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ABSTRACT
Chimeric antigen receptor (CAR) T cells have induced remarkable responses in
patients with hematological malignancies but so far, their efficacy has been limited
in solid tumors. There is, therefore, a need to engineer CAR T cells to endow them

with enhanced anti-tumor function.

Multiple studies have shown that T cell effector differentiation and eventual
dysfunction are associated with transcriptional and epigenetic changes acquired
over time. Here, we report divergent effects of modulating the epigenetic
landscape of human CAR T cells by disruption of two different epigenetic factors:

TET2, a methylcytosine dioxygenase and SUV39H1, a histone methyltransferase.

Disruption of TET2 initially enhances in vivo (murine NSG model bearing human
acute lymphoblastic leukemia cell line, NALMG6) anti-tumor efficacy of T cells in a
CAR design dependent manner. However, over time, substantial antigen-
independent clonal CAR T cell expansions develop, resulting in multi-organ
infiltration and death. Functional characterization of these proliferative CAR T cells
revealed near total loss of effector function. Molecular characterization revealed
that CAR expression and biallelic TET2 disruption are necessary to achieve
sustained proliferation. Further transcriptional and genome accessibility
characterization revealed that TETZ2 disruption in CAR T cells results in an

establishment of an epigenetic state that allows for the AP-1 factor, BATF3, to drive



MYC expression which drives sustained antigen-independent proliferation in TET2
deficient CAR T cells.

In the aforementioned murine model, we find that disruption of SUV39H17 in human
CAR T cells improves their anti-tumor efficacy. This enhanced anti-tumor efficacy
is associated with improved early expansion and long-term persistence of
SUV39H1-edited CAR T cells. Paired genome accessibility and transcriptional
analysis on SUV39H17-edited and unedited CAR T cells revealed epigenetic
changes associated with SUV39H1 loss that promote expression of memory
associated transcription factors (TCF1, LEF1 and KLF2) and curtail T cell
dysfunction. We find that robust long-term expression of memory factors in
SUV39H1-edited CAR T cells allows for their improved metabolic fithess and
enhances their ability to reject tumor upon multiple in vivo tumor rechallenges.
Long-term (200 days) follow up of mice treated with SUV39H1-edited CAR T cells
found no evidence of toxicity as was observed in mice treated with TET2-edited

CART cells.

In summary, our findings illustrate the therapeutic promise of CAR T cell epigenetic
programming as well as highlights potential toxicities that might emerge on

modulating certain epigenetic factors.
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CHAPTER 1

Introduction
Cancer predates humanity, with cancerous growth discovered in dinosaur
fossils'. Some of the earliest written records of cancer in humans’ dates to
ancient Egypt that were discovered in the 19t century, especially the Edwin
Smith and George Ebers papyri that describe surgical, pharmacological, and
magical treatments?. Today, cancer is the second most common cause of death
in the United States after Heart disease, with 1.9 million diagnoses and 609,360
deaths in 20223. Cancer treatment can be categorized in one of the 9 categories
— 1) Chemotherapy 2) Hormone Therapy 3) Hyperthermia 4) Immunotherapy
5) Photodynamic Therapy 6) Radiation Therapy 7) Stem Cell Transplant 8)
Surgery 9) Targeted Therapy (National Cancer Institute). This thesis focuses
on a special class of immunotherapy — chimeric antigen receptor (CAR) T cell
therapy. Virchow in 1863 had observed infiltration of neoplastic tissues with
leukocytes*. The earliest documented case of immunotherapy can be traced to
William Coley in 1891°. Coley injected live and inactivated Streptococcus
pyogenes and Serratia marcescens in patients with inoperable tumors (mainly
bone and sarcomas)®. Despite reporting good results, Coley’s Toxins as they
came to be known, were viewed by skepticism amongst his peers. The
unfavorable contemporary view of the methodology, along with the emergence
of radiation therapy led to it being discontinued from use’. The 20" Century
saw a transformation in our understanding of biology and medicine.
Fundamental discoveries in immunology were made — particularly in the nature

of cells (and their function) that compose the immune system. Our



understanding of tumor immunology has also evolved significantly since Coley
first conducted his trials on patients. These advances in fundamental biology,
immunology and tumor biology have allowed us to progress from treating
cancer patients by infecting them with bacteria to inducing long-term durable

remission by genetically engineering immune cells to target tumor.



T cells - introduction

The cells of the immune system originate from a common pluripotent stem cell
progenitor called the hematopoietic stem cell (HSC) (Figure 1.1). HSCs
predominantly reside in the bone marrow. HSCs differentiate to give rise to
progenitors of the lymphoid and myeloid lineage (Figure 1.1). The myeloid
progenitor gives rise to variety of cell types including basophils, dendritic cells,
eosinophils, erythrocytes, macrophages, mast cells, megakaryocytes, and
neutrophils (Figure 1.1). The common lymphoid progenitor on the other hand
gives rise to 3 main cell types — B cells, natural killer (NK) cells and T cells
(Figure 1.1). B cells mature in the bone marrow®. NK cells also largely mature
in the bone marrow®. However, there are reports in humans and mice that
suggest NK cells can mature in secondary lymphoid tissues (SLTs) including
tonsils, spleen, and lymph nodes®. Precursor T cells egress from the bone
marrow and undergo maturation in the thymus8. B and T cells upon maturation
differ from NK cells in one significant way, they bear a receptor (B-cell receptor
(BCR) in B cells, and T-cell receptor (TCR) in T cells) that confers them

specificity towards an antigen®. Henceforth, we will focus on T cells.

Commitment to the T cell lineage only occurs after entry into the thymus
(overview in Figure 1.2). The thymic development of T cells can roughly be
classified into 3 distinct states — 1) Commitment to T cell lineage. 2) Divergence
between af and yd lineage. 3) CD4/CD8 lineage differentiation of a T cells™®.
1) Commitment to T cell lineage. This process starts post entry of uncommitted
progenitors to the thymus which suppresses genes associated with myeloid

lineage'. Double negative (DN) thymocytes (CD4-CD8") are committed to T



cell lineage through Notch1 (in cooperation with Runx1, GATA-3 and E-box
proteins) signaling upon interaction with its ligand Delta-like 4 (DL4) on thymic
stroma'"-'2. 2) Divergence between aB and yd lineage. Bulk of post-thymic
mature T cells are of af lineage, with y& T cells constituting about 0.5-5% of
mature T cells'3. These identities are established through TCR rearrangement
during DN3 stage of the thymic development. Most rearrangements do not lead
to a productive TCR, resulting in cell death®. This checkpoint for a precursors
is called as B-selection®. Thymocytes at this stage signal through their
rearranged TCR[ chain, CD3 chains and pre-TCRa which binds to TCR in the
absence of a rearranged TCRa®. Cells that pass this stage then enter a
proliferative state where they become double positive (DP) for CD4 and CD88.
They also initiate TCRa gene rearrangement. yd T cells differ from a3 T cells
in that there is no pre-yd TCR'0. yd T cell selection therefore depends on signal
strength of yd receptor, they do not progress to DP state and remain in DN
state'. 3) CD4/CD8 lineage differentiation of ap T cells. Due to the intrinsic
randomness of TCR specificity, most DP thymocytes fail to interact with self-
peptide:MHC (pMHC) complexes and die by neglect'®. Another subset of DP
thymocytes that have overt reaction to pMHC also undergo TCR-induced
programmed cell death'®. Thymocytes with some, but not overt, reactivity to
pMHC are then directed to either the CD4 (helper) or CD8 (cytotoxic) lineage '°.
CD4 T cells recognize peptides that are presented on MHC class Il while CD8
T cells recognize peptides that are presented on MHC class 8. Although there
is still some debate on how CD4/8 lineage choice is determined, the current
favored model posits differences in kinetics of MHC class Il and MHC class |

induced TCR signaling affects expression of lineage determining transcription



factors ThPOK (CD4) and Runx3 (CD8)'. Once the CD4/8 lineage
determination of thymocytes is made, both lineages rely on the transcription

factor KLF2 for thymic egress and entry into the blood stream?®.

T cell - anti-tumor immunity

Mature CD4/CD8 thymocytes that have entered the bloodstream and not yet
encountered their cognate antigen are referred to as naive T cells®. Naive T
cells constantly surveil the body through the lymphatic system, a vast network
of organized tissue that can be broadly divided into primary lymphoid organs
(bone marrow and thymus) and secondary lymphoid organs (lymph nodes,
spleen, and mucosal lymphoid tissues)®. Antigen is taken up primarily by
dendritic cells and macrophages which then travel to draining lymph node to
present the antigen to T and B cells®. Upon recognizing their cognate antigens,
CD4/8 T cells rapidly undergo proliferation and differentiation to become
activated CD4* T cells that produce cytokine to “help” B and CD8* T cells or
activated CD8* T cells that recognize and kill cells displaying their cognate

antigen®.

Immune activation can occur in the context of an infection or tumor. Tumors,
due to their unique biology, can sometimes generate antigens that the immune
system can recognize as foreign, these antigens are called as neo-antigens®.
The presence of neo-antigens in a cancer type is corelated with the mutation
burden of the tumor'®. Associations between activated immune system and
anti-tumor response were described over a century ago but the role of T cells

in mediating anti-tumor responses was not appreciated until 1970s'".



Subsequently, infiltrating cytotoxic and helper lymphocytes in tumors were
found to be associated with tumor regression in humans 819, In parallel,
discoveries of potent negative regulators of T cell activation, Cytotoxic T-
lymphocyte-associated protein 4 (CTLA4) and Programmed cell death protein
1 (PD-1) were made in 1987%° and 19922%'. Many additional negative regulators
of T cell activation have since been found. These molecules are collectively
known as checkpoint inhibitors. Antagonist antibodies targeting CTLA4, and
PD-1 have shown efficacy in a wide range of tumors, particularly in patients
with high mutation burden, but their efficacy has been limited in tumors with low

mutation rate that are less immunogenic?.

Anti-tumor adoptive cell therapy

Another approach towards generating immune responses against tumors is to
directly infuse tumor reactive T cells in patients. Murine studies in the 1950s
had shown that adoptive transfer of immune cells can mediate tumor rejection.
Adoptive transfer of autologous patient-derived leukocytes was first done by
Southam et al. in 196623. Although no statistical significance was achieved, the
data was suggestive of lymphocytes having a growth inhibitory effect on cancer
cells?3. Contemporaneously, observations of anti-tumor effects were also noted
in allogeneic transplant setting®#2°. However, the anti-tumor effects of these
early adoptive cell therapies (ACT) were not consistent and sometime lead to
lethal graft versus host disease (GVHD)?®. The discovery and characterization
of TCR and cytokines (particularly interleukin 2) in the early 80s?’ allowed better
ex vivo expansion of cells for ACT. These cells were named lymphokine

activated killer cells (LAK) and constituted a heterogenous mix of non-specific



T cells, tumor reactive T cells and NK cells?6. However, the frequency of tumor
reactive T cells in peripheral blood is very low, and even after expansion may
fail to reach critical numbers to mediate effective anti-tumor response?®.
Isolation and expansion of T cells from surgical explants instead of peripheral
blood yielded superior anti-tumor response?®. Three major limitations of these
adoptive cell therapies are: 1) In the case of allogenic ACT, there is a risk of
donor T cells that can cause GVHD which can sometimes even be fatal. 2) ACT
relies on the presence of tumor reactive T cells in the starting product, either
from the patient or donor. 3) If the tumor reactive T cells are of low cytotoxic
potential, the chances of inducing effective anti-tumor response are limited?.
These shortcomings led to research in ways to engineer T cells to redirect their
specificities and thus overcome the reliance on naturally occurring tumor

reactive T cells to mediate anti-tumor effects.

Engineering T cells — introduction to technologies

Early efforts in T cell engineering focused on transducing human tumor
infiltrating lymphocytes with neomycin-resistance cassette by y-retroviral vector
to monitor the survival and trafficking of TILs in vivo?®. Both y-retroviral3%-32 and
lentiviral vectors33-3® were used for introducing transgenes in human and
murine T cells. y-retrovirus and lentivirus can provide stable expression of
transgenes. There are, however, some important differences between these
two methods of viral delivery systems — 1) y-retroviruses can be produced at
high titers from a stable producer line while lentiviral vectors require large-scale
transfections, DNA removal and downstream vector purification and

concentration3’. 2) Lentiviral vectors can transduce non dividing cells (though



not all quiescent cells) whereas retroviral vectors can only infect diving cells
expressing the viral receptors3’. 3) While both viral vectors integrate in a semi-
random manner, y-retroviruses tend to favor transcriptional start sites (TSS)
while lentiviral integrations are clustered in gene body of actively transcribing
genes®. Due to the intrinsic randomness of vector integration, there is a risk of
oncogenic transformation due to inadvertent disruption of a tumor suppressor
or activation of oncogene by the viral vector. Indeed, treatment of X-linked
severe combined immunodeficiency by y-retroviral gene transfer of CD34*
HSCs resulted in uncontrolled vector-induced leukemia through enhancer-
mediated mutagenesis in 25% of patients3°. Clonal expansions due to lentiviral
integrations have also been reported*®4142. Self-inactivating (SIN) lentiviral
vectors were shown to have a lower risk of insertional oncogenesis than
gammaretroviral vectors in side-by-side comparisons of model systems?*3.
Mature T cells, however, appear to be resistant to oncogenesis, even when T

cell oncogenes are transduced by retroviral vectors*4.

Non-viral gene delivery systems in human T cells have also grown in popularity
in recent years due to the development of efficient electroporation protocols for
DNA, RNA, and proteins that allow for their transient expression®. Co-
transfection of piggyBac or Sleeping Beauty transposase allow for non-viral

integration of transgene into T cells*546,

The advent of various genome editing technologies has allowed for more
precise engineering of T cells. Genome editing technologies that mediate site-

directed double strand DNA break can result in either non-homologous end



joining (NHEJ), or homology directed repair (HDR). NHEJ results in insertions
or deletions at the site of editing. HDR, on the other hand, relies on homology
from the sister chromatid to repair the targeted DNA. Therefore, if the transgene
is designed to bear homology to the site of edit or is naturally homologous, one
can co-opt HDR to induce the integration of a gene of interest at a defined site

in the genome.

TCR based adoptive cell therapy

Retro- and lenti-viral vectors have been primary means of encoding exogenous
TCRs to redirect T cell specificity. More recently, targeted integration of
transgenic TCR into a genomic safe harbor site (genomic region where viral
vector integration is unlikely to cause oncogenesis), including TCR locus has
been achieved*’. The anti-NY-ESO-1 TCR has demonstrated promising anti-
tumor efficacy with minimal toxicities*®. However, other clinical trials including
MART-14°, gp100°°, and CEA5" have resulted in moderate to severe on-target
off-tumor toxicities. Unexpected off-target toxicities can also occur in
engineered T cells with transgenic TCR. Pairing between the exogenous TCR
and endogenous TCR can lead to mispaired TCR heterodimers leading to
reactivity to self-antigens as these heterodimers have not undergone thymic
selection. This issue can now be circumvented with endogenous TCR ablation
by gene editing. However, the overarching issue with TCR based cancer
immunotherapy is that it is still restricted by human leukocyte antigen (HLA)-
type. As we will see in the next section, synthetic immunoglobulin based

chimeric receptors can allow us to overcome this limitation imposed by HLA.



Chimeric antigen receptor (CAR) T cells

TCR bears structural homology to the immunoglobulin, especially in its antigen
recognition domain. The first chimeric TCR molecules involved recombining the
immunoglobulin VH and VL rearranged gene segments to the C-region exons
of the TCR a and B chains®>% to redirect the specificity of T cell hybridoma.
These molecules could recognize and Kkill cells that express their
immunoglobulin antigen in an HLA independent manner. The next evolution in
these early designs involved fusion of single-chain antibody segment to the
cytoplasmic region of CD3 zeta via a short spacer to the transmembrane®*.
These designs are now collectively referred to as first generation CARs (Figure
1.3). While they could induce cytolysis in target antigen presenting cells in an
HLA independent manner, they could not confer the proliferation and
persistence that are required for sustained T cell response against tumors in

Vivo®®,

The ability of CAR molecules to confer properties of proliferation and
persistence increased significantly by the addition of costimulatory
domains®-57. Although cytokines were known for promoting proliferation in T
cells, the discovery of CD28 as a costimulatory molecule required for full T
activation was much later®®. Subsequently, a host of costimulatory molecules
have been characterized. They are broadly divided into either the CD28 family
or the tumor necrosis factor receptor superfamily (TNFSF)®°. CARs containing
costimulatory domains are classified as the second generation of CAR design
(Figure 1.3). CD28 or 41BB (TNSF9) or both costimulatory domains comprise

about ~95% of all CAR designs used currently in the clinic®®.
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CD19 paradigm

The choice of CD19 as a target antigen was critical in success of early CAR
designs?6. CD19 is a 95kD glycoprotein consisting of a transmembrane domain,
a cytoplasmic C-terminus, and extracellular N-terminus®'. CD19 expression is
restricted to the B-cell lineage, where it plays an important role in B-cell
development by modulating the pre-BCR/BCR signals®?. In mature B-cells, it
signals through multi-component complex consisting of complement receptor
CD21, the tetraspanin membrane protein CD81 (TAPA-1), and the interferon-
induced transmembrane protein 1, CD2258'. Due to the important role of CD19
in B cell development and function, expression of CD19 is robust in B-cell
lineage and only lost during plasma cell differentiation®'€2. As would be
expected, CD19 is expressed in most B cell lineage leukemias and

lymphomas®3.

The first study to report durable (~300 days) anti-tumor response in a murine
xenograft model of human cancer was reported by Brentjens et al. in 2003%4.
Treatment of Raji (Burkitts Lymphoma) and NALM6-CD80 (Acute lymphoblastic
leukemia cell line) bearing severe combined immunodeficiency (SCID)-Beige
mice with first generation CD19 targeting CAR (19z1) resulted in improved
survival of mice, with some mice maintaining durable (~300 days) remission.
However, 19z1 CAR T cells require CD80 mediated in vivo costimulation either
through endogenous expression of CD80 (Raji) or through engineered CD80
expression (NALM6-CD80) on the tumor line. Subsequent studies showed that
second generation CAR T cells with either CD285%6 or 4-1BB®7:%8 costimulation

could mediate durable long-term remission in murine xenograft models of

1"



human leukemia/lymphoma where tumor lines do not express ligands for
costimulatory receptors on T cells. These pre-clinical murine studies laid the

foundation for subsequent clinical trials involving CD19-targetted CAR T cells.

Kochenderfer et al. reported in 2010 a single patient who was treated with anti-
CD19 targeted second generation CAR T cells containing the CD28
costimulation domain®®. Follow-up scans revealed partial remission of the
lymphoma that lasted 32 weeks®®. Reports on larger cohorts of patients (Acute
lymphoblastic leukemia [ALL]/Chronic lymphocytic leukemia [CLL]) treated with
either 4-1BB based’® (3 patients) or CD28 based’' (10 patients) second
generation CD19 CAR T cells were subsequently published demonstrating
sustained ani-tumor response, with 2/3 CLL patients treated by Kalos et al.
achieving a complete response’®. These reports were especially impressive as
patients in these cohorts had received multiple rounds of prior treatments.
Subsequently, these therapies received FDA approval for adult patients with
relapsed and/or refractory (R/R) B cell ymphomas??, children and young adults

aged <25 years with R/R B-ALL"3.

Treatment and long-term follow up of patients from the early clinical trials has
revealed novel insights into the properties of CD19 targeted CAR T cells. Some
patients experienced symptoms like fever, hypotension, hypoxia, and
neurological effects such as ataxia and aphasia associated with elevated serum
cytokine levels including interferon-y and interleukin-6 which corelates with
peak CAR T cell expansion’76, These spectra of symptoms are collectively

termed as cytokine release syndrome (CRS) and can be life-threating if not
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controlled’”. Anti—interleukin-6-receptor antagonist, Tocilizumab, is usually
effective in the management of severe cytokine release syndrome induced by
CAR T cells’#"8, Glucocorticoids are administered if no response to interleukin-
6 receptor blockade is observed’’. More recently, blockade of IL-1 has been
reported as a therapeutic intervention strategy to curb CRS without
compromising on CAR T cell therapeutic efficacy’®. Due to the expression of
CD19 on normal B-cells, B-cell aplasia and hypogammaglobulinemia is also

observed but these conditions are manageable with immunoglobulin therapy?®.

Another feature of CAR T cell therapy that has emerged in over a decade since
the first patients were treated has been the impressive durability of response,
with the earliest patients maintaining remission for over 10 years now?'. The
response rates have consistently been well over 50% in B-cell leukemias and
lymphomas’’ (Table 1.1).

Table1.1: CAR T cell response rates in Leukemia/lymphoma

Cancer Type Response Rates

Adult B-cell Acute Lymphoblastic Leukemia | 83-93% 748283

(B-ALL)
Pediatric B-ALL 68-90%,73.84-86
Chronic Lymphocytic Leukemia (CLL) 57-71%"7

Diffuse Large B-cell Lymphoma (DLBCL) 64-86% 2828788

Follicular Lymphoma 71%38

Transformed Follicular Lymphoma 70-83%72:82:88
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However, still a large fraction of patients will have poor primary response upon
CAR T cell infusion or eventually relapse’3838° Lack of primary response in
CAR T cell therapy can be attributed to multiple reasons. In one of the earliest
CAR T cell clinical trials, Brentjens et al. noted no anti-tumor response in CLL
patients that received CAR T cells without a pre-conditioning regimen of
lymphodepletion  chemotherapy’!.  Thereafter, lymphodepletion pre-
conditioning became a part of the standard CAR T cell therapy protocol. Since
most patients receive autologous CAR T cells, the intrinsic quality of patient T
cells can be an important determinant of anti-tumor response. In a
retrospective analysis of CLL patients who received CD19-targetted 4-1BB
CAR T cells, Fraietta et al. reported that CAR T cells in the infusion product of
complete-responders was enriched in memory-related genes, including IL-
6/STAT3 signatures, whereas T cells from nonresponders had higher
expression of genes associated with effector differentiation, glycolysis,
exhaustion, and apoptosis®®. Deng et al. reported that large B cell lymphoma
(LBCL) patients who achieved compete response when treated with CD19-
targetted CD28 CAR T cells had three three-fold higher frequencies of CD8 T
cells expressing memory signatures than patients with partial response or
progressive disease®’. CD8 T cell exhaustion was associated with poor
molecular response®'. Tumor-intrinsic features can also lead to lack of efficacy
of CAR T cells. Impaired death receptor signaling on ALL cells has been
reported in pre-clinical models as a mechanism of primary resistance to CD19-
targetted 41BB costimulation CAR T cells®?. This was mediated by inherent
resistance to T-cell cytotoxicity which led to persistent antigenic stimulation of

CAR T cells leading to their dysfunction®2.
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CD19 loss/downregulation represents another major mechanism of resistance.
Sotillo et al. reported hemizygous deletions spanning the CD79 locus and de
novo frameshift and missense mutations in exon 2 of CD719in some relapse
samples®. Alternative splicing resulting in CD19 mRNA that lacked exon 2
were also identified in a relapsing patient®®. This alternative spliced CD19
mMRNA resulted in a N-terminally truncated CD19 variant, which fails to trigger
killing by CD19-targetted CAR®3. Gardner et al. reported that 2/7 B-ALL patients
(harboring rearrangement of the mixed lineage leukemia (MLL) gene) relapsed
after having achieved CR with a CD19 negative acute myeloid leukemia (AML)
that was clonally related to their B-ALL%. Ruella et al. reported that an
accidental transduction of a single leukemic B cell by the CAR vector during
CAR T cell manufacturing resulted in epitope-masking and resistance to CD19
targeted CAR therapy®®. Hamieh et al. described a reversible CD19 loss in
tumor cells through trogocytosis, where CD19 is transferred from the tumor to
T cells resulting in low levels of CD19 on the tumors and T cell fratricide killing®®.
Trogocytosis affects both CD28 and 4-1BB based CAR designs albeit to
different degrees, but it can be offset by cooperative killing and combinatorial
targeting®. Multiple clinical trials are currently underway that involve targeting
another antigen in addition to CD19 to overcome the issue of CD19 loss or

downregulation®:%,

Advances in CAR therapy - receptor design
Since the description of CD28 and 4-1BB costimulated second generation CAR

designs over 2 decades ago, several design modifications have been reported
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to improve upon these foundational second-generation CAR designs. Building
upon evidence that above a certain threshold, activation by antibody-like
receptors may negatively affect T cell function®®, Ghorashian et al. designed a
low-affinity CD19 CAR that improved expansion and persistence while limiting
severe CRS in pediatric patients'%. Several studies have reported that the
same epitope can activate CAR T cells more efficiently when expressed in a
membrane-proximal manner as opposed to membrane-distal'®'. Therefore,
tailoring the extracellular spacer sequence to position the scFv for efficient T
cell activation in the context of epitope location is another avenue for improving
CAR design. CARs with short extracellular spacer have been reported to
improve T cell effector function when targeting membrane-distal epitope???
while CARs with longer extracellular spacer result in superior T cell effector
function when targeting a membrane-proximal epitope'®. The hinge-
transmembrane (H/T) region of the CAR has also been reported to affect the
antigen sensitivity of T cells'®. Majzner et al. reported that CD28-H/T lowers
the antigen sensitivity threshold of 4-1BB costimulated CAR as compared to

CD8-H/T region'%4,

Costimulatory domains play an important role in determining the properties of
CAR transduced T cells. CARs containing CD28-costimulatory domain impart
a stronger effector function'%®, higher antigen sensitivity and glycolysis in T
cells'® as compared to 4-1BB containing CARs. On the other hand, 4-1BB
CARs impart stronger proliferation’®® and improved persistence and
mitochondrial biogenesis'%. Several modifications in the intracellular domains

intended to improve the function of both CD28 and 41BB encompassing CARs
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have been reported. Feucht et al., reported on 4 mutant CD3z molecules that
had various combinations of immunoreceptor tyrosine-based activation motifs
(ITAMs) mutated, namely X23, 1XX, X2X, and XX3'97, 1XX outperformed all 5
(including wild type CD3z) CD19-targetted CD28-CAR designs in a xenograft
model of human B-ALL'%". Guedan et al. reported a mutant CD28 costimulatory
domain where asparagine was replaced by phenylalanine (CD28-YMFM)'%,
This mutation led to reduced T cell differentiation and improved CAR T cell
persistence'®®. Majzner et al. reported that addition of another ITAM to 4-1BB
CAR enhances their recognition of low-antigen density cells'®. Combining both
CD28 and 4-1BB costimulatory domains in the same CAR (third generation
CAR design) was surprisingly found to have poorer anti-tumor efficacy than

CD28-CAR in murine xenograft model of human B-ALL"'%,

Multiple studies have reported on co-expression of either a natural or synthetic
co-stimulatory receptor (CCR)/ligand to improve CAR T cell function. Zhao et
al. reported that co-expression of 41BBL in CD28-CARs enhanced their
proliferation, persistence, and anti-tumor efficacy in a murine xenograft model
of human B-ALL'%, CD28-CAR T cells expressing CD40 ligand (CD40L)
displayed superior anti-tumor activity in a syngeneic murine
leukemia/lymphoma model and protected against tumor antigen escape by
promoting a CD40 mediated endogenous anti-tumor response’®. Co-
expression of a CCR targeting CD38 enhanced the avidity and cytotoxicity of
BCMA and CD19 targeted CAR T cells''°. In addition, CARs and CCRs can be
designed to provide complementary CD28 and 4-1BB costimulation for

increased cytokine secretion, and improved expansion and persistence in
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vivo'%. Dominant negative (DN) receptors particularly targeting inhibitory
receptors such as PD-1""" have also been employed to improve CAR T cell
function. These receptor (in the case of DN inhibitory receptors) lack the
intracellular signaling domains and therefore lack the inhibitory signaling that
ensues upon their cognate ligand binding. DN inhibitory receptors (when co-
expressed with CAR) therefore compete with the endogenous inhibitory
receptors and limit inhibitory signaling in CAR T cells. A variation of this design
where instead of total absence of cytoplasmic signaling moieties, costimulatory
signaling is provided through inhibitory ligand binding is called a switch
receptor. The PD-1 switch receptor, where the PD-1 extracellular domain is
fused to a CD28 intracellular signaling domain was reported to enhance CAR
T cell efficacy in a preclinical murine model''?. Another approach has been to
engineer CAR T cells to secrete stimulatory cytokines to promote not only their
proliferation and persistence but also modulate the tumor microenvironment to
promote tumor eradication''3. This approach might be particularly applicable in
the context of solid tumors that are associated with immune suppressive
microenvironment. Numerous cytokines and chemokines have been reported
to augment CAR T cell function. Examples include [IL1214115 |_15116.117
IL18118119 |L7120 and CCL19'?0, IL33"21, IL36y'?2. Alternatively, CAR T cell
function can also be improved by expression of a transcription factor. Lynn et
al. reported over-expression of cJUN in human CAR T cells enhanced their
expansion and functional persistence in pre-clinical tumor models'?3. Seo et al.
reported over-expression of BATF in murine CAR T cells promoted production
of effector cytokines and supported formation of long-lived memory T cells in

syngeneic tumor models'?4.
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Our understanding of the molecular underpinnings of CAR T cell dysfunction
has improved significantly over the last 15 years aided by the developments in
the field of T cell biology. This has led to strategies that involve modulating
(either increasing or disrupting) the expression of defined factors to allow for

improved CAR T cell function.

Advances in CAR therapy — genome engineering

A complementary approach to over-expression of genetic factors that promote
T cell function is to limit the factors that are negative regulators of T cell function.
There are multiple ways of suppressing a factor, such as by expressing a
dominant negative variant (i.e.: PD-1 DN). Another would be to express a short
hairpin RNA (shRNA) against a target gene of interest to limits its expression.
Expressing a PD-1 shRNA along with the CAR has been reported to result in
improved CAR T cell anti-tumor efficacy in multiple xenograft models of human
tumors™3. A third way is to edit the target gene of interest to disrupt the
generation of functional protein. Different classes of site-specific DNA
nucleases including meganucleases'?®, Transcription Activator-like Effector
Nucleases (TALENs)'?” and clustered regularly interspaced short palindromic
repeats (CRISPR) and associated Cas9 nuclease (CRISPR-Cas9)'?® systems
have been used to edit the genome of CAR T cells. Amongst these site-specific
genome editing systems, CRISPR-Cas9 is generally favored for its ease of use
and high degree of programmability. There are 2 major classes of genes that
have been targeted by genome editing tools for CAR T cell therapy. One
includes genes such as T cell receptor a and  chains (TRAC, TRBC), and B,

microglobulin (B2M). These genes are of interest for development of allogeneic
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CAR T cell products. The disruption of TRAC and TRBC is to prevent GVHD
while the disruption of B2M is to prevent the rejection of donor CAR T cells by
the host T cells. Eyquem et al. took this approach a step further by targeting
the CAR vector into the TRAC locus by using CRISPR-Cas9 for TRAC editing
and adeno-associated virus (AAV) for CAR delivery into human peripheral T
cells’®. The CAR in this case is inserted into the TRAC locus and is expressed
under the control of the endogenous TRAC promoter. Eyquem et al. further
showed that CD19-targeted CD28-costimulated CAR T cells when expressed
from the TRAC locus (TRAC-1928z T cells) outperformed conventional y-
retroviral CD19-targeted CD28-costimulated (Rv-1928z) CAR T cells in a
murine xenograft model of human B-ALL. Functional and mechanistic studies
showed that TRAC-1928z CAR T cells have reduced tonic CAR signaling due
to effective internalization and more physiological re-expression upon repeated
antigen exposure which results in delaying T cell effector differentiation and
eventual dysfunction'®. Another class of genes that have been commonly
targeted in CAR T cells include well known T cell inhibitory molecules such as
PD-1130, LAG-3"31, TOX'32, TOX2'32, NR4A (1, 2, and 3)'*?, and TGF-B receptor
Il (TGFBR2)'33, CRISPR-Cas9 screens in CAR T cells have also found novel
negative regulators of CAR T cell function such as REGNASE-1"3*, p38'35, and

TLE4"36 and IKZF2138,

Advances in CAR therapy — epigenetic programming
So far, the introduction has focused on modulating the expression of
transcriptional factors and inhibitory receptors to limit terminal effector

differentiation and delay the onset of dysfunction in CAR T cells. An alternate
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approach is to epigenetically program CAR T cells to limit terminal effector
differentiation. The motivation behind this approach lies in a series of reports
that characterized the epigenetic changes associated with T cell differentiation
and dysfunction. Youngblood et al., reported that HIV-specific PD1Msh CD8* T
cells that have undergone chronic TCR stimulation are unmethylated at the PD-
1 transcriptional regulatory locus as compared to naive T cells™’. In
a subsequent study, Youngblood et al. showed that memory-precursor virus
specific CD8* T cells acquired de novo methylation at naive-associated genes
and demethylate effector genes'38. Furthermore, conditional deletion of de
novo methyltransferase, DNA methyltransferase 3a (Dnmt3a), at an early stage
of effector differentiation resulted in reduced methylation of naive-associated
genes'8. While the two studies discussed above reported locus accessibility
differences arising out of the DNA methylation state, locus accessibility can also
be affected by chromatin modifications. By profiling canonical active (H3K27ac)
and repressive (H3K27me3) chromatin marks in memory precursor and
terminally differentiated effector CD8" T cells during viral infection, Gray et al.
reported increased H3K27me3 marks on numerous pro-memory and pro-
survival genes in terminally differentiated effectors indicative of lineage
restriction’®. Memory precursors on the other hand maintain permissive
chromatin at both pre-memory and pro-survival genes'®. Furthermore, a role
of polycomb repressive complex 2 (PRC2) was shown in mediating epigenetic
silencing of memory genes'3®. Profiling chromatin accessibility (assay for
transposase-accessible chromatin, ATACseq) over time in CD8* T cells as they
differentiate from naive to effector and ultimately become dysfunctional in a

syngeneic tumor model revealed distinct chromatin states and surface markers
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that distinguished reprogrammable from non-reprogrammable PD1M
dysfunctional T cells'#°. Subsequently, Feldman et al. reported on distinct T cell
chromatin states associated with CD8* memory T cell state in patients who
respond to checkpoint immunotherapy [n= 35 for anti-PD-1, n=11 for anti-
CTLA4+PD-1, and n=2 for anti-CTLA4]'#'. Ghoneim et al., showed de novo
DNA methylation of memory genes results in terminal T cell differentiation both,
in murine chronic virus infection model and tumor model'#2. Furthermore, this
DNA methylation mediated silencing of memory genes makes T cell
unresponsive to PD-L1 blockade'4?. More recently, deletion of DNMT3A in CAR
T cells was shown to enhance their proliferation and anti-tumor efficacy through

upregulation of interleukin-10"43,

Motivation for thesis studies

Given the role of epigenetics in defining and maintaining T cell state, and the
emerging evidence that memory T cell signatures in pre-infusion CAR T cells
are associated with better clinical outcomes®-®'. The overarching aim in this
thesis was to modulate the epigenetic state of the CAR T cells to limit their
terminal differentiation and enhance their anti-tumor efficacy. We chose to
disrupt two different epigenetic factors -1) Ten-eleven translocation 2 (TET2).

2) Suppressor of variegation 3-9 1 (SUV39H1).

TET proteins (3 members: TET1, TET2, TET3) sequentially oxidize 5-
methylcytosine (5mC), they are therefore involved in mediating the intermediate
reactions involved in removal of the 5-methyl group from cytosine'#4. TET2 loss

in HSCs results in their aberrant expansion and myeloid skewing'™5. Our
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interest in disrupting TET2 in CAR T cells was due to a series of murine studies
and a clinical observation in a CLL patient treated with CAR T cells. In murine
CD4* T cells, TET2 has been shown to interact with Th1 and Th17 lineage
determining transcription factors and promote their effector cytokine
expression'#6. TET2 loss has also been shown to promote memory formation
in virus specific murine CD8* T cells'#’. More recently, a report by Fraietta et
al. described the emergence of a dominant CAR T cell clone in a patient treated
with a lentiviral 4-1BB CAR vector where the CAR vector integrated into the
TET2 locus resulting in its disruption*?'48. These findings collectively led us to
hypothesize that the disruption of TET2 would promote memory formation in
CAR T cells and improve their anti-tumor efficacy. Since CAR designs differ in
the rate of differentiation that they impart to the T cells, we further hypothesized
that the effect of TET2 disruption on memory formation would not be uniform
across different CARs. We, first assess the effect of TET2 disruption on the
widely used CD28 and 4-1BB based second generation CAR T cells. We then
expand the scope of the study to include analysis of TET2 disruption on other
CD28-based CAR designs. Two chapters are dedicated to this study (Chapters

3 and 4).

SUV39H1 belongs to SUV39 sub-family (SUV39H1, SUV39H?2) of lysine methyl
transferases (KMT)'#%. KMTs have been implicated in Th1/2 lineage
plasticity’®, TCR signaling'®', and T cell terminal differentiation’3°. SUV39H1
(and H2) are H3K9 site-specific histone methyltransferases#®. SUV39H1 has
previously been reported to play an important role in controlling Th2 lineage

commitment'®. More recently, disruption of SUV39H7 in murine OT-1
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transgenic CD8" T cells was reported to result in defective effector
differentiation due to improper silencing of memory associated genes'2. This
led us to evaluate the disruption of SUV39H17 in human CD28-CAR T cells, with
the hope that disruption of SUV39HT would limit their strong effector
differentiation and eventual dysfunction by promoting the expression of memory
associated genes leading to an improved anti-tumor efficacy. Chapter 5 is

dedicated to this study.

Chapter 3: Disruption of TET2 enhances T cell anti-tumor efficacy in a CAR

dependent manner

In this chapter we develop the reagents for disruption of TET2 in human T cells.
We then assess the effect of disruption of TET2 on T cells expressing different
CARs on parameters such as proliferation, differentiation, and anti-tumor
efficacy in a murine xenograft model of B-ALL. We describe the unexpected
emergence of a hyper-proliferative CAR T cell population that becomes

apparent long after tumor clearance.

Chapter 4: BATF3/MYC axis drives hyper-proliferation of TET2 deficient CAR

Tcells

In this chapter we perform functional and molecular characterization studies
on the hyper-proliferative CAR T cell population. These studies led to the
discovery of an auto-regulatory feed forward loop allowing for a BATF3 driven

MYC dependent proliferation of TET2 deficient CAR T cells.
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Chapter 5: SUV39H1 disruption enhances functional persistence of CD28

costimulated CAR T cells

We assess the effect of SUV39H1 disruption on proliferation, differentiation,
and anti-tumor efficacy of CD28-costimulated CAR T cells in a murine xenograft
model of B-ALL. We then perform transcriptional and chromatin accessibility
studies to characterize the underlying molecular mechanism mediating the
functional differences that we observe due to SUV39H1 deficiency in CD28-

CAR T cells.
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CHAPTER 2

Materials and Methods

Retroviral vector constructs and retroviral production

Plasmids encoding the retroviral vector were prepared using standard
molecular biology techniques'3. LNGFR (A truncated and mutated TNF-R
family homolog'*) was used as a control molecule to ensure comparable CAR
expression levels from different bicistronic vectors. Synthesis of Rv-1928z, Rv-
19BBz, and Rv-1928z+41BBL, has been previously described®466.105
Pd28z+41BBL CAR is derived from a previously described CAR'®®, VSV-G
pseudotyped retroviral supernatants derived from transduced gpg29 fibroblasts
(H29) were used to construct stable retroviral-producing cell lines as previously

described 5.

AAV targeting for TRAC-1928z

The TRAC gRNA targets a sequence upstream of the transmembrane domain
of the TCRa'?. This domain is required for the TCRa and B assembly and
surface expression. Both, non-homologous end joining (NHEJ) and integration
of the CAR by Homology directed repair (HDR) at this locus would then
efficiently disrupt the TCR complex. TRAC-1928z is based on the pAAV-GFP
backbone (Cell Biolabs). It contains 1.9 kb of genomic TRAC flanking the gRNA
targeting sequence, a self-cleaving P2A peptide in frame with the first exon of

TRAC followed by the 1928z CAR used in clinical trials.
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Isolation and expansion of human T cells

Buffy coats from anonymous healthy donors were purchased from the New
York Blood Centre (institutional review board-exempted). All blood samples
were handled following the required ethical and safety procedures. Peripheral
blood mononuclear cells were isolated by density gradient centrifugation. T
cells were then purified by using the Pan T Cell Isolation Kit (Miltenyi Biotec). T
cells were stimulated with CD3/CD28 T cell Activator Dynabeads (Invitrogen)
at 1:1 ratio and cultured in RPMI+10% Fetal Bovine Serum (FBS), 5 ng ml-1
interleukin-7 (IL7) and 5ngml-1 IL15 (Miltenyi Biotec) for retroviral
transduction (Rv-CAR) and gene targeting (TRAC-1928z) experiments. The
culture medium was changed every 2 days. The cells were cultured at 108 cells

per ml.

Mouse systemic tumor model

We used 6- to 12-week-old NOD/SCID/IL-2Ry null (NSG) mice (The Jackson
Laboratory), under a protocol approved by the Memorial Sloan Kettering
Cancer Centre (MSKCC) Institutional Animal Care and Use Committee. All

relevant animal use guidelines and ethical regulations were followed.

NALM6 Model

NALM6 expressing firefly luciferase-GFP (FFLuc-GFP) were described
previously®®. NSG mice were inoculated with 565 NALM6 cells by tail vein
injection, CAR T cells were then injected 4d later at varying doses.

Bioluminescence imaging was performed using the IVIS Imaging System

30



(PerkinElmer) with the Living Image software (PerkinElmer) for the acquisition

of imaging datasets.

PC3-PSMA Model
Prostate cancer cell line, PC3, were injected via tail vein in NSG mice at a dose
of 2e6/mouse. PC3 cells express firefly luciferase-GFP, which enable tumor

monitoring through bioluminescence. CAR T cells were injected after 30 days.

Secondary transplant of TET2,ed« CAR T cells

A day prior to the transplant, NSG mice were irradiated with a cumulative dose
of 200 cGy. 2e6 TET2ved CAR T cells were then injected through tail vein. For
IL2 treatment group, mice received 1000U of IL2 twice a week (Intra-
peritoneal). For IL7+IL15 treatment group, IL7 was subcutaneously injected at
0.5ug/mouse/week. IL-15 and IL-15ra were pre-incubated at 1:6 weight ratio at
37°C for 30 minutes before injection (IP) in mice at a dose of 2.5ug (1L-15)

+15ug (IL-15ra)/week1%. Mice received exogenous cytokines for 60 days.

Cytotoxicity assays

The cytotoxicity of T cells transduced with a CAR was determined by luciferase-
based assay. NALM6 expressing firefly luciferase-GFP served as target cells.
The effector and tumour cells were co-cultured atindicated E/T ratio in the black
walled 96 well plates in triplicate manner with 1e5 target cells in a total volume
of 100 pl/well. Target cells alone were planted at the same cell density to
determine the maximal luciferase expression (relative light units; RLUmax). 18

hr later, 100 yl luciferase substrate (Bright-Glo, Promega) was directly added
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to each well. Emitted light was measured by luminescence plate reader or
Xenogen IVIS Imaging System (Xenogen) with Living Image software
(Xenogen) for acquisition of imaging data sets. Lysis was determined as: [1 -

(RLUsample)/ (RLUmax )] x 100.

DNA/RNA simultaneous extraction

Cell pellets were resuspended in RLT buffer and nucleic acids were extracted
using the AllPrep DNA/RNA Mini Kit (QIAGEN catalogue # 80204 ) according to
the manufacturer’s instructions. RNA was eluted in nuclease-free water and
DNA in 0.5X Buffer EB. Phase separation in cells lysed in TRIzol Reagent
(ThermoFisher catalogue # 15596018) was induced with chloroform. RNA was
precipitated with isopropanol and linear acrylamide and washed with 75%

ethanol. The samples were resuspended in RNase-free water.

Flow cytometry

Flow cytometry analysis was performed on Aurora (Cytek), and LSRFortessa
(BD). All antibodies used in this study are listed in reagent table. Countbright
beads (Invitrogen) were used to determine the absolute number of cells
according to the manufacturer’s protocol. Flow cytometry analysis was done on

FlowJo. Cell sorting was performed by a BD FACSAria cell sorter.

CRISPR sequencing
Genomic DNA was isolated using DNeasy Blood & Tissue Kits (Qiagen).
Primers were designed to amplify the region encompassing the site of

CRISPR/Cas9 editing with the following guidelines — size (200-280 bp),
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CRISPR/Cas9 edit site within the first 100bp from one end of the PCR. The
PCR product was then sent for next generation sequencing for 100,000-
300,000 reads per product. The editing efficiency was then determined through

CRISPRESSO.

Transcriptome sequencing

After RiboGreen quantification and quality control by Agilent BioAnalyser, 2ng
total RNA with RNA integrity numbers ranging from 7.3 to 9.7 underwent
amplification using the SMART-Seq v4 Ultra Low Input RNA Kit (Clonetech
catalogue # 63488), with 12 cycles of amplification. Subsequently, 10ng of
amplified cDNA was used to prepare libraries with the KAPA Hyper Prep Kit
(Kapa Biosystems KK8504) using 12 cycles of PCR. Samples were barcoded
and run on a HiSeq 4000 in a PE5O0 run, using the HiSeq 3000/4000 SBS Kit
(Mlumina). An average of 40 million paired reads were generated per sample

and the percent of mMRNA bases per sample ranged from 31% to 69%.

TCR sequencing

After PicoGreen quantification and quality control by Agilent BioAnalyser, 188-
200ng of genomic DNA were split equally into six reactions and prepared using
the immunoSEQ human TCRB Kit (Adaptive Biotechnologies) according to the
manufacturer’'s instructions. Briefly, multiplex PCR was used to amplify the
CDRa3 region for 31 cycles. After clean-up, 2uL of PCR product was used as
input into library preparation with 8 cycles of PCR. Barcoded samples were
pooled by volume and sequenced using custom primers on a NextSeq 500 in

a SR155 run, using the NextSeq 500/550 Mid Output Kit v2.5 (150 Cycles)
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(lumina). The loading concentration was 1pM and 20% spike-in of PhiX was
added to the run to increase diversity and for quality control purposes. Raw
BCL files were transferred to the immunoSEQ Analyser for processing and

analysis.

Exome capture and sequencing

After PicoGreen quantification and quality control by Agilent BioAnalyser,
250ng of DNA were used to prepare libraries using the KAPA Hyper Prep Kit
with 8 cycles of PCR. After sample barcoding, 100ng of library were captured
by hybridization using the xGen Exome Research Panel v1.0 (IDT) according
to the manufacturer’s protocol. PCR amplification of the post-capture libraries
was carried out for 8 cycles. Samples were run on a HiSeq 4000 in a PE100
run, using the HiSeq 3000/4000 SBS Kit (lllumina). Samples were covered to

an average of 111X.

ATAC sequencing

Profiling of chromatin was performed by ATAC-Seq as described®'. Briefly,
50,000 fresh T cells were washed in cold PBS and lysed. The transposition
reaction containing TDE1 Tagment DNA Enzyme (lllumina catalogue #
20034198) was incubated at 37°C for 30 minutes. The DNA was cleaned with
the MinElute PCR Purification Kit (QIAGEN catalogue # 28004) and material
was amplified for 5 cycles using NEBNext High-Fidelity 2X PCR Master Mix
(New England Biolabs catalogue # M0541L). After evaluation by real-time PCR,
8 additional PCR cycles were done. The final product was cleaned by aMPure

XP beads (Beckman Coulter catalogue # A63882) at a 1X ratio, and size
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selection was performed at a 0.5X ratio. Libraries were sequenced on a
HiSeq4000 in a PE50 run, using the HiSeq 3000/4000 SBS Kit (lllumina). An

average of 108 million paired reads were generated per sample.

ATAC-seq data analysis

Reads were trimmed for both quality (<=15) and lllumina adaptor sequences
using Trim Galore v0.4.5 1,2 then aligned to human assembly hg38 using
bowtie2 with the default parameters. Duplicated reads that have the same start
site and orientation were removed using the Picard tool MarkDuplicates
(http://broadinstitute.github.io/picard). Accessible regions were called using
MACS2 v2.1.25 against standard input as the control (fold change > 2 and p
value < 0.001). Regions overlapping with genomic ‘blacklisted’ regions
(http://mitra.stanford.edu/kundaje/akundaje/release/blacklists/hg38human/hg3
8.blacklist.bed.gz) were removed. The peaks from all samples were then
merged within 500 bp to create a full peak atlas. Raw read counts were
tabulated over this peak atlas using featureCounts. All genome browser tracks
were normalized to a sequencing depth of ten million mapped reads. Peaks
were annotated using linear genomic distance, with a gene assigned to a peak
if it was within 50 kb up- or down- stream of the gene start or end, respectively.
Raw read counts in the peak atlas were normalized in DESeq2 prior differential
and motif analyses. Differential peaks were then identified between groups of
interest. Significant differential regions were accepted with fold change greater

than 1.5 and adjusted p value less than 0.1.
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S-EPTS/LM-PCR integration site analysis

Shearing-Extension Primer Tag Selection Ligation-Mediated PCR (S-
EPTS/LM-PCR) is a shearing DNA based integration site (I1S) analysis method
in orientation to the original EPTS/LM-PCR. S-EPTS/LM-PCR starts with
shearing of genomic DNA to an intended length of 500 bp using the Covaris
M220 instrument. Sheared DNA is split into three equal replicates (500 ng each)
and purified, followed by primer extension using two vector, long-terminal-
repeat-specific biotinylated primers. The extension product is purified, and
biotinylated DNA is being captured by paramagnetic beads. The captured DNA
is ligated to linker cassettes including a molecular barcode, and the ligation
product is amplified in an exponential PCR using biotinylated vector- and linker-
cassette-specific primers. Biotinylated PCR-products are magnetically
captured, washed, and used as template for amplification in a second
exponential PCR with barcoded primers allowing sequencing by MiSeq
technology (lllumina). Final preparation for sequencing is done as previously
described'®7:158, Applied DNA double barcoding allows parallel sequencing of
multiple samples in a single sequencing run while minimizing sample cross-
contamination. Amplicons are then sequenced on the MiSeq instrument using

V2 Reagent Kit (lllumina).

Exome computational analysis

Raw sequence data were trimmed according to sequence quality (Phred) and
only sequences showing complete identity in both molecular barcodes (linker
cassette barcode, sequencing barcodes) were further analysed. An in-house

semi-automated bioinformatical data mining pipeline was used to analyse the
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data’®. In brief, quality filtered sequences were trimmed (vector- and linker
cassette specific parts removed) and only sequences that showed at least 18
nucleotides of expected, vector-specific sequence were analysed further to
ensure the analysis of true vector-genome junctions. Such trimmed sequences
were further filtered in a way that only sequences equal or larger than 25 bp
were aligned to the human genome (UCSC assembly release number hg38,
version 3) by Burrows-Wheeler Aligner (BWA) MEM algorithm for the initial
alignment. It was subsequently followed by mapping of potential IS sequences
with BLAST, where minimum alignment identity percentage of 95% is
employed, while nearby genes and other integrating features were annotated
as previously described according to RefSeq database. The relative sequence
count of each detected IS was calculated in relation to all sequences attributed

to corresponding sample.

Cytokine measurements

CAR T cells were cultured with irradiated fibroblast cell line, 3T3, that was
engineered to express CD19. They assay was carried out in a 24-well flat
bottom plate. 565 CAR T cells (concentration 1e6/ml) were plated with 1.5e5
3T3-CD19. The media was collected after 24 hours and supernatant cytokines
were measured using cytometric bead arrays (BD) for human IL2, IFNy, TNF

and Granzyme B (GzmB) as per the manufacturer’s instructions.

Seahorse assay
Seahorse 96 well plates were coated with 20 ul Poly-L-lysine (50ug/ml) for 20-
30 mins at room temperature. CAR T cells were suspended in appropriate mito
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stress test (DMEM with Glutmax, pyruvate, and glucose) and glycolysis stress
test (DMEM with Glutmax and pyruvate) medium. Poly-L-lysine was aspirated,
and the plate was washed with 200ul distilled water. 2e5 cells were added to

each well. The plate was then run as per manufacturer’s instructions.

Statistical analysis

All statistical analyses were performed using the Prism 9 (GraphPad) software.
No statistical methods were used to predetermine sample size. Statistical tests
are provided in the figure legends. Kolmogorov—Smirnov test was used to
determine pvalues in GSEA analysis. *p<0.05, **p<0.01, ***p<0.0001,

****p<0.00001.
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Table 2.1 Reagents and other Resources

REAGENT or RESOURCE

| SOURCE

IDENTIFIER

Antibodies

Mouse anti-human CD62L BV421

BD

Cat#
563862,
RRID:AB_27
38455

Mouse anti-human LAG3 BV605

BD

Cat#
745160,
RRID:AB_27
42761

Mouse anti-human CD45RA BV605

BD

Cat#
562886,
RRID:AB_27
37865

Mouse anti-human CD4 BUV395

BD

Cat#
563550,
RRID:AB_27
38273

Mouse anti-human CD45 BV711

BD

Cat#
564357,
RRID:AB_27
44404

Mouse anti-human CD8 BV510

BD

Cat#
563919,
RRID:AB_27
22546

Mouse anti-human CD3 BUV737

BD

Cat#
612750,
RRID:AB_28
70081

Mouse anti-human CD19 BUV496

BD

Cat#
564655,
RRID:AB_27
44311

Mouse anti-human CD271 PE

BD

Cat#
557196,
RRID:AB_39
6599

Mouse anti-human PD1 PE

Biolegend

Cat#
329906,
RRID:AB_94
0483

Mouse anti-human Tim3 BV785

Biolegend

Cat#
345032,
RRID:AB_25
65833

Mouse anti-human CCR7 PE

Biolegend

Cat#
353204,
RRID:AB_10
913813
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Mouse anti-human CD271 AF647 Biolegend Cat#
345114,
RRID:AB_25
72059
Goat Anti-Mouse 1gG Antibody AF647 Jackson Cat# 115-
ImmunoResearch | 606-072
Mouse anti-human CD27 BV421 Biolegend Cat#302824
Mouse anti-human IL-7Ra PE Biolegend Cat#351304
Chemicals, peptides, and recombinant proteins
(+)-JQ-1 MedChem Cat# HY-
Express 13030
Dexamethasone Millipore Sigman | Cat# D4902-
25MG
Recombinant Human IL-15 R alpha Fc Chimera RnD systems Cat# 7194-
(HEK293), CF IR-050
Cytokines
Human IL-7, premium grade Miltenyi Biotec Cat#
130-095-361
Human IL-15, premium grade Miltenyi Biotec Cat#
130-095-762
Critical commercial assays
immunoSEQ human TCRB Kit Adaptive N/A
Biotechnologies
MiSeq Reagent Kits v2 lllumina Cat#
MS-102-
2001
SMART-Seq v4 Ultra Low Input RNA Kit Clonetech Cat# 63488
KAPA Hyper Prep Kit Kapa Biosystems | Cat#
KK8504
TruSeq Methyl Capture EPIC LT Library Prep Kit lllumina Cat# FC-
151-1002
TDE1 Tagment DNA Enzyme lllumina Cat#
20034198
aMPure XP beads Beckman Coulter | Cat# A63882
xGen Exome Research Panel v1.0 IDT N/A
Seahorse XF Cell Mito Stress Test Kit Agilent Cat#
Technologies 103015-100
Seahorse XF Glycolysis Stress Test Kit Agilent Cat#
Technologies 103020-100
Human IL-2 Flex Set (Bead A4) BD Cat# 558270
Human TNF Flex Set (Bead C4) BD Cat# 560112
Human IFN-g Flex Set (Bead B8) BD Cat# 560111
Human Granzyme B Flex Set (Bead D7) BD Cat# 560304

Experimental models: Cell lines
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FFLuc-GFP NALM6 In house N/A
H29 In house N/A
FFLuc-GFP PC3 In house N/A
Experimental models: Organisms/strains
NSG mice The Jackson Stock#
Laboratory 005557
RRID:BCBC
_4142
Oligonucleotides
B2M (Hs00187842_m1) Thermo Fischer Cat#
Scientific 4453320
MYC (Hs00153408_m1) Thermo Fischer Cat#
Scientific 4453320
BATF3 (Hs00232744 m1) Thermo Fischer Cat#
Scientific 4331182
TRAC gRNA CAGGGUUCUGGAUAUCUGU Synthego N/A
TET2 gRNA 1 UUAGUCUGUUGCCCUCAACA Synthego N/A
TET2 gRNA 2 GGUUCUGUCUGGCAAAUGGG Synthego N/A
SUV39H1 gRNA GCUGCAGGACCUGUGCCGCC | Synthego N/A
Scrambled gRNA GCACUACCAGAGCUAACUCA | Synthego N/A
CleanCap Cas9 mRNA Trilink Cat#
Biotechnologies L-7206
Software and algorithms
Prism 9 Graphpad https://www.
graphpad.co
m
FlowJo V10 BD https://www.fl
owjo.com/
Spark Tecan https://lifesci
ences.tecan.
com/multimo
de-plate-
reader?p=So
ftware
CaseViewer 3DHISTECH https://www.
3dhistech.co
m/solutions/c
aseviewer/
FlJl/Imaged https://imagej
.nih.govl/ij/do
whnload.html
GENE-IS In house N/A
DESeq2 Love et al. 2014 https://biocon

ductor.org/pa
ckages/relea
se/bioc/html/
DESeqg2.html
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BWA

Li et al., 2009

http://mag.so
urceforge.net
/

Seurat

CRAN

https://cran.r-
project.org/w
eb/packages/
Seurat/index.
html

CRISPRESSO

Pinello et al.
2016

https://github
.com/lucapin
ello/CRISPR
€SS0
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CHAPTER 3

Disruption of TET2 enhances T cell anti-tumor efficacy in a CAR

dependent manner

Introduction

We utilized CRISPR/Cas9 genome editing system to engineer TET2 disruption
in human T cells. After testing multiple guides, we identified a guide RNA that
can edit TET2 with an efficiency of ~67% (Figure 3.1a). To assess the effect of
TET2 disruption on in vivo anti-tumor efficacy of CAR T cells, we chose the two
FDA-approved CD28 or 4-1BB-based CD19 targeting CAR designs (Figure
3.1b). We injected immune deficient NSG mice with human lymphoblastic
leukemia cell line, NALM6, to model human leukemia in mice (Figure 3.1c).
CAR T cells were then injected at limiting doses to assess differences in their
ability to eliminate tumor in mice (Figure 3.1c). Pre-infusion in mice, CAR T cell
transduction efficiency and differentiation state is determined through flow

cytometry (Figures 3.1d-e).
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Results

The CAR determines anti-tumor potency gain of TET2-edited T cells
NALM®6 bearing mice were treated with low dose unedited or TET2-edited Rv-
1928z (1e5 CAR T cells/mouse) or Rv-19BBz (2e5 CAR T cells/mouse). No
survival difference was observed between recipients of TETZ2-edited or
unedited Rv-1928z CAR T cells (Figures 3.2a-c). In contrast TET2-edited Rv-
19BBz CAR T cells prolonged survival of tumor bearing mice as compared to
mice that were treated with unedited Rv-19BBz (Figures 3.2d-f). Increased anti-
tumor efficacy in Rv-19BBz was associated with more CAR T cells both in the
bone marrow and spleen (Day 21 p.i, Figures 3.2g-h). In contrast, Rv-1928z
CAR T cell numbers were not significantly different between the unedited and
TET2-edited group (Day 21 p.i, Figures 3.2g-h). Flow cytometry analysis of
CAR T cells isolated from bone marrow revealed that TET2 editing enhanced
the CCR7* (A marker for memory T cell state) fraction of Rv-19BBz CAR T cells
but not Rv-1928z CAR T cells (Day 21 p.i, Figures 3.2i-j). Analysis of inhibitory
receptors did not show significant differences between unedited and TET2-
edited groups for both CAR designs (Day 21 p.i., Figure 3.2k). These
observations suggested that TETZ2 editing can promote CAR T cell

accumulation and differentiation, but these effects depend on the CAR design.

Murine studies show that TET2 loss in CD8* T cells enhance their memory
fraction'#’. Since we observed TET2 editing improved expansion and memory
formation in Rv-19BBz but not in Rv-1928z, we wondered whether the strong
induction of effector differentiation by Rv-1928z CAR does not allow improved

memory formation by TETZ2 deficiency. To test this hypothesis, we extended
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our study to include two alternate CD28 based CAR designs, Rv-1928z+41BBL
and TRAC-1928z (Figure 3.3a). Co-expression of 41BBL with 1928z CAR
design enhances T cell proliferation and reduced their effector differentiation
which in turn leads to enhanced anti-tumor activity of Rv-1928z+41BBL CAR T
cells over Rv-1928z CAR T cells. Targeting 1928z to the TRAC locus, limits
tonic signaling and delays effector differentiation and eventually exhaustion by
allowing for effective internalization and re-expression of the CAR following

single or repeated exposure to antigen.

As with Rv-1928z and Rv-19BBz, TET?2 editing did not affect CAR transduction
efficiency or pre-infusion T cell phenotype of either of these CAR T cell
populations (Figures 3.3b-c). The anti-tumor efficacy of both TET2-edited Rv-
1928z+41BBL and TRAC-1928z CAR T cells was increased relative to their
non-edited counterparts (Figures 3.3d-g). Flow cytometry analysis of CAR T
cells isolated from bone marrow revealed that TET2 editing enhanced the
CCR7* fraction of both Rv-1928z+41BBL and TRAC-1928z (Figure 3.3h).
However, it was not statistically significant for Rv-1928z+41BBL CAR T cells
(Day 21 p.i., Figures 3.3h-i). Analysis of inhibitory receptors did not show
significant differences between unedited and TETZ2-edited groups for both Rv-
1928z+41BBL and TRAC-1928z CAR T cells (Day 21 p.i., Figure 3.3j), similar
to observations from Rv-1928z and Rv-19BBz. These findings indicated that
CAR structure (Rv-1928z vs Rv-19BBz) and expression (Rv-1928z vs TRAC-
1928z or Rv-1928z vs Rv-1928z+41BBL) play a critical role in determining

whether therapeutic efficacy will be increased upon TETZ2 disruption.
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Emergence of a hyper-proliferative phenotype in TET2-edited CAR T cells
We observed clinical signs of distress after day 50 in mice treated with TET2-
edited TRAC-1928z and Rv-1928z+41BBL CAR T cells, even though these
mice were tumor-free by bioluminescence imaging (Figures 3.4a, 3.3e, 3.39).
Gross pathology revealed an enlarged spleen and liver, pale kidneys, and lungs
with extensive T cell infiltration and absence of CD19* leukemia (Figure 3.4b).
The infiltrating T cells were CAR™* (Figure 4.3a) and Ki67* (Figure 3.4b). This
prompted us to treat additional cohorts of mice with all four CAR designs (Rv-
19BBz, Rv-1928z, Rv-1928z+41BBL, TRAC-1928z), administering slightly
higher but still low T cell doses (2-5x10°). Under these doses, mice treated with
all 4 CAR designs maintain long term tumor remission allowing for long-term
follow up (90 days, Figure 3.4c). Mice treated with Rv-CARs were euthanized
on day 90 and TRAC-CAR T cells recipients on day 75. All CARs maintained
long-term tumor remission post primary tumor clearance, which typically
occurred within 17 days according to BLI. A considerable increase in bone
marrow and splenic CAR T cell numbers was found in mice treated with TET2-
edited Rv-19BBz, Rv-1928z+41BBL and TRAC-1928z CAR T cells compared
to their unedited counterparts (Figure 3.4d). In contrast, CAR T cell numbers in
TET2-edited and unedited Rv-1928z in both bone marrow and spleen were not
significantly different (Figure 3.4d), except for a single mouse (1 out of 10) that
showed increased number of CAR T cells. Flow cytometric analysis of CAR T
cells isolated from bone marrow again showed increased CCR7 expression in
TET2-edited Rv-19BBz, Rv- 1928z+41BBL and TRAC-1928z CAR T cells
compared to their unedited counterparts, but not in TET2-edited Rv-1928z T

cells (Figures 3.5a-b). Flow cytometry analysis of inhibitory receptors did not
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reveal any significant differences between unedited and TET2-edited groups
for all 4 CAR designs (Figure 3.5¢). This long-term follow-up thus established
that TET2 editing may lead to pathological CAR T cell accumulation occurring
weeks or months after tumor clearance, the magnitude and frequency of which

depend on the CAR type.

Confirming the hyper-proliferative phenotype with a different TET2 gRNA
and another tumor model

To ascertain that our observation of hyper-proliferative phenotype was not
model specific or an off-target effect of the gRNA, we setup a human prostate
cancer model in NSG mice (Figure 3.6a). PC3-PSMA bearing mice were
treated with a curative dose of PSMA targeting CD28-costimulated CARs that
co-express the 41BB ligand (Pd28z+41BBL, 2e5/mouse) to allow for durable
anti-tumor response and enable long-term monitoring of the mice. Peripheral
bleeds were performed 30 days after CAR T cell injection. TETZ2-edited
Pd28z+41BBL CAR T cells (both with the previously used gRNA-g1 and the
new gRNA-g2) were present at almost ~10-fold higher numbers in the
peripheral blood as compared to scrambled gRNA edited Pd28z+41BBL
(Figure 3.6b). Splenic CAR T cell quantification of WT Pd28z+41BBL and
TETZ2-edited Pd28z+41BBL (Top 5 with the highest peripheral Pd28z+41BBL
CAR T cell counts) revealed 4/5 TETZ2-edited Pd28z+41BBL treated mice
bearing over 100 million CAR T cells in their spleen at day 45 (Figure 3.6c).
These findings collectively rule out the possibility that the late-stage hyper-
proliferative phenotype is a CD19 model dependent or a guide RNA specific

observation.
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Discussion

TET2 deficiency in HSCs results in skewing towards myeloid lineage'*°. Murine
TET2-deficient CD8* T cells studies were conducted in CD4Cre* conditional
TET2 knockout (TET2 cKO) mouse that lack TET2 in all mature o T cells™#.
However, no significant differences in T cell homeostasis were observed in
TETZ2 cKO mice. Frequencies and absolute numbers of thymic and peripheral
T cells were not significantly different between WT and TET2 cKO mice. Carty
et al. reported that, following acute lymphocytic choriomeningitis virus (LCMV)
infection, TET2-deficient CD8" T cells have enhanced memory percussor
effector cell (MPEC) population and reduced short lived effector cell (SLEC)
population during primary anti-viral response (Day 8 p.i.). However, early T cell
expansion in response to viral infection was very similar between WT and
TET2-deficient groups. Carty et al. reported no incidence of a hyper-
proliferative phenotype over time in TET2 cKO mice. Fraietta et al. also
describe an improved expansion and expression of memory markers in 4-1BB
co-stimulated human CAR T cells that co-express TET2 shRNA over control
shRNA co-expressing 4-1BB CAR T cells in an in vitro model of weekly
stimulation*?. Another report by Kong et al. describes inhibition of bromodomain
and extra-terminal domain (BET) by pharmacological agent JQ1, reinvigorates
CAR T cells (4-1BB costimulatory domain) derived from patients that showed
partial or no anti-tumor response upon administration of autologous CAR T cells
in part by inhibition of TET2'%°, Consistent with earlier observations, we observe
that TET2-editing can increase expression of memory markers in human CAR
T cells. However, we find that the degree to which TET2-editing can increase

expression of memory markers depends on the CAR design (Rv-1928z vs Rv-
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19BBz) and expression (Rv-1928z vs (TRAC-1928z, Rv-1928z+41BBL)).
Notably, TET2 disruption did not increase expression of CCR7 expression for
Rv-1928z CAR T cells, likely due to the very strong induction of effector function
in Rv-1928z CAR T cells. Variant CD28 CAR designs that limit induction of
effector function (TRAC-1928z and Rv-1928z+41BBL) are, however, amenable
to reprogramming by TET2-editing to increase expression of memory markers.
The emergence of hyper-proliferation and associated pathology in T cells with
TETZ2-editing has not been reported before. The clonal expansion reported by
Fraietta et al. subsided after tumor clearance from ~95% of total CAR product
(at the peak of anti-tumor response) to <1% of total CAR product (post
resolution of the tumor). In the next chapter, we characterize the hyper-

proliferative CAR T cells and identify the drivers of proliferation.

The empirical correlation between TET2-editing allowing for more CCR7* CAR
T cells and enhanced anti-tumor efficacy across different CAR designs is
intriguing and suggests crosstalk between T cell differentiation mechanisms
mediated by TETZ2 deficiency and CAR signals. CCR7 (along with CD62L) is
widely used as a marker for memory T cell subset. Multiple reports have shown
that CCR7*/CD62L" CAR T cells outperform CCR7-/CD62L- CAR T cells in in
vitro models of repeated stimulation and pre-clinical tumor models'®'. However,
once the TET2-edited CAR T cells achieve hyper-proliferative state, they are
unlikely to possess characteristics of memory T cells. We will test this

hypothesis more directly in the next chapter.
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In summary, we find that TET2-editing enhances anti-tumor activity and CCR7*
expression of T cells in a CAR dependent manner. However, over time TET2-
edited CAR T cells enter a stage of hyper-proliferation in absence of detectable

tumor burden. This unchecked proliferation results in pathology in mice.
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Figure 3.1: Schematics of CAR T cell generation and murine xenograft model.

a, gRNA targeting of TET2 locus. b, Schematics of CD28 and 4-1BB CAR designs.

¢, Schematics of CAR T cell generation protocol and murine NALM6 model. d-e, CAR
transduction efficiency and CAR T cell differentiation phenotyping pre-infusion in mice for
Rv-1928z (d) and Rv-19BBz (e).
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Figure 3.2: The CAR determines anti-tumor potency gain of TET2-edited T cells.

a-c, Mice survival (a) and tumor radiance (b,c) under Rv-1928z (dose: 1e5, n=12) CAR T
cell treatment. d-f, Mice survival (d) and tumor radiance (e,f) under Rv-19BBz (dose: 2e5,
n=12) CAR T cell treatment. g-h Bone marrow (g) and splenic (h) CAR T cell quantification
at 3 weeks post infusion. Data is represented as meanzSE. i-j, Differentiation phenotyping
of bone marrow CAR T cells at week 3 post infusion (n=3). k, CAR T cell inhibitory receptor
expression at week 3 post infusion from mouse bone marrow (n=3). p values were determi-
ned by log-rank Mantel-Cox test (a,d), Mann—Whitney test (g,h) and x2 test (j).
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Figure 3.3: TET2 editing enhances the anti-tumor efficacy of TRAC-1928z and
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transduction efficiency and CAR T cell differentiation phenotyping pre-infusion in mice for
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free mice survival (f) and tumor radiance (g) under TRAC-1928z (dose: 1e5, n=15) CAR T
cell treatment.h-i, Differentiation phenotyping of bone marrow CAR T cells at week 3 post
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Figure 3.6: Effect of TET2 editing on CAR T cell accumulation in a prostate cancer
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CHAPTER 4

BATF3/MYC axis drives hyper-proliferation of TET2-deficient CAR T cells

Introduction

In Chapter-3, we describe emergence of a hyper-proliferative T cell population,
the frequency of which is dependent on the CAR. In this chapter, we further
characterize the hyper-proliferative population. We first assess TET2 allelic
status of the hyper-proliferative populations since Cas9 nucleus can result in
both monoallelic and biallelic editing at the gRNA target site. We then
functionally address the cause of different frequencies of emergence of hyper-
proliferative state across different CAR designs. Given that the hyper-
proliferative population is largely CCR7*, we assess the effector function of
these CAR T cells. Finally, we perform a series of experiments to identify the

drivers of proliferation in TET2-edited hyper-proliferative population.
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Results

Achieving a hyper-proliferative state requires bi-allelic TET2 disruption
All hyper-proliferative T cell populations identified were CAR*. However, their
TET2 allelic status was unknown. We hypothesized that there would be an
enrichment for biallelic TETZ2-editing if total loss of TET2 is required for
achieving hyper-proliferative state. We chose Rv-1928z and Rv-1928z+41BBL
CAR designs to assess changes in TET2-editing over time. Pre-infusion Rv-
1928z and Rv-1928z+41BBL CAR T cells had very similar TETZ2-editing
efficiency (Figures 4.1a-b). By day 21 post infusion, we observed enrichment
of TET2-editing for Rv-1928z+41BBL but not Rv-1928z (Figures 4.1c-e). In
subsequent follow-up, large splenic T cell counts (>100e6, indicative of hyper-
proliferative phenotype) were reached in 12/15 mice treated with TET2-edited
Rv-1928z+41BBL, but only in 2 of 15 mice treated with TET2-edited Rv-1928z
CART cells, detected by day 90 and 200, respectively. In the latter two cases
(2-00 and 2-2), we found a 19bp deletion in both alleles in 2-2 (Figure 4.2a) and
a large biallelic integration of a partial retroviral vector in 2-00 (Figure 4.2b).
Five of the expanded TETZ2-edited Rv-1928z+41BBL populations harvested at
day 90 were randomly selected for analysis and all were found to be nearly
entirely (>98%) biallelically TET2-edited

(Figures 4.2c-g). We confirmed total ablation of TETZ2 on a protein level as well
(Figure 4.2h). Thus, bi-allelic TET2 editing (TET2req) is enriched over time,
irrespective of CAR design, consistent with it being required for achieving a

hyper-proliferative T cell state.
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Multiple clones achieve hyper-proliferative status

We assessed clonal composition in the hyper-proliferative CAR T cell
populations by TCRvB sequencing. All 5 Rv-1928z+41BBL populations were
multiclonal, with no clone constituting >50% of the total CAR product, except
for sample 17-1 where a single clone accounted for ~82% of the CAR T cells
(Left panel, Figures 4.2c-g). In contrast, both Rv-1928z populations (2-00 and
2-2) largely consisted in a single clone (>95%. Figures 4.2a-b), consistent with

the lesser probability of 1928z CAR T cells achieving clonal expansion.

The lack of shared TCRs between different hyper-proliferative populations, the
absence of GVHD in mice with hyper-proliferative CAR T cell population and
the emergence of clonal dominance in TRAC-1928z CAR T cell-treated mice
(Figure 4.2i), in which TCR expression has been disrupted (>90%) suggested
that the TCR is not required for acquisition of a hyper-proliferative phenotype.
To further exclude a role for TCR engagement in achieving sustained clonal
expansion, we ablated TCR expression in conjunction with TET2 disruption
before transduction of Rv-1928z+41BBL and compared the frequency of
emergence of the hyper-proliferative phenotype in recipient mice. Long-term
follow up of TCR*TET2-edited and TCR TET2-edited Rv-1928z+41BBL CAR T
cells revealed no differences in frequency of CAR T cells achieving a hyper-
proliferative state and their differentiation state (Figures 4.3a-c), confirming that

antigen recognition by the TCR is not required for sustained proliferation.

Clonality and clonal persistence are imparted by the CAR

We hypothesized that the difference in clonal diversity amongst TETZ2-edited
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hyper-proliferative Rv-1928z (Figures 4.2a-b) as compared to Rv-
1928z+41BBL (Figures 4.2c-g), TRAC-1928z (Figure 4.2i), and Rv-19BBz
(Figure 4.2j) owed to differences in T cell proliferation and persistence imparted
by the CAR design. To this end, we introduced either Rv-1928z or Rv-
1928z+41BBL in the same pool of TET2-edited T cells and compared the fate
of common TCRv clonotypes expressing either CAR (Figure 4.4a). Pair-wise
analysis revealed major differences in clonal evolution between Rv-1928z and
Rv-1928z+41BBL from day O (pre-infusion CAR T cells) to day 21 (Figures
4.4b-c). This divergent evolution is illustrated by tracking the persistence of the
100 most frequent clones in the Rv-1928z pre-infusion cell population, all of
which were also present in the Rv-1928z+41BBL pre-infusion product (Figure
4.4d). By day 21, most (70/100) of these clones were still detected in Rv-
1928z+41BBL CAR T cells, while only 3/100 were detectable in recipients of
Rv-1928z CAR T cells (Figure 4.4d). Retro-tracking clones present in hyper-
proliferative populations (day 90) to pre-infusion, we found few persisting
clones for Rv-1928z in contrast to Rv-1928z+41BBL (Figures 4.4e-f), even
though both Rv-1928z and Rv-1928z+41BBL had similar pre-infusion clonal
diversity (Figure 4.4g). The difference between Rv-1928z and Rv-
1928z+41BBL in their respective clonal longevity was further evidenced by
tracking the 100 most frequent clones from the pre-infusion Rv-1928z and Rv-
1928z+41BBL CAR populations up to day 90. None were detected in Rv-1928z
Figure 4.4h), whereas a few of the earliest clones detected on day 0 remained
detectable in the day 90 Rv-1928z+41BBL population (Figure 4.4i), though they
were not dominant (Figure 4.4j). Altogether, these observations confirmed that

while biallelic TETZ2-editing is necessary for achieving sustained antigen-
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independent proliferation, the frequency with which a T cell can establish a

hyper-proliferative state is determined by the chimeric antigen receptor.

Uncoupling of proliferative and effector functions in persisting TET2ped
CART cells

To assess the functional properties of the hyper-proliferative CAR T cell
population, we first evaluated the cytolytic function of hyper-proliferative
TET2ved CAR T cells. TET2ved CAR T cells demonstrated diminished cytolytic
ability and failed to eliminate NALM®6 both in vitro and in vivo (Figures 4.5a-c).
For further molecular characterization, we focused on Rv-1928z+41BBL CAR
T cells since the unedited Rv-1928z+41BBL CAR T cells persisted the most
among the 4 tested CAR designs, thus providing a matched, unedited control.
Transcriptional profiling of hyper-proliferative TET2veds and WT Rv-
1928z+41BBL CAR T cells revealed an increased expression of cell cycle-
related factors in the former (Figures 4.5d-e). In contrast, induction of effector
cytokines (IL2, IFNy, TNFa) was greater in WT Rv-1928z+41BBL CAR T cells
than in TET2ved Rv-1928z+41BBL (Figure 4.5f). Collectively these observations
establish that by day 90 TET2reds CAR T cells achieve a state of robust,

sustained proliferation that is associated with poor effector function.

Hyper-proliferative CAR T cells do not harbor recurrent mutations and
require cytokine support for secondary engraftment

Gene Set Enrichment analysis'®2 (GSEA) did not show enrichment in central
memory/stem cell memory signatures for TET2ped compared to WT Rv-

1928z+41BBL (Figure 4.5g), despite the increased expression of CCR7 in
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TETZ2-edited CAR T cells. Instead, we found enrichment in angioimmunoblastic
T cell ymphoma (AITL) and HTLV1 driven T cell leukemia/lymphoma datasets
(Figure 4.5h). TET2 loss along with acquired secondary mutations has been
reported to cause myeloid and lymphoid malignancies'®3. Additionally, TET2
and TET3 deficient murine T cells cause proliferative disease upon secondary
transplant’®41%_ This led us to gauge the proliferative potential of TET2ped CAR
T cells upon secondary transplant and search for potential genetic drivers of

proliferation.

We therefore investigated whether TET2ved clones harbored acquired
mutations that could account for their clonal dominance. Whole exome
sequencing was performed on three clones expressing different CARs (Figures
4.6a, c, e). Numerous non-synonymous point mutations were observed in all 3
dominant clones (Figures 4.6b, d, f). Analysis of translocations for these 3
samples only identified CAR (CD28/CD3z) fusions (Data not included). Some
chromosomal amplifications and mega-base scale deletions were observed in
a subset of the dominant clone population in samples 17-1 and 4-1 (Figures
4.6a, e). Given their lower frequency compared to that of the dominant clone,
these gross chromosomal defects seem to be late occurring secondary events.
For the retroviral encoded CARs in samples 17-1 and 2-2, we identified the
sites of retroviral integration. None of them disrupted or integrated next to
cancer-related genes associated with AITL or T cell lymphoma (Data not
included). Altogether, we find that hyper-proliferative CAR T cells do not bear
any conserved genetic mutation that could account for their dominance over

other TET2ved CAR T cells.
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Secondary transplant studies of TET2sed CAR T cells showed that they did not
persist without exogenous IL7/15 supplementation (Figures 4.7a-b). Cell
numbers, however, remained modest and were barely detectable at day 150
when the study reached its intended end point (Figure 4.7c). These findings
indicate that TET2ve¢ CAR T cells are unable to autonomously sustain their

proliferation upon secondary transplant.

Establishment of a BATF3 driven MYC-dependent proliferative program

The lack of a conserved genetic driver of proliferation of TET2ve¢ CAR T cells
prompted us to study whether their epigenetic state enables sustained
proliferation. Assay for Transposase-Accessible Chromatin using sequencing
(ATAC-seq) analysis revealed significant differences between accessible
chromatin regions of WT and TETZ2peq Rv-1928z+41BBL CAR T cells (Figure
4.8a). Activator protein (AP-1) family binding motif was the most significantly
enriched motif in differentially open chromatin regions of TET2ved CAR T cells
(Figure 4.8b). Paired transcriptional analysis revealed that, amongst the AP-1
factors, BATF3 was the most significantly upregulated in TET2pe¢ CAR T
(Figure 4.8c). BATF3 has previously been implicated as a driver of proliferation
in HTLV1-associated T cell leukaemia/lymphoma by inducing a MYC
transcriptional program66. Distinct promoter and gene body regions of BATF3,
with some encompassing consensus AP-1 binding motifs, were found to be
more readily accessible in hyper-proliferative TET2ved Rv-1928z+41BBL CAR
T cells compared to WT Rv-1928z+41BBL CAR T cells (Figures 4.8d-e).

Furthermore, TET2ved¢ Rv-1928z+41BBL CAR T cells showed a strong
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enrichment in hallmark MYC targets when compared to WT Rv-1928z+41BBL
CAR T cells (Figures 4.8f). These observations and the analogy to HTLV1-
associated T cell leukaemia/lymphoma suggests that the BATF3/MYC axis may
be essential for sustained antigen-independent proliferation in TET2ped CAR T

cells.

JQ1 and dexamethasone inhibit TET2veds CAR T cell proliferation

JQ1 is an inhibitor of the BET protein BRD4 that has been previously shown to
inhibit BATF3 and MYC expression and inhibit ATLL cell growth'8. Although
JQ1 inhibited proliferation of all tested CAR populations, TET2ved CAR T cells
were more sensitive to JQ1 treatment than pre-infusion TET2-edited CAR T
cells (Figures 4.9a-b). This heightened sensitivity to JQ1 was associated with
a greater suppression of BATF3 and MYC expression in TET2ved CAR T cells

(Figures 4.9d-e).

Dexamethasone has been shown to suppress AP-1 factors. Contrary to JQ1,
dexamethasone did not limit proliferation of pre-infusion TET2-edited CAR T
cells (Figures 4.9a-c). However, it did markedly inhibit proliferation of TET2ped
CAR T cells (Figures 4.9a-c). This increased sensitivity to dexamethasone was
associated with reduction of both BATF3 and MYC expression in TET2ved¢ CAR
T cells (Figures 4.9d, 4.9f). In contrast, MYC expression was elevated in pre-
infusion TET2-edited CAR T cells despite BATF3 inhibition (Figures 4.9d, 4.9f).
The differences in pattern of MYC expression between pre-infusion TET2-
edited CAR T cells and TET2ved CAR T cells upon dexamethasone treatment

suggests dependency of MYC expression on BATF3 in TET2ved CAR T cells.
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Discussion

In this chapter, we characterized the late-stage hyper-proliferative populations
that emerge post tumor clearance in mice treated with TET2-edited CAR T
cells. We find that hyper-proliferative populations are universally associated
with biallelic editing of TET2 and CAR expression (Figure 4.9g). We further
show that TCR expression is dispensable for emergence of hyper-proliferative
populations. TCRvB sequencing of hyper-proliferative populations identified
multiple T cell clones in mice treated with TET2-edited Rv-19BBz, Rv-
1928z+41BBL and TRAC-1928z, while hyper-proliferative TETZ2-edited Rv-
1928z CAR T cells were rare and monoclonal when they occurred. These
observations suggest a probabilistic fate, wherein the chance of establishing a
stable hyperproliferative state is low with Rv-1928z, only allowing rare
breakthrough clones, and increased with CARs that promote greater
persistence. Acquired secondary mutations were found in persisting T cells
over time. However, we did not identify a recurrent mutation amongst different
TET2ved CAR T cell populations. Instead, we identified an epigenetic profile

pointing to key roles for AP-1 factors, including elevated BATF3 expression.

AP-1 factors are critically involved in distinct T cell states?23.124.167-169  Hjgh
levels of BATF3, together with BATF, JunB and IRF4 are associated with
human CAR T cell exhaustion’?3. On the other hand, BATF over-expression in
murine CAR T cells enhances their anti-tumour activity'?4, and BATF3'%° over-
expression in OT-l T cells enhances their memory formation. TET2ped CAR T
cells showed high BATF3, reduced Jun/Fos expression, and enhanced MYC

accessibility for BATF3 binding, resulting in robust proliferation but diminished
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effector function - a profile that differs from canonically defined T cell exhaustion

and T cell memory.

AP-1 factors have also been implicated in oncogenesis'’®. cJUN and BATF
over-expression can lead to uncontrolled proliferation'”".172. BATF3 has been
shown to drive proliferation in T cell leukaemia/lymphoma through MYC'%¢ or
IL2R'73. These diverse reports, and the hyper-proliferative CAR T cell
phenotype we report here, underscore the potency of CAR T cell epigenetic
programming but also the serious long-term safety concerns that may arise

from manipulating TET2 and possibly AP-1 factors.

TET2veds CAR T cells remained sensitive to dexamethasone, which lowered
both BATF3 and MYC expression in these cells. Dexamethasone sensitivity
may account for the unexplained disappearance of a patient's TET2-deficient
19BBz T cell clone following corticosteroid administration to manage cytokine
release syndrome*?. However, prolonged TET2ves CAR T cell clonal
proliferation is prone to result in the accumulation of somatic mutations that
may eventually become resistant to this elimination strategy. Screening for
mutations in elderly subjects who are more likely to harbour TET2 mutations'’4
can reduce the risk of unintentionally generating TET2veda CAR T cells. In
addition, intentional disruption of TET2 for CAR T therapy is likely to lead to an
increased risk of T cell oncogenesis in subjects harbouring other oncogenic
mutations such as in DNMT3a'75776_ In summary, our findings demonstrate the
potential of epigenetic reprogramming to augment CAR T cell potency but

underscore the critical importance of CAR function and AP-1 factor regulation
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in determining the fate of TET2-edited CAR T cells and the eventual risk of

genomic instability.
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Figure 4.2: Hyper-proliferative TET2-edited CAR T populations are biallelically edited
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a,b TCRvp sequencing (left panel) and TET2 status (right panel) of hyper-proliferative Rv-
1928z with a 19bp biallelic deletion (a) and a biallelic integration of the indicated segment for
the retroviral vector (b). Both Rv-1928z are dominant for a single clone (>95% frequency of
the top clone). ¢-g, TCRVp sequencing (left panel) and TET2 status (right panel) of hyper-
proliferative Rv-1928z+41BBL CAR T cell populations. All are biallelically edited for TET2. 4/5
are oligoclonal. 17-1 clone was the Rv-1928z+41BLL hyper-proliferative CAR T cell populati-
on with a single clone at >50% frequency (c). h, TET2 western blot confirming total loss of
TET2 in biallelically edited hyper-proliferative populations. i-j, Examples of oligoclonality in
TRAC-1928z (i) and Rv-19BBz (j).
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Figure 4.3: TCR is dispensable for emergence of hyper-proliferative phenotype in
TET2-edited Rv-1928z+41BBL CAR T cells.

a-b, Differentiation phenotyping in TCR*TET2_ , Rv-1928+41BBL (a) and TCRTET2,,, Rv-
1928z+41BBL (b). ¢, Summary of emergence of hyper-proliferative phenotype post CAR T
cell infusion in mice for different donors. Mice were monitored for 90 days. 2e5 CAR T cells

were used for both the groups.
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Figure 4.4: Properties of the chimeric antigen receptor design determine composition
of TET2, , hyper-proliferative populations.

a, Rv-1928z or Rv-1928z+41BBL CAR T cells were generated from the same donor to asse-
ss the effect of CAR design on clonal persistence. 5 Mice were euthanized at day 21 to ass-
ess clonal diversity post tumor clearance. 15 mice were followed for emergence of a hyper-
proliferative phenotype. b-c, Pair-wise analysis of Rv-1928z (b) and Rv-1928z+41BBL (c) at
day 0 and day 21. d, Top 100 Rv-1928z clones at infusion were mapped in the Rv-1928z+
41BBL infusion product. These clones were then assessed at day 21 for both the CAR recep-
tors. e-f, Pair-wise analysis (day 0 vs day 90) of the lone hyper-proliferative population found
at day 90 for Rv-1928z CAR receptor (e). Representative pair-wise analysis (day 0 vs day 90)
of a Rv-1928z+41BBL hyper-proliferative population (f). Changes in clonality index over time
in Rv-1928z and Rv-1928z+41BBL CAR T cells (g). h-i, Tracking the fate of the 100 most ab-
undant pre-infusion clones in the hyper-proliferative populations of Rv-1928z (h) and Rv-
1928z+41BBL (i). (j) Retro-tracking late-stage dominant clones in the infusion product (Day
0). All dominant clones were isolated at day 90 except for 2-00 which was isolated at day 200.
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Figure 4.5: Loss of effector function in hyper-proliferative TET2, ,CAR T cells.

a-b, In vitro cytolytic activity assessment upon co-culture with NALM®6 for 16-hrs as determin-
ed by luciferase activity for pre-infusion TET2-edited Rv-1928z and hyper-proliferative TET2,
Rv-1928z (2-2) (a) and pre-infusion TET2-edited Rv-1928z+41BBL and hyper-proliferative
TET2, ,Rv-1928z+41BBL (17-1) (b). ¢, NALM6 bearing NSG mice were either treated with
5e5 hyper-proliferative TET2, , Rv-1928z (n=7), Rv-19BBz (n=3), Rv-1928z+41BBL (n=7) and
TRAC-1928z (n=5) CAR T cells or pre-infusion TET2-edited Rv-1928z (dose: 4e5), Rv-19BBz
(dose: 5e5), Rv-1928z+41BBL (dose: 2e5) and TRAC-1928z (dose: 4e5) (n=5 for all pre-
infusion TET2-edited CAR T cells). d, Principal component analysis of resting and stimulated
(24-hrs post co-culture with CD3/28 beads at 1:1 bead to cell ratio) of WT Rv-1928z+41BBL
and TET2, , Rv-1928z+41BBL. e, Elevated levels of cell cycle factors in TET2, , Rv-1928z+
41BBL as compared to WT Rv-1928z+41BBL. Data is represented as mean+SE (n=3). p val-
ues were determined by Wald test with FDR correction.f, Reduced induction of effector cytok-
ines in response to CD3/28 bead stimulation in TET2,  Rv-1928z+41BBL as compared to WT
Rv-1928z+41BBL. Data is represented as mean+SE (n=3). p values were determined by t-test
with FDR correction. g-h, Geneset enrichment analysis (GSEA) reveals no enrichment in ce-
ntral memory (CM) and stem cell memory (SCM) compartments for TET2,  Rv-1928z+41BBL
as compared to WT Rv-1928z+41BBL (g). Enrichment in Angioimmunoblastic Lymphoma
(AITL) and HTLV-1 driven Adult T cell lymphoma/leukemia genesets of TET2,  Rv-1928z+
41BBL (h).
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Figure 4.6: No conserved secondary genetic mutation between different hyper-

proliferative TET2, ,CAR T populations dominant for a single clone.

a, (Right panel) Copy number changes in TET2, , Rv-1928z+41BBL (17-1). The top panel
displays log (ratio) denoted by “(logR)” with chromosomes alternating in the blue and gray.
The middle panel displays log (odds-ratio) denoted by “(logOR)”. Segment means are plotted
in red lines. In the bottom panel total (black) and minor (red) copy number are plotted for ea-
ch segment. The bottom bar shows the associated cellular fraction (cf). Dark blue indicates
high cf. Light blue indicates low cf. Beige indicates a normal segment (total=2, minor=1). The
table shows genetic events occurring at >0.1 cf. (Left panel) CAR T cell clonality as determi-
ned by v sequencing in TET2, A Rv-1928z+41BBL (17-1).b, Nonsynonymous acquired point
mutations in TET2, A Rv-1928z+41BBL (17-1). Mutations that occur at a frequency > ((domi-
nant TCRv frequency/2) -0.1) or >0.3 whichever is lower is annotated. ¢, (Right panel) Copy
number changes in TET2, A Rv-1928z (2-2). (Left panel) CAR T cell clonality as determined
by vB sequencing in TET2, , Rv-1928z (2-2). d, Nonsynonymous acquired point mutations in
TET2,, , Rv-1928z (2-2). e, (Right panel) Copy number changes in TET2,,, TRAC-1928z
(4-1). (Left panel) CAR T cell clonality as determined by vB sequencing in TET2, , TRAC-

1928z (4-1). f, Nonsynonymous acquired point mutations in TET2,  TRAC-1928z (4-1).
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Figure 4.7: Hyper-proliferative TET2, , Rv-1928z+41BBL do not achieve uncontrolled
proliferative state upon secondary transplant.

a, Schematics of secondary transplant of hyper-proliferative TET2, , Rv-1928z+41BBL cells.
The exogenous cytokine supplement had to be stopped at day 60 due to deteriorating mice
condition in response to frequent injections. b, CAR T cell quantification in peripheral blood
under different exogenous supplementation at day 30, day 60 and day 75. Each dot represe-
nts a mouse. UD: undetected. ¢, CAR T cell quantification in bone marrow and spleen at day
150 post CAR T cell infusion. Data is represented as meantSD (b,c). Mann—Whitney test (b).

74



Regions with decreased Re
0] accessibilty: 3899 ac

o
I

Transcription Factors
« bZIP - AP1 Family
« Zinc Finger

[N
I

log,(lfold changel)
®
1

TET2,,,vs WT Rv-19282+41BBL
o

IS
1

) log,(Ifold changel) ) 400 500 J (‘! ,J ‘; 4 bI «I \I T ((I 5! (QI e' \I T ’LI PSR g T 1
TET2,,,vs WT Rv-19282+41BBL FEEEEE <& éfaq;?{\ & OF o&é EEEE ’09&9@
QF & < <7«
d o 41 kb e 48 kb f MYC_Hallmark_V1
10 10—
WT Rv-19282+41BBL WT Rv-19282+41BBL

P
7

Running Enrichment Score

Mm ottt il

= =
TET2,,, Rv-19282+41BBL TET2,,, Rv-19282+41BBL

S 49,0povalue=0.001

7 [T

TET2,,, Rv-1928z+41BBL vs WT Rv-1928z+41BBL

05

10

s ———4— BATF3 CASC11 N e
— Y e

TGANTCA TGANTCA | | [ (. [N

Figure 4.8: BATF3/MYC axis drives hyper-proliferation of TET2,  CART cells.

a, Differentially accessible genomic regions between TET2, , Rv-1928z+41BBL and WT Rv-1928z+41BBL. Both samples
were isolated from mice at day 90. The red dots are peaks with Ifold changel >1.5 and (padj<0.1). b, AP1 binding motif was
most significantly enriched in open chromatin region of TET2,  Rv-1928z+41BBL. Top 10 motifs are annotated. ¢, RNA
expression of AP1-family transcriptional factors in TET2,  Rv-1928z+41BBL and WT Rv-1928z+41BBL. d-e,Increased gen-
omic accessibility (Highlighted by grey background) in promoter and genebody regions of BATF3 (d) and MYC (e). AP1 bin-
ding motif marked by green dashes. f, Geneset enrichment analysis reveals increased MYC signaling in TET2, | Rv-1928z
+41BBL as compared to WT Rv-1928z +41BBL.
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Figure 4.9: JQ1 and dexamethasone treatment inhibit TET2,  CAR T cell proliferation.
a-c, Schematics of the cell proliferation assay (a). The cells were either treated with DMSO,
JQ1 (500nM) or dexamethasone (dexa, 1um). DMSO normalized cell counts for JQ1 (b) and
dexa (c) treatment. p-values were determined by unpaired t-test (b,c). d-f, Schematics of
gPCR study (d). CAR T cells were treated with DMSO, JQ1 or dexa at the same dose as cell
proliferation assay for 12 hours. Transcripts were normalized to B2M for each sample. DMSO
normalized BATF3 and MYC levels under JQ1 (e) and dexa (f) treatment. Multiple unpaired t-
tests corrected by BKY method (e,f). g, Graphical model summarizing the results. Data in b,c,
e,f is presented as meantSD (n=4)
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CHAPTER 5

SUV39H1 disruption enhances functional persistence of CD28

costimulated CAR T cells

Introduction

In the previous chapters, we explored the role of TET2 in CAR T cell function.
In this chapter, we study the effect of disruption of histone methyl transferase,
SUV39H1, in CAR T cell function. We focused on the Rv-1928z CAR in this
study as TET2-editing did not improve anti-tumor efficacy in T cells expressing

this CAR design.
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Results

SUV39H1 disruption improves anti-tumor efficacy of Rv-1928z CAR T
cells

We employed the same CAR T cell generation protocol as was used in the
TET2 study (Figure 5.1a). We were able to achieve a ~80% genome editing
efficiency of the SUV39H1 locus (Figures 5.1b-c). SUV39H1 disruption was
confirmed at the protein level (Figure 5.1d). SUV39H1 is a H3K9
methyltransferase, therefore, we compared global H3K9me3 levels in unedited
and SUV39H1-edited T cells at 2 days and 5 days after electroporation (Figures
5.2a-b). We did not observe significant differences in SUV39H17-edited and
unedited T cells (scrambled gRNA treated), 2 days after electroporation (Left
panel, Figure 5.2b). However, H3K9me3 levels were reduced in SUV39H1-
edited T cells as compared to unedited T cells at 5 days post electroporation
(Middle panel, Figure 5.2b). Interestingly, H3K9me3 levels increased from day

2 to day 5 post electroporation in unedited T cells (Right panel, Figure 5.2b).

We employed the NALM6 B-ALL xenograft model for assessing differences in
anti-tumor activity of Rv-1928z upon SUV39H1 editing (Figure 5.1a). SUV39H1
editing did not significantly affect CAR transduction and pre-infusion
differentiation phenotype (Figures 5.3a-b). SUV39H1 editing enhanced the anti-
tumor efficacy of Rv-1928z CAR T cells relative to their unedited counterparts,
with 9/10 NALM6 bearing mice treated with SUV39H7-edited Rv-1928z CAR T
cells (SUVe Rv-1928z) surviving over the duration of observation (90 days) as
compared to 1/12 mice treated with unedited Rv-1928z CAR T cells (WT Rv-

1928z) (Figure 5.1e). NALM6 have been engineered to express GFP-
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luciferase, which allows us to monitor tumor burden in mice. We noted very
similar primary tumor clearance (first 10 days post CAR T cell injection) in WT
Rv-1928z and SUV®? Rv-1928z CAR T cells (Figure 5.1f). However, mice
treated with WT Rv-1928z relapsed after initial tumor clearance in contrast to
mice treated with SUV#™® Rv-1928z CAR T cells which maintain durable tumor
control (Figure 5.1f). To confirm that the observed effects were not due to an
off-target effect of the gRNA, we setup an invitro model of repeated CAR T cell
stimulation (Figure 5.4a). We identified the top 10 predicted off-target sites,
which included 2 genomic sites with 2 mismatches to the SUV39H1 gRNA and
8 genomic sites with 3 mismatches to the SUV39H1 gRNA (Figure 5.4b). There
were no genomic sites with 1 mismatch to the gRNA. The assay was designed
to first find the rate of editing at the top 10 predicted off-target sites before CAR
stimulation (Figure 5.4a). Editing efficiency at the top 10 predicted off-target
sites was then assessed after 4 rounds of CAR stimulation (Figure 5.4b). We
also assessed editing efficiency at the SUV39H1 locus at both those time
points, hypothesizing that there would be an enrichment for SUV39H1 editing
after 4 rounds of CAR stimulation. All editing efficiencies were analyzed through
sequencing of the PCR product encompassing the editing site. The false
discovery rate (FDR) of this assay was determined through amplifying an
unrelated genomic locus of T cells that were electroporated with only Cas9. The
FDR of this assay was 0.06% (Figure 5.4c). All off-target sites (except off-target
site 9, OT-9) were edited at a frequency near FDR (Figure 5.4c). OT-9 was
edited at a frequency of 1%. No enrichment was observed in any of the 10 off-
target sites after 4 rounds of CAR stimulation (Figure 5.4c). SUV39H1 editing

before CAR stimulation (day 7) was 72.7%, it increased to 83.7% after 4 rounds

79



of CAR stimulation (Figure 5.4c). These observations allow us to rule out an

off-target genome editing event resulting in improved CAR T cell function.

SUV39H1 disruption enhances early CAR T cell proliferation and
persistence

We then assessed the effect of SUV39H1 disruption on in vivo CAR T cell
proliferation and persistence. We chose 3 time points to quantify CAR T cell
numbers (in bone marrow) — day 10, day 17 and day 60 (post CAR T cell
infusion). Day 10 represents early tumor rejection phase for both WT and
SUVe Rv-1928z CAR T cells (Figure 5.1f). At day 17, SUV¢ Rv-1928z CAR
T cells contract post primary tumor clearance while WT Rv-1928z CAR T cells
start experiencing activation due to relapsing tumor (Figure 5.1f). Day 60 CAR
T cell quantification provides an insight into their long-term persistence. For day
60 analysis, we treat NALMG6 bearing mice with 4e5 CAR T cells, which is twice
the stress test dose. This results in effective early tumor clearance (generally
by day 10-15) and allows assessment of persistence in absence of CAR
activation. SUV39H1 editing enhanced early CAR T cell accumulation (day 10,
Figure 5.5a) and long-term persistence (day 60, Figure 5.5c). Day 17 CAR T
cell numbers were not significantly different between SUV39H7-edited and
unedited groups (Figure 5.5b). Flow cytometry analysis revealed increased
CD27 expression atday 17 in WT Rv-1928z CAR T cells as compared to SUVe
Rv-1928z CAR T cells, suggesting increase activation, likely due to tumor
relapse (Figures 5.5¢-d). CD27 levels were not significantly different between
SUVe Rv-1928z CAR T and WT Rv-1928z CAR T cells at day 10 (Figures

5.5¢c-d). IL7Ra, a marker for memory phenotype in T cells, was elevated at both
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day 10 and day 17 in SUV®" Rv-1928z CAR T as compared to WT Rv-1928z
CAR T cells (Figures 5.5c-d). Flow cytometry analysis of inhibitory receptor
expression (PD1, LAG3, TIM3) at both day 10 and day 17 showed a slight
decrease in PD1 expression at day 10 in SUV*"“ Rv-1928z CAR T as compared
to WT Rv-1928z CAR T cells (Figures 5.6a-b) but no significant differences

otherwise (Figures 5.6a-c).

Single cell transcriptional analysis reveals SUV39H7 editing limits
effector differentiation, enhances memory phenotype and improves
clonal diversity

We performed single cell transcriptional analysis on SUV¢ Rv-1928z CAR T
cells and WT Rv-1928z CAR T cells to characterize the effect of SUV39H1
disruption on Rv-1928z CAR T cells (Figure 5.7a). We chose 3 time points for
this analysis — pre-infusion in mice (day 0), 9 days post CAR T cell infusion and
16 days post CAR T cell infusion (Figure 5.7b). Across both genotypes and all
3 time points, we identified 16 sub-populations of CD4’s and 11 sub-populations
of CD8’s (Figures 5.7b-d). As expected, the populations transition from naive-

like to effector over time (Figure 5.7¢).

In line with the previously discussed CAR T cell quantification data, we find
higher fraction of proliferating CAR T cells (both CD4* and CD8*) in SUV39H1-
edited group as compared to unedited group at day 9 (Figure 5.8a). Gene set
enrichment analysis and differential gene expression analysis suggested
reduced effector differentiation in SUV*"? Rv-1928z CAR T cells at both day 9

and day 16 (Figures 5.8b-e). We confirmed reduced cytokine secretion in
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SUVed Rv-1928z CAR T as compared to WT Rv-1928z CAR T cells in an in
vitro model of repeated CAR stimulation (Figures 5.9a-b). Strong effector
differentiation leads to limited long-term persistence and function'®’. Therefore,
we assessed the clonal diversity of CAR T cells by analyzing their TCRf
sequence. As expected, the pre-infusion population was quite diverse in both
SUV39H1-edited and unedited groups leading to a TCR sequence capture of
only a small fraction of the population (Figures 5.10a-b). However, at day 16,
SUVe Rv-1928z CAR T cells display a higher clonal diversity as compared to
WT Rv-1928z CAR T cells, suggestive of their superior fitness (Figures 5.10a-
b). Mitochondrial capacity has been implicated in CAR T cell persistence°6.
This led us to assess glycolytic and mitochondrial function of SUV® Rv-1928z
CAR T cells and WT Rv-1928z CAR T cells over time, under conditions of
repeated CAR stimulation (Figure 5.11a). We did not find significant differences
in mitochondrial capacity between SUV®" Rv-1928z CAR T cells and WT Rv-
1928z after 2 rounds of CAR stimulation (Figure 5.11b, left panel). However,
SUV¢Y Rv-1928z CAR T cells have improved mitochondrial function after 3™
and 4™ round of CAR stimulation, suggestive of their improved cellular fitness
(Figure 5.11b, middle and right panel). The glycolytic rates were not
significantly different between WT and SUV¢ Rv-1928z CAR T cells (Figure

5.11c).

SUV39H1 disruption enhances the ability of Rv-1928z CAR T cells upon
multiple rechallenges
SUV39H1 deficient CD8" T cells demonstrated poor ability to eliminate Listeria

monocytogenes infection upon rechallenge due to poor effector
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differentiation’®?. To assess the ability of SUV? Rv-1928z CAR T cells to
eliminate tumor upon rechallenge, we modified the previously discussed
xenograft model such that mice are rechallenges with NALM6 multiple times
(3-5 times, Figure 5.12a). In this setting, we found that SUV?"® Rv-1928z CAR
T cells outperformed WT RV-1928z CAR T cells in their ability to reject tumor
(Figures 5.12b-c). CAR T cell quantification in the bone marrow and spleen
after 5 rounds of rechallenge showed increased CAR T cell numbers upon
SUV39H1 editing (Figure 5.12d). We also performed paired transcriptional and
chromatin accessibility (ATACseq) analysis of WT and SUV? Rv-1928z CAR
T cells that had undergone 3 rounds of rechallenge (Figure 5.12a).
Transcriptional analysis revealed increased expression of memory associated
transcription factors and receptors such as TCF7, LEF1, CCR7 and IL7R in
SUVe Rv-1928z CAR T cells as compared to WT Rv-1928z CAR T cells
(Figure 5.12e). WT Rv-1928z CAR T cells expressed increased levels of
effector/terminal-effector state associated transcription factors such as TBX21,
EOMES and PRDM1 (Figure 5.12¢). Increased expression of various inhibitory
receptors such as PDCD1, LAG3, HAVCR2, CTLA4, CD38, KLRG1 And TIGIT
was also observed in WT Rv-1928z CAR T cells (Figure 5.12e). Geneset
enrichment analysis revealed increased enrichment of human T cell exhaustion
associated genes in WT Rv-1928z CAR T cells (Figure 5.12f). ATACseq
revealed increased global accessibility in SUV? Rv-1928z CAR T cells as
compared to WT Rv-1928z CAR T cells, which is expected, given SUV39H1’s
role in mediating methylation at H3K9 and maintaining heterochromatin
structure (Figure 5.129). Interestingly, while global chromatin accessibility was

higher in SUV® Rv-1928z CAR T cells, we observed reduced chromatin
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accessibility of several inhibitory receptors and effector/terminal-effector state
associated transcription factors in SUV*" Rv-1928z CAR T cells as compared
to WT Rv-1928z CAR T cells (Figure 5.12h). We confirmed some of these
findings by flow cytometry in CAR T cells that had undergone 5 rounds of
stimulation (over 70 days post infusion in mice, Figures 5.13a-b). Motif analysis
of genes that were upregulated in SUV?" Rv-1928z as compared to WT Rv-
1928z CAR T cells showed an enrichment of E2F motif (Figure 5.12i). E2F
transcription factors are mediators of cellular proliferation'’”. Therefore, motif
analysis in conjunction with the previously discussed single cell transcriptional
analysis and CAR T cell quantification suggests increased proliferation in
SUVe Rv-1928z CAR T cells under conditions of rechallenge. Motif analysis
of genes that were downregulated in SUV* Rv-1928z as compared to WT Rv-
1928z CAR T cells showed an enrichment of TCF7 (Protein TCF1)/LEF1 motif
(Figure 5.12j). TCF1 and LEF1 are homologous proteins that have both
transcriptional activating and inhibitory domains'”8. TCF1/LEF1 have also been
shown to remodel chromatin during T cell development'”®. TCF1/LEF1 repress
transcriptional factors that mediate effector differentiation (/ID2, PRDM1)'8 and
inhibitory receptors (PDCD1, LAG3, CTLA4)'’® and are in turn inhibited by
effector state associated transcription factors'®' and effector cytokines'8".182,
With the context of transcriptional and chromatin accessibility analysis,
enrichment of TCF7/LEF1 motif in genes that are downregulated in SUV* Ry-
1928z CAR T cells suggests that the increased expression of TCF7 and LEF1
in SUV# Rv-1928z results in suppression of terminal effector differentiation of
SUVe Rv-1928z CAR T cells allowing for increased CAR T cell proliferation

and persistence leading to improved tumor control.
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Discussion

In this chapter we show that the disruption of SUV39H1 in Rv-1928z CAR T
cells enhances their anti-tumor efficacy. Disruption of SUV39H7 in human T
cells leads to significant reduction of global H3K9me3 levels as early as 5 days
post SUV39H1 editing. SUV*? Rv-1928z CAR T cells have reduced cytokine
secretion as compared to WT Rv-1928z CAR T cells. However, the differences
in cytokine secretion disappear after repeated CAR stimulation. Several reports
have identified metabolic changes associated with different cytokines'®.
Memory T cells rely on fatty acid oxidation (FAO) while effector T cells favor
glycolysis'*. Although early metabolic features are indistinguishable in
unedited and SUV*?"? Rv-1928z CAR T cells. Over time, SUV¢ Rv-1928z CAR
T cells display improved mitochondrial capacity while maintaining similar
glycolytic rate as unedited Rv-1928z CAR T cells. Whether these late-stage
metabolic differences are due to differences in cytokine secretion or due to
continued expression of memory associated transcription factors needs to

delineated.

SUV39H1 editing enhances early and late Rv-1928z CAR T cell numbers.
Single cell transcriptional analysis reveals improved late-stage clonal diversity
of SUVe Rv-1928z CAR T cells. Several studies have shown that SUV39H1
and other histone methyl transferases interact with E2F transcription factors
through their association with retinoblastoma (RB7) during cell cycle which
leads to deposition of H3K9me3 marks on E2F target genes such as CyclinE
and CyclinA2 resulting in their silencing'8%186_As a result, CyclinE and CyclinA2

activity are elevated in SUV39H1 null fibroblast'8. Whether similar processes
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are happening in CAR T cells needs to be studied. Single cell transcriptional
analysis also shows that only a few CAR T cell sub-populations show enhanced
cell cycle signature in the SUV39H17-edited group as compared to unedited
group. Why SUV39H1 disruption only affects proliferation in specific

subpopulations of CAR T cells is intriguing and warrants further study?

The effect of SUV39H1 editing on cytokine secretion and proliferation of Rv-
1928z CAR T cells is similar to the effect of mutation of the two distal ITAM
domains of the CD3z in the 1928z CAR, termed the Rv-1928z-1xx CAR'Y". Like
SUVe Rv-1928z, Rv-1928z-1xx CAR outperforms the Rv-1928z CAR in both,
in vivo anti-tumor efficacy at limiting CAR T cell dose and under repeated in
vivo tumor rechallenges. Both SUV¢ Rv-1928z and Rv-1928z-1xx CAR T cells
allow for durable tumor control at a dose where Rv-1928z CAR treated mice
begin to relapse after early tumor control. However, there is one significant
difference when comparing the in vivo performance of SUV¢ Rv-1928z and
1xx CAR with Rv-1928z CAR T cells. The primary tumor control between
SUVeY Rv-1928z and Rv-1928z CAR T cells is very similar. However, Rv-
1928z-1xx has a slower kinetics of primary tumor control as compared to Rv-

1928z CAR T cells07,

CARs (Ex: Rv-19BBz, Rv-1928z-1xx) that have weaker effector differentiation
than Rv-1928z, have a higher threshold for antigen levels on target cells to
mediate cytolysis®:194.187 The effect of SUV39H1 editing on Rv-1928z antigen

recognition sensitivity is an area of future study.

86



SUV39H1 deficient murine transgenic OT-1 CD8* T cells show similar primary
control of Listeria monocytogenes infection as compared to WT OT-1 CD8* T
cells™2. However, upon rechallenge with Listeria monocytogenes, SUV39H1
deficient CD8* T cells fail to elicit effective effector response’?. In contrast,
SUVe Rv-1928z CAR T cells show an improved ability to reject tumor upon
multiple rechallenges as compared to WT Rv-1928z CAR T cells. This
difference in phenotype can be due to two reasons — 1) Differences in murine
and human T cell biology. 2) Differences in CAR T cell and T cell effector
function upon rechallenge. As was discussed in the TET2 study, Rv-1928z CAR
T cells have a very potent effector function. Therefore, it is possible that
SUV39H1 deficiency in Rv-1928z CAR T cells allows of residual effector
function that can still effectively eliminate tumor upon rechallenge. TCF7
expression has been identified as a marker in T cells that respond to checkpoint
blockade in murine chronic viral infection model'®® as well as in human
melanoma''. Further evidence of role of TCF7/LEF1 expression in limiting
exhaustion in SUVeY Rv-1928z CAR T cells comes from GSEA analysis
showing enrichment of gene signature associated with non-responders to
checkpoint blockade'! in unedited Rv-1928z CAR T cells. Therefore, it
appears that SUV39H1 editing in Rv-1928z CAR T cells tunes their effector
function such that it allows for continued tumor rejection while maintaining
proliferative abilities. Whether SUV39H1 editing will enhance the anti-tumor
efficacy of T cell expressing other CAR designs that differ in their effector
function and proliferative properties from retrovirally encoded CD28-CAR still

needs to be determined.
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In summary we find that SUV39H1 editing enhances the anti-tumor efficacy of
Rv-1928z CAR T cells by enhancing their proliferation, persistence and limiting
the onset of exhaustion due to continued expression of memory transcription

factors, particularly TCF7 and LEF1.
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Figure 5.2: SUV39H1 disruption reduces global H3K9me3 levels in T cells.

a, Schematics of H3k9me3 FACS assay, b, Representative H3K9me3 flow data for each time
point. ¢, Summary data from two replicates per donor (2 donors). p values were determined

by Mann-Whitney (c).
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Figure 5.5: SUV39H1 disruption enhances early 1928z CAR T cell proliferation and
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a-c, CAR T cell quantification in the bone marrow at day 10 (a), day 17 (b), and day 60 (c).
(n=4-5 group for each day). d, Representative CAR T cell IL7R-a (Left) and CD27 (Right)
flow cytometry plots at day 10 (Top panel) and day 17 (Bottom panel). e, Summary data for
IL7R-a and CD27 flow cytometry plot replicates. p values were determined by Mann-Whitney
(a-c, e)

93



(WT) 19282 (SUV KO) 1928z (WT) 19282 (SUV KO) 1928z (WT) 19282 (SUV KO) 1928z

Day 10

c@gfm + C%&IIAGZH

~
CAR+TIM3+ CAR+TIM3+ %
CARHPD1+ CAR4PDI+ CARHAGS CARHAGS+ AR AR 8
4
<
o
PD1 LAG3 TIM3
b Day 10 c Day 17
N . 15000 60000 6000
80000 150009 o . 8000
+ 3
.
I 60000 T 10000 — 40000 i 6000 T 4000
L Z10000 L z = s
= © @ = @ ®
Q40000 Q = o 2 4000 =
o < = 2 < g
= 5000 5000 20000 - 2000
20000 2000
0 0 0 0 0 0

Figure 5.6: CAR T cell inhibitory receptor expression.

a, Representative CAR T cell PD1, LAG3, TIM3 flow cytometry plots at day 10 (Top panel)
and day 17 (Bottom panel). b-c, Summary data for PD1, LAG3, TIM3 flow cytometry plot rep-
licates at day 10 (b) and day 17 (c). Data is represented as meanzSD (b,c). p values were
determined by Mann-Whitney (b).
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Figure 5.8: Increased proliferation and reduced effector function in Rv-1928z CAR T
cells upon SUV39H1 disruption.

a, Frequency of cycling cells at day 9 between unedited and SUV39H7-edited Rv-1928z CAR
T cells. b, GSEA analysis at day 9. ¢, Differentially expressed genes between unedited and
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Figure 5.9: Cytokine secretion upon repeated CAR stimulation.

a, Schematics of repeated CAR stimulation assay. Cytokines were measured in the media 24
hours after co-culture with target cells at indicated time points (a). b, Cytokine quantification
for unedited and SUV39H1-edited Rv-1928z CAR T cells. TNF was below assay detection lim-
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meanzSD (b). p values were determined by Mann-Whitney (b).
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Figure 5.10: SUV39H17-editing enhances clonal diversity of Rv-1928z CAR T cells.

a, Progression of Gini index over time. Gini index is reflective of “inequality” of TCRs in a
given population. The lower the index, higher is the diversity. b, Distribution of large clones
(Clone size>1) at day 0, 9, and 16 between unedited and SUV39H17-edited Rv-1928z CAR
T cells.
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Figure 5.11: Metabolic assessment of unedited and SUV39H7-edited CAR T cells under
conditions of repeated stimulation.

a, Schematics of repeated CAR stimulation assay. Oxygen consumption rate (OCR, b) and
extra cellular acidification rate (ECAR,c) were measured three days CAR stimulation. b-c,
OCR (b) and ECAR (c) rates of unedited and SUV39H17-edited Rv-1928z CAR T cells were
assessed at the indicated time points. Data is represented as meantSD (b, ¢). p values were
calculated by unpaired t-test (b).
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Figure 5.12: SUV39H1-editing enhances the ability of Rv-1928z CAR T cells to reject
tumor upon multiple rechallenges.

a, Design of the rechallenge study. Mice were treated with 2e5 Rv-1928z CAR T cells. Tumor
rechallenge was done with 2e6 NALMG6. b, Tumor radiance over time. Tumor rechallenge is
indicated by arrowheads. ¢, Comparing tumor radiance between unedited and SUV39H1-
edited Rv-1928z CAR T cells at day 51 (last time point [tumor radiance measurement] when
all unedited Rv-1928z CAR T cells are alive). d, CAR T cell quantification in bone marrow and
spleen. e, RNAseq heatmap of memory, effector, and inhibitory receptor genes. f, GSEA sho-
wing enrichment of human T cell exhaustion signature in unedited Rv-1928z CAR T cells. g,
Mean average plot (ATACseq). Red dots are peaks with p, dj<0.1. h, ATACseq heatmap, most
significant peak associated with memory, effector, and inhibitory receptor genes is highlighted.
i,j Motif enrichment analysis identifies E2F motif (i) enriched in genes up-regulated in
SUV39H1-edited Rv-1928z CAR T cells and LEF1 motif (j) in genes down-regulated in
SUV39H1-edited Rv-1928z CAR T cells. p values were determined by Mann-whitney (c,d)
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Figure 5.13: Activation and inhibitory receptor expression in CAR T cells after repeated
tumor rechallenge.

a, Representative CAR T cell CD27, PD1, LAG3, TIM3 flow cytometry plots at day 70. b, Su-
mmary data for CD27, PD1, LAG3, TIM3 flow cytometry plot replicates at day 70. Data is rep-
resented as meantSD (b). p values were determined by Mann-Whitney (b)
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CHAPTER 6

Concluding Remarks

This thesis describes the effects of disruption of epigenetic factors, TET2 and
SUV39H1, in T cells expressing different CAR designs. We find that the CAR
properties determine whether a T cell would gain enhanced anti-tumor
properties upon TETZ2 disruption. The CAR also determines the frequency with
which a clone would enter an antigen independent hyper-proliferative state.
These observations highlight the need to consider the nature of CAR properties
into devising engineering strategies to improve their function. Improving CAR T
cell therapy for a particular tumor type can involve several different parameters,
some T cell extrinsic such as tumor-cell death programs, tumor
microenvironment, access to tumor site among others. Others require
optimizing elements of T cell biology such as proliferation, persistence, effector
function, resistance to immune inhibitory mechanisms, and antigen sensitivity.
The above-mentioned properties of T cells are inextricably linked to one
another, modulating one will inevitably have consequences on the other. For
example, Rv-1928z CAR T cells have strong effector function and exquisite
antigen sensitivity as compared to Rv-19BBz CAR T cells that allows them to
eliminate low antigen expressing tumors®. However, Rv-1928z CAR T cells
have limited persistence which may lead to tumor relapse'?’. As a result, the
likelihood of success with one size fits all approach in engineering next
generation of improved CAR therapies is low. A more deliberate approach

considering the constraints imposed by both T cell intrinsic and extrinsic factors
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and engineering approaches to overcome those limitations is more likely to

succeed.

Another important takeaway from our TET2 study is the often-overlooked
element of safety while engineering potent CAR T cell therapies. While T cells
appear to be intrinsically resistant to transformation*4, multiple clonal
expansions in patients receiving CAR T cells have been reported*?8'.18%_ While
none of the clonal CAR T cell expansions have been lethal, there is a risk of
pathogenicity as we continue to engineer more potent CAR therapies. It is
therefore important to develop pre-clinical models and frameworks to assess

risk of new CAR engineering approaches.

Pre-clinical modeling of CAR T cell therapy is inherently difficult — working with
human T cells necessitates use of immune deficient mouse models. On the
other hand, syngeneic murine models require working with murine T cells. In
fact, CRS, the most significant toxicity associated with CAR T cell therapy was
not observed in the early pre-clinical CAR T cell models. Nevertheless, most
CART cell studies focus on anti-tumor efficacy in murine models over relatively
short duration (<50 days). Therefore, there is a danger of missing out on
toxicities that become evident only after a long time. We anticipate that the use
of curative CAR T cell doses to assess long-term monitoring, along with clone
tracking, retroviral integration site analysis, and exome analysis will provide a

framework to study safety of CAR T cells in a pre-clinical setting.
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The effects of SUV39H1 disruption on Rv-1928z CAR T cells highlights the
potential of epigenetic engineering strategies to affect T cell phenotype even
under the influence of potent CAR designs. It further highlights the importance
of choosing the right engineering strategy to improve the deficiencies of a
particular CAR design. While SUV39H1-edited Rv-1928z CAR T cells have
reduced effector function, they appear to compensate for reduced effector
function by displaying enhanced proliferation that allows for indistinguishable
primary anti-tumor response when compared to unedited Rv-1928z CAR T
cells. Post-primary tumor clearance, SUV39H7-edited Rv-1928z CAR T cells
outperform unedited Rv-1928z CAR T cells in maintaining durable remission as

well as in eliminating tumor upon rechallenge.

Future Perspectives

The results discussed in this thesis on TET2 and SUV39H1 disruption in CAR
T cells highlights the power of epigenetic programming in affecting CAR T cell
function and the need to carefully evaluate the long-term consequences of
applying these methodologies in CAR T cells. The current work is limited to a
snapshot of an epigenetic state that is ultimately achieved in TET2 and
SUV39H1 deficient CAR T cells, but we do not know the intermediate states
that eventually culminate in the described epigenetic state for both TET2 and
SUV39H1 deficient CAR T cells in this study. Furthermore, the transcriptional
and epigenetic analysis in this thesis for TET2 and SUV39H1 was limited to Rv-
1928z+41BBL and Rv-1928z CAR T cells respectively. Therefore, there is a
need to extend this analysis to other CAR designs to identify similarities and

differences owing to CAR design. In the case of TET2 study, we are conducting

104



experiments to test the role of BATF3 more directly in driving the proliferation
of TET2-deficient CAR T cells. While biallelically edited TET2 CAR T cells enter
a state of antigen independent expansion, a strategy in which TET2 disruption
(but not total elimination) might result in improved CAR T cell efficacy without
the risk of antigen independent expansion might still be possible and needs
further exploration. For SUV39H1 study, we are conducting experiments to
ascertain the role of candidate transcription factors in mediating improved
proliferation and persistence of Rv-1928z CAR T cells. The role of H3K9me3 in
silencing of memory associated transcription factors has also still not been

conclusively established.

Another avenue for research is in the solid tumor model system, especially in
the context of SUV39H1 editing. Solid tumors are generally associated with
chronic T cell activation due to restricted access of T cells to tumors (Sterner et
al., 2021). SUV39H1 editing by allowing for continued expression of memory
factors in CAR T cells under conditions of chronic activation might enable T cell

to maintain their effector function and eliminate the tumor.

Both, TET2 and SUV39H1, were evaluated by disrupting these genes
individually and studying their effect on CAR T cells. With the advent of
CRISPR/Cas9 technology, it has become possible to perform genome wide
pooled screens to identify factors that, when disrupted, will lead to improved T
cell function. These strategies have already been applied to CAR T cells35136
but a lot remains to be explored regarding modeling different clinical scenarios.

Another approach is to over-express a library of genes in conjunction with CAR
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to identify factors that improve CAR function. Recently, a report by Legut et al.
employing this approach to identify lymphotoxin-B receptor (LTBR) as a
receptor that improves CAR T cell function was published'®'. As with knock out
screens, over-expression screens in CAR T cells have only just been explored.
Co-opting these strategies to identify epigenetic regulators of CAR T cell

function is likely to be an interesting area of future study.

Patient monitoring and retrospective analysis of CAR T cells have also yielded
new insights into CAR T cell biology. TET2 was identified by integration site
analysis during clonal expansion of CAR T cells*?. Similar analyses have also
identified insertional mutagenesis of other genes resulting in clonal expansions
such as transforming growth factor-beta receptor type 2 (TGFBR2)'8%, neural
EGFL like 2 (NELL2), and glucocorticoid-induced transcript 1 protein
(GLCCI1)'2,  Concurrently, transcriptional, and epigenetic profiling
technologies are being employed to characterize CAR T cells in patients to
understand changes in their cell state and their associations with patient
response®1.90.91.143 Understanding relationships between CAR T cell state and
patient response will provide us with insights into engineering next generation

of CAR therapies.
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APPENDIXES
Figure1.1 is adapted under license from the template “Stem cell
differentiation from bone marrow” by BioRender (2022,

https://biorender.com/).

Figure1.2 is adapted under license from the template “T-Cell
Development in Thymus” by BioRender (2022).

Figure 1.3 was created with BioRender (2022).
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