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Abstract (350 words)
Strategies for engineering yd T cells to treat pediatric cancers
By Scott Andrew Becker

Developing novel treatments to fight cancer is essential for improving patient outcomes and safety. Cancer
immunotherapy has become an attractive alternative to chemotherapy that harnesses the immune system to
target cancer cells. Adoptive cell therapy (ACT) is a therapeutic technique where immunocompetent cells
are isolated from a patient or healthy donor, expanded and engineered ex vivo, and then administered to the
patient. Traditionally, ACT utilizes autologous aff T cells that are stably engineered using viral vectors,
such as lentivirus. One of the most common engineering strategies is the expression of chimeric antigen
receptors (CARs) that are specific to an antigen on cancer cells. While CAR T cell therapy has seen
promising clinical results, there are several limitations that have been identified during clinical testing.
Transient engineering of yd T cells offers a promising alternative to the traditional stable engineering of af3
T cells and can overcome some of the obstacles with CAR T cell therapy. yo T cells are a small subset of
lymphocytes that bridge the gap between the adaptive and innate immune systems, which makes them the
ideal candidate for ACT. They recognize antigens in an MHC-independent manner and have several
inherent cytotoxic mechanisms that allow them to recognize infected and cancerous cells. Therefore, the
goal of this dissertation was to develop a transient engineering platform for yd T cells through the use of
recombinant AAV and mRNA electroporation. Despite limited gene transfer and poor viability with AAV6
techniques, mRNA electroporation resulted in high transfection efficiency and CAR expression up to 60-
70%. We also show that mRNA electroporation can be used to express a secreted bispecific T cell engager
(sBite) in y6 T cells. The sBite-modified yd T cells were specific and improved the cytotoxicity of modified
and unmodified cells. The CAR- and sBite-modified yd T cells not only exhibited increased cytotoxicity in
vitro, but also reduced tumor burden and improved survival in two in vivo cancer models. Overall, we show
that transient engineering of yd T cells can be an effective platform to develop the next generation of cancer
therapeutics.
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Chapter 1

Introduction to Cancer Immunotherapy



1.1 Cancer Immunotherapy Overview

Cancer immunotherapy has become a focal point in improving treatment options for cancer patients. The
first observation that aspects of immunotherapy can be applied to cancer treatment occurred in the late 19"
century with the discovery that inoculating cancer patients with heat-inactivated bacteria resulted in many
experiencing either short or long term remission [1]. Over the course of the 20™ century, scientific
discoveries in the field of immunology advanced our understanding of the immune system and further
revealed the potential of harnessing the body’s natural mechanisms of immunity to fight cancer. For
example, interferons were discovered to play a role in the immune system’s response to foreign or injured
cells, and the discoveries of several immune cells including T cells, dendritic cells, and natural killer (NK)
cells were instrumental in learning how the body’s immune system functions [2]. With a better grasp of
how the immune system works, scientists began investigating how it can be harnessed to target and
eliminate cancer. This led to breakthroughs in the field of cancer immunotherapy like cancer vaccines,

immune-modulating agents like cytokines and immune checkpoint inhibitors, and adoptive cell therapy.

A. Adoptive cell therapy

Adoptive cell therapy (ACT) is a type of immunotherapy where immunocompetent cells are isolated from
a patient, expanded and engineered ex vivo, and re-infused back into the patient. ACT dates back to the
1980s when Rosenberg et. al. reported the first clinical benefit of co-infusing autologous lymphokine-
activated killer cells with interleukin (IL) 2 to patients with metastatic cancers [3]. Despite only achieving
complete or partial responses in 11 out of 25 patients, this groundbreaking study laid the foundation for
adoptive transfer of immunocompetent cells to treat cancer. The group later improved upon their initial
work by applying their ACT technique to tumor infiltrating lymphocytes (TILs), which resulted in

significant improvements in response rates, both in vivo and clinically [4, 5].

Since these preliminary studies, the field of ACT progressed quickly, with one of the main focal points

initially being the use of TILs. TILs are isolated from a primary tumor by either digestion into a single



cell suspension or by manual cutting into small fragments. The subsequent addition of IL2 to the culture
results in the preferential expansion of lymphocytes that can be infused back into the patient [6]. Many of
the preliminary clinical studies investigating the use of TILs for ACT focused on targeting melanoma,
with varying complete response rates ranging between about 30-60% [5, 7-10]. As more studies were
conducted, researchers optimized the culturing and administration of TILs to patients. An important study
in 2002 by Dudley et. al. demonstrated that pretreating patients with a lymphodepleting regimen before
TIL infusion resulted in increased cell persistence and improved response rates [8]. Researchers also
found more advanced methods of culturing and expanding highly effective TILs from tumors like using
gas permeable G-REX flasks, identifying screening techniques to determine the likelihood of successful

tumor regression, as well as other methods to improve the efficacy of TIL-based ACT [11, 12].

Another source of immunocompetent cells for ACT is the use of lymphocytes isolated from peripheral
blood. Initial attempts focused on infusing T cells that were isolated from a patient and simply activated
ex vivo. The idea that T cells can be directed toward cancer cells through specific activation stems from
the work mentioned above by Dudley et. al., when they showed that clonal populations of T cells specific
to a certain tumor antigen can improve proliferation and persistence in vivo and can help eradicate tumors
[8]. This concept improved response rates compared to simply infusing ex vivo expanded lymphocytes,
however, as technology advanced, researchers began investigating the advantages of engineering T cells.
Engineering T cells significantly advanced the field of ACT because it allowed for a more targeted
approach by redirecting the cytotoxic functions specifically to cancer cells, based on expression of an
antigen. Since then, researchers have investigated methods to enhance the specificity of adoptively
transferred cells, with two main techniques being developed: T cell receptor (TCR) engineering and

expression of chimeric antigen receptors (CARs).

The concept of TCR engineering originated from the work conducted by Dembic et. al. in 1986, when
they first showed that the successful transfer of TCR genes into lymphocytes can redirect their specificity

[13]. Once TCR genes for specific antigens were identified and cloned, this concept was later applied to



introduce TCR genes specific to a single tumor antigen into lymphocytes. In 1999, Clay et. al. published
their work on transducing peripheral blood lymphocytes with cDNA encoding a MART1-specific TCR
and showed the engineered cells were able to lyse a melanoma cell line via the introduced TCR [14].
Since this first groundbreaking publication, researchers have investigated the introduction of TCRs
specific to numerous tumor antigens; including MDM2, LMP2, and many others [15]. Another technique
researcher developed to enhance the specificity of T cells is through the expression of chimeric antigen
receptors. The design of CARs is based on the components of the endogenous TCR, with an extracellular
antigen binding domain and an intracellular signaling domain. The development, advancement, and

success of CAR T cell therapy is discussed below.

B. CARTT cell therapy

The development of CAR T cell therapy has revolutionized cancer immunotherapy, especially ACT, by
allowing for a more targeted therapeutic approach, compared to chemotherapeutics. This is achieved by
engineering T cells to express a receptor that recognizes a specific tumor antigen. The first reports of the
development of chimeric receptors that were able to redirect the cytotoxic capabilities of T cells occurred
in the late 1980s and early 1990s [16-18]. These studies showed that expression of these chimeric
receptors can focus the cytotoxic mechanisms of T cells based on the specificity of antibodies, which can
help target certain cells and results in IL2 secretion and T cell activation. Importantly, it also revealed that
T cells can be activated through mechanisms that are not dependent on antigen presentation via the major

histocompatibility complex (MHC).

CARs combine the signaling components of a T cell’s TCR with the specificity of an extracellular antigen
binding domain. The most common type of CAR uses the single chain variable fragment (scFv) of an
antibody as the antigen recognition domain, which allows for a high affinity interaction between the T
cell and cancer cell [19]. In addition to scFv-based CARs, researchers have also developed CARs based

on natural receptors and ligands [20]. A spacer region is typically placed after the antigen binding domain



and before the transmembrane region. This region is critical for some CAR constructs because it gives
flexibility to the antigen binding domain and can allow for more effective binding to target cells [21]. The
next component of a CAR is the transmembrane domain and is typically comprised of type I membrane
proteins, such as CD3, CD4, CD8, and CD28. Researchers discovered that the transmembrane domain
plays an important role in the activation of CAR T cells. In 2010, Bridgeman et al. showed that CARs
containing CD3C become homodimerized via the transmembrane domain and form complexes with the
endogenous TCR, which improves CAR T cell signaling and activation [22]. The intracellular portion of
the CAR comprises the signaling domains. The most common CARs use CD3( or the signaling

components of an Fc receptor for the activation domain and use CD28, 4-1BB, or OX40 as the

costimulatory domains [23].

Initial work with first generation CARs included only the extracellular antigen recognition domain and an
intracellular signaling domain, without a costimulatory domain. Despite showing signs of minor
activation, these first generation CARs did not elicit production of IL2 and full activation upon binding to
the target [24]. In addition, first generation CAR T cells had very poor proliferative potential in vivo and
therefore showed limited clinical efficacy [25, 26]. As scientists further studied the activation of T cells
and the importance of co-stimulation, researchers applied this concept to the development of CARs. The
current, second and third generation CARs have incorporated one or two costimulatory domains,
respectively. The addition of costimulatory domains, such as CD28 and 41BB, has been shown to
enhance proliferation, persistence, and efficacy of CAR T cells [27-29]. These second and third
generation CARs have shown great promise in preclinical and clinical studies and have greatly advanced

ACT for the treatment of cancer.

C. CD19 CARs and clinical landscape
Although the most successful application of CAR T cells in clinical trials is the treatment of B-cell

malignancies using CD19 CARs, the initial attempts to translate CAR T cells into the clinic focused on



solid tumors, however they were unsuccessful due to limited in vivo persistence and the development of
severe toxicities [30, 31]. Since these initial attempts, the CAR T cell field has focused on B-cell
malignancies and the improvement of CAR design led to more promising results. The first evidence that
CAR T cell therapy was safe and had clinical applications occurred in 2008 at the Fred Hutchinson Cancer
Research Center and the City of Hope National Medical Center [26]. Seven patients with indolent or mantle
cell lymphoma were treated with CAR T cells targeting CD20, with two patients maintaining previous
complete responses, one achieving partial response, and four achieving stable disease. Despite not showing
outstanding responses, this first clinical trial revealed that CAR T cell therapy can be tolerated by cancer
patients and had the potential to be an effective treatment option. A follow-up study was performed by the
group from the City of Hope on patients with relapsed diffuse B cell lymphoma using CD20 or CD19
CARs, however CAR T cell persistence was limited due to an anti-transgene immune response [32]. The
first successful report of CD19 CAR T cells occurred in 2010 at the National Cancer Institute [33]. Despite
only treating one patient with advanced follicular lymphoma, the impressive response and cancer regression

showed that CD19 CARs had the potential to be an effective option for treating B-cell malignancies.

After these results from the preliminary studies to advance CAR T cell therapy into the clinic, hundreds of
cancer patients have been treated in clinical trials. CD19 CARs have been the most common because CD19
is an attractive target for CAR T cell therapy due to its expression on most B cell precursor cells and mature
B cells. Based on these first clinical trials, several conclusions have been made on the advancement of CAR
T cell therapy, including the importance of preconditioning with lymphodepleting chemotherapy, second
and third generation CARs are more beneficial than first generation CARs, there is no definitive dose-
response relationship between the number of CAR T cells administered and outcomes, and the most
promising response rates were seen in patients with B-cell acute lymphoblastic leukemia (B-ALL) [34].
This led to the next wave of clinical trials that were more extensive and had bigger cohorts with adult and
pediatric patients. The results from these trials showed impressive responses with most observing complete

or objective response rates of over 70% [35, 36].



These clinical trials, as well as others, laid the foundation for treating cancer patients with CAR T cell
therapy and ultimately resulted in the FDA approval of several CAR T cell products (Table 1-1). In 2017,
the FDA approved the first CAR T cell therapy, Kymriah. Kymriah is a CD19 CAR therapy that was
initially approved for relapsed or refractory B-cell acute lymphoblastic leukemia. The ELIANA trial,
consisting of 75 pediatric patients, showed an overall remission rate of 81% and event free survival of 73%
after 6 months [37]. Based on results from the JULIET trial, Kymriah was later approved for the treatment
of relapsed or refractory lymphoma as well [38]. The approval of Yescarta, another CD19 CAR product,
followed soon after for the treatment of several types of lymphomas. The approval was based on the ZUMA -
1 phase II clinical trial that included 111 patients and showed an objective response rate of 82% and overall
survival rate of 52% at 18 months [39]. These first two approved CAR T cell therapies were instrumental
in advancing ACT and revealed the potential benefit of this treatment technique for cancer patients. Since
then, there have been four additional FDA approved CAR T cell products, including Tecartus, Breyanzi,
Abecma, and Carvykti. Tecartus and Breyanzi are both CD19-based CARs, while Abecma and Carvykti

target the B-cell maturation antigen (BCMA).



Table 1-1: Current FDA-approved CAR T cell therapies

. . . B-ALL
Tisagenlecleucel Kymriah Novartis CD19 B-cell NHL
Axicabtagene ciloleucel Yescarta Kite Pharma CD19 . B-cell NHL
Follicular lymphoma
. B-ALL
Brexucabtagene autoleucel Tecartus Kite Pharma CD19
Mantle cell lymphoma
Lisocabtagene maraleucel Breyanzi Bristol Myers Squibb | CD19 B-cell NHL
Idecabtagene vicleucel Abecma Bristol Myers Squibb | BCMA Multiple myeloma
Ciltacabtagene autoleucel Carvykti Novartis BCMA Multiple myeloma

B-ALL: B- cell lymphoblastic leukemia; B-cell NHL: B-cell non-Hodgkin lymphoma




Although most of the success of CAR T cell therapy has been with B-cell malignancies, researchers have
also focused on applying this treatment to other types of cancers. Many different types of solid tumors have
been targeted and reached clinical trials including pancreatic [40, 41], gastric [42], ovarian [31, 43],
colorectal [44], several types of tumors in the brain [45, 46], as well as others. Most CAR targets are specific
to certain cancer types, however some have been shown to be effective against several cancers such as
epidermal growth factor receptors (EGFR), NKG2D ligands, human epidermal growth factor receptor 2
(HER2), B7-H3, Mucin-1, and carcinoembryonic antigen (CEA) [47]. Despite not performing as well as
CARSs targeting B-cell malignancies, CAR T cell therapy for solid tumors has the potential to be an effective

treatment option and improve patient outcomes.

1.2 Challenges in traditional CAR T cell therapy

As more clinical trials are conducted, and long-term data becomes available, our understanding of how
CAR T cell therapy performs clinically becomes clearer and more extensive. Despite its early success and
great promise, there are obstacles and limitations that must be addressed for CAR T cell therapy to advance
(Figure 1-1). The difficulties of using autologous cellular products complicates preparations for treatments
and the risk of graft-versus-host disease must be addressed for allogeneic products. In addition, several
toxicities have been identified after CAR T cell therapy including on-target-off-tumor side effects and
cytokine release syndrome. Lastly, a major setback to CAR T cell therapy is the concept of antigen escape

that renders the treatment unsuccessful, and many times results in relapse.

A. Graft-versus-host disease

Currently, the most common immunocompetent cell used for CAR-based therapeutics is the a3 T cell. They
are an attractive source for cellular therapeutics, however one of the major limitations of using aff T cells
is the need for autologous products where the cells are isolated from the patient, expanded and engineered
ex vivo, and re-infused back into the patient. This process can be costly and time consuming, which poses

a problem, especially when dealing with highly aggressive cancers [48-51]. In addition, there is no
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Figure 1-1: Limitations of the current CAR T cell therapy platform

Patient

Activation and
targeting of host cells

Donor CAR T cell

”
g

¥

pa—
= —E

Graft vs. host disease

CART cell

i

Healthy cell
On-target-off-tumor toxicities

Cancer cell

Cytokine release syndrome
CART cell

Cancer cell

LS e,

&
Cytokine release

o
\ Cell activation ,

Tcell Macrophage

Endothelial cell

Antigen escape

Cancer cell Cancer cell

CART cell

Figure Legend 1-1: Despite the promising early success, several limitations of CAR T cell therapy were

identified during clinical testing. Graft-versus-host disease and on-target-off-tumor toxicities were caused

by donor cell activation and targeting of the patient’s healthy cells. The development of cytokine release

syndrome due to excessive cytokine production resulted in harmful side effects, while antigen escape led

to treatment resistance and relapse.
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guarantee of successful production of an effective therapeutic product, especially for patients who undergo
lymphodepleting chemotherapy or radiation therapy, and many times patients are excluded from clinical
trials altogether due to insufficient manufacturing [46, 52]. Allogeneic CAR T cell products are quickly
becoming an attractive alternative to autologous products because they are readily available, highly
effective, and easily manufactured [53]. Despite the great promise, a significant limitation of these off-the-
shelf allogeneic products is the risk of causing graft-versus-host disease (GvHD). GvHD occurs when
immunocompetent cells within the donated tissue or graft recognize the recipient’s cells as foreign and
results in the activation of their cytolytic functions [54]. The resulting immune response causes the

symptoms seen in GvHD and can lead to life-threatening side effects and engraftment failure.

Since the discovery of GvHD after allogeneic transplantation, there have been several avenues to overcome
this obstacle. One approach to avoid GvHD after allogeneic transplant is through human leukocyte antigen
(HLA) matching of donor and recipient. The HLA system is the human version of the MHC and is used by
the body to detect foreign cells from “self” [55]. The concept of HLA matching dates back to the 1960s
when a collaborative effort to develop a standardized nomenclature and techniques for HLA matching
resulted in the first International Workshop [56]. Since that first conference, HLAs have been categorized
into two subgroups, class I and class II, with HLA class I comprised of HLA- A, -B, and -Cw loci and HLA
class II comprised of HLA-DR, -DQ, -DP, -DM, and -DO loci. After extensive investigations, researchers
have identified the HLA-A, -B, -C, and -DRBI1 loci as the most important for HLA matching, and
mismatches within these loci results in poorer outcomes for patients [57-60]. While HLA matching can be
effective and improve the chances of successful transplantation, finding a perfect 8/8 HLA match can be
difficult, with the likelihood varying greatly based on racial and ethnic background, and ranges from 16-

75% [61]. Therefore, alternative techniques are needed to ensure allogeneic grafts are safe and effective.

To minimize the risk of GVHD after adoptive cell transfer, researchers turned their focus to genetically

engineering the immunocompetent cells. Since the main driving force of GVHD is the recognition of host
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tissue by T cells through their TCR, a large portion of research has focused on genetic manipulation of the
T cell receptor constant alpha chain (TRAC) and the T cell receptor constant beta chain (TRBC) [53]. In
2012, Torikai et. al. first reported a technique of using zinc finger nucleases to disrupt and eliminate
expression of endogenous TCRs and showed the T cells were still able to target CD19 positive cancer cells
through expression of a CD19-specific CAR [62]. Since then, the discovery and advancement of other gene
editing techniques have allowed further research into TCR engineering, including transcription activator-
like effector nucleases (TALENSs) [63], meganucleases [64], and CRISPR/Cas9 [65]. To compare these
techniques, Osborn et. al. conducted studies examining their gene disruption efficiency, off target cleavage,
and toxicity; and identified CRISPR/Cas9 and a type of meganuclease known as megaTAL nucleases as
being superior [66]. Although gene editing platforms targeting the TCR have shown promising results, it
does not fully address the immunogenicity of the allogeneic cells. Since HLA expression on these
transplanted cells also present as foreign to the patient, a strong immune response against the graft can still
occur. Therefore, recently, researchers have not only focused on disrupting the TCR genes, but also HLA
genes. In fact, several studies have investigated the use of gene editing techniques for the simultaneous
knockdown of the TCR and HLA molecules [67, 68]. These preclinical studies have been instrumental in
advancing the potential of allogeneic CAR T cell therapy and have ultimately resulted in promising clinical

trials [69-72].

Another method to avoid the risk of GVHD altogether is the use of alternative immunocompetent cells for
CAR-based therapeutics. In order for this method to be effective, the cells must have cytotoxic mechanisms
to target cancer cells, initiate cross-talk between other immune cells, and limit the risk of causing
alloreactivity and autoimmunity [73]. NK cells, natural killer T (NKT) cells, and yo T cells are among the
most commonly used alternatives for CAR-based therapeutics [74, 75]. These cell types have mechanisms
of antigen recognition that are not dependent on antigen presentation through MHC and have been shown

to be safe and effective as an allogeneic CAR-based product [45, 76, 77].
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B. On-target-off-tumor toxicity

One of the main obstacles of developing CAR T cell therapies is the limited number of tumor-specific
antigens that can be targeted. Despite being a more targeted treatment compared to chemotherapeutics,
finding targets on cancer cells that are not also expressed on healthy cells can be challenging. If there is
expression on healthy cells, this can lead to on-target-off-tumor (OTOT) toxicities and can result in harmful
side effects [78, 79]. For some cancers, like B-cell malignancies, OTOT toxicities are acceptable because,
for example, the development of B cell aplasia is tolerable with treatment of immunoglobulin [80].

However, for most cancers these toxicities can be severe and lead to termination of the treatment [81].

After the discovery of OTOT toxicities, studies investigating strategies to limit these side effects have been
instrumental in advancing CAR T cell therapy. One of the major problems is the difficulty of predicting
clinical OTOT side effects in preclinical models. For example, although preclinical studies on a CLDN18.2-
specific CAR for gastrointestinal cancers showed no OTOT, there were cases of such toxicities, albeit
minor, during a phase I clinical trial, which was attributed to limited CLDN18.2 on healthy mouse tissues
and the rapid tissue regeneration of mouse gastric stem cells [42]. The first step in solving this issue is to
develop in vivo models that can effectively simulate OTOT in mice. In 2020, Castellarin et. al. developed
a mouse model using AAV8 to express target antigens on healthy tissue in order to examine OTOT
toxicities in vivo after CAR T cell therapy [82]. Similarly, Qibin Liao et. al. recently published their work
on developed a model using adenovirus to express human antigens on healthy mouse tissue to evaluate
toxicity after injecting CAR T cells [83]. These preclinical models will be essential to test the potential risk

of causing harmful OTOT side effects.

Despite being important, developing preclinical models to study and test OTOT is not sufficient to advance
CAR T cell therapies. Strategies to limit the risk of OTOT altogether is critical. Researchers have started
searching for alternative targets that are more specific to cancer cells. One such avenue researchers have

focused on is targeting tumor-specific post-translation modifications, with the most common being changes
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in glycosylation of proteins [84]. This idea comes from the observation that many cancer cells have
abnormal glycosylation, as well as increased glycosylation. The majority of work targeting these aberrant
glycosylation sites focused on monoclonal antibodies, however CARs targeting these epitopes have seen
some success [85]. Current research on glycan-targeting CARs are promising and the clinical safety and

efficacy have been reported for CARs targeting TAG72 [86], Lewis y [87], GD2 [88], as well as others.

Another technique to limit OTOT is the use of low affinity CARs that only target cancer cells that
overexpress a certain antigen. This concept was again first applied to treatments using monoclonal
antibodies; however, it can also be applied to CARs [89]. Caruso et. al. tested and compared two different
CARs that target EGFR, one based on the lower affinity monoclonal antibody Nimotuzumab and one based
on the high affinity monoclonal antibody Cetuximab [90]. They showed that the CAR T cells based on
Nimotuzumab selectively targeted cancer cells with high expression of EGFR, while the CAR T cells based
on Cetuximab targeted any cells expressing EGFR, regardless of cell surface density. This suggests that
CARs can be developed with the intention of selectively targeting antigens that are overexpressed on cancer

cells, while not targeting healthy cells with normal expression.

Researchers have also focused on the expression of inhibitory receptors or CARs to limit OTOT. Inhibitory
receptors are an immune cell’s natural method to regulate and terminate T cell activation [91]. The most
commonly studied inhibitory receptors are programmed cell death protein 1 (PD1) and cytotoxic T-
lymphocyte-associated antigen 4 (CTLA4), which are immune checkpoint receptors that are essential in
dampening immune responses after infection and preventing autoimmune reactions. Researchers began
using that concept to limit the activation of CAR T cells when they recognize the targeted antigen on healthy
cells. For example, Fedorov et. al. published their work on the development of PD1- and CTLA4-based
inhibitory CARs [92]. They utilized the concept of CARs, however instead of an intracellular activating
signal domain, they used the inhibitory signaling domains. They showed that T cell activation was

reversible when the inhibitory CAR was bound to its target, thus selectively targeting cancer cells. Despite
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these techniques showing signs of success in limiting OTOT, more research is needed to address the issue

of OTOT and the limited preclinical models for OTOT.

C. Cytokine release syndrome

Another side effect of CAR T cell therapy that was discovered during clinical testing is cytokine release
syndrome (CRS). Despite being a serious issue for CAR T cell therapies, CRS was first observed in a 1990
clinical trial investigating the use of the OKT3 monoclonal antibody as an immunosuppressant for kidney
transplantation recipients [93]. The authors reported high levels of tumor necrosis factor (TNF), interferon
v (IFNY), and IL2 in the serum of all patients as early as the first or second infusion of OKT3. Importantly,
they also noted that pre-treatment with corticosteroids resulted in a much smaller increase in these
cytokines, which laid the foundation for co-administration of corticosteroids to dampen and reduce the
overactivation of the immune response. With CAR T cell therapies advancing quickly since the 2000s,
more and more studies have focused on understanding its role in causing CRS, the pathogenesis after CAR

T cell infusion, and the symptoms of CRS.

Although not fully understood, the pathogenesis is believed to be attributed to several factors including
release of cytokines by CAR T cells, release of cytokines and damage-associated molecular patterns
(DAMPs) by lysed cancer cells, activation of other immune cells, and initiation of a systemic inflammatory
response [94]. The first step in the progression of CRS is the secretion of cytokines after CAR T cell
activation upon binding to its target. The activation of the T cells results in the production and secretion of
IL2, IL6, IL10, TNFa, granulocyte-macrophage colony-stimulating factor (GM-CSF), IFNy, as well as
other cytokines [95, 96]. This increase in cytokine serum levels trigger the next step in the progression of
CRS, the activation of other immune cells. Researchers identified macrophages as one of the major
mediators of CRS and plays an important role in its progression [97, 98]. The activation of macrophages
occurs in response to the cytokines released by CAR T cells, the recognition of DAMPs released by lysed

cancer cells, and direct interactions between CD40/CD40 ligand [99]. This activation further exacerbates
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the influx of cytokines and leads to increases in IL6, IL1, IL10, TNF, and nitric oxide. These signals
released by macrophages, as well as the signals released by CAR T cells, can then result in the next step of
CRS, a systemic inflammatory response. The resulting inflammatory toxicities include endothelial injury,
vascular leakage, cytokine and chemokine production, and hypotension [100]. Altogether, these responses

to CAR T cell treatment can cause harmful and sometimes life-threatening symptoms for patients.

The increase in cytokine levels and the induction of an inflammatory response can eventually result in the
symptoms seen in CRS cases. The onset of symptoms can occur within hours or days after CAR T cell
infusion and typically starts with a fever and fatigue. Additionally, patients may experience sinus
tachycardia, hypotension, depressed cardiac function, hypoxia, as well as other symptoms [101, 102]. As
CRS progresses, these side effects can ultimately lead to cardiac and respiratory dysfunction, renal and
hepatic failure, and intravascular coagulation [103]. The identification of risk factors and biomarkers, in
order to limit the risk of patients developing sever CRS is an important topic of research. Although not fully
defined, it is believed that treatment of patients with higher tumor burdens have increased risk and more
severe symptoms because it leads to increased T cell activation and cytokine accumulation. In addition,
based on a patient with metastatic colon cancer, it was discovered that very high doses of CAR T cells can

cause faster onset of symptoms and more severe side effects [104].

Despite helping clinicians determine which patients are suited for CAR T cell therapy, it is still necessary
for scientists to identify specific biomarkers that correlate with increased CRS symptoms. One such
biomarker that was identified is serum levels of C-reactive protein (CRP), which is produced in the liver
and is directly related to IL6 signaling [105]. CRP levels have been shown to significantly increase during
CRS and was found to be an indicator of potentially severe symptoms, leading to constant monitoring of
patient serum CRP levels during treatment [106]. In addition, a recent study by Hay et. al. found that
increased serum levels of monocyte chemoattractant protein-1 was another important predictor of patients

developing more severe CRS [107]. The development of laboratory assays to test and monitor the levels of
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these, and other, important biomarkers have not only limited the severity of CRS symptoms during CAR T

cell therapy, but also have helped improve patient outcomes.

D. Antigen escape

Therapeutic resistance has always been an issue for cancer therapeutics, and it is no different for CAR T
cell therapy. One of the major mechanisms of resistance to CAR T cell therapy is the concept of antigen
escape and is a leading cause of relapse [108]. Antigen escape was first observed in the initial clinical trials
testing CD19 CAR treatment for B-ALL. Despite the promising response rates, CD19-negative relapse was
prevalent and was most common in patients who experienced long term CD19 CAR persistence [109]. The
extensive clinical data show that antigen escape can play a major role in relapse. During the phase II trial
for Kymriah, 15 out of the 16 patients who relapsed had CD19-negative cancer [37]. As more clinical trials
were published, the extent of this issue was made clear. Although comparing different clinical trials and
CAR constructs is difficult, the rate of CD19-negative relapse ranges from 30-70% [84]. Researchers also
discovered that the phenomenon of antigen escape is not specific to CD19 CARs and has been seen during

treatment with BCMA -targeting CARs, as well as CARs targeting solid tumors [110-112].

This acquired resistance occurs when cancer cells develop mechanisms to modulate expression of the
targeted antigen through gene manipulation or physical loss of antigen detection. There are several
mechanisms for this phenomenon. The first occurs when a small population of CD19-negative or CD19-
variant cancer cells proliferate and expand due to immune pressure by the CAR T cell therapy. Despite
playing an important role in normal human protein diversity and growth, alternative splicing can be used
by tumors to evade targeted treatments [113, 114]. Researchers found that certain isoforms of CD19 from
B-ALL patient samples were missing exon 2, the extracellular epitope that is recognized by CD19 CAR T
cells. In another study, investigators not only found hemizygous deletions in the CD19 locus of cancer cells,
but also found frameshift and missense mutations within the CD19 gene in samples from B-ALL patients

after relapse [115]. Another major cause of antigen escape is lineage switch. Lineage switch occurs when
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relapses contain genetically similar but phenotypically different cancer cells [116]. The most common
lineage switch that has been observed clinically occurs in B-ALL patients with a shift from a lymphoid
phenotype to a myeloid phenotype [117, 118]. Investigators not only found the relapsed cancer cells to be
CD19-negative, but also observed a reduction in lymphoid cell markers and an increase in myeloid cell
markers. Although not fully understood, the potential cause of the lineage switch is believed to be due to
reprogramming and dedifferentiation of B-lymphoid blasts or differentiation of noncommitted leukemic

stem cells [119].

Once antigen escape was identified as a significant limitation of CAR T cell therapy, researchers began
investigating techniques to limit the risk and occurrence. The major method to overcome antigen escape is
targeting multiple antigens on the cancer cell. Researchers have developed several methods to accomplish
this goal, including expressing two different CARs on the same cell and combining two cell populations
that each express one specific CAR. In addition, tandem CARs were another approach developed to target
multiple antigens on cancer cells. Tandem CARs are created by linking two separate antigen binding
regions on the same molecule. One example of this was reported by Hegde et. al. in 2016, when they
developed a tandem CAR targeting HER2 and IL13Ra2 to treat glioblastoma and showed enhanced potency
and efficacy in vivo [120]. This preclinical study, as well as others, have shown that targeting multiple
antigens improves efficacy of CAR T cells compared to single targeted CAR T cells, as well as counter
antigen escape after loss of one target [121-123]. Based on the promising preclinical data, dual targeting
CAR T cell therapies have progressed into clinical trials and have shown encouraging results. The majority
of clinical data on dual targeting CAR T cell therapies has focused on B-cell malignancies using CD19
CARs with either CD20 or CD22 CARs. In 2020, Wang et. al. published their clinical data on treating
patients with refractory or relapsed B-cell malignancies [124]. They showed that treating patients with
sequential infusions of CD19 CAR- and CD22 CAR-expressing cells was safe, efficacious, and a viable

option to reduce antigen escape. Although targeting multiple antigens on cancers is becoming a potential
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option to counter antigen escape, it remains a limitation for CAR T cell therapy and must be addressed to

advance its use as a cancer therapeutic.

1.3 Transient engineering for cancer therapeutics

A. Gene delivery techniques

Adenovirus

Adenovirus (Ad) is a non-enveloped virus containing a linear, double-stranded DNA genome. It was first
discovered in 1953 and isolated from adenoid tissue cultures from patients after surgery [125]. There are 6
species of Ad that can infect humans, which are further classified into more then 50 serotypes. The most
commonly studied serotypes for its use as a viral vector are serotypes 2 and 5 of the species C. These
serotypes result in only mild respiratory diseases and have been found to be non-oncogenic, which gives
them a favorable safety profile compared to other serotypes [126]. Research into the basic biology,
structure, and infection of Ad was instrumental in developing Ad into a viral vector. The first step during
an infection is the binding of Ad particles to cells through interactions of the capsid’s knob domain and cell
surface receptors. The specific receptors vary for each serotype of Ad, with the coxsackie/adenovirus
receptor being the primary receptor for serotypes 2 and 5 [127]. The viral particles are then internalized via
receptor-mediated endocytosis and disassembled in order for the viral genome to be transported to the
nucleus [128-130]. The genome is flanked by two short inverted terminal repeats (ITR) that act as the origin
of replication and contains four major groups that are classified based on the timing of expression: early
region, delayed units, late region, and VA regions [131, 132]. The early genes encode proteins related to

transcription of other viral genes for replication, while the late genes encode structural proteins.

Once the general biology of Ad was determined, researchers started studying its use as a viral vector. The
initial hurdle that needed to be addressed was the safety of Ad vectors and the need to eliminate Ad
replication. There were three generations of recombinant Ad developed to address this. First generation Ad

vectors were developed by eliminating the E1A/E1B region of the genome, which was found to be essential
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for transcription and replication [133]. Removing these regions eliminated replication and allowed for the
insertion of a transgene to be expressed by the transduced cells. In order to produce the Ad viral particles,
researchers engineered complimentary cell lines, like HEK293 cells, to express these genes [134]. Despite
the successful assembly and production of recombinant Ad vectors, it was soon discovered that expression
of Ad proteins resulted in the activation of an immune response and clearance of transduced cells [135].
Therefore, second generation recombinant Ad vectors were developed that were missing additional early
gene regions and were shown to limit the immune response and improved transgene expression in vivo
[136-138]. Despite seeing improvements compared to first generation Ad vectors, the production of second
generation Ad vectors was hindered and the expression of late genes still resulted in an immune response
[139]. Third generation recombinant Ad vectors, also called “gutless” and “helper-depended”, completely
lack all native Ad genes and only contain the ITRs. This allowed for a substantially larger transgene cassette
reaching about 36Kb and eliminated the risk of natural Ad protein expression [140]. This technique required
an alternative source for the proteins involved in the assembly and package of the viral particle. This was
achieved by using a helper adenovirus that contained a defective packaging signal [141]. These helper Ads
only contained the portions of the genome that were essential for packaging and resulted in the assembly
of the recombinant Ad and helper Ad, however this posed a new problem as the recombinant Ad must be
isolated from the helper Ad. This led to the development of a Cre recombinase-mediated separation step,
which was developed by Parks et. al. [142]. This technique utilized a helper Ad that contained the
packaging sequence flanked by two loxP sites. When Ad production was conducted in cell lines expressing
Cre recombinase, the helper Ad packaging signal was excised and prevented its genome from being
packaged into the Ad vector particles. This technique revolutionized the production of recombinant Ad and

ultimately helped its advancement as one of the most popular viral vectors.

There are many advantages of using Ad as a viral vector for ex vivo engineering. For example, compared
to retroviral vectors, Ad vectors have high transduction efficiencies and are able to transduce a wide range

of cell types because their transduction is not dependent on the cell cycle. This allows for transduction of
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differentiated and postmitotic cells. In addition, they are able to deliver larger transgenes compared to many
other viral vectors and Ad production is able to be easily scaled up for clinical use. There are, however,
limitations of using Ad vectors. For example, although efforts have been made to limit the risk, the
activation and initiation of an immune response remains a possibility. In addition, despite being widely
known as a nonintegrating viral vector, there have been reports of random integration after Ad transduction,
which poses a potential risk of causing insertional mutagenesis [143-145]. Adenovirus is considered one of
the first engineering techniques used for the delivery of transgenes to cells, however nowadays it is not as
commonly used because of its limitations and the advantages of other viral and nonviral techniques. There
have been studies conducted on improving the transduction of T cells, however they are simple proof-of-
concept reports that show gene transfer of reporter genes, rather than functional anti-cancer genes [146-
148]. While these studies do not show specific delivery of functional genes to improve the cytotoxicity of
immunocompetent cells, they do present promising data suggesting Ad vectors have the potential to be used

in cancer immunotherapy development.

Adeno-associated virus

Adeno-associated virus (AAV), a part of the Parvoviridae family, is a nonenveloped virus with a single-
stranded DNA genome. In 1965, scientists first discovered AAV as a contaminant in preparations of
adenovirus [149]. Initial views on these particles focused on them being subunits of adenovirus, however
further investigations revealed they were small viruses that were simply dependent on adenovirus
replication [150]. During the late 1960s and 1970s, several groups sought to characterize this newly
discovered virus. During these studies, several aspects of the AAV biology were determined and
characterized including genome structure and sequence [151-153], replication [154, 155], and infectious
latency [156]. AAV was found to have a ~4.7kb genome flanked by two ITR sequences, which, like Ad,
act as the packaging signal and origin of replication. Another important aspect of AAV biology is the capsid
design. The genome is encapsulated by an icosahedral capsid comprised of three subunits: VP1, VP2, and

VP3. Researchers found variations in the capsid structure that led to the discovery of many different
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serotypes of AAV. There are currently at least 12 natural serotypes, each with tropisms for specific tissue
based on the primary and secondary receptors that are required for binding [157, 158]. The next important
step of AAV research on its path to becoming a viral vector was its molecular cloning. In 1982, a group led
by Drs. Nic Muzyczka and Ken Berns developed a method to clone AAV2 duplexes into the pBR322
plasmid [ 159]. Despite being successful, their methods resulted in partial genomic fragments. It wasn’t until
1983 that an intact AAV DNA clone was established by a group led by Dr. Barrie Carter [160]. Once the
successful cloning of AAV was accomplished, researchers began investigating its use as a vector to deliver

genetic material.

Soon after the successful cloning of AAV, scientists quickly realized the potential of recombinant AAV
(rAAV) as a viral vector. rAAV originally was produced with the help of a secondary virus, such as
adenovirus, to provide essential genes for the successful assembly of AAV particles, however the need to
remove contaminating viral particles and proteins and the risk of causing immune responses complicated
rAAV production [161, 162]. The development of plasmids containing the essential genes for AAV
packaging was instrumental in advancing the use of rAAV vectors and eliminated the need for helper
viruses [163, 164]. This led to the three-plasmid approach as a means to produce the rAAV particles, which

included a pHelper plasmid, a Rep/Cap plasmid, and a plasmid encoding the gene of interest [165, 166].

The use of rAAV for ex vivo genetic engineering offers several advantages. For example, AAV is able to
transduce many different types of cells. Based on their tropisms, specific serotypes can be utilized for
targeted transduction of tissues and cells. Researchers are able to preferentially choose the necessary
serotype for targeting a certain organ. This is especially beneficial when developing in vivo engineering
techniques. In addition, like Ad, AAV is able to transduce both dividing and non-dividing cells. However,
there are limitations of using AAV. One limitation is the difficulties and cost of scaling up manufacturing.
Despite being more efficient and safer, the most common three-plasmid technique using HEK293T cells is

difficult to scale up because they are adherent cells and would require large surface areas. Researchers are
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beginning to develop suspension HEK293 cell cultures, which have seen some success, however more
research is needed to advance and perfect large scale production [167]. Another constraint of using AAV
for gene therapy is the small packaging compacity, which is only about 4.7Kb. This limits the possible
proteins that can be delivered to immunocompetent cells. Additionally, the genome of AAV is single-
stranded DNA, which requires second strand synthesis. This is generally perceived as the rate limiting step
during transduction and can lead to slower expression of the transgene. However, the development of self-
complimentary AAV (scAAV) transgenes have allowed researchers to bypass the need for second strand
synthesis and offers a simple solution to this problem [168]. The technique has revolutionized the use of
rAAV vectors and is a promising option to improve transduction efficiency, however the method does
require a smaller transgene as the sScAAV can only hold half of the packaging capacity of single-stranded

rAAV.

Electroporation

Electroporation is a common non-viral technique for delivering genetic material to a wide range of cell
types. The first use of applying electrical fields to deliver DNA to cells occurred in 1982 by Neumann et
al. [169]. They proposed that applying an electrical field to cells results in permeation sites within the cell
membrane and allows for cross-membrane transport. This initial study laid the foundation for
electroporation, however at the time very little was known about the specific mechanism. Many theories
were developed early on including deformation of lipids within the cell membrane [170], a phase transition
of phospholipid bilayers [171], and breakdown of heterogenous domains within the membrane [172]. Since
these initial theories, however, a more likely mechanism was proposed, the formation of aqueous pores
within the membrane, which is now widely accepted [173-176]. In the aqueous pore theory, water
molecules first penetrate the lipid bilayer, causing the reorientation of the lipid heads toward the water thus
stabilizing the aqueous pore [177]. This allows for the passive transport of nucleic acids across the

membrane for expression into functional proteins.
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DNA plasmids have traditionally been the focal point of early electroporation research; however, the
advancement of mRNA synthesis and technologies in the last two decades have led the field to focus on the
delivery of mRNA [178]. Compared to DNA, mRNA does not need to be transported into the nucleus,
which allows for faster and more efficient translation into protein. Traditionally, DNA has been considered
the more stable molecule, however improvements to mRNA structure and modifications have allowed for
a longer half-life within cells. For example, the importance of a 5° cap and poly(A) tail has been extensively
studied and shown to limit the degradation of mRNA within the cytoplasm [179-182]. With the
advancement of mRNA vaccines, a great deal of effort has been placed on investigating the optimal
modifications for mnRNA. Commercially available synthetic mRNAs are offered with varying types of caps

and tails that can be chosen based on specific requirements for downstream applications [183].

Electroporation offers several advantages over viral vectors that makes it an attractive technique for
engineering immunocompetent cells for cancer immunotherapy. One of the major advantages of
electroporation is the ability to engineer a wide range of cell types with high transfection efficiency, as well
as the ability to modify dividing and non-dividing cells [184]. Researchers have published the successful
electroporation of dendritic cells [185-187], ap T cells [188, 189], y6 T cells [190, 191], NK cells [192,
193], and stem cells [184, 194]. Another benefit of electroporation is the ability to deliver larger payloads.
Many viral vectors have limitations to their payload capacity which restricts the potential expression of
certain larger transgenes. In addition, electroporation can be scaled up for clinical use with the development
of microfluidic devices [192, 195]. These large-scale electroporators have even been developed to ensure
full GMP compliance, which has been a pivotal step in the advancement of mRNA technologies into the
clinic [196]. Furthermore, this has been highlighted by the increased number of companies developing
large-scale electroporators, including Thermo Fisher Scientific, Miltenyi Biotec, and MaxCyte.
Electroporation is also safer compared to viral vector, which poses a risk of inducing an immune response
and insertional mutagenesis. These advantages have led to the use of electroporation in several clinical trials

for a wide range of applications including the development of vaccines and delivery of CRISPR/Cas9 for
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gene engineering as a means to develop cancer therapeutics [197-201]. Despite its many advantages, the
use of electroporation for ex vivo engineering does have limitations. The major limitation is the need for
high voltages that can result in increased cell death. This not only effects the viability of the cellular product,
but also limits the cell yield during production. In addition, specific parameters must be identified and

optimized for individual cell types, as well as for each electroporation device.

B. Genetic engineering of TCRs

One of the first strategies developed to enhance the cytotoxicity of immunocompetent cells was the
engineering and expression of TCRs specific to a certain tumor antigen. Although the vast majority of
research on TCR engineering has utilized integrating viral vectors, there has been some effort applying
transient engineering technique. Early research into the optimization of DNA plasmid electroporation for
T cell engineering was shown to be safe, however low transfection efficiencies and viability remained an
issue [202, 203]. Therefore, the field shifted to the use of mRNA-based electroporation, which saw several
groups publish their work in the early 2000s. In 2005, one of the first recorded findings on electroporation
for the introduction of specific TCRs was conducted by Zhao et. al. [204]. Despite being used as a
preliminary test for their cDNA constructs for retroviral transduction, they showed about 60% transgene
expression in stimulated primary human lymphocytes after electroporation. In addition, the NY-ESO-1-
specific and Mart-1- specific TCRs were able to induce production of IFN-y upon recognition of the
subsequent antigens. The same group later published their work on further optimizing the mRNA
electroporation of human and murine T cells [189]. They tested several electroporation parameters using
GFP mRNA to evaluate transfection efficiency and cell viability for unstimulated and stimulated human
peripheral blood lymphocytes. They then tested the introduction of NY-ESO-1- and MART-1-specific
TCRs and found increased IFNy production. At almost the same time, Schaft et. al. also published their
work on optimizing and investigating the use of TCR engineering through electroporation [205]. They
tested their electroporation technique using GFP mRNA, with over 90% transfection efficiency. Although

the expression was low, they did show successful expression of a TCR specific to gp100 and found that the
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engineered cells exhibited increased IFNy production and improved cytotoxicity against gpl100 peptide-

positive target cells.

These in vitro studies were helpful as proof of concept for transient TCR engineering in T cells and led to
further investigations into the efficacy of this therapeutic technique in preclinical studies. In 2013, Koh et.
al. published their work on a unique method for targeting cancer cells [206]. They produced T cells
expressing an anti-hepatitis B virus (HBV) TCR based on the fact that HBV infections are a major
etiological factor for the development of hepatocellular carcinoma and that viral DNA integration is
common in cancer cells and leads to expression of viral peptides that can be targeted. By using mRNA
electroporation, they were able to achieve about 80% anti-HBV TCR positive CD8 T cells and showed
these cells had increased IFNy production and enhanced cytotoxicity. In subsequent in vivo experiments,
the group showed the electroporated T cells were not only able to limit tumor growth but were also able to
prevent tumor development. Another group in 2019 published their promising preclinical data on
electroporated TCR engineering. Mensali et. al. tested their methods of electroporating T cells with a
Radium-1- specific TCR, which recognizes a frequent mutation common in colon cancer [207]. They first
evaluated the mRNA electroporated T cells in vitro and found that about 80% of T cells expressed the
Radium-1 TCR, which resulted in production of TNFa and IFNy and enhanced cytotoxicity upon incubation
with target cells. They then showed that treating mice with the T cells expressing the Radium-1 TCR
significantly lowered tumor burden and improved survival, however this was only observed when
administering the T cells intraperitoneally, not intravenously. This study led to the initiation of the first
clinical trial (NCT03431311) testing transient TCR therapy, however the study was terminated due to

limited patient enrollment.

During the early stages of TCR engineering research, scientist quickly discovered issues with expressing
antigen-specific TCRs in T cells. They found that the introduced TCRs can interact with the endogenous

TCR causing TCR mispairing, which could lead to graft-versus-host disease [208]. Scientists found that the
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best way to eliminate the risk of TCR mispairing was to downregulate the expression of the endogenous
TCR. In the field of transient TCR engineering, one group developed a method to achieve this. Campillo-
Davo et. al. used sequential electroporations to deliver Diver-substrate small interfering RNAs (DsiRNA)
to suppress the endogenous TCR, followed by DsiRNA- resistant tumor-specific TCR mRNA [209]. The
group showed that introducing the DsiRNA 24 hours before a Wilms’ tumor protein 1 (WT1)-specific TCR
resulted in improved expression of the WT1-specific TCR, increased production of cytokines, and enhanced
cytotoxicity. This study provides evidence that introducing cancer-specific TCRs, while also silencing
endogenous TCRs, is possible using a completely transient engineering platform. This provides evidence
that could lead to the testing of other gene silencing techniques using transient engineering platforms, such

as other RNAs like small interfering RNA and short hairpin RNA.

C. Expression of CARs

Besides TCR engineering, the expression of CARs is the most common engineering technique for adoptive
cell therapy and has been the most widely studied application for transient engineering techniques. Several
groups during the span of 2008-2011 developed methods to express various CARs in T cells using mRNA
electroporation, including CARs specific to CD19 [210-212], Her-2/neu [213], and mesothelin [214]. Based
on the studies that reported transfection efficiency, they found that between 80-95% of T cells expressed
the CARs and highest expression occurred on Day 1 or Day 2 post electroporation. Collectively they not
only showed increased cytokine production and in vitro cytotoxicity in the engineered cells, but also
improved anticancer activity in mouse tumor models. Several groups have also published their work on
directly comparing mRNA electroporation to other viral vector delivery methods. In 2009, Birkholz et. al.
compared the use of mRNA electroporation to retroviral gene transfer [215]. They tested their
electroporation techniques using a Her-2/neu CAR and a CEA CAR and reported about 90% CAR
expression. The engineered cells exhibited increased tumor cell lysis and cytokine secretion, including
IFNy, IL2, and TNF. The comparison between electroporation and retroviral gene delivery revealed that

both techniques resulted in IFNy production and improved cytotoxicity, however the increase was more
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substantial for the retroviral transduced cells. Another study conducted by Barret et. al. investigated the use
of mRNA electroporation for the expression of a CD19 CAR and compared it to a clinically relevant
lentiviral vector approach [216]. As expected, the lentiviral-engineered T cells resulted in a sustained
reduction in tumor burden in vivo, however, after optimization of doses and treatment schedules, multiple
infusions of the electroporated T cells also resulted in substantial tumor burden reduction and a median

overall survival that was similar to treatment with the lentiviral-engineered T cells.

Despite being the most common technique, electroporation is not the only transient gene delivery method
used to express CARs in T cells. While most of the research on the use of AAV to engineer T cells has
focused on the delivery of gene editing nucleases, Wang et. al. published their work on investigating and
optimizing the use of AAV6 to express a CD19 CAR in T cells [217]. Initial tests were conducted using
GFP to optimize the AAV transduction of T cells and found that pre-treating T cells with OKT3 and
genistein, a tyrosine kinase inhibitor which improves the replication and transcription of AAV genes,
significantly enhanced T cell transduction. They then applied these techniques to express a CD19 CAR in
primary T cells, which resulted in about 40-50% CAR positive cells. Furthermore, the engineered cells

exhibited improved anticancer cytotoxicity both in vitro and in vivo.

These preclinical studies paved the way for using transient engineering techniques as a treatment platform
for cancer therapeutics and have led to several clinical trials. Two groups investigated the use of
electroporation to generate CAR T cells for the treatment of B-cell malignancies. In 2008, Till et. al.
published their results on a phase I clinical trial testing the use of autologous CD20 CAR T cells generated
using DNA electroporation for the treatment of relapsed or refractory indolent B-cell non-Hodgkin
lymphoma and mantle cell lymphoma [26]. CAR expression ranged from about 25-90% and the cells
exhibited an activated effector T cell phenotype with improved anticancer killing in vitro. They found that
the cellular product was safe and well tolerated with no grade 3 or 4 toxicities observed. In addition, they

reported the engineered cells persisted in vivo for between 5-21 days alone and up to 9 weeks with
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subcutaneous IL2. The efficacy of the engineered T cells was also examined and found that two patients
maintained their previous complete responses, one achieved a partial response, and four displayed stable
disease. In 2018, Svoboda et. al. investigated the use of mRNA electroporation to generate autologous
CD19 CAR T cells for patients with Hodgkin lymphoma [218]. They examined the persistence of CAR
expression and found that CAR RNA was detected in the blood between 48 hours and 7 days after infusion.
The treatment was found to be safe and well tolerated with no development of cytokine release syndrome.
Treatment response was assessed after one month and resulted in one complete response, two partial

responses, and one stable disease.

Several clinical trials testing CAR T cells generated by electroporation for solid tumors have also been
conducted by Dr. Carl June’s group. In 2014, they published a first-in-human study investigating the use of
a mesothelin-specific CAR, generated by mRNA electroporation [219]. They treated one patient with
metastatic pancreatic cancer and one patient with malignant pleural mesothelioma. They examined
persistence of the engineered cells and found that the persistence was transient, with maximal transgene
expression at 2 hours post infusion. They also found the engineered cells were able to traffic and infiltrate
into the solid tumors and that the initial recognition and lysis of cancer cells resulted in a systemic antitumor
immune response via humoral epitope-spreading. They did, however, report the first incidence of
anaphylactic shock following CAR T cell infusion, which they believed was mediated by an IgE response
due to the specific dosing schedule [220]. The same group conducted another clinical trial with an altered
dosing schedule to test their mesothelin-specific CAR T cells developed using mRNA electroporation to
treat patients with metastatic pancreatic ductal adenocarcinoma [40]. They treated six patients and
administered the cellular product three times per week for three weeks to examine safety and therapeutic
potential. They observed no incidences of cytokine release syndrome or neurotoxicity for any patient,
demonstrating the cellular product was safe and tolerable. Despite the transient nature of the treatment, they
also reported stable disease for two patients with progression-free survival lasting about 4 and 5 months.

Based on their promising clinical results from the mesothelin-specific CAR, the group also tested their
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mRNA electroporation technique to develop a c-Met-specific CAR for the treatment of metastatic breast
cancer [221]. In contrast to their previous clinical trials, this study sought to investigate the safety and
efficacy of an intratumoral injection of the transiently engineered CAR T cells. They first tested the c-Met
CAR in vitro and in an in vivo xenograft mouse model. They found the engineered cells exhibited increased
anticancer killing and intratumoral injections were effective at controlling tumor growth. In the phase 0
clinical trial, they tested two doses of mRNA ¢-Met CAR T cells and ultimately found that the treatment
was well tolerated and resulted in an inflammatory response within the tumor. Taken together, these studies
show the progress, as well as the potential of transient engineering techniques for developing CAR T cell

therapies.

Although aff T cells are the most commonly used cells to express CARs, researchers are also focusing on
the use of innate and innate-like immune cells. NK cells are widely considered as one of the most cytotoxic
immunocompetent cells and the ability to direct the effector function of these cells toward cancer cells
through the expression of CARs offers an attractive platform for adoptive cell therapy. However,
engineering this cell type has traditionally been difficult and success has been variable. For example, a
group led by Dr. Hans Klingemann studied the expansion and engineering of primary NK cells, as well as
the NK cell line NK92. During their initial testing with GFP, they found very limited expression and
significant cell death in primary NK cells after testing several conditions [222]. In a subsequent study, they
did show expression of a CD19- and CD20-specific CAR in the NK92 cell line, reaching about 55%
transfection efficiency [223]. The engineered NK92 cells exhibited improved cytotoxicity against NK-
resistant lymphoid cell lines, as well as against primary leukemia cells. Although these results are
promising, the need to engineer primary NK cells remains an important hurdle for their use as a cancer
immunotherapy. There have, however, been reports of successful transfer of CARs into primary NK cells.
Rabinovich et. al. showed that mRNA electroporation of primary NK cells isolated from a donor to express
a CD19 CAR resulted in significantly improved cytotoxicity against autologous B cells, however

transfection efficiency was not reported [212]. In addition, Li et. al. developed a technique for a scalable
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and translatable mRNA electroporation protocol for expanded and purified unstimulated NK cells [224].
They tested the expression of a CD19 CAR and found, on average, 58% transfection efficiency, which
resulted in an increase in cytotoxicity toward leukemic cell lines in vitro. They also investigated the use of
a novel computer-controlled flow electroporation device and showed in a proof-of-concept experiment that
the NK cells expressed similar levels of GFP compared to the static transfection. Lastly, a more recent study
conducted by Ingegnere et. al., tested their methods of using DNA electroporation to transfect NK cells
[193]. They first used GFP expression to optimize the conditions for NK cell electroporation and, once
optimized, they tested their technique for the expression of a CD19 CAR. The transfection efficiency for
the CAR was found to be about 40% and the engineered cells exhibited increased cytotoxicity in vitro
against several CD19-positive cell lines. They also briefly tested their electroporation protocols for the
expression of CCR7 and, although found lower transfection efficiency, did see an increase in their migratory

capacity.

Although NK cells are the most common innate cell type used for cancer immunotherapy, there have also
been studies investigated the use of less common innate immunocompetent cells. For example, NK T cells
have also been investigated as an immunocompetent cell for the expression of CARs. This cell type has
characteristics similar to NK cells and T cells, which make them a valuable tool for adoptive cell therapy.
In 2018, Simon et. al. investigated the use of mRNA electroporation to generate CSPG-4-specific CAR-
NK T cells and compared them to conventional CD8 CAR T cells [225]. After electroporation with CSPG4-
specific CAR mRNA, both cell populations displayed about 80-90% CAR expression and produced 1L2,
TNF, and IFNy in the presence of target cells, however the CD8 T cells produced larger quantities of the
cytokines. They also showed the engineered cells exhibited improved cytotoxicity in vitro against a
CDPG#4-positive cell line and, importantly, their intrinsic cytotoxic capacity was not affected by the
electroporation. Another group studied the use of mRNA electroporation of cytokine induced killer (CIK)
cells [226]. CIK cells are characterized by their expression of CD3 and CD56 and exhibit non-MHC

restricted cytotoxicity against several cancer cell types. The group utilized mRNA electroporation to
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express an anti-Her-2/neu CAR in the CIK cells and found over 95% of the cells expressed the CAR and
the engineered cells secreted elevated levels of cytokines in the presence of target cells. They also showed
that the electroporated CIK cells displayed enhanced anticancer activity in vivo by inhibiting tumor growth

in an ovarian cancer model.

The final cell type that has been studied for the transient expression of CARs is the yo T cell. y6 T cells
bridge the gap between the adaptive and innate immune system and have several inherent mechanisms of
cytotoxicity toward cancer cells. Despite being a traditionally difficult cell type to engineer, electroporation
has seen encouraging results. Harrer et. al. reported their findings on the use of mRNA electroporation to
express a CAR specific to the melanoma-associated-chondroitin-sulfate-proteoglycan antigen, as well as
an off TCR specific to gpl00/HLA-A2 [191]. Transfection efficiency for the CAR reached over 80% and
the engineered cells exhibited antigen-specific cytokine secretion, as well as improved cytotoxicity of

melanoma cells.

Overall, these studies show that the transient expression of CARs in immunocompetent cells offers an
attractive alternative to stable integrating vectors. The transient engineered cells are able to limit many of
the risks of traditional engineering technique, like cytokine release syndrome, while still maintaining a high

level of cytotoxic potential.

D. Expression of cytokines and other recombinant proteins

Although the most common engineering strategies to improve the anti-cancer functions of
immunocompetent is the expression of specific TCRs and CARs, there are other techniques that have been
studied. Traditionally, cytokines have been co-administered with immunocompetent cells to improve
efficacy, however the systemic administration can lead to harmful inflammatory side effects [3, 227-229].
Therefore, researchers began investigating the expression of cytokines in immunocompetent cells, which

can improve efficacy and persistence in vivo. Although the majority of work on the expression and secretion



33

of cytokines in immunocompetent cells has focused on stable engineering techniques, there are groups that
have investigated the use of transient engineering methods. In 2010, Lee et. al. utilized mRNA
electroporation to simultaneously express IL2 with a Her-2/neu-specific CAR in peripheral blood
lymphocytes [230]. They showed that the engineered cells expressed the CAR and secreted IL2 for up to 6
days after electroporation and the cells secreting IL2 exhibited increased proliferation in vitro. Furthermore,

the engineered cells were able to inhibit tumor growth in an ovarian cancer mouse model.

Another cytokine that has been investigated for its transient expression in T cells is IL12, due to its
beneficial effects on T cells and NK cells. Etxeberria et. al. published their work on using mRNA
electroporation to express single chain IL12 in mouse CD8 T cells and tested whether these engineered
cells exert anticancer activity in vivo [231]. Their electroporation technique resulted in high levels of IL12,
and the engineered cells not only eradicated subcutaneous tumors upon intratumoral injection but also
reduced tumor burden in distant contralateral tumors. A more in depth analysis revealed that the expression
of IL12 not only enhanced persistence, but also tumor infiltration. They then tested whether they could
apply their electroporation technique to tumor infiltrating lymphocytes (TILs). They isolated PD1+ and
PD1- TILs from MC38 and B160VA mouse tumors and showed that IL.12 mRNA electroporation resulted
in about 40% transfection efficiency and significant production of IFNy. Both the engineered PD1+ and
PD1- TILs were efficacious in treated tumors in vivo, however the PD1+ TILs performed better. Lastly,
they applied their electroporation technique to primary human TILs isolated from melanoma, renal cell
carcinoma, ovarian, and endometrial cancer patients. mRNA electroporation of these primary TILs resulted
in substantial IL12 expression and IFNy production. In 2023, the same group sought to improve upon their
technique of transiently expressing IL12 in T cells by testing the addition of a decoy resistant IL18
(DRIL18), either through co-electroporation or mixing separate populations of T cells expressing either
IL12 or DRIL18 [232]. They found that co-electroporating the T cells with both mRNAs resulted in reduced
IL12 expression and IFNy production, compared to mixing the single cell populations. In addition, treating

tumor bearing mice with the co-electroporated cells was not as efficacious compared to treating with the
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separate cell populations. To further examine the effects of IL12 and DRIL18 expression, the group
conducted experiments to investigate the cause of the improved anticancer activity. They found that the
IL12 and DRIL18 expression improved T cell metabolism, enhanced control of immunosuppressive genes,
increased expression of other cytokines, and altered glycosylation of surface proteins that improved E-
selectin adhesion. Overall, these studies conducted by Dr. Ignacio Melero’s group further demonstrates the
great potential of using transient engineering to express cytokines, specifically IL12 and IL18, to improve

the anticancer efficacy of T cells.

Another group led by Dr. Chang-Xuan You investigated the use of AAV to enhance the stimulation and
function of T cells [233]. Although their ultimate goal was to optimize the activation and priming of T cells
through dendritic cell engineering, they also tested AAV transduction of the T cells directly. After
transduction of an AAV2-IL7 vector, they showed an increase in IL7 expression in about 88% of T cells.
They also characterized the engineered T cells after AAV-IL2 and AAV-IL7 transductions and found
increased CD8:CD4 ratios, increased production of IFNy, and increased activation. In contrast to the
expression of cytokines, one group led by Dr. Jesse Rowley investigated the expression of a cytokine
receptor in T cells. IL15 is a cytokine that plays an important role in the adaptive immune response and its
interaction with IL15 receptor alpha chain (IL15RA) has been shown to improve T cell survival and
proliferation. The group utilized RNA nucleoporation to express IL15RA in unstimulated CDS8 T cells and
showed that these cells exhibited enhanced survival and proliferation in the presence of IL15, as well as
through cis-presentation of IL15 on the T cells [234]. Furthermore, they developed an RNA chimeric
construct containing a linked IL15 and IL15RA. This construct not only resulted in improved proliferation

and increased IFNy production in vitro, but also enhanced proliferation of the engineered cells in vivo.

An alternative technique to having the immune competent cells secrete cytokines, Weinstein-Marom et. al.
sought to anchor cytokines to the cell membrane, in order to enhance cell survival and anticancer activity

while avoiding systemic distribution [235]. They developed mRNA constructs that contained human or
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mice IL2, IL12, and IL15. The cytokines were anchored to the cell membrane using the transmembrane and
cytoplasmic domains of HLA-A2 or H-2Kb for the human and mouse cytokines, respectively. Using mRNA
electroporation, they successful expressed these membrane-attached cytokines and showed that they
support viability and promote proliferation. In addition, a synergistic effect on enhancing IFNy production
and upregulating activation markers was observed when coexpressing the membrane cytokines with a
constitutively active toll-like receptor 4. This work showed the possibility of expressing membrane-

anchored cytokines through transient engineering techniques.

Besides cytokines, the expression of other recombinant proteins has also been investigated. Toll-like
receptors (TLRs) have important roles in linking the adaptive and innate immune systems and has been
shown to enhance T cell functions [236]. In 2015, Pato et. al. published their work on the expression of
TLR-4 though mRNA eclectroporation [237]. They showed successful expression of constitutively active
TLR-4 on human peripheral blood lymphocytes and primary TILs obtained from a melanoma patient
biopsy. These engineered cells exhibited an activated phenotype based on CD25, CD69, and CD137 surface
expression and increased IFNy and cytokine secretion. In addition, the transient expression of TLR-4
improved the cytotoxicity of the T cells and TILs against melanoma cells in vitro. The same group later
studied the expression of CD40 in T cells, which has been shown to improve T cell functions and protect
against apoptotic signals and exhaustion upon interaction with CD40 ligand [238]. They developed an
mRNA construct that contained a constitutively active form of CD40 and showed that the electroporation
of peripheral blood lymphocytes and TILs resulted in the induction of an activated phenotype [239]. They
also showed that the engineered cells exhibited increased production of IFNy and that a synergistic effect

was observed when the T cells were electroporated with CD40 and TLR-4.

The expression of chemokine and chemokine receptors has also been a popular topic of research. The ability
to modulate the migratory patterns of immunocompetent cells in vivo offers a valuable tool to develop a

more targeted treatment approach. Several groups have studied the use of mRNA electroporation to
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transiently delivery chemokine or chemokine receptors to T cells and NK cells. In 2008, Mitchell et. al.
published their work on expressing CXCR?2 in activated T cells [240]. They showed that about 60-85% of
the T cells expressed CXCR2 and the engineered cells exhibited improved chemotactic responses to three
CXCR?2 ligands in a trans-well migration assay. They then tested the engineered cells in vivo and found
CXCR2 expression resulted in increased migration toward CXCR?2 ligands, with the largest chemotactic
response to UL146. In 2011, Almasbak et. al. published their work on combining the expression of a CD19
CAR with the expression of either CXCR4 or CCR7 [210]. Although their major goal was to investigate
the expression of the CAR, they also conducted a simple experiment to test whether the simultaneous
electroporation of both CAR mRNA and chemokine receptor mRNA was possible in T cells and found that

the cells expressed both proteins and the expression of each was not affected by the other.

The transient expression of chemotactic molecules has not only been studied in T cells, but also in NK cells.
In 2016, Carlsten et. al. reported their findings on expressing CCR7 in human NK cells using mRNA
electroporation [241]. They showed that CCR7 expression resulted in improved migration toward the
CCL19 chemokine in vitro. They also reported on the successful expression of CD16 in NK cells using
mRNA electroporation and found these engineered cells exhibited improved antibody-dependent cellular
cytotoxicity. Another paper by Ng et. al. showed expression of CXCR1 in CAR-NK cells enhanced the
anticancer efficacy in a preclinical study [242]. Using mRNA electroporation, they were able to express
CXCRI1 in over 95% of NK cells and the engineered cells exhibited improved tumor infiltration in vivo,
which resulted in enhanced tumor control. To test whether the efficacy of CXCR1-expressing NK cells
could be further improved, they co-expressed CXCR1 with an NKG2D CAR. The co-expression resulted
in a synergistic effect in vivo that led to a reduction in tumor burden, compared to the NK cells only

expressing the NKG2D CAR.
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Taken together, the use of transient engineering technique, specifically mRNA electroporation, for the
expression of cytokines and other recombinant proteins can be an effective platform to improve the

cytotoxicity and anticancer efficacy of immunocompetent cells.

1.4v06 T cells

A. Classification, characterization, and functions

The af T cell is the most abundant and commonly studied type of lymphocyte, however yd T cells play
important roles in a wide range of applications. yo T cells have characteristics that make them the ideal cell
type for immunotherapy. They are a small subset of lymphocytes that bridge the gap between the adaptive
and innate immune systems and are classified into three major populations based on their 6 chain: Vol,
V62, and V3 [243]. vo T cells expressing the V81 chain are found in epithelial tissues and mucosal regions,
such as the gut, skin, and liver. They play major roles in mucosal immune surveillance, responding to stress
antigens on epithelial cells after infection or damage, and maintaining epithelial tissue integrity [244, 245].
Research conducted by Davey et. al. found that V31 T cells play a pivotal role in immune surveillance and
were shown to exhibit clonal expansion over time [246]. The group also showed that these cells display a
more effector phenotype after their TCR becomes more focused. Furthermore, Vo1 T cells have been shown
to play important roles in the response to viral infections, especially cytomegalovirus (CMV) and Epstein
Barr virus [247-249]. In addition, researchers discovered that V&1 express several natural cytotoxicity
receptors that confer immune surveillance toward cancer cells such as NKp30, NKp44, and NKp46 [250,
251]. These innate receptors help the yo T cells initiate an immediate response to abnormal, infected, or

cancerous cells.

In contrast to Vol T cells, V62 T cells are predominantly circulating in the blood and have been
characterized to have two subsets, one with more adaptive features and one with more innate-like features
[252]. These two subsets are defined by the y chain, with Vy9" cells exhibiting more innate-like features

and VY9 exhibiting more adaptive-like features. The work by Davey et. al. revealed that Vy9"V32 T cells
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maintain clonotypic plasticity, while Vy9'Vo2 T cells exhibit more of a focused clonal expansion and
differentiation [253]. Vy9V62 T cells play important roles in initiating immune responses after microbial
infection, which is achieved by responding to phosphoantigens (PAg) produced by the microbial non-
mevalonate pathway [254, 255]. Similar to V&1 T cells, they also play key roles in detecting and targeting
cancer cells through several receptors including the TCR, NKG2D, CD16, as well as other [256]. In
addition, Vy9V2 T cells have been shown to play important roles in initiating and activating other immune
cells, such as aff T cells, neutrophils, and dendritic cells [257-259]. Similar to Vo1 T cells, VY9'Vo2 T cells
exhibit a more naive phenotype within the blood and undergo a shift toward a more effector phenotype and
clonal expansion upon viral infection [253]. Far less is known about Vy9'V52 T cells, however it has been

shown that they play important roles in adaptive immunity against infection.

V63 T cells are the third type of yo T cell and are found in the liver, gut, and in small numbers within the
blood [260, 261]. Although the levels are typically low in the blood, researchers have found increased levels
of circulating V&3 T cells after CMV infections in recipients of renal and stem cell transplants [247, 262],
in patients with HIV-negative CD4 T cell deficiency [263], and in patients with B cell chronic lymphocytic
leukemia [264]. Not much is known about specific antigens that are recognized by V&3 T cells, however
researchers have identified CD1d as a target [265]. Mangan et. al. published their work on expanding Vo3
T cells and showed they become activated and kill CD1d" target cells and release Thl, Th2, and Th17
cytokines. In addition, they showed that the V&3 T cell induce the maturation of dendritic cells and cause
the upregulation of markers associated with stimulated dendritic cells, such as CD40, CD83, CD86, and
HLA-DR. Research conducted by Petrasca et. al. found that Vo3 T cells also induce maturation of B cells
[266]. The group found that co-culturing V33 T cells with B cells caused an upregulation in costimulatory
molecules on both cells and induced the production of IgM by B cells. Despite not being widely studied,
these publications reveal an important function of V&3 T cells in activating and inducing an immune

response.
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B. Mechanisms of antigen recognition

The major mechanism of antigen recognition for yd T cells is through the TCR. As mentioned above, the
vo T cells recognize PAg, but more specifically they recognize prenyl pyrophosphate metabolites that are
produced by the host mevalonate pathway or the microbial non-mevalonate pathway [267]. One such PAg
is isopentenyl pyrophosphate (IPP), which is a substrate for farnesyl pyrophosphate synthase in the
mevalonate pathways. In cancer cells, the overproduction of bisphosphonates blocks the action of this
enzyme and causes levels of IPP to increase, which can be recognized by yo T cells. For a long time, the
mechanism of recognizing PAg through the TCR was unclear, however research conducted by Harly et. al.
proved instrumental in understanding how the yd TCR functions [268]. They showed that the family of
butyrophilin (BTN) receptors, specifically BTN3A, directly interacts with PAg through its intracellular
domains, which, in turn, causes a conformational change that is detected by the Y& TCR. Work done by
other researchers have confirmed these findings and have even implicated other members of the BTN
receptor family, such as BTN2A1 [269, 270]. Through PAg recognition via the TCR, yé T cells are able to

identify cancer cells and infections, which allows the cells to initiate an immune response.

NKG2D is a C-type lectin-like receptor that plays an important role in ligand recognition and the activation
of y6 T cells. The NKG2D receptor is most notably considered a costimulatory receptor and has been shown
to enhance the signaling of yd T cells and other immunocompetent cells upon TCR activation [271, 272].
Although widely known as a costimulatory receptor, NKG2D has also been shown to activate yd T cells in
a TCR-independent and antigen-independent manner [273]. The interaction between NKG2D and its
ligands play essential roles in immune surveillance. A study conducted by Guerra et. al., showed that
NKG2D-deficient mice were more susceptible to epithelial and lymphoid malignancies and that tumors in
these mice expressed higher levels of NKG2D ligands compared to wild type mice, suggesting NKG2D
plays a critical role in tumor surveillance [274]. Its main function is to recognize stress markers that are
related to heat shock and genotoxic stress. Several ligands for NKG2D have been identified including the

MHC class 1-related proteins A and B (MICA/B) and the members of the UL16-binding protein family
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(ULBP), ULBP1-4 [275]. These ligands are not expressed by most healthy cells and are typically
upregulated in cancer cells and infected cells [276, 277]. Activation of the NKG2D receptor has been shown
to increase production of cytokines like TNFa, as well as increase the release of cytolytic granules [273].
As more research was conducted on NKG2D and its expression on yd T cells, it became clear that this

receptor plays a critical role in initiating and enhancing v T cell effector functions.

There are many other receptors and proteins that are expressed on yo T cells that are important for its
effector functions. One such receptor is CD16, which binds to the Fc region of IgG antibodies and plays a
critical role in its antibody-dependent cellular cytotoxicity (ADCC) activity. ADCC is an immune
mechanism where certain immunocompetent cells can recognize and kill target cells that are coated with
antibodies on their surface. The most common cell type involved in ADCC is NK cells, however yo T cells
have also been shown to play a role in ADCC through expression of CD16 [278]. In fact, researchers have
found increased expression of CD16 on yo T cells after CMV infection and upon activation induced by
nonpeptidic antigens [279, 280]. In the context of cancer, this observation led to the testing of combining
antibody-based therapeutics with v T cells and has shown promising results in preclinical studies [281-
283]. Another mechanism of cytotoxicity of y6 T cells is the induction of programmed cell death and
apoptosis in target cells via expression of the TNF receptors, Fas ligand (FasL) and TNF-related apoptosis-
inducing ligand (TRAIL). The expression of FasL and TRAIL on yd T cells has been shown to play a role
in its anticancer activity by interacting with Fas receptors and TRAIL receptors on target cells [282, 284,
285]. These interactions induce apoptosis pathways and ultimately results in target cell death. The ability
for yd T cells to recognize antigens in several different ways and through several different receptors and
proteins makes them the ideal cell type for ACT and offers a promising option for developing novel cancer

therapeutics (Figure 1-1)



Figure 1-2: y3 T cells exhibit several natural mechanisms of cancer cell recognition
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Figure Legend 1-2: y3 T cells have several inherent cytotoxic mechanisms that make them the ideal

candidate for adoptive cell therapy. One of the major advantages of this cell type is their MHC-
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independent antigen recognition that allows for a rapid response to infection and cancerous cells. This is

accomplished by the expression of several different receptors and proteins including Fc receptors,

NKG2D, FasL, and the TCR that recognizes phosphoantigens.
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C. Vy9Vo2 T cells for ACT

One of the most widely studied yd T cell is the VYOV62 T cell. yd T cells account for 1-10% of circulating
lymphocytes with VY9Vé2 T cells being the major population of within the blood. Vy9Vo2 T cells have
certain characteristics that make them the ideal cell type for cancer immunotherapy and ACT. One of the
main advantages is their ability to be preferentially expanded from healthy donor blood. Our lab, as well as
others, have developed protocols to culture these cells and expand them from peripheral blood mononuclear
cells (PBMCs) to numbers sufficient for clinical use. There have been two major techniques for expansion;
a feeder cell-based technique and the use of bisphosphonates like Zoledronate and the synthetic
bromohydrin pyrophosphate [286-290]. Another important feature of VY9Vo2 T cells is their ability to be
used as an allogeneic product. As mentioned above, Yo T cells recognize antigens in an MHC-independent
manner, which significantly limits the risk of causing GvHD [291]. In addition, Vy9V2 T cells have been
shown to be well tolerated in clinical trials and have shown some success for several cancer types including
hematological malignancies, lung, liver, pancreatic, as well as others [292-294]. The use of unmodified or
engineered y0 T cells has the potential to be an effective cancer treatment and holds great promise as the

next generation of ACT products.
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Engineering y6 T cells using AAV6 and microfluidics devices
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2.1 Abstract

Gene and cell therapy is becoming a valuable therapeutic tool to treat a variety of diseases. The development
of CAR T cell therapy has revolutionized cancer immunotherapies and has seen great success in clinical
trials. The use of yd T cells is becoming an attractive alternative to the traditional aff T cells because of their
innate and adaptive immune functions, however engineering this cell type has been difficult. In contrast to
AAV2, AAV6 has emerged as a promising viral vector for the transduction of T cells. Therefore, we
investigated the use of AAV6 to engineer yo0 T cells with a CD5 CAR, capable of targeting T-cell
malignancies. First, we improved upon the AAV manufacturing process by optimizing the purification step,
which led to a purer and cleaner AAV vector. After initial attempts using traditional wildtype AAV6 well
transductions were unsuccessful, we show that the use of a microfluidics device with mutant AAV6 vectors
improves transduction efficiencies and CD5 CAR expression in the Jurkat cell line, however v T cell
transduction resulted in limited gene transfer and increased cell death. Although AAV6 has the potential to

be an effective gene engineering technique for yd T cells, we illustrate the need for further optimization.

2.2 Introduction

In the past two decades, the field of gene and cell therapy has revolutionized therapeutic approaches for
treating a variety of diseases. The development of viral vectors to deliver specific genes has been
instrumental in advancing patient care and outcomes for diseases like cancer, heart failure,
neurodegenerative disorders, as well as many others [295]. For cancer, this is evident by advances in cancer
immunotherapy, especially adoptive cell therapy, where engineering immunocompetent cells has been
necessary for improving the success of these treatments. T cells have been the most widely used cell type
for the development of various cancer immunotherapies like CAR T cell therapy and TCR-based therapies,
thus a great deal of effort has been put into engineering these immunocompetent cells. As mentioned in
Chapter I, y0 T cells are a small subset of lymphocytes that are the ideal candidate for use as an
immunotherapy to treat cancer, however engineering these cells has traditionally been difficult with low

and variable transduction efficiencies. Lentiviral vectors have been the most common technique used for
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engineering T cells, however the stable integration of transgene poses risks that can ultimately lead to side
effects and toxicities (see section 1.2) and lentiviral transduction of yd T cells is limited and only results in
about 30% transduction efficiency [288]. Therefore, more effective engineering strategies for yd T cells are

necessary, in order to enhance their potential for clinical success.

AAYV has become a promising tool for gene therapies and has seen success in preclinical and clinical studies.
AAV?2 was one of the first serotypes discovered and is one of the most common viral vectors used for gene
therapy. It has natural tropisms for a variety of tissues and cell types including skeletal muscle [296], cells
of the central nervous system [297, 298], retinal cells [299, 300], and hepatocytes [301]. Scientists have
taken advantage of these specific tropisms by developing targeted treatments for many diseases. For
example, the liver tropism has increased appeal for the development of in vivo treatments for hemophilia
by engineering hepatocytes to produce Factor VIII or Factor IV [302, 303]. Furthermore, AAV?2 has seen
great success in clinical trials for a variety of hereditary eye conditions where monogenic diseases are able
to be treated with the delivery of specific genes [304, 305]. In fact, studies like these have led to the
development of Luxturna, an AAV2-based treatment developed by Spark Therapeutics for patients with

RPE65-mutation-associated retinal dystrophy [306].

Although AAV?2 is the most widely studied serotype, it has seen very little success in transducing T cells.
AAV6 has recently become an attractive candidate as a viral vector due to its enhanced transduction
efficiency for a wide range of cell types [307]. It was found to be a natural recombinant of AAV1 and
AAV2 and is structurally similar to the AAV2 capsid [308-310]. Importantly, it has been shown to engineer
hematopoietic cells with higher efficiencies than other viral vectors [311-313]. Therefore, we tested whether
AAVG6 is able to successfully engineer yo T cells through the expression of CARs. In addition, we examined
techniques to improve gene transfer using AAV6 by investigating the purification step during
manufacturing, as well as utilizing techniques to enhance y6 T cell transduction. The first technique used

to improve yo T cell transduction with AAV6 was the use of a perfusable polystyrene microfluidics device,
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which we have shown improves transduction of primary cells [314-316]. The device works by spatially
constraining the viral particles and cells to allow for more virus-cell interactions and limits wasted virus
due to prolonged diffusion times. The second technique that was tested to improve AAV6 transduction
efficiency was the use of mutant AAV6 vectors. These vectors contain modified capsids that were shown
to not only improve the intracellular trafficking and nuclear translocation of transgenes that resulted in
enhanced transduction of primary cells, but also prevent kinase-mediated phosphorylation that causes
ubiquitination and proteosome-mediated degradation of transgene DNA [317-319]. By optimizing the in
vitro transduction of vy T cells using AAV6, we hypothesize the limitation of low gene transfer can be

overcome, resulting in sufficient numbers of engineered yd T cells for downstream applications.

2.3 Results

Two ultracentrifugation steps in AAV6 production process results in purer product

The production process of AAV was simplified with the development of the three-plasmid technique and
consists of HEK293T cell transfection, harvesting, concentration and purification, and a buffer exchange
step. There are, however, ways that the process can be improved and optimized. Here, we evaluated the
concentration and purification step and tested whether the addition of a second ultracentrifugation improves
the final product, compared to only one ultracentrifugation. Using SDS page, we evaluated the purity of
using one ultracentrifugation (denoted sample one) and two ultracentrifugations (denote sample two) and
found the addition of the second ultracentrifugation resulted in a purer final product with less debris and
contaminants (Figure 2-1). Both preparations did not affect the detection of all three capsid proteins, as
seen by bands at 87kDa, 72kDa, and 62kDa. While making a purer AAV batch is essential for producing a
safe product for down-stream applications, the viral particle yield is important when considering clinical
applications. Therefore, we next examined whether the addition of the second ultracentrifugation affected
the number of particles that were collected. We conducted a physical titer on both samples to determine the
viral yield. The physical titers were found to be similar with sample one containing 2.69 x 10'* gc/mL and

sample two containing 2.21 x 10'* gc/mL. To further evaluate the two samples, electron microscopy was
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performed to examine the two preparations and evaluate the percentage of empty and full particles (Figure
2-2). Interestingly, the addition of the second ultracentrifugation resulted in a higher percentage of full
capsids, with sample one containing 86.6% full particles and sample two containing 98.1% full particles.
In addition, the microscopy images supported the SDS page results that sample two exhibited improved
purity compared to sample one. Taken together, these results show that the addition of a second
ultracentrifugation step during the concentration and purification step of AAV production improves purity

and increases the full to empty particle ratio, while not affecting viral particle yield.
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Figure 2-1: Second ultracentrifugation improves purity of AAV6 vector
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Figure Legend 2-1: Based on SDS page analysis, production of AAV particles using either one (sample
1) or two (sample 2) ultracentrifugation step does not affect successful capsid protein assembly and
detection at the corresponding sizes. In addition, adding a second ultracentrifugation resulted in a purer

final product, evident by the reduced debris and contaminants in sample 2.
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Figure 2-2: Second ultracentrifugation increases the proportion of full capsid particles
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Figure Legend 2-2: Representative electron microscopy images of AAV preparations using one or two
ultracentrifugation steps. Red arrows denote examples of full AAV particles, while green arrows denote
examples of empty particles. Sample one contains more empty particles, in addition to more

contaminants.
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Development of Jurkat functional titer

Traditionally, a physical titer is used to characterize viral vector batches, however variations in batch
production and differential transduction efficiencies of cell types necessitates an alternative method to
measure and compare different batches. Therefore, we developed a standardized functional titer technique
using the Jurkat cell line that incorporates transduction efficiency, which allows for a more applicable
characterization of AAV batches. The Jurkat cell line is an immortalized T cell line that was isolated from
the peripheral blood of a pediatric acute ALL patient, which makes it an ideal cell line for testing
engineering techniques for T cells. In contrast to the physical titer, the functional titer is defined as the ratio
of transduced cells to the number of viral particles used. To compare the functional titer to the physical
titer, two batches of AAV6-MND-CD5 CAR were produced and the physical and functional titers were
calculated as stated in the Methods section. Although the physical titer for the first batch was found to be
high at 1.01 x 10" vg/mL, the functional titer was calculated to be only 3.4 x 10’ TU/mL. A similar trend
was found for the second batch, with a physical titer of 2 x 10'* vg/mL and a functional titer of only 2.0 x
107 TU/mL. These comparison experiments reveal that the physical titer may not be the best method for
characterizing AAV batches, and that the functional titer offers a valuable tool for the direct characterization
of the transduction potential for AAV batches and allows for easy comparisons between experiments using
different batches. The functional titer, as described in Methods, was used to calculate the multiplicity of

infection (MOI) for each transduction.

Microfluidics device improves transduction of T cells but reduces yo T cell viability

Initial attempts to use AAV to transduce T cells resulted in variable transduction efficiencies and reduced
cell viability (Figure 2-3A and 3B). Therefore, we tested the use of a microfluidics device that spatially
constrains the viral particles with the cells. To test whether the microfluidics device can improve AAV
transduction, we examined the transduction efficiency of an AAV6-CMV-GFP vector (Supplemental
Figure 2-1) to engineer the Jurkat cell line using the microfluidics device and compared it to traditional

well transductions. Jurkats were transduced at varying MOIs and the GFP expression was detected by flow
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cytometry (Figure 2-4A). GFP expression reached about 50% for the traditional well transduction, while
the microfluidic device transduction reached over 95%, which shows the device improves the efficiency of
AAYV transductions. In addition to the increased transduction efficiency, the microfluidics device also

resulted in faster expression of GFP, which was seen as early as one day after transduction (Figure 2-4B).
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Figure 2-3: AAV6 transduction of yd T cells results in variable GFP expression and reduced cell viability
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Figure Legend 2-3: GFP expression and cell viability were determined three days after transduction of yd

T cells using traditional well techniques. (A) Initial attempts at using AAV6 to transduce v T cells results

in variable transduction efficiency. GFP expression ranges from 20-40% with no significant increase as

the MOl increases. (B) Cell viability of y5 T cells decreases by about 20-30% after transduction as

measured by 7AAD binding.



Figure 2-4: Microfluidics device improves transduction of Jurkat cell line
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Figure Legend 2-4: (A) Representative flow plots and summary graph comparing traditional well

transduction and microfluidic device transduction of Jurkat cells. Three days after transduction, samples

from the microfluidics device display increased GFP expression at all MOls, compared to the well

samples. (B) In addition, device transduction leads to faster expression of the transgene, as seen by GFP

expression as early as one day after transduction.
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Next, we evaluated whether the microfluidics device increases the transduction efficiency of primary yo T
cells. y0 T cells were transduced at MOlIs of 0.2 and 0.4 (based on well functional titers) using traditional
and device transductions and the GFP expression was again determined by flow cytometry (Figure 2-5A).
GFP expression was limited for the well transductions, however increased expression was observed for the
device transductions, reaching about 50%. Despite the improved transduction efficiency, y6 T cell viability
decreased when using the microfluidic device, with cell viability decreasing up to 20-40% (Figure 2-5B).
To determine whether this decrease in viability was caused by the device itself or whether the amount of
vector played a role, yo T cells were transduced in the device at varying concentrations of vector in the total
culture volume while keeping the MOI constant at 0.4. As expected, the expression of GFP increased as the
vector percent increase because more viral particles are reaching the cells (Supplemental Figure 2-2).
However, the higher concentration of vector also resulted in a reduction in cell viability, suggesting
increased vector percentages during transduction is harmful to the cells and leads to increased cell death

(Figure 2-5C).



Figure 2-5: Microfluidics device improves transduction of yo T cells but reduces cell viability
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Figure Legend 2-5: (A) v0 T cells were transduced with an AAV6-CMV-GFP vector using the
traditional well technique and the microfluidics device. Representative flow plots are shown on the left
for one donor at an MOI of 0.2 and a summary graph shown on the right. Increased GFP expression was
detected in y0 T cells when transduced using the microfluidics, compared to well transductions. (B) A
reduction in cell viability was also observed when using the device, which decreased as the MOI
increased. (C) To determine if the percentage of vector within the total culture volume during
transduction affects yo T cell viability, the vector percentage was varied while keeping the MOI constant
at 0.4. A slight decreased in viability was observed at 16.7% and 25%, however a larger decrease in

viability occurred when the vector percentage reached 50%.
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Development of AAV6-MND-CD5 CAR construct leads to limited CAR expression in yo T cell

After testing AAV transduction of y6 T cells with GFP, we next examined the expression of a functional
CD5 CAR. We developed a bicistronic AAV6 GFP-CDS5 CAR construct (Supplemental Figure 2-1) that
contained an MND promoter, rather than the CMV promoter, as the MND promoter is strong in
lymphocytes and other hematopoietic cells and the CMV promoter has been shown to be silenced and
downregulated [320-322]. To first confirm successful cloning of the MND-CD5 CAR, HEK293 cell were
transfected with plasmid DNA and western blot analysis was performed to confirm protein expression
(Figure 2-6A). In addition, GFP expression was confirmed based on microscopy imaging (Supplemental
Figure 2-3). Before testing the transduction of yd T cells, the CD5 CAR construct was tested in Jurkat cells
using traditional well transductions, as well as the microfluidic device transduction technique, and flow
cytometry was used to determine GFP and CD5 CAR expression (Figure 2-6B). As expected, GFP
expression increased as the MOI increased and reached 37% and 84% at an MOI of 0.4 for well and device
transductions, respectively. No CD5 CAR expression was observed using the well transduction, and despite
a prominent increase in GFP expression using the device, CAR expression remained limited with only about
7% expression. This high transduction efficiency with GFP but low CAR expression can be explained by
the downregulation of the CD5 CAR upon cis and trans interactions with the CAR and CDS5 on Jurkat cells,
which we have previously shown [323, 324]. To confirm this, the same construct was used to transduce a
CRISPR-edited Jurkat cell line that does not express CDS. Transduction of the CD5-edited Jurkat cells
results in increased levels of the CDS5 CAR, compared to the naive Jurkat cell line (Supplemental Figure 2-
4A). Furthermore, we show that the engineering of the naive Jurkat cell line with the CD5 CAR results in
increased activation, evident by increased CD69 expression (Supplemental Figure 2-4B) This suggests that
CDS5 expression can affect expression of the CD5 CAR in T cells and may be an obstacle that must be
addressed. We hypothesized that in order to overcome the downregulation of the CD5 CAR, the
transduction efficiency must be high enough to surpass the loss of surface expression. Therefore, we tested
the transduction of yd T cells at the maximum MOI that the device is able to achieve. Even at an MOI of 6

in the device, there was no CAR expression detected, suggesting, while the microfluidics device does
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improve the gene transfer of AAV6, it is not able to overcome the downregulation of the CD5 CAR (Figure

2-6C).
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Figure 2-6: Transduction of AAV6-MND-CDS5 CAR results in limited GFP and CAR expression in
Jurkats and yo T cells
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Figure Legend 2-6: HEK293 cells were transfected with plasmid DNA to confirm successful cloning of
a bicistronic AAV6- GFP/ CD5 CAR construct containing the MND promoter. (A) Western blot analysis
was performed to confirm proper size of the CAR protein. (B) Jurkat cells were transduced with the CD5
CAR construct using traditional well transductions and microfluidic device transductions. The well
transduction resulted in limited GFP that reached 37%, while the device transduction resulted in GFP
expression reaching 84%. CD5 CAR expression was not observed for the well condition and only limited
CAR expression was detected for the device condition. (C) Limited GFP expression and no CD5 CAR

expression was detected when transducing yo T cells using the microfluidics device, even at higher MOls.
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AAV6 mutants improve transduction of yo T cells but CD5 CAR expression remains low

The development of AAV mutants has been previously shown to improve transduction efficiencies of
primary hematopoietic cells. Therefore, we tested whether these vectors are able to improve yd T cell
transduction and overcome the downregulation of the CD5 CAR. Two mutant AAV vectors were generated,
one with a serine to valine mutation at position 663 (denoted 663V) and a second with a tyrosine to
phenylalanine mutation at positions 705 and 731 (denoted M2). Both vectors were first evaluated for their
transduction of the Jurkat cell line using the traditional well and microfluidics device techniques (Figure 2-
7A). Well transductions of both the S663V and M2 vectors resulted in no CAR expression and GFP
expression reaching about 30% and 40%, respectively. When combining the microfluidics devices and the
mutant AAV vectors, GFP expression reached about 80% and CAR expression was detected at all MOIs
and reached about 50% for both vectors. In addition, an exponential relationship between GFP and CAR
expression was observed when looking across all MOIs (Figure 2-7B). An important observation was also
made when analyzing GFP and CAR expression. Once transduction efficiency (i.e. GFP expression)
reaches about 50%, CD5 CAR expression is detected, which suggests gene transfer to 50% of cells is
sufficient to overcome the downregulation of the CAR. Additionally, an inverse relationship was seen
between CD5 CAR and CDS5 expression (Figure 2-8). As CD5 CAR expression in Jurkats increased, CD5
expression decreased. These results are consistent with the wildtype AAV6 transductions and further show
that the interaction between the CD5 CAR and CDS5 causes the downregulation of not only the CAR, but

CDS5 as well.



Figure 2-7: Jurkat cells transduced with AAV6 mutant vectors express GFP and CD5 CAR
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Figure Legend 2-7: Two AAV6 mutants were generated and assessed whether they exhibited increased

transduction efficiencies. (A) Jurkat cells were transduced with the mutant vectors using well and device

transductions at varying MOIs. Transductions using both mutants resulted in CD5 CAR expression using

the device, while no CAR expression was detected when using wells. (B) The GFP-CAR relationship

reveals an important threshold for the successful expression of the CAR and shows that transduction

efficiencies above 50% overcomes the downregulation of the CD5 CAR.
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Figure 2-8: CD5 expression is reduced as CD5 CAR expression increases
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Figure Legend 2-8: Jurkat cells were transduced with the mutant AAV6 vectors at varying MOIs. Flow
cytometry analysis reveals an inverse relationship between CD5 CAR expression and CD5 expression.

This suggests that the interaction between antigen and CAR not only causes the downregulation of CD5

CAR, but also CD5 surface expression.
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Next, we tested whether this engineering technique can be applied to y6 T cells for the expression of the
CD5 CAR. v8 T cells were transduced with the two mutant AAV6 vectors in microfluidics devices and
GFP and CD5 CAR expression was determined by flow cytometry. Consistent with the wildtype AAV6,
expression of GFP in the yd T cells was limited, with no CD5 CAR expression for all MOIs (Figure 2-9A).
In addition, viability remains an issue when using primary v T cells in the microfluidics devices, as seen
by the increased cell death compared to unmodified y& T cells (Figure 2-9B). These results show that,
despite the promising transduction of Jurkat cells with mutant AAV6 vectors and microfluidics device, ¥

T cell transduction using this technique must be improved and further optimized.



Figure 2-9: AAV6 mutant transduction of 3 T cells results in limited transduction efficiency and low

cell viability

Figure Legend 2-9: (A) AAV6 mutants were used to transduce yd T cells and GFP and CD5 CAR

TAAD + m——

Naive

o1
0s2

oR

Naive

S663V

M2

S663V

M2

A e | 3o @
021
oo 034
10°4
105'!
10y
oo \W
-] Jo¢ @
o2 889 993
L AL AL TR T T T
° 10 o 10 10 10
23
10° o @ | 10°Jor @
|°1: 0sr 012 107_= 0&s 012
1% 10°4
10 10° 3
10y 10°
. o - s B
0w £ P o : e
+ S0s @ o a3
@ 89 101 Jeos 94
g AR\ B A Base B B L AL I A
o 0 10 10 10 0 10 ) 10
GFP+ >

TAAD+

63

expression was measured using flow cytometry. GFP expression was limited with only about 10% of cells

being GFP positive, while no CD5 CAR expression was detected. (B) An increase in cell viability was

observed after yd T cell transduction using either AAV6 mutant vector, as measured by Annexin V and

7AAD staining.
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2.4 Discussion

Gene and cell therapy has become a promising option for many diseases and offers an attractive alternative
to current treatments. AAV is one of the primary viral vectors used today and has become a powerful tool
for delivering genes to cells. One of the major advantages of using AAV is the ability to transduce many
different cell types. The diverse options of serotypes that preferentially transduce different tissues and cells
allows for a more directed approach for genetic engineering. This is especially evident by the use of AAV
for in vivo gene transfer, which has seen great success in preclinical and clinical studies [325]. In the field
of cancer therapeutic development, the major focus for this technique has been to target cancer cells in vivo
by creating oncolytic AAV vectors that either directly cause cancer cell death or make the cancer cells more
susceptible to the host immune system [326-328]. In addition, there has also been a focus on targeting T
cells in vivo, for the expression of CARs to help target cancer [329]. AAV vectors have not only seen
success in in vivo applications, but also in ex vivo applications for the development of cancer
immunotherapies. For example, the development of AAV-based cancer vaccines has revolutionized cancer
treatments and have allowed for the direct priming of immunocompetent cells that are able to target cancer
cells [330, 331]. In addition, adoptive cell therapy (ACT) offers another direction for the development of
cancer immunotherapies, with CAR T cell therapy emerging as a promising technique for treating cancer.
For CAR T cell therapy, immunocompetent cells are isolated from the patient or healthy donors, expanded
and engineered, and then administered to the patient as a cellular therapy. It has seen great clinical success
thus far, especially for B-cell malignancies, and has revolutionized approaches for treating cancer patients

[332].

Traditionally, af T cells have been the cell type of choice for CAR-based therapeutics, however, 6 T cells
are quickly becoming a promising option for use in adoptive cell therapy. They are a highly specialized
immune cell that has been shown to play important roles in the adaptive and innate immune system. They
possess characteristics that are ideal for cancer immunotherapy and adoptive cell therapy and are critical

for immune surveillance, fighting infections, and targeting certain cancers [278]. Despite their favorable
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characteristics, yd T cells have traditionally been a difficult cell type to engineer. Unmodified yo T cells
have been tested in clinical trials and have been shown to be safe, however the limited efficacy necessitates

strategies to improve they cytotoxic functions [333].

Developing novel engineering strategies for immunocompetent cells, like yo T cells, to improve their
specificity and anti-cancer efficacy is an essential step in the process of generating CAR T cells.
Traditionally, AAV has had limited success, however the development of recombinant AAV6 vectors
offered a promising engineering method and was found to have a high tropism for not only hematopoietic
cells, but also T cells specifically [313]. Although not fully understood, the discovery of specific primary
and secondary receptors that are required for AAV6 binding and internalization by target cells was pivotal
in explaining why T cells are more susceptible to transduction by this viral vector. One of the major
receptors that facilitates AAV6 binding and internalization by target cells are sialic acids, specifically a2,3
and 02,6 N-linked sialic acids [334, 335]. Sialic acids have been found to play an important role in T cell
development and function and are attached to the majority of cell surface glycans through various linkages
including 02,3 and 02,6 [336]. While no study has directly linked the expression of these viral receptors on
T cells with the successful transduction of AAV6, it can be hypothesized that they contribute to the

improved transduction efficiencies compared to other serotypes and viral vectors.

Here, we test whether AAV6 is able to engineer yo T cells to express a CDS CAR that is able to target T-
cell malignancies. T-cell malignancies are a difficult cancer type to target, especially with CAR T cell
therapies, and have several obstacles that must be addressed. For example, there are limited tumor-specific
targets that can be applied to the development of CARs and on-target-off-tumor effects can lead to adverse
side effects [337, 338]. The development of T cell aplasia can occur if the targeted antigen is also expressed
on healthy T cells, which can lead to immunodeficiency. The depletion of T cells is caused by the
persistence of engineered afy T cells that can form a memory response against the targeted antigen [339,

340]. Another significant limitation is that the targeted antigen is expressed on the CAR T cells, which can
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result in fratricide and depletion of the therapeutic cells [341, 342]. This can also lead to interactions
between the antigen and CAR during manufacturing, which can cause downregulation of the CAR [338].
These limitations of the current ap CAR T cell model must be addressed for the successful application of
CAR T cell therapy for T-cell malignancies. We have previously published our efforts to develop a gene
engineering platform for targeting T-cell malignancies with yo T cells, however lentiviral transduction was
limited [287, 324]. We also published the development of CD5 non-signaling CARs (NSCARs) that we
showed improved yd T cell killing, however the NSCAR was also downregulated upon interacting with
CDS5 [324]. Despite the improvement in cytotoxicity, the need for engineering techniques to express a
functional CAR remains. Therefore, we hypothesized that the transient engineering of yd T cells using
AAV6 can overcome some of these limitations and create a practical alternative for treating T-cell

malignancies.

Initial attempts at transducing v T cells with AAV6 using traditional well transductions were unsuccessful
and resulted in limited transduction efficiency and poor cell viability. Therefore, we investigated techniques
to enhance AAV6 gene transfer into yo T cells. We improved the purity and quality of the AAV vector by
adding an additional ultracentrifugation step during the concentration and purification step. We also utilized
two strategies to enhance the transduction efficiency, the use of a microfluidics device that spatially
constrains the viral particles to the cells and the use of mutant AAV6 vectors that have been shown to
improve transduction of primary cells. We show that the microfluidics device improves transduction
efficiencies of the T cell line Jurkat using a bicistronic AAV6-GFP/CD5 CAR vector, compared to
traditional well transductions. Despite observing the downregulation of the CD5 CAR, we were able to
overcome the phenomenon by expressing enough of the CAR. In fact, during our investigation, we also
made an important observation of the relationship between GFP expression and CD5 CAR expression.
Once transduction efficiency, which is portrayed as GFP expression, reaches about 50%, we begin to detect
CAR expression. This suggests that a transduction efficiency of over 50% may be sufficient to overcome

the issues of antigen/CAR interaction-mediated downregulation.
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Despite improving transduction of the Jurkat cell line, transduction of primary yd T cells using the
microfluidics device remained limited and resulted in increased cell death. Therefore, we tested whether
the combination of AAV6 mutants and the microfluidics device can improve the transduction of yo T cells
and overcome the low gene transfer, however cell yield and cell viability continued to be an issue. In order
to reach levels of gene transfer that result in CAR expression in v T cells, a large volume of vector is
needed. Primary y0 T cells are more susceptible to changes in culture conditions and we theorize that this
concept may be the reason for low transduction efficiency and cell viability. A more concentrated AAV
batch would allow for less vector volume needed for transduction and may offer a solution to overcome
this issue. Overall, we show that AAV6 has the potential to be an effective gene engineering technique for

v6 T cells, however more optimization and research is needed to improve this platform.

2.5 Materials and Methods:
Cell lines
The Jurkat cell line was obtained from ATCC. The cells were cultured in RPMI (Corning) media

supplemented with 10% FBS and 1% penicillin/streptomycin in a 5% CO; incubator.

Expansion and transduction of yo T cells

vo T cells were expanded as previously published [287, 343]. Blood was obtained from healthy donors
through the Children’s Clinical Translational Discovery Core at Emory University. PBMCs were isolated
using Ficoll-Paque Plus density centrifugation. PBMCs were cultured in OpTmizer containing OpTmizer
supplement, 1% penicillin/streptomycin, and 2mM L-glutamine (complete OpTmizer). Cells were plated at
2 x 10° cells/mL and on day 0 and 3 of the expansion, SuM Zoledronate and 500IU/mL IL-2 was added to
the media. On day 6 and 9, 1000IU/mL IL-2 was added to the media. On day 6, an aff depletion step was
performed as previously published [283]. Flow cytometry was performed on day 0, 6, 9, and 12 to monitor

v0 T cell expansion. On day 12 of the expansion, yd T cells were used fresh for experiments. For yd T cell
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transductions, between 100,000 and 500,000 yd T cells were resuspended in complete OpTmizer and the
specified amount of AAV was added for about 16 hours. The next day the media was replaced, and cells
were plated at 5 x10° cells/mL. Cells were analyzed for successful transduction via flow cytometry. CD5
CAR expression was detected by labelling cells with a CD5-Fc fusion protein (AcroBiosystems) and an

anti-IgG Fc secondary antibody (Jackson Immunoresearch Laboratories).

Production of AAV vectors

AAYV was produced using the three-plasmid transfection technique. The expression plasmid encoding GFP,
the RC6 plasmid, and the pHelper plasmid were transiently transfected into HEK293T cells using calcium
chloride. Cells were cultured in DMEM with 10% FBS and 1% pen/strep for 3 days. On day 3, culture
media and cells were harvested and centrifuged at 1250rpm for 10 minutes. The supernatant was poured
into a new tube and 40% PEG 8000 was added to a final concentration of 8% PEG 8000. The supernatant
was then placed on ice for at least 2 hours and centrifuged at 10,700rpm at 4°C for 30 minutes. The pellet
was resuspended with lysis buffer (2mM magnesium chloride, 150mM sodium chloride, and 50mM TRIS
hydrochloride) and added to the crude lysate after nuclease digestion. The cell pellet was lysed by adding
50mL of lysis buffer containing 0.15M NaCl and 50nM Tris HCI pHS8.5. The pellet underwent three
freeze/thaw cycles and nucleases, sodium deoxycholate (0.5% final concentration) and benzonase (diluted
10000X) was added. The crude lysate was then digested for 30 minutes at 37°C. Next, 5SM NaCl (0.5M
final sodium concentration), 4.82M MgCl2 (20mM final), and Salt-Activated Nuclease (50U/mL final) was
added to the lysate and was placed in 37C water bath for 30 minutes. The sample was then centrifuged at
10,000g for 45 minutes and the supernatant containing AAV particles was collected and placed into a new
ultracentrifugation tube. The sample was concentrated and purified using either one or two iodixanol
gradient ultracentrifugation by layering 15% iodixanol, 25% iodixanol, 40% iodixanol, and 54% iodixanol
under the sample. The tube was then centrifuged at 58,500rpm at 10°C for 1 hour and 45 minutes. The
54%-40% interphase, containing the AAV particles, was then collected. The sample undergoing two

ultracentrifugations was placed in a new ultracentrifugation tube and topped with 30% iodixanol, 40%
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iodixanol, and 54% iodixanol. This sample was centrifuged again and the 54%-40% interphase was
collected. Both samples were then concentrated, and buffer exchange was conducted using a 30K Amicon
Ultra- 15 centrifugal filter and washing with Pluronic F68 PBS. First, 0.1% Pluronic F68 PBS is placed on
the membrane and allowed to incubate for 10 minutes at room temperature. The membrane is centrifuged
at 5000g for 4 minutes. Next, 0.01% Pluronic F68 PBS is added and centrifuged again. The sample is then
placed on the membrane and washed with 0.01% Pluronic F68 PBS until the iodixanol gradient is
completely removed. The sample is then pipetted from the membrane and aliquoted for analysis or
transduction. Mutant AAV6 vectors were produced and generously donated by Dr. George Aslanidi’s

laboratory at the University of Minnesota.

Characterization of AAV vectors

For SDS page analysis, samples were run as non-reduced and reduced using -ME. A 7.5% SDS page gel
was loaded with 10uL of non-reduced and reduced samples and run at 45V for 3 hours. To determine the
physical viral titer, real time quantitative PCR was performed. Forward and reverse GFP oligonucleotide
primers were used and diluted to 10uM. Real-time PCR was performed in 25ul reaction volumes using viral
DNA diluted at 1:2000, 1:5000, and 1:10000. The thermocycler program was set to 10 minutes of pre-
incubation at 95°C followed by 40 cycles of 15 seconds at 95°C and one minute at 60C. Standard curves
were made using serial dilutions of the expression plasmid. To determine functional titer, Jurkat cells were
plated at 100,000 cells/well in a 96-well plate. Cells were either not treated (naive) or treated with 1ul,
SuL, or 10uL of vector. The next day (day 1), media was replaced with fresh media and cells were re-plated
in a 48-well plate. On day 3, cells were collected and analyzed by flow cytometry to determine the number

of GFP* cells.
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2.6 Supplemental Figures, Tables, and Legends

Supplemental Figure 2-1: Schematic of AAV6 GFP and CD5 CAR vectors

CMV- GFP i
5AAV2 TR || cmv | G0N | oaep | poya |[ 3 AAV2 ITR

Size: 2792 bp intron
MND- CD5 CAR ; IL-2 Myc SV40 -
Size: 3624 bp 5'AAV2 ITR MND | eGFP | P2A SP Vy | VL tag CD28 | CD3¢ |— PolyA 3'AAV2 ITR

Supplemental Figure Legend 2-1: The AAV6-CMV-GFP construct (top) was used to test transduction
efficiencies of the Jurkat cell line and yo T cells. The construct contains AAV2 ITRs and a globin intron.
The bicistronic AAV6-MND-GFP/CDS5 CAR construct (bottom) was used to test expression of a
functional CAR and also contains AAV2 ITRs. The CAR constructs includes the variable heavy and
variable light chains of a CD5-specific scFv, the CD28 transmembrane domain, the CD28 costimulatory

domain, and the CD3¢ activation domain.
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Supplemental Figure 2-2: GFP expression increases with increasing vector percentage of culture volume
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Supplemental Figure Legend 2-2: To test whether vector percentage of total culture volume affects yo T
cell viability, yo T cells were transduced at a constant MOI and vector volume at different total culture

volumes. As expected, GFP expression increased as the vector percentage of total culture volume.
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Supplemental Figure 2-3: HEK293 cells express GFP after transfection of newly cloned AAV6 vector

White GFP
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AAV-MND-
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Supplemental Figure Legend 2-3: To test whether the AAV6-MND-CDS5 CAR construct is functional,
HEK?293 cells were transfected with plasmid DNA. GFP expression was confirmed in transfected cells

using light microscopy.
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Supplemental Figure 2-4: Downregulation of CD5 CAR after interaction with CD5
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Supplemental Figure Legend 2-4: CD5-edited Jurkat cells were transduced with the AAV6-MND-CD5
CAR to show that the interaction of CD5 and the CD5 CAR results in downregulation of the CD5 CAR.

(A) A linear relationship with GFP and the CD5 CAR is observed in CD5-edited Jurkats, and expression
reaches about 80% at an MOI of 6. (B) While CD5 CAR expression is downregulated in naive Jurkats,

the activation of the cells is still evident by CD69 expression and increases with higher MOls.
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3.1 Abstract

Adoptive cell therapy (ACT) utilizing y6 T cells is becoming a promising option for the treatment of cancer,
because it offers an off-the-shelf allogeneic product that is safe, potent, and clinically effective. Approaches
to engineer or enhance immune competent cells for ACT, like expression of chimeric antigen receptors
(CARs) or combination treatments with bispecific T cell engagers, have improved the specificity and
cytotoxic potential of ACTs and have shown great promise in preclinical and clinical settings. Here, we test
whether electroporation of yo T cells with CAR or secreted bispecific T cell engager (sBite) mRNA is an
effective approach to improve the cytotoxicity of yo T cells. Using a CD19-specific CAR, approximately
60% of 3 T cells are modified after mRNA electroporation and these cells show potent anticancer activity
in vitro and in vivo against two CD19-positive cancer cell lines. In addition, expression and secretion of a
CD19 sBite enhances yo T cell cytotoxicity, both irn vitro and in vivo, and promotes killing of target cells
by modified and unmodified yd T cells. Taken together, we show transient transfection of vy T cells with

CAR or sBite mRNA by electroporation can be an effective treatment platform as a cancer therapeutic.

3.2 Introduction

Immunotherapies are revolutionizing cancer treatment by harnessing the immune system to target
cancerous cells. Adoptive cell therapy (ACT) offers a promising direction as an effective cancer therapeutic
by using immune competent cells in either an autologous or allogeneic setting [344]. Traditionally, ACT
utilizes autologous afy T cells that are isolated from the patient, engineered to improve their cytotoxicity,
and then re-infused into the patient. Although these therapies are effective, off-the-shelf allogeneic products
have advanced into clinical testing and have many advantages over autologous strategies [50, 345]. vy T
cells are a small subset of lymphocytes that contributes to the body’s innate and adaptive immunity and are
involved in immune surveillance, rapid immune response, and modulating other immune cells [244, 257,
346, 347]. yd T cells are quickly becoming a promising option for ACT because they are non-alloreactive
with limited risk of causing graft versus host disease, thus allowing their use in allogeneic settings [348,

349]. They also exhibit several characteristics that make them favorable candidates for use in adoptive cell
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therapy. One of the major advantages of yd T cells is their ability to recognize antigens in an MHC-
independent manner, which means they do not require MHC-peptide priming for activation. They recognize
several unique ligands and stress markers that direct their killing toward cancer cells, including butyrophilin
via phosphoantigen activation [270, 350], Fas [285], heat shock proteins [351, 352], and MHC class I-
related molecules MICA, MICB, and ULBPs 1-6 [271, 353]. In addition, they perform antibody-dependent
cellular cytotoxicity through expression of CD16 and show promising anti-cancer activity when used in
combination with therapeutic antibodies [283, 289, 354]. Importantly, vy T cells can be expanded ex vivo

from peripheral blood with a serum-free protocol for clinical use [287, 288, 343].

The development of chimeric antigen receptor (CAR) T cell therapy is among the most promising anti-
cancer therapeutics and has improved immunotherapies by allowing for a more targeted treatment approach
compared to chemotherapeutics. CAR T cells utilize the specificity of antibodies and the cytotoxic
capabilities of T cells to target cancer cells. The most successful application of CAR T cells is the treatment
of B-cell malignancies using CD19 CARs with complete remission rates reaching about 60% for children
and young adults [355]. Despite its early success, there are obstacles and limitations that must be addressed
to improve patient outcomes and safety, including cytokine release syndrome, neurotoxicity, acquired
resistance to CAR T cell therapy, and health of the expanded T cell product [356-358]. Additionally, the
development of bi-specific antibodies has shown some success in preclinical and clinical studies [359-361].
Bi-specific antibodies are a type of engineered antibody containing two binding regions, allowing for
multiple applications including bringing immune cells in close contact with target cells, blocking immune
checkpoints, and modulating inflammatory and other signaling pathways [362]. There are two major types
of bi-specific antibodies, IgG-like and non-IgG-like, with the major difference being the incorporation of
the Fc fragment [363]. Blinatumomab is a type of non-IgG-like bispecific antibody known as a bispecific
T cell engager that is specific to CD19. Bispecific T cell engagers are typically comprised of a CD3-specific
scFv linked to an scFv specific to a tumor antigen, a design that promotes T cell-cancer cell interactions to

improve T cell cytotoxicity, serial killing, and proliferation [364].
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Immunotherapies utilizing unmodified or engineered v T cells have the potential to be effective cancer
treatments. We have previously published our efforts to optimize the expansion and handling of yé T cells,
as well as identify successful donor characteristics to predict a more potent cellular product [343, 365, 366].
These optimizations have resulted in an FDA cleared yo T cell product candidate for clinical testing against
neuroblastoma (NCT05400603). We have also shown that vy T cell cytotoxicity can be improved by
upregulating stress antigens on cancer cells through combination therapy with chemotherapeutics such as
temozolomide and bortezomib [367-369]. Another approach to improve yd T cell cytotoxicity is to
genetically engineer these highly potent immune-competent cells. However, engineering vy T cells has been
variable and inefficient [370]. Advances in mRNA design and transfer over the past several decades have
allowed for increased stability, higher transfection efficiencies, and rapid expression of proteins [178]. In
addition, transient engineering of yd T cells offers a number of advantages over stable engineering and can
reduce some of the risks associated with CAR T cell therapy. For example, in the event of toxicity, treatment
can be halted quickly, and specified doses of cells can be administered for individual cases. Also, the use
of transient engineering strategies can reduce the risk and duration of cytokine release syndrome because
the finite length of expression limits the over-activation and excessive cytokine release of CAR T cells.
Here we test whether transient engineering of yo T cells with CAR or secreted bispecific T cell engager
(sBite) mRNA can be an effective cancer treatment platform and an alternative to the traditional stable CAR

expression in aff T cells.

3.3 Results

CD19 CAR expression in electroporated yo T cells

Several electroporation strategies were tested using the BioRad Gene Pulser Xcell Electroporator or Lonza
Nucleofector IIB device. Although both can be optimized for engineering ex vivo expanded y6 T cells, here
we show optimization of the BioRad Gene Pulser Xcell Electroporator using a bicistronic CD19 CAR-GFP

construct (Supplemental Figure 3-1). Successful electroporation was determined by GFP expression (Figure
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3-1A). To determine the optimal conditions for electroporation, increasing cell numbers and mRNA
concentrations were tested for each individual reaction as described in Methods. Cell yield, which we define
as the proportion of live cells remaining 24hrs after electroporation to the starting number of cells used for
the electroporation reaction, is an important factor when considering downstream applications. Twenty-
four hours after electroporation, reactions containing between 1 x 10° and 1 x 107 y3 T cells showed
increasing cell yield with increasing cell number (Figure 3-1B). To measure transfection efficiency, three
parameters were examined: GFP mean fluorescence intensity (MFI), GFP' percentage, and CAR"
percentage (Figure 3-1C & 1D). The MFI for GFP increases with increasing amounts of mRNA per reaction
for all cell numbers. Interestingly, the percentage of GFP" cells and CAR" cells was similar for all reaction
conditions and was found to be around 90% and 60%, respectively. Since reactions with 30pg of mRNA
did not improve any of the tested parameters compared to 15ug, 15ug of mRNA was used for functional
studies. CD19 CAR-expressing yd T cells from reactions with 5 x 10° and 1 x 107 were cocultured for 4
hours with 697 cells, a CD19" B cell leukemia cell line, and the percent cytotoxicity was determined. All
effector:target (E:T) ratios tested resulted in the same cytotoxicity, suggesting that varying the number of
cells per transfection reaction, while keeping the amount of mRNA constant at 15ug, does not affect the

cytotoxicity of the engineered yé T cells (Figure 3-1E).



Figure 3-1: Optimization of yd T cell electroporation with bicistronic CD19 CAR-GFP mRNA
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Figure Legend 3-1: (A) vd T cells express GFP after mRNA electroporation using the BioRad Gene
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Pulser Xcell Electroporator. yd T cell electroporation was optimized by testing varying cell numbers and

mRNA amounts in each reaction. (B) Cell yield, calculated by determining the proportion of live cells

remaining 24hrs after electroporation to the starting number of cells used for the electroporation reaction,

was calculated for all reaction conditions and increased as the cell number increased. (C) GFP mean

fluorescent intensity (MFI) was determined by flow cytometry and increased with increasing amounts of

mRNA. (D) The percentage of live cells expressing GFP and the CD19 CAR was similar for all

conditions and was found to be about 90% and 60%, respectively. (E) y5 T cell cytotoxicity was

determined by flow cytometry to test the promising electroporation reaction conditions and found no

difference when comparing different cell numbers in each reaction.
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As yd T cells are considered candidates for off-the-shelf ACT, a freezing step is anticipated. Therefore,
these cells can be genetically engineered either before or after freezing. yd T cells were electroporated on
day 12 of expansion with the CD19 CAR-GFP construct and were examined before freezing and after a
freeze/thaw cycle. The GFP' percentage was similar (around 90%) prior to freezing and after freeze/thaw
whereas the CAR" percentage prior to freezing was approximately 60% and decreased to 20-40% after
freeze/thaw. (Figure 3-2A). Cell viability was also measured and found that the viability decreased after
thawing, compared to after electroporation/before freezing (Supplemental Figure 3-2). To test whether
freezing engineered yo T cells also affected their ability to kill target cells, a cytotoxicity assay was
conducted with yo T cells that were either engineered before freezing or engineered after freezing (Figure
3-2B). Both groups performed similarly at low E:T ratios of 0.5:1 and 1:1. However, differences between
the groups were more substantial at the higher E:T ratios of 2:1 and 5:1, with a lower average cytotoxicity
of cells engineered before freezing, compared to engineered after freezing. Based on these studies, we found
electroporating 5x10° to 1x107 thawed cells with 15ug of mRNA was the optimal conditions for y& T cell

electroporation.
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Figure 3-2: Electroporation of yd T cells before freezing results in lower CAR expression and reduced

cytotoxicity
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Figure Legend 3-2: yd T cells were electroporated on Day 12 of expansion and were analyzed before and
after freezing. (A) While GFP expression (circles) remained constant at around 90% before and after
freezing, the CAR percentage (triangles) decreased from about 60% before freezing to about 30-40% after
thawing. Closed data points denote before freezing and open data points denote after thawing. (B) The
cytotoxicity of CD19 CAR-expressing yo T cells before and after freezing was also measured to
determine if a freeze/thaw cycle effects the cytotoxicity of the engineered cells. Similar cytotoxicity was

observed at low effector to target (E:T) ratios, however there was a reduction at higher E:T ratios for the

thawed engineered cells.
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Electroporation of CD19 and CD22 CAR mRNA enhances the effectiveness of yo T cells

We then engineered an mRNA construct that i) did not include GFP and ii) was codon optimized for
expression in yd T cells, as described in Methods. Comparing the codon optimized construct and the initial
GFP-containing construct showed they both resulted in similar CAR expression and cytotoxicity against
697 cells (Supplemental Figure 3-3). All subsequent functional experiments were conducted with the codon
optimized/non-GFP construct. The efficacy of the engineered cells was then tested using in vitro
cytotoxicity assays against two B-ALL cell lines, 697 and Nalm6. First, mock electroporated yo T cells or
CD19 CAR-expressing yo T cells were cocultured with 697 cells for 4hrs at E:T ratios of 0.5:1, 1:1, 2:1,
and 5:1 and the percent cytotoxicity was measured by flow cytometry (Figure 3-3A). The percent
cytotoxicity of the CD19 CAR-expressing yd T cells increased with increasing effector cells, reaching 85%
at the 5:1 E:T ratio, while the mock electroporated y6 T cells remained constant at <20%. To further
examine the effect of engineering yo T cells, cytotoxicity assays were performed using y6 T cells engineered
with a CD22 CAR against the same cell line (Figure 3-3B). Similar to the CD19 CAR-expressing yo T cells,
the cytotoxicity of the CD22 CAR-expressing y6 T cells increased with increasing E:T ratios, reaching 82%

at the 5:1 E:T ratio.

To further confirm the efficacy of the engineered yo T cells, CD19 CAR- and CD22 CAR-expressing y6 T
cells were tested against a second B-ALL cell line, Nalmé6 (Figure 3-3C). Mock electroporated yo T cells
again had a constant cytotoxicity percentage across all E:T ratios and averaged approximately 6%. In
contrast, CD19 CAR- and CD22 CAR-expressing yo6 T cells exhibited a dose-dependent increase in
cytotoxicity, reaching 76% and 43% at the 5:1 ratio, respectively, demonstrating i) the CD19 CAR-
engineered yo T cells effectively kill B-ALL cell lines in vitro and i1) CD19 CAR-engineered yo T cells are
slightly more effective than CD22-based CARs against Nalmo6 cells. This difference in cytotoxicity can be

explained by lower CD22 expression in Nalmé cells, compared to the CD19 expression [371].
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Figure 3-3: CD19 CAR- and CD22 CAR-expressing yo T cells enhances cytotoxicity against two B-ALL

cell lines
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Figure Legend 3-3: Effector and target cells were cocultured at the specified E:T ratio for 4 hours and

the percent cytotoxicity was determined by flow cytometry. Target cells were stained with VPD450 to

differentiate effector and target cell death. Mock electroporated, CD19 CAR-, and CD22 CAR-expressing

vo T cells were tested against the B-ALL cell lines 697 (A & B) and Nalmé6 (C). While the cytotoxicity of

mock-electroporated yd T cells remained constant over all E:T ratios, CD19 CAR- and CD22 CAR-

expressing yo T cells exhibited a dose-dependent increase in cytotoxicity.
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Electroporation of sBite mRNA enhances the effectiveness of yo T cells

Co-administration of yo T cells with bispecific T cell engagers have shown great promise in preclinical
cancer models [372-374]. To test whether yo T cells engineered to secrete a CD19 bispecific T cell engager
would enhance cytotoxicity toward CD19" tumors, we first developed an mRNA construct using the scFv
portion of the CD19 CAR and linked it to an scFv specific to CD3 (Supplemental Figure 3-1). sBite secreted
by vo T cells electroporated with 3-15ug of CD19 sBite mRNA was measured by ELISA (Figure 3-4A). v
T cells secrete 15 ng/mL of the sBite with as little as 3ug mRNA and reached 80 ng/mL when using our
standard 15ug of mRNA. Western blot analysis of media conditioned by sBite mRNA transfected yo T cells
indicated the sBite was of the expected molecular weight and was detected after as little as 4hrs of culture
(Supplemental Figure 3-4). To test whether engineering yd T cells with CD19 sBite mRNA increases their
cytotoxic capability, unmodified and sBite-modified yd T cells were cocultured with several CD19 positive
B-ALL and lymphoma cell lines in a cytotoxicity assay. As expected, the unmodified yo T cells had a
modest increase in cytotoxicity with increasing E:T ratios. In contrast, CD19 sBite-modified yo T cells
exhibited increased cytotoxicity for all cell lines and every E:T ratio (Figure 3-4B). Next, we tested the
specificity of the CD19 sBite using the 697 cell line and a CRISPR-generated CD19KO 697 cell line. The
CD19 sBite-secreting y& T cells showed greater cytotoxicity toward CD19" 697 cells compared to
unmodified yd T cells, a difference not observed with CD19KO 697 target cells (Figure 3-4C). Therefore,

the CD19 sBite secreted by the 8 T cells enhanced yd T cell anti-tumor efficacy in a CD19-specific manner.

One of the major advantages of engineering yo T cells with sBites rather than CARs is that sBites can bind
to and activate unmodified T cells. To test this concept, conditioned media was collected from unmodified
and CD19 sBite-modified yd T cells approximately 16 hours after mRNA electroporation. The conditioned
media was then mixed with unmodified or sBite-modified yo T cells and cocultured with 697 cells (Figure
3-4D). As expected, the CD19 sBite-modified cells exhibited increased cytotoxicity regardless of the
conditioned media. Notably, mixing sBite-conditioned media with unmodified cells improved their

cytotoxicity compared to mixing unmodified cells with unmodified conditioned media. These results
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indicate that yo T cells electroporated with CD19 sBite mRNA secrete CD19 sBite that enhances the

cytotoxicity of modified as well as unmodified yo T cells.
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Figure 3-4: y3 T cells express and secrete CD19 sBite after mRNA electroporation
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Figure Legend 3-4: v5 T cells express and secrete CD19 sBite after mRNA electroporation. (A) y6 T
cells were electroporated with 3ug, 7.5ug, and 15ug of mRNA and the amount of CD19 sBite in the
conditioned media was determined using an ELISA. (B) Unmodified and CD19 sBite-modified y6 T cells
were cocultured with several CD19+ cancer cells lines to test their cytotoxic capabilities. sBite-modified
v6 T cells showed increased cytotoxicity at all E:T ratios and reached about 90% at the 5:1 ratio. (C) A
CD19KO 697 cell line was generated using CRISPR to test the specificity of the secreted CD19 sBite. As
expected, the sBite-modified yo T cells showed improved cytotoxicity against the naive 697 cell line,
however no increase in cytotoxicity was seen when the CD19KO 697 cell line was used as target cells.
(D) To test whether the CD19 sBite can induce killing of unmodified cells, conditioned media from
unmodified and sBite-modified yd T cells was collected after 16 hours of culture and mixed with either
unmodified or sBite-modified yo T cells. As expected, the sBite-modified cells showed improved
cytotoxicity, regardless of the conditioned media. The unmodified cells cultured with the sBite
conditioned media showed improved cytotoxicity, compared to unmodified cells with unmodified

conditioned media.
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In vivo trafficking and growth of 697 cells

The 697 cell line provides a reasonable model for in vivo testing of CD19-based CARs and sBites, as CD19
expression is high (data not shown). Although 697 cells expand robustly in NSG mice, we show they i)
rapidly leave the blood stream after infusion, ii) home to the bone marrow, and iii) form avascular tumor
nodules, especially in the liver (Figure 3-5A). Tissues were collected from NSG mice 3 weeks after
intravenous injection with 697 cells. Samples from blood, bone marrow, spleen, and liver were analyzed
for the presence of cancer cells using flow cytometry and histopathology. There were substantial numbers
of CD45°CD3" populations (i.e. 697 cells) in the bone marrow and a low percentage in the spleen and
negligible numbers in the blood (Figure 3-5B). In addition, hematoxylin and eosin (H+E) staining of tissues
revealed sheets of neoplastic lymphocytes in the brain, liver, lungs, and kidneys, with avascularized nodules
found within the liver (Figure 3-5C). Gross pathological examination found miliary patterns with white foci

on the liver (Supplemental Figure 3-5A).

In contrast to 697 growth in vivo, flow cytometry analysis of samples from mice administered yo T cells
showed limited CD45°CD3" (i.e. y8 T cells) infiltration in the bone marrow, compared to the blood and
spleen (Supplemental Figure 3-5B). Taken together, these results show 697 cells form non-vascularized
pockets of cancer cells within a wide range of organs. Once seeded in these peripheral compartments, it
may be challenging for engineered v T cells to penetrate the 697 tumor nodules. In general, 1) cellular
therapies require vascularized tumors and ii) 6 T cells do not efficiently migrate to the mouse bone marrow,
so it would be predicted that the timing of Yo T cell administration is critical [375, 376]. Also, it can be
predicted that early treatment could be effective, but treatments administered after seeding would be less
successful, as engineered v T cells would be unable to control cancer progression once the cancer cells

leave the circulation.



Figure 3-5: y3 T cells are not able to kill cancer cells once they extravasate from circulation
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Figure Legend 3-5: (A) In this cancer model, cancer cells are injected i.v. and gradually leave circulation
and form non-vascularized nodules in various organs and other compartments, leaving few cancer cells in
circulation by day 3 and 7. Based on this model, it can be predicted that the timing for yd T cell treatment
is important in treating mice bearing the 697 cancer cell line. (B) Tissue samples from blood, bone
marrow, and spleen were collected 3 weeks after cancer cell injection to detect the presence of cancer
cells in each compartment (Left flow plots are representative). A substantial number of CD45°'CD3” 697
cells were detected in the bone marrow, while limited numbers were found in the blood and spleen. (C)
Representative hematoxylin and eosin (H+E) staining images showing the presence of cancer cells with
no vasculature around the cancer cells. Histopathological analysis revealed the presence of cancer cells in

the brain, liver, lungs, and kidneys, with avascularized nodules found within the liver.
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Engineered yo T cells reduce tumor burden and improve survival in NSG B-cell leukemia mouse models

To test the efficacy of engineered yd T cells in vivo, the 697 B-ALL mouse model was first used. Luciferase-
expressing 697 cells were intravenously injected into the tail vein of NSG mice. The mice were treated
twice a week for two weeks with CD19 CAR-expressing yo T cells starting one day after cancer cell
injection. Bioluminescence imaging was performed over the course of the experiment. Treating mice with
CD19 CAR-expressing yo T cells delayed tumor progression and significantly lowered tumor burden, as
seen in the bioluminescence images and measured by raw flux values, compared to control mice (Figure 3-
6A & 6B). In addition to reducing tumor burden, treating with the CD19 CAR-engineered yd T cells also
improved survival (Figure 3-6C). In contrast, as predicted, treatment of mice 7 days after tumor

administration had no effect on overall tumor burden (Supplemental Figure 3-6).

To further test the efficacy of CD19 CAR-engineered yo T cells and compare CD19 sBite-engineered yo T
cells in vivo, a second in vivo model was established using luciferase-expressing Nalmé6 cells. Mice were
treated twice a week for two weeks and started one day after cancer cell injection. Treatments included
either unmodified yd T cells, CD19 CAR-expressing y6 T cells, or CD19 sBite-modified yo T cells. Prior
to administering the engineered cells, CAR expression was about 60%, as determined by flow cytometric
detection of CD19Fc¢ binding to yd T cells (Figure 3-7A). Interestingly, yo T cells engineered with CD19
sBite mRNA also bound the CD19Fc with about 40% of cells CD19Fc". In addition, the engineered cells
were also tested for their cytotoxic capability against the Nalm6 cell line using an in vitro cytotoxicity assay
at E:T ratios of 1:2 and 2:1, which showed consistent killing with our previous in vitro experiments (Figure
3-7B). Mice treated with unmodified yd T cells exhibited a high tumor burden as early as one to two weeks
after cancer cell injection. Mice treated with CD19 CAR- or CD19 sBite-engineered v T cells exhibited
significantly delayed tumor progression and reduced tumor burden (Figure 3-7C & 7D). A survival benefit
was also observed with mice treated with CD19 CAR and CD19 sBite yd T cells, compared to unmodified
vo T cells (Figure 3-7E). Dual CAR T cells are becoming a promising direction for immunotherapies and

have been shown to improve CAR T cell killing and limit acquired resistance as they target two different
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antigens on cancer cells. To examine the effectiveness of dual CAR v T cells, mice bearing Nalmé6 cancer
cells were also treated twice a week for two weeks with yo T cells expressing both the CD19 CAR and
CD22 CAR. Compared to the CD19 CAR alone or CD19 sBite, no added benefit was observed by co-
expressing CD19/CD22 CARs based on bioluminescence imaging and survival (Supplemental Figure 3-7).
The results from these two in vivo B-ALL models show engineering yo T cells with either CD19 CAR or

CD19 sBite mRNA effectively delays tumor progression, decreases tumor burden, and improves survival.
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Figure 3-6: Engineered yd T cells expressing a CD19 CAR reduce tumor burden and improve survival in
697 model
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Figure Legend 3-6: (A) NSG mice were injected with 2 x 10° luciferase- expressing 697 cells and
bioluminescence images were captured during the course of the experiment. Mice treated with CD19
CAR-expressing yo T cells on day 1 of the experiment showed a reduction in tumor burden compared to
control mice. (B) Raw total flux values were calculated and showed delayed tumor progression and
significantly reduced tumor burden for mice treated with the CD19 CAR-expressing yo T cells (triangles),
compared to the control mice (circles). Statistics were performed using a 2-tailed Student’s t test to
compare experimental groups at each given time point. (C) Kaplan-Meier survival curves showed
significantly increased survival in mice treated with CD19 CAR-expressing y0 T cells (dashed line),

compared to control mice (p = 0.02 by log-rank test). Control: n=4; CD19 CAR: n=3; ** = p<0.01
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Figure 3-7: Engineering yo T cells with CD19 CAR or sBite mRNA reduce tumor burden and improves

survival in Nalmé6 model
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Figure Legend 3-7: NSG mice were injected with 2 x 10° luciferase-expressing Nalmé6 cells and were
treated with either unmodified, CD19 CAR-modified, or CD19 sBite-modified yé T cells on day 1 of the
experiment with a treatment regimen of twice a week for two weeks. (A) Before injection, unmodified or
modified yo T cells were analyzed for CAR expression and MFI using flow cytometry. CAR expression
was about 60% for CD19 CAR-expressing y6 T cells and, interestingly, the CD19 sBite-modified yo T
cells bound to the CD19Fc, with an average of about 40% CD19Fc positive (left graph). Despite the
CD19 sBite-modified yo T cell binding to the CD19Fc, the MFI was minimal compared to the CD19
CAR (right graph). (B) The cytotoxicity of the unmodified and modified yd T cells were also examined
before injection at E:T ratios of 1:2 and 2:1. The CD19 CAR- and sBite-modified yo T cells exhibited
increased cytotoxicity compared to the unmodified yo T cells. (C) Bioluminescent imaging was
performed during the experiment and mice treated with unmodified yd T cells showed a high tumor
burden as early as one or two weeks after cancer cell injection. (D) Raw total flux was determined for
each image and graphed over time to compare treatment with unmodified yo T cells and CD19 CAR-
expressing (top graph) or CD19 sBite-expressing yo T cells (bottom graph). Treatment with modified y6 T
cells resulted in delayed tumor progression and reduced tumor burden. Statistics were performed using a
2-tailed Student’s t test to compare experimental groups at each given time point. (E) Kaplan-Meier
survival curves were generated to compare survival for each treatment group to treating with unmodified
vo T cells. Treatment with CD19 CAR- and CD19 sBite-expressing yd T cells resulted in a significant
survival benefit compared to treating with unmodified yo T cells (p = 0.01 for CAR and sBite by log-rank

test). n=5; * = p<0.05
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Increasing the dose and frequency of treatments does not enhance survival

To determine if increasing the frequency and duration of CD19 sBite-engineered yd T cell administration
would further reduce tumor burden and increase the survival benefit, mice were injected with luciferase-
expressing Nalm6 cells and treated with 3 doses of CD19 sBite y6 T cells per week for the first two weeks,
compared to the previous twice a week for two weeks regimen. In addition, this was followed by two doses
per week during week 2 and 3 and finally one dose per week for the final two weeks of treatment (Figure
3-8A). Even with increasing the number of doses in the first two weeks and adding additional doses, the in
vivo tumor growth was similar compared to the previous Nalmé6 experiment (Figure 3-8B & 8C). A slight
increase in survival was observed, but the difference was not significant compared to the less aggressive

treatment regimen (Figure 3-8D).
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Figure 3-8: Longer treatment regimen does not lengthen survival benefit for Nalm6 model
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Figure Legend 3-8: Despite being significant, the survival benefit for the previous in vivo experiments
was not as robust as the in vitro data would suggest. (A) To test whether a more extensive treatment
regimen of three doses for the first two weeks, two doses for the next two weeks, and one dose for the
final two weeks could further improve the survival benefit. (B) NSG mice were injected with 2 x 10°
luciferase-expressing Nalmo6 cells and treated with CD19 sBite-expressing yo T cells using the more
extensive treatment regimen. Bioluminescent images were taken and again showed reduced tumor burden
for the sBite-treated group, compared to the control group. (C) Graph of raw total flux shows the more
extensive treatment regimen delayed tumor progression and reduced tumor burden, compared to control
mice. The inset shows an expansion of the first 20 days of treatment. Statistics were performed using a 2-
tailed Student’s t test. (D) Kaplan-Meier survival curves were generated for the control group and more
extensive treatment regimen of CD19 sBite-expressing yo T cells. As expected, the more extensive
treatment regimen resulted in a significant survival benefit compared to the control group (p = 0.01 by
log-rank test), however there was no difference in survival when comparing the more extensive treatment
regimen to the previous regimen of twice a week for two weeks (p = 0.39 by log-rank test). Control: n=3;

sBite: n=4; * = p<0.05
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3.4 Discussion

Developing novel immunotherapies that are effective and safe is a critical step in advancing cancer
therapeutics. ACT is among the most promising developments for treating cancer, as these treatment
strategies provide the ability to repopulate the patient’s immune system with functional and potent
anticancer immunocompetent cells. yd T cells are well-suited for ACT, as they bridge the gap between the
innate and adaptive immune system. In fact, based on a large pan-cancer molecular profiling study, yo T
cell infiltration was identified as the best prognostic marker for favorable outcomes [377]. Their ability to
detect antigens in an MHC-independent manner gives them advantages over aff T cells because they are
able to be used in allogeneic settings, and they target cancer through endogenous stress markers and
phosphoantigen expression that are typically upregulated in cancer cells [378]. In addition to their rapid
immune response capabilities, Y8 T cells are also involved in recruiting and priming other immune cells
that can increase anticancer responses. For these reasons, v T cells are a promising ACT platform with

great potential to improve cancer therapeutics.

Engineering yo T cells has traditionally been an important, albeit challenging, step toward developing more
effective yo T cell therapies. Here, we test a therapeutic platform to engineer y6 T cells using mRNA
electroporation to improve their cytotoxicity. First, mRNA electroporation of yd T cells was optimized
using a CD19 CAR-GFP construct. Based on the measurement of several parameters, we found rational
conditions for modifying y6 T cells and confirmed the engineered cells were functional in cytotoxicity
assays against B-ALL cell lines. We then tested whether this platform can be used to engineer yo T cells to
secrete a functional bispecific T cell engager through mRNA electroporation, and indeed showed sBites are
secreted and significantly improve yo T cell cytotoxicity. In addition, sBites can improve the cytotoxicity
of unmodified yd T cells. We then showed, using two B-ALL mouse models, that the engineered yo T cells

are effective at prolonging tumor progression, reducing tumor burden, and improving survival.
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mRNA technologies are rapidly improving for a wide range of applications, especially in light of the recent
success of covid vaccines, and mRNA electroporation has emerged as a promising option for genetically
engineering immune competent cells [379, 380]. The transient nature of electroporation in combination
with yd T cells offers several advantages over stable integrating vectors and may even alleviate some of the
limitations of CAR T cell immunotherapies. For example, cytokine release syndrome is a significant
obstacle for CAR T cell patients and leads to harmful side effects and early treatment termination. Transient
engineering of yo T cells offers a solution as the transient nature of the modification would limit the risk of
the immune system’s overactivation [381]. Also, yd T cells do not form memory responses so their
persistence is typically limited to weeks, which means treatment can be halted if treatment-related adverse
effects were induced. Another limitation to traditional CAR T cell therapies is the development of acquired
resistance through antigen escape. The ability for yd T cells to detect stressed cells and phosphoantigen
expression allows for added cytotoxic capabilities beyond CAR activation. This characteristic of yo T cells
can also be used in the context of combination therapy with chemotherapeutics that have been shown to

upregulate some of the stress markers on cancer cells that are detected by yo T cells [369].

Although this therapeutic platform alleviates many of the side effects and obstacles of traditional CAR T
cells, a limitation of the transient engineering technique is the short duration of CAR and sBite expression,
which may limit the length of therapeutic efficacy. The duration of expression after mRNA electroporation
in hematopoietic cells has been widely studied and has been found to last between 5-7 days, with peak
expression occurring after 24-48 hours [187, 191, 209]. Despite being short compared to stable integrating
vectors, this is not a problem when using yd T cells because we have shown that yo T cell persistence is
limited in vivo and lasts for about 3 days (data not shown). The short lifespan of expression and limited
persistence of yo T cells would need to be addressed clinically and can be countered by increasing the

number of injections.
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Currently, the most common engineering platform for immune competent cells is the introduction of
complementary DNA to express CARs. However, treatment and combination therapy utilizing bispecific T
cell engagers is effective for several cancer indications [382]. They use the specificity of the scFv portion
of an antibody to bridge T cells and cancer cells by binding to the CD3¢ fragment of T cells and an antigen
on cancer cells. This binding activates T cells, increases cytotoxicity, and induces immunocompetent
cellular proliferation. There have been some studies investigating the combination of y6 T cells and
bispecific T cell engagers, which have shown improvement in cytotoxicity against several types of cancer
[372-374, 383, 384]. This study tested a novel technique of expressing sBites in this immune competent
cell, instead of co-administration. Having the cells secrete the sBites offers several advantages over co-
infusing the cells with recombinant bispecific T cell engager protein. An obstacle for these infused
therapies, and other non-IgG-like bispecific antibodies, is their short half-life and need for multiple (indeed
sometime continuous) infusions. Engineering yo T cells using electroporation with sBite mRNA allows for
continuous expression as long as the mRNA is within the cells. In addition, having the immune competent
cells secrete the sBite allows for a more targeted treatment approach because, in contrast to systemic
administration, the sBite is secreted locally where it can be most utilized by immune cells. This concept
can be coupled with modulation of chemokine receptor expression on the T cells. For example,
modifications to overexpress chemokine receptors on T cells can enhance their migration to the site of the
cancer [385-387]. This can be done in a targeted approach as certain cancers are known to express certain

chemokines and receptors.

Despite showing signs of success, a limitation of this platform is induction of survival benefits without
complete cures. Although we think this is specific to the in vivo models, we did thoroughly pursue treatment
timing strategies, for example, long durations of treatment and aggressive upfront regimens were tested but
provided little improvement. For example, sBite-modified yo T cells performed similarly in the protracted
or extended regimens, showing that increased treatments over longer periods did not improve survival. A

priori, this was predicted as the cancer cells quickly leave the circulation and seed in compartments that are
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not easily reached by the yd T cells. For example, yd T cells are most abundant in the blood followed by
the spleen and bone marrow. In contrast, our cancer cell lines are most abundant in the bone marrow with
very few in the blood. To investigate this hypothesis, tissue samples from mice bearing 697 cancer were
collected and analyzed. We found increased presence of cancer cells in the bone marrow and spleen,
compared to the blood. In addition, based on a histopathological examination, neoplastic sheets of
lymphocytes were found in many organs including the brain, liver, lungs, and kidneys. No presence of
vasculature was found surrounding the cancer cells, which suggests the y6 T cells do not efficiently access
these sites. As mentioned above, the expression of specific chemokine receptors on yd T cells can be used
to improve the migratory pathways of the cells in vivo. For example, this concept can be utilized to express

CXCR4 to enhance the migration of yd T cells to the bone marrow.

This study investigated the potential of mRNA electroporation as a therapeutic platform to engineer yo T
cells with either CARs or sBites. We utilized CD19 as the target antigen, the most commonly studied target
for immunotherapy. However, it can be anticipated this therapeutic platform can be applied to many cancers
and may be especially beneficial to those where long-term CAR T persistence is detrimental, such as
targeting antigens that are not cancer specific. Overall, these results show yd T cells can be modified with
CAR or sBite mRNA through electroporation and the engineered yd T cells have improved cytotoxicity

against cancer, both in vitro and in vivo.

3.5 Materials and Methods

Cell lines

The luciferase-expressing 697 cell line was kindly provided by the laboratory of Dr. Douglas Graham
(Emory University) and the luciferase-expressing Nalmé6 cell line was kindly provided by the laboratory of
Dr. Christopher Porter (Emory University). The CD19 knockout 697 cell line was developed at Expression

Therapeutics, Inc using CRISPR that is directed by a CD19-directed guide RNA. All cell lines were cultured
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in RPMI (Corning) with 10% heat inactivated fetal bovine serum and 1% penicillin/streptomycin at 37°C

in a 5% CO2 incubator.

v0 T cell expansion

vo T cell expansions were performed based on our previously published technique [287, 343]. Briefly,
peripheral blood mononuclear cells (PBMCs) were obtained from healthy donor blood through the
Children’s Clinical Translational Discovery Core at Emory University under the cores approved IRB
protocol or ordered directly from AllCells. PBMCs were isolated from fresh blood using Ficoll-Paque Plus
density centrifugation. To preferentially expand yd T cells, PBMCs were cultured in OpTmizer containing
OpTmizer supplement, 1% penicillin/streptomycin, and 2 mM L-glutamine (complete OpTmizer). Cells
were counted and resuspended at 2 x 10° cells/mL in fresh media every 3 days. On day 0 and 3 of expansion,
S5uM Zoledronate and 500IU/mL IL-2 were added to the media. On day 6 and 9, 1000IU/mL IL-2 was
added to the media. In addition, on day 6 of expansion, an aff depletion step was performed as previously
published [283]. On day 12 of expansion, Yo T cells were either used fresh for experiments or frozen in
PBS containing 5% human serum albumin (HSA) and 10% DMSO. Flow cytometry was performed on day
0, 6,9, and 12 to confirm successful expansion and aff depletion. Successful expansions resulted in cultures

containing about 90% yd T cells and 10% NK cells (Figure S8).

Construction of mRNA expression vectors

To construct the mRNA expression vectors, plasmid DNA constructs were first cloned with the T7
promoter. The CD19 CAR and CD22 CAR consisted of the variable heavy and variable light regions of
the FMC63 and M971-L7 antibodies, respectively. In addition to the scFv portion, the CAR constructs
included a CDS8 hinge, a CD28 costimulatory and transmembrane domain, and a CD3¢ signaling domain.
The CD19 sBite plasmid consisted of the scFv portion of the FMC63 antibody for the CD19-specific region

and the OKT3 for the CD3-specific region. Codon optimization was performed as previously published
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[388]. For mRNA production, DNA plasmids were first linearized, and the mRNA was prepared using the

mMessage mMachine T7 Ultra Kit (Life Technologies).

Electroporation

vo T cells were either electroporated fresh on day 12 of expansion or from thawed cells that were frozen on
day 12 of expansion. Cells were thawed in 5% HSA in PBS and were centrifuged at 250g for 10 minutes at
room temperature. The cells were cultured at 4 x 10%/mL for 2 hours in complete OpTmizer media with
1000IU/mL IL-2. Cells were then counted and the appropriate cell number for each reaction was aliquoted,
washed twice with PBS, and resuspended in 100uL. OptiMEM (Life Technologies). The appropriate amount
of mRNA was added to the tube and the mix was transferred to a 4mm cuvette (Fisher Scientific).
Electroporations using the BioRad’s Gene Pulser Xcell Electroporator were conducted at 500V for Sms
using a square wave. Cells were collected from the cuvette and cultured overnight at 2 x 10%/mL in complete
OpTmizer media with 1000IU/mL IL-2. Flow cytometry was used to confirm and analyze CAR expression
after electroporation by labeling cells with a CD19-Fc fusion protein (AcroBiosystems) and an anti-IgG Fc

secondary antibody (Jackson Immunoresearch Laboratories).

Cytotoxicity assay

A flow cytometry-based cytotoxicity assay was used to determine the cytotoxic capabilities of effector cells.
Target cells were first stained with Violet Proliferation Dye 450 (BD Biosciences), in order to differentiate
target cells from effector cells. Effector cells and target cells were cocultured at the specified effector to
target ratios for four hours at 37°C in 5% CO2. The cells were then washed and resuspended in Annexin
binding buffer (BioLegend) containing the early apoptosis stain Annexin V-APC (BioLegend). Right
before analysis, 7AAD (BD Biosciences), a late apoptosis and necrosis marker, was added to differentiate
live and dead cells. Cytotoxicity was calculated by adding the 7AAD and Annexin V single positive with

the double positive population of target cells.
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ELISA and western blot
To measure and detect the presence of the CD19 sBite in culture media, an ELISA and western blot was
performed. First, yo T cells were electroporated and cultured overnight (~16hrs) and the conditioned media

was collected. To perform the ELISA, streptavidin-coated plates (Fisher) were coated with biotinylated
human CD3¢ and CD306 heterodimer protein with His/Avitag (Acro Biosystems). Conditioned media

samples were then added to the plate, with an anti-CD19-anti-CD3 bispecific antibody (BPS Biosciences)
used as a standard. Next, a CD19Fc fusion protein (R&D Systems) was added to the plates, followed by
horseradish peroxidase (HRP) anti-human Fc¢ (Jackson Labs). Finally, 3,3',5,5'-Tetramethylbenzidine

(TMB) substrate solution (Fisher) was added to the plate and the absorbance was measured at 450nm.

To perform the western blot, ¥ T cell conditioned media and anti-CD19-anti-CD3 bispecific antibody (BPS
Biosciences) standards were prepared under reducing conditions. Next, separation by SDS-PAGE and
transfer to a nitrocellulose membrane was performed. The blocked membrane was incubated with an anti-

His antibody (R&D Research), followed by an HRP goat anti-mouse IgG secondary antibody (Abcam).

In vivo B-ALL models

All animal studies were conducted in accordance with IACUC regulations. Eight-week-old NOD.Cg-
Prkdcs“IL2rg™™"/SzJ (NSG) mice were purchased from Jackson Laboratory and housed in a pathogen-
free facility. To establish the B-cell leukemia models, 2 x 10° luciferase-expressing 697 or Nalm6 cells
were intravenously (i.v.) injected through the tail vein. Treatments with unmodified or engineered yo T
cells started one day after cancer cell inoculation and followed one of two treatment regimens, twice a week
for two weeks or a more extensive treatment regimen as seen in Fig 7A. Each dose included 1 x 10’
unmodified or engineered yd T cells. Frozen y6 T cells were thawed and prepared for electroporation as
described above. After electroporation, cells were cultured for 2.5 hours in complete OpTmizer with

1000IU/mL IL-2. The cells were then washed twice with PBS, resuspended in fresh PBS at 1 x 10’
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cells/100uL, and administered intravenous. For in vivo imaging, mice were anesthetized with 2% inhaled

isoflurane and bioluminescence images were taken with the IVIS Spectrum imaging system (PerkinElmer).

Tissue collection and analysis

Mouse tissue collection was performed at endpoint of the specified experiment. Mouse blood was collected
via submandibular or retro-orbital veins in tubes containing 0.5M EDTA. Samples were centrifuged at
2400g for 15 minutes at 4°C. The plasma layer was discarded, the pellet resuspended in 100ul. PBS, and
three RBC lysis steps were performed. RBS lysis was conducted by adding 3mL of RBC lysis buffer. The
samples were then vortexed and incubated at room temperature for 10 minutes. The samples were
centrifuged at 300g for 10 minutes and the supernatant was discarded. Samples were resuspended in 100ul
PBS and were stained for flow cytometry. Mouse spleens were processed by first pressing the tissue through
a 40um mesh. The samples were then centrifuged at 300g for 10 minutes at 4°C. One RBS lysis step was
performed as described above. Mouse livers were processed as previously published [389]. Briefly, livers
were collected and placed in dishes containing PBS. The livers were pressed through a 70um mesh and
then centrifuged at 30g for 3 minutes. The supernatant was collected and centrifuged again at 320g for 5
minutes. The cells were resuspended in 33% Percoll in PBS and centrifuged at 500g for 15 minutes with
the break off. The cell pellet was resuspended in RBC lysis buffer and incubated at room temperature for 5

minutes. The samples were centrifuged at 300g for 10 minutes and resuspended in PBS.

Statistical Analysis

All statistics were performed on GraphPad Prism 9. Unpaired two-tailed Student T tests were used for
statistical significance. A log rank (Mantel-Cox) test was performed on the Kaplan-Meier survival curves
to determine significance between curves. Sample size is shown on graphs as individual data points or
specified for that experiment. Error bars represent standard deviation and statistical significance was

defined as p<0.05, unless otherwise stated.
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3.6 Supplemental Figures, Tables, and Legends

Supplemental Figure 3-1: Schematic of CD19 CAR and CD19 sBite mRNA constructs

CAR and sBite mRNA construct
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Supplemental Figure Legend 3-1: The bicistronic CD19 CAR-GFP construct (top) was used for the
optimization of yd T cell electroporation. The CD19 CAR contains the scFv portion of the FMC63
antibody, a CD8 hinge region, a CD28 transmembrane and costimulatory domains, and a CD3¢ activation
domain. The CD19 sBite construct (bottom) consists of the scFv portion of the FMC63 antibody for the

CD19-specific region and the OKT3 for the CD3-specific region.
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Supplemental Figure 3-2: Freezing engineered cells reduces cell viability
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Supplemental Figure Legend 3-2: To determine the effect of freezing engineered yo T cells,

electroporated yo T cells were analyzed before and after one freeze/thaw cycle. The percent viability was

determined by 7AAD staining using flow cytometry. Before freezing, the engineered yo T cells were

about 60% viable for all reaction conditions, however the viability dropped to about 40-45% after

thawing. This suggests freezing engineered cells reduces cell viability upon thawing the cells.
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Supplemental Figure 3-3: Comparison of newly cloned codon optimized CD19 CAR construct
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Supplemental Figure Legend 3-3: Once optimization of electroporation was complete, a new CD19
CAR construct was developed that did not contain GFP and was codon optimized for expression in yd T
cells. (A) GFP and CAR expression was determined by flow cytometry to compare the new construct
with the bicistronic CD19 CAR-GFP construct. As expected, GFP expression was about 90% for the old
construct, with no GFP expression in the new construct. The two constructs resulted in similar CAR
expression and averaged around 60%. (B) To test whether there were functional differences between the
two constructs, a cytotoxicity assay was performed against 697 cells. Both constructs resulted in

improved cytotoxicity compared to mock-electroporated yd T cells and had similar cytotoxicity when

comparing the two constructs at all E:T ratios.
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Supplemental Figure 3-4: Western blot analysis of CD19 sBite in yd T cell conditioned media
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Supplemental Figure Legend 3-4: CD19 sBite-modified yo T cells were cultured for 4 and 16 hours and
the media was collected and compared to a Blincyto biosimilar standard. Bands were visible for the

conditioned media at both time points, further showing that yd T cells are able to express and secrete a

CD19 sBite.
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Supplemental Figure 3-5: Migration patterns of cancer cells and yo T cells in vivo
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Supplemental Figure Legend 3-5: (A) Gross pathological examination found miliary patterns with white
foci (red arrows) within the liver. (B) Mouse tissues were collected from an NSG mouse injected with 2 x
10° luciferase-expressing 697 cells and v T cells to detect the presence of v T cell in different organs.
The CD3°CD45" v8 T cell (upper right panel in flow plots) were found in the blood and spleen, however
limited numbers were found in the bone marrow, suggesting yo T cells do not efficiently migrate to
mouse bone marrow. Taken together, this data shows that y6 T cells do not effectively travel to peripheral

compartments where 697 cells form non-vascularized nodules of cancer cells.
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Supplemental Figure 3-6: Treatment starting on day 7 is unsuccessful in improving tumor burden
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Supplemental Figure Legend 3-6: NSG mice bearing 697 cancer cells were treating with CD19 CAR-
expressing o T cells on day 7 after cancer cell injection. Based on bioluminescent imaging, mice treated
with the engineered yo T cells had similar tumor burdens throughout the course of the experiment. This
suggests that the timing of treatment plays a pivotal role in the success of treatment for this in vivo 697

cancer model.
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Supplemental Figure 3-7: Co-expressing CD19/CD22 CARs did not further improve efficacy
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Supplemental Figure Legend 3-7: NSG mice bearing Nalm6 cancer cells were treated with yd T cells
expressing both CD19 and CD22 CARs. Bioluminescent images (left) and the raw total flux values (right)
revealed a slight advantage compared to treating the mice with unmodified yd T cells, however this
advantage was minimal and was less effective at reducing tumor burden compared to the CD19 CAR

alone and the CD19 sBite. Statistics were performed using a 2-tailed Student’s t test. * = p<0.05
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Supplemental Figure 3-8: Representative data from characterization of vy T cell expansion
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Supplemental Figure Legend 3-8: (A) The CD3"y8 TCR" percentage of the culture was determined by
flow cytometry during the course of the expansion. Analysis was performed on day 0, pre- and post- of3
depletion on day 6, day 9, and day 12. (B) The yo T cell number was also calculated on each day of
analysis and showed the expansion results in large numbers of yd T cells on day 12. (C) Flow plot of day
12 analysis showing the CD3" lymphocytes are predominantly y3 T cells. (D) On day 12 of expansion, the
majority of CD3" cells within the culture are CD56+ NK cells, with over a third of the yo T cells also

expressing CD56.
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Chapter 4

General Discussion
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4.1 Summary of Results

Traditionally, yd T cells have been a difficult cell type to engineer with variable and limited gene transfer
efficiencies. For example, our lab’s initial experience with lentiviral transduction of yd T cells only resulted
in about 30% transduction efficiency [287]. These findings are consistent with other groups that have found
similar transduction efficiency and have noted that the limited gene transfer of primary cells, especially vy
T cells, may be caused by their increased sensitivity to cell death and limited proliferative capacity [288].
Gammaretroviral vectors have also been tested to engineer v T cells, however, similar to lentiviral vectors,
limited and variable transgene expression was observed [257]. Therefore, we sought to investigate the use
of two promising transient engineering techniques, AAV and electroporation, as a means to engineer yo T

cells to improve their cytotoxic potential to fight cancer.

Chapter 2 highlights our efforts to test whether recombinant AAV6 exhibits increased gene transfer
capabilities for yo T cells, as it has emerged as a promising viral vector for the transduction of aff T cells
[313]. We first developed a protocol using the three-plasmid technique for generating our own recombinant
AAYV in-house. HEK293T cells were transfected with plasmids encoding the transgene of interest, the
Rep/Cap proteins, and genes that are necessary for the assembly of the viral particles (pHelper). After
collection of the viral particles from the media and lysed cells, a purification and concentration step is
performed via iodixanol density gradient ultracentrifugation. The purification step is essential to not only
improve the safety of the viral vector, but can also enhance transduction efficiencies [390]. Many different
protein-based contaminants have been found in the batches of AAV. For example, Galectin 3-binding
protein was discovered in AAV6 preparations and was found to bind to the AAV6 particles, which can
affect vector transduction efficiency and can induce an immune response, reducing the safety profile of the
vector [391]. Therefore, we analyzed the purification step of our manufacturing protocol and evaluated the
addition of a second ultracentrifugation step on the purity and viral yield. Based on SDS page and electron
microscopy, we found that the addition of the second ultracentrifugation step greatly reduced the amount

of contaminants and resulted in a purer final product. Furthermore, we show that the added step improves
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the quality of the AAV batch by increasing the full-to-empty AAV particle ratio. It has been shown that
empty viral particles limit transduction efficiency and increase immune responses and safety risks when
administered in vivo, and it can be expected that similar effects are seen with ex vivo transduction where
empty viral particles provide no transduction potential [392, 393]. Next, we sought to determine if the
addition of a second ultracentrifugation affected the viral yield after production, as a decrease in yield may
affect the potential for clinical applications. However, we found comparable physical titers for AAV

batches that underwent one or two ultracentrifuging, suggesting the viral yield was not affected.

Before testing AAV6 transductions, we sought to examine how we characterized each AAV batch.
Traditionally, a physical titer based on real-time quantitative PCR is the most common technique to
quantitatively characterize batches and is used to depict the amount of vector used for each transduction.
There are, however, issues that arise when using the physical titer. There are variations in batch production
and differential transduction efficiencies necessitates an alternative technique. A functional titer that
describes the concentration of functional viral particles that are able to transduce cells is a valuable
technique for characterizing recombinant AAV [394]. Therefore, we developed a functional titer protocol
to assess our in-house AAYV batches by testing them on the Jurkat cell line. We directly compared the
physical and functional titers for two AAV batches and found that the functional titers were 5-6 orders of
magnitude smaller compared to the physical titer. This suggests the functional titer may be a more accurate
depiction of each AAV batch and may allow for easier comparisons of transduction efficiency between

batches.

Once we improved the AAV production process and characterization of AAV batches, we tested whether
vo T cells were able to be engineered using AAV6. Due to the variable transduction and reduced viability
of yo T cells with AAV6 using traditional well techniques, we tested the use of microfluidics devices that
we have shown can improve the transduction of primary cell with recombinant vectors [314-316]. Before

testing the device transductions on yd T cells, we evaluated this method on the Jurkat cell line. We show
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that, at even low MOIs, the microfluidics device is able to greatly increase transduction efficiency using
the AAV6-CMV-GFP vector. In addition, transduction with the device resulted in earlier expression of the
transgene, as seen by expression of GFP as early as one day after transduction. Next, we compared device
transduction to traditional well transduction for vy T cells. As expected, there was limited to no transduction
when using wells, however transduction efficiency was improved when using the microfluidics device. At
MOIs of 0.2 and 0.4, GFP expression was seen in about 40% and 50% of yo T cells, respectively. Despite
the improved gene transfer efficiency, there was also a reduction in cell viability, which decreased by about
20-40%. We hypothesized that this decrease in viability was caused by the high percentage of vector volume
within the total volume in the device based on our experience with well transductions. To test this, we
transduced y6 T cells at a constant MOI of 0.4 and varied the total culture volume, thus changing the vector
volume percentage. As expected, we found that as the vector percentage increased, the cell viability

decreased, with the largest decreased observed when the vector percentage reached 50%.

The next step in evaluating this engineering technique was to test whether it is successful in delivery
chimeric antigen receptors to T cells. We developed a bicistronic AAV6 vector that expresses GFP and a
CDS5 CAR that is capable of targeting T-cell malignancies. We replaced the CMV promoter with the MND
promoter, as it has been shown to be stronger in lymphocytes [322]. Successful cloning of the construct
was confirmed by western blot analysis after transfection of HEK293 cells. Once confirmed, the construct
was tested with Jurkats using the microfluidics device and was compared to well transductions. Well
transductions led to limited GFP expression reaching 37%, with no CAR expression detected. In contrast,
device transductions led to increased GFP expression that peaked at 84%, however CAR expression only
increased to 7%. This limited CD5 CAR expression can be explained by the downregulation of the CAR
after cis and trans interactions with CD5 on the T cells that we have previously showed in past work [324,
338]. This was also confirmed here by showing increased CD5 CAR expression in a CD5-edited Jurkat cell

line. In an attempt to counter this phenomenon, we tested the highest MOI that can be achieved with the
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device and examined GFP and CD5 CAR expression in yo T cells. Despite using an MOI of 6, we still

found limited GFP expression and detected no CAR expression.

In an attempt to overcome the downregulation of the CD5 CAR in Jurkats and yd T cells, we investigated
the use of two mutant AAV6 vectors that contained mutations in the viral capsids. These mutant vectors
have previously been shown to improve the transduction of hematopoietic cells by enhancing intracellular
trafficking of transgenes to the nucleus and preventing degradation [317-319]. First, we tested whether the
mutant vectors were able to exhibit increased transduction of the Jurkat cell. We found increased CD5 CAR
expression using the mutant vectors in combination with the microfluidics device that reached about 50%.
In addition, we detected an inverse relationship between CD5 CAR expression and CDS5 expression on the
Jurkat cells. This was to be expected because as more CAR molecules were expressed, there were more
interactions between the CAR and CDS5, which can result in the downregulation of the CAR, as well as
CDS5. Despite the promising CAR expression in Jurkat cells, we again not only saw limited GFP expression,
but also no CD5 CAR expression in yo T cells. Cell viability was also reduced, which may have contributed

to the limited gene transfer efficiency.

Based on the low and variable gene transfer efficiencies and limited expression of the CD5 CAR in v T
cells using AAV6, we investigated an alternative engineering technique for y6 T cells. With advancements
in mRNA technologies, mRNA electroporation has become a promising engineering method that has seen
success in transfecting a wide range of cell types [178]. Chapter 3 focuses on the optimization and use of
mRNA electroporation to engineer yo T cells. To properly evaluate the potential for this technique to
become a viable engineering platform for yd T cells, we focused our efforts on the CD19 CAR to target B-
cell malignancies. Preliminary experiments using a bicistronic GFP/CD19 CAR mRNA construct revealed
high transfection efficiency of over 90%, based on GFP expression. We next sought to optimize the
engineering of yd T cells with electroporation by determining the optimal conditions for each reaction. We

tested varying cell numbers and amount of mRNA and based on cell yield, GFP MFI, and GFP and CAR
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expression we determined that the ideal conditions was between 5 x 10° and 1 x 107 cells and 15ug of

mRNA. These conditions resulted in a cell yield of about 40-50% and CAR expression of about 60%.

The development of adoptive cell therapies that can be developed as an off-the-shelf product is a valuable
feature for cellular cancer treatments. The timing of freezing plays an important role in the manufacturing
process, thus, we examined whether freezing before or after engineering was superior. While GFP
expression was not affected, we found that freezing engineered yd T cells resulted in a reduction in CAR
expression. This reduction in CAR expression also caused a reduction in cytotoxicity against the B-ALL
cell line 697. Based on these results, all subsequent experiments were conducted by engineering thawed,
unmodified cells. Once the protocol and gene engineering platform was optimized, we tested the engineered
cells for their cytotoxic capabilities. To do this, we examined the cytotoxicity of CD19- and CD22-CAR
expressing o T cells against 697 cells and Nalm6 cells, another B-ALL cell line. We show that the mock
electroporated yo T cells exhibited minimal killing of both cell lines, however the engineered cells showed
increased cytotoxicity against both cell lines at all E:T ratios. The cytotoxicity reached about 80% at the
E:T ratio for all conditions, however the CD22 CAR-expressing cells resulted in about 45% cytotoxicity
against the Nalmé6 cell line at the 5:1 E:T ratio. The lower cytotoxicity can be explained by lower CD22

expression in this cell line, compared to the 697 cell line.

Despite being the most common engineering technique for adoptive cell therapy, we wanted to investigate
whether electroporation can be applied to other engineering approaches. Bispecific T cell engagers, a type
of bispecific antibody, has become a promising option for treating cancer patients. Traditionally, these T
cell engagers are systemically administered or co-administered with immunocompetent cells and have seen
success in preclinical and clinical studies, however we investigated whether yo T cells are able to express
and secrete them via mRNA electroporation. The secreted bispecific T cell engager (sBite) is continuously
expressed as long as the mRNA is within the cells and offers a more targeted treatment approach. To test

whether v0 T cells are able to secrete a functional T cell engager, we electroporated yo T cells with CD19
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sBiTE mRNA. Using an ELISA assay, we were able to detect the sBite in the culture media after 16 hours
of culturing post-electroporation and the CD19 sBite-modified yd T cells exhibited improved cytotoxicity
against several CD19-positive cancer cell lines. We confirmed the increased cytotoxicity was specific to
CD19 by showing the engineered cells had limited cytotoxicity against a CD19 knockout 697 cell line.
Lastly, we tested whether the sBite is able to bind and activate unmodified y6 T cells. We collected
conditioned media of sBite-modified yo T cells and mixed it with unmodified yd T cells and showed that
these cells had increased cytotoxicity against the 697 cell line. Overall, these studies indicate that
electroporation of yd T cells with CD19 sBite mRNA results in successful secretion of the CD19 bispecific

T cell engager and increases yo T cell cytotoxicity of modified and unmodified yo T cells.

The next step in evaluating whether mRNA electroporation is a viable option for engineering yd T cells is
testing the cells in vivo. Despite the promising in vitro data, initial attempts at treating mice bearing 697
cells with CD19 CAR-expressing v T cells were unsuccessful. In order to investigate the cause of this, we
conducted several experiments to characterize the 697 mouse model. We found that the cancer cells quickly
leave circulation and seed in peripheral organs and compartments, such as the bone marrow. Further
analysis found that the injected y6 T cells mainly stayed within the blood stream, with limited migration to
the bone marrow. Therefore, we hypothesized that treatments starting too late (i.e. after cancer cells leave
circulation) may not be successful because the engineered y6 T cells would not be able to control cancer
progression. We confirmed this by showing treatment with CD19 CAR-expressing yd T cells starting one
day after cancer cell injection not only reduced tumor burden and delayed tumor progression, but also
improved survival. Next, to further confirm the efficacy of the CD19 CAR-expressing yd T cells and test
the CD19 sBite-modified yo T cells in vivo, we established a cancer cell model with the Nalm6 cell line.
The results from this study again showed that the CD19 CAR-modified yd T cells reduced tumor and

improved survival, and, importantly, revealed that the CD19 sBite-modified yd T cells had a similar effect.
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Despite the promising in vivo results and induction of a survival benefit, we only observed temporary
responses without complete cures. Although this may be specific to this cancer model, we sought to
investigate whether a longer duration of treatment and more aggressive upfront regimen could result in
improved responses. Interestingly, treating mice bearing Nalm6 cells with CD19 sBite-modified yo T cells
using the more extensive treatment regimen did not reduce tumor growth or survival, compared to the
previous treatment regimen. This may have been related to the extravasation of the cancer cells and would

require an even more aggressive treatment regimen after cancer cell injection.

4.2 Implications of Findings

The development of novel therapeutic approaches to treat cancer is essential to improving patient outcomes
and safety. Traditional treatments that involve the use of chemotherapeutics result in harmful side effects
and toxicities [395]. These drugs have limited specificity for cancer cells, which results in damage to healthy
tissue and organs, and many times are unable to fully cure patients. Cancer immunotherapy offers an
attractive alternative by harnessing the immune system to fight cancer and allows for a more targeted
treatment approach. Advancements and discoveries in the field of immunology have led to several
promising directions for cancer immunotherapy including cancer vaccines, immune-modulating agents, and
adoptive cell therapy (ACT). ACT involves the isolation and expansion of autologous or allogeneic
immunocompetent cells to repopulate the patient’s immune system and initiate an anti-cancer immune

response. This technique has great potential for developing the next generation of cancer treatments.

While initial attempts for developing ACTs focused on simply infusing immunocompetent cells, scientists
quickly discovered the need for engineering the cells to improve their cytotoxic capabilities [2]. One of the
most common engineering techniques is the expression of chimeric receptors that are specific to a tumor
antigen, which led to the development of CAR T cell therapy. CAR T cell therapy has emerged as a
promising alternative for treating cancer and has seen great success in clinical trials [396]. In fact, there are

currently six FDA approved CAR T cell therapies on the market. Traditionally, CAR T cell therapy involves
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the isolation of autologous aff T cells and the engineering of these cells with stable integrating vectors. The
gold standard for CAR T cell therapy is the CD19 CAR for treating B-cell malignancies, which has resulted
in complete remission rates reaching about 70-80% for B-ALL [36]. While CAR T cell therapy has seen
great success, there have been several side effects and limitations that were identified during clinical testing.
One of the major limitations is the development of on-target/ off-tumor (OTOT) toxicities. There are very
few cancer-specific antigens that can be targeted by CAR T cells, which can result in the targeting of healthy
tissue that also express the antigen. During the development of CAR T cell therapy for B-cell malignancies,
this side effect was acceptable because the depletion of B cells can be countered by the infusion of
immunoglobulins. However, for other cancers, especially solid tumors, the targeting of healthy cells can
lead to organ toxicities and failure [397]. The formation of memory CAR T cells can exacerbate this issue
as the constant targeting of healthy tissue lasts as long as the T cells persist. Another significant side effect
of CAR T cell therapy is the development of cytokine release syndrome (CRS). The over activation of the
CAR T cells, as well as other cell types within the immune system, can lead to an influx of cytokines and
cause a harmful inflammatory response. Additionally, like most cancer treatments, therapy resistance has
emerged as a hurdle for CAR T cell therapy in the form of antigen escape. Cancer cells can develop
mechanisms to limit antigen expression that renders CAR T cell therapy ineffective. These limitations must
be addressed to not only improve the safety of this treatment option, but also improve the efficacy and

effectiveness.

To reduce the risks associated with traditional CAR T cell therapy, transient engineering techniques with
vo T cells may be an effective solution. y6 T cells are becoming a promising cell type for adoptive cell
therapy and offer an attractive alternative to the traditional af3 T cell. They have characteristics and functions
in both the adaptive and innate immune systems and undergo MHC-independent antigen recognition [292].
The ability to mount an immune response without the need for priming allows for rapid detection and killing
of infected or cancerous cells. In addition, they are non-alloreactive and have a limited risk of causing graft-

versus-host disease, which allows them to be developed as an allogeneic product [398]. Our lab has
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extensive experience with these cells and have published our efforts on optimizing the expansion and
handling of yo T cells [287, 343, 365, 366, 369]. These endeavors have been instrumental in advancing the
use of y0 T cells toward the development of cancer immunotherapies, however another critical step is
improving their efficacy by genetic modification. Lentiviral vectors have become one of the most widely
used engineering technique for engineering cells for ACT, however it has seen limited success for yo T
cells. These cells have traditionally been difficult to engineer, which necessitates alternative engineering

strategies beyond the traditional lentiviral vectors.

The use of transient engineering, especially with yd T cells, offers solutions to many of the issues and
limitations seen in traditional CAR T cell therapy. This method limits the risk of OTOT toxicities because
the treatment can be halted quickly and specified doses can be administered for individual cases, which is
not possible with stable expression of CAR T cells. In addition, transient expression can reduce the risk of
cytokine release syndrome because it reduces the over-activation and proliferation of the cells. It also
eliminates the concern of developing memory CAR T cells that can result in the constant targeting of the
antigen, which in the case of solid tumors can lead to harmful OTOT side effects. Therefore, the goal of
this dissertation was to develop a successful engineering platform for yo T cells via transient gene transfer
methods. We investigated the use of AAV and mRNA electroporation, two promising transient engineering

techniques that have seen success for other hematopoietic cells [307, 379, 380].

Leukemia is the most common form of pediatric cancer, accounting for about 20-25% of all cases [399]. T
cell acute lymphoblastic leukemia (T-ALL), a distinct hematological cancer, is characterized by abnormal
production of malignant precursor T lymphoid cells originating at different points in lymphocyte
development [400]. Traditionally, combination chemotherapy has been the most common form of treatment
for T-ALL and has seen some success in the clinic, however relapse remains a significant problem [401-
403]. Relapse or refractory T-ALL is associated with a poor prognosis and a survival rate of about 20%

[404, 405]. Due to the high occurrence of pediatric T-ALL and increased risk of relapse, novel treatments
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must be developed to improve outcomes. Therefore, out initial attempts at engineering yo T cell focused on
targeting T-cell malignancies through the expression of a CDS5 CAR. There are, however, added obstacles
that must be overcome for the use of CAR T cell therapy to treat T-cell malignancies, which has been
previously characterized by our lab [338]. The major obstacle is the down regulation of the CD5 CAR upon
interacting with CD5 on T cells. We hypothesized that increased gene transfer using AAV6 may be able to
overcome this phenomenon and result in sufficient numbers of engineered yd T cells. Despite observing
increased transduction efficiencies with AAV6 in combination with microfluidics devices or when using
mutant AAV6 vectors, we ultimately were not able to overcome the downregulation of the CD5 CAR in yd
T cells. We also observed a significant decrease in cell viability, which may have limited the successful
gene transfer of the CAR into yo T cells. For this reason, we focused on the optimization of mRNA
electroporation to engineer yo T cells. We tested the mRNA electroporation platform with a CD19 CAR, in
order to properly examine this gene transfer technique without the added hurdles of expressing a CD5 CAR

in T cells.

mRNA electroporation resulted in very high gene transfer efficiency for yo T cells and CAR expression
reaching 60-70%. This high transfection efficiency led to engineered yd T cells that exhibited improved
cytotoxicity in vitro against two B-ALL cell lines and even reached about 80-90% at an E:T ratio of 5:1.
We confirmed the efficacy of the engineered cells in an in vivo 697 cell model and found that the cells
prolonged tumor progression, reduced tumor burden, and improved survival. In doing so, we also
characterized this cancer model and found that the cancer cells quickly leave circulation, which may be a
limitation when testing the anti-cancer effectiveness of cellular therapies with the cell line. Overall, we
show a practical and functional engineering platform for yo T cell to express a CD19 CAR, as well as a
functioning CD22 CAR. Although we tested this platform for the treatment of B-cell malignancies, we
expect this engineering technique can be applied to all cancer types and may even overcome the limitations
of targeting T-cell malignancies. In addition, while electroporation has the potential to become a technique

for the development of therapeutics, it also offers a promising high-throughput screening platform. The
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protocol that was developed here is a fast and simple method that can be used to quickly test target
candidates for TCRs, CARs, bispecific T cell engagers, and other immunotherapy modalities. In fact, this
concept has already been used by at least one group to examine the potential of specific TCRs to target
cancer cell lines [204]. It allows for easy assessment of whether a construct is functional and whether it can

be developed into an effective cancer treatment.

Another promising technique for enhancing the immune response to fight cancer is the use of bispecific
antibodies, specifically bispecific T cell engagers. Traditionally, these T cell engagers are administered
systemically, in combination with immunocompetent cells. In fact, there have been studies investigating
the combination of bispecific T cell engagers with y6 T cells for several cancer types including chronic
lymphocytic leukemia, acute myeloid leukemia, and pancreatic cancer [373, 374, 383, 384]. Here, however,
we test whether the T cell engagers are able to be expressed and secreted by the immunocompetent cells.
One limitation of the systemic administration is the short half-life and need for continuous infusions. This
novel technique would allow for continuous expression for the duration that the mRNA remains in the cells.
In addition, it also allows for a more targeted treatment approach because they are secreted locally where
the immune cells can be directly activated. This approach offers an exciting avenue for developing
bispecific antibody-based therapeutics and may improve upon the already promising results. Overall, the
data presented in this dissertation shows that the transient engineering of yo T cells with CARs or sBites

offers a promising alternative to the stable engineering in aff T cells for the treatment of pediatric cancer.

4.3 Limitations and Future Directions

The objective of this dissertation was to investigate the efficacy of a transient engineering platform for yd
T cells with the goal of not only showing this technique can be effective at treating cancer, but also limit
some of the issues with traditional ACT and CAR T cell therapy. While we show that engineering y6 T
cells with electroporation improved their cytotoxicity in vitro and in vivo, being able to provide direct

evidence that this platform reduces the risk of side effects and improves the safety profile remains difficult.
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The need to use immunodeficient mice, like NSG mice, for cancer research limits the possibility of
investigating the effects of therapeutics on the immune system. For example, there are limited models that
can effectively depict cytokine release syndrome in mice because the entire immune system plays a role in
its progression. The development of humanized mice models is an intriguing approach that would better
predict the success of immunotherapies [406, 407]. Several techniques to create humanized mice models
have been tested, including the engraftment of PBMCs and the engraftment of hematopoietic stem and
progenitor cells (HSPCs). The advantage of using HSPCs is the repopulation of not only T cells but also B
cells, macrophages dendritic cells, and NK cells [408, 409]. Testing transient engineering techniques using
these humanized models would allow for direct comparisons of safety profiles between engineering

platforms, as well as better characterize cancer immunotherapies before clinical testing.

Although we show great promise for electroporation as an engineering technique for yd T cells, the results
from Chapter 2 reveal limited efficiency and variability for AAV. We hypothesized that the success of
AAV6 with aff T cells may translate to yd T cells, especially due to the expression of the receptors that are
necessary for AAV6 transduction. Our initial goal was to test the engineering of & T cells to treat T-cell
malignancies, by using AAV to engineer the cells with a CD5 CAR. As mentioned previously, there are
additional hurdles that must be overcome for creating CAR T cell therapies for T-cell malignancies. We
experienced some of these limitations including the downregulation of the CD5 CAR, as well as the
downregulation of CD5. Despite this, we found several limitations to AAV6 transduction of yd T cells,
including poor and variable transduction efficiency based on GFP expression and a reduction in cell
viability that must be addressed. There are, however, techniques that can be explored to overcome the issue
of low gene transfer and reduced viability. For example, a method to produce a more concentrated AAV
batch can limit the amount of vector used during transduction, thus reducing the cell death caused by high
vector percentages in the culture media. In addition, improvements to the microfluidics device design can

limit the loss of cells during collection and may improve cell viability of the engineered cells.
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While we were unable to successfully develop a dependable AAV engineering platform, we observed
promising gene transfer efficiency for some donors, suggesting donor variability may play a role in
transduction efficiency for primary yd T cells. Our lab has previously shown donor variability exists during
expansion of yo T cells from PBMCs and have identified donor characteristics that may predict successful
expansion [287, 343]. We found that young, healthy non-smoking donors who exercise at least three times
a week are more likely to have successful yo T cell expansions. A similar phenomenon may exist for
transduction efficiency. There may be certain characteristics of the donor or the yo T cells that make them
more susceptible to AAV transduction. Additional research is needed to determine whether there are donor-
specific characteristics and what those characteristics may be to allow for increased gene transfer efficiency

using AAV.

Once we established an effective transient engineering platform for y6 T cells with mRNA electroporation
and showed that the engineered cells had impressive anti-cancer capabilities in vitro, we experienced
several obstacles when testing the cells in vivo. During the development of the 697 cancer model, we made
several observations that highlighted the limitations of using cancer cell lines to test cancer therapeutics.
We found that the 697 cells quickly leave circulation and seed in different organs and compartments, such
as the bone marrow. While this migration is specific for this cell model, it can be hypothesized that other
cell lines either have similar or completely different migratory patterns. This observation not only
emphasizes the importance of choosing a model that best tests the specific hypothesis or goal of the study,
but also the importance of using multiple cancer cell models for therapeutic testing. Additionally, this
observation highlights the importance of investigating the migration of the therapeutic cells. The
modulation of T cell homing has become a popular field of research and holds great promise in improving
ACT, especially for solid tumors where T cell homing is a limitation. The expression of specific chemokine
and chemokine receptors has the potential to preferentially target certain tissues or organs where cancer

may be more abundant [385]. The combination of engineering yd T cells to improve their cytotoxicity, as
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well as their tumor homing capabilities offers an attractive approach for improving their use as a cancer

immunotherapy.

In order to show proof-of-concept that transient engineering, specifically electroporation, is a viable option
for engineering yo T cells, we utilized CD19 as the targeted antigen. CD19 is the most commonly studied
target for cancer immunotherapy and has been extensively studied for the treatment of B-cell malignancies,
which makes it the ideal target for testing novel therapeutics and engineering platforms. However, we
hypothesize that the technique developed and optimized in this dissertation can be applied to other cancer
types as well. The transient method described here can be especially beneficial to cancer types that have
limited tumor-specific targets and are more susceptible to the side effects of current immunotherapies.
Current efforts are being made to apply this platform to other common pediatric cancers, including AML,

neuroblastoma, and osteosarcoma.

4.4 Conclusions

This dissertation investigated the use of transient engineering techniques to improve the cytotoxicity of yo
T cells by genetic modification. We tested two engineering techniques, AAV as a viral vector and
electroporation as a nonviral technique. Despite limited transduction efficiency and increased cell death
using AAV6 transduction, mRNA electroporation offered a promising engineering platform for yé T cells.
After optimization, we show electroporation resulted in substantial transfection efficiency for the
expression of CARs and the engineered cells exhibited enhanced cytotoxicity in vitro against several cancer
cell lines. We then applied this platform for the expression of a secreted bispecific T cell engager, which
we show improved the cytotoxicity of unmodified and modified yd T cells and is specific to the targeted
antigen. In an in vivo cancer model, we also show these engineered cells not only prolonged tumor
progression and reduced tumor burden, but also improved survival. Overall, the work here reveals a
promising technique for engineering yo T cells that can improve their potential to be an effective cancer

treatment.
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