3, and 5% CO: in a water-jacketed Forma Scientific Incubator.

3.4.2 Treatment with irradiation
hPSMA TRAMP-C2 bulk cells were plated in 6 well plate 24 hours pre-DOX treatment to

achieve 60% confluency. DOX was added to the wells at 1pg/mL. The cells were incubated with
DOX for 18 hours. The DOX-induced cells were trypsinized and harvested in 15 mL conical

tubes with 10 mL TRAMP media. Cells were treated with irradiation at 0, 10, 20 and 30 Gy
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doses with a 6 MV photon beam delivered by a Truebeam linear accelerator (Varian Medical,
Palo Alto). The radiation was prescribed to the center column of the tubes and the dose delivery

was verified with an ionization chamber.

3.4.3 Treatment with ¥’Lu-PSMAG617 radioligand — Vancouver, BC
Our collaborators at BC Cancer- Vancouver, performed this experiment by plating

hPSMA TRAMP-C2 bulk cells were in 6 well-plates, 24 hours pre-DOX treatment to achieve
60% confluency. DOX was added to the wells at 1pg/mL. The cells were incubated with DOX
for 18 hours. The DOX-induced cells were treated with *’"Lu-PSMA617 (0.01 mCi). Lysates

were collected from samples on days 1, 4 and 7 post-1"’Lu-PSMAG17 treatment.

3.4.4 Validating caspase-3 cleavage through immunoblotting
For immunoblotting cleaved caspase-3, hPSMA TRAMP-C2 cells were treated with

7 u-PSMAG617. The cells were lysed in RIPA buffer (50 mM Tris-HCI pH 7.4, 1% NP-40,
0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA) containing complete protease inhibitor
cocktail, and phosphatase inhibitor cocktail for 30 min at 4°C. The samples were centrifuged at
13,000 g for 15 min at 4°C after which supernatants were collected and stored at -80°C. Lysates
were quantified using a bicinchoninic (BCA) assay (Thermo Fisher) and equal amounts were
loaded onto 4-12% gradient SDS-PAGE gels. Protein was transferred onto nitrocellulose
membranes and immunoblotted for pro-caspase 3 (D3R6Y, dilution 1/1000), cleaved caspase-3
(ASP175, 1/1000), GAPDH (D16H11, 1/2000) and B-actin (13E5, 1/2000) using their respective

antibodies (all antibodies were acquired from Cell Signaling).
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3.5 Results

3.5.1 Validation of cleaved caspase-3 antibody post-irradiation
To examine if Y""Lu-PSMA617 induces apoptosis in hPSMA TRAMP-C2 cell lines, |

performed a western blot using irradiation. In this experiment, non-irradiated (0 Gy) hPSMA
TRAMP-C2 cell-lysates served as the negative control while GAPDH was used as a loading
control. In this control experiment, 0 Gy lane yielded no detectable cleaved caspase-3. In
contrast, all three dosages (10, 20 and 30 Gy) of irradiation resulted in apoptotic induction
(Figure 11A). The hPSMA TRAMP-C2 cells treated with 30 Gy irradiation dosage showed
increased caspase-3 cleavage compared to the other dosages. This experiment was used as a
control for analysis of caspase-3 cleavage in 1’’Lu-PSMA617 treated hPSMA TRAMP-C2
lysates. For the next experiment, the 30 Gy irradiated hPSMA TRAMP-C2 cells served as the

positive control.

3.5.2 Y"Lu-PSMAG17 induces apoptosis in hPSMA TRAMP-C2 cells
Next, we wanted to examine if a similar response could be observed from 1/7Lu-

PSMAG617 treated hPSMA TRAMP-C2 cells. For this experiment, we had two groups: non-
treated and 1’Lu-PSMAG17 treated samples. We also wanted to test the kinetics of apoptotic
induction. For Y""Lu-PSMAG17 treated samples (0.01 mCi), lysates were collected day 1, 4 and 7
post-treatment. In this experiment, -actin served as the loading control. The negative control for
this experiment were the non-irradiated (0 Gy) hPSMA TRAMP-C2 cells while the 30 Gy
irradiated cells acted as my positive control (Figure 11B). When all the non-treated and *7’Lu-
PSMAG17 treated samples were assessed for caspase-3 cleavage, we found no caspase-3 cleaved
bands in non-treated samples. However, there was clear evidence of apoptosis in *’7Lu-

PSMAG617 treated samples as early as day 1 post-treatment (Figure 11B). All samples treated
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with 1’Lu-PSMAG617 showed caspase-3 cleavage. This response was maintained over the time

course of 1""Lu-PSMAG617 treatment. The pro-caspase 3 levels were also consistent in all

samples.
A.
Irradiation (Gy) 10 20 30 0
Cleaved
Caspase-3
GAPDH
B.
Non-treated 7L u-PSMA617 treated
WT D1 D4 D7 D1 D4 D7 30Gy

Pro-Caspase 3

Cleaved
Caspase-3

B-actin

Figure 11. Western blots were performed to assess apoptotic induction after treatment with irradiation and
7L_u-PSMAG617 treatment. (A) Western blot was performed to verify caspase-3 cleavage 24 hours post-irradiation at
10, 20, 30 Gy dosage. (B) Western blot was performed on non-treated and *"/Lu-PSMAG617 rLT treated cells. Lysates
were collected day 1, 4 and 7 post-17’Lu-PSMAG17 treatment. (30 Gy: irradiated control sample; WT: WT TRAMP-

C2 (negative control); B-actin: experimental control; GAPDH: experimental control)



o1

3.6 Discussion

Our aim with this experiment was to understand how /’Lu-PSMA617 rLT induces cell
death in TRAMP-C2 cells. We collected lysates from hPSMA TRAMP-C2 cells treated with
7Lu-PSMA617 and performed western blots to assess the extent of apoptosis using cleaved
caspase-3 as the key marker. To assess this, | used hPSMA TRAMP-C2 cells treated with
irradiation as a positive control. Gamma irradiation has a well-described role in the induction of
apoptosis. | used a clinical linear accelerator (LINAC) to expose hPSMA TRAMP-C2 cells with
a photon energy of 6 megavoltage (MV). This emission is different from ’Lu-PSMAG617 rLT as
the '"Lu radionuclide is a B-emitting particle (490 keV). We tested three different irradiation
dosages (10, 20, 30 Gy) to assess caspase-3 cleavage and consequently apoptosis in my hPSMA
TRAMP-C2 cells (Figure 11A). We observed varying level of caspase-3 cleavage in all
irradiated samples, although 30 Gy treated sample seemed to have the most distinct caspase-3
cleaved band after 24 hours. The non-irradiated sample resulted in no detectable cleaved
caspase-3. Given this result, | decided to use the 30 Gy treated sample as my positive control for
the next experiment.

The next experiment was to assess how */Lu-PSMA617 rLT induces cell death in
hPSMA TRAMP-C2 cells. For this experiment, our collaborators in Vancouver treated my cells
with 0.01 mCi of /’Lu-PSMAG17. They collected and prepared lysates for days 1, 4 and 7 post-
treatment. This was done to assess not only the presence or absence of apoptosis but to also study
the kinetics of induction. In this experiment, the pro-caspase 3 bands were present in all non-
treated and treated samples. While analyzing the caspase-3 cleavage between non-treated and
7Lu-PSMAG617 treated samples, we found cleaved caspase-3 bands only in 1’Lu-PSMA617
treated cells. This supported the hypothesis that "’Lu-PSMA617 rLT induces apoptosis in

hPSMA TRAMP-C2 cells (Figure 11B). An important observation was that this apoptotic
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induction could be visualized as early as day 1 post-treatment. This result was correlative to what
we observed with our irradiated samples in Figure 11A. The cleaved caspase-3 expression was
also consistent in day 4 and day 7.

One of the significant hallmarks of cancer is the evasion of cell death by cancer cells.
Targeting the apoptotic cellular death pathways may act as an effective treatment option for all
cancers [131, 132]. Some of the key players recognized in apoptotic regulation include death
receptors, B-cell lymphoma 2 (Bcl-2) proteins and caspases [132, 133]. The identification of
these regulators has led to increased interest in developing targeted therapies to intervene with
cell death. Different chemotherapies including cisplatin have been found to interact with Bcl-2
members [134]. Cisplatin has been found to transactivate the bax (translates for proapoptotic
proteins such as BAX) gene through p53 pathway leading to apoptosis induction [134, 135].

Some of the other approaches have included mimicking extracellular death signals with
recombinant ligands that could trigger apoptosis. The activation of a surface-level death receptor
binding to the TRAIL ligand can lead to intracellular recruitment of the DISC resulting in the
induction of caspase-8 activation and further downstream effects [66, 136, 137]. One study found
that targeting the TRAIL pathway led to targeted killing of the tumor cells while leaving normal
tissue unaffected [137, 138]. Other studies have shown that injection of TRAIL into
immunodeficient mice that were challenged with colon carcinoma and human mammary
adenocarcinoma led to tumor cell apoptosis, tumor-growth suppression and improved survival
[137, 138, 139]. Pre-clinical safety tests have in non-human primates have shown no toxicity in
these non-human primates [140]. Other approaches include using caspase-inhibitors or other

small-molecule drug that can activate the caspase-related cascading events [137].



Previous studies with "Lu-PSMAG617 had shown effective cytotoxicity to prostate
cancer cells but the specific type of cell death was still unknown [4, 16, 17]. Our data suggests
that 1’’Lu-PSMA617 induces apoptotic cell death in TRAMP-C2 cells. It is still unclear if this
apoptotic cell death is also able to induce a systemic immune response. If 1/’Lu-PSMAG617 can
induce immunogenic cell death, we might be able to combine "’Lu-PSMA617 with
immunomodulatory treatments such as checkpoint inhibitors to develop a more effective

treatment for PCa. This proposition is further reviewed in chapter 5 of my thesis.

53
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Chapter 4: Y"Lu-PSMAG617 induces immunogenic cell death in
TRAMP-C2 cells

4.1 Acknowledgments
I would like to thank Helen Merkens (BC Cancer, Vancouver) for collection of

supernatants from TRAMP-C2 cells treated with *""Lu-PSMA617.

4.2 Abstract

Immunogenic cell death is a type of cell death that induces the immune system [53, 54].
Cancer treatments such as chemotherapy and radiation can be effective in inducing cytotoxicity
in cancer cells but may not always activate the immune system [53]. More importantly, the
ability to assess the extent and temporal dynamics of ICD is a challenge due to the lack of the
proper tools to study ICD [53, 54]. This type of cell death can be monitored by release of
DAMPs (damage-associated molecular patterns) such as high mobility group box-1 (HMGB1)
and calreticulin (CRT) [54]. | generated fluorescence-associated DAMP constructs that could be
utilized to observe ICD in TRAMP-C2. Using this system, | observed translocation of DAMPs
through microscopy post-ICD induction with CTX in TRAMP-C2.

I was able to quantify HMGBL1 release into the cell culture supernatants and thus verify
ICD release post-treatment with CTX and ""Lu-PSMAG617. Collectively, these results showed

that CTX and ""Lu-PSMA617 induce immunogenic cell death in TRAMP-C2 cell lines.

4.3 Introduction
Apoptosis and other programmed cell death modalities have been considered to not elicit

an immune response [71]. However, various stimuli can induce a functionally specific type of
apoptotic death that induces the adaptive arm of the immune system. This type of cell death is

aptly named “immunogenic cell death” (ICD) [53, 54]. Some cellular stresses and stimuli can
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engage the immune system that result in an immunogenic variant of cell death with biochemical
properties of apoptosis [54]. Many chemotherapy agents such as cyclophosphamide (CTX),
doxorubicin, mitoxantrone and epirubicin have been known to trigger ICD inducing release of
tumor antigens from dying cancer cells [141]. CTX is a widely used chemotherapy agent for the
treatment of hematologic and solid tumor malignancies including PCa [86, 142, 143]. CTX
exhibits an immunomodulatory behavior by suppressing immune cells like regulatory T cells (T
regs) and thus nullifying the immunosuppression in the tumor microenvironment [144].

ICD is reliant on the ability of the treatment to induce cytotoxicity while also activating
the coordinating release of immunogenic signals [54, 145]. These signals are released by
damage-associated molecular patterns (DAMPS) [145, 146]. These molecules are not usually
found to interact with the immune system in normal physiological conditions [145, 146].
However, during ICD, these molecules are released into the extracellular space and can interact
with antigen presenting cells (APCs) such as dendritic cells. These molecules, also referred to as
DAMPs bind to the pattern recognition receptors (PRRs) expressed on these immune cells [145,
146]. Currently, three DAMPs have been found to play a key role in ICD: calreticulin, HMGB1
and ATP [53, 54].

Calreticulin (CRT) is well-studied ICD marker which, under normal cellular conditions,
is found in association with endoplasmic-reticulum (ER) chaperone proteins. Upon exposure to
cellular stress that stimulates ICD, CRT translocates from the ER onto the cell surface [147,
148]. This mechanism includes an ER stress-signaling module that results in arrest of protein
synthesis and an apoptotic module resulting in activation of caspase-8 and consequent cascade of
downstream apoptotic events [147, 148]. Once translocated to the surface, CRT binds to

lipoprotein receptor related protein 1 (LRP1) on the surface of an antigen presenting cell (APCs),
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leading to an intercellular cellular signal being delivered to induce phagocytosis of the dying cell
[147, 148].

Another ICD molecule that has both cell release and translocation properties is the non-
histone chromatin-binding protein HMGB1. Under ICD stimulating conditions, HMGB-1 is
released from the nucleus and into the cytoplasmic space [53, 54]. Prolonged exposure to ICD
agents ultimately results in extracellular release of HMGB-1. The release of HMGBL1 has been
well known to initiate potent immune responses through binding interactions with receptors such
as toll-like receptor-2 (TLR-2) and TLR-4 found on various immune cells [149, 150]. A study
done by Yamazaki et. al investigated these interactions and found that HMGB1-deficient
malignant cells treated with ICD inducers failed to elicit an adaptive immune response in
immunocompetent syngeneic mice. This effect was altered with administration of TLR-4 ligands
[150]. This shows that HMGB1-TLR2/4 interactions play a key role in the initiation of ICD.

The central dogma of radiobiology suggests that radiation induces irreversible cytotoxic
effects through production of DNA double-strand breaks [151]. This phenomenon can lead to
apoptotic, necrotic or autophagic cell death [151]. There is evidence to suggest that radiation
induces ICD [152]. Many studies have proposed that ICD may be caused due to an abscopal
response from the radiation [153, 154]. Abscopal effect is a term used to describe radiation-
induced tumor suppression in distant metastatic post-treatment of a target site [154, 155]. This
response is evidence for involvement of the immune system in eliciting the distant anti-tumor
response [152, 154, 155]. Although this phenomenon has been studied with ionizing radiation, it
is still unclear if radionuclides (e.g., "Lu-PSMA617) can induce ICD. Here | report my findings
on the development of a novel technique to assess ICD and the induction of ICD by "7Lu-

PSMAG17.
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4.4 Methods and Materials

4.4.1 Cell line and culture conditions
The TRAMP-C2 lines used for this study were acquired from ATCC. These TRAMP-C2

cells were cloned to express human PSMA (prostate specific membrane antigen) post-
doxycycline (DOX) induction. The human PSMA-expressing TRAMP-C2 (hPSMA TRAMP-
C2) cells were maintained in DMEM High Glucose Medium containing fetal bovine serum (FBS
; 5%), Nu-Serum 1V (5%), bovine insulin (0.005 mg/mL), dehydroepiandrosterone (DHEA; 10
nM), 100 U/mL penicillin and 100 pg/mL streptomycin (all items from Fisher Scientific). All
cells were maintained at 37°C, 20% O3, and 5% CO: in a water-jacketed Forma Scientific

Incubator.

4.4.2 Generation of HMGB1-GFP and CRT-mCherry reporter plasmids

4.4.2i Cloning HMGB1-GFP and CRT-mCherry into pefla-ires-neo plasmid
Previously, an undergraduate student (Xuan Wang) had generated DAMP-reporter gene

constructs with a cytomegalovirus (CMV)-based promoter. The fluorescent markers used in this
study were the green fluorescent protein (GFP) and a member of the monomeric red fluorescent
proteins (mCherry). These plasmids had shown dual expression of HMGB1-GFP and CRT-
mCherry post-transfection respectively [156]. It was noted that utilizing a CMV-based promoter
led to a decreased expression over time post-transfection in TRAMP-C2 (data not shown). To
improve transient expression, these plasmids were cloned into an efla-based promoter vector
(pefla-ires-neo).

To clone HMGB1-GFP and CRT-mCherry into pefla-ires-neo vector, both fusion
sequences were cloned out of the initial plasmid generated by Xuan Wang [156]. The expression

plasmid contained the HMGB1-GFP and CRT-mCherry fusion sequences between restriction
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sites Nhel and Notl of the multiple cloning site (MCS). To isolate the inserts, the expression
plasmids were digested with their respective restriction enzymes to generate two non-compatible
ends, thus allowing the insert to be cloned directionally. The restriction digests reported in this
paper were all performed according to the protocol provided by New England Biolabs (NEB).
The target peFla-ires-neo plasmid were also digested with Notl/Nhel enzymes. The fusion
inserts were ligated into the pefla-ires-neo plasmid according to the protocol provided by NEB.
The ligated products were transformed into E. coli for plasmid amplification and verification.
Transformed colonies that were resistant to antibiotic selection were verified by performing
restriction digests on the pefla-ires-neo plasmid at their target-restriction sites respectively. The
cloning protocol generated two plasmids: HMGB1-GFP pefla-ires-neo and CRT-mCherry

pefla-ires-neo vectors.

4.4.2ii Transfection of TRAMP-C2 cells with reporter plasmids
To finally test expression of these reporter plasmids, a lipofectamine-based transfection

was performed. To prepare, TRAMP-C2 cells were plated 18 hours pre-transfection to reach
70% confluency. Both reporter plasmids were transfected according to the Lipofectamine3000 ®
protocol provided by ThermoFisher. The cells were transduced for 12 hours at 37°C, 5% COz2 in
a water-jacketed incubator. The transfected-culture medium was discarded and replaced with
fresh growth medium. After resting the cells for 24 hours, they were utilized for further

experiments.

4.4.3 Fluorescence-microscope imaging to verify expression of HMGB1-GFP and CRT-
mCherry post-transfection

Images of the transfected cells were collected using the EVOS LifeSciences fluorescent

microscope (Invitrogen, EVOS FL Cell Imaging System).
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4.4.4 DAPI-nuclear stain and ER-stain to verify plasmid localization
TRAMP-C2 cells were plated for 18 hours to reach 70% confluency and transfected with

HMGB1-GFP and CRT-mCherry plasmids using Lipofectamine3000® (as per manufacturer’s
protocol). Cells were washed with phosphate buffer saline (PBS) three times and treated with
100 uM of 4',6-diamidino-2-phenylindole (DAPI) and 50 uM ER-tracker dye (both dyes
acquired from ThermoFisher). Cells were incubated at 37°C for 20 mins. Cells were then washed
with PBS and images of the stained cells were collected using LifeSciences fluorescent

microscope (Invitrogen, EVOS FL Cell Imaging System).

4.4.5 CTX dosage-curve assessment for inducing cell death
To evaluate the most potent CTX dosage concentration for inducing cell death, TRAMP-

C2 cells were plated in a 6-well plate (2 x 10° cells/well). Cells were treated with CTX at 0, 30,
40, 45, 50 and 100 pg/mL for four days. Crystal violet assay was performed on days 0, 2, and 4
to monitor cell death. Cells were then washed with PBS and treated with crystal violet (0.2%).
These cells were incubated at room temperature with crystal violet for 20 minutes. The wells
were washed with PBS and treated with 1% SDS solution. The plate was placed on an orbital
shaker until a homogenous solution could be observed. 100 pL from each well was then
transferred to a 96-well plate and their absorbance was calculated using an absorbance reader at

560 nm (BioTek Industries).

4.4.6 CTX treatment to observe HMGB1 and calreticulin translocation
To observe qualitative translocation of ICD dependent molecules like HMGB1 and CRT,

TRAMP-C2, cells were plated in a 6-well plate (2 x 10° cells/well) for 18 hours to reach 70%
confluency and transfected with HMGB1-GFP and CRT-mCherry plasmids using

Lipofectamine3000® (as per manufacturer’s protocol). Finally, cells were monitored for cell
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death, images were collected using a fluorescent microscope (Invitrogen, EVOS FL Cell Imaging
System).

To observe quantitative release of HMGB1, TRAMP-C2, cells were treated with CTX at
20 and 30 pg/mL for 72 hours (3 days). These cells were then monitored for cell death.
Supernatants were collected on day 0, 1, 2 and 3 post-treatment. These collected supernatants
were then analyzed for HMGBL1 release using an HMGB1-ELISA kit (IBL international).
Finally, cells were monitored for cell death, images were collected using a fluorescent

microscope (Invitrogen, EVOS FL Cell Imaging System).

4.4.7 Y"Lu-PSMAG17 treatment to observe HMGBL release in supernatants
To quantify HMGBL1 levels in the supernatants, TRAMP-C2, cells were plated in a 6-well

plate (2 x 10° cells/well) for 18 hours to reach 70% confluency. The cells were treated with
doxycycline (DOX) to induce hPSMA expression. These cells were treated with "Lu-PSMA617
(0.01 mCi) and supernatants were collected on days 0, 1 and 4. The collected supernatants were

then analyzed for HMGBL release using an HMGB1-ELISA kit (IBL international).

4.4.8 Statistical Analysis
Comparisons of cell populations between treatment and control groups were performed

on GraphPad (Graphpad Software Inc., CA, USA) using one-way ANOVA and Sidak’s multiple
comparisons test. P values correspond to the following representation of statistical significance.
NS= p-value> 0.05, * = p-value<0.05, ** = p-value<0.01, *** = p-value<0.001, and **** = p-

value<0.0001.
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4.5 Results

4.5.1 HMGB1-GFP and CRT-mCherry were cloned into pefla-ires-neo vector
To generate the two reporter constructs, | needed to isolate the gene inserts from the

original expression plasmid. The insert size of HMGB1-GFP was 1400 bp while the insert size of
CRT-mCherry was 2010 bp. The HMGB1-GFP and CRT-mCherry gene constructs were

isolated from their original expression plasmid and cloned into an EF1-o based promoter (pefla-
ires-neo) vector (Figure 12A, 12B). These new fusion-constructs were validated by performing a

final restriction digest on the vector products acquired after E. coli transformation.

4.5.2 CTX induces cellular toxicity in TRAMP-C2 cells
To validate if CTX can induce cytotoxicity in TRAMP-C2 cells and more importantly,

induce ICD in these cells (Figure 13A), | performed a crystal violet assay (CVA) to investigate
the concentration and kinetics of CTX-induced cell death. | treated cells with 0, 20, 30, and 40
pg/mL concentration(s) of CTX and monitored cell death every day of treatment for 3 days. |
observed that CTX was able to induce cell death in TRAMP-C2 cells (Figure 13A, p<0.001). |
found that there was a significant difference in cytotoxicity between each tested concentration of
CTX and this was time dependent. | also observed a significant difference in cytotoxicity
between each day for all concentrations (Figure 13A, p<0.001). | found that 30 pg/mL of CTX
yielded 48% cell toxicity on day 2 increasing to 72% cytotoxicity by day 4 (Figure 13A,
p<0.001). Therefore, I concluded that to observe a gradual but potent response, | needed to use

CTX at concentrations lower than or equal to 30 pg/mL.
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Figure 12. HMGB1-GFP and CRT-mCherry cloned into plv-efla-neo vector. (A) Plasmid maps for plv-efla-neo

vector. Plasmid map was generated through GenScript. Restriction digest of (B) HMGB1-GFP and (C) CRT-mCherry
derived after bacterial transformation. Genomic sizes of CRT-mCherry is 2010 bp; HMGB1-GFP is 1400 bp.
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4.5.3 CTX induces ICD in TRAMP-C2 cells

Once CTX was validated to induce cytotoxicity in TRAMP-C2 cells, | assessed whether
the doses established above would induce ICD. The TRAMP-C2 cells were treated with CTX at
20 pg/mL and 30 pg/mL and supernatants were collected on day 0, 1, 2 and 3 post-treatment.
There was no significant difference observed between the untreated samples. There was a
significant difference in HMGB1 concentrations between day 0 and 1 post-CTX treatment in
both concentration groups (Figure 13B, p<0.001). This significant difference in HMGB1
concentration was also observed between day 1 and 2 in the 20 pg/mL (Figure 13B, p<0.001)
concentration group but not in the 30 pg/mL group (Figure 13B, p>0.05). There was also a
significant difference in HMGB1 concentrations between treated and non-treated groups (Figure

13B, p<0.001).

4.5.4 1"L.u-PSMAG617 induces immunogenic cell death in TRAMP-C2 cells
Previously I had shown that 1’’Lu-PSMAG617 induces apoptosis in TRAMP-C2 (refer to

Chapter 3). In addition to this, | wanted to observe if ¥’’Lu-PSMA617 could also induce ICD in
TRAMP-C2. To investigate this, my colleagues in Vancouver treated TRAMP-C2 cells with
7Lu-PSMA617 (0.01 mCi) and supernatants were collected day 0, 2 and 4. These samples were
shipped to Victoria where | performed the HMGB-1 ELISA. In this analysis, | found that ""Lu-
PSMAG617 increased HMGBL levels in the supernatants post-treatment (Figure 14, p<0.001).
Moreover, HMGBL levels increased significantly between day 2 and day 4 post-treatment with
Y7Lu-PSMA617 (Figure 14, p<0.001). Although ""Lu-PSMA617 yielded high HMGB1 levels,
there was still a significant difference between the control and treated samples for all timepoints
(Figure 14, p < 0.001). In contrast, there was no significant difference in HMGBL1 levels between

any of the untreated samples as well all samples on day O (Figure 14, p>0.05).
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Figure 13. CTX induces ICD in TRAMP-C2 cells. (A) TRAMP-C2 cells were treated with CTX at 0, 20, 30 and 40
ug/mL. Crystal violet assay was performed on days 0, 2 and 4 post-treatment. Absorbance was read at 560 nm using a
spectrometer. (B) TRAMP-C2 cells were treated with CTX at 20 and 30 ug/mL. Supernatants were collected and
analyzed for HMGB1 using HMGB1-ELISA kit (IBL-international). Error bars = standard deviation, N=3.
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Figure 14. "Lu-PSMA®617 induces immunogenic cell death in hPSMA TRAMP-C2 cells. Cells were DOX-induced

for 18 hours and treated with /’Lu-PSMAG617 (0.01 mCi). Supernatants were collected day 0, day 1 and day 4. HMGB1
release in supernatants was quantified using HMGB1-ELISA kit (IBL international). Error bars = SD N= 3.
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4.5.5 HMGB1-GFP and CRT-mCherry can be transiently transfected in TRAMP-C2 cells

| wanted to validate if these constructs were able to localize at their respective sites.
HMGBL is a nuclear protein while CRT acts a chaperone protein in the endoplasmic reticulum
(ER) [53, 147, 149]. | performed transfections with these constructs on TRAMP-C2 cells. After
24 hours post-transfection, | used microscopy to assess the cellular localization of the two
respective ICD markers. | verified this localization by performing a nuclear stain for the
HMGB1-GFP construct and an ER-stain for the CRT-mCherry construct. The HMGB1-GFP
transfection consisted of a no-stain control and a positive control where TRAMP-C2 cells were
stained with the DAPI nuclear stain (Figure 15A). The CRT-mCherry transfection also had a no-
stain control and positive control consisting of an ER-dye stain. After performing the DAPI
nuclear stains, | found that the HMGB1-GFP transfections showed localized fluorescence in the
nucleus (Figure 15A). After merging CRT-mCherry localization image with ER-tracker dye-
stained images, | observed that CRT-mCherry was being localized to the ER. Finally, | wanted to
validate if these reporter-plasmids could be transfected and visualized together. To investigate
this, | performed dual transfections on TRAMP-C2 with HMGB1-GFP and CRT-mCherry
plasmids (Figure 15B). | found that performing dual transfections did not disrupt their individual
localizations and that those localizations could be visualized without interference from either

plasmid.
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Figure 15. HMGB1- GFP and CRT-mCherry constructs localize to their respected sites and can be dually
transfected. (A)TRAMP-C2 cells were transfected with HMGB1-GFP and CRT-mCherry plasmids and stained
with either DAPI nuclear stain for HMGB1-GFP or ER-tracker dye for CRT-mCherry transfected TRAMP-C2
cells. Bar = 100 um (B) HMGB1-GFP and CRT-mCherry constructs were dually transfected and visualized using
fluorescent microscopy at 40 pum.
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4.5.6 HMGB1-GFP and CRT-mCherry constructs to assess response to an ICD inducer

Once | validated that these constructs localize to their respective sites, | examined their
response after treatment with an ICD inducer. An important aspect of these constructs was to
observe if they would localize to the surface once treated with an ICD inducer such as CTX.

TRAMP-C2 cells that were transduced with HMGB1-GFP and CRT-mCherry constructs
were treated with CTX (30 pg/mL). HMGB1-GFP transfected cell lines showed evidence of
release from the nucleus (Figure 16A). CRT-mCherry transfected cell line showed large
aggregations of calreticulin structures and evidence of translocation towards the plasma
membrane (Figure 16A, 16B). Another significant difference between pre- and post-treated
CRT-mCherry transfected cells was the size of the calreticulin blobs. The average area of the
blobs in Day 0 CRT-mCherry image was 554 units? compared to the significantly larger (p<0.01)

area of the blobs in Day 3 CRT-mCherry image at 6875 units? (Figure 16B).
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Figure 16. DAMP trans-localization post-CTX treatment can be visualized. (A) TRAMP-C2 cells were
transfected with HMGB1-GFP and CRT-mCherry plasmids. Cells were treated with CTX at 30 ug/mL. Images
were collected day 0 and day 3 post-treatment. (B) Bar graph depicting the area of the blobs. Values were
quantified using Fiji Image Analyzer. Error bars= SD, N=3.

4.6 Discussion

Our aim with this experiment was to understand if ’Lu-PSMA617 can induce ICD in
TRAMP-C2 cells. Another aim of this experiment was to design a new technique to visualize the
translocalization of DAMPs post ICD-induction. This technique could help in understanding the
kinetics of ICD and be used to combine different treatments that can augment the anti-cancer

effects. To this end, | generated two DAMP-reporter gene constructs, HMGB1-GFP and CRT-
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mCherry. TRAMP-C2 cells expressing these reporters were treated with CTX and *"7Lu-
PSMAG617 to observe ICD through the release of DAMPSs.

The first step to assess ICD in TRAMP-C2 cells was to assess if CTX would be able to
induce ICD in TRAMP-C2 cells. | observed that CTX was able to cause ICD in TRAMP-C2
cells starting at concentrations of 20 ug/mL. This was an important observation as | realized that
CTX was highly toxic to TRAMP-C2 cells. Once this dosage curve was determined, | used 20
ug/mL and 30 pg/mL as my testing concentrations. | observed that there was a significant
increase in cytotoxicity between day 0 and day 2 in all tested concentrations (Figure 13). There
was a significant difference (p<0.001) in cytotoxicity on day 2 between 20 ug/mL and 30 pg/mL
concentrations. By day 2, 30 ug/mL concentration yielded ~50 % cell death. As my future
experiments would last until day 4, | wanted a concentration that would yield ~80% cytotoxicity
at the time. The 30 pug/mL concentration was chosen as the final concentration and my positive
control for the future experiments (Figure 13).

Once | had confirmed that CTX was able to induce cytotoxicity in my TRAMP-C2 cells,
| wanted to observe if this cytotoxicity could induce ICD. After treating my cells with CTX; |
collected supernatants on days 0, 1, 2 and 3 post-treatment. | used the HMGB1-ELISA kit (IBL
international) to quantify HMGB1 concentration in these samples. | noticed no significant
difference (p>0.05) between the untreated samples for all treatment days. The HMGB1 levels
followed a similar patter between the 20 ug/mL and 30 pg/mL concentrations where there was a
significant increase between day 0 and day 1. With this set of experiments, | was able to confirm
that CTX can induce cytotoxicity in TRAMP-C2 cells and can cause ICD as observed by the
release of HMGBL1 (Figure 13). One study done by Mikyskova et al. wanted to test a DC-based

vaccine in combination with chemotherapy agents. In this study, approximately 8-week-old mice
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with TRAMP-C2 tumors treated with CTX yielded a better therapeutic response than combined
treatment as evaluated by histology comparisons of neoplasms [157]. Based on this article and
my experiments, it could be integral to use CTX as a control for inducing immunogenic
cytotoxicity in a TRAMP-C2 model. Although the end goal of this experiment was to understand
if 1"Lu-PSMAG17 can induce ICD, CTX acted as a positive control for my later experiments.
While observing for ICD induced by "’Lu-PSMAG617, the positive control (CTX at 30
ug/mL) resulted in a significantly increased HMGBL1 levels on day 2. There was a significant
difference in HMGBL1 levels between day 2 and day 4 in TRAMP-C2 cells treated with 1’Lu-
PSMAG617. Even though there was still a significant difference in HMGBL1 levels on day 4
between CTX and *""Lu-PSMAG17, the radioligand treatment still resulted in close HMGB1
levels to the control (Figure 14). As mentioned in section 4. 2, the release of HMGBL is a strong
indicator of ICD induction. Our results are the first to investigate this relationship between 17Lu-
PSMAWG617 and its ability to induce ICD in TRAMP-C2. It would be essential to see how these
results translate in in vivo mouse experiments. In the in vivo experiment performed by
Mikyskova et al, the CTX dosage used was 200 mg/kg [157]. It could be important to understand
what concentration of HMGBL1 release is necessary to cause an effective immunogenic response.
Another aspect of this chapter was to generate two DAMP- reporter gene plasmids that
could be utilized to visualize the cellular release of HMGB1 and CRT post-ICD induction. Once
the plasmids were generated, | tested them by co-staining them DAPI (nuclear stain) for HMGB1
and ER-tracker dye for CRT. | found that HMGBJ1 translocated the same as DAPI nuclear stain.
This result was similar to what | observed with CRT and ER-tracker dye (Figure 15). It verified
that the constructs could be temporarily integrated in TRAMP-C2 cells. It would be interesting to

observe if these constructs can be stably expressed or integrated into the genome through viral
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transduction. An interesting observation | noticed was that | was able to co-transfect TRAMP-C2
cells with both HMGB1 and CRT constructs without noticing any cellular interference. When |
visualized these cells, I did not notice any decrease in expression between the two constructs
(Figure 15). With this set of experiments, | was able to verify that the constructs localize
accurately in the cell and that dual transfections do not result in any visualization issues.

Using these constructs, | wanted to see if | could visualize the DAMP constructs reacting
to the CTX treatment. | transfected TRAMP-C2 cells and treated them with 30 pug/mL of CTX.
When | visualized the untreated TRAMP-C2 cells on day 0 and day 3, | found that both
constructs were still localized to their sites. The interesting observation | noticed was the nuclear
blebbing that had occurred by day 3 in the TRAMP-C2 cells treated with CTX (Figure 16). This
effect corresponds to the breakdown of nucleus and could consequently point towards the
translocation of HMGBL1 to the extracellular space. | noticed a similar effect on day 3 with
TRAMP-C2 cells that were transfected with CRT-mCherry and treated with CTX. | observed
that by day 3, there were aggregates of CRT that had formed on the plasma membrane (Figure
16). Although, it is critical to note that this was from my first set of experiments treating the
DAMP- reporter gene TRAMP-C2 cells with CTX. When | performed this experiment, |
acquired a transfection rate of ~40% in all three replicates which resulted in reduced samples to
verify the above-mentioned observations. It would be important to improve the transfection
procedure or switch to a viral transduction that would result in a better expression of these
constructs. It would also be integral to repeat this experiment with more replicates and verify the
location of aggregates using cellular stains. As this is a novel observation, this experiment should

also be performed with other ICD inducers for a more thorough analysis of the constructs.
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As explained earlier in section 4. 2, the DAMP release after a cytotoxic treatment can
lead to an adaptive immune response. It is important to study these DAMPSs as they could act as
adjuvants to current treatment options for not only PCa but other cancer types as well. One study
investigated the CRT expression of high-grade serous carcinoma (HGSC) patients in relation
with prognosis and functional orientation of the tumor microenvironment [158]. They found that
CRT exposure on the surface of primary as well as metastatic HGSC cells is driven by treatment-
independent ER stress-response [158]. They also found that patients with high CRT expression
had significantly improved relapse-free survival (RFS) and overall survival (OS). High CRT
expression was also correlated to T cell activation, T cell migration and cytotoxicity. Another
interesting observation was that high CRT expression was associated with activated DC
infiltration [158]. Studies like this show how ICD caused by current treatments can be
augmented with novel therapies such as checkpoint inhibition or augmentation. One such
possible experiment would be to use these constructs to visualize the movement of DAMPSs post-
treatment with a chemotherapy agent and learn the kinetics of ICD caused by that treatment
option. After understanding the kinetics, the anti-cancer response can be augmented using
immunotherapy agents such as checkpoint inhibitors or checkpoint agonists. This idea of using

checkpoint agonists will be explored in Chapter 5.
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Chapter 5: Expression patterns of checkpoint markers present on
T cells and TRAMP-C2 cells

5.1 Acknowledgements
I would like to start this chapter by thanking Tim Turcotte (BC Cancer- Victoria) and

Adria Devlieger (BC Cancer- Victoria) for helping me perform Truebeam Irradiation on

TRAMP-C2 cells.

5.2 Introduction

Cancer immunotherapy has become a rapidly developing field in the past decade. The
regulation of immune checkpoints has become an important field of study regarding cancer
immunotherapy [73,98, 159]. These immune checkpoints consist of various stimulatory and
inhibitory pathways that aid in self-tolerance and assist in immune response [73, 98]. In cancer,
these immune checkpoints are blocked or activated to inhibit the immune response against the
tumor. There have been various immune checkpoint therapies that have been developed that
block or stimulate the anti-tumor immune response [73, 85, 86].

As suggested in Chapter 1, the tumor microenvironment consists of a range of intricate
interactions between the malignant cells, immune cells and the stroma [92, 160]. These group of
immune cells include antigen presenting cells (APCs), natural killer cells (NK cells), and B and
T lymphocytes [160]. As explained in section 1.5, CD8* effector cells direct a cell-mediated
immune response [161]. An immunological synapse forms between the T cell and the targeted
malignant cell through TCR-MHC class | engagement [162]. When this engagement occurs, the
cancer cell attempts to suppress the immune response. One such method of suppression is

through expression of inhibitory checkpoint markers such as programmed death ligand 1 (PD-
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L1). The programmed cell death 1 protein (PD-1) expressed on T cells, and its ligand PD-L1
interact to induce T cell exhaustion, state that effectively halts the anti-tumor response [89, 163].

Checkpoint inhibitors are a class of drugs that block the interactions between checkpoint
markers and their respective ligands. Many checkpoint inhibiters such as anti-PD-L1 and anti-
PD-1 have been developed to relieve the suppressive effects caused by T cell-tumor cell
interactions of these checkpoint molecules [83, 164]. This allows the T cells within the tumor to
become reactivated and mount an effective anti-tumor response [83, 165]. One checkpoint
marker that has been utilized towards PCa includes the cytotoxic T lymphocyte-associated
protein 4 (CTLA-4). CTLA-4 is an immune checkpoint expressed on T cells that serves to
contain T cell-mediated immune responses [166, 167]. CTLA-4 interacts with B7 family of
ligands to inhibit T cell responses. Currently there are several other Food and Drug
Administration (FDA) approved checkpoint inhibitors including Nivolumab (anti-PD-1) and
Atezolizumab (anti-PD-L1) [83, 86, 159].

Targeting CTLA-4 with a monoclonal antibody results in enhanced T cell mediated
responses and tumor eradication [166, 167]. Ipilimumab (anti-CTLA-4) has shown mixed results
but has been more effective when combined with other treatments including surgery and
vaccines [86, 167]. Although it is unclear what makes checkpoint blockade ineffective in PCa,
some researchers suggest it may be the immunosuppressive tumor microenvironment [168, 169,
170]. Studies have shown that PCa patients have increased frequencies of CD4* T regulatory (T
regs) cells in both the tumor and peripheral blood compared to healthy individuals [168, 169,
170]. As the name implies, regulatory T cells act by limiting the generation of innate and
adaptive anti-tumor immunity. T regs release cytokines such as IL-10 and transforming growth

factor beta 1 (TGF-p) that have a suppressive function. T regs have also been linked with disease
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progression in PCa as studies show that patients at advanced stages had increased peripheral T
regs population than individuals with early-stage disease [169, 170]. The studies also found
increased T reg population in the tumor compared to the benign tissue from the same prostate
[169]. The consensus seems to be that combinatory treatment modalities are required to amplify
and overcome the inhibitory immune state of PCa [103, 169, 170].

Given the lack of clinical efficacy for these early checkpoint molecules, one alternative
approach may be to target the co-stimulatory checkpoint markers. This strategy is different from
derepressing negative signaling molecules because optimal T cell activation also requires
positive co-stimulatory signals. One of these checkpoint molecules is the OX40 or CD137
molecule. This checkpoint molecule is a co-stimulatory marker expressed only on activated
CD4* and CD8* T cells [87, 88]. Naive T lymphocytes lack expression of OX40 but can be
induced after interaction with its cognate ligand [87, 88, 171]. Although not constitutively
expressed, APCs can present OX40L to induce the OX40-OX40L pathway [87, 88, 171]. The
expression of OX40 on T cells can be increased by using APC-derived cytokines such as
interleukin-2 (IL-2) and tumor necrosis factor alpha (TNF-a,).

Understanding these checkpoint markers, especially their expression patterns and ability
to interact with other immune molecules can provide important insight on the rationale

development of better combinatorial immune-based treatments for PCa.

5.3 Methods

5.3.1 Cell line and culture conditions
The TRAMP-C2 line used in this chapter was acquired from American Type Culture

Collection (ATCC). The TRAMP-C2 cells were engineered to express hPSMA upon

doxycycline (DOX) induction. Refer to Section 3.3.1 for cell culture method.
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5.3.2 Treatment with irradiation
hPSMA TRAMP-C2 cells were plated in 10-cm plates 24 hours prior to the irradiation
treatment to achieve 70% confluency. The cells were trypsinized and harvested in 10 mL
TRAMP-C2 media. Cells were irradiated using a clinical linear accelerator (Truebeam, Varian
Medical, Palo Alto) at 0 and 20 Gy doses. Post-radiation the cells were incubated for an

additional 24 hours, washed with PBS, and harvested for flow cytometry analysis.

5.3.3 Treatment with interferon gamma (IFNy)
hPSMA TRAMP-C2 cells were plated in 10-cm plate 24 hours pre-IFNy treatment to

reach 70% confluency. The cells were treated with IFNy at 100 U/mL concentration and

incubated for 24 hours. The cells were trypsinized and harvested for flow cytometry analysis.

5.3.4 Spleen harvest and splenocyte preparation
Male C57BL/6 wild-type mice were ordered from the Jackson Laboratory (ME, USA).

All mice were at least 8 weeks of age for this experiment. Spleens harvested form mice were
passed through 40 pm cell strainers to give single cell suspensions. Red blood cells were lysed
with ACK lysis buffer and the remaining cells were washed with PBS at 2000 RPM for 10
minutes at 4°C. Next, the washed cells were suspended in complete media (RPMI-1640 media
containing fetal bovine serum (FBS; 10%), 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES; 1%), sodium pyruvate (1%), penicillin-streptomycin (1%), L-glutamine (1%), and [3-
mercaptoethanol (0.1%)). Cells were suspended in 6-well plates that were conjugated with anti-
CD3 and anti-CD28 antibodies (Abs) for plate-bound T-cell activation. 1 U/mL IL-2 was added
to the plates. These cells were maintained at 37°C, 20% Oz, and 5% CO: in a water-jacketed
Forma Scientific Incubator. Cells were harvested for flow cytometry analysis 72 hours post-

activation. All animal protocols were approved by and conducted in accordance with the UVIC



7

Animal care Committee (ACC). | have received animal ethics and animal handling training and

certification for all procedures.

5.3.5 Flow cytometry analysis
Separate cell suspensions were prepared from hPSMA TRAMP-C2 cells and activated

splenocytes. For assessment of cell surface markers expression, cells were first stained with a
fixable viability dye in order to only analyze live cells. Cells were then stained with
fluorochrome-conjugated Abs in PBS containing 3% FBS. Samples were then run on the
FACSCalibur (BD Biosciences, CA, USA) and analyzed using FlowJo V10 software (Tree Star
Inc, OR, USA). Population gates for each experiment are discussed in the figure legend. Flow
cytometry anti-mouse Abs were used for the following markers: CD3 (17A2), CD4 (GK1.5),

CD8 (53-6.7), PD-1 (RMP1-30), PD-L1 (MIH5), OX40 (OX-86) (Biolegend Inc, USA).

5.3.6 Statistical Analysis
Comparisons of cell populations between treatment and control groups were performed

on GraphPad (Graphpad Software Inc., CA, USA) using one-way ANOVA and Sidak’s multiple
comparisons test. P values correspond to the following representation of statistical significance.
NS= p-value> 0.05, * = p-value<0.05, ** = p-value<0.01, *** = p-value<0.001, and **** = p-

value<0.0001.

5.4 Results

5.4.1 TRAMP-C?2 treated with IFNy and irradiation showed increased PD-L1 expression
To observe changes in PD-L1 expression post-irradiation treatment, hPSMA cells were

treated with IFNy and 20 Gy irradiation. These cells were harvested and analyzed for PD-L1

expression using flow cytometry. My positive control for this experiment were the IFNy-treated
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hPSMA TRAMP-C2 cells. As expected, the PD-L1 isotype control showed no PD-L1 expression
on hPSMA TRAMP-C2 cells. Treatment with IFNy yielded PD-L1 expression in 96.8% of the
TRAMP-C2 population with the significantly higher mean fluorescence intensity (MFI) of 1510
than 20 Gy irradiated sample (Figure 17A, 17B; p<0.05). In contrast, the untreated hPSMA
TRAMP-C2 cells showed PD-L1 expression in 42% of the TRAMP-C2 population increasing to
56% post-irradiation treatment at 20 Gy (Figure 17A; p<0.01). There was also a significant
difference in MFI between untreated and 20 Gy treated hPSMA TRAMP-C2 cells (Figure 17B,

p<0.001).

5.4.2 Increased PD1 and OX40 expression is observed in activated T lymphocytes
To observe expression patterns of PD-1 and OX40 in activated T cells, splenocytes were

harvested from spleens of adult C57BL/6 wild-type mice. These splenocytes were then activated
with plate bound anti-CD3 and anti-CD28. These splenocytes were analyzed for PD-1 and OX40
expression before and after T cell activation (Figure 18, 19). The inactivated T cells from day 0
served as my negative control while activated T cells were my positive control. Isotype controls
were used to draw population gates.

While analyzing PD-1 expression in activated T cells we observed that on day O there
was no detectable PD-1 expression (Figure 18). This PD-1 expression increases significantly in
both CD4* (~40%) and CD8" (~30%) T cell population (p<0.001, p<0.001). By day 2, PD-1
expression can be observed in ~70% of CD4* and CD8* T cells (Figure 18, p<0.001). This
expression decreases significantly in both lymphocyte populations by day 3 (p<0.001).
Although, PD-1 expression is significantly higher in CD8* T cells versus CD4* T cells on day 3

(Figure 18, p<0.001).
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A similar result was observed when analyzing the OX40 expression pattern. We observed
that less than ~10% of splenocytes had any OX40 expression on day 0 (Figure 19). The level of
OX40 gradually increases starting on day 1, where about ~35% of CD4* T cells and ~25% of
CD8" T cells show OX40 expression (Figure 19). On day 2, the OX40 expression increases
significantly (p<0.001) and lowering significantly by day 3 (p<0.001). On day 2, 48% of all
activated T cells express OX40 with almost 84% of CD4* and 82% of CD8* T cells expressing
0OX40 (Figure 19). This expression lowers significantly by day 3 with <20% of CD4* T cells and

~40% CD8* T cells expressing OX40 (Figure 19, p<0.001).
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Figure 17. Flow cytometry analysis was performed to assess PD-L1 expression post-irradiation
treatment in hPSMA. TRAMP-C2 cells. Cells were harvested 24 hours post-irradiation treatment
and gated on viable cells. These cells were then analyzed for (A) PD-L1 ratio and (B) MFI in
different conditions. (20 Gy: irradiated sample; WT: Untreated TRAMP-C2; IFNy: experimental
control; Isotype: PD-L1 isotype control, N=3, Error bar: SD)
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Figure 18. Flow cytometry analysis was performed to assess PD-1 expression post-irradiation
treatment in activated splenocytes. Splenocytes were harvested and activated with anti CD3/CD28 plate
bound activation. The samples were gated on viable singlets in the ly lymphocyte population. CD4+ T cells
and CD8+ T cells (upper left panel) were then gated and assessed for surface expression of PD-1. (DO: day

0, D1: day 1, D2: day 2, D3: day 3, Isotype: PD-1 isotype control). N=3, Error bar= SD.
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Figure 19. Flow cytometry analysis was performed to assess OX40 expression post-irradiation
treatment in activated splenocytes. Splenocytes were harvested and activated with anti CD3/CD28 plate
bound activation. Samples were collected starting day 0 and gated on viable singlets in the lymphocyte
populations. CD4+ T cells and CD8+ T cells (upper left panel) were then gated form the viable
lymphocytes and assessed for OX40 expression. (DO: day 0, D1: day 1, D2: day 2, D3: day 3, Isotype:
OX-40 isotype control) N=3, Error bar= SD.
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5.5 Discussion

Our aim with this experiment was to understand the expression patterns of PD-1 and
0OX40 on activated T lymphocytes and PD-L1 expression on irradiated hPSMA TRAMP-C2
cells. We harvested these cells after their specific treatments and analyzed them for different
expression patterns through flow cytometry analysis.

The first step to assess PD-L1 expression in TRAMP-C2 cells was to generate a control
that would yield high PD-L1 expression. Studies have shown that addition of [FNy leads to
increased PDL1 expression in murine cell lines such as MC-38 (colon adenocarcinoma) [164,
165]. I performed a dosage response experiment (data not shown) to determine the optimal [FNy
concentration that would result in high PD-L1 expression 24 hours post-treatment. Once this
concentration was identified, I utilized 100 U/mL IFNy as my positive control for this
experiment. | wanted to evaluate if a radiation treatment would change the expression pattern of
PD-L1 in TRAMP-C2 cells. To observe these changes, | analyzed TRAMP-C2 cells that were
treated with irradiation using a linear accelerator (LINAC). The LINAC utilizes photon energy of
6 megavoltage (MV) to irradiate the cells. Although this emission is different from 7’Lu-
PSMAG617, the focus of this thesis, this experiment acted as a preliminary step to understand if
radiation could induce change in PD-L1 expression. In Chapter 3, | had tested different
irradiation dosages to assess cell death in hPSMA TRAMP-C2 which helped me decide 20 Gy as
my treatment dose for this experiment. We found an interesting expression pattern for PD-L1 in
TRAMP-C2 post-treatment with 20 Gy irradiation. We found that there was a basal PD-L1
expression (~42%) in untreated APSMA TRAMP-C2 cells, this expression increased
significantly in hPSMA TRAMP-C2 cells treated with 20 Gy irradiation (~56%) (Figure 17,
p<0.001). There have been studies done that show that irradiation increases PD-L1 expression

[172, 173]. We found it fascinating was how quickly irradiation increased the expression [172,
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173]. It would be vital to perform this experiment using *"’Lu-PSMA617 as it would aid in
understanding if a similar response can be observed. A rapid increase in PD-L1 expression could
also point to a more immunosuppressive tumor microenvironment [152, 172, 173].

The next part of this experiment included analyzing the expression patterns of PD-1 and
OX40 pre- and post- T cell activation. To evaluate these responses, | harvested splenocytes from
the spleen of C57BL/6 wildtype mice. A small population of splenocytes were stained with Abs
and fixed until the activated T lymphocytes were ready to be analyzed. The rest of the
splenocytes were activated with CD3/CD28 plate-bound activation. For this experiment, the
isotype control for the PD-L1 antibody was used to draw the population gate for positive
expression. | found that PD-1 expression increased by day 1, reaching peak expression by day 2
and decreasing significantly by day 3 post-activation (Figure 18; p<0.001). A similar expression
pattern was observed while examining OX40 expression. One interesting observation was
noticed in PD-1 expression on day 3 post-activation (Figure 18). Even though both subsets
reached peak expression day 2 post-activation, CD4* T cell subset showed a much sharper
decrease in PD-1 expression than CD8* T cells (Figure 18). Previous studies have shown that
PD-1 is not expressed on resting T cells but is expressed within 24 h after stimulation [85, 174].
One study showed a similar pattern where almost no PD-1 expression was observed on resting
CD3* T cells. This PD-1 expression peaked at 48 h post-stimulation, followed by reduction in
the following days [85]. This study did not examine specific CD4* or CD8" subsets but overall
showed a much gradual reduction in PD-1 expression levels.

Another interesting observation was noted to be the kinetics involved with the expression
of these checkpoint markers. According to these experiments, day 2 post-activation seems to be

an important timepoint for expression of these checkpoint markers. Understanding the kinetics of
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these checkpoint markers will play an important role in determining the administration of
checkpoint inhibitors or agonists relative to "Lu-PSMA617. However, it would be imperative to
validate the kinetics of checkpoint molecule expression on tumors treated with'’’Lu-PSMA617
in vivo.

Immunotherapies in PCa has been a holy grail since the advent of successful clinical
responses with checkpoint inhibitors in other cancer settings. Currently there are two cancer
vaccines targeting prostate tumor-associated antigens that have shown an overall benefit in
patients with mCRPC [175, 176]. In one study, Sipuleucel-T showed no effect in progression-
free survival but did show a median increase of 3.1 months in overall survival [175, 176]. The
second study, PROSTVAC-VF, showed an increase in the median overall survival of 8.5 months
and another study showed a 45% reduction in mortality [177]. Although these immunotherapies
do seem to show an increase in overall survival, there is almost no effect on PSA levels or tumor
volumes [175, 176, 177]. As explained in section 5.2, checkpoint inhibitors have had a mixed
success in PCa. Clinical trials performed with anti-PD-1 and anti-CTLA-4 as monotherapies
have shown minimal responses [178]. Compared to this, one study found that external beam
radiation therapy (EBRT) for PCa resulted in a progression-free survival with a median of 24
months [179]. Another study found a 30-month progression-free survival rate of 42.6% after
EBRT [180]. Although these studies put RT in a positive light, combinatorial modalities may be
required for a better patient-outcome.

As explained earlier in section 5.2, the OX40-OX40L interaction acts as a co-stimulatory
activation signal for T cells [87, 88]. Inducing this specific pathway may suggest a more
effective treatment option than a checkpoint inhibitor. New developments targeting this

interaction include anti-OX40 agonists which could be tested in the metastatic PCa setting. One
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such clinical trial applied a combinatory approach with anti-OX40, radiation and
cyclophosphamide. This study found transient decrease in PSA levels in 4/9 patients [86]. It also
showed an increase in non-T reg CD4* T cells and CD8" T cells in peripheral blood [86]. This
study also showed that combinatory approach with radiation and anti-OX40 treatment had a
manageable safety and tolerability profile [86]. These results support further examination of a
combinatorial approach using "”Lu-PSMA617 and an anti-OX40 agonist. Therefore, future
studies could be readily conducted using the hPSMA TRAMP-C2 cell line I developed in chapter
2, to evaluate the effectiveness of *’/Lu-PSMA617 combination with OX40 agonists.

In conclusion, understanding the patterns and levels of checkpoint molecule expression,
of both the negative and positive regulatory molecules, is an important step towards in vivo

studies.
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Chapter 6: Summary and Future Directions
6.1 Chapter Summaries

The objective of this thesis was to understand the mechanism of cell death and kinetics
involved with *""Lu-PSMAG17 radioligand therapy. In particular, | aimed to understand this by
generating a mouse model that would allow me to investigate my objective. Understanding the
mechanism behind *""Lu-PSMA617 induced cell death could help us improve the current
treatment options available for patients with mCRPC.

In Chapter 2, | generated a DOX-inducible hPSMA TRAMP-C2 cell line that could be
utilized to study hPSMA-targeted therapies such as *’’Lu-PSMAG617 radioligand therapy. To
develop this cell line, we integrated the Lenti-X inducible system that consists of lentiviral
components which allows for a controlled expression of hPSMA through DOX-induction. Using
this system, we developed four hPSMA TRAMP-C2 clones that expressed hPSMA at various
levels. Based on their expression, clones 14 and 19 were considered “medium” expressing clones
while clones 1 and 16 were categorized as “high” expressing clones. I found that these clones
only expressed hPSMA extracellularly after induction with DOX. We found low-level
intracellular expression of APSMA without DOX, but this was potentially attributed to the
tetracyclines present in the culture medium. These clones were then tested for their binding
response to a hPSMA-targeting ligand known as ®F-DCFPyL. We found that in DOX-induced
cells, 18F-DCFPyL was able to bind to surface hPSMA. Once we verified this binding response
in vitro, we wanted to investigate this response in vivo. We performed this by using male
immunodeficient mice to investigate the uptake of 8 F-DCFPyL in the tumor. We found that
there was a significant difference in uptake between uninduced and DOX-induced mice. We saw

no tumor-uptake of F-DCFPyL in mice not treated with DOX. These experiments showed that
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no hPSMA was being expressed without DOX-induction. This chapter concluded with
development of a hPSMA-TRAMP C2 cell line, verification of expression after DOX-induction
and binding response to ®F-DCFPyL ligand, in vitro and in vivo.

One of the primary questions that remains from Chapter 2 is “how does this system
translate in an immunocompetent mouse model?”. The future directions for this chapter include
understanding the immune component and how it responds to hPSMA TRAMP-C2 tumors. The
group of researchers who first developed a mouse model to study */’Lu-PSMAG617, Fendler, et
al., postulated that tumor rejection was only observed in cells expressing high levels of hPSMA
[16]. They found no tumor rejections in cells with heterogenous PSMA expression [16]. This
experiment provides support that hPSMA TRAMP-C2 cells can be used in an immunocompetent
mouse model.

In Chapter 3, | investigated one of the possible mechanisms of cell death induced by
Y7Lu-PSMAG617 rLT. The cells were treated with *’Lu-PSMAG17 by our collaborators in
Vancouver, BC. The collected lysates were then examined for apoptosis. These lysates were
tested for caspase-3 cleavage [66]. We found evidence of caspase-3 cleavage starting one-day
after treatment with 1”Lu-PSMAG617. This response was maintained until the last day of
collection. This was an interesting observation as the association between *’’Lu-PSMA617 and
apoptosis has not been shown before in TRAMP-C2 cells. One of the key guestions that remains
from this chapter is “what other cell death mechanisms are involved with */Lu-PSMA617
rLT?”. I speculate that 1"’Lu-PSMAG617 induces apoptosis through DNA damage and/or ER
stress response. Further experiments should be performed to understand the degree of DNA
damage and to understand other mechanisms that might be involved with *"’Lu-PSMA617-

induced cell death.
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In Chapter 4, | examined if 1"’Lu-PSMAG617 is capable of inducing an immunogenic cell
death (ICD). As explained before, release of DAMPs such as calreticulin and HMGBL1 are
hallmarks of an immunogenic cell death [54, 55, 56,]. To investigate this, I initially treated
hPSMA TRAMP-C2 cells with cyclophosphamide (CTX), a known ICD-inducer. The
supernatants from the cells treated with CTX were examined for HMGBL1 release. Once |
verified the HMGBL1 release with CTX, | performed a similar experiment using supernatants
from hPSMA TRAMP-C2 cells treated with 1’/Lu-PSMA617. | found a steady increase in
HMGBL1 levels starting day 2 and increasing on day 4. This HMGBL release showed evidence
that ’’Lu-PSMA617 can induce ICD in hPSMA TRAMP-C2 cells. | also generated DAMP-
fluorescent reporter cell lines where HMGBL1 and calreticulin (CRT) were expressed in tandem
with fluorescent proteins such as GFP and mCherry, respectively. These HMGB1-GFP and
CRT-mCherry cell lines can be utilized to visualize the translocation and release of these
molecules from the cell. This can help understand the kinetics involved with the release and
when the activation of the immune system occurs in response to this cell death. Understanding
this can help us develop combinatory treatments utilizing immune-modulatory agents for patients
with mCRPC as well as other cancer modalities.

In Chapter 5, | examined the expression patterns of checkpoint markers such as PD-L1,
PD-1 and OX-40. These checkpoint markers play an important role in T cell stimulation and
inhibition thus it is integral to understand their expression patterns [78, 79]. The most surprising
result was the significant increase in PD-L1 expression just 24-hours after irradiation treatment.
The expression pattern of PD-1 and OX-40 were similar; we saw an increase in expression on

day 2 and sharp decrease by day 3 in both T cell subsets. It would be interesting to see if ICD can
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change the expression pattern of these markers. We can utilize this knowledge to properly

schedule the administration of checkpoint inhibitors/agonists.

6.2 Future Directions
The results of this thesis help us understand the mechanism of cell death and kinetics

involved with *"Lu-PSMAG617. Although *"Lu-PSMAG617 has already been heavily investigated
in clinical settings in Europe, the mechanistic knowledge is still lacking [96, 97]. Also, there are
very limited pre-clinical mouse models that have been developed to study the effect of *77Lu-
PSMAG617 in PCa [16]. My thesis focused on bridging this gap in knowledge and developing the
tools for an immunocompetent mouse model to study "/Lu-PSMAG617 rLT and other hPSMA-
targeted therapies.

The set of experiments performed in this thesis show support towards the development of
a promising PCa mouse model. The study performed by Fender et al evaluated a mouse model to
investigate the uptake of 1/’Lu-PSMAG17 and evaluate the efficacy of the compound [16]. One
limitation of this experiment is that PSMA was constitutively expressed on their particular cell
lines. With my proposed system, the DOX-controlled expression of hPSMA provides a more
complete immune competent model to study /’Lu-PSMA617 and other hPSMA-targeted
therapies.

The first future experiment should ask the question “Does the combinatory approach with
7Lu-PSMA617 and checkpoint agonist have a better therapeutic efficacy then each treatment
alone?”. Currently, we are interested in understanding the impact of utilizing a checkpoint
agonist (anti-OX-40) in a pre-clinical PCa mouse model. The reason is checkpoint inhibitors
such as anti-PD-L1 and anti-PD-1 have had limited success in regard to PCa. [89, 144, 164].

Studies with anti-OX-40 as part of the combinatory treatment with radiation in PCa have shown
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promising results [86]. This warrants for a pre-clinical study evaluating the survival and anti-
tumor response of a combinatory treatment with anti-OX-40 and *"’Lu-PSMAG617. Evaluating
the responses of the combinatory treatment versus singular treatments alone can help us
understand how these treatments will translate in the clinical settings.

In conclusion, the findings presented in this thesis have provided further knowledge in
understanding Y""Lu-PSMA617 rLT and developing the tools for pre-clinical PCa mouse model
to evaluate hPSMA-targeted therapies. It is my hope that we can develop */Lu-PSMA617 rLT in
combination with other treatments using results outlined in this thesis, along with additional

results from current and future research, to improve the survival of mMCRPC patients.
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