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Lay Abstract:

The human immune system has the unique capacity to “seek and destroy”
tumor cells throughout the body. A novel class of drugs, immuno-oncology agents,
harness this ability to fight cancer. Within this class is a new cellular drug where
genetic engineering is used to create killer immune cells (called T cells) capable of
recognizing and eliminating tumors. Two of these cellular drugs have recently
received FDA approval, supporting the feasibility of this approach. However,
further research is needed to improve the safety of engineered-T cells and increase
the number of patients whom can benefit from their use. This thesis uses laboratory
investigations to better understand the side-effects associated with anti-cancer
engineered-T cells and evaluate new engineering strategies. We anticipate that
these results will contribute towards the development of next-generation
engineered-T cell drugs which retain the ability to function systemically against
cancer but offer an enhanced safety profile.
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Abstract:

Advances in our understanding of the molecular events leading to cancer
have facilitated the development of next-generation targeted therapies. Among the
most promising new approaches is immuno-oncology, where therapeutic agents
engage the immune system to fight cancer. One exciting strategy therein is the
adoptive transfer of ex vivo cultivated tumor-specific T lymphocytes into a cancer
patient. Tumor-specific T cells can be produced by engineering a patient’s own T
cells with synthetic receptors (e.g. chimeric antigen receptors (CARs)) designed to
redirect T cell cytotoxicity against a tumor target. CAR-engineered T cells (CAR-
T cells) were expected to be a non-toxic cellular therapy which would seek out and
specifically eliminate disseminated tumors. The clinical experience supports the
promise of CAR-T cell therapy (striking efficacy has been observed in the treatment
of hematological malignancies), while highlighting areas for improvement; CAR-
T cell use has been associated with a host of toxicities and robust clinical efficacy
has yet to be replicated in solid tumors.

This thesis uses pre-clinical models to describe previously unappreciated
aspects of CAR-T cell-associated toxicity and novel synthetic receptor strategies,
including:

1. The capacity of NKG2D-based CAR-T cells to mediate toxicity.

ii.  The utility of designed ankyrin repeat proteins as CAR antigen-
binding domains.

ii1.  The discovery that variables intrinsic to human CAR-T cell products
contribute to toxicity.

iv. A novel synthetic receptor capable of redirecting T cell specificity
against a tumor target — the T cell antigen coupler (TAC). Unlike
equivalent CAR-T cells, TAC-T cells are capable of mediating
efficacy against a solid tumor in the absence of toxicity.

We anticipate that these results will contribute towards the development of

next-generation synthetic receptor-engineered T cell products that can deliver upon
the promise of safe, systemic cancer therapeutics.
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1.0 Chapter One — Introduction

1.1 Overview

The current mainstays of cancer therapy, surgery, chemotherapy, and
radiation therapy, have been in use for decades. While their introductions
revolutionized cancer therapy, and advancements therein have contributed to
steadily increasing survivorship rates, their utility is limited by the localized and/or
non-specific nature of the therapies. This makes treating metastatic disease a
clinical challenge and results in a host of unpleasant side effects incurred as a result
of damage to non-tumor tissues. As such, there is a critical need for novel
therapeutic strategies.

Over the past century, the capacity of the immune system (in particular, T
lymphocytes, aka T cells), to identify and eliminate cancerous cells has been
established. The immune system naturally functions systemically to discriminately
eliminate target cells while sparing healthy tissue, making immunotherapies ideal
anti-cancer agents. Immuno-oncology aims to harness the power of the immune
system and establish a state of immune control of tumor growth within cancer
patients.

The infusion of ex vivo-cultivated, tumor-specific T cells into a cancer
patient, a type of adoptive cell transfer (ACT), is a promising immunotherapeutic
strategy. Spontaneously occurring tumor-specific T cells can be isolated from
cancer patients for this purpose, although these populations can be rare, limiting the
feasibility and applicability of this approach. Tumor-specificity can be conferred
upon T cells via genetically engineering the expression of a tumor-specific receptor.
Chimeric antigen receptors (CARs) are particularly useful for this purpose given
that they can redirect T cell specificity against tumor targets in an MHC-
independent manner. CARs are recombinant proteins composed of an extracellular
antigen-binding domain, with specificity for a tumor antigen, and intracellular
signaling domains that trigger the activation of T cell effector functions (e.g.
cytotoxicity) upon ligation of the antigen-binding domain. CAR-engineered T cells
(CAR-T cells) have demonstrated the ability to induce staggering clinical efficacy
when targeted against CD19 for the treatment of CDI9" hematological
malignancies. However, their use in treating solid tumors has yet to generate the
same level of excitement. In addition, the clinical use of CAR-T cells has become
synonymous with a constellation of toxicities, ranging in severity from mild to
lethal.

It is our belief that these are surmountable challenges and T cells
engineered to express synthetic tumor-targeting receptors remain poised to deliver
upon the promise of safe, systemically functioning cancer therapeutics.
Development of these next-generation synthetic receptor-engineered T cell
products will be informed, in part, by the use of pre-clinical models; herein I share
my experiences.
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1.2 Background
1.2.1 Prologue: the advent of cancer immunotherapy

In 1890, bone surgeon Dr. William Coley was treating one of his first patients
at New York City’s Memorial Hospital (now known as Memorial Sloan Kettering
Cancer Center). Elizabeth Dashiell, a previously healthy young adult, had
developed a metacarpal bone sarcoma. Despite amputation of the limb at the middle
forearm, distal metastases were observed several weeks later, and the patient
succumbed to her disease just six months after the initial onset of symptoms. Dr.
Coley was struck by how rapidly the disease had progressed to claim Elizabeth’s
life and was left acutely aware of just how little he could do for his patient (at the
time, standard of care options for a cancer diagnosis were limited to surgical
resection and palliative care) (1).

While combing through hospital records in the search for new treatment
ideas, Coley uncovered the case of an incomplete sarcoma resection that had
spontaneously undergone complete regression after the patient experienced two
bouts of erysipelas (a skin infection usually caused by bacteria of the Streptococcus
genus (2)). A subsequent literature search uncovered numerous observations of
spontaneous tumor regressions occurring after bouts of infectious disease and
pioneering physicians who were inoculating malignant patients with purified
cultures of “Streptococcus erysipelatis” bacteria, reporting regressions and even
cures. Thus, Coley embarked upon efforts to treat his own patients with
streptococcal cultures in 1891 (1) and it became his life’s work.

“Nature often gives us hints to her profoundest secrets, and it is possible that she
has given us a hint which, if we will but follow, may lead us on to the solution of

this difficult problem” — William B. Coley, 1891 (1)

Over time, Coley progressed from potentially fatal treatments with live
bacteria (3) to a heat-killed mixture of Streptococcus pyogenes and Serratia
marcescens, which became known as Coley’s toxins (4, 5).

Although Coley believed his therapeutic to be directly tumoricidal (1), we
now know it likely acted as a powerful immune stimulant, signaling through innate
immune receptors to trigger release of inflammatory cytokines and promote
adaptive immune responses (6). As such, Dr. William Coley has become known as
the “father of immunotherapy” (7).

Unfortunately, due to the simultaneous advent of radiotherapy (which
became the preferred approach), inconsistent results, and the toxic nature of Coley’s
therapy (7, 8), progress in the development of cancer immunotherapies (agents
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which aim to “[activate] the immune system for therapeutic benefit in cancer” (4))
would stall for decades.

A note from the author

I have chosen to open my thesis with the story of Dr. Coley for two reasons.
First, because Dr. Coley embarked upon his research, inspired by his patient, to
address a clinical need; it’s a story that puts patients first. As a bench scientist
working in the pre-clinical development of cancer therapeutics (using in vitro
assays and small animal models as a proxy), we are removed from the clinical
implications of our work. However, it’s important for translational and motivational
purposes that our work is conducted with the end goal of helping cancer patients in
mind. Second, as is only casually mentioned above, Coley’s toxins were in and of
themselves toxic to patients. This association between efficacy and toxicity is a
common thread amongst cancer therapies and is a central component of this thesis.

1.2.2 A modern view of cancer and its treatment
What is cancer?

Cancer is an umbrella term for the >100 unique diseases (as defined by
tissue of origin and histological characterization) arising from the uncontrolled
division of cells with the capacity to invade surrounding tissues, resulting in the
formation of tumors' (9). Even with advanced prevention, detection, and treatment
strategies, one in two Canadians will develop cancer in their lifetime and one in
four will die of the disease (10).

The prevailing theory of carcinogenesis, the process by which a normal cell
transforms into a cancerous cell, posits that mutations arising in the genomic
material of a single cell (whether inherited or spontaneous (11)) allow it to escape
proliferative controls giving rise to cancerous progeny which propagate the
mutations and together form and cultivate a tumor mass® (12, 13). The ongoing
process of mutation accumulation that can occur during the proliferation of these
progeny contributes to the heterogeneity that exists both intra-tumorally (within
cells of the same tumor mass) (14, 15) and inter-tumorally (between tumor masses
in the case of metastatic disease) (15, 16) within a single cancer patient and across
cancer patients.

! For the purposes of this thesis, usage of the nomenclature “tumor” is solely in reference to
malignancy and not benign tumors.

2 The vast majority of cancers are a solid mass/tumor, the exception being liquid (or blood) tumors,
such as leukemias.
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The tumor microenvironment

In addition to malignant cells, the local environment within a tumor contains
non-transformed cells and factors released by both of these cell types; together this
is called the tumor microenvironment. Non-transformed cells within the tumor
microenvironment include stromal cells (such as cancer associated fibroblasts and
cells of the vasculature) and immune cells, among others (17). Dynamic interplay
between these non-transformed cells and malignant cells contributes to tumor
formation (18, 19).

Treating cancer — the big three: surgery, radiation, and chemotherapy

The current mainstays of cancer therapy are surgery, radiation therapy,
chemotherapy, and various combinations thereof (20). Since the exact therapeutic
agents, combinations, and timelines enacted by oncologists over the course of
treatment depend on a number of factors (such as type and stage of malignancy, or
whether the treatment is curative or palliative in intent), we will only briefly
comment on general properties of each.

The development of surgical resection techniques to remove tumors were
bolstered in the mid-nineteenth century with the discovery of anesthesia (21).
Today, surgery aims to remove a tumor mass, as well as a surrounding margin of
healthy tissue and (in some cases) local lymph nodes to reduce the chances of
recurrence or metastatic spread (22).

Radiation therapy (or radiotherapy) for the treatment of cancer was first
discovered in the 1890s (21, 23). Radiotherapy aims to deliver a dose of cytotoxic,
DNA-damaging radiation to cancer cells, while sparing healthy tissues, by the
precise aiming of external beams or localized delivery (an oversimplification that
will suffice for the purposes herein) (24, 25).

Chemotherapy, by the truest definition of the term, refers to the use of any
drug to treat any disease. However, it has become colloquially associated with the
treatment of cancer via the administration of small molecules that are directly
cytotoxic to rapidly dividing cells, such as tumor cells. Chemotherapeutics are
described using non-mutually exclusive classes based on their mechanism of action,
structure, or source (22); for example, alkylating drugs, such as cyclophosphamide,
work by covalently altering DNA bases (26, 27).

Since their advent, combinatorial therapies have further bolstered the
success of these individual therapeutic techniques; from adjuvant chemo- or
radiotherapy provided after surgical resection (28, 29) to combination
chemotherapy treatment regimens which reduce the likelihood of chemo-resistant
tumor cell formation (30).

However, none of these therapies are specific for tumor cells. This means
that they are either limited to use as a localized therapy to spare healthy tissues (as
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is the case for surgery and radiotherapy?), and thus are generally ineffective in the
treatment of disseminated, metastatic disease, or are associated with toxic side
effects arising from their systemic administration (as is the case for the hair loss
and gastrointestinal distress, among others, associated with chemotherapeutic
treatment (22)).

Treating cancer — modern therapeutics in the era of precision medicine

With an increased understanding of the role of the tumor microenvironment,
along with the genetic, epigenetic, and molecular alterations that underpin
malignant transformation, novel classes of anti-cancer therapeutics have been
developed over the past few decades which directly target these changes,
theoretically offering improved specificity and reduced toxicity.

However, cancer (even within the same type) can vary on a cellular and
molecular level from patient to patient — meaning these targeted therapeutics only
work in select patient populations. As such, increasingly so, cancer is treated with
a personalized, or precision, medicine approach; matching the choice of
therapeutic(s) to the patient’s tumor in order to achieve the greatest benefit (31, 32).

Examples include: hormone therapies (33, 34), kinase inhibitors (35, 36), and
anti-angiogenic approaches (37). In most cases these therapies are not administered
in isolation, but as combination regimens alongside traditional strategies. The most
exciting new class of therapeutics to enter this foray are immunotherapies (38).

1.2.3 Cancer as an immunological target

The presence of an immune infiltrate within the microenvironment of an
established (clinically diagnosable) tumor in a cancer patient represents only a
snapshot at the end stage of a dynamic process. Modern theory regarding the active
contribution of the immune system to the process of tumor formation and
elimination has relied heavily on data derived from human studies and evidence
from small animal tumor models. It has revealed avenues to exploit these pathways
as therapeutic targets, thus giving rise to a new field: immuno-oncology.

The theory of immunosurveillance

In the early 1900s, Paul Ehrlich was the first to hypothesize that aberrant
cells with the potential to generate a tumor would regularly arise within humans
but, in the majority of cases, intrinsic host factors would prevent tumor formation
(39-41). However, it would take almost a century to develop the experimental
evidence and framework of immunological knowledge that could substantiate this
claim.

3 In some cases radiotherapy is delivered systemically, and in these instances would not be
considered a localized therapy.
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Critically, experiments performed with carcinogen-induced tumors in
murine models were among some of the first to prove immunization against a tumor
was possible and that the immune response was directed against antigens which
were unique to the tumors themselves (42, 43). Thus, the immune system was
capable of triggering tumor rejection.

These concepts were synthesized into the immunological surveillance
hypothesis by Frank Burnet who postulated that the immune system, in particular
lymphocytes, played a critical role surveying the body to detect and eliminate
neoplastic cells that arose as a result of somatic mutations (whether triggered by
carcinogens, arising as a result of viral infection, or occurring spontaneously)
before they became a clinical tumor (44, 45).

If the immunosurveillance hypothesis were true, by extension, a deficit in
immunity would be characterized by an increased rate of tumor formation. Indeed,
severely immunocompromised mice develop tumors sooner and at a higher rate
than their wild type counterparts (46). In humans, inherited immunodeficiencies
(47) and long term immunosuppression (such as that experienced by solid organ
transplant patients) (48) are risk factors for the development of cancer. This
evidence, amongst others (further discussed below), has helped transition the
immunosurveillance hypothesis into a widely accepted theory.

Tumor immunoediting

The process by which transformed cells escape immunosurveillance and
give rise to a tumor has been dubbed immunoediting (45). Immunoediting describes
the dynamic interaction between a developing tumor and the immune system and
encompasses the Janus-like role of immunity in tumor formation where it serves
both to protect the host against tumor growth and, in some circumstances, it serves
to cultivate tumor formation. The process of immunoediting is divided into three
distinct phases: elimination, equilibrium, and escape.

The elimination phase is equivalent to immunosurveillance; innate (e.g.
natural killer cells and dendritic cells) and adaptive (e.g. T cells) immune cells
contribute to the complete elimination of tumors as they develop. Those tumors
which are not eliminated, considered to be a rare event, enter the equilibrium phase.
During equilibrium a balance between pro- and anti-tumor immune responses keep
tumor growth in check resulting in a dormancy that may last for years. It is during
this stage that the constant presence of anti-tumor immunity imposes a selective
pressure on tumor cells, selecting for those cells which are able to subvert the anti-
tumor immune response and enter the escape phase. In this phase tumor progression
dominates, supported by increased tumor growth, increased immunosuppression in
the tumor microenvironment, and/or decreased immunogenicity of tumor cells.

By the time a tumor is diagnosed clinically it has already reached the escape
phase. This makes the observation of elimination and equilibrium phases in humans
nearly impossible; as such, much of the evidence supporting the theory of
immunoediting comes from the documentation of the existence of anti-tumor

6
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immunity in humans and analyses of the dynamic nature of the process in murine
models (described in (49-51)). However, this evidence is so compelling that escape
from immune-mediated suppression is considered one of the hallmarks of cancer

(13).
The function of immune cells in the tumor microenvironment:

The tumor microenvironment can contain a multitude of different immune
cells and immune signalling molecules (such as cytokines, i.e. small secreted
proteins) which can contribute to tumor regression (anti-tumorigenic factors; those
generally dominant in the elimination and equilibrium phases) or tumor progression
(pro-tumorigenic factors; these dominate the escape phase).

i) anti-tumorigenic factors

Some of the main contributors to the anti-tumor immune response are
effector T cells (Section 1.2.4 provides a primer on T cell biology).

CD8" T cells have the capacity to be directly cytotoxic towards tumor cells
(52, 53). Indeed, across a variety of human malignancies, an increase in CD8" T
cells within the tumor infiltrate is correlated with improved prognosis (54-59).
Furthermore, tumor-specific CD8" T cells can often be isolated from cancer patients
(60-65).

Effector CD4" T cells, particularly those of the Tyl subset, can also
contribute towards anti-tumor immunity. CD4" T cells recognizing MHC-II-
restricted tumor antigens have been described in a variety of human malignancies
(66, 67). Given the absence of MHC class II on many solid tumors, the primary
functionality of anti-tumor CD4" T cells is believed to be mediated through their
ability to provide help to cytotoxic CD8+ anti-tumor T cells (68) and other immune
cell populations (e.g. M1 macrophages (69)). However, CD4" T cells are also
capable of mediating anti-tumor efficacy, even in the absence of CD8" T cells,
through both indirect (70) and direct (71) cytolytic mechanisms.

While the evidence has solidly placed T cells as the critical mediators of
anti-tumor immunity, other immune cell populations which play a role in anti-tumor
immunity have also been described, including M1 macrophages (72, 73), mature
dendritic cells (74), and natural killer cells (75).

Many of the aforementioned cell types contribute to anti-tumor immunity
via the release of cytokines. The cytokine milieu typically associated with tumor
regression is biased towards IL-12 (76), type I and type II interferons (IFN-o/f and
IFN-y) (77), and TNF-a (6), amongst others .

ii) pro-tumorigenic factors

Pro-tumorigenic factors are those which are immunosuppressive; i.e. they
dampen the anti-tumor immune response.

7
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In terms of immune cell populations, contributors include myeloid derived
suppressor cells (78), tumor associated macrophages (i.e. M2-polarized
macrophages) (79), and regulatory T cells (80, 81).

Cellular and non-cellular mediators of an immunosuppressive tumor
microenvironment can originate from numerous cells within the tumor, including:
immune cells, stromal cells, and the cancerous cells themselves. For example, both
tumor cells and immunosuppressive immune cells can upregulate the expression of
immune checkpoint ligands (e.g. PD-L1) (82) which function to inhibit T cell
activity through binding to checkpoint (or coinhibitory) receptors (e.g. PD-1) (83).
The untreated tumor microenvironment is rich in immunosuppressive cytokines.
For example, TGF-f is a master regulator of intratumoral immunosuppression (84);
it can be released by both tumor cells and immune cells (e.g. regulatory T cells,
myeloid derived suppressor cells) and has inhibitory effects on multiple immune
cell populations. Although IL-10 has historically been associated with
immunosuppression and tumor progression, it can also contribute to anti-tumor
immune functions given its pleiotropic nature (85, 86) (this latter point illustrates
the over-simplification of attempting to categorize all tumor immune mediators
(cellular or otherwise) as either pro- or anti-tumorigenic; the reality is much more
complicated and depends on a balance rather than any one factor in isolation).

1.2.4 The induction of an endogenous T cell response; a brief foray into T cell
biology

In order to appreciate the intricacies and consequences of cancer
immunotherapy and anti-tumor T cell responses, we must first cover some basic T
lymphocyte (T cell) biology.

T cell biology basics

T cells are one arm of the adaptive immune system. Adaptive immunity is
characterized by immune cells (deemed lymphocytes) which acquire functional
receptors during development; these receptors are specific for their ligands.

With regards to T lymphocytes, this functional receptor is called a T cell
receptor (TCR). The TCR* is a heterodimeric structure composed of
transmembrane glycoproteins; a single TCRa chain linked to a single TCRp chain
through a disulfide bond. When expressed on the T cell surface, the TCR is found
in a complex with CD3 (the TCR-CD3 complex). While the CD3 chains (CD39,
CD3y, CD3g, and CD3Q) are invariant across T cells, the two TCR chains are highly
variable; it is this variability that affords T cells, as a collective, the ability to
recognize a large diversity of antigens (87).

4 For the sake of simplicity, we will only be considering archetypal af TCRs herein. We will not be
discussing o T cells.
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T cells only recognize antigens, short peptide sequences, presented in the
context of self-major histocompatibility complex (MHC) on the surface of host
cells (called a peptide-MHC complex (pMHC)). Formation of a TCR:pMHC
complex is stabilized by the involvement of a TCR co-receptor, either CD4 or CDS8
(transmembrane proteins found on the surface of a T cell), which can bind MHC.
CD4 shows specificity for MHC-II, which is only expressed by antigen presenting
cells (innate immune cells, such as macrophages and dendritic cells, as well as B
cells), and CD8 shows specificity for MHC-I, which is expressed by all nucleated
cells. The peptides being presented by MHC can originate from endogenous host
cell proteins or foreign peptides (as may be the case in a virally infected cell, after
bacterial phagocytosis, etc.).

Each T cell expresses an estimated ~4x10%-10° copies of a single TCR®
clone (88) on its surface (89-91). All T cells which express the same TCR at the
genetic level (whether by chance or by expansion) are said to be clonotypes. The
incredible diversity of antigens recognized by T cells arises from the maintenance
of ~10''-10'2 T cells in the human body (92-94), composed of an estimated 10°-10%
(but possibly as high as 10'%) unique TCR clonotypes (some clones are present at
higher frequencies than others) (92, 95). TCRs recognize pMHC complexes
degenerately and are capable of cross-reacting against multiple pMHC complexes
(96).

Although a small fraction of T cells can be found circulating in the blood
and lymphatics, the vast majority are located in secondary lymphoid organs (such
as the lymph nodes and mucosa-associated lymphoid tissue) (97, 98).

T cell development

T cell development begins when hematopoietic stem cells in the bone
marrow differentiate into multipotent progenitor cells that traffic to the thymus
where they commit to the T cell lineage (99, 100).

Within the thymus, these T cell precursors progress through a series of
developmental stages during which they begin to express a TCR. The variability in
the sequences of the TCRa and P chains arise at this stage as a result of a
combination of somatic recombination and nucleotide addition/deletion events.
Simply put, a set number of smaller gene segments (known as variable (V),
diversity (D), joining (J), and constant (C) regions) are mixed-and-matched together
like building blocks to form whole TCRs; this process is initiated by recombination
activation gene (RAG) proteins (101).

If TCRa and TCRP chain gene rearrangements were successful (yielded full
length proteins), developing T cells bearing mature afTCRs proceed through the
processes of positive and negative selection. In short, the ability of the TCR to bind
self-pMHC 1is tested. A minimum threshold of signaling through the TCR:self-

> While in the majority of cases T cells do express a single TCR, this statement is an
oversimplification ... in actuality, up to 30% of T cells can simultaneously express two TCRs.

9
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pMHC is required to trigger positive selection, where T cells that can bind self-
MHC with a moderate degree of specificity are permitted to survive, thus ensuring
that mature T cells in periphery are restricted by the host MHC. However, if the
interaction of the TCR with self-pMHC is too strong, indicating potential reactivity
to self-antigen in healthy tissues, an apoptotic program is induced in the
corresponding T cell through a process known as negative selection, which serves
to eliminate potentially autoreactive T cells from the repertoire. It is during this
time that T cells will become single positive for either CD4 or CDS, dependent
upon whether they were selected through MHC-II or MHC-I, respectively (102).

Following the selection process, the surviving T cells (termed naive T cells)
exit the thymus though the lymphatics or vasculature (103, 104).

T cell activation

In the periphery, naive T cells circulate amongst secondary lymphoid
organs, including the lymph nodes, via the vasculature and lymphatics systems. The
lymph nodes facilitate interactions between immune cell populations; here naive T
cells encounter antigen presenting cells, typically dendritic cells. T cells will then
scan pMHC complexes on antigen presenting cells via their TCR seeking a match
(97). If the interaction between TCRs and pMHC:s is of sufficient strength/affinity
signaling a match (that the antigenic peptide has been recognized by the TCR) (105)
an immunological synapse is formed triggering T cell activation (83, 106).

T cell activation is dependent upon transmission of two signals; a
stimulatory signal delivered through the TCR-CD3 complex via its interaction with
pMHC (deemed signal one) and a co-stimulatory signal (signal two) (101). Signal
two is generated when co-stimulatory receptors on the T cell surface bind to cognate
ligands on the surface of mature antigen presenting cells; the archetypal example
being the co-stimulatory receptor CD28 binding to ligands CD80/CD86 (83). In
their default state, antigen presenting cells are considered immature and do not
express co-stimulatory molecules; maturation of the antigen presenting cell is
triggered by exposure to pathogen- or damage-associated molecular patterns (107).
Through the requirement of evidence of infection and/or damage, innate immune
cells control adaptive immune responses. Delivery of signal one in the absence of
signal two, as in the case of a TCR that matches a pMHC with self-antigen, triggers
T cell anergy (a state of long term non-responsiveness (108)) rather than activation,
which serves to prevent adaptive immune responses against innocuous antigens and
limit the activation of potentially auto-reactive T cells.

These extracellular ligation events are transmitted intracellularly through
signaling cascades that culminate in the activation and nuclear translocation of
transcription factors — nuclear factor of activated T cells (NFAT), activated protein
1 (AP-1), and nuclear factor-kB (NF-kB). The earliest membrane proximal
signaling events of the TCR-CD3 complex are of particular importance to this thesis
(101, 109). Immediately after matching a pMHC, the intracellular immunoreceptor
tyrosine-based activation motifs (ITAMs) of CD3 are phosphorylated by the Src

10



Ph.D. Thesis — J. Hammill; McMaster University — Medical Sciences.

family tyrosine kinases Lck and Fyn allowing the recruitment of ZAP-70, which
initiates the signaling cascade. Lck is recruited to the immunological synapse
through its interaction with co-receptors CD4 or CDS and is also responsible for
the phosphorylation of ZAP-70.

Activated T cell fates

The initial activation of a naive T cell by an antigen presenting cell is called
priming. Activation of a T cell triggers production of the T cell growth cytokine IL-
2 causing proliferation and differentiation (101). Following the priming event, the
T cell is referred to as antigen experienced.

The proliferating daughter T cells acquire phenotypic and functional
changes that distinguish them from the original naive T cell. The progeny are
grouped into subsets based on their fates, functions, and biological properties; all
are either classified as memory or effector cells. Memory cells persist in the long
term and facilitate the generation of rapid immune responses upon re-exposure to
the same antigen. Currently, there are four recognized subsets of memory T cells:
stem cell memory (Tscm), central memory (Tcm), effector memory (Tewm), and
tissue-resident memory (Trm). Effector cells (Tkfr) are short lived mediators with
high functionality against target cells expressing the target pMHC (110, 111).
While the processes by which a single naive T cell gives rise to these diverse
populations are still being elucidated, they can be thought of as a series of
intermediary states between naive and terminal effector cells (112, 113).

Helper (CD4") T cells become polarized towards various functional
lineages dependent upon signals received from the local cytokine milieu; fates
include Tul, T2, and inducible® regulatory T cells, amongst others (114, 115).
CD4" T cells are considered to be plastic, meaning their polarization can change
over their lifetime (115, 116); this may be of particular concern in an
immunosuppressive tumor microenvironment (TGF polarizes cells towards the
regulatory lineage (117)).

Effector T cell mechanisms

An experienced T cell does not require co-stimulation (i.e. signal two) to
trigger effector functions; signal one (i.e. TCR recognition of pMHC on a target
cell) is sufficient (101).

CDS8" T cells are also referred to as cytotoxic’, or killer, T cells given their
ability to cause target cell death. They orient their effector mechanisms towards a
target cell via polarization that occurs during the formation of an immunological
synapse. Target cell cytotoxicity is directly mediated by degranulation (release of

¢ These are unique from thymic derived, natural regulatory T cells.
71t should be noted that while the vast majority of CD8" T cells are cytotoxic in nature, exceptions
(such as CD8" immunosuppressive T cells) do exist.
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perforin and granzymes) (118, 119) and expression of Fas ligand (118), and is aided
by cytokine release (e.g. IFN-y, TNF-a) (6, 77, 118).

CD4" T cells have been designated as helpers since their primary mechanism
of action is to modulate the functionality of other immune cell populations through
the release of cytokines and stimulation via ligands such as CD154. The cytokines
released, and thus the effector mechanisms triggered, are dependent upon
polarization. Tl cells are associated with the release of IFN-y and macrophage
activation (114). Tu2 cells primarily release IL-4, IL-5, and IL-13 and can impact
B cells and eosinophils (114). Regulatory T cells primarily release IL-10 and TGF-
B and function to dampen inflammation through the direct inhibition of effector T
cell responses (120).

1.2.5 Cancer immunotherapy

Cancer immunotherapy (also called immuno-oncology) is an umbrella term
encompassing any therapy which aims to “[activate] the immune system for
therapeutic benefit in cancer” (4). The goal is to return the tumor microenvironment
to a state promoting tumor elimination, rather than escape; this is accomplished by
either promoting anti-tumorigenic factors or inhibiting pro-tumorigenic factors.

Immunological consequences of traditional cancer therapeutics

Although they do not fall under the broad -categorization of
immunotherapies, chemotherapy and radiation therapy have been shown to
modulate the tumor immune microenvironment in ways that can promote tumor
regression, likely contributing to their efficacy (reviewed in (121-123)). For
example, both chemo- and radiotherapies have been shown to increase the release
of damage-associated molecular patterns by dying tumor cells to modulate dendritic
cell activity (124), and chemotherapeutic agents have been demonstrated to
eliminate immunosuppressive cell populations such as myeloid derived suppressor
cells (125) and regulatory T cells (126).

Modern immuno-oncology (moving beyond Coley’s toxins)

The first success story in the modern resurgence of interest in treating cancer
using an immunomodulatory approach, which rapidly accelerated in the 1980s, is
the systemic administration of IL-2 (best summarized in (127)).

In short, systemic administration of high-dose IL-2 triggers the growth and
activation of T cells and natural killer cells promoting anti-tumor immunity (128,
129). Repeated intravenous infusions of high-dose recombinant human IL-2
produced an objective clinical response in 15-17% of metastatic melanoma and
renal cell carcinoma (RCC) patients treated, with 6-8% of patients experiencing
durable complete regressions (130). These numbers, though seemingly low, were
considered impressive given that the responses were occurring in patients whom
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had failed to respond to standard therapies. However, the treatment was
synonymous with severe toxicities manifesting as fever, hypotension,
gastrointestinal distress, and weight gain resulting from vascular leakage and a
systemic cytokine storm (130, 131).

Despite the associated toxicities and a lack of striking efficacy (for the most
part) in other malignancies, the success and FDA approval of systemic IL-2 therapy
for metastatic melanoma and RCC proved that immunotherapy was a valid
approach to treating cancer and paved the way for the development of modern
immunotherapeutics.

i) Monoclonal antibody-based therapies

o Tumor-targeted antibodies

Tumor-targeted monoclonal antibodies (typically immunoglobulin G (IgG)
class) bind cell surface antigens on malignant cells or components of the tumor
stroma. Their exact mechanism of action varies, but can include
immunomodulatory effects (e.g. activation of antibody-dependent cellular
cytotoxicity, complement-dependent cytotoxicity, and opsonisation), and direct
anti-tumor functionality (e.g. inhibition of cell surface receptors delivering
proliferative or survival signals) (132, 133). The first monoclonal antibody to
receive FDA approval for the treatment of cancer (in 1997) was rituximab, an anti-
CD20 antibody indicated for use in treating non-Hodgkin lymphoma (NHL) and
chronic lymphocytic leukemia (CLL) (132); the approval of anti-HER2
(trastuzumab) followed shortly thereafter.

e Bispecific antibodies

Bispecific antibodies are antibody-derived molecules manufactured to
permit the simultaneous binding of two different antigens (134). In the treatment of
cancer, bispecific antibodies generally permit the binding of a tumor antigen and
recruitment of an immune effector cell. Types of bispecific antibodies in use or
development for the treatment of cancer include: bispecific T cell engagers (BiTEs;
e.g. anti-CD3/anti-CD19, blinatumomab) (135, 136), trifunctional antibodies (e.g.
anti-CD3/anti-EpCAM, catumaxomab) (137), and dual-affinity retargeting proteins
(DARTS) (138).

o Checkpoint blockade

Often referred to as “releasing the brakes” on T cells, checkpoint
inhibition/blockade strategies use monoclonal antibodies against checkpoint
receptors (also called coinhibitory receptors) or their ligands to block interactions
that can lead to the inhibition of anti-tumor T cells (139). Checkpoint blockade
relies on the presence of endogenous anti-tumor T cells capable of recognizing
tumor cells through the formation of a TCR:pMHC complex. The first-in-class
therapeutic to receive FDA approval was ipilimumab (anti-CTLA-4) for the
treatment of metastatic melanoma (CTLA-4 is a coinhibitory receptor upregulated
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by T cells shortly after activation). Other approved checkpoint blockade strategies
target the interaction between PD-1 and its ligands PD-L1 and PD-L2 (e.g.
pembrolizumab and nivolumab (anti-PD-1); while their initial approval was
indicated for use in advanced melanomas, this has since expanded to include other
malignancies (e.g. non-small cell lung cancer).

While these therapies were able to demonstrate striking efficacy in a small
subset of patients treated, many did not experience this benefit. Thus, identification
of those patients who would most benefit from treatment via the use of biomarkers
(e.g. intratumoral CD8+ T cells and PD-L1 expression in the tumor
microenvironment) is becoming an important aspect of the implementation of
checkpoint blockade (140, 141).

Checkpoint blockade strategies, have demonstrated significant treatment-
associated toxicities (142). In healthy humans, coinhibitory signals delivered to T
cells play an important role in maintaining immune homeostasis and peripheral
tolerance by inhibiting the T cell response against self-tissues. Since checkpoint
blockade strategies release the breaks on all T cells, regardless of specificity, its
usage can trigger severe autoimmune pathologies.

ii) Oncolytic Virotherapy

Oncolytic viruses (OVs) are naturally occurring viruses (which may have
been further genetically manipulated) used to exploit the unique biology of tumors,
which are no longer able to activate anti-viral mechanisms. As a result, OVs
selectively replicate within tumor cells, leading to OV amplification and tumor cell
lysis, while sparing healthy cells (143). In addition to their direct lytic capacity,
treatment of a tumor with an OV results in a reversal of the immunosuppressive
microenvironment and induction of novel anti-tumor immune responses, thus
earning classification as an immunotherapy (144, 145). This latter property occurs
through the release of tumor antigens (products of tumor lysis) into an
immunostimulatory microenvironment rich in viral pathogen-associated molecular
patterns (from the OV) and damage-associated molecular patterns (released by
tumor cells upon lysis). In 2015, T-VEC became the first-in-class oncolytic virus
to receive FDA approval (for the treatment of advanced melanoma) (146).
Interestingly, T-VEC is engineered to express the cytokine GM-CSF, which is
believed to promote the local development of dendritic cells which, in turn, acquire
tumor antigen and activate T cells within the local environment and draining lymph
nodes. As another strategy to promote T cell responses following oncolytic
virotherapy, viruses have been engineered to carry defined tumor antigens resulting
in a virus with a dual purpose: 1) to lyse the tumor and 2) to directly activate T cells
against the virally encoded tumor antigen via infection of antigen presenting cells
(147).
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iii) Cancer Vaccines

Cancer vaccines are (for the most part) therapeutic vaccination strategies
which aim to activate an endogenous anti-tumor cytotoxic CD8" T cell response in
a cancer patient (148). This is accomplished through the inoculation of a patient
with a source of tumor antigen(s) and signals triggering immune activation (e.g.
adjuvants). This strategy also relies on the availability of anti-tumor T cells, either
naive or experienced, within the host.

Cancer vaccine strategies in various stages of pre-clinical and clinical
testing have evaluated different routes of administration, tumor antigen(s), and
types of vaccines (e.g. antigen-loaded dendritic cells, protein/peptides, killed tumor
cells/lysates, DNA/RNA, genetically engineered viruses, etc.) in a variety of
indications (148-150). The single commonality has been an underwhelming
performance in clinical trials; only a single cancer vaccine has ever received FDA
approval (sipuleucel-T (151) — approved in 2010 for the treatment of castration-
resistant metastatic prostate cancer, despite only providing a modest survival
benefit of 4 months).

The general failure of cancer vaccines is a multifaceted phenomenon. Many
of the contributing factors are likely to dampen the success of all immunotherapies
which rely on endogenous anti-tumor T cells (e.g. MHC downregulation or antigen
loss by tumor cells, and a T cell pool restricted by central tolerance).

iv) Adoptive T cell transfer

Most of the aforementioned classes of cancer immunotherapies (checkpoint
blockade, oncolytic immunotherapy, and cancer vaccines) rely on the activation of
an anti-tumor T cell response in vivo. Concerns over the ability to control the
development of a T cell response in vivo (152), particularly in an
immunosuppressive environment (153), and the need to rapidly overpower a tumor
prior to any therapy-thwarting adaptation (154) give rationale for a different class
of immunotherapy: adoptive cell transfer (ACT).

In adoptive cell transfer, patients are treated with cell populations that have
been expanded ex vivo and are delivered as a bolus to rapidly inundate a tumor.
With respect to T cells®, ACT therapies fall into one of two categories as defined
by the origin of the tumor-specific T cell population: (i) endogenous or (ii)
engineered.

The general schema for the clinical implementation of both of these
strategies is the same (155). In short:

(1) T cells are isolated from a cancer patient’

8 Adoptive cell transfer (sometimes called adoptive cell therapy) isn’t limited to use of a T cell
population as the cellular product. For example, the transfer of ex vivo cultivated NK cells is also
considered a form of ACT for cancer treatment. However, this falls outside the scope of this thesis.
9 Efforts to use modified allogeneic T cells for the purposes of ACT are also being pursued.
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(i1) T cells are either selected (endogenous) or engineered for tumor

specificity

(ii1))  tumor-specific T cell cultures are expanded ex vivo (enabled by the

provision of activation signals (e.g. anti-CD3) and growth cytokines
(e.g. IL-2))

(iv)  the patient receives a lymphodepleting preparative regimen (e.g.

chemotherapy)

(v) tumor-specific T cells are administered to the patient en masse

(most often systemically through the intravenous route)

Anti-tumor T cells can be isolated from the peripheral blood of cancer
patients or their excised tumors, the latter being referred to as tumor infiltrating
lymphocyte (TIL) therapy. These represent the pioneering forms of anti-tumor
ACT, first developed in the 1980s (156, 157). Modern TIL therapy has experienced
particular success in clinical trials for the treatment of metastatic melanoma (158-
161); and strides are being made to adapt TIL for use in treating other malignancies
(e.g. cervical cancer (162), gastrointestinal cancer (163), and bile duct cancer
(164)).

TIL therapy has been incredibly impressive for the treatment of metastatic
melanoma; trials regularly achieve objective response rates of ~50% (158, 159,
161) and treatment can be successful even after other immunotherapies (e.g.
checkpoint blockade) have failed (165). However, the therapy requires access to a
resectable tumor (which isn’t always possible) and considerable manipulation ex
vivo to identify tumor-specific T cell populations (that cannot always be obtained
from all patients). In addition, it appears melanoma may be uniquely poised to
benefit from therapies which rely on endogenous anti-tumor T cells (including
checkpoint blockade, etc.) (166). Melanomas have high mutational loads (167),
likely contributing to a greater number of neoantigens'!, which are not subject to
central tolerance (168), leading to a larger pool of peripheral T cells with the
potential to recognize these antigens with a high avidity.

One potential strategy to circumvent these problems is the genetic
engineering of bulk T cells (readily accessible in the peripheral blood), conferring
upon them the necessary specificity against tumor antigens. This can be achieved
through introduction of either a tumor-specific T cell receptor (TCR) or a chimeric
antigen receptor (CAR)'2,

TCR-engineered T cells (reviewed in (169)) have been clinically evaluated
in a variety of malignancies (e.g. melanoma (170, 171) and synovial cell sarcoma
(171)) with specificity against a variety of antigenic targets (e.g. NY-ESO-1 (171),
MART-1 (170), and gp100 (170)). The use of TCR-engineered T cells is limited by
the need to match the patient’s MHC to the engineered TCR. Given the broad

10

9 In some cases, supportive systemic cytokine therapy (e.g. IL-2), is provided simultaneously.

! Neoantigen = new antigen. These are mutant peptide sequences arising in tumors (not present in
non-tumor tissues) as a result of genetic mutations in tumor cells.

12 These receptors are generally expressed by the T cell in addition to a natural TCR, which is often
of unknown specificity.
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diversity of MHC, many TCRs must be available to cover the diversity; a limited
patient population can benefit from each TCR. Further, down regulation of MHC
is a common mechanism of immune evasion that is well documented on cancer
cells (172-174), which would negate the efficacy of any immunotherapeutic
strategies which rely upon TCR-mediated tumor recognition.

1.3 Chimeric antigen receptor-engineered T cells for the treatment of cancer
1.3.1 CAR-T cell overview

Chimeric antigen receptors (CARs; recently reviewed in (175-178)) are
recombinant proteins designed to direct T cells against a target of interest in an
MHC-independent manner, regardless of the specificity of the endogenous TCR.

The general structure of a CAR consists of a series of functional domains,
appropriated from endogenous protein sequences, linked together like beads on a
string (at a genetic level) to create a novel cell surface receptor. Listed in order from

antigen-binding
domain (e.g. scFv)

f
hinge
structural
components
transmembrane cell membrane
domain
P
co-stimulatory
domain(s) (e.g. CD28, 4-1BB)
signaling
components
activation
domain (e.g. CD3()
~—

Figure 1. Schematic of a chimeric antigen receptor. The
general schema for the structure of a CAR in relation to the
cell membrane.

extracellular to intracellular, these generally include: an antigen-binding domain, a
hinge, a transmembrane domain, an intracellular co-stimulatory domain(s), and an
activation domain (see Fig. 1). The extracellular antigen-binding domain, as the
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name would imply, functions to afford the CAR-T cell an ability to bind a target of
interest on the surface of a tumor cell (see section 1.3.3 CAR-T cell domains for a
deeper exploration of CAR antigen-binding domains). The hinge (frequently of
CD8 or IgG origin) serves to extend the antigen-binding domain away from the cell
membrane and afford flexibility to facilitate target binding. The transmembrane
domain serves to anchor the CAR in the T cell membrane (it is usually from a native
T cell surface protein and is frequently an extension of either the hinge or
intracellular signaling CAR domains, e.g. CD8 or CD28). Intracellular activation
and co-stimulatory domains (equivalent to signals one and two of T cell activation,
respectively; discussed in Section 1.2.4) are initiators of intracellular signaling
pathways triggering T cell effector functionality, amongst others (discussed further
below). CARs are modular by nature; multiple options for each of the above
domains can be mixed and matched together generating novel receptors with unique
properties.

A patient’s own T cells, collected from the peripheral blood, are genetically
engineered (through a variety of mechanisms, but most often using retroviruses'>
(179)) to express the CAR, at which point they are referred to as CAR-T cells.
CAR-T cells are considered a form of personalized medicine as the drug, a cell
product, is produced on a patient-by-patient basis from the individual patient’s
cells'. However, the CARs themselves can be used to generate CAR-T cells in any
patient whose tumor is positive for the CAR-target.

1.3.2 A brief history of CAR-T cells

The genesis for a TCR-mimetic receptor that could redirect T cells in an
MHC-independent manner was the work of Zelig Eshhar (180) whose 7-body
approach fused a single-chain variable fragment (scFv; a synthetic fusion of the
variable regions of the heavy and light chains of an antibody, connected by a linker)
to CD3( or Fc receptor y chain; expression of the receptor on a murine T cell
hybridoma cell line successfully redirected cytotoxicity and IL-2 production against
cells positive for the scFv target (181). These earliest CARs, which include only a
singular intracellular signaling domain (to recapitulate signal one of T cell
activation), are referred to as first generation.

First generation CAR-T cells were evaluated in the clinic against a variety
of malignancies and tumor associated targets, e.g. anti-CD20 in lymphoma (182),
anti-GD2 in neuroblastoma (183, 184), anti-folate receptor in ovarian cancer (185),
and anti-carbonic anhydrase IX (CAIX) in renal cell carcinoma (186). These trials
were characterized by an inability of CAR-T cells to expand in vivo, limited CAR-

13 A family of viruses which incorporate their own genetic information into the host cell genome.

14 This excludes the concept of universal CAR-T cells, which are produced from an allogeneic T
cell donor along with genetic editing to eliminate endogenous MHC and/or TCR expression,
preventing CAR-T cell rejection and/or graft versus host disease.
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T cell persistence (on the scale of days to weeks), and underwhelming anti-tumor
efficacy.

Chimeric antigen receptor technology was significantly bolstered with the
advent of second and third generation CARs, which included one or two
intracellular co-stimulatory domains (to deliver the second signal of T cell
activation), respectively (187-189). It was a second generation CAR encoding the
intracellular signaling domain for CD137 (aka 4-1BB) in addition to the CD3(
signaling domain, targeted against CD19 with an scFv, that provided the first
compelling evidence that CAR-T cells were capable of exerting potent anti-tumor
efficacy and triggering complete remissions in humans (in the setting of chronic
lymphocytic leukemia) (190, 191).

1.3.3 CAR-T cell domains and functionality
Antigen-binding domains

The antigen-binding domain functions to bring the CAR-T cell into close
contact with a tumor cell by binding an antigen on the tumor cell surface. As such,
there are two key considerations to make. Which antigen should be a target, and
what extracellular domain will facilitate its binding by the CAR?

i) Choosing an antigen

Target selection has been identified as one of the biggest challenges
associated with CAR-T cell strategies (192). Chimeric antigen receptors have
access to a limited pool of potential tumor antigens — those which are expressed on
the tumor cell'® surface (exceptions which allow the targeting of intracellular
antigens do exist, but these strategies require tumor cells to retain MHC expression
(193-195)). The ideal tumor target would be a tumor specific antigen (TSA); an
antigen whose expression is absolutely restricted to tumor cells (e.g. neoantigens
and virally associated antigens). This would, in theory, prevent CAR-T cell
cytotoxicity against healthy tissues. However, as shared'® TSAs expressed on the
tumor cell surface are limited, the vast majority of CARs developed to date target
tumor associated antigens (TAA); those antigens which are highly expressed by a
tumor but also show restricted patterns of expression on non-tumor tissues (either
at much lower levels or limited to “non-essential” tissues). In addition, an ideal

15 Strategies targeting CAR-T cells against pro-tumorigenic cells in the tumor microenvironment
(e.g. tumor-associated fibroblasts and vasculature), rather than tumor cells themselves, have also
been explored.

16 In order to keep CARs as an off-the-shelf product, they must be developed to target antigens which
are shared amongst many cancer patients.
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target antigen would be a tumor driver!’, reducing the chances of tumor escape via
antigen loss.

ii) Choosing an antigen-binding domain

The earliest chimeric antigen receptors were almost exclusively targeted
against tumor antigens using scFvs. However, any protein capable of directly or
indirectly causing binding to a tumor antigen can be utilized as the extracellular
antigen-binding domain of a CAR. An array of CAR-targeting strategies have been
employed in CARs in various stages of development from in vitro systems to
clinical trials. For example, the antigen-binding domain can be a/an: scFv (184,
196, 197), naturally occurring ligand (198) or ligand-binding domain (199-201),
avidin-based (202), etc. This topic has recently been reviewed in depth by our lab
(203).

It is worth noting that the majority of interactions between CAR antigen-
binding domains and their tumor antigens are of a much greater affinity than the
recognition of a tumor antigen as a pMHC via an endogenous TCR (204). In
addition, consideration must be made for the origin of the antigen-binding domain;
development of an immune response against foreign components of a CAR (e.g.
against an scFv of murine origin) can contribute to reduced CAR-T cell persistence,
for example (205).

Intracellular signaling domains

The intracellular signaling domains of CARs are designed to recapitulate
the endogenous signals a T cell receives upon activation (discussed in Section 1.2.4)
such that T cell effector functions will be activated upon tumor cell ligation via the
antigen-binding domain. Most CARs utilize the intracellular domain of CD3( (an
ITAM-containing component of the TCR-CD3 complex) to deliver signal one. T
cells carry a host of co-stimulatory receptors (83); the intracellular signaling
domains of most of these receptors have been evaluated for their utility as signal
two when incorporated into a CAR (see (206)). Unlike endogenous T cell signaling,
CAR-T cells integrate both signaling domains into a single cell surface receptor,
disrupting the natural spatial and temporal regulation of these signalling
components; the exact consequences of this disrupted regulation remain to be fully
elucidated.

7 Tumor drivers include mutations, epigenetic changes, etc. that directly contribute to
carcinogenesis.
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The inclusion of a co-stimulatory domain in a chimeric antigen receptor!®
is now recognized as a critical step to promote the in vivo expansion and persistence
of CAR-T cells (both of which correlate with improved anti-tumor efficacy) (207).
Most CAR-T cells in pre-clinical or clinical development utilize CD28, CD137, or
a combination of both (a third generation CAR) as a source of co-stimulation. CD28
and CDI37 belong to different families of co-stimulatory molecules
(immunoglobulin superfamily and TNF receptor superfamily, respectively),
meaning they activate different intracellular signaling pathways to affect T cell
activation (83). This translates to differential properties among CD28 vs CD137 co-
stimulated second generation CAR-T cells. For example, in CAR-T cells, CD28 vs
CDI137 co-stimulation variants display differential induction of cytokine
production (187). And, comparatively, CD28 co-stimulation is associated with
increased CAR-T cell functionality, whereas CD137 is associated with improved
CAR-T cell persistence in vivo (189, 208, 209).

1.3.4 Anti-CD19 CAR-T cells for the treatment of hematological malignancies —
a success story

Anti-CD19 CAR-T cells in the clinic

CAR-T cells targeted against the B cell lineage marker CD19 have proven
widely successful in clinical trials targeting CD19" hematological malignancies
across a variety of CAR configurations, institutions, and malignancies (see Table
1, below). Indeed, the majority of CAR-T cell clinical data collected to date has
arisen from the use of anti-CD19 modalities. Perhaps most striking, complete
response rates of over 90% are being achieved in patient populations whose
malignancies have relapsed and/or are refractory (r/r) to front-line therapies. This
success has proven so robust that two different CD19-targeted CAR-T cell
platforms have recently received FDA approval for the treatment of r/r pediatric
and young adult B cell acute lymphoblastic leukemia (B-ALL) (210) and r/r adult
large B cell lymphoma (211), respectively.

Table 1. Recent clinical trial results with CD19-CAR-T cell treatment.
Evaluated in relapsed/refractory B cell malignancies.

Pre- CAR co-
Center Disease | conditioning stimulatory | Dosing Outcome Ref.
regimen domain
adult 3x10° 14/16 (88%)
MSKCC cyclo CD28 CAR-T Y1 (212)
B-ALL CR
cells’kg

18 Or the delivery of a co-stimulatory signal to the CAR-T cell through some other means.
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pediatri
UPenn/ | c+ . 1-10x107 T | 27/30 (90%)
CHOP | adulf | YAUIOUS D137 cellykg | CR (213)
B-ALL
pediatri
c+ 1x10° or
young 3x10° 14/21 (67%)
NCI/NIH adult cyclo + flu CD28 CAR-T CR (214)
B-ALL cells/kg
+ NHL
2x105,
2x108, or 0
FHCRC %d‘itLL cyclo+flu | CD137 2x107 gfg ©3%) | (205)
) CAR-T
cells/kg
2x10°,
2x108, or 0
FHCRC i"\?ﬁ}f cyclo + flu CD137 2x107 gf 0B33%) 1 (215
CAR-T
cells’kg
2x10%, 0
adult 2x10° or é/l? o
7
FHCRC CLL cyclo t flu CD137 éjgl}({)_"r 17/24 (11%) (216)
cells/kg ORR
2x108 0
Multiple ;?ﬁg cyclo + flu CD28 CAR-T ?:/; (57%) (196)
cells/kg
adult 1-5%10° 0
NCINIH | NHL + | cyclo + flu CD28 CAR-T éé/lis (53%) 217)
CLL cells/kg

CAR-T cells were delivered as a single infusion or over multiple infusions and were administered as undefined or defined
(FHCRC; 1:1 CD4":CD8") composition products. MSKCC = Memorial Sloan-Kettering Cancer Center; UPenn = University
of Pennsylvania; CHOP = Children’s Hospital of Philadelphia; NCI = National Cancer Institute (NCI); NIH = National
Institutes of Health; FHCRC = Fred Hutchinson Cancer Research Center; B-ALL = B cell acute lymphoblastic leukemia;
NHL = non-Hodgkin lymphoma; CLL = chronic lymphocytic leukemia; cyclo = cyclophosphamide; flu = fluridabine; CR =
complete response rate; ORR = overall response rate

Pre-conditioning regimens

Prior to the administration of CAR-T cells, patients are often preconditioned
with a chemotherapeutic lymphodepletion regimen, as in TIL therapies (218, 219).
The inclusion of a preconditioning regimen serves to generate a niche by
eliminating endogenous leukocytes increasing the availability of homeostatic
cytokines (e.g. IL-7 and IL-15) to support the engraftment and functionality of
adoptively transferred CAR-T cells (220). In addition, as previously discussed (see
section 1.2.5, Immunological consequences of traditional cancer therapeutics),
chemotherapies can contribute to the reversal of the characteristically
immunosuppressive microenvironment, likely to the benefit of CAR-T cells.

22



Ph.D. Thesis — J. Hammill; McMaster University — Medical Sciences.

CAR-T cells for CD19-negative hematological malignancies

CAR-T cells for the treatment of CD19-negative hematological malignancies
or antigen-loss relapses after CD19-CAR-T cell therapies (221) are under
development against a variety of tumor targets (see Table 2 in (175)). Early results
are beginning to emerge from first-in-man and phase I clinical trials: e.g. CD22
(222), CD20 (223, 224), CD123 (225), and B cell maturation antigen (BCMA)
(226). The observation of robust partial and complete responses (223, 226) as well
as increasing response rates in recent trials (222, 227, 228), suggest that CAR-T
cell therapy will be amenable to other hematological malignancies.

1.3.5 Challenges associated with CAR-T cell therapy
Treatment of solid tumors

CAR-T cell treatment of solid tumors in clinical trials have thus far failed
to replicate the response rates observed in the treatment of hematological
malignancies (229). However, the success of TIL and TCR-engineered T cell
therapies in the treatment of melanoma support the use of ACT for the treatment of
solid tumors. Furthermore, first generation CAR-T cells targeted against GD2 in
neuroblastoma patients saw 27% of patients achieve complete remission (183),
supporting the feasibility of this platform for treating solid tumors.

In part, the lack of CAR-T cell success in the solid tumor arena has been
attributed to a lack of clinical trials with second or third generation constructs (176).
Early trials of the technology in solid tumors were conducted using first generation
CAR-T cells, which unsurprisingly (in retrospect) produced poor results. One of
the first reports of a solid tumor patient treated with CAR-T cells incorporating co-
stimulatory signaling domains (a metastatic colon cancer patient treated with a third
generation CAR-T cell targeted against HER2 containing intracellular signaling
domains from CD28, CD137, and CD3() was of a fatality attributed to CAR-T cell
toxicity arising as a result of on-target off-tumor toxicity against low levels of
HER2 expression on pulmonary tissue (197). This fatality put a damper on CAR-T
cell clinical trials and refocused efforts on targeting tumor antigens whose
expression was limited to tumors or only shared with non-essential tissues. CD19
emerged as one of these candidates and the widespread success of second
generation anti-CD19 CAR-T cells in treating hematological malignancies has
reinvigorated the field. A large number of clinical trials of CAR-T cells against
various targets in solid tumors are currently underway (see Table 4 in (230)).

Results of two trials and one case study have been reported (231-233). All
three reports concluded that second generation CAR-T cell (anti-HER2, anti-
mesothelin, or anti-carcinoembryonic antigen) treatment of solid tumors could be
safe; however this may come at the expense of efficacy, as all had underwhelming
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response rates. Lower than expected efficacy was likely due to lower CAR-T cell
doses and/or a lack of chemotherapeutic preconditioning; both were precautions
taken in trials after the fatality in the third generation HER2-CAR study.

Other considerations proposed to hinder CAR-T cell efficacy in treating
solid tumors have been the challenges of infiltrating a solid mass and overcoming
the local immunosuppressive microenvironment (234).

CAR-T cell associated toxicities

The promise of CAR-T cell technology was a therapeutic agent that could
seek out and discriminately target tumor cells while avoiding collateral damage to
non-tumor tissues. Thus far, the clinical reality has failed to achieve this goal; CAR-
T cells have become synonymous with a constellation of associated toxicities.

i) Types of CAR-T cell associated toxicities

CAR-T cell toxicities are categorized based on what antigen and antigen-
bearing cell population are causing CAR-T cell activation to mediate the toxicity.

o Off-target toxicities

While theoretically possible, cross-reactivity of a CAR-T cell against an
unexpected antigen hasn’t been documented in any clinical trial (235). However,
an unexpected cross-reactivity against cardiac tissue in a clinical trial of TCR-
engineered T cells resulted in lethalities (236), and as such, the possibility remains
a concern with CAR-T cells. Off-target toxicities are nearly impossible to predict
in advance, and are a major concern any time a new CAR is tested in the clinic
(while in vitro screening against non-tumor cell lines can be helpful, it is not a
perfect system for detecting cross-reactivity).

o Off-tumor, on-target toxicities

Off-tumor, on-target toxicities arise when the antigen targeted by the CAR is
expressed on non-tumor tissue. These are referred to as autoimmune toxicities (237)
as they are triggered by an autologous, albeit CAR-engineered, T cell population.

The B cell aplasia observed in CD19-CAR-T cell trials is a quintessential
example of autoimmune CAR-T cell toxicity (238, 239); it can be transient or long
lasting and is treatable with intravenous immunoglobulin therapy (240). Off-tumor,
on-target responses have also resulted in hepatic toxicity when patients were treated
with anti-CAIX CAR-T cells resulting from a response against CAIX" bile duct
epithelial cells (186). More seriously, the aforementioned lethality in a third
generation anti-HER2 CAR-T cell trial due to pulmonary toxicity was a result of
an off-tumor, on-target response (197).
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e On-tumor, on-target toxicities

On-tumor, on-target toxicities are those arising as a side effect of the desired
anti-tumor CAR-T cell response. These include tumor lysis syndrome (TLS) and
cytokine release syndrome (CRS)".

TLS can occur naturally or as a result of therapeutic treatment when a massive
lysis of tumor cells causes the release of intracellular contents triggering metabolic
disturbances (241). Evidence of tumor lysis syndrome has been observed in CAR-
T cell trials (242, 243), although it is normally managed through prophylaxis and
isn’t denoted as a major concern.

The most commonly described CAR-T cell associated toxicity is CRS; an
acute (onset within hours to days), systemic inflammation resulting from the
activation and expansion of CAR-T cells (244). Patients experiencing CRS present
with symptoms ranging from mild fevers and myalgia to severe and (in some cases)
life-threatening hypoxia, hypotension, and vascular leakage (among others) (212,
213, 244). The syndrome is characterized by elevated serum levels of several
inflammatory cytokines, most commonly IFN-y, IL-6, and IL-10, although others
have been observed (TNF-o, GM-CSF, MCP-1, IL-8, IL-5, IL-2, etc.) (237, 244-
247). In CRS, these cytokines are either directly produced by activated CAR-T cells
or by other immune cells, such as macrophages, activated as a result of CAR-T cell
cytokine production (macrophage activation syndrome). Neurologic toxicity may
also be observed, however whether neurologic symptoms are related to CRS (212,
216) or are independent of CRS (244) is unclear. CRS has been observed in the
CAR-T cell treatment of both solid (248, 249) and hematological malignancies
(212,213,215, 226, 250) against a variety of antigenic targets and is a major clinical
concern for their implementation; the incidence of CRS has been as high as 100%
in some trials (213) and despite advances in monitoring and treatment, severe CRS
(sCRS) still carries a risk of mortality (205).

CRS is not uniquely associated with CAR-T cell therapies; CRS is also a
concern with BiTEs (251) and has been observed in clinical trials of TCR-
engineered T cells (although in this latter scenario CRS is of a lower frequency and
severity than has been observed in CAR-T cell trials) (252).

o Other toxicities

Many CAR-T cells are targeted using scFv sequences derived from murine
antibodies. As such, the development of human anti-mouse antibody (HAMA)
responses are a concern as they could contribute to the cellular or humoral rejection
of CAR-T cells, thus reducing the efficacy of this therapy (240). In one case, a
HAMA response triggered an acute anaphylactic response in a patient being treated
with multiple infusions of anti-mesothelin CAR-T cells (232). For this reason,
modern CAR-T cells are designed with humanized scFv sequences.

1 The CRS observed with CD19-CAR-T cells is associated with an on-tumor, on-target response.
However, massive increases in systemic cytokine levels (cytokine storms) have also been associated
with other types of CAR-T cell toxicities (i.e. off-tumor, on-target responses).
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ii) Preventing CAR-T cell associated toxicities

Both off-tumor/on-target and off-target toxicities are theoretically avoidable,
but in practice selection of a truly tumor-specific, CAR-targetable antigen has (thus
far) proven elusive. The first level of protection against these toxicities is in CAR-
T cell design. Strategies have focused on designing CAR-T cells that are
discriminatory between endogenous low level antigen expression and tumor-
associated high level expression (e.g. by reducing the affinity of CAR-T cells for
their target) (253, 254) and in vitro screening against non-tumor/non-target cell
lines and proteins to detect possible off-target responses before human trials (255).
In addition, some next-generation CAR-T cell strategies use a dual CAR system
which requires the simultaneous recognition of two tumor antigens to trigger T cell
effector functions, increasing the tumor specificity of the CAR-T cell response,
even in the absence of a tumor-specific antigen (256). As a secondary level of
protection, first-in-man trials are conducted using dose escalation strategies (257).

In contrast, on-tumor/on-target toxicities are side effects arising from the
desired anti-tumor activity of CAR-T cells. With respect to CD19-CAR-T cells,
efficacy and CRS are tightly linked; the majority of patients demonstrating an
objective response will display at least mild CRS (240) and the onset of a fever after
CAR-T cell infusion is positively received by both clinicians and patients (176).
Preventing on-tumor/on-target toxicities is thus a question of whether it is possible
to design CAR-T cell treatment regimens that are capable of retaining anti-tumor
cytotoxicity while sparing associated toxicities. With current CAR-T cell
modalities, this appears to be a challenging goal. Most strategies rely on reducing
CRS by limiting the magnitude of the CAR-T cell response by either debulking the
tumor prior to ACT or reducing the CAR-T cell dose level. The goal is to find a
“Goldilocks zone” or therapeutic window in which it is possible to retain anti-tumor
efficacy but spare toxicity. However, one retrospective study found that with
current CAR-T cell strategies this window can be narrow or non-existent (258).

iii) Treating CAR-T cell associated toxicities

The treatment of off-target or off-tumor/on-target toxicities in modern CAR-
T cell therapies can be mediated by the elimination of CAR-T cells made possible
through the inclusion of suicide genes or other strategies during the T cell
engineering process (259-261). However, such strategies are not useful in cases
where the toxicity is a by-product of CAR-T cell efficacy (e.g. CRS); CAR-T cell
elimination would negate efficacy. In the clinic, mild CRS is managed with
supportive care (e.g. fever management, intravenous fluids) (262). Severe CRS,
which can be life threatening, is first treated with tocilizumab (an antagonist
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antibody specific for IL-6R?%) (243, 245); patients who fail to respond are escalated
to corticosteroid treatments (263) which can reduce therapeutic efficacy (212) and
do not always rescue tocilizumab-refractory CRS patients from fatalities (205).

1.3.6 Pre-clinical development of CAR-T cells

The pre-clinical development of CAR-T cells is facilitated by the use of small
animal models (reviewed in (264)); murine models can be broadly classified into
two categories:

i) Syngeneic models

In syngeneic models both the tumor and engineered T cells are of murine
origin; experiments can be conducted in an immunocompetent host. Tumors can
arise as a result of genetic engineering (spontaneous tumor models), chemical-
induction (e.g. exposure to a carcinogen), or the injection of a transplantable tumor
(e.g. a tumor cell line). Syngeneic models are advantageous as they permit the
evaluation of engineered T cell therapies in an immune replete microenvironment,
as would be seen in the clinical scenario.

ii) Xenograft models

In xenograft models a murine host is engrafted with a human tumor and is
treated with human CAR-T cells. In order to prevent the rejection of human cells
by the murine host, these models necessitate the use of severely
immunocompromised mice (not reflective of the clinical scenario). Tumors
originate from the injection of human tumor cell lines or tumor ‘“chunks”?!.
Xenograft models are advantageous as they offer an opportunity to evaluate the
actual clinical product, i.e. an engineered human T cell.

1.3.7 Alternative chimeric receptors for engineering anti-tumor T cells

The redirection of T cell specificity against a tumor target via engineered
expression of a synthetic receptor is not limited to the use of a traditional CAR.
Next-generation targeting approaches are beginning to emerge (265, 266).
Alternative synthetic/chimeric receptors retain the modular essence of CARs, being
comprised of tumor-targeting and T cell activation domains, but instead eschew the
direct incorporation of T cell activation domains in favor of coopting endogenous
T cell signaling machinery (primarily the TCR).

20 Given the association of CRS with high levels of systemic IL-6, antagonism of the IL-6 signaling
pathway was evaluated as an anti-CRS therapeutic. Although anti-IL-6R has proven effective at
managing CRS, the exact mechanism of action remains unknown.

2 Small tumor chunks can be prepared from human tumor xenografts or from freshly
resected/biopsied human tumors (these latter models are referred to as patient-derived xenografts).

27



Ph.D. Thesis — J. Hammill; McMaster University — Medical Sciences.

1.4 Thesis scope and content

Herein I describe my doctoral studies which were focused on the pre-clinical
development of T cell therapeutics targeted against tumor antigens via the
engineered expression of synthetic receptors. This work was undertaken with the
ultimate goal of contributing towards next-generation engineered-T cell products
capable of systemic function in the absence of toxicity.

1.5 A note to the reader

The content within each of the manuscripts comprising the body of this thesis
are unique and there is very little overlap between them — with the exception of the
methods sections. The methods from Chapters two and four provide a description
of the majority of the methods used for my research. Additionally, the following
methods are described only in Chapters three and five:

e Murine DARPin-28z and scFv-28z CAR structure (Chapter 3;
“Generation of CAR retroviruses”)

e SPICE analysis (Chapter 3; “Functional analysis of CAR-T cells
following stimulation with recombinant protein”)

e TAC configurations (Chapter 5)

e Luminescence-based cytotoxicity assays (Chapter 5)

e NALMS6 xenograft model (Chapter 5; “Adoptive transfer and in vivo
monitoring”)

e SPADE analysis (Chapter 5)
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2.0 Chapter Two — T cells engineered with chimeric antigen receptors
targeting NKG2D ligands display lethal toxicity in mice

2.1 Introduction

In this manuscript we describe the observation of on-target, off-tumor toxicity
when CARs targeted against NKG2D (natural killer group 2, member D) ligands
were evaluated in a syngeneic murine model. We identify a mechanism by which
chemotherapeutic pre-conditioning drives pulmonary expression of NKG2D
ligands, exacerbating the toxicity. Previous pre-clinical models had not denoted any
observation of toxicity, and given the continued clinical development of NKG2D-
based CAR-T cells dissemination of our findings was particularly pertinent.

2.2 Manuscript status, copyright, and citation

Status: Published manuscript

Copyright: © 2015 American Society of Gene & Cell Therapy. The article is
available under open access and is printed under the terms of the Creative Commons
Attribution—NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND
4.0) License (https://creativecommons.org/licenses/by-nc-nd/4.0/). The only
modification made is a repagination of the published work to fit sequentially within
this thesis.

Citation: VanSeggelen, H, Hammill, JA, Dvorkin-Gheva, A, Tantalo, DGM,
Kwiecien, JM, Denisova, GF, Rabinovich, B, Wan, Y, Bramson, JL. (2015). T cells
engineered with chimeric antigen receptors targeting NKG2D ligands display lethal
toxicity in mice. Molecular Therapy. 23(10):1601-1610. doi: 10.1038/mt.2015.119.
Available  online:  http://www.cell.com/molecular-therapy-family/molecular-
therapy/fulltext/S1525-0016(16)30291-X.
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Daniela GM Tantalo', Jacek M Kwiecien??, Galina F Denisova', Brian Rabinovich?,

Yonghong Wan' and Jonathan L Bramson'

"Department of Pathology and Molecular Medicine, McMaster Immunology Research Centre, McMaster University, Hamilton, Ontario,
Canada; ?Department of Pathology and Molecular Medicine, Central Animal Facility, McMaster University, Hamilton, Ontario, Canada;
*Department of Neurosurgery and Pediatric Neurosurgery, Medical University of Lublin, Lublin, Poland; *Lion Biotechnologies, Woodland Hills,

California, USA

Ligands for the NKG2D receptor are overexpressed
on tumors, making them interesting immunotherapy
targets. To assess the tumoricidal properties of T cells
directed to attack NKG2D ligands, we engineered murine
T cells with two distinct NKG2D-based chimeric anti-
gen receptors (CARs): (i) a fusion between the NKG2D
receptor and the CD3{ chain and (i) a conventional
second-generation CAR, where the extracellular domain
of NKG2D was fused to CD28 and CD3(. To enhance
the CAR surface expression, we also engineered T cells
to coexpress DAP10. In vitro functionality and surface
expression levels of all three CARs was greater in BALB/c
T cells than C57BL/6 T cells, indicating strain-specific dif-
ferences. Upon adoptive transfer of NKG2D-CAR-T cells
into syngeneic animals, we observed significant clinical
toxicity resulting in morbidity and mortality. The severity
of these toxicities varied between the CAR configurations
and paralleled their in vitro NKG2D surface expression.
BALB/c mice were more sensitive to these toxicities than
C57BL/6 mice, consistent with the higher in vitro func-
tionality of BALB/c T cells. Treatment with cyclophospha-
mide prior to adoptive transfer exacerbated the toxicity.
We conclude that while NKG2D ligands may be useful
targets for immunotherapy, the pursuit of NKG2D-based
CAR-T cell therapies should be undertaken with caution.

Received 14 February 2015, accepted 18 June 2015; advance online
publication 21 July 2015. doi:10.1038/mt.2015.119

INTRODUCTION

Treating patients with T cells that are engineered to express
tumor-specific receptors has proven to be a clinically effica-
cious form of immunotherapy. In particular, the use of chimeric
antigen receptors (CARs) to direct T cells to attack tumors has
shown significant promise in clinical trials."~* These receptors aim
to target surface-expressed antigens that are either restricted to,
or overexpressed on, tumor cells, eliminating the conventional

T cell receptor requirement for antigen presentation on MHC
molecules. One method of generating CARs fuses native proteins,
which naturally ligate proteins on the surface of tumor cells, with
the intracellular signaling domains required to induce T cell acti-
vation. Ligands for the natural killer group 2 member D (NKG2D)
receptor are numerous and are frequently upregulated on many
cancer types.”” Additionally, NKG2D ligand (NKG2DL) expres-
sion can be upregulated on tumor cells through the use of already
approved drugs such as spironolactone, allowing for further target
enhancement.’

Using a CAR comprised of NKG2D fused to the CD3{ TCR
signaling domain enables T cells to recognize any of the several
natural NKG2DL, and exert their cytolytic functions.'**"! While
NKG2D is an activating receptor on natural killer (NK) cells, it
functions primarily as a costimulatory receptor on activated
CD8+ T cells.>7'2°1% In both murine and human T cells, signal-
ing through the NKG2D receptor is mediated through an adap-
tor protein, DAP10 (ref. 8,13). This adaptor protein activates the
PI3-K and Grb-2 pathways, much like the T cell costimulatory
molecule, CD28 (ref. 14,16). Research has revealed that the inclu-
sion of costimulatory domains in CARs enhances T cell efficacy
and persistence postadoptive transfer.'”? In that regard, fusion
of full-length NKG2D with CD3{ may provide costimulatory sig-
nals via the NKG2D portion of the receptor, in addition to the
activation signal delivered through CD3(. In this manuscript,
we investigated two distinct CARs based on the NKG2D recep-
tor: (i) a fusion of NKG2D with CD3{ (NKz) and (ii) a fusion
of the NKG2D extracellular domain to signaling domains from a
conventional second-generation CAR composed of CD28 fused
to CD3( (NK28z). Since surface expression of full-length NKG2D
is dependent upon the DAP10 molecule,”" we also investigated
whether coexpression of DAP10 along with the NKz fusion pro-
tein (NKz10) could further augment CAR activity.

Our results revealed that the functionality of the CARs was
strain-dependent in murine T cells. Further, T cells expressing
NKG2D-based CARs displayed in vivo toxicity, which was exacer-
bated when T cell infusion was combined with chemotherapeutic
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lymphodepletion. The NKz-CAR-T cells displayed the low-
est toxicity in vivo, which suggests that this configuration may
be amenable to clinical evaluation. These results revealed that
NKG2D-based CAR-T cells can be highly toxic when delivered
systemically and indicate that further research is required to better
understand how to deploy these CAR-T cells safely in the clinic.

RESULTS

Inclusion of DAP10 in the retrovirus significantly
enhances surface expression of NKz

To produce T cells that would be activated by NKG2D-ligands,
we engineered murine T cells with one of three different
NKG2D-based CAR retrovirus (RV) constructs: full-length

Lethal Toxicity of NKG2D-CAR-T Cells

NKG2D fused to cytoplasmic CD3{ (NKz), the same NKz-CAR
with the addition of adaptor protein DAP10 to the RV construct
(NKz10), or a conventional second-generation CAR that fuses the
extracellular domain of NKG2D to a CD8-hinge region, CD28
transmembrane and cytoplasmic domains, and the cytoplasmic
domain of CD3( (NK28z; Figure 1a). We utilized NKG2D cell
surface staining as an indicator of NKG2D-CAR expression, as
CAR -ve T cells show very low levels of endogenous NKG2D
expression (Figure 1b,c). Engineering T cells with any of the
three NKG2D-CAR RVs resulted in over 90% of both CD8+
(Figure 1b) and CD4+ (Supplementary Figure S1, top panels) T
cells staining positive for NKG2D within three days of transduc-
tion with BALB/c-derived T cells. Frequencies of CAR+ T cells
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Figure 1 Retrovirus construction and in vitro phenotypic profiles of NKG2D-ligand-specific chimeric antigen receptor (CAR)-engineered
T cells. (a) Schematic diagram of the retrovirus (RV) constructs used to engineer murine T cells. The chimeric NKG2D-CD3{ (NKz) CAR contains the
full-length murine NKG2D gene fused to the cytoplasmic portion of CD3Z. The NKz70 CAR bears the same CAR as NKz with the addition of adap-
tor protein DAP10 to the retrovirus, separated by a self-cleaving 2A peptide. The NK28z CAR combines the extracellular domain of murine NKG2D,
fused to the CD8 hinge region, CD28 transmembrane and endodomains, and cytoplasmic CD3(. NKG2D expression on (b) BALB/c or (¢) C57BL/6
CD8+ T cells was evaluated 3 days after transduction with the indicated CAR-containing retroviruses. Surface expression was determined using a
fluorescence-minus one control of the anti-NKG2D — APC antibody and compared to basal expression on control CAR -ve T cells (shaded peaks).
Mean fluorescence intensity and percentage of NKG2D+ CD8+ cells are shown. Data is representative of at least three independent experiments.
(d) Viability of NKG2D-CAR-T cells from BALB/c and C57BL/6 mice was determined by flow cytometry using Molecular Probes LIVE/DEAD staining.
(e) NKG2D-CAR cells were analyzed for NKG2D-ligand expression, as indicated by staining using an NKG2D-IgG-Fc chimeric protein and detected

with an anti-human IgG secondary antibody to detect ligand expression.
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were generally lower using C57BL/6 T cells for all three CARs
tested, with only NKz10 reaching NKG2D+ frequencies above
90% on either CD8+ or CD4+ T cells (Figure 1c; Supplementary
Figure S1, bottom panels) On a per-cell basis, the NKz10-CAR-T
cells showed over 7- to 10-fold higher expression of NKG2D com-
pared to the NKz construct, indicating that the endogenous avail-
ability of DAP10 can limit surface expression of the NKz-CAR
(Figure 1b,c). The NK28z-CAR showed an intermediate level of
NKG2D surface expression, with twofold lower expression com-
pared to NKz10 in BALB/c T cells (Figure 1b) and fivefold lower
expression in C57BL/6 T cells (Figure 1c¢).

NKG2D-CARs show strain-specific differences

We evaluated differences in CAR surface expression, T-cell viabil-
ity,and NKG2DL expression on the NKG2D-CAR-T cells between
the three NKG2D-CAR constructs, as well as between two mouse
strains. Interestingly, both BALB/c and C57BL/6 T cells showed
the same changes in cell viability across NKG2D-CAR constructs;
NKz-engineered T cells showed no reduction in viability com-
pared to CAR —‘ve T cells, NKz10-CAR-T cells showed a slight
reduction in viability, and NK28z-CAR-T cells had a considerably
decreased viability (Figure 1d; Supplementary Figure S2a). We
observed variable levels of NKG2DL on CAR-engineered T cells
across CAR type and T-cell origin (Figure le; Supplementary
Figure S2b). While NKG2DL tended to be higher on NKz10-CAR
T cells of either mouse strain, these data did not achieve statistical
significance (Figure le).

Despite the higher per-cell expression, NKz10-CAR did not
demonstrate an equivalent enhancement of in vitro functional-
ity in BALB/c T cells. In BALB/c T cells, all three NKG2D-CARs
were similarly capable of producing the activation cytokines
IFNY and TNFo upon stimulation with recombinant Rae-10, a
well-defined NKG2D ligand (Figure 2a; Supplementary Figure
$3). This was not directly attributed to differences in baseline
cytokine production, as only the BALB/c NKz10-CAR T cells
showed an increase in cytokine production over their C57BL/6
counterparts without stimulation (Figure 2a). The levels of back-
ground cytokine were very low in all cases (<2%; Figure 2a). In
addition, all three NKG2D-CARs were able to induce robust kill-
ing of murine breast tumor cells in vitro, although NKz10 and
NK28z BALB/c-derived NKG2D-CAR-T cells demonstrated
moderately increased cytotoxicity compared to NKz counter-
parts at intermediate effector to target ratios. For example, NKz10
and NK28z were able to kill ~80% of tumor targets compared to
only ~50% by NKz after 6 hours of coincubation at a 1:1 T-cell to
tumor cell ratio (Figure 2b). Most of the tumor targets were killed
after coculture of BALB/c NKG2D-CAR-T cells and tumor cells
at a 2:1 ratio, illustrating the strong cytotoxic potential of these
NKG2D-CAR-T cells (Figure 2b).

NKG2D-CAR-engineered C57BL/6 T cells showed slightly
reduced cytokine production upon CAR-stimulation compared
to BALB/c-derived CAR-T cells (Figure 2a; Supplementary
Figure S2). Interestingly, while NKz10-CAR-T cells had the high-
est level of CAR expression in C57BL/6-derived cells, the NK28z-
CAR-T cells showed the greatest cytokine production (Figure 2a).
This cytokine production did not translate to killing potential, as
the C57BL/6 NK28z-CAR-T cells displayed weak cytotoxicity in
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vitro (Figure 2c). Similarly, the C57BL/6-derived NKz-CAR T
cells also exhibited weak cytotoxicity (Figure 2¢). While C57BL/6
NKz10-CAR-T cells were capable of killing tumor targets at higher
E:T ratios, their activity was considerably diminished when com-
pared to their BALB/c counterparts (Figure 2b,c). Taken together,
our data reveal striking strain-dependent differences in the func-
tionality of the various NKG2D-based CARs.

30 9 n.s
20 4
%
[
g 1 BALB/c
£ 101 I M C57BUS
[T
z = |k
o 319
o
ES
2 4
*
14
04
© & 0 g e @ o
F &2 & F L
& & & £ ¥ ¢
Unstimulated Rae1p Stim
b =
&
100 °
g —
80 1 \.
° -
@ 60
S
2 40 4
20
0 T
0.1:1 0.2:1 0.5:1 1:1 2:1 4:1
Effector: target
c 3
1004 A
80
o @ CAR-ve
5 604 -mNKz
> ¢ NKz10
2 404 =i NK28z
20 4
0 T T T T T g
0.1:1 0.2:1 0.5:1 1:1 2:1 4:1
Effector: target
Figure 2 In vitro functional profiles of NKG2D-CAR-T cells. (a,b)

BALB/c or (a,c) C57BL/6 T cells were engineered with the indicated
CARs. (a) NKG2D-CAR T cells were stimulated with plate-bound recom-
binant Raelp-Fc fusion protein and stained for production of IFNy and
TNFa, and analyzed by flow cytometry. Data is expressed as mean fre-
quency + SEM normalized to background levels from three independent
experiments. In vitro CAR-T cell-mediated cytotoxicity was assayed using
4T1.2 tumor cells using a 6-hour AlamarBlue assay at the indicated effec-
tor: target ratios of BALB/c (b) or C57BL/6 (¢) T cells. Mean frequency of
viable tumor cells + SEM from 3-4 independent experiments of triplicate
wells is presented.
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Figure 3 NKG2D-CAR-T cells induce differing levels of toxicity in mice. (a-c) Naive BALB/c mice were treated with 107 NK-CAR-T cells intrave-
nously as indicated (n = 6). (a) Temperatures, (b) weight loss, and (c) survival were monitored over the course of 7 days post-adoptive cell transfer
(ACT). (d-f) Naive C57BL/6 mice were treated as in a (n = 5-10). (d) Temperatures are shown at the peak drop of 8 hours post ACT. (e) Weight loss
and (f) survival were monitored over 7 days post-ACT. Temperature and weight loss data are presented as mean + SEM. Dotted lines indicate data

from surviving animals.

NKG2D-CAR-T cells can induce significant, acute
toxicity upon adoptive transfer

We next investigated the functionality of NKG2D-CAR-T cells in
vivo. We employed the 4T1.2 breast tumor model in BALB/c mice.
Mice bearing established tumors were treated with cyclophos-
phamide (CTX), followed by infusion of NKG2D-CAR T cells.
Strikingly, we observed dramatic clinical toxicity symptoms within
just a few hours of adoptive transfer. To understand whether this
toxicity was related to an over-exuberant antitumor immune
response resulting from the NKG2D-CAR-T cell infusion, we
adoptively transferred NKG2D-CAR-T cells into naive, tumor-
free animals. Tumor-free mice still exhibited significant clinical
symptoms, including lethargy, hunched body posture, ruffled fur,
and a lack of grooming, indicating that the NKG2D-CAR-T cells
were producing off-tumor toxicities in vivo.

Tobetter understand these off-tumor toxicities, naive BALB/c
mice were infused with 107 NKz, NKz10, or NK28z CAR-T cells,
and toxicity was evaluated via changes in core body temperature,
body weight, and overall survival (Figure 3a-c). Despite similar
in vitro functionality, the BALB/c-derived NKG2D-CAR-T cells
displayed a distinct hierarchy of disease severity between the
different CAR-T cells in vivo. The NKz10-CAR-T cells elicited
the most significant toxicity, with core body temperatures drop-
ping as low as 30°C within 24 hours of adoptive cell transfer
(ACT) (Figure 3a). Additionally, these mice lost up to 17% of
their body weight in less than 3 days post-ACT (Figure 3b).
The NKz-CAR treated animals conversely showed no signifi-
cant hypothermia, and only slight weight loss over the course
of one week post-ACT (Figure 3a,b). The NK28z-CAR-T cells
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33

induced an intermediate level of toxicity with respect to both
temperature changes and weight loss (Figure 3a,b). These tox-
icities were accompanied by significant clinical symptoms such
as lethargy, ruffled fur, hunched posture, and labored breathing
that corresponded to the severity of hypothermia and weight
loss (Supplementary Table S1). Interestingly, these data paral-
lel our observations of the differences in per-cell NKG2D-CAR
expression in vitro (Figure 1b), with the greatest expression and
most severe toxicities being observed with NKz10-CAR-T cells.
Despite these significant, acute toxicities, all mice survived the
treatment, and recovered within 7 days of ACT (Figure 3¢). We
evaluated whether similar toxicities were observed in C57BL/6
mice. Interestingly, C57BL/6 mice did not display any overt
physical clinical symptoms such as changes in posture, fur or
body condition (Figure 3d,e, data not shown). In addition, only
the NKz10-CAR T cells caused measurable toxicities in the
form of hypothermia, weight loss, and morbidity (Figure 3d-f).
The temperature changes and weight loss in these animals were
considerably more modest compared to those observed in
BALB/c mice. NKz10-CAR-T cell-treated mice displayed vari-
able temperature changes, with some mice showing only mild
hypothermia and others dropping to 33°C within 8 hours of
ACT (Figure 3d). Weight loss by NKz10-CAR-T cell-treated
mice was consistent; over the course of 3 days post-ACT,
C57BL/6 mice lost up to 12% of their body mass (Figure 3e).
Despite the reduced severity of hypothermia and weight loss
in C57BL/6 mice, ACT of NKz10-CAR-T cells was lethal in
25% of the treated animals within 48 hours of treatment (n = 8;
Figure 3f). The NKz and NK28z CAR-T cells showed no signifi-
cant toxicity or lethality in C57BL/6 mice. These data reveal a
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Figure 4 NKG2D-CAR-T cell toxicity is exacerbated by pre-conditioning with chemotherapy. Mice were treated with 150mg/kg cyclophospha-
mide (CTX) intraperitoneally 24 hours prior to adoptive transfer. (a-¢) BALB/c/c mice were treated with 107 NK-CAR-T cells intravenously as indicated
(n = 6). (a) Temperatures, (b) weight loss, and (c) survival were monitored over the course of 7 days post adoptive cell transfer (ACT). (d-f) Naive
C57BL/6 mice were treated as in a (n = 5-10). (d) Temperatures are shown at the peak drop of 8 hours post ACT. (e) Weight loss and (f) survival were
monitored over 7 days post-ACT. Temperature and weight loss data are presented as mean + SEM. Dotted lines indicate data from surviving animals.

notable difference in severity of NKG2D-CAR off-tumor toxic-
ity between the two strains of mice tested, with BALB/c mice
exhibiting greater toxicity than their C57BL/6 counterparts.

Preconditioning cyclophosphamide exacerbates
NKG2D-CAR toxicity

In both preclinical models and clinical trials of CAR-T cells,
regimes inducing lymphopenia have proven to enhance the
engraftment and persistence of CAR-T cells following adoptive
transfer. > As chemotherapeutic agents cause DNA damage and
cell stress, which can upregulate NKG2DL expression, we tested
whether pretreatment with CTX would influence toxicity follow-
ing adoptive transfer of NKG2D-CAR-T cells. Strikingly, CTX
pretreatment significantly exacerbated the toxicity induced by all
three NKG2D-CARs (Figure 4).

In BALB/c mice, the NKz-CAR-T cells, which showed mini-
mal toxicity in naive mice, were highly toxic when combined with
CTX, inducing hypothermia and weight loss comparable to those
induced by the NKz10-CAR-T cells (Figure 4a,b). Further, infu-
sion of NKz-CAR-T cells in CTX pretreated BALB/c mice resulted
in 33% mortality (Figure 4c). Toxicities produced by NKz10-
CAR-T cells were also dramatically exacerbated, with body
temperatures dropping below 29°C within as little as 8 hours post-
ACT (Figure 4a). Other clinical symptoms were likewise exacer-
bated; mice demonstrated lethargy, a complete lack of grooming
and the appearance of an ocular discharge. Most alarmingly, all
mice treated with CTX and NKz10-CAR-T cells succumbed to
the toxicities within 72 hours of ACT (Figure 4c). As observed in
naive animals, NK28z-CAR-T cells showed an intermediate level
of toxicity that was similarly worsened by CTX; 50% of animals
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in this treatment group succumbed to T-cell-mediated toxicity
(Figure 4c).

The preconditioning chemotherapy also enhanced the toxic-
ity of NKG2D-CAR-T cells in C57BL/6 mice (Figure 4d-f). Mice
treated with NKz-CAR-T cells showed significant weight loss of
over 12% of the pretreatment weight (Figure 4e), with average
core body temperatures dropping below 35 °C within 8 hours of
T-cell infusion (Figure 4d). In the case of NKz10-CAR-T cells,
25% of the treated animals succumbed to toxicities in less than
24 hours following ACT (Figure 4f). Surviving animals varied in
their weight loss, with some losing more than 18% of their body
weight before recovering (Figure 4e). Core body temperatures
were also variable, with some of the survivors exhibiting little
change, while others dropped below 31°C within 8 hours of ACT
(Figure 4d). While C57BL/6 mice failed to show any of the physi-
cal symptoms of toxicity observed in BALB/c mice, chemothera-
peutic pretreatment prior to ACT of NKz10-CAR-T cells resulted
in an observable lethargy (noted upon handling the animals) in
the C57BL/6 mice (data not shown). The NK28z-CAR-T cells
showed no signs of toxicity, even when combined with CTX in
C57BL/6 mice. These data reveal that the toxicities are dependent
on both the strain and the CAR structure.

Adoptive transfer of NKG2D-CAR-T cells results in an
acute cytokine storm in vivo

We next sought to investigate possible causes of this in vivo toxic-
ity. Using a 32-plex cytokine array, we examined serum cytokine
levels in BALB/c mice at 8 hours post-ACT, both with and with-
out preconditioning cyclophosphamide. Strikingly, the major-
ity of the cytokines evaluated were upregulated in the serum of
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Figure 5 NKz10-CAR-T cells induce severe cytokine storm in BALB/c mice. Mice with or without pre-conditioning CTX were treated with 107
engineered T cells as indicated (n = 5). Serum was collected at 8 hours post-ACT and sent for Luminex analysis. (a) Heat map displaying the relative
changes in serum cytokine concentrations from mice treated with CAR -ve, NKz, NKz10 or NK28z CAR-T cells, or PBS control. Data was normalized
by row. (b) Principal component analysis of serum cytokine concentrations indicating clustering of treatment groups.

mice receiving any of the NKG2D-CAR-T cells (Figure 5a). Mice
treated with NKz10-CAR-T cells showed the most dramatic
upregulation, with all but four analytes increased compared to
CAR -ve controls (Figure 5a; Supplementary Tables S2 and S3).
These mice showed serum concentrations of over 4 ng/ml of IFNY,
among others, indicating severe immune responses were occur-
ring (Figure 5a; Supplementary Tables S2 and S3).
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Our previous observations indicated that NKz and NKz10
represented the lowest and highest observed toxicity and CAR-
expression, respectively, with NK28z exhibiting an intermediate
outcome. This pattern was reinforced through principal com-
ponent analysis of serum cytokine and chemokine levels. While
each NKG2D-CAR-T cell treatment clustered tightly regardless of
CTX pretreatment, each NKG2D-CAR-T cell cluster was separate
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Figure 6 NKG2D-CAR toxicity is mediated via pulmonary inflammation. (a) BALB/c mice were treated with 150mg/kg cyclophosphamide,
followed by intravenous injection of 107 CAR-'ve or NKz10 CAR-T cells. Animals were sacrificed for complete veterinary necropsy 24 hours later.
Hematoxylin and eosin-stained cross-sections of lung tissues from representative mice are shown (n=5). Top panel bars = 100 um, bottom panel bars
=50 pm. (b) NKG2D ligand expression was evaluated by qRT-PCR in the lungs of either naive or CTX-treated mice at 24 or 32 hours post-CTX (n = 5).

from the others, with NK28z falling between NKz and NKz10
(Figure 5b).

CTX pretreatment enhanced the serum concentration of many
cytokines/chemokines (Supplementary Tables S2 and S3). The
observed serum concentration increases following CTX pretreat-
ment were NKG2D-CAR-T cell specific, as we did not observe
any measureable changes between CAR -ve + CTX or PBS + CTX
control groups (Figure 5ab). The most dramatic effects of
CTX were observed in mice treated with NKz-CAR-T cells and
NK28z-CAR-T cells, where the concentrations of many cytokines
were more than doubled by CTX pretreatment (Supplementary
Tables S2 and $3). Overall, our data are indicative of a severe
cytokine storm induced by ACT of NKG2D-CAR-T cells that is
exacerbated by pre-conditioning with CTX.

NKz10 CAR-T cells induce severe lung
immunopathology
Given that the most substantial toxicities were observed in BALB/c
mice treated with CTX and NKz10-CAR-T cells, we sought to fur-
ther investigate the pathology elicited by this treatment. BALB/c
mice were treated with CTX followed by adoptive transfer of 107
CAR -ve or NKz10-CAR-T cells and subjected to a comprehen-
sive necropsy performed by a veterinary pathologist in a blinded
fashion. NKz10-CAR-T cell-treated animals exhibited severe nec-
rotizing pneumonitis, which was deemed to have been likely fatal
in these animals (Figure 6a). No tissue pathology was observed
in CAR -ve control animals. The lungs of NKz10-CAR-treated
mice displayed severe perivascular edema, diffuse thickening of
the alveolar septae, as well as heavy infiltration by neutrophils and
mononuclear cells (Figure 6a).

Lungs from BALB/c mice treated with either PBS or CTX were
harvested at 24 and 36 hours posttreatment and NKG2D ligand
expression was measured by qRT-PCR. H60a, H60b, and Mult-1
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were detected in all samples, but the expression was not impacted
by CTX treatment (Supplementary Figure S4b-d). In contrast,
CTX treatment resulted in a significant upregulation of Rael gene
transcription at both time points (Figure 6b). Taken together, our
data suggests that NKG2D-CAR toxicity is driven by severe sys-
temic pro-inflammatory changes including pneumonitis.

DISCUSSION

On-target, off-tumor toxicity remains a primary concern for all
immunotherapy approaches, especially given that the vast major-
ity of tumor targets are not tumor-restricted in their expression.*
Here, we examined the preclinical in vitro and in vivo functional-
ity of three CARs based on the NKG2D receptor. Unexpectedly,
we observed severe off-tumor toxicity upon in vivo testing of these
NKG2D-CARs in multiple mouse strains. We have treated both
C57BL/6 and BALB/c mice with CAR-T cells specific for a vari-
ety of antigens, including HER-2 and GPNMB, and have never
observed toxicity following treatment (unpublished observations).
Thus, the toxicity observed with the NKG2D-CAR:s is not simply
reflective of toxicity associated with the infusion of engineered T
cells. These previously unreported findings provide insight into
considerations that must be taken into account prior to the clini-
cal application of NKG2D-CARs.

The range of homeostatic NKG2DL expression at both the
transcriptional and protein levels is currently unclear in both mice
and humans. Multiple reports have established NKG2DL expres-
sion on various healthy, noncancerous/infected tissues, and these
may serve as off-tumor ligand sources for NKG2D-CAR-T cells
in vivo. At a transcriptional level, several NKG2DL are expressed
across diverse tissues such as the spleen, lungs, gut and bronchial
epithelia, cardiac and skeletal muscle, and the skin.**=* Data from
others suggest epithelial, endothelial, and antigen-presenting
cells may constitutively express NKG2DL such as ULL6-binding
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proteins (ULBPs).” We have found that systemic treatment with
CTX leads to upregulation of NKG2DL in the lungs, which pro-
vides an explanation of the enhanced toxicity of NKG2D-CAR-T
cells in hosts that were pretreated with CTX and suggests that
caution should be employed when combining chemotherapy with
cytotoxic therapeutics that target NKG2DLs.

There are known expression differences in the NKG2DLs,
He0and Rae-1, between BALB/c and C57BL/6 mice, which may
explain observed strain-specific differences in NKG2D-CAR-T
cell toxicity.”*" In particular, H60a has been shown to be predom-
inantly expressed in BALB/c mice and not in C57BL/6 mice due
to a truncated genomic sequence,* which results in a lack of func-
tional H60a protein in C57BL/6 mice.**** Conversely, C57BL/6
mice show elevated levels of expression of H60b and H60c when
compared to BALB/c mice.®® Expression of Rae-1 family mem-
bers also differs across mouse strains; BALB/c mice express Rae-
1o, Rae-1pB, and Raely, while C57BL/6 mice express Rae-13 and
Rae-1£.°* Overall, BALB/c mice show elevated levels of expres-
sion of Rae-1 proteins and pan-NKG2D-ligands (detected using
an NKG2D-Fc fusion protein) on bone marrow isolates compared
to C57BL/6 mice,” which may explain the heightened toxicity of
NKG2D-CAR T cells in BALB/c mice. The diversity of expres-
sion patterns of NKG2DL in humans (or mice), coupled with our
data indicating the potential for toxicity, cautions strongly against
the use of NKG2D-CAR-T cells for therapeutic applications in
humans without considerable care and monitoring.

Commensal microbiota may also underpin the strain-specific
toxicities of NKG2D-CAR T as C57Bl/6 mice and BALB/c have
distinct microbiomes.* Commensal microbial composition in the
gut has been shown to influence respiratory immune responses,*
so it is possible that such differences influence the lethal pneumo-
nitis observed following intravenous infusion of NKG2D-CAR-T
cells. CTX may further compound the influence of the microbi-
ome as treatment with CTX has been found to alter the microbial
composition within the gut and subsequent immune responses.?’
Thus, the differences in toxicity may result from both genetic and
microbial differences between the mouse strains.

Endogenous NKG2D receptors recognize NKG2DLs on
healthy cells without inducing toxicity. We hypothesize that
inherent differences between these receptors and NKG2D-CARs
explain our toxicity observations. NKG2D-CARs bind NKG2DL,
which induce T-cell activation and cytolytic functions.® Similarly,
in NK cells, NKG2D acts as a positive signal to induce cytolytic
functions.® However, in NK cells these positive signals are bal-
anced by inhibitory signals from other NK cell surface recep-
tors that act in concert to determine the fate of the target cell.*®
Under homeostatic conditions, low levels of NKG2DL and con-
comitant NKG2D signaling would occur in concert with inhibi-
tory signals, such as the presence of MHC-1, preventing NK
cell reactivity.*® Removing the contributions of the inhibitory
signals, as in NKG2D-based CARs, effectively takes the brakes
offt NKG2D-mediated cytotoxicity. Coupling this with a highly
expressed, highly activating chimeric NKG2D receptor can there-
fore have potentially serious consequences, as revealed by the
severe toxicity of NKz10-CAR-T cells.

One of our most striking observations was the varied manifes-
tation of toxicity between the two different strains of mice tested.
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Whereas both NKz10- and NK28z-CAR-T cells were markedly
toxic to BALB/c mice, these CAR-T cells manifested little toxicity
in C57BL/6 mice. Likewise, although the NKz-CAR-T cells alone
were minimally toxic in both strains, when combined with CTX,
the NKz-CAR only caused significant morbidity and mortality in
BALB/c¢ mice. Our findings are consistent with previous reports
describing NKz-CAR-T cells as a tumor therapy in the absence
of overt toxicity using C57BL/6 mice, even when combined with
CTX.7*-! These data demonstrate that a therapeutic window may
exist for treatment with NKz-CAR T cells; however, many factors
(as described above) must be taken into consideration prior to
treatment to avoid unwanted severe toxicities. The NKz10-CAR,
which demonstrated the most severe toxicity in our studies, has
only been previously tested on human NK cells using immunode-
ficient animals, which precludes the ability to assess toxicity due
to a lack of cross-reactivity.***' Likewise, CARs composed of the
NKG2D extracellular domain fused to a conventional CAR scaf-
fold have thus far only been tested using in vitro assays, and so
possible toxicities were not yet evaluated.*** The results of this
work conclude that NKG2D-CAR-T cells can be highly toxic and
that the toxicity is influenced by both the host and the condition-
ing regimen. As such, our findings suggest that preclinical studies
in C57BL/6 mice may underestimate the toxicity associated with
NKG2D-CAR-T cells.

While a hierarchy in T-cell surface expression of our
NKG2D-CARs (NKz < NK28z < NKz10) was consistent between
T cells from BALB/c and C57BL/6 donors, we also observed
startling differences when comparing CAR-T cell functionality
between mouse strains. While all three NKG2D-CARs exhibited
similar in vitro functionality in BALB/c T cells, the CARs dis-
played reduced overall functionality when expressed in C57BL/6
T cells, including capacity to induce both cytokine production
and cytotoxicity. In both cases, functional abilities did not appear
to correlate with the level of receptor surface expression. However,
our data also suggests that measuring CAR-T-cell functionality in
vitro does not equate to toxicity in vivo. Interestingly, the intensity
of NKG2D staining on engineered T cells did correspond to the
level of toxicity observed, with NKz showing the lowest NK28z
an intermediate level, and NKz10 showing the highest in both
NKG2D mean fluorescence intensity, as well as toxicity in both
BALB/c and C57BL/6 mice. The NKz10-CAR was the only toxic
CAR in C57BL/6 mice, consistent with the highest level of surface
expression of the three NKG2D-CARs. This hierarchical toxicity
was also observed in the magnitude of serum cytokine elevations
in BALB/c mice. The high levels of inflammatory cytokines likely
contributed to systemic toxicity, similar to those observed in some
clinical trials of T-cell therapies.** These data suggests that the
level of NKG2D-CAR surface expression on each cell may be pre-
dictive of their in vivo functionality. Together, these studies reveal
previously unappreciated strain-specific differences in CAR-T cell
functionality following NKG2D-CAR engineering, indicating an
important role for the recipient T cells in CAR function.

Overall, our data shows that NKG2D-based CARs have the
potential to induce significant toxicities in vivo, especially if
delivered subsequent to lymphodepletion regimens, like cyclo-
phosphamide. NKz-CAR-T cells revealed similar functionality to
the other NKG2D-CAR-T cells in vitro while demonstrating the
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lowest levels of observed toxicity in both BALB/c and C57BL/6
hosts. Thus, the NKz-CAR-T cells may be suitable for further clin-
ical development. However, given the potential toxicities of these
T cells, clinical translation should be undertaken with caution.
Our study reveals important new information regarding poten-
tial toxicity of therapies targeting NKG2DLs and accentuates the
need to identify tumor-restricted antigens, or antigens with lim-
ited expression off-tumor (on non-vital organs), for targeting with
CAR-T cell therapy to avoid the potential for oft-tumor toxicity.

MATERIALS AND METHODS

Mice. Six- to eight-week-old female BALB/c or C57BL/6 mice were pur-
chased from Charles River Breeding Laboratories (Wilmington, MA). All
animal studies have received approval by the McMaster University Animal
Research Ethics Board.

Generation of CAR retroviral vectors. For cloning CAR retroviruses, the
shuttle plasmid pDONR222 0 TK-P2A-0oFL-T2A-eGFP, and retroviral vec-
tors pRV2011-0oFL and pRV100G eGFP were used.*” The NKz-CAR con-
struct was generated according to previous reports,’ where the cytoplasmic
region of murine CD3( was fused to full-length murine NKG2D via DNA
synthesis (GenScript, Piscataway, NJ). The NKz-CAR was synthesized and
inserted into the shuttle plasmid pDONR222 oTK-P2A-oFL-T2A-eGFP
by deleting oTK-P2A and replacing eGFP with NKz, resulting in
pDONR222 oFL-T2A-NKz (oFL = firefly luciferase,® T2A = Thosea
asigna virus self-cleaving 2A peptide *). The oFL-T2A-NKz expres-
sion cassette was transferred into the retroviral vector pRV100G by LR
recombination (Gateway LR Clonase II Enzyme Mix; Life Technologies,
Grand Island, NY). Production of the NKz10-CAR construct was simi-
lar; pDONR222 0TK-P2A-0FL-T2A-eGFP was modified by replac-
ing oTK with full-length murine DAP10 (accessed from NM_011827.3,
codon optimized for murine expression, and synthesized (GenScript))
and eGFP with the synthesized NKz sequence, resulting in pDONR222
DAP10-P2A-0FL-T2A-NKz (P2A = porcine teschovirus-1 self-cleaving
2A peptide®). LR recombination transferred DAP10-P2A-0FL-T2A-NKz
into pRV100G. The NK28z-CAR was constructed by modifying an
existing second generation CAR vector (HER2scFv28z). The extracellu-
lar portion of NKG2D was amplified out of the NKz10-CAR (using the
primers NKDG2DF: 5-GTTCAAGGAGACATTTCAGCCTGTG-3’ and
NKG2DR: 5-ACAGCTCTCTTCATACAAATATAGGTATTC-3’) and
inserted into the HER2scFv28z vector in place of the scFv and c-myc.
The HER2-CAR used as the backbone for the NK28z-CAR was described
previously, with the human sequences replaced by murine equivalents.*”
In short, an scFv specific for HER2, a marker epitope from c-myc, the
membrane proximal hinge region of murine CD8, the transmembrane
and cytoplasmic regions of murine CD28, and the cytoplasmic region of
murine CD3{ were fused together and cloned into the retroviral vector
PpRV2011 oFL* in place of firefly luciferase, leaving the IRES and Thyl.1
sequences intact.

Retroviral supernatants were generated by transient transfection of
CAR retroviral vectors (10 pug) and the packaging plasmid pCL-Eco (10 ug)
into Platinum-E (PLAT-E) cells* using Lipofectamine 2000 (Life
Technologies). After 24 hours of culture, media was changed. Retrovirus
containing supernatants were collected 48 hours later and concentrated
10-fold using an Amicon Ultra 100K centrifugal filter (EMD Millipore,
Billerica, MA).

Murine T-cell transduction. Freshly isolated splenocytes from BALB/C
or C57BL/6 mice were cultured in 24-well plates in T-cell growth media
(RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 10 mmol/l HEPES, 2 mmol/l L-glutamine, 0.1 mmol/l nones-
sential amino acids (Gibco, Life Technologies), 0.1 mg/ml normocin
(Invivogen, San Diego, CA), 1 mmol/l sodium pyruvate, and 55 nmol/l
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B-mercaptoethanol). Splenocytes were activated with 0.1 ug/ml each ham-
ster anti-mouse CD3 (clone 2C11; BD Biosciences, San Jose, CA) and
hamster anti-mouse CD28 (clone 37.51; BD Biosciences), and cultured in
the presence of 60 [U rhIL-2 (Peprotech, Rocky Hill, NJ). After 24 hours,
T cells were transduced via spinfection, whereby 100 ul of concentrated
retroviral supernatant was added to 3 x 10° cells in the presence of 1.6 pg/
ml Polybrene (Sigma-Aldrich, St. Louis, MO) and 2 ug/ml Lipofectamine
2000. Cultures were centrifuged at 2,000rpm at 32 °C for 90 minutes.
Cells were incubated at 37 °C for 2-4 hours and supplemented with fresh
medium and IL-2. Cells were expanded in T-cell growth media supple-
mented with rhIL-2. Four days after activation, T cells were stained for
CAR expression and used for both in vitro and in vivo experiments.

Intracellular cytokine staining. T cells were stimulated in round-bottom
96-well plates coated with 2,000ng/ml recombinant mouse RaelB-Fc
chimera (R&D Systems, Minneapolis, MN) or 1,000 ng/ml recombinant
human HER2-Fc chimera (R&D Systems). Plates were coated 24-72 hours
prior to stimulation at 4 °C. T cells were stimulated for 4 hours at 37 °C in
the presence of brefeldin A (BD Pharmingen, San Jose, CA). After stimu-
lation, cells were resuspended in PBS containing 5% FBS and stored at 4
°C overnight. Production of activation cytokines was determined by flow
cytometry.

Flow cytometry antibodies and analytical instruments. The fol-
lowing antibodies used for flow cytometry were purchased from BD
Biosciences: mouse Fc-Block, anti-CD4-PerCpCy5.5 (clone RM4-5),
anti-CD8a-FITC (clone 53-6.7), anti-IFNy (clone XMG1.2), and anti-
TNFo (clone MP6-XT22). The following antibodies were purchased from
eBiosciences (San Diego, CA): anti-CD8a-AlexaFluor 700 (clone 53-6.7)
and anti-NKG2D-APC (clone CX5). Recombinant murine NKG2D-Fc
(R&D Systems) was used to stain for NKG2D ligands, and detected with
goat-anti-human IgG PE (Jackson ImmunoResearch). Viability staining
was performed using the Molecular Probes LIVE/DEAD Fixable Near-IR
kit (Life Technologies). For intracellular cytokine staining, CAR-T cells
were fixed and permeabilized according to Cytofix/Cytoperm Fixation/
Permeabilization protocol (BD Biosciences). Data were acquired on a
FACSCanto or LSRII (BD Biosciences) and analyzed using Flow]Jo software
(FlowJo LLC, Ashland, OR).

In vitro cytotoxicity assay. The NKG2DL* murine 4T1.2 breast tumor line
was used for in vitro cytotoxicity assays. We confirmed NKG2DL expres-
sion by flow cytometry following expansion from recently thawed vials.
Varying ratios of transduced T cells were cocultured with 1.25x10* tar-
get cells (adhered overnight) per well in triplicate in 96-well flat-bottom
plates in a 200 pl volume. After 6 hours of coculture, plates were washed
three times with PBS, and 100 pl of a 10% alamarBlue (Life Technologies)
in T-cell media was added. Three hours later, fluorescence was measured
with excitation at 530 nm and emission at 590 nm using a Safire plate reader
(Tecan, Maennedorf, Switzerland). Viability was calculated as the loss of
fluorescence between experimental wells compared to untreated target cells.

Adoptive transfer and in vivo monitoring. For ACT studies, 107 viable
CAR-T cells were administered i.v. in 200 pl of sterile PBS. In experiments
using preconditioning CTX treatment, CTX (Sigma-Aldrich) was reconsti-
tuted in sterile PBS and administered i.p. at 150 mg/kg 24 hours prior to ACT.
Temperatures were assessed by rectal probe at the indicated time points.

Multiplex cytokine analysis. We quantified 32 murine chemokines and
cytokines using the Mouse Discovery Assay (Eve Technologies, Calgary,
Canada). The 32-plex panel included: Eotaxin, G-CSE, GM-CSE, IFNy,
IL-10, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40),
IL-12 (p70), IL-13, IL-15, IL-17, IP-10, KC, LIE, LIX, MCP-1, M-CSE
MIG, MIP-1c,, MIP-1B, MIP-2, RANTES, TNFa, and VEGE The assay
sensitivities of these markers range from 0.3-33.3 pg/ml. Individual ana-
lyte values can be found in the Milliplex protocol. Serum samples were
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derived from terminal retro-orbital blood samples processed as per Eve
Technologies recommendations. The multiplex assay was performed by
Eve Technologies using the Bio-Plex 200 system and the Milliplex Mouse
Cytokine/Chemokine Magnetic Bead Panel Kit according to their proto-
col. Heat maps were created using the HeatMapImage (version 6) mod-
ule available on Gene Pattern (http://genepattern.broadinstitute.org/gp/
pages/index. jsf). Luminex data were preprocessed using the “affy” pack-
age in R, with RMA background adjustment and quantile normalization
procedures.* Resulting cytokine expression values were transformed to
the log, scale. Linear models were fit for each cytokine using the “limma”
package in R to test for differential expression for pre-specified contrasts.®
Pvalues for each contrast were obtained for each cytokine and adjusted for
multiple comparisons using the Benjamini-Hochberg procedure. After
preprocessing, we confirmed that samples were separated into homoge-
neous groups matching experimental groups and performed principal
component analysis (princomp function from “stats” package R) with all
32 cytokines.

Immunohistochemistry. Tissues were prepared for veterinary necropsy via
whole body formalin perfusion as described previously.” After fixation in
10% neutral buffered formalin, tissues were paraffin embedded, sectioned,
and stained using hematoxylin and eosin at the Core Histology Facility,
McMaster Immunology Research Centre.

RNA extraction from lungs and quantitative real-time PCR. Lungs were
perfused with PBS, excised, and snap-frozen in liquid nitrogen prior to
storage at —80 °C. Tissues were homogenized in Trizol (Life Technologies)
using a Polytron PT1200c (Kinematica, Bohemia, NY), with total RNA
extracted as per the manufacturers specifications. RNA samples were
then treated with the DNA-Free kit (Ambion, Austin, TX), followed by
reverse transcription using Superscript III First-Strand (Invitrogen, Life
Technologies) according to the manufacturer’s directions. Quantitative
PCR was performed on a StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA) using Perfecta SYBR Green SuperMix with
ROX (Quanta Biosciences, Gaithersburg, MD). Data for the indicated tar-
get genes (primer sequences found in Table 1) were analyzed via AAC,
method using GAPDH as the endogenous control. Analysis was per-
formed using the StepOne Software.

Statistical analysis. Student’s t-tests were used to compare data between
two groups. One and two-way ANOVA were used for analysis of more than
two groups, with Bonferroni posttests used to evaluate significance between
groups. Results were prepared using GraphPad Prism 5. Significant differ-
ences between means were defined as: *P < 0.05; **P < 0.01; ***P < 0.001.

SUPPLEMENTARY MATERIAL
Figure $1. NKG2DCARs are well expressed on murine CD4+ T cells.
Figure $2. Phenotypic profile of NKG2DCAR T cells in vitro.

Table 1 Primer sequences used for gene detection

Gene Primer sequence
GAPDH?> Fwd: AGGAGCGAGACCCCACTAAC
Rev: GGTTCACACCCATCACAAAC
Ho60a»? Fwd: TGCCTGATTCTGAGCCTTTTCA
Rev: ATTCACTGAGCACTGTCCATGTAGAT
H60b* Fwd: AGCCTTTTGGTCCTGCTGAAT

Rev: ATGTTTTTTATCACCAAAATCAAGGAGT
Fwd: CCCCAGTATCACCCAGCTTACAT
Rev: CCCTCCTCTGGCCTCTCCTT

panRae-1*

Mult-1% Fwd: AGCAGCTATGGAGCTGACTGCCA

Rev: AGCCTGCAGAGTGAGGGGCTTT
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Figure $3. in vitro cytokine production from CAR-T cells.

Figure $4. NKG2D ligand expression in the lungs of BALB/c mice.
Table S1. Clinical observations following ACT into naive BALB/c
mice.

Table $2. Serum cytokine concentrations 8h post ACT.

Table $3. Serum cytokine concentrations 8h post ACT into
CTX-pretreated mice.
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Supplemental Material
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Supplemental Figure 1: NKG2D-CARs are well expressed on murine CD4+ T cells. Expression
of NKG2D on CD4+ T cells was evaluated 3 days post retroviral transduction using the indicated
NKG2D-CAR retroviruses, with surface expression detected using an anti-NKG2D-APC antibody.
Shaded peaks represent CAR-'ve T cell staining. Mean fluorescence intensity and percentage of
NKG2D+ CD4+ cells are shown. Data is representative of at least three independent experiments.
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Supplemental Figure 2: Phenotypic profile of NKG2D-CAR T cells in vitro. (a) Viability of T cells
engineered with the indicated retroviruses was evaluated 3 days post transduction using the
Molecular Probes LIVE/DEAD Fixable kit, gating on all cells. Viability gates were set using acid-
killed and unstained controls. (b) Expression of NKG2D-ligands was evaluated 3 days post
transduction using an NKG2D-Fc chimeric protein, detected with an anti-human IgG-PE by flow
cytometry. Data is representative of at least three independent experiments.
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Supplemental Figure 3: In vitro cytokine production from CAR-T cells. T cells from BALB/c or
C57BL/6 mice engineered with the indicated CARs were stimulated with plate-bound Rae1p-Fc in
the presence of brefeldin A and stained for intracellular cytokine production. Gates are set on
unstimulated cells.
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Supplemental Figure 4: NKG2D ligand expression in the lungs of BALB/c mice. NKG2D ligand
expression was evaluated using qRT-PCR within the lungs of naive or CTX-pre-treated BALB/c mice
at either 24 or 32 hours post CTX administration (n=5). Expression of (a) H60a, (b) H60b, and (c)
Mult1 were evaluated using GAPDH as an internal reference, with relative expression calculated via

the delta/delta Ct method.
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Tables

Supplemental Table 1: Clinical observations following ACT into naive BALB/c mice

Ruffled - ++ +++ ++
Hunched - + +++ +
Ocular Discharge - ++ +++ 4+
Lack of grooming - + +4++ ++
Labored breathing - ++ ++ ++
Decreased activity - + ++ ++
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Supplemental Table 2: Serum cytokine concentrations 8h post ACT. Luminex analysis was
performed on BALB/c serum samples collected 8 hours post ACT. Concentrations are presented as
mean + SEM of N=5 run in duplicate. Fold change was calculated relative to PBS-treated controls.
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Supplemental Table 3: Serum cytokine concentrations 8h post ACT into CTX-pretreated
mice. Luminex analysis was performed on BALB/c serum samples collected 8 hours post ACT.
Concentrations are presented as mean + SEM of N=5 run in duplicate. Fold change was calculated
relative to PBS-treated controls.
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3.0 Chapter Three — Designed ankvrin repeat proteins are effective targeting
elements for chimeric antigen receptors

3.1 Introduction

Given the toxicities associated with NKG2D-based CAR-T cells, we ceased
our work developing these agents. As a consequence, we began to pursue other
chimeric antigen receptor strategies.

This manuscript describes a proof-of-concept study which was the first to
demonstrate that designed ankryin repeat proteins (DARPins) could be used as the
antigen-binding domains in chimeric antigen receptors. Human and murine variants
of a DARPin-targeted CAR, with specificity for the tumor associated antigen
HER2, were generated to permit the future evaluation of DARPin-targeted CAR-T
cells in syngeneic or xenograft models. This manuscript only describes the in vitro
evaluation of anti-HER2 DARPin-targeted CAR-T cells because the engineered
human T cells unexpectedly proved to be toxic in vivo.

3.2 Manuscript status, copyright, and citation

Status: Published manuscript

Copyright: © Hammill et al. 2015. The article is available under open access and
is printed under the terms of the Creative Commons Attribution 4.0 International
Public License (https://creativecommons.org/licenses/by/4.0/). The only
modification made is a repagination of the published work to fit sequentially within
this thesis.

Citation: Hammill, JA, VanSeggelen, H, Helsen, CW, Denisova, GF, Evelegh, C,
Tantalo, DGM, Bassett, JD, Bramson, JL. (2015). Designed ankyrin repeat proteins
are effective targeting elements for chimeric antigen receptors. Journal for
ImmunoTherapy of Cancer. 3:55. doi: 10.1186/s40425-015-0099-4. Available
online: https://jitc.biomedcentral.com/articles/10.1186/s40425-015-0099-4.

3.3 Published journal article
To follow beginning on subsequent page.
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Abstract

Background: Adoptive cell transfer of tumor-specific T lymphocytes (T cells) is proving to be an effective strategy
for treating established tumors in cancer patients. One method of generating these cells is accomplished through
engineering bulk T cell populations to express chimeric antigen receptors (CARs), which are specific for tumor antigens.
Traditionally, these CARs are targeted against tumor antigens using single-chain antibodies (scFv). Here we describe the
use of a designed ankyrin repeat protein (DARPIn) as the tumor-antigen targeting domain.

Methods: We prepared second generation anti-HER2 CARs that were targeted to the tumor antigen by either
a DARPIn or scFv. The CARs were engineered into human and murine T cells. We then compared the ability
of CARs to trigger cytokine production, degranulation and cytotoxicity.

Results: The DARPin CARs displayed reduced surface expression relative to scFv CARs in murine cells but
both CARs were expressed equally well on human T cells, suggesting that there may be a processing issue
with the murine variants. In both the murine and human systems, the DARPin CARs were found to be highly
functional, triggering cytokine and cytotoxic responses that were similar to those triggered by the scFv CARs.
Conclusions: These findings demonstrate the utility of DARPins as CAR-targeting agents and open up an
avenue for the generation of CARs with novel antigen binding attributes.

Keywords: Cancer, Immunotherapy, Chimeric antigen receptor, CAR, Designed ankyrin repeat protein, DARPIn

Background

Cancer immunotherapy aims to treat tumors by engaging
the patient’s immune system. One form of immunother-
apy, called adoptive cell transfer, infuses cancer patients
with a bolus of tumor-specific T lymphocytes (T cells),
and is proving to be an effective treatment for a variety of
malignancies [1-3]. In adoptive cell transfer, T cells iso-
lated from a tumor-bearing patient are grown to large
numbers ex vivo and are administered back into the pa-
tient to induce a robust anti-tumor immune response.
Tumor specificity can be achieved by either i) isolat-
ing naturally occurring tumor-specific T cells from
the patient, or ii) engineering bulk T cells from the
peripheral blood to express tumor-specific receptors

* Carrespondence: bramsonj@mcmaster.ca
Department Pathology and Molecular Medicine, McMaster Immunology
Research Centre, McMaster University, Hamilton, ON, Canada

( BioMed Central

on their surface. Naturally-occurring tumor-specific T
cells are rare and expanding them from a cancer patient is
typically a laborious procedure. In contrast, it is becoming
relatively easy to engineer readily-available peripheral
T cells with tumor-specific receptors through genetic
manipulation. Techniques have been developed for
this engineering process which are clinically-viable
and multiple clinical trials have demonstrated feasibil-
ity and efficacy of genetically-engineered T cells for
the treatment of cancer [1, 3-9].

Chimeric antigen receptors (CARs), recombinant pro-
teins designed for expression on the surface of T cells,
offer one way to engineer T cells with anti-tumor func-
tionality. CARs are composed of an extracellular antigen
recognition domain linked to intracellular signaling do-
mains derived from the T cell receptor and co-receptors
(including combinations of the signaling regions of

© 2015 Hammill et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
Interational License (http//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated
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CD3(, CD28, and/or 4-1BB, for example) such that the
T cells become activated following binding of tumor
antigen by the CAR. Depending upon the nature of the
intracellular signaling domains, this activation event can
lead to cytokine production, cytotoxic attack of the
tumor, and proliferation of the T cells.

Most CARs developed to date, including those spe-
cific for the tumor associated antigens human epider-
mal growth factor receptor 2 (HER2) [4, 10] and CD19
[3, 7, 8], utilize a single-chain variable fragment (scFv),
derived from an antibody, to enable antigen recognition.
However, scFvs do not represent the sole or, necessarily,
the optimal option for antigen targeting of CARs.

Ankyrin repeats (ARs), one of the most common
protein motifs found in nature, are 33 amino acid
long sequences composed of a B-turn followed by two
anti-parallel a-helices and a loop [11, 12]. Various
numbers of these individual ARs stack together to form
ankyrin repeat proteins which function as protein binders
[11, 13]. Recognizing the potential of these natural ankyrin
repeat proteins as alternative target-binding domains,
libraries of artificial stacked ARs, called designed ankyrin
repeat proteins (DARPins) were developed to allow for the
generation of repeat protein binders against a defined
target of interest [14, 15]. Each DARPin in these libraries
typically consists of between 2 and 6 repeating units; 2—4
repeats containing both fixed (framework sites required
for correct AR folding) and variable (randomized sites
leading to a diversity of target-binding capacity within the
library) amino acid positions sandwiched between non-
variable N-terminal and C-terminal capping repeats (es-
sential for correct DARPIn folding) [16, 17]. Expression of
these genetic DARPin libraries using ribosome or phage
display systems allows for the selection of DARPins with
the capacity to bind a defined target of interest as well as
refine binding affinity for that target [18].

DARPins offer a number of features which make them
attractive for use in the CAR field: 1) they are more
compact than scFvs and, thus, take up less space in the
genetic transfer vectors typically used for engineering T
cells (ex. retrovirus and lentivirus), 2) they are very
thermodynamically stable, and 3) they do not require
pairing of separate binding domains (e.g. Vi and Vi of
the scFv), allowing the facile linkage of multiple DAR-
Pins, with different specificities, which could be used to
create a multi-specific CAR.

We tested the utility of DARPins to target CARs
using a DARPin specific for the tumor associated
antigen HER2 [19]. As a gold standard, we employed
an scFv against HER2 [20]. Both targeting elements
were incorporated into murine and human CAR
scaffolds to rigorously test the suitability of DAR-
Pins. Our results demonstrated that targeting CARs
with DARPins is as efficacious as targeting CARs
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with scFvs and supports the further investigation of
DARPin CARs.

Results and discussion

Expression of DARPin28z on murine and human

T lymphocytes

To generate a chimeric antigen receptor which uses a
DARPIn for its antigen recognition domain, we exchanged
the scFv domain of a second generation CAR with specifi-
city against HER2 [20] (herein referred to as scFv28z) with
a HER2-specific DARPin [19] (herein referred to as DAR-
Pin28z) (Fig. la, b). We created both a murine and a hu-
man version of both CARs to allow for testing of the
DARPin antigen-binding domain in T cells from both spe-
cies. We noted that the DARPin28z CAR displayed
reduced surface expression on T cells from both C57BL/6
and BALB/c mice relative to the scFv28z CAR (Fig. 1c, d).
While we do not know the reason for the reduced surface
expression, the effect appeared to be related to the murine
system because the human DARPin28z receptors were
expressed at high levels on T cells from two different do-
nors and displayed surface expression levels equivalent to
the scFv28z CAR in the human T cells (Fig. 1c, e). To-
gether these data indicate that DARPin28z is successfully
expressed on the surface of both murine and human T
lymphocytes.

DARPin28z induces cytokine production by CAR-T cells
upon antigen binding

To test the functionality of the DARPin28z CARs, we
stimulated the engineered murine and human T cells
with recombinant HER2 or an unrelated control protein
(recombinant kinase insert domain receptor (KDR), also
known as vascular endothelial growth factor receptor 2
(VEGFR-2)) and measured the production of cytokines
using flow cytometry. Murine T lymphocytes expressing
the scFv28z CAR produced both IFN-y and TNF-a upon
stimulation with HER2, as did the same cells expressing
the DARPin28z CAR (Fig. 2a). Both scFv28z and DAR-
Pin28z were able to trigger IFN-y and TNF-a production
in a similar proportion of retrovirally engineered T cells
(those expressing the transduction marker Thyl.1)
(Fig. 2b). However, the level of CAR expression by retrovi-
rally transduced (Thyl.1 positive) cells varied significantly
between scFv28z and DARPin 28z CAR-T cells (Fig. 1d),
and when cytokine production data was normalized for
CAR-expression, DARPin28z was more effective at indu-
cing IFN-y and TNF-a double-producing T cells on a per-
CAR-T cell basis (Fig. 2c). Indeed, similar results were
observed for human T cells; DARPin28z was able to trig-
ger production of both IFN-y and TNF-a by human T
cells (Fig. 3a). In fact, in human T lymphocytes, DAR-
Pin28z proved more efficient than scFv28z at inducing
cells producing IFN-y and TNF-a among NGFR-positive
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Fig. 1 Expression of scFv28z and DARPin28z on the surface of murine and human T lymphocytes. a Schematic representation of CAR structures.
Each construct was composed of an antigen recognition domain (either scFv or DARPin), specific for HER2, fused to a myc tag, CD8a hinge,
(D28 transmembrane and signaling domains, and the signaling portion of CD3C. Identical constructs were generated for expression in murine or
human T cells, using species specific sequences for CAR components. b Schematic showing orientation of CAR structures in relation to the T cell
surface. Ribbon diagrams for the scFv and DARPin domains illustrate differences in tertiary structure and size. c-e CAR expression on the surface
of murine (BALB/c or C57BL/6) or human T cells was analyzed by flow cytometry. All plots show virally transduced CD8" lymphocytes
(CAR-expressing viruses also expressed transduction markers; Thy1.1 for murine constructs and NGFR for human constructs). CAR negative
cells were used as controls; T cells were transduced with constructs expressing transduction markers in the absence of a CAR. CAR expression
was measured by staining with an a-myc tag antibody, or a HERZFc fusion protein, followed by a secondary detection antibody. ¢. Representative plots
are shown. d-e Level of CAR expression by transduced cells; calculated for murine ((d) % CAR" /% Thy1.1 ") and human ((e) % CAR'/NGFR") CAR-T cell
cultures. Data representative of multiple experiments ((d) murine; CAR ~'ve n = 3, scFv28z n = 6, DARPin28z n=6) ((e) human: two donors, n=3 each

for CAR -'ve, scFv28z, DARPIN28z). Error bars = standard deviation (SD). * =p < 0.05 **=p < 0005 ** = p <0001

cells (lentivirally engineered T cells); IFN-y" TNF-a™:
11.7+£26 vs 17.0+52 (p<0.05), IFN-y" TNF-a':
122+22 vs 288+7.5 (p<0.001), IFN-y- TNF-a':
67+1.2 vs 11.7+3.1 (p<0.05). Furthermore, DAR-
Pin28z was also more efficient at inducing production
of IL-2 by human CAR-T cell cultures (Fig. 3b), although
showed no enhanced capacity to induce degranulation of
HER2 stimulated CAR-T cells, as determined by CD107a
release (Fig. 3c). Since the T cell populations are comprised
of a constellation of cells with distinct functional pheno-
types, we also employed SPICE analysis to determine
whether the two CARs selectively activated a particular
subpopulation of cells, but this analysis revealed no prefer-
ential activation of a particular subpopulation by either
CAR (Fig. 3d).

Observed differences in the magnitudes of response
may be explained by variances in target binding by the
anti-HER2 DARPin vs anti-HER2 scFv. For example,
the anti-HER2 DARPin utilized here has an affinity for
HER2 of 0.070nM [21] while the scFv has an affinity
of 7.2nM [22]. In addition, the scFv used to generate
our scFv28z CAR (FRP5 [20, 22]) binds to the distal-
most extracellular loops of HER2 [23], whereas the
anti-HER2 DARPin used to generate our DARPin28z
CAR binds HER2 proximal to the cell membrane [24],
which may influence epitope availability. While these
differences negate any direct comparisons between
DARPin28z and scFv28z efficacy, the above data reveals
that the DARPin28z CAR demonstrates an equivalent
capacity to activate T cell effector functions, specifically
cytokine production, as the scFv28z CAR.

DARPin28z induces CAR-T cell cytotoxicity against
HER2-positive tumor cells

To test the capacity of our DARPin28z CAR-T cells to in-
duce cytotoxicity against HER2-positive tumor cell targets,
engineered murine and human CAR-T cells were incu-
bated with a variety of HER2-positive and HER2-negative
tumor cell lines; viability of the cell lines was measured
6 h later. HER2-positive cell lines included murine D2F2/
E2, a murine breast carcinoma engineered to express
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human HER2, as well as SKBR3 and HCC1954, human
breast carcinomas which naturally overexpress HER2.
HER2-negative cell lines included D2F2, a murine breast
carcinoma (the parental line of D2F2/E2), and LOX-IMVI,
a human melanoma cell line. HER2 expression status on
tumor cells was verified via flow cytometry (Fig. 4a).
Murine DARPin28z CAR-T cells showed minimal killing
of HER2-negative tumor cells (Fig. 4b) but were able to
kill HER2-positive tumor cells at effector(E):target(T)
ratios of as low as 0.6 T cells per tumor cell (D2F2/E2 and
HCC1954, Fig. 4c, e) and 1 T cell per tumor cell (SKBR3,
Fig. 4d). Levels of tumor cell killing were similar between
scFv28z and DARPin28z CAR-T cells, with the exception
of SKBR3 tumor cells, against which DARPin28z CAR-T
cells showed increased cytotoxicity compared to scFv28z
(Fig. 4d). Human DARPin28z CAR-T cells behaved simi-
larly; HER2-negative tumor cells showed minimal cell
death after incubation with CAR-T cells at all E:T ratios
tested (Fig. 4f, j) while HER2-positive tumor cells showed
evidence of cytotoxicity starting at E:T ratios of 0.1 CAR-
T cells per tumor cell (D2F2/E2, Fig. 4g) and 2 CAR-T
cells per tumor cell (SKBR3, HCC1954, Fig. 4h, i). Human
DARPin28z CAR-T cells were equally as cytotoxic as their
scFv28z counterparts against SKBR3 targets (Fig. 4f), but
showed superior induction of cytotoxicity against D2F2/
E2 targets at all E:T ratios tested (Fig. 4g) and HCC1954
targets at a 2:1 E:T ratio (Fig. 4i). As such, we can con-
clude that the DARPin28z CAR is capable of activating T
cells to induce cytotoxicity against a HER2-positive tumor
target while sparing target-negative cells. These data, simi-
lar to the results generated following stimulation with re-
combinant HER-2, confirm that the DARPin28z receptors
demonstrate biological activity that is similar to the
scFv28z receptor.

Conclusions

These experiments position DARPin-targeted CARs as a
suitable alternative to their scFv-targeted counterparts
and strongly support the further investigation of DAR-
Pins for use targeting CARs; by all measures investi-
gated, DARPin28z performed similarly to scFv28z as a
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Fig. 2 DARPin28z induces murine CAR-T cell cytokine production upon HER2 stimulation. a 10° scFv28z, DARPiIN28z, or CAR —'ve transduced
murine T cells were stimulated with HER2 (HER2Fc fusion protein) or an unrelated target (KDRFc fusion protein) for four hours at 37 °C in a 96-well
plate. Production of IFN-y and TNF-a was measured by intracellular cytokine staining (ICS) and subsequent flow cytometry. Data from CD8" Thy1.1* T
cells is presented as mean of n=3 experiments (CAR -ve) and n =5 experiments (scFv28z and DARPin282) + SD. Bracketed numbers are quantitative
of the representative plots shown. b Visual comparison of cytokine production data from a. ¢ Cytokine expression data expressed relative to
CAR-positivity of transduced cells where CAR" transformant=% CAR*/% Thy1.1". Error bars=SD. *=p < 005 ** =p < 0.005 **=p < 0.001

mechanism for targeting T cells against a HER2-positive
target.

In our opinion, DARPins offer a number of attract-
ive features as an antigen-targeting domain. First,
DARPins are smaller than scFvs; our anti-HER2 scFv
is 739 bp [20] compared to 408 bp for the anti-HER2
DARPin [19]. Since lentivirus titers are often inversely
correlated with the size of the lentiviral insert [25, 26], the
ability to conserve coding sequence in the lentivirus
insert is a desirable feature afforded by using DAR-
Pins. Second, it has been argued that DARPins are
poorly immunogenic [16, 17], a useful property for
the safety and longevity of DARPin-based CAR-T cell
therapies. Finally, ARs are amenable to stacking; the
number of ARs stacked consecutively in a single pro-
tein ranges from one to 33 [11]. As such, we postu-
late that several DARPin molecules, each with unique
antigen-binding properties, could be stacked consecu-
tively to generate a single CAR with the capacity to
identify multiple tumor-targets.

Methods

Cell lines

Parental D2F2 and human HER2 expressing D2F2/E2
murine mammary tumor cell lines (provided by Dr.
Wei-Zen Wei, Barbara Ann Karmanos Cancer Insti-
tute, Detroit, MI) were cultured in hi-glucose DMEM
supplemented with 5 % FBS (Gibco; Life Technolo-
gies, Grand Island, NY), 5 % cosmic calf serum
(Fisher Scientific, Waltham, MA), 2.4 mM L-glutam-
ine (BioShop Canada Inc., Burlington, ON), 0.12 mM
non-essential amino acids (Gibco), 120U/mL penicillin
(Gibco), 120 pg/mL streptomycin (Gibco), 55 uM B-
mercaptoethanol (Gibco), and 0.6 mM sodium pyruvate
(Sigma-Aldrich Canada Co., Oakville, ON). D2F2/E2
media contained 800 pg/mL geneticin (Gibco). The
human tumor cell lines SKBR3, HCC1954, and LOX-
IMVI (provided by Dr. Karen Mossman, McMaster
University, Hamilton, ON) were cultured in RPMI
1640 supplemented with 10 % FBS, 2 mM L-glutam-
ine, 10 mM HEPES (Roche Diagnostics, Laval, QC),
100U/mL penicillin, 100 pg/mL streptomycin, and
55 uM p-mercaptoethanol. All cell lines were grown
at 5 % CQO,, 95 % air, and 37 °C.
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Generation of CAR retroviruses

A murine anti-HER2 scFv CAR (murine scFv28z) was
synthesized at Genscript using the FRP5 scFv sequence
(kindly provided by Dr. Phillip K Darcy (University of
Melbourne, Parkville, Victoria, Australia) [27]; the scFv
[20], was linked to a marker epitope from human c-myc,
the membrane proximal hinge region of murine CDS,
the transmembrane and cytoplasmic regions of murine
CD28, and the cytoplasmic region of murine CD3(
(Table 1). The murine scFv28z was cloned into the retro-
viral vector pRV2011 oFL (used for the generation of
CAR —‘ve transduced murine T cells) [28] (kindly pro-
vided by Dr. Brian Rabinovich, MD Anderson, Houston,
TX, USA) which also encodes that Thyl.l marker gene.
To generate DARPin28z, the FRP5 sequence in murine
scFv28z was replaced with the sequence for the G3 anti-
HER2 DARPin [19] [RCSB Protein Data Bank: 2jab].
The G3 DARPin sequence was synthesized at Genscript
(Piscataway, NJ, USA). Retroviral supernatants were gen-
erated by transient transfection of a packaging cell line
with pRV2011 CAR vectors. CAR retroviral vectors
(10 pg) and the packaging plasmid pCL-Eco (10 pg)
were co-transfected into PLAT-E cells using Lipofecta-
mine 2000 (Invitrogen; Life Technologies). Retrovirus
containing supernatants were collected 48 h later and
concentrated 40-fold using an Amicon Ultra 100 K cen-
trifugal filter (Millipore (Canada) Ltd., Etobicoke, ON);
this process was repeated at 72 h.

Generation of CAR lentiviruses

Human variants of scFv28z and DARPin28z were con-
structed in which the membrane proximal CD8 hinge re-
gion, the transmembrane and cytoplasmic regions of
CD28, and the cytoplasmic region of CD3{ of the murine
CARs were replaced with the corresponding regions of
their human counterparts (Table 1) (again, the cDNA se-
quence was synthesized at Genscript). Human scFv28z
and DARPin28z CAR sequences were cloned into the len-
tiviral vector pCCL ANGFR (used for the generation of
CAR —'ve transduced human T cells) [29] (kindly provided
by Dr. Megan Levings, University of British Columbia,
Vancouver, BC). CARs were cloned downstream of the
human EFla promoter leaving ANGER intact downstream
of the minimal cytomegalovirus promoter in a bicistronic
vector, pCCL. Third generation lentiviruses were made for
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Fig. 3 DARPIn28z induces human CAR-T cell cytokine production upon HER2 stimulation. 10° scFv28z, DARPiIn28z, or CAR —'ve transduced human
T cells were stimulated with HER2 (HER2Fc fusion protein) or an unrelated target (KDRFc fusion protein) for four hours at 37 °C in a 96-well plate.
a Production of IFN-y and TNF-a was measured by ICS and subsequent flow cytometry. Data from CD8" NGFR" T cells is presented as mean + SD.
Bracketed numbers are quantitative of the representative plots shown. b Production of IL-2 by CD8" NGFR" T cells as measured by ICS. € Production
of CD107a by CD8" NGFR" T cells as measured by ICS. d Pie graphs capturing the distribution of single and multi-functional CAR-T cells as produced
with SPICE software, Pie arcs indicate functional populations represented by pie wedges. Error bars=SD. * = p <0.05 **=p < 0.005 ***=p <0.001. All

data from n =3 experiments repeated with T cells from two donors

each CAR construct; 8 x 10° HEK 293 T cells in 15 ¢cm
tissue culture treated dishes (NUNC) (cultured in
DMEM supplemented with 10 mM HEPES, 2 mM L-
glutamine, 10 % FBS, and 0.1 mg/mL normocin (Invivogen,
San Diego, CA)) were transfected with plasmids pRSV-Rev
(625 pg), pMDLg-pRRE (12.5 pg), pMD2.G (9 pg), and
CAR-encoding pCCL (30 pg) (kindly provided by Dr.
Megan Levings, University of British Columbia, Vancouver,
BC) using Lipofectamine 2000. After overnight incubation,
media was replaced and supplemented with 1 mM sodium
butyrate (Sigma-Aldrich). 30 h later, supernatants were
harvested, filtered (0.45 pum), and concentrated (4 °C, 1 hr
40 min, 1.3 x 105rcf). Viral stocks were resuspended in
PBS and stored at —80 °C. Thawed virus aliquots were ti-
trated by serial dilution and transduction of HEK 293 T
cells to determine transduction units per milliliter.

Transduction of murine T cells

Female BALB/c and C57BL/6 mice were purchased from
Charles River Breeding Laboratory (Wilmington, MA). All
of our investigations have been approved by the McMaster
Animal Research Ethics Board. To generate murine T
lymphoctes for retroviral transduction, 3 x 10° freshly iso-
lated splenocytes were cultured in 1 mL T cell media
(RPMI supplemented with 10 % FBS, 2 mM L-glutamine,
10 mM HEPES, 0.5 mM sodium pyruvate, 0.1 mM non-
essential amino acids, 55 pM [-mercaptoethanol, and
0.1 mg/mL normocin or 100U/mL penicillin + 100 pg/mL
streptomycin) supplemented with 0.3 pg/mL o-CD3e
(clone 145-2C11, Cat No. 553057, BD Pharmingen, San
Diego, CA) and 400U/mL rhIL-2 (Cat No. 200-02,
Peprotech, Rocky Hill, NJ). Twenty-four hours after acti-
vation, 600 pL of media were removed from T cell cultures
and 100 pL of the concentrated retroviral supernatant was
added, along with 2 pg/mL Lipofectamine 2000 and
1.6 pg/mL Polybrene (Sigma-Aldrich). Cultures were spun
at 2000 rpm, 32 °C for 90 min, allowed to rest for 1-4 h,
and were supplemented with 0.5 mL T cell media + 400U/
mL rhlL-2. This process was repeated at 48 h after activa-
tion with the 72 h retroviral concentrates. Seventy-two
hours after activation, retrovirally transduced T cell cul-
tures were expanded into 30 mL of DC media + 400U/mL
rhIL-2. Six to eight days after activation, resultant CAR-T
cells were enumerated for use in vitro.

Transduction of human T cells

Peripheral blood mononuclear cells from healthy donors
were obtained using Ficoll-Paque-Plus (GE Healthcare,
Baie d'Urfe, QC) separation. This research was approved
by the McMaster Health Sciences Research Ethics Board
that operates in compliance with the ICH Good Clinical
Practice Guidelines, the Tri-Council Policy Statement:
Ethical Conduct for Research Involving Humans, Division
5 Health Canada Food and Drug Regulations, and the
Helsinki Declaration. All donors in this study provided in-
formed written consent. 1 x 10° cells were activated with
anti-CD3/CD28 beads at a 1:1 ratio (Dynabeads, Cat No.
11131D, Life Technologies) in a 96-well round bottom
plate (cultured in T cell media) with 100U/mL rhIL-2 and
10 ng/mL rhIL-7. Twenty-four hours after activation, T
cells were transduced with lentivirus at an MOI of 1:1.
CAR-T cell cultures were expanded into fresh media (T
cell media supplemented with 100U/mL rhIL-2 and
10 ng/mL rhIL-7) as required for a period of 10-15 days
prior to enumeration and use in vitro.

Flow cytometry

Detection of CAR constructs on the surfaces of murine or
human T lymphocytes was determined by indirect im-
munofluorescence with HER2Fc chimeric protein (Cat No.
1129-ER-050, R&D Systems, Minneapolis, MN) followed
by a phycoerythrin (PE)-conjugated goat anti-human IgG
(Cat No. 109-115-098, Jackson ImmunoResearch, West
Grove, PA) or anti-myc-tag (clone 9B11, Cell Signaling
Technology, Danvers, MA) followed by a PE-conjugated
goat anti-mouse IgG (Cat No. 115-116-146, Jackson
ImmunoResearch). Cell surface phenotyping of mur-
ine CAR-T cells was determined by direct staining
with AlexaFluor(AF)700-conjugated anti-CD8a (clone
53-6.7, eBioscience Inc., San Diego, CA), PerCP-
Cy5.5-conjugated anti-CD8a (clone 53-6.7, BD Phar-
mingen), PE-conjugated anti-CD8b (clone H35-17.2,
BD Pharmingen), PE-conjugated anti-CD90.1 (Thyl.1,
clone OX-7, BD Pharmingen), and/or fluorescein iso-
thiocyanate (FITC)-conjugated anti-CD90.1 (clone
HIS51, eBioscience Inc.). Cell surface phenotyping of
human CAR-T cells was determined by indirect stain-
ing with HER2Fc chimeric protein (as for murine T
cells) and direct staining with PE-CF594-conjugated
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Fig. 4 DARPin28z murine and human CAR-T cells are capable of killing HER2* tumor cells. a Expression of HER2 on a panel of five tumor cell lines
was verified by flow cytometry using a primary anti-HER2 antibody followed by a secondary detection antibody (thick lines). Shaded histograms
indicate secondary only controls and numbers indicate mean fluorescence intensity. b-e Transduced murine T cells (effectors) were incubated
together with tumor cells (targets) at various ET ratios for 6 h in a 96-well plate. Each E:T was tested in triplicate. Error bars = standard error
(SE). f-j Human CAR-T cells were incubated together with tumor cells at various E:T ratios for 6 h. Each E:T was tested in triplicate, data shown
is the mean from n = 3 experiments repeated with T cells from two donors. Error bars = SE. Statistics compare scFv28z vs DARPin28z (* =p < 0.05
= p <0005 ¥*=p < 0001)
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Table 1 Amino acid sequences of CAR domains. The ten
n-terminal and ten c-terminal amino acids which flank the
protein regions utilized as CAR domains (with the exception of
c-myc for which the sequence is listed in its entirety)

Murine CAR sequences:

Domain N-terminus C-terminus
c-myc tag EQKLISEEDL
CD8 hinge VISNSVMYFS  SVKGTGLDFA
CD28 transmembrane and cytoplasmic  ALVWAGVLF  PARDFAAYRP
CD3( cytoplasmic LRAKFSRSAE  ALHMQTLAPR

Human CAR sequences:

Domain N-terminus C-terminus
CD8 hinge SALSNSIMYF  GGAVHTRGLD
CD28 transmembrane and cytoplasmic  FWVLVWWGGY  PPRDFAAYRS
CD3( cytoplasmic RVKFSRSADA  ALHMQALPPR

anti-CD271 (NGFR, clone C40-1457, BD Biosciences), and
AF700-conjugated anti-CD8a (clone OKTS, eBioscience
Inc.). All flow cytometry was conducted on a BD FACS-
Canto or BD LSRII cytometer (BD Bioscience) and ana-
lyzed using FlowJo vX.0.7 software (FlowJo, LLC, Ashland,
OR, USA).

Functional analysis of CAR-T cells following stimulation
with recombinant protein

10° murine or human CAR-T cells were stimulated in
round bottom tissue culture treated 96-well plates coated
with 200 ng HER2Fc chimeric protein (Cat No. 1129-ER-
050, R&D Systems) or 200 ng KDRFc chimeric protein
(Cat No. 443-KD, R&D Systems) for 4 h at 37 °C. Protein
transport was inhibited according to the BD Golgi Plug
protocol (Cat No. 555029 BD Biosciences, San Diego,
CA). Production of activation cytokines was determined
by flow cytometry. Cells were stained for surface pheno-
type markers as above. To permit intracellular cytokine
staining (ICS), CAR-T cells were fixed and perme-
abilized according to BD Cytofix/Cytoperm Fixation/
Permeabilization Kit protocol (Cat No. 554714, BD Bio-
sciences). ICS of murine CAR-T cells was conducted by
direct staining with allophycocyanin (APC)-conjugated
anti-IFN-y (clone XMGL1.2, BD Pharmingen) and PE-
cyanine(Cy)7-conjugated anti-TNF (clone MP6-XT22,
BD Pharmingen). ICS of human CAR-T cells was con-
ducted by direct staining with APC-conjugated anti-IFN-y
(clone B27, BD Pharmingen), FITC-conjugated anti-
TNF (clone MAb11, BD Pharmingen), PE-conjugated
anti-IL-2 (clone MQ1-17H12, BD Biosciences), and FITC-
conjugated anti-CD107a (clone H4A3, BD Pharmingen).
Analysis and presentation of distributions was performed
using SPICE version 5.1, downloaded from [30]. Compari-
son of distributions was performed using a Student’s T test

58

and a partial permutation test as described [31], with a
threshold of 0.09.

In vitro cytotoxicity assay

Adherent tumor cell lines were plated at 1.25 x 10* cells/
well (D2F2, D2F2/E2, HCC1954, or LOX-IMVI) or
125 x 10" (human CAR-T cell cytotoxicity assay) or
2.5x 10" cells/well (murine CAR-T cell cytotoxicity
assay) (SKBR3) overnight in 96-well flat bottom tissue
culture treated plates. Transformed murine or human T
cell cultures were added to wells of tumor cells at vari-
ous E:T ratios (from 0.1:1 to 6:1) and co-incubated to-
gether at 37 °C for 6 h. Murine T cells were added based
on effectors defined as cells from day 6 to 8 transduced
murine T cell cultures. Human T cells were added based
on effectors defined as CAR-positive cells from day 15
transduced human T cell cultures. Wells were washed
3x with warmed PBS to remove any non-adherent cells.
100 pL of a 10 % solution of AlamarBlue cell viability re-
agent (Life Technologies) in T cell media was added and
wells were incubated at 37 °C overnight. Colour change,
indicative of live cells, was measured by fluorescence
(excitation 530 nm, emission 595 nm) on a Safire plate
reader (Tecan, Maennendorf, Switzerland). Tumor cell
viability was calculated as the loss of fluorescence in ex-
perimental wells compared to untreated target cells.
Each condition was tested in triplicate.

Statistical analysis

Student’s ¢ tests, two-tailed, type two, were used to com-
pare data between two groups. Results were prepared
using Microsoft Excel 2010. Significant differences were
defined as: * =p < 0.05, ** = p <0.01, ** = p<0.001; NS =
not significant.

Abbreviations

AR: ankyrin repeat; CAR: chimeric antigen receptor; CAR-T cell: chimeric
antigen receptor transduced T cell; DARPIn: designed ankyrin repeat protein;
E: effector; scFv: single-chain variable fragment; SD: standard deviation;

SE: standard error; T: target.
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4.0 Chapter Four — Chimeric antigen receptor driven toxicity is mediated by
co-stimulation of CD4"' T cells in a donor-specific manner

4.1 Introduction

When anti-HER2 DARPin-targeted human CAR-T cells were evaluated in a
solid tumor xenograft model, mice displayed clinical symptoms of toxicity within
days of adoptive transfer. This manuscript describes the characterization of those
toxicities and our use of the model to probe whether factors intrinsic to a human
CAR-T cell product may be contributing to CAR-T cell-associated toxicities, a
previously unappreciated facet of the pathogenesis of CAR-T cell toxicity. The
human DAPRin28z CAR evaluated in Chapter Three is identical to the DARPin-
28z CAR utilized in this study.
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defined prior publication bans, a temporary hold on the electronic publication of
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(2018). Chimeric antigen receptor driven toxicity is mediated by co-stimulation of
CD4" T cells in a donor-specific manner. In submission: The Journal of Clinical
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Abstract:

Tumor-targeted chimeric antigen receptor (CAR)-engineered T cells (CAR-
T cells) have demonstrated a great deal of clinical success. However, the
administration of CAR-T cells is associated with a constellation of toxicities.
Currently, the pathogenesis of CAR-T cell-associated toxicities are incompletely
understood and elucidation of contributing factors is required to develop CAR-T
cell therapies with an enhanced safety profile. Herein we use a novel xenograft
model of CAR-T cell-associated toxicity, which permits simultaneous monitoring
of anti-tumor efficacy, to determine whether donor-specific attributes contribute to
CAR-T cell toxicity. In this model, human CAR-T cells targeted against the tumor
associated antigen HER2 were capable of driving acute, often lethal, toxicities. The
severity of toxicity correlated with the degree of therapeutic efficacy. Both toxicity
and efficacy were dependent upon CAR-T cell dose, the composition of
intracellular signaling domains, and the PBMC-donor used as a T cell source. The
inclusion of CD28 or 4-1BB co-stimulatory domains within the CAR structure were
central to the activity of the CAR T cells; the CD28 domain yielded a more potent
T cell product which was associated with superior expansion in vivo and
exacerbated toxicities. Donor-dependent differences in the severity of toxicity
paralleled the CD4" to CD8" T cell ratio in the adoptive transfer product, which was
not a result of the starting ratios but rather reflected an inherent biological property
of the donor. CD4" CAR-T cells were determined to be the primary contributors to
CAR-T cell-associated toxicity. Differences in the severity of toxicity across donors
persisted even after the CAR-T cell products were normalized for CD4" cells,
underpinned by differences in expansion and/or cytokine production, which were
unique amongst donors. We conclude that donor-specific attributes of the CAR T
cell product may be contributing to the clinical variation observed in the severity of
CAR-T cell-associated toxicity.
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Introduction:

The adoptive transfer of chimeric antigen receptor (CAR)-engineered T
lymphocytes (CAR-T cells) for the treatment of cancer has been generating a great
deal of clinical success, particularly in the realm of hematological malignancies (1-
7). An unfortunate outcome of this success has been a constellation of CAR-T cell
associated toxicities, ranging in severity from mild to life threatening, of which the
pathogenesis is incompletely understood (8-10). A more comprehensive
understanding of the factors contributing to CAR-T cell toxicities is critical to
facilitate the development of therapeutics with an improved safety profile.

Chimeric antigen receptors (reviewed in (11-13)) are recombinant proteins
which, when engineered for expression on the surface of T lymphocytes, are
capable of redirecting those T cells against a tumor target. CARs are composed of
an extracellular antigen recognition domain, specific for a tumor target, and
intracellular T cell activation domains, which trigger T cell effector functions and
cytotoxicity upon target ligation. Second generation CARs, which dominate clinical
trials, pair an intracellular T cell activation signal (primarily CD3{) with a co-
stimulatory domain (typically either CD28 or 4-1BB). Currently, most CAR-T cells
are prepared as an autologous product where the patient’s own T cells are extracted,
engineered to express the CAR, and infused into the patient as a cellular drug.

The excitement generated by the remarkable clinical efficacy of CAR-T
cells in hematological malignancies has been tempered by a profound toxicity
profile. CAR-T cell associated toxicities can be broadly classified into two
categories: cytokine associated and autoimmune (14).

The most commonly described CAR-T cell associated toxicity is cytokine
release syndrome (CRS) (8). CRS is an acute (onset within hours to days), systemic
inflammation resulting from the activation and expansion of CAR-T cells. Patients
experiencing CRS present with symptoms ranging from mild fevers and myalgia to
severe and (in some cases) life-threatening hypoxia, hypotension, and vascular
leakage (among others) (4, 8, 15). The syndrome is characterized by elevated serum
levels of several inflammatory cytokines, most commonly IFN-y, IL-6, and IL-10,
although others have been observed (TNF-a, GM-CSF, MCP-1, IL-8, IL-5, IL-2,
etc.) (8, 10, 14, 16, 17). In CRS, these cytokines are either directly produced by
activated CAR-T cells or by other immune cells, such as macrophages, activated as
a result of CAR-T cell cytokine production (macrophage activation syndrome).
Neurologic toxicity may also be observed, however whether neurologic symptoms
are related to CRS (6, 15), or are an independent observation (8), is unclear. CRS
has been observed in the treatment of both solid (18, 19) and hematological
malignancies (1, 2, 4, 7, 15) with CAR-T cells and is a major clinical concern for
their implementation; the incidence of CRS has been as high as 100% in some trials
(4), and despite advances in monitoring and treatment, severe CRS (sCRS) still
carries a risk of mortality (20). While several studies have identified pre-treatment
tumor burden as a strong predictor of the occurrence or severity of CAR-T cell
associated CRS (4, 6, 15, 20, 21), disease burden alone is unable to predict patients
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at risk for developing CRS/sCRS (17) (see patients 4 and 16 in (5), for example),
suggesting that additional, unidentified factors contribute to its pathogenesis.

Autoimmune toxicities arise when CAR-T cells respond against healthy,
non-tumor tissues. This can occur when CAR-T cells respond against expression of
their target antigen on non-tumor tissue, so-called “on-target, off-tumor” toxicity.
Clinical use of CAR-T cell therapies for hematological tumors have been associated
with the destruction of non-tumor tissues, as tumor-associated targets like CD19
and BCMA are also expressed on healthy B cells and plasma cells (2, 22, 23).
However, these antibody producing tissues are considered non-essential as their
loss can be managed by intravenous immunoglobulin therapy (IVIG). Other cases
of on-target, off-tumor toxicities have been graver. Patients treated with anti-
carbonic anhydrase IX (CAIX) CAR-T cells experienced hepatic toxicity resulting
from a response against CAIX" bile duct epithelial cells (24). More seriously, on-
target, off-tumor toxicity was lethal in one patient when CAR-T cells targeted
against HER2 responded against HER2" lung epithelial cells (25). Alternatively,
cross-reactivity of CAR-T cells against a non-target antigen, “off-target, off-tumor”
responses, could also theoretically damage healthy tissues (10). Indeed, in related
clinical studies TCR-engineered T cells targeted against MAGE-A3 caused lethal
toxicities due to unexpected cross-reactivity against an antigen expressed on
healthy tissue (26). Autoimmune toxicities can be managed during the development
of the CAR-T cell by selecting for targets that are unique to the tumor and
performing in-depth cross-reactivity analysis to ensure the CAR is antigen-specific.
However, as CAR-T cell therapy expands into the realm of solid tumors, where
many of the currently identified CAR-targetable tumor antigens are also expressed
at low levels on healthy tissues, on-target, off-tumor toxicities are likely to become
more prevalent. Therefore, it is imperative that we better understand the features of
CAR-T cell products that influence autoimmune toxicities.

A better understanding of the biological underpinnings of these toxicities
may aid the development of safer engineered T cell therapeutics. In particular, little
is known about if and how the CAR-T cell product itself contributes to toxicity.
Elucidation of any CAR-T cell intrinsic properties contributing to differences in
toxicity is occluded in clinical data by other sources of patient-to-patient variability
(such as pre-treatment regime, pre-treatment tumor-burden, and CAR-T cell dose).

We have developed a pre-clinical xenograft model where the efficacy of the
CAR-T cell therapy is associated with severe, often lethal, toxicities. Here, we use
this model as a standardized system to characterize toxic properties intrinsic to
human CAR-T cell products. We observed differences in toxicity onset and severity
dependent upon the T cell donor used to generate the CAR-T cell product and
attributed these differences, in part, to the frequency of CD4" T cells in the cell
product. However, even when normalized for CD4" CAR-T cell dose, donor-
specific differences in CAR-T cell toxicity persisted and mirrored donor-specific
differences in in vivo expansion and cytokine production. These data shed new light
on the factors that contribute to the clinical variation observed in the severity of
CAR-T cell-associated toxicity. Moreover, these results have important
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implications for the selection of donors to be used for the production of allogeneic
off-the-shelf CAR-T cell products.
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Results:

Second-generation DARPin-targeted anti-HER2 CAR-T cells were toxic in
vivo

We previously described a second-generation CAR targeted against the
tumor-associated antigen HER2 using a designed ankyrin repeat protein (DARPin)
and containing the intracellular signaling domains from CD3( and CD28 (27)
(herein referred to as DARPin-28z; Fig. 1A). For this report, we also generated two
other anti-HER2 DARPin-targeted CARs: a second generation CAR containing the
4-1BB co-stimulatory domain (DARPin-BBz) and a first generation CAR
containing CD3( alone (DARPin-z). As a negative control for these studies, T cells
were engineered with a lentivirus encoding truncated NGFR alone (NGFR-T cells)
(Fig. 1A). All three CARs were similarly well expressed on the surface of lentiviral-
transduced primary human T cells (Fig. 1B). Upon stimulation with a HER2-
positive tumor cell line (OVCAR-3), DARPin-28z-, DARPin-BBz-, and DARPin-
z-T cells all showed a similar capacity to produce the activation cytokines IFN-y
(Fig. 1C) and TNF-a (Fig. 1D). All three DARPin-targeted CAR-T cells were
similarly cytotoxic against OVCAR-3 tumor cells, whilst sparing HER2-negative
LOX-IMVI tumor cells (Fig. 1E-F). NGFR-T cells were functionally unresponsive
against either tumor cell line.

To evaluate whether differences in efficacy would manifest in vivo, NRG
mice bearing subcutaneous OVCAR-3 tumors were treated with 2.0x10° CAR-T
cells. Despite having demonstrated similar functionality in vitro, only DARPin-
28z-T cells demonstrated anti-tumor efficacy in vivo; tumor growth in DARPin-
BBz- and DARPin-z-T cell-treated mice was no different than NGFR-T cell-treated
controls (Fig. 1G).

We observed lethal toxicity associated with DARPin-28z-T cell treatment.
Symptoms of toxicity included decreased body condition, hunched posture, ruffled
coat, and labored breathing (data not shown); simultaneous decreases in core body
temperature (Fig. 1H) and weight loss (Fig. 1I) were used as quantifiable measures
of toxicity onset and severity. Importantly, mice treated with DARPin-BBz-,
DARPin-z-, or NGFR-T cells showed no evidence of toxicity, indicating that the
toxicity was a consequence of the CD28 co-stimulatory domain. Toxicity was lethal
in 7 of 8 mice within 42d of DARPin-28z-T cell treatment (Fig. 1J).

When DARPin-28z- and DARPin-BBz-T cells were administered at a
higher dose, we observed comparable toxicity and noted that the onset was much
more rapid, demonstrating a dose-dependence to the magnitude and rate of the
toxicity. Even at this elevated dose, first-generation CAR- and NGFR-T cells
remained non-toxic (Fig. 1K-L), confirming the contribution of the co-stimulatory
domains to the toxicity. Due to the rapidity of demise, we were unable to evaluate
anti-tumor efficacy. A subsequent dose titration experiment confirmed the dose-
dependency of DARPin-28z-T cell toxicity (Supplemental Fig. 1); while reducing
the dose to 0.66x10° DARPin-28z-T cells was able to abate toxicities, the anti-
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tumor efficacy was also tempered (Supplemental Fig. 1D), suggesting the two
events were linked.

DARPin-28z-T cells became activated in pulmonary and cardiac tissues,
driving a systemic cytokine storm

DARPin-28z-T cells also produced toxicity in tumor-free mice
(Supplemental Fig. 2A-C), indicating that the toxicity was due to CAR-T cell
attack against healthy tissues. To uncover the anatomical site or sites of the CAR-
T cell attack, total body necropsy was performed on DARPin-28z-T cell-treated
mice. Aberrant masses of immune cell infiltrate were observed in pulmonary and
cardiac tissues of DARPin-28z-T cell treated mice, but not in matched NGFR-T
cell treated counterparts.

Pulmonary masses of immune cells, as observed by H&E, began forming at
subpleural areas (data not shown) and as perivascular cuffs as early as one day post-
adoptive cell transfer dose 1 (ACT1). Pulmonary masses worsened over time and
were present throughout the tissue by three days post-ACT1 (Fig. 2A). The masses
contained scattered neutrophils and IHC for human CD3 confirmed the
concentrated presence of human T cells; in contrast, NGFR-T cell treated mice
exhibited only scattered T cells throughout the lungs (Fig. 2B). Upon closer
inspection, there was also a striking difference in the size of CD3" cells; DAPRin-
28z-T cells were much larger than matched NGFR-T cells, suggesting that
DARPin-28z-T cells were activated at pulmonary sites.

In comparison to lung, the formation of T cell-containing immune deposits
at cardiac sites in DARPin-28z-T cell treated mice was delayed. Moderate immune
deposits formed in a papillary muscle or the right heart wall, starting at three days
post-ACT1 and reaching ubiquity (3/3 mice) by five days post-ACT1. Again,
NGFR-T cells were smaller and showed only a scattered presence in cardiac tissue
(Fig. 20C).

Both DARPin-28z- and NGFR-T cell treated mice showed only a scattered
intratumoral infiltrate of CD3" cells at day 5, consistent with the limited anti-tumor
efficacy observed at this time (Fig. 2D).

Multiplex immunofluorescence was performed to characterize the T cells
within these tissues. Lung slides were stained concurrently for CD4*, CD8", and
the proliferative marker Ki-67. The pulmonary infiltrate in DARPin-28z-T cell
treated mice was almost entirely composed of Ki-67" CD4" cells, indicating local
proliferation of CD4" CAR-T cells (Fig. 2E,F).

Multiplex analysis of human cytokines in the serum of the treated mice
revealed a marked cytokine storm resulting from the activation of the DARPin-28z-
T cells, which exacerbated over time. (Fig. 2G, Supplemental Fig. 3,
Supplemental Table 1,2). The profile of the cytokines reflected an unbiased
activation of CD4" T cells, with evidence of Thl cytokines (GM-CSF, IFN-y), Th2
cytokines (IL-5, IL-13) and regulatory cytokines (IL-10).
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DARPin-28z-T cell toxicity was donor-dependent

The relationship between toxicity and efficacy observed in our model
parallels the clinical experience where therapeutic doses of CAR-T cells are often
associated with toxicities. However, toxicities are not apparent in all patients with
good responses to CAR-T cell therapies, suggesting that the donor may influence
the toxic profile of the T cell product. To address this hypothesis, DARPin-28z-T
cells were generated from three PBMC donors: MACO014, LEUKO0O1, and
MACO026. The CAR was equally well expressed on the surface of T cells from all
donors (Fig. 3A) and resultant CAR-T cells were equally capable of producing the
T cell activation cytokines IFN-y (Fig. 3B) and TNF-a (Fig. 3C) upon exposure to
a HER2" tumor cell line (with the exception of LEUK001 CD4" cells, which
showed an ~2-fold increase in IFN-y production over CD4" DARPin-28z-T cells of
MACO026 origin). MACO014-derived DAPRin-28z-T cells demonstrated superior
cytotoxicity against HER2" tumor cell targets as compared to MACO026- or
LEUKO0O1-derived counterparts (Fig. 3D,E), which was likely a result of the higher
frequency of CD8" T cells in the MACO014 CAR product (Fig. 3F) (CD8" CAR-T
cells outperform CD4" CAR-T cells during in vitro cytotoxicity assays (data not
shown)).

NRG mice bearing OVCAR-3 tumors were treated with 6.0x10° (Fig. 3G-
I) or 2.0x10° (Fig. 3J-L) CAR-T cells from each donor, or a matched number of
NGFR-T cells. While the in vitro comparisons revealed little difference between
the various T cell products, the DARPin-28z-T cells displayed dramatically
different properties in vivo. MACO14-derived DARPin-28z-T cells showed only a
mild, transient toxicity at the 6.0x10° dose (Fig. 3G), and were completely non-
toxic at the 2.0x10° dose (Fig. 3J). In contrast, both MAC026- and LEUKO001-
derived DARPin-28z-T cells were highly toxic; at the 6.0x10° dose, CAR-T cells
derived from either donor were universally toxic within seven days of ACT (Fig.
3I). At the 2.0x10° dose, despite an equivalent onset of toxicity (Fig. 3J), mice
treated with MACO026-derived DAPRin-28z-T cells were ultimately more toxic
than the product generated from LEUKO001 (Fig. 3L). Again, we observed a link
between efficacy and toxicity. The minimally toxic DARPin-28z-T cell product
derived from MACO014 PBMCs did not demonstrate any significant anti-tumor
efficacy (Fig. 3H,K). In contrast, toxic LEUKOOI1-derived DARPin-28z-T cells
were capable of mediating tumor regressions (Fig. 3K) (the rapidity of demise in
MACO026-derived DARPin-28z-T cell treated mice negated an evaluation of long-
term anti-tumor efficacy).

In summation, these data indicate that factors endogenous to the CAR-T cell
product itself, particularly differences arising as a result of donor-to-donor
(analogous to patient-to-patient in the clinical setting) variation, contribute to
differences in CAR-T cell associated toxicities.

Both T cell subset composition and donor background influenced toxicities

We next aimed to understand the factors underpinning the donor-to-donor
differences in toxicity and efficacy. We noted that the donor hierarchy of DAPRin-
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28z-T cell-associated toxicity severity (MAC014 < LEUKO00l < MACO026)
paralleled the CD4" T cell fraction of the CAR-T cell products generated from those
donors (Fig. 3F). Given that the pulmonary immune pathology in DAPRin-28z-T
cell treated mice was largely composed of CD4" T cells, we hypothesized that CD4"
T cells were the critical drivers of toxicity.

To address this possibility, we generated T cell products from the least toxic
donor, MACO014, using either unselected, CD4" T cell purified, or CD8" T cell
purified MACO014 PBMCs (Fig. 4A). The T cell products were used to treat
OVCAR-3 tumor-bearing or tumor-free mice. Consistent with our previous results,
MACO014 DARPin-28z-T cells generated from unselected PBMCs remained non-
lethal. The product generated from CD8" purified T cells was also non-toxic. In
contrast, mice treated with CD4" purified MACO014 DAPRin-28z-T cells
experienced weight loss of up to 20% (Fig. 4B), and universal lethality (Fig. 4C),
pinpointing CD4" DARPin-28z-T cells as the toxic culprits. Although the CD8"
purified DARPin-28z-T cells were associated with lessened toxicity, they were also
less efficacious against a HER2" tumor challenge compared to DARPin-28z-T cells
comprised of a mixed population of CD4" and CD8" T cells (Fig. 4D).

Together these data implicate CD4" T cells as the main contributors to
DARPin-28z-T cell toxicity and, thus, a critical factor in donor-to-donor differences
in CAR-T cell associated toxicity as the CD4":CD8" T cell ratio in a CAR-T cell
product can vary significantly between donors.

Interestingly, the disparity observed in the ratio of CD4":CD8" T cells
between MAC014 and MACO026 DARPin-28z-T cell products (Fig. 3F) was not
reflective of intrinsic differences present in PBMCs. Rather, our data suggests that
the ratio of CD4":CD8" cells changes during the ex vivo culture period in a donor-
specific manner. Unlike other donors, DARPin-28z-T cells generated from
MACO026 PBMCs demonstrated an increase in their CD4":CDS8" ratio over time
(Supplemental Fig. 4A). Expansion data for DARPin-28z-T cell cultures
generated from purified CD4" or CD8" T cells revealed that while both MACO014
and MACO026 donors showed a similar proliferative capacity in their CD4" T cells,
CD8" T cells from MAC026 had a diminished proliferative capacity
(Supplemental Fig. 4B). While DARPin-28z-T cells showed a trend towards a
CD4"-biased T cell expansion compared to other CAR scaffolds, this was not
statistically significant (Supplemental Fig. 4C).

If variability in the CD4":CD8" T cell ratio is the sole source of donor-to-
donor differences in severity of toxicity, then normalization of the dose of CD4"
CAR-T cells should eliminate this variation. However, upon adoptive transfer of
equal numbers of CD4" purified DARPin-28z-T cells generated from either
MACO014 or MAC026 PBMC s, differences in the severity of toxicity between
donors were still observed, becoming increasingly apparent (particularly in survival
differences) at lower doses (Fig. 4E), indicating additional donor-intrinsic
properties exist that influence toxicity beyond simply the ratio of CD8" and CD4"
T cells.
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CAR-T cell cytokine production and in vivo expansion contributed to donor
differences in toxicity

To better understand additional factors (secondary to the CD4":CD8" T cell
ratio) contributing to donor-to-donor variations in toxicity, purified CD4" DARPin-
28z-T cells were generated from a panel of five different PBMC donors and used
at equal doses to treat tumor-bearing NRG mice.

While doses of 6.0x10° CD4" DARPin-28z-T cells resulted in very similar
toxicities regardless of donor (Supplemental Fig. 5), donor-specific differences in
the toxicity of CD4" T cells were most apparent at lower doses (2.0x10® CAR-T
cells) (Fig. SA-C). MAC002-derived CD4" DARPin-28z-T cells induced the most
rapid toxicity and were uniformly lethal within eight days of treatment. MACO003,
MACO014, and MACO026 treated mice all showed similar onsets in toxicity (all were
experiencing weight loss by 10 days post-ACT]1; the average percent change in
weights being -16.0 £+ 3.6%, -16.2 + 9.3%, and -16.3 + 5.8%, respectively at that
point in time), however, MACO14-treated mice showed better overall survival. In
contrast, LEUK001-derived CD4" DARPin-28z-T cells showed a delay in toxicity
onset (average percent change in weight of 1.0 = 4.9% at 10 days post-ACT1,
reaching -16.9 + 4.6% at 13 days post-ACT1).

To determine whether the expansion or survival of CD4" DARPin-28z-T
cells could explain these donor differences, CD4" DARPin-28z-T cells derived
from the same five donors were co-transduced with firefly luciferase to permit
bioluminescent imaging of CAR-T cells in vivo (Supplemental Fig. 6). At early
time points, MAC002-derived CD4" DARPin-28z-T cells showed an increased
expansion when compared to CAR-T cells derived from other donors (Fig. 5D),
which likely contributed to the more rapid onset of toxicities. No other significant
differences were observed in the in vivo CAR-T cell expansion between donors at
any time point tested, suggesting that MACO003-, MACO014-, MAC026-, and
LEUKOOI-derived CD4" DAPRin-28z-T cells all had similar expansion and
survival in vivo.

We next asked whether there were inter-donor differences in the intensity
or patterning of cytokine release in the ensuing cytokine storm. Mice were bled one
day or seven days post-ACT and multiplex analysis was used to quantify serum
levels of a panel of 13 different human cytokines. At each of one and seven days
post-ACT, principal component analysis (PCA) of the serum cytokine data showed
tight clustering based on the source PBMC donor, supporting that differences in the
serum cytokine levels were donor-dependent (Fig. SE). Hierarchical clustering of
the serum cytokine data also supports donor-dependency; interestingly, at each time
point tested, mice treated with CD4" DARPin-28z-T cells from the most rapidly
toxic donor, MACO002, experienced the most severe cytokine storms and those from
the delayed toxicity donor, LEUKOO1, experienced the lowest levels
(Supplemental Fig. 7). Serum levels of four different human cytokines (IFN-y,
GM-CSF, IL-6, and MCP-1), across all CAR-T cell doses and donors, showed
strong positive correlations between concentration in the serum and severity of
toxicity as determined by Pearson’s coefficient of correlation (Fig. S5F;
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Supplemental Fig. 8), consistent with the cytokine patterns associated with CAR
toxicity in humans.

In summation, these data further support that inter-donor differences in the
CAR-T cell product itself, primarily the ability to expand and the magnitude of
cytokines released in vivo, contribute to donor-dependent differences in the severity
of toxicity.

Co-stimulation of CD4" anti-HER2 DARPin-targeted CAR-T cells drove
toxicity through improved expansion and persistence

To determine if the relationship between severity of toxicity and CAR co-
stimulation persisted with a CD4+ purified population, tumor-bearing NRG mice
were treated with equal doses of CD4" purified DARPin-28z-, DARPin-BBz-, or
DARPin-z-T cells. At a dose of 2.0x10% CAR-T cells/mouse, mice treated with first
generation CAR-T cells showed no evidence of toxicity in vivo (Fig. 6A,B). In
contrast, both DARPin-28z- and DARPin-BBz-T cells resulted in comparable acute
toxicities (Fig. 6A), indicating that CAR-T cell toxicity resulted from the co-
stimulatory signals delivered to the T cell via the CAR; however, only the DARPin-
28z-T cells were ultimately lethal (Fig. 6B). Mice were also treated with lower
doses of the CAR T cells (0.66x10° CAR-T cells/mouse; Fig. 6D,E). Under these
circumstances, the DARPin-28z-T cells were clearly more toxic than DARPin-
BBz-T cells and, again, resulted in lethality. This hierarchy of toxic potential (28z
> BBz > z) is consistent with findings using CAR-T cells derived from whole (non-
purified) PBMCs (Fig. 1).

The anti-tumor efficacy observed with these co-stimulatory variants (Fig.
6C,F), particularly in the case of DARPin-28z-T cells, reinforces the casual
observation that increased toxicity is paralleled by increased efficacy. This
phenomenon was quantified in those mice surviving to experimental endpoint;
regardless of dose or CAR scaffold, a positive correlation was found between the
overall severity of toxicity and anti-tumor efficacy (measured as the area under the
change in weight or tumor volume over time curves, respectively) (Fig. 6G).

To determine whether the differences in toxicity of our co-stimulatory CAR
variants were related to expansion or persistence in vivo, DARPin-28z-, DARPin-
BBz-, and DARPin-z-T cells were co-transduced to express firefly luciferase;
expansion and persistence of the cells in vivo was monitored via bioluminescent
imaging (Fig. 6H; Supplemental Fig. 9) and the resultant cytokine storm was
compared (Fig. 6I).

Mice treated with first generation CAR-T cells showed no evidence of in
vivo expansion post-adoptive transfer, nor did we measure any elevation in serum
cytokines (as compared to NGFR-T cell treated mice) (Fig. 6H,I), consistent with
an absence of toxicity. It should be noted that DARPin-z-T cells are capable of
causing a transient toxicity if doses are escalated (Supplemental Fig. 10),
indicating that the toxicity is a function of the total number of CAR-T cells in the
host.
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At a dose of 2.0x10° CAR-T cells/mouse, DAPRin-BBz-T cells initially
expanded at the same rate as DARPin-28z-T cells (Fig. 6H), and accordingly both
were experiencing a systemic cytokine storm (Fig. 6I). However, about 3 weeks
post-adoptive transfer, the DARPin-BBz-T cells began to contract, whereas the
DARPin-28z-T continued to expand (Fig. 6H). This likely accounts for the similar
acute toxicity (Fig. 6A) but differential lethality (Fig. 6B) observed between CD28
and 4-1BB co-stimulated second generation CARs at this dose. The differential
capacity for expansion was more notable when lower doses of CAR-T cells were
infused (0.66x10° CAR-T cells/mouse); the expansion of the DARPin-28z-T cells
was an order of magnitude greater than the expansion of the DARPin-BBz-T cells
(Fig. 6H). While most serum cytokine levels were similar between DARPin-28z-
and DARPin-BBz-T cell treated mice, only the mice receiving DARPin-28z T cells
exhibited IL-10 in their serum (Fig. 6I).

Together, these data indicate that anti-HER2 DARPin CARs co-stimulated
by CD28 are more toxic than those co-stimulated by 4-1BB, as a result of the
increased expansion afforded by the CD28 domain.
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Discussion:

We have developed a xenograft model that permits simultaneous
characterization of anti-tumor efficacy and off-tumor toxicity arising from CAR-T
cell treatment, a situation that will increasingly be encountered as CAR-T cell
therapies expand for use against solid tumors. While current clinical reports of off-
tumor CAR-T cell toxicity have identified the targeted healthy tissues, they have
not addressed the fundamental features of the CAR-T cell product responsible for
driving toxicity (24, 25, 28). In one clinical report, CAR-T cells with specificity for
CAIX responded to target antigen expression on bile duct epithelial cells driving
hepatic toxicity. A liver biopsy permitted immunohistochemical analysis of the
hepatic T cell infiltrate; bile duct adjacent inflammation was heavily biased towards
CD4" T cells (only scattered CD8" T cells were present), seemingly inexplicable
given the patient’s CAR-T cell infusion product was CD8" T cell-biased (28).
Unlike previous pre-clinical models (29-34), ours has allowed a deep
characterization of the CAR-T cell intrinsic factors within a human cell product that
contribute to severe off-tumor CAR-T cell toxicity. We demonstrated that CD4" T
cells are the key drivers of the toxicity, in support of the clinical evidence observed
in the CAIX-CAR-T cell study and consistent with the findings of previous reports
using murine CAR-T cell products (35). Moreover, we found the choice of co-
stimulatory domain (CD28 vs 4-1BB) profoundly affected the toxicity of the
product and, by extension, the therapeutic efficacy. Similar to clinical results
observed with CD19 CAR-T cell therapy (36), toxic attributes of the CAR-T cell
product were directly linked to efficacy in this model, resulting in a narrow
therapeutic window. Our study also suggests that additional, as-of-yet unidentified,
genetic or environmental factors may contribute to donor source influences on
toxicities, as different toxicities were observed even when the CAR-T cell product
was generated from purified CD4" T cells.

We noted that the toxicity of CAR-T cells generated from bulk PBMCs
correlated with the frequency of CD4" T cells in the final T cell product (Fig. 3).
Interestingly, the ratio of CD4":CD8" T cells in the final CAR-T cell product was
not reflective of the CD4":CD8" ratio of the starting T cell population; instead the
final ratio emerged during the manufacturing process such that some donors yielded
products with elevated frequencies of CD4" T cells. The outgrowth of CD4" T cells
appeared to be exacerbated by the CD28 co-stimulatory domain, but this difference
did not prove to be significant (Supplemental Fig. 4C). Products with
disproportionate frequencies of CD4" T cells seem to be related to poor expansion
of the CD8" T cell population, rather than enhanced growth of the CD4" T cell
population (Supplemental Fig. 4); the biological mechanisms accounting for this
phenomenon remain to be determined but appear donor-specific. When purified
CD4" T cells were used as the substrate for initiating the CAR-T cell product, we
noted severe toxicity across all T cell products (Fig. 4). While our data implicated
CD4" T cells as the key contributors to toxicity, we have also observed that high
doses of CD8" DARPin-28z-T cells are capable of causing acute toxicities (data
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not shown). These findings are consistent with correlative data from CAR-T cell
clinical trials in which peak levels of CD4" or CD8" CAR-T cells were higher in
patients with CRS (6), or sCRS (7), than those without; such clinical correlates have
yet to emerge from cases of off-tumor toxicities as CAR-T cells have not been as
extensively studied in the solid tumor arena. Clinical CAR-T cell products are often
manufactured from PBMCs or bulk isolated T cells (5, 15, 37), resulting in CAR-T
cell products with varying CD4" and CD8" T cell compositions from patient-to-
patient (see Table S1 in (15), or Table 1 in (22), for example). Our results provide
concrete evidence that, as suggested by others (38), patient-to-patient differences
in the CD4":CD8" ratio of a CAR-T cell product contribute to differences in toxicity
and argue in favor of defined composition CAR-T cell products (6, 7, 20).

Curiously, the relative toxicity of CD4" purified DARPin-28z-T cells
differed between donors, indicating that, in addition to the composition of T cell
subsets in the CAR-T cell product, toxicity and efficacy are influenced by donor
background. Correlative data from clinical trials has also pointed to a relationship
between CAR-T cell expansion and increased toxicity (4, 17, 37), although this is
typically in reference to peak expansion rather than rate of expansion. CD4" T cells
derived from the most toxic donor, MACO002, also displayed the greatest
proliferative capacity, suggesting a possible link between proliferative capacity and
toxicity; however, proliferation alone did not appear to be the key distinguishing
factor between the most and least toxic donors.

Our observations of donor-to-donor differences in the severity of toxicity
attributed to the CAR-T cell product itself suggest that for universal CAR-T cell
strategies, in which modified T cells from an allogeneic donor are utilized to
generate an “off-the-shelf” CAR-T cell product (39-41), donor selection will be
critical. A clinical trial of universal CAR-T cells targeted against CD123 was put
on hold due to severe toxicities arising at the initial T cell dose level (42). Based on
previous experiences, this dose level was not expected to be toxic. It is possible that
the toxicity was driven by the donor selected for the universal CAR-T cells. The
model described in this manuscript may provide a useful tool for screening donors
with a low likelihood of toxicity.

The deep clinical experience with CD19-targeted CAR-T cell therapies has
enabled extensive evaluation of toxicities, which arise as a combination of on-tumor
(pre-treatment tumor burden has been correlated to severity of CRS) and off-tumor
(B cell aplasia) effects, both of which presumably contribute to CAR-T cell
activation. In the context of solid tumors, severe off-tumor toxicities have been
noted with CAR-T cells directed against HER-2 (25) and CAIX (24, 28). In all
cases, toxicity was associated with high levels of circulating cytokines arising from
activation of the CAR-T cells. In some cases, this cytokine storm manifests as
cytokine release syndrome (CRS), a specific pathology associated with endothelial
activation and vascular leakage. In other cases, the cytokine storm is linked to other
pathologies (ex. macrophage activation syndrome). The cytokines circulating
following CAR-T cell therapy originate from a combination of activated CAR-T
cells and other immune cells which become activated in response (8). In the model
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described herein, CAR-T cell therapy leads to high levels of serum cytokines that
have also been linked to toxicities in humans, including IFN-y (4-6, 15, 23, 43),
GM-CSF (5, 15), TNFa (22), IL-5 (15), IL-2 (43), and IL-10 (5, 6, 15, 23) (Fig. 2,
Supplemental Table 1). Although we could measure human IL-6 in our studies,
the circulating levels were quite low; this is not surprising as the human IL-6
produced following CAR-T cell therapy is believed to result from innate immune
cell activation (44). Consistent with the non-T cell source of the IL-6, we do
measure murine IL-6 in the serum (Supplemental Fig. 3, Supplemental Table 2),
as has been observed with another pre-clinical xenograft model of a CAR-T cell
driven cytokine storm (30).

Interestingly, although mice were treated with equal number of CD4" CAR-
T cells, we observed cytokine profiles that were donor specific. The cytokine profile
was independent of expansion rate, as CD4" DARPin-28z-T cells from all donors,
with the exception of MACO002, expanded equally. The magnitude of serum
cytokines correlated with the degree of toxicity, confirming that toxicity was
directly related to the magnitude of T cell activation. We suspect that the differences
in cytokine profile reflect the complexity of CD4" T cell differentiation. Indeed, a
broad collection of CD4" T cell subtypes have been identified (ex. Thl, Th2, Th17,
etc.) and the composition of these distinct CD4" T cells in a CAR-T cell product
will undoubtedly differ between donors. Understanding the relative contribution of
the various CD4" T cell subtypes to anti-tumor immunity and off-tumor toxicity
may prove useful to mitigate unwanted toxicity while retaining robust anti-tumor
immunity.

The two most common CAR scaffolds under clinical investigation are
second generation variants using either CD28 (2, 3, 5, 15) or4-1BB (4, 6, 7, 18, 20,
37) as the co-stimulatory domain. Clinical toxicities have been observed following
treatment with CAR-T cells carrying either domain. However, differences between
clinical trials (patient populations, dosing, pre-treatment, antigen-binding domain,
etc.) have made it difficult to conclude whether CAR-T cells carrying CD28 or 4-
1BB are equally effective and equally toxic. Consistent with the clinical data, we
found that both CD28- and 4-1BB-based CAR-T cells could produce severe
toxicities. The CD28-based CARs, however, yielded CAR-T cell products that were
more potent on a per-cell basis. Notably, the greater toxicity of the CD28-based
CAR-T cells was also linked directly to enhance therapeutic efficacy. The toxicity
of the various CARs correlated strongly with the proliferative capacity of the T cell
product. We noted a marked hierarchy in proliferative capacity in vivo where CD28-
CAR-T cells > CD137-CAR-T cells >>> first-generation CAR-T cells. The first-
generation CARs revealed no capacity to expand in vivo, confirming the importance
of the co-stimulatory domain in CAR-T cell expansion. The lack of toxicity with a
first generation CAR was not unexpected, as clinical trials of first generation CAR-
T cells rarely report CAR-T cell associated toxicities (39, 45, 46). It should be noted
that upon escalating the dose of DARPin-z-T-cells we were able to resolve transient
toxicities (Supplemental Fig. 10 and data not shown), consistent with clinical
outcomes in which first generation CAR-T cells have demonstrated toxicities under
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the right conditions (increased dose, an intensified pre-treatment regimen, etc.)
(19). Consistent with our results, other pre-clinical murine models have revealed an
increased efficacy of CD28-co-stimulated CAR-T cells over their 4-1BB
counterparts (47, 48). Interestingly, in one of these models, differences were also
found to be more apparent at lower doses (47), akin to our data. 4-1BB and CD28
co-stimulatory domains activate different signaling pathways (49), which have been
shown to differentially impact on CAR-T cell memory formation (50) and
exhaustion (51), likely contributing to observations of longer persistence of CAR-
T cells in clinical trials utilizing 4-1BB (4, 37) as opposed to CD28 (5, 21) as their
source of co-stimulation.

Whether or not toxicity is required for CAR-T cell efficacy in the clinical
scenario is a matter of debate. While the severity of CRS is not predictive of disease
response, the vast majority of clinical responders will experience some degree of
CRS (5,9, 10, 15, 37). A recent retrospective analysis of CD19 CAR-T cell trials
at the Fred Hutchinson Cancer Research Center determined that toxicity is closely
linked to efficacy and suggested the therapeutic window for CAR-T cells is narrow
(36). Developing a better understanding of CAR-T cell associated toxicities, with
the goal of producing safer CAR-T cell products in the future, could serve to reduce
fatalities and increase the number of patients who benefit from CAR-T cell
therapies. Despite the identification of tocilizumab (an antagonist antibody specific
for IL-6R) as a treatment for CRS (16, 23), some patients fail to respond. While
such patients can be escalated to corticosteroid treatments (52), these likely reduce
therapeutic efficacy (15), and fatalities in corticosteroid treated, tocilizumab-
refractory CRS patients still occur (20). Our study is the first to definitively
demonstrate that differences intrinsic to the CAR-T cells themselves can contribute
to toxicity, helping to shed light on the underlying pathogenic mechanisms.
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Methods:

Cell lines: Human tumor cell lines OVCAR-3 and LOX-IMV], originating from
the NCI-60 panel (kind gift from Dr. Karen Mossman, McMaster University,
Hamilton, ON), were cultured in RPMI 1640 (Gibco; Thermo Fisher Scientific)
supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco), 2mM
L-glutamine (BioShop, Burlington, ON), 10mM HEPES (Roche Diagnostics,
Laval, QC), 100U/mL penicillin + 100pg/mL streptomycin (Gibco), and S55uM -
mercaptoethanol (Gibco). Prior to their use, parental OVCAR-3 cells were
subjected to an in vivo passage. In short, OVCAR-3 cells were injected s.c. into the
hind flank of an NRG mouse and allowed to grow for 72 days prior to harvest,
digestion (incubation with a mixture of collagenase type I (Gibco), DNase I
(Roche), and hyaluronidase (MP Biomedicals LLC, Solon, OH)), and ex vivo
expansion. All cell lines were grown at 5% CO2, 95% air, and 37°C. All cell lines
tested negative for mycoplasma contamination (LookOut Mycoplasma PCR
Detection Kit, Sigma-Aldrich Canada Co., Oakville, ON).

Generation of lentiviral/CAR vectors: Generation of the DARPin-28z-CAR
(consisting of the IgGk leader, anti-HER2 H10-2-G3 DARPin, human myc tag,
BamHI site, CD8a hinge, CD28 TM and cytoplasmic domains, CD3{ cytoplasmic
tail, and Nhel site), was previously described (27). The DARPin-BBz-CAR
(consisting of the IgGk leader, anti-HER2 H10-2-G3 DARPin, human myc tag,
BamHI site, CD8a hinge and TM, 4-1BB cytoplasmic domain, CD3( cytoplasmic
tail, and Nhel site) was generated by cloning the CD8a hinge and TM, 4-1BB
cytoplasmic domain, and CD3( cytoplasmic tail portions from an anti-CD19 CAR
(prepared according to (53)) between the BamHI and Nhel sites of the DARPin-
28z-CAR. To generate the DARPin-z-CAR, overlap extension PCR was used to
delete the 4-1BB sequence from the DAPRin-BBz-CAR. To facilitate the
production of third-generation lentiviruses, the transfer plasmid pCCL was used
(54) (kind gift from Dr. Megan Levings, University of British Columbia,
Vancouver, BC). The parental pCCL vector consists of a bi-directional promoter
system; tNGFR (truncated NGFR; used as a transduction control) is expressed
under control of the minimal cytomegalovirus promoter (mCMV) and the human
EF-1a promoter lacks a transgene (the parental pCCL vector was used to generate
receptor negative control T cells). CARs were cloned into pCCL under the control
of the EF-1a promoter. Luciferase expression was achieved using a variant of the
pCCL plasmid in which puromycin resistance was encoded under the mCMV
promoter and an enhanced firefly luciferase (55) was encoded under the EF-la
promoter.

Lentivirus production: Self-inactivating, non-replicative lentivirus produced using
a third-generation system has been previously discussed (56, 57). Briefly, 8x10°
HEK293T cells cultured on 15 cm diameter tissue culture-treated dishes (NUNC;
Thermo Fisher Scientific) were transfected with the packaging plasmids pRSV-Rev
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(6.25 png), pMD2.G (9 pg), pPMDLg-pRRE (12.5 pg), and the desired pCCL transfer
plasmid (see above; 32 pg), using Opti-MEM (Gibco; Thermo Fisher Scientific)
and Lipofectamine 2000 (Thermo Fisher Scientific). Twelve to sixteen hours after
transfection, media was replaced; fresh medium was supplemented with sodium
butyrate (I mM; Sigma-Aldrich). Cell culture supernatant, containing lentiviral
particles, was collected after 36-48 hours and lentivirus was isolated by
ultracentrifugation. Lentiviruses were stored at -80°C. Viral titer in transduction
units (TU)/mL was determined by serial dilution and transduction of HEK293T
cells with virus (transduction after ~72hrs was measured as %tNGFR" via flow
cytometry using an anti-NGFR-VioBrightFITC antibody (ME20.4-1.H7, Cat No.
130-104-847, Miltenyi Biotec, Bergisch Gladbach, Germany)).

Transduction of human T cells: Lentivirus-engineered human T cells were
generated as previously described (57). Human peripheral blood mononuclear cells
(PBMC) from healthy donors (McMaster Adult Cohort (MAC) donor) or
commercial leukapheresis products (LEUK donor) (HemaCare, Van Nuys, CA)
were isolated by Ficoll-Paque-Plus gradient centrifugation (GE Healthcare, Baie
d’Urfe, QC) and cryopreserved in inactivated human AB serum (Corning, Corning,
NY) containing 10% DMSO (Sigma-Aldrich Canada Co.). T cells were activated
from PBMCs with anti-CD3/28 Dynabeads at a 0.8:1 bead-to-cell ratio (Gibco)
following manufacturer’s guidelines, and were cultured in T cell media (RPMI
1640 (Gibco) supplemented with 10% heat-inactivated FBS (Gibco), 2mM L-
glutamine, 10mM HEPES, 1mM sodium pyruvate (Sigma-Aldrich Canada Co.), 1x
non-essential amino acids (Gibco), 55uM B-mercaptoethanol, 100U/mL penicillin
+100pg/mL streptomycin, 660 1.U. thL-2 and 10 ng/mL rhIL-7 (PeproTech, Rocky
Hill, NJ)). After 18-24hrs, cells were transduced with lentivirus at a multiplicity of
infection (MOI) of 2-5. In cases of co-transduction for luciferase expression, a
second lentivirus was added 6-12 hours later at an MOI of 2. Cells were monitored
daily and fed T cell media according to cell counts every 2-3 days to maintain a
concentration of 1x10°ells/mL for a period of 11-14 days prior to use in vitro
and/or in vivo. Purified CD4" or CD8" T cells were generated using the same
protocol, except that CD4" or CD8" T cells were isolated from PBMCs, prior to
activation, using magnetic negative selection (Cat No. 19052 and Cat No. 19053,
STEMCELL Technologies, Vancouver, BC, Canada), according to the
manufacturer’s instructions.

Phenotypic analysis by flow cytometry: Cell surface phenotyping of CAR- or
control-T cells was evaluated by direct staining with AlexaFluor700-conjugated
anti-CD4 (clone: OKT4, Cat No. 56-0048-82, eBioscience; Thermo Fisher
Scientific), PerCP-Cyanine5.5-conjugated anti-CD8 (clone: RPA-TS, Cat No. 45-
0088-42, eBioscience), and BV421-conjugated anti-tNGFR (clone:C40-1457 , Cat
No. 562562, BD Biosciences). Detection of CAR expression was determined in a
two-step stain by indirect immunofluorescence; incubation with rhHER2-Fc
chimeric protein (Cat No. 1129-ER-050, R&D Systems, Minneapolis, MN) was

78



Ph.D. Thesis — J. Hammill; McMaster University — Medical Sciences.

followed by a phycoerythrin (PE)-conjugated goat anti-human IgG secondary
antibody (Cat No. 109-115-098, Jackson ImmunoResearch, West Grove, PA).
Detection of cytosolic luciferase was determined via intracellular cytokine staining
(ICS); in brief, cells were fixed and permeabilized according to BD
Cytofix/Cytoperm Fixation and Permeabilization Kit (Cat No. 554714, BD
Biosciences) and luciferase expression was determined in a two-step stain by
indirect immunofluorescence (incubation with anti-Luc (clone: Lucil7, Cat No.
ab16466, Abcam) was followed by a PE-conjugated goat anti-mouse IgG secondary
antibody (Cat No. 115-116-146, Jackson ImmunoResearch)). All stains were
conducted at room temperature for 30 minutes unless otherwise stated. All flow
cytometry was conducted on a BD LSRFortessa or BD LSRII cytometer (BD
Bioscience) and analyzed using FlowJo vX software (FlowJo, LLC, Ashland, OR,
USA).

Functional analysis of CAR-T cells following stimulation with tumor cell lines:
5x10° CAR-T cells were stimulated with 5x10* HER2" (OVCAR-3) or HER2"
(LOX-IMVI) tumor cells for 4 hours at 37°C in a round-bottom 96-well plate.
Brefeldin A (BD GolgiPlug protein transport inhibitor (Cat No. 555029, BD
Biosciences)) was added at the start of stimulation following manufacturer’s
instructions. After stimulation, cells were stained for desired surface markers as
above. BD Cytofix/Cytoperm (as above) was used to permit intracellular cytokine
staining and cells were stained directly for fluorescein isothiocyanate (FITC)-
conjugated anti-TNFa (clone: MAbl1, Cat No. 554512, BD Biosciences), and
APC-conjugated anti-IFN-y (clone: B27, Cat No. 554702, BD Biosciences)
expression. Flow cytometry and analysis was conducted as above.

In vitro cytotoxicity assay: Adherent tumor cell lines were plated at 1.25x10%
cells/well (OVCAR-3) or 2.5x10%cells/well (LOX-IMVI) in a 96-well flat bottom
tissue culture-treated plate and allowed to rest overnight. CAR-T cell cultures (a
mix of NGFR" and non-transduced T cells) were added at various E:T ratios (from
0.25:1 to 8:1) in triplicate and co-cultures were incubated for 6 hours at 37°C. To
resolve cytotoxicity, wells were washed 3X with warmed PBS to remove any non-
adherent cells and 100puL of a 10% solution of AlamarBlue cell viability reagent
(Life Technologies) in T cell media was added. After a 3-4hr incubation at 37°C
colour change was measured by fluorescence (excitation 530nm, emission 595nm)
on a Synergy plate reader (BioTek, Winooski, VT, USA). Tumor cell viability was
calculated as the loss of fluorescence in experimental wells compared to untreated
target cells.

Mice: 5-week-old female NOD.Cg-Ragl™Mm[]2rg™!Wil/S7] (NRG) mice were
purchased from The Jackson Laboratory (Stock No. 007799, Bar Harbor, ME,
USA), or bred in-house.

79



Ph.D. Thesis — J. Hammill; McMaster University — Medical Sciences.

Adoptive transfer and in vivo monitoring: Mice (6-12-weeks-old) were implanted
with 2.5x10° OVCAR-3 cells subcutaneously (s.c.) on the right hind flank. After
35-56d of tumor growth mice were optimized into treatment groups based on tumor
volume (58); average tumor volume at time of treatment was 155mm?>. CAR-T cells
were infused intravenously (i.v.) (deemed adoptive cell transfer (ACT)) through the
tail vein as two doses delivered 48hrs apart in 200uL of sterile PBS (T cells were
d14 and d16 in culture on respective treatment days; doses as specified in text and
figure legends represent the total sum of effective (NGFR") T cells
received/mouse). Tumor volume was measured by caliper (Cat No. 500-196-30,
Mitutoyo Canada Inc., Toronto, ON, Cat No. 500-196-30) every 2-3 days post-ACT
and calculated as LxWxH; % change in tumor volume was calculated as ((current
volume (mm?) — pre-ACT volume (mm?))/pre-ACT volume (mm?))*100. Core
body temperature (via rectal probe; Cat No. 23609-230, VWR) and weight (Cat No.
01922406, OHAUS Corporation, Parsippany, NJ) were measured every 1-3 days
post-ACT; % change in weight was calculated as ((current weight (g) — pre-ACT
weight (g))/pre-ACT weight (g))*100. Luciferase-engineered T cells were
monitored through bioluminescent imaging every 1-9 days post-ACT]1. In short,
mice received an intraperitoneal injection of 150mg/kg D-Luciferin (Perkin Elmer;
Waltham, MA, USA) and ventral images were collected 14 minutes later using an
IVIS Spectrum (Caliper Life Sciences; Waltham, MA). Images were analyzed using
Living Image Software v4.2 for MacOSX (Perkin Elmer). Fold change in whole
body total flux (p/s; photons/second) relative to one day post-ACT1 was calculated
as ((current flux (p/s) — 1d flux (p/s))/1d flux (p/s)). Measurements of overall
toxicity and efficacy encompassing the duration of the experiment were calculated
as net area under the curve (using GraphPad Prism, version 6.01) for percent weight
loss over time or percent change in tumor volume over time graphs, respectively
(baseline at y = 0, peaks below baseline included).

Serum cytokine analysis: Whole blood was collected via a terminal or non-terminal
retro-orbital bleed. Serum was isolated using CapiJect capillary blood collection
serum tubes according to manufacturer instructions (Terumo Medical Corporation,
Somerset, NJ, Cat No. T-MG). Quantification of 13 human cytokines and
chemokines (Cat No. HDF13) or 31 murine cytokines and chemokines (Cat No.
MD31) was performed in a multiplex assay by Eve Technologies (Eve
Technologies Corporation, Calgary, AB) using the Bio-Plex 200 system and
MILLIPLEX assay kits from Millipore. The assay sensitivities of these markers
ranged from 0.1-9.5pg/mL (human) and 0.1-33.3pg/mL (murine); individual
analyte values can be found through the Eve Technologies website. Prior to
downstream analysis, fluorescence intensity values were transformed to the log2
scale (59). Heat maps (Fig. 2 and Supplemental Fig. 3) were created using
HeatMapViewer version 13.9 available on GenePattern
(https://genepattern.broadinstitute.org/). After preprocessing, we confirmed that
samples were separated into homogeneous groups matching experimental groups
and performed principal component analysis (princomp function from “stats” and
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“rgl”(60) packages R) with all 13 human cytokines. Heat maps (Supplemental Fig.
7) were generated using “gplots” package (61) in R. Linear models were fit for each
cytokine using the “limma” package in R to test for differential expression for pre-
specified contrasts (62). P values for each contrast were obtained for each cytokine
and adjusted for multiple comparisons using the Benjamini-Hochberg procedure
(63).

Histology: Tissues were prepared for veterinary necropsy via whole body formalin
perfusion as described previously (64). After fixation in 10% neutral buffered
formalin, tissues were paraffin-embedded, sectioned and stained using hematoxylin
and eosin (H&E) or immunohistochemistry (IHC) for expression of human CD3
(Abcam Inc., Toronto, ON, Cat No. ab16669) (conducted using the Leica BOND
RX (Leica Biosystems Inc., Concord, ON)). Aforementioned histology services
were performed by the Core Histology Facility at the McMaster Immunology
Research Centre. Opal multiplex immunofluorescence was performed by the
Molecular and Cellular Immunology Core at the British Columbia Cancer Agency’s
Deeley Research Centre. In short, formalin-fixed paraffin embedded tissue sections
were stained with anti-CD4 (ab133616, Abcam, Cat No. EPR6855) detected with
Opal 520 (PerkinElmer, NEL797001KT), anti-CD8 (SP16, Spring Biosciences, Cat
No. M3162) detected with Opal 650 (PerkinElmer, NEL797001KT), anti-HER2
(polyclonal, Cell Signaling Technology, Cat No. 2242) detected with Opal 570
(PerkinElmer, NEL797001KT), anti-pan-CK (PCK-26, Sigma Aldrich, Cat No.
C1801) detected with Opal 690 (PerkinElmer, NEL797001KT) anti-Ki-67 (SP6,
Spring Biosciences, Cat No. M3062) detected with Opal 620 (PerkinElmer,
NEL797001KT), and DAPI (PerkinElmer, NEL797001KT). Multispectral images
(20X magnification, 3 fields per tumor and 3 fields containing perivascular sites per
lung) were collected using the PerkinElmer Vectra system. Quantification was
performed using inForm Advanced Image Analysis Software (PerkinElmer).
Blinded pathologic assessment of H&E and CD3 IHC slides was performed by a
veterinary pathologist (Dr. Jacek Kwiecein, McMaster University).

Statistics: One-way ANOVA was used to determine whether any statistically
significant differences existed in the means of three or more groups (alpha = 0.05).
Student’s ¢ tests, two-tailed, type two or three (depending on variance), were used
to compare data between two groups and as a post hoc test for ANOVA results.
Strength of linear correlation was determined using the Pearson correlation
coefficient. Results were prepared using Microsoft Excel 2010. Log-rank tests were
used to compare survival using GraphPad Prism version 6.01 for Windows
(GraphPad Software, La Jolla, California, USA). Significant differences were
defined as: * =p <0.05, ** =p <0.01, *** =p <0.001; N.S. = not significant.

Study approval: This research was approved by the Hamilton Integrated Research

Ethics Board and all PBMC donors provided informed written consent. All animal
studies were approved by the McMaster University Animal Research Ethics Board.
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Figure Legends:

Figure 1. A comparison between anti-HER2 DARPin-targeted first- and
second-generation CAR-T cells in vitro and in vivo. (A) Schematics of the dual-
promoter lentiviral (LV) gene cassettes used to generate anti-HER2 DARPin-
targeted first- or second-generation CAR-T cells (structural details as shown; TM
= transmembrane, IC = intracellular, myc = Myc tag), or CAR-negative NGFR-T
cells; in all cases truncated NGFR (tNGFR) is included as a transduction marker.
(B) Expression of CARs on the surface of engineered (NGFR") T cells as
determined by flow cytometry (upstream gating strategy: lymphocytes = singlets
- NGFR"). Mean fluorescence intensity (MFI) for CAR expression is shown in
brackets. Representative results have been replicated in 2-4 additional independent
experiments (data not shown). (C-D) Production of IFN-y (C) and TNF-a (D) upon
CAR-T cell stimulation with HER2" (OVCAR-3; dark grey squares) or HER2~
(LOX-IMVI; light grey circles) human tumor cell lines was measured by
intracellular cytokine staining (ICS) and subsequent flow cytometry (upstream
gating strategy: lymphocytes = singlets 2 CD4" or CD8" T cells). Percent
cytokine production was normalized for transduction (transduction ranges
observed: DARPin-28z = 39-60%, DARPin-BBz = 33-52%, DARPin-z = 25-63%,
NGFR = 63-86%). Each point shows data from a single independent experiment (n
= 3-5 per LV construct); black lines indicate mean values. (E-F) Cytotoxicity across
various effector:target (E:T) ratios with LOX-IMVI (E) or OVCAR-3 (F) tumor
cell targets; ratios are based on total T cell numbers and have not been normalized
for transduction. Error bars = standard error of the mean (SEM). Data from n = x
independent experiments; DARPin-z = 4, DARPin-28z = 5, DARPin-BBz = 4,
NGFR = 3. (G-J) OVCAR-3 tumor-bearing NRG mice were treated with 2.0x10°
engineered-T cells (DARPin-28z (black circles), DARPin-BBz (blue squares), or
DARPin-z (red triangles) as indicated) or an equal or greater number of NGFR-T
cells (grey diamonds). Mice were monitored over time for (G) tumor volume, (H)
core body temperature, (I) weight, and (J) survival. Data are pooled from two
independent experiments, n = 8 for CAR groups, n = 7 for NGFR group. Lines
become dashed after the first mouse in the group succumbs to toxicity. Error bars
= standard deviation (SD). (K-L) OVCAR-3 tumor-bearing NRG mice were treated
with 6.0x10% CAR-engineered-T cells or an equal or greater number of NGFR-T
cells. Mice were monitored over time for (K) weight and (L) survival. Data are
pooled from one to two independent experiments with n = x mice/treatment;
DARPin-28z = 7, DARPin-BBz = 3, DARPin-z = 4, NGFR = 4. Error bars =
standard deviation (SD). A one-way ANOVA followed by post hoc two-tailed t-
tests (as needed) or log-rank tests were used for statistical analyses. P-values as
indicated or N.S. = not significant, * =p < (0.05.
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Figure 2. DARPin-28z-T cells activated in the lungs and heart, resulting in a
systemic cytokine storm. OVCAR-3 tumor-bearing NRG mice were treated with
6x10% effective DARPin-28z- or a matched number of NGFR-T cells. (A-F) Mice
were sacrificed at 1, 3, 5 or 7d post-ACT1 for total body perfusion, fixation,
necropsy, and histological analysis. (A) Hematoxylin and eosin (H&E) staining of
the lungs at 20X magnification (scale bars = 100um); V indicates vasculature. (B)
Immunohistochemistry (IHC) for human CD3 in the lungs at 20X magnification
(scale bars = 100pum) or 60X magnification (zoom-in; scale bars = 50um). (C) H&E
or CD3 IHC staining of the heart at 20X magnification (scale bars = 100um); arrow
indicates aberrant region of inflammation along the right heart wall. (D) CD3 IHC
staining of the tumor at 20X magnification (scale bars = 100um). Representative
images from n = 2-3 mice are shown. Findings have been recapitulated in 1-2
additional independent experiments. (E) Multiplex immunofluorescence (IF) was
performed on lung tissue at 7d post-ACT; tissues were stained for CDS8 (cyan), CD4
(yellow), DNA (DAPI, blue) and a proliferation marker (Ki-67, magenta). Data are
representative of 3 mice, n = 3 images/mouse (scale bars = 100um). (F)
Quantification of pulmonary multiplex IF images. Error bars = standard deviation.
Two-tailed t-tests were used for statistical analysis: * = p < 0.05, *** =p < 0.001.
(G) Mice were bled at 1, 3, 5, or 7d post-ACT1 for multiplex analysis of human
serum cytokine content; a globally normalized heat map of log2-transformed
human cytokine fluorescence readings is shown. Each square is data from one
mouse. Colorimetric scale bar indicates minimum, average, and maximum values
on map. Results are consistent with those observed in an additional two independent
experiments.

Figure 3. DARPin-28z-T cells were differentially toxic in vivo, dependent upon
the PBMC donor used for CAR-T cell generation. (A) Expression of DARPin-
28z on the surface of transduced T cells (upstream gating strategy: lymphocytes =
singlets » NGFR") generated from three different PBMC sources (donors:
MACO026 (gold/triangles), MACO014 (pink/circles), or LEUKO0O1 (teal/squares)) as
determined by flow cytometry and compared to a secondary only staining control
(dashed histogram). Results were replicated in an additional independent
experiment (data not shown). (B-C) Production of IFN-y (B) and TNF-a (C) by
CD4" or CD8" DARPin-28z-T cells after exposure to HER2" (OVCAR-3; dark grey
squares) or HER2™ (LOX-IMVI; light grey circles) tumor cell lines. Each data point
shows data from a single independent experiment (n = 4-6 per donor); black lines
indicate mean values. (D-E) Cytotoxicity against HER2™ (D) or HER2" (E) tumor
cell lines. Error bars = SEM. Data from n = x independent experiments; MAC014
= 4, LEUK001 = 5, MACO026 = 6. (F) Composition of CD4" or CD8" cells in
DARPin-28z-T cell cultures (d13-14) determined using flow cytometry (upstream
gating strategy: lymphocytes = singlets » NGFR™). Error bars = SD. Data from n
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= x independent experiments; MACO014 = 5 (2 unique PBMC preparations),
LEUKO001 = 6 (1 PBMC preparation), MAC026 = 12 (5 unique PBMC
preparations). (G-L) OVCAR-3 tumor-bearing NRG mice were treated with
6.0x10° (G-I) or 1.7-2.0x10° (J-L) DARPin-28z-T cells produced from MAC014,
LEUKO01, or MAC026 PBMCs or an equal or greater number of NGFR-T cells
(grey/diamonds; donor: MAC026 (G-I) or LEUKO0O01 (J-L)). Mice were monitored
over time for changes in weight (G,J), tumor volume (H,K), and survival (LLL).
Data pooled from x independent experiments (n = y mice total); (G-I) MAC014 =
2 (n=10), LEUKOO1 =3 (n = 13), MAC026 =4 (n=16), NGFR =1 (n =4), (J-
L) MACO014 =1 (n =5), LEUKOO1 = 2 (n = 8; this data is also displayed in Fig.
1G-I), MAC026 =1 (n =3), NGFR =1 (n = 3). Lines become dashed after the first
mouse in the group succumbs to toxicity. Error bars = SD. A one-way ANOVA
followed by post hoc two-tailed t-tests (as needed) or log-rank tests were used for
statistical analyses. P-values as indicated or N.S. = not significant, * = p < 0.05,
**%k =p <0.001.

Figure 4. CD4" DARPin-28z-T cells were the drivers of toxicity, but did not
wholly account for donor-to-donor variability. DARPin-28z-T cells were
generated from MACO014 PBMCs that were unselected or enriched for CD4" or
CD8" T cells via negative magnetic selection. (A) Purity of CD4" and CD8" cells
on day O (post-sort, pre-activation/engineering) and after 14 days in culture (post-
activation/engineering) was assessed by flow cytometry; representative data is
shown (upstream gating strategy: lymphocytes —> singlets). Results are
representative of n =4-8 independent experiments. (B-D) OVCAR-3 tumor-bearing
or tumor-free NRG mice were treated with DARPin-28z-T cells generated from
CD4" purified (black open circles), CD8" purified (grey open circles), or unselected
(grey filled circlesy MACO014 PBMCs (3.2x10° — 6.0x10° DARPin-28z-T
cells/mouse). Mice were followed for changes in (B) weight (up to 14d post-ACT1
shown; each line shows data from one mouse, curves end when mice succumbed to
toxicity), (C) survival, and (D) tumor volume (tumors receiving no T cells (PBS
carrier solution only) are shown for comparison (black filled circles)). Lines
become dashed after the first mouse in the group succumbs to toxicity. Error bars
= SD. n = x, as indicated; bulk product and CD8" purified results have been
validated in an additional independent experiment (n = 5, data not shown). Results
have been replicated with a second PBMC donor (data not shown). (E) CD4"
purified DARPin-28z-T cells were generated from MACO014 (grey lines) or
MACO026 (black lines) PBMCs and used to treat tumor-bearing NRG mice at
5.0x10° or 1.0x10° engineered cells/mouse. Mice were followed for changes in
weight, core body temperature (each line shows data from one mouse), and
survival. Two-tailed t-tests were used for statistical analysis: * = p < 0.05.
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Figure 5. Donor-to-donor differences in CD4" DARPin-28z-T cell associated
toxicity were associated with differences in expansion and cytokine
production. Purified CD4" DARPin-28z-CAR-T cells were generated from a panel
of five different PBMC donors (MACO002 (orange/diamonds), MACO003
(blue/crosses), MACO014 (pink/circles), MACO026 (gold/triangles), and LEUKO001
(teal/squares)); cells were co-transduced with a firefly luciferase-expressing
lentivirus. Tumor-bearing NRG mice were treated with 2.0x10° DARPin-28z-T
cells. Mice were followed for changes in (A) weight, (B) tumor volume (each line
shows data from one mouse; n = 3 per donor), and (C) survival. (D) Bioluminescent
imaging was used to follow T cell persistence and expansion; fold change in total
body flux (p/s), relative to total body flux at one day post-ACT1, is presented. Per
donor, data shown are average values = SD. Unless otherwise stated, differences
between donors are not significant (determined by two-tailed t-tests: N.S. = not
significant, * = p < 0.05, ** =p <0.01). (E) Mice were bled at one and seven days
post-ACT1. Serum levels for a 13-plex panel of human cytokines were determined
by multiplex analysis. Log2-transformed fluorescence intensity values were
analyzed via principal component analysis. Each sphere shows data from one
mouse. Grey spheres indicate data from no T cell control mice (PBS carrier
treatment only). (F) Out of the 13 serum cytokines tested, four (GM-CSF, IFN-y,
IL-6, and MCP-1) had a strong (> 0.7) Pearson’s coefficient of correlation (r)
between serum cytokine level (luminex fluorescence intensity) and severity of
toxicity (measured as percent weight loss at time of bleed) across all donors and
doses tested; each point is data from a single mouse treated with 2.0x10° or 6.0x10°
DARPin-28z-T cells from one of the five donors.

Figure 6. CAR-derived co-stimulation of CD4" engineered T cells drove
toxicity via improved expansion and persistence. OVCAR-3 tumor-bearing
NRG mice were treated with 2.0x10° (A-C, I) or 0.66x10° (D-F) CD4" purified
CAR-T cells (DARPin-28z (black/circles), DARPin-BBz (blue/squares), or
DARPin-z (red/triangles), as indicated) which had been co-transduced with firefly
luciferase (donor: LEUKO0O01). Mice were followed for weight (A,D), survival
(B,E), and tumor volume (C,F). Data are from a single experiment; each line shows
data from one mouse (n = 3 per treatment). (G) The relationship between toxicity
(overall severity was measured as net area under the change in weight (%) over
time curve, y = 0 baseline) and efficacy (overall efficacy was measured as net area
under the change in tumor volume (%) over time curve, y = 0 baseline) for mice
reaching experimental endpoint (59d post-ACT1). » = Pearson correlation
coefficient. (H) Bioluminescent imaging data; each line shows data from one
mouse. Two-tailed t-tests were used for statistical analysis: N.S. = not significant,
* =p < 0.05. (I) Mice were bled eight days post-ACT for multiplex analysis of
human serum cytokine content (13-plex panel). Values presented as average of n =

93



Ph.D. Thesis — J. Hammill; McMaster University — Medical Sciences.

3 mice in pg/mL (error bars = SD). Cytokine concentrations below the range of the
standard conversion curve were excluded. Statistics were calculated using log2-
transformed fluorescence intensity data using a one-way ANOVA followed by post
hoc two-tailed t-tests as needed.
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Supplemental Figure Legends:

Supplemental Figure 1. DARPin-28z-T cell toxicity was dose-dependent.
OVCAR-3 tumor-bearing NRG mice were treated with 0.66x10°, 2.0x10°, or
6.0x10° DARPin-28z-T cells or a matched number or NGFR-T cells (donor:
MACO026). Mice were followed for changes in (A) weight, (B) core body
temperature, (C) survival, and (D) tumor volume. Each curve indicates data from
one mouse; data from 1 experiment (dose dependency results have been replicated
in a second independent experiment (data not shown)).

Supplemental Figure 2. DARPin-28z-T cell toxicity was off-tumor. (A-C)
Tumor-free NRG mice were treated with 6x10° effective (NGFR*CAR") DARPin-
28z- or a matched number of NGFR-T cells intravenously over two doses, 48hrs
apart. Mice were followed for changes in (A) core body temperature, (B) weight,
and (C) survival over a fourteen day period. Each curve indicates data from one
mouse; representative data from 1 experiment shown (conclusions are supported by
n = 7 additional independent experiments, encompassing n = 6 PBMC donors, and
n = 53 total mice where DARPin-28z toxicity was observed in tumor-free mice).

Supplemental Figure 3. Murine serum cytokine levels after DARPin-28z-T cell
treatment. OVCAR-3 tumor-bearing NRG mice were treated with 6x10° effective
DARPin-28z-T cells (or an excess number of donor-matched NGFR-T cells). Mice
(n=3)werebledat 1, 3, 5, or 7d post-ACT1 for multiplex analysis of murine serum
cytokine content. A globally normalized heat map of log2-transformed fluorescence
readings was generated. Each square displays data from one mouse and is the
average value of n = 2 technical replicates. Colorimetric scale bar indicates
minimum, average, and maximum values on map.

Supplemental Figure 4. The ex vivo expansion of DARPin-28z-T cell cultures
from PBMCs caused a donor-specific shift in the CD4":CD8" T cell ratio and
may be related to a differential proliferative capacity of CD8" T cells. DARPin-
28z-T cells were engineered from thawed PBMCs (various donors, as indicated
(pink circles = MACO014, teal squares = LEUKO001, blue crosses = MAC003, gold
triangles = MACO026, grey diamonds = MACO016)) and evaluated after 14d in
culture. (A) Freshly thawed PBMCs or the 14d DARPin-28z-T cell products they
generated were stained for CD4" and CD8" and detected by flow cytometry (gating
strategy: lymphocytes = singlets = CD4" vs CD8"). The ratio of single-positive
CD4":CD8" cells are presented. Each line indicates a single PBMC > DARPin-
28z-T cell culture. (B) Purified CD8" or CD4" T cells were generated from thawed
PBMCs via negative magnetic selection and engineered to become DARPin-28z-T
cells. Fold expansion in the absolute number of CD8" or CD4" T cells in culture at
d14 vs d0 are shown. Each point indicates expansion data from a single DARPin-
28z-T cell culture (each from an independent experiment). Black lines indicate
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mean values. (C) After 14d in culture, first- or second-generation-CAR-T-cells, or
NGFR controls (generated from unpurified PBMCs), were evaluated for
composition of CD4" single-positive T-cells using flow cytometry (gating strategy:
lymphocytes = singlets 2 NGFR+ - CD4" vs CD8"). Each point is data from one
experiment. Black lines indicate mean values. Statistical significance evaluated via
one-way ANOVA.

Supplemental Figure 5. CD4" purified DARPin-28z-T cells generated from a
variety of PBMC donors caused similar toxicity at increased doses. Tumor-
bearing NRG mice were treated with 6.0x10° CD4" purified DARPin-28z-T cells
generated from a panel of five different PBMC donors (as indicated, orange
diamonds = MACO002, blue crosses = MACO003, pink circles = MAC003, gold
triangles = MACO026, teal squares = LEUKO001). Mice were followed for changes
in (A) weight (each line shows data from one mouse; n = 3-4 per donor) and (B)
survival.

Supplemental Figure 6. DAPRin-28z-CAR-T cells generated from a five
PBMC-donor panel were co-transduced with a firefly luciferase-expressing
lentivirus to permit in vivo bioluminescent imaging. Purified CD4" DARPin-
28z-CAR-T cells were generated from a panel of five different PBMC donors
(MAC002, MAC003, MACO014, MACO026, and LEUKOO01); cells were co-
transduced with a firefly luciferase-expressing lentivirus. (A) Expression of
luciferase was determined by flow cytometry (gating strategy: lymphocytes >
singlets = Luc histogram). Percent Luc” is indicated. Dotted histogram shows a
secondary only staining control. (B) OVCAR-3 tumor-bearing NRG mice (n = 3
per treatment) received 2.0x10° CD4" purified DARPin-28z-CAR-T cells. After
injection of D-luciferin substrate, mice were subjected to bioluminescent imaging
at various time points post-ACT1 (as indicated). Images were acquired with
aperture: f4, exposure: 1s. A white “X” indicates the mouse had succumbed to
toxicity prior to the measurement.

Supplemental Figure 7. Hierarchical clustering of human serum cytokine
levels. Tumor-bearing NRG mice were treated with 2.0x10° CD4" purified
DARPin-28z-T cells generated from a panel of five different PBMC donors
(MACO002 (orange), MACO003 (blue), MACO14 (pink), MAC026 (gold), and
LEUKOO1 (teal)) or no T cells (grey). At one (A) or seven (B) days post-ACT1
mice were bled for multiplex analysis of human serum cytokine content (using a
13-plex panel). Log2-transformed fluorescence intensity values from the multiplex
results (each being the average of n = 2 technical replicates) were analyzed through
hierarchical clustering; heat maps were globally normalized, legends as shown.
Change in weight (percent versus ACT1) and core body temperature (°C) at time
of bleed for each mouse has been overlaid on the clustering data. Each column
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displays data from a single mouse; n = 3 per treatment (d1), n = 1-3 per treatment
(d7).

Supplemental Figure 8. Strong linear correlations between toxicity and serum
cytokine concentration broken down by dose and donor. Tumor-bearing NRG
mice were treated with 2.0x10° or 6.0x10° CD4" purified DARPin-28z-T cells
generated from a panel of five different PBMC donors (MAC002, MACO003,
MACO014, MAC026, and LEUKO001). At five (6.0x10°%) or seven (2.0x10°%) days
post-ACT1 mice were bled for multiplex analysis of human serum cytokine content
(using a 13-plex panel). Across all donors and both doses, the level of serum
cytokine (raw fluorescence intensity value; an average of n = 2 technical replicates)
was compared to severity of toxicity (as measured by weight loss or core body
temperature at time of bleed) using Pearson’s coefficient of correlation (r). (A)
Correlation coefficients between toxicity (weight loss or temperature) and serum
cytokine levels are presented. For those cytokines achieving a correlation
coefficient of > 0.7, data is presented graphically: (B) GM-CSF, (C) IFN-y, (D) IL-
6, and (E) MCP-1. Inset graphs display the same data broken down by dose (upper
inset panel, as indicated: light purple = 2.0x10°, dark purple = 6.0x10°) or donor
(lower inset panel, as indicated: orange diamonds = MACO002, blue crosses =
MACO003, pink circles = MACO003, gold triangles = MACO026, teal squares =
LEUKOO01). This experimental data matches that presented elsewhere in Fig. 5 and
Supplemental Fig. 6, 7.

Supplemental Figure 9. Bioluminescent images of first- and second-generation
anti-HER2 DARPin CAR- versus NGFR-T cell expansion in vivo. OVCAR-3
tumor-bearing NRG mice were treated with 2.0x10% or 0.66x10° CD4" purified
CAR-T cells (DARPin-28z, DARPin-BBz, or DARPin-z) or NGFR-T cells, as
indicated, which had been co-transduced with firefly luciferase (donor: LEUKO001).
Alternatively, mice were treated with carrier only (PBS; no T cells). After injection
of D-luciferin substrate, mice were subjected to bioluminescent imaging at various
time points post-ACT1 (as indicated). (A) Images acquired with aperture: f4,
exposure: 1s. (B) Images acquired with aperture: f1, exposure: 30s; scale adjusted
to enable visualization of low level signal. A white “X” indicates the mouse had
succumbed to toxicity prior to the measurement.

Supplemental Figure 10. DARPin-z-T cells were toxic at increased doses.
OVCAR-3 tumor-bearing NRG mice were treated with 12.0x10° DARPin-z-T
cells, or an equal number of NGFR-T cells (donor: MAC026). Mice were monitored
over time for changes in (A) core body temperature and (B) weight. Data are from
a single experiment; each line shows data from one mouse (n = 4, DARPin-z; n =
3, NGFR). DARPin-z-T cell toxicity has been recapitulated in a second independent
experiment (data not shown).
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Supplemental Table Legends:

Supplemental Table 1. Human serum cytokine concentrations of DARPin-28z-
or NGFR-T cell treated mice. OVCAR-3 tumor-bearing NRG mice were treated
with 6x10® DARPin-28z-T cells (or an excess number of donor-matched NGFR-T
cells). Mice were bled at 1, 3, 5, or 7d post-ACT1 for multiplex analysis of human
serum cytokine content. Values presented are average serum cytokine
concentrations (n = 3 mice, with n = 2 technical replicates/mouse) in pg/mL = SEM.

Supplemental Table 2. Murine serum cytokine concentrations of DARPin-28z-
or NGFR-T cell treated mice. OVCAR-3 tumor-bearing NRG mice were treated
with 6x10° DARPin-28z-T cells (or an excess number of donor-matched NGFR-T
cells). Mice were bled at 1, 3, 5, or 7d post-ACT1 for Multiplex analysis of murine
serum cytokine content. Values presented are average serum cytokine
concentrations (n = 3) in pg/mL + SEM.
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Figure 2.
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Figure 3.
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Figure 5.
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Figure 6.
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Supplemental Figure 2.
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Supplemental Figure 3.
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Supplemental Figure 4.
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Supplemental Figure 5.
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Supplemental Table 1.
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5.1 0.0 34.0 0.1 41.6 0.0 47.0 0.0
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Supplemental Table 2.
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5.0 Chapter Five — A novel chimeric T cell receptor that delivers robust anti-
tumor activity and low off-tumor toxicity

5.1 Introduction

Given the pattern of CAR-T cell-associated toxicity that was beginning to
emerge within our own pre-clinical data, and in reports from CAR-T cell clinical
trials, we began to question whether toxicities were a consequence of the chimeric
antigen receptor design.

In this manuscript we describe the T cell antigen coupler (TAC), a novel
synthetic receptor capable of redirecting T cell effector functionality against a
tumor target; we use model TACs targeting CD19 and HER2. Targeting of the TAC
against HER2 was achieved using the same anti-HER2 DARPin used in the
DARPin-28z CAR detailed in Chapters three and four. In the same solid tumor
xenograft model in which DARPin-28z-T cells proved lethal in Chapter Four, anti-
HER2 DARPin-targeted TAC T cells were efficacious and non-toxic. A detailed
head-to-head comparison between DARPin-28z-T cells (referred to as HER2-
CAR-T cells in this manuscript) and anti-HER2 DARPin-targeted TAC T cells is
presented.

5.2 Manuscript status, copyright, and citation

Status: In review at Nature Communications

Copyright: Nature Communications is an open access journal which publishes its
articles under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/). Their author licence policy
states: “Authors grant Nature Research an exclusive licence to publish, in return for
which they can reuse their papers in their future printed work without first requiring
permission from the publisher of the journal.” Their self-archiving policy states:
“Preprint posting is not considered prior publication and will not jeopardize
consideration at Nature Research journals.”
(http://www .nature.com/authors/policies/license.html).

Citation: Helsen, CW, Hammill, JA, Mwawasi, KA, Lau, VWC, Afsahi, A,
Bezverbnaya, K, Newhook, L, Hayes, DL, Aarts, C, Bojovic, B, Denisova, GF,
Kwiecien, JM, Brain, I, Derocher, H, Milne, K, Nelson, BH, Bramson, JL. (2017).
A novel chimeric T cell receptor that delivers robust anti-tumor activity and low
off-tumor toxicity. In submission, under review: Nature Communications.

5.3 Preprint of journal article
To follow beginning on subsequent page.
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Abstract

Engineering T cells with chimeric antigen receptors (CARs) is an effective
method for directing T cells to attack tumors in an MHC-independent manner.
CARs aim to recapitulate T cell signaling by incorporating functional components
of the TCR and costimulatory molecules into a single receptor. We designed an
alternate chimeric receptor, the T cell antigen coupler (TAC), that retains MHC-
independent antigen recognition but signals through the native TCR. TACs are
membrane-anchored chimeric receptors that co-opt the TCR in the presence of
tumor antigen. Human T cells engineered with TAC receptors (TAC-T cells)
directed against multiple antigens demonstrated robust and antigen-specific
cytokine production and cytotoxicity in vitro and strong anti-tumor activity in a
variety of xenograft models, including solid and liquid tumors. Comparative studies
in a solid tumor model demonstrated that TAC-T cells outperformed CD28-based
CAR-T cells, revealing both increased anti-tumor efficacy and reduced toxicity.
Histological analysis revealed that HER2-TAC-T cells rapidly infiltrated tumors
within days, whereas HER2-CAR-T cells displayed limited tumor penetration, even
at 7 days post-administration. The TAC-T cell infiltrate was dominated by Ki-67+
CD8+ T cells, confirming local expansion. In contrast, CAR-T cells expanded in
non-tumor tissues, such as heart and lung. Notably, CAR-T cell expansion in non-
tumor tissue was dominated by Ki-67+ CD4+ cells and associated with
overexuberant cytokine production and severe toxicity, including death. No
toxicities were observed in mice treated with TAC-T cells, even at doses that
produced complete tumor regression. These differences in functional
characteristics, anti-tumor efficacy, and toxicity highlight the biological differences
of TAC and CAR receptors and indicate that TAC-T cells may have a superior
therapeutic index relative to CAR-T cells.
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Introduction

Adoptive T cell transfer (ACT) involves the ex vivo expansion of a patient’s
T cells followed by infusion of the cell product into the patient. ACT with T cells
engineered to express chimeric antigen receptors (CARs) has proven to be a highly
effective strategy for the treatment of CDI19-positive and BCMA-positive
malignancies' . First-generation CARs aimed to mimic T cell activation by linking
the intracellular signaling domain of CD3( to a single chain antibody (scFv)* Next
generation CARs have included one or more costimulatory molecules, such as
CD28 or 4-1BB, upstream of CD3(*. These signaling components appear to
successfully recapitulate signals 1 and 2 of T cell activation, although it is unclear
whether these signals are subject to the same regulation as the native T cell receptor
(TCR) and costimulatory receptors®.

Synonymous with the clinical success of CAR-T cells in hematological
malignancies'’ have been serious, and potentially lethal, toxicities including
cytokine release syndrome, macrophage activation syndrome, hemophagocytic
lymphohistiocytosis, and neurotoxicity'® 2. Toxicities related to CAR-T cells are
complex, multi-factorial, and manifest in a variety of ways'> 1>, Management of
these toxicities has been a major concern for clinical implementation'?. In contrast,
ACT with T cell products (e.g. tumor-infiltrating lymphocytes (TIL) or TCR-
engineered T cells) that rely on TCR signalling have reported low rates of adverse
events relative to CAR-T cells '6. Thus, the serious toxicities observed in the CD19
CAR-T cell clinical trials may be a specific feature of second-generation CAR-T
cells, rather than T cell therapies in general.

We hypothesized that CAR toxicity is linked to the synthetic nature of the
receptor design. As a strategy to redirect T cells in a TCR-dependent, MHC-
independent manner, we created an alternative receptor, the T cell antigen coupler
(TAC), which has three components: (1) an antigen-binding domain, (2) a TCR-
recruitment domain, and (3) a co-receptor domain (hinge, transmembrane, and
cytosolic regions). Since TAC receptors operate through the native TCR, we
hypothesized they would induce a more controlled T cell response.

Here, we describe the modular design (Fig. 1) and functional
characterization of TAC receptors. We present experimental evidence for the
compatibility of the TAC platform with different classes of functional domains.
Furthermore, we demonstrate the efficacy and unique biology of TAC-engineered
human T cells in preclinical models of solid and hematological tumors. Notably,
using a solid tumor model, we observed that TAC-engineered T cells displayed both
enhanced in vivo anti-tumor efficacy and decreased off-tumor toxicity compared to
first- and second-generation CARs.
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Results

Selection of the TCR recruitment domain

The TAC receptor was designed to trigger aggregation of the native TCR
following binding of tumor antigens by co-opting the native TCR via the CD3
binding domain (Fig. 1). To evaluate the influence of CD3 binding on TAC receptor
function, multiple anti-CD3 single-chain antibodies (scFvs) were evaluated,
including UCHT1", huUCHT1'%"°, OKT3%, L2K?' and F6A?%. These scFvs,
which differ in their recognition of the & chain!7??">*, were assessed in the context
of a TAC containing the CD4 co-receptor domain and various tumor-targeting
moieties (Fig. 2A,E).

OKT3 and UCHT1 were evaluated in a HER2-specific TAC using a
designed ankyrin repeat protein (H10-2-G3 DARPin*) as an antigen-binding
domain. TACs employing OKT3 and UCHT1 displayed comparable levels of
surface expression (Fig. 2B). Despite high surface expression, stimulation via the
OKT3-TAC elicited low level cytokine production and poor cytotoxicity (Fig.
2C,D). In contrast, antigen stimulation via the UCHT1-TAC triggered robust
cytokine production and cytotoxicity (Fig. 2 C,D). Using a TAC directed against
CD19 via the FMC63 scFv?%, we also evaluated a humanized version of UCHT]1
(huUCHT1)!®! and two other scFvs, L2K?! and F6A?? (Fig. 2E). The huUCHT1-
TAC displayed the highest surface expression (Fig. 2F). The F6A-TAC was not
detected on the T cell surface (Fig. 2F), despite successful detection on the surface
of 293T cells (Supplementary Fig. 1A). Following stimulation with CD19-positive
targets, we observed that significantly higher frequencies of CD4+ T cells
engineered with huUCHT1-TAC produced cytokines (IFN-y, TNF-a, IL-2),
compared to CD4+ T cells engineered with F6A- or L2K-TACs (Fig. 2G). CD8+ T
cells engineered with huUCHT1- and F6A-TAC produced comparable amounts of
cytokine whereas stimulation via L2K-TACs elicited low levels of cytokine
production (Fig. 2G). T cells engineered with the huUCHTI1-TAC displayed
markedly increased cytotoxicity relative to T cells engineered with either the F6A-
and L2K-TAC (Fig. 2H). The ability of FOA-TAC to trigger cytokine production
and cytotoxicity in an antigen-specific manner suggests that it was expressed on the
T cell surface (Supplementary Fig. 1B), but was below the limit of detection.
Compared to L2K, OKT3, and F6A, UCHT1 demonstrated preferred properties in
the TAC platform and was employed in all subsequent TAC designs.

The CD3 binding domain was absolutely required for TAC activation
(Supplementary Fig. 2A-D). Importantly, in the absence of antigen, we did not
observe auto-activation of TAC-T cells (Supplementary Fig. 3A-C). To determine
whether the CDS8 co-receptor could be swapped in to replace the CDA4
transmembrane and cytosolic domain, a TAC variant was generated using the CD8a
co-receptor. To limit dimerization potential, we mutated two CDS8a cysteine
residues (C164S/C181S) creating the CD8-TAC. Direct comparisons of TAC
receptors employing UCHT1 and either the CD4 or CDS8 co-receptor revealed no
functional differences (Supplementary Fig. 4A-D).
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The phenotype of TAC-T cells is consistent with lack of auto-activation

Auto-activation has been noted in the CAR literature causing expression of
checkpoint receptors in the absence of antigenic stimulation?’?®. T cells were
engineered with a TAC targeted via an anti-HER2 DARPin (HER2-TAC) or a
second-generation CD28-based chimeric antigen receptor (CAR) carrying the same
targeting element (HER2-CAR). Consistent with previous reports, HER2-CAR-T
cells showed evidence of tonic signaling through increased expression of PD-1 and
LAG-3 receptors in CD4+ and CD8+ subpopulations, respectively. In contrast,
HER2-TAC-T cells did not upregulate any checkpoint receptors (Fig. 3A,B). Auto-
activation would be expected to promote T cell differentiation. Multi-parameter
flow cytometry SPADE analysis?® were used to visualize clustering patterns of
phenotypic markers associated with T cell differentiation (Fig. 3C). HER2-TAC-
T cells maintained a phenotypic profile most similar to vector control T cells, with
higher expression of lymphoid homing markers (CCR7, CD62L) and co-
stimulatory receptors (CD27, CD28) whereas HER2-CAR-T cells, exhibited a more
differentiated, effector-like phenotype. Thus, consistent with our functional data
(Supplementary Fig. 3), phenotypic profiling of memory markers and checkpoint
receptors revealed no evidence of auto-activation of TAC-T cells.

TAC-T cells show efficacy in both solid and liquid xenograft tumor models

We first evaluated the efficacy of TAC-T cells against OVCAR-3, a solid
tumor xenograft that expresses HER2® (Fig. 4A). Tumor-bearing mice treated with
HER2-TAC-T cells experienced rapid tumor regressions within 4-5 days following
ACT, compared to mice treated with either CDI19-TAC-T cells or T cells
engineered with vector only (Fig. 4B). In all cases (n=11), long-term tumor control
was observed, with mice surviving to the experimental endpoint (~60 days post-
ACT; data not shown).

TAC-T cells were also tested against NALM-6 tumors, an acute
lymphoblastic leukemia xenograft that expresses CD19*! (Fig. 4C). Mice were
treated with CD19-TAC-T cells or a variety of control T cell products, including T
cells engineered with vector only and T cells engineered with a TAC lacking an
antigen-binding domain. Like the OVCAR-3 model, NALM-6 tumors regressed
rapidly following treatment with CD19-TAC-T cells (Fig. 4D).

TAC-T cells show enhanced in vivo activity compared to CAR-T cells in a solid
tumor model

We compared HER2-TAC-T cells to T cells engineered with either a first-
generation or a CD28-based, second-generation HER2-CAR®?; all chimeric
receptors were targeted against HER2 with the same DARPin. All engineered T
cells displayed comparable in vitro cytotoxicity and cytokine production
(Supplementary Fig. 5A-F). These in vitro similarities notwithstanding, we
observed marked differences in the anti-tumor activity of HER2-TAC- and HER2-
CAR-engineered T cells in vivo (Fig. SA-D). Consistent with the earlier data,
tumors treated with HER2-TAC-T cells regressed within a few days following T
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cell infusion (Fig. 5A). In striking contrast, first-generation HER2-CAR-T cells
showed no anti-tumor activity in this model (Fig. 5B), and second-generation
HER2-CAR-T cells displayed only moderate, delayed anti-tumor efficacy which
manifested around 3 weeks post-ACT (Fig. 5C).

In addition to efficacy, we compared the toxicities associated with TAC
versus CAR engineered T cells. HER2-CAR-T cells elicited a profound toxicity
that manifested as a ruffled coat, laboured breathing and decreased body condition
(manuscript in preparation). We employed weight loss as a quantitative measure of
toxicity. Mice treated with first-generation HER2-CAR-T cells did not exhibit signs
of toxicity, consistent with the lack of anti-tumor efficacy (Fig. 5B). In contrast,
we noted toxicities emerging following treatment with second-generation HER2-
CAR-T cells were quite severe and all mice became moribund within 40 days of
ACT (Fig. 5C, X marks the endpoint). Conversely, HER2-TAC-T cells clearly
distinguish themselves from HER2-CAR-T cells as the HER2-TAC-T cells did not
trigger any observable toxicities while demonstrating robust anti-tumor efficacy
(Fig. 5A).

TAC-engineered T cells penetrate tumors to a higher degree than CAR-
engineered T cells

To elucidate the differential effects of HER2-targeted TAC- and CAR-T
cells in vivo, mice treated with equal doses of HER2-TAC- or second-generation
HER2-CAR-T cells were subjected to pathologic and serum cytokine analysis at 1,
3, 5, and 7 days post-adoptive transfer (Fig. 6 and Supplementary Fig. 6,7,8). Mice
receiving HER2-CAR-T cells developed severe pulmonary pathology. Masses of
infiltrating leukocytes formed at perivascular (Supplementary Fig. 6A) and sub-
pleural (data not shown) sites, becoming progressively larger over time.
Immunohistochemistry (IHC) showed that the pulmonary deposits were largely
composed of CD3+ T cells (Supplementary Fig. 6B). A patchy leukocytic infiltrate
containing CD3+ cells was also present in the cardiac tissue (Supplementary Fig.
6C). In contrast, HER2-TAC- or vector control T cells showed only scattered
pulmonary infiltrates (Supplementary Fig. 6A,B) and were undetectable in cardiac
tissue (data not shown). Instead, HER2-TAC-T cells accumulated primarily within
tumor tissue, whereas little accumulation of HER2-CAR-T cells or vector control
T cells was observed within the experimental time frame (Supplementary Fig.
6D,E), consistent with the delayed tumor control exhibited by the HER2-CAR-T
cells.

To further define the nature of the T cell infiltrate within tissues, we
employed multiparametric IHC. Lung sections from mice treated with HER2-CAR-
T cells revealed a dominant infiltration of Ki-67+CD4+ T cells, suggesting
localized expansion (Fig. 6A, Supplementary Fig. 6F). In contrast, the few CD4+
and CD8+ T cells observed in the lungs of mice treated with HER2-TAC-T cells or
vector control T cells were quiescent based on their small size (Supplementary Fig.
6B) and relative lack of Ki-67 staining (Fig. 6A). Similar observations were made
in cardiac tissue (Supplementary Fig. 6C, 8). In tumors, the HER2-TAC-T cell
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population was dominated by CD8+ T cells, although CD4+ T cells were also
evident. Further, intra-tumoral HER2-TAC-T cells were Ki-67+, indicating
localized proliferation (Fig. 6A). Tumor tissue infiltrated by HER2-TAC-T cells
also contained necrotic tumor cells indicative of cytotoxicity (Supplementary Fig.
6E). Findings regarding tissue-specific CD3+ T cell infiltration were quantified by
blinded scoring of IHC slides (Supplementary Fig. 6F).

Examination of circulating human cytokines in the serum of treated mice
demonstrated a striking discordance in the quantity and chronology of
inflammatory cytokine production between HER2-TAC- and HER2-CAR-T cells.
HER2-CAR-T cell-treated mice exhibited the highest levels of circulating
cytokines when compared to receptor-negative or TAC-T cell-treated mice (Fig.
6B). Moreover, while serum cytokine levels in HER2-TAC-T cell-treated mice
remained low throughout treatment, serum cytokine levels in HER2-CAR-T cell-
treated mice became progressively higher over the course of treatment (Fig. 6B).

We were unable to determine what antigen was triggering CAR-T cells, but
can exclude murine HER2 (data not shown). Thus, cells were responding against
an unknown antigen in the lungs and heart driving a lethal systemic inflammatory
reaction. In contrast, HER2-TAC-T cells, which carry the same antigen recognition
domain, show improved penetration and expansion within the tumor and did not
show evidence of activation or pathology within the lung and heart.
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Discussion

Novel strategies, such as splitting of activation and co-stimulation signals®3,
and Boolean-gated receptors*, seek to improve the toxicity profile of CAR-T cells.
Rather than modifying the CAR design, we opted to design a major
histocompatibility complex (MHC)-independent receptor that recapitulates the
architecture of a TCR-CD3/co-receptor complex to engage natural cellular
pathways and achieve a more nuanced T cell response.

Our data show that engagement of the TCR-CD3 complex is crucial for the
function of TAC-engineered T cells. The activity of the TAC receptor was critically
dependent upon the choice of CD3-binding domain, with UCHT1 demonstrating
the strongest combination of phenotypic and functional characteristics in vitro.
Curiously, the scFv derived from OKT3, one of the most commonly used agonistic
anti-CD3 antibodies, performed poorly in the TAC platform. Despite the
overlapping epitopes of OKT3 and UCHT1!7, our findings, and those of previous
studies?, indicate that small differences in binding to the CD3 complex can result
in substantially different functional outcomes.

Regardless of whether the anti-CD3 scFv binds a complex structural epitope
(UCHT1%737 OKT3%+338 and L2K?!) or a simple amino acid sequence (F6A binds
to a linear N-terminal CD3g epitope, AA 22-26 “QDGNE” #2), all CD3-recruiting
scFvs displayed some level of functionality within the TAC framework. The
varying functionalities of the TAC receptors carrying different CD3-binding
moieties suggest that these variabilities could be used to fine-tune T cell responses
by altering the various modules of the TAC to create an appropriate indication-
specific receptor.

Since the use of murine-derived scFvs in chimeric receptors has been
associated with the generation of human anti-mouse antibodies that eliminate
engineered T cells***’, we have validated the use of humanized UCHT1 in the TAC
receptor and all future iterations of the TAC will employ the human scaffold. Our
proof-of-concept studies have focused on TAC receptors directed at either CD19 or
HER2, but in principle, any cell surface target should be amenable to TAC
recognition.

Our in vitro comparison of TAC- and first- or second-generation CAR-T
cells revealed no functional differences in cytotoxicity or cytokine production. We
noted that second-generation CARs, but not TAC receptors, delivered tonic signals
to T cells, which manifested in elevated expression of checkpoint receptors and
diminished expression of CCR7 and CD62L. Given recent reports that indicate
tonic signaling can impair CAR T cell function?”%, the lack of tonic signaling may
be an advantage to TAC receptors. Tonic signaling in CARs can be exacerbated by
the choice of scFv?’#!. We have employed multiple scFvs with the TAC platform
and failed to observe evidence of tonic signaling (data not shown). We believe that
the lack of tonic signaling may be due to the lack of immunoreceptor tyrosine-based
activation motifs (ITAMs) in the TAC receptor. It has been suggested that less
differentiated T cells are preferable to terminally-differentiated effector cells for
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adoptive therapy, as they retain greater proliferative ability and improved in vivo
persistence*?. Data reveal that T cells engineered with TAC receptors retain a less
differentiated phenotype, which may translate to a more potent T cell product.

Based on the 2-signal hypothesis of T cell activation*’, one could expect
TAC-T cells to perform similarly to a first-generation CAR. However, TAC-T cells
showed superior outcomes in vivo compared to both first- and second-generation
CARs. Pathological analysis revealed two important features of TAC-T cells: 1)
greater infiltration of solid tumors post-adoptive transfer and 2) reduced expansion
in healthy tissues that express antigens that trigger the HER2-CAR. Intratumorally,
both CD4+ and CD8+ TAC-T cells expanded, demonstrating a balanced anti-tumor
attack. Importantly, TAC-T cells did not show evidence of activation or expansion
within the lungs, heart or any other tissue and did not cause any other toxicities.
Looking at CAR-T cell mediated toxicities, the incidence and severity of clinical
adverse events vary widely across CAR-T cell trials. In some trials, 100% of treated
patients experienced toxicities, including fever, nausea, general malaise, and in rare
cases, lethality****. The solid tumor model we employed enables simultaneous
monitoring of CAR-T cell-mediated efficacy and toxicity. Therefore, it is intriguing
that, in addition to superior solid tumor control, TAC-T cells also displayed less
toxicity than CAR-T cells. In contrast, HER2-CAR-T cells infiltrated normal lung
and heart tissues, resulting in robust expansion of CD4+ CAR-T cells, which are
responsible for toxicity (manuscript in preparation). Examination of serum
cytokines following infusion of the second-generation CAR-T cells revealed
exuberant production of a range of cytokines, indicating the expansion was not
reflective of a specific CD4+ T cell subset 6. In contrast, circulating cytokines
following infusion of TAC-T cells were markedly lower and biased towards a Th1
cytokine profile, suggesting a more controlled response.

It is curious that TAC-, but not CAR-, T cells infiltrated the tumor tissue at
early time points post-ACT and, conversely, that CAR-, but not TAC-, T cells
expanded greatly within the lungs and heart. The lungs, as the first-pass organ,
could be expected to be more susceptible to off-tumor reactivity of engineered T
cells; however, CAR-T cell expansion within the heart argues that the
infiltration/pathology is not simply a first-pass effect. We observed some CD8+ and
CD4+ T cells in the lung following infusion of TAC-T cells. However, their small
size and lack of Ki-67 expression indicated that they were quiescent. It remains to
be determined why TAC-T cells did not react to these healthy tissues as exuberantly
as the CAR-T cells. Regardless, these results demonstrate that while TACs can
engage and eliminate antigen-bearing tumor cells, they are also sufficiently
selective to bypass healthy cells bearing low levels of antigen. This ability to
differentiate between antigen in healthy and cancerous tissues could, if
generalizable, allow TAC-T cells to be used with solid tumor antigens that are
expressed at low levels on healthy cells.

Our observations with HER2-TAC-T cells demonstrate that the efficacy of
engineered T cells can be uncoupled from toxicity. Importantly, we predict that this
profile will significantly reduce risk and improve tolerability in patients — including
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those with significant comorbidities. Furthermore, the improved safety profile
would make TAC therapy accessible to a much larger pool of patients, as it would
no longer be limited to academic centres capable of handling the complex toxicities
currently encountered with CAR therapies. For these reasons, the use of TAC in
clinical applications is highly anticipated.
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Figure Legends

Figure 1:

TAC design mimics the TCR-CD3:co-receptor complex. A. Left: Naturally
occurring TCR-CD3 complex interacts directly with the antigen presented by
MHC. Meanwhile, the CD8/CD4 co-receptor interacts with MHC I/II in an antigen-
independent manner. Together, these interactions comprise the first step in T cell
activation. Right: The TAC receptor re-directs the TCR-CD3 complex towards an
antigen of choice using an interchangeable antigen binding moiety (here depicted
with an scFv, purple). An scFv is used to recruit the TCR-CD3 complex (blue). Co-
receptor properties are incorporated by including the CD4 hinge, TM region, and
cytosolic tail (green). B. The TAC is incorporated into the pCCL DNA backbone
containing a truncated NGFR (tNGFR), which lacks cytosolic signalling domains,
as a transduction control. The vector features a bi-directional promoter system with
tNGFR under control of the mCMYV promoter and TAC expression being driven by
the EF-1a promoter. TAC is comprised of an antigen binding domain, a CD3-
binding domain and a co-receptor domain. A variety of proteins can be used for
each of these three TAC domains allowing the TAC to be modified to best respond
to numerous different antigens. The specific domain combinations tested are
described below.

Figure 2:

Evaluation of multiple anti-CD3 scFv domains for recruitment of TAC to the
TCR-CD3 complex. A, E Schematic representation of evaluated TAC constructs.
TAC receptors utilizing the (A) anti-HER2 DARPin are paired with either the
UCHT1 or OKT3 anti-CD3 scFv. TAC receptors (E) using the anti-CD19 scFv are
paired with either the huUCHT1, F6A, or L2K anti-CD3 scFv. B, F Relative TAC
surface expression is measured by flow cytometry. Cells are stained for CD4, CD8,
tNGFR and TAC, and gated on either CD4'NGFR® or CD8'NGFR".
Representative data of 3 independent experiments are presented as histogram
analysis of (B) HER2-TAC or (F) CD19-TAC. Surface expression of OKT3
relative to UCHT1 was significantly higher in CD4 cells (p=0.0007) but not in CD8
cells. huUCHT1 expression is significantly higher compared to either L2K
(p=0.005 (CD4)/0.0002 (CD8)) or F6A (p=>0.0001 (CD4)/ >0.0001 (CD8)). C, G
HER2- and CD19-specific TAC-T cells are stimulated with antigen-positive (C)
SK-OV-3 and (G) Raji tumor cells, respectively. Data are presented as percent of
CD4 or CD8 T cells producing cytokine. Cytokine producing cells are compared
from (C) TAC-T cells bearing UCHT1 (square) or OKT3 (inverted triangle), or (G)
TAC-T cells bearing huUCHTT (square), F6A (triangle), or L2K (diamond). Lines
represent the mean. D, H HER2- and CD19-TAC and vector control (vector only
carrying tNGFR) T cells are co-cultured with (D) SK-OV-3 and (H) NALM-6
tumor cells, respectively, to measure TAC-T cell-mediated cytotoxicity. Vector
control T cells (circles) are compared against (D) HER2-specific TAC-T cells
bearing UCHT1 (square) or OKT3 (triangle), or (H) CD19-specific TAC-T cells
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bearing huUCHTT1 (square), F6A (triangle), or L2K (diamond). Data are from 3
independent experiments with 3 different donors, error bars are standard deviation.

Figure 3:

Relative expression of memory-associated markers and checkpoint receptors
in CAR- and TAC-engineered T cells. T cells are transduced with HER2-
DARPin-CD4 TAC and stained for surface marker expression and analyzed by flow
cytometry for: A. Expression of checkpoint receptors PD-1, LAG-3 and TIM-3.
Populations are gated for tNGFR and CD4 or CDS positivity. B. Cell population
positive for the specified receptors/ relative to experimental controls are shown.
The bar indicates the median of three independent experiments. C. SPADE tree
visualization of memory-associated marker expression in CD8+ T cells.
Populations are pre-gated for transduction marker tNGFR positivity. Nodes
represent populations of phenotypically similar single-cell events based on all
markers (CD45RA, CCR7, CD62L, CD27, CD28, and CDI127), with node size
indicating number of cells represented. Initial assignment of node clusters is based
on CD45RA and CCR?7 expression. Color of nodes represents fold expression of a
given marker compared to vector control T cells, as indicated by the color scale.
All data are derived from 2 independent experiments with 3 different donors.

Figure 4:

TAC-T cells demonstrate in vivo efficacy against solid and liquid tumors. A.
Treatment schema for OVCAR-3 tumor-bearing mice. In short, NRG mice receive
2.5 million OVCAR-3 cells subcutaneously. Tumors grew for 35-42 days until an
average size of ~100mm? is achieved. T cells are delivered over two doses, 48 hours
apart. B. Tumor-bearing mice receive intravenous delivery of 4-6x10° HER2-TAC
engineered T cells (black lines) or equivalent dose of vector control T cells (grey
lines). Tumor growth is followed over time; volume is calculated as /xwxh and %
change vs tumor volume at ACT1 (first T cell dose) is calculated. Curves each
represent a single treated tumor. Data are from 3 donors, from 2 independent
experiments, n = 11 for each of HER2-TAC and vector control groups; CD19-TAC
data generated from 1 donor, 1 experiment, n=4. C. Treatment schema for NALM-
6 tumor-bearing mice. In short, 0.5 million NALM-6 cells are administered
intravenously and allowed to establish for 5 days. Mice were treated with a total
dose of 4x10° CD19-TAC-T cells. T cells were delivered over two doses, 7 days
apart. D. Mice are treated with either vector control, TAC-AAntigen binding
domain or CD19-TAC-T cells. Curves each represent a single treated tumor. Data
are from 1 donor, 1 experiment, n = 5 for each of CD19-TAC and control groups.
Data has been replicated in independent experiments, n=10. Tumor progression is
followed weekly via luminescence.

Figure 5:
HER2-TAC-T cells demonstrate an enhanced safety profile and improved
efficacy over first and second generation HER2-CAR-T cells in vivo. OVCAR-
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3 tumor-bearing mice are treated with 2.0x10° HER2-TAC-T cells (A.), first
generation HER2-CAR (B.), second generation HER2-CAR (C.), or a matched total
number of vector control T cells (D.). Mice are followed for change in body weight
and tumor volume; each curve represents a single treated mouse relative to pre-
treatment weight/volume. When mice reach endpoint, this is indicated via X in
Figure C. Data has been replicated in an independent experiment.

Figure 6:

Engineered T cell distribution and cytokine release in vivo. OVCAR-3 tumor-
bearing mice were treated with 6.0x10° HER2-CAR -or HER2-TAC-T cells, or a
matched total number of vector control cells. Mice are sacrificed at 1, 3, 5 and 7
days post-ACT]1 for multiplex serum cytokine analysis or perfusion and fixation of
tissues for subsequent histology. A. Multicolour IHC is performed on tumor and
lung tissue 7d post-ACT]1. Tissues is stained for CDS8 (cyan), CD4 (yellow), DNA
(blue) and a proliferation marker (Ki-67, purple). Data are representative of 3 mice.
B. Multiplex analysis of human cytokines in mouse serum on day 3 and 7.
Measurements that fall below 0.2 pg/ml are below the calibration range and are
therefore defined as 0. 0 values are depicted on the graph’s x axis. Statistical
analysis is provided in supplemental figure 9. Individual data points are shown, bars
indicated standard deviation and center bars indicate the median.
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Material and Methods

CAR and TAC vector generation

TAC receptor transgenes were designed by linking tumor-directing moiety
to a CD3-TCR complex-targeting single chain variable fragment (scFv), and the
hinge, transmembrane (TM), and cytoplasmic domains of a T cell co-receptor.

The TAC sequence using UCHTI1, CD4 hinge, transmembrane, and
cytoplasmic domains was synthesized from GeneArt (Invitrogen; Thermo Fisher
Scientific, Waltham, MA) in the pUC57 vector. The HER2-specific H10-2-G3
DARPin' targeting domain (using a IgGx leader sequence) was PCR amplified (fwd
5! GGCGCGCCATGGATTTCCAGGTCCAGATTTTC 3, rev 5'
CCCGGGGTTCAGGTCTTCTTCGCTAATC 3') and cloned into the pUC57 TAC
vector using Ascl and Xmal cut sites. The resulting TAC was then cloned into the
pCCL vector, containing bi-directional minimal CMV (mCMV) and EF-la
promoters® (kindly provided by Dr. Megan Levings, University of British
Columbia, Vancouver, BC), wusing Asc/ and Nhel cut sites.
To generate the OKT3 TAC the V-V configuration of the OKT3 Q/S variant® was
ordered from GeneArt and cloned into pUCS57 using BamHI and Spel. The resulting
TAC construct was then sub-cloned into pCCL as above.

The TAC encoding the humanized version of UCHT1 (huUCHT1)*° was
ordered from GeneArt and sub-cloned by the manufacturer into the pCCL TAC
backbone we provided. The sequence for the scFv derived from FMC63, a CD19-
specific monoclonal antibody® was synthesized with a N-terminal CD8a leader
sequence and a Whitlow linker sequence between the heavy and light variable
fragments’ (Integrated DNA Technologies Inc., Coralville, AI). The FMC63 scFv
was amplified via the TOPO cloning kit (Invitrogen), then subcloned into the
huUCHT1 TAC pCCL backbone using 4scl and BamHI. TAC constructs using the
F6A® or L2K? CD3-binding domain in place of the hutUCHT1 were ordered from
GeneArt.

The CD8a TAC was cloned as follows: the CD8a sequence was obtained
from the UniProtKB/Swiss-Prot database (entry: P01732) and ordered from
GeneArt containing C164S and C181S mutations within the hinge domain. The
sequence was cloned into the pUC57 UCHT1 TAC vector using Xhol and Nhel.
The resulting CD8a -TAC was then sub-cloned into the pCCL vector using Asc/
and Nhel.

Generation of the second-generation HER2-28L CAR consisting of the [gGk
leader, anti-HER2 H10-2-G3 DARPin, human myc tag, CD8a hinge, CD28 TM
and cytoplasmic domains, and CD3{ cytoplasmic tail was previously described’.
The first-generation HER2-{ CAR was constructed by removing the 4-1BB portion
of a HER2-4-1BB{ CAR containing a CD8a hinge and transmembrane (HER2-4-
1BB{ CAR based off the design of a CD19 second-generation CAR®!?.

All restriction enzymes were purchased from New England BioLabs (NEB,
Whitby, ON). All sequences were codon-optimized for expression in human cells
and verified. All TAC and CAR constructs are under the control of the human EF-
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la promoter through 5° Ascl and 3° Nhel cut sites. Truncated LNGFR (tNGFR)
under control of a minimal human cytomegalovirus (mCMV) promoter was utilized
as a transduction marker. The receptor-negative control vector codes only for the
tNGFR transgene under the mCMYV promoter.

Lentivirus production

Self-inactivating, non-replicative lentivirus produced using a third-
generation system has been previously discussed®!!. Briefly, 8x10° HEK293T cells
cultured on 15 cm diameter tissue culture-treated dishes (NUNC; Thermo Fisher
Scientific) were transfected with the packaging plasmids pRSV-Rev (6.25 pg),
pMD2.G (9 ng), pMDLg-pRRE (12.5 pg) and the transfer plasmid pCCL
containing the transgene (32 pg) using Opti-MEM (Gibco; Thermo Fisher
Scientific) and Lipofectamine 2000 (Thermo Fisher Scientific). Twelve to sixteen
hours after transfection, media was replenished with new medium supplemented
with sodium butyrate (1 mM; Sigma-Aldrich Canada Co., Oakville, ON). Media
containing lentivirus particles was collected after 36-48 hours and concentrated by
ultracentrifugation. Viral titer in TU/mL was determined by serial dilution and
transduction of HEK293T cells, and subsequently determining %tNGFR™ via flow
cytometry using an anti-NGFR-VioBrightFITC antibody (Miltenyi Biotec,
Bergisch Gladbach, Germany).

Transduction of human T cells

This research was approved by the McMaster Health Sciences Research
Ethics Board and all donors in this study provided informed written consent.
Receptor-engineered human T cells were generated as previously described'!.
Human peripheral blood mononuclear cells (PBMC) from healthy donors
(McMaster Adult Cohort (MAC) donor) or commercial leukapheresis products
(LEUK donor) (HemaCare, Van Nuys, CA) were isolated by Ficoll-Paque-Plus
gradient centrifugation (GE Healthcare, Baie d’Urfe, QC) and cryopreserved in
inactivated human AB serum (Corning, Corning, NY) containing 10% DMSO
(Sigma-Aldrich Canada Co.).

Bulk T cells were activated from PBMCs with anti-CD3/28 Dynabeads at a
0.8:1 bead-to-cell ratio (Gibco) following manufacturer’s guidelines, and were
cultured in RPMI 1640 (Gibco) supplemented with 8.7% heat-inactivated fetal
bovine serum (Gibco), 1.75 mM L-glutamine, 8.7 mM HEPES, 0.87 mM sodium
pyruvate (Sigma-Aldrich Canada Co.), 0.87x non-essential amino acids (Gibco), 48
uM B-mercaptoethanol, 87 U/mL penicillin + 87 pg/mL streptomycin, 660 1.U.
rhIL-2 and 10 ng/mL rhIL-7 (PeproTech, Rocky Hill, NJ) . After 18-24 hrs, cells
were transduced with lentivirus at an MOI between 2-5 (CAR or tNGFR) or 10
(TAC). Cells were monitored daily and fed according to cell counts every 2-3 days
for a period of 11-14 days prior to use in vitro and/or in vivo.
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Phenotypic analysis by flow cytometry

Engineered T cell surface expression of CD4, CD8, and tNGFR was
evaluated through direct staining with conjugated antibodies. All stains were
carried at room temperature for 30 minutes. HER2-specific CAR- or TAC-T cells
were first stained with rhHER2-Fc chimera protein (R&D Systems, Minneapolis,
MN), followed by conjugated antibodies against CD4, CDS8, NGFR (BD
Biosciences, San Jose, CA; eBioscience, Thermo Fisher Scientific) and human IgG
(Jackson ImmunoResearch, West Grove, PA). CD19-specific TAC-T cells were
first stained with biotinylated Protein L (Thermo Fisher Scientific), followed by
streptavidin-APC (BD Biosciences), and finally conjugated antibodies against
CD4, CDS, and NGFR (BD Biosciences). All flow cytometry was conducted on a
BD LSRFortessa or BD LSRII cytometer (BD Bioscience) and analyzed using
FlowJo vX software (FlowJo, LLC, Ashland, OR).

Functional analysis of CAR-T cells following stimulation with cell lines

5x10° or 4x10° engineered T cells were stimulated with 5x10* antigen-
positive or -negative tumor cells for 4 hours at 37°C in a round- or flat-bottom 96-
well plate. Raji (CD19") and K562 (CD19°) tumor cell lines were used to stimulate
CD19-specific TAC-T cells, whereas OVCAR-3 (HER2") and LOX-IMVI (HER2"
) cell lines were used for HER2-specific TAC- and CAR-T cells.

BD GolgiPlug protein transport inhibitor (BD Biosciences) was added at the
start of stimulation per manufacturer’s instruction. FITC- or APC-H7-conjugated
anti-CD107a antibody (BD Biosciences) was incorporated in the stimulation to
assess degranulation. After stimulation, cells were stained for surface markers as
above. BD Cytofix/Cytoperm fixation and permeabilization kit (BD Biosciences)
was used to permit intracellular cytokine staining and cells were stained directly for
TNFa, IFNy, and IL-2 expression. Flow cytometry was conducted as above and
data was analyzed using FlowJo (FlowJo, LLC), and SPICE 5.1 as described'?
(National Institute of Allergy and Infectious Disease). Data of cytokine positive T-
cell percent is calculated as: cytokine TAC/CAR [%] - vector control T-cell [%].

In vitro cytotoxicity assay - Luminescence

To evaluate cytotoxicity, 5x10* luciferase engineered cells (NALM-6, SK-
OV-3, LOX-IMVI, OVCAR-3) were co-cultured with T cells in a white flat bottom
96-well plate (Corning) at indicated effector:target for 6 or 24 hrs at 37°C. After
co-culture, 0.15 mg/mL D-Luciferin (Perkin Elmer, Waltham, MA) was added per
well and luminescence was measured using a i3 SpectraMax (Molecular Devices,
Sunnyvale, CA) across all wavelengths. Tumor cell viability was calculated as:
((Emission — Background)/(Tumor cell alone — Background)) * 100%. Each
condition was tested in duplicate or triplicate.

In vitro cytotoxicity assay - Colorimetric
Adherent tumor cell lines LOX-IMVI and OVCAR-3 were used to evaluate
cytotoxicity of HER2-CAR- and TAC-T cells. Tumor cells were plated at 1.25x10*
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(LOX-IMVI) or 2.5x10* (OVCAR-3) cells/well overnight in a flat-bottom 96-well
plate. T cells were evaluated at effector:target ratios of 0.25:1 to 8:1 and co-cultured
for 6 hrs at 37°C. After co-culture, T cells were washed off and tumor cell viability
was determined using a 10% solution of AlamarBlue cell viability reagent (Life
Technologies) per manufacturer’s instructions. Colour change, indicative of live
cells, was measured by fluorescence (Aexcitation 330 NM, Aemission 595 nm) on a Safire
plate reader (Tecan, Maennendorf, Switzerland). Tumor cell viability was
calculated as: ((Emission — Background)/(Tumor cell alone — Background)) *
100%. Each condition was tested in triplicate.

Adoptive transfer and in vivo monitoring

The McMaster Animal Research Ethics Board approved all murine
experiments. 5-week-old female NOD.Cg-Ragl™Mem[|2rg™m!Wil/S7] (NRG) mice
were purchased from The Jackson Laboratory (Bar Harbor, ME) (Stock #007799),
or bred in-house. Mice (6-12-weeks-old) were implanted with 2.5x10° OVCAR-3
cells subcutaneously (s.c.) into the right hind flank. After 35-42d of tumor growth
mice were optimized into treatment groups based on tumor volume'®. Engineered
T cells were infused intravenously (i.v.) (deemed adoptive cell transfer (ACT))
through the tail vein as two doses delivered 48hrs apart (T cells were d14 and d16
in culture on respective treatment days; doses as specified in figure legends
represent the total sum of effective (transduced receptor positive) T cells
received/mouse). Tumor volume was measured by caliper (Mitutoyo Canada Inc.,
Toronto, ON) every 2-3 days post-ACT and calculated as LxWxH; % change in
tumor volume was calculated as ((current volume (mm?®) — pre-ACT volume
(mm?))/pre-ACT volume (mm?))*100. Mice were weighed (OHAUS Corporation,
Parsippany, NJ) every 1-3 days post-ACT; % change in weight was calculated as
((current weight (g) — pre-ACT weight (g))/pre-ACT weight (g))*100. Or 7-11-
week-old male NRG mice were injected with 0.5%10° NALM6-effLuc cells
intravenously. Two doses of engineered T cells were administered as above after
3d of tumor growth. Tumor burden was monitored through bioluminescent
imaging. Briefly, 10 pL/g of a 15 mg/mL D-Luciferin solution (Perkin Elmer;
Waltham, MA) is injected intraperitoneally 14 minutes 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.

Histology

Tissues were prepared for veterinary necropsy via whole body formalin
perfusion as described previously'®. After fixation in 10% neutral buffered
formalin, tissues were paraffin-embedded, sectioned and stained using hematoxylin
and eosin (H&E) or immunohistochemistry (IHC) for expression of human CD3
(Abcam Inc., Toronto, ON, cat#: ab16669) (conducted using the Leica BOND RX
(Leica Biosystems Inc., Concord, ON)). Aforementioned histology services were
performed by the Core Histology Facility at the McMaster Immunology Research
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Centre. Opal multiplex IHC was performed by the Molecular and Cellular
Immunology Core at the British Columbia Cancer Agency’s Deeley Research
Centre. In short, formalin-fixed paraffin embedded tissue sections were stained with
anti-CD4 (Abcam, cat#: ab133616) detected with Opal 520 (PerkinElmer), anti-
CDS8 (Spring Biosciences, cat# M3162) detected with Opal 650 (PerkinElmer), anti-
HER?2 (polyclonal, Cell Signaling Technology, ca#: 2242) detected with Opal 570
(PerkinElmer), anti-pan-CK Sigma Aldrich, cat#: C1801) detected with Opal 690
(PerkinElmer,) anti-Ki67 (Spring Biosciences, cat#: M3062) detected with Opal
620 (PerkinElmer), and DAPI (PerkinElmer). Multispectral images (20X
magnification, 3 fields per tumor and 3 fields containing perivascular sites per lung)
were collected using the PerkinElmer Vectra system. Quantification was performed
using inform Advanced Image Analysis Software (PerkinElmer). Blinded
pathologic assessment of H&E and CD3 IHC slides was performed by a veterinary
pathologist (Dr. Jacek Kwiecein, McMaster University). Blinded CD3 IHC scoring
was performed by a pathology resident (Dr. Ian Brain, McMaster University)'°.

Serum cytokine analysis

Prior to necropsy, mice were underwent a non-terminal retro-orbital bleed.
Serum was isolated using CapiJect capillary blood collection serum tubes according
to manufacturer instructions (Terumo Medical Corporation, Somerset, NJ, Cat No.
T-MG). Quantification of 13 human cytokines and chemokines (cat#: HDF13) or
31 murine cytokines and chemokines (cat#: MD31) was performed in a multiplex
assay by Eve Technologies (Eve Technologies Corporation, Calgary, AB) using the
Bio-Plex 200 system and MILLIPLEX assay kits from Millipore. The assay
sensitivities of these markers ranged from 0.1-9.5pg/mL (human) and 0.1-
33.3pg/mL (murine); individual analyte values can be found through the Eve
Technologies website.

Cell Lines

Human tumor cell lines SK-OV-3, LOX-IMVI, and OVCAR-3 originating
from the NCI-60 panel (kind gift from Dr. Karen Mossman, McMaster University,
Hamilton, ON) were cultured in RPMI 1640 (Gibco) supplemented with 8.7% heat-
inactivated fetal bovine serum (Gibco) 1.75 mM L-glutamine (BioShop,
Burlington, ON), 8.7 mM HEPES (Roche Diagnostics, Laval, QC), 87 U/mL
penicillin + 87 pg/mL streptomycin (Gibco), and 48 nM B-mercaptoethanol
(Gibco). Prior to use OVCAR-3 cells, were passaged in vivo. In brief, OVCAR-3
cells were injected s.c. into the hind flank of an NRG mouse and allowed to grow
for 72 days prior to harvest, digested with a mixture of collagenase type I (Gibco),
DNase I (Roche), and hyaluronidase (MP Biomedicals LLC, Solon, OH), and the
resulting cell product was expanded ex vivo. The Raji, NALM-6, and K562 cell
lines were obtained from the American Type Culture Collection (ATCC, Manassas,
VA), Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH
(Braunschweig, Germany), and kindly provided by Dr. Carl June (University of
Pennsylvania, Philadelphia, PA), respectively, and were cultured in RPMI 1640
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(Gibco) supplemented with 8.7% heat-inactivated fetal bovine serum (FBS), 1.75
mM L-glutamine, 8.7 mM HEPES, 0.87 mM sodium pyruvate (Sigma-Aldrich
Canada Co.), 0.87x non-essential amino acids (Gibco), 48 M B-mercaptoethanol,
and 87 U/mL penicillin + 87 pug/mL streptomycin. NALM6-effLuc, SK-OV-03-
effLuc, K562-effLuc, and LOX-IMVI-effLuc cells were generated by transducing
tumor cells by lentivirus encoding enhanced firefly luciferase'® and a puromycin
selection marker. effLuc” cells were selected for by supplementing culture medium
with 2-8 pg/mL puromycin (InvivoGen, San Diego, CA). HEK293T cells were
cultured in DMEM (Gibco) with 8.7% heat-inactivated FBS, 8.7 mM HEPES, 1.75
mM L-glutamine, 87 U/mL penicillin + 87 pg/mL streptomycin or 0.1 mg/mL
normocin (InvivoGen, San Diego, CA). All cell lines were cultured under ambient
atmosphere adjusted to 5 % COz and 37 °C, and confirmed mycoplasma-negative
by MycoAlert mycoplasma detection kit (Lonza Inc, Basel, Switzerland).

Statistical analysis

Multiple ¢ tests, using the Holm-Sidak method, were used to compare data
between two groups. Results were prepared using Prism 6 Software (GraphPad, La
Jolla, CA). A significance interval of 95% was used.; NS = not significant. Power
calculations were performed using G*Power!”.

SPADE analysis

Flow cytometry files were analyzed in Cytobank
(https://www.cytobank.org/) using the SPADE tool for clustering of cells into
phenotypic hierarchies to allow for multidimensional analysis as described
previously'®. Populations were pre-gated for transduction marker NGFR, and CD4
or CD8 positivity for SPADE tree generation. Parameters for downsampling and
target number of nodes was set to 40% and 12, respectively. Resulting SPADE trees
and clusters were manually curated into hi or lo expression of CD45RA and CCR7,
followed by coloring of nodes to reflect fold expression of a given marker relative
to control.

Antibodies and Recombinant Proteins

Flow cytometry antibodies used: CD4-AF700 (eBioscience; cat#: 56-0048-
82); CD4-Pacific Blue (BD Pharmingen; cat#: 558116); CD8-AF700 (eBioscience;
cat#: 56-0086-82); CD8-PerCP-Cy5.5 (eBioscience; cat#: 45-0088-42); CD107a-
FITC (BD Pharmingen; cat#: 555800); LNGFR-BV421 (BD Pharmingen; cat#:
562582); LNGFR-VioBright FITC (Miltenyi Biotec; cat#: 130-104-893); Human
IgG (Fcy)-PE (Jackson ImmunoResearch; cat#: 109-115-098); IFNy-APC (BD
Pharmingen; cat#: 554702); IL-2-PE (BD Pharmingen; cat#: 554566); TCR of3-
FITC (BD Pharmingen; cat# 555547); TNFa-PE-Cy7 (BD Pharmingen; cat#:
557647); TNFa-FITC (BD Pharmingen; cat#: 554512); rhErbB2/Fc Chimera
(R&D Systems; cat# 1129-ER); Protein L-Biotin (Thermo Fisher Scientific; cat#:
29997); Streptavidin-APC (BD Pharmingen; cat#: 554067); CD27-APC-H7 (BD
Pharmingen; cat#: 560222); CD28-PE (BD Pharmingen; cat#: 555729); CD45RA-
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ECD (Beckman Coulter; cat#: IM2711U); CD62L-APC (BD Pharmingen; cat#:
559772); CDI127-PerCP-Cy5.5 (eBioscience; cat#: 45-1278-42); CCR7-PE-Cy7
(BD Pharmingen; cat#: 557648); PD-1-BV421 (BD Horizon; cat#: 562516); TIM-
3-PE-CF594 (BD Horizon; cat#: 565560); LAG-3-AF647 (BD Pharmingen; cat#:
565716). IHC antibodies used: CD3 (Abcam Inc.; cat#: ab16669), CD4 (Abcam
Inc.; cat#: ab133616), CDS8 (Spring Biosciences, Pleasanton, CA; cat#: M3162),
HER2 (Cell Signaling Technology, Danvers, MA; cat#: 2242), pan-CK (Sigma
Aldrich; cat#: C1801), Ki67 (Spring Biosciences; cat#: M3062, and DAPI, Opal
520, Opal 650, Opal 570, Opal 690, and Opal 620 (Opal 7-ColorfIHC kit; Perkin
Elmer; cat# NEL797001KT)

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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Supplementary Figure Legends

Supplementary Figure 1:

Biotinylated Protein L is capable of binding CD19 TAC containing the F6A
scFv. A. Protein L binds the kappa light chain of scFv. HEK 293T-cells were
transfected with CD19-TAC-F6A, stained and analyzed for TAC and tNGFR
expression by flow cytometry. B. CD19-TAC-cells were stimulated with antigen-
positive Raji (triangle) or antigen negative K562 (square) tumor cells, respectively.
Data are presented as percent of CD4 or CD8 T-cells producing cytokine. Lines
represent data medians.

Supplementary Figure 2:

CD3-recruitment domain is required for TAC-engineered T cell function. Full-
length and AUCHT1 TAC receptors (A) were expressed on the surface of primary
human T cells (B). Relative TAC surface expression is measured by flow
cytometry. Cells were stained for CD4, CD8, tNGFR and TAC (via its Myc Tag),
and gated on either CD4"NGFR" or CD8'NGFR; representative TAC expression
data are presented as histograms. C. HER2-TAC-T cells (bearing huUCHT1
(square) or AUCHT] (triangle)) are stimulated with antigen-positive SK-OV-3
tumor cells. Data are presented as percent of CD4+ or CD8+ T cells producing
cytokine. Lines represent data means. D. HER2-TAC-T cells (bearing huUCHT1
(square) or AUCHT1 (triangle)) and vector control T cells (circles) are co-cultured
with SK-OV-3 tumor cells to measure TAC-T cell-mediated cytotoxicity. Data are
from 3 independent experiments with 3 different donors; error bars show standard
deviation.

Supplementary Figure 3:

TAC-T cells show no evidence of auto-activation in the absence of target
antigen. Data originates from the same experiment as Supplemental Figure 2. A.
HER2-TAC-T cells are stimulated with antigen-positive SK-OV-3 (square) or
antigen-negative LOX-IMVI (triangle) tumor cells. Data are presented as percent
of CD4+ or CD8&+ T cells producing cytokine. Lines represent data means. B-C.
HER2-TAC-T cells (bearing UCHT1; square) and vector control T cells (circle) are
co-cultured with LOX-IMVI or SK-OV-3 tumor cells to measure TAC-T cell-
mediated cytotoxicity. Data are from 3 independent experiments with 3 different
donors; error bars show standard deviation.

Supplementary Figure 4:

Evaluation of cytosolic TAC domains. (A). Schematic representation of CD4 and
CD8a TAC constructs containing the anti-HER2 DARPin and UCHT1 CD3-
binding domain. (B). Cells were stained for CD4, CD8, tNGFR, and TAC
expression, and gated on either CD4"NGFR" or CD8"'NGFR"; representative TAC
expression data are presented as histograms. (C) Cytokine production by CD4
TAC- (square) and CD8a TAC- (triangle) T cells stimulated by HER2" SK-OV-3
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tumor cells are shown. Lines represent data means. (D) Cytotoxicity was measured
by co-culturing HER2" SK-OV-3 tumor cells with TAC- (CD4 co-receptor
(squares) or CD8a co-receptor (triangles)) or vector control (circles) T cells. Data
are from 3 independent experiments with 3 different donors; error bars show
standard deviation.

Supplementary Figure 5:

First-generation CAR-, second-generation CAR-, and TAC-T cells exhibit
similar in vitro potency. A. Schematics of TAC and first-generation CAR
constructs. B. Comparison of cytokine production from CD4+ or CD8+ TAC-
(square) and first-generation CAR- (triangle) T cells when stimulated with HER2"
OVCAR-3 tumor cells (minus cytokine production triggered by HER2™ LOX-IMVI
tumor cells). Lines represent data means. C. Cytotoxicity of TAC- (square) and
first-generation CAR- (triangle) relative to vector control (circle) T cells against
OVCAR-3 and LOX-IMVI tumor cells. Data are from 3-4 independent
experiments; error bars show standard error of the mean. D. Schematics of the TAC
and 2™ CAR constructs. E. Comparison of cytokine production from CD4+ or
CD8+ TAC- (square) and second-generation CAR- (inverted triangle) T cells when
stimulated with OVCAR-3 (minus cytokine production triggered by HER2™ LOX-
IMVI tumor cells). Lines represent data means. F. Cytotoxicity of TAC- (square)
and second-generation CAR- (inverted triangle) relative to vector control (circle) T
cells against LOX-IMVI and OVCAR-3 tumor cells. Data are from 3 independent
experiments; error bars show standard error of the mean.

Supplementary Figure 6:

TAC- and CAR-T cells show differential patterns of localization in vivo.
OVCAR-3 tumor bearing mice were treated with 6.0x10° HER2-CAR- or HER2-
TAC-T cells, or a matched total number of vector control T cells. At 1, 3, 5, and 7
days post-ACT1 mice (n = 3 per treatment) were perfused and tissues were formalin
fixed and paraffin embedded. A. Timecourse of H&E (hematoxylin and eosin)
stained lung sections at 20X magnification; vasculature are indicated by a “v”. B.
CD3 IHC staining of lung sections at 7 days post-ACT1. C. H&E and CD3 IHC of
cardiac tissue at 7 days post-ACT1. D. Timecourse of H&E stained tumor sections
at 60X magnification. E. CD3 IHC staining of tumor sections at 7 days post-ACT1;
arrow indicates a necrotic tumor cell. In all cases, images are representative of
observations in all mice (n = 3 each). F. CD3 [HC was performed on heart, lung,
and tumor tissue; T cell infiltrate was scored as % infiltrate based on tissue area in
10% intervals (score 1 = <1%, score 2 = 1-10%, score 3 = 10-20%, score 4 = 20-
30%, score 5 = 30-40%, and score 6 = 40-50%). Data presented as an average score
for n = 3 mice per time point.

Supplementary Figure 7:
Single color and composite multicolor IHC tissue analysis. OVCAR-3 tumor
bearing mice were treated with 6.0x10° HER2-CAR- or HER2-TAC-T cells, or a
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matched total number of vector control T cells. At 7 days post-ACT1 mice (n = 3
per treatment) were perfused and tissues were formalin fixed and paraffin
embedded for subsequent multicolor IHC analysis (tumor or lung tissues were
stained for human cytokeratin (CK, red), cellular proliferation marker Ki-67
(purple), CDS (cyan), CD4 (yellow), and DAPI (blue)). Representative single-color
images are shown alongside 2-color overlay images.

Supplementary Figure 8:

Multicolor IHC of cardiac tissue at 7 days post-ACT1. OVCAR-3 tumor bearing
mice were treated with 6.0x10® HER2-CAR- or HER2-TAC-T cells, or a matched
total number of vector control T cells. At 7 days post-ACT1 mice (n = 3 per
treatment) were perfused and tissues were formalin fixed and paraffin embedded
for subsequent multicolor IHC analysis (cardiac tissue was stained for cellular
proliferation marker Ki-67 (purple), CDS8 (cyan), CD4 (yellow), and DAPI (blue)).
Representative images are shown.

Supplementary Figure 9:

Statistical analysis of serum cytokine data. An unpaired t-test was used to
evaluate the statistical significance of the serum cytokine data (n = 3 for each of
HER2-TAC-, HER2-CAR-, and vector control T cells) presented in Figure 6.
Pairwise comparisons between the three treatment groups are presented for each of
the thirteen cytokines tested. P-values are shown. NS = not significant using a
confidence interval of 95%. N/A denotes cases where no analysis was
mathematically possible.

Supplementary Figure 10:

Examples of gating strategies used for the analysis of flow cytometry data. A.
Gating strategy for phenotypic analysis of engineered T cells. Lymphocytes (SSC-
A v. FSC-A) - singlets (FSC-H v. FSC-A) > CD8" or CD4" cells (CD8-
PerCPCy5.5 v. CD4-AF700) > NGFR" cells (SSC-A v. NGFR-BV421) > TAC
receptor expression as a histogram (ProteinL" with indirect detection via APC-
conjugated streptavidin is shown as an example). NGFR+ gates were set based on
fully stained, non-transduced T cell controls. B. Gating strategy for functional
cytokine production by tumor cell line-stimulated engineered T cells. Lymphocytes
(SSC-A v. FSC-A) - singlets (FSC-H v. FSC-A) = CD8" or CD4" cells (CDS8-
PerCPCy5.5 v. CD4-AF700) = cytokine positive (SSC-A v. TNF-a-FITC or IFN-
v-APC or IL-2-PE). Cytokine+ gates were set based on fully stained, PBS- or
antigen-negative tumor cell line-stimulated controls.
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6.0 Chapter Six — Conclusions

The findings of this work echo the CAR-T cell clinical experience thus far —
CAR-T cells have the capacity to induce serious toxicities in vivo. We arrived at
this conclusion in two different small animal models: i) NKG2D-targeted CAR-T
cells in a syngeneic model and ii) anti-HER2 DARPin-targeted CAR-T cells in a
xenograft model.

6.1 NKG2D-based CAR-T cells can be toxic in vivo

In Chapter Two, using a syngeneic model, we demonstrated for the first time
that NKG2D-based CAR-T cells bore the potential to be lethally toxic — in contrast
to pre-clinical literature on the subject published prior to our investigations. We
concluded that the clinical evaluation of NKG2D-targeted CAR-T cell therapy,
which was already in progress, should be undertaken with extreme caution; a
sentiment that was echoed by others in response to our publication (267).

Interestingly, subsequent to our publication, the Sentman group (who
originally described NKG2D-targeted CARs) published an article describing the
toxicities associated with these CAR-T cells (268). Importantly, in reference to our
work, these authors agree that “to improve NKG2D CAR design with stronger
signaling or the use of immune pre-conditioning should be considered carefully”
(268). Given Dr. Sentman’s partnerships with those companies responsible for
bringing NKG2D-targeted CAR-T cells to trial, our findings have informed clinical
practice.

First-in-man phase I clinical trial results of NKG2D-targeted CAR-T cells are
beginning to emerge. In a trial of chimeric receptors composed of full-length
NKG2D fused to the signaling domain of CD3i, used for the treatment of
hematological malignancies (NCT02203825), no instances of cytokine release
syndrome, neurotoxicity, or auto-immunity were reported (269). The conditions of
the trial design were in line with those which produced the lowest levels of toxicity
in our syngeneic model. To mitigate risk of toxicity, the trial design included: (i)
the initial dose levels of NKG2D-CAR-T cells were markedly lower than those
reported in CD19-CAR-T cell trials, (ii) a first-generation CAR-T cell scaffold was
used (equivalent to our NKz), and (ii1) the trial was conducted in the absence of
lympodepleting pre-conditioning (and exclusion criteria included chemo- or
radiotherapy received within 3 weeks prior to CAR-T cell infusion) (269). As such,
we conclude that the results of these clinical tests were consistent with the
predictions of our pre-clinical model. Although the NKG2D-based CAR-T cell
product was safe in this trial, there were no objective responses among patients. A
follow-up phase I dose escalation and expansion trial is currently recruiting
(NCTO03018405; THINK trial) (270, 271). Patients in the THINK trial receive
increased CAR-T cell doses over multiple infusions; unlike the CD19-CAR-T cell
trials, patients in the THINK trial do not receive lymphodepleting conditioning
therapy. Again, no major toxicities have been reported and there has been one early
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report of a complete response in a single patient treated in the trial (272). Our
findings (in our anti-HER2 DARPin-targeted CAR-T cell xenograft toxicity
model), and those of others (258), indicate that conventional CAR-T cell
preparations have a very narrow therapeutic window. Given the increased dosing
and observation of efficacy in the THINK trial, it will be interesting to see whether
toxicities are observed upon full disclosure of trial data.

6.2 DARPins can be used to target synthetic receptor-engineered T cells

In Chapter Three, we were the first to demonstrate the utility of DARPins as
CAR-targeting elements. The same anti-HER2 DARPin was used in Chapter Five
to target a TAC against HER2, proving this capacity is applicable to multiple
synthetic receptor designs.

The DARPin-targeting approach has since been confirmed by several other
groups in CARs (273, 274) or chimeric costimulatory receptors (274) (akin to
CARs but only encoding a source of co-stimulatory signaling) against HER2 (273)
and other targets (274).

6.3 Host and T cell source biology contribute to differences in CAR-T cell toxicity

In Chapter Four, using our anti-HER2 DARPin-targeted CARs in a
xenograft model, we definitively demonstrated for the first time that biological
diversity among human CAR-T cell products could contribute to differential
toxicity in vivo. Despite having been in development for nearly thirty years,
synthetic receptor-engineered T cells are still a young and poorly understood
technology. Much of the work done thus far has focused on the feasibility and
efficacy of the engineered T cell approach. As such, while most published xenograft
pre-clinical CAR-T cell models evaluate multiple donors, they often fail to present
data stratified by the T cell donor source. One under-appreciated aspect has been
how the differential biology of patients will affect these cellular therapeutics.
Currently, tumor burden and antigen status are the only patient-specific features
taken into consideration when determining whether a patient is a candidate for
CAR-T cell therapy. However, our findings indicate that factors within the T cells
used to generate the engineered cell product are contributing to outcomes of CAR-
T cell therapy.

We demonstrated that the CD4:CD8 T cell ratio in a CAR-T cell product,
which appears to be a biological property that varies from donor-to-donor, is a
critical factor contributing to the severity of off-tumor CAR-T cell-associated
toxicity. The contribution to toxicity that may be arising from patient-to-patient
differences in the adoptive transfer product has only recently been appreciated in
clinical trial data. In unpublished data disclosed at the 2017 Society for
Immunotherapy of Cancer annual meeting, Juno Therapeutics identified that
individuals receiving an increased dose of CD8" T cells (resulting from variations
in the CD19-CAR-T cell adoptive transfer product) significantly correlated with
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cerebral edema (i.e. neurotoxicity) arising from an on-tumor response in
hematological malignancies (275). Previous reports have linked off-tumor
toxicities to CD4" T cells (276, 277); our data confirms these findings and reveals
that donor-specific features within the CD4" T cells also contribute to the toxicities
(e.g. we identified rate of expansion as one contributor — akin to recent clinical
findings (278)). Further work is needed to determine exactly what biological factors
(whether heritable or non-heritable (279)) underpin these differences, which may
allow for the rational design of engineering strategies that correct for toxic
potential. Testing DAPRin-28z-CAR-T cells generated from clinical PBMC
samples (where patients have a known clinical toxicity outcome) in our model may
provide one way to validate the utility of our model as a predictor of this toxic
potential.

Consistent with the theme of differential biology impacting toxicity, in
Chapter Two the severity of NKG2D-based CAR-T cell toxicity was dependent
upon the strain of mice used. We attributed these differences in toxicity to variations
in non-tumor NKG2DL expression and CAR-T cell functionality (as measured in
vitro). As such, our findings in the NKG2D-CAR-T cell model allude to another
potential contributor to patient-to-patient differences in toxicity: host
microenvironment. It is currently unknown whether differential expression of
CAR-targeted tumor associated antigens on non-tumor tissues can contribute to
differential severity of on-target, off-tumor toxicity. Our NKG2D-CAR-T cell
model suggests this may be a possibility, and indeed healthy tissues show a range
of antigen expression across human donors (e.g. pulmonary HER2 expression (280,
281)). This is particularly concerning for CAR-T cell therapeutics targeting tumor
associated antigens which are safe only within a narrow therapeutic window;
patients expressing TAA at the upper end of the normal distribution may be
particularly sensitive to experiencing on-target off-tumor CAR-T cell activation
and thus toxicity (282).

The association between efficacy and toxicity with cancer therapeutics is
longstanding (recall the toxicities observed with Coley’s toxins, for example). The
ultimate therapeutic would unlink efficacy and toxicity. Unfortunately, results in
our preclinical models suggest that current CAR-T cell products are unable to do
SO.

6.4 Next-generation synthetic receptor-engineered T cells

In Chapter Five, we introduced a novel synthetic receptor platform, the T cell
antigen coupler (TAC), which triggers T cell activation against tumor antigens via
the endogenous TCR/CD3 complex in an MHC-independent manner. Unlike
equivalent CAR-T cells, anti-HER2 TAC-T cells are efficacious and safe in a solid
tumor xenograft model (the same model described in Chapter Four), offering a
potential solution to unlink toxicity from efficacy. Whether improved efficacy and
safety in treating solid tumors is a general property of TAC-T cells, or an
observation unique to this model has yet to be determined; future evaluations of
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equivalently targeted TAC- versus CAR-T cells in additional pre-clinical solid
tumor and toxicity models are needed.

However, we hypothesize that the TAC platform, through its appropriation of
the endogenous TCR for signaling, results in a more natural T cell activation versus
a CAR. We further hypothesize that this differential activation will offer TAC-T
cells improved solid tumor efficacy and reduced toxicity across a range of targets.
Due to their design, CAR-T cells are inherently different in their activation of T
cells than a TCR. A CAR containing the CD3( activation domain has just three
ITAMs per receptor compared to the ten ITAMs per TCR-CD3 complex (204).
Furthermore, delivery of activation and co-stimulatory signals are both spatially
and temporally concomitant through a CAR, unlike endogenous T cell activation
(283). These differences make it unlikely that a CAR-T cell will be capable of
mimicking a natural T cell response — a claim that is supported by experimental
evidence. Indeed, when CARs were compared to TCRs targeted against the same
antigen (a pMHC complex), TCR signaling induced differential T cell activation
than the CAR (193). Furthermore, in the absence of antigen, CAR-T cells have been
observed to experience low levels of chronic activation leading to exhaustion (284).
Lastly, while second generation CARs have demonstrated unprecedented anti-
tumor activity in the clinic, their robust proliferative and cytokine responses have
led to unprecedented inflammatory toxicities. In Chapter Four, we demonstrated
that inclusion of a co-stimulatory domain exacerbates CAR-T cell-associated
toxicity; yet, there is no question (based on current data) that inclusion of the co-
stimulatory domain is required for CAR-T cell persistence and efficacy in the clinic
— a catch-22. Fortunately, the requirement for co-stimulation appears to be unique
to the CAR strategy. Natural memory T cells do not necessarily require co-
stimulation to effectuate cytokine production, proliferation or cytotoxicity. Indeed,
TCR-engineered T cells have been capable of demonstrating efficacy (with reduced
observations of toxicities) in clinical trials (252, 285), and we have demonstrated
that TAC-T cells (which lack exogenously encoded co-stimulation) are capable of
proliferation in response to tumor antigen. In further support of our hypothesis that
TAC-T cells experience a more natural activation than their CAR counterparts, data
provided in this thesis (and unpublished results) have demonstrated that TAC
receptors trigger little to no tonic signalling. Other pre-clinical data are beginning
to emerge which also suggest that synthetic T cell activation via co-opting the
endogenous TCR-CD3 complex may produce superior efficacy in solid tumors vs
CAR-T cells (265, 286). As such, it appears that the future of engineered T cell
therapeutics may be in novel synthetic receptor strategies.

6.5 The future of synthetic receptor-engineered T cell therapy for cancer
Amid the diversity of immuno-oncology agents under development, where
will synthetic receptor-engineered T cells ultimately fit in?

Given the potent tumor-killing ability of T cells, agents which activate an
anti-tumor T cell response are poised to continue to be major players in the
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immuno-oncology arena. While immune checkpoint blockade has revolutionized
the treatment of melanoma, its use requires an endogenous anti-tumor T cell
response (as does TIL therapy). This may limit the patient population capable of
benefiting from these therapies to those whose malignancies have high mutational
loads (178). In contrast, engineered anti-tumor T cells offer benefit to all patients,
regardless of their natural anti-tumor T cell response. Adoptive T cell therapies
have the added benefit of being a cellular product (a “living drug”) — they are
activated ex vivo, outside of the local immunosuppressive microenvironment, and
are capable of in vivo amplification and persistence. Synthetic receptor-engineered
T cells (as opposed to TCR-engineered T cells) are particularly appealing given
their ability to trigger anti-tumor cytotoxicity in an MHC-independent manner.

However, given the heterogeneous nature of human tumors and their ability
of to evolve in response to the selective pressure of the immune system or a
therapeutic agent (287), it is unlikely that an engineered T cell which solely
functions to induce cytotoxicity against a single target will be capable of uniformly
producing durable complete regressions, especially in solid tumors. Indeed, clinical
relapses of CD19" hematological malignancies treated with CD19-CAR-T cells
have been associated with antigen loss (221). Instead, the induction of durable
complete responses will be better mediated by combinatorial approaches, as is the
consensus opinion among immuno-oncologists (288, 289).

One strategy to resist tumor escape to CAR-T cell therapy has been to
generate a T cell product which permits a simultaneous response against multiple
tumor antigens (e.g. T cells bearing multiple CARs, CARs with multiple tumor
antigen-binding domains, and pooled CAR-T cell products) (221). However, with
CAR-T cells, targeting an increased number of antigens may increase the
occurrence of toxicity. Even if TAC-T cells prove to be a safer option, permitting
multi-targeting strategies, how many antigens must be targeted to guarantee
complete elimination of a tumor?

As previously mentioned, the ultimate goal of immuno-oncology is to revert
the tumor microenvironment to a state promoting immunological tumor elimination
rather than escape. Reinstating this natural homeostasis allows for the generation
of endogenous anti-tumor immune responses which are capable of evolving
alongside a tumor, rather than static agents which treat a single aspect of tumor
biology, leaving a patient susceptible to relapse. For this reason, the most successful
combinatorial treatment strategies will likely promote the elimination of tumors
alongside a correction of the immunosuppressive microenvironment. Several
strategies as such have been pioneered (in the pre-clinical setting) with CAR-T
cells. For example, CAR-T cells can be engineered to express additional genetic
payload (e.g. IL-12) (290) or used to carry an oncolytic virus (291). Such strategies
will likely pair well with next-generation synthetic receptor-engineered T cell
strategies (like the TAC) which offer the advantage of improved safety profiles.

Synthetic receptor-engineered T cells will ultimately serve to be a tool as a
part of systemically active combinatorial immuno-oncology treatment regimens —
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we anticipate that our contributions towards an improved understanding of CAR-T
cell toxicities and novel receptor strategies, as described in this thesis, will
contribute towards the development of safer engineered T cell therapies for this
purpose.
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