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ABSTRACT

Engineering and Evaluating Chimeric Antigen Receptor T Cell Potency
Ex Vivo and In Vitro

Nicole Jenine Piscopo
Under the supervision of Professor Krishanu Saha

at the University of Wisconsin-Madison

Chimeric antigen receptor (CAR) T cells are genetically engineered T cells that have been
used to target cancer-associated antigens [1]. The profound success of CAR T cells in treating
hematological malignancies (e.g. leukemia by targeting CD19) has led to the FDA approval of
three CAR T cell products [2]. CAR T cells are primarily engineered via viral methods which
insert the CAR transgene into random locations in the genome resulting in varied expression and
signal activation of the CAR [3]. As a result, CAR T cell performance can vary greatly from cell
to cell even within the same batch, due in part to the heterogeneity of CAR activity within the
gene-modified T cell population [4]. Therefore, to better ensure that manufactured CAR T cells
will result in cancer remission, improvements to the manufacturing process must be made to certify
that the live cellular products will act accordingly once they are delivered to the patient [5].

This thesis aims to engineer precise control over the location of integration and copy
number afforded by CRISPR-Cas9 gene editing tools to create more homogenous expression of
the CAR in the manufactured CAR T cell population, resulting in less variance in potency of
individual CAR T cells. First, | describe the manufacture and measurement of expression and
function within virally generated and CRISPR-Cas9 generated CAR T cell products. Next, | detail
the in vitro functional analysis of CAR T cells within microwell co-cultures with target cancer

cells to allow for measure of in vitro activity of the CAR+ cells and acquire relevant parameters



Vi

for mathematical models. Finally, I share the results of in vivo testing and computational modeling
of CAR T cell therapies within murine xenograft models. This work demonstrates the value of
precise gene editing in CAR T cell manufacture, and its influence on quality assurance and quality

control (QA/QC) methods of CAR T cell products.
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CHAPTER 1: Introduction

Portions of the work in this chapter were adapted from:

Bioengineering Solutions for Manufacturing Challenges in CAR T Cells

N.J. Piscopo*, K.P. Mueller*, A. Das*, P. Hematti, W.L. Murphy, S.P. Palecek, C.M. Capitini,
K. Saha

Biotechnol J. 2018 February; 13 (2).

* these authors contributed equally



CAR Immune Cell Therapy

The four main pillars of cancer treatment are surgery, radiation, chemotherapy, and hematopoietic
stem cell transplantation (HSCT). In the last two decades, immunotherapy has rapidly developed
into a promising 5" pillar, initially consisting mainly of monoclonal antibody and cytokine
therapies [6], [7]. In the last five years, chimeric antigen receptor (CAR) T cell therapy has
emerged at the forefront of the cancer immunotherapy field [8], [9]. In the CAR T approach,
genetically modified lymphocytes are engineered to express a synthetic receptor comprised of an
extracellularly expressed single chain variable fragment (scFv) of a monoclonal antibody, which
is connected via a transmembrane linker to the intracellular signaling domains of common T cell
co-receptors such as CD3 and CD28 [10]-[12] (Figure 1.1A). The scFv portion of the CAR is
used to target specific surface antigens (e.g., CD19, a B cell lineage surface marker used to target
acute lymphoblastic and chronic lymphocytic leukemias) [13]-[16]. This allows the CAR to
bypass conventional interactions between the T cell receptor (TCR) and major histocompatibility
complex (MHC), thus activating the cell upon recognition of the target antigen [17].

The typical CAR T cell manufacturing process (Figure 1.1B) begins with harvesting the
patient’s peripheral blood mononuclear cells (PBMCs) through leukapheresis. These apheresed
cells are virally transduced with the CAR transgene [18], activated, and expanded outside of the
body (ex vivo), undergoing quality control (QC) testing before administration [19]. The entire
manufacturing process can last between 10 to 22 days, beginning with T cell harvest and ending
with intravenous delivery of the engineered CAR T cells back to the patient [20],[21].

Amongst published trials targeting hematological malignancies, the therapy has resulted in
complete or partial remissions across CAR designs and targets in approximately 70~94% of

patients [22], [23]. The adoption of CAR T cell therapy into clinical practice shows similarities to



the early stages of adoption of bone marrow transplantation (BMT). BMT was initially viewed
with skepticism and offered at few academic centers [24]. The therapy gained traction as its
efficacy became apparent, and it is now available at a much larger number of centers across the
globe, having been performed over one million times worldwide [25], [26]. Similarly, the full CAR
T cell manufacture and therapy workflow including gene delivery, culture, and clinical care is
limited to a handful of academic centers often in partnerships with industry (University of
Pennsylvania with Novartis, Seattle Children’s Hospital and Memorial Sloan Kettering Cancer
Center with Juno Therapeutics a Bristol-Myers Squibb company, Baylor College of Medicine with
Cell Medica, MD Anderson Cancer Center with Ziopharm Oncology and Precigen Inc., and the
National Cancer Institute with Kite Pharma of Gilead Sciences) with advanced manufacturing and
clinical capabilities [19]. However, the geographical reach of CAR T cell therapy has increased
with the advent of multicenter clinical trials supported by several pharmaceutical companies (e.g.
fully recruited clinical trial NCT02435849 with 26 study locations).

A variety of biological challenges have limited the broad clinical applicability of CAR T
cell therapy. First, CAR T cell therapy to date has only shown efficacy for certain hematological
malignancies, and there are still problems present despite the successes. The therapeutic process
could be complicated by severe adverse events including cytokine release syndrome (CRS),
immune effector cell (IEC)-associated neurotoxicity syndrome (ICANS), and in the case of
targeting CD19, B-cell aplasia [16]. These pose significant concerns, although standard treatment
options such as chemotherapy and stem cell transplantation have equally severe side effects,
including acute toxicity and the risk of graft-versus-host disease (GVHD), respectively [27], [28].
Additionally, recent attempts to treat solid tumors with CAR T cells have yielded lackluster results,

due in part to heterogeneous CAR T cell populations that have performed inconsistently and in



some cases failed to persist within the body [29], [30]. It has proved challenging to find proper
target antigens for solid tumors, and strategies to improve T cell penetration into the tumor
microenvironment are needed [29]. Furthermore, T cell exhaustion and differentiation are concerns
for the lack of persistence in vivo [29]. While problems arising primarily from T cell biology are
currently being addressed [10], there is still a need to address manufacturing paradigms and

processes to ensure that CAR T cell therapy can be translated widely.

Cell Harvesting and Transportation

CAR T cell therapies can use either autologous or allogeneic T cells, although allogeneic
therapies may run a greater risk of immunogenic reactions due to graft-versus-host disease
(GVHD) [31]. Most current CAR T cell clinical trials use T cells collected from patients. CAR T
cell therapy begins with the leukapheresis procedure to isolate PBMCs [18]. Leukapheresis
typically occurs over several hours, during which the patient’s blood is treated with anticoagulants
and centrifuged to remove excess red blood cells and platelets. The patient’s PBMCs are then
either shipped to a manufacturing facility as a fresh product or cryopreserved for shipment in the
future. Leukapheresis may be complicated for patients that have already been treated for their
malignancies, as the resulting lymphopenia from chemotherapy can make it difficult to collect a
sufficient number of T cells [32]. Leukapheresis is also more challenging for infants and small
children due to their lower total blood volume [33]. Additionally, prolonged treatment with
anticoagulants during leukapheresis can pose problems due to the length of time that patients are
connected to an external device [34].

Once PBMCs have been isolated, some centers cryopreserve the cells and ship them to

centralized manufacturing facilities for activation, viral transduction, and expansion [18]. The cells



are cryopreserved in blood bags and shipped frozen, then thawed and activated after arrival at the
manufacturing facility. Transport of the T cells is an important consideration, as it is critical to
ensure that desired cytotoxic populations are well preserved. Previous studies have indicated broad
changes in PBMC transcriptomes after freezing and thawing [35], while others have shown that
re-stimulation can rescue freeze/thaw-induced changes observed in regulatory T cells [36].
Aberrations in cell functionality due to cryopreservation proved prohibitive for Provenge®, the
first FDA-approved autologous cell therapy product [37]. Provenge® was only viable for four
hours post-thaw and could not be used after being frozen for 18+ hours [38]. As a result of strict
delivery conditions and timelines, Provenge® was deemed financially unviable [39], although it
remains an instructive case study for CAR T cell therapy. Thus, although some current clinical
trials have successfully used freezing and thawing to transport T cells, there may be room for
improvement.

To start, better quality control (QC) mechanisms will be required to confirm cell viability
and immune profile changes [40] in the form of in vitro tumor cell killing assays and cell profiling
techniques. Additionally, progress has been made to minimize the impact of cryopreservation
reagents such as dimethyl sulfoxide (DMSO) to generate clinically safe products. Microfluidic
devices to remove DMSO by diffusion have been described which allow over 95% of cells to be
retained post-wash, thus improving yields by ~25% [41]. Furthermore, cell recovery outcomes
may be improved through the use of hypothermic preservation solutions (e.g. HypoThermosol®),
which allow cells to be transported without the need for freezing [42]. Such approaches have not
yet been implemented in CAR T cell manufacturing but may one day improve production

efficiency and safety.



Activation and Expansion of T cells

In order to trigger T cell killing mechanisms, CAR T cells must be stimulated via antigen
recognition [43]. The most commonly used activation process is independent of antigen
presentation and involves culturing T cells with beads coated with CD3/CD28 antibody fragments,
along with IL-2 supplementation [19]. While T cells are naturally activated in response to short-
term antigen presentation, sustained signaling can cause exhaustion, leading to a loss of
proliferative capacity and cytotoxicity [44]. Therefore, it would be beneficial to ensure activation
but limit exhaustion through custom biomaterials. This has been achieved through artificial antigen
presenting cell (aAPC) technology [45], which can include beads coated with a CD28-specific
antibody, a specific antigen epitope, and soluble human leukocyte antigen immunoglobulin (HLA-
Ig) [46]. More recently, cells expressing HLA-Ig that are engineered with an antigen epitope have
been used as aAPCs [47].

As current methods for activation are time consuming [19] and can lead to exhaustion,
there is significant room for improvement in this stage of CAR T cell manufacturing. Tissue
engineering approaches may improve the activation process via customizable ligand-presenting
scaffolds in the place of aAPCs. These could potentially feature controlled spatial or temporal
patterns of ligand presentation. For example, spatially patterned ligands have been used to study
and control cell adhesion [48], and degradable materials may be useful to slowly release ligands,
thus modulating the activation response [49]. It has also been shown that micropatterned T cell
costimulatory ligands can enhance secretion of IL-2 by CD4+ T cells via a CD3/CD28 co-
stimulation array. These same technologies could be utilized to potentially ameliorate activation-

associated problems such as exhaustion [50]-[52].



Another vital process in the CAR T cell manufacturing pipeline is expansion. Expansion
is required to increase the population of T cells available for transduction or infusion to the patient
and can occur either before or after gene transduction, depending on the manufacturer [53], [54].
Currently, this process can be accomplished via several platforms. Wave-mixed bioreactors (e.g.,
GE, Sartorius bioreactors) feature a bioprocessing bag (e.g., Cellbag®, Flexsafe®) on a rocking
base for efficient gas exchange and media perfusion, and are widely used across academic and
industrial labs to support clinical trials [55]. Fully automated closed systems such as CliniMACS®
are also being developed to allow for good manufacturing practice (GMP)-compliant production
without the need for clean room facilities [56]. The cell expansion process takes approximately ten
days, upon which cells are harvested and cryopreserved for distribution [19].

Current expansion platforms use CD3 and CD28 antibody-functionalized beads to expand
general T cell populations (e.g., Dynabeads™ [57]). These beads are prone to aggregation,
particularly when used in agitated systems such as GE WAVE [58], [59]. Additionally, ligand
presentation needs to be optimized, to ensure that sufficient quantities of cells are activated. Beads
have the advantage of a high surface area to volume ratio, which allows for a greater density of
ligand presentation. However, the process of removing the beads can cause a loss of product if T
cells fail to dissociate or are damaged by shear forces due to binding [60], [61]. To address this
issue, bead-free T cell expansion systems utilizing tetrameric CD3/CD28 antibody complexes have
been developed by Juno Therapeutics and others, including Expamer™ technology [19]. Ligand-
functionalized surfaces could potentially be utilized to circumvent some of these difficulties,
enabling the use of other bioreactor architectures. These surfaces could be within hollow fiber
membrane bioreactors [62], packed bed bioreactors [63], and potentially, stainless steel stirred tank

bioreactors, as antibody functionalization of stainless steel surfaces has been demonstrated [64].



Once expanded, T cells could then be detached using controlled chemistries that release the bound
cell from the surface [65], [66]. Such an approach could reduce aggregation and shear stress on
the cells.

Cellular metabolic profiles provide an additional phenotypic measurement that can be used
to affect cell fate decisions to preferentially expand cells in a mixed culture [67], [68]. In cardiac
differentiation of induced pluripotent stem cells (iPSCs), cardiomyocytes metabolize lactate better
than non-cardiomyocyte populations generated during differentiation: bioengineers dosed mixed
cultures with lactate to increase cardiomyocyte purity in culture [69]. Similar metabolic
engineering approaches may prove advantageous for preferentially expanding T cell subsets.
Activation of mammalian Target of Rapamycin (mTOR), a regulator of cellular metabolism [70],
can influence T cell differentiation fates by altering responses to metabolite changes [71]. Positive
and negative mTOR signaling modulators could be used to control ex vivo expansion. Levels of
amino acids, including tryptophan, arginine, and glutamine, have been indicated in T cell
proliferation; hence, amino acid titration is another tool that could be utilized to improve T cell
proliferation [72]-[75]. Fatty acid titration could also be employed, as fatty acids have been
implicated in CD8+ T cell proliferation, survival and activation [76]. Metabolites can be assayed
using many techniques, including fluorescence-based methods to monitor intracellular metabolism

in real time [77], and microfluidics [78].

CAR Gene Transfer and Editing
CAR T cell manufacturing for clinical trials currently uses viral vectors (mostly
lentiviruses and retroviruses) to transfer the CAR transgene [19], [23], all of which have high

transduction efficiencies (approximately 68% for retroviruses, depending on the multiplicity of



infection) [79]. Despite the success of viruses in transfecting T cells, which are notoriously hard
to transfect, viral approaches have several major drawbacks, both in terms of patient safety and
manufacturing practicality (Table 1). Since viral vectors insert transgenes randomly into the
genome, there is a risk of gene silencing or insertional oncogenesis [80]. Additionally, the lack of
control over the copy number of transgenes inserted into the genome, and the endogenous
regulatory elements that will act on this transgene, leads to heterogeneity that can also influence
the expression levels of the CAR protein on the cell surface, as can be seen in Figure 1.2, further
complicating QA/QC efforts [81], [82]. Integration-site analysis shows that when lentiviral
transduction is used to manufacture CAR T cells, across 184 pre-infusion and post-infusion
samples from 40 patients, over 145,600 unique integration sites were found [83]. Location of
integration also influenced Novartis’ CART19 proliferation post infusion which could influence
patient outcomes. There are additional manufacturing issues associated with viral vectors, which
are expensive to produce and require costly QC [84]. Furthermore, the demand for viruses is
increasing, making it more difficult to supply the ever growing demand as engineered cellular
therapies become more widespread [85]. While the scale of viral manufacturing has been adequate
for phase I/1l clinical trials, this will be a significant barrier to entry for centers that wish to
implement CAR T cell therapy for larger patient populations [85].

Recent advances in non-viral transfection techniques have shown promise in ameliorating
some of the issues associated with viral vectors. One approach utilizes transposons, including the
Sleeping Beauty [86] and Piggybac transposon systems [87]. Both transposons have been used to
successfully generate CAR T cells [45], [88]-[90]. However, they utilize random transgene
insertion, which carries risks for clinical safety and efficacy. Additionally, transposons by nature

allow the transferred gene to repeatedly change genomic location [91], which further complicates
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QC efforts. To address these concerns, many researchers are turning to genome editing methods
that allow for site-directed mutagenesis to improve CAR T cell manufacture.

Site-specific editing tools appeared in the early 2000s with the development of zinc finger
nucleases (ZFNs) [92] and transcription activator-like effector nucleases (TALENS) [93]. ZFNs
and TALENSs are chimeric, customizable restriction enzymes that are engineered to target specific
loci in the genome, including validated safe-harbor loci [94]. The cost to manufacture ZFNs and
TALENS is significant, as individual proteins must be designed for each editing locus [95], [96].
ZFN technology has yet to advance to clinical trials for CAR T cell therapy, although it has been
used for other clinical targets, including Hemophilia B and HIV [97], [98]. TALENS have been
used preclinically to successfully treat two infant patients ahead of planned phase I clinical trials
[99]. In these cases, TALENS were used to knock out the endogenous TCR in allogeneic T cells,
although the CAR itself was delivered virally. This technology is actively being developed by
Cellectis for their UCART19 product, is now in Phase I clinical trials [99].

In recent years, the development of clustered regularly interspaced short palindromic
repeats (CRISPR) Cas9 gene editing, has revolutionized genome editing in laboratory settings
[100] and allowed for precise cuts to be made in the genome that can facilitate the incorporation
of foreign genomic materials while keeping costs down [101]. CRISPR/Cas9 technology involves
the use of a Cas9 nuclease coupled to a short guide RNA (sgRNA), which can be designed to target
nearly any locus in the genome and lead to the creation of a double stranded break [102], [103].
The nuclease can be delivered in the form of a ribonucleoprotein (RNP), or as a plasmid that is
then expressed by the target T cell [100]. When Cas9 is instructed to make cuts in the genome and
no repair template is provided, cells preferentially undergo error prone repair through non-

homologous end joining (NHEJ) leading to high rates of mutations, depending on the loci and
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gRNA used [100]. This imprecise repair pathway can be circumvented by introducing a repair
template, through co-opting the cell’s intrinsic homology directed repair (HDR) pathway [102].
CRISPR is an efficient and flexible genome-editing technology, and CRISPR-Cas9 HDR
has been used to create CAR T cells in few instances, with great success. First, Cas9 mRNA has
been delivered via electroporation to T cells, followed by delivering the CAR via a non-integrating
AAVG6 vector with homology arms to the highly conserved T cell Receptor Alpha Chain (TRAC)
locus. In a preclinical study, these CRISPR produced CAR T cells exhibited a high degree of
homogeneity, resulted in increased CAR T cell efficiency through decreased rates of exhaustion,
and lead to superior survival outcomes in a hematological murine model [82]. Additionally, Cas9
and sgRNA have also been delivered in a fully non-viral manner as a RNP through nucleofection
with the affinity-enhanced T cell receptor gene delivered as a double-stranded HDR template
[104],[105]. These findings suggest that strategic and precise CAR integration may be important
for developing reliable and effective therapies. While CRISPR generated CAR T cells have yet to
make it to the clinic, CRISPR has been used to enhance viral generated CAR T cells through the
knockout of TRAC, TRBC, and PDCD1 in phase | clinical trials which have proven that the edits
were well tolerated and durable [106]. The success in this early work with CRISPR CAR T cells
points towards the potential for a new paradigm of more effective and precise CAR T cell

manufacture.

Quality Control and Assurance
The complete CAR T cell therapeutic process requires extensive equipment and technical
expertise to manufacture cellular products of high quality in a relatively short period of time [19].

Facilities must be capable of handling clinical-grade vectors, conducting gene transfection, and
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performing their own QC before reinfusing cells to the patient. Additionally, facilities require the
infrastructure to care for CAR T cell recipients both prior to infusion, while these patients still
have active disease, and post-infusion, upon which they may experience severe side effects.
Hospitals that wish to offer CAR T therapy must acquire Risk Evaluation and Mitigation Strategy
(REMS) certification. Few places can currently offer all of these components; as such, the current
CAR T cell manufacturing approach is moving towards a centralized format, in which academic
clinical centers ship patient’s cells to a facility for genome editing and expansion under ISO5 GMP
conditions [54]. This centralized model has led to the development of rapidly expanding CAR T
cell companies including Juno Therapeutics, Kite Pharma, Novartis, Cellectis, Bluebird Bio,
Bellicum, Century Therapeutics, AstraZeneca, CRISPR Therapeutics, and others [107].

Quality control and assurance for CAR T cell products can be assisted through the use of
process analytical techniques (PAT) and model predictive control (MPC). MPC is a tool in which
workflows are managed through mathematical predictions of outcomes based on the current
measured state of the process, enabling significant gains in efficiency and automation [108]
(Figure 1.3). However, these techniques are rarely used for mammalian cell culture-based
processes [109], primarily due to a lack of monitoring tools [110]. Studies on the metabolic
requirements of T cell subsets could yield useful monitoring targets as advanced process control
techniques for mammalian cell culture rely on metabolic flux analysis [111], [112],[113]. PAT for
T cell culture could include immune biosensors [114] and spectroscopic techniques [115]. Soft
sensors could be used to integrate measurements of secreted cytokines and metabolite
concentrations with software modeling to estimate other components [116]. In CAR T cell
expansion, multiphoton redox-based imaging could be used to measure intracellular respiration

[77] in combination with biosensors to detect secreted cytokines [117], potentially identifying T
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cell phenotype distributions in situ. As with biopharmaceuticals [118], it is expected that regulatory
agencies will request quality-by-design-based improvements in cell manufacturing, PAT, and

automation to be integrated into current CAR T cell production paradigms.

In Vitro Cytotoxicity Assays to Assist in Prediction of Cell Therapy Potency

A commonly used bioassay for quality control and assurance to measure cell induced cytotoxicity
are in vitro cytotoxicity assays. The current gold standard for in vitro cytotoxicity assays is the
Chromium Release Assay, a technique that was developed in 1968 [119]. During a chromium
release assay, the target cells are incubated with radioactive Chromium®?, transferred to a new
plate, and co-cultured with cytotoxic cells. The primary readout of this assay is the amount of
released Chromium, which serves as a proxy for the amount of target cell death [120]. Yet, there
is no information recorded about any change in the cytotoxic cells, and no data other than relative
amounts of death between different conditions is recorded about the target cells. Furthermore, the
assay can only provide information at a single timepoint as the sample cannot be measured multiple
times. From a manufacturing perspective, radioactive Chromium is not a preferred material to have
in most lab settings due to health and safety issues, as well as the high cost associated with
radioactive disposal [119], [121].

As a result of the limitations associated with Chromium release assay, other methods have
been employed to serve as cytotoxicity assays. Bioluminescence assays involve the use of
luciferase cell lines that stop illuminating in the absence of ATP [122]. While these assays remove
the issue of radioactivity and allow for measurements at multiple timepoints, they still only provide
information on the state of the target cell. The same could be said for calcien or fluorescence

resonance energy transfer (FRET) assays, as well as impedance-based methods that measure cell
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adherence [123]-[125]. Flow cytometry-based cytotoxicity assays, another common approach
(especially for use with immune cells) have an advantage over the assays mentioned above. With
flow cytometry, multiple dyes can be used to provide information on the presence of not only live
versus dead cells, but also different cell populations at the time of analysis, such as effector T cells,
or helper T cells [126], [127]. Like many of the other approaches, flow cytometry is a destructive
process and cannot be used to track the progression of cell death over time.

More recently, cytotoxicity assays that allow for longitudinal tracking through non-
impedance, image-based analysis assays have gained in popularity. The IncuCyte® is one such
assay which has recently been used in numerous papers to measure cytotoxicity [128], [129]. The
attraction with the IncuCyte is that it can be placed directly into an incubator and applied to
common culture vessels [130]. There is still value to be gained from cocultures that are smaller
than a 96-well plate, but larger than a single cell per well platform. An image based assay that does
not require constant image acquisition and can still allow for the measurement of functional
capabilities of immune cells has the potential to provide another piece of information about how

these cells might behave after infusion into patients.

Population Dynamics of Cancer and Immune Cells

Mathematical modeling allows scientists to simulate investigational scenarios and gain input about
how altering various experimental conditions may influence the expected outcome. Mathematical
modeling surrounding the biology of T cells in the context of chronic infections has been explored
for decades, and in recent years has begun to move into the realm of how T cells interact with
tumors [131]. Tumors themselves have been modeled using multiple methods, both spatial and

nonspatial [132]-[134]. Many of the early models of T cell and tumor interactions represented the
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immune cells and cancer cells in a series of ordinary differential equations (ODESs) that followed
a predator and prey basis, respectively [135]. Since then, models have begun to include other
features of the natural immune system, such as cytokines [136]. The Pennisi model of T cells and
monoclonal antibody delivery takes into account that the injection compartment is different from
the site of the tumor and accounts for trafficking of the T cells to the site of the melanoma [137].
Another model has taken into account how tumor cells can evolve and gain resistance to immune
cells [138]. Furthermore, these models that simulate immune cell mediated cytotoxicity towards
cancer have been adapted to both human and mouse estimated parameters, allowing for the ability
to apply similar ODEs to both systems [139].

Despite the progress in modeling of the immune systems interactions with cancer, there are
limited studies regarding the interactions between CAR T cells and cancer. CAR T cells can be
expected to follow the same proliferation as antigen driven T cell proliferation, but the level of
response is dependent on the expression level of the CAR, the affinity of the specific scFv clone
and the co-stimulatory domains present [140]. Furthermore, the total peak in proliferation is
dependent on disease burden [140]. Even then, most of those papers are modeled in the context of
anti-CD19 CAR T cells against hematological malignancies, which does not account for the tumor
microenvironment. There is ample room for improvement to model issues plaguing the CAR T

fight in solid tumors.

Evaluating CRISPR Cas9 Engineered CAR T Cell Potency with in vitro Co-culture Assays
As cellular therapies move to the market, it will be necessary to identify a specific set of critical
quality attributes (CQASs) that will define the cellular product to improve the success of these

therapies in trials. Understanding the sources of heterogeneity and their effect on cell functionality
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will be vital for ensuring the best possible patient outcomes by reducing the amount of variation
in the therapeutic product. The overall, long-term goal of this research is to shift patient outcomes
from the current mix of non-responders, partial responders, and complete responders, to a higher
proportion of complete responders.

While the current clinical workflow uses viruses, an efficient method for CAR transfection
into T cells, viral vectors have drawbacks [141]. Focusing on the gene delivery step in the
manufacturing process by comparing the functional outcomes of both viral and CRISPR-Cas9
gene delivery will allow for a better understanding of how heterogenous the current clinical
method is and how impactful the greater control over gene expression afforded by Cas9 may be.
Heterogeneity is a vital factor in predicting CAR T cell potency as studies have shown that
increased CAR expression on the surface of T cells can cause cells to move off-target, while lower
CAR expression can result in less stimulated T cells in response to antigen [81]. The overall goal
is to decrease heterogeneity both within a single batch, as well as between batches to engineer
more predictable therapies.

The in vitro co-culture work will provide information regarding CAR T cell functionality
to inform QA/QC during CAR T cell manufacture. Current QA/QC efforts are limited in the
clinical manufacturing process and collecting more information on the state of the CAR T cells
prior to infusion into the patient will allow for more informed analysis as to why certain patients
are complete responders, partial responders, or non-responders. This microwell co-culture system
also has the potential to serve as an in vitro testing platform for different iterations of new CAR T
cell technologies, such as those that involve a more systems biology approach [142], [143].

Finally, the measurements taken from the in vitro co-culture studies will inform immune

cell mathematical models which will be used to predict in vivo results prior to CAR T cell infusion.
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The in vivo mouse work is required not only to validate the models, but to determine which in vitro
measurements can best predict the in vivo proliferation capacity of the CAR T cells. While it has
already been established that proliferation in vivo is a strong predictor of remission, identifying
other parameters prior to CAR T cell infusion may lead to more reproducible potency and

hopefully, more remission in patients [144][145], [146].
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Figure 1.1

A) Schematic of a chimeric antigen receptor. The variable heavy (Vn) and variable light (VL)
chains together make up the single chain variable fragment (scFv) on the external surface of the
cell. The scFv is connected through a hinge and a transmembrane region to a series of common T
cell signal transmission domains, in this case CD28, CD3Z, and OX40. B) Diagram of the clinical
CAR T cell manufacturing workflow. The process begins with cell harvesting in the clinic. The
cells are then shipped to a manufacturing facility where they are activated and expanded, undergo

gene transfer, QA/QC, and are shipped back to the clinic to be infused to the patient.
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Figure 1.2

Schematic of the different genotypic outcomes that could occur in CAR T cells when
manufactured using viruses, and their corresponding potential phenotypic outcomes.
Through the use of viruses, a CAR T cell could have multiple copies of the CAR gene integrated
leading to higher surface density and thus higher avidity in comparison to a CAR T cell with fewer
copies inserted. Location of the CAR insertion, such as near a strong promoter for example, could
also lead to altered surface expression. Perhaps the worst possible outcome is if the CAR transgene

were to be inserted at a proto-oncogene, thus leading to a cancer of T cells.
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Process Analytical Techniques (PAT) and Model Predictive Control (MPC) implementation

for CAR T cell populations during manufacturing. Culture medium from the bioreactor is

sampled using in-line spectroscopy to determine amino acid composition and metabolite

concentrations. Cells from the bioreactor are analyzed using fluorescent techniques to determine

their respiratory characteristics. These outputs are combined using modeling to estimate the

cellular composition within the bioreactor and modulate medium composition in situ to optimize

cell yields.
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Comparison of Gene Delivery Approaches for CAR T Cell Manufacture. Plus signs indicate

positive characteristics associated with each approach while minus signs indicate negative

characteristics. More of a given sign implies a higher magnitude of positive or negative

characteristic.

Viruses Transposons Targeted Nucleases
. Sleeping | _. CRISPR-
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CHAPTER 2: Generation and Characterization of CRISPR-Cas9 Engineered CAR T Cell

Products

Portions of the work in this chapter were adapted from:

Rapid non-viral generation of chimeric antigen receptor T cells using CRISPR-Cas9
editing.

Katherine P. Mueller*, Nicole J. Piscopo*, Matthew H. Forsberg, Louise A. Saraspe, Amritava
Das, Brittany Russell, Adeela Ali, Cicera R. Lazzarotto, Shengdar Q. Tsai, Christian M. Capitini,
Krishanu Saha.

Article submitted.
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Abstract

Critical problems in CAR T cell manufacturing with viral vectors arise from imprecise genomic
integration, the use of animal components, and supply chain challenges. Here, nonviral CRISPR
CAR T cells were manufactured within 9 days using SpyCas9 protein and nucleic acids without
any viral vectors. In comparison to retroviral CAR T cells, nonviral CRISPR CAR T cells exhibit
TRAC-targeted genomic integration of the CAR transgene, less exhaustion and differentiation, a
higher dynamic range of activation, decreased detrimental signaling prior to antigen exposure, and

potent cytotoxicity against GD2+ neuroblastoma in vitro and in vivo.

Introduction

Chimeric Antigen Receptor (CAR) T cell therapy is rapidly transforming the treatment of
many cancers, with products already approved for some hematologic malignancies. CAR T cells
are traditionally manufactured using lentiviruses or y-retroviruses [2], [54] which confer high-
efficiency editing; however, viral transduction methods do not integrate their nucleic acid payloads
into a single location within the host genome, risking insertional mutagenesis [2], [148]. In
addition, poorly-specified integration of a CAR transgene can lead to heterogeneous and
unpredictable CAR expression, which may result in transgene silencing and increased tonic
signaling [82]. Good manufacturing practice (GMP)-grade viral vectors and associated quality
testing are also prohibitively expensive and constitute a major supply chain bottleneck for the field
[149]. Non-viral methods of CAR transduction include transposon-mediated integration [88] and
transient MRNA delivery [150]. Like lenti- and retroviruses, transposons also integrate the CAR

broadly throughout the genome, while mRNA-mediated delivery is limited to transient expression
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over a period of days. Therefore, standard nonviral delivery methods present vexing challenges
for CAR T cell manufacturing.

Recently, strategies employing CRISPR/Cas9 editing and viral vectors inserted a CAR
transgene into a defined genomic locus, thereby avoiding the risks of insertional mutagenesis and
transgene silencing. An anti-CD19 CAR [82] was inserted into exon 1 of the T cell receptor alpha
chain (TRAC), disrupting expression of the T cell receptor (TCR) while also driving CAR
expression from the endogenous TRAC promoter. These CAR T cells, engineered through
electroporation of Cas9 mRNA followed by delivery a homology-directed repair (HDR) template
within an adeno-associated viral (AAV) vector, were potent, retained a memory phenotype, and
showed less exhaustion relative to conventional y-retroviral products. These phenotypes correlate
with improved outcomes for patients with hematological malignancies [128], [151]-[157].
Strategies that lead to memory CAR T cell generation with lower exhaustion and terminal
differentiation phenotypes have been hypothesized to be beneficial in treating solid tumors, which
have typically been refractory to treatment due in part to poor T cell persistence within patients
[158]. The use of AAVs to deliver the HDR template needed for CRISPR-mediated transgene
insertion [82], [159] is also limited by supply chain challenges associated with viral vector
production [149]. Alternate strategies for precise CAR transgene insertion that avoid viral vectors
could yield new opportunities to flexibly manufacture CAR T cell immunotherapies.

Efficient nonviral CRISPR/Cas9-mediated TCR replacement in primary human T cells has
been demonstrated [104], [160], [161], but it is not clear whether a large synthetic CAR transgene
could be integrated using these strategies to reproducibly manufacture functional CAR T cells
against solid tumors with clinically-relevant yields. Here, we build upon recent T cell gene editing

methods [105], [104] to integrate a 3 kb third-generation anti-disialoganglioside GD2 CAR
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transgene at the human TRAC locus to report the first completely nonviral CAR T cell product
featuring the precise genomic integration of a CAR that has been validated in vivo. Our SpyCas9-
edited, nonviral (NV)-CAR T cells demonstrate a less differentiated, memory-like phenotype and
decreased expression of exhaustion markers relative to conventional retroviral (RV)-CAR T cells,
consistent with prior studies with CRISPR-mediated CAR T products manufactured with viral
components [82]. In addition, these NV-CAR T cells importantly show less detrimental signaling
prior to antigen exposure and comparable potency to retroviral CAR T cells against GD2+ solid

tumors in vivo.

Results

To avoid use of AAV donor templates, we first cloned a third generation GD2-targeting
CAR sequence [162] into a plasmid containing homology arms flanking the desired cut site at the
start of the first exon of the TRAC locus (Fig. 2.1a). The same third generation GD2-targeting
CAR sequence was used to generate RV-CAR T cells as a comparison throughout this study. We
next generated double-stranded DNA (dsDNA) HDR templates via PCR amplification off the
plasmid and performed a two-step purification process to purify and concentrate the templates.
Primary human T cells were electroporated with the HDR templates and Cas9 ribonucleoproteins
(RNPs) targeting the human TRAC locus. Cells were subsequently expanded in xeno-free media
and assayed on days 7 and 9 post-isolation (Fig. 2.1b). The viability of NV-CAR and RV-CAR T
cells was comparably high (>80%) by the end of manufacturing (Fig. A-1a). Cell proliferation and
growth over 9 days was robust for both groups (Fig. A-1a). We assessed gene editing at multiple
points post-isolation and achieved higher levels of CAR integration when cells were edited at 48

hours after CD3/CD28/CD2 stimulation (Fig. A-1b). As a control, we include an “NV-mCherry”
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(NV-mCh) condition in which cells harbor the same disruption of the TRAC locus, but with an
insertion of a signaling-inert mCherry fluorescent protein in place of the CAR (Fig. 2.1b). Using
these templates, we achieved consistently high genome editing rates across 31 technical replicates
over 4 donors, with CAR integration averaging >15% as measured by flow cytometry (Fig. 2.1c,
d). The mean fluorescence intensity (MFI) of CAR expression was significantly elevated and
showed greater range (~1.6 fold; Fig. 2.1d) in the RV-CAR samples in comparison to the NV-
CAR samples indicating decreased CAR expression heterogeneity within the NV-CAR product
and consistent with prior findings with CRISPR CAR T cells[82]. Within the NV-CAR samples,
the TCR was knocked out in 90% of cells (Fig. 2.1c, e). We also assayed the immunophenotype
by cell surface staining and found significantly elevated CD62L expression in both NV-CAR
(CAR+TCR- fraction) and NV-mCh (mCh+TCR- fraction) cells relative to RV-CAR cells
(CAR+TCR+ fraction). The mean fluorescence intensity (MFI) of CD62L increased by ~3 fold in
the NV-CAR T cells relative to the RV-CAR T cells, indicating a naive and/or stem cell memory

or central memory phenotype in these populations after manufacturing (Fig. 2.1f).

Next-generation sequencing of genomic DNA from the manufactured cell products
confirmed high rates of indel formation at the TRAC locus, averaging 93.06% of reads for NV-
CAR samples, and mirroring surface protein levels (Fig. A-1c, d). Proper genomic integration of
the CAR was confirmed via “in-out” PCR amplification [163] with primers specific to the TRAC
locus and the transgene (Fig. 1g, Fig. A-1e). Highly sensitive genome-wide, off-target analysis for
our editing strategy was assayed by CHANGE-seq [164]. The top identified modified locus was
the intended on-target site (Fig. 2.1h, i) with a rapid drop-off for off-target modifications elsewhere

in the genome (Table A-1). The CHANGE-seq specificity ratio of our TRAC editing strategy is
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above average (0.056; 57th percentile) when compared to all editing strategies previously profiled

by CHANGE-seq [164].

To further define the phenotypic differences between NV-CAR and RV-CAR T cells, we
performed single-cell RNA-sequencing (SCRNA-seq) on 29,122 cells from two different donors at
the end of the manufacturing process (Fig. 2.1j). To distinguish edited transgene-positive and
transgene-negative cells within each sample, we aligned reads to a custom reference genome
containing an added sequence mapping to the CAR or mCherry transgenes. We detected transgene
expression in 6,376 across all samples assayed at the end of manufacturing (22% of assayed cells);
and, all subsequent transcriptional analyses were carried out on transgene-positive cells only
within each sample. UMAP dimensionality reduction of transgene-positive cells showed similar
clustering for both NV-CAR and RV-CAR T cells but not NV-mCh T cells, indicating that the
presence of CAR signaling alters the phenotype of the cells even prior to antigen stimulation (Fig.
2.1k, Fig. A-2a-d). We observed a variety of differentially expressed genes between both NV-
CAR and RV-CAR T cells, and NV-CAR and NV-mCh T cells, which were significant for both
donors (p<0.001 cutoff; see also Fig. A-3a-c and Table A-2 for full list of differentially expressed
genes between NV-CAR/RV-CAR and NV-CAR/NV-mCh pairs). Gene set enrichment analysis
of the 6,209 differentially expressed genes (p<0.001 cutoff) between the CAR-positive T cells
from the donor-matched NV-CAR and RV-CAR samples revealed enrichment of T cell activation
and innate immune response pathways in the RV-CAR T cells (Fig. 2.11; see Table A-3 for full
list of Reactome pathways), indicating that RV-CAR T cells activate broad signaling in response
to the retroviral manufacturing process, CAR transgene, or retroviral vector elements. In
comparison, none of these pathways were significantly enriched when comparing transgene-

positive NV-CAR T cells to NV-mCh T cells (Fig. 2.1l). Transgene-positive RV-CAR T cells
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exhibited elevated levels of transcripts associated with an exhausted T cell signature (high CTLA4,
ENTPD1, LAG3, TIGIT, CD244; Fig. 2.11) relative to transgene-positive NV-CAR T cells, but
there were minimal significant differences in the exhaustion transcriptional profile between
transgene-positive, donor-matched NV-CAR and NV-mCh T cells (Fig. A-4a). Finally, we
observed no significant changes in transcript levels for genes at or within 5 kb of off-target sites
predicted by CHANGE-seq (Table A-1), indicating that any potential genomic disruptions at these

sites did not lead to detectable changes in proximal transcripts.

On day 9 of manufacturing, cytokine production levels were measured from the
conditioned culture media. Prior to antigen exposure, RV-CAR T cells had higher levels of IFNy,
TNFa, IL-2, IL-4, IL-10, and IL-13, in comparison to both the NV-CAR and NV-mCh T cells
(Fig. 2.1m). This result is consistent with the above transcriptional analysis showing hyperactive
CAR signaling and recent observations that some RV-CAR T cells display elevated levels of tonic
signaling prior to antigen exposure [128]. After a 24 h co-culture between the engineered T cells
and GD2+ CHLA20 neuroblastoma, NV-CAR T cells either matched or surpassed the level of
cytokine production of the RV-CAR T cells (Fig. 2.2a), indicating that NV-CAR T cells were
capable of mounting a response to their target antigen, and suggesting that the RV-CAR T cells
may be more exhausted prior to antigen exposure than the NV-CAR T cells. These trends, both
pre-antigen exposure and post-antigen exposure, were also observed for IL-6, IL-13 and 1L-12p70,

but not for IL-8 (Fig. A-4c and Fig. A-5a).

After characterizing cellular phenotypes and gene expression at the end of the
manufacturing process, we measured the in vitro potency of NV-CAR T cells against two GD2+
solid tumors: CHLAZ20 neuroblastoma and M21 melanoma (Fig. A-5b). We observed robust

killing using a 5:1 effector:target ratio for both NV-CAR and RV-CAR T cells (Fig. 2.2b, Fig. A-
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5c). We again performed scRNA-seq on T cells that were co-cultured with CHLAZ20
neuroblastoma for 24 hours (Fig. 2.2c, d). Gene set enrichment analysis of the 1,588 differentially
expressed genes (p<0.001 cutoff) between the transgene-positive T cells from the NV-CAR and
NV-mCh samples revealed high activation of T cell activation pathways in transgene-positive NV-
CAR T cells (Fig. 2.2e), specifically CD28 activation pathways involving the CAR. When
comparing the enrichment scores of pathways within CAR-positive cells between NV-CAR/RV-
CAR paired samples, lower differences were observed in T cells post-antigen exposure relative to
pre-antigen exposure (Fig. 2.2e vs. Fig. 2.1l; Fig. A-4b). These results, corroborated by elevated
cytokine production observed after CHLA20 co-culture (Fig. 2.2a), demonstrate that NV-CAR T
cells can properly achieve high levels of activation upon antigen exposure, while avoiding

potentially detrimental high tonic-signaling prior to antigen exposure.

Finally, we assessed CAR T cell potency in vivo in an established human GD2+
neuroblastoma xenograft model. After 9 total days of culture, multiple replicate wells of RV-CAR,
NV-CAR, or NV-mCh T cells were pooled for injection into NOD-SCID-yc” (NSG) mice. Ten
million T cells were delivered via tail vein injection to each NSG mouse with an established
luciferase-expressing CHLAZ20 neuroblastoma tumor identified by bioluminescence (Fig. 2.2f).
Tumor sizes were quantified over time by IVIS imaging and digital caliper (Fig. 2.2g). Both CAR-
treated cohorts showed robust tumor regression in the first 3 weeks post-infusion (Fig. 2.2h, Fig.
A-6a, b). These cohorts also showed significantly improved survival as compared to NV-mCh-
treated mice; however, there was no significant difference in survival between NV-CAR and RV-
CAR treated mice by day 80 (p-value=0.4099, n.s.). The percentage of CAR+ cells per dose was
lower in NV-CAR T cells, which may have contributed to a slight decrease in complete remission

rates (5/8 RV-CAR vs. 4/9 NV-CAR) but had no significant impact on overall survival, suggesting
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enhanced potency of the CAR-positive NV-CAR T cells. None of the control NV-mCh mice
showed tumor regression, and all seven mice died of tumor progression by day 60. We also
assessed persistence, memory and exhaustion phenotypes in T cells isolated from spleens and
tumors. NV-CAR T cells persisted in both the spleens and tumors of the treated mice, but not for
NV-mCh T cell treatments, indicating successful trafficking of NV-CAR T cells to the tumor
microenvironment (Fig. 2.2i, Fig. A-6¢-f). Additionally, we observed that cells in the spleen had
lower levels of PD-1 and TIM-3 exhaustion markers after NV-CAR treatment relative to the RV-
CAR treatment (Fig. 2.2j), suggesting that the higher CAR MFI on RV-CARs (Fig. 2.1d) and
detrimental signaling after expansion (Fig. 2.11) could be contributing to increased propensity for
exhaustion in RV-CARs. These findings demonstrate comparable potency of NV-CAR T cells to

standard RV-CAR T cells, establishing the potential clinical relevance of NV-CAR T cells.

Discussion

Overall, we describe a rapid 9-day manufacturing of third generation GD2-specific CAR
T cells using recombinant SpyCas9 protein and nucleic acids which results in stable, genomically-
integrated, durable CAR expression (>80 days in vivo) without the use of any viral vectors. NV-
CAR T cells exhibit proper TRAC-specific integration of the CAR transgene and an increased
percentage and expression level of CD62L relative to conventional strategies. Robust upregulation
of gene transcripts prevalent in cytotoxic transcriptional programs and secretion of pro-
inflammatory cytokines like IFNy and TNFa. occur only after target antigen exposure, in contrast
to conventional RV-CAR T cells that exhibit detrimental signaling during manufacturing. After
injection into a GD2+ human neuroblastoma xenograft model, NV-CAR T cells induce strong

regression of solid tumors compared to mock-edited T cells, and at levels comparable to RV-CAR
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T cells. NV-CAR T cells show reduced propensity to exhaustion at the gene expression and protein

levels before antigen exposure, and at the protein level after antigen exposure.

Relative to conventional T cell manufacturing, our streamlined, nonviral manufacturing
process could: 1) reduce the batch-to-batch variability, supply chain challenges, and costs
associated with vector production [54], [165] (see Table A-4); 2) alleviate a number of regulatory
considerations (e.g., the need to monitor replication competency of the vector and the levels of
xenogeneic components in the clinical cell product, notably plasmid DNA and serum during cell
culture that can introduce infectious agents or toxic components [166]; and 3) eliminate the
potential for integration of viral elements into the human genome, which can generate a high
degree of gene perturbation, up to 10*-10° different insertional sites within a single product [148].
Integration of the vector, in particular, presents risks of insertional oncogenesis [167], transgene
silencing or overexpression, and adverse immune response to the vector, which could result in the
rejection of therapeutic cells. While off-target analysis of genome editors is necessary for any
clinical translation of our approach, there are now many experimental and computational tools
that can readily be used for this purpose [164], [168] and next-generation high-fidelity Cas9
enzymes [169] could be used to further decrease the potential for any off-target effects. Our fully-
defined, nonviral manufacturing method therefore has high potential to enable the rapid and

flexible manufacture of highly-defined and highly-potent CAR T cell products.
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Methods
Data Availability. The data that support the findings of this study will be made available in the

public domain upon publication.

Data Reporting. The Reporting Summary document includes information about the statistics,
software, data, and sample preparation methods used for this study. For in vivo experiments,
established tumor burden was verified by IVIS luciferase imaging prior to infusion. Mice were
arranged according to tumor burden and distributed evenly across conditions. The experiments
were not randomized and the investigators were not blinded during experiments and outcome

assessment.

Antibodies. Antibodies and titrations used in this study for flow cytometry and fluorescence-

activated cell sorting are listed in Table A-5.
Guide RNAs. All guide RNAs used in this study are listed in Table A-6.
Primers. All primers used in this study are listed in Table A-6.

Cell lines. CHLA20 human neuroblastoma cells were a gift from Dr. Mario Otto and M21 human
melanoma cells were a gift from Dr. Paul Sondel (University of Wisconsin-Madison). These cells
were maintained in Dulbecco’s Modified Eagle Medium high glucose (Gibco) supplemented with
10% Fetal Bovine Serum (Gibco) and 1% Penicillin-Streptomycin (Gibco). AkaLUC-GFP
CHLAZ20 cells were a gift from Dr. James Thomson (Morgridge Institute for Research). Phoenix
cells (ATCC) for viral preparation were maintained in DMEM (high glucose) supplemented with
10% Fetal Bovine Serum (Gibco), and selected using 1 pg/mL diphtheria toxin (Cayman
Biologics) and 300 pg/mL hygromycin (Thermo Fisher Scientific) prior to use. Selection for

transgene positive cells was confirmed by flow cytometry for mouse Lyt2 expression (Biolegend)
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(>70%%+). 3T3 cells were maintained in Dulbecco’s Modified Eagle Medium (Gibco)
supplemented with 10% Fetal Bovine Serum (Gibco) and 1% Penicillin-Streptomycin (Gibco).
Cell authentication was performed using short tandem repeat analysis (Idexx BioAnalytics,
Westbrook, ME) and per ATCC guidelines using morphology, growth curves, and Mycoplasma
testing within 6 months of use using the e-Myco mycoplasma PCR detection kit (iNtRON
Biotechnology Inc, Boca Raton, FL). Cell lines were maintained in culture at 37°C in 5% CO.,

and used after 3-5 passages in culture after thawing.

Plasmid constructs. NV-TRAC-CAR: A 2kb region surrounding the TRAC locus was amplified
by PCR from human genomic DNA and cloned into a pCR blunt Il TOPO backbone (Thermo
Fisher Scientific). The CAR transgene from a pSFG.iCasp9.2A.14G2A-CD28-0X40-CD3z RV-
CAR plasmid (gift from Dr. Malcolm Brenner, Baylor College of Medicine) was then cloned into
the TOPO TRAC vector using Gibson Assembly (New England Biolabs (NEB)). Plasmid sequence
was verified by Sanger sequencing. NV-TRAC-mCherry was designed, synthesized, and
sequence-verified (GenScript). All plasmids were grown in 5-alpha competent E. coli (NEB) and

purified using the PureYield MidiPrep system (Promega).

Double-stranded DNA HDR template production. Plasmid donors were used as PCR templates
for NV products. In brief, NV-CAR and NV-mCh plasmids were MidiPrepped using the PureYield
MidiPrep system (Promega). PCR amplicons were generated from plasmid templates using Q5
Hot Start Polymerase (NEB), and pooled into 100 ul reactions for Solid Phase Reversible
Immobilization (SPRI) cleanup (1X) using AMPure XP beads according to the manufacturer’s
instructions (Beckman Coulter). Each 100 pl starting product was eluted into 5 pl of water. Bead
incubation and separation times were increased to 5 minutes, and elution time was increased to 15

minutes at 37°C to improve yield. PCR products from round 1 cleanup were pooled and subjected
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to a second round of SPRI cleanup (1X) to increase total concentration; round 2 elution volume
was 20% of round 1 input volume. Template concentration and purity was quantified using
NanoDrop 2000 and Qubit dsDNA BR Assays (Thermo Fisher Scientific), and templates were

diluted in water to an exact concentration of 2 pg/ul.

SpyCas9 RNP preparation. RNPs were produced by complexing a two-component gRNA to
SpyCas9. In brief, tracrRNA and crRNA were ordered from IDT, suspended in nuclease-free
duplex buffer at 100 uM, and stored in single-use aliquots at -80°C. tracrRNA and crRNA were
thawed, and 1 pl of each component was mixed 1:1 by volume and annealed by incubation at 37°C
for 30 minutes to form a 50 uM gRNA solution in individual aliquots for each electroporation
replicate. Recombinant SNLS-SpCas9-sNLS Cas9 (Aldevron, 10 mg/ml, total 0.8 pl) was added
to the complexed gRNA at a 1:1 molar ratio and incubated for 15 minutes at 37°C to form an RNP.
Individual aliquots of RNPs were incubated for at least 30 seconds at room temperature with HDR

templates for each sample prior to electroporation.

Isolation of primary T cells from healthy donors. This study was approved by the Institutional
Review Board of the University of Wisconsin-Madison (#2018-0103), and informed consent was
obtained from all donors. Peripheral blood was drawn from healthy donors into sterile syringes
containing heparin, and transferred to sterile 50 mL conical tubes. Primary human T cells were
isolated using negative selection per the manufacturer’s instructions (RosetteSep Human T Cell
Enrichment Cocktail, STEMCELL Technologies). T cells were counted using a Countess Il FL
Automated Cell Counter (Thermo Fisher Scientific) with 0.4% Trypan Blue viability stain
(Thermo Fisher Scientific). T cells were cultured at a density of 1 million cells/mL in ImmunoCult-

XF T cell Expansion Medium (STEMCELL) supplemented with 200 U/mL IL-2 (Peprotech) and
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stimulated with ImmunoCult Human CD3/CD28/CD2 T cell Activator (STEMCELL)

immediately after isolation, per the manufacturer’s instructions.

T cell culture. Bulk T cells were cultured in ImmunoCult-XF T cell Expansion Medium at an
approximate density of 1 million cells/mL. In brief, T cells were stimulated with ImmunoCult
Human CD3/CD28/CD2 T cell Activator (STEMCELL) for 2 days prior to electroporation. On
day 3, (24 hours post-electroporation), NV-CAR and NV-mCh T cells were transferred without
centrifugation to 1 mL of fresh culture medium (with 500 U/mL IL-2, without activator) and
allowed to expand. T cells were passaged, counted, and adjusted to 1 million/mL in fresh medium
+IL-2 on days 5 and 7 after isolation. RV-CAR T cells were spinoculated with RV-CAR construct
on day 3 and passaged on day 5 along with the NV-CAR and NV-mCh T cells. Prior to
electroporation or spinoculation, the medium was supplemented with 200 U/mL IL-2; post-gene

editing, medium was supplemented with 500 U/mL IL-2 (Peprotech).

T cell electroporation. RNPs and HDR templates were electroporated 2 days after T cell isolation
and stimulation. During crRNA and tracrRNA incubation, T cells were centrifuged for 3 minutes
at 200g and counted using a Countess Il FL Automated Cell Counter with 0.4% Trypan Blue
viability stain (Thermo Fisher). 1 million cells per replicate were aliquoted into 1.5 mL tubes.
During the RNP complexation step (see RNP production), T cell aliquots were centrifuged for 10
min at 90g. During the spin step, 2 ul HDR template (total 4 ug) per condition were aliquoted to
PCR tubes, followed by RNPs (2.8 ul per well; pipette should be set to a higher volume to ensure
complete expulsion of viscous solution). Templates and RNPs were incubated at room temperature
for at least 30 seconds. After cell centrifugation, supernatants were aspirated, and cells were
resuspended in 20 ul P3 buffer (Lonza), then transferred to PCR tubes containing RNP, bringing

the total volume per sample to 24 pl. Each sample was transferred directly to a 16 well
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electroporation cuvette. Typically, no more than 8 reactions were completed at a time to minimize
the amount of time T cells spent in P3 buffer. T cells were electroporated with a Lonza 4D
nucleofector with X Unit using pulse code EH115. Immediately after nucleofection, 80 ul of pre-
warmed media with 500 U/mL IL-2 and 25 pl/mL ImmunoCult CD3/CD28/CD2 activator was
added to each well of the cuvette. Cuvettes were rested at 37°C in the cell culture incubator for 15
minutes. After 15 minutes, cells were moved to 200 pl total volume of media with IL-2 and

activator (see above) in a round bottom 96 well plate.

Retrovirus production. CAR retrovirus was manufactured using Phoenix cells (ATCC). In brief,
pSFG.iCasp9.2A.14G2A-CD28-0X40-CD3z plasmid was MidiPrepped using the PureYield
MidiPrep system (Promega). One day prior to transfection, selected Phoenix cells were plated on
0.01% Poly-L-Lysine coated 15 cm dishes (Sigma Aldrich) at a density of 76,000 cells/cm?, or
~65% confluency. On transfection day, media was replaced 1 hour prior to transfection of 10 g
pSFG.iCasp9.2A.14G2A-CD28-0X40-CD3z plasmid/plate using iMFectin according to the
manufacturer’s instructions (GenDEPOT). Media was replaced 18-24 hours later with 10 mL of
50 mM HEPES buffered DMEM + 10% FBS (Gibco). 48 hours later, media was collected, stored
at 4°C, and replaced. A second aliquot of media was collected 24 hours later; media aliquots were
pooled and centrifuged for 10 min at 2000g to pellet contaminating cells, and supernatants were
transferred to a clean conical tube. 1/3 volume Retro-X concentrator (Takara) was added, and
supernatants were refrigerated at 4°C for 12-18 hours, then concentrated according to the
manufacturer’s instructions. Viruses were tested on 3T3 cells prior to use; yields from one 15 cm
dish were used for 5 replicate wells of 160,000 T cells per transduction. Viruses were either used

immediately for T cell spinoculation or stored at -80°C in single use aliquots.
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Retroviral transduction. T cells for RV infection were cultured similarly to NV-CAR and NV-
mCh T cells, with two exceptions: 1) T cells were passaged and resuspended without ImmunoCult
CD2/CD28/CD3 activator on day 2 post-isolation, and spinoculated on Day 3. RV-CAR T cells
returned to the regular passaging schedule on day 5 post-isolation (See Fig. 2.1b). Prior to
spinoculation, non-tissue culture treated 24 well plates were coated with Retronectin according to
the manufacturer’s instructions (Takara/Clontech). On day 3 post-isolation, T cells were
centrifuged at 200 g for 3 minutes, counted, and resuspended to a concentration of 200,000
cells/mL, then stored in the incubator until plates were prepared. Virus was added to retronectin-
coated plates in a volume of 400 pl virus in ImmunoCult medium and centrifuged at 2000g for 2
hours at 32°C. 160,000 T cells in 800 ul were added to each well and spinoculated at 20009 for 60
minutes at 32°C, brake off. T cells were then transferred to the incubator and left undisturbed for

two days.

Flow cytometry and fluorescence activated cell sorting. CAR was detected using 1A7 anti-
14G2a idiotype antibody (gift from Paul Sondel) conjugated to APC with the Lightning-Link APC
Antibody Labeling kit (Novus Biologicals). T cells were stained in BD Brilliant Stain Buffer (BD
Biosciences). For panels including TRAC and CD3, cells were permeabilized and fixed using the
BD Cytofix/Cytoperm Plus kit according to the manufacturer’s instructions. Flow cytometry was
performed on an Attune NXT Flow cytometer (Thermo Fisher Scientific), and fluorescence-
activated cell sorting was performed on a FACS Aria (BD). All antibodies used in this study are
described in Table A-5. T cells from Donors 1 and 2 were stained and analyzed on day 9 of
manufacture using fresh cells. For donors 3 and 4, only TCR, CAR, and CD62L were measured

on day 9 of manufacture. The change in protocol was made due to equipment restrictions related
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to institutional COVID-19 biosafety precautions, and CD62L was selected for analysis due to the

known effects of cryopreservation on expression levels[170].

“In-Out PCR”. Genomic DNA was extracted from 100,000 cells per condition using DNA
QuickExtract (Lucigen), and incubated at 65°C for 15 min, 68°C for 15 min, and 98°C for 10 min.
Genomic integration of the CAR was confirmed by In-out PCR using a forward primer upstream
of the TRAC left homology arm, and a reverse primer binding within the CAR sequence. Primer
sequences are listed in Table A-6. PCR was performed according to the manufacturer’s
instructions using Q5 Hot Start Polymerase (NEB) using the following program: 98°C (30 s), 35

cycles of 98°C (10 s), 62°C (20 s), 72°C (2 min), and a final extension at 72°C (2 min).

Next Generation Sequencing of genomic DNA. Indel formation at the TRAC locus was measured
using Next Generation Sequencing (lllumina). Genomic PCR was performed according to the
manufacturer’s instructions using Q5 Hot Start polymerase (NEB); primers are listed in Table A-
6. Products were purified using SPRI cleanup with AMPure XP beads (Beckman Coulter), and
sequencing indices were added with a second round of PCR using indexing primers (Illumina),
followed by a second SPRI cleanup. Samples were pooled and sequenced on an lllumina MiniSeq
according to the manufacturer’s instructions. Analysis was performed using CRISPR RGEN

(rgenome.net).

Genome-wide, off-target analysis. Genomic DNA from human primary CD4*/CD8* T cells was
isolated using Gentra Puregene Kit (Qiagen) according to the manufacturer's instructions.
CHANGE-seq was performed as previously described[164]. Briefly, purified genomic DNA was
tagmented with a custom Tn5-transposome to an average length of 400 bp, followed by gap repair
with Kapa HiFi HotStart Uracil+ DNA Polymerase (KAPA Biosystems) and Taq DNA ligase

(NEB). Gap-repaired tagmented DNA was treated with USER enzyme (NEB) and T4
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polynucleotide kinase (NEB). Intramolecular circularization of the DNA was performed with T4
DNA ligase (NEB) and residual linear DNA was degraded by a cocktail of exonucleases
containing Plasmid-Safe ATP-dependent DNase (Lucigen), Lambda exonuclease (NEB) and
Exonuclease | (NEB). In vitro cleavage reactions were performed with 125 ng of exonuclease-
treated circularized DNA, 90 nM of SpCas9 protein (NEB), NEB buffer 3.1 (NEB) and 270 nM
of sgRNA, in a 50 puL volume. Cleaved products were A-tailed, ligated with a hairpin adaptor
(NEB), treated with USER enzyme (NEB) and amplified by PCR with barcoded universal primers
NEBNext Multiplex Oligos for Illumina (NEB), using Kapa HiFi Polymerase (KAPA
Biosystems). Libraries were quantified by g°PCR (KAPA Biosystems) and sequenced with 151 bp
paired-end reads on an lllumina NextSeq instrument. CHANGE-seq data analyses were performed

using open-source CHANGE-seq analysis software (https://github.com/tsailabSJ/changeseq).

Cytokine Analysis. Cytokine analysis was performed using a V-PLEX Proinflammatory Panel 1
Human Kit (Meso Scale Discovery, Catalog No K15049D-2) according to the manufacturer’s
protocol. Measured cytokines include IFNy, IL-1B, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13,
and TNF-o. In brief, media was collected from the final day of cell culture before injection into
mice and flash frozen and stored at -80°C. For co-culture samples, 250,000 T cells were co-
cultured with 50,000 cancer cells in 250 pl ImmunoCult XF T cell expansion medium for 24 hours
prior to media collection. On the day of the assay, media was thawed and 50 ul of media was used
to perform all measurements in duplicate. Figures were produced using GraphPad PRISM 8. Data
were normalized by calculating cytokine production per cell based on the total concentration of

cells calculated at media collection.

In Vitro Cytotoxicity Assays. For Fig. 2b: 10,000 AkaLUC-GFP CHLAZ20 cells were seeded in

triplicate per condition in a 96 well flat bottom plate. 48 hours later, 50,000 T cells were added to
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each well. 1 ul (0.05 pg) of CF® 594 Annexin V antibody (Biotium) was added to the wells. The
plate was centrifuged at 100g for 1 minute and then placed in The IncuCyte® S3 Live-Cell
Analysis System (Sartorius, Catalog No 4647), stored at 37°C, 5% CO.. Images were taken every
2 hours for 48 hours. Green object count was used to calculate the number of cancer cells in each
well. Red object count was used to calculate the number of objects staining positive for Annexin
V, an early apoptosis marker. Fluorescent images were analyzed with IncuCyte Base Analysis
Software. For Extended Data Fig. 5¢: 10,000 AkaLUC-GFP CHLAZ20 cells or 10,000 H2B-
mCherry M21 cells were seeded in triplicate per condition in a 96 well flat bottom plate. 24 hours
later, 50,000 T cells were added to each well. The 96 well plate was placed in a live cell imaging
chamber at 37°C and 5% CO> and imaged on a Nikon Epifluorescent scope, with images taken

every 12 hours for 48 hours.

Single cell RNA sequencing. 24 hours prior to assay, 200,000 AkaLUC-CHLAZ20 cells were
plated in 12 well plates and cultured overnight. One week after electroporation (day 9 post-
isolation), T cells were counted and pooled into a single bank for characterization studies (SCRNA-
seq, IncuCyte cytotoxicity assay and in vivo experiments). Media was aspirated from cancer cells,
and 1 million T cells in ImmunoCult-XF Medium + 500 U/mL IL-2 were seeded on the cancer
cells, then cultured for 24 hours. A parallel T cell-only single culture (termed “pre-antigen”) was
set up at the same density in a separate 12 well plate. The next day, co-culture cells were
trypsinized for donor 1 and washed off the plate with media, and cells were singularized with a 35
MM cell strainer (Corning). For donor 2, co-culture cells were stained for CD45 and CAR, and
FACS sorted into CD45"CAR™ and CD45"CAR" fractions prior to sample submission. Cells were
counted with a Countess Il FL cell counter using trypan blue exclusion (Thermo Fisher Scientific),

and samples were prepared for single cell RNA sequencing with the 10X Genomics 3’ kit (v3
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chemistry) according to the manufacturer’s instructions. Libraries were sequenced using the
[llumina NovaSeq 6000 system. FASTQ files were aligned with Cellranger v3.0.1 to custom
reference genomes that included added sequences for the transgene(s) used in each culture
condition (e.g., the TRAC NV-CAR donor sequence, mCherry donor sequence, etc.). Downstream
analyses were performed using Seurat 3. In brief, each dataset was filtered to include only cells
with 200 or more unique genes, and genes expressed in three or more cells. Data were normalized
and scaled, and mitochondrial mapping percentage was regressed out as a confounding source of
variation. Datasets were then integrated, and dimensionality reduction was performed with
Principal Components Analysis. Cells were clustered based on their genome-wide transcriptional
profiles using Uniform Manifold Approximation and Projection (UMAP), and differential gene
expression was calculated using Seurat 3. For each sample, cells either expressing the transgene
of interest (CAR or mCherry) were identified, and transgene-negative cells were removed from
the dataset. Differentially expressed genes across sample pairs in Fig. A-3 were determined by
identifying all significant differentially expressed genes for each donor (p<0.001), then identifying
the intersection of genes that were significantly differentially expressed in both donors. All cells
from each sample type were then pooled from both donors, and differential expression was
recalculated for each sample pair (Fig. A-3). All analysis scripts will be deposited in the Saha Lab

GitHub repository upon publication.

Gene set enrichment analysis (GSEA). GSEA[171] was performed using the natural log-fold
change values between sample pairs, using only the set of transgene-positive cells in each dataset.
GSEA v.4.0.3 (Broad Institute) with the v7.1 Reactome signatures database from MSigDB was
used with default parameters (1000 permutations). Data were exported and graphed in Microsoft

Excel.
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In vivo human neuroblastoma xenograft mouse model. All animal experiments were approved
by the University of Wisconsin-Madison Animal Care and Use Committee (ACUC). Male and
female NSG mice (9-25 weeks old) were subcutaneously injected with 10 million AkaLUC-GFP
CHLAZ20 human neuroblastoma cells in the side flank to establish tumors. Six days later (Day 0),
established tumors were verified by bioluminescence with the PerkinElmer In Vivo Imaging
System (IVIS), and 10 million T cells were injected through the tail vein into each mouse. Mice
were followed for weight loss and overall survival. On imaging days, mice were sedated using
isoflurane and received intraperitoneal injections of ~120 mg/kg D-luciferin (GoldBio). Fifteen
minutes later, mice were imaged via IVIS. Imaging was repeated every 3 to 4 days, starting 1 day
before initial T cell injection (Day -1). Mice were injected with 100,000 1U of human IL-2
subcutaneously on day 0, day 4, and with each subsequent IVIS reading. In order to quantify the
total flux in the IVIS images, a region of interest (ROI) was drawn around the bottom half of each
mouse with the total flux being calculated by Living Image® software (PerkinElmer; Total flux =
the radiance (photons/sec) in each pixel summed or integrated over the ROl area (cm?) x 4m). The
absolute minimum total flux value was subtracted from each image to minimize background
signal. For donors 1, 3, and 4, mice were maintained until tumors reached 20mm in any dimension

by digital caliper as defined by the ACUC.

Flow cytometric analysis of splenic and tumor-infiltrating T cells. For donor 2, all mice were
euthanized on day 25. Tumors and spleens were removed, mechanically dissociated, and passed
through a Corning® 35um cell strainer. Cell suspensions were centrifuged at 300g for 10 minutes,
and then digested with ACK lysing buffer (Lonza). The cells were then washed and centrifuged at
300g for 10 minutes, and then resuspended in 10 ml PBS, 10 pl of which was added to 10 ml of

ISOTON® diluent and counted on the COULTER COUNTER® Z1 Series Particle Counter
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(Beckman Coulter). From this count, 1x10° cells were added to flow cytometry tubes in staining
buffer (PBS with 2% FBS) and stained with antibodies for hCD45, mCD45, scFV 14G2a CAR,
and PD-1 (see Table A-5 for antibody information). The cells were then washed with PBS,
centrifuged at 300g for 10 minutes, and 0.5ul of Ghost Dye™ Red 780 viability dye (Tonbo
Biosciences) was added for 20 minutes at room temperature. Cells were then washed with staining
buffer, spun down, and resuspended in 400 ul of staining buffer. Cells were then run on an
Attune™ NXT flow cytometer (Thermo Fisher Scientific). Subsequent analysis was performed
using Flowjo™ software (BD). For donors 3 and 4, spleens and tumors were analyzed as mice
reached euthanasia criteria and were stained with an extended antibody panel outlined in Table A-

5.

Statistical analysis. Unless otherwise specified, all analyses were performed using GraphPad
Prism (v.8.0.1), and error bars represent mean +- SD; ns = p>=0.05, * for p<0.05, ** for p<0.01,
*** for p<0.001,**** for p<0.0001. For Fig. 2b, error bars show SEM. Statistical analyses for
cytokine data (Figure 1m, Figure 2a, Extended Data Figure le, Extended Data Fig 2a) were
performed using a two-tailed Mann-Whitney test in GraphPad Prism. All box plots show median
(horizontal line), interquartile range (hinges), and smallest and largest values (whiskers). Statistical
significance for differential gene expression was determined with Seurat 3 using the non-
parametric Wilcoxon rank sum test. All 11 scRNA-seq samples were integrated and normalized,
and 2 replicate samples per donor were combined to calculate differential expression between
transgene-positive cells in each sample type. P values were adjusted using Bonferroni correction.
p<0.001 was used as the threshold for assigning significant versus non-significant changes in gene

expression. Volcano plots were generated in RStudio (v 1.1.456) using the ggplot2 and
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EnhancedVolcano packages. Statistical significance for Fig. 2h was calculated using the Mantel-

Cox Test.
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Figure 2.1

Nonviral CRISPR-CAR T cells are efficiently manufactured in 9 days and exhibit decreased
detrimental signaling and exhaustion before encountering their target antigen. a, Schematic
showing the CAR genetic construct and nonviral strategy to insert the CAR into the first exon of
the human TRAC locus. The seed sequence of the gRNA is in blue and the protospacer adjacent
motif (PAM) for SpyCas9 is underlined. LHA: left homology arm, SA: splice acceptor, 2A: self-
cleaving peptide, pA: rabbit R-globin polyA terminator. b, Summary of manufacturing schedule
and analyses for all cell products. RV-CAR, donor-matched CAR T cell product generated by
retroviral transduction with the same third generation anti-GD2 CAR shown in a; NV-mCh, donor-
matched control T cell product manufactured nonvirally as in a but with an mCherry fluorescent
protein instead of the CAR. ¢, Representative density flow cytometry plots for transgene and TCR
surface protein levels on the manufactured cell products. Y-axis shows CAR or mCherry transgene
levels and X-axis shows TCR levels on day 7 post isolation (day 5 post-electroporation for NV-
CAR and NV-mCh, and day 4 post viral transfection for control RV-CAR). Boxes show
populations selected for downstream analysis in d-f. d, Histograms show CAR expression for the
three test groups. Boxplots show the percentage of CAR positive cells in each sample, and mean
fluorescence intensity (MFI) values for the CAR expression levels, respectively. NV-CAR (blue)
N=31; RV-CAR (green) N=39; NV-mCh (gray) N=27. e, Histograms show TCR expression on
the three test groups. Boxplots show the percentage of CAR positive cells in each sample. NV-
CAR (blue) N=31; RV-CAR (green) N=39; NV-mCh (gray) N=27. f, Histograms show CD62L
expression for the three test groups. Boxplots show mean fluorescence intensity (MFI) for CD62L
expression. NV-CAR (blue) N=31; RV-CAR (green) N=39; NV-mCh (gray) N=27. Replicates
from 97 samples across 4 separate donors. g, In-out PCR indicates proper on-target genomic
integration of the CAR transgene in NV-CAR cells. Primer locations are shown in a by arrows
upstream of the LHA and within the CD28 sequence of the CAR. Untransf., untransfected donor-
matched T cells; NTC = non-template control. h, Manhattan plot of CHANGE-seq-detected on-
and off-target sites organized by chromosomal position with bar heights representing CHANGE-
seq read count. The on-target site is indicated with the blue arrow. i, Visualization of sites detected
by CHANGE-seq. The intended target sequence is shown in the top line. Cleaved sites (on- and
off-target) are shown below and are ordered top to bottom by CHANGE-seq read count, with
mismatches to the intended target sequence indicated by colored nucleotides. Insertions are shown
in smaller lettering between genomic positions, deletions are shown by (-). Note that output is
truncated to top sites, with a full listing in Supplementary Table 2.1. j, UMAP projection of
single cell RNA-seq data from 11 samples of manufactured cell products, both pre- and post-
antigen exposure; 29,122 single cells from NV-CAR, RV-CAR, and NV-mCh T cell products at
the end of manufacture (prior to antigen exposure) are shown here. Full UMAP for all 11 samples
together is shown in Extended Data Fig. 2.2a. k, UMAP projections as in j showing only cells
for which transgene-positive cells were detected. Transgene-positive cells cluster similarly for
both NV-CAR and RV-CAR T cells, but not NV-mCh T cells. I, Enrichment of Reactome pathway
gene signatures (rows) in the transgene-positive cells from donors 1 and 2. NES, Normalized
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Enrichment Score. At right, representative gene set enrichment analysis (GSEA) plot of a signature
within CAR-positive T cells from a RV-CAR sample (green), where genes differentially expressed
in CAR-positive RV-CAR cells versus CAR-positive NV-CAR cells from donor 1 are listed and
ranked. FDR < 0.001 for each comparison, by gene-set permutation test. Below the GSEA plot is
a heatmap representing transcripts with significant differential expression. Rows represent
adjusted p-value using Bonferroni correction for all features in the dataset. m, Cytokine production
from conditioned media taken from T cell products at the end of manufacturing (pre-antigen
exposure). Values are pooled from all 4 donors. NV-CAR (blue) N=24; RV-CAR (green) N=33;
NV-mCherry (gray) N=22. * indicates p<=0.05; ** indicates p<=0.01; *** indicates p<=0.001;
**** indicates p<=0.0001.
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Figure 2.2

Nonviral CRISPR-CAR T cells exhibit a robust cytotoxic response to target antigen-positive
tumor cells in vitro and induce tumor regression in vivo with a reduced exhaustion phenotype.
a, Cytokine production in conditioned media after a 24 hour co-culture of manufactured T cell
products with the target GD2-antigen on CHLAZ20 neuroblastoma cells. Values are pooled from 2
donors. NV-CAR (blue) N=8; RV-CAR (green) N=5; NV-mCh (gray) N=8. b, IncuCyte in vitro
assay of T cell potency, averaged across donors. AnnexinV was added as a marker of cell death;
y-axis shows GFP-positive cancer cells in each well of a 96-well plate. The ratio of T cells to
cancer cells is 5:1. The consistent decrease in CHLAZ20 cells after 15 hours indicates high potency
of both NV-CAR and RV-CAR T cells. NV-CAR (blue) N=12; RV-CAR (green) N=12; CHLA20
neuroblastoma alone (black) N=9. ¢, UMAP projection of single cell RNA-seq data from cells
across 11 samples, both pre- and post-antigen exposure; 39,895 single cells from NV-CAR, RV-
CAR, and NV-mCh T cell products after 24 h of GD2-antigen exposure are shown here. d, UMAP
projections as in ¢ showing only cells for which transgene was detected. Transgene-positive cells
cluster similarly for both NV-CAR and RV-CAR T cells, but not for NV-mCh T cells. e,
Enrichment of Reactome pathway gene signatures (rows) in the transgene-positive cells from
donors 1 and 2 after co-culture with GD2-positive CHLA20 cancer cells. NES, Normalized
Enrichment Score. At right, representative GSEA showing differential cytotoxicity signature of
NV-CAR/NV-mCh paired samples for two donors (blue), and NV-CAR/RV-CAR samples
(green). NV-CAR T cells show significant upregulation of cytotoxicity markers relative to NV-
mCh control cells after GD2 antigen exposure, while NV-CAR and RV-CAR T cells show no
significant difference in activation signature upon GD2 antigen stimulation. FDR < 0.001 for each
comparison, by gene-set permutation test. Bottom GSEA plot is a heatmap representing transcripts
with significant differential expression. Rows represent adjusted p-value using Bonferroni
correction for all features in the dataset. f, Schematic of the in vivo mouse dosing strategy using
NSG mice harboring GD2-positive CHLA20 neuroblastoma tumors. g, Representative VIS
images of NSG mice with CHLA20 tumors that were treated with either 10 million NV-CAR, RV-
CAR, or NV-mCh T cells. h, Kaplan-Meyer survival curve for mice. NV-CAR (blue) N=10; RV-
CAR (green) N=8; NV-mCh (gray) N=7. i, Box plots on the amount of human T cells present in
mouse spleens, as measured by the presence of human CDA45 using flow cytometry, and the
percentage of those cells in the spleen that were CAR-positive. j, Histograms showing the
expression levels of PD-1 and TIM-3 on the human CD45+ cells in the mouse spleens. *indicates
p<=0.05; ** indicates p<=0.01; *** indicates p<=0.001; **** indicates p<=0.0001.
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CHAPTER 3: In Vitro Microwell Cytotoxicity Assays to Predict CAR T Cell Therapeutic

Response

Portions of the work in this chapter were adapted from:

Predicting Outcomes in CAR T Cell Therapies for Cancer using In Vitro Potency Assays.

Nicole J. Piscopo, Daniel Aguilar-Hidalgo, Tiam Heydari, Yasmin Alvarez-Garcia, Katherine P.
Mueller, Matthew H. Forsberg, Christian M. Capitini, David Beebe, Peter Zandstra, Krishanu
Saha

Article in Preparation.
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Abstract

The manufacture of chimeric antigen receptor (CAR) T cell therapy is expanding along
both autologous and allogenic workflows. In both workflows, manufacturers will need to define a
set of critical quality attributes (CQA) that are measurable prior to infusion of the CAR product
into patients. Current quality assurance and quality control (QA/QC) includes flow cytometry for
expression of the CAR on the surface of the T cells, but CAR expression alone has not been
informative in predicting remission in patients. In this work, we used flow cytometry, cytokine
production, in vitro cytotoxicity, and RNA sequencing measurements to aid in the prediction of
tumor response to CAR T cell therapy in a xenogeneic solid tumor model. We identify a
combination of cytokine production pre-antigen exposure, RNAseq, and CAR surface expression,
which when used together can be highly predictive (81.8% of variance in outcomes explained).
Insights from these results have the potential to inform clinical CAR T manufacturing workflows
by defining pre-infusion measurements that aid in predicting the efficacy of CAR T products post-

infusion for inducing remissions of solid tumors.

Introduction

Chimeric antigen receptor (CAR) T cells are genetically engineered T cells that have been
designed to express the scFv fragment of an antibody with co-stimulatory and cytotoxicity
signaling molecules to target and eliminate tumor cells in a cell surface antigen-specific manner.
Traditionally, CAR T cells are generated by collecting peripheral blood from a cancer patient using
leukapheresis, isolating their T cells, virally transducing the cells to express the CAR, expanding
the T cells and then delivering them back to the patient after lymphodepletion [172]. CAR T cell

therapy has seen high levels of success in B cell malignancies, with as many as 80% of patients
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undergoing complete remission using anti-CD19 CARs which targets the malignant and healthy

B cells [23], [173].

Three autologous CAR T cell products have been FDA approved for hematological
malignancies, but outside of a few patient outliers, CAR T cells have not yet been consistently
effective in treating solid tumors. The inherent variation in cellular product manufactured from an
autologous source have prevented us from gaining significant insight as to the key parameters that
might enable success of CAR T cells to the treatment of solid tumors [5]. In autologous workflows,
the starting cellular composition will vary from patient to patient based on prior chemotherapy as
well as the site of random insertion of the CAR due to viral insertion and copy number which can
all impact the quality of the end product delivered back to the patient. Such variations can influence

the rate of proliferation, cytotoxicity, and exhaustion of CAR T cells after delivery [174].

While the approved CAR T products are autologous, there are multiple advantages to
providing an allogeneic CAR T cell therapy product that could allow for improvements for tumor
treatment such as knocking out the TRAC, PD-1, B2M, or CD52 loci among others [175].
Engineering an “off-the-shelf” allogenic product opens the door for some of the many new
approaches that are being published to make CAR T cells more cytotoxic and better prone to form
memory without adding to the amount of manufacturing lead time that patients would have to wait
to receive their therapy. To maximize the potential of an allogenic CAR T cell manufacture
workflow, manufacturers will need minimize interventions needed on a patient-by-patient basis (if
any) and delivering the product as quickly as possible without sacrificing efficiency. The primary
QA/QC for CAR T potency is to run flow cytometry to verify the presence the CAR protein on the
surface of the cells and verify cytokine production upon exposure to antigen, but this assay is not

sufficient to predict if the cell product will lead to cancer regression[176]-[180]. For solid tumors,
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emerging evidence shows that CAR T cell expansion and persistence in vivo after infusion is the
best indicator if a solid tumor will respond to treatment [151]. A setback is that if the CAR T cells
do not expand well in vivo, there are no available means to intervene other than re-infusing the

patient with more CAR T cells, which has not yet been effective.

Microwells have been increasingly studied to assay various cellular functions such as NK
cell associated cytotoxicity [181], [182], nanoparticle-induced cell death [183], and trogocytosis
and cooperative killing [184]. Many of these assays have moved single cell scale platforms to
observe serial killing and additional clonal behaviors [185]-[187]. The one-on-one interaction of
CAR T cells and tumors may better recapitulate the immune synapse against hematological cancers
on a cell-by-cell basis in blood and bone marrow, but this platform does not recreate the complex,
3-dimensional microenvironment of solid tumors where CAR T cells infiltrate a combination of
tumor cells, immune cells, fibroblasts and vascular endothelium as well as secreted molecules from
these cells. While technologies exist that generate 3-dimensional (3D) models to study CAR T cell
infiltration into tumors and cytotoxicity, the need for higher powered microscopes are required
and may not be as readily available for a clinical manufacturing GMP workflow. In recent years.
the IncuCyte Live Cell Analysis System has emerged as a technique that can be adapted to most
cell culture incubators to perform real-time, long term imaging to elucidate cell to cell co-culture
growth as well as activation, function, and differentiation of T cells [188],[189]. More recently, 2-
dimensional (2D) impedance based methods such as the XCELLigence System have become

emerged to explore the potency of CAR T cells in a glioma model [125], [190], [191].

In this report, we describe a 2D microwell platform that simplifies preparation, imaging,
and analysis of CAR T cells for potency. The measurements taken from the microwell system

allow for the derivation of a cytotoxicity rate, 3, for the assayed T cells. This cytotoxicity constant
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is then combined with other measurements taken prior to infusion of the CAR T product and input
into a partial least square regression (PLSR) model to determine the rate of growth of a GD2+
neuroblastoma tumor in a murine xenograft. This work builds a novel predictive mathematical
model, as well as provide information about which in vitro measurements can best predict the in

vivo response of the CAR T cells.

Results

Development of High Throughput Microwell Coculture Pipeline

Polydimethylsiloxane (PDMS) microwells were constructed using photolithography (Figure 3.1a)
both alone and with cocultures of GD2+ cancer cells and engineered T cells (Figure 3.1b). The
cancer cells are seeded onto a gelatin coating for 24 hours on their own to adhere to the microwells
(Figure 3.1c) allowing for one microwell to be imaged every few hours (Figure 3.1d). The GD2+
M21 human melanoma line was edited using CRISPR Cas9 to constitutively express H2B-
mCherry and seeded into microwells. T cells were stained with Hoechst to label all cell nuclei and
added to the M21 cells. The microwells were then treated with CellEvent Caspase-3/7 to monitor

cell apoptosis (Figure 3.1e) [183].

Workflow for the CellProfiler imaging pipeline can be seen in Figure 3.1f. In short, H2B-
mCherry (Aex 587nm, Aem 610nm) objects are identified as cells based on pixel intensity and a
specified diameter. These objects are then measured and their eccentricity is used to help filter out
any background fluorescence that may be incorrectly identified as a cell. A mask is then made of
the mCherry image and applied to the images taken in the GFP (Aex 488nm, Aem 509nm) channel.
This mask helps to only allow for the identification of apoptotic M21 cells in locations where H2B-
mCherry positive cells were present, and the specified diameter does not allow for the

identification of smaller cells such as dead T cells.



57

Deriving Mathematical Immune Cell Killing Constants from In Vitro Coculture Systems

Previous coculture platforms have been used to measure the interactions between individual T
cells and cancer cells to help to define a systems of ordinary differential equations (ODES) to
model CAR T cell therapy [192], [193]. To establish our own model, both non-viral (NV)-CAR
and retroviral (RV)-CAR T cells that were engineered from T cells from four healthy donors (as
previously described in Chapter 2) were cocultured with a H2B-mCherry+ human GD2+
melanoma line M21 on microwells. We also utilized a known cytotoxic natural killer cell line
(NK92) as a positive control. The number of CellEvent Caspase-3/7 positive cells that overlapped
with the H2B-mCherry+ M21 cells was subtracted from the number of H2B-mCherry+ M21 cells
to determine the number of living M21 left in each microwell every 4 hours over the 48-hour
period. The results from Donor 1 cocultures, shown as the number of living M21 per microwell,
can be seen in Figure 3.2a. On microwells where only cancer cells were seeded and no cytotoxic
immune cells were added, the cancer cell number either remained constant or grew slightly over
the 48-hour period (Fig. 3.2a, black). In the NV-CAR T, RV-CAR T, and NK92 cell coculture
microwells, (Fig. 3.2a, blue, green, orange, respectively), most microwells saw a decrease in the

number of M21 cells present.

To determine the killing constant, 5, for each population of cytotoxic immune cells, a
differential equation had to be established. Equation 1 shows the differential equation to model
the presence of living cancer cells in the microwells. Equation 2 is the solution of Equation 1,
which shows an exponential response in the number of living cancer cells, Ca, in each well at a
given time, t, as a function of the number of cancer cells at t=0, Co, with respect to the number of

immune cells present at t=0, I, and the respective immune cells killing constant, /3.
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(1) o= —(Bx)C,

(2) C, = Coe7FDt

To ensure that the experimentally measured number of living cancer cells could be modeled with
this equation, we normalized the number of living cancer cells in each well to the number of cancer
cells that were present at the initial timepoint. The normalized equation for the number of cancer

cells at t=0 can be seen in Equation 3:

(3) Ca _ M — e(—ﬁ*l)t

Co Co

To determine the cytotoxic constant, g, for the various immune cell populations in each microwell,
we normalized the number of M21 cells present at each timepoint in each microwell and applied
the exponential fit function to the cells (Fig 3.2b). This fit provided values for p*1. We then plotted
the number of immune cells at time zero on the x-axis and the corresponding *1 values on the y-
axis. A line was fit to these points, where the slope of this line provides the average B value for

each population of immune cells across the microwells for those conditions (Fig. 3.2c¢,d).

From the analysis above, we can establish that the survival dynamics of cancer cells follows
an exponential function. We can see this by making a transformation to Equation 3. In this case,

we applied a power of 1/(B*1), as is shown in Equation 4:

1 1
Capil — —Bx g — -
(4) (C_O)Bz_ (e( Bl)t)ﬁl_e t

Equation 4 provides a universal scaling law for the growth of cancer cells, which is

parameter free. In Figure 3.2e, we show the transformed data (dots) together with the scaling law.
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The agreement between our theory and the data suggests that the cancer cells adapt their growth
dynamics to the presence of different concentrations of immune cells such that they follow an

exponential pattern.

Figure 3.2b shows the curves that were fit to the number of viable M21 cells per microwell
for each of the four conditions. The step by step process described here is for the manipulation of
the microwell data (Figure B-1) and IncuCyte data (Figure B-2). The plots where the number of
immune cells present at time zero are on the x-axis and the individual B values for each fit
exponential equation are on the y-axis can be seen in Figures 3.2c and 3.2d for the NV-CAR and
RV-CAR microwells, respectively. These  values were calculated for all NV-CAR and RV-CAR
samples for all 4 donors and can be seen in Figure 3.2f. Across all four donors, NV-CAR has a
higher calculated p value in comparison to the RV-CAR (n=65, per donor). For 3 of the 4 donors,
the NV-CAR T cells also have a more compact spread, as is shown in Figure 3.2g by having a
smaller standard deviation. Positive  values indicate a decrease in the number of M21 cells with
time, whereas microwells with a negative B did not see a decrease in M21 cells. Figure 3.2h shows
the associated r-squared values for the calculated  which are generally higher in wells that had a

more drastic change in the growth or decay in number of M21 cells.

Predicting In Vivo Response with Partial Least Squares Regression

We decided to use partial least squares regression (PLSR) to allow for the incorporation of various
types of data to predict one dependent outcome, which has been done before in other areas of cell-
based research such as cellular reprogramming [194]. JMP was used to run PLSR on the in vitro
data taken prior to CAR T infusion. This data includes cytokine production values, both pre- and
post-antigen exposure, as well as the percent of each test population of cells expressing specific

genes as was measured by single cell RNA sequencing, both pre- and post-antigen exposure. The
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percent of cells expressing the CAR and TCR on the cell surface is also included, as was measured
by flow cytometry. The final piece of information provided to aid in the prediction of in vivo tumor
response is the flux measurement of the tumor, taken with IVIS, on the day of CAR T infusion

into the mice.

To determine the appropriate response variable PLSR modeling, both the cytokine
production data and RNAseq data, were analyzed separate from one another to see if they differed
in the optimal end variable predictor. Potential end variables assayed include final tumor flux
value, linear tumor growth rate (calculated by final tumor flux measurement minus initial tumor
flux divided by number of days lived), exponential tumor growth rate (calculated by fitting the
initial and final tumor flux measurements to the exponential function), and number of days lived.
In both the cytokine production and RNAseq PLSR models, exponential tumor growth rate had a
higher percent of variance explained and a lower root mean PRESS value than the other potential
end point variables (Figure 3.3a). As a result, all future PLSR models described here used

exponential tumor growth rate as the predicted variable.

Pre-Antigen Exposure Cytokine Production Measurements Aid in Prediction of In Vivo Response

When paired with the initial tumor flux value and the percent of CAR+ and TCR- cells as
measured by flow cytometry, a combination of pre- and post-antigen exposure cytokine production
values allowed for 47.84% of the variance in the exponential tumor growth with a root mean

PRESS of 0.84913 (Table 3.1).
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Cytokine % Var. Root Mean
Production Explained PRESS

Pre- and Post 47.84 0.84913

Antigen Exposure

Pre-Antigen 51.89% 0.79167
Exposure

Post-Antigen 46.16% 0.91019
Exposure

Table 3.1. PLSR outputs for cytokine production data sets from Donors 3 and 4.

This calculation was run only on data from donors 3 and 4 because we did not record post-antigen
exposure cytokine production from donors 1 and 2. When only the post-antigen exposure cytokine
production values were input, percent of variance explained dropped slightly to 46.16% and the
root mean PRESS increased slightly to 0.91019. When pre-antigen exposure cytokine production
values were switched to replace the post-antigen exposure values, the percent variance explained
increased slightly to 51.89% and the root mean PRESS dropped to 0.79167. This suggests that the
pre-antigen exposure cytokine production values may be more indicative of in vivo response than
the post-antigen exposure data. When the pre-antigen cytokine production measurements from all
4 donors was used to predict in vivo exponential tumor growth rate, the percent variance explained

increased to 65.77% and the root mean PRESS dropped further to 0.74011.

Impact of Single Cell Transcriptional Measurements on In Vivo Response

The values put into the single cell RNA sequencing model were the percent of cells in the
population that expressed each given gene. Data was collected both pre and post-antigen exposure,
and in bulk (for all cells that were sequenced) as well as in the transgene positive only fraction
(cells expressing the CAR or the mCherry gene). Table 3.2 shows the percent variance explained,
root mean PRESS, and number of factors when PLSR models were fit to each of the sub-groups

of RNA seq values. While there was little change in the percent variance explained and the root
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mean PRESS, the factors required to reach this level of explanation is lower in the transgene only

fraction of the cells.

Whole T Cell Population Transgene Positive Cells Only
% Var. | Root Mean Eactors % Var. Root Mean Factors
Explained | PRESS Explained | PRESS
Pre-Antigen | 77 6506 | 0.65853 4 77.42% | 0.63277 3
Exposure
POSLANIIGEN | 77 6506 | 0.65335 4 77.32% | 0.64014 2
Exposure

Table 3.2. PLSR outputs for RNAseq data sets.

The loadings plots for the variables in the transgene positive only samples can be seen in
Figure 3.3b for the pre-antigen exposure values and Figure 3.3c for the post-antigen exposure
values. For the pre-antigen exposure model, factor 1 had high loadings for genes relating to T cell
activation such as CD69, CD27, IL-2, and PRF1. Factor 2 was split between activation markers
(ICOS, TNF-a, IFN-y) as well as exhaustion markers (CTLA4, PD-1, BTLA, KIR3DXL1), whereas
factor 3 was mostly exhaustion markers (CTLA4, TIM-3, LAG3) but also included GZMB. In the
post-antigen exposure model, both factor 1 and factor 2 had a mixture of high loadings for
activation and memory markers, (TNF-a, IFN-y, TNFRSF4, TNFRSF9, PD-1, CTLA4, BTLA for

factor 1 and ICOS, CD27, IL-2, TIM-3, LAG-3, GZMB, PRF1 for factor 2).

Impact of In Vitro Cytotoxicity Measurements on In Vivo Response

Building upon the pre-antigen exposure cytokine production model, we next added in the
calculated cytotoxicity constant, 3, to evaluate whether it could increase the percent variance
explained. Figure 3.4a, black shows the change in the amount of variance explained for the
cytokine data, using on the pre-antigen exposure values, when adding in either the B calculated
from the microwells or the B calculated from the IncuCyte assay. When the B for the microwell is

added to the model, the percent variance explained increased from 65.77% to 70.1% and the root
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mean PRESS dropped to 0.78262. Furthermore, the loading for the microwell p was among the
highest in factor 1 for that model. When the Incucyte B value was substituted in place of the
microwell B, the percent variance explained dropped down from the microwell model to 67.99%
(which is still higher than the 65.77% without any  value) while the root mean PRESS remained

similar, at 0.77161. The Incucyte  had a similar loading as was seen with the microwell .

In the pre-antigen exposure and transgene positive RNAseq model, when only looking at
the NV-CAR and RV-CAR conditions the percent variance explained was 68.15% (Figure 3.4a,
gray). When adding in the microwell B, the new percent variance explained is similar at 68.47%.
With the addition of the Incucyte B, the percent variance explained increases to 70.93%. In both

models, the  have similar loadings in factor 1.

NV-CAR T cells are more predictive than RV-CAR T cells

To see how well all of the data gathered here could be used to predict in vivo efficacy, we
combined the flow data and flux measurements with the pre-antigen exposure cytokine production
data and the pre-antigen exposure RNAseq data sets. When analyzing data for both NV-CAR and
RV-CAR at once and with no B, the percent variance explained was 68.60%. In Figure 3.4b, blue
and green striped bars show that adding either the microwell B or the Incucyte f did little to change

the percent variance explained.

When using the combined the pre-antigen exposure cytokine production data with the pre-
antigen exposure RNAseq data sets to look at the NV-CAR samples alone, we saw that without j3,
the percent variance explained is 81.87% (Figure 3.4b, blue bars). Adding the microwell
resulted in the same percent explained variance but adding in the IncuCyte f instead resulted in a

slight decrease in explained variance to 76.89%. When applying the same data sets to only the RV-
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CAR samples, without B, the percent variance explained was 51.77% (Figure 3.4b, green bars).
Adding either the microwell B or the IncuCyte B increased the variance explained slightly to
54.55%. Therefore, using pre-antigen exposure cytokine production data, pre-antigen exposure
RNAseq data sets, and an in vitro calculated P, the in vivo outcome for the NV-CAR T cell

populations were more predictable than the RV-CAR T cells.

Looking at the loadings for the models incorporating the flow data, flux measurements,
pre-antigen exposure cytokine production data, and the pre-antigen exposure RNAseq data sets,
we can see how the models vary for each of the various cell populations. Figure 3.4c shows the
loadings for the model combining NV-CAR and RV-CAR data. In this model, the cytokine data
loadings have a higher magnitude across the board, whereas the RNA seq data varies in its loading
values. The model for the NV-CAR samples alone have inverse loadings in the cytokine data (Fig.
3.4d) and predominantly positive loading values for the RNA seq data. The RV-CAR only also
had mostly positive values for the RNA seq data but had varied loadings on the cytokine data (Fig.
3.4e). The variations in the loadings of these models suggests that there may not be a universal
model to predict tumor growth in vivo. Between the NV-CAR only and the RV-CAR only models,
genes that consistently had high loadings were CD2, CD28, IL2RA, CD69, ICOS TNFRSF9, IL2,
TNF-a, IFN-y, CTLA4, BTLA, TIM-3, LAG-3, KIR3DX1, FOXP3, and the CAR. Interestingly,

CDB8A and B had loadings with high, negative magnitudes, as did CCR7.

Discussion
The success seen with autologous CAR T-cell therapy for hematological malignancies has not yet
translated to solid tumors, and allogenic CAR T cell products may allow scientists the ability to

engineer more potent and predictable batches of CAR T cells. From a scientific standpoint,
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allogeneic CAR T therapies remove the pressure to manufacture a CAR T product in as short a
time as possible since theoretically the patient would receive these cells “off-the-shelf” and not
actively have to endure toxic bridging chemotherapy while waiting for their cells to be
manufactured and shipped to them, as is the case with autologous CAR T workflows. Patients will
also not have to undergo leukapheresis and the starting population for their cell therapy will come
from healthy a donor who has T cells that have not already been subject to multiple rounds of
cancer treatment. Furthermore, the potential to treat multiple patients with multiple doses is

possible and not limited by the cell dose of a leukapheresis.

In terms of being able to predict in vivo response from purely pre-infusion measurements,
the field of CAR T cell therapy lacks reliable potency assays and predictive mathematical models
to inform prescribing clinicians. Using a 2D microwell cytotoxicity assay, we were able to develop
a PLSR mathematical model that demonstrates that cytokine production values rom CAR T cells
pre-antigen exposure offer more percent variance explained than post-antigen exposure. This is an
interesting finding because of increasing evidence of tonic signaling observed by out group and
others within RV-CAR cell products even prior to antigen exposure, and this may be part of what
is being detected in the PLSR models [82],[128]. Cytokine production may be more predictive
than RNA sequencing data, which is beneficial because single cell RNA sequencing (SCRNAseq)
is costly and takes time for comprehensive bioinformatic analysis, making it unlikely to be
clinically useful in real time management of patients. Additionally, most analysis of these large
data sets focuses on genes or pathways that we already know play a role in the cell types that we
are assaying. However, advances in sSCRNAseq analysis tools and supercomputing may impact the

quality and predictive potential of this assay moving forward.



66

An in vitro cytotoxicity measurement can inform the predictability of tumor growth post
CAR T infusion. Depending on the assays used, 2D microwell cocultures or live cell imaging such
as with Incucyte could be more effective at adding to the predictive capabilities of these models.
In recent years, ODEs have been developed to model CAR T Cell treatment in patients with
preconditioning, as well as in the presence of monoclonal antibody therapy or corticosteroids
[176], [195]. However, many of these models are based on data acquired from patients, post-
treatment [178]. While this work is informative, there is still a need to make pre-infusion
measurements to better predict the potency of autologous or allogeneic CAR T cell products. In
order to increase the amount of variance that the microwell system can contribute, a higher ratio
of effector to target cells should be used to add augment killing in all wells as it is likely that in
wells with fewer cells, there may be insufficient numbers of CAR positive T cells present to detect
an effect. This may be why for some of the donors, there was a tighter range of  values calculated

for the RV-CAR conditions (RV-CAR were ~40% CAR+ while NV-CAR were ~20% CAR+).

A limitation to the data presented here is that since the many gene editing replicates are
pooled before they go into the mice, each of the mice had the same batch of cells delivered to them.
While the flow cytometry and ELISA data was collected on each individual gene editing replicate,
these values had to be averaged as they were pooled together before going into mice. Only pooling
2 or 3 gene editing replicates, instead of all of the replicates, would allow us to have distinct surface
expression and cytokine production values for each mouse. This also applies to the microwell data
as the cells to be used for the microwells were taken from the pooled populations before infusion
into mice. Furthermore, we only had RNAseq data on two of the donors which limits some of the

power in those PLSR models.
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An important consideration to developing in vitro potency assays is that the higher the cell
count required to conduct the assays, the more cells that have to be extracted from the
manufactured CAR T product and thus are less available as a starting dose for the patients. In
addition, there are economies of scale to consider. For example, the IncuCyte requires 50,000 cells
for each well whereas the microwells could provide an n=55 with 50,000 cells. Furthermore,
decreasing trends of a viable cancer cells can be observed more readily with 2D microwells even
when only imaging every 4 hours as opposed to more frequently with the IncuCyte. The lower
frequency of imaging needed in the 2D microwell coculture assay both decreases the chances of
photo-bleaching and the amount of image processing required to acquire the resulting cytotoxicity
value. In terms of aiding in the derivation of a  killing constant for the cytotoxic CAR T cells in
the microwells, the higher number of replicates afforded by the microwell system, in addition to
the more random seeding of the cells into the wells, allows for better prediction of actual B values.
Microwells provide a wide distribution of values, which allows for better prediction and

heterogeneity of potential  values.

One potential limitation of the 2D microwell studies were GD2+ M21 human melanoma,
not the GD2+ CHLAZ20 neuroblastoma cells that were used in the IncuCyte and in the xenograft
mouse model. Despite the difference in target cancer cells populations, the microwell system still
proved to be a suitable surrogate for measuring cytotoxicity for GD2+ tumors by GD2 specific
CART cells. This indicates that the 2D microwell coculture assay has the potential to be applicable
as a potency assay across different solid tumor histologies, but there are still aspects of the
treatment of solid tumors with CAR T cells that are not captured within this 2D microwell
coculture assay. Little work has been done thus far to identify how much of the infused CAR T

product successfully traffics to various tumor sites, and it is feasible that different tumor anatomic
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sites and microenvironments will have varying levels of accessibility to infiltrating T cells. The
tumor microenvironment itself will also present challenges to the CAR T cells, including hypoxia,
low sugar, and presence of immunosuppressive cell subsets and cytokines. Variables that
contribute to CAR T exhaustion and immune exclusion may play a large role in inhibiting CAR T

cells from successfully causing regression of solid tumors.

The current lack of biomarkers and assays that reliably predict the potency of a CAR T
product prior to infusion to patients is a major gap in the field of cancer immunotherapy. Successful
development of predictive potency assays and computational models may reduce variation in
clinical trial outcomes and has the capacity to predict tumor regression prior to infusion. These
data support the development of in vitro assays to detect the cytotoxic potential of CAR T products
for solid tumors and could be used to probe the cytotoxicity potential of not only immune effector
cells being developed for patients, like tumor infiltrating lymphocytes or NK cells, but also
induced pluripotent stem cell derived products that could be used for CAR T cell manufacturing
[196], [197]. The computational models presented here can be used to quickly assess the cytotoxic
potential of CAR T cell products on a batch-to-batch basis pre-infusion and their ability to induce

tumor regression post-infusion.

Methods

Cells and Culture. The T cells (NV-CAR and RV-CAR) used in this in vitro cytotoxicity
microwell platform were the same cells manufactured in Chapter 2. The NK92 cell line is cultured
in Alpha Minimum Essential medium without ribonucleotides and deoxyribonucleosides but with

2 mM L-glutamine and 1.5 g/L sodium bicarbonate and 0.2 mM inositol, 0.1 mM 2-
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mercaptoethanol, 0.02 mM folic acid, 100 U/ml recombinant IL-2, 12.5% horse serum, and 12.5%

fetal bovine serum.

Microwell Fabrication and Preparation. Polydimethylsiloxane (PDMS) microwells are
generated using standard photolithography techniques. In short, soft lithography was used to
fabricate a master mold of circular microarray devices, as previously described [198]. Silicon
wafers were spin coated with SU-8 100, soft baked and exposed to UV through a transparent mask
with the desired pattern before baking again. PDMS was applied to the master molds using a 10:1
ratio of base to curing agent and cured at 80C for 3 hours. PDMS devices were first placed in 95%
ethanol for 12-24 hours to remove uncross-linked oligomers. Extracted devices were then dried
and plasma bonded to a glass microscope slide. These wells are 300x300um wide and 100um deep.
Prior to seeding, microwells are UV sterilized for 15 minutes and coated with 0.1% gelatin for 1

hour.

Co-culture. Microwells. 12,000 constitutively expressing H2B-mCherry M21 human melanoma
cells are seeded onto each Gelatin coated microfeature in RPMI. M21 are given 24 hours to adhere
to the microwells before coculture begins. On the day of imaging, the CellEvent Caspase-3/7
Green Detection Reagent from Thermo Fisher (Catalog # C10423) is prepared at 8uM in
Immunocult. Media is pipetted off of the microwells and 40ul of the CellEvent media is applied to
the microwells. 60,000 T cells are then seeded on top of the cancer cells (5:1 effector to target

ratio). T cells do not undergo FACS prior to seeding on the microwells.

IncuCyte. 10,000 AkaLUC-GFP CHLAZ20 cells were seeded in wells of a 96 well plate, in triplicate
per condition. 48 hours later, 50,000 T cells were added to each well. 1 ul (0.05 ug) of CF® 594

Annexin V antibody (Biotium) was added to the wells. The plate was centrifuged at 100g for 1



70

minute and then placed in The IncuCyte® S3 Live-Cell Analysis System (Sartorious, Catalog No
4647), stored in a 37C incubator. Images were taken every 2 hours for 48 hours. Green object
count was used to calculate the number of cancer cells in each well. Red object count was used to
calculate the number of objects staining positive for Annexin V, an early apoptosis marker.
Overlap object count was used to calculate the number of dying or dead cancer cells in each well

at each timepoint. Figures were produced using GraphPad PRISM 8.

Microwell Co-culture Imaging. A 4-well OmniTray is prepared for imaging by laser cutting a
rectangle to remove the plastic bottom and applying a glass bottom sheet. Microwells are placed
on top of the glass bottom sheet and water is placed into the adjacent well to prevent evaporation.
The OmniTray is placed in a live cell imaging chamber at 37C and 5% CO2. Cells are incubated
for 30 minutes prior to round 1 of imaging in order to allow for the T cells to sink as well as for
the CellEvent to enter the cells. Cells are imaged on a Nikon Epifluorescent scope using an
automated system to image every individual microwell at 10x on TxRed, DAPI, and GFP channels,
every 6 hours for a period of 48 hours. At 24 hours, more Immunocult and CellEvent is added to

the microwells to make up for volume lost to evaporation.

Image Analysis and Cytotoxicity Measurement. Fiji Is Just ImageJ (FIJI) is used to parse the
output files from the Nikon imaging software from one large .nd2 file into smaller .tif files based
on condition and timepoint. These .tif files are then analyzed in CellProfiler using a user defined

pipeline. This pipeline allows for counting of each cell type in each frame.

The CellProfiler pipeline begins by importing the images to be analyzed, extracting their
metadata, and defining names and types for each of the images to be called on later in the pipeline.

Images are then cropped to remove any excess image space that does not include the microwell.
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From there, the pixel intensity is rescaled to use the full intensity range to provide more contrast
for the following pipeline modules to discern one “object” from another. Frames imaged in the
mCherry channel are then subject to the “IdentifyPrimaryObjects” module. Objects are defined as
areas with a higher brightness index that fit within the estimated range of cell diameter. This
module uses a “Global” strategy to define its threshold with an “Otsu” method. Typical diameter
of objects in pixel units are between 22 to 60 for the M21 nuclei, as the mCherry signal comes
from a fused H2B-mCherry protein. To remove background signal that lead to incorrect object
identification, any objects with an eccentricity greater than 0.75 are discarded. The outlines drawn
by the identified M21 nuclei are then expanded by 12 pixels, and a mask is created off of these
new outlines. This mask of expanded M21 nuclei is then applied to the frames that were imaged
in the GFP channel. This ensures that only cells in the same position as the M21 can be identified
as dead M21. The diameter of object is helpful here as well the lower limit of the diameter for M21
is still above the upper limit for T cells. The output of CellProfiler is the number of objects, or
cells, in each single microwell for each microfeature. This process is repeated for each color

channel and time point to measure the change in cell number over time.

Calculating Beta. The counts of the number of M21 and dead M21 undergo Outlier identification
in GraphPad Prism using the ROUT method and a Q of 10%. Remaining values are exported to an
Excel sheet which is imported into Matlab. A line is plotted for each microwell at all 13 timepoints
and the fit(x,y,fitType) function in MatLab was used to fit exponential curves to the data for each
microwell. This created an array of a and b values to describe an egtn(x) = a*exp(b*x) for each
microwell. The number of immune cells present in the wells is then plotted on the x-axis and the
b value associated with the fit exponential model is plotted on the y-axis. A line is fit to all of these

points and the slope of that line is the calculated p for that group of microwells.
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Partial Least Squares Regression. PLSR analysis was completed in JMP Pro Software. PLSR
was performed using nonlinear iterative partial least squares (NIPALS) method and was validated

using the leave one out method.
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Figure 3.1

Development of a high throughput microwell cytotoxicity assay. A, The photolithography
process utilized to construct the PDMS microwells. B, Picture of the microwell. C, Cell seeding
on the microwells. Microwells are coated with 0.1% gelatin and then the H2B-mCherry M21 are
seeded and allowed to culture on the microwells for 24 hours before Hoechst stained immune cells
are seeded on top of the M21 in a 5:1 immune to cancer cell ratio. D, Schematic detailing the cell
permeable CellEvent Caspase-3/7 Green Dye. The DEVD peptide quencher is cleaved in the
presence of Caspase-3/7 and the nuclei of the dying cells fluoresces green. E, Representative
images from 1 microwell imaged over time in all three channels with the fourth being merged. F,

The image analysis pipeline involving FI1JI and CellProfiler.
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Figure 3.2

Deriving Immune Cell Killing Constants from In Vitro Coculture Systems. A, The number of
living M21 cells per microwell, where each line is another microwell. M21 alone without any
immune cells in black, M21 with NV-CAR in blue, M21 with RV-CAR in green, M21 with NK92
in orange. n=65 per condition. B, The exponential curve fit to each of the number of living cells
per microwell, where was line represents the function fit for each microwells. C, The
transformation of data from the solution to the differential equation. The equation is first
normalized with respect to the number of M21 at time zero. Then the universal scaling law for the
growth of cancer cells (dots) together with the scaling law. The agreement between our theory and
the data suggests that the cancer cells adapt their growth dynamics to the presence of different
concentrations of immune cells such that they follow an exponential law. D, The line fit to the
scatter plot between the number of immune cells at t=0 and the b values calculated from the fit
exponential curves for the NV-CAR data. E, The line fit for the RV-CAR data. F, All of the
calculated B values for all 4 donors and both NV-CAR in blue and RV-CAR in green, n=65 per
condition per donor. G, The standard deviation for each calculated B values. H, The r-squared

values for the calculated f3.
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Figure 3.3

Predicting in vivo response with partial least square regression. A, Left, The percent variance
explained for each of the various potential predicted variables. Black bars are based on cytokine
production values and gray bars for RNA seq data. Right, The root mean PRESS values for the
PLSR models. B, The loadings for the input variables for the pre-antigen exposure RNA seq data
PLSR model. Red is Factor 1, Blue is Factor 2, and Green is Factor 3. C, The loadings for the
input variables for the post-antigen exposure RNA seq data PLSR model. Red is Factor 1, Blue is

Factor 2.
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Figure 3.4

Impact of B, and the comparison between NV-CAR and RV-CAR predictability. A, The
influence on the percent of variance explained by adding no B, the microwell B, or the IncuCyte
to the pre-antigen exposure cytokine production data only, black bars, or to the pre-antigen
exposure RNA seq data only, gray bars. B, The influence of adding no B, the microwell B, or the
IncuCyte B on the percent of variance explained on the final PLSR model incorporating the pre-
antigen exposure cytokine data, pre-antigen exposure RNAseq data, flow cytometry data, and flux
at t=0 when using NV-CAR and RV-CAR samples (blue and green striped bars), NV-CAR
samples only (blue bars), or RV-CAR samples only (green bars). C, The loadings for the input
variables for the PLSR model on both the NV-CAR and RV-CAR samples. Red is Factor 1, Blue
is Factor 2. D, The loadings for the input variables for the PLSR model on the NV-CAR samples
only. Red is Factor 1, Blue is Factor 2. E, The loadings for the input variables for the PLSR model

on the RV-CAR samples only. Red is Factor 1.
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CHAPTER 4: Conclusions and Future Directions

This thesis aimed at developing new technologies to engineer more potent and predictable CAR T
cell therapies using a fully NV gene editing platform. First, | presented a fully NV method to
engineer CAR T cells using CRISPR Cas9 to cut the TRAC locus and delivered a PCR product
HDR template. Using this platform, we were able to consistently generate 20% CAR + cells per
reaction, and these cells had a more desirable phenotype when compared to their retroviral
generated counterparts and comparable in vivo efficacy. Second, | described a high throughput
microwell coculture platform to assess the killing rate of various products consisting of engineered
immune cells. This allowed for more precise measurement of the killing rate of these cells, while
using fewer cells, in comparison to the current state-of-art systems. Finally, | demonstrated the
value of using PLSR to predict the in vivo efficacy of engineered cellular therapies prior to infusion
into animals. These methods and their applications demonstrate advances in the field of engineered

cellular therapies and represent tangible ways to increase the accessibility of novel cell therapies.
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Towards More Efficient CAR Cell Manufacture
CAR T cell therapy remains poised to revolutionize cancer treatment. Despite the progress made
here, we expect to see progress made in the next decade to increase safety, efficacy, and
accessibility of CAR therapies.
Safety
The predominant safety concerns for therapies currently in the clinic are cytokine release
syndrome, neurotoxicities, and off-target CAR T cell activity, all of which have resulted in severe
adverse events, and in some cases, patient deaths [199]. Efforts to mitigate these issues are of
utmost importance. One approach has been to employ small molecule modulation of CAR T cells
in vivo. For instance, apoptotic switches have been engineered into CAR T cells that allow them
to be quickly destroyed if a patient experiences an adverse event [200] (completed clinical trial
NCT02107963). Other studies have focused on tuning the functionality of the CAR itself. For
instance, CARs have been designed with split signaling and recognition domains, which can be
linked to form a single functionally active CAR following drug administration. This small
molecule serves as an "ON-switch" for CAR activity, thus allowing it to be controlled or
inactivated as necessary [201]. CAR affinities can also be manipulated to preferentially bind
cancer cells over healthy tissue, thus preventing off-target effects and diversifying the range of
antigens that can be safely targeted [81]. These designs exemplify the growing role for synthetic
biology in allowing precise control over CAR T cells after infusion to safeguard the patient.

NV manufacture of CAR therapies can benefit the incorporation of synthetic biology
because we have seen how the heterogenous profile of RV manufactured CAR therapies can
influence cell behavior. While the genetic engineering above has the potential to create safer

therapies, there is no guarantee that all cells in each batch that have been manufactured by viruses
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will behave as intended. The TET2 CAR T cell story which showed that one clone could be capable
of sending a patient into remission proves that there is potential for one single cell to hinder the
reliability of on and off switches if we continue to rely on viral manufacture [202]. The NV
workflow established in this thesis has the potential to ensure more predictable cell outcomes, and
work in the near future should include determining if this extends to the cells ability to stay on
target, as well as respond to “ON-switches” and “OFF-switches”.

Bioengineers are also actively developing tissue engineered in vitro toxicity models, which
may prove useful in the CAR T cell space. For instance, human embryonic stem cells have been
used to generate brain organoids as a screening platform for chemical toxicity [203]. These models
could be adapted using iPSCs to study neural toxicities on a patient-by-patient basis, thus providing
personalized safety checks and quality control. The microwell cytotoxicity assay described in
Chapter 3 should be readily adapted to provide more insight into the safety profiles of various gene
edits on immune cell populations. Microwell cocultures could also serve as an inexpensive assay
to check for GVHD to offer additional low-cost testing of new gene edits to engineer allogeneic
therapies. Ultimately, bioengineers may combine in vitro modeling tools with in vivo synthetic
biology approaches to both predict and rapidly reverse adverse events, thereby improving the

safety of CAR T cell therapy.

Efficacy

In addition to increasing the overall safety of CAR T cell therapies, bioengineering solutions may
also improve their efficacy. The Cas9 work shown here achieved both high knockouts of the TCR
and also strong knock-in of the CAR transgene, indicating the potential for additional edits to be

made. For instance, multiplexed gene edits may be combined with CAR transgene insertion to
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boost CAR T cell performance. CRISPR-Cas9 technologies have been demonstrated to improve
the performance of CAR T cells primarily through the knockout of PD-1 to limit in vivo
exhaustion, and are now in clinical trials in China [204] (NCT02793856). Cellectis has developed
CD52/DCK knockout strategies to generate T cells that are chemo-resistant to lymphodepletion
agents, thus allowing such drugs to be deployed as combinatorial therapies [205]. Gene editing
tools can also enable nuanced recognition of tumor antigens by implementing Boolean logic gates
on CAR T cells using synthetic biology approaches [206]. Multiplexed CAR designs implementing
AND [143], [207], NOT [208] and OR [209] gates have been demonstrated. The synthetic biology
approach to CAR T cell design has also led to tuning CAR affinity to discriminate between healthy
and cancerous tissue [81].

Recent modifications to the CRISPR system have been used to tune genomic transcription
in vivo for directed reprogramming [210]. This approach could potentially be used to tune
expression of genes involved in T cell activation or exhaustion, or even to control CAR T cell
differentiation post-infusion. Catalytically dead Cas9 proteins, which lack the ability to induce
double strand breaks, have been coupled with transcriptional modulators to selectively activate
gene expression in various tissue types [211], [212], [213], enabling tunable implementation of
biological circuits.

Finally, in vitro organ/disease-on-a-chip approaches are actively being developed to probe
CAR T cell functionality, with the aim of assessing heterogeneity in T cell populations and
selecting for therapeutically effective cells [214]. Like the aforementioned neural organoid models
for safety testing, these could be used to recapitulate the patient's cancer microenvironment, thus
informing a personalized treatment approach. Ultimately, the field is moving towards building

smarter and more efficient CAR T cells, and new modeling technologies may go a long way toward
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improving the therapy's reliability [53], [206], [215]. The microwell system described here could
be used to assay combinatorial therapies to be delivered alongside CAR T cells. Cocultures could
be conducted in the presence or absence of cytokines or small molecules to explore the impact of

factors that could be delivered alongside CAR therapies.

Accessibility

As a final consideration, there is a pressing need to increase accessibility to CAR T cell therapies.
Current estimates suggest that autologous therapy may cost over $500,000 per patient; as such,
new cell sources are highly desirable [216], [217]. While allogeneic therapies have been limited
in scope due to the risk of immune rejection, new engineering approaches may allow for the
production of non-immunogenic T cells. Work to date has focused on knocking out HLA and the
endogenous TCR locus to eliminate alloreactivity, thus creating potent "universal™ CAR T cells,
which could potentially be produced en masse for large patient populations [218]. Human iPSCs
could also be used as a cell source to generate large quantities of T cells for patients for whom
sufficient T cells cannot be acquired. Furthermore, elimination of viral vectors, as has been
demonstrated here, through the use of novel non-viral transfection techniques could increase
accessibility by simplifying manufacturing workflows.

Ultimately, ex vivo culture may become irrelevant with the advent of in situ transgenesis,
which could eliminate significant costs and be easily scaled as an off-the-shelf therapy [219]. In
one recent study, nanomaterials were used to perform CAR gene transfer in situ using anti-CD3
f(ab”)2 fragments coupled to microtubule-associated-nuclear localization peptides to create CAR
nanocarriers. These were directly injected into a murine model, resulting in successful regression

of leukemia with no obvious toxicity. While still quite recent, this approach has the potential to
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produce off-the-shelf gene editing products that eliminate the need for ex vivo culture altogether.
These approaches highlight an interest in applying bioengineering innovations to move the field
away from autologous therapy, and many of the problems inherent to T cell manufacture could be

rectified with such an approach.

CAR NK Cells
Over the past few years, we have made efforts in our lab to extend our NV-CAR T manufacture
workflow to natural Killer (NK) cells. There are clinical trials ongoing with viral manufactured
CAR NK cells where the NK cells come from the NK92 cell line. Using a cytotoxic cell line allows
for a fully “off-the-shelf” product to be established. As the CAR NK92 cells are irradiated prior to
infusion, such as to limit their ability to proliferate in vivo, CAR NK92 can be considered as a
“booster shot” to be used in parallel to CAR T cell therapy. The CAR NK could either be used to
bridge patients prior to their CAR T cell infusion, or they could be delivered alongside the CAR T
cells to serve as an additional set of cytotoxic cells to give the CAR therapy an added kick, and
can do so hopefully without additional side effects as they would not proliferate and therefore, not
add to cytokine storms. Given that CAR NK92 are allogeneic, using Cas9 to engineer these cells
in a fully non-viral manner will likely allow for level of homogeneity in the final cell product not
seen in even a fully allogeneic CAR T cell product as one line of cells could theoretically treat all
patients.

While targeting the CAR in the TRAC locus has added benefits for CAR T therapy, there
is likely a NK cell specific locus that when the CAR transgene is placed there, affords the CAR
NK cells additional functionality over viral manufactured counterparts where the CAR gene is

randomly inserted in the genome. The loci for integration should be readily expressed in NK cells
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and the knockout of it through gene disruption should be beneficial to the intended function. These
NV-CAR NK cells could undergo the same assays as were conducted in Chapters 2 and 3 to
measure their predictability. More complex mathematical models could then be developed to

determine an optimal dosing strategy for a combination of CAR T and CAR NK therapy.

Generating More Predictable CAR T Cells using CRISPR/Cas9

In conclusion, not only can viral delivery of the CAR gene result in negative events such as
oncogenesis and transduction of resistance, but viral delivery also has a higher inherent variability
during the process of integration than precise gene editing does when using CRISPR-Cas9 HDR
[167][141]. Creating safer, and more homogenous CAR T cell products has the potential to create
more effective CAR T cell therapies. By delivering the CAR gene to the TRAC locus using Cas9,
the CAR transgenes will be surrounded by the same genetic regulatory elements and have similar
expression levels, thus resulting in decreased heterogeneity [3]. Furthermore, delivery of the Cas9
and sgRNA as a ribonucleoprotein (RNP) will be clinically translatable because RNP delivery has
shown lower rates of off target activity when compared to delivering Cas9 on a plasmid [220].
Coupling this new method of gene delivery with pre-infusion functional measurements such as
cytokine production or cytotoxicity assays can allow for more predictive therapies. As the field
progresses, it is hoped that CAR T cells may prove to be a safe and viable treatment for patients
with diverse malignancies, and perhaps finally offering cures for conditions that previously had no

treatment.
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Pre-antigen exposure characterization of NV-CAR T cells. a, Left, viability of cells throughout
the manufacturing timeline, pooled for all 4 donors. Right, cell counts throughout the manufacture
calendar, pooled for all 4 donors. NV-CAR (blue) N=36; RV-CAR (green) N=27; NV-mCh (gray)
N=25. b, Left, Percent of CAR+ cells as measured by flow cytometry when electroporated on day
2 or day 3 post-isolation. Right, Percent of cells with TCR knockout as measured by flow
cytometry when electroporated on day 2 or day 3 post-isolation. All groups, N=3. c, Level of TCR
disruption in NV-CAR and NV-mCh T cells measured by both TCR surface expression by flow
cytometry (right) and presence of indels at the TRAC locus (left). NV-CAR (blue) N=10, NV-mCh
(grey) N=8. d, Percent of cells with indels at the TRAC locus in both NV-CAR and NV-mCh
conditions. NV-CAR (blue) N=10; NV-mCh (grey) N=8, both for one donor. e, In-out PCR
confirming NV-CAR insertion, full gel from Fig. 1g shown. PCR was optimized to minimize off-
target amplification which occurs only for fragments <1 kb across the genome. N=3 for all samples
from one donor. Untransf., donor matched untransfected control T cells; NTC = non-template
control.



UMAP 2

105

Pre-antigen Post-antigen

luster

o

00000 OGOOOOS
o

Transgene
Normalized
expression

©ONOO A WN =
UMAP 2

o

n=69,017 cells

UMAP 1 UMAP 1

Cc NV-CAR

NV-CAR + CHLA20 (D1)
NV-CAR + CHLA20 (D2)
NV-CAR (D1)
NV-CAR (D2)
NV-mCh + CHLA20 (D1)
NV-mCh + CHLA20 (D2)
NV-mCh (D2)
RV-CAR + CHLA20 (D1)
RV-CAR + CHLA20 (D2)
RV-CAR (D1)
RV-CAR (D2)

d Pre-antigen Post-antigen

Donor 1 Donor 2 Donor 1 Donor 2

NV-mCherry

RV-CAR




106

Figure A-2

Single cell transcriptomic characterization across eleven samples shows distinct
transcriptional signatures associated with CAR expression but not mCherry expression,
both before and after antigen exposure. a, UMAP projection of single cell RNA-seq data
showing cells across all eleven samples and two donors, both pre-and post-antigen exposure.
N=69,017 single cells. b, UMAP projection as in a, separated to show clustering of transgene
positive cells prior to antigen exposure (left) and after 24 hours of in vitro exposure to GD2+
CHLAZ20 neuroblastoma. ¢, UMAP projection as in a, separated to show clustering of cells by
sample. None of the samples segregated into any particular area of the UMAP projection,
indicating that batch effects are not of significant concern. D1 = donor 1, D2 = donor 2. d, UMAP
projection as in a, showing transgene positive cells for each individual sample. CAR-positive cells
from NV-CAR and RV-CAR groups consistently cluster regardless of the presence of GD2
antigen, while NVV-mCh cells do not, suggesting a distinct transcriptional profile associated with
CAR signaling.
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Figure A-3

scRNA-seq indicates unique transcriptional profiles associated with transgene-positive cells
within NV-CAR and RV-CAR T cell products before antigen exposure, as well as CAR-
signaling associated genes after target antigen exposure. a-c, Volcano plot for genes that
showed significant differential expression (p<0.001) for transgene-positive cells from two donors
for three comparison groups: RV-CAR/NV-CAR pre-antigen (a), RV-CAR/NV-CAR post-
antigen exposure (b), and NV-mCh/NV-CAR post-antigen (c). Post-antigen exposure refers to 24
hours co-culture with GD2+ CHLAZ20 neuroblastoma. Named genes showed normalized log fold-
change over 0.5 and p<10e-5. For a and b, genes shown in green (left) are upregulated in RV-CAR
T cells; genes shown in blue (right) are upregulated in NV-CAR T cells. For ¢, genes shown in
grey (left) are upregulated in NV-mCh T cells after antigen exposure; genes shown in blue (right)
are upregulated in NV-CAR T cells. N=2 donors for all plots; full list of differential genes shown
in Supplementary Table 2.
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Figure A-4

NV-CAR T cells show less exhaustion and less cytokine production prior to antigen exposure,
suggesting decreased tonic signaling. a Prior to antigen exposure, NV-CAR and NV-mCh T cells
show minimal significant differences in expression of exhaustion related genes (top), while RV-
CAR T cells upregulate exhaustion signature relative to NV-CAR T cells (bottom). b, post-antigen
exposure, NV-CAR T cells significantly upregulate cytotoxicity signature relative to NV-mCh T
cells (top), but show minimal differences in cytotoxicity relative to RV-CAR T cells (bottom).
Top bar for each gene is for donor 1, bottom bar is for donor 2; color scales indicate adjusted P
values with Bonferroni correction. ¢, Cytokine production values pre-antigen exposure. Values are
pooled from all 4 donors. NV-CAR (blue) N=24; RV-CAR (green) N=33; NV-mCh (gray) N=22.
* indicates p<=0.05; ** indicates p<=0.01; *** indicates p<=0.001; **** indicates p<=0.0001.
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Figure A-5

Post-antigen exposure characterization of manufactured CAR T cell products. a, Cytokine
production after 24 h co-culture with the target antigen. Values are pooled from 2 donors. NV-
CAR (blue) N=8; RV-CAR (green) N=5; NV-mCh (gray) N=8. b, Flow cytometry histograms
show the levels of GD2 on M21 and CHLAZ20 cell lines (red) compared to isotype controls (grey).
¢, Graphs show the cytotoxic action of NV-CAR and RV-CAR T cells against two GD2-positive
tumor cell lines, CHLA20 and M21, containing a stably integrated fluorescent transgene (AkaL.uc-
GFP and H2B-mCherry, respectively). Cytotoxicity measured by change number of mCherry-
positive objects for each image. *indicates p<=0.05; ** indicates p<=0.01; *** indicates

p<=0.001; **** indicates p<=0.0001.
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Figure A-6

Bioluminescence, tumor growth, weight gains, and T cell persistence and exhaustion after T
cell treatment in vivo. a, Flux measurements for individual luciferase-positive tumors for all
mouse experiments. NV-CAR, N=10. RV-CAR, N=8. NV-mCh, N=7. b, Top, individual mouse
percent weight change throughout the experiment. Bottom, average percent weight change in mice
per treatment condition. ¢, Flow cytometric gating strategy used to assay mouse spleens for human
T cells and CAR-positive cells. d, Flow cytometric plots for PD-1 or TIM-3 expression on the y-
axis and CAR expression on the x-axis for human CD45-positive cells in the spleen. e, Boxplots
showing the expression levels of subtype and exhaustion markers on human T cells found in mouse
spleens. f, Flow cytometric plots detailing hCD45-positive cells, followed by PD-1-positive and

CAR-positive cells, found in mouse tumors that did not regress.
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Table A-1

Modifications of off-target sites of the TRAC genome editing strategy detected by CHANGE-
seq. Target sequence for all analysis was CAGGGTTCTGGATATCTGTNGG. Only top 50 loci
with the highest Nuclease Read Counts are included.

8 Tuclease Control The -
F:_‘?”‘ Start End g‘:‘r_‘ g::* Strand !é:.d' Site_Sequence fzmmm i Gsn;sm Full_Name m—h’““
Nl B E 0 cageariets Lo Yo Rone Srté: -
O el e R D | e | S
chrll | 112561336 | 112561358 fﬁg};g;‘;‘m" 824 + 0 :QA%% 3 ‘111?56 ﬁxﬁl{;ﬁ ll:m JU
o | o132 | sy | SUASIWLIE- | o, + 0 CAAGOTICTCS | Bone Rome el one
ches | 03snay | eaoas7es | SMSCINEHE | o) - 0 TACGGTIATGA |4 Nooe Nooe ebes: 16 one
chrl2 | 76904355 | 76904377 ?;1&;.}‘304”5‘ 700 - 0 ﬁm&&g 4 g‘;&;‘;"‘ﬁ“‘:‘ 1276904355 | none
ched | 302133 | 3oaars | SIS gy . 0 EOGATICTG | Home Nome RSTTAG- | CAGGOTICTO0
ot | 12250 | 2528666 | (s |92 |- |0 | Grarerorece | © TATCTOTG06 | 1S e | ATATCTOTNGG
et | 18531360 | 1ssanzsy | SES 1SS0 gpy + 0 GIGOGTICICG | Nose Kose i 1ESI1300- | CAGGITCIGG
chrl | 186351297 | 186351319 ;‘;61351:;:; 1297 | ss - 0 A |3 ‘l’lgs-f;?;‘-;;';'?lwsm" none
P e i el O O O -0 O 25 P sl 20
s [ | S [ | [0 NG [, |, | e s | Gt
chrd 193489265 | 193480286 ;‘;;;gg:"lﬁ- 482 . 0 (T::wmm.am ‘II;.;:S :ﬁ-: ;hs 103489265- g;m
T R il R B s T |
e[ s | e |- [0 ||| ot | o | s
2 | 17573377 | 175733730 f.f,f;;;;;;”"‘ 08 - 0 CAGGOATCTO0 | 5 CAGGOATCTION | Now Fome :g;z IBTSI- | CAGOGTICTOD
chrl | 161631119 | 161631141 ?&L;ﬂﬂ“"‘ 390 - 0 oG s ThogocTocaoh ﬁmmgl 16IS3IIS- | CACGGTICTGO
chrl2 | 109512437 | 109510050 | SHOLZAOSIET | 45y - 0 A | 3 None None chrlZ109STH37- |,
chrl 12357332 | 12357354 ;‘:sls’.g;j."”z' 340 + 0 3??%:&0 6 ggmmm ‘fzg’;_ig‘“‘g:"iu”’-m' g‘%m
chr20 | 24086213 | 24056235 ;’;‘;’;’;ﬁm”‘ 310 . 0 grA?rGGGngrgw 3 ;n;;es_;‘;a;_]c;rmumu. o
ched | 15513808 | 15513830 f;'s’;gi;’ws‘ 306 . 0 I‘?r:?gr&g%gg 4 };:?ggfﬁgﬁl& :‘S‘;T_%:i:‘ me:rs 15513808- i?m
ch2 | 217291017 | 217291139 ;‘l‘%é:zjlz“"' 284 - 0 o |4 TAGG-TICTGOA | None None_ ;::2 TSN | CAGGGTICTGG
de7 | 126078951 | 126078974 | SHTAIOTEOSE- | 57 + 0 e s Pt T2 | e
chr2 178315502 | 178318525 f‘r'sill;:;sls”z' 270 - 0 ggﬂoncrom If;'."{.-ﬁ?;’-f,‘:‘ 178315502 iAT&OgT'I;P_gIO'GGAT
cwl6 | 30506705 | 30506727 fn's’n‘;-,‘z";“”"" 260 B 0 g?grﬁgfm B ooe Mo G0 |
0o [ | ST | T || oo
drl | doassios | aosssisy | SLZSSESIGS |y, N " ARGGGTACTAG | ¢ AAGGGTACTAG | Nooe Nooe chlZ4GGESIGS. | CAGGGTICTGG
ans | posmz | sises | IO 0 [ [ CagoatIcTar |4 Nou: Noos AT | pong
R R F T AT |6 L .
and | 1sion2es | 1ssoes | SENIBORME o < o CAGOGTGCTCG | None Nene hl1SH024- | CAGOGTICTGD
w2 | 3096507 | 30196820 | RSO | g CTAGGACATOS | None Noww BTIOBGO" | e |
chrl | 8046128 | sodslssn | SISy . 0 TaCaeTICTAA s None Nooe chil 8061528 | e
ans | ;o2ses | 2oers | A0S yg . 0 greceactas g Noue Noae SriZOI06 | o,
o s o | [+ [ | Aokt || | o s | s
chrl7 | 45045000 | 45045112 i’;’n""s‘l’l’g“m 148 . 0 1?3‘35?1533 s :J;::’_ﬁnzul_‘?uu:mm e
oo e | SB[ [ [0 | Moo | e |
et | 20808 | 200435 | EA0EES- + 0 CAGOOTACTOS 13 Noos Note driZI | o
chrd | 99570101 | 99579513 | SOOIy . 0 GAGCTACATOG | 4 Houe Nooe dedSRTOIT: | ooy
chrll | 97210436 | 97210488 gl'l’;:;gm” 138 + 0 :mlzgg 6 ?_",’;fgﬂﬁ;;‘"” 979436~ |
w2 | a1sas9s | amisast7 | IS g + 0 AToooTTIC | CATGGATCCTT | None Nove ch3dBISISSS. | CAGGTICIO0
il | 33910938 | 33910960 ;;'l{?”;g"m“' 136 . o m B ;gu;le agimm?’?m:smmss_ one
chrlo | 1512262 | 1512284 ‘;?l'é’g]m' 128 + 0 g-;m 4 ll*l;ln;z_;ﬂﬁ.iﬁvlﬁlsmﬂ- one
dr7 | 63140834 | G3ndaoese | SCIMOSS o . 0 CAGEGTICTAG | s Noue Noe TITA00E | o,
chll | 133323102 | 133323124 | SELLDAII0N |y, + o CAGOGATCTO0 | None Nooe TS0 | o,
chrd | 156773119 | 156773141 %':.'.’.};fﬂ“m' 120 + 0 mmr:n'rr““mm 4 ISGTT;:T ]‘:;“ 156773118 | |\
dus | comesTse | GoresTis | SERCOTETSG + o ANGOGTACTOG | AAGOGTACTGG | None None ifi 60780756 | CAGOGTICTGO
N el el el N O OO -/ R s A Bl o
chrl7 | 19838074 | 19838006 | Sl UIORSOM gy . o Gagcoatates s Noms_None elTINEBTH- | pogy
el | 26237 | mees | SELAMENTE L g ARGGATCCTCS | None Nowe TG |
T Tl ECTN 2l S O O R -5l sl




116

Table A-2

Supplementary Table 2. Differentially expressed genes between sample pairs. Comparison for
NV-CAR/RV-CAR donor-matched pairs, pre- and post-antigen exposure. Unless otherwise
indicated, genes listed had significant differential expression (p<0.001) for both donors; values in
the table show normalized log fold-change and adjusted P-values for all cells pooled across both

donors.
NV vs RV Pre Antigen Exposure NV vs RV Post Antigen Exposure

GeneName p_val avg_logFC pct.l pct.2 | p val adj GeneName p_val avg_logFC pct.1 pct.2 | p val adj

NRP1 7.38E-108 0.783707232 | 0.421 | 0.171 1.17E-103 | CXCL8 3.38E-70 | -1.260447119 | 0.502 0.36 5.35E-66
CCR10 2.32E-104 0.650313438 | 0.196 | 0.121 3.68E-100 | GPR87 8.41E-66 | 0.703608119 | 0.339 | 0.27 1.33E-61
transgene 1.81E-101 -1.766497665 1 1 2.87E-97 | LHFPL6 1.63E-65 1.242707167 | 0.381 | 0.302 2.59E-61
1QCD 3.79E-97 -1.306498648 | 0.288 | 0.103 6.01E-93 | TNFSF4 1.78E-62 | -0.590777895 | 0.334 | 0.267 2.82E-58
LINC01980 1.65E-91 | -0.993477977 | 0.285 | 0.093 2.61E-87 | IL23R 5.57E-60 | 1.290808487 | 0.362 | 0.279 8.83E-56
IRX3 4.43E-90 | -0.642217693 | 0.358 | 0.161 7.02E-86 | MYL9 9.29E-60 | -1.582029053 | 0.348 | 0.287 1.47E-55
ART3 5.34E-90 | -1.391053685 | 0.234 | 0.097 8.46E-86 | AC109449.1 1.21E-59 | -0.819358086 | 0.158 | 0.12 1.93E-55
PHEX 1.21E-89 | -1.329478212 0.3 | 0.123 1.92E-85 | OBSL1 1.65E-58 | 1.079433258 0.28 | 0.205 2.61E-54
NPPC 8.27E-84 | -1.001706299 | 0.323 | 0.13 1.31E-79 | DLG3-AS1 6.58E-56 | -0.469639247 | 0.223 | 0.144 1.04E-51
COLG6A2 7.33E-82 -2.660146384 | 0.237 | 0.095 1.16E-77 | UBR5-AS1 2.64E-55 0.861959408 0.32 | 0.235 4.19E-51
ENC1 3.75E-79 -1.214223881 | 0.226 | 0.119 5.94E-75 | BEX5 3.11E-55 | -1.282228127 | 0.299 | 0.251 4.93E-51
RND1 6.39E-79 | -0.982496804 | 0.282 | 0.106 1.01E-74 | KIRREL2 3.17E-55 | 0.323749653 0.18 | 0.137 5.02E-51
NTRK1 7.63E-79 -0.658394365 | 0.295 | 0.102 1.21E-74 | EVALA 1.97E-54 | 0.804044542 | 0.141 | 0.128 3.12E-50
NR4A1 1.50E-74 | -0.516079979 | 0.328 | 0.142 2.38E-70 | AC107959.1 3.90E-51 | -1.569805985 | 0.262 | 0.159 6.19E-47
AC234772.3 2.88E-74 | -0.688882838 0.31 | 0.108 4.57E-70 | CD1A 4.14E-51 | -0.687586298 | 0.193 | 0.152 6.56E-47
CABLES1 1.37E-71 -0.580453519 | 0.283 | 0.138 2.16E-67 | PLEKHH2 4.83E-51 | -0.694073776 | 0.352 | 0.277 7.65E-47
COL9A2 3.24E-71 0.955042312 | 0.301 | 0.153 5.14E-67 | AC009275.1 4.93E-50 | 0.732820006 | 0.369 | 0.278 7.81E-46
AC012184.1 4.18E-71 | -1.023717176 | 0.267 | 0.084 6.63E-67 | HSD11B1 5.31E-49 | -1.482299236 | 0.203 | 0.182 8.42E-45
CTHRC1 7.38E-71 -1.63807408 | 0.392 | 0.212 1.17E-66 | ADGRE2 1.49E-48 0.371244262 | 0.352 | 0.293 2.36E-44
THBS4 3.48E-70 -1.587664985 | 0.267 0.1 5.52E-66 | AL445472.1 4.22E-48 | -1.180391598 | 0.194 | 0.154 6.69E-44
P2RY14 2.38E-69 | -0.905625149 | 0.341 | 0.212 3.77E-65 | AC022182.2 1.86E-47 | 0.826209565 | 0.251 | 0.193 2.94E-43
1L22 1.27E-68 -0.879791558 | 0.207 | 0.086 2.01E-64 | AC090627.1 1.16E-46 -0.8191522 | 0.189 | 0.126 1.83E-42
CHRNAG6 2.26E-68 | -1.056078435 | 0.198 | 0.101 3.58E-64 | AC009630.2 2.02E-46 | -0.561222808 | 0.369 | 0.279 3.20E-42
AC067930.4 2.41E-68 -0.6959323 | 0.233 | 0.077 3.83E-64 | LINCO00599 7.10E-46 | 0.692738501 | 0.122 | 0.136 1.13E-41
MYL9 7.26E-68 -0.413343476 | 0.261 | 0.161 1.15E-63 | TNIP3 2.37E-45 | -1.050812781 | 0.251 | 0.283 3.75E-41
DZIP1 8.63E-68 | -3.058389298 | 0.188 | 0.057 1.37E-63 | TM4SF5 1.09E-43 | 0.315298732 | 0.233 | 0.142 1.73E-39
COLS6A1 6.08E-67 | -2.021156682 | 0.183 | 0.068 9.63E-63 | DNAJC28 4.75E-43 | -0.500924953 012 | 012 7.54E-39
ZNF665 9.12E-67 -0.959792182 | 0.251 | 0.064 1.45E-62 | FN3K 5.07E-43 0.51987206 | 0.206 | 0.131 8.03E-39
ANK2 2.99E-66 0.685744721 0.24 | 0.083 4.74E-62 | ALPK1 7.65E-42 0.551499905 | 0.174 | 0.142 1.21E-37
LAIR2 5.16E-65 | -1.023024297 | 0.331 | 0.143 8.19E-61 | CD8B2 3.19E-41 | -1.322139966 | 0.231 | 0.165 5.06E-37
AC005224.4 5.43E-65 -2.189014544 | 0.319 | 0.126 8.61E-61 | EFCABI10 4.30E-41 0.720173464 | 0.266 | 0.165 6.82E-37
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MILR1 6.40E-65 | -0.694549371 | 0.309 | 0.116 1.01E-60 | CRMP1 1.19E-40 | 1.127870407 | 0.195 0.13 1.88E-36
SPIB 2.35E-64 | -1.540399752 | 0.193 | 0.068 3.72E-60 | TSPAN10 2.14E-40 | -1.284818507 | 0.266 | 0.161 3.40E-36
ALPK3 1.38E-63 | -0.836821864 | 0.218 | 0.079 2.19E-59 | MERTK 4.19E-40 | 0.403890995 | 0.204 | 0.219 6.65E-36
CHGB 1.43E-63 | -0.585384793 | 0.266 0.08 2.26E-59 | PROS1 7.30E-39 | 0.382734693 | 0.429 | 0.344 1.16E-34
AC100793.2 1.66E-60 0.77195384 | 0.242 | 0.103 2.63E-56 | SLFNL1 4.26E-38 | -1.485474637 | 0.222 | 0.172 6.75E-34
LINC00184 2.03E-58 | -4.167618843 | 0.154 | 0.021 3.22E-54 | ANXA3 7.33E-38 | -1.570697401 | 0.317 0.27 1.16E-33
PKIG 2.35E-57 | -1.740920623 | 0.284 | 0.136 3.72E-53 | SPIB 1.69E-37 | 0.283149411 | 0.268 | 0.196 2.67E-33
CBS 7.36E-57 0.369382187 | 0.185 0.05 1.17E-52 | AC010245.1 3.70E-37 | -0.742388231 | 0.291 | 0.213 5.87E-33
NBPF20 2.86E-56 0.405120948 | 0.278 | 0.103 4.54E-52 | CYP2W1 7.18E-37 -1.76183074 | 0.151 | 0.125 1.14E-32
SH3D21 4.04E-53 -1.58875588 | 0.325 | 0.141 6.40E-49 | TRAV29DV5 3.47E-36 | -0.384869321 | 0.162 | 0.148 5.50E-32
NRIP3 5.66E-53 0.36869308 | 0.243 | 0.114 8.97E-49 | AREG 1.64E-35 | -1.103428628 | 0.189 0.21 2.60E-31
TRAV1-2 9.26E-53 | -0.466868034 | 0.242 | 0.053 1.47E-48 | BASP1 241E-34 | 1.117175989 | 0.153 | 0.172 3.81E-30
TUFT1 9.53E-53 | -1.609281774 0.27 | 0.082 1.51E-48 | NBPF3 3.22E-34 | -1.954366417 | 0.148 | 0.174 5.11E-30
JAM2 1.41E-51 0.56684328 | 0.266 | 0.083 2.23E-47 | TPTE2 1.22E-33 | -1.378401269 | 0.179 0.17 1.94E-29
FAM110C 3.28E-51 | -0.577221547 | 0.208 | 0.062 5.20E-47 | AC008764.3 9.93E-33 | -0.542338703 | 0.224 | 0.188 1.57E-28
TMTC2 3.97E-51 | -0.902471617 | 0.262 | 0.105 6.30E-47 | NT5E 9.94E-33 | -0.496105389 | 0.325 0.26 1.58E-28
ALOX5AP 5.01E-51 | -1.455963793 | 0.385 | 0.262 7.94E-47 | G0S2 1.71E-32 | -1.827390062 | 0.524 0.41 2.71E-28
ZNFT772 1.17E-50 | -0.696785526 | 0.222 | 0.092 1.86E-46 | PAN3-AS1 3.55E-32 | -1.113149864 | 0.347 | 0.253 5.63E-28
TSPAN18 1.42E-50 -1.04942631 | 0.132 | 0.032 2.26E-46 | PLACS8 5.17E-32 | -1.117547612 | 0.116 | 0.138 8.20E-28
ITGB7 2.08E-48 | -2.002578912 | 0.379 0.27 3.29E-44 | transgene 1.27E-31 | -1.291807881 1 1 2.02E-27
AC112220.2 1.30E-47 | -1.469099561 | 0.231 | 0.073 2.07E-43 | PRAM1 1.38E-31 | -0.461094177 | 0.122 | 0.111 2.19E-27
CHIT1 4.64E-47 | -0.447549121 | 0.293 | 0.097 7.35E-43 | FAM171A1 1.52E-31 | 0.558232888 | 0.155 | 0.104 2.41E-27
PWARG6 6.55E-47 1.331942127 | 0.268 | 0.113 1.04E-42 | EGFLS8 1.51E-30 | -0.506192816 | 0.222 | 0.203 2.40E-26
NR4A2 9.56E-47 | -0.422625244 | 0.234 | 0.105 1.52E-42 | MT1G 1.51E-30 | -0.810386177 0.31 | 0.289 2.40E-26
RAB31 3.61E-46 | -0.829533817 | 0.184 | 0.067 5.73E-42 | SLC27A1 4.49E-30 | 0.584067104 | 0.264 | 0.218 7.11E-26
P116 1.65E-45 | -0.679818897 | 0.246 | 0.162 2.61E-41 | CCR8 1.27E-29 | 0.887884921 | 0.375 | 0.316 2.02E-25
AL445248.1 1.70E-45 | -1.552736139 | 0.312 | 0.123 2.69E-41 | ZSCAN9 1.90E-29 | -0.795260429 0.33 | 0.271 3.01E-25
ALDHB8A1 2.01E-45 | -1.271514835 | 0.214 | 0.085 3.19E-41 | ADAP2 1.91E-29 | 0.370537692 0.21 | 0.161 3.03E-25
LHX1 5.50E-45 | -0.603001746 | 0.261 | 0.109 8.73E-41 | DNM1 2.54E-29 | 0.887778659 | 0.155 | 0.183 4.02E-25
LY6G5B 9.16E-45 | -1.048664664 | 0.282 | 0.102 1.45E-40 | TMEMZ200A 3.55E-29 | -1.124217499 | 0.272 | 0.219 5.63E-25
AC004832.6 1.37E-43 | -0.599557211 | 0.241 | 0.062 2.17E-39 | FRMD4A 1.13E-28 | 0.480888869 | 0.205 | 0.239 1.79E-24
PTGES3L 7.50E-43 | -1.396865044 | 0.176 | 0.042 1.19E-38 | SULT2B1 2.02E-28 | -1.794178378 | 0.162 | 0.109 3.21E-24
SHISA2 1.37E-42 | -1.469438424 | 0.308 | 0.109 2.17E-38 | Cllorf44 5.17E-28 | -1.415690155 0.16 | 0.123 8.20E-24
AC127024.6 2.48E-42 | -2.168541452 | 0.255 | 0.072 3.93E-38 | IFNL1 1.26E-27 | -0.519193872 | 0.225 | 0.179 1.99E-23
CRTAM 1.53E-41 | -0.768653606 0.32 | 0.235 2.43E-37 | CHMP4C 4.52E-27 | -0.766679329 | 0.142 | 0.166 7.17E-23
AL391988.1 1.69E-41 | -0.756534585 | 0.258 | 0.087 2.68E-37 | EED 7.09E-27 | 1.468545904 | 0.618 | 0.729 1.12E-22
AC141586.3 2.10E-41 | -0.408561452 | 0.225 | 0.054 3.33E-37 | ITGAL 2.29E-26 1.08442271 | 0.211 | 0.203 3.64E-22
CTAGES6 3.28E-41 | -0.433775685 0.18 | 0.045 5.20E-37 | BACE2 4.50E-26 | -1.399885626 | 0.196 | 0.169 7.14E-22
NPB 3.38E-41 | -0.614040063 | 0.188 | 0.041 5.36E-37 | KCNE1 4.89E-26 | -0.733714683 | 0.173 | 0.103 7.75E-22
ENPP1 1.72E-40 | -1.830247274 0.16 0.05 2.72E-36 | REM2 1.04E-25 -0.58556203 0.17 | 0.125 1.64E-21
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PTGFRN 2.10E-40 1.37647958 | 0.356 | 0.222 3.34E-36 | CFAP54 2.03E-25 | -0.772245176 0.13 | 0.162 3.21E-21
CD44 2.66E-40 -1.24285473 | 0.393 | 0.267 4.22E-36 | NIPAL2 2.41E-25 | -0.436772704 | 0.264 | 0.241 3.82E-21
AC002480.2 2.94E-40 | -2.750455614 | 0.156 | 0.074 4.66E-36 | BCL6 2.44E-25 | 0.432225634 | 0.181 | 0.226 3.87E-21
C4orf50 3.41E-40 | -0.629082658 | 0.187 | 0.034 5.40E-36 | AC068722.2 2.64E-25 | -0.514963794 | 0.184 | 0.148 4.18E-21
AC136944.2 3.46E-39 | -0.995634243 | 0.236 | 0.062 5.48E-35 | UFSP1 4.73E-25 | 0.689979751 | 0.213 | 0.224 7.49E-21
AC130324.2 3.99E-39 | -0.913273811 | 0.196 | 0.031 6.32E-35 | MAPRE3 5.14E-25 | 1.105414054 | 0.241 | 0.184 8.15E-21
SCG5 1.10E-38 | -2.190495234 | 0.301 | 0.108 1.74E-34 | AC018521.2 1.41E-24 | 0.460450056 | 0.179 | 0.119 2.23E-20
MEOX1 1.46E-38 0.318307214 | 0.174 | 0.068 2.32E-34 | AC093157.2 3.66E-24 | 0.574693898 | 0.241 | 0.187 5.81E-20
LINC02068 2.05E-38 0.376880264 | 0.229 | 0.082 3.24E-34 | AL390763.1 3.31E-23 | -1.064243072 0.16 | 0.13 5.25E-19
LAMP3 2.20E-38 | -1.090105742 | 0.209 | 0.052 3.49E-34 | PIWIL2 3.49E-23 | 1.331971114 | 0.253 | 0.241 5.53E-19
AL359715.1 8.78E-38 -0.7768936 | 0.168 | 0.043 1.39E-33 | TTLL11 1.12E-22 | 0.566730962 | 0.264 | 0.229 1.78E-18
SPIRE2 9.34E-38 | -1.546792201 | 0.204 | 0.069 1.48E-33 | RSPH9 1.13E-22 | -0.850024599 | 0.136 | 0.074 1.78E-18
HOXB6 1.88E-37 1.203706839 0.29 | 0.096 2.98E-33 | ATP12A 1.78E-22 -0.42677884 0.29 | 0.252 2.83E-18
C200rf194 2.09E-37 | -1.383325871 | 0.286 | 0.147 3.31E-33 | C1QL1 2.14E-22 | 1.303742032 | 0.202 | 0.166 3.39E-18
AL158071.5 3.87E-37 | -0.872648908 | 0.189 | 0.054 6.13E-33 | AC137630.3 1.34E-21 -0.87836874 | 0.203 | 0.185 2.13E-17
LINC01597 1.07E-36 | -1.513228856 | 0.214 | 0.078 1.69E-32 | HLA-DOA 3.31E-21 | -0.772962348 | 0.232 | 0.214 5.24E-17
GAD1 1.63E-36 | -1.420426271 | 0.225 | 0.185 2.59E-32 | TMEM136 3.79E-21 | 0.723434658 | 0.309 | 0.291 6.00E-17
ANGPTL?2 6.24E-36 | -0.936254926 | 0.141 | 0.025 9.89E-32 | PKD2L2 1.82E-20 | -0.429235845 | 0.298 | 0.23 2.88E-16
NBPF15 8.18E-35 | -1.594937895 | 0.261 | 0.151 1.30E-30 | RCN3 3.68E-20 | 1.108969603 | 0.279 | 0.222 5.84E-16
AOC3 1.57E-34 | -1.699068844 0.18 | 0.072 2.50E-30 | AC020656.2 5.42E-20 | -0.304924597 | 0.145 | 0.102 8.60E-16
SPRY3 2.58E-34 | -1.382051652 | 0.221 | 0.069 4.08E-30 | TRBV20-1 1.15E-19 | -0.669733052 | 0.152 | 0.109 1.82E-15
PART1 3.72E-34 | -0.565571391 | 0.198 | 0.048 5.89E-30 | COX6B2 1.39E-19 | -0.516552993 | 0.255 | 0.191 2.20E-15
AFF2 5.98E-34 | -0.369711051 | 0.135 | 0.03 9.47E-30 | LINC00504 1.77E-19 | 0.412429748 | 0.267 | 0.227 2.80E-15
CDH26 6.24E-34 -0.67875999 | 0.162 | 0.053 9.90E-30 | AC060766.4 3.15E-19 | -0.388718383 | 0.249 | 0.194 5.00E-15
AF129075.2 1.54E-33 | -0.564667442 | 0.187 | 0.042 2.44E-29 | SCN2A 5.01E-19 | 1.001468919 | 0.149 | 0.166 7.94E-15
AC079385.2 2.60E-33 | -0.627599931 | 0.154 | 0.048 4.11E-29 | ACSF2 2.66E-18 | -0.996720275 | 0.264 | 0.263 4.21E-14
MYO1F 2.90E-33 | -1.095500945 | 0.348 | 0.242 4.59E-29 | CDC20B 7.13E-18 | 0.460380081 0.18 | 0.124 1.13E-13
SIPA1L2 4.05E-33 | -1.148340241 | 0.199 | 0.059 6.42E-29 | SOCS3 2.56E-17 | 1.334913489 | 0.248 | 0.227 4.06E-13
GPLD1 5.13E-33 | -1.740532507 | 0.195 | 0.068 8.13E-29 | AC110615.1 4.97E-16 | 0.426505911 | 0.113 | 0.193 7.88E-12
AC009950.1 5.53E-33 | -0.507853943 | 0.218 | 0.05 8.77E-29 | HAAO 5.18E-16 | -0.542979274 | 0.168 | 0.197 8.21E-12
AC093525.6 6.73E-33 | -0.769051652 | 0.204 | 0.061 1.07E-28 | NLRC3 9.08E-16 | -1.664975671 | 0.292 | 0.237 1.44E-11
AL078590.3 1.59E-32 | -1.105094352 | 0.312 | 0.233 2.52E-28 | LINC01934 1.64E-15 | -0.465887782 | 0.149 | 0.148 2.61E-11
AC087632.1 8.51E-32 -0.75950128 | 0.158 | 0.051 1.35E-27 | SP2-AS1 1.89E-15 | 0.785585021 | 0.201 | 0.183 3.00E-11
IF16 1.30E-31 | -2.086725809 | 0.386 | 0.272 2.06E-27 | STEAP1B 2.31E-14 | -0.305812166 | 0.126 | 0.112 3.66E-10
PITPNM2 1.93E-31 | -1.149171678 | 0.218 | 0.117 3.07E-27 | ARMCX2 4.90E-09 | -0.605865843 | 0.228 | 0.295 7.77E-05
AC007216.4 2.23E-31 -1.13114115 | 0.211 | 0.062 3.53E-27 | LINCO00880 1.08E-07 | -0.775774037 | 0.184 | 0.231 | 0.001720046
SLC35G2 2.58E-31 | -1.095534134 | 0.323 | 0.143 4.08E-27 | CACNB2 1.58E-07 | 0.366252426 | 0.258 | 0.209 | 0.002503545
GBP1 3.85E-31 1.583113038 0.26 | 0.172 6.10E-27 | AC084809.2 5.12E-07 | 0.860562114 | 0.154 | 0.18 | 0.008114647
ARLAC 5.90E-31 | -0.921378512 | 0.364 | 0.247 9.35E-27 | SPATA45 5.37E-07 | 0.389531687 | 0.201 | 0.257 | 0.008513126
SYCEIL 6.72E-31 | -1.534067431 | 0.231 | 0.083 1.06E-26 | LINC00910 2.95E-06 | -0.794167014 | 0.188 | 0.181 | 0.046789998
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ITGAX 1.68E-30 | -0.855858756 | 0.379 0.28 2.67E-26 | LINC02273 3.01E-06 | -1.058937291 | 0.137 | 0.128 | 0.047676908
AP002852.1 2.20E-30 | -1.587878097 | 0.401 0.27 3.49E-26 | TREML2 4.29E-06 | -0.717225741 0.17 | 0.146 | 0.068073474
B2M 3.67E-30 | -1.284518802 | 0.303 | 0.221 5.82E-26 | Cllorf95 1.40E-05 | -1.850331065 | 0.238 0.25 | 0.222417075
AHNAK 5.88E-30 | -1.051811056 | 0.379 | 0.272 9.32E-26 /SAZ?TA} 0.015854584 | 0.450646866 0.18 0.16 1
OGDHL 9.38E-30 | -0.453309667 | 0.117 | 0.054 1.49E-25 | NAPSA 0.01563233 | 0.899962061 | 0.266 0.23 1
S100A11 1.49E-29 0.328207856 | 0.402 | 0.273 2.37E-25 | ASMT 0.00371791 1.12389625 | 0.213 0.2 1
Cllorf44 2.26E-29 | -0.734967982 | 0.123 | 0.035 3.59E-25 | AC096734.1 0.037947703 | 0.371117266 | 0.095 | 0.149 1
PLOD2 4.85E-29 | -0.821963966 | 0.257 | 0.172 7.68E-25 | Z94721.1 0.905612527 | 0.797912283 | 0.209 | 0.214 1
PRRX2 5.21E-29 | -0.574600968 | 0.212 | 0.087 8.26E-25 | AC234582.1 0.282593084 | 0.587217441 | 0.231 | 0.201 1
GTF2H4 6.07E-29 | -0.639717674 | 0.268 | 0.131 9.62E-25 | AC026333.4 0.331471366 | 1.040009309 | 0.252 0.29 1
SLC39A5 1.34E-28 | -0.916144697 | 0.171 0.06 2.12E-24 | HIST1IH2AK | 0.000462075 | 1.566540883 | 0.243 0.22 1
TRDV1 5.72E-28 0.629549815 | 0.247 | 0.071 9.07E-24 | CEBPD 0.200755722 | 0.775576944 | 0.164 | 0.187 1
AC022784.3 6.84E-28 | -0.528328506 | 0.125 | 0.055 1.08E-23 | AC103724.4 0.013234588 | 0.391479773 | 0.169 | 0.149 1
CD52 7.09E-28 | -0.854698736 | 0.315 | 0.222 1.12E-23 | NAP1L2 0.080169596 | 0.739738407 | 0.235 | 0.283 1
AC080112.1 1.05E-27 | -2.019452961 | 0.153 | 0.031 1.66E-23 | AL591846.2 0.00047628 | 1.532772291 | 0.188 | 0.164 1
ITGB2 2.10E-27 | -1.323975588 | 0.473 | 0.343 3.33E-23 | KLK1 0.302795505 | 0.395692985 | 0.203 | 0.188 1
SAP30L-AS1 5.74E-27 | -1.574855643 | 0.193 | 0.062 9.10E-23 | C8orf44 0.228674587 | 1.031357425 0.23 | 0.259 1
TRAVS5 6.78E-27 | -0.977120351 | 0.172 0.05 1.08E-22 | SCAANT1 0.002197757 | 0.429359362 | 0.155 | 0.194 1
AL136531.1 2.64E-26 | -1.757857629 | 0.208 | 0.074 4.18E-22 | TRBV6-2 0.011292578 | 0.449502201 0.09 0.15 1
LPAR4 3.11E-26 | -0.792568691 | 0.158 | 0.054 4.93E-22 | TFEC 0.014200667 1.62409218 0.19 | 0.184 1
EED 2.05E-25 | -1.948307529 0.56 | 0.638 3.25E-21 | AL359198.1 0.161302917 | 0.791928447 | 0.223 | 0.207 1
CHMP4C 2.81E-25 | -1.458560595 | 0.144 | 0.061 4.46E-21 | LINC02391 0.008343899 | 1.270234731 | 0.141 0.18 1
PPARD 7.76E-25 | -1.944636585 | 0.366 | 0.258 1.23E-20 | LINCO01759 0.442484529 | 0.731230623 | 0.132 | 0.141 1
AC012645.4 9.20E-25 | -0.973891361 | 0.159 | 0.052 1.46E-20 | FO704657.1 0.111711613 | 0.410956235 0.2 | 0.233 1
NCR3 1.20E-24 | -0.359731978 0.43 | 0.285 1.91E-20 | PFN2 0.015529077 | 0.658177072 | 0.161 | 0.184 1
AC240565.1 1.42E-23 | -0.671301014 | 0.119 | 0.035 2.25E-19 | ADGRA3 0.519047343 | 2.367106417 | 0.303 | 0.327 1
HLA-C 2.11E-23 | -1.208681917 | 0.323 | 0.242 3.34E-19 | AP006333.1 0.239731953 | 0.828505292 0.14 | 0.142 1
NECAB1 4.13E-23 -0.87731085 | 0.134 | 0.025 6.55E-19 | GP5 0.002929454 | 0.501999792 | 0.107 | 0.108 1
SLC17A9 6.73E-23 | -1.039204591 | 0.338 | 0.228 1.07E-18 | AL359715.3 0.09977773 | 0.559467628 | 0.226 | 0.255 1
ADD3 1.20E-22 | -1.307191841 | 0.266 | 0.182 1.90E-18 | TNS2 0.161023262 | 0.596042188 | 0.237 | 0.263 1
SLCY9A3R1 2.47E-22 0.827842916 | 0.341 | 0.251 3.91E-18 | EPHB6 0.129276006 | 0.750184131 | 0.149 | 0.173 1
HLA-B 3.08E-22 | -0.889346831 | 0.339 | 0.249 4.88E-18 | KRT17 0.337380151 | 0.771624991 | 0.135 | 0.154 1
CLEC2D 7.45E-22 | -0.757048062 | 0.332 | 0.268 1.18E-17 | AC091180.2 0.00266657 | -0.479388646 | 0.097 | 0.119 1
IGHE 1.52E-21 | -1.826350835 | 0.262 | 0.214 2.41E-17 | AC019186.1 0.000217146 | -0.413967689 | 0.087 | 0.137 1
SLC22A1 1.53E-21 -1.30830224 | 0.176 | 0.048 2.42E-17 | LINC00884 0.010467429 | -1.945214809 | 0.258 | 0.246 1
EMP3 2.54E-21 -2.04131017 | 0.358 | 0.268 4.03E-17 | ARHGEF35 0.029496735 | -0.826922973 | 0.241 | 0.261 1
TAS2R43 1.46E-20 | -1.326502928 | 0.118 | 0.041 2.32E-16 | LINCO02175 0.279110157 | -0.368771836 | 0.204 | 0.201 1
EIF4E3 1.47E-20 | -0.571234035 | 0.291 0.21 2.33E-16 | GALNTI12 0.002166142 | -1.357853468 | 0.115 | 0.152 1
S100A4 2.79E-20 | -0.781057442 0.35 | 0.256 443E-16 | AC074386.1 0.652976712 | -1.210870899 0.21 0.23 1
AL121987.2 3.81E-20 | -0.616647767 | 0.115 | 0.023 6.04E-16 | LINC00891 0.329683741 | -1.123677142 | 0.145 | 0.167 1
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1L.32 4.43E-20 | -0.921836263 | 0.439 | 0.325 7.03E-16 | LINC01337 0.070664644 | -0.841284773 | 0.216 | 0.233 1
NOXO1 6.78E-20 | -0.598043154 | 0.156 | 0.041 1.08E-15 | CD79A 0.558247773 | -0.380368291 | 0.163 | 0.183 1
RORB 8.76E-20 0.95929312 | 0.177 | 0.037 1.39E-15 | AC091153.3 0.928424072 | -0.986526134 | 0.213 | 0.207 1
AL358472.3 2.29E-19 | -0.693624076 | 0.197 | 0.071 3.63E-15 | AC146944.4 0.395846539 | -1.725243739 | 0.237 | 0.276 1
ANKRD61 9.79E-19 1.086994898 | 0.109 | 0.048 1.55E-14 | S100Z 0.017875752 -2.33773172 | 0.125 | 0.129 1
SLC2A3 1.26E-18 | -1.815363987 | 0.425 | 0.346 1.99E-14 | AC011893.1 0.813866803 | -0.780178451 | 0.249 | 0.232 1
ABCA7 1.72E-18 | -2.288058221 | 0.245 | 0.126 2.73E-14 | ZNF546 0.855868301 | -2.050217467 | 0.203 | 0.209 1
SMPDL3A 2.74E-18 | -0.970289759 | 0.253 | 0.151 4.34E-14 | AC025171.3 0.004470864 | -0.858314566 0.19 | 0.189 1
AL158154.2 3.81E-18 0.828871321 | 0.121 | 0.039 6.05E-14 | ACSM3 0.951077759 | -0.264816458 | 0.181 | 0.196 1
PTGDR 4.60E-18 1.3868687 | 0.177 | 0.028 7.29E-14 | ANKRD55 0.796719027 | -0.891999162 | 0.122 | 0.144 1
GIMAP1 7.97E-18 | -1.038142222 | 0.263 | 0.185 1.26E-13 | AL031056.1 0.244197241 | -0.716877644 | 0.304 | 0.335 1
MMP25 1.45E-17 | -0.748214016 | 0.468 | 0.378 2.29E-13 | AC022916.1 0.757663881 | -0.970623535 0.19 | 0.173 1
GIMAP4 1.83E-17 | -0.872056511 | 0.258 | 0.18 2.90E-13 | AC006252.1 0.134880876 | -0.750998072 | 0.216 | 0.22 1
AKNA 1.33E-15 | -0.871941106 | 0.398 | 0.322 2.11E-11 | HHLA2 0.00124646 | -1.101712815 0.15 | 0.146 1
COL27A1 3.13E-15 -0.54283194 | 0.221 | 0.15 4.97E-11 | AC005696.1 0.381957121 | -1.079238503 | 0.204 | 0.18 1
SH3D19 4.72E-13 | -1.121812089 0.21 | 0.082 7.49E-09 | FCER2 0.234003391 | -1.065522593 | 0.315 | 0.271 1
MTRNR2L3 9.30E-13 0.652888798 | 0.246 | 0.114 1.47E-08 | Cl4orf28 0.667380334 -0.99955218 | 0.224 | 0.244 1
AC022098.4 1.41E-12 | -0.626726564 | 0.199 | 0.089 2.24E-08 | AC243965.1 0.396227828 | -0.751626906 | 0.252 | 0.246 1
NPHP1 4.14E-10 1.14618858 | 0.205 | 0.091 6.57E-06 | LY9 0.428191969 | -1.375491311 0.19 | 0.154 1
MUC12 1.18E-09 -0.87178735 0.26 | 0.149 1.87E-05 | FAM84B 0.125568075 | -0.331665144 | 0.195 | 0.221 1
SLC22A31 3.46E-09 | -1.095023484 | 0.185 | 0.119 5.49E-05 | LRRC3 0.003548481 | -0.695008583 | 0.212 | 0.228 1
AC099811.4 5.44E-09 | -1.461291966 | 0.256 | 0.152 8.62E-05 | CDH23 0.15895901 | -0.833808545 | 0.175 | 0.166 1
ZNF286B 9.22E-09 | -0.883898135 0.24 | 0.131 0.00014621 | ABHD17C 0.258071708 | -0.820548439 | 0.227 | 0.261 1
AC009318.4 1.16E-08 | -0.716672657 | 0.209 | 0.146 | 0.000183968 | AL592494.3 0.563022252 | -1.192476447 | 0.229 | 0.226 1
AC026979.2 1.16E-07 | -1.362870314 0.21 | 0.118 | 0.00183941 | SOWAHD 0.062728586 | -1.278196455 | 0.142 | 0.135 1
HSF2BP 1.88E-07 | -1.054333997 | 0.195 | 0.116 | 0.002985612 | RFX3-AS1 0.001273966 | -0.527334095 | 0.195 0.2 1
PELI3 3.00E-07 | -1.046554302 | 0.266 | 0.176 | 0.004760207 | SH3RF2 0.007013572 -1.07876859 | 0.177 | 0.157 1
CPEB2 3.31E-07 | -0.948730088 | 0.297 | 0.228 | 0.005246448 | LINCO01534 0.330772161 | -0.293501493 | 0.256 | 0.232 1
ZNF623 5.90E-07 | -1.624546298 | 0.237 | 0.184 | 0.00935744 | AC009005.1 0.007757193 -0.95283623 | 0.186 | 0.205 1
JAM3 2.13E-06 | -1.994040429 | 0.238 | 0.136 | 0.033699252 | RBM5-AS1 0.268586173 | -1.056788278 | 0.249 | 0.245 1
KIAA1024 2.32E-06 | -1.246542784 | 0.164 | 0.102 | 0.036740405 | EFHD1 0.004896724 | -1.037320621 | 0.149 | 0.161 1
AC011444.1 3.46E-06 -0.48545227 | 0.165 | 0.087 | 0.054875543 | C3orfl8 0.003898577 | -0.794573679 | 0.164 | 0.169 1
ZC3H12C 9.38E-06 | -1.391609346 | 0.354 | 0.293 | 0.148718286 | CHI3L2 0.393096096 | -0.664268579 | 0.125 | 0.096 1
TSHZ2 1.24E-05 | -0.919177074 | 0.222 | 0.28 | 0.195995082 | AC016745.2 0.005497702 | -0.965062033 0.24 | 0.287 1
SLC31A2 0.000170295 0.528731853 | 0.275 | 0.158 1 | AC103739.1 0.195910194 -0.37981418 | 0.154 | 0.197 1
AC005332.8 | 0.023236992 1.273472877 | 0.179 | 0.072 1 | AC006449.2 0.222910502 | -0.632594584 | 0.195 | 0.218 1
TOPIMT 0.306597871 2.10308387 | 0.204 | 0.195 1

Cborf17 0.004438298 0.371074252 | 0.191 | 0.121 1

PRR5L 0.00016739 | -0.420303077 | 0.184 | 0.109 1

BOLA2-

SMG1P6 0.050349875 | -1.515814705 | 0.249 | 0.151 1




RNASEH2B-

AS1 0.016306135 | -0.763621667 | 0.182 | 0.064 1
SPNS2 0.000178999 | -0.491516307 | 0.188 | 0.086 1
MARVELD2 7.53E-05 | -1.470297149 | 0.164 | 0.089 1
AC015936.1 | 0.000944593 | -2.175399745 | 0.158 | 0.096 1
GATM 7.92E-05 | -1.438338693 | 0.175 | 0.108 1
FAM222A 0.000601987 | -1.354769196 | 0.172 | 0.101 1
AC106795.2 7.84E-05 | -1.427284739 | 0.199 | 0.09 1
AP001160.2 0.627521277 -0.75815111 | 0.218 | 0.113 1
AC073896.3 | 0.000147541 | -0.699920485 0.2 | 0.126 1
PVRIG 0.081527236 | -0.928793758 | 0.188 | 0.104 1
USP35 6.38E-05 | -1.332108756 | 0.216 | 0.143 1
AC091153.3 | 0.895232598 | -1.020125981 | 0.174 | 0.117 1
MAN1B1-

DT 0.000281379 | -0.587880991 | 0.224 | 0.17 1
AL365203.2 0.010516466 | -0.785709839 | 0.185 | 0.086 1
EPM2A 0.000709022 | -1.420220825 | 0.258 | 0.192 1
LIN37 0.000657787 -1.00348456 | 0.201 | 0.114 1
RPA4 0.009899623 | -0.686244523 | 0.255 | 0.159 1
AL022238.2 0.087110526 | -1.534352116 | 0.203 | 0.106 1
AC055811.3 8.10E-05 | -1.220814261 | 0.228 | 0.087 1
SLC38A6 0.000870351 | -0.945763587 | 0.276 | 0.236 1
CD79A 0.103658551 | -1.140505369 | 0.124 | 0.07 1
AL365181.2 0.006521728 | -1.076955749 | 0.208 | 0.121 1
TRIM16 0.111945619 | -0.593831843 | 0.239 | 0.228 1
PPM1L 0.037737681 | -1.081584892 | 0.229 | 0.143 1
AL109955.1 0.064258137 | -2.106016555 | 0.221 | 0.12 1
AP003392.5 0.047897515 | -1.009505579 | 0.144 | 0.081 1
AP003068.2 0.005394333 | -1.087512372 | 0.193 | 0.114 1
NPR 2.00 0.000266826 | -1.453747928 | 0.241 | 0.153 1
UBAC2-AS1 | 0.212537028 | -1.416766681 | 0.242 | 0.132 1
ASCL2 0.167564199 | -0.488387494 | 0.155 | 0.076 1
PLCD3 0.016576007 | -1.489789304 | 0.185 | 0.119 1
FAM124B 0.118421843 | -0.708114406 0.12 0.1 1
AC093901.1 | 0.068275116 | -1.882520018 | 0.222 | 0.133 1
AL024498.1 0.765574735 | -0.864048593 | 0.192 | 0.123 1
C19orf57 0.410067785 | -1.150374606 | 0.157 | 0.096 1
RFX3-AS1 0.12118232 | -2.156986073 | 0.203 | 0.107 1
AC006333.2 | 0.115111083 -0.56737573 | 0.258 | 0.195 1
ARL4D 0.762589392 | -1.188207815 | 0.212 | 0.132 1
PHLDA2 0.863277545 | -0.551256591 | 0.274 | 0.27 1
GFI1 0.323113512 | -0.927022167 0.41 | 0.366 1
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AC006213.2 0.04747803 | -0.585489915 | 0.184 | 0.105 1
LINC02132 0.411465067 | -1.295328259 | 0.184 | 0.083 1
RWDD3 0.778997702 | -1.028433771 | 0.203 | 0.102 1
SH3RF2 0.332211794 | -1.828421674 | 0.165 | 0.078 1
USP40 0.389041918 | -0.660298795 | 0.252 | 0.207 1
PHOSPHO2 | 0.201041457 | -1.668465003 | 0.227 | 0.178 1
PRRG2 0.485771137 | -1.053121405 | 0.212 | 0.11 1
KISS1R 0.010027409 | -0.889171308 | 0.214 | 0.152 1
AC005962.1 | 0.271468481 | -1.071223128 | 0.145 | 0.083 1
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Supplementary Table 3. Gene set enrichment analysis of transgene-positive cells. All
Reactome pathways that were significantly enriched are listed for each donor-matched pair of
samples along with enrichment scores and p-values as described in Fig. 2.1l and Fig. 2.2e.

Post Antigen Donorl for RV-CAR vs. NV-CAR

NAME

SIZE

ES

NES

NOM p-val

FDR g-val

FWER
p-val

RANK

MAX

LEADING
EDGE

REACTOME_RNA_POL_|_TRANSCRIPTION

0.66567296

1.909227

0.005300353

0.40710104

0.29

791

tags=100%,
list=34%,
signal=150%

REACTOME_MITOTIC_G2_G2_M_PHASES

0.7189067

1.9086578

0.001821494

0.20409074

0.291

350

tags=67%,
list=15%,
signal=78%

REACTOME_TRANSCRIPTION

0.6128833

1.8817406

0.008849558

0.16855654

0.344

791

tags=89%,
list=34%,
signal=133%

REACTOME_INTERFERON_GAMMA_SIGNALI
NG

0.6204505

1.872004

0.013769363

0.13474126

0.355

496

tags=75%,
list=21%,
signal=95%

REACTOME_INTERFERON_SIGNALING

15

0.4944482

1.8597633

0.011945393

0.11830743

0.38

737

tags=73%,
list=31%,
signal=106%

REACTOME_MEIOTIC_RECOMBINATION

0.6947637

1.8564286

0.003696858

0.10095725

0.386

722

tags=100%,
list=31%,
signal=144%

REACTOME_RNA_POL_|_PROMOTER_OPENIN
G

0.6947637

1.848142

0.09186219

0.406

722

tags=100%,
list=31%,
signal=144%

REACTOME_RNA_POL_|_RNA_POL_IIl_AND_
MITOCHONDRIAL_TRANSCRIPTION

0.66567296

1.8455071

0.003533569

0.08254243

0.415

791

tags=100%,
list=34%,
signal=150%

REACTOME_NEURONAL_SYSTEM

25

0.40076062

1.82583

0.015337423

0.08397113

0.452

955

tags=72%,
list=41%,
signal=120%

REACTOME_INTERFERON_ALPHA_BETA_SIG
NALING

10

0.5570059

1.7743591

0.015490534

0.11295183

0.589

712

tags=80%,
list=30%,
signal=114%

REACTOME_MEIOSIS

0.5773609

1.7322464

0.021015761

0.13813888

0.699

722

tags=88%,
list=319%,
signal=126%

REACTOME_DIABETES_PATHWAYS

13

0.46174505

1.6913232

0.029508196

0.16964042

0.8

1079

tags=85%,
list=46%,
signal=155%

REACTOME_GABA RECEPTOR_ACTIVATION

0.60899925

1.6888422

0.028673835

0.15882707

0.802

510

tags=67%,
list=22%,
signal=85%

REACTOME_RECRUITMENT_OF_MITOTIC_CE
NTROSOME_PROTEINS_AND_COMPLEXES

0.67922235

1.6696675

0.011299435

0.16709358

0.85

350

tags=60%,
list=15%,
signal=70%

REACTOME_AMYLOIDS

0.54036283

1.6382494

0.03583062

0.1888195

0.907

941

tags=88%,
list=40%,
signal=145%
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tags=67%,

REACTOME_GABA _B_RECEPTOR_ACTIVATIO list=22%,

N 6 0.60899925 | 1.6229666 | 0.041516244 | 0.19538221 | 0.928 510 signal=85%
tags=56%,
list=31%,

REACTOME_AXON_GUIDANCE 25 0.34822148 | 1.6013358 | 0.028616853 | 0.2099095 0.956 733 signal=80%
tags=53%,
list=31%,

REACTOME_DEVELOPMENTAL_BIOLOGY 30 0.32995278 | 1.5937773 | 0.04347826 | 0.20817257 | 0.965 733 signal=76%
tags=60%,

REACTOME_NOTCH1_INTRACELLULAR_DOM list=119%,

AIN_REGULATES_TRANSCRIPTION 5 0.6363495 1.590577 | 0.037366547 | 0.20027916 | 0.967 251 signal=67%
tags=80%,

REACTOME_NRAGE_SIGNALS_DEATH_THRO list=23%,

UGH_JNK 5 0.62546766 | 1.5655395 | 0.044061303 | 0.22218354 | 0.985 534 signal=103%
tags=80%,

REACTOME_CELL_DEATH_SIGNALLING_VIA list=23%,

_NRAGE_NRIF_AND_NADE 5 0.62546766 | 1.5488949 | 0.054151624 | 0.2316424 0.99 534 signal=103%
tags=80%,

REACTOME_P75_NTR_RECEPTOR_MEDIATED list=23%,

_SIGNALLING 5 0.62546766 | 1.5466455 | 0.06315789 | 0.22390375 0.99 534 signal=103%
tags=38%,
list=15%,

REACTOME_CELL_CYCLE_MITOTIC 13 0.4208852 | 1.5010958 | 0.05794702 | 0.27462503 | 0.997 350 signal=45%
tags=60%,

REACTOME_INTEGRIN_CELL_SURFACE_INTE list=27%,

RACTIONS 10 0.46487164 | 1.498429 | 0.065972224 | 0.26717225 | 0.998 627 signal=81%
tags=50%,
list=11%,

REACTOME_SIGNALING_BY_NOTCH1 6 0.56350046 | 1.4915476 | 0.0704698 0.26545832 | 0.999 251 signal=56%
tags=80%,
list=33%,

REACTOME_TRANSLATION 5 0.58114594 | 1.4607676 | 0.077634014 | 0.30015814 | 0.999 774 signal=119%
tags=54%,

REACTOME_CYTOKINE_SIGNALING_IN_IMM list=32%,

UNE_SYSTEM 26 0.32088098 | 1.460241 0.07617504 | 0.28975564 | 0.999 745 signal=78%
tags=80%,

REACTOME_CELL_SURFACE_INTERACTIONS list=45%,

AT_THE_VASCULAR_WALL 10 0.44500333 | 1.4600917 | 0.07678883 | 0.27963415 | 0.999 1052 | signal=144%
tags=43%,

REACTOME_NUCLEAR_RECEPTOR_TRANSCR list=16%,

IPTION_PATHWAY 7 0.5113293 | 1.4587762 | 0.09252669 | 0.27160975 | 0.999 387 signal=51%

REACTOME_NEUROTRANSMITTER_RECEPTO tags=45%,

R_BINDING_AND_DOWNSTREAM_TRANSMIS list=22%,

SION_IN_THE_POSTSYNAPTIC CELL 11 0.43308488 | 1.4499038 | 0.09615385 | 0.27387807 | 0.999 510 signal=58%
tags=57%,
list=22%,

REACTOME_SIGNALING_BY_NOTCH 7 0.50237167 | 1.4209883 | 0.09540636 | 0.30668062 | 0.999 516 signal=73%
tags=43%,

REACTOME_TRANSMISSION_ACROSS_CHEMI list=22%,

CAL_SYNAPSES 14 0.38720185 | 1.4192259 | 0.116883114 | 0.29924783 | 0.999 510 signal=54%
tags=71%,

REACTOME_G_ALPHA1213_SIGNALLING_EVE list=319%,

NTS 7 0.49204373 | 1.4054451 | 0.09892087 | 0.30889073 1 733 signal=103%
tags=50%,
list=319%,

REACTOME_CELL_CYCLE 18 0.3358573 1.365949 0.12714776 | 0.35604367 1 722 signal=72%
tags=86%,
list=46%,

REACTOME_UNFOLDED_PROTEIN_RESPONSE 7 0.46888867 | 1.3476703 | 0.13176896 | 0.37309656 1 1079 | signal=158%
tags=82%,
list=49%,

REACTOME_SIGNALING_BY_RHO_GTPASES 11 0.3857876 | 1.3180732 | 0.15986395 | 0.41150334 1 1152 | signal=159%
tags=75%,
list=40%,

REACTOME_POTASSIUM_CHANNELS 12 0.37777343 | 1.3106712 | 0.17520662 | 0.41304806 1 942 signal=124%
tags=44%,
list=26%,

REACTOME_SIGNALLING_BY_NGF 16 0.32538208 | 1.2981054 | 0.16194968 | 0.42322087 1 617 signal=59%
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tags=42%,
REACTOME_CLASS_|_MHC_MEDIATED_ANTI list=21%,
GEN_PROCESSING_PRESENTATION 12 0.3660379 | 1.2919267 | 0.15319866 0.4220789 504 signal=53%
tags=33%,
REACTOME_ANTIGEN_PROCESSING_UBIQUI list=7%,
TINATION_PROTEASOME_DEGRADATION 9 0.41441783 | 1.2832712 | 0.19757366 0.4250851 156 signal=36%
tags=37%,
REACTOME_GPCR_DOWNSTREAM_SIGNALIN list=23%,
G 41 0.23879935 | 1.2657803 | 0.18225807 0.442648 536 signal=47%
tags=34%,
list=23%,
REACTOME_SIGNALING _BY_GPCR 47 0.22285396 | 1.2394483 | 0.2027439 0.4774826 536 signal=43%
tags=80%,
list=319%,
REACTOME_CHROMOSOME_MAINTENANCE 5 0.4999535 | 1.2369653 | 0.21428572 | 0.47069207 722 signal=115%
tags=56%,
REACTOME_MHC_CLASS_II_ANTIGEN_PRESE list=29%,
NTATION 9 0.39425576 | 1.2351407 | 0.23168655 0.4628178 686 signal=78%
tags=80%,
list=319%,
REACTOME_MEIOTIC_SYNAPSIS 5 0.4999535 | 1.2298942 | 0.20751342 0.4611308 722 signal=115%
tags=100%,
REACTOME_HEPARAN_SULFATE_HEPARIN_ list=54%,
HS_GAG_METABOLISM 6 0.4623244 | 1.2233093 | 0.24299066 | 0.46238053 1268 | signal=216%
tags=50%,
REACTOME_METABOLISM_OF_NUCLEOTIDE list=28%,
S 6 0.44582304 | 1.1846067 0.2585895 0.51979077 656 signal=69%
tags=60%,
list=31%,
REACTOME_SEMAPHORIN_INTERACTIONS 10 0.35886952 | 1.1837653 | 0.24020442 0.5108136 733 signal=87%
tags=39%,
list=30%,
REACTOME_ADAPTIVE_IMMUNE_SYSTEM 36 0.22757053 | 1.1709337 | 0.26771653 0.5230764 710 signal=55%
tags=36%,
list=16%,
REACTOME_L1CAM_INTERACTIONS 11 0.3368412 | 1.1640729 0.2862069 0.5245092 370 signal=43%
tags=36%,
REACTOME_PEPTIDE_LIGAND_BINDING_REC list=20%,
EPTORS 14 0.31261593 | 1.1549506 0.271012 0.53010356 460 signal=44%
tags=50%,
REACTOME_PPARA_ACTIVATES_GENE_EXPR list=11%,
ESSION 6 0.418567 1.1384487 | 0.29879102 0.5482117 249 signal=56%
tags=43%,
REACTOME_CELL_JUNCTION_ORGANIZATIO list=15%,
N 7 0.39726007 | 1.1262847 | 0.33728814 | 0.55949205 349 signal=50%
tags=26%,
REACTOME_GENERIC_TRANSCRIPTION_PAT list=17%,
HWAY 46 0.19020161 | 1.0630155 | 0.3610675 0.6645261 410 signal=31%
tags=60%,
list=46%,
REACTOME_HEMOSTASIS 42 0.19483314 | 1.0572143 | 0.37384614 0.663631 1079 | signal=108%
tags=75%,
REACTOME_VOLTAGE_GATED_POTASSIUM_ list=40%,
CHANNELS 8 0.34685507 | 1.0308024 | 0.4232143 0.70253974 942 signal=125%
tags=43%,
REACTOME_DOWNSTREAM_SIGNAL_TRANS list=21%,
DUCTION 7 0.362049 1.0251833 | 0.43979058 0.7011635 496 signal=54%
tags=100%,
REACTOME_LIPID_DIGESTION_MOBILIZATIO list=59%,
N_AND_TRANSPORT 5 0.40765947 | 1.0127202 | 0.45660377 | 0.71248776 1396 | signal=245%
tags=50%,
list=29%,
REACTOME_SIGNALING_BY_PDGF 8 0.33966976 | 0.9979863 | 0.46113074 | 0.72777003 682 signal=70%
tags=37%,
list=32%,
REACTOME_IMMUNE_SYSTEM 70 0.16155054 | 0.9949712 0.4778761 0.7211614 757 signal=53%
tags=43%,
REACTOME_INTEGRATION_OF_ENERGY_ME list=26%,
TABOLISM 7 0.34416643 | 0.9846438 0.475 0.7279876 624 signal=58%
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tags=40%,
REACTOME_GASTRIN_CREB_SIGNALLING_P list=23%,
ATHWAY_VIA_PKC_AND_MAPK 10 0.30057406 | 0.9788985 | 0.46793762 | 0.72692794 536 signal=52%
tags=40%,
REACTOME_G_ALPHA_Q_SIGNALLING_EVEN list=23%,
TS 10 0.30057406 | 0.9781972 0.5 0.71639055 536 signal=52%
tags=38%,
REACTOME_FATTY_ACID_TRIACYLGLYCER list=119%,
OL_AND_KETONE_BODY_METABOLISM 8 0.3267967 | 0.9668072 | 0.4742268 | 0.72537637 249 signal=42%
tags=40%,
REACTOME_CHEMOKINE_RECEPTORS_BIND_ list=29%,
CHEMOKINES 10 0.29249635 | 0.9616009 | 0.49816176 | 0.7230016 674 signal=56%
tags=30%,
list=15%,
REACTOME_CELL_CELL_COMMUNICATION 10 0.29698053 | 0.9553435 | 0.50886524 | 0.7229652 349 signal=35%
tags=60%,
list=26%,
REACTOME_MEMBRANE_TRAFFICKING 5 0.38066864 | 0.9515187 | 0.5092251 0.7184322 617 signal=81%
tags=83%,
REACTOME_GLYCOSAMINOGLYCAN_METAB list=56%,
OLISM 12 0.26851055 | 0.9462467 | 0.52667814 0.717667 1314 | signal=188%
tags=38%,
list=22%,
REACTOME_OPIOID_SIGNALLING 8 0.31345356 | 0.9196548 | 0.54270464 | 0.7529936 510 signal=48%
tags=83%,
REACTOME_AMINO_ACID_TRANSPORT_ACR list=43%,
0OSS_THE_PLASMA_MEMBRANE 6 0.34239438 | 0.9150839 | 0.56989247 0.750675 1019 | signal=147%
tags=83%,
REACTOME_AMINO_ACID_AND_OLIGOPEPTI list=43%,
DE_SLC_TRANSPORTERS 6 0.34239438 | 0.9070712 | 0.5714286 0.7535017 1019 | signal=147%
REACTOME_FACTORS_INVOLVED_IN_MEGA tags=40%,
KARYOCYTE_DEVELOPMENT_AND_PLATELE list=26%,
T_PRODUCTION 10 0.26867563 | 0.8950034 0.568662 0.76316804 601 signal=53%
tags=31%,
REACTOME_G_ALPHA_I_SIGNALLING_EVEN list=22%,
TS 16 0.2269667 | 0.8906187 | 0.57591623 | 0.7603843 510 signal=40%
REACTOME_TRANSPORT_OF_INORGANIC_CA tags=70%,
TIONS_ANIONS_AND_AMINO_ACIDS_OLIGOP list=43%,
EPTIDES 10 0.268958 | 0.8764547 | 0.60383946 | 0.7735881 1019 | signal=123%
tags=60%,
REACTOME_REGULATION_OF_INSULIN_SEC list=41%,
RETION 5 0.33976516 | 0.858126 | 0.62566847 | 0.7938913 955 signal=101%
tags=57%,
list=45%,
REACTOME_METABOLISM_OF PROTEINS 21 0.19813971 | 0.8509197 | 0.6450512 | 0.79599303 1065 | signal=103%
tags=33%,
REACTOME_SIGNALING_BY_TGF_BETA_REC list=16%,
EPTOR_COMPLEX 9 0.27209157 | 0.8443655 | 0.6637478 | 0.79655296 383 signal=40%
tags=27%,
REACTOME_CLASS_A1 RHODOPSIN_LIKE_RE list=209%,
CEPTORS 26 0.1749399 | 0.8076507 | 0.72195125 | 0.8434448 460 signal=33%
tags=75%,
REACTOME_METABOLISM_OF_CARBOHYDR list=56%,
ATES 20 0.18536137 | 0.7756558 | 0.7495908 0.8817743 1314 | signal=168%
tags=26%,
list=209%,
REACTOME_GPCR_LIGAND_BINDING 31 0.15891807 0.768 0.77287066 | 0.88260126 460 signal=32%
tags=33%,
list=21%,
REACTOME_SIGNALING _BY_ILS 12 0.21762937 | 0.7440001 | 0.7785714 0.9058615 496 signal=42%
tags=100%,
REACTOME_IL_3 5 AND_GM_CSF_SIGNALIN list=70%,
G 5 0.29787236 | 0.7382436 | 0.7713249 | 0.90297604 1654 | signal=335%
tags=17%,
REACTOME_TRANSMEMBRANE_TRANSPORT list=11%,
OF _SMALL_MOLECULES 36 0.14467984 | 0.7351271 | 0.7983871 0.8966347 249 signal=18%
tags=100%,
list=70%,
REACTOME_IL_2 SIGNALING 5 0.29787236 | 0.7345607 | 0.77459747 | 0.88670874 1654 | signal=335%
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tags=33%,
list=22%,
REACTOME_PLC_BETA_MEDIATED_EVENTS 6 0.26065275 | 0.6982811 | 0.83304346 | 0.92415684 1 510 signal=42%
tags=56%,
REACTOME_PLATELET_ACTIVATION_SIGNA list=46%,
LING_AND_AGGREGATION 16 0.17859662 | 0.6969101 0.845787 0.91489947 1 1079 | signal=103%
tags=33%,
REACTOME_SEMA4D_INDUCED_CELL_MIGR list=15%,
ATION_AND_GROWTH_CONE_COLLAPSE 6 0.25422856 | 0.6776457 | 0.8426573 | 0.92763525 1 351 signal=39%
tags=33%,
REACTOME_SEMA4D_IN_SEMAPHORIN_SIGN list=15%,
ALING 6 0.25422856 | 0.6748462 | 0.86236936 | 0.9203374 1 351 signal=39%
tags=10%,
REACTOME_SLC_MEDIATED_TRANSMEMBR list=1%,
ANE_TRANSPORT 20 0.14681189 | 0.6225439 | 0.9234528 0.963917 1 21 signal=10%
tags=40%,
list=31%,
REACTOME_METABOLISM_OF RNA 5 0.20996603 | 0.5238749 | 0.9699248 1 1 739 signal=58%
tags=40%,
list=319%,
REACTOME_METABOLISM_OF_MRNA 5 0.20996603 | 0.518976 0.9722222 1 1 739 signal=58%
tags=100%,
REACTOME_CHONDROITIN_SULFATE_DERM list=819%,
ATAN_SULFATE_METABOLISM 6 0.1924223 | 0.5173729 | 0.9826087 0.9983821 1 1902 | signal=519%
tags=27%,
REACTOME_NGF_SIGNALLING_VIA_TRKA_F list=26%,
ROM_THE_PLASMA_MEMBRANE 11 0.14307624 | 0.4800433 | 0.98641765 | 0.9993122 1 617 signal=37%
tags=23%,
REACTOME_SIGNALING_BY_FGFR_IN_DISEA list=21%,
SE 13 0.12381878 | 0.4427686 | 0.99668324 | 0.9952564 1 496 signal=29%
Post Antigen Donor2 for RV-CAR vs. NV-CAR
RANK
FWER AT LEADING
NAME SIZE ES NES NOM p-val FDR g-val p-val MAX | EDGE
tags=67%,
list=15%,
REACTOME_L1CAM_INTERACTIONS 6 0.63164544 | 1.8344226 | 0.013477089 | 0.4408137 0.295 196 signal=79%
tags=38%,
list=4%,
REACTOME_SIGNALING _BY_PDGF 8 0.46369296 | 1.5928159 | 0.054755043 | 0.7396736 | 0.695 53 signal=39%
tags=93%,
REACTOME_TRANSMEMBRANE_TRANSPORT list=57%,
OF SMALL_MOLECULES 14 0.34130725 | 1.482007 | 0.086666666 | 0.8061991 | 0.862 719 signal=213%
tags=100%,
REACTOME_SIGNALING_BY_FGFR_IN_DISEA list=55%,
SE 7 0.4491256 | 1.4533609 | 0.08947369 | 0.6902546 | 0.899 699 signal=222%
tags=80%,
REACTOME_SLC_MEDIATED_TRANSMEMBR list=27%,
ANE_TRANSPORT 5 0.5133742 | 1.3889118 | 0.11139241 | 0.7246478 | 0.949 345 signal=110%
tags=67%,
REACTOME_DOWNSTREAM_SIGNAL_TRANS list=25%,
DUCTION 6 0.46927312 | 1.3603069 | 0.13725491 | 0.6739168 | 0.961 312 signal=88%
REACTOME_NEUROTRANSMITTER_RECEPTO tags=100%,
R_BINDING_AND_DOWNSTREAM_TRANSMIS list=56%,
SION_IN_THE_POSTSYNAPTIC_CELL 6 0.44400313 | 1.335778 | 0.13941018 | 0.64305973 | 0.974 705 signal=225%
tags=100%,
list=55%,
REACTOME_SIGNALING_BY_FGFR 6 0.44876885 | 1.3190712 | 0.14634146 | 0.5982923 0.98 699 signal=222%
tags=100%,
list=55%,
REACTOME_SIGNALING_BY_ERBB2 6 0.44876885 | 1.3165251 | 0.16321243 | 0.53679234 | 0.982 699 signal=222%
tags=36%,
list=18%,
REACTOME_DEVELOPMENTAL_BIOLOGY 22 0.24323013 | 1.3133796 | 0.14285715 | 0.49026912 | 0.984 232 signal=44%
tags=24%,
REACTOME_GENERIC_TRANSCRIPTION_PAT list=5%,
HWAY 21 0.24684457 | 1.2998204 | 0.16091955 | 0.46894422 | 0.985 59 signal=25%
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tags=100%,
list=53%,

REACTOME_DIABETES _PATHWAYS 5 0.46746033 | 1.2943889 | 0.16172507 | 0.43864867 | 0.986 675 signal=214%
tags=100%,
REACTOME_INTEGRATION_OF_ENERGY_ME list=56%,
TABOLISM 6 0.44400313 | 1.2876834 | 0.17134832 0.4165384 0.989 705 signal=225%
tags=100%,
list=56%,
REACTOME_OPIOID_SIGNALLING 5 0.4436508 1.210758 0.23498695 | 0.51332724 | 0.998 705 signal=225%
tags=100%,
REACTOME_SIGNALING_BY_EGFR_IN_CANC list=55%,
ER 5 0.44841272 | 1.2081909 | 0.22192514 | 0.48277983 | 0.999 699 signal=223%
tags=100%,
REACTOME_DOWNSTREAM_SIGNALING_OF_ list=55%,
ACTIVATED_FGFR 5 0.44841275 | 1.205165 0.22693267 | 0.45688054 | 0.999 699 signal=223%
tags=100%,
list=56%,
REACTOME_PLATELET_HOMEOSTASIS 5 0.44365084 | 1.193214 | 0.22222222 | 0.45071205 | 0.999 705 signal=225%
tags=33%,
list=18%,
REACTOME_AXON_GUIDANCE 18 0.2081359 | 1.0664716 | 0.3465704 0.65054786 1 232 signal=40%
tags=50%,
list=9%,
REACTOME_MUSCLE_CONTRACTION 6 0.3521246 | 1.0372945 | 0.4139785 0.67627555 1 108 signal=54%
tags=90%,
REACTOME_G_ALPHA_S_SIGNALLING_EVEN list=58%,
TS 10 0.2514102 | 0.9381086 | 0.51197606 | 0.85530984 1 729 signal=211%
tags=29%,
list=6%,
REACTOME_SEMAPHORIN_INTERACTIONS 7 0.28923425 | 0.9301629 0.5392954 0.8313566 1 80 signal=30%
tags=20%,
REACTOME_COSTIMULATION_BY_THE_CD28 list=0%,
_FAMILY 5 0.32021993 | 0.8603327 | 0.63171357 0.9454426 1 5 signal=20%
tags=67%,
REACTOME_MHC_CLASS_II_ANTIGEN_PRESE list=27%,
NTATION 6 0.2898616 | 0.8515078 | 0.6824147 0.9238174 1 342 signal=91%
tags=20%,
list=09%,
REACTOME_SIGNALING_BY_SCF_KIT 5 0.2879522 | 0.7639495 | 0.74805194 1 1 5 signal=20%
tags=14%,
list=09%,
REACTOME_CELL_CELL_COMMUNICATION 7 0.24405965 | 0.7542844 | 0.76519334 1 1 5 signal=14%
tags=38%,
list=18%,
REACTOME_MEMBRANE_TRAFFICKING 8 0.21780267 | 0.7349671 0.83125 1 1 228 signal=45%
tags=50%,
REACTOME_NGF_SIGNALLING_VIA_TRKA_F list=25%,
ROM_THE_PLASMA_MEMBRANE 8 0.21842133 | 0.7305633 | 0.80792683 0.9939202 1 312 signal=66%
tags=33%,
REACTOME_G_ALPHA_Q_SIGNALLING_EVEN list=17%,
TS 9 0.20132157 | 0.7141272 | 0.80712163 0.9829128 1 218 signal=40%
tags=100%,
list=79%,
REACTOME_METABOLISM_OF PROTEINS 8 0.20684169 | 0.7063068 | 0.8166189 0.9607318 1 1004 | signal=482%
tags=100%,
list=78%,
REACTOME_CELL_CYCLE_MITOTIC 7 0.22019073 | 0.6749028 | 0.8584337 0.9704625 1 987 signal=453%
tags=57%,
REACTOME_PPARA_ACTIVATES_GENE_EXPR list=27%,
ESSION 7 0.20560159 | 0.6600149 0.8684211 0.95570934 1 343 signal=78%
tags=100%,
REACTOME_POST_TRANSLATIONAL_PROTEI list=79%,
N_MODIFICATION 7 0.20667721 | 0.6589155 | 0.89807165 0.9271483 1 1004 | signal=482%
tags=94%,
list=78%,
REACTOME _CELL _CYCLE 18 0.134446 0.6459374 | 0.9215017 0.91122127 1 987 signal=424%

Pre Antigen Donor2 for RV-CAR vs. NV-CAR
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RANK
FWER AT LEADING
NAME SIZE ES NES NOM p-val FDR g-val p-val MAX | EDGE
tags=67%,
REACTOME_PEPTIDE_LIGAND_BINDING_REC list=23%,
EPTORS 6 0.5089784 | 1.4009402 | 0.09785203 1 0.9 180 signal=86%
tags=60%,
REACTOME_GLYCOSAMINOGLYCAN_METAB list=18%,
OLISM 5 0.5079999 | 1.3058167 0.1659292 1 0.967 139 signal=73%
REACTOME_IMMUNOREGULATORY_INTERA tags=100%,
CTIONS_BETWEEN_A_LYMPHOID_AND_A_N list=72%,
ON_LYMPHOID_CELL 11 0.2866578 | 1.0281936 | 0.39635536 1 1 550 signal=347%
tags=45%,
REACTOME_CLASS_Al_RHODOPSIN_LIKE_RE list=23%,
CEPTORS 11 0.2844075 1.008872 0.4541387 1 1 180 signal=59%
tags=100%,
REACTOME_NUCLEAR_RECEPTOR_TRANSCR list=66%,
IPTION_PATHWAY 6 0.34251973 | 0.9669619 0.4695652 1 1 506 signal=291%
tags=100%,
REACTOME_PLATELET_ACTIVATION_SIGNA list=65%,
LING_AND_AGGREGATION 6 0.35301843 | 0.9627048 | 0.5043668 1 1 498 signal=282%
tags=38%,
list=23%,
REACTOME_GPCR_LIGAND_BINDING 13 0.228183 0.8830072 0.5791962 1 1 180 signal=49%
tags=100%,
REACTOME_INTERFERON_GAMMA_SIGNALI list=72%,
NG 7 0.2851512 | 0.8432655 | 0.63461536 1 1 550 signal=349%
tags=22%,
REACTOME_METABOLISM_OF_CARBOHYDR list=5%,
ATES 9 0.2472992 | 0.8232918 | 0.6643678 0.97162515 1 38 signal=23%
tags=20%,
list=2%,
REACTOME_APOPTOSIS 5 0.31330436 | 0.7919723 | 0.70509976 0.9359235 1 15 signal=20%
tags=43%,
REACTOME_G_ALPHA_I_SIGNALLING_EVEN list=23%,
TS 7 0.26271755 | 0.7896227 | 0.71218485 0.8550848 1 180 signal=55%
tags=100%,
list=81%,
REACTOME_INNATE_IMMUNE_SYSTEM 6 0.19028872 | 0.5291453 | 0.9746544 1 1 622 signal=522%
tags=89%,
REACTOME_INTEGRIN_CELL_SURFACE_INTE list=67%,
RACTIONS 9 0.15060528 | 0.4935626 | 0.98364484 | 0.98853964 1 518 signal=270%
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Table A-4

Estimates for the cost of goods for manufacturing one batch of CAR T cells for a single
patient. The costs of nonviral CAR T cell manufacturing are lower than using AAV vectors to
deliver the HDR donor template. Estimates for AAV production taken from Cameau et al.
2019[221].



131

Cost of Gene Editor for 1 Batch of Patient Apheresis Product

Line Item

Quantity

Item Cost

Estimated Total Cost

Number of T Cells Collected

2x109 (Allen et al Transfusion 2017)

DNA Template per 1x106 cells 4 g - -
DNA Template per 2x109 cells 8 mg - -
Concentration of Purified HDR Template 2 mg/mL - -
Volume of Purified HDR Template 4 mL - -
Volume of PCR Product 80 mL - -

(32 x 50 uL concentrated

20X to 80 pl)
Volume of Q5 Hotstart Enzyme 40 mL $724/25 mL $1,200
Volume of Ampure Beads 40 mL $1488/60 mL $2,000
Cas9 per 1x106 cells 0.8 pg
Cas9 per 2x109 cells 16 mg $9000/5 mg §28,800
gRNA+crRNA per 1x106 cells 50 pmol
gRNA+crRNA per 2x109 cells 100 nmol $1450/100 nmol $1450
Total cost of goods $33,450
Cost of AAV HDR Template for 1 patient
MOI for HDR Template 5x105 (Eyquem et al 2017)
Total number of vector genomes (vg) 10x1014 $10000/1x1014 vg $100,000
Total cost of goods - - $100,000
Cost of Lentiviral Vector for 1 patient - - $10,000

Table A-5

Antibodies used in all flow cytometry panel.
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Antigen Clone Fluorophore Manufacturer Catalog #
CAR anti-id 1A7 | APC NCI, Novus NCI, 705-0010
Biologics
CCR7 GO043H7 Brilliant Violet 711 Biolegend 353228
CCR7 GO043H7 Brilliant Violet 650 Biolegend 353234
CD19 HIB19 APC-Fire 750 Biolegend 302258
CD3 OKT3 AlexaFluor 488 Biolegend 304017
CD3 OKT3 Brilliant Violet 785 Biolegend 300472
CD3 OKT3 PE-Dazzle594 Biolegend 317346
CD3 OKT3 AlexaFluor 488 Biolegend 317310
CD4 OKT4 Brilliant Violet 711 Biolegend 317440
CD4 OKT4 PE-Cyanine5 Biolegend 317412
CD45RA HI1100 PE-Cyanine7 Biolegend 304125
CD62L DREG56 Brilliant Violet 605 Biolegend 304834
CD62L DREG56 PE Biolegend 304840
CD69 FN50 PE-Dazzle594 Biolegend 310941
CD8 SK1 PerCP-eFluor710 ThermoFisher 46-0087-42
CD95 DX2 AlexaFluor 700 Biolegend 305648
GD2 14G2a APC Biolegend 357305
Human CD45 HI130 Pacific Blue Biolegend 304022
1gG2a RMG2a-62 | APC Biolegend 407109
LAG3 3DS223H | PE ThermoFisher 17-2239-42
Mouse CD45.1 | A20 PE-Cyanine7 Biolegend 110730
PD1 EH12.2H7 | AlexaFluor 488 Biolegend 329936
TCR o/B IP26 BV421 Biolegend 306721
TCR o/ IP26 AlexaFluor 488 Biolegend 306712
TIM3 F38-2E2 Brilliant Violet 510 Biolegend 345030
GhostRed™780 | Viability - Tonbo Biosciences | 13-0865-T100
Table A-6

Guide RNA and primer sequences.



Oligo

Sequence (5’ to 3°)

TRAC crRNA CAGGGTTCTGGATATCTGT
gﬁrﬁg Donor FWD | - o111 TTCCCATGCCTGCCTTT

TRAC Donor REV
primer

TAAGGCCGAGACCACCAATCAG

TRAC sequencing
FWD primer

ACACTCTTTCCCTACACGACGCTCTTCCGATCT

TRAC sequencing
REV primer

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

TRAC genomic
integration FWD
primer

ATCTTGTGCGCATGTGAGGGGC

TRAC genomic
integration REV
primer

GCAAGCCAGGACTCCACCAACC

Appendix B: Supplemental Tables and Figures for Chapter 3
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A: Number of M21 Present
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Figure B-1
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Step by step processing of Raw Microwell data to calculate B. A, Each line represents one
microwell measured over time. The y-axis is the number of M21 detected in each well. Black is
M21 alone, blue is M21 and NV-CAR cocultures, green is M21 and RV-CAR cocultures, orange
is M21 and NK92 cocultures. B, The number of dead M21 detected in each microwell. C, The
number of living M21 in each microwell, calculated by subtracting the number of dead M21 from
the total number of M21. D, The number of living M21 in each microwell, normalized to the
number of living M21 at t=0. E, The lines are the exponential curves that were fit to the data (dots)
for the number of living M21 at each timepoint. Microwells with M21 alone are black, NV-CAR
coculture with M21 are blue, RV-CAR coculture with M21 are green, and NK92 coculture with

M21 are orange. n=65 microwells per condition.
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Figure B-2

Processing of Raw IncuCyte data to calculate B, for all 4 donors. A, Each line represents one
well of a 96-well plate measured over time. The y-axis is the number of CHLAZ20 detected in each
well. B, The number of CHLAZ20 in each microwell, normalized to the number of living CHLA20
at t=0. C, The lines are the exponential curves that were fit to the data (dots) for the number of
living CHLAZ20 at each timepoint. Microwells with CHLAZ20 alone are black, NV-CAR coculture

with CHLAZ20 are blue, and RV-CAR coculture with CHLAZ20 are green. n=3 wells per condition.
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Code B-1

Example of Macro code used in FIJI to convert the .nd2 file into .tif files for processing in
CellProfiler:

run("Bio-Formats Importer”, "open=2Z:/Nicole/Imaging_Data/2019.12.12/2019.12.12.nd2 autoscale
color_mode=Default rois_import=[ROI manager] specify_range split_timepoints split_channels
view=Hyperstack stack_order=XYCZT series_list=1-30 ¢_begin_1=1c_end_1=5c_step_1=2

t begin 1=1t end 1=131 step 1=1c begin 2=1c end 2=5c step 2=2t begin_2=1t end 2=13
t_step_2=1c_begin_3=1c_end_3=5c_step_3=2t begin_3=1t _end_3=13t step_3=1c_begin_4=1
c_end_4=5c_step_4=2t begin_4=1t end _4=131t_step_4=1c_begin_5=1c_end 5=5c_step_5=2

t begin 5=1t end 5=131t step 5=1c begin 6=1c end 6=5c step 6=21t begin_6=1t end 6=13
t step_6=1c _begin_7=1c _end 7=5c _step 7=2t begin 7=1t end 7=13t step_7=1c_begin 8=1
c_end_8=5c_step 8=2t begin_8=1t end 8=131t step_8=1c_begin_9=1c end 9=5c_step 9=2

t begin 9=1t end 9=131 step 9=1c begin 10=1c end _10=5c step 10=2t begin 10=1

t end 10=13t step 10=1c begin_11=1c end 11=5c¢ step 11=2t begin 11=1t end 11=13

t step_11=1c _begin_12=1c_end_12=5c_step_12=21t begin_12=1t end_12=13t step_12=1
c_begin_13=1c¢ end_13=5c¢_step _13=21t begin_13=1t end_13=131t step_13=1c_begin_14=1
c_end _14=5c step 14=2t begin 14=1t end 14=13t step 14=1c begin 15=1c end 15=5
c_step_15=2t begin_15=1t end_15=13t _step_15=1c_begin_16=1c_end_16=5c_step_16=2

t begin_16=1t end_16=131t_step_16=1 c_begin_17=1c_end_17=5c_step_17=2t begin_17=1

t end 17=13t step_17=1c begin_18=1c end 18=5c step 18=2t begin 18=1t end 18=13

t step_18=1c begin 19=1c end 19=5c step 19=2t begin 19=1t end 19=13t step 19=1
c_begin_20=1c¢_end_20=5c_step_20=2t_begin_20=1t end_20=131t_step_20=1 c_begin_21=1
c_end_21=5c step_21=2t begin 21=1t end_21=13t step _21=1c_begin_22=1c_end_22=5
c_step 22=2t begin 22=1t end 22=13t step 22=1c begin 23=1c _end 23=5c_step 23=2
t_begin_23=1t end_23=131t_step_23=1 c_begin_24=1 c_end_24=5 c¢_step_24=2t _begin_24=1

t end 24=131t step_24=1c_begin_25=1c_end 25=5c_step 25=2t begin_25=1t end_25=13

t step_25=1c begin 26=1c _end 26=5c _step 26=2t begin 26=1t end 26=13t step 26=1
c_begin_27=1c¢ end 27=5c¢ step 27=21t begin 27=1t end 27=13t step 27=1c_begin_28=1
c_end_28=5c _step_28=2t begin 28=1t end_28=13t step _28=1c_begin_29=1c_end_29=5
c_step 29=2t begin 29=1t end 29=13t step 29=1c begin 30=1c_end 30=5c_step 30=2

t begin _30=1t end 30=131t_step_30=1"); //c_begin_31=1c end 31=5c step 31=2t begin 31=1
t end 31=131t step_31=1c _begin_32=1c_end 32=5c_step _32=2t begin_32=1t end_32=13
t_step_32=1c_begin_33=1c_end_33=5c_step_33=2t begin_33=1t _end_33=13t step 33=1
c_begin_34=1c end 34=5c step 34=21t begin 34=1t end 34=13t step_34=1c begin_35=1
c_end_35=5c_step_35=2t begin _35=1t end_35=13t step_35=1c_begin_36=1c_end_36=5
c_step_36=2t begin_36=1t end_36=13t_step_36=1c_begin_37=1c_end_37=5c_step_37=2

t begin 37=1t end 37=131t_step 37=1c_begin _38=1c _end 38=5c step 38=2t begin 38=1

t end 38=13t step _38=1c begin_39=1c end 39=5c step 39=21t begin 39=1t end 39=13

t step_39=1c_begin_40=1c_end_40=5c_step_40=2t begin_40=1t end_40=13t step 40=1
c_begin_41=1c end_41=5c_step _41=2t_begin_41=1t end_41=131t step_41=1 c_begin_42=1
c_end_42=5c_step_42=2t begin_42=1t _end_42=13t_step_42=1 c_begin_43=1c_end_43=5
c_step_43=2t begin _43=1t end_43=13t _step_43=1c_begin_44=1c_end_44=5c_step_44=2

t begin_44=1t end 44=131t_step_44=1c_begin_45=1c_end_45=5c step_45=2t begin_45=1

t end 45=131t step_45=1c_begin_46=1c_end_46=5c_step_46=2t_begin_46=1t end_46=13
t_step_46=1 c_begin_47=1c_end_47=5c_step_47=21t begin_47=1t_end_47=13t_step_47=1
c_begin_48=1c end 48=5c step _48=2t begin_48=1t end_48=131t step_48=1 c_begin_49=1
c_end_49=5c_step_49=2t begin_49=1t _end_49=13t_step_49=1 c_begin_50=1 c_end_50=5
c_step_50=21t begin_50=1t_end_50=13 t_step_50=1 c_begin_51=1 c_end_51=5c_step_51=2
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t begin 51=1t end 51=131t step 51=1c begin 52=1c _end 52=5c step 52=2t begin 52=1

t end 52=131t step_52=1c_begin_53=1c_end 53=5c_step_53=2t_begin_53=1t end_53=13
t_step_53=1 c_begin_54=1c_end_54=5c_step_54=21t begin_54=1t_end_54=13t_step 54=1
c_begin_55=1c¢ end 55=5c¢ step 55=2t begin 55=1t end 55=131t step 55=1c_begin_56=1
c_end _56=5c _step 56=2t begin 56=1t end 56=13t step 56=1c begin 57=1c end 57=5
c_step_57=2t begin_57=1t_end_57=13t_step_57=1 c¢_begin_58=1 c_end_58=5 c_step_58=2

t begin 58=1t end 58=131t step 58=1c begin 59=1c end 59=5c step 59=2t begin 59=1

t end 59=131t step 59=1c begin_60=1c end 60=5c step 60=2t begin_60=1t end 60=13
t_step_60=1 c_begin_61=1c_end_61=5c_step_61=21t begin_61=1t end_61=13t_step 61=1
c_begin_62=1c_end_62=5c_step_62=2t_begin_62=1t end_62=131t_step_62=1 c_begin_63=1
c_end_63=5c _step 63=2t begin 63=1t end 63=13t step 63=1c _begin 64=1c _end 64=5
c_step_64=2t begin_64=1t_end_64=13t_step_64=1 c_begin_65=1 c_end_65=5 c_step_65=2
t_begin_65=1t end_65=131_step_65=1");

for(variable=0; variable<=12; variable++){

run("Images to Stack", "name=NK92_T"+variable+"_mCherry title=[T="+variable+" C=0] use");
saveAs("Tiff",
"Z:INicole/Imaging_Data/2019.12.12/Concatenated/NK92/TxRed/NK92_T"+variable+"_mCherry.tif");
run("Images to Stack”, "name=NK92_T"+variable+"_CellEvent title=[T="+variable+" C=1] use");
saveAs("Tiff",
"Z:INicole/Imaging_Data/2019.12.12/Concatenated/NK92/GFP/NK92_T"+variable+"_CellEvent.tif");
run("Images to Stack", "name=NK92_T"+variable+" Hoechst title=[T="+variable+" C=2] use");
saveAs("Tiff",
"Z:INicole/Imaging_Data/2019.12.12/Concatenated/NK92/DAPI/NK92_T"+variable+"_Hoechst.tif"); }
run("Close All");

run("Bio-Formats Importer”, "open=2Z:/Nicole/Imaging_Data/2019.12.12/2019.12.12.nd2 autoscale
color_mode=Default rois_import=[ROI manager] specify_range split_timepoints split_channels
view=Hyperstack stack_order=XYCZT series_list=31-65 ¢_begin_31=1 c_end_31=5 c_step_31=2
t begin 31=1t end 31=131t _step 31=1c begin_32=1c _end 32=5c step 32=2t begin 32=1

t end 32=131t step_32=1c_begin_33=1c_end 33=5c¢_step_33=2t begin_33=1t end_33=13
t_step_33=1c_begin_34=1c_end_34=5c_step_34=21t begin_34=1t end 34=13t step_34=1
c_begin_35=1c¢ end 35=5c¢ step 35=21t begin 35=1t end 35=13t step 35=1c begin_36=1
c_end_36=5c _step 36=2t begin 36=1t end 36=13t step 36=1c _begin 37=1c _end 37=5
c_step_37=2t begin_37=1t _end_37=13t _step_37=1c_begin_38=1c_end_38=5c_step_38=2

t begin 38=1t end 38=131t_step 38=1c_begin_39=1c _end 39=5c step 39=2t begin 39=1

t end 39=131t step _39=1c begin_40=1c end 40=5c step 40=2t begin 40=1t end_40=13

t step_40=1 c_begin_41=1c_end_41=5c_step_41=21t begin_41=1t end 41=13t step_41=1
c_begin_42=1c end_42=5c_step_42=2t_begin_42=1t end_42=131t step_42=1 c_begin_43=1
c_end _43=5c step 43=2t begin 43=1t end 43=13t step_43=1c begin 44=1c end 44=5
c_step_44=2t begin_44=1t _end_44=13t _step_44=1c_begin_45=1c_end_45=5c_step_45=2
t_begin_45=1t end_45=13t_step_45=1 c_begin_46=1 c_end_46=5 c_step_46=2t begin_46=1

t end 46=13t step 46=1c begin_47=1c end 47=5c step 47=21t begin 47=1t end_47=13
t_step_47=1c_begin_48=1c_end_48=5c_step_48=21t_begin_48=1t _end_48=131t step_48=1
c_begin_49=1c end 49=5c step _49=2t begin_49=1t end_49=131t step_49=1 c_begin_50=1
c_end_50=5c_step 50=2t begin 50=1t end _50=13t step 50=1c_begin 51=1c end 51=5
c_step_51=21t begin_51=1t _end_51=13t_step 51=1 c_begin_52=1 c_end_52=5 c_step_52=2

t begin 52=1t end 52=131t_step 52=1 c_begin_53=1c_end _53=5c_step 53=2t begin_53=1

t end 53=131t step 53=1c _begin_54=1c end 54=5c step 54=2t begin 54=1t end 54=13
t_step_54=1 c_begin_55=1 c_end_55=5 c_step_55=21t_begin_55=1t _end 55=131t step_55=1
c_begin_56=1c_end_56=5c_step_56=2t_begin_56=1t end_56=131t_step_56=1 c_begin_57=1
c_end_57=5c_step 57=2t begin 57=1t end_57=13t step 57=1c_begin _58=1c_end 58=5
c_step_58=21t begin_58=1t_end_58=13t_step_58=1 c_begin_59=1 c_end_59=5 c_step_59=2
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t begin 59=1t end 59=13t step 59=1c_begin_60=1c_end 60=5c_step 60=2t begin 60=1

t end 60=131t _step_60=1c_begin_61=1c_end 61=5c_step_61=2t begin_61=1t end_61=13
t_step_61=1 c_begin_62=1 c_end_62=5 c_step_62=21t_begin_62=1t _end _62=131t_step_62=1
c_begin_63=1c end 63=5c step 63=2t begin 63=1t end 63=131t step 63=1c_begin_64=1
c_end_64=5c _step 64=2t begin 64=1t end 64=13t step 64=1c begin 65=1c _end 65=5
c_step_65=2t begin_65=1t_end_65=13t_step_65=1");

for(variable=0; variable<=12; variable++){

run("Images to Stack”, "name=2_NK92_T"+variable+"_mCherry title=[T="+variable+" C=0] use");
saveAs("Tiff",
"Z:INicole/Imaging_Data/2019.12.12/Concatenated/NK92/TxRed/2_NK92_T"+variable+"_mCherry.tif")
run("Images to Stack", "name=2_NK92_T"+variable+"_CellEvent title=[T="+variable+" C=1] use");
saveAs("Tiff",
"Z:INicole/Imaging_Data/2019.12.12/Concatenated/NK92/GFP/2_NK92_T"+variable+"_CellEvent.tif");
run("Images to Stack", "name=2_NK92_T"+variable+"_ Hoechst title=[ T="+variable+" C=2] use");
saveAs("Tiff",
"Z:INicole/Imaging_Data/2019.12.12/Concatenated/NK92/DAPI1/2_NK92_T"+variable+"_Hoechst.tif");}
run("Close All");

Code B-2

Example of Macro code used in FI1JI to increase the contrast of the .tif files before processing in
CellProfiler:

// Define function
function incrContrast(input, output, filename) {

open(input+filename);
run("Enhance Contrast...", "saturated=0.1 normalize process_all");
saveAs("Tiff", output+filename);

run("Close™); }
//run function on folders
/INK92
input="Z:/Nicole/Imaging_Data/2019.12.12/Concatenated/NK92/TxRed/"
output="Z:/Nicole/Imaging_Data/2019.12.12/IncreasedContrast/NK92/TxRed/"
setBatchMode(true);
list=getFileList(input);
for (i=0; i<list.length; i++)

incrContrast(input, output, list[i]);
setBatchMode(false);
input="Z:/Nicole/Imaging_Data/2019.12.12/Concatenated/NK92/GFP/"
output="Z:/Nicole/Imaging_Data/2019.12.12/IncreasedContrast/NK92/GFP/"
setBatchMode(true);
list=getFileList(input);
for (i=0; i<list.length; i++)

incrContrast(input, output, list[i]);
setBatchMode(false);
input="2Z:/Nicole/Imaging_Data/2019.12.12/Concatenated/NK92/DAPI/"



output="Z:/Nicole/Imaging_Data/2019.12.12/IncreasedContrast/NK92/DAPI/"
setBatchMode(true);
list=getFileList(input);
for (i=0; i<list.length; i++)
incrContrast(input, output, list[i]);
setBatchMode(false);

Code B-3

Example of MatLab code used to calculate the  values for the microwells:
% how many M21 are present in each microwell
M21 NVCAR l=readtable ('MATLAB microwell M21.xlsx','Sheet', "NVCARL');
% how many Dead M21 are present in each microwell
dead NVCAR l=readtable ('MATLAB microwell Dead.xlsx','Sheet', '"NVCARL");
%% Make new ones with only data through different hours
%change timepoints to see how far to let the analysis run
timepoints=13;
% 13 is 48 hours, 10 is 36, 7 is 24, 4 is 12
endtime=4*timepoints;
x=1:4:endtime;
x=x-1;
finalspot=endtime-4;
TNVCAR
i=1;
while i<=timepoints
M21 NVCAR 1 sub(:,1)=M21 NVCAR 1(:,1i);
i=i+1;
end
% NVCAR
i=1;
while i<=timepoints
dead NVCAR 1 sub(:,i)=dead NVCAR 1(:,1);
i=i+1;
end
% Matrices for math
M21 NVCAR 1 sub=tableZarray(M21 NVCAR 1 sub);
dead NVCAR 1 sub=tableZarray(dead NVCAR 1 sub);
%% fill in missing values due to outlier analysis in Prism
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fixedM21 NVCAR 1 sub=fillmissing(M21 NVCAR 1 sub, 'linear',2,'EndValues', 'near

est');
%% array back to table
fixedM21 NVCAR 1 sub table=array2table (fixedM21l NVCAR 1 sub);

%% Line Plot # of M21 per microwell, Plot # of M21

figure;
hold on
y=fixedM21 NVCAR 1 sub table{l,:}; % y is in raw f#s
i=1;
while i<=height (fixedM21l NVCAR 1 sub table)
idx = ~any(isnan(y),1);

y=fixedM21 NVCAR 1 sub table{i,:};
plot(x(idx),y(idx), 'color', [0 O 117)
i=i+1;

end
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o)

% Format plot

title('# M21, NVCAR1')

xlabel ("Hours of CoCulture')

x1im ([0 finalspot])

xticks ([0 4 8 12 16 20 24 28 32 36 40 44 48])

ylim ([0 20017])

ylabel ("# of M21 per Microwell')

hold off

%% Line Plot # of Dead M21 per microwell, calculate Average vectors
dead NVCAR 1 sub table=array2table (dead NVCAR 1 sub);
% Plot # of M21

figure;
hold on
y=dead NVCAR 1 sub table{l,:}; % y is in raw #s
i=1;
while i<=height (dead NVCAR 1 sub table)
idx = ~any(isnan(y),1l);

y=dead NVCAR 1 sub tablef{i,:};
plot(x(idx),y(idx), 'color', [0 O 17)
i=i+1;
end
% Format plot
title('# Dead M21, NVCAR1')
xlabel ('Hours of CoCulture')
x1im ([0 finalspot])
xticks ([0 4 8 12 16 20 24 28 32 36 40 44 48])
ylim ([0 40])
ylabel ('"# of Dead M21 per Microwell')
hold off
%% Calculate Alive Only M21 from All M21 minus Dead M21
% Also removed all below 0 values and turned into O
% NV-CAR
numAlive NVCAR 1=fixedM21 NVCAR 1 sub-dead NVCAR 1 sub;
% turn all below 0 to O

numAlive NVCAR 1 (numAlive NVCAR 1<0) = 0;
splot # alive

figure;

hold on

plot (x,numAlive NVCAR 1, 'color',[0 0 11])

splot (x,log (numAlivem NVCAR), 'color', [0 O 17)

% Format plot

title ('NV-CAR 1")

xlabel ('Hours of CoCulture')

x1im ([0 finalspot])

xticks ([0 4 8 12 16 20 24 28 32 36 40 44 48])

Sylim ([0 1007)

ylabel ('# of Living M21 per Microwell')

hold off

$Normalize # living by dividing # living at each t by # living at t=0
% NV-CAR

normNumAlive NVCAR l=numAlive NVCAR 1./numAlive NVCAR 1(:,1);
$plot # alive

figure;

hold on

plot (x,log (normNumAlive NVCAR 1), 'color', [0 0 1])
title('Normalized, NV-CAR 1'")

xlabel ('Hours of CoCulture')



xticks ([0 4 8 12 16 20 24 28 32 36 40 44 48])

ylabel ('"Normalized # of Living M21 per Microwell')

hold off

%% fit data to calc values

x=transpose (%) ;

$ NVCAR

[la,deedal=size (numAlive NVCAR 1);

counter=1;

while counter <= la
y=transpose (numAlive NVCAR 1 (counter, :));
[egtn,gofl=fit(x,y, 'expl');
avecNVCAR 1 (counter)=eqgtn.a;
bvecNVCAR 1 (counter)=eqtn.b;
rsqrdtNVCAR 1 (counter)=gof.rsquare;
counter=counter+1;

end

[Ie)

%% plot curves as lines on plot with data points
% x=transpose (x);

timepoints=13;

% 13 is 48 hours, 10 is 36, 7 is 24, 4 is 12
endtime=4*timepoints; x=1l:4:endtime; x=x-1;
finalspot=endtime-4;

x=transpose (x) ;

% create arrays for curves

curveNVCAR l=avecNVCAR 1.*exp (bvecNVCAR 1.*x);
curveNVCAR l=transpose (curveNVCAR 1) ;

% plot

x=1:4:endtime; % x is in hours

x=x-1;

figure;

hold on

plot (x,numAlive NVCAR 1,'o','color', [0 0 17)

plot (x,curveNVCAR 1, 'color', [0 O 1])

x1im ([0 finalspot])

xticks ([0 4 8 12 16 20 24 28 32 36 40 44 48])
ylim ([0 2001])

title ('Exponential Curves to fit # of Living M21,
xlabel ('Hours of CoCulture')

ylabel ('# of Living M21"'")

hold off

)

%% plot x axis is # NK cells at t=0, y axis is Beta*NK, killing rate for NK

cells, slope will be killing rate, Beta
$need to get # T cells at t=0

numImmune l=readtable ('DAPI Immune Cells.xlsx', 'Sheet',6 '1");

numImmune NVCAR Il=tableZarray (numImmune 1(:,2));
%get rid of empty cells in the vectors

numImmune NVCAR 1 (any (isnan (numImmune NVCAR 1), 2)
% colors

c2=[0 0 1];

%% multiply by % CAR+ per sample

numImmune NVCAR Il=round (numImmune NVCAR 1*0.1356);
%% scatter plot based on # immune cells

figure% (2)

hold on

scatter (numImmune NVCAR 1,bvecNVCAR 1,[],c2)

title('Beta vs Immune Cells')

NVCAR 1)

poi) = 117
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xlabel ('# Immune Cells at t=0")

Sylim([-0.3 0.1])

ylim([-0.25 0.057)

ylabel ('b")

legend ('M21', "NVCAR', 'RVCAR', 'location', 'Northeast"')
hold off

[

% Do this for M21 and each test condition
allImmune NVCAR l=[numImmune M21 1' numImmune NVCAR 1'];
allb NVCAR 1=[-bvecM2l 1 -bvecNVCAR 1];

scatter (allImmune NVCAR 1,allb NVCAR 1)

cftool



