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Lay Abstract

Cancer is the leading cause of death in Canada, and it is expected that 2 in 5 Canadians
will develop some form of cancer in their lifetime. The immune system presents an
intriguing alternative method to treat tumours since immune cells such as T cells can
circulate through the body and seek and destroy harmful cells, including tumours. Here,
we focus on the T cell Antigen Coupler (TAC), a genetically engineered receptor that our
laboratory originally designed that directs T cells to recognize and destroy specific cancer
cells. This thesis looks at the inner workings of the receptor, specifically a part called the
inner tail, and how this feature contributes to how the TAC works. Our results show that
removing the tail increases the T cell’s ability to safely clear different tumours in living
organisms, bringing us a step closer in designing new and safe treatments for cancer
patients.



ABSTRACT

Activating the immune system in the therapeutic treatment of cancer is rapidly growing
and has demonstrated tremendous success. One such method is engineering T cells with
chimeric antigen receptors (CARs) to specifically direct them in targeting tumours,
however this has been associated with several toxicities that may be linked to the
synthetic nature of the CAR. To address this, our laboratory created the T Cell Antigen
Coupler (TAC), an alternative receptor that redirects T cells in a more natural TCR-
dependent fashion.

The TAC consists of three components: the antigen-binding domain that recognizes a
tumour antigen, a TCR-recruitment domain that co-opts the native CD3-TCR complex and
a CD4 co-receptor domain. The TAC displays unique biology, specifically in the increased
antitumor infiltration and clearance of solid malignancies without any of the observed
host toxicities seen with CARs.

The functionality of the TAC was shown to be dependent on both the antigen binding and
TCR-recruitment domains, however the co-receptor domain remains relatively
uninvestigated despite evidence in the literature indicating its importance in endogenous
T cell activation. This thesis seeks to better understand the biology of the TAC receptor
by investigating the contributions of co-receptor domain.

In Chapter 3, we replaced the CD4 co-receptor domain with CD8 variants and showed
that the TAC retains functionality.

In Chapter 4, we removed the cytosolic domain of the TAC in its entirety (creating a
“tailless TAC”) and observed increased in vivo efficacy.

In Chapter 5, we evaluated the tailless TAC in different cancer models and consistently
observed increased in vivo efficacy compared to the full length TAC.

These results demonstrate an increase in the in vivo functionality of the TAC receptor
when the cytoplasmic tail is removed, giving us further insights into the mechanisms
behind the unique biology of the TAC receptor.
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1.1 CANCER

1.1.1 Biology and Etiology

Cancer is a term that encompasses over 100 related diseases defined by
uncontrolled cell division with the potential to spread and invade surrounding tissuel. It
is widely believed to arise when cells experience genomic damage? and evade cellular
mechanisms that prevent programmed cell death, progressively proliferating them into
neoplastic cancer cells in a process called carcinogenesis®. It is the leading cause of
mortality in Canada, and it is estimated that 2 in 5 Canadians will develop cancer in their
lifetime3.

Carcinogenesis caused by genetic damage can be the result of abnormal
endogenous cellular processes (which in some cancers is inherited*) such as errors in DNA
replication, epigenetic hypomethylation of oncogenes and attack from free radicals
generated during metabolism or exogenous factors such as ultraviolet radiation and
chemical carcinogens®>~”. Normal cells employ tissue specific homeostatic mechanisms
that tightly control proliferation and programmed cell death (apoptosis), allowing for
rapid expansion of new cells in tissues that require ongoing turnover (such as the
epithelial lining of the intestines) or maintenance of a non-dividing state, such as the
neurons in adult mammal brains*®. When the damage to DNA during carcinogenesis
affects the genes controlling proliferation and cell death, the cell escapes these
homeostatic mechanisms, allowing the growth and expansion of cancerous progeny and
generally leading to the formation of tumours2.

The neoplastic cells eventually proliferate and interact with surrounding stromal
cells, fibroblasts, and immune cells to establish the tumour microenvironment, a
heterogeneous and critical local niche where the tumor exists with these other cell
populations®. Fibroblasts are non-epithelial, non-vascular cells in the connective tissue
associated with wound healing that are appropriated by the neoplastic cells in the tumour
microenvironment to remodel the extracellular matrix (ECM), a network of fibronectin,
proteoglycans, laminins and collagen, allowing for the metastasis of cancer cells to other
tissues'®!!, The growing mass of the tumour increases oxygen demands of the tumour
microenvironment, often leading to its hypoxic state!2. This hypoxic signal is detected by
adjacent blood vessels, stimulating the creation of new blood vessels (angiogenesis) to
the tumour microenvironment. This tumour vasculature is often abnormal in their
structure and function, consisting of heterogenous, uneven and chaotically branched
vessels that leak escaping fluid and increase interstitial fluid pressure®®3, This leads to
uneven blood flow and limits the ability chemotherapeutic drugs and immune cells to
reach the tumour mass®3,

The biological traits shared by all cancers were summarized in 2000 by Hanahan
and Weinberg (termed the six hallmarks of cancer'®): self-sufficiency in growth signals,
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sustained angiogenesis, insensitivity to inhibitory growth signals, evading apoptosis,
metastasis capabilities and limitless replicative potential. Although the chronology and
mechanisms of acquiring these traits vary significantly across cancer types, the
transformation of a normal cell into a cancer encompasses all six hallmarks.

In 2011, Hanahan and Weinberg updated the hallmarks of cancer to include two
new hallmarks: abnormal metabolism and evasion of the immune system?’, the latter
hallmark being most pertinent to this thesis. It was recognized that tumor cells possessed
these traits, allowing them to grow in mass, appropriate local blood vessels and
fibroblasts, evade immune clearance, and metastasize to different organs. They noted
that our understanding of cancer and the tumour microenvironment is growing, and
recognize additional underlying hallmarks may be added as we better understand the
myriad of phenotypic complexities among different cancers®.

1.1.2 Current treatments and limitations

The three main treatments for cancer are surgery, radiation therapy and systemic
treatment —the latter being an umbrella term that encompasses chemotherapy, targeted
therapy, hormonal treatment and immunotherapy (discussed in detail in Section 1.4).
The choice of treatment generally depends on the specific cancer and its stage of
progression. For instance, 49% of patients with stage | breast cancer (non-metastasized,
tumour smaller than 2 cm) are treated with a combination of surgery and radiation
therapy, while 56% of stage IV patients (tumour metastasized to other organs) receive a
combination of chemotherapy and radiation therapy?®.

Surgery is a medical procedure used to examine, remove or repair tissue and is
the first-line treatment for patients with solid tumours'”*8, The primary goal of surgery is
the complete physical clearance and resection of the tumour. Surgery is primarily
effective against cancer that is localized and has not spread to surrounding tissue®. As
stated earlier other treatments such as chemotherapy and radiation therapy can be used
alongside surgery as an adjuvant (after surgery) or neoadjuvant (before surgery)
therapy®%,

Radiation therapy uses high energy x-rays or other photons to create ionizing
particles in cells that lead to DNA damage, cell cycle arrest and, eventually, cell death®.
DNA damage inflicted by ionizing radiation triggers the DNA Damage Response (DDR) in
cells, which halts the cell cycle (preventing progeny cells from receiving damaged genetic
material) and allows DNA damage repair machinery to function. When repair fails, the
DDR triggers apoptosis?®22, Normal cells are generally successful in repairing the damage
caused by ionizing radiation, while cancer cells (due to genetic instability, primarily in the
DDR) are susceptible to it?2.

Unlike surgery and radiation therapy where the application is directed at the site
of the tumour, systemic therapies are administered in the blood and travel throughout
the body. They include chemotherapeutic drugs, which inhibit the growth of rapidly
proliferating cells through various mechanisms of actions. For instance, alkylating agents
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covalently bind an alkyl group to the guanine bases of DNA, while anthracyclines
intercalate DNA base pairs, thereby preventing unwinding by DNA topoisomerase?.

Despite the vast improvements in patient outcomes over the past 50 years with
these therapies®®, they are not without their limitations. The complete debulking of a
tumour may not be possible via surgery when the tumour is too big, has grown too close
to nearby organs or if the patients’ general pre-operation health is poor®®. Furthermore,
surgery tends to only be effective in the early stages of cancer before the tumour
metastasizes to other organs'®. Hypoxia of the tumour microenvironment also limits the
effectiveness of radiation therapy, as it is hypothesized that DNA damage by ionization is
chemically fixed by molecular oxygen?'. Furthermore, hypoxia and poor delivery to the
tumour microenvironment via abnormal angiogenesis also negatively impacts the
effectiveness of some chemotherapeutic drugs which require oxygen to function and
require proper systemic delivery to the tumour site via blood vessels?*,

1.2 THE IMMUNE SYSTEM AND CANCER

Advancements in our understanding of the immune system and its relation to
cancer has led to the exponential rise of cancer immunotherapy (or immune oncology) as
the new pillar of cancer therapy?. It utilizes the ability of the immune system to circulate
throughout the body and recognize and destroy target cells expressing certain antigens
with high specificity. In this section, basic principles of immunology will be discussed with
a focus on T lymphocytes in the context of cancer clearance and immune surveillance.

1.2.1 Innate and adaptive immunity

Innate immunity provides the “first line of defense” against pathogens and toxins,
and includes anatomical physical barriers such as gut and skin epithelia that prevent
foreign entities from the external world from entering the internal milieu of the host?. In
addition to acting as a physical barrier, detection of these pathogens and toxins can also
trigger the surface epithelia produce a wide variety of chemicals that not only have anti-
microbial properties but also mediate the cellular response to infection?’. This immediate
cellular response is provided by innate immune cells that recognize certain molecular
motifs expressed by foreign microbes called pathogen associated molecular patterns
(PAMPs) and become activated?®. The cell subsets associated with this arm of immunity
include dendritic cells, natural killer cells (NK), macrophages, neutrophils, eosinophils,
basophils, and mast cells.

The next line of defense is the adaptive immune response, in which individual
clonal T and B lymphocytes recognize very specific molecular structures termed antigens
by the expression of antigen-specific receptors on their cell surface?®. Unlike innate
immune cells, T and B lymphocytes can recognize a large repertoire of antigens due to
the gene segment rearrangement of their antigen-specific receptors during initial
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development, allowing for an exponentially higher pool of these individual receptors than
genetically encoded in the genome?®?®. Not only can these clones rapidly proliferate in
response to their antigens, a major hallmark of the adaptive immune system is the
induction of immunological memory. After initial activation, a small subset of antigen
experienced cells remain, allowing for a rapid and robust response in the event of re-
exposure?®,

Clearance of infection involves coordinated responses from a network of cells
that encompass both arms of the immune system in order to maintain physiological
homeostasis.

1.2.2 Immune surveillance of tumours

In addition to targeting foreign non self-pathogens and toxins, the immune
system plays a major role in cancer control®. History is replete with evidence of tumours
regressing after episodes of infectious diseases as early as the late 1800s: in 1868 Wilhelm
Busch, a German surgeon intentionally infected cancer patients with the bacteria that
caused erysipelas (skin rash) and noted a shrinkage of their tumours®. In the 1890s,
William Coley continued this line of investigation when he too observed that a sarcoma
patient whose tumour relapsed after several surgeries had no trace of cancer for seven
years after an erysipelas infection?. He hypothesized that the infection was somehow
responsible for the tumour regression, and refined this early vaccination strategy by
injecting patients with two strains of killed bacteria: S. pyogenes and S. marcescencs
(subsequently known as Coley’s toxins) and observed tumour regression in sarcoma
patients?>%. As the discoveries of several immunological mechanisms were made during
the 20™ century such as the role of histocompatibility complex in the role of transplant
rejection®, tolerance®., the role of interferon in in viral interference, and the chemical
structure of antibodies®*73, our understanding of how and which immune cells contribute
to carcinogenesis increased exponentially.

A landmark discovery in immune surveillance occurred in 2001 when
investigators observed that immunodeficient mice lacking functional T and B lymphocytes
(i.e. SCID and Rag2”- mutants) treated with the highly carcinogenic methylcholanthrene
developed sarcomas at a much higher rate than wildtype mice3**’. Additional clinical
studies showed that the presence of T cells (specifically effector memory, which will be
discussed in detail in Section 1.3.6) in tissues displaying early signs of metastatic
colorectal cancer is associated with the absence of pathological metastatic invasion and
with prolonged survival®®. T lymphocytes clearly play an important role in immune
surveillance, and understanding this role requires a deep dive into the basics of T cell
biology, as discussed in the following section.

1.3 T CELL BIOLOGY

1.3.1 T cell development and central tolerance
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All classes of human blood cells including red blood cells and leukocytes originate
in the bone marrow from hematopoietic stem cells (HSCs) expressing CD34. HSCs can
differentiate into two classes of progenitors: common lymphoid progenitors (CLPs) that
give rise to T cells, B cells and NK cells and common myeloid progenitors (CMPs) that
eventually give rise to granulocytes, macrophages, platelets and erythrocytes?63940, A
hallmark of HSCs is their ability of self-renewal, which CLPs lose during the differentiation
process®,

One of the hallmarks of T cells is expression of the T cell receptor (TCR) on the cell
surface, a unique heterodimer of disulfide-linked type | glycosylated membrane proteins:
TCRa and TCRP. CLPs destined for the T cell fate migrate to the thymus where they
acquire their TCR and differentiate following three major events: T cell receptor (TCR) afg
rearrangement, positive selection, and negative selection*?. While T cells are generally
CD4* or CD8*, referring to the expression of the coreceptor on their cell surface (discussed
below), they enter the thymus as double negative CLPs (CD4'CD8") as they begin their
“education” in this site**. Diversity in clonal TCRs arise from the rearrangement of gene
segments from germline DNA, a mechanism beyond the scope of this document but
described in detail elsewhere****. The TCRB chain is assembled first, and then associates
with an invariant pre-TCRa (pTa) chain as well as CD3 molecules (consisting of CD3egy,
CD3e6 and CD3TT dimers)*® to form a pre-TCR complex. The thymocytes then undergo a
process called B-selection, where only cells that generated a functional TCRB chain will
receive antigen independent survival signals and proliferate and differentiate into double
positive cells (CD4*CD8*)%4,

At this stage, the cells begin to quiesce, rearrangement of the TCRp loci ceases,
and rearrangement of the TCRa chain commences. Interaction with host peptide-MHC is
then evaluated: TCRs with sufficient binding affinity to peptide-MHC receive positive
selection signals, ensuring that recognition is restricted to host MHC. However, TCRs that
bind with too strongly with host peptide-MHC (i.e. high interaction affinity) undergo
negative selection and receive apoptotic death signals to ensure that the T cells do not
auto-react to host antigens in the periphery?®*®. The range of this affinity threshold
between positive and negative selection for TCR-pMHC interaction is a dissociation
constant (Kp) of 0.1-500 uM“*°. The thymocytes that survive death by neglect from positive
selection and avoid apoptosis from negative selection mature into either a single positive
CD4 or CD8 T cell, depending on their recognition of MHCII or MHCI (discussed below),
respectively. Thymocytes then exit the thymus and enter the periphery as a mature, naive
T cells with functional clonal TCRs (~30,000 molecules per cell)>®.

Collectively, negative and positive selection in the thymus is known as central
tolerance, a process that is believed to ensure the host T cells can recognize host MHC
while limiting the generation of T cells that recognize self-peptides, which could lead to
autoimmune disease. Of course, some potentially auto-reactive T cells do escape and
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enter the periphery. There also exist peripheral tolerance mechanisms that aim to
prevent autoimmunity that will be discussed throughout the remainder of Section 1.3.

1.3.2 Peripheral migration and antigen experience

Mature, naive T cells need to interact with their cognate antigen to elicit an
effector response. These antigens are peptides that are processed and presented by
major histocompatibility complex (MHC) molecules on the surface of antigen presenting
cells (APCs). To present antigens to T cells, APCs first degrade proteins into peptides and
load them on MHC molecules: MHCI for CD8* T cells and MHCII for CD4* T cells (Figure
1.1). MHCl is expressed by all nucleated cells, and peptides loaded onto this complex (8-
10 amino acids in length) are derived endogenously from the endoplasmic reticulum,
whereas peptides loaded onto MHCII are 13-25 amino acids in length and are derived
exogenously from endosomes of professional antigen presenting cells®>2,
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Figure 1.1 — peptide-MHC interaction with the TCR-CD3 complex and associated co-receptor

T cells recognize their clonal antigen by interaction of peptide-displayed by the MHC complex with
the TCR and the associated co-receptor. (A) A CD4* T cell recognizes peptides presented by MHC-
Il complexes. The CD4 complex interacts with the B2 component of MHC-II. (B) A CD8* T cell
recognizes peptides displayed by MHC-I complexes. The CD8 co-receptor is a heterodimer in which
CD8a interacts with the as component of MHC-I while CD8 interacts with the a2 component of
MHC-I.

Figure adapted from Arya Afsahi
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Given that a single T cell only occupies one-hundred-trillionth of the volume of an
adult human®3, and each T cell is specific for a single peptide-MHC, this feat requires the
precise migration of both T lymphocytes and APCs in the same spatial location, mostly
secondary lymphoid organs such as lymph nodes>3. Naive T cells enter lymph nodes from
the bloodstream via the high endothelial venules (HEVs), specialized vessels containing
tall and plump endothelia and thick basal lamina, as opposed to the flat endothelia and
thin basal lamina of other venules®*. Constitutive expression of chemokines CCL19 and
CCL21 at these sites contributes to migration of naive T cells via interaction with CCR7 on
their surface®. Interaction of CD62L (L-selectin) on the surface of T cells with complex
carbohydrates on HEVs allows for the rolling and tethering of the lymphocytes®. CCL21
interaction with CCR7 also activates lymphocyte associated antigen 1 (LFA-1) on the
surface of T cells, which binds strongly to the intracellular adhesion molecules (ICAMs) of
the vascular endothelium, thereby allow complete arrest and entry of the naive T cell into
the lymph node®. A naive T cell spends 8-12 hours exploring a single lymph node. If it
does not experience its specific peptide-MHC, it exits lymph node via the efferent
lymphatics and returns to circulation through the thoracic duct where it begins the
homing cycle again®’.

Regardless of MHCI or MHCII peptide presentation, TCRap engage the complex
in a similar fashion: although both TCRap variable regions make contact with invariant
regions of the MHC, TCRa specifically engages the peptide at its N-terminus while TCRp
engages it at the C-terminus®®. As earlier stated, this interaction is relatively weak (Kp of
0.1-500 uM)* and is accompanied by the interaction of either the CD4 or CD8 coreceptor
with MHCII or MHCII, respectively.

The CD4 coreceptor is a type | transmembrane glycoprotein consisting of 4
immunoglobulin-like extracellular domains (D1-D4) connected by a short stalk,
transmembrane domain and an intracellular domain. Of the extracellular domain, only
the membrane distal D1 motif interacts with MHCII, while the D2-D4 motifs provide the
rigidity during antigen ligation*®. In addition to anchoring the coreceptor to the
membrane, the 13 amino-acid long transmembrane domain may have important
structural roles for T cell activation®. A study that replaced the glycines in the conserved
GGxxG motif (present in several other transmembrane proteins) with bulkier side chains
found that CD4*T cells produced less cytokine in response to antigen stimulation, despite
no difference in surface expression compared to the wildtype CD4 coreceptor®®. The CD4
intracellular domain (or cytoplasmic tail) has been heavily characterized in the literature
duetoitsrole in T cell signaling (Figure 1.2). The domain contains a C-terminal CXCP motif
that specifically binds the Lck sighaling kinase in the presence of a zinc ion cofactor®. The
intracellular domain also contains two membrane proximal cysteine residues that have
been shown to be important sites for post translational palmitoylation. Palmitoylation of
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these cysteines contributes to the localization of the CD4 receptor into membrane specific
microdomains that enhance antigen-induced signaling, leading to T cell activation and
proliferation®.

CD4
GIFFCVRCRHRRRQAERMSQIKRLLSEKKTCQCPHRFQKTCSP!I

CD8a

—— TM__ TLYCNHRNRRRVCKCPRPVVKSGDKPSLSARYV

———{TM  AIHLCCRRRRARLRFMKQFYK

D8P

Figure 1.2 Co-receptor intracellular domains

Intracellular domains for the CD4, CD8a and CD8pB co-receptors are shown. The CD4 monomer
contains two-membrane proximal cysteines that undergo posttranslational palmitoylation (blue),
an arginine rich domain (green) important for membrane compartmentalization and a CXCP motif
responsible for Lck binding (yellow). CD8 is an af heterodimer (joined by two di-sulfide bonds in
the extracellular domain, shown as dotted lines) containing similar residues in its intracellular
domain. The a stalk specifically contains the CXCP motif and interacts with Lck while the B stalk
contains the arginine rich domain.

The CD8 coreceptor differs from CD4 not only in MHC recognition, but also in
structure. CD8 is a transmembrane dimer primarily consisting of heterodimeric o and B
chains (CD8af), but can also exist as homodimeric a chains (CD8aa) in certain
lymphocyte populations®. CD8BB homodimers have been reported, but they do not bind
to MHC and their significance is currently not known>®. The extracellular domain of both
CD8 isoforms interact with MHCI, however CD8p is also involved in receptor orientation
as its shorter length requires a T cell membrane proximal position during antigen
engagement®. The stalk region of CD8 also appears to play larger structural and
functional roles than the CD4 stalk region. Although there is little sequence similarity
between both stalk domains, they both contain two conserved cysteine residues that
form disulfide bonds with the adjacent cysteine residues on the other stalk leading to
dimerization of the coreceptor®. Interestingly, replacement of only the a stalk with the B
stalk in CD8aa homodimers leads to antigen-induced cytokine production similar to that
of the CD8ap heterodimer, suggesting that the B domain enhances in vitro functionality®®.
Similar to CD4, the intracellular domain of CD8a contains a CXCP motif that binds Lck in
the presence of a Zn?* cofactor®®®” (Figure 1.2). Although both CD8a and CDS8PB
cytoplasmic tails contain cysteine palmitoylation sites, palmitoylation is not involved in
the association of the coreceptor in specific membrane microdomains associated with T
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cell activation. Instead, CD8[ contains an arginine rich motif in its intracellular domain
(Figure 1.2) that is responsible for this compartmentalization®.

1.3.3 Signaling involved in T cell activation

T cells that emerge from the thymus are termed “naive” and possess little
functionality. Upon stimulation by specific peptide antigen, the naive T cells differentiate
and acquire effector function (cytolysis, cytokine production) and memory function
(capacity to rapidly expand upon re-exposure to antigen). The initial activation of naive T
cells requires two signals: i) peptide-MHC interaction with the specific clonal TCR and ii)
ligation of costimulatory molecules.

Despite numerous experimental studies, the relationships between peptide-MHC
interaction, signal transduction and T cell activation remain controversial. While the
proximal events are debated in the literature, it is understood that TCR ligation leads to
the Lck dependent phosphorylation of the immunoreceptor tyrosine-based activation
motifs (ITAMs) in the CD3T chain®®. Phosphorylation of these motifs leads to the
recruitment of another cytoplasmic tyrosine kinase, ZAP-70, due to the high affinity
interaction of its SH2 domains to the phosphorylated tyrosine residues on the ITAMs. ZAP-
70 is subsequently phosphorylated by Lck, leading to its activation and the downstream
phosphorylation of the linker for the activation of T cells (LAT) and the SH2-domain-
containing leukocyte protein of 76 kDa (SLP-76) proteins”®. The consequence of these
intracellular signaling events is the activation of biochemical pathways such as PLCy1, PI3K
and Ras which ultimately contribute to T cell activation’*”2,

The second signal necessary to achieve naive T cell activation comes from
costimulatory ligands. Costimulatory receptors on the surface of the T cell such as CD28
and 4-1BB interact with cognate costimulatory ligands, such as CD80/CD86 and 4-1BBL,
respectively?®. A subset of hematopoietic cells, known as antigen presenting cells (APCs),
express these co-stimulatory molecules in the presence of danger or pattern associated
molecular patterns to promote activation of naive T cells that recognize antigens present
in relevant environments. Co-stimulatory receptors play several roles in signal
transduction leading to cell proliferation and survival and converge with TCR-peptide-
MHC signaling to achieve this. For instance, the phosphorylation of SLP-76 initiated by
signal 1 ultimately causes the recruitment and phosphorylation PLCy which requires Itk,
a kinase that is recruited by the costimulatory receptor, CD28 2573, Itk is activated by Lck
phosphorylation, thereby recruiting it to the LAT-SLP76 scaffold, and allowing it to
phosphorylate PLCy?. In this instance, signaling through PLCy is only achieved
simultaneously with both signal 1 (recruitment) and signal 2 (activation) (Figure 1.3). PLCy
activation leads to the increase of intracellular Ca?* through Inositol trisphosphate (IPs)
production, thereby activating calcineurin which acts on the Nuclear factor of activated
T-cells (NFAT) transcription factor to translocate into the nucleus and transcribe genes
associated with proliferation and cytokine production’.

11



PhD Thesis — KA Mwawasi McMaster University — Medical Sciences

When naive T cells are exposed to their relevant MHC/peptide (i.e. signal 1) in the
absence of costimulation (i.e. signal 2), T cells become anergic: a hyporesponsive state
with low proliferative capacity which is one way potentially auto-reactive T cells are
controlled in the circulation through peripheral tolerance’”,
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Figure 1.3 Simplified scheme of Signal 1 and Signal 2 convergence’®

During TCR/coreceptor-pMHC interaction (signal 1), phosphorylation of the CD3Z ITAMS by Lck
initiates a signaling cascade (see text for details) that eventually recruits PLCy to the signalosome.
Co-stimulatory interaction of CD28 and CD80/CD86 recruits ITK, which is also phosphorylated and
activated by Lck. Active Itk phosphorylates PLCy, thereby leading to its activation.

1.3.4 Models of T cell activation

Early biochemical models of T cell activation involved the initial
compartmentalization of Lck associated CD4/CD8 and ITAM containing TCR-CD3 complex.
Evidence suggests that the CD4/CD8 co-receptors reside in lipid rafts, a liquid-ordered
micro domain in the membrane containing tightly packed sphingolipids (such as ceramide
and sphingomyelin) and cholesterol”’. The TCR resides in the glycerophospholipid-rich
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bilayer which comprises most the plasma membrane’®. Upon peptide-MHC engagement,
Lck (by virtue of association with the coreceptor) is brought in close proximity with the
TCR-CD3 complex, allowing for the phosphorylation of its ITAMs by Lck due to the
clustering of signaling molecules and kinases”™. This “Lck juxtaposition” model was
supported by the fact that both CD4 and CD8 intracellular tails interact with Lck®%%7, both
coreceptors and Lck reside in lipid rafts in resting cells®*®8° while only antigen
engagement lead to the localization of the TCR-CD3 complex into these rafts’®882 and
mutant versions of Lck®, CD4%, and CD8% that did not associate into lipid rafts lead to
abrogated or diminished T cell activation.

This model however is not without its contradictions. There are some TCRaf
variants that interact with peptide-MHC with such high affinity that they can trigger T cell
activation without the need of a coreceptor®®. These high affinity TCRs bind to their
peptide-MHC with >100 fold greater affinity (Kp~1-10 nM) than conventional TCRaf, and
therefore dispute the assertion that Lck is only involved in activation when brought into
close proximity to the TCR-CD3 complex by the coreceptor®. Furthermore, Lck itself exists
in two confirmations (active and closed) depending on its phosphorylation state. As a
member of the Src family of kinases, Lck contains four Src-homology (SH) domains each
independently important for either structure or functionality of the protein®. These
domains include the membrane distal SH1 catalytic site of the enzyme responsible for
phosphorylation, an SH2 domain responsible for binding to phosphorylated tyrosines, an
SH3 domain that interacts with proline-rich regions and a myristoylated and
palmitoylated N-terminal SH1 domain important for membrane anchoring®?®’. Enzymatic
activity of Lck is regulated by the phosphorylation of two key tyrosine sites: Tyr394 in the
SH1 domain and Tyr505 at the C-terminal end. When Tyr505 is phosphorylated, it causes
the intramolecular rearrangement of the C-terminal tail whereby it interacts with its own
SH2 domain, causes a clamped or closed conformational state unable to function
enzymatically. Conversely, trans autophosphorylation of Tyr394 promotes an open/active
confirmation®”. Approximately 40% of total Lck is in the active form, however neither TCR-
peptide-MHC engagement nor coreceptor interaction alter the ratio of active to inactive
Lck®”28, Therefore, most of the Lck the coreceptors juxtapose are in the inactive state and
do not contribute to signaling.

Other T cell activation models have been proposed that attempt to consolidate
the data in the literature, which are briefly discussed below””:

TCR conformational change

Upon peptide-MHC ligation, conformational changes are induced in the TCR-CD3
complex that either stabilize the interaction with peptide-MHC or expose motifs that are
recognized by signaling molecules. One of these conformational changes is the exposure
of a proline-rich region in CD3g, leading to recruitment and direct binding of the Nck
adapter protein through its SH3 domain®*°, Nck, which also contains an SH2 domain that
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binds to phosphorylated tyrosines, interacts with SLP-76 and the actin rearrangement
associated Wiskott—Aldrich syndrome protein (WASP) and likely provides a link between
T cell signaling and cytoskeleton remodeling at the T-cell-APC interface®%,
Peptide-MHC ligation has also been shown to keep CD3T in a rigid conformation
that protects the tail from proteolytic degradation, thereby sustaining signaling during
antigen engagement®?.
Furthermore, cholesterol has been shown to interact with TCRpB, keeping it in an inactive
conformation that cannot be phosphorylated. The TCR spontaneously detaches from
cholesterol, leading to a primed confirmation that can be phosphorylated and contribute
to T cell signaling. Interaction with peptide-MHC stabilizes the primed confirmation,
suggesting an allosteric regulation of T cell activation by antigen interaction and
cholesterol®3.

Kinetic proofreading

This phenotypic model proposes that T cell activation is proportional to the
number of TCRs that have bound to peptide-MHC for a sufficient amount of time to lead
to signal transduction”’. This depends on the association/dissociation constants of the
interaction, where an agonistic interaction will lead to a longer dwell time, thereby
allowing time for the numerous steps involved in signal transduction (i.e. antigen ligation,
ITAM phosphorylation, ZAP70 involvement, etc)®. Nonspecific interactions will have
higher dissociation rates and will not have a long enough dwell time for the signal to
persist. The kinetic proofreading model also suggests that all of the intermediary steps
within the signaling cascade can be reversed by dissociation of the TCR from peptide-
MHC®.

Kinetic segregation

This model proposes that kinases and phosphatases are in passive equilibrium
within the membrane of a resting T cell. The ITAMs are passively phosphorylated by
signaling kinases, such as active Lck, and passively dephosphorylated by phosphatases,
such as CD45, therefore, on balance, no signal is transmitted. Upon peptide-MHC
interaction, multiple TCR-CD3 complexes cluster with their agonistic peptide-MHC. The
kinetic clustering of these signaling molecules serves two purposes: 1) it physically
separates them from phosphatases that would otherwise prevent signaling by
dephosphorylation and 2) it clusters ITAMS together, allowing Lck to passively
phosphorylate multiple motifs within the same area, thereby leading to signal
transduction’”°4%,

1.3.5 Structural insights into T cell activation —immunological synapse

Immediately ensuing the cellular engagement between the T cell and the target
cell is the spatial reorganization of membrane proteins into a specialized structure at the
interface of the contact site, referred to as the immunological synapse (IS)*’. The role of
the synapse is to spatially coordinate signaling molecules and organize the secretion of
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lytic granules onto the target cell in the case of cytotoxic T cells. The structure was first
visualized and characterized by fluorescence microscopy two decades ago showing that
two concentrated rings of proteins formed at the T cell-APC interface in a distinctive
bull’s-eye pattern: an inner ring containing high concentration of TCR and CD4/CDS8 co-
receptors called the central supramolecular activation complex (cSMAC) and an outer ring
containing the integrin LFA-1 called the peripheral supramolecular activation complex
(pPSMAC)®%8. A third outermost ring called the distal supramolecular activation complex
(dSMAC) containing proteins with large ectodomains such as CD43 and CD45 surrounds
the inner ring to complete the structure of the 1S%.

The original model of T cell activation by IS formation involves signal transduction
originating from the cSMAC, as accessory proteins such as protein kinase C (PKC) and Lck
were co-localized in the region along with a high TCR concentration®®. However, it was
subsequently determined that the activated forms of these signaling proteins were only
present in the pSMAC, and not the cSMAC, suggesting that although TCRs were more
concentrated in the cSMAC, active TCRs were mainly present in the pSMAC ring®®. Work
involving recombinant pMHC and ICAM-1 (binding partner for LFA-1) conjugated to
artificial planar lipid bilayer surfaces allowed formation of the cSMAC and pSMAC at the
T cell and bilayer interface to be visualized and followed in detail. Upon contact, the TCRs
began aggregating in microclusters (MCs), and these MCs associated with several
signaling molecules such as Lck, ZAP-70, SLP76 and LAT in the pSMAC. Over time, the MCs
migrated centripetally to the cSMAC, but the associations with the activated accessory
molecules were lost??1%?, |t was then proposed that signaling occurs and is sustained in
the pSMAC, while the cSMAC (devoid of active kinases) most likely serves as a site for TCR
internalization and degradation, which is important for the long-term attenuation of T cell
function®12, The hypothesis that the cSMAC serves as a termination site is further
supported by the strong colocalization of Cbl-b (ubiquitin ligase) and LBPA (late
endosomal marker) in the region®1%3,

With the advancement of high resolution microscopy, research into IS formation
and function has increased dramatically®®>. Work conducted by electron microscopy
revealed that TCRs in resting T cells exist in linear oligomers of 2-10 complexes called
nanoclusters (NCs), which are undetectable by standard microscopy since NCs are smaller
than the wavelength of visible light (roughly 0.2 pum)¥4 In addition to electron
microscopy, super-resolution fluorescence microscopy such as high-speed
photoactivated localization microscopy (hsPALM) further demonstrated that TCRs exist in
nanoclusters in dormant T cells, and aggregate into microclusters (visible by standard light
microscopy) upon antigen engagement!®>1%,_Sjgnaling molecules such as LAT were also
found to exist in nanoclusters (independent of the TCR), and aggregated with TCR
nanoclusters to form activation microclusters in the pSMAC region of the 1S,

1.3.6 Activated T cell fates and dénouement
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A mature, naive T cell encountering its associated antigen (along with adequate
co-stimulation) for the first time experiences a series of biochemical, genetic, metabolic
and proliferative events called T cell priming, which ultimately leads to the production of
expanded T cell clones containing a mixed population of short lived effector cells and long-
lived memory cells!®’. Priming occurs in three phases'®: in the first phase, the mature
naive T cell recognizes its agonistic peptide-MHC displayed by an APC, likely a dendritic
cell, in alymph node. The T cell then undergoes a series of transient interactions with the
APC lasting 2-8 hours, which leads to decreased lymphocyte motility and the upregulation
of the early activation marker CD69'%. In the second phase, the T cell makes long lasting
stable contacts with the APC lasting approximately 12 hours. At this stage, the T cell
begins to produce cytokines such as IL-2 and IFNy as well as upregulates activation
markers such as the a subunit of the IL-2 receptor (CD25)'%1%0, Finally, the last phase
begins 24 hours after initial antigen experience, where the T cell begins to dissociate from
the APC, rapidly migrates, vigorously proliferates, and begins to downregulate CD25 and
CD69™M™,

CD4"* T cells polarize into a broad class of “helper” T cells during priming. These
cells support the immune system by the robust production and secretion of cytokines and
chemokines that can activate neighbouring immune cells and/or recruit specific cell
subsets to a site of infection!2. The effector subsets include T helper (such as Thl, Th2
and Th17), T follicular helper (Tfh), and regulator T cells (Tregs). The former migrate to
nonlymphoid tissues in order to regulate the anti-microbial actions of other immune cells
at the site of infection, while Tfh cells travel to B cell follicles where they induce germinal
center responses that aid in the production of antibodies'*!3, Tregs play an important
role in attenuating inflammatory processes, which if unchecked, can result in
overexuberant immune responses associated with immunopathology and auto immune
diseases!?!1, Differentiation into these different fates depends on the cytokine
environment/milieu during priming, which is often referred to as “signal 3”°. For
instance, the generation of IFNy and IL-12 during intracellular viral infections polarizes
CD4* T cells to the Thl subset during priming. This subset is characterized by the large
production of IFNy and TNFa, which feed back into the cytokine environment and
promote neighbouring immune cells such as macrophages and dendritic cells to activate
their antigen presentation phenotype, among other outcomes!. Similarly, the presence
of IL-4 commonly produced during extracellular parasitic infections!'® polarizes the CD4*
T cells to the Th2 subset, which produce IL-4, IL-5, and IL-13 that activate neighboring
eosinophils, mast cells, and basophils, which specialize in the elimination of
parasitest?117,

Naive CD8* T cells differentiate into cytotoxic T lymphocytes (CTLs) (also known
as killer T cells) that specialize in eradicating intracellular pathogens. The cytokine priming
environment drives CD8" T cell differentiation into short-lived effector cells that
immediately deal with the infection within the first 15 days of initial antigen experience
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or long lived memory cells that persist in the periphery and robustly respond to future
similar infections. Pro-inflammatory cytokines, specifically IL-2, IFNy and IL-12 drive the
development of the effector phenotype, which includes low expression of the IL-7
receptor (CD127)8, high expression of the killer-cell lectin like receptor G1 (KLGR-1)%°
and increased transcription of effector genes perforin and granzyme?. These effectors
specialize in the delivery of cytotoxic granules into target cells that ultimately lead to the
apoptosis of those cells. Upon immunological synapse formation with the target cells,
CTLs secrete perforin, a pore-forming protein, into the membrane of the target cell. This
causes membrane perturbations that lead to a calcium flux, eventually causing the target
cells to rapidly uptake anything bound to its outer membrane!?!. CTLs also secrete
granzymes, a class of serine proteases that are endocytosed during the calcium flux that
ultimately trigger three different apoptosis pathways, leading to target cell death!?122,
Apoptosis of target cells can also be initiated by the ligation of CTL Fas ligand (FasL) to the
target cell Fas protein (CD95/TNFRSF6), a type | transmembrane member of the tumour
necrosis receptor (TNFR) family®13, With regards to signal 3 for CD8* T cells, cytokines
IL-7, IL-15 and IL-21 tend to drive the polarization of the memory phenotype?*2,

Following activation, naive T cells proliferate vigorously and subsequently
undergo a unique process after priming and proliferation called contraction
(approximately 7-15 days after initial priming), where most of the effector cells die off via
apoptosis, and a small pool of memory cells remain?*12>, Memory cells exist in two broad
classes: effector memory (Tem) and central memory (Tem). Tem cells tend to circulate in the
periphery, have relatively low proliferative capacity but display rapid effector function
(i.e. Granzyme B and IFNy production). Tewm cells conversely migrate into secondary
lymphoid organs and display high proliferative capacity after antigen re-exposure which
results in asymmetrical division where most daughter acquire an effector phenotype
while some daughter retain the Tcm phenotype, presumably to maintain immunological
memory!2,

The difference in lifetime of an effector T cell (approximately two weeks)
compared to a memory T cells (months-years) is highlighted in their metabolism2:1%7,
Effector T cells display high glucose intake and use glycolysis as the primary energy source
pathway, whereas memory cells metabolize lipids through B-oxidation in the
mitochondria to generate ATP%,

A key component to proper memory formation is the absence of antigen
stimulation after the effector phase. Constant antigen exposure such as in chronic
infections and cancer can manifest another T cell fate: exhaustion. An exhausted T cell is
characterized by low proliferative potential, abrogated cytokine production and an
increase in inhibitory surface receptors such programmed cell death-1 (PD-1), lymphocyte
activating gene 3 (LAG3), and cytotoxic T lymphocyte associated antigen 4 (CTLA-4)74.
These inhibitory receptors on the surface of tumour cells counteract TCR stimulation and
suppress T cell function, giving the impression of a cell that is “exhausted”. Exhausted T

17



PhD Thesis — KA Mwawasi McMaster University — Medical Sciences

cells can be rescued from their quiescent state by the targeted blockade of inhibitory

receptors and induction of the CD28 co-stimulatory pathway'?%,

1.4 CANCER IMMUNOTHERAPY

1.4.1 Mechanisms of tumour escape from the immune system

T cells are powerful immunological agents that maintain physiological
homeostasis, which includes circulating throughout the body where they recognize and
destroy neoplastic cells. The host immune cells and nascent tumor cells are believed to
co-exist in a dynamic interplay called immunoediting'?®, which ultimately determines the
tumour fate. Immunoediting is suggested to occur in three phases: elimination,
equilibrium, escape (the “three Es”).

Elimination

Initially described as the original concept of immunosurveillance'*, elimination is
the host protective phase of immunoediting where immune cells eliminate neoplastic
cells. Initiation of host defenses begin when the immune system is alerted to the danger
signals created by the growing tumour. As stated in Section 1.1.1, two hallmarks of cancer
are sustained angiogenesis (creation of abnormal blood vessels to the tumour mass) and
invasive tumour growth!*'*, both of which cause aggressive stromal remodeling that
potentially leads to the production of these pro-inflammatory “danger signals”*?>%, In
addition to the chemokines released by the tumour cells themselves'®!, these danger
signals summon innate immune cells (such as NK cells and macrophages) to the tumour
microenvironment where they engage with the tumour and begin to produce IFNy, a
cytokine critical for the anti-tumour response!®2, This ultimately creates an innate
immune response feedback loop, where IFNy stimulates tumour-infiltrating macrophages
to produce IL-12, which stimulates tumour infiltrating NK to produce more IFNy, which
act on the macrophages again'?°. Tumour destruction by the innate cells releases tumour
antigens and danger associated molecular patterns, such as intracellular ATP!3, which
eventually drive the adaptive immune response when APCs pick up these antigens and
present them to naive T cells as previously described. During the elimination phase, the
balance towards anti-tumour immunity is achieved*2,

129

Equilibrium

In this stage, carcinogenesis is kept dormant, as constant selective pressures on
cancer cells by the immune system contains, but does not completely eliminate,
neoplastic cells undergoing mutations caused by genetic instability (described in
Section1.1.1)!32, Although many of the neoplastic cells are destroyed during the
elimination phase, new variants arise carrying mutations that subject them to increased
immune resistancel?. In terms of cytokine mediators, the equilibrium phase appears to
strike a balance between anti-tumour cytokines, such as IL-12, and tumour promoting
cytokines, such as IL-2333, The equilibrium phase is the longest of the three phases, and
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it has been predicted that there can be a 20 year gap between initial carcinogen exposure
and clinical detection of the tumour in certain solid cancers'?134,

Escape

In the final phase of immunoediting, cancer cell variants selected in the
equilibrium phase acquire the ability to grow in an immunologically intact environment.
This breach of the host’s immune system can be achieved by several possible molecular
immunosuppressive mechanisms: for instance, tumours can escape CTL recognition by
selection of variants that lost their T cell specific antigens*® and/or downregulation of
MHC-1*3%, Additionally, tumour cells may upregulate coinhibitory ligands (i.e. PD-L1) that
interact with inhibitory receptors on T cells (i.e. PD-1) and lead to T cell exhaustion and
lack of cytotoxic potential*®>. Tumour cells can also upregulate antiapoptotic molecules
such as FLICE-inhibitory protein (FLIP) and BCL-X, which decrease sensitivity to FasL361%7,

Several subsets of immune cells can promote tumour escape. Myeloid derived
suppressor cells (MDSCs) suppress the activity of T cells specifically through mechanisms
such as the production of arginase, which depletes available L-arginine in the local
environment suppressing T cell proliferation’®® and CD3-TCR complex expression®®®,
Additionally, MDSCs produce high amount of reactive oxygen species, creating oxidative
stress in the tumour microenvironment that has been shown to downregulate CD3{
expression®® and trigger signaling related to abnormal angiogenesis!*!. Macrophages of
the M2 phenotype are also associated with the progression of tumour growth as they
promote matrix remodeling, tissue repair and angiogenesis'*%. Additional immune cells
involved in carcinogenesis and the escape phase (neutrophils, Tregs, etc) have been
described in detail elsewhere!3%143:144,

Despite the barriers presented by tumour escape mechanisms, research on the
molecular and biochemical mechanisms of immunology and cancer biology, in addition to
clinical observations has led to the development of immunotherapies that aim to
overcome these challenges. These therapies harness and augment the power of the
immune system to treat cancer malignancies, and because of their efficacies and
unrealized future potentials, cancer immunotherapy was labelled the “breakthrough of
the year” in 2013 by Science magazine'*®. Several examples of cancer immunotherapies
are discussed below.

1.4.2 Cancer vaccines

Similar in utility as the vaccines that harness immunological memory to protect
against infectious diseases, cancer vaccines aim to initiate or amplify host lymphocyte
responses against evolving tumours'*®'%’, The basic mechanism of action is to activate
APCs to pick up and present either tumour associated antigens (TAAs) or tumour-specific
antigens (TSAs) and then migrate to the lymph nodes. There, the APCs may activate naive
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lymphocytes with TCRs recognizing these antigens in order to destroy neoplastic cells
through T cell biology previously descirbed*.

The choice of antigen is critical, and can be divided into four types: i)
overexpressed/aberrantly expressed self, ii) germline self in somatic cells, iii) foreign (i.e.
viral), and iv) mutated/neoantigen’*. Among TAAs, overexpressed self includes the
human epidermal growth factor receptor 2 (HER2) that is present in normal tissues but
upregulated in metastatic breast cancer®>®, while germline self in somatic antigens include
MAGE-A1, which is a germline gene normally repressed in somatic cells, but can become
re-expressed in tumours™®¥1>2, Within TSAs, foreign antigens include oncoviral antigens
such as the HPV E6/E7 antigens in cervical cancer, while mutated/neoantigens are those
caused by the genetic instability of tumours and present altered epitopes (amino acid
change, posttranslational modifications, etc)® TSAs present novel antigens not
educated against during central tolerance development of T cells in the thymus, while
TAAs are difficult to target due to central tolerance mechanisms and therefore require
methods to “break tolerance” to elicit a T cell response. Some of these methods include
the addition of strong adjuvants in the vaccine, such as pathogen associated molecular
patterns, provide additional co-stimulation and use repeated vaccinations with the same
antigen®3. Nevertheless, because TAAs are still expressed on normal tissue, therapies
targeting them may elicit “on-target off-tumour” toxicity, where normal cells expressing
the antigen (even at lower levels) are targeted and destroyed®*,

There are three main cancer vaccination platforms. The first are cellular vaccines,
which include either killed cancer cells or autologous APCs (ex. dendritic cell vaccines)
preloaded with the antigen of interest!®. The second class are molecular vaccines that
are composed of macromolecules (peptides, DNA, RNA) and an adjuvant. Peptide
vaccines <15 amino acids can activate CD8* T cells but do not effectively activate CD4*
helper T cells, which are necessary for full CTL functionality’*®. To address this, multivalent
synthetic long peptides (30+ residues in length) have been shown to induce both CD4*
and CD8* T cells and are preferentially processed by APCs thereby providing adequate co-
stimulation®>*>>, DNA and RNA molecular vaccines are relatively inexpensive and simple
to manufacture. Extracellular DNA also has the advantage of being a potent immune
stimulant and therefore their need for an additional adjuvant is less critical'*®1°¢, RNA is
susceptible to degradation by ubiquitous RNases, but degradation can be mitigated by
chemical modification of the RNA such as incorporation of pseudouridine as a modified
nucleoside that stabilizes secondary structure and increases RNA rigidity'®>”**%, The third
platform of cancer vaccines are viral vector vaccines, which are attenuated viruses that
boost the activation of APCs through their pathogen associated molecular patterns
(Discussed further in Section 1.4.4).

To date, regardless of the platform, most cancer vaccines have targeted TAAs that
are abnormally expressed by cancer cells instead of TSAs which are truly unique
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antigens'*®, Because of central tolerance mechanisms previously discussed, these cancer
vaccines stimulate activation and proliferation of less than 1% of total circulating CD8* T
cells, while effective antiviral vaccines (such as the Dryvax smallpox vaccine) can stimulate
activation and expansion of viral-specific CD8" T cells comprising as much as 40% of the
total pool**®1%°, which may explain the poor clinical outcomes observed with cancer
vaccines.

1.4.3 Monoclonal antibody based therapies

Monoclonal antibody (mAb) based therapy is one of the most successful
therapeutic strategies for both hematological and solid cancer malignancies of the last
two decades®®. The initial development of hybridoma technology®® as well as the
multiple proteomic, genomic and bioinformatic approaches®® to characterize cancer cell
surface antigens (also known as the “surfaceome”) has paved the way for the discovery
and clinical investigation of many mAbs with various different mechanisms of actions.
One class of mAbs are those that recognize antigens expressed by tumour cells (tumour-
targeting antibodies). These antigens range from glycoproteins expressed on certain
hematological cells such as CD20%2, growth factor receptors such as EGFR®®* and stromal
and extracellular matrix antigens such as fibroblast activating protein (FAP)?,
Mechanisms of action for tumour-targeting antibodies can also vary considerably: for
instance, rituximab (anti-CD20 mAb) can clear B cell malignancies by complement
dependent cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC)®°.
Binding of Cetuximab to EGFR blocks many receptor-dependent transduction pathways,
leading to apoptosis, receptor internalization (downregulation), cell cycle arrest and
inhibition of angiogenesis!®®.

Another class of mAb based therapy is the bi-specific antibody, an artificially
made antibody with two different antigen binding sites. These antibodies have the
mechanistic potential to link two moieties from different cells together in the same
molecule, thereby creating functionalities that otherwise would not occur without the bi-
specific antibody®”. A well-known variant of a bispecific antibody is the combination of
fragments from anti-CD3 and anti-CD19 mAbs yielding a structure known as the bi-specific
T cell engager (BIiTE) blinatumomab where one arm of the molecule binds to CD3 on the
surface of the T cell, while the other arm binds to CD19, a surface biomarker for many
leukemias and lymphomas®®8, This dual interaction engages the otherwise unstimulated
T cell to destroy the CD19* cell*®°,

A third class of mAb based therapies are the checkpoint blockade antibodies. As
described in Sections 1.3.6 and 1.4.1, T cells can express inhibitory receptors that when
ligated, can lead to T cell exhaustion and an abrogation of anti-tumour efficacy.
Monoclonal antibodies against these inhibitory/checkpoint receptors and their ligands
prevent T cell inhibition, enabling the T cell to fight the tumour. For instance, after T cell
activation, CTLA-4, a protein normally found in intracellular stores, migrates to the
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immunological synapse and interacts with B7 molecules (CD80/CD86) with higher affinity
and avidity than CD28, thereby inhibiting co-stimulatory signaling®®®’°.  The monoclonal
antibody ipilimumab specifically binds to CTLA-4 and prevents its interaction with
CD80/CD86, and therefore prevents T cell inhibition!’:. Checkpoint blockade inhibitors
exist against other checkpoint pathways; as examples, PD-L1 (expressed on tumors) is
targeted by atezolizumab?”? and PD-1 (expressed on T cells) is targeted by nivolumab?”3,

1.4.4 Oncolytic viruses and vaccines

Oncolytic viruses (OVs) are attenuated yet replication-competent viruses that
preferentially infect, replicate in, and eventually lyse tumour cells?’*. A major advantage
of this therapy against solid tumours is the in-situ effect”: viral replication in cancer cells
lead to their eventual necrosis, which unlike the organized programmed cell death of
apoptosis, leads to the release of intracellular contents due to membrane disruptions®7®.
These contents include danger associated molecular patterns (ex. intracellular DNA and
ATP) and tumour antigens (both tumour associated antigens and possible neoantigens
that may have occurred during carcinogenesis): both components necessary to activate
APCs to pick up protein antigens, process and present them on MHC and activate T cells.
OVs preferentially infect and replicate in cancer cells due to the anti-viral mechanisms
that are disrupted in neoplastic cells: while anti-viral responses include suppression of
translation, induction of apoptosis and decreased proliferation, cancer cells tend to have
increased translation, limited apoptosis and increased proliferation®”’.

Oncolytic virus vaccines (OV vaccines) are derivatives of OVs that have been
engineered to encode and express tumour antigens that will be picked up and processed
by APCs during virus replication, therefore directing an antigen-specific response’®7°, A
major challenge for OV vaccines is the relatively weak immunogenicity of the engineered
tumor antigen relative to the highly immunogenic viral antigens, resulting in a skewing of
the T cell response towards the virus antigens ’°. To address this, a heterologous prime-
boost strategy can be employed!® where the host is first immunized against the tumor
antigen using a vaccine platform unrelated to the OV vaccine (in our experience,
recombinant adenovirus works well) followed by a boost with the OV vaccine (in our
experience, recombinant rhabdoviruses are highly effective). Such prime-boost
strategies have shown great promise in pre-clinical models and are currently being tested
in humans.

1.4.5 Adoptive Cell Transfer

The previously described immunotherapies aim to either develop (vaccination) or
augment (checkpoint blockade) an endogenous T cell response against tumours. These
strategies ultimately require in situ activation and proliferation of T cells in patients who
are often immunocompromised, which can be a challenging limitation®, Further, as
noted earlier, the availability of T cells reactive against the tumor is limited through the
mechanisms of central and peripheral tolerance. To overcome these limitation, adoptive

22



PhD Thesis — KA Mwawasi McMaster University — Medical Sciences

cell transfer (ACT) was developed as a means of treating patients with large numbers of
tumor-specific T cells produced in the laboratory 1827184 Several ACT strategies have been
employed in the clinic with varying success: for instance, the infusion of autologous ex-
vivo expanded tumour infiltrating lymphocytes (TILs) in patients with metastatic
melanoma has shown cancer regression in approximately half of all patients following
intensive pre-conditioning with chemotherapy and radiation 3>, These lymphocytes
are obtained and isolated from the surgical excision of a solid tumour (due to them being
in complex with the tumour, along with other immune cells), grown in culture dishes
containing T cell growth factors (such as IL-2) and allowed to expand ex vivo before
ultimately being reinfused into the patient!®’. These lymphocytes are understood to have
higher immunological reactivity against solid tumours compared to non-infiltrating
lymphocytes'®. Another ACT strategy involves engineering bulk populations of T cells
with single high affinity transgenic TCRs. This immunotherapy has been used with
moderate success against melanomas expressing MART-1 or gp100 antigens81%,

1.5 MHC-Independent Synthetic T Cell Receptors

All therapeutic strategies that rely on T cells are limited by the downregulation of
MHC-I by cancer cells, which is common outcome of immunoediting . In this section,
we will discuss synthetic antigen receptors, which are designed to direct T cell immunity
against tumors in the absence of TCR-MHC interaction.

1.5.1 Chimeric Antigen Receptors

Overview and history

Chimeric antigen receptors (CARs) are recombinant transmembrane proteins
containing an antigen binding domain linked to a hinge and transmembrane domain and
fused to one or more intracellular signaling domains that are proving to be effective in
directing T cells to cancer-specific targets in an MHC independent manner (Figure 1.4)2,
T cells are engineered to express CAR using standard gene transfer methods; both viral
and non-viral methods can be used. The CAR model arose from the observation that
fusing the extracellular domain of CD8a co-receptor to the intracellular CD3Z chain
yielded a synthetic receptor that could activate a T cell independently of the TCR!®3, The
first generation of CARs contained a single chain variable fragment (ScFv — discussed in
detail below) covalently ligated to the CD3 zeta chain'®*. While first-generation CARs
could trigger T cells to elaborate robust cytotoxic function and cytokine production in
vitro, these first-generation CARs yielded disappointing clinical results in cancer patients,
as they exhibited limited persistence and anti tumour activity ¥+1°>1%, Second generation
CARs contained an additional co stimulatory domain such as CD28 or 4-1BB and proved
to be much more effective in vivo than first generation CARs due to their greater signaling
strength and persistence!® 2%, A third generation of CARs, containing two or more co
stimulatory domains in addition to the CD3C signaling domain has been described and
may to confer even greater potency in targeting antigen-specific cancer cells, although

23



PhD Thesis — KA Mwawasi McMaster University — Medical Sciences

research is ongoing?®22%, The design of chimeric antigen receptors is critical for their
function, and each modular domain which will be discussed in detail below?%.
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Figure 1.4 — Schematic of Chimeric Antigen Receptors (Generations 1-3)*?

The three generations of CARs are shown compared to the endogenous TCR-CD3 complex within
the T cell membrane. All generations of CARs contain an extracellular antigen binding domain
(shown here as a scFv of heavy and light chains) that redirects the engineered T cell against a
tumour antigen in an MHC independent manner linked to a hinge and transmembrane domain. All
generations of CARs also contain an intracellular CD3{ domain necessary for signal 1 transduction.
Second generation CARs contain a single intracellular co-stimulatory domain necessary for signal
2 transduction (shown here as 4-1BB) while third generation CARs have two or more intracellular
co-stimulatory domains.
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Antigen binding domain

Recognition of cancer target cells by CAR T cells is determined by the antigen
binding domain, an extracellular protein-binding moiety usually consisting of a single
chain variable fragment (scFv) specific for a tumour antigen (Figure 1.5). The feasibility of
the scFv, which is composed of an antibody’s variable light (V.) and heavy (Vu) chains
linked by a short peptide linker and retaining recognition and affinity of the parent
antibody was first demonstrated in 1988 by purifying the single chain from E. coli and
characterizing its properties in vitro®®>%%, Based on the structure of an antibody, it is not
unreasonable to assume that the NH>-V,-linker-Vy-COOH peptide chain orientation would
most closely resemble that of the parent antibody and therefore always confer greater
recognition and affinity, however some scFv confer higher specificity with the opposite
orientation?®*2%7, Due to their flexibility, glycine-serine repeats are the most widely used
linkers as they allow for the independent folding of individual immunoglobulin chains
without interference?%®2%, Serine is specifically responsible for forming hydrogen bonds
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with water molecules in aqueous solutions, which creates a hydration shell that prevents
glycine from forming potential hydrophobic interactions with nearby proteins?®. The
generally accepted linker length is 15-20 amino acids, therefore many CAR constructs use
(GlysSer)s or (GlysSer)s scFv linkers?®*, Short linkers are known to cause scFv clustering,
which can cause spontaneous CAR-mediated signaling in the absence of antigen, also
known as tonic signaling, that can lead to premature exhaustion of the CAR-T cells and
poor anti-tumor activity 2107212,

ANTIBODY scFv

b

Variable
fragment

Constant ——
fragment

—

Figure 1.5 Single chain variable fragment composition from antibody structure
The scFv is generated by linking the heavy (Vu, red) and light (Vi, blue) chains from the variable

fragment (antigen recognizing) of an antibody with a linker (black). The constant fragment is not
included within the scFv.

The main advantage of a scFv is that recognition is MHC independent, and
therefore not susceptible to MHC-I downregulation common to cancer cells!®!, Although
this suggests that targets can now only be surface antigens (therefore lowering the total
number of available potential targets), scFvs against peptide-MHC epitopes have been
characterized in the context of CAR T cells (“TCR mimic CARs”) 213, Therefore, flexibility
exists with regards to the choice of antigen to target.

As with many protein-protein interactions, affinity of the scFv with the tumour
antigen also appears to play an important role in CAR functionality. ScFvs tend to have
higher affinities for their antigens (Ko ~ nanomolar range) than endogenous TCRaf
recognition of peptide-MHC (Kp ~ micromolar range)**. CAR functionality has been
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shown to be proportional to affinity, where the low affinity binders cannot stimulate
comparable T cell functionality to high affinity binders of the same single chain, suggesting
each binder has a lower limit that must be achieved for full functionality?'>2,
Furthermore, increasing affinity past a certain threshold does not appear to improve CAR
functionality (especially for high density antigens), suggesting that there is also an upper
limit to affinity and T cell response?'’218,

Although most CARs employ scFvs, other protein-binding moieties can be used as
the antigen binding domain. One example is designed ankyrin repeat proteins (DARPins)
which have been used in our laboratory to recognize tumour targets in the context of CAR
T cells?®. DARPins specific for different cancer antigens have also successfully been used
in tandem on a single CAR construct to a generate multi-specific tumour recognition, and
this strategy is favourable over tandem scFvs since DARPins are less likely to aggregate
and lead to tonic signaling?®®. CARs specific for IL13Ra2, an antigen upregulated on
glioblastoma cancers, have utilized IL13 muteins as antigen binding domains. These
muteins contained either single or double amino acid substitutions within the IL13Ra2
recognition motif of IL13 that increased the affinity of this interaction and displayed high
in vivo efficacy against established glioblastoma cancer??.

Hinge (spacer) domain

The hinge (or spacer) is an extracellular sequence that links the antigen binding
domain to the transmembrane domain. While the selection of this domain might appear
inconsequential since, in theory, it does not participate in any protein-protein
interactions, direct signal transduction or membrane retention, the field is replete with
evidence of that the hinge has significant impact on CAR function, both in vitro and in
vivo. Most hinges in CAR constructs are derived from the extracellular domains of
immunoglobulin G (IgG), CD28 or CD8a 2%. One caveat of using an unmodified IgG hinge
is that it retains the ability to bind Fc-Receptor bearing cells through the CH2 domain,
thereby leading to off-target T cell activation or activation induced cell death (AICD) of
the CAR T cells??2225, The circumvent this, many groups have mutated or deleted the Fc-
receptor interacting domain?2422,

The length of the hinge is also an area of intense research and appears to be
dependent on the tumour antigen’s position and accessibility. Some groups have noted
that CAR T cells are more potently activated when the tumour antigen rests closer to the
tumour cell membrane??”228, This observation is supported by the kinetic segregation
model of T cell activation®*°” and has led to the hypothesis that a shorter hinge length
allows for a physically tighter association between the antigen binding domain and the
tumour antigen within the immunological synapse that excludes large phosphatases such
as CD45%04229 Nevertheless, in some cases a longer hinge is necessary if the epitope is
relatively inaccessible with a short hinge 22230231 Therefore, hinge length is often
empirically optimized for each target and antigen binding domain.

26



PhD Thesis — KA Mwawasi McMaster University — Medical Sciences

Finally, an observation often overlooked is the homodimerization of CARs (displayed
in Figure 1.4). CD8a and CD28 receptors for instance form endogenous homodimers on
the surface of T cells®*?3?, and this dimerization in the context of chimeric antigen
receptors (which has previously been demonstrated)?*® might be important for signaling
as early CARs using CD4 (monomer) as a hinge displayed inferior response to antigen
stimulation?®*,

Transmembrane domain

The transmembrane domain consists of 20-25 primarily hydrophobic amino acids
in an a-helical secondary structure responsible for anchoring the receptor in the T cell
membrane. It is the least studied domain of the CAR, mainly because these domains are
used concomitantly either with the hinge (i.e. CD8a hinge and transmembrane domains)
or with intracellular signaling domains (i.e. CD28 transmembrane and membrane
proximal signaling domains)®>. Nevertheless, CD4, CD28, CD8a, and CD3C
transmembrane domains have all been used in previous CAR constructs with no
discernable differences observed?®.

Intracellular domains

The intracellular domains of the CAR supply the activation signals following
antigen engagement. In the context of the 2-signal model of T cell activation, the
intracellular CD37 domain, present in the majority of CAR constructs, provides “signal 1”.
Itis believed that the failure of first-generation CARs was the lack of costimulatory signals.
Thus, current generation CARs include domains from costimulatory receptors (ex. CD28,
CD137) to deliver “signal 2” and considerable optimization has occurred in the field,
although the optimal configuration remains to be determined. The inclusion of a
costimulatory domain does little to improve in vitro cytolytic function compared to a first
generation CAR, however CAR T cell proliferation?®, in vivo tumour clearance?” and in
vivo persistence?® are markedly enhanced.

CD28 and 4-1BB/CD137 are the most commonly used costimulatory domains in
CAR T cells and their head to head performance have been extensively studied??. In
preclinical mouse models, CD28-based CAR-T cells displayed rapid effector functions (i.e.
higher tumour killing kinetics), but lower persistence compared to the 4-1BB-based CAR-
T cells 277233, Conversely, the 4-1BB-CAR displayed delayed tumour killing kinetics in vivo
but expanded over time and eventually led to tumour destruction. Metabolic analysis?*
of these CAR T cells revealed that the CD28-based CAR-T cells primarily used glycolytic
metabolism upon antigen stimulation, a phenotype common for effector T cells, whereas
the 4-1BB-based CAR-T cells used fatty acid oxidation upon antigen stimulation, a
phenotype common to memory T cells. The immediate effector functions of the CD28-
based CAR-T cells appear to be supported by glucose metabolism, while the long term
persistence of the 4-1BB-based CAR-T cells is supported by oxidative metabolism. Similar
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results have been observed clinically where CD28-based CAR T cells recognizing CD19
have shown potent anti tumour efficacy, but only limited persistence?*2*2, Conversely,
the corresponding 4-1BB-based CAR-T cells displayed similarly potent anti-tumour
efficacy and were found to persist for up to several years in patients?>24,

Results using third generation CARs, which contain 2 costimulatory domains
(usually CD28 and 4-1BB combination) have varied in preclinical studies: some have
shown increased efficacy compared to second generation CARs, others have shown no
difference, others have shown lower efficacy and one study even reported AICD in their
third generation CAR (not observed in second generation CARs of individual co-
stimulatory domains)?®*. It remains to be seen whether third generation CARs will confer
a clinical benefit and what impact having multiple costimulatory domains will have on
CAR T cell functionality. The majority of clinical studies and product candidates employ
second-generation CAR-T cells with only a single costimulatory domain.

Extrinsic components

Successful expression and functionality of CAR T cells also depend on extrinsic factors
not specific to the receptor design but relating to its transduction and subsequent
transcription and translation. One of these factors is the method by which the CAR is
introduced into the T cell. This has primarily been achieved by stable genomic integration
through the use of y-retroviral or lentiviral vectors?%4. Although both viruses integrate into
random transcriptionally accessible sites, y-retroviruses tend to integrate near
transcriptional start sites and near proto-oncogenes , thereby running the risk of
insertional mutagenesis and/or dysregulation?**2#, Non-viral methods for gene transfer
have been used to express CARs in T cells, specifically by transposon systems like Sleeping
Beauty and transient methods such as RNA electroporation?4®249,

Another important extrinsic factor to consider is the promoter: how the
transgene is regulated and transcribed once it is in the cell. This is generally impacted by
the type of transgene vector used, and the choice can be consequential. For instance, it
was noted that antigen-independent signaling (i.e. tonic signaling) could be reduced by
lowering the surface expression of the CAR which was achieved by exchanging the
powerful elongation factor 1a (EF-1a) promoter with either the cytomegalovirus (CMV)
or phosphoglycerate kinase 1 (PGK) promoter, which lead to lower surface expression of
the CAR 2%,

Challenges for CAR T cell therapies

Although CAR T cell therapy has demonstrated considerable clinical success against
hematological malignancies®®'%>3, clinical and biological challenges remain, especially
with regard to solid tumours?**. The most frequent and serious adverse event related to
CART cell therapy is cytokine release syndrome (CRS), which is the systemic, abrupt and
rapid release of cytokines into the blood from immune cells affected from the
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immunotherapy. The pathophysiology of CRS occurs in two steps: First, the CAR T cells
produce pro-inflammatory cytokines, such as IFNy and TNFa, following engagement of
the tumor cells. Second, these pro-inflammatory cytokines activate innate immune cells
such as macrophages to release additional cytokines such as IL-1, IL-6 and IL-10 which
exacerbates the toxicity?>. Clinical presentation of CRS ranges from flu-like symptoms
(fever, fatigue, headache, rash, arthralgia, and myalgia) to more severe cases of
hypotension, circular shock, vascular leakage and multi-organ system failure®>. Low
grade CRS is treated with antihistamines, fluids and antipyretics. Higher grade CRS is
treated with anti-IL.-6 monoclonal antibodies (siltuximab and clazakizumab, or
tocilizumab which binds the IL-6 receptor), as IL-6 is elevated in serum of patients with
CRS following CAR T cell therapy®®.

Another complication is neurotoxicity that has been associated with CD19-
targeted CAR T cell therapy. Although the mechanism of action is not completely
understood, neurotoxicity appears to be associated with CRS, as elevated levels of IL-6
and IFNy have been found in both the blood and the cerebrospinal fluid, which suggests
a possible compromise of the blood-brain barrier®®. Clinical symptoms include delirium,
headache, language disturbance, tremor, transient focal weakness, behavioral
disturbances, ataxia, peripheral neuropathy, visual changes and generalized weakness,
seizures, and acute cerebral edema. Cerebral edema is an especially serious and life
threatening condition that involves fluid build up in the brain, causing an increase in
intracranial pressure®®. Corticosteroids are the first-line of treatment against CAR T cell
induced neurotoxicity: dexamethasone specifically has excellent central nervous system
penetration and is the gold standard of treatment of cerebral edema and neurotrauma

for several groups?®’.

There is also evidence of “on-target off-tumour” toxicity of CAR T cells, when the
engineered T cells recognize a TAA also present on normal tissue and attack it. For
instance, treatment of metastatic renal cell carcinoma with CAR T cells recognizing
carbonic anhydrase IX (CAIX, an antigen overexpressed in this type of cancer) lead to
tumour clearance, but also severe liver toxicity in several patients. It was suggested that
the CAR T cells also targeted CAIX expressed by bile duct epithelial cells, even if they were
expressed at lower levels than the renal cell carcinoma cells®**,

1.5.2 T Cell Antigen Coupler (TAC) Receptor

While traditional CARs activate T cells by their recombinant CD37 and co
stimulatory domains, work in the Bramson laboratory sought to develop an alternate
method in T cell redirection that did not rely on the incorporation of signaling domains
into the chimeric receptor. We hypothesized that CAR toxicities are linked to the synthetic
nature of the receptor design, and that a more controlled response could be achieved by
signaling through the endogenous framework of the TCR. To this end, the T cell antigen
coupler (TAC) receptor®® was developed with the idea of recapitulating the natural
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activation of a T cell (Figure 1.6) but in an MHC independent and TAA specific manner.
The TAC co-opts the endogenous TCR-CD3 complex and signals through the natural CD3(
ITAMS on this complex, rather than having intrinsic signaling domains of its own. The TAC
is modular in design and contains three central features: i) an antigen binding domain that
recognizes a tumour associated antigen ii) a CD3 binding domain that recruits the TCR-
CD3 complex to the receptor and iii) a CD4 co-receptor anchor which affixes the receptor
into the membrane.
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Figure 1.6 — T Cell Antigen Coupler (TAC) design mimics the TCR-CD3 complex?®

Left, the natural TCR-CD3 complex interacting with an MHC-Il molecule on the surface of a
professional APC. The CD4 co-receptor interacts with the MHC at the different site from where
TCRaP binds to the peptide on the MHC. Right, TAC engages a tumour associated antigen via its
antigen recognition domain on the surface of the cancer cell in an MHC-independent manner. The
TAC co-opts the TCR-CD3 complex through a CD3 binding domain and is anchored into the cell
membrane with the CD4 co-receptor domain.

Our laboratory has published experimental evidence of the efficacy and unique
biology of TAC-engineered human T cells: we observed enhanced in vivo anti-tumour
efficacy and decreased off-tumour toxicity compared to first and second generation CARs,
most notably in a solid tumour model. Given the same antigen binding domain, we
observed lower tonic signaling in TAC T cells compared to both CD28 and 4-1BB-CAR T
cells, supporting the hypothesis that the natural activation pathway is more controlled.
This idea is further supported in the literature by the efficacy and biology of T cell receptor
fusion constructs (TRuCs), which comprise an antibody-based binding domain fused to
the endogenous T cell receptor®®. TRuCs also had evidence of lower tonic signaling
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(antigen independent phosphorylation of CD3) yet displayed improved in vivo liquid
tumor .

With regards to the modular design of the TAC receptor, our laboratory has
demonstrated the broad utility of the receptor by targeting several different cancer
antigens, namely Her2 (breast cancer), CD19 (B cell lymphoma) and BCMA (multiple
myeloma) using different binders such as scFvs and DARPins. Unlike CARs however, the
TAC does not contain any endogenous signaling domains within its design, and therefore
requires recruitment of the TCR-CD3 complex to provide signal transduction through the
ITAMS. It achieves this by containing a CD3-binding domain, and specifically binding to
CD3¢ using the UCHT1 scFv?®°. CD3e was chosen as the binding site due to its outer
orientation in the TCR and the well characterized interactions with other anti-CD3
antibodies such as L2K, OKT32% and F6A2°82%1, Similar to the antigen recognition domain,
the CD3 binding domain is absolutely necessary for TAC functionality, and the choice of
the scFv also affects functionality: for instance, TAC receptors using F6A and L2K showed
poor surface expression and cytokine production upon antigen stimulation. UCHT1
displayed preferred properties (surface expression and cytokine production) and was
therefore used in the TAC platform.

The TAC is also unique in that it also does not contain costimulatory moieties
within the receptor design, similar to the first generation CAR. The TAC however has
demonstrated enhanced in vivo activity against a solid tumour model (Her2* OVCAR-3) in
a head-to-head experiment comparing anti-Her2 TACs to first and second generation
(CD28 costimulatory domain) anti-Her2 CARs. Therefore, despite the specific lack of
costimulatory signaling within the TAC, it displays the in vivo efficacy and persistence
often not observed in first generation CARs. It is interesting to note that TRuCs, which
similarly signal through the TCR complex and do not contain costimulatory domains, also
show high in vivo efficacy and persistence comparable to second-generation CARs. It is
unclear how signaling through the entire endogenous TCR complex within the context of
a synthetic antigen receptor provides enough signaling breadth (signals 1 and 2)
necessary for in vivo persistence.

Given that the TAC recruits and signals through the endogenous TCR-CD3
complex, the final component of the TAC design is the CD4 anchor/co-receptor domain,
consisting of the CD4 hinge, transmembrane domain and intracellular tail. In addition to
anchoring the receptor within the T cell membrane, the anchor incorporates co-receptor
properties necessary for natural T cell activation such as Lck recruitment for ITAM
phosphorylation and membrane partitioning important for receptor clustering during
antigen engagement (described in Section 1.3.3). Of the three modular TAC components,
the anchor/co-receptor domain is the least characterized. Our laboratory was interested
in refining the TAC technology by first understanding the specific contributions this
domain provides to the functionality of the receptor. By doing so, we hoped to gain
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further insights in some of the unique features that the receptor displayed, such as a lack
of tonic signaling, in vivo persistence despite a lack of co-stimulatory domains, and high
activity against solid tumours.

1.6 THESIS OBJECTIVES

Overview and scope

The work described in this thesis aimed to characterize the modular features of
the TAC receptor. Specifically, the focus of this thesis was on the TAC anchor/CD4 co-
receptor domain. The TAC was designed with the aim of recapitulating natural T cell
activation, and therefore the CD4 co-receptor was used as an anchor based on the
biological understanding of co-receptor function at the time (described in Section 1.3.2);
however, the contribution of this domain with regards to TAC functionality was not
known.

Objective 1 Substitution of the CD4 with CD8

The use of CD4 as the TAC anchor to recapitulate natural T cell activation was
rationalized based on the monomeric structure of CD4. Given that T cells have two
natural co-receptors that serve similar functions, we were interested in evaluating the
modular design of the TAC receptor by replacing the CD4 co-receptor with CD8 and
observing the resulting phenotype and functionality. We were also interested in
determining whether these intracellular features were necessary for TAC functionality, as
they are in the biology of natural T cell activation. The objective was to determine if the
CD4 co-receptor could be functionally replaced with the CD8 co-receptor, and if the
domains within these receptors were critical for TAC functionality.

Objective 2 Functionality of the “tailless” TAC

We continued characterizing the CD4 anchor by removing the cytoplasmic
domain/tail in its entirety, thereby creating a “tailless” TAC. We examined the phenotype
and functionality of this new TAC receptor compared to the parent TAC in order to gain
further insight into the components necessary for TAC functionality.

Objective 3 Functionality of the tailless TAC across different antigen binding domains

Finally, we wanted to validate the previous results across different antigen
binding domains and cancer models to ensure that the outcomes we observed were
consistent across all TAC platforms and not unique to a single model.
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CHAPTER TWO

MATERIALS AND METHODS
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2.1 GENETIC CLONING OF TAC CONSTRUCTS

2.1.1 Transmembrane and intracellular tail constructs

Sequences for human cd8a and cd88 genes were obtained from GenBank. The
nucleotide moieties of all CD8 TAC constructs including the CD8AR, CD8AL, and CD8ALR
mutants were ordered from GenScript and subcloned into a pUC57 vector containing the
CD4 TAC (prepared by another member of the lab) after the CD4 moiety was digested out.
This plasmid was confirmed by DNA sequencing at MOBIX. The entire DARPin-UCHT1-CD8
Alpha/Alpha+R/Beta+Lck TAC constructs were then digested out of pUC57 using the Ascl
and Nhel restriction enzymes (New England Biolabs), and cloned into the pCCL lentivirus
transfer vector (graciously provided by Dr. Megan Levings, University of British Colombia)
using T4 DNA Ligase (New England Biolabs). The nucleotide sequences of all other
intracellular TAC constructs including the CD4 truncations, tailless, and 4A were ordered
from GenScript and cloned into the pCCL vector as previously described. The DNA
backbone of the pCCL vector is shown in Fig. 2.1. Double stranded nucleotide sequences
and primers used are shown in Table 1.0 and Table 2.0, respectively.

—| HIV-1/CMV 5’ LTR HEH RRE H tNGFR |—<mCMVH EF-1ot>-| TAC cloning Site AU3 3 LTRI—

Ascl Xmal Xhol Nhel
Figure 2.1 DNA backbone of pCCL vector?>®
The bi-directional pCCL lentivirus transfer vector DNA backbone contains a truncated nerve growth
factor receptor (tNGFR, blue) gene under control of the mCMV promoter serving as a transduction
control. The TAC cloning site (red) under control of the EF-1a promoter is contained in between
the Ascl and Nhel restriction digest sites. Each component of the TAC (antigen binding domain,
CD3 engager, anchor) can be swapped using the appropriate restriction sites.

2.1.2 Antigen binding domain constructs

Nucleotide sequences for the DARPin antigen binding domains (G3-A, G3-AVD,
G3-HAVD) were obtained from Zahnd et al 2007 and ordered from GenScript?®2.
Sequences were amplified with primers containing Ascl and Xmal restriction digest sites
(Table 1.0) and cloned into the pCCL vector as previously described.
All anti-CD19 and the anti-BCMA 2Aaass-s2s truncation constructions were cloned into the
TAC cloning site of pCCL by GenScript in its entirety, and the plasmids were delivered to
us by GenScript.
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PCR
product

Double stranded DNA sequence (5’-3’)

Type of
DNA

Supplier/
Vendor

CD8 TAC
Alpha

CTCGAGCTGCGCCCAGAGGCGTCCCGGCCAGCGGLCGGEG
GGGCGCAGTGCACACGAGGGGGCTGGACTTCGCCTCTG
ATATCTACATCTGGGCGCCCTTGGCCGGGACTTGTGGG
GTCCTTCTCCTGTCACTGGTTATCACCCTTTACTGCAACC
ACAGGAACCGAAGACGTGTTTGCAAATGTCCCCGGCCT
GTGGTCAAATCGGGAGACAAGCCCAGCCTTTCGGCGAG
ATACGTCTAATGAGCTAGC

Gene
synthesis

GenScript

CD8 TAC
Alpha+R

CTCGAGCTGCGCCCAGAGGCGTCCCGGCCAGCGGCGGG
GGGCGCAGTGCACACGAGGGGGCTGGACTTCGCCTCTG
ATATCTACATCTGGGCGCCCTTGGCCGGGACTTGTGGG
GTCCTTCTCCTGTCACTGGTTATCACCCTTTACCTGTGCT
GCCGGCGGAGGAGAGTTTGCAAATGTCCCCGGCCTGTG
GTCAAATCGGGAGACAAGCCCAGCCTTTCGGCGAGATA
CGTCTAATGAGCTAGC

Gene
synthesis

GenScript

CD8 TAC
Beta+Lck

CTCGAGAAGAAGTCCACCCTCAAGAAGAGAGTGTCCCG
GTTACCCAGGCCAGAGACCCAGAAGGGCCCACTTTCTA
GCCCCATCACCCTTGGCCTGCTGGTGGCTGGCGTCCTGG
TTCTGCTGGTTTCCCTGGGAGTGGCCATCCACCTGTGCT
GCCGGCGGAGGAGAGCCTGCAAATGTCCCCGGCTTCGT
TTCATGAAACAATTTTACAAATGATAAGCTAGC

Gene
synthesis

GenScript

CD8AR
TAC

CTCGAGAAGAAGTCCACCCTGAAGAAACGGGTGTCCCG
GCTGCCCAGACCCGAGACACAGAAGGGCCCCCTGAGCA
GCCCTATCACCCTGGGACTGCTGGTGGCCGGCGTGCTG
GTGCTGCTGGTGTCTCTGGGAGTGGCCATCCACCTGTGC
TGCGCCTGCAAGTGCCCCAGACTGCGGTTCATGAAGCA
GTTCTACAAGTGATGAGCTAGC

gBlock®

IDT

CD8ALR
TAC

CTCGAGAAGAAGTCCACCCTGAAGAAACGGGTGTCCCG
GCTGCCCAGACCCGAGACACAGAAGGGCCCCCTGAGCA
GCCCTATCACCCTGGGACTGCTGGTGGCCGGCGTGCTG
GTGCTGCTGGTGTCTCTGGGAGTGGCCATCCACCTGTGC
TGCGCCAGACTGCGGTTCATGAAGCAGTTCTACAAGTG
ATGAGCTAGC

gBlock®

IDT

G3-A
DARPin

ATGGATTTCCAGGTCCAGATTTTCTCCTTCCTGCTGATTT
CCGCAAGCGTCATTATGTCACGGGGCTCCGACCTGGGC
AAAAAGCTGCTGGAGGCCGCTAGGGCCGGGCAGGACG
ATGAAGTGAGAATCCTGATGGCCAACGGGGCTGACGTG
AATGCTAAGGATGAGTACGGCCTGACCCCCCTGTATCTG
GCTGCTGCACACGGCCATCTGGAGATCGTGGAAGTCCT
GCTGAAAAACGGAGCCGACGTGAATGCAGTCGATGCCA
TTGGGTTCACTCCTCTGCACCTGGCAGCCTTTATCGGAC
ATCTGGAGATTGCAGAAGTGCTGCTGAAGCACGGCGCT
GACGTGAACGCACAGGATAAGTTCGGAAAAACCGCTTT
TGACATCAGCATTGGCAACGGAAATGAAGACCTGGCTG

gBlock®

IDT
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AAATCCTGCAGAAACTGAATGAACAGAAACTGATTAGC
GAAGAAGACCTGAAC

G3-AVD ATGGATTTCCAGGTCCAGATTTTCTCCTTCCTGCTGATTT | gBlock® IDT
DARPin CCGCAAGCGTCATTATGTCACGGGGCTCCGACCTGGGC
AAAAAGCTGCTGGAGGCCGCTAGGGCCGGGCAGGACG
ATGAAGTGAGAATCCTGATGGCCAACGGGGCTGACGTG
AATGCTAAGGATGAGTACGGCCTGACCCCCCTGTATCTG
GCTGCTTTCATCGGCCATCTGGAGATCGTGGAAGTCCTG
CTGAAAAACGGAGCCGACGTGAATGCAGTCGATGCCAT
TGGGTTCACTCCTCTGCACCTGGCAGCCTTTATCGGACA
TCTGGAGATTGTGGAAGTGCTGCTGAAGCACGGCGCTG
ACGTGAACGCACAGGATAAGTTCGGAAAAACCGCTTTT
GACATCAGCATTGACAACGGAAATGAAGACCTGGCTGA
AATCCTGCAGAAACTGAATGAACAGAAACTGATTAGCG
AAGAAGACCTGAAC

G3-HAVD | ATGGATTTCCAGGTCCAGATTTTCTCCTTCCTGCTGATTT | gBlock® IDT
DARPin CCGCAAGCGTCATTATGTCACGGGGCTCCGACCTGGGC
AAAAAGCTGCTGGAGGCCGCTAGGGCCGGGCAGGACG
ATGAAGTGAGAATCCTGATGGCCAACGGGGCTGACGTG
AATGCTAAGGATGAGTACGGCCTGACCCCCCTGCACCTG
GCTGCTGCACACGGCCATCTGGAGATCGTGGAAGTCCT
GCTGAAAAACGGAGCCGACGTGAATGCAGTCGATGCCA
TTGGGTTCACTCCTCTGCACCTGGCAGCCTTTATCGGAC
ATCTGGAGATTGTGGAAGTGCTGCTGAAGCACGGCGCT
GACGTGAACGCACAGGATAAGTTCGGAAAAACCGCTTT
TGACATCAGCATTGACAACGGAAATGAAGACCTGGCTG
AAATCCTGCAGAAACTGAATGAACAGAAACTGATTAGC
GAAGAAGACCTGAAC

TACasi6525 | GGGATCCTCGAGAGCGGACAGGTGCTGCTGGAATCCAA | gBlock® IDT
TATCAAAGTCCTGCCCACTTGGTCTACCCCCGTGCAGCC
TATGGCTCTGATTGTGCTGGGAGGAGTCGCAGGACTGC
TGCTGTTTATCGGGCTGGGAATTTTCTTTTGCGTGCGCT
GCCGGCACCGGAGAAGGCAGGCCGAGCGCATGAGCCA
GATCAAGCGACTGCTGAGCGAGAAGAAAACCTGTCAGT
GTCCCTGATAAGCTAGCGATCCC

TACaasss2s | GGGATCCTCGAGAGCGGACAGGTGCTGCTGGAATCCAA | gBlock® IDT
TATCAAAGTCCTGCCCACTTGGTCTACCCCCGTGCAGCC
TATGGCTCTGATTGTGCTGGGAGGAGTCGCAGGACTGC
TGCTGTTTATCGGGCTGGGAATTTTCTTTTGCGTGCGCT
GCTGATAAGCTAGCGATCCC

TAC 4A AGCGGACAGGTGCTGCTGGAATCCAATATCAAAGTCCT | Gene GenScript
GCCCACTTGGTCTACCCCCGTGCAGCCTATGGCTCTGAT | synthesis
TGTGCTGGGAGGAGTCGCAGGACTGCTGCTGTTTATCG
GGCTGGGAATTTTCTTTGCCGTGCGCGCCCGGCACCGG
AGAAGGCAGGCCGAGCGCATGAGCCAGATCAAGCGAC
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TGCTGAGCGAGAAGAAAACCGCTCAGGCTCCCCATAGA
TTCCAGAAGACCTGTTCACCCATTTGATAA

TACh4s88-525
2A

AGCGGACAGGTGCTGCTGGAATCCAATATCAAAGTCCT
GCCCACTTGGTCTACCCCCGTGCAGCCTATGGCTCTGAT
TGTGCTGGGAGGAGTCGCAGGACTGCTGCTGTTTATCG
GGCTGGGAATTTTCTTTGCCGTGCGCGCCTGATAA

Gene
synthesis

GenScript

Table 1.0 — Gene products used to clone TAC and DARPin constructs

PCR Forward Primer (5’-3’) Reverse Primer (5’-3’)
product
CD8 GGGATCCTCGAGCTGAGGCCCGA GGGATCGCTAGCTCATCACACGTATC
Alpha
CD8 Beta GGGATCCTCGAGAAGAAGTCCACCC GGGATCGCTAGCTCATCACTTGTAGAA
DARPin GGGATCGGCGCGCCATGGATTTCCAGG | GGGATCCCCGGGGTTCAGGTCTTCTTCGC
TCCAGATTT TAATC
CD8ALck GGGATCCTCGAGAAGAAGTCCACCC GGGATCGCTAGCTCATCATTTGTAAAATT
GTTTCATGAAACGAAGCCGGGCCCTTCTC
CGCCGG
TACas16525 | GGGATCCTCGAGAGCGGACAGGTGCTG | GGGATCGCTAGCTTATCAGGGACACTGAC
CTG AGGTTTTCT
TACasss-525 | GGGATCCTCGAGAGCGGACAGGTGCTG | GGGATCGCTAGCTTATCAGCAGCGCACGC
CTG AAAAGAAAA

Table 2.0 - List of cloning primers used in this thesis
2.2 Plasmid Propagation and Preparation from E. coli

2.2.1 E. coli chemical competent cell preparation

E. coli TURBO (NEB) were cultivated in aerobic conditions at 37°C in Lysogeny
Broth (LB) (1% w/v bacto-tryptone, 0.5% w/v bacto-yeast extract, 1% w/v NaCl) shaking
at 250 RPM overnight. Cells were inoculated in a 1:50 ratio into new LB broth and
incubated at 37°C and 250 RPM until an optical density at 600 nm (ODeggo) of 0.5 was
obtained. Cells were then incubated on ice for 15 minutes and harvested at 1,500 x g for
10 minutes at 4°C. The cells were resuspended in ice cold 10 mM MgSO, and incubated
on ice for 30 minutes. The cells were harvested as previously described and incubated on
ice with 50 mM CaCl; for 30 minutes. The cells were harvested and resuspended in ice
cold 50 mM CaCl; supplemented with 15% (v/v) glycerol. The cells were aliquoted in 55
uL fractions and stored at -80°C.

2.2.2 E. coli transformation

Chemically competent E. coli cells were thawed on ice and incubated with 1 pL of
the ligation reaction from Section 2.1 on ice for 20 minutes. Cells were then heat shocked
for 42 seconds at 42°C and then plated on LB 1.5% (w/v) agar supplemented with 100
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pg/mL ampicillin overnight at 37°C. Individual colonies were selected for screening and
large scale propagation.

2.2.3 Large scale plasmid preparation
Single bacterial colonies transformed with the pCCL plasmids from Section 2.2.2 were
inoculated in 500 mL LB and incubated at 37°C and 250 RPM overnight. Plasmids were
extracted and purified from the bacterial cells using the PureLink™ HiPure Plasmid
Maxiprep Kit (Thermo Fisher) according to the manufacturer’s guidelines with the
following exceptions:
e Bacterial cell pellets were harvested at 8,000 x g for 4 minutes at room
temperature
e Soluble plasmid DNA was separated from insoluble cell debris by centrifugation
at 12, 000 x g for 10 minutes at room temperature
e Precipitated DNA was harvested in 70% ice cold ethanol at 15, 000 x g for 4
minutes at 4°C
Purified DNA was diluted 1/100 in ddH20 and quantified using the NanoVue™ Plus
Spectrophotometer (VWR)

2.3 Cell lines and tissue culturing

2.3.1 Human Embryonic Kidney 293TM (HEK293TM)

HEK293TM (generously donated by Dr. Megan Levings, University of British
Colombia) were cultured in Dulbecco’s Modified Eagle Media (DMEM) supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 10 mM HEPES, 2 mM L-glutamine,
100 U mL Penicillin/100 pg/uL Streptomycin (Sigma Aldrich) at 37°C and 5% CO; in sterile
T150 flasks until confluency. Cells were split by removing the media, washing the
monolayer with 1 mL of sterile PBS, and incubating cells with 5 mL of Trypsin-EDTA at 37°C
and 5% CO; for 5-10 minutes. Trypsin-treated cells were then added to a new T150 flasks
containing HEK293TM media in a 1:6 ratio. For long term storage, confluent cells were
treated with Trypsin and harvested at 500 x g for 5 minutes. The cells were then
resuspended in 5 mL of FBS and counted by mixing a 1:1 ratio of cells with 0.4% Trypan
Blue. A 10 pL aliquot of this solution was added to a single chamber of a Bright-Line
Hemocytometer (Hausser Scientific) and the number of cells in each corner square were
added and averaged to determine the concentration of HEK293TM cells according to the
manufacturer’s guidelines. Cells were then mixed with a 1:1 volume of 20% sterile
Dimethyl sulfoxide (DMSO) in FBS and added in 1 mL aliquots in Nunc™ Biobanking Cell
Culture Cryogenic Tubes (Thermo Fisher) and incubated for at least 16 hours at -80°C in a
Mr. Frosty™ freezing container (Thermo Fisher). Cryogenic tubes were then moved to
liquid phase nitrogen tank for long-term storage.

2.3.2 Adherent tumour lines: A549, SKOV-3, SKBR-3, LOXIMVI, OVCAR-3
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Adherent tumour lines A549, SKOV-3, SKBR-3, LOXIMVI and OVCAR-3 (originally
obtained from Dr. Karen Mossman, McMaster University) were cultured in complete
Roswell Park Memorial Institute 1640 (cRPMI, Thermo Fisher) media containing 10% heat-
inactivated FBS, 10 mM HEPES, 2 mM L-glutamine and 100 U mL Penicillin/100 pg/uL
Streptomycin at 37°C and 5% CO; in sterile T150 flasks until confluency. Cells were
passaged into new T150 flasks and stored in long-term liquid phase nitrogen as described
above in Section 2.3.1.

2.3.3 Nonadherent tumour lines: KMS-11, NALM-6, K562, Jurkat, JEKO-1

Nonadherent tumour lines KMS-11, NALM-6, K562, Jurkat E6.1 and JEKO-1 were
cultured in T150 flasks in cRPMI media at 37°C and 5% CO,. Cells were split 1:4 into a new
T150 flasks containing fresh cRPMI media upon cell confluency and inspection of the
culture media. Cells were stored long term in liquid phase nitrogen as described in Section
2.3.1.

2.4 HEK293TM Transient Transfection

HEK293TM cells were plated in HEK293TM media (Section 2.3.1) at 100,000
cells/well in a 24-well plate overnight at 37°C and 5% CO.. The next day, the following two
transfection mixtures were prepared and incubated at room temperature for five minutes
(each transfection mixture serves one well containing HEK293TM cells).

Mixture 1: 48 uL OPTIMEM (Thermo Fisher) + 2 pL Lipofectamine2000 (Thermo Fisher)
Mixture 2: 50 uL OPTIMEM + 0.8 ug of pCCL DNA

Both mixtures were combined and incubated for 20 minutes at room
temperature and subsequently added to separate HEK293TM wells. Cells were incubated
for at least 48 hours at 37°C and 5% CO; prior to flow cytometry analysis as described in
Section 2.7 using antibodies against human IgG and NGFR/CD271 described in Table 3.0.

2.5 Lentivirus Production

HEK293TM cells were seeded at a concentration of 8x10° cells per 15 cm radius
cell culture dish (three dishes per lentivirus) and incubated overnight at 37°C and 5% CO,
in HEK293TM media. The next day, media was removed and supplemented with similar
media containing 50 pug/mL Normocin in lieu of P/S. Cells were transfected with 60 pug
pMD2G, pRSV-Rev, pMDLg-pRRE and pCCL (construct specific) vectors and 1.5%
Lipofectamine 2000 in OptiMEM media and incubated at 37°C and 5% CO; overnight. The
media was replaced with DMEM containing 1 mM sodium butyrate and incubated for
another 30-48 hours. Viral particles were concentrated by either:

i) Ultracentrifugation
28,000 RPM using the Beckman Coulter SW 32 Ti rotor; virus was resuspended to a final
volume of 150 pL and aliquoted for storage at -80°C.
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i) Amicon® filtration

1,450 x g in Amicon® Ultra-15 Centrifugal Filter Units (Thermo Fisher) for 30 minutes at
4°C. Virus was concentrated to a volume of approximately 200 pL/filter unit and aliquoted
for storage at -80°C

Virus aliquots were titrated by transducing 30, 000 HEK293TM cells with 2x1073-
2x10°® virus dilutions and incubating at 37C°C+5%CO, for three days. Transduced
HEK293TM cells were quantified as %transfection control positive by flow cytometry, and
the viral titer was calculated (in transduction units/mL) as (#cells transduced x %positive
cells by flow cytometry x dilution factor)/100.

2.6 Manufacturing of engineered T cells

2.6.1T cell transduction and upscaling

Peripheral blood mononuclear cells (PBMCs) were extracted using Ficoll-Paque-
Plus gradient centrifugation (GE Healthcare) from healthy McMcaster Adult cohort (MAC)
donors or from commercial Leukopak (HemaCare) leukapheresis products, and incubated
with Dynabeads™ human T activator aCD3/aCD28 beads (Thermo Fisher) at a 0.8:1
bead:PBMC ratio for 24 hours in T cell media consisting of RPMI 1640, 10% heat-
inactivated FBS, 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, 55 uM 2-
Mercaptoethanol, 1X non-essential amino acids (NEAA, Gibco) and 100 U/mL
Penicillin/100 pg/uL Streptomycin at 37C°C and 5%CO,. The media was additionally
supplemented with 1.5 ng/mL human IL-2 and 10 ng/mL human IL-7 (Peprotech). Cells
were transduced with lentiviruses described in Section 2.5 with a MOI of 2-4 the following
day. Every 2-3 days, transduced cells were counted and upscaled to larger flasks at a
concentration of 1x106 cells/mL in T cell media supplemented with human IL-2 and IL-7.
After two weeks, cells were phenotypically analyzed as described in Section 2.7.

2.6.2 Enrichment of engineered T cells (NGFR selection)

T cells were enriched for engineered/NGFR*/CD271* cells seven days after
aCD3/aCD28 activation (Section 2.6.1) using the EasySep™ Human CD271 Positive
Selection Kit Il (StemCell Technologies) as per manufacturer’s instructions with the
following alterations:

o Cells were washed for a minimum of four times
e Enriched cells were counted and seeded at a concentration of 1x10° cells/mL in

T cell media supplemented with IL-2 and IL-7 after the enrichment process

T cells were then upscaled as described in Section 2.6.1.

2.6.3 Cryopreservation of engineered T cells

After the culturing period, engineered T cells were counted as described in
Section 2.3.1, harvested at 500 x g for 5 minutes, washed with 20 mL sterile PBS and
harvested again. Cells were resuspended in ice-cold CryoStor® CS10 (StemCell
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Technologies) at concentrations of 2-7x107 cells/mL and 1 mL/cryovial. Cells were
incubated in CryoStor solution for 10 minutes at 4°C, then transferred to a Mr. Frosty™
freezing container, where they were then incubated at -80°C for at least 16 hours.
Cryogenic tubes were then moved to liquid phase nitrogen tank for long-term storage.

2.7 Cell phenotyping of surface-expressed proteins

5x10° HK393TM, Jurkat E6.1 or primary T cells were washed with 2 mL of FACS-
EDTA buffer: PBS supplemented with 1% (w/v) bovine serum albumin (BSA, Roche) and
2.5 mM Ethylenediaminetetraacetic acid (EDTA). Cells were harvested at 500 x g for 5
minutes, and the cells were incubated with 250 ng of Fc-tagged protein (Her2-Fc, BCMA-
Fc, or CD19-Fc, R&D Systems) or anti-myc antibody (see Table 3.0) for 30 minutes at room
temperature in FACS-EDTA buffer. Cells were washed with 2 mL of FACS-EDTA, harvested
at 500 x g for 5 minutes and incubated with antibodies against human IgG, CD4, CDS,
TCRap, and CD271/NGFR specified in Table 3.0 for 30 minutes at room temperature for
30 minutes. Cells were washed with 2 mL FACS-EDTA, harvested at 500 x g for 5 minutes
and fixed with 2% paraformaldehyde (PFA) in FACS-EDTA for 20 minutes at room
temperature. Cells were washed one final time with 2 mL FACS-EDTA, harvested at
previously described and finally resuspended in 200 uL FACS-EDTA for flow cytometry
analysis.

Cells were filtered through a 50 um nylon mesh prior to flow cytometry in order
to prevent cell aggregation. All flow cytometry was performed using either the
FACSCanto™, LSR II™ or LSRFortessa™ (BD Biosciences) and analyzed using the FlowJo vX
software (Flowlo LLC).

Target Fluorophore Vendor Catalogue# Assay
CD8 AF700 eBioscience 56-0086-82 Phenotype
Cb4 Pacific Blue BD Pharm 558116 Phenotype
hulgG PE Jackson IR 109-115-098 Phenotype
NGFR/CD271 VioBright FITC | Miltenyi 130-104-847 Phenotype/Proliferation
TCR APC BD Pharm 563826 Phenotype
CDh4 AF700 eBioscience 56-0048-82 ICS/Proliferation
CD8 PerCPCy5.5 eBioscience 45-0088-42 ICS/Proliferation
NGFR/CD271 BVv421 BD Pharm 130-104-847 ICS
IFNy APC BD Pharm 554702 ICS
TNFa FITC BD Pharm 554512 ICS
IL-2 PE BD Pharm 554566 ICS
Cell Trace | BV421 Invitrogen C34557 Proliferation
Violet
Live/Dead Near | APC-H7 Invitrogen L10119 Proliferation
IR
mslgG PE Jackson IR 115-116-146 Phenotype
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| c-myc | none | Cell Signaling | 9B11 Phenotye/IF
Table 3.0 — List of antibodies used in this thesis

2.8 In vitro T cell functionality assays

2.8.1 Intracellular cytokine stimulation

For nonadherent tumour targets (BCMA* KMS-11, CD19* NALM-6, K562) 5x10° T
cells were added to a matching number of target tumour cells (E:T ratio of 1:1) in the
presence of 1:1000 Brefeldin A (BFA) protein transport inhibitor (Life Technologies) for
four hours at 37°C and 5% CO,. For adherent tumour targets, 50,000 target cells were
plated to separate wells of a 96 flat-bottom plate overnight at 37°C and 5% CO. in cRPMI
media. The next day, 400,000 engineered T cells were added to each well (E:T ratio of 8:1)
and incubated for four hours at 37°C and 5% CO, in the presence of 1:1000 BFA in T cell
media. Stimulation was stopped with the addition of 20 uM EDTA for 15 minutes at room
temperate, and the cells were harvested at 500 x g for 5 minutes. Cells were stained for
CD4, CD8 and CD271/NGFR surface proteins as described in Table 3.0 for 30 minutes at
room temperature. Cells were washed with FACS-EDTA, harvested (as previously
described) and fixed/permeabilized with CytoFix/CytoPerm™ (BD biosciences) for 20
minutes at room temperature. Cells were washed with Perm/Wash buffer (BD
Biosciences), harvested and incubated with antibodies against IFNy, TNFa, and IL-2 (as
specified in Table 3.0) for 30 minutes at room temperature. Cells were washed with
Perm/Wash buffer, harvested and analyzed by flow cytometry. Combinations of
parameters were analyzed by the simplified presentation of incredibly complex
evaluations (SPICE) software?®3,

2.8.2 Killing/Cytotoxicity Assay
Colorimetric (Chapter 3)

Tumour cell lines were seeded at a concentration of 12,500 or 25, 000 (in the case
of LOXIMVI) cells per well in a 96 well flat bottom plate for 16-18 hours. T cells were added
in triplicate two fold serial dilutions from effector: tumour ratios of 8:1 to 0.25:1 and
incubated with the tumour cells for 6 hours. Cells were washed three times with sterile
PBS and incubated with 10% AlamarBlue® in cRPMI for 3 hours. The plates were then read
at 530 nm excitation and 595 nm emission fluorescence on a plate reader. Percent
viability was calculated by subtracting the background (AlamarBlue® only) from the
absorbance and dividing by the absorbance of the tumour only cells subtracted by the
background.

Luminescence (Chapters 4 and 5)

Tumour cells were first transduced with a lentivirus encoding enhanced firefly
Luciferase?* and a puromycin selection marker. Tumour cells positive for enhanced firefly
Luciferase were selected for by supplementing the media with 2-8 ug/mL of puromycin in
cRPMI. The tumour cells were seeded at a concentration of 50,000 cells per well in a 96
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well flat bottom plate and engineered T cells were added in triplicate two-fold serial
dilutions from effector: tumour ratios of 8:1 to 0.25:1 and incubated with the tumour cells
for 16-19 hours. 15 pg/mL of D-Luciferin (Perkin Elmer) was added to each well and
incubated at 37°C while shaking for 10 minutes. Total end-point luminescence at all
wavelengths was read using the SpectraMax i3 Multi-Mode Platform (Molecular Devices),
and percent viability was calculated by subtracting the background (media only) from the
absorbance and dividing by the absorbance of the tumour only cells subtracted by the
background.

2.8.3 Proliferation Assay

The number of NGFR*Receptor* T cells were first determined by phenotypic
analysis described above in Section 2.7. 0.5x10° NGFR*Receptor* T cells were then treated
with 5 uM of Cell Trace Violet (Invitrogen) for 30 minutes at 37°C and 5% CO,. T cells were
then co-cultured with BCMA* KMS-11 cells at an E:T ratio of 1:1 for 7 days at 37°Cand 5%
CO.. After the proliferation period, cells were treated with a 1:1000 dilution of Live/Dead
Near IR dye (Invitrogen) in PBS for 15 minutes at room temperature. Cells were then
stained for the CD4, CD8 and NGFR surface markers. Gating strategy performed on FCS
Express (De Novo Software) was as follows: T cells (FSC-A vs SSC-A) - Live cells (SSC-A vs
Live/Dead Near IR) = Single Cells (FSC-H vs FSC-A) = Engineered NGFR+ cells (SSC-A vs
NGFR) = histogram of live, engineered single T cells on Cell Trace Violet. Division index,
proliferation index and percent divided were calculated by the FCS Express algorithm.

2.9 Jurkat immunofluorescence microscopy

The chambers of an 8-chamber micro slide (Ibidi) were treated with 0.1% Poly-L-
Lysine (Cultrex) for 15 minutes at room temperature. 5x10° Jurkat T cells engineered to
express the full-length or tailless TAC receptor were adhered to the separate chambers
for 20 minutes at room temperature and then fixed with fresh 4% PFA for 20 minutes.
Cells were stained with the mouse anti-c myc antibody (Table 3.0) for 1 hour at room
temperature, washed and permeabilized with 1X CytoFix/CytoPerm for 20 minutes at
room temperature. Cells were washed in 1X Perm Wash, then incubated with the
following antibodies (all Abcam) 1:200 rabbit a Rab7a, 1:200 rabbit a Rab5, 1:200 rabbit
a Calnexin, 1:50 rabbit a GM130, 1:200 rabbit a CD45, and 1:200 rabbit a Ubiquitin (in
Perm/Wash). Cells were washed then stained with a goat anti-mouse AF488 secondary
antibody (Thermo Fisher), goat-anti rabbit AF594 secondary antibody (Thermo Fisher)
and Hoechst 33342 stain (generously donated by Dr. Karen Mossman, McMaster
University) for 30 minutes at room temperature. Cells were treated with a drop of
VectaShield anti-fade solution (Vector Labs) and imagined at 60X magnification on the
EVOS FL Auto widefield light microscope (Thermo Fisher). 0.3 um Z stacks were collected
for each field of view. Images were compiled and assembled using the Volocity 6.3
software (Perkin Elmer). Pearson coefficients were calculated by Volocity 6.3 by
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highlighting regions of interests (single cells) and calculating pixel overlap between the
YFP (c-myc) and Texas Red (organelle) channels for at least 30 cells.

2.10 In vivo tumour modeling

2.10.1 Mice

Female immunocompromised NOD.Cg-Ragl1™mMom||2rgtmWil/Sz) (NRG) mice were
purchased (Jackson Laboratories) or bred in-house. All experiments involving mice were
pre-approved by the McMaster Animal Research Ethics Board.

2.10.2 KMS-11 model and monitoring

7-11 week old mice were injected subcutaneously with 1.0x10° firefly luciferase
expressing BCMA* KMS-11 cells and treated intravenously (i.v) twelve days later with
thawed engineered CTRL TAC, full length TAC or tailless TAC at 1.5x10° NGFR* cells per
mouse (low cell dose) or 4x10% NGFR* cells per mouse (high dose). Tumour burden was
monitored weekly by administering 100mg/kg of D-luciferin (Cedarlane) i.v into each
mouse and measuring the sum of the dorsal and ventral bioluminescence radiance with
the IVIS Spectrum In Vivo Imaging System (Perkin Elmer).

2.10.3 OVCAR-3 model and monitoring

6-11 week old mice were implanted with 2.5 x 10® OVCAR-3 cells subcutaneously
(s.c.) into the right hind flank. After 35-42 days of tumour growth, mice were optimized
into treatment groups based on tumour volume. Engineered T cells (originally
cryopreserved as described in Section 2.6.3) were infused i.v through the tail vein as two
doses delivered 48 hours apart. Tumour volume was measured by caliper (Mitutoyo
Canada Inc) every 2—3 days post-ACT and calculated as L x W x H; % change in tumour
volume was calculated as ((current volume (mm?3) - pre-ACT volume (mm3))/pre-ACT
volume (mm3)) x100. A tumour volume endpoint of 22000 mm? was adhered to.

2.10.4 NALM-6/JEKO model and monitoring

7-11-week-old mice were injected with 0.5 x 10® NALM6-effLuc (or JEKO-1 upon
re-challenge) cells intravenously. Two doses of engineered T cells were administered as
above after 3 days of tumour growth. Tumour burden was monitored through
bioluminescent imaging as described in Section 2.10.2. 10 uL/g of a 15 mg/mL D-Luciferin
solution was injected intraperitoneally 14 min prior to dorsal and ventral imaging using
an IVIS Spectrum (Caliper Life Sciences; Waltham, MA). Images were analyzed using Living
Image Software v4.2 for MacOSX (Perkin Elmer) and dorsal and ventral radiance was
summed. Termination criteria included moribundity or hind limb paralysis.

2.11 Statistical Analyses
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Student’s t test was used to compare the means of two groups, while one-way analysis of
variation (ANOVA) was used to compare three or more groups within an experiment.
Statistical significance and p values were calculated using GraphPad Prism 6. * p < 0.05,
** p <0.01, n.s. indicates no significance.
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CHAPTER THREE

SUBSTITUTION OF THE CD4 TAC ANCHOR WITH CD8 VARIANTS
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INTRODUCTION

In this chapter, we investigated the functional properties of the TAC anchor
(consisting of the transmembrane and intracellular moieties) in order to understand the
modular biology of the TAC receptor. While the current TAC configuration consists of the
CD4 anchor, the use of CD8, the other endogenous T cell coreceptor, as the TAC anchor
remains uninvestigated. Cytotoxic T lymphocytes are CD8*, and therefore the CD8
coreceptor might provide additional cytotoxic advantages to CD4 as the TAC anchor?55:266,
In terms of the natural coreceptor, the CD8af heterodimer and CD4 monomer both
compartmentalize into activation specific membrane microdomains and interact with Lck.
Unlike CD4, the CD8 compartmentalization does not require palmitoylation, but instead
depends on the presence of an arginine rich motif in the cytoplasmic tail of both CD8a
and CD8B%’. CD8a. also contains the critical CXCP motif necessary to bind Lck, however
this motif is lacking in CD8B®’.

Within the CAR field, the importance of the anchor has been investigated in-
depth. Early first-generation CAR constructs used both CD4 and CD8a as transmembrane
and hinge domains, although the use of CD8a became more prevalent as its longer hinge
provided superior response to cell-based antigen stimulation?*#2%¢, Two CARs were
generated with the same CD19 binding domain and cytoplasmic signaling domains but
employing either the CD8a transmembrane and hinge or a CD28 transmembrane and
hinge 2%°, T cells engineered with either CAR displayed similar capacities to clear tumours
in mice; however, the CD8a CAR secreted less pro-inflammatory cytokines and displayed
lower activation-induced cell death (AICD) compared to its CD28 counterpart, providing a
potentially safer clinical CAR T cell product?®. Thus, the choice of transmembrane/hinge
regions can have meaningful impact on the functionality of T cells engineered with
synthetic antigen receptors.

Here, we investigated the functionality of TAC-engineered T cells containing CD8
as the anchor instead of CD4. Unlike the monomeric CD4, which contains all biologically-
relevant domains in a single polypeptide, CD8 is a heterodimer (see Section 1.3.2 in
Chapter 1) where each monomer contains different yet important biochemical
properties; as such, a series of “CD8 TAC” constructs were created, which contained
various domains from CD8c. and CD8p.

We continued our characterization of the TAC anchor by creating loss-of-function
mutants in both the CD4 and CD8 TAC constructs in order to determine if specific
biological features of the anchor were necessary for in vitro functionality as previously
predicted.

Our results showed that all of the CD8 TAC receptors were expressed on the
surface of primary T cells, produce cytokines in response to antigen stimulation and

47



PhD Thesis — KA Mwawasi McMaster University — Medical Sciences

display in vitro anti-tumour killing capabilities. When the intracellular domains
theoretically responsible for TAC functionality were mutated in both the CD4 and CDS,
engineered T cells retained functionality in vitro. These results suggest that the
cytoplasmic domains of CD4 and CD8 do not influence the function of the TAC receptor.

RESULTS

CD8 TAC variants express on the surface of primary T cells and functionally respond to
cell-based antigen stimulation

The primary objective in this chapter was to replace the CD4 moiety of the TAC
with CD8 (while maintaining the biochemical features necessary for functionality) and
investigate the resulting CD8 TAC T cell phenotype and functionality in vitro. Since CD8 is
a heterodimer (with each monomer containing different yet important biochemical
properties), the following three CD8 TAC variants were created (Fig. 3.1):
1) CD8 Alpha: monomeric CD8a subunit, containing CD8a arginine rich motif for
membrane compartmentalization and CXCP motif for Lck interaction
2) CD8 Alpha+R: monomeric CD8a subunit, containing CD8B (not CD8a) arginine rich
motif for membrane compartmentalization and CXCP motif for Lck interaction
3) CD8 Beta+Lck: monomeric CD8B subunit, containing CD8B arginine rich motif for
membrane compartmentalization and CXCP motif from CD8a for Lck interaction

All constructs contain cysteine to serine mutations in the extracellular domain of either
CD8a or CD8B that prevent receptor dimerization?”°.

CDBap 1) CD8 2) cD8 3)cD8
Alpha TAC Alpha+R TAC Beta+Lck TAC

) H10-2-63 DARPIn
Extracellular
domain UCHTL scFv
C—cC 5 5 5  Monomeric hinge
T domain

:[;:;:-n —{_ Membrane partitioning
| = B N L LT R L ST
CXCP motif ~ — o M Lckbinding

H
€00 COOH

COOH COOH COOH
Figure 3.1. Schematic of CD8 TAC Constructs
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The three CD8 TAC constructs are shown in addition to the CD8ap heterodimer (alpha opaque,
beta translucent). The extracellular anti-Her2 H10-2-G3 DARPin antigen recognition domain
(purple) and CD3€ engager UCHT1 ScFv (orange) remain the same from the CD4 TAC. The CD8 TACs
contain cysteine to serine mutations in the extracellular domain (blue) to prevent dimerization, as

well as an arginine rich domain (green) for lipid raft association and a CXCP motif (red) for Lck
interaction. Constructs not shown to scale.

All CD8 TAC constructs were found to be expressed on the surface of T cells (Fig.
3.2A) at levels comparable to the CD4 TAC. When these engineered T cells were co-
cultured with the Her2* tumour cell line SKBR3, the T cells were able to lyse the target
cells in a dose-dependent manner (Fig. 3.2B). The TAC T cells did not lyse the Her2"
LOXIMVI cell line beyond background levels. Engineered T cells expressing only the
truncated NGFR were a negative control (CTRL) and did not lyse any cell line.

A E Receptor
=3 Surface Expression
SE 250 ns. M CD4+ T cells
@ § 200 0 CD8+ T cells
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w & 100
.:%_E 50
69 o
@ = U] N
g5 & FE S S
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—. 100 9
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— 80 w70
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£ S 50 -=-CD8 Alpha TAQ
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5 | 3 10

R
o 20 | £ --CD8 Alpha+R
£ % W/ FRiss S R
P _
0 2 4 6 8 10 30 . --—CD8 Beta+Lck
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Figure 3.2. CD8 TAC constructs express on the surface of T cells and functionally lyse target cells
in vitro

Human T cells were transduced with construct-specific lentiviruses, cultured for 14 days, then
phenotypically and functionally analyzed for TAC expression and in vitro response to antigen
stimulation. (A) Surface expression of each receptor on CD4* and CD8* T cells, normalized to the
transduction control (CTRL). (B) Cytotoxicity assays of engineered T cells co-cultured with Her2+
SKBR3 target cells and Her2- LOXIMVI target cells for 6 hours at the stated effector to target (E:T)
ratio. Error bars represent standard deviation from three independent experiments from the same
PBMC donor. n.s = nonsignificant (p > 0.05) for all CD4* and CD8+ means.

To further assess in vitro functionality, we stimulated the engineered T cells with
Her2* A549 or Her2  LOXIMVI tumour cells and measured the production of TNFa, IFNy,
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and IL-2 cytokines. Multivariate data was then analyzed by SPICE software, which displays
every combination of cytokine producing cells. The CD4* engineered T cells (Fig. 3.3A) are
predominantly IL-27/IFNy*/TNFa (purple) and IL-27/IFNy*/TNFa* (dark blue) upon tumour
stimulation, although the CD8 Alpha+R TAC appears to have a markedly lower population
of the latter and therefore less total cytokine producing cells compared to the other
constructs. The CD8+ engineered cells (Fig. 3.3B) are predominantly IL-2*/IFNy /TNFa
(light blue) and IL-2/IFNy*/TNFa (purple), and both the CD8 Alpha and CD8 Beta+Lck TAC
constructs appear to have larger proportions of cytokine producing cells than the CD4
TAC and CD8 Alpha+R TAC. Taken together, these data demonstrate that the CD4 anchor
can be functionally (surface expression and cytokine production) replaced with three CD8
equivalents within the TAC configuration.
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A CTRL co4 CD8 ALPHA CD8 ALPHA+R  CD8 BETA+LCK
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(HER2))
AS549 STIM
{HER2*)
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CD8* T CELLS L S S .
Figure 3.3. CD8 TAC constructs secrete similar cytokines as the CD4 TAC upon antigen stimulation
Human T cells were functionally analyzed for in vitro cytokine production in response to co-
culturing with Her2* target cells for 4 hours. Cells were examined by flow cytometry and data was
analyzed by SPICE software on transduced CD4* cells. (A) Intracellular cytokine profile of

transduced CD8" cells analyzed by SPICE. (B) Cytokine profile of transduced CD4" cells analyzed by
SPICE.
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Mutations within the intracellular tail of the TAC receptor have no effect on in vitro
functionality

The TAC molecule was designed based on certain biological principles, including
the role of the intracellular tail of the co-receptor in membrane compartmentalization
and Lck interaction during T cell activation®267-271.272_Gjven the previous observations, we
were interested in investigating the necessity of these intracellular domains to better
understand the complete role of the anchor. We therefore generated three different CD8
Beta+Lck TAC (herein referred to as “CD8 TAC”: chosen for its in vitro functionality in Fig.
3.3) loss-of-function mutants (Fig. 3.4): one lacking the arginine rich motif necessary for
compartmentalization (CD8AR), one lacking the CXCP motif necessary for Lck interaction
(CD8AL) and one lacking both the arginine and Lck-interaction domains (CD8ALR).
Additionally, we also created a CD4 TAC 4A mutant (4 cysteines in the cytoplasmic tail
mutated to alanines) which has been previously shown to abrogate both lipid raft
association and Lck interaction®.

cD8 CD8AR cDsaL CDSALR CD4 CD4 4A

TAC TAC TAC TAC TAC TAC
H10-2-G3 DARPiIn
Extrac.ellular UCHT1 scFv
domain
5 S S S Monomeric hinge
TM domain
R rich _{ E L C A
domain Ie C c A _-A
CXCP motif — C COOH c A
COOH
COOH COOH COOH COOH
Membrane
Compartmentalization + - + - + -
Lck Interaction + + +

Figure 3.4. Schematic of TAC intracellular tail mutants

Schematic representations of the intracellular tail TAC mutants are shown. The anti-Her2 DARPin
is shown in purple, while the UCHT1 scFV is in orange. The CD8 TAC variants consist of the CD8
anchor (hinge in translucent brown, transmembrane in grey) with or without an arginine rich
domain (translucent red) or a CXCP motif (blue). The CD4 TAC consists of the CD4 anchor (hinge
and transmembrane domain in dark brown and black, respectively), as well as four cysteine
residues in the cytoplasmic tail: two for palmitoylation and two in the CXCP motif (blue). The 4A
mutant contains C=2A point mutations at all four of these sites.
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These mutants were all expressed on primary T cells (Fig. 3.5A). The CD8AR
receptor (lacking the arginine rich domain) displayed poor surface expression in both
CD4* and CD8" cells relative to the other receptors. To assess the functionality of the
receptors, an intracellular cytokine stain was performed after co-culturing the engineered
T cells with Her2* SKOV3 or Her2  LOXIMVI for four hours. We observed no appreciable
difference in cytokine production between the 4A and parent CD4 TAC, or the CD8 mutant
TACs and the parent CD8 TAC in CD4* or CD8* cells (Fig. 3.5B). The ‘loss-of-function’
mutants were also able to successfully lyse Her2* SKOV3 (Fig. 3.5C) tumour cells in a six-
hour cytotoxicity assay comparatively to their respective parent TACs. Despite the
plethora of evidence that these domains significantly contribute to the proper functioning
of both co-receptors in TCR-pMHC interaction, we found that their omission or mutation
had no effect on the modular function of the TAC receptor in redirecting T cells against a
tumour.
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Figure 3.5. TAC mutants retain in vitro functionality

Human T cells were transduced with construct specific lentiviruses, cultured for 14 days, then
assessed for surface expression and in vitro functionality in response to antigen. (A) Receptor
surface expression is shown for CD4* and CD8* T cells along with associated mean fluorescence
intensity (MFI). (B) Intracellular cytokine production of engineered T cells in response to co-
culturing with Her2* SKOV-3 or Her2  LOXIMVI for four hours for CD4* and CD8* cells (C) Engineered
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T cells and target cells were co-cultured for 6 hours and lysis of target cells was measured at end
point. Error bars represent standard deviation from three independent experiments. n.s. =
nonsignificant (p > 0.05)

Engineering TAC receptors with low affinity anti-Her2 DARPins

The TAC aims to recapitulate T cell activation, which depends on both the TCR
interaction with peptide-MHC and co-receptor binding to MHC. Alone, these two
interactions are relatively weak (Kp ~ 1-99 uM), therefore T cell activation depends on
both binding events?!*, Nevertheless, high affinity TCRs exist which can activate T cells in
the absence of CD4/CD8 binding of MHC due to the high affinity of the TCR with pMHC
(>100 fold greater than the endogenous affinity)?’>. The anti-Her2 DARPin used in
previous work (clone H10-2-G3) has an affinity of approximately 91 pM, which is much
higher than the endogenous affinity of TCR with pMHC. Due to the high affinity DARPin,
the TAC constructs may simply behave as high affinity TCRs, which do not require the
contribution of the co-receptor. Therefore, we sought to repeat the experiments with
the TAC mutants using a lower affinity binding domain to determine whether the
outcomes shown in Figures 3.4 and 3.5 were simply the result of the affinity of the binding
domain. Several variants of the HER-2 DARPin used in these experiments were available
in literature and listed in Table 4.0.

Clone name Ko/nM
H10-2-G3 0.091 £ 0.001
G3-D 1.48 £ 0.008
G3-A 1.21 £ 0.006
G3-AVD 10.2 £ 0.055
G3-HAVD 269+1.19
H10-2-G5 0.670 £ 0.005
H10-2-D11 35.8£0.149

Table 4.0. Affinities of different anti-Her2 DARPins?%2.
The H10-2-G3 clone is the DARPin used in anti-Her2 TAC constructs

We tested three lower affinity DARPin clones (G3-A, G3-AVD and G3-HAVD; Table
4.0). We aimed to determine whether functional attributes of the TAC variants were
influenced by the affinity of the antigen-binding domain. TACs expressing these DARPins
were first expressed on HEK293TM cells and assessed for their expression and ability to
bind soluble Her2-Fc. The gene transfer vector encodes truncated NGFR (tNGFR) and the
TACs carry an epitope tag from c-myc, allowing us to confirm transfection and TAC
expression, independent of the binding domain. NGFR expression revealed that all
populations were engineered to a similar degree (Fig. 3.6A) and c-myc expression
revealed that TAC expression was quite similar across all populations, albeit slightly lower
on the cells engineered with G-3A (Fig. 3.6B). The binding of Her2-Fc varied considerably
between DARPins (Fig. 3.6). As expected, the H10-2-G3 DARPin exhibited the highest
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Her2-Fc binding, and surprisingly, the G3-A DARPin showed practically no Her2-Fc binding
despite having a Her2 Kp in the low nanomolar range (the same as several CAR scFvs2’427%),
The G3-AVD DARPin exhibited detectable, but considerably lower Her2-Fc binding, while
the G3H-AVD (the lowest affinity DARPin) showed practically no antigen binding. When
Her2-Fc binding and receptor expression (c-Myc) in terms of MFI is normalized to NGFR
MFI (Fig. 3.6D), results indicate that despite comparable transfection efficiencies and
receptor expression, the DARPins displayed considerable differences in Her2-FC binding
(G3-AVD > G3-A = G3-HAVD).

H10-2-G3 G3-A G3-AVD G3-HAVD

NT NT T
A 382 B 262 /\ 232
H102:63 H102G3 0363
26462 4_,,// \ 44968 /,,,—»J"’ﬂ\ 45;’95 G3 J_,,w""“‘r
s P i /ﬂn/
P

G-3A ’_,,/w""“ﬂ\\ G-3A s G3A

27392 40189 / \1 474

s
-

o
G-3AVD
25580 -

e G3AVD G-SAV& o
\ 36902 B //’/\ 4377 .
- e BN
G-3HAVD P G-3HAVD G-3HAVI -
39902 s 47153 7 /_,/’\ 467 7\

NGFR Receptor (myc) Receptor (Her2-Fc)
D 2000+

E —

=R M Her2-FC

= 1000

E O a-myc

G 500-

4

ol I, 11 M

%) o Q 0
@ N L S
Vv ¢ X QS'
N &’ &

TAC Antigen Binding Domain

Figure 3.6. The Her2 DARPins as ligand binding domains for the TAC receptor are expressed on
HEK293TM cells and exhibit different Her2 binding properties

HEK293TM cells were transiently transfected with plasmids expressing the H10-2-G3, G3A, G3AVD,
G3HAVD anti-Her2 DARPins TAC receptors, as well as the anti-Her2 single chain variable fragment
(ScFv). Cells were analyzed by flow cytometry for the NGFR transduction marker(A), Myc-tag
receptor expression(B) and Her2-Fc binding (C). NT = non transfected, values represent mean
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fluorescence intensity. Myc and Her2-Fc MFI were normalized to NGFR MFI in order to compare
receptor expression to Her2-Fc binding while accounting for transfection efficiencies (D).

The expression and functional profile of the TAC receptor is influenced by the DARPin

The DARPin TAC constructs were expressed in primary T cells and assessed for
surface expression and in vitro functionality following antigen stimulation. The H10-2-G3
TAC displayed a relatively high expression profile (Fig. 3.7A), as expected. Similar to the
HEK293TM data, The G3-A TAC displayed very poor surface expression and Her2-Fc
binding. The G3-AVD TAC had an intermediate profile where some Her2-Fc binding and
modest surface expression was detected, while the G3-HAVD TAC showed little to no
antigen binding or surface expression. Functionality correlated to surface expression,
where the H10-2-G3 TAC showed the highest cytokine response to antigen stimulation,
followed by the G3-AVD TAC (Fig. 3.7B). Both the G3-A and G3-HAVD TACs showed little
to no cytokine production. Because of this, we chose to pursue the G3-AVD DARPin as the
antigen binding domain to test the high affinity TCR hypothesis as it has shown surface
expression and Her2-Fc binding on T cells and is within the natural peptide-MHC affinity
range (nM). Together with the previous HEK293TM data, these results suggest that well
characterized proteins such as these DARPins may behave differently not only in terms of
expression, but also in binding with its natural ligand when incorporated into a chimeric
receptor module. This is specifically highlighted by the HEK293TM G3-A data: the soluble
protein in vitro has a relatively strong affinity for Her2 (1.21 + 0.006 nM), however does
not appear to bind to Her2-Fc when expression on the TAC receptor.
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Figure 3.7. DARPins exhibit differential expression and functionality as the antigen binding
domain of the TAC receptor on T cells.

HEK293TM cells were transiently transfected with plasmids expressing the H10-2-G3, G3-A, G3-
AVD, G3-HAVD anti-Her2 DARPins TAC receptors, as well as the anti-Her2 single chain variable
fragment (ScFv). Cells were analyzed by flow cytometry for Her-Fc binding (A), NGFR transfection
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marker (B) and Myc-tag receptor expression (C). Myc and Her2-Fc MFI were normalized to NGFR
MFI in order to compare receptor expression to Her2-Fc binding while accounting for transfection
efficiencies (D).

Based on the results in Figure 3.7, we engineered the G3-AVD DARPin on the TAC
variants described in Fig. 3.4. When surface expression was assessed, the G3-AVD
constructs showed variable levels of transduction (Fig. 3.8A), namely the CD8AL and
CD8ALR TACs which yielded low transduction. Detection of the receptor using the a-myc
stain was poor (Fig. 3.8B), while receptor binding to Her2-Fc corelated to transduction
(lower transduced receptors such as CD8ALR TAC displayed low Her2-Fc receptor binding,
while higher transduced constructs displayed higher Her2-Fc binding). When these TAC-
engineered T cells were assessed for in vitro cytokine production (Fig. 3.8C), differences
also corelated with transduction efficiencies, making interpretation of the data difficult.
For instance, the CD8ALR TAC displayed lower total cytokine production compared to the
parent CD8 TAC, but this construct also displayed the low total transduction. This ICS
experiment was also conducted on a single donor gated on total (not engineered) T cells.
Functionality experiments will need to be repeated with enriched engineered T cells,
possibly with transduction selection/sorting as discussed below.
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Figure 3.8. In vitro functionality of the G3-AVD mutant TAC variants despite generally poor
surface expression

The intracellular tail mutants were cloned to express the G3-AVD antigen-binding DARPin and
expressed in primary T cells by lentivirus transduction. (A) Transduction efficiency is shown as the
number of T cells positive for the NGFR transduction marker. (B) Surface expression of the G3AVD
TAC receptor is shown by a-myc and Her2-Fc staining (gated on NGFR* cells from panel A). (C)
Engineered T cells were co-cultured with Her2* target cells for 4 hours in the presence of brefeldin
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A, and cells were stained for intracellular cytokine production. Cells were examined by flow
cytometry and data was analyzed by SPICE software on transduced CD4* and CD8" cells.

DISCUSSION

In this chapter, we sought to understand the biology behind the modular
components of the TAC receptor, specifically the coreceptor anchor. The TAC receptor
was designed®® with the CD4 transmembrane and cytoplasmic domains for several
reasons: i) it is a single pass monomeric transmembrane co-receptor ii) it contains
palmitoylated cysteine residues near the C-terminus that facilitate membrane-specific
clustering during antigen engagement and activation and iii) it contains an binding domain
for Lck, a kinase responsible for phosphorylating ITAMs on the CD3 complex 626357, The
CAR field is replete with evidence demonstrating the influence of the transmembrane and
hinge domains on key biological attributes of the CAR T cell, including in vivo persistence,
resistance to AICD and antigen engagement on a cell surface?34268269.276  Gjyen the
importance of these domain in the CAR field, we sought to investigate whether replacing
the CD4 anchor with alternate structures would influence performance. We designed
TACs where the CD4 portion was replaced by three alternate forms of monomeric CD8
(Fig. 3.1) and found that TAC T cells with these anchors were expressed well on primary
T cells and retained in vitro functionality with respect to tumour cytotoxicity (Fig. 3.2) and
cytokine production (Fig. 3.3). These results were expected, as the CD8 TAC variants were
specifically designed to recapitulate the biochemical features in CD4.

We then explored the biological features of the cytoplasmic domain that were
included specifically for TAC function. To this end, we created TAC variants with deletions
and mutations designed to abrogate either lipid raft association or Lck binding or both
(Fig. 3.4). Contrary to our hypothesis, these constructs all retained functionality in vitro
compared to the prototypic TAC (Fig. 3.5), although deletion of the arginine domain
(CD8AR) diminished surface expression of the receptor. To account for the possibility that
this observation was due to the high affinity H10-2-G3 DARPin used as the antigen binding
domain in the TAC, we used three additional lower affinity DARPins (Table 4.0) as antigen
engagers on the TAC and first assessed their surface expression and functionality
transiently in HEK293TM cells (Fig. 3.6). While all constructs showed good transient
expression based on flow cytometry analysis using a marker in the receptor (C-myc), two
DARPins (G3-A and G3-HAVD) displayed no ability to bind soluble Her2-Fc. While it was
not surprising that G-3HAVD failed to bind soluble Her2-Fc, it was a surprise that the G3-
A DARPIn failed to bind as its reported affinity for Her2 is in the low nanomole range?®?,
which is higher than the G3-AVD DARPin that displayed some capacity to bind soluble
Her2-Fc. While we cannot explain these data, it is possible that small differences between
the DARPin lead to structural differences in the intact receptor that impair interactions
with the DARPin target. When expressed in primary T cells, all low affinity DARPins
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displayed lower receptor expression compared to the H10-2-G3 TAC (Fig. 3.7), and the
G3-A and G-3HAVD TACs were nearly undetectable. When stimulated in the presence of
Her2* tumour cells, the TACs engineered with G3-AVD DARPin (Her2 Kp = 10.2 + 0.055
nM) could elicit a response from the T cell, whereas the TACs engineered with G3-A and
G3-HAVD. We therefore decided to use this DARPin to re-test the biochemical TAC
mutants, as it showed detectable expression in primary T cells and has an antigen affinity
orders of magnitude lower than high affinity TCRs?’3. When these G3-AVD mutant TAC
variants were expressed in T cells, they yielded variable transduction efficiencies (12-42%
transduced as determined by NGFR positivity) (Fig. 3.8), and therefore variable receptor
expression. These bulk T cells were assessed for in vitro cytokine production, and although
we observed differences between TAC constructs, they correlated with differences in
transduction, making interpretation difficult.

In the chimeric antigen receptor field, CD8 (specifically the a stalk) plays an
important role in receptor design. It is used as the hinge and TM domains of several CAR
constructs in the literature due to its flexibility, and even supports antigen recognition on
a cell surface better than a CAR using the CD4 TM and hinge domains®*%”7_ It is important
to note that we modified monomeric CD8a in the TAC configuration, which contains a
cysteine to serine mutation in the hinge to prevent dimerization of the coreceptor?®®,
Given that the TAC engages CD3¢ via the UCHT1 scFV and that two epsilon molecules are
present in a single TCR-CD3 complex, we were concerned that a TAC dimer would cause
spontaneous clustering of TAC-TCR-CD3 complexes, which would inevitably lead to auto-
activation of engineered T cells due to clustering as supported by the kinetic segregation
model of activation (see Section 1.3.4 in Chapter 1)?’%. Indeed, CARs have previously been
shown to form dimers due to the CD28/CD8a hinge?*® and are known to transmit a basal
signal (tonic signaling). Interestingly, a study found that a CAR containing a modified
monomeric CD8a expressed in the NK-92 cell line expressed better than that containing
the unmodified CD8a dimer?’®,

These functional modifications of the cytoplasmic domains were specifically
chosen based on research demonstrating the importance of the amino acids/domains for
TCR activation. Since the TAC receptor aimed to recapitulate the natural activation of the
T cell, we hypothesized that the co-receptor as the TAC anchor served the same
functional purpose as the co-receptor for the endogenous TCR, and any mutations that
render the endogenous coreceptor nonfunctional (i.e. 4A) would render the TAC
nonfunctional. The results in this chapter indicate the functionality of mutant receptors
may very well be due to the nature of clustering upon antigen engagement: as long as
TAC receptor can recognize a tumour associated antigen and recruits the TCR, clustering
of these molecules at the site of contact on the tumour cell might be sufficient to initiate
a T cell response as predicted by the kinetic segregation model of activation (discussed in
Section 1.3.4)%%° . One important caveat for these results is that the loss of function
mechanisms (Lck binding, membrane compartmentalization) for these mutants were not
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confirmed. We did not confirm a lack of Lck association or change in membrane
compartmentalization in primary T cells for the mutants described herein. The data
presented here provide preliminary indication that the intracellular tail may not be
required for TAC function.

We considered the possibility that the interaction our high affinity antigen
binding domain (H10-2-G3 anti-Her2 DARPin) was so strong that it created a TAC similar
to a high affinity TCR, which by definition does not require a coreceptor to respond to
peptide-MHC?73, We tested three different DARPins containing 10-fold differences in Her2
affinity as the antigen binding domain for the TAC??2, Surprisingly, the G3-A DARPin (KD ~
1 nM) showed no binding to Her2-Fc despite receptor expression in HEK293TM cells.
These DARPins were originally characterized as recombinant proteins purified from E. coli.
Expression in eukaryotic cells may very well necessitate post translational modifications
that do not occur in bacteria, leading to differences in expression and binding. We noted
that the G3-A DARPin contained a T55A mutation within the protein not present in H10-
2-G3, and considered the possibility that the change of this hydrophilic amino acid to a
smaller hydrophobic one may be preventing important post translational modification
necessary for proper protein folding?%2. We tested another DARPin mutant (G3-D, Table
4.0) that has a similar affinity for Her2 as G3-A, but contained threonine at position 55
instead of alanine, similar to the H10-2-G3 DARPin. When expressed as the antigen
binding domain in TAC T cells, we also observed very poor surface expression, but an in
vitro cytokine response higher than the G3-AVD TAC and closer to the H10-2-G3 TAC. We
also noted a clear downregulation of the TCR, which is a phenotypic hallmark of the TAC
observed in our laboratory, suggesting that expression of the G3-D TAC is below our
current level of detection by flow cytometry. Surface expression of the G3-AVD TACs was
also issue (the percentage of receptor positive cells was below 5%, as detected by flow
cytometry), except for a single donor. Future experiments necessitate that we
homogenize the population of receptor positive cells by NGFR selection or flow cytometry
sorting. Nevertheless, the differences in surface expression of the TAC receptor bearing
the lower affinity DARPins made it very difficult to compare the results. Therefore, the
possibility that binding affinity may influence the need for particular cytoplasmic
functional domains remains unresolved.

Overall, the results in this chapter demonstrate that the CD4 component of the
TAC receptor can be replaced by modified variants of CD8a and CD8p. Interestingly, TAC
receptors retained functionality despite mutation or deletion of key functional domains
within the coreceptor, suggesting that the cytoplasmic domain may not be a critical
component of the TAC receptor. We explore this idea further in the next chapter where
we characterize TAC variants lacking an intracellular tail entirely.
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CHAPTER FOUR

CHARACTERIZATION OF THE TAILLESS TAC RECEPTOR
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Introduction

In the previous chapter, our work investigating the CD4 component of the TAC
receptor lead to observations indicating that the intracellular and transmembrane
domains can be replaced with CD8 variants and the receptor could still retain in vitro
functionality. Moreover, we mutated and/or deleted critical residues within both the
intracellular CD4 and CD8 components and likewise observed no abrogation of
functionality. In this chapter, we continued the investigation of the CD4 TAC anchor by
removing the intracellular cytoplasmic tail in its entirety and observing the resulting
functionality of this tailless TAC construct both in vitro and within an in vivo xenograft
mouse model.

The CD4 cytoplasmic tail has been heavily characterized in the literature due to
its role in endogenous T cell signaling. The tail contains a C-terminal CXCP motif that has
been shown to specifically interact with Lck in the presence of a zinc ion cofactor®?. The
interaction of this motif with Lck is correlated with antigen-dependent production of IL-
2. CD4 mutants containing cysteine to alanine substitutions in the CXCP motif or
truncation mutants lacking the motif entirely do not interact with Lck, and produce very
limited IL-2 in response to antigen®®!. The intracellular domain also contains two
membrane proximal cysteine residues that have been shown to be important sites for
post translational palmitoylation. Palmitoylation of these cysteines contributes to the
localization of the CD4 receptor into membrane specific microdomains that enhance
antigen-induced signaling, leading to T cell activation and proliferation®. Given that the
cytoplasmic tail of the co-receptor provides important contributions to the functionality
of the TCR, we were interested in examining if the tail similarly contributes to the
functionality of the TAC receptor and if so, to what capacity?

In this chapter, we focused on TAC receptors for multiple myeloma, a
hematological cancer characterized by excessive proliferation of plasma cells in the bone
marrow, leading to hypercalcemia, anemia, abnormal immunoglobulin production and
osteolytic bone lesions?®2. B cell maturation antigen (BCMA) is a useful target on multiple
myeloma since it is highly and specifically expressed on multiple myeloma cells. BCMA is
not expressed on developing B cells or memory B cells, but is expressed on a plasma cells
which are dispensable for host immunity 22, Importantly, BCMA also contributes to the
survival of malignant plasma cells where its upregulation promotes multiple myeloma
growth whiles its downregulation inhibits multiple myeloma survival®®,

Currently, there are two classes of anti-BCMA therapeutics: antibody-based
therapies and chimeric antigen T cell therapies. Antibody-based therapeutics includes
monoclonal antibodies specific for BCMA, bi-specific T cell engagers (BiTEs) where one
arm of the molecule engages the cancer cell (anti-BCMA) while the other engages the T
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cell (anti-CD3), and antibody-drug conjugates (ADC) where the antibody specific for BCMA
is covalently conjugated to cytotoxic payload that is delivered directly to the tumour
cell?®, There are several anti-BCMA CAR variants currently in clinical trials (reviewed by
D’Agostino and Raje?®*). While the first anti-BCMA CAR T cell to enter human clinical trials
was a retrovirally transduced 2" generation CAR with a CD28 co-stimulatory domain?®3,
the vast majority of current anti-BCMA CAR T cell variants are lentivirus transduced and
contain the 4-1BB/CD137 co-stimulatory domain®®* These therapies nonetheless
continue to struggle with cytokine release syndrome and neurotoxicity discussed in

Chapter One?®,

Our results demonstrate when the intracellular tail is removed, surface
expression of the TAC is profoundly diminished compared to the full-length receptor, and
in vitro functionality in terms of cytokine production in response to antigen-expressing
tumour cells is also diminished. Other measures of in vitro functionality (namely
proliferation and tumour cytotoxicity) were not diminished, suggesting that this
abrogation in response to antigen of the tailless TAC is limited to cytokine production. In
our in vivo xenograft mouse model however, we found the tailless TAC to be as efficacious
as the parent TAC in terms of tumour clearance.

In order to investigate the regions in the cytoplasmic tail of the TAC necessary for
surface expression, a progressive tail deletion analysis was performed. Groups of amino
acids from the C-terminus of the TAC were successively removed to create cytoplasmic
tail truncations. These constructs were phenotypically and functionally analyzed in vitro
in order to narrow down the critical residues responsible for surface expression. Results
in this chapter demonstrate a potential role in TAC surface expression exhibited by the
intracellular tail.

RESULTS

The TAC receptor lacking an intracellular cytoplasmic domain results in diminished
surface expression and in vitro cytokine production on the humanized UCHT1 scaffold

Our previous work studying the TAC receptor used UCHT1, an anti-human CD3e
scFv derived from a murine hybridoma, to recruit the TCR-CD3 complex?®°. Since the use
of mouse scFvs has been associated with anti-mouse antibodies that target engineered T
cells, we incorporated a humanized UCHT1 (huUCHT1) scFv into the TAC®>72% This new
humanized UCHT1 scFv also contains a tyrosine to threonine mutation in the CDR2 loop
of the heavy chain (Y177T)?%, a mutation that was identified by our lab through in vitro
evolution of the UCHT1 domain that sought to improve surface expression and the growth
of the engineered T cells. All of the experiments in the chapter also employed the anti-
BCMA scFv, C11D5.3 scFv?®, which is also used in bluebird bio’s BCMA-CAR, bb2121,
which is in advanced human trials.
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Figure 4.1. Schematic representation of anti-BCMA huUCHT1 Y177T scaffold TAC constructs
TAC constructs recognize BCMA® targets with the anti-BCMA C11D5.3 scFv antigen binding domain
(blue) except for the control (CTRL) TAC which does not contain one. All TAC constructs engage the
TCR with a humanized UCHT1 scFv (pink) with a Y177T mutation in the CDR2 loop of the heavy
chain and contain a CD4 hinge and transmembrane domain (yellow). The cytoplasmic/intracellular
domain for each construct is highlighted by their specific amino acid residues (black box), including
the four cysteines in blue and their corresponding alanine mutations (red) in the 4A construct.

We created four constructs on the huUCHT1 Y177T scaffold: full length TAC, a
control TAC (CTRL) without an antigen binding domain, the 4A TAC containing intracellular
cysteine to alanine mutations that the literature suggests abrogates Lck interaction and
membrane compartmentalization and a tailless TAC lacking the entire intracellular
domain (Fig. 4.1). When expressed in primary T cells, we observed that the tailless TAC
had remarkably lower surface expression compared to the full-length TAC (Fig. 4.2). The
4A TAC also displayed lower surface expression than the full-length, but not as profound
as the tailless TAC.
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Figure 4.2. Diminished surface expression of the tailless TAC
Diminished surface expression of the tailless TAC in primary T cells and the cellular
localization/trafficking of the receptors are shown. Primary T cells were engineered with
constructs from Fig. 4.1 and surface expression with associated mean fluorescence intensity (MFI).

The decrease in surface expression of the tailless TAC was investigated by using
immunofluorescence (IF) microscopy to determine the trafficking state of both the full-
length and parent TAC in resting Jurkat T cells (Fig. 4.3A) by localizing the receptor with
six separate organelle markers (Table 5.0). These experiments revealed that the Tailless
TAC had increased accumulation in the endoplasmic reticulum based on Pearson

correlation (Fig. 4.3B)

Protein Organelle Rationale for co-localization
Calnexin | Endoplasmic Retention in organelle due to misfolding of newly
reticulum?¥®° translated protein (i.e. lack of adequate post
translational modifications)
CD45 Membrane Expression on cell surface
surface®?

Rab5 Early endosome?®? | Internalization from the plasma membrane. Protein
can be recycled back to membrane or targeted for
degradation

Rab7a Late endosome?? Targeted for degradation by fusion with lysosomes

GM130 | Golgi apparatus®®® | Lack of vesicle formation or post translational
modifications

Ubiquitin | Proteasome?** Targeted for degradation, possibly due to
aggregation or misfolding

Table 5.0 — Organelle markers for IF trafficking of the tailless TAC
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A TAC TAILLESS TAC

Intracellular Intracellular
Nucleus  pMarker Receptor Merge Nucleus  pMarker Receptor Merge

Calnexin
(ER)

CD45
(surface)

GM130
(Golgi)

Rab5a
(early
endosome)

Rab7

(late
endosome)

Ubiquitin
(Proteasome)

Calnexin CD45 GM130 Rab5a Rab?7 Ubiquitin

(ER) (Surface) (Golgi) (E. endosome) (L. endosome) (Proteasome)

TAC 0.677 0.568 0.332 0.415
TAILLESSTAC | . 795 0.576 0.257 0.477

T Pearson Coefficient
0 1
Weak Strong
colocalization colocalization

Figure 4.3. Cellular trafficking of the TAC receptor

(A) Jurkats were transduced to express the full-length or tailless TAC, fixed, stained and imaged at
40X oil immersion using IF microscopy. Single-cell images of each stained intracellular marker (red,
organelle indicated on the left) and associated nucleus (blue) and receptor (green) staining.
Merged images are shown to visualize colocalization. (B) Average Pearson Coefficient?®® indicating
weak (0 —red) to strong (1 — green) colocalization

When stimulated with BCMA*® KMS-11 tumour cells, the tailless and 4A TAC produced less
IFNy and TNFa in both CD4" (Fig. 4.4A) and CD8" (Fig. 4.4B) cells compared to the full-
length TAC.
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Figure 4.4. Abrogated in vitro cytokine production of the tailless TAC

Engineered

T cells were co-cultured with KMS-11 cells and IFNy (red) and TNFa production was

measured. (A) Cytokine production for CD4* cells. (B) Cytokine production for CD8* cells. Cells were
gated on engineered (NGFR*) populations and error bars represent standard deviation of three
independent experiments. * = significant (p <0.05), n.s. = nonsignificant (p <0.05) for KMS
stimulations.
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These experiments were repeated with cell products from three donors that were
purified using magnetic selection of NGFR-positive cells. While we continued to observe
diminished surface expression and cytokine production, we found no differences in
proliferation (Fig. 4.5A) or cytotoxicity (Fig. 4.5B), indicating that the lack of in vitro
functionality of the tailless TAC was limited to cytokine production.
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Figure 4.5. In vitro proliferation and cytotoxicity of the tailless TAC is not abrogated

TAC constructs were assayed for additional in vitro functionality assays. (A) Proliferation of
engineered T cells after KMS-11 stimulation is shown as proliferation index, division index and
percent divided. Error bars represent standard deviation of three independent experiments with
three separate donors. (B) Tumour cytotoxicity was measured after co-incubation of engineered T
cells with BCMA* KMS-11 (filled squares) or BCMA™ K562 (open squares) across three separate
donors. Error bars represent standard deviation. n.s. = nonsignificant (p > 0.05) for all means.

The tailless TAC displays robust in vivo efficacy in a xenograft mouse model

We were interested in determining if the in vitro loss of functionality manifested
in vivo. To test this, we employed the KMS-11 xenograft human multiple myeloma mouse
model. Tumour-bearing mice were treated with either a low (1.5x10°) or high (4x10°) dose
of NGFR* T cells. Following the high dose treatment (Fig. 4.6A), tumours grew
progressively in all mice that received CTRL TAC-T cells and all mice reached end point by
40 days. Tumours regressed in all mice treated with TAC-T cells and tailless TAC-T cells
leading to the complete absence of tumour for the duration of the experiment (>50 days).
Following low dose treatment (Fig. 4.6B), tumours grew progressively in all mice treated
with CTRL TAC-T cells, with most mice reaching end point after 28 days. Tumours were
initially controlled in 4/5 mice treated with TAC-T cells, but 3/5 mice ultimately relapsed
with tumour growth following TAC-T cell treatment. Surprisingly, all mice treated with
the Tailless TAC-T cells were completely cured of their tumours with no relapses observed
over the course of the experiment. Therefore, despite an abrogation of surface expression
and in vitro cytokine production, the tailless TAC maintain in vivo functionality and even
display increased efficacy over the full length TAC (no tumour growth in any mouse).
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Figure 4.6. The tailless TAC displays in vivo efficacy
T cells were engineered with the CTRL, full length or tailless TAC and intravenously injected into
immunocompromised NRG mice 12 days after the mice were injected with BCMA* KMS-11 tumour
cells and tumour burden was monitored every week. Mice were treated with either a high dose
(A) or a low dose (B) of NGFR* T cells, where the number of effector cells injected corresponded to
the number of engineered cells as determined by phenotypic analysis.

The experiment was repeated using the same source of T cells, but the mice were
challenged with a higher initial tumour burden. In this case, only the high dose (Fig. 4.7A)
of T cells displayed efficacy as mice treated with low dose (Fig. 4.7B) of either the full
length TAC or tailless TAC eventually reached endpoint by 60 days post ACT. T cells
engineered with the Tailless TAC again displayed greater therapeutic benefit than the T
cells engineered with the CTRL TAC.
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Figure 4.7. The tailless TAC displays in vivo efficacy given a higher initial tumour burden

T cells were engineered with the CTRL, full length or tailless TAC and intravenously injected into
immunocompromised NRG mice 12 days after the mice were injected with BCMA* KMS-11 tumour
cells and tumour burden was monitored every week. Mice were treated with either a high dose
(A) or a low dose (B) of NGFR* T cells, where the number of effector cells injected corresponded to
the number of engineered cells as determined by phenotypic analysis. Tumour growth curves of
individual mice (n=5 per group) are shown on the left and corresponding Kaplan Meier survival
curves are shown on the right.

TAC constructs containing truncated intracellular tails exhibit higher surface expression
and in vitro functionality than the tailless TAC

The cytoplasmic tail consists of 44 amino acids with at least four functional motifs
previously described in the literature®2667.2%_ Given the profound loss of TAC on the
surface of the engineered T cells when the cytoplasmic domain was removed from the
TAC (Fig. 4.2), we sought to determine which elements of the cytoplasmic domain were
necessary for surface expression. To this end, we generated 2 TAC mutants with different
deletions of the cytoplasmic domain, TACasi6.525s and TACnass-s2s (Fig. 4.8) and characterized
expression in primary T cells. The TACasi6.52s mutant lacks the last 10 amino acids from
the C-terminus and retains the known functional motifs. The TACaasss2s mutant lacks the
last 38 amino acids, including motifs responsible for Lck binding (yellow), membrane
clustering during activation (green) and two potential O-linked glycosylation sites
(underlined, predicted in silico), the latter of which is known to directly affect the surface
expression of CD4272%; this variant retains the two cysteine residues proximal to the
transmembrane domain that are necessary for palmitoylation.
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Figure 4.8. Schematic representation of TAC intracellular tail truncation constructs
Schematic representation of the TAC tail mutants highlighting the cytoplasmic domains (see text
for details).

Together with the previously described TAC constructs, these receptors were
expressed in primary T cells and analyzed for surface expression and functionality. Both
the TAC truncation constructs exhibited higher surface expression than the tailless TAC
but lower expression that the full-length TAC suggesting that the features of the domains
in the truncations were required for maximal surface expression (Fig. 4.9A). Given the
similarity in the expression of TACasis-s25 and TACasss-s25, we reasoned that the domain
required for maximal expression is located between residues 516 — 525; nevertheless, the
impact of this deletion on surface expression was not as profound as full deletion of the
cytoplasmic tail suggesting that the remaining sequence “GIFFCVRC” is central to the
surface expression of the TAC. The 4A TAC also displayed diminished surface expression
yet retained this region suggesting that maximal surface expression of the TAC is
dependent upon the cysteine residues that were mutated in this receptor.
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Figure 4.9. Intracellular tail truncation constructs exhibit higher surface expression and in vitro
functionality than the tailless TAC

Primary T cells were engineered to express the constructs in Fig. 4.8. Surface expression of the
receptor was measured by normalizing mean fluorescence intensity to the control TAC (A). In vitro
functionality in terms of IFNy and TNFa production in response to tumour stimulation of the
receptors was measured for CD4* cells (B) and CD8* cells (C). Results shown are gated on NGFR*
cells Error bars represent standard deviation from three independent experiments. n.s =
nonsignificant (p > 0.05), * = significant (p < 0.05)

In vitro functionality of the deletion mutants was assessed by stimulating the engineered
T cells with KMS-11 tumour cells or media (no stim, NS) and measuring IFNy and TNFa
production. Both the TACasiess and TACassssas truncations constructs produced
appreciably more cytokines than the tailless TAC in CD4* (Fig. 4.9B) and CD8* (Fig. 4.9C) T
cells. T cells engineered with TACas16.525 produced cytokine levels comparable to the full-
length TAC indicating that the 516-525 region may be required for maximal surface
expression, but it is not required for cytokine production. Interestingly, T cells engineered
with TACaass-s2s displayed higher cytokine production than T cells engineered with full-
length TAC indicating that something within the deleted region opposes TAC function. As
described previously, the 4A TAC had a functional profile comparable to the Tailless TAC
despite having the same number of amino acid residues as the full-length TAC. Results
here suggest that the biochemical features of the 4A TAC, instead of the residues omitted
by the truncation mutations, may contribute to the functional profile of the Tailless TAC.
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Given the heightened functionality of the TACasss-s2s variant, we sought to
determine whether T cells engineered with this variant would have improved therapeutic
efficacy in the KMS-11 model. We included the Tailless TAC variant in this experiment
because we had previously noted this variant provided greater therapeutic efficacy. T
cells were engineered with full-length TAC, CTRL TAC, TACaass-s25 or the tailless TAC and
NGFR purified to enrich for engineered T cells. Mice bearing KMS-11 tumours were
subsequently treated with varying doses of the 3 products. Interestingly, tailless TAC and
TACaass 525 -engineered T cells displayed comparable in vivo tumour clearance, indicating
that the improved efficacy of the tailless TAC is not related to either the diminished
surface expression or reduced cytokine production. At a high effector cell dose (Fig.
4.10A), both the tailless TAC and TACaassss2s engineered T cells prevented complete
tumour growth in all mice, while two of the mice in the full length TAC-engineered T cells
reached end point due to tumour burden. With the lowest effector doses (Fig. 4.10B) no
difference between any TAC construct was observed, while the tailless TAC group had the
best survival outcome (4/5 mice) for the medium effector dose throughout the
experiment duration.
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Figure 4.10. The TACaass-525s truncation displays similar in vivo efficacy to the tailless TAC

T cells engineered with either the CTRL (black), full length (red), tailless (blue) or A488-525
truncation (green) TAC were NGFR enriched and injected into mice bearing KMS-11 tumours. (A)
Tumour growth at the high effector dose over 42 days post ACT is shown. (B) Kaplan-Meier survival
curves of tumour growth from low and medium effector dose over 42 days post ACT is shown.

When the surviving mice from the tailless TAC and TACaass-s25 truncation groups were re-
challenged with JEKO-1 cells (another BCMA* tumour cell line), all mice treated with the
tailless TAC displayed no tumour expansion or growth (Fig. 4.11). Mice treated with
TACaass-s25 truncation T cells displayed evidence of tumour relapse after 9 and 16 days
post re-challenge (2 mice each), while all mice not treated with any T cells (NT) displayed
immediate tumour growth.
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Figure 4.11. The tailless TAC outperforms the TACasss-s25 truncation in vivo when mice are re-
challenged with BCMA* JEKO-1 tumour cells

Mice surviving the KMS-11 challenge from the tailless or A488-525 truncation TAC groups were re-
challenged with BCMA* JEKO-1 cells, and tumour burden was monitored over time. Mice not
treated with any T cells (NT) are used as negative controls.

Progressively removing the C-terminal amino acids from the TAC cytoplasmic tail
revealed the TACasiss2s and TACaass-szs truncation constructs did not share similar
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attributes with the tailless TAC. These truncation constructs did display similar in vitro
cytokine production (Fig. 4.12A) to the full-length TAC. The 4A and tailless TAC constructs
phenocopied in terms of in vitro cytokine production; these results indicate that the
cysteine residues that were mutated in the 4A TAC are absolutely required for full
cytokine production. Since TACaass-s2s truncation mutant displayed equally, if not greater,
cytokine production relative to full-length TAC, we reasoned that the two cysteines
closest to the inner leaflet of the cell membrane were required for full functionality as
these residues were present in all truncation mutant and absent from the 4A TAC
(cysteine to alanine mutations) and Tailless TAC (omission) (Fig. 4.12B). These cysteines
have previously been shown in the literature to be important post-translation
palmitoylation sites necessary for full co-receptor functionality (i.e. TCR-specific
activation of T cells) 6368298
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Figure 4.12. Characterization of the role of the palmitoylation cysteines on surface expression
and functionality

Functional profiles of the anti-KMS TAC constructs. (A) The full-length TAC and truncations
functionally phenocopy, while the 4A and tailless TAC functionally phenocopy. (B) Amino acid
analysis of the intracellular tails of these constructs reveal that the full-length TAC and truncation
constructs all share the first two palmitoylation cysteines closest to the cell membrane.
Conversely, the 4A and tailless TAC constructs have these cysteines either mutated (4A) or omitted
(tailless). The “2A TACassss2s” (blue arrow) was designed to phenocopy the 4A and tailless
constructs by mutating the 2 cysteines, but still containing A488-525 truncation
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We therefore hypothesized that these two palmitoylation cysteines were the
residues responsible for the functional impairments of 4A TAC and Tailless TAC. To test
this hypothesis, we created a 2A TACassss2s construct, similar to TACasss-s2s with the
exception that the two cysteines in the GIFFCVRC retained in the cytoplasmic portion of
TACnass-s2s were mutated to alanine (Fig. 4.12B, blue arrow). If our hypothesis is correct,
this construct would phenocopy the 4A and tailless TAC receptors and provide evidence
that the membrane proximal cysteines are critical for receptor surface expression and
functionality.

Contrary to our hypothesis surface expression of the 2Aasss szs truncation was
similar to the full-length TAC (Fig. 4.13A). Cytokine production across three separate T
cell donors in response to stimulation from BCMA* tumour cells (KMS) or media alone (no
stimulation) similarly showed that the 2A truncation phenocopies the full length TAC (Fig.
4.13B). Results here demonstrate that despite lacking the two palmitoylation cysteines,
the 2A TACaass-s25s phenocopies the full-length and not the tailless TAC which indicates that
some other feature of the GIFFCVRC cytoplasmic region retained in TACaass-s2s was
responsible for the heightened cytokine production relative to the original TAC.
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Figure 4.13. The 2A truncation TAC phenocopies the surface expression and in vitro functionality
(cytokine production) of the full-length TAC
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Primary T cells were engineered to express the CTRL, full length and 2A truncation TAC. (A) Surface
expression and associated mean fluorescence intensity (MFI) of each receptor is shown for CD4+
and CD8+ T cells gated on engineered (NGFR*) cells (B) In vitro cytokine production in response to
KMS-11 (KMS) or no stimulation (NS) is shown for CD4* and CD8* cells. Error bars represent
standard deviation of three independent experiments. n.s. = nonsignificant (p > 0.05)

DISCUSSION

In this chapter we continued our work to understand the importance of the CD4
intracellular cytoplasmic tail of the TAC anchor. Our results demonstrate that removal of
the cytoplasmic tail (tailless TAC) greatly impairs surface expression of the receptor and
cytokine production by the engineered T cell. Curiously, the absence of the CD4 tail does
not impair antigen-driven cytotoxicity or proliferation. Surprisingly, the removal of the
CD4 tail enhanced the therapeutic potency of the engineered T cells in a xenograft model
of multiple myeloma. Analysis of the CD4 tail truncation constructs identified the C-
terminal amino acids (HRFQKTCSPI) and membrane proximal amino acids (GIFFCVRC) as
being important for maximal surface expression and cytokine production. Mutation of
the cysteines known for Lck binding (C512 and C514) and palmitoylation (C484 and C487)
in the full-length TAC resulted in a functional phenotype comparable to the full deletion
of the cytoplasmic tail. When the data from all of these variants were combined, we
rationalized that the cysteines in GIFFCVRC were key to surface expression and cytokine
function. To test this hypothesis, we generated a truncation mutant that lacks all
cytoplasmic components and harbors alanines to replace the cysteines. Our hypothesis
proved to be incorrect and this variant displayed a phenotype comparable to full-length
TAC indicating that some other feature of the GIFFCVRC was responsible for surface
expression and cytokine production.

The TAC platform used in this chapter employed a humanized UCHT1 (huUCHT1)
scaffold. Due to the possibility of human anti-mouse antibodies targeting the mouse scFv
expressed by engineered T cells, the huUCHT1 allows for a more clinically applicable TAC
receptor?®28 Qur laboratory has published data showing TAC functionality and surface
expression with different scaffolds (all mouse scFvs) in addition to both UCHT1 CD3e¢
binders: OKT3, L20 and F6A%%21 The huUCHT1 TAC had robust cytokine production in
response to antigen stimulation and had the highest surface expression, while other TAC
scaffolds such as F6A and L20 had poor surface expression and cytokine production?8,
The huUCHT1 scFv was “humanized” from the UCHT1 scFv primarily by several point
mutations in the framework regions, but also includes a single point mutation in the
second complementary determining region loop of both the heavy and light chains?®-301,
While the anti-BCMA C11D5.3 scFv used as the antigen recognition domain is of mouse
origin, the antigen recognition domain (unlike the CD3 engager) allows for exchange
flexibility as our group have previously shown?%,
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Interestingly we note that the 4A TAC here phenocopies the tailless TAC in terms of low
surface expression and in vitro functionality, unlike the previous chapter where this
construct phenocopied the full-length TAC. This difference might be due to the change in
scaffold and antigen recognition platform. In the next chapter, we address this possibility
by evaluating these constructs with a new antigen recognition domain on the huUCHT1
scaffold to determine if this observation is only unique to this specific anti-BCMA C11D5.3
platform.

We were interested in determining whether loss of functionality in vitro for the
tailless TAC manifested in an in vivo mouse model, as in vitro observations do not always
manifest as meaningful in vivo effects. A study investigating the inclusion and exclusion
of an extracellular hinge domain in a second generation CAR targeting five different
tumour associated antigens showed that the inclusion of the hinge in all CARs lead to
increased cell expansion and in vitro migration to the target in a trans well Matrigel
chamber. When assessed in vivo, there was no difference in tumour clearance capacity
for CARs with or without the hinge for four of these CARs3%, which supports the notion
that results from in vitro parameters do not always match in vivo outcomes. Despite
observing clear improvements in cell expansion and migration in vitro with the addition
of a hinge in five different CAR targets, the study found no difference in the in vivo efficacy
of these CARs in four of the five designs. Another study demonstrated that increasing the
hinge domain length increased in vitro functionality in terms of cytokine production, but
inversely decreased in vivo anti-tumour clearance3®.Similar to those studies, we observed
no loss in in vivo functionality of the tailless TAC receptor despite lower surface expression
on primary T cells and decreased in vitro cytokine production. Not all measures of in vitro
functionality were impaired however, as we did not find any difference in proliferation or
cytotoxicity of the tailless TAC compared to the full length TAC, suggesting that in vitro
functional impairment is limited to cytokine production.

Although the TAC receptor was originally designed to incorporate the features of
the cytoplasmic tail, the functionality of the tailless TAC receptor in vivo is clinically
intriguing as the possibility of a robust therapeutic with lower cytokine production may
lead to a better safety profile for the tailless TAC. As discussed in the Introduction to the
previous chapter, T cells engineered with a CD19 CAR with a hinge and transmembrane
domain from CD8a showed comparable in vivo activity to T cells engineered with a CD19
CAR with a CD28 hinge and transmembrane domain®®. The T cells engineered with the
CAR bearing the CD8a hinge showed lower levels of in vitro cytokine release and AICD
compared to T cells engineered with the CAR bearing the CD28 hinge, prompting the
investigators to use that construct in phase | clinical trials as they hypothesized that it
would be less toxic to patients. The tailless TAC similarly displays low in vitro cytokine
production yet retains in vivo efficacy. Due to its smaller size in the size-restricted
lentivirus cassette, the tailless TAC construct also allows for the inclusion of additional
signaling domains that would increase in vivo persistence of the T cell.
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The mechanisms involved in CAR signaling is becoming an area of increased
interest and discoveries made in the field can potentially relate to observations here. With
regards to the co-stimulatory domains of 2" generation CARs, the field has shown that 4-
1BB CARs display more memory-like properties including B-oxidation metabolism,
delayed in vitro killing kinetics and increased in vivo persistence. Conversely, CD28 CARs
display effector-like properties including glycolysis metabolism, rapid killing in vitro killing
kinetics and lower in vivo persistence®20223% Mutagenesis of the Lck-binding domain of
CD28 within the 2" generation CAR construct by two separate groups have shown that
abrogation of Lck binding decreased the antigen-dependent signaling state intensity
(phosphorylation of CD3Z, SLP-76 and PLC-y1) associated with the effector phenotype and
lead to an increased in vivo persistence phenotype associated with the memory
phenotype3°*3%_ Similar to the results in this chapter, the tailless TAC displayed decreased
in vitro cytokine production, but displayed equal or increased in vivo efficacy over the
parent TAC. Itis conceivable that the interaction of Lck within the receptor complex might
be pushing the TACT cell to an effector-like state (high cytokine production, lower in vivo
persistence), while the omission of Lck in the tailless TAC complex might be favouring a
memory-like state (lower cytokine production, higher in vivo persistence). Further work
is required to validate this claim, not only in phenotyping the polarization state (effector
or memory) of the T cell, but also confirming if either construct directly interacts with Lck.

Through a progressive cytoplasmic tail deletion strategy, we sought to identify
the regions responsible for the tailless phenotype, thereby establishing the critical
residues necessary for proper surface expression. The rationale for these deletions was
based on our understanding of the cytoplasmic tail in the literature. The TACasi6-525
truncation omitted the ten amino acids at the C-terminal but includes the domains the
literature deems necessary for signaling and compartmentalization. The TACaass-s25
truncation omitted the next 38 amino acids including Lck binding®*®” and arginine-rich?*®
domains, the latter of which is important for membrane compartmentalization. This
truncation also omitted two potential O-linked glycosylation sites (Fig. 4.8, underlined
and predicted in silico), which we hypothesized to contribute to full surface expression.
Glycosylation is a significant post translational modification for the CD4 co-receptor,
necessary for its transport and function. Treatment of CD4* T cells with tunicamycin, an
antibiotic that inhibits glycosylation causes a 76% decrease in surface expression?’. Site-
directed mutagenesis of N-linked glycosylation sites in the extracellular domain of CD4
leads to its misfolding and intracellular retention in the endoplasmic reticulum?3°®. Finally,
these 38 amino acids also contained the MSQIKRLLSEKKT domain, the binding site for the
HIV-1 accessory protein Nef-1, which downregulates CD4 during infection3%73%,

None of the truncations could recapitulate the abrogation of surface expression
seen in the tailless TAC, and it’s possible that the residues responsible may reside in the
eight remaining amino acids closest to the inner leaflet.
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The functionality and surface expression of the 2A TACaass-s2s was very intriguing
when considered with the results from the other cytoplasmic tail constructs. When the
entire 44 amino acid cytoplasmic tail is removed (tailless), we see a clear, reproducible
phenotype of our TAC receptor. Of these 44 amino acids, five domains or individual
residues have been best characterized in the literature (Fig. 4.8): the membrane proximal
cysteines (blue, important for post translational palmitoylation)®%%*%7, arginine rich
domain (green, important for membrane compartmentalization)®?, O-linked glycosylation
sites (underlined, important for post translational O-linked glycosylation)3%3% and C-
terminal cysteines (yellow highlight, important for interaction with Lck)®2. Of the three
truncations (2A TACaass-s2s, TACasie-525s and TACaass-s25), each contain some combination of
the mutation or omission of each of those domains, yet neither can phenocopy the tailless
TAC. In theory, all intracellular domains are disrupted in both the 2A truncation and
tailless receptors, yet the 2A TACaass-s25 expresses quite well and shows no functional
defect. Perhaps even more puzzling is the 4A construct, which best phenocopies the
tailless TAC despite lacking domains also absent in the 2A truncation. It seems that despite
our deep understanding of the CD4 cytoplasmic tail, its contribution to the functionality
of the TAC receptor may not be as pronounced as its contribution to the functionality of
CD4 as an endogenous co-receptor.

Overall, our results show that omission of the cytoplasmic tail in the TAC receptor

leads to abrogated surface expression, lower in vitro cytokine production, yet in vivo
efficacy may be enhanced.
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CHAPTER FIVE

FUNCTIONALITY OF THE TAILLESS TAC USING DIFFERENT ANTIGEN
BINDING DOMAINS
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INTRODUCTION

In the previous chapter, we observed that removal of the intracellular domain of
the anti-BCMA TAC lead to diminished surface expression and in vitro cytokine production
upon antigen stimulation, however in vivo efficacy was enhanced compared to the full-
length TAC. This chapter continues the investigation of the phenotype and functionality
of tailless TAC-engineered T cells across different antigen binding domains using the
huUCHT1 Y177T scaffold to see if those results are generalizable against different cancer
targets. Within the CAR field, observations on receptor efficacy and functionality made
against one cancer target do not always recapitulate against other cancers, especially
when differences between in vitro functionality and in vivo efficacies are compared. For
instance, one study investigating the inclusion or exclusion of an extracellular hinge
domain within second generation CARs against five cancer targets (mesothelin, CD19,
Her2, prostate stem cell antigen, and Mucin1) found increased in vivo efficacy of the anti-
mesothelin CAR when the hinge was included. However, the study found no difference in
the in vivo efficacy of the other four CARs with or without a hinge, demonstrating that the
increased in vivo functionality when the hinge was included was unique to the anti-
mesothelin CAR3%, Another study investigating hinge lengths found that scFvs that bind
membrane-proximal epitopes on cancer antigens require a flexible extracellular hinge
domain within the CAR design in order to permit efficient engagement and maximal in
vitro cytotoxicity and cytokine production, while scFvs that interact with the N-terminus
of antigens further from the membrane display maximal in vitro cytotoxicity and cytokine
production in the absence of a long hinge domain?3L. This study reiterates the notion that
chimeric receptors do not necessarily have a one-size-fits-all basis, and conclusions made
about functionality with regards to hinge/spacer domains need to be validated against
other cancers/antigens by using different antigen binding domains. In terms of the TAC,
our observations of diminished surface expression and cytokine production yet increased
in vivo efficacy was made against BCMA® targets using the C11D5.3 scFv, and these
observations remain to be investigated against other cancer targets.

We use two different antigen binding domains in this chapter: the anti-Her2 H10-
2-G3 DARPin®®? previously described in Chapter 3, and the anti-CD19 FMC63 scFv. Our
laboratory has previously demonstrated that the H10-2-G3 DARPin can be successfully
used as a CAR antigen-binding domain against Her2* breast cancer lines by producing
cytokine in response to target cell stimulation and lysing tumours in vitro?°.

CD19 is a critical type | transmembrane protein on the surface of mature B cells
responsible for mediating and amplifying signal transduction during B cell activation®®®. It
is also an important target for B cell lymphoma cancers, and over 70% of CAR T cell
products currently in clinical trials in the United States and China are engineered to target
CD19%1°, Several mechanistic in vitro and in vivo studies on CAR T cells, especially those
investigating the hinge?®*3%2 and co-stimulatory domains'®”2>3, use CARs specific for CD19,
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therefore the CD19 serves as a well characterized tumour associated antigen model in the
CAR field.

RESULTS
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Figure 5.1. Schematic representation of Her-2 specific TAC intracellular tail truncation constructs
Schematic representation of the TAC tail mutants highlighting the cytoplasmic domains (see text
for details).

Surface expression of the anti-Her2 tailless TAC is diminished, but in vitro cytokine
production is not affected compared to the full length TAC

Our previous results demonstrated that removing the intracellular domain
(cytoplasmic tail) of the TAC receptor diminished surface expression of the receptor and
decreased cytokine production in response to BCMA* tumour stimulation of the
engineered T cells. To determine if those functional properties were consistent for TAC
engineered T cells against other tumour targets besides BCMA, we created anti-Her2 TAC
constructs using the H10-2-G3 DARPin (described in Chapter 3)*%262 antigen recognition
domain (Fig. 5.1, shown in red). These constructs are on the humanized UCHT1 Y177T
scaffold (also described in Chapter 4, shown in peach in Fig. 4.1), and consist of the full
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length TAC, a control (CTRL) TAC with no antigen binding domain, the 4A TAC with four
cysteine to alanine mutations in the Lck binding and membrane partitioning sites®2% of
the intracellular tail (red bars), the TACasi6-525 and TACaass-s2s cytoplasmic tail truncations
and the tailless TAC lacking the entire cytoplasmic tail.
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Anti-Her2 T cells in vitro cytokine production
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Figure 5.2. In vitro cytokine production of the Her2-specific tailless TAC is not abrogated despite
diminished surface expression

(A) T cells were engineered to express anti-Her2 (DARPin) TAC constructs and receptor surface
expression is shown normalized to the CTRL TAC. (B, C) Intracellular IFNy and TNFa production in
response to SKOV-3 (HER2*) or no stimulation (NS). Error bars represent standard deviation from
three separate experiments. n.s. = nonsignificant (p > 0.05)

These constructs were expressed in primary T cells by lentivirus transduction, and
the 4A and tailless TAC displayed diminished surface expression compared to the full
length TAC in both CD4* and CD8* T cells (Fig. 5.2A). The two truncation constructs
displayed higher surface expression than the 4A and tailless TAC-engineered T cells, but
less than the full length TAC. When the in vitro functionality of these engineered T cells
was assessed by IFNy and TNFa production in response to tumour (Her2* SKOV-3) or no
(NS) stimulation, no difference was observed in CD4* cells (Fig 5.2B) or CD8* (Fig. 5.2C).
These results demonstrate that the surface expression of the anti-Her2 tailless TAC is
diminished, but unlike the anti-BCMA tailless TAC, in vitro cytokine production is not
affected.

The tailless TAC displays high in vivo efficacy against Her2* OVCAR-3 tumours

The anti-BCMA tailless TAC demonstrated enhanced in vivo efficacy against
established KMS-11 liquid tumours despite diminished in vitro cytokine production
relative to the full-length TAC. We evaluated the in vivo efficacy of the anti-Her2 TAC
constructs against OVCAR-3 human xenografts.. At the dose of T cells used for this
experiment, treatment with T cells engineered with the control receptor, full length, 4A
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TAC or TACaass-s25 truncation showed progressive tumour growth throughout the 45 day
post adoptive cell transfer monitoring period (Fig. 5.3). Mice treated with the tailless TAC
showed clear and sustained tumour regression throughout the monitoring period.
Therefore, TAC-engineered T cells lacking a cytoplasmic tail domain exhibited increased
in vivo efficacy against Her2* OVCAR-3 solid tumours compared to TAC-engineered T cells

McMaster University — Medical Sciences

expressing the full length receptor despite comparable in vitro properties.

3 10 17 24 31 38 45

_ TAC _ TAILLESS TAC
™_ 900 900
£ £
£ 700 £ 700
£ 500 £ 500
5 3 300
S 300 S
5 100 S 100
o o —
100 3 10 17 24 31 38 45 | 510 3 10 17 24 31 38 45
= (=
Days Post ACT Days Post ACT
g 900 £ 900
£ J00 o 700
& £
£ 500 S 500
= @]
S 300 ; 300
é 100 g 100
3 100 3 19 17 24 31 38 45 = -100

Days Post ACT

Days Post ACT

900

~l
o
o

U
o
o

=
o
o

Tumour Volume (mm?)
= w
o o
o o

CTRL RECEPTOR

3 10 17 24 31 38 45
Days Post ACT

91




PhD Thesis — KA Mwawasi McMaster University — Medical Sciences

Figure 5.3. The tailless TAC displays increased in vivo efficacy compared to other TAC constructs
against Her2* OVCAR tumours

Immunocompromised mice were challenged with OVCAR-3 tumour cells and after tumour
establishment, were then treated with either a low dose or high dose of TAC-engineered T cells
(normalized for NGFR expression, n = 5 for all groups). Graphs show tumour growth measured
every 6-7 days until 45 days post ACT.

In vitro cytokine production of the anti-CD19 tailless TAC is unchanged compared to the
full length TAC despite diminished surface expression

We sought to investigate the in vitro and in vivo characteristics of TAC-engineered
T cells against the CD19 tumour associated antigen. We created three anti-CD19 TAC
constructs using the well characterized FMC63 scFv3!!: control TAC lacking the antigen
binding domain, the full length TAC and the tailless TAC lacking the intracellular
cytoplasmic domain (Fig. 5.4).

Anti-CD19 c-myc tag anti-CD3e  Hinge/TM Cytoplasmic

1 —i

CTRLTAC B(ruuckmiscrvvazar ) [ co4 i I

| 1

TAC (_FMC63 scFv J J(huuchmiservvazzr] ((cDa ) ]:
1

i huUCHTL scFv¥177T| [ CD4 !

Tailless TAC (_FMC63 scFv | (O | il S !

———— - N
- N
- ~

CTRL TAC GIFFCVRCRHRRRQAERMSQIKRLLSEKKTCQCPHRFQKTCSPI
TAC GIFFCVRCRHRRRQAERMSQIKRLLSEKKTCQCPHRFQKTCSPI
Tailless TAC

Figure 5.4. Schematic representation of CD19 specific TAC constructs used
Schematic representation of the TAC tail mutants highlighting the cytoplasmic domains (see text
for details).

When expressed in primary T cells and enriched for engineered transduction by NGFR
selection, the tailless TAC displayed markedly diminished surface expression compared to
the full length TAC in both CD4* and CD8* T cells by 6-7 fold (Fig. 5.5A). Because Protein L
(a immunoglobulin-binding protein that specifically interacts with the light chain of an
scFv)3!2 was used as a receptor marker, T cells transduced with NGFR only (transduction
marker, no chimeric receptor) are shown in the phenotypic analysis as a negative control
instead of T cells transduced with the CTRL TAC (lacking an antigen binding domain) since
the latter would stain positive with Protein L. When stimulated with CD19* NALM-6
tumour cells, T cells engineered with either TAC construct displayed similar multivariate
production of IL-2, TNFa and IFNy (Fig. 5.5B). The CD4* T cells produced large populations
of IL-2'IFNy' TNFa* (pink pie slice) and IL-2*IFNy TNFa* (green pie slice). The CD8* T cells
predominantly produced IL-2*IFNy TNFa* (green pie slice), but also had a larger amount
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of single IL-2 producing cells (light blue) compared to the CD4* cells. These results
demonstrate that despite diminished surface expression compared to the full length TAC,
the tailless TAC exhibits the same in vitro production of cytokines upon antigen
stimulation.
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Figure 5.5. CD19-specific tailless TAC displays abrogated surface expression, but similar in vitro
cytokine production profile compared to the full length TAC

(A) T cells engineered with either the control receptor (NGFR), full length TAC or tailless TAC,
enriched for engineered cells by NGFR selection and assessed for surface expression in CD4+ and
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CD8+ cells. Histograms are gated on NGFR+ (engineered) cells and show receptor expression by
Protein L staining and corresponding mean fluorescence intensity (MFI). (B) In vitro cytokine
production of IL-2, IFNy and TNFa was measured after stimulation with NALM-6 (CD19*) or K562
(CD19') cells and is shown by multivariate SPICE analysis of CD4* and CD8* cells.

Tailless TAC-engineered T cells display higher in vivo efficacy against CD19* NALM-6
tumours compared to full length TAC-engineered T cells

We evaluated the in vivo efficacy of the anti-CD19 TAC constructs by treating mice
bearing human NALM-6 xenografts. When mice were treated with a low (1.5x10°)
effector dose of T cells (Fig. 5.6A), both the full-length and tailless TAC controlled tumour
burden relative to the CTRL receptor, in which all mice in the CTRL group reached end
point by 14 days post ACT. Nevertheless, while most mice in the TAC group showed
tumour regression, three mice displayed tumour relapse in addition to one mouse that
exhibited limited overall tumour control and reached end point by 27 days post ACT. In
the tailless TAC group, tumour regression was observed for approximately 14 days post
adoptive transfer and was sustained for the duration of the monitoring period. When
mice were treated with a high (4.0x10°) effector dose of T cells (Fig. 5.6B), we similarly
observed initial tumour regression of the full-length and tailless TAC compared to the
control TAC, three mice in the TAC group displayed tumour regression above ACT
baseline. Within the tailless TAC group, all mice displayed initial and sustained tumour
regression throughout the duration of the experiment. Therefore, the mice treated with
anti-CD19 tailless TAC-engineered T cells had better in vivo outcomes than mice treated
with full length TAC-engineered T cells after NALM-6 challenge.
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Figure 5.6. The tailless TAC displays increased in vivo efficacy compared to other TAC constructs
against CD19* NALM-6 tumour cells

Immunocompromised mice with established NALM-6 tumours were treated with either a (A) low
dose or (B) high dose of TAC-engineered T cells enriched by NGFR selection. Tumour growth is
measured by luminescence every 6-7 days post ACT.
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We were next interested in confirming if mice that showed complete NALM-6
remission within both TAC groups could similarly clear another CD19* cell line (JEKO-1)313
when re-challenged. We found that both full-length and tailless TAC could control JEKO-
1 tumour burden relative to the tailless TAC re-challenged with a CD19" tumour (K562) in
both low T cell dose (Fig. 5.7A) and high T cell dose (Fig. 5.7B) groups. This result
demonstrates that the both the anti-CD19 full-length and tailless TAC can respond in vivo
to additional tumour challenge.
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Figure 5.7. Both TAC-engineered T cells can control the tumour burden from a CD19* tumour re-
challenge

Mice which survived NALM-6 tumour challenge from Fig. 5.6 were re-challenged with CD19* JEKO-
1 or CD19 K562 cells and tumour growth was measured every 5-7 days. Tumour growth curves are
shown for (A) mice initially treated with a low T cell dose (1.5x10° cells) and (B) mice initially
treated with a high T cell dose (4x10° cells)

DISCUSSION

The work in this chapter has confirmed across different antigen binders and
tumour targets that the tailless TAC exhibits lower surface expression yet increased in
vivo efficacy compared to the full length TAC. Unlike anti-BCMA engineered T cells, T cells
engineered with anti-Her2 and anti-CD19 tailless TACT cells do not display diminished in
vitro cytokine production from tumour stimulation relative to T cells engineered with the
full-length version of these receptors.

The increased in vivo efficacy of the tailless TAC is an intriguing observation. From
the receptor biology perspective, the TAC was originally constructed to recapitulate
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natural T cell activation, and the modular design of the receptor specifically included the
intracellular domain of CD4 due to its functional features described in the
literature®37:298309 |t gppears that not only are one or more of these features not
necessary for TAC function in vitro, the inclusion of the cytoplasmic domain may diminish
the in vivo efficacy of the TAC regardless of the tumour target. From a T cell engineering
perspective, these results question the validity in evaluating a receptor’s ultimate clinical
performance by in vitro assays such as proliferation, cytokine production, or tumour
cytotoxicity. We have shown across two tumour types and antigen binders that the
tailless TAC shows no difference in tumour stimulated in vitro cytokine production
compared to the parent TAC, yet clear in vivo advantages. Furthermore, phenotypic
surface expression is an important parameter in the field used to evaluate CAR T cells,
where a high density is often (but not always, discussed below) desired. The tailless TAC
consistently exhibited diminished surface expression compared to the full-length TAC, yet
T cells engineered with the tailless TAC outperformed T cell engineered with full-length
TAC in vivo. This demonstrates the possibility of in vivo efficacy of an engineered T cell
despite poor surface expression of the exogenous receptor. Finally, and most importantly,
from a clinical perspective the creation of a T cell product with a high therapeutic index
(high efficacy, low toxicity) is the critical objective. The tailless TAC clearly shows
increased in vivo efficacy, and it merits further investigations to determine its safety
profile with regards to any potential toxicities that accompany this efficacy.

The mechanism behind the increased in vivo efficacy of the tailless TAC is
unknown, however literature on CAR T cells provides potential insights. CAR T cells are
susceptible to tonic signaling, which has been shown to increase exhaustion markers on
the engineered T cell and therefore decrease long term in vivo persistence. This is due
primarily to the clustering of antigen-binding scFvs, but this effect is intensified in part by
the surface expression levels of the CAR, where less receptor on the surface decreases
tonic signaling?!°. By having less CARs on the surface of the T cell, there is less clustering
of chimeric receptors and therefore less tonic signaling and T cell exhaustion.
Nevertheless, our group has failed to observe evidence of tonic signaling (i.e. upregulation
of exhaustion markers) in the full-length TAC across multiple scFvs in head-to-head
comparisons with second generation CARs containing either 4-1BB or CD28 co-
stimulatory domains?®. Therefore, although the decrease in CAR surface expression leads
to lower tonic signaling and increased in vivo efficacy, the TAC does not appear to be
susceptible to tonic signaling to begin with, and the relationship (if any) between
diminished TAC expression and increased in vivo efficacy needs to be investigated further.

Recently, CRISPR/Cas9 has been used to deliver site-specific integration of the
CAR transgene within the T cell genome, specially within the T cell receptor a constant
(TRAC) locus®!®. These TRAC CARs showed more uniform and less variable surface
expression compared to CARs transduced with a y-retrovirus, which displayed on average
two-fold higher surface expression. TRAC CARs also displayed diminished tonic signaling
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and enhanced in vivo therapeutic activity, further supporting the notion that ‘fine-tuning’
CAR expression is correlated with increased in vivo activity due to a decrease in tonic

sighaling3®®.

T cells expressing memory-like properties including B-oxidation metabolism and
delayed in vitro killing kinetics have exhibited greater in vivo anti-tumour persistence than
T cells expressing effector-like properties such as glucose metabolism, rapid in vitro killing
kinetics and high cytokine production. The co-stimulatory domain of 2" generation CARs
drives these phenotypes, where 4-1BB promotes memory and CD28 promotes
effector?0>2382%0 The mechanism behind this is unclear, however groups that have
mutated the Lck-binding domain of CD28 within the CAR have shown that a lack of Lck
interaction leads to a more memory-polarized phenotype and increased in vivo
persistence3%#3% |t is conceivable that the interaction of Lck within the receptor complex
might be pushing the TACT cell to an effector-like state, while the omission of Lck in the
tailless TAC complex might be favouring a memory-like state (lower cytokine production,
higher in vivo persistence). Further work will need to be done to validate this claim.
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CHAPTER SIX

GENERAL DISCUSSION
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6.1 Summary of research findings

The TAC was designed to recapitulate the natural activation of a T cell, consisting of 3
main components: (i) an antigen binding domain, (ii) a CD3 engaging domain and (iii) the
transmembrane and cytoplasmic domain of the CD4 co-receptor. Our laboratory has
previously®® investigated two of these components, demonstrating that i) while the
choice of CD3 engager affects both surface expression and functionality, the TCR-CD3
binding domain is absolutely necessary for full activation and ii) multiple tumours
(including solid cancers) can successfully be targeted by changing the antigen binding
domain, which is also absolutely critical for full functionality. The TAC receptor does not
contain any signaling components (such as CD3Z or CD28) and requires the endogenous
signaling network of the T cell to function. The transmembrane and cytoplasmic domains
of CD4 were incorporated into the TAC to recapitulate the co-receptor features that
enable collaborative functions with the TCR-CD3 complex to achieve T cell activation, but
the true contribution of these domains to the TAC functionality was unknown. Asthe CAR
field has shown (discussed in Chapter 1, Section 1.5.1 and additionally in Section 6.2.2
below) understanding the contribution of each component of a synthetic antigen
receptor is important in understanding the biology of both the receptor and the
engineered T cell, and therefore critical in designing a safe and effective therapeutic
product for cancer patients. Therefore, the work presented in this thesis aimed to
investigate the biological function of the TAC receptor cytoplasmic domain.

In Chapter 3, the CD4 transmembrane and cytoplasmic domains in the TAC receptor were
replaced with sequences from CD8a and CD8[3 based on literature reports of critical
intracellular residues and domains required for endogenous TCR signaling. Given that the
TAC was designed to recapitulate natural T cell activation, we hypothesized that that
these features would also contribute to the functionality of the TAC receptor and tested
this hypothesis by creating TAC variants with those features mutated or removed. These
variants displayed varying degrees of surface expression and, when expressed in T cells,
these variants triggered comparable T cell function in vitro, indicating that those specific
intracellular residues and domains did not substantially contribute to TAC receptor
performance in vitro.

In Chapter 4, we used a different TAC scaffold that replaced the original UCHT1, an scFv
of mouse origin, with a humanized variant of UCHT1 (huUCHT1 Y177T) that contains a
mutation selected in the Bramson lab by in vitro evolution. Here, | focused on TAC
receptors directed against BCMA, a multiple myeloma target, and compared a number of
modifications to the CD4 cytoplasmic domain, including full removal of the cytoplasmic
domain (aka tailless TAC). The most striking phenotype was observed with the tailless
TAC, which displayed diminished surface expression and T cells engineered with the
tailless TAC exhibited diminished cytokine production in response to antigen stimulation
in vitro, however other in vitro functionality parameters, such as proliferation and
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cytotoxicity, were unaffected. Despite the lower surface expression and decreased
cytokine production, the tailless TAC nevertheless showed high in vivo efficacy against
BCMA* tumours.

In Chapter 5, we continued the work with the tailless TAC receptor by investigating in
vitro and in vivo functionality of tailless TAC receptors directed against CD19 and Her2;
again, we used the huUCHT1 Y177T scaffold. We were ultimately interested in
determining if the results with the tailless TAC in the previous chapter could be
recapitulated against other cancers or if they were unique to the anti-BCMA scFv used in
Chapter 4. Our results showed that similar to the anti-BCMA tailless TAC, the surface
expression of the anti-CD19 and anti-Her2 tailless TACs was also abrogated, however
there was no difference in in vitro antigen-dependent cytokine production compared to
the full length TAC. Again, the tailless TAC displayed greater in vivo efficacy than the full
length TAC against mice bearing established human xenografts. The combined results of
Chapters 4 & 5 demonstrated that regardless of the antigen recognition domain, surface
expression of the TAC receptor lacking an intracellular tail was diminished, however in
vivo efficacy was increased.

6.2 Biological Implications

6.2.1 Diminished surface expression of the tailless TAC

One of the major biological outcomes of removing the cytoplasmic tail of the TAC receptor
is a clear and reproducible decrease in surface expression compared to the full length TAC
receptor. The CD4 intracellular tail is only 44 amino acids in length, yet contains motifs
and sites critical for membrane partitioning®*36, post translational modifications (such as
palmitoylation®®, phosphorylation3'’, and potentially O-linked glycosylation?”3%), and
important protein-protein interactions (such as Lck-binding®*®7), thereby demonstrating
important roles in co-receptor functionality. We hypothesized that one or several of these
amino acids/motifs were responsible for the abrogation of surface expression. Indeed,
many of the changes to the cytoplasmic domain, including the mutation of key cysteine
residues to alanines, resulted in reduced surface expression of the TAC receptor (Chapter
4). However, none of truncations and/or amino acid mutations, could reproduce the
magnitude of the reduction in surface expression exhibited by the tailless TAC. It is
important to note that all of our truncation and mutant constructs except for the tailless
TAC contained the GIFFCVRC sequence in the intracellular tail closest to the cell
membrane, with the exception of 2Aassss2s , which carried the sequence GIFFAVRA,
(Figure 4.8) suggesting that some component of that sequence, other than the cysteine
residues, was impacting surface expression of the TAC.

The antigen-independent decrease in surface expression of the tailless TAC can be
attributed either to trafficking issues preventing the TAC from reaching the surface after
translation, or enhanced internalization of the receptor from the cell surface. We used IF
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microscopy to determine the trafficking state of both the full-length and parent TAC in
resting Jurkat T cells (Figure 4.3) by localizing the receptor with six separate organelle
markers. Itisinteresting to observe that in resting Jurkats, both the full-length and tailless
TAC colocalized strongest with Calnexin (endoplasmic reticulum marker) compared to
other organelles, although the tailless TAC appeared to localize stronger with the ER
based on the Pearson coefficient. This may suggest accumulation in the endoplasmic
reticulum, preventing the receptor from reaching the surface of the cell. Furthermore,
both TAC receptors appear to colocalize relatively well with Rab7a, a late endosome
marker. This may suggest that the receptor is internalized from the surface of the cell,
quickly acidified in late endosomal vesicles and finally degraded by lysosomes®!. Given
that the endogenous TCR is continuously recycled from the cell surface in resting T cells3®
and that the TAC interacts with the TCR complex, a staining pattern consistent with TCR
recycling is expected (i.e. association with the early endosome marker Rab5). The TCR has
been shown to co-localize specifically with Rab4 in resting T cells, an early endosomal
marker involved in transiting proteins from endosome vesicles back to the cell surface3.
Another group has shown the that the TCR co-localizes with Rab11 (a marker of recycling
endosomes, which receives endocytosed proteins from early endosomes®?) in both
resting primary and Jurkat T cells, further demonstrating that the TCR is constitutively
downmodulated and recycled back to the cell surface by protein transiting via endosomal
vesicles®?. The IF results generated here suggest possible lysosomal degradation of full
length and tailless TAC (co-localization with Rab7a), however lysosomal degradation of
the TCR has only been observed after TCR ligation, and not in resting T cells3*°.

6.2.2 Increased in vivo efficacy of the tailless TAC

The second biological outcome of removing the intracellular tail from the TAC receptor is
the enhanced in vivo efficacy compared to the full length TAC. Intriguingly, the only
difference in in vitro functionality we observed between the full-length and tailless TAC
was a decrease in cytokine production of the tailless TAC when stimulated with BCMA*
tumours (Figure 4.4). Therefore, despite the in vitro functionality data which suggests that
the tailless TAC should be equal to or less efficacious than the full-length TAC, T cells
engineered with the tailless TAC consistently outperformed T cells engineered with the
full-length in vivo. The mechanisms behind this unique observation were not elucidated
in this thesis and several hypotheses are provided below:

Hypothesis 1: The tailless TAC T cells exist in a more memory-like state

As stated earlier, the CAR field is replete with evidence of engineered T cells with a
memory differentiation state having increased in vivo persistence compared with
engineered T cells with an effector differentiation state?°. Memory T cells are associated
with antigen dependent fatty acid oxidation metabolism, slow kinetic killing and high in
vivo persistence (months-years), while effector T cells use glucose metabolism as a
primary energy pathway, display rapid kinetic killing and have relatively low in vivo
persistence (weeks)'?>322, Due to the observation of enhanced in vivo efficacy of tailless
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TAC-engineered T cells compared to full-length TAC-engineered T cells, and increased in
vivo efficacy is associated with memory T cells, it is possible that the tailless TAC receptor
is promoting a T cell state that is less terminally differentiated and more memory than T
cells expressing the full-length TAC. Conversely (for reasons postulated below), T cells
expressing the full-length TAC may be more prone to effector differentiation upon antigen
engagement. This is perhaps best observed when anti-BCMA T cells were stimulated in
vitro with BCMA* tumour cells (Figure 4.4), and TAC-engineered T cells produced more
IFNy and TNFa (measures of effector function) than tailless TAC-engineered T cells. Since
the ultimate goal is to create clinically effective in vivo engineered T cells, in vitro assays
used to assess potential receptors should ideally be evaluating memory features such as
antigen-dependent fatty acid oxidation, slow kinetic killing and memory markers instead
of effector features such as proliferation, short term cytokine production from antigen
stimulation and end-point cytotoxicity (discussed further in SECTION 6.3).

If the tailless TAC is promoting a T cell state that is more memory-like than the full-length
TAC which is promoting an effector-like T cell state, what is driving this polarization? In
the CAR field, the CD28 and 4-1BB co-stimulatory domains of 2" generation CAR T cells
provide potential insights. CD28-CARs display effector characteristics such as rapid
tumour killing kinetics, high T cell signaling intensity (phosphorylation of CD3Z, SLP-76 and
PLC-y1), glucose metabolism and therefore have lower persistence compared to 4-1BB-
CARs®7-23% Conversely, 4-1BB-CARs display memory characteristics such as fatty acid
oxidation, lower signaling intensity, slow tumour killing kinetics in vivo, and increased in
vivo persistence. There are many biological differences in the structures and signaling
pathways between CD28 and 4-1BB described in great detail elsewhere3%, however one
difference of particular relevance to the work in this thesis is the association with Lck.
While neither human CD28 nor 4-1BB contain the intracellular CXCP motif that specifically
binds to Lck (found in CD4 and CD8), CD28 does contain a PYAP motif that interacts with
the SH2 (binds phosphorylated tyrosines) and SH3 (binds proline rich regions) motifs of
all src kinases, including Lck3%43%4, Indeed, Lck has been shown to directly interact with
CD28 in T cells and contribute to downstream CD28 signaling, specifically in recruiting
protein kinase C (PKC) to the signalosome and activating it3?°. Within the context of CAR
T cells, Lck recruitment and signaling by CD28 may be driving CD28-CARs to an effector
state, while the lack of Lck recruitment by 4-1BB-CARs may allow them to retain a memory
state. Studies that have mutated the PYAP motif in CD28 (thereby preventing Lck
interaction) in 2" generation CD28-CARs have shown that these CARs display memory-
like properties such as lower antigen-dependent proximal signaling intensity and higher
in vivo persistence3*#3%, By simply abolishing Lck interaction (confirmed by co-
immunoprecipitation pull downs), groups have shown that effector-like CD28-CARs can
be polarized to a memory state and have increased in vivo persistence343%,

In the context of the TAC receptor, the intracellular tail of the full length TAC contains the
CQCP motif (binding site for Lck®*%7), while the tailless TAC does not. Similar to the
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observations in the CAR field, the recruitment of Lck by the full length TAC might be
driving the engineered T cells to an effector-like state (high in vitro cytokine production,
lower in vivo persistence), while the lack of Lck recruitment by the tailless TAC might be
favouring a memory-like state (high in vivo persistence). Upon antigen binding, the kinetic
segregation and proofreading models of T cell activation suggest that phosphorylation of
CD3T ITAMs occurs due to the clustering of the CAR/TAC receptors on the surface of T
cells. The binding dwell time between the receptor and antigen then allows for these
clusters to remain in proximity while passive phosphorylation by Lck of multiple ITAMs
initiates the signaling””°®3%%, However, if Lck is already associating with these receptor
clusters (through the TAC CQCP motif or the PYAP motif on CD28-CARs) during antigen
binding, this may potentially allow for increased ITAM phosphorylation, since signaling is
no longer only dependent on the passive phosphorylation by Lck away from phosphatases
such as CD45. The increase in signaling intensity (CD3{ phosphorylation) by Lck
association during antigen stimulation has previously been shown to be a key
determinate in CAR T cell fate3%*, and might possibly apply for TAC T cells as well.

Future work will need to involve determining the effector/memory subset phenotype of
these engineered T cells (discussed further in Section 6.3). There are several caveats to
this hypothesis however:

e The anti-BCMA TACasss-s2s truncation construct (Figure 4.8) lacking the CQCP
motif produced significantly more TNFa and IFNy in response to 4 hour tumour
stimulation than the tailless TAC (Figure 4.9), a property indicative of effector
function.

e The anti-Her2 4A mutant and A488-525 truncation constructs (Figure 5.1), which
lack Lck interaction by mutation and omission of the CQCP motif (respectively),
both did not show any in vivo efficacy against OVCAR-3 solid tumours (Figure 5.3)
while the tailless TAC did.

e The lack of Lck interaction with the tailless TAC or any other truncation/mutant
TAC receptor has not been demonstrated. The assumption that the interaction
with Lck is eradicated is based on the literature characterizing the intracellular
tail of the endogenous CD4 co-receptor and needs to be confirmed.

Hypothesis 2: The tailless TAC is more resistant to downmodulation

One of the hallmarks of T cell regulation is the downmodulation of the TCR-CD3 complex
upon antigen ligation which ultimately prevents excessive stimulation3°. Similarly, the
CD4 co-receptor has been shown to downmodulate/internalize upon stimulation,
specifically by endocytosis leading to protein degradation 327. One study from the late
1980s found that removal of the CD4 cytoplasmic domain prevented the internalization
of the receptor when stimulated with phorbol 12-myristate 13-acetate (PMA), an
activator of PKC. Even when the CD4 cytoplasmic domain was replaced with the
cytoplasmic domain from IL-2, internalization of CD4 could not be rescued, indicating that
critical residues for internalization were contained in the CD4 cytoplasmic tail*?®. These
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residues were mapped out to be three serine amino acids in the cytoplasmic tail whose
phosphorylation by PKC all contribute to CD4 internalization®!”. Serine phosphorylation
intensity correlated with internalization and membrane proximity (i.e. the closest serine
to the membrane was most phosphorylated, the furthest serine was the least
phosphorylated). When a single serine was mutated to alanine, the CD4 receptor with the
serine closest to the membrane displayed the least internalization, while the receptor
with the serine furthest from the membrane displayed the most internalization. Complete
inhibition of CD4 internalization upon stimulation could only be achieved by mutating all
serines to alanines. Interestingly, a CD4 variant containing the phosphorylated membrane
proximal serine and the rest of the cytoplasmic tail randomized to indiscriminate amino
acids showed absolutely no internalization (similar to mutating all the serines to alanines),
suggesting that other features on the cytoplasmic tail are critical for internalization in
addition to serine phosphorylation. These studies indicate that CD4 is internalized and
degraded upon stimulation, and this internalization is dependent on both the intracellular
phosphorylation of serine residues and the intact features of the cytoplasmic tail.

With regards to the TAC receptor, the enhanced in vivo efficacy of the tailless TAC might
be explained by decreased antigen-dependent receptor downmodulation. Upon antigen
engagement, the signaling cascade of the T cell is expected to activate PKC, which would
be expected to phosphorylate the serine residues on the intracellular tail of the TAC's CD4
co-receptor. Decreased internalization of the TAC may allow more engagement with the
tumor cells and enhanced anti-tumor effect. One would therefore expect the TACasss-s25
truncation to recapitulate the performance of the tailless TAC, since it lacks all three
serine residues. While this is correct against BCMA* liquid KMS-11 tumours (Figure 4.10),
the TACaass-szs truncation showed no efficacy against Her2* OVCAR-3 solid tumours (Figure
5.3). However, this truncation still retained the membrane proximal GIFFCVRC residues,
and it is conceivable that these residues play a complementary role with the serine
residues in internalizing CD4 upon antigen stimulation, and only omission of all residues,
as occurs in the tailless TAC, can completely prevent internalization. This is especially
obvious against large solid tumours such as OVCAR-3 that require continuous tumour
infiltration.

6.3 In vitro evaluation of future receptors

Currently, most publications describing a new T cell receptor (synthetic or natural)
present in vitro data demonstrating: surface expression, cytokine production in response
to antigen stimulation, cytotoxicity against tumour targets, proliferation in response to
antigen and antigen-independent expansion of the T cell culture after engineering (i.e.
lentivirus transduction). If the hypothesis that memory polarization of engineered T cells
enhances in vivo efficacy is correct, then measures of effector functions (such as the ones
stated above) would not necessarily predict in vivo performance. For instance IFNy and
TNFa are classical effector molecules produced by CD8* CTLs and CD4* Th1 cells, and
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measuring their production in response to relatively short four hour antigen stimulation
would not indicate how engineered T cells would persist long term (weeks-months) in
vivo®. This is important in clinical trials were complete responses (no detectable signs of
cancer in response to treatment)3? are usually measured months after infusion?#43%,
Furthermore, ITAM phosphorylation upon antigen stimulation drives several signaling
pathways within the T cell. There are 10 ITAMS per TCR-CD3 complex: six on the {{ dimer
(3 per monomer), one ony, one on §, and two from the & subunits (one on each)®!. One
study found that cytokine production and proliferation upon antigen stimulation had
different ITAM phosphorylation requirements33?: the secretion of IL-2, TNFa and IFNy only
required as few as two ITAMs to be phosphorylated upon stimulation. Proliferation could
only be achieved when all ten ITAMs were phosphorylated after antigen stimulation,
indicating that proliferation requires a higher multiplicity of ITAM phosphorylation (10/10
ITAMS) than cytokine production (2/10 ITAMS). Since effector fate is associated with the
strength of ITAM phosphorylation (i.e. more phosphorylation polarizes the cell to an
effector state)®%, proliferation would therefore be a measure of effector function since it
requires more phosphorylated ITAMs to initiate.

In vitro cytotoxicity assays are meant to reflect tumour clearance but cannot reflect in
vivo performance due to short co-culture periods (hours), and high lymphocyte to tumour
ratio within a small surface area (i.e. single well of a 96 well plate). These assays do not
address the kinetics of tumour clearance (memory cells associated with slower kinetics)
or how the T cells respond to recursive/serial antigen exposure as would be the case in
vivo.

The data presented in this thesis strengthens the notion that specific in vitro outcomes
do not always manifest in vivo. There was no indication from the in vitro assays performed
for this thesis (cytokine production, proliferation, cytotoxicity, surface expression or
expansion) that the tailless TAC would outperform the full-length TAC against human
xenografts in vivo. This poses the question: are in vitro functionality parameters good
predictors of in vivo efficacy? If so, what are the appropriate in vitro parameters to
characterize future receptors?

If the memory vs effector polarization hypothesis is correct, then perhaps in vitro assays
that measure memory-like properties should be used to predict in vivo efficacy. For
instance, instead of measuring the production of effector cytokines such as TNFa and IFNy
after short-term antigen stimulation, cytoplasmic glycolysis and mitochondrial fatty acid
oxidation metabolism of engineered T cells can be measured after long term
stimulation2. T cells that preferentially use B-oxidation in the mitochondria are memory
polarized, while effector cells prefer to metabolize glucose in the cytoplasm?!?,
Furthermore, end-point killing assays should be altered to either real-time or
sequential/recursive killing assays. In real-time cytotoxicity assays, viability of the target
cells is tracked at specific intervals over the course of the co-culturing period (rather than
simply reading end-point viability at the end of the experiment), allowing cytotoxicity
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killing rates to be analyzed®*. Central memory cells display slow killing kinetics, while
effector cells display high killing kinetics. Additionally, sequential/recursive killing assays
involve re-challenging engineered T cells with new targets over longer periods of time
than conventional killing assays and are more indicative of the repeated antigen exposure
that T cells endure from tumour cells in vivo®*. Finally, phenotypic memory markers
should be analyzed after antigen stimulation: endogenous central memory cells home to
the lymph node and tend to be CCR7*CD62L", while effector cells are CCR7°CD62L" as they
remain in the periphery3®®. These new assays ensure that we are evaluating receptors for
memory characteristics instead of effector characteristics in order to predict in vivo
efficacy.

6.4 Future considerations in TAC design

CARs transmit activation and co-stimulatory signals, but providing a third signal to T cells
engineered with second-generation CARs can enhance therapeutic outcomes. T cells
normally receive “signal 3” from cytokines, and an important class of cytokines is the
common cytokine-receptor y-chain (y.) family (Supplementary Fig S1). These cytokines all
share y. as one of the components of the heterodimeric receptor, and include IL-2, IL-7
and IL-15%3¢, Together with the cytokine-specific a and/or B receptor, a heterodimer or
heterotrimer forms in response to cytokine binding of each separate monomer, leading
to activation of JAKs, which autotransphosphorylate their respective receptors. This leads
to recruitment of STAT proteins by virtue of their SH2 domains, leading to their own
phosphorylation by JAKs and eventual dimerization. Dimerization of the phosphorylated
STAT proteins creates a DNA-binding transcription factor, which is then translocated to

the nucleus and leads to transcription of several pro-survival genes3¥’,
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Supplementary Figure S1. Type | cytokine receptors in T cells33¢

The heterooligomeric receptors for different Type-I cytokines are shown. In all cases except IL-2
and IL-15, a heterodimer is formed upon antigen binding. The IL-2 and IL-15 receptors form a
heterotrimer. Upon cytokine engagement, the separate monomers of the receptor are clustered
into close proximity, initiating the signaling cascade of the JAK-STAT pathway (see text for details).

Systemic administration of cytokines to patients is known to cause significant toxicities,
therefore strategies to deliver cytokine signaling without administrating cytokines
themselves are currently being explored in the context of providing signal 3 for CAR T
cells. For instance, a CAR encoding a truncated cytoplasmic domain of IL-2RB and a STAT3-
binding YXXQ motif in addition to CD3C and CD28 displayed superior antigen-dependent
persistence and proliferation compared to the CARs not expressing these signal 3
domains®®. Another group has shown that constitutive antigen independent STAT5
signaling by expression of an artificially homodimerized IL-7R in addition to a CAR leads
to increased T cell proliferation, survival, and anti-tumor activity during repeated
exposure to tumour cells, without apparent T cell dysfunction3%®.

If the best therapeutic product for cancer patients are engineered T cells with high in vivo
persistence, then it would be advantageous in incorporating features that promote in vivo
persistence into engineered T cells. Since signal 3 increases this persistence, the tailless
TAC would be an ideal receptor to incorporate additional STAT3/STATS signaling moieties
since i) incorporation of STAT signaling would contribute to antigen-dependent in vivo

109



PhD Thesis — KA Mwawasi McMaster University — Medical Sciences

persistence and ii) lentivirus vectors have packaging size limits3*, therefore swapping the
cytoplasmic tail for STAT signaling motifs (as oppose to adding the motifs to an already
existing tail that does not contribute to in vivo persistence) would prevent the construct
from exceeding this size.
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Supplementary Figure S2. Antigen-dependent JAK-STAT signaling in TACT cells

(A) In the absence of antigen engagement, JAK proteins associated with the JAK-binding motifs
(such as the truncated cytoplasmic domain of IL-2RB and YXXQ motif described Kagoya et al*3*8) on
the TAC remain spatially excluded and JAK-STAT signaling does not occur. (B) Upon antigen
engagement, clustering of the TAC molecules leads to clustering of JAK proteins, which initiates
the signaling cascade.

[1] TAC clustering upon antigen engagement

[2] Autotransphosphorylation of TAC cytoplasmic tail by clustered JAK proteins

[3] Recruitment of monomeric STAT (blue) to phosphorylated residues

[4] Phosphorylation of STAT by JAK, leading to dimerization of STAT and translocation to the cell
nucleus

Figure adapted from Arya Afsahi

110



PhD Thesis — KA Mwawasi McMaster University — Medical Sciences

The JAK/STAT signaling cascade within the TAC receptor would capitalize on the clustering
of TAC molecules on the T cell surface upon antigen engagement (Supplementary Figure
S2). In a resting T cell, TAC molecules containing JAK-recruitment motifs would associate
with JAK molecules, but no signaling would occur due to spatial segregation. Upon antigen
engagement and clustering of TAC molecules, intracellular JAK proteins (now in close
proximity with each other) would autotransphosphorylate the tyrosine residues on the
adjacent TAC molecule. Phosphorylated tyrosines would recruit monomeric SH2-
containing STAT proteins, leading to the phosphorylation of STAT by JAK. Phosphorylated
STAT then dimerizes, and translocates to the nucleus where it serves a transcription factor
for several survival, growth and persistence genes.

6.5 Closing remarks

The story of TAC development is not unlike that of the CAR. The first generation CAR was
designed and described based on minimal features required to redirect a T cell against a
target of choice independent of the TCR'®*. This construct was improved when the
addition of co-stimulatory domains increased in vivo persistence. The TAC receptor was
also designed based on minimal features required to redirect a T cell against a target of
choice, but in a more natural (TCR-dependent) fashion. While the TAC showed unique
biological features such as a lack of tonic signaling and efficacy against solid tumours, the
tailless TAC described in this thesis has demonstrated that in vivo efficacy of the TAC can
be improved. Whether the next generation of the TAC molecule will exclude the
cytoplasmic tail and/or include STAT signaling, it is evident that this is a powerful receptor
in which the full potential and biology remains to be discovered.
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