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ABSTRACT

Chimeric antigen receptor (CAR) T cells are T cells genetically engineered to express an
antigen binding domain, such as a single-chain variable fragment (scFv), fused to intracellular
signaling domains, so to induce activation upon binding to the target epitope. Many clinically-
used CAR designs are limited by up to 1,000-fold reduced sensitivity for antigen relative to T-
cell receptors (TCRs), in part due to poor recruitment of downstream signaling molecules such as
LCK to facilitate T-cell signaling. This inefficient signaling combined with observed
downregulation of targeted antigens contribute to many patients relapsing even after exhibiting a
complete response. Hence, more sensitive CAR designs are needed in the clinic to reduce
instances of relapse. In this body of work, I first provide a brief history of CAR design, clinical
use, and inefficiencies compared to the TCR (Chapter 1). Afterwards, | describe the iterative
design process in which we engineered and evaluated a novel chimeric coreceptor (CoCAR),
capable of improving antitumor functionality and increasing the sensitivity of a second-
generation anti-CD22 CAR anywhere from five- to seven-fold (Chapter 3). In order to gain a
better understanding of the underlying mechanisms behind the CoCAR we then modified or
mutated selected features of the system (Chapter 4). Lastly, we successfully display a degree of
modularity by re-engineering the CoCAR system to target BCMA (Chapter 5). | conclude with a
brief review of strategies undertaken by others to combat CAR-T relapse, putting this study in
perspective to the greater field (Chapter 6). Collectively, these findings describe a novel
approach to increase the antitumor functionality of CAR-T cells with relatively minor
modifications to existing CAR constructs. | hope that the further evaluation and eventual
adoption of the CoCAR to clinically-approved constructs translate to more durable responses to
CAR-T therapy.
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1. INTRODUCTION

1.1 Antigen recognition by the T cell

Immune cells can be divided into innate and adaptive groups based on how they
recognize threats to the host. Generally, innate cells recognize conserved features of pathogen
classes while adaptive cells recognize peptides or epitopes unique to individual pathogens. An
immune response is triggered by danger signals, which alert innate and adaptive cells to
appropriately polarize the response and generate adaptive memory against the pathogen in case
of later reemergence in the host’s life. While redundancies and functional overlap exists, each
immune cell type has its own specialized role to play in the recognition and removal of
pathogens or pathogen-infected cells [1, 2].

One of such players is the T cell, an adaptive cell capable of cell-mediated cytotoxicity
and polarizing the immune response towards specific pathogens through cytokine secretion. All
T cells recognize peptides presented on major histocompatibility complexes (MHC) of other
cells through the T cell receptor (TCR) and can be broadly broken up into two subtypes,
dependent on expression of the CD4 or CD8 TCR coreceptor. While exceptions exist, such as
with cross-presentation, CD8" T cells recognize MHCI-presented peptides originating from the
cytoplasm which while CD4" T cells recognize MHCII-presented peptides of extracellular
origin. It is the cooperation between CD8" and CD4* T cells that provide comprehensive
immunosurveillance of the host for both intercellular and extracellular threats [3-10]. Each TCR
contains variable regions, endowing each T cell with the ability to recognize a unique collection
of potentially dangerous peptides [11, 12]. Mechanisms of central tolerance during T cell

development and peripheral tolerance afterwards ensure that the mature T cell pool express



functional TCRs with inconsequential self-reactivity [13-16]. In total, it is estimated that an
individual’s T cell repertoire includes 1e° to 1e’ unique TCR clonotypes [17, 18].

Upon recognition of peptide-MHC (pMHC) complexes through the TCR, conformational
changes induce calcium flux and initial phosphorylation of immunoreceptor tyrosine-based
activation motifs (ITAMs) found in cytoplasmic domains of the TCR complex, such as CD3¢
[19, 20]. This initial signaling is further amplified by either CD4- or CD8-associated LCK,
which further phosphorylates ITAMs and the tyrosine kinase ZAP-70. ZAP-70 then
phosphorylates LAT, a transmembrane-bound protein which acts as a scaffold for other signaling
molecules to bind, effectively translating phosphorylation induced by pMHC binding to
specialized biological pathways [21-24]. Three key adaptor proteins that bind to LAT are PLCyl1,
GRB2, and GADS. PLCy1 primarily functions by increasing calcium flux, subsequently moving
NFAT into the nucleus, and by promoting NF-«B activation via PKC6 [25-28]. GRB2 binds SOS
which activates RAS signaling [29-31]. Lastly, GADS binds the SLP76 which induces
cytoskeletal remodeling through the Rho family of GTPases [32-34]. Altogether, these distinct
pathways cooperate to greatly alter metabolism, adhesion, and transcriptional expression to
support proliferation, migration, and effector functions. In order to prevent activation-induced
cell death or anergy, a second signal is required through binding of costimulatory receptors such
as CD28 or 4-1BB to their respective ligands on antigen-presenting cells (APCs). Together,
signaling through the TCR and costimulatory receptor allow for a durable T cell response to a
particular peptide [35-39].

Blocking either coreceptor impairs TCR-mediated activation by decreasing ITAM
phosphorylation and subsequent calcium flux, proliferation, expression of activation markers,

and cytokine production [40-44]. While the TCR complex is capable of effectively recognizing a
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single pMHC, blocking the coreceptor decreases sensitivity between 10 to 100 times [45-47].
Mechanistically both CD4 and CD8 primarily function by colocalizing with and delivering LCK
to the TCR, not by increasing TCR-pMHC complex stability, adhesion to target cells, or avidity
[44, 48-52].
1.2 Early chimeric T cell receptors and the rise of the chimeric antigen receptor

Despite the high sensitivity and diversity of the TCR repertoire, pathogenic cells
harboring altered or non-self peptides can avoid T cell immunosurveillance. Downregulation of
pPMHC or costimulatory ligands are but a few examples of defense mechanisms many cancers
employ to avoid recognition through the TCR [53-59].

Although primarily interested in the structural differences found in the variable regions of
the B cell receptor and TCR, Kuwana et al. 1987 provided the first published data that would

inspire future chimeric receptors for therapeutic uses [60]. The authors replaced TCR V, and Vg

A. B.
CTCR First-generation CAR

Spé6
A . Vi sckv

Ca Ce

CD3{TM
CD3¢ 1 CD3¢ 1
Signal Signal

1 1

Figure 1.1 Design of the first chimeric T cell and chimeric antigen receptors

Schematics of A. a simplified cTCR complex showing V-C, and V4-Cg molecules
complexed with endogenous CD3(. B. a first-generation CAR containing the Sp6 scFv, CD3(
transmembrane (TM) domain, and cytoplasmic CD3( domain.
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chains with V. and V4 chains from an anti-phosphorylcholine (PC) antibody, forming a chimeric
molecule theoretically capable of providing TCR-like activation with antibody-like specificity
(Figure 1.1.A). Two plasmids - one encoding the V-C, chain and another the Vu-Cg chain -
were transfected into the EL4 mouse T cell line and the first chimeric T cell receptor (cTCR) was
expressed. These chimeric receptors were functional and induced antigen-specific calcium flux
after coculturing transfected-EL4 cells with PC™ bacteria. While the authors hypothesized that
their chimeric receptors would be able to induce T cell effector functions such as cytokine
secretion and cytotoxicity, it would take another two years for another group to confirm their
hypothesis. In 1989, Gross et al. generated their own cTCRs, replacing TCR V,and Vg chains
with VL and VH chains from an anti-trinitrophenyl (TNP) antibody [61]. After expressing the
cTCRs in the MD.45 murine cytotoxic T cell hybridoma line and coculturing transfected cells
with TNP* A.20 cells, they observed antigen-specific IL-2 secretion and lysis of target cells.

While cTCRs were functional, transfection of two plasmids was inefficient. Since
bicistronic expression elements such as the IRES and 2A peptides had not been well established,
this limitation was addressed by simplifying the cTCR structure into a single-chain chimeric
receptor. In 1993, the first chimeric antigen receptor (CAR) was generated by fusing an anti-TNP
single-chain variable fragment (scFv) to the full CD3( chain derived from the TCR complex
(Figure 1.1.B) [62]. Structurally simple, the CAR’s main strength over the cTCR was that it was
a significantly smaller gene and therefore capable of being expressed via a single plasmid. The
anti-TNP CAR was transfected into MD.45 cells and after coculture with TNP* A.20 cells, CAR-
expressing hybridomas produced IL-2 and specifically lysed A20" targets. Best expressed by the
authors, the “chimeric protein endowed the CTL hybridomas with MHC-nonrestricted

specificity.” Collectively, these three studies laid the groundwork for the CAR field, providing
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evidence that cTCRs and CARs were functional TCR-like molecules with MHC-independent
and epitope-specific recognition.
1.3 Second-generation chimeric antigen receptors

While first-generation CAR-T cells were capable of antigen-specific activation, they did
not persist long in vitro due to lack of costimulation. One of the clearest examples of this
phenomena was provided by Brentjens et al. 2003, where in vitro expansion of CAR-T cells only
occurred when target cells expressed CD80, providing costimulation through the endogenous
CD28 receptor [63]. It became apparent that the first-generation of CARs would need to be
improved upon or clinical efficacy would prove unsatisfactory in diseases with downregulation

of costimulatory ligands CD80 or CD86, such as in B cell acute lymphoblastic lymphomas (B-

A. B.
Second-generation CAR (CD28) Second-generation CAR (4-1BB)
J591 FMC63
scFv scFv
CD28 TM CD8a TM
CD28 4-1BB
CD3¢ CD3¢
Signal Signal Signal Signal
1 2 1 2

Figure 1.2 Design of second-generation chimeric antigen receptors

Schematics of A. a second-generation CAR with CD28 costimulation containing the J591
scFv, CD28 transmembrane (TM) domain, CD28 cytoplasmic domain, and CD3( cytoplasmic
domain. B. a second-generation CAR with 4-1BB costimulation containing the FMC63 scFv,
CD8a TM domain, 4-1BB cytoplasmic domain, and CD3( cytoplasmic domain.
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ALL), B cell lymphomas, and lung adenocarcinomas [53-55]. Clinical trials using first-
generation CAR-T cells supported in vitro observations that while functional, in vivo persistence
was low [64, 65].

The second generation of CAR design incorporated an additional costimulatory domain
derived from either CD28 or 4-1BB to increase persistence. CD28 costimulation was first used in
2002, in a CAR design consisting of an anti-prostate specific membrane antigen (PSMA) scFv
fused to hinge and transmembrane domains from CD28, and the intracellular domains from
CD28 and CD3( (Figure 1.2.A) [66]. As a state-of-the-art control, a first-generation CAR with
omission of the CD28 intracellular domain was also constructed. While primary human T cells
transduced with either CAR design produced IL-2 and elicited cytotoxicity against PSMA™ target
cells, only cells those expressing both CD28 and CD3( intracellular domains persisted and
expanded in vitro after two rounds of stimulation. 4-1BB-based costimulation was similarly
shown to improve in vitro expansion of CAR-T cells, first shown in 2004 with a construct
consisting of an anti-CD19 scFv (FMC63), hinge and transmembrane domains from CD8a, and
intracellular domains from 4-1BB and CD3( (Figure 1.2.B) [53]. Primary human T cells
expressing the novel CAR showed increased functionality and in vitro survival compared to first-
generation CARs devoid of the 4-1BB domain. In 2009, Milone et al. would provide a
comprehensive study assessing the persistence of CAR-T cells containing 4-1BB or CD28
costimulatory domains in a murine model of B-ALL [67]. Human PBMCs were lentivirally-
transduced with CARs consisting of an anti-CD19 scFv (FMC63), hinge and transmembrane
domains from CD8a, costimulatory domains from 4-1BB or CD28, and the intracellular domain
of CD3(. CAR-T cells with both 4-1BB and CD3( domains provided superior in vitro

proliferation and clearance of primary human B-ALL tumors in NOD.Cg-Prkdcs®® 112rg™"i'/Sz]
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(NSG) mice. Importantly, these 4-1BB-containing CAR-T cells were detected in the blood of
mice even at 6 months post-injection, showing potential for persistence and long-term
immunosurveillance in humans.

1.4 Use of chimeric antigen receptors in pre-B cell acute lymphoblastic leukemia

Leukemias are a collection of cancers arising from cells of the bone marrow and blood.
They are the most common cancer in children and adolescents, making up 31% of total cases of
patients under 14 years old, with an incidence of approximately 5.3 cases per 100,000 [68].
Acute lymphoblastic leukemia (ALL) is a subset of leukemias arising from immature B or T
cells, with B-ALL being the most common and comprising about 85% of ALL cases in children.
The peak incidence of ALL in children is within those between 1 to 4 years old at 7.0 cases per
100,000. Fortunately, ALL death rates within this age group are low at only 0.2 per 100,000.
While less common in adults, risk of developing leukemia increases greatly after 50 years of age
with peak prevalence in those between 70 to 80 years old. Across all age groups, deaths rates due
to leukemia have steadily dropped from 7.7 per 100,000 in 2000 to 5.7 per 100,000 in 2022,
partially due to the introduction of better therapies such as CAR-T cells capable of delivering
more durable responses in subtypes like B-ALL [69].

There are currently six FDA-approved CAR-T therapies for treating immature B cell
cancers such as B-ALL, mature B cell cancers such as diffuse large B cell lymphoma (DLBCL)
and follicular lymphoma (FL), and the plasma cell-derived multiple myeloma (MM). All FDA-
approved constructs are second-generation CARs, containing an antigen binding domain, hinge,
transmembrane domain, a costimulatory domain from either CD28 or 4-1BB, and a CD3(
stimulatory domain. Four of the six therapies target CD19, a common B cell surface marker

expressed in 100% of B-ALL and 99% of mature B cell cancers, and two target BCMA, a
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Tisa-cel Brexu-cel Anti-CD22 CAR
FMC63 FMC63 m971
scFv scFv scFv
CD8a TM CD28 TM CD8a TM
4-1BB CD28 4-1BB
CD3¢ CD3¢ CD3¢

Figure 1.3 Design of chimeric antigen receptors used for treatment of B cell acute

lymphoblastic leukemia

Schematics of A. Tisa-cel, consisting of the FMC63 scFv, CD8a. transmembrane (TM)

domain, 4-1BB cytoplasmic domain, and CD3( cytoplasmic domain. B. Brexu-cel, consisting

of the FMC63 scFv, CD28 TM domain, CD28 cytoplasmic domain, and CD3( cytoplasmic

domain. C. a clinically-used anti-CD22 CAR consisting of the m971 scFv, CD8a TM

domain, 4-1BB cytoplasmic domain, and CD3( cytoplasmic domain.
common surface marker of plasma cells expressed in nearly 100% of MM cases [70, 71]. Only
two of the six therapies are approved for B-ALL.: tisagenlecleucel (tisa-cel) and brexucabtagene
autoleucel (brexu-cel). Both tisa-cel and brexu-cel are autologous, CD19-targeted CAR products
generated from the patient’s own peripheral blood T cells [72]. Tisa-cel contains the anti-CD19
scFv FMC63, hinge and transmembrane domains from CD8a, the 4-1BB costimulatory domain,
and CD3( stimulatory domain (Figure 1.3.A). Complete responses have been reported to range
from roughly 80% to 90%. Despite these impressive initial responses, long term remission is not
achieved for all patients, with relapse-free survival (RFS) five years after treatment only
achieved in 44% of complete responders. Relapse after tisa-cel administration has been observed
in responders at earlier timepoints, with one study showing an 80% RFS at 6 months which

drops to 59% RFS at 12 months [73-75]. Brexu-cel contains the anti-CD19 scFv FMC63, hinge

and transmembrane domains from CD28, the CD28 costimulatory domain, and CD3( stimulatory
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domain (Figure 1.3.B). Clinical efficacy of brexu-cel is comparable to tisa-cel, with complete
responses ranging from 75% to 90%. Unfortunately, durable long-term responses are not
achieved in all patients with one study reporting only 50% RFS at 6 months [76-78]. Median
overall survival between the two therapies is similar, ranging from 15.6 to 19.1 months.

Although not FDA-approved, CAR-T cells targeting antigen other than CD19 have
experienced clinical successes in treating B-ALL. A well-evaluated alternative antigen is CD22,
expressed in about 94% of B-ALL cases [70]. The first anti-CD22 CARs were reported in 2013
and one of the constructs, containing an anti-CD22 scFv m971, hinge and transmembrane
domains from CD8a, the 4-1BB costimulatory domain, and CD3( stimulatory domain, has made
it into clinical trials (Figure 1.3.C) [79, 80]. Initial clinical responses are strong, with complete
responses reported at approximately 70%. However, this particular therapy is greatly limited in
that 75% of responding patients relapse. One mechanism behind this high percentage of relapse
is downregulation of CD22 expression on B-ALL cells during treatment, on average between 3-
to 5-fold. Mean antibody binding capacities (ABCs) post-relapse are reported at only 1,100 to
1,300 molecules of CD22 per cell [81, 82]. A dominant factor behind failure in CD22-targeted
CAR-T therapies, antigen downregulation or loss has also been observed after administration of
CD19- and BCMA-directed CAR-T therapies [83-89].
1.5 Contrasting chimeric antigen receptor and T cell receptor signaling

While antigen downregulation certainly plays a role in relapse to CAR-T therapy there
are also contributing CAR-intrinsic factors, such as deviations from the synaptic structure and
signaling dynamics of the TCR. Davenport et al. provided early examples of differences between
the TCR and CAR synapse, highlighted by the lack of the canonical bullseye structure formed by

concentric cSMAC and pSMAC domains [90, 91]. While the CAR synapse contained a cSMAC-
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like domain, LCK was recruited at lower levels and highly dispersed. Additionally, they
observed that the CAR synapse was devoid of a proper pSMAC domain, indicating that the LFA-
1-containing ring is not necessary for CAR adhesion. The highly disorganized nature of the CAR
synapse causes shifts in signaling timing and duration. CAR signaling was shown to both peak
and fade quicker than the TCR, with distal pERK levels dropping 30 minutes after CAR
engagement. Altered timing of ITAM phosphorylation has also been observed. While
phosphorylation of CD3( ITAMs 1, 2, and 3 peaked at 10 minutes after CAR engagement,
phosphorylation of the same domains was still rising 90 minutes after TCR stimulation [92].

The differences in CAR and TCR structure not only lead to changes in signaling
dynamics, but also strength. While CARs and TCRs have been both shown to engage their target
molecules efficiently, synaptic calcium flux, phosphorylation of CD3{ ITAMs 1, 2, 3, ZAP-70,
and LCK were lower in CAR-stimulated cells across a range of antigen densities [93]. An
independent study validated these findings, showing that synaptic calcium flux and overall levels
of phosphorylated CD36, CD3¢, CD3y, LAT, and ZAP-70 were lower after CAR-based
activation compared to the TCR [92]. Lastly, PKC6, important for cell-mediated cytotoxicity,
secretion, and membrane trafficking as well as pJNK, a driver of cell proliferation and survival,
have been reported lower in CAR-stimulated cells [90]. While CAR signaling employs TCR
signaling pathways, changes in structure and insufficient recruitment of key signaling molecules
reduces antigen sensitivity. While the TCR is capable of cytokine secretion and cytotoxicity
upon recognition of a single pMHC, CARs require 100 to 1,000 times the amount of target
antigen to elicit the same effector functions. One of the first examples of this was seen in 2015,
where CD20-targeted CAR-T cells were only able to lyse target cells expressing ~200 molecules

of CD20. At this same density, production of IL-2, TNFa, and IFNy was not achieved [94].
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Other studies have shown that ~1,000 molecules of CAR antigen were needed to induce
comparable levels of ITAM phosphorylation and IFNy secretion [93]. Taken together, these
studies suggest that defects in recruitment and phosphorylation of early signaling molecules,
such as LCK and ZAP-70, dull the CARs sensitivity to antigen.

While CARs containing either 4-1BB and CD28 costimulatory domains are both
insensitive to target antigen compared to the TCR, comparative studies between costimulatory
domains have revealed differences between their sensitivity and signaling strength, informing
appropriate clinical use. CARs with CD28-based costimulation generally exhibit more intense
activation, supported by higher phosphorylation of PLCy1, ZAP-70, and CD3 ITAMs [95, 96].
This in part due to an increase of CAR-associated LCK that directly binds to the PY APP motif
found in the intracellular domain of CD28 [97, 98]. The lower intensity of signaling observed in
CARs containing 4-1BB costimulatory domains is partially due to binding of the THEMIS:SHP1
complex, leading to dephosphorylation of CD3( ITAMs and CAR-associated LCK [99]. These
differences in strength of activation impact sensitivity, with 4-1BB-containing CARSs requiring
roughly 10-times more antigen to reach similar levels of IL-2 production as CD28-containing
CARs [100]. In summary, CD28-containing CAR designs tend to have higher levels of antigen-
specific activation as well as antigen-independent tonic signaling. Despite being more sensitive
to antigen than constructs using 4-1BB-based costimulation, CD28-containing CARs still have
diminished ITAM phosphorylation and antigen sensitivity compared to the TCR. Although many
clinical trials are focused on re-engineering second-generation CARs to target new surface

antigens, it is clear there is still a great need for improving CAR-T signaling.
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2. MATERIALS AND METHODS

2.1 Chimeric antigen receptor design and cloning

Gene blocks were generated in silico (SnapGene) and synthesized by IDT. CAR constructs
housed within the second-generation lentiviral transfer plasmid pHR were assembled via a
variety of molecular cloning methods including HiFi Assembly (NEB), restriction digest cloning,
cloning by PCR, and site-directed mutagenesis. Assembled products were transformed into either
Stbl3 (Invitrogen) or STABLE (NEB) chemically-competent cells. Individual colonies were
selected off ampicillin or carbenicillin antibiotic plates, inoculated, and plasmid DNA isolated
(Qiagen). Final colonies were chosen after size verification via restriction enzyme digestion and
sanger sequencing spanning at minimum the transgene promoter through stop codon. Complete
amino acid sequences for each construct can be found in Table 2.1.
2.2 Lentiviral production and titering

Lenti-X 293T cells (Takara) were plated at a density of 0.35e%/ml and grown overnight
until at 85 to 95% confluence. Cells were transfected using Lipofectamine 3000 (Invitrogen)
encapsulated with psPAX2, pmD2.G, and the desired transfer plasmid at a 1:1:1 molar ratio.
After 48 to 72 hours of viral production, supernatant was filtered through a 0.45um membrane
and concentrated using 100kDa Amicon Ultra centrifugal filter units (Millipore Sigma).
Concentrated lentiviral supernatant was aliquoted and stored at -80°C until use. Functional titers
for each viral preparation were determined by transducing Jurkat T cells and assessing transgene
fluorescence. Briefly, Jurkat cells were resuspended in RPMI supplemented with 10% FBS, 1X
penicillin-streptomycin (Gibco), and 10ug/ml protamine sulfate and plated at a final
concentration of 0.5e° cells/ml. Dilutions of viral supernatant were added to each well and
pipetted gently to mix. Cells were spinoculated at 800g for 1 hour at 22°C and incubated at 37°C
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for 48 hours before assessing fluorescence via flow cytometry. Functional titer (FTU/ml) was
calculated as: (number of cells transduced) x (percent of cells positive for transgene) / (volume
of viral supernatant).
2.3 Generation of Nalmé cell lines

Nalmé Chili-Luc cells were generated by transducing Nalmé cells (ATCC) with
lentiviruses packaged with the Chili-Luciferase transgene (pUIltra-Chili-Luc, Addgene Plasmid
#48688). dTomato™ cells were sorted using FACS and returned to culture. For generating
subclonal populations with differing CD22 antigen expression, Nalmé cells were sorted as
singlets into a 96-well plate and returned to culture. Each expanded single-cell was stained for
CD22 using Quantitative Flow Cytometry and 11 were selected for coculture. Nalmé CD22K°
cells were generated by the National Cancer Institute (NCI) and obtained under a material
transfer agreement [81].
2.4 lIsolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) from healthy donors were isolated from
blood filters obtained by the UChicago Medicine Blood Bank. Briefly, filters were obtained the
day-of donation and washed with 1X PBS. PBMCs were isolated after separation by Ficoll-
Paque PLUS density gradient media (Cytiva) and remaining red blood cells were lysed using
ACK lysing buffer (Gibco). PBMCs were counted, resuspended in RPMI supplemented with
40% FBS and 10% DMSO, aliquoted into cryovials, and frozen at -150°C.
2.5 Generation of chimeric antigen receptor T cells

To generate Jurkat CAR-T cells, cells were stained using both acridine orange and

propidium iodide dyes and counted on a LUNA-FL automatic cell counter (Logos Biosystems).

Cells were resuspended in complete RPMI supplemented with 10% FBS, 1X penicillin-
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streptomycin (Gibco), and 10ug/ml protamine sulfate and plated at a final concentration of 0.5¢e®

cells/ml. CAR viral particles were added dropwise to reach a multiplicity of infection (MOI) of 5
and if applicable, CoCAR viral particles at an MOI of 2.5. Cells were spinoculated at 800g for 1

hour at 22°C and then returned to the incubator for 48 to 72 hours before use.

Primary human CAR-T cells were generated from frozen PBMC aliquots as described
previously. Each tube of primary human PBMCs was quickly thawed in a 37°C water bath and
then transferred to 10ml of T cell media (TCM) consisting of RPMI supplemented with 10%
FBS, 1X penicillin-streptomycin (Gibco), 50uM 2-Mercaptoethanol, and 100U/ml IL-2
(Miltenyi Biotec). Cells were centrifuged at 300g for 5 minutes at 22°C and supernatant was then
removed. The cell pellet was resuspended in 2ml complete TCM, plated on a 6 well plate, and
incubated at 37°C for 3 to 4 hours. The cell suspension was then passed through a 70um stainer
and transferred to a new well. Cells counts were obtained using a Luna-FL automatic cell
counter. To maintain consistency between experiments, CD3% was determined through surface
staining and analysis with flow cytometry. Concentrations were adjusted so that 5°> CD3* cells
and 5e° anti-CD3/CD28 Dynabeads (Gibco) were plated at a final concentration of 0.5e° cells/ml
and incubated at 37°C overnight. Protamine sulfate was added to a final concentration of
10pug/ml and CAR viral particles were added dropwise to reach an MOI of 10 and if applicable,
CoCAR viral particles at an MOI of 5. Cells were spinoculated at 800g for 1 hour at 22°C and
then returned to the incubator for 24 hours. Cells were then washed with complete TCM and
returned to the incubator for an additional 24 hours. Dynabeads were magnetically-removed and
cells were incubated an additional 24 hours. Fresh TCM was then added every other day to

maintain cell viability and growth. Expression of CAR and CoCAR molecules was assessed via
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flow cytometry, either by mEGFP or FusionRed fluorescent proxies or by a surface-staining
reagent.
2.6 Flow cytometry staining
Cells were kept on ice for the entirety of the protocol, unless otherwise stated. Cells were

plated on a VV-bottom 96 well plate and centrifuged at 300g for 5 minutes at 4°C. Supernatant
was discarded and cells were resuspended in 50ul FACS buffer (1X PBS, 2% BSA, 0.05%
NaN3) with pre-titered amounts of surface-staining antibodies. Cells were then incubated for 30
minutes at 4°C before being washed twice with 200ul cold PBS. Cells were resuspended in 50ul
Zombie NIR Viability Dye (Biolegend) diluted 1:1000 in PBS and incubated for 10 minutes at
22°C. Cells were then washed twice with 200ul FACS buffer. If only staining for surface
antigen, cells were then resuspended in a final volume of 75ul FACS and assessed using flow
cytometry. For samples being stained intracellularly, cells were resuspended in 100ul of
fixation/permeabilization solution (BD) and incubated for 20 minutes at 4°C. Cells were then
washed twice with 200ul perm/wash buffer (BD). Cells were resuspended in 50ul perm/wash
solution with pre-titered amounts of intraceullar-staining antibodies and incubated for 30 minutes
at 4°C. Cells were washed twice with 200ul perm/wash buffer (BD). Finally, cells were
resuspended in 75ul FACS and assessed using flow cytometry. Antibody and staining reagent
panels are listed in Table 2.2.
2.7 Quantitative flow cytometry

Nalm6 cells were stained with an AF647-CD22 antibody (Biolegend), using the same
protocol as listed in Flow Cytometry Staining. Cells were then assessed using flow cytometry
alongside Quantum AF647 MESF beads (Bangs Laboratories) on the same day with the same

PMT settings. A calibration curve was established using the geometric mean fluorescence
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intensity (gMFI) of MESF bead standards and the antibody binding capacity (ABC) of Nalm6
cells was determined by dividing the derived value from the calibration curve by the antibody’s
F/P ratio.
2.8 Cytokine assays

For intracellular staining, effector and target cells were stained using both acridine orange
and propidium iodide dyes and counted on a LUNA-FL automatic cell counter (Logos
Biosystems). 5e° effector cells and 5e° target cells were combined in a total volume of 100ul
TCM with 1X Brefeldin A (Biolegend) and plated in a VV-bottom 96-well plate. Cells were
cocultured for 5 to 6 hours at 37°C before staining. For Legendplex or plate-based ELISA
assays, effector and target cells were stained using both acridine orange and propidium iodide
dyes and counted on a LUNA-FL automatic cell counter (Logos Biosystems). Effector counts
were adjusted by mEGFP%™, so to normalize the amount of CAR" cells between conditions.
When noted, cells of equivalent mEGFP gMFI were sorted using FACS to ensure populations of
uniform CAR expression. 5e° effector cells and 5e® target cells were combined in a total volume
of 100ul TCM and plated in a 96-well plate. Cells were cocultured for 16 to 18 hours at 37°C,
centrifuged at 300g for 5 min, and supernatant was transferred to clean tube strips. Supernatant
was stored at -80°C until analyzed as per the manufacturer’s recommendations (Biolegend).
2.9 Cytotoxicity assays

Effector and target cells were stained using both acridine orange and propidium iodide dyes
and counted on a LUNA-FL automatic cell counter (Logos Biosystems). Effector counts were
adjusted by mEGFP%™, so to normalize the amount of CAR™ cells between conditions. When
noted, cells of equivalent mMEGFP gMFI were sorted using FACS to ensure populations of

uniform CAR expression. 16.7e° effector cells and 5e° target cells were combined in a total
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volume of 100ul TCM in black-walled, clear-bottom 96-well plates and cocultured for 16 to 18
hours at 37°C. Following coculture, cytotoxicity was immediately assessed by ONE-Glo
Luciferase Assay System (Promega) as per the manufacturer’s recommendations.
2.10 Imaging
The following was largely based off a protocol published by Xiao and Su 2023 [101].

Briefly, Jurkat T cells expressing CAR and CoCAR were generated as previously described.
Nalmé cells were labelled with CellTrace Violet (CTV) as per the manufacturer’s
recommendations (Invitrogen). 2.5e° Jurkat CAR-T cells were cocultured with 2.5¢> CTV-
labeled Nalmé cells in a total volume of 50ul RPMI supplemented with 10% FBS, 1X penicillin-
streptomycin (Gibco) for 30 minutes at 37°C. To retain cell-cell interactions for imaging, PFA
was then added to reach a final concentration of 4%. Cells were fixed for 15 minutes at 22°C,
washed one with 1ml PBS, resuspended in 100ul PBS, and then mounted on a coverslip.
Fluorescence images were acquired using a Leica DMI8 (Leica Microsystems) inverted
microscope equipped with a HC PL APO 63x/1.40 OIL objective and Andor-Zyla-VSC03291
camera. CTV was detected by an excitation filter at 395/25nm and emission wavelength
440/40nm. mEGFP and FusionRed were observed by Ex/Em wavelength = 490/515 nm and
Ex/Em wavelength = 570/590 nm, respectively. The data was processed using Leica Application
Suite X v.1.4.6.
2.11 Mouse models

All mouse experiments were performed under UChicago Institutional Animal Care and
Use Committee approval. NSG (NOD.Cg-Prkdcs® [12rg™"Wil/SzJ) mice were either obtained
from JAX or bred within UChicago animal facilities. Female NSG mice ages 6-10 weeks old

were randomized and placed into fresh cages. On day 0, mice were intravenously injected with
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1e® Nalm6 Chili-Luc cells in 100l sterile PBS. On day 3, mice were intravenously injected with
5e8 CAR-T cells in 100ul PBS or with 100ul PBS as an untreated control. Survival of mice was
monitored daily and mice were euthanized when pre-determined, appropriate experimental
endpoints were met.
2.12 Statistical analysis

All statistical analyses were carried out in GraphPad Prism v.10.1.0. Statistical
differences between groups were tested using unpaired, two-tailed t-tests except for in vivo
survival which was tested using Kaplan-Meier nonparametric analysis. Statistical significance
was set at p < 0.05 for all comparisons. In all figures, one asterisk indicates a p value of < 0.05,

two asterisks indicates a p value of < 0.01, and three asterisks indicates a p value of < 0.001.
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Table 2.1 Amino acid sequences of CAR and CoCAR constructs

As Described in Figure 3.1

SEQ1 (CAR):
MALPVTALLLPLALLLHAARPDIQMTQTTSSLSASLGDRVTISCRASQDISKYLNWYQ
QKPDGTVKLLIYHTSRLHSGVPSRFSGSGSGTDYSLTISNLEQEDIATYFCQQGNTLPY
TFGGGTKLEITGGGGSGGGGSGGGGSEVKLQESGPGLVAPSQSLSVTCTVSGVSLPDY
GVSWIRQPPRKGLEWLGVIWGSETTYYNSALKSRLTIIKDNSKSQVFLKMNSLQTDDT
AIYYCAKHYYYGGSYAMDYWGQGTSVTVSSTTTPAPRPPTPAPTIASQPLSLRPEACR
PAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCKRGRKKLLYIFKQPFMR
PVQTTQEEDGCSCRFPEEEEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEY
DVLDKRRGRDPEMGGKPQRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGH
DGLYQGLSTATKDTYDALHMQALPPRHMVSKGEELFTGVVPILVELDGDVNGHKFS
VSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFK
SAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEY
NYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHY
LSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

SEQ2 (CARSal1):
MALPVTALLLPLALLLHAARPDIQMTQTTSSLSASLGDRVTISCRASQDISKYLNWYQ
QKPDGTVKLLIYHTSRLHSGVPSRFSGSGSGTDYSLTISNLEQEDIATYFCQQGNTLPY
TFGGGTKLEITGGGGSGGGGSGGGGSEVKLQESGPGLVAPSQSLSVTCTVSGVSLPDY
GVSWIRQPPRKGLEWLGVIWGSETTYYNSALKSRLTIKDNSKSQVFLKMNSLQTDDT
AIYYCAKHYYYGGSYAMDYWGQGTSVTVSSTTTPAPRPPTPAPTIASQPLSLRPEACR
PAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCNHRNRRRVCKCPRPVV
KSGDKPSLSARYVKRGRKKLLY IFKQPFMRPVQTTQEEDGCSCRFPEEEEGGCELRVK
FSRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDPEMGGKPQRRKNPQEGL
YNELQKDKMAEAY SEIGMKGERRRGKGHDGLYQGLSTATKDTYDALHMQALPPRH
MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVP
WPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEV
KFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHN
IEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAA
GITLGMDELYK

SEQ3 (CARS02):
MALPVTALLLPLALLLHAARPDIQMTQTTSSLSASLGDRVTISCRASQDISKYLNWYQ
QKPDGTVKLLIYHTSRLHSGVPSRFSGSGSGTDYSLTISNLEQEDIATYFCQQGNTLPY
TFGGGTKLEITGGGGSGGGGSGGGGSEVKLQESGPGLVAPSQSLSVTCTVSGVSLPDY
GVSWIRQPPRKGLEWLGVIWGSETTYYNSALKSRLTIKDNSKSQVFLKMNSLQTDDT
AIYYCAKHYYYGGSYAMDYWGQGTSVTVSSTTTPAPRPPTPAPTIASQPLSLRPEACR
PAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCKRGRKKLLYIFKQPFMR
PVQTTQEEDGCSCRFPEEEEGGCELLYCNHRNRRRVCKCPRPVVKSGDKPSLSARYV
RVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDPEMGGKPQRRKNP
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QEGLYNELQKDKMAEAYSEIGMKGERRRGKGHDGLYQGLSTATKDTYDALHMQAL
PPRHMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKL
PVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRA
EVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIR
HNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVT
AAGITLGMDELYK

SEQ4 (CARS¢3):
MALPVTALLLPLALLLHAARPDIQMTQTTSSLSASLGDRVTISCRASQDISKYLNWYQ

QKPDGTVKLLIYHTSRLHSGVPSRFSGSGSGTDYSLTISNLEQEDIATYFCQQGNTLPY

TFGGGTKLEITGGGGSGGGGSGGGGSEVKLQESGPGLVAPSQSLSVTCTVSGVSLPDY
GVSWIRQPPRKGLEWLGVIWGSETTYYNSALKSRLTIIKDNSKSQVFLKMNSLQTDDT
AIYYCAKHYYYGGSYAMDYWGQGTSVTVSSTTTPAPRPPTPAPTIASQPLSLRPEACR
PAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCKRGRKKLLYIFKQPFMR
PVQTTQEEDGCSCRFPEEEEGGCELRVKFSRSADAPAYQQGQONQLYNELNLGRREEY

DVLDKRRGRDPEMGGKPQRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGH

DGLYQGLSTATKDTYDALHMQALPPRHLYCNHRNRRRVCKCPRPVVKSGDKPSLSA

RYVMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKL

PVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRA
EVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIR
HNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVT

AAGITLGMDELYK

As Described in Figure 3.3

SEQ5 (CAR):
Identical to SEQ1

SEQ6 (CAR-IRES-CoCAR4):
MALPVTALLLPLALLLHAARPDIQMTQTTSSLSASLGDRVTISCRASQDISKYLNWYQ
QKPDGTVKLLIYHTSRLHSGVPSRFSGSGSGTDYSLTISNLEQEDIATYFCQQGNTLPY
TFGGGTKLEITGGGGSGGGGSGGGGSEVKLQESGPGLVAPSQSLSVTCTVSGVSLPDY
GVSWIRQPPRKGLEWLGVIWGSETTYYNSALKSRLTHKDNSKSQVFLKMNSLQTDDT
AIYYCAKHYYYGGSYAMDYWGQGTSVTVSSTTTPAPRPPTPAPTIASQPLSLRPEACR
PAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCKRGRKKLLYIFKQPFMR
PVQTTQEEDGCSCRFPEEEEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEY
DVLDKRRGRDPEMGGKPQRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGH
DGLYQGLSTATKDTYDALHMQALPPRHMVSKGEELFTGVVPILVELDGDVNGHKFS
VSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFK
SAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEY
NYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHY
LSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK*SGRV*SRPAGMQACPSPSP
PPNVTGRSRLE*GRCAFVYMLFSTILPSFGNVRARKPGPVFLTSIPRGLSPLAKGMQGL
LNVVKEAVPLEAS*RQTTSVATLCRQRNPPPGDRCLCGQKPRV*DTPAKAAQPQCHV
VSWIVVERVKWLTSSVFNKGLKDAQKVPHCMGSDLGPRCTCFTCV*SRLKNV*APRT
TGTWFSFEKHDDNMLLLVTSLLLCELPHPAFLLIPQVQLQQSGPGLVKPSQTLSLTCAI
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SGDSVSSNSAAWNWIRQSPSRGLEWLGRTYYRSKWYNDYAVSVKSRITINPDTSKNQ
FSLQLNSVTPEDTAVYYCAREVTGDLEDAFDIWGQGTMVTVSSGGGGSDIQMTQSPS
SLSASVGDRVTITCRASQTIWSYLNWYQQRPGKAPNLLIYAASSLQSGVPSRFSGRGS
GTDFTLTISSLQAEDFATYYCQQSYSIPQTFGQGTKLEIKTTTPAPRPPTPAPTIASQPLS
LRPEACRPAAGGAVHTRGLDFACMALIVLGGVAGLLLFIGLGIFFCVRCRHRRRQAER
MSQIKRLLSEKKTCQCPHRFQKTCSPIMVSELIKENMPMKLYMEGTVNNHHFKCTSE
GEGKPYEGTQTMRIKVVEGGPLPFAFDILATSFMYGSRTFIKHPPGIPDFFKQSFPEGFT
WERVTTYEDGGVLTATQDTSLQDGCLIYNVKVRGVNFPANGPVMQKKTLGWEASTE
TMYPADGGLEGACDMALKLVGGGHMICNLETTYRSKKPATNLKMPGVYNVDHRLE
RIKEADDETYVEQHEVAVARYSTGGAGDGGK

SEQ7 (CAR-IRES-CoCARSa):
MALPVTALLLPLALLLHAARPDIQMTQTTSSLSASLGDRVTISCRASQDISKYLNWYQ
QKPDGTVKLLIYHTSRLHSGVPSRFSGSGSGTDYSLTISNLEQEDIATYFCQQGNTLPY
TFGGGTKLEITGGGGSGGGGSGGGGSEVKLQESGPGLVAPSQSLSVTCTVSGVSLPDY
GVSWIRQPPRKGLEWLGVIWGSETTYYNSALKSRLTIKDNSKSQVFLKMNSLQTDDT
AIYYCAKHYYYGGSYAMDYWGQGTSVTVSSTTTPAPRPPTPAPTIASQPLSLRPEACR
PAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCKRGRKKLLYIFKQPFMR
PVQTTQEEDGCSCRFPEEEEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEY
DVLDKRRGRDPEMGGKPQRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGH
DGLYQGLSTATKDTYDALHMQALPPRHMVSKGEELFTGVVPILVELDGDVNGHKFS
VSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFK
SAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEY
NYNSHNVY IMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHY
LSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK*SGRV*SRPAGMQACPSPSP
PPNVTGRSRLE*GRCAFVYMLFSTILPSFGNVRARKPGPVFLTSIPRGLSPLAKGMQGL
LNVVKEAVPLEAS*RQTTSVATLCRQRNPPPGDRCLCGQKPRV*DTPAKAAQPQCHV
VSWIVVERVKWLTSSVFNKGLKDAQKVPHCMGSDLGPRCTCFTCV*SRLKNV*APRT
TGTWFSFEKHDDNMLLLVTSLLLCELPHPAFLLIPQVQLQQSGPGLVKPSQTLSLTCAI
SGDSVSSNSAAWNWIRQSPSRGLEWLGRTYYRSKWYNDYAVSVKSRITINPDTSKNQ
FSLQLNSVTPEDTAVYYCAREVTGDLEDAFDIWGQGTMVTVSSGGGGSDIQMTQSPS
SLSASVGDRVTITCRASQTIWSYLNWYQQRPGKAPNLLIYAASSLQSGVPSRFSGRGS
GTDFTLTISSLQAEDFATYYCQQSYSIPQTFGQGTKLEIKTTTPAPRPPTPAPTIASQPLS
LRPEACRPAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCNHRNRRRVC
KCPRPVVKSGDKPSLSARYVMVSELIKENMPMKLYMEGTVNNHHFKCTSEGEGKPY
EGTQTMRIKVVEGGPLPFAFDILATSFMYGSRTFIKHPPGIPDFFKQSFPEGFTWERVTT
YEDGGVLTATQDTSLQDGCLIYNVKVRGVNFPANGPVMQKKTLGWEASTETMYPA
DGGLEGACDMALKLVGGGHMICNLETTYRSKKPATNLKMPGVYNVDHRLERIKEAD
DETYVEQHEVAVARYSTGGAGDGGK

As Described in Figure 3.5

SEQS (CAR):
MLLLVTSLLLCELPHPAFLLIPQVQLQQSGPGLVKPSQTLSLTCAISGDSVSSNSAAWN
WIRQSPSRGLEWLGRTYYRSKWYNDYAVSVKSRITINPDTSKNQFSLQLNSVTPEDTA
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VYYCAREVTGDLEDAFDIWGQGTMVTVSSGGGGSDIQMTQSPSSLSASVGDRVTITC

RASQTIWSYLNWYQQRPGKAPNLLIYAASSLQSGVPSRFSGRGSGTDFTLTISSLQAED
FATYYCQQSYSIPQTFGQGTKLEIKTTTPAPRPPTPAPTIASQPLSLRPEACRPAAGGAV
HTRGLDFACIYIWAPLAGTCGVLLLSLVITKRGRKKLLYIFKQPFMRPVQTTQEEDGC

SCRFPEEEEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDP
EMGGKPQRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGHDGLYQGLSTAT

KDTYDALHMQALPPRGSGATNFSLLKQAGDVEENPGPMVSKGEELFTGVVPILVELD
GDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPD

HMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKED

GNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGD

GPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

SEQ9 (COCAR4):
MVLLVTSLLLCELPHPAFLLIPDTEVQLVESGGGLVKPGGSLKLSCAASGFAFSIYDMS
WVRQTPEKRLEWVAYISSGGGTYYPDTVKGRFTISRDNAKNTLYLQMSSLKSEDTAM
YYCARHSGYGTHWGVLFAYWGQGTLVTVSAGGGGSGGGGSGGGGSDIQMTQTTSS
LSASLGDRVTISCRASQDISNYLNWYQQKPDGTVKLLIYYTSILHSGVPSRFSGSGSGT
DYSLTISNLEQEDFATYFCQQGNTLPWTFGGGTKLEIKTTTPAPRPPTPAPTIASQPLSL
RPEACRPAAGGAVHTRGLDFACMALIVLGGVAGLLLFIGLGIFFCVRCRHRRRQAER
MSQIKRLLSEKKTCQCPHRFQKTCSPIGSGATNFSLLKQAGDVEENPGPMVSELIKEN
MPMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVVEGGPLPFAFDILATSFMYG
SRTFIKHPPGIPDFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGCLIYNVKVRGV
NFPANGPVMQKKTLGWEASTETMYPADGGLEGACDMALKLVGGGHMICNLETTYR
SKKPATNLKMPGVYNVDHRLERIKEADDETYVEQHEVAVARYSTGGAGDGGK

SEQ10 (CoCARS8w):
MVLLVTSLLLCELPHPAFLLIPDTEVQLVESGGGLVKPGGSLKLSCAASGFAFSIYDMS
WVRQTPEKRLEWVAYISSGGGTYYPDTVKGRFTISRDNAKNTLYLQMSSLKSEDTAM
YYCARHSGYGTHWGVLFAYWGQGTLVTVSAGGGGSGGGGSGGGGSDIQMTQTTSS
LSASLGDRVTISCRASQDISNYLNWYQQKPDGTVKLLIYYTSILHSGVPSRFSGSGSGT
DYSLTISNLEQEDFATYFCQQGNTLPWTFGGGTKLEIKTTTPAPRPPTPAPTIASQPLSL
RPEACRPAAGGAVHTRGLDFACIYIWAPLAGTCGVLLLSLVITLYCNHRNRRRVCKCP
RPVVKSGDKPSLSARYVGSGATNFSLLKQAGDVEENPGPMVSELIKENMPMKLYME
GTVNNHHFKCTSEGEGKPYEGTQTMRIKVVEGGPLPFAFDILATSFMYGSRTFIKHPP
GIPDFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGCLIYNVKVRGVNFPANGPV
MQKKTLGWEASTETMYPADGGLEGACDMALKLVGGGHMICNLETTYRSKKPATNL
KMPGVYNVDHRLERIKEADDETYVEQHEVAVARYSTGGAGDGGK

As Described in Figure 3.9

SEQ11 (CAR):

MLLLVTSLLLCELPHPAFLLIPQVQLQQSGPGLVKPSQTLSLTCAISGDSVSSNSAAWN
WIRQSPSRGLEWLGRTYYRSKWYNDYAVSVKSRITINPDTSKNQFSLQLNSVTPEDTA
VYYCAREVTGDLEDAFDIWGQGTMVTVSSGGGGSDIQMTQSPSSLSASVGDRVTITC
RASQTIWSYLNWYQQRPGKAPNLLIYAASSLQSGVPSRFSGRGSGTDFTLTISSLQAED
FATYYCQQSYSIPQTFGQGTKLEIKAAATTTPAPRPPTPAPTIASQPLSLRPEACRPAAG
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GAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCKRGRKKLLYIFKQPFMRPVQT
TQEEDGCSCRFPEEEEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLD
KRRGRDPEMGGKPRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGHDGLYQ
GLSTATKDTYDALHMQALPPRMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEG
DATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGY
VQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNV
YIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLS
KDPNEKRDHMVLLEFVTAAGITLGMDELYK

SEQ12 (CoCAR):
MLLLVTSLLLCELPHPAFLLIPEVQLVESGGGLVKPGGSLKLSCAASGFAFSIYDMSW
VRQTPEKRLEWVAYISSGGGTYYPDTVKGRFTISRDNAKNTLYLQMSSLKSEDTAMY
YCARHSGYGTHWGVLFAYWGQGTLVTVSAGGGGSGGGGSGGGGSDIQMTQTTSSL
SASLGDRVTISCRASQDISNYLNWYQQKPDGTVKLLIYYTSILHSGVPSRFSGSGSGTD
YSLTISNLEQEDFATYFCQQGNTLPWTFGGGTKLEIKAAATTTPAPRPPTPAPTIASQPL
SLRPEACRPAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCNHRNRRRVC
KCPRPVVKSGDKPSLSARYVMVSELIKENMPMKLYMEGTVNNHHFKCTSEGEGKPY
EGTQTMRIKVVEGGPLPFAFDILATSFMYGSRTFIKHPPGIPDFFKQSFPEGFTWERVTT
YEDGGVLTATQDTSLQDGCLIYNVKVRGVNFPANGPVMQKKTLGWEASTETMYPA
DGGLEGACDMALKLVGGGHMICNLETTYRSKKPATNLKMPGVYNVDHRLERIKEAD
DETYVEQHEVAVARYSTGGAGDGGK

As Described in Figure 3.15

SEQ13 (CAR):
MLLLVTSLLLCELPHPAFLLIPQVQLQQSGPGLVKPSQTLSLTCAISGDSVSSNSAAWN
WIRQSPSRGLEWLGRTYYRSKWYNDYAVSVKSRITINPDTSKNQFSLQLNSVTPEDTA
VYYCAREVTGDLEDAFDIWGQGTMVTVSSGGGGSDIQMTQSPSSLSASVGDRVTITC
RASQTIWSYLNWYQQRPGKAPNLLIYAASSLQSGVPSRFSGRGSGTDFTLTISSLQAED
FATYYCQQSYSIPQTFGQGTKLEIKTTTPAPRPPTPAPTIASQPLSLRPEACRPAAGGAV
HTRGLDFACIYIWAPLAGTCGVLLLSLVITKRGRKKLLYIFKQPFMRPVQTTQEEDGC
SCRFPEEEEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDP
EMGGKPQRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGHDGLYQGLSTAT
KDTYDALHMQALPPRMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYG
KLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTI
FFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMAD
KQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNE
KRDHMVLLEFVTAAGITLGMDELYK

SEQ14 (CAR-IRES-CoCAR):
MLLLVTSLLLCELPHPAFLLIPQVQLQQSGPGLVKPSQTLSLTCAISGDSVSSNSAAWN
WIRQSPSRGLEWLGRTYYRSKWYNDYAVSVKSRITINPDTSKNQFSLQLNSVTPEDTA
VYYCAREVTGDLEDAFDIWGQGTMVTVSSGGGGSDIQMTQSPSSLSASVGDRVTITC
RASQTIWSYLNWYQQRPGKAPNLLIYAASSLQSGVPSRFSGRGSGTDFTLTISSLQAED
FATYYCQQSYSIPQTFGQGTKLEIKTTTPAPRPPTPAPTIASQPLSLRPEACRPAAGGAV
HTRGLDFACIYIWAPLAGTCGVLLLSLVITKRGRKKLLYIFKQPFMRPVQTTQEEDGC
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SCRFPEEEEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDP
EMGGKPQRRKNPQEGLYNELQKDKMAEAY SEIGMKGERRRGKGHDGLYQGLSTAT
KDTYDALHMQALPPRMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYG
KLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTI
FFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMAD
KQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNE
KRDHMVLLEFVTAAGITLGMDELYK*PLSLPPP*RYWPKPLGIRPVCVCLYVIFHHIAV
FWQCEGPETWPCLLDEHS*GSFPSRQRNARSVECREGSSSSGSFLKTNNVCSDPLQAA
EPPTWRQVPLRPKATCIRYTCKGGTTPVPRCELDSCGKSQMALLKRIQQGAEGCPEGT
PLYGI*SGASVHMLYMCLVEVKKTSRPPEPRGRGFPLKNTMIIWPQMVLLVTSLLLCE
LPHPAFLLIPDTEVQLVESGGGLVKPGGSLKLSCAASGFAFSIYDMSWVRQTPEKRLE
WVAYISSGGGTYYPDTVKGRFTISRDNAKNTLYLQMSSLKSEDTAMYYCARHSGYG
THWGVLFAYWGQGTLVTVSAGGGGSGGGGSGGGGSDIQMTQTTSSLSASLGDRVTI
SCRASQDISNYLNWYQQKPDGTVKLLIYYTSILHSGVPSRFSGSGSGTDYSLTISNLEQ
EDFATYFCQQGNTLPWTFGGGTKLEIKTTTPAPRPPTPAPTIASQPLSLRPEACRPAAG
GAVHTRGLDFACIYIWAPLAGTCGVLLLSLVITLYCNHRNRRRVCKCPRPVVKSGDK
PSLSARYVMVSELIKENMPMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVVE
GGPLPFAFDILATSFMYGSRTFIKHPPGIPDFFKQSFPEGFTWERVTTYEDGGVLTATQ
DTSLQDGCLIYNVKVRGVNFPANGPVMQKKTLGWEASTETMYPADGGLEGACDMA
LKLVGGGHMICNLETTYRSKKPATNLKMPGVYNVDHRLERIKEADDETYVEQHEVA
VARYSTGGAGDGGK

SEQ15 (CAR-P2A-CoCAR):
MLLLVTSLLLCELPHPAFLLIPQVQLQQSGPGLVKPSQTLSLTCAISGDSVSSNSAAWN
WIRQSPSRGLEWLGRTYYRSKWYNDYAVSVKSRITINPDTSKNQFSLQLNSVTPEDTA
VYYCAREVTGDLEDAFDIWGQGTMVTVSSGGGGSDIQMTQSPSSLSASVGDRVTITC
RASQTIWSYLNWYQQRPGKAPNLLIYAASSLQSGVPSRFSGRGSGTDFTLTISSLQAED
FATYYCQQSYSIPQTFGQGTKLEIKTTTPAPRPPTPAPTIASQPLSLRPEACRPAAGGAV
HTRGLDFACIYIWAPLAGTCGVLLLSLVITKRGRKKLLYIFKQPFMRPVQTTQEEDGC
SCRFPEEEEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDP
EMGGKPQRRKNPQEGLYNELQKDKMAEAY SEIGMKGERRRGKGHDGLYQGLSTAT
KDTYDALHMQALPPRMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYG
KLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTI
FFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMAD
KQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNE
KRDHMVLLEFVTAAGITLGMDELYKGSGATNFSLLKQAGDVEENPGPMVLLVTSLLL
CELPHPAFLLIPDTEVQLVESGGGLVKPGGSLKLSCAASGFAFSIYDMSWVRQTPEKR
LEWVAYISSGGGTYYPDTVKGRFTISRDNAKNTLYLQMSSLKSEDTAMYYCARHSGY
GTHWGVLFAYWGQGTLVTVSAGGGGSGGGGSGGGGSDIQMTQTTSSLSASLGDRVT
ISCRASQDISNYLNWYQQKPDGTVKLLIYYTSILHSGVPSRFSGSGSGTDYSLTISNLEQ
EDFATYFCQQGNTLPWTFGGGTKLEIKTTTPAPRPPTPAPTIASQPLSLRPEACRPAAG
GAVHTRGLDFACIYIWAPLAGTCGVLLLSLVITLYCNHRNRRRVCKCPRPVVKSGDK
PSLSARYVMVSELIKENMPMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKVVE
GGPLPFAFDILATSFMYGSRTFIKHPPGIPDFFKQSFPEGFTWERVTTYEDGGVLTATQ
DTSLQDGCLIYNVKVRGVNFPANGPVMQKKTLGWEASTETMYPADGGLEGACDMA
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LKLVGGGHMICNLETTYRSKKPATNLKMPGVYNVDHRLERIKEADDETYVEQHEVA
VARYSTGGAGDGGK

As Described in Figure 3.16

SEQ16 (CAR):
MLLLVTSLLLCELPHPAFLLIPDYKDDDDKQVQLQQSGPGLVKPSQTLSLTCAISGDSV
SSNSAAWNWIRQSPSRGLEWLGRTYYRSKWYNDYAVSVKSRITINPDTSKNQFSLQL
NSVTPEDTAVYYCAREVTGDLEDAFDIWGQGTMVTVSSGGGGSDIQMTQSPSSLSAS
VGDRVTITCRASQTIWSYLNWYQQRPGKAPNLLIYAASSLQSGVPSRFSGRGSGTDFT
LTISSLQAEDFATYYCQQSYSIPQTFGQGTKLEIKTTTPAPRPPTPAPTIASQPLSLRPEA
CRPAAGGAVHTRGLDFACIYIWAPLAGTCGVLLLSLVITKRGRKKLLYIFKQPFMRPV
QTTQEEDGCSCRFPEEEEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDV
LDKRRGRDPEMGGKPQRRKNPQEGLYNELQKDKMAEAY SEIGMKGERRRGKGHDG
LYQGLSTATKDTYDALHMQALPPR

SEQ17 (CAR-P2A-CoCAR):
MLLLVTSLLLCELPHPAFLLIPDYKDDDDKQVQLQQSGPGLVKPSQTLSLTCAISGDSV
SSNSAAWNWIRQSPSRGLEWLGRTYYRSKWYNDYAVSVKSRITINPDTSKNQFSLQL
NSVTPEDTAVYYCAREVTGDLEDAFDIWGQGTMVTVSSGGGGSDIQMTQSPSSLSAS
VGDRVTITCRASQTIWSYLNWYQQRPGKAPNLLIYAASSLQSGVPSRFSGRGSGTDFT
LTISSLQAEDFATYYCQQSYSIPQTFGQGTKLEIKTTTPAPRPPTPAPTIASQPLSLRPEA
CRPAAGGAVHTRGLDFACIYIWAPLAGTCGVLLLSLVITKRGRKKLLYIFKQPFMRPV
QTTQEEDGCSCRFPEEEEGGCELRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDV
LDKRRGRDPEMGGKPQRRKNPQEGLYNELQKDKMAEAY SEIGMKGERRRGKGHDG
LYQGLSTATKDTYDALHMQALPPRGSGATNFSLLKQAGDVEENPGPMVLLVTSLLLC
ELPHPAFLLIPDTEVQLVESGGGLVKPGGSLKLSCAASGFAFSIYDMSWVRQTPEKRL
EWVAYISSGGGTYYPDTVKGRFTISRDNAKNTLYLQMSSLKSEDTAMYYCARHSGY
GTHWGVLFAYWGQGTLVTVSAGGGGSGGGGSGGGGSDIQMTQTTSSLSASLGDRVT
ISCRASQDISNYLNWYQQKPDGTVKLLIYYTSILHSGVPSRFSGSGSGTDYSLTISNLEQ
EDFATYFCQQGNTLPWTFGGGTKLEIKEQKLISEEDLTTTPAPRPPTPAPTIASQPLSLR
PEACRPAAGGAVHTRGLDFACIYIWAPLAGTCGVLLLSLVITLYCNHRNRRRVCKCPR
PVVKSGDKPSLSARYV

As Described in Figure 4.3

SEQ18 (CAR):
Identical to SEQ11

SEQ19 (CoCAR):
Identical to SEQ12

SEQ20 (CoCARBL2):
MLLLVTSLLLCELPHPAFLLIPEVQLVESGGGLVKPGGSLKLSCAASGFAFSIYDMSW
VRQTPEKRLEWVAYISSGGGTYYPDTVKGRFTISRDNAKNTLYLQMSSLKSEDTAMY
YCARHSGYGSSYGVLFAYWGQGTLVTVSAGGGGSGGGGSGGGGSDIQMTQTTSSLS
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ASLGDRVTISCRASQDISNYLNWYQQKPDGTVKLLIYYTSILHSGVPSRFSGSGSGTDY
SLTISNLEQEDFATYFCQQGNTLPWTFGGGTKLEIKAAATTTPAPRPPTPAPTIASQPLS
LRPEACRPAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCNHRNRRRVC
KCPRPVVKSGDKPSLSARYVMVSELIKENMPMKLYMEGTVNNHHFKCTSEGEGKPY
EGTQTMRIKVVEGGPLPFAFDILATSFMYGSRTFIKHPPGIPDFFKQSFPEGFTWERVTT
YEDGGVLTATQDTSLQDGCLIYNVKVRGVNFPANGPVMQKKTLGWEASTETMYPA
DGGLEGACDMALKLVGGGHMICNLETTYRSKKPATNLKMPGVYNVDHRLERIKEAD
DETYVEQHEVAVARYSTGGAGDGGK

As Described in Figure 4.7

SEQ21 (CAR):
Identical to SEQ11

SEQ22 (CoCAR):
Identical to SEQ12

SEQ23 (COCARFMCE3):
MLLLVTSLLLCELPHPAFLLIPDIQMTQTTSSLSASLGDRVTISCRASQDISKYLNWYQ
QKPDGTVKLLIYHTSRLHSGVPSRFSGSGSGTDYSLTISNLEQEDIATYFCQQGNTLPY
TFGGGTKLEITGSTSGSGKPGSGEGSTKGEVKLQESGPGLVAPSQSLSVTCTVSGVSLP
DYGVSWIRQPPRKGLEWLGVIWGSETTYYNSALKSRLTIIKDNSKSQVFLKMNSLQTD
DTAIYYCAKHYYYGGSYAMDYWGQGTSVTVSSAAATTTPAPRPPTPAPTIASQPLSL
RPEACRPAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCNHRNRRRVCK
CPRPVVKSGDKPSLSARYVMVSELIKENMPMKLYMEGTVNNHHFKCTSEGEGKPYE
GTQTMRIKVVEGGPLPFAFDILATSFMYGSRTFIKHPPGIPDFFKQSFPEGFTWERVTTY
EDGGVLTATQDTSLQDGCLIYNVKVRGVNFPANGPVMQKKTLGWEASTETMYPAD
GGLEGACDMALKLVGGGHMICNLETTYRSKKPATNLKMPGVYNVDHRLERIKEADD
ETYVEQHEVAVARYSTGGAGDGGK

As Described in Figure 4.11

SEQ24 (CAR):
Identical to SEQ11

SEQ25 (CoCAR):
Identical to SEQ12

SEQ26 (COCARAAP):
SEQ27 (COCARA):

As Described in Figure 5.1

SEQ28 (BCMA CAR):
MLLLVTSLLLCELPHPAFLLIPQVKLEESGGGLVQAGRSLRLSCAASEHTFSSHVMGW
FRQAPGKERESVAVIGWRDISTSYADSVKGRFTISRDNAKKTLYLQMNSLKPEDTAV
YYCAARRIDAADFDSWGQGTQVTVSSAAATTTPAPRPPTPAPTIASQPLSLRPEACRP
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AAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCKRGRKKLLYIFKQPFMRP
VQTTQEEDGCSCRFPEEEEGGCELRVKFSRSADAPAYQQGONQLYNELNLGRREEYD
VLDKRRGRDPEMGGKPRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGHDG
LYQGLSTATKDTYDALHMQALPPRMVSKGEELFTGVVPILVELDGDVNGHKFSVSGE
GEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMP
EGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNS
HNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQ

SKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

SEQ29 (BCMA CoCAR):
MLLLVTSLLLCELPHPAFLLIPEVQLVESGGGLVQAGGSLRLSCAASGRTFTMGWFRQ
APGKEREFVAAISLSPTLAYYAESVKGRFTISRDNAKNTVVLQMNSLKPEDTALYYCA
ADRKSVMSIRPDYWGQGTQVTVSSAAATTTPAPRPPTPAPTIASQPLSLRPEACRPAA
GGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCNHRNRRRVCKCPRPVVKSG
DKPSLSARYVMVSELIKENMPMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTMRIKV
VEGGPLPFAFDILATSFMYGSRTFIKHPPGIPDFFKQSFPEGFTWERVTTYEDGGVLTA
TQDTSLQDGCLIYNVKVRGVNFPANGPVMQKKTLGWEASTETMYPADGGLEGACD
MALKLVGGGHMICNLETTYRSKKPATNLKMPGVYNVDHRLERIKEADDETYVEQHE
VAVARYSTGGAGDGGK

As Described in Figure 5.4

SEQ30 (CD19 CAR):
MALPVTALLLPLALLLHAARPQSALTQPSSVSANPGETVKITCSGGYSSYYGWYQQK
SPGSAPVTLIYESNKRPSDIPSRFSGSASGSTATLTITGVQVEDEAVYYCGGLTPTHAGI
FGAGTTLTVLGGGGSGGGGSGGGGSAVTLDESGGGLQTPGGALSLVCKASGFTFSSY
DMGWVRQAPGKGLEFVAGIDDDGRYTSYGSAVDGRATISRDNGQSTVRLQOLNNLRA
EDTATYYCTRGNAGWIDAWGHGTEVIVSSAAATTTPAPRPPTPAPTIASQPLSLRPEA
CRPAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYCKRGRKKLLY IFKQPF
MRPVQTTQEEDGCSCRFPEEEEGGCELRVKFSRSADAPAYQQGQONQLYNELNLGRRE
EYDVLDKRRGRDPEMGGKPRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKG
HDGLYQGLSTATKDTYDALHMQALPPRMVSKGEELFTGVVPILVELDGDVNGHKFS
VSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFK
SAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEY
NYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHY
LSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK

SEQ31 (CD19 CoCAR):
Identical to SEQ23

27




Table 2.2 Antibodies and reagents used for flow cytometry staining

Panel for Figures 3.2 and 3.6

Target Clone Fluorophore Vendor Catalog
CD69 FN50 Bv421 BiolLegend 310929
Zombie NIR BioLegend 423105
Panel for Figure 3.9
Target Clone Fluorophore Vendor Catalog
CD22-Fc AF647 R&D Systems AFR1968
Panel for Figures 3.10-3.13, 4.1, 4.2, 4.4, 4.5, 4.8-4.10, 4.12, 4.13,5.2,5.3,5.5,5.6
Target Clone Fluorophore Vendor Catalog
CD3 SK7 BUV395 BD Biosciences 564000
CD4 SK3 BUV496 BD Biosciences 612937
CD8 SK1 BV510 BioLegend 612937
IL-2 MQ1-17H12 AF647 BioLegend 500315
TNFa MAb11 BV650 BioLegend 502938
IFNy 4S.B3 BV421 BioLegend 502532
Zombie NIR BioLegend 423105
Panel for Figure 3.13
Target Clone Fluorophore Vendor Catalog
CD22 HIB22 AF647 BioLegend 302518
Panel for Figure 3.16
Target Clone Fluorophore Vendor Catalog
FLAG Tag LS BVv421 BioLegend 637322
MYC Tag 9B11 AF647 Cell Signaling Technology | 2233S
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3. ITERATIVE DESIGN AND FUNCTIONAL EVALUATION OF A

NOVEL CHIMERIC CORECEPTOR

Driven by the clinical need for more sensitive chimeric antigen receptors (CARS) and
inspired by the interactions between the coreceptor and T cell receptor (TCR), we sought to
design a novel CAR with increased sensitivity to antigen through incorporation of LCK-binding
domains derived from CD4 or CD8. We first approached this challenge by inserting coreceptor
cytoplasmic domains directly into a second-generation CD19-targeted CAR. Whether new CAR
constructs will express properly is hard to predict and we assumed a higher probability of
stability if we kept the number of molecules from which we sourced domains as low as possible.
Therefore, although CD4 is capable of binding LCK we selected domains from the CD8
coreceptor as our CAR already contained hinge and transmembrane domains derived from
CD8a. We chose to incorporate the full length CD8a cytoplasmic sequence over CDS8p as the
latter has been shown to become palmitoylated and aggregate in lipid rafts [102]. Therefore, use
of CDS8p cytoplasmic domains could potentially lead to unwanted interactions with endogenous
CD8 molecules.

Briefly, the anti-CD19 scFv FMC63 was combined with CD8a. hinge and
transmembrane, 4-1BB costimulatory, and CD3( stimulatory domains [103]. Monomeric EGFP
(mEGFP) was then fused to the C-terminus to track CAR expression [104]. Three novel
constructs - CAR8al, CAR8a2, and CAR8a3 - were generated by inserting the full CD8a
cytoplasmic sequence between existing domains (Figure 3.1.A). We hypothesized that LCK,
bound to the CD8a domain, would be able to increase CD3{ phosphorylation and therefore,

functionality (Figure 3.1.B).
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Figure 3.1 Design, rationale, and expression of CAR8a constructs

A. Schematics of a conventional anti-CD19-BB{ CAR and three novel variants with the
insertion of the full-length CD8a cytoplasmic domain. All molecules are tagged with a C-
terminal mEGFP (not depicted). B. Mechanistic hypothesis behind design in which CD8a-
bound LCK phosphorylates ITAMs present in the CD3( cytoplasmic domain. C.
Representative flow cytometric plots showing expression of CAR constructs in the Jurkat cell
line or untransduced (UT) controls.

Each construct was cloned into replication-deficient lentiviral transfer plasmids,
packaged, and expressed in the Jurkat human T cell line through viral transduction (Figure
3.1.C). We then used fluorescence-activated cell sorting (FACS) to sort populations with
equivalent mEGFP gMFI to normalize CAR expression and ensure a fair comparison. Sorted
Jurkat cells expressing CAR, CAR8al, CAR8a2, and CAR8a3, or untransduced controls were
then cocultured with Nalmé cells, a CD19*CD22* human B-ALL cell line. Functionality was

assessed through surface staining for the early-activation marker CD69 and by IL-2 secretion.
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Figure 3.2 CARS8a cells are less functional than conventional CARs

In vitro activity of CAR-expressing Jurkat T cells after stimulation with the Nalm6 cell line,
measured by A. surface staining for CD69 and B. ELISA of IL-2 in the supernatant. CAR
expression across effector lines were normalized before coculture using fluorescence-
activated cell sorting (FACS).

Compared to the state-of-the-art, all three novel designs exhibited slight decreases in CD69
expression and major impairments to I1L-2 secretion (Figure 3.2). Since we did not observe
defects in CAR expression after incorporation of the CD8a domain, we hypothesized that the
decrease in functionality was likely due to the inhibition of stimulatory signaling, perhaps due to
changes in protein conformation after introduction of the CD8a. cytoplasmic domain.

Seeing little promise with linearly incorporating the cytoplasmic domain of CD8a into an
existing CAR, we turned to the design and evaluation of a dual-CAR system. Mimicking the
two-molecule nature of the TCR and coreceptor, our system would contain both a second-
generation CAR and a novel chimeric coreceptor, or CoOCAR. We decided to have CAR and
CoCAR target unique antigen, since using the same scFv would lead to competition during
binding. CD19 and CD22 were chosen as antigen targets since both are highly expressed in B-
ALL and scFvs for both have been well validated for CAR use. We used our previously
described anti-CD19 CAR and generated two CoCAR variants by fusing the anti-CD22 scFv

HA22 to a CD8a hinge and the transmembrane and cytoplasmic domains of either CD4 or CD8a
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Figure 3.3 Design, rationale, and expression of CAR-IRES-CoCAR constructs

A. Schematics of a conventional anti-CD19-BB{ CAR and two novel dual-CAR systems with
the addition of a chimeric coreceptor containing the HA22 scFv and either transmembrane
domains (TM) and cytoplasmic domains from either CD4 or CD8a. All molecules are tagged
with a C-terminal mMEGFP or FusionRed (not depicted). B. Mechanistic hypothesis in which
CoCAR-bound LCK phosphorylates ITAMs present in the CD3( cytoplasmic domain after
antigen binding and colocalization of CAR and CoCAR. C. Representative flow cytometric
plots showing expression of CAR constructs in the Jurkat cell line or untransduced (UT)
controls.

(Figure 3.3.A) [105]. FusionRed was fused to the C-terminus of either CoCAR to monitor
expression [106]. Three lentiviral transfer plasmids were generated containing CAR only, both
CAR and CoCAR4, or both CAR and CoCARS8a. An IRES was inserted between CAR and
CoCAR of the latter two designs so that both molecules could be expressed bicistronically. We

hypothesized that cells coexpressing CAR-IRES-CoCAR4 or CAR-IRES-CoCARS8a would have
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increased functionality compared to cells expressing CAR alone, due to colocalization of CAR
and CoCAR and increased ITAM phosphorylation by CoCAR-bound LCK (Figure 3.3.B).

All three constructs were successfully cloned, packaged, and transduced into Jurkat cells
(Figure 3.3.C). FACS was again used to normalize the expression of both CAR and CoCAR
molecules between the three lines. After coculture with Nalm6 cells, we observed that neither
CoCAR4 nor CoCARBa. positively contributed to overall CAR function. Interestingly, while
CAR-IRES-CoCARA4 cells expressed similar levels of IL-2 to CAR, CAR-IRES-CoCARSa cells
showed a significant decrease in IL-2 secretion (Figure 3.4). Although neither design showed
promise, we were encouraged by these results as the decrease in functionality implied some level
of interaction, although deleterious, between the CAR and CoCAR8a. We hypothesized that
CoCARS8a molecules were interacting with CAR molecules through their shared transmembrane
domain, but sequestering CAR molecules away from CD19, decreasing binding and activation.
This theory was further supported by previous studies showing that CD19 and CD22 do not
readily colocalize on B cells, perhaps due to their opposing functions to amplify and dampen B

cell activation [107-109]. Figure 3.4 CAR-IRES-
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We iterated upon our dual-CAR design so that both CARs would bind the same antigen

target. We identified the anti-CD22 scFv m971 that noncompetetively binds CD22 at Ig domains

3, while the HA22 scFv binds at Ig domains 5-7 [79, 80]. Briefly, we formed the CAR by fusing

the m971 scFv to CD8a hinge and transmembrane, 4-1BB costimulatory, and CD3( stimulatory

domains. Two CoCARs were formed by fusing the HA22 scFv to a CD8a hinge and the

transmembrane and cytoplasmic domains of either CD4 or CD8a. (Figure 3.5.A). In order to
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Figure 3.5 Design, rationale, and expression of CAR + CoCAR constructs

A. Schematics of a conventional anti-CD22-BB{ CAR and two novel dual-CAR systems
with the addition of a chimeric coreceptor containing the HA22 scFv and either
transmembrane domains (TM) and cytoplasmic domains from either CD4 or CD8a. All
molecules are tagged with a C-terminal P2ZA-mEGFP or P2A-FusionRed (not depicted). B.
Mechanistic hypothesis in which CoCAR-bound LCK phosphorylates ITAMs present in the
CD3( cytoplasmic domain after non-competitive antigen binding to CD22. C. Representative
flow cytometric plots showing expression of CAR constructs in the Jurkat cell line or
untransduced (UT) controls.
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facilitate more efficient screening and improve viral titers, we split CAR and CoCAR molecules
into their own respective lentiviral vectors. Additionally, to rule out possible steric inhibition
between C-terminal fused mEGFP and FusionRed as a cause of failure, a P2A cleavage sequence
was inserted before mMEGFP on the CAR or FusionRed on the CoOCAR. CAR expression could
therefore still be monitored through fluorescent proxies, although the molecules would now be
localized cytoplasmically, versus membrane-bound through fusion with the CAR or CoCAR. We
hypothesized that by noncompetitively targeting the same antigen, CAR and CoCAR molecules
would be able to colocalize and interact as designed without impeding CAR binding and
stimulation (Figure 3.5.B).

Coexpression was achieved in a subset of Jurkat cells after cotransduction with
lentiviruses encoding CAR and either COCAR variant (Figure 3.5.C). Like before, FACS was
used to normalize CAR and CoCAR expression between the three lines. After coculture with
Nalm6 cells, Jurkat cells expressing CAR + CoCAR4 or CAR + CoCARB8a expressed more

CD69 and secreted more IL-2 (Figure 3.6). While these results indicated that coexpression of
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Figure 3.6 CAR + CoCAR constructs increase functionality of conventional CARs

In vitro activity of CAR-expressing Jurkat T cells after stimulation with the Nalm6 cell line,
measured by A. surface staining for CD69 and B. ELISA of IL-2 in the supernatant. CAR
expression across effector lines were normalized before coculture using fluorescence-
activated cell sorting (FACS).
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CAR and CoCAR increased anti-tumor functionality in Jurkat cells, it was yet to be seen if

system would also function in primary human T cells. Seeing that CAR + CoCAR8a Jurkat cells

outperformed those expressing CAR + CoCAR4, only the former was carried forward for testing

in primary cells.
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Figure 3.7 Fixation and permeabilization leads to loss of mMEGFP and FusionRed signal
A. Representative flow cytometric plots showing expression of CAR constructs in primary
human T cells before and after fixation and permeabilization. Untransduced (UT) cells were
used as gating controls. B. Mechanistic hypothesis behind loss of fluorescent signal, in which
cytoplasmically-localized P2A-fluorescent proteins are washed out of the cell during

permeabilization.
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Figure 3.8 mMEGFP bound to CAR molecules better withstand fixation and
permeabilization

A. Schematics of a conventional anti-CD22-BB{ CAR with C-terminal mEGFP expressed
via P2A or direct fusion to the CAR. B. Representative flow cytometric expression of
MEGFP before and after fixation and permeabilization. Untransduced (UT) controls are
shown for reference.

We were pleased to see that like in Jurkat cells, coexpression of CAR and CoCAR was
achieved in a subset of cells after cotransduction with lentiviruses (Figure 3.7.A). Normalization
of CAR expression between conditions proved difficult, as FACS adversely affected the viability
of primary T cells. With this limitation in mind, we chose to assess cytokine production via
intracellular staining, so that CAR expression could be normalized through gating during

analysis. Primary T cells were cocultured with Nalm6 cells and subsequently fixed,
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permeabilized, and stained for prototypical inflammatory T cell cytokines IL-2, TNFa, and IFNy.
Unfortunately, we found that fixation and permeabilization greatly reduced expression of
mEGFP and FusionRed (Figure 3.7.B). We hypothesized that our fluorescent proxies, no longer
membrane bound, were being washed out of our cells during intracellular staining (Figure 3.7.C).
To test this hypothesis, we compared fluorescence retention in Jurkat cells transduced with either
CAR or a CAR variant with mEGFP fused to the C-terminus (Figure 3.8.A). After fixation and
permeabilization, we observed that fusion to the C-terminus of the CAR was necessary for
retention of MEGFP signal (Figure 3.8.B).

Detection of both CAR and CoCAR was optimized for fixation and permeabilization by
fusing mEGFP to the C-terminus of the CAR and FusionRed to the CoCAR. Coexpression of
both molecules in a subset of primary human T cells was achieved after cotransduction with
lentiviruses encoding either CAR or CoCAR (Figure 3.9.C). Additionally, to validate the use of
MEGFP and FusionRed as reliable proxy for surface expression, primary T cells were transduced
with either CAR or CoCAR virus and then stained with AF647-conjugated CD22-Fc. Both
fluorescent proteins exhibited similar expression as CD22-Fc, verifying their use as proxies for
surface expression (Figure 3.9.D).

We first evaluated anti-tumor functionality through coculture with Nalmé cells and
intracellular staining for IL-2, TNFa, and IFNy. We found that CAR*CoCAR® cells had both a
higher percentage of cytokine positivity and cytokine gMFI (Figure 3.10, Figure 3.11.A, and
Figure 3.11.B). Similarly, we found an increase in polyfunctional, cytokine triple-positive cells
when comparing CAR*CoCAR™ to CAR" (Figure 3.11.C) [110-112]. Next, to assess if the
CoCAR impacted other anti-tumor functions we evaluated cell-mediated killing. FACS was used

to normalize CAR expression between the conditions and sorted cells were then put into
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Figure 3.9 Design, rationale, and expression of optimized CAR + CoCAR constructs
A. Schematics of a conventional anti-CD22-BB{ CAR and our novel dual-CAR system with
additional chimeric coreceptor containing the HA22 scFv, CD8a transmembrane domain
(TM), and CD8a. cytoplasmic domain. All molecules are tagged with a C-terminal mMEGFP
or FusionRed (not depicted). B. Mechanistic hypothesis in which CoOCAR-bound LCK
phosphorylates ITAMs present in the CD3( cytoplasmic domain after non-competitive
antigen binding to CD22. C. Representative flow cytometric plots showing expression of
CAR constructs in primary human T cells or untransduced (UT) controls. D. Secondary
staining of untransduced, CAR-transduced, or CoOCAR-transduced primary human T cells
with AF647-conjugated CD22-Fc.
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Figure 3.10 Dual-expression of CAR and CoCAR increase cytokine production

In vitro activity of CAR-expressing primary human T cells after stimulation with the Nalm6
cell line measured by intracellular staining of prototypical cytokines induced upon T cell
activation. Representative flow cytometric plots for A. IL-2 B. TNFa C. IFNYy after gating of
CAR" or CAR"CoCAR" populations. Baseline T cell activation in untransduced (UT) cells is

shown for reference.
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Figure 3.11 CAR*CoCAR* cells exhibit improved antitumor functionality

A-C. Summarized in vitro activity of CAR-transduced primary human T cells after
stimulation with the Nalm6 cell line measured by intracellular staining IL-2, TNFa, and
IFNy. Baseline T cell activation in untransduced (UT) cells is shown for reference. A.
Percent cytokine positivity B. gMFI of cytokine-positive cells C. percent of TNFa *IL-2*
IFNy™ cells within CAR* or CAR*CoCAR" gates. D. Cytotoxic abilities of CAR-transduced
primary human T cells after coculture with luciferase-expressing Nalmé cells. CAR
expression across effector lines were normalized before coculture using fluorescence-
activated cell sorting (FACS). Baseline T cell killing in UT cells is shown for reference.

coculture with Nalmé6 cells. Sorted CAR + CoCAR cells were significantly more cytotoxic
towards target cells compared to those only expressing CAR (Figure 3.11.D). To ensure that the
improved functionality was not a donor-specific anomaly, we repeated intracellular staining for
cytokines with three additional healthy donors. In all donors, coexpression of both CAR and
CoCAR was achieved and CAR*CoCAR™ T cells derived from each additional donor showed
increased cytokine positivity over CAR™ cells (Figure 3.12).

We further evaluated the sensitivity of the CoCAR system by assessing cytokine

production after coculture with Nalm6 populations of different antigen densities. FACS was used
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Figure 3.12 The CoCAR system is not donor-restricted

Expression of CAR and CoCAR molecules in additional healthy donors and summarized in
vitro activity of CAR-transduced primary human T cells after stimulation with the Nalm6
cell line measured by intracellular staining IL-2, TNFa, and IFNy. Percent cytokine
positivity is shown for cells within CAR™ or CAR"CoCAR" gates. Untransduced (UT) cells
are shown for reference. A,B. Donor 1. C,D. Donor 2. E,F. Donor 3.
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Figure 3.13 CAR*CoCAR* cells are more functional across clinically-relevant antigen

densities

A. Flow cytometric analysis of CD22 antibody binding capacity (ABC) of Nalm6 cell lines
after single-cell sorting and expansion of individual clones. Summarized in vitro activity of
CAR-transduced primary human T cells after stimulation with one of 11 Nalm6 cell line
measured by intracellular staining of B. IL-2, C. TNFa, and D. IFNy. Percent cytokine
positivity is shown for cells within CAR™ or CAR"CoCAR" gates. Untransduced (UT) cells

are shown for reference.

to sort out single Nalm6 cells from the parental line. Single cells were expanded, yielding 11

distinct populations with measured antibody binding capacities (ABC) ranging from 19

molecules of CD22 per cell to 4,819 molecules of CD22 per cell (Figure 3.13.A). Across all

antigen densities, a higher percentage of CAR"CoCAR™ cells were capable of producing
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cytokines compared to CAR* (Figure 3.13.B, Figure 3.13.C, and Figure 3.13.D). Differences in
cytokine production were most apparent at lower levels of CD22 expression, such as at ~500
molecules/cell where coexpression of CAR and CoCAR increased the percent of cytokine
producing cells approximately five- to seven-fold. Importantly, the reported average ABC of
CD22 on primary B-ALL cells post-relapse is ~1,200 molecules of CD22 per cell, which
comfortably falls within the range of antigen densities we tested, indicating that our dual-
molecule system performs better in vitro at these failure points [81, 82]. In conclusion, these data
provide evidence for both increased antitumor functionality and antigen sensitivity allowed by
the CAR + CoCAR system compared to the conventional CAR.

In order to assess in vivo persistence and anti-tumor killing, we injected immunodeficient,
NOD.Cg-Prkdc*® [12rgt™*"il/SzJ (NSG) mice with Nalmé cells and then treated them with CAR
or CAR + CoCAR primary human T cells (Figure 3.14.A). Mice treated with CAR + CoCAR
cells showed a median increase of 3 days survival compared to mice injected with CAR cells
(Figure 3.14.B). While the increase in survival was modest, our results show that CAR*CoCAR*
cells are functional in vivo. We hypothesized that our current expression strategy is to blame for
underwhelming in vivo performance. Cotransduction of CAR and CoCAR viruses produces a
heterogenous expression pattern, with only ~50% of the CAR* population expressing the
CoCAR as well (Figure 3.14.C). It is likely that increasing the percent and purity of
CAR*CoCAR" cells would further increase differences between conditions.

Having shown that CAR*CoCAR™ cells were highly functional, we next sought to
implement bicistronic expression to further optimize the dual-molecule system. Previously

described CAR and CoCAR constructs were combined into single lentiviral transfer plasmids
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Figure 3.14 CAR + CoCAR cells modestly improve in vivo survival

A. Schematic of 1V injections for assessing in vivo activity of CAR-transduced cells in NSG
mice. B. Survival curve of mice receiving different experimental treatments C. Flow
cytometric plots showing expression of CAR constructs in primary human T cells or
untransduced (UT) controls pre-administration on Day 3.
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Figure 3.15 Bicistronic expression of fluorescently-tagged molecules via P2A leads to
better expression distribution than IRES

Representative flow cytometric plots showing expression of CAR constructs in the Jurkat
cell line or untransduced (UT) controls.
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separated by either IRES or P2A. Both bicistronic vectors were successfully cloned, packaged,
and transduced into Jurkat cells. While both bicistronic elements led to a subset of
CAR*CoCAR* Jurkat cells, use of the P2A led to a more equimolar distribution (Figure 3.15)
[113]. Unfortunately, we were not able to test the expression of either bicistronic vector in
primary human T cells as the large transgene size prevented production of practically useful viral
titers [114].

We next altered our detection strategy to decrease transgene size and increase viral titers.
C-term fused fluorescent proteins, each around 700bp in length, were replaced with small
epitope tags, each around 30bp in length. Briefly, the CAR construct was altered by removing
mEGFP and adding a FLAG tag at the 5 end of the m971 scFv [115]. The CoCAR was altered
by removing FusionRed and adding a MYC tag at the 3’ end of the HA22 scFv (Figure 3.16.A)
[116]. By inserting unique epitope tags into the CAR and CoCAR, each molecule could still be
uniquely identified by surface staining. CAR and CoCAR genes were again combined into a
single lentiviral transfer plasmid and separated by P2A. This smaller bicistronic vector was
capable of being produced at high titers and primary cells expressed a more favorable

distribution of CAR and CoCAR than with cotransduction of split viruses (Figure 3.16.B).
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Figure 3.16 Bicistronic expression of epitope-tagged molecules via P2A improve
coexpression of CAR and CoCAR

A. Schematics of a conventional anti-CD22-BB{ CAR and our novel dual-CAR system with
additional chimeric coreceptor containing the HA22 scFv, CD8a transmembrane domain
(TM), and CD8a. cytoplasmic domain. CAR and CoCAR are tagged with FLAG or MYC
tags, respectively. B. Representative flow cytometric plots showing expression of epitope-
tagged CAR constructs in primary human T cells or untransduced (UT) controls after surface
staining.
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4. MECHANISTIC UNDERSTANDING

Considering the unpredictable nature of synthetic receptors and the novelty of our dual-
CAR system, we sought to assess the role of various antigen-independent and antigen-dependent
factors that might contribute to the CoCAR’s function. We first assessed sources of antigen-
independent activation, undesirable for our system. Tonic signaling, or activation in the absence
of antigen, can be caused by CAR aggregation and can be identified by secretion of IFNy by
resting CAR-T cells. Although resting CAR + CoCAR cells secreted more IFNy compared to
CAR, this increase appears trivial when compared to the amount of IFNy produced after
coculture with Nalm6é cells (Figure 4.1.A). Next, we sought to verify that CAR-induced

activation was due to CD22 and not non-specific binding to another molecule on Nalmé cells.
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Figure 4.1 Activation through the CoCAR system is CD22-dependent

A. CAR-transduced primary human T cells were either cocultured with Nalm6 target cells
(+) or left as effector-only controls (-). Pre-coculture effector counts were adjusted by
MEGFP%, so to normalize the amount of CAR" cells between conditions. Cytokine
secretion was then measured by Legendplex of IFNy in the supernatant. Baseline T cell
activation in untransduced (UT) cells is shown for reference. B. Summarized in vitro activity
of CAR-transduced primary human T cells after stimulation with a modified Nalm6<P?2K0O
cell line (+) or as effector-only controls (-). Cytokine production was measured by
intracellular staining of IFNy. Baseline T cell activation in untransduced (UT) cells is shown
for reference.
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Figure 4.2 The CoCAR is incapable of inducing T cell activation by itself

Summarized in vitro activity of CAR-transduced primary human T cells after stimulation
with the Nalmé cell line measured by intracellular staining of IL-2, TNFa, and IFNy. Percent
cytokine positivity is shown for cells within CoOCAR*, CAR", or CAR*CoCAR" gates.
Untransduced (UT) cells are shown for reference.

Coculture with Nalm6<P?2K0 cells did not induce activation beyond the baseline attributed to
tonic signaling (Figure 4.1.B). In conclusion, we show that the COCAR system is dependent on
CD22 and induces a negligible increase in tonic signaling compared to CAR alone.

These results led us to next evaluate antigen-dependent mechanisms. We first asked if the
CoCAR alone was able to induce activation or if it was only supplementing CAR activation as
designed. After coculture with Nalmé6 cells, we observed no significant differences in cytokine
production between untransduced cells and those expressing CoCAR alone, showing its inability
to initiate T cell activation (Figure 4.2). We next sought to assess the role of avidity, as both
CAR and CoCAR bind epitopes of CD22. We generated a CoCAR variant with decreased
binding strength by replacing the HA22 scFv with BL22. While both scFvs bind the same

epitope, a three amino acid substitution in the V1 decreases scFv affinity (Kq) from 2.3nM to
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Figure 4.3 Design and expression of a lower-affinity CoCAR variant)

A. Schematic depicting amino acid mutations in the V4 domain of HA22 scFv necessary to
generate the lower-affinity BL22 scFv. B. Schematics of the COCARB?2 system compared to
the WT CoCAR system. All molecules are tagged with a C-terminal mMEGFP or FusionRed
(not depicted). C. Representative flow cytometric plots showing expression of CAR
constructs in primary human T cells or untransduced (UT) controls.
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Figure 4.4 Dual-expression of CAR and CoCAR or CoCARBL?2 provide similar
functional benefits

In vitro activity of CAR-expressing primary human T cells after stimulation with the Nalm6
cell line measured by intracellular staining of prototypical cytokines induced upon T cell
activation. Representative flow cytometric plots for A. IL-2 B. TNFa C. IFNy after gating of
CAR*, CAR*CoCARBL?2* CAR*CoCAR" populations of equivalent gMFIs. Baseline T cell
activation in untransduced (UT) cells is shown for reference.
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5.8nM (Figure 4.3) [79]. Cytokine responses of CAR"CoCAR™ cells after coculture with Nalmé
cells were similar, regardless if the CoOCAR contained the HA22 or BL22 (Figure 4.4 and Figure
4.5). While these results indicate that avidity is not a driving factor in CoCAR function it does
not completely absolve it as a contributor, as COCAR affinity may need to by multiple orders of
magnitude in order to impair function.

These results led us to believe that the CAR and CoCAR were likely interacting with
each other and we therefore sought to determine the importance of colocalization. Jurkat cells
were cotransduced with CAR and CoCAR viruses and then cultured with or without Nalm6 cells.
Each well was carefully fixed to retain cell-cell interactions, washed, and then transferred to a
coverslip for imaging. We observed colocalization of mMEGFP and FusionRed signal, especially
in CAR-T cells bound to Nalm6 targets (Figure 4.6). Seeing that CAR and CoCAR molecules

occupied similar regions of the T cell membrane during antigen recognition, we asked what
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Figure 4.5 CAR*CoCARB-2?* cells exhibit similar antitumor functionality as
CAR*CoCAR* cells

Summarized in vitro activity of CAR-transduced primary human T cells after stimulation
with the Nalmé6 cell line measured by intracellular staining of IL-2, TNFa, and IFNy. Percent
cytokine positivity is shown for cells within CAR*, CAR*CoCARB-?2* or CAR*CoCAR?
gates of equivalent gMFIs. Untransduced (UT) cells are shown for reference.
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A.
Nalm6 (Cell Trace Violet) CAR (MEGFP) CoCAR (FusionRed) Merge

B.

Nalmé (Cell Trace Violet) CAR (MEGFP) CoCAR (FusionRed) Merge

Figure 4.6 CAR and CoCAR molecules are colocalized during antigen recognition
Representative images of a CAR*CoCAR* Jurkat T cell A. during recognition of a Nalm6é
target cell or B. at rest. CAR molecules were detected via C-terminal fused mEGFP (green),
CoCAR by C-terminal fused FusionRed (Red), and Nalmé cells by labeling with Cell Trace
Violet (pink). Overlap of CAR and CoCAR signal can be observed in orange.

would happen if we forced the CAR and CoCAR apart. By having the CAR and CoCAR target
antigens known to inhabit different locations in the B membrane, we could further probe the
necessity of CAR and CoCAR colocalization. Briefly, we generated a CoCAR variant targeting
by swapping the anti-CD22 scFv HA22 with the anti-CD19 scFv FMC63 (Figure 4.7). HA22 and
FMC63 have affinities of 5.8nM and 0.3nM, respectively, ensuring any increase in target cell
avidity would not be lost. After coculture with Nalm6 cells, we found that redirecting the
CoCAR to target CD19 led to large decreases in cytokine production (Figure 4.8 and Figure 4.9).

CAR*CoCARMMC83* cells showed similar functionality to CAR™ cells, indicating that the
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expression of the CD19-targeted CoCAR did nothing to improve activation induced by the CAR.
Together, these data show that the CoCAR is a supplementary signaling molecule, only capable

of enhancing activation when colocalized with the CAR.
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Figure 4.7 Design and expression of a CoCAR variant targeting CD19

A. Schematics of the CoCAR™C83 system compared to the WT CoCAR system. All
molecules are tagged with a C-terminal mMEGFP or FusionRed (not depicted). B.
Representative flow cytometric plots showing expression of CAR constructs in primary
human T cells or untransduced (UT) controls.
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Figure 4.8 Dual-expression of CAR and CoCAR™MC62 do not increase functionality

In vitro activity of CAR-expressing primary human T cells after stimulation with the Nalm6é

cell line measured by intracellular staining of prototypical cytokines induced upon T cell

activation. Representative flow cytometric plots for A. IL-2 B. TNFa C. IFNYy after gating of
CAR*, CAR"CoCARMC83* ' CAR*CoCAR" populations of equivalent gMFIs. Baseline T cell

activation in untransduced (UT) cells is shown for reference.
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Figure 4.9 CAR*CoCARFMCE+* cells exhibit similar antitumor functionality as CAR*
cells

Summarized in vitro activity of CAR-transduced primary human T cells after stimulation
with the Nalmé cell line measured by intracellular staining of IL-2, TNFa, and IFNy. Percent
cytokine positivity is shown for cells within CAR*, CAR*CoCARFMC3* or CAR*CoCAR*
gates of equivalent gMFIs. Untransduced (UT) cells are shown for reference.
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Figure 4.10 The CoCAR system works in both CD4* and CD8* T cell subtypes
Summarized in vitro activity of CAR-transduced primary human T cells after stimulation
with the Nalmé cell line measured by intracellular staining of IL-2, TNFa, and IFNy. Percent
cytokine positivity is shown for cells within CD4" or CD8" followed by CAR" or
CAR*CoCAR" gates. Untransduced (UT) cells are shown for reference.
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As the CoCAR contains components borrowed from the CD8 coreceptor, we next asked if
system properly functions in both CD4" and CD8* subtypes, or if the endogenous CD8
coreceptor would interfere with or sequester CoOCAR function. After gating into CD4* or CD8"
subtypes, we observed that the CoCAR system was able to properly function in both subtypes,
showing that coreceptor subtype is largely irrelevant (Figure 4.10).

We next asked whether the intracellular domain of the CoCAR was necessary for its function
and hypothesized that abrogation of LCK binding would negatively impact anti-tumor
functionality. We generated two variants of the CoCAR, the first containing targeted cysteine to
alanine mutations in the CxCP motif responsible for binding LCK through a zinc-clasp
(CoCARMAP) and a second in which the entire intracellular region was removed to rule out the
binding of other molecules such as LAT to alternative motifs (CoCAR?) (Figure 4.11) [117-120].
As we hypothesized, cytokine expression was significantly impaired by abrogating LCK binding
or by deletion of the cytoplasmic region (Figure 4.12 and Figure 4.13). Interestingly,
CAR*CoCARMAP* and CAR*CoCARA* cells still showed functional improvements over CAR*
cells, indicating that the LCK-binding domain in the CoCAR is a contributor to function but not
the only mechanism in play. While it appears that the CoCAR system largely behaves as
designed, further interrogation into other factors such as CAR stability and synapse structure

would likely provide greater insight into the CoCAR’s mechanism.
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Figure 4.11 Design and expression of COCAR variants with mutated LCK-binding

domains

CAR (MEGFP)

A. Schematics of the CoOCAR™*? and CoCAR2 LCK-binding mutants compared the WT
CoCAR system. All molecules are tagged with a C-terminal FusionRed (not depicted). B.

Representative flow cytometric plots showing expression of CAR constructs in primary

human T cells or untransduced (UT) controls.
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Figure 4.12 Dual-expression of CAR and CoCAR”*AP or CoCARA are less functional

than CoCAR

In vitro activity of CAR-expressing primary human T cells after stimulation with the Nalm6é

cell line measured by intracellular staining of prototypical cytokines induced upon T cell

activation. Representative flow cytometric plots for A. IL-2 B. TNFa C. IFNy after gating of

CAR*, CAR"CoCARMAP* CAR*CoCAR2+, or CAR*CoCAR* populations of equivalent
gMFIs. Baseline T cell activation in untransduced (UT) cells is shown for reference.
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Figure 4.13 LCK plays a role in CoCAR function, but is not necessary for functional
benefit

Summarized in vitro activity of CAR-transduced primary human T cells after stimulation
with the Nalm6 cell line measured by intracellular staining of IL-2, TNFa, and IFNy. Percent
cytokine positivity is shown for cells within CAR*, CAR*CoCARMAP* CAR*CoCARA+, or
CAR*CoCAR* gates of equivalent gMFIs. Untransduced (UT) cells are shown for reference.
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5. APPLICABILITY TO OTHER ANTIGEN TARGETS

Seeing that the CoCAR could be implemented to improve the functionality of a pre-
existing CD22 CAR, we asked if the system was CD22-restricted or if it was capable of being

adapted to other antigen targets. We selected BCMA as an alternative target and identified
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Figure 5.1 Design, rationale, and expression of re-engineeed CAR + CoCAR constructs
targeting BCMA

A. Schematics of a second-generation anti-BCMA-BB{ CAR and our novel dual-CAR
system targeting BCMA with additional chimeric coreceptor containing the Cilta2 VHH,
CD8a transmembrane domain (TM), and CD8a cytoplasmic domain. All molecules are
tagged with a C-terminal mMEGFP or FusionRed (not depicted). B. Mechanistic hypothesis in
which BCMA CoCAR-bound LCK phosphorylates ITAMs present in the CD3( cytoplasmic
domain after non-competitive antigen binding to BCMA.. C. Representative flow cytometric
plots showing expression of BCMA CAR constructs in primary human T cells or
untransduced (UT) controls.
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Figure 5.2 Dual-expression of BCMA CAR and CoCAR increase cytokine production
In vitro activity of BCMA CAR-expressing primary human T cells after stimulation with the
MM.1s cell line measured by intracellular staining of prototypical cytokines induced upon T
cell activation. Representative flow cytometric plots for A. IL-2 B. TNFa C. IFNy after
gating of BCMA CAR" or BCMA CAR*CoCAR" populations. Baseline T cell activation in
untransduced (UT) cells is shown for reference.
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Figure 5.3 BCMA CAR*CoCAR* cells exhibit improved antitumor functionality
Summarized in vitro activity of BCMA CAR-transduced primary human T cells after
stimulation with the MM.1s cell line measured by intracellular staining of IL-2, TNFa, and
IFNy. Baseline T cell activation in untransduced (UT) cells is shown for reference. Analyzed
by A. Percent cytokine positivity B. gMFI of cytokine-positive cells C. percent of TNFa *IL-
2" IFNy* cells within BCMA CAR* or BCMA CAR"CoCAR"* gates.
BCMA-binding nanobodies derived from cilta-cel, known to bind distinct epitopes of BCMA
[121, 122]. Briefly, we replaced the CAR’s m971 scFv with Ciltal VHH and the CoCAR’s
HAZ22 scFv with Cilta2 VHH (Figure 5.1.A and Figure 5.1.B). Coexpression of both BCMA
CAR and BCMA CoCAR was achieved in a subset of primary T cells after cotransduction with
split viruses (Figure 5.1.C). BCMA CAR, BCMA CAR + CoCAR, or untransduced controls
were then cocultured with MM.1s cells, a BCMA™ human multiple myeloma cell line. We found

that BCMA CAR*CoCAR? cells had both a higher percentage of cytokine positivity as well as

cytokine gMFI (Figure 5.2, Figure 5.3.A, and Figure 5.3.B). Additionally, we found an increase
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in polyfunctional, cytokine triple-positive cells when comparing BCMA CAR*CoCAR*to CAR"
cells (Figure 5.3.C).

Seeing that the CAR-CoCAR system could be re-engineered to target BCMA, we asked
if it could be further adapted to other antigen targets. We identified previously reported scFvs
that noncompetitively bind proximal (h1218) and distal domains (FMC63) of CD19 and cloned
them into CAR and CoCAR vectors, respectively (Figure 5.4.A and Figure 5.4.B) [123].
Coexpression of both molecules was achieved after cotransduction with lentiviruses encoding
CD19 CAR and CD19 CoCAR (Figure 5.4.C). After coculture with Nalm6 cells, we were
surprised to see that CD19 CAR*CoCAR™ cells produced significantly less IL-2, TNFa, and
IFNy than CD19" CAR cells (Figure 5.5 and Figure 5.6). Together this data shows that the while
the CoCAR system is capable of being re-engineered to target other antigens, it is selectively so.
The use of any two non-competive scFvs is not a guarantee for success and other factors, such as

CAR conformation, hinge length, and access to the target epitope likely play a role.
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Figure 5.4 Design, rationale, and expression of re-engineeed CAR + CoCAR constructs

targeting CD19

A. Schematics of a second-generation anti-CD19-BB{ CAR and our novel dual-CAR system
targeting CD19 with additional chimeric coreceptor containing the FMC63 scFv, CD8a
transmembrane domain (TM), and CD8a cytoplasmic domain. All molecules are tagged with
a C-terminal mEGFP or FusionRed (not depicted). B. Mechanistic hypothesis in which
CD19 CoCAR-bound LCK phosphorylates ITAMs present in the CD3( cytoplasmic domain
after non-competitive antigen binding to CD19. C. Representative flow cytometric plots
showing expression of CD19 CAR constructs in primary human T cells or untransduced

(UT) controls.
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Figure 5.5 Dual-expression of CD19 CAR and CoCAR does not increase cytokine

production

In vitro activity of CD19 CAR-expressing primary human T cells after stimulation with the
Nalmé cell line measured by intracellular staining of prototypical cytokines induced upon T
cell activation. Representative flow cytometric plots for A. IL-2 B. TNFa C. IFNy after
gating of CD19 CAR" or CD19 CAR*CoCAR™ populations. Baseline T cell activation in
untransduced (UT) cells is shown for reference.
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Figure 5.6 CD19 CAR*CoCAR* cells exhibit worse antitumor functionality compared
to CD19 CAR* cells

Summarized in vitro activity of CD19 CAR-transduced primary human T cells after
stimulation with the Nalm6 cell line measured by intracellular staining IL-2, TNFa, and
IFNy. Baseline T cell activation in untransduced (UT) cells is shown for reference. Analyzed
by A. Percent cytokine positivity B. gMFI of cytokine-positive cells C. percent of TNFa, *IL-
2" IFNy™ cells within CD19 CAR" or CD19 CAR*CoCAR™ gates.
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6. DISCUSSION

6.1 Combatting relapse of chimeric antigen receptor T cell therapy

While chimeric antigen receptor (CAR) T cell therapies have completely changed the
landscape of treating lymphoid-derived cancers, relapse is still a common occurrence in
complete responders. While this can be partially attributed to inefficiencies of second-generation
CAR signaling, downregulation of target antigen by tumor cells plays a role in immunoevasion.
One strategy undertaken to combat relapse has been administration of a second CAR-T cell
therapy, typically targeting a different antigen than the first dose. The most common antigen
pairing investigated in the clinic has been CD19 and CD22. In a review of clinical trials
investigating the efficacy of sequential administration, the authors identified a set of studies in
which B cell acute lymphoblastic lymphoma (B-ALL) patients received 4-1BB-based, anti-CD19
CAR-T therapy, had a complete response, relapsed, and then received 4-1BB-based, anti-CD22

CAR-T therapy (Figure 6.1.A) [124]. 65% of patients had a complete response to the second

A. B.
Sequential CAR-T administration Bivalent CAR-T
FMC63 mo71 FMC63/m971
scFv scFv bivalent scFv
CR &
Relapse
CD8a TM — CD8a TM
4-1BB 4-1BB CD8a T™M
4-1BB
CD3Z CD3¢
CD37

Figure 6.1 Sequential CAR-T administration and bivalent CAR-T therapies for
combatting relapse

Schematics of A. sequential administration of typical anti-CD19 and anti-CD22 targeted
CAR-T therapies or B. a bivalent anti-CD19/22 CAR using both FMC63 and m971 scFvs.
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CAR dose but unfortunately 70% relapsed, similarly to rates observed in patients only receiving
one dose of anti-CD22 CAR-T therapy.

An alternative strategy undertaken has been the use of bivalent CAR-T therapy, in which
two scFvs are joined into one continuous binding domain capable of recognizing two different
antigen targets. Clinically, the most common bivalent CAR for treating B-ALL contains a
tandem FMC63/m971 scFv capable of binding CD19 and CD22 (Figure 6.1.B). In clinical trials,
75% of B-ALL patients receiving bivalent anti-CD19/CD22 CAR-T therapy achieved complete
responses and 53% of those responders relapsed [125-128]. In conclusion, current clinical data
suggests that neither sequentially administered or bivalent CAR therapies fully prevent relapse.
While more data is needed to prove mechanisms of failure behind both approaches, inefficient
CAR signaling most likely plays a role in both. Neither strategy prevent antigen downregulation
nor increase sensitivity to antigen. Lastly, while targeting two antigens is a feasible approach for
treating B-ALL, many tumor types do not have multiple highly conserved and highly expressed
antigens that can be safely targeted without risk of ‘on-target, off-tumor’ toxicities [129].

6.2 Next-generation chimeric antigen receptors for increased antigen sensitivity

Other groups have sought to address relapse by engineering next-generation CARs with
increased sensitivity. These novel constructs can be broadly separated into two categories:
second-generation CARs with additional signaling domains and chimeric TCRs (cTCRS).

The eRKE CAR, BBeprs+itaml CAR, and BB(linkGRB2sH2 CAR are three examples of
next-generation CAR constructs with increased sensitivity. The eRK{ CAR includes an LCK-
binding RK motif from CD3g, inserted between 4-1BB and CD3( cytoplasmic domains [130].
Mechanistically, the authors hypothesized that by increasing CAR-associated LCK, antigen

sensitivity would be improved. Impressively, their design increased CD3{-associated LCK and
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Figure 6.2 Design of next-generation chimeric antigen receptors for increased antigen
sensitivity

Schematics of A. the eRK{ CAR containing the FMC63 scFv, CD8a transmembrane (TM)
domain, 4-1BB cytoplasmic domain, CD3erk LCK-binding domain, and CD3( cytoplasmic
domain. B. the BBeprs+itam{ CAR containing the R12 scFv, CD28 TM domain, 4-1BB
cytoplasmic domain, CD3gprs+iTam Nckl1-binding domain, and CD3( cytoplasmic domain, or
C. BB(linkGRB2sH2 CAR containing the R12 scFv, CD28 TM domain, 4-1BB cytoplasmic
domain, CD3( cytoplasmic domain, and GRB2sH2 LAT-binding domain attached by flexible
linker (not depicted).

antigen sensitivity without introducing additional tonic signaling. Both BBeprs+itamC and
BB(linkGRB2sH2, CARs were rationally-designed to increase the phosphorylation of LAT or
PLCy1, as both molecules were found to be downregulated in CAR signaling [92]. The
BBeprs+iTam{ CAR was generated by inserting a Nck1-binding PRS domain and an additional
ITAM from CD3e between 4-1BB and CD3( cytoplasmic domains. The BB{linkGRB2sH, CAR
contained a LAT-binding SH2 domain from GRB2 at the C-terminus. Compared to conventional
4-1BB-based CARs, both novel designs increased cytokine production and calcium flux in vitro
and increased survival against antigen-low cells in vivo. Significant increases in tonic signaling

were not observed with either novel construct.
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A. B.

HIT Receptor HIT Receptor + 80BB
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Figure 6.3 Design of next-generation chimeric T cell receptors for increased antigen
sensitivity

Schematics of A. the HIT receptor showing V-C, and Vn-Cg molecules complexed with
endogenous CD3( and B. the HIT receptor and the 80BB receptor, containing CD80
extracellular and transmembrane (TM) domains and a 4-1BB cytoplasmic domain.

cTCRs emerged as the first chimeric receptor but quickly fell out of favor to the CAR. No
longer hindered by prior technical limitations regarding expression, the cTCR has revived in
recent years in part due to their ability to better interact with endogenous components of the TCR
complex. Two recently described cTCRs are the synthetic T cell receptor and antigen receptor
(STAR) and the HLA-independent T cell (HIT) receptor [131, 132]. The structure of each cTCR
is identical, with V, and Vg domains of the TCR being replaced with V. and V1 domains derived
from a monoclonal antibody. While only anti-EGFR targeting was validated with the STAR, the
HIT receptor was re-engineered multiple times to target CD19, CD22, BCMA, and CD70. Both
STAR and HIT receptors displayed increased sensitivity to antigen and higher phosphorylation
of CD3{ ITAMs and ZAP-70. Unlike the STAR and past cTCRs, the HIT receptor introduced a
major improvement in regard to transgene expression. While the STAR is randomly integrated

into the genome of modified T cells, the HIT receptor employs TRAC locus editing to replace
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chromosomal TCR variable regions, reducing possible competition between the HIT receptor
and the endogenous TCR for CD3 components. Anticipating that in vivo persistence of HIT
receptor T cells may be negatively affected by lack of costimulation, the chimeric costimulatory
molecule 80BB has recently been described [133]. Consisting of the extracellular domain of
CD80 and the intracellular domain of 4-1BB, the chimeric costimulatory molecule functions by
providing or receiving CD28-based costimulation through binding endogenous CD28 receptors
or by providing 4-1BB-based costimulation by binding endogenous CD28 receptors in trans or
CTLA-4 molecules expressed by target cells. T cells coexpressing both HIT receptor and 80BB
performed better in vivo compared to cells solely expressing the HIT receptor.
6.3 Strengths and limitations of the chimeric coreceptor

Here, we present another approach for increasing the antigen sensitivity of CD22-targeted
CARs through the coexpression of the CoCAR, an anti-CD22 chimeric coreceptor. Our novel
approach increased in vitro antitumor functionality of 4-1BB-based CARs at clinically-relevant
antigen densities of CD22, without inducing problematic levels of tonic signaling. While there
are outstanding questions regarding its mechanism, we showed that as designed the CoCAR is a
supplementary signaling molecule, incapable of inducing T cell activation alone. Colocalization
of both CAR and CoCAR is crucial for function and the LCK-binding domains present in the
CoCAR contribute to functionality. The dual-CAR system is capable of being re-engineered to
target BCMA, indicating modularity and the potential to be applied to other antigen targets.
Furthermore, the system was able to tolerate different types of binding domains, working for
both scFvs and nanobodies. While we were not able to re-engineer the CoCAR system to target
CD19, we believe additional screening would identify a suitable pair of binders. Alternatively,

we hypothesize that there are pairs of antigen that would work with the CoCAR system and that
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targeting two different epitopes on the same antigen is not necessary. Evidence for dual-CARs
interacting through their intracellular domains can be seen with the LINK CAR, binding both
CD19 and HER2 and capable of heterodimerization [134].

The CoCAR’s main strength lies in its potential to be applied to clinically-used, second-
generation CARs. We believe the benefit of not having to undergo major re-engineering of
current CAR constructs outweighs the screening needed for CoOCAR implementation. Novel
CAR designs, such as the eRK(, BBeprs+itami, and BBLlinkGRB2sh2, have yet to be used in the
clinical setting and their safety profiles and efficacies in human subjects is unknown. The
CoCAR is not a full redesign of existing second-generation CARs, working to only enhance
currently employed signaling pathways, and is incapable of inducing activation by itself. While
the majority of the CoCAR’s evaluation was done using split viruses, we provided evidence for
bicistronic expression of both CAR and CoCAR which would reduce manufacturing costs
associated with producing multiple GMP-grade viruses [135].

There are still functional and mechanistic questions that lie unanswered. Futher studies
are needed to better assess the in vivo proliferation, phenotype, and persistence of CAR*CoCAR"
T cells. While we assessed the functionality of CoCAR-expressing cells across a range of antigen
densities, it remains to be seen if the system’s sensitivity approaches that of the TCR. While we
have observed improved cytokine secretion and cytotoxicity with the CoCAR system, much of
the mechanism needs closer examination. Specifically, experiments analyzing protein-protein
interactions are needed to validate the binding of LCK to the CoCAR’s cytoplasmic domain and
phosphoproteomic analyses are needed to evaluate phosphorylation of CD3( ITAMs and ZAP-

70.
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While this proposal is most concerned with improving clinical efficacy of CAR
constructs, the work accomplished through this study has increased the field’s scientific
knowledge regarding CAR design. It is the first study to simultaneously target two different
epitopes of CD22. The CoCAR system contains distinct, co-expressed CAR molecules that
interact with each other through cytoplasmic domains. Dual-CAR systems compose the minority
of published designs and ones in which the cytoplasmic domains directly interact are incredibly
rare. The iterative design process undertaken has generated a novel, useful CAR system and a

better understanding of dual-CAR design and limitations.
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