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Abstract

Prostate cancer represents a significant disease burden worldwide. While recent
advancements in diagnostics and therapy have increased both overall and progress-free survival
in PCa, relapses are common, and progression to the metastatic phenotype continues to block
therapeutic efforts, often leading to fatal outcomes in spite of multimodal therapy. In
consequence, more potent treatment options are the subject of dynamic pre-clinical and clinical
research. A substantial part of this research focuses on combination treatment strategies, such as
therapy using theranostic targeted radioligands combined with immunotherapeutics. We proposed
co-targeting of OX40, a T-cell surface antigen using an agonistic antibody OX86, in combination
with a lutetium-177-labelled, PSMA antigen-binding radiopharmaceutical [177Lu]Lu-(DKFZ)PSMA617.
Based on the promising results from pre-clinical and clinical trials, we hypothesized that
the combined treatment would have greater therapeutic effect than either treatment alone. First
we isolated four clones of a doxycycline (Tet-On)-inducible cell line, deriving from a commonly
used TRAMP-C2 cell line. Next, we conducted imaging and biodistribution studies and were able
to prove inducibility of PSMA protein-expression upon induction, in a non-immunogenic model.
Induction was visualized in PET/CT scans as increased [ 18F]DCFPyL uptake in the inoculated
tumour region, and evident from the dosimetry analysis of gamma-counted organ samples ex
vivo, whereas tumour tissue tracer uptake amounted to up to 26% ID/g.
Cells derived from excised tumours were viable in an immunocompetent model, which
facilitated experiments aimed at comparing therapeutic efficacy of the proposed combination
treatment. In the adapted therapy studies, tumour growth inhibition was achieved in both
iii

treatment groups ([177Lu]Lu-PSMA617 alone and in combination with OX86 antibody). Growth
dynamics of untreated tumours showed a high degree of variability, which negatively impacted
the interpretative value of the results. However, underlying processes causing such nonuniformity of results were delineated in another set of experiments - the pilot autoradiography
(betaimaging) and tissue architecture imaging studies concluding this thesis, identifying
pronounced intra- and intertumoural heterogeneity.
To conclude, successful induction of PSMA-expression and the viability of used clones in
immunocompetent models hold promise of applying this system as a gene-reporting tool, and
further subcloning of the cell populations can pave a way for expanded therapy studies.
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Lay Summary

For patients and the healthcare system, metastatic prostate cancer represents a challenge.
Numerous new treatments and treatment combinations are being identified, that can improve the
quality of life and increase life expectancy for prostate cancer patients. Herein we studied a
combination treatment consisting of a radioactive molecule called lutetium-177-PSMA617 and
an immunotherapeutic called OX86, in laboratory experiments. Lutetium-177-PSMA617 has
already shown promising results in clinical trials and larger trials are currently underway in order
to assess whether it qualifies as a candidate for standard therapy of prostate cancer. OX40 is an
immunotherapeutic with some already available results in clinical trials supporting its use. In our
experiments, we first successfully engineered prostate cancer cells that can be used for our
experiments. We could not confirm with certainty that the combination treatment was more
effective than each of the drugs alone; however, the combination took certain effect in reducing
tumour volume.
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Preface
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Z Zhang performed the chemical and radiochemical synthesis of radiotracers. I conducted the
biological evaluation experiments (biodistribution, monitoring). H Merkens assisted with animal
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design and performed the majority of the staining and imaging procedures, together with Jason
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Chapter 1: Introduction

1.1 Prostate cancer

In Canada, and in most western societies, prostate cancer is the most commonly diagnosed
and the third most lethal malignancy in men, with over a million diagnosed cases and 359 000
deaths worldwide in 2018, and an estimate of 22,900 cases, and 4,100 deaths in Canada in 2019
[1-6]. Unambiguously linked to its development are the risk factors: age (most significantly),
race/ethnicity, geography, family history and inherited genetic mutations [7,8]. Since 2001, the
mortality due to prostate cancer is in decline by a rate of 3.3% per year, due to improved
diagnostic testing and treatment options [9]. Despite advances in treatment, relapsed and
refractory prostate cancer remain a significant cause of male mortality and morbidity across the
globe. The vast majority of cases is detected before progression to a metastatic phenotype
happens, since prostate cancer is known to show symptoms in the early stages [10]. Once
metastatic disease has developed, the treatment efficiency is known to significantly diminish, and
despite recent advancements in pharmacotherapy of prostate cancer, less than a third of patients
with the disease spread to extrapelvic organs are expected to live 5 years or longer. Consequently,
the clinical demand for more effective treatment in metastatic androgen-insensitive PCa remains
high [11-15].
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1.1.1. Therapy of prostate cancer

As recommended in the current Canadian Urological Association guidelines, prostate
cancer management is multimodal and dependent on clinical features, such as presence of bone
metastases, histological findings, tumour’s androgen-dependence, or patient’s age, among others
[6, 16]. Traditionally applied surgical interventions, such as radical prostatectomy, still have a
place in prostate cancer management - in localized disease, and in conjunction with patients’
individual preferences. Androgen deprivation therapy, on the other hand, is a mainstay of a
lifelong metastatic disease management. In addition, second- and third-generation anti-androgens
have increased the lifespan of patients with metastatic disease and are currently given priority
over taxane chemotherapeutics [6, 12, 16].

Figure 1.1: Scheme of currently available prostate cancer therapeutic options. Adapted with
permission from [6, 16-18].
2

Typical disease course in PCa patients is marked by a loss of response to different therapy
modalities and relapsing tendencies (Figure 1). Progression from metastasis to castration
resistance occurs within 10-16 months median time [13]. Therefore, third-line therapy is a focus
of dynamic ongoing research, involving hormonal, radio-, immuno- and chemotherapeutic
strategies [19-27].

1.1.2. Nuclear medicine in cancer management

Use of radiation represents one of the long-established mainstays of cancer management
[28-30]. In nuclear medicine, radionuclides bound to biomolecules are used for imaging and
therapy, and a variety of applications is achieved by choosing the appropriate nuclide with (an)
appropriate decay mode(s), half-life that matches the biological half-life of the biomolecule, and
depth of particle’s penetration in tissue. The radiotracer bioconjugate usually incorporates a socalled spacer (synonym: linker) that is responsible for modifications in chemical properties of the
entire conjugate molecule. This can be essential for modifying compound’s affinity for specific
tissues, and in consequence, for an amplified tumour-to-background ratio [31-33]. Radiation
originating from the radiometal can be used for diagnostic imaging, namely in single photon
emission computed tomography - SPECT – via gamma emission, or positron emission
tomography - PET, via positron emission. For imaging of prostate cancer, promising 18F-labelled
radiotracers have been investigated in the past several years, allowing for identification of distant
3

lesions and individualized decision-making regarding therapy. Moreover, alpha, Auger or
negatron (beta, β-) emission can be harnessed for therapy purposes, as a result of tumouricidal
DNA double strand breaks. A substantial part (currently around 85%) of applied nuclear
medicine is still oriented towards diagnostic procedures, whereby there is a tendency of its
decrease in favour of therapeutic application. 177Lu (t1/2 = 6.65 days), and 90Y (t1/2 = 2.67 days),
that emit beta particles have been studied as promising candidate isotopes for
radioimmunotherapy (RIT) of cancer. Their ability to deposit radiation over up to a few
millimeters in soft tissue makes them good candidates for therapy of tumours with large necrotic
areas and high total volume, 177Lu has additional advantages for targeting micrometastases.
177

Lu-labelled radiotracers are gaining popularity due to their dual purpose, as both SPECT-

imaging and therapeutic agents [34-49].

1.1.2.1 Theranostics

Research in physics and nuclear medicine in the late 1990s created a novel concept of
theranostics, that represented advancement in rational management of cancer patients. In brief,
theranostic approach in nuclear medicine implies that the same biological target is used for
binding imaging radiopharmaceuticals and as a target for cytotoxic radiation [28, 29, 39, 43, 47].
This can either be achieved by exchanging the imaging nuclide for a therapeutic radionuclide, or
by using specific nuclides whose decay modes allow for both purposes. Use of theranostics
facilitates diagnosis and tracking of the disease progress in conjunction with therapeutic antitumour performance. In other words, individual patient’s disease state can be staged in order to
4

guide optimal personalized therapy options. Screening for the disease and oncotherapeutic efforts
can, in this manner, be achieved with increased cost-effectiveness, since treatment efficacy can
be monitored using tracers that are similar, or identical, to the therapeutic agent. By exchanging
the positron- or gamma-emitting radiometal from a bioconjugate with a therapeutic radiometal
(alpha- or beta-minus-emitters), cancer cells that express the targeted antigen are visually
identified, and moreover, the targeted therapy response pattern can be demonstrated. In
consequence, managing individual cases becomes personalized, leading to better selection of
case-to-case therapy regimens and patients’ overall improvement, while avoiding overtreatment
of false-positive cases [27, 29, 39, 43, 47, 50-52, 62-65]. Lutetium-177 has been widely utilized
as a radioisotope of choice for targeted radionuclide therapy (tRL) (Table 1), a type of cancer
treatment wherein radioisotope-labelled compounds bind to antigens expressed in malignant
tissue, causing irreversible damage to the cancerous cells. Furthermore, the simultaneous
emission of imageable gamma photons [208 keV (11%) and 113 keV (6.4%)] along with
particulate β (-) emission [β(max) = 497 keV] makes lutetium-177 a theranostically suitable
radionuclide [65-68].
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Radionuclide

Physical t1/2 (days)

Radiation type and

Particle range (mm)

energy in (MeV)
131

I

8

Beta (0.6), gamma

2

(0.364)

90

Y

2.67

Beta (2.28)

12

67

Cu

2.58

Beta (0.54), gamma

1.8

(0.185)

188

Re

3.77

Beta (1.08), gamma

5

(0.131)

177

Lu

6.7

Beta (0.497), gamma

1.5

(0.208)

Table 1.1. Common beta-emitters in use in nuclear medicine. The ideal radionuclide has a longer
half-life (several days), short penetration in tissue, and deposits high energy. Compared to other
emitters, lutetium-177 possesses most favourable traits. Adapted from [60].
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1.2. PSMA

Prostate-specific membrane antigen (PSMA, also Folate Hydrolase 1 - FOLH1; glutamate
carboxypeptidase II – GCPII; Figure 1) is a 750 aa type II transmembrane glycoprotein with
enzymatic activity that is expressed on the cell surface of healthy prostate, and overexpressed
(100 - 1000-fold) in aggressive forms of localized prostate cancer. Moreover, it is upregulated in
poorly differentiated metastatic and hormone-refractory carcinomas. Its levels increase with
higher tissue dedifferentiation, making PSMA a highly attractive target in nuclear medicine. The
function of this enzyme in prostate cancer and healthy prostate is still unclear, although its
respective folate- and NAAG-hydrolyzing activities in small intestine and nervous system have
been clearly delineated thus far [69-79].
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Figure 1.2. PSMA homodimer structure scheme. aa: aminoacid(s); C: carbon; N: nitrogen; Zn:
zinc. Adapted with permission from [74] and [75].

1.2.1

PSMA-targeting radiopharmaceuticals

Small peptide-like molecules that bind to its active extracellular domain have emerged as
state-of-the-art prostate cancer imaging radiotracers [101-103], capable of imaging PCa with
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remarkable tumor-to-background ratios [34, 35, 40, 42, 43]. Currently, most widely used
PSMA-targeting PET tracer both in PET/CT and in PET/MRI, is 68Ga–labelled PSMA-11 (or
HBED-PSMA) [81-85], an example of PSMA-binding compounds with Glu-urea-Lys
binding motif. Compared to conventional PCa imaging, PSMA PET has demonstrated
superior specificity and sensitivity, with the ability to identify subcentimeter and distant
lesions, in prostate, bone, lymph nodes and soft tissue. PSMA PET has gained clinical value
in high-risk primary lesion staging and disease localization in cases of biochemical
recurrence. Low-volume lesions can, compared to conventional techniques, be easily
identified at very low PSA levels due to the high sensitivity of PSMA PET. Use of PSMA
PET for therapy monitoring in mCRPC radionuclide therapy is a subject of ongoing dynamic
research. Recent meta-analyses showed extraordinary diagnostic performance for primary and
secondary staging (re-staging following BCR) due to its ability to detect lesions even at very
low serum PSA levels [80-89]. Therefore, for example, the most recent EAU guidelines
recommend PET/CT using PSMA-targeting radiotracers at low serum PSA levels (≥
0.2 ng/ml) [87].

1.2.1.1 Lutetium-177-labelled theranostic agents in cancer management

The radioactive emission of beta particles by radionuclides such as 177Lu can exert their
effect on the tissue over several cell diameters [65, 66]. In case of tumour cells, this toxic effect
ideally damages tumour DNA and, by causing stable mutations, cancerous cells’ progression is
thwarted. Due to the shorter range of β emissions, 177Lu is preferred to 90Y since renal or marrow
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toxicity is an important factor to consider in mCRPC [45, 90-92]. This tRL has significant
advantages over local RT as it systemically targets disseminated cancer cells. To date, [177Lu]PSMA617, applied for both dosimetry and therapy purposes in prostate cancer, has shown
highest efficiency in reducing pain and biochemical disease markers, and prolonging survival in
early non-randomized clinical trials (Table 1.2).

Radionuclide

Ligand

Status according to
clinicaltrials.gov

MIP-1095

131

I

Compassionate use

PSMA I&T

177

Lu (68Ga, 111In)

Compassionate use

J591

177

Lu

PSMA617

177

Lu (also 68Ga and 225Ac)

PSMA I&S

99m

Tc

Phase I
Phase I/Phase II/Phase III
Not yet recruiting

Table 1.2. PSMA ligands used in therapy/palliation of PCa. PSMA: prostate-specific membrane
antigen; Ac: actinium; Ga: gallium; I: iodine, In: indium; Lu: lutetium; Tc: technetium.
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1.2.1.1.1

[177Lu]Lu-PSMA617

Due to significantly lower PSMA-expression levels in healthy versus diseased tissue [74,
75], targeting this membrane glycoprotein has the potential to meet the clinical requirements for
high-dose/low-toxicity endoradiotherapy of PCa. Once bound to the glyocoprotein’s extracellular
active centre, the PSMA ligands are internalized into the cytosol, making them a reliable source
of endoradiotherapeutic activity and a tool in localizing disease foci [93-96]. In recent years,
lutetium-177-labelled PSMA-targeting radioligands have rapidly gained worldwide attention for
the treatment of metastatic castration-resistant prostate cancer (mCRPC). In 2015, another Gluurea-Lys-based, PSMA-binding, DOTA-conjugated biomolecule - [177Lu]Lu-PSMA617 (or
[177Lu]Lu-DKFZ-PSMA617) - was synthesized in Heidelberg, Germany. It emerged as a
theranostic compound with promising results in up to 70% of non-responders to first- and
second-line prostate cancer treatments [97, 98] and its efficacy has been confirmed in a series of
retrospective studies [103, 104]. A non-randomized trial showed a sustained PSA response (with
no significant toxicities) in ~60% of heavily pre-treated patients (n=30) receiving [177Lu]LuPSMA617 [103]. As long as results from randomized prospective (phase III) trials are still being
anticipated (release planned in 2021), radioligand-therapy targeting PSMA will remain a thirdline option for heavily pretreated, symptomatic patients. Nonetheless, data published to date have
indicated its safety and effectiveness, with rarely occurring higher-grade haematological
toxicities (3-11%), and reported absolute safety regarding severe non-haematological toxicities
[103-107]. Available literature reports encouraging data on progression-free survival (PFS = 3.613.7 months), overall survival rates (OS = 7.5-29.8 months) and re-administration safety [106,
107, 109-112]. Given the fact that most treated patients had undergone various cycles of different
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treatment options and had suffered from several relapses prior to the treatment, use of lutetium177-based PSMA-RLT is reassuring in late-stage disease scenarios. In addition, dosimetric
application of the same radioligand and lack of treatment options in these disease stages have
given lutetium-labelled PSMA-targeting radioligands advantage over alternative options thus far
[57, 98, 110, 113, 114, 118-122].

Figure 1.3. Chemical structure of PSMA617; left: unlabelled bioconjugate, middle: [68Ga]GaPSMA617, right: [177Lu]Lu-PSMA617. Adapted from [42], [57] and [115].

1.3 Cancer immunotherapy

Along with use of radiation, standard treatments of cancer include surgical removal,
hormone therapy [123-124], and as of recently, immunotherapy as an alternative and/or
complementary method, gaining increasing interest [123-130]. A hallmark of clinically relevant
cancers is acquiring established mechanisms of escaping immune anti-tumour response [131132]. An example of the most successful strategies of tumor-induced immune evasion is the
recruitment, expansion, and activation of CD4+ CD25+ Foxp3+ T-reg cells (regulatory T-cells, Treg
cells), dominant mediators of maintaining immunological self-tolerance to avoid peripheral lethal
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autoimmunity [133-136]. Interfering with immune checkpoints in the PD-1, PD-L1, PD-L2, and
CTLA-4 axes and developing resistance to immune pro-apoptotic signals are further mechanisms
of tumour immune escape. Targeting these pathways is a mainstay of cancer immunotherapy and
these approaches have already been used in clinical trials for other malignant neoplasms [137139]. Immunotherapies fall into four major categories: checkpoint inhibitors, cytokines,
therapeutic cancer vaccines and genetically engineered CAR-T cells. Positive clinical outcomes
were observed in colon, renal, and lung cancer, and in metastatic melanoma [137-140]. Immune
checkpoint blockade with antagonistic monoclonal antibodies (mAbs) targeting proteins of the
B7 immunoglobulin superfamily (CTLA-4, PD-1, and PD-L1) generate long lasting anti-tumour
immune responses translating into clinical benefit across many cancer types and reaffirming the
role of immune system in the fight against cancer [141-142]. In prostate cancer, there have been
numerous clinical trials on immune checkpoint therapy and therapeutic vaccines [126, 128, 131,
143].

1.3.1 Immune checkpoint blocking therapeutics

Cancer, and chronic infections alike, is facilitated by diverse immune subversion
mechanisms, such as expressing regulatory phenotype of T-cells, secretion of immunomodulatory
cytokines, such as IL-17, and by expressing so-called immune checkpoint surface proteins, that
suppress immune response upon binding their ligands [132]. Imbalances in these mechanisms
underlie a variety of autoimmune diseases and cancer of different tissue origin, including prostate
cancer. Immune checkpoint blockade with antagonistic monoclonal antibodies (mAbs) targeting
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B7 immunoglobulin superfamily molecules (CTLA-4, PD-1, and PD-L1) generate long lasting
anti-tumour immune responses translating into clinical benefit across many cancer types.
However, many patients are primarily resistant to immune checkpoint blockade - based
monotherapy and many others will eventually relapse. In addition, prostate cancer
immunotherapy did not manifest the same levels of success it did in e.g. melanoma, NSCLC or
urothelial bladder cancer, i.e. those cancer sites that elicit a vivid immune response due to high
mutational load - so called “immunologically hot” cancer. The mutational load levels of prostate
cancer are considered intermediate [151, 152] relative to other cancer sites, so it is without
surprise that clinical and pre-clinical studies so far have shown mixed success. Recent findings
suggest that immune response in PCa is present, however requiring additional boost in order to
serve as a substrate for immunotherapy.
Therefore, new immunostimulatory targets are needed to overcome primary and
secondary resistance to immunotherapy in PCa [153-155]. Besides the B7 co-inhibitory receptors,
the tumour necrosis factor receptor superfamily contains many other immune checkpoints, which
could become the next generation immunomodulators. Among them stands OX40 (CD134), a costimulatory molecule that can be expressed by activated immune cells. Several anti-OX40
agonistic monoclonal antibodies are currently tested in early phase cancer clinical trials [160,
161]. Accumulating preclinical evidence supports their clinical development. However,
conflicting results and controversies between in vitro and in vivo data point to the need for
comprehensive ancillary studies to be performed in upcoming clinical trials to better understand
the mechanism of action of anti-OX40 mAbs-based therapy [160, 162]. Antibodies targeting
checkpoint inhibitors or co-stimulatory receptors on T cells have shown significant antitumor
efficacy in preclinical and clinical studies.
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Drug

Commercial name

Manufacturer Target

First

Indication(s)

approval
Pembrolizumab

Keytruda

MSD

PD-1

September

Melanoma,

2015

NSCLC,
classic M.
Hodgkin,
renal-cell
carcinoma,
head-andneck SCC,
urothelial
carcinoma,
solid tumours
with high
MSI or MRD
levels

Atezolizumab

Tecentriq

Roche

PD-L1

May 2016

urothelial
carcinoma

Avelumab

Bevancio

EMD/Pfizer

PD-L1

March

Merkel-cell

2017

carcinoma,
urothelial
carcinoma

Durvalumab

Imfinzi

AstraZeneca

PD-L1

May 2017

NSCLC,
urothelial
carcinoma

Table 1.3. Immune checkpoint inhibiting agents approved for cancer therapy. MRD - minimal
residual disease; MSD - Merck Sharp & Dohme Pharmaceuticals, MSI: microsatellite instability
PD-L1: programmed death –ligand 1, PD-1: programmed death 1, NSCLC: non-small cell lung
cancer.
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Authors
(year published)

Number

Diagnosis

Treatment

Outcome

mCRPC

ipilimumab

complete response in

+ RT

one patient, stable

of
patients

Slovin et al.

50

(2013)

disease in 6, good
biochemical
response in 8
patients.
Borradori et al.

5

(2016)

Progressive

RT + adjuvant or

partial (n=2) and

cutaneous

neoadjuvant

stable (n=3)

SCC and

nivolumab/pembrolizumab response

basosquamous
carcinoma
Kwon et al.

799

mCRPC

(2014)

ipilimumab versus placebo

median OS=11.2

after RT

mo, OS at 1 year
46.8% PFS at 6
mo=30.7%

Golden et al.
(2013)

1

metastatic

concurrent ipilimumab and complete response

NSCLC

RT

due to abscopal
effect one year after
treatment

Table 1.4. Studies reporting use of immune checkpoint inhibitors in non-melanoma patients [163166]. mCRPC: metastatic castration-resistant prostate cancer; NSCLC: non-small cell lung
cancer; OS: overall survival; PFS: progress-free survival; RT: radiotherapy; SCC: squamous cell
carcinoma.
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1.3.2 PCa immunotherapy

The immune response in prostate cancer patient is often suppressed and the outcomes of
prostate cancer immunotherapy trials have been modest (Table 1.4) [148, 151-158]. Early results
from checkpoint blockade trials have had mixed success in mCRPC. In particular, early anti-PDL1 trials have failed to elicit responses predicted based on positive data from other tumours,
although one trial showed response in 3 out of 10 patients treated with anti-PD-L1 therapy, with
rapidly decreased PSA values [151]. The use of peptide-based immunotherapeutic approaches,
DNA/RNA strategies and cell-based vaccines in prostate cancer has been a subject of pre-clinical
and clinical research, again with mixed success. Prostvac, a PSA-targeted poxvirus-based vaccine
failed to show satisfactory performance in phase III clinical studies. On the other hand,
Sipuleucel-T, a dendritic cell-based active immunization drug, is currently approved by the Food
and Drug Administration (FDA); however, the treatment is currently cost-prohibitive [154-156].
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Drug

Number of

Phase

Key result

Author (year)

patients

Sipuleucel-T

127

III

Improved OS

Small et al. (2007)

compared to
placebo (25.9 vs
21.4 months)
98

III

improved OS

Higano et al. (2009)

compared to
placebo (19 vs
15.7 months)
512

III

improved OS

Kantoff et al. (2010)

compared to
placebo (25.8 vs
21.7 months)
Ipilimumab

799

III

no difference in

Kwon et al. (2014)

OS compared to
placebo; trend of
improved PFS
rate by
ipilimumab at 6
mo (30.7% vs
18.1%)
(continues on next
page)
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Drug

Number of

Phase

Key result

Author (year)

patients
Prostvac-VF

125

II

improved OS

Kantoff et al. (2010)

compared to
control vector
placebo (25.1 vs
16.6 months)
32

II

improved OS

Gulley et al. (2010)

compared to
historical
controls (26.6 vs
17.4 months)
626

III

terminated early
due to futility
analysis results
(<30%
likelihood of
meeting
improved OS primary
endpoint)

Table 1.5. Relevant clinical trials on prostate cancer immunotherapy [mo: months; OS: overall
survival; PFS: progress-free survival; Prostvac-VF - vector-based PSA-targeting vaccine; GVAX
– a pancreatic cancer vaccine. [145, 149, 156, 157, 163]
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1.3.3 OX-40

OX-40 is a 50 kDa type I membrane glycoprotein and a member of the TNF receptor
superfamily, also known as CD134 [158-160]. While it is transiently expressed on activated CD4
and CD8 T cells upon antigen stimulation and T cR-signaling, resting naïve T cells and resting
memory T cells are OX40-negative [158-181]. Contrary to historic beliefs, it has further been
identified in activated Treg cells, neutrophils, NK and NKT cells [159, 160, 168, 173-181, 234,
235].
OX40-signaling regulates NF-κB-mediated differentiation, plays a major role in primary
clonal expansion and memory development of CD4 + lymphocytes and initiates activation of
CD8+ cells and cytokine release by upregulating the antiapoptotic proteins Bcl-xL and BcL-2
[160]. Altogether, the antitumour effect is potentiated by its triggering. OX40`s ligand – CD252;
OX40L – is expressed on activated dendritic cells, B-cells and macrophages – also known as
professional antigen-presenting cells – following stimulation with CD40, lipolysaccharide or
TSLP, and peaks 48-72 h after in vitro and in vivo stimulation [158-168]. Its expression on
CD3+CD4+ accessory cells promotes Th2 cell survival through interacting with T h2-own OX40
[159, 162, 171, 179]. In experimental tolerogenic in vivo systems, triggering OX40 has been
shown to prevent tolerance induction and to reverse lymphocyte hyporesponsiveness [167].
Furthermore, OX40 is largely involved in the pathogenesis of autoimmune disease; blocking the
OX40 – OX40L axis ameliorates autoimmune symptoms [157-159, 167-169, 172, 173, 175, 180].
While inhibition of OX40 signaling is found to be beneficial to treat autoimmunity, its
triggering improves immune response to cancer. Indeed, systemic OX40L – Ig fusion protein
administration or OX86 agonist mAb induces the rejection of various types of subcutaneous
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tumours in mice. OX40 triggering leads to functional inactivation of immune-regulatory
populations, such as regulatory T-cells whose activity is essential in developing T-cell tolerance
and the resulting resistance to cancer immunotherapy, and vice versa, OX40-depletion induces
peripheral precursors to acquire regulatory phenotype [159-175, 177-179]. This is achieved in a
variety of mechanisms: by modulating the homeostasis of nTreg cells and their effector function,
as well as by generating iTreg (inducible/adaptive regulatory T-) cells [160]. Further, it leads to
costimulatory signaling to antigen-reacting naïve T-cells to prolong proliferation, and finally, it
augments secretion of several cytokines [159-180]. This is corroborated in experiments with OX40 knockout mice that generated fewer primary effector CD4 T cells than wildtype mice,
following immunization [227-229]. Furthermore, in vivo treatment with an agonist antibody to
OX-40 has been shown to strongly enhance the generation of antigen-specific cytotoxic effector
T cells, by providing so-called “fitness-signals”, and concurrently prevent the induction of T cell
tolerance. Interestingly, experiments in tumor-bearing Rag1-knockout (KO) mice, showed that
both regulatory and effector T cells must be triggered via OX40 for the tumor to be rejected.
Upon intratumoral OX40 triggering, increased numbers of infiltrating dendritic cells (DCs)
migrate to draining lymph nodes and generate a new wave of tumor-specific cytotoxic T
lymphocytes, as detected by CD44 and tetramer staining of node CD8(+) T lymphocytes,
allowing DCs to induce an adaptive immune response [160-167, 173-178, 180, 181, 230-232].
DC-derived OX40L expression critically enhances and maintains helper-2-cells responses,
simultaneously promoting IFNγ-producing priming of helper-1-cells. Another established effect
of OX40 is that, by increasing the number of effector T-cells and the surviving effector T-cells
later acquiring memory phenotype, OX40 indirectly expands the pool of memory T-cells, which
can again play a role in antitumour immunity [159, 160, 162-169, 173, 175, 177, 179].
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In fact, experiments with OX40L-knockout mice showed significantly lower CD44 hiCD62Llo
effector memory population of polyclonal CD4+ T-cells, compared to wild-type mice
[234, 235].
Additional effect was identified by Takeda et al., who found significantly lower number
of CD25+ CD4+ nTreg cells in OX40-knockout mice than in their wild-type littermates.
In contrast, transgenic strains with forced constitutive expression of OX40L exhibit increased
nTreg numbers in both spleen and thymus [236]. An essential role OX40 has for the functional Tcell-mediated antitumour efficiency is illustrated in findings by Rogers et al. and Song et al.,
namely that OX40-deficient CD4+ T-cells are unable to maintain high levels of antiapoptotic
molecules, such as Bcl-xL, Bcl-2 and survivin, leading to decreased cellular life span.
Combination of anti-OX40 therapy with different anti-cancer agents is very promising and
it has been proposed as a novel adjuvant therapeutic. Piconese et al. demonstrated that generation
of iTreg is hampered by intratumoural injection of an agonistic anti-OX40 mAb [167].
Hirschhorn-Cymerman et al., on the other hand, reported effective tumour immunity against
poorly immunogenic B16 melanoma, as a result of cyclophosphamide treatment along with an
OX40 agonist antibody [172]. The same group postulated the possibility of OX40-mAb-mediated
induction of Treg population expansion in the periphery and simultaneous apoptosis of
intratumoural Treg cells.
It has been speculated that IFNγ-rich environment as a result of OX40-signaling causes
poor induction in iTreg populations [171]. Additionally, stimulating signals to OX40 inhibit the
TGFβ-mediated differentiation of iTreg cells, mediated by effector cytokines, especially IL-4 and
IFNγ derived from OX40-stimulated Teff cells from the immediate environment. Anti-OX40
agonists were found to especially promote immunologically mediated abscopal effects, extending
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the benefits of radiation to systemic disease control, as a rationale for overcoming anti-PD1resistant poorly immunogenic tumours.
This combination was effective in inhibiting local and systemic antitumour growth,
limiting metastatic activity and improved survival rates in a PD1-inhibitor-resistant syngeneic
mouse model of lung adenocarcinoma [239].

1.3.3.1 OX86

Agonistic antibodies targeting co-stimulatory tumor necrosis factor superfamily receptors
(TNFRs) expressed by T cells, such as GITR (CD357) or OX40 (CD134), have been shown to
enhance the proliferation and activation of isolated T cells [176]. Moreover, in preclinical tumour
treatment studies, these agonistic antibodies have shown potent tumouricidal activity. The agonist
anti-OX40 monoclonal antibody - OX86 - reacts with mouse species-specific OX-40 [158, 167,
172-180]. It has been shown to delay tumor growth in vivo [167, 172, 173] and moreover,
intratumour OX86 injection was shown to induce tumor rejection in 80% of mice [172]. OX86
administration results in the depletion of intratumoural regulatory T cells in an activating FcγRdependent manner, which correlates with tumour regression [12].
The agonistic anti-OX40 antibody, clone OX86 (rat IgG1), has been shown to mediate
regressions in renal cancer, colon cancer, melanoma and B cell lymphoma models in syngeneic
Balb/c mice [173, 241, 242].
Published data support a mechanism whereby antibodies targeting antigens highly
expressed by intratumoural T cells can mediate reduction in tumour volume. Systemic OX86
administration resulted in a significant reduction in the density of tumour-infiltrating Treg cells
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and CD4+Foxp3+ T-cells, leading to an increase in the ratio of intratumoural CD8+ T-cells to
regulatory T-cells. Impact of OX86 treatment on the total CD45+ tumour-associated frequency
fails to appear, signifying selectivity following OX86 administration [158, 167, 172-181].
In conclusion, a huge body of evidence has been cumulating that speaks in favour of
agonistic OX40-targeting as a novel immunotherapeutic for cancer. Among antibodies targeting
OX40, OX86 has shown high performance and is the most extensively studied.

1.4 Abscopal effects of radiation

As previously mentioned, use of radiation is a pillar of treatment of various solid cancers,
and improved understanding of its mechanisms has led to discovery of its systemic (”abscopal” –
ab + scopus – Latin for “away from the target”) sensitizing effects. Interest in abscopal effects
has increased particularly in the previous decade, since the use of checkpoint inhibitors in cancer
therapy created possibilities for more potent combination therapy strategies. Use of radiation in
combination with immunotherapy is indeed the subject of intense research interest. The rationale
for such combinations is based on a series of factors, one of them being RT-induced increase in
tumour-antigens, released from the irradiated mass, processed and presented by dendritic cells
that signal CD4+ and CD8+ T-cells to activate and migrate to the tumour site. Additional
mechanism of particular interest is the evasion of regulatory immune responses, such as
suppression by MDSCs and Treg cells, while CD103+ cells are upregulated following radiation. Of
note is that radiation can act as an epigenetic modulator, allowing the OX40 and OX40L
promoters to be methylated and acetylated. Another example of expanded antitumour immunity
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is increased costimulatory signaling as a result of radiation-induced ligand expression, and this
mechanism was precisely found to be the case with OX40L (CD252). Another established
underlying mechanism of abscopal effect is radiation-induced MHC-I expression driven by
interferon production, leading to increase in CD8+ T-cell infiltration, priming and activation. By
increasing CD103+ subset of DCs and the OX40L+ CD4+ T-cells, radiation doses bridge innate
and adaptive immune system, which can provide a vivid immune antitumour response [180-210].

1.5 Tumour model

Rodents are used as models in medical experiments due to their biological and genetic
resemblance with humans. Many symptoms of human disease, including cancer, can be replicated
in mice and rats. For the purpose of this type of study, various prostate cancer cell lines can be
used in order to mimic the actual human disease state. In order to assess immune response to the
therapy and support the OX86 in its anti tumour effects, an immunocompetent mouse model was
selected. C57Bl/6 mice have been widely used for nearly a century and represent the most
commonly used laboratory mouse strain altogether. Since mice lack PSMA-expression, a human
cancer-derived cell line, such as LNCaP, can ignite robust anti-tumour immunity, resulting in
rejection of tumour. TRAMP-C2 and other murine tumour cell lines do not express human
PSMA; however, TRAMP-C2 was shown to be metastatic and androgen-insensitive in
subcutaneous tumour models. Therefore, a transduced TRAMP-C2 model, expressing human
PSMA upon induction with tetracycline-class antibiotic doxycycline, is at the same time nonimmunogenic and target-expressing. Once transduced with a bacterial plasmid that incorporates a
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PSMA-coding sequence, these cells become responsive to tet-induction (Tet-On system) in
presence of doxycycline antibiotic. For the pre-clinical assessment of our combined therapeutic
strategy, this tumour model is expected to accumulate [177Lu]-PSMA617 and offer a substrate for
anti-tumour immunity. The effects on TRAMP-C2 tumour growth will be compared to that
observed in PSMA expressing human LNCaP mice implanted into immunocompromised mice.
To assess possibility of in vivo TRAMP-C2-clones’ viability, a strain of immunodeficient mice
known as NRG was selected, due to reported use in nuclear medicine imaging and
endoradiotherapy studies. Since a fully developed and functional immune system is required to
examine the therapeutic effects of anti-OX40 agonistic antibody, a clone that shows PSMAexpression upon induction will later be propagated and inoculated into C57Bl/6J mice. If
necessary, an alternative would be short-term metastatic experiments by TRAMP-C2 cells’
intravenous injection [212-219].

1.6

Thesis Aims

1.6.1 Rationale

What is the potential of [177Lu]-PSMA617 and anti-OX40 agonist, as a combination
treatment, as opposed to either treatment alone? As can be read throughout the Introduction
Chapter, while local radiotherapy can induce potent antineoplastic immune responses [197, 210,
212, 243] and improve effects of checkpoint inhibitors, there is evidence that prostate cancer is
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only moderately immunogenic. However, a stronger, vivid immune response to PCa can be
augmented by an immunotherapeutic, such as anti-OX40 mAb [244]. [177Lu]-PSMA617 tRL
targets both prostate and bone lesions, maximizing immunogenic cell death (ICD) and leading to
increased spread of substrate for immunotherapy. A substantial body of evidence reaffirms the
phenomena of radiation-induced antitumour immunity. To name some examples, vaccination
plus an yttrium-90-labelled antibody showed more potent effects than either approach alone, in
pre-clinical models [245]. [153Sm]Sm-EDTMP increased LNCaP-susceptibility to cytotoxic T
lymphocytes (CTLs). 177Lu-labelled peptide administration resulted in increased NK and CD86+
antigen presenting cell infiltration [246]. Finally, pre-treating mice with 213Bi prior to MC-38
implantation enhanced CTL and dendritic cell activation, which correlated with tumour size
reduction and improved survival [247]. Since tRL is administered systemically, we anticipated
increased effectiveness compared to external beam radiation therapy (EBRT) aimed at a single
tumour volume. The ability to reach cell clusters in multiple organs may create a potent
immunostimulatory environment and elicit a polyclonal T-cell response. Favourable response to
[177Lu]-PSMA617 has not been fully explained by the delivered radiation; hence the immune
system can potentially be deemed responsible. Combination treatments involving [177Lu]PSMA617 have been evaluated by several groups, none of which, however, focused precisely on
combinations with checkpoint inhibitors. As a further matter, emerging research confirmed
immunostimulating properties of RT for some patients, and benefits of radiation in mCRPC are
well-known. For the most part, the underlying mechanisms have been elucidated, including the
abscopal effect. Most recently, the results of early trials in PCa immunotherapy show promise,
especially if combination treatments were assessed [154, 155, 221, 222, 248].
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In brief, relying on the need for novel therapy regimens of late-stage metastatic PCa, the
described therapeutic success of [Lu]-PSMA617 together with its additional value in dosimetry,
and the elucidated mechanisms of the abscopal effect, we will demonstrate the proposed dual
treatment’s potential in fighting prostate cancer.

1.6.2 Hypothesis

We hypothesize that the combination of [177Lu]-PSMA617 and OX86 in a
syngeneic mouse model will result in a more potent tumour burden reduction than either
treatment alone, as could potentially be seen from decrease in tumour volume and difference in
overall survival rates between treatment groups.

1.6.3 Specific aims

To test the hypothesis, we will use a transgenic, tet-inducible hPSMA-expressing mouse
tumour cell-line (TRAMP-C2), generated by our collaborators at the Deeley Research Centre in
Victoria, BC. Once a clone with high PSMA-expression is identified per flow cytometry studies,
it will be expanded and inoculated into NRG mice for proof of protein-expression induction in
18

F-labelled PET radiotracer studies (Aim 1). Upon successful induction, immunocompetent

C57Bl/6J mice will be inoculated with the cell clones derived from the subcutaneous tumours,
excised from NRG mice. Mice will be randomly assigned to 6 treatment groups [combined
interventions (tRL + mAb), single interventions (tRL alone, mAb alone) and control (IgG2a
isotype; IgG2a isotype + tRL; PBS)], monitored for weight, tumour size and signs of illness over
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time (Aim 2). Therapeutic effects of combined therapy, compared to monotherapy and controls,
will be assessed by the analysis of tumour growth inhibition in each treatment group (Aim 2,
sub-aim a), while an ex vivo multiparametric high-resolution analysis of radiation distribution
and the resulting pathohistological patterns of proliferation, oxygenation and tissue viability
between treatment groups will further elucidate the mechanisms by which locally deposited
radiation and OX86 attain synergistic effects (Aim 2, sub-aim b). For this purpose, we will
perform betaimaging and immunofluorescence studies in tumour and spleen tissues and compare
the findings between different treatment groups and at different timepoints, delineating patterns
of distribution of cytocidal β--emissions, associated cellular DNA damage, degree of proliferation
and localization of tumor infiltrating lymphocytes (TILs). The co-registration with perfusion and
hypoxia markers will determine the in vivo distribution profile of [177Lu]-PSMA617 and ICD
relative to administered dose and presence of OX86. This can help guide dosage and sequences in
repeated experiments and further projects. The hypoxic prostate tumor environment could
possibly cause the lack of synergy of tRL and checkpoint blockade, which would reduce the
effectiveness of radiation and/or suppress TIL responses. Using co-registration methods in Aim
2b, we will determine the role of hypoxia on TIL responses and potentially reverse hypoxiamediated immune suppression by Avastin. 3 mice will be sacrificed prior to the treatment and a
tumour core biopsy collected and spleen harvested for baseline flow and IF analyses.
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Chapter 2: Materials and Methods

2.1 Reagents and Instrumentation

All chemicals and solvents were obtained from commercial sources and used without
further purification. 18F-fluoride was produced by 18O (p,n) 18F reaction in a cyclotron TR19,
purchased from Advanced Cyclotron Systems Inc. [177Lu]-chloride was purchased from Isotopen
Technologien München AG (Garching, Germany) and delivered to the BCCA Cyclotron Facility.
The activity was measured using a Capintec CRC®-25R/W dose calibrator.

2.2 Peptide synthesis

PSMA-617 was synthesized using a solid phase approach on an Aapptec (Louisville, KY)
Endeavor 90 peptide synthesizer. Details of synthesis procedure are described later in Section
3.2.1.

2.3 Synthesis of [177Lu]-PSMA-617

177

Lu labeling was performed with 5 equivalents LuCl3 (5 equivalents) in NaOAc buffer

(0.1 M, 500 µL, pH 4.2) at 90 °C for 15 min, and purified by HPLC using the semi-preparative
column. The HPLC conditions were 25% acetonitrile in water with 0.1% TFA at a flow rate of
4.5 mL/min.
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2.4 [18F]DCFPyL radiolabeling

[18F]DCFPyL radiolabeling was performed according to previously published procedures
[249].
Radiochemical purity was confirmed by HPLC analysis using an analytical RP-C18 column with
gradients of acetonitrile and water (both containing 0.1% TFA). Molar activity values were
measured based on standard curve analysis. [248, 249].
Further specifications concerning Materials and Methods in this Thesis are listed in the
following chapters.

2.5 Statistical tests

In order to compare tumour growth inhibiting potency in each treatment arm, and after
excluding all tumours that were harvested for different purposes than reaching humane endpoint
(e.g. biodistribution, FACS studies, autoradiography studies, immunostaining; see Chapter 5), an
unpaired one-tailed t-test with unequal variance will be performed, comparing the incremental
change in tumour volume between combination treatment and the monotherapies, as measured
between the timepoint of treatment and a timepoint past day 13 (tumour infiltrating lymphocytes
levels back to normal according to literature [185]). The second timepoint will be selected so that
the increments will be comparable between different tumours and treatment groups. In case the
results support the necessity to compare more than two treatment groups, an ANOVA test will be
performed.
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Chapter 3: Cell line validation
3.1 Introduction

The first set of experiments in this thesis was focused on the purpose of Aim 1 –
establishing a cell line that can be compatible with our therapy study design. Ideally, such system
should not trigger immune response, and it requires high degrees of biocompatibility, target-tobackground contrast and sensitivity [258]. Our aim was to confirm successful induction of
PSMA-expression in vitro in order to later test its inducibility in murine models, beginning with
the immunocompromised phenotype.

3.1.1 Tetracycline-inducible protein expression

Tet-On and Tet-Off systems have been widely used in biomedical research as an
important tool allowing for controlled gene expression in eukaryotic cells and organisms [259262]. Based on a modified and improved bacterial operon, those systems become effective upon
binding of a tetracycline class antibiotic [263], either by switching off gene expression in a socalled Tet-Off system, or by inducing gene expression in a (more favourable) Tet-On system,
wherein a different variant of the transcription activator is employed [264, 265]. This noninvasive approach has found wide application in gene therapy and signal cascade-activation
monitoring, as well as in cell motility tracking studies [266].
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3.1.2 PSMA-expression in prostate cancer models

As opposed to several human-derived cell-lines, such as LNCaP, TRAMP-C2 (transgenic
adenocarcinoma of the mouse prostate - cell line number 2), a transgenic murine (C57BL/6derived) cell line expressing the SV40 large T-antigen, does not constitutively express human
PSMA (FOLH1), however their advantage is, for this same reason, the absence of
immunogenicity in animal models [76, 267]. Nevertheless, if successfully transfected with a
plasmid allowing for inducible PSMA-expression, it can at the same time be utilized as a PSMAexpressing model, while maintaining its viability in an immunocompetent environment. This
strategy was applied in generating a novel line at the Deeley Research Centre in Victoria, BC,
four different clones of which were used in this thesis.

3.2 Materials and Methods

3.2.1 Peptide synthesis

PSMA-617 was synthesized using a solid phase approach on an Aapptec (Louisville, KY)
Endeavor 90 peptide synthesizer, beginning with Fmoc-Lys (ivDde)-Wang resin. The isocyanate
of the t-butyl-protected glutamyl moiety was first coupled, according to [247], and the ivDdeprotecting group subsequently removed with 2% hydrazine in N,N-dimethylformamide (DMF).
Next, coupling of Fmoc-2-Nal-OH, Fmoc-tranexamic acid and DOTA-tris(t-bu)ester, followed
by trifluoroacetic acid (TFA) cleavage provided the crude product of PSMA-617. After HPLC
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purification using the semipreparative column – (Agilent (Santa Clara, CA) HPLC systems
equipped with a model 1200 quaternary pump and a model 1200 UV absorbance detector) with
25% acetonitrile in water containing 0.1% TFA at a flow rate of 4.5 mL/min (tR = 10.5 min),
PSMA-617 was obtained in 25% yield.
In order to synthesize a lutetium-labelled tracer, a solution of PSMA-617 (5.5 mg, 5.3
µmol) was incubated with LuCl3 (5 equivalents) in NaOAc buffer (0.1 M, 500 µL, pH 4.2) at 90
°C for 15 min, and then purified by HPLC using the semi-preparative column; with the following
conditions: 25% acetonitrile in water with 0.1% TFA, flow rate of 4.5 mL/min (tR = 9.7 min).
The yield was 62%.
Purification and quality control of the 177Lu labeled peptide were performed on Agilent (Santa
Clara, CA) HPLC systems equipped with a model 1200 quaternary pump and a model 1200 UV
absorbance detector. The radio-HPLC system was equipped with a Bioscan (Washington, DC)
NaI scintillation detector. The HPLC columns used were a Phenomenex (Torrance, CA) semipreparative column (Luna C18, 5 µ, 250 × 10 mm) and a Phenomenex analytical column (Luna
C18, 5 µ, 150 × 4.6 mm) [273].

3.2.2 Synthesis of [177Lu]-PSMA-617

As previously described in Section 2.3, 177Lu labeling was performed with 5 equivalents
LuCl3 (5 equivalents) in NaOAc buffer (0.1 M, 500 µL, pH 4.2) at 90 °C for 15 min, and purified
by HPLC using the semi-preparative column. The HPLC conditions were 25% acetonitrile in
water with 0.1% TFA at a flow rate of 4.5 mL/min.
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3.2.3 [18F]DCFPyL radiolabeling

As previously described in Section 2.4, [18F]DCFPyL radiolabeling was performed
according to previously published procedures [249].
Radiochemical purity was confirmed by HPLC analysis using an analytical RP-C18
column with gradients of acetonitrile and water (both containing 0.1% TFA). Molar activity
values were measured based on standard curve analysis. [248, 249].

3.2.4 Cell cultures

The LNCaP cell line was obtained from ATCC (LNCaP clone FGC, CRL-1740). The
cells were cultured in RPMI 1640 medium supplemented with 10 % FBS, penicillin (100 U/mL)
and streptomycin (100 μg/mL) at 37 °C in a MCO-19AIC (Panasonic Healthcare) humidified
incubator containing 5% CO2. Cells grown to 80-90% confluence were then washed with sterile
phosphate-buffered saline (1 × PBS, pH 7.4) and trypsinized. The collected cell number was
counted with a hemocytometer and Bal Supply (Sylvania, OH) 202C laboratory counter.

The TRAMP-C2 cell culture, and the transfected clones derived thereof, were initially
maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% heatinactivated FBS, 5% Nu-Serum IV, 1% penicillin/streptomycin, 0.005 mg/mL bovine insulin and
10 nmol/L dehydroisoandrosteron [250] and after one month’s time and addition of 300 μg/ml of
Geneticin (G418) to the media, cells were maintained in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 5% heat-inactivated FBS and penicillin (100 U/mL) and
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streptomycin (100 μg/mL) at 37 °C in a MCO-19AIC (Panasonic Healthcare) humidified
incubator containing 5% CO2. Cells grown to 80-90% confluence were then washed with sterile
phosphate-buffered saline (1 × PBS, pH 7.4) and trypsinized. The collected cell number was
counted with a hemocytometer and Bal Supply (Sylvania, OH) 202C laboratory counter.

3.2.5 Transfected TRAMP cells

In this study, the tumour model used were TRAMP-C2 cells transfected with a, previously
unpublished, plasmid carrying doxycycline-inducible PSMA-expression system, developed at the
Deeley Research Centre (Victoria BC, Canada). The clones obtained from Deeley Research
Centre, designated as clones 1, 14, 16 and 19, were IMPACT tested for contaminants upon
receipt.

3.2.6 Isolating PSMA-expressing clonal populations

For the purpose of flow cytometry analysis, the clones were seeded in V-bottom 96-wellplates and pretreated with 1 μg of doxycycline hydrochloride (Sigma Aldrich, St. Louis MO,
USA) per 1 ml media, 18-24 hours before the flow cytometry study. Media was removed and
cells were washed with DPBS (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal calf
serum and 0.02% NaN3, prior to and following a one-hour-long incubation in the dark with 1 μg
of Alexa Fluor® 488 anti-human PSMA (FOLH1) Antibody (BioLegend, San Diego, CA, USA)
per 106 cells, whereas LNCaP cells and wildtype TRAMP-C2 cells were used as positive and
negative controls, respectively. Additional negative controls were “unstained” cells - treated with
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100-200 μl/well of DPBS with 10% fetal calf serum and 0.02% NaN 3, and isotype controls,
incubated for one hour with Alexa Fluor® 488 Mouse IgG1, κ Isotype Ctrl (FC; Biolegend, San
Diego, CA, USA), as well as cells without doxycycline-pre-treatment. Flow cytometry runs were
performed on FACScalibur 2 Laser, 4 Color flow cytometers (Becton, Dickinson & Co., Franklin
Lake, NJ, USA). Data were analyzed using FlowJo software (FlowJo LLC, Ashland, OR, USA).
Following a limit dilution of each of the four parental clones, subclonal populations were
isolated and subsequently analyzed per flow cytometry studies, following the identical procedure
as the parental clones with the goal of identifying homogenous subclonal populations with high
level of PSMA-expression, isolated from poorly PSMA-expressing populations, as a preferable
tumour model.

3.2.7 In vivo Studies

All animal studies were approved by the Animal Care Committee of the University of
British Columbia, and in compliance with the Canadian Council on Animal Care guidelines.

3.2.7.1 Quantification and visualization of PSMA-expression in an immunocompromised
model

10 x 106 cells of each of the four clones (“parental clones”: 1, 14, 16 and 19) in 200-250
μl of media and Matrigel (1:1) were subcutaneously inoculated in the area dorsocaudomedial to
the acromiotrapezius muscle of male NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ (“NRG”, NOD-Rag1null
IL2rgnull, NOD rag gamma) mice of 12 weeks of age and older (Jackson Laboratory, Bar Harbor,
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ME, USA), using a 25 gauge needle. All mice had designations Cxy(z), x being cage number (122), y denoting the presence and/or the side of the ear punch (R - right, L - left, or NP - no
punch), and z being number of punches (1 or 2). The harvested tumours had the same designation
as the mouse that each of the tumours was harvested from. The mice were maintained in a
pathogen-free animal facility with restricted access, on a 12:12 light cycle and monitored for
tumour size, weight and general signs of illness following the protocol A16-0290-Mus-03 of the
BCCRC Animal Resource Centre. 5-8 weeks post inoculation, mice with tumour volume of at
least 200 mm3 were selected for in vivo imaging and biodistribution studies with 18F-labelled
radiotracer DCFPyL [93, 251-254] and pre-treated with 50 mg doxycycline per kg bodyweight in
200-250 μl DPBS intraperitoneally, 36-48 hours prior to the study. Additional mice were selected
as controls and did not receive the antibiotic prior to the study. A minimum of 6 mice per study
were used, and per clone, a minimum of 4 mice without administered doxycycline and 9 mice
with administered doxycycline were used altogether for the study of activity distributions within
organs. Per clone, one mouse was selected for microPET/CT imaging before and after
doxycycline induction. The range of activity for intravenous (tail vein) injection was 1.47 +0.28MBq for the biodistribution studies, and 5 +- 0.86 MBq for the imaging study (followed by
biodistribution study unless the mouse was imaged without induction - in this case, mice were
allowed to recover from anesthesia and used in another PET/CT + biodistribution study the
following week).
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3.2.7.1.1 PET/CT studies

PET/CT images were acquired one hour post tracer injection using a Siemens Inveon
microPET/CT scanner (Siemens Medical Solutions, Knoxville, TN, USA) and reconstructed
using an Inveon Research Workplace (Siemens Medical Solutions, Ann Arbor, MI, USA). Ex
vivo biodistribution studies were performed immediately post euthanasiam in CO2 (following
anesthesia in 2% isoflurane in oxygen). Organs were harvested, weighed and counted on a
PerkinElmer WIZARD 2480 gamma counter (PerkinElmer Inc., Waltham, MA, USA). Organ
uptake was calculated in percent injected activity per gram (synonymous: injected dose per gram)
tissue and an unpaired student’s t-test was performed using GraphPad Prism 8 (GraphPad
Software Inc., San Diego, CA, USA) with tumour uptake post doxycycline-induction in the test
group and tumour uptake without doxycycline induction in the control group. The cutoff for
significance was a p-value under 0.05. PET/CT images were compared side by side for the same
mouse before and after induction using the same uptake bar with colour spectrum corresponding
to the percentage of injected activity per gram tissue.

3.2.8 Repassaging TRAMP-C2 cells

To minimize the number of animals used in the study, a portion of tumour volume was
harvested during the biodistribution study from a mouse inoculated with TRAMP-C2 parental
clone 16. Harvested tissue was incubated at 37 ºC for 2 hours, in 500 μl of DMEM media with
10% FBS and 1% penicillin/streptomycin and 500 μl of 10X collagenase/hyaluronidase in
DMEM (Stemcell Technologies, Vancouver BC) until fully dissociated, centrifuged, and the
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pellet trypsinized (0.25% trypsin-EDTA; Gibco, Carlsbad, CA, USA) to dissociate into single
cells. The cells were filtered through a 40 μm cell strainer and plated in a 10 ml-plate for one
hour before transferring to a new dish with fresh media. A subset of cells was later limit-diluted
for the purpose of isolating fibroblast-free clonal populations with high PSMA-expression
profiles.

3.2.9 In vivo proof of induced PSMA-expression in an immunocompetent model

Cells originating from the harvested tumour (parental clone 16) were cultured in TRAMPmedia and subcutaneously inoculated into 4 C57Bl/6J mice age 12 weeks or older,
dorsocaudomedially to the M. acromiotrapezius, in 200-250 μl media/Matrigel (1:1). Analog to
the previously described studies (see subchapter 3.2.7.1) in immunocompromised mice,
C57BL/6J mice were monitored for tumour growth and weight until reaching the volume
required for PET/CT imaging (1-2 weeks), intraperitoneally injected with 50 mg doxycycline per
kg bodyweight and underwent PET/CT and biodistribution study with [ 18F]DCFPyL. A portion
of the harvested tumour volume was dissociated and harvested cells were analyzed in a flow
cytometry PSMA-expression study.
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3.3 Results
3.3.1 Transfected TRAMP cells

All four parental clones received from Deeley Research Centre were confirmed to be
contaminant-free in the IMPACT testing. Cells showed equally increased PSMA-expression in
flow cytometry studies after having undergone antibiotic selection, regardless of the presence of
Nu-serum, bovine insulin and DHEA in the media, or absence thereof.

3.3.2 Flow cytometry

The results of in vitro flow cytometry of parental clones are shown in Appendix A, as
histogram plots of cell count versus FITC fluorescence detected in FL1-H. Except for the LNCaP
cells as positive control, doxycycline-untreated cells showed identical PSMA-expressing profiles
for unstained, isotype-stained and anti-FOLH1-stained tests. Upon doxycycline induction, all four
parental clones showed increase in PSMA-expression upon doxycycline-induction with a shift in
FL1-H fluorescence signal for anti-FOLH1-stained populations, except the negative control
(wildtype TRAMP-C2 cells). All 4 clones consisted of subpopulations with a different degree of
PSMA-expression, most significantly clone 14.
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Figure 3.1. 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. Histograms and corresponding bar graph
showing that clones 1 and 16 were high-PSMA expressing clones while clones 14 and 19 were
medium expressing clones as analyzed through flow cytometry. Orange: doxycycline-uninduced
cells; blue: isotype controls; red: doxycycline-induced cells.
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3.3.3 In vivo proof of induced PSMA-expression in an immunocompromised model

- Imaging and biodistribution studies

Uptake of [18F]DCFPyL in NRG mice followed a similar pattern of distribution in different
organs as in studies using LNCaP cells [248], with higher degrees of variability in uptake in
adrenal (2.17 ± 2.3 % ID/g) and seminal glands (5.04 ± 12.32 % ID/g) due to transcontamination
of sample; and urine (169.45 ± 90.49 % ID/g) due to varying vegetative patterns of each animal
relative to the time of sample collection. Regardless of which clone the tumour mass originated
from, pre-treatment with doxycycline significantly impacted the level of [ 18F]DCFPyL uptake in
tumour mass (Figure 3.2), with clone 19 showing significantly lower uptake levels (p=0.0001).
An unpaired t-test resulted in p-values under 0.0001 for all four clones, when comparing uptake
levels without induction versus post induction, and PET/CT images of 4 mice, each inoculated
with a different clone, confirmed this finding when images before and after induction were
compared. In addition, tumours could only be visualized with high tumour-to-background ratio
after undergoing induction per intraperitoneal doxycycline injection (Figure 3.2).
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Figure 3.2. Transfected TRAMP-C2 clones express PSMA upon doxycycline-induction in vivo.
Unpaired t-tests for all four clones showed a p-value of <0.0001 when comparing radioactivity
uptake of [18F]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/g). %ID/g: percent injected dose (tracer activity) per gram tissue.
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a)

b)

c)

d)

Figure 3.3. Comparison of PET/CT images before (left) and after (right) doxycyclineinduction in 4 mice, each inoculated with one of the four transfected TRAMP-C2 clones: 1 (a),
14 (b), 16 (c) and 19 (d). All mice received intravenously 5 +- 0.86 MBq of [18F]DCFPyL one
hour before imaging. Uptake in the region tumours were inoculated in was only visualized after
doxycycline administration. Physiological uptake was visualized in urinary bladder, kidneys,
salivary glands, and, to a lesser extent, in liver and pancreas. Corresponding to all images are
spectrum bars of 0-7.1 %ID/g for PET (yellow/red tones). Blue arrow points to the areas of
increased tracer uptake corresponding to the inoculation sites of in vivo grown tumours. %ID/g:
percent injected dose (tracer activity) per gram tissue.
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3.3.4 In vivo proof of induced PSMA-expression in an immunocompetent model

- Imaging and biodistribution studies

On the 11th day post inoculation of 10 x 106 cells, cultured after harvesting clone 16
tumour grown in an NRG mouse, two out of four tumours in C57/Bl6J mice already reached a
volume of 2000 mm3, and two remaining tumours were nearing the endpoint volume. Therefore,
we performed the biodistribution study for 2 C57Bl/6J mice, out of which one was imaged in
PET/CT (Figure 3.4 and Table 3.1). Uptake was visualized in the corresponding area, confirming
expression of PSMA upon induction, however due to the impressive size of the fast-growing
mass, the biodistribution revealed 2-3 times lower uptake level than in the studies with NRG
mice, but still several times above the uptake levels for uninduced expression.
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Figure 3.4. PET/CT image of a C57Bl/6J mouse, injected with 10 million clone 16-derived cells,
harvested ex vivo from an NRG mouse and cultured in media prior to inoculation. The arrow
points to the sizeable tumour mass with higher-than-background uptake levels. Star: salivary
gland with increased radiotracer uptake, analog to the uptake pattern for PSMA-targeting
radiotracers in pre-clinical and clinical settings. Spectrum bar for tumour uptake (0-7% ID/g) on
the right. %ID/g: percent injected dose (tracer activity) per gram tissue.
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Uptake in percent injected activity
per gram tissue
Organ

C1R1

C1RL

Blood
Urine
Fat
Seminal
Testes
Intestine
Stomach
Spleen
Liver
Pancreas
Adrenal
Kidney
Lung
Heart
Tumour
Muscle
Bone
Brain
Tail
Salivary
Lacrimal

0.59
73.77
0.83
0.36
0.61
1.24
0.52
1.74
2.45
0.89
2.18
75.17
0.56
0.39
5.04
0.48
0.33
0.08
0.92
2.43
0.08

0.71
23.44
0.49
0.27
0.37
0.56
0.27
0.85
1.39
0.83
2.15
20.77
1.09
0.42
2.86
0.2
0.6
0.04
0.97
1.28
0.03

Tumor/muscle ratio
Tumor/blood ratio
Tumor/kidney ratio

10.47
8.54
0.07

13.98
4.04
0.14

Table 3.1. Biodistribution results for C1R1 and C1RL (strain C57Bl/6J), previously inoculated
with cells originating from a tumour harvested from NRG strain that had previously been
inoculated with clone 16 cells. C1R1 AND C1RL – tumours harvested from 2 different C57Bl/6J
mice in cage #1, (C1) - right ear punched (C1R1), and both ears punched (C1RL).
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3.4 Discussion

Both in vitro and in vivo, our experiments confirmed viability of cells and inducibility of
PSMA-expression in all four transfected TRAMP-C2 clones. No adverse reactions were seen
with the tumour model, and uptake away from the target had similar profiles as LNCaP-models
(high uptake in kidney at an early timepoint post injection, due to renal tracer excretion; moderate
uptake in liver, adrenal, spleen, intestine and salivary glands due to physiological PSMAexpression). Higher uptake was seen in NRG mice as compared to the C57Bl/6J mice due to the
difference in tumour volumes, which is empirically known to affect tumour uptake levels [277].
The presented tumour model was confirmed to not elicit an anti-tumour immune response
in immunocompetent mice and express low levels of PSMA (absence of “leaky Tet-On”) before
induction [268]. This confirms the potential of PSMA e.g. as a reporting gene for successful
transfection and activity of various pathways, which can be of use in immuno- or gene therapy
monitoring in the clinic, but also as a tool in pre-clinical drug development for elucidating
mechanisms of drug action [266, 270-272]. In clinical trials, therapeutic transgenes’ kinetics can
easily be elucidated in this way, leading to improvement of agents and protocols. Studying
kinetics can provide information about viability and proliferation of the engineered cells [268].
Indeed, the application field for this type of model is wide, incorporating various clinical and preclinical purposes. In addition, tracers targeting PSMA, such as [18F]DCFPyL used in our studies,
are gaining popularity, meaning that this type of nuclear imaging technique would make this
reporter gene monitoring method increasingly accessible.
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The physiological pattern of PSMA expression is another reason why it is gaining interest as
a reporter gene, even in monitoring T-cell function in vivo. Our model offers a possibility of
monitoring prostate cancer cells through targeting a protein most significantly expressed in
prostate cancer, with earlier discussed advantages of not expressing the protein constitutively.
Further example where this could be applied in would be the evaluation of PSMAtargeted therapy in combination with immunotherapeutics, for which this could represent an ideal
model. It remains to isolate clonal, high PSMA-expressing, populations of cells in order to obtain
a cell line with uniform expression and uptake patterns, and without non-cancerous cells such as
fibroblasts.
Having successfully completed experiments in NRG mice for Aim 1 of this thesis, the
uptake in induced PSMA-expressing cells had to be visualized in an immunocompetent model,
such as the commonly used C57Bl/6J murine strain. The cells deriving from the excised tumours
were able to grow rapidly once repassaged and inoculated, reaching endpoint at 11 days post
inoculation. To an extent, this influenced the initial therapy study design, resulting in a large
number of intended treatment groups, large treatment group sizes and extensive multidimensional
experiments for each treatment group and timepoint. For this reason, the number of inoculated
mice for the initial therapy study amounted to 83, in order to complete most of the intended
experiments within weeks and monitor the change in tumour volume thereafter.
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Chapter 4: PSMA617/anti-OX40 antitumour potency assessment
4.1. Introduction

After successfully validating PSMA-expressing clones and their viability in C57Bl/6J
mice, we proceeded with experiments that were designed to verify the principal hypothesis –
namely, if the combination treatment should outperform the monotherapies. This was necessary
since, ideally, the cell line used for testing combination of an immunotherapeutic and a targeted
radioligand is compatible with immunocompetent models, and at the same time expresses the
target for the endoradiotherapeutic such as [ 177Lu]-PSMA617.
The clone showing high PSMA-expression (Figure 3.2) in most biodistribution studies
was Clone 16 (mean uptake = 13.92% ID/g; maximum uptake 19.88% ID/g). Cells deriving from
excised tumours grown from this clone were shown to express PSMA in an immunocompetent
model (Figure 3.4), at a high growth rate. Therapy study protocol was designed anticipating a
similar growth rate; however, the protocol underwent modifications several times before the pilot
study could be completed.

4.2. Materials and Methods
4.2.1 Reagents and Instrumentation; Peptide and Radiotracer Synthesis

All chemicals and solvents were obtained from commercial sources and used without
further purification. 18F-fluoride was produced by 18O(p,n)18F reaction in a cyclotron TR19,
purchased from Advanced Cyclotron Systems Inc. [177Lu]-chloride was purchased from Isotopen
51

Technologien München AG (Garching, Germany) and delivered to the BCCA Cyclotron Facility.
The activity was measured using a Capintec CRC®-25R/W dose calibrator.

4.2.2 Cell cultures

The LNCaP cell line was obtained from ATCC (LNCaP clone FGC, CRL-1740). The
cells were cultured in RPMI 1640 medium supplemented with 10 % FBS, penicillin (100 U/mL)
and streptomycin (100 μg/mL) at 37 °C in a MCO-19AIC (Panasonic Healthcare) humidified
incubator containing 5% CO2. Cells grown to 80-90% confluence were then washed with sterile
phosphate-buffered saline (1 × PBS, pH 7.4) and trypsinized. The collected cell number was
counted with a hemocytometer and Bal Supply (Sylvania, OH) 202C laboratory counter.
The TRAMP-C2 cell culture, and the transfected clones derived thereof, were initially
maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% heatinactivated FBS, 5% Nu-Serum IV, 1% penicillin/streptomycin, 0.005 mg/mL bovine insulin and
10 nmol/L dehydroisoandrosteron [250] and after one month’s time and addition of 300 μg/ml of
Geneticin (G418) to the media, cells were maintained in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 5% heat-inactivated FBS and penicillin (100 U/mL) and
streptomycin (100 μg/mL) at 37 °C in a MCO-19AIC (Panasonic Healthcare) humidified
incubator containing 5% CO2. Cells grown to 80-90% confluence were then washed with sterile
phosphate-buffered saline (1 × PBS, pH 7.4) and trypsinized. The collected cell number was
counted with a hemocytometer and Bal Supply (Sylvania, OH) 202C laboratory counter.
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4.2.2.1 Transfected TRAMP cells

In this study, the tumour model used were TRAMP-C2 cells transfected with a, previously
unpublished, plasmid carrying doxycycline-inducible PSMA-expression system, developed at the
Deeley Research Centre (Victoria BC, Canada). The clones obtained from Deeley Research
Centre, designated as clones 1, 14, 16 and 19, were IMPACT tested for contaminants upon
receipt.

4.2.3 Isolating PSMA-expressing clonal populations

For the purpose of flow cytometry analysis, the clones were seeded in V-bottom 96-wellplates and pretreated with 1 μg doxycycline hydrochloride (Sigma Aldrich, St. Louis MO, USA)
per 1 ml media, 18-24 hours before the flow cytometry study. Media was removed and cells were
washed with DPBS (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal calf serum and
0.02% NaN3, prior to and following a one-hour-long incubation in the dark with 1 ug of Alexa
Fluor® 488 anti-human PSMA (FOLH1) Antibody (BioLegend, San Diego, CA, USA) per 106
cells, whereas LNCaP cells and wildtype TRAMP-C2 cells were used as positive and negative
controls, respectively. Additional negative controls were “unstained” cells - treated with 100-200
μl/well of DPBS with 10% fetal calf serum and 0.02% NaN 3, and isotype controls, incubated for
one hour with Alexa Fluor® 488 Mouse IgG1, κ Isotype Ctrl (FC; Biolegend, San Diego, CA,
USA), as well as cells without doxycycline-pre-treatment. Flow cytometry runs were performed
on FACScalibur 2 Laser, 4 Color flow cytometers (Becton, Dickinson & Co., Franklin Lake, NJ,
USA). Data were analyzed using FlowJo software (FlowJo LLC, Ashland, OR, USA).
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Following a limit dilution of each of the four parental clones, subclonal populations were
isolated and subsequently analyzed per flow cytometry studies, following the identical procedure
as the parental clones with the goal of identifying homogenous subclonal populations with high
level of PSMA-expression, isolated from poorly PSMA-expressing populations, as a preferable
tumour model.

4.2.4 In vivo Studies

All animal studies were approved by the Animal Care Committee of the University of
British Columbia, and in compliance with the Canadian Council on Animal Care guidelines.

4.2.4.1 PET/CT studies

PET/CT images were acquired one hour post tracer injection using a Siemens Inveon
microPET/CT scanner (Siemens Medical Solutions, Knoxville, TN, USA) and reconstructed
using an Inveon Research Workplace (Siemens Medical Solutions, Ann Arbor, MI, USA). Ex
vivo biodistribution studies were performed immediately post euthanasiam in CO 2 (following
anesthesia in 2% isoflurane in oxygen). Organs were harvested, weighed and counted on a
PerkinElmer WIZARD 2480 gamma counter (PerkinElmer Inc., Waltham, MA, USA). Organ
uptake was calculated in percent injected activity per gram (synonymous: injected dose per gram)
tissue and an unpaired student’s t-test was performed using GraphPad Prism 8 (GraphPad
Software Inc., San Diego, CA, USA) with tumour uptake post doxycycline-induction in the test
group and tumour uptake without doxycycline induction in the control group. The cut-off for
54

significance was a p-value under 0.05. PET/CT images were compared side by side for the same
mouse before and after induction using the same uptake bar with colour spectrum corresponding
to the percentage of injected activity per gram tissue.

4.2.5 Repassaging TRAMP-C2 cells

To minimize the number of animals used in the study, a portion of tumour volume was
harvested during the biodistribution study from a mouse inoculated with TRAMP-C2 parental
clone 16. Harvested tissue was incubated at 37 ºC for 2 hours, in 500 μl of DMEM media with
10% FBS and 1% penicillin/streptomycin and 500 μl of 10X collagenase/hyaluronidase in
DMEM (Stemcell Technologies, Vancouver BC) until fully dissociated, centrifuged and the
pellet trypsinized (0.25% trypsin-EDTA; Gibco, Carlsbad, CA, USA) to dissociate into single
cells. The cells were filtered through a 40 μm cell strainer and plated in a 10 ml-plate for one
hour before transferring to a new dish with fresh media. A subset of cells was later limit-diluted
for the purpose of isolating fibroblast-free clonal populations with high PSMA-expression
profiles.

4.2.6 In vivo proof of induced PSMA-expression in an immunocompetent model

Cells originating from the harvested tumour (parental clone 16) were cultured in TRAMPmedia and subcutaneously inoculated into 4 C57Bl/6J mice age 12 weeks or older,
dorsocaudomedially to the M. acromiotrapezius, in 200-250 μl media/Matrigel (1:1). Analog to
the previously described studies (see subchapter 3.2.7.1) in immunocompromised mice, mice had
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designations Cxy(z), x being cage number (1-22), y denoting if ear punch was present and
whether it was left or right (R, L, or NP-no punch), and z being number of punches (1 or 2). Mice
cages labeling order was independent in studies in immunodeficient models versus studies in
immunocompetent models, meaning that e.g. C1R1 NRG mouse is different from C1R1 in the
studies using immunocompetent C57Bl6/J mice. That way we were able to keep track throughout
the studies of which interventions (e.g. biodistribution, harvesting) were done with each mouse.
Harvesting was always performed as part of biodistribution studies (each organ including tumour
tissue was gammacounted in a vial, blood volume was entirely collected first to avoid
contamination of results, and each organ is then washed in PBS. This is described in chapter 3.3.3
C57BL/6J mice were monitored for tumour growth and weight until reaching the volume
required for PET/CT imaging (1-2 weeks), intraperitoneally injected with 50 mg doxycycline per
kg bodyweight and underwent PET/CT and biodistribution study with [ 18F]DCFPyL. A portion
of the harvested tumour volume was dissociated and harvested cells were analyzed in a flow
cytometry PSMA-expression study.

4.2.7 Initial therapy study protocol
We designed a therapy study protocol for pre-clinical assessment of the proposed
combination therapy, in comparison with the monotherapies and controls (Figure 4.1).

56

Cells
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tRL treatment, 1st
antibody
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1 harvest –
day 3*

Monitoring
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SPECT scans

Doxycycline i.p.
injection after
tumour volume
reaches 200
mm3

2nd antibody
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2nd harvest
– day 9*

3rd harvest
– day 13*

Figure 4.1 – A simplified scheme of the proposed therapy study protocol. Not to scale. *In
parallel with harvesting tumours for autoradiography, staining and FACS studies, SPECT images
are collected to confirm radiotracer accumulation in tumour. Harvesting tumours was performed
from different mice on different timepoints. Timepoints were selected following TIL -infiltration
patterns, as reported in literature [185]. i.p. intraperitoneal(ly), tRL: targeted radioligand,

For the first pass of the therapy study, 83 male C57Bl/6J mice, age 12 weeks or older,
were inoculated with 10 million clone 16, subclone Q13, TRAMP-C2 cells, subcutaneously into
the left dorsum. The mice had previously been attended to according to BCCA animal protocol
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#A16-0128 (FB)-02, weighed and monitored for signs of illness at least once per week. Prior to
inoculation, mice were assigned to treatment groups as shown in Table 4.1.

Group#

Intervention

Number of animals

0

No treatment

3

1

PSMA617 plus OX86

16

2

PSMA617

16

3

OX86

16

4

PSMA617 plus IgG2a

16

5

IgG2a

8

6

PBS

8

Table 4.1. Size of treatment groups according to the initial therapy study protocol. IgG2a: an
immunoglobulin G subclass 2a control isotype; OX86: an agonist antibody targeting OX40. Note:
by “PSMA617”, a lutetium-177-labelled compound is meant in this table, i.e. [177Lu]LuPSMA617.

Post inoculation mice were monitored in intervals of at least 48 hours until palpable
tumour mass was formed. 48 hours prior to first treatment (timepoint= -48h), each mouse
receives 2.5 mg/kg intraperitoneal doxycycline injection. At timepoint 1 (=0h):
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- 16 mice were to receive intraperitoneally 10 mg/kg bodyweight of OX86 (anti-OX40 antibody),
followed by an intravenous injection of ~18.5 MBq (=0.5 mCi) [177Lu]Lu-PSMA617 – Treatment
Group 1;
- 16 mice were to receive intravenously 18.5 MBq (=0.5 mCi) [177Lu]Lu-PSMA617 – Treatment
Group 2;
- 16 mice were to receive intraperitoneally 10 mg/kg bodyweight of OX86 (anti-OX40 antibody)
– Treatment Group 3;
- 8 mice were to receive intravenously 250 μL of PBS control – Treatment Group 6;
- 16 mice were to receive intraperitoneally 10 mg/kg bodyweight of IgG2a followed by an
intravenous injection of 18.5 MBq (=0.5 mCi) [177Lu]Lu-PSMA617 (anti-OX40 antibody
isotype) – Treatment Group 4;
- 8 mice were to receive intraperitoneally 10 mg/kg bodyweight of IgG2a (anti-OX40 antibody
control isotype) – Treatment Group 5;
- 3 mice are euthanized, their tumours (n=3), and one spleen is harvested for the baseline FACS
studies (CD3, CD4, CD8, CD16/CD32, CD19, CD44, CD62L, CD69, PD-1, OX-40, TNF-α,
TCR-β, IFN-γ) – group 0.

At timepoint 1a (= +24h), SPECT/CT scans were to confirm tracer uptake in tumour
tissue for treatment groups #1, 2 and 4.

At timepoint 2 (= +48h), a second dose of the antibodies was to be administered:
- 16 mice in Treatment Group 1 were to receive intraperitoneally 10 mg/kg bodyweight of OX86
(anti-OX40 antibody);
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- 16 mice in Treatment Group 3 were to receive intraperitoneally 10 mg/kg bodyweight of OX86
(anti-OX40 antibody);
- 16 mice in Treatment Group 5 were to receive intraperitoneally 10 mg/kg bodyweight of IgG2a;
- 8 mice in Treatment Group 6 were to receive intraperitoneally 10 mg/kg bodyweight of IgG2a.

According to the protocol, 2 hours before euthanasia at harvest timepoint 3 (= +72h), to 4
mice in each of the Treatment Groups #1, 2, 3 and 5, and to 2 mice in Treatment Groups 4 and 6,
250mg/kg Edu and 60 mg/kg pimonidazole per mouse are administered by an intraperitoneal
injection, and 10 minutes before euthanasia Hoechst 33342 perfusion marker is administered by
an intravenous injection. After euthanasia, tumours are harvested and flash frozen in a cassette
with tissue tek (on dry ice for 10 minutes), transferred to -20 °C freezer and subsequently
cryosectioned for betaimaging (16 μm thickness) and IF staining (10 μm thickness; to be stained
for registration of anti-mouse IgG2a, Edu, caspase 3, Hoechst 33342, γ-H2AX, CD31 and
pimonidazole accumulation in tissue).

At harvest timepoint 4 (= +120h), 2 mice in each treatment group were to be euthanized
following pimonidazole, Edu and Hoechst 33342 administration, their tumours harvested and
flash frozen in a cassette with tissue tek (on dry ice for 10 minutes), transferred to -20 °C freezer
and subsequently cryosectioned for betaimaging (16 μm thickness) and IF staining (10 μm).

At harvest timepoint 5 (= 9 days = 216h), 4 mice in each of the treatment groups #1, 2, 3
and 5, and 2 mice in treatment Group 4 and 6 in are euthanized after pimonidazole, Edu and
Hoechst 33342 administration, their tumours harvested and flash frozen in a cassette with tissue
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tek (on dry ice for 10 minutes), transferred to -20 °C freezer and subsequently cryosectioned for
IF staining (10 μm). In each group, small tumour samples and spleens are harvested for FACS
studies on splenocytes and tumour tissue cells.

At harvest timepoint 6 (= 13 days = 312h) 2 mice in each treatment group are euthanized
(after pimonidazole, Edu and Hoechst 33342 administration as described for timepoint 3), their
tumours harvested and flash frozen in a cassette with tissue tek (on dry ice for 10 minutes),
transferred to -20 °C freezer and subsequently cryosectioned for betaimaging (16 μm thickness)
and IF staining (10 μm).

The remaining 4 mice in each of the treatment groups #1, 2, 3 and 5 were monitored every
48 hours for general signs of illness, tumour size (measured with a caliper) and bodyweight. The
longest diameter of the tumour parallel to the scapular line was registered as tumour length; the
longest diameter of the tumour perpendicular to the scapular line was registered as tumour width.
The volume of each tumour was calculated using a formula Volume = (Width squared x Length)
/2 [256, 257], bodyweight and tumour size data were plotted against time and compared between
treatment groups. Once a humane endpoint of tumour volume measuring >1000 mm3, on more
than three consequent measurements, or more than 5 consecutive days; or in case body weight
loss was >20% compared to any previously measured weight, animals were euthanized after
sedation in 5% isoflurane in oxygen.

In euthanized mice, tumours and spleens are harvested, <30% of each tumour sample is
stored for preparation of cell suspension, the rest is flash frozen. Both frozen samples and cell
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suspensions are sent to Deeley Research Centre for further FACS and histological analysis (CD3,
CD4, CD8, CD16/CD32, CD19, CD44, CD62L, CD69, PD-1, OX-40, TNF-α, TCR-β, IFN-γ).
The first pass of the therapy experiment was designed as described above. A repeated
experiment with the same design was planned. Table 4.2 summarizes the timepoints and the
pertaining procedures as foreseen by the study protocol.

Timepoint

Procedure

Number of mice

(-14 days)

Inoculated 10 million cells

86

(-5 d)

Tumours/spleens harvest

3

(-2 d)

Doxycycline i.p.

80

0

Treatments

80

1

3 SPECT scans

3

2

OX40/IgG2a second injection

56

3

First harvest – 72 h

20

5

Second harvest – 120 h

12

8

Third harvest

20

9

(Peak TIL infiltration) [187]

13

Fourth harvest

12

15

Monitoring remaining mice till endpoint

16

Table 4.2. Simplified scheme of study timepoints according to the initial protocol. SPECT; single
photon emission computed tomography
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For reasons discussed in this chapter, first-pass experiment was performed following an
adapted scheme, as shown in Tables 4.3 and 4.4.

Timepoint

Procedure

Number of mice

(-70 days)

Inoculated 10 million cells

86

(-5 d)

Tumours/spleens harvest

3

(-2 d)

Doxycycline i.p.

16

0

Treatments

16

1

2 SPECT scans

2

2

OX86 second injection

8

3

First harvest – 72h

6

5

Second harvest 120 hour

0 (2 SPECT scans only)

9

Third harvest (Peak TIL)

6

13

Fourth harvest

15

Monitoring remaining mice till endpoint

0 (only SPECT*2)
4

Table 4.3. Simplified scheme of study timepoints in the first-pass experiment, according to the
adapted protocol.
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Group

Intervention

Number of mice

0

No treatment

3

1

Lu-PSMA617 plus OX86

8

2

Lu-PSMA617

8

3

OX86

omitted

4

Lu-PSMA617 plus IgG2a

omitted

5

IgG2a

omitted

6

PBS – converted to “no

3

treatment”

Table 4.4. Size of treatment groups according to the adapted therapy study protocol.

As it was intended in the initial design, only mice with tumours of a certain volume were
about to be included in the therapy study, in order to have comparable sizes at timepoint of the
first treatment, e.g. 200-600 mm3, and therefore comparable tracer/drug uptake. This was not
possible since the tumours began forming with delay from the expected time, and at different
timepoints. Therefore by the time the first pass therapy study could be organized, there were few
tumours already formed, and with varying tumour volumes. However for the purpose of the pilot
study, those mice were used and the study continued with reduced sample size.
For the same reason, it was not possible to randomize the tumours to each treatment arm, so that
similar numbers of very small, medium, very large etc. tumours are present in each treatment
group in the pilot study.
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Timepoint

Procedure

Number of mice

(-112 days)

Inoculated 10 million cells

86

(-101)

Tumours/spleens harvest

3

(-2)

Doxycycline i.p.

16

0

Treatments; controls harvest

1

2 SPECT scans

2

2

OX86 second injection

7

3

2 SPECT scans

2

5

1 SPECT scan

1

9

Third harvest (Peak TIL)

omitted

13

Fourth harvest

omitted

15

Monitoring remaining mice till endpoint

16 (3 controls)

13

Table 4.5. Simplified scheme of study timepoints in the second-pass experiment according to the
adapted protocol
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4.3 Results and Discussion
4.3.1 Tumour growth inhibition curves

All tumours in the control group exhibited steady growth over time. Volumes were plotted
against time, beginning with the initial volume at the timepoint the tumour mass was palpable,
until the endpoint (V>1000 mm3 on two consecutive measurements).

Figure 4.2. Graph showing tumour volumes in control group, from the first timepoint at which
any formed mass was visible and palpable, until the endpoint (euthanasia or study termination;
measured at least every 7 days). No reduction in volume for any of the tumours was detected.
C2L1 - C18R1 – IDs of animals inoculated with TRAMP-C2 subclone Q13, not treated with
neither of the agents in the therapy study.

66

In the control group, the growth was continuous for all the tumours measured (Figure 4.2,
n=7). There was no bending or flattening of the curves that would indicate inhibition of tumour
growth. No treatment was the only control in the final study design. Treatment groups with PBS
(TG #6) and control IgG2a (TG #5) were discarded in the modified study protocol due to reduced
sample size (Figure 4.3 shows unequal distribution of tumour volumes and presence of tumours
in a small subset of inoculated animals 70 days post inoculation) since the primary goal of the
pilot study was to detect any superiority of the combination treatment versus monotherapy. We
did not expect the intervention itself versus absence of any intervention (PBS versus no
treatment) to affect the results, hence TG #6 was not included in the pilot study, and was replaced
by including more tumours in TG #0.
The same was decided for treatment group #5, since any tumour growth-inhibiting effect
of the control IgG2a would mean an effect due to non-specific binding of the immunoglobulin
isotype. We did not expect this treatment arm to differ significantly from controls in group 0, and
for the same reason less animals were planned in this treatment arm already in the initial study
design. Including this treatment arm would make sense in a larger, expanded therapy study, in
order to establish whether the potential therapeutic effect of OX86 relies specifically on binding
to the surface antigen OX40.
Following the same principle, we were able to omit Treatment Group #4 (targeted
radioligand in combination with the control IgG2a), since no superior effect of this combination
in comparison with the effect of targeted radioligand-monotherapy was expected. Again, in a
larger therapy study, assuming that a stably PSMA-expressing subclone is identified and used,
this treatment group could give answers to whether non-specific binding contributes to tumour
growth inhibition, when used in combination with targeted radioligand therapy.
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Finally, between Treatment Groups #2 (targeted radioligand monotherapy) and #3
(agonistic immunotherapeutic antibody), we decided to limit the pilot study to the targeted
radioligand lutetium-177-PSMA617, since its effects as a monotherapy have previously been
reported in similar models [273] and in clinical studies, therefore, a potentially superior
therapeutic effect of the combination treatment (Treatment Group #1) could best be established in
comparison with the targeted radioligand monotherapy (Treatment Group #2).

Figure 4.3. 70 days post inoculation more than three quarters of the inoculated mice showed no
palpable/visible mass forming in vivo. The formed tumours were, however, used in the studies,
although some of them were either smaller or larger than the volumes used in similar experiments
(usually 200-600 mm3 [276]).
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For the principal aim of this thesis, and in order to test the hypothesis, in each of the
treatment arms a subset of animals were treated and intended for monitoring weight and tumour
volume. Comparable trends were anticipated that can provide information on antitumour activity
in each treatment arm. In other words, in order to confirm or reject the principal hypothesis,
different therapeutic potency had to be clearly visualized, and statistically proven, when
comparing Treatment Arms #1 and #2.
To an extent, the resulting curves (volume plotted against time) demonstrated
intertumoural heterogeneity regarding size.
As previously mentioned, treatment groups #1 and #2 were selected as the crucial ones to
focus on in the first pass of the study, since the treatment with [177Lu]-PSMA617 was already
known to show favourable outcomes in clinical studies, and also in studies similar to this, using
animal models [273]. Therefore Treatment Group #2 remained included in the study. The
contribution of this study was aimed at showing advantages of the combination treatment. For
that reason, Treatment Group #1 was also included in the modified study protocols.
The reduced sample size resulted in eliminating threshold volume (>200 mm3 in the initial
protocol) as a criteria for inclusion. In consequence, any palpable tumour volume below endpoint
was included in the modified treatment protocol, in order to make best use of the available
formed tumours in C57Bl/6J mice. Resulting intertumoural heterogeneity regarding size could
also influence trends in growth inhibition, namely large tumours tended to grow at a steady rate,
whereas small tumours were more likely to regress over time (Figure 4.4). As an example,
tumours larger than 1000 mm3 (C9L1, C13RL, C20RL in Figure 4.4) did not show reduction in
tumour volume over time and reached endpoints early in the study. On the other hand, those
tumours which were barely visible and palpable as tiny masses at the beginning of the therapy
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study (C2RL, C7NP, C9NP, C13R1 or C21RL) but still had to be included in the pilot study due
to reduced sample size, remained with volumes close to 0 mm3 until endpoints. Based on this
observation, we suspect that the tumour size at timepoint 0 did affect the growth inhibition curve.
This can be supported by the previously mentioned effects of tumour size on drug distribution
[277]. Since these tumours belonged to both treatment groups (C2RL, C9NP and C21RL –
Treatment Group #1; C7NP and C13R1 – Treatment Group #2), this further corroborates the
hypothesis that the initial tumour size could have affected the shape of the resulting growth
inhibition curve.
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Figure 4.4. Volume of tumours monitored for growth inhibition, plotted over time, in treatment
groups #1 and #2. Note that e.g. tumour ID C3L1 was harvested at day 3 p.i. for the purpose of
FACS studies, autoradiography, immunostaining etc. and could not be monitored until reaching
the endpoint. p.i.: post injection
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The tendency of large tumours to reach endpoint early on in the experiment is better
visualized in the graphs in Appendix B.
In treatment group #1 (Figure 4.5) this tendency is evident, since e.g. tumour IDs C6L1,
C20Rl do not show any signs of growth inhibition, and tumour ID C9L1 shows limited
inhibition, resulting in reaching endpoint at day 5 post inoculation.

Figure 4.5. Volume of tumours monitored for growth inhibition in Treatment Group #1, plotted
over time in days post first treatment.
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Tumour volume in C21RL did not reach endpoint until the termination of the study,
showing no palpable tumour volume up until day 42 post first treatment.
Of note is that in both treatment groups #1 (combined treatment) and #2
(endoradiotherapeutic), several tumours showed a rather pronounced growth inhibition between
day 2 and day 13 p.i. This can be interpreted as the result of the abscopal effect, since TILinfiltration in previous pre-clinical models was found to commence 3 days post radiotherapeutic
treatment, peak around 9 days, and recede to the baseline around day 13. The examples of this
tendency were visible especially for tumour IDs C12RL, C13L1 and C2RL in Treatment Group
#1., and C11L1, C20NP and C22NP in Treatment Group #2 (Figures 4.6 and 4.7).
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Figure 4.6. Volume of selected tumours monitored for growth inhibition in Treatment Group #1,
excluding tumours with large volumes at timepoint 1, and tumours monitored past day 26 post
inoculation.

Figure 4.6 shows the tumours in the same treatment group as 4.5, however it excludes
mice C6L1, C9L1 and C20RL, which had large tumours at the timepoint of the treatment, which
affected their survival time post treatment. In other words, with tumours that are larger, the
treatment with the same dosage of both radioligand and antibody is likely to achieve the same
therapeutic effect (in this case a weak tumour growth inhibition is evident) regardless of the
treatment group. Therefore they are visualized in one graph.
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Figure 4.7. Volume of selected tumours monitored for growth inhibition in Treatment Group #2,
excluding tumours with large volumes at timepoint 1.

More interestingly so, for tumour IDs C20NP, and to a lesser extent C11L1, tumour
growth inhibition seems to be affected past day 13, potentially signifying ongoing immune
activation. In the Treatment Group #1, the same effect is pronounced in tumour IDs C2RL and
C2NP.
The reason for showing more graphs for each treatment group was that, if we eliminate
very large tumours that reach endpoint relatively soon after the treatment, some degree of curve
flattening can better be visualized for the smaller tumours, since the maximum volume on the y
axis is smaller (different scale).
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Figure 4.7 shows a subset of tumours with tumours already showing up and palpable, but
relatively small so at this scale the volume at timepoint 0 days post treatment seems close to 0
mm3. It makes sense to compare these curves with those in Figure 4.2, where control tumours are
monitored (no treatment) from the timepoint where any tumour mass was visible and palpable.
By comparing them, we can conclude that growth inhibition does happen (as expected) with
targeted radioligand treatment only.

Unfortunately, the sample size of this pilot study limits the potential of deriving
significant information from the described trends. However, the shape of the therapy response
curves for tumour IDs C2RL and C2NP possibly speaks for an incremental role of OX86 as a
therapeutic. As a matter of interest, in Treatment Group #1 OX86 was administered on the same
day as [177Lu]-PSMA617, and an additional booster dose 48 hours later. This too could possibly
affect the growth inhibition.
For statistical analysis, we performed an unpaired one-tailed t-test with unequal variances,
applied to the incremental change in tumour volume between the Timepoint 0 (first treatment
timepoint in Treatment Group #1 and the treatment timepoint in Treatment Group #2) and 20
days post Timepoint 0. Volumes of the tumours with IDs C2RL, C2NP and C13R1 were
measured at 19 and 21 days post Timepoint 0, therefore for these tumours the timepoint of 19
days was accepted, instead. The resulting p-value amounted to 0.0263, showing that the treatment
outcome was superior in Treatment Group #1.
To conclude, positive therapeutic effects were evident in both groups, however the data
supported use of the combined treatment versus monotherapy.
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4.3.2 Survival

After excluding all tumours that were harvested for different purposes than reaching
humane endpoint (e.g. biodistribution, FACS studies, autoradiography studies, immunostaining;
see Chapter 5), a Kaplan-Meier curve was plotted (Figure 4.8), showing survival probability in
both treatment groups.

Figure 4.8. Kaplan-Meier curve showing probability of survival in Treatment Groups #1
(combination treatment with [177Lu]Lu-PSMA617 and OX86; n=5) and #2 ([177Lu]Lu-PSMA617
only; n=5).
Due to the small sample size in each group (n=5), these results have conditional value. A
larger study, likely with a different design, could help clarify if indeed the combined treatment
increases survival rates.
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4.3.3 SPECT imaging

SPECT scans were scheduled for days 1, 3 and 9 post injection of radiotracer. The
rationale for performing these scans was confirming tracer uptake in the newly established
tumour model, establishing whether there is homogeneity between tumours and treatment arms,
and monitoring changes in accumulation over time.
At day 1 post injection, uptake in tumour ID C19L1 was not visualized in a SPECT/CT
scan, which naturally remained the same up until day 9 p.i. (Figure 4.9).
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Figure 4.9. SPECT/CT image 24 hours post injection of [177Lu]-PSMA617 and the first dose of
OX86 antibody, mouse ID C19L1. Uptake in bladder is visualized. Tumour injected in the upper
left dorsum. Bar: relative voxel intensity scale (no unit).

However, at the same timepoint, the imaged C57Bl/6J mouse from Treatment Arm #2
showed uptake in the tumour mass (Figure 4.10).
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Figure 4.10. SPECT/CT image 24 hours post injection of [177Lu]-PSMA617, mouse ID C9R1.
Uptake in bladder and tumour mass is visualized. Tumour injected in the upper left dorsum. Bar:
relative voxel intensity scale. Arrow pointing to the site of the tumour mass inoculation. The
volume at this timepoint was 448 mm3, whereas at timepoint 0 it was 592 mm3, which speaks for
efficient radioligand therapy to an extent.
Bar: relative voxel intensity scale (no unit).

Next, already at day 3 the tumour uptake in the inoculated tumour mass was significantly
reduced to near-background levels (not shown). These results raised doubts about the efficiency
of radioligand therapy in the proposed model. The fact that the uptake of the tracer in the tumour
tissue could not be visualized at already such an early timepoint was not encouraging, since the
aim was to grow PSMA-expressing tumours, and we could confirm that a PSMA-targeting tracer
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was successfully injected into mouse, which can be seen from the high uptake in the bladder. The
visualized low tumour uptake is consistent with the changes in tumour volume we measured – the
volumes remained similar till day 7, and reaching ~900 mm3 at day 9, when the tumour was
harvested for ex vivo studies. Ideally, an endoradiotherapeutic agent in a good tumour model
would have to be detectable in tumour tissue and cleared from off-target tissues after this time, in
order for cytocidal emission to have an antitumour effect.
Later in Chapter 5 it will be explained how in autoradiography studies the issue at stake
could be identified - the subclone inoculated into the mice did not express PSMA uniformly and
at high levels. Hence, what we see here as a SPECT/CT image is later visualized in betaimages –
a good model would have to express PSMA upon induction uniformly and at high levels.
In the second-pass study (see Chapter 2, section 2.9 for details), however, uptake in
tumour mass was visualized in Treatment Group #1, at days 3 and 5 post injection (mouse ID
C12RL; Figure 4.11). Endpoint was reached immediately after day 5 (tumour ulceration).
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Figure 4.11. SPECT/CT images 3 (left) and 5 (right) days post injection of [177Lu]-PSMA617 and
the first dose of OX86 antibody, mouse ID C12RL. Uptake in bladder is low at day 3. Tumour
injected in the upper left dorsum; of note is growth of the tumour mass along the upper midback
line. Note the pyknotic pattern of tracer uptake at day 5, likely denoting regions of higher and
regions of lower target expression within the tumour. Bar: relative voxel intensity scale.

Biodistribution study for mouse C12RL (Figure 4.11) was performed at day 5 post post
injection of [177Lu]-PSMA617 and the first dose of OX86 antibody. The tumour uptake after
reaching endpoint was 0.85% ID/g.
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Table 4.6 lists tumour uptake values in harvested tumours (pre-selected for biodistribution
studies) in %ID/g at day 3 and day 9 post injection, in each treatment group.

Harvest timepoint
and treatment group

Tracer uptake ex vivo measurement (in %
Harvested tumour ID

injected activity per gram tissue)

Day 3

C6L1

1.51

PSMA617+OX86

C8RL

2.93

(Treatment Group
#1)

0.08
C21NP

Day 3
PSMA617
(Treatment Group
#2)

C3L1

0.01

C15NP

0.02

C20R1

19.5

Day 9

C8NP

0.1

PSMA617+OX86

C13L1

0

(Treatment Group
#1)

C19L1

0

Day 9

C9R1

0.01

PSMA617

C15RL

0.03

(Treatment Group
#2)

C17L1

0.22

Table 4.6. Tumour uptake values in %ID/g at day 3 and day 9 post injection.

A high degree of variability is evident, most evident examples for this are in Treatment
Group #2 at day 3 (high uptake in the counted portion of the tumour with the ID C20R1 versus
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uptake close to background levels for tumours harvested from animals with IDs C3L1 and
C15NP).

4.4. Conclusion

We were able to deliver several interesting observations about the newly established cell
line, its behaviour in an immunocompetent model and response to treatments. The initial
experimental design aimed at delivering conclusions on the combination treatment, and at
objective analysis of outcomes in different treatment arms. By comparing increments in tumour
volume between day 0 and day 19/day 20, we were able to show stronger therapeutic potency of
the combined treatment, when compared with the targeted radioligand monotherapy.
Second, the initially proposed timeline was based on cells’ growth in vivo, that was likely
facilitated by tumour-supportive microenvironment stemming from NRG mice-derived cells (see
Chapter 3 for details), such as fibroblasts, adipocytes etc. However, literature reported longer
intervals between inoculation and palpable mass forming [216, 267], which matched the actual
timeline of the therapy study.
While tumour growth inhibition graphs, biodistribution studies and SPECT/CT scans
showed a high degree of intertumoural heterogeneity, the dynamics of tumour response
demonstrated a few facts to conclude:
- the cytocidal activity (and the antibody dose) delivered was not sufficient to thwart tumour
growth, if the initial volume was large, as was the case for tumours C6L1, C9L1 and C20RL in
Figures 4.4, 4.5 and Appendix B);
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- on the other end of the volume scale, tiny tumours receded early on, with 2 tumours vanishing
(tumours C21RL and C7NP in Figures 4.4 and 4.7);
- variability in tracer uptake values was extreme (Table 4.6);
- most importantly, cells did remain non-immunogenic, which was evident from tumours forming
in vivo, although with delay: and at the same time, PSMA-expressing if tet-induced, although not
in all the monitored cases, as was evident from the tracer uptake values (Table 4.6).
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Chapter 5: Delineating patterns of tissue response to PSMA617/OX40 therapy
5.1 Introduction

This chapter discusses ex vivo pilot experiments using tumours excised during therapy
study. The main intent was to deliver high-resolution mapping of tissue response to delivered
treatments, by co-registering density and distribution of several different markers.

5.2 Materials and Methods

Materials and methods for this chapter are described in Chapter 2, section 2.11.

5.2.1 Ex vivo Studies

For the purpose of characterizing tissue architecture and marker expression (selected
markers being mouse IgG2a, Edu, caspase 3, Hoechst 33342, γ-H2AX, CD31 and pimonidazole),
a set of co-registration staining and imaging studies was designed as described by Baker et al. in
[258]: 10 μm tumor cryosections were cut using Cryostar HM560 (Microm International GmbH)
cryotome, air-dried and fixed in 50% (v/v) acetone/methanol solution for 10 min at room
temperature. The imaging system consisting of two set-ups (a and b): a robotic fluorescence
microscope (axio Imager Z1a or IIIRS; Zeissb ), monochrome CCD camera (Retiga 4000R,
Qimaginga; or model 4922, Cohub), and a motorized slide loader with x-y stage (Ludl Electronic
Productsa), or a custom-built motorized x-y stageb. Customized (public domain program
developed at the NIH) running on G5a or G3b Macintosh computers (Apple Computers) allows
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for automated tiling of adjacent microscope fields. The resolutions of the entire tumour
cryosections of up to 1 cm2 surface area were 0.75 μm (for set up a), and 1.0 μm (for set up b) per
pixel [258]. In the adapted study protocol, images of expression of 2-4 different markers were
amalgamated as composite color images as follows: Hoechst 33342 and anti-CD31; anti-CD31
and pimonidazole; anti-CD31, pimonidazole and EdU; anti-CD31, pimonidazole, EdU and
Hoechst 33342; EdU, anti-CD31, and Hoechst 33342; Hoechst 33342, EdU and anti-CD31;
Hoechst 33342 and Caspase 3; Hoechst 33342, Caspase 3 and anti-CD31; Hoechst 33342 and
γH2AX.
Autoradiography studies of deposited 177Lu-activity were performed on 16 μm-thick
sections, previously cut on a cryostat and placed on a microscope slide, in sets of three sections
from different tumours pertaining to the same treatment group and timepoint. The sections were
covered with scintillator foil and measured with a dFINE Betaimager (Biospace Lab, Paris,
France) for 2 h on BetaIMAGER™ DFine (Biospace Lab, Paris, France). Exposition times varied
between 18 and 37 hours.

5.3 Results and Discussion
5.3.1 Autoradiography Studies

During the pilot study, tumours collected at 3 and 9 days post injection were grouped by
treatment group and timepoint and betaimaged in triplets, as shown in Figure 5.1:
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a)

b)

c)

d)

Figure 5.1. Overlayed beta- and optic images of tumour sections in treatment group 1, day 3 after
first treatment (a), treatment group 2, day 3 after treatment (b), treatment group 1, day 9 after first
treatment (c), treatment group 2, day 9 after treatment (d). Exposition time: 18-37 hours.

In each treatment group, betaimages revealed a significant degree of intertumoural
heterogeneity. For example, in treatment group 2, day 3 (Figure 5.1-b), while the excised
tumour’s section ID C15NP (top right) showed near-background activity, a homogenously
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distributed uptake pattern was visualized for ID C3L1 (bottom left). We were able to conclude
that there were other variables involved besides the treatment group and timepoint.
Examples of intratumoural heterogeneity in tracer uptake patterns were most pronounced
for tumour ID C8RL (Figure 5.1-a, top right) and C8NP (Figure 5.1-c, top right). Of note is that 3
out of 12 imaged sections showed activity uptake near background levels: C15NP (Figure 5.1-b,
top right), C19L1 (Figure 5.1-c, top left), and C13L1 (Figure 5.1-c, bottom).
We speculated that the most likely cause of the heterogeneous uptake pattern is due to
non-uniform PSMA-expression in tissue. Other potential explanations were different degrees of
vascularization and perfusion, presence of necrotic/apoptotic microregions resulting in tissue
hypoxia. The next set of pilot experiments was aimed at elucidating precisely these tissue
characteristics.

5.3.2 Tissue marker registration – Antibody- and click-chemistry staining and fluorescence
microscopy

In the pilot study, overlayed images of multiparametric tissue imaging revealed further
patterns of tissue marker expression. The pilot study was limited to delineating expression of:
Hoechst 33342 (DNA– perfusion and viability), caspase 3 (apoptosis), EdU (proliferation
marker), CD31 (endothelial cells marker), pimonidazole (hypoxia) and γH2AX (DNA double
strand breaks).
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5.3.3 Co-registration and interpretation

Co-registration of up to 4 different markers resulted in characterizing the excised
TRAMP-C2 tissue as viable, well perfused, highly proliferating, and highly vascularized
(possibly with convoluted vessels and non-unidirectional bloodflow), with varying degrees of
microregional apoptotic and tissue damage density. Presence of artifacts (not shown) and the
small sample size in the pilot study limited the scope of the results for Aim 2, sub-aim b. The
results were not quantified in the pilot study. Figures 5.2 - 5.4 show examples of tissue sections’
fluorescence microscopy images.

a)

b)

c)

Figure 5.2. Fluorescence microscopy registration/co-registration of markers of proliferation,
viability, perfusion and vascularization. a) tumour ID C21NP - Treatment Group 1, day 3; b)
tumour ID C17L1 – Treatment Group 2, day 9; c) tumour ID C9R1 – Treatment Group 2, day 9.
Red – EdU, green – pimonidazole, blue – CD31, grey- Hoechst 33342, arrows - artifacts.
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a)

b)

c)

d)

e)

f)

g)

h)

i)

(continues on next page)
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j)

Figure 5.3. Fluorescence microscopy co-registration of 2-4 different markers of proliferation,
viability, perfusion and vascularization. a-c) tumour ID C17L1 - Treatment Group 2, day 9; d-g)
tumour ID C9R1 – Treatment Group 2, day 9; g-j) tumour ID C8RL Treatment Group 1, day 3.
Red – EdU, green – pimonidazole, blue –CD31, grey- Hoechst 33342.

a)

b)

(continues on next page)
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c)

d)

Figure 5.4. Fluorescence microscopy images of a section of tumour ID C8RL; a) grey – Hoechst
33342, red – γH2AX; b) grey – Hoechst 33342, red – caspase 3; c) grey – Hoechst 33342, red –
γH2AX, blue – CD31; d) grey – Hoechst 33342, red – caspase 3, blue – CD31. This section was
not betaimaged.

Figure 5.3 is best used for assessing intratumoral heterogeneity, e.g. by comparing figures
5.3.b), d) and g) – tumors show areas of varying marker expression for vasculature and
proliferation. Images a-c, d-f and g-j in Figure 5.3 are registered on slices from three different
tumours. Images g-j are registered on a different slice from the same tumour as in Figure 5.4.

In combination with the data from FACS, betaimaging and biodistribution studies etc., we
were not able to assess impact of different treatments on tissue architecture. The principal
findings of all the experiments in Chapter 5 speak for non-uniformity of the tumour phenotype.
Similar to the data in the flow cytometry studies (Appendix C) and the betaimages (Figure 5.1),
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both within each tumour section and within treatment groups, the fluorescence staining images
confirmed varying levels of: proliferation (Figures 5.2-a, 5.3-a, b, d, and e), tissue viability (5.2-a,
f and 5.3-h), hypoxia (figures 5.2-b, 5.3-b, d, f and j), vascularization (Figures 5.2-c, 5.3-a and cg) and DNA damage (Figure 5.4-a). In addition, the small sample size did not allow for
quantification of the results for Aim 2b. Although, as mentioned at the beginning of this
subchapter, general conclusions could be made on the tumour tissue characteristics, it should be
noted that these conclusions were based on limited sample size. Furthermore, the impact of the
treatments on the marker expression could not be assessed, meaning that the goal of Aim 2-b was
not fully reached in the pilot study. However, precisely the non-uniformity in fluorescence
microscopy reaffirmed the conclusion from previous chapters – namely that the clone 16 –
subclone Q13 TRAMP-C2 cells did not form homogeneous tissues in vivo.
In addition, when tumour uptake values from biodistribution studies (Table 4.1) were
incorporated into the analysis, a high degree of variability of tracer accumulation in tissue was
evident.
One observation to add is that Treatment Group 2 did show different patterns of TILinfiltration, as can be seen in Appendix C.
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Chapter 6: Conclusion and Future Directions
6.1 Results Summary

The experimental design in this thesis relied on commonly reported success of
combination treatments in oncology. The principal aim was to determine potential advantages of
[177Lu]Lu-PSMA617 and anti-OX40 as a combination treatment of metastatic prostate cancer. In
particular, we expected a favourable therapeutic efficiency based on abscopal effect.
Our first aim - to validate inducible TRAMP-C2 cell clones – was completed with clear,
quantifiable results. We confirmed that all the parental clones provided to us were suitable for
proceeding with in animal experiments. Proof of induction in vivo was reached as visualization in
PET/CT and supported by ex vivo uptake distribution data. Significant uptake increase post
induction directly confirmed the application potential of this model as a reporter gene tool. In
addition to previously published use of human PSMA as a reporter gene for monitoring T-cells
and adenoviral infection, our results support expanding its application to a murine prostate cancer
cell line. In addition, we propose our model as a less intricate and time-consuming method,
compared to the reported CAR-T approach [185].
Next, a large-scale therapy study was initiated, however its completion was delayed, and
its scope reduced, due to the unexpectedly prolonged tumour growth rates. Here it is worth
mentioning that the members of the project team agreed that the therapy experiment, done in two
passes, was a pilot experiment before a potential expansion in the future. The fact that tumours
proliferated with reduced speed after either of the treatments supports further use of similar
models to study PCa therapy in a pre-clinical setting. The proof of superior efficiency is evident
from Figures 4.4-4.7 and Appendix B, when the treatment groups #1 and #2 are compared with
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the control group (Figure 4.1), and the proof of superior efficiency of the combination treatment
versus the targeted radioligand therapy was evident from the statistical analysis. Moreover, we
found encouraging that the patterns of tumour growth inhibition were in concordance with
reported phases of TIL-infiltration patterns, due to abscopal effect. Therefore, much can be built
upon the pilot results reported herein, in terms of the use of the described model for studies of
endoradiotherapy in combination with immunotherapy in cancer. Comparing the treatment
efficiency between the treatment arms #1 and #2 did deliver statistically significant differences,
and this can possibly later be confirmed with higher certainty with verified stable PSMAexpressing clone.
Ultimately, a multi-parametric pilot study of microscopic tissue response to therapy
elucidated both the advantages and the disadvantages of the used model. It is concluded that the
formed tumour mass mimicks aggressive, highly proliferating prostate cancer tissue.
Nevertheless, without further isolating and validating populations of cells that, once inoculated,
would stably express equally high levels of PSMA, clones used in this study could possibly
generate variable results.

6.2 Future Directions

A repetition of the therapy study was anticipated before the completion of this thesis.
Results of such a study would increase sample size, add value to the reported results, and
possibly aid in delivering useful information on the proposed combination therapy.
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As previously mentioned, the timeline of the experiments had to be adapted multiple
times due to slow, non-uniform rates of tumours starting to form in vivo. For this reason, a largescale study could rather be completed if several identical sets of experiments for small sample
sizes can be planned, and executed using only those tumour volumes that fall into a predefined
range, e.g. tumours with volume between 200 and 500 mm3. Randomly assigning tumours to
each treatment arm would certainly add to results' plausibility, however, it might additionally
extend the time needed to complete the experiments.
For Aim 2, sub-aim b, a multitude of potential objectives can be decided on in order to
assess impact of treatment on tumour tissue behaviour. To name a few example objectives, future
studies can be directed at:
•

Degree of radiation damage resulting from PSMA617 and its location relative to perfused
vasculature

•

Degree of proliferation inhibition (EdU) & cell death (caspase 3) resulting from
PSMA617 versus from combination treatments

•

Distribution of OX86 (using secondary antibody label) relative to perfused vessels
(CD31/Hoechst 33342/pimonidazole)

•

Impact of combination treatments (vs. single agents) on distribution of activity
uptake/OX86 accumulation in tissue.

These, and further potential objectives, would require multiple times the number of tumour
samples used in the pilot study.

Prior to scheduling another large-scale therapy study, isolating a reliable subclone would
most likely be achieved with multiple FACS study repeats using candidate subclones,
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PET/CT images, biodistribution and autoradiography studies. Once a clonal population with
stable, high PSMA-expression is identified, it can be propagated in large amounts for first
round of inoculation. Due to possible reduction, or loss, of expression, clones should be tested
per flow cytometry repeatedly throughout the study, to confirm stable induction of
expression.

6.3 Concluding Remarks

In this thesis, we evaluated a combination therapy strategy, consisting of a targeted
radioligand [177Lu]Lu-PSMA617 and an immunotherapeutic agonist OX86. We hypothesized that
the combination therapy will outperform monotherapies with either [ 177Lu]Lu-PSMA617 or
OX86 alone, in a pre-clinical model. As it appears from the results reported herein, we were able
to affirm the hypothesis – the tumour growth inhibiting potential of the combined treatment was
significantly higher (p <0.05). Within both treatment groups, however, a varying response to
treatment was visualized, likely owing to the, varying degree of radiopharmaceutical uptake, as
discussed in Chapter 5. Therefore, it would be useful to compare therapeutic potency between the
treatment groups by using a reliable PSMA-expressing clone in the future. . However, the
inducible cell line we used as a model of disease showed high radiotracer uptake after induction
with doxycycline, signifying adequacy of this model for the purpose of gene expression
reporting.
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Basel CH 2001, pp. 139-157.

139

264. Baron U et al. Tet repressor-based system for regulated gene expression in eukaryotic cells:
Principles and advances. Methods Enzymol. 2000;327: 401-421.

265. Berens C et al. Gene regulation by tetracyclines. Constraints of resistance regulation in
bacteria shape TetR for application in eukaryotes. Eur J Biochem 2003;70: 3109-3121.

266. Gossen M et al. Tight control of gene expression in mammalian cells by tetracyclineresponsive promoters. Proc Natl Acad Sci USA 1992;89: 5547-5551.

267. Gossen M et al., Transcriptional activation by tetracyclines in mammalian cells. Science
1995(268): 1766-1769.

268. Mohammadi S et al. Delay in resumption of the activity of tetracycline-regulatable promoter following removal of tetracycline analogues. Gene Ther 1997(4), 993-997.

269. Brader P et al. Noninvasive molecular imaging using reporter genes. J Nucl Med 2013(54),
167-172.

270. Foster BA et al. Characterization of prostatic epithelial cell lines derived from transgenic
adenocarcinoma of the mouse prostate (TRAMP) model.
Cancer Res 1997;57(16):3325-30.

140

271. Costello A et al. Leaky Expression of the TET-On System Hinders Control of Endogenous
miRNA Abundance. Biotechnology Journal. 2019;14(3): e1800219.

272. Brader P et al. Noninvasive molecular imaging using reporter genes. J Nucl Med 2013;(54):
167-172.

273. Volpe A et al. Cousins at work: How combining medical with optical imaging enhances in
vivo cell tracking. Int J Biochem Cell Biol 2018;(02):40-50.

274. Fruhwirth GO et al. The Potential of In Vivo Imaging for Optimization of Molecular and
Cellular Anti-cancer Immunotherapies. Mol Imaging Biol. 2018 ;20(5): 696-704.

275. Bhatnagar A et al. AEG-1 promoter-mediated imaging of prostate cancer.
Cancer Res. 2014;74(20): 5772-81.

276. Kuo HT et al. Enhancing Treatment Efficacy of [177Lu]-PSMA-617 with the Conjugation of
an Albumin-Binding Motif: Preclinical Dosimetry and Endoradiotherapy Studies. Mol Pharm.
2018;15(11): 5183–5191.

277. Zhan W et al. The effect of tumour size on drug transport and uptake in 3-D tumour models
reconstructed from magnetic resonance images. PLoS ONE 2012;12(2):e0172276.

141

Appendices
Appendix A – Flow cytometry study results – clones 1, 14, 16 and 19

Figure A-1: Flow cytometry histograms for 4 parental TRAMP-C2 transfected clones with and
without doxycycline induction; and wildtype TRAMP-C2 and LNCaP controls. Of note is
successful induction of parental clones and evident presence of subpopulations in clones 14 and
19, with varying degrees of PSMA-expression.
Abscissae: FL1-H
Ordinates: Cell count
Red: unstained
Blue: isotype IgG
Orange: anti-FOLH1 (= anti-PSMA)
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Appendix B – Tumour growth inhibition graphs

Figure B-1: Tumour volumes plotted over time for 17 different tumours in treatment groups #1
and #2. Of note is tumour growth inhibition happening for a series of tumours in both groups
(C2RL, C2NP, C11L1). Volume differences for tumours with low volume at the timepoint of the
(first) treatment is difficult to interpret in this graph.
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Figure B-2: Tumour volumes plotted over time for 11 different tumours in treatment groups #1
and #2, excluding larger tumours for better visualization. Of note is intermittent growth inhibition
for tumours C11L1, C20NP and C22NP.

Figure B-3: Tumour volumes plotted over time for 3 different tumours in treatment group #1,
showing weak growth inhibition for tumours with volumes larger than 1000 mm3 at the timepoint
of the first treatment.
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Figure B-4: Tumour volumes plotted over time for 14 different tumours in treatment group #1,
showing stronger growth inhibition for tumours with volumes below 1000 mm3 at the timepoint
of the first treatment.

Figure B-5: Tumour volumes plotted over time for 3 different tumours in treatment group #1,
with volumes below 100 mm3 at the timepoint of the first treatment, showing efficient tumour
growth inhibition.
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Figure B-6: Tumour volumes plotted over time for 12 different tumours in treatment group #1,
with volumes below 1000 mm3 at the timepoint of the first treatment, showing efficient tumour
growth inhibition for 6 tumours up until day 20 and for tumour ID C21RL until the termination of
the study. Of note is quick growth in tumour C19NP after 22 days of successful growth
inhibition.

Figure B-7: Tumour volumes plotted over time for 6 different tumours in treatment group #1,
with volumes below 500 mm3 at the timepoint of the first treatment, showing efficient tumour
growth inhibition for 5/6 tumours in the study.
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Figure B-8: Tumour volumes plotted over time for 11 different tumours in treatment group #1,
with volumes below 1000 mm3 at the timepoint of the first treatment, showing efficient tumour
growth inhibition for all tumours except tumour ID C8RL (tumour used for harvesting).

Figure B-9: Tumour volumes plotted over time for 5 different tumours in treatment group #1,
with volumes below 500 mm3 at the timepoint of the first treatment, showing efficient tumour
growth inhibition for all tumours up until day 20 post first treatment.
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Figure B-10: Tumour volumes plotted over time for 6 different tumours in treatment group #2,
with volumes below 100 mm3 at the timepoint of the first treatment, showing efficient tumour
growth inhibition for tumours C7NP, C13R1 and C20NP during the entire study, and for tumours
C7R1 C11L1 and C22NP for longer than 14 days post treatment.

Figure B-11: Tumour volumes plotted over time for 14 different tumours in treatment group #2,
showing varying tumour growth inhibition.
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Figure B-12: Tumour volumes plotted over time for 8 different tumours in treatment group #2,
showing different degrees of tumour growth inhibition.

Figure B-13: Tumour volumes plotted over time for 9 different tumours in treatment group #2,
showing varying degrees of tumour inhibition. Of note is that tumour ID C15NP was used for
harvesting early on in the study (Table 4.6; Figure 5.1b).
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Appendix C
FACS studies on excised TRAMP-C2 tumour tissue

Figure C-1: Flow cytometry data depicting larger proportion of CD3+CD8+ tumour-infiltrating
cytotoxic T-lymphocytes in Treatment Group #1.
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Figure C-2: Flow cytometry data depicting varying degrees of PSMA-expression and TILinfiltration in the tumours excised 9 days post (first) treatment. Of note is low number of cells in
tumours C13L1 (~900 mm3 at excision timepoint) and C19L1(~860 mm3 at excision timepoint).

151

Figure C-3: Flow cytometry data depicting larger proportion of CD3 +CD8+ tumour-infiltrating
cytotoxic T-lymphocytes in Treatment Group #1.
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