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EFFICACY OF DUAL CD19-CD79b CAR IN B-CELL MALIGNANCIES

Xiaoyun Cheng, M.D.

Advisory Professor: Sattva S Neelapu, M.D.

Despite high clinical responses, about 30%-60% of patients with B-cell malignancies
relapse following CD19-targeting chimeric antigen receptor (CAR) T cell therapy. CD19 loss
is a major cause of relapse and resistance after CD19 CAR T therapy. Dual antigen targeting
could overcome resistance due to antigen escape and improve outcomes after CAR T cell
therapy.

We hypothesized that dual CD19-CD79b CAR T cells will be effective against B cell
malignancies by targeting one or both antigens. | have engineered dual CAR targeting CD19
and CD79b antigens under the control of EF1a promoter in a 3™ generation lentiviral vector.
The dual CD19-CD79b CAR was composed of CD19 CAR with 4-1BB co-stimulatory domain
and CD79b CAR with OX-40 linked by T2A self-cleavable peptide. High transduction
efficiency of dual CD19-CD79b CAR was achieved and stable dual CAR expression was
observed in both CD4+ and CD8+ T cell subsets. My method of generation of dual CAR T
cells attained the optimal CD4+:CD8+ ratio of 1:1 on day 9 after transduction.

| demonstrated that both CD19 CAR and CD79b CAR are functional in the dual CAR
construct by exhibiting degranulation, proliferation and robust cytotoxic activity against B cell
lymphoma and leukemia cell lines expressing either CD19 or CD79b or both. The expression
of two distinct CAR molecules in the same cell did not adversely affect T-cell differentiation
during the CAR T generation as the phenotype and expression of various inhibitory receptors
were similar to untransduced and CD19 CAR-transduced T cells. In summary, dual targeting

of CD19 and CD79b could provide a feasible strategy to minimize antigen escape and improve



the efficacy of CAR T treatment for patients with relapsed or refractory B-cell non-Hodgkin

lymphoma, hairy cell leukemia and chronic lymphocytic leukemia.
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Chapter 1: Introduction



1. B-cell Malignancies
1.1 B-cell Malignancy Introduction

In the US, lymphoid neoplasms have become the fourth most common type of cancer.
Lymphoid neoplasms encompass a large and heterogenous group of B-cell and T-cell
lymphomas and leukemias, with the most prominent subgroups being Non-Hodgkin
lymphoma (NHL) and leukemia, as the 7"" and 9" most common cancer for males, and 6" and
10" for females in the US respectively (1, 2). Within NHLs, about 85% are B-cell lymphomas,
including diffuse large B-cell lymphoma, follicular lymphoma, and mantle cell lymphoma.
Chronic lymphocyte leukemia (CLL) accounts for a third of all leukemias in adult and is the
most common leukemia in the western hemisphere (3). Given their significant numbers and
biological features which allow for similar targeting mechanisms, B-cell lymphoma and CLL

will be the focus of this project.

1.2 B-cell Malignancy Mechanism
The development, maturation, and activation of B-cells is a multi-step, complex process
that traverses multiple organs. Genomic errors and abnormalities can lead to neoplasms,

ultimately resulting in B-cell malignancies.

1.2.1 B-cell Development

B-cells start out in the bone marrow as lymphoid progenitors. B-cell receptor (BCR)
production is initiated by V(D)J gene recombination of first heavy and then light chains. Before
differentiating into an immature B-cell, the cell goes through a quality control step. Apoptosis
occurs if recombination-activating gene (RAG) enzymes fail to produce a structurally sound

heavy chain. CD21 and CD22 are expressed in an immature B-cell in addition to membrane



bound IgM. If the cell has both productive BCR and not self-reactive, maturation will continue

in a secondary lymph organ, such as the spleen (4).
1.2.2 B-cell Activation

In a naive, mature B-cell, two signals are required for activation. The first signal
involves antigen presentation from an antigen-presenting cell (APC), triggering upregulation
of CD80/86 (which provides the second signal for T-cell activation) and CD40. Additionally,
the antigen and its corresponding BCR are endocytosed to be processed and presented on
the B-cell’'s major histocompatibility complex (MHC) Il. As T-cells are activated through
antigen presentation on B cells and interaction of CD28 on T cells with the upregulated
CD80/86 on B cells, they express CD40L which binds to CD40 on B cells. This CD40-CD40L
interaction provides signal two, at which point the activated B-cell forms a germinal center. In
the germinal center, the B-cell undergoes two important processes: class-switching and
somatic hypermutation. Finally activated B-cells can become either memory B-cells or plasma

cells (4).

1.2.3 B-cell Mutations

It is possible to use immunophenotypic and molecular markers to classify B-cell
lymphomas. Most B-cell lymphomas arise from germinal center or post-germinal center B
cells. Neoplasms usually arise due to three main factors: chromosomal translocation, gene
mutations, and viruses. Epstein-Barr virus (EBV) is a well-known cause of Burkitt's
lymphomas, as well as post-transplant primary effusion lymphomas. Genetic mutations in
important tumor-suppressing genes such as TP53 and ATM can also lead to various examples
of B-cell malignancies, including CLL and diffuse large B-cell lymphoma. Finally,
chromosomal translocations are common in B-cell malignancies. Chromosomal translocations

can be in the Ig locus or the non-Ig locus. In the non-lg locus, translocations often occur in the



germinal center during class-switching or somatic hypermutation. In the Ig locus,
translocations can be due to faulty V(D)J recombination during early B-cell development, or
breakpoints introduced during class-switching or somatic hypermutation. These three types
of translocations often involve exchange between Ig genes and proto-oncogenes, resulting in

constitutive expression of oncogenes (5).

1.3 Treatment for NHL and CLL

1.3.1 Conventional Treatment Methods

Historically, the standard of care for NHL and CLL was chemotherapy, which is usually
given intravenously or orally as one or multiple drugs. These drugs can be categorized by
their different mechanisms into alkylating agents, corticosteroids, platinum drugs, purine
analogs, anti-metabolites, and anthracyclines. One of the most common combinations is
CHOP, which is comprised of the drugs cyclophosphamide, doxorubicin (also known
as hydroxydaunorubicin), vincristine (Oncovin), and prednisone. Another common
combination is CVP (cyclophosphamide, vincristine, and prednisone). Currently, the first line
treatment for many NHLs continues to be chemotherapy, often in combination with radiation
therapy or immunotherapy. The dosing of the drugs and number of cycles given are
dependent on the specific subtype and stage of disease (6).

Radiation therapy utilizes a beam of radiation (photons, protons, or electrons) to
eliminate disease. In the case of certain early-stage NHLs, it can be used as the primary form
of treatment. It can also be used in stem cell transplantation for systemic eradication of
lymphoma cells. Radiation therapy, in addition to chemotherapy, is most often recommended
for bulky disease, but recent research has shown it can also improve overall survival and

progression-free survival even in those with non-bulky disease for large B-cell lymphoma (6).



There has been significant innovation in targeted drug therapy in recent years. This
encompasses proteasome inhibitors, histone deacetylase (HDAC) inhibitors, Bruton’s tyrosine
kinase (BTK) inhibitors, Phosphatidylinositol 3-kinase (PI3K) inhibitors, EZH2 inhibitors, and
nuclear export inhibitors. Due to uniqgue mechanisms that are different from that of traditional
chemotherapy drugs, targeted drug therapy can be effective in patients who show lack of
response to conventional chemotherapy. (7)

High dose chemotherapy has become possible and more common with stem cell
transplants. The biggest barrier to using higher dosage of chemotherapy drugs, despite
potential greater efficacy, are the side effects. The bone marrow, where new blood cells
originate, is highly susceptible to immense damage with high doses of chemotherapy.

However, with stem cell transplants, fresh stems cells can be infused, negating this issue (8).

1.3.2 Immunotherapy

Complete remission and patient survival have been greatly improved when
immunotherapy is combined with traditional cancer treatments. Immunotherapy seeks to
ameliorate the effects of tumor escape mechanisms. Tumor cells prevent T cells from
recognizing tumor specific antigens (TSA) and tumor associated antigens (TAA) presented by
tumor cells and killing them by releasing perforin, granzyme, and cytokines (IFN-y and TNF-
a). Firstly, cancer cells can decrease or lose expression of all MHC | molecules. The
recognition of antigen peptides presented by the MHC | of tumor cells is crucial for evoking a
CD8+ T cell response. Secondly, tumor cells that do not express costimulatory CD80 and
CD86 and therefore can induce anergy in T cells by failing to engage CD28. Thirdly, cytotoxic
T cells lose the capacity to proliferate and evoke anti-tumor activity if they become “exhausted”

due to persistent stimulation and are inhibited by immune checkpoints (PD-1, LAG3, CTLA-4,



TIM3 and TIGIT). Finally, self-antigens expressed by most tumors have low or no
immunogenicity, restraining T-cells from recognition due to low-affinity TCRs (9).

Monoclonal antibodies, a type of immunotherapy, have been the answer to these
instances of reduced T-cell immune responses. Monoclonal antibodies are man-made
analogs to target specific proteins expressed in different B-cell malignancies, bypassing the
need for antigen presentation by tumor cells. Some of the most used monoclonal antibodies
target different surface proteins on B lymphocytes, such as CD20, CD19, CD52, CD30, and
CD79b. Combined with chemotherapy, anti-CD20 monoclonal antibody, rituximab, has been
used to treat B-cell NHL. Antibody-drug conjugates are also used, in which a chemotherapy
drug is attached to a monoclonal antibody that targets a surface antigen. Anti-CD79b antibody
drug conjugate, polatuzumab vediton, has been approved to treat relapsed or refractory (R/R)
large B-cell ymphoma (DLBCL). Another use of monoclonal antibodies is in inhibiting T-cell
immune checkpoints such as CTLA-4 and PD-1, allowing for a stronger immune response to
cancer cells. Anti-CTLA-4 and anti-PD-1 antibodies can restore tumor-infiltrating lymphocyte
(TIL) CD8+ anti-tumor activity, with improved patient survival in cancer treatments for
melanoma, non-small cell lung cancer (NSCLC), renal cell carcinoma (RCC), among others

(10).

1.3.3 Limitation of Current Methods

Although chemoimmunotherapy may be curative in certain B-cell NHLs, most patients
eventually relapse. Patients with B-cell malignancies who relapse after chemoimmunotherapy
or have resistant tumors have a very poor prognosis. The novel chimeric antigen receptor T
(CAR T) cell therapy approach provides a promising treatment option for patients with
relapsed or refractory B-cell malignancies and has been shown to induce prolonged remission

and long-term survival even in patients who have chemorefractory disease.



2. Chimeric Antigen Receptor T cells
2.1 CART History

In 1987, Dr. Zelig Eshhar from the Weizmann Institute of Science revolutionized the
use of CAR T cells. The chimeric antigen receptors (CAR) were able to recognize specific
antigens expressed on cancer cell surfaces and activate T cells to attack tumor cells with an
MHC-independent mechanism. CARs contained sequences that expressed single-chain
variable fragments (scFv) from a monoclonal antibody’s heavy chain (HC) and light chain
(LC). The scFv was fused to the y chain of the immunoglobulin Fc or to the ¢ chain of CD3.
This was the first-generation model of the CAR T cells. While ground-breaking in concept, the
first-generation model failed to achieve expected clinical activity due to limited expansion and
poor persistence without a co-stimulatory domain (11).

With further research and investment in CAR T, Dr. Finney and his colleagues were
able to introduce co-stimulatory domains (CD28) to the previous CAR construct, greatly
improving CAR T killing efficacy by enhancing CAR T proliferation, cytokine production, and
persistence (12).

Pre-clinical trials of 2" generation CD19-CAR T with co-stimulatory domains CD28
and 4-1BB have achieved great success in treatment for patients with relapsed and refractory
B-cell malignancies. The clinical trial was conducted at Children’s Hospital of Philadelphia
using CD19-targeting CTL0O19 T cells with 4-1BB costimulatory domain for the treatment of
relapsed and refractory ALL. With a study group of 30 children and adults, the results were
very promising — with a complete response (CR) rate of 90%, 6-month event-free survival rate
of 67%, and overall survival of 78% (13, 14). Other clinical trials were conducted at the
National Cancer Institute (NCI) and at Memorial Sloane Kettering Cancer Center (MSKCC by
using CD28 co-stimulatory domains. These studies were able to achieve 67% CR and 88%

CR, respectively (15, 16).



Two important CD19 CAR T products have recently been approved to treat patients
with B-cell malignancies. On August 30", 2017, the FDA approved the first CD19 CAR T cell
immunotherapy live drug, tisagenlecleucel (Kymriah; 4-1BB co-stimulatory domain), to be
used for treating patients under 25 years of age with relapsed or refractory acute
lymphoblastic leukemia (ALL) (17). On May 1%, 2018, Kymriah was approved by the FDA for
treating patients with relapsed or refractory large B-cell ymphoma, based on results from the
Novartis pivotal JULIET trial (18).

On October 18", 2017, based on the ZUMA-1 trial, axicabtagene ciloleucel (Yescarta;
CD28 co-stimulatory domain) was approved by the FDA for treating patients with relapsed or
refractory large B-cell lymphoma including DLBCL, high-grade B-cell lymphoma, primary
mediastinal large B-cell lymphoma, and DLBCL arising from follicular lymphoma (19). On
March 5™, 2021, axicabtagene ciloleucel was approved by the FDA also for treating patients
with relapsed or refractory follicular lymphoma based on the results of Kite’s ZUMA-5 studies
(20).

On July 24™, 2020, brexucabtagene autoleucel (Tecartus) was approved by FDA for
treating patients with relapsed or refractory mantle cell lymphoma (MCL). On October 1%,
2021, based on the result of ZUMA-3 trial, brexucabtagene autoleucel was approved by FDA
for treating adult patients with relapsed or refractory B-cell precursor acute lymphoblastic
leukemia (ALL) (21).

On February 5" ,2021, Lisocabtagene maraleucel (Breyanzi) was approved by FDA
to treat adult patients with relapsed or refractory large B-cell lymphoma including DLBCL,
high-grade B-cell lymphoma, primary mediastinal large B-cell lymphoma, and follicular
lymphoma grade 3B (22).

On March 27", 2021, idecabtagene vicleucel (Abecma)-the first CAR T cell therapy
targeting B-cell maturation antigen (BCMA) was approved by FDA for treating patients with

relapsed or refractory multiple myeloma (23).



On February 28", 2022 , Ciltacabtagene autoleucel (Carvykti) was approved by FDA
for treating adult patients with refractory/relapsed multiple myeloma after four or more other

lines of therapy (24).

2.2 CAR T Mechanism

CAR T cells are engineered to express chimeric antigen receptors that allow for
activation and recognition of tumor-specific antigens, while bypassing the standard two-signal
activation pathway. Normal T cells are activated with two signals from APCs. The first signal
comes from the interaction of CD4/CD8 T-cell receptors (TCR) with their corresponding
MHCs, forming immunological synapses. This recruits tyrosine kinase Lck to phosphorylate
the Immune-receptor-Tyrosine-based-Activation-Motif (ITAM) regions of TCR cytoplasmic
domains. These events activate ZAP-70, a Syk family tyrosine kinase that provides the
capability for triggering downstream signaling pathways and elicits the first signal. In the
second signal, CD80/86 (CB7-1/7-2) on the APC bind to CD28 on the T-cell, leading to PI3K
activation, which in turn activates numerous transcription factors and production of IL-2,
fulfilling the second signal (25, 26).

On the other hand, CAR T cells have a far more streamlined process that leads to full
activation of the T-cell. In the first generation of CAR-T cells, the CAR was modified with an
ectodomain consisting of a scFv linked to an endodomain of CD3(, which could induce
activation through ZAP70 with a single tumor antigen. The use of a scFv recognition domain
allows for MHC-independent recognition and ligand binding. Later generations have included
adding a co-stimulatory endodomain such as CD28, 4-1BB, ICOS, or OX40, which allowed
for stronger phosphorylation and greater downstream signaling. Compared with unmodified T
cells, CAR T cells have a greater advantage in attacking tumor cells by circumventing tumor

cell escape mechanisms (25, 26).



Activated CAR T cells will undergo either of two pathways, similar to normal T cells.
Activated CD4+ T cells will receive a third signal based on the cytokine from the APC. This
induces different transcription factors that will allow it to produce more cytokines to recruit
other immune cells for a stronger systemic host immune response. Activated CD8+ T cells
will initiate killing of the tumor cell through two primary mechanisms: lysis and apoptosis. To
lyse the tumor cell, the CD8+ T cells will release perforin and granzymes. The CD8+ T cells

can also upregulate FasL on its surface, which can induce tumor cell apoptosis via Fas (26).

2.3 CAR Construct

The basic CAR construct consists of an ectodomain, transmembrane domain, and

endodomain.
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Figure 1. CAR Construct and Generation. CARs consist of an extracellular (scFv & hinge),
transmembrane and intracellular domain (CD3¢/Co-stimulatory domain). The first-generation
CARs only contain CD3( intracellular signal domain. The second-generation CARs were
engineered with co-stimulatory domain such as CD28, OX40, 4-1BB and ICOS. The third-
generation CARs were incorporated with two co-stimulatory domain such as CD28-OX40/4-
1BB. The fourth- generation CARs were engineered to secrete proinflammatory cytokines

such as IL-12, IL-15 and IIL18 to enhance effector T cell function.

2.3.1 CAR Ectodomain

The ectodomain opens into the extracellular space and includes antigen recognition

domain and hinge.

The signal peptide is responsible for directing the protein to the endoplasmic
reticulum, where it is then cleaved, while the CAR is processed and transported to the

membrane as a membrane protein.

The antigen recognition domain consists of a single chain variable fragment (scFv)
made up of the variable parts of the heavy and light chain of a tumor-selective monoclonal
antibody and are connected with a peptide linker. The use of scFv for CARs in the place of a
full-length monoclonal has several advantages.

Firstly, the small size of scFv allows antigen-specific target localization and faster
serum clearance compared with full length antibodies. Secondly, the scFv reduces
nonspecific binding associated with the Fc receptor. The antibody Fc region can interact with
Fc receptors expressed on other immune cells including natural kill (NK) cells, monocytes,
macrophages and dendritic cells (DC). IgG antibodies also can initiate the classical pathway
of complement activation through binding of the Fc region. These aspects of full-length

antibody interactions can all reduce overall target specificity (27).
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The scFv generation is critical for CAR construction because the properties of the scFv
can impact CAR T efficacy and safety. Most scFvs are generated by hybridoma approach,
which involves immunization of mice, B cell isolation, high affinity antibody screening, and
heavy and light chain generation through PCR-mediated amplification from cDNA (hybridoma
RNA) (27).

The variable portions of heavy (Vy)and light chain (VL) are linked by the glycine-rich
peptide (Gly4ser)3. The linker is important as it allows for independent folding of the heavy
and light chains.

The hinge is designed to connect the scFv to the transmembrane domain. It
determines the distance between the cell membrane and target antigen and the flexibility of
the scFv. Currently, the hinge sequence is mainly derived from the hinges of CD8a, CD28,
and IgG constant domains. The hinge domain strongly affects the efficacy of the CAR-T cell
in many ways. Increased flexibility of the hinge can allow targeting of epitopes that normally
suffer from steric hindrance. Distance is also an important factor, as longer hinges can lead
to poor synapse formation and decreased signaling and lytic capability (28).

2.3.2 Transmembrane Domain

The transmembrane domain serves as the communication pathway between the
ligand-binding ectodomain and the signal-transducing endodomain. The variation in
transmembrane domain sequence strongly affects CAR membrane expression stability. In the
past, CD3¢, CD4, CD8, and CD28 molecules have all been used. Currently, CD28/CD8a are
used most frequently (27).

2.3.3 CAR Endodomain

The cytoplasmic portion of the CAR has undergone the most drastic adaptations with

increasing research and can be classified into four different generations. All generations have

in common a CD3¢ intracellular signaling domain.
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The first-generation CAR was a basic construct with only one intracellular signaling
domain — either CD3C or the y chain of an Fc receptor. The second-generation CAR added a
co-stimulatory activation domain such as CD28, 4-1BB, ICOS, or OX40. The third-generation
CAR added two or more co-stimulatory domains. Finally, the fourth generation endodomain
modified the second generation endodomain with the addition of cytokines such as IL-7, IL-
12, IL-15, IL-18, and IL-23 to the base of the stimulatory domains. It is also known as T-cell
redirected for universal cytokine-mediated killing (TRUCKS). Modification with these cytokines
is meant to enhance T cell activation and the innate immune cell response in killing tumor
cells (27, 29, 30)

A few factors have affected the success and intensity of intracellular signaling in vitro
and in vivo: (1) type and number of co-stimulatory domains; (2) order of co-stimulatory
domains; and (3) number of ITAMs.

After the efficacy of the first-generation CAR T construct was deemed too weak with
only CD3¢, more domains were added in future generations. It has been proven that having
at least one more co-stimulatory domain greatly increases persistence and anti-tumor potency
as it mirrors the two-signal activation pathway of normal TCRs; however, adding more does
not yield the same result. While early studies showed that third-generation CARs increased
phosphorylation, it has still been outperformed by second-generation CARs in tumor-killing
activity in many studies. The specific co-stimulatory domain selected also makes an immense
difference. Two common co-stimulatory domains are CD28 and 4-1BB. The former has
stronger and faster signaling, but it comes at the price of greater tonic signaling, which leads
to early exhaustion. The latter has weaker and slower signaling but has greater persistence
and can reduce tonic signaling and early exhaustion (25, 31).

Another consideration is the ordering of the domain molecules. When CD28 is the
membrane-proximal molecule as opposed to CD3¢, IL-2 is produced at higher levels, which

encourages greater proliferation and longer sustained activity. It has been hypothesized that
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this might be due to the proximity of CD28 or other co-stimulatory domains to tyrosine kinases
which cluster near the membrane (27).

Finally, the number of ITAMs plays a role in intracellular signaling. TCRs typically have
ten ITAMs, while a conventional CAR has only three. However, homodimeric CARs have two
CD3¢ domains, allowing for six ITAMs. This has been shown to allow for higher IL-2 levels

and greater T-cell proliferation compared to monomeric CARs (27).

2.4 CAR Production

2.4.1 CAR Cloning

Once the various parts of the CAR have been optimized, the sequences of all the
components need to be assembled into a retroviral plasmid. The most commonly used vectors
are lentiviral and gammaretroviral vectors. The retroviral vector is transfected into vector-
producing cell lines to generate a replication-deficient virus that can integrate into mammalian
cells. A supernatant of the virus can then be collected for T-cell infection.

Essential to the process are plasmids containing vital sequences for virus assembly
and a plasmid for the CAR gene sequence. These plasmids have faulty long terminal repeat
(LTR) promoters, which renders the virus incapable of replicating in host cells while
maintaining tropism. Three essential components for virus assembly are env, gag, and pol
genes. The env gene encodes for the viral envelope protein that can determine infectivity. The
gag gene encodes for a variety of essential structural proteins. And the pol gene encodes for
reverse transcriptase, which produces dsDNA from genomic RNA, and integrase, which
integrates the newly constructed dsDNA into the host genome. The second-generation
packing system for lentivirus has a tat gene sequence, which also assists in viral replication.
On the other hand, the third-generation system has a modification of the 5’ LTR and eliminates

the need for tat (32).
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The selection of the retrovirus vector is a very significant aspect of cloning CARs in T
cells. Not only does it strongly affect the expression efficacy, but it also poses a tremendous
safety concern. One of these apprehensions is the ability of the pseudotyped virus to become
replication-competent once transduced into primary T cells. However, the likelihood of this
event has become greatly decreased with new and improved transduction techniques and
modification of vector LTR promotion sequences, such as deleting the U3 sequences in the
3'LTR (32).

Traditionally, lentiviruses and gammaretroviruses have both been very effective in T-
cell modification. However, lentiviral vectors exhibit certain advantages over gammaretroviral
vectors. Lentiviral vectors are effective even in nondividing cells, giving it the capability to
target a greater variety of cells, such as muscle and brain cells. Additionally, there are less
incidences of promoter regions in the T cell genome (32) .

Two new transposon-based systems have been introduced for CAR cloning and
expression: sleeping beauty (SB) and PiggyBac. The SB system utilizes (1) a plasmid
encoding transposase and (2) a transposon-based vector contained within inverted
repeat/direct repeat (IR/DR) sequences to clone a CAR expression cassette. The transposon
can be integrated precisely into the genome at TA/TA sites through recognition of IR/DR
sequences by the transposase. The modified T cells are then activated with artificial APCs.
The Piggybac system utilizes (1) a Super Piggybac transposase and (2) a Piggybac vector
contained within inverted terminal repeat (ITR) sequences. In a similar mechanism to SB, the
Super Piggybac transposase recognizes ITR sequences in the vector to integrate at TTAA
sites in the host genome (32).

These new systems have shown greater stability and control for safer and higher
efficacy CAR expression. The Piggybac system allows for strict and simple control of CAR
expression through its transposon, which can remove the chimeric genomic information by
itself (32).
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2.4.2 CAR Expression and Generation

Once the viral particles are transduced into the T cells, they are able to introduce the
CAR genomic information into the T cell genome through conventional retroviral processes.
From the chimeric RNA transcripts, reverse transcriptase produces dsDNA, which is then
integrated into the host genome. Once integrated, the CAR will be expressed in the host cell
and the T-cell undergoes expansion with the new genomic additions.

The T cells are collected from the patient through leukapheresis. The blood is
separated for leukocyte harvesting and T cell enrichment using counterflow centrifugation
elutriation. Then T cells are modified to generate chimeric antigen receptor on the surface of
the cells. After expansion of CAR T cells, CAR T cells will be frozen and sent to hospital for

treatment (33).

3. CAR T Immunotherapy Targets

To date, FDA approved six CAR T products including Kymriah (CD19 CAR T),
Yescarta (CD19 CAR T), Breyanzi (CD19 CAR T), Abecma (BCMA CAR T) and Tecartus
(CD19 CAR T). Presently, there are more than 500 CAR-T clinical trials being conducted
worldwide (34). Most CAR T clinical trials are in B-cell malignancies; however, a number of
CAR T studies are also focusing on multiple myeloma. Although it is difficult to find an ideal
target antigen for solid tumor, CAR T targeting tumor’s associated antigen (TAA) such as
HER2, CEA, EGFR, GD2, mesothelin, MUCland PSMA have been studied in both laboratory

research and clinical trials (35).

3.1 CD19 as an Ideal Target

CD19 is a type 1 transmembrane glycoprotein and belongs to a member of the

immunoglobulin superfamily. CD19, along with CD21 form a B-cell co-receptor complex,
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which plays an important role in B-cell activation and antibody production. CD19 is a B cell
lineage marker and is expressed on the surface of all B-cells from early pro-B cell to mature
B-cell, except for plasma cells. Secondly, CD19 is expressed on most B-cell malignancies
including 80% of ALLs, 88% of B-cell ymphomas and 100% of B-cell leukemias. Finally, CD19
is not expressed on hematopoietic stem cells and other normal essential tissue, which helps
to prevent toxic side effects. These conditions all make CD19 an ideal target for CAR T

immunotherapy (14).

3.2 CD19 CAR T Treatment

Treating patients with relapsed or refractory B-ALL and DLBCL using CD19 CAR T
has yielded extraordinary clinical results, with a high CR between 90% and 60%. This has led
the FDA to approve the two CAR T products axicabtagene ciloleucel (Yescarta) and
tisagenlecleucel (Kymriah) for use in treating patients with relapsed or refractory B cell
malignancies including B-ALL, DLBCL and Follicular lymphoma.

3.3 CD19 CAR T Limitations

Despite the great clinical results from CD19-targeted CAR T for treating relapsed or
refractory B cells malignancies, about 30-60% patients eventually relapse following treatment.
Relapsed patients fall into two categories: CD19 positive relapse and CD19 negative relapse
(36).

CD19 positive relapses are due to poor CD19 CAR T persistence, dysfunctional T cells
or due to tumor intrinsic resistance mechanisms. Poor CD19 CAR T persistence is associated
with the selection of the CAR costimulatory domain. Based on the results of published studies
and clinical trials, CAR T cells with a 4-1BB co-stimulatory domain has better persistence than

CD28. For CAR T treatment using CD19-CD28(, the median and longest time for persistence

was 3 months and 7 months, respectively. For CAR-T using CD19-4-1BB(, 68% of patients
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had evidence of persistence for 6 months and the longest time was 20 months. The median
CD19 positive relapse rate for CD19-4-1BBC and CD19-CD28( CAR-T treatments were
16.7% and 22.7%, respectively. Increased tumor burden is correlated with greater CAR T
clearance from the circulation, CAR T inactivation, and CAR internalization, which all
contribute to lower CAR T tumor-killing efficiency. Another rare situation that has occurred is
epitope masking, or when a CD19 CAR is accidentally transduced into a leukemia cell. This
allows the CD19 CAR to self-bind to CD19 in the tumor cell, which shields it from CAR T
cells(36, 37).

Among relapsed patients, CD19 negative relapse comprise 10-20%. CD19 negative
relapse is caused by CD19 antigen loss. Mutations in CD19 can contribute to CD19 antigen
loss due to CD19 gene deletion or frameshift. Alternative splicing of exons 2, 5 and 6 can also
cause CD19 loss. Alternative splicing of exon 2 affects the extracellular epitope expression of
CD19. Alternative splicing of exons 5 and 6 cause a deficiency in the transmembrane domain
of CD19, which leads to loss of CD19 expression. Additionally, due to immune pressure,
previously undetectable CD19 negative clones are selected and become the dominant clones.
CD19 antigen loss is also caused by cell lineage switching. Lineage switch occurs when a
patient relapses with a genetically related but phenotypically different malignancy. Some
studies reported patients with mixed lineage leukemia (MLL) rearranged B-ALL relapsed with

CD19 negative AML after CD19 CAR T treatment (38).

3.4 Multiple Antigen Targeting

Since downregulation or antigen loss has been observed in relapsed patients treated
with CAR-T therapy targeting a single antigen such as CD19 CAR or CD22 CAR, a potential
strategy to improve efficacy is to target more than one antigen. Pan B-cell antigens such as

CD20, CD22, and CD79b are also expressed on B-cell malignancies and can be used for dual
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targeting. Currently, 4 methods, co-administration, co-transduction, tandem CAR, and
bicistronic CAR, have been used for targeting two antigens. In co-administration, two mono
CAR T cells such as CD19 CAR and CD22 CAR are infused to patients simultaneously or
sequentially. Co-transduction transduces T cells with two different vectors encoding distinctive
CARs. After co-transduction, four T cell groups are expected: untransduced T cells, one single
CAR T (such as CD19 CAR-T), another single CAR-T (such as CD22 CAR-T), and T cells
simultaneously expressing CD19 CAR and CD22 CAR. Co-administration and co-
transduction are more expensive to manufacture because of heterogeneous and inconsistent
products. In tandem CAR, two different antigen binding scFvs are connected to a single CAR
endodomain with the same hinge. While this method homogeneously targets both receptors,
the orientation of the two receptors in proximity can result in steric hindrance. Finally,
bicistronic CAR T expresses two different CARs in the same T-cell and are transduced with a
single vector. This allows for almost equal expression of the two different CARs in the cell,
which enhances CAR-T and tumor engagement, increasing tumor potency (37, 39).
Currently, a number of clinical trials are focusing on dual targeting to minimize antigen
escape observed after single CAR T therapy (Table 1) (35). Two phase 1 trials of CAR T
targeting CD19 and CD22 have demonstrated the manufacturing feasibility of dual CAR T
cells and safety profile such as no dose-limiting toxicities. A bispecific CD19-22.BB.z CAR has
achieved 100% ORR and 86%CR in patients with B-ALL and 62% ORR and 29% CR in
patients with LBCL. However, in relapsed patients CD19 loss or low CD19 expression was
observed but CD22 loss or low density was not. Additionally, the final CAR product was
dominated by CD4+ CD19-CD22 CAR T cells with higher expression of PD-1 and CD39. The
authors concluded that future work will focus on modifying CAR T manufacturing to achieve
optimal ratio of CD4:CD8 and optimizing CD22 CAR to improve bispecific CAR efficacy (40).
A bicistronic CAR product, CD19-0X40/CD22-4-1BB, was tested in AUTOS trial in patients

with relapsed or refractory B-ALL and has resulted in one-year overall survival of 60% and
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event-free survival of 32%, which appear to be inferior compared to historical data with CD19
CAR alone. Patients relapsed with CD19 negative, or dim CD22 or loss of both CD19 and
CD22. Limited CAR T cell persistence was observed on this study. The authors are therefore
pursuing strategies to improve dual CAR T cell persistence and optimize CD22 CAR efficacy

to recognize tumor cells with low antigen density in the future (41).
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Figure 2. Construct of bicistronic CAR and tandem CAR
Bicistronic CARs are engineered to express two different CARs on the same cell to target
two different antigens. Tandem CARs are modified to express two distinct scFvs in tandem

in a single receptor to target two different antigens.

4. Hypothesis and Aims
4.1 Significance

CD19 antigen loss is a major cause of relapse and resistance after CD19 CAR T
therapy. CD79b is not altered in the relapsed patients with or without CD19 loss. In addition,

CD79b is pan-B cell maker broadly expressed in 95% of B-cell lymphoma cells as well as
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chronic lymphocytic leukemia (CLL) and hairy cell leukemia. Dual targeting CD19 and CD79b
could be a strategy to overcome immune escape and improve efficacy of CAR T therapy in
patients with B-cell non-Hodgkin lymphoma and CLL and hairy cell leukemia.

4.2. Hypothesis

We hypothesize that dual CD19-CD79b CAR-T cells will be effective against B cell

malignances by targeting one or both antigens.

4.3 Aims

Aim 1: To generate bicistronic constructs expressing distinct CD19 CAR and CD79b CAR

from a single vector.

CD19 CAR (murine anti-CD19 FMC63 clone) and CD79b CAR (murine anti-CD79b
28B clone) linked by 2A self-cleavable peptide will be cloned into a third-generation lentiviral

backbone under the control of murine stem cells virus (MSCV) or human EF1a promoter.

Aim 2: To determine dual CAR expression in 293 T-cells.

293 T-cells will be transfected by a lentiviral vector consisting of dual CARs using
lipofectamine 3000. Cells will be harvested after 48 hours and the expression of CD19 CAR

and CD79b CAR will be determined by flow cytometry.

Aim 3: To assess the expression and function of dual CARs in normal donor T-cells.

The expression of CD19 CAR and CD79b CAR will be determined by flow cytometry
by staining CD19 protein-conjugated FITC and CD79b protein-conjugated PE. The function
of dual CD19-CD79b CAR-T will be evaluated through degranulation, cytotoxicity, cytokine

production, and proliferation assays.
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1. Materials

1.1 Cell Lines and Culture Medium

HEK-293 T cells, Daudi, SUDHL6, NALM6, K562 were obtained from the ATCC.
PDX203-5D4 and PDX300-5E6 are patient-derived xenografts provided by Dr. Michael
Green’s Laboratory at UT MD Anderson Cancer Center. Daudi CD19KO was generated using
CRISPR/Cas9 to knock out CD19 and was provided by Dr. Sattva Neelapu’s Laboratory
(MDACC). SUDHL6 CD19KO also used the CRISPR/Cas9 system and was provided by Dr.
Eric Davis’s laboratory. 293 T cells were cultured with completed DMEM. Tumor cells lines,
untransduced and CAR-T cells, were cultured with completed RPMI 1640 (Table 2). The cell

culture media are described in Table 3.

Table 2. Human cell lines and primary cells

Cell Lines Providers Description Culture Medium

HEK-293T ATCC Modified human embryonic kidney DMEM
CRL-3216 293 cells containing SV40 T-antigen

Daudi ATCC Burkitt’'s Lymphoma RPMI 1640
CCL-213

SUDHL6 ATCC Large B-cell Lymphoma RPMI 1640
CRL-2959

NALM6 ATCC Acute Lymphoblastic Leukemia RPMI 1640
CCL-243

K-562 ATCC Chronic Myelogenous Leukemia RPMI 1640
CCL-243

PDX203- MDACC High Grade B-cell Lymphoma RPMI 1640

5D4

PDX300- MDACC High Grade B-cell Lymphoma RPMI 1640

5E6

Daudi MDACC Burkitt’s Lymphoma, CD19 RPMI 1640

CD19KO Knock-out

SUDHL6 MDACC Large B-cell Lymphoma, CD19 RPMI 1640

CD19KO Knock-out

Table 3. Cell Culture Media
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Medium

Composition

DMEM

High glucose
GlutaMAX supplement
Cat No. 10569044

DMEM
+10% FBS (v/v)
+ 1% Penicillin-Streptomycin(100U/mL)

RPMI 1640
GlutaMAX supplement
Cat No. 61870127

RPMI 1640

+ 10%FBS (v/v)

+ HEPES Buffer (25mM)

+ 1% Sodium Pyruvate (1mM, v/v))

+ 1% Penicillin-Streptomycin(100U/mL)

+ B-mercaptoethanol (55uM)

+ 0.2% Normocin (100ug/mL)

+ 1% MEM Non-Essential Amino Acid Solution(v/v)

1.2 Reagents

T-cells were enriched using Pan T-cell isolation kit. T cells were activated with

ImmnoCult Human CD3/CD28/CD2 and cultured in the presence of IL-2. Protein Transport

Inhibitor was used in the assay of CAR-T degranulation (Table 4).

Table 4. Reagents for CAR-T Cell Culture and CAR-T Assays

Items

Supplier & Catalog Number

IL-2, Human

Genscript; Z00368-1

ImmunoCult™ Human CD3/CD28/CD2 T Cell

Activator

StemCell Technologies; 10990

Pan T-Cell Isolation Kit, human

Miltenyi Biotec; 130-096-535

Protein Transport Inhibitor Solution 0.7mL

BD Biosciences; 554724

Histopaque(R)-1077

Sigma Aldrich; 10771-500ML

LS Columns

Miltenyi Biotec; 130-042-401

autoMACS Running Buffer

Miltenyi Biotec; 130-091-221

1.3 Reagents for Transfection and Transduction

Reagents for transfection and transduction are describe as below in Table 5.

Table 5. Reagents for transfection and transduction

Items

Supplier & Catalog Number

Lipofectamine 3000 Transfection Reagent

Life Technologies; L3000015

Opti-MEM | Reduced Serum Medium

Life Technologies; 31985062

Lenti-X™ Concentrator

Takara Bio USA; 631231

Lenti-X™ GoStix™ Plus

Takara Bio USA; 631281

26



RetroNectin® Recombinant Human Takara Bio USA; T100B
Fibronectin Fragment

3rd Generation Packaging System Mix Applied Biological Materials;
LV053
Millipore™ Steriflip™ Sterile Disposable Millipore; SEIMO03MO00

Vacuum Filter Units

1.4 Reagents for Cloning

Restriction enzyme, reagents, and kits for cloning were purchased from New
England Biolabs (NEB) and QIAGEN (Table 6)

Table 6. Reagents for cloning

ltems Supplier &
Catalog Number
BamH1 NEB; R0136L
Mlul NEB; R0198L
Agel-HF NEB; R3552L
Pacl NEB; R0547L
Spel-HF NEB; R3133L
BstEII-HF NEB; R3162S
Avrll NEB; R0O174L
Xbal NEB; R0145S
CutSmart Buffer(10X) NEB; B7204S
Q5 Hot Start 2X high fidelity Master Mix buffer NEB; M0494S
Monarch DNA Gel Extraction Kit NEB; T1020S
NEBuilder HiFi DNA Assembly Master Mix NEB; E2621
NEB Stable Competent E. coli (High Efficiency) NEB; C3040H
QIAprep Spin Miniprep Kit (250) QIAGEN; 27106
12663 HiSpeed Plasmid Maxi Kit (25) QIAGEN; 12663

1.5 Flow Cytometry Antibodies and Reagents

Flow antibodies and reagents for flow cytometry were obtained from BD Biosciences,
Biolegend, Life Technologies, R&D systems, AcroBiosystems, and Creative Biomart. CD79b-
conjugated APC was kindly provided by Dr. Fuliang Chu (Table 7).

Table 7. Flow Cytometry Antibodies and Reagents
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ltems Supplier & Catalog Number
Alexa Fluor® 700 anti-human CD3 BioLegend; 344822
[Clone: SK7]

PerCP/Cyanine5.5 anti-human CD4
[Clone: A161A1]

BioLegend; 357414

PE/Dazzle™ 594 anti-human CD8
[Clone: SK1]

BioLegend; 344744

PE/Dazzle™ 594 anti-human CD62L
[Clone: DREG-56]

BioLegend; 304842

PE/Cyanine7 anti-human CD45RA

BioLegend; 304126

Brilliant Violet 605™ anti-human TIGIT
(VSTM3) [Clone: A15153G]

BioLegend; 372711

Brilliant Violet 421™ anti-human CD366
(Tim-3) [Clone: F38-2E2]

BioLegend; 345007

Brilliant Violet 785™ anti-human CD152
(CTLA-4) [Clone: BNI3]

BioLegend; 369624

APC anti-human CD279 (PD-1)
[Clone: EH12.2H7]

BioLegend; 329908

PE/Cyanine7 anti-human CD223
(LAG-3) [Clone: 11C3C65]

BioLegend; 369310

APC anti-human CD79b (IgB)
[Clone: CB3-1]

BioLegend; 341406

Hu CD8 BV605 SK1

BD Biosciences; 564116

Hu CD107a APC H4A3

BD Biosciences; 641581

PE anti-human CD19 [Clone: 4G7]

BioLegend; 392505

FITC-Labeled Human CD19 (20-291) Protein
Fc Tag

AcroBiosystems; CD9HF251

Recombinant Human CD79B protein
Fc-tagged, R-PE labeled

Creative Biomart; CD79B-239HP

CD79b-Conjugated with APC

MDACC

LIVE/DEAD Fixable Aqua Dead Cell
Stain Kit for 405 nm excitation

Life Technologies; L34966

CountBright Absolute Counting Beads
for flow cytometry

Life Technologies; C36950

CellTrace Far Red Cell Proliferation
Kit for flow cytometry

Life Technologies; C34564

CellTrace Violet Cell Proliferation
Kit for flow cytometry

Life Technologies; C34557

Human EGFR (Cetuximab)
Alexa Fluor® 647-conjugated Antibody

R&D Systems; FAB9577R-100

Brilliant Stain Buffer 100Tst

BD Biosciences; 563794

1.6 Plasmids
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The vectors J7m, J5a, J3v and R3r were kindly provided by Dr. Jingwei Liu (Dr.

Neelapu Lab). T26 CD79b CAR and 28B C79b CAR were kindly provided by Dr. Fuliang Chu

(Dr. Neelapu Lab). psPAX2 was purchased from Addgene (Table 8).

Table 8. Plasmids

Vectors

Description

J7m

Three-generation lentiviral expression vector encoding CD19
CAR with short CD28 H/TM and CD28 co-stimulation under
the control of a MSCV promoter

J5a

three-generation lentiviral expression vector encoding CD19
CAR with CD8a H/TM and OX40 co-stimulation under the
control of a MSC promoter

J3v

three-generation lentiviral expression vector encoding CD19
CAR with CD28 H/TM and CD28 co-stimulation under the
control of a MSC promoter

T26-CD79b CAR

three-generation lentiviral expression vector encoding CD19
CAR with CDa8 H/TM and 4-1BB co-stimulation under the
control of a MSC promoter

28B-CD79b CAR

three-generation lentiviral expression vector encoding CD19
CAR with CDa8 H/TM and OX40 co-stimulation under the
control of a MSC promoter

psPAX2 2nd generation lentiviral packaging plasmid; Addgene;
Plasmid#12260
R3r envelop expression vector expressing RD114
1.7 Primers

Customized primers and g-block fragments were synthesized by Integrated DNA

Technologies (IDT) (Table 9 and Table 10).

Table 9. Primers

Primers Sequence (5’-3’)

F-CD79b-X1A CACCTCGGGGGTCTTTCATACGCGTGCCACCATGGCCCTGCCTGT
GACAGC

R-CD79b-X1A CCGCTTCCACGAGGTGGAAGTGCTTGCA

F-CD19-X1A CTTCCACCTCGTGGAAGCGGCGCCACAAACTT

R-CD19-A1A GCTCTCCTGCAGCTTCACCTCGGATCCTC

F-CD79b-X1B CACCTCGGGGGTCTTTCATGGATCCGCCACCATGGCCCTGCCTGT
G

R-CD79b-X1B TGCAGAGACAGTGACCAGAGTCCCTTG

F-CD8 H/TM-X1B

CTCTGGTCACTGTCTCTGCAACCACAACCCCTGCACCAAG

R-CD8 H/TM-X1B

AGGTCCTGGATTGCTTTCAACATCAC
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F-CD19-X1B

GTTGAAAGCAATCCAGGACCTATGCTGCTGCTCGTGACCTC

R-CD19-X1B GCCCCTTCCCTCTCCAGAACCGGTCCGTGGAGGCAGGGCCTGC

R-CD8 H/TM-X1C  CCTTCCCTCTCCAGAACCGGTTCTAGGTGGCAGTGCCTGCA

F- CD19-X1D CACCTCGGGGGTCTTTCATGGATCCGCCACCATGCTGCTGCTCGT
G

R- CD19-X1D GCCCCTTCCCTCTCCAGAACCGGTCCGTGGAGGCAGGGCCTGC

R-CD79b-X1E CAGCAGCATAGGGCCGGGGTTCTCCTCCAC

F-CD19-X1E ACCCCGGCCCTATGCTGCTGCTCGTGACCTC

R-CD19-X1E CTTCCCTCTCCAGAACCGGTCCGTGGAGGCAGGGCCTGCA

F-CD19-X1F CCACCTCGGGGGTCTTTCATGGATCCGCCACCATGCTGCTGCTCG
TGACC

R-CD19-X1F AGGGCCATAGGTCCTGGATTGCTTTCAA

F-CD79b-X1F AATCCAGGACCTATGGCCCTGCCTGTGACAGC

R-CD79b-X1F CCCTTCCCTCTCCAGAACCGGTACGAGGTGGAAGTGCTTGCA

F-CD19-X1G CACCTCGGGGGTCTTTCATGGATCCGCCACCATGCTGCTGCTCGT
GACCTC

R-CD19-X1G AGGGCCATAGGTCCTGGATTGCTTTCAA

F-CD79b-X1G AATCCAGGACCTATGGCCCTGCCTGTGACAGC

R-CD79b-X1G CCCTTCCCTCTCCAGAACCGGTTCTAGGTGGCAGTGCCTGCA

F-CD19-X1H CACCTCGGGGGTCTTTCATGGATCCGCCACCATGGCCCTGCCAGT
GACCGC

R-CD19-X1H AGGGCCATAGGTCCTGGATTGCTTTCAA

F-CD79b-X1H AATCCAGGACCTATGGCCCTGCCTGTGACAGC

R-CD79b-X1H CCCCTTCCCTCTCCAGAACCGGTTCTAGGTGGCAGTGCCTGCA

F-CD19-X1l AATCCAGGACCTATGGCCCTGCCAGTGACCGC

R-CD19-X1l CCAGAACCCCGTGGTGGCAGCGCCTGCA

F-E2A- X1l CTGCCACCACGGGGTTCTGGCCAGTGTACCAA

R-E2A —X11 AGGGCCATAGGTCCTGGATTGCTTTCAA

R-CD79b-X1l CCTTCCCTCTCCAGAACCGGTTCTAGGTGGCAGTGCCTGC

R-CD79b-X1J AGCAGCATAGGGCCGGGGTTCTCCTCCA

F-CD19-X1J AACCCCGGCCCTATGCTGCTGCTCGTGACCTC

R-CD19-X1J TCGCGCCTCACCCAAAAGATGATGAAGG

F-CD19-X1K CACCTCGGGGGTCTTTCATGGATCCGCCACCATGCTGCTGCTCGT
GACCTC

R-CD19-X1K CCGCTTCCCCGTGGTGGCAGCGCCTGCA

F- P2A- X1K CTGCCACCACGGGGAAGCGGCGCCACAAACTT

R- P-2A-X1K AGGGCCATAGGGCCGGGGTTCTCCTCCA

R-CD19-X1L CCCCTTCCCTCTCCAGAACCGGTCCGTGGTGGCAGCGCCTGCA

R-CD79b GTCGTGGTGCTAGACACTGTCACAGAGG

CAR&CD19-X1N

R-CD19b-X1P CCGCTTCCCCGTGGTGGCAGCGCCTGCA

F-P2A-X1P CTGCCACCACGGGGAAGCGGCGCCACAAACTT

R-P2A-X1P AGGGCCATAGGGCCGGGGTTCTCCTCCA

F-CD79b-X1P AACCCCGGCCCTATGGCCCTGCCTGTGACAGC

R-CD79b-X1P CCCCTTCCCTCTCCAGAACCGGTTCTAGGTGGCAGTGCCTGCA

R-CD79b TTGCTCCTCACCCAGCAATACAATGTAA

CAR&CD19-X1T

F-CD79b-X1U

AACCCCGGCCCTATGGCCCTGCCTGTGACAGC

30



R-CD19 CAR- CCTCGTTTGCAGTAAAGGGTGATAACCA

CD79b-X1W

F-4-1BB-X1W ACCCTTTACTGCAAACGAGGTAGAAAAAAACT

R-CD79b-CD19 CGATAAGCTTGATATCGGTCACCTTACCGTGGTGGCAGCGCCTGC

CAR-X2A A

R-CD19b-CD79b CGATAAGCTTGATATCGGTCACCTTATCTAGGTGGCAGTGCCTGC

CAR-X2B A

F-CD79b-X2E AGTTTTTTTCTTCCATTTATCCTAGGATCCATGGCCCTGCCTGTGA
CAGC

R-CD79b-X2E TTCACCCTGATCTTGGCCAGGGTGGAGT

F-CD19-X2E CTGGCCAAGATCAGGGTGAAGTTTTCTCGCAG

R-CD79b-X2G- CCGCTTCCACGAGGTGGAAGTGCTTGCA

MutCD3

F-CD19-X2G CTTCCACCTCGTGGAAGCGGCGCCACAAACTT

F-CD19-CAR-X2K  AGTTTTTTTCTTCCATTTATCCTAGGATCCATGCTGCTGCTCGTGA
CCTC

R-CD19-CAR-X2K CCAGAACCCCGTGGTGGCAGCGCCTGCA

F-T2A-X2K CTGCCACCACGGGGTTCTGGAGAGGGAAGGGG

R-T2A-X2K AGGGCCATTGGGCCAGGATTCTCCTCCA

F-CD79b CAR-X2K AATCCTGGCCCAATGGCCCTGCCTGTGACAGC

R-CD79b-CAR-X2K GATAAGCTTGATATCGGTCACCTTATCTAGGTGGCAGTGCCTGCA

Table 10. gBlock

gblock Sequence 5’-3’

4-1BB-CD3C condon-1

TTCATCATCTTTTGGGTGAAACGAGGTAGAAAAAAACTTCTTTATATATTCAAACAACC
ATTTATGAGACCAGTACAAACTACTCAAGAGGAAGATGGATGTAGTTGTCGATTTCCA
GAAGAAGAAGAAGGAGGATGTGAACTGAGGGTAAAATTTAGTAGATCCGCCGACGC
CCCGGCTTACCAGCAGGGTCAGAATCAACTCTATAACGAGCTGAACCTCGGGCGCA
GAGAAGAGTACGACGTCTTGGATAAGCGGAGAGGGCGAGACCCTGAAATGGGGGG
AAAACCGCGACGGAAGAATCCTCAAGAGGGACTCTACAACGAGTTGCAGAAGGACA
AAATGGCGGAAGCGTACAGTGAGATAGGAATGAAAGGAGAACGCAGACGCGGTAAG
GGCCATGACGGGCTCTACCAGGGCCTGTCAACAGCTACAAAAGATACATACGACGC
CCTTCATATGCAGGCGCTGCCACCACGGaccGGTTCTGGAGAGGGAAGGGGC

0OX40-CD3¢ condon-1

TTCATCATCTTTTGGGTGAGGCGCGACCAGCGGCTGCCACCTGATGCACACAAGCC
ACCAGGAGGAGGCTCTTTCCGGACCCCAATCCAGGAGGAGCAGGCAGACGCACAC
AGCACACTGGCCAAGATCAGGGTAAAATTTAGTAGATCCGCCGACGCCCCGGCTTA
CCAGCAGGGTCAGAATCAACTCTATAACGAGCTGAACCTCGGGCGCAGAGAAGAGT
ACGACGTCTTGGATAAGCGGAGAGGGCGAGACCCTGAAATGGGGGGAAAACCGCG
ACGGAAGAATCCTCAAGAGGGACTCTACAACGAGTTGCAGAAGGACAAAATGGCGG
AAGCGTACAGTGAGATAGGAATGAAAGGAGAACGCAGACGCGGTAAGGGCCATGAC
GGGCTCTACCAGGGCCTGTCAACAGCTACAAAAGATACATACGACGCCCTTCATATG
CAGGCGCTGCCACCACGGaccGGTTCTGGAGAGGGAAGGGGC
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CD8 H/TM- Codon-2-4-1BB-CD3¢ Codon-1

ACCACGACACCGGCTCCAAGACCACCCACTCCCGCGCCCACAATCGCTTCCCAACC
ATTGAGCCTTAGGCCTGAGGCGTGCCGACCGGCAGCGGGTGGAGCTGTACACACTA
GGGGGCTCGACTTTGCGTGTGACATTTATATCTGGGCGCCATTGGCCGGTACTTGTG
GTGTATTGCTCCTCTCCCTTGTTATTACATTGTATTGCTGGGTGAAACGAGGTAGAAA
AAAACTTCTTTATATATTCAAACAACCATTTATGAGACCAGTACAAACTACTCAAGAGG
AAGATGGATGTAGTTGTCGATTTCCAGAAGAAGAAGAAGGAGGATGTGAACTGAGGG
TAAAATTTAGTAGATCCGCCGACGCCCCGGCTTACCAGCAGGGTCAGAATCAACTCT
ATAACGAGCTGAACCTCGGGCGCAGAGAAGAGTACGACGTCTTGGATAAGCGGAGA
GGGCGAGACCCTGAAATGGGGGGAAAACCGCGACGGAAGAATCCTCAAGAGGGAC
TCTACAACGAGTTGCAGAAGGACAAAATGGCGGAAGCGTACAGTGAGATAGGAATG
AAAGGAGAACGCAGACGCGGTAAGGGCCATGACGGGCTCTACCAGGGCCTGTCAA
CAGCTACAAAAGATACATACGACGCCCTTCATATGCAGGCGCTGCCACCACGG
CD28CO-CD3zeta-Codon-1- P2A

ACATTGTATTGCTGGGTGAGGAGCAAGCGGAGCAGGCTGCTGCACAGCGACTACAT
GAACATGACCCCCCGGAGACCCGGCCCTACAAGAAAGCACTATCAGCCTTACGCAC
CACCAAGGGACTTCGCAGCCTATAGAAGCAGGGTAAAATTTAGTAGATCCGCCGACG
CCCCGGCTTACCAGCAGGGTCAGAATCAACTCTATAACGAGCTGAACCTCGGGCGC
AGAGAAGAGTACGACGTCTTGGATAAGCGGAGAGGGCGAGACCCTGAAATGGGGG
GAAAACCGCGACGGAAGAATCCTCAAGAGGGACTCTACAACGAGTTGCAGAAGGAC
AAAATGGCGGAAGCGTACAGTGAGATAGGAATGAAAGGAGAACGCAGACGCGGTAA
GGGCCATGACGGGCTCTACCAGGGCCTGTCAACAGCTACAAAAGATACATACGACG
CCCTTCATATGCAGGCGCTGCCACCACGGGGAAGCGGCGCCACAAACTTCTCTTTG
CTTAAACAGGCCGGAGATGTGGAGGAGAACCCCGGCCCTATGGCCCTGCCTGT

2. Methods for Molecular Biology

2.1 Restriction Enzyme Digestion.
In the total reaction volume of 50ul, 1ug vector was digested with 20 units of

restriction enzymes in the cut smart buffer (1x) at 37°C for 2 hours.

2.2 Gel Electrophoresis and Gel Extraction
Dependent on DNA size, 0.8% to 2% agarose gel was used for this study. The agarose
gel was made by heating the mixture of agarose and 1X TAE buffer (gram of agarose/milliliters

of TAE buffer), with the addition of DNA stain-Gel red at the end. After adding loading dye to
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digested DNA samples, the gel was run for 30-50 minutes at 90 V to separate the DNA
fragments.

The DNA fragments were quickly cut by using UV Transilluminator to avoid DNA damage.
Excised DAN fragments were extracted by following the protocol for Monarch DNA Gel

Extraction Kkit.

2.3 Polymerase Chain Reaction

Polymerase chain reaction (PCR) was used to amplify DNA sequences. In this study,
Q5 high fidelity DNA polymerase was used for amplifying DNA fragments due to highest
fidelity amplification and ultra-low error rates. Touchdown PCR was performed for increasing
specificity and sensitivity for DNA amplification. The below PCR reaction (Table 11) and Touch

Down PCR protocol (Table 12) were used in this study.

Table 11. PCR reactions

Component Volume Final Concentration
Q5 Hot Start 2X High 25pl 1x
Fidelity Master Mix Buffer
Forward primer (12.5uM)  2ul 0.5uM
Reverse primer (12.5uM)  2ul 0.5uM
Template DNA 1l 100 ng
ddH20 20pl
50ul

Table 12. Touchdown PCR protocol

Step Temperature Time Cycles
Denature 94°C

Phase 1 Annealing temp decreases 1°C per cycle 10
Denature 98°C 10s

Anneal 72°C 30s

Extension 72°C 1 min30s

Phase 2 27
Denature 98°C 10 s

Anneal 68°C 30s
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Extension 72°C 1min30s
Final Extension 72°C 7 min
Cooling 4°C 00

2.4 DNA Assembly

NEBuilder HiFi DNA Assembly Master Mix, which allows the assembly of four
fragments at the same time, was used for this study to increase efficiency and accuracy. The
primers were designed to generate DNA fragments with 20-24bp overlap for DNA assembly.
Single-strand 3’ overhangs created by the exonuclease facilitate annealing at the overlap
region. The gaps within each annealed fragment and nicks in the assembled DNA were fixed
by DNA polymerase and DNA ligase, respectively.
The mass of insert DNA fragments were calculated using NEBiocalculator. The ratio of insert
DNA to vector is 3:1. HiFi DNA Assembly protocol is described in the below table (Table 13).

Prepared samples were incubated in a thermocycler at 50°C for 60 minutes.

Table 13. DNA Assembly Reaction

Component Volume 3-4 Fragment Assembly
NEBuilder HiFi DNA 10ul
Assembly Master Mix
Insert DNA 1 1l 0.015-0.1pmol
Insert DNA 2 1l 0.015-0.1pmol
Vector 1l 0.015-0.1pmol
ddH20 7l
20pl

2.5 Transformation and DNA Extraction

NEB Stable Competent E. coli was used for transformation due to its high efficiency.
By following the protocol, 2l of chilled Assembly product was added to a tube of thawed NEB
stable Competent E. coli. Cell. DNA was mixed carefully by flicking the tube 4-5 times. After

incubating on ice for 30 minutes, the mixture was heat shocked at 42°C for 30 seconds and
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incubated on ice for 5 minutes. After adding 950l of room temperature NEB 10-beta/Stable
Outgrowth Medium into the mixture, the tube was shaken horizontally at 250rpm at 30°C for
60 minutes. 50-100ul of cells were then spread onto a warm Ampicillin plate. The plates were
incubated at 30°C overnight or 24 hours. Four or six colonies were picked up for DNA

extraction using the QIlAprep Spin Miniprep Kit.

2.6 DNA Sequencing
Plasmid DNA was digested with specific restriction enzyme and correct colonies were
picked based on the bands from the DNA gel. DNA sequencing was performed by the

Sequencing and Microarray Facility of MDACC using customized sequencing primers.

3. Methods for Cell Culture and Assays

3.1 Dual CD19-D79b CAR Expression in 293 T Cells.
To determine of CD19 CAR and CD79b CAR expression, 293 T cells were used for

checking transient expression of CARs. The method is described below.

Day O:

4.5 x10° cells were plated in a 6-well plate with 2mL of Completed DMEM Medium
Day 1.

At 70-85% confluency, 293T cells were transfected with different vectors. 2ug of vector
encoding CARs and P3000 was added to a tube labeled DNA (D) with 150ul Opti-MEM.
Lipofectamine 3000 was added to a tube labeled Lipofectamine (L) with 150ul Opti-MEM
(Table 14). The DNA and Lipofectamine tubes were then mixed and incubated for 10 minutes
at room temperature. The transfection mix was gently added to the 293 cells to avoid
dislodging the cells.
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Table 14. Transfection components

Tubes Component Amount
DNA Plasmid DNA 2ug
P3000 6pl
Lipofectamine Lipofectamine 3000 oul
Day 3:

293 T cells were collected to check for CD19 CAR and CD79b CAR expression by

flow cytometry.

3.2 Flow Cytometry for Transient CAR Expression in 293 T Cells

After transfection for 48 hours, 293 T cells were gently washed by prewarmed PBS
and
200pl of 0.25% Trypsin-EDTA (0.25%) were added into each well to incubate at 37°C for 1
minute. The cells were collected and washed by adding completed DMEM. After aspirating
supernatant, transfected 293 T-cells were resuspended with 2mL of 1% FBS in PBS (Flow
cytometry staining buffer). 5 x105 cells were centrifuged and resuspended with 50ul of

staining buffer in 1.1mL tube for staining.

2ul of CD19 protein conjugated FITC, 0.3ul of CD79protein conjugated PE, 2ul of anti-
EGFR-AF647 (epidermal growth factor receptor) and 0.5l of live-dead Amcyan were added
to the cell suspension. After mixing with a gentle pulse vortex, the cells were incubated at 2-

8°C or on ice for 30 minutes (Table14).

Table 15. Flow Panel for Checking CAR Expression

Fluorochrome Markers Volume
FITC CD19 Protein 2ul

PE CD79b Protein 0.3ul
AF647 Anti-EGFR 2ul
Amcyan Live-dead 0.5ul

The cells were washed twice by adding 500ul of staining buffer. The centrifugation
was performed at 1500 rpm at 4°C for 5 minutes. The stained cells were resuspended with

350ul of staining buffer for acquiring data by flow cytometry.
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3.3 Lentivirus Production

In this study, 2" generation packing systems were used for lentivirus generation,
which included lentiviral transfer plasmid (3 generation lentiviral CD19-CD79b CAR),
packaging plasmid (psPAX2 encoding the Gag, Pol, Rev and Tat genes) and envelope
plasmid (R3r encoding RD114 protein). The protocol is described below.
Day 0:

4.8 x10° cells were plated inside T75 flask with 10mL of completed DMEM Medium.

Day 1:

At 70-85% confluency, 293T cells were transfected with a mixture of 3™ generation
lentiviral transfer plasmids (CD19-CD79b CAR), packaging plasmid (psPAX2) and envelope
plasmid (R3r). Two tubes were labeled DNA (D) and Lipofectamine (L) respectively, each
containing 850l Opti-MEM. 17ug of transfer plasmid, packing plasmid, envelope plasmid and
34ul of P3000 were added to the D tube. Lipofectamine 3000 was added to the L tube (Table

16).

Table 16. Lentivirus Production

Tubes Component Amount

DNA Plasmid DNA 7.02ug
psPAX2 6.12ug
R3r 3.86ug
P3000 34ul

Lipofectamine Lipofectamine 3000 51ul

The DNA and Lipofectamine tubes were mixed and incubated for 10 minutes at room
temperature. The transfection mix was gently added to the 293 T-cells to avoid dislodging the
cells.

Day 2:
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After incubation for 18 to 24 hours, the medium containing lentivirus was carefully
collected into 50mL tubes and stored at 4°C. 10mL of the prewarmed fresh completed DMEM
was added without detaching the cells.

Day 3:
After incubating for 36 to 48 hours, the medium containing lentivirus was harvested.

The medium from both day 2 and day 3 were then combined.

3.4 Lentivirus Concentration

The lentivirus supernatant was first filtered through an 0.45um filter after the lentivirus
medium was centrifuged at 500 x g for 10 minutes. The Lenti-X-Concentrator was the added
to clarified lentivirus supernatant with a volume ratio of 1:3. The mixture was incubated at 4°C
for 30 minutes to overnight after gentle inversion. The off-white pellet of concentrated lentivirus
was visible after centrifuging the cooled mixture at 1,500 x g for 45 minutes at 4°C. The pellet
was resuspended with Opti-MEM and stored at -80°C. Lenti-X GoStix Plus can be used to

test the lentiviral titer or confirm the successful lentivirus production.

3.5 PBMC Isolation

Histopaque(R)-1077 (Ficoll-Paque) was used for isolating peripheral blood
mononuclear
cells from a normal donor’s buffy coats. The buffy coat was first diluted with pre-warmed PBS
at a volume ratio of 1:1 (25mL buffy coat +25mL PBS). Then 25mL of diluted buffy coat was
slowly added to 15mL of prewarmed Histopaque (around 20°C) in 50mL tubes. The tubes with
two layers of diluted buffy coat and Histopaque were centrifuged at 2000 rpm for 20 minutes
at 20°C with the brake off. After centrifugation, four layers were visible. From the top to bottom:
plasma layer, PBMCs layer, Ficoll-Paque layer, and erythrocytes and granulocytes layer. The

white mononuclear layer between the layers of plasma and Histopaque were carefully
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harvested by removing the upper layer of plasma. Finally, the PBMC was washed twice with
50mL PBS at 1400 rpm for 10 minutes at 20°C to remove Ficol-Paque and platelets. PBMC
was frozen with 90% FBS+10% DMSO and stored in a liquid nitrogen tank after keeping for

24 hours in -80C freezer.

3.6 T Cell Isolation

Untouched human T cells were isolated from PBMCs by using the Pan T Cell Isolation
Kit to deplete non-T cells including B-cells, NK cells, monocytes, platelets, dendritic cells,
granulocytes, and stem cells. By following the protocol of Pan T cell Isolation kit, 50ul of Pan
T Cell Biotin-Antibodies Cocktail was added to 50 x 10¢ PBMCs in the 200ul buffer. The mixture
was incubated for 5 minutes in the refrigerator. After adding 150ul buffer into the mixture, 100pl
Pan T-Cell Microbeads Cocktail was added. After mixing well, the mixture of PMBCs, Biotin-
antibodies Cocktail and Microbeads Cocktail was incubated for 10 minutes in the refrigerator.

The LS column was placed in the magnetic field of a MACS separator. After balancing
the column by rinsing with 3mL of buffer, the cell mixture was applied onto the column.
Unlabeled T cells passed through the column. Magnetically labeled non-T cells bound in the
column. After washing the column with 3 mL of buffer, untouched T cells were in the collecting

tubes.

3.7 T Cell Activation and Expansion

The enriched T cells were activated and expanded using ImmunoCult human
CD2/CD3/CD28 Cell Activator which contains soluble tetrameric antibody complexes that bind
CD3, CD28 and CD2. T-cell Activator was added with 25ul/mL to T Cells in the presence of

IL-2 (2001U/mL) at a concentration of 1 x105/mL.

3.8 Lentiviral Transduction
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T cells were transduced with lentivirus containing CAR constructs after T cells were

activated for 66-72 hours. The transduction protocol is described below.

Day 0: Isolation T cells from PBMC.

T cells were activated by ImmunoCult human CD2/CD3/CD28 Cell Activator with
25ul/mL at a concertation of 1 x10%mL and cultured in the presence of IL-2 (2001U/mL).
Day 2: Preparation of RetroNectin-coated plates.

The working RectroNection solution was prepared by diluting 25ul of RetroNection
with 500ul PBS. 525l of RectroNection solution at a concentration of 47.6ug/mL was placed
into a non-treated 12-well plate for a density of 6.6ug/cm?. The RetroNection-coated plate was
incubated at 4°C overnight.

Day 3: Lentiviral Transduction

The RectroNection-coated plate was blocked with 1 mL of 2% Bovine serum albumin
(BSA) in PBS at room temperature for 30 minutes after removing the RetroNection solution.
The plate was washed with 1 mL of PBS after removing the BSA solution. The plate is ready
to use after removing PBS. The centrifuge was pre-heated to 32°C.

1 x 10° activated T-cells were centrifuged at 1200 rpm for 5 minutes and resuspended
in 250pl of Opti-MEM medium. The 250ul of lentivirus was mixed with 1 x 10° activated T cells
and added into the RetroNection-coated plate. Inoculated T cells were spun at 1000 x g at
32°C for 2 hours with a reduced breaking speed (deceleration=3). 1000 pl of prewarmed
complete RPMI with IL-2 (culture concentration at 2001U/mL) was gently added into the T

cells.

3.9 Transduction Efficiency
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After transduction for 4 days, cells were stained with CD19 protein conjugated FITC,
CD79b protein conjugated PE or APC, and live-dead Amcyan. The protocol of staining cell
surface CARs for Flow cytometry is describe below.

1. 2 x10° cells were centrifuged and resuspended with 500ul of 1% FBS in PBS (flow
cytometry staining buffer) in a 1mL tube. After washing with staining buffer, the cells
were resuspended in 50yl staining buffer.

2. The cell suspension was added with 2ul of CD19 protein conjugated FITC, 0.3ul of
CD79b protein-conjugated PE or APC, and 0.5pl of live-dead Amcyan. After mixing
with a gentle pulse vortex, the cells were incubated at 2-8°C or on ice for 30 minutes.

3. The cells were washed twice by adding 500pl of staining buffer. The centrifuge was
performed at 1500 rpm at 4°C for 5 minutes. The stained cells were resuspended with

350 pl of staining buffer for acquiring data via flow cytometry.

Table 17. Flow Panel for Checking Transduction Efficiency

Fluorochrome Markers Volume
FITC CD19 Protein 2ul

PE CD79b Protein 0.3ul
Amcyan Live-dead 0.5pl

3.10 CAR T Cell Degranulation
The detection of CAR T and untransduced T cell degranulation was measured by
CD107a expression on the surface of cells. The protocol for detection of CAR T and T cells
degranulation is described below.
1. CAR T cells and untransduced T cells were resuspended with completed RPMI after
washing twice. Based on the transduction efficiency, 1 x10° to 2x10° effector cells were
used for this assay. B-cell leukemia and B-cell lymphoma cell lines were used as target

cells. Target cells were labelled with CellTrace Violet. Effector cells were co-cultured with
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target cells at a ratio of 1:2 (E: T) or 1:1 in 600ul complete RPMI of 5 mL polystyrene tube
in the presence of 3pl of anti-CD107a APC and 0.42pl of monensin (BD Golgistop protein
transport inhibitor).
2. The cells mixture was incubated in the incubator at 37°C and 5% CO2 for 5 or 6 hours.
3. After co-culture for 5 or 6 hours, cells were centrifuged and washed with Flow Cytometry
staining buffer. The cells were resuspended with 50pl staining buffer. The antibodies and
protein conjugated dye were added to the cell suspension. The flow panel is described in

Table 17.

Table 18. Flow Panel for Degranulation

Fluorochrome Markers Volume
FITC CD19 Protein 2ul

PE CD79b Protein 0.3ul
PE-CF594 Anti-CD8 2ul
PerCP-Cy5.5 Anti-CD4 2ul
AF700 Anti-CD3 2ul
APC Anti-107a 2l
Pacific Blue Tumor cells

Amcyan Live-dead 0.5ul

3.11 CAR T Cell Proliferation

CAR T cell proliferation was tested using CellTRace Far Red Cell Proliferation Kit.
CellTrace Far Red stock solution was prepared by adding 20ul of DMSO. Effector cells (CAR
T cells and untransduced T cells) were washed with PBS after removing the medium by
centrifuge. The cell concentration was approximately 2-3 x10° cells/mL. 1 pl of stock solution
was added to each mL of cell suspension in PBS for a final working solution. The cells were
incubated for 20 minutes in the incubator at 37°C protected from light.

Five times of complete RPMI were added to the cells. The cells were incubated for 5 minutes
in the incubator at 37°C to remove any free dye remaining in the solution. The cells were

centrifuged and resuspended with fresh pre-warmed complete RPMI. Effector cells labelled

42



with CellTrace Far Red were co-cultured with target cells labelled with CellTrace Violet at a
ratio of 1:1 for 1 day, 2 days, and 4 days.
At each time point, the cells were collected and stained with the below protein-

conjugated dye and antibodies.

Table 19. Flow Panel for Proliferation

Fluorochrome Markers Volume
FITC CD19 Protein 2ul

PE CD79b Protein 0.3ul
PE-CF594 Anti-CD8 2l
PerCP-Cy5.5 Anti-CD4 2ul

APC-CellTrace Far Red Effector cells
Pacific Blue Trace Violet Tumor cells
Amcyan Live-dead 0.5ul

3.12 CAR T Cell Cytotoxicity

Target cells (B-cell leukemia and B-cell lymphoma cell lines) were labelled with
CellTrace Violet. Effector cells (CAR-T cells and untransduced T-cells) were co-cultured with
targeted cells at a ratio of 1:2, 1:1, and 2:1 (E: T) for 1 day, 2 days, and 4 days. The cells were
stained with Live-dead Amcyan. The live tumor cells were analyzed by flow cytometry by
adding CountBright Absolute Counting Beads. CAR T cell cytotoxicity was determined by the
percentage of specific survival of tumor cells and specific lysis, which were calculated
according to the below formula.

The Percentage of Specific Lysis = 1- [live target cells with CAR T cells /
live target cells with untransduced T cells]

3.13 Dual CD19-CD79b CAR T Cell Phenotype and Exhaustion Markers
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Dual CD19-CD79b CAR T cell phenotype included Naive T cells, central memory T

cells (Tcwm), effector memory T cells (Tem) and terminally differentiated effector memory T cells

(Temra). 1 x10° cells were stained with flow antibodies and the phenotype was analyzed by

flow cytometry. The summary of CAR T and untransduced T cells and flow panel are

described below.

Table 20. Phenotype of CAR T Cells and Untransduced T cells

Phenotype Description
Naive Cells CD62L+CD45RA+
Central Memory T cells CD62L+CD45RA-
Effector Memory T cells CD62L-CD45RA-

Terminally Differentiated Effector ~ CD62L-CD45RA+

Memory T cells

Table 21. Flow Panel for CAR T Cells and Untransduced T cells Phenotype

Fluorochrome Markers Volume
FITC CD19 Protein 2ul

PE CD79b Protein 0.3ul
PE-CF594 Anti-CD62L 2ul
PE-CY7 Anti-CD45RA 2l
PerCP-Cy5.5 Anti-CD4 2ul
AF700 Anti-CD3 2ul
APC Anti-CD8 2ul
Amcyan Live-dead ul

The exhaustion markers of dual CD19-CD79b CAR were determined by flow

cytometry. 1 x106 cells were stained with brilliant staining buffer and washed with 1%FBS/PBS

staining buffer. The flow panel is described in Table 21 and Table 22.

Table 22. Flow Panel for CAR T Cell and Untransduced T cell Exhaustion Markers

Fluorochrome Markers Volume
FITC CD19 Protein 2l

PE CD79b Protein 0.3ul
PE-CF594 Anti-CD62L 2l
PE-CY7 Anti-CD45RA 2ul
PerCP-Cy5.5 Anti-CD4 2ul
AF700 Anti-CD3 2ul
APC Anti-CD8 2ul
BVv421 Anti-PD-1 2l
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BV605 Anti-TIM-3 2ul
BV786 Anti-CTLA-4 2ul
Amcyan Live-dead 1ul
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Chapter 3: Results
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1. Expression of CD19 CAR with CD28 hinge and transmembrane domain was lower

than expression of CD79b CAR in dual CAR construct.

The first dual CD19-CD79b CAR -pX1A (Table 23) was generated using a third-
generation lentiviral vector under the control of promoter MSCV. CD19 CAR comprised of an
anti-CD19 scFv (murine anti-human FMCG63 clone), short CD28 hinge and transmembrane
domain, CD28 co-stimulation and CD3 zeta signaling domain. CD79b CAR contained anti-
CD79b scFv (murine anti-human T26 clone), CD8a hinge and transmembrane domain, 4-1BB
co-stimulation and CD3 zeta signaling domain. CD19 CAR was linked with CD79b CAR by
self-cleaving peptide E2A/P2A. The truncated epidermal growth factor receptor (tEGFR)
protein was used as a reporter gene to asses transduction efficiency. 293 T cells were used
for testing the expression of the dual CAR construct. Cells were collected after 48 hours post-
transfection. CD19 CAR and CD79b CAR expression was assessed by flow cytometry. CD19
CAR of X1B, X1E, X1F and X1G used regular CD28 hinge and transmembrane. CD79b CAR
of X1B and X1G used OX40 co-stimulation, and CD79b CAR of X1E and X1F used 4-1BB co-
stimulation. CD19CAR and CD79b CAR were alternatively located after MSCV promoter.
Based on the flow data, CD79b CAR can express stably when placed either after the promoter
or after a 2A self-cleaving peptide. However, CD19 CAR expression was low when compared
with CD79b CAR expression. In addition, tEGFR expression was stable in mono- CAR or dual
CD19-CD79b CAR (Figure 3) (Table 25)

Table 23. Generation of vectors.

Vectors: Description

pX1A

MSCV-CD79b-CD8a H/TM-4-1BBt-P2A-CD19-CD28 H/TM (short) -CD287-T2A-tEFFR
pX1B

MSCV-CD79b-CD8a H/TM-OX407-E2A-CD19-CD28 H/TM-CD28t-T2A-tEFFR

pX1C

MSCV-CD79b-CD8a H/TM-OX40Z-tEFFR

pX1D

MSCV- CD19-CD28 H/TM-CD28t-T2A-tEFFR

pX1E
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MSCV-CD79b-CD8a H/TM-4-1BB{-P2A-CD19-CD28 H/TM-CD28(-T2A-tEFFR

pX1F
MSCV-CD19-CD28H/TM-CD287-P2A-CD79b-CD8a H/TM-4-1BBZ-T2A-tEFFR

pX1G
MSCV-CD19-CD28H/TM-CD28t-E2A-CD79b-CD8a H/TM-OX40Z-T2A-tEFFR

Figure 3.
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Figure 3: The expression of CD19 CAR, CD79b CAR and tEGFR.
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The expression of CD19 CAR and CD79b CAR were determined by flow cytometry using

CD19 protein conjugated FITC and CD79b protein conjugated PE stains. The expression of

tEGFR was assessed by flow cytometry using an anti-tEGFR AF647 stain.

2.Expression of CD19 CAR with CD28 H/TM and 4-1BB and OX40 was lower than

expression of CD79b CAR in dual CAR construct.

CD28 co-stimulation was replaced with 4-1BB and OX40 for CD19 CAR in the dual

CD19-CD79b CAR construct. pX1H, pX1l, pX1J and pX1K were generated for this purpose.

pX1L and pX1M are CD19 CAR with co-stimulation of 4-1BB and OX40, respectively (Table

24). CD19 CAR and CD 79b CAR expression were tested 48 hours after transfection by using
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293 T-cells through flow cytometry. Based on the flow data, expression of CD19 CAR with

either 4-1BB or OX40 was lower than the expression of CD79b CAR (Figure 4) (Table 25)

Table 24. Generation of vectors

Vectors: Description

E/Ixslglv-CD?Qb-CDSaH/TM-OX4OZ-E2A-CD19-CD28 H/TM-4-1BB{-T2AtEFFR
RllxleI:V—CDlg—CD28H/TM—4—1BB(—EZA—CD?Qb—CD&x H/TM-OX407-T2A-tEFFR
Rﬂélé]V—CDYQb—CDBaH/TM—4—1BB(—P2A—CD19—CD28 H/TM-4-OX407-T2A-tEFFR
E/Ixsl(};V-CDlQ-CDZSH/TM-OX4OZ-P2A-CD79b-CD8 H/TM--4-1BBZ-T2A-tEFFR
E/IXS]-CIZ_V-CDlg-CDZSH/TM- -4-1BB{ -T2A-tEFFR

pX1M

MSCV-CD19-CD28H/TM-OX407 -T2A-tEFFR

CD19 CAR expression CD79b CAR expression tEGFR expression
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Figure 4: The expression of CD19 CAR, CD79b CAR and tEGFR.
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The expression of CD19 CAR and CD79b CAR were determined by flow cytometry using

CD19 protein conjugated FITC and CD79b protein conjugated PE stains. The expression of

tEGFR was assessed by flow cytometry using an anti-tEGFR AF647 stain.
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3. Expression of CD19 CAR was stable with CD8a H/TM in a dual CAR construct.

CD28 hinge and transmembrane of CD19 CAR was replaced with CD8a in CD19-
CD79b CAR. CD19 CAR’s co-stimulation used 4-1BB, OX40 and CD28 (Table 26). 293 T
cells were transfected with CD79b CAR (pX1Z) and dual CD19-CD79b (pX1T, pX1U, pX1V,
and pX1Ww).

The expression of CD19 CAR and CD79b CAR of transfected 293 T cells were determined
by flow cytometry. (Figure 5A and 5B). Based on the flow data, CD8a H/TM improved the

expression of CD19 CAR (Table 27)

Table 26. Generation of vectors

Vectors: Description

pX1N

MSCV-CD79b-CD8aH/TM-OX407-E2A-CD19-CD8a H/TM-4-1BBZ-T2A-tEFFR
pX10

MSCV-CD79b-CD8aH/TM-4-1BB-P2A-CD19-CD8a H/TM-4-OX40C-T2A-tEFFR
pX1P

MSCV-CD19-CD8aH/TM-4-1BB-P2A-CD79b-CD8a H/TM-OX40Z-T2A-tEFFR
pX1Q

MSCV-CD19-CD8aH/TM-0X40t-P2A-CD79b-CD8 H/TM--4-1BBC-T2A-tEFFR
pX1S

MSCV-CD79b-CD8aH/TM-OX407-P2A-CD19-CD8a H/TM-4-1BBZ-T2A-tEFFR
pX1T

MSCV-CD79b-CD8aH/TM-OX407-P2A-CD19-CD8a H/TM-CD28t-T2A-tEFFR
pX1U

MSCV-CD19-CD8aH/TM-CD28t-P2A-CD79b-CD8a H/TM-OX407-T2A-tEFFR
pX1V

MSCV-CD79b-CD8aH/TM-4-1BBZ-P2A-CD19-CD8a H/TM-4-CD28C-T2A-tEFFR
pX1W

MSCV-CD19-CD8aH/TM-CD28t-P2A-CD79b-CD8 H/TM--4-1BBC-T2A-tEFFR
pX1X

MSCV-CD19-CD8aH/TM-4-1BBZ-T2A-tEFFR

pX1Y

MSCV-CD19-CD8aH/TM-OX40Z-T2A-tEFFR

pX1Z

MSCV-CD79b-CD8aH/TM-4-1BBZ-T2A-tEFFR
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Figure 5 A and B: The expression of CD19 CAR, CD79b CAR and tEGFR.

pXiz
pX1W
pX1V

pX1u
pXIT

The expression of CD19 CAR and CD79b CAR were determined by flow cytometry using

CD19 protein conjugated FITC and CD79b protein conjugated PE stains. The expression of

tEGFR was assessed by flow cytometry using an anti-tEGFR AF647 stain.
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4.Transduction efficiency of dual CD19-CD79b CAR was improved in primary T-cells
when removing the tEGFR transduction marker, however, CAR expression

gradually decreased under the control of MSCV promoter.

Primary T cells were transduced lentivirally with dual CD19-CD79b CAR (pX10),
CD19 CAR (X1Y) and CD79b CAR (28B). The transduction efficiency of dual CD19-CD79b
was low (12%) compared with CD19 CAR and CD79b CAR (Figure 6A). To increase
transduction efficiency, four new dual CD19-CD79b CARs were generated by removing
tEGFR (Table 28). CAR expression gradually decreased on day 8 after transduction under

the control of promoter of MSCV (Figure 6B).

Table 28. Generation of Vectors by removing tEGFR

Vectors: Description

pX2A

MSCV-CD79b-CD8aH/TM-OX407-P2A-CD19-CD8a H/TM-4-1BBT
pX2B

MSCV-CD19-CD8aH/TM-4-1BB{-P2A-CD79b-CD8a H/TM-0OX40¢
pX2C

MSCV-CD79b-CD8aH/TM-4-1BB{-P2A-CD19-CD8a H/TM-4-0X40T
pX2D

MSCV-CD19-CD8aH/TM-OX40-P2A-CD79b-CD8 H/TM--4-1BBT
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Figure 6: The transduction efficiency of dual CD19-CD79b CARs.
A: The expression of CD19 CAR and CD79b CAR were assessed on day 3 after transduction
by flow cytometry using CD19 protein conjugated FITC and CD79b protein conjugated PE
stains. B: The expression of CD19 CAR and CD79b CAR were evaluated on day 3 and day

8 after transduction by using the same staining and flow analysis.
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5. The expression of CD19 CAR and CD79b CAR was stable after transduction under

the control of promoter EF1a.

Next, the MSCV promoter was replaced with EF1a and 4-1BB co-stimulatory domain
was replaced with OX-40 in CD79b CAR and four different dual CD19-CD79 CAR constructs
were designed (Table 29). After transduction of primary T cells, the expression of CD19 CAR
and CD79b CAR were tested on day 3, day 7 and day 10 (Figure 7). Under the control of

EF1a promoter, the expression of CD19 CAR and CD79 CAR were stable in the culture.

Table 29. Generation of vectors

Vectors: Description

pX2E

EF1a-CD79b-CD8aH/TM-OX407-P2A-CD19-CD8a H/TM-4-1BBT
pX2F

EF1a-CD79b-CD8aH/TM-OX407-P2A-CD19-CD8a H/TM-OX40¢

pX2K

EFla -CD19-CD8aH/TM-4-1BBZ-T2A-CD79b-CD8a H/TM-0OX40T
pX2L

EFla -CD19-CD8aH/TM-0OX40t-T2A-CD79b-CD8a H/TM-0OX40¢
pX2Q

EFla -CD19-CD8aH/TM-4-1BB{

pX2U

EFla -CD79b-CD8aH/TM-0OX40¢
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1

APC- labeled CD79b protein

FITC- labeled CD19 protein
Figure 7: The transduction efficiency of dual CD19-CD79b CARs.
The expression of CD19 CAR and CD79b CAR were assessed on day 3, day7 and day 10
after transduction via flow cytometry using CD19 protein conjugated FITC and CD79b protein

conjugated PE stains.

6. Generation of the dual CD19-CD79 CAR T Cells.

Based on transduction efficiency and stability of CAR expression, the X2K dual CD19-
D79b CAR construct was chosen as optimal (Figure 8A). Dual CD19-CD79b CAR was

composed of a 2" generation CD19 CAR directly after the promoter EF1la and CD79b CAR

linked with CD19 CAR by a self-cleaving peptide T2A. CD19 CAR comprised of anti-CD19

scFv (murine anti-human FMC63 clone), CD8a hinge and transmembrane domain, 4-1BB co-
stimulatory domain and CD3t signaling domain. CD79b CAR consisted of anti-CD79b (murine
anti-human 28B clone), CD8a hinge and transmembrane domain, OX40 co-stimulatory

domain and CD3t signaling domain (Figure 6A). The bicistronic CD19 and CD79b CAR
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construct allowed simultaneous expression of both CARs on the surface of primary T-cells for

targeting B-cell leukemia and B-cell Lymphoma cells (Figure 8B). The expression of CD19

CAR and CD79b CAR on day 4 and day 9 after transduction of primary T cells was determined

by flow cytometry with CD19 protein conjugated with FITC and CD79b protein conjugated with

APC stains, respectively. The expression of CD19 CAR and CD79b CAR was equally

distributed in the CD4+ and CD8+ subset (Figure 8C). The ratio of CD4 to CDS8 in the

expression of dual CD19-CD79b CAR was around 2:1 on day4 and 1:1 on day9 (Figure 8D).
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APC- labeled CD79b protein

FITC- labeled CD19 protein

Figure 8: Generation of dual CD19-CD79b CAR T cells.

A) Dual CD19-CD79b CAR construct comprised of anti-CD19 CAR and anti-CD79b CAR were
cloned into a third-generation lentiviral vector under the control of EF1a promoter. Two CARs
were linked by T2A self-cleaving peptide. B) The schematic figure shows that dual CD19-
CD79b CAR T cells can target either CD19 or CD79b or simultaneously target two antigens

on the surface of tumor cells. C) The expression of CD19 and CD79b on primary T cells
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transduced with dual CD19-CD79b CAR construct were assessed on day 4 and day 9 in CD4+
and CD8+ subsets by FITC-conjugated CD19 protein and APC-conjugated CD79b protein
stains. D) The flow cytometry plot showed that the ratio of CD4+ to CD8+ was 2:1 on day 4

and was about 1:1 on day 9 after transduction in dual CD19-CD79b CAR T cells.

7. Dual CD19-CD79b CAR T cells degranulated in response to B-cell ymphoma and

leukemia cell lines in a CD19 or CD79b dependent manner.

CD19+CD79b B cell lymphoma cell lines (Daudi, SUDHL6, PDX203 and PDX300),
CD19+ CD79b- B-cell leukemia cell line (NALM®6), CD19KO cell lines (Daudi-CD19KO and
SUDHL6-CD19KO0), and CD19-CD79b- cell lines (K562) were used for degranulation and
cytotoxicity assays. The expression of CD19 antigen and CD79b antigen in the tumor cells
was tested by flow cytometry (Figure 9A, 9B, 9C). Proliferation of tumor cells was measured
by using CellTrace Violet via flow cytometry (Figure 9D). Dual CD19-CD79b CAR T cells
degranulated in response to CD19 or CD79b when cultured with B-cell lymphoma and

leukemia cell lines (Figure 9E, 9F, 9G, 9H)
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Figure 9. Tumor cell phenotypes and the degranulation of dual CD19-CD79b CAR T
cells

A) Al:The expression of CD19 and CD79b antigen in CD19+CD79b+ B-cell lymphoma cell
lines (Daudi, SUDHL6, PDX203 and PDX300), A2:CD19+ CD79b- B-cell leukemia cell line
(NALM®6), CD19KO cell lines (Daudi-CD19KO and SUDHL6-CD19KO), and CD19-CD79b-
cell line (K562) were tested by flow cytometry using PE anti-CD19 and APC anti-CD79b
stains. A3: The histogram plot showed the fluorescence intensity of CD19 and CD79b
expression on tumor cells. A4: Tumor proliferation was tested by pre-labelling with CellTrace
Violet on dayO and monitoring dye dilution on dayl, day2 and day4 via flow cytometry.

B) Dual CD19-CD79b CAR T cells degranulated in response to CD19+CD79b+ tumor
cells. Untransduced T cell, CD19 CAR T, and dual CD19-CD79b CAR T cells were co-
cultured with B-cell lymphoma cell lines (Daudi, SUDHL6, PDX203-5D4 and PDX300-5E6) for
6 hours at 1:2 effector: target (E: T) ratio. The flow cytometry plots showed high CD107a
expression in both CD4+ and CD8+ subset of CD19 CAR and dual CD19-CD79b CAR T cells.
C) Dual CD19-CD79b CAR T cells degranulated in a CD19/CD79b dependent manner
and were not responsive to CD19-CD79b- tumor cells.

Untransduced T cell, CD19 CAR T and dual CD19-CD79b CAR T cells were co-cultured with
B-cell leukemia cell lines (NALM6), SUDHL6-CD19KO, and K562 for 6 hours at 1:1 effector:
target (E: T) ratio. The flow cytometry plots showed high CD107a expression in both CD4+

and CD8+ subset of CD19 CAR and dual CD19-CD79b CAR T cells when co-cultured with
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NALMS6. There was a slightly higher CD107a expression in both CD4+ and CD8+ subset of
dual CD19-CD79b CAR T cells when co-cultured with SUDHL6-19KO. There was low CD107a
expression in both CD4+ and CD8+ subset of CD19 CAR and dual CD19-CD79b CAR T cells
when co-cultured with K562.

D) Cryopreserved and thawed dual CD19-CD79b CAR T cells degranulated in
response to CD19+CD79b tumor cells.

Untransduced T-cell, CD19 CAR T, CD79b CAR and dual CD19-CD79b CAR T cells were co-
cultured with Daudi for 6 hours at 1:1 effector: target (E: T) ratio. The high expression of
CD107a was observed and determined by flow cytometry.

E) Cryopreserved and thawed dual CD19-CD79b CAR T cells degranulated in CD79b
dependent manner.

Untransduced T-cell, CD19 CAR T, CD79b CAR, and dual CD19-CD79b CAR T cells were
co-cultured with Daudi-CD19KO and SUDHL6-CD19KO for 6 hours at 2:1 effector: target (E:
T) ratio. The expression of CD107a was determined by flow cytometry.

F) CD-19-CD79b CAR T cells generated with two different donor degranulated in
response to tumor cells in CD19 or CD79b dependent manner.

The degranulation of untransduced T cell, CD19 CAR T, and dual CD19-CD79b CAR T were
tested from two different normal donors. CD107a expression was determined by flow

cytometry using an APC anti-CD107a stain. One dot presents cells generated from one donor.

8. Dual CD19-CD79b CAR T cells were cytotoxic to B-cell lymphoma and leukemia cell

lines in a CD19 or CD79b dependent manner.

Dual CD19-CD79b CAR T cells specifically recognized and induced lysis in B-cell
lymphoma cells CD19+CD79b+ (Daudi, SUDHL6, PDX203-5D4, and PDX300-5E6) (Figure
10A1 and A2), B-cell leukemia CD19+CD79b- (NALM®6) (Figure 10B), and CD19-CD79b+

tumor cell lines (Daudi-CD19KO and SUDHL6-CD19KO) (Figure 10C), but not CD19-CD79b-
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tumor cells (K562) (Figure 10D). The percentage of specific lysis by CAR T cells for each live

tumor cell was calculated using the below formula and normalized to untransduced T-cells.

%Specific Lysis = 1- [live target cells with CAR T cells /live target cells with untransduced T

cells] (Figure 10E)
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Figure 10. Dual CD19-CD79b CAR T cells were cytotoxic to CD19+CD79+, CD19+D79b-
, and CD19-CD79b+ tumor cells.

Al, A2) Dual CD19-CD79b CAR T cells induced lysis of CD19+CD79b+ tumor cells.
Untransduced T cells, CD19 CAR T (CAR19 expression 78%), and dual CD19-CD79b CAR
T cells (dual CAR expression 47%) were co-cultured with CD19+CD79b+ B-cell lymphoma
cell lines (Daudi, SUDHL6, PDX203-5D4 and PDX300-5D6) for 96 hours at 1:1 effector: target
(E:T) ratio. The flow cytometry plots show the percentages of live tumors on day 0 and day 4
for each co-culture condition. B) Untransduced T cells, CD19 CAR T and dual CD19-CD79b
CAR cells were co-cultured with CD19+CD79b- B-cell leukemia cell lines (NALM®6) for 96
hours at 1:1 effector: target (E: T) ratio. The flow cytometry plots show the percentages of live
tumors on day 0 and day 4 for each co-culture condition. C) Untransduced T cells, CD19 CAR
T and dual CD19-CD79b CAR cells were co-cultured with CD19KO B-cell ymphoma cell lines
(Daudi-CD19KO and SUDHL6-CD19KO) for 96 hours at 1:1 effector: target (E: T) ratio. The
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flow cytometry plots show the percentages of live tumors on day 0 and day 4 for each co-
culture condition. D) Untransduced T cells, CD19 CAR T and dual CD19-CD79b CAR cells
were co-cultured with CD19-CD79b+ tumor cell lines (K562) for 96 hours at 1:1 effector: target
(E: T) ratio. The flow cytometry plots show the percentages of live tumors on day 0 and day 4
for each co-culture condition. E) Untransduced T cells, CD19 CAR T and dual CD19-CD79b
CAR cells were co-cultured with tumor cells (Daudi, SUDHL6, PDX203-5D4, PDX300-5E6,
NALM®6, Daudi-CD19KO, SUDHL6-CD19KO and K562) for 24 hours, 48 hours, and 96 hours
at 1:1 effector: target (E:T) ratio and percent specific lysis was calculated based on the
absolute number of live tumor cells and normalized to untransduced T cells (%Specific Lysis
= 1- [live target cells with CAR T cells /live target cells with untransduced T cells]). CD19 CAR
and CD19-CD79b CAR T cells were compared to the untransduced T cell control using paired
t test. ns: P>0.05, *: P<0.05; **: P<0.01; **: P<0.001. F) Untransduced T, CD19 CAR T,
CD79b CAR T, and dual CD19-CD79b CAR T cells were co-cultured with SUDHL6-CD19KO
for 48 hours and 96 hours at 1:1 effector: target (E:T) ratio and percent specific lysis was
calculated based on the absolute number of live tumor cells and normalized to untransduced
T cells (%Specific Lysis = 1- [live target cells with CAR T cells /live target cells with

untransduced T cells]). ns: P>0.05, *: P<0.05; **: P<0.01; ***: P<0.001

9. Dual CD19-CD79b CAR T cells proliferated in response to B-cell lymphoma and
leukemia cell lines in a CD19 or CD79b dependent manner.

After co-culturing for 4 days, dual CD19-CD79b CAR T cells proliferated when co-
cultured with B-cell ymphoma and leukemia tumor cell lines (Daudi, SUDHL6, PDX203-5D4,

PDX300-5E6, NALM6, Daudi-CD19KO, SUDHL6-CD19KO and K562).
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Figure 11. Dual CD19-CD79b CAR T cells proliferated in response to B-cell ymphoma
and B-leukemia in CD19 or CD79b dependent manner.

Untransduced T cells, CD19 CAR T, CD79b CAR T and dual CD19-CD79b CAR cells labelled
with Cell Trace Far Red were co-cultured for 96 hours with tumor cells at 1:1 effector: target
(E: T) ratio. The percentage of proliferating T cells were determined based on dye dilution on
day 4 and indicated in each flow plot. A: Untransduced T cells, CD19 CAR T, and dual CD19-
CD79b CAR cells were co-cultured with CD19+CD79b+ B-cell lymphoma cell lines (Daudi,
SUDHL6, PDX203-5D4 and PDX300-5D6). B: Untransduced T cells, CD19 CAR T, and dual
CD19-CD79b CAR cells were co-cultured with CD19KO B-cell lymphoma cell lines (Daudi-
CD19KO and SUDHL6-CD19KO0). C. Untransduced T cells, CD19 CAR T, and dual CD19-
CD79b CAR cells were co-cultured with B-cell leukemia tumor cell lines CD19+CD79b-
(NALM®G). D. Untransduced T cells, CD19 CAR T, and dual CD19-CD79b CAR cells were co-
cultured with CD19-CD79b- tumor cells lines K562. E. Untransduced T cells, CD19 CAR T,
CD79b CAR T and dual CD19-CD79b CAR cells were co-cultured with CD19KO B-cell

lymphoma cell lines SUDHL6-CD19KO.

10. CD19-CD79b CAR T cells produced effector cytokines in response to B-cell
lymphoma and leukemia cell lines in CD19 or CD79b dependent manner.

Dual CD19-CD79b CART cells specifically recognized and released IFN-y (Figure 14A), IL-2
(Figure 14B), TNF-a (Figure 14C) and IL-13 (Figure 14D) in response to B-cell lymphoma cells
CD19+CD79b+ (Daudi, SUDHL6, PDX203-5D4, and PDX300-5E6), B-cell leukemia
CD19+CD79b- (NALM®6) and CD19-CD79b+ tumor cell lines (Daudi-CD19KO and SUDHL6-

CD19KO0), but not CD19-CD79b-tumor cells (K562). Compared to CD19-CD79b CAR T cells,
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CD19 CAR T cells released a slightly higher levels of cytokines when co-cultured with tumor

expressing CD19+ or CD19+CD79b+.
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Figure 12. Dual CD19-CD79b CAR T cells released cytokines in response to tumor cells

expressing either CD19 or CD79b and both.
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The concentration of IL-2 (A), IFN-y (B), TNF-a (C) and IL-13 (D) were measured by MSD

multiplex cytokine assay. Untransduced T cells, CD19 CAR T, CD79b CAR T and dual CD19-

CD79b CAR T cells were co-cultured overnight with tumor cells at 1:1 effector: target (E: T)

ratio. The concentration of cytokine was determined by using MSD multiplex cytokine assays.

CD19 CAR and CD19-CD79b CAR T cells were compared to the untransduced T cells control

using paired t test. ns: P>0.05, *: P<0.05; **: P<0.01; ***: P<0.001, ****:P<0.0001.

11. The subset and phenotype of CD19-CD79b CAR T cells were similar to

untransduced T cells and CD19 CAR T cells.

In both CD4+ and CD8+ subsets, most of the untransduced T cells (Day13) and CAR

T cells (transduced day10) were central memory and effector memory T cells (Figure 12A

and C).
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Figure 13. Similar subsets and phenotypes were observed in untransduced T cells,
CD19 CART, and CD19-CD79b CART cells.

A) The subset and phenotype of untransduced T cells, CD19 CAR T, and CD19-CD79b CAR
T were stained with AF700 anti-CD3, PerCP-Cy5.5 anti-CD4, BV605 anti-CD8, PE-CF594

anti-CD62L, PE-Cy7anti-CD45RA, APC anti-CD95, and Amcyan Live-dead and were tested
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by flow cytometry. Isolated T cells (day0O) stained all the antibodies except for CD95.B) The
phenotype of isolated T cells (dayO) was determined by flow cytometry. C) Both of CD4+ and
CD8+ subset of CD19-CD79b CAR T had a similar phenotype with untransduced T cells and

CD19 CAR T cells with differentiation to central memory and effector memory cells.

12. The expression of inhibitory receptors on CD19-CD79b CAR T cells was similar to
untransduced T cells and CD19 CAR T cells.

The expression of CTLA-4 and PD-1 were low in both the CD4+ and CD8+
subset. High expression of TIM-3 was observed in both CD4+ and CD8+ subsets (Figure
13A). High expression of TIM3 and medium high expression of TIGIT were observed in the
CD4+ subset. High expression of TIM3 and medium high expression of LAG3 were observed

in the CD8+ subset (Figure 13B).
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Figure 14. Low expression of PD-1 and CTLA-4 and high expression of TIM-3 were
observed in both CD4+and CD8+ subsets.

A) The expression of inhibitory receptors in untransduced T cells, CD19 CAR and CD19-
CD79b CAR were measured by flow cytometry. PD-1 FMO, CTLA-4 FMO, LAG3 FMO, TIM-
3 FMO and TIGIT FMO were used for gating strategies. B) The plots show the expression of
inhibitory receptors in both CD4+ and CD8+ subsets of untransduced T-cells, CD19 CAR and

CD19-CD79b CART cells on day 0O isolation, day 13 after activation, day 10 after transduction.
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Chapter 4: Discussions
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CD19 CAR T therapy has demonstrated impressive efficacy in patients with relapsed
or refractory B-cell leukemia and B-cell non-Hodgkin lymphoma (13, 15, 16, 42-45). However,
about 30-60% patients eventually relapse following CD19 CAR T therapy (46-53). Relapsed
patients fall into two categories: CD19 positive relapse and CD19 negative relapse. CD19
positive relapses are due to poor CD19 CAR T persistence, dysfunctional T cells or due to
tumor intrinsic resistance mechanisms. CD19 negative relapse is due to CD19 loss. About
30-95% relapsed patients experience disease progression related to CD19 antigen loss (37).
Low antigen expression or loss of antigen is also a main cause for resistance to CD19 CAR
T therapy for B-cell malignancies (40, 49, 54, 55). CD22 loss has also been observed in
relapsed patients following CD22 CAR-T therapy (56). But, other pan-B antigens such as
CD20, CD22, CD79a and CD79b are not altered in patents relapsing after CD19 CAR T
therapy (57, 58). Multiple antigen targeting is a potential strategy to overcome antigen escape
for CAR-T therapy. CD79b is a pan-B marker and broadly expressed in >90% of B-cell non-
Hodgkin lymphomas and chronic lymphocytic leukemias (59-61). Dual targeting of CD19 and
CD79b may decrease antigen escape and increase efficacy of CAR-T therapy for patients
with B-cell non-Hodgkin lymphoma or chronic lymphocytic leukemia.

Currently, several strategies have been used for targeting two antigens to decrease
immune escape including coadministration (62), co-transduction, tandem CAR T cells and
bicistronic CAR T cells (37). Both tandem and bicistronic CAR T cells products are
homogeneous and may enhance the strength of the immune synapse by engaging the
interaction between tumor cells and CAR T cells via simultaneously targeting two antigens
(63). Tandem CAR construct can achieve higher transduction efficiency compared to
bicistronic CAR due to transgene size. However, the orientation of two CARs in tandem CAR
is not optimal due to steric hindrance, which may have an important impact on the function of

tandem CARs. The result from a study of CD19-CD20 tandem CAR demonstrated that anti-
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CD20 scFv should be placed in the distal position of the CAR construct because CD20 epitope
is membrane proximal (64). In the study of dual targeting BCMA and GPRC5D in multiple
myeloma, bicistronic CAR and two mono-specific CARs demonstrated superior efficacy in
BCMA-relapsed model compared with tandem CARs, and bicistronic CAR showed better
antitumor activity than two mono-specific CARs in a tumor model expressing both BCMA and
GPRC5D (65). Considering the challenge of designing tandem CARs in the scFv order,
flexible linkers, and hinge length, bicistronic construct was used in this study because it could
be more feasible way for targeting two antigens to minimize antigen escape.

Importantly, dual CAR construct must enable two distinct CARs to express on the
same cells. This study found that CD19 CAR and CD79b CAR could not be equally expressed
on the surface of 293 T cells using dual CAR construct when incorporating CD28 H/TM in
CD19 CAR. Itwas also observed that a CD8a hinge/transmembrane domain (H/TM) in a dual
CD19-CD79b CAR construct achieved high CAR expression on the surface of 293T cells
compared to CD28 H/TM. CD19 CAR expression did not improve even when it was placed
after promoter (Figure3, Figure4, Figure5). The expression of CD19 CAR engineering with
CD28 T/TM was about 25%-47% compared to the CD79b CAR expression with 66%-72%.
Previous studies have shown that CAR expression level is dependent on scFv structure when
CARs have the same hinge and transmembrane domain, and endodomain (co-stimulatory
domain and CD3 zeta) (66, 67). It was further proved that the CAR surface expression
efficiency was influenced by scFv structural stability (28). Hinge and transmembrane domain
also play a critical role in the control of CAR surface expression level. In particular, the CAR
expression level is positively associated with the number of amino acids in the hinge, which
further imply that the scFv’ s folding efficiency relies on the hinge length. The CAR surface
expression levels and stability were also affected by different transmembrane domain
structures. In other words, it suggests that the regulation of CAR expression stability on cell

surface is associated with its transmembrane cellular localization (28). Thus, the length and
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structure of CD8a H/TM (CD8aH:45AA >CD28H:42AA) may contribute to improved CD19
CAR expression in a dual CD19-CD79b CAR construct.

It is known that transduction efficiency is associated with CAR construct, packaging
system, envelope protein, and T cells. In this study, the low transduction efficiency (5%) and
high cytotoxicity to the producer cells were observed when using the third generation packing
system and VSV-G envelope protein. VSV-G cytotoxicity could affect 293 T cells to generate
lentivirus particles. Third generation packing system improved the safety by splitting one
packaging plasmid into two packaging plasmids (68). However, it also increased the difficulty
in producing functional lentiviral particles, since it involved transfecting four plasmids into 293
T cells — including two packaging plasmids, one transfer plasmid encoding transgene, and
one envelope plasmid. Although VSV-G (the vesicular stomatitis virus) is commonly used for
pseudotyped protein due to broad tropism and particle stability, the high concentration of VSV-
G could pose risk of cytotoxicity to both the packaging cell lines and the transduced cells (69).
RD114 (the endogenous feline virus) not only could provide particle stability, but also is a non-
toxic protein (70). Additionally, RD114 can bind a T-cell receptor, neutral amino acid
transporter, that is widely expressed on activated primary T cells, which provides a favorable
and feasible way to use for producing CD19-CD79b CAR lentivirus.

By using the second-generation packaging system and RD114, the transduction
efficiency was slightly improved (12%; Figure 6). It is known that cloning capacity of lentiviral
vector is about 8.5kb between the LTRs, however the package efficiency will be influenced by
the inserts if bigger than 3kb. For pX10 dual CAR, the inserts between the LTRs was 7.78kb,
which could decrease packaging efficiency and generate less functional lentivirus particles. In
order to decrease the transgene size, we removed tEGFR suicide gene. Some studies
showed that the poor persistence of CD19 CAR T cells accounts for CD19 positive relapse
and resistance against CD19 CAR therapy (36, 38, 47). Long-lasting CAR T cells could

continue to perform surveillance and clear CD19+ tumor cells. Considering the limited
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persistence and the expected safety of CD19 and CD79b-targeting CAR T products,
incorporation of a safety switch such as tEGFR is not essential. By removing tEGFR, the
transduction efficiency of dual CD19-CD79b CAR increased from 12% to up to 50% (Figure
6)

Despite the improvement in transduction efficiency of dual CD19-CD79b CAR after
removal of tEGFR, the sharp decrease of dual CAR expression was observed on day 8 after
transduction, especially for CD79b CAR expression. To confirm this result, two other normal
T cells were tested for four dual CAR constructs (pX2A, pX2B, pX2C and pX2D), the dual
CAR expression on day 8 decreased more than 50% compared with dual CAR expression on
day 3 after transduction. It was also observed that the order of CD79b CAR did not contribute
to declined CD79 CAR expression. Considering dual CAR’s gene size and the decrease of
CD79b CAR expression, it can be posited that the promoter could play an important role in
CAR expression and stability. The promoter is critical for producing a functional protein and
impacting the expression level of CAR in T-cells. Dual CAR encodes CD19 CAR and CD79b
CAR, which needs a strong and efficient promoter to transcribe the longer mRNA within CAR
T cells. One study found that the EF-1a promoter was the best promoter for efficiently driving
long and complex RNA in CAR T cells compared to promoters such as CMV, hPGK and
RPBSA. The EF1a promoter provided the best transduction efficiency in primary T-cells as
well as resistance to silencing in cells (71). To this end, replacing the promoter MSCV with
EF1a led to stable expression of dual CAR in dual CD19-CD79b CAR constructs X2E and
X2F. However, a decrease in CD19 CAR expression was observed (Figure 7).

One study showed that protein expression was dramatically decreased in the second
gene position in a bicistronic vector compared to the first gene. They found that the highest
level of protein expression could be achieved by both T2A and tandem P2A-T2A for the
second gene position in bicistronic construct compared to P2A and tandem P2A-T2A-E2A

(71). In the polycistronic vector, 2A self-cleavable peptide was used for co-expression of
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multiple transgenes such as E2A, T2A and P2A. P2A and T2A are known as the highest 2A
self-cleavable peptide. Due to decreased CD19 CAR expression, dual construct X2K and X2L
were generated with CD19 CAR in the first place and CD79b in the second place after T2A.
Stable CD19 CAR expression was observed on day 7 and day 10 after transduction, and the
expression of CD79b CAR placed after T2A was not affected (Figure 7).

Engineering the optimal CD19-CD79b CAR involves many factors including the affinity
of scFv, the distribution of target antigen, the length of hinge, the transmembrane domain, and
co-stimulatory domain. Co-stimulatory domains play an important role in CAR T cell function.
Both pX2K and pX2L dual CAR construct achieved the stable expression of dual CARs,
however, incorporating 4-1BB or OX40 to CD19 CAR could affect dual CAR T cells’ efficacy
and persistence. The current FDA-approved CD19 CAR T products are the second-
generation CARs with either CD28 or 4-1BB co-stimulatory domain. Preclinical and clinical
studies have shown that CD28 co-stimulation induced rapid CAR T cell activation and potent
antitumor activity but limited persistence. In contrast, 4-1BB co-stimulation displayed slow
tumor killing and similar antitumor potency, but greater CAR T cells persistence with long-term
memory phenotype (72, 73). In addition, longer persisting CD4+ CAR T cells with 4-1BB co-
stimulation were detected in two patients with chronic lymphocytic leukemia after complete
remission for 12 years. CD4+ CAR T cells still retained anti-tumor capacity and the function
of activation and proliferation (74). Furthermore, in other preclinical studies where co-
stimulation OX40, CD27 and ICOS were used, anti-tumor activity and CAR T cell persistence
were exhibited (75-77). Considering transduction efficiency and potential persistence of 4-
1BB co-stimulation, pX2K was selected for further testing, which contains CD19 CAR with 4-
1BB co-stimulatory domain and CD79b CAR with OX40 co-stimulatory domain.

To evaluate dual CD19-CD79b CAR T cell function, degranulation, cytotoxicity and
proliferation assays were conducted. Dual CD19-CD79b CAR degranulated in response to B-

cell lymphoma cell lines (CD19+CD79b+: Daudi, SUDHL6, PDX203-5D4, and PDX300-5ES6;
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Figure 7B), B-cell leukemia cells lines (CD19+CD79b-: NALMG6; Figure C1), and CD19KO B-
cell lymphoma cell lines (CD19-CD79b+-Daudi-CD19KO and SUDHHL6-CD19KO; Figure D)
in a CD19 or CD79b dependent manner. The similar result was confirmed from the two
degranulation assays tested by using two different normal donor T cells (Figure 9F). The data
also demonstrated the potency of CD19-CD79b CAR in killing tumor cells in B-cell lymphoma
cell lines (the percentage of specific lysis to Daudi and SUDHL6 on day4 was 99.6% and 86%,
respectively), B-cell leukemia cell lines (the percentage of specific lysis to NALM6 on day4
was 99.9%), and CD19KO cell lines (the percentage of specific lysis to Daudi-CD19KO and
SUDHL6-CD19KO on day4 was 78% and 72%, respectively). The best killing was achieved
on day 4 after the coculture (Figure 10). Upon binding the targeted tumor cells, rapid
proliferation of dual CAR T cells was observed, which is dependent in a CD19 or CD79b
manner. However, CD79b CAR showed slow activity in degranulation and tumor cell killing
compared to CD19 CAR. This could be due to scFv construct, antigen distribution, hinge and
transmembrane domain, or co-stimulatory domain. The CD79b CAR could be further
optimized to improve the efficacy of dual CD19-CD79b CARs.

Based on clinical studies, the ratio of CD4+:CD8+ and memory phenotype could
influence antitumor activity and persistence of CAR T cells. It has been agreed that the optimal
CAR T product is composed of a CD4+:CD8+ ratio of 1:1 (47). The optimal ratio of
CD4+:CD8+ (1:1) was observed on day 9 after transduction in dual CD19-CD79b CAR T cells.
Recently, one pre-clinical trial of bi-specific CD19-CD22 showed that the final CAR T product
was dominated by CD4+ cells after pre-selective enrichment for Tey and T scw with low Temra.
Additionally, CD4+ cells expressed higher levels of CD39 and PD-1, which can lead to T cell
exhaustion and poor persistence (40). During the process of producing dual CD19-CD79b
CAR T cells, untouched human T-cells isolated from normal donors were activated by anti-
CD3/CD28/CD2 with IL-2 (2001U/mL). The ratio of CD4+:CD8+ (1:1) on day4 and day9 after

transduction was 2:1 and 1:1, respectively. Furthermore, both CD4 and CD8 subsets of dual
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CAR T cells mainly contained Tcmand Tem. In addition, like untransduced T-cells, dual CD19-
CD79b CAR exhibited low expression of PD-1 and CTLA-4 that are associated with T-cell

exhaustion.
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Chapter 5. Conclusions and

Future Directions
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Within this thesis work, | successfully generated dual CD19-CD79b CAR construct
targeting either CD19 or CD79b, or both simultaneously in B-cell lymphoma and leukemia cell
lines. The dual CD19-CD79b CAR was engineered with 2" generation anti-CD19 CAR
(murine anti-CD19 FMC63) and anti-CD79b (murine anti-CD79b 28B clone) linked by a T2A
self-cleaving peptide. In the dual CAR construct, CD19 CAR was incorporated with a 4-BB
co-stimulatory domain followed by CD79b CAR containing an OX40 co-stimulatory domain
under the control of human EFla promoter.

With optimized process of lentivirus production and transduction, high transduction
efficiency of dual CD19-CD79b CAR was achieved. The dual CAR stably expressed on T cells
and equally distributed in CD4+ and CD8+ T cell subsets. The method of generation of dual
CAR T cells attained the optimal CD4:CDS8 ratio of 1:1 on day9 after transduction.

Dual CD19-CD79b CAR T cells degranulated, proliferated, and exhibited robust
cytotoxic activity against B-cell ymphoma and leukemia cell lines expressing either CD19 or
CD79b or both, suggesting that both CD19 CAR and CD79b CAR in the dual CAR construct
are functional. Also, CD19-CD79b CAR T produced distinct effector cytokines in response to
tumor cells expressing either CD19 or CD79 or both. Furthermore, the phenotype and
expression of various inhibitory receptors were similar between CD19 CAR and CD19-CD79b
dual CAR T cells, suggesting that the expression of two distinct CAR molecules in the same
cell did not adversely affect T cell differentiation during CAR T generation.

To decrease CD19 negative relapse rate and resistance to CD19 CAR therapeutics,
several studies investigated the efficacy of CARs by simultaneously targeting multiple
antigens (41, 64, 78). Two phase 1 trials of bispecific (CD19-22.BB.z) and bicistronic (Auto-
3) CD19-CD22 CAR have demonstrated a favorable safety profile and no dose-limiting
toxicity. A high complete molecular response rate was observed in Auto-3 clinical trial and a
high six-month PFS was found after CD19-22.BB.z CAR therapy in LBCL. Both were similar

to tisagenlecleucel (40, 41). However, two clinical studies also found that several factors
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influence the efficacy of CAR therapy such as unbalanced CD4:CD8 ratio and weak CD22
CAR in CD19-22.BB.z CAR therapy and poor persistence of CAR T in Auto-3 clinical trial.
Considering the moderate efficacy of CD79b CAR in dual CD19-CD79b CARs, future
work is needed to optimize CD79b CAR for improved efficacy of dual CAR and to evaluate
the efficacy and persistence of dual CD19-CD79b CAR in CD19+CD79b+, CD19+CD79b-
and CD19-CD79b+ tumor xenograft models. Dual CD19-CD79b CAR T therapy has great
potential to minimize CD19 antigen escape and improve antitumor potency for patients with

B-cell non-Hodgkin lymphoma, chronic lymphocytic leukemia and hairy cell leukemia.
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