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Abstract

Introduction: The adoptive transfer of T-cells engineered to express chimeric antigen
receptors (CARs) has significantly widened the applicability of passive immunotherapy
in cancer. Up until now, several studies of CAR therapy have emerged as a promising
treatment for cancer, although there are serious concerns regarding potential risk of
acute and chronic toxicity. Given the ability of CAR T-cells to engraft and proliferate in
the patient, toxicity from excessive activity can be progressive and fulminant. This
highlights the need for technologies to remotely control and tune the potency of the
CAR T-cells after administration. Suicide gene approaches allow a level of control of
CAR T-cell therapy. However, as suicide switches result in permanent loss of all
engineered T-cells, a new strategy which can temporarily reduce or stop CAR T-cell
activity without triggering CAR T-cell apoptosis is desirable. One way to achieve this is
to use small molecules that present desired pharmacologic properties, such as
tetracycline and analogues doxycycline and minocycline.

Results: Therefore, we developed a Tet-Off signalling switch that enables tetracycline-
dependent, titratable, and reversible control over CAR T-cells. The CAR was split into
two: an antigen recognition component fused with TetR (Tet repressor) and a signalling
component fused with TiP (TetR interacting peptide). Both TiP and tetracycline are
known to bind to TetR with a high affinity. We predicted that although TiP bound to the
same part of TetR as tetracycline, Tetracycline would bind with a much higher affinity
than TiP and hence rapidly displace TiP. First with eGFP, we showed that in the
absence of tetracycline such a system results in membrane localization of a TiP fusion
protein, with the eGFP being displaced to the cytoplasm in the presence of tetracycline.
Next as a CAR, we showed that in the absence of tetracycline, the two CAR
components associate and the CAR signals in the presence of cognate antigens. On the
addition of tetracycline, TiP was displaced and the receptor stopped signalling.
Depending on the concentration of tetracycline present, tetCAR T-cells showed
titratable activity, from as strong as that of conventional CAR T-cells to undetectable.
Similar results were obtained when using the analogues doxycycline and minocycline.
We tested the effectiveness of this tetCAR in murine and human T-cells. These results
included IL-2 and IFN-y production, the tetCAR T-cell ability to control target cell
killing and also the killing of multiple types of target cells by the tetCAR T-cells.
Regarding reversibility, we showed that the inhibition process is reversible. Once we
wash off the tetracycline from the cultures, tetCAR T-cells regain activity.

Conclusion: We successfully generated and controlled the activity of tetCAR T-cells by
tetracycline administration.



Impact Statement

Using novel technology, T-cells can be genetically modified to express an artificial
receptor protein, called a Chimeric Antigen Receptor (CAR), which allows them to
recognize cancer cells. This new CAR T-cell therapy has demonstrated considerable
success in treating patients with haematological malignancies. The active and persistent
nature of CAR T-cells in the patient is believed to be a main factor explaining their
effective elimination of malignant cells. Although such powerful CAR T-cell activity is
the desired response, this ability also represents a key challenge in CAR T-cell therapy,
as overly active CAR T-cell activity can lead to dangerous inflammatory syndromes and
even be fatal. With the aim to find a solution to the complications encountered with
constitutive CARs, we have developed a next generation CAR, called tetCAR, which
enable us to tune down the CAR T-cell activity by administration of commonly used
antibiotics. This strategy is highly innovative and will allow safer CAR T-cell therapy.
Overall, this PhD project provides the pre-clinical development that needs to be
performed, in order to achieve the regulatory approval for testing of tetCAR technology
in a clinical study. We hope to reproduce the clinical successes seen with standard CAR
T-cell therapy against haematological malignancies, but with control of immune
toxicity.

The main competing technology is the suicide gene approach. Such suicide switches
leading to a complete elimination of the infused T-cells will result in the irreversible
and premature end of this expensive treatment. Furthermore, as CAR T-cell persistence
is a key factor for lasting remissions, suicide strategies will result in increased relapses.
Consequently, implementing our tetCAR technology represents an important safety
improvement in CAR T-cell therapy, as it does not eradicate the CAR T-cells but rather
restricts their activities, allowing them to persist and continue to act.

In clinical trials, T-cells engineered to express CARs have proven effective against B-
cell cancers and as a result, two CAR T-cell therapies, Yescarta (axicabtagene
ciloleucel) from Kite Pharma and Kymriah (tisagenlecleucel) from Novartis, have
already obtained market authorization. While CAR T-cell therapies are effective,
excessive CAR T-cell activity can lead to highly toxic immune activation syndromes.
Finding a way to control this would revolutionize the field. With our tetCAR
technology, if we achieve the high clinical response rates seen against B-cell cancers but
also control the CAR T-cell activity following grafting, we will have the best-in-class
therapeutic product in this exciting emerging field. CAR T-cell therapy will not only be
safer, but more widely applicable.
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1.1 Cancer immunology and Immunotherapy

The immune system plays a complex role in cancer, having been implicated in both the
surveillance and eradication of malignantly transformed cells as well as directly
promoting tumourigenesis in certain conditions.

Several observations strongly indicate that immune effector cells play a vital role in
preventing cancer development. Studies on transgenic mice with knockout genes
important for encoding vital components of the immune system and effector cells show
a greater susceptibility towards developing certain types of tumours. Further
histopathological and clinical observations in human models have suggested the
involvement of cytotoxic T-lymphocytes (CTL). Tumour-infiltrating lymphocytes (TIL)
have been found in some cancer patients, and immunodeficient patients show an
increased risk of developing tumours, particularly of viral aetiology [1]. While
antitumour processes are clearly in place and highly varied across tumour types, specific
mechanisms developed by tumour cells can result in an overall impairment of the host
immune response and subsequent failure to modulate cancer progression. Detection of a
tumour by immune cells early during their development subjects them to frequent
immune challenges that owing to their genetic instability, induces alterations in a
process known as ‘immunosculpting’ or ‘immune selection’. These tumour cell variants
are able to manipulate their microenvironment, having negative consequences for the
host immune response. Several mechanisms are deployed by tumour cells to escape
immune detection: downregulation of their tumour-associated antigens (TAA) [1],
impaired access to TAA by concealment under larger proteins (steric hindrance) [2],
expression of decoys such as soluble circulating tumour antigens [3] and loss of antigen
presenting capacity by downregulation of major histocompatibility (MHC) molecules
[4]. Tumour cells may also exert deleterious effects on lymphocytes directly: expression
of immune suppressive factors such as TGF-p [3], suppression of co-stimulatory
molecules for T-cell activation [5] and recruitment of regulatory T-cells (Tregs), which
proceed to eliminate CTLs.

Together, these mechanisms conspire to create a tumour microenvironment that may
eventually lead to a clonal exhaustion and/or depletion of cytotoxic T-cells [3]. The
importance of augmenting the abilities of the immune system against cancer coupled

with a greater understanding of tumour immunology has led to the development of
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cancer immunotherapy. The goal of immunotherapy is to reverse the immune
suppression induced by cancer, using the following therapeutic strategies: monoclonal
antibodies (mAbs), adoptive transfer of immunological cells, cytokine therapies and
vaccination [3]. These can also be classified as either active or passive immunotherapy;
active immunotherapy involves stimulating the host’s immune response by using
protein or whole cell vaccinations. The focus in this study is of a potential therapy that
aims to initiate an immune response not directly dependent on the intrinsic host immune

system. This is referred to as passive immunotherapy.
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1.2 Adoptive T-Cell Therapy (ACT)

Adoptive T-cell transfer is an innovative strategy within cancer immunotherapy that
involves isolating TAA-specific T lymphocytes from the patient (known as TILS),
expanding these ex vivo and then transferring them back into the patient. The properties
of T-cells make them ideal for cell-based anti-cancer therapy: they display antigen-
specificity, hence minimizing the likelihood of non-specific immune activation (and
thus, potential side-effects) and they have potent effector functions, propagated by
cytokine release, cytolytic activity directly against the tumour cell and the recruitment
of other immune cells [6]. Encouraging outcomes of this treatment have been seen in
clinical trials involving melanoma patients. Complete responses lasting between 18-75
months were reported in 28% of the patients in a recent trial [7]. There are however
limitations to this therapy. The most significant is that this treatment is limited only to
those immunogenic tumours that generate a pool of TAA-specific T-cells. Even in such
applicable malignancies, ex vivo expansion of patient T-cells to therapeutically
significant numbers is challenging, and tumour cells can downregulate MHC through
which TILs engage their target. As a unique alternative to this technology, the adoptive
transfer of T-cells engineered to express chimeric antigen receptors (CARsS)
significantly widens the applicability of passive immunotherapy in cancer (Figure 1) [8-
10].
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From patient

Ex-vivo CAR T-cell production

T-ce
mitogens
and

cytokines

Retroviral

CAR T-cell

Back to patient

Figure 1. Concept of chimeric antigen receptor (CAR) therapy. T lymphocytes are
isolated from the patient and exposed to the viral vector. This results in CAR-expressing

T lymphocytes which are expanded ex vivo and then transferred back into the patient as

treatment [11].
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1.3 Chimeric Antigen Receptors (CARS)

CARs are fusion molecules that combine the properties of tumour antigen specificity
and binding, followed by the delivery of a T-cell activating signal [12]. The original
concept of CAR molecules came from Kuwana et al.’s demonstration of a T-cell
receptor (TCR) with its variable domains replaced by an antibody, which assigned it
with novel antigenic specificity [10]. A robust technique to generate CAR-grafted T-
cells targeted against a chosen native antigen (originally referred to as a ‘T-body’) was
shown by Eshhar et al. [13], whose group also later demonstrated their capability of
tissue penetration and target cell destruction [14].

Most CARs contain three main components: (1) an extracellular targeting moiety, (2) an
intracellular signalling domain and (3) a ‘hinge’ or ‘spacer’ region that separates the
other two components from each other. The targeting moiety may be composed of either
a single chain variable (antibody) fragment (scFv) or a peptide/ligand motif, allowing
for high binding specificity to a wide range of potential antigens.

To optimize the engagement between the targeting moiety and tumour antigen, a hinge
region may be included. The characteristics of the target antigen ultimately determine
what hinge to use with regards to its size, flexibility and reach. Studies have shown that
the presence of the spacer region impacts on CAR functionality. Gilham et al. found
that T-cell cytokine release and cytotoxicity was enhanced in the presence of a spacer
region [15]. In this case, the CAR binded epitopes that were closer to the cell
membrane. Thus, the presence of the spacer region enhanced the ‘reach’ of the targeting
moiety. In another CAR design, an elongated and flexible IgD-derived hinge was shown
to decrease steric hindrance of its target protein Mucin-1, thereby enhancing its
targetability [16].

The intracellular domain is subject to the most change in the overall CAR design. Its
components are variable and can be tailored to deliver a signal that is appropriate for T-
cell activation [17]. The combination of choice which gives the most desirable
signalling appears to depend on several factors: expression density of the protein
antigen on the target cell, structure of the CAR/level of expression and antibody to
ligand affinity [18]. The capability of CARs to enable T-cells to activate and perform
effector functions stems from the same principle governing TCR activation. Various

subunits of the TCR-CD3 complex are responsible for activation and signalling when
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the TCR engages with the peptide-MHC complex [19]. However, the TCR subunit (
was found to be capable of activating the T-cell and propagating effective signalling
alone [20, 21]. The CD3{ subunit has thus become an inclusion in most CAR designs,
providing the TCR-like ‘signal 1’ [13]. CARs containing CD3( (or the related Fcy) as
their subunit are referred to as first generation CARs. But clinical studies involving first
generation CARs have shown disappointing results: CAR+ T-cells showed minimal
expansion and persistence in vivo and a lack of anti-tumour responses [22-24]. To
account for these results, one must consider that complete T-cell activation cannot occur
with signal 1 alone: in addition, a co-stimulatory signal is also required that is induced
through CD28 signalling. However, this signal often cannot come from tumour cells as
they downregulate co-stimulatory ligands, leading to the absence of a T-cell ‘signal 2’
[17]. Second generation CARs were devised to include a co-stimulatory signalling motif
in their intracellular domain, as a solution to this problem. The presence of CD28
alongside CD3( in the CAR endodomain induced T-cell expansion and cytokine release
significantly [25]. The co-stimulatory motif can also be derived from 4-1BB [26] or
OX40 [27]. A combination of two or more co-stimulatory domains is incorporated into
third generation CARs (Figure 2). Compared to second generation CARs, these appear
to display an enhanced effector function in vivo when they combine CD28 with 4-1BB
[18, 28].

An important rationale of using CARs in the treatment of cancer is their ability to
recognise antigen independently of MHC molecules, by binding the protein directly.
This is particularly desirable as aberration of MHC molecules is frequently seen in
cancer. Moreover, if a protein antigen appears to be critical for growth and survival, its
downregulation by the malignant cell as a result of targeting may result in eventual
tumour cell death [29]. Another major advantage of using CAR-grafted T-cells is that a
polyclonal population of T-cells can all be directed against the same tumour antigen.
There is therefore no requirement for isolated tumour-specific lymphocytes from the
patient, which as a result of elimination from Tregs are often too low in number.

Several CARs have been developed against tumour-associated antigens, and adoptive
transfer approaches using such CAR-expressing T-cells are currently in clinical trial for

the treatment of various cancers.

25



Tumour cell

3 BRI g R0

tumour

Y v

Va Vi
Hioge CAR TCR
Ca Ccp
2 ;“;; 3 2222222002 3538 . Transmembrane 38
CcD28 =
TNFr >
Signalling
domain Tl

Figure 2. Schematic representation of the chimeric antigen receptor (CAR)
structure. These receptors are created by linking a single chain variable fragment
(scFv) from a mADb to an intracellular signalling domain via a transmembrane domain
(TM). This example shows a “third generation” CAR which endodomain contains
CD28, a tumour necrosis factor receptor (TNFr), such as 4-1BB or OX40, and a CD3(

endodomain [30].
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1.4 Chimeric Antigen Receptors toxicity

There have been documented cases of complete remissions in CAR clinical trials [31-
40], but toxicity limits broader application. A number of toxicities have been reported
from CAR studies, and additional theoretical toxicities exist. Such toxicities include
immunological toxicity caused by sustained intense activation of the CAR T-cells
resulting in a cytokine release syndrome (CRS) [41] and "On-target off-tumour" toxicity

I.e. recognition of the target antigen on normal tissues.

Type Subtype Comment

Infusional Allergic Reaction As per any blood product
Reaction to DMSO As per other cell therapies
Other Excipients Albumin, EDTA and salt buffer

Direct effects Tumour Lysis Syndrome Due to rapid destruction of tumour
B cell Aplasia On-target off-tumour toxicity
Graft-versus-host Disease When generated post allo-HSCT

Indirect effects Cytokine Release Syndrome Related to immunological activity
Neurotoxicity Idiosyncratic syndrome
Cytopenias Likely related to marrow

macrophage activation after CRS

Gene Vector Replication-competent vector Very unlikely due to vector design

Insertional mutagenesis Has not been reported in T-cells

Table 1. Possible toxicity from CAR T-cell therapy

Recent clinical data describe a cytokine release syndrome (CRS) which occurs several
days after T-cell infusion and is associated with clinical responses. This syndrome
resembles that seen in patients with defects in the granule-dependent cytotoxic activity
and in patients treated with the CD19 bi-specific T-cell engager (BIiTE) therapeutic.
CRS is presumed to be caused by persistent antigen-driven activation and proliferation
of T-cells which in turn release copious inflammatory cytokines leading to hyper-
activation of macrophages and a feed-forward cycle of immune activation. A large spike
in serum IL-6 is characteristic, as well as other clinical and laboratory features of CRS.
This syndrome can result in a severe systemic illness requiring intensive care unit (ICU)
admission. However, it appears to respond quickly and completely to the IL-6 receptor
(IL-6R) antagonist tocilizumab in most cases [33, 37, 41-43].
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On-target off-tumour toxicity has been reported with other CARs [26, 44-46]. A group
of patients treated in Rotterdam with a CAR against the renal cell carcinoma antigen
CAIX developed unexpected and treatment limiting biliary toxicity [47]. In another
example, one patient died of a respiratory distress syndrome which occurred
immediately post-infusion of a large dose of third generation anti-ERBB2 CAR T-cells
[48] due to low level of the target antigen in the lungs.

One particularly troublesome toxicity is neurotoxicity of activated T-cells [49-51]. This
syndrome can range from mild symptoms such as dysarthria through to confusion,
seizures, coma and death [40, 52-60]. The precise pathogenesis is not understood
although recent primate studies suggest that it is associated with rapid margination of
activated T-cells to the cerebral microenvironment [61]. This toxicity resembles that
seen with the bi-specific T-cell engager Blinatumomab, except with this latter agent the
toxicity can be ameliorated by stopping the agent. This is not possible with CAR T-cell
therapy and unlike CRS an effective way to treat this neurotoxicity is not yet
established.

These toxicities are very difficult to predict even with detailed animal studies or primate
work. Crucially, unlike small molecules and biologics, CAR T-cells do not have a half-
life i.e. one cannot just not give any more and wait for the agent to breakdown/become
excreted. CAR T-cells are autonomous — they can engraft and proliferate so toxicity can

be progressive and fulminant.
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1.5 Small Molecule Control of CAR T-cells

Given that CAR T-cell activity is autonomous and toxicity can be unpredictable and

fulminant, strategies have been developed to control CAR T-cell activity “remotely”

through the administration of small molecules

table below.

. These approaches are summarized in the

Method

Description

Advantages and disadvantages

Suicide genes

A small molecule triggers
apoptosis of the CAR T-cell

hence stopping all toxicity.

Proven and effective. However, results in
complete deletion of the CAR T-cells with
an increased risk of relapse, when actually
only a transient reduction in CAR T-cell

activity is required.

Indirect CARs

The CAR does not recognize
the target antigen directly,
instead it recognizes an
adaptor. A targeting / adaptor
protein is co-administered. If
this latter infusion is stopped

the T-cells stop working.

There are two main limitations: A second
therapeutic agent needs to be manufactured
which
Further, CAR T-cell activity will be limited
to bio-availability of the second agent

is a considerable undertaking.

which may in some tissues / tumour cores
be limited. Advantage over standard BiTEs

is not clear.

Tunable CARs

A small molecule directly
the CAR T-cell

either

controls
activity through
control or

CAR

transcriptional
through a  split

approach.

The transcriptional approach requires a
complex vector and is likely slow. The
split-CAR approach requires experimental
small molecule and also requires the
patient to stay on a small molecule all the

time.

Table 2. Summarized approaches that allow for small molecule control of CAR T-

cell activity
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1.5.1 Suicide genes

Suicide genes are genetically expressed elements which can conditionally destroy cells
which express them. Examples include Herpes simplex virus thymidine kinase (HSV-
TK) which renders cells susceptible to Ganciclovir (GCV) [62, 63], inducible Caspase 9
(iCasp9) which renders cells susceptible to a small molecular homodimerizer [64, 65],
CD20 and RQR8 which renders cells susceptible to Rituximab (Figure 3) [66-68].

This technology adds a certain amount of safety to CAR T-cell therapy, however there
are limitations. Firstly, it is a binary approach wherein all the CAR T-cells are destroyed
upon addition of the suicide entity. In addition, medicinal therapeutics often have a
therapeutic window. With a suicide gene the potency of the product cannot be tuned
such that efficacy with tolerable toxicity can be achieved. In some settings (e.g.

paediatric B-ALL), premature depletion of the CAR T-cells increases the risk of relapse.

A
Suicide gene
modified cell
B Dimerization induced C Metabolic D mAb mediated
e.g. iCasp9/AP1903 e.g. HSVTK/GCV e.g. CD20/mAb
Lt A
E % CD20 mAb
£ FKBP - 7\
I hCaspase9 g ‘\O . Ganciclovir
wlo CARD oI o €D20

@0 AP1903

i T

thases NN 'o,‘
l( o

DNA
Polymerase

[ Apoptosi |
Apoptosis

Figure 3. Suicide gene strategies. (a) A suicide gene encodes for a protein which can

allow selective elimination of modified cells in case of unacceptable toxicity. (b) The
iICasp9 system utilises a synthetic fusion gene construct derived from the human
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Caspase9 activation domain fused to a synthetic FKBP12 binding domain. Induction of
suicide gene machinery is mediated through therapeutic administration of AP1903. (c)
The HSV-TK system involves selective phosphorylation of the non-toxic prodrug
ganciclovir by the HSV-TK enzyme generating GCV-triphosphate. Incorporation of this
metabolite into DNA results in chain termination and single strand breaks in dividing
cells. (d) Surface antigen overexpression on modified cells (e.g., CD20) allows
destruction after exposure to the monoclonal antibody (mAb) through

complement/antibody dependent cellular cytotoxicity (CDC/ADCC) [69].

1.5.2 Indirect CARs

Here, a “universal” CAR is generated which rather than recognizing the target antigen
recognizes an adaptor target. After CAR T-cell infusion, a recombinant “adaptor”
protein is also administered which is a fusion between the adaptor target and a targeting
domain which recognizes the target antigen. In this setting, the CAR T-cells can only
activate if the adaptor protein is co-infused. Stopping administration of the adaptor
molecule will stop CAR T-cell activity. There are a few iterations of this approach
which in its simplest form the CAR recognizes Fc and the adaptor protein is a
therapeutic mAb. Other approaches include the CAR recognizing FITC or a peptide and
the adaptor protein being a FITC-conjugated scFv or an scFv linked to the cognate
peptide [70-78].

The main limitation for this approach is the need for a second therapeutic agent (i.e. the
adaptor) which is burdensome. Another limitation is that CAR T-cell activity is limited
by bio-distribution of the adaptor agent. Access to certain sites (e.g. tumour core, past
the blood-brain barrier) may be limited. Finally, the advantage of this approach over a

BIiTE approach is not clear.
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1.5.3 Tunable CARs

Here, a small molecule directly controls CAR activity. Importantly, the CAR T-cell is
not killed by the small molecule [79-90]. Two such systems have been suggested: in one
expression of the CAR is simply controlled by a small molecule. In another system, the
CAR is split in two. Recently, Wu et al. showed a design in which the antigen-
recognition and signalling components were split into distinct polypeptides appended to
heterodimerizing domains that assemble only in the presence of a small molecule
(Figure 4) [89]. In this setting, the CAR T-cells can only activate when exposed to both
cognate antigen and small molecule. The authors described a system that enables small

molecule-dependent, titratable, and reversible control over CAR T-cells.

The latter approach is the most attractive small molecule controllable system but has
limitations. Firstly, the choice of small molecule is difficult: the described systems use
rapamycin as a proof-of-concept. However, this is an immunosuppressive drug and will
inactivate CAR T-cells. Non-immunosuppressive version of rapamycin have been
described [91-93], but these agents have never been given to humans and need to be
developed as pharmaceutical agents which is burdensome. Other suggests small
molecules such as Gibberellin have never been used as drugs. Furthermore, volume of
distribution problems are also present. Finally, with this system the patient needs to stay

on the small molecule drug or the CAR will not work.
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Figure 4. Tunable CAR system. The CAR is split into two: an antigen recognition
component and a signalling component. In the presence of a small molecule (e.g.,
Rapalog or Gibberellin), the two components associate and the CAR signals the
presence of cognate antigens. In the absence of the small molecule, the receptor stops

signalling [89].
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1.6 A Tunable CAR based on small molecule disruption of protein-

protein interaction

Here, a CAR is directly inhibited by administration of a small molecule. A split
synthetic receptor system is used to separate the antigen-recognition and signalling
components into distinct polypeptides appended to heterodimerizing domains to
produce an inducible system, where the addition of small molecule inhibits the system.
In the absence of small molecule, these two components heterodimerize to assemble a
functioning receptor complex. The main aim for this approach is to find a configuration
that would strongly impair the CAR activity when in the presence of the small molecule
but still allow for strong antigen-induced signalling, comparable to that achieved by the

conventional single-component receptor, when the two components are assembled.
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1.7 Tetracycline and Tetracycline analogues as small molecules to

control CAR therapy

An ideal small molecule for application in such a system would have excellent tissue
penetration, low serum protein binding and penetrate the blood-brain barrier well. In
addition, the small molecule should have little side-effects and be well tolerated.
Tetracycline and analogues doxycycline and minocycline fulfil these criteria well: they
are small hydrophobic molecules with excellent tissue penetration. They are used to
treat Central Nervous System (CNS) infections so are well known to cross the blood-
brain barrier. They are often given over long periods to treat chronic infections and are
well tolerated with few pharmacological effects other than their microbiological activity
[94-100].
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1.8 The TiP system

The Tet operon is a very well understood bacterial operon which has been adapted for
use in mammalian cells. Briefly, the Tet repressor (TetR) binds tetracycline as a
homodimer, undergoes a conformational change which then modulates DNA binding of
the TetR molecules. In 2005, Klotzsche et al. described a phage-display derived peptide
which activated the Tet repressor (TetR) [101]. This protein (TetR interacting peptide,
or TiP) appeared to have a binding site overlapping but not identical with the
tetracycline binding site. Expression of this peptide, even as a fusion with a larger
protein, could act as tetracycline to activate TetR. The structure of TiP binding TetR
was elucidated crystallographically by others (Figure 5) [102]. We predicted that
although TiP bound to the same part of the molecule as tetracycline, Tetracycline would
bind with a much higher affinity than TiP and hence rapidly displace TiP. We were not
concerned with the DNA binding properties of TetR in this case, only the ability of a
protein fused to TiP to heterodimerize to TetR and then to be displaced upon its

binding.

36



(a) WTWNAYAFAAPS-GGGS-

(b)

Figure 5. Structures of TetR and TiP. (a) Sequence of TiP attached at the amino-
terminus of an arbitrary protein; (b) Crystallography derived structure of TiP interacting
with TetR (from PDB 2NS8 and Luckner et al.) [102]. TiP can be seen engaged deep
within the TetR homodimer associating with many residues tetracycline associates with.
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1.9 Basic concept of tetCAR

The basic concept of the tetCAR is illustrated in Figure 6. Here, the CAR is split into
two: an antigen recognition component and a signalling component. The former
comprises of an antigen recognizing ectodomain, a transmembrane domain and an
intracellular TetR domain. The latter, T-cell signalling domains fused with TiP. In the
absence of tetracycline, the two components associate and the CAR signals the presence
of cognate antigens (Figure 6a). In the presence of tetracycline, TiP is displaced and the
receptor immediately stops signalling (Figure 6b). In summary, the addition of small

molecule inhibits the system.

(a) ] N (b)
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> Targeting
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Figure 6. Basic concept of the tetCAR. (a) A membrane spanning receptor component
comprises of an extracellular antigen-binding domain, a transmembrane domain and a
carefully selected intracellular linker to TetR. A separate molecule: the signalling
component comprises of an intracellular protein which is generated by fusion of TiP to
one or several T-cell signalling domains. In the absence of tetracycline or tetracycline
analogues, the receptor and the signalling components interact and in the presence of
cognate antigen the system signals. (b) In the presence of tetracycline or tetracycline
analogues, TiP is displaced from TetR and the receptor now can no longer transmit

signals even in the presence of cognate antigen.
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1.10 Hypothesis

Although TiP bound to the same part of the molecule as tetracycline, we hypothesised
that tetracycline would bind with a much higher affinity than TiP and hence rapidly
displace TiP. Therefore, we hypothesised that the tetCAR would allow for effective
remote control of therapeutic T-cells through disruption of protein-protein interaction.
We predicted that the tetCAR would enable complete, titratable and reversible switch

off over T-cell activity.
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1.11 Aims of this Thesis

This thesis details the work that | have undertaken to investigate the feasibility of using

a Tet-Off signalling switch for the remote control of therapeutic CAR T-cells.

The specific aims of this PhD project are:

To prove the functionality of the system in terms of membrane assembly.
To prove the functionality of the system as a CAR.

To prove the effectiveness of the tetCAR in therapeutically relevant T-cells.

To develop a promising tetCAR construct and test in vitro.

o &~ w0 DN e

To prove the effective tunable control of tetCAR T-cell activity via the
administration of tetracycline.
6. To prove the effective reversible control of tetCAR T-cell activity.
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CHAPTER 2
MATERIALS AND METHODS
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2.1 Molecular Biology

2.1.1 Construction of OFF-switch tetCARS

2.1.1.1 Splicing DNA by overlap extension PCR

The tetCAR constructs were generated via High-Fidelity Phusion PCR (New England
Biolabs, USA) of pre-existing DNA fragments in the lab plasmid archive, with
constructed forward and reverse primers (Integrated DNA Technologies, Belgium)
bridging between different overlapping oligonucleotides. Phusion PCR allows the
fusion of several pieces of DNA on certain junctions that are complementary. This
occurs in two PCR reactions as depicted in the below schematic Figure 7, whereby in a
primary PCR reaction (Table 3) sequences of DNA are amplified with overlapping base
pairs at their extremities. Subsequently, in a secondary Phusion PCR reaction (Table 4)
complementary sequences overlap and by amplification result in fusion of the two

sequences of DNA.

First step: Primary PCR

—d \—P

Second step: Phusion PCR
—

-—p

Fused product

Figure 7. Schematic diagram of Phusion PCR reactions
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Reagents Volume (pL)
5x HF Buffer 10
dNTPs (25uM) 1
Forward primer (25uM) 1
Reverse primer (25uM) 1
Template (200 ng/uL) 1
Phusion Polymerase 0.5
Nuclease-Free Water 35.5
Table 3. Primary PCR reaction
Reagents Volume (pL)
5x HF Buffer 10
dNTPs (25uM) 1
Forward primer (25uM) 1
Reverse primer (25uM) 1
Template 1 1
Template 2 1
Phusion Polymerase 0.5
Nuclease-Free Water 34.5

Table 4. Secondary phusion PCR reaction

2.1.1.2 Restriction endonuclease digestion

The production of the various tetCAR constructs relied heavily on DNA digestion with

restriction enzymes. Restriction digests were performed according to manufacturer’s

instructions (NEB) to establish cloning fragments of DNA with ‘sticky’ ends to

facilitate DNA ligation. For inserts derived by PCR, the entire sample was digested.
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2.1.1.3 Separation and extraction of DNA fragments using agarose gel

electrophoresis

The DNA fragments resulting from the restriction digest were separated using agarose
gel electrophoresis. 1% agarose gels were prepared and electrophoresed at 110V in 1x
TBE buffer until appropriate separation was achieved. Following separation of DNA
fragments, bands were visualised using a dark reader blue light box to prevent UV-
mediated mutagenesis and excised from the gel with a clean scalpel. The required
constructs were isolated and purified from the gel using the QlAquick Gel Extraction
Kit (QIAGEN, Germany). Purification was performed according to manufacturer’s

instructions.

2.1.1.4 Fragment insertion using DNA ligation

New fragments of DNA were inserted into a linearised vector backbone using a ligation
reaction. The fragments were inserted into an SFG retroviral vector between the Agel
and Mlul restriction sites. Plasmid maps of the various tetCARSs are seen in Figure 8.
Ligation was performed using Quick Ligase (New England Biolabs, USA) according to
the manufacturer’s instructions. Following 5 minutes at room temperature, 2uL of the
resulting ligation mixture was used for bacterial transformation of high efficiency

C2987 (New England Biolabs, USA) chemically competent E. coli bacteria.

2.1.2 Bacterial transformation

Plasmids were amplified by selective growth of transformed chemically competent E.
coli bacteria. The transformation was carried out as follows: 2uL of ligation mixture
was added to the bacteria and incubated at 4°C for 30 minutes. Bacteria were transiently
heat-shocked by incubation at 42°C for 35 seconds, followed by incubation at 4°C for 5
minutes. Bacteria were transferred to SOC medium (New England Biolabs, USA) and
allowed to recover for 30 minutes on a shaking incubator at 37°C, 220rpm.
Subsequently, transformed bacteria were spread on an agar plate infused with

appropriate antibiotic and incubated at 37°C overnight.
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2.1.3 Isolation of plasmid DNA from E. coli

DNA was retrieved from the competent E. coli through the rapid alkaline lysis
procedure (QlAprep Spin Miniprep Kit, QIAGEN, Germany) reported by Birnboim and
Doly [103]. DNA isolation was performed according to manufacturer’s instructions.
Presence of the tetCAR sequence was verified by means of restriction digestion analysis
and sequencing (Beckman Coulter, USA). Bacterial clones that proved to have the
correct plasmid sequence were further grown in Terrific Broth (TB) media to generate
larger amounts of the plasmid. DNA was retrieved using NucleoBond Xtra Midi kit
(MACHEREY-NAGEL, Germany). DNA isolation was performed according to
manufacturer’s instructions. Midiprep DNA was verified by multiple separate

restriction digests cutting in the vector backbone and transgene insert.

2.1.4 Measurement of DNA concentration
The concentration of DNA was determined by measuring absorbance at wavelength

260nm. This was achieved using a NanoDrop Spectrophotometer (Thermo
SCIENTIFIC, USA).
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(j) Second-generation CD19-targeting Defective tetCAR (with ‘non-split’ endodomain):
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(o) Third-generation CD19-targeting tetCAR (with CD8TM 4-1BB):
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Figure 8. Plasmid maps of the various tetCARs used during this research
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2.2 Cell Culture

2.2.1 Primary cells and cell lines

Human and murine T-cells (BW5147 murine cell line) were cultured in RPMI-1640
(Lonza, BE12-167F/12) with 1% Glutamax (Gibco, 35050-061), and 10% Foetal Calf
Serum (FCS) (Biosera, FB-1001/500). Primary human T-cells were supplemented with
100 U/mL IL-2. Fresh media and cytokine was supplied two/three times a week.

The cell line of choice for transfection experiments was 293T, which can be efficiently
transfected. 293T is an embryonic kidney cell line derived from humans. Cells were
cultured in IMDM (Lonza, 12-726F) with 1% Glutamax (Gibco, 35050-061), and 10%
FCS (Biosera, FB-1001/500).

The SupT1, Daudi, Nalm6 and Raji target cell lines are all suspension, and were
cultured in RPMI-1640 (Lonza, BE12-167F/12), supplemented with 1% Glutamax
(Gibco, 35050-061), and 10% FCS (Biosera, FB-1001/500).

2.2.2 Primary cell culture

2.2.2.1 Isolation of Human Peripheral Blood Mononuclear Cells (PBMCs)

Blood samples from healthy donors were obtained on a weekly basis to isolate Human
Peripheral Blood Mononuclear Cells (PBMCs). To avoid coagulation, the blood sample
was collected into a syringe already containing 500uL of Ethylenediaminetetraacetic
acid disodium salt solution (Sigma-Aldrich, USA). PBMCs were isolated based on a
ficoll gradient centrifugation method. The blood sample was layered on Ficoll-Paque
Premium (GE Healthcare Life Sciences, USA) and centrifuged for 40 minutes at 750g
with zero brakes and acceleration to avoid the blood from mixing with the Ficoll-Paque
due to its toxic effect over cells. Therefore, it is very crucial to set the acceleration and
the brakes to zero. After the initial centrifugation step, the layer formed in the middle,
consisting of lymphocytes, was extracted, and transferred to a sterile falcon followed by

washing twice using complete RPMI.
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2.2.2.2 PBMC stimulation and culture

Finally, isolated PBMCs were counted by trypan blue exclusion at a 1:10 ratio. 1x10°
cells/mL of fresh PBMCs, supplemented with 5 pg/mL phytohaemagglutinin (PHA)
(Sigma-Aldrich, USA), were seeded into a 24-well tissue culture-treated plate in a total
of 2mL per well. After 24 hours, cells were stimulated with 100 U/mL IL-2 (GenScript,
USA).

2.2.3 Retroviral work

2.2.3.1 Triple Transfection of 293T cells for Retroviral Production

Generation of retroviral supernatant was achieved by transfecting 293T cells with three
plasmids. The essential plasmids for the generation particles are the RD114 plasmid
(retroviral pseudotyping with RD114 envelope), Gagpol plasmid (pEQ-Pam3-Epegpam-
env Moloney Murine Leukaemia Virus gagpol expression plasmid), and the SFG
retroviral plasmid. The SFG retroviral plasmid, which includes the LTR and the
packaging signal, also carries the transgene. The GeneJuice was mixed with the medium
and incubated at room temperature for 5 minutes. Then the plasmids were introduced in

the mixture followed by 15 minutes incubation before added on 293T cells.

Reagents 10cm plate
Plain media 470uL
GenelJuice 30uL
Gagpol 4.7ug
Envelope RD114 3.1ug

SFG plasmid 4.7u9

Table 5. Triple Transfection reaction mixture
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2.2.3.2 Retronectin coating preparation of tissue culture plates

To introduce the CAR constructs into T-cells, they were subjected to retroviral-
mediated transduction (48 hours after isolation). This ensured integration of the inserted
coding DNA into the host T-cell genome, thereby permitting stable CAR expression.

In order to dramatically improve T-cell transduction rates, 24-well non-tissue culture-
treated plates were coated with 4pug retronectin (Takara, Japan) the day before.
Retronectin is a fragment of the extracellular matrix protein fibronectin that binds the
target T-cell through a CS-1 domain and a cell-binding domain (CBD), which interact
with the VLA-4 and VLA-5 integrin receptors respectively. Attachment of the virus to
the heparin binding domain present in retronectin between the CS-1 and CBD causes
co-localisation of the target cell and the virus, thus greatly improving gene transfer
efficiency [104, 105].

2.2.3.3 Retroviral-mediated T-cell Transduction

On the day of transduction, the retronectin was aspirated of the wells, replaced with
250uL of viral supernatant and incubated for 30 minutes at room temperature (RT). In
the meantime, the cells were harvested and resuspended at 0.5x10° cells/mL. The 250uL
of viral supernatant were aspirated. At the end, it was added 0.5mL of cells, 1.5mL of
fresh supernatant and 100 U/mL of IL-2 per well. The plate was then centrifuged for 40
minutes at 1000g (RT).
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2.3 In Vitro Assays

2.3.1 CD56 Depletion

To exclude residual Natural Killer (NK) cells and potential lymphokine activated killer
cells prior to functional assays, human PBMCs were subjected to negative selection to
eliminate CD56-expressing cells. This was achieved by labelling the cells with CD56
MicroBeads (Miltenyi, Germany). NK cells with surface-bound beads were removed
using QuadroMACS Separator (Miltenyi, Germany) and the flow-through containing
uncoupled cells was collected. LD Columns were used (Miltenyi, Germany). CD56

Depletion was performed according to manufacturer’s instructions.

2.3.2 Co-culture assays

2.3.2.1 Preparation of co-culture

CAR-transduced T-cells were co-cultured with target cells at 1:1 and 4:1 T-cell:target
cell ratios in a U-bottom 96 well cell culture plate (Sigma-Aldrich, USA) with varying
concentrations of the small molecule, ranging from 0 to 1600nM. Tetracycline
hydrochloride (Sigma-Aldrich, USA), Doxycycline hyclate (Sigma-Aldrich, USA) and
Minocycline hydrochloride (Sigma-Aldrich, USA) were used as small molecules. The
SupT1, Daudi, Nalm6 and Raji target cell lines were used. Human IL-2 (GenScript,
USA) was added to a final concentration of 100 U/mL per well. Negative and positive

controls were included in the co-culture plate.

2.3.2.2 Detection of cytokine release using Enzyme-Linked Immunosorbent Assay
(ELISA)

After overnight incubation, supernatants were collected and analysed with BiolLegend
Human interferon-gamma (IFN-y) ELISA MAX Deluxe kit (BioLegend, USA).

Measuring the release of specific cytokines by CAR-transduced T-cells during co-
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culture with targets provided a quantitative technique for investigating T-cell activation.
Cytokine release was detected using a sandwich Enzyme-Linked Immunosorbent Assay
(ELISA), tailored to the cytokine of interest. IFN-y ELISA was performed according to

manufacturer’s instructions.

2.3.2.3 Flow cytometry-based cell-killing assay

A major purpose of CARs is to redirect primary human T-cell cytotoxicity selectively
towards target cells expressing antigens of interest. One method that can be used to
demonstrate target cell destruction is to measure target cell viability following co-
culture with CAR-transduced T-cells. This can be achieved by using a flow cytometry-
based cell-killing assay. After incubation for a designated period of time, cells were

stained and analysed by flow cytometry. The staining protocol is detailed below.
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2.4 Flow Cytometry

Flow cytometry was an invaluable technique used to probe for protein expression at the
cell surface. Determination of protein expression at the cell surface was important for
showing the expression of the CAR by the T-cells and for investigating the levels of
CD19 expression on target cells. Flow cytometry also enabled the screening of CAR-
transduced T-cell cytotoxicity. Flow cytometry was performed using Becton Dickinson
(BD) FACSVerse or BD LSRFortessa or Beckman Coulter CytoFLEX instruments.

2.4.1 General staining protocol

Usually 3x10° cells were washed with PBS, stained with antibodies, then washed and
resuspended in FACS buffer (1% FCS in PBS) and placed on ice pending analysis.
Where multiple staining steps were required, samples were washed with PBS between
individual staining steps. Isotype and/or non-transduced controls were included as
required to establish an appropriate benchmark for comparison. All staining steps were
performed at room temperature in the dark with 20-minute incubation per step unless

indicated otherwise.
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2.4.2 Staining protocol for verifying CAR expression on T-cells

CAR-transduced T-cells were washed with PBS and resuspended in the remaining
volume. During the first staining, cells were incubated with sCD19-Rabbit IgG antibody
for 20 minutes at room temperature. After repeating the wash, cells were incubated with
anti-Rabbit 19gG antibody, conjugated with Phycoerythrin (PE). At the end, the cells
were resuspended in 500uL FACS buffer. The gating strategy is shown in Figure 9.
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Figure 9. Gating strategy used to verify CAR expression on T-cells. Representative
flow cytometry plots illustrating the gating strategy for assessment of CAR transduction
efficiency of T-cells. Gating strategy used to identify singlet (top left), viable (top right)
T-cell populations. CAR™ T-cells were gated with reference to non-transduced control

T-cells (bottom).
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2.4.3 Staining protocol for quantifying CD19 expression on target cells

SupT1, Daudi, Nalmé and Raji target cell lines were stained on the day before of co-
culture, in order to validate their CD19 expression. Target cells were washed with PBS
and resuspended in the remaining volume. During the staining, cells were incubated
with anti-CD19 antibody conjugated with APC for 20 minutes at room temperature. At
the end, the cells were resuspended in 500uL FACS buffer. The gating strategy is

shown in Figure 10.
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Figure 10. Gating strategy used to quantify antigen expression on target cells.
Representative flow cytometry plots illustrating the gating strategy for assessment of the
levels of antigen expression on target cell surface. Gating strategy used to identify
singlet (top left), viable (top right) target cell populations. Antigen™ target cells were
gated with reference to non-transduced control target cells (bottom).
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2.4.4 Preparation of counting beads

Where it was necessary to enable cellular enumeration within a sample, or to enable
effective comparison between samples, samples were supplemented with a pre-
determined quantity of fluorescent ‘counting beads’ as an internal control. Beckman
Coulter Flow-Check fluorospheres are supplied at 1x10° beads/mL in an aqueous
solution containing preservative surfactant. To prevent toxicity to cellular samples,
beads were washed once with PBS prior to addition to samples. Following
centrifugation (5 minutes at 400g), beads were resuspended in an equal volume of
FACS buffer with 10uL of beads (10000) added to each sample.

2.4.5 Paraformaldehyde (PFA) fixation protocol
Where sample analysis was delayed overnight, following the final wash after antibody

staining, samples were fixed by final resuspension into 0.4% PFA-PBS solution and

stored at 4°C pending flow cytometry acquisition.
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2.4.6 Flow cytometry-based cell-killing assay staining protocol

After incubation for a designated period of time, the plate was centrifuged for 5 minutes
at 400g and the supernatants were collected for later quantification by ELISA. Staining
of cells for viability and appropriate cell surface markers to allow discrimination
between T-cells and target cells was then performed. During the first staining, cells
were incubated with anti-CD3 antibody conjugated with PE/Cy7 for 20 minutes at room
temperature. After the wash with PBS, cells were incubated with 7-AAD Viability
Staining Solution for 10 minutes at room temperature and then analysed by flow

cytometry. The gating strategy is shown in Figure 11.
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Figure 11. Gating strategy of flow cytometry-based cell-killing assay.
Representative flow cytometry plots illustrating the gating strategy for assessment of
surviving target cells. Gating strategy used to identify singlet (left), viable (middle) T-

cell and target cell populations. Target cells were gated (right).

Antibodies Supplier Catalogue No
7-AAD Viability Staining Solution BioLegend 420404
Flow-Check Fluorospheres Beckman Coulter 6605359
PE/Cy7 anti-Human CD3 (Clone: SK7) | BioLegend 344816

PE anti-Rabbit 1gG Jackson ImmunoResearch | 111-116-144
APC anti-Human CD19 (Clone: HIB19) | BiolLegend 302212

Table 6. List of antibodies used. Volume of antibody used as per manufacturer
recommendation.
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2.5 Imaging assay of GFP tagged tetCAR constructs with Brightfield

Microscopy

293T cells were seeded into a 12-well tissue culture-treated plate (2.5x10° cells per
well). After 24 hours, GeneJuice was mixed with the medium and incubated at room
temperature for 5 minutes. Then the constructed plasmid was introduced in the mixture
followed by 15 minutes incubation before added on 293T cells. After incubating for two
days, the cells were harvested and imaged under the brightfield microscope (Zeiss,

Germany).
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2.6 Statistical Analyses
To investigate for statistical significance, values were subjected to a two-way ANOVA,

followed by a Tukey post-hoc test. A P-value < 0.05 was taken as significant. All data

was analysed using GraphPad Prism software (version 7).
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CHAPTER 3
INITIAL PROOF-OF-CONCEPT
EXPERIMENTS
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3.1 Test construct with eGFP to demonstrate function of the system

Prior to commencing investigations into the function and efficacy of the tetCAR, it was
important to demonstrate that tetCAR works in terms of membrane assembly. Two
constructs tagged with green fluorescent protein (GFP) were generated. The first
construct consisted of a CAR with TetR as its endodomain and TiP fused to eGFP
(Figure 12a). The second, control construct is identical except TiP is absent (Figure
12b). After successful construction, both CARs were transfected in 293T cells and
tested in the absence or presence of tetracycline to observe the cell localization of the
eGFP.

From the imaging assay, we observed a shift in the pattern of fluorescence with and
without tetracycline. In the absence of tetracycline (Figure 12c), the TiP-eGFP CAR-
expressing 293T cells presented a clear eGFP fluorescence at the cell membrane while
the control CAR-expressing 293T cells showed a cytoplasmic eGFP fluorescence. In the
case of TiP-eGFP CAR, this indicates that the two CAR components heterodimerized to
assemble a complex. In the presence of tetracycline (Figure 12d), both constructs
showed a cytoplasmic eGFP fluorescence. In the case of TiP-eGFP CAR, this suggests

that tetracycline displaced TiP.
Taken together, these data show that without tetracycline such a system results in

membrane localization of a TiP fusion protein, with the eGFP being displaced to the

cytoplasm in the presence of tetracycline.
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Figure 12
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Figure 12. Test construct with eGFP to demonstrate function of the system. (a) A

(c)

no Tetracycline

(d)

+ Tetracycline

bicistronic construct expressed as a single transcript which self-cleaves at the 2A site
(red) to yield: TiP (pink) fused to eGFP (light green); and a CAR with TetR (purple) as
its endodomain. (b) A control was also constructed which was identical except TiP was
absent. (c) Fluorescent micrograph of 293T cells expressing these constructs in the
absence of tetracycline. The TiP-eGFP CAR-expressing 293T cells present a clear
eGFP fluorescence at the cell membrane while the control CAR-expressing 293T cells
show a cytoplasmic eGFP fluorescence; (d) Fluorescent micrograph of the same cells
but now in the presence of tetracycline. Here, the eGFP is cytoplasmic. In the case of
TiP-eGFP CAR, this shows that tetracycline has displaced TiP; This work was
performed by Khai Kong.
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3.2 Function of the initial tetCAR construct

Next, we tested similar constructs in CAR format. Two functional constructs were
generated which are identical to the eGFP constructs except they contain CD3-Zeta
endodomain instead of eGFP. The CAR is split into two: an antigen recognition
component and a signalling component. The former comprises of a CD33 recognizing
scFv, a spacer derived from the Fc domain of IgG1, a CD4 derived transmembrane and
intracellular domain, and TetR. The latter, CD3-Zeta endodomain fused with TiP
(Figure 13a). A control construct was also generated which is identical except TiP is
absent from the signalling component (Figure 13b). After successful construction, both
CARs were transfected in Human Embryonic Kidney (HEK) 293T cells along with
gagpol and vesicular stomatitis virus-G (VSV-G) viral envelope coding plasmids to
produce retrovirus. Surface expression of the tetCARs was initially assessed in the HEK
293T cell line following transient transfection. Both tetCARs and the conventional CAR
were successfully detected at the cell surface using flow cytometry with an anti-human
IgG antibody (Figure 14b).

After collecting the retrovirus supernatant (at 48h and 72h post transfection), BW5
murine T-cells were transduced. Transduction efficiency of the BW5 cells was analysed
by flow cytometry (BWS5 is a useful cell line for functional work as it released IL-2
upon activation). As shown in Figure 14c, the tetCAR could be detected at the cell
surface, thus indicating that this construct was both expressed and trafficked correctly to
the plasma membrane. Cell surface expression of the defective tetCAR and

conventional CAR was also detected.

Prior to co-culture, a further important goal was to produce and validate a CD33
expressing target cell line. The SupT1 cells provide an elegant model system, as they do
not naturally express any antigen. Consequently, the introduction of CD33 into these
cells was required. The presence of CD33 at the target cell surface was confirmed using
flow cytometry with an anti-human CD33 antibody (Figure 14d). With the ability to
achieve expression of the tetCAR at the T-cell surface clearly confirmed, and the CD33
expression of SupT1 cells validated, it was possible to investigate whether this construct

was capable of binding the required antigen. As interaction of the CAR with target
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antigen was predicted to induce T-cell activation, the release of specific cytokines, such
as interleukin-2 (I1L-2) was used as a marker of CD33 antigen recognition.

In order to determine the response of tetCAR to antigen stimulation and also to
tetracycline, BW5 murine T-cells expressing the tetCAR were co-cultured with wild-
type SupT1 cells or SupT1 cells engineered to express CD33 at a 1:4 T-cell:target cell
ratio in the absence of tetracycline or in the presence of increasing concentrations of
tetracycline (Figure 14e). BWS5 cells expressing the defective tetCAR (Figure 14f) and
BWS5 cells expressing the conventional CAR (Figure 14g) were also tested. After an
overnight incubation, supernatant samples were removed and assayed for the presence
of IL-2. Subsequent investigations into the release of IL-2 showed that tetracycline
decreases murine T-cell IL-2 secretion and hence activation in a dose dependent

manner.

The experiment was carried out using concentrations of tetracycline ranging from 0 to
1600 nM. In this experiment tetracycline was serially diluted at 1 in 2 ratio starting from
1600 nM. The conventional CAR, which was used as a positive control, led to
consistent secretion of IL-2 by BW5 cells in all tetracycline concentrations. Low levels
of IL-2 secretion were observed when the same CAR BWS5 cell line was co-cultured
with wild-type SupT1 cells (Figure 14g). As expected, no significant IL-2 secretion by
defective tetCAR T-cells was detected on either SupTl CD33 or SupTl Non-
Transduced (NT) cells (Figure 14f). In the tetracycline inducible CAR (also known as
tetCAR), the amount of secreted IL-2 was found to decrease with increasing
concentrations of tetracycline (Figure 14e). In the absence of tetracycline, IL-2 secretion
was analogous to that seen with the positive control. In the presence of 25 nM
tetracycline, a minimal concentration of secreted IL-2 was observed. From 50 nM to
1600 nM, no significant IL-2 secretion by tetCAR T-cells was detected on either SupT1
CD33 or SupT1l NT cells. PMA and ionomycin stimulated BW5 cells showed the

highest levels of IL-2 secretion.
In summary, our results show a dose dependent reduction in IL-2 secretion with

increasing tetracycline concentrations until 50 nM tetracycline, above which the tetCAR
is completely switched off.
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Figure 13
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Figure 13. Initial tetCAR construct and control. (a) A bicistronic construct expressed
as a single transcript which self-cleaves at the 2A site (red) to yield: a signalling
component which comprises of TiP (pink) fused via a flexible linker to the endodomain
of CD3-Zeta (light green); and a receptor component which comprises of a CD33
recognizing scFv (grey), a spacer derived from the Fc domain of IgG1 (dark green), a
CD4 derived transmembrane and intracellular domain (blue), and TetR (purple). (b) A
control was also constructed which was identical except TiP was absent from the
signalling component. (c) Annotated amino acid sequence of the basic tetCAR is

shown.
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Figure 14

(a) First-generation CD33-targeting tetCAR:
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Figure 14. Function of the initial tetCAR construct in comparison with control. (a)
Schematic diagram illustrating the initial tetCAR. A bicistronic construct expressed as a
single transcript which self-cleaves at the 2A site to yield: a signalling component
which comprises of TiP (dark blue) fused via a flexible linker to the endodomain of
CD3-Zeta (light green); and a receptor component which comprises of a CD33
recognizing scFv (blue), a spacer derived from the Fc domain of 1gG1 (red), a CD4

derived transmembrane and intracellular domain (purple), and TetR (light blue).
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(b) 293T cells:
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(b) Expression levels of CARs in Human Embryonic Kidney (HEK) 293T cells.
Expression of the tetCAR at the surface of HEK 293T cells was compared with the

expression of defective tetCAR (with absent TiP domain) and conventional CAR using

flow cytometry. The CARs were detected with an anti-human 1gG antibody. Staining

was compared against Non-Transduced (NT) 293T cells stained using the same

antibody.
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(c) BWS5 murine T-cells:
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(c) Expression levels of CARs in BW5 murine T-cells. Cells engineered with retroviral
constructs encoding CAR molecules were analysed by flow cytometry. Expression of
the tetCAR at the surface of BW5 murine T-cells was compared with the expression of
defective tetCAR and conventional CAR. The CARs were detected with an anti-human
IgG antibody. Staining was compared against NT BWS5 cells stained using the same
antibody.
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cytometry plots illustrating the gating strategy for assessment of CAR transduction
efficiency of T-cells. Gating strategy used to identify singlet (top left), viable (top right)

T-cell populations. CAR™ T-cells were gated with reference to non-transduced control

T-cells (bottom).
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(d) Level of CD33 expression on target cell surface. SupT1 cells were used as target
cells in co-culture assays. Non-transduced SupT1 were transduced to stably express
CD33. The cells were investigated for the presence of CD33 using flow cytometry. The
expression of CD33 was detected using an anti-human CD33 antibody. The level of
CD33 expression was compared with that displayed by the NT SupT1 cells stained with

the same antibody.
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Gating strategy used to quantify antigen expression on target cells. Representative flow
cytometry plots illustrating the gating strategy for assessment of the levels of antigen
expression on target cell surface. Gating strategy used to identify singlet (top left),
viable (top right) target cell populations. Antigen™ target cells were gated with reference

to non-transduced control target cells (bottom).
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(e) Response of tetCAR to tetracycline and antigen stimulation. BW5 murine T-cells
expressing the tetCAR were challenged with wild-type SupT1 cells or SupT1 cells
engineered to express CD33 at a 1:4 T-cell:target cell ratio in the absence of tetracycline
or in the presence of increasing concentrations of tetracycline. Production of IL-2 after

an overnight incubation was quantified by ELISA; n = 3 independent experiments from

separate donors, error bars denote SD.

74



f
( ) Defective tetCAR

3.0 SupT1 CD33
2.5= SupT1 NT i
) -
-.E. 1.5
=)
£ 1.0=
o .
=
0.5
0.0 1 | | | 1 1 | | | | |
Q o “ % o ) o o o ) .
NSNS v L L S RN @0“‘
(s}
i &
[Tetracycline] (nM) ‘15’5
Q
(g) _
Conventional CAR
3-0] SupT1 CD33
2.5 SupT1 NT .
4 15w
£ .
3 I A N A A A A R S
£ -
~ 1.0
=
0.5=
0.0 | L] L] L] | | L] L] ] ] L]
Q rbt:ﬁ) E’r]i) .{L"’ el & & q?e RS ‘b@ ,@QQ .@\
Ooo‘o
[Tetracycline] (nM) R\ »
Q

(f) BW5 cells expressing the defective tetCAR and (g) BW5 cells expressing the
conventional CAR were also challenged with wild-type SupT1 cells or SupT1 cells
engineered to express CD33 at a 1:4 T-cell:target cell ratio in the absence of tetracycline

or in the presence of increasing concentrations of tetracycline.
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3.3 Response of tetCAR to different small molecules

In order to determine whether the tetCAR would show similar response to different
small molecules, we tested doxycycline (Figure 15) and minocycline (Figure 16). The
experiments were carried out in parallel and set up as described above for Figure 14.
The only modification was the small molecule used in each experiment. As expected,
the defective tetCAR T-cells showed similar results in the presence of the three different
small molecules. The same was observed with the conventional CAR T-cells. In terms
of tetCAR, the amount of secreted IL-2 was undetectable at the lowest concentration of
doxycycline (Figure 15a) and also at the lowest concentration of minocycline (Figure
16a). This means that above 3.125 nM doxycycline or minocycline the tetCAR is
completely switched off.

These results indicate that the system is more sensitive to doxycycline and minocycline
when compared to tetracycline.
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Figure 15. Response of tetCAR to doxycycline, a tetracycline analogue. (a) BW5
murine T-cells expressing the tetCAR were challenged with wild-type SupT1 cells or
SupT1 cells engineered to express CD33 at a 1:4 T-cell:target cell ratio in the absence
of doxycycline or in the presence of increasing concentrations of doxycycline.
Production of IL-2 after an overnight incubation was quantified by ELISA; n = 3

independent experiments from separate donors, error bars denote SD.
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(b) BW5 cells expressing the defective tetCAR and (c) BWS5 cells expressing the
conventional CAR were also challenged with wild-type SupT1 cells or SupT1 cells
engineered to express CD33 at a 1:4 T-cell:itarget cell ratio in the absence of

doxycycline or in the presence of increasing concentrations of doxycycline.
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Figure 16
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Figure 16. Response of tetCAR to minocycline, another tetracycline analogue. (a)
BWS5 murine T-cells expressing the tetCAR were challenged with wild-type SupT1 cells
or SupT1l cells engineered to express CD33 at a 1:4 T-cell:target cell ratio in the
absence of minocycline or in the presence of increasing concentrations of minocycline.
Production of IL-2 after an overnight incubation was quantified by ELISA; n = 3

independent experiments from separate donors, error bars denote SD.
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(b) BW5 cells expressing the defective tetCAR and (c) BWS5 cells expressing the
conventional CAR were also challenged with wild-type SupT1 cells or SupT1 cells
engineered to express CD33 at a 1:4 T-cell:itarget cell ratio in the absence of

minocycline or in the presence of increasing concentrations of minocycline.
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3.4 Discussion

In this chapter, we have demonstrated function of the tetCAR system. First, we cloned
two constructs tagged with eGFP and demonstrated that tetCAR works in terms of
membrane assembly. Next, we cloned two functional constructs containing CD3-Zeta
endodomain instead of eGFP and demonstrated transduction of BW5 murine T-cells.
The T-cells expressing the tetCAR demonstrated specific IL-2 release, and depending
on the concentration of tetracycline present, tetCAR T-cells showed titratable activity,

from as strong as that of conventional CAR T-cells to undetectable.

After confirming the function of the system in BW5 murine T-cells via the
administration of tetracycline, we demonstrated that the tetCAR system is compatible
with other alternative small molecules. Using the same range of concentrations, we
demonstrated that the tetCAR system is more sensitive to analogues doxycycline and
minocycline when compared to tetracycline, as the addition of either tetracycline

analogue at the lowest concentration completely inhibited the system.

Ultimately, this highlights the importance of further investigating the function of the
tetCAR system in therapeutically relevant T-cells, and also the importance of assessing
the titre response of the tetCAR to the different small molecules, which will be explored

in the following chapters.
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CHAPTER 4
DETERMINATION OF
PERFORMANCE OF FIRST-
GENERATION CONSTRUCTS
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4.1 Function of the initial tetCAR construct in primary human T-cells

After using BW5 murine T-cells for our initial investigations, we tested the
effectiveness of this tetCAR in therapeutically relevant T-cells. We expressed the
constructs in primary human T-cells and examined the production of the cytokine IFN-
y. Firstly, we analysed the transduction efficiency of the primary human T-cells by flow
cytometry. As shown in Figure 17b, the tetCAR could be detected at the cell surface,
thus indicating that this construct was both expressed and trafficked correctly to the

plasma membrane.

Cell surface expression of the defective tetCAR and conventional CAR was also
detected. In order to test the function of the initial tetCAR construct in primary human
T-cells, we co-cultured primary human T-cells expressing the tetCAR with wild-type
SupT1 cells or SupT1 cells engineered to express CD33 at a 1:1 T-cell:target cell ratio
in the absence of tetracycline or in the presence of different concentrations of
tetracycline (Figure 17d). Primary human T-cells expressing the defective tetCAR
(Figure 17e) and primary human T-cells expressing the conventional CAR (Figure 17f)
were also tested. Furthermore, T-cells from the same donor that had not undergone gene
transfer (designated non-transduced T-cells) were set up to serve as an additional
control (Figure 17g). After an overnight incubation, supernatant samples were removed
and assayed for the presence of IFN-y. The tetCAR led to minimal secretion of IFN-y by
primary human T-cells in the absence of tetracycline. In order to ensure that these
results are reproducible, we performed an extra two independent experiments. The

results were consistent with the initial findings.

This highlights that the initial CD33-targeting version of the tetCAR construct failed to

signal strongly, despite abundant expression in primary human T-cells.
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Figure 17
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Figure 17. Function of the initial tetCAR construct in primary human T-cells. (a)
Schematic diagram illustrating the initial tetCAR (top). A bicistronic construct
expressed as a single transcript which self-cleaves at the 2A site to yield: a signalling
component which comprises of TiP (dark blue) fused via a flexible linker to the
endodomain of CD3-Zeta (light green); and a receptor component which comprises of a
CD33 recognizing scFv (blue), a spacer derived from the Fc domain of IgG1 (red), a
CD4 derived transmembrane and intracellular domain (purple), and TetR (light blue).
Additionally, the plasmid map of the first-generation CD33-targeting tetCAR is also

shown (bottom).
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(b) Primary human T-cells:
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(b) Expression levels of CARs in primary human T-cells. Cells engineered with
retroviral constructs encoding CAR molecules were analysed by flow cytometry.
Expression of the tetCAR at the surface of primary human T-cells was compared with
the expression of defective tetCAR (with absent TiP domain) and conventional CAR.
The CARs were detected with an anti-human 1gG antibody. Staining was compared
against NT T-cells stained using the same antibody.
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T-cell populations. CAR™ T-cells were gated with reference to non-transduced control
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(c) NT SupT1 cells CD33*SupT1 cells
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(c) Level of CD33 expression on target cell surface. SupT1 cells were used as target
cells in co-culture assays. Non-transduced SupT1 were transduced to stably express
CD33. The cells were investigated for the presence of CD33 using flow cytometry. The
expression of CD33 was detected using an anti-human CD33 antibody. The level of
CD33 expression was compared with that displayed by the NT SupT1 cells stained with
the same antibody.
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Gating strategy used to quantify antigen expression on target cells. Representative flow
cytometry plots illustrating the gating strategy for assessment of the levels of antigen
expression on target cell surface. Gating strategy used to identify singlet (top left),
viable (top right) target cell populations. Antigen™ target cells were gated with reference

to non-transduced control target cells (bottom).
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(d) Response of tetCAR to tetracycline and antigen stimulation. Primary human T-cells
expressing the tetCAR were challenged with wild-type SupT1 cells or SupT1 cells
engineered to express CD33 at a 1:1 T-cell:target cell ratio in the absence of tetracycline
or in the presence of different concentrations of tetracycline. Production of IFN-y after

an overnight incubation was quantified by ELISA; n = 3 independent experiments from

separate donors, error bars denote SD.
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(e) Primary human T-cells expressing the defective tetCAR, (f) primary human T-cells
expressing the conventional CAR and (g) non-transduced T-cells were also challenged
with wild-type SupT1 cells or SupT1 cells engineered to express CD33 at a 1:1 T-
cell:target cell ratio in the absence of tetracycline or in the presence of different

concentrations of tetracycline.
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4.2 Function of a CD19-targeting version of the tetCAR construct

From previous experiments, we had known that the CD33 scFv used in the CAR was
suboptimal. To overcome this problem, we reconstructed the system with a single-chain
antibody that recognizes the antigen CD19 instead of the antigen CD33 using a very
well characterized anti-CD19 scFv called FMC63. All the other domains of the tetCAR
remained the same. As previously carried out for the initial tetCAR, we started by

testing the new CD19-targeting version of the tetCAR in BW5 murine T-cells.

The experiments were set up as described above for Figure 14. Surface expression of
the tetCARs was initially assessed in the HEK 293T cell line following transient
transfection. Both tetCARs and the conventional CAR were successfully detected at the
cell surface using flow cytometry with an anti-human IgG antibody (Figure 18b). After
collecting the retrovirus supernatant (at 48h and 72h post transfection), BW5 murine T-
cells were transduced. Transduction efficiency of the BW5 cells was analysed by flow
cytometry. As shown in Figure 18c, the tetCAR could be detected at the cell surface,
thus indicating that this construct was both expressed and trafficked correctly to the
plasma membrane. Cell surface expression of the defective tetCAR and conventional
CAR was also detected. Prior to co-culture, a further important goal was to produce and
validate a CD19 expressing target cell line. Consequently, the introduction of CD19 into
SupT1 cells was required. The presence of CD19 at the target cell surface was
confirmed using flow cytometry with an anti-human CD19 antibody (Figure 18d). With
the ability to achieve expression of the tetCAR at the T-cell surface clearly confirmed,
and the CD19 expression of SupT1 cells validated, it was possible to investigate

whether this construct was capable of binding the required antigen.

As interaction of the CAR with target antigen was predicted to induce T-cell activation,
the release of specific cytokines, such as IL-2 was used as a marker of CD19 antigen
recognition. In order to determine the response of the new CD19-tetCAR to antigen
stimulation and also to tetracycline, BW5 murine T-cells expressing the tetCAR were
co-cultured with wild-type SupT1 cells or SupT1 cells engineered to express CD19 at a
1:4 T-cell:target cell ratio in the absence of tetracycline or in the presence of increasing

concentrations of tetracycline (Figure 18e). BW5 cells expressing the defective tetCAR
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(Figure 18f) and BW5 cells expressing the conventional CAR (Figure 18g) were also
tested. After an overnight incubation, supernatant samples were removed and assayed
for the presence of IL-2. Subsequent investigations into the release of IL-2 showed that
tetracycline decreases murine T-cell IL-2 secretion and hence activation in a dose
dependent manner. The experiment was carried out using concentrations of tetracycline
ranging from 0 to 1600 nM. In this experiment tetracycline was serially diluted at 1 in 2
ratio starting from 1600 nM.

The conventional CAR, which was used as a positive control, led to consistent secretion
of IL-2 by BWS5 cells in all tetracycline concentrations. Low levels of IL-2 secretion
were observed when the same CAR BWS5 cell line was co-cultured with wild-type
SupT1 cells (Figure 18g). As expected, no significant IL-2 secretion by defective
tetCAR T-cells was detected on either SupT1 CD19 or SupT1 NT cells (Figure 18f). In
the tetracycline inducible CAR (also known as tetCAR), the amount of secreted IL-2
was found to decrease with increasing concentrations of tetracycline (Figure 18e). In the
absence of tetracycline, IL-2 secretion was analogous to that seen with the positive
control. In the presence of 50 nM tetracycline, a minimal concentration of secreted IL-2
was observed. From 100 nM to 1600 nM, no significant IL-2 secretion by tetCAR T-
cells was detected on either SupT1l CD19 or SupT1 NT cells. PMA and ionomycin

stimulated BWS5 cells showed the highest levels of IL-2 secretion.

In summary, our results show that the tetCAR design functions with an alternative
antigen-binding domain in BW5 murine T-cells.
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Figure 18

(a) First-generation CD19-targeting tetCAR:
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Figure 18. Function of a CD19-targeting version of the tetCAR construct. (a)
Schematic diagram illustrating the CD19-targeting tetCAR (top). A bicistronic construct
expressed as a single transcript which self-cleaves at the 2A site to yield: a signalling
component which comprises of TiP (dark blue) fused via a flexible linker to the
endodomain of CD3-Zeta (light green); and a receptor component which comprises of a
CD19 recognizing scFv (blue), a spacer derived from the Fc domain of IgG1 (red), a
CD4 derived transmembrane and intracellular domain (purple), and TetR (light blue).
Additionally, the plasmid map of the first-generation CD19-targeting tetCAR is also

shown (bottom).
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(b) 293T cells:
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(b) Expression levels of CARs in HEK 293T cells. Expression of the CD19-targeting
tetCAR at the surface of HEK 293T cells was compared with the expression of
defective tetCAR (with absent TiP domain) and conventional CAR using flow
cytometry. The CARs were detected with an anti-human 1gG antibody. Staining was
compared against NT 293T cells stained using the same antibodly.
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(c) BW5 murine T-cells:
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(c) Expression levels of CARs in BW5 murine T-cells. Cells engineered with retroviral

constructs encoding CAR molecules were analysed by flow cytometry. Expression of

the CD19-targeting tetCAR at the surface of BW5 murine T-cells was compared with

the expression of defective tetCAR and conventional CAR. The CARs were detected

with an anti-human IgG antibody. Staining was compared against NT BWS5 cells stained

using the same antibody.
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Gating strategy used to verify CAR expression on T-cells. Representative flow
cytometry plots illustrating the gating strategy for assessment of CAR transduction
efficiency of T-cells. Gating strategy used to identify singlet (top left), viable (top right)

T-cell populations. CAR™ T-cells were gated with reference to non-transduced control

T-cells (bottom).
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(d) NT SupT1 cells CD19*SupT1 cells
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(d) Level of CD19 expression on target cell surface. SupT1 cells were used as target
cells in co-culture assays. Non-transduced SupT1 were transduced to stably express
CD19. The cells were investigated for the presence of CD19 using flow cytometry. The
expression of CD19 was detected using an anti-human CD19 antibody. The level of
CD19 expression was compared with that displayed by the NT SupT1 cells stained with

the same antibody.
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Gating strategy used to quantify antigen expression on target cells. Representative flow
cytometry plots illustrating the gating strategy for assessment of the levels of antigen
expression on target cell surface. Gating strategy used to identify singlet (top left),
viable (top right) target cell populations. Antigen* target cells were gated with reference

to non-transduced control target cells (bottom).
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(e) Response of CD19-targeting tetCAR to tetracycline and antigen stimulation. BW5
murine T-cells expressing the CD19-targeting tetCAR were challenged with wild-type
SupT1 cells or SupT1 cells engineered to express CD19 at a 1:4 T-cell:target cell ratio
in the absence of tetracycline or in the presence of increasing concentrations of
tetracycline. Production of IL-2 after an overnight incubation was quantified by ELISA,

n = 3 independent experiments from separate donors, error bars denote SD.
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(f) BW5 cells expressing the defective tetCAR and (g) BW5 cells expressing the
conventional CAR were also challenged with wild-type SupT1 cells or SupT1 cells

engineered to express CD19 at a 1:4 T-cell:target cell ratio in the absence of tetracycline

or in the presence of increasing concentrations of tetracycline.
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4.3 Function of the CD19-targeting tetCAR construct in primary

human T-cells

After showing that the initial CD33-targeting tetCAR construct does not function in
primary human T-cells, it became increasingly important to prove that the tetCAR
design would function in these therapeutically relevant T-cells when we use an
alternative antigen-binding domain. In order to demonstrate this, we expressed the
CD19-targeting version of the tetCAR construct in primary human T-cells and

examined the production of the cytokine IFN-y.

Firstly, we analysed the transduction efficiency of the primary human T-cells by flow
cytometry. As shown in Figure 19b, the CD19-targeting tetCAR could be detected at the
cell surface, thus indicating that this construct was both expressed and trafficked
correctly to the plasma membrane. Cell surface expression of the defective tetCAR and
conventional CAR was also detected. In order to test the function of the new CD19-
targeting tetCAR construct in primary human T-cells, we co-cultured primary human T-
cells expressing the tetCAR with wild-type SupT1 cells or SupT1 cells engineered to
express CD19 at a 1:1 T-cell:target cell ratio in the absence of tetracycline or in the
presence of different concentrations of tetracycline (Figure 19d). Primary human T-cells
expressing the defective tetCAR (Figure 19e) and primary human T-cells expressing the
conventional CAR (Figure 19f) were also tested. Furthermore, T-cells from the same
donor that had not undergone gene transfer (designated non-transduced T-cells) were set

up to serve as an additional control (Figure 199g).

After an overnight incubation, supernatant samples were removed and assayed for the
presence of IFN-y. Subsequent investigations into the release of IFN-y showed that
tetracycline decreases human T-cell IFN-y secretion and hence activation in a dose
dependent manner. The experiment was carried out using 3 nM, 25 nM and 1600 nM as
tetracycline concentrations. The conventional CAR, which was used as a positive
control, led to consistent secretion of IFN-y by primary human T-cells in all tetracycline
concentrations. Low levels of IFN-y secretion were observed when the same CAR T-
cells were co-cultured with wild-type SupT1 cells (Figure 19f). As expected, minimal
IFN-y secretion by defective tetCAR T-cells was detected on either SupT1 CD19 or
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SupT1 NT cells (Figure 19¢e). Similar results were observed with the non-transduced T-
cells (Figure 19g). In the tetracycline inducible CAR (also known as tetCAR), the
amount of secreted IFN-y was found to decrease with increasing concentrations of
tetracycline (Figure 19d). In the absence of tetracycline, IFN-y secretion was lower to
that seen with the positive control. In the presence of 1600 nM tetracycline, minimal
IFN-y secretion by tetCAR T-cells was detected on either SupT1 CD19 or SupT1 NT
cells. PMA and ionomycin stimulated primary human T-cells showed the highest levels

of IFN-y secretion.

Taken together, these data show that the new CD19-targeting tetCAR construct is
functional and capable of activating primary human T-cells.
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Figure 19

(a) First-generation CD19-targeting tetCAR:
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Figure 19. Function of the CD19-targeting tetCAR construct in primary human T-
cells. (a) Schematic diagram illustrating the CD19-targeting tetCAR (top). A bicistronic
construct expressed as a single transcript which self-cleaves at the 2A site to yield: a
signalling component which comprises of TiP (dark blue) fused via a flexible linker to
the endodomain of CD3-Zeta (light green); and a receptor component which comprises
of a CD19 recognizing scFv (blue), a spacer derived from the Fc domain of IgG1 (red),
a CD4 derived transmembrane and intracellular domain (purple), and TetR (light blue).
Additionally, the plasmid map of the first-generation CD19-targeting tetCAR is also

shown (bottom).
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(b) Primary human T-cells:
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(b) Expression levels of CARs in primary human T-cells. Cells engineered with
retroviral constructs encoding CAR molecules were analysed by flow cytometry.
Expression of the CD19-targeting tetCAR at the surface of primary human T-cells was
compared with the expression of defective tetCAR (with absent TiP domain) and
conventional CAR. The CARs were detected with an anti-human 1gG antibody. Staining

was compared against NT T-cells stained using the same antibody.
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Gating strategy used to verify CAR expression on T-cells. Representative flow

cytometry plots illustrating the gating strategy for assessment of CAR transduction
efficiency of T-cells. Gating strategy used to identify singlet (top left), viable (top right)

T-cell populations. CAR™ T-cells were gated with reference to non-transduced control

T-cells (bottom).
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(c) NT SupT1 cells CD19*SupT1 cells
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(c) Level of CD19 expression on target cell surface. SupT1 cells were used as target
cells in co-culture assays. Non-transduced SupT1 were transduced to stably express
CD19. The cells were investigated for the presence of CD19 using flow cytometry. The
expression of CD19 was detected using an anti-human CD19 antibody. The level of
CD19 expression was compared with that displayed by the NT SupT1 cells stained with

the same antibody.
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Gating strategy used to quantify antigen expression on target cells. Representative flow
cytometry plots illustrating the gating strategy for assessment of the levels of antigen
expression on target cell surface. Gating strategy used to identify singlet (top left),
viable (top right) target cell populations. Antigen™ target cells were gated with reference

to non-transduced control target cells (bottom).
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(d) Response of CD19-targeting tetCAR to tetracycline and antigen stimulation.
Primary human T-cells expressing the CD19-targeting tetCAR were challenged with
wild-type SupT1 cells or SupT1 cells engineered to express CD19 at a 1:1 T-cell:target
cell ratio in the absence of tetracycline or in the presence of different concentrations of
tetracycline. Production of IFN-y after an overnight incubation was quantified by

ELISA; n = 3 independent experiments from separate donors, error bars denote SD.
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(e) Primary human T-cells expressing the defective tetCAR, (f) primary human T-cells
expressing the conventional CAR and (g) non-transduced T-cells were also challenged
with wild-type SupT1 cells or SupT1 cells engineered to express CD19 at a 1:1 T-
cell:target cell ratio in the absence of tetracycline or in the presence of different

concentrations of tetracycline.
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4.4 Discussion

In this chapter, we have demonstrated that the tetCAR architecture functions with
different binding domains. After confirming the responsiveness to tetracycline and
antigen-specific 1L-2 release of the initial CD33-targeting version of the tetCAR
construct in BW5 murine T-cells, we demonstrated that expression of the same CD33-
targeting tetCAR in therapeutically relevant T-cells leads to the loss of functional
activity. A possible explanation for this is the potential unstable anti-CD33 scFv,
suggesting that stabilization of the binding domains is required to allow full activity.
Consequently, we explored replacing the anti-CD33 scFv by an optimised anti-CD19
scFv called FMC63 [106].

After reconstructing the system, we demonstrated that the CD19-targeting version of the
tetCAR construct functions in both primary human T-cells and BW5 murine T-cells.
Testing of this new tetCAR, in therapeutically relevant T-cells, showed good function
and responsiveness to tetracycline but lower cytokine secretion in the absence of
tetracycline compared with the conventional CAR, thus suggesting a reduced activation

maximum.

As a consequence of these findings, further investigations into the optimal configuration

of tetCAR are crucial, and so will be discussed in Chapters 5 and 6.
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CHAPTER 5
EFFECT OF SPLITTING
CO-STIMULATION
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5.1 Function of alternative implementations of the tetCAR construct in

primary human T-cells

In addition to testing the effect of alternative antigen-binding domains on the tetCAR
function, it was of interest to further investigate the impact of other alternative
implementations of the tetCAR, such as splitting co-stimulation. To achieve this, we
successfully constructed a second and third-generation alternative implementation of the
tetCAR (Figure 20 and Figure 21, respectively). This alternative implementation
consisted of a single CAR which is expressed with multiple signalling components all
of which comprise of TiP at their amino-terminus but a different individual signalling
domain, in contrast to a compound signalling domain. In the case of the second-
generation tetCAR, the two different signalling domains comprise of a fusion between
TiP and the CD28 endodomain and a fusion between TiP and the CD3-Zeta
endodomain (Figure 20a). In the case of the third-generation tetCAR, an additional
signalling domain, a fusion between TiP and the OX40 endodomain, is present (Figure
21a). In order to test this, we expressed the two CD19-targeting tetCARS in primary
human T-cells and examined the production of the cytokine IFN-y. These experiments,

including the one presented in Figure 19, were carried out in parallel.

Firstly, we analysed the transduction efficiency of the primary human T-cells by flow
cytometry. As shown in Figures 20b and 21b, both CD19-targeting tetCARs could be
detected at the cell surface, thus indicating that these constructs were both expressed
and trafficked correctly to the plasma membrane. Cell surface expression of the
defective tetCARs and conventional CARs was also detected. In order to test the
function of both CD19-targeting tetCAR constructs in primary human T-cells, we co-
cultured primary human T-cells expressing each of the tetCARs with wild-type SupT1
cells or SupT1 cells engineered to express CD19 at a 1:1 T-cell:target cell ratio in the
absence of tetracycline or in the presence of different concentrations of tetracycline
(Figures 20d and 21c). Primary human T-cells expressing the defective tetCARs
(Figures 20e and 21d) and primary human T-cells expressing the conventional CARs
(Figures 20f and 21e) were also tested. Furthermore, T-cells from the same donor that
had not undergone gene transfer (designated non-transduced T-cells) were set up to

serve as an additional control (Figures 20g and 21f).
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After an overnight incubation, supernatant samples were removed and assayed for the
presence of IFN-y. Subsequent investigations into the release of IFN-y showed that
tetracycline decreases human T-cell IFN-y secretion and hence activation in a dose
dependent manner. The experiments were carried out using 3 nM, 25 nM and 1600 nM
as tetracycline concentrations. Both conventional CARs led to consistent secretion of
IFN-y by primary human T-cells in all tetracycline concentrations (Figures 20f and
21e). As expected, minimal IFN-y secretion by defective tetCAR T-cells was detected
on either SupT1 CD19 or SupT1 NT cells (Figures 20e and 21d). Similar results were
observed with the non-transduced T-cells (Figures 20g and 21f). In both tetracycline
inducible CARs (also known as tetCARs), the amount of secreted IFN-y was found to
decrease with increasing concentrations of tetracycline (Figures 20d and 21c). In the
absence of tetracycline, IFN-y secretion by the second-generation tetCAR T-cells was
slightly higher to that seen with the third-generation tetCAR T-cells. In the presence of
1600 nM tetracycline, minimal IFN-y secretion by both tetCAR T-cells was detected on
either SupT1 CD19 or SupT1 NT cells. PMA and ionomycin stimulated primary human

T-cells showed the highest levels of IFN-y secretion.

These findings confirm that other alternative implementations of the tetCAR are also
functional and capable of activating primary human T-cells.
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Figure 20

(a) Second-generation CD19-targeting tetCAR (with ‘split’ endodomain):

\
- anti-CD19 FMC63 scFv
| > Targeting
component
- HCH2CH3pvaa spacer
~
- CD4 transmembrane
- TetR
’ Signalling
component
iP \TiP
CD28 D
CD3-Zeta
@A
linker
TiP. |
@A | HCH2CH3pvaa spacer domain
“"I"“ (CD4 transmembrane domain)
linker \ “-“|
Ageﬂ | ".“ IinkeW (linker MIul
L ] ‘ | |
I 2000! 1 40007 60007 80001 1
o e e e P e —

TiP

anti-CD19 heavy chain

ant

i-CD19 light chain

Ampicillin resistance gene  Bacterial origin of replication

Figure 20. Function of a second-generation alternative implementation of the

tetCAR construct in primary human T-cells. (a) Schematic diagram illustrating the

second-generation alternative implementation of the tetCAR (top). A single CAR is

expressed with multiple signalling components all of which comprise of TiP (dark blue)

at their amino-terminus but a different individual signalling domain, in contrast to a

compound signalling domain. The two different signalling domains comprise of a

fusion between TiP and the CD28 endodomain (diagonal stripes) and a fusion between

TiP and the CD3-Zeta endodomain (light green). These randomly interact with the
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receptor component, which comprises of a CD19 recognizing scFv (blue), a spacer
derived from the Fc domain of 1gG1l (red), a CD4 derived transmembrane and
intracellular domain (purple), and TetR (light blue). Additionally, the plasmid map of
the second-generation CD19-targeting tetCAR (with ‘split’ endodomain) is also shown
(bottom).
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(b) Expression levels of CARs in primary human T-cells. Cells engineered with
retroviral constructs encoding CAR molecules were analysed by flow cytometry.
Expression of the tetCAR at the surface of primary human T-cells was compared with
the expression of defective tetCAR (with absent TiP domain) and conventional CAR.
The CARs were detected with an anti-human IgG antibody. Staining was compared

against NT T-cells stained using the same antibody.
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efficiency of T-cells. Gating strategy used to identify singlet (top left), viable (top right)
T-cell populations. CAR™ T-cells were gated with reference to non-transduced control

T-cells (bottom).
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(c) NT SupT1 cells CD19*SupT1 cells
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(c) Level of CD19 expression on target cell surface. SupT1 cells were used as target
cells in co-culture assays. Non-transduced SupT1 were transduced to stably express
CD19. The cells were investigated for the presence of CD19 using flow cytometry. The
expression of CD19 was detected using an anti-human CD19 antibody. The level of
CD19 expression was compared with that displayed by the NT SupT1 cells stained with
the same antibody.
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Gating strategy used to quantify antigen expression on target cells. Representative flow
cytometry plots illustrating the gating strategy for assessment of the levels of antigen
expression on target cell surface. Gating strategy used to identify singlet (top left),
viable (top right) target cell populations. Antigen* target cells were gated with reference

to non-transduced control target cells (bottom).
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(d) Response of tetCAR to tetracycline and antigen stimulation. Primary human T-cells
expressing the tetCAR were challenged with wild-type SupT1 cells or SupT1 cells
engineered to express CD19 at a 1:1 T-cell:target cell ratio in the absence of tetracycline
or in the presence of different concentrations of tetracycline. Production of IFN-y after
an overnight incubation was quantified by ELISA; n = 3 independent experiments from

separate donors, error bars denote SD.
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(e) Primary human T-cells expressing the defective tetCAR, (f) primary human T-cells
expressing the conventional CAR and (g) non-transduced T-cells were also challenged
with wild-type SupT1 cells or SupT1 cells engineered to express CD19 at a 1:1 T-

cell:target cell ratio in the absence of tetracycline or in the presence of different

concentrations of tetracycline.
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Figure 21

(a) Third-generation CD19-targeting tetCAR (with ‘split’ endodomain):
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Figure 21. Function of a third-generation alternative implementation of the
tetCAR construct in primary human T-cells. (a) Schematic diagram illustrating the
third-generation alternative implementation of the tetCAR (top). A single CAR is
expressed with multiple signalling components all of which comprise of TiP (dark blue)
at their amino-terminus but a different individual signalling domain, in contrast to a
compound signalling domain. The three different signalling domains comprise of a
fusion between TiP and the CD28 endodomain (diagonal stripes), a fusion between TiP
and the OX40 endodomain (large confetti) and a fusion between TiP and the CD3-Zeta
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endodomain (light green). These randomly interact with the receptor component, which
comprises of a CD19 recognizing scFv (blue), a spacer derived from the Fc domain of
IgG1 (red), a CD4 derived transmembrane and intracellular domain (purple), and TetR
(light blue). Additionally, the plasmid map of the third-generation CD19-targeting
tetCAR (with ‘split’ endodomain) is also shown (bottom).
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(b) Expression levels of CARs in primary human T-cells. Cells engineered with
retroviral constructs encoding CAR molecules were analysed by flow cytometry.
Expression of the tetCAR at the surface of primary human T-cells was compared with
the expression of defective tetCAR (with absent TiP domain) and conventional CAR.
The CARs were detected with an anti-human 1gG antibody. Staining was compared

against NT T-cells stained using the same antibody.
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cytometry plots illustrating the gating strategy for assessment of CAR transduction
efficiency of T-cells. Gating strategy used to identify singlet (top left), viable (top right)
T-cell populations. CAR™ T-cells were gated with reference to non-transduced control

T-cells (bottom).
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(c) Response of tetCAR to tetracycline and antigen stimulation. Primary human T-cells
expressing the tetCAR were challenged with wild-type SupT1 cells or SupT1 cells
engineered to express CD19 at a 1:1 T-cell:target cell ratio in the absence of tetracycline
or in the presence of different concentrations of tetracycline. Production of IFN-y after
an overnight incubation was quantified by ELISA; n = 3 independent experiments from

separate donors, error bars denote SD.
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(d) Primary human T-cells expressing the defective tetCAR, (e) primary human T-cells
expressing the conventional CAR and (f) non-transduced T-cells were also challenged
with wild-type SupT1 cells or SupT1 cells engineered to express CD19 at a 1:1 T-

cell:target cell ratio in the absence of tetracycline or in the presence of different

concentrations of tetracycline.
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5.2 Cytotoxicity activity mediated by tetCAR constructs with different

types of endodomain in primary human T-cells

A major purpose of CARs is to redirect primary human T-cell cytotoxicity selectively
towards target cells expressing antigens of interest. Therefore, to test whether the above
alternative implementation of the tetCAR would function better than the conventional
single signalling component tetCAR, we next determined their ability to kill target cells.
As the above data showed no significant difference between the second and third-
generation tetCARs, it was decided to use the second-generation tetCAR on this
experiment. We therefore compared two different second-generation tetCAR constructs.
One, a single CAR which is expressed with multiple signalling components all of which
comprise of TiP at their amino-terminus but a different individual signalling domain
(Figure 22a). The other, a single CAR which is expressed with only one signalling
component (Figure 22b). In order to test cell killing, we expressed the two CD19-
targeting tetCARs in primary human T-cells and performed a flow cytometry-based
cell-killing assay.

Firstly, we analysed the transduction efficiency of the primary human T-cells by flow
cytometry. As shown in Figure 22¢, both tetCARs (named ‘Split’ tetCAR and ‘Non-
split’ tetCAR) could be detected at the cell surface, thus indicating that these constructs
were both expressed and trafficked correctly to the plasma membrane. Cell surface
expression of the defective tetCARs and conventional CAR was also detected. Primary
human T-cells expressing the tetCARs were co-cultured with SupT1 cells engineered to
express CD19 at a 4:1 T-cell:target cell ratio in the absence of tetracycline or in the
presence of 1600 nM tetracycline. Primary human T-cells expressing the conventional
CAR were also tested. Furthermore, T-cells from the same donor that had not
undergone gene transfer (designated non-transduced T-cells) were set up to serve as an

additional control.

After incubation for a designated period of time, surviving target cells were quantified
by flow cytometry. A low percentage for survival of CD19" SupT1 cells indicates a
high degree of specific target cell killing by CAR T-cells. In the 72-hour end-point

experiment, no cell killing mediated by ‘Split’ tetCAR T-cells was observed on either
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absence or presence of tetracycline (Figure 22d). Similar results were observed with the
non-transduced T-cells. On the other hand, slight killing of the CD19" target cells by
‘Non-split” tetCAR T-cells was observed when in the absence of tetracycline. T-cells
expressing the conventional CAR induced an efficient target cell killing on either
absence or presence of tetracycline. With an extra 24 hours incubation (96-hour end-
point experiment), target cell killing mediated by ‘Split’ tetCAR T-cells was detectable
(Figure 22¢). However, it was the ‘Non-split’ tetCAR T-cells that showed the highest
degree of target cell killing between the two. In the presence of 1600 nM tetracycline,
both tetCARs were completely switched off. A minimal survival of CD19* target cells
was observed with the conventional CAR T-cells on either absence or presence of

tetracycline.

Taken together, these data show that the ‘Non-split’ tetCAR T-cells present an
increased ability to kill target cells when compared to the ‘Split’ tetCAR T-cells.
However, even the degree of targeted cell killing by ‘Non-split” tetCAR T-cells in the
absence of tetracycline did not match the level observed with the conventional CAR T-

cells.
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Figure 22

(a) Second-generation CD19-targeting tetCAR (with ‘split’ endodomain):
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Figure 22. Cytotoxicity activity mediated by tetCAR constructs with different types of

endodomain in primary human T-cells. (a) Schematic diagram illustrating the second-

generation tetCAR with ‘split” endodomain (top). A single CAR is expressed with multiple

signalling components all of which comprise of TiP (dark blue) at their amino-terminus but

a different individual signalling domain. The two different signalling domains comprise of a

fusion between TiP and the CD28 endodomain (diagonal stripes) and a fusion between TiP

and the CD3-Zeta endodomain (light green). These randomly interact with the receptor

component, which comprises of a CD19 recognizing scFv (blue), a spacer derived from the

Fc domain of IgG1 (red), a CD4 derived transmembrane and intracellular domain (purple),
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and TetR (light blue). Additionally, the plasmid map of the second-generation CD19-

targeting tetCAR (with ‘split’ endodomain) is also shown (bottom).

(b) Second-generation CD19-targeting tetCAR (with ‘non-split’ endodomain):
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(b) Schematic diagram illustrating the second-generation tetCAR with ‘non-split’

endodomain (top). A single CAR is expressed with only one signalling component which
comprises of TiP (dark blue) fused to the CD28 (diagonal stripes) and CD3-Zeta (light

green) endodomain. The receptor component comprises of a CD19 recognizing scFv (blue),

a spacer derived from the Fc domain of IgG1 (red), a CD4 derived transmembrane and

intracellular domain (purple), and TetR (light blue). Additionally, the plasmid map of the

second-generation CD19-targeting tetCAR (with ‘non-split’ endodomain) is also shown

(bottom).
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(c) Primary human T-cells:
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(c) Expression levels of CARs in primary human T-cells. Cells engineered with

retroviral constructs encoding CAR molecules were analysed by flow cytometry.

Expression of each tetCAR at the surface of primary human T-cells was compared with

the expression of their respective defective tetCAR (with absent TiP domain) and

conventional CAR. The CARs were detected with an anti-human 1gG antibody. Staining

was compared against NT T-cells stained using the same antibody.
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Gating strategy used to verify CAR expression on T-cells. Representative flow

cytometry plots illustrating the gating strategy for assessment of CAR transduction
efficiency of T-cells. Gating strategy used to identify singlet (top left), viable (top right)

T-cell populations. CAR™ T-cells were gated with reference to non-transduced control

T-cells (bottom).
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(d) Cytotoxicity activity mediated by tetCARs in a 72-hour and (e) in a 96-hour end-
point experiment. Primary human T-cells expressing the tetCARs were challenged with
SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio in the absence
of tetracycline or in the presence of 1600 nM tetracycline. Primary human T-cells
expressing the conventional CAR and non-transduced T-cells were set-up to serve as
control. A low percentage for survival of CD19* SupT1 cells indicates a high degree of
specific target cell killing by CAR T-cells; n = 2 independent experiments from separate

donors, error bars denote SD.
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5.3 Discussion

In this chapter, we have demonstrated that other alternative implementations of the
tetCAR are also functional in therapeutically relevant T-cells. Our goal was to find a
configuration of tetCAR that would strongly impair its activity when in the presence of
the small molecule but still allow for strong antigen-induced signalling, comparable to
that achieved by the conventional single-component receptor, when the two components
are assembled. Here, we performed an initial set of experiments to explore the optimal
configuration of tetCAR by altering the second component of the bicistronic vector, also
known as signalling component. These changes led to the design of a single CAR which
is expressed with multiple signalling components all of which comprise of TiP at their
amino-terminus but a different individual signalling domain, in contrast to a compound
signalling domain. As the TiP domains are identical, each signalling component should
be recruited equally to the antigen recognition component and the CAR should transmit
an equal CD28, OX40 and CD3-Zeta signal in the absence of tetracycline and upon
recognition of the cognate antigen. We hypothesised that lack of steric interaction
between the different signalling domains and their second messengers might improve

their function.

Unfortunately, whilst the alternative implementations of the tetCAR were functional
and capable of activating therapeutically relevant T-cells, there was no evidence of
improved functional activity when compared to the compound signalling domain. These
results have in fact demonstrated that the ‘Split’ tetCAR T-cells present a reduced

cytotoxic capacity compared with the ‘Non-split” tetCAR T-cells.

In addition, testing of the ‘Non-split’ tetCAR showed good cytotoxic activity and
responsiveness to tetracycline but a lower degree of target cell killing in the absence of
tetracycline compared with the conventional CAR, thus suggesting a reduced activation
maximum. Consequently, we decided to further investigate the optimal configuration of
tetCAR, which will be discussed in the following chapter.
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CHAPTER 6
IDENTIFICATION OF THE
MOST PROMISING SECOND-
GENERATION CONSTRUCTS
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6.1 Cytotoxicity activity mediated by tetCAR constructs with different

components in primary human T-cells

As indicated by the previous results, none of the above tetCARs showed to signal as
strongly as the conventional CAR. To be considered a promising construct, the tetCAR
needs to show a great balance between the strong antigen-induced signalling
(comparable to that of the conventional CAR) and the impaired activity when in the
presence of the small molecule. To find a tetCAR design that fulfills the criteria, we
constructed and tested a group of tetCAR candidate constructs. As the above data
showed that the ‘Non-split’ tetCAR functions better than the ‘Split’ tetCAR, it was
decided to use the former as template for the design of the new group of constructs.
Overall, three major modifications were carried out: replacement of the initial CD4
derived transmembrane and intracellular domain, replacement of the initial spacer
derived from the Fc domain of IgG1l and insertion of a 4-1BB costimulatory motif
between the transmembrane domain (TM) and TetR. As a result, we successfully
constructed a second-generation tetCAR with CD8TM (Figure 23a), a second-
generation tetCAR with CD28TM (Figure 23b), a second-generation tetCAR with CD8-
a Stalk spacer domain (CD8STK) and CD8TM (Figure 23c), a second-generation
tetCAR with CD8STK and CD28TM (Figure 23d), a third-generation tetCAR with
CD8TM and 4-1BB (Figure 23e) and a third-generation tetCAR with CD28TM and 4-
1BB (Figure 23f). In order to test cell killing, we expressed the CD19-targeting tetCARS

in primary human T-cells and performed a flow cytometry-based cell-killing assay.

First, we analysed the transduction efficiency of the primary human T-cells by flow
cytometry. As shown in Figure 23g, apart from the ‘CD8TM’ tetCAR low expression,
all the other tetCARs could be detected at the cell surface, thus indicating that these
constructs were both expressed and trafficked correctly to the plasma membrane. Cell
surface expression of the conventional CAR was also detected. Primary human T-cells
expressing the tetCARs were co-cultured with wild-type SupT1 cells or SupT1 cells
engineered to express CD19 at a 4:1 T-cell:target cell ratio in the absence of tetracycline
or in the presence of 1600 nM tetracycline. Primary human T-cells expressing the

conventional CAR were also tested. Furthermore, T-cells from the same donor that had
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not undergone gene transfer (designated non-transduced T-cells) were set up to serve as

an additional control.

After incubation for 72 hours, surviving target cells were quantified by flow cytometry.
A low percentage for survival of CD19* SupT1 cells indicates a high degree of specific
target cell killing by CAR T-cells. In the 72-hour end-point experiment, almost
complete killing of the CD19" target cells was observed with both ‘CD8TM 4-1BB’
tetCAR T-cells and ‘CD28TM 4-1BB’ tetCAR T-cells on either absence or presence of
tetracycline (Figure 23i). Similar results were observed with the conventional CAR T-
cells. In the presence of 1600 nM tetracycline, both ‘CD8STK CD8TM’ tetCAR T-cells
and ‘CD8STK CD28TM’ tetCAR T-cells showed a minimal target cell killing. In the
absence of tetracycline, almost complete killing of the CD19" target cells was observed
with both ‘CD8STK CD8TM’ tetCAR T-cells and ‘CD8STK CD28TM’ tetCAR T-
cells. A minimal cell killing mediated by non-transduced T-cells was observed on either
absence or presence of tetracycline. As expected, minimal killing of the NT target cells

was observed (Figure 23j).

In summary, we found two promising tetCAR constructs, the ‘CD8STK CD8TM’
tetCAR and the ‘CD8STK CD28TM’ tetCAR.
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Figure 23

(a) Second-generation CD19-targeting tetCAR (with CD8TM):
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Figure 23. Cytotoxicity activity mediated by tetCAR constructs with different
components in primary human T-cells. (a) Schematic diagram illustrating a second-
generation tetCAR with CD8TM as transmembrane domain instead of the initial CD4
derived transmembrane and intracellular domain (top). A single CAR is expressed with only
one signalling component which comprises of TiP (dark blue) fused to the CD28 (diagonal
stripes) and CD3-Zeta (light green) endodomain. The receptor component comprises of a
CD19 recognizing scFv (blue), a spacer derived from the Fc domain of IgG1 (red), a CD8
transmembrane domain (purple), and TetR (light blue). Additionally, the plasmid map of
the second-generation CD19-targeting tetCAR (with CD8TM) is also shown (bottom).
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(b) Second-generation CD19-targeting tetCAR (with CD28TM):
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(b) Schematic diagram illustrating a second-generation tetCAR with CD28TM as
transmembrane domain instead of the initial CD4 derived transmembrane and
intracellular domain (top). A single CAR is expressed with only one signalling
component which comprises of TiP (dark blue) fused to the CD28 (diagonal stripes) and
CD3-Zeta (light green) endodomain. The receptor component comprises of a CD19
recognizing scFv (blue), a spacer derived from the Fc domain of IgG1 (red), a CD28
transmembrane domain (purple), and TetR (light blue). Additionally, the plasmid map
of the second-generation CD19-targeting tetCAR (with CD28TM) is also shown
(bottom).
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(c) Second-generation CD19-targeting tetCAR (with CD8STK CD8TM):
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(c) Schematic diagram illustrating a second-generation tetCAR with CD8STK as spacer
domain instead of the initial spacer derived from the Fc domain of IgG1l and with
CD8TM as transmembrane domain instead of the initial CD4 derived transmembrane
and intracellular domain (top). A single CAR is expressed with only one signalling
component which comprises of TiP (dark blue) fused to the CD28 (diagonal stripes) and
CD3-Zeta (light green) endodomain. The receptor component comprises of a CD19
recognizing scFv (blue), a CD8-a Stalk spacer domain (red), a CD8 transmembrane
domain (purple), and TetR (light blue). Additionally, the plasmid map of the second-
generation CD19-targeting tetCAR (with CD8STK CD8TM) is also shown (bottom).

143



(d) Second-generation CD19-targeting tetCAR (with CD8STK CD28TM):
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(d) Schematic diagram illustrating a second-generation tetCAR with CD8STK as spacer
domain instead of the initial spacer derived from the Fc domain of IgG1l and with
CD28TM as transmembrane domain instead of the initial CD4 derived transmembrane
and intracellular domain (top). A single CAR is expressed with only one signalling
component which comprises of TiP (dark blue) fused to the CD28 (diagonal stripes) and
CD3-Zeta (light green) endodomain. The receptor component comprises of a CD19
recognizing scFv (blue), a CD8-a Stalk spacer domain (red), a CD28 transmembrane
domain (purple), and TetR (light blue). Additionally, the plasmid map of the second-
generation CD19-targeting tetCAR (with CD8STK CD28TM) is also shown (bottom).
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(e) Third-generation CD19-targeting tetCAR (with CD8TM 4-1BB):
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(e) Schematic diagram illustrating a third-generation tetCAR with CD8TM as
transmembrane domain instead of the initial CD4 derived transmembrane and
intracellular domain (top). A 4-1BB costimulatory motif was inserted between the
CD8TM and TetR. A single CAR is expressed with a signalling component which
comprises of TiP (dark blue) fused to the CD28 (diagonal stripes) and CD3-Zeta (light
green) endodomain. The receptor component comprises of a CD19 recognizing scFv
(blue), a spacer derived from the Fc domain of IgGl (red), a CD8 transmembrane
domain (purple), a 4-1BB costimulatory motif (small confetti), and TetR (light blue).
Additionally, the plasmid map of the third-generation CD19-targeting tetCAR (with
CD8TM 4-1BB) is also shown (bottom).
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(f) Third-generation CD19-targeting tetCAR (with CD28TM 4-1BB):
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(f) Schematic diagram illustrating a third-generation tetCAR with CD28TM as
transmembrane domain instead of the initial CD4 derived transmembrane and
intracellular domain (top). A 4-1BB costimulatory motif was inserted between the
CD28TM and TetR. A single CAR is expressed with a signalling component which
comprises of TiP (dark blue) fused to the CD28 (diagonal stripes) and CD3-Zeta (light
green) endodomain. The receptor component comprises of a CD19 recognizing scFv
(blue), a spacer derived from the Fc domain of IgG1 (red), a CD28 transmembrane
domain (purple), a 4-1BB costimulatory motif (small confetti), and TetR (light blue).
Additionally, the plasmid map of the third-generation CD19-targeting tetCAR (with
CD28TM 4-1BB) is also shown (bottom).
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(g) Primary human T-cells:

(g) Expression levels of CARs in primary human T-cells. Cells engineered with

retroviral constructs encoding CAR molecules were analysed by flow cytometry.

Expression of the tetCARs at the surface of primary human T-cells was compared with

the expression of conventional CAR. The CARs were detected with soluble CD19 fused

to rabbit 1gG followed by a directly conjugated anti-Rabbit 1gG antibody. Staining was

compared against NT T-cells stained using the same antibodies.
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on T-cells. Representative flow

cytometry plots illustrating the gating strategy for assessment of CAR transduction
efficiency of T-cells. Gating strategy used to identify singlet (top left), viable (top right)
T-cell populations. CAR™ T-cells were gated with reference to non-transduced control

T-cells (bottom).
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(h) Level of CD19 expression on target cell surface. SupT1 cells were used as target
cells in co-culture assays. Non-transduced SupT1 were transduced to stably express
CD19. The cells were investigated for the presence of CD19 using flow cytometry. The
expression of CD19 was detected using an anti-human CD19 antibody. The level of
CD19 expression was compared with that displayed by the NT SupT1 cells stained with

the same antibody.
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cytometry plots illustrating the gating strategy for assessment of the levels of antigen
expression on target cell surface. Gating strategy used to identify singlet (top left),
viable (top right) target cell populations. Antigen* target cells were gated with reference

to non-transduced control target cells (bottom).
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(i) and (j) Cytotoxicity activity mediated by tetCARS in a 72-hour end-point experiment.
Primary human T-cells expressing the tetCARs were challenged with (i) SupT1 cells
engineered to express CD19 or (j) wild-type SupT1 cells at a 4:1 T-cell:target cell ratio
in the absence of tetracycline or in the presence of 1600 nM tetracycline. Primary
human T-cells expressing the conventional CAR and non-transduced T-cells were set-
up to serve as control. A low percentage for survival of CD19* SupT1 cells indicates a
high degree of specific target cell killing by CAR T-cells; n = 3 independent

experiments from separate donors, error bars denote SD.
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6.2 Cytokine production by primary tetCAR T-cells

To further assess the function of our group of tetCAR candidate constructs, we also

examined the production of the cytokine IFN-y.

In order to test the function of the CD19-targeting tetCARs in primary human T-cells,
we co-cultured primary human T-cells expressing the tetCARs with wild-type SupT1
cells or SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio in the
absence of tetracycline or in the presence of 1600 nM tetracycline. Primary human T-
cells expressing the conventional CAR were also tested. Furthermore, T-cells from the
same donor that had not undergone gene transfer (designated non-transduced T-cells)

were set up to serve as an additional control.

After an overnight incubation, supernatant samples were removed and assayed for the
presence of IFN-y. Subsequent investigations into the release of IFN-y showed that
tetracycline decreases human T-cell IFN-y secretion and hence activation. When co-
cultured with CD19" target cells, the conventional CAR led to consistent secretion of
IFN-y by primary human T-cells on either absence or presence of tetracycline (Figure
24a). As expected, no IFN-y secretion by non-transduced T-cells was detected on either
absence or presence of tetracycline. When co-cultured with CD19" target cells, all
tetCARs led to consistent secretion of IFN-y by primary human T-cells in the absence of
tetracycline. In the presence of 1600 nM tetracycline, all tetCAR T-cells showed no
IFN-y secretion. As expected, no IFN-y secretion was observed in the presence of NT

target cells (Figure 24b).

These findings confirm that the ‘CDS8STK CD8TM’ tetCAR and the ‘CD8STK
CD28TM’ tetCAR are promising tetCAR constructs.
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Figure 24
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Figure 24. Cytokine production by primary tetCAR T-cells. Primary human T-cells
expressing the tetCARs were challenged with (a) SupT1 cells engineered to express
CD19 or (b) wild-type SupT1 cells at a 4:1 T-cell:target cell ratio in the absence of

tetracycline or in the presence of 1600 nM tetracycline. Primary human T-cells

expressing the conventional CAR and non-transduced T-cells were set-up to serve as

control. Production of IFN-y after an overnight incubation was quantified by ELISA; n

= 3 independent experiments from separate donors, error bars denote SD.
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6.3 Discussion

In this chapter, we have demonstrated successful generation of two promising tetCAR
constructs. In the pursuit of finding the optimal configuration of tetCAR, we performed
a new set of experiments focussed on altering the first component of the bicistronic
vector, also known as antigen recognition component, in contrast to the previous
chapter where changes to the signalling component were explored. Overall, three
different parts of the tetCAR platform were investigated. Those parts were the
transmembrane domain (TM), the spacer domain and the linker between the TM domain
and TetR. First, we compared the influence of different transmembrane domains in the
antigen recognition component by designing constructs that included the CD8TM or the
CD28TM. These are the TM domains most frequently used in CARs [107]. Second, we
designed constructs that included the CD8-a Stalk, a spacer commonly employed in
CARs, instead of the other commonly used spacer derived from the Fc domain of IgG1
[106]. Overall, a good spacer domain should be able to project the antigen recognition
domain away from the membrane and allow it to have the flexibility to bind the target
antigen. Third, we investigated the effect of altering the linker fusing the
transmembrane domain to TetR by inserting a 4-1BB costimulatory domain between the
TM domain and TetR. In addition to increase the length of the linker, this insertion also

added a costimulatory signal out of the small molecule control.

After successfully constructing all the different variants of the CD19-targeting tetCAR,
we demonstrated transduction of primary human T-cells. Both ‘CD8TM’ tetCAR and
‘CD28TM’ tetCAR showed a lower expression on the cell surface compared with all the
other tetCAR variants. An explanation for the reduced expression is the potential
decrease of the CAR protein stability.

In the cytotoxicity experiments, testing of the two tetCAR constructs comprising a 4-
1BB costimulatory motif between the transmembrane domain and TetR showed a strong
cytotoxicity activity either in the absence or presence of tetracycline, suggesting that
addition of small molecule did not inhibit the system. On the other hand, both
‘CD8STK CD8TM’ tetCAR and ‘CD8STK CD28TM’ tetCAR showed not only a

strong cytotoxicity activity in the absence of tetracycline but also responsiveness to the
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small molecule. These results have in fact demonstrated that we found two promising
tetCAR constructs, with both ‘CD8STK CDSTM’ tetCAR and ‘CD8STK CD28TM’
tetCAR showing the strongly impaired activity when in the presence of the small
molecule and the strong antigen-induced signalling, comparable to that achieved by the

conventional single-component receptor, when the two components are assembled.

In addition, we performed cytokine production experiments to further investigate the
function of the different variants of the CD19-targeting tetCAR. In contrast to the
results achieved with the cytotoxicity experiments, both ‘CD8TM 4-1BB’ tetCAR and
‘CD28TM 4-1BB’ tetCAR showed responsiveness to tetracycline as addition of the
small molecule resulted in undetectable levels of cytokine production. A possible
explanation for the difference observed between the two sets of experiments is the fast
target cell killing when compared to the slower cytokine production, suggesting that the
small molecule does not have enough time to act and prevent cell killing [108, 109].
Another interesting observation made in this chapter was that inclusion of the 4-1BB
costimulatory domain between the TM domain and TetR seems to be associated with an
increase in cytokine production, suggesting that costimulatory domains can be

incorporated in the membrane-bound moiety of the tetCAR to enhance responses [110].
Having successfully identified two promising tetCAR constructs, the next phase of the

project was to perform a complete in vitro test of the tetCAR system, which will be

discussed in the following chapter.
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CHAPTER 7

IN VITRO TESTING OF THE
MOST PROMISING SECOND-
GENERATION CONSTRUCTS
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7.1 Tunable control of tetCAR T-cell activity by administration of a

small molecule

7.1.1 Use of Tetracycline as small molecule

After finding two promising tetCAR constructs, the overall aim was to perform a
complete in vitro test of the tetCAR system. From previous experiments, we had known
that the initial tetCAR constructs allowed for effective tunable control over BW5
murine T-cell activity. In order to further validate the tunability of the system, it was

decided to test the two most promising tetCAR constructs in primary human T-cells.

7.1.1.1 Interferon-y release assay

Firstly, we analysed the transduction efficiency of the primary human T-cells by flow
cytometry. As shown in Figure 25c¢, both tetCARs could be detected at the cell surface,
thus indicating that these constructs were both expressed and trafficked correctly to the
plasma membrane. Cell surface expression of the conventional CAR was also detected.
Primary human T-cells expressing the tetCARs were co-cultured with SupT1 cells
engineered to express CD19 at a 4:1 T-cell:target cell ratio in the absence of tetracycline
or in the presence of increasing concentrations of tetracycline. Primary human T-cells
expressing the conventional CAR were also tested. Furthermore, T-cells from the same
donor that had not undergone gene transfer (designated non-transduced T-cells) were set
up to serve as an additional control. After an overnight incubation, supernatant samples
were removed and assayed for the presence of IFN-y. Subsequent investigations into the
release of IFN-y showed that tetracycline decreases human T-cell IFN-y secretion and
hence activation in a dose dependent manner. The experiment was carried out using
concentrations of tetracycline ranging from 0 to 1600 nM. In this experiment
tetracycline was serially diluted at 1 in 2 ratio starting from 1600 nM.

The conventional CAR, which was used as a positive control, led to consistent secretion
of IFN-y by primary human T-cells in all tetracycline concentrations (Figure 25g). As
expected, no significant IFN-y secretion by non-transduced T-cells was detected on

either absence or presence of tetracycline (Figure 25h). In both tetracycline inducible
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CARs, the amount of secreted IFN-y was found to decrease with increasing
concentrations of tetracycline (Figures 25e and 25f). In the absence of tetracycline, IFN-
y secretion was lower to that seen with the positive control. In the presence of 200 nM
tetracycline, the ‘CD8STK CD8TM’ tetCAR T-cells showed minimal IFN-y secretion.
From 400 nM to 1600 nM, no significant IFN-y secretion by tetCAR T-cells was
detected (Figure 25e). The ‘CD8STK CD28TM’ tetCAR led to minimal secretion of
IFN-y by primary human T-cells in the presence of 100 nM tetracycline. From 200 nM
to 1600 nM, no significant IFN-y secretion by tetCAR T-cells was observed (Figure
25f).

In summary, the two most promising tetCAR constructs allow for effective tunable

control over primary human T-cell activity.
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Figure 25

(a) Second-generation CD19-targeting tetCAR (with CD8STK CD8TM):
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Figure 25. Control of tetCAR T-cell activity by administration of tetracycline.
Cytokine production by primary tetCAR T-cells in the presence of CD19" target cells. (a)
Schematic diagram illustrating a second-generation tetCAR with CD8STK as spacer
domain instead of the initial spacer derived from the Fc domain of IgG1 and with CD8TM
as transmembrane domain instead of the initial CD4 derived transmembrane and
intracellular domain (top). A single CAR is expressed with only one signalling component
which comprises of TiP (dark blue) fused to the CD28 (diagonal stripes) and CD3-Zeta
(light green) endodomain. The receptor component comprises of a CD19 recognizing scFv

(blue), a CD8-a Stalk spacer domain (red), a CD8 transmembrane domain (purple), and
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TetR (light blue). Additionally, the plasmid map of the second-generation CD19-targeting
tetCAR (with CD8STK CD8TM) is also shown (bottom).

(b) Second-generation CD19-targeting tetCAR (with CD8STK CD28TM):
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(b) Schematic diagram illustrating a second-generation tetCAR with CD8STK as spacer
domain instead of the initial spacer derived from the Fc domain of IgG1 and with CD28TM
as transmembrane domain instead of the initial CD4 derived transmembrane and
intracellular domain (top). A single CAR is expressed with only one signalling component
which comprises of TiP (dark blue) fused to the CD28 (diagonal stripes) and CD3-Zeta
(light green) endodomain. The receptor component comprises of a CD19 recognizing scFv
(blue), a CD8-a Stalk spacer domain (red), a CD28 transmembrane domain (purple), and
TetR (light blue). Additionally, the plasmid map of the second-generation CD19-targeting
tetCAR (with CD8STK CD28TM) is also shown (bottom).
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(c) Primary human T-cells:
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(c) Expression levels of CARs in primary human T-cells. Cells engineered with
retroviral constructs encoding CAR molecules were analysed by flow cytometry.
Expression of the tetCARs at the surface of primary human T-cells was compared with
the expression of conventional CAR. The CARs were detected with soluble CD19 fused
to rabbit 1gG followed by a directly conjugated anti-Rabbit 1gG antibody. Staining was
compared against NT T-cells stained using the same antibodies.
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T-cell populations. CAR™ T-cells were gated with reference to non-transduced control
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(d) NT SupT1 cells CD19*SupT1 cells

T 5ot @ | Jao @ 1‘ 071 |l NT SupT1 cells
L IES o | Jo oon CD19*SupTL cells

400

300 =

PE
Count

@3 -G
0.082 Joos9

v

(d) Level of CD19 expression on target cell surface. SupT1 cells were used as target
cells in co-culture assays. Non-transduced SupT1 were transduced to stably express
CD19. The cells were investigated for the presence of CD19 using flow cytometry. The
expression of CD19 was detected using an anti-human CD19 antibody. The level of
CD19 expression was compared with that displayed by the NT SupT1 cells stained with

the same antibody.
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Gating strategy used to quantify antigen expression on target cells. Representative flow
cytometry plots illustrating the gating strategy for assessment of the levels of antigen
expression on target cell surface. Gating strategy used to identify singlet (top left),
viable (top right) target cell populations. Antigen™ target cells were gated with reference

to non-transduced control target cells (bottom).
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(e) Primary human T-cells expressing the ‘CD8STK CDS8TM’ tetCAR or (f) primary
human T-cells expressing the ‘CD8STK CD28TM’ tetCAR were challenged with

SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio in the absence

of tetracycline or in the presence of increasing concentrations of tetracycline.
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(9) Primary human T-cells expressing the conventional CAR and (h) non-transduced T-
cells were set-up to serve as control. Production of IFN-y after an overnight incubation
was quantified by ELISA; n = 3 independent experiments from separate donors, error

bars denote SD.
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7.1.1.2 Flow cytometry-based cell-killing assay

To further confirm the tunable control of tetCAR T-cell activity by administration of

tetracycline, we also performed a flow cytometry-based cell-killing assay.

The experiment was set up as described above for Figure 25. Primary human T-cells
expressing the tetCARs were co-cultured with SupT1 cells engineered to express CD19
at a 4:1 T-cell:target cell ratio in the absence of tetracycline or in the presence of
increasing concentrations of tetracycline. Primary human T-cells expressing the
conventional CAR were also tested. Furthermore, T-cells from the same donor that had
not undergone gene transfer (designated non-transduced T-cells) were set up to serve as
an additional control. After incubation for 72 hours, surviving target cells were
quantified by flow cytometry. A low percentage for survival of CD19" SupT1 cells
indicates a high degree of specific target cell killing by CAR T-cells. The experiment
was carried out using concentrations of tetracycline ranging from 0 to 1600 nM. In this

experiment tetracycline was serially diluted at 1 in 2 ratio starting from 1600 nM.

In the 72-hour end-point experiment, almost complete killing of the CD19" target cells
was observed with the ‘CD8STK CD8TM’ tetCAR T-cells between 0 and 100 nM
tetracycline (Figure 26a). Similar results were observed with the ‘CD8STK CD28TM’
tetCAR T-cells between 0 and 50 nM tetracycline (Figure 26b). From 100 nM to 1600
nM with the ‘CD8STK CD8TM’ tetCAR T-cells and from 50 nM to 1600 nM with the
‘CD8STK CD28TM’ tetCAR T-cells, the percentage for killing of CD19" SupT1 cells
was found to decrease with increasing concentrations of tetracycline (Figures 26a and
26b). In the presence of 1600 nM tetracycline, both ‘CD8STK CD8TM’ tetCAR T-cells
and ‘CD8STK CD28TM’ tetCAR T-cells showed no target cell killing. The
conventional CAR T-cells showed an almost complete killing of the CD19* target cells
in all tetracycline concentrations (Figure 26c¢). As expected, no cell killing mediated by
non-transduced T-cells was observed on either absence or presence of tetracycline
(Figure 26d).

These findings confirm the tunability of the system in therapeutically relevant T-cells

via the administration of tetracycline.
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Figure 26
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Figure 26. Control of tetCAR T-cell activity by administration of tetracycline.
Cytotoxicity activity mediated by tetCARs in a 72-hour end-point experiment. (a)
Primary human T-cells expressing the ‘CD8STK CD8TM’ tetCAR or (b) primary
human T-cells expressing the ‘CD8STK CD28TM’ tetCAR were challenged with
SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio in the absence

of tetracycline or in the presence of increasing concentrations of tetracycline.
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(c) Primary human T-cells expressing the conventional CAR and (d) non-transduced T-
cells were set-up to serve as control. A low percentage for survival of CD19" SupT1
cells indicates a high degree of specific target cell killing by CAR T-cells; n = 3

independent experiments from separate donors, error bars denote SD.
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7.1.2 Use of Doxycycline and Minocycline as alternative small molecules

As previously demonstrated in BW5 murine T-cells, the tetCAR system is more
sensitive to doxycycline and minocycline when compared to tetracycline. In order to
further investigate this, it was decided to test doxycycline and minocycline in primary
human T-cells.

7.1.2.1 Testing of drug concentrations ranging from 0 to 1600 nM

The experiments were set up as described above for Figure 25 and Figure 26. The only
modification was the small molecule used in each experiment. The experiments were
carried out using concentrations of doxycycline or minocycline ranging from 0 to 1600
nM. In these experiments small molecule was serially diluted at 1 in 2 ratio starting
from 1600 nM.

After an overnight incubation, supernatant samples were removed and assayed for the
presence of IFN-y. Subsequent investigations into the release of IFN-y showed that both
doxycycline and minocycline decrease human T-cell IFN-y secretion and hence
activation. The conventional CAR, which was used as a positive control, led to
consistent secretion of IFN-y by primary human T-cells in all doxycycline
concentrations (Figure 27c¢) and also in all minocycline concentrations (Figure 29c). As
expected, no significant IFN-y secretion by non-transduced T-cells was detected on
either doxycycline (Figure 27d) or minocycline (Figure 29d) experiments. In both
tetracycline inducible CARs, the amount of secreted IFN-y was undetectable at the
lowest concentration of doxycycline (Figures 27a and 27b) and also at the lowest
concentration of minocycline (Figures 29a and 29b). This means that above 3.125 nM
doxycycline or minocycline both tetCARs are completely switched off.

Thus, it can be concluded that a similar pattern is observed in both primary human T-

cells and BW5 murine T-cells.
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To further assess the response of tetCAR T-cell activity to tetracycline analogues, we
also performed a flow cytometry-based cell-killing assay.

After incubation for 72 hours, surviving target cells were quantified by flow cytometry.
A low percentage for survival of CD19* SupT1 cells indicates a high degree of specific
target cell killing by CAR T-cells. In the 72-hour end-point experiment, almost
complete killing of the CD19" target cells was observed with the conventional CAR T-
cells in the presence of either doxycycline (Figure 28c) or minocycline (Figure 30c). As
expected, no cell killing mediated by non-transduced T-cells was observed on either
doxycycline (Figure 28d) or minocycline (Figure 30d) experiments. In the presence of
all doxycycline (Figures 28a and 28b) and minocycline (Figures 30a and 30b)
concentrations, both tetCAR T-cells showed a lower degree of target cell killing when

compared to the presence of tetracycline.

These results confirm that the tetCAR system is more sensitive to doxycycline and

minocycline when compared to tetracycline.
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Figure 27
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Figure 27. Response of tetCAR T-cell activity to doxycycline, a tetracycline
analogue. Cytokine production by primary tetCAR T-cells in the presence of CD19*
target cells. (a) Primary human T-cells expressing the ‘CD8STK CD8TM’ tetCAR or
(b) primary human T-cells expressing the ‘CD8STK CD28TM’ tetCAR were
challenged with SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio
in the absence of doxycycline or in the presence of increasing concentrations of

doxycycline.
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(c) Primary human T-cells expressing the conventional CAR and (d) non-transduced T-
cells were set-up to serve as control. Production of IFN-y after an overnight incubation

was quantified by ELISA; n = 2 independent experiments from separate donors, error

bars denote SD.

174



Figure 28
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Figure 28. Response of tetCAR T-cell activity to doxycycline, a tetracycline
analogue. Cytotoxicity activity mediated by tetCARs in a 72-hour end-point
experiment. (a) Primary human T-cells expressing the ‘CD8STK CD8TM’ tetCAR or
(b) primary human T-cells expressing the ‘CD8STK CD28TM’ tetCAR were
challenged with SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio
in the absence of doxycycline or in the presence of increasing concentrations of

doxycycline.
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(c) Primary human T-cells expressing the conventional CAR and (d) non-transduced T-
cells were set-up to serve as control. A low percentage for survival of CD19" SupT1
cells indicates a high degree of specific target cell killing by CAR T-cells; n = 2

independent experiments from separate donors, error bars denote SD.
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Figure 29
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Figure 29. Response of tetCAR T-cell activity to minocycline, another tetracycline
analogue. Cytokine production by primary tetCAR T-cells in the presence of CD19*
target cells. (a) Primary human T-cells expressing the ‘CD8STK CD8TM’ tetCAR or
(b) primary human T-cells expressing the ‘CD8STK CD28TM’ tetCAR were
challenged with SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio
in the absence of minocycline or in the presence of increasing concentrations of

minocycline.
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(c) Primary human T-cells expressing the conventional CAR and (d) non-transduced T-
cells were set-up to serve as control. Production of IFN-y after an overnight incubation

was quantified by ELISA; n = 2 independent experiments from separate donors, error

bars denote SD.
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Figure 30
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Figure 30. Response of tetCAR T-cell activity to minocycline, another tetracycline
analogue. Cytotoxicity activity mediated by tetCARs in a 72-hour end-point
experiment. (a) Primary human T-cells expressing the ‘CD8STK CD8TM’ tetCAR or
(b) primary human T-cells expressing the ‘CD8STK CD28TM’ tetCAR were
challenged with SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio
in the absence of minocycline or in the presence of increasing concentrations of

minocycline.
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(c) Primary human T-cells expressing the conventional CAR and (d) non-transduced T-
cells were set-up to serve as control. A low percentage for survival of CD19" SupT1
cells indicates a high degree of specific target cell killing by CAR T-cells; n = 2

independent experiments from separate donors, error bars denote SD.
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7.1.2.2 Testing of drug concentrations ranging from 0 to 3.125 nM

After demonstrating that the tetCAR system is compatible with other alternative small
molecules, it was of interest to assess the titre response of the two most promising
tetCARs to doxycycline and minocycline. To achieve this, a new range of small
molecule concentrations was tested. From the previous cytokine production experiment,
we know that both tetCAR T-cells showed no IFN-y secretion at the lowest doxycycline
or minocycline concentration. Thus, it was decided to test a range of concentrations

where the 3.125 nM is our highest dose.

The experiments were set up as described above for Figure 25 and Figure 26. The only
modifications were the small molecule used in each experiment and the range of
concentrations. The experiments were carried out using concentrations of doxycycline
or minocycline ranging from 0 to 3.125 nM. In these experiments small molecule was
serially diluted at 1 in 2 ratio starting from 3.125 nM.

After an overnight incubation, supernatant samples were removed and assayed for the
presence of IFN-y. Subsequent investigations into the release of IFN-y showed that both
doxycycline and minocycline decrease human T-cell IFN-y secretion and hence
activation in a dose dependent manner. The conventional CAR, which was used as a
positive control, led to consistent secretion of IFN-y by primary human T-cells in all
doxycycline concentrations (Figure 31c) and also in all minocycline concentrations
(Figure 33c). As expected, minimal IFN-y secretion by non-transduced T-cells was
detected on either doxycycline (Figure 31d) or minocycline (Figure 33d) experiments.
In both tetracycline inducible CARs, the amount of secreted IFN-y was found to
decrease with increasing concentrations of doxycycline (Figures 31a and 31b) and also
with increasing concentrations of minocycline (Figures 33a and 33b).

These data show that both tetCAR constructs allow for effective tunable control over T-

cell activity via the administration of tetracycline analogues.
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To further validate the titratable response of the two most promising tetCARs to
doxycycline and minocycline, we also performed a flow cytometry-based cell-killing
assay.

After incubation for 72 hours, surviving target cells were quantified by flow cytometry.
A low percentage for survival of CD19* SupT1 cells indicates a high degree of specific
target cell killing by CAR T-cells. In the 72-hour end-point experiment, almost
complete killing of the CD19" target cells was observed with the conventional CAR T-
cells in the presence of either doxycycline (Figure 32c) or minocycline (Figure 34c). As
expected, no cell killing mediated by non-transduced T-cells was observed on either
doxycycline (Figure 32d) or minocycline (Figure 34d) experiments. In both tetracycline
inducible CARs, the percentage for killing of CD19" SupT1 cells was found to decrease
with increasing concentrations of doxycycline (Figures 32a and 32b) and also with

increasing concentrations of minocycline (Figures 34a and 34b).

Taken together, these findings confirm the tunability of the system in therapeutically

relevant T-cells via the administration of alternative small molecules.
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Figure 31
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Figure 31. Control of tetCAR T-cell activity by administration of doxycycline, a
tetracycline analogue. Cytokine production by primary tetCAR T-cells in the presence
of CD19" target cells. (a) Primary human T-cells expressing the ‘CD8STK CDS8TM’
tetCAR or (b) primary human T-cells expressing the ‘CD8STK CD28TM’ tetCAR were
challenged with SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio
in the absence of doxycycline or in the presence of increasing concentrations of
doxycycline.
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(c) Primary human T-cells expressing the conventional CAR and (d) non-transduced T-
cells were set-up to serve as control. Production of IFN-y after an overnight incubation

was quantified by ELISA; n = 2 independent experiments from separate donors, error

bars denote SD.
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Figure 32
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Figure 32. Control of tetCAR T-cell activity by administration of doxycycline, a
tetracycline analogue. Cytotoxicity activity mediated by tetCARs in a 72-hour end-
point experiment. (a) Primary human T-cells expressing the ‘CDS8STK CD8TM’
tetCAR or (b) primary human T-cells expressing the ‘CD8STK CD28TM’ tetCAR were
challenged with SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio
in the absence of doxycycline or in the presence of increasing concentrations of

doxycycline.
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(c) Primary human T-cells expressing the conventional CAR and (d) non-transduced T-
cells were set-up to serve as control. A low percentage for survival of CD19" SupT1
cells indicates a high degree of specific target cell killing by CAR T-cells; n = 2

independent experiments from separate donors, error bars denote SD.
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Figure 33
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Figure 33. Control of tetCAR T-cell activity by administration of minocycline,
another tetracycline analogue. Cytokine production by primary tetCAR T-cells in the
presence of CD19" target cells. (a) Primary human T-cells expressing the ‘CD8STK
CDSTM’ tetCAR or (b) primary human T-cells expressing the ‘CD8STK CD28TM’
tetCAR were challenged with SupT1 cells engineered to express CD19 at a 4:1 T-
cell:target cell ratio in the absence of minocycline or in the presence of increasing

concentrations of minocycline.
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(c) Primary human T-cells expressing the conventional CAR and (d) non-transduced T-
cells were set-up to serve as control. Production of IFN-y after an overnight incubation
was quantified by ELISA; n = 2 independent experiments from separate donors, error

bars denote SD.
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Figure 34
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Figure 34. Control of tetCAR T-cell activity by administration of minocycline,
another tetracycline analogue. Cytotoxicity activity mediated by tetCARs in a 72-hour
end-point experiment. (a) Primary human T-cells expressing the ‘CDS8STK CD8TM’
tetCAR or (b) primary human T-cells expressing the ‘CD8STK CD28TM’ tetCAR were
challenged with SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio
in the absence of minocycline or in the presence of increasing concentrations of

minocycline.
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(c) Primary human T-cells expressing the conventional CAR and (d) non-transduced T-
cells were set-up to serve as control. A low percentage for survival of CD19" SupT1
cells indicates a high degree of specific target cell killing by CAR T-cells; n = 2

independent experiments from separate donors, error bars denote SD.
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7.2 Killing of multiple types of CD19" target cells by primary tetCAR

T-cells

In our previous experiments, the cognate antigen CD19 was presented to T-cells as a
cell surface protein on SupT1 target cells. The SupT1 cells provide an elegant model
system, as they do not naturally express any antigen. Consequently, the introduction of
CD19 into these cells was required. To confirm the relevance of our observations made
with engineered SupT1 target cell lines, we investigated the killing of natural CD19"

cancer cells by primary tetCAR T-cells.

Firstly, we analysed the transduction efficiency of the primary human T-cells by flow
cytometry. As shown in Figure 35c, both tetCARs could be detected at the cell surface,
thus indicating that these constructs were both expressed and trafficked correctly to the
plasma membrane. Cell surface expression of the conventional CAR was also detected.
Prior to co-culture, a further important goal was to validate the CD19 expression of all
target cell lines. The presence of CD19 at the target cell surface was confirmed using
flow cytometry with an anti-human CD19 antibody. The Daudi (Figure 35d), Nalm6
(Figure 35e) and Raji (Figure 35f) target cell lines naturally express CD19 in similar
amounts to that seen in the CD19" SupTl (Figure 35g) cell line. With the CD19
expression of all target cell lines validated, it was possible to test cell killing by
performing a flow cytometry-based cell-killing assay. Primary human T-cells
expressing the tetCARs were co-cultured with target cells at a 4:1 T-cell:target cell ratio
in the absence of tetracycline or in the presence of 1600 nM tetracycline. Primary
human T-cells expressing the conventional CAR were also tested. Furthermore, T-cells
from the same donor that had not undergone gene transfer (designated non-transduced

T-cells) were set up to serve as an additional control.

After incubation for 72 hours, surviving target cells were quantified by flow cytometry.
A low percentage for survival of target cells indicates a high degree of specific target
cell killing by CAR T-cells. The 72-hour end-point experiment showed that Daudi
(Figure 35h), Nalmé (Figure 35i), Raji (Figure 35j) and CD19" SupT1 (Figure 35k) cell
lines were subject to killing by both ‘CD8STK CD8TM’ and ‘CD8STK CD28TM’

tetCAR T-cells in the absence of tetracycline. In the presence of 1600 nM tetracycline,
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no cell killing mediated by tetCAR T-cells was observed. The conventional CAR T-
cells showed a consistent killing of all CD19" target cell lines on either absence or
presence of tetracycline. As expected, no cell killing mediated by non-transduced T-

cells was observed on either absence or presence of tetracycline.

In summary, our results show that primary tetCAR T-cells kill multiple types of CD19"

target cell populations.
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Figure 35

(a) Second-generation CD19-targeting tetCAR (with CD8STK CD8TM):
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Figure 35. Killing of multiple types of CD19* target cells by primary tetCAR T-cells.
(a) Schematic diagram illustrating a second-generation tetCAR with CD8STK as spacer
domain instead of the initial spacer derived from the Fc domain of 1gG1 and with CD8TM
as transmembrane domain instead of the initial CD4 derived transmembrane and
intracellular domain (top). A single CAR is expressed with only one signalling component
which comprises of TiP (dark blue) fused to the CD28 (diagonal stripes) and CD3-Zeta
(light green) endodomain. The receptor component comprises of a CD19 recognizing scFv
(blue), a CD8-a Stalk spacer domain (red), a CD8 transmembrane domain (purple), and
TetR (light blue). Additionally, the plasmid map of the second-generation CD19-targeting
tetCAR (with CD8STK CD8TM) is also shown (bottom).
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(b) Second-generation CD19-targeting tetCAR (with CD8STK CD28TM):
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(b) Schematic diagram illustrating a second-generation tetCAR with CD8STK as spacer
domain instead of the initial spacer derived from the Fc domain of IgG1l and with
CD28TM as transmembrane domain instead of the initial CD4 derived transmembrane
and intracellular domain (top). A single CAR is expressed with only one signalling
component which comprises of TiP (dark blue) fused to the CD28 (diagonal stripes) and
CD3-Zeta (light green) endodomain. The receptor component comprises of a CD19
recognizing scFv (blue), a CD8-a Stalk spacer domain (red), a CD28 transmembrane
domain (purple), and TetR (light blue). Additionally, the plasmid map of the second-
generation CD19-targeting tetCAR (with CD8STK CD28TM) is also shown (bottom).
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(c) Primary human T-cells:
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(c) Expression levels of CARs in primary human T-cells. Cells engineered with
retroviral constructs encoding CAR molecules were analysed by flow cytometry.
Expression of the tetCARs at the surface of primary human T-cells was compared with
the expression of conventional CAR. The CARs were detected with soluble CD19 fused
to rabbit 1gG followed by a directly conjugated anti-Rabbit 1gG antibody. Staining was
compared against NT T-cells stained using the same antibodies.
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(d) Level of CD19 expression on target cell surface. (d) Daudi cells, (e) Nalm6 cells, (f)
Raji cells and (g) CD19* SupT1 cells were used as target cells in co-culture assays. The
cells were investigated for the presence of CD19 using flow cytometry. The expression
of CD19 was detected using an anti-human CD19 antibody. The level of CD19
expression was compared with that displayed by the CD19" target cells stained with the
same antibody.
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Gating strategy used to quantify antigen expression on target cells. Representative flow
cytometry plots illustrating the gating strategy for assessment of the levels of antigen
expression on target cell surface. Gating strategy used to identify singlet (top left),
viable (top right) target cell populations. Antigen™ target cells were gated with reference

to non-transduced control target cells (bottom).
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(h) Cytotoxicity activity mediated by tetCARs in a 72-hour end-point experiment.
Primary human T-cells expressing the ‘CD8STK CD8TM’ tetCAR or the ‘CD8STK
CD28TM’ tetCAR were challenged with (h) Daudi cells or (i) Nalm6 cells or (j) Raji
cells or (k) CD19* SupT1 cells at a 4:1 T-cell:target cell ratio in the absence of
tetracycline or in the presence of 1600 nM tetracycline. Primary human T-cells
expressing the conventional CAR and non-transduced T-cells were set-up to serve as
control. A low percentage for survival of CD19" target cells indicates a high degree of
specific target cell killing by CAR T-cells; n = 3 independent experiments from separate

donors, error bars denote SD.
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7.3 Reversible control of tetCAR T-cell activity

7.3.1 On-Off Reversibility

Finally, it was crucial to assess the reversible control of tetCAR T-cell activity. In order
to further validate the tunability of the system, we investigated the inhibition of
tetracycline on a pre-activated tetCAR (also known as On-Off reversible control). From
previous experiments, we had known that the tetCAR is completely switched off when
1600 nM tetracycline is added at the time of co-culture. In the On-Off reversibility
experiments, we aimed to determine whether pre-activation of the tetCAR would affect

the response to tetracycline.

Firstly, we analysed the transduction efficiency of the primary human T-cells by flow
cytometry. As shown in Figure 36¢, both tetCARs could be detected at the cell surface,
thus indicating that these constructs were both expressed and trafficked correctly to the
plasma membrane. Cell surface expression of the conventional CAR was also detected.
Primary human T-cells expressing the tetCARs were co-cultured with SupT1 cells
engineered to express CD19 at a 4:1 T-cell:itarget cell ratio in the absence of
tetracycline. At designated time points, T-cells were washed three times with complete
media and 1600 nM tetracycline was added. Primary human T-cells expressing the
conventional CAR were also tested. Furthermore, T-cells from the same donor that had
not undergone gene transfer (designated non-transduced T-cells) were set up to serve as

an additional control.

After an overnight incubation, supernatant samples were removed and assayed for the
presence of IFN-y. Subsequent investigations into the release of IFN-y showed that
tetracycline decreases human T-cell IFN-y secretion and hence activation of pre-
activated tetCAR T-cells. The conventional CAR, which was used as a positive control,
led to consistent secretion of IFN-y by primary human T-cells in all designated time
points (Figure 36f). As expected, minimal IFN-y secretion by non-transduced T-cells
was observed (Figure 36f). At the earliest time point (1-hour), both pre-activated

tetCAR T-cells (Figure 36e) showed a slightly higher IFN-y secretion when compared
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to the ‘+ 1600 nM Tet at 0-hour’ control. At the latest time point (6-hour), the amount
of secreted IFN-y was significantly lower to that seen with the ‘no Tetracycline’ control.
These data show that pre-activation of the tetCAR T-cells does not impair the response

to tetracycline.

Additionally, the On-Off reversible control was validated by a flow cytometry-based
cell-killing assay.

After incubation for 72 hours, surviving target cells were quantified by flow cytometry.
A low percentage for survival of CD19" SupT1 cells indicates a high degree of specific
target cell killing by CAR T-cells. In the 72-hour end-point experiment, almost
complete killing of the CD19* target cells was observed with the conventional CAR T-
cells in all designated time points (Figure 37b). As expected, no cell killing mediated by
non-transduced T-cells was detected (Figure 37b). The pre-activated ‘CD8STK
CD8TM’ tetCAR T-cells (Figure 37a) showed a significantly lower degree of target cell
Killing in the 1-hour and 2-hour time points when compared to the ‘no Tetracycline’
control. With the pre-activated ‘CD8STK CD28TM’ tetCAR T-cells (Figure 37a), the
percentage for killing of CD19" SupT1 cells was significantly lower in the 1-hour, 2-
hour and 4-hour time points when compared to the ‘no Tetracycline’ control.

Taken together, these findings confirm the On-Off reversibility of the system in

therapeutically relevant T-cells via the administration of tetracycline.
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Figure 36

(a) Second-generation CD19-targeting tetCAR (with CD8STK CD8TM):

\
- anti-CD19 FMC63 scFv
| Targeting
- > component
- CD8-a Stalk spacer
] W,
- CD8 transmembrane
- TetR
o Signalling
7 component
D [:] - CD28/CD3-Zeta
iP
CD28
D CD3-Zeta
(CD3-Zeta endodomain)
(CD28 costimulatory domain) (CD8-a Stalk spacer domain

linker CDB transmembrane domain)
Imker MIuI

4000! 50007 80007

»DD‘I@D | W —

TiP 2A || Ampicillin resistance gene  Bacterial origin of replication
anti-CD19 heavy chain linker ant| CD19 light chain

20(10

Figure 36. On-Off Reversible control of tetCAR T-cell activity. Cytokine production by
primary tetCAR T-cells in the presence of CD19" target cells. (a) Schematic diagram
illustrating a second-generation tetCAR with CD8STK as spacer domain instead of the
initial spacer derived from the Fc domain of IgG1l and with CD8TM as transmembrane
domain instead of the initial CD4 derived transmembrane and intracellular domain (top). A
single CAR is expressed with only one signalling component which comprises of TiP (dark
blue) fused to the CD28 (diagonal stripes) and CD3-Zeta (light green) endodomain. The
receptor component comprises of a CD19 recognizing scFv (blue), a CD8-a Stalk spacer

domain (red), a CD8 transmembrane domain (purple), and TetR (light blue). Additionally,
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the plasmid map of the second-generation CD19-targeting tetCAR (with CD8STK CD8TM)

is also shown (bottom).

(b) Second-generation CD19-targeting tetCAR (with CD8STK CD28TM):
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(b) Schematic diagram illustrating a second-generation tetCAR with CD8STK as spacer
domain instead of the initial spacer derived from the Fc domain of IgG1 and with CD28TM
as transmembrane domain instead of the initial CD4 derived transmembrane and
intracellular domain (top). A single CAR is expressed with only one signalling component
which comprises of TiP (dark blue) fused to the CD28 (diagonal stripes) and CD3-Zeta
(light green) endodomain. The receptor component comprises of a CD19 recognizing scFv
(blue), a CD8-a Stalk spacer domain (red), a CD28 transmembrane domain (purple), and
TetR (light blue). Additionally, the plasmid map of the second-generation CD19-targeting
tetCAR (with CD8STK CD28TM) is also shown (bottom).
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(c) Primary human T-cells:
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(c) Expression levels of CARs in primary human T-cells. Cells engineered with
retroviral constructs encoding CAR molecules were analysed by flow cytometry.
Expression of the tetCARs at the surface of primary human T-cells was compared with
the expression of conventional CAR. The CARs were detected with soluble CD19 fused
to rabbit 1gG followed by a directly conjugated anti-Rabbit 1gG antibody. Staining was
compared against NT T-cells stained using the same antibodies.
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cytometry plots illustrating the gating strategy for assessment of CAR transduction
efficiency of T-cells. Gating strategy used to identify singlet (top left), viable (top right)
T-cell populations. CAR™ T-cells were gated with reference to non-transduced control

T-cells (bottom).
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(d) NT SupT1 cells CD19*SupT1 cells
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(d) Level of CD19 expression on target cell surface. SupT1 cells were used as target
cells in co-culture assays. Non-transduced SupT1 were transduced to stably express
CD19. The cells were investigated for the presence of CD19 using flow cytometry. The
expression of CD19 was detected using an anti-human CD19 antibody. The level of
CD19 expression was compared with that displayed by the NT SupT1 cells stained with

the same antibody.
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Gating strategy used to quantify antigen expression on target cells. Representative flow
cytometry plots illustrating the gating strategy for assessment of the levels of antigen
expression on target cell surface. Gating strategy used to identify singlet (top left),
viable (top right) target cell populations. Antigen™ target cells were gated with reference

to non-transduced control target cells (bottom).
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(e) Primary human T-cells expressing the ‘CDS8STK CD8TM’ tetCAR or the ‘CD8STK
CD28TM’ tetCAR were challenged with SupT1 cells engineered to express CD19 at a
4:1 T-cell:target cell ratio in the absence of tetracycline. At designated time points, T-
cells were washed three times with complete media and 1600 nM tetracycline was
added. (f) Primary human T-cells expressing the conventional CAR and non-transduced
T-cells were set-up to serve as control. Production of IFN-y after an overnight
incubation was quantified by ELISA; n = 3 independent experiments from separate

donors, error bars denote SD.
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Figure 37
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Figure 37. On-Off Reversible control of tetCAR T-cell activity. Cytotoxicity activity
mediated by tetCARs in a 72-hour end-point experiment. (a) Primary human T-cells
expressing the ‘CD8STK CD8TM’ tetCAR or the ‘CDS8STK CD28TM’ tetCAR were
challenged with SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio
in the absence of tetracycline. At designated time points, T-cells were washed three
times with complete media and 1600 nM tetracycline was added. (b) Primary human T-
cells expressing the conventional CAR and non-transduced T-cells were set-up to serve
as control. A low percentage for survival of CD19* SupT1 cells indicates a high degree
of specific target cell killing by CAR T-cells; n = 3 independent experiments from

separate donors, error bars denote SD.
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7.3.2 Off-On Reversibility

To further confirm the reversibility of the system, we also assessed the Off-On
reversible control of tetCAR T-cell activity. In the Off-On reversibility experiments, we
aimed to investigate whether the tetCAR T-cells would be able to regain activity upon

removal of tetracycline.

In order to test the Off-On reversibility of the system, primary human T-cells expressing
the tetCARs were co-cultured with SupT1 cells engineered to express CD19 at a 4:1 T-
cell:target cell ratio in the presence of 1600 nM tetracycline. At designated time points,
T-cells were washed three times with complete media to remove tetracycline. Primary
human T-cells expressing the conventional CAR were also tested. Furthermore, T-cells
from the same donor that had not undergone gene transfer (designated non-transduced
T-cells) were set up to serve as an additional control.

After an overnight incubation, supernatant samples were removed and assayed for the
presence of IFN-y. Subsequent investigations into the release of IFN-y showed that
tetracycline decreases human T-cell IFN-y secretion and hence activation. The
conventional CAR, which was used as a positive control, led to consistent secretion of
IFN-y by primary human T-cells in all designated time points (Figure 38b). As
expected, low IFN-y secretion by non-transduced T-cells was observed (Figure 38b).
Both ‘CD8STK CD8TM’ and ‘CD8STK CD28TM’ tetCAR T-cells (Figure 38a)
showed a significantly higher IFN-y secretion in all designated time points when
compared to the ‘+ 1600 nM Tetracycline’ control.

These data show that the tetCAR T-cells are able to regain activity upon removal of

tetracycline.

Additionally, the Off-On reversible control was validated by a flow cytometry-based
cell-killing assay.

After incubation for 72 hours, surviving target cells were quantified by flow cytometry.
A low percentage for survival of CD19* SupT1 cells indicates a high degree of specific
target cell killing by CAR T-cells. In the 72-hour end-point experiment, almost

complete killing of the CD19" target cells was observed with the conventional CAR T-

212



cells in all designated time points (Figure 39b). As expected, no cell killing mediated by
non-transduced T-cells was detected (Figure 39b). Both ‘CD8STK CD8TM’ and
‘CD8STK CD28TM’ tetCAR T-cells (Figure 39a) showed an almost complete killing of
the CD19* SupT1 cells in all designated time points while no target cell killing was

observed in the ‘+ 1600 nM Tetracycline’ control.

Taken together, these findings confirm the Off-On reversibility of the system in

therapeutically relevant T-cells.
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Figure 38
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Figure 38. Off-On Reversible control of tetCAR T-cell activity. Cytokine production
by primary tetCAR T-cells in the presence of CD19" target cells. (a) Primary human T-
cells expressing the ‘CD8STK CD8TM’ tetCAR or the ‘CD8STK CD28TM’ tetCAR
were challenged with SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell
ratio in the presence of 1600 nM tetracycline. At designated time points, T-cells were
washed three times with complete media to remove tetracycline. (b) Primary human T-
cells expressing the conventional CAR and non-transduced T-cells were set-up to serve
as control. Production of IFN-y after an overnight incubation was quantified by ELISA;

n = 3 independent experiments from separate donors, error bars denote SD.
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Figure 39
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Figure 39. Off-On Reversible control of tetCAR T-cell activity. Cytotoxicity activity
mediated by tetCARs in a 72-hour end-point experiment. (a) Primary human T-cells
expressing the ‘CD8STK CD8TM’ tetCAR or the ‘CD8STK CD28TM’ tetCAR were
challenged with SupT1 cells engineered to express CD19 at a 4:1 T-cell:target cell ratio
in the presence of 1600 nM tetracycline. At designated time points, T-cells were washed
three times with complete media to remove tetracycline. (b) Primary human T-cells
expressing the conventional CAR and non-transduced T-cells were set-up to serve as
control. A low percentage for survival of CD19* SupT1 cells indicates a high degree of
specific target cell killing by CAR T-cells; n = 3 independent experiments from separate
donors, error bars denote SD.
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7.4 Discussion

In this chapter, we have demonstrated a complete in vitro testing of the tetCAR system.
Here, we aimed to assess the titre response of the two most promising tetCAR
constructs to tetracycline and analogues doxycycline and minocycline. In addition, we
also aimed to assess the inhibition (On-Off) and reversibility (Off-On) of tetCAR T-cell

activity.

We have offered clear evidence that the tetCAR response to tetracycline and analogues
doxycycline and minocycline is complete and titratable, in therapeutically relevant T-
cells. We have also demonstrated that response of the tetCAR to the different small
molecules affects cytokine production and cytotoxicity. In summary, the concentration
of the small molecule was inversely correlated with the production of cytokine and the
cytotoxic activity of the tetCAR was increasingly impaired with higher increments of

the small molecule, demonstrating an analogue response.

After using BW5 murine T-cells for our initial investigations, it was of great interest to
test the three different small molecules in therapeutically relevant T-cells. Our results
demonstrated that the tetCAR system works with tetracycline and also with doxycycline
and minocycline. An important difference between the three small molecules, is that the
tetCAR system is more sensitive to analogues doxycycline and minocycline when
compared to tetracycline, as higher concentrations of tetracycline were required to
inhibit the system. In addition, these results showed no significant difference between

doxycycline and minocycline.

One interesting observation made in this chapter was that addition of very low
concentrations of the small molecule results in undetectable levels of cytokine
production, while higher concentrations of the small molecule are required to inhibit the
tetCAR cytotoxic activity. A possible explanation for the difference observed is the fact
that target cell killing occurs on a faster time scale (minutes) when compared to
cytokine production [108, 109].
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An additional interesting observation made during these studies was that different TM
domains appear to affect sensitivity to the small molecule and overall function. Here,
we tested the two most promising tetCAR constructs, the ‘CD8STK CD8TM’ tetCAR
and the ‘CD8STK CD28TM’ tetCAR, which differed in the transmembrane domain,
one bearing the CD8TM and the other bearing the CD28TM. While both tetCAR
constructs had an analogue response to the different small molecules, the ‘CD8STK
CD28TM’ tetCAR appeared to be more sensitive when compared to the ‘CD8STK
CD8TM’ tetCAR. In addition, the ‘CD8STK CD8TM’ tetCAR showed a better overall
function when compared to the ‘CD8STK CD28TM’ tetCAR, as a stronger cytotoxicity
activity was observed against the natural CD19" cancer cells.

Finally, the reversibility of the tetCAR system was validated by inhibiting the pre-
activated tetCAR T-cells with tetracycline (On-Off reversibility) and by activating the
inhibited tetCAR T-cells with removal of the small molecule (Off-On reversibility).
These results demonstrated that once activated, the addition of tetracycline switches off
the tetCAR response. Additionally, it was also demonstrated that the shut-down of
tetCAR T-cell function is reversible, as removal of tetracycline led to re-coupling of the
CAR and the tetCAR T-cells regained cytotoxic activity and produced cytokines. In
summary, we successfully generated a fully reversible small molecule controlled CAR-

T approach that enables complete and titratable switch off over CAR T-cell activity.

217



CHAPTER 8
GENERAL DISCUSSION
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8.1 Overview and synthesis

Our goal was to construct a CAR that can be directly inhibited by administration of a
small molecule. To achieve this, we used a split-receptor design. We found that it is
possible to separate the antigen-recognition and signalling components of a CAR to
produce an inducible system, where the addition of small molecule inhibits the system.
In the absence of small molecule, these two components dimerize to assemble a

functioning receptor complex.

We investigated several ways of splitting components of the conventional CAR
construct to find a configuration that would strongly impair its activity when in the
presence of the small molecule but still allow for strong antigen-induced signalling,
comparable to that achieved by the conventional single-component receptor, when the
two components are assembled. We tested candidate receptors in the BW5 murine T-
cells and primary human T-cells using two main assays. We assayed the cytotoxicity
activity of T-cells transduced with a tetCAR and we also measured cytokine production
(IL-2 and IFN-y). The initial tetCAR constructs failed to signal as strongly as the
conventional CAR, despite similar expression levels of both receptors in T-cells.

We thought of many different possible ways to improve the tetCAR activity. We
suspected that the long endodomain of the CD4 transmembrane might be keeping the
signalling domain too far from the cell membrane resulting in a weaker CAR T-cell
activity. Thus, we explored replacing the entire CD4 transmembrane domain by a
shorter one. We designed constructs that included the CD8TM or the CD28TM as
transmembrane domain instead of the initial CD4 derived transmembrane and
intracellular domain. Another modification that we expected to increase the tetCAR
activity was the positioning of a 4-1BB costimulatory domain adjacent to the plasma
membrane. A previous study shows that the 4-1BB costimulatory domain works best
when placed adjacent to the cell membrane [110]. We also designed constructs that
included the CD8STK as spacer domain instead of the initial spacer derived from the Fc

domain of 1gG1.
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The most promising designs from this set of constructs comprised the CD8STK as
spacer domain and the CD8TM (Figure 23c) or the CD28TM (Figure 23d) as
transmembrane domain. When stimulated by SupT1 cells engineered to express CD19,
both tetCAR constructs led to a strong cytokine production and also led to a strong
cytotoxicity activity comparable to that stimulated by the conventional CAR.
Furthermore, the addition of small molecule inhibited the system. These were the split-
receptor designs within this subset that showed the best balance between the strong
antigen-induced signalling and the impaired activity when in the presence of the small
molecule. Other examples, such as the two tetCAR constructs comprising a 4-1BB
costimulatory motif between the transmembrane domain and TetR (Figures 23e and
23f) showed a strong cytotoxicity activity either in the absence or presence of the small
molecule, suggesting that addition of small molecule did not inhibit the system. To
better understand this, we also measured IFN-y cytokine secretion by these two tetCAR
T-cells. Notably, when in the presence of the small molecule, cytokine production was
undetectable. It is known that cell killing mediated by T-cells occurs on a faster time
scale (minutes) when compared to cytokine production [108, 109]. Thus, we suspect
that the lack of response to small molecule by these two tetCARs in the cytotoxicity
assay was due to the fast target cell killing. Together these results showed that tetCAR
T-cell activity can be enhanced by replacing pre-existing CAR components. Some
components of the CAR molecule that we believed to have little impact on the CAR T-

cell activity showed to play an important role.

While we have successfully identified two promising tetCAR constructs, an important
future step will be to determine whether the tetCAR activity can be further improved.
During our studies, testing of the tetCAR showed good function and responsiveness to
the small molecule but lower cytokine secretion in the absence of the small molecule
compared with the conventional CAR, thus suggesting a reduced activation maximum.
A possible explanation for this is the potential lack of 1:1 binding between TetR and
TiP. Having demonstrated the impact of replacing pre-existing CAR components, our
aim is to test many other tetCAR configurations and identify the crucial domains for
efficacy and small molecule responsiveness. In order to increase the possibility of
interaction between TetR and TiP and improve the cytokine release capacity, we will
design and test a new group of constructs bearing membrane tethered TiP, or alternative
TiP peptides with increased affinity to TetR.
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In addition to these, there are other optimisations regarding the tetCAR components that
would be important to investigate in the future. Those optimisations will be focused on
the linker between the TM domain and TetR, and the induction of dimerization through
a second TetR. First, we will further investigate the effect of altering the linker fusing
the transmembrane domain to TetR by designing a construct in which both CD28 and 4-
1BB costimulatory domains are inserted between the TM domain and TetR, and with
the TiP peptide bearing only the CD3-Zeta. The rationale behind designing these
constructs is as follows: CD3-Zeta is required for activation so costimulatory signals out
of the small molecule control may be stronger but will not result in activation in the
presence of the small molecule. In comparison to our ‘CD8TM 4-1BB’ and ‘CD28TM
4-1BB’ tetCARs, this new design adds an additional costimulatory signal out of the
small molecule control. As our results suggested that inclusion of one costimulatory
domain between the TM domain and TetR is associated with an increase in cytokine
production, we are hypothesising that the incorporation of two costimulatory domains in
the membrane-bound moiety of the tetCAR will result in a further improvement of the
tetCAR response [110]. On the other hand, it will be crucial to assess whether this
expected improvement may affect the response of the tetCAR to the small molecule. To
be considered a promising design, this new tetCAR construct will have to show not only
the strong antigen-induced signalling, but also the strongly impaired activity when in
the presence of the small molecule.

Another optimisation that we believe it can result in an improved cytokine release
capacity is the introduction of a second TetR to the tetCAR protein, in order to promote
the dimerization of the TetR domains. The rationale behind this new configuration is as
follows: TetR needs to form a homodimer to function [111]. In our current tetCAR
configurations, two TetR domains from two CARs interact. Here, we are speculating
that the tetCAR activity can be improved if the TetR is expressed as a single chain with
two TetRs attached together via a polypeptide linker, allowing the dimerization to form
without requiring the tetCAR to be in close proximity to another CAR molecule. Our
two most promising tetCAR constructs, the ‘CD8STK CD8TM’ tetCAR and the
‘CD8STK CD28TM’ tetCAR, comprise a CD8-a Stalk spacer that mediates
homodimerization of the CAR proteins, bringing the TetR domains in proximity to
dimerize. However, it is unknown whether the homodimerization occurs in the
endoplasmic reticulum (ER) or on the membrane. The stability of the tetCAR in its
monomeric form before the dimerization through CD8-a Stalk spacer is disputable. We
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suspect that the stability concern might explain the lower cytokine secretion by tetCAR
compared to the conventional CAR. In order to increase the stability of the tetCAR
protein and improve the cytokine release capacity, we will investigate the induction of

dimerization through a second TetR.

We tested whether the tetCAR would show similar response to different small
molecules. We used tetracycline and analogues doxycycline and minocycline. The
different small molecules were tested in BW5 murine T-cells and primary human T-
cells. A direct comparison between the three different small molecules in BW5 murine
T-cells showed that the system is more sensitive to doxycycline (Figure 15) and
minocycline (Figure 16) as the addition of one or the other at the lowest concentration
completely inhibited the system. On the other hand, to achieve a similar result with
tetracycline (Figure 14) we needed a higher concentration of the small molecule. The
highest tetracycline concentration used during this research was 1600 nM that is below
the peak concentration of tetracycline in the bloodstream after a 500mg dose [112]. The
different small molecules worked equally well in primary human T-cells. Here the
system also showed to be more sensitive to doxycycline and minocycline. While the
tetracycline-titratable control of engineered therapeutic T-cells through the tetCAR was
confirmed by using the set of concentrations ranging from 0 to 1600 nM, to validate the
tunability of the system via the administration of tetracycline analogues, we tested a
new range of lower concentrations (0 to 3.125 nM). In summary, the tetCAR design

works with tetracycline and also with alternative small molecules.

The tetCAR was initially designed with a single-chain antibody that recognises the
antigen CD33. More recently, we reconstructed the system with a single-chain antibody
that recognises the antigen CD19 instead of the antigen CD33. After testing both
versions of the receptor, the results confirmed that the tetCAR design functions with

alternative antigen-binding domains.

Throughout our studies, we used SupT1 target cells to show the cytotoxicity activity
mediated by tetCAR constructs in primary human T-cells. To confirm the relevance of
our findings made with engineered SupT1 target cells, we examined the killing of
natural CD19" cancer cells by tetCAR T-cells (Figure 35). The Daudi, Nalm6 and Raji
target cell lines naturally express CD19. Cytotoxicity experiments demonstrated that all
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CD19" cell lines were subject to killing by tetCAR T-cells. Together these results
showed Killing of multiple types of CD19" target cell populations.

We next tested the reversibility of the tetCAR system. The aim of this study was to
assess the inhibition (On-Off) and reversibility (Off-On) of tetCAR T-cell activity. In
the On-Off reversibility assays (Figures 36 and 37), we investigated whether pre-
activation of the tetCAR would affect the response to tetracycline. Both cytokine
production and target cell killing by the pre-activated tetCAR T-cells was significantly
lower than the control condition, demonstrating that pre-activation of the tetCAR T-
cells does not impede the response to tetracycline. In the Off-On reversibility assays
(Figures 38 and 39), we examined whether the tetCAR T-cells would be able to regain
activity upon removal of tetracycline. Both cytokine production and target cell killing
by the tetCAR T-cells was significantly higher than the control condition. These results
confirmed that removal of tetracycline leads to re-coupling of the CAR and the tetCAR
T-cells regain cytotoxic activity and produce cytokines. Altogether, our findings support
the conclusion that the tetCAR design provides a flexible platform for temporal control

over CAR T-cell activity.

In the course of this project, we have developed a highly innovative technology which
can lead to a new generation of pharmacologically controlled cellular therapeutics. The
ultimate measure of utility of tetCAR will be determined through clinical experience.
After completing the required pre-clinical preparation, we aim to test our tetCAR
technology in a clinical trial. T-cells engineered to express CARs have proven effective
against B-cell cancers and as a result, two CAR T-cell therapies, Yescarta (axicabtagene
ciloleucel) from Kite Pharma [53, 113, 114] and Kymriah (tisagenlecleucel) from
Novartis [38, 115-117], have already obtained market authorization. While CAR T-cell
therapies are effective, overly active CAR T-cell activity can lead to dangerous
inflammatory syndromes and even be fatal [41]. With our tetCAR technology, we hope
to reproduce the clinical successes seen with standard CAR T-cell therapy against
haematological malignancies, but with control of immune toxicity.

The main competing technology is the suicide gene approach. However, such suicide
switches result in complete deletion of the CAR T-cells with an increased risk of
relapse, when actually only a transient reduction in CAR T-cell activity is required [62-
68].
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It is important to point out that immune toxicity related to overly active T-cells restricts
CAR T-cell therapy to younger patients with little pre-existing morbidity and to only the
most specialist clinical centres. If successful, our approach would increase availability
of CAR T-cell therapy to more medical centres and for indications like myeloma would
allow treatment of older patients where standard CAR T-cell therapy is not tolerated.
This strategy might also contribute to the application of CAR T-cells for the treatment
of solid cancers as a safer platform will facilitate such clinical development [118, 119].
Our tetCAR technology has the potential to be applied to any CAR T-cell product of the
future. Ultimately, CAR T-cell therapy will not only be safer, but more widely
applicable.

8.2 Conclusions

In summary, we successfully engineered a class of chimeric antigen receptors that allow
for effective remote control of therapeutic T-cells through disruption of protein-protein
interaction. The developed CAR enables complete, titratable and reversible switch off
over T-cell activity. Importantly, the system uses an approved and readily available
small molecule that is only needed during periods of toxicity, rather than requiring
continued presence of a small molecule to sustain CAR T-cell activity as is needed with

rapalog dimerizers.
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8.3 Future directions

In addition to the points mentioned above, future work will be aimed at testing whether
the tumour cell killing by primary tetCAR T-cells could be controlled in vivo in a small
animal model. The model we will use is that described by Gilham et al., where mouse
T-cells were transduced with a CAR which recognized murine CD19. Mice were
burdened with the A20 syngeneic murine cell line. Mice developed a syndrome closely
resembling human CRS/MAS as well as having B-cell depletion and efficacy against
the A20 graft. We have selected this model because it realistically recapitulated the
most important toxicity seen in human subjects. Also, this model is currently being
established in the lab with the anti-mouse CD19 CARs being generated. Alternative
human/mouse models do exist where human whole blood is engrafted in NSG mice but

these models have not yet been established in UCL.

Our plan is as follows: test murine CD19 version of tetCAR in murine splenocytes in
vitro with a simple killing / cytokine release assay in the presence and absence of
tetracycline. If this is functional, we will proceed to test in the A20 syngeneic model
looking for efficacy and also for the ability to modulate MAS/CRS with intraperitoneal
(IP) tetracycline.
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