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Abstract

Chimeric antigen receptor (CAR)-T cell therapy has shown spectacular objective clinical
responses in the treatment of haematological malignancies. However, early trials employing
CARs specific for solid tumour antigens such as carcinoembryonic antigen (CEA) have been far
less successful. Preclinical studies suggest that this is partly due to several immunosuppressive
mechanisms within solid tumours. Therefore, the aim of the project is to improve CAR-T cell
therapy targeting CEA by increasing the potency of CAR-T cells and superseding the
immunosuppressive tumour microenvironment. To achieve this, CAR-T cells which secrete the
pro-inflammatory cytokine IL-12 or disrupt TGF-B or PD-1 signalling through the secretion of

antagonistic scFvs were developed.

Mouse anti-CEA CAR-T cells were successfully engineered to constitutively or inducibly express
IL-12. Compared to non-IL-12-secreting CAR-T cells in vitro, IL-12-secreting CAR-T cells
significantly improved CEA-specific cytotoxicity and increased IFN-y production. Whilst in vivo
results showed that a single dose of anti-CEA CD28-CD3( CAR-T cells constitutively secreting
IL-12 mediated complete regression of subcutaneous CEA* tumour in some mice, this
observation needs to be reproduced. Furthermore, anti-CEA CD28-CD3 CAR-T cells inducibly
secreting IL-12 did not achieve similar results. Combination of CAR-T cells constitutively or
inducibly secreting IL-12 with lymphodepletion pre-conditioning via 5Gy total body irradiation
(TBI) resulted in lethal toxicity, which was highly associated with IL-12.

Mouse T cells were also effectively transduced to express an anti-CEA CD28-CD3( CAR
construct and constitutively secrete aTGF-B or aPD-1 scFv with functional binding and blocking
capacity. The secretion of scFv did not enhance the CEA-specific cytotoxicity and cytokine
production of CAR-T cells upon co-culture in vitro. With regards to the in vivo function, scFv-
secreting CAR-T cells could not efficiently eradicate subcutaneous CEA* tumour, although
delayed tumour growth was observed in the therapy of CAR-T cells secreting aPD-1 scFv. Given
no significant difference in the infiltration of CD8* T cells in tumour sites between mock T cell
therapy and CAR-T cell therapy demonstrated by IHC analysis, the therapeutic effects of anti-
CEA CAR-T cells were possibly limited by the level of T cell infiltration or CAR-T cell retention.

Overall, this thesis has shown that immune modulation on anti-CEA CAR-T cells is a feasible
immunotherapeutic strategy for solid tumours. The therapy of anti-CEA CAR-T cells
constitutively secreting IL-12 appears to be efficacious in tumour regression in vivo, whilst it
needs to be further validated. More efforts are also required to determine whether the inducible
secretion of IL-12 or the constitutive secretion of aTGF-B or aPD-1 scFv results in improved

anti-tumour responses of anti-CEA CAR-T cells.
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1 Introduction

1.1 T cell mediated immunity

Protecting the host from infectious agents and minimising the damage they cause is the
primary role of the immune system. It has mainly two separate but interacting systems:
innate and adaptive immunity [1]. Innate immunity, which can range from external
barriers such as skin and mucous membrane to natural killer cells (NK cells), macrophages,
complement and innate immune receptors, is the first line of defence against pathogens
and provides a rapid non-specific response to invasion. The adaptive immune system
provides highly specific responses for a given pathogen and is capable of generating

immunological memory to prevent re-infection.

There are two main types of adaptive immunity: cell-mediated (or cellular) immunity and
humoral immunity. While humoral immunity is mediated by B lymphocytes and their
secreted antibodies, cellular immunity is mediated by T lymphocytes via cytotoxic T cells
(CTLs) through targeting cells that express appropriate surface antigens and killing. Both
mechanisms are regulated by helper T cells (Th cells), which release cytokines and licence
B cells and CD8* cells.

1.1.1 T cell development

T cells are derived from pluripotent hematopoietic stem cells in the bone marrow but
mature in the thymus. The development of T cells is a series of complex processes, which
can be reflected by changes in the status of the T cell receptor genes and in the expression
of cell surface proteins such as the CD3 complex, CD4, CD8, CD25 and CD44 [2]. These
cell surface proteins are of importance to reflect the state of thymocyte maturation and
can be used as markers to identify T cells of different stages of differentiation. T cell
precursors arriving in the thymus from the bone marrow do not express any of the three
cell surface proteins (CD3, CD4 and CD8) and are called double negative thymocytes due
to the absence of co-receptors CD4 and CD8 which bind to major histocompatibility
complex class II (MHC-II) and class I (MHC-I) respectively. These cells give rise to the
majority of ap T-cell lineage and the minor population of y® T cells which lack CD8 or CD4

expression even when mature.

In the double negative stage of ap T-cell lineage, which can be further divided into four

stages of development, rearrangement of the T cell receptor B-chain locus occurs by

13



randomly recombining variable (V) , diversity (D) and joining (J) gene segments and the
expression of the adhesion molecule CD44 and CD25 which is the a chain of IL-2 receptor.
Eventually, while thymocytes have no expression of CD44 and CD25 and cease to
proliferate, those cells express both CD4 and CD8 molecules and therefore become double
positive. At this stage, rearrangement of the a-chain locus begins by randomly
recombining V and J segments and double positive thymocytes must recognize self-
peptide: MHC (p: MHC) ligand and pass positive selection through receipt of growth
signalling upon successful recognition. Those cells that are able to recognize self p: MHC
ligand can go on to mature and express T cell receptor (TCR) at high density and lose
either the CD4 or CDS8 protein expression to become single positive cells. Meanwhile, those
thymocytes also undergo the negative selection process during and after the double-
positive stage, which eliminates the cells that bind to self antigens with high affinity. Those
selection processes lead to the maturation of T cells that are both MHC-restricted and self-
tolerant, leaving T cells capable of recognizing non-self peptides bound to MHC molecules.
Eventually, CD4* and CD8" T cells that complete maturation leave the thymus and migrate
to the peripheral lymphoid organs such as lymph nodes, spleen, and mucosal lymphoid

organs.

1.1.2 T cell activation

Activation of naive T cells on first exposure to antigenic peptides on the surface of antigen
presenting cells (APCs) such as dendritic cells (DCs), B cells or macrophages is called T
cell priming (Figure 1.1). The molecule responsible for antigen specific recognition of T
cells is the TCR, which is composed of heterodimer (either a and B or y and 0 chains). It
is associated with a set of transmembrane spanning proteins called the CD3 complex,
which is necessary for T cell activation by transducing antigen recognition signals into T
cells. Notably, the TCR can only recognize antigenic peptides bound to MHC molecules.
The MHC molecules can be divided into two classes: MHC-I, which are expressed on the
surface of nearly all nucleated cells and MHC-II, which are only expressed on APCs [3].
Before binding to MHC molecules, antigen processing is required to degrade the antigen
to peptide fragments. While MHC-I molecules bind peptide fragments of 8 - 10 amino
acids, MHC-II molecules can accommodate longer peptide fragments of 13 - 24 amino

acids as theirs binding groove is more open.

In general, naive T cells which have CD8 co-receptors on their surface can recognize
peptides from the cytosol when it is presented in complex with MHC class I molecules,
whereas T cells bearing CD4 receptors recoghize peptides from extracellular proteins

loaded on MHC class II molecules. Notably, exogenous peptides can also be cross-
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presented by DCs to CD8* T cells [4]. Apart from antigenic signalling, co-stimulatory
signals generated from the binding of co-stimulation receptors and their ligands are also
needed to fully activate T cells. CD28 is perhaps the most important and well characterized
co-stimulatory receptor involved in T cell activation [5]. Ligation of CD28 by the B7 family
molecules including B7-1 and B7-2 expressed on the APCs such as DCs, can induce an
increase in interleukin-2 (IL-2) secretion and enhance T cell proliferation, differentiation
and survival [6]. Notably, DCs can upregulate the expression of B7 family upon activation
and maturation through Toll-like receptor (TLR) signalling, providing the cognate co-
stimulatory signals in an antigen-specific interaction with T cells [7]. Other co-stimulatory
receptors, including CD2, CD5, CD30, the immunoglobulin (Ig) gene superfamily member
ICOS, the TNF receptor family members such as 4-1BB (CD137) and OX40 (CD134), are
also important to modulate T cell activation status. In contrast, a set of inhibitory co-
stimulation receptors such as cytotoxic T lymphocyte protein-4 (CTLA-4), programmed
death-1 (PD-1) that are upregulated on activated T cells mediate negative signals to

prevent further stimulation and attenuate the immune response [8].

Upon target recognition, naive T cells begin to proliferate and differentiate to effector T
cells and memory cells. Naive CD8* T cells are activated and then differentiate into CTLs.
CTLs can kill infected target cells either by utilizing pore-forming molecules such as
perforins and various components of cytoplasmic granules, or through activating Fas to
induce apoptosis [9]. On the other hand, T cells bearing CD4 receptors can differentiate
into several distinct subtypes of T cells. Maturation into distinct subtypes is prominently
dependent on the cytokines present in the local environment [10]. The major functional
subsets are Thl, Th2 and regulatory T cells (Tregs). Thl cells largely lead to cellular
immunity by activating the microbicidal properties of macrophages and inducing CTL
proliferation, whereas Th2 cells initiate B cell humoral response. Thl cells mainly produce
IL-2 and IFN-y while the effector cytokines of Th2 cells are IL-4, IL-5, IL-6, IL-9, IL-10
and IL-13. Treg cells are a heterogeneous group of cells, which maintain peripheral
tolerance to self-antigens and prevent autoimmunity. Treg cells produce a number of
inhibitory cytokines such as transforming growth factor-p (TGF-B), IL-10 and IL-35 to

suppress immune responses and inflammation.
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Figure 1.1 Various ligand-receptor interactions between T cells and APCs
involved in T cell activation

Upon the antigen recognition of T cells through TCR, some important co-stimulatory
molecules, such as CD28, 41BB and ICOS, deliver co-stimulatory signals to fully activate
T cells. Inhibitory molecules such as PD-1 and CTLA-4 are commonly upregulated after T

cell activation to prevent an excessive response. Adapted from Gray et al., 2006 [11].
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1.2 Cancer immunology

Carcinogenesis is a multistep process and reflects genetic alterations that transform
normal cells to highly malignant derivatives [12]. From the perspectives of Hanahan and
Weinberg [12, 13], most and perhaps all types of tumours share the same set of functional
capabilities during their development. And eight broad features have been identified as
‘Hallmarks of Cancer’, which are self-sufficiency in growth signals, insensitivity to growth-
inhibitory (anti-growth) signals, evasion of programmed cell death (apoptosis), limitless
replicative potential, sustained angiogenesis, tissue invasion and metastasis,
reprogramming of energy metabolism and evading immune destruction. In addition, there
are two enabling characteristics crucial to the acquisition of these hallmarks, which are

genome instability and mutation and tumour-promoting inflammation.

1.2.1 Tumour microenvironment

The tumour microenvironment (TME) is the cellular environment that surrounds malignant
cancer cells in the tumour tissues. The structural constituents of TME can be divided into
three categories, the extracellular matrix (ECM), the stromal cells, and the tumour blood

and lymphatic vessels.

The onset of angiogenesis is achieved by a plethora of pro-angiogenic factors including
vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), basic
fibroblast growth factor (bFGF). It can be characterized by aberrant vascular structure,
altered endothelial-cell-pericyte interactions, abnormal blood flow, increased permeability
and delayed maturation [14]. The ECM contributes to provide cell-adhesion sties and
sequester and locally store a wide range of growth factors, such as epidermal growth factor
(EGF), FGF and other signalling molecules like TGF-f. ECM constituents including
collagens, proteoglycans (PGs) and glycoproteins [15] communicate with epithelial cells,
to regulate adhesion, migration, proliferation, apoptosis, survival or differentiation [16].
As for stromal cells, they can be divided into three categories: 1) angiogenic vascular cells,
including endothelial cells and pericytes; 2) infiltrating immune cells, including myeloid-
derived suppressor cells (MDSCs), tumour infiltrating lymphocytes (TILs), mast cells,
neutrophils and inflammatory monocytes; 3) cancer-associated fibroblasts (CAFs) [17].
Stromal cells are of critical importance in promoting tumour development and progression
via different mechanisms [18, 19]. Notably, the composition of the TME varies
considerably in different tumour types, determined by locations, mutations that led to
tumourigenesis, interactions with carcinogens, prior therapy, microbiome and other

factors.
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The TME has been demonstrated to have critical impacts on both promoting cancer
progression and determining the efficacy of cancer therapy, achieved by both direct and
indirect interactions with cancer cells. Cancer stroma forms a permissive and supportive
environment for tumour progression. It can be described as desmoplasia, which refers to
the growth of dense connective tissue and is characterized by activated fibroblasts, specific
ECM components, recruited inflammatory and immune cells and angiogenesis [18]. Cancer
cells usually secrete a multitude of stroma-modulating growth factors to disrupt normal
tissue homeostasis and modulate the TME, such as bFGF, members of the VEGF family,
PDGF, epidermal growth factor receptor (EGFR) ligands, interleukins (ILs), colony-
stimulating factors (CSFs), TGF-B [18]. These growth factors induce stromal changes, such
as angiogenesis and an inflammatory response. In addition, activated by these growth
factors, several stromal cell types such as fibroblasts, smooth-muscle cells and adipocytes,
secrete additional factors and proteases. Moreover, tumour cells can produce proteases
such as matrix matalloproteinases (MMPs), which remodel the ECM and provide a pro-

migratory and pro-invasive environment [20].

1.2.2 Cancer immunoediting

The cancer immunoediting hypothesis is used to describe the interactions between the
immune system and the tumour, characterised by three phases: elimination, equilibrium
and escape (Figure 1.2) [21]. It is a dynamic process that involves host-protective and

tumour-sculpting functions of immunity on tumour development.

In the elimination phase, known as immunosurveillance, both the innate and adaptive
immunity together detect and destroy nascent tumour cells before they become clinically
visible by a variety of mechanisms [22]. For instance, CD8* T cells may directly mediate
cytotoxic responses through the interaction of Fas and TNF-related apoptosis-inducing
ligand (TRAIL) receptors on tumour cells or through the release of perforin and granzymes.
CD8* T cells and some types of CD4* T cells can produce cytokines, such as IFN-y and
tumour necrosis factor (TNF) to enhance immune responses. DCs can enhance cross-
presentation of tumour antigens to T cells due to type I IFNs (IFN-a/B) [23]. As for innate
immune cells, NK cells can recognize and eliminate tumour cells expressing NKG2D
ligands. Macrophages (M1) and granulocytes can also protect against tumour development
by secreting tumour necrosis factor-a (TNF-a), IL-1, IL-12 and reactive oxidative species
(ROS). Notably, ongoing tumour progression as well as elimination occurs continually
during this phase. Sporadic tumour cells that are not eliminated may then enter the

equilibrium state in which the immune system prevents tumour progression and tumour
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cells enter a functional state of dormancy. The equilibrium phase is maintained by adaptive
immunity such as T cells and IL-12 and IFN-y, whilst innate cells have both pro- and anti-

tumour effects [24].
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Figure 1.2 Three phases of cancer immunoediting

Cancer immunoediting is an extrinsic tumour suppression process caused by transformed
cells escaping instrinsic tumour supppressor mechanisms. It is composed of three phases:
elimination, equilibrium and escape. In the elimination phase, cells and molecules of innate
and adaptive immunity may recognize and eliminate early tumours. If this process fails to
completely eradicate tumour cells, sporadic tumour cells may then enter the equilibrium
phase where they may enter a state of functional dormancy and immunogenicity editing
by immunity which produces tumour variants with reduced immunogenicity. Eventually,
these variants evade the immune system by reducing immune recognition or expressing
molecules of cytotoxicity resistance, survival and immunosuppression and then become

clinically apparent. Adapted from Schreiber et al., 2011 [25].
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1.2.3 Tumour escape from immune surveillance

Despite the fact that the innate and adaptive immunity plays a significant role in
eliminating precancerous cells or controlling transformed cells in an equilibrium phase,
tumours manage to enter the escape phase, due to the genetic instability of tumour cells
and immunological selection pressure which only allows for growth of less immunogenic
mutants [26]. Eventually, these tumour cells can acquire the ability to circumvent immune
recognition and/or destruction, proliferate progressively and then become clinically
apparent. There are a variety of escape mechanisms employed by tumours, many of which

operate in parallel.

As well as the loss of tumour antigen expression, tumour cells may downregulate the
expression of MHC-I molecules or co-stimulatory molecules such as B7-1 or B7-2 [27] to
reduce immune recognition. Besides, tumour cells can increase resistance to the cytotoxic
effects of immunity through persistent activation of pro-oncogenic transcription factors
such as STAT3 [28] or increased expression of anti-apoptotic effector molecules such as
cFLIP [29] and Bcl-xL [30]. It could also include mutations of pro-apoptotic receptors
expressed on tumour cells including TRAIL receptor death receptor 5 (DR5) [31] and Fas
[32], increased threshold for apoptosis/necroptosis and upregulation of autophagy upon

continual stress.

Furthermore, tumour escape can result from the development of an immunosuppressive
tumour microenvironment. Tumour cells can upregulate the expression of surface ligands
such as PD-L1 or PD-L2 to inhibitory T cell receptors such as PD-1, causing T cell anergy
or exhaustion [33]. Tumour cells can also promote immune suppression by producing
cytokines such as TGF-B and VEGF and immunoregulatory molecules such as indoleamine
2,3-dioxygenase (IDO) which consumes tryptophan and limits T cell effector functions
[34], galectin, CD39 and CD73. Tumour stroma cells play an important immune
modulatory role as well [35]; whilst myeloid-derived mesenchymal stem cells block
proliferation and function of T effector cells, CAFs can enhance the recruitment and
function of immunosuppressive cells and suppress T effector cells through the production
of CCL2 and CXCL12 and TGF-B respectively.

Immunosuppressive populations, such as Tregs and myeloid-derived suppressor cells
(MDSCs), also play critical roles in inhibiting anti-tumour immunity. Treg cells, which are
CD4* cells expressing CD25 and the transcription factor Foxp3 (forkhead box P3), are
recruited to tumours via chemokines such as CCL22 by interaction with CCR4 expressed

on Treg cells [36]. Treg cells, after stimulation, inhibit the function of tumour-specific T
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cells by secreting TGF-B and IL-10; by expressing the inhibitory co-stimulation molecules
CTLA-4 and PD-L1; by consuming IL-2 which is critical for maintaining CTL function; and
by inhibiting cytolytic granule release [25, 37].

MDSCs, which arise as the result of the abnormal myelopoiesis in cancer, are a
heterogeneous group of myeloid progenitor cells and immature myeloid cells [38]. MDSCs
disrupt immunosurveillance via multiple mechanisms [39, 40] such as inhibition of T cell
activation and expansion and NK cell cytotoxic activity, disruption of antigen presentation
by DCs, M2 macrophage polarization and induction of Treg cell expansion. Those
immunosuppressive activities are induced by several factors including TGF-, ROS, nitric
oxide (NO), arginase and IL-10. Interestingly, macrophages exacerbate their M2

polarisation by stimulating MDSCs to secrete additional IL-10.

Solid tumours also pose a physical barrier that prevents attacks by the immune system
and T cell penetration. For instance, tumour endothelial cells suppress T cell adhesion (to
tumour endothelium) and prevent homing to tumours, partly mediated by VEGF [41] and
the endothelin-B receptor (ETsR) [42]. Furthermore, the hyperpermeability of tumour
vessels can lead to excessive fluid loss from the vascular to the extravascular space of the
tumour leading to a high pressure system that is not well perfused with oxygen and
nutrients from the circulation [43]. This results in hypoxia and formation of a harsh, acidic
microenvironment that creates a high stress environment at the tumour core, thus
providing a selective pressure for aberrant apoptosis and anaerobic metabolism which
promotes tumour progression. Specifically, perfusion reduction can inhibit immune cell
entry to the tumour site through the vascular system. Furthermore, hypoxia and low pH
in the TME can compromise the Kkilling potential of immune cells and reduce their

proliferation rate.

1.2.4 T cell infiltration in cancer prognosis

During the natural development from immune equilibrium to tumour escape, dynamic
interactions between host immune responses and tumours modify the immune contexture.
The immune contexture refers to the combination of immune parameters associating the
type, density, location and functional orientation of immune cell within the TME [44]. The
immune parameters consist of the density of CD3*, CD8* and CD45RO™" T cells and their
location at the tumour centre (CT) and invasive margin (IM), in combination with the
quality of tertiary lymphoid structures and additional functionality entities such as Th1 cell-
related factors (IFN-y, IL-12, T-bet), immune cytotoxic factors (granzymes, perforin,
granulysin), chemokines (CX3CL1, CXCL9, CXCL10, CCL5, CCL2) and adhesion molecules
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(MADCAM1, ICAM1, VCAM1). The correlation between a strong lymphocyte infiltration and
clinical outcome has been reported in many cancer types, including melanoma [45],
ovarian [46], breast [47], colorectal [48], head and neck [49], urothelial [50], bladder
[51] and lung cancer [52]. High densities of CD3* T cells, CD8" cytotoxic T cells and
CD45RO* memory T cells were associated with a longer disease-free survival (DFS) and/or

improved overall survival (0OS) [53].

Derived from the immune contexture, a simple and powerful immune scoring system
termed the Immunoscore has been utilised to predict the survival and recurrence in
patients with CRC [48, 54]. Based on the quantification of CD3* and CD8* T cells within
the CT and IM, the Immunoscore (I) provides a score ranging from Immunoscore 0 (10),
which has low densities of both cell populations in both regions, to Immunoscore 4 (14),
which has high densities of both cell types in both locations. The five Immunoscore groups
were associated with highly significant differences in DFS and OS (P < 0.0001) [54].
Currently, the consensus Immunoscore has been validated internationally in colon cancer
and acts as a stronger relative prognostic value than AJCC/UICC tumour-node-metastasis

(TNM) stage, tumour differentiation and microsatellite instability (MSI) status [55].

According to the level and spatial distribution of CD3* and CD8* T cell infiltration, solid
tumours can be classified into four main categories, which are hot tumours, altered-
immunosuppressed tumours, altered-excluded tumours and cold tumours [56]. These four
phenotypes are characterized by high, intermediate and low Immunoscore respectively.
Apart from being highly infiltrated, hot tumours present high mutational burden and PD-
L1 expression [57]. In contrast, apart from the low degree of T cell infiltration, cold
tumours are also characterized by high proliferation with low mutational burden, low
expression of MHC-I and absence of PD-L1 expression [57]. The altered-
immunosuppressed phenotype displays a low degree of T cell infiltration and presents an
immunosuppressive environment that limits T cell recruitment and expansion [58]. In
altered-excluded tumours, the infiltration of T cells is low at the tumour centre and high
at the invasive margin, reflecting the existence of T cell responses and the ability of

tumours to escape such responses by inhibiting T cell infiltration [58].

Based on this immune-based classification of tumours and their characteristics, specific
therapeutic strategies can be proposed to achieve maximal efficiency. For example, the
increased response to anti-PD-1 or anti-PD-L1 monotherapy was shown in hot tumours
which have high levels of PD-L1 expression and infiltration of exhausted or dysfunctional
T cells expressing PD-1 [59, 60]. As for cold tumours associated with poor prognosis, the

strategies that could overcome the lack of a pre-existing immune responses and turn cold
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tumours into hot tumours can be developed. Different therapeutic approaches, such as
radiotherapy, cancer vaccines, immune checkpoint inhibitors and adoptive cellular
therapy, can be used to boost T cell responses or counteract the immunosuppression of
tumours [61]. Notably, it is probable that multiple pro-tumour mechanisms occur in
parallel and result in the establishment of cold tumours. This suggests that the

combination therapy may be needed to achieve clinical benefit.

1.3 Cancer immunotherapy

Cancer immunotherapy has become an important treatment for cancer, due to the recent
developments of immune checkpoint blockade and adoptive cell therapy (ACT)
approaches. Two broad strategies are currently applied in cancer immunotherapy. While
one strategy is to target the tumour directly, using monoclonal antibodies alone or in
combination with radioisotopes or cytotoxic molecules and immunotoxins, another aims at
activating immune cells by cancer vaccines, immune checkpoint antagonists, stimulatory

agonists and adoptive cellular therapies, which eventually target the tumour.

1.3.1 Immune checkpoint inhibitors

T-cell-mediated immunity is regulated by a balance between co-stimulatory and inhibitory
signals (immune checkpoints). Under normal physiological conditions, immune
checkpoints are of great importance to prevent autoimmunity, mitigate collateral tissue
damage and curtail pathogenic T cell expansion upon systemic or chronic pathogen
exposure. There are two immune checkpoint receptors that have been well studied, CTLA-
4 and PD-1. CTLA-4 is primarily expressed on activated T cells and Treg cells [62]. The
main role of CTLA-4 is to downmodulate the amplitude of T cell activation by outcompeting
CD28 in the interactions with B7-1 (CD80) and B7-2 (CD86), partly leading to a delayed
time for T cells to eliminate target cells. Conversely, CTLA4 engagement on Treg cells
maintains their suppressive function [63]. Blockade of CTLA-4 showed durable anti-tumour
immunity /in vivo by improving the function of effector CD4* and CD8* T cells and
concomitantly inhibiting the immunosuppressive activity of Treg cells [64]. Ipilimumab, a
humanized anti-CTLA-4 antibody monoclonal antibody, was the first immune checkpoint

inhibitor approved for the treatment of advanced melanoma.
PD-1 is expressed on all conventional CD4* and CD8™* T cells upon initial antigen-mediated

activation through the TCR and positive costimulatory signals such as CD28. By binding to
its PD-1 ligands PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, CD273), PD-1 plays crucial
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roles in fine-tuning T cell differentiation and effector T cell responses, tempering
overactivation, limiting immunopathology and developing memory T cell formation and
the return to immune homeostasis [65]. The level of PD-1 expression generally decreases
on responding T cells when antigen is acutely cleared. However, during cancers in which
antigen stimulation persists and PD-L1 and PD-L2 expression is upregulated or maintained
by many cytokines such as IFN-y which is the most potent regulator [65], the PD-1
pathway can lead to T cell anergy and exhaustion. As described in section 1.2.3, the
inhibitory PD-1/PD-L1 pathway has been exploited as one of the mechanisms for immune
evasion in cancers [33]. A strong correlation between poor diagnosis and high levels of
PD-L1 expression on tumour cells or infiltrating APCs has been documented in most human
cancers [66]. It has also been demonstrated that PD-1 is highly expressed on TILs in
patients with different cancer types and resulted in impaired anti-tumour immune
responses [67-70]. Moreover, PD-L1 expression can be further induced by pro-

inflammatory cytokine production from TILs, contributing to adaptive immune resistance.

Blockade of PD-1 signalling using monoclonal antibodies to boost anti-tumour immune
responses has shown encouraging clinical efficacy on both solid tumours and hematologic
malignancies, such as melanoma, non-small cell lung cancer (NSCLC), renal cell carcinoma
(RCC), head and neck squamous cell cancer (HNSCC), Hodgkin’s lymphoma, diffuse large
B cell lymphoma, gastric cancer, small cell lung cancer (SCLC), colorectal cancer,
hepatocellular carcinoma (HCC), triple-negative breast cancer (TNBC), urothelial
carcinoma (UC) [71]. So far, two PD-1 inhibitors, pembrolizumab and nivolumab, and four
PD-L1 inhibitors, atezolizumab, avelumab, durvalumab and cemiplimab, have been

approved by the US Food and Drug Administration (FDA) for commercial use.

1.3.2 Adoptive cellular therapy

The concept of adoptive cellular therapy was derived from allogeneic hematopoietic stem
cell transplant (HSCT) with or without immune deficiency conditioning for hematologic
malignancy treatment such as acute myeloid leukaemia (AML), acute lymphocytic
leukaemia (ALL) and chronic myeloid leukaemia (CML). Although a strong graft-versus-
leukaemia effect can be produced by allogeneic lymphocytes, it is limited by graft-versus-
host disease (GvHD) which can be severe and life-threatening. HSCT for leukaemias
showed that T cells have a strong potential to eliminate tumour cells, and if this potential
is directed in the correct way, T cells could provide a powerful anti-cancer therapy against

a range of cancer types.
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To get tumour specific T cells without GvHD, an alternative is to isolate and expand
autologous TILs, including T cells, B cells and NK cells, which can be found within tumours
in an attempt to control tumour growth. After activation and expansion ex vivo, TILs will
be reinfused back into patients to initiate tumour cell lysis. Although TIL therapy can
mediate durable complete responses in patients with metastatic melanoma [72], it is
difficult to apply this approach to other cancers due to the relatively low reactivity of TILs
for neoantigens in some cancers and low numbers of TILs in several tumour types. With
efforts to broaden ACT for other cancers, T cells derived from peripheral blood have been
genetically modified to endow them with anti-tumour activity, using either transgenic TCRs
that can elicit robust immune responses to cancers from patients or chimeric antigen

receptors (CARs) capable of targeting known tumour antigens [73].

1.4 CAR-T cell therapy

CARs are fusion molecules that link extracellular antigen binding domain to intracellular
signalling molecules. T cells engineered with CARs are able to directly bind antigens
expressed on the surface of target cells like cancer cells through the antigen-specific
binding domain. Notably, unlike TCR technology, this recognition process is not MHC-
restricted and thus can overcome one well-documented mechanism of tumour cell evasion,
which is achieved by the modulation or down-regulation of MHC expression [74]. However,
as it is difficult to find surface antigens that are solely expressed on cancer cells, collateral

damage must be tolerable.

1.4.1 CAR design

CARs consist of an extracellular antigen-binding domain, a hinge, a transmembrane

domain and an intracellular signalling domain (Figure 1.3).

1.4.1.1 Antigen-binding domain

The specificity of CAR-T cells to recognize tumour cells’ surface molecules depends on the
target-binding domain. Actually its design can be anything that has high affinity for a given
target. It is typically derived from a single chain variable fragment (scFv) from a parental
antibody, which combines a light chain and a heavy chain using a flexible linker. A major
caveat of scFv-based extracellular recognition domains is that their specificity is restricted
to antigens expressed on tumour cells’ surface. Therefore, cancer-testis and tumour-
specific antigens such as the MAGE family and NY-ESO1 which are intracellular cannot be
recognized by CARs [75].
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Meanwhile, many other antigen recognition region alternatives are available, such as IL-
13 mutein [76], heregulin [77] or T1E peptide [78]. For instance, CAR-T cells expressing
IL-13 muteins could recognize and kill IL-13receptor a-2 (IL13Ra2)-positive glioma cells
efficiently with abundant production of IL-2 and showed marked increases in survivals in
glioma xenograft models [76]. However, the use of non-antibody based extracellular
domain remains a theoretical risk to generate antibodies against junctional elements

within the CAR ectodomain as its non-self antigen characteristic [79].

First Second Third
Generation Generation Generation
CAR CAR CAR
Linker
scFv
hinge
One Costimulation Domain Two costimulation domains
(4-1BB or CD28) cD27
CcD28
cD3: ICOS
4-1BB
CcD3Z 0X40
CcD3:

Figure 1.3 Schematic overview of CAR structure

The antigen binding, non-signalling and signalling elements can be modified to optimise
the potency of CAR-T cells, such as tumour antigen recognition and activation signalling.
First-generation CARs only contain a single CD3( activation domain, while second- and
third- generations have one or two co-stimulatory domains respectively, such as CD28
and 41BB. Co-stimulation acts to enhance T cell proliferation, persistence and function by

fully achieving T cell activation. Adapted from Maude et al., 2015 [80].
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1.4.1.2 Hinge/spacer and transmembrane domain

The spacer region of CARs physically separates the antigen-binding domain from the T cell
membrane. When the target antigen lies close to the cell membrane or it is complex in
size and glycosylation status, a spacer seems to be required to enable efficient target
recognition [79]. However, the optimal length of spacer is likely to be different based on

the position of the target antigen [81].

The spacer is commonly derived from human IgG, typically IgG1 or IgG4, due to their
stable expression. However, the IgG Fc portion of the spacer can bind with Fc gamma
receptors (FcyRs) expressed on myeloid cells, resulting in limited persistence and reduced
anti-tumour activity of CAR-T cells due to activation-induced cell death (AICD) [81]. But
strategies like deleting or modifying the constant heavy (CH2) domain that is responsible

for FcyR binding can be applied to tackle this problem [81].

The function of the transmembrane domain is to anchor the extracellular domain to the
plasma membrane. The most commonly used are CD3(, CD28 and CD8a. Generally, CD28
would be used in the transmembrane region if it also serves as the co-stimulatory domain,

while CD8a has been used when 4-1BB provides the co-stimulation [82].

1.4.1.3 Signalling domain

After antigen recognition, the activation signal from the CAR to the T cell is transmitted
via the signalling domain. First-generation CAR-T cells only have a single stimulatory
domain of which the most commonly used is the CD3( that is derived from the TCR/CD3
complex, as its three immunoreceptor tyrosine-based activation motifs (ITAMs) provide a
sufficiently potent “signal one” [83]. However, although first-generation CAR-T cells are
able to induce anti-tumour activity, additional co-stimulatory domains are applied to
enhance T cell proliferation and efficacy, as in the absence of further signal (“signal two”
or co-stimulation), T cells cannot be fully activated and thus become unresponsive or
undergo activation induced cell death through apoptosis. Therefore, second-generation
and third-generation CARs have been designed to contain one or two co-stimulatory

domains in conjunction with CD3C respectively.

Second-generation CAR-T cells designed to incorporate co-stimulatory domains, such as
CD28, 4-1BB (CD137), OX40 (CD134) and ICOS, can enhance cytokine release and T cell
proliferation and persistence in vivo [84]. The most studied co-stimulatory signalling
domains are CD28 and 4-1BB. In particular, the CD28 co-stimulatory domain can eliminate

the suppressive function of TGF-$ on T cell proliferation, reflected by a more pronounced
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anti-tumour efficacy against TGF-B-secreting tumours by T cells armed with CD28-CD3(
domain compared with T cells with CD3C in vivo [85]. Furthermore, the modification of the
CD28 endodomain by deletion of the lymphocyte-specific protein kinase (LCK) binding
moiety can abrogate IL-2 secretion upon CAR engagement, which results in reduced Treg
persistence, and thus the improvement of anti-tumour efficacy of CAR-T cells in the
presence of Tregs [86]. As for 4-1BB co-stimulation, its use enhances long-term
persistence and effector function of CD19-specific CAR-T cells [80], which may be achieved
by ameliorating the T cell exhaustion induced by persistent signalling of CARs [87].
However, it is still difficult to determine the best CAR co-stimulation for purpose due to
variation in constructs, protocols and targets at different institutions that have contributed

to the prevalent literature to date.

The incorporation of two co-stimulatory modules such as CD28 and 4-1BB in the third-
generation CAR-T cells is likely to promote overall T cell activity, as CD28 and 4-1BB
initiate PI3K and tumour necrosis family receptor-associated factor (TRAF) adaptor
proteins signalling pathways respectively [88]. However, it remains too soon to judge if
the efficacy of third-generation CAR-T cells will be better than second-generation CAR-T

cells, as the number of clinical studies so far are limited.

1.4.2 Target selection

Target selection is of great importance in CAR technology. An antigen which is only
expressed on cancer cells is an ideal target for CAR-T cells, which means that normal
tissues would not be recognized and destroyed by CAR-T cells. For instance, the EGFR
mutant, EGFRVIII, due to a mutation in glioblastoma [89], is absent in healthy tissues.
However, those ideal antigens are limited and the majority of target cell surface antigens
show at least some expression in normal tissues. Therefore, the majority of target antigens
under research for CAR-T cell immunotherapy have high expression in tumours but lower
levels in normal tissues, including CD19, CEA, mesothelin, HER2, prostate-specific
membrane antigen (PSMA) and MUC-1. For example, CD19 is present on all B cell
malignancies and at almost all stages of B-lineage differentiation but, crucially, is not
present at haematopoietic stem cells or other tissues [79]. Although CD19-targeting CAR-
T cell therapy might lead to B cell aplasia, patients’ long term tolerance showed that CD19
is still an attractive target for selection [90]. Apart from protein antigens, carbohydrate

and glycolipid tumour antigens can serve as potential targets as well [91].

29



1.4.2.1 CEA as target antigen

CEA is one of the carcinoembryonic antigen-related cell adhesion molecule (CEACAM)
family members, termed as CEACAMS or CD66¢e, belonging to the Ig superfamily. It is a
glycosylated protein of approximately 150-180 kDa. Its structure contains one variable
(V)-like domain, identified as the N domain, followed by three pairs of constant C2-like Ig
domains [92]. Its structure also contains 28 complex N-linked glycosylation sites in line
with the multi-antennary carbohydrate structures. CEA is anchored to the cell membrane
through a glycosylphosphatidylinositol (GPI) linkage, which is achieved by post-
translational modification of a small hydrophobic C-terminal region consisting of 26 amino

acids. In addition, CEA can be secreted from cells.

CEA is present early in human embryonic and foetal development, but not in mouse, and
is expressed at low levels on healthy tissues such as colon, stomach, tongue, cervix, sweat
glands, esophagus and prostate [93]. However, CEA is significantly overexpressed in
nearly 90 % of colorectal, gastric, pancreatic carcinomas, approximately 70 % of non-
small-cell lung cancers and 50 % of breast cancers [94]. CEA is used clinically as a tumour
marker in monitoring colorectal carcinoma (CRC) and has also been used in combination

with other markers for a number of cancers such as breast and lung.

CEA plays a significant role in tumour progression and metastasis by several mechanisms.
While membrane-bound CEA can directly bind a cell surface receptor on a target cell
through homophilic or heterophilic association, secreted CEA can stimulate secretion of
pro-tumorigenic and pro-metastatic cytokines via a paracrine manner [95]. For instance,
CEA expressed on epithelial cells may directly influence tumour development through CEA-
CEA bridges between tumour cells and stromal cells via bindings between the N and A3B3
domains, allowing the aggregation of tumour cells and the formation of a multi-layered
structure of malignant epithelium. Also, heterophilic interactions of CEA and CEACAM1
expressed on the surface of NK cells via their N-terminal domains can lead to MHC-
independent inhibition of NK cell killing, while the involvement of C2-like Ig domains within
CEA enhance the intensity of the CEA binding with CEACAM1 [96]. In addition, Lewis X
and Lewis Y carbohydrates, which are present on CEA, can interact with dendritic cell
intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN) and may suppress DC
functions [97].

Secreted CEA can bind with a putative CEA receptor (CEAR) identified as heterogeneous
nuclear ribonucleoprotein M (hnRNP M) on the surface of liver macrophages (Kupffer cells).
This leads to Kupffer cell activation and release of pro-inflammatory cytokines including
IL-1a, IL-1B, IL-6 and TNF-a [98]. These cytokines cause hepatic sinusoidal endothelial
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cells to upregulate the expression of a number of cell adhesion molecules such as ICAM-
1, VCAM-1, and E-selectin which in turn facilitate the binding of circulating tumour cells to
the endothelium and support metastatic development. The secretion of the anti-
inflammatory cytokine IL-10 by Kupffer cells activated by CEA also protects tumour cells
against cytotoxicity by nitric oxide (NO) [99]. In addition, by heterophilic association with
death receptor 5 (DR5) or TGF-BR1 on tumour cells, CEA can increase metastasis by
decreased anoikis (cell death upon detachment from the matrix) or resistance to TGF-3-

mediated growth inhibition respectively [100, 101].

As CEA has a critical function in tumour growth and metastasis, CEA can be a good target
for CAR-T cell therapy. Apart from its overexpression on tumour cells, its role on liver
metastasis is an important factor. In particular, although tumour cells may manage to
escape from CEA-specific CAR-T cell responses and become CEA-negative, those variants
will have a compromised ability to metastasise to other tissues such as the liver and

therefore become less deadly.

1.4.3 Clinical studies of CAR-T cell therapy

In the context of haematological malignancies, most clinical studies involve the use of
CD19-targeted CARs. Notably, T cells armed with CD19-specific CARs have resulted in
complete remission (CR) rates of 70 - 90 % in patients with refractory B-cell Acute
Lymphoblastic Leukaemia (B-ALL) [102-105]. Several clinical trials have reported that the
overall rate response including partial response (PR) and CR of 57 — 88 % in patients with
chronic lymphocytic leukaemia (CLL) [106-108]. Despite lower CR rates in CLL treatment,
CD19-specific CAR-T cells appear to persist longer compared to some ALL treatments
[109]. CAR-T cell persistence varies depending on CAR designs. While CD19-specific CAR-
T cells with CD28 co-stimulatory domain were reported to persist by 1-3 months [102],
longer persistence reached up to 2 years in CAR-T cells with 41BB co-stimulatory domain
[104]. Recently, two CD19-specific CAR-T cell treatments were approved by FDA, the
European Medicines Agency (EMA) and the National Institute for Health and Care
Excellence (NICE). Kymriah™ (tisagenlecleucel), with the 41BB-CD3C signalling domains,
was approved for refractory or relapsed B-ALL and diffuse large B cell lymphoma (DLBCL)
[110, 111]. Yescarta™ (axicabtagene ciloleucel), with the CD28-CD3C signalling domain,
was approved for patients with relapsed or refractory aggressive non-Hodgkin lymphoma
and DLBCL [112]. More clinical trials of CAR-T cell therapy targeting other antigens such
as B cell maturation antigen (BCMA), CD20, CD22, CD30 are ongoing for haematological

malignancies.
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At present, a number of clinical trials employing CARs specific for solid tumour antigens
including CEA, HER2, GD2, mesothelin and PSMA are on-going or completed. However,
the efficacy of CARs specific for solid tumour antigens has largely been disappointing to
date [113]. Aside from the paucity of tumour-specific target antigens, preclinical studies
suggest that this is partly due to several immunosuppressive mechanisms in tumours as
mentioned in section 1.2.3, which can hinder CAR-T cell homing, intra-tumoural
penetration, persistence and effector function. For instance, the interaction of PD-1 with
its ligand, PD-L1, over-expressed on tumour cells would inhibit T cell activation and
cytokine production [114]. Furthermore, TGF-B also plays a critical role on suppressing
anti-tumour responses by modulating the function of a wide range of immune cells
including effector T cells and APCs [115]. To improve the efficacy of CAR-T cell therapy for
solid tumours, multiple strategies have been investigated which are discussed in section
1.4.5.

1.4.4 Toxicities induced by CAR-T cells

While CAR-T cell immunotherapy shows promising efficacy in some clinical trials, its
potential toxicity should also be considered. There are several aspects of toxicity induced
by CAR-T cell therapy, including cytokine release syndrome (CRS), tumour lysis syndrome,

neurotoxicity and on-target off-tumour toxicity.

1.4.4.1 Cytokine release syndrome

CRS is the most common toxicity induced by CAR-T cell therapy. This toxicity is associated
with CAR-T cell activation and proliferation upon tumour recognition, which leads to the
release of large numbers of pro-inflammatory cytokines such as TNF-a, IFN-y and IL-6
[116]. While its symptoms are characterized by fevers and myalgias in most cases, severe
CRS can lead to multiple organ failure and finally cause the death of patients. Morgan et
al reported the fatality of a patient after HER2/neu-targeted CAR-T cell treatment for colon
cancer, due to a release of inflammatory cytokines, which caused pulmonary oedema and

led to a cascading cytokine storm that resulted in multiorgan failure [117].

Although clinical data show that some degree of cytokine release is frequently correlated
with the activation of CAR-T cells and their effective responses [104], CRS toxicity needs
to be better predicted, understood and effective treatment options in place. Determined
by severity, several approaches are applied to the management of CRS, such as
symptomatic treatment, fluid replacement, oxygen and vasopressor support and

immunosuppression. For instance, elevated levels of serum IL-6 in patients have been
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shown to correlate with severe CRS and the use of IL-6 receptor blocking monoclonal
antibody, tocilizumab, has been demonstrated to effectively induce rapid reversal of
severe CRS without inhibiting the efficacy of CD19 CAR-T cells [102]. If IL-6 receptor
blockade alone is not sufficient to control CRS, corticosteroids can be a choice to blunt
CRS by suppressing inflammatory responses, which also have the potential to reduce anti-
tumour efficacy of CAR-T cell therapy through clearance of therapeutic T cells [118].
Alternative strategies that rapidly eliminate CAR-T cells can also be applied to control CRS,

such as the use of a suicide system, which will be discussed below.

1.4.4.2 Tumour lysis syndrome

Tumour lysis syndrome occurs when large numbers of tumour cells are lysed rapidly,
leading to systemic metabolic disturbances. It can be characterized by the abruptly
elevated release of potassium, phosphate and uric acid, accompanied by hypocalcaemia

and sometimes renal failure [119].

1.4.4.3 Neurotoxicity

Neurotoxicity, also referred to as CAR-related encephalopathy syndrome (CRES) [118] or
immune effector cell-associated neurotoxicity syndrome (ICANS) [120], is another acute
toxicity commonly observed with CAR-T cell therapy. It can occur during CRS or after CRS
has abated. Symptoms of neurotoxicity are diverse and include encephalopathy, delirium,
aphasia, headache, motor weakness, tremor, seizures, depressed level of consciousness,

and, rarely, diffuse cerebral edema [120].

The cause of this toxicity is less well understood than CRS. Similar to CRS, the severity of
neurologic toxicity is associated with the degree of CAR-T cell expansion, cytokines and
chemokines [112, 121]. Furthermore, CAR-T cells are detected in the cerebrospinal fluid
(CSF) of most patients with neurotoxicity. It has been reported that endothelial cell
activation and blood-brain barrier disruption may result in CAR-T cell trafficking and
neurotoxicity [121]. Since the mechanisms of neurotoxicity remain unclear, current
management approaches focus on supportive care for low-grade toxicity and

corticosteroids for more severe grades.

1.4.4.4 On-target off-tumour toxicity

The risk of on-target off-tumour toxicity is a major concern in CAR-T cell therapy. This is

because CAR-T cells are unable to distinguish between tumours and normal tissues while
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the targeted antigens are expressed in both of them, thus resulting in the destruction of

normal tissues.

In the case of B cell malignancies, CD19 is present at all stages of B-lineage differentiation
from pro-B cells to mature B cells but, crucially, is not present on haematopoietic stem
cells. Therefore, although the treatment of CD19-targeted CAR-T cells leads to B cell
aplasia, it is thought to be acceptable in the context of untreatable B cell malignancy. Also,

such toxicity can be mitigated by immunoglobulin replacement therapy [122].

This toxicity remains challenging in the case of many solid tumours, as the majority of
antigens overexpressed by tumour cells are also present at low expression, although at
different levels, in some healthy tissues. These tissues are therefore recognized due to
the high specificity of CAR-T cells and this poses a significant problem where these healthy

tissues are not disposable [79].

1.4.5 Strategies to improve CAR-T cell therapy for solid tumours

Given multiple hurdles raised by solid tumour against T cells, CAR-T cell therapy has yet
to show encouraging clinical outcome for solid tumours. In an attempt to achieve better
therapeutic efficacy, combination with other therapies including chemotherapy pre-
conditioning or immune checkpoint inhibitors has been investigated. Moreover, additional
engineering of CAR-T cells has been developed to increase the trafficking and infiltration
of CAR-T cells towards tumour sites, counteract the immunosuppressive TME, improve

CAR-T cell function and mitigate potential toxicities.

1.4.5.1 Chemotherapy pre-conditioning

Chemotherapy provides a vast range of available therapies for cancer treatment, using
cytotoxic drugs to disrupt the growth of tumour cells. The significant drawback is that most
conventional chemotherapy also affects rapidly dividing cells, such as immune cells, gut
epithelia, and the hair follicles. In addition, some chemotherapy agents such as
cyclophosphamide, fludarabine, mitoxantrone and oxaliplatin can induce immunogenic cell
death (ICD), which result in an effective anti-tumour immune response by activating DCs
and then specific T cell responses [123, 124]. Chemotherapy also induces anti-tumour
activity through other mechanisms such as sensitizing tumour cells [125], reducing PD-L2
expression on tumour cells [126], selectively depleting Tregs [127] and MDSCs [128]

showing the differential sensitivity of immune cell types.
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Due to the effects of chemotherapeutic agents on lymphodepletion, chemotherapy has
been used as the standard pre-treatment for CAR-T cell therapy. In fact, chemotherapy
pre-conditioning has been demonstrated to augment therapeutic efficacy by promoting
the engraftment of CAR-T cells [129], mainly depleting existing T cells that compete for
space and pro-proliferative and anti-apoptotic signalling cytokines particularly IL-7 and IL-
15 and thus making room for adoptively transferred T cells; resulting in the spontaneous
expansion of the remaining T cells to maintain homeostasis, a phenomenon known as

rebound overshoot [130].

1.4.5.2 Improving CAR-T cell infiltration

Intravenous administration is the most common way to inject CAR-T cells. Once CAR-T
cells are infused into the systemic circulation, an immediate obstacle is the ability of CAR-
T cells to target and infiltrate into the solid tumour. This process is governed by the
expression and pairing of adhesion molecules on both T cells and the tumour endothelium
that sequentially mediate binding, induction of signalling cascades and extravasation of
circulating lymphocytes towards a chemokine gradient produced by tumour cells.
However, abnormal expression of adhesion molecules on the tumour endothelium as well
as the mismatch between T cell chemokine receptor and tumour-associated chemokine

lead to insufficient T cell infiltration.

One strategy to overcome this problem is to modify CAR-T cells to additionally express
chemokine receptors complementary to tumour-associated chemokines. For example, it
has been reported that anti-mesothelin CAR-T cells co-expressing CCR2b showed
improved trafficking and subsequent tumour eradication in the model of malignant pleural
mesothelioma where the chemokine CCL2 was highly secreted [131]. The forced
expression of CCR4 by anti-CD30 CAR-T cells improved their migration to CD30* Hodgkin
lymphoma and the anti-tumour efficacy [132]. However, the feasibility of this approach is
limited by the fact that the chemokine landscape can be heterogenous across cancer types
and patients, underscoring the need to discover the appropriate chemokine receptor
candidates for different cancer types [133]. Moreover, chemokines are not restricted to
the tumours, suggesting the possible infiltration of CAR-T cells to other tissues where the

specific chemokine is present.

Local/regional delivery of CAR-T cells is also being explored. This strategy has the
advantage of reducing the trafficking and infiltration restrictions without additional
modification, while avoiding the transient pulmonary distribution of intravenously

administered CAR-T cells which is likely to be highly associated with development of
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pulmonary toxicity [134, 135]. Recent studies have reported that administration of CAR-
T cells was performed via local/regional injection, showing improved anti-tumour activity
compared to intravenous delivery in preclinical studies [136, 137] and extensive tumour
cell death and other signs of anti-tumour inflammation such as macrophage recruitment
in patients with metastatic breast cancer in a phase 0 clinical trial (NCT01837602) [138].
Notably, this approach is more technically challenging and probably not practical for

patients with metastatic cancer at several sites.

1.4.5.3 Counteracting the immunosuppressive tumour microenvironment

Following infiltration into the solid tumour, CAR-T cells have to face a microenvironment
rich in suppressor cytokines such as TGF-B, IL-10 and inhibitory molecules including PD-
L1 as described in section 1.2.3. To endow CAR-T cells with the ability to resist
immunosuppressive signalling and exert their effector function, there are several
strategies which focus on neutralising the suppressive effects mediated by TGF-B, CTLA-4
or PD-1 signalling. For example, it can be achieved by deletion of TGF-B receptor II (TGF-
BRII), CTLA-4 or PD-1 expression on CAR-T cells through gene editing such as CRISPR-
Cas9 technology or small interfering RNA (siRNA) technology [139-142], and modification
of T cells to co-express CAR constructs and transgenic immune checkpoint inhibitors such
as anti-PD-1 scFv [143]. An alternative approach involves the transgenic expression of
truncated receptors on CAR-T cells such as a dominant-negative form of TGF-BRII or PD-
1, which competes with the active receptors for binding to TGF-B and PD-L1 respectively
[144, 145].

Switch receptors have also been designed to convert the suppressive signal into the
stimulatory signal for T cell response, which can extend CAR-T cell engineering beyond
neutralisation of inhibitory receptors or suppressive mediators to the active reversal of
their effects. In the chimeric switch-receptor approach, the extracellular ligand-binding
domain of inhibitory receptors such as IL-4 receptor (IL-4R), PD-1 or CTLA-4 is fused with
the transmembrane domain and cytoplasmic signalling domain derived from stimulatory
receptors such as IL-7 receptor (IL-7R) and CD28. In several preclinical studies, T cells
transduced with switch receptors including TGF-B:CD28, PD-1:CD28, CTLA:CD28 and IL-

4R:IL-7R have shown improved in vivo anti-tumour efficacy [146-149].

Notably, as those inhibitory receptors are essential regulators of T cell homeostasis, the
possibility for uncontrolled proliferation and activation of CAR-T cells should also be noted.
However, the possibility for uncontrolled proliferation and activation of CAR-T cells should

also be noted. In addition, given that systemic blocking of checkpoint receptors with
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antibodies has the disadvantage of inducing systemic autoimmune side effects that are
sometimes problematic [150, 151], the combination of immune checkpoint blockade and

CAR-T cell therapy may greatly exacerbate the autoreactive toxicity.

An alternative strategy for overcoming the unfavourable TME involves the use of fourth-
generation CAR-T cells, also known as TRUCKSs (T cells redirected for universal cytokine-
mediated killing). Specifically, CAR-T cells are utilised as production and delivery vehicles
that constitutively or inducibly secrete pro-inflammatory cytokines, such as IL-12, IL-18
and IL-15, to the targeted tumour [152-154]. Whilst the release of transgenic cytokines
can directly stimulate the transferred CAR-T cells for a more acute inflammatory response,
it also supports the generation of new antigen-specific lymphocytes via epitope spreading
as well as the recruitment and activation of innate immune cells including macrophages
and NK cells in a locally restricted region, resulting in an attack towards tumour cells that
cannot be recognized by CAR-T cells [155, 156]. These effects will consequently synergise

with CAR-T cells for augmented anti-tumour activity.

The inducible cytokine expression, such as inducible IL-12 (iIL-12), is controlled by a
nuclear factor of the activated T cell (NFAT)-responsive expression cassette [157].
Activated by target-initiated CAR CD3( signalling, the NFAT/IL-2 minimal promoter
initiates IL-12 transcription and finally induced IL-12 accumulates to high levels in the
targeted tumour lesion. Given its ability to restrict the concentration of transgenic
cytokines, an inducible expression system may avoid overactivation of T cells which
possibly fosters counterproductive exhaustion and may cause less systemic side effects
than the constitutive release system [155]. However, the limitation is that the inducible
release of transgenic cytokines is determined by CAR signalling and cannot be induced in
the tumour lesions without CAR-T cell activation [153]. Whilst the inducible release system
may be fine for CD19-targeting haematological malignancies where CAR-T cells are always
in contact with B cells, it is possibly limited for solid tumours due to the potentially

insufficient CAR-T cell activation.

1.4.5.4 Improving CAR-T cell specificity for tumour targets

As described in section 1.4.2, the majority of tumour antigens targeted are present at low
levels in normal tissues, which will potentially lead to on-target off-tumour toxicity.
Moreover, targeting of a single antigen correlates with immune escape due to down-
regulation or mutation of tumour antigens. To improve the precision of tumour targeting

and limit off-tumour recognition, several strategies have been applied in CAR design.
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For example, a bispecific CAR is designed to have two distinct antigen-binding domains in
tandem coupled to the same signalling endodomain (TanCAR). The TanCAR T cells co-
expressing both CD19 and HER2 was demonstrated to have greater anti-tumour response
than those CAR-T cells expressing either antigen alone, suggesting that it may be a means

to minimise the risk of tumour escape [158].

In addition, a dual targeting strategy that may be used to enhance discrimination between
tumour cells from normal cells is to co-express two separate CARs in T cells. Notably,
those separate CARs only have a signalling domain (signal 1) and a co-stimulatory domain
(signal 2) respectively. As the full activation of such CAR-T cells require both signal 1 and
2 delivered by the binding of double-positive target cells, normal cells that express only
one of these antigens are unlikely to fully activate CAR-T cells. However, to achieve this
targeting specificity, the signalling strength of the CAR delivering signal 1 may need to be
attenuated, such as by utilizing low affinity of scFv [159], as it can still elicit strong enough
cytotoxicity responses like first-generation CAR-T cells. Furthermore, if the expression of
target antigens is abundant on normal tissues, activation induced cell death may occur

and then lead to the short persistence of CAR-T cells.

Co-expression of inhibitory CARs (iCARs) together with activating CARs can be applied to
regulate CAR recognition as well. Inhibitory CARs are designed to specifically recognize
antigens that are expressed in normal tissues but are down-regulated or lost in tumours,
in order to prevent T cells from carrying out cytotoxic effector functions against non-
tumour tissues. This can be achieved using signalling domains from checkpoint molecules
such as PD-1, CTLA-4 or a range of phosphatases that negatively regulate T cell signalling.
As the feasibility of this approach has been demonstrated by co-expressing a CD19-specific
activating CAR and a PSMA-specific inhibitory CAR [160], it is particularly attractive for

improving the specificity of tumour recognition and reducing the risk of off-tumour toxicity.

1.4.5.5 CAR-T cell depletion to mitigate off-tumour toxicity

Apart from engineering approaches to improve specificity to solid tumour antigens, CAR-
T cell depletion can be another strategy to reduce severe toxicities. For example, suicide
gene technology has been utilised to deplete activated CAR-T cells. The most effective to
date is the inducible caspase 9 (iCasp9) system, which consists of the intracellular portion
of the human caspase 9 protein, a pro-apoptotic molecule, and human FK506 binding
protein domain [161]. The advantage of this humanized protein is that it will not cause
immune rejection of T cells from the host. Activated by the small-molecule, chemical

induction of dimerization (CID) drug, AP1903, this fusion protein would be dimerised and
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activates the downstream executioner caspase 3 molecule, leading to cellular apoptosis
and clearance rapidly [162]. Preclinical and clinical studies have demonstrated the efficacy
and safety of iCasp9 system, compared with other established methods that require
prolonged treatment, remove a small proportion of transduced cells, or show low
persistence of transferred T cells due to anti-transgene immune responses [163, 164].
Furthermore, the use of iCasp9 system has been shown to improve the safety of CAR-T
cells in preclinical models [165] and several clinical trials are still ongoing (NCT01822652,
NCT02992210).

1.5 Project aims

CAR-T cell therapy has shown spectacular objective clinical responses in haematological
malignancies such as leukaemia. However, CAR-T cells have largely failed to deliver
significant clinical responses in the solid tumour setting. Our key hypothesis is that CAR-
T cell effector function is strongly inhibited by the immunosuppressive microenvironment
within solid tumours. The central aim of this project is, therefore, to exploit genetic
engineering solutions in anti-CEA CAR-T cells to counteract the suppressive effects of
tumour microenvironment. Immune modulatory CAR-T cells, which additionally secrete
pro-inflammatory cytokines IL-12 or scFv blocking TGF-B or PD-1 signalling, will be

developed.

The specific aims of this study were:

e To design and generate retroviral vectors encoding first- and second- generation
anti-CEA CAR constructs and IL-12 or scFv expression cassette

e To assess whether T cells could be successfully transduced to express anti-CEA
CARs and secrete IL-12 or scFv

e To evaluate whether secretion of IL-120r scFv enhance anti-tumour effects of
CEA-specific CAR-T cells in vitro

e To establish an immunocompetent in vivo model with subcutaneous CEA*
tumours

e To evaluate whether anti-tumour efficacy of CAR-T cells could be enhanced by

secreting IL-12 or scFv in vivo
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2 Materials and Methods

2.1 Molecular biology

2.1.1 Plasmids

The plasmids shown below were kindly donated by Dr Gray Kueberuwa and were
constructed by altering the scFv sequence or the co-stimulatory signalling domain to the

desired sequence (Table 2.1). The 3TP-Lux plasmid was a kind gift from Dr Aalia Alamoudi.
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Table 2.1 Summary of plasmids used in the experiments

Plasmids

Abbreviation

Plasmids donated by Dr Gray Kueberuwa

pMP71.tCD34.2A.MFE23.hCD28.hCD3(

MFE23.hCD28z

pMP71.mCherry.2A.1D3.mCD3( 1D3.mCD3z
pMP71.mCherry.2A.1D3.mCD28.mCD3( 1D3.mCD28z
pMP71.mCherry.2A.1D3.m41BB.mCD3( 1D3.m41BBz

pMP71.

mCherry.2A.1D3.mCD3¢.mIL12

1D3.mCD3z.IL12

pMP71.

mCherry.2A.1D3.mCD28.mCD3¢.mIL12

1D3.mCD28z.IL12

pMP71.

mCherry.2A.1D3.m41BB.mCD3{.mIL12

1D3.m41BBz.IL12

pMP71.

mCherry.2A.1D3.mCD3ZhTA

1D3.mCD3z.TA

pMP71.

mCherry.2A.1D3.mCD3¢.hTA.CH2CH3

1D3.mCD3z.DTA

pUC57 mCD3Z.NFAT.mIL12

pUC57 mCD3z.NFAT.mIL12

pMK-RQ mCD3Z.mPA

pMK-RQ mCD3Z.PA

pMK-RQ mCD3Z.mPA.CH2CH3

pMK-RQ mCD3Z.DPA

pkat

pkat

pcl-Eco

pcl-Eco

rkat.lucifease.IRES.GFP

rkat.luc.IRES.GFP

Plasmids constructed

pMP71.mCherry.2A.MFE23.mCD3( MFE.mCD3z
pMP71.mCherry.2A.MFE23.mCD28.mCD3( MFE.mCD28z
pMP71.mCherry.2A.MFE23.m41BB.mCD3( MFE.m41BBz

pMP71.

mCherry.2A.MFE23.mCD3(.mIL12

MFE.mCD3z.mIL12

pMP71.

mCherry.2A.MFE23.mCD28.mCD3{.mIL12

MFE.mCD28z.mIL12

pMP71.

mCherry.2A.MFE23.m41BB.mCD3{.mIL12

MFE.m41BBz.mIL12

pMP71.

mCherry.2A.MFE23.mCD3C.NFAT.mIL12

MFE.mCD3z.NFAT.mIL12

pMP71.

mCherry.2A.MFE23.mCD28.mCD3(.NFAT.mIL12

MFE.mCD28z.NFAT.mIL12

pMP71.

mCherry.2A.MFE23.m41BB.mCD3{.NFAT.mIL12

MFE.m41BBz.NFAT.mIL12

pMP71.

mCherry.2A.MFE23.mCD3{.hTA

MFE.mCD3z.TA

pMP71.

mCherry.2A.MFE23.mCD28.mCD3(.hTA

MFE.mCD28z.TA

pMP71.

mCherry.2A.MFE23.mCD3%.hTA.CH2CH3

MFE.mCD3z.DTA

pMP71.

mCherry.2A.MFE23.mCD28.mCD3C¢.hTA.CH2CH3

MFE.mCD28z.DTA

pMP71.

mCherry.2A.MFE23.mCD3C.mPA

MFE.mCD3z.PA

pMP71.

mCherry.2A.MFE23.mCD28.mCD3{.mPA

MFE.mCD28z.PA

pMP71.

mCherry.2A.MFE23.mCD3¢.mPA.CH2CH3

MFE.mCD3z.DPA

pMP71.

mCherry.2A.MFE23.mCD28.mCD3{.mPA.CH2CH3

MFE.mCD28z.DPA
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2.1.2 Restriction enzyme digestion

For each digestion, 5 - 10 pg of DNA, 5 - 10 ul of reaction buffer, 25 - 50 U of each
restriction enzyme and distilled water (dH20) were added and mixed in a sterile 1.5 ml
microcentrifuge tube for a final volume of 50 - 100 pl. After incubation at 37°C water bath
for 1 hour, backbone plasmid was de-phosphorylated to prevent re-ligation using 1 - 2 pl
calf intestinal phosphatase (CIP) (New England Biolabs, UK) and both of plasmids were
incubated for a further 1 hour at 37°C water bath. Digestion efficacy and fragment

separation was assessed by gel electrophoresis.

2.1.3 Gel electrophoresis

1 - 2 % agarose gel was prepared using ultrapure agarose (Invitrogen, US) in tris-acetate
EDTA (TAE) buffer (90mM TRIS base, 90mM acetic acid, 2mM EDTA). The agarose solution
was heated until the agarose is completely dissolved and then cooled down for 5 min.
Midori green (Nippon Genetics, Germany) was added at a concentration of 0.1 ul/ml before
pouring into a gel tray. Once the gel was solidified, the DNA samples were prepared by
mixing with DNA loading buffer blue (Bioline, UK) at 1: 5 ratio and loaded, along with the
Hyperladder I marker (Bioline, UK). Running at 100 V for 45 - 60 min, the gel was imaged

to identify and excise the required bands using a Visi-Blue transilluminator (UVP, US).

2.1.4 Gel purification

Isolation and purification of the target DNA fragments was performed using the Qiaquick
gel extraction kit (Qiagen, UK) according to manufacturer's protocol. DNA concentration

and purity were determined by Nanodrop (Labtech International, UK).

2.1.5 DNA ligation

Ligation of the target insert and the appropriate vector after restriction digest was
performed. For each ligation, 14 pul of insert DNA, 3 ul of vector, 2 ul of T4 DNA ligase
buffer (10x), 1 ul of T4 DNA ligase (New England Biolabs, UK) were added and mixed in a
sterile 1.5 ml microcentrifuge tube for a final volume of 20 pl. A control ligation was added
with 14 pl of dH20 instead of insert DNA. The ligation reactions were incubated for 30 min

at room temperature or 24 - 48 hours at 4°C.
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2.1.6 Bacterial cell transformation

XL1-Blue or Dam’/Dcm™ (JM110) competent cells were thawed on ice for 10 min. 5 pl of
DNA ligation product was added to 100 ul of competent cells for ligation transformation,
whereas 1 ug of plasmid DNA was added to 50 ul of competent cells for re-transformation.
The competent cells containing the DNA were incubated on ice for 30 min, followed by
heat shock at a 37°C water bath for 3 min and then incubation on ice for 2 min. Following
this, 500 pl of Lysogeny Broth (LB) media without antibiotic was added and the samples
were incubated in 37°C shaking incubator at 250 rpm for 1 hour. After that, bacteria were
plated on pre-warmed agar ampicillin or kanamycin LB plates and the plates were

incubated at 37°C overnight.

2.1.7 Plasmid DNA-Miniprep

Single colonies were selected and inoculated into 5 ml of LB media with the addition of
ampicillin or kanamycin (Sigma Aldrich, UK) at 100 pg/ml. The cultures were incubated in
37°C shaking incubator at 250 rpm for 12 - 16 hours. Following this, the bacterial cells
were harvested by centrifugation at 9000 rpm for 3 min at room temperature (15 - 25°C).
Purification of plasmid DNA was performed using QIAprep Spin Miniprep Kit (Qiagen, UK)
according to manufacturer's protocol. DNA concentration and purity were determined by

absorbance at wavelength of 280 nm using a Nanodrop (Labtech International, UK).

2.1.8 Plasmid DNA-Maxiprep

To amplify a plasmid of interest, the bacterial cells containing plasmid DNA were inoculated
into 400 ml LB media with the addition of ampicillin or kanamycin (Sigma Aldrich, UK) at
100 pg/ml. The cultures were incubated in 37°C shaking incubator at 250 rpm for 16 - 20
hours. Following this, the bacterial cells were harvested by centrifugation at 6000rpm for
15 min at 4°C. Purification of plasmid DNA was performed using QIAGEN Plasmid Maxiprep
Kit (Qiagen, UK) according to manufacturer's protocol. DNA concentration and purity were
determined by absorbance at wavelength of 280 nm using a Nanodrop (Labtech

International, UK).

2.1.9 DNA sequencing

For sample sequencing, 350 - 500 ng of DNA, 3 - 15 pmol of the 5" and 3’ sequencing

primers and dH20 were added and mixed in a sterile 1.5 ml microcentrifuge tube for a

43



final volume of 12 - 20 pl. The sequencing was determined by ABI PRISM® 3100-avant
genetic Analyzer (Applied Biostystems, UK) and results were analysed using Lasergene
software (DNASTAR, USA).

2.2 Tissue culture

2.2.1 Cell lines and culture media

The tumour cell lines, MC38 (kindly provided by Dr Jeffrey Schlom, NIH, US) and CT26
(ATCC, US) expressing human CEA extracellular domain and murine transmembrane
domain (CEA* MC38 and CEA* CT26 cell line respectively), were generated by our
laboratory. Tumour cells and the retroviral packaging cell line 293T (ATCC, US) were
maintained in Dulbecco’s Modified Eagle medium (DMEM) (Sigma Aldrich, UK)
supplemented with 10 % heat inactivated foetal calf serum (FCS) (Gibco, US) and 2 mM
L-glutamine (Sigma Aldrich, UK).

The retroviral packaging cell line, Platinum-E (Plat-E) (Cell Biolabs, Inc., US) were
maintained in DMEM supplemented with 10 % heat inactivated FCS, 2 mM L-glutamine, 1
HMg/ml puromycin and 10 pg/ml blasticidin (Sigma Aldrich, UK).

Mouse T cells were maintained in complete T cell media (TCM), which consists of Roswell
Park Memorial Institute (RPMI)-1640 medium (Gibco, US) supplemented with 10 % FCS,
200 mM penicillin-streptomycin-glutamine (PSG) (Gibco, US), 25 mM HEPES (Sigma
Aldrich, UK) and 50 pM 2-mercaptoethanol (Invitrogen, US).

All media were sterile filtered through 0.2 um filters (Scientific Laboratory Supplies, UK)

prior to use.

2.2.2 Culturing of adherent cell lines

Adherent cells were maintained in appropriate medium at 37°C, 5% CO: for incubation.
Passaging was performed upon reaching 80 % confluency by incubation in trypsin (Sigma
Aldrich, UK) followed by centrifugation at 500xg for 5 min. Cells were resuspended,

enumerated and further cultured at the required cell density.
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2.2.3 Culturing of mouse T cells

To isolate mouse splenic T lymphocytes, the spleen was dissected from BALB/c wild type
(WT) mice or C57BL/6 WT or CEA transgenic mice, transferred into sterile phosphate-
buffered saline (PBS) and mashed using a syringe plunger under manual force. The cell
suspension was filtered through 100 um pore cell strainer (VWR, US) and centrifuged at
400xg for 5 min. For red blood cell lysis, the pellet was resuspended in a 1x PharmLyse
RBC lysis buffer (BD Biosciences, UK) and incubated for 3 min, followed by another
centrifugation at the same settings. Cells were then resuspended in PBS, enumerated and
cultured at 5 x 10° cells/ml. T cells were activated with 30 ng/ml anti-CD3¢e antibody
(clone: 145-2C11), anti-CD28 antibody (clone: 37.51) (aCD3e and aCD28 antibodies)
(both BD Biosciences, US), 100 IU/ml recombinant human IL-2 (hIL-2) (Novartis,
Switzerland) and 2 ng/ml murine IL-7 (mIL-7) (BioLegend, US). Mouse splenic T cells were
transferred to a tissue culture flask (Falcon) in complete TCM and incubated at 37°C, 5%
CO:2 overnight. After 24-hour activation and subsequently 2-day transduction as described
in section 2.3.2, transduced T cells were cultured at a density of 0.3 - 1 x 10° cells/ml with

the addition of hIL-2 and mIL-7 at 100 IU/ml and 2 ng/ml respectively every other day.

2.2.4 Cell enumeration

Cells were brought into suspension as described above. 10 pl of cell suspension was mixed
with trypan blue at a dilution of 1: 10 and the cell number in 4 squares of a 1/400 mm?
hemocytometer (Appleton Woods, UK) was counted using a microscope and averaged. The

number of cells per ml = average count per square x dilution factor (10) x 104

2.2.5 Cryopreservation of cell lines

Cell freezing media was prepared using 10 % Dimethyl Sulfoxide (DMSO) (Sigma Aldrich,
UK) and 90 % heat inactivated FCS. Cells were collected and centrifuged at 400xg for 5
min. The cell pellet was resuspended in 1 ml of cell freezing media and transferred to a
Nunc cryovial (Sigma Aldrich, UK). Cells were stored at -80°C in the short term. For long

term storage, cells were kept in liquid nitrogen at -196°C.
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2.3 Retroviral transduction of T cells

2.3.1 Plat-E Retroviral Packaging Cell Line Transfection

On day 1, 6 x 10° Plat-E cells were seeded in 15 cm? tissue culture dishes in 16 ml of
complete DMEM for incubation overnight at 37°C, 5% CO2. On day 2, the DMEM media
was removed from dishes and replaced by 12 ml of pH7.9 media (DMEM + 10 % FCS +
25 mM HEPES). 20.4 ug of pcl-Eco packaging vector DNA, 39.6 ug of plasmid DNA
encoding retroviral CAR construct and 150 ul of 1M CaCl> was added and mixed with 3 ml
of pH7.1 media (DMEM + 25 mM HEPES). The pH7.1 media containing DNA was added
into the plates and the plates were gently rocked to mix and incubated at 37°C, 5% CO:
overnight. The next day (day 3) media was removed and replaced with 16 ml of complete
TCM. On day 4, viral supernatant was harvested from plates and filtered through a 0.45
pm filter (Appleton Woods, UK) for use on the first day of T cell transduction (section
2.3.1). 18 ml of fresh complete TCM was added and the incubation continued for a further
24 hours. On day 5, viral supernatant was harvested and filtered through 0.45 pm filter
for use on the second day of T cell transduction (section 2.3.1). Successful transfection

was confirmed using Leica DMi8 fluorescence microscope (Leica Microsystems, Germany).

2.3.2 Transduction of mouse T cells

Mouse T cell transduction was carried out using non-tissue culture 6-well plates coated
with 2 ml 10 pg/ml RetroNectin (Takara Bio, Japan) overnight at 4°C. On day 1 of
transduction, 2 ml of TCM was added to each well of previously RetroNectin coated plates
to block non-specific binding and the plates were left for 30 min at room temperature.
Retroviral-containing supernatant from Plat-E producer cells transfected with CAR
construct and gag, pol and env encoding plasmid was collected and passed through a 0.45
pm filter to discard any non-adherent packaging cells. Following this, TCM was removed
and 2.5 ml of filtered supernatant was added to each well. Plates were centrifuged at
1200xg for 30 min at room temperature. Activated T cells were collected, counted and
centrifuged at 400xg for 5 min. T cells were resuspended in 2.5 ml of filtered supernatant
at 5 x 10° cells/well and added into the coated plates with 100 IU/ml rhIL-2 and 2 ng/ml
mIL-7 following centrifugation above. Plates were centrifuged at 1200xg for 90 min at
room temperature and then incubated at 37°C, 5% CO2 overnight. The transduction
procedure repeated on day 2 using the day 1 transduced T cells. After 1.5-hour
centrifugation and 3 - 4 hour incubation, T cells were seeded at a density of 1 x 10° cells/ml
in TCM with 100 IU/ml rhIL-2 and 2 ng/ml mIL-7.
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2.4 Retroviral transduction of CEA* tumour cells

The retroviral supernatant was prepared in a similar method in section 2.3.1. 20.4 pg of
pkat packaging vector DNA, 39.6 ug of plasmid DNA encoding luciferase and GFP gene
(rkat.luc.IRES.GFP) were used for this transduction.

Either CEA* MC38 cells or CEA* CT26 cells were seeded in a 6-well plate at a density of 1
X 10° cells/well 24 hours before transduction. On day 1 transduction, viral supernatant of
transfection group was collected and passed through a 0.45um filter to discard any non-
adherent packaging cells. 5 ml/well of filtered supernatant was used to replace the DMEM
media on CEA* tumour cells. Polybrene was added to each well at 4 ug/ml. The plate was
centrifuged at 1200xg for 90 min at room temperature and then incubated at 37°C, 5%
CO:2 overnight. The transduction procedure repeated on day 2 using the day 1 transduced
tumour cells. After overnight incubation, CEA* tumour cells were grown in culture for a
week and GFP expressing producers were sorting by FACSAria II or III (BD Biosciences,
US). The analysis was performed by Novocyte (ACEA Biosciences, US) and results were

analysed with FlowJ]o software.

After sorting and cell expansion, luciferase and GFP expressing CEA* tumour cells were
seeded at different densities from 1 x 10° to zero cells in 200 yl DMEM/well in a 96-well U-
bottom TC treated plate. Each condition was performed in triplicate. Cells were cultured
at 37°C, 5% CO2 for 20 hours. Following this, 150 ul of supernatant was discarded and
the plate was added with 100 pl of luciferin solution (Perkin Elmer, US) diluted in PBS at
a final concentration of 1.5 mg/ml and incubated for 10 min at 37°C, 5% CO2. The
luminescence intensity of each well was measured at 5 second exposure using the
POLARstar Omega (BMG LABTECH, US). A linear standard curve was generated by plotting

the average value of each standard.

2.5 Single cell cloning

CEA* MC38 cells with or without luciferase and GFP expression were counted and diluted
to a concentration of 1 x 108 cells/ml. Further dilutions were performed to achieve a final
concentration of 1.5 cells/ml in 25 ml. Mathematically, 0.3 cell in 200 pl was added to each
well of a 96-well U-bottom TC treated plate. The assay therefore should contain roughly 1
cell every 3 wells. The diluted cells were allowed to grow for 7 - 14 days. Wells containing
colonies identified under a microscope were marked and replaced with fresh media every
3 - 4 days. Cells were expanded until there were enough numbers for assessment of CEA

and GFP expression by flow cytometry.
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2.6 Flow cytometry

2.6.1 Cell surface staining

For the surface staining of CAR-T cells, 1 x 10> mock T cells or CAR-T cells were plated in
a 96-well U-bottom plate and washed once with PBS, followed by staining with 100 pl of
Zombie Violet dye (1: 100 dilution in PBS) (BioLegend, US) for 15 min at room
temperature in dark. Cells were washed in 200 ul of FACS buffer (PBS, 1 % FCS) and
centrifuged at 1300xg for 1.5 min. Then cells were resuspended and incubated with 50 pl
of anti-mouse CD16/CD32 antibodies (clone: 2.4G2) (1: 100 dilution in FACS buffer) (BD
Biosciences, US) for Fc receptor blocking for 10 min at 4°C. Another centrifugation and
wash step were performed. Following this, 100 ul of surface marker antibodies (1: 100
dilution in FACS buffer) including anti-mouse CD4-BV785 (clone: RM4-5), CD4-APC (clone:
GK1.5), CD8-BV711 (clone: 53-6.7) or PD-1-PE (clone: 29F.1A12) antibodies (BioLegend,
US) were added, incubated for 30 min at 4°C and then washed in 200 pl of FACS buffer.
Cells were fixed in 200 ul of 1 % paraformaldehyde (PFA) (Sigma Aldrich, UK) and kept in

dark at 4°C until analysis.

For CEA surface staining of tumour cell lines, 1 x 10° tumour cells were plated in a 96-well
U-bottom plate and washed in 200 pl of FACS buffer. 100 pl of primary mouse anti-human
CEA antibodies (clone: Col-1, Invitrogen) (1: 100 dilution in FACS buffer) was added and
incubated for 30 min at 4°C. Another centrifugation and wash step were performed. 100
Ml of secondary anti-mouse IgG (whole molecule)-PE antibodies (1: 100 dilution in FACS
buffer) (Sigma Aldrich, UK) was added and incubated for 30 min at 4°C. Unstained cells
and cells stained with secondary antibodies only were used as negative control. For PD-L1
surface staining, similarly, 100 pl of anti-mouse PD-L1-BV421 antibodies (clone: 10F.9G2)
or corresponding isotype antibodies (1: 100 dilution in FACS buffer) (BD Biosciences, US)
were added, incubated for 30 min at 4°C and then washed in 200 pl of FACS buffer. Cells
were washed in 200 ul of FACS buffer, fixed in 200 pl of 1 % PFA and kept in dark at 4°C

until analysis.

2.6.2 Intracellular staining

Intracellular staining was performed to detect TGF-B production. MC38 tumour cells with
or without CEA expression were incubated with 1 pl/ml Brefeldin A (eBioscience Inc., US)

for 4 hours and then transferred to a 96-well U-bottom plate. Cells were washed in 200 pl
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of FACS buffer and fixed and permeabilised using the FoxP3 / transcriptional factor staining
buffer set (eBioscience Inc., US) for 60 min at 4°C. Following a wash step with 200 pl of
1X permeabilisation buffer, cells were incubated with 100 pl of anti-mouse TGF-B1-APC
antibodies (clone: TW7-16B4) or isotype antibodies (1: 100 dilution in permeabilisation
buffer) (BioLegend, US) for 30 min at 4°C. Cells were washed in 1X permeabilisation buffer

and fixed in 1 % PFA until analysis.

Cytometric analysis was performed by BD LSRFortessa X-20 or ThermoFisher Attune™

NXT Flow Cytometer and subsequent data was analysed on FlowJo software.

2.7 Western blot

Western blot was performed to determine whether aTGF-B or aPD-1 scFv was expressed.
Plat-E cells were transfected with the retroviral vectors encoding CAR constructs and the
scFv expression cassette, as described in section 2.3.1. Notably, FCS-free DMEM was used
for media replacement on the next day. After 24-hour cell culture, scFv-containing
supernatant from transfected Plat-E cells was collected and passed through a 0.45 pm
filter to discard any non-adherent packaging cells. The supernatant was transferred to a
centrifugal filter unit (10 kDa molecular weight cutoff, Merck Millipore, US) and centrifuged
at 4000 x g for 30 min at 4°C. The concentrated supernatant was collected and stored at

-80°C for scFv detection by western blot or evaluation of scFv blocking assay.

20 pul of concentrated supernatant was diluted with 4 pl of 6x laemmli sample buffer and
heated at 98°C for 5 min. Samples were loaded into the wells of a 12 % precast sodium
dodecyl! sulphate-polyacrylamide (SDS-PAGE) gel (Bio-Rad, US), along with the colour
prestained protein standard (11 - 245 kDa) (New England Biolabs, UK). Electrophoresis
was performed at 100 V for 90 - 120 min to separate the proteins. The proteins were
transferred from the gel to the PVDF membrane using semi-dry transfer apparatus at 15
V for 60 min. The membrane was then blocked with 5% non-fat milk in PBS with agitation
for 1 hour. After blocking, the membrane was incubated with the anti-His-tag antibody
(BioLegend, US) diluted in 5 % non-fat milk in PBS at the 1: 1000 ratio overnight at 4°C.
Following incubation with the primary antibody, the membrane was washed for 10 min
with 0.1 % Tween-20 in PBS three times and incubated with peroxidise-conjugated anti-
mouse IgG (Sigma Aldrich, UK) diluted in 5 % non-fat milk in PBS at the 1: 2500 ratio at
room temperature for 1 hour. After another wash step, the membrane was developed with
ECL substrates (Bio-Rad, US) following manufacturer's instruction and visualisation of the
proteins was performed by chemiluminescence using ChemiDoc™ Imaging Systems (Bio-
Rad, US).
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2.8 aTGF-B scFv blocking assay

The blocking assay was performed to determine the binding and blocking capacity of aTGF-
B scFv to TGF-B. The rationale of this assay is that 293T cells transfected with p3TP-Lux
reporter plasmids can be induced to express luciferase by the induction of Smad signalling
initiated by TGF-B1 proteins, whilst the addition of aTGF-B scFv can inhibit the binding of

TGF-B1 and TGF-B receptor and consequently lead to reduced luciferase activity.

On day 1, 5 x 10° 293T cells were seeded in 15 cm? tissue culture dishes in 16 ml of
complete DMEM for incubation overnight at 37°C, 5% CO2. On day 2, the DMEM media
was removed from dishes and replaced by 12 ml of pH7.9 media (DMEM + 10 % FCS +
25 mM HEPES). 60 ug of reporter plasmids 3TP-Lux (p3TP-Lux) and 150 pl of 1M CaClz
was added and mixed with 3 ml of pH7.1 media (DMEM + 25 mM HEPES). The pH7.1
media containing DNA was added into the plates and the plates were gently rocked to mix
and incubated at 37°C, 5% CO:2 overnight. On day 3, transfected 293T cells were
trypsinised and re-seeded at a density of 3 x 104 cells in 200 yl DMEM/well in a 96-well
flat-bottom TC treated plate.

On day 4, media was removed from each well and replaced with 100 pl of the concentrated
supernatant containing aTGF-B scFv collected from transfected Plat-E cells following the
protocol 2.7. 20 pl of recombinant human TGF-B1 protein (PeproTech, US) at various
concentrations (2.5, 5, 10, 20 ng/ml) were added into wells respectively. Fresh DMEM
without TGF-B1 protein was used as negative control. Each condition was performed in
triplicate. The plate was incubated at 37°C, 5% CO2 for 16 hours. Following this, a
luciferase assay was performed. After the supernatant was discarded, the plate was added
with 100 pl of luciferin solution diluted in PBS at a final concentration of 1.5 mg/ml and
incubated for 3 min at 37°C. The luminescence intensity of each well was measured at 1

second exposure using the POLARstar Omega luminometer or equivalent.

2.9 aPD-1 scFv blocking assay

Plat-E cells were transfected with the retroviral vectors encoding CAR constructs and the
scFv expression cassette, as described in section 2.3.1. TCM was used for media
replacement on the next day. After 2-day cell culture, scFv-containing supernatant from
transfected Plat-E cells was collected and passed through a 0.45 pm filter to discard any
non-adherent packaging cells. A co-culture assay of CEA* MC38 cells and MFE.mCD3z

CAR-T cells was performed in the absence or presence of scFv-containing supernatant
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following the protocol in section 2.10.1. Simultaneously, the scFv-containing supernatant
only was used as negative control. The supernatant post co-culture was collected for

analysis of IFN-y production by ELISA.

2.10 In vitro function of CAR-T cells

2.10.1 Co-culture assay

For assessment of cytokine release, CEA* tumour cells and parental tumour cells were
seeded at a density of 1 - 2 x 10* cells in 100 pyl TCM/well in a 96-well U-bottom TC treated
plate (Falcon). Non-transduced T cells or CAR-T cells were added at E: T ratio of 1: 1 in
100 pl TCM/well. Simultaneously, CAR-T cells were cultured alone as negative control and
with 50 ng/ml phorbol 12-myristate 13-acetate (PMA) and 1 ug/ml ionomycin (both Sigma
Aldrich, UK) as positive control. Each condition was performed in triplicate. Cells were co-
cultured at 37°C, 5% COz2 for 20 hours. Following this, plates were centrifuged at 500xg
for 5 min and the supernatant was collected and stored at -80°C for cytokine analysis by
ELISA.

For assessment of cytotoxicity, CEA-specific CAR-T cells were co-incubated in a similar
way with 1 - 2 x 10% of CEA* target cells expressing luciferase and GFP at various E: T
ratios for 20 hours. Simultaneously, CEA* target cells expressing luciferase and GFP were
cultured alone as negative control and with 50 yl of 1 % Triton™ X-100 solution (Sigma

Aldrich, UK) as positive control.

Given the variable levels of transduction efficiency among CAR-T cell groups, non-
transduced T cells were added into each group to ensure that the number of both total T

cells and CAR-expressing T cells remained consistent.

2.10.2 Luciferase assay

The CEA* MC38 tumour cell line expressing luciferase and GFP was co-cultured with CAR-
T cells following the protocol 1.4.1. After the supernatant was collected, the plate was
added with 100 pl of luciferin solution diluted in PBS at a final concentration of 1.5 mg/ml
and incubated for 10 min at 37°C. The luminescence intensity of each well was measured
at 1 second exposure using the POLARstar Omega luminometer or equivalent. Percentage

lysis was calculated using the following formula:
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(CART cells RLU ) — (Triton RLU)

- 100
(target cells alone RLU) — (Triton RLU) x

% of killing = |1

2.10.3 IFN-y enzyme-linked immunosorbent assay (ELISA)

The concentration of murine IFN-y (mIFN-y) after co-culture was determined using an
ELISA kit (Invitrogen, US) according to the manufacturer's protocol. All reagents were
supplied in the kit, apart from 1 M H2SO0a stopping buffer. The absorbance value of each
well was measured using the plate reader and SoftMax Pro software at 450 nm. A non-
linear standard curve was generated by plotting the average value of each standard. The
concentration of mIFN-y in each sample was determined by interpolating absorbance

values from a standard curve.

2.10.4 1L-12 p70 ELISA

The concentration of murine IL-12 p70 (mIL-12p70) after co-culture was determined using
an ELISA kit (Invitrogen, US) according to the manufacturer's protocol. All reagents were
supplied in the kit, apart from 1 M H2S0a4 stopping buffer. The absorbance value of each
well was measured using the plate reader and SoftMax Pro software at 450 nm. A non-
linear standard curve was generated by plotting the average value of each standard. The
concentration of mIL-12p70 in each sample was determined by interpolating absorbance

values from a standard curve.

2.11 In vivo function of CAR-T cells

All in vivo experiments were performed under the auspices of the Animals (Scientific
Procedures) Act 1986 and under UK Coordinating Committee for Cancer Research
guidelines. All animal studies were carried out at the Manchester Cancer Institute, which
was approved by the CRUK-Manchester institute local animal welfare & ethics review body
(CRUK-MI AWERB). These studies were conducted under the home office personal licence
(PIL) number IA4E15152 and the home office project license (PPL) number P4657F6CD.

Animals were housed under specific pathogen-free conditions.

For evaluation of tumour engraftment, six- to eight-week-old BALB/c or C57BL/6 mice
(Harlan Laboratories, UK) were injected subcutaneously with MC38 or CT26 cells with or
without CEA expression at various cell doses. For assessment of anti-CEA CAR-T cell

therapy, C57BL/6 WT or CEA transgenic (CEAtg) mice were used. CEAtg mice were
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obtained from the CRUK Manchester institute. Tumour-bearing mice were pre-conditioned
with 5Gy TBI or chemotherapy regimens including 100 mg/Kg cyclophosphamide
monohydrate (Merck Millipore, US) and 100 mg/Kg fludarabine phosphate (Selleck
Chemicals LLC, US) by intraperitoneal injection. Two days later, mock T cells or CAR-T
cells were injected intravenously into mice at varying doses, as detailed in the figure
legends. Growth of subcutaneous tumours was monitored twice a week by calliper
measurements and calculated by the formula: W? x L/2. Mice were euthanized when
tumours ulcerated or reached over 1,000 mm?3 or they experienced lethal toxicities such
as 20 % severe body weight loss (BWL), emaciation or pale extremities. Tumours were
collected and fixed with formalin. Spleens were collected to assess the functional activity
of CEA-specific immune cells in vitro. Splenocytes were isolated following the protocol
2.2.3 and cryopreserved in cell freezing media in liquid nitrogen without aCD3€ and aCD28

antibody activation for later analysis by co-culture assays.

To determine the efficiency of lymphodepletion pre-conditioning, peripheral blood samples
were collected from tail vein bleeds at various time points post T cell infusion and blood
counts were determined using the Sysmex™ automated hematology analyser. In addition,
serum was isolated from blood samples by centrifugation at 1,000-2,000xg for 10 min at
4°C and stored at -80°C until use. 1 - 5 pl of serum samples diluted with PBS were

measured for IL-12 production by ELISA.

2.12 Immunohistochemistry (IHC)

All tumour samples for IHC assays were fixed with formalin overnight and embedded in
paraffin was. 4 ym thick tumour sections were cut and used for assessment of CEA
expression and CD8* T cell infiltration. Automated IHC staining was performed using the
Leica Bond Max (Leica Biosystems, Germany). To detect human CEA expression, tumour
sections from tumour-bearing mice were immunostained with mouse anti-CEA monoclonal
antibody (clone: 1106; Invitrogen) at 1: 1000 dilution and the ARK™ (animal research kit)
Peroxidase (Dako, Denmark) was used. The mouse IgG1l antibody was used as negative
control at the same dilution as the primary antibody. To detect the level of mouse CD8* T
cells, tumour sections from treated mice were immunostained with anti-mouse CD8a
monoclonal Antibody (clone: 4SM15; Invitrogen) at 1: 750 dilution and the ImmPRESS™
HRP anti-rat IgG (mouse adsorbed) polymer detection kit (Vector Laboratories, US) was
used. The rat IgG2a antibody was used as negative control at the same dilution as the
primary antibody. The Bond™ Polymer Refine Detection Kit (Leica Biosystems, Germany),

which contains the 3,3'-Diaminobenzidine (DAB) chromogen and haematoxylin, was used
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for antibody and cell nuclei visualisation respectively. Images were acquired using the
EVOS™ FL Auto Imaging System (magnification x10) (Thermo Fisher Scientific, US).

2.13 Quantitative polymerase chain reaction (QPCR)

The QIAamp DNA Mini Kit (Qiagen, UK) was used to extract total DNA from blood samples

collected via tail vein on day 1, 7 post T cell infusion according to manufacturer's protocol.

QPCR was conducted to quantify the amount of mCherry sequence in 10 ng of DNA samples
extracted using the HotStarTaq Plus Master Mix Kit (Qiagen, UK) according to
manufacturer's protocol. Custom primer pairs and corresponding probe for detection of
mCherry were synthesised by Sigma, UK and are shown in Table 2.2. QPCR was carried
out on QuantStudio 5 Real-Time PCR Systems and the setting are shown in Table 2.3.
Results were analysed using QuantStudio™ Design & Analysis software (Thermo Fisher
Scientific, US).

A stander curve ranging from 1 x 108 to 1 pg were produced for each experiment by 10-
fold serial dilutions of the MFE.CD3z plasmid. 1 - 100 ng of genomic DNA extracted from
CD3z CAR-T cells and water only were used as positive control and negative control

respectively.
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Table 2.2 QPCR primer and probe sequences for the detection of mCherry

Target Oligonucleotide Sequence Amplicon
gene length (bp)
Forward primer 5'-AGACCACCTACAAGGCCAAGAAGC-3'
mCherry | Reverse primer 5'-TCAAGTTGGACATCACCTCCCACA-3' 99

Probe [JOE] 5'-CCGGCGCCTACAACGTCAAC-3' [BHQ1]

Table 2.3 QPCR setting for the detection of mCherry

Initial activation Denaturation Annealing Extension Final extension
1 cycle 3-step cycling x 35 cycles 1 cycle
95°C 94°C 55.7°C 72°C 72°C

5 min 30 sec 30 sec 1 min 10 min
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2.14 In vitro function of splenocytes from treated mice

On day 0, a co-culture assay was performed for expansion of CEA-specific T cells. CEA*
MC38 tumour cells were irradiated with 50 Gy and seeded at a density of 1 x 108 cells in
2 ml TCM/well in 6-well TC treated plates. Splenocytes of each treated mouse were isolated
as mentioned in section 2.2.3 and resuspended at 3.5 x 10° cells/ml. When irradiated
tumour cells were completely adherent to the plate, 3.5 x 10° splenocytes were added into
each well. TCM was added to top up to 4 ml and 100 IU/ml hIL-2 and 2 ng/ml mIL-7 were
added into each well. Plates were incubated at 37°C, 5% CO: for 5 days.

On day 5, activated splenocytes were re-cultured with 5 x 10° irradiated CEA* MC38 cells
at E: T ratio of 1: 1 in 24-well TC treated plates. Cells were co-cultured at 37°C, 5% CO2
for 20 hours. Following this, plates were centrifuged at 500xg for 5 min and the

supernatant was collected and stored at -80°C for the measurement of IFN-y by ELISA.

2.15 Statistical analysis

GraphPad Prism 8.0 was used to perform statistical analysis of the conducted experiments.
Results were generally shown as the mean =+ standard deviation, unless otherwise stated.
For comparison of one variable with more than two sets of data one-way analysis of
variance (ANOVA) was performed and where the effects of two variables were compared
two-way ANOVA was employed. Data was considered to be statistically significant when

the P value was less than 0.05.
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3 Construction and Assessment of anti-CEA CAR-
T cells secreting IL-12

3.1 Introduction

3.1.1 Anti-CEA CAR-T cell therapy

Anti-CEA CAR-T cells have shown anti-tumour efficacy in pre-clinical studies [166-168].
With regards to clinical efficacy, a phase I trial reported that local delivery of second-
generation CD28-CD3{ CAR-T cells by hepatic artery infusion showed increased CEA* liver
metastasis necrosis and fibrosis in some patients, although there were no partial or
complete responses [169]. Another two clinical trials have also reported some clinical
efficacy but no objective clinical responses in the treatment of gastrointestinal
adenocarcinoma with metastases by systemic administration of autologous T cells
engineered with a first-generation CD3 CAR [170] and a second-generation CD28-CD3(
CAR [171] respectively. Furthermore, decline of serum CEA levels was observed in these
trials, strongly indicating that the CEA-specific CAR-T cells mediated productive anti-

tumour responses.

It is of note that these CAR-T cell trials did not observe severe treatment-related colitis in
most patients, compared to treatment of TCR-T cells against CEA [172]. This is probably
because CEA protein is expressed in a polarized fashion on the lumen side of normal
epithelial cells in gastrointestinal tracts [173], which therefore cannot be recognized by
CAR-T cells unless CEA distribution collapses due to tissue injury [174]. In contrast, given
the non-polarized expression of CEA peptides bound to HLA molecules on cell surfaces,
CEA-expressing healthy cells can be recognized by TCR-T cells as well, resulting in severe
transient colitis. Additionally, the CD3¢ CAR trial observed transient pre-conditioning-
dependent respiratory toxicity, which may be due to the expression of CEA on lung
epithelium, whilst other two trials using CD28-CD3¢ CAR did not report this toxicity. The
underlying reason remains unknown due to multiple factors across different trials, such as
chemotherapy pre-conditioning, IL-2 administration, variation in the scFv affinity for its

target, cell doses and manufacturing differences.

Collectively, encouraging clinical responses of anti-CEA CAR-T cells for the treatment of

solid tumours has yet to be achieved. Based on the current findings, CEA is still a potential
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target for CAR-T cell therapy and more strategies need to be explored to improve anti-

tumour efficacy of anti-CEA CAR-T cells in the treatment of solid tumours.

3.1.2 IL-12

IL-12 is a multifunctional, pro-inflammatory cytokine which bridges innate and adaptive
immunity. It is mainly produced by APCs such as monocytes, macrophages and DCs in
response to antigen stimulation. Structurally, IL-12 is a heterodimeric cytokine of 70 kDa
(p70) which consists of two covalently linked p35 and p40 subunits. The biological
functions of IL-12 are mediated via the heterodimeric IL-12 receptor (IL-12R) composed
of IL-12RB1 and IL-12RB2 chains. The IL-12R complex is expressed mainly on NK cells
and activated T cells but has also been detected on other cell types such as DCs [175] and
B cell lines [176].

In anti-tumour immunity, IL-12 mainly acts as a pivotal orchestrator of Thl-type immune
response against tumour [177]. The most crucial mediator of IL-12-induced responses is
IFN-y, which is produced from NK cells and T cells upon IL-12 stimulation alone or synergy
with other activating stimuli such as IL-2 and IL-18 [178, 179]. The release of IFN-y, in
turn, stimulates APCs to secret IL-12 in a positive feedback loop [180]. IL-12 also induces
other cytokine production, such as IL-2, TNF-a and granulocyte-macrophage colony-
stimulating factor (GM-CSF).

IL-12 released by APCs enhances proliferation and cytotoxicity of NK cells and CD8* T cells
and promotes the differentiation of naive CD4* T cells towards the Thl effector cell
phenotype [181, 182]. It also programs effector T cells for optimal progression into
effector memory T cells [183]. Moreover, IL-12 enhances the activation and production of
Thl-associated classes of immunoglobulin such as IgG2a and suppresses IgE production
in B cells and augments antibody-dependent cellular cytotoxicity (ADCC) against tumour
cells [184, 185]. IL-12 also increases capability of APCs to present poorly immunogenic
tumour peptides [186, 187]. Apart from tumour-specific immune responses, IL-12 has
been reported to mediate anti-tumour activities through other mechanisms. For example,
IL-12 mediates potent anti-angiogenic effects via induction of IFN-y-inducible protein 10
(IP-10, CXCL10) and monokine induced by IFN-y (MIG, CXCL9) [188]. Additionally, IL-12
regulates the tumour vasculature by upregulating expression of the adhesion molecule,
such as ICAM and VCAM, which is thought to facilitate leukocyte recruitment [189]. In
some cases, IL-12 has direct inhibitory effects on tumour growth, such as AML, lung

adenocarcinoma [190, 191].
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Notably, IL-12 appears to exhibit more potent anti-tumour responses when secreted or
applied locally in the tumour, rather than given systemically. Systemic administration of
IL-12 showed severe toxicities so that therapeutic levels of IL-12 could not be safely
achieved [192, 193].

In light of the potent anti-tumour properties of IL-12, modification of tumour-specific T
cells, including CAR-T cells, to secret IL-12 has been used as a strategy to improve
therapeutic effects of T cells. This approach allows IL-12 to be delivered locally into
tumour sites, where it can exert its function without the toxicities observed in systemic
administration. The release of IL-12 by engineered T cells in a constitutive and inducible
manner has been demonstrated to improve cytolytic activity and persistence of T cells
[194, 195], recruit and activate innate immune cells such as macrophages [153].
Moreover, functional changes of resident repressor cells by IL-12 may enhance the
efficacy of engineered T cells in an indirect manner. Accumulated IL-12 re-programmed
CD11b* myeloid-derived tumour stromal cells, in particular MDSCs, dendritic cells and
macrophages, towards functional antigen-presenting cells, enabling them to cross-
present naturally occurring tumour antigens to tumour infiltrating T cells [196]. It can
also induce collapse of the tumour stroma through increasing Fas expression [197]. In
addition, IL-12-secreting T cells acquired intrinsic resistance to the repressive functions
of Treg cells [198].

3.1.3 Hypothesis and aims

The secretion of IL-12 by CAR-T cells has been reported to not only enhance anti-tumour
responses of CAR-T cells, but also recruit and activate innate immune cells like NK cells
and macrophages which can attack antigen-negative tumour cells invisible to CAR-T cells.
It is therefore hypothesised that secretion of IL-12 by murine anti-CEA CAR-T cells may
enhance anti-tumour activity of T cells in vitro. Murine anti-CEA CAR-T cells secreting IL-
12 might also show better efficacy against solid tumours by stimulating CAR-T cells and
recruiting other immune cells in an immunocompetent model. Therefore, the main aims of
this chapter were:
e To design and generate retroviral vectors encoding murine first- and second-
generation CAR constructs and murine IL-12 gene
e To assess whether murine T cells could be successfully transduced to express
anti-CEA CARs and secrete IL-12
e To establish a CEA positive tumour cell line expressing GFP and luciferase for

evaluation of CAR-T cell cytotoxicity
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To evaluate whether secretion of IL-12 enhance anti-tumour effects of CEA-

specific CAR-T cells in vitro
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3.2 Results

3.2.1 Generation of retroviral vectors encoding anti-CEA CAR gene

The MP71 retroviral vectors formed the backbone of CAR encoding plasmids, as it has
stable, high-level transgene expression in T cells [199] and has been well developed for
CAR construction in our lab. Constructs were constructed by altering the scFv or
intracellular signalling domain sequence to the desired sequence from pre-existing vectors
in the lab via DNA cloning methods. Briefly, the CAR construct consisted of an oncostatin
M leader sequence (OM1) fused to the MFE23 scFv targeting human CEA [200] followed
by fully mouse intracellular signalling domains (Figure 3.1). OM1 was used for scFv
transport to the cell membrane. In order to detect CAR expression, the mCherry reporter
gene was placed upstream by means of a 2A cleavage sequence which allows equal co-
expression of mCherry and CAR genes [201]. Another 2A cleavage sequence was placed
downstream of the CAR to initiate the translation of murine IL-12 gene for constitutive

secretion.
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Figure 3.1 Schematic diagram of anti-human CEA CAR constructs

CEA-specific CAR consists of a mouse anti-human CEA MFE23 scFv linked to different
murine signalling moieties. The first-generation CAR only contains a CD3( stimulatory
domain, while second-generation CARs have one additional co-stimulatory domain CD28
or 41BB followed by CD3{. Murine IL-12 gene was inserted in the CAR constructs to
generate the fourth-generation CARs. (LTR, long terminal repeat; OM1, oncostatin M

leader sequence)
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To generate the retroviral vector pMP71.mCherry.2A.MFE23.mCD3( (MFE23.mCD3z), the
MFE23 scFv from the vector encoding MFE23 with truncated CD34 (tCD34) marker gene
and human CD3( and CD28 signalling gene (pMP71.tCD34.2A.MFE23.hCD28.hCD3() was
cloned as a Clal, Notl fragment replacing the anti-mouse CD19 scFv (1D3 scFv) in the
retroviral vector pMP71.mCherry.2A.1D3.mCD3( (Figure 3.2 A & B). Following this, the
pMP71 vectors containing MFE23.mCD28.mCD3{ sequence (MFE23.mCD28z) and
MFE23.m41BB.mCD3{ (MFE23.m41BBz) sequence respectively were generated by
replacing mCD3( sequence from MFE23.mCD3z construct with mCD28.mCD3{ and
m41BB.mCD3( sequence from anti-mouse CD19 CAR constructs as Notl, Nhel fragment
(Figure 3.3 A & B).

To generate fourth-generation anti-CEA CARs encoding murine IL-12, the
mCherry.2A.MFE23 sequence was cut out of the plasmid MFE23.mCD3z with Ncol, Notl
restriction enzymes to replace the mCherry.2A.1D3 sequence in first- and second-

generation anti-mouse CD19 CARs encoding murine IL-12 (Figure 3.4 A & B).
Confirmation of successful ligation of the CAR encoding vector was performed by Sanger

DNA sequencing of samples. Primers for detecting mCherry, MFE23, CD3z, CD28z, 41BBz

and IL-12 sequences are shown in Table 3.1.
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pMP71mCherry.2A.1D3.mCD3z

Clal Notl
| . |
MFE23 scFv
733bp

PMP71mCherry.2AMFE23.mCD3z

6488 bp

—8 Kb
—5Kb

—1Kb

—0.5Kb

Figure 3.2 Schematic diagram of first-generation anti-CEA CAR constructs

(A) Overview of cloning strategies for generation of MFE.CD3z plasmid. (B) Agarose gel
electrophoresis of backbone vector MP71 and target MFE23 DNA fragments. The DNA
samples were digested with Clal, Notl restriction enzymes. Lane 1 - 3 shows the CAR
backbone from the vector pMP71.mCherry.2A.1D3.mCD3{ at ~5.8 kb; Lane 4 - 6 shows
the MFE23 insert from the vector pMP71.tCD34.2A.MFE23.mCD28.mCD3C at ~0.7 kb;
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PMP71mCherry 2A MFE23.mCD282 £ PMP71mCherry.2A MFE23.m418Bz

6987 op 7099 bp

—6Kb

—1Kb

Figure 3.3 Schematic diagram of second-generation anti-CEA CAR constructs
(A) Overview of cloning strategies for generation of MFE.CD28z and MFE.41BBz plasmids.
(B) Agarose gel electrophoresis of backbone vector MP71 and target CD28 and 41BBz
DNA fragments. The DNA samples were digested with NotI, Nhel restriction enzymes. Lane
1 - 3 represents the MFE23 backbone from the vector MFE23.mCD3z at ~6 kb; Lane 4 - 6
shows the m41BBz insert from the vector pMP71.mCherry.2A.1D3.m41BB.mCD3C at ~1.1
kb; Lane 7-9 shows the mCD28z insert from the vector
pMP71.mCherry.2A.1D3.mCD28.mCD3( at ~1 kb.
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Figure 3.4 Schematic diagram of fourth-generation anti-CEA CAR constructs
encoding murine IL-12

(A) Overview of cloning strategies for generation of anti-CEA CARs encoding murine IL-
12 plasmids; (B) Agarose gel electrophoresis of target mCherry.2A.MFE23 and backbone
CD28z.1L12 and 41BBz.IL12 DNA fragments. Lane 2 - 4 represents the mCherry.2A.MFE23
insert from the vector MFE23.mCD3z at ~1.2 kb; Lane 6 - 8 represents the mC28z.IL12
backbone from the vector pMP71.mCherry.2A.1D3.mCD28.mCD3C.IL12
(1D3.mCD28z.mIL12) at ~7.5 kb; Lane 10 - 12 represents the m41BBz.IL12 backbone
from the vector pMP71.mCherry.2A.1D3.m41BB.mCD3C.IL12 (1D3.m41BBz.mIL12) at
~7.6 kb. Lane 1, 5 and 9 represents MFE23.mCD3z, 1D3.mCD28z.mIL12 and
1D3.m41BBz.mIL12 without restriction digest respectively.
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Table 3.1 Primers for Sanger Sequencing

Primers

Sequence

mCherry fwd

5" CAACATCAAGTTGGACATCACCTC 3’

MFE23 fwd 5" GAAGATGCTGCCACTTATTAC 3’
mCD3z fwd 5" CCAGGAAGGCGTATACAATGCACTGCAG 3’
MP rev 5" CTTAAGCTAGCTTGCCAAACCTACAGG 3’
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3.2.2 Efficient retroviral transduction of mouse T cells with anti-CEA CARs

In this study, the Plat-E cell line was used as a helper cell due to its efficient and stable
ability to package retroviral particles [202]. Plat-E packaging cells were transfected with
pMP71 vectors encoding anti-CEA CARs and pcl-Eco packaging vector as described in
section 2.4.1. Efficient transfection was observed by the expression of mCherry

fluorescence using fluorescence microscopy (Figure 3.5 A).

On day 2 post CAR transfection, Plat-E cells were collected to detect mCherry expression
by flow cytometry (Figure 3.5 B). Whilst MFE23.mCD3z, MFE23.mCD28z and
MFE23.m41BBz constructs had similar transfection efficiency which was 34.4 £ 6.5, 41.0
+ 14.8, 37.2 £ 8.8 % respectively, all IL-12 constructs showed lower transfection
efficiency (22 % on average). Notably, there was an inverse correlation between CAR
construct length and transfection efficiency (R? = 0.776, P < 0.05) (Figure 3.5 C), which
was consistent with the study reported [203]. It is possible that the efficiency of DNA

uptake was decreased because of an increase in plasmid size.
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Figure 3.5 mCherry expression of transfected Plat-E cells

(A) Representative images of mCherry fluorescence of Plat-E cells post transfection by
fluorescence microscopy; Magnification = 50X; (B) Transfection efficiency was determined
via mCherry expression on transfected Plat-E cells by flow cytometry. Data are mean %
SD of 3 independent experiments. (C) Correlation between the length of CAR constructs

and transfection efficiency, Spearman’s correlation, R2 = 0.776, P < 0.05.
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After 24-hour stimulation by soluble aCD3 and aCD28 antibodies, mouse T cells were
transduced to express different CAR constructs by spinning and co-incubating with
retroviral containing supernatant. Transduced T cells were cultured at a density of 1 x 10°
cells/ml with the addition of hIL-2 and mIL-7 at 100 IU/ml and 2 ng/ml respectively every
other day. Following 4 days of culture, to confirm retroviral integration and expression of
CAR, CD4* and CD8* T cells were then analysed for the presence of surface markers
mCherry by flow cytometry. For cytometric analysis, mock transduced T cells were used
to set gates for background fluorescence intensity in order to analyse the percentage of

surface marker expression of CAR-expressing T cells in each of the transduced groups.

The gating strategy of mock T cells for analysis is represented in Figure 3.6 A - E. Briefly,
the initial gate was drawn on the single population based on FSC-A/FSC-H plot. Zombie
Violet, a live/dead cell discrimination dye, was used to identify dead cells and exclude
them from analysis. Live singlets were then analysed for the percentage of mCherry* cells
within CD4 and CD8 subsets. The detectable mCherry fluorescence indicated that T cells
were successfully transduced (Figure 3.6 F & G). However, the transduction efficiency of
mouse T cells transduced with different CAR constructs was poor (Figure 3.7 A).
MFE23.mCD3z, MFE23.mCD28z, MFE23.m41BBz groups had only 27.8 £ 10.4, 18.9
10.0, 15.1 £ 6.1 % mCherry* T cells respectively. The addition of IL-12 gene resulted in
a slightly decrease in transduction efficiency of CD3z, CD28z and 41BBz CAR constructs,
which was 23.3 £ 12.1, 13.2 £ 9.1, 13.4 £ 8.0 % respectively. It is of note that the
transduction efficiency of CD3z.mIL12 CARs (5485 bp) was slightly higher than that of
either CD28z or 41BBz CARs (4300 and 4416 bp respectively). There is no strong
correlation between CAR construct length and transduction efficiency (Figure 3.7 B). It
seems that the impact of the inclusion of CD28 or 41BB signalling domain in the CAR on

transduction efficiency is stronger than that for the total length of CAR construct.
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Figure 3.6 Gating strategy for flow cytometry analysis of surface marker
expression of CAR-expressing T cells

Gating strategy used to define mCherry* population in CD4* and CD8* T cells. (A) The
single cells were identified on the FSC-A/FSC-H plot. (B) Live cells were identified by
Zombie Violet negative staining of single cell population. (C) T cells were determined by
gating on the CD4* and CD8* populations. (D & E) mCherry* T cells were gated on the
CD4* and CD8* subsets of mock T cells. (F & G) Representative dot plots are shown for
mCherry expression on the CD4 and CD8 subsets of CAR-T cells respectively.
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Figure 3.7 Transduction efficiency of anti-CEA CAR-T cells
(A) Transduction efficiency was determined by the detection of mCherry expression on
CD4 and CDS8 subsets on day 4-5 post transduction by flow cytometry. (B) Correlation

between the length of CAR constructs and transduction efficiency, Spearman’s correlation,

R2 = 0.3906.
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3.2.3 In vitro culture optimization of IL-12-secreting CAR-T cells

During 4-day in vitro culture post transduction, the number of Mock and MFE23.m41BBz
Tcells (7.5 £ 2.4 and 7.3 £ 1.5-fold increase from day 0 to day 4 respectively) was higher
than MFE23.mCD3z and MFE23.mCD28z T cells (4.9 £ 1.9 and 4.4 £ 1.9 -fold increase
respectively) (Figure 3.8 A). Thus, it seems possible that retroviral transduction can reduce
cell expansion but the incorporation of 41BB signalling domain is able to minimise the
effect, as both MFE.mCD28z and MFE.m41BBz T cells had similar transduction efficiency
(18.9 £ 10.0 and 15.1 £ 6.1 %) (Figure 3.7 A). However, whilst the mean expansion was
lower with MFE23.mCD3z and MFE23.mCD28z T cells, there is no significant difference in
expansion, except the comparison between Mock and MFE23.mCD28z T cells on day 4 (P
< 0.05). As for IL-12-secreting T cells, a significantly lower fold expansion was observed
on day 4, which indicated that the secretion of IL-12 possibly had a negative effect on T
cell expansion. It also corresponded with a lower percentage of viable cells in the IL-12-
secreting CAR-T cell cultures observed by flow cytometry, although there is no significant
difference compared to parental T cells (Figure 3.8 B). It was observed that upon
centrifugation the cell pellet was larger in the IL-12-secreting CAR-T cells (no figure
shown), leading to the hypothesis that IL-12 could stimulate T cells to rapidly expand
followed by activation induced cell death (AICD). However, culturing IL-12-secreting T
cells at 1 x 10 cells/ml with fresh cytokines every 2 days did not provide sufficient growth
signals to maintain cell viability, resulting in cell death and poor expansion. Additionally,
IL-12 has been reported to induce dose-dependent apoptosis in human T cells in vitro
[204]. Therefore, lowering cell density for T cell culture to provide more culture medium
and cytokines and dilute IL-12 concentration might be a strategy to circumvent this

problem.
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Figure 3.8 Expansion of transduced T cells with different CAR constructs

(A) Fold expansion of transduced T cells cultured at 1 x 106 cells/ml from day O to day 4
post transduction. Viable cells were enumerated every 2 days by bright field microscopy
using trypan blue exclusion. (B) The percentage of live cells in each group identified by
zombie violet dye by flow cytometry. The data are plotted as mean = SD of three
independent experiments. Statistically significant difference was analysed using two-way
ANOVA with Tukey’s multiple comparisons test. * P < 0.05; #* P < 0.01; #**+ P < 0.0001.
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To investigate cell culture conditions for the reliable expansion of CAR-T cells, CD3z T cells
with or without IL-12 co-expression were cultured at different cell densities, 1 x 10°
cells/ml and 0.3 x 10° cells/ml respectively. During 8-day in vitro culture, transduced T
cells at 0.3 x 10° cells/ml showed significantly higher fold expansion compared to that at
1 x 10° cells/ml from day 4 post transduction (Figure 3.9 A). On day 4, the cell number of
CD3z.mIL12 T cells was remarkably more than that of CD3z T cells at 0.3 x 10° cells/ml.
However, reduced fold expansion was observed in CD3z.mIL12 T cells at both cell densities
after day 4, while the number of CD3z T cells increased gradually and significantly overtook
that of CD3z.I1L12 T cells at 0.3 x 10° cells/ml on day 6 and day 8. It indicated that T cells
stimulated by IL-12 could rapidly proliferate for several days post transduction and then
failed to expand after 4 days in culture regardless of cell culture density. Whilst lowering
cell density could provide more culture medium for expansion and dilute the concentration
of IL-12 accumulated within 2-day culture, T cells still underwent apoptosis which was
probably caused by IL-12 stimulation. Although this approach was not ideal for maintaining
T cells survival, it enabled IL-12-secreting CAR-T cells to proliferate rapidly, reaching

sufficient numbers for adoptive transfer.

In the following experiments, IL-12-secreting T cells were cultured at 0.3 x 10° cells/ml to
improve viability during in vitro expansion and showed similar expansion pattern (Figure
3.9 B), whilst non-IL-12-secreting T cells were still cultured at 1 x 10° cells/ml to save
TCM.
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Figure 3.9 Expansion of transduced T cells at different cell densities

(A) Comparison of fold expansion of MFE23.mCD3z.IL12 T cells at two cell culture
densities. The data are plotted as mean + SD of triplicates of one experiment. (B) Fold
expansion of MFE23.mCD3z.IL12 T cells cultured at 0.3 x 10° cells/ml in the following
experiments. The data are plotted as mean £ SD of three independent experiments. Viable
cells were enumerated every 2 days by bright field microscopy using trypan blue exclusion.
Statistically significant difference was analysed using two-way ANOVA with Sidak’s

multiple comparisons test. *xx+x P < 0.0001.
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3.2.4 Establishment of GFP and luciferase expressing CEA* tumour cell lines

To assess the anti-tumour responses of MFE23 CAR-T cells, two widely used colorectal cell
lines CT26 and MC38, syngeneic to BALB/c and C57BL/6 mouse strains respectively, were
chosen as target cells. The derivative cell lines CT26.CEAdo.mtm (CEA* CT26) and
MC38.CEAdo.mtm (CEA* MC38) cell lines were made previously in our laboratory by
transducing CT26 and MC38 cells with retroviral vectors encoding a truncated part of
human CEA molecule linked to an anchoring transmembrane domain. The CEA domain
used is the N terminal region to which MFE23 scFv binds. The non-cleavable
transmembrane domain was used to replace the GPI linkage of the whole CEA molecule
prevents the release of CEA into the surroundings and circulation. This design could
therefore avoid an underestimation of the anti-tumour functions of anti-CEA CAR-T cells

due to reduced CEA expression on the tumour cell surface.

To determine the level of CEA expression, CEA* target cell lines were stained with anti-
CEA antibody, followed by anti-mouse IgG antibody conjugated to PE. Staining CEA™* target
cells with anti-mouse IgG antibody conjugated to PE only was used as negative control
(Figure 3.10 A). Both transduced CT26 and MC38 cell lines showed high levels of CEA
expression, which was 98.4 £ 0.9 and 88.3 £ 1.9 % respectively (Figure 3.10 B & C).
These CEA-expressing cell lines were subsequently used as target cells to evaluate the

anti-tumour activity of MFE23 CAR-T cells in vitro and in vivo.
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Figure 3.10 Expression of CEA on CEA* tumour cell lines

(A) Representative dot plots are shown for CEA expression of CEA* CT26 cell line. (B)
The percentage of CEA* CT26 cells is plotted as mean = SD of three independent
experiments determined by flow cytometry. (C) The percentage of CEA* MC38 cells is

plotted as mean * SD of three independent experiments determined by flow cytometry.
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In order to assess cytotoxicity of CAR-T cells in vitro, a luciferase assay was performed
using CEA* tumour cell lines transduced to express luciferase and GFP (CEA* CT26.Luc.GFP
and CEA* MC38.Luc.GFP). To establish these cell lines, a retroviral vector encoding
luciferase and GFP (rkat.Luc.IRES.GFP) was used for retroviral transduction. GFP was used
as a marker protein to determine if tumour cells were efficiently transduced with the

luciferase encoding vector.

Efficient transfection of Plat-E cells was confirmed by the detection of GFP fluorescence
using fluorescence microscopy (Figure 3.11 A). Retroviral transduction for CEA* tumour
cells was performed by spinfection in the presence of polybrene. To measure the level of
CEA and GFP co-expression, transduced CEA* target cell lines were stained with anti-CEA
antibody, followed by anti-mouse IgG antibody conjugated to PE. Staining non-transduced
CEA* target cells with anti-mouse IgG antibody conjugated to PE only was used as negative
control. Cell sorting was performed to obtain high levels of CEA and GFP co-expression by

collecting CEA* and GFP* double positive cells.

It can be seen that 92 % of transduced CT26 cells were double positive for CEA and GFP
post transduction (Figure 3.11 B). The proportion of CEA* and GFP* double positive CT26
cells was further increased to 98 % after cell sorting (Figure 3.11 C). Furthermore, brighter
GFP fluorescence could be observed from transduced CT26 cells post sorting by
fluorescence microscopy (Figure 3.11 D). The percentage of CEA* and GFP* CT26 cells

remained stable at 96.2 + 3.7 % from three independent experiments (Figure 3.11 E).
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Figure 3.11 Expression of GFP and CEA on transduced CT26 tumour cells before
and after cell sorting

(A) Representative images of GFP fluorescence of Plat-E cells post transfection by
fluorescence microscopy. (B) Representative dot plots are shown for GFP and CEA
expression of transduced GFP* CEA* CT26 cell line before sorting. (C) Representative dot
plots are shown for GFP and CEA expression of transduced GFP* CEA* CT26 cell line after
sorting. (D) Representative images of GFP fluorescence of transduced GFP* CEA* CT26
cells before and after cell sorting by fluorescence microscopy, Magnification = 50X. (E)
The percentage of GFP* and CEA* CT26 cells is plotted as mean + SD of three independent

experiments determined by flow cytometry.
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Compared to CT26 cells, MC38 cells were more difficult to transduce. Only 25 % of them
co-expressed CEA and GFP (Figure 3.12 A). Even though the level of co-expression was
increased to around 40 % by cell sorting, it was back down to 23 % after 10 passages
(Figure 3.12 B). As two retroviral vectors encoding CEA and GFP and luciferase respectively
were separately put into both CT26 and MC38 cell lines, there is probably a competition
for gene expression between those vectors, resulting in untable CEA and GFP co-
expression in MC38 cell line. Also, the non-transgene-expressing cells were likely to
overpopulate the culture over time. Those situations may lead to the low level of co-

expression.
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Figure 3.12 Expression of GFP and CEA on transduced MC38 tumour cells before

and after cell

sorting

(A) Representative dot plots are shown for GFP and CEA expression of transduced GFP*
CEA* MC38 cell line before sorting. (B) Representative dot plots are shown for GFP and
CEA expression of transduced GFP* CEA* MC38 cell line at different passages after sorting.
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In order to retain stable transgene co-expression, single cell cloning for GFP* CEA* MC38
cells were performed three times. Additionally, in an attempt to reach higher CEA
expression, CEA* MC38 cells without luciferase or GFP expression which had been

established to have 88.3 £ 1.9 % of CEA expression underwent single cell cloning.

The CEA and GFP expression of single cell clones expanded was determined by flow
cytometry (Figure 3.13). It was seen that CEA and GFP were stably co-expressed in 98.5
% of GFP* CEA* MC38 cells after the third time of single cell cloning, whilst it was 25 %
before cloning. The CEA expression level of CEA*™ MC38 cells without luciferase or GFP
expression was increased slightly from 88.3 to 94.5 %. Performing single cell cloning three
times also minimised the possibility that non-transgene-expressing cells overpopulate the

culture.

The luciferase activity of CEA* MC38.Luc.GFP cells was validated by luciferase assays with
the addition of luciferin. Efficient luciferase expression was demonstrated by the detection
of relative light units (RLU). A non-linear increase in RLU was observed following the
increasing number of transduced cells seeded from 0 to 1 x 10> cells (Figure 3.14 A). The
possible reason is that the 96-well plate used has limited space to allow CEA*
MC38.Luc.GFP cells at high density (5 x 10* cells/well) to seed, resulting in the plateau of
luminescence intensity detected. When excluding higher cell densities 5 x 10* and 1 x 10°
cells/well, RLU showed a linear correlation with the increase of cell density from 0 to 2 x
104 cells (R? =0.994) (Figure 3.14 B). As such, the 1 x 10% or 2 x 10* of transduced tumour

cells was used for the co-culture with CAR-T cells to assess CAR-T cell activity.
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Figure 3.13 Single cell cloning for CEA* MC38 cells with or without luciferase and

GFP expression

Single cell clones were generated by limiting dilution. Transduced MC38 cells were counted

and serially diluted to a final concentration of 1.5 cells/ml. 0.3 cell was seeded per well in

200 pl in a 96-well plate. The diluted cells were allowed to grow and form clonal colonies

undisturbed for 1 week. Single cell clones were then identified and transferred sequentially

into larger culture plates until there are enough cells to assess transgene expression. To

measure the level of CEA and GFP co-expression, the single cell clones were stained with

anti-CEA antibody, followed by anti-mouse IgG antibody conjugated to PE. Staining CEA*

MC38 cells with anti-mouse IgG antibody conjugated to PE only was used as negative

control.

85



800,000+

=
600,000+
400,000-
200,000- -
0L 77 . ' .
Q Ny o) ™ ™ ™ o)

ot oF

RLU

Rl

Cell number

500,000+

400,000

300,000+

RLU

200,000

100,000+

0 5,000 10,000 15,000 20,000 25,000
Cell number

Figure 3.14 RLU of luciferase-labelled CEA* MC38 cells seeded at different
densities

CEA* MC38 cells expressing GFP and luciferase post single cell cloning were seeded at the
densities of 1 x 10%, 5 x 104, 2 x 104, 1 x 104, 5 x 103, 2 x 103 and 0 cells/well respectively
and incubated for 20 hours. Each condition was performed in triplicate. (A) The RLU of
luciferase-labelled cells seeded at different densities was measured by luminometry. (B)
Linear regression was calculated to generate the best fit line based on the RLU of cell
number from 0 to 2 x 10* (R? =0.994).
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3.2.5 Cytokine release by anti-CEA CAR-T cells secreting IL-12

To assess whether IL-12 enhanced the jn vitro anti-tumour function of CAR-T cells, CEA-
specific CAR-T cells with or without constitutive IL-12 expression were co-incubated with
CEA* target cells and parental target cells at effector: target (E: T) ratio of 1: 1 for 20
hours. Syngeneic mouse T cells were isolated from the BALB/c and C57BL/6 mice when
co-cultured with CEA* CT26 and MC38 cell lines respectively. Due to the variable levels of
transduction efficiency among CAR-T cell groups, non-transduced T cells were added into
each group to ensure that the number of both total T cells and CAR-expressing T cells
remained consistent. The supernatant was collected post co-culture and measured for IFN-
y and IL-12 release by ELISA.

A representative experiment using CEA* CT26 cell line showed that IL-12 could be
significantly produced by IL-12-expressing CAR-T cells alone, but not parental CAR-T cells
(Figure 3.15 A). In the presence of target antigen, CD3z.mIL12 secreted the most amount
of IL-12 (5,682.7 £ 1,070.3 pg/ml), followed by CD28z.mIL12 (1,985.0 = 131.0 pg/ml)
and 41BBz.mIL12 (1,749.0 £ 147.0 pg/ml). This suggests that the addition of the CD28
or 41BB co-stimulatory domain had a negative impact on the production of IL-12 from
CAR-T cells. However, while CEA-specific stimulation resulted in significantly increased IL-
12 production in CD3z.mIL12 and CD28z.mIL12 CARs (P < 0.0001), there was no
significant increase in IL-12 production for 41BBz.mIL12 CARs compared to production on
culture with non-CEA-expressing CT26 cells. Similar secretion patterns could be seen in
the mean + SD values of 2 independent experiments, although statistical significance was
reduced (Figure 3.15 B).
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Figure 3.15 IL-12 secretion by anti-CEA CAR-T cells in response to CEA* CT26 cell

line

Transduced T cells were co-cultured for 20 hours with 1x104 CEA* CT26 cells and CT26

cells at E: T ratio of 1:1. The supernatant collected post incubation was measured for IL-

12 production by ELISA. (A) The data are representative of two independent experiments

and values are presented in mean £ SD of triplicates. (B) The data are plotted as mean

+ SD of two independent experiments. Statistically significant difference was analysed

using two-way ANOVA with Tukey’s multiple comparisons test.

NS, no significant

difference; « P < 0.05; #+ P < 0.01; #xx P < 0.001; ***+ P < 0.0001. Red stars represent

comparison between two constructs. Black stars represent comparison of each construct

co-cultured with CEA* CT26 cells and parental CT26 cells.
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With regard to the C57BL/6 T cells, more IL-12 was produced as the cell number for co-
culture was increased to 2 x 10%cells. Similarly, a representative experiment showed that
all CAR-T cells expressing IL-12 could constitutively produce IL-12 (Figure 3.16 A). The
highest levels of IL-12 were still produced by CD3z.mIL12 T cells. Notably, compared to
the panel of CAR-T cells alone, IL-12 production was significantly reduced in CD3z.mIL12
and CD28z.mIL12 CAR-T cells co-cultured with non-CEA-expressing MC38 cells (P < 0.05
and P < 0.01 respectively). Due to the expression of IL-12RB1 on MC38 cells [205], it is
hypothesised that IL-12 might be taken up by tumour cells. It is further supported by
other studies showing that IL-12 directly inhibits the angiogenic activity of human tumour
cells expressing IL-12RB1 and IL-12RB2 in vitro through down-regulation of different pro-
angiogenic molecules such as IL-6, VEGF-C [190, 191]. Because of this, there is a
significant difference in IL-12 production for CD3z.mIL12 and CD28z.mIL12 CAR-T cells
post co-culture with CEA* MC38 cells compared to co-culture with parental MC38 cells (P
< 0.0001 and P < 0.001 respectively), whilst statistical significance was reduced when
compared to the panel of CD3z.mIL12 and CD28z.mIL12 CAR-T cells alone (P < 0.01 and
NS respectively). 41BBz.mIL12 CAR-T cells failed to secret more IL-12 upon CAR
engagement with CEA-expressing target cells. A similar trend but less significance was
seen in the mean £ SD values of 2 independent experiments due to donor variability
(Figure 3.16 B).
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Figure 3.16 IL-12 secretion by anti-CEA CAR-T cells in response to CEA* MC38
cell line

Transduced T cells were co-cultured for 20 hours with 2 x 10* CEA* MC38 cells and MC38
cells at E: T ratio of 1:1. The supernatant collected post incubation was measured for IL-
12 production by ELISA. (A) The data are representative of two independent experiments
and values are presented in mean £ SD of triplicates. (B) The data are plotted as mean
+ SD of two independent experiments. Statistically significant difference was analysed
using two-way ANOVA with Tukey’s multiple comparisons test. NS, no significant
difference; « P < 0.05; #+ P < 0.01; *+x P < 0.001; **++ P < 0.0001. Red stars represent
comparison between two constructs. Black stars represent comparison between MC38 cell

panel and T cell alone or CEA* MC38 cell panels.
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In terms of IFN-y secretion in the BALB/c model (Figure 3.17 A), a representative
experiment showed that much less IFN-y (527.2 £ 89.9 pg/ml) was detected in CD3z
CARs, whilst the additional secretion of IL-12 (CD3z.mIL12 CARs) and the incorporation
of co-stimulatory domain CD28 only (CD28z CARs) could increase IFN-y production
significantly when transduced CAR-T cells were co-cultured with CEA* CT26 cells compared
to parental CT26 cells (4,359.5 £ 210.0 pg/ml, 21,406.5 £ 970.9 pg/ml respectively) (P
< 0.0001). Importantly, the combination of IL-12 cytokine and co-stimulatory domain
CD28 achieved the highest IFN-y secretion (57,660.8 £ 1,946.6 pg/ml) (P < 0.0001). In
contrast, the use of another co-stimulatory domain 41BB led to less IFN-y production than
first-generation CD3z CAR (203.1 £ 12.7 pg/ml). As for 41BBz.mIL12 CARs, there is no
significant difference in IFN-y production between CEA* CT26 group versus CT26 group,
which is similar to IL-12 production. Despite this, it is notable that all IL-12-secreting CAR-
T cell cells had a higher amount of IFN-y production compared to parental CAR-T cells. A
similar but less prominent trend was seen in the mean * SD values of 2 independent

experiments due to donor variability (Figure 3.17 B).

91



80,000+ L
S B Mock
70,000
- == MFE.mCD3z
Kkkk
60,000 B MFE.mCD3z.mIL12
50,0001 = MFE.mCD28z
= 40,0001 3 MFE.mCD28z.mIL12
£ - B MFE.m41BBz
3 30,000
= = MFE.m41BBz.miL12
> 25,000-
& 20,000
15,000
10,000
5,000 e
2,000 ¥ 3
1,008 B m _—r 1 :
T cells alone with CT26 with CT26.CEAdo.mtm
B.
80,000 o
' ; Ea Mock
70,000 shne
Kk mE MFE.mCD3z
60,0007 MFE.mCD3z.miIL12
50,000 B MFE.mCD28z
— 40,0001 : B3 MFE.mCD28z.mlL12
E & = MFE.m41BBz
B 30,000T
& B3 MFE.m41BBz.miL12
> 25,000-
£ 20,0001
15,000
10,000
5,000
2,000 ;
1,oog R :

T cells alone with CT26 with CT26.CEAdo.mtm

Figure 3.17 IFN-y secretion by anti-CEA CAR-T cells in response to CEA* CT26 cell
line

Transduced T cells were co-cultured for 20 hours with 1x10* CEA* CT26 cells and CT26
cells at E: T ratio of 1:1. The supernatant collected post incubation was measured for IFN-
y production by ELISA. (A) The data are representative of two independent experiments
and values are presented in mean x SD of triplicates. (B) The data are plotted as mean
+ SD of two independent experiments. Statistically significant difference was analysed
using two-way ANOVA with Tukey’s multiple comparisons test. NS, no significant
difference; * P < 0.05; *x P < 0.01; =+++x P < 0.0001. Red stars represent comparison
between two constructs. Black stars represent comparison of each construct co-cultured
with CEA* CT26 cells and parental CT26 cells.
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As for the C57BL/6 model, a similar pattern can be observed in IFN-y secretion from a
representative experiment (Figure 3.18 A). CAR-T cells with different CAR constructs with
the exception of 41BBz produced more IFN-y in response to CEA-expressing MC38 cells.
Whilst second-generation CD28z CARs showed higher levels of IFN-y production than first-
generation CD3z CARs, the addition of IL-12 in CEA-specific CAR-T cells could significantly
facilitate CAR-T cells to produce more IFN-y. Notably, similar to IL-12 production, IFN-y
production was reduced in IL-12-secreting CAR-T cells co-cultured with non-CEA-
expressing MC38 cells, compared to production of IL-12-secreting CAR-T cells alone,
although the reduction was not significant. In the absence of CEA antigen, IFN-y was only
produced from T cells by IL-12 stimulation. It has been reported that IFN-y has direct anti-
tumour effects on tumour cells such as upregulating the expression of MHC class 1
molecules to enhance antigen presentation and inhibiting cell proliferation, as well as
potential pro-tumour effects [206]. This suggests that IFN-y is likely to act on MC38
tumour cells, resulting in the reduction in IFN-y levels in cultures with MC38. Again, a
similar secretion pattern could be seen in the mean + SD values of 2 independent

experiments, although statistical significance was reduced (Figure 3.18 B).
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Figure 3.18 IFN-y secretion by anti-CEA CAR-T cells in response to CEA* MC38
cell line

Transduced T cells were co-cultured for 20 hours with 2 x 10* CEA* MC38 cells and MC38
cells at E: T ratio of 1: 1. The supernatant collected post incubation was measured for IFN-
y production by ELISA. (A) The data are representative of two independent experiments
and values are presented in mean £ SD of triplicates. (B) The data are plotted as mean
+ SD of two independent experiments. Statistically significant difference was analysed
using two-way ANOVA with Tukey’s multiple comparisons test.
difference; « P < 0.05; #+ P < 0.01; *+x P < 0.001; **++ P < 0.0001. Red stars represent
comparison between two constructs. Black stars represent comparison of each construct
co-cultured with CEA* MC38 cells and parental MC38 cells.

NS, no significant
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3.2.6 Cytotoxicity of anti-CEA CAR-T cells secreting IL-12

To assess the cytotoxicity of CAR-T cells, luciferase assays were performed by measuring

the luciferase activity of target cell lines post 20-hour co-culture with CAR-T cells.

Two experiments using the BALB/c model showed that all CAR-T cell groups exhibited
cytotoxicity against luciferase-expressing CEA* target cells in comparison with mock T cells
(P < 0.0001) (Figure 3.19 A). 1In donor one, IL-12-secreting CAR-T cells mediated
significant target cell lysis in comparison with parental CAR-T cells (P < 0.0001). The
CD28z.mIL12 T cells showed the highest specific lysis (92.4 £ 0.6 %) which was consistent
with IFN-y secretion, compared to the lysis caused by CD28z T cells (56.9 £ 0.4 %).
Similarly, more tumour cell killing with CD3z.mIL12 T cells (87.7 £ 0.6 %) was detectable
than that with CD3z T cells (64.5 £ 0.4 %). In donor two, as both CD3z and CD28z CAR-
T cells with or without IL-12 expression mediated full lysis of CEA* CT26 cells within the
20-hour co-culture (P < 0.0001), any significant improvement in cytotoxicity by IL-12
cannot be observed. This was partially due to the unspecific cytotoxicity of non-CAR-
expressing T cells, which was reflected by high background lysis by mock T cells (44.6 =
3.3 %). It is of interest that 41BBz and 41BBz.mIL12 T cells also showed killing in two
donors, albeit weaker (35.9 £ 1.1 % versus 81.5 £ 1.2 %; 70.8 £ 2.8 % versus 85.8 +
1.0 % respectively). Given no significant IFN-y production in the presence of target
antigen, it suggests that killing of 41BBz CAR-T cells might be mediated by other
mechanisms such as via the TNF family. It is necessary to determine what other cytokines
such as IL-2, TNF-a and IL-10 were secreted from CD8* or CD4* CAR-T cells to fully
understand the mechanisms of CD28 or 41BB co-stimulation. Notably, whilst CD28z.mIL12
T cells exhibited greater cytotoxicity than CD3z.mIL12 T cells (P < 0.01), CD3z T cells
without IL12 secretion exerted more tumour cell killing than CD28z T cells in donor one (P
< 0.0001). In donor two, CD28z T cells exhibited better cytotoxicity than CD3z T cells (P
< 0.01). This was probably due to donor variability as there was no significant difference

between them in the mean £ SD values of 2 independent experiments (Figure 3.19 B).
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Figure 3.19 Cytotoxicity of anti-CEA CAR-T cells in response to luciferase-labelled

CEA* CT26 cell line
Transduced T cells were co-cultured for 20 hours with 1 x 104 CEA* CT26 cells expressing

luciferase and GFP at E: T ratio of 1: 1. Luminometry was performed to assess the

cytotoxicity post co-culture. (A) The data are presented in mean + SD of triplicates from
two donors respectively. (B) The data are plotted as mean £ SD of two independent

experiments. Statistically significant differences were analysed using one-way ANOVA with

Tukey’s multiple comparisons test. NS, no significant difference; *x P < 0.01; ##x P <

0.0001. Red stars represent comparison between IL-12-secreting CAR and parental CAR

constructs. Black stars represent comparison between mock and CAR constructs.

96



In terms of the C57BL/6 model, transduced T cells with different CAR constructs with the
exception of 41BBz showed significant killing of CEA* MC38 cells compared to mock T cells
at different E: T ratios ranging from 5: 1 to 0.125: 1 (Figure 3.20 A). The enhanced killing
efficiency was correlated with the increase in E: T ratios. At the E: T ratio of 1: 1 in a
representative experiment, IL-12-secreting CAR-T cells mediated significant target cell
lysis in comparison with the parental non-IL-12-secreting CAR-T cells with the exception
of the CAR CD28 construct (Figure 3.20 B). The incorporation of CD28 but not the 41BB
co-stimulatory domain was able to enhance tumour cell killing ability of anti-CEA CAR-T
cells, which was consistent with the increased IFN-y secretion seen with this construct. In
this model, no significant difference in cytotoxicity was seen between CD28z.mIL12 and
CD3z.mIL12 or CD28z T cells. This is probably because these CAR-T cells were functional
enough to lyse CEA* MC38 cells completely within 20-hour co-culture. Similar results with
less significance were seen when the mean of two independent experiments was analysed
(Figure 3.20 C).
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Figure 3.20 Cytotoxicity of anti-CEA CAR-T cells in response to luciferase-labelled
CEA* MC38 cell line

Transduced T cells were co-cultured for 20 hours with 2 x 10* CEA* MC38 cells expressing
luciferase and GFP at different E: T ratios from 5: 1 to 0.125: 1 (n = 3). Luminometry was
performed to assess the cytotoxicity post co-culture. (A) The data at different ratios are
shown as mean + SD of two independent experiments. (B) The data at E: T ratio of 1: 1
are representative of two independent experiments and values are presented in mean =+
SD. (C) The data at E: T ratio of 1: 1 are plotted as mean £ SD of two independent
experiments. Statistically significant differences were analysed using one-way or two-way
ANOVA with Tukey’s multiple comparisons test. NS, no significant difference; *x P < 0.01;
xkk P < 0.001; *=*+++x P < 0.0001. Red stars represent comparison between IL-12-secreting
CAR and parental CAR constructs. Black stars represent comparison between mock and

CAR constructs.
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3.3 Discussion

The main aims of this chapter were to generate first- and second-generation anti-CEA
CAR-T cells with or without IL-12 co-expression and assess their anti-tumour activity in
vitro. The results demonstrated that mouse T cells could be successfully transduced to
express different CAR constructs. However, poor transduction efficiency of CAR-T cells was
observed, as determined by mCherry expression. Furthermore, there was significant
correlation between CAR construct length and transfection efficiency (R? = 0.776) but not
transduction efficiency (R? = 0.3906). In contrast, one study has reported that an increase
in the length of CAR constructs correlated with a decrease in transduction efficiency of
CAR-T cells, using the same CAR constructs with the exception of anti-mouse CD19 scFv
in the MP71 vector (R? = 0.9192) [156]. This study suggests that IL-12 expression did not
have direct effects on transduction efficiency by causing AICD specific for CAR-T cells. It
is therefore hypothesised that the difference of extracellular scFv might be responsible for
non-correlated transduction efficiency, by affecting several factors during CAR integration
and expression such as the site of transgene insertion into the host genome and the
number of transgene copies, the level of transgene transcription, the stability of the mRNA
transcript [207]. Additionally, during the formation of pseudotyped retroviral particles,
inefficient RNA encapsidation might occur at variable levels among different CAR
constructs, resulting in non-correlation between transduction efficiency and CAR construct
length. To confirm this, retroviral titer or the amount of vector RNA present in particles

should be further examined.

After retroviral transduction, mock and CAR-T cells were usually kept at 1 x 10° cells/ml
in culture. While CAR expression was likely to affect T cell expansion, IL-12-expressing
CAR-T cells significantly failed to expand to large numbers in culture compared to parental
CAR-T cells. It has been reported that constitutively expressed IL-12 had anti-proliferative
effects on engineered T cells without antigen stimulation in vitro [157, 208]. Similar to the
results presented here, IL-12-expressing CAR-T cells were able to proliferate slowly for
several days post transduction and then underwent apoptosis. It was found that IL-12
caused activation-induced cell death (AICD) of human T cells by simulating high levels of
IFN-y production but not upregulating FasL, as IL-12-induced apoptosis could be partially
blocked by anti-IFN-y or anti-IL12RB2 antibodies [157]. However, it was also reported
that 50 ng/ml of IL-12 induced human T cell apoptosis mediated by FasL upregulation and
increased IFN-y secretion in the absence of antigen after 24 hours [204]. Perhaps the
contradictory results about FasL upregulation is due to the different concentrations of IL-
12 used for investigation. In this study, high levels of IFN-y production from IL-12-
secreting CAR-T cells without antigen stimulation were detected as well (Figure 3.17 &

3.18 A), suggesting that IFN-y plays a role in T cell apoptosis. It would be interesting to
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investigate whether IFN-y directly induces T cell apoptosis mediated by the Fas/FasL

interaction.

In the present study, IL-12-expressing CAR-T cells cultured at 0.3 x 10° cells/ml expanded
significantly better than at 1 x 10° cells/ml, most likely due to more culture media provided
and the diluted IL-12 accumulation. Notably, when cultured at 0.3 x 10° cells/ml on day
4, IL-12-expressing CAR-T cells showed greater expansion than parental CAR-T cells. This
suggests that IL-12 could induce murine CAR-T cells to rapidly expand before apoptosis
without antigen stimulation, which has not been reported yet. However, further
experiments are required to confirm this observation. Furthermore, while it has been
reported that IL-12 could significantly enhance either human or murine T cell proliferation
with antigen stimulation in vitro [195, 209] and in vivo [210], this was not investigated in
the present study. It would be of interest to perform cell proliferation assays to further
determine whether murine anti-CEA CAR-T cells expressing IL-12 would rapidly expand

upon CAR engaging target.

In this study, the in vitro anti-tumour responses of anti-CEA CAR-T cells were evaluated
using CEA* CT26 and MC38 cell lines. Similar cytotoxicity outcomes and cytokine secretion
levels were observed between them. Due to the individual difference among mouse T cells

isolated, the amounts of cytokines secreted post co-culture were variable.

Overall, following CAR engagement with CEA* target cells, T cells expressing different CAR
constructs exhibited antigen-specific cytotoxicity and produced abundant amounts of IFN-
y at variable levels. The inclusion of the murine CD28 co-stimulatory domain significantly
improved the functional activity of CAR-T cells. However, the addition of the murine 41BB
domain failed to enhance T cell function, which was consistent with other studies reported
using anti-mouse CD19 CAR-T cells [156, 211], whilst the anti-tumour efficacy of the
second-generation human 41BBz CAR-T cells has been widely validated [212, 213].
Perhaps the sequence differences between human and mouse 41BB domain, which are
60 % identical [214], led to the different outcomes. While human 41BB domain could bind
TNF receptor-associated factor (TRAF) 1-3 which are all critical for 41BB co-stimulation in
CAR-T cells, mouse 41BB domain only binds TRAF 1-2 [215, 216]. The substitution of the
first 5 N-terminal amino acid mismatches of mouse 41BB with human 41BB amino acids,
which have been identified for increased TRAF3 binding and optimal NF-kB signalling, could
improve cytokine production and antiapoptotic protein expression as well as in vivo CAR-

T cell persistence [211].
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Modification of CAR-T cells to constitutively secrete IL-12 was able to improve their anti-
tumour efficacy, as demonstrated by significantly enhanced cell killing and cytokine
secretion. However, there is no significant enhancement of IL-12 and IFN-y production in
41BBz.IL12 T cells when co-cultured with CEA* tumour cells in comparison with parental
tumour cells, which indicated that perhaps 41BBz.IL12 T cells were not activated as well
as CD3z.IL12 and CD28z.IL12 T cells. Given that 41BBz.IL12 T cells exhibited significant
cell lysis compared to 41BBz T cells in the presence of target antigen, it was most likely
that IFN-y, which was produced by IL-12 stimulation, induced direct tumour cell apoptosis
[217], rather than cell death through scFv CAR engagement. To determine if this is the
case, CAR-T cells would also need to be co-cultured with luciferase-labelled CEA-negative
target cells or a control of non-CEA-specific 41BBz.mIL12 CAR-T cells included. It is also
necessary to determine the level of other cytokines such as IL-2, TNF-a and IL-10 secreted
from CAR-T cells to fully understand the mechanisms of CD28 or 41BB co-stimulation and

IL-12 stimulation.

In summary, the results shown in this chapter demonstrated that first- and second-
generation CEA-specific CAR-T cells with or without IL-12 co-expression have successfully
been generated. Cell culture conditions were optimized to maintain T cell proliferation.
Furthermore, the constitutive secretion of IL-12 and the incorporation of the co-
stimulatory domain CD28 could improve anti-tumour activities of CEA-specific CAR-T cells

in vitro.
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4 In vivo function of anti-CEA CAR-T cells
secreting IL-12

4.1 Introduction

4.1.1 Preclinical mouse models in CAR-T cell therapy

Establishment of an appropriate preclinical mouse model is crucial for prediction of both
efficacy and toxicity of CAR-T cell treatment in clinic. One of the most common models
used is the human xenograft mouse model, which utilises immunocompromised mice that
do not reject human tumours or CAR-T cells. Several immunocompromised mouse strains
have been developed for this purpose, such as athymic nude mice that are T-cell deficient,
severely compromised immunodeficient (SCID) mice that lack mature B and T cells and
NOD SCID gamma (NSG) mice that lack mature B, T and NK cells [218, 219]. Either human
tumour cell lines or patient-derived tumours can be used to establish xenograft models.
The main advantages of cell-line-derived xenograft (CDX) models are their high availability
and better tumour take rates and lower costs compared to patient-derived xenograft (PDX)
models. PDX tumours are established by implanting patient-derived tumour tissue
explants. These can better reflect underlying tumour biology and heterogeneity of
individual human cancers, such as cellular morphology, gene expression profiles and cell
proliferation rates, compared to tumours derived from tumour cell lines which have been
exposed in artificial environments and passaged for long periods [220]. The main
advantage of human tumour xenograft models is that they can directly demonstrate the
basic efficacy of human CAR-T cells on clinically relevant human tumour cells. However,
human T cells transferred into immunocompromised mice would attack mouse cells and
sometimes cause xenogeneic GvHD [221, 222]. These models also cannot predict on-
target off-tumour effects due to the lack of human target antigen expressed on normal
tissues. Additionally, because of non- or partial host immunity and lack of overlap in mouse
and human biology, a less realistic tumour microenvironment where stromal components
involved in tumourigenesis are of mouse origin is provided and the interactions between

CAR-T cells and other immune cells during tumour regression are limited [223].

It is thought that the unsatisfactory efficacy of CAR-T cell therapy for solid tumours in
clinical trials is partly due to the immunosuppressive tumour microenvironment as
described in section 1.2.3. However, this immunosuppression on CAR-T cells cannot be

comprehensively elucidated in immunocompromised mouse models bearing human
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tumours, due to the limitations mentioned above. In an attempt to reflect full influence of
the tumour microenvironment and the involvement of endogenous immune cells on CAR-
T cell efficacy in the clinically relevant situation, immunocompetent mouse models with
intact murine immune systems are commonly utilised. In this model, CAR-T cells, tumour
cells and target antigens are all murine-derived [224]. Given that murine normal tissues
may have low levels of target antigen expression, the immunocompetent model also has
the advantage of evaluating potential on-target off-tumour toxicities of CAR-T cells. In
addition, several human tumour-associated antigens (TAAs) which are not detected in
mice, such as CEA and HER2, can also be used as target antigens in immunocompetent
mouse models [83, 225]. In this experimental model, murine T cells are engineered to
express CAR targeting human TAAs and syngeneic tumour cell lines transduced to express
the targeted antigens are utilised for tumour establishment. However, endogenous
immune responses against human TAAs might be elicited in mice and contribute to tumour

eradication in CAR-T cell therapy, which requires investigation in tumour-bearing mice.

Alternatively, immunocompetent transgenic mice can be employed if available for the
study of murine CAR-T cells targeting human TAAs, such as CD19, CEA and HER2 [226-
228]. These mice are genetically modified to express a human TAA transgene such that
TAA expression patterns and levels are similar to that seen in humans and the host
immune system is tolerant to the TAA transgene. This transgenic model therefore not only
enables the evaluation of CAR-T cells targeting human TAAs in vivo in mice with a fully
functional murine immunity and syngeneic tumours, but also avoids the potential
occurrence of endogenous immune responses against the targeted human antigens. Most
importantly, compared to immunocompetent wild-type mouse model targeting murine
TAAs, transgenic mice mirroring the expression patterns of human TAAs in human patients
is more valuable to predict potential on-target off-tumour toxicity of CAR-T cell therapy in

clinical studies.

It is of note that the main limitation of syngeneic immunocompetent model is the crucial
difference between mouse and human immunity, which impact the predictive power in
clinical activity. For example, the differences between murine and human T cell signalling
pathways [229] might make mouse models poor predictors of CRS which is a side effect
of CAR-T cell therapy that can be life threatening in clinical studies as discussed in section
1.4.4. Furthermore, mouse CAR-T cells are more susceptible to AICD and have poorer
persistence compared to human CAR-T cells [230, 231]. The number of mouse tumour
cell lines is also limited compared to that of human tumour lines, and some lines are

strongly immunogenic resulting in spontaneous regression.

103



The most common immunocompetent mouse strains used to model cancer are BALB/c and
C57BL/6 mouse strains and others derived from them. Whilst both strains are fully
immunocompetent, there are important differences in immune responses between them,
which need to be considered when evaluating the anti-tumour efficacy and potential
toxicity of CAR-T cell therapy. For example, T cells in BALB/c mice at 2 to 3 months of age
have a higher percentage of CD4 expression (29.3 = 1.7 %) compared to that in C57BL/6
mice (13.3 £ 0.6 %) [232]. Furthermore, BALB/c mice have a much higher levels of M2
macrophage and Th2-like T cell responses leading to stronger humoral immunity.
Conversely, C57BL/6 mice display M1-dominant macrophage and, therefore, favour Thl-
like T cell responses for cell-mediated immunity [233, 234]. A syngeneic model of
lymphoma in BALB/c mice showed that anti-CD19 CAR-T cells with CD28 co-stimulatory
domain induced chronic toxicity, associated with prolonged expression of Th2 cytokines,
whilst such toxicity was not apparent in C57BL/6 mice treated with T cells expressing the
same CAR construct [235].

Transplantable tumour models have been commonly used to assess the anti-tumour
efficacy of CAR-T cells against solid tumours in mice. Subcutaneous implantation of
tumours derived from intraperitoneal organs on the dorsal area of mice is frequently used
to model disease progression and intervention, due to the ease of administration and
measuring tumour volume. Orthotopic implantation into a given organ can be an
alternative option, such as intrapancreatic injection of pancreatic adenocarcinoma,
intracranial injection for glioblastoma cell lines [166, 236]. Compared to subcutaneous
transplantation, this approach is more physiologically relevant in terms of tumour
microenvironment, morphology, angiogenesis and tissue invasion and metastasis, thus
being considered as better predictors of clinical response [237]. However, it is technically
challenging and difficult for monitoring tumour growth. Transplantable tumour models
have the advantages of fast speed and reproducibility of tumour formation. It therefore
means that they do not recapitulate the tumour microenvironment and the multistep
processes of spontaneous tumour development, which can be in months and years in the
human situation [238]. These limitations likely lead to the difference in therapeutic effects

between mice and patients.

4.1.2 Hypothesis and aims

The release of IL-12 has shown improved effector function of murine anti-CEA CAR-T cells
in vitro in section 3.2.5 & 3.2.6, especially second-generation CAR-T cells with CD28 co-
stimulatory domains. It is therefore hypothesised that the release of IL-12 can potentially
facilitate second-generation anti-CEA CD28-CD3( CAR-T cells to mediate tumour
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regression or even eradication in vivo. To present a more immunologically relevant tumour

microenvironment, an immunocompetent mouse model with established subcutaneous

CEA* tumours will be utilised as a cancer disease model. In this system, the effects of IL-

12 secretion on the potency of CAR-T cells targeting CEA will be assessed. Furthermore,

host lymphodepletion prior to CAR-T cell treatment has been commonly utilised to enhance

CAR-T cell engraftment in vivo as mentioned in section 1.3.5. It is hypothesised that host

lymphodepletion would be able to further improve anti-tumour efficacy of anti-CEA CAR-T

cells secreting IL-12. Therefore, the main aims of this chapter were:

To establish subcutaneous CEA* tumours in an immunocompetent mouse model
To assess the potential immunogenicity towards CEA by host immune system

To evaluate the effects of IL-12 on improving anti-tumour efficacy of CEA-specific
CD28-CD3¢ CAR-T cells in vivo

To assess whether the combination of host lymphodepletion and IL-12 secretion
could facilitate anti-tumour efficacy of CEA-specific CD28-CD3{ CAR-T cells

To investigate the safety of CEA-specific CD28-CD3{ CAR-T cells with or without
IL-12 secretion in tumour-bearing mice in the presence or absence of
lymphodepletion

To assess the persistence of CEA-specific CAR-T cells in blood post infusion
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4.2 Results

4.2.1 Establishment of syngeneic tumour-bearing mouse model

To assess the anti-tumour responses of CEA-specific CAR-T cells in vivo, a subcutaneous
CEA-expressing tumour model was established using syngeneic immunocompetent mouse
strain. One concern is that the expression of human CEA on the surface of murine cell lines
may be immunogenic in immunocompetent mice. Non-transduced tumour cells, therefore,
were included to determine if CEA is immunogenic in mice. Briefly, female mice at 6 to 8
weeks of age were injected subcutaneously with tumour cells with or without CEA
expression at different cell doses. Growth of subcutaneous tumours was monitored twice
a week by calliper measurements and calculated by the formula: W? x L/2. Mice were
euthanized when tumours ulcerated or reached over 1,000 mm?3 or they displayed 20 %

weight loss.

The BALB/c mouse strain was utilised for the establishment of syngeneic subcutaneous
CT26 tumour model. As shown in Figure 4.1 A, while CT26 tumours at 2 x 10° cell dose
displayed a similar growth rate, most CEA* CT26 tumours showed slower growth rate and
failed to engraft in some mice. A similar pattern could be observed in mice receiving 1 X
106 cells dose (Figure 4.1 B). As for 5 x 10° cell dose, while CT26 tumours grew to around
1,000 mm?3 in 30 days, CEA* CT26 tumours failed to engraft in all mice (Figure 4.1 C).
Most importantly, there is a statistically significant difference in survival between mice
receiving CT26 cells and those receiving CEA* CT26 cells at 3 different cell doses (Figure
4.1 D). Collectively, CEA* CT26 tumours were difficult to be established in BALB/c mice
and showed variable and slower growth patterns when established, compared to parental
CT26 tumours. These results suggested that BALB/c mice are likely generating obvious
immune responses towards human CEA. Therefore, the BALB/c mouse strain is not an
appropriate choice for the establishment of subcutaneous CEA* tumour model for in vivo
evaluation of anti-CEA CAR-T cells. Even though CEA* tumours were established with
higher tumour cell dose, endogenous immune responses of the host towards CEA could
also possibly contribute to tumour regression during CAR-T cell treatment, which

subsequently influences the evaluation of anti-tumour activities of CAR-T cells in vivo.
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Figure 4.1 Engraftment of CEA* and CEA" CT26 tumours in BALB/c mice

The growth curves of subcutaneous CEA* and CEA- CT26 tumour model at (A) 2 x 1069,
(B) 1 x 10% or (C) 0.5 x 10° cell doses respectively. (D) Survival of BALB/c mice injected
with tumour cells at different doses (n = 5). Statistically significant differences were

analysed using log rank (Mantel-Cox) test. * P < 0.05; ** P < 0.01.
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Alternatively, the C57BL/6 mouse strain was utilised to investigate whether this strain is
tolerant to human CEA. Therefore, C57BL/6 mice were subcutaneously inoculated with
syngeneic MC38 tumour cells with or without CEA transgene expression. The maximum
cell number for injection was increased to 5 x 108, in an attempt to avoid the potential
poor tumour engraftment seen in BALB/c mouse strain. Another two cell doses (2 x 10°
or 1 x 108 tumour cells per mouse) were given to C57BL/6 mice in line with that in BALB/c

mice.

In tumours that were successfully transplanted at 5 x 10° and 2 x 10° cell doses, the
growth rate of CEA* MC38 tumour was as similar to that of parental MC38 tumour, which
indicated that C57BL/6 mice were tolerant to human CEA (Figure 4.2 A and B). In addition,
parental MC38 tumour growth was slower in some mice than the CEA* MC38 at both cell
doses, which seems to be a non-CEA-specific immune response against MC38 tumours
during tumour engraftment, as it was not observed in CEA* MC38 tumours and is
potentially due to the high cell doses used as no delay in tumour growth was seen with 1

x 106 cells.

At 1 x 10° cell dose, both CEA* MC38 and parental MC38 tumours engrafted well in all
mice, although MC38 tumours grew slightly slower compared to CEA* MC38 tumours
(Figure 4.2 C). Despite that, there is no significant difference in survival rate between
CEA* MC38 and parental MC38 tumours at this cell dose as well as other two higher cell
doses (Figure 4.2 D).

Overall, tumour growth rate was correlated with tumour cell dose injected, as it required
5, 8 and 12 days post injection to reach 100 mm?3 on average from 5 x 10%to 1 x 10° cell
doses respectively. Unlike the BALB/c mouse model, good engraftment of CEA* MC38

tumour was observed at all cell doses in C57BL/6 mouse model.

109



Tumour Volume (mm’)

Tumour Volume (mm®)

Tumour Volume (mm?)

1400

1200+

-
o
=
o
1

800+

(=]

[=3

=
1

400+

1400+

1200+

-
(=3
o
=3
1

8004

o
o
ird

400

1400+

1200

=
1=
=3
=3
1

800+

23

(=3

=3
1

400+

5 8 12 15 19 21 22 25 26 27 29 32 33 35 36 40 42

Days Post Tumour Cell Inoculation

5 8 12 15 19 21 22 25 26 27 29 32 33 35 36 40 42 43 47 50

Days Post Tumour Cell Inoculation

5 8 12 15 19 21 22 25
Days Post Tumour Cell Inoculation

-~ 5x 10° hCEA* MC38
-0- 5x10°MC38

= 2 x 105 hCEA* MC38
|2 2x10°MC38

-+ 1x10°hCEA* MC38
-A- 1x10°MC38

110



100 : -+~ 5x 10°hCEA* MC38
E = 2 x 105hCEA* MC38
< = -+ 1 x 10°hCEA* MC38
i—,f -@- 5x 10°MC38
504 B 2x10°MC38
@ -A- 1x10°MC38
]
0 . . a4 o 1
0 10 20 30 40 50

Days Post Tumour Cell Inoculation

Figure 4.2 Engraftment of CEA* and CEA- MC38 tumours in C57BL/6 mice

The growth curves of subcutaneous CEA* and CEA- MC38 tumour models at (A) 5 x 1069,
(B) 2 x 10% or (C) 1 x 10° cell doses respectively. (D) Survival of C57BL/6 mice injected
with tumour cells with different doses (n = 5). Statistically significant differences were

analysed using log rank (Mantel-Cox) test.
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To further investigate the level of immune responses towards CEA in mice receiving 1 x
10 tumour cells, splenocytes were isolated when mice needed to be culled and were
stimulated with irradiated CEA* MC38 cells for a 5-day expansion. Activated splenocytes
were re-cultured with irradiated CEA* MC38 cells at E: T ratio of 1: 1 for 24 hours in the
presence of Brefeldin A. Stimulation by PMA/I and splenocytes alone were used as positive
and negative controls respectively. The level of IFN-y expression in splenocytes post co-
culture was measured by flow cytometry. As shown in Figure 4.3 A, splenocytes in both
MC38 and CEA* MC38 models showed high levels of IFN-y by PMA/I stimulation (74.2 =
12.4 and 82.6 £ 7.9 % respectively). When stimulated by irradiated CEA* MC38 cells,
there was only 6.2 £ 1.8 and 6.8 £ 1.0 % of cells producing IFN-y respectively. Most
importantly, no significant difference in IFN-y production in splenocytes post CEA
stimulation was seen between MC38 and CEA* MC38 tumour models. These results
indicated that there was no significant cellular immunity towards CEA in C57BL/6 mice
bearing CEA* MC38 tumour. Notably, the use of Brefeldin A for intracellular IFN-y staining
led to a reduction in CEA expression by inhibiting protein transport when co-cultured with
CEA* MC38 cells for 24-hour (Figure 4.3 B). This potentially suggests that there may be
reduced expression of CEA derived antigens on MHC-I and subsequent IFN-y production
from CEA specific T cells. But the difference in CEA-specific responses of activated

splenocytes between MC38 and CEA* MC38 models was unlikely to be affected.

In addition, CEA expression on tumours was determined by immunohistochemistry. It can
be seen that high levels of CEA were detected in CEA* MC38 tumour sections, but not
negative mouse IgG controls and parental MC38 tumour sections (Figure 4.4). Compared
to the poor engraftment of CEA* CT26 in BALB/c mice, CEA* MC38 tumours could

successfully engraft into C57BL/6 mice without causing obvious immunogenicity.

Consequently, the syngeneic C57BL/6 mouse strain was therefore adopted to assess the
in vivo anti-tumour responses of anti-CEA CAR-T cells. A subcutaneous CEA* MC38 tumour
model would be established at a dose of 1 x 10° cells due to its relatively slow growth
rate, which would provide enough time for CAR-T cells to fully exhibit their anti-tumour
functions before mouse culling endpoints as it has been previously shown that tumours
can continue to increase in size for up to 7 days before regression after CAR-T cell transfer
[239]. CAR-T cell injection would be applied within 7 — 12 days post tumour cell inoculation

when the average tumour size reached over 50 mm?3 but below 150 mm?3.

112



1007 = 1 x10° hCEA* MC38
m 1 x10%MC38

80-

)

3

o

> 60t

Z 207

[

2
10-

Media only Irradiated hCEA " cells PMA/I
B. IgG control 0 hour
N
10° 10° o
w 3 w E
o o
< <
8 4 8 4 3
o100 o0t 5
< <
s ] CEA-PE +ve & 1 EA-PE +ve
w 084 @ 994
2 2
G : G
= 100 = 100
] 8
= E = E
g g
0 0
IE 5 od
10° 3 10° 3
S— e L L SLIRrT R SI2! SRS
0 w0 0 10° 1w0* 10° RS 10° 10* 10°
m
> Comp-[488] F 530_30-A :: GFP Comp-[488] F 530_30-A :: GFP
~
L
GFP
5 hours 24 hours
N
w w
e e
& <
w wi
=} o
< < 5 CEAPE +ve
o w <3
) ] i 590
4 £ B
W L] 2
w w 5
= g 107
2 2
3 A E
g g
3 5 LI |
o o
-\ﬂ:] 9 -TI]3 |
T T
@) RIS 10 o? 10° a® o 10? 10* 10°
m
> Comp-[488] F 530_30-A - GFP Comp-[488] F 530_30-A : GFP
b
”~
GFP

Figure 4.3 IFN-y expression of splenocytes co-cultured with irradiated CEA*
MC38 cells

(A) The percentage of IFN-y* splenocytes is plotted as mean £ SD of four or five mice
each group determined by flow cytometry. Statistically significant differences were
analysed using two-way ANOVA with Tukey’s multiple comparisons test. (B)
Representative dot plots are shown for CEA expression of CEA* MC38 cell line cultured

with Brefeldin A for 0, 5 and 24 hours respectively.
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Figure 4.4 CEA expression on CEA* and parental tumour sections by light
microscopy

(A) Representative image of CEA* MC38 section stained with mouse IgG isotype control
antibody. (B) and (C) Representative images of CEA* MC38 and MC38 tumour sections
with CEA antibody staining respectively. Magnification = 10X; Scale bar represents 500

pm.
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4.2.2 Anti-tumour Efficacy of anti-CEA CAR-T cells secreting IL-12 in vivo

It was previously found that the introduction of murine CD28 co-stimulatory domain in
combination with constitutive murine IL-12 expression could endow anti-CEA CAR-T cells
with improved effector cell functions in vitro (section 3.2.5 & 3.2.6). To further assess
their anti-tumour efficacy in vivo, CD28z CAR-T cells with or without constitutive IL-12 co-
expression were adoptively transferred into immunocompetent C57BL/6 mice bearing

subcutaneous CEA* MC38 tumour.

A preliminary experiment using a dose of 7 x 10° total T cells was tested, which contains
1 x 10% mock and CD28z T cells respectively (Figure 4.5 A). However, only 0.5 x 106
MFE.mCD28z.mIL12 T cells were infused into each mouse, as insufficient humber was
obtained. Tumour-bearing mice were treated with CAR-T cells at indicated cell doses on
day 7 when tumour size reached between 50 and 100 mm?3 on average. Tumour volume
was measured every 3-4 days. As shown in Figure 4.5 B, 1 x 10° mock and CD28z CAR-T
cells did not have an efficacious impact on tumour growth. Interestingly, even at a lower
cell dose of 0.5 x 10 CD28z.mIL12 CAR-T cells mediated a slightly delay on tumour growth
for 2 weeks and complete regression of tumour in one mouse. Mice treated with
CD28z.mIL12 CAR-T cells showed a significant prolonged survival compared to mice
receiving mock T cells or CD28z CAR-T cells (P = 0.0231 & P = 0.0439 respectively) (Figure
4.5 C). Furthermore, no obvious toxicity was observed in mice treated with CD28z T cells
or CD28z.mIL12 T cells.

Overall, these results indicated that the secretion of IL-12 was able to enhance the anti-
tumour responses of CD28z CAR-T cells against CEA* MC38 tumour in vivo. For subsequent
experiments, the dose of IL-12-secreting T cells was increased to determine whether
better anti-tumour efficacy could be achieved and to test for IL-12-related toxicity which

is seen in systemic IL-12 therapy [192].
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Figure 4.5 Evaluation of anti-tumour responses of CEA-specific CAR-T cells

Days Post Tumour Cell Inoculation

(A) Schematic diagram of the experimental procedure applying CAR-T cell treatment in
vivo. Tumour-bearing C57BL/6 WT mice were treated with PBS, mock, MFE.mCD28z and

MFE.mCD28z.mIL12 CAR-T cells respectively at indicated cell doses on day 7 when tumour

size reached between 50 and 100 mm?3 on average (n=5). (B) Tumour volume of C57BL/6

mice post cell transfer in each group. (C) Survival of C57BL/6 mice post cell transfer.

Statistically significant differences were analysed using log rank (Mantel-Cox) test. * P <

0.05.

116



4.2.3 Effect of Lymphodepletion for anti-CEA CAR-T cell treatment

Host lymphodepletion pre-conditioning has been widely used prior to adoptive transfer of
CAR-T cells. It aims to augment therapeutic efficacy of CAR-T cell therapy by promoting
CAR-T cell engraftment and expansion, as described in section 1.4.5. Therefore, the use
of lymphodepletion pre-conditioning by 5Gy TBI has been performed to assess whether it

could enhance anti-tumour efficacy of anti-CEA CAR-T cells with or without IL-12 secretion.

A schematic diagram of the experimental procedure giving CAR-T cell treatment with 5Gy
TBI was shown in Figure 4.6 A. Mice bearing 50 - 100 mm3 tumours were treated with
5Gy TBI 2 days before i.v. administration of 2 x 10® CAR-T cells within 2.5 x 107 total T
cells. To determine the efficiency of lymphodepletion by 5Gy TBI, peripheral blood samples
were collected via tail vein bleeds on day 7, 16 and 22, and blood cell counts were
performed. In addition, to monitor the release of cytokines and the persistence of CAR-T
cells in blood post treatment, serum was isolated and genomic DNA was extracted from
blood samples collected via tail vein bleeds listed above and cardiac puncture at terminal
day. Mice were euthanized when tumours ulcerated or reached over 1,000 mm?3 or they
displayed 20 % severe body weight loss (BWL), emaciation or pale extremities. Spleens

were collected and used to assess the functional activity of immune cells in vitro.

As shown in Figure 4.6 B, levels of both white blood cells and lymphocytes in mice treated
with TBI decreased significantly and not recovered to normal levels for 9 days. However,
lethal toxicities, which were mainly reflected by severe BWL, emaciation and pale
extremities, occurred in pre-conditioned mice receiving CAR-T cells shown in Table 4.1.
While all the pre-conditioned mice treated with CD28z.mIL12 CAR-T cells had to be culled
due to severe BWL, there were only 25 % and 33 % of mice experiencing BWL post
administration of mock and CD28z CAR-T cells plus 5Gy TBI respectively. No severe BWL
was observed in mice treated with CD28z.mIL12 CAR-T cells only. There was a significant
survival advantage for mice receiving CD28z T cells with 5Gy TBI or CD28z.mIL12 T cells
only relative to that receiving CD28z.mIL12 T cells with 5Gy TBI (P = 0.0295) (Figure 4.6
C). Interestingly, mice receiving 5Gy TBI plus CD28z.mIL12 CAR-T cells had begun to
undergo regression at the tumour site at the time they had to be culled due to severe
BWL, suggesting that the T-cells were mediating anti-tumour efficacy (Figure 4.6 D).
Based on these results, it was hypothesised that CD28z.mIL12 CAR-T cells were likely to
proliferate and eradicate tumours post host lymphodepletion, but high levels of IL-12
secreted by expanded T cells resulted in lethal toxicities. In addition, transfer of non-
targeted mock T cells also appeared to mediate tumour regression in some mice treated
with 5Gy TBI.
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In this study, although numbers were small, administration of 2 x 106 CD28z.mIL12 CAR-
T cells alone led to a reduction in tumour burden even after tumours reached 600 mm?3
(Figure 4.6 D). While one mouse failed to eradicate tumour completely, the other two
remained tumour-free until the experiment ended. Notably, tumour burden was decreased
in some pre-conditioned mice treated with mock T cells as well, although tumours relapsed
eventually. As large numbers of total T cells were adoptively transferred into mice, the
level of non-transduced T cell killing on CEA* MC38 tumour might be more obvious and

was probably enhanced by host lymphodepletion.
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Figure 4.6 Evaluation of anti-tumour responses of CEA-specific CAR-T cells post
host lymphodepletion

(A) Schematic diagram of the experimental procedure applying CAR-T cell treatment with
or without 5Gy TBI in vivo. Tumour-bearing C57BL/6 WT mice were treated with 5Gy TBI
2 days before i.v. administration of 2 x 10% mock T cells or CAR-T cells within 2.5 x 107
total T cells (n = 3 - 4). Peripheral blood samples were collected via tail vein bleeds on
day 7, 16 and 22 for analysis. (B) The amount of white blood cells and lymphocytes of
individual mice before and after 5Gy TBI. (C) Survival of individual mice post cell transfer
treatment. Statistically significant differences were analysed using log rank (Mantel-Cox)

test. * P < 0.05. (D) Tumour volume of individual mice in each treatment.
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Table 4.1 Details of the cause of death for CEAtg mice receiving CAR-T cells

Reasons for culling

Severe body weight

Tumour condition (over

Tumour-

% culled due

Group to body
loss; Emaciation; 1,000 mm3, ulceration, | free (%) )
weight loss
pale extremities holed or bleeding)

No treatment

0 1 0 0
(n=1)
5Gy TBI

0 1 0 0
(n=1)
Mock T cells

1 3 0 25
+ 5Gy TBI (n=4)
CD28z T cells

1 2 0 33
+ 5Gy TBI (n=3)
CD28z.mIL12 T cells

3 0 0 100
+ 5Gy TBI (n=3)
CD28z.mIL12 T cells

0 1 66 0

(n=3)
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To further confirm whether lethal toxicity was caused by high levels of secreted IL-12,
serum samples were measured for IL-12 production by ELISA. It can be seen that similar
amounts of IL-12 were detected from blood in pre-conditioned and parental mice receiving
CD28z.mIL12 CAR-T cells on day 16 24-hour post T cell transfer (488.8 + 95.5 and 491.0
+ 145.2 pg/ml respectively), which were higher than levels in TBI treated mice receiving
mock or CD28z T cells (48.8 £ 3.0 and 59.5 £ 20.7 pg/ml respectively) (Figure 4.7).
However, a significant increase in serum IL-12 levels (3,870.2 £ 1,309.6 pg/ml) was
observed in pre-conditioned mice receiving CD28z.mIL12 CAR-T cells on day 7 post T cell
treatment which was the time point when the mice had to be culled because of BWL. In
contrast, IL-12 production reduced to 319.8 £ 178.8 pg/ml at day 7 post transfer in mice
receiving CD28z.mIL12 without TBI and levels gradually decreased to background levels
by the time of cull from day 42 to 63. These data strongly suggest that constitutive
expression of IL-12 by 2 x 10°% CAR-T cells can cause lethal toxicity when combined with
host lymphodepletion by TBI. One strategy to avoid this issue might be to lowering the

number of CAR-T cells transferred when given with host lymphodepletion.
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Figure 4.7 IL-12 secretion by CAR-T cells in peripheral blood

The level of IL-12 post CAR-T cell administration in blood samples was measured by ELISA.

The data are plotted as mean £ SD of blood samples that could be successfully collected

(n = 2 - 4). Statistically significant differences between day 16 and day 22 were analysed

using two-way ANOVA with Sidak’s multiple comparisons test. =+ P < 0.0001.
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To monitor the engraftment of CAR-T cells at day 1 post injection, genomic DNA was
extracted from blood samples and then tested for mCherry marker gene by probe-specific
gPCR. Using MFE.mCD3z DNA plasmid as a template, a standard curve ranging from 1 x
108 to 1 pg (R? = 0.993) with a sensitivity of 1500 genomes/well was generated by linear
regression analysis, showing the successful binding of mCherry-specific primers and probe
(Figure 4.8 A). Transduced T cells which had 30 % CD3z CAR expression and mock T cells
were lysed to extract CAR gene as positive and negative control respectively. It was seen
that 1 - 100 ng of genomic DNA extracted from CD3z CAR-T cells could be detected and
10 and 100 ng of DNA were within the range of standard curve. Although 1 ng of genomic
DNA was beyond the range of detection, which equated to 1.5 x 10° ug based on the
regression equation Y = -3.018X + 7.784, it indicated that the sensitivity of this assay

could be as low as 225.35 genomes/well.

As shown in Figure 4.8 B, DNA samples extracted from blood were below the limit of
quantification, which was 1 x 108 ug, indicating that no mCherry marker gene could be
detected via this method. As such, the subsequent detection of DNA samples collected on
the other days was not performed. The fact no mCherry transcripts were detected was
possibly due to the low percentage (8 %) of CAR-T cells in total T cells transferred into
blood. It might also be affected by DNA extraction efficiency. To confirm this, a known
number of transduced cells could be spiked into blood samples to determine whether DNA
extraction was efficient. Additionally, instead of extracting genomic DNA, messenger RNA
(mRNA) could be extracted and converted to complementary DNA (cDNA) via reverse-
transcription for transgene quantification by qPCR. Because of higher amounts of mRNA
compared to genomic DNA, this technique is more likely to allow amplification of the

mCherry gene to reach the detection threshold within 35 cycles.
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Figure 4.8 CAR-T cell persistence in peripheral blood measured by qPCR

The persistence of CAR-T cells post administration was determined by the fluorescence
intensity of mCherry-specific gene in genomic DNA using probe-based gPCR. (A) A
standard curve using linear regression was generated from serial dilutions of the MFE.CD3z
plasmid (Y = -3.068X + 7.478, R? =0.995). (B) Amplication plot of DNA standards at 10-
fold serial dilutions from 1 x 108 to 1 ug, DNA samples extracted from CD3z CAR-T cells
and DNA samples extracted from peripheral blood in mice treated with T cell therapy is
shown. Each diluted standard or sample was measured in triplicates. Two wells of 0.1 ug

standard were omitted due to poor pipetting.
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The in vitro functional activity of splenocytes from mice receiving T cell therapy was
determined by IFN-y production in response to CEA-expressing tumour cells. To achieve
this, splenocytes were isolated when mice needed to be culled and subsequently
stimulated with irradiated CEA* MC38 cells with the supplement of hIL-2 and mIL-7 for a
5-day CEA-specific expansion. Activated splenocytes were co-cultured with irradiated CEA*
MC38 cells at E: T ratio of 1: 1 for 20 hours. The supernatant was measured for IFN-y
release by ELISA. Notably, due to host lymphodepletion, the number of splenocytes from
pre-conditioned mice culled at early time points were not sufficient for expansion and co-
culture, especially in the CD28z.mIL12 T cell therapy group. Splenocytes from these mice
were thus cultured at a lower E: T ratio. In an attempt to compare the level of IFN-y

secretion among groups, cell number was normalised to 5 x 10° during statistical analysis.

Splenocytes from pre-conditioned mice receiving CD28z CAR-T cells showed significantly
higher levels of IFN-y secretion (6,900.8 + 2,280.8 pg/ml) when co-cultured with
irradiated CEA* MC38 cells, compared to splenocytes from pre-conditioned mice receiving
mock T cells (1,457.1 £ 908.5 pg/ml) (P < 0.001) (Figure 4.9). This suggests that the
administration of CAR-T cells contributed to the induction of CEA-specific immune
responses, although CD28z CAR-T cells did not show any anti-tumour efficacy in vivo. High
levels of IFN-y were also produced in splenocytes from the CD28z.mIL12 CAR-T cell
therapy group after cell number normalisation (6,146.9 £+ 1,455.6 pg/ml), which was
similar to levels produced in the CD28z CAR-T cell therapy group. It is of note that, due
to insufficient cell number, splenocytes from the CD28z.mIL12 CAR-T cell therapy group
was co-cultured with irradiated CEA* MC38 cells at lower E: T ratios, which was likely to
affect the level of IFN-y production. It is therefore difficult to conclude whether the
production of IL-12 from CAR-T cells in vivo can improve immune responses against CEA*
target cells, which might be through epitope spreading [156]. Furthermore, as the level
of CAR-T cells present within the spleen was not measured, it remains unknown whether
CEA-specific immune responses were mediated by the host immune system and/or CAR-

T cells.

Without host lymphodepletion, splenocytes of mice treated with CD28z.mIL12 CAR-T cells
alone released IFN-y (1,222.4 £ 683.6 pg/ml) at levels similar to that produced by mice
receiving mock T cells plus 5Gy TBI (1,457.1 £ 908.5 pg/ml), which was in contrast to the
strong anti-tumour efficacy in vivo. To further confirm whether CD28z.mIL12 CAR-T cells
alone could induce or even improve CEA-specific immune responses in mice, it requires
the adoptive transfer of mock T cells and CD28z CAR-T cells into non-pre-conditioned mice

as controls.
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The main limitation of this assay is that the time of individual mouse survival and
subsequent splenocyte isolation was different among T cell therapy groups. This situation
is likely to influence the comparison in IFN-y production among those groups. Better
comparisons between the treatment groups could be made if splenocytes were isolated for
assays on a certain day before tumour or treatment-related toxicity, such as one week
after T cell infusion. In addition, to further confirm whether the functional activity of
splenocytes was CEA-specific in vitro, co-culture with irradiated non-CEA-expressing MC38
cells should be included for comparison.
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Figure 4.9 IFN-y secretion by splenocytes in response to irradiated CEA* MC38
cells

Splenocytes were stimulated with irradiated CEA* MC38 cells with the supplement of hIL-
2 and mIL-7 for 5-day CEA-specific expansion. Activated splenocytes were re-cultured with
5 x 10° irradiated CEA* MC38 cells at E: T ratio of 1: 1 for 20 hours. The supernatant
collected post incubation was measured for IFN-y production by ELISA. In some cases,
splenocytes were cultured at lower E: T ratios due to insufficient number. To compare the
level of IFN-y production among therapy groups, cell number was normalised to 5 x 10°
during statistical analysis. The data are plotted as mean £ SD of samples that could be
collected in each group (n = 2 - 4). Statistically significant differences were analysed using

two-way ANOVA with Tukey’s multiple comparisons test. #++ P < 0.001.

128



4.3 Discussion

The main aims of this chapter were to establish a murine subcutaneous tumour model and
assess anti-tumour efficacy of anti-CEA CAR-T cells in vivo. As mouse MC38 and CT26 cell
lines were modified to express CEA, it was necessary to determine whether CEA would be
immunogenic in syngeneic immunocompetent mice. Whilst CEA* MC38 tumour
progressively grew similar to the parental MC38 tumour, poor engraftment was found with
CEA* CT26 tumours (Figure 4.1 & 4.2). This suggests that the immunogenicity of CEA was
sufficient to trigger immune responses which led to tumour cell rejection in
immunocompetent BALB/c mice, which is likely to be CEA-dependent. It has been reported
that murine mammary adenocarcinoma 410.4 cells expressing human MUC-1 had poor
engraftment compared to MUC-1-negative cells [240], while there is no obvious

immunogenicity caused by CT26 cells expressing human HER2/neu in BALB/c mice [241].

Immunocompetent C57BL/6 mice bearing subcutaneous MC38 tumours expressing human
CEA were utilised as an in vivo cancer model in which to test fourth-generation CAR-T cell
therapy. Anti-tumour efficacy of CEA-specific CAR-T cells was evaluated using
immunocompetent mice bearing subcutaneous 50 - 100 mm?3 tumours. In a preliminary
experiment, a single dose of 5 x 10> CD28z.mIL12 CAR-T cells showed encouraging
therapeutic activity, demonstrated as slower tumour growth or even tumour elimination,
compared to non-IL-12-secreting CAR-T cells (Figure 4.5 B). This therefore provided a
rationale that the release of IL-12 has the potential for improving anti-tumour efficacy of

anti-CEA CAR-T cells in the model of subcutaneous CEA-expressing MC38 tumour.

Higher numbers of IL-12-secreting CAR-T cells were therefore administrated to try to
achieve better anti-tumour control. It was found that 2 x 10% CD28z.mIL12 CAR-T cells
alone could completely eradicate tumours which had grown to 200 - 400 mm?3 in size. As
the reduced tumour growth was observed in one pre-conditioned mouse receiving mock T
cells, it remains a concern that non-CAR-mediated T cell killing may be partially involved
in CD28z.mIL12 T cell therapy due to large numbers of total T cells injected (2.5 x 107
cells) (Figure 4.6 D). To explore this, mock T cell therapy and MFE.mCD28z CAR-T cell

therapy alone should be included as controls, as was done in Figure 4.5.

Previous studies have also reported improved anti-tumour efficacy of CAR-T cells
constitutively secreting IL-12 without the need for pre-conditioning in immunocompetent
mouse model, such as anti-CD19 CAR-T cells in the model of established systemic B cell
lymphoma and local administration of anti-MUC16¢® CAR-T cells in the model of ovarian
peritoneal carcinomatosis [156, 210]. In contrast to these studies, here anti-CEA IL-12-

secreting CAR-T cells were given via i.v injection in a subcutaneous CEA* tumour model.
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This model was more challenging as CAR-T cell trafficking and infiltration into tumour sites
is an obstruction to achieving CAR-T cell efficacy. The results found in this study suggested
that anti-CEA CD28-CD3( CAR-T cells constitutively secreting IL-12 could potentially
overcome these obstacles and exhibit therapeutic effects against transplanted solid
tumours without the need for pre-conditioning. Furthermore, no obvious toxicity was
related to constitutive IL-12 expression by CAR-T cells, which was also consistent with
other CAR-T cell studies without performing lymphodepletion pre-conditioning [156, 198,
210]. Taken together, these results suggested that genetic modification of CAR-T cells to
constitutively secrete IL-12 could be a promising strategy to improve anti-tumour efficacy
of CAR-T cell therapy without causing IL-12-related toxicity seen in systemic IL-12
therapy. Furthermore, this strategy overcomes the need for lymphodepletion pre-
conditioning, which therefore allows for the application of CAR-T cell therapy to cancer

patients intolerant to currently requisite toxic conditioning regimens.

Due to time limitations, the experiment was ended when the last tumour-bearing mouse
was culled whilst two of three mice receiving CD28z.mIL12 T cells were still tumour-free.
Therefore, long-term survival of these two tumour-free mice was not obtained. Otherwise
it would be of interest to assess whether tumour would relapse in those tumour-free mice.
Splenocytes could also be collected and adoptively transferred into mice bearing CEA*

MC38 tumour to evaluate their anti-tumour potency.

In this study, lymphodepletion pre-conditioning was also given to investigate whether it
could enhance anti-tumour efficacy of CAR-T cell treatment by improving the engraftment
of CAR-T cells. However, there was still no significant therapeutic effects of non-IL-12-
secreting CD28z CAR-T cells on tumours (Figure 4.6 D). As for CD28z.mIL12 CAR-T cells,
despite a reduction in tumour burden in TBI treated mice, lethal IL-12 toxicity was
observed, most likely due to high levels of IL-12 secreted in blood post 5Gy TBI (Figure
4.7). It is therefore suggested that IL-12-secreting CD28z CAR-T cells rapidly expanded
in lymphodepleted hosts [156], although no mCherry marker gene could be detected in
genomic DNA by gPCR (Figure 4.8 B). Similarly, the lethal toxicity caused by IL-12 has
been reported in other studies which explored constitutive IL-12 secretion in combination

with lymphodepletion pre-conditioning for CAR-T cell therapy [194, 208].

Despite that, these studies also showed that an appropriate dose of engineered T cells
secreting IL-12 could mediate dramatic tumour regression when host lymphodepletion was
given. These findings indicated that the use of tumour-specific IL-12-secreting T cells and
TBI pre-conditioning has the potential for being a powerful combination therapy against

tumour if IL-12-related toxicity could be mitigated. In an attempt to reduce the toxicity
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associated with CD28z CAR-T cells constitutively secreting IL-12 without compromising
their anti-tumour efficacy in the lymphodepleted hosts, restricting IL-12 expression and
accumulation in tumour sites using an inducible expression system driven by CAR-specific

T cell activation might be a suitable approach and is explored in the next chapter.

One of the limitations in this study is that the potential on-target off-tumour toxicity of
anti-CEA CAR-T cell therapy could not be assessed, due to the lack of human CEA
expressed on normal tissues in mice. In addition, more experimental data is required to
support the findings mentioned above, especially the anti-tumour functions of IL-12-
secreting CAR-T cells in the absence of host lymphodepletion as mouse numbers were

limited.

In summary, the results outlined in this chapter indicated that a subcutaneous CEA* MC38
tumour model could be established in syngeneic immunocompetent C57BL/6 mouse strain,
without endogenous immune responses against CEA. Conventional CD28z CAR-T cells
failed to show any anti-tumour responses. But administration of CD28z.IL12 CAR-T cells
alone demonstrated promising anti-tumour efficacy, suggesting the potent effects of IL-
12 on anti-CEA CAR-T cell therapy. However, in combination with lymphodepletion pre-
conditioning, severe toxicity was seen in CD28z.IL12 CAR-T cell therapy, probably because
of high levels of IL-12 secreted. Experimental optimisations including dosing for anti-CEA
CAR-T cells secreting IL-12 should be developed to achieve tumour eradication and avoid
IL-12-related toxicity.
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5 Construction and characterisation of anti-CEA
CAR-T cells secreting inducible IL-12

5.1 Introduction

Inducible gene expression systems have the great benefit of controlling gene expression
in a reversible and flexible manner, compared to constitutive gene expression systems.
The most common method is to use the tetracycline (Tet)-inducible system which induces
gene expression in the presence of tetracycline in mammalian cells. Alternatively, inducible
gene expression can be regulated by some transcription factors which are driven by cell
activation signalling. As mentioned in section 1.3.5, the inducible system under the control
of nuclear factor of activated T cells (NFAT) has been used for the induction of transgene

expression in immune cells such as NK and T cells [242].

NFAT is a family of transcription factors consisting of five members NFAT 1-5. Apart from
NFAT 5 which is identified as tonicity response element binding protein (TonEBP), NFAT 1
- 4 are known as the classic members and regulated by calcium signalling [243]. These
four remaining NFAT proteins play an important role in inducible gene transcription for
immune responses [244]. While calcium-regulated NFAT (NFATc) proteins are widely

expressed in many types of immune cells, NFAT 1, 2 and 4 are expressed in T cells.

NFATc proteins are phosphorylated and located in the cytoplasm of resting cells. The
activation of NFATc proteins is induced by ligand binding of many receptors, such as the
antigen receptors that are expressed on T and B cells, the Fcy receptors that are expressed
on NK cells and monocytes [245]. It is followed by the activation of phospholipase C-y
(PLC-y) and release of inositol triphosphate (InsP3), which results in increased levels of
Ca?* from intracellular stores. Of note, the initial release of Ca?* is not sufficient to promote
long term immune responses. Instead, the depletion of intracellular stores triggers the
influx of Ca2* through calcium-release-activated calcium (CRAC) channels in the plasma
membrane to maintain increased levels of intracellular calcium [246]. Calmodulin bound
with calcium activates the calmodulin-dependent phosphatase calcineurin. Activated
calcineurin dephosphorylates NFATc proteins, resulting in their translocation to the
nucleus. In the nucleus, NFATc proteins couple to different transcription factors to form
cooperative complexes and bind to DNA, thereby inducing NFAT-mediated gene
expression. For instance, activator protein 1 (AP1) are the main transcriptional partners
during T cell activation. Cooperative complexes of NFATc and AP1 bind to the distal ARRE2

elements of the human and murine IL-2 promoters to promote IL-2 expression [247].
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CAR-T cells have been developed to inducibly produce cytokines such as IL-12 to improve
their anti-tumour efficacy [153, 157, 208]. To achieve this, an NFAT-responsive promoter
containing binding motifs of NFAT and a minimal IL-2 promoter is placed upstream of IL-
12 transgene in CAR constructs. Under the transcriptional control of this promoter, IL-12
would only be expressed upon cell activation. In CAR-T cell therapy, IL-12 expression and
accumulation was mostly restricted in tumour lesions where CAR-T cells were activated
through antigen-specific recognition [155]. Therefore, the use of inducible IL-12
expression could minimise severe IL-12-related toxicity which has been observed in either
systemic administration of IL-12 therapy in clinical trials or CAR-T cells constitutively

secreting IL-12 in lymphodepleted hosts as mentioned in section 3.1.2 and 4.2.3.

5.1.1 Hypothesis and aims

The inducible release of IL-12 has been demonstrated to enhance anti-tumour efficacy of
CAR-T cells without causing IL-12-related toxicities in lymphodepleted hosts, compared to
the constitutive expression of IL-12 in some studies. It is therefore hypothesised that the
local delivery of IL-12, which is controlled by a NFAT composite promoter following CAR-
triggered T cell activation, could facilitate anti-CEA CAR-T cells to eradicate tumour and
avoid potential IL-12-related toxicities when host lymphodepletion was applied in vivo.
The main aims of this chapter were:
e To generate retroviral vectors containing first- or second-generation anti-CEA
CAR constructs and the inducible IL-12 expression cassette
e To assess whether the induction of IL-12 expression could be triggered by T cell
activation through CAR engagement
e To evaluate in vitro function of inducible IL-12-secreting CAR-T cells
e To evaluate anti-tumour efficacy of inducible IL-12-secreting CAR-T cells in vivo
e To investigate potential toxicities of inducible IL-12-secreting CAR-T cells in

combination with host lymphodepletion pre-conditioning in vivo
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5.2 Results

5.2.1 Generation of CAR-triggered IL-12 expression vectors

A schematic diagram of retroviral vectors containing CAR constructs and the inducible IL-
12 expression cassette is shown in Figure 5.1 A. First- and second- generation anti-CEA
CAR constructs, as shown in Figure 3.1, were further modified to express IL-12 under the
transcriptional control of an NFAT-responsive promoter, which contains six repeats of NFAT
binding motif followed by a minimal IL-2 promoter, designated as
MFE.mCD3z.NFAT.mIL12, MFE.mCD28z.NFAT.mIL12 and MFE.m41BBz.NFAT.mIL12
respectively. To avoid the promoter activity from the 5’ LTR, a sequence (TAGTTAGTTAG)
which encodes for the stop codon in 3 reading frames was placed between CD3z sequence

and the NFAT-responsive promoter.

The cloning strategy to construct the CAR-triggered IL-12 expression vectors is shown in
Figure 5.1 B. First- and second- generation anti-CEA CAR constructs with constitutive IL-
12 expression were used as backbone vectors. The fragment, which contains partial
sequences of CD3z and IL-12 linked by the NFAT-responsive promoter, was synthesised
by GenScript and cloned into BspEl/BstZ171 sites of backbone vectors to generate CAR-
triggered IL-12 expression vectors (Figure 5.1 C & D). Confirmation of successful ligation

of the CAR encoding vector was performed by Sanger DNA sequencing of samples.
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Figure 5.1 Generation of anti-CEA CAR constructs encoding NFAT-responsive IL-
12 expression cassette

(A) Schematic diagram of anti-CEA CAR constructs: MFE.mCD3z.NFAT.mIL12,
MFE.mCD28z.NFAT.mIL12 and MFE.m41BBz.NFAT.mIL12; (B) Overview of cloning
strategies for generation of CAR-triggered IL-12 expression vectors. The vectors were
digested with BspEI, BstZ17I restriction enzymes. (C) Agarose gel electrophoresis of
backbone MFE.mCD3z.mIL12 and target mCD3z.NFAT.mIL12 DNA fragments. Lane 1 - 4
shows the mCD3z.NFAT.mIL12 insert from the intermediate pUC57 vector at ~0.9 kb;
Lane 5 - 9 shows the CAR backbone from the vector MFE.mCD3z.mIL12 at ~7.5 kb. (D)
Agarose gel electrophoresis of backbone MFE.mCD28z.mIL12 and MFE.m41BBz.mIL12
DNA fragments. Lane 1 - 6 shows the CAR backbone from the vector MFE.mCD28z.mIL12
at ~8.0 kb. Lane 7 - 12 shows the CAR backbone from the vector MFE.m41BBz.mIL12 at
~8.1 kb. NFAT, composite NFAT-responsive promoter; LTR, long terminal repeat; OM1,

oncostatin M leader sequence.
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5.2.2 Generation of anti-CEA CAR-T cells secreting inducible IL-12

CD3/CD28-activated mouse T cells were transduced to express different CAR constructs
and cultured at a density of either 0.3 x 10° or 1 x 10° cells/ml with the addition of hIL-
2 and mIL-7 at 100 IU/ml and 2 ng/ml respectively every other day. To confirm successful
CAR-T cell transduction, the expression of surface marker mCherry was analysed on day

4-5 post transduction by flow cytometry.

As shown in Figure 5.2 A, MFE23.mCD3z, MFE23.mCD28z, MFE23.m41BBz CAR-T cells
had 55.8 £ 17.8, 26.3 £ 12.0, 40.8 £ 11.2 % mCherry* T cells respectively. A reduction
in transduction efficiency was shown in CD3z, CD28z and 41BBz CAR-T cells constitutively
secreting IL-12, which was 28.1 £ 17.6, 19.9 £+ 4.6, 15.6 + 2.8 % respectively. When a
NFAT-responsive promoter (335 bp only) for inducible IL-12 expression was further
inserted into vectors, the proportion of mCherry* T cells was further decreased to 10.0 =
5.3, 9.1 £ 6.3,5.8 = 3.1 % in CD3z, CD28z and 41BBz CAR-T cells respectively. Similar
results were also seen in the median fluorescent intensity (MFI) of mCherry among

transduced T cells (Figure 5.2 B).

The total length of MFE.mCD28z.NFAT.mIL12 (6.3 kb) and MFE.m41BBz.NFAT.mIL12 (6.4
kb) did not exceed the maximum length of an allowable DNA insert which is usually about
8-10 kb in a retroviral vector. Transduction efficiency was probably affected by RNA
encapsidation during retroviral particle formation, several factors during CAR integration
and expression such as the site of transgene insertion into the host genome and the
number of transgene copies, the level of transgene transcription, the stability of the mRNA
transcript, which have been discussed in section 3.3. Given low levels of transduction
efficiency, large numbers of non-transduced T cells would be included when a certain CAR-
T cell dose was given, which therefore presents a limitation to the suitability of use in vivo

without a selection method of purification.
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Figure 5.2 Transduction efficiency of transduced T cells

Transduction efficiency was determined by the detection of mCherry expression on both
CD4 and CD8 subsets on day 4-5 post transduction by flow cytometry. (A) The percentage
of mCherry* T cells and (B) the MFI value of mCherry were shown. The data are plotted

as mean x SD of all independent transduction experiments performed.
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5.2.3 In vitro function of anti-CEA CAR-T cells secreting inducible IL-12

To assess the level of IL-12 production induced by CAR-triggered T cell activation,
transduced CAR-T cells with inducible IL-12 expression were co-incubated with CEA* target
cells and parental target cells at E: T ratio of 1: 1 for 20 hours. Parental CAR-T cells with
or without constitutive IL-12 expression were used for comparison. Due to the variable
levels of transduction efficiency among CAR-T cell groups, non-transduced T cells were
added into each group to ensure that the number of both total T cells and CAR-expressing
T cells remained consistent. The supernatant was collected from co-cultures and measured
for IL-12 release by ELISA.

Similar to results in section 3.2.5 (Figure 3.16), a representative experiment showed that
mouse T cells transduced with CD3z.mIL12, CD28z.mIL12 and 41BBz.mIL12 vectors
respectively could produce IL-12 constitutively in the absence of target antigen (Figure
5.3 A). IL-12 production was significantly increased in CD3z.mIL12 and CD28z.mIL12
CAR-T cells in response to CEA-expressing MC38 cells (P < 0.0001). In terms of CAR-T
cells inducibly secreting IL-12, without CEA-specific stimulation, the amount of IL-12
secreted was below the limit of detection (48 pg/ml). When co-cultured with CEA-
expressing MC38 cells, IL-12 production was slightly increased to 93.7 + 3.1, 70.0 £ 6.6
and 65.2 £ 7.5 pg/ml for CD3z.NFAT.mIL12, CD28z.NFAT.mIL12 and 41BBz.NFAT.mIL12
CAR-T cells respectively, whilst IL-12 production by mock and non-IL-12-secreting T cells
was still below the limit of detection. It suggested that IL-12 expression might be induced
upon cell activation resulting from CAR engagement. However, there is no significant
difference in IL-12 production between inducible-IL-12-secreting CAR-T cells and non-IL-
12-secreting CAR-T cells in response to CEA-expressing MC38 cells. Similar secretion
pattern could be seen in the mean + SD values of 2 independent experiments, although

statistical significance was reduced (Figure 5.3 B).
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Figure 5.3 IL-12 secretion by anti-CEA CAR-T cells in response to CEA* MC38 cell
line

Transduced T cells were co-cultured for 20 hours with 2 x 10* CEA* MC38 cells and MC38
cells at E: T ratio of 1: 1. The supernatant collected post incubation was measured for IL-
12 production by ELISA. (A) The data are representative of two independent experiments
and values are presented in mean + SD of triplicates. (B) The data are plotted as mean
+ SD of two independent experiments. Statistically significant difference was analysed
using two-way ANOVA with Tukey’s multiple comparisons test. NS, no significant
difference; *+ P < 0.01; =+++ P < 0.0001. Red stars represent comparison between two
constructs. Black stars represent comparison of each construct co-cultured with CEA*
MC38 cells and parental MC38 cells. The dotted line represents the limit of detection (LOD)

of IL-12 concentration.
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To further confirm whether the NFAT-responsive promoter was functional to induce IL-12
expression in activated CAR-T cells, phorbol myristate acetate (PMA)/ionomycin
stimulation was used for comparison with CAR-specific activation. As shown in Figure 5.4,
IL-12 was produced by CD3z.NFAT.mIL12 CAR-T cells when co-cultured with CEA-
expressing MC38 cells or activated by PMA/ionomycin stimulation, which were 136.1 £ 7.9
and 902.7 £ 32.2 pg/ml respectively, but not by mock and CD3z T cells. There was a
significant difference in IL-12 production between CD3z and CD3z.NFAT.mIL12 CAR-T cells
with both conditions (P < 0.0001). These results suggested that IL-12 expression driven
by the NFAT-responsive promoter in CAR-T cells could be successfully triggered by either
CEA-specific or non-specific T cell stimulation. The non-specific T cell stimulation via
PMA/ionomycin induced more IL-12 production than CEA-specific T cell activation through
CAR engagement (P < 0.0001). This is because PMA could bypass surface receptor
stimulation and directly activate protein kinase C (PKC) in the cytoplasm, whilst ionomycin
as a calcium ionophore could trigger the release of intracellular calcium in T cells which is
required for NFAT signalling [248, 249].
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Figure 5.4 IL-12 secretion by anti-CEA CAR-T cells in response to PMA/I
stimulation

Transduced T cells were co-cultured with 2 x 10* CEA* MC38 cells or MC38 cells at E: T
ratio of 1: 1 or stimulated by PMA/ionomycin for 20 hours. The supernatant collected post
incubation was measured for IL-12 production by ELISA. The data are plotted as mean %
SD of triplicates from one experiment. Statistically significant difference was analysed
using two-way ANOVA with Tukey’s multiple comparisons test. NS, no significant
difference; « P < 0.05; =*xxx P < 0.0001. Red stars represent comparison between two
constructs. Black stars represent comparison of each construct at two conditions. The

dotted line represents the LOD of IL-12 concentration.
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Release of IFN-y was also measured by ELISA following co-culture of transduced T cells
with tumour cells. Similar to results in section 3.2.5 (Figure 3.18), constitutive expression
of IL-12 significantly enhanced IFN-y production of transduced T cells with CD3z and
CD28z CAR constructs, whilst the level of IFN-y production was further improved in the
presence of target antigen (P < 0.0001) (Figure 5.5 A). Notably, compared to parental
non-IL-12-expressing CAR-T cells, IFN-y production was also increased significantly in
CD3z.NFAT.mIL12 and CD28z.NFAT.mIL12 CAR-T cells (48,641.6 £ 1,008.0 and 73,581.6
+ 759.0 pg/ml respectively) in response to CEA-expressing MC38 cells (P < 0.0001). This
suggests that the inducible IL-12 expression driven by T cell activation through CAR
engagement could facilitate CAR-T cells to secret more IFN-y, although low levels of IL-12
production were detected. Moreover, without CEA-specific stimulation, the amount of IFN-
y was much reduced in CAR-T cells inducibly secreting IL-12, probably due to the lack of
IL-12 secretion. As for 41BBz.NFAT.mIL12 T cells, although the amount of IFN-y was
slightly increased when co-cultured with CEA* tumour cells in comparison with parental
tumour cells, there is no significant difference between them (8,033.0 £ 200.0 versus
6,902.9 + 283.1 pg/ml), which was similar to the results found in 41BBz.mIL12 T cells. A
similar secretion pattern could be seen in the mean + SD values of 2 independent

experiments, although statistical significance was reduced (Figure 5.5 B).
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Figure 5.5 IFN-y secretion by anti-CEA CAR-T cells in response to CEA* MC38 cell
line

Transduced T cells were co-cultured for 20 hours with 2 x 10* CEA* MC38 cells or MC38
cells at E: T ratio of 1: 1. The supernatant collected post incubation was measured for IFN-
y production by ELISA. (A) The data are representative of two independent experiments
and values are presented in mean + SD of triplicates. (B) The data are plotted as mean
+ SD of two independent experiments. Statistically significant difference was analysed
using two-way ANOVA with Tukey’s multiple comparisons test. NS, no significant
difference; * P < 0.05; #x P < 0.01; ***x P < 0.0001. Red stars represent comparison
between two constructs. Black stars represent comparison of each construct co-cultured

with CEA* MC38 cells and parental MC38 cells.
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To assess the cytotoxicity of CAR-T cells, luciferase assays were performed by measuring
the luciferase activity of target cell lines post 20-hour co-culture with CAR-T cells. T cells
transduced with different CAR constructs with the exception of 41BBz exhibited
cytotoxicity against luciferase-expressing CEA* target cells in comparison with mock T cells
in 2 donors (P < 0.0001) (Figure 5.6 A & B). In donor one (Figure 5.6 A), both CD3z.mIL12
and CD3z.NFAT.mIL12 T cells showed improved cytotoxicity (99.4 £ 1.7 % and 95.2 =
1.1 % respectively) compared to CD3z T cells (61.3 £ 5.4 %) (P < 0.0001), suggesting
that both constitutive and inducible expression of IL-12 was able to enhance cytotoxicity
of CAR-T cells. Similar results were observed in 41BBz CAR-T cell variants. Given that
41BBz.mIL12 and 41BBz.NFAT.mIL12 T cells did not produce IFN-y significantly in
response to CEA-expressing MC38 cells compared to MC38 cells, it is hypothesised that
the enhancement of cytotoxicity was caused by direct effects of IFN-y on tumour cell
apoptosis, which has been discussed in section 3.3. Furthermore, 100 % of cell killing
among CD28z, CD28z.mIL12 and CD28z.NFAT.mIL12 T cells were observed. It was
probably due to their high functional activity to lyse target cells completely within a 20-

hour co-culture period.

In donor two (Figure 5.6 B), however, there is no significant difference in cytotoxicity
between inducible IL-12-secreting CAR-T cells and parental non-IL-12-secreting T cells.
Apart from donor variability, the main difference was the lowest transduction efficiency
between these two donors, which was 8.05 % and 3.43 % in donor one and two
respectively. It required 2.48 x 10° and 5.83 x 10° of total T cells containing 2 x 10* CAR-
T cells for co-culture. As the humber of non-transduced T cells in donor two was 2.5-fold
higher than that in donor one, it is hypothesised that small amounts of inducible IL-12
secreted were more likely to be taken up by non-transduced T cells rather than CAR-T
cells, resulting in no enhancement of cytotoxicity for CAR-T cells post direct antigen
recognition. Additionally, high number of total T cells might also lead to increased non-
specific tumour cell killing, reflected by 18.3 £ 6.0 % of cell killing in mock T cells in donor

two.
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Figure 5.6 Cytotoxicity of anti-CEA CAR-T cells in response to luciferase-labelled
CEA* MC38 cell line

Transduced T cells were co-cultured for 20 hours with 2 x 10 CEA* MC38 cells expressing
luciferase and GFP at different E: T ratios from 5: 1 to 0.125: 1 (n = 3). Luminometry was
performed to assess the cytotoxicity post co-culture. The data are plotted as mean + SD
of triplicates from two donors (A) and (B) respectively. Statistically significant difference
was analysed using one-way ANOVA with Tukey’s multiple comparisons test. NS, no
significant difference; ** P < 0.01; **x P < 0.001; #+++ P < 0.0001. Red stars represent
comparison between two CAR constructs. Black stars represent comparison between mock

and CAR constructs.
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5.2.4 In vivo function of anti-CEA CAR-T cells secreting inducible IL-12

The previous study in section 4.2.3 showed that severe toxicity was seen in
lymphodepleted mice treated with a single dose of 2 x 10% CD28z.mIL12 CAR-T cells, with
high levels of IL-12 in serum. High levels of IL-12 in serum were considered the cause of
death. A strategy of inducible IL-12 expression has been developed to restrict IL-12
secretion to the tumour microenvironment and therefore reduce systemic IL-12 toxicity.
To assess whether the inducible expression of IL-12 could reduce toxicity and facilitate
anti-tumour efficacy of anti-CEA CAR-T cells, CD28z.NFAT.mIL12 CAR-T cells were
adoptively transferred into immunocompetent mice bearing subcutaneous CEA* tumour
with or without host lymphodepletion. Additionally, as CEA is also expressed at low levels
on normal tissues in human, there is a concern that anti-CEA CAR-T cells might induce on-
target off-tumour toxicity. To further assess this possibility, CEA transgenic C57BL/6
mouse (CEAtg) model, which expresses human CEA in the esophagus, small intestine,
trachea, and lung, soluble CEA in serum and consequently have immunological tolerance

to CEA [226], would be utilised in this study, closely reflecting the human situation.

A schematic diagram of the experimental procedure giving CAR-T cell treatment with 5Gy
TBI was shown in Figure 5.7 A. CEAtg mice bearing 50 - 100 mm?3 tumour were treated
with 2.5 x 107 total T cells containing 2 x 10% CAR-T cells by i.v. injection on day 2 post
5Gy TBI. To monitor the release of cytokines in blood post treatment, serum was isolated
from blood samples collected via tail vein bleeds on day 7, 16 and 22 and cardiac puncture
at terminal day. Mice were euthanized when tumours ulcerated or reached over 1,000
mm? or they experienced lethal toxicities such as 20 % severe BWL, emaciation or pale
extremities. Spleens were collected and used to assess the functional activity of immune

cells in vitro.

It can be seen that the number of white blood cells, lymphocytes and neutrophils in mice
treated with TBI were decreased and not recovered to normal levels for 9 days (Figure 5.7
B). A reduction in these cell numbers was also seen in CD28z.mIL12 T cell therapy without
TBI pre-conditioning. Since only one mouse was treated with CD28z.mIL12 T cells, it was
probably because of donor variability. As shown in Table 5.1, there were only 33 % of
mice treated with mock T cells and 5Gy TBI showing severe BWL. This suggests that mice
treated with 5Gy TBI might be in part sensitive to CAR-T cells or large numbers of total T
cells transferred. Notably, severe morbidity and mortality were observed in all pre-
conditioned CEAtg mice receiving CD28z.mIL12 and CD28z.NFAT.mIL12 CAR-T cells.
Whilst there was no anti-tumour activity, there was a significant survival advantage for
mice receiving CD28z T cells with 5Gy TBI or CD28z.NFAT.mIL12 T cells only relative to
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that receiving CD28z.NFAT.mIL12 T cells with 5Gy TBI who had to be culled early due to
body weight loss and ill health (P < 0.05 and P < 0.01 respectively) (Figure 5.7 C). It
indicated that IL-12 which was produced in an inducible manner by CAR-T cells still
possibly triggered IL-12-related toxicities in pre-conditioned mice, although there was a
slight increase in survival compared to pre-conditioned mice receiving constitutive IL-12-
secreting CAR-T cells. Additionally, although only one mouse was treated, administration
of 0.3 x 106 CD28z.mIL12 T cells still caused toxicity in combination with pre-conditioning,

suggesting that cell dose should be further reduced.

Without 5Gy TBI pre-conditioning, no lethal toxicity was observed post infusion of 2 x 10°
CAR-T cells with constitutive or inducible IL-12 expression (Table 5.1). Nevertheless,
administration of 2 x 106 CD28z.mIL12 and CD28z.NFAT.mIL12 CAR-T cells did not show
any therapeutic effect on tumour (Figure 5.7 D). Notably, only one mouse was treated
with 2 x 10% CD28z.mIL12 CAR-T cells, as T cells did not expand to sufficient number in
vitro. More experimental data is required to determine whether the administration of 2 x
10% CD28z.mIL12 in the CEAtg model was as efficacious as same therapy in the WT model

which has been shown in section 4.2.3.

148



Mock / CAR-T
hCEA+ MC38 s.c. 5Gy TBI i.v. 2e6 cells
(,;;-Ii!” Day 0 Day 7 Day 13 Day 15 Day 16 Day 22 Sacrifice and
C57BL/6 l 1 1 Necropsy
CEAtg mice
¢ Bleed and Bleed and Bleed and
Sysmex Sysmex Sysmex
B.
White blood cells Lymphocytes
2014 151
154
101
= = ___:::“
% 10- % P
- - g5 e
5-
5+
L |
0 0 *

Survival (%)

7 16 22

Days Post hCEA* MC38 Cell Inoculation

Neutrophils

22
Days Post hCEA* MC38 Cell Inoculation

-@- No treatment

-~ Mock + 5 Gy TBI

- MFE.mCD28z +5 Gy TBI

-+ MFE.mCD28z.mIL12 + 5 Gy TBI

-+ MFE.mCD28z.NFAT.mIL12+ 5 Gy TBI
-u- MFE.mCD28z.mIL12

-%- MFE.mCD28z.NFAT.mIL12

‘B 3 x10° MFE.mCD28z.mIL12 + 5 Gy TBI

-@- No treatment (n=4)

-e- Mock + 5Gy TBI (n=3)

-+ MFE.mCD28z + 5Gy TBI (n=2)

-+ MFE.mCD28z.mIL12 + 5Gy TBI (n=4) ] *
-+ MFE.mCD28z.NFAT.mIL12 + 5Gy TBI (n=4)

-®- MFE.mCD28z.mIL12 (n=1) ]**
-%- MFE.mCD28z.NFAT.mIL12 (n=4)

‘B 3 x 10° MFE.mCD28z.mIL12 + 5Gy TBI (n=1)

100 T
] '
' |
] '
1
1 -
e
1 L
' ]
1 )
1 1
50 K= ]
1 ]
) 1
] )
i H
0 1y
A {0 O
' |
' '
' ‘
' |
0 — T —
0 5 10 15 20 25 30 35 40 45 5

Days Post hCEA* MC38 Cell Inoculation

149



15001
=@ No treatment
-~ Mock + 5 Gy TBI
-+ MFE.mCD28z +5 Gy TBI
%+ MFE.mCD28z.mIL12 + 5 Gy TBI
=¥ MFE.mCD28z.NFAT.mIL12+ 5 Gy TBI
-%: MFE.mCD28z.mIL12
-% MFE.mCD28z.NFAT.mIL12

[
i
2 )
1
1000+ ‘
‘l
1
t
{ X
! ‘B 3 x10° MFE.mCD28z.mIL12 + 5 Gy TBI

Tumour Volume (mm3)

500+

o 2 5 7 9 12 14 16 19 21 2I3 27 2lQ 3'0 :3'3 3‘5 3|7 3‘9 4|0 4'2 4l4 4I7 4'9 5'1
Days Post hCEA* MC38 Cell Inoculation

Figure 5.7 Evaluation of anti-tumour responses of CEA-specific CAR-T cells post

host lymphodepletion

(A) Schematic diagram of the experimental procedure applying CAR-T cell treatment with

or without 5Gy TBI in vivo. Tumour-bearing C57BL/6 CEAtg mice were treated with 5Gy

TBI 2 days before i.v. administration of 2 x 10® mock T cells or CAR-T cells within 2.5 x

107 total T cells (n = 1 - 4). Peripheral blood samples were collected via tail vein bleeds
on day 7, 16 and 22 for analysis. (B) The amount of white blood cells, lymphocytes and
neutrophils of individual mice before and after 5Gy TBI. (C) Survival of individual mice
post cell transfer treatment. Statistically significant difference was analysed using log rank

(Mantel-Cox) test. * P < 0.05; *xP < 0.01. (D) Tumour volume of individual mice in each

T cell therapy group.
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Table 5.1 Details of the cause of death for CEAtg mice receiving CAR-T cells

Reasons for culling

% culled due

cells + 5Gy TBI (n=1)

Severe body weight | Tumour condition (over | Tumour-

CEAtg mouse model to body
loss; Emaciation; 1,000 mm3, ulceration, | free (%) )
weight loss
pale extremities holed or bleeding)

No treatment

0 4 0 0
(n=4)
Mock T cells

1 2 0 33
+ 5Gy TBI (n=3)
CD28z T cells

0 2 0 0
+ 5Gy TBI (n=2)
CD28z.mIL12 T cells

3 0 0 100
+ 5Gy TBI (n=3)
CD28z.NFAT.mIL12 T

4 0 0 100
cells + 5Gy TBI (n=4)
CD28z.mIL12 T cells

0 1 0 0
(n=1)
CD28z.NFAT.mIL12 T

0 4 0 0
cells (n=4)
3 x 10°CD28z.mIL12 T

1 0 0 100
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High serum levels of IL-12 were detected in lymphodepleted WT mice treated with CAR-T
cells constitutively secreting IL-12 in section 4.2.3 (Figure 4.7), which was probably the
cause of lethal toxicity. To assess whether the level of inducible IL-12 was also increased
post host lymphodepletion and subsequently led to lethal toxicity, serum samples were
measured for IL-12 production by ELISA. Similar to serum IL-12 levels in C57BL/6 WT
model (Figure 4.7), whilst increased levels of IL-12 were detected in pre-conditioned mice
receiving 2 x 10% and 0.3 x 10° CD28z.mIL12 CAR-T cells from day 16 to day 22 (428.8 +
236.4 versus 3,776.0 £ 1,929.3; 140.2 £ 0.0 versus 2,591.0 £ 0.0 pg/ml respectively),
IL-12 amount was gradually reduced to background in the mouse receiving 2 x 10°
CD28z.mIL12 CAR-T cells only (Figure 5.8 A & B). With regards to CD28z.NFAT.mIL12
CAR-T cells with or without 5Gy TBI, however, the amount of IL-12 was below background
at all timepoints. Given poor levels of IL-12 production in the co-culture of
CD28z.NFAT.mIL12 CAR-T cells with CEA* MC38 cells, it is again possible that IL-12
induced in mice was taken up by immune cells and thus was not detectable. In addition,
since the release of IL-12 was restricted at tumour sites, this is most likely why serum IL-

12 level were not raised.
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Figure 5.8 IL-12 production in the serum of mice receiving T cells

The level of IL-12 post CAR-T cell administration in blood samples was measured by ELISA.
(A) The data are plotted as mean £ SD of blood samples that could be successfully
collected. Statistically significant difference between day 16 and day 22 was analysed
using two-way ANOVA with Sidak’s multiple comparisons test. =+ P < 0.001. (B) The
serum levels of IL-12 on day 16, 22 and on terminal day are shown in bar graphs

separately. The dotted line represents the LOD of IL-12 concentration.
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5.3 Discussion

The main aims of this chapter were to genetically modify anti-CEA CAR-T cells to express
IL-12 through an inducible expression system driven by T cell activation through CAR
recognition of target antigen and to assess anti-tumour activity in vitro and in vivo.
Compared to the constitutive expression of IL-12, the inducible release of IL-12, which is
under the transcriptional control of an NFAT-responsive promoter, has the advantage of
being able to minimise systemic IL-12-related toxicity. It also could avoid T cell apoptosis
during in vitro culture, which is one of the obstacles in CAR-T cells constitutively secreting

IL-12 as described in section 3.3.

Mouse T cells were successfully transduced with the retroviral vectors encoding anti-CEA
CAR constructs and the NFAT-responsive IL-12 expression cassette. However, one of the
major issues was low levels of transduction efficiency (Figure 5.2 A). Nevertheless, IL-12
secretion was successfully induced following activation of T cells through either
PMA/ionomycin stimulation or CAR-specific stimulation in vitro (Figure 5.3 & 5.4).
However, compared to CAR-T cells constitutively secreting IL-12, CAR-T cells with
inducible IL-12 expression produced IL-12 at much lower levels in the presence of target
antigen, which was just slightly above the limit of detection (48 pg/ml). This could
potentially be because IL-12 was mainly taken up by T cells once secreted, resulting in
low levels of IL-12 accumulation in the supernatant. To determine if this is the case,
intracellular staining could be performed to detect IL-12 expression followed by flow
cytometry analysis. In addition, since the MFI value of mCherry expressed in CAR-T cells
with inducible IL-12 expression was much lower than that in parental CAR-T cells (Figure
5.2 B), it is hypothesised that the amount of CAR constructs and NFAT-responsive
promoters integrated into a single T cell was probably low. This situation could also result

in low levels of inducible IL-12 production.

Recently, several studies have also combined CAR construct and inducible IL-12 construct
in a single lentiviral vector for transduction of T cells and reported high levels of
transduction efficiency [250, 251]. Therefore, although the total length of CAR construct
is within the maximum length of retroviral vector in this study, re-design of anti-CEA CAR
construct in a lentiviral vector which can carry more transgenic payloads could be a
strategy to improve transduction efficiency. Lentiviral vectors have the advantage of
infecting both dividing and non-dividing cells through nuclear pore complexes, whilst y-
retroviral vectors can only infect actively dividing cells as they can only cross the nuclear
envelope during mitosis. Moreover, altering the vector for better CAR expression would
presumably give increased number of CARs and NFAT-responsive promoters per cell and,

therefore, increased levels of inducible IL-12 upon CEA recognition. Once transduction
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efficiency has been significantly improved, a dose-escalation schedule could be performed
to determine which dose of CAR-T cells secreting inducibly IL-12 would achieve anti-

tumour efficacy without causing unacceptable toxicity.

With regards to in vitro anti-tumour function, there was significant difference in IFN-y
production between inducible-IL-12-secreting CAR-T cells and non-IL-12-secreting CAR-T
cells (Figure 5.5). This suggests that the inducible expression of IL-12 upon CAR-triggered
cell activation, albeit at low levels, could enhance anti-tumour effects of CAR-T cells in
vitro. However, the improvement in cytotoxicity by inducible IL-12 was only seen in one
of two donors (Figure 5.6). In the other donor, no significant difference in cytotoxicity was
thought to be due to a higher proportion of non-transduced T cells as discussed in section
5.2.3. To further demonstrate whether inducible IL-12 expression could also enhance CEA-

specific cytotoxicity of CAR-T cells, more donors are needed for investigation.

A previous study showed that subcutaneous co-injection of first-generation CEA-specific
CAR-T cells inducibly secreting IL-12 and tumour cells could efficiently eradicate tumour
without pre-conditioning in vivo [153]. Furthermore, first-generation CEA-specific CAR-T
cells inducibly secreting IL-12 significantly prevented the growth of CEA* and CEA" mixed
MC38 tumour lesion in comparison to CEA™ subcutaneous tumour lesion. The regression of
CEA" tumours was accompanied by accumulation of activated macrophages and elevated
levels of TNF-a, although tumour volume still reached 1,000 mm3 and no long-term
survival was revealed. These findings formed the basis of the rationale for this work that
further modification of anti-CEA CAR-T cells with a co-stimulatory signalling domain and
inducible IL-12 expression might be able to achieve better anti-tumour efficacy and even

reach long term survival in subcutaneous tumour model.

In this study, however, a single dose of 2 x 10°® CD28z.NFAT.mIL12 CAR-T cells did not
show anti-tumour efficacy for CEA* MC38 tumours in CEAtg mouse model without
lymphodepletion pre-conditioning. In contrast, a recent study reported that 1 - 2 x 106
murine glypican-3 (GPC3)-specific CD28-CD3¢ CAR-T cells inducibly secreting IL-12 could
efficiently eradicate subcutaneous tumours and did not show obvious toxicity in
immunocompetent C57BL/6 hosts without lymphodepletion pre-conditioning, with the
elevated levels of IFN-y and IL-12 in serum and significant CAR-T cell infiltration in
tumours [251]. Whilst both studies assessed murine CAR-T cells targeting human antigen
at similar cell dose in immunocompetent C57BL/6 mouse model, several factors, such as
the antigens targeted, CAR constructs, may contribute to the difference in anti-tumour
efficacy between the studies. Most importantly, the efficacy of inducible-IL-12-secreting

CAR-T cells heavily depends on whether these CAR-T cells infiltrated into tumours and
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inducible IL-12 production reached sufficient levels that could efficiently improve anti-
tumour responses of CAR-T cells. To further confirm this, assessment of CAR-T cell
persistence in blood and their infiltration in tumours are needed. Additionally, the level of
IFN-y production in serum should be measured to reflect whether anti-CEA CAR-T cells
could recognise CEA* MC38 tumour cells in vivo. For future experiments, administration
of higher cell doses could be a strategy to further investigate the therapeutic effects of

inducible-IL-12-secreting CAR-T cells if transduction efficiency was improved.

To assess the on-target off-tumour toxicity of anti-CEA CAR-T cells, CEAtg mice with
tissue-specific CEA expression was utilised as an in vivo model. A previous study has
shown that therapy with 1 x 107 anti-CEA CD28-CD3Z CAR-T cells via i.v. injection did not
induce autoimmune pathology in the CEAtg mouse model, whilst infiltration of CAR-T cells
was observed in CEA* tissues such as the gastrointestinal tract and the lung [166].
Chemotherapy pre-conditioning did not favour autoimmune pathology. In this study,
similarly, severe morbidity and mortality were not observed in all CEAtg mice in the
therapy of 2 x 10% CD28z.mIL12 and CD28z.NFAT.mIL12 CAR-T cells without TBI pre-
conditioning, or in the therapy of CD28z CAR-T cells with TBI pre-conditioning. This
suggests that anti-CEA CAR-T cells presumably did not induce on-target off-tumour
toxicity in the CEAtg mouse model. However histopathologic analysis of various tissues in

CEAtg mice is required to confirm this.

In combination with host lymphodepletion via 5Gy TBI, however, severe mortality of mice
with high levels of IL-12 in serum was observed post infusion of either 0.3 x 10% or 2 x
108 CD28z.mIL12 CAR-T cells in CEAtg model. This observation is in line with other reports
studying CAR-T cells constitutively secreting IL-12 in lymphodepleted hosts [157, 194,
208]. Whilst further reducing cell number could be a strategy to minimise the toxicity
caused by constitutive expression of IL-12, the corresponding anti-tumour efficacy was
probably compromised. Local delivery of IL-12 expressed in an inducible manner in tumour

site offers an alternative to overcome this obstacle.

In this study, pre-conditioned mice treated with 2 x 10® CD28z.NFAT.mIL12 CAR-T cells
also had observable toxicities. Given that significant survival advantage for
lymphodepleted mice receiving CD28z T cells was observed in comparison to that receiving
CD28z.NFAT.mIL12 T cells, this toxicities were probably associated with inducible
expression of IL-12. However, the level of IL-12 in serum was not detectable in
CD28z.NFAT.mIL12 CAR-T cells post infusion. Furthermore, whilst neutropenia was one of
the common hematologic toxicities in IL-12 therapy [192, 252], it is difficult to determine

whether the reduction of neutrophils was caused by IL-12 in this study, due to the
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lymphodepletion effects of 5Gy TBI. The mechanisms underlying IL-12-related toxicity
induced by CD28z.NFAT.mIL12 CAR-T cells remain unknown. It has been reported that
the toxicity of IL-12 also correlated to the secondary production of IFN-y [192, 253]. It is
therefore worth evaluating whether serum IFN-y levels were increased in lymphodepleted
mice treated with CD28z.NFAT.mIL12 CAR-T cells in future studies.

As no toxicity was observed in non-lymphodepleted mice treated with CD28z.NFAT.mIL12
T cells, the use of 5Gy TBI for lymphodepletion prior to CAR-T cell therapy seemed to be
one of the factors that causes the IL-12-mediated toxicity. It was probably caused by
improving the engraftment and expansion of adoptively transferred CAR-T cells. To
determine this, mCherry-specific gPCR could be performed to compare the level of CAR
copy numbers in peripheral blood samples among CAR-T cell therapy groups with or
without pre-conditioning. The results in this study suggested that decreasing cell number
of CD28z.NFAT.mIL12 T cells is required to assess therapeutic effects and minimise IL-12-

related toxicity when host lymphodepletion is given.

A previous study demonstrated that T cells engineered with anti-VEGFR-2 CAR and
inducible IL-12 mediated long-term tumour regressions at all doses from 1 - 12 x 10°% in
lymphodepleted hosts bearing subcutaneous B16 tumour, associated with enhanced
expansion, persistence and infiltration of transferred T cells [208]. Most importantly, there
were no dose-limiting toxicities determined by body weight loss and histopathologic
analysis of normal tissues. The immunohistochemical results revealed that VEGFR-2
expression was restricted to tumour vascular endothelial cells but not on B16 tumour cells
in subcutaneous B16 melanoma [224]. It is therefore hypothesised that higher density of
target antigen for CAR-T cell activation in tumour lesions likely correlates to higher levels

of inducible IL-12 production, increasing the risk of IL-12-related toxicity.

The main limitations in this study are that CEA expression and CAR-T cell infiltration in
tumours was not investigated by performing IHC. The presence of CEA and the level of
CAR-T cell infiltration largely contributes to inducible IL-12 production, which subsequently
affect the anti-tumour efficacy of inducible-IL-12-secreting CAR-T cells and even IL-12-
related toxicity observed in lymphodepleted mice. Confirmation of the level of infiltrated
CAR-T cells and CEA expressed on tumours would be greatly helpful to understand the
findings mentioned above. Additionally, more information would have been provided if the
level of serum IFN-y was measured. However, the volume of serum collected from blood
samples via tail veins was limited. It was difficult to measure both IL-12 and IFN-y
production in serum by ELISA. Most importantly, sufficient mouse numbers for assessment

of CAR-T cell therapy is needed to make the findings more convincing in this study.
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In summary, the results shown in this chapter revealed that first- and second- generation
CEA-specific CAR-T cells with inducible IL-12 expression have successfully been generated.
The induction of IL-12 release could be triggered by activation of T cells through CAR
engagement with target antigen or PMA/ionomycin stimulation. IL-12 expressed in an
inducible manner could improve anti-tumour functions of CEA-specific CAR-T cells in vitro.
However, administration of 2 x 10® CD28z.NFAT.mIL12 CAR-T cells alone failed to show
any therapeutic benefit for subcutaneous CEA* MC38 tumour in the CEAtg mouse model.
In combination with TBI pre-conditioning, lethal toxicity was observed in
CD28z.NFAT.mIL12 CAR-T cell therapy. It appears to be associated with IL-12, although
serum levels of IL-12 were not increased. Additionally, anti-CEA CAR-T cells did not induce
apparent on-target off-tumour toxicity. To better understand the unsatisfactory efficacy
and IL-12-related toxicity of CD28z.NFAT.mIL12 CAR-T cell therapy, evaluation of CEA
expression on tumours, CAR-T cell infiltration and persistence and the level of IFN-y in
serum should be performed in future studies. Moreover, future work should focus on
improving transduction efficiency of inducible-IL-12-secreting CAR-T cells, perhaps
through the use of lentiviral vectors [250]. It is also worth applying a dose-escalation
schedule for anti-CEA CAR-T cells with inducible IL-12 expression to assess their
therapeutic window, which shows the highest anti-tumour efficacy without causing

unacceptable toxicity.
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6 Construction and characterisation of anti-CEA
CAR-T cells secreting scFv

6.1 Introduction

6.1.1 Blockade of TGF-B signalling

As described in section 1.2.3, TGF-B acts as either a tumour suppressor or a tumour
promoter during carcinogenesis. In early stages, TGF-B suppresses proliferation and
induces apoptosis of normal epithelial and lymphoid cells from which most tumours arise
[254]. However, in advanced stages, tumour cells can evade growth inhibitory effects of
TGF-B by mutation and/or functional inactivation in the TGF-B receptors (TGF-BRI and
TGF-BRII) and/or downstream Smad signalling proteins [255], while leaving intact TGF-33-
mediated cellular signalling that promote tumour progression and metastasis. TGF-j3,
which is overexpressed in various tumour types, can promote epithelial-to-mesenchymal
transition (EMT), contribute to the formation of CAFs, upregulate the synthesis of many
ECM proteins and induce tumour angiogenesis [256]. TGF-B also mediates
immunosuppressive effects on all arms of the immune system due to the antagonistic
functions in various immune cells, which leads to compromised tumour cell recognition
and clearance [257]. For instance, high levels of TGF-B in the tumour microenvironment
suppress T cell proliferation and reduce T cell effector function. It also inhibits the
differentiation of T helper cells and instead stimulates the differentiation of immune-
suppressive Tregs. Additionally, TGF-B induces the polarisation of macrophages and
neutrophils into the pro-tumour M2 and N2 phenotype respectively and inhibits the
maturation of DCs and NK cells [258-260]. It is evident that increased production of TGF-
B is correlated with advanced metastasis and poor patient prognosis for breast cancer,

gastric cancer and hepatocellular carcinoma [261].

Given the crucial role of TGF-B on the immunosuppressive tumour microenvironment,
targeting TGF-B signalling has been used in CAR-T cell treatment as a therapeutic strategy
to modify the tumour microenvironment and thus enhance their anti-tumour effects for
advanced solid tumours. For example, the dominant-negative TGF-BRII (dnTGF-BRII),
which is a truncated receptor binding TGF-B without downstream signalling, has been
introduced to CAR-T cells. This design can block the active TGF-BRII from binding TGF-,
thus counteracting effects of TGF-B specifically in T cells. It has been demonstrated that

modification of CAR-T cells targeting PSMA to express the dnTGF-BRII can significantly
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enhance infiltration, proliferation, persistence and efficacy of CAR-T cells in the presence
of TGF-B [145]. Based on these promising preclinical results, a phase I clinical trial has
been initiated to evaluate the safety and preliminary efficacy of PSMA-directed/TGFj-
insensitive CAR-T cells in patients with refractory castration-resistant metastatic prostate
cancer (NCT03089203). However, as it has been reported that dnTGF-BRII T cell
transgenic mice experienced severe lymphoproliferative disorder which showed enlarged
spleen and lymph nodes (LNs) and moderate infiltration of lymphocytes in other organs
[262], the potential risk in clinical trials still needs to be assessed. Additionally, a recent
study reported that a CAR was constructed to target TGF-f and activate the modified T
cells through CD28-CD3C signalling, which therefore not only inhibits the
immunosuppressive signalling of TGF-B but also converts this cytokine into a potent T cell
stimulant [146]. TGF-B CAR-T cells could proliferate remarkably and secret pro-
inflammatory Th1l cytokines in response to TGF-f in vitro. Most importantly, this strategy
also has the advantage to protect neighbouring immune cells from TGF-B-mediated
suppressive effects [263]. Specifically, TGF-B CAR-T cells enabled tumour-targeted CD8*
T cells to maintain their cytolytic activities and prevented CD4* T cells from TGF-B-induced

Treg differentiation in vitro.

6.1.2 Blockade of PD-1 signalling

Given their remarkable clinical responses, the addition of PD-1 or PD-L1 inhibitors in CAR-
T cell therapy are a logical approach to augment the potency of CAR-T cells especially in
solid tumours. It has been shown that the PD-1-blocking antibodies enhanced in vitro T
cell proliferation and cytokine secretion and in vivo tumour regression of CAR-T cells
targeting HER2, mesothelin or IL-13Ra2 in pre-clinical studies [144, 264, 265]. At
present, several clinical trials are exploring the combination therapy of immune checkpoint
inhibitors and CAR-T cells for the treatment of diffuse large B cell lymphoma
(NCT02706405, NCT02926833, NCT02650999), mesothelioma (NCT02414269) and
glioblastoma (NCT03726515, NCT04003649). Notably, systemic administration of immune
checkpoints inhibitors could induce systemic autoimmune side effects, such as
dermatologic toxicities, diarrhea/colitis and pneumonitis [151, 266]. The combination with
CAR-T cell therapy may greatly exacerbate the autoreactive toxicity. To reduce the
possible toxicities associated with systemic checkpoint inhibition, modification of CAR-T
cells to secrete scFv blocking PD-1 or PD-L1 have been developed, which may have the

advantage of mostly accumulating the secreted scFv within tumour sites.

Success with this approach has been observed in multiple experimental models. Anti-

carbonic anhydrase IX (CAIX) CAR-T cells engineered to secrete anti-PD-L1 scFv have
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improved anti-tumour activity in an orthotopic model of human renal cell carcinoma [267].
Anti-CD19 CAR-T cells that secrete anti-PD-1 scFv could efficiently eradicate subcutaneous
tumour established in xenograft mouse models [143]. It has also been reported that anti-
CD19 or anti-MUC168t CAR-T cells secreting PD-1-blocking scFv could enhance the
survival of mice in syngeneic and xenogeneic PD-L1* hematologic and solid tumour
models, showing similar or better efficacy compared to that achieved by combination
therapy [268]. Several clinical trials have been initiated to investigate the safety and
effectiveness of CAR-T cells secreting anti-PD-1 scFv for the treatment of EGFR positive
advanced solid malignancies (NCT02873390 and NCT03182816).

Other strategies have also been developed to induce resistance to PD-1 signalling for CAR-
T cells. For instance, a study reported that the expression of a PD-1 dominant negative
receptor on anti-mesothelin CAR-T cells, which competed for PD-L1/PD-L2 with the
endogenous PD-1 receptor, could restore effector functions of CAR-T cells in vitro and in
vivo [144]. In the chimeric switch-receptor approach, CAR was constructed by fusing the
extracellular domain of PD-1 with the transmembrane and intracellular domains of co-
stimulatory molecules, which aims to turn the inhibitory signal into a positive co-
stimulatory signal for anti-tumour activity of T cells. T cells engineered with PD-1: CD28
receptors showed the improvement of anti-tumour efficacy in a murine pancreatic
tumour model [147]. Furthermore, genome-editing strategies to knock out PD-1 in CAR-
T cells via CRISPR/Cas9 technology exhibited improved cytotoxic activity in vitro and

cleared subcutaneous CD19* PD-L1* tumour in xenograft mouse models [139].

6.1.3 Hypothesis and aims

Approaches blocking TGF-§3 or PD-1 signalling have both been reported to improve effector
functions of CAR-T cells in vitro and in vivo as described above. It is therefore hypothesised
that the anti-tumour efficacy of CEA-specific CAR-T cells could be improved by inhibiting
the immunosuppressive effects mediated by TGF-B or PD-1. This can be achieved by
engineering CAR-T cells to constitutively secrete anti-TGF-B (aTGF-B) or anti-PD-1 (aPD-
1) scFv. Therefore, the main aims of this chapter were:

e To generate retroviral vectors containing first- or second- generation anti-CEA

CAR constructs and aTGF-f3 or aPD-1 scFv expression cassette
e To assess the production and binding capacity of aTGF- or aPD-1 scFv
e To evaluate whether the level of cytotoxicity and cytokine release of scFv-

secreting CAR-T cells was better than non-scFv-secreting CAR-T cells in vitro
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To evaluate whether anti-tumour efficacy of CAR-T cells could be enhanced by
secreting aTGF-B or aPD-1 scFv in combination with host lymphodepletion pre-
conditioning in vivo

To assess whether any toxicity was observed in the therapy of scFv-secreting
CAR-T cells

To investigate whether the level of T cell infiltration in tumour lesions was

improved in the therapy of scFv-secreting CAR-T cells
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6.2 Results

6.2.1 Generation of retroviral vectors encoding scFv-expressing anti-CEA CAR

Target tumour cell lines were measured for the level of TGF-B production and PD-L1
expression by flow cytometry. Both CEA* MC38 cells and parental MC38 cells showed high
levels of intracellular TGF-B production, which was 99.4 £ 0.7 % and 99.2 £ 1.1 %
respectively (Figure 6.1 A & B). PD-L1 was also highly expressed on these cell lines (99.5
£ 0.6 %, 98.1 £ 1.3 %), without the need for additional IFN-y stimulation to induce PD-
L1 expression (Figure 6.1 C & D). The abundant expression of TGF-3 and PD-L1 represents
clinically relevant mechanisms of immune suppression mediated by PD-1 and TGF-B
signalling. Therefore, these tumour cell lines were used as model to assess whether CAR-
T cell secretion of scFv to block TGF-B or PD-1 signalling could improve the anti-tumour
efficacy of CEA-specific CAR-T cells.
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Figure 6.1 TGF-B and PD-L1 expression of target tumour cell lines

(A) Representative histogram is shown for intracellular TGF-B expression of MC38 and
CEA* MC38 cell lines. (B) The percentage of TGF-B* cells is plotted as mean £ SD of two
independent experiments determined by flow cytometry. (C) Representative histogram is
shown for surface PD-L1 expression of MC38 and CEA* MC38 cell lines. (D) The percentage
of PD-L1* cells is plotted as mean *+ SD of two independent experiments by flow cytometry.

The isotype antibody staining was used as negative control.
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The schematic diagram of MP71 retroviral vectors containing CAR constructs and the aTGF-
B scFv expression cassette is shown in Figure 6.2 A. Utilising a P2A cleavage element, the
first- and second- generation anti-CEA CAR constructs were further modified to express a
histidine (his)-tagged aTGF-B scFv, designated as MFE.mCD3z.TA, MFE.mCD28z.TA. The
aTGF-B scFv is derived from variable heavy and light chains from anti-human monoclonal
antibody fresolimumab (also known as GC1008), which neutralizes all isoforms of TGF-B
[269]. The same strategy was used to construct the vectors encoding CAR constructs and
the aPD-1 scFv derived from hamster anti-mouse mAb J43 [270], designated as
MFE.mCD3z.PA, MFE.mCD28z.PA (Figure 6.2 B). Additionally, a mouse IgGl CH2-CH3
sequence was inserted downstream of both aTGF-B and aPD-1 scFv sequence linked by a
hinge fragment, designated as MFE.mCD3z.DTA, MFE.mCD28z.DTA, MFE.mCD3z.DPA and
MFE.mCD28z.DPA, providing interaction sites for homodimer formation of scFv-Fc
molecules (Figure 6.2 C). The scFv-Fc format has several advantages over monomer scFv
including bivalent binding, longer half-life and Fc-mediated effector functions [271]. The
aTGF-B or aPD-1 scFv and CH2-CH3 sequence were synthesised by Thermo Fisher
Scientific.
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Figure 6.2 Schematic diagram of retroviral vectors encoding anti-CEA CAR

constructs and scFv expression cassette
On the basis of the first- and second- generation anti-CEA CAR constructs, (A) aTGF-B

scFv or (B) aPD-1 scFv sequence was placed downstream of the CAR via a P2A linker. The

mouse IgG1 hinge and CH2-CH3 sequence were further inserted downstream of the scFv

sequence to allow dimerization as scFv-Fc format. A histidine (his)-tag was included for

the detection of scFv or scFv-Fc. (C) Schematic representation of the scFv and scFv-Fc

antibodies. The scFv-Fc form a homodimer through two disulfide bonds in the hinge

domain. (Vi, variable light chain; Vi, variable heavy chain; CH2, mouse IgG1 heavy chain

constant domain 2; CH3, mouse IgG1 heavy chain constant domain 3).
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The construction strategy for MFE.mCD3z.TA and MFE.mCD3z.DTA vectors is shown in
Figure 6.3 A. The retroviral vectors encoding the first-generation anti-mouse CD19 CAR
constructs and aTGF-B scFv expression cassette, designated as 1D3.mCD3z.TA and
1D3.mCD3z.DTA, were used as backbone vectors. By replacing the 1D3 sequence, the
MFE23 sequence fragment from MFE.mCD3z vector was cloned into BsrGI/NotI sites of
backbone vectors to generate MFE.mCD3z.TA and MFE.mCD3z.DTA (Figure 6.3 B).
Following this, the MFE.mCD28z.TA and MFE.mCD28z.DTA vectors were constructed by
replacing mCD3( sequence from MFE.mCD3z.TA and MFE.mCD3z.DTA with mCD28.mCD3(
sequence from MFE.mCD28z vector as Sbfl, Sbfl fragment (Figure 6.3 C).
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Figure 6.3 Generation of retroviral vectors encoding anti-CEA CAR constructs and
aTGF-B scFv expression cassette

(A) Overview of cloning strategies for generation of either MFE.mCD3z.TA or
MFE.mCD3z.DTA plasmid. (B) Agarose gel electrophoresis of backbone 1D3.mCD3z.TA
and 1D3.mCD3z.DTA and target MFE23 DNA fragments. The DNA samples were digested
with BsrGI, NotlI restriction enzymes. Lane 1 - 5 shows the MFE23 insert from the vector
MFE.mCD3z at ~0.9 kb; Lane 6 - 8 shows the mCD3z.DTA backbone from the vector
1D3.mCD3z.DTA at ~7.2 kb; Lane 9 - 11 shows the mCD3z.TA backbone from the vector
1D3.mCD3z.TA at ~6.5 kb. (C) Overview of cloning strategies for generation of either
MFE.mCD28z.TA or MFE.mCD28z.DTA plasmid.
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To generate MFE.mCD3z.PA and MFE.mCD3z.DPA vectors, the mCD3z.PA sequence and
mCD3z.DPA sequence were cut out of the intermediate pMK-RQ vectors with NotI, Nhel
restriction enzymes respectively to replace the mCD3z sequence in MFE.mCD3z vector
(Figure 6.4 A & B). Similarly, the MFE.mCD28z.PA and MFE.mCD28z.DPA vectors were
constructed by inserting the mCD3z.PA sequence and mCD3z.DPA sequence respectively
into BamHI/Nhel sites of the backbone vector MFE.mCD28z (Figure 6.4 C).

Confirmation of successful ligation of the vectors was performed by Sanger DNA

sequencing of samples. Primers for detecting MFE23, CD3z, CD28z, aPD-1 or aTGF-B scFv
and CH2CH3 sequences are shown in Table 3.1 in Chapter 3.
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Figure 6.4 Generation of retroviral vectors encoding anti-CEA CAR constructs and
aPD-1 scFv expression cassette

(A) Overview of cloning strategies for generation of either MFE.mCD3z.PA or
MFE.mCD3z.DPA plasmid. (B) Agarose gel electrophoresis of backbone vector MFE.mCD3z
and target mCD3z.PA and mCD3z.DPA DNA fragments. The DNA samples were digested
with NotI, Nhel restriction enzymes. Lane 1 - 3 shows the MFE23 backbone from the vector
MFE23.mCD3z at ~6 kb; Lane 4 - 6 shows the mCD3z.DPA insert from the intermediate
pMK-RQ vector at ~2.1 kb. Its backbone fragment was additionally digested by Ncol
enzymes to distinguish from the desired insert due to the similar DNA size. Lane 7 - 9
shows the mCD3z.PA insert from the intermediate pMK-RQ vector at ~1.4 kb. (C)
Overview of cloning strategies for generation of either MFE.mCD28z.PA or
MFE.mCD28z.DPA plasmid.
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6.2.2 Expression and binding capacity of scFv and scFv-Fc

To assess the secretion of scFv or scFv-Fc molecules, Plat-E cells packaging cells were
transfected with the CAR constructs and the supernatant was collected, filtered and further
concentrated for Western Blot analysis using anti-His-tag antibody. The supernatant from
Plat-E cells transfected with parental non-scFv-expressing CAR constructs was used as
negative control. As shown in Figure 6.5, both aTGF-B scFv and aPD-1 scFv (27 kDa) could
be successfully detected in denatured supernatant samples from MFE.mCD3z.TA,
MFE.mCD28z.TA and MFE.mCD3z.PA, MFE.mCD28z.PA Plat-E cells respectively. In terms
of samples from MFE.mCD3z.DTA, MFE.mCD28z.DTA, MFE.mCD3z.DPA and
MFE.mCD28z.DPA Plat-E cells, whilst the predicted molecular weight of scFv-Fc is 57 kDa,
the actual band appeared at 46 kDa based on the protein ladder. This is possibly due to
more hydrophobic interactions between CD2-CH3 domain and SDS resulting in faster
migration [272]. Additionally, another weaker band at bigger molecular weight was seen
in MFE.mCD3z.DTA and MFE.mCD28z.DTA samples, which was probably because of the
incomplete protein denaturation of scFv-Fc. Various amounts of scFv and scFv-Fc were
observed among supernatant from Plat-E cells transfected with different CAR constructs,
which was likely caused by the difference in the confluence or viability of Plat-E cells and

transfection efficiency.
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Figure 6.5 Expression of scFv and scFv-Fc targeting TGF-f or PD-1 in the
supernatant from transfected Plat-E cells

Plat-E cells were transfected with the indicated CAR constructs: (A) MFE.mCD3z.TA,
MFE.mCD3z.DTA, MFE.mCD3z.PA, MFE.mCD3z.DPA; (B) MFE.mCD28z, MFE.mCD28z.TA,
MFE.mCD28z.DTA; (C) MFE.mCD28z.PA, MFE.mCD28z.DPA. Expression of scFv and scFv-
Fc in the serum-free supernatant was analysed by Western Blot, detected with anti-his-
tag antibody. The predicted molecular weight of scFv targeting either TGF-$ or PD-1 is 27
kDa, whilst that of scFv-Fc is 57 kDa post protein denaturation.
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The binding capacity of secreted aTGF-B scFv and scFv-Fc to TGF- was assessed by a
luciferase assay using reporter plasmids 3TP-Lux (p3TP-Lux) which can be induced to
express luciferase by TGF-B signalling. Luciferase activity of Plat-E cells transfected with
p3TP-Lux is regulated by TGF-B signalling. The addition of aTGF-B scFv and scFv-Fc, by
binding to TGF-B proteins, could inhibit TGF-B signalling required for inducing luciferase
expression, which consequently results in the reduction in relative light units (RLU) shown

in the luciferase assay.

As shown in Figure 6.6 A, the 293T cells transfected with p3TP-Lux showed an increase in
RLU in the presence of TGF-B1 recombinant protein from 2.5 to 20 ng/ml, which indicated
that the luciferase activity of transfected 293T cells was efficiently induced by TGF-B1.
Following this, transfected 293T cells was co-incubated with TGF-B1 protein and the
supernatant from Plat-E cells transfected with indicated CAR constructs. It was seen that
the luciferase activity of transfected 293T cells was significantly reduced by MFE.mCD3z.TA
and MFE.mCD3z.DTA supernatant which contained scFv and scFv-Fc respectively in
comparison with MFE.mCD3z supernatant, in the presence of 2.5, 5, 10, 20 ng/ml of TGF-
B (P < 0.0001) (Figure 6.6 B). No significant difference in reduction of luciferase activity
was seen between aTGF-B scFv and scFv-Fc. These results suggested that both scFv and
scFv-Fc secreted had similar ability to bind to TGF-B1 and inhibit TGF-B1-induced luciferase

activity.
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Figure 6.6 Inhibition of TGF-Bl-induced luciferase activity by aTGF-B scFv and
scFv-Fc

The 293T cells transfected with p3TP-Lux reporter plasmids could express luciferase
induced by TGF-B1 recombinant protein. Luciferase activity was measured post 16-hour
co-incubation with indicated amounts of TGF-B1 in the absence (A) or presence (B) of
concentrated supernatant from Plat-E cells transfected with indicated CAR constructs. The
data are plotted as mean £ SD of triplicates of one experiment. Statistically significant
difference was analysed using two-way ANOVA with Tukey’s multiple comparisons test.
wxkkx P < 0.0001. Green or blue stars represent comparison between MFE.mCD3z and
MFE.mCD3z.TA or MFE.mCD3z.DTA treatment respectively.
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To demonstrate the binding capacity of secreted aPD-1 scFv and scFv-Fc and their ability
to block the PD-1/PD-L1 interaction, the level of IFN-y production was assessed post co-
culture of MFE.mCD3z CAR-T cells and CEA-expressing MC38 cells in the presence of
filtered supernatant from MFE.mCD3z.PA or MFE.mCD3z.DPA Plat-E cells. As shown in
Figure 6.7, MFE.mCD3z CAR-T cells produced significantly higher levels of IFN-y (13,549.8
+ 2,544.4 pg/ml) compared to mock T cells when co-cultured with CEA* MC38 cells (P <
0.0001). With the addition of MFE.mCD3z.PA or MFE.mCD3z.DPA supernatant which
contained aPD-1 scFv and scFv-Fc respectively, IFN-y production was further increased
(33,400.7 + 384.0 pg/ml, 42,444.3 £ 3,656.3 pg/ml respectively) (P < 0.0001). These
results suggested that both secreted aPD-1 scFv and scFv-Fc can bind to PD-1 and inhibit
the effects of PD-1 on T cell anergy, which subsequently leads to enhanced IFN-y

production of CAR-T cells in response to CEA-expressing MC38 cells.

It is of note that there was a significant difference between MFE.mCD3z.PA and
MFE.mCD3z.DPA supernatant with more IFN-y produced with addition of the
MFE.mCD3z.DPA supernatant (P < 0.0001). However, given difference in transfection
efficiency between MFE.mCD3z.PA or MFE.mCD3z.DPA Plat-E cells, the amount of scFv
and scFv-Fc secreted was probably at various levels in the supernatant. It was difficult to

determine whether aPD-1 scFv-Fc mediated better effects compared with monomer scFv.
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Figure 6.7 IFN-y production of anti-CEA CAR-T cells treated with supernatant
containing aPD-1 scFv and scFv-Fc

MFE.mCD3z CAR-T cells were co-cultured for 20 hours with 2 x 10* CEA* MC38 cells at E:
T ratio of 1: 1 in the absence or presence of filtered supernatant from Plat-E cells
transfected with either MFE.mCD3z.PA or MFE.mCD3z.DPA CAR constructs. The co-culture
supernatant was collected and measured for IFN-y production by ELISA. The level of IFN-
y in the culture supernatants from transfected Plat-E cells was also measured to control
for IFN-y in the supernatant. The data are plotted as mean + SD of triplicates of one
experiment. Statistically significant differences were analysed using one-way ANOVA with
Tukey’s multiple comparisons test. *xxx P < 0.0001. Red stars represent comparison

between two treatments.
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6.2.3 Generation of anti-CEA CAR-T cells secreting scFv

The effects of monomer scFv targeting TGF-B or PD-1 on anti-tumour efficacy of CAR-T
cells were evaluated only due to time limitations. In addition, given that second-generation
MFE.mCD28z CAR-T cells have shown better in vitro anti-tumour efficacy compared to
first-generation CD3z CAR-T cells in section 3.2.5 and 3.2.6, the following studies only
focused on MFE.mCD28z CAR-T cells secreting scFv.

CD3/CD28-activated mouse T cells were therefore transduced with MFE.mCD28z,
MFE.mCD28z.TA and MFE.mCD28z.PA CAR constructs respectively. Transduction efficiency
was determined by the expression of surface marker mCherry on CAR-T cells by flow
cytometry. Whilst MFE23.mCD28z CAR-T cells had 35.2 £ 3.5 % mCherry* T cells, the
incorporation of scFv expression cassette resulted in a slight decrease in transduction
efficiency, which was 26.0 £ 9.4 % and 22.2 * 6.0 % for MFE.mCD28z.TA and
MFE.mCD28z.PA CAR-T cells respectively, with no significant difference between them
(Figure 6.8 A).

The level of PD-1 expression on T cells post transduction was also measured. Compared
with mock T cells where 17.1 £ 9.9 % of T cells were PD-1%, an increase was seen in
MFE.mCD28z, MFE.mCD28z.TA and MFE.mCD28z.PA CAR-T cells expressing PD-1 which
were 42.2 £ 12.0 %, 33.1 £ 11.0 %, 36.9 £ 5.3 % PD-1* respectively, although this did
not reach statistical significance (Figure 6.8 B). Additionally, MFE.mCD28z.PA CAR-T cells,
which secreted aPD-1 scFv into the cell culture supernatant, showed similar levels of PD-
1 expression to the other CAR-T cells. The antibody clones used for flow cytometry and
for aPD-1 scFv were clone 29F.1A12 and clone J43 respectively. It is possible that two
antibody clones have different binding sites which allows both the conjugated antibody

and scFv to bind to the PD-1 molecule.
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Figure 6.8 mCherry and PD-1 expression of transduced T cells

The detection of mCherry (A) and PD-1 (B) expression on transduced CD4* and CD8* T
cells was performed by flow cytometry on day 4-5 post transduction. The data are plotted
as mean £ SD of 3 - 4 independent transduction experiments performed. Statistically
significant difference was analysed using one-way ANOVA with Tukey’s multiple

comparisons test.
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6.2.4 Evaluation of in vitro function of anti-CEA CAR-T cells secreting scFv

The in vitro function of CEA-specific CAR-T cells with or without scFv secretion was
determined by cytokine release and cytotoxicity post 20-hour co-culture with indicated
target cells. Whilst the supernatant was collected post co-culture at E: T ratio of 1: 1 and
measured for IFN-y release by ELISA, the luciferase activity of target cells was examined

for CAR-T cell cytotoxicity at various E: T ratios by performing luciferase assays.

As shown in Figure 6.9 A, MFE.mCD28z, MFE.mCD28z.TA and MFE.mCD28z.PA CAR-T cells
produced IFN-y at high levels compared to mock T cells when co-cultured with CEA-
expressing MC38 cells. In line with IFN-y production, CAR-T cells with or without scFv
expression also exhibited significant cytotoxicity against luciferase-expressing CEA* target
cells in comparison with mock T cells at various E: T ratios from 5: 1 to 0.125: 1 (P <
0.0001) (Figure 6.9 B). Notably, there was no significant difference in both IFN-y
production and cytotoxicity among MFE.mCD28z, MFE.mCD28z.TA and MFE.mCD28z.PA
CAR-T cells. However, the non-concentrated supernatant containing aPD-1 scFv, which
was collected post 2-day culture, could enhance IFN-y production of MFE.mCD3z CAR-T
cells in response to CEA* MC38 cells in section 6.2.2 (Figure 6.6). It is therefore
hypothesised that a 20-hour co-culture period was not sufficient for scFv secretion and
accumulation into the supernatant to improve the anti-tumour efficacy of CAR-T cells in

vitro.
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Figure 6.9 Cytokine secretion and cytotoxicity of anti-CEA CAR-T cells secreting
scFv in vitro

(A) Transduced T cells were co-cultured for 20 hours with 2 x 10% CEA* MC38 cells and
MC38 cells at E: T ratio of 1: 1. The supernatant collected post incubation was measured
for IFN-y production by ELISA. (B) Transduced T cells were co-cultured for 20 hours with
2 x 10* CEA* MC38 cells expressing luciferase and GFP at different E: T ratios from 5: 1
to 0.125: 1. Luminometry was performed to assess the cytotoxicity post co-culture. The
data are plotted as mean = SD of three independent experiments. Statistically significant
difference was analysed using two-way ANOVA with Tukey’s multiple comparisons test.
wxkkx P < 0.0001. Black stars represent comparison of each construct co-cultured with CEA*

MC38 cells and parental MC38 cells (A) or comparison between mock and CAR constructs

(B).
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6.2.5 Evaluation of in vivo function of anti-CEA CAR-T cells secreting scFv

5Gy TBI for host lymphodepletion was utilised to facilitate the engraftment and expansion
of CAR-T cells in previous chapters. However, lethal toxicities were observed in all pre-
conditioned mice receiving IL-12-secreting CAR-T cells, and some receiving mock T cells
or non-IL-12-secreting CAR-T cells in both C57BL/6 WT and CEAtg model. These results
indicated that C57BL/6 mice were likely to be sensitive to CEA-specific CAR-T cells or large
numbers of total T cells transferred following sublethal 5Gy TBI, showing the need for an
alternative method for host lymphodepletion. Apart from radiotherapy pre-conditioning,
non-myeloablative chemotherapy pre-conditioning has also been widely applied in
preclinical and clinical studies of adoptive cell therapy [168, 273, 274]. Given that the
combination of cyclophosphamide and fludarabine chemotherapy increased CAR-T cell
expansion and persistence and consequently improved overall response rates in patients
compared to the use of cyclophosphamide alone [275], this pre-conditioning approach was

therefore utilised in tumour-established CEAtg mouse model in the following studies.

To achieve non-myeloablative lymphodepletion, tumour-bearing mice were treated with
100 mg/Kg cyclophosphamide for 1 day and 100 mg/Kg fludarabine for 2 days following
the previous study reported [168]. To determine the lymphodepleting efficiency, blood cell
counts were performed for peripheral blood samples collected on day 17, 24 and 32. As
shown in Figure 6.10 A, the number of both white blood cells and lymphocytes in mice
treated with cyclophosphamide and fludarabine were remarkably decreased compared
with those treated with PBS on day 24, whilst they recovered to similar levels after 8 days.
Whilst the administration of chemotherapy regimen seemed to have a slight effect on
tumour growth (Figure 6.10 B), there was no significant difference on survival between
two therapy groups analysed by log rank (Mantel-Cox) test (P = 0.1098) (Figure 6.10 C).
These results suggested that the use of cyclophosphamide and fludarabine at 100 mg/Kg
could be an efficient pre-conditioning without significantly affecting tumour burden for
CAR-T cell treatment.
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Figure 6.10 Evaluation of chemotherapy pre-conditioning in tumour-established
mouse model

C57BL/6 CEAtg mice bearing subcutaneous CEA* MC38 tumour were treated with 100
mg/Kg fludarabine on day 19 and 20 and 100 mg/Kg cyclophosphamide on day 20 via
intraperitoneal injection (n = 3). (A) The number of white blood cells and lymphocytes of
individual mice before and after chemotherapy lymphodepletion was measured on day 17,
24 and 32 respectively. Statistically significant differences between two treatment groups
on each indicated day were analysed using two-way ANOVA with Sidak’s multiple
comparisons test. * P < 0.05. (B) Tumour volume of individual mice in each treatment
group. (C) Survival of individual mice post treatment. Statistically significant differences

were analysed using log rank (Mantel-Cox) test.
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A schematic diagram of the experimental procedure giving CAR-T cell treatment with
chemotherapy pre-conditioning was shown in Figure 6.11 A. Mice bearing 50 - 150 mm?3
tumours were treated with 1.7 x 107 total T cells containing 5 x 10° CAR-T cells by i.v.
injection on day 2 post chemotherapy pre-conditioning. Additionally, aiming to inhibit both
PD-1 and TGF-B signalling, the combination therapy of MFE.mCD28z.TA and
MFE.mCD28z.PA CAR-T cells at a dose of 2.5 x 10° cell each was also assessed. To
determine the efficiency of lymphodepletion by cyclophosphamide and fludarabine,
peripheral blood samples were collected via tail vein bleeds on day 7, 15 and 22, and blood
cell counts were performed. Mice were euthanized when tumours ulcerated or reached

over 1,000 mm?3 or they displayed 20 % severe BWL, emaciation or pale extremities.

As before, a significant depletion of white blood cells and lymphocytes was seen in each T
cell therapy group receiving chemotherapy on day 15 compared to pre-treatment levels
measured on day 7 (Figure 6.11 B). With regards to the anti-tumour efficacy, each CAR-
T cell therapy failed to eliminate subcutaneous CEA* tumour completely, although delayed
tumour growth was observed in several mice receiving MFE.mCD28z.PA T cells with or
without MFE.mCD28z.TA T cells (Figure 6.11 C). However, a delay in tumour growth was
also seen in one mouse receiving mock T cells. More mice numbers are required to confirm
whether this effect was due to non-specific T cell killing or a one off. No treatment-related
toxicity occurred in all groups, suggesting that CEAtg mice were tolerant to CEA-specific
CAR-T cells or large numbers of total T cells transferred following lymphodepleting pre-
conditioning with cyclophosphamide and fludarabine. Whilst there was a significant
survival benefit for mice receiving MFE.mCD28z.PA T cells with or without MFE.mCD28z.TA
T cells over that receiving MFE.mCD28z T cells (P = 0.048 and P = 0.025 respectively),
this statistical significance was not seen in comparison with that receiving mock T cells
(Figure 6.11 D). Furthermore, given that the MFE.mCD28z.PA T cell therapy alone and the
combination therapy of MFE.mCD28z.TA and MFE.mCD28z.PA T cells showed similar anti-
tumour effects, it indicated that aPD-1 scFv was more likely to improve the anti-tumour
efficacy of CAR-T cells compared to aTGF-f3 scFv. This was probably because aPD-1 scFv
could function by binding to T cells directly, whilst aTGF-B scFv need to be delivered to

tumour lesions to achieve its function.
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Figure 6.11 Evaluation of anti-tumour responses of scFv-secreting CEA-specific
CAR-T cells in combination with host lymphodepletion

(A) Schematic diagram of the experimental procedure giving CAR-T cells in combination
with chemotherapy pre-conditioning using cyclophosphamide (CTX) and fludarabine (FLU)
in vivo (n = 4 - 6). (B) The number of circulating white blood cells and lymphocytes of
individual mice before and after chemotherapy pre-conditioning was measured on day 7,
15 and 22. (C) Tumour volumes in individual mice in each treatment group. (D) Survival
of individual mice post cell transfer treatment. Statistically significant differences were

analysed using log rank (Mantel-Cox) test. * P < 0.05.
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It has been reported that the presence of CD8* T cells in solid tumours impacts positively
on anti-tumour responses and spontaneous tumour control [276]. Given that scFv-
secreting CAR-T cells did not mediate significant therapeutic effects on tumour, it was of
interest to evaluate the level of CD8* T cell infiltration in tumours during T cell treatment.
To achieve this, tumour-bearing mice were treated with 5 x 10® Mock, MFE.mCD28z and
MFE.mCD28z.PA T cells respectively on day 2 post chemotherapy pre-conditioning and
tumour tissue was collected and fixed for IHC analysis on day 9 post T cell infusion. Spleens

were also collected and used to assess the CEA-specific responses of immune cells in vitro.

As shown in Figure 6.12 A, CD8* T cells infiltrated into tumour sites at various levels
among mice receiving CAR-T cell therapy. The number of infiltrated CD8* T cells was
slightly increased in tumours treated with MFE.mCD28z and MFE.mCD28z.PA T cells (104.6
+ 88.5 and 125.1 £+ 83.4 cells respectively), compared to those treated with mock T cells
(74.3 £ 33.4 cells) (Figure 6.12 B). However, there was no statistically significant
difference between T cell therapy groups, suggesting that the therapeutic effects of anti-
CEA CAR-T cells were possibly limited by the level of T cell infiltration or CAR-T cell
retention.
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Figure 6.12 Infiltration of CD8* T cells in tumours post infusion

Tumour tissue of treated mice was collected for evaluation of CD8* T cell infiltration by
IHC on day 9 post T cell infusion. (A) The sections of formalin-fixed and paraffin-
embedded tumour tissues were stained with anti-mouse CD8a antibody. Magnification =
10X; Scale bar represents 500 um. (B) CD8* T cell counting for each sample was
performed three times on randomly selected regions of interest (ROI) (width x height: 500
x 500). The number of infiltrated CD8* T cells counted was averaged in each sample. The
data are plotted as mean £ SD of 3 — 4 samples for each therapy group in one experiment.
Statistically significant differences were analysed using one-way ANOVA with Tukey’s

multiple comparisons test.
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The in vitro functional activity of immune cells from mice receiving T cell therapy was
determined by IFN-y production in response to CEA-expressing tumour cells. To achieve
this, splenocytes were cultured with irradiated CEA* MC38 cells with the supplement of
hIL-2 and mIL-7 for 5-day CEA-specific expansion. Activated splenocytes were re-cultured
with irradiated CEA* MC38 cells at E: T ratio of 1: 1 for 20 hours. The supernatant was
subsequently measured for IFN-y release by ELISA.

It was seen that splenocytes in MFE.mCD28z and MFE.mCD28z.PA CAR-T cell therapy
groups produced significant levels of IFN-y (8,213.0 + 1,538.2, 9,209.8 £+ 3,638.4 pg/ml)
in response to irradiated CEA* MC38 cells, compared to levels produced in splenocytes
from mice receiving mock T cell therapy group (561.4 = 445.1 pg/ml) (P < 0.01) (Figure
6.13). The presence of reactive T cells suggested that host immune responses towards
CEA* target cells were induced post CAR-T cell treatment or CAR-T cells persisted in the
spleen, although anti-CEA CAR-T cells failed to delay the growth of subcutaneous tumour
or eradicate tumour. Similar levels of IFN-y production between MFE.mCD28z and
MFE.mCD28z.PA CAR-T cell therapy groups revealed that the additional secretion of aPD-

1 scFv had no effects on improving the anti-tumour immunity.
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Figure 6.13 IFN-y secretion by splenocytes in response to irradiated CEA* MC38
cells

Splenocytes were stimulated with irradiated CEA* MC38 cells with the supplement of hIL-
2 and mIL-7 for 5-day CEA-specific expansion. Activated splenocytes were re-cultured with
5 x 10° irradiated CEA* MC38 cells at E: T ratio of 1: 1 for 20 hours. The supernatant
collected post incubation was measured for IFN-y production by ELISA. The data are
plotted as mean + SD of samples that could be collected in each therapy group (n=3 - 4).
Statistically significant differences were analysed using one-way ANOVA with Tukey’s

multiple comparisons test. *x P < 0.01.
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6.3 Discussion

The main aims of this chapter are to engineer anti-CEA CAR-T cells to secrete aTGF-f3 scFv
or aPD-1 scFv and to evaluate their anti-tumour efficacy in vitro and in vivo. Compared to
the combination therapy of CAR-T cells and systemic antibody treatment, delivery of scFv
to tumour sites by CAR-T cells could minimise the potential toxicities associated with
systemic administration of antibodies [266]. Whilst CAR-T cells have been designed to
secrete aPD-1 scFv in several studies for preventing T cell exhaustion as described in
section 6.1.1, the strategy of secreting aTGF-B scFv to inhibit TGF-B signalling has not
been applied in CAR-T cell therapy so far. As mentioned in section 6.1.2, recent studies
blocking TGF-B signalling in CAR-T cell therapy were to modify T cells to be TGF-3-
insensitive or convert TGF-B into a potent T cell stimulant, which mainly aimed to boost
CAR-T cell function [145, 146]. In this study, given the multi-functional effects of TGF-
in tumour, the use of aTGF-B scFv could potentially not only protect both T cells and other

immune cells but also inhibit tumour progression and metastasis.

It has been demonstrated that mouse T cells were successfully engineered to express anti-
CEA CAR constructs and constitutively secrete aTGF-B or aPD-1 scFv with functional
binding capacity in this study. Notably, the level of PD-1 expression detected in
MFE.mCD28z.PA CAR-T cells in culture was similar with other CAR-T cells without antigen
stimulation (Figure 6.7 B), which was consistent with a study of anti-CD19 CAR-T cells
secreting aPD-1 scFv [143]. In this study, since the antibody clone 29F.1A12 is used for
flow cytometry, its binding site on PD-1 was thought to be different from the site of the
clone J43 used for scFv, thus potentially could see similar levels of PD-1 expression even
if the scFv is bound which blocks PD-1 binding to PD-L1. However, a study which also used
different antibody clones for scFv and flow cytometry reported that the presence of aPD-
1 scFv significantly reduced surface detection of PD-1 on CAR-T cells, suggesting direct
binding of scFv [268]. These contrary observations were possibly due to various levels of

scFv secreted and accumulated in the cell supernatant among studies.

Whilst scFv-secreting CAR-T cells exhibited antigen-specific cytotoxicity and produced
abundant amounts of IFN-y following CAR engagement with CEA* MC38 cells, no
significant improvement in anti-tumour effects in vitro was seen compared to non-scFv-
secreting CAR-T cells. In order to reveal the effects of aPD-1 scFv on CAR-T cells in vitro,
the co-culture for 3-7 days should be used, as demonstrated by recent studies showing
improved IFN-y production and cell proliferation and lower levels of PD-1 expression of
CAR-T cells secreting aPD-1 scFv after antigen-specific stimulation [143, 268]. Given that
PSMA-specific CAR-T cells co-expressing dnTGF-BRII for TGF-B signalling blockade showed
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enhanced proliferation ability over long-term repetitive antigen simulation [145], a similar

strategy could be considered to assess the effects of aTGF- scFv on CAR-T cells in vitro.

In this study, the anti-tumour function of scFv-secreting CAR-T cells was assessed in a
subcutaneous CEA-expressing tumour model, which has not been used in previous studies
of CAR-T cells in combination with blockade of PD-1 or TGF-B signalling. The results
showed that scFv-secreting CAR-T cells could not efficiently eradicate the tumour, despite
a prolonged survival in mice receiving MFE.mCD28z.PA T cells with or without
MFE.mCD28z.TA T cells. Notably, the CEA-specific immune response determined by IFN-y
production was seen in splenocytes of CAR-T cells on day 9 post infusion, suggesting that
CAR-T cells might persist in the early stage in vivo. Further investigation of the
engraftment and expansion of CAR-T cells in peripheral blood and the spleen is necessary
to demonstrate this. However, there was no enhanced CD8* T cell infiltration in tumour
sites, leading to a hypothesis that the therapeutic effects of anti-CEA CAR-T cells were
probably limited by the level of T cell infiltration. More information would have been
provided if the infiltration level of CAR-T cells was evaluated in addition to total CD8* T

cells.

Recent studies have reported that administration of CAR-T cells was performed via
local/regional injection, showing improved anti-tumour activity compared to intravenous
delivery in preclinical studies [136, 137] and extensive tumour cell death and other signs
of anti-tumour inflammation such as macrophage recruitment in patients with metastatic
breast cancer in a phase 0 clinical trial (NCT01837602) [138]. In order to circumvent the
hurdle of T cell infiltration into tumour sites, intratumoral administration of CAR-T cells
could be considered. Furthermore, given the important roles of chemokines in lymphocyte
migration and homing, the intratumoral delivery of chemokines such as CCL5 expressed
by a modified oncolytic adenoviral vector could be a strategy to improve CAR-T cell
infiltration [277].

Apart from T cell infiltration, the amount of scFv secreted might be a factor that restrict
the improvement on anti-tumour efficacy of CAR-T cells. Therefore, the quantity of scFv
in the culture supernatant from scFv-secreting CAR-T cells should be determined in the

future, whilst the same clone of the blocking antibody could be used as control if available.

In summary, the results outlined in this chapter demonstrated that aTGF-B or aPD-1 scFv
and scFv-Fc with efficient binding and blocking ability could be successfully produced and
secreted. Whilst significant functional activities in vitro were seen in scFv-secreting CAR-

T cells, the effects of scfv on CAR-T cells or other immune cells could be further evaluated.
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Anti-CEA CAR-T cells secreting scFv did not exhibit encouraging tumour eradication in a
subcutaneous tumour model. For future studies, scFv quantification in vitro and CAR-T cell
engraftment and infiltration in vivo should be investigated to better assess the anti-tumour
efficacy of scFv-secreting CAR-T cells. It is also worth evaluating whether the aTGF-$ or
aPD-1 scFv-Fc could improve anti-tumour efficacy of CAR-T cells in vitro and in vivo and

mediate better functions compared to monomer scFv.
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7 Final Discussion

The key hypothesis underlying this project was that the effector function of CAR-T cells is
strongly inhibited by the immunosuppressive microenvironment within solid tumours. The
main aim of the work presented in this thesis was to explore new approaches in targeting
cytokine networks or inhibitory immune checkpoints to endow anti-CEA CAR-T cells with
the ability to resist TME immunosuppression. As such, research efforts have focused on
developing immune modulatory CARs which can additionally secrete pro-inflammatory
cytokines IL-12 or scFv blocking TGF- or PD-1.

7.1 Anti-CEA CAR-T cells constitutively secreting IL-12

Murine T cells were effectively modified to co-express the anti-CEA CAR with varying
signalling domains and constitutive IL-12. During in vitro culture, poor viability of IL-12-
secreting CAR-T cells cultured at 1 x 10° cells/ml was observed, whilst viability could be
improved by culturing at 0.3 x 10° cells/ml, most likely because more culture media was
provided and the concentration of IL-12 was diluted in the culture medium. In addition,
when cultured at 0.3 x 106 cells/ml, IL-12-expressing CAR-T cells expanded better than
non-IL-12-expressing CAR-T cells on day 4 post transduction, suggesting that IL-12 could
induce murine CAR-T cells to rapidly proliferate without antigen stimulation. Despite that,
IL-12-secreting CAR-T cells still underwent apoptosis after 4 days in culture, probably
caused by high levels of IFN-y production induced by IL-12 [157]. Although culturing at a
lower cell density could not maintain the survival of IL-12-secreting CAR-T cells in long-
term culture, this approach was still acceptable to acquire enough cells for the following

experiments.

Co-culture of anti-CEA CAR-T cells with CEA* tumour cell lines resulted in antigen-specific
cytotoxicity and cytokine secretion in vitro. The inclusion of the murine CD28 co-
stimulatory domain in the CAR construct significantly improved the functional activity of
CAR-T cells. However, the addition of the murine 41BB domain did not enhance CAR-T cell
potency, in accordance with this study using anti-mouse CD19 CAR-T cells [211]. This
finding was in contrast to the anti-tumour efficacy of second-generation human CAR-T
cells that include the 41BB domain [213]. Since the human 41BB domain can bind to TRAF
1-3 which are all required for 41BB co-stimulation signalling, it could be that the non- or
compromised binding of TRAF3 by mouse 41BB domain, which partly resulted in
suboptimal NF-kB signalling [211], contributed to the reduced efficacy.
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The constitutive expression of IL-12 was able to enhance the anti-tumour function of CEA-
specific CAR-T cells, as demonstrated by improved cytotoxicity and IFN-y secretion in
CD3z.mIL12 and CD28z.mIL12 CAR-T cells in vitro. In the presence of target antigen,
41BBz.mIL12 CAR-T cells also showed better cytotoxicity and cytokine production,
compared to 41BBz CAR-T cells. However, there was no significant increase in IFN-y
production for 41BBz.mIL12 CAR-T cells when co-cultured with CEA* tumour cells in
comparison with parental tumour cells. A possible explanation could be that 41BBz.mIL12
CAR-T cells were not stimulated as well as CD3z.mIL12 and CD28z.mIL12 CAR-T cells,
because of the compromised co-stimulation signalling through the murine 41BB domain.
A second possibility is that 41BB co-stimulation signalling mediated other mechanisms
such as proliferation and persistence to enhance CAR-T cell function [212], which can be
determined by CFSE assays. These findings also lead to a hypothesis that the cytotoxicity
against CEA* tumour cells observed in 41BBz.mIL12 CAR-T cells was mediated through
IFN-y [217] which was induced by IL-12 but not through CAR engagement.

The immunocompetent WT C57BL/6 mouse strain was utilised to model subcutaneous
CEA* MC38 tumour, as no endogenous immune responses against human CEA was
observed when evaluated by IFN-y production of splenocytes post the co-culture with CEA*
MC38 cells. The in vivo anti-tumour function of CD28z.mIL12 CAR-T cells was evaluated,
due to the better in vitro function compared to other CAR-T cells. A single dose of 2 x 10°
CD28z.mIL12 CAR-T cells mediated complete regression of subcutaneous CEA* tumour in
two of three mice even after tumours reached 400 mm3. In addition, no apparent toxicity
was observed in CD28z.mIL12 CAR-T cell therapy. This suggests that engineering anti-
CEA CD28-CD3¢ CAR-T cells to constitutively secrete IL-12 could be a therapeutic strategy
to improve anti-CEA CAR-T cell therapy for solid tumours in vivo, without causing IL-12-
related toxicity. It also provides a rationale that higher doses of CD28z.mIL12 CAR-T cells
is likely to mediate better therapeutic effects against subcutaneous CEA* tumour. This
strategy is clinically relevant as it overcomes the need for lymphodepletion pre-
conditioning and therefore allows for the application of CAR-T cell therapy to cancer

patients intolerant to currently requisite toxic conditioning regimens [198].

For future studies, more mouse numbers are required to support this finding. In addition,
it has been reported that murine anti-CD19 41BB-CD3{ CAR-T cells with constitutive IL-
12 expression alone could eradicate established systemic B cell lymphoma with long term
survival in 22 % of lymphoreplete mice [156]. Therefore, it is also worthy to evaluate the

in vivo anti-tumour function of 41BBz.mIL12 CAR-T cells.
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In combination with lymphodepletion pre-conditioning via 5Gy TBI, lethal toxicity was
observed in CD28z.mIL12 CAR-T cell therapy, with high levels of IL-12 detected in blood.
This could be a consequence of rapid expansion of IL-12-secreting CD28z CAR-T cells in
lymphodepleted hosts, although no mCherry marker gene could be detected in genomic
DNA by gPCR in this study.

7.2 Anti-CEA CAR-T cells inducibly secreting IL-12

In an attempt to reduce the toxicity associated with CAR-T cells constitutively secreting
IL-12 without compromising their anti-tumour efficacy in lymphodepleted hosts, CAR-T
cells have been developed to inducibly produce IL-12 [153, 157, 208]. To achieve this, an
NFAT-responsive promoter was utilised in this study. It is shown here that the release of
inducible IL-12 could be triggered by activation of T cells through CAR engagement with
target antigen, albeit at low levels. IL-12 expressed in an inducible manner could improve
anti-tumour functions of CEA-specific CAR-T cells in vitro. However, a single dose of 2 x
10 CD28z.NFAT.mIL12 CAR-T cells alone did not show any therapeutic benefit for
subcutaneous CEA* MC38 tumour in the CEAtg mouse model. The unsuccessful in vivo
outcomes of inducible-IL-12-secreting CAR-T cells may be due to the dual effects of poor

infiltration of CAR-T cells and insufficient levels of IL-12 production in tumour sites.

When combined with host lymphodepletion using 5Gy TBI, lethal toxicity was also
observed in CD28z.NFAT.mIL12 CAR-T cell therapy, which appeared to be associated with
IL-12. This suggests that the use of 5Gy TBI prior to inducible-IL-12-secreting CAR-T cell
therapy was likely to be a factor that causes the IL-12-mediated toxicity, possibly by
improving the engraftment and expansion of CAR-T cells [156] which led to a potential
increase in IL-12 production. Notably, serum levels of IL-12 were not detectable. The
inability to detect serum IL-12 in pre-conditioned mice treated with CD28z.NFAT.mIL12
CAR-T cells may be because the production of IL-12 was restricted to tumour sites. Despite
that, this toxicity may be due to the secondary production of IFN-y induced by IL-12, IL-
6 and TNF-a which are known to be responsible for CRS in anti-CD19 CAR-T cell therapy
[116].

To better understand the unsatisfactory efficacy and IL-12-related toxicity of
CD28z.NFAT.mIL12 CAR-T cell therapy, more experimental data is needed. Evaluation of
CEA expression on tumours, CAR-T cell infiltration and persistence and the level of IFN-y
and other cytokines in serum should be performed in future studies. Moreover, future work
should focus on improving transduction efficiency of inducible-IL-12-secreting CAR-T cells.

The use of lentiviral vectors which also can carry more transgenic payloads could be an
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alternative strategy [250]. An increase in the level of CAR expression would make it
possible to have higher number of CARs and NFAT-responsive promoters per cell and
consequently increased levels of inducible IL-12. If transduction efficiency is improved,
administration of higher cell doses could be a strategy to further determine whether
inducible-IL-12-secreting CAR-T cells are efficacious in vivo. When TBI pre-conditioning is
given, decreasing cell humber is required to assess therapeutic effects and minimise IL-

12-related toxicity.

In this study, CEAtg mice with tissue-specific CEA expression was utilised as an in vivo
model to assess the on-target off-tumour toxicity of anti-CEA CAR-T cells. No apparent
toxicity was induced by the therapy of IL-12-secreting CAR-T cells alone, or the
combination therapy of CD28z CAR-T cells and TBI pre-conditioning. To further confirm
this, histopathologic analysis of various tissues in CEAtg mice is required in future

experiments.

7.3 Anti-CEA CAR-T cells constitutively secreting scFv

In this study, mouse T cells were successfully transduced to express anti-CEA CAR
constructs and constitutively secrete aTGF-B or aPD-1 scFv with functional binding and
blocking capacity. The in vitro and in vivo function of second-generation MFE.mCD28z
CAR-T cells with or without scFv secretion were assessed. Whilst scFv-secreting CAR-T
cells showed CEA-specific cytotoxicity and produced abundant amounts of IFN-y following
CAR engagement with CEA* MC38 cells in vitro, no significant difference was observed
compared to non-scFv-secreting CAR-T cells. One hypothesis for this is that a 20-hour co-
culture period was not sufficient for scFv secretion and accumulation into the supernatant
to improve the anti-tumour efficacy of CAR-T cells in vitro. In addition, the effect of aTGF-
B or aPD-1 scFv on the proliferation of anti-CEA CAR-T cells after antigen-specific

stimulation in vitro could be investigated [268].

With regards to the in vivo function, anti-CEA CAR-T cells secreting scFv did not mediate
tumour regression in CEAtg mice bearing subcutaneous CEA* MC38 tumours. Despite that,
a delay in tumour growth was observed in several mice receiving MFE.mCD28z.PA CAR-T
cells compared to those receiving MFE.mCD28z.TA CAR-T cells, suggesting that aPD-1
scFv was more likely than aTGF-B scFv to improve the anti-tumour efficacy of CAR-T cells.
A possible explanation is that aPD-1 scFv could directly bind to T cells to achieve its
function, whilst aTGF-B scFv need to be delivered to tumour lesions to block overexpressed

TGF-B. It might also be due to the difference in secretion levels between aPD-1 scFv and
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aTGF-B scFv. It is therefore necessary to determine the quantity of scFv in the culture

supernatant from scFv-secreting CAR-T cells in the future.

It is of note that there was no significant difference in the infiltration of CD8* T cells in
tumour sites between mock T cell therapy group and CAR-T cell therapy groups, although
a slight increase in numbers was observed in CAR-T cell therapy groups. This leads to a
hypothesis that the therapeutic effects of anti-CEA CAR-T cells were also possibly limited

by the level of T cell infiltration or CAR-T cell retention.

For future studies, apart from scFv quantification, CAR-T cell engraftment and infiltration
in vivo should be investigated to better understand the anti-tumour efficacy of scFv-
secreting CAR-T cells. It is also worth evaluating whether the aTGF- or aPD-1 scFv-Fc
could facilitate the in vitro and in vivo function of CAR-T cells and mediate better effects

compared to monomer scFv.

Overall, the results in this thesis suggest that immune modulation on anti-CEA CAR-T cells
is a feasible immunotherapeutic strategy for solid tumours. The therapy of anti-CEA CAR-
T cells constitutively secreting IL-12 displayed appears to be efficacious in tumour
eradication in vivo, which needs to be further validated. More evaluations are also required
to determine whether the inducible secretion of IL-12 or the constitutive secretion of aTGF-

B or aPD-1 scFv results in improved anti-tumour responses of anti-CEA CAR-T cells.

In addition to overcoming the immunosuppressive TME, other approaches have been
developed to improve CAR-T cell therapy for solid tumours in recent years, such as
increasing the trafficking and infiltration of CAR-T cells and improving the function of CAR-
T cells. Since solid tumours present cumulative defences for immune attack, the use of
only one of these strategies may not make CAR-T cells work effectively. This thesis
suggests that the efficacy of CAR-T cells secreting scFv was possibly limited by insufficient
infiltration of T cells into tumour sites. Given that increased infiltration of CD3* T cells in
a therapy model of CAR-T cells secreting inducible IL-12 has been reported [251], it is
hypothesised that anti-CEA CAR-T cells secreting IL-12 may have a similar effect. The
combination therapy of IL-12-secreting CAR-T cells and scFv-secreting CAR-T cells could
be further explored as it may provide a possibility to circumvent the barriers within solid

tumours and achieve successful tumour eradication.
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