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Abstract

CAR T cell therapies for solid tumours face additional challenges, resulting in limited efficacy
compared to haematological malignancies. Overcoming obstacles such as trafficking to the
tumour site, extravasation and proliferation within an immunosuppressive microenvironment
remain challenging. The dynamics of these processes, the whole-body biodistribution and
the minimum cell number required for tumour remission, are still not fully understood.

Here, a compartmental model was established to characterise the dynamics of 99mTc0,-
uptake by CAR T cells, enabling serial and non-invasive monitoring and quantitation of CAR
T cell infiltration in a prostate cancer mouse model using single-photon emission computed
tomography-computerised tomography (SPECT/CT).

An indirect labelling strategy was implemented by co-expressing the reporter gene hNIS
with a second-generation PSMA targeting CAR. These CAR T cells can internalise the
clinically relevant tracer technetium pertechnetate (**™TcQy"), facilitating the visualisation
of CAR T cell biodistribution in cancer-bearing mice via SPECT/CT. The SPECT/CT
images provided valuable insights into CAR T cell infiltration patterns and allowed the
serial and real-time monitoring of CAR T cell proliferation in vivo non-invasively. Ex vivo
immunohistochemistry analysis confirmed the observed infiltration patterns in vivo, revealing
CAR T cells predominantly accumulating around tumour vasculature while absent from the
tumour core. Tumour uptake, quantified from SPECT/CT images, correlated with the number
of cells quantified by flow cytometry. To better comprehend the dynamics surrounding CAR

T cell infiltration and proliferation, a two-compartment model was defined to characterise



tracer behaviour in vivo, demonstrating a strong correlation between tracer flow from the
bloodstream into the tumour and the number of infiltrating CAR T cells. This work serves
as a proof of concept, laying the foundations for the further development of compartmental
models as a tool for the non-invasive and in vivo quantitation of genetically modified cell

therapies.
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Chapter 1

Introduction

1.1 Cancer immunotherapy

Over the past few decades, immunotherapy has provided solutions for the treatment
of malignancies with poor prognosis, arising as a promising alternative to traditional
treatments and offering enhanced therapeutic effect and survival. The first record of
the use of immunotherapy dates back to 1891, when William Coley treated soft tissue
sarcoma patients with streptococcal species, achieving tumour regression'. In 1950, the
concept of immunosurveillance was proposed, in which the immune system can recognise
tumour-associated antigens (TAA) and eliminate tumours. Since then, the concept of
immunosurveillance has further developed, describing the elimination of tumour cells by
the immune system, the equilibrium between the remodelling of the tumours while under
attack by immune cells, and lastly the escape of tumour cells from the immune cells leading
to continuous tumour growth?.

The first immunotherapy approved by the US Food and Drug Administration (FDA) in
1992 was the use of the cytokine interleukin 2 (IL-2) for the treatment of metastatic renal
cell carcinoma®. IL-2 is produced by activated CD4 and CD8 T cells, playing a role in T

cell proliferation, differentiation, and maintenance of regulatory T cells. A few years later,
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the development of monoclonal antibody technology revolutionised the field. Monoclonal
antibodies against CD20 (rituximab)*> and human epidermal growth factor receptor 2
(HER?2) (trastuzumab)’ received FDA approval for the treatment of non-Hodgkin’s lymphoma
and breast cancer, respectively. Another significant breakthrough was the discovery of
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and programmed death-1 (PD-1)
receptors, paving the way for the development of immunocheckpoint inhibitors. CTLA-4,
a homologue of CD28 on T cell receptors (TCRs), binds to B7 in antigen presenting cells
(APCs), blocking the interaction between the TCR and APCs, resulting in T cell anergy.
Similarly, T cells can be deactivated by the binding of PD-1 on the T cell surface to

6 In

programmed death ligand-1 (PD-L1) overexpressed on the cell surface of tumours
2011, the FDA approved the anti-CTLA-4 monoclonal antibody ipilimumab for the treatment
of metastatic melanoma. Several anti-PD1 checkpoint inhibitors, such as nivolumab, have
been developed to block the inhibitory pathways associated with PD-1/PD-L1 binding. The
concomitant use of ipilimumab (anti-CTLA-4) and nivolumab (anti-PD-1) demonstrated
greater effectiveness than monotherapy with each agent when treating non-small cell lung

cancer (NSCLC)” and melanoma®

among other malignancies. Alternative immunotherapy
strategies are based on the ex vivo modification of T cells followed by adoptive T cell transfer
into the patients. Adoptive T cell immunotherapies include tumour infiltrating T cells (TILs),
T cell receptor-engineered T cells (TCR-T) and chimeric antigen receptor T cells (CAR T
cells). TILs are isolated from biopsied tumour, cultured ex vivo with high-doses of IL-2 and
reinfused back into lymphodepleted patients, accompanied by systematic IL-2 infusions® 1,
TILs can maintain their specificity, recognise, and engage with peptides presented on MHC-I
molecules. Patients with metastatic melanoma treated with TIL immunotherapy combined
with IL-2 between 1988 and 2016 had an objective response rate of 41% and a complete

response rate of 12%'!-12. More recently, objective tumour responses of around 50% have

been reported with neoantigen-specific T cells being detected in peripheral blood for up to
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3 years post treatment!>. TILs are currently being investigated as a second-line treatment
for melanoma patientslo, and modest responses have been observed in the treatment of
metastatic human papilloma virus-associated cancers!#. Most recently, preliminary results
have shown efficacy after the combined use of anti-PD-1 inhibitor and TILs for the treatment
of NSCLC!>. However, despite these positive results, the broader application of TIL therapy
has been limited due to the challenges associated with the isolation and expansion of TILs,
as they are often presented in limited numbers in the resected tumours. Additionally, to
achieve durable responses, the isolated T cells must retain their anti-tumour activity'% 4. To
overcome these limitations, antitumoral TCRs identified from TILs can be sequenced and
engineered into T cells to recognise multiple peptides. These engineered TCR-T cells can
effectively recognise human leukocyte antigens (HLA)-peptide complexes on the tumour
cells, leading to tumour regression. TCR-T production has evolved over time, optimizing
TCRs to increase their affinity for tumour cells and the targeting of neoantigens, ie. antigens
generated by the tumour cells and absent in normal tissues, improving patient safety'6. Most
clinical trials involving TCR-T therapies have focused on targeting germline antigens such
as New York esophageal squamous cell carcinoma-1 (NY-ESO-1) and melanoma-associated
antigen (MAGE-A). TCR-T therapy targeting NY-ESO-1 showed an average response rate
of 47% in patients suffering from melanoma and synovial sarcoma, without significant
toxicities!” 8. TCR-T therapy targeting MAGE-A3 in patients with metastatic melanoma
resulted in 4 out of 7 patients showing partial responses, but the other three patients developed
severe neurotoxicity leading to the death of two of them!®. In a separate trial, two patients
infused with TCR-T targeting MAGE-A3 developed lethal cardiovascular toxicities?’. To
mitigate on-target off-tissue toxicities, numerous trials are investigating targeting neoantigens
that are exclusively expressed in tumour tissues?!.

A significant limitation of TCR-T therapy is the requirement for HLA matching. Patients

must express the targeted antigen with the specific HLA haplotype. Currently, the majority
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of clinical trials are restricted to prevalent HLA alleles, such as HLA-A*02:01, present in

47% of Caucasians and 17% of African Americans?2.

1.2 CART cell therapy

Chimeric antigen receptor T cell therapies are based on the genetic modification of T cells to
express an antigen receptor capable of recognising a specific surface antigen expressed on
the patient’s tumour cells. Following ex vivo expansion, these CAR T cells are reinfused into
the patient with the expectation that they will selectively recognise the target antigen and kill

the tumour cells more effectively.

1.2.1 Evolution of CAR design

CAR T cells are generally designed in a modular manner, typically comprising an extracellular
antigen-binding domain, a hinge domain, a transmembrane domain, and one or more
intracellular domains?>~>>. The most common extracellular antigen-binding domain utilises
a single-chain variable fragment (scFv) derived from an antibody. The typical scFv format
is composed of variable light (V1) and variable heavy (Vg) domains from a monoclonal
antibody, linked by a flexible peptide sequence. The scFv is expressed as part of the CAR on
the T cell surface and it recognises tumour antigens expressed on the tumour cell surface. In
contrast to TCR-T cells, which bind to intracellular or extracellular peptides presented by the
MHC complex, CAR T cell activation is triggered by the direct interaction of the scFv with
the surface tumour antigen, making the process MHC-independent®3. The strength of the
CAR T cell activation depends on the scFv affinity, which can lead to high T cell potency
but also premature exhaustion and on-target off-tumour toxicities. Decreasing the scFv’s
affinity by mutagenesis has been used to diminish reactivity against normal tissues>3. The

extracellular scFv domain is connected to the transmembrane domain via a flexible hinge
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sequence. The main purpose of the hinge sequence is to provide flexibility to access the
targeted antigen and achieve optimal immunological synapse formation. The choice of hinge
length is then dependent on the targeted antigen, with longer hinge sequences used when
targeting membrane-proximal epitopes and shorter hinges for membrane-distal epitopes®.
The hinge domains are usually designed using immunoglobulin-like domains, such as IgG1
and IgG4, and CD28 or CD8 alpha domains. The transmembrane domain anchors the CAR
to the T cell membrane and connects the scFv with the intracellular domains, providing
stability to the receptor CAR. The most widely use transmembrane domains are CD28 and
CDS8 alpha. Notably, the transmembrane domain can influence CAR T cell stability and
synapse formation??. The intracellular domains, also known as endodomains, consist of
costimulatory and signalling domains responsible for initiating T cell activation following
antigen encounter. Significant research efforts have concentrated on the identification of
optimal endodomains to enhance CAR T cell function, resulting in the development of four
distinct generations of CAR T cells>>23:26,

The first CAR T cells to be designed, known as first generation CAR T cells, consisted of
an scFv linked to the CD3{ signalling domain, which can deliver a potent signal 1. Upon
antigen recognition by the scFv component, CAR T cells undergo activation, initiating an
anti-tumoral response characterised by the release of various cytokines, including interferon
gamma, tumor necrosis factor alpha, and interleukins. This activation not only promotes the
proliferation of CAR T cells but also facilitates the recruitment of other immune cells to the
tumor microenvironment, enhancing overall immune activity. Moreover, CAR T cells execute
precise tumor killing through the expression of membrane-bound tumor necrosis factor family
ligands and the secretion of granules containing perforin and granzymes. Perforin creates
pores on the target cell membrane, allowing pro-apoptotic granzymes to enter the cytoplasm
of tumor cells and induce their apoptosis, effectively eliminating the tumor cells upon

antigen engagement?’. These first-generation CAR T cells induce cytolysis in vitro, but they
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rapidly became anergic, with reduced IL-2 cytokine production and proliferation upon antigen
exposure. In clinical trials, they failed to demonstrate robust cytotoxicity and persistence?8-3C.
The incorporation of an intracellular costimulatory domain upstream the CD3{ signalling
domain created the second generation CAR T cells, resulting in improved cytolysis, clonal
expansion, IL-2 secretion, and persistence®> 8. This endodomain is usually derived from the
CD28 family (CD283! and inducible costimulator (ICOS)3%33) or the tumour necrosis factor
receptor family of genes (4-1BB3*, 0X4033 or CD127%) and mimics the co-stimulation
(signal 2) usually provided during TCR recognition by antigen presenting cells?. Clinical
studies have shown that CD28-CAR T cells exhibited rapid T cell activation and terminal
differentiation, whereas 4-1BB{-CAR T cells displayed reduced effector differentiation and
tonic signalling leading to prolonged persistence®>2>37. The next generation of CAR T
cells were designed to express two costimulatory domains simultaneously aligned in cis to
enhance tumour toxicity and increase persistence?®2>28 (Figure 1.1). A phase I clinical trial
demonstrated better performance by a third generation CD19 targeting CD28-BB{-CAR
compared to the second generation CD28¢-CAR?! . Other ongoing trials have shown
promising safety profiles and will provide information on persistence*®3°. However, several
other studies have reported mixed results, showing no striking advantages over the use of
second generation CARs>’.

Fourth generation CAR T cells, referred to as TRUKSs (T cells redirected for universal
cytokine-mediated killing), are based on the second generation CAR T cells but incorporate
a constitutive or inducible transgenic expression cassette to produce cytokines such as
IL-12%0 #1118 or IL-15%? (Figure 1.1). This generation of CARs is particularly relevant
for the treatment of solid tumours since the release of cytokines can modulate the tumour
microenvironment (TME)?>-43.

Currently, the most widely adopted CAR designs follow the second generation structure,

incorporating scFv-hinge-CD28/4-1BB and CD3{ domains. In addition to CAR design, the
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Figure 1.1: Design and evolution of chimeric antigen receptor (CAR) T cells. The
single-chain variable fragment (scFv) derives from the variable heavy and light chains from
an antibody and are linked to the transmembrane domain through a flexible hinge sequence.
The CD3¢{ domain derives from the T cell receptor intracellular domains, forming the
first generation CAR T cells. Second generation CAR T cells incorporate an intracellular
signalling domain, while third generation CARs incorporate two or more intracellular
domains. Fourth generation CAR T cells are generally designed as a second generation CAR
with the capacity to produce cytokines.

promoter also plays a key role in defining CAR T cell fate. High CAR expression levels
are known to affect cell proliferation and anti-tumour activity through tonic signalling, a
constitutive antigen-independent activation signal®®-37. The tonic signal of CAR T cells
containing the CD28 intracellular domain may lead to exhaustion and rapid differentiation,
whereas 4-1BB tonic signalling can also induce exhaustion to a lesser extent, and T cell
apoptosis?®3+44 By contrast, weaker promoters can reduce CAR T cell expression, resulting

in increased in vivo anti-tumour activity2%-3+43,

1.2.2 Manufacturing of CAR T cells

CAR T cell manufacture requires the isolation of pure T cells from the patient’s blood,

expression of the CAR gene and ex vivo expansion of the CAR T cells to adequate numbers
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prior to reinfusion into the patient. Usually, leukapheresis is the chosen method for collecting
leukocytes, and enrichment of T cells is usually achieved through magnetic separation
using CD8 and CD4 beads. The cellular composition of the collected cells is crucial for
successful product manufacture. Several technologies, using viral and non-viral genetic
engineering tools, have been developed to integrate the CAR gene into the purified T
cells. Viral transduction is a consolidated method for genetically engineering CAR T cells.
Lentiviral vectors have been used to produce the FDA-approved CAR therapies Abecma,
Breyanzy, Carvikty and Kymriah, whereas gammaretroviral vectors were used for Tecartus

and Yescarta?3-37,

These vectors offer large packing capacity enabling the delivery of
multicistronic CAR constructs while achieving high titters. However, GMP-compliant
manufacturing of these vectors is associated with high costs, and safety concerns arise
regarding the persistence of residual viral vectors after transduction and potential genotoxicity
associated with biased integration of retroviral vectors within the promoter and growth

control genes*’.

In clinical settings, manufacturing processes are often carried out in
semi-automated or automated systems. Non-viral integration can be achieved using the
Sleeping Beauty or piggyBac transposon systems, which enable stable integration of the
CAR gene while reducing immunogeneicity and production costs. However, electroporation
of the transposon-based vectors can decrease cell viability, and the longer expansion protocols
may lead to T cell differentiation and impaired activity>’. RNA transfection has been used
for the transient transfection of CAR genes for up to 1 week to study associated cytotoxicities
and minimize side effects, however, the short expression time limits its clinical application.
Most recently, CRISPR/Cas9 has been used to replace the natural TCR with the CAR gene,
favouring a more physiological CAR expression. The substitution of the TCR with the

CAR decreased the tonic signalling or antigen-independent activation, which led to reduced

differentiation and exhaustion of the cells’’. New protocols are being tested to shorten
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manufacturing and expansion times to promote more memory and stem cell-like phenotypes

in the infused product, which has been associated with improved treatment outcome?0-47,

1.2.3 Clinical outcomes of CAR T cells for haematological malignancies

CAR T cell immunotherapy has shown promising results in the treatment of haematological
tumours with the majority of FDA-approved products targeting CD19, an antigen restricted
to the B cell lineage. CD19 is uniformly expressed in most B cell malignancies including
relapsed/refractory (r/r) B-cell acute lymphoblastic leukaemia (B-ALL)*®, large B cell
lymphoma (LBCL)*, mantle cell lymphoma (MCL)*° and follicular lymphoma?!. Treatment
with anti-CD19 or anti-B-cell maturation antigen (BCMA) CAR T cells results in the
depletion of non-malignant B cells and plasma cells expressing these target antigens,
leading to B cell aplasia. This toxicity is not lethal in humans and can be managed
with the intravenous infusion of immunoglobulin®?. The first FDA-approved CAR T cell
therapy, granted in 2017 for the treatment of diffuse large B-cell lymphoma (DLBCL), was
tisagenlecleucel, branded in the US as Kymriah. Autologous enriched T cells were transduced
with a lentiviral vector encoding for a CD19 CAR. The CD19 CAR was designed as a a
second generation CAR comprising of the anti-CD19 scFv derived from the monoclonal
antibody FMC63, along with the intracellular domains 4-1BB and CD3{. The first clinical
trial administering tisagenlecleucel in patients with DLCBL reported response rates of 64%,
with 43% of the participants achieving complete response (CR) at 6 months. Sustained
remissions at 28.6 months were achieved in 86% of responders*’. A second, larger study in
patients with DLCBL who had received two to three lines of treatment prior to CAR T cell
infusion, reported a response rate of 52%, with 40% achieving CR and 12% experiencing
partial responses. These results led to the FDA approval of tisagenlecleucel for DLCBL
patients>®. The second FDA-approved CAR T cell therapy, also granted in 2017 for the

treatment of r/r LBCL, was Axicabtagene ciloleucel (Axi-cel), marketed in the US as
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Yescarta. Autologous T cells were transduced with a gammaretrovial vector encoding a
second generation anti-CD19 CAR, featuring the FMC63 scFv and the intracellular domains
CD28 and CD3{. A trial administering Axi-cel to patients with refractory LBCL reported an
82% response rate, with 54% of the patients achieving CR. Since then, two more anti-CD19
CAR T cell products have been approved for clinical use, Tecartus approved in 2020 for
the treatment of r/r MCL and ALL>, and Breyanzi approved in 2021 for the treatment of
LBCL>*. More recently, two CAR T cell products targeting BCMA were approved for the
treatment of multiple myeloma under the names Abecma>® and Carvykti®’. Despite the
success of these treatments, relapse and toxicity are common issues in the treatment of B
cell malignancies with anti-CD19 CAR T cells. Relapses can be classified as CD19-positive
or CD19-negative. The minority of cases are CD19™ relapses, caused by antigen scape
modulated by the mutation or alternative splicing of CD19 leading to loss of the targeted
epitope or by myeloid lineage switch leading to the complete downregulation of the CD19
expression®’38, Bispecific anti-CD19, anti-CD20 CAR T cells have been shown to overcome
CD19 relapse in preclinical models°.

In contrast, CD19% relapses are associated with poor proliferation and persistence of the
CAR T cells, leading to restricted anti-tumour activity and transient B cell aplasia. Several
factors may influence CAR T cell persistence, including the potential immunogenicity of
murine scFvs, the choice of intracellular costimulatory domains, with 4-1BB{ CAR T cells
showing improved in vivo persistence®®. However,the most important factor affecting T cell
persistence is thought to be the differentiation status of T cells in the infused CAR T cell
product.

T cell differentiation models propose that upon activation, naive human T cells (T},)
differentiate into various memory and effector cells types, with proliferation and self-renewal
capacity decreasing as differentiation progresses. Ty, can differentiate into stem-like memory

(Tsem) and central memory T cells (T, ), which have limited effector function but long-lasting
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persistence. These cells further differentiate into effector memory (Tep,) and lastly into
terminally differentiate effector memory expressing CD45RA (Tepra), Which exhibit enhanced
effector capacity but limited persistence®®. In parallel to differentiation, chronic T cell
activation can lead to T cell exhaustion, characterised by the expression of inhibitory receptors
such as PD-1, LAG-3 and TIM-3. Although exhaustion can be induced at any stage of
differentiation, exhaustion in terminally differentiation subsets is correlated with a lack of
proliferation and effector functions®!. In patients, the presence of Ty, clones in the infused
product has been correlated with early anti-leukemic responses and long-term responses*®.
In addition, reduced expression of exhaustion markers on the cell surface of the pre-infused
CAR T cells has also been linked to durable remission®?. Therefore, there is a growing
interest in producing CAR T cell products with stem-like characteristics, which have stronger
self-renewal capacity and anti-tumour ability, while exhibiting less exhausted phenotypes*’.
Several strategies are being developed to produce less differentiated and exhausted CAR T
cell products, including the ex vivo expansion in IL-15/IL-17 as opposed to IL-20-63 and the
mutation of immunoreceptor tyrosine-based activation motif (ITAMs) to fine-tune premature

T cell differentiation and exhaustion®.

1.2.4 Challenges for targeting solid tumours

The positive outcomes achieved in the clinical trials using the CD19 targeting CAR T cell
products have established CAR T cell therapy as a mainstream treatment for managing
aggressive lymphomas, but these results have not been translated to solid tumours. CAR T
cell trials in solid tumours targeting a variety of TAA in various cancer types have reported
results ranging from no efficacy to complete remission. For instance, partial remissions have
been reported following treatment with EGFR targeting CAR T cells in patients suffering
66

from non-small lung cancer®, whereas no response was observed in glioblastoma tumours

Interleukin 13 receptor alpha2 (IL13R¢2) targeting CAR T cells administered intracranially

35



to glioblastoma patients, led to complete responses, but these responses were short-lived
resulting in tumour relapse®’. Anti-GD2 CAR T cells administered to glioblastoma patients
achieved a complete response in 3 out of the 11 treated patients®® and stable disease in 6 out
of 11 neuroblastoma patients®. Human epidermal growth factor receptor 2 (HER?2) targeting
CAR T cells achieved stable disease in 4 of the 17 patients suffering from sarcoma’®. The
poorer results in solid tumours can be attributed to the many challenges associated with
the solid TME, including tumour heterogeneity, difficulties in CAR T cell trafficking and
extravasation to the tumour site, the presence of immunosuppressive cells and cytokines
within the TME, as well as the depletion of nutrients and oxygen. The first impediment
is on-target off-tumour toxicity caused by the recognition of TAA in normal tissue by
the CAR T cells. Ideally, a suitable target would be tumour-restricted, however, this
is rare. TAAs are typically overexpressed heterogeneously in tumour cells, with lower
expression in non-malignant tissues leading to on-target off-tumour toxicities that are harder
to control compared to haematological malignancies, where B cells are dispensable’”. This
was exemplified by the death of a patient suffering from metastatic colon cancer after the
administration of anti-HER2 CAR T cells, which were sequestered to the lungs expressing
low levels of HER?2 causing lethal pulmonary toxicity’!. Careful monitoring of CAR T cell is
crucial to strike the balance between effective anti-tumour efficacy without excessive toxicity.
Despite the expression of TAA in normal tissues, TAA expression heterogeneity poses a
significant challenge. For example, EGFRV III is mutated in about 30% of the glioblastoma
tumours, leading to antigen escape and tumour recurrence after CAR T cell treatment’?.
Strategies have been developed to overcome antigen escape, including the use of dual and
tandem CARs targeting multiple TAAs and CAR T cells capable of secreting bispecific T
cell engagers (BiTEs) to attenuate off-target toxicities>*. Another limitation is the impaired
trafficking and infiltration of CAR T cells into solid tumours. Tumours often present aberrant

vasculature with high levels of pro-angiogenic factors associated with leaky vessels, disrupted
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blood flow, increased tumour pressure and dysregulated oxygen supply. Additionally, tumour
endothelial cells may downregulate adhesion molecules, such as intracellular adhesion
molecule 1 (ICAM1) and vasculature cell adhesion molecule 1 (VCAMI1), impairing T cell
extravasation from blood vessels into the tumour’3. After T cell extravasate, they may not
encounter the target TAA due to the dense tumour stroma. T cell infiltration is hampered
by the presence of hyaluronan and collagen deposits within the tumour stroma, creating
a physical barrier against T cell infiltration and affecting their anti-tumour efficacy and
proliferation capacity’. Indeed, ectopic expression of heparinase, an extracellular matrix
degrading enzyme, in anti-GD2 CAR T cells have enhanced infiltration and survival rates
in preclinical models’?, as have fibroblast activation protein (FAP)-targeting CAR T cells,
which deplete FAP-expressing tumour associated fibroblasts’®. Besides the physical barriers,
inefficient infiltration is partly attributed to the mismatched migratory signals between the
chemokine ligands expressed in the tumours and the chemokine receptors (CCRs) present on
CAR T cells. The ectopic expression of CCR4 and CCR2 has proven effective in enhancing
CAR T migration and infiltration in preclinical models?® 77,

Once CAR T cells have successfully infiltrated the tumour stroma, they face the challenges
of an immunosuppressive TME. The TME can be populated by immunosuppressive cells
such as T regulatory cells (Tregs), myeloid-derived suppressor cells (MDSCs) and M2
tumour-associated macrophages (TAMs). These cells facilitate tumour growth by secreting
cytokines and chemokines, including VEGF, IL-4, IL-10 and TGF-ﬁ78. To address CAR
T cell inhibition by these cells, TRUCKSs have been designed to enhance the secretion of
pro-inflammatory cytokines, such as IL-127° or IL-18*!, to reshape the tumour TME. The
expression of a TGF-B dominant receptor in prostate-specific membrane antigen (PSMA)
targeting CAR T cells has also shown increasing proliferation and persistence®’.

A final barrier is the scarcity of nutrients and oxygen within the TME. Hypoxia boosts tumour

proliferation and increases the acidity of the TME. In a nutrient-deprived TME, metabolic
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stress occurs, resulting in the upregulation of inhibitory receptors, such as PD-1, and the
recruitment of immunosuppressive cells by the tumour, ultimately decreasing the anti-tumour
activity of CAR T cells®!. Ongoing research is now focusing on understanding the tumour

immunometabolism for the development of improved immunotherapies.

1.3 Ciritical role of imaging in advancing cancer
immunotherapy

The effectiveness of CAR T cell therapy in treating solid tumours has proven to be
unsatisfactory compared to the success in treating haematological malignancies. This
disparity can be attributed to the unique challenges faced by the CAR T cells in solid tumours,
including trafficking and extravasation to the tumour site, proliferation, and persistence
within hostile microenvironments. Given that CAR T cells are “living drugs”, they undergo
intricate dynamic processes. Thus, understanding their kinetics and biodistribution is
paramount to developing more efficacious treatments. A considerable research gap persists
concerning the comprehensive whole-body biodistribution of the infused cells, their capacity
to relocate within the body, the dynamics of this migration, their ability to penetrate and
expand at the tumour site, the underlying causes of on-target off-tissue toxicities, as well
as the critical cell numbers required to induce tumour remission3>84. Current research
efforts primarily focus on monitoring disease progression, evaluating CAR T cell expansion
and persistence in peripheral blood, and measuring cytokines in serum to assess CAR T
cell functionality and associated toxicities. However, these approaches do not provide
real-time insights into the spatial biodistribution, viability, and kinetics of the infused CAR
T cells at the tumour site®3. Therefore, there is a pressing need to develop non-invasive
imaging tools capable of instantaneously assessing key parameters, such as the spatial

localization of the infused CAR T cells, their ability to penetrate tumours, their viability,
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functionality, quantity and persistence over time at the tumour site. By monitoring CAR T
cell biodistribution and functionality in clinical trials, these imaging tools could emerge as a
valuable tool to distinguish responders from non-responders and manage treatment-related
adverse effects’> %2, Numerous imaging methods have been developed for non-invasive
monitoring of CAR T cells, with nuclear imaging providing higher sensitivity, excellent

tissue penetrance, and potential for clinical translation.

1.4 Imaging techniques

1.4.1 Optical imaging

Optical imaging stands out for its affordability, sensitivity, and ease of execution.
Bioluminescence (BLI) is based on the detection of photons emitted by the oxidation
of luciferin by the luciferase reporter protein in the presence of ATP and oxygen®-%7.
Luciferase is integrated into the target cells, allowing for the tracking of cells upon exogenous
administration of luciferin at the desired imaging time point. While BLI provides spatial and
temporal localization of live cells only since the reaction depends on ATP and functional
enzymes®, it offers poor resolution and quantitation is unreliable due to the scattering of
light in the body®’. Despite these limitations, preclinical research widely employs BLI owing
to its high sensitivity, cost-effectiveness and swift imaging capabilities. BLI is widely used
to monitor tumorigenesis and metastasis by quantifying relative changes in light emission
over time®”. It has also been used to monitor the biodistribution of hypoxia-sensing CAR T

138 and of human-mesothelin

cells in a head and neck squamous cell carcinoma mouse mode
targeting CAR T cells in pleural mesothelial mouse models®®. However, its application
remains confined to preclinical studies due to the limited tissue penetrance of light and the

non-mammalian origin of the reporter protein®>~87. In contrast, radionuclide-based imaging

offers a powerful alternative.
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Figure 1.2: Schematic illustrating the principles of SPECT and PET detection . a) In
single photon emission computer tomography (SPECT), gamma-ray photons emitted from
a radiotracer are detected by a rotating gamma counter. Diagonal gamma rays collide with
the collimator and are not detected , increasing the resolution. b) In positron emmission
tomography (PET), positrons from the radiotracer, annihilite with electrons, releasing two
gamma-ray photos in opposite directions that are detected simultaneously by a ring of
detectors.

1.4.2 Radionuclide-based imaging

Positron emitted tomography (PET) and single-photon emitted tomography (SPECT) enable
real-time, non-invasive tracking of radiolabelled particles within living organisms. Both
techniques provide 3D images with high sensitivity, no tissue penetration constraints and
excellent translational potential. Besides they can provide accurate quantitation due to the
constant decay of radionuclides®*. SPECT imaging can be used to image 7y ray-emitting
radionuclides. The use of collimators prevents the detection of diagonal y ray-photons,
ensuring accurate detection of the photon’s origin. This yields high spatial resolution but
decreases sensitivity. In preclinical studies, SPECT imaging offers submillimetre resolution,
while clinical scanners offer resolutions between 5-12 mm. Among Y emitting radionuclides,
technetium-99m (°°"Tc) is the most commonly used due to its favourable characteristics,
including a short 6-hour half-life, widespread availability through generator production, and

good emission properties, with over 89% gamma radiation at 140 keV°%°! (Figure 1.2 a).
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Multiplex imaging can be performed by combining multiple radionuclides with distinct
energy emissions, facilitating the imaging of multiple radioactive compounds within a single
subject®. PET imaging is tailored for positron (8 ¥)-emitting radionuclides. In contrast to
SPECT, where individual photons passing through the collimator are measured, PET imaging
relies on the coincidental detection of two gamma photons by a ring of detectors. PET
radionuclides undergo decay, emitting positrons from the nucleus in random directions. Upon
encountering electrons, positron/electron pairs mutually annihilate, emitting two gamma
photons at an angle of approximately 180 degrees from each other, each with an energy of
511 keV. The annihilation’s location is detected by the ring of detectors, which approximates
the location of the PET radionuclide. The extent of positron travel before annihilation hinges
on the radionuclide-specific positron energy, resulting in reduced resolution compared to
SPECT?%-°! Nevertheless, PET offers better sensitivity since it does not require collimators.
Depending on the radionucleide, PET offers comparable resolution to SPECT in preclinical
settings, while in clinical settings it offers resolutions of 3-6 mm. Quantitative accuracy
of PET is higher than SPECT. Common PET radiotracers include ''C, '3F widely used in
the clinic, and the generator-based ®®Ga for preclinical studies®”°! (Figure 1.2 b). Despite
the lower sensitivity and spatial resolution of clinical SPECT compared to PET, SPECT
remains widely used in the clinic due to its cost-effectiveness and the widespread availability
of tracers. However, the advent of total-body PET has rendered it highly appealing for in

vivo cell tracking, offering vastly improved sensitivity and lower radiation doses®®°!.

1.4.3 Anatomical imaging

SPECT and PET imaging are often used in combination with high-resolution anatomical
imaging like computed tomography (CT). CT relies on the distinct X-ray attenuation exhibited
by tissues of varying density, yielding tissue contrast and anatomical information. CT

produces high-resolution 3D images (0.5 mm clinically and 0.1 mm preclinically) and is
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usually integrated with SPECT and PET imaging to provide anatomical context. In cases
where tumour density significantly differs from the surrounding tissues, CT can be used to

h82, 90

assess tumour size and growt . However, the disadvantage of CT lies in the radiation

dose as a result of the ionising X-ray radiation.

1.5 Non-invasive in vivo imaging of CAR T cells

Non-invasive in vivo imaging of cell-based immunotherapies using radionuclides can be
accomplished through two primary approaches: direct cell labelling, involving the introduction
of a labelling agent directly into the cells (Figure 1.3 a); or indirect cell labelling, achieved by
introducing a reporter gene allowing the cells to be imaged upon addition of a contrast agent

(Figure 1.3 b). Both methods provide spatial and temporal information on cell dynamics.
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Figure 1.3: Cell labelling strategies for nuclear imaging. a) Direct labelling of cells allows
for the short-term imaging of labelled cells. However, as cells proliferate the signal dilutes
and the radionuclide undergoes decay until the cells are untraceable. b) Indirect labelling can
be achieved with the incorporation of a reporter gene within the cells’ genome, allowing for
repetitive imaging over time. Upon injection of the reporter probe, the cells become traceable
cells and can be imaged for as long as their lifespan. This type of labelling reports on cell
proliferation as the signal is proportional to the number of traceable cells.
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1.5.1 Direct labelling

Direct cell labelling involves the ex vivo radiolabelling of the target cells, followed by their
subsequent infusion into the subject. Through in vivo imaging, the biodistribution of the

82,92

cells can be assessed over time . Among the various imaging modalities, radionuclide

imaging is the most sensitive modality to visualize directly labelled cells in mammals®?.
Direct labelling with radioisotopes can be accomplished using different methods®% %093,
Radiotracers can be directly bound to the cell membrane or a specific receptor®*; alternatively,
radiotracers may penetrate the cell membrane passively and become trapped within the cells®.
Lastly, uptake of the radiotracer can be achieved through active pumps or ion channels located
on cell membranes”®.

In clinical settings, direct labelling of T cells has been widely used over the last decades.
For instance, !'!In-oxine, a higlhy lipophilic molecule able to penetrate the cell membrane,
has been utilised to label leucocytes for detecting hidden infections in patients®, to trace

97 and to monitor

tumour-infiltrating lymphocytes in patients with metastatic melanoma
HER?2-specific T cells in a patient with metastasised ovarian cancer”®. Parent-Pereira et al.
(2011), demonstrated the challenge of tumour infiltration by administering !''In-tropolone
labelled anti-MUCI1 and anti-ErbB CAR T cells through different routes. Intravenous
administration of the CAR T cells led to infiltration of low number of cells in the tumours
compared to regional administration®.
However, given that SPECT imaging has shown insufficient sensitivity for monitoring CAR
T cells in clinical practice, the focus has shifted towards the development of imaging tools
for PET imaging®*.

To overcome sensitivity limitations, 897r-oxine, the PET counterpart of Ul n-oxine,
was developed and rapidly implemented preclinically due to its similar safety profile to

n-oxine!®. PET offers better spatial resolution and sensitivity in clinical instruments,

along with the capability for absolute quantitation. 3°Zr-oxine has been employed for
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tracking CAR T cells preclinically thanks to its moderate long half-life (78.4 hours), enabling
the monitoring and evaluation of CAR T cells efficacy for over a week””?2. Weist at
al. (2018), demonstrated the robust and compatible labelling of CAR T cells in preclinical
models of glioblastoma (IL13R2-targeted CAR T cells) and prostate cancer (PSCA-targeted
CAR) using 3°Zr-oxine!®. More recently, 3°Zr-oxine has also been used to label T cells
without compromising cell proliferation or anti-tumour cytotoxicity'?'. Nonetheless, the
accumulation of positron emitting cells poses a safety concern for its clinical translational
since CAR T cells tend to accumulate in the liver and spleen for several days. This issue can
potentially be mitigated by using radiotracers with shorter half-lives'%% 193 For example,
Wang et al. (2021), showed the correlation between the biodistribution patterns of CD19-CAR
T cells labelled with %8Ga (half-life of 68 min), and 3°Zr (half-life of 78.4 hours). While
68Ga-labelled CAR T cells could be tracked for only 6 hours, the absorbed dose was reduced
by 124-fold, resulting in increased cell viability. This illustrates the potential application of
%8Ga for tracking cells in humans through PET imaging!?®. However, passive diffusion of
radionuclides across the membrane via lipophilic carriers, like tropolone and oxine, may lead
to chemotoxicity and reduced sensitivity in the event of radionuclide efflux. As an alternative,
Bansal et al. (2011), developed 897r-desferrioxamine (DFO), which can covalently bind
to the cell membrane proteins reducing the risk of chemotaxis toxicities and radiotracer
efflux'%4. This method was later tested by Lee et al. (2020), on Jurkat- and PBMC-derived
CAR T cells, showing indeed decreased accumulation of free 3°Zr in bone and liver, after
labelling the CAR T cells with 897:-DFO instead of 8Zr-oxine. However, proliferation
of the labelled cells was reduced over time'®. A third alternative for the direct labelling
of CAR T cells involves the use of radiolabelled nanoparticles, which are incorporated
inside the cells via endocytosis or electroporation®*. Examples include the conjugation of
Copper-64 to gold nanoparticles, and the use of superparamagnetic iron oxide nanoparticles

for tracking CD19-CAR T cells biodistribution through PET imaging!?®. The advantage
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of using nanoparticles lies in the reduce radionuclide efflux while also preserving the cell
membrane proteins®?.

Direct labelling stands as a simple method, circumventing the need for genetic modification
of the target cells and enabling the integration of the probe at any stage during the CAR
T cell production, thus facilitating clinical application'9?. Additionally, it allows for the
incorporation of high numbers of radionuclides per cell. However, certain limitations exist,
including the inability to assess cell proliferation as the signal gradually dilutes with cell
division. Furthermore, the potential for repeated imaging over time is constrained by the
radiotracers’ half-life. Challenges also arise in determining the spatial location of the targeted
cells due to potential radiotracer efflux, unbinding from the cells, and phagocytosis of dead

0611884’ 85,90

1.5.2 Indirect labelling

Indirect cell labelling requires the incorporation of a reporter gene into the cell of interest
through cell engineering. These reporter genes are typically proteins that facilitate uptake

85,90

(transporter),trapping, or binding (receptors) of radiotracers . Following administration

of the tracer, cells become detectable as distinctive hotspots, and repeated tracer injections

allow for longitudinal imaging®®: 107

. The permanent integration of the reporter gene enables
real-time, in vivo monitoring of viable cell populations and their expansion over the lifetime
of the cells®>?°. However, exogenous tracer administration has a major drawback: it can
result in detectable signals in organs responsible for excretion and clearance, potentially
leading to a misinterpretation of these signals as indicative of the presence of targeted cells.
Additionally, sensitivity can be constrained by the lower amount of radiotracer internalised
per cell compared to direct cell labelling®®. Several reporter genes have been utilised to image

CAR T cells via SPECT or PET, the latter being more clinically desirable due to its higher

sensitivity in humans. One of the first reporter genes to be developed was herpes simplex
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virus type 1 thymidine kinase (HSV 1tk), an enzyme-based reporter gene®*°2. In preclinical
studies, HSV 1tk has been co-expressed alongside a CAR targeting human PSMA to monitor
the biodistribution of CAR T cells in vivo using '8 F-FEAU and PET imaging. This approach
did not only monitor biodistribution and persistence of the cells but could also predict
therapeutic outcomes, as a correlation was observed between the PET signal accumulation in
tumours and survival time!%8. Tn 2009, HSV 1tk was used for the first time to monitor CD8 "
cytotoxic T lymphocytes (CTL) co-expressing HSV 1tk and interleukin 13 zetakine gene in
a patient diagnosed with glioblastoma multiforme. 'SF-FHBG PET imaging was used to
monitor CTLs revealing activity at the tumour region and in an unknown secondary tumour
site!?. Similarly, in 2017, this strategy was employed for patients with recurrent glioma'!°.
These two studies, however, encountered high background '®F-FHBG signal in the brain
before treatment!?% 110 Importantly, HSV 1tk acts as a suicide gene, triggering programmed
cell death when exposed to ganciclovir. The co-expression of the mutated HSV 1-sr39tk
with a B7H3 targeting CAR displayed higher specificity for '8F-FHBG and ganciclovir in a
human osteosarcoma mouse model, compared to the wild-type reporter gene, showcasing
its potential for clinical application!!!. Despite demonstrating feasibility for non-invasive
CAR-T cell using HSV 1tk, the high background signal and safety concerns related to its viral
origin and immunogenicity in humans prompted the development of human-derived reporter
genes, such as the human somatostatin receptor 2 (SSTR2) and human norepinephrine
transporter (WNET)?2. SSTR2, a G-protein coupled receptor, can internalise the clinically
approved PET radiotracer ®® Ga-DOTATOC3*°2.CAR T cells targeting intracellular adhesion
molecule 1 were engineered to express the SSTR2 reporter gene. CAR T cells’ biodistribution
and anti-tumour cytotoxicity were monitored using %Ga-DOTATOC PET imaging in a
metastatic thyroid mouse model. The presence of the reporter gene and PET probe did not
affect CAR T cell cytotoxicity, enabling the tracking of T cell expansion. The relatively

short half-life of the ®®Ga-DOTATOC allowed for the acquisition of high-quality images

46



within an hour!®’. However, SSTR2 expression in regions like the cerebellum, kidneys,
and intestinal tract can result in a significant nonspecific background signal. The sensitivity
may also be compromised by the internalisation upon interaction with the substrate. More
importantly, SSTR2 is expressed in other immune cells and may repress their function and
proliferation3+92 112,

hNET has demonstrated its utility as a reporter gene for long-term imaging of Epstein-Barr

virus-specific T cells, using SPECT with the probe '} I-metaiodobenzylguanidine ('>*I-MIBG)

in a murine model of human lymphoma!!3

. More recently, donor T cells were engineered
to co-express hNET and GFP to establish the limit of detection in a murine model using
PET imaging. 3x10* to 4x10* T cells were detected at the injection site, two hours after
administration of the PET tracer '3F-meta-fluorobenzylguanidine'!'#. Nonetheless, the
elevated nonspecific background signal could limit the practicality of this labelling method
depending on the tumour’s location, as observed in a study by Badar et al. (2011),where
hNET-expressing SupT1 T cells were only discernible 24 hours post administration of the

radiotracer probe '2*I-MIBG due to the substantial high background!!>. This renders the

symporter inappropriate for real-time tracking of adoptive cell transfer (ACT) therapies.

1.5.2.1 The human sodium iodide symporter

To address these challenges, the ideal reporter gene needs to be non-immunogenic and
have limited expression in normal tissue to minimise nonspecific background. The human
sodium-iodide symporter (hNIS), also known as SLC5AS, is a member of the solute carrier
family SA and fits this criteria. hNIS is a 643-amino acid glycoprotein with a molecular mass
ranging from 50-100 kDa depending on its glycosylation status'!®. Sequencing of the hNIS
was first completed by Smanik et al. in 1996'!7, pioneering its potential use as a reporter or
target for imaging and therapy. The hNIS is an intrinsic membrane spanning protein with

13 putative transmembrane helices, an extracellular amino-terminus, and an intracellular
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Figure 1.4: Schematic illustrating hNIS expression and mechanism of action . The hNIS
needs to be expressed on the cell membrane to be functional. It transports two sodium ions
down its electrochemical gradient and one iodide anion against its gradient. The sodium
gradient generated by the sodium/potassium ATPase pump is the driving force.

carboxyl-terminus. It efficiently accumulates iodide (I™) inside the cells using the sodium
(Na™) gradient generated by the Nat/K* ATPase. This energy is used to simultaneously
transport one I~ against its electrochemical gradient for every two Na™ transported down
its electrochemical gradient!' %1% (Figure 1.4). The NIS-mediated transport of I~ can be
blocked by competitive inhibitors, such as nitrate and perchlorate!'%- 129, hNIS is naturally
expressed in the thyroid and at lower levels in the salivary and lactating mammary glands, as
well as in the gastric mucosa!16-118-121

The hNIS is widely used therapeutically in clinical medicine due to its ability to
concentrate both imaging and therapeutic radionuclides in target cells, an example being the
use for almost 70 years of '3'T radionuclide therapy for the treatment of metastatic thyroid
carcinoma and hyperthyroidism. To enhance radionucleide therapy there is a growing interest
in increasing hNIS expression. This can be achieved by using disrupting chemicals or the
overexpression of transcription factors, which in turn could improve radioiodide therapy

outcomes in cancers that downregulate or lack expression of hNIS, such as de-differentiated

and anaplastic thyroid cancers!?!~1?4. Ectopic expression of hNIS for the treatment of
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non-thyroidal cancers has also shown promising results in pre-clinical models!?>~!27 but this
has not yet been translated to the clinic. The hNIS has also been used as a reporter gene for
clinical imaging due to its ability to transport a variety of monovalent anions coupled with the
short retention time of the radionuclide, limiting radiation dose and toxicity in the targeted
cells. Monovalent anions that can be transported by hNIS include the well-studied technetium
pertechnetate (P*MTcO,7) and the novel !8F-tetrafluoroborate (['®F]BF, ™), with the transport
being significantly enhanced as the size of the monovalent anion approaches that of iodide!?°.
['8F]TFB has recently been used to image the thyroid and NIS expression in humans using
PET'?7-128 A biodistribution study carried out in five thyroid cancer patients has shown its
safety and potential for diagnosis and treatment planning in thyroid disease!?8. *™TcO, has
been widely used in the clinic since 1965. It is efficiently transported into NIS-expressing
cells due to its similar size and charge to I™ and it has a convenient half-life of 6 hours!2-132.
In addition, ®™TcOy is a cheap radiotracer that can be detected with widely available
SPECT scanners, which makes it a good candidate for imaging NIS-expressing CAR T cells.
Emami et al. (2016) demonstrated the utility of this approach for CAR T cell imaging by
co-expressing a PSMA single-chain variable fragment with the hNIS imaging reporter gene
in a retroviral vector. They showed the spatial accumulation of *™TcO," radiolabelled CAR
T cells in a xenograft prostate cancer preclinical model using SPECT/CT, demonstrating the
correlation between CAR T cell accumulation at the tumour site and tumour rejection!33.
Similarly, Kurtys et al. (2018) and later Volpe et al. (2020), co-expressed the hNIS with
an anti-ErbB CAR-T to quantify tumour retention in triple-negative human breast cancer
preclinical models. CAR T cell infiltration was monitored longitudinally by PET imaging
using ['8F|BF, . Similar intracellular uptake was measured when exposed to ['8F|BF,~ and
99mTCO4', these CAR T cells remained functional and detectable at the tumour site for over

two weeks, proving the feasibility of using ['®F]BF,~ to image the hNIS reporter by PET

imaging!3% 133, This was further confirmed by another study where hNIS was co-expressed
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with a CAR T cell targeting anti-B-cell maturation antigen to monitor tumour infiltration in a
multiple myeloma mouse model. As a control they used K562 to establish negative control
tumours. ['®F]BF4~ PET imaging showed accumulation of CAR T cells at the tumour site

but not in control tumours which correlated with the survival difference!3°.

1.5.3 Non-invasive quantification of CAR T cells

Currently, the surveillance of adoptively transferred CAR T cells relies on monitoring disease
progression, assessing levels of cytokines and immune markers in serum, and monitoring
CAR T cell expansion and persistence in peripheral blood or in biopsy specimens. However,
these measurements do not provide information about spatial biodistribution of the CAR T
cells. Additionally, in the case of solid tumours, quantitation of CAR T cells in peripheral
blood may not represent the extent of tumour infiltration. While tumour biopsies offer
insights into CAR T cell infiltration, they only provide a snapshot of the entire tumour®83:89,
As a result, there is growing interest in the development of non-invasive methods to enable
real-time and non-invasive monitoring of CAR T cell kinetics, infiltration and expansion,
to manufacture more effective immunotherapeutic products. CAR T cell expansion and
persistence are considered crucial determinants of long-term efficacy!3’. Despite their
importance, standardised protocols for monitoring CAR T cells post-infusion are still lacking
in clinical practice. Although, several detection methods have been employed in clinical
trials to monitor cell kinetics, with varying time points and testing frequency, the two main
technologies utilised for the detection of CAR T cells in peripheral blood, bone marrow, and
spinal fluid are quantitative polymerase chain reaction (QPCR) assays and multiparametric
flow cytometry!3®. qPCR uses target-specific primers to measure vector copy number in
gDNA from patients’ blood over the course of the CAR T cell treatment'3°. They require a

140

positive control for relative quantitation'*’. While it is a rapid method, it does not provide

real time data, and is often used in combination with flow cytometry in clinical settings.
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qPCR effectively measures CAR transgene copy numbers, monitoring concentration of CAR
transgene copies over time!3%13% Despite its robustness, it tends to overestimate the number
of functional CAR T cells, as it does not measure cell surface CAR T cell expression, which
not only depends on vector copy number but also the viral promoter and post-transcriptional
modifications'3®. Conversely, flow cytometry enables quantitation and phenotyping of T cells
expressing the CAR protein. Multiparametric flow cytometry is routinely used for identifying
CAR T cell abundance in peripheral blood or bone marrow aspirates. Utilizing CAR-specific
reagents, absolute CAR T cells numbers can be quantified with high sensitivity. It can also
provide information on the different T cells sub populations (helper or cytotoxic) and status of
the T functionality of the cell product (activation, exhaustion)!3% 14! These two approaches
have offered valuable insights into CAR T cell expansion and persistence in clinical trials
for haematological malignancies. However, for solid tumours, monitoring of CAR T cells in
peripheral blood may not accurately represent infiltration at the tumour site®> 83, Tumour
biopsies can provide information on the biodistribution of infiltrating CAR T cells, as well
as the antigen expression levels in tumour cells through immunohistochemistry®>-8% 142,143,
Apart from being a highly invasive procedure, tumour biopsies may be limited by the
anatomical tumour location®. Serial and multiple biopsies may not be feasible, especially

in metastatic sites?

. Besides, biopsies may not capture the true tumour heterogeneity,
making quantitation of infiltrating CAR T cells challenging. Thus, there is a need to develop
non-invasive dynamic methods to quantify CAR T cell infiltration and expansion in solid
tumours. Non-invasive nuclear imaging methods for relative quantitation of infiltrating
CAR T cells has been developed in preclinical models®>197- 113 The quantitation relies on
establishing a standard curve correlating labelled T cells doses with the imaging signal. The
linear relationship between imaging signal and T cell dose is then leveraged to estimate the

amount of T cells infiltrating the tumours. Doubrovin et al. (2007), employed this strategy to

estimate the number of cytotoxic T cells co-expressing hNET and GPF (CTL-hNETiGFP),
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that could infiltrate EBVT xenografts!!3. They first established the standard curve by
intratumorally injecting different doses of CTL-hNETiGFP cells, followed by intravenous
injection of >*I-MIBG for PET imaging. A strong, linear correlation between the PET
signal and the injected cell dose was observed. They subsequently treated another group with
intravenous injection of CTL-hNETiGFP, using the standard curve and the quantified PET
signal to non-invasively estimate the number of T cells accumulating in the tumours over
time. A robust correlation was found between their estimated infiltrating CAR T cell count,
ex vivo PET signal quantitation on the isolated tumours, and the quantified number of GFP™
cells by FACs, demonstrating the feasibility of estimating T cell numbers non-invasively'!3.
Similarly, Minn et al. (2019), incorporated a mutated PSMA tag into a CD19-CAR construct
to detect T cells using the clinically relevant '3F-DCFPyL PET probe®. In this study,
they establish the standard curve using an in vitro phantom study, revealing strong linear
correlation between the quantified PET signal and the cell number per well. This standard
curve was then used to extrapolate the number of infiltrating CD19-tPSMA CAR T cells
in Nalm6 tumour xenografts. However, they did not validate their estimation with ex vivo
quantitation. Interestingly, they observed no correlation between the estimated total number
of CAR T cells at the tumour site and the number of cells quantified by flow cytometry
from peripheral blood and bone marrow, highlighting the importance of directly imaging
the CAR T cells when treating solid tumours®. The described approaches only provide
relative quantitation, relying on a pre-established standard curve for estimating the amount

of infiltrating CAR T cells, limiting their translational applicability into the clinic.

1.6 Mathematical models

Several quantitation methods can be employed to derived physiologically relevant information
from PET and SPECT images, from simple semi-quantitative indexes to complex compartment

analysis. A widely used semi-quantitative index for measuring static PET scans in clinical
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practice is the standard uptake value. It provides a macro-description of radiotracer uptake
based on the quantitation of radiotracer uptake within an ROI and normalising to the injected
dose and the patient’s body mass, weight or lean mass. Although a simple and effective
method, several factors can affect its calculation, thus, extensive pre-validation is always
needed. For the analysis of dynamic data, graphical analysis are the simplest method for the
visualisation and quantitation of certain parameters, but only compartmental models allow
for the full quantitation of radiotracer kinetics behaviour'#*.

Compartmental models originated from pharmacology and biochemistry. They are
widely used to study the pharmacokinetics of absorption, biodistribution and elimination
of radiopharmaceuticals used in nuclear medicine. These models mathematically explain,
through differential equations, the changes in radiotracer concentration as a function of time
in defined compartments. By solving the differential equations describing the influx and
efflux from each compartment, the rate constants K can be estimated, providing absolute
quantitation of biologically relevant parameters!*~148, Radiotracer concentrations in the
different compartments are visualised and quantified through dynamic PET or SPECT
imaging. These compartments are defined by the different states of the radiotracer molecule,
i.e., free radiotracer, non-specifically or specifically bound to receptors and metabolites, and
they do not necessarily correspond to distinct anatomical locations. They are connected
based on knowledge or assumptions of the radiotracer movement. The input function for
compartmental models is the measured concentration of radiotracer in the blood as a function
of time, which is often referred to as the central compartment (Cp(t)). The number of status
of the radiotracer defines the number of peripheral compartments, leading to two-, three- or
multi-compartmental models. Two-compartment models are suitable for radiotracers that are
not metabolised. A three-compartment model is suitable for tracers that enter the tissues and

then are metabolised or bind to specific receptors.
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Figure 1.5: Schematic presentation of compartmental models. Structure of two-(a),
three-(b) or multi-(c) compartmental models. C, represents the radiotracer concentration
in plasma or blood and its the input driving the models. C; represents the radiotracer
concentration in the different compartments. K; represents the transfer coefficient of
radiotracer between the different compartments. The flow of tracer between compartments
can be expressed with ordinary differential equations.
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Four-compartment models are appropriate to model receptor-ligand interactions where
the radiotracer enters the tissue and can bind to the receptor but also non-specifically to other
structures 47 (Figure 1.5).

Compartmental models assume no concentration gradients within a compartment and
instant mixture of the radioligand when it passes from one compartment to the other. It is
also assumed that the flow between compartments is linear and follows first-order kinetics,
only the tracer concentration is allowed to change over time and an input is needed to

drive the system!46-148

. As mentioned, the input function is defined by the radiotracer
time activity curve in blood. Arterial sampling is the gold standard to define the input
function, but it is a highly invasive method'#®. Alternatives have been developed to
reduce or eliminate the number of blood samples collected, including population-based
and image-derived approaches. Population-based approaches are built by establishing the
blood time-activity curve (TAC) with continuous blood sampling in several subjects and
averaging the concentrations. Two blood samples are then collected from the rest of the
subjects to individually scale this population-derived TAC!#°. This approach has been used in
FDG-PET brain studies and '®F-fluoride skeletal studies. However, this method still requires
a few blood samples to scale the population-based TAC and may not be accurate if individual
blood TAC differ substantially from the population-based TAC shape. A non-invasive method
consists of deriving the input function directly from dynamic SPECT/PET imaging. For
this, the blood compartment (cardiac blood pool, descending aorta, carotid artery) must be
in the same field of view (FOV) as the target tissue. Short frames are acquired for the first
few minutes after tracer bolus injection to capture the peak of the input function. Although
non-invasive, this approach presents several disadvantages. Dynamic imaging is needed to
capture early tracer dynamics resulting in long scanning times. Partial volume and spill over
effects, can affect the accuracy of the image-derived input function derived from small areas

such as the carotid artery, while this is not necessary for bigger blood pools like the heart.
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However, these disadvantages are less important with the introduction of whole-body PET
scanners, which allow the fast dynamic imaging of full subjects and thus the blood TAC
can be derived from different blood compartments'4°. In a comparative study by Zhang et
al. (2011), little differences were observed between input functions derived from five blood
regions, with the aorta being the ideal blood region!!?.

Compartmental models are widely used in nuclear medicine to calculate internal dosimetry
from radiopharmaceuticals used for diagnostics and therapy, permitting the planning of more
personalised treatments. Multiple compartmental models have been developed to improve
patient dosimetry!>%131 In the oncology field, ['®F]JFDG PET scanning is a standard
procedure to estimate tumour glucose consumption. It is used for clinical diagnosis, staging,
treatment planning and treatment outcome monitoring!'>> 133, Several compartmental models
have been developed to study the kinetics of ['®F]FDG'>* 153, Clinical studies of CAR
T cell therapy for haematological malignancies have highlighted the prognostic value of
['8F]FDG PET imaging to measure metabolic tumour volume (tumour volume with increased
glucose consumption), associating lower metabolic tumour volume with positive treatment
responses!®. Besides, ['®F]FDG PET brain imaging may allow the detection of neurotoxicity
linked to the treatment®® 147-156 The implementation of dynamic PET imaging is improving
the quantitative characterisation of tumour glucose metabolism, and the introduction of

whole-body PET scanners, with bigger FOV and faster acquisition times, is expected to

further spread the application of compartmental modelling.

A simpler approach for quantifying dynamic data is the use of graphical analysis, since
they do not account for blood volume or provide values for the individual rate constants. The
two most employed graphical methods are Logan and Patlak plots. They offer a streamlined
means of extracting the relevant parameters after transforming the dynamic data, which

would exhibit a linear trend after reaching equilibrium.
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The Logan plot, designed for reversible tracer uptake in two- or three-compartment
models, allows the estimation of the volume of distribution (V7) from the slope of the linear

trend. The Logan plot is expresed as:

S:) Clissue (T) d(T) —V S:) Cblood(T) d(T)
Ctissue (t> - Ctissue <t>

(1.1)

Here, the integral of tissue activity from the time of injection is divided by the instantaneous
tissue activity. The input curve (Cp,0q) 1S also integrated and divided by the instantaneous
tissue activity. In cases where the system is defined by reversible compartments, the
resulting plot will exhibit a straight line. The slope of this line (V1) represents the ratio
of tracer concentration between tissue and blood at equilibrium. In a two-compartment
model, V7 equals the ratio between K/K,, whereas in a three-compartment model, it equals
Ki/Ko (1+K3/Kg) 7.

The Patlak plot was designed for systems with irreversible tracer trapping, such as FDG

studies. The Patlak plots is given by the expression:

Cissue (t) _ K. S(t) Chlood (T) d(T)
Chiood(t) " Chlood(t)

+V (1.2)

Here, K; is derived from the slope and represents the irreversible uptake rate in tissue

once the reversible compartments have reached equilibrium!8.

Apart from tracer kinetic compartmental models, several non radiotracer mathematical
models have been developed to explore the complex multiphasic CAR T cell kinetics,

dynamics, the effect on CAR T cell differentiation!>*-161

as well as to predict cytokine
mediated efficacy and toxicity!3% 162163 Despite the challenge in comparing data from
clinical trials due to the variability in antigen targeted, CAR T cell design, preconditioning

regimen and restricted sample number, modelling has improved our understanding on

CAR T cell kinetics. Liu et al. (2021), developed a cellular kinetic model by evaluating
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clinical outcomes across diverse trials, focusing mainly on haematological malignancies.
CAR T cell kinetics follow four distinct phases: early biodistribution (2-3 days post
infusion), expansion, contraction, and persistence. Patient response was closely tied to
CAR T cell kinetics, with responders exhibiting higher peak concentrations and lower
contraction rate than non-responders. However, CAR T cell dosing weakly correlated with
the cellular kinetics and treatment outcome!®’. This was also observed in a multiscale
pharmacokinetic-pharmacodynamic modelling approach for anti-BCMA CAR T cells,
indicating that CAR T cell kinetics may be more influenced by initial tumour burden than
by CAR T cell dosing'®*. Despite the ongoing advancements on understanding CAR T cell
kinetics and dynamics, the current models do not directly quantify CAR T cell infiltration

and proliferation at the tumour site.

1.7 Summary and aims

Despite the recent advances in cell-based immunotherapies, CAR T cells therapies for the
treatment of solid tumours has shown limited effectiveness in clinical trials. This can be
attributed to the inadequate homing to the tumour site, the hostile tumour microenvironment,
and insufficient CAR T cell persistence. Notably, CAR T cell expansion and persistence
are pivotal for sustained anti-tumour cytotoxicity, however, there is a lack of standardised
protocols for monitoring CAR T cell kinetics post-infusion. While modelling analysis has
shed light on CAR T cell kinetics, there is still a need for a more comprehensive understanding
of their in vivo biodistribution, behaviour, persistence in solid tumours, and its correlation
with treatment response. The work undertaken in this thesis aims to non-invasively monitor
CAR T cell kinetics in vivo and study the feasibility of achieving direct quantitation of CAR
T cells in vivo through mathematical modelling. To this purpose, four specific aims have

been outlined:
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The development of a traceable PSMA-targeting CAR by co-expressing the reporter
gene hNIS.

The characterisation of the reporter gene and its effect on the CAR T cell immunotherapy

treatment.

Non-invasive monitoring of CAR T cell infiltration and proliferation via SPECT/CT

imaging.

Establishment of a compartmental model for image-derived quantitation of infiltrating

CAR T cells non-invasively.

59



Chapter 2

Materials and Methods

2.1 Molecular Biology

2.1.1 Packaging plasmids

All recombinant DNA constructs were expressed via the retroviral vector SFG. The tricistronic
retroviral SFG vectors containing the 4af3, P28 CAR and hNIS genes (4P28¢{N) and the
truncated version 4af3, PTr CAR and hNIS (4PTrN), were produced by Dr. Nia Emami
(King’s College London)!33. The PSMA targeting CAR was designed from the J591 antibody
provided by Neil Bander (Cornell University). The furin T2A cleavage sites were used to
ensure stoichiometric expressions of 43, P28¢ and hNIS genes. Retroviral packaging
plasmids PEQ-PAM and RD114 were donations from Dr. John Maher’s laboratory (King’s
College London). A lentiviral vector containing the myc tagged-P28{ CAR (pU_P28() was

provided by Dr. Robert Page (King’s College London).

2.1.2 Cloning of lentiviral transfer plasmids

NEBuilder Hifi DNA Assembly (New England Bioscience (NEB), UK) was used to clone

the hNIS gene into the myc-tagged PSMA targeting CAR lentiviral vector as shown in
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hNIS PCR backbone PCR

amplification amplification

from 4P287N from pU_P28¢
Electrophoresis Electrophoresis
Dpnl incubation Dpnl incubation

DNA purification DNA purification

insert (hNIS) backbone
NEBuilder Hifi Bacterial - Sanger ] Sanger
Assembly transformation > Miniprep sequencing AR sequencing

Figure 2.1: Workflow for cloning the hNIS insert into the lentiviral constructs encoding
for the PSMA targeting CAR. The hNIS insert and the lentiviral vector backbone were
amplified by PCR, the size of the amplified fragments was confirmed by gel electrophoresis.
The PCR reaction was incubated with Dpnl to eliminate the template DNA and the amplified
PCR fragments were purified. Insert and backbone were assemble using NEBuilder Hifi
Assambly. The assembled DNA was transformed into competent bacteria and the resulting
colonies were miniprepped to confirm correct DNA assembly via Sanger sequencing. The
bacterial culture was then scaled up, DNA was maxiprepped and DNA sequence confirmed
by Sanger sequencing.

(Figure 2.1). The resulting lentiviral plasmids were used as a template to clone the myc-tagged

CAR into the tricistronic retroviral SFG vectors.

2.1.2.1 PCR amplification

The vector backbone from the pU_P28( lentiviral plasmid and the hNIS gene from the
4P28¢N retroviral vectors (Figure 2.2) were amplified by PCR using the Q5 Hot start
High-Fidelity DNA Polymerase (NEB, UK). PCR primers were designed to amplify the
vector backbone while adding a T2A sequence after the CAR gene. To amplify the hNIS

insert, PCR primers were specifically designed to amplify the insert while adding at least
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furin  linker T2A peptide
| RRKR| SGSG| EGCRGSLLTCGDVEENPGP |

[-EI-)SL[ J591 scFv | CD28H/TMD| CD28 | 003?]

EFla

—»
5'LTR— Pm28 —B3 LR

pU_P28¢ [’EI’DSL[ J591 scFv -] cD28H/TMD| CD28 | CD3Z |

Figure 2.2: Structure of template DNA constructs. The 4 a3 cytokine chimeric receptor
is upstream of the CAR P28, which is formed by the J591 scFv downstream of the CD8
leader sequence (CD8L). Downstream of the CAR is the CD28 hinge and transmembrane
domains (CD28H/TMD), followed by the intracellular signalling CD28 and CD3{ domains.
Downstream of the CAR is the reporter gene (hNIS). Genes were separated by furin T2A
cleavage sites. The pU_P28( contains the P28 CAR with an extracellular myc tag
downstream the scFv, and is expressed under the control of the promoter EF1a in the
pULtra lentiviral vector.

20 base pairs (bp) of sequence homologous to the digested backbone to facilitate assembly.
Standard PCR reaction and conditions are described in Table 2.1 and Table 2.2. The annealing
temperature was calculated using NEB Tm calculator. A list of all primers used, and template

DNA is displayed in Table 2.3.

2.1.2.2 Agarose gel electrophoresis

5 ul of the PCR reactions were mixed with 6x DNA loading dye (NEB, USA) and visualized
by electrophoresis in an agarose gel. The gel was run for approximately 1 hour (h) at 100V
and visualized using a UV light device. After confirming the right amplicon size from the

PCR reactions, the rest of the PCR mixture was incubated at 37°C for 15 minutes (min) with
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Table 2.1: Standard PCR reagents

Reagent Volume (ul ) Final concentration
5X Reaction buffer 5 1X

5X Q5 High GC enhance 5 1X

10 mM dNTPs 0.5 200 uM
Forward Primer 1.25 0.5 uM
Reverse Primer 1.25 0.5 uM

QS5 Hot start polymerase 0.25 0.02 U/ pl
Nuclease-Free water Up to 25 ul -

Table 2.2: Standard PCR reaction conditions

Step Temperature (°C) Time (seconds)
Initial denaturation 98 30
Denaturation 98 15
Annealing 50-71 15
Amplification 72 30/kb amplicon
Final extension 72 120

Hold 10 indefinite

0.25 pl of FastDigest Dpnl (Thermo Fisher Scientific, USA) to remove the remaining DNA

template, and the PCR product was purified using E.Z.N.A Cycle Pure DNA Clean Up Kit

(Omega Bio-Tek, USA) following the manufacturer instructions.

2.1.2.3 DNA Assembly

The concentration of the purified vector backbone and PCR insert was measured using a
Nanodrop TM 1000 Spectrophotometer (Thermo Fisher Scientific). NEB Builder Calculator

was used to calculate the amount of insert needed to achieve 1:1 molar ratio with the vector
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Table 2.3: List of primers used to clone hNIS into lentiviral plasmids

Insert Primer sequence (5’ - 3°) Template

Backbone F: cagcaggaaacaaacctgtaatgacaaccactcgagagtcgtcgactcgacaatcaacc pU_P28¢
R: gcecteeecggatccacttetettectectgegagggggcaggg

Backbone F: cagcaggaaacaaacctgtaatgacaaccactcgagagtcgtcgactcgacaatcaace pU_P28¢
R: geecteececggatecacttetettectectgatgatgaaggecacggtcaccag

hNIS F: aggaggaggaagagaagtggatccggggag 4P28¢N
R: ctcgagtggttgtcattacaggtttgtttcctgetg

backbone. 50 ng of vector backbone and the appropriate amount of insert were mixed 1:1

with 2X NEBuilder Hifi DNA Assembly Mix (NEB) and incubated for 1 h at 50°C.

2.1.3 Bacterial transformation
2.1.3.1 Agar plates

Agar plates were prepared by melting LB-agar (Fisher Scientific, UK) using a microwave
oven for 30 min. Melted agar was left to cool and ampicillin (100 ug/ml) (Alfa Aesar, USA)
was thoroughly mixed. 25 ml of the solution was poured per Petri dish and left to cool at

room temper ature.

2.1.3.2 Bacterial Transformation

5 ul of the NEBuilder Hifi Assembly reactions were transformed into 25 pl of NEB 5-alpha
competent E.Coli (NEB). The mixture was kept on ice for 30 min, followed by a heat shock
for 30 seconds at 42°C and returned to ice for 5 min. 250 pl of SOC media (NEB) was
added to the transformed bacteria and vials were incubated at 37°C for 1 h with shaking. The

bacteria were plated on agar plates containing ampicillin and incubated at 37°C overnight.
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The resulting ampicillin resistant colonies were miniprepped and isolated DNA was screened

by restriction digestion and Sanger sequencing (Figure 2.3)

EF1a
pU_Pm28IN  [5'LTR— Pm287 724
| CD8L| J591 scFv CD28H/TMD| CD28 | CD37 |
EF1a

s
pU_PmTrN (5" LTRI—{ P72 NS 5 ' TR

[ CcD8L| J591 scFv | CD28H/TMD |

Figure 2.3: Structure of the lentiviral PSMA-targeting CAR constructs. The CAR
Pm28(, is formed by the J591 scFv downstream of the CD8 leader sequence (CDS8L)
followed by a myc tag. Downstream of the CAR are the CD28 hinge and transmembrane
domains (CD28H/TMD), followed by the intracellular signalling CD28 and CD3{ domains.
The hNIS was inserted downstream of the CAR separated by a furin T2A cleavage site.
The truncated CAR, pU_PmTrN, is identical to pU_Pm28{N except it does not contain the
intracellular domains. These CARs were expressed under the control of the promoter EF1 o
in the pUltra lentiviral vector.

2.1.4 Isolation of plasmid DNA

Miniprep: The resulting colonies were grown in 15 ml of LB broth containing ampicillin
(100 pg/ml) in a shaking incubator for 18 h at 37°C. Bacteria was centrifuged at 4000g for
5 min, the supernatant was discarded, and the plasmid DNA was extracted from the pellet
using E.Z.N.A Plasmid DNA mini Kit II (Omega Bio-Tek) following the manufacturer’s
instructions. Briefly, the bacterial pellet was resuspended in 500 ul of buffer 1 and lysed

by adding 500 pl of buffer 2. The lysis was stopped by adding 700 pl of buffer 3. The
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falcons were then centrifuged at 16000 g for 5 min. The supernatant was transferred to a
silica spin column to purify the DNA plasmid by centrifugation at 16000 g for 1 min. The
flowthrough was discarded, and the column was washed twice with 500 ul of DNA wash
buffer. The flowthrough was discarded, and the empty column was centrifuged again to
remove any excess wash buffer. To elute the DNA from the column, 100 pl of water was
added, the column was allowed to rest for 1 minute before centrifugating at 16000 g for
2 min. The concentration of the elute DNA was quantified using a Nanodrop TM 1000
Spectrophotometer (Thermo Fisher Scientific). Plasmid DNA was stored at -20°C.
Maxiprep: To scale up the production of DNA, the resulting colonies were grown in 2 ml
of LB broth containing ampicillin (100 pg/ml) in a shaking incubator for 8 h at 37°C. 500 ul
of this starter culture were then transferred to 250 ml of LB broth containing ampicillin
(100 pg/ml) and grown in a shaking incubator for 18 h at 37°C. Bacteria was centrifuged at
4000g for 10 min, the supernatant was discarded, and the plasmid DNA was extracted from
the pellet using E.Z.N.A Plasmid Maxi Kit (Omega Bio-Tek) following the manufacturer’s
instructions. Briefly, the bacterial pellet was resuspended in 10 ml of buffer 1 and lysed
by adding 10 ml of buffer 2. The lysis was neutralised by adding 12 ml of buffer 3. The
falcons were then centrifuged at 20000 g for 10 min. The supernatant was transferred to a
maxi column to purify the DNA by centrifugation at 4000 g for 2 min. The flowthrough was
discarded, and the column was washed twice with 15ml of DNA wash buffer. The flowthrough
was discarded, and the empty column was centrifuged again to remove any excess wash
buffer. To elute the DNA from the column, 2 ml of water was added, and the column was
allowed to rest for 1 minute before centrifugating at 4000 g for 5 min. The concentration
of the elute DNA was quantified using a Nanodrop TM 1000 Spectrophotometer (Thermo

Fisher Scientific). Plasmid DNA was stored at -20°C.
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2.1.5 Restriction digestion and Sanger sequencing

To confirm the correct assembly of the insert into the vector backbone, restriction digestion
was performed on the purified DNA. The enzymes were chosen to generate distinct digestion
patterns. The plasmid was digested following the standard protocol in Table 2.4 and digested
products were visualized by electrophoresis in an agarose gel. If the bands corresponded to
the expected patterns, the DNA was sent for Sanger sequencing. The Sanger sequences were

then compared to the reference plasmid maps using Snapgene (Insightful Science, Australia).

Table 2.4: Restriction digestion reagents

Reagent Quantity
10x NEB Buffer 25ul
DNA 0.5 g
Enzymes 10 units/ enzyme

Nuclease-Free water Upto25ul

2.1.6 Cloning of retroviral transfer plasmids

To clone the myc-tagged CAR into the tricistronic retroviral plasmids the lentiviral plasmids
pU_Pm28¢N, pU_PmTrN Figure 2.3 and the template retroviral plasmid 4P28¢N (Figure 2.2)

were digested and ligated following the workflow depicted in Figure 2.4.

2.1.6.1 Digestion of plasmids

The vectors were digested with Sphl-HF and BstBI-HF restriction enzymes (NEB) for 1
h at 37°C, following the standard protocol described in Table 2.4. The digested plasmids
were mixed with 6x DNA loading dye and separated in an agarose gel by electrophoresis.
The 9 kb band from the digested 4P28{N backbone, the 2.4 kb band from the digested

pU_Pm28¢N and the 2 kb band from the digested pU_PmTrN were excised using a sterile
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Digestion of Digestion of Digestion of
pU_Pm287N 4P287N pU_PmTIN

Electrophoresis | | Electrophoresis || Electrophoresis

DNA purification | | DNA purification || DNA purification

Myc-tagged CAR backbone Myc-tagged Tr
CAR
Bacterial Aq Sanger ] Sanger
Quick Ligation transformation .~ Miniprep sequencing B sequencing

Figure 2.4: Workflow for cloning the myc-tagged CAR into the retroviral construct
The template plasmids were double digested, and the digested products were visualized by
gel electrophoresis. The correct band size was excised from the gel and purified. Insert
and vector backbone were assembled using a quick ligation. The assembled DNA was
transformed into competent bacteria and the resulting colonies were miniprepped to confirm
correct DNA assembly via Sanger sequencing. The bacterial culture was then scaled up,
DNA was maxiprepped and DNA sequence confirmed by Sanger sequencing.

razor and purified using E.Z.N.A Cycle Pure DNA Clean Up Kit (Omega Bio-Tek) following

the manufacturer instructions.

2.1.6.2 Quick ligase

The concentration of the purified vector backbone and PCR insert was measured using a
Nanodrop TM 1000 Spectrophotometer (Thermo Fisher Scientific). NEB Builder Calculator
was used to calculate the amount of insert needed to achieve 3:1 insert:backbone molar ratio.
50 ng of vector backbone and the appropriate amount of insert were mixed 1:1 with 2X
Quick Ligase (NEB) reaction buffer and 0.25 pl of Quick Ligase (NEB). The ligation was
incubated for 15 min at RT. 5 pl of each reaction was transformed into competent bacteria,
colonies were miniprepped and isolated DNA sent for sequencing as described above. The
resulting retroviral plasmids 4Pm28{N and 4PmTrN are depicted in Figure 2.5.

Lastly, NEBuilder Hifi DNA Assembly was used to clone the myc-tagged CAR Pm28(

into the SFG retroviral vector to create a control CAR not expressing the hNIS reporter gene.
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The Pm28¢ CAR gene was amplified by PCR using the following primers: cttccectagegcttetect
gcatgcagaggtgcagctgcageagtcaggace & ggactaatceggateectcgagtggttgtcagegagggggcagggectgc
atgtgaaggg. The 4Pm28¢N plasmid was digested with Sphl and Xhol (NEB). The PCR
amplicon and digested DNA were purified, assemble and transformed into competent bacteria
as described above. Colonies were miniprepped and isolated DNA sent for sequencing as
described above. The resulting bicistronic retroviral plasmids, termed 4Pm28¢, is depicted

in Figure 2.5.

4Pm28C —[ 4aB ITZﬁl Pm282 | 3'LTR

[‘co8L| J591 sckv [[111] cp2sH/TmD| cD28 [ €D3T |
Pm2BIN SR aep e S T
4PmTIN  [5'Ire— 40 24 et {72« ISR 3 T

Figure 2.5: Structure of the resulting PSMA-targeting CAR constructs The 4 of
cytokine chimeric receptor is upstream of the CAR P28, which is formed by the J591
scFv downstream of the CD8 leader sequence (CD8L). A Myc tag was inserted downstream
of the scFv. Downstream of the CAR are the CD28 hinge and transmembrane domains
(CD28H/TMD), followed by the intracellular signalling CD28 and CD3{ domains. This
CAR was termed 4Pm28(. If the reporter gene (hNIS) was expressed downstream of the
CAR, it was termed 4Pm28({N. The truncated CAR, 4PmTrN, is identical to 4Pm28¢{N
except it does not contain the intracellular domains. Genes were separated by furin T2A
cleavage sites. All these CARs were expressed in a retroviral SFG construct.
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2.2 Cell culture

2.2.1 Media and cell lines

Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Thermo Fisher Scientific) supplemented
10% Foetal Bovine Serum (FBS)(Sigma-Aldrich, UK) and 5% L-Glutamine (Sigma-Aldrich,
UK), was termed D10.

Roswell Park Memorial Institute (RPMI) 1640 (Gibco) supplemented with 5% Human serum
and 5% L-Glutamine, was termed RS.

PC3-LC3 (PL), PC3-LN3-PSMA (PLP), PL-Luciferase dTomato (PL-LT) and PLP-LT, were
produced by Dr. Emami!3?, and HEK293T cells were cultured in D10 medium. Isolated
PBMCs were cultured in R5. All cell lines were cultured at 37°C in 5% CO».

2.2.2 Retroviral production in HEK 293T

1.7x10% HEK 293T were plated in 10 mm dishes and allowed to adhere for 24 h. The
transfection mixture was prepared by mixing 30 pl of genejuice with 470 pl of serum-free
DMEM and incubating for 5 min at room temperature. Then 3.125 pg of RD144, 4.697 ug of
pEQ-Pam3 and 4.697 ug of the retroviral CAR plasmid DNA were added to the transfection
mix and incubated for 15 min at room temperature. The transfection mix was added
dropwise to transfect the HEK 293T. HEK 293T were incubated at 37°C in 5% CO, and
viral supernatants were collected at 48 and 72 h. Supernatants were snap-frozen in 1.5 ml

aliquots and stored at -80°C.

2.2.3 Isolation, transduction, and expansion of human PBMCs

PBMCs were isolated from whole blood obtained from healthy donors recruited under the
approval of the Guy’s and St Thomas’ Research Ethics Committee (reference 09/H0804/92).

30 ml of whole blood was carefully layered over 15 ml of Ficoll-Paque (GE Healhtcare,

70



USA) to isolate PBMCs by density gradient centrifugation. Tubes were centrifuged at 800
g for 35 min at room temperature with brake and acceleration set to the minimum. The
PBMC:s bufty coat layer was aspirated with a Pasteur pipette and transferred to a clean falcon
containing 30 ml of RS media. Cells were centrifuged at 800 g for 5 min and the supernatant
was discarded. Cell pellets were washed twice with 50 ml of PBS followed by centrifugation
at 800 g for 5 min. The remaining cell pellet was resuspended in RS media to a concentration
of 3x10° cells/ml and activated with 5 pg/ml Phytohemagglutinin-L (Sigma-Aldrich). 24
h after activation, PBMCs were supplemented with 100 U/ml recombinant human IL-2
(IL-2) (R&D systems, USA). RetroNectin (TakaRa, Japan) plates were prepared for PBMCs
transduction by coating non-tissue culture 6-well plates with 2 ml of diluted RetroNectin
(11 pg/ml). Plates were stored at 4°C.

24 h after activation of the isolated PBMCs, retroNectin was aspirated from the 6-well
plates and 1.5 ml of viral supernatant was added per well. Plates were incubated for 4 h at
4°C. Viral supernatants were aspirated after the incubation and 1x10° viable PBMCs were
added per well. 3 ml of viral supernatant was added, and each well was supplemented with
100 U/ml of IL-2.

72 h after transduction, PBMCs were harvested from each well with a Pasteur pippette and
centrifuge at 800 g for 5 min. Supernanst were discarded and cell pellets were resuspended in
2 ml of fresh RS and supplemented with 3 ng/ml recombinant human IL-4 (IL-4) (Peprotech,
UK). Transduced cells were maintained at a concentration of 2x10° cells/ml by adding fresh
media and supplementing with IL-4 every second day. Untransduce cells were supplemented

with 100U/ml IL-2.

2.2.4 PBMC s stimulation with Phorbol Myristate Acetate and Ionomycin

PBMCs were counted using the Tripan Blue exclusion method and diluted to 1x10° cells/ml.

Phorbol Myristate Acetate (PMA) (Sigma-Aldrich) and Ionomycin (Iono) (Sigma-Aldrich)
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were added to the cells to achieve a final concentration of 50 ng/ml and 500 ng/ml, respectively.
PBMCs were cultured in 24-well plates for 24 h, PBMCs were then washed and resuspended

in fresh media for downstream applications.

2.2.5 PBMC co-culture with target tumour cells

For cytotoxicity assays, 1x10* target cells were plated in 96-well plates in 100 ul of D10
media. Target cells (PL, PLP, PL-LT or PLP-LT) were allowed to adhere for 24 h. PBMCs
were counted and washed thoroughly to remove cytokines from the supernatant. PBMCs
were then added to the 96-well plate according to the effector-to-target (E:T) ratios indicated.
Co-cultures were incubated at 37°C for 48 h or 72 h, as indicated. If co-cultures were
performed to assess phenotypic markers or perform uptake assays on the activated PBMCs,
1.8 x10° target cells were plated in 24-well plates in 500 ul of D10 media and PBMCs were

co-cultured as described above.

2.3 Invitro functional uptakes

2.3.1 Cytotoxicity assays

CAR T cell cytotoxicity against target cells was assessed by measuring tumour viability using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay or by measuring
real-time changes in Tdtomato fluorescence expressed by the target cells using an Incucyte®.

MTT: after co-culture of the PBMCs with PL or PLP target cells, the media was aspirated
and replaced with D10 supplemented with 500 ug/ml MTT (Sigma-Aldrich). Plates were
incubated at 37°C in 5% CO, for 90 min. Following the incubation time, media was aspirated,
and the crystals formed by the remaining target cells were dissolved in 200 ul of Dimethyl
sulfoxide (DMSO)(Sigma-Aldrich). The solution’s absorbance was measured at 590 nm

wavelength in a FLUOstar Omega plate reader (BMG LabTech, Germany). Tumour viability
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was calculated by comparing the absorbance from the treated wells to the control wells,
containing target cells alone, following the formula bellow:
Absorbance of treated wells

Target cell viability (%) = 100 2.1
arget cell viability (%) Absorbance of target cells only X @

Incucyte®: PL-LT or PLP-LT cells were used as target cells for real-time cytotoxicity
assays. CAR T cells were co-cultured as described above and plates were immediately
transferred into the Incucyte® S3 Live-Cell System (Sartorius, Germany), which was placed
inside a cell incubator at 37°C and 5% CO,. Four images per well were acquired for
technical repeats in the phase contrast and the red fluorescence channel every 2 h for 70 h
using a 10x magnification. The red channel acquisition was 400 ms. The Incucyte® analysis
software was used to quantify changes in fluorescence. A cell mask was applied to the phase
contrast images to differentiate cells from background, and to the red channel to quantify
the fluorescence signal. The fluorescence signal was normalised to time O and changes in

fluorescence were plotted against time.

2.3.2 Cytokine production

IL-2 and IFNYy cytokines released by T cells were measured by enzyme-linked immunosorbent
assay (ELISA) as per the manufacturer’s instructions. Supernatants from co-cultures were
harvested after 24 h to measure IL-2 (Invitrogen, Thermo Fisher Scientific) or 48 h to measure
IFNY (R & D systems) release. Briefly, high-affinity binding plates were coated with the
capture antibody overnight. Wells were aspirated and washed three times with wash buffer.
Supernatants were diluted with the appropriate diluent and standards were prepared following
the manufacturer’s protocol. Plates were incubated overnight at 4°C. Wells were aspirated
and washed three times with wash buffer. For the detection of IL-2 cytokine, the detection
antibody was added to the wells, and plates were incubated for 1 h at RT. Plates were washed

three times, Avidin-HRP enzyme was added to the wells, and plates were incubated for
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30 min at RT. Plates were washed five times before adding the Tetramethylbenzidine (TMB)
substrate. Plates were incubated for 15 min at RT. The reaction was stopped by adding the
stop solution and absorbance was measured at 450 nm. For detention of IFNY, the detection
antibody was added to the wells, and plates were incubated for 2 h at RT. Plates were washed
three times, Avidin-HRP enzyme was added to the wells, and plates were incubated for
20 min at RT. Plates were washed five times before the substrate solution, containing a
mixture of Hy0, and TMB. Plates were incubated for 20 min at RT. The reaction was stopped
by adding the stop solution and absorbance was measured at 450nm. The concentration of

each sample was extrapolated from the standard curve, considering the dilution factor.

2.4 Flow cytometry

2.4.1 Cell surface staining

The standard protocol to stain for surface markers consisted of washing 1x10° viable cells
with 1 ml of staining buffer (PBS + 2% FBS) and centrifuged at 800 g for 5 min. For staining
of adherent cells, cells were harvested using trypsin-EDTA 0.5% (Thermo Fisher Scientific)
and washed with PBS before aliquoting 1x10° viable cells. Cell pellets were resuspended
in 100 pl of Zombie Near Infrared (NIR) Live/Dead (L/D) dye (BioLegend, UK) at the
indicated dilution for 15 min at RT in the dark. Cells were then stained with 100 pl of the
primary conjugated antibody and incubated for 30 min at 4°C. Cells were then washed with
1 ml of staining buffer and resuspended in 200 ul before acquisition in the flow cytometer.
The compensation matrix was obtained with single stained compensation controls prepared
by adding two drops of compensation beads (positive and negative compensation beads)
per tube and staining with 100 pl of the antibody at the indicated dilution. Compensation
samples were incubated and washed alongside the samples. The conjugated antibodies and

compensation beads used for the analysis of cell surface protein expression are shown in
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Table 2.5 .

Table 2.5: List of conjugated antibodies used for cell surface staining

Conjugated antibody Supplier, place Dilution
Mouse anti-Myc phycoerythrin (PE) (9B11) Cell signalling, USA 1:20
Human SLC5A5 AlexaFluor® 647 R & D systems, USA 1:10
Zombie NIR L/D BioLegend, UK 1:1000
Mouse anti-human CD3 APC/C Cyanine 7 (SK7) BioLegend, UK 1:40
Mouse anti-human CCR7 PE/Cyanine 7 (G043H7) BioLegend, UK 1:40
Mouse anti-human CD45RA PE BioLegend, UK 1:40
Mouse anti-human PD-1 FITC (EH12.2H7) BioLegend, UK 1:40
Mouse anti-human TIM3 APC (F38-2E2) BioLegend, UK 1:40
Mouse anti-human LAG 3 PerCP-Cyanine5.5 (11C3C65) BioLegend, UK 1:40
Mouse anti-human CD69 APC (FN50) BioLegend, UK 1:40
Mouse anti-human CD45 BV510 (2D1) BioLegend, UK 1:20
Mouse anti-human CD3 BV421 (SK7) BioLegend, UK 1:20
Mouse anti-human CD4 BV785 (OKT4) BioLegend, UK 1:20
Mouse anti-human CD8 BV650 (OKT4) BioLegend, UK 1:20
Mouse anti-Myc AlexaFluor® 488 (9B11) Cell signalling, USA 1:20
Mouse anti-human PSMA AlexaFluor® 488 (FOLH1) BioLegend, UK 1:100
Mouse IgGl, k isotype PE AlexaFluor® 488 BioLegend, UK 1:100
Anti-H2A .x Phospho PE (Ser139) BioLegend, UK 1:100
Mouse IgGl1, k isotype PE BD Pharmigen, USA 1:100

Anti-mouse Ig, k compensation beads
ArCTM amine reactive compensation beads

2.4.2 Intracellular staining for YH2Ax

BD, USA
Invitrogen, USA

1 drop/sample
1 drop/sample

Phosphorylation of YH2Ax was measured to assess DNA damage after exposure to increasing

concentrations of °™TcOy". 2x10° viable cells were plated per well in a 96-well plate and

cells were incubated for 30 min at 37°C with the indicated radiotracer amounts. Cells were

then washed with 200 pl of ice-cold PBS, centrifuged at 800 g for 5 min and resuspended in
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200 pl fresh media. At the indicated time point, cells were washed, stained with Zombie NIR
L/D (1:1000) for 15 min at room temperature in the dark, and washed again with ice-cold
PBS. Cell pellets were resuspended in ice-cold 90% ethanol added dropwise by vortexing
and samples were stored at -20°C between 24 and 72 h. 300 pl of fixed cells were added
to a V-bottom 96-well plate, washed in ice-cold PBS and stained with YH2Ax-PE (1:100)
(BioLegend) or Mouse 1gG1k-PE isotype (BioLegend) for 30 min at RT in the dark. Cells
were washed with staining buffer and resuspended in 200 pl of staining buffer for analysis by

flow cytometry.

2.4.3 Cell viability Annexin L/D

Cell viability was quantified by staining with PE-conjugated Annexin V (BioLegend) and
Zombie NIR L/D. Cells were washed in PBS and centrifuged at 800 g for 5 min. Cell pellets
were stained in 100 pl of Annexin V Binding buffer containing Annexin V-PE antibody
(1:20) and Zombie NIR L/D dye (1:1000) for 30 min at 4°C. Cells were washed twice
with Annexin V binding buffer and resuspended in 200 pl for Annexin V binding buffer for

analysis by flow cytometry.

2.4.4 Counting cells using CountBright Beads

CountBright Beads (Invitrogen) were used to quantify cells in suspension by flow cytometry.
Cell were stained for cell surface marker proteins as stated above. Cells were then resuspended
in 375 pl of staining buffer and 25 pl of counting beads were added directly to each sample
before acquisition. Samples were analysed acquiring at least 1000 bead events. To calculate

the concentration of the cells, the following formula was applied:

cell count x 25 ul

CountBright lot (beads/ul 2.2
bead count x 375 ,ulx ountBright lot (beads/ul) (2.2)

Cell count(cells/ul) =
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2.4.5 Quantifying cell surface expression

Quantum R-PE and AF647 MESF (molecules of soluble fluorochrome) beads were used to
quantify the number of surface CAR and hNIS copies expressed on the cell membrane of the
transduced T cells. Beads were run alongside the CAR T cell samples to create a standard
curve. The number of CAR and hNIS expressed on the cell surface was then extrapolated
form the standard curve, considering the effective fluorochrome to protein (F:P) ratio of the
myc tag and hNIS antibodies.

Samples were acquired using a BD LSR Fortessa flow cytometer or a ThermoFisher

Attune NxT Flow Cytometer.

2.5 Invitro uptake assays

PmTcO4” was provided by the Barts Health Radiopharmacy in the Nuclear Medicine
Department, Barts Health NHS Trust, London. The generator was eluted with saline at

least 24 h before delivery to reduce accumulation of the daughter radionuclide " Tc.

2.5.1 Standard uptake assay

3x10° viable cells/eppendorf were aliquoted in triplicates per condition. Cells were washed
in PBS and cell pellets were resuspended in either 300 pl of PBS or 300 ul of PBS containing
10mM sodium perchlorate (Sigma-Aldrich). Cells were incubated for 30 min at 37°C,
5% CO,. All samples were then incubated with 0.1 MBq **™TcOQ," for 30 min at 37°C,
5% CO,. The same amount of tracer was added to scintillation tubes to create the standards.
Cells were then washed once with 1 ml of ice-cold PBS and centrifuge at 800 g for 5 min.
Radioactivity in samples and standards was quantified using a gamma-counter (LKB Wallac

192 Compugamma CS) and results expressed as intracellular uptake percentage.
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Figure 2.6: Defining the number of washes for uptake assays. T cells were incubated
with 0.33 MBg/ml of *™TcO4 for 30 min followed by centrifugation. The supernatant
(SN) was collected and cell pellets were washed twice, collecting the supernatant (Wash
1 or 2) after each wash. The majority of the added **™TcO," remained in the supernatant.
hNIS-expressing cell lines were able to internalize 99mT(:O4', but a second wash led to tracer
efflux. Average of experimental triplicates.

Count inut 1
Intracellular uptake(%) = OUNs pef inute (samples) x 100 (2.3)
Counts per minute (standards)

A single wash was performed as subsequent washes led to the efflux of ™TcO,4 from

the cell pellet (Figure 2.6).

2.5.2 Repetitive uptake assay

To investigate the effect of repetitive exposure to **™TcQOy" in the level of uptake by the
CAR T cells, a standard uptake assay was performed in sterile conditions. After radioactivity
measurement, samples were resuspended in fresh RS media and cultured at 37°C, 5% CO,

for 48 h. After the culture time, cells were subjected to a second standard uptake.
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2.5.3 Cell viability essential for *“™TcO," uptake

To investigate the dependence of hNIS mediated uptake on cell viability, 3x10° viable cells
were aliquoted in triplicates and exposed to 95°C for 15 min. In parallel, 3x103 viable
cells were aliquoted in triplicates and incubated at 37°C, 5% CO,. Cell viability was
measured staining for Annexin V and Zombie NIR L/D by flow cytometry as described above

(section 2.4.3), and a standard uptake assay was performed.

2.5.4 Uptake of ®™TcO," as a function of time

3x10° viable cells were aliquoted in triplicates per condition. Cells were washed in PBS and
cell pellets were resuspended in 300 ul of PBS containing 0.1 MBq **™TcQ4" (0.33 MBg/ml)
and incubated for 10, 30, 60, 120 or 180 min at 37°C, 5% CO,. At the indicated time point,
cells were washed in 1ml ice-cold PBS and sample radioactivity was counted at the last time

point with a gamma counter. Maximum uptake was normalized to 100%.

2.5.5 °mTcQ, efflux as a function of time

3x10° viable cells were aliquoted in triplicates per condition. Cells were washed in 1ml
of room temperature PBS and cell pellets were resuspended in 300 ul of PBS containing
0.1 MBq 99mTc0,” (0.33 MBg/ml) and incubated for 30 min at 37°C, 5% CO,. Following
incubation, cells were centrifuge for 5 min at 800 g and resuspended in medium containing
88 kBg/ml of ®™TcOy" for up to 180 min. At the indicated time point, cells were washed
in 1 ml ice-cold PBS and cell pellet radioactivity was counted at the last time point with
a gamma counter. Uptake at 0 min was normalised to 100%. The amount of *™TcO4" in
media (88 kBg/ml) represents the amount of *™TcQy" circulating in blood at steady state,

quantified as described in section 2.6.5.
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2.5.6 Cytotoxicity assays with labelled CAR T cells

1x10° viable cells were incubated with 10 MBq of 99mTCO4' and incubated for 30 min 37°C,
5% CO,. After the incubation time, cells were resuspended in fresh R5 media and co-culture

with the target cell lines as described above in section 2.3.1.

2.5.7 Proliferation of labelled CAR T cells

1x10° cells were plated in 2 ml per well in a 6-well plate and proliferation was measured for
eight days. On day 1 and day 3, R5 media or 2 MBq /ml ®™TcO, was added to the wells.

Cells were counted every second day using the Trypan Blue exclusion method.

2.5.8 Cell viability after exposure to *°"TcOy’

Radiation induced apoptosis was measured by staining with Annexin V and Zombie NIR
L/D after exposure to 2™TcO, . 5x10° cells were treated with increasing concentrations
of MTcO,” (0, 0.5, 1, 2, 5, 15 and 30 MBq /ml) for 30 min at 37°C, 5% CO,. Following
incubation, cells were centrifuge centrifuge for 5 min at 800 g and resuspended in 0.5 ml of
fresh RS media and incubated at 37°C, 5% CO, for 24 h or 4 days before assessing apoptosis

by flow cytometry (section 2.4.3).

2.5.9 Double strand DNA damage after radiotracer exposure

DNA damage was measured by staining for phosphorylated YH2Ax after exposure to tracer.
5x10° cells were treated with increasing concentrations of *™TcOy4™ (0, 0.5, 5, 10 and
25 MBg/ml) for 30 min at 37°C, 5% CO,. Following incubation, cells were resuspended
in fresh RS media and incubated at 37°C, 5% CO,. DNA damage was measured following

tracer incubation and at 3, 24 and 72 h post exposure. as detailed in section (section 2.4.2).
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2.5.10 Detection sensitivity of labelled CAR T cells

To assess the limit of detection in the VECTor®CTXVH#R SPECT camera (MiLabs), Cell
pellets were prepared by mixing increasing amounts of CAR T cells with untransduced cells
to reach a consistent cell pellet size of 1x10° cells/pellet. Cell pellets were exposed to 5 MBq
PmTe04 (10 MBg/ml) for 30 min at 37°C, 5% CO,, washed with 1 ml ice-cold PBS and
cell pellets were sealed with 20 pl of low-density agarose. Tubes were immediately scanned
in the SPECT camera as described below (section 2.6.4.1). The experiment was done in
triplicates and the limit of detection (LOD) was defined as three times the standard deviation

above background signal.

2.5.11 Correlation between CAR T cell number and SPECT signal

To assess the linearity of the SPECT signal, cell pellets were prepare with increasing amounts
of CAR T cells. Cell pellets were exposed to 5 MBq **™TcOy" /pellet (10 MBq/ml) for
30 min at 37°C, 5% CO,, washed with 1 ml ice-cold PBS and cell pellets were sealed with
20 ul of low-density agarose. Tubes were immediately scanned in the SPECT scanner for
30 min. Reconstructed images were analysed using Vivoquant software and radioactivity
was measured by drawing region of interest (ROI) over the cell pellets. The experiment was
done in triplicates and the LOD was defined as three times the standard deviation above
background signal. Cell pellets’ radioactivity was also counted in a gamma counter to
determine the agreement between both measurements, SPECT image-derived quantitation

and gamma counting.

2.5.12 Saturation uptake assay

To measure specific uptake, **TcO, was serially diluted in PBS containing 1% BSA
(PBSA) to achieve concentrations up to 5 MBq **™TcOy4 per well (225 pl). This was done

in two sets of triplicates. Standards were also performed in scintillation tubes. 2x10° viable
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T cells/well in assay buffer (RPMI supplemented with 1% FBS and 0.1% sodium azide)
were then added to each well of the 96-well plate. To normalize the radioactivity to protein
level per well, 2x10° viable cells/well were plated in a different 96-well plate. To measure
non-specific binding, 10 mM of sodium perchlorate was added to the second set of triplicates
containing the cells and the radiotracer. The plate was incubated for 90 min at 37°C, 5% CO,.
In the meantime, a Multiscreen 96-well filter plate (0.45 pum Durapore) was blocked with
200 pl of PBSA per well. After the incubation time, the PBSA was aspirated from the plate
using a pump and the samples were transferred to the filtered plate and aspirated. The filter
plate was then washed twice with PBSA. The filters were punched out of the filtered plate
and transferred to scintillation tubes. Radioactivity in samples and standards was measured in
a gamma counter. To measure protein level, the plate containing the cells alone was washed
twice in PBS and protein concentration was measured using a Bio-Rad protein assay. Briefly,
300 pl of Bio-Rad Protein Assay buffer A was added per well and incubated for 15 min at RT.
Protein standards were performed following the manufacturer’s instructions (Bio-Rad, UK).
5 ul from the lysates or standards were added to a 96-well plate and wells were treated with
25 pl of reagent A and 200 pl of reagent B. The plate was incubated for 15 min at RT and
absorbance at 562 nm was measured on a plate reader. The concentration of each sample was
extrapolated from the standard curve. Intracellular radioactivity was described as femtomol

(fmol) of radiotracer per milligram (mg) of protein.

2.5.13 Competition assay

2x10° viable T cells/well were plated in RPMI supplemented with 1% FBS in 96-well plate
and treated in triplicates with different concentrations of the inhibitor. The inhibitor sodium
perchlorate was diluted in PBSA to make the following working solutions: 1x10%, 1x103,
500, 100, 60, 30, 10, 3, 1 and 0.1 nM and 25 ul were added to the appropriate wells. 25 ul of

the radiotracer *™TcO," diluted in PBSA were added to all wells and to three standard tubes.
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The plate was incubated for 2 h at 37°C, 5% CO,. In the meantime, a Multiscreen 96-well
filter plate (0.45 um, Durapore,UK) was blocked with 200 ul of PBSA per well. After the
incubation time, the PBSA was aspirated from the plate using a pump and the samples were
transferred to the plate and aspirated. The filter plate was then washed twice with 1% PBSA.
The filters were punched out of the filtered plate and transferred to scintillation tubes to

measure the radioactivity in a gamma counter along with the standards.

2.5.14 Uptake after CAR T cell activation with Iono/PMA or PL/PLP

co-cultures

Radiotracer uptake was measured after antigen-independent (Ilono/PMA) or antigen-dependent
(co-culture with target cells) activation of CAR T cells following the standard radiotracer

uptake protocol described above (section 2.5.1).

2.6 SPECT/CT imaging

In vivo experiments involved 6 to 8 week-old male NOD scid gamma (NSG JAX strain,
NOD.Cg—PrkchCidHngtmlle/SzJ ) or BALB/C (Charles River UK). All animals had access to
water and a maintenance diet, and were housed up to 6 animals per cage. Cages incorporated
wood shavings and a cardboard tube for environmental enrichment and were kept in a
controlled room.

All in vivo experiments were performed in accordance to U.K. Home Office guidelines,

as specified in project licence number PP6127261.

2.6.1 SPECT/CT imaging and analysis

Images were acquired using a multi-modal SPECT/CT scanner (VECTor®CTXUHR MiLabs)

fitted with a 1.5 mm multi-pinhole collimator, named general purpose rat mouse (GP-RM),
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or a 3 mm pinhole collimator, named extra extra-ultrahigh sensitivity mouse (XXUHS-M).
Animals were kept under approximately 2% isoflurane in air anaesthesia throughout the
imaging session and received heat support from a heated pillow placed under the mice in the
scanner bed. Respiratory rate and bed temperature were monitored and adjusted using BioVet
sensors (m2m Imaging; Newark, NJ, USA). SPECT images were acquired as described in
each chapter followed by a CT scan (50 kV tube voltage, 0.21 mA tube current and 75ms
exposure time) for anatomical reference. Image reconstruction was undertaken using the
integrated MiLabs Rec 11.00 software. The CT images were reconstructed at 80 um>. SPECT
images were reconstructed using the similarity regulated OSEM (SROSEM) algorithm and a
photo peak energy window centred at 140 keV with a 20% window width (background weight,
2.5). Two adjacent photo peak energy windows were used for triple-energy window scatter
and crosstalk correction. SPECT images were co-registered with the CT and attenuation
correction was applied. Images were visualized and analysed with VivoQuant software.
A post-processing 0.4 mm FWHM Gaussian filter was applied to the SPECT images for
visualization. A calibration factor was used to convert the scanner units to radioactivity
concentration either manually or as part of the image post-processing in VivoQuant software.
To normalise between mice and experiments, the injected activity was inputed during the
image post-processing to quantify the SPECT signal, expressed as %ID (injected dose) or

%ID/g (injected dose/gram) by comparison to a reference standard of the injected stock.

2.6.2 Calculation of the calibration factor

To obtain the calibration factor, a point source phantom with a known amount of radioactivity
was imaged for 10 min. Following the SPECT imaging, a CT scan was also recorded. The

SPECT image was reconstructed, registered to the CT, and attenuation corrected. The activity

84



was quantified by drawing an ROI and using the following formula ( Equation 2.4 ):

o Phantom activity*
Calibration factor(MB 3 = 2.4
alibration factor( q/ mm ) Number of voxels x summation of voxels values 24

*(Decay corrected to scan time).
A calibration factor was calculated per experiment using the appropriate collimator. The
same imaging parameters and reconstruction algorithm were used for imaging the calibration

phantom as for the in vivo experiments.

2.6.3 Collimator quantification range

Accurate tracer quantification was tested with different frame binning using each collimator.
A point source phantom containing 20 MBq was prepared and imaged every half-life
(approximately 6 hours). To mimic in vivo conditions, the phantom was also imaged inside a
water jacket. SPECT images were acquired in list mode, recording five-second frames for
5 min at each time point. A CT scan was acquired only at the first time point. Images were
reconstructed using the SROSEM algorithm (0.8 mm?>, 128 subsets and 4 iterations) and
time frames were binned to achieve frame lengths of 5 seconds, 30 seconds, 1 and 5 min.
Radioactivity in the phantom was measured at each time point by drawing a ROI over the

source point and applying the following equation:

Summation of voxels values in ROI x Calibration factor x ROI volume

Activity(MBq) =
ctivity(MBq) Number of voxels

(2.5)
The deviation between the measured activity and the expected activity was calculated

using the following formula (Equation 2.6 ). A 5% deviation was considered acceptable.
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Expected activity — Measured activity

Deviation(%) = (2.6)

Expected activity

2.6.4 Collimator’s sensitivity limit
2.6.4.1 Phantoms studies

Phantoms containing increasing amounts of CAR T cells were prepared as described above
(section 2.5.11). Phantoms were imaged using the XXUHS-M in listmode (1 frame, 30 min
acquisition). Following SPECT acquisition, a whole-body CT scan was recorded for
anatomical information. SPECT images were reconstructed using the SROSEM algorithm
(0.8 mm?, 128 subsets and 4 iterations), registered to the CT scan and corrected for attenuation.
Images were analysed by drawing ROI over the point source and the total activity was

calculated with formula ( Equation 2.5).

2.6.4.2 In vivo sensitivity studies

To assess the sensitivity limit of traceable CAR T cells in vivo, T cells were inoculated
subcutaneously (s.c.) in the shoulder of animals BALB/c or NSG mice followed by
intravenous (i.v.) inoculation of *™TcO, . 30 min after tracer administration mice were
anaesthetised with 2% isoflurane in air and transferred to the heated imaging bed. Following
SPECT acquisition, a whole-body CT scan was recorded for anatomical information. SPECT
images were reconstructed using the SROSEM algorithm (0.4 mm?, 128 subsets and 3
iterations), registered to the CT scan and corrected for attenuation correction. Images were
analysed as above (section 2.6.1).

Whole body SPECT imaging: T cells were resuspended in 50% matrigel and the
indicated number of T cells were inoculated s.c. on each shoulder of BALB/c mice.
20 MBq of ?™TcOy4" was then administered i.v. 30 min prior to SPECT imaging. Mice

were then anaesthetised with 2% isoflurane in air and transferred to the heated imaging
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bed. SPECT images were acquired using the GP-RM collimator in spiral mode (1 frame,
30 min acquisition). Following SPECT acquisition, a whole-body CT scan was recorded for
anatomical information. SPECT images were reconstructed using the SROSEM algorithm
04 mm?, 128 subsets and 3 iterations), registered to the CT scan and corrected for attenuation.
Images were analysed as above.

Dynamic imaging using 1-bed position: animals were placed on a heated pad and
anaesthetised using isoflurane through a nose cone. T cells were resuspended in PBS and the
indicated number of T cells were inoculated s.c. on each shoulder of NSG mice. 20 MBq
of MTcO, was then administered i.v. and animals were transferred immediately to the
imaging bed. Images were acquired using the GP-RM or XXUHS-M collimators in list
mode using a single SPECT bed position (10-second/frame x 540 frames) followed by an
ultra-focused CT scan. SPECT images were reconstructed using the SROSEM algorithm
and corrected for decay. SPECT images were registered to the CT scan and corrected for

attenuation. Images were analysed as above (section 2.6.1).

2.6.5 In vivo tracer Kinetics

Dynamic imaging using 1-bed position was used to study the feasibility of establishing
an image-derived input function to drive the mathematical model. A BALB/c mouse was
anaesthetised and the tail vein was cannulated. Images were acquired using the GP-RM
in list mode using a single SPECT bed position (5-second/frame x 999 frames) followed
by an ultra-focused CT scan. 45 pl of heparine saline was flushed before the start of the
scan to prime the cannula. Two frames were recorded prior administration of 20 MBq
of PMTcOy, followed by 60 ul of heparine saline to flush the cannula tubing. 200 pl of
Visipaque™(GE Healthcare) were slowly injected through the cannula before the CT scan to
provide enhanced tissue contrast. SPECT images were reconstructed using the SROSEM

algorithm and corrected for decay. SPECT images were registered to the CT scan and
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corrected for attenuation. Images were analysed as above (section 2.6.1). To investigate
the effect of using Visipaque™in the quantitation of SPECT/CT images, three phantoms
were prepared containing 7.5 MBg/ml of **™TcQ," and resuspended in PBS with increasing
concentrations of Visipaque™, 0, 150 or 320 ul/ml. Phantoms were imaged using the GP-RM
in list mode using a single SPECT bed position (5-second/frame x 60 frames) followed by
an ultra-focused CT scan. Images were reconstructed using the SROSEM algorithm (0.8
mm?, 128 subsets and 4 iterations) and time frames were binned to achieve frame lengths
of 5 seconds, 30 seconds, 1 and 5 min. Radioactivity in the phantom was measured by
drawing a ROI and applying Equation 2.5. The deviation between the measured activity and
the expected activity was calculated using Equation 2.6. A 5% deviation was considered
acceptable.

To build a population curve of the concentration of tracer circulating in blood in relation
to time, 10 NSG mice were anaesthetised and injected i.v. with 10 MBq of *™TcOy".
Mice were transferred to a heat box with bed and nose cone inserts to keep the animals
under anaesthesia. At the indicated time points, a cardiac puncture with a heparin coated
syringe was performed under anaesthesia. Blood samples were collected in heparin coated
Eppendorf tubes and kept on ice. Blood samples were processed . 100 ul of whole blood
were transferred to a scintillation tube. The remaining blood was centrifuged at 2000 g for
10 min at 4°C, with the brake set to the minimum, to separate plasma from whole blood.
Plasma was collected and transferred to a clean Eppendorf and 100 ul were transferred to
a scintillation tube. To collect the protein-free plasma, 100% acetonitrile was added to the
remaining plasma following a 2:1 ratio. Tubes were vortexed and centrifuged as above.
The supernatant containing the protein-free plasma was transferred to a scintillation tube.
Radioactivity in the protein pellet, the scintillation tubes, and the standards for each time

point were measured in a gamma counter.
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2.6.6 Tracking CART cells in vivo
2.6.6.1 PSMA xenograft mouse model

PC3-LN3-PSMA expressing luciferase and TdTomato (PLP-LT) were inoculated subcutaneously
in the shoulder area. For the titration experiments, mice received 0.25x10°, 0.5x10° and
1x10% PLP-LT cells and the chosen dose of 0.25x10° PLP-LT cells was used for subsequent
studies. At the indicated time point, 2x10° T cells were administered intravenously in
200 pl of PBS. Tumour growth was monitored by caliper measurements and bioluminescence
imaging (BLI) using an IVIS Lumina III in vivo imaging system (PerkinElmer, USA). Mice
were injected intraperitonially (i.p.) with 200 pl of D-luciferin at 150 mg/kg and imaged
under isoflurane anaesthesia. Firstly, animals were imaged for 30 min to assess optimal
imaging time post D-luciferin i.p. injection. As depicted in Figure 2.7, maximum signal
was detected 8 min post D-luciferin i.p. injection. Thus, animals were imaged at 8 min
post D-luciferin administration using a 20 cm field of view, medium binning and automatic
exposure. Analysis was performed drawing an ROI over each animal using Living Image

4.3.1 software (Caliper Life Sciences, USA) and the resulting signal summation was plotted.

2.6.6.2 Invivo SPECT/CT imaging and Image Analysis

Images were acquired using a multi-modal SPECT/CT scanner (VECTor®CTXV#R MiLabs)
fitted with the XXUHS-M collimator. Animals were kept under 2% isoflurane anaesthesia
in air throughout the imaging session and received heat support from an integrated heating
source in the scanner bed. Respiratory and bed temperature were monitored and adjusted
using BioVet sensors (m2m Imaging; Newark, USA). SPECT images were acquired
dynamically (30 seconds/frames x 78 frames), in list mode using 13-bed positions to
contain the heart and the tumour xenograft within the field of view. The first frame was
acquired to measure the background counts, and animals were injected 1.v. with 10 MBq

of *MTcOy directly on the bed before resuming the scan. Following dynamic SPECT
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Figure 2.7: Time course of luciferase signal. Luciferase kinetic time curves after the
intraperitoneal injection of luciferin at days 6, 9 and 12 post tumour inoculation. Maximum
signal was recorded 8 min post injection. n=1 mouse/day.

imaging, a whole-body CT scan was acquired for anatomical reference. SPECT/CT data
were reconstructed using the integrated MilLabs Rec 11.00 software. The CT images were
reconstructed at 80 um>. SPECT images were binned into 19 frames: 10 x 1 min, 3 x 2 min, 2
X 6 min, 2 x 10 min, 2 x 15 min. Each frame was reconstructed using the SROSEM algorithm
(0.8 mm?, 128 subsets and 9 iterations), registered to the CT and corrected for attenuation,
and radioactivity decay.

Images were analysed using VivoQuant software(Invicro, USA). For each scan, ROIs
were delineated over the heart (to establish the input function) and tumour using the CT
anatomical data as a reference for the quantitation of radioactivity. Uptake was normalised
to the injected dose and expressed as percentage of the injected dose (%ID) or percentage
of the injected dose per gram of tissue (%ID/g). For the compartmental modelling, the
tumours were segmented using a thresholding method value of 2.5 on normalized images
on 0-12 %ID/g scale or the 3x3x3 cube of voxels centred around the highest uptake voxel

within the ROI.
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2.7 Compartmental modelling

Two-compartment and three-compartment models were built to simulate the distribution
of 2™TcOy," in tissues using SAAM II software v2.3.1.1. (The Epsilon Group, USA). The
central compartment, denoted as q1, represents the concentration of tracer in bloodstream as
a function of time. These values were quantified by drawing an ROI over the heart and served
as the basis for establishing the image-derived input function (IDIF). In the two-compartment
model, g2 represents the concentration of tracer within the tumour (Figure 2.8 a). In the
three-compartment model, g2 refers to the unbound tracer in the tumour tissue, while g3
refers to the concentration of tracer bound to the CAR T cells within the tumour (Figure 2.8 b).
The transfer of tracer between these compartments is characterized by rate constants K;.
Specifically, K| reflects the rate at which the tracer is delivered from the bloodstream to
the tumour space. K, represents the rate constant of tracer efflux from the tumour to the
bloodstream. Lastly, in a three-compartment model, K3 denotes the rate at which the tracer is
internalized by the CAR T cells from the tumour tissue. To account for the missing excretion
and distribution of the tracer to other organs from the central blood compartment, a forcing
function (FF) was employed to describe the tracer concentration change in the bloodstream.
A two-phase exponential decay equation was fitted to the blood dynamic data, which was
subsequently used as the forcing function. The models were then fitted to the dynamic
SPECT data provided (s1) and the rate constants were extracted.

For the graphical analysis, Logan and Patlak plots were calculated in Microsfot Excel

applying equations 1.1 & 1.2. The resulting data were plotted using Prism v.9 (GraphPad).
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Figure 2.8: Proposed compartmental models built in SAAM II software. a) In a
two-compartment model, the blood compartment, ql, exchanges tracer with the tumour
compartment, g2, at the rate defined by K; and K;. The blood compartment was fixed with
a forcing function (FF) and the model was fitted to the quantified tumour signal, sl1. b)
In a three-compartment model, the tumour compartment is formed by two compartments
representing the unbound tracer in tumour tissue and bound tracer to the CAR T cells, with
the exchange rate defined by Ks.

2.8 Tracking CART cell ex vivo

2.8.1 Ex vivo Biodistribution

Following SPECT/CT imaging, animals were sacrificed, and organs of interest were immediately
dissected out and transferred to pre-weighed scintillation tubes. Radioactivity was quantified
using a gamma counter with calibration standards. Radioactivity obtained from the different

organs and tumours was calculated as %ID or %ID/g.
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2.8.2 Tumour processing

To quantify the number of infiltrating CAR T cells and obtain the ground truth to establish
the mathematical model, tumours were disassociated to a single cell suspension for FACs
analysis. Firstly, tumours were mechanically dissociated in 0.9 ml of RPMI, followed
by enzymatic digestion with 0.35 pg/mL Liberase (Roche, Switzerland) and 0.25 pg/mL
DNAse (Sigma-Aldrich) for 30 min at 37°C. After incubation, an additional 5 ml of RPMI
supplemented with 5 uM of EDTA (Sigma-Aldrich) was added and the solution was filtered
through a 70 um strainer (Falcon, USA). Cells in the filtrate were washed twice with plain
RPMI. Cell pellets were resuspended in 30% percoll and 70% percoll was added to the
bottom carefully. Cells were centrifuged at 700 g for 25 min with minimum brake and
acceleration. This step allowed for the separation of lymphocytes from tumour cells (Figure
S 8.2). The ring of lymphocytes between the percoll layers was resuspended in 0.5 ml of
RPMLI. Cell surface staining was performed by incubating samples on 25 pl of Human Fc
block (Life-Technologies) solution for 10 min at 4°C. The samples were then washed and
stained as previously described (section 2.4.1). CountBrightTM Absolute Counting Beads
were added to the samples just before acquisition and number of infiltrating CAR T cells was
calculated following formula (Equation 2.2 ). T cells were defined as human CD45™, human
CD3* (Figure S 8.3).

The compensation matrix was obtained using Ultracomp beads and ArC reactive beads
(Invitrogen) according to the manufacturer’s instructions. BD FACS Fortessa Cell Analyzer
(BD Biosciences) was used for sample acquisition.

To delay tumour processing, tumours were stored in 1 ml of MACS Storage buffer

(Miltenyi, UK) at 4°C overnight before performing the protocol just described.
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2.8.3 Immunohistochemistry

For histology, tumours were fixed in 10% neutral buffered formalin for 24 hours and then
embedded in paraffin. Immunohistochemistry staining was performed by the Pathology Core
at Barts Cancer Institute. Anti-CD3 and anti-CD31 staining was done by automation in a
Ventana Discovery XT machine (Roche Diagnostics Ltd.). All reagents were acquired from
Roche, Ventana Medical. Briefly, 4 um tissue sections were deparafinised using Discovery
wash solution at 75°C for 8 min, followed by heat induced epitope retrieval (HIER) in
Tris-EDTA buffer pH 7.8 at 95°C for 44 min. Slides were then blocked with inhibitor CM
at 37°C for 4 min. Anti-CD3 (abcam ab11089, 1:200) and anti-CD31 (Abcam ab28364,
1:200) were added in 100 pl of Antibody diluent buffer and incubated for 60 min, followed
by one drop of the secondary antibody rabbit anti-rat Ab (Bio-Rad) at 42°C for 20 min. After
the incubation with the antibodies, one drop of OmniMap anti-Rabbit HRP was applied
and incubated for 16 min, followed by one drop of DAB CM and One Drop H,O, CM,
for 8 min, and one drop of Copper CM for 5 min. Counterstain with Haemotoxylin was
incubated for 8 min followed by Bluing Reagent for a further 8 min. Slides were dehydrated
in graded ethanol and xylene and coverslips were attached with mounting media. Slides were
scanned in a Nanozoomer s210 slide scanner (Hamamatsu, Japan) with 40X magnification
and analysed using QuPath software 297. To discriminate between positive and negative
cells, part of the tissue was used to establish the adequate threshold values. Next, the images
were analysed using the ‘positive cell detection’ command to quantify the number of cells
positive for CD3 staining within the full tissue section (Figure S 8.4). All the images were

analysed following the same workflow with the same settings.
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2.9 Statistical analyses

Independent experiments were performed on different days with CAR T cells from different
donors for all in vitro assays. Data were plotted using Prism v.9 (GraphPad) and statistical
analysis details were added to figure legends. Graphs report mean + SD unless otherwise

noted.
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Chapter 3

Characterisation of traceable CAR T cells

in vitro

CAR T cell has shown promising results in the treatment of haematological tumours; however,
the success rate drastically decreases for solid tumours. CAR T cells need to migrate to
the tumour site, extravasate, proliferate and persist to elicit a response, but little is known
about these dynamic processes. Non-invasive serial in vivo imaging of CAR T cells could
improve our understanding of CAR T cell behaviour, dosing and reasons behind treatment
outcomes, thus paving the way to safer and more efficacious immunotherapeutic drugs for

solid tumours.

3.1 Generation of a traceable PSMA-targeted CAR T cell

The reporter gene hNIS, an indirect labelling strategy, was chosen for the in vivo imaging of
PSMA-targeting CAR T cells, which were designed by Dr. Emami'!33. The PSMA-targeting
CAR, namely P28, is a second-generation CAR consisting of a single chain variable
fragment (scFv) derived from the J591 human PSMA targeting antibody and the intracellular

domains of CD28 and CD3{, which are connected to the scFv by a CD28 hinge and
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transmembrane domain. A bicistronic retroviral vector was designed to co-express the P28
CAR downstream of the 4af8 gene (coupling the IL-4 receptor alpha ectodomain to the
transmembrane and endodomain of IL-2/IL-15Rbeta), which allows for the enrichment of
the transduced population upon addition of IL-4. This CAR was termed 4Pm28¢{. To create
the traceable CAR T cells, the reporter gene hNIS was co-expressed downstream of the
4Pm28¢ CAR. This tricistronic construct containing the 4af3, P28 and hNIS genes was
termed 4Pm28¢N. A control CAR was designed by truncating the CD28/CD3{ intracellular
signalling domains, this CAR was termed 4PmTrN. In all constructs, I cloned an extracellular
myc tag between the scFv and the CD28 hinge to facilitate the detection of transduced cells

by flow cytometry (Figure 3.1).

4Pm287 [5'LTR 4ap [r24] Pm282 —3'LTR
4Pm28§N 5'LTR 4aB ITZAI Pm28¢ |T2A 3'LTR
4PmTIN (5 LTR— 4ap ir2a [t |2« NS 3 TR
IL-4
IL-4 Ra Yc &‘Zixj\ 6} Myc tag b‘“‘ﬂ“m’
IL-2/15 Rp 1D28 PmTr hNIS
cD3¢
Pm28¢

Figure 3.1: Structure of PSMA-targeted CAR constructs. The P28 CAR consists
of the J591 human PSMA targeting scFv antibody downstream the CD8 leader sequence.
Downstream of the scFv there is a myc tag, CD28 hinge and transmembrane domain, followed
by the CD28 and CD3 intracellular domains. The truncated CAR, PTr, was designed by
removing the intracellular signalling domains. To make the CAR T cells traceable, the
reporter gene hNIS, was expressed downstream the CAR separated by a T2A. All three
CAR constructs expressed the 4af3 gene, which allows for enrichment of the transduced
population.

The PC3-LN3 (PL) prostate cancer cell line was selected as the target tumour cell line to
assess the CAR T cell functionality in co-culture experiments. PL cells do not endogenously

express PSMA at detectable levels by flow cytometry, so this cell line has been previously
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modified in our lab to express high levels of surface PSMA, generating PC3-LN3-PSMA
cells (PLP). Furthermore, luciferin and Tdtomato were also transduced to produce PL-LT

and PLP-LT, respectively'33 (Figure 3.2).
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Figure 3.2: Expression of Tdtomato and PSMA on target cells. Flow cytometry contour
plots of target cells depicting PSMA and Tdtomato (detected in the PE channel) cell surface
expression.

To investigate the effect of the inclusion of the hNIS on CAR T cell proliferation
and cytotoxicity, PBMCs were transduced with the bicistronic construct 4Pm28¢ or the
tricistronic hNIS construct 4Pm28¢N (Figure 3.1). There were no significant differences

in CAR T cell proliferation after the 11-day expansion period (Figure 3.3 a). Although the
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transduction efficacy, based on the myc tag expression, was higher for the bicistronic construct
compared to the tricistronic construct (Figure 3.3 b), myc tag cell surface expression levels
were comparable as determined by the median fluorescence intensity (MFI) (Figure 3.3 ¢).
hNIS-mediated uptake was only observed by the PBMCs expressing the tricistronic construct

and uptake was blocked by the inhibitor sodium perchlorate (NaClO4)(Figure 3.3 d).
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Figure 3.3: Comparing proliferation and transduction efficacy of PBMCs transduced
with bicistronic and tricistronic constructs. a) Cell count 11 days post transduction.
b) Transduction efficiency based on myc tag surface expression. c¢) MFI of myc-tagged
positive cells. d) In vitro uptake levels of 4Pm28CN or 4Pm28{ CAR T cells incubated with
9mTcOy4 in the presence or absence of the inhibitor. n=3 donors. UT=untransduced. Graphs
represent mean + SD.

To determine the effect of the addition of the hNIS on CAR T cell cytotoxicity, PBMCs
transduced with each construct were co-cultured with fluorescence target cells to monitor

real-time tumour killing using an Incucyte® live cell analyser. Comparable cytotoxicity was
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observed when culturing the bicistronic 4Pm28{or the hNIS expressing 4Pm28¢N T cells
with PLP-LT cells. Cytotoxicity occurred in a dose-dependent manner (Figure 3.4 a). Tumour
killing was observed at the higher effector ratios after 50 hours in co-culture with PL-LT
cells, suggesting low expression of PSMA in the wild-type cancer cell line (Figure 3.4 b).
Untransduced cells did not induce cytotoxicity when co-cultured with either tumour cell line

(Figure 3.4 c).

3.2 Functional validation and characterisation of the
traceable CAR T cells

Since the addition of hNIS had no detrimental effect on CAR T cell proliferation and
cytotoxicity, PBMCs were transduced with the hNIS expressing constructs, i.e. 4Pm28{N and
4PmTrN (Figure 3.1). Expression of all transgenes was demonstrated in retrovirus-transduced
T cells by flow cytometry. Transduction efficiency was very low following transduction,
however addition of IL-4 led to a rapid enrichment of CAR™ cells (Figure 3.5 a). After the
11-day expansion period, there were no significant differences in CAR T cell proliferation
(Figure 3.5 b). Likewise, transduction efficiency, based on myc expression, was similar
between constructs with >70% of the PBMCs expressing the CAR on the cell surface
(Figure 3.5 c¢). CAR density on the T cell surface was quantified using Quantum beads. The
average CAR number expressed on the cell surface of 4Pm28{N T cells was higher than in
4PmTrN T cells (31,231 + 9,801 copies/cell and 16,795 + 6,222 copies/cell, respectively)
(Figure 3.5d & e).
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Figure 3.4: Cytotoxicity of CAR T cells when co-cultured with target cells. Real time
tumour cell viability after co-culture of CAR T cells (a & b) or with untransduced T cells
(c) with tumour cells at different effector-to-target (E:T) ratios. Data acquired using an
Incucyte®. n=4 donors/group. Graphs represent mean citotoxicity from 4 donors.
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a) Representative flow cytometry histogram showing selective expansion of transduced
PBMC:s in the presence of IL-4. b) Cell count 11 days post transduction. n=18/UT group;
n=22/CAR groups. c) Transduction efficiency based on myc tag surface expression. n=8
donors/ group. Statistical analysis performed by one-way Anova. d) Representative histogram
showing surface myc tag staining in the presence of Quantum beads (grey). Average
fluorescence quantification of CAR cell surface expression and e) range of expression.
n=8 donors/ group. Statistical analysis performed by Student’s t-test. Graphs represent mean
+ SD. ns: no significant, ==p < 0.01, ****p < 0.0001. UT = untransduced.

PBMCs transduced with 4Pm28¢{N showed a broader range of CAR surface expression
levels (3,509-790,234 copies/cell) with higher variability between donors compared to
PBMC:s transduced with 4PmTrN (3,180-187,002 copies/cell) (Figure 3.5 d).

After the successful production of the CAR T cells, cell phenotype and activation status
was assessed by flow cytometry staining for the cell surface markers CCR7 & CD45RA,
and PD-1 & CD69, respectively. Figure 3.6 a, shows the gating strategy used to define the
different cells subsets: T, /e (CCR7T CD45%),Tcy (CCR7T CD45RA™), Ter (CCR7
CD45RA ™), and Temra (CCR7~ CD45RA™). The phenotype was analysed before and after
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co-culture with PLP at a 1:2 effector-to-target (E:T) ratio. T cell phenotype comprised
a mixture of memory and effector phenotypes. Viral transduction caused a decrease in
naive populations compared to the activated untransduced cells. After exposure to antigen,
there was a further decrease in the proportion of the naive population, and enrichment of
the effector memory cells, especially for 4Pm28{N T cells (Figure 3.6 a bottom). The
percentage of 4Pm28CN T cells expressing CD69 and PD-1, as well as the MFTI, significantly
increased after exposure to antigen, but did not increase on untransduced or truncated controls
(Figure 3.6 b).

Functional activity was demonstrated by co-culturing CAR T cells with PLP and PL
tumour cells at different E: T for 48 hours before the viability of the tumour cells was measured.
4Pm28CN T cells elicited cytotoxicity against PLP cells at all E:T ratios in a dose-dependent
manner (Figure 3.7 a). Cytotoxicity was also observed against PL cells at the highest
E:T ratios of 2:1 and 1:1, but at lower E:T ratios no significant cytotoxicity was observed
compared to 4PmTrN or untransduced cells (Figure 3.7 a). In line with the cytotoxicity
data, 4Pm28¢N T cells released IFNy and IL-2 cytokines in a dose-dependent manner when
co-cultured with PLP cells (Figure 3.7 b), but no cytokines were released when co-cultured
with PL tumour cells (Figure 3.7 ¢). The controls, 4PmTrN and untransduced PBMCs, did
not elicit cytotoxicity against the tumour cells or produce cytokines (Figure 3.7 a & c). These

data demonstrate the robust antigen specific activation and cytotoxicity of 4Pm28¢{N T cells.
3.3 hNIS mediated technetium pertechnetate uptake

The function of hNIS was demonstrated by in vitro ™TcO,4" uptake assays. There were no
differences in tracer internalisation between 4Pm28¢{N and 4PmTrN T cells. Uptake was
blocked in the presence of the inhibitor sodium perchlorate, further confirming hNIS-specific
uptake (Figure 3.8 a). hNIS-mediated transport depends on the sodium gradient generated

by the ATP-consuming sodium-potassium pump. As expected, therefore, uptake was only
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Figure 3.6: CAR T cell phenotyping. a) CAR-T cell gating strategy for phenotyping cells
stained for CD45RA and CCR7 (top); (bottom) frequency of each subset before and after
co-culture with PLP tumour cells. Ty, syt naive ; Tem: central memory T cells; Tem: effector
memory T cells; Temra: effector memory T cells expressing CD45RA. b) CD69 and PD-1
surface level expression and MFI before and after co-culture with PLP cell line. n=3 donors/
group. Graphs represent mean + SD. Statistical analysis performed by two-way ANOVA.
¥ p < 0.0001.

observed in viable cells. The frequency of viable cells was assessed before exposure to tracer
by staining for Annexin V and Zombie near-infrared L/D dye (Figure 3.8 b). The **™TcOy4”
uptake in relation to time is depicted in (Figure 3.8 c). Rapid tracer influx was observed in
the traceable CAR T cells, reaching the peak at 30 minutes with 70% of the maximal uptake
being still internalised 2 hours post-exposure to the tracer. Radiotracer efflux in relation
to time was assessed after the addition of *™TcOy to the cells in culture. Decreasing the
concentration of *™TcO," in the media to mimic in vivo tracer kinetics in blood led to efflux
of intracellular radionuclides with less than 50% of the radiotracer being retained in the cells
after 30 minutes (Figure 3.8 d). *™TcO," uptake was not detected in the target tumour cells

(Figure 3.9).
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Figure 3.7: CAR T cell cytotoxicity and cytokine release. a) Percentage of tumour cell
viability 48 h after co-cultured with CAR T cells determined by MTT assays. b) ELISAs
were carried out on supernatants from experiments in a) to determine secretion levels of
IL-2 and IFNy by CAR T cells at different E:T when co-cultured with PLP tumour cells
c¢) IL-2 and IFNy release at E:T 1:1 when co-cultured with PLP or PL target cells. n=3-7
donors/group. Graphs represent mean + SD. Statistical analysis performed by two-way
ANOVA. ****p < 0.0001. PLP=PC3-LN3-PSMA ; PL= PC3-LN3.
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Figure 3.8: hNIS mediated *°™TcO," uptake. a) In vitro uptake levels of CAR T cells
incubated with *™TcO,4" in the presence or absence of the inhibitor. n=7 donors/group. b) In
vitro uptake levels in viable or dead CAR T cells treated with *™TcO4” n=3 donors/group.
c) Relative tracer uptake over three hours. n=3 donors/group. d) Efflux of *™TcOy," from
the cells. n=3 donors/group. Graphs represent mean + SD of assays performed in triplicates.
Statistical analysis performed by two-way ANOVA. =« #xp < 0.0001.

To further characterise the hNIS behaviour in the traceable CAR T cells, competition
inhibition and saturation uptake assays were performed. *™TcO4" uptake was reduced by
increasing the concentration of the inhibitor sodium perchlorate (Figure 3.10 a). Tracer
internalisation affinity was investigated through uptake saturation assays. Saturation of the
symporter was not achieved at the tested tracer amounts, but higher uptake was observed in
4Pm28¢N T cells compared to the 4PmTrN T cells (Figure 3.10 b).

The difference in the uptake level was further investigated to determine whether the

activation status of the CAR T cells impacts their ability to uptake **™TcO," as the observed
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Figure 3.9: Target tumour cells lines do not take up **™TcOy". In vitro uptake levels
of target cells incubated with *™TcO," in the presence or absence of the inhibitor. Graphs
represent mean + SD of assays performed in triplicates.
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Figure 3.10: Competition and saturation assays. a) Competition inhibition curve showed
the effect of increasing concentrations of inhibitor on *™TcO," uptake by PBMCs transduced
with the CAR constructs. b) Specific saturation uptake of 4Pm28{N T cells (left) and 4PmTrN

T cells (right). Each point represents mean + SD of three assays performed in triplicate.
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difference could then be attributed to tonic signalling through the CD28/CD3{ chains of the
CAR in the 4Pm28¢N T cells?6 3444,

To assess the effect of T cell activation on hNIS-mediated uptake, CAR T cells were
stimulated with ionomycin and phorbol 12-myristate 13-acetate (Iono/PMA) to achieve
rapid activation while bypassing the CAR/TCR complex. Robust activation was achieved
with Iono/PMA as demonstrated by the increase in cells expressing CD69 compared to
PBMCs maintained in IL-4 (Figure 3.11 a). The number of cells expressing surface CAR
was maintained after activation (Figure 3.11 b), in contrast to the decrease in cells expressing
surface hNIS (Figure 3.11 c¢). Reduced uptake was also observed after antigen-independent
activation for 4Pm28¢N and 4PmTrN transduced PBMCs (Figure 3.11 d) compared to cells
cultured in IL-4. Interestingly, there were no significant differences in the uptake levels of
Iono/PMA activated 4Pm28¢N and 4PmTrN T cells (Figure 3.11 d), suggesting that the
activation state of the cells may influence tracer uptake.

The observed decrease in uptake levels between resting and Iono/PMA activated 4Pm28¢N
T cells was further investigated as it could impact the feasibility of tracking the cells in vivo
over time. To mimic more relevant clinical conditions, 4Pm28{N T cells were co-cultured
with PL and PLP tumour cells to induce antigen-dependent activation. After 24 hours,
4Pm28¢N T cells were subjected to uptake assays. Although there was a modest increase
in the percentage of activated 4Pm28{N T cells co-cultured with PLP compared to cells
co-cultured with PL target cells (Figure 3.12 a), CD69 surface expression levels were
significantly enhanced, as determined by the MFI (Figure 3.12 b). The number of CAR™
cells decreased after exposure to antigen, likely due to the internalisation of the CAR
following antigen engagement (Figure 3.12 a)!6% 165 By contrast, the number of hNIS*
cells and the hNIS-mediated uptake was comparable after co-culture with PL and PLP target
cells (Figure 3.12 c¢). This data confirms the feasibility of tracking CAR T cells in vivo

independent of their activation status.
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Figure 3.11: CAR T cell activation through stimulation with Ionomycin and PMA.
Frequency of CD69 (a), CAR (b) and hNIS (c) measured by flow cytometry on rested
cells supplemented with IL-4 or activated cells. d) In vitro uptake levels of CAR T cells
incubated with ®™TcO," in the presence or absence of the inhibitor. n=3 donors/group.
Graphs represent mean + SD. Statistical analysis performed by Student’s t-test. *p < 0.05.

3.4 Quantification of CAR and hNIS surface expression

Following the finding of a commercial anti-hNIS antibody (human SLC5AS AlexaFluor® 647),
the relationship between CAR, hNIS surface expression, and the degree of tracer uptake by
the cells was explored. The commercial anti-hNIS antibody was validated and transduced
PBMCs were stained for both myc tag and hNIS (Figure 3.13 a & c¢). CAR and hNIS surface
density was quantified using Quantum beads on day 11 post transduction (Figure 3.13 ¢ & d).
Transduction efficiency was variable between donors, ranging from 20%-80% of PBMCs

expressing myc tag and hNIS (Figure 3.13 b). Higher CAR surface density was quantified on
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Figure 3.12: T cell activation after co-culture with PLP tumour cell line. a) Frequency
of CD69, CAR and hNIS on 4Pm28¢N T cells co-culture with PL tumour cells (control)
or PLP tumour cells for 24 hours. b) CD69 MFI levels. ¢) In vitro uptake levels of CAR T
cells incubated with ®™TcO, in the presence or absence of the inhibitor. n=3 donors/group.
Graphs represent mean + SD.

4Pm28CN T cells (44,822 + 21,726 CARs/cell) compared to 4PmTrN T cells (15,757 + 6,557
CARs/cell); variability between donors was also greater for 4Pm28¢N. In contrast, hNIS
surface expression was slightly higher on 4PmTrN (15,671 £ 9,632 hNIS/cell) compared to
4Pm28¢N (11,644 + 7,106 hNIS/cell) transduced PBMCs (Figure 3.13 ¢), which may be

explained by the smaller construct size facilitating expression of the third downstream gene.
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Figure 3.13: Protein surface expression. a) Representative flow cytometry dot plots,
staining for myc and hNIS at day 11 post-transduction. b) Transduction efficiency at day 11.
n=15 donors/group. c) Average fluorescence quantification of cell surface expression of CAR
and hNIS. d) Typical histograms staining for myc tag and hNIS while using Quantum beads.
n=15 donors/ group. Graphs represent mean + SD.
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Following quantitation by flow cytometry, CAR T cells were exposed to *°™TcOy," and
the uptake was recorded. Uptake differed across donors, 4PmTrN T cells showed slightly
higher average uptake than 4Pm28CN T cells, and uptake was revoked in the presence of the
inhibitor (Figure 3.14 a). There was no positive correlation between the amount of tracer
internalised and the quantified hNIS surface expression. Uptake also did not correlate with
surface CAR expression levels (Figure 3.14 b). These finding suggest that the presence of
other factors may influence the uptake levels, beyond the number of hNIS symporter copies

expressed at the cell surface.
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Figure 3.14: hNIS surface expression and uptake correlation. a) In vitro uptake levels
of CAR T cells incubated with ®™TcO, in the presence or absence of the inhibitor.
n=15 donors/group. b) Correlation between **™TcO4 uptake and quantified CAR and hNIS
surface expression. Graphs represent mean = SD.
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Figure 3.15: Cell viability of T cells exposed to increasing concentrations of *°™TcOy".
Percentage of live, necrotic, or apoptotic cells 24 hours (a) or 4 days (b) after exposure to 5
MBg/ml of ™TcO, . n=4 donors/ group. Graphs represent mean + SD.

3.5 Impact of *°™TcO, uptake on CAR T cells

As the use of P™TcOy4 to visualize the traceable CAR T cells in vivo could lead to
radiation-mediated DNA damage, affecting the CAR T cell functionality, CAR T cells were
exposed to increasing *™TcO,4 concentrations and cell viability was measured 24 hours
later. PBMC viability was determined by staining the cells with Annexin V and Zombie
near-infrared L/D dye. Cell viability of hNIS-expressing CAR T cells decreased as the
cells were exposed to higher *™TcOy4 concentrations. To a lesser extent, viability was
also reduced in a dose-dependent manner for untransduced cells (Figure 3.15 a). If the
cells exposed to the tracer were rested in media, the radiation-induced apoptosis was no
longer detectable and the frequency of viable cells was restored within four days, reaching
comparable viability to cells not exposed to the tracer (Figure 3.15 b).

To determine the level of *™TcOy4  exposure the CAR T cells may encounter, the
radiotracer kinetics were studied in vivo. NSG mice were injected with 10 MBq **™TcOy
and blood samples were collected at the established time points by cardiac puncture. Blood

samples and injection standards were subjected to gamma counting to assess radioactivity
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Figure 3.16: In vivo tracer biodistribution. a) 9mTc0, kinetics in blood over a 90-minute
period. n=1 mice/time point. b) Viability of CAR T cells 24h after exposure to tracer
determined by staining for Annexin V and Zombie near-infrared L/D dye. n=3 donors/group.
Graphs represent mean + SD.

levels. There was a rapid increase of tracer circulating in blood following the intravenous
injection of ®™TcO,". Peak concentration was reached at 1 min post injection followed by
an exponential decay phase reaching steady state at 60 minutes. Radiotracer concentration in
blood ranged from about 1.2 MBg/ml at five minutes post **™TcQj" injection to 0.7 MBg/ml
at steady state (Figure 3.16 a). Based on these in vivo tracer concentrations, CAR T cells
were exposed to lower **™TcO, concentrations ranging from 0 to 2 MBq/ml and apoptosis
was quantified as above. At these concentrations, cell viability was not affected (Figure 3.16
b).

To allow for repetitive imaging, CAR T cells must concentrate the radiotracer after each
PmTcOy4” injection at different time points without affecting their proliferation. To assess
changes in proliferation, CAR T cells cultured in media were exposed to **™TcOy4 twice in
a week. Irrespective of gene transfer, there were no significant differences in CAR T cell
proliferation upon exposure to the radiotracer (Figure 3.17 a). To confirm that the CAR T
cells can be visualised repeatedly, 4Pm28¢{N T cells were re-exposed to **™TcO,” 48 hours

after the first uptake assay. Subsequent exposure to **™TcOy4” did not affect the CAR T
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cells’ ability to concentrate the tracer again and the uptake was abolished by the inhibitor

(Figure 3.17 b).
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Figure 3.17: Repetitive exposure to " TcOy . a) Proliferation of CAR T cells in the
presence or absence of *™TcO,4” (2 MBg/ml) measured over 8 days. b) In vitro uptake levels
after first (I) and second exposure (II) to 9mTc0,” or in the presence of the inhibitor. n=3
donors/group. Graphs represent mean + SD.

To investigate whether CAR T cell activity was impaired in the presence of the tracer,
unlabelled (media) or radiolabelled (**™TcO,") CAR T cells were co-cultured with PLP and
PL monolayers. Tumour viability was measured by MTT after 48 h. There were no significant
differences between the cytotoxicity elicited by the unlabelled and their counterpart traceable
CARs at all E:T ratios tested. 4Pm28{N T cells elicited cytotoxicity against PLP cells in
a dose-dependent manner, with no cytotoxicity against PL cell lines. Cytotoxicity was not
observed by the control untransduced and truncated cells (Figure 3.18).

Cytokine production was measured from the above co-cultures at an E:T of 1:1.
Radiolabelled 4Pm28¢{N T cells produced comparable levels of IL-2 and IFNY cytokines
to unlabelled 4Pm28{N T cells (Figure 3.19). Similarly, no significant differences were
observed in the immunophenotype of the radiolabelled CAR T cells. T cell phenotype
comprised a mixture of memory and effector phenotypes with the most frequent population
being effector memory cells, defined as CCR7~ CD45RA™. Activation status was also

unaltered in the presence of the tracer (Figure 3.20).
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Figure 3.18: Effect of ®™TcO,; on CAR T cell cytotoxicity . Percentage tumour cell
viability 48 h after co-culture with unlabelled (media) or radiolabelled CAR T cells (10 MBq
99mTcQ, /million T cells) determined by MTT assays. UT : untransduced T cells. n=3/group.
Graphs represent mean + SD.
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Figure 3.20: Immunophenotype of CAR T cells. a) Frequency of T cells after staining for
CD45RA and CCR7. Ty /s naive ; Tem: central memory T cells; Tem: effector memory T
cells; Temra: effector memory T cells expressing CD45RA. b) Percentage of cells expressing
surface CD69 (top) and PD-1 (bottom) before and after exposure to tracer. n=4 donors/ group.
Graphs represent mean + SD.
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Lastly, tracer-induced DNA damage was assessed by measuring changes in phosphorylation
of YH2Ax through flow cytometry. 4Pm28{N and 4PmTrN T cells were exposed to
increasing amounts of *™TcOy" . Exposure to over 5 MBq of ™TcOy4 caused a significant
increase in the percentage of PBMCs expressing phosphorylated YH2Ax in both 4Pm28{N
(Figure 3.21 a) and 4PmTrN (Figure 3.21 b) T cells. DNA damage was repaired within 24

hours except on those cells exposed to 25 MBq of **™TcQ," , which required 72 hours.
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Figure 3.21: Radiation-induced DNA damage. Percentage of 4Pm28¢N T cells (a)
or 4PmTrN T cells (b) expressing phosphorylated YH2Ax after incubation with different
amounts of ?™TcO,~ (MBg/ml). Representative flow cytometry plots shown in Figure S 8.1.

n=3 donors/group. Graphs represent mean + SD. Statistical analysis performed by two-way
ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Quantification of SPEC/CT images from tumour bearing animals injected with untransduced
cells, yielded a maximum concentration of 0.12 MBq of **™TcOy," per gram of tumour
(Figure 5.14 & 5.22). Taking these data together, radiotracer-mediated apoptosis or DNA

damage is not expected when tracking these CAR T cells in our in vivo model.

3.6 Summary

To image CAR T cells homing to the tumour site non-invasively, the reporter gene hNIS
was expressed at the T cell surface to allow for internalisation of *™TcQOy4 , which can
be visualised by SPECT imaging. By expressing the 4af8 domain, transduced cells were
enriched over the expansion period, reaching high transduction efficiency. The addition
of the myc tag within the CAR gene facilitated the detection and quantification of CAR
surface expression by flow cytometry. Importantly, the addition of the reporter gene did not
negatively impact CAR T transduction, proliferation, or cytotoxicity. The hNIS-mediated
internalisation of ®™TcO," did not affect CAR T cell viability, functionality or phenotype
when exposed to in vivo relevant concentrations. Thus, these data demonstrate the successful

production and in-depth characterisation of traceable CAR T cells.
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Chapter 4

Imaging traceable CAR T cells in vivo

Following the in vitro characterisation of the CAR T cells, I next tested the capabilities of the
VECTor®CTXVHR SPECT/CT instrument. The aim was to employ SPECT dynamic imaging
to develop a mathematical model for tracer kinetics. By combining this model with ex vivo
flow cytometry data, I sought to achieve non-invasive quantitation of CAR T cells homing to
the tumour.

The VECTorSCTXUHR SPECT/CT instrument can be used with a General Purpose Rat and
Mouse (GP-RM) collimator or with the newly developed Extra-Extra Ultra-High Sensitivity
Mouse (XXUHS-M) collimator. This collimator has higher sensitivity and allows for imaging
extra ultra-low doses but has lower resolution than the former.

To assess which of these two collimators was best suited to quantify the CAR T cells in

vivo, quantitation accuracy, detection sensitivity and tracer doses were compared.

4.1 Quantitation accuracy during dynamic imaging

Phantoms studies using both collimators were performed to determine the accurate quantitation
range of each collimator during dynamic imaging. Images were acquired in 5-second frames

using a single-bed position. Time frames were binned during reconstruction to compare
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Figure 4.1: Optimal activity levels for the GP-RM and XXUHS-M collimators. Accuracy
of tracer quantitation during dynamic imaging acquisition of phantoms using the a) GP-RM or
b) XXUHS-M collimator. Deviation percentage defined as [(expected - measured)/expected].
Dotted line depicts the maximum deviation accepted.

quantitation accuracy between 5-second, 30-second, 1- and 5-minute frames. A 5% deviation
threshold was accepted as optimal imaging range. Accurate quantitation was achieved at all
time frames when imaging above 90 kBq of **™TcOQ," per bed position using the GP-RM
collimator. Binning the frames to five minutes, showed accurate quantitation down to 6 kBq
of MTcOy4 (Figure 4.1 a). On the other hand, the higher sensitivity of the XXUHS-M
collimator led to accurate quantification of as little as 3 kBq per bed position, but detectors
were saturated when >3 MBq of ®™TcO,4" were present in the field of view (Figure 4.1 b).
To closely simulate preclinical conditions, and consider the body attenuation observed
when imaging animals, these phantoms studies were replicated using a water jacket, and more

time points were incorporated. The suitable range for the GP-RM collimator was determined
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Figure 4.2: Optimal activity levels for the GP-RM and XXUHS-M collimators using
water phantoms. Accuracy of tracer quantitation during dynamic imaging acquisition of
phantoms in water jackets using the a) GP-RM or b) XXUHS-M collimator. Deviation
percentage defined as [(expected - measured)/expected]. Dotted line depicts the maximum
deviation accepted.

to be 20 MBq to 36 kBq of ™TcOQy", even for frames as brief as 5 seconds. However, if
longer time frames of 30 seconds were quantified, the optimal range was expanded to a
minimum of 9 kBq of *™TcOy," (Figure 4.2 a). The XXUHS-M collimator had optimal

activity levels between a maximum of 3MBq and a minimum of approximately 3 kBq of

PmTcO,4 (Figure 4.2 b).
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4.2 CART cell detection sensitivity

To determine the detectability of traceable CAR T cells on the VECTor®CTXV#R SPECT/CT
instrument, different quantities of 4Pm28{N T cells were injected subcutaneously (s.c.)
followed by intravenous (i.v.) injection of ®™TcOQy, . In the first instance, the limit of
detection in full body scans using the GP-RM collimator was assessed. 20x10° and 3x10°
4Pm28CN T cells were injected s.c. in 50% matrigel (yellow arrows) and matrigel alone was
injected in the opposite shoulder as a control (white arrow). The SPECT images showed
accumulation of tracer at the CAR T cell injection sites, but tracer uptake was also observed

in the control shoulder that received matrigel alone (Figure 4.3 b).

50
2
= 40
©
o 30
35 ®
Iv _
% 20
|_
8% 10
0_ | 1 1
q'}? \@\ q?}?
& E
R
@ x

Figure 4.3: Sensitivity of 4Pm28¢{N T cells injected in matrigel. a) In vitro ©°™TcOy4
uptake assay. 0.3 MBg/ml of *™TcO,4" was added to each sample and tracer uptake was
quantified with a gamma counter. n=3/group. b) In vivo coronal and transversal views.
4Pm28¢N T cells in matrigel were injected subcutaneously in the shoulder of BALB/c mice
(yellow arrows). As a control, matrigel alone was also injected (white arrow), followed by
20 MBq of ®™TcO,". M=matrigel. Graphs represent mean = SD.
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The non-specific accumulation of tracer within the matrigel matrix was confirmed by in
vitro assays (Figure 4.3 a). 4Pm28{N T cells in PBS, 4Pm28{N T cells in 50% matrigel
and matrigel alone samples were subjected to “™TcO," uptake assays. The matrigel matrix
retained a significant amount of tracer, posing a challenge to accurately measure the uptake
by CAR T cells embedded in matrigel (Figure 4.3 a). Based on these results, the use of
matrigel to establish a xenograft model was discarded.

To prevent non-specific tracer retention by the matrigel matrix, CAR T cells were injected
in PBS instead. The use of PBS could lead to dispersion of the CAR T cells after injection
since there is no structure holding them together. To test whether CAR T cells injected in
PBS would be retained at the injection site, four different amounts of 4Pm28{N T cells were
injected in the shoulders of two animals, followed by intravenous injection of 20 MBq of
PmTcO,” (Figure 4.4 a). Full body images were acquired using the GP-RM collimator and
cell uptake was quantified by drawing an ROI over the injection sites and on the right thigh
as a control. As shown in Figure 4.4 b), the detection threshold for CAR T cells was set at
3.5x103 cells (Figure 4.4 b). Quantified tracer uptake was comparable between 7.6x10> and
3.5x10% 4Pm28{N T cells, resulting in an accumulation of approximately 1.2 MBq by the
CAR T cells. No tracer uptake was detected in the thigh region. (Figure 4.4 c).

In order to investigate CAR T cell kinetics following infusion and establish a mathematical
model for non-invasive quantitation of these cells, dynamic SPECT imaging is required to
detect rapid changes in tracer concentration over time. To assess the limit of detection for
each collimator during dynamic acquisition, a single-bed position was selected, enabling
the imaging of rapid 10-second frames. Prior to in vivo administration, CAR T cells were
subjected to an uptake assay to confirm hNIS mediated internalisation of *™TcO4 . About
6% of the added tracer was concentrated inside the cells. In the presence of the inhibitor,

uptake was blocked (Figure 4.5).
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Figure 4.4: Detection sensitivity of 4Pm28{N T cells in whole body scans. a) Schematic of
CAR T cell concentration injected per animal. b) /n vivo coronal and transversal SPECT/CT
views. 4Pm28¢N T cells were injected subcutaneously in the shoulder of BALB/c mice
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Figure 4.5: In vitro *°™TcO," uptake by injected 4Pm28{NT cells. Cells were incubated
with 0.3 MBg/ml ®™TcOy" in the presence or absence of the inhibitor. UT = untransduced T
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The large field of view (FOV) of the GP-RM collimator covered the entire chest area
using a single-bed position. CAR T cells were injected s.c. in each shoulder as depicted in
Figure 4.6 a. The SPECT images revealed tracer internalization at all CAR T cell numbers
injected, the lowest amount being 6x10° 4Pm28¢N T cells ( Figure 4.6 c). The experiment
was repeated to acquire the SPECT images with the XXUHS-M collimator. This collimator
had a smaller FOV, allowing CAR T cells injection in only one of the shoulders. There was
clear accumulation of tracer at the injection sites, detecting down to 3.5x10% 4Pm28¢N T

cells (Figure 4.7 b & c).
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Figure 4.6: Detection sensitivity of 4Pm28{N T cells during dynamic imaging using
a single bed position and GP-RM collimator a) Schematic of the imaging strategy and
amounts of CAR T cells injected. b) & c) Images binned and reconstructed as a single
70-minute frame. Top: SPECT/CT MIP view; bottom: transversal views. Arrows point to
injected 4Pm28{N T cells.
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Figure 4.7: Detection sensitivity of 4Pm28,N T cells during dynamic imaging using a
single bed position and XXUHS-M collimator a) Schematic of the imaging strategy and
amounts of CAR T cells injected. b) and c) Images binned and reconstructed as a single
70-minute frame. Top: SPECT/CT MIP views; bottom: transversal views. Arrows point to
injected 4Pm28{N T cells.

Following the dynamic acquisition, animals were sacrificed, and organs were collected
for ex vivo analysis. Radioactive uptake in the samples was measured using a gamma counter.
Ex vivo biodistribution showed radiotracer accumulation in endogenous hNIS expressing
organs, i.e., stomach and salivary glands, as expected. Tracer uptake was similar among all

animals (Figure 4.8).
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Figure 4.8: Ex vivo analysis of radioactivity in organs measured using a gamma counter.
Radioactivity in organs harvested after SPECT imaging using the XXUHS-M (n=4) or
GP-RM (n=2) collimators. Graphs represent mean = SD or mean, respectively.

To further assess the detection sensitivity of the CAR T cells using the XXUHS-M
collimator, untransduced T cells were mixed with increasing numbers of 4Pm28{N T
or 4PmTrN T cells and subjected to *™TcO, uptake assays. One hour after exposure,
SPECT/CT images were acquired. Concentration of **™TcO," in the cell pellets was
quantified from the SPECT images and the limit of detection was calculated as three times
the standard deviation from the background, i.e. approximately 5x10° 4Pm28{N T cells
(Figure 4.9 a).

Despite **™TcO," uptake being donor dependent as seen in previous chapter (Figure 3.14),
there was strong positive correlation between the number of traceable 4Pm28{N T cells and
the quantified SPECT signal for samples with over 20x10* 4Pm28¢N T cells (Figure 4.9 b,
top). However, when the number of hNIS positive cells per cell pellet was bellow 6x10% cells,
the correlation weakened (Figure 4.9 b, bottom). A positive and strong correlation was also
observed when measuring *™TcQ," activity in the cell pellet in vivo (by drawing an ROI
on the SPECT images) and ex vivo (samples measured in a gamma counter) (Figure 4.9 c),

demonstrating accurate quantitation of tracer activity through a non-invasive method.
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Figure 4.9: Detection sensitivity of CAR T cells using XXUHS-M collimator. a) SPECT
images acquired 60 minutes after radiolabelling 4Pm28{N and 4PmTrN T cells with 5 MBq
of ™TcOy4 . Typical images shown from one 4PmTrN T cell batch. Graph depicts quantified
activity per pellet after imaging. n=3 donors. Error bars represent S.E.M. b) Typical image of
SPECT phantom imaging from one 4Pm28¢N T cell batch. Linear regression of quantified
tracer activity and number of positive hNIS cells. Each shape represents a donor. n=3-5
donors. c¢) Correlation of quantified activity by drawing ROIs on the SPECT images and ex
vivo gamma counting.

4.3 Tracer dose for XXUHS-M collimator

The data above demonstrated the higher sensitivity and accuracy of the XXUHS-M collimator
for the quantitation of low tracer activity, compared to the GP-RM collimator. It was

hypothesised that lower tracer doses could be administered when using the XXUHS-M
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collimator to avoid saturation of the detectors (above 3 MBg/ bed position) and unnecessary
exposure. To build a compartmental model to quantify CAR T cell, tracer concentration in
the bloodstream and target site needs to be measured simultaneously. Thus, a single-bed
position would not suffice due to the small FOV covered by this collimator (Figure 4.7). To
test both tracer dose and settings for the dynamic imaging, 300x10° and 30x10° 4Pm28{N T
cells were injected s.c. in each shoulder followed by either 10 MBq or 5 MBq of **™TcOy4”
injected i.v. (Figure 4.10 a). Thirteen bed positions were used to image the CAR T cells and
the heart within the FOV, increasing the frame length to one minute. As expected, higher
signal was observed in the SPECT images when 10 MBq of ™TcO,4~ were administered
compared to animals that received 5 MBq of tracer (Figure 4.10 b & c¢). Quantified uptake
by the CAR T cells was within the accurate range of the SPECT camera for animals that
received 10 MBq of tracer, however, when the injected dose was reduced to 5 MBq of tracer,
the activity internalised by the 30x10> CAR T cells fell outside the accurate range (ranging
from 3 kBq to 3 MBq of ™TcOQy"). Superior sensitivity of the XXUHS-M collimator was
further corroborated by comparing SPECT images acquired after injection of the lower dose
of tracer. SPECT image quantitation showed 2-fold increase in the quantified activity if
images were acquired with the XXUHS-M collimator. Importantly, quantitation using the
GP-RM collimator fell out of its accurate range even if imaging 300x103 4Pm28¢N T cells
(Figure 4.11).

These data demonstrated the superior sensitivity of the XXUHS-M collimator, which
enabled the visualisation and precise quantification of extremely low doses of tracer. This
characteristic made it particularly well-suited for my longitudinal approach to quantify
CAR T cells non-invasive. A dose of 10 MBq of tracer was selected for future in vivo
experiments to prevent detector saturation and ensure that the quantitation of low activities

remained within the accurate range.
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Figure 4.11: XXUHS-M collimator demonstrates superior sensitivity. a) SPECT/CT
MIP view imaging with GP-RM. Arrows point to injection sites. b) Transversal views of the
same animal image with XXUHS-M collimator (top) or with the GP-RM (bottom). Images
reconstructed as a single 10-minute frame. c¢) Quantified **™TcOy4 activity from SPECT
images. 131



4.4 Compartmental model for CAR T cell quantitation

In order to model tracer kinetics and quantified number of CAR T cells homing to the tumour
site non-invasively, concentration of tracer in the bloodstream and the target tissue must
be concurrently measured. The suggested approach to quantify tracer kinetics involved a
two-compartment model consisting of a blood compartment and a tumour compartment.
Given that ®™TcOy is not metabolised or organified, no additional compartments are
required within the tumour compartment. To establish a non-invasive quantitation method
using this model, infiltrating CAR T cells were measured by flow cytometry to obtain the
reference quantitation data. Subsequently, the kinetic constants K; and K, were ascertained
and could serve as a non-invasive readout for determining the number of CAR T cells within

the tumour (Figure 4.12).
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Figure 4.12: Proposed mathematical model for the non-invasive quantitation of CAR T
cells through SPECT imaging. Tracer kinetics were measured by dynamic SPECT imaging.
The number of infiltrating CAR T cells were measured after ex vivo tumour processing by
flow cytometry. By combining the in vivo and ex vivo information a model can be established
for the non-invasive quantitation of CAR T cells.
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4.5 Image derived input function

To build a mathematical tracer kinetic model, concentration of radiotracer in the bloodstream
is defined as the input function. Arterial sampling is considered the gold standard method for
measuring tracer activity in the blood. However, this approach is highly invasive and there
are limitations on the number of samples that can be collected'#®. As an alternative, I chose
to define an image-derived input function from the SPECT dynamic data by drawing an ROI
over the heart to quantify tracer concentration over time. To test the feasibility of using an
image-derived input function for the mathematical model, the GP-RM collimator was used
to visualise fast occurring changes after bolus injection due to its ability to record as short as
S-second frames. An animal was catheterised, and dynamic data was acquired serially using
5-second frames. Frames were then re-binned and reconstructed as 30- or 60-second frames,
to match the minimum frame length that could be acquired with the XXUHS-M collimator.
Recording 5-second frames allowed the visualisation of the first pass of tracer through the
heart, followed by a second peak after flushing the catheter with saline solution. Similar
peak height was observed if dynamic data was re-binned in 30-second frames. Quantitation
of tracer concentration in the 1-minute frames followed a similar blood time activity curve.
Radiotracer concentration in blood rapidly decreased after administration reaching steady
state by thirty minutes post injection (Figure 4.13).

To facilitate standardisation between studies and prevent potential partial volume effects
when quantifying blood pool in the entire heart, tracer concentration is usually measured from
the left ventricle!*®. Visipaque was used as a contrast agent to facilitate the delineation of the
ROI over the left ventricle. As shown in Figure 4.14 a, Visipaque allowed the visualisation
of both heart ventricles and the vasculature of the liver. However, since Visipaque is an
iodinated contrast agent that increases tissue attenuation, it was hypothesised that its use
could impact the accurate quantitation of the SPECT/CT images. Three different phantoms

were tested in vitro. Two phantoms were prepared by mixing different amounts of Visipaque
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Figure 4.13: Blood pool time-activity curve. ROI drawn over the whole heart for
quantitation of dynamic imaging. Frames were binned at different lengths to allow
comparison. Inset shows zoom-in of the first 5 minutes of dynamic imaging.

with a known amount of radiotracer (**™TcO,"). As a control, a third phantom was prepared
by diluting the radiotracer in PBS. Phantoms were imaged dynamically, and radioactivity
was quantified in co-registered and attenutation corrected SPECT/CT images. Addition of
Visipaque led to overestimation of the measured activity in a dose dependent manner if the
images were corrected for attenuation and scatter radiation (Figure 4.14 b). Shorter frames
proved to be less accurate, as expected. If images were not corrected for attenutation, the
addition of the contrast media did not affect quantitation compared to the PBS phantom;
however, the lack of attenuation correction led to inaccurate and underestimated quantitation,

even in the absence of contrast agent (Figure 4.14 c¢). Thus, although Visipaque facilitated
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the visualisation of the left ventricle, it modified the tissue properties leading to inaccurate

tracer quantitation.
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Figure 4.14: Visipaque for visualisation of the left ventricle. a) Whole body MIP view
showing Visipaque contrast in heart ventricles and liver vasculature as well as endogenous
PmTcOy4 uptake by the stomach and salivary glands/thyroid. b) In vitro phantom studies
quantifying tracer from corrected (top) or non-corrected (bottom) images. Deviation
percentage defined as [(expected - measured)/expected]. VQ : Visipaque.

Up until now, tracer concentration in whole blood was used to describe the input function.
However, it is important to note that only tracer in plasma can extravasate to the tissue. Thus,
blood samples were collected, and plasma was extracted to compare tracer distribution in
whole blood versus plasma. Similar concentrations were observed between whole blood and
plasma samples, indicating that the blood time-activity curve does not need to be corrected

to plasma (Figure 4.15).
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Figure 4.15: Blood and plasma time-activity curves. Population curves from blood
samples collected by cardiac puncture. Blood samples were manually collected, and plasma
was separated by centrifugation. n=1/time point.

4.6 Proof of concept for the mathematical modelling

The next step was to test whether uptake by the CAR T cells could be fitted by the
proposed two-compartment model (Figure 4.12). As a proof of concept, 3x10° 4Pm28{N T
cells were injected subcutaneously in the shoulder followed by i.v. injection of *™TcOy .
Dynamic SPECT images were acquired from one minute post tracer injection following a
I-minute frame sequence that spanned 110 minutes. The two-compartment model, shown
in Figure 4.16 a, was built in SAAMII modelling software. To account for the absence
of excretion data and the tracer distribution to other organs, a forcing function (FF) was
applied to the blood compartment. This forcing function, name ql.FF, was derived from a
two-phase exponential decay curve fitted to the blood time activity data (Figure 4.16 b). The
model was fitted to the quantified CAR T cell data (s1) showing gradual accumulation of
the tracer, reaching maximum uptake 15 minutes post injection with steady state reached at
approximately 30 minutes post injection (Figure 4.16 c). The rate constants were extracted

from the model and are detailed in Table 4.1. The 95% confidence interval ranged from
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Figure 4.16: Proof of concept for the two-compartment model fit. a) Two-compartment
model built in SAAMII software. The blood compartment, q1, exchanges tracer with the
CAR T cell compartment, g2, at the rate defined by K; and K;. The blood compartment was
fixed with a forcing function (FF) and the quantified CAR T cell signal, s1, was fitted to the
model. b) Blood time activity curve and derived two-phase exponential decay equation. c)

Quantified CAR T cell signal with curve (q2) fitted by the model. n=1.

0.10 to 0.14 for K; and from 0.019 to 0.025 for K, indicating a good fit of the model

(Table 4.1).

Table 4.1: Rate constant values extracted from the two-compartment model.

Rate constant

Value (SD)

95% confidence interval

K

K»

0.12415 (0.0083)
0.02204 (0.0014)
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This preliminary study showed that tracer distribution in blood, and uptake by CAR T
cells, can be fitted to a two-compartment model by acquiring dynamic SPECT data with
the heart and CAR T cells present within the field of view. This experiment was a proof
of concept since CAR T cells were injected subcutaneously. Thus, the next step was to
determine the feasibility of modelling CAR T cell trafficking in animals bearing shoulder

xenografts.
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Chapter 5

Tracking CAR T cells in vivo

non-invasively

5.1 Establishing a xenograft mouse model

To non-invasively monitor CAR T cell trafficking and build a compartmental model to
quantify the number of CAR T cells homing to the tumour, I set out to establish a mouse
model with shoulder xenografts. PLP-LT tumours cells were injected s.c. in the shoulder
to allow the acquisition of dynamic data containing both the heart and the tumour within a
small field of view. The presence of firefly luciferase in the prostate cancer cell line (PLP-LT)
allowed for the non-invasive monitoring of tumour progression using BLI.

Titration experiments were performed to evaluate the optimal tumour cell dose required
to establish a mouse model in which disease progressed steadily over the course a few
weeks. Three different PLP-LT doses, 0.25, 0.5 or 1 x10° cells, were injected s.c. above
the shoulder. After eleven days, tumour engraftment was visible in all cohorts. Fast tumour
growth was observed at the highest dose. In this group ulcerations (represented by a star
in Figure 5.1) appeared from day 13 and animals were culled between day 15-18 due to

large tumour size or ulceration (Figure 5.1 a). Interestingly, BLI signal started to decrease
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Figure 5.1: Titration of PLP-LT tumour cells for establishing a xenograft mouse model.
a) Tumour volume was monitored by callipers measurements three times per week. Average
values per group are depicted on the left, individual animals are depicted on the right. Stars
represent first appearance of ulceration. b) Burden of firefly-luciferase PLP-LT tumours
assessed by BLI. c) Differences in body weight. n=3 animals/group. Graphs represent mean
+ SD.

from day 13, which could correlate with tumour necrosis since the oxidation reaction of
D-luciferin requires the presence of ATP and oxygen (Figure 5.1 b). The growth kinetics were
similar for the other two cohorts. Ulcerations were observed from day 25 for the medium
dose group (0.5x10° cells) and only one animal developed an ulcer in the low dose group
(0.25x10° cells). Weight loss was not observed in any of the groups (Figure 5.1 c).

The lowest dose of 0.25x10° cells was chosen to establish the model to allow for steady

disease progression and minimise the chances of ulcerations forming.
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5.2 Invivo non-invasive monitoring of CAR T cell trafficking

PLP-LT tumours were established in the shoulder area to allow for dynamic SPECT imaging
of heart and tumour within a small field of view; approximately 13 bed positions. BLI and
PmTc0,4” SPECT/CT were employed serially to assess tumour burden and intra-tumoural
accumulation of CAR T cells, respectively, as depicted in Figure 5.2 a. SPECT/CT baseline
scans were performed the day before PBS or 4Pm28¢N T cells were injected. Injection of the
tumour cells in the shoulder proved to be challenging due to location. Despite the presence
of viable PLP-LT tumour cells in all animals, as shown by BLI (Figure 5.2 b), tumour growth
was slower than in the titration experiment and exponential growth was observed from day 20
post-injection, instead of at 9 days post inoculation as predicted by the titration experiments.
Despite the limited tumour engraftment, animals were serially administered with **™TcOy4”
and imaged to assess CAR T cell infiltration and establish the protocol to quantify blood
time-activity curves.

The small tumour size made quantitation of SPECT images challenging since there was
not a clear outline of the tumours in the CT images. Nonetheless, quantitation of in vivo
imaging data was performed and the results showed increased uptake in tumours from treated
animals as early as two days post CAR T cell treatment (Figure 5.2 c¢). Intra-tumoural
accumulation of 4Pm28¢{N T cells was visible in a treated tumour two days post CAR T cell

injection, with no visible tracer accumulation in control animals (Figure 5.2 d).
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Figure 5.2: Tracking 4Pm28{N T cells in shoulder xenografts. a) Experimental timeline.
b) Average tumour burden measured by bioluminescence. ¢) SPECT/CT image derived
quantitation of 9mTCe0, uptake from tumours on day 0, 2, 7, and 10 post treatment after
administration of 10 MBq of ®™TcO,4". d) Representative SPECT/CT images showing
intra-tumoural accumulation of CAR T cells in a treated tumour (magenta frame) or
non-specific uptake in a PBS injected control tumour (black frame). n=3 animals/group.
Graphs represent mean + SD.

Analysis of the dynamic SPECT images showed similar time-activity curves for the heart
(as a surrogate for blood) not only between animals, but also throughout time (Figure 5.3 a),
suggesting that this protocol provides robust and reproducible quantitation. Ten days

post treatment, tumours and organs were collected and subjected to gamma counting to
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assess radioactivity levels. Tumours that received 4Pm28{N T cells showed slightly higher
radioactivity levels than tumours from control animals. Normal physiological **™TcOy,

uptake was observed in the salivary glands and stomach for all animals (Figure 5.3 b).
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Figure 5.3: In vivo and ex vivo tracer biodistribution. a) Average heart (blood surrogate)
time-activity curve. Six animals were image at day 0, day 2, day 7 and day 10 post CAR T
cell injection assessed by SPECT/CT. n=24 samples b) Ex vivo biodistribution at day 10 post
CAR T cell infusion, inset shows zoom-in on tumours. n=3 animals/group. Graphs represent

mean + SD.

Despite, the limited tumour engraftment and slow tumour growth, these preliminary
results showed: firstly, that CAR T cells can be detected by dynamic SPECT/CT as early as
two days post treatment, and secondly, that concentrations of tracer in blood, as measured in

vivo in the heart, after ®*™TcOy4" injection is comparable between animals and across time.
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Due to the lack of tumour engraftment observed in this study, the experiment was
repeated allowing the tumours to engraft and reach a size of over 100 mm? before treatment.
This tumour size would facilitate delineating the ROI over the entire tumour using the CT
anatomical data.

Subcutaneous injections of 0.25x10° PLP-LT cells were administered above the right
shoulder in each animal. Fourteen days later established tumours were treated with 4Pm28¢{N
T cells or PBS. BLI and **™TcO,4~ SPECT/CT imaging were employed to assess tumour
burden and intra-tumoural accumulation of CAR T cells, respectively, at the time points
depicted in Figure 5.4 a. CAR T cell transduction was determined 24 hours prior to i.v.
injection by flow cytometry and the control group received 200 ul of PBS. On the day of
CAR T cell administration an uptake assay was performed, with the transduced PBMCs
being able to internalise 12.5% of the added **™TcO," (Figure 5.4 b).

For all animals, body weight decreased immediately after CAR T cell or PBS administration,
but this recovered within six days (Figure 5.4 ¢). No therapeutic effect was observed in the
treated group compared to the PBS control group, however excised tumours from the treated
group did weigh significantly less (Figure 5.4 d & e).

Dynamic SPECT/CT imaging was performed before adoptive T cell transfer, 3- and
7-days post administration. ROIs were drawn over the tumours to quantify *™TcO,4 uptake
by the CAR T cells homing to the tumour by following the tumour anatomy in the CT.
SPECT images revealed elevated signal in the tumours that received 4Pm28{N T cells
compared to control tumours. The signal also intensified over time accumulating around
the tumour perimeter (Figure 5.5 a). SPECT image quantitation demonstrated an increase
in the amount of ®™TcOy," present in the treated tumours after CAR T cell administration.
Tumour uptake in treated animals increased over time compared to *™TcOy,” pre-CAR T
cell baseline scans at day 0, and to control tumours, confirming CAR T cell infiltration at

the tumour site. There was no visible increase in SPECT signal or quantified ™TcO," in
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Figure 5.4: Tracking 4Pm28(N T cells in vivo. a) Experimental plan. b) In vitro uptake
levels of injected CAR T-cells incubated with **™TcO," in the presence or absence of the
inhibitor. c¢) Percentage body weight change. Dashed line represents day of CAR T cell
injection. Statistical analysis was performed by Two-way ANOVA. d) Tumour volume was
monitored by calliper measurements. €) Ex vivo tumour weight measured on day 21 (7
days post ACT). Statistical analysis was performed by Student’s T test. n=3/treated groups,
n=2/control group. Graphs represent mean + SD. Statistical analysis was performed by
Two-way ANOVA. *p < 0.05; **p < 0.01. ACT = adoptive cell transfer.
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Figure 5.5: Accumulation of CAR T cells in treated tumours by SPECT/CT.
a) SPECT/CT images depicting CAR T cell homing to the tumour in treated animals (a)
at different time points and perfusion signal in control animals on day 7 ppost ACT (b)
following administration of 10 MBq of ™TcO, . Tumour borders are defined by the white
dotted line. * Image acquired on day 6 p. ACT. b) *™TcO," uptake was quantified from the
SPECT images in a) as percentage of the injected dose (%ID) at the established time points.
n=3/treated groups, n=2/control group. p. ACT = post adoptive cell transfer.
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the control tumours (Figure 5.5 b). Despite the heterogenous distribution of the SPECT
signal between animals, all tumours presented areas with low tracer signal (<1x10° %ID)
at the tumour core (Figure 5.5 a). This lack of signal could be related to disrupted tumour
vasculature or the presence of necrotic tissue.

The acquired SPECT data was analysed dynamically. Time-activity curves for heart and
tumour were plotted for each animal at the different imaging timepoints (Figure 5.7). If the
vein was missed during i.v. injection of the tracer, causing part of the solution to be injected
s.c., available tracer concentration in blood was severely affected thus directly impacting
tumour uptake (Figure 5.6). These data points were discarded during the data analysis (3 out

of 14 timepoints).
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Figure 5.6: Tracer biodistribution after i.v. injection. Biodistribution of tracer in blood
and subsequent tumour uptake after a missed (red) and precise (blue) i.v. injection of 10 MBq
of #MTcOy .

There was rapid increase of tracer circulating in blood following the i.v. injection of
PmTcO,4 . Maximum concentration was reached at 1 min post injection followed by an
exponential decay phase. Radioactivity amount in blood was comparable between treated
and control animals at baseline and day 3 post ACT. However, at day 7 post ACT, circulating

tracer in treated animals was consistently higher than for control animals (Figure 5.7). It was
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hypothesised that CAR T cells in circulation could be responsible for this difference in the
amount of tracer quantified in blood.

There were no differences in the tumour uptake between the groups at baseline, but
treated tumours showed accumulation of tracer above background levels at day 3 and 7 post
treatment (Figure 5.7). Although the extent of tumour uptake varied within the treated group
(Figure 5.7 b), maximum uptake was reached after 20 minutes post tracer injection before
reaching steady state, in line with the results yielded during the in vitro assays (Figure 3.8).

Imaging quantitation is directly affected by the ROI volume, which may differ between
subjects if tumour sizes are not comparable. The data was reanalysed and presented as
percentage of injected dose per gram of tumour (%ID/g), to normalise the data to the volume
of the drawn ROI. Differences in tracer concentration in blood at day 7 post ACT were still
evident. However, differences in tumour uptake between control and treated groups at day 3
and day 7 post ACT were less noticeable (Figure 5.8). Variability in the degree of tumour

uptake among animals that received 4Pm28¢N T cells decreased (Figure 5.8 b).
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Figure 5.7: *™TcO," time-activity curves at baseline and at two different time points
post ACT. a) Average and b) individual 70-minute time course of tracer accumulation in heart
and tumour of treated (square, n=3) and control (circle, n=2) animals after administration
of 10 MBq of ®™TcO,". Solid shapes represent the activity concentration in the tumour
and open shapes represent the activity concentration in the heart. Animals were imaged
before administration of immunotherapeutic treatment (baseline) and on day 3 and day 7
after administration of CAR T cells or PBS. Animals with missed i.v. injection of tracer (one
trated animal on baseline and one treated animal on day 7 p.ACT) are not included. Uptake
is expressed as the percentage of injected dose (%ID) quantified in the entire tumour. Graphs
in (a) represent mean + SD. 149
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Figure 5.8: “™TcO," time-activity curves at baseline and at two different time points
post ACT. a) Average and b) individual 70-minute time course of tracer accumulation in heart
and tumour of treated (square, n=3) and control (circle, n=2) animals after administration
of 10 MBq of ®™TcO,". Solid shapes represent the activity concentration in the tumour
and open shapes represent the activity concentration in the heart. Animals were imaged
before administration of immunotherapeutic treatment (baseline) and on day 3 and day 7
after administration of CAR T cells or PBS. Animals with missed i.v. injection of tracer (one
control animal on day 3 p.ACT and one treated animal on day 7 post ACT) are not included.
Uptake is expressed as the percentage of injected dose per gram (%ID/g) of tumour tissue.
Graphs in (a) represent mean + SD.
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Figure 5.9: Schematic of the ex vivo analysis of tumours after in vivo SPECT/CT
imaging. a) Excised tumours were divided into two parts for (a) immunohistochemistry or
(b) FACS staining of human CD3 T cells in the excised tumours.

Following SPECT imaging on day 7 post CAR T cell treatment, tumours were excised
and sectioned in two to study the degree of CAR T cell infiltration by flow cytometry and
immunohistochemistry (Figure 5.9). CD3™" cells were detected in two of the three tumours
that received 4Pm28¢{N T cells (Figure 5.10 a & b). Quantified CD3 positive cells by flow
cytometry ranged from 40,000 to 120,000 cells/gram of tissue processed (Figure 5.10 c).

Immunohistochemistry staining corroborated the flow cytometry data, revealing different
infiltration patterns between tumours that received 4Pm28(N T cells, with no apparent
staining in PBS treated group. Small clusters of CD3 positive cells were observed around the
tumour borders in sections from two of the three treated tumours, which corresponded with
better staining in the flow cytometry samples (Figure 5.10 a & b). Immunohistochemistry

slices were quantified using QuPath software and average numbers from three slices per
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Figure 5.10: Ex vivo analysis of tumours 7 days post ACT. a) Flow cytometry plots
depicting Single/live/CD3 positive cells in tumours that received 4Pm28CN T cells and were
harvested 7 days post ACT. Gating strategy shown in Figure S 8.3. b) Representative IHC
images from xenografts harvested 7 days post injection of 4Pm28(N T cells (n=3) or PBS
(n=2). Sections were stained for human-CD3. Two different areas are shown for 4Pm28{N
tumour sections (n=3) and are paired with the flow cytometry plots in a). Scale bar: 100 um.
¢) Quantified number of CD3 positive cells per gram of tissue from flow cytometry plots
in a). d) Average number of CD3 positive cells quantified in tumour sections using QuPath
software (Figure S 8.4). Graphs represent mean + SD.



tumour are shown in Figure 5.10 d. The total number of CD3 positive cells quantified in two
of the treated tumours ranged from 80 to 110 cells, the third treated tumour did not rate above
background. Infiltration was overall limited, with an average of only one to three CD3* cells
per mm? of tumour tissue. This data demonstrates the heterogenous distribution of CD3*
within the tumours.

In this small case study, tumour engraftment and growth followed the expected course,
allowing for the non-invasive monitoring of CAR T cell infiltration followed by ex vivo
quantitation of the infiltrated CAR T cells. To facilitate imaged derived analysis of tumour
uptake, tumours were allowed to reach 180 mm? prior to treatment. While it is easier to
identify and draw ROIs over large tumours on a CT scan, these tumours grew aggressively
leading to ulcerations shortly after treatment and rapidly reaching the maximum tumour
size allowed. This limited the long-term monitoring of the CAR T cells, the last time point
imaged being only 7 days post CAR T cell injection. Overall, CAR T cell infiltration was
limited at the time points studied in this experiment.

Despite these constraints, SPECT images showed heterogenous infiltration of CAR T cell
in the treated tumours. The quantified tumour uptake on the SPECT images was higher than
in control tumours and it correlated to the ex vivo quantitation of CD3 positive cells through
flow cytometry and immunohistochemistry. Interestingly, heart time-activity curves at day 7
post CAR T cell administration were considerably higher for treated animals compared to
control groups. It was hypothesised that there were CAR T cells in circulation, which could
account for the differences in tracer concentration in the heart.

In order to establish a mathematical model to track and quantify CAR T cells in vivo,
larger group numbers are needed to be able to assess variability among treated animals and
be confident about the conclusions drawn. The protocol used for the described experiments
is robust and reproducible, however both the in vivo imaging and the ex vivo processing of

tumours are time-consuming steps, limiting the number of animals that can be imaged and
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processed in a day. Thus, the best solution was to divide the protocol over two consecutive
days, the first day involving the in vivo imaging and biodistribution of animals and preserving
the whole tumours in MACS® Tissue Storage Solution overnight. The following day, the
protocol can be resumed by processing the tumours, staining the samples, and quantifying

the number of infiltrating CAR T cells by flow cytometry.

5.3 Optimising the protocol for the non-invasive

quantification of CAR T cells

To be able to increase the sample number per group, a new protocol was tested where ex
vivo tumour processing was delayed to the following day by preserving the tumour samples
overnight in MACS® Tissue Storage Solution. To confirm that storing the tumour overnight
did not affect CD3 detection, two independent experiments were performed to compare
dissociation of fresh tumour vs preserved tumours (Figure 5.11). Furthermore, to assess the
relationship between tumour volume prior to CAR T cell treatment and CAR T cell infiltration
patterns, established tumours were treated at different stages; in the first experiment tumours
were treated when they reached 88 mm? , whereas in the second experiment tumours were
treated when they reached 64 mm? .

In the previous study, differences in the heart activity curves were noticeable between
treated and control groups. Thus, in these experiments, blood samples were collected and
stained alongside tumours to detect whether there were circulating CAR T cells that could
have taken up the tracer leading to such difference (Figure 5.11).

In a first experiment, PLP-LT cells were inoculated s.c. in the shoulder area. After 16
days, established tumours were treated with 4Pm28¢N T cells or untransduced T cells. The
average tumour size for animals that received 4Pm28¢N T cells was 88mm?> . Tumour burden

was monitored by BLI twice per week, and tumour size was measured using callipers three
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Figure 5.11: Schematic of the ex vivo analysis of tumours after in vivo SPECT/CT
imaging. Excised tumours were divided in three parts for a) immunohistochemistry, b) FACS
staining of freshly disassociated tumour, or ¢) FACS staining of preserved tumours. Blood
samples were also stained and analysed by FACS.

times a week. Seven days post treatment, dynamic SPECT/CT images were acquired to study
intra-tumoural accumulation of CAR T cells followed by ex vivo analysis of the tumours
(Figure 5.12 a).

CAR T cell transduction was determined 24 hours prior to i.v. injection by flow cytometry
and the control group received the same total number of T cells. On the day of CAR T cell
administration an uptake assay was performed, a modest 5% of the added *™TcO,4 (0.33
MBg/ml) was internalised by the transduced PBMCs (Figure 5.12 b). After treatment, body

weight continuously decreased for all animals (Figure 5.12 ¢). 4Pm28¢N T cells slowed down
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Figure 5.12: Tracking 4Pm28(N T cells in vivo. a) Experimental plan. b) In vitro uptake
levels of injected CAR T-cells incubated with *™TcOy" in the presence or absence of the
inhibitor. c¢) Percentage body weight change. Dashed line represents day of CAR T cell
injection. d) Ex vivo tumour weight measured on day 24 (7 days post ACT). e) Luciferase
burden measured by BLI. f) Tumour volume was determined from calliper measurements.
n=3/treated groups, n=1/control group. Graphs represent mean + SD.
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tumour progression compared to the untransduced group, which was reflected in excised
tumours from the treated group weighing less than that the control tumour (Figure 5.12 d-f).

Dynamic SPECT/CT imaging was performed seven days post T cell administration and
ROIs were drawn over the tumours to quantify *™TcOy4™ uptake by the CAR T cells homing
to the tumours. Non-specific signal depicting perfusion was observed in the control animal.
In 4Pm28¢N treated animals, tracer signal accumulated around the tumour edges, with no
uptake at the tumour core (<1x107 %ID) (Figure 5.13 a). Tracer uptake in the tumours was
quantified from the depicted SPECT images and presented as the percentage of the injected
dose accumulated by the entire tumour (%ID) or by gram of tumour (%ID/g). Total uptake
was comparable between groups due to the larger size of the control tumour compared to the
4Pm28¢N treated tumours (Figure 5.13 b). In contrast, *™TcQy uptake per gram of tumour
in treated tumours was significantly higher than in control animals indicating the presence of
infiltrating CAR T cells (Figure 5.13 c).

These observations were corroborated by the dynamic data. Heart time-activity curves
revealed similar concentration of tracer circulating in blood for both groups, with a rapid
increase of circulating tracer after the i.v. bolus followed by a two-phase decay curve.
Tracer concentration in the treated tumours steadily increased after bolus injection reaching
maximum tumour uptake at 20 minutes post bolus injection. Uptake quantified for the entire
tumours was comparable between groups (Figure 5.14 top) but all tumours that received
4Pm28¢N T cells showed higher uptake per gram of tissue compared to the tumour that

received untransduced T cells (Figure 5.14 bottom).

157



a uT 4Pm28IN

*
b c
1.6+ 2.5-
[ | . e UT

gy O
@] 1.4 o) ;E = 4Pm28CN
X —— 5 2.0
}; =
S 1.2- =
B = 1.5
O 1.0 5
o % 1.0-

0.8

Figure 5.13: Infiltration of CAR T cells in treated tumours is observed through
SPECT/CT. a) SPECT/CT images depicting CAR T cell homing to the tumour in control
(grey) and treated animals (magenta) on day 7 post ACT after administration of 10 MBq
of ™TcO," . Tumour borders are defined by the white dotted line. **™TcO," uptake was
quantified from the SPECT images as b) percentage of the injected dose or ¢) normalised to
gram of tissue. n=3/treated group, n=1/control group. Statistical analysis was performed by
Student’s t-test. Graphs represent mean + SD.
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Figure 5.14: ®™TcO," time-activity curves at 7 days post ACT. a) Average and b)
individual 70-minute time course of tracer accumulation in heart and tumour of treated
(square, n=3) and control (circle, n=1) animals after administration of 10 MBq of **™TcOy",
seven days post administration of CAR T cells or PBS. Solid shapes represent the activity
concentration in the tumour and open shapes represent the activity concentration in the heart.
Uptake is expressed as the percentage of injected dose (%ID) or normalised per gram (%ID/g)
of tumour tissue or heart tissue. Graphs on a) represent mean + SD.

Following the dynamic acquisition, animals were sacrificed and organs, tumours and
blood were collected for ex vivo analysis. Radioactivity uptake in the samples was measured
using a gamma counter. Whole tumours from animals that received 4Pm28{N T cells
showed higher accumulation of tracer compared to tumours from the control animal (inset

Figure 5.15). Ex vivo biodistribution showed radiotracer accumulation in endogenous
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Figure 5.15: Ex vivo tracer concentration in organs. Quantified radioactivity uptake
of ®MTcOy" tracer from organs harvested 7 days post ACT. Animals were administered
10 MBq of *™TcOy4 for SPECT/CT imaging. Following imaging, organs were collected
and radioactivity was measured ex vivo using a gamma counter. Inset shows zoom-in on
tumour uptake. n=3/treated group, n=1/control group. ACT = adoptive cell transfer. Graphs
represent mean + SD.

hNIS expressing organs, i.e., stomach and salivary glands. There was also higher concentration
of tracer in the spleen and blood of treated animals (Figure 5.15).

Following gamma counting, tumours were divided in three sections; two sections were
used to quantify infiltrating CAR T cells by flow cytometry while comparing differences in
CD3 staining between fresh vs preserved tumour tissue in MACS® Tissue Storage Solution;
the third section was fixed in formalin for downstream immunohistochemical analysis
(Figure 5.11).

The fresh section from the tumour was disassociated and stained for CD3 to quantify
infiltrating CAR T cells by flow cytometry. In parallel, blood samples collected by cardiac
puncture were stained and analysed alongside the tumours to study whether circulating CAR
T cells could take up *™TcO," and contribute to higher concentrations of tracer in blood as

observed previously (Figure 5.7 and Figure 5.8).
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CD457CD3™ double positive cells were detected in two of the three tumours that
received 4Pm28¢N T cells. All treated animals showed positive CD3 staining, however,
background staining was noticeable in the control tumour (Figure 5.16 a). Quantified CD3
positive cells by flow cytometry using counting beads was above background for two of the
three treated tumours, ranging from 500,000 to 1,000,000 cells/gram of tissue processed
(Figure 5.16 c¢). Circulating CAR T cells were not detected in the blood samples by flow
cytometry (Figure 5.16 b), but higher counts were quantified in blood from treated animals
by ex vivo gamma counting (Figure 5.15).

The following day, tumour sections preserved in MACS® Tissue Storage Solution were
processed, stained for CD3 and analysed by flow cytometry. Unspecific background staining
in the control tumour decreased. CD3 staining of 4Pm28¢N treated tumours was not as
bright as the previous day (Figure 5.17). The difference in staining could be the result of
preserving the tumour tissue or it could reflect the heterogenous infiltration of CAR T cell
leading to uneven distribution of CAR T cells within the analysed tumour sections. Results
from the second planned experiment would further clarify whether preserving the tissue
affects CD3 detection.

As aforementioned, the third and last section of each tumour was used to detect CD3
T cells in paraffin embedded tumour sections. Immunohistochemistry corroborated the
presence of infiltrating CAR T cells in all 4Pm28¢N treated tumours, with CAR T cells
being detected within the connective tissue or the tumour margins (Figure 5.18), in line with
the depicted SPECT/CT images in Figure 5.13. There was no positive CD3 staining in the
control tumour (Figure 5.18). Quantitative analysis of the tumour sections using QuPath
measured an average of 150 CD3 cells per tumour slice, leading to an average of 10 cells per

mm? (Figure 5.19).
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Figure 5.16: Ex vivo quantitation of CAR T cells
seven days post adoptive cell transfer. Tumours
were excised and blood samples were collected seven
days post ACT for the ex vivo quantification of CAR
T cells by flow cytometry. a) Flow cytometry plots
depicting human CD457CD3™" T cells infiltrating the
treated xenograft tumours and b) circulating in blood.
¢) Quantitation of CD3™ T cells from plots in a) using
CountiBright beads. n=3/treated group, n=1/control
group. Graphs represent mean + SD.
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Figure 5.17: Comparison on the ex vivo detection of infiltrating CAR T cells from freshly
processed tumours vs tumours preserved overnight prior processing. Flow cytometry
plots comparing CD3 staining on tumour samples stained fresh on the same day of organ
harvesting (left) vs tumour samples preserved overnight in MACS® Tissue Storage Solution
and stained one day after organ harvesting (right). n=3/treated group, n=1/control group.
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Figure 5.18: Ex vivo analysis of infiltrating CD3 T cells by immunohistochemistry. a)
Paraffin embedded tumour slices were stained for human CD3. Scale bar: 1mm. b) Higher
magnification images showing heterogenous infiltration of CD3 T cells in tumour tumours.
Location of magnification shown by the black square on a). Scale bar : 0.25mm. n=3/treated
group, n=1/control group.
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Figure 5.19: Ex vivo quantitation of CD3 cells in tumour sections. Average number of
CD3 positive cells and concentration of CD3 " per mm? of tissue quantified using QuPath
software (Figure S 8.4). Graphs represent mean + SD.

To further assess the correlation between tumour size and CAR T cell infiltration patterns,
and to confirm the reproducibility of the two-day protocol, a second small study was
performed. PLP-LT cells were inoculated s.c. in the shoulder area and after 11 days
established tumours were treated with 4Pm28{N T cells or untransduced cells. The average
tumour size for tumours that received 4Pm28{N T cells was 64 mm> (smaller than the
88mm? used in the previous study). Tumour growth was monitored through BLI twice per
week, and tumour size was measured using a caliper three times a week. Eleven days post
treatment, dynamic SPECT/CT images were acquired followed by ex vivo analysis of the
tumours (Figure 5.20 a).

CAR T cell transduction was measured 24 hours prior to i.v. injection by flow cytometry.
On the day of CAR T cell administration an uptake assay was performed, with 3% of the
added *™TcO," (0.33 MBg/ml) being internalised by the transduced PBMCs (Figure 5.20 b).
All animals maintained their body weight after T cell administration (Figure 5.20 c). The

control mouse that received untransduced T cells showed rapid tumour progression and
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required sacrificing by day 17. There was no delayed tumour progression in the treated group,

and excised treated tumours were heavier than the control (Figure 5.20 d-f).
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Figure 5.20: Tracking 4Pm28{N T cells in vivo. a) Experimental plan. b) In vitro uptake
levels of injected CAR T-cells incubated with *™TcOQy in the presence or absence of the
inhibitor. c¢) Percentage body weight change. Dashed line represents day of CAR T cell
injection. d) Ex vivo tumour weight measured on day 22 (11 days post ACT). e) Luciferase
burden measured by BLI. f) Tumour volume was monitored by calliper measurements.
n=3/treated groups, n=1/control group. Graphs represent mean + SD.

Dynamic SPECT/CT imaging was performed eleven days post T cell administration and

ROIs were drawn over the tumours to quantify *™TcO," uptake by the CAR T cells homing
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the tumours. Due to a global shortage of radiotracer and fast progression of the disease, the
control mouse could not be imaged before it was sacrificed. Thus, for comparison purposes
of the imaging and ex vivo data, the control group was taken from the previous experiment.

SPECT images showed accumulation of tracer along the tumour edges for all treated
animals (Figure 5.21 a). One treated tumour showed an area of very high uptake, which
could correspond to a large number of infiltrating CAR T cells clustering together. Total
PmTcO,” quantified in the tumours that received 4Pm28¢N T cells was higher than for the
control group (Figure 5.21 b). When data was normalised to the tumour size, two animals
showed increased uptake over background (Figure 5.21 c).

These observations were corroborated by the dynamic data. Similar concentrations of
tracer circulating in blood was observed between groups, with a rapid increase of circulating
tracer after the i.v. tracer bolus followed by a two-phase exponential decay curve. Tracer
in the treated tumours steadily increased after bolus injection and it reached a plateau after
twenty minutes. There was clear accumulation of tracer above background in one of the
treated animals, corresponding to the strong signal observed on the SPECT images. Uptake
in the other two tumours was comparable to the perfusion levels quantified in the control

tumour that received untransduced T cells (Figure 5.22).
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Figure 5.21: Infiltration of CAR T cells in treated tumours is observed through
SPECT/CT. SPECT/CT images depicting CAR T cell homing to the tumour in treated
animals on day 11 post ACT after administration of 10 MBq of **™TcO,4 . Tumour borders
are defined by the white dotted line. Arrows point signal from CAR T cells. **™TcO,4" uptake
was quantified from the SPECT images as percentage of the injected dose (b) or normalised
to gram of tissue (c). Injected dose = 10 MBq of **™TcOQ,". n=3/treated group, n=1/control
group from previous experiment. Graphs represent mean + SD.
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Figure 5.22: Time-activity curves for ™TcQ," kinetics on SPECT scans at 11 days post
ACT. a) Average and b) individual 70-minute time course of tracer accumulation in heart
and tumour of treated (square, n=3) and control (circle, n=1) animals after administration
of 10 MBq of ™TcO,4". Animals were imaged eleven days post administration of CAR T
cells or PBS. Solid shapes represent the activity concentration in the tumour and open shapes
represent the activity concentration in the heart. Uptake is expressed as the percentage of
injected dose (%ID) or normalised per gram (%ID/g) of tumour tissue or heart tissue. Graphs
in (a) represent mean + SD.

Following the dynamic acquisition, animals were sacrificed, and organs and tumours
were collected for ex vivo analysis. Radioactivity uptake in the samples was measured using
a gamma counter. The tumours from animals that received 4Pm28{N T cells or untransduced
T cells showed similar uptake. Ex vivo biodistribution showed radiotracer accumulation in

endogenous hNIS expressing organs, i.e., stomach and salivary glands (Figure 5.23).
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Figure 5.23: Ex vivo tracer concentration in organs. Ex vivo biodistribution of tracer from
organs harvested 11 days post ACT after administration of 10 MBq of *™TcOy4". n=3/treated
group, n=1/control group from previous experiment. ACT = adoptive cell transfer. Graphs
represent mean + SD.

Following the same protocol as before, one third of the tumour was fixed in formalin to
carry out immunohistochemical analysis, another third of the tumour was stored in MACS®
Tissue Storage Solution overnight to delay tumour processing and the last third of the tumour
was disassociated and stained for CD3 to quantify infiltrating CAR T cells by flow cytometry
(Figure 5.11). CD457CD3" double positive cells were detected in all treated tumours
that received 4Pm28¢N T cells, there was also clear accumulation of CD3™ cells within
the tumours (Figure 5.24 a). Quantified CD3 positive cells by flow cytometry was above
background for two of the three treated tumours, ranging from 5,000 to 18,000 T cells/gram
of tissue processed (Figure 5.24 c). A small number of circulating CAR T cells was detected
in blood from a treated animal (Figure 5.24 b).

The next day, tumour sections preserved in MACS® Tissue Storage Solution were

processed, stained for CD3 and analysed by flow cytometry. Comparable staining patterns
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were observed after processing the tumour section stored overnight in MACS® Tissue

Storage Solution (Figure 5.25), suggesting tumour processing can be safely delayed.
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Figure 5.25: CD3 staining on tumours processed after harvesting or preserved overnight.
Flow cytometry plots comparing CD3, CD45 double staining on tumour samples stained
fresh after harvesting (left) vs delayed processing and staining (right). n=3/treated group.
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Figure 5.26: Ex vivo analysis of infiltrating CD3 T cells by immunohistochemistry.
a) Paraffin embedded tumour slices were stained for human CD3. Scale bar: 1mm. b) Higher
magnification images showing heterogenous infiltration of CD3 T cells in tumour tumours.
Location of magnification shown by the black square on a). Scale bar: 0.25mm. n=3/treated
group, n=1/control group.
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Immunohistochemistry staining on the remaining tumour tissue corroborated the presence
of infiltrating CAR T cells in the 4Pm28¢ N treated tumours in line with the tracer distribution
pattern observed in the SPECT/CT images (Figure 5.21). There was no positive CD3 staining
in the control tumour (Figure 5.26). In contrast to the previous experiments, CD3 positive
cells were not only observed around the tumour edge but were also able to penetrate the

tumour clustering around the tumour vessels (Figure 5.27).
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Figure 5.27: Multiplex staining of
infiltrating CD3 T cells and blood
vessels. Paraffin embedded tumour slices
stained for human CD3 T cells in purple
and CD31 marker in green. Scale bar: 50
um. n=3/treated group, n=1/control group.

Quantitative analysis of the tumour sections using QuPath measured an average of 6,000
CD37 T cells, with an average of 150 cells per mm? (Figure 5.28 a). Blood vessel density

was slightly higher for the treated group compared to the control tumour (Figure 5.28 b).
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There was positive weak correlation (r = 0.6) between the number of infiltrating CAR T cells

and blood vessel density (Figure 5.28 c).
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Figure 5.28: Ex vivo quantitation of CD3 cells in tumour sections. a) Average number of
CD3 positive cells and concentration of CD3 per mm? of tumour quantified from sections in
Figure 5.26. b) Blood vessel density quantified from sections in Figure 5.27. Quantification
was performed in Qupath (Figure S 8.4). ¢) Correlation between blood vessel density (y-axis)
and concentration of infiltrating CD3 T cells (x-axis). r = 0.6. n=3/treated group, n=1/control
group. Graphs represent mean + SD.
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5.4 Summary

Taking together, the results from the last three experiments discussed in sections 5.2 and
5.3 demonstrate clear variability in the degree of CAR T cell infiltration between animals,
with CAR T cells mainly gathering around the tumour periphery as shown by the SPECT/CT
images.

These experiments were named I, IT and III corresponding to the experiments described
in Figure 5.4, Figure 5.13 and Figure 5.20, respectively. As described in chapter 3, ®™TcOy4”
uptake is donor-dependent, thus, to compare the results from these three experiments,
quantified SPECT signals were normalised to the uptake level shown by the injected

4Pm28¢N T cells (Figure 5.29).

04— E+I
NaClO,+ - + -+ -

Figure 5.29: *°™TcQ," uptake by the inoculated CAR T cells. On the day of ACT, PBMCs
were incubated with 0.33 MBg/ml **™TcO," in the presence or absence of the inhibitor.
I, II, III = experiments described on Figure 5.4, Figure 5.13 and Figure 5.20, respectively.
ACT=adoptive cell transfer

Tumour volume at the time of treatment inversely correlated to the degree of CAR T cell

infiltration. Smaller tumour volumes at the time of 4Pm28¢{N T cell injection, led to higher
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number of CAR T cells infiltrating the tumours. CAR T cell infiltration was assessed by
SPECT/CT image derived quantitation of *™TcO4 uptake within the tumours and compared
to the number of CD3 positive cells present in the tumour slices.

In experiment I, tumours reached 180 mm?> before treatment. **™TcO," uptake at the
tumour site was just above 2% of the injected dose with similar uptake levels observed per
gram of tumour tissue. However, if tumours were treated at 85 mm? (experiment II), there
was a 1.7-fold increase in total tumour uptake and 2.2-fold increase in the uptake quantified
per gram of tissue, when compared to experiment 1. The inverse correlation between tumour
size and tumour uptake was further demonstrated in experiment III, in which tumours were
about 65 mm?> before treatment. There was a higher infiltration of CAR T cells in these
tumours leading to a 2.8-fold increase in the total amount of tracer within the tumour and a
2.5-fold increase if uptake was quantified per gram of tissue, when compared to experiment |

(Figure 5.30).
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Figure 5.30: Tumour volume at the time of treatment inversely correlated to tumour
uptake. a) Tumour volume before treatment. PmTcO,” uptake in the entire tumour (b) or
per gram of tumour tissue (c) quantified from SPECT images and normalised between donors
based on their in vitro 2™ TcOy4 uptake. I, II, IIT = experiments described on Figure 5.4,
Figure 5.13 and Figure 5.20. Graphs represent mean + SD.

Likewise, staining of tumour slices using immunohistochemistry also showed a higher
accumulation of CD3™" cells if tumours were small before treatment. There was a higher

number of infiltrating CD3 ™ cells in tumours treated in experiments I and I11I, as demonstrated

177



o
(7]

15500

: as4 L o uT
10500 3.5 230 H e PBS
2.5+ : s
5500 Jf + 154 NE 130 = 4Pm28CTN
o 5001 Q o5l Pt oW E 30l
5 250 R ¢ th 207
200 3~ 0.08 l H 0 454
150 ? © 10 % =
1004 2 0.04- & um
50 .- e | o > a8 .
0 " 0.00-—— 0- : —

Figure 5.31: Tumour volume at the time of treatment inversely correlated to the
number of infiltrating CD3 T cells stained by immunohistochemistry. a) Total number
of CD3 positive cells stained per tumour. b) Percentage of CD3 positive over total number of
cells detected in the tumour slice. ¢) Number of CD3 positive cells per tumour area. I, II, III
= experiments described on Figure 5.4, Figure 5.13 and Figure 5.20, respectively. Graphs
represent mean + SD.

by the increase in the percentage of CD3" cells within the total number of cells detected
in the tumour slices, the total number of CD3™" cells stained in a tumour slice and the
concentration of CD3™" cells per area of tissue (Figure 5.31). The differences where more
striking when comparing experiment I (average tumour volume of 180 mm?) to experiment
III (average tumour volume of 64 mm>).

This data demonstrates that initial tumour burden is a key factor regulating CAR T
cell infiltration. Although CAR T cell infiltration showed great intra- and inter-experiment
variability, all SPECT/CT images showed heterogenous tracer accumulation, which was
further confirmed by immunohistochemistry where the CD3™" T cells were clustering around
tumour vessels.

Tumour heterogeneity presents two challenges for the development of a compartmental
model. Firstly, it brings the method used to quantify tumour uptake into question. The
9mTc0," uptake by the tumours was measured by manually delineating ROIs encompassing
the entire tumour based on CT anatomical data. The results were presented as total uptake
by the entire tumour (%ID) or the uptake per gram of tissue (%ID/g). Presenting the data

as total uptake introduces a bias due to the influence of tumour volume. As the size of
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the ROI increases,so does the amount of radioactive tissue being assayed leading different
total tumour uptake for different size tumours. Therefore, to normalise for tumour size,
it is common practice to express the uptake as a concentration by dividing the quantified
radioactivity by gram of tissue or by volume. However, this approach dilutes the true signal
due to the heterogeneity of CAR T cell infiltration and the resulting SPECT signal. The total
volume of the ROI includes areas with minimal or no uptake, which can mask differences in
uptake between control and treated animals, hindering the accurate assessment of CAR T
cell infiltration. As an alternative to quantifying uptake in the entire tumour volume, the use
of thresholding methods can be employed to quantify only voxels above a certain level of

radioactivity, thereby avoiding the dilution of the true signal.
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Figure 5.32: Distinct radioactivity uptake patterns within treated tumour. Quantified
time-activity curves for different areas of the same treated tumour after administration of
10 MBq of **™TcQ4. ROIs were drawn over different areas of a treated tumour measuring
signal from infiltration of CAR T cells, signal around the tumour edge or in an area with no
visible uptake.

Secondly, compartmental models assume homogeneous uptake within a specific
compartment and do not account for concentration gradients. However, as depicted in

Figure 5.32, uptake levels can significantly vary between areas of the same tumour, further
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emphasising the necessity of employing thresholding approaches to compare uptake levels
within homogenous areas inside the tumour.

Despite the challenges associated with heterogenous tumour uptake, these experiments
yielded informative results regarding the feasibility of delaying tumour processing. If CAR
T cell infiltration is restricted, delaying the processing of tumours may impact detectability.
However, with enhanced CAR T cell infiltration, it is possible to safely delay tumour
processing without compromising the detection of infiltrating CAR T cells by flow cytometry.
Additionally, these experiments proved beneficial in optimising the protocols for in vivo

9mTc0,” SPECT/CT imaging and ex vivo analysis.
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Chapter 6

Towards the development of a

non-invasive quantitation method

After optimising the protocols for the dynamic imaging of CAR T cells in vivo and the ex
vivo analysis of infiltrating CAR T by flow cytometry, an in vivo study was performed to
study the feasibility of modelling and quantifying CAR T cell infiltration non-invasively
through a two-compartment model. The optimised experimental protocol was designed to
take place over two consecutive days. On day 1, animals underwent dynamic SPECT/CT
imaging followed by organ biodistribution. Radioactivity uptake in the organs was assessed
with a gamma counter and treated tumours were then stored in MACS® Tissue Storage
Solution overnight while control tumours were fixed in formalin. On day 2, treated tumours
were processed to a single cell solution and stained for surface markers to quantify number
of infiltrating CAR T cells by flow cytometry. On the other hand, control tumours were
embedded in paraffin, sectioned, and stained for immunohistochemical analysis (Figure 6.1).
By performing the protocol over two days, more animals could be included per group

increasing the study’s statistical power.
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Figure 6.1: Schematic of optimised experimental plan. Dynamic SPECT imaging was
performed at the established time point followed by organs and tumour ex vivo gamma
counting (day 1). a) Tumours from treated animals were stored in MACS® storage solution
and the following day (day 2) tumours were processed for staining and detection of CAR T
cells by flow cytometry. b) Control tumours were fixed in formalin and the following day
(day 2) tumours were embedded in paraffin blocks for downstream sectioning and staining.

6.1 Invivo quantitation of CAR T cells

NSG mice were inoculated with PLP-LT tumour cells s.c. in the shoulder area. As shown
in the previous chapter, there was an inverse correlation between the initial tumour volume
and the number of infiltrating CAR T cells detected at the end of the experiment. Thus, I
concluded the optimal timing for ACT was 9 days post tumour inoculation when average
tumour size was around 68 mm>. Animals were randomized into 5 groups, two control
groups receiving PBS or untransduced T cells; and three treated groups receiving 4Pm28¢{N

T cells. Tumour growth was monitored through BLI twice per week, and tumour size was
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measured using callipers three times a week (Figure 6.2 a). CAR T cell transduction, based
on myc tag and hNIS surface expression, was measured 24 hours prior to i.v. injection by flow
cytometry. On the day of CAR T cell administration an uptake assay was performed, with
2.25% of the added *™TcO,4 being internalised by the transduced PBMCs (Figure 6.2 b).
For all animals, body weight was maintained after treatment (Figure 6.2 ¢). 4Pm28¢{N
T cells did not exhibit any therapeutic effect when compared to the control groups, as
indicated by the higher luciferase burden and tumour volume measured by BLI and calliper,
respectively (Figure 6.2 e & f). Additionally, there was a progressive increase in tumour
weight (Figure 6.2 d).

Dynamic SPECT/CT imaging was performed at the established time points (Figure 6.2 a).
Time frames were binned together after reaching steady state (30 to 70 min post tracer
injection) and radioactivity within the tumours was quantified by placing ROIs in the
tumour and heart. Non-specific tracer signal around the tumour edges was observed in
the tumours of control animals treated with PBS or untransduced cells. Distinct accumulation
patterns were observed in treated tumours with the signal intensifying over time. Hot spots
within the tumours were hypothesised to be CAR T cells clustering around tumour vessels
within the treated tumours (Figure 6.3 a). These observations were further supported by
quantitative measurement of radioactivity in the tumour regions. Control tumours that
received untransduced cells or PBS showed minimal accumulation of radiotracer (below 1%
of the injected dose), indicating tumour perfusion. The average total uptake (%ID) in the
treated tumours exceeded the levels of perfusion at the studied time points. Higher tracer
accumulation was measured on day 12 and day 14 post CAR T cell, compared to day 9,
indicating higher number of CAR T cells in the tumours. To account for the increasing tumour
volume over time, tumour uptake was normalised to the ROI volume (%ID/g). Although,
differences in uptake between the treated groups decreased, they remain above perfusion

levels at all time points (Figure 6.3 b).
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Figure 6.2: Treating tumour xenografts with 4Pm28{N T cells. a) Experimental plan.
b) In vitro uptake levels of injected CAR T cells incubated with 0.33 MBq/ml **™TcOQ," in the
presence or absence of the inhibitor. ¢) Percentage body weight change. Dashed represents
ACT day. d) Ex vivo tumour weight measured on last time point. €) Tumour burden measured
by BLI. f) Tumour volume was monitored by calliper measurements. Animals treated with
4Pm28¢N were culled at different time points (IILIIT) for downstream ex vivo analysis.
n=3-8/treated groups, n=5/control groups. ACT: adoptive cell transfer. Graphs represent
mean + SD.
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Figure 6.3: Infiltration of CAR T cells in treated tumours observed through SPECT/CT
imaging. a) Representative sagittal (top) and transverse (bottom) SPECT/CT images
depicting CAR T cell homing to the tumour in treated animals (magenta frame) at different
time points after administration of 10 MBq of **™TcO, . Perfusion signal in control animals
on day 7 (UT, grey frame) or day 9 (PBS, black frame) post ACT after administration of 10
MBq of **™TcO,4 . Tumour borders are defined by the white dotted line. b) **™TcO,4 uptake
was quantified from the SPECT images in a) as percentage of the injected dose (%ID) or
normalized to tumour volume (%ID/g). SPECT/CT images from all animals are shown in
Figure S 8.5, 8.6 & 8.7. PBS (n=3), UT = untransduced T cells (n=5), 4Pm28{N I = day
9 post ACT (n=7), 4Pm28{N II = day 12 post ACT (n=7) and 4Pm28¢{N III = day 14 post
ACT (n=3). p. ACT = post adoptive cell transfer. Graphs represent mean + SD.
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To quantify tracer concentration concurrently in heart and tumour, the data was quantified
by placing ROIs in the tumour and heart to extract the time-activity curves. For this purpose,
the three different CAR T treated groups were pooled together. Tracer concentration in blood
was similar between groups, achieving maximum concentration shortly after tracer bolus
followed by a two-phase decay curve (Figure 6.4 a). Tracer concentration in the tumour
steadily increased after tracer bolus, the treated tumours showing concentrations above
control tumours, indicating accumulation of tracer by the CAR T cells above perfusion levels.
Intra-group variability was large making the difference in uptake between CAR-treated and

control groups not significant (Figure 6.4 b).
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Figure 6.4: Heart and tumour time-activity curves of " TcOy" in control and CAR
treated animals. a) Average 70-minute time-activity curves from the hearts (dashed lines)
and tumours (solid lines) of animals treated with PBS, UT or 4Pm28{N CAR T cells
following administration of 10 MBq of *™TcOy4 on the day of imaging. b) Zoom-in of the
tumour time-activity curves shown in a). n=18/4Pm28{N, n=5/ UT and n=3/PBS. Graphs
represent mean + SD.
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In order to model the SPECT dynamic data, two models were proposed. The first model
was defined as a reversible two-compartment model consisting of a blood compartment
and a tumour compartment (Figure 6.5 a). The second model subdivided the tumour
compartment into two compartments, representing unbound tracer in the tumour tissue

and tracer internalised by the CAR T cells, resulting in a three-compartment irreversible

model (Figure 6.5 b).
sl
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Figure 6.5: Compartmental models built in SAAMII software. a) The blood compartment,
ql, exchanges tracer with the tumour compartment, g2, at the rate defined by K; and K;. The
blood compartment was fixed with a forcing function (FF) and the quantified tumour signal,
s1, was fitted to the model. b) The tumour compartment is formed by two compartments
representing the unbound and bound fractions, with the exchange rate defined by K3.

Control tumours were modelled based on the two-compartment model as there is no
specific uptake within the tumours. To determine which of the two models more accurately
described the quantification of tracer kinetics in the treated animals, graphical methods
were firstly applied to the dynamic data. Graphical methods rely on the transformation of
the dynamic data to exploit the status of equilibrium of the tracer. The plots will result
in a linear trend after equilibrium if using the appropriate model, allowing extraction of
the parameter of interest from the slope. The main graphical methods are the Logan plot

and the Patlak plot!#*. The former was originally developed to quantify reversible receptor
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binding (i.e, the proposed two-compartment model) and the slope estimates the total volume
of distribution (V7), which equals the ratio of K{/K,, and represents the ratio of 9mTe0,
concentration between the tumour and blood at equilibrium. The latter is used for the
modelling of irreversible uptake within a tissue (i.e, the proposed three-compartment model)
and the plot estimates the irreversible uptake rate constant K;, which equals K;K3/(K>+K3).

These plots can be defined as:

S(t) Ctissue(T) d(T) —V S(t) Cblood(T) d(T)
Ctissue (t) T Ctissue (t)

+q 6.1)

Clissue (t) _x SE) Chblood (T) d(T)
Chlood (t) ' Coiood (t)

+V (6.2)

Where C;;g4,e represents the concentration of tracer in the tissue and Cpy,,,q 1s the input
curve. The average dynamic data from 4Pm28¢{N T cell treated animals were transformed
and plotted. A linear trend was only observed for the Logan plot, suggesting that the
dynamic data from treated animals is better represented by the two-compartment model
(Figure 6.6 a). Similarly, a linear trend was also observed for the control group using a Logan
Plot (Figure 6.6 b & c). The V7 values obtained from the treated and control groups were

comparable, suggesting limited infiltration of CAR T cells in the treated tumours.
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Figure 6.6: Logan and Patlak plots for graphical analysis of SPECT dynamic data.
a) Logan and Patlak plots for the graphical analysis of dynamic data from 4Pm28¢{N T cell
treated animals. b) & c¢) Logan plots fitted to the dynamic data from PBS and UT, respectively.
The data in the Logan plots showed a linear trend after the tracer has reached equilibrium
and the slope corresponds to the V7.

These graphical methods are simpler quantitative methods based on a compartmental
description of the tracer kinetics. To corroborate the results from the graphical methods and
attempt to gain a better understanding of the kinetics of the tracer internalisation by the CAR
T cells, the described compartmental models were built in SAAMII. Compartmental models
offer further information into how the system functions. As above, the two-compartment
model was fitted to the dynamic data from the UT and PBS control groups. Both two- and

three-compartment models were fitted to the dynamic data from 4Pm28¢N treated group. In
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both models, the blood compartment, representing the image-derived input function, was
fixed using a forcing function extracted from the two-phase exponential decay equation
derived from the heart imaging data. This accounts for missing data for excretion and tracer
distribution to other organs. Within these models, several rate constants were defined. K;
represents the rate of *™TcO," delivery from plasma to tumour tissue; K» is the rate constant
of tracer efflux from the tumour, and K3 represents the rate of *™TcOQy internalised by the
CAR T cells within the tumour (Figure 6.5). Values obtained for these rate constants are

summarized in Table 6.1 and Table 6.2.

Table 6.1: Rate constant values estimated by three- and two-compartment models fitted
with data from 4Pm28{N treated animals.

4Pm28¢N (three-compartment) 4Pm28¢N (two-compartment)

Rate constant  Value (SD)  95% confidence interval Value (SD) 95% confidence interval

K 0.081 (2.67) -5.594 t0 5.766 0.058 (1.24) -2.567 to 2.682
K> 0.38 (18.8) -39.670 to 40.444 0.15 (5.14) -10.700 to 11.005
K3 0.0001 (0.92) -1.952 to 1.952

AIC 5.47 542

Table 6.2: Rate constant values by two-compartment model fitted with data from control
animals.

PBS UT

Rate constant ~ Value (SD)  95% confidence interval ~ Value (SD)  95% confidence interval

K 0.069 (-0.17) -0.295 to 0.434 0.0578 (1.71) -3.553 to 3.669
K> 0.22 (2.75) -5.583 to0 6.032 0.15(5.75) -11.990 to 12.219
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The fitted curves displayed similar shapes for both the treated and control groups
(Figure 6.7). The values for the rate constants were comparable between the treated group
and the control groups in the two-compartment model, consistent with the outcomes of the
graphical analysis. Using a three-compartment compartment model did not improve the
fitting for the treated group; rather, it led to over-fitting, as demonstrated by the similar

Akaike information criterion (AIC) values (Table 6.1).
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Figure 6.7: Mean heart and tumour time activity curves and fitted models. A
two-phase exponential decay equation was used to fix the blood compartment (ql.FF).
g2 and g3 are derived from fitting the model to the data following the two-compartment and
three-compartment compartment models described on Figure 6.5.
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Considering the combined results from graphical and compartment modelling analyses, a
two-compartment model was considered suitable for describing the system. Nevertheless,
there were notable uncertainties in the fit, as evidenced by the wide confidence intervals.
These results emphasise the complexities involved in modelling the heterogeneous tracer

uptake by CAR T cells.

6.2 Ex vivo quantitation of CAR T cells

Following the dynamic acquisition, animals were sacrificed, and organs and tumours were
collected for ex vivo analysis. Radioactivity uptake in the samples was measured using a
gamma counter. Ex vivo biodistribution showed radiotracer accumulation in endogenous hNIS
expressing organs, i.e., stomach and salivary glands. There was also higher concentration of

tracer circulating in blood at day 9 post ACT (4Pm28¢N 1) possibly due to circulating CAR

T cells (Figure 6.8).
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Figure 6.8: Ex vivo tracer concentration in organs. Ex vivo biodistribution of tracer from
organs harvested following administration of 10 MBq of ®™TcQ4" prior SPECT/CT dynamic
imaging. Inset shows zoom-in on tumour uptake. PBS (n=5), UT = untransduced T cells
(n=5), 4Pm28¢N I = day 9 post ACT (n=7), 4Pm28({N II = day 12 post ACT (n=7) and
4Pm28¢N III = day 14 post ACT (n=3). ACT = adoptive cell transfer. Graphs represent
mean + SD.
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The total amount of tracer accumulated in the excised tumours highly correlated (r= 0.83)
with the image derived quantitation from the SPECT images in Figure 6.3 (Figure 6.9 a).
Moderate correlation (r = 0.5) was observed when comparing concentration of tracer per
gram of tissue (Figure 6.9 b), due to volume difference between the excised tumour and the
ROI drawn on the SPECT images. The use of CT contrast could enhance the delineation
of the ROI on the SPECT images by providing better contrast between the tumour and the

surrounding tissues.
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Figure 6.9: Ex vivo tracer concentration in organs. a) ™ TcO,4 uptake quantified from
harvested tumours by gamma counting and plotted as percentage of the injected dose (%ID)
and the correlation to the SPECT derived quantitation of tumour uptake. b) *™TcO," uptake
quantified from harvested tumours normalized to tumour volume (%ID/g) and its correlation
to the SPECT derived quantitation of tumour uptake. PBS (n=3), UT = untransduced T cells
(n=5), 4Pm28¢N I = day 9 post ACT (n=7), 4Pm28¢{N II = day 12 post ACT (n=7) and
4Pm28¢N III = day 14 post ACT (n=3). ACT = adoptive cell transfer. Graphs represent
mean + SD.

Following gamma counting, control tumours were fixed in formalin for downstream

immunohistochemical analysis, while the treated tumours were stored overnight in MACS®
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Tissue Storage Solution (Figure 6.1 left). Immunohistochemical analysis of the control
tumours revealed no positive staining for CD3 in tumours from animals that received PBS or

untransduced cells (Figure 6.10).

Figure 6.10: Ex vivo analysis of infiltrating CD3 T cells by immunohistochemistry.
Representative tumour sections stained for human CD3 (purple) and CD31 (green) from
tumours treated with untransduced cells (UT), PBS or spleen used as a positive control for
the staining. Scale bar: 0.25 mm. n=5/PBS group, n=5/untransduced group.

Following the overnight preservation, treated tumours were processed at the established
time points to quantify infiltrating CAR T cells by flow cytometry (Figure 6.2 a). The number
of infiltrating CD3™" T cells substantially increased between day 9 and day 12 post ACT, and
these numbers were maintained on day 14 post treatment (Figure 6.11 b).

These flow cytometry results (Figure 6.11 b) were consistent with the in vivo quantitation

of tracer uptake (Figure 6.3 b), indicating that the higher the number of infiltrating T cells,

194



the greater the quantified amount of **™TcOQy" at the tumour site. To establish the correlation
between the in vivo and ex vivo quantitation, data points falling under the limit of detection
for the XXUHS-M collimator, set to 5,000 CAR T cells (Figure 4.9 a), were excluded. Eleven

out of the eighteen processed tumours fell under the sensitivity limit.
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Figure 6.11: Ex vivo quantitation of CAR T cells in treated tumours. a) Representative
flow cytometry plots depicting the human CD3™ T cells within the harvested xenografts
at different time points post adoptive cell transfer. Flow cytometry plots from individuals
animals are shown in Figure S 8.5, 8.6 & 8.7. b) Quantitation of infiltrating CD3™ T cells
using CountiBright beads. n=8/day 9, n=7/ day 12 and n=3/ day 14. Graphs represent
mean + SEM.

A moderate positive correlation was observed between the number of infiltrating CD3 "

T cells and the total 2*™TcO4” uptake in the tumours (Figure 6.12 a). However, when tumour
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uptake was normalized to gram of tissue, the correlation was lost (Figure 6.12 b), due to the

differences in tumour volume among treated mice.
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Figure 6.12: In vivo and ex vivo CAR T cell quantitation. Correlation between the ex vivo
quantitation of infiltrating CAR T cells by flow cytometry and the image derived **™TcOy,
quantitation in SPECT images as a) % injected dose (r = 0.75) or b) %injected dose/gram
(r=0.29). Dotted lines represent the 95% confidence interval.

6.3 Improving the modelling CAR T cell infiltration

The primary limitation encountered during the development of the mathematical model
was the lack of tumour homogeneity. Within the tumour, CAR T cell infiltration exhibited
significant heterogeneity, resulting in an uneven distribution of *™TcO,". This heterogeneity
is characterised by the formation of hot spots represented by exceptionally high tracer uptake,
corresponding to clusters of CAR T cells, surrounded by areas with minimal uptake. Thus,
the standard approach of quantifying tracer concentration in the entire tumour and reporting
it as %ID/g leads to dilution of the true uptake signal coming from the infiltrating CAR T
cells .

To address this limitation and focus on quantifying areas of the tumour showing
accumulation of tracer, a thresholding method was applied to the placed ROIs to include in

the quantitation only those voxels with a signal exceeding 2.5% ID/g, thus excluding areas
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with minimal uptake and fitting to the assumption of homogenous tracer distribution within

the compartment (Figure 6.13).
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Figure 6.13: ™TcO," quantitation of hot spot areas in the tumour using a thresholding
method. Top) ROIs were placed over the entire tumours to quantify radioactivity
concentration in the tumours after administration of 10 MBq of *™TcO,". Bottom) A
thresholding method was applied to include only those voxels with over 2.5 %ID/g signal
within the ROI. Images represent sagittal, coronal, and transverse views from the same

animal.

This approach decreased the inter-group variability; however, it did not yield a significant
difference in the quantified uptake between the treated and control groups (Figure 6.14 a).
A marginal improvement on the correlation between the thresholded tracer uptake in vivo

and the number of CAR T cells detected in the tumours by flow cytometry was observed

(Figure 6.14 b).
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Figure 6.14: ®°™TcO," uptake quantification after thresholding ROI. a) **™TcO, uptake
quantified from voxels with a signal over 2.5 %ID/g. Graphs represent mean + SD. Statistical
significance calculated by Student’s t-test. b) Correlation between the ex vivo quantitation of
infiltrating CAR T cells by flow cytometry and the image derived *™TcQ," from thresholded
SPECT images (r = 0.45). Dotted lines represent the 95% confidence interval.

As an alternative, a second thresholding method was applied to the data to quantify the
region with maximal uptake defined as the concentration of the 3x3x3 cube of voxels centred
around the voxel with the highest uptake within the ROI (Figure 6.15 a). This drastic approach
yielded a homogenous distribution of the tracer within the ROI, as all voxels included in the
ROI presented high uptake, and it did result in significant uptake differences between the
treated and control groups (Figure 6.15 b). Applying this thresholding method to the dynamic
SPECT data increased the noise in the time-activity curves. Faster kinetics were observed,
the peak uptake occurred approximately 10 minutes post tracer infusion, followed by a steady
state around 20 minutes post-infusion. This time activity curve closely resembled the shape
fitted by the model during the proof-of-concept experiment (Figure 4.16 c). Nevertheless,
similar uptake patterns were observed for all groups with only significant differences in

uptake between treated and untransduced controls during the first 10 minutes of the scan.
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curve. Statistical significance comparing 4Pm28¢N to untransduced using a Student’s t-test.
*p <0.05, **p < 0.01, ***p < 0.001.

Similarly, when fitting the two-compartment model to the data (Figure 6.16 a), both
treated and control groups shared a similar time-activity curve shape for the tumour
(Figure 6.16 b & c¢). The rate constants extracted from the fitted model were comparable
between all groups suggesting a similar exchange of tracer between the bloodstream and the
tumour, irrespective of the presence of CAR T cells within the tumour. The uncertainties in

the fitting persisted, with wide 95% confidence intervals (Table 6.3 & 6.4 ).
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Figure 6.16: Two-compartment model. a) Schematic of the two-compartment model built
in SAAMII software. Square dots represent the mean uptake in the tumour at different time
points. Dashed line represents the fitted model for treated b) and control groups c).

Table 6.3: Rate constant values estimated by two-compartment models fitted with data
thresholded to the highest uptake cube of voxels in control animals.

PBS UT

Rate constant Value (SD) 95% confidence interval ~ Value (SD) 95% confidence interval

Ky 0.095 (0.4) -0.928 to 1.11 0.16 (0.08) -1.529 to 1.852

K> 0.174 (0.8) -1.587 to 1.937 0.222 (1.69) -3.262 to 3.906
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Table 6.4: Rate constant values estimated from two-compartment models fitted to data
thresholded to the highest uptake cube of voxels in 4Pm28{N T cell treated animals.

Rate constant ~ Value (SD) 95% confidence interval

K 0.194 (1.36) -2.691 to 3.080
K3 0.249 (1.7) -3.351 to 3.850

6.4 Summary

Successful CAR T in vivo tracking and ex vivo quantitation was achieved in this experiment.
The use of MACS® Storage solution allowed for larger sample number per group, increasing
the study’s statistical power. Non-invasive SPECT imaging demonstrated homing and
infiltration of CAR T cells to the tumour site in treated animals. As time progressed, more
CAR T cells were present in the tumour, resulting in an increase in the in vivo SPECT signal.
The in vivo data was validated by the ex vivo flow cytometry analysis of treated tumours.
Higher numbers of CD3™ T cells quantified by flow cytometry corresponded to higher uptake
in the tumours, showing a moderate correlation between these measurements.

However, the number of infiltrating CAR T cells was modest, and a significant portion of
samples fell below the detection limit of our imaging system. Out of 18 treated animals, only
7 showed more than 5,000 infiltrating CAR T cells, limiting the power of the study.

Furthermore, although distinct clusters of CAR T cells were observed in treated tumours
compared to the non-specific signal in control tumours, the time-activity curves displayed
similar uptake patterns for all groups, with no significant differences in overall ™ TcOy
quantitation. Additionally, the heterogeneous infiltration of CAR T cells posed challenges
for in vivo quantitation using compartmental modelling leading to large uncertainties in the
fitting and the possibility of multiple solutions. Improvements in the modelling fit were

achieved by thresholding the data to only quantify the hottest voxels within the ROI, however
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the high levels of uncertainty in the fits persisted. Considering these factors collectively,

further optimisation was required to enable quantitation of CAR T cell infiltration.
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Chapter 7

Proof of concept for the non-invasive

quantitation of CAR T cells

As described in previous chapters, tumour control by the CAR T cells was limited, as was
CAR T cell infiltration in tumoured mice bearing shoulder xenografts. To assess the cytotoxic
effect of the CAR T cells, and investigate a possible effect of the injection of *™TcO," for
tracking the CAR T cells on their functionality in vivo, tumour xenografts were injected s.c.
in the right flank.

NSG mice were inoculated with 0.25x10°® PLP-LT tumour cells s.c. in the right flank.
Tumour growth was monitored using callipers three times a week. After 12 days, animals
were randomised into six groups with an average tumour size of 46 mm?>. Controls included
PBS, UT and 4PmTrN groups to assess the anti-tumoral cytotoxicity of the CAR T cells. Two
groups received 4Pm28¢N T cells, but only one was exposed every three days to **™TcOy” to
investigate the radiation-induced impact on CAR T cell cytotoxicity. A baseline SPECT/CT
scan for monitoring CAR T cell infiltration was conducted on three animals from this group.
The last group received 4Pm28¢ T cells, which only express the PSMA-targeting CAR,
to study the effect of co-expressing the hNIS with the CAR (Figure 7.1 a). CAR T cell

transduction, based on myc and hNIS surface expression, was measured 24 hours prior
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Figure 7.1: Assessing the cytotoxicity of 4Pm28(N in vivo a) Experimental plan. b) In
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d) Tumour volume was monitored by calliper measurements. e) Survival curve. n=10/treated
groups, n=5/control groups. ACT: adoptive cell transfer. Graphs represent mean + SD.
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to 1.v. injection by flow cytometry. On the day of CAR T cell administration, an uptake
assay demonstrated 7.7% internalisation by 4Pm28,N T cells and 7.1% by 4PmTrN T cells
(Figure 7.1 b). Throughout the study, animals maintained stable body weights with reduced
body weight gain in the group administered with **™TcO, (Figure 7.1 c).

Rapid disease progression was observed, leading to the sacrifice of control mice by day
25 post-tumour inoculation. Both 4Pm28¢{N and control 4Pm28¢ T cells exhibited robust
anti-tumoural activity, with no differences between groups, demonstrating no detrimental
effect from the co-expression of the hNIS or the injection of *™TcOy4 . Complete tumour
eradication occurred in animals from all three treated groups, maintaining a tumour-free state
for fifteen days before relapse (Figure 7.1 d). Individual tumour growth curves are illustrated
in Figure 7.2. All treated animals showed prolonged survival compared to control animals
(Figure 7.1 e).

Encouraged by the impressive control of tumour growth by CAR T cells, CAR T cell
infiltration was visualised and quantified by SPECT/CT imaging in three animals from the
4Pm28¢N +7°MTcOy group. Initially, there was no discernible uptake signal at the tumour
baseline, but following ACT, there was clear tumour uptake with the signal intensifying over
time (Figure 7.3 a). These visual observations were corroborated by quantitative measurement
of radioactivity in the tumours, confirming the increasing infiltration and proliferation of
CAR T cells within the treated tumours (Figure 7.3 b).

For the remaining animals, **™TcO, was administered on the day they were scheduled
for sacrifice due to substantial tumour burden. An hour later, tumours were excised, and
radioactivity uptake was measured using a gamma counter. As anticipated, radioactivity
uptake was exclusively observed in hNIS-expressing CAR T cells (4Pm28¢N) (Figure 7.4 a).
The amount of the internalised tracer varied among tumours but generally increased over
time, reflecting the escalating infiltration of CAR T cells as days progressed (Figure 7.4 b).

Immohistochemistry was performed on some of these tumours to visualise the CAR T cell

206



%ID/g

o
©

4Pm28{N + 9mTcO,-

4Pm28¢N + 9mTcO,”

T T
13 17

Days post ACT

20

207

Days post ACT

13 0 13 17 20

Figure 7.3: High infiltration of CAR T
cells in treated tumours is observed through
SPECT/CT. a) MIP SPECT images depicting
specific 2™TcOy4™ uptake by 4Pm28¢{N CAR
T cells homing to the tumour at different
time points after administration of 10 MBq
of 99mTCO4'. Two MIP views per animal,
n=3 animals from 4Pm28¢N +*°™TcO," group.
White arrows point signal from CAR T cells.
SG=salivary glands, S=stomach, B=bladder,
T=tumour. b) *™TcO,4" uptake quantified from
the SPECT images in a) as percentage of the
injected dose per gram (%ID/g).



a b
a 25_ — 6_
la uT 0
X 207 . PBS >
L 45 4PMTIN < .
3 e 4Pm28¢ pet
Q -]
S 104 s 4Pm28IN ,
Iv ﬂ- 2—
'e) i 4Pm28N+ Q) °
o 97 9MTcO,” = - %
= J 4 =
£ o ° ? o)
3 0 = 0 oo
13 16 20 23 C » 2 v =
- +
Days post-ACT "RES Rz,
Lo EXQ
S o R
< a E
<8

Figure 7.4: Ex vivo quantitation of **"TcQO, uptake in excised tumours by gamma
counting. a) Ex vivo ®™TcOy uptake levels in tumours from different treatment groups at
the indicated time points post ACT. b) Ex vivo **™TcOy" uptake levels by treatment group
represented as percentage of the injected dose. Graphs represent mean + SD.

infiltration pattern (Figure 7.5). CD3 T cells were not visible in control animals (Figure 7.5 a),
while the extent of CAR T cell infiltration varied among treated animals (Figure 7.5 b). In
general, vasculature and CAR T cell infiltration at the core was absent ((Figure 7.5 b) 1),
accompanied by loss of nuclei staining (Figure 7.5 b) i1), pointing to the presence of necrotic
tissue. This aligns with the absence of **™TcO," signal at the core of the tumours in the
SPECTY/CT signals. Quantification of CD3% cells from the tumour slices yielded similar
results consistent with the gamma counter data. CD3 infiltration was only observed in treated
tumours, not in control (Figure 7.6 a). A larger number of CD3™" cells were quantified on
day 16 post ACT compared to day 13 (Figure 7.6 b). A strong positive correlation emerged
between the uptake quantified at the tumour by gamma counting and the percentage of CD3"

cells quantified from the immunohistochemical staining (Figure 7.6 c).
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Figure 7.5: Ex vivo analysis of infiltrating CD3" T cells by immunohistochemistry.
Paraffin embedded tumour slices from control (a) and treated (b) animals were stained for
human CD3. Scale bar: 2.5mm. c¢) Higher magnification images showing the lack of blood
vessels at the tumour core (i) and the loss of nuclei staining (ii). Location of magnification
shown by the black squares on b). Scale bar : 0.5 um. n=2/treated group, n=1/control group.
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Figure 7.6: Ex vivo quantitation of infiltrating CD3 T cells by immunohistochemistry.
Percentage of CD3 positive cells quantified using QuPath software grouped by treatment
(a) or by day of tumour harvesting (b). ¢) Correlation between the tumour uptake and the
percentage of CD3™ cells quantified after immunohistochemistry staining. r = 0.88. Graphs
represent mean + SD.

Increased CAR T cell infiltration was evident in this mouse model, contributing to an
enhanced signal-to-background ratio. Mice administered with 4Pm28{N and 4Pm28( T
cells were imaged dynamically using the GP-RM collimator in an attempt to establish the
mathematical model. Following dynamic acquisition, time frames were binned together after
reaching steady state (30 to 60 min post-tracer injection) and the MIP views are displayed
in Figure 7.7 a. High tracer uptake was observed in the 4Pm28{N treated animals, with no
visible accumulation in the 4Pm28( group. Ex vivo immunohistochemical staining of tumour
sections clearly illustrated the accumulation of CAR T cells in both groups as expected
(Figure 7.7 b).

Quantitative analysis of these SPECT images from 4Pm28( treated animals established
the perfusion levels around 2% ID/g, while 4Pm28{N treated animals exhibited clear
CAR T cell accumulation, reaching an average tumour uptake of 23% ID/g (Figure 7.8
a). Quantitation of CD3 positive T cells in these tumour slices indicated comparable levels
of CAR T cell infiltration between both groups(Figure 7.8 b). This data demonstrated the

specific internalisation of ™TcO," by the hNIS in 4Pm28¢N treated animals.
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and Figure S 8.9. n=3/group.

a 40
4Pm28¢N + 99mTCO4‘
2 a0 o 4Pm28g
5o
(If O 204
N
o
|2 N
& 10
[}
N e
b 100+ 300,000 8000+
8 *
— *
% 807 P ~ @ 6000
5 o .2 200,000 e O .
g 60— o w ED
5 =5 = 5 4000
Z 404 th Q 8 o
" A E 100,000 8 &
a o= £ 2000
O 204
2
0- 0- 0-

Figure 7.8: Quantitation of CAR T cell infiltration. a) Image-derived in vivo quantitation
of 2™MTcO,” uptake in tumours. b) Ex vivo quantitation of CD3 positive T cells in tumours.
n=3/group. Graphs represent mean + SD.
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To quantify tracer concentration concurrently in the heart and tumour from the dynamic
data, ROIs were delineated on the tumour and heart of each animal to extract the time-activity
curves. Tracer concentration in blood was similar between groups, reaching peak concentration
shortly after tracer infusion, followed by a two-phase decay curve. In 4Pm28( treated
animals, tracer concentration in tumours rapidly reached a plateau showcasing tumour
perfusion with no specific uptake by 4Pm28¢{ T cells. However, in tumours treated with the
hNIS expressing CAR T cells (4Pm28{N), tracer concentration steadily increased over time,
surpassing perfusion levels (Figure 7.9). This data indicates specific uptake of the tracer by
the hNIS-expressing CAR T cells and further supports the presence of infiltrating CAR T

cells in the tumours treated with 4Pm28{N T cells.

4Pm28C heart
4Pm28C tumour
4Pm28CN heart

LI I

4Pm28CN tumour

Scan time (min)

Figure 7.9: Accumulation of *™TcO," in treated tumours indicates infiltration of CAR
T cells. Time-activity curves for ®™TcOy" tracer kinetics in hearts and tumours of animals
treated with hNIS-expressing CAR T cells (4Pm28¢N) or control CAR T cells (4Pm28¢)
following administration of 10 MBq of ™TcO,4". Uptake is expressed as the percentage of
injected dose per gram of tissue (%ID/g). n=3/group.

Based on previous results, a two-compartment reversible model, consisting of a blood
compartment and a tumour compartment, was deemed appropriate for our system. As

previously described (section 1.6), the dynamic data was transformed and plotted to determine
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the total volume of distribution (V7) from the slope of the linear trend, representing the ratio

of ®™TcO4" concentration between the tumour and blood at equilibrium.
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Figure 7.10: Logan plots for graphical analysis of SPECT dynamic data. a) Schematic of
the two-compartment model. The blood compartment, q1, exchanges tracer with the tumour
compartment, g2, at the rate defined by K; and K. b) Logan plots for the graphical analysis
of the average dynamic data from 4Pm28¢N treated animals. c) Logan plots fitted to the
dynamic data of individual animals. The data in the Logan plots shows a linear trend after
the tracer reaches equilibrium and the slope corresponds to the V7.

Additionally, the two-compartment model was also built in SAAMII, and the corresponding
rate constants are summarized in Table 7.1. The fitted curves exhibited a good fit of the
model, revealing distinctive shapes between the 4Pm28{ and 4Pm28({N treated groups
(Figure 7.11), which was reflected in the values of the rate constants. The exchange rate
of tracer from blood to tumour (K1) was higher for the 4Pm28¢N group compared to the

4Pm28( group. Simultaneously, there was less efflux from tumour to blood (K»), as the
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tracer was internalised by CAR T cells rather than freely diffusing in and out of the tumour

(Table 7.1).
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Figure 7.11: Two-compartment model fits the dynamic data. A forcing function (red
dotted line) was applied to the blood measurements (grey circles). The average tumour
uptake is represented by the square dots and the green dotted line represents the fitted model

for 4Pm28¢N a) and 4Pm28¢ (hNIS control) b) groups .

Table 7.1: Rate constant values estimated by two-compartment models fitted with data
from 4Pm28(N and 4Pm28( T cell treated animals.

4Pm28(N 4Pm28¢

Rate constant  Value (SD) 95% confidence interval Value (SD) 95% confidence interval

K 0.19 (0.030) 0.12t0 0.25 0.07 (0.01) 0.04 to 0.10
K> 0.09 (0.044) -0.002 to 0.18 0.21 (0.05) 0.11 t0 0.32

The accumulation of 99mTcO4' varied across 4Pm28¢{N treated animals, as shown in
Figure 7.9. This variability was mirrored in the different values of the rate constants extracted
from applying the two-compartment model to each individual animal (Table 7.2) and in the
Vr values obtained from the Logan plots (Table 7.3). The higher the infiltration of 4Pm28N
T cells at the tumour site, the more *™TcQy" is transferred from the blood to the tumour,

resulting in larger K; values and less efflux of PmTc0,” from the tumour (K). As previously

214



described, V7 equals K/Kj in the case of two-compartment models. In fact, the ratio of
K;/K, obtained from the compartmental modelling showed similar results to the V7 obtained
from the Logan plot (Table 7.3), further confirming the robust fit of the two-compartment
model.

Table 7.2: Rate constant values estimated by two-compartment models fitted with
individual data from 4Pm28 NCAR T cell treated animals.

4Pm28¢N (o) 4Pm28¢N (w)

Rate constant ~ Value (SD) 95% confidence interval ~ Value (SD) 95% confidence interval

K, 0.0891 (0.008) 0.07 t0 0.10 0.1604 (0.017) 0.04 t0 0.10
K> 0.0363 (0.009) 0.01 to 0.05 0.0723 (0.013) 0.12 t0 0.19
APmM28EN (a)

Rate constant Value (SD) 95% confidence interval

K; 0.2206 (0.024) 0.17 to 0.26
K> 0.0394 (0.009) 0.02 to 0.06

Table 7.3: V7 and rate constant values estimated by the Logan plot and
two-compartment model fitted with individual data from 4Pm28{N treated animals.

4Pm28¢N (o) 4Pm28¢N (w) 4Pm28CN ()

Vr RatioK /K, Vr RatioK;/K, V7r RatioK;/K;>

2.58 2.45 243 241 5.20 5.60

Ultimately, to non-invasively quantify CAR T cell infiltration at the tumour site from
SPECT images, these values were correlated with the number of CD3™ cells quantified

from the tumour slices after immunohistochemical staining. There was a robust correlation
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between the ex vivo quantitation of the CD3™" cells in the tumour slices and the Vr values
obtained from the graphical modelling (Figure 7.12 a). A similar correlation was also

observed comparing the K/K, obtained from the compartment model (Figure 7.12 b).
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Figure 7.12: Correlation between the rate constants from the modelling and the
quantified CD3" T cells in 4Pm28{N treated tumours. Robust correlation between
the ex vivo quantitation of the CD3™ cells in the tumour slices and a) the V7 value obtained
from the Logan Plot (r = 0.9969) or b) the K;/K; ratio from the two-compartment model
(r =0.9940).

7.1 Summary

This data established the proof of concept for the in vivo non-invasive quantitation of
infiltrating CAR T cells through the application of mathematical models. The placement of
tumour xenografts in the flank resulted in heightened CAR T cell infiltration compared to
previous experiments where tumours were implanted in the shoulder/neck area. This appeared
to foster a more homogeneous infiltration pattern and substantial tumour uptake surpassing

perfusion levels in comparison to previous experiments. The augmented signal-to-background

216



ratio facilitated the development of a two-tissue compartment model, incorporating blood
and tumour compartments.

The fitting of Logan plots and two-compartment models to the dynamic data yielded
congruent values for Vr and the K;/Kj; ratio. Notably, narrow confident intervals were
obtained from the two-compartment modelling, demonstrating the robustness of the fit.
These values exhibited a compelling correlation with the number of CD3% in the tumour
slices. Although the power of the study was limited by the small sample number, these finding
strongly support the feasibility of employing mathematical modelling to non-invasively assess

CAR T cell dynamics in vivo.
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Chapter 8

Discussion

CAR T cell immunotherapy has revolutionised cancer treatment for haematological diseases.
However, this remarkable success has yet to be replicated in the treatment of solid tumours,
mainly owing to the intricate complexities inherent to the TME. CAR T cells circulating in
the bloodstream must reach the tumour site, extravasate from the disrupted vasculature and
survive amidst the immunosuppressive microenvironment to trigger a therapeutic response.
Tailoring the dosage of CAR T cells required at the tumour site for achieving tumour
remission hinges on the ability to monitor CAR T cell infiltration and quantify their numbers
effectively.

In this work the non-invasive in vivo longitudinal monitoring and in vivo/ex vivo quantitation
of CAR T cells was achieved in a prostate cancer model through the co-expression of the
reporter gene hNIS with a PSMA-targeting CAR. The hNIS is a transmembrane transporter
responsible for the uptake of iodide within the thyroid, salivary, gastric and mammary
glands. It is also able to transport clinically relevant radionuclides, such as **™TcOy,
and '8F-tetrafluoroborate, allowing the tracking of cells with ectopic hNIS expression
through SPECT and PET, respectively. The human origin of the reporter gene renders
it non-immunogenic. Furthermore, the hNIS, upon interaction with the tracer, remains on

the cell surface preserving its sensitivity. This is an advantage over the use of receptor-like
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reporter genes, such as SSTR2, which are susceptible to internalisation. The hNIS is only
functional on viable cells as the internalisation of **™TcQ," is linked to the transmembrane
sodium gradient created by the Nat/K™ ATPase pump, providing in vivo localisation of live
cells exclusively. This presents an advantage compared to direct labelling techniques®®87-90.
These characteristics make the hNIS an excellent reporter gene for cell tracking in vivo. In
the field of nuclear medicine, mathematical models are used to describe the pharmacokinetics
of tracer biodistribution in vivo. An example of mathematical modelling is compartmental
modelling where the entity, such as a tracer, being quantified exists in multiple compartments
at a given time. Tracer concentration in each compartment changes as a function of time (t)
and the flow between compartments is described by rate constants K. The use of the hNIS
was proposed as an imaging tool to develop a compartmental model aimed at quantifying the
exchange of tracer between the bloodstream and the CAR T cells that have infiltrated the
tumour. The rate constants obtained from the modelling could be further correlated with the
number of infiltrated CAR T cells, quantified ex vivo from the excised tumour samples by
flow cytometry or immunohistochemistry.

Expression of the reporter gene did not impede cell proliferation during the transduction
process, despite the larger vector size, achieving about 18-fold expansion. The predominant
phenotype in the resulting CAR T cell product was effector memory, defined as CD45RA™
CCR7. These CAR T cells exhibited robust and antigen-dependent anti-tumour activity,
which was retained when the CAR T cells were labelled with *™TcO, . Exposing the CAR
T cells to the required tracer concentrations for in vivo tracking did not induce apoptosis or
radiation-induced DNA damage. Higher concentrations of *™TcOy did induce apoptosis
although it was transient and reversible. Furthermore, the CAR T cells were able to take
up the tracer multiple times, enabling repetitive and longitudinal imaging of CAR T cell

biodistribution in vivo.

219



In vitro assays demonstrated a direct correlation between the number of CAR T cells
and the total amount of internalised tracer. However, no such correlation existed between
the total tracer uptake and the number of hNIS transporter copies expressed on the cell
surface. The uptake of 2™TcO," via hNIS relies on the sodium gradient established by
the Nat/K* ATPase pump, consequently, extracellular sodium levels may exert a more
significant influence on the regulation of tracer uptake compared to the number of gene
copies on the cell surface. However, this hypothesis remained unexplored.

In vivo, high sensitivity and resolution were achieved using the 3mm pinhole XXUHS-M
collimator. Although the extent of uptake varied among donors, on average, the limit of
detection was established at 5,000 CAR T cells. Following i.v. administration in tumoured
animals, CAR T cell clusters were clearly visualised as distinct hot spots in the SPECT
images. These findings were corroborated by IHC staining, confirming the presence of these
clusters surrounding tumour blood vessels. However, infiltration was limited in this prostate
cancer model with shoulder xenografts and the majority of the CAR T cells remained around
the tumour border unable to penetrate the tumour. This contributed to the challenges faced by
the mathematical model, which were addressed when the number of infiltrating CAR T cells
greatly exceeded the limit of detection of the collimator, as observed in the mouse model
with tumours located on the flank.

The development of the compartmental model faced two significant challenges. Firstly,
CAR T cell infiltration was limited in our shoulder xenograft mouse model, resulting in
suboptimal signal-to-noise ratio despite using the most sensitive collimator available, the
XXUHS-M collimator. Employing this collimator, the limit of detection for the SPECT
camera was established at an average of 5x103 CAR T cells. The number of CAR T cells
quantified by flow cytometry exhibited considerable variability between day 9 and day 12

post ACT, ranging from 3.4x10% to 9.9x10° T cells. The limited infiltration significantly

220



undermined the statistical power of the study, as eleven out of eighteen tumour samples fell
below the established limit of detection.

Secondly, compartmental models rely on the assumption that tracer concentration remains
uniform within a given compartment. However, the experiments presented in this thesis
consistently revealed heterogeneous infiltration patterns of CAR T cell in the SPECT images,
which were subsequently confirmed through ex vivo IHC analysis. CAR T cells tended
to accumulate primarily at the periphery of the tumours, forming a distinctive ring-like
pattern around the tumour’s edge. This observation suggests the presence of a dense tumour
stroma acting as a physical barrier or lack of nutrients and oxygen, however, this hypothesis
remained unexplored. THC analysis further illustrated the limited penetration of CAR T
cells, which accumulated mainly in the connective tissue. Additionally, these findings
indicated that the degree of CAR T cell infiltration was influenced by the timing of tumour
treatment. Tumours treated shortly after they were established, with an average tumour size
of 65 mm?>, demonstrated significantly higher levels of infiltrating CAR T cells compared to
tumours treated when they had grown to an average size of 180 mm?. This disparity is likely
attributed to the minimal variations in vascularisation between the two tumour sizes due to
the rapid growth kinetics observed in this model. This difference was apparent both in the
increased uptake levels within the treated tumours and the greater number of CD3 positive
cells quantified after IHC analysis of tumour slides from tumours treated at early stages.

Tumours treated at early stages not only showed a higher number of infiltrating CAR
T cells but the CAR T cells were distributed both around and within the tumour. This
distribution was characterised by hot spots of maximum tracer uptake surrounded by areas
with minimal uptake. [HC analysis demonstrated the presence of CAR T cells in proximity
to blood vessels, suggesting the ability of the circulating CAR T cells to extravasate from the

blood vessels at the tumour site, although limited migration within the tumour tissue was
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observed. No circulating CAR T cells were detected in the bloodstream by flow cytometry 7
days after ACT.

In order to non-invasively quantify CAR T cell infiltration, ROIs were placed over the
entire tumour guided by the CT anatomical data. Typically, the quantified radioactivity from
SPECT images is presented in terms of either %ID or %ID/g. However, presenting data as
%ID, i.e. total tumour radioactivity uptake as a percentage of the amount of radioactivity
administered, has the inherent limitation that it can be heavily influenced by the total volume
encompassed within the ROI. Larger ROIs will increase the quantitation levels due to
increased non-specific uptake in addition to specific uptake. Consequently, comparing the
uptake of tumours of different sizes can be challenging. To address this issue, it is common
practice to express the uptake as a concentration, % ID/g. This allows for a fair comparison
of tumour uptake regardless of the tumour size. However, it has its drawback in that it
may dilute the specific signal if uptake within the tumour is heterogenous. Larger tumours
tend to have bigger areas with minimal uptake, potential masking the differences in specific
signal when normalised to volume. Given the heterogeneous uptake patterns observed in
the presented studies, quantifying tumour uptake as % ID aligned better with the changes
in signal visualised in the SPECT images. Moreover, this approach closely followed the
pattern seen during the ex vivo quantification of CAR T cells using flow cytometry. Thus,
although this method carries some inherent bias, the %ID data provided a more accurate
representation of CAR T cell infiltration in the shoulder xenograft model.

Similar levels of radiotracer perfusion were quantified in tumours of animals treated
with PBS or untransduced cells, indicating comparable vascular density in these tumours.
Perfusion was quantified at approximately 0.5% of the injected dose, while signal from
treated tumours ranged from 0.3-3% of the injected dose, with an average of 1.76% of the
injected dose. To establish the ground truth for the mathematical model, the number of CAR

T cells within the tumour was quantified by flow cytometry on excised tumour samples. The
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isolation of CAR T cells from the tumours presented challenges due to the limited CAR T cell
infiltration, and a percoll gradient centrifugation was an important step during the isolation
to clear debris and tumour cells (Figure S 8.2). The number of CAR T cells quantified
by flow cytometry greatly varied over time, ranging from 3.4x10% to 9.9x10° T cells. The
ex vivo data revealed a gradual increase in the number of T cells infiltrating the tumours,
which corresponded with the rising SPECT signal over time, resulting in a moderate positive
correlation between in vivo and ex vivo quantitation.

The existing methods for quantifying infiltrating CAR T cells rely on establishing a
standard curve that correlates labelled T cells doses with the SPECT imaging signal, whether
in in vivo or in vitro phantoms studies. During the assessment of the SPECT camera’s limit of
detection (Figure 4.9 b), a standard curve was established and used to estimated the number
of infiltrating CAR T cells based on the quantified SPECT signal. In this experiment, the
estimated CAR T cell count significantly deviated from the ex vivo quantitation determined
flow cytometry. This discrepancy suggests that the simplicity of this approach may not be
sufficient for accurate quantitation.

Therefore, to delve deeper into the correlation between tracer uptake by the tumour
and the quantity of infiltrating CAR T cells, the dynamic SPECT data was quantified as
%ID/g and mathematical models were applied to the data. Presenting the data as %ID/g
effectively homogenises the signal across the tumour, aligning with the assumption of
uniform tracer distribution within a given compartment. The International Commission

167 In the case

on Radiological Protection offers biokinetic models for various tracers
of 1odide, the model subdivides the thyroid gland into two compartments to accomodate
iodide organification. Our proposed three-compartment model draws parallels with this
model, dividing the tumour compartment into two subcompartments to account for free

and internalised tracer by the CAR T cells. However, unlike iodide, 9mT:0," does not

undergo organification. Additionally, there is potential for tracer internalised by the CAR
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T cells to re-enter the vasculature if the 99mTCO4' concentration in blood is insufficient,
suggesting that the reversible two-compartment model is more suitable. This choice was
further reinforced by the results from the Logan and Patlak methods. These graphical
models facilitated the visualisation of a reversible two-compartment model or an irreversible
three-compartment model, respectively. The Logan plot demonstrated a linear trend for both
treated and control animals, indicating that the reversible two-compartment model describes
the system appropriately.

Despite efforts to fit a model to the dynamic SPECT data, challenges arose due to the
presence of sizable regions with minimal uptake, typically observed at the tumor core, and
the limited extent of infiltration. Consequently, the uptake in treated tumors did not exceed
perfusion levels, introducing substantial uncertainties when attempting to extract the rate
constants to define the exchange of tracer between the bloodstream and the tumor. In an
effort to improve the quantitation and truly represent a homogeneous uptake signal per gram
of tissue, a thresholding method was applied. This method incorporated into a new ROI
those voxels with a signal exceeding 2.5% ID/g while disregarding voxels with minimal
uptake. This approach provided homogeneous concentrations within the tumour compartment
without diluting the true signal. When the same thresholding approach was applied to the
control groups, no significant differences were observed between the treated and control
groups, suggesting that most of the quantified uptake in treated tumours is associated with
tumour perfusion rather than specific to CAR T cell uptake.

To further optimise the image-derived quantitation method, the SPECT dynamic data was
thresholded to incorporate those voxels with the highest uptake at the centre of a 3x3x3 cube
of voxels. This method ensured the quantitation of peak uptake while maintaining uniform
signal across all voxels included in the ROI, complying with the assumption of homogeneous
distribution within the tumour compartment. All ROIs were placed over hot spots within the

treated tumours, guaranteeing that the signal originated from a cluster of infiltrating CAR
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T cells. Although this method led to differences between the control and treated groups,
indicating the presence of CAR T cells at the tumour site in line with the flow cytometry
results, it still yielded notable uncertainties in the modelling fit.

Based on these results it was hypothesised that in order to establish a compartmental
model defining CAR T cell dynamics, CAR T cell infiltration needs to be boosted, ensuring
that the specific uptake signal surpasses perfusion levels and the detection limit of the
SPECT camera. This hypothesis was supported by the data obtained from the flank xenograft
mouse model. In this model, 4Pm28{N T cell infiltration was enhanced, leading to a
more homogeneous infiltration pattern and improved signal-to-noise ratio, which ultimately
allowed for non-invasive quantitation of CAR T cells through compartmental modelling.
In these flank tumours, 4Pm28¢N T cells were distributed throughout the tumour tissue,
with a preference for clustering around blood vessels. There was limited infiltration at the
tumour core, characterised by the absence of tumour vessels and loss of nuclei staining,
suggesting the presence of necrotic tissue. The more homogeneous distribution of CAR T
cells within the tumours, demonstrated both by the SPECT and IHC images, aligned with the
assumption of no gradients within a given compartment for compartmental modelling, while
still accurately representing the extent of CAR T cell infiltration.

Due to the tumour location on the flank, animals were dynamically imaged with the
GP-RM collimator, benefiting from its larger field of view to record 1-minute frames. The
XXUHS-M was not used as the small field of view would not have permitted dynamic imaging
with short frames. The high number of infiltrating 4Pm28¢N T cells mitigated the lower
sensitivity of this collimator, achieving excellent signal-to-noise ratio. As described above, a
Logan plot and a two-compartment model were fitted to the dynamic data. The volume of
distribution (V7) obtained from the slope of the linear trend in the Logan plot, represented
the concentration factor of *™TcO," in the tumour compared to blood at equilibrium. V7

can also be expressed as the ratio of K{/K,. This ratio of K;/K; was obtained from fitting
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the two-compartment model. The values obtained from the graphical and two-compartment
model were comparable, demonstrating the robust fit achieved by the two-compartment
model. Both the V7 and the ratio of K;/K; correlated strongly with the number of CD3
positive cells quantified ex vivo through immunohistochemistry. This small-scale study
illustrated the feasibility of applying mathematical models for non-invasive and in vivo
quantitation of CAR T cells.

In studies involving mouse models with limited CAR T cell infiltration, such as our
shoulder xenograft models, more advanced imaging analysis could provide a solution for
the analysis of the dynamic SPECT data, where CAR T cell infiltration is heterogeneous
and restricted. This advanced analysis could subsequently be integrated into the described
two-compartment model. One example is the application of voxel-wise analysis, which is
based on the analysis and modelling of each individual voxel within an ROI. This approach
provides greater sensitivity to heterogeneity, capturing small tracer changes in each specific
voxel. However, it comes with increased computational complexity and greater sensitivity to
noise, rendering the interpretation of the results more challenging. Voxel-wise compartment
modelling strategies are already being applied in the clinical setting for the analysis of
dynamic PET data, specifically for characterising the heterogeneous tumour uptake of gliomas
using '8F-FET!%® and for employing '®F-FDG total-body compartmental modelling!6°.

Limited infiltration is a well-recognised obstacle in the treatment of solid tumours, and
various strategies are being developed to enhance T cell homing and infiltration. For example,
CAR T cells have been designed to target stromal cells or to secret enzymes capable of

degrading the tumour matrix to overcome the stroma physical barrier’

. Expression of
favourable CCRs has proven effective in rectifying the mismatch between the chemokines
expressed by tumours and the CCRs expressed on the CAR T cell surface?®7”. To counteract

the immunosuppressive TME, armoured CAR T cells have been designed to produce

pro-inflammatory cytokines, thereby locally modulating the TME**~#?_ Combination therapies
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involving CAR T cells and immune checkpoint blockade inhibitors have also been shown to
improve treatment outcomes'>. However, most of these studies assess the changes in CAR T
cell infiltration ex vivo, providing insights only at specific end points.

The quantitative imaging approach developed here could provide valuable information
on the dynamic process of T cell infiltration by the repetitive monitoring of CAR T cell
infiltration and proliferation, assessing the effectiveness of novel CAR T cell designs or
combinatory treatments in a non-invasive and longitudinal manner. This would increase
the volume of data collected while minimising the need to expose large number of patients
to ineffective doses of CAR T cells in clinical trials. Furthermore, this tool also provides
valuable insights into T cell proliferation and its relationship to treatment outcomes, aiding
in determining optimal dosing and timing for downstream ex vivo analysis.

While the described research focused on PSMA-targeting CAR T cells with SPECT-based
monitoring, the hNIS reporter gene is a versatile tool. It can be incorporated directly into
the CAR-expressing construct, as described in this thesis, or it could be incorporated by
co-transducing an already developed CAR-expressing construct with a hNIS-expressing
construct to study the biodistribution of existing CAR T cell products. Furthermore, for
in vivo monitoring in the clinical context, PET imaging can be employed, utilising hNIS

compatible tracers, offering fast dynamic imaging and greatly increased sensitivity.

8.1 Conclusion

The present study successfully demonstrated the feasibility of employing a compartmental
modelling-based mathematical approach to non-invasively quantify CAR T cell infiltration
in vivo. Use of the hNIS reporter gene proved to be an effective strategy, not only for
non-invasive CAR T cell tracking but also for providing insights into the number of CAR T

cells infiltrating the tumor. While the mathematical model was developed using a limited

227



sample size, it serves as a promising foundation for further research and development in this

area.

8.2 Future work

To consolidate the findings presented in this preliminary study, future work should focus
on increasing the sample size, a limiting factor in the current study. Larger sample number
per groups are needed to confirm the differences observed in uptake curves between
hNIS-expressing (4Pm28¢N) and hNIS-control (4Pm28¢) CAR T cell treated groups, and
refine the proposed compartmental model. Validation of the optimised protocol would
subsequently involve the acquisition of additional data.

To refine the proposed compartmental model, future work could focus on examining
circulating CAR T cells and distribution of *™TcOy4" to other organs. Although CAR T
cells were not detected in circulation at the established time points, a more comprehensive
evaluation could provide insights into the contribution of **™TcOQ, internalised by circulating
CAR T cells to the total quantified *™TcO4" in the blood. gPCR could be used to increase
the detection sensitivity compared to flow cytometry. If there are indeed circulating CAR
T cells modifying the *™TcOy4” concentration in blood, the blood compartment could then
be divided in two subcompartments to account for free *™TcOy in plasma and **™TcOy,
internalised by the circulating CAR T cells. The blood compartment was fixed using a
forcing function due to the lack of data related to excretion and biodistribution of **™TcOy4-
to other organs. Whole-body imaging could be incorporated to collect this data, providing
also information about the biodistribution of CAR T cells beyond the tumour, potentially
requiring additional compartments in the model if significant trafficking and accumulation in
other organs is observed.

The integration of autoradiography into the ex vivo analysis, could facilitate the correlation

of 2™TcOy,” uptake with the distribution of CAR T cells within the tumour. Colocalising
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autoradiography slides with CD3 stained IHC slides would enable the study of specific areas,
providing more information beyond the whole tumour comparisons presented in this work.

To generalise the use of the compartmental model across different donors, a normalisation
factor must be implemented. This factor, could be derived from the in vitro *™TcO," uptake
assay performed on the day of CAR T cell injection, and could be incorporated into the
model to account for donor-dependent variations in SPECT signal.

This thesis pioneers the validation of a mathematical model designed to quantify CAR T
cells in vivo. It serves as the initial proof of concept for further research to fully unlock the

potential of mathematical modelling for the non-invasive quantitation of genetically modified

CAR T cell therapies.
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Supplementary data

[N AR RASRARSSRARSARS! R AR RAEN R RERAARTS RN AR AR RRSS RARAARS! SR AR RARRARESRARARAN

0.5

10

R AR R AT N RREYRERR IR T e ARSI AR R AR EARERNARY RN AL RAL N RS RESA LA

25

T ] e
E N — S——
=

39 0 3 24 72

Hours post
exposure

Figure 8.1: Radiation-induced DNA damage. Representative flow cytometry plots from
4Pm28¢N exposed to increasing amounts of *™TcO4”. DNA damage was assessed by
staining for intracellular YH2Ax at the listed time points post exposure.
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Figure 8.2: Percoll gradient centrifugation essential in the isolation of infiltrating CAR
T cells. The use of percoll during the isolation of infiltrating CAR T cells in the excised
tumours, minimised the detection of debris and PE™ tumour cells.

Tumour processing gating strategy

250k = 7 f 250K =

beads
5.61

200k = 200k =

150K = Live 150K = PE-

74.1 95.5
100 4 B 100K =
@ R
Lvm:h;;vtes 8 !5‘."‘&%{%»-” %,
50K = © 50K
=3
:F) 5
@ ; ; ' — ; ; : ' ol : v 1
%) 100K 150K 200k 250k 2Z 100K 150K 200K 250K a0 | o 10° 10* 10°
250K =
o
200k =
4

CD3+CD45+
2.84

150K =

CD45

CD3

Figure 8.3: Gating strategy for quantifying infiltrating CAR T cells by flow cytometry.
Tumours were processed to a single cell dilution as shown in Figure 6.1. The gating strategy
begins with the exclusion of debris and dead cells, and the detection of fluorescence beads
for quantitation. Tumour cells are excluded using a PE gate. Human T cells are defined as

CD45" and CD3™.
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Figure 8.4: Illustration of QuPath’s quantitation of CD3 T cells and blood vessels.
Representative example of the ’positive cell detection’ command used for the quantitation of
CD3™" T cells (a & b) or CD31 blood vessel marker (¢ & d). a) Full tumour sections showing
the detection of CD3 * T cells in red. b) Zoom in from a). c¢) Tumour section showing
the presence of blood vessels (CD31%) in green. d) Result of applying the positive cell
detection’ command (blue) on image c) to quantify CD31 expression.
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Figure 8.7: In vivo and ex vivo detection of CAR T cells in tumour bearing xenografts
fourteen days post ACT. a)SPECT/CT images showing the infiltration of CAR T cells on
tumour xenografts on day 14 post ACT after the administration of 10 MBq of *™TcOy" .
Dash circle represents tumour location. Each image represents a different mouse. b)Flow
cytometry plots detecting the presence of double positive hCD3ThCD45" T cells or (c)
single positive hCD3™" in tumours depicted in a). d) Detection of CD8 and CD4 T cells from
gating in b). ACT=adoptive cell transfer. Each image/plot represents a different mouse and
flow cytometry plots match SPECT/CT images. n=3 mice.
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