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Context-dependent requirements for mitochondrial apoptosis in CAR T killing of cancer cells

Chimeric antigen receptor (CAR) T cell therapy is now an FDA approved treatment for several
hematologic malignancies, yet not all patients respond to this treatment.! While some resistance
mechanisms have been identified, the possibility that cell death pathways in target cancer cells could impact
response to CAR T therapy remains underexplored. The goal of my thesis work was to understand how
CAR T cells kill target cancer cells, and whether defects in cell death pathways in target cancer cells could
alter their response to CAR T treatment. To address these questions, | generated a Hela in vitro model
system. HeLa cells with intact (HeLa-19) and deficient Bak/Bax (HeLa-DKO-19) expressing CD19 were co-
cultured with CD19 CAR T cells. Viability of target cells was then quantified using a) Annexin V / Hoechst
staining and b) an impedance-based readout of cell death. Bak/Bax deficiency, which blocks the
mitochondrial pathway of apoptosis, conferred resistance to CAR T killing. Compared to the wildtype cells,
Bak/Bax null cells required exposure to ten times as many CAR T cells to achieve a similar level of killing.
To confirm that mitochondrial apoptosis contributes to CAR T killing, | forced the expression of Bcl-2 and
Bcl-XL in HeLa-19 cells, and observed that both of these anti-apoptotic proteins conferred protection from
CAR-T killing in a similar manner to Bak/Bax knockout.

To assess whether these findings were generalizable to additional target cancer cells, | generated
mantle cell lymphoma cell lines (JeKo-1) expressing increased levels Bcl-2 and Bcl-XL. Despite being
protected from cell death induced by etoposide, the Bcl-2 and Bcl-XL JeKo-1 cell lines were not protected
from CD19 CAR T killing, in contrast to my previous results.

In conclusion, defects in the mitochondrial pathway of apoptosis conferred protection from CAR T
killing in a solid tumor (HeLa) cell line, but not in one of hematopoietic origin (JeKo-1). While increasing
target cell susceptibility to apoptosis could be a strategy to enhance CAR T killing, in some settings target
cells may not depend on the mitochondrion for their demise. Understanding how CAR T cells kill target
cells, particularly apoptotically resistant target cells, could help us develop immunotherapies that have the
potential to help the most patients, given that defects in apoptosis are a hallmark of cancer. Future work

will be necessary to understand why some target cells are protected by mitochondrial resistance and others



are not; and to identify the precise mechanism by which CAR T cells can kill mitochondrially resistant cells

at high E:T ratios.
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Chapter 1: Introduction

Cytotoxic T lymphocytes and treatments for cancer

When the small molecule imatinib received FDA approval for the treatment of chronic myelogenous
leukemia in 2001, oncology entered an exciting new era. Imatinib became the poster child for what was
termed “targeted therapy” for cancer. Ideal targeted therapies had two main characteristics. Firstly, they
inhibited a mutated protein found only in cancer cells, thus minimizing toxicity to healthy tissues. Secondly,
they killed cancer cells. This selective and specific lethality meant that such drugs were well tolerated by
patients, and they could efficiently eradicate disease. When patients began to emerge who did not respond
to imatinib treatment, they were found to have mutations that altered the binding site where imatinib holds
on to its target protein — further demonstrating the unique specificity of this type of drug.2 Cancer biologists
began to dream of creating imatinibs for all other types of cancer.?

But how could they do so? The imatinib success story became widely known in an era of massive
tumor sequencing, and that leant itself to a hypothesis. Imatinib was successful precisely because it
targeted a mutant fusion protein, Ber-Abl, which was present in this particular form of blood cancer.23 If
cancer biologists sequenced all tumors; found genes that were mutated in each tumor type; and created
drugs that specifically inhibited those mutant proteins, surely the imatinib story could be repeated.

Sadly, this was not the case. While some tumor types responded well to targeted therapies
(hematological malignancies, ALK-mutant non-small cell lung cancer [NSCLC], HER2-positive breast
cancer)?, the results of clinical trials employing targeted agents in solid tumors (prominent examples include
EGFR inhibitors in glioblastoma multiforme and BRAF inhibitors in metastatic melanoma) were
disappointing.*® Some of these agents led to encouraging initial responses, as vemurafinib did in metastatic
melanoma, but ultimately patients received only modest — if any — benefits in overall survival. It became
clear that for many cancer types, a different therapeutic strategy was required for curing patients of their
disease.

While results from clinical trials of single-agent targeted therapies for solid tumors were first being
reported, a few laboratories began testing a different sort of targeted therapy for cancer. It involved a

cytotoxic agent that could selectively kill target cancer cells while sparing normal tissues. In this case, the



cytotoxic agents were immune cells — killer cells known as cytotoxic T lymphocytes (CTLs). These cells can
recognize specific, tumor-associated antigens via the T cell receptor, just as an ideal small molecule might
target a mutated protein not present in healthy tissues.®-° Importantly, they are capable of killing tumor cells,
and they can do this in a myriad of ways which will be discussed further in this chapter.

While in theory these CTLs seemed to be an ideal targeted therapy for cancer, in practice they
were often stymied by the tumor and its surrounding cells. CTLs within tumors are often present in an
ineffective state, and exhibit what is known as an “exhausted” phenotype.'%12 Additionally, many cancers
are not recognized by the immune system at all, due to their lack of neoantigens — mutated proteins not
present on normal tissues that immune cells can recognize as “foreign”.'3'4 In order to overcome these
barriers, immunotherapies for cancer which prevent the exhaustion of immune cells (exemplified by
checkpoint blockade agents targeting CTLA-4 and PD-1/PD-L1), or assist the immune system in
recognizing and eliminating tumor cells (exemplified by cellular-based therapies) have recently entered the
clinic and are generating considerable excitement.'® However, while a small fraction of patients on
checkpoint blockade achieve durable remissions and are thought to be cured of their disease, the majority
of patients do not receive long term benefit from these treatments.'® Additionally, the success of this therapy
depends upon major histocompatibility complex | (MHCI), a protein responsible for displaying tumor
antigens to T cells. Without this protein, T cells cannot recognize the tumor as foreign and eliminate it, and
several studies have linked defects in MHCI to resistance to PD-1 blockade.'” Lastly, checkpoint blockade
seems to work best in tumors with a high mutational burden, such as colorectal cancers with microsatellite
instability.'6.8 This is hypothesized to be due to a larger number of mutant proteins in these tumors, which
increase the likelihood of a T cell recognizing a neoantigen present in cancer cells.'® In tumors with a low
mutational burden, PD-1 blockade may fail because it depends upon pre-existing T cells recognizing tumor-

associated antigens.

Chimeric Antigen Receptor T cell therapy for cancer
One form of immunotherapy that guarantees immune cell recognition of tumor cells is chimeric
antigen receptor (CAR) T cell therapy for cancer. This treatment begins with T cells purified from a cancer

patient, which are transduced with an engineered receptor recognizing a target present on cancer cells.



These engineered cells are then infused back into the patient in the hopes of eradicating their cancer cells
selectively (Figure 1.1)." The CAR can recognize antigens via an extracellular domain that is composed of
Vh and VL fragments derived from antibodies.’ This overcomes some of the resistance mechanisms
hampering PD-1 blockade, such as requirements for neoantigens and loss of MHCI expression. Binding of
the CAR to antigen is coupled to T cell activation via conjugation of the extracellular domain to a component
of the T cell receptor (TCR), which makes up the intracellular domain of the CAR."® While the earliest CARs
included the alpha or beta chain of the TCR, it was eventually demonstrated that the zeta chain of the TCR
was sufficient to provide an intracellular activation signal.'®20 The CAR T cells currently FDA-approved for
the treatment of cancer patients include an additional modification - the addition of costimulatory domains
to the zeta chain of the TCR, which enhances downstream TCR signaling and effector function.'92122 These
second generation CAR T cells were able to persist longer in patients and had more potent anti-tumor
activity than their predecessors.' It has been suggested that CAR T cells with different costimulatory
domains behave differently — for example, that the CD28 costimulatory domain confers more potent
cytotoxicity; while the 41-BB domain confers enhanced survival to the CAR T cells in vivo; and there is
some in vitro support for this as well.19:23

Another challenge that had to be overcome was the methodology of generating CAR-expressing
patient-derived T cells. The clinical trials of second generation CAR T cells which led to FDA-approval
utilized retroviruses — the CAR was integrated into the genome of each patient’s purified T cells ex vivo via
stable transduction.’® A wide variety of approaches, including transduction and electroporation, are
currently under investigation for CAR delivery into donor T cells.?*

The initial use of CAR T cells as anti-cancer therapeutics were in clinical trials for solid tumors
(ovarian and renal cell carcinoma), which did not prove successful.?52” The first clinical success occurred
in follicular lymphoma, where a patient at the NIH received CD19 CAR T cells expressing the CD28
costimulatory domain.2528 Since then, CD19 has remained the target of most clinically successful CAR T
therapies for cancer. CD19 is a B cell specific marker that allows CAR T cells to kill cancer cells of B cell
origin. An on-target side effect of CAR T therapy is B cell aplasia, which demonstrates that even non-
cancerous CD19 expressing cells are killed by these CTLs.?22 Subsequent clinical trials in chronic

lymphocytic leukemia also generated encouraging results, including a complete remission in two



patients.2529.30 Clinical trials in acute lymphoblastic leukemia (ALL) followed, and one study with an overall
remission rate of 83% led to the 2017 FDA-approval of CD19 directed CAR T cells for patients with
relapsed/refractory ALL.253' Currently, CD19 directed CAR T cells are FDA approved for
relapsed/refractory ALL and non-Hodgkins lymphoma.32:33

However, expanding upon the clinical success of CAR T cells in hematological malignancies has
proven difficult. To date, the efficacy of CAR T therapy for solid tumors lags behind the success in leukemia
and lymphoma.22:25.32.34 \While some of this resistance can be explained by lack of persistence of the CAR-
T cells over time, heterogeneity of expression of the CAR target, or exhaustion of T cells in the local
microenvironment;22323435 there remains an unmet need to both improve outcomes in patients with
hematological malignancies, as well as to improve CAR T cell therapy in solid tumors. Particularly in solid
tumors, CAR T therapy remains an attractive treatment option for patients whose tumors have a low
neoantigen burden or are resistant to checkpoint blockade. CAR T therapy overcomes the need for
endogenous T cells to recognize a tumor-associated antigen presented on MHCI,32 and while loss of MHCI
expression is a known resistance mechanism for PD-1 blockade, it does not preclude killing by CAR T cells

which can bind to surface antigens via their CAR.

Figure 1.1: Summary of second-generation CAR T therapy
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One of the most well documented reasons why CAR T therapy can fail is due to loss of target
antigen expression in cancer cells (for example, loss of CD19 on tumor cells following CD19 CAR T
therapy).?2 In order to explore additional mechanisms of resistance, the Ruella laboratory performed a
CRISPR/Cas9 screen to identify proteins whose loss conferred a survival benefit to target cells following
CD19 CAR T co-culture.®® They demonstrated that loss of death receptor signaling components confered
resistance to CAR T cells in vitro. This points to another potential mechanism of resistance to CAR T cells
that remains underexplored: what if programmed cell death pathways in target cancer cells could impact
response to CAR T therapy? Aberrations in one cell death pathway, apoptosis, are frequent in
hematological malignancies, and are associated with reduced sensitivity to chemotherapeutics and
targeted agents.37-4! Could the same be true for immunotherapies for cancer — particularly of CAR T therapy,
where T cells and cancer cells are guaranteed to be in contact with one another? Before exploring this
possibility further, | will present a brief overview of programmed cell death pathways that are available to

cancer cells.

An introduction to cell death

One possible contributing factor in CTL-based immunotherapy responses could be the cancer cell’s
susceptibility to initiating programmed cell death. What is programmed cell death? Broadly speaking, cell
death within living organisms can be divided into two types.*?43 The first type is programmed cell death,
which requires the activity of certain proteins within the cell to accomplish cellular demise (see Figure
1.2).4144 Examples of this first type include apoptosis, necroptosis, and pyroptosis. The second type of cell
death is non-programmed cell death. In this case, the cell is exposed to extreme conditions such that it
loses membrane integrity or some other essential component of homeostasis, and dies without a
requirement for a certain protein or protein family. Examples of this sort of cell death occur following acute
hypoxia (ie, myocardium following myocardial infarction).*> Both of these types of cell death, programmed
and non-programmed, have been implicated in human disease. | will begin with a discussion of

programmed cell death pathways, focusing on one of the best studied processes - apoptosis.



Figure 1.2: An overview of cell death.
Programmed (blue) and non-programmed (red) cell death pathways are presented below.
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The concept of programmed cell death was explored in earnest beginning in the 1970s, following
studies of the nematode ceanorhabditis elegans. In c. elegans, cell fates can be mapped over the course
of development using microscopy. In 1976, John Sulston observed that certain identifiable cells invariantly
die during the course of ¢. elegans development — it was not simply a process of continuous cell division
and growth.*8 This led to the subsequent discovery and characterization of a form of programmed cell death
known as apoptosis, which had previously existed only as a morphologically distinct feature of certain dying
cells.4”

Apoptosis is an ATP-dependent process which is regulated by members of the Bcl-2 family of
proteins.#8-50." This protein family is composed of pro- and anti-apoptotic proteins, and the interactions
between these two groups determines whether the cell lives or dies.*84% Apoptosis occurs via two main
pathways: the intrinsic pathway, which requires the mitochondrion; and the extrinsic pathway, which can
recruit the mitochondrion, but primarily relies on death signaling initiated by cell surface death receptors
like TNFR and FasR (Figure 1.3).425" The primary effectors of intrinsic apoptosis are the pro-apoptotic
proteins Bak and Bax, which form pores in the mitochondrial outer membrane when activated.425'This leads

to the release of cytochrome ¢ from the mitochondrion, and ultimately causes activation of downstream

“ Technically, this is true for intrinsic apoptosis, but not always true of extrinsic apoptosis. This distinction will be
clarified further below.



Figure 1.3: Apoptosis. The right side of this diagram depicts mitochondrial or intrinsic apoptosis, highlighting some of the key proteins
involved. Mitochondrial apoptosis is regulated by the interactions of Bcl-2 family members, summarized in the right inset. The left side
depicts extrinsic apoptosis, which in Type | cells occurs independently of the mitochondrion, but in Type Il cells requires mitochondrial
apoptosis to result in cell death.
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caspases (ie, caspase 3 and 7) that commit the cell to death.#25! The ultimate activation of Bak and Bax is
governed by the interplay of pro- and anti-apoptotic proteins of the Bcl-2 family (Figure 1.3).4849.52 These
proteins are characterized by Bcl-2 homology domains, which are required for their interactions with one
another.5253 Activator Bcl-2 family members, such as Bim and Bid, directly activate Bak and Bax and are
inhibited via sequestration by anti-apoptotics such as Bcl-2 and Bcl-XL.5? An additional class of pro-death
proteins, the sensitizers, exemplified by Bad and Hrk, oppose the anti-apoptotics without directly activating
Bak and Bax themselves.52

The extrinsic apoptotic pathway is triggered by the binding of death ligands such as Fas ligand,
TNFa, and TRAIL to death receptors on the cell surface.#2%! Death ligands can exert their cytotoxicity as
soluble factors, cleaved from the surface of death-inducing cells; or as membrane-bound cell surface
proteins. There is some evidence to suggest that the soluble forms of death ligands are less potent than
their membrane-bound counterparts.54-57 Extrinsic apoptosis is initiated in a caspase 8-dependent manner,
and can proceed either via the intrinsic pathway discussed above, or via direct activation of downstream

caspases, including caspase 3.425158 Caspase 8 activation will trigger the cleavage of both downstream



caspases and Bid, and expression of the anti-apoptotic protein XIAP controls whether caspase 3 cleavage
alone is sufficient to lead to cell death.® If XIAP levels are high, caspase 8-mediated cleavage of caspase
3 will not be sufficient to induce cell death, and mitochondrial apoptosis induced by Bid will be required to
eliminate the cell. These cells are known as Type Il cells, and contrast with Type I cells, which harbor low
levels of XIAP and do not require the mitochondrion to undergo extrinsic apoptosis.®® In one study of a
panel of 25 cancer cell lines, 49% were identified as Type Il cells in response to Fas ligand, suggesting that

the intrinsic pathway could play an important role in death ligand-mediated cancer cell death.°

Apoptosis is dysregulated in cancer

Genetic alterations in Bcl-2 family members are found in a variety of cancers. The Bcl-2 protein
family is so-named due to the discovery of the anti-apoptotic protein Bcl-2 in a B cell lymphoma with a
t(14;18) translocation in the 1980s.3940 This translocation increases the expression of Bcl-2 in affected cells,
making them more resistant to apoptosis.3?4° Increased expression of Bcl-2 due to amplification,
translocation, or loss of negative regulators of Bcl-2 expression is estimated to occur in up to 50% of
cancers, most frequently in hematological malignancies.*%4! In addition to altered Bcl-2 protein expression,
other Bcl-2 family members can be dysfunctional in cancer, further contributing to apoptotic resistance.*°

A multitude of chemotherapies used in cancer clinics exert their anti-tumor effects through
apoptosis.’" Targeted therapies and radiation therapy can also induce apoptosis in cancer cells.5-63
Resistance to apoptosis is correlated with poor patient response to chemotherapy in the clinic; as well as
resistance to treatment with chemotherapies or targeted therapies in vitro.37-38 Whether a cell is resistant
to mitochondrial apoptosis or sensitive to this form of cell death can be quantified by an assay called BH3

Profiling, developed in the Letai laboratory. This assay will be described in detail below.

The BH3 profiling assay measures susceptibility to apoptotic cell death

BH3 profiling is performed by adding titrated amounts of pro-apoptotic peptides to mitochondria in
vitro, and quantifying the loss cytochrome ¢ from the mitochondria (Figure 1.4).8485 Loss of cytochrome c
indicates the mitochondrial outer membrane permeabilization (MOMP) that initiates the process of intrinsic
apoptosis.#25! The more sensitive mitochondria are to losing cytochrome c in response to a given peptide,

the more “primed” they are to undergo apoptosis. Peptides corresponding to the BH3 domains of pro-



apoptotic proteins such as Bim or Bid give a sense for overall “priming”, or how ready the cells are to
undergo apoptosis.t® Additionally, this assay can assess whether a cell is dependent on a given anti-
apoptotic protein for survival, based upon the specificities of the parent proteins from which the BH3
peptides are derived.55 Selective inhibitors of Bcl-2 have already entered the clinic, and inhibitors of
additional anti-apoptotics such as Mcl-1 will allow for the design of more targeted therapies for patients in
the future.6667 The BH3 profiling assay has already been demonstrated to predict responses to
chemotherapy and targeted therapies in the clinic.37:3868-74 One of the future goals of this work is to
determine if BH3 profiling could also be used to predict responses to CAR T therapy; or whether it could

identify agents to use in combination with CAR T cells in the clinic.

Additional cell death pathways
Given the wide variety of mutations and alterations in cancer cells that confer resistance to

apoptosis, there has been considerable interest of late in the field of cancer biology in overcoming this
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Figure 1.4: Flow cytometry-based BH3 profiling assay. NS

Workflow from sample processing to flow cytometry analysis. An idealized BH3 profile depicting three cell lines with different
dependencies on anti-apoptotic proteins is depicted in the bottom panel.

Figure modified from Figure 2 in Ryan, J., Montero, J., Rocco, J. & Letai, A. iBH3: simple, fixable BH3 profiling to determine apoptotic
priming in primary tissue by flow cytometry. Biol Chem 397, 671-678, doi:10.1515/hsz-2016-0107 (2016).



therapeutic hurdle. One potential way to do so could be to force apoptosis-resistant cancer cells to die via

additional cell death pathways.

In the past twenty years, several new pathways of programmed cell death have been discovered,
and these have generated considerable excitement as potential alternative goals for cancer treatment.
While the physiological roles of some of these processes (ferroptosis, necroptosis) are still being defined,
there is emerging evidence that they may have important roles to play in cancer therapy. | will briefly discuss
two PCD pathways, ferroptosis and pyroptosis, as they have been implicated in immune-mediated killing.
For a wider overview of programmed and non-programmed cell death pathways, see the 2018 Cell Death

and Differentiation review on nomenclature and cell death processes.”

Ferroptosis

Ferroptosis, an iron-dependent form of cell death induced by lipid peroxidation, was discovered in
2003.7877 Lipid peroxide toxicity is normally prevented by the enzyme glutathione peroxidase 4 (GPX4),
which can convert peroxides to alcohols.”® If GPX4 is inhibited, or its cofactor glutathione is absent from
the cell, lipid peroxides exert their toxic effects via cell membrane damage and can generate additional
toxic reactive oxygen species (ROS). 76.78.79

Ferroptosis can proceed when cells are rendered completely defective at initiating apoptosis,
making it a potential cancer therapeutic target.8° However, ferroptosis was identified in an in vitro screening
experiment performed on cell lines,”®8 and its role in physiological and pathophysiological processes is
only just beginning to be understood.”®
Pyroptosis

Another more recently identified form of programmed cell death is pyroptosis. Pyroptosis is a form
of inflammatory cell death that is classically triggered by the recognition of pathogens via the
inflammasome.8! This leads to the cleavage of the inflammatory caspases, caspase 1 (canonical) or 4 / 5
(non-canonical).8! These caspases then cleave substrates that result in a pro-inflammatory state. One such
substrate is IL-1B3, a cytokine that promotes immune cell infiliration of the local vasculature; as well as
inflammatory stimuli that can lead to the activation of lymphocytes.8'-82 The point of commitment to cell
death via pyroptosis occurs when inflammatory caspases cleave gasdermins, which are pore-forming

proteins that lead to loss of membrane integrity and the escape of cytokines, HMGB-1, and ATP into the
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extracellular space.8’ Gasdermin D is a known inducer of pyroptosis in many cell types, and it is cleaved
directly by caspase 1.8":83 The net result of these activities is a highly inflammatory form of cell death, which
can result in fatal responses to LPS in mice.?"

Gasdermin E was recently discovered to be an inducer of pyroptosis, and it can be cleaved by
caspase 3 as well as by granzyme B.8384 Given that caspases and granzyme B can activate gasdermins,
it is possible that T cells may induce target cell death via pyroptosis, depending on target cell gasdermin
expression. Indeed, Zhang and colleagues demonstrated that cells expressing high levels of gasdermin E
undergo pyroptosis, whereas their low-expressing counterparts undergo apoptosis in response to TRAIL
and other stimuli.®* They also demonstrated that in several murine cancer models, gasdermin E deficient
tumors were less well controled than their wildtype counterparts; and that NK cells and CD8+ T cells were
required for maximal anti-tumor efficacy.84 This role for gasdermin E has only just been documented in
March 2020, and it will now have to be added to our understanding of how T cells can kill target cells. As
an inducer of immunogenic cell death and immune infiltrate, gasdermin E cleavage may be an ideal weapon

for anti-tumor T cells, when it is present in target tumor cells.

How do T cells kill target cells?

As a medical student, | was taught that T cells kill target cells by lysing them — literally causing
target cells to burst open. This phrase is still common in immunology literature today. The mechanisms by
which T cells “lyse” target cells was thought to occur via one of two mechanisms: via the release of cytolytic
granules containing perforin and granzymes, or via the expression of death ligands that activate death
receptor signaling in target cells.8® This was a result of several studies in the 1990s, which utilized either
Fas ligand deficient or perforin deficient T cells and observed no cytotoxicity when these two proteins were
removed from T cells.8%8” While our understanding of how T cells can kill target cells has improved since
these papers were published, it is clear there is still more work to be done in defining the arsenal of cytotoxic
T cells. In the following sections, | will discuss some of the well characterized mechanisms of T cell

cytotoxicity, as well as explore some newly discovered and postulated mechanisms of T cell killing.
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How do T cells kill? - Perforin and granzymes

The release of so-called “lytic granules” from T cells and other cytotoxic immune cells (ie, NK cells)
was first postulated by Pierre Henkart in 1985.86-88 He proposed that granules exocytosed from T cells were
capable of lysing target cells. The lytic abilities of these granules was believed to be primarily mediated by
perforin, although additional proteins such as granzymes appeared to be required as well.88

Over the course of the 1990s and early 2000s, however, new evidence began to emerge that
challenged this view.8 Perforin was confirmed via X-ray crystallography to be a pore-forming protein, and
its hypothesized mechanism of action was then posited to be one of allowing other cytotoxic compounds,
such as granzymes, into target cells.?%-2 Granzymes, which co-exist with perforin in the “lytic granules”,

began to take center stage.?®
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Figure 1.5: How do T cells kill target cells?

Panel (A) depicts early hypotheses about the mechanism of T
cell-induced killing of target cells. It was primarily believed to
occur via either FasL or perforin/granzymes, resulting in lytic
cell death.

Panel (B) depicts hypothesized model of T cell killing, updated
to include novel forms of cell death. While only a few are
included for brevity, other cell death pathways may also be
involved. This is an area of active investigation.
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The question then became, how do granzymes kill target cells? There are five human granzymes:
granzyme A, B, H, K, and M.%3% |n order to understand the cytotoxic activity of the various granzymes,
researchers used recombinant granzymes and cytotoxic lymphocytes (both NK cells and T cells) deficient
in individual granzymes. Knocking out granzymes A and B from murine NK cells (another cytotoxic immune
cell) profoundly impaired their ability to kill target cells in some settings.®? Additionally, granzymes A and B
are more highly expressed than their companions, further implicating them as the major inducers of perforin
/ granzyme cytotoxicity.®* The Lieberman and Ley laboratories demonstrated that granzyme A could exert
cytotoxic effects, and this was subsequently found to occur independently of caspases.®9” Thus granzyme
A is capable of killing target cells independently of mitochondrial apoptosis.

Did the same hold true for the other prominent granzyme, granzyme B? Initially, there was
contradictory evidence as to the mechanism of granzyme B-induced cell death. While some groups
demonstrated that granzyme B required the mitochondrion to exert its cytotoxicity (and relied upon the
cleavage of Bid to activate caspases leading to cell death)%, other researchers did not observe a
requirement for Bid, Bak/Bax, or downstream caspases.® Conflicting results could often be explained by
the origin of granzyme B used for these studies, as granzyme B exhibits species-specific preferences for
different substrates. Murine granzyme B preferentially cleaves downstream caspases, eliminating the need
for mitochondrial apoptosis, whereas human granzyme B preferentially cleaves Bid. %" Human granzyme
B can cleave downstream caspases, but it has a reduced affinity for them compared to Bid.100.101

More recently, granzyme B has also been implicated in additional forms of cell death. Granzyme B
is capable of cleaving gasdermin E directly to induce pyroptosis.8 Additionally, there is some evidence
suggesting that granzyme B-induced ROS production can explain this protein’s cytotoxic effects, and that
ROS may be capable of killing cells independently of the mitochondrion. 102

While the mechanism of granzyme B-induced cytotoxicity remains somewhat controversial, it is
clearly implicated as a weapon used by T cells (and NK cells) to kill target cells. CTLs from perforin deficient
mice are less cytotoxic than those of wildtype mice, and CTLs from mice with granzyme A and B deficiency

are similarly less potent killers.89.103
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How do T cells kill? - Death ligands
As discussed previously, death ligands exert their cytotoxicity via binding to death receptors on the
surface of target cells. Once a death ligand binds to its death receptor, death can occur via mitochondrial

apoptosis (Type Il) or via the direct activation of caspases (Type |).

In the 1990s, the death ligand most implicated as a T cell cytoxic agent was FasL.T cells from mice
lacking FasL (jor mutant) were shown to have reduced cytotoxicity, implicating FasL in target cell killing.8”
Additionally, murine splenocytes lacking both perforin and FasL did not kill a variety of target cells in vitro,
leading to the erroneous belief that these two mechanisms alone contributed to CTL killing. As our
understanding of death receptor signaling improved, the possibility of additional death ligands being used
as T cell cytotoxic agents became a possibility.85 However, of the known death ligands, FasL and TRAIL
were posited to be the most likely cytotoxic agents.5” TNFa signaling can, in some settings, lead to the
activation of a pro-survival state (due to activation of NF-KB signaling).5” But this can also be outweighed
by caspase 8 signaling which leads to apoptosis, as observed with other death receptors.5” While FasL and
TRAIL have been thoroughly investigated as agents of cytotoxic T cell killing (as demonstrated in Table 1.1

later in this chapter), a role for TNFa or other death ligands in T cell-mediated killing remains underexplored.

How do T cells kill? - Additional mechanisms of cytotoxicity
While it was first thought that killer lymphocytes exert their cytotoxicity via granzymes (primarily A
and B) or death ligands (primarily FaslL), recent studies have revealed that these may be small parts of a

much larger cytotoxic arsenal available to these cells.

The interferons — particularly interferon gamma — have been implicated as cytotoxic agents
released by T cells. Interfferon gamma in particular was known to be an immunostimulatory cytokine
important for macrophage activation.*®* However in certain settings, interferons can induce apoptosis.'04.105
This remains an area of active study, and there is no overwhelming consensus on how, if at all, interferons

cause cell death in vivo.

Interferon gamma is of particular interest in immunotherapy due to several studies demonstrating
that loss of interferon gamma signaling is associated with decreased response to PD-1 blockade in both in

vivo models and patient samples (see Table | and 1%). This is thought to be mediated largely by alterations
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in MHCI and PD-L1 expression in target cells.':197 However, recent work by Wang and colleagues
published in Nature described a role for IFNy-induced ferroptosis in T cell elimination of target cells in the
context of PD-1 blockade.® Thus there is some evidence to suggest that interferon gamma may be directly

involved in CD8+ T cell killing of cancer cells.

Given that the historical focus on T cell cytotoxicity has been restricted to death ligands (primarily
FasL) and granzymes, it is quite likely that further additional cytotoxic weapons are available to T cells, but
they remain undiscovered. Now that we are broadening our understanding of programmed (and non-

programmed) cell death, this is an area ripe for future study.

How do T cells kill cancer cells?

Clearly, T cells have a variety of options available to them when they are stimulated to kill a target
cell. Evidence from murine knockout studies of perforin / granzymes and FasL tells us that these two
pathways are important, at least in certain settings, for T cell cytotoxicity. But what about the specific setting
of immunotherapy for cancer?

Martinez-Lostao and colleagues dissected this question in an excellent review, “How do cytotoxic
lymphocytes kill cancer cells?”, which piqued my interest in this field.'®® They present a table outlining the
impact of perforin, granzyme, and death ligand knockout on CTL-based immunosurveillance and
immunotherapy in murine models of cancer. If we focus on immunotherapies likely to depend upon CD8+
T lymphocytes, then we can divide these results into CTLA-4/PD-1 blockade and adoptive cell transfer
therapies, which are presented in modified form in Table 1.10°

The answer to our question of “how do T cells kill cancer cells” (in mouse models) seems to be a
definitive “it depends”: both on the type of cancer cell and the type of CTL used in therapy. There are varying
requirements for perforin / granzymes within the same tumor model (MC38, Table 1).'%° The same model
may require both granzymes and death ligands, as is evident from the RKIK data (Table 1).1% There is no
obvious pattern of requirement in a certain model system or treatment type. And this is further complicated
by the fact that even if we accept that T cells are limited to perforin/granzymes and death ligands as their

methods of target cell distruction (and it is likely that more than this are at their disposal), there is
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redundancy that makes discriminating the precise mechanism of killing difficult. One reason for the
observed partial dependencies on perforin/granzymes could be the simultaneous expression of death
ligands, which are known to be upregulated upon T cell activation.10

So what can we learn from this? T cells have many weapons in their arsenal when it comes to
killing target cells, cancerous or benign. It is likely that many of these weapons are being deployed at once;
that different environmental conditions and stimuli could favor certain weapons over others; and that what
we learn in one model system or one immunotherapy may not hold true for a different T cell-mediated
treatment.

The complexity of T cell elimination of target cells calls for careful study of specific interactions, with

attention to both T cell and target cell intrinsic properties. If we undertake a detailed examination of how

CTL alteration Therapy Disease model | Knockout reduces efficacy?
Anti-PD-1 MC38 carcinoma Yes (but not completely)?
anti-PD-1 (-/+ anti-CD73) MC38 carcinoma 0
Perforin./- Adoptive cell transfer: NK cells RKIK sarcoma Yes?®
Adoptive cell transfer: CD8+ T B16 melanoma (Yes in vitro)*
Murine splenocytes Renal carcinoma No®
Gzm A -/- No?
Gzm B -/- Adoptive cell transfer: NK cells RKIK sarcoma Yes?®
Gzm M -/- Yes?
TRAIL -/- Adoptive cell transfer: NK cells RKIK sarcoma Yes®
Anti-FASL ab Murine splenocytes Renal carcinoma Yes, in vitro®
Fasl9d Adoptive cell transfer: NK cells RKIK sarcoma No®
anti-PD-1 (-/+ anti-CD73) MC38 carcinoma Yes?
PNy Adoptive cell transfer: NK cells RKIK sarcoma Yes?®

Table 1: Requirements for perforin / granzymes, TRAIL, FasL, and IFNy in mouse models of anti-tumor immunity
Table modified from Table 1 in Martinez-Lostao, L., et al. "How Do Cytotoxic Lymphocytes Kill Cancer Cells?" Clin Cancer Res

21(22): 5047-5056 (2015).
Table references:

1 Juneja, V. R. et al. PD-L1 on tumor cells is sufficient for immune evasion in immunogenic tumors and inhibits CD8 T cell
cytotoxicity. J Exp Med 214, 895-904, doi:10.1084/jem.20160801 (2017).

2 Allard, B., Pommey, S., Smyth, M. J. & Stagg, J. Targeting CD73 enhances the antitumor activity of anti-PD-1 and anti-CTLA-
4 mAbs. Clin Cancer Res 19, 5626-5635, doi:10.1158/1078-0432.CCR-13-0545 (2013).

3  Pegram, H. J., Haynes, N. M., Smyth, M. J., Kershaw, M. H. & Darcy, P. K. Characterizing the anti-tumor function of adoptively
transferred NK cells in vivo. Cancer Immunol Immunother 59, 1235-1246, doi:10.1007/s00262-010-0848-7 (2010).

4 Dobrzanski, M. J., Reome, J. B. & Dutton, R. W. Role of effector cell-derived IL-4, IL-5, and perforin in early and late stages of
type 2 CD8 effector cell-mediated tumor rejection. J Immunol 167, 424-434, doi:10.4049/jimmunol.167.1.424 (2001).

5  Seki, N. et al. Tumor-specific CTL kill murine renal cancer cells using both perforin and Fas ligand-mediated lysis in vitro, but
cause tumor regression in vivo in the absence of perforin. J Immunol 168, 3484-3492, doi:10.4049/jimmunol.168.7.3484 (2002).
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specific T cells eliminate specific types of target cancer cells, we will better understand the larger picture.
Understanding what happens in many unique instances can help us address key questions, such as a)
what methods of killing are the most cytotoxic, or can kill the majority of cancer cells and b) what
commonalities may be shared between contexts. For this project | chose to focus on one type of cytotoxic
lymphocyte — CD19 directed CAR T cells — and assess how these cells kill three different types of target
cancer cell lines.

We could also ask our question a different way — instead of focusing on the mechanism T cells use
to kill target cells, we could focus on the cell death pathways in target cells that are required for T cell
elimination. Mitochondrial apoptosis is heavily implicated in responses to chemotherapy and targeted

therapy for cancer. Is the same true of T cell based immunotherapy?

Is mitochondrial apoptosis required in target cancer cells for elimination by CTLs in
immunotherapy?

Mitochondrial apoptosis is a component of multiple mechanisms by which CTLs can kill target cells.
Both death ligands and perforin / granzymes have the potential to induce mitochondrial apoptosis in target
cells, as discussed above. Studies utilizing recombinant human granzyme B have demonstrated that Bcl-2
expression can confer resistance to recombinant granzyme B; and Bcl-2 inhibitors can rescue the sensitive
phenotype.'"" Additionally, Bid insufficiency renders cells resistant to human granzyme B in vitro.8®
However, this remains somewhat controversial, as there are conflicting results from other laboratories.
Julian Pardo and colleagues demonstrated that Bak and Bax were dispensable for granzyme B-induced
death,? and his laboratory later demonstrated that target cells lacking Bid, downstream caspases, and
Bak/Bax are still capable of being killed by murine CTLs."2 While this could be explained by the use of
murine granzymes and CTLs, which have less affinity for activating mitochondrial apoptosis than human
granzyme B / CTLs, the mitochondrion may only be required for death in certain settings. There are
additional cytotoxic mechanisms, discussed above, which circumvent target cell mitochondria entirely.
Granzyme A cytotoxicity, granzyme B-induced ROS, ferroptosis (induced by IFNy or other means), and
gasdermin-mediated pyroptosis of target cells would not require mitochondrial apoptosis for target cell

killing.
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In the specific setting of CD8+ T cell based immunotherapy for cancer, the evidence supporting a
requirement for mitochondrial apoptosis is also mixed. One study found that intrinsic apoptotic pathway
components were required for the elimination of tumors by murine splenocytes transferred to
immunodeficient hosts in murine subcutaneous and orthotopic models.''® In a more direct model of CAR-T
therapy, others demonstrated that combining the Bcl-2/Bcl-xL inhibitor ABT-737 with CD19-directed CAR-
T cells derived from human lymphocytes led to increased target cell death in vitro; although an absolute
requirement for the intrinsic pathway or individual anti-apoptotic proteins was not assessed.''*

However, other studies have implicated non-apoptotic cell death in CD8+ T cell elimination of target
cells. One group reported that T-cell produced IFNy was responsible for inducing ferroptotic cell death in
cancer cells in a mouse model of PD-1 blockade.'%® Thus it is not clear that mitochondrial apoptosis is
required for CAR T killing of target cancer cells, and indeed, mechanistic studies outlining requirements for
cancer cell death in this model are lacking. While Marco Ruella’s group observed that in vitro models of
CAR T killing partially relied upon death receptor signaling (and thus extrinsic apoptosis), they did not
pursue requirements for apoptosis that involve the mitochondrion.3¢ Further study is needed to determine
how precisely CD19 directed CAR T cells eliminate target cancer cells, as this could help us better predict

who is likely to respond to these therapies in the clinic.

Rationale and specific aims

Given the myriad of different cell death pathways implicated in T cell-induced killing, | chose to
focus on one particular form of cell death for my thesis work: mitochondrial apoptosis. Firstly, | chose to
focus on mitochondrial apoptosis given that some groups have implicated it in T cell killing of target cells.
Secondly, the Letai laboratory has many resources available to study mitochondrial apoptosis, so pursuing
requirements for this pathway would be feasible within a PhD timeline. Thirdly, due to the varied
requirements for mitochondrial apoptosis in target cells killed by distinct T cell populations (discussed
above), | chose to focus on one particular type of CTL for my thesis work: CD19-directed CAR T cells.

My initial focus on mitochondrial apoptosis is intended to be the basis for future investigations into
additional cell death pathways that may be required in target cancer cells for CAR T cell killing. An improved

understanding of the cell death pathways required in target cells for their destruction will help us design

18



better T cell killers (ie, T cells directed towards cell death pathways that are more universal, or can
specifically target apoptosis-resistant target cells), as well as design rational combinations for use with
immunotherapies in the clinic.

The project can be divided into two main aims, presented below:

Aim 1: Is mitochondrial apoptosis in target cancer cells required for killing by CAR-T cells?

The precise mechanism by which CAR-T cells lead to the elimination of tumor cells remains unknown. The
experiments performed in this aim assessed whether target cells were eliminated via the mitochondrial
apoptotic pathway. Future work in the Letai laboratory will asses whether these findings could be extended
to additional forms of immunotherapy involving CTLs, such as PD-1 blockade or NK cell therapies for
cancer.

Subaim 1.1: Does removing intrinsic apoptosis in the target cell confer resistance to CAR-T induced
cell death?

To determine if intrinsic apoptosis is required for CAR-T-induced cell death, | utilized paired cancer cell
lines with intact and deficient Bak and Bax (the initiators of intrinsic apoptosis). | co-cultured these target
cells with CD19-directed CAR-T cells, and assessed CAR T killing via multiple methods. These experiments
demonstrated that removal of mitochondrial apoptosis in target cells conferred resistance to CAR T killing.
Subaim 1.2: Can forced expression of the anti-apoptotic proteins Bcl-2 and Bcl-XL confer resistance
to CAR-T induced cell death?

To confirm that intrinsic apoptosis plays a role in CAR T killing of target cells, | generated target cells with
forced expression of the anti-apoptotic proteins Bcl-2 and Bcl-XL. | then assessed whether these proteins
confered protection from CAR-T killing by performing annexin V / Hoechst viability staining following co-
culture.

Subaim 1.3: Are caspases required for CAR-T induced cell death?

To thoroughly probe requirements for upstream and downstream mediators of apoptosis in CAR T killing
of target cells, | also performed co-culture experiments in the presence of Z-VAD-FMK, a pan-caspase
inhibitor.

Subaim 1.4: Do requirements for mitochondrial apoptosis in target cancer cells extend to multiple

tumor types?
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Much of the work in this project was performed in an isogenic HeLa model system. | observed that intact
mitochondrial apoptosis makes CAR T killing more efficient in this model, but this could be an artifact of the
Hel a target cells used in these experiments (ie, a HeLa-specific or solid tumor-specific finding). In order to
test whether my findings were generalizable to additional target cell types, | generated isogenic lymphoma
cell lines with enhanced apoptotic resistance (JeKo-1 cells expressing Bcl-2 or Bcl-XL), and tested if this

conferred protection from CD19 CAR T killing.

Aim 2: What CAR T-specific factors are used to induce target cell death?

Cytotoxic T cells are capable of killing their targets via a variety of mechanisms, including death ligands
and the release of perforin and granzymes. In this aim, | tested requirements for multiple T cell cytotoxic
mechanisms in my CD19 CAR T model system.

Subaim 2.1: Are granzymes required for CAR-T induced killing?

To determine if granzymes are required for CAR-T induced killing, | performed co-culture experiments in
the presence of a pan-granzyme inhibitor.

Subaim 2.2: Are death ligands required for CAR-T induced killing?

To address this question, | performed co-culture experiments in the presence of antibodies that block the
interaction of death ligands with their receptors.

Subaim 2.3: Is CAR-T killing mediated by a soluble factor?

Whether or not CAR-T conditioned media maintains cytotoxic activity could inform my hypothesis as to the
mechanism of CAR-T killing. To that end, | harvested supernatant from CAR T co-culture experiments;
exposed target cells to this conditioned media; and assessed viability as described previously. Additionally,
| performed cytokine arrays on conditioned media to assess what factors may be responsible for soluble

CAR-T killing.
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Chapter 2: Defects in target cell mitochondrial apoptosis impair T cell killing in a lymphoma model

Introduction

As discussed previously, there is some evidence to support a role for intrinsic apoptosis in CTL
cytotoxocity in different contexts (see Introduction). However, it is also apparent that the specific context of
this cytotoxicity is important. CTLs of one cell type (NK cell, stimulated T cells, CAR T cells, etc) may Kill
target cells via different mechanisms, and in addition, target cells may vary in the cell death pathways they
activate when confronted with a CTL. Given the complexity of T cell and target cancer cell interactions, |
chose to focus on a specific type of interaction: CAR T cells killing target cancer cells. | also focused on
one particular type of cell death — mitochondrial apoptosis — to begin my mechanistic studies. Cancer cell
susceptibility to mitochondrial apoptosis has been shown to impact responses to cytotoxic chemotherapies,
and | wanted to ask whether the same held true for CAR T immunotherapy.

My initial hypothesis was that mitochondrial apoptosis was required in target cancer cells for their
successful elimination by CAR T cells. Thus, target cells resistant to mitochondrial apoptosis would be
resistant to CAR T killing. To determine if this was the case, | first wanted to become familiar with CAR T
co-culture assays, and gather evidence supporting my hypothesis from available model systems. This
chapter will detail the co-culture method that is used for the majority of the experiments in this thesis, as
well as address whether mitochondrial apoptosis can impact cytotoxicity induced by CAR T cells or

recombinant proteins involved in T cell cytotoxicity.

Methods

Cell lines and tissue culture

The cell lines SU-DHL4, SU-DHLS8, Karpas-422, Daudi, BBDL, Jurkat E6, and E6-hPD-1 were cultured in
RPMI medium supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (pen-strep).
E6 and E6-hPD-1 cells were a gift from Gordon Freeman. Vector control and Bak/Bax null murine pre-B
ALL cell lines were a gift from Joseph Opferman.!'® CAR T cells were obtained from the Maus laboratory

(generated by Angela Bouroughs and Stefanie Bailey), where PBMCs from normal human donors were
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transduced with second generation CARs targeting CD19, similar to previously published protocols.''® The
CD19-directed CAR T cells used in this work contained one of two costimulatory domains, either 28z or
41BB, and a third CAR lacking the CD3 zeta chain (delta zeta) was used as a negative control. For CAR T

co-culture experiments, CAR T cells were plated in RPMI supplemented with 10% FBS / pen-strep.

Recombinant proteins

Recombinant human perforin and human granzyme B were purchased from Enzo Life Sciences. Perforin
was dissolved in 1%BSA-HEPES buffer, and granzyme B was dissolved in Ca-HEPES buffer. Perforin
titrations were performed in a 96 well plate, with viability assessed via trypan blue staining. A sub-lytic
concentration of perforin was chosen that led to less than 20% non-viable cells by trypan blue staining.
Cells were incubated with perforin and / or granzyme B in Ca-/1%-BSA-HEPES buffer for 1 hour at 37°C.
Cells were then washed and plated in culture medium. Viability was assessed at 4 hours and at 20 hours

via annexin V / PI staining.

Annexin V / Pl and Annexin V / Hoechst viability staining

For lymphoma cell lines, viability was assessed as follows. Annexin V with Pl / Hoechst was diluted to 10x
concentrate in 10x annexin V staining buffer (Ca-PBS). Cells were incubated with annexin V / Pl / Hoechst
for a minimum of 15 minutes. For Annexin V / PI staining, staining was quantified on a flow cytometer and
dead cells were presented as 100%-% live quadrant via a quadrant gating system. For fixed Annexin V /
Hoechst assays, cells were then fixed in glutaraldehyde/paraformaldehyde, the fixative was neutralized,
and cells were analyzed via flow cytometry. Dead cells by annexin V / Hoechst were quantified as 100%-

%live quadrant via a quadrant gating system.

Co-culture assay with CD19 CAR T cells
One day prior to co-culture, target cells were stained with CFDA-SE according to the manufacturer’s
instructions. On the day of co-culture, CD19 CAR T cells were thawed and counted in RPMI-10%FBS. CAR

T cells and target cells were plated at the indicated E:T ratios and incubated overnight at 37°C. The next
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day, annexin V viability staining was performed as described above. Viability was quantified on a Fortessa-

2 flow cytometer.

CD19 staining

Cells were harvested and resuspended at 1E6/100uL in FACS Buffer (FBS-HBSS) with blocking antibody
and incubated for 10 minutes on ice. CD19 antibody was diluted 1:500 into cells and incubated for 30
minutes on ice. Cells were washed in FACS Buffer and CD19 staining intensity was quantified via flow

cytometry.

Immunoblotting

Lysates were prepared in RIPA buffer (Pierce). For suspension cell lines, cells were pelleted and
resuspended in RIPA buffer with protease and phosphatase inhibitor cocktails (commercially available) and
incubated on ice for 5 minutes. Lysates were centrifuged at 10,000 RCF for 10 minutes, and the supernatant
was removed to a fresh tube, discarding cellular debris and DNA in the pellet. Samples were prepared for
immunoblotting via the addition of 4x Laemmli dye, DTT, and RIPA to yield a final protein concentration of
1pg/pL. Samples were boiled for 5 minutes, then loaded on a Bis-Tris 4-12% gradient gel. Gel
electrophoresis was performed at 100mV for 1-2 hours. The gel was then transferred to a PVDF membrane
activated in methanol. Following transfer, membranes were blocked in 5% milk (in PBST). Membranes were
washed 3 times for 10 minutes in PBST before incubation with primary antibodies overnight at 4°C. The
following day, membranes were washed in PBST and incubated with secondary antibodies in 5% milk for
1-2 hours at room temperature. Membranes were washed in PBST and developed using SuperSignalWest

ECL (Pierce). Digital imaging was performed on an LASImageQuant4000.

BH3 profiling — iBH3 methodology (flow cytometry)

Cells were harvested in culture medium and washed in HBSS prior to resuspension in MEB2p25 buffer.
Cells in MEB were added to 384 well peptide plates and incubated for 30 minutes at 27°C. Cells were then
fixed in formaldehyde, neutralized, and incubated with cytochrome ¢ antibody and Hoechst overnight at

4°C. Cytochrome c retention or loss was quantified via flow cytometry.
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CD3-CD28 antibody stimulation
Jurkat cells were seeded at 500,000 cells / mL in 6 well plates. Cells were exposed to 0.3ug/mL CD28 and

0.1ug/mL CD3 for 24 hours prior to collection and BH3 profiling.

Results

Recombinant human perforin and granzyme B kill cells in a Bak/Bax dependent fashion

My hypothesis that mitochondrial apoptosis was required for CAR T killing of target cancer cells
was partially based upon the knowledge that human granzyme B, a component of cytotoxic granules, can
activate mitochondrial apoptosis via the cleavage of Bid. While previous publications have documented that
Bcl-2 expression can protect from granzyme B in vitro, | wanted to determine if the ultimate apoptotic
deficiency — loss of Bak and Bax — could also confer resistance to granzyme B-mediated death.

To do this, | obtained isogenic murine pre-B cell lines with engineered defects in mitochondrial
apoptosis from the Opferman laboratory.'® | then treated both cell lines with a sub-lethal dose of
recombinant human perforin; recombinant granzyme B, or both proteins together (Figure 2.1A). Annexin V
/ Pl viability staining revealed that the Bak/Bax null cell line was resistant to granzyme B-mediated killing,

whereas the vector control cell line was sensitive.

Lymphoma target cells deficient in Bax and Bak resist CAR T killing

| then sought to test whether mitochondrial apoptosis was required for CAR T killing of target cells.
| utilized two lymphoma cell lines for my initial experiments — SU-DHL4 and BBDL. The BBDL cell line,
previously labelled SU-DHL10, is a lymphoma cell line discovered by the Letai laboratory to have
spontaneous loss of Bak and Bax.'7” Immunoblotting for Bak/Bax confirmed this, while CD19 staining
quantified by flow cytometry revealed that both cell lines expressed similar levels of CD19 (Figure 2.1, B-

C).

In order to verify that DHL4 and BBDL cells differ in their susceptibility to mitochondrial apoptosis,
| performed BH3 profiling, an assay developed in the Letai laboratory. The BH3 profiling assay is performed

by adding titrated amounts of peptides corresponding to the BH3 domain of various Bcl-2 family members
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to permeabilized cells in vitro, and quantifying the percentage of cells that lose cytochrome c from their

mitochondria in response to peptide treatment (as described in Chapter 1). BH3 profiling confirmed that
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Figure 2.1. Initial experiments were performed in paired isogenic murine pre-B cell lines, vector and Bak/Bax null. A) Annexin V /
PI staining of vector and Bak/Bax null pre-B cell lines following exposure to perforin and/or granzyme B. Representative data, two
independent experiments. Subsequent experiments were performed in human lymphoma cell lines. B) Quantification of CD19
staining intensity via flow cytometry in two lymphoma cell lines, DHL4 and BBDL. C) Immunoblotting for Bak and Bax demonstrates
that BBDL lacks both proteins. E) Sensitivity of DHL4 and BBDL to etoposide at 48 hours. D) BH3 profiling demonstrates that DHL4
is capable of undergoing mitochondrial apoptosis, whereas BBDL cells are resistant to mitochondrial apoptosis. E) Annexin V viability
assay of DHL4 and BBDL cells 18 hours after co-culture with CD19 CAR T cells.
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compared to SU-DHL4, the BBDL cell line was resistant to undergoing MOMP in response to high doses

of the Bim peptide, consistent with apoptosis-refractory cells and previous literature (Figure 2.1 D).""7

| then performed a co-culture experiment, incubating DHL4 and BBDL target cells with various
CD19 CAR T effector cells. Annexin V staining at 18 hours revealed that DHL-4 was highly susceptible to
both specific (28z and BBz CAR) and non-specific (delta zeta) kiling by CAR T cells (Figure 2.1E). In
contrast, the BBDL cell line was resistant to both specific and non-specific killing at 18 hours. While this
result does not prove that mitochondrial apoptosis is required for CAR T killing, it is consistent with such a
requirement. The definitive test of a requirement for Bak and Bax in target cancer cells for CAR T cytotoxicity
would require an isogenic model, which will be described in the next chapter.

My initial comparison was between two lymphoma cell lines, SU-DHL4 and BBDL. | wanted to ask
if BBDL would still be the most resistant to CAR T killing if | tested a larger panel of lymphoma cell lines. |
performed co-culture experiments using the SU-DHLS8, Daudi, and Karpas cell lines (Figure 2.2A). All
additional cell lines tested were killed efficiently by CAR T cells at 18 hours.

Given that BBDL cells, which lack mitochondrial apoptosis, are relatively resistant to CAR T killing,
| then assessed whether agents that sensitize cells to mitochondrial apoptosis could enhance CAR T killing
of target cells. Panels B and C of Figure 2.2 demonstrate that pre-treatment of SU-DHL4 or SU-DHLS8 target
cells with etoposide (a topoisomerase Il inhibitor which induces apoptosis, see references''8-120) or various
BH3 mimetics did not sensitize them to CAR T killing. Instead, there appears to be at best an additive effect
of pharmacologic therapy and CAR T therapy (see right panels, Figure 2.2B and C). One potential reason
for this lack of synergy could be that etoposide, and to a lesser extent BH3 mimetics, mainly activate the
same cell death pathways as CAR T cells. However, some subset of cells are killed via unique mechanism
(ie, a hypothetical non-apoptotic cell death also induced by etoposide) by the pharmacalogic therapy, and
this leads to a small additive effect in combination with CAR T co-culture. Alternatively, this could be due
to the co-culture conditions: if CAR T cells themselves are also killed by etoposide and BH3 mimetics, then
| would not observe enhanced cytotoxicity from combining these two treatments together.

| next asked whether CD3/CD28 stimulation, which is part of the CD19 CAR T generation protocol,
might alter CAR T cell apoptotic susceptibility. Given the limited number of CAR T cells available to me, |

used the Jurkat E6 and Jurkat E6 hPD1 cell lines (gift of Dr. Gordon Freeman) as substitutes for CAR T
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In B, SU-DHLA4 cells were co-cultured with CD19 CART cells following treatment with ABT-199 or etoposide. Viability
at 18 hours post-co-culture was quantified by annexin V / Hoechst staining. C presents similar data for SU-DHLS8.

cells themselves. Figure 2.3 A demonstrates that stimulation of J

urkat EG6 cells or Jurkat E6 cells expressing

human PD-1 with CD3/CD28 antibodies caused an increase in overall priming as measured by the BH3
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profiling assay. This data is consistent with additional experiments performed by Jeremy Ryan in the Letai
laboratory (unpublished data). | also tested stimulation of Jurkat cells with CD3 and CD28 beads alone and
in combination and observed an increase in priming primarily driven by CD3 beads (Figure 2.3B). Thus it
is possible that ex vivo stimulation of CD19 CAR T cells could make them more susceptible to treatment
with apoptosis-inducers than my cancer cell lines. This contradicts other studies in which T cell stimulation
reduced apoptotic susceptibility,’?" and furthur work will be required to understand the conditions under
which activation leads to increased survival versus increased apoptotic priming. In order to prove that CAR
T cells in particular are susceptible to mitochondrial apoptosis, | would need to assess apoptotic priming of
both CAR T cells (following isolation and expansion) and target cancer cells in a single experiment. This is
an important future direction for this project. If my hypothesis is correct, BH3 profiling of T cells and target

cells together could inform clinical decisions. For example, whether chemotherapeutics or BH3 mimetics
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Figure 2.3. A) Jurkat E6 or E6-hPD-1 (with forced expression of PD-1) were stimulated with CD3/CD28 antibodies and subjected
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can safely be combined with CAR T therapy in a particular patient, or whether their CAR T cells are so

primed for apoptosis that the combination could hinder an anti-tumor immune response.

Discussion

While the co-culture experiments in this chapter do not prove that mitochondrial apoptosis is
required in target cells for CAR T killing, they are consistent with this hypothesis. Cells that are resistant to
undergoing mitochondrial apoptosis are more resistant to CAR T killing than non-isogenic cells that are
mitochondrially competent. This preliminary data, in addition to the protective effect that Bak/Bax loss
conferred on target cells exposed to recombinant human perforin and granzyme B, persuaded me to
explore a requirement for mitochondrial apoptosis in CAR T killing in an isogenic model system, which will
be discussed in Chapter 3.

| also hypothesized, based upon this early data, that BH3 mimetics or chemotherapeutics which
increase target cell sensitivity to mitochondrial apoptosis would exhibit synergy when combined with CAR
T cells in co-culture. Instead, my results were consistent with an additive effect, or sometimes no effect at
all, when BH3 mimetics or etoposide were combined with CAR T co-culture.

There are several reasons why this may be the case. Firstly, the lack of synergy between BH3
mimetics / chemotherapeutics and CAR T killing could be due to the fact that CAR T cells and BH3 mimetics
/ chemotherapeutics kill target cancer cells via independent mechanisms. For example, while
chemotherapeutics or BH3 mimetics might induce mitochondrial apoptosis, CAR T cells could be
eliminating target cells via gasdermin-mediated lysis, ferroptosis, necroptosis, or other mitochondrially
independent cell death pathways. Even if mitochondrial apoptosis, when absent, confers some protection
from CAR T killing, the remainder of killing we observe would be expected to occur via different cell death
pathways. As data in future chapters will show, loss of mitochondrial apoptosis does not confer absolute
protection from CAR T killing, and it does seem that additional cell death pathways must explain the
cytotoxicity we observe in Bak/Bax null cells.

One additional reason synergy might not be observed could be if BH3 mimetics or

chemotherapeutics are actually killing CAR T cells while also killing target cells, and synergistic target cell
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death is cancelled out by CAR T cell susceptibility to the same agent. This would explain some of my results
with BH3 mimetics, where there seems to be a modest protective effect conferred to target cells in co-
culture in the presence of BH3 mimetics. While | have not definitively proven that this is the case, it is
consistent with data | have generated that shows that CD3/CD28 stimulation of a cancer cell line of T cell
origin (Jurkat E6) leads to increased sensitivity to mitochondrial apoptosis. Perhaps the CAR T cells, which
have been stimulated ex vivo, are more susceptible to undergoing apoptosis than the target cells
themselves. This suggests that treatments used in combination with CAR T therapy will need to be carefully
planned, in order to minimize effector cell cytotoxicity while maximizing target cell killing.

While | have not definitively proven that CAR T cells are more susceptible to BH3 mimetics or
etoposide than target cells, this is something that | believe deserves further exploration. | would recommend
repeating the co-culture assays in the presence of IL-2, to see if this cytokine can better preserve CAR T
cells and protect them from BH3 mimetics or etoposide. Additionally, | would recommend that future
experiments include an optimization of annexin V / Hoechst staining for T cells as well as target cells. This
would directly answer the question of whether T cells in co-culture with target cells are also dying in
response to BH3 mimetics or etoposide.

An ideal combination therapy for use with CAR T cells would be one that selectively Kkills target
cancer cells, and not CTLs (or activated CTLs). One way to identify such compounds would be to perform
high-throughput screening for compounds that sensitize cancer cells to apoptosis (such as HT-DBP,
developed by the Letai laboratory) or other forms of cell death; while also including a counter screen on
human T cells subjected to the same isolation and stimulation process that CAR T cells undergo. This would
allow for the elimination of any compounds that are also toxic to activated T cells. | would hypothesize that
such compounds would include PI3K inhibitors and other agents that would interfere with signaling
downstream of the T cell receptor. Certain BH3 mimetics may also be found to be toxic to T cells undergoing

the stimulation and selection process.
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Chapter 3: Defects in target cell mitochondrial apoptosis impair CAR T killing in a solid tumor

model.

Introduction

The ultimate goal of my thesis project was to address whether mitochondrial apoptosis is required,
in target cancer cells, for their elimination by CAR T cells. My initial results in Chapter 2 were consistent
with this hypothesis, but could not address whether there was an absolute requirement for apoptosis in
target cells. To do so, | would need paired isogenic cell lines with intact and deficient mitochondrial
apoptosis, and | would need to compare their susceptibility to CAR T killing via different metrics.

To that aim, | generated a HelLa in vitro model system. | made use of HelLa cells with intact (HeLa
parental) and deficient (HeLa-Bak/Bax double knockout, abbreviated HeLa-DKQO) mitochondrial apoptosis,
which were previously generated by Kristopher Saorsiek in the Letai laboratory. | transduced these cells
with lentivirus encoding CD19 expression, courtesy of Selena Lorey in the Maus laboratory. | then assessed
whether HelLa-19 or HeLa-DKO-19 cells could be killed by CD19 CAR T cells via three different methods:
Annexin V / Hoechst staining; an impedance-based readout of cell death; and a colony formation assay.

In order to confirm that the mitochondrial pathway of apoptosis contributes to CAR T Kkilling, | also
forced the expression of the anti-apoptotic proteins Bcl-2 and Bcl-XL in HeLa-19 cells, to test whether these
could protect them. | also assessed a requirement for caspases, the downstream mediators of apoptosis,
by pre-treating target cells with the caspase inhibitor Z-VAD-FMK prior to co-culture with CD19 CAR T cells

My work with the paired HeLa-19 and HelLa-DKO-19 cells taught me that while apoptosis is
important for CAR T killing, and for cell death induced by certain chemotherapeutics like apoptosis, Bak/Bax
null cells are not immortal. At higher doses of both CAR T cells and chemotherapy, they can be eliminated
as well. Future work will be needed to better understand the vulnerability of these cells, and how they are
killed by immune cells and other cancer treatments.

Lastly, | wanted to ascertain the precise mechanism by which CAR T cells eliminate target cancer
cells. | performed co-culture experiments in the presence of blocking antibodies against death ligands; as
well as inhibitors of granzymes. | also assessed whether a soluble factor contributed to CAR T killing target

cells by exposing target cells to conditioned media generated from co-culture experiments.
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The experiments discussed in this chapter suggest that certain types of tumor cells that are
resistant to intrinsic (mitochondrial) or downstream apoptosis may resist CAR T therapy. The subsequent

chapter will address whether this holds true in an additional model system.

Methods

Cell lines and tissue culture:

Hela parental and Bak/Bax double knockout (DKO) cells were generated by Kris Sarosiek in the Letai
laboratory. Parental and CD-19 expressing HelLa cells were maintained in DMEM supplemented with 10%
FBS, Pen-strep, and plasmocin. CAR T cells were manufactured by Angela Boroughs and Stefanie Bailey
in the Maus laboratory using T cells from healthy human donors (see Methods, Chapter 2). For co-culture
assays, CAR T cells and negative control T cells were maintained in RPMI supplemented with 10% FBS

and pen-strep (no plasmocin).

Generation of HeLa / HeLa-DKO cells expressing CD19:

HelLa and HeLa-DKO cells were transduced with CD19-encoding lentivirus generated by Selena Lorey in
the Maus laboratory. Parental cells were incubated with viral supernatant and polybrene for 24 hours. The
media was then changed to fresh DMEM-10%FBS, and cells were rested and allowed to expand. Following
expansion, cells were stained for CD19 via the methods described in Chapter 2. CD19+ cells were sorted
via FACS by the DFCI Flow Cytometry Core. Post-sorting, polyclonal populations of HeLa-19 and Hela-

DKO-19 cells were again rested in DMEM-10% FBS and allowed to expand.

Annexin V / Hoechst viability staining

For adherent cell lines, viability was assessed as follows. Media was harvested and placed in a V-bottom
96 well plate. Cells were trypsinized and added to the appropriate wells of the V-bottom plate. The plate
was spun at 500rcf for 5 minutes. Remaining media and trypsin was aspirated, and cells were resuspended
in the appropriate media (DMEM-10%FBS or RPMI-10%FBS for CAR T co-culture). Annexin V / Hoechst

was added and cells were fixed in glutaraldehyde/paraformaldehyde as described previously. Fixed and
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neutralized cells were analyzed on a Fortessa 2 flow cytometer. Dead cells by annexin V / Hoechst were

quantified as 100%-%live quadrant via a quadrant gating system.

Co-culture assay with CD19 CAR T cells — flow cytometry viability assay

One day prior to co-culture, target cells were stained with CFDA-SE according to the manufacturer's
instructions. HeLa-19 and HeLa-DKO-19 cells were seeded in 96 well plates at a density of 5,000 cells per
well in 100pL of culture medium. On the day of co-culture, CD19 CAR T cells were thawed and counted in
RPMI-10%FBS. CAR T cells were diluted to the corresponding E:T ratios and incubated with target cells
overnight at 37°C. The next day, annexin V viability staining was performed as described above. Viability

was quantified on a Fortessa-2 flow cytometer.

Co-culture assay with CD19 CAR T cells - Acea xCELLigence impedance readout

Target cells were seeded in 96 well plates at 5,000 cells / well in 100uL media. Impedance measurements
began at the time of seeding. T cells were thawed and added to target cells at approximately 20 hours.
Impedance measurements were continued to a 72 hour time point. An area under the curve was calculated
for each well for hours ~22-72 (time of T cell addition to termination of experiment), and this number was
normalized to negative control CAR T cell value as follows: |[AUCsampie - AUCdetta zeta]/( AUCdetta zeta) X 100.
This experiment was performed two times, the graph presents normalized impedance for the two

independent experiments.

Immunoblotting

Lysates were prepared in RIPA buffer (Pierce). For adherent cell lines, cells were seeded the night before
harvesting. On the day of lysate collection, the media was aspirated and cells rinsed once in cold PBS.
RIPA buffer with protease and phosphatase inhibitor cocktails (commercially available) was added directly
to the plate, and cells were incubated on ice for 5 minutes. Lysates were centrifuged at 10,000 RCF for 10
minutes, and the supernatant was removed to a fresh tube (discarding cellular debris and DNA in the pellet).
Sample preparation, gel electrophoresis, transfer to PVDF, and image quantification were performed as

described in Chapter 2.
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BH3 profiling — iBH3 methodology (flow cytometry)
Adherent cells were first trypsinized and washed in HBSS prior to counting. Cells were then resuspended
in MEB2p25 buffer and exposed to peptides for 30 minutes at 27°C. Fixation, neutralization, and

cytochrome c / Hoechst staining were performed as described in Chapter 2.

Plasmids
Plasmids 3544 pMIG Bcl-2 and 3541 pMIG Bcl-XL were a gift from Stanley Korsmeyer (Addgene plasmid

#8793, #8790). pMIG was a gift from William Hahn (Addgene plasmid # 9044).

Transient transfection

HelLa-19 cells were transfected using Lipofectamine 3000 reagent according to the manufacturer’s
instructions. Briefly, cells were seeded at 4,000 cells/well in a 96 well plate in antibiotic-free media (day 0).
The following day, transient transfection was performed (day 1). Cells were incubated with plasmids
overnight. On day two, the media was changed to fresh DMEM-10%FBS. On day 3, cells were treated with
etoposide or CAR T cells as described previously. Finally, on day 4, cells were harvested and viability was

assessed via annexin V / Hoechst staining as described previously.

CD19 Co-culture with drug treatments / blocking antibodies

Z-VAD-FMK (Caymen Chemical), Z-IETD-FMK (Thermo Fisher Scientific), 3,4-dichloroisocoumarin (DCI,
Santa Cruz Biotechnology), anti-Fas antibody (Thermo Fisher Scientific), anti-TRAIL antibody (Biolegend),
anti-TNFa antibody (Cell Signaling Technology), and anti-IFNy antibody (Thermo Fisher Scientific) were
purchased from the indicated vendors. For caspase inhibition experiments, Z-VAD-FMK and Z-IETD-FMK
were added to target cells 1 hour prior to c-culture. For DCI experiments, DCI was added to T cells 1 hour
prior to co-culture. For blocking antibody experiments, blocking antibodies were added to target cells 1 hour

prior to co-culture.

Granzyme B Fluorimetric Assay
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Recombinant granzyme B (provided in NOVUS Biochemicals assay kit) was incubated with DCI and other
granzyme inhibitors for 30 minutes at room temperature. The assay was performed on these samples

according to the manufacturer’s instructions. Fluorescence was read on a TECAN instrument.

Recombinant proteins
Recombinant proteins were purchased from: IFNy - Peprotech, TNFa - Thermo Fisher Scientific, TRAIL -

Biolegend, FasL - Enzo Life Sciences, and reconstituted according to the manufacturer’s instructions.

Conditioned media experiments

Conditioned media was harvested at 24 hours following CAR T co-culture. Supernatant from CAR T co-
culture was collected and pooled, then spun at 500 rcf for 5 minutes. The supernatant was passed through
a 0.2um filter and the conditioned media was then either used immediately or stored at -20°C for long term
use. Target cells were seeded at 5,000 cells / well in 100uL media prior to conditioned media treatment.
For conditioned media viability assays, seeding media was aspirated and cells were incubated with 180uL
of conditioned media for 24 hours. Annexin V / Hoechst viability staining was then performed as described

previously.

Cytokine array / Cytokine array XL (R&D Systems)

Conditioned media was collected as described above. 1mL conditioned media was incubated with cytokine
array membranes according to the manufacturer’s instructions overnight at 4°C. The following day,
membranes were washed and incubated with a secondary antibody according to the manufacturer's
instructions. The arrays were quantified using an LASImageQuant4000. Densitometry analysis was

performed using GelQuant.NET software provided by biochemlabsolutions.com .

Dynamic BH3 profiling — IFNy treatment

HelLa-19 cells were seeded and treated the following day with recombinant interferon gamma. At 21 hours,

cells were trypsinized and harvested, and subjected to BH3 profiling as described above.
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In vivo implantation of HeLa-19 and HeLa-DKO-19 cells in NSG mice

HelLa-19 and HelLa-DKO-19 cells were trypsinized and harvested on the day of inoculation. Cells were
washed in HBSS and the amount for each injection was aliquoted in a volume of 120uL of HBSS on ice.
An equal volume of matrigel was added to each tube and resuspended on ice. 200uL of cell / matrigel mix
was inoculated into the right and left flanks of NSG animals by Amanda Bouffard in the Maus laboratory.
Caliper measurements were taken every 2-3 days, and animals were sacrificed at 28 days or per IACUC

protocol if tumors reached an upper size limit.

Colony formation assay

Target cells were seeded as described above one day prior to CAR T co-culture. CAR T cells were
incubated with target cells for 24 hours, at which time the cells were trypsinized and harvested. Harvested
cells from the “no T cell” control condition were counted, and all E:T ratios were plated at a final
concentration of 200 cells / mL in a 24 well plate with all E:T ratios plated based on the no T cell control
counts. Cells were left undisturbed in an incubator at 37°C for six days, at which time they were washed
with HBSS and fixed with 10% neutral buffered formalin. After fixation, the cells were stained with crystal
violet and allowed to dry overnight. Colonies were defined as clusters of 4 cells or more, and were quantified

by eye using a light microscope.

Results
Is mitochondrial apoptosis in target cancer cells required for elimination by CAR T cells?

In order to ask whether mitochondrial apoptosis was required in target cancer cells for killing by
CART cells, | generated a Hel a in vitro model system. Kristopher Sarosiek had previously generated HelLa
cells with intact (HeLa-parental) and deficient (HeLa-DKO, Bak/Bax double knockout) mitochondrial
apoptosis. In order to test whether these cells could be eliminated by CD19 CAR-T cells, | transduced both
HelLa-parental and HeLa-DKO cell lines with a lentiviral construct containing CD19 (courtesy of Selena
Lorey, Maus laboratory). Following transduction, | sorted for CD19+ cells and confirmed CD19 expression

via flow cytometry (Figure 3.1A). These new cell lines - referred to as HelLa-19 and HelLa-DKO-19,
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Figure 3.1. Generation and characterization of CAR T killing in a HeLa-19 / HeLa-DKO-19 model system. A) CD19 staining intensity
of HeLa-19 and HeLa-DKO-19 cells compared to the parental cell lines. B) Immunoblotting for Bak and Bax in HeLa-19 and HelLa-
DKO-19 cell lines. C) Annexin V / Hoechst viability staining of HeLa-19 and HelLa-DKO-19 cells following 48 hour exposure to
etoposide at indicated doses. D) BH3 profiling assay comparing response to the Bim peptide (concentration in uM) in HeLa-19 and
HelLa-DKO-19 cell lines. Panels E, F, and G depict target cell viability following exposure to CD19 CAR T cells. Viability was
assessed via impedance over time (E), via annexin V / Hoechst (F), and via a colony formation assay (G).
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respectively - exhibited increased CD19 expression compared to the parental control cell lines.
Immunoblotting also confirmed that the HeLa-DKO-19 cells retained their loss of Bak and Bax (Figure 3.1B).

| then wanted to confirm that these cell lines were deficient in mitochondrial apoptosis. One way to
do this is to induce apoptosis pharmacologically, and ask if the two cell lines respond differently to treatment.
| treated both cell lines with etoposide, a topoisomerase Il inhibitor known to induce apoptosis. Annexin V /
Hoechst viability staining at 48 hours revealed that HeLa-19 cells were more susceptible etoposide than
the HeLa-DKO-19 cells (Figure 3.1C). However, DKO-19 cells were still capable of being killed by etoposide
at high concentrations, suggesting that etoposide may be capable of inducing cell death via pathways
independent of the mitochondria as well. This exposes a weakness of using cell death induced by a
particular apoptotic stimulus upstream of the mitochondrion as a readout of mitochondrial susceptibility —
an individual treatment may also induce non-apoptotic cell death, or may be resisted by factors upstream
of the mitochondrion.

In order to confirm that HeLa-DKO-19 cells were resistant to mitochondrial apoptosis, | performed
the BH3 profiling assay described in previous chapters. HeLa-DKO-19 cells responded in a way that is
characteristic of apoptosis-refractory cells, in that no concentration of the Bim peptide was capable of
inducing cytochrome c release from the mitochondria (Figure 3.1D). This was in stark contrast to the Hela-
19 cells, which exhibited cytochrome c release with Bim peptide concentrations as low as 100nM.

Having confirmed the differing competencies of HeLa-19 and HelLa-DKO-19 cells in undergoing
mitochondrial apoptosis, | then asked whether these cell types varied in their susceptibility to CD19 CAR T
killing. To assess CAR T killing, | performed three different viability assays following co-culture of effector
T cells and target cells. In the first method, target cells were labeled with CFDA-SE; incubated with CAR-T
cells at different E:T ratios; and viability was assessed 20 hours post-coculture by annexin V / Hoecsht
staining (Figure 3.2E). In the second method, impedance due to cell adhesion was used as a readout of
viability, with reduced adhesion over time indicating cell death (Figure 3.2F). For the third method, target
cells were exposed to target cells for 24 hours, and subsequently plated in 24 well plates for a colony
formation assay. Colonies were harvested on day 6 and quantified by eye using a light microscope (Figure
3.2G). Across all three viability assays, target cells lacking Bak/Bax (HeLa-DKO-19) were more resistant to

elimination by CAR-T cells. However, there was not an absolute requirement for intrinsic apoptosis: HelLa-
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DKO-19 cells were eliminated at higher E:T ratios. While estimates of E:T ratios for CAR T cells in human
patients are difficult to obtain, in solid tumors, where T cells need to infiltrate the tumor mass, it may be that
the E:T ratios achieved are quite small. This could be clinically relevant when considering why solid tumors

respond more poorly to CAR T therapy than hematological malignancies.

Does anti-apoptotic protein expression or caspase inhibition impair CAR T killing of target cancer
cells?
Having assessed a requirement for the final effectors of in intrinsic apoptosis in CAR T killing of

cancer cells, | then wanted to assay requirements for proteins upstream (Bcl-2 and Bcl-XL) and downstream
(caspases) of the mitochondrion. | began with the anti-apoptotic proteins upstream of Bak and Bax in
mitochondrial apoptosis. | obtained plasmids encoding GFP and vector alone; GFP and Bcl-2; or GFP and
Bcl-XL. | transfected HelLa-19 cells using Lipofectamine 3000. | then confirmed that the Bcl-2 and Bcl-XL
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Figure 3.2. HeLa-19 cells were transfected with plasmids containing GFP and Bcl-2; GFP and Bcl-XL; or a GFP-only control (pMIG).
Immunoblotting in (A) confirmed increased Bcl-2 and Bcl-XL expression in the transfected cells. Forced expression of anti-apoptotics
conferred resistance to etoposide, as demonstrated by annexin V / Hoechst viability staining at 20 hours (B). Anti-apoptotic protein
expression also conferred protection from CAR T killing, as demonstrated by annexin V / Hoechst viability staining following 20 hours
of CAR T co-culture (C). CAR T killing in this model system was found to be caspase dependent, as demonstrated by HeLa-19 and
HelLa-DKO-19 co-culture with CAR T cells in the presence of Z-VAD-FMK, a pan-caspase inhibitor. Annexin V / Hoechst staining
revealed that both target cells are protected from CAR T killing by caspase inhibition (D, E).
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plasmids conferred increased expression of their respective proteins via immunoblotting (Figure 3.2A).
These plasmids also conferred resistance to etoposide, an inducer of intrinsic apoptosis (Figure 3.2B). |
then exposed the transfected HelLa-19 cells to CD19 CAR-T cells, and assessed viability via annexin V /
Hoechst staining (Figure 3.2C). The expression of Bcl-2 and Bcl-XL, but not the GFP vector, conferred
protection against CAR-T killing This further supports my hypothesis that the intrinsic pathway is important
for efficient CAR-T elimination of target cells, although again, | observed that this could be overcome at
higher E:T ratios.

In order to determine if CAR-T killing required the activation of caspases, | co-cultured HelLa-19
and HeLa-DKO-19 target cells with CD19 CAR-T effector cells in the presence of a caspase inhibitor (Z-
VAD-FMK). As demonstrated in Figure 3.2D and 3.2E, Z-VAD-FMK was capable of protecting target cells
from specific CAR-T killing. However, non-specific killing (induced by untransduced T cells or delta zeta
CAR T cells) did not appear to be effected by caspase inhibition, suggesting that specific and non-specific

killing may occur via a different mechanisms in this model system.

What CAR T-specific factors are used to induce target cell death?

Do granzymes contribute to CAR T killing of HeLa-19 target cells?

| then wanted to assess the mechanism by which CAR T cells were eliminating target cells in my
model system. Assessing requirements for granzymes in T cell cytotoxicity is made difficult due to the fact
that a) there are no selective, commercially available inhibitors of individual granzymes and b) other tools
available to halt lytic granule exocytosis, such as the addition of EGTA or treatment with V-ATPase
inhibitors, can be toxic to T cells and target cells alike.22

In order to test a requirement for granzymes, | attempted several pharmacological approaches to
inhibiting all granzymes; granzyme B specifically; or granule exocytosis. Inhibiting granule exocytosis with
EGTA treatment or the V-ATPase inhibitor concanamycin A proved toxic to HeLa-19 target cells at the
doses assessed, and | discontinued these methods (data not shown).

| then tested whether 3,4-dichloroisocoumarin (DCI), an inhibitor of serine proteases, including
granzymes A and B, could protect target cells from CAR T cell killing.'23-125 When CAR T cells were pre-

treated with DCI at 30uM before a wash step and subsequent co-culture with HeLa-19 or HeLa-DKO-19
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target cells, both target cell types were conferred protection from CAR T killing (Figure 3.3A). One known
weakness of using DCI to inhibit granzymes in T cells is that DCI can itself be toxic to T cells. | am currently
testing whether DCI is toxic to T cells in co-culture conditions, and this important control experiment will be
included in a future publication.

This is consistent with the hypothesis that CAR T killing is mediated largely by granzymes,
particularly by granzyme B, which can cleave Bid to activate mitochondrial apoptosis as well as cleave
downstream caspases with reduced affinity (see Chapter 1). This would produce CAR T cytotoxicity that is
rapid in HeLa-19 cells, but slower and requiring more CAR T cells in HeLa-DKO-19 cells, as granzyme B
has reduced affinity for caspase 3 compared to Bid. This fits with the impedance data presented in Figure
3.1, where | observed that HeLa-DKO-19 cells were killed with both slower kinetics (Supplemental Figure

1) and required a greater amount of CAR T cells to achieve the same levels of killing as HeLa-19 controls.
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However, a subsequent experiment with the granzyme B inhibitor Z-AAD-CMK (Santa Cruz
Biotechnologies) did not reveal any protection from killing at the doses tested. A fluorometric granzyme B
reporter confirmed that both DCI and Z-AAD-CMK were capable of inhibiting the activity of recombinant
granzyme B under assay conditions at high concentrations (cell-free), but it is unclear if this recapitulates
co-culture conditions (Figure 3.3C). DCI did appear to be a more potent inhibitor of granzyme B than Z-
AAD-CMK in assay conditions.

In order to know for certain if granzymes (or granzyme B specifically) is involved in CAR T killing,
the best test would be to perform co-cultures with target cells and CAR T cells deficient in
granzymes/perforin. Given that this was not feasible in the time frame of this project, my interpretation of
the data presented in Figure 3.3 is that granzymes are likely involved in CAR T killing, given that the
negative data was obtained with the weaker granzyme inhibitor, and the DCI treatment data was
reproducible across three separate donors. Granzyme B involvement in target cell killing is also consistent
with the caspase inhibition data presented in Figure 3.2. Future work will explore whether deficiencies in
CAR T granule components (granzymes, perforin) or death ligands impact target cell killing in order to

definitively answer this question.

Do death ligands contribute to CAR T killing of target cancer cells?

The next question that | wanted to answer was whether CAR T cells can kill target cells via death
ligands, as there is some data to support that they may be responsible for CAR T killing in in vitro models
of hematologic malignancies.3¢ First, | treated HeLa-19 and HelLa-DKO-19 cells with recombinant death
ligands, to test whether they were capable of elimination by death receptor signaling at all. HeLa-19 cells,
but not HeLa-DKO-19 cells, were sensitive to FasL, TRAIL, and TNFa (Figure 3.4A and 3.4B), as assessed
by annexin V / Hoechst staining at 24 and 48 hours. This is consistent with HeLa cells undergoing death-
ligand induced apoptosis in a mitochondrially-dependent manner (Type Il cell).

In order to determine if death ligands could be responsible for CAR T killing of HeLa target cells, |
performed co-cultures in the presence of antibodies blocking Fas, TRAIL, and TNFa (summary of all
experiments presented in Figure 3.4C, with representative experiments shown in 3.4D). | did not observe

an effect of blocking Fas or TRAIL in any co-culture experiment that | performed (3 independent donors).
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Figure 3.4 — Panels (A) and (B) present annexin V / Hoechst viability data from either 24 or 48 hours of treatment with the indicated
recombinant human death ligand. Co-culture experiments combining CAR T cells with antibody blocking treatment of target cells
are summarized in (C). (D) presents a representative figure of Fas/TRAIL blockade, along with TNFa blockade.

This occurred despite the finding that these blocking antibodies could protect from recombinant Fas ligand

and TRAIL-induced death (Supplemental Figure 2). However, | did observe that TNFa blocking antibodies

could protect from CAR T killing with ND #60. But this was not a universal phenomenon — CAR T cells from

one donor killed target cells in a way that was not impacted by TNFa blocking antibodies (ND #138).
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Is CAR T killing mediated by a soluble factor present in conditioned media?

Whether or not CAR-T killing is mediated by a soluble factor could inform whether this process
occurs via granzymes, death ligands, or an additional unknown mechanism. To test whether soluble factors
were required for killing in my model system, | performed a co-culture of HeLa-19 and HeLa-DKO-19 target
cells with CD19 CAR-T cells, and harvested the media the following day. | centrifuged the media, collected
the supernatant, and passed it through a 0.2um filter. | then added this CAR-T conditioned media to HelLa-
19 and HelLa-DKO-19 cells, and assessed viability at 20 hours via annexin V / Hoechst staining.
Conditioned media from CD19 CAR-T cells had a cytotoxic effect on HeLa-19 cells, while it did not Kill
HelLa-DKO-19 cells efficiently (Figure 3.5A,B). Thus Bak/Bax competent cells are partially killed via a
soluble factor, whereas DKO-19 cells resist soluble kiling and are likely eliminated via a different
mechanism.

To rule out a reduction in killing due to altered content of the conditioned media between HelLa-19
and DKO-19 cells in co-culture, | collected conditioned media from DKO-19 cells with CAR-T cells and
applied it to HeLa-19 target cells. Conditioned media from DKO-19 cells was capable of killing HeLa-19
cells similarly to HeLa-19 conditioned media, suggesting this difference in killing is not due to reduced killing
capacity of the DKO-19 conditioned media (Figure 3.5C). | also observed that conditioned media from CAR-
T cells that are incapable of killing via the CD19 CAR (untransduced T cells or delta zeta negative control
CAR-T cells) did not have a cytotoxic effect, suggesting that non-specific killing does not occur via a soluble
factor (Figure 3.5A,B).

| then performed a human cytokine array (R&D systems) on CAR T cell conditioned media to
identify soluble factors that may be responsible for its cytotoxicity. Initially, | compared media from HelLa-
19 cells alone to conditioned media from HelLa-19 cells co-cultured with CD19 CAR-T cells (Figure 3.5D).
The most prominent cytokines present in the HeLa-19 conditioned media were Serpin E1, MIF, and IL-8;
whereas the most prominent cytokines in the co-culture conditioned media were GM-CSF, IL-8, MIP-1a/-
1B, Serpin E1, and IL-2 (Figure 3.5D, top; Supplemental Figure 3). Many of the cytokines unique to the co-
culture are classical markers of T cell activation, and thus expected results. Of the cytokines present in the

co-culture media, two of particular interest to me were IFNy and TNFa, which could mediate killing of target
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Figure 3.5 — Conditioned media was collected as described in the text and incubated with (A) HeLa-19 or (B) HeLa-DKO-19 target
cells for 24 hours. Viability was measured via annexin V / Hoechst staining. In (C), conditioned media from two separate conditions
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cytokine array data from two independent conditioned media experiments. In (E), CD19 CAR T cell [left] or EGFR CAR T cell [right]
conditioned media incubated with HeLa-19 target cells in the presence of blocking antibodies. Viability was assessed via annexin V
/ Hoechst staining at 24 hours.
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cells. | previously observed a modest reduction in CAR T cytotoxicity following the administration of a TNFa
blocking antibody to the co-culture (Figure 3.4D). While IFNy-induced cytotoxicity is less well characterized,
there are some data to suggest that it can induce apoptosis.104.105

To confirm these results, | performed a larger cytokine array (Human Cytokine Array XL, R&D
Systems) using conditioned media from a separate donor's CAR T cells (Figure 3.5D, bottom; Supplemental
Figure 4). Conditioned media from HelLa-19 cells once again contained Serpin E1, as well as Dkk-1, MIF,
and thrombospondin at lower intensities. In the two co-culture conditions tested, 28z and delta zeta CAR T
cell conditioned media contained GM-CSF and other immunostimulatory cytokines as described in the
previous cytokine array (Figure 3.6D, bottom). TNFa was among the top five cytokines unique to both delta
zeta and 28z co-culture conditions, making it a strong candidate for mediating conditioned media
cytotoxicity. Interferon gamma was also among the most highly ranked cytokines unique to the 28z co-
culture condition, however its intensity was less than that of TNFa in this second array.

To test whether TNFa might be responsible for conditioned media cytotoxicity, | performed a co-
culture experiment with HeLa-19 target cells and CAR T cells. | harvested conditioned media from the co-
culture as described previously, and incubated fresh HeLa-19 cells with conditioned media and blocking
antibodies against TNFa alone; or against Fas, TRAIL, or TNFa (Figure 3.5E, Note — right panel is with
EGFR CAR, not CD19). Only TNFa was capable of protecting target cells from conditioned media,
consistent with soluble TNFa being a component of CAR T cytotoxicity. FasL was not detected in
conditioned media in the larger cytokine array | performed, consistent with our blocking antibody data
(Figure 3.4D, right panel).

Figure 3.5D also revealed that specific (28z CAR) and non-specific (delta zeta) CAR T cells in co-
culture release the same cytokines. Additionally, the different composition of both the conditioned media
from separate donors (compare 3.6D top to bottom panel) — particularly the variability in the intensity of
TNFa - suggests that conditioned media, and perhaps CAR T cell cytotoxic factors, may differ between
donors. This could be due to donor intrinsic effects, or due to differences in stimulation and transduction of

T cells between donors.

Does interferon gamma contribute to CAR T killing of target cells?
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Interferon gamma has been reported to confer resistance to PD-1 blockade in murine models.106:107
Similar to my experiments with death ligands, | decided to investigate whether interferon gamma could play
a role in CAR T elimination of HelLa cells. Both HeLa-19 cells and HeLa-DKO-19 cells were resistant to
IFNy cytotoxicity at 24 and 48 hours (Figure 3.6A). However, | did observe a modest reduction in CAR T
killing in the presence of an anti-IFNy antibody in co-culture with CAR T cells from one donor (Figure 3.6B).
| hypothesized that perhaps IFNy acts to increase HelLa-19 cells apoptotic priming, making the cells more
susceptible to apoptosis without killing them outright. To test this hypothesis, | performed dynamic BH3
profiling following treatment of HeLa-19 cells with recombinant IFNy (Figure 3.6C). While these preliminary
results need to be repeated, they suggest that IFNy could perhaps increase mitochondrial apoptotic priming,
consistent with my hypothesis.

Figure 3.6D presents a summary of all blocking antibody and cytokine array experiments
performed. Looking at the data as a whole, TNFa appears to be implicated in CAR T killing, as TNFa
blockade could protect from CAR T killing in both co-culture and conditioned media experiments. IFNy’s
role as a potential cytotoxic agent needs requires further investigation — the data are consistent with IFNy
increasing susceptibility to CAR T cell cytotoxicity, but this will need to be assayed further. However,
requirements for IFNy and TNFa varied by donor and/or batch of CAR T cells generated, suggesting that
these proteins may not always be a mechanism by which CAR T cells can kill target cells.

Lastly, | wanted to assess whether the combination of granzyme inhibition and death ligand /
interferon gamma blockade could protect target cells from CAR T killing in a synergistic fashion. To probe
activity of all death ligands globally, | treated target cells with the caspase 8 inhibitor Z-IETD-FMK, which
protects HeLa-19 target cells from recombinant TRAIL, but not from etoposide-induced death (Figure 3.7A).
| then performed a co-culture experiment combining pre-treatment of HelLa-19 target cells with Z-IETD-
FMK, and pre-treatment of T cells with the granzyme inhibitor DCI (Figure 3.7B). While both agents provided
protection alone, their combination did not enhance protection from CAR T killing. This was similar to
another experimennt which combined DCI treatment with blocking antibodies against TNFa and IFNy: the
combination treatment did not improve upon the protection provided by DCI (Figure 3.7C). One potential
explanation for this finding could be that HeLa cells require a critical amount of cleaved caspase 3 in order

to die, and that this can be provided either by death ligands (activating mitochondrial apoptosis), or by
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Figure 3.7 — HeLa-19 cells were treated with recombinant TRAIL and etoposide, alone or in combination with the caspase 8 inhibitor
Z-IETD-FMK (A). Viability assessed at 24 hours via annexin V / Hoechst staining. (B) Co-culture of HeLa-19 target cells with CAR
T cells in the presence of Z-IETD-FMK and/or DCI. Viability assessed at 24 hours via annexin V / Hoechst staining. (C) Co-culture
of HeLa-19 target cells in the presence of DCI and/or blocking antibodies against IFNy and TNFa.

granzymes. Thus inhibiting either one of these two mechanisms of caspase 3 activation leads to the same
effect, and not additive protection. In the future, this could be tested by probing for caspase 3 cleavage in
the context of CAR T co-culture in the presence and absence of DCI, ZIETD-FMK, and death ligand blocking
antibodies. Additionally, the Z-IETD data could imply a larger role for caspase 8 in HeLa-19 killing than do
the blocking antibody experiments in Figure 3.4D. However, due to the possibility that Z-IETD-FMK may be
inhibiting other caspases, and its similarity to the Z-VAD-FMK caspase inhibition co-culture, | am more
inclined to trust the repeated experiments with death ligand blocking antibodies, which are likely to be more
specific. Ultimately, the question of mechanism of CAR T target cell elimination is best addressed via
genetic perturbation of caspase 8 and granzymes, and | recommend this approach be taken in future

experiments.

Does CAR T killing synergize with chemotherapeutic or targeted agents which increase apoptotic
susceptibility in cancer cells?
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Given the role for intrinsic apoptosis in CAR T killing demonstrated in figures 3.1 and 3.2, | wanted
to ask whether combining BH3 mimetics or chemotherapeutic agents, which increase susceptibility to
mitochondrial apoptosis, could yield more target cell death in combination with CD19 CAR T cells. | had
previously not observed synergy between BH3 mimetics and etoposide in my lymphoma cell lines, so | was
interested to see if this finding would replicate in HeLa-19 cells. Figure 3.8 presents the results of several
co-culture experiments combining CD19 CAR T cells with etoposide, cisplatin, docetaxel, and the BH3
mimetics ABT-199, ABT-263, and A-133. Once again, | did not observe synergy between any of the
treatments and the CAR T cells. Of note, | did observe an additive effect when combining chemotherapeutic
agents with CAR T cells. Clinically speaking, an additive effect is still desirable in terms of improving patient
outcomes to CAR T therapy, and this combination regimen could lead to improved outcomes in the clinic .
But BH3 mimetics failed to provide any cytotoxic benefit to CAR T killing in both HeLa-19 and the lymphoma

models tested in chapter 2.

Susceptibility of Bak/Bax null cells to chemotherapeutic agents

Following the characterization of apoptotic cell death in the 1980s and 1990s, many cancer
chemotherapeutic agents were found to induce apoptosis in cancer cells.®! In fact, chemotherapeutic
agents such as etoposide and staurosporine (both of which can activate mitochondrial apoptosis, see '8
120.126) are widely used in in vitro models as “apoptosis inducers”. Thus, when | began working with HelLa-
19 and HeLa-DKO-19 cells, | expected that the Bak/Bax null cell line would be extremely resistant not only
to CAR T killing, but to chemotherapeutics as well. | instead found that HeLa-DKO-19 cells can be killed by
agents such as staurosporine and etoposide, in addition to CAR T cells at high E:T ratios (Figure 3.9).
Bak/Bax null cell death required higher concentrations of chemotherapeutic agents and ocurred via slower
kinetics (Supplemental Figure 1), but it absolutely did occur in response to these stimuli. While this was
outside the scope of my thesis work, | encourage future experiments aimed at understanding how
apoptosis-resistant cancer cells die in response to agents that we previously deemed “apoptosis-inducers”.
| also encourage high throughput pharmacologic screening efforts utilizing apoptosis-resistant cancer cells,
with a cell death readout that is unbiased in terms of the death pathways being induced. We now know that
there are multitudes of cell death pathways in addition to apoptosis, including ferroptosis, necroptosis, and

pyroptosis, to name but a few. Given that apoptotic resistance correlates with resistance to chemotherapy;
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and that many cancers harbor defects in apoptosis; it is of great clinical import to have treatment options
available for patients whose disease is resistant to mitochondrial apoptosis. A better understanding of

additional cell death pathways available to cancer cells would surely guide us in answering this question.

Observations from HelLa-19 and HeLa-DKO-19 inoculation in an NSG mouse model

The ultimate test of whether mitochondrial apoptosis impacts CAR T therapy is not one performed
in a petri dish, but one performed in a living creature. | wanted to generate an in vivo mouse model using
HelLa-19/HeLa-DKO-19 target cells subcutaneously implanted in NSG mice, which would then receive
CD19 CAR T cells via intravenous injection. To generate such a model system, | would first need to
determine the optimal dose of HeLa-19 and HelLa-DKO-19 cells to inoculate in NSG mice, such that
palpable tumors would grow over the course of one month. Figure 3.10A depicts the inocculation strategy
| used in this initial experiment. Because HelLa-19 cells grow faster than HeLa-DKO-19 cells in in vitro
conditions, | generated animals with either the same number of target cells, or with more HeLa-DKO-19

cells injected compared to HeLa-19 cells. Figure 3.10B depicts the growth of these tumors over time, as
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measured by Amanda Bouffard in the Maus laboratory. Unexpectedly, the HeLa-DKO-19 tumors grew
faster than the HelLa-19 tumors in NSG mice. It is possible that the Bak/Bax null cells are better able to
withstand the selection pressures of in vivo inoculation (ie, resisting nutrient deprivation / hypoxia), and this
was able to counteract their longer division time.

In light of these results, for my second in vivo experiment, | tested higher inoculation doses of HeLa-
19 cells compared to HeLa-DKO-19 cells. | also added a treatment arm to the experiment. Mice were treated
with saline as a negative control, 1TE6 CD19 CAR T cells, or 2E6 CD19 CAR T cells as indicated in Figure
3.10C. However, none of the Hela-19 cells injected generated tumors that were above 1000mm3, making
a comparison between saline and CAR T treatment impossible. The majority of the HeLa-DKO-19 cells
inoculated at 1E6 also failed to generate 1000mm3 tumors. Due to the variable growth of these cells — both
between tumors of the same type in different animals, and between different experiments (Figure 3.10B
versus D) — | ultimately was not able to pursue this model further in the course of my thesis work.

Despite these difficulties, addressing whether CAR T killing in vivo is impacted by target cell
apoptotic susceptibility remains a critical next step in this project’s future. While | will not be able to complete
additional experiments myself, | would recommend alterations to my treatment strategy. Firstly, |1 would
inoculate mice with only one tumor on one flank, instead of bilateral inoculation with HeLa-19 and HelLa-
DKO-19 cells at the same time. | would then recommend a rolling enroliment system, where animals receive
treatment (CAR T cells or saline) upon reaching a tumor volume of 1000mm3. This would eliminate some
of the variation observed previously. In considering the number of cells to inoculate, | would either need to
pursue inoculation doses above 5E6 (10E6 for HeLa-19), or consider switching to an additional cell line that

engrafts more easily in NSG mice.

Discussion

In this chapter, | assessed whether mitochondrial apoptosis in target cancer cells was required for
CAR T killing. | demonstrated that although there is not an absolute requirement for mitochondrial apoptosis
in target cells (ie, at high E:T ratios, Bak/Bax null target cells are eliminated), mitochondrial apoptosis allows

for more efficient killing of target cancer cells. In other words, there is a shift of the E:T50% to the right when
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intrinsic apoptosis is lacking in target cells, meaning more CAR T cells are required to achieve the same
level of killing as in a Bak/Bax wildtype target cell population.

| was able to demonstrate that both Bak/Bax loss and forced expression of the anti-apoptotic
proteins Bcl-2 and Bcl-XL can protect target cancer cells from CAR T killing in my HelLa-19 model system.
Additionally, downstream caspases are mediators of target cell death, as the addition of a pan-caspase
inhibitor to co-culture experiments protected both Bak/Bax wildtype and Bak/Bax null target cells from CAR
T killing. These perturbations — loss of Bak/Bax, overexpression of Bcl-2/Bcl-XL, and caspase inhibition —
are classic tests of whether or not mitochondrial apoptosis mediates a cytotoxic outcome. And in the HelLa-
19 system, these classic tests indicate that CAR T cells do activate mitochondrial apoptosis in target cells.

Given these results, the fact that BH3 mimetics once again did not synergize with CAR T treatment
in this model system was unexpected and merits further investigation. This was in contrast to combination
with chemotherapeutic agents, which did yield an additive cytotoxic effect with CAR T therapy. While |
hypothesize that this is due to death of the CAR T cells themselves following treatment with BH3 mimetics
and chemotherapeutics, this would need to be proven by quantifying T cell viability post-co-culture. It is also
possible that this is an artifact of my co-culture conditions, which did not include IL-2 or any growth factors
to help with T cell survival. Adding IL-2 to future co-culture experiments could alleviate CAR T cell death
induced by these treatments, and perhaps decrease CAR T cell apoptotic priming. A high-throughput study
assessing multiple compounds for their ability to kill or apoptotically prime target cancer cells, with a counter
screen performed on activated and transduced T cells, would be able to identify the ideal agents for use
with CAR T therapy in the clinic.

| also sought to determine the mechanism by which CAR T cells kill target cells: was it via
granzymes, via death ligands, or via alternate cell death pathways? | focused my inquiry on granzymes and
death ligands, and | did observe that a pan-granzyme inhibitor (DCI) protected target cancer cells from CAR
T killing. Blocking antibodies against death ligands had a more modest effect. | did not observe any
protection conferred to target cells by blocking antibodies against Fas or TRAIL, but a TNFa blocking
antibody was able to protect from CAR T killing with T cells from two unique donors. This was not a
consistent finding, however: one additional donor's CAR T cells still killed equally well in the presence of

TNFa blocking antibody. | hypothesize that this could be due to differences in CAR T cell stimulation and

55



expansion (the more recent blocking antibody experiment was performed with a different “batch” of CAR T
cells); or due to differences in T cells between individual donors. Future work will expand the cohort of CAR
T cells co-cultured with blocking antibodies and DCI to assess whether HelLa-19 cells (and ideally,
additional solid tumors) may be more susceptible to elimination via granzymes, as the studies in this chapter
suggest. This is in contrast to recent literature implicating death receptor signaling in CAR T killing of
hematopoietic cancers.3¢

In order to address whether protection from CAR T killing conferred by Bak/Bax loss is a unique
property of HeLa-19 cells, or whether mitochondrial apoptosis could impact response to CAR T killing in
additional malignancies, my priorities going forward were to assess a) whether my results would replicate
in an additional cancer model system with endogenous CD19 expression, and b) to assess whether loss of
mitochondrial apoptosis could confer resistance to CD19 CAR T cells in an in vivo model system. While
optimizing the injection protocol for HeLa-19 and HeLa-DKO-19 cells proved more difficult than expected,
and | was not able to complete in vivo studies as of the writing of this manuscript, | did learn about the
behavior of the Bak/Bax null cells in vivo.

Our laboratory regularly works with Bak/Bax deficient cell lines, and | have handled three such lines
myself. It is striking that in vitro, the Bak/Bax null cells grow more slowly than their wildtype counterparts
(unpublished data). | thus expected that in NSG mice, the HeLa-DKO-19 cells would grow more slowly, and
| would need to innoculate more of these target cells than those that were Bak/Bax wildtype. The opposite
turned out to be true: HeLa-DKO-19 cells had better engraftment and formed larger tumors than HeLa-19
cells when injected at the same cell number (and even in the same animal). The Bak/Bax null cells can
provide quality information on how treatments — immune-mediated or otherwise — exert their effects on
cancer cells, and | hope that if these cell lines continue to be used in the future, this information will be of
benefit in designing in vivo experiments.

Lastly, | would like to comment upon the susceptibility of Bak/Bax null cells to certain agents
believed to be apoptotic inducers. Given the multitude of research papers concluding that etoposide and
staurosporine eliminate target cancer cells via apoptosis,’'8-120.122 | was surprised to observe that Bak/Bax
null cells could still be eliminated by these agents. Similar to CAR T cell killing, Bak/Bax null cancer cells

require higher doses of these agents to achieve the same cytotoxicity as in Bak/Bax wildtype cells. But
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these data demonstrate that with etoposide and staurosporine, more diverse cell death pathways can also
be activated than mitochondrial apoptosis alone. Given the evidence supporting that apoptosis-resistant
cells drive resistance to chemotherapeutics and targeted agent in patients with cancer, it is of vital
importance to think of how we can target these cells in particular to achieve cures. Studying Bak/Bax null
cells, and identifying both agents that kill them and cell death pathways that can still be activated therein,
will be of vital importance in the future, as we become better and better at eliminating cells that are mildly
apoptotic-resistant with agents like venetoclax and chemotherapeutics. With CAR T therapy as well, it will
be important to understand what is happening in the Bak/Bax null cells specifically that is allowing them to
be killed at high E:T ratios, and further exploration is needed to determine if additional cell death pathways
might be more effective weapons for CAR T cells confronting cells that are apoptosis-resistant. Biasing
CAR T cells towards activating a particular death pathway in target cancer cells could help make treatment
more effective — for example, a bias towards gasdermin-mediated lysis would overcome resistance to
apoptosis. But given recent evidence implicating gasdermin-mediated lysis in CAR T cell-related adverse
events, these pathways will need to be chosen carefully to minimize unwanted harm to the patient.'2”

In conclusion, | have demonstrated that in a HeLa model system, mitochondrial apoptosis in target
cancer cells impacts response to CAR T therapy. Intact mitochondrial apoptosis (wildtype Bak/Bax) allows
for more efficient elimination of target cancer cells by CAR T cells — more CAR T cells are required to
eliminate Bak/Bax null or Bcl-2/Bcl-XL expressing target cells. CAR T killing in both settings (Bak/Bax
wildtype and null) is mediated by caspases. The CAR T cells eliminate HeLa-19 and HeLa-DKO-19 targets
primarily via granzymes, although HelLa-19 cells can also be eliminated by TNFa. It is likely that CAR T
cells can eliminate target cells via a myriad of different mechanisms, and that these mechanisms will
depend on the target cancer cell and the effector cell involved. While my thesis work has focused on
mitochondrial apoptosis in the setting of CD19 CAR T therapy, | hope that future studies will inquire more
broadly into cell death pathways required in target cancer cells for their elimination by immune cells. Given
the great number of cancers with dysregulated apoptosis, it will be of great importance to focus on
apoptotically resistant cancer cells, and determine what the optimal treatment will be in that setting.

However, one limitation of the work presented thus far is that is performed in an in vitro setting with

cells that have been genetically modified to express CD19. It was of great importance to me to ask whether

57



these findings would replicate in a different cell type, ideally one with endogenous CD19 expression that
might better mimic CD19 CAR T therapy in the clinic. The next chapter will discuss my results in a JeKo-1

(mantle cell ymphoma) model, and ask if mitochondrial apoptosis can also impact response to CAR T cells

in this setting.
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Chapter 4: Defects in target cell mitochondrial apoptosis do not impair CAR T killing in an

isogenic liquid tumor model

Introduction

After exploring requirements for mitochondrial apoptosis in a HelLa in vitro model system, | wanted
to ask if | would observe similar requirements in a CD19 positive hemataopoietic cancer cell line, which
might better represent target cell / CD19 CAR T cells interactions in the clinic. Additionally, | wanted to test
if my findings in an isogenic solid tumor model would extend to an isogenic model of hematopoietic origin,
as these two different cell types could respond differently to CAR T cells. For the experiments described in
this chapter, | utilized the JeKo-1 mantle cell lymphoma cell line, which is CD19 positive at baseline. To
determine if mitochondrial apoptosis impacted JeKo-1 response to CD19 CAR T cells in vitro, | generated
JeKo-1 variant cell lines with forced expression of the anti-apoptotic proteins Bcl-2, Bcl-XL, or an empty
vector control. | then asked whether they differed in their response to CD19 CAR T Kkilling in vitro, as

previously assessed in my HelLa model.

Methods
Cell lines
JeKo-1 mantle cell lymphoma cells with luciferase-GFP were a gift from Marcela Maus. JeKo-1 cells were
maintained in RPMI-20%FBS-PenStrep-Plasmocin. CD19 positivity was quantified via flow cytometry as
described in previous chapters. HEK 293T/17 cells were purchased from the ATCC and maintained in

DMEM-10%FBS-PenStrep-Plasmocin.

Generation of stable Bcl-2 and Bcl-XL expressing JeKo-1 variants

Plasmid generation

pCDH-puro-Bcl-XL and pCDH-puro-Bcl2 were gifts from Jialiang Wang (Addgene plasmid #46972 and
#46971). psPAX2 was a gift from Didier Trono (Addgene plasmid #12260) and pCI-VSVG was a gift from
Garry Nolan (Addgene plasmid # 1733). The pCDH-empty vector construct was created by removing the

Bcl-2 insert from the pCDH-puro-Bcl2 plasmid via digestion with EcoRI. This new plasmid, designated
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“pCDH-empty”, was transfected into XL10-Gold competent cells according to the manufacturer’s instruction
(Agilent technologies / STRATAGENE). DNA was purified from bacteria using a Qiagen MIDI Prep kit

according to the manufacturer’s instructions.

Lentivirus generation and harvesting

HEK 293T/17 cells were transfected with pCDH-puro-Bcl2, pCDH-puro-Bcl-XL, and pCDH-puro-empty
plasmids in combination with pCI-VSVG and and psPax2 to generate lentivirus. Viral supernatant was
harvested at 24 hours and 48 hours, pooled, and frozen at -80°C. Viral titer / MOl was estimated using the
QUICKTITER p24 ELISA KIT from Cell BioLabs Inc, which was performed according to the manufacturer’s

instructions.

Transduction of JeKo-1 cells

JeKo-1 cells were incubated with polybrene and lentivirus at multiple MOls. 48 hours after transduction,
cells were centrifuged and placed in fresh RPMI-10%FBS medium with puromycin. Puromycin selection
(1pg/mL) continued for 14 days while cells were expanded. Following selection, cells were maintained in

RPMI-20%FBS with 0.5pg/mL puromycin.

Co-culture with CD19 CAR T cells

One day prior to CAR T co-culture, JeKo-1 cells were labeled with CFDA-SE. On the day of co-culture,
JeKo-1 cells and CAR T cells at varying cell numbers were incubated together in a 96 well plate at the E: T
ratios indicated. 24 hours following co-culture, the cells were collected and stained with annexin V / Hoechst

as described previously.

CellTiterGlo viability assay
JeKo-1 cells were plated in 384 well plates for CellTiterGlo experiments at a density of 7,000 cells / well in
30uL. 15uL of the indicated treatment was added to the plate. Viability was assessed at 24, 48, or 72 hours

via the addition of 15uL CellTiterGlo reagent. Cells were incubated with reagent and protected from light
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for 10 minutes prior to luminescence quantification on a Magellan TECAN. Results are presented

normalized to luminescence in the negative control wells.

Results

After my initial work with HeLa-19 and HeLa-DKO-19 cells, | wanted to see if my findings would
extend to a model system with endogenous CD19 expression. | was also curious to see if findings from an
isogenic solid tumor model (HeLa) would hold true in an isogenic hematopoietic model system. | chose to
use the JeKo-1 mantle cell ymphoma cell line, which expresses CD19 (Figure 4.1A). While | first attempted
to knockout Bak and Bax in this cell line using CRISPR/Cas9, | was not able to successfully ligate my

guideRNAs into the lentiCRISPRv2 construct from Addgene.
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Figure 4.1 — A) Quantification of CD19 staining intensity via flow cytometry in the DHL4 cell line (positive control) and the JeKo-1
parental cell line. B) Immunoblotting for Bcl-2 and Bcl-XL in JeKo-1 variant cell lines. C) Sensitivity of JeKo-1 variants to etoposide
at 27 hours. D) Sensitivity of JeKo-1 variants to co-culture with 28z and delta zeta CAR T cells.
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To alter JeKo-1 sensitivity to mitochondrial apoptosis, | transduced the parental cell line with
lentiviral constructs containing Bcl-2, Bcl-XL, or an empty vector control. Following puromycin selection, |
performed immunoblotting to confirm increased Bcl-2 and Bcl-XL expression (Figure 4.1B). In order to
determine whether these cells were altered in the apoptotic susceptibility, | treated the cells with etoposide
and performed annexin V viability staining (Figure 4.1C). The Bcl-2 and Bcl-XL variants, but not the control
variant, were protected from etoposide-induced killing.

| then wanted to assess whether the JeKo-1 cells with increased anti-apoptotic protein expression
were protected from CAR T Kkilling. | co-cultured the JeKo-1 cells with CD19 CAR T cells, and assessed
viability via annexin V / Hoechst staining at 24 hours (Figure 4.1E). The JeKo-1 Bcl-2 and Bcl-XL variants,
despite being protected from etoposide, were not protected from CAR T killing. This result was in stark
contrast with my findings in the HeLa-19 / HeLa-DKO-19 system.

| was intrigued by this finding, as it suggests that there may be context dependency in target cell
susceptibility to CAR T killing. One hypothesis behind these two very different results could be that the two

target cell types are killed via different mechanisms. | had previously characterized HelLa-19 cells as Type
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Figure 4.2 — A) Viability of JeKo-1 variants following 24 hours of FasL, TRAIL, or TNFa treatment, assessed by CellTiterGlo. In (B),
JeKo-1 variants were co-cultured with CAR T cells in the presence or absence of a TRAIL blocking antibody.
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Il cells, meaning they respond to death ligands in a way that requires the mitochondrion. In my mechanistic
studies of CAR T killing, | did not observe significant reductions in CAR T killing in the presence of antibodies
that blocked death ligand interaction with death receptors (see chapter 4). In light of a recent publication
implicating death receptor signaling in the elimination of Nalm6 target cells by CD19 CAR T cells®, | was
inspired to probe JeKo-1 response to various recombinant death ligands.

An initial experiment treating JeKo-1 cells with recombinant FasL, TRAIL, and TNFa revealed that
JeKo-1 cells were susceptible to TRAIL-induced cell death (Figure 4.2A). However, there was only a modest
protection afforded to the Bcl-2 and Bcl-XL variants compared to control JeKo-1 cells. This suggests that
JeKo-1 cells are type | cells. However, the addition of an anti-TRAIL blocking antibody to CAR T co-
coculture with JeKo-1-Bcl-2 and JeKo-1-empty control cells did not protect either target cell from CAR T

killing (Figure 4.2 B).

Discussion

In contrast to my previous findings, the results from my JeKo-1 model system demonstrated that
CAR T cells can eliminate JeKo-1 target cells regardless of alterations in apoptotic susceptibility conferred
by Bcl-2 or Bel-XL expression. My immediate next steps to confirm that this is true would be two fold. Firstly,
to truly confirm that CAR T killing in this model system is independent of the mitochondrion, | would generate
JeKo-1 Bak/Bax null cells and compare CAR T killing of Bak/Bax wildtype and null target cells similar to the
experiments in Chapter 3. Secondly, | would perform co-culture experiments with the JeKo-1 variants in the
presence of a caspase inhibitor (Z-VAD-FMK). This would determine if JeKo-1 cells are being eliminated
by caspases at all — it could be that there is no mitochondrial dependency because they are primarily
eliminated via granzyme A or other caspase-independent mechanisms. Thirdly, | would collect lysates from
JeKo-1 and HelLa-19 target cells, and perform immunoblotting for caspase 8, gasdermin E, and other cell
death proteins. It is possible that JeKo-1 cells are eliminated by CAR T cells via pyroptosis or other
mitochondrially independent mechanisms, in contrast to HeLa-19 cells. | could also perform experiments
similar to those disccussed in chapter 3 (granzyme inhibition via DCI; co-culture with caspase inhibition) to
test whether this is the case. Lastly, | would perform BH3 profiling of the JeKo-1 variant cell lines, to confirm

that their response to etoposide reflects differences in their overall apoptotic susceptibility. However, |
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strongly suspect that the variation in etoposide response is due to altered mitochondrial susceptibility, and
| observed similar protection from etoposide-induced killing in HelLa-19 with forced Bcl-2 and Bcl-XL
expression as well. If these experiments confirm that JeKo-1 cells with aberrant mitochondrial apoptosis
can still be eliminated by CAR T cells, my next question would become, what is different between Hela
cells and JeKo-1 cells that could explain why the mitochondrion is important for one target cell to die, but
not the other?

My hypothesis is that HeLa-19 cells and JeKo-1 cells are being eliminated by CAR T cells via
different mechanisms. One difference | would like to explore is the response of HeLa-19 cells versus JeKo-
1 cells to death ligands. HeLa-19 cells are Type Il cells — eliminating mitochondrial apoptosis in them confers
resistance to death ligand-induced apoptosis. This is not the case in JeKo-1 cells, which are killed by death
ligands independently of the mitochondrion. Thus in a Type Il target cell (ie, HeLa-19), whether CAR T cells
eliminate target cells via death ligands, granzyme B, or another pathway, there is more potential for
activating the mitochondrial pathway of apoptosis. In contrast, JeKo-1 cells do not activate mitochondrial
apoptosis in response to death ligands, and with fewer killing mechanisms present that have mitochondrial
dependencies, we observe no difference in CAR T killing of JeKo-1 cells deficient in apoptosis.

While | was not able to follow up on this hypothesis extensively due to time constraints, | was able
to perform a preliminary experiment presented in Figure 4.2. If JeKo-1 cells are being eliminated by CAR T
cells in a mitochondrially independent fashion, one possibility is that they are eliminated via death ligands.
If this is the case, | would expect blocking antibodies against death ligands to protect these cells from CAR
T killing, and | would also expect that these blocking antibodies would then unmask protection provided by
Bcl-2 and Bcl-XL from additional killing mechanisms available to CAR T cells, primarily granzyme B.

To answer this question, | first determined that JeKo-1 cells were sensitive to TRAIL, and performed
CD19 CAR T co-culture experiments in the presence and absence of a TRAIL blocking antibody. Contrary
to my expectations, TRAIL blockade neither a) protected JeKo-1 target cells from CAR T killing nor b)
revealed a requirement for mitochondrial apoptosis in the absence of TRAIL cytotoxicity. This contradicts
my hypothesis. However, this preliminary data does not give us a complete answer to the question of
whether death ligands are primarily responsible for mitochondrially-independent killing of JeKo-1 target

cells. In order address this question with greater certainty, | would generate caspase 8 knockout JeKo-1
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target cells, in the background of altered Bcl-2 / Bcl-XL / empty vector protein expression, and test whether
this conferred protection from CAR T killing. If my initial hypothesis is correct, and JeKo-1 cells are being
eliminated by death ligands, | would expect a reduction in killing of caspase 8 null target cells compared to
controls. | would also expect to see more protection from Bcl-2 and Bcl-XL in the caspase 8 knockout
setting, as this would remove the Type | death ligand mitochondrial escape pathway, making the cells
potentially more dependent on mitochondrial processes for their demise. However, caspase 8 deficiency
may still allow JeKo-1 or HelLa-19 cells to die via death ligand-induced necroptosis, and additional
modifications (pharmacalogic or genetic) may be needed to eliminate any necroptosis that could occur in
response to death ligands. This will be discussed further in the subsequent chapter.

In order to further explore whether target cell response to death ligands could impact requirements
for the mitochondrion, | would recommend the generation of additional CAR T cell model systems with a
large number of Type | and Type Il target cells (both intact and deficient in mitochondrial apoptosis). This
would allow us to determine if the association between Type | and Type Il cell requirements for
mitochondrial apoptosis extends to additional target cell types. Additionally, this could be tested in co-
culture experiments using pooled and labelled cell lines. We could then assess whether cell lines that
outcompete others and survive after co-culture have any similar characteristics (such as loss of Bcl-2, Bid,
or other cell death proteins; or components of extrinsic apoptosis). With a small number of cell lines tested
currently, it is difficult to draw any conclusions — but | believe this hypothesis is worth further investigation.

One additional explanation for the differing requirements for mitochondrial apoptosis in CAR T
killing between JeKo-1 and HeLa-19 cells could be their cell of origin. Clinical experience has taught us that
CAR T therapy is more successful in liquid tumors than in solid tumors, and perhaps this is due to variations
in cell death pathways present in different tissue types. Singh and colleagues performed a high-throughput
CRISPR screen in a hematopoietic cancer cell line, and observed that defects in extrinsic apoptosis
conferred resistance to CAR T killing.3¢ | recommend performing a similar CRISPR screen in a solid tumor
model, and comparing the results to those in liquid tumors. Solid tumor-specific CARs (ie, EGFRvIII CAR
with a glioblastoma cell line); or the HeLa-19 model could be used to complete such a screen. It would be
of great interest to see if the different cell types yield different results, particularly if the solid tumor

experiment yields hits in Bcl-2 family members.
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Chapter Five: Conclusions and Future Directions
Conclusions:

1. Deficiencies in mitochondrial apoptosis in target cancer cells reduce the efficacy of CART
killing in a solid tumor model system

In a HelLa in vitro model system, | demonstrated that reducing target cell susceptibility to
mitochondrial apoptosis decreased the efficacy of CAR T killing. By comparing the killing of HeLa-19 cells
to HelLa-19 cells deficient in Bak and Bax; or with increased expression of the anti-apoptotic proteins Bcl-
XL and Bcl-2; | observed that reductions in apoptotic competency shifted the E:T 50 ten fold — meaning ten
times as many CAR T cells were required to achieve the same level of killing in Bak/Bax null or Bcl-2/Bcl-
XL expressing target cells compared to controls. Downstream of mitochondrial apoptosis, target cell
caspase activity was also important for CAR T killing, as caspase inhibitors reduced killing in both HeLa-19

and HelLa-DKO-19 target cells.

Cancer cells are known to be defective in apoptosis, and this is a mechanism by which some tumors
resist chemotherapy in the clinic. Based on my findings, it appears that this resistance mechanism could
also confer reduced susceptibility to CAR T killing as well. To further bolster this claim, | would need to
perform in vivo experiments comparing CAR T killing of isogenic cell lines with intact and deficient
mitochondrial apoptosis. My hypothesis would be that apoptosis may be more important in vivo than in vitro,
atleast in a solid tumor model. CAR T cells may have greater difficulty infiltrating solid tumors, and | suspect
that the E:T ratio in the tumor itself would be less than an E:T of 1 for this reason.'?® At low E:T ratios, we
observe the largest reduction in cytotoxicity conferred by removing mitochondrial apoptosis. If these results
hold true in vivo, that would increase my confidence that apoptotic resistance confers resistance to CAR T

killing in cancer patients.

One unanswered question remains: what is happening at high E:T ratios, compared to low E:T
ratios? Is it possible that the mechanisms of killing are different between E:T ratios? At high E:T ratios (10),
| observed both a high rate of non-specific killing (target cell death in the presence of untransduced T cells
or delta zeta negative control T cells), as well as a reduced requirement for mitochondrial apoptosis in target

cells. More work is needed to determine if the killing mechanisms could differ depending on the number of
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CAR T cells present. It is possible that non-specific activation of T cells could be occurring, and perhaps
the presence of certain cytokines at high E:T ratios polarizes T cells towards a different killing mechanism.
To test this, | recommend performing cytokine array experiments on conditioned media from low and high
E:T ratios, to determine if different cytokines are present. | would also recommend live-cell imaging of low
and high E:T ratio CAR T co-cultures, to assess whether the morphologies of dying cells may differ in these
two settings. Additionally, fluorescent reporter systems of granzyme B and caspase 8 cleavage have been
developed, such as those used by Prager and colleagues in studies of NK cell killing mechanisms.'2® By
performing similar experiments with CAR T cells, and probing additional cell death pathways such as
pyroptosis via a caspase 1 reporter, we could better understand the arsenal of CAR T cells and determine

the optimal pathways to activate in unique tumor types.

2. HelLa-19 cells are eliminated via granzymes and TNFa.

CAR T killing in the HeLa-19 model system is granzyme dependent, as demonstrated by co-culture
assays with the serine protease inhibitor DCI. The death ligands FasL and TRAIL do not appear to be
responsible for CAR T killing of HeLa-19 cells, as blocking antibodies against these proteins did not confer
protection in co-culture. However, a TNFa blocking antibody conferred protection from CAR T killing
mediated by some (but not all) donors. TNFa is thought to be a less potent death ligand, given that in some
contexts it can also increase proliferation and survival. My work, and the work of Marco Ruella’s group3®,
provide support for the idea that death ligands should not be neglected in considering how CAR T cells Kill.
Death ligands, particularly FasL and TRAIL, are capable of eliciting rapid apoptosis in cancer cells, as |

observed in all of the cell lines | treated with recombinant proteins (Jurkat E6, HelLa, JeKo-1).

While | focused on granzyme and death ligand-mediated killing by CAR T cells, there are still other
ways they could be eliminating HeLa-19 target cells. CAR T killing could be IFNy-mediated (some of my
data suggests this, although more work is needed to draw strong conclusions), gasdermin-mediated, or
mediated by less well studied mechanisms. Future study is needed to discern the breadth of the CAR T cell
arsenal against cancer cells, as it may be that certain pathways are more efficient than others at killing
apoptotically-resistant target cells. Generating CAR T cells deficient in various cytotoxic agents would help

to answer this question.
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3. Hypothesized model for killing of HeLa-19 target cells

| hypothesize that the requirement for mitochondrial apoptosis in the HeLa-19 model can be
explained by the programmed cell death pathways available to be activated in these target cells. HelLa cells
are Type I, meaning they require the mitochondrion to die in response to death receptor signaling. This
creates an increased dependency on mitochondrial cell death in this target cell type, as a Type | cell could

be killed rapidly by death ligands even in a Bak/Bax double knockout condition.

This then begs the question, how are HeLa-19 cells being eliminated by CAR T cells, and can we
explain the mitochondrial dependency in this cell type? My hypothesis is that HeLa-19 cells are rapidly
eliminated by granzyme B, which in humans activates mitochondrial apoptosis. However, granzyme A can
kill cells independently of mitochondrial apoptosis. And granzyme B at high enough concentrations should
be able to directly cleave downstream caspases: human granzyme B has a higher affinity for Bid, and
cleaves it much more rapidly, than it does downstream caspases.'90:101.130 This explains why at high E:T
ratios, or with reduced kinetics, we eventually observe HeLa-DKO-19 cell death — but at low E:T ratios,

these cells are much more resistant.

The data to support this hypothesis come from DCI pre-treatment and co-culture, where the
elimination of granzyme activity reduced CAR T killing of both HeLa-19 and HeLa-DKO-19 target cells.
Additionally, caspase inhibition was extremely protective in both HeLa-19 and HeLa-DKO-19 cells. This
could point to granzyme B as the main mediator of killing, as granzyme A does not require downstream
caspases to kill target cells. | have not conclusively demonstrated this, however — co-culture experiments
with granzyme A / granzyme B / granzyme A and B deficient CAR T cells would be needed to answer this

question.

4. Technical or donor-to-donor variation generates CAR T cells with varied cytotoxicity

When considering variations in cytotoxicity between different CAR T cells, there were two questions
| wanted to address. The first was whether CAR T cells from different donors, or different batches of CAR
T cells generated at the same time, varied in their cytotoxicity or mechanism of killing. | did observe differing
dependencies on TNFa between CAR T cells from different donors, pointing to an impact on either donor

source or CAR T cell stimulation and generation between different batches. My findings were consistent
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with data from Prager and colleagues, who observed differential activation of caspase 8 and granzyme B-
mediated killing induced by NK cells from different donors.'?® Thus not all CAR T cells (or NK cells) will kill
via the same mechanisms, and it is worth pursuing what confers maximal cytotoxicity to CAR T cells in

terms of their production or donor of origin.

Secondly, | wondered if CAR T cytotoxicity might vary depending on the costimulatory domain of
each CAR tested (either 41BB or 28z). There is some evidence to suggest that CAR T cells with the 28z
costimulatory domain are more cytotoxic compared to those with the 4-1BB costimulatory domain, which is
thought to confer improved persistance.'3' However, | did not observe any obvious variation in cytotoxic
abilities between 41BB and 28z CARSs. In some donors, either 41BB or 28z CAR T cells killed more
effectively, but there was no consistent pattern of one CAR being more cytotoxic than another; and in most

donors, both CARs killed target cells equally well.

5. Dependence on mitochondrial apoptosis in target cells for CAR T killing varies by target cell
type

After concluding my experiments in the HeLa model system, | wanted to ask if this requirement for
mitochondrial apoptosis in target cells extended to other target cell types. | was particularly interested in
repeating my experiments in a cell type with endogenous CD19 expression, as this might more accurately
represent CD19 CAR T killing in the clinic. | chose to repeat my experiments in the JeKo-1 mantle cell
lymphoma cell line, which was gifted to me by the Maus laboratory and contained a luciferase reporter

system that would enable future in vivo experiments.

When | generated Bcl-2 and Bcl-XL expressing variants of JeKo-1 cells and co-cultured them with
CD19 CARTT cells, Bcel-2 and Bcl-XL expression did not confer resistance to CAR T killing. It did, however,
confer resistance to etoposide and likely decreased the overall apoptotic susceptibility of these cells. Thus,
not all target cells deficient in mitochondrial apoptosis will resist CAR T killing. It will be of great importance
to understand why these two model systems differ, as strategies to augment CAR T killing in once cell type

may not be as ideal in another.

My initial hypothesis to explain these differences was that HeLa-19 and JeKo-1 cells must be

eliminated by CAR T cells via different mechanisms. When | thought about the differences in these two
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systems, it seemed that a major difference might be whether the target cells were Type | or Type Il cells.
My hypothesis is that since Type | cells can be efficiently eliminated by death ligands, they rely less upon
mitochondrial apoptosis for elimination by CAR T cells. However in Type Il cells, death ligands, in addition
to granzyme B mediated killing, both require the mitochondrion — and this creates a system where the
mitochondrion is more important for CAR T killing. Consistent with this hypothesis, | observed that HeLa-
19 cells were Type Il cells, while JeKo-1 cells were Type | in response to death ligands (see figures 3.4 and
4.2). This is also consistent with the results of a CRISPR/Cas9 screen in hematological cell lines, which
reported that loss of death ligand signaling conferred resistance to CAR T killing.%® This model is
diagrammed in Figure 5.1. Additionally, a recent publication demonstrated that HelLa cells tend to undergo
apoptosis instead of pyroptosis, due to a lack of gasdermin E expression.8 This could be another factor

tipping HelLa cells towards dying via mitochondrial apoptosis, instead of other pathways.

In order to prove or disprove this hypothesis, | recommend the following future experiments be

performed:

a) Generate JeKo-1 cells with intact or deficient Bak/Bax, to conclusively demonstrate that
mitochondrial apoptosis does not impact CAR T killing in this model system

b) Knockout caspase 8 in HeLa-19 / JeKo-1 cells and assess whether CAR T killing is reduced, or
whether deletion of caspase 8 in JeKo-1 cells reduces the killing of Bcl-2 or Bcl-XL variants.

a. Cells lacking caspase 8 may still die via death ligand-induced necroptosis. This could be
overcome by inhibiting or deleting MLKL and RIPK3, in combination with caspase 8
deletion. Of note, ZIETD-FMK, a caspase 8 inhibitor, was able to protect HeLa-19 cells
from recombinant death ligands (Figure 3.7A), suggesting that necroptosis may not occur
in this cell type. Prior to genetically perturbing necroptosis in these cells, | would perform
immunoblotting for RIPK3 and MLKL in HeLa-19 and JeKo-1 lysates to confirm that these
key proteins are present in these cell lines.

c) Compare gasdermin D and E expression in HeLa and JeKo-1 cell lysates via immunoblotting.
d) Generate a larger panel of Bak/Bax knockout cancer cell lines of solid tumor and hematological

origin, and compare Type I-versus-Type |l responses to death ligands with CAR T cytotoxicity in
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Figure 5.1

Model system: JeKo-1 HelLa
. JeKo-1 Bcl-2/
Cell type: JeKo-1 target cell JeKo-1 Bal-XL HelLa-19 target cell HelLa-DKO-19
Response to death ligands: Type | Type Il
Eliminated by death ligands? Yes Yes Yes, TNFa No
Eliminated by granzymes?
Evidence for add!t|ona| Not tested Caspase-dependent
mechanisms?
Cell death is weighted: Less dependent on mitochondrion More dependent on mitochondrion
-
-

Figure 5.1 - Schematic of cell death induced by CAR T cells in JeKo-1 (left) or HeLa-19 (right) target cells.

Bak/Bax null cells. Additionally, we could also assess whether solid-versus-liquid tumor type has

an impact on requirements for mitochondrial apoptosis.

6. Bak/Bax deficient cells can still be killed by chemotherapeutic agents
Over the course of my thesis project, | worked with three separate Bak/Bax null cancer cell lines.
One of these was a lymphoma cell line with spontaneous loss of Bak and Bax (BBDL); and two were

engineered double knockouts deficient in Bak and Bax (HeLa-DKO, pre-B-ALL cell line).

| observed two commonalities when comparing each Bak/Bax null line to wildtype counterparts of
the same cell type. Firstly, Bak/Bax null cells grow more slowly than their wildtype counterparts in vitro (data
not shown). While this observation was outside the scope of my thesis project, it may be worth further
investigation. Perhaps there is an alteration in the metabolism of Bak/Bax null cells that confers a slower

doubling time.

Interestingly, this growth phenotype appeared to differ when Bak/Bax wildtype and null cells were
grown in vivo. | observed that HeLa-DKO-19 cells were more likely to engraft and grow larger tumors than
similar numbers of HeLa-19 cells inoculated subcutaneously in NSG mice. | hypothesize that this is due to
selection pressures at work even in an NSG mouse that favor the Bak/Bax null cells — perhaps lack of

vascularization (and thus nutrients and oxygen) in the early phases of growth, which we might expect to
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hamper Bak/Bax deficient cells less. My hope is that this observation will be of use to future scientists who

will further explore Bak/Bax loss in understanding mechanisms of cancer cell death.

The second observation | made was that Bak/Bax null cells, while more resistant to conventional
apoptosis inducers such as etoposide or staurosporine, were not completely resistant to these agents.
Higher doses of these compounds, or assessing viability at later time points, revealed that Bak/Bax null
cells could be killed by “classical” apoptosis inducers (etoposide and staurosporine). While these agents
do induce apoptosis, they are clearly capable of inducing at least one other form of cell death independent
of the mitochondrion. It is of vital importance that we investigate how Bak/Bax null cells are able to die, in

order to improve therapeutic options for patients with apoptotically resistant cancers.

| have learned to adopt a more complex model of how chemotherapeutics, immunotherapies, and
likely radiation therapy (another classical apoptosis inducer) eliminate cancer cells. | hypothesize that
apoptosis is a major component of how cells die in response to these treatments, but it is clearly not the
only death pathway that can be activated in response to these stressors. There is a great deal of literature
describing the limited immunogenicity of apoptotic cell death in the body — given the fact that apoptotic cells
are usually engulfed by professional phagocytes, and they do not release immunostimulatory intracellular
contents like ATP as rapidly as cells undergoing lytic forms of cell death.'32134 Yet many commonly-labelled
“apoptosis inducers”, such as radiation and certain chemotherapies, can still lead to immunogenicity in
mice.62.134-136 This could be due to the fact that apoptosis, especially in the absence of phagocytes, may not
be as immunologically “silent” as we previously believed, especially in the immunosuppressive
microenvironment of many tumors. But it is also possible, or indeed likely, that apoptosis is not the only cell
death pathway being activated by these agents. While apoptosis can clearly impact response to certain
types of cancer therapy, and might even impact response to some immunotherapies, there are other
avenues available for cancer cells to die. In some settings, alternative forms of cell death — such as
pyroptosis, an immunostimulatory cell death pathway — may occur simultaneously with apoptosis. Indeed,
the expression of gasdermin E can convert cell death induced by kinase inhibitors or T cells from apoptosis
to pyroptosis.t41%7 The immunogenic properties of pyroptosis may make it a desired outcome for

combination treatments paired with immunotherapies in the clinic. Pyroptosis and other forms of cell death
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may also be desirable outcomes of cancer treatment in and of themselves, in order to overcome apoptotic

resistance in cancer cells.

7. Choose combination treatments that spare CAR T cells and kill target cancer cells

Given my observation that in HeLa-19 cells, mitochondrial apoptosis confers greater efficacy to
CAR T killing, it seemed logical to expect that agents like BH3 mimetics which sensitize cancer cells to
apoptosis would result in enhanced CAR T killing. However, | failed to observe this both in the DHL4
lymphoma cell line and in HeLa-19 target cells. Instead, | observed either no effect from the combination

treatment, or an additive effect, as outlined in Figure 5.2.

There are two potential explanations for these results. Figure 5.2 A could be explained by two
separate cell populations, one of which is sensitive to etoposide, and one of which is sensitive to CAR T
cells. The combination of etoposide and CAR T cells yields an additive effect, with both populations being

killed.

An alternative explanation for these data are that BH3 mimetics or chemotherapeutics such as
etoposide may harm CAR T cells as well as target cells, reducing the efficacy of CAR T killing (see Figure
5.2B). Some of my data, including increased Jurkat cell apoptotic susceptibility following stimulation with
CD3/CD28 antibodies, suggest that CAR T cell death may be a concern when combining apoptotic inducers
and immunotherapy. If the CAR T cells themselves are more susceptible to apoptosis than target cancer

cells, certain combination therapies could result in poorer outcomes for the patient.

Further investigation is warranted, as this could have a profound impact on how we design
combination therapies for use with CAR T cells. In order to demonstrate that CAR T cell death contributes
to the results | observed in combination co-culture experiments, | would need to perform viability testing of
CAR T cells as well as HeLa-19 target cells following combination co-culture. Additionally, | could test the
apoptotic susceptibility of fresh donor T cells prior to stimulation and expansion using BH3 profiling, and
compare it to apoptotic susceptibility of CAR T cells at the time of freezing in 10% DMSO. This could alert
me to any changes in dependencies on anti-apoptotic proteins (ie, are CAR T cells now more Bcl-2, Bcl-
XL, or Mcl-1 dependent for survival?) or overall apoptotic susceptibility following stimulation and expansion.

| could also compare different stimulation methods to see if there are some that are less likely to increase
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Figure 5.2 — Hypothesized outcome for the effect of etoposide or other agents combined with CAR T therapy in vitro.
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CAR T cell apoptotic priming (ie, the addition of growth factors or cytokines may reduce the effects of

CD3/CD28 beads).

The ultimate test of this hypothesis would be to perform a high throughput screen on target cells
and freshly thawed CAR T cells, to see if it is possible to find compounds that selective kill HeLa-19 cells
but not CAR T cells. We could then perform in vivo and in vitro confirmation studies with HeLa-19 cells and
CD19 CAR T cells to confirm an increase in HeLa-19 cell killing in the combination treatment. Additionally,
if BH3 mimetics and low doses of etoposide are included in our compound screening library, we could
compare how thawed CAR T cells and HeLa-19 cells respond, and perhaps verify that the CAR T cells are

more susceptible to these treatments. This will be discussed further in Future Directions, below.
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Future directions:
1. Is mitochondrial apoptosis required for CAR T killing in vivo?

The most important next step for this project is to move to murine models of CAR T treatment. This
will allow us to better approximate E:T ratios achieved in solid tumors, and assess if a requirement for
mitochondrial apoptosis is more or less pronounced in vivo than in vitro. While the HeLa-19 and Hela-
DKO-19 cells were difficult to grow in vivo in my initial experiments, implanting tumors on only one flank of
each animal and adopting a tumor-size-based enroliment strategy could help alleviate the variation we
observed in this model. Additionally, the JeKo-1 Bcl-XL and Bcl-2 expressors that | generated should also
be inoculated in mice and exposed to CAR T cells in vivo, in order to confirm that my in vitro observation

holds true.

2. What determines whether mitochondrial apoptosis impacts CAR T killing, or, What is the
difference between JeKo-1 cells and HeLa-19 cells?

Understanding how CAR T cells eliminate their target cancer cells will help guide us to more
effective combination treatments; as well as help us predict which patients are more or less likely to benefit
from CAR T therapy in the clinic. The fact that mitochondrial apoptosis can alter HeLa-19 cell killing by CAR
T cells, but not JeKo-1 cell killing, implies that these two different cell types are eliminated by CAR T cells
in different ways. | hypothesize that this is due to the JeKo-1 cells being Type | cells and thus less dependent
on the mitochondria when being eliminated by death ligands; while the Type Il HeLa cells are more skewed

towards mitochondrial dependence, whether they are killed by death ligands or granzyme B (for example).

In order to test this hypothesis, | would generate a) JeKo-1 Bak/Bax double knockout target cells,
to confirm that a more stringent impairment in apoptosis does not impact their killing by CAR T cells, and
b) HeLa-19 and JeKo-1 caspase 8 knockout target cells. Removing caspase 8 genetically would provide
the cleanest assessment of whether death receptor signaling is required for target cell killing in both models
(assuming necroptotic death would not occur — strategies to eliminate necroptosis were discussed
previously). | would expect that in HeLa-19 cells, caspase 8 knockout would not impact CAR T killing, as
this seems to be mostly mediated by granzymes. In JeKo-1 caspase 8 knockout cells, | would expect to

observe 1) a shift in killing efficacy when compared to caspase 8 wildtype cells, and 2) Protection from CAR
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T killing in the JeKo-1-Bak/Bax null-caspase-8-null target cells, which would not be observed in JeKo-1

Bak/Bax null target cells alone.

| would also expand the panel of Bak/Bax wildtype and Bak/Bax null isogenic target cell lines to
include a variety of Type | and Type Il target cells of both solid and liquid tumor origin. It could be informative
to co-culture this wider array of target cells with CAR T cells, and observe if the trend holds true with a
larger sample size. Similarly, performing pooled cell line competition assays with labelled target cells could
allow us to rapidly determine which cell lines or cell types preferentially outcompete others in co-culture.
We could then determine if there are commonalities between CAR T resistant cell lines, such as mutations
or aberrations in cell death signaling or response to death ligands. Lastly, performing a CRISPR screen in
a solid tumor model, similar to Singh and colleagues’ work in hematopoietic models, could be very
informative. It may be that we observe less of a requirement for extrinsic apoptosis in the solid tumor setting,

and more of a requirement for mitochondrial apoptosis or other cell death pathways.

3. What other cell death pathways in target cells are required for CAR T killing, and do these also
vary by target cell type?

In my thesis work, | focused on requirements for mitochondrial apoptosis in target cancer cells. But
as my data demonstrate, and as the literature informs us, T cells can kill via many ways, some of which are
independent of the mitochondrion. It is my hope that this is only the beginning of a much larger effort to
probe cell death pathways activated by CAR T cells across a variety of cancer types, so that we can perhaps

identify which types of cell death confer optimal CAR T killing.

| propose performing similar experiments as outlined in Chapter Three with HeLa-19 and HelLa-19-
DKO cells, but expanding the deficiencies in cell death proteins to probe additional forms of target cell
death. This would include caspase 3/7 knockout, caspase 8 knockout (with potential RIPK3 or MLKL
deletion to also inhibit necroptosis), caspase 1 knockout, and enforced expression of high levels of GPX4.
This would probe requirements for downstream caspase-mediated apoptosis (independent of the
mitochondrion), death-ligand mediated apoptosis, pyroptosis, and ferroptosis in target cancer cells for their

elimination by CAR T cells. This knockout system would ideally be expanded to at least two different target
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cell types, preferably a combination of solid and liquid tumor cell lines, to assess whether requirements for

additional cell death pathways vary with target cell type.

One additional question to ask would be, do these findings in CAR T cells replicate in other T-cell
based forms of immunotherapy, such as PD-1 blockade? Similar knockout experiments could be performed
in the murine MC38 model of PD-1 blockade, or in human cancer cell lines administered to humanized mice

receiving PD-1 blockade.

4. Can we identify agents that selectively prime target cancer cells for CAR T killing, while
sparing CAR T and normal T cells in patients?

One way to identify agents that are selectively stressful to cancer cells and not CAR T cells would be
to use high throughput-dynamic BH3 profiling (HT-DBP), an assay developed in the Letai laboratory by
Patrick Bhola (unpublished data, manuscript “High-throughput dynamic BH3 profiling (HT-DBP) can quickly
and accurately predict effective therapies in solid tumors” in press). Similar to the flow cytometry-based
BH3 profiling described in Chapter 2, HT-DBP involves the exposure of cells to BH3 peptides, and
measures cytochrome c release in response to peptide as a readout of apoptotic susceptibility (Figure 5.3).
The advantages of HT-DBP include the ability to perform the assay in 384 well plates, which allows for
treatment of cells with compound libraries. Cytochrome c release induced by a peptide in response to a

drug is compared to the same response in a DMSO control well. This allows for the ranking of compounds
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Figure 5.3 — High throughput dynamic BH3 profiling workflow. Figure courtesy of Patrick Bhola in the Letai laboratory, who developed
this assay.

77



that push cells towards apoptosis, but may not kill them outright. If an initial screen were performed on
target cancer cells, and a subsequent counter-screen performed on CAR T cells, HT-DBP would alert us
to different apoptotic susceptibilities between the target and effector cell types. We could then select
compounds that selectively increase apoptotic susceptibility in target cells, but not CAR T cells, and validate

these compounds in in vitro and in vivo assays.

One weakness of this approach could be that BH3 profiling would not identify agents that induce non-
apoptotic forms of cell death in cancer cells or CAR T cells, and we may both underestimate potential anti-
cancer compounds while overestimating compounds that are safe for CAR T cells. In addition to using
cytochrome c release as a readout, we could use cell number (via Hoechst staining) combined with a
readout of loss of membrane integrity, such as propidium iodide or phosphatidylserine exposure, to capture

non-apoptotic cell death occurring in our screen as well.

5. How do CART cells eliminate Bak/Bax null target cells, and how can we augment or
selectively activate this killing?

Given the wide variety of mutations that can confer resistance to apoptosis in cancer cells, it will
be of great clinical importance to understand how CAR T cells kill cells that are apoptotically resistant. To
that end, we should better understand the CAR T killing that occurs in Bak/Bax null cancer cell lines. |
observed that HeLa-DKO-19 cells could still be eliminated by CAR T cells, but only at high E:T ratios. Why
is this the case? Is it a matter of granzyme substrate cleavage efficiency and kinetics? One way to address
this question would be to perform live (and dead) cell imaging of CAR T killing at high and low E:T ratios,
to observe if target cell death morphology is different in these two settings. We could also monitor granzyme
substrate cleavage in target cells over time with probes of Bid, caspase 3/7, and gasdermin E cleavage. If
the substrates cleaved or cell death pathways activated differ between Bak/Bax wildtype and target cells,

this could explain the altered requirements for mitochondrial apoptosis in the HeLa-19 system.

In contrast, | observed that altering JeKo-1 apoptotic susceptibility by increasing Bcl-2 or Bcl-XL
expression did not lead to any protection from CAR T cells. This could be due to a difference in JeKo-1
susceptibility towards mitochondrial apoptosis, as discussed above and diagrammed in Figure 5.1. It is also

possible that a non-apoptotic cell death mechanism is the primary mode of CAR T killing in JeKo-1 cells, in
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contrast to HeLa-19 cells. This cell death mechanism might be more broadly useful in engineering CAR T
cells that kill a wide variety of target cancer cells. In order to assess whether this is the case, | would first
need to understand the mechanism of JeKo-1 target cell elimination, proposed future experiments to
answer this question are discussed above (question 4). | could then test whether HeLa-DKO-19 cells are
vulnerable to this type of cell death. If they are, then it may be primarily the mechanism by which CAR T
cells kill these two target cells that differs, not the cell death pathways available to the target cancer cells. |
could then devise combination treatment regimens that might put HelLa-DKO-19 cells at increased
likelihood of dying via this same cell death pathway. If, however, it is a target cell intrinsic property that
determines whether the cell is eliminated in a mitochondrially dependent fashion or not, and | cannot alter
the HelLa-DKO cells to induce a similar phenotype, | could consider engineering a CAR T cells that

overcome this target cell resistance. This will be discussed below.

6. How can we generate more potent (and well-tolerated) CAR T cell therapies?

The induction of certain cell death pathways in target cells might lead to more potent tumor cell
killing than the induction of others. For example, given that apoptosis is commonly altered in cancer, biasing
a CART cell towards killing target cells via a non-apoptotic pathway could help augment patient responses.
Cell death pathways of interest could include pyroptosis or non-programmed cell death such as necrosis or
ferroptosis. Aside from cytotoxic abilities, one might also wish to design CAR T cells that stimulate a more
potent anti-tumor immune response. Non-apoptotic forms of cell death (particularly pyroptosis) could
promote immune cell infiltration and augment an anti-tumor immune response. However, such immune
responses would need to be tightly controlled so as to avoid adverse events in patients. There is some data
suggesting that pyroptosis may contribute to cytokine release syndrome (CRS) in patients receiving CAR

T therapy, for example.'?”

One strategy to improve cytotoxicity could be engineering CAR T cells with different cytotoxic
payloads. One possible payload could be “murinized” granzyme B, altered to confer it a higher affinity for
downstream caspases than human granzyme B. Secondly, altering the content of cytotoxic granules so
that they contain higher concentrations of perforin, gasdermins, or additional pore-forming proteins would

allow for CAR T induced lytic cell death. One could also imagine generating CAR T cells that can deliver a

79



bolus of a lipid ROS inducer which could induce ferroptosis of target cells. Of course, it would be of great
importance to test these sorts of payloads in murine and other animal models before deploying them in the
clinic. Especially if we try to increase CAR T cell induction of lytic cell death in target cells, we would need
to be prepared to counter potentially dangerous immune responses to the contents of dead cancer cells,

as discussed above.

| began this thesis discussing the inappropriately named phenomenon of target cell “lysis” by CTLs,
despite evidence that these cells can actually induce non-lytic forms of cell death in target cells. | have
presented evidence that in an in vitro model of CAR T therapy, CAR T cells can activate mitochondrial
apoptosis of target cells, which is not a lytic form of cell death. And more importantly, perturbing
mitochondrial apoptosis in target cells can confer resistance to CAR T killing. However, this was not a
universal phenomenon, and more work will be needed to understand why some cells can resist CAR T
killing via apoptotic blockade, and others cannot. As we increase our knowledge of what cell death
pathways are activated by CAR T cells, and learn more about what enables target cancer cells to resist
CAR T killing, we might actually begin to design optimal cancer cell killers that do induce lysis after all.
Although it will not be within my power to complete the future directions proposed herein, | look forward to
others continuing this work in my absence. And | hope that these conclusions will inspire others to pursue
our goal of optimizing T cell based immunotherapy for cancer, so that “cures” are not something that only

10-30% of patients receive, but become the majority outcome of these treatments.
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Supplemental Figure 1 — Time course impedance data
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Supplemental Figures

Legend:
Targetcell T cell
— Hela-19 28z
— HelLa-19 41BB
—— HelLa-19 delta
— DKO-19 28z
— DKO-19 41BB
— DKO-19 delta

Figure S1:

Normalized impedance over time, as measured on an
Acea xCELLigence. All curves are normalized to either
HelLa-19 cells alone or HeLa-DKO-19 cells alone. CAR
T cells were added at ~19 hours, and the measurements
concluded at 72 hours. Reduced cell index corresponds
to reduced impedance, indicating cell death. These are
representative images from one of two independent

experiments.
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Supplemental Figure 2 — Optimization of death ligand blocking antibodies
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Figure S2:

24 hour (Fas, TRAIL) and 48 hour (TNFa) annexin V / Hoechst viability data following treatment
with recombinant death ligand and death ligand blocking antibody at the indicated dose.
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Supplemental Figure 3 — Cytokine array
Raw data and normalized intensity values for all cytokine array coordinates.

Hela-19

Hela-19 + 28z

. Normalized
ID Cytokine intensity
A19/20 Positive control 103.9
E12 |  Positive control | 103.3
A1/2 |  Positive control | 92.8
E5/6 |  Serpin E1/PAI1 | 45.0
E3/4 | MIF | 12.7
C13/14 IL-8 3.86
A7/8 | MIP-1a/MIP-1B | 0.84
Complement
AlEnA | Componznt C5/Cb5a | 084
B7/8 | G-CSF | 0.70
A11/12 | CD40 Ligand/TNFSF5 | 0.65
co/1o | IL-5 | 0.63
D17/18 | IL-32a | 0.61
B13/14 | IFN-y | 0.53
c15/16 | IL-10 | 0.45
B11/12 | ICAM-1/CD54 | 0.41
c11112 | IL-6 | 0.40
B56 | CXCL12/SDF-1 | 0.40
D11/12 | IL-18/IL-1F4 | 0.38
E19/20 | Negative Control | 0.29
B9/10 | GM-CSF | 0.23
D9/10 | IL-17E | 0.22
D15/16 | IL-27 | 0.21
cs/6 | IL-2 | 0.12
B34 | cxcL111-TAC | 0.08
A5/6 | CCL2/MCP-1 | -0.05
A15/16 |  CXCL1/GROa | -0.06
B15/16 | IL-1a/IL-1F1 | -0.08
D13/14 | IL-21 | -0.12
A3l4 | CCL1/1-309 | -0.25
B17/18 | IL-1B/IL-1F2 | -0.34
c7is | IL-4 | -0.35
c17/18 | IL-12 p70 | -0.37
c3i4 | IL-1ra/IL-1F3 | -0.39
E78 | TNF-a | -0.44
A9/10 | CCL5/RANTES | -0.47
D314 | IL-13 | -0.55
E9/10 | TREM-1 | -0.58
D7/8 | IL-17A | -0.59
D5/6 | IL-16 | -0.84
A17/18 | cxcL1o/1P-10 | -0.94
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ID Cytokine Normalized intensity
E1/2 Positive control 119.9
B9/10 GM-CSF 102.0
A1/2 Positive control 91.1
A19/20 Positive control 89.0
C13/14 IL-8 55.2
AT7/8 MIP-1a/MIP-1B 53.4
E5/6 Serpin E1/PAI-1 426
E3/4 MIF 29.4
C5/6 IL-2 254
A17/18 CXCL10/IP-10 241
A3/4 CCL1/1-309 20.3
C11/12 IL-6 13.3
B13/14 IFN-y 12.8
E7/8 TNF-a 7.35
A5/6 CCL2/MCP-1 5.55
A9/10 CCL5/RANTES 2.75
A15/16 CXCL1/GROa 1.64
A11/12 CD40 Ligand/TNFSF5 1.59
D15/16 IL-27 1.16
D9/10 IL-17E 0.70
E19/20 Negative Control 0.53
D17/18 IL-32a 0.37
D3/4 IL-13 0.36
A13/14 Complement Component C5/C5a 0.21
C15/16 IL-10 0.15
C17/18 IL-12 p70 0.03
B11/12 ICAM-1/CD54 0.01
D7/8 IL-17A -0.03
B17/18 IL-1B/IL-1F2 -0.12
C3/4 IL-1ra/IL-1F3 -0.12
B3/4 CXCL11/I-TAC -0.14
D13/14 IL-21 -0.25
B5/6 CXCL12/SDF-1 -0.38
E9/10 TREM-1 -0.72
D11/12 IL-18/IL-1F4 -0.77
B15/16 IL-1a/IL-1F1 -0.84
C7/8 IL-4 -0.87
D5/6 IL-16 -0.96
C9/10 IL-5 -1.21
B7/8 G-CSF -1.23




Supplemental Figure 4 — Cytokine array XL
Raw data and normalized intensity values for all cytokine array XL coordinates (continues on next page).
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Supplemental Figure 4 — Cytokine array XL, continued
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J23,924
83,84
E9,E10

819,820
17,118
F1,F2

E15,E16

E17,E18

HelLa-19

[}
Reference Spots
Reference Spots
Reference Spots

Serpin E1
Dkk-1
MIF
Pentraxin3
e
‘Thrombospondin-1
TNy
Angiopoietin2
TR
It-1a
Vitamin D BP
Osteopontin
Kalikrein 3
FGF-19
BDNF
ILs
M-CSF
Emmprin
111
MCP-1
PDGF-AA
SHBG
Myeloperoxidase
HGF
Lipocalin-2
UPAR
Complement Factor D
SDF-1a
ILA7A
Endoglin
MIP-35.
Angiopoietin-1
Resistin
Relaxin-2
Adiponectin
VEGF

Cystatin C
Apolipoprotein A-1
PF4
L322
DPPIV
GROa
ILra
BAFF
Angiogenin
cD30
27
L4
MMP-9
IL24
MG
sT2
123
TGF-a

MIP-3a
C-Reactive Protein
FGF basic
31
M3
IGFBP-2
Cripto-1
L6
GDF-15
1L-18 Bpa
GCSF
ICAM-1
IGFBP-3
Fas Ligand
MCP-3
1L12.p70
Leptin

Complement Component C5/C5a
Growth Hormone
22
Chitinase 3-ike 1
118
MIP-1a/MIP-15
ENA78
cot4
€31
UF
IL-16
L34

RANTES
Fit-3 Ligand
1P-10
PDGF-AB/BB
FGF7
RBP4
L33
I3
TARC
Negative Controls
CD40 ligand
110
EGF
TNFa
119
113
IL15

75.01146
27.75671
22.39054
1473104
14.60219
14.40122
1258476
1177243
9.258585
8818573
8777674
7.97028
7.822905
7.230581
6.595243
6512036
5532586
4607602
4208319
4185049
4.001008
3860682
3761256
3661125
3495415
3477787
3107584
3034249
3002517
292072
2813538
2725394
2711997
2609045
2524427
2432053
2336153
220737
2291024
2281152
220288
2195829
215493
2112621
2069607
1.981464
1.952553
1.922232
189191
1641583
1577415
1573184
1536811
1533695
1430744
1411
1344011
1.302407
1287599
1.260803
1.260008
1.258688
1.258688
1.24388
1224136
1211443
1169134
1145159
1.076055
1.037977
0.993553
0929384
0.905409
0.884255
0.882844
0879319

0.802458
0796816
0.784829
0779188
0771431
0.769316
0757328
0.710083
0647325
0557772
0.547899
0.495719
0467513
0416037
0.399819
0.348343
0.296867
0.269366
0.246802
0234109
0.199557
0.167825
0.151607
0.141029
0127632
0.084618
007404

-0.01974

-0.28629
037725
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