Distribution Agreement

In presenting this thesis or dissertation as a partial fulfillment of the requirements for an
advanced degree from Emory University, I hereby grant to Emory University and its agents the
non-exclusive license to archive, make accessible, and display my thesis or dissertation in whole
or in part in all forms of media, now or hereafter known, including display on the world wide
web. I understand that I may select some access restrictions as part of the online submission of
this thesis or dissertation. I retain all ownership rights to the copyright of the thesis or
dissertation. I also retain the right to use in future works (such as articles or books) all or part of
this thesis or dissertation.

Signature:

Jasmine Yoojoo Lee Date



The development and functional testing of cellular therapies against protein
tyrosine kinase 7 (PTK?) to treat high-risk neuroblastoma

By

Jasmine Yoojoo Lee
Doctor of Philosophy

Graduate Division of Biological and Biomedical Sciences
Cancer Biology

H. Trent Spencer, Ph.D.
Advisor

Christopher Doering, Ph.D.
Committee Member

Kelly C. Goldsmith, MD
Committee Member

Haydn T. Kissick, Ph.D.
Committee Member

Sarwish Rafiq, Ph.D.
Committee Member

Accepted:

Kimberly J. Arriola, MPH, Ph.D.
Dean of the James T. Laney School of Graduate Studies

Date



The development and functional testing of cellular therapies against protein
tyrosine kinase 7 (PTK?) to treat high-risk neuroblastoma

By

Jasmine Yoojoo Lee
B.S., University of Colorado Denver, 2017

Advisor: H. Trent Spencer, Ph.D.

An abstract of
A dissertation submitted to the Faculty of the
James T. Laney School of Graduate Studies of Emory University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy

in Graduate Division of Biological and Biomedical Sciences,

Cancer Biology
2023



Abstract

The development and functional testing of cellular therapies against protein
tyrosine kinase 7 (PTK?) to treat high-risk neuroblastoma

By Jasmine Yoojoo Lee

New therapies for high-risk neuroblastoma (NB) are needed as it’s the most common extracranial
pediatric solid tumor with an alarming survival rate of <50%. Immunotherapies utilize cells or
proteins of the immune system to treat diseases such as cancer. A form of immunotherapy that’s
at the forefront of treating previously difficult to treat cancer is chimeric antigen receptor (CAR)
T-cell therapy which has been largely successful for hematological malignancies but has not had
the same success in solid tumors. Another variety of immunotherapies are monoclonal antibodies,
a form of targeted therapy utilizing lab-engineered antibodies. In recent years, a monoclonal
antibody against a disialoganglioside, GD2, has significantly improved survival for high-risk NB
patients. However, toxicities can occur and not all patients respond, underpinning the need to
identify additional targets. Protein tyrosine kinase 7 (PTK7) has been identified as a promising
NB target in a model that represents the post-chemotherapy refractory/recurrent NB patient
population. The primary aim of the research presented in this dissertation was to determine the
feasibility of targeting PTK7 through cellular-based immunotherapies. We engineered anti-PTK7
CARs and found PTK7 CAR T cells specifically target and kill PTK7-expressing NB cell lines. In
vivo, PTK7 CAR T cells regress an aggressive NB metastatic model and improve survival. The
primary T cells utilized in these studies were of an alpha-beta (ap) subtype, the subtype choice for
the CAR T-cell therapies currently tested in humans, largely due to the abundance and ease of cell
isolation and expansion. Unlike af T cells, gamma-delta (y6) T cells lie on a bridge between both
innate and adaptive immunity and therefore have an intrinsic ability of inducing potent
cytotoxicity against cancer cells without priming. Our lab has previously shown that non-modified
ex vivo expanded Y& T cells are cytotoxic against NB cells. To further enhance the effectiveness of
this cell-based immunotherapy, we modified y§ T cells to express PTK7 CAR and show early
evidence of preclinical utility in vitro and in vivo. This work supports ongoing studies to further
optimize these cellular therapies against PTK7 to treat NB and other cancers.
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Chapter 1: Introduction



1.1 Neuroblastoma

NB background, diagnosis, risk factors, and molecular features

Neuroblastoma (NB) is an aggressive heterogeneous disease that mostly affects patients <10 years
old, with a median diagnosis age of 18 months 2. It’s a solid tumor derived from the neural crest
of the sympathetic nervous system and most commonly arises in or around the adrenal glands
(Figure 1.1.1A). NB is diagnosed through several radiographic imaging and histopathological
features. Tumor imaging is typically obtained by contrast MRI and extent of metastatic disease
measured by metaiodobenzylguanidine (MIBG) scan 3. This imaging method is specific to NB
given almost 90% of NBs express a noradrenaline transporter that allows MIBG uptake to tumor
cells 4.

Familial NB only account for 1-2% of cases and are associated with high genetic
predisposition through anaplastic lymphoma kinase (ALK) and paired mesoderm homeobox
protein 2B (PHOX2B) germline mutations. Two common molecular features of high-risk NB are
ALK mutation and MYCN amplification (Figure 1.1.2A-B). Somatic mutations of ALK are
present in 14% of high-risk NB 5 and MYCN amplification occurs in 20% of primary tumors and

is the most commonly associated with poor outcome ©7.

NB staging, risk-stratification, and standard of care

NB tumors are categorized by two different systems. The International Neuroblastoma Staging
System (INSS) and newer International Neuroblastoma Risk Group (INRG). INSS is utilized to
assess the extent of resection when staging, however this may vary drastically between institutions
8. To better determine a uniform staging system, the INRG was developed where the disease is
determined by primary and metastatic tumor imaging prior to any treatment. Importantly,
patients are also classified under risk stratification from low-risk, intermediate-risk, and high-
risk that’s mainly determined by MYCN amplification status and histopathology. Low-risk

patients will undergo only observation or resection while intermediate-risk patients may receive



surgery and 4-8 cycles of chemotherapy. However, high-risk NB patients (~50% patients)
undergo intensive multimodal therapy starting from induction chemotherapy, surgery,
consolidation therapy, hematopoietic stem cell transplantation (AHSCT), and lastly maintenance
immunotherapy (Figure 1.1.3A). Maintenance therapy initially only included a differentiating
agent isotretinoin; however, three immunotherapies were added to the regimen based on the
following. A monoclonal antibody against a disialoganglioside (GD2), granulocyte-macrophage
colony-stimulating factor (GM-CSF), and interleukin 2 (IL-2) significantly improved patient
survival compared to standard therapy 9. These results were the first evidence that
immunotherapies can be effective against NB and led to further preclinical and clinical therapies

against GD2 and others (described further in Chapter 1.2.g).

A Neuroblastoma and the sympathetic chain

ﬁ adrenal gland

1

kidney

spinal
(nerve root)

Figure 1.1. 1. Neuroblastoma background, diagnosis, and risk factors
(A) Graphical depiction of a neuroblastoma patient and the sympathetic chain, including the

adrenal glands, where tumors most commonly arise.
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Figure 1.1. 2. Common molecular features of neuroblastoma

(A) Graphical depiction of MYCN in NB. Multipotent progenitor cells from the neural crest
undergo epithelial-to-mesenchymal-transition (EMT). MYCN is highly expressed in the
multipotent cells of the neural crest and downregulated during differentiation. Aberrant MYCN
expression induces a cancer stem cell-like phenotype of apoptotic resistance ©. (B) Various
aberrant activation of ALK in cancer. Aberrant activation of ALK in neuroblastoma can occur by

gene amplification or somatic mutations .
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Figure 1.1. 3. Multimodal therapy for high-risk neuroblastoma

(A) Induction chemotherapy typically involves four-six different agents, most commonly
carboplatin, cisplatin, cyclophosphamide, doxorubicin, vincristine, and topotecan. Patient
hematopoietic stem cells (HSC) are collected prior to consolidation therapy. Myeloablative
consolidation therapy is given to eliminate remaining cancer cells and followed by hematopoietic
stem cell transplantation (AHSCT) for recovery. Finally, radiation therapy and maintenance
immunotherapy (anti-GD2 antibody, cytokines, and isotretinoin) are administered to lower the

chance of recurrence.

1.2 Cancer Immunotherapies
1.2.a. History
Cancer immunotherapies, although perceived as a more recent type of therapy, was first eluded

to in Germany by physicians Friedrich Fehleisn and Wilhelm Busch in 1866, when they found



significant tumor regression in cancer patients inoculated with erysipelas, a streptococcal skin
infection 1213, The next, more well-known advancement came in 1891, when William Coley noticed
bone cancer patients who developed erysipelas underwent spontaneous remission and pieced his
observations together with previous literature from other oncologists 4¢. He subsequently
injected sarcoma patients with live and inactivated Streptococcus pyogenes and Serratia
marcescens into patients’ tumors and observed tumor regression. This was the first documented
immune-based treatment for cancer, earning Coley the nickname of the Father of Immunotherapy.
Since his initial treatment of sarcoma patients, he went on to treat several other malignancies
including lymphoma and testicular carcinoma with a reported total 1,000+ patient response
(regression or complete cure) 7. However, due to lack of understanding the mechanism of action
behind these treatments, Coley’s advancements were forgotten and sometimes denied until after
1945, when interferon was discovered 8 and the first cancer vaccine was developed 9.

It wasn’t until 1977 when Lloyd Old, the pioneer of immuno-oncology, described cancer
cells as unique, in their differing recognition by the immune system. Old predicted
immunotherapies will join surgery, chemotherapy, and radiation therapy as one of the pillars of
cancer therapies 2°. However, it wouldn’t be until several decades later, that immunotherapy
would be widely accepted as such. The theory of cancer immunosurveillance was first proposed
in 1957 7, then later confirmed T cells provide anti-tumor surveillance and play a role in anti-
tumor responses 2. Relevant to the work presented in this dissertation, T cells and their critical
role in immunity was discovered in 1967 22 and the first human tumor antigen recognized by T

cells in 1991 23,

1.2.b. Monoclonal antibodies and immune checkpoint inhibitors
Antibodies were discovered and established in 1890’s by Paul Ehrlich, Emil Behring, and Kitasato

Shibasaburo 2425. Antibodies bind a specific antigen to induce cell death in various ways, including



direct cell-killing, indirect killing, and immune-cell mediated killing (Figure 1.2.1A-C) and in
1997, rituximab, became the first monoclonal antibody approved by the Food and Drug
Administration (FDA) for treatment of non-Hodgkin’s lymphoma 2°.

A specific class of monoclonal antibodies that have shown the most promise in treating
cancer are checkpoint inhibitors and due to their success, are currently approved by the FDA for
treatment of over nine different cancer types 7. Immune checkpoint molecules are ligand-receptor
pairs that are capable of inducing inhibition or stimulatory immune responses (Figure 1.2.2A).
The first immune checkpoint molecule, cytotoxic T-cell lymphocyte antigen number 4 (CTLA-4),
was discovered in 1987 and its function and potential as a target for anti-cancer therapy was
proposed by James Allison et al. in 1995 2728, Ipilimumab, a monoclonal antibody against CTLA-
4 was the first checkpoint inhibitor that gained FDA approval in 2011 and over 20% of the patients
treated prior to its approval still show no evidence of disease today *7. Currently, there are several
FDA approved checkpoint inhibitors against another well-known checkpoint molecule,
programmed cell death-1 (PD-1) and its ligand PD-L1, that has shown critical breakthroughs in

cancer therapy (Figure 1.2.2B).
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Figure 1.2. 1. Antibody-induced killing of tumor cells

(A) Direct tumor cell killing can be induced by receptor agonists and receptor antagonist
(blocking of dimerization, kinase activity, and downstream signaling), all leading to apoptosis.
Antibodies may also be conjugated to a toxic payload to induce cell death. (B) Vasculature and
stromal cells that help form the tumor structure can also be directly targeted. (C) Immune-cell
mediated killing can be activated by NK cell antibody-dependent cellular cytotoxicity (ADCC) or

complement-dependent cytotoxicity (CDC).
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Figure 1.2. 2. Immune checkpoint inhibitors for cancer

(A) T-cell activation requires T-cell receptor (TCR) binding to both an antigen and the molecule
that presents the antigen, major histocompatibility complex (MHC). A second signal induced by
co-stimulation through binding of CD80/86 to CD28 is required. CTLA-4 competes with the
CD28 molecule to inhibit T-cell activation. PD-1 on T cells bind to PD-L1 on antigen presenting
cells (APC) or tumor cells as a regulatory mechanism of preventing autoimmunity in normal
conditions. (B) Tumor cells take advantage of the PD-1/PD-L1 and CDLA-4/CD80/86 inhibitory

systems to “escape” the immune-cell regulation and killing of tumor cells. Listed are the current
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FDA-approved immune checkpoint inhibitors in which their purposes are to allow T-cell

recognition and killing of tumor cells.

1.2.c. Cytokine therapies

Cytokines are proteins released by both immune and non-immune cells as a method of
communication during standard migration, response to inflammation, and tumorigenesis 29.
Unlike other immunotherapies, they are not a targeted therapy, and most FDA-approved
cytokines include black box warnings of severe systemic toxicities 3°. However, cytokines such as
interleukin 2 (IL-2), interferon-alpha (IFN-a), and granulocyte-macrophage colony-stimulation
factor (GM-CSF), have shown some clinical benefits. For example, large doses of IL-2, a T-cell
stimulating/growth factor, regressed metastatic cancer in patients 332 and IFN-a, an anti-viral
and anti-tumor type I interferon, showed clinical benefit in chronic myeloid leukemia (CML) and
melanoma 3334, GM-CSF modulates the function of innate cells in response to infections and
tumorigenesis and have shown positive responses in both prostate and melanoma patients 3536,
Pertinent to NB, IL-2 and GM-CSF are given in combination with dinutuximab in NB patients
following adjuvant therapy, and the triple combination has shown significant success in
improving patient survival. However, direct effects of GM-CSF and IL-2 cannot be concluded

based on these studies as single agent dinutuximab was not introduced as a study arm 9.

1.2.d. Cancer vaccines

Cancer vaccines fall into two categories based on the timing and purpose of administration.
Prophylactic vaccines are designed to prevent the onset of disease, and therapeutic vaccines are
administered for treatment of an existing disease. Vaccines against hepatitis B and human

papillomavirus are examples of prophylactic vaccines that prevent an infection by oncogenic
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viruses and have been pivotal in reducing incidences of hepatocellular carcinoma and cervical
cancer 37. Therapeutic vaccines were initially proposed and tested with the discovery of tumor
associated antigens (TAA), while newer approaches in developing personalized recombinant
vaccines are thought to be more effective 38. This involves sequencing of a patient’s healthy tissue
and tumor tissue in which gene variants specific to the tumor are identified, then prediction
algorithms used to screen for these neoantigens most likely to bind to the patients’ specific major
histocompatibility complex (MHC) molecules. Further research is required to better determine

both the effectiveness and mechanisms of action of these vaccines.

1.2.e. Adoptive cell therapies
Adoptive cell therapies (ACT) are allogenic or autologous lymphocytes infused into cancer
patients (Figure 1.2.3A-B). This variety of therapy first showed promise in 1966, when co-
transplantation of patient-derived leukocytes and autologous tumor cells demonstrated tumor
regression of advanced cancers 39. Tumor-infiltrating lymphocytes (TILs) isolated from patient
tumor and expanded ex vivo have been first utilized as therapy in the 1980, with a promising
objective response (OR) of 34%, however this response was not sustained long term 4°. It wasn’t
until following studies that included lymphodepletion prior to ATC, that complete tumor
regression with sustained response was seen 4. Strides in high-throughput technology
development have made it possible to enrich for neoantigen-specific TILs; however, not all
cancers have effector T cells with anti-tumor activity, making TIL-based therapies ineffective, and
as a result, created a need for engineered T cells to target a greater range of cancer types.

T-cell receptor (TCR)-engineered therapy was designed to overcome such issues but is
limited due to their dependence on tumor antigen presentation by MHC. One way to overcome
this limitation, is by engineering a complex to mimic the same effector T-cell signaling domains

while eliminating the need for MHC presentation for antigen recognition. The first generation of
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these chimeric antigen receptor (CAR) T cells included an antigen binding region made up of the
single chain variable fragments of monoclonal antibodies against the antigen of interest, a hinge
domain for flexibility of the binding domain, and importantly, the CD3¢ domain that simulates
the start of TCR signaling. First-generation CARs showed promise pre-clinically, however did not
live up to the hype in clinical trials, due to failed T-cell proliferation and cytokine production 4243,
Improved versions have been made since, including second-generation and third-generation
CARs that add single or dual co-stimulatory domains such as CD28 or 4-1BB that aids in cytokine
production, or most decorated, fourth-generation CARs that include further modifications to
improve antitumor efficacy of T cells.

CAR T-cell therapies against an antigen, CD19, has shown remarkable success in
hematological cancers, and trials against CD22 and B-cell maturation antigen (BCMA)-target
shows early promise in the same cancer types. Early clinical trials have not shown the same
success of CAR T-cell therapy for solid tumors, mainly attributed to lack of trafficking, tumor
immunosuppressive microenvironment, and persistence. In NB, clinical efficacy of CAR T cells
against GD2 has been shown to be safe and feasible, but significant barriers in efficacy remained,
until very recently in April 2023, when a clinical trial for relapsed or refractory high-risk NB

treated with third-generation CAR T cells resulted in an overall response rate of 63% (17/27) 44.
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Figure 1.2. 3. Adoptive cell therapies for cancer

(A) Chimeric antigen receptor (CAR) T-cell and TCR cell therapies are manufactured in a similar
process where patient or donor T cells are engineered to express CAR or endogenous TCR, then
activated and expanded to infuse back into the patient for treatment. (B) Tumor infiltrating
lymphocyte (TIL) therapy starts with the excision of bulk tumor from a patient followed by

isolation and expansion of TILs that specifically recognize the tumor, prior to reinfusion.
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1.2.f. y§ T-cell therapies

The identification of the third TCR chain, y chain, led to the discovery of y6 T cells in 1984 45-47,
Like af T cells, a subset of y6 T cells may clonally expand during infections and act upon
secondary challenges in a similar method 48. In addition, like NK cells, y§ T cells react to infected
or neoplastic cells through receptor-ligand interactions without prior exposure 49:5°. Jointly, these
functions have set y§ T cells on a bridge between both innate and adaptive immunity. There are
eight V& TCR subtypes, of which, V&1, V62, and V§3 are the most used segments, therefore utilized
to classify y& subtypes 553 and defined as follows. Both V&1 and V§2 cells have been tested as
therapies for cancer 54. V§1+ cells, while may be present in very small numbers in circulating blood,
typically lie in mucosal tissues 55 and are important direct responders to viral infections 5057, while
Vé2+ cells are most present in circulating blood and lymphoid organs. V§2’s are almost
exclusively paired with the Vy9 chain. VygVé2 T cells make up 60-95% of y§ T cells in adult
peripheral blood presenting a TCR repertoire that can effectively respond to phosphoantigens that
develop in infected or malignant cells 5859. Phosphoantigen stimulation of y§ T cells and IL-2 can
result in selective expansion of VygVé2 T cells ex vivo ¢ and utilized to induce antitumor
activity. In leu of phosphoantigen stimulation, derivatives such as zoledronate acid are commonly
used and tested clinically 62.

Unlike classical aff T cells, y6 T cells are not MHC-restricted which expands the donor
pool, making them an ideal candidate for off-the-shelf cellular therapies 4° (Figure 1.2.4A).
Furthermore, VygVé2 T cells express NK cell receptors (NKRs) that promote the innate
cytotoxicity against tumor cells, such as C-type lectin-like receptor natural killer group 2 member
D (NKG2D), multiple UL16-binding proteins (ULBPs) , Fas ligand (FasL), and of note, CD16, the
low-affinity IgG Fc region receptor III (FCyRIII) 546365 (Figure 1.2.4B). VygVé2 T cells have

been shown to be cytotoxic against several solid tumors and leukemia/lymphoma cells %0-67. In
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addition, our lab has previously shown ex vivo expanded, non-modified y6 T cells, in combination
with temozolomide and dinutuximab, have anti-tumor effects on NB metastatic tumor model 8.
Historical studies of y&6 T cell-based therapies in patients with blood or solid tumor
malignancies revealed a safe profile, however showed limited to no response (e.g. NCT03183232,
NCT03183219) -7, Thus, human studies to enhance ¥4 T cells with antibody engagers, CARs, or
TCRs, are underway with the idea to increase the potency of these cells. A first-in-human trial of
a monoclonal antibody-targeting butyltrophin BTN3A to enhance the anti-tumor efficacy of
endogenous yé T cells, is being tested in patients with advanced-stage relapsed or refractory
cancers (NCT04243499), where preliminary results show promotion of immune cell infiltration
72, Clinical studies with bispecific engagers made up of a T-cell targeting domain and tumor-cell
targeting domains are also underway (e.g. NCT04887259), and awaiting interim analysis. Pre-
clinical evidence shows bispecific engagers lead to specific tumor cell lysis, selective activity,
and/or recruitment of VygVé2+ cells at low effector to target ratios in blood and solid tumors 73-
77. Promisingly, in 2020, allogeneic Vy9V§2+ cells prolonged the survival of patients with late-
stage lung or liver cancer 78. Feasibility of utilizing CAR-transduced y§ T cells was first reported
in 2004 with GD2 or CD19 CAR-expressing cells 79. Current ongoing clinical trials include NKG2D
ligand-directed Vy9Vé2 CAR T cells in colon and ovarian cancer (NCT04107142) and CD20-
directed Vy1 CART cells in B cell ymphoma (NCT04735471). Finally, several clinical studies that
test the feasibility of engineering aff T cells with y§ TCR are underway (NCT04688853,

NCT03415399, NCT04502082, NCT04634357).
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(A) Unlike af T cells, y6 T cells are not major histocompatibility complex (MHC) restricted,

expanding the cell therapy donor pool beyond the patients’ own or a matched pair. y§ T cells have

an intrinsic NK cell-like anti-tumor effector function against tumor cells. Their lack of persistence

as compared to a3 T cells is a safety advantage or sustained therapy disadvantage of T cells. (B)

y6 T cells have multiple mechanisms of inducing tumor-cell death which include Fas/FasL-
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mediated apoptosis, NKG2D binding to stress ligands MIC A/B, y§ T-cell receptor (TCR)-
mediated activity and cell death, and finally, through CD16 (FCRyIII) recognition of tumor

antigens.

1.2.g. Immunotherapies for neuroblastoma

Currently, disialoganglioside, GD2, is the only antigen targeted with an immunotherapy as
standard treatment for high-risk NB. GD2 is an acidic glycolipid that lies on the outer cellular
membrane on peripheral neurons, central nervous system, and skin melanocytes 8°. GD2 was
found to be highly expressed in primary NB tumor cells in 1986 8! and subsequently been exploited
as an immunotherapeutic target for NB since. Monoclonal antibodies have been developed and
tested against NB and in 2015, dinutuximab, a human-murine chimeric antibody, was approved
by the FDA and European Medicines Agency (EMA), in combination with GM-CSF, IL-2, and cis-
retinoic acid for treatment of high-risk NB patients 82 (Figure 1.2.5A).

The success of cancer immunotherapies have been highlighted by the success of
checkpoint inhibitors in skin cancers 8 and adult lung carcinomas 84, and CAR T cells in
hematological malignancies 85-86. Unlike adult cancers, pediatric cancers, including NB, lack high
tumor mutational burden and downregulate MHC-1 %7, classifying NB to be immunologically
“cold”. Therefore, investigators focus efforts on targeting NB with synthetic engineering of
immunotherapeutic agents. For example, on top of dinutuximab therapy, targeting NB through
CAR T cells and antibody-drug conjugates (ADC) has demonstrated early clinical efficacy 8.

In addition to GD2, other molecules have been identified as promising target antigens for
NB (Figure 1.2.5A) including CD171 (L1CAM) and a checkpoint molecule, ByH3. Early phase
immunotherapy clinical trials are underway for the targeting of GD2 and others in published
(Table 1.1) or unpublished (Table 1.2) trials, with the hope of deploying new successful

therapies for treating NB.
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Table 1. 1. Published CAR-T cell clinical trials for neuroblastoma
Listed top to bottom in the order of publication year. Published clinical trials of CAR T cells target
mostly GD2, with one targeting CD171 (L1CAM) antigen. Some studies have concluded, others are

ongoing.
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Table 1. 2. Unpublished CAR-T cell clinical trials for neuroblastoma
Listed top to bottom in the order of study start date. Target antigens include GD2, EGFR, CD276

(B7-H3), PSMA, and GPC2.

1.3 PTK7 identification, expression, and function in neuroblastoma

Protein tyrosine kinase 7 (PTK7) was identified as a promising NB target in the Goldsmith Lab of
Emory University and published together with the work presented in this dissertation on targeting
PTK?7 through CAR T-cell therapy (Lee J.Y. and Jonus H.C. et al. Cell Rep Med. 2023). PTK7 was
identified through a discovery platform that identifies N-glycoproteins in a model that represents
a post-chemotherapy refractory/recurrent patient population (Figure 1.2.6A). Cell surface
protein expression was validated by flow cytometry in eight NB cell lines and six NB patient-
derived xenograft models or primary patient tumors (Figure 1.2.6B). In a survival analysis of
advanced stage disease (p=0.039) and MYCN amplified tumors (p=0.028), high PTK7 expression
was correlated with poor outcome (Figure 1.2.6C). Interestingly, PTK7 was not required for NB
cell proliferation or chemotherapy response (Figure 1.2.6D). Future investigations will test
PTK7 involvement in cell motility, tumor initiation, and metastasis. Finally, important to
determining a target candidate, normal tissue expression of PTK7 was evaluated with a pediatric-
specific microarray (Figure 1.2.6E). Most tissues stained negative for PTK?7, with the exception
of five tissues that stained weakly positive (IHC = 1). The high NB tumor cell expression of PTK7

and low expression in pediatric normal tissues, support further evaluation of PTK7 as a target.
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Figure 1.2. 6. Identification of PTK7 as an immunotherapy target in neuroblastoma
(A) Schematic depicting in vivo modeling and cell surface capture technique with
glycoproteomics used to identify NB cell surface immunotherapy targets. (B) Histograms
depicting PTK7 expression in an array of NB cell lines (left) and patient-derived xenografts (right).
Isotype control is solid grey. (C) Survival analysis using the R2 database (Cangelosi Dataset,
10.3390/cancers12092343) depicting the impact of PTK7 expression towards patient prognosis.

INSS Stage 4 or MYCN amplification categories were chosen as they most closely represent high
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risk disease. (D) Top: Normalized proliferation determined by cell-titer glo (CTG) of PTK7 KO
cells for NB cell models. n = 3 biological replicates. Bottom: Cell viability of PTK7 KO cells
following doxorubicin treatment for 48-hours. IC50 values calculated through non-linear
regression. n.s. no significant difference in value in KOs vs NT gRNA control. n = 3 biological
replicates. (E) PTK7 expression in pediatric normal tissues representative of all major organs.
Where possible, duplicate tissues were analyzed and scored representative of both male and
female. Figures curtsey of the Goldsmith Lab and published in Lee J.Y. and Jonus H.C. et al. Cell

Rep. Med., 2023.
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Chapter 2: Engineering and characterization of anti-PTK7 chimeric antigen
receptor (CAR)
Jasmine Y. Lee, Gianna M. Branella, Andrew Fedanov, Victor Maximov, Kelly C. Goldsmith, and

H. Trent Spencer

Jasmine Y. Lee designed cloning constructs and experiments, conducted all experiments, and
wrote this section of the paper.
Gianna M. Branella designed a cloning construct and assisted with preliminary experiments.
Andrew Fedanov produced all lentiviral vectors.
Victor Maximov produced SK-N-AS PTK7 CRISPR/Cas9 knock-out cell lines
Kelly C. Goldsmith and H. Trent Spencer conceived targeting PTK7 with CAR and edited this

section of the paper.

Parts of the work in this chapter was published in Cell Reports Medicine in 2023. See also

Chapter 4 for work published in same paper.
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2.1 Abstract

To determine the feasibility of targeting a candidate marker identified to be highly expressed in
neuroblastoma, we designed and developed anti-PTK7 chimeric antigen receptors (CAR). Two
variations of the CAR were tested, in which the variable light (VL) and variable heavy (VH) chains
of the single-chain variable fragment (scFv) varied. VH-L-VL orientation resulted in higher
transduction efficiency and CAR expression/binding to PTK7. Additionally, PTK7 CAR T cells
became specifically activated in the presence of several NB cell lines. Similar activation was not
observed when CAR T cells were co-cultured with PTK7-negative cell line or NB cell lines with
CRISPR/Cas9 knockout of PTK7, showing specific activation of PTK7 CAR to antigen-positive
cells. Lastly, different promoters were tested for optimal transgene expression and translation to
cell surface CAR expression and showed EF1a-based promoter was the superior promoter to
express PTK7 CAR. Together, these data support the use of EF1a-based PTK7 VH-L-VL CAR

construct for downstream functional analysis.

2.2 Introduction

The first FDA-approved chimeric antigen receptor (CAR) T-cell therapy, tisagenlecleucel, is a 2»d
generation CD19 CAR with CD137 (4-1BB) co-stimulatory and CD3( signaling domains 85. Since
its approval, various CAR designs have been tested both preclinically and clinically 8991
Traditional CAR components in the order of extracellular to intracellular include the scFv that
binds the target, a hinge to increase flexibility of the scFv, transmembrane domain for cell
membrane anchoring, co-stimulatory domain to enhance T-cell activity, and lastly a CD3{ domain
that starts the T-cell activation cascade. While exploration of different CAR components is critical
for optimization of T-cell persistence and cytotoxic potential, current research in CAR
optimization utilize well established targets, most notably, CD19 9. Given the recent identification

of PTK7 being highly expressed on the cell surface of neuroblastoma (NB) cells (see Chapter 1.3),
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our main objective here was to design a sufficient CAR against PTK7 to determine the feasibility

of targeting PTK7 in NB.

2.3 Results
Anti-PTK?7 scFv sourcing and other CAR components
We first generated two lentiviral-based second-generation PTK7 CAR transgenes. Both versions
of the CAR contain a single-chain variable fragment (scFv) that binds PTK7, followed by a CD8
hinge, CD28 co-stimulatory and transmembrane domain, and a CD3( signaling domain (Figure
2.1A). The variable light (VL) and variable heavy (VH) sequences of the scFv were taken from
United States Patent 9102738 on human monoclonal antibodies to PTK7. We chose to utilize the
VL and VH regions of clone 12C6 as they show it moderately bound both cell-free and cell-bound
PTK?7. The two versions of the CAR were made with differences in the orientation of the VL and
VH regions of the scFv (VL-linker-VH and VH-linker-VL). Upstream of the CAR transgene, eGFP
and P2A ribosomal skipping sequences were used to determine transduction efficiencies. A third
lentiviral-based PTK7 CAR was later generated to optimize CAR expression (Figure 2.1B). This
transgene will be described further in Figure 2.5.

As with other CARs, the components of our PTK7 CAR mimic the endogenous T-cell
receptor (TCR) signaling pathway (Figure 2.2A). After the scFv on the engineered T cell binds a
PTK7 antigen, a downstream signaling cascade is expected to release perforin and granzyme B

that induce targeted tumor cell death through apoptosis (Figure 2.2B).
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Figure 2. 1. Design of anti-PTK7 CAR DNA constructs

(A) Lentiviral vector-based UBC eGFP PTK7 CAR construct with VL-L-VH or VH-L-VL scFv
orientation. (B) Lentiviral vector-based EFia PTK7 CAR construct with VH-L-VL scFv

orientation.
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A. Cytotoxic T cells B. Cytotoxic anti-PTK7 CAR T cells
The TCR on cytotoxic T cells recognize a specific antigen T cells are engineered with a receptor to recognize the antigen,
presented on pathogen-infected or abnormal cells. The antigen || PTK7, expressed on neuroblastoma tumor cells. This CAR to
recognized by the TCR is determined prior, when immature T PTK?7 interaction mimics TCR-based cytotoxic killing (panel A) of
cells interact with antigen presenting cells and subsequently tumor cells.

undergo clonal expansion.

Figure 2. 2. Endogenous T cell-mediated cytotoxicity v. PTK7 CAR T cell-mediated
cytotoxicity

(A) Cytotoxic mechanism by endogenous T cells. Binding of TCR on T cells to antigen/MHC
complex on antigen presenting cells start a signaling cascade that begins at the CD3{ domain then
through complex sequential signaling not shown, with the eventual release of perforin (PFN) and
granzyme B (GzmB) that target the infected or abnormal target cell. CD28, a co-stimulatory
domain, is typically required as a second signal to the TCR/CD3( signal to induce a potent
response. CD8 acts as a co-receptor during T-cell antigen binding. (B) Proposed cytotoxic
mechanism of anti-PTK7 CAR T cells. MHC-unrestricted tumor cell killing modeled with

components of endogenous TCR signaling molecules.



30

VH-L-VL scFv orientation is superior to VL-L-VH

Jurkat T cells were utilized to confirm CAR protein expression, ability to bind to PTK7, and test
antigen-specific CAR activation as follows. Cells transduced with PTK7 CAR lentiviral vectors at
multiplicity of infection (MOI) of 2.5, 5, and 10 yielded 22% + 1, 39% + 1, and 47% + 5 GFP+ cells
respectively for PTK7 VL-L-VH CAR and 38% +6, 60% + 5, and 80% + 2 GFP+ cells for VH-L-VL
CAR (Figure 2.3A). Within the transduced (GFP+) population, percent cell surface CAR
expression and binding was measured by use of human PTK7-Fc. PTK7 VL-L-VH CAR was
expressed in 71% + 10 of the transduced population, and 89% + 4 in VH-L-VL CAR (Figure 2.3B).
The expected molecular weight of both PTK7 CARs, 54.7 kDa, is shown in a western blot of whole
cell lysate against CD3¢, and the expected band intensities increase with increasing MOI (Figure
2.3C), as do breakdown products. Altogether, the VH-L-VL CAR showed higher transduction
efficiency and overall higher cell surface binding and expression. This CAR was selected for

further studies, referred to as PTK7 CAR.
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Figure 2. 3. VH-L-VL scFv orientation is superior to VL-L-VH

(A) %GFP+ Jurkat T cells transduced with PTK7 VL-L-VH CAR or PTK7 VH-L-VL CAR, gated on
live cells, n = 3 biological replicates. (B) Left: %CAR+ (PTK7-Fc chimera+) Jurkat T cells
transduced with PTK7 VL-L-VH CAR or PTK7 VH-L-VL CAR. Gated on live GFP+ cells, n = 3
biological replicates. Right: Representative flow plots showing GFP v. CAR expression in Jurkat
T cells, gated on live cells. (C) CAR western blot from whole cell lysate of Jurkat T cells transduced
with PTK7 VL-L-VH CAR or PTKy VH-L-VL CAR, 3 days post-transduction. Western blot

antibody against human CD3(. Expected molecular weight of CAR protein is 54.7 kDa.

PTK7 CART cells have antigen-specific activity
Jurkat PTK7 CAR T cells were then used to evaluate for on target T-cell activation in the presence
of PTK7-positive NB cells. PTK7 CAR T cells were co-cultured with PTK7-positive or PTK7-

negative NB cells or PTK7-negative CMK cells. After four hours of co-incubation, cell surface
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CD69, an early T-cell activation marker, was measured within GFP+ effector CAR T cells. CD69
expression increased above baseline in Jurkat PTK7 CAR T cells when co-cultured with IMR5 NB
cells but not with PTK7-negative CMK cells (Figure 2.4A). Jurkat T cells express low levels of
PTK7, resulting in slightly elevated baseline CD69 expression due to Jurkat autoactivation by the
PTK7 CAR (Figure 2.4B). Importantly, peripheral primary alpha beta T cells, that are used for
CAR T-cell therapy clinically, lack PTK7 on their cell surface. CD69 increased on PTK7 CAR T cells
co-cultured with SK-N-AS control cells but did not increase above baseline in two separate SK-N-
AS cell lines with PTK7 genetically knocked out (KO) (Figure 2.4C). A CD19 CAR with the same
backbone was used as an irrelevant-antigen CAR T-cell control as SK-N-AS cells do not express
CD19. Collectively, our data show PTK7 CAR is expressed at the cell surface, able to bind PTK7,

and is capable of activation in the presence of cells that are positive for cell surface PTK7.
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Figure 2. 4. PTK7 CAR T cells have antigen-specific activity

(A) %CD69+ Jurkat T cells cultured with (+) or without (-) target cells, gated on live GFP+ cells,
n = 3 biological replicates. (B) PTK7 and GAPDH western blot of Jurkat T cell and primary T cell
whole cell lysate. (C) Left: %CD69+ Jurkat T cells transduced with PTK7 VH-L-VL CAR or CD19
CAR co-cultured with target cells (SK-N-AS non targeting gRNA control or SK-N-AS PTK7 KO),
gated on live GFP+ cells, n = 3 biological replicates. Right: Representative flow plots showing

CD69 expression within GFP+ Jurkat CAR T cells.
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EF1a promoter is required for optimal CAR expression in primary T cells

Although CAR expression and activation in Jurkat T cells showed specificity of the scFv, PTK7
CAR protein in primary T cells was not as highly expressed. We hypothesized that low CAR
expression in primary T cells was due to a weak UBC promoter driving transcription and the
upstream location of the eGFP transgene (Figure 2.1A). We therefore created a PTK7 CAR
construct utilizing an EF1a promoter and removed the eGFP/P2A ribosomal skipping sequences
(Figure 2.1B). Primary T cells from healthy donor PBMCs were transduced with PTK7 CAR
lentiviral vector, expanded, and CAR expression was measured prior to downstream experiments
(Supplemental Figure 2.1). Primary T-cell growth and viability following transduction and
through expansion were comparable between UBC-based and EF1a-based constructs (Figure
2.5A). The EF1a-based PTK7 CAR is superior in both cell surface (Figure 2.5B-C) and total CAR

expression (Figure 2.5D), so this construct was used in all subsequent studies.
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Figure 2. 5. EF1a promoter is required for optimal CAR expression in primary T cells
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(A) Left: Total T cell count starting from Day 3 (Transduction) through expansion. Right: cell
viability of T cells on Days 1, 4, and 7 of T cell timeline shown in Supplemental Figure 2.2. (B)
Representative flow plot showing CAR expression (PTK7-Fc chimera) in primary T cells
transduced with indicated CAR at MOI 20. (C) MFI expression of PTK7 CAR in primary T cells
transduced with indicated CAR, n =2-3 biological replicates. (D) Western blot from whole cell
lysate of primary T cells transduced with indicated CAR at MOI 20. Western blot antibody against

human CD3d. Expected PTK7 CAR molecular weight is 54.7 kDa.

Characterization of PTK7 CAR
The PTK7 CAR was further characterized in comparison to the CD19 CAR with the same vector
backbone. PTK7 CAR was expressed in 39% =+ 5 T cells while CD19 CAR was expressed in 52% + 9
T cells (Figure 2.6A-C). In addition, PTK7 T-cell differentiation was measured after expansion,
24 hours prior to use in downstream functional assays (Figure 2.7A). T cells were of mostly
central memory (CD45RO+CCR7+) phenotype (56% = 27), followed by effector memory
(CD45R0O+CCR7-) phenotype (32 + 22), and minimally of naive (CD45R0O-CCR7+) phenotype (9
+ 9). No significant variance between the differentiation phenotypes or CD4/CD8 ratios were
observed in mock T cells (Figure 2.7A-B). PTK7 CAR T cells expressed IL-2 upon interaction
with IMRj5 (Figure 2.7C-D) and both mock and PTK7 CAR T cells were mostly negative in co-
expression of PD-1/TIM3 (Figure 2.7E). Co-expression of both markers could be indicative of
severe CD8 T-cell exhaustion 92.

Altogether, the EF1a-based VH-L-VL PTK7 CAR showed the most promise to utilize in

downstream in vitro cytotoxic and in vivo anti-tumor studies in Chapter 4.
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Figure 2. 6. CAR expression of PTK7 CART cells utilized in functional studies

(A) Representative flow plot showing PTK7 CAR or CD19 CAR expression in primary T cells.
Showing Donor 2. (B) Left: %CAR expression in three donors used in functional studies in Figure
4.1. Right: MFI CAR expression in all three donors used in functional studies in Figure 4.2. (C)

Representative histograms showing PTK7 CAR or CD19 CAR expression.
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Figure 2. 7. T cell phenotype and function

(A) % of CD8 T cells that are naive T (CCR7+CD45R0-), central memory (CCR7+CD45R0+), and
effector memory (CCR7-CD45R0+) subsets, gated on live CD3+CD8+ cells. (B) %CD4+ or CD8+
cells in all three donors used in Figure 5 cytotoxicity assays, gated on live CD3+ cells. (C) %IL-2
expression in cells cultured with target cells for 4 hours, gated on primary T cells. (D)
Representative flow plot of IL-2 expression in indicated cultures. (E) Left: %PD-1 expression,
middle: %$TIM-2 expression, and right: PD-1/TIM-3 co-expression in cells 24 hours before use in

cytotoxic assays, gated on primary T cells. Statistical tests represent Student’s t-test (*p<0.05; ns,

p>0.05).
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2.4 Discussion

CAR T-cell therapy is a form of adoptive cell therapy (ACT) that was developed to overcome the
restrictions of tumor infiltrating lymphocyte (TIL)-based and T-cell receptor (TCR)-based
therapies. CAR T cells mimic the effector T-cell signaling domains without the need for MHC
presentation to recognize an antigen and allows the flexibility in designing an antigen binding
domain against any known target. Importantly, remarkable success of CAR T cells has been shown
in hematological cancers, but significant barriers exist in targeting solid tumors such as NB, with
the same type of therapy, including the lack of tumor-specific antigens.

At present, investigators are engineering various evolutions of CAR constructs for T-cell
therapy to a great extent 8991, CAR scFv’s (antigen binding domain) are typically identified by
conventional methods by noting high binding capacity to the target antigen through libraries of
the immunoglobulin variable regions 93-9. Moreover, the following domain, hinge domains, are
optimized depending on epitope location on the antigen, thus should be customized to the specific
CAR 9798, Lastly, the co-stimulatory domain has been shown to be critical for potent T-cell activity
and persistence, therefore should be carefully tailored to determine the strength and longevity of
the T-cell response. Discussed here are each of the components utilized in the PTK7 CAR.

We designed and tested various PTK7 CAR constructs, of which all contain the same scFv
(of two different orientations) that others have previously identified as a part of a monoclonal
antibody that moderately binds PTK7. We found this scFv effectively binds PTK7, allowing
antigen-specific activation of T cells, showing the binding strength and duration is adequate to
show a functional T-cell response of early activation. However, multiple variable region sequences
that exist and others that have yet to be discovered should be tested. Investigations should include
comparisons of multiple PTK7 scFv’s with the readout being short- and long-term CAR T-cell
capability, as the binding potential alone may not always correlate to CAR T-cell function 99102,

Following the scFv in the PTK7 CAR construct is a hinge domain derived from the CD8 molecule,
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and once more showed sufficient flexibility to determine PTK7 CAR T-cell efficacy. However, the
hinge domain should be optimized for the specific epitope location and steric hindrance capacity.

Lastly, we utilized the CD28 co-stimulatory domain that provided adequate T-cell
proliferation and IL-2 expression post-PTK7 antigen stimulation. Studies have shown that CAR
T-cell persistence in NB is correlated with prolonged detection of CAR T cells and subsequent
superior responses 3, CAR T-cell persistence can vary by the T-cell subsets utilized, CAR
architecture, cell culture media during expansion, introduction of exogenous cytokines, and
metabolic reprograming. These variations and current findings in CAR architecture and
persistence will be expanded on in Chapter 6 General Discussion. Currently, our future
investigations include using 4-1BB or both CD28/4-1BB domains, as they have different
functional and metabolic pathways that may influence CAR T-cell persistence 1°4.

In addition to CAR architecture, optimal viral-based CAR backbone components including
the promoter should be determined for each individual CAR as variations in any of the transgene
sequence may significantly change the transduction/transcription/translation efficiency. This
was modeled by the need for a higher expressing promoter, EF1a, for PTK7 CAR, to get the
optimal CAR expression, while the CD19 CAR utilized as control, needed only the lower expressing
UBC-based construct to achieve an even higher CAR expression.

In conclusion of the chapter, our studies show a promising PTK7 CAR construct that
specifically recognize and activates T cells in the presence of PTK7, to utilize in downstream

functional assays to determine the feasibility of targeting PTK7 in NB tumor cells (see Chapter 4).

2.5 Materials and Methods
Cell lines and Primary T cells
Human-derived childhood cancer cell lines were obtained from the Children’s Oncology Group

(COG) Childhood Cancer Cell Line Repository (NB) or generously provided from the laboratory
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of Dr. Robert Schnepp at Emory University (osteosarcoma, rhabdomyosarcoma) and cultured
using RPMI1640 (Sigma) medium completed with 10% fetal bovine serum (Gemini) and 1%
penicillin-streptomycin (Gemini) at 37°C in a humidified atmosphere with 5% CO. and 21% O.
content. CMK cell lines were cultured in the same, except with 20% FBS. On a yearly basis, cell
lines were authenticated using STR DNA genotyping (Texas Tech University Health Sciences
Center). The identity of each cell line was confirmed to match the COG cell line database
(cccells.org). Additionally, cell lines were routinely verified to be clean of mycoplasma
contamination using the MycoAlert contamination kit (Lonza). Primary T cells were cultured at 2
million cells/mL (after the early cell dilution of ~100,000 cells/mL) in T cell media (X-VIVO 15
(Lonza), 10% fetal bovine serum (Gemini), 100 U/mL penicillin, 100 ug/mL streptomycin

(Gemini), 100 IU/mL IL-2, and 5 ng/mL IL-7.

CRISPR-cas9 editing, plasmids and lentiviral delivery

PTK7-targeting CRISPR-cas9 knockout cell models were generated in SK-N-AS and NLF NB cell
lines. Cas9 expression was first introduced through lentiviral infection and stable selection with
blasticidin (VWR, #10191-146). Subsequently, commercially available scrambled sgRNA (5’-
CGCGATAGCGCGAATATATT-3’) or PTK7-targeted sgRNA CRISPR lentiviruses were transduced
via spinoculation into each cas9 expressing cell line. sgRNAs targeting separate regions of PTK7
were included: sequence #1 (5-GCGTCATCTCGAGTCACCC-3’) and sequence #2 (5-
AGCGTACGACTGTGTACCA-3"). To create stable PTK7 knockout, antibiotic selection was

performed with 0.5-2 pg/mL of puromycin (Gemini, #400-128P).

Design and cloning of PTK7 and CD19 CARs

UBC-based CARs: The variable light (VL) and variable heavy (VH) sequences of the PTK?7 single-

chain variable fragment (scFv) were taken from United States Patent 9102738 on human

monoclonal antibodies to PTK7 (clone 12C6). Two different orientations connected by a (G4S)3
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linker (VL-linker-VH and VH-linker-VL) were made. These sequences were ordered as a Gene
Synthesis product flanked by Ascl and Nhel restriction enzyme sites in a pUCs7 vector
(GenScript). The pUC57-PTK7 scFv plasmids and a recipient plasmid with an Ascl and Nhel site
upstream of the CD8, CD28, and CD3¢ were digested (New England BioLabs) and the PTK?7 scFv
was ligated to the recipient plasmid containing the downstream CAR components. UBC-CD19
CAR was made with the same CAR components and plasmid backbone as PTK7 CARs. The DNA
sequence of all CAR components were codon optimized by a codon optimization table and all
products were confirmed by Sanger sequencing (Genewiz).

EF1-a-based CARs: The following was ordered as a Gene Synthesis or GenePart product: Dralll-

3’EF1-a-IL2ss-PTK7 VH-linker-VL CAR or CD19 CAR-SgrAl (GenScript). These products along
with a standard EF1-a recipient plasmid (5EF1-a-Dralll-3’EF1-a-SgrAl) were digested with
Dralll and SgrAl restriction enzymes (New England BioLabs) and the PTK7 VH-linker-VL. CAR
or CD19 CAR was ligated to the recipient plasmid containing the 5’ end of the EF1-a sequence.
The DNA sequence of the CAR components were codon optimized and all products were

confirmed by Sanger sequencing (Genewiz).

Lentiviral production

Lentiviral vectors were made and titers determined as previously described '°5. High-titer,
recombinant, self-inactivating HIV lentiviral vectors were produced using a four-plasmid system
including the expression (CAR) plasmid and packaging plasmids containing the gag, pol, and
envelope (VSV-g) genes. HEK-293T cells were transiently transfected by calcium phosphate
transfection. Vector supernatant was collected, filtered (0.22 um), and concentrated via
centrifugation. Titering was performed on HEK 293T cells genomic DNA using quantitative

polymerase chain reaction (QPCR).

Generation of PTK7 CAR T cells
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Cryopreserved healthy donor peripheral blood mononuclear cells (PBMC) (AllCells) were
defrosted and T cells negatively selected with EasySep Human T-cell Isolation Kit (Stemcell
technologies), and stimulated with a 1:1 cell to bead ratio of CD3/CD28 Human T-Activator
Dynabeads (ThermoFisher Scientific) for 48 hours. Jurkat T cells were used without stimulation.
Beads were removed from primary T cells and 1x10° cells were transduced with indicated MOI
(2.5, 5, and 10 for Jurkat T cells and 20 for primary T cells) of CAR lentiviral vectors with 10
ug/mL polybrene (EMD Millipore) for 18 hours. MOI was determined by the following calculation:

titer X volume (mlL)

MOI =
# of cells

After 18 hours, cells were resuspended in fresh primary T-cell media and diluted for an early cell
dilution at 100,000 cells/mL and left to expand for 72 hours before cell surface CAR expression
was determined and before use for cytotoxic assays. Cells were re-stimulated every 7 days, for a

maximum of two stimulations total.

CAR expression Western blot

Cells were lysed with Cell Lysis Buffer (Cell Signaling Technologies) with cOmplete Protease
Inhibitor Cocktail (Roche) for 30 minutes on ice. Cells debris were pelleted at 20,000 x g at 4 [1C
for 15 minutes and the supernatant was collected as lysate. Protein amount was determined with
a Bradford assay using Protein Assay Dye (Bio-Rad) and resuspended in 2x Laemmli Sample
Buffer (Bio-Rad) with 5% beta-mercaptoethanol as a reducing agent and heated at 100 [JC for 10
minutes. Per sample, 25-50 ug protein was loaded into a 4-15% precast gel (Bio-Rad) with
Precision Plus Protein Dual Color Standards (Bio-Rad), transferred to a 0.2 uM polyvinylidene
fluoride (PVDF) membrane (Thermo Scientific), and detected with anti-CD{ primary (1:1000)
(Biolegend) and goat anti-mouse HRP secondary (1:2000) (Biolegend), and imaged with Bio-Rad

ChemiDoc XR+ Molecular Imager.
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Measuring CAR expression

Jurkat or primary CAR T cells were stained with 3 ug Recombinant Human PTK7 Fc¢ Chimera
Protein (R&D Systems) or Mouse PTK7 Fc Chimera Protein (R&D Systems) and incubated on ice
for 30 min. Cells were washed 2x FACS buffer (PBS + 2.5% FBS), stained with a R-Phycoerythrin
F(ab’)2 secondary antibody (Jackson ImmunoResearch Laboratories, INC.), washed 2x with
FACS buffer, and detected by flow spectrometry (Aurora Cytek) and analyzed with FlowJo

software (v10).

CAR activation assay

Jurkat CAR T or primary CAR T cells were incubated with VPD450 stained (BD Horizon) target
cells at various effector to target ratios in 12x75mm flow cytometer tubes for four hours at 37 °C
in 300 pL cell culture media. Cells were then washed with FACS buffer and stained with 3 pL anti-
CD69-APC-Cy7 antibody (BD Pharmingen), washed 1x with FACS buffer, and detected by flow

cytometry (Aurora Cytek) and analyzed by FlowJo software (v10).

2.6 Supplemental Figures, Tables, and Legends
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Supplemental Figure 2. 1. Timeline of isolation, transduction, and expansion of T

cells utilized in functional experiments
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T cells were isolated from healthy donor PBMC through negative selection, transduced with CAR
lentiviral vector, and left to expand after an early cell dilution. CAR expression was observed a day

prior to use in functional downstream assays.
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Chapter 3: Method development of introducing PTK7 CAR expression in primary
afB T cells

Jasmine Y. Lee, Reginald Tran, Jordan S. Alexander, and H. Trent Spencer

Jasmine Y. Lee designed the column-based CAR+ selection method, conducted all experiments,
and wrote this chapter
Reginald Tran designed and developed the proxim transduction method
Jordan S. Alexander designed the column-based CAR+ selection method

H. Trent Spencer provided oversight

The work presented in this chapter is unpublished.
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3.1 Abstract

Current methods of introducing chimeric antigen receptor (CAR) transgene to primary T cells for
preclinical and clinical use involves a traditional lentiviral/retroviral transduction protocol.
Although these methods have been successful in introducing CAR transgene, improvements can
be made to conserve viral vector. Here, we compared the traditional lentiviral transduction of
PTK7 CAR transgene to a method that increases cell to virus contact named proxim transduction.
We found a 10-fold decrease in the amount of lentiviral vector needed to achieve CAR expression
through proxim. Both traditional and proxim transduced PTK7 CAR T cells induced similar
cytotoxicity against a neuroblastoma cell line, IMR5. In addition to viral vector use, another
downfall of traditional transduction is the resulting population is not 100% pure PTK7 CAR+ T
cells. We therefore designed a positive column-based selection method that could be utilized post-
transduction to isolate CAR+ cells. We show that this method is successful in isolating CAR+ T
cells to a near pure population and release the direct binding protein, PTK7 Fc, used to bind the
CAR+ T cells to the column, post-selection. PTK7 CAR+ T cells retain their antigen-specificity and
cytotoxic potential. Future studies should determine the feasibility of incorporating both proxim
transduction and positive column-based selection methods to utilize in additional functional

studies.

3.2 Introduction

Two main variations of introducing CAR transgene are non-viral and viral systems, the latter
being the most frequently utilized in the form of lentiviral or retroviral vectors. However, two
main safety concerns lie with both vector systems. Vectors are designed to be self-inactivating,
thus replication incompetent. However, an early study in 1992 reviled non-human primates that
received transplantation with retroviral vector-transduced hematopoietic stem cells developed T-

cell neoplasm due to replicating virus contamination °¢. This prompted the Food and Drug
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Administration (FDA) to include guidance for testing of clinical vector lots, cell products, and
post-infusion patients for replication-competent retrovirus or lentivirus (RCR/L) 7. To date,
RCR/L exposure has not been reported in humans. However, the other safety concern of viral-
based systems, insertional oncogenesis, was seen after retroviral-mediated gene therapy of SCID-
X1 human patients have been reported 108109,

Given lentiviral vectors have not demonstrated oncogenic potential seen in retroviral
vectors, we utilized this vector to introduce PTK7 CAR transgene to primary T cells. A substantial
amount of lentiviral vector is needed for early phase clinical trials *°, and the process is non-
standardized and labor-intensive. Here, we chose to apply a scalable tool designed by a biomedical
engineer 1112 to efficiently apply lentiviral transduction of PTK7 CAR transgene.

Equally important to cell and gene therapy, included within CAR constructs are markers
such as murine CD variants, fluorescent protein EGFP, and nerve growth factor receptors and are
co-introduced with CAR transgene for preclinical studies. However, these methods are not
employed for clinical studies due to immune rejection of mouse origin molecules, marker release
to extracellular space, physiological interference, and incompatibility with existing technology to
allow enrichment of pure cells under good manufacturing practice (GMP) 3. In more recent years,
designer nuclease technology that allows for both positive and negative selection of CAR T cells
during manufacturing or after infusion have been evaluated 4. A CD34 splice variant, RQRS8, has
been shown to be a promising candidate to select CAR+ cells due to being GMP-compatible for an
approved immunoaffinity-based enrichment method of CD34+ cells 131516, However, RQR8’s
influence in physiological functions is unknown and potential concern includes alterations of T-
cell effector functions. We therefore tested a MACS column-based method of selecting a pure
population of PTK7 CAR+ T cells, without the need of introducing an additional transgene. The
MACS columns that were utilized here are from the same manufacturers of the FDA-approved

CliniMACS CD34 Reagent System.
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3.3 Results

Proxim transduction is an efficient method of introducing PTK7 CAR expression
with reduced amount of viral vector

Proxim transduction was compared to a traditional transduction method of introducing CAR
transgene to primary T cells (Figure 3.1A). Preliminary evidence shows traditional transduction
gives 30.6% CAR expression in a single donor with a MOI of 20, and 37.7% CAR expression in the
same donor with an MOI of 2, a 10-fold decrease in lentiviral vector used (Figure 3.2A). Percent
CAR expression in proxim transduced T cells minimally changed with increased MOI at 36% (MOI
4), 40.7% (MOI 8), and 41.3% (MOI 16). In addition to percent CAR expression, the median
fluorescence intensity (MFI) was measured. T cells transduced with an MOI 20 resulted in 3.9x105
MFI CAR expression while proxim transduced cells more highly expressed CAR at 7.9x105 (MOI
2), 9.6x105(MOI 4), 1.0x10° (MOI 8), and 9.1x105 (MOI 16) (Figure 3.2B). In a 4-hour cytotoxicity
assay, a 5:1 effector to target ratio induced 54% cytotoxicity in IMR5 cells with traditionally
transduced T cells, and a range of 51%-57% cytotoxicity with proxim transduced T cells (Figure

3.20).
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Traditi I Proxi Increases cell-virus contact with reduced viral
raditiona roxim Nectorise!

Tran R. et al., Mol Ther. 2017.
Tran R. and Lam W.A., Methods Mol Biol. 2020.

VS. , viral vector to T cell ratio needed to get the
| - l I same optimal anti-PTK7 CAR expression:

® Ve . . ® Ge e X eie e Traditional  Proxim

L) 3
MOL:T cell 1:50,000 1:150,000
1e6 T cells 3e5 T cells
MOI 20 MOl 2
V=1 mL V=20 uL

Figure 3. 1. Graphical design of traditional transduction v. proxim transduction

(A) Proxim transduction, a method to increase cell-virus contact, was designed by Reginald Tran.
We tested this method in comparison to our traditional method of introducing PTK7 CAR
transgene. The number of T cells to MOI and associated viral vector to T-cell ratio table was

determined by results shown in Figure 3.2A-B.
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Figure 3. 2. Proxim transduction is an efficient method of introducing PTK7 CAR

expression with reduced amount of viral vector

(A) Flow plots showing %CAR (PTK7 Fc+) of primary T cells transduced with traditional or

proxim transduction at indicated MOI. (B) MFI CAR (PTK7 Fc+) of primary T cells transduced

with traditional or proxim transduction at indicated MOI. (C) 4-hour flow cytometry cytotoxicity

assay. % cytotoxicity in red = the sum of 7AAD+, Annexin V+, and double 7AAD+ Annexin V+

cells, gated on target cells only. N = 1 donor.
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Development and testing of MACS column-based CAR-positive selection

To test the feasibility of selecting CAR+ cells through use of MACS columns, T cells transduced
with PTK7 CAR transgene were utilized in the following assays. T cells expressing CARs were
magnetically adhered to MACS columns through the following chain of molecules starting from
the CAR side: PTK7 Fc chimera -> biotin anti-FC -> anti-biotin microbead (binds to column)
(Figure 3.3A). Both the flow through cells and magnetic column-bound cells were collected and
cell surface CAR expression was measured. The input cell population of 30.6% CAR expression
resulted in 7.4% CAR+ flow through cells and 97.6% CAR+ column-bound cells.

Post-selected cells were then tested for release of PTK7 Fc and short term and long term
cytotox potential (Figure 3.4A-B). To release any potential PTK7 Fc still being bound to the
PTK7 CAR, column-bound CAR T cells were repeatedly resuspended in large amounts of 37 C
media as described in the methods. Cells were then incubated with the F(ab’). secondary antibody
that binds PTK7 Fe. If PTK7 CAR T column-bound cells were still bound to PTK7 Fc, cells would
appear CAR+. The remaining binding protentional was ruled out as no significant population of
cells appear CAR+ (Figure 3.4A). T cells were then assessed for cytotoxic potential both 24-
hours and 7-days post-selection. At 24-hours selection, flow through (CAR-) cells induced 20% +
1 cytotoxicity in IMR5 cells, which increased to 57% + 4 with column-bound (CAR+) cells only
after 4-hours of co-incubation (Figure 3.4B). These CAR+ cells remained cytotoxic (66% + 6)
after 7-days in culture post-selection.

Additionally, 7-day post-selected cells were phenotyped by activation potential, PD-
1/TIM-3 expression, and T-cell differentiation (Figure 3.5A-C). In the presence of IMRj5 cells,
pre-selected T cells and flow through (CAR-) cells expressed 14.7% and 9.4% CD69 respectively,
while column-bound (CAR+) cells expressed 31.9% (Figure 3.5A), showing post-selected CAR T
cells retain antigen-specific activity long term. PD-1 and Tim-3 were observed as co-expression
could be indicative of severe CD8 T-cell exhaustion 92. T cells in all conditions without the

introduction of IMR5 cells, remained mostly double-negative in PD-1/Tim-3 (Figure 3.5B). The
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only trend in difference of expression was PD-1 upregulation in column-bound (CAR+) cells
exposed to IMR5 cells (15.8%) compared to the same cells without IMR5 exposure (5.28%) of the
overall population. In all by one condition, the pre-selected and post-selected cells remained
primarily effector memory cells and secondarily central memory cells (Figure 3.5C). Column-
bound (CAR+) cells cultured in the presence of IMR5 cells lost a majority of the central memory

population (8.5%), to effector memory cells (83.7%).

anti-biotin microbead '
2

7’ Biotin anti-FC

PTK7 FC Chimera

1]
e = N
)
anti-PTK7 CAR ‘Q »/ 4
N\ N\
Pre-selection Flow Thru Column Bound
L e o
T cell

CAR expression

Figure 3. 3. Graphical design of MACS column-based CAR-positive selection method
and resulting CAR+ expression

(A) This positive selection method was designed and utilized to select out only CAR+ T cells.
Representative flow plots show CAR expression (PTK7 Fc) pre-selection, and post-selection (Flow

through and column bound).
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Figure 3. 4. Post-selected T cells: Fc chimera release and cytotoxic potential

Column bound

(A) Flow plots showing CAR expression of post-selected T cells after repetitive resuspensions and

washed to remove bound PTK?7 Fc. Secondary is F(ab). conjugated to PE, and Stained is PTK7 Fc

plus F(ab).-PE. (B) 4-hr flow cytometry cytotoxicity assay. % cytotoxicity = the sum of 7AAD+,

Annexin V+, and double 7AAD+ Annexin V+ cells, gated on target cells only. n = 1 donor with 2

experimental replicates. Left: 24-hour post-selection% cytotoxicity. Right: 7-day post-selection, %

cytotoxicity and representative flow plots.
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Figure 3. 5. Phenotype of post-selected T cells
Representative flow plots of (A) CD69 (B) PD-1/TIM-3 and (C) CD62L/CD45RO expression in

T cells pre- and post-selection with or without IMR5 target cells.

Cryopreserved commercial AllCells PBMC product is superior to lab isolated
Leukopak

Two cryopreserved healthy donor PBMC sources were compared for use in T-cell isolation and
subsequent CAR T-cell functional analysis. One is a commercially available product (AllCells), the
other from a neighboring lab (lab isolated). Both PBMCs are products from apheresis Leukopaks
with differences in processing prior to preservation as well as the freezing media components
which are listed in Figure 3.6A. The timeline for T-cell isolation, transduction, and expansion
used for the following experiments were described previously (Supplemental Figure 2.2). A
donor from pre-isolated AllCells PBMCs that started with 44% T cells were enriched to 96.7% T
cells post-selection. Similarly, the lab filtered cells started with 29% T cells and were enriched to

94.9% T cells (Figure 3.7A-B). While the success of T-cell isolation of both donors were
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comparable, notable differences lied in T-cell viability and cell number throughout expansion
(Figure 3.7B-C and Figure 3.8A-B). T cells from a lab isolated donor contains a CD3+
population that lies much lower on the flow cytometry forward (FSC-A) scatter, compared to
where they typically lie further up (Figure 3.7B). T cells that lie in this position, have been shown
to be “unhealthy” T cells that express Annexin V (data not shown). In addition, it is well known
that T-cell sizes are correlated to T-cell proliferation following activation 17129, The ability of these
T cells to activate can also be visualized through T-cell:CD3/CD28 bead clusters. Directly after
isolation, T cells were activated by CD3/CD28 beads and were imaged, 24-hours later (Figure
3.7C). Large clusters were observed in AllCells culture while considerably smaller clusters were
present in lab isolated culture. While lab isolated T cells started 79% viable, which decreased to
71% viable prior to transduction on Day 3, AllCells T cells started 94% viable, and remained at a
high viability of 93% on Day 3 (Figure 3.8A). The viability of lab filtered T cells improved by
Days 6-7, however total T-cell numbers remained low at 5.0x10° mock T cells and 4.6x10° PTK7
CART cells at the end of expansion. In comparison, the viability of AllCells T cells remained high
throughout expansion and total T-cell numbers of 26.0x10° mock T cells and 20.4x10°-27.6x10°
PTK7 CAR T cells were obtained, a 4-5-fold difference (Figure 3.8B).

Lastly, although transduction efficiency of AllCells and lab isolated cells were a similar
71.2% and 64.2% respectively (Figure 3.8C), the high viability and expanded total cell numbers
made the AllCells T cells a notably superior product to use for downstream CAR T-cell functional

assays.
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Cryopreservation

Our cryopreserved MNCs are collected from fresh blood during apheresis
in Leukopaks, which enriches lymphocytes and monocytes while depleting mature
granulocytes. The mononuclear fraction is then further processed to eliminate red

A"ce"s ® blood cells and platelets (we lyse the RBC and spin down to isolate the MNC). The
cells are frozen in IMDM, FBS, DMSO, Hetastarch. We cannot provide the
concentration for each component because it is proprietary. They then go through
a 2-week Quality Control check to ensure that the lot meets our release criteria,
and then they are made available for purchasing.

To freeze PBMC, we use FBS to resuspend the cells first, then add 20% DMSO/FBS
Lab filtered to make final 10% DMSO/FBS

Figure 3. 6. Cryopreservation method and materials for Commercial AllCells and
lab filtered PBMC

(A) Cryopreservation method and materials for AllCells were provided by Emory University’s
AllCells Representative, and lab filtered cells were provided by the Emory University lab member

that isolated and preserved the cells.
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Figure 3. 7. T-cell isolation of AllCells and lab filtered PBMC
(A) Bar graph showing T cells (CD3+) as part of the whole PBMC population on Day 1, pre-
isolation. (B) Gating strategy and CD3+ T cells post-isolation. (C) Representative images of

activated T cells with CD3/CD28 beads 24-hours into activation.
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Figure 3. 8. Characterization of AllCells and lab filtered PBMC
(A) Viability and (B) Total live cell number throughout T cell isolation, transduction, and
expansion. (C) GFP-only lentiviral vector was used to transduce isolated T cells, and transduction

efficiency (GFP+) was measured. n = 1 donor AllCells, 1 donor lab filtered

3.4 Discussion

The current, traditional method of introducing CAR transgene to primary T cells includes
lentiviral or retroviral transduction. However, production of viral vectors are typically labor-
intensive and transfer from preclinical to clinical production is not easily scalable 12120, As a result,
manufacturing timing and feasibility is one of the major barriers of introducing personalized
cellular therapies with or without synthetic modification in the clinic, which is largely due to the
diverse biological nature of the cells utilized for therapy. In addition to manufacturing, another
limitation to CAR T-cell therapy is cost and as a result, patients’ access to therapy. CAR T-cell

therapies against CD19, axicabtagene ciloleucel and tisagenlecleucel, cost between $373,000-
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$475,000 per patient 2!, which increases to over an additional $30,000 to treat the common
severe side effects. Therefore, efforts are currently underway to improve these obstacles.

To make the potential preclinical to clinical translation of PTK7 CAR T-cell therapy
efficient, we tested a scalable method of lentiviral transduction that decreased the amount of
vector needed to achieve similar cell surface CAR expression. Our preliminary tests showed
proxim transduction impressively decreased the need for viral vector by 10-fold compared to
traditional transduction. This not only shows promise for a reduced amount of vector needed
therefore reduction in time and cost of therapy production, but also shows the feasibility of
utilizing this method in which a preclinical scaling method has already shown promise for
manufacturing of CD19-targeting CAR. However, this potential should be attested by direct
experiments utilizing the scaled-up form for the PTK7 CAR specifically.

PTK7 CAR proxim transduced T cells remained as cytotoxic against PTK7-positive IMR5
cells compared to traditionally transduced T cells. However, further proxim studies are required
to confirm the findings of decreased viral vector needed to achieve optimal CAR expression and
its functional ability post-transduction. These studies should include multiple T-cell donors than
was utilized in these studies, then subsequently determine the feasibility of utilizing donors
derived from cancer patients.

In addition to testing scalable and cost-effective transduction methods, we aimed to
improve a CAR selection method specific to our PTK7 CAR. The most commonly used preclinical
markers are not utilized for patient products due to immune rejection, marker release to the
extracellular area, functional barriers, and incompatibility with an existing technology 3. We
designed and tested a MACS column-based positive selection method that successfully isolated a
pure positive (97.6%) population of CAR T cells. We found the PTK?7 Fc, which is used to bind the
CAR to the column is release post-isolation, freeing up the PTK7 CAR scFv to bind to PTK7 on
target cells. The PTK7 CAR+ T cells retained their cytotoxic potential both short term (24-hours)

and long term (7-days). It should be noted that future studies should include more donors to
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understand selection success and retainment of cytotoxic potential trends. In all, both proxim
transduction and MACS column-based PTK7 CAR selection, although requires more supporting
evidence, shows promise as a scalable, efficient, and possible methods to utilize both pre-clinically

and clinically.

3.5 Materials and Methods
See Chapter 2 Methods for:
Cell lines and primary T cells
Measuring CAR expression
CAR activation assay design and cloning of PTK7 CAR
Lentiviral production

Generation of PTK7 CAR T cells

Proxim transduction

This method was designed and developed by Reginald Tran 11122, Activated T cells were suspended
with lentiviral vector in a total volume of 20 uL. T cell media. The T cell/lentiviral vector
suspension was transferred to the center well of 6-well plates. A proxim piston device was placed
on top of the droplet to spread it out to a uniform height, while the outer edges were pressed down
for a firm contact. The intermediate areas of the 6-well plate were filled with 10 mL PBS to prevent
evaporation and cells were incubated at 37 °C for 18 hours. After 18 hours of transduction, T cells

were carefully collected and used for downstream analysis.

MACS column-based CAR-positive selection
CAR T cells transduced with the traditional method as described in methods were used. ~20x10°

T cells were washed with sterile FACS buffer (PBS + 2.5% FBS) and incubated with PTK7 fc
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chimera on ice, end-to-end, for 30 minutes. Cells were then washed 2x with FACS buffer and
incubated with 10 uL biotin anti-FC (Thermo Scientific) on ice, end-to-end, for 30 minutes,
washed once with FACS buffer, and resuspended with 20 uL anti-biotin microbeads (Miltenyi
Biotec). Cells were mixed well and incubated in the cold room for 15 minutes. Finally, cells were
washed and resuspended in FACS buffer for separation with columns. MACS MS columns
(Miltenyi Biotec) were placed in the magnetic field and rinsed with 500 uL. FACS buffer. The
labeled cell suspension was applied to the column and flow-through containing unlabeled cells
were collected. Column was then washed 2x with FACS buffer, removed from the magnetic field,
and placed on top of a 15 mL conical. The column which contains labeled cells were flushed with
FACS buffer by firmly pushing the plunger into the column. All collected cells were resuspended

and washed in 37 °C media 3X to remove potential PTK7 Fc chimera bound to the CAR.
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Chapter 4: PTK7-targeting aff CAR T cells induce NB cell death in vitro and in
mouse metastasis NB model
Jasmine Y. Lee, Gianna M. Branella, Hunter C. Jonus, Christopher B. Doering, Kelly C.

Goldsmith, and H. Trent Spencer

Jasmine Y. Lee conducted all in vitro and in vivo experiments and wrote this section of the
paper.
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expression in recurrent tumor cells.
Kelly C. Goldsmith, H. Trent Spencer, and Christopher B. Doering provided oversight, feedback,
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4.1 Abstract

To determine the feasibility of targeting a candidate marker identified to be highly expressed in
neuroblastoma, we successfully designed and developed anti-PTK7 chimeric antigen receptors
(CAR) in Chapter 2. Here, we tested the feasibility of targeting neuroblastoma (NB) cell lines and
in vivo metastatic NB mouse models with this engineered CAR. We show that PTK7 CAR T cells
prompt apoptotic-induced cell death in IMR5, NLF, and SK-N-AS NB cell lines, while the same
cytotoxicity was not observed in PTK7 negative CMK and SK-N-AS PTK7 knock out (KO) cells. In
vivo, PTK7 CAR T cells improved survival of mice bearing IMR5 metastatic disease, though
response was not sustained. The evidence ruled out PTK7 antigen loss as a mechanism of
resistance, suggesting multiple doses or further optimized CAR may be required for aa sustained
response. Together, these data show our engineered ap PTK7 CAR T cells to be promising a

candidate to treat NB.

4.2 Introduction

The recent addition of immunotherapies in high-risk NB patients improved overall survival by 20%
9. Dinutuximab is a monoclonal antibody currently used to treat high-risk NB and several pitfalls
of this therapy due to antigen choice were recognized 82122124, To overcome the pitfalls of targeting
GDz2, we have identified a novel target, protein tyrosine kinase 7 (PTK?7), that is highly expressed
on NB tumor cells with low normal tissue expression (Chapter 1.3) and designed and developed a
second-generation chimeric antigen receptor (CAR) against this target antigen (Chapter 2). Here,
we test out the feasibility of using PTK7 CAR T-cell therapy as a safe and effective method of

inducing NB cell death and controlling tumor burden in vivo.
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4.3 Results

PTK7-targeting CAR T cells induce NB cell death in vitro

To determine the cytotoxic potential, primary PTK7 CAR T cells were co-cultured with PTK7-
positive or negative cells at various E:T ratios. Given the high expression of PTK7 on all wildtype
NB models, we used PTK7 negative CMK cells as well as SK-N-AS PTK7 KO cells as PTK7-negative
controls. T cells were characterized for CAR expression, T-cell differentiation, and checkpoint
markers, 24-hours prior to cytotoxic assays (Figure 2.6, Figure 2.7). NB specific cytotoxicity
was measured via Annexin V/7-AAD staining after 4 hours and 12 hours of co-culture (Figure
4.1A). PTK7 CAR T cells induced cytotoxicity of IMR5 NB after 4 hours, which further increased
to an average of 1:1 (29% + 8), 5:1 (63% + 6), and 10:1 (74% = 10) E:T ratio after 12 hours. Similar
cytotoxicity was seen in NLF that was augmented with increasing E:T ratios and increased
incubation time. CD69 upregulation was also observed at the indicated time points in these co-
cultures (Figure 4.1B). Of note, NLF cells have higher PTK7 MFI expression (Figure 4.2A) and
induce significantly higher CD69 activation in CAR T cells at 4 hours with a trend for higher CD69
activation at 12 hours, suggesting there may be a correlation between PTK?7 expression levels and
CAR T-cell killing potential. While clustering of CAR T cells on the tumor target may lead to tonic
T-cell activation and potential exhaustion, others have shown that CAR T-cell clustering promotes
tumor-cell killing 25. Clustering of PTK7 CAR T cell cocultures with IMRj5 cells was observed
where potent anti-NB cytotoxicity occurred (Figure 4.2B), while neither clustering nor CD69
activation was observed when IMR5 cells were co-cultured with mock T cells or CD19 CAR T cells.
Caspase 3/7 activity was also measured in a live cell-based cytotoxicity assay using SK-N-AS non-
targeting gRNA control and SK-N-AS PTK7 KO target cells, which showed similar antigen specific
induction of NB cell death (Figure 4.2C-D). Importantly, PTK7 CAR T-cell-mediated tumor cell

death was not observed in PTK7 negative CMK cells (Figure 4.1A) nor in SK-N-AS PTK7 KO cells
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compared to SK-N-AS gRNA control cells (Figure 4.2D). The combined data support PTK7 CAR

T cells induce PTK7-specific cytotoxicity of PTK7 positive NB cells in vitro.
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Figure 4. 1. PTK7 CART cells induce antigen-specific cytotoxicity of NB cells, in vitro
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(A) 4-hour and 12-hour flow cytometry cytotoxicity assay. %cytotoxicity = the sum of 7AAD+,
Annexin V+, and 7AAD+Annexin V+ cells, gated on target cells only. N = 3 donors with n = 2
biological replicates. (B) %CD69 expression in mock T cells or CAR T cells co-cultured with
indicated target cells from 4-hour cytotoxicity assay, gated on live primary T cells. N = 3 donors,

statistical analysis represents Student’s t-test (***p < 0.001, **p < 0.01, *p < 0.05; ns, p > 0.05).
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Figure 4. 2. PTK7 CART cells induce antigen-specific cytotoxicity of NB cells, in vitro
continued

(A) PTK7 MFI expression in IMR5, NLF, and CMK target cells, n = 6 biological replicates. (B)
Representative image of mock T or CAR T cells with IMR target cell co-culture at 4-hours. (C)
IncuCyte (caspase 3/7) image captured 10 hours into co-incubation. (D) Left: Target cells and

CAR T cells or mock T cell control were incubated with Caspase-3/7 dye and live cell analysis was
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performed at the indicated time points. Processing definitions of caspase 3/7 activity (green object
count) on target cells were determined. n = 1 donor. Right: Caspase 3/7 activity in SK-N-AS NT
gRNA (non-targeting gRNA) incubated with indicated mock T or CAR T cells at indicated effector

to target ratios. Error bars represent SD of 4 technical replicates.

PTK7-targeting CAR T cells induce NB cell death in an in vivo metastasis model

To evaluate the efficacy of PTK7 CAR T cells in an in vivo high-risk disease model 26, 3x105
luciferase expressing IMR5 (MYCN amplified) cells were injected intravenously into NOD-scid
IL2Rgammar!! (NSG) and a single dose of 5x10° mock T cells or PTK7 CAR T cells were delivered
intravenously 24 hours later. Mice were imaged with IVIS bioluminescence imaging 1-3 times per
week until tumor burden endpoint (Figure 4.3A). Untreated mice and mock T-cell treated mice
had an endpoint range of D31-35, while PTK7 CAR T-cell treated mice had an endpoint range of
D35-48, leading to a significant survival advantage in PTK7 CAR T-cell treated mice (Figure
4.3B). In addition, PTK7 CAR T cells were also tested in a MYCN non-amplified cell line, CHLA-
255. CHLA-255 cells are positive for PTK7 expression at the cell surface (data not shown) and
although not significant, there was a trend toward improved survival in CHLA-255 bearing mice
treated with PTK7 CAR T cells compared to mock T cells (Figure 4.4A-B). Although we found
our CAR to bind murine PTK7 using murine PTK7 Fc (Figure 4.5A-B), no significant changes in
weight nor cytopenias were observed in PTK7 CAR T cell treated mice (Figure 4.5C, Figure
4.5D). While tumors recurred in mice following PTK7 CAR T cell treatment, flow cytometry of
the recurrent metastatic NB cells demonstrated PTK7 expression is retained and high on the

relapsed NB cell surface (Figure 4.5E).
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Figure 4. 3. PTK7 CAR T cells improve survival in a NB MYCN-amplified metastatic

mouse model

(A-B) NSG mice were injected with 3x105 IMR5 cells on Day -1 IV, then treated with 5x10° mock
T cells or PTK7 CAR T cells on Day o IV. (A) Bioluminescence images and (B) Kalpan-Meier
survival analysis of arms. N = 5 untreated, n = 7 mock T cell, n = 7 PTK7 CAR T cell. Statistical

analysis represents log-rank (Mantel-Cox) test (+*p < 0.01, *p < 0.05; ns, p > 0.05).
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Figure 4. 4. PTK7 CAR T-cell treated mice bearing MYCN-non amplified metastatic
tumor cells trend toward improved survival

(A-B) NSG mice were injected with 3x105 IMR5 cells on Day -1 IV, then treated with 5x10° mock
T cells or PTK7 CAR T cells on Day o IV. (A) Bioluminescence images and (B) Kalpan-Meier
survival analysis of arms. N = 3 per arm. Statistical analysis represents log-rank (Mantel-Cox) test

(**p < 0.01, *p < 0.05; ns, p > 0.05).
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Figure 4. 5. No significant changes in weight nor cytopenias post PTK7 CAR T-cell

treatment

(A) Representative flow plot showing %PTK7 CAR binding/expression to human and mouse

PTK7-FC Chimera. (B) histogram and MFI of CAR binding/expression. (C) Weight change (%)

of mice in IMR5-bearing mice treated in Figure 4.3 Top: Females. Bottom: Males. (D) Select

blood counts of NSG mice injected with 3x105 IMR5 cells on Day -1 IV, then treated with 5x106

mock T cells or PTK7 CAR T cells on Day o IV. Blood counts are presented for D-1 (Pre-Treatment)

and 16 days post immunotherapy (Sacrifice). Values for white blood cells (WBC), hemoglobin

(HGB), platelets (PLT), and absolute neutrophil counts (ANC) are provided for control (n = 1,

NSG grafted with IMR5), mock T (n = 2, NSG grafted with IMR5 + Mock T cells) and PTK7 CAR
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T (n = 2, NSG grafted with IMR5 + PTK7 CAR T cells). (E) Flow cytometry histogram of PTK7

expression in IMR5 cells in the liver of mice with indicated treatment on Day 16.

4.4 Discussion
Dinutuximab, a monoclonal antibody against GD2, improved survival of high-risk NB patients by
20% 9. However, several pitfalls of GD2 targeting exist. To overcome the drawbacks of targeting
GD2, other immunotherapy antigen candidates were identified through a glycoproteomics
discovery platform. Included is PTK?7, which is highly and stably expressed on the cell surface of
NB cell lines, primary tumor cells, and PDX’s (Chapter 1.3). We showed previously in Chapter 2
that lentiviral vector EF1a-based PTK7 VH-L-VL CAR T cells are antigen-specific and show the
most promise for use in determining the in vitro and in vivo efficacy of targeting PTK7 in NB.
Severe toxicities are associated with CAR T-cell therapies; thus, efforts should be made to
eliminate any off-tumor off-target toxicities due to non-specific binding of CARs. To test this, we
first showed PTK7 CAR T-cells induce direct apoptosis (Annexin V/7AAD/Caspase 3/7) in only
PTK7-expressing NB cell lines, while sparing cell lines that don’t express PTK7, owing to the
specificity and safety of the PTK7 CAR. In addition to in vitro efficacy, we determined the in vivo
effect by utilizing a metastasis model most utilized in the NB CAR T-cell preclinical field. We show
PTK7 CAR T cells demonstrated potent anti-NB activity in vivo, where survival was significantly
prolonged in cell line xenograft (CDX) models representing the potentially more aggressive
adrenergic NB phenotype, IMR5, which was recently shown to be less amenable to
immunotherapy than NB tumors that fall into the mesenchymal, more dedifferentiated type of
NB 27129, Important to determining off-tumor on-target toxicities, our mouse and human PTK7-
binding CAR T-cell treated mice showed no significant difference in weight nor cytopenia.
However, in future investigations, off-tumor on-target toxicities should be seriously considered

given there is low PTK?7 expression in some pediatric normal tissue (Chapter 1.3).
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While the results are encouraging, especially considering the aggressive phenotype of the
in vivo models that were used, there remains room for optimization of our CAR-based approach.
For example, our design utilized a CD28-based co-stimulatory domain, which has not shown to
be as successful in NB or other solid tumors preclinically compared to 4-1BB or dual 4-1BB/CD28
signaling 130133, In fact, the most recent promising clinical trial results utilized a third-generation
dual CD28/4-1BB co-stimulatory domain-based CAR, in which CAR T cells were detected in the
bone marrow up to 2 years post-infusion 44.

An additional optimization strategy of CAR T-cell therapy includes utilizing different T-

cell subsets. This can include expanding ap T cells to achieve specific differentiation states or

using other lymphocytes such as NK cells or y6 T cells. We chose to test PTK7 CAR in y& T cells
to take advantage of their inherent anti-tumorigenic ability, which is further described in the

following chapter.

4.5 Materials and Methods

Flow-based cytotoxicity assay

NB target cells were stained with VPD450 (BD Horizon) and plated onto 48-well cell culture plates
at 50,000 cells/well and left to adhere overnight. Suspension target cells (697 and CMK’s) were
also stained with VPD450 and re-plated into T25 flasks overnight and re-counted and plated into
48-well cell culture plates at 50,000 cells/well the next day. Primary CAR T cells were added at
various effector to target ratios in a total volume of 300 uL and incubated at 37 [JC for 4 hours or
12 hours. Suspension cell wells were harvested and added to flow tubes, while adherent cell
suspensions were collected, and adherent cells gently taken off the wells with Accutase (Stemcell
Technologies) to prevent spontaneous flipping of phosphatidylserine and added to corresponding
flow tubes. Cells were washed 1x with Annexin V Binding Buffer (BioLegend), stained with 3 ul,
Annexin V-APC (BioLegend) and 3 uL anti-CD69-APC-Cy7 (BD Pharmingen), and washed 1x with

Annexin V Binding Buffer. 7-AAD Viability Dye (BioLegend) was added 2 minutes before flow
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cytometry analysis. Detection was done by flow cytometry (Auora Cytek) and analyzed with
FlowJo software (v10). Percent cytotoxicity was measured by adding Annexin V+, 7AAD+, and

Annexin V+7AAD+ target cells.

IncuCyte-based cytotoxicity assays

Target cells were plated in a flat bottom 96-well cell culture plate at 7,000 cells/well and left to
adhere overnight. Primary CAR T cells were added at indicated effector to target ratios in a total
volume of 200 uL (total ratio of 1:1000 IncuCyte Caspase-3/7 Green Dye (Sartorius)) and placed
into IncuCyte Live Cell Analysis System (IncuCyte ZOOM) over the indicated number of hours.
Processing definitions of Caspase 3/7 activity (green object count) on target cells were determined

and quantified using the IncuCyte ZOOM software.

Animal Study Ethics
All animal studies were conducted in accordance with policies set forth by the Emory University

Institutional Animal Care and Use Committee (IACUC) under an approved animal use protocol

(PROTO201700089, PROT0201800202).

In vivo metastasis model for af8 CAR T-cell therapy

4-week-old NSG mice were engrafted with 3x105 GFP/luciferase-tagged IMR5 cells via tail vein
injection. 5x10° total Mock T cells or PTK7 CAR T cells (35-45% CAR+ cells) were injected via
retroorbital injection 24 hours later. Mice were injected with D-luciferin (PerkinElmer) at 10 uL./g
of body weight via intraperitoneal injection and were imaged with IVIS bioluminescence
(PerkinElmer) 1-3x a week. Mice were sacrificed at a predefined endpoint of tumor burden, which
considered changes in weight, scruff, movement, and hunched state. Alternatively, mice were
sacrificed 16 days after immunotherapy treatment and biopsied for residual tumor burden. Based

on IVIS imaging, primary focus was placed on liver as a heavily tumor populated organ.
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Chapter 5: PTK7-targeting y6 CAR T cells and bispecific T-cell engagers enhance
NB cell death in vitro and in mouse metastasis NB model.

Jasmine Y. Lee and H. Trent Spencer
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5.1 Abstract

Y6 T cells are a small subset of T cells in the peripheral blood that recognize stressed cells
independent of antigen processing and MHC presentation. They have both adaptive and innate
like properties and can induce rapid and potent tumor cell death. Our lab has previously shown
that ex-vivo expanded y§ T cells are capable of inducing NB tumor cell death and is further
exemplified with the addition of Dinutuximab. We modified y§ T cells to express PTK7 CAR to
improve NB cell-killing potential of these cells. In addition to CAR modification, we separately
modified y6 T cells to secrete a soluble molecule, a bispecific engager, that binds CD3 and PTK?y
to engage the endogenous signaling pathway through T-cell redirection. Our delivery method of
choice, mRNA electroporation, resulted in a high 65.6%-76.9% PTK7 CAR expression. We found
PTK7 y§ CAR T cells to induce donor-dependent cytotoxicity of NB cells, and y§ CD3-PTK7
bispecific engager to induce similar cytotoxicity. In a limited in vivo study of n = 2/arm, we found
both PTK7 y&§ CAR T cells and y§ CD3-PTK7 bispecific engager to control early tumor growth
until Day 21. Additional in vitro and in vivo studies should be performed to determine the

feasibility of utilizing modified y§ T cells to target PTK7 in NB.

5.2 Introduction

y46 T cells make up a small percentage of circulating blood cells in adults where they only account
for around 1-10% of CD3+ T cells 34, Unlike classical aB T cells, y8§ T cells recognize target cells
in an MHC-independent manner and have innate immune cell receptors such as NKG2D, NKp3o0,
and NKpgq 4966135, A specific subtype of y§ T cells, VggVadT, have been shown to be effectively
cytotoxic against several solid tumors and leukemia/lymphoma cells 7136, Advantages of utilizing
y6 T cells as a form of therapy is the possibility of 3rd party donors due to the MHC independence

of these cells and the flexibility to give multiple doses over time as ¥y T cells don’t form memory.
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Our lab has previously shown that ex-vivo expanded, non-modified y§ T cells have anti-tumor
effects on NB tumors 8. To enhance the antitumor efficacy of these T cells, we modified these cells
to express CARs against PTK7.

In addition to CAR T cells, bispecific engagers have been utilized to stimulate a T-cell
response in both pre-clinical and clinical settings '37. Most currently tested bispecific engagers
don’t include a co-infusion with effector cells but have shown some promising clinical results on
their own 138. Here, we propose to electroporate CD3-PTK?7 bispecific engager mRNA to y§ T cells,
then utilize both the y& T-cell population plus the secreted engagers as a candidate therapy for

NB.

5.3 Results

PTKr7-targeting y6 CAR T cells and bispecific engager induce NB cell death in vitro
y6 T cells were isolated from healthy donor PBMCs, in which almost the entire population is y&
TCR+ by the last day of expansion (Day 12) (Figure 5.1A-B). mRNA was electroporated into y§
T cells by mRNA electroporation for transient expression of PTKy CAR (Figure 5.2A).
Additionally, a mRNA bispecific engager against PTK7 and CD3 was electroporated into T cells to
both secrete and bind the engager (Figure 5.2B). Electroporation resulted in high cell surface
PTK7 CAR expression (65.6%-76.9%) (Figure 5.3A and Supplemental Figure 5.1A-C).
Expression of the bispecific engager was not determined.

To determine cytotoxic potential, PTK7 y§ CAR T cells were co-cultured with PTK7-
positive or negative cells (Figure 5.4A-B). NB cytotoxicity was measured with Annexin V/7-AAD
flow cytometry after 4 hours of co-culture. Unmodified y§ T cells Donor 4 induced 81% + 1
cytotoxicity of IMR5 cells, which only slightly increased to 84% + 1 with PTK7 CAR modification
(Figure 5.4A). However, unmodified y6 T cells of Donors 5 and 6 induced 41% + 0 and 34% = 2,

and notably increased to 87% + 9 and 71% + 1 with PTK7 CAR modification. A similar notable
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increase in cytotoxicity of PTK7 CAR modified y§ T cells of Donors 5 and 6 were seen in NLF and
CHLA-255 cells. Altogether, the data show PTK7 CAR modification induces a donor dependent
increase in cytotoxicity of NB cells. The antigen specificity of the increased cytotoxicity was
discerned in SK-N-AS PTK7 KO model where a marked difference in cytotoxicity of modified and
CAR modified y6 T cells was shown (Figure 5.4B).

To determine the feasibility of targeting PTK7 through endogenous T-cell mechanism, a
bispecific engager against CD3 and PTK7 was transiently expressed in yé T cells. The cytotoxicity
of CD3-PTK7 y6 T cells was comparable to PTK7 CAR T-cell induced cytotoxicity (Figure 5.4C).

Further downstream experiments are required to determine the advantages and disadvantages of

both therapies.
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Figure 5. 1. y6 T cell expansion
y46 T cells were isolated from healthy donor PBMCs as described in methods. (A) Representative
flow cytometry plot of y§ TCR and CD3 expression on indicated day of expansion, gated on live

cells (B) Top: % y4d T cells (y6 TCR+CD3+) Bottom: Total live y§ T cell number by trypan blue
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(A) PTK7 CAR expression (PTK7-Fc) in y§ T cells 24-hours post-electroporation of CAR mRNA
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Figure 5. 4. PTK7 Y8 CAR T cells and CD3-PTK? bispecific engagers induce donor
dependent cytotoxicity of NB cells in vitro

PTK7 y§ CAR T cells in 4-hour flow cytometry cytotoxicity assays of indicated (A) IMR5, NLF,
and CHLA-255, (B) SK-N-AS or SK-N-AS with PTK7 knocked out. (C) PTK7 y§ CAR T cells and
CD3-PTK7 bispecific engagers in 4-hour flow cytometry cytotoxicity assays. n = 2 experimental
replicates. %cytotoxicity = the sum of 7AAD+, Annexin V+, and 7AAD+Annexin V+ cells, gated

on target cells only.
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PTKr7-targeting yé CAR T cells and bispecific engager delays NB tumor cell growth
in an in vivo metastasis model

To evaluate the efficacy of PTK7 y§ CAR or CD3-PTK?7 bispecific T cells in an in vivo high-risk
disease model 26, 1x10° luciferase expressing IMRj5 cells were injected intravenously into NOD-
scid IL2Rgamma™!! (NSG) mice on Day -1. Others have shown that y§ CAR T cells have limited
persistence in mice 139. In addition, we found that ex vivo expanded unmodified y& T cells are
detectable in peripheral blood up to 72 hours post-injection in NSG mice (data not shown). Based on
the limited persistence, mice were treated with multiple doses of 10x10%y§ T cell therapy on Day 0,
3,7,and 10. Mice were imaged with IVIS bioluminescence imaging 2-3 times per week until tumor
burden endpoint (Figure 5.5A). Mice treated with either PTK7-targeting CAR or bispecific
engager delayed tumor formation in mice up to Day 24 (Figure 5.5B). However, no notable
differences in survival were observed (Figure 5.5C). The small sample size should be taken into
consideration and further experiments should be performed to determine the anti-tumor cell

efficacy of modified y§ T-cell therapy.
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Figure 5. 5. PTK7 y6 CART cells and bispecific engager delays NB tumor cell growth
(A) Graphical timeline of mouse model and treatment with cell therapy (B) Bioluminescence
images (C) Kalpan-Meier survival analysis of arms. N = 2 per arm. Statistical analysis represents

log-rank (Mantel-Cox) test (xxp < 0.01, *p < 0.05; ns, p > 0.05).
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5.4 Discussion

y6 T cells are an attractive candidate for cellular therapy due to their independence from MHC
molecules and historical clinical studies show they have an ideal safety profile (NCT03183232,
NCTo03183219). Investigators examining associations between tumor-associated lymphocytes
and patient prognosis found that intratumoral y& T-cell signatures were the most significantly
correlated with favorable outcome 4°. Qur lab has also recently shown that non-modified yé§ T
cells in combination with dinutuximab and temozolomide, were capable of inducing NB tumor
cell death, in vivo 8. We showed in Chapter 4 that PTK7 a CAR T cells were an effective method
of targeting NB in vitro and in vivo. Given their inherent ability to induce rapid and potent tumor
cell death, we chose to modify Vy9Vé2 T cells with PTK7 CAR to determine the feasibility of
treating NB.

Two main subtypes, V§1+ and V§2+ cells have been tested both preclinically and clinically.
However, V62+ cells make up 60-95% of y& T cells in adult peripheral blood, and selective
stimulation can result in expansion of VygVé2 T cells ex vivo 599, rendering them easier to
expand than V§1+ cells which lie in small numbers in the blood but mostly present in mucosal
tissues. In vitro, we found PTK7 y§ CAR T cells to induce donor-dependent cytotoxicity of NB
cells. As cytotoxicity of y§ T cells varies by donor, we consequently saw increased cytotoxicity with
PTK7 CAR modification only if the donor showed minimal to moderate cytotoxicity in their
unmodified form. y§ T cells from donors that are considered highly cytotoxic, did not increase in
cytotoxicity with added PTK7 CAR modification. Variation in y&§ T-cell potency expanded with the
same GMP-compliant protocol utilized in these studies has been attributed to presence of NK cells
within the expanded product 4:. However, NK cell presence was not determined in all donors

utilized in these studies, minimizing the ability to confirm those findings in this setting.
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In addition to CAR T-cell therapy, we employed a yé T-cell bispecific engager combination
to target PTK7. There is pre-clinical evidence that show bispecific engagers lead to tumor cell lysis,
selective activity, and recruitment of VygVé§2 T cells in blood and solid tumors 7377, In aB T cells,
a subclass of bispecific engagers termed BiTE, showed promising clinical results in hematopoietic
cancers 42143, These studies utilize synthetic production of engagers as a single therapy, while here,
we proposed to combine cellular therapy with engager therapy by utilizing bispecific engager-
expressing y6 T cells against CD3 and PTK7. The hypothesis of utilizing this method is to increase
the potency and flexibility of bispecific engagers with y& T cells and vise versa. In vitro, CD3-PTK7
bispecific engager expressing yé T cells induced similar toxicity to PTK7 y§ CAR T cells. Lastly,
in a limited in vivo study, we found both y§ T cell modified therapies to control early tumor cell
growth, until Day 21, post-first infusion.

In conclusion, we showed CAR or bispecific engager-modified y& T cells specifically target
NB cells in certain donors. Future in vitro studies should include determining the NK cell
population within the expanded donor cells, in addition to determining the level of expression of
innate cell killing-associated ligands and receptors expressed on y§ T-cells, FASL, NKG2D, CD16.
These studies will begin to determine which donor characteristics would best as biomarkers of
anti-tumor cell killing-enhancement potential by gene modification. Lastly, additional in vivo
studies should be performed to determine the feasibility of targeting PTKy utilizing these
therapies in an aggressive metastatic NB model, starting with modification of the treatment

schedule, or enhancement of y§ T cells to increase in vivo persistence.

5.5 Materials and Methods

See Chapter 2 Methods for:



86

Cell lines

Measuring CAR expression
See Chapter 3 Methods for:

Flow-based cytotoxicity assay

Animal Study Ethics

Cloning of T7-PTK7 CAR

A codon optimized AscI-PTK7 VH scFv-5'CD8-BIpI gBlock (Integrated DNA Technologies) insert
and T7-IL2ss-Ascl-scFv-5'CD8-BlpI-3°CD8-CD28-CD3z plasmid were digested with Ascl and
BlpI (New England BioLabs) and complementary ends ligated together. The cloning product was

confirmed by Sanger sequencing (Genewiz).

mRNA production

PTK7 CAR or CD3-PTK7 bispecific engager construct was linearized with Xhol (New England
BioLabs) and mRNA produced with mMESSAGE mMACHINE® T7 Ultra Kit (Life Technologies)
using the manufacturer protocol. mRNA tailing was confirmed by RNA gel electrophoresis.

mRNA was stored at -80 °C for up to 6 months.

yo T-cell isolation and expansion

On Day 0, cryopreserved 100M PBMC vials (AllCells) were activated with 500 IU/mL of IL-2 and
5 mM zoledronic acid in OpTmizer media (Gibco) for 48-hours. After incubation, media was
replaced and fresh 500 IU/mL IL-2 and 5 mM zoledronic acid OpTmizer media. On Day 6, aB T
cells were depleted and remaining almost pure T cells were incubated with 1000 IU/mL IL-2.
Media was replaced with fresh media on Day 9, and ¥ T cells continued to expand through Day

12.
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Electroporation of mRNA into yJT cells

Fresh or cryopreserved y§ T cells were resuspended in complete OpTimizer (Gibco) and 1000
IU/mL IL-2 and left to rest at 37 °C for 2 hours. 4x106 cells and 15 ug mRNA was placed in a 4
mm cuvette and electroporated (Bio-Rad) with the following settings: square wave, gene pulzerx,
pulse length = 5 ms, 500 V, 1 pulse, pulse interval = 0, cuvette = 4. Cells were then resuspended
in OpTimizer (Gibco) and 1000 IU/mL IL-2 and left to rest at 37 °C for 24-hours before CAR

expression and use in functional studies.

In vivo metastasis model

4-week-old NSG mice were engrafted with 1x10° GFP/luciferase-tagged IMRj5 cells via tail vein
injection on Day -1. 10x10° total unmodified, PTK7 CAR modified, or CD3-PTK?7 bispecific
engager modified y§ T cells were injected via retroorbital injection on Day o, 3, 7, and 10. Mice
were injected with D-luciferin (PerkinElmer) at 10 pL/g of body weight via intraperitoneal
injection and were imaged with IVIS bioluminescence (PerkinElmer) 2-3x a week. Mice were
sacrificed at a predefined endpoint of tumor burden, which considered changes in weight, scruff,

movement, and hunched state.

5.6 Supplemental Figures, Tables, and Legends
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6.1 Summary of Results

PTK7 was identified as a promising NB target through a discovery platform that identifies N-
glycoproteins in a model that represents post-chemotherapy refractory/recurrent patient
population. Here, we determined the feasibility of targeting PTK7 through cellular-based
therapies. We first engineered and tested various PTK7 CAR lentivirus vector constructs and the
transgene components from extracellular to intracellular included were scFv-CD8 hing-CD28
transmembrane-CD3z. We obtained the scFv sequence from an existing monoclonal antibody
VH/VL sequence that moderately binds PTK7. We determined VH-L-VL orientation is more
efficiently expressed and better binds PTK7 compared to VL-L-VH. Lastly, PTK7 CAR T cells
became specifically activated in the presence of several NB cell lines, while similar activation was
not observed in CAR T cells in presence of PTK7-negative cells. Altogether demonstrating specific
activation of PTK7 CAR T cells to antigen-positive cells only.

Simultaneous to PTK7 CAR engineering, we performed method development of
introducing CAR expression in primary ap T cells. We applied a method termed proxim
transduction that increases cell to virus contact. Lentiviral proxim transduction of PTK7 CAR
resulted in a 10-fold decrease in the amount of viral vector needed to achieve CAR expression.
Lentiviral/retroviral transduction are the most utilized tools to deliver CAR transgene. However,
neither is capable of transducing 100% of the primary T cell population. We therefore designed
and tested the feasibility of selecting PTK7 CAR+ T cells using transduced primary T cells with a
positive selection column-based method. We showed that this selection method is successful in
isolating PTK7 CAR+ T cells to a near pure population and release the direct binding protein,
PTK7 Fc, used to bind CAR+ T cells to the column. Importantly, PTK7 CAR+ T cells also retain
antigen-specificity and cytotoxic potential. However, additional experiments are needed to
determine the feasibility of incorporating both proxim transduction and column-based selection

methods to utilize in PTK7 CAR T-cell functional studies.
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We then focused our efforts on determining cytotoxic potential of our engineering PTK7
CART cells. PTK7 CAR T cells demonstrated potent cytotoxicity against NB cell lines IMR5, NLF,
and SK-N-AS, while ineffective at inducing cell death in PTK7 negative cell lines, CMK, and SK-
N-AS PTK7 KO. In vivo, survival was significantly prolonged in NSG mice bearing metastatic
IMR5 disease that were treated with a single dose of PTK7 CAR T-cell therapy. The response was
however not sustained long-term, and disease recurred.

Finally, in addition to PTK7 CAR T cells utilizing aB T cells, we explored targeting PTK7
in NB through PTK7 y6 T cells and ¥ CD3-PTK7 bispecific engagers. We found these modified
y6 T cells to induce donor-dependent cytotoxicity of NB cell lines. In a limited in vivo study, we
found both PTK7 y§ CAR T cells and y§ CD3-PTK?7 bispecific engager able to control tumor cell
growth through Day 21. Additional in vitro and in vivo studies should be performed to determine

the feasibility of utilizing modified y§ T cells to target PTK7 in NB.

6.2 Implication of Findings

Patient survival of high-risk NB has been significantly improved with addition of combination
immunotherapy that includes a monoclonal antibody against GD2, GM-CSF, and IL-2 9. This
successful addition of immunotherapy to the standard of care for high-risk patients started
multiple clinical trials against the same antigen, GD2, most notably, CAR T-cell therapy 82123124,
Most recent and notable thus far are the clinical trial results for GD2-CARTo01 therapy for relapsed
or refractory high-risk NB (NCT03373097), with an overall response rate of 63% (17/27) 44.
Despite the interim success, not all patients respond to anti-GD2 immunotherapy 944145, Thus,
past investigations identified new targets based on differential transcription expression of NB
antigens compared to normal tissue (e.g. GPC2, B7yH3, and ALK) 46148 Most recently,

neuroblastoma experts, the Goldsmith Lab of Emory University, identified a new target, PTK7,
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through sensitive and specific cell surface glycoproteomics technology. PTK7 is an inactive
receptor tyrosine kinase involved in both canonical and non-conical Wnt signaling and plays a
role in embryonic development and tissue homeostasis 14915°. They found PTK7 was not required
for proliferation, cell survival, or therapy response in NB cell lines, however, PTK7 expression is
correlated with poor survival in patient survival data so future investigations in functional roles
are being tested, such as cell motility, tumor initiation, and metastasis, which play a role in adult
cancers 15153,

Here, our main objective was to design a sufficient CAR against PTK7 to determine the
feasibility of targeting it in NB. We tested multiple engineered PTK7 CAR constructs for specific
cytotoxic potential and in vivo efficacy. Our preclinical investigation defines PTK?7 as targetable
through ap CAR T cell, y6 CAR T cell, and y§ bispecific engager therapy both in vitro and in vivo.
These therapies may be especially beneficial for NB patients that progress through the current
immunotherapy against GD2. Given the inherent persistence potential over y§’s, af CAR T-cell
therapy may be the superior option to target PTK7 for an effective and sustained response.
However, NB patients that enroll in phase I/II clinical trials have refractory or relapsed disease
after exhausting current treatment options, including multiple high doses of chemotherapy that
have been shown to impair T-cell function. We therefore propose utilizing PTK7 CAR-modified
allogenic y§ T cells expanded from healthy donors may be the better choice for these patients,
while aB T cells expanded from patients may be best utilized prior to chemotherapy treatment in
patients.

Our secondary objective was method development of introducing lentiviral PTK7 CAR in
addition to a CAR+ T-cell selection method. Lentiviral vectors haven’t demonstrated the same
oncogenic potential as retroviral vectors 108109, However, problems still lie with the use of lentiviral
vectors, such as the substantial amount needed for early phase clinical trials °, in addition to
being non-standardized and labor-intensive. Lentiviral CAR delivery through proxim

transduction decreased the amount of vector needed by 10-fold and has the potential to scale up
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to manufacturing protocol. Pre-clinical designs of CAR constructs include markers that can’t be
employed for clinical studies due to immune rejection of mouse origin molecules, marker release
to extracellular space, physiological interference, as well as incompatibility with technology
currently employed to allow enrichment of cells under GMP 3. Thus, technology that allows
positive selection of CAR T cells during manufacturing have been tested with a splice variant of
CD34, RQRS8 131516, However, influence in physiological functions is still being tested 3. Our
column-based method allows selection of pure PTK7 CAR+ T cells without additional transgenes
and use of columns that are from the manufacturers of the FDA-approved CliniMACS CD34
Reagent System, making this method more clinically relevant and translatable for introduction to

patients.

6.3 Limitations and Future Directions
CAR design components
There are many preclinically tested CAR components that show specific advantages and
disadvantages of each functional domain. So much so, the task of identifying the appropriate
outfit for each CAR T-cell therapy can be daunting. As a result, many variations can theoretically
and perhaps will eventually be introduced and tested in the clinic. However, today, only the same
few variations of CARs have been utilized in clinical trials. This can be subjectively attributed to
the following. Compared to chemotherapies or other targeted therapies, CAR T-cell therapy is
relatively new, and as with any new type of therapies, time and multiple trials are needed to iron
out various kinks associated with the therapy. In addition, one of the main barriers of CAR T-cell
therapy is determining an optimal target antigen. Once a target is identified, efforts to validate
the antigen as a promising candidate should be prioritized, prior to optimization of the
downstream CAR components.

Given PTK7 was newly identified and characterized as highly expressed in NB, our efforts

focused on determining the feasibility of targeting this specific antigen with immunotherapies, in
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which we found it was. However, it can be presumed that further optimization of the CAR
components may drastically improve the efficacy of the therapy. The PTK7 CAR constructs tested
were all of the same VH/VL scFv sequence others have identified as a part of a monoclonal
antibody that others have found binds PTK7. Although this scFv was effective in binding and
specifically activating the CAR T-cell function, this is an empirical method and does not determine
the best sequence for CAR T-cell targeting of PTK7. Multiple VH and VL sequences that exist, or
have yet to be discovered, should be tested to truly determine the best scFv for optimal short- and
long-term CAR T-cell function, as binding potential alone doesn’t always positively correlate to
CAR T-cell function 99192, An effort to test other CAR components such as the hinge and
transmembrane domains are currently underway. The scFv binding potential to an antigen may
be highly dependent on the ability of the hinge molecule to provide the optimal steric hindrance
and distance from the cellular membrane 9!, thus should be customized to the specific
antigen/scFv. Lastly, co-stimulatory domains have been the main topic of determinates of CAR
T-cell persistence, and one of the main downfalls of this therapy in solid tumors is lack of
persistence. Therefore, other co-stimulatory domains should be compared to the CD28 domain
utilized in our studies, such as 4-1BB or dual 4-1BB/CD28 domains that have been more

successful clinically 130-133,

Potential resistance mechanisms to PTK7 CAR T-cell therapy

Although successful, trials utilizing CAR T-cell therapies against CD19 reviled mechanisms of
resistance in patient populations that initially responded to the therapy then relapsed with CD19
antigen loss or modulation '54. Target modulation is one of the most common described
mechanisms of disease relapse following CAR T-cell therapy and a complete loss of expression is
not always necessary as CD22 cell surface downregulation was enough to evade CAR T cells in
leukemia patients 55. This idea of antigen escape was first noticed in preclinical research where a

positive correlation between antigen density and CAR-T cell induced activity occurred 5157, One



95

potential major limitation to targeting PTK7 in NB, is its lack of necessity in NB cell proliferation
or response to chemotherapy. Transformed cells have evolved to not only survive but thrive in
harsh conditions such as hypoxic environments or evade the innate and adaptive immune system
over time. This hallmark of cancer easily translates to one of the major downfalls of all therapies,
which is acquired resistance and subsequent relapse. Cancer cells may undergo various
mechanisms of resistance including downregulation of gene or protein expression, slight
modification to the protein structure to escape recognition, direct contact inactivation or efflux of
the therapy. Rarely is a single protein responsible for the survival of these transformed cells, thus
are more likely able to “spare” the expression or functionality of the antigen to overcome therapy.
In our in vivo metastatic model, disease eventually recurred post PTK7 CAR T-cell therapy.
Promisingly, IMR5 cells residing in the liver at recurrence show high PTK7 expression; however,
this was determined only within days of the first signs of recurrence, thus lacks conclusion of PKT7
expression at a later point nor any potential slight modification of the protein structure. Future
studies should include in vitro or ex vivo repeated challenge assays to evaluate CAR T-cell-
mediated cell death over time. Preemptively, to address the potential PTK7 loss, we are
investigating multi-antigen targeting by determining the feasibility of dual PTK7 and GD2
targeting. Targeting GD2 alone with CAR T cells has recently shown great efficacy in a clinical trial
for relapsed or refractory NB, however long-term response or potential relapse to therapy has yet

to be defined 44.

CAR T-cell persistence

One critical component to @B CAR T-cell therapy that was alluded to yet be optimized in our
current studies is persistence. A major population of patients with poor response to CAR T-cell
therapy has been attributed to the lack of persistence of T cells and even patients who initially
respond to the therapy are at risk of relapse due to limited persistence. Several known variables

have been preclinically and clinically modified to increase CAR T-cell persistence and they are
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mainly altering T-cell differentiation state, CAR architecture, and supplements in ex vivo
expansion media.

T-cell subsets are classified by the expression or lack of expression of cell surface markers
that are related to migratory and functional roles, and each subset differs in proliferation and
survival. In general, both preclinical and clinical evidence show less differentiated T cells, which
include naive T cells (Tx), stem cell memory T cells (Tscm), and central memory T cells (Tewm),
proliferate and persist longer in vivo 3¢ and is associated with long-term remission in patients 59
compared to the more differentiated effector memory T cells (Tem) and effector T cells (Terr). Tscm
cells are an attractive cell type to test in ACT’s due to their ability of regeneration and continued
proliferative ability. However, they retain a naive T-cell phenotype that renders them incapable
of inducing potent anti-tumor activity. This knowledge combined with the appreciation of later
stages of T-cell differentiated cells being less persist, suggests a goldilocks T-cell subtype for use
for CAR T-cell therapies, in which they are stem cell-like enough to proliferate, yet differentiated
enough to effectively kill tumor cells. We found our expanded mock T cells and PTK7 CAR T cells
to be mostly of Tem phenotype (CCR7+CD45R0O+). However, PTK7 CAR T cells contained a
notable higher percentage of more differentiated Tewm cells (CCR7-CD45R0O+) compared to mock
T cells. Given primary T cells don’t express PTK7 and they have yet to be exposed to outside
antigen, we hypothesize that our transduction method induces a stress response leading to a more
rapid differentiation state. Therefore, this therapy may benefit from future studies that optimize
lentiviral transduction to retain the Tcm phenotype seen in mock T cells, or perhaps introduce the
use of specific cytokines that have shown to conserve stem cell memory-like phenotype.

First-generation CARs lack a co-stimulatory domain and rely solely on the CD3¢ domain
to prime and activate T cells upon antigen binding. These initial CAR T cells lacked the required
cytokine release for a potent and sustained response, therefore triggered the introduction of co-
stimulatory signaling domains. These second-generation CARs are more efficient at activating

and promoting an efficient expansion of T cells. The most utilized co-stimulatory domains are
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CD28 and 4-1BB and both preclinical 16016t and clinical 162163 evidence show CAR T’s with CD28-
based co-stimulatory domains persist less than 4-1BB domains %4. Therefore, efforts to draw a
comparison between the two co-stimulatory domains should be made for the PTK7 CAR,
including looking at variances in cellular metabolism, as the addition of 4-1BB demonstrated both
increased respiratory capacity and mitochondrial biogenesis in T cells.

Lastly, persistence of y6 T cells is not as well studied compared to traditional af T cells,
however in preclinical studies, persistence was shown to be limited in vivo 39. In addition,
evidence shows Vy1+ cells have a decreased susceptibility for activation-induced cell death over

Vy9Vé2+ cells 1%, insinuating increased persistence in vivo.

PTK7 targetable in other cancers

In addition to NB, PTK7 is expressed in other pediatric and adult solid tumors. In point, PTK7 has
been recently pre-clinically targeted for the first time by CAR T cells in adult lung cancer ¢ with
in vitro and in vivo efficacy. In addition to NB and lung cancer, PTK7 transcript is highly
expressed in cancer cell lines, including pediatric bone cancers, sarcomas, brain cancers, and
leukemias (Figure 6.1A-B). Given high PTK7 gene expression, PTK7 protein expression was then
validated in tissue of two osteosarcoma PDXs and primary patient tumor and paired PDX and
shown to be highly expressed (IHC score >2) (Figure 6.2.A). Given the elevated protein
expression, we preliminarily determined the cytotoxic potential of our primary PTK7 CAR T cells
in osteosarcoma and rhabdomyosarcoma and found these cell lines, like NB, were susceptible to
PTK7 CAR-T cell induced cell death (Figure 6.2B). Current investigations are underway to

further determine the feasibility of targeting PTK?7 in osteosarcoma and rhabdomyosarcoma.
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Figure 6. 1. PTK7 is targetable beyond NB

(A) Box and whisker plots show PTK7 expression from Cancer Cell Line Encyclopedia (CCLE,
sites.broadinstitute.org/ccle/). Dotted line represents the mean. Solid line represents the median.
Dots represent outliers. Error bars represent SD. (B) PTK7 expression in cancers further
classified into subtypes. Left to right: bone cancer, sarcoma, leukemia, brain cancer. Normalized
transcript data was taken from CCLE and plots generated in RStudio with the package: Plotly
Technologies Inc. Collaborative data science. Montréal, QC, 2015. https://plot.ly. Plots are

published in Lee J.Y. and Jonus H.C. et al. Cell Rep. Med., 2023.
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Figure 6. 2. PTKy CAR T cells are effective against osteosarcoma and
rhabdomyosarcoma tumor cells

(A) THC demonstrating PTK7 expression in osteosarcoma PDX tissue and rhabdomyosarcoma
primary and paired PDX tissue. Scores of IHC staining for each tissue are provided in top left.
Figure curtesy of the Goldsmith Lab. (B) 4-hour flow cytometry cytotoxicity assay of PTK7 CAR
modified T cells against PTK7 expressing osteosarcoma and rhabdomyosarcoma cell lines
compared to mock T cell controls. % cytotoxicity = the sum of 7AAD+, Annexin V+, and 7AAD+
Annexin V+ cells, gated on target cells. N = 2 donors with n = 3 biological replicates. Data
represented as mean and error bars as SD. Published in Lee J.Y. and Jonus H.C. et al. Cell Rep.

Med., 2023.
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6.4 Conclusions
In conclusion, our investigation shows PTK?7 is targetable through cellular immunotherapies in
NB and likely other pediatric cancers. Ongoing and future research focus on optimization of

genetically engineered immune cells to target PTK?7 for translation into clinical studies.
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