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ABSTRACT

MAHBOUBEH YAZDANIFAR. Chimeric Antigen Receptor (CAR) T Cell
Immunotherapy for Mucin 1 (MUCI1)-positive Pancreatic Ductal Adenocarcinoma (Under
the direction of Dr. PINKU MUKHERJEE)

Chimeric antigen receptor engineered (CAR) T cells have shown remarkable
success in the treatment of hematologic cancers. However, this efficacy has yet to translate
to treatment in solid tumors. Pancreatic ductal adenocarcinoma (PDA) is a fatal malignancy
with poor prognosis. Treatment options are limited and commonly associated with severe
side effects. We have developed and characterized a second generation CAR using the light
and heavy chain sequence derived from a novel monoclonal antibody, TAB004, that
specifically binds tumor-associated MUCI1 (tMUC1) antigen. tMUCI1 is overexpressed in
>85% of all human PDA. We present data showing that the TAB004 derived CAR
engineered T cells (MUCI-CAR T cells) specifically binds tMUC1 on PDA cells and is
cytotoxic against the majority of PDA cell lines in vitro. Importantly, the tMUC1-CAR T
cells do not bind or kill normal epithelial cells. We further demonstrate that the tMUCI -
CAR T cells control the growth of orthotopic pancreatic tumors in vivo. PDAs are
immunologically cold tumors with resistance to many standard treatment modalities, thus,
it was not surprising that some of the PDA cell lines were refractory to CAR T cell
treatment. qPCR analysis of several genes known to be associated with immune resistance
revealed overexpression of indoleamine 2, 3-dioxygenases-1 (IDO1), Cyclooxygenase 1
and 2 (COX1 and COX2), Adenosine deaminases acting on RNA (ADARI) and galectin-
9 (Gal-9). We treated resistant PDA cells with a combination of CAR T cells and biological

inhibitors of IDO1, COX1/2, ADARI, and Gal-9. Results showed a significant

il



enhancement of CAR T cell cytotoxicity against resistant PDA cells when inhibiting IDO1,
COX1/2, and Gal-9 but not ADARI1 or COX2. In addition, we show that pre-treatment of
resistant PDA cells with sub-optimal doses of standard chemotherapeutic drugs (paclitaxel,
gemcitabine, or 5FU) significantly increased CAR T cell cytotoxic efficacy against
resistant PDA cells. Overcoming CAR T cell resistance in PDA is a significant
advancement in the field and may lead to future combination therapies that may be less

toxic and more efficient against this lethal disease.
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CHAPTER 1: INTRODUCTION

1.1 Pancreas

Pancreas is a glandular organ located in the abdomen behind the stomach. Pancreas is
anatomically separated into the head, body, and tail [1]. In the pancreas, there are main and
accessory pancreatic ducts that run through the body and ultimately join with the common bile duct.
Pancreas plays a role in the digestive system by secreting hormones and peptides into the
descending part of the duodenum. It also releases hormones into the bloodstream for its role in the
endocrine system [2]. The pancreas is consisted of exocrine and endocrine cells, which have
distinctive morphologies and serve different functions (schematically represented in figure 1). The
exocrine part of the pancreas is made up of acinar cells, which produce digestive enzymes. These
enzymes include trypsin and chymotrypsin to digest proteins, amylase to break down
carbohydrates, and lipase to digest fats [3]. The endocrine pancreas is consist of the islets of
Langerhans, which constitute 1-2% of the total pancreatic volume [4]. The islet cells including
alpha, beta, delta, epsilon, and gamma cells [5], release hormones directly into the bloodstream.
Alpha cells release glucagon which regulates the concentration of glucose and fatty acids in the
bloodstream [6]. Beta cells, the prominent group in the islets of Langerhans, release insulin and
amylin. Dysfunction of beta cells can lead to type 1 or type 2 diabetes [7]. Delta cells produce
somatostatin, which can regulate stomach acid production [8]. Epsilon cells release ghrelin, a
neuropeptide which increases hunger and gastric acid secretion [9]. Lastly, gamma cells produce

pancreatic polypeptide, which self-regulate endocrine and exocrine secretions of pancreas [10].
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Figure 1. Anatomy of the pancreas. The pancreas is located in the abdomen behind the stomach
and is anatomically separated into the head, body, and tail. The pancreas is consisted of exocrine,
endocrine and duct cells. The islets of Langerhans secrete hormones and peptides, which are
transferred to the bloodstream. The exocrine pancreas (acinar cells) produces regulatory hormones

and peptides. They are secreted via ducts that are lined with pancreatic ductal cells [11].

1.2 Pancreatic Cancer

Pancreatic cancer (PC) is one of the worst cancer diagnoses with 5-year overall survival rate
of 9%. [12]. It is the third leading cause of cancer-related deaths in the United States, with its
mortality rate nearly matching its incidence rate [12] [13]. By 2020, PC is estimated to become the

second leading cause of cancer-related deaths by overtaking colorectal cancers [14]. There are
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several risk factors for PC such as familial history, cigarette smoking, chronic pancreatitis, diabetes
mellitus and nutritional status [15, 16].

PC is commonly differentiated based on the anatomical location of the tumor. The tumor
could be in the tail, neck, and head of the pancreas, however the pancreatic head is the most
common site where tumors arise [16]. Similar to many cancer types, common health ailments, i.e.
pain, weight loss, and appetite-related problems, are used in diagnosis, and patients are usually
asymptomatic until metastases have already developed [17]. Diabetes is also a common diagnostic
tool and is one of many risk factors [16].

Treatment of PC generally includes surgery, chemotherapy, and radiotherapy and the
treatment options are usually dependent on the stage and spread of the disease upon diagnosis.
Tumor resection dramatically improves outcome, but unfortunately only 20% of the cases are
eligible for surgery [18] and most cases involve metastases (liver and lymph nodes commonly) that
are very difficult to control and treat with standard care [19].

Currently, the standard of care for metastatic PC is combination cytotoxic therapy, folinic
acid-fluorouracil-irinotecan-oxaliplatin namely FOLFIRINOX or gemcitabine plus nab-paclitaxel
[20]. FOLFIRINOX has shown better response than gemcitabine plus nab-paclitaxel and increased
overall survival in patients with metastatic PC [21]. However, it has been associated with
physiological complications, such as sensory neuropathy [22]. The emerging field of
immunotherapy has provided new treatment opportunities. Perhaps the most promising results that
have been generated so far are with vaccines (peptide, tumor lysate, or dendritic cells (DCs) to
boost resident immune responses to PC [23, 24]. Clinical records support that PC is sensitive to T
cell reactions and suggests that direct adoptive transfer of PC-reactive T cells could result in robust
clinical responses. New strategies within the immunotherapy field such as chimeric antigen
receptor T cell therapy and antibody guided nanoparticles might be the future of PC treatment [25,

26], however, they are still early in the research and development phase. Like other cancers, PC is



very resistant to any therapy including immunotherapy. Therefore, it is imperative to develop and

evaluate novel targeted therapeutics to improve outcome of this deadly disease.

1.3 Pancreatic Ductal Adenocarcinoma

Pancreatic ductal adenocarcinoma (PDA) is the most frequent type of PC (>95% of all PCs),
and one of the most aggressive solid malignancies [27, 28]. Despite low incidence, it remains the
third leading cause of cancer-related deaths in the modern world, mainly because of dismal
diagnosis [29]. Significant improvements have been achieved in the screening and therapy of
different solid cancers in the last decades, highly incrementing patients chance for cure.
Nevertheless, the mortality to incidence ratio in pancreatic cancer has not experienced significant
revision over the last few decades. The five-year survival rate remains just around 9% and one-year
survival is achieved in less than 20% of cases [30]. This grim prognosis is primarily because of
lack of visible and distinctive symptoms and reliable biomarkers for early diagnosis as well as
aggressive metastatic spread leading to meager response to therapy [31]. In fact, around 50% of
diagnosed patients present with metastatic disease. Furthermore, tumor heterogeneity and plasticity

in PDA cause chemoresistance.

Progression of the disease through consecutive stages is accompanied by accumulating
morphological and genetic alterations. Subsequently, signaling pathways undergo alterations in
PDA progression. Over-activation of several signaling pathways involved in growth and
proliferation, as well as altered expression of tumor suppressor genes are frequently detected in

PDA, influencing cell proliferation, survival and invasion.

Primarily, PDA arises from epithelial cells that experience certain genetic mutations. 95%
of PDA are initiated by KRAS point mutations [32]. Other mutations such as CDKN2A, TP53, and
SMAD4/DPC4 also have been identified to play a role in the PDA development [33]. These

mutations seem to occur in a temporal sequence in progressive pancreatic intraepithelial neoplasia



stages (PanIN). Full blown PDA arise from these PanINs lesions that are categorized as PanIN-1A,
PanIN-1B, PanIN-2, and PanIN-3 according to the histological atypia after pathology [34]
(Schematically represented in figure 2). In the pancreas, normal ductal epithelial cells typically are
cuboidal in shape with an apical surface, which faces the duct and is covered with mucins that
protect the cell from bacterial invasion or mechanical damage. These cells also have a basement
membrane near the blood supply where growth factors accumulate. In PanIN-1 lesions, the
epithelial cells start to lose their cuboidal shape and become elongated. Here, they start to
overexpress mucins. In PanIN-2 lesions, the cells start to lose their polarity and detach from the
basement membrane. PanIN-3 lesions lead to invagination of the cells, which then bud off. This is
sometimes termed as carcinoma-in-situ. PanIN-4 is considered full onset invasive carcinoma.
Progressing from the initiating gene mutation in KRAS in a pancreatic ductal epithelial cell to a

full blown PDA can take about twenty years [35] (figure 2).

Due to broad repertoire of genetic and metabolic remodeling, PDA can survive under severe
conditions and increase proliferative ability. Furthermore, recent analysis of gene expression and
activity allowed for classification of detected mutations into four distinct phenotypic subtypes
defined as squamous, pancreatic progenitor, immunogenic and aberrantly differentiated endocrine
exocrine (ADEX) [36]. Each subtype is characterized by different mutational landscape, tumor
histopathological characteristics and correlates with different prognosis. Classification of
diagnosed patients into one of these four subtypes may provide substantial prognostic value and be
of great therapeutic relevance, allowing for more personalized treatments. Additionally, a dense,
diffuse stroma called desmoplasia, is formed around the tumor, contributing to its resistance and
influencing tumor progression and invasion [37, 38]. The mentioned events make pancreatic cancer
resistant to currently applied therapies, demanding for novel, broader approaches to improve PDA
patients’ perspectives. Conventional cytotoxic treatments, such as chemotherapy and radiotherapy,

have been rather unsuccessful in improving patient’s survival, offering marginal benefits. Single
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agent gemcitabine, as well as its combinations, prolonged life expectancy only moderately and
failed to provide expected results. Similarly, multidrug regimens (e.g. FOLFIRINOX) and targeted
therapies yield disappointing effects. Therefore, there is a pivotal need for development of novel

and effective strategies aiming to advance current therapeutic possibilities.

KRAS Below crucial i _
activity  threshold ¥ Above crucial thrashold

signalling Hona o low threshold — =

Hh ligand

Increasing desmoplasia

Persistent ductal ‘de-differentiation” and reactivated elements of embryenic development
Acinar Ductal
specification FRprogRmeTing PaniNla and b PaniiNZ PaniN3 PDAC

Crucial temporal thresholds of developmental signalling pathways and KRAS
activity allow pancreatic epithelial neoplasia - pancreatic ductal adenocarcinoma
initiation and progression

Figure 2. Progression of normal pancreatic ductal epithelial cells to PanIN lesions and to PDA.
Initiating mutations in genes such as KRAS drives emergence of early pancreatic neoplasia, which

lead to the development of PanIN lesions and full-blown PDA [39].

1.4 MUCI1

Mucin 1 (MUCI) protein is a membrane-associated glycoprotein overexpressed in the

majority of human malignancies and considered as a predominant protein biomarker in cancers.



MUCI has been targeted by many therapies and it is recognized as the second most targetable
antigen by the National Cancer Institute [40].

MUCI, is a single pass type I transmembrane protein with a heavily glycosylated
extracellular domain that extends up to 200-500 nm from the cell membrane [41]. MUCI is
normally expressed on the glandular or luminal epithelial cells [42, 43] which line the digestive,
respiratory, and reproductive tracts, such as esophagus, stomach, duodenum, pancreas, uterus,
prostate, mammary glands, and lungs [44]. MUCI creates a protective physical barrier on the apical
surface that prevents bacteria from entering the cells. Over 50% of the mucins mass are
carbohydrates that are O-linked to the protein core via serine and threonine residues [45]. The
hydrophilic, negatively charged sugar branches of the mucins oligomerize and form a mucinous
gel that lubricates and protects the underlying epithelia from dehydration, pH changes, pollutants,
and microbes [46]. MUCI1 has a N-terminal domain, followed by a sequence called the variable
number of tandem repeats (VNTR), a transmembrane section, and finally a cytoplasmic tail. The
larger extracellular portion comprises of the N-terminus (104 amino acids) and the VNTR sequence
(20 amino acids) that is repeated 25-125 times because of polymorphism. The VNTR segment
contains 5 prolines and up to 5 O-linked glycans owing to serine and threonine residues. The C-
terminus consists of 170 amino acids. The MUC1-C consists of an extracellular domain (58 amino
acids), a transmembrane domain (28 amino acids), and a cytoplasmic tail (72 amino acids) [47].
The cytoplasmic tail (also known as CT) is highly conserved through various species, however the
rest of the molecule is not. The extracellular region adjacent to the transmembrane domain which
is called Sea Urchin Sperm protein enterokinase and agrin (SEA) domain, anchors the N-terminus
to the C-terminus through stable hydrogen bonds [48]. The SEA domain contains cleavage sites

that can release the extracellular N-terminus (Schematically represented in figure 3).
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Figure 3. Schematic of the MUCI structure on the cell membrane. MUCI on the normal cells is
heavily glycosylated on the T-terminal domain. It has O- and N- glycosylation, protecting the
VNTR region of the N-terminus. N terminus is bound via hydrogen bonds to extracellular SEA
domain of the C-terminus. Adapted from Nath et al 2014 [41].

MUCI1 in normal epithelial cells is localized on the apical surface and functions as a
protective barrier. However, when normal cells transform to malignant cells and lose their polarity,
MUCI expression is no longer restricted to the apical surface; it becomes hypo-glycosylated and
comes in contact with multiple growth factor receptors [49] (Schematically represented in figure
4). This allows tumor associated MUC1 (tMUC1) to play a significant role in oncogenic signaling
[50-53]. Many studies have confirmed that the oncogenic signaling happens via the cytoplasmic
tail of MUC1 (tMUCI1-CT) [54, 55]. It has been stablished that overexpression of tMUC] in tumors
is linked to enhanced epithelial to mesencyhmal transition (EMT) leading to increased
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invasiveness, metastasis, and drug resistance [41, 56, 57]. tMUCI1 is not only overexpressed in
PDA but is aberrantly glycosylated in over 80% of human PDA cases [41, 46, 50, 58, 59]. tMUC1
plays a critical role in tumor progression and metastasis in PDA [41] [60] [61]. tMUCI
overexpression occurs at the early stages of the disease [62] and high expression is associated with

poor prognosis in PDA patients [53].

Mormal epithelial cell Cancer cell

Key:
L Growth factor Heavily glycosylated Underglycosylated
i receptors Mucin 1 [MUCL) Mucin 1 (MUC1)

TRENDS in Motecular Medicing

Figure 4. Normal MUCI vs. tumor associated MUCI1. tMUCI is overexpressed and aberrantly
glycosylated. In a transformed cell that has lost its polarity, tMUCI expression is not restricted to
the apical surface. It comes in close proximity to growth factor and plays a role in oncogenic

signaling. Adapted from [41].

1.5 TAB004 Antibody

Our lab has developed a mAb named TAB004 (patent US 8518405 B2 and US 9090698 B2
and US20160130357 A1) [63] that detects tMUC1 on human PDA tumor tissues. While other anti-
MUCI antibodies such as Pemtumomab (HMFG1) was developed using human milk fat globule,

TAB 004 was developed using tumors expressing the altered form of MUCI [59, 64]. It has been
9



generated by immunising Balb/c mice with MUCI-positive pancreatic tumors, previously
generated in MUC] transgenic mice. TAB004 has been reported to detect MUCI in tumors isolated
from stage 2-4 pancreatic cancer (figure 5) [65]. TAB004 does not bind to normal MUC1 on normal
pancreatic cells. Aberrant glycosylation in tMUCT1 provides new motifs that are hidden in normal
MUCI. TAB 004 recognizes the altered glycosylated epitope (Tn) within the MUC]1 tandem repeat
sequence (schematically presented in figure 5) [65].[66] Importantly, this is different from the
epitopes recognized by the other MUCI1 antibody and has unique complementary determinant
regions (CDRs) of the heavy and light chains. The antibody binds the target antigen with high

binding affinity at 20 pM and does not bind unrelated antigens [65].

Further, immunohistochemistry (IHC) staining data with TAB 004 was compared to the
protein atlas data for other normal epithelial tissues (e.g.: normal colon, small intestine, stomach,
heart, spleen, lung, liver, pancreas) and, show that TAB 004 does not bind normal MUCI (figure
5) while other MUC1 antibodies recognize the antigen expressed on normal tissues.
Immunohistochemistry staining with TAB004 on human tissue sections from liver, heart, lung,
esophagus, small intestine, spleen, pancreas, stomach, and colon revealed minimal staining,
confirming that TAB004 does not detect normal MUC1 on normal epithelial cells (figure 6B).
Moreover, in an orthotopic model of murine PDA (bioluminescent KCM-luciferase cells injected
in the pancreas of C57BL/6 mice), TAB004 — conjugated to indocyanine green (TAB-ICG)

accumulated only in the tumor, confirming the high tumor specificity of TAB004 (figure 6 C).

Moreover, we have shown that TAB004 could bind to MUCIT in cancer stem cells (CSCs)
isolated from pancreatic cancer patients [65]. Furthermore, the specificity of TAB004 was
investigated in a breast cancer mouse model, where it showed detection of early and metastatic

breast cancer [67].
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Figure 5. TAB004 antibody. TAB004 binds to newly formed epitope in tumor associated MUCI,
which is aberrantly glycosylated, but it does not bind to normal MUCI.

Currently, TAB004 antibody is being commercially developed by OncoTAb Inc., a start-up
company established by Professor Pinku Mukherjee [68]. The company has generated their first
commercially-available product, named as AgkuraTM Personal score. AgkuraTM is a non-invasive
blood test which is being offered for breast cancer detection, in supplementation to mammogram,
for women with dense breast tissue. Its technology is based on detecting circulating MUC1 with

the use of TAB004 antibody [68].
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Figure 6. MUCI detection by TAB004. A. Immunohistochemistry images of human pancreatic
tumors stained with TAB004. Brown stain indicates tMUC1. B. IHC of a panel of normal epithelial
tissue stained with TAB 004. TAB 004 does not stain normal epithelial tissues. C. In vivo imaging
using TAB004-ICG in orthotopically injected tumor cells in the pancreas - bioluminescent KCM
tumor bearing mice (rainbow); TAB-ICG: (red/yellow).

1.6 Cancer Immunotherapy

1.6.1 Overview

The immune system is body’s fundamental defense system against infectious organisms and

other invaders. In recent decades, there has been great advancement in our understanding of the
12



immune system and its close inter-relationship to cancer. Although there are substantial evidence
supporting the existence of the immune surveillance of cancer; it is apparent that T cells generally
do not create immune responses potent enough to eradicate established tumors. Different
mechanisms have been proposed which are responsible for this incapability. For instance, it has
been suggested that cancer cells can “hide” from immune cells by down-regulating their tumor-
specific antigens or Major Histocompatibility Complex (MHC) molecules [69]. In addition, in the
tumor microenvironment, there is an increase in the level of immunosuppressive cytokines (e.g.
IL-10 and transforming growth factor (TGF)-B) as well as concentration of suppressive cell
populations such as regulatory T- cells (Tregs), M2 polarised macrophages (TAM) and myeloid
derived suppressor cells (MDSC) (reviewed by Hanahan and Weinberg [70-75].

Three are three fundamentally different immunotherapeutic approaches that harness the
immune system against cancer. The first category involves the administration of cancer vaccines
that intent to boost the immune responses against an immunogenic tumor specific antigen (e.g.
MUCI vaccines). The second category includes the development and use of monoclonal antibodies
(mAbs) which block overexpressed proteins such as ErbB dimers. A major antibody application
includes immune checkpoint blockade. The third category consists of different adoptive T cell

immunotherapeutic strategies.

1.6.2 Immune Checkpoint Blockade

The concept of immune checkpoint blockade is based on the idea of counteracting tumor-
mediated suppression of immune responses. T cell stimulation is regulated positively or negatively
through the interaction of co-stimulatory or co-inhibitory ligands with their receptors. Co-inhibitory
ligands are usually expressed on tumor cells or immunosuppressive subtypes of macrophages or
dendritic cells. A variety of mAbs have been developed to inhibit the effect of these negative

regulatory signals. Most clinically relevant immune checkpoint inhibitors are targeted against

13



CTLA-4 and PD-1, which are expressed on T cells, and PD-L1 which is expressed on tumor cells.
Ipilimumab (Yervoy), an anti-CTLA-4 antibody has shown promising results in treatment of
patients with metastatic melanoma [76]. Due to its positive results, Ipilimumab was approval by
the FDA for the treatment of melanoma patients with metastatic or unresectable disease in 2011
[77]. In 2015, ipilimumab was FDA approved for the treatment of patients post-surgery that are in
high-risk for disease recurrence [78]. Furthermore, two anti- PD-1 antibodies, namely
pembrolizumab (Keytruda) and nivolumab (Opdivo), have been FDA approved for the treatment
of different advanced malignancies, including melanoma, head and neck squamous cell carcinoma,
non-small cell lung cancer, classical Hodgkin’s lymphoma, non-squamous non-small lung cancer
and urothelial carcinoma [79, 80]. In May 2017, pembrolizumab was also approved for the
treatment of patients with any type of metastatic or unresectable solid malignancy which is defined

by microsatellite instability-high (MSI-H) or mismatch repair deficiency (AIMMR) [81].

1.6.3 Adoptive T cell Therapy

Adoptive T cell therapy (ACT) is the most recently advanced immunotherapeutic strategy
that involves the adoptive transfer of either autologous or allogeneic T cells into cancer patients.
The pioneer of adoptive T cell therapy is Steven Rosenberg who developed T cell immunotherapy
using tumor-infiltrating lymphocytes (TILs). In this approach, patient’s TIL cells are isolated from
an excised tumor mass, expanded ex-vivo in culture with IL-2 and then re-injected back to the
patient after conditioning with either chemotherapy or radiotherapy. The first promising results
came in 1988 when 60% of melanoma patients achieved tumor regression after TILs injection [82].
However, this approach is not applicable in many other tumor types as it is very difficult to detect
or expand tumor-specific T cells.

To broaden the application of ACT for different tumor types, other strategies were developed

which became feasible with improved efficiency of gene transfer technology. In these derivative

14



approaches, patient-derived T cells are re-directed against tumor cells by introduction of genetically
encoded receptors. The redirection is achieved by expressing on the T cell surface either an antigen
specific T cell receptor (TCR) or chimeric antigen receptor (CAR). Conventional aff T cell
receptors recognize processed peptide antigen, presented in a HLA-dependent manner. By contrast,
chimeric antigen receptors are artificial fusion molecules that recognize native cell surface targets
in an antibody-like manner.

Regarding the former approach, a variety of TCRs with different antigenic specificities have
been developed and examined in numerous clinical trials [83]. The efficacy results derived from
some early-phase clinical trials are promising. In 2015, it was reported that NY-ESO-specific TCR
engineered T cells demonstrated promiscuous clinical responses, including 50% response rate in
multiple myeloma patients and 91% in synovial sarcoma [84].

Although the results were promising, this approach may be problematical by occurrence of
“on target, off tumor” toxicity. These toxicities result from the fact that the expression of the
targeted antigen is not restricted to tumor cells but is also present in some normal tissues. In a
trial for metastatic melanoma, patients were treated either with engineered TCR T cells specific
for either the melanoma-associated antigen recognized by T cells (MART-1) or the glycoprotein
100 (gp100) [85]. Objective tumor regressions were witnessed in 30% and 19% of patients
respectively. Unfortunately, responses were accompanied by on target off tumor toxicity to skin,
ears and eyes, due to the presence of melanocytes in these tissues [85]. In another clinical trial,
anti- MAGE (melanoma associated antigen) A3/A9/A12 TCR-engineered T cells were
administrated to nine patients with melanoma, synovial sarcoma or oesophageal cancer [86]. Five
patients achieved tumor regression. However, three of the patients developed altered mental
status, which proved fatal in two cases. These neurological toxicities were linked to physiological
expression of MAGE A12 in the brain which was recognized by the TCR engineered T cells,

leading to neuronal cell destruction [86].1.6.4 Chimeric Antigen Receptors
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Chimeric antigen receptor T cell (CAR T cell) therapy is an exciting approach that arm T
cells with a chimeric receptor that can recognize a surface antigen on tumor cells [87]. In the last
decade, CAR engineered T cells have shown exceptional promise in the treatment of hematologic
malignancies [88, 89] such as refractory B-cell malignancy [90-93] and metastatic melanoma [94];
however, this success has not been extended to adenocarcinomas [95].

Chimeric antigen receptors was first introduced in 1989 by Eshhar and colleagues who
created chimeric T cell receptors [93, 96, 97]. These fusion molecules were combining the cytolytic
activity of T cells with the specificity of mAbs. In this concept, they have replaced the TCR’s
antigen binding domain by that of a mAb; thus the T cells attacked and destroyed the tumor cells
as a result of recognition of surface antigens in an HLA independent manner [96, 97]. The fact that
the CAR T cells can recognize tumor-antigen in non-HLA restricted manner is an important
advantage over TCR engineered T cells, since most tumors down regulate their HLA
expression.1.6.4.1 CAR Structure

A CAR molecule consist of three domains: the extracellular antigen-specific domain, a
transmembrane domain and the intracellular signaling element (figure 7). The extracellular domain
is responsible for the recognition and binding to the target antigen of interest. This binder can be
of different types; the most commonly used is a single chain variable fragment (scFv) derived from
an antibody. Alternatively, target binding may be achieved using a ligand specific for a receptor or
an antigen-binding fragment (Fab). Compared to engineered TCR, CARs have the advantage of
recognizing not only peptides but also any type of macromolecules. However, a significant
drawback of CARs, which is not characteristic of TCRs, is that they can only bind to cell surface
antigens. The antigen-binding moiety is followed by the spacer which is connected with the
transmembrane domain. The spacer should be flexible and of optimal length in order to allow the
binder to reach the target of interest [98]. The CAR intracellular domain contains the signaling

motifs essential for the activation of the receptor and is connected with the extracellular domain
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via a transmembrane element. The simplest CAR signaling domain consists of the CD3( chain,
adapted from the CD3 signaling complex (normally associated with the TCR). The CD3( chain
contains of three immune-receptor tyrosine-based activation motifs (ITAMs) which are
phosphorylated upon the attachment of the binder to the antigen of interest. The phosphorylation
events are followed by the activation of downstream signaling pathways which are responsible for
the triggering the antigen-specific immune response.

The first in vitro experiments with CAR T cells, incorporating the CD3( signaling domain
(1st generation CARs), showed that the CAR T cells were able to mediate cytotoxic responses
against antigen expressing cancer cells; however, these responses were not highly potent [99].
Further studies were focused on the improvement of the signaling domain in order to enhance the
immune responses. This was achieved by the addition of either one (2nd generation CAR) or two
co-stimulatory motifs (3™ generation CAR) in the intracellular domain, such as CD28, 0X40, 4-
1BB etc. figure 7 and 8) [100, 101]. Recently, modern CAR structures containing suicide or
cytokines gene have been designed that may be dubbed as fourth generation CAR [102] [103]

(figure 8).

One subtype of fourth generation CAR-T cells is also known as T cells redirected for
universal cytokine-mediated killing (TRUCKSs) [102, 104]. This approach is based on the fact that
T cell functions and those of cooperating anti-tumor immune cells can be modulated by several
cytokines. Since some of these cytokines may cause systemic toxicity, localized delivery of
potentially dangerous cytokines by the inherent CAR-T cell mechanism is plausible. Cytokine
expression is designed to occurs via NFAT signaling upon antigen recognition by the CAR. In their
carlier work, Abken et al demonstrated increased anti-tumor efficiency using TRUCKSs to deliver
IL-12 to the tumor niche. Improved tumor control was achieved through recruitment of anti-tumor
macrophages via IL-12 expression [102, 104]. Other cytokines were also tested with TRUCK

strategy. Interestingly, IL-18 was found to increase human T cell engraftment and persistence in
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murine xenograft models, while negatively affecting Treg engraftment and suppressive effects
[105]. A CD19 CAR-T cell designed to constitutively co-express IL-18 improved tumor control in
murine models of leukemia and melanoma [106]. Additionally, using the TRUCK strategy to
deliver IL-18 resulted in superior anti-tumor activity of CAR-T cells directed against the

carcinoembryonic antigen in a pancreatic tumor model [107].
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Figure 7. CAR architecture. Chimeric antigen receptors consist of three different parts: the
extracellular domain, the transmembrane element and the endodomain. The simplest CAR
endodomain generally contains the CD3{ chain; however, most CARs that are being tested in
clinical trials additionally include one or two co-stimulatory modules (e.g. CD28, 4- 1BB, 0X40).
First generation CARs have incorporated the CD3( signaling chain (or another module that signals
similarly), which provides signal 1 and thus results in T cell activation upon antigen ligation to the
CAR’s binding domain. Second generation CARs utilize CD3( to provide signal 1 but they also
have incorporated a co-stimulatory molecule upstream of CD3{, which provides signal 2. Delivery
of both signal 1 and signal 2 is required for optimal T cell activation. The signaling domain of third

generation CARs contains the CD3( chain and two co-stimulatory modules. Adapted from [108].
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Figure 8. Different CAR designs. In a CAR molecule, the extracellular region consists of the
binding domain (which can be a scFv derived from a mA, a peptide or a receptor ligand) and a
spacer of optimal length and flexibility called hinge (e.g. CDS8, CD28). A transmembrane domain
follows (e.g. CD28, CD4) and serves to connect the extracellular regions with the endodomain. The
endodomain contains the CAR signaling domain. The simplest design of CAR consists of a scFv,
transmembrane and CD3{ domain. The 2", 3" and 4™ generation CARs have additional
costimulatory genes incorporated in the C-terminal end of the molecule. A cytokine or inhibitory
receptor is co-expressed with the CAR in 4™ generation design to increase the stimulatory signal or

stop over activation of the T cells respectively. Adapted from [95].

Although CAR-T cells have numerous designs and utilize various tumor-specific scFvs, their
manufacturing procedure remains the same. Briefly, T lymphocytes are isolated from peripheral
blood mononuclear cells (PBMC) of patient using apheresis or blood sampling. Next, T
lymphocytes are expanded ex vivo via activation with beads covered with activating antibodies or
different cytokines. Subsequently T cells become genetically modified to express CAR ¢cDNA
using electroporation, Lipofectamine or viral vectors. It is then followed by large-scale expansion,

final formulation, and lastly infusing back to the patients. Generally, both CD4" and CD8" T cells

19



are injected as a mixed population, since CD4" cells support CD8" cells and activate other immune
cells by producing cytokines such as IFN-y and IL-2. However, CD4" or CD8" T cells may further

be sorted depending on the application [109] (figure 9).
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Figure 9. CAR manufacturing. Manufacturing workflow of gene engineered T cells. Patient-
derived T lymphocytes are harvested from the patients’ blood via Leukapheresis or blood sampling
and further activated by beads. The CAR gene is delivered to T cells by retroviral or lentiviral
vectors, electroporation (RNA) or transposons. Subsequently, the transduced T cells are expanded

ex-vivo and undergo quality control before injecting back into patient. Adapted from [95].

1.6.4.2 CAR T cells from bench to clinic
As mentioned, CAR T cells have shown remarkable responses in haematological
malignancies in which CD19 proved to be a very attractive target. This success has been based

upon the use of second generation CARs in which either CD28 or 4-1BB have been incorporated
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upstream of CD3(. In a historic moment, the first CAR T cell therapy was recently approved by the
FDA for the treatment of children and young adults with refractory acute lymphoblastic leukaemia
(ALL) [81].

Several studies demonstrate the clinical efficacy of CD19-targeted CAR T- cell
immunotherapy of B-cell malignancy. In a trial conducted by Porter and colleagues in the
University of Pennsylvania, 14 adults with refractory, relapsed chronic lymphocytic leukaemia
(CLL) were treated with anti-CD19 CAR T cells (CTL019- comprising a 4-1BB based second
generation CAR) [90]. Three patients achieved a complete response (CR), 5 patients had a partial
response (PR) while 6 had no response. The overall response rate was 53%208. The same group
has also treated 10 CLL patients in a Phase II dose optimisation trial, again using the CTL019 CAR
approach. The results of this study indicated that 2 of the patients had CR and 2 of them PR with
an overall response rate 40% [91].

Kochenderfer et al. in another trial, used anti-CD19 CAR T cells for the treatment of 15
patients with either diffuse large B-cell lymphoma (DLBCL, n=9), indolent lymphoma (n=2) or
CLL (n=4)210. Complete remissions were observed in eight patients. Four patients were partial
responders, one had stable lymphoma and, in two cases, the results were not evaluable. Noticeably,
four of the complete responders were DLBCL patients. Unfortunately, acute toxicities were
observed, including neurological toxicities, while one patient died 16 days after injection for
unknown reasons. Despite these toxicities, this was first study that showed complete responses in
DLBCL patients and importantly the most durable CR was still ongoing at 23 months after
treatment [92].

Outstanding results were achieved by a trial where 25 patients aged 5-22 years old and five
older patients with refractory or relapsed acute lymphoblastic leukaemia (ALL) were treated with
CTLO019 CAR T cells [93]. Remarkably, CR were seen in 90% of patients (27/30 patients) while

sustained remissions were observed in 15 out of 22 evaluable individuals (7 months average follow-
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up) [93]. Additionally, it has been reported that 63 ALL patients were treated with CTL019, with
83.2% overall response rate [101]. These impressing results led to the approval of the first CAR T
cell therapy (tisagenlecleucel, marketed by Novartis as Kymriah) in the USA and its release to the
market. The product is administered in a single dose and is designated for patients with refractory
and/or refractory ALL. According to the manufacture’s dosing instructions, patients with body
weight equal or less than 50kg will receive a single dose of 0.2-0.5x10° CAR-positive viable T cells
per kg while patients with body weight higher that 50kg will receive 0.1-2.5 x10° CAR-positive
viable T cells. Tocilizumab, a mAb directed against the receptor of interleukin-6 (IL6-R), was also

approved along with Kymriah for the management of cytokine release syndrome [110, 111].

1.6.4.3 Challenges of CAR-T Cell Therapy in Adenocarcinomas

1.6.4.3.1 Trafficking & Tumor Microenvironment

Despite enormous success of CAR-T cell therapy for hematopoietic cancers, unfortunately,
less encouraging results have been shown for epithelial tumors. This is due to several factors. The
mechanical barrier in epithelial tumors, which is absent in liquid tumors, impede successful
infiltrating of T cells to tumor sites. Unlike the “liquid tumor” setting of hematologic malignancies,
CAR-T cells must pass multiple barriers in order to reach the tumor site. Potential mismatches of
T cell chemokine receptors and their ligands on tumor cells and the presence of the dense stroma
in most epithelial tumors makes T cell trafficking truly cumbersome. Numerous pre-clinical studies
have shown that combining CAR-T cells with chemokine receptors improves migration and
infiltration of T cells, once they are inside the tumor bed [112]. Moreover, antigen loss and
heterogeneity of epithelial tumors contribute to the ineffectiveness of CAR-T cell [113]. Even after
reaching the tumor sites, T cells must overcome various challenges in order to exert their anti-tumor

effect. These challenges include: a hostile tumor microenvironment enriched by oxidative stress,
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nutritional depletion, acidic pH, hypoxia, existence of numerous suppressive soluble factors and
cytokines, suppressor immune cells such as Tregs, myeloid derived suppressor cells (MDSC),
tumor-associated macrophages (TAM) or neutrophils (TAN), intrinsic negative regulatory
mechanisms of T cells (expression of inhibitory receptors), and over-expression of inhibitory
molecules and immune checkpoints [113]. To reduce these inhibitory effects, coupling pro-
inflammatory cytokines, such as IL-12, with CAR-T cells, also combinations of CAR-T cells with

immune-checkpoint inhibitors, are currently being tested [114].

A possible down side of CAR-T cell therapy is the fact that these T cells recognize antigen
independently of MHC molecules. Although this independency is considered a strength of CAR-
T cells, it also limits the pool of antigens targetable by CAR, as a majority of tumor associated
antigens (TAAs) are intracellular neoantigens being solely expressed in the context of MHC [115].

This hurdle is not exclusive to epithelial solid tumors.

1.6.4.3.2 Toxicity

A disadvantage of CAR-T cell therapy is that CAR-T cells are “living drugs”, therefore,
failure in treatment may not be easily managed. Over activation or cross reactivity with antigen on
healthy tissue may result in fatal outcome. Thus, effective strategies must be devised toward
managing the safety issues [116]. As said by Robert Tepper, Chief Medical Officer at Jounce
Therapeutics, “The good news - and the bad news - is that the immune system is incredibly

powerful”.

Much of the toxicity data, exists for the CAR-T cells against hematopoietic tumors, but not
as much in epithelial solid tumors. The toxicities include cytokine release syndrome (CRS, systemic
inflammatory response following CAR-T cells activation), B cell aplasia (specific for CD19 CAR-

T cells), neurological toxicity, “on-target, off-tumor” toxicity (reactivity to target antigen on
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healthy tissues), anaphylaxis or allergy (host immune reaction to foreign antigen on CAR-T cell),

and insertional oncogenesis (mutagenesis by viral genes) [117].

The most prominent cytotoxicity seen in CD19 CAR-T cell trials is CRS which is associated
with rapid T cell proliferation [118]. The main reason for this effect is not clearly explained yet;
however, it is likely due to infused CAR-T cells secreting products that can trigger a toxic release
of pro-inflammatory cytokines, such as IL-6, IFN-y, and TNFa [119]. CRS symptoms range from
high fever and myalgia to unstable hypotension and respiratory failure. This effect was not observed

in pre-clinical animal models, so it was unexpected [120].

Other types of toxicity which have been profoundly described in recent CD19 CAR-T cell
trials are B cell aplasia and a diverse array of neurological toxicities [121]. B cell aplasia, which is
an on-target/off-tumor consequence, is associated with hypogammaglobulinemia which is easily
managed by y-globulin replacement therapy [92]. Neurologic toxicities seem to be exclusive to
CD19-targeted therapies and have been reported in almost all CD19 CAR constructs as well as the

CD19 BiTE® blinotumumab [114].

It is said that CRS has not yet been reported for solid tumors trials. This could be due to low
level of T cell engraftment and proliferation in solid tumors compared to leukemia. However, with
development of enhanced CAR and utilizing stronger lymphodepletion regimens, this kind of
toxicity may become a problem [113]. In one case, CRS in solid tumors has occurred due to “on-
target, off-tumor” toxicity. To avoid T cells reacting to normal tissues, the most suitable tumor
antigens need to be targeted. In addition, we need to develop tumor-specific antibody that does not
recognize and bind normal tissue. Unlike CD19 which is exclusively expressed on B lymphocytes,
majority of solid tumor antigens are also present at low levels on normal cells [114]. In contrast to
the ease of management of B-cell aplasia, off-tumor toxicities that may occur in solid tumors are
not easily controlled. A prominent example is targeting ERBB2 (HER2/neo), a marker

overexpressed on both breast and colon cancers. A patient with metastatic colon cancer was treated
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with 3™ generation ERBB2-CD28-41BB{ CAR (based on Trastuzumab mAb), in 2010, and
experienced a severe respiratory distress associated with development of new lung infiltrates.
Infiltrates were also found at low levels in several normal organs including heart and the pulmonary
vasculature. The patient died 5 days after from CRS, despite intensive medical management. CRS
was attributed to CAR-T cell targeting ERBB2 on lung epithelium [122]. On the contrary, this
unexpected toxicity has not been reported repeatedly in solid tumors. It may have been stimulated
by high dose of infused CAR-T cells (10 million cells) and precondition therapy in the patient,
since subsequent studies using a different ERBB2-specific CAR with considerably lower doses of

CAR-T cells have proven safe in treating patients without preconditioning chemotherapy [123].

Anaphylaxis, allergy, or graft versus host disease (GVHD) has not been a major concern
with CAR-T cell therapy, since autologous T cells are used, and infused cells are the donor’s own
cells. Also, no reaction has been recorded to exogenous viral genes following CAR-T treatment
[124] [125]. Despite this proven safety to reduce the time and cost of treatment, establishment of
an “off-the-shelf” or “third-party” cell bank, wherein universal CAR-T cells are available to
anyone, seems like an attractive solution. In this case, immune reactivity to graft is of higher
concern. To manage this, two strategies have been suggested so far, including using specific cells
for CAR expression and silencing the immunogenic molecule, TCR, on T cells [126]. These

approaches are in process and can broaden application of CAR-T cells in the future.

Lastly, insertional oncogenesis may occur by engineered T cells. Viral vectors or plasmid
DNAs used to transfer gene into T cells might carry the risk of malignant transformation in clinical
setting. Despite copious studies demonstrating safety of viral vectors, it is too early to decide if this

approach is safe for larger patient populations [127].
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1.6.4.3.3 Mechanisms to combat toxicity

Despite impressive clinical efficacy of CAR-T cells, severe treatment-related toxicities have
restricted universal use of CAR-T cells [128]. To address CAR-T cell toxicity, numerous strategies
prominently involving CAR design have recently been devised (schematically represented in figure

10):

1) Dual targeting strategy to increase specificity and safety. For example, a modified T cell
expresses two CARs, wherein T cell activation signal 1 (via CD3() is physically separated from
the costimulatory signal 2 (via CD28) and each CAR recognizes a separate tumor antigen. This
CAR-T cell exhibit full activation and function only if both CARs are engaged [129] [130, 131].
This approach provides a path for controlling CAR-T cell selectivity and activity in a way that

retains both effectiveness and safety.

2) Suicide genes. These specific genes have been introduced into the CAR vector [132] and
CAR-T cells get permanently eradicated upon activation of these suicide genes. So far, use of
herpes simplex virus thymidine kinase (HSV-TK) and an inducible caspase 9 (iCasp9) genes have

shown success in clinical trials [129].

3) Co-expression of a depletable receptor. A polypeptide on cell surface can be targeted by
depleting antibodies in order to eliminate engineered T cells. This strategy is already in clinical use,

for example, EGFR and CD20 [133].

4) Inhibitory CARs (iCAR). When target antigen is shared between tumor and normal cells,
off-tumor toxicity may occur. If normal tissues express another antigen which is not expressed by
tumor cells, it could be targeted by CAR-T via a receptor which triggers an inhibitory response.
This receptor which comprises intracellular domain of T cell inhibitory receptors (PD-1 and CTLA-
4) is co-expressed by CAR-T cells. Fedorov et al. have shown that iCAR protects normal tissues
in preclinical mouse model [134]. Significantly, primary regulatory effect of iCARs was selective
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and transitory, allowing for future activation of T cells upon later encounter with target cells that

exclusively express the antigen [135].

5) Switchable CARs (sCAR) and multi-chain CARs (mcCARs). These CAR-T cells need an
intermediate switch molecule to get fully activated [136] [137]. In SCAR design, an antibody based
switch molecule is co-infused, and it bridges the target cell and the SCAR expressing T cell, while
mcCARs are only activated in the existence of the small-molecules, such as rapamycin. Switchable
CARs have been designed to reversibly control CAR-T cell activity and specificity in

immunocompetent mouse model of CD19 and CD22 expressing cancers.

Moreover, multiple antigens could be targeted using the same CAR simply by infusing
various or bispecific switch molecules. For instance, two or more switch molecules such as anti-
CD19 and -CD22 fused to FITC could be targeted by same anti-FITC CAR-T cells (“universal

CAR”) [128].

6) Masked CARs. In this design, the antigen-recognition domain of CAR is sterically
blocked by a substrate peptide which is cleaved in the presence of matrix metalloproteinases. When
T cells enter the tumor microenvironment, which is enriched by these enzymes, substrate will be
cleaved, and binding capacity of T cells will be unmasked. Once the receptor is unblocked, T cells
mainly localize to the tumor area. Use of masked CARs provides a way to focus CAR-T activity

toward targets shared with healthy tissues [138].

7) Self-limited CAR. This strategy uses mRNA rather than retro/lenti-virus to transiently
express CAR receptor [139] [111]. In this method, CAR expression level will diminish after a

period of time as mRNA start to vanish in the cell.

8) Pharmacologic therapy. IL-6 receptor blockade with tocilizumab is used to control CRS.
Corticosteroids are used for neurologic toxicities and for CRS not responsive to tocilizumab.
However, pharmacologic management of these therapies remains challenging, since it entails the
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risk of suppressing anti-tumor immune response by CAR-T cells [140]. Hurdles in CAR-T cell

therapy of epithelial tumors and the ways to combat them are illustrated in Figure 10.
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Figure 10. Hurdles of CAR-T cell therapy in epithelial tumors. T cells face multiple barriers in
solid epithelial tumors which negatively affect T cell trafficking and function within the tumor
microenvironment. These barriers are acting either mechanically, biochemically (metabolically) or
immunologically. CAR-T cell therapy may result in toxicity that could be managed via different

suggested mechanisms. Adapted from [95].

Despite challenges associated with CAR-T cell treatment, immunotherapy remains the most
promising therapy that is revolutionizing how we treat cancer. This is exemplified with FDA’s
approval of anti-tumor antibodies, immune checkpoint inhibitors, cellular and peptide tumor

vaccines, antibody drug conjugates (ADCs), and adoptive T cell therapies for various epithelial
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malignancies. No cancer treatment is devoid of toxicity, and we have learnt over the years how to
manage it. Therefore, much still needs to be learnt about how to mitigate the risks associated with
immunotherapy. For targeted CAR-T cell therapy, most critical is the selection of the tumor
antigen, and even more critical, is the generation of antibodies that bind tumor cells but spares

normal tissue.

1.6.4.4 MUCI1-Adoptive T cell therapy

In adoptive T cell therapy, patient-derived PBMCs are isolated and different cell populations,
such as T cells or dendritic cells, are expanded. These can be further manipulated in distinct ways.
One strategy includes the activation of CTLs or DCs by presenting to them tumor-associated
peptides, such as those derived from MUCI [141]. The activated cell populations are expanded ex
vivo and are then adoptively transferred back to the patient. These activated cells can either
specifically eliminate tumor cells, in the case of CTLs, or enhance anti-tumor immune responses,
in the case of antigen-loaded DCs [142].

Numerous clinical trials have been performed in which the effectiveness of CTLs or pulsed
dendritic cells has been explored. In some cases, the combination of both approaches was shown
to has some benefit in the patients’ outcome [143]. In one combinatorial study, Kondo et al. treated
20 patients with unresectable or recurrent pancreatic cancer with both MUC1- pulsed dendritic cells
and activated CTLs. Based on the results, one patient with metastatic disease showed complete
response and four patients presented stable disease [143].

In another approach, patient-derived T cells are isolated and engineered to express MUCI-
specific CARs on their surface. Few research groups have engineered MUC1-specific CAR T cells
and have investigated their anti-tumor activity using pre-clinical in vitro and in vivo models.
Wilkie et al. developed various versions of a MUC1-specific CAR, as published in a study in 2008

[144]. In this paper, a 3rd generation MUC1-specific CAR named HOX showed the most promising
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efficacy. This CAR consists of a binding domain based on the HMFQG2 antibody and it signals via
CD3(, CD28 and OX-40. Additionally, this CAR has incorporated a longer hinge (IgD), which
provides enhanced flexibility to the binding domain of the CAR. Mice bearing MUCI - positive
tumors showed delayed tumor growth after treatment with HOX- engineered CAR T cells [144,
145]. In a novel subsequent approach, Wilkie et al. co-expressed an anti-ErbB2 CAR (signals via
CD3( alone) together with a MUC1-specific chimeric co-stimulatory receptor (containing CD28
alone). Their results showed that both antigens were required in order to achieve maximal tumor
cell cytotoxicity and T cell activation [131]. More recently, Posey et al. showed control of tumor
growth in leukaemia and pancreatic cell xenograft models using a 2nd generation MUC 1 -specific
CAR. The latter contained an scFv based on SE5S MUC1-Tn specific antibody [ 146, 147]. Our group
has demonstrated the effectiveness of TAB004 derived anti-MUC1 CAR T cells in treating triple
negative breast cancer [148]. A 2™ generation CAR construct was used in this study and its
combination with anti-PD1 antibody was examined.

Clinical trials of MUCI1 specific CAR T cells has been limited to date. The efficacy of two
different SM3-based MUCI1-specific CAR T cells has been investigated in a Phase I clinical trial,
although data from only a single patient has been reported as yet [149]. One set of CAR T cells
contained an SM3-based CAR co-expressed with IL-12. The second set contained a CAR with a
modified SM3 scFv to achieve increased binding of the CAR to MUCI. The latter lacked co-
expression of IL-12. In this trial, these two types of MUCI- specific CAR T cells were injected
using the intratumoral route in two different lesions in a patient with metastatic seminal vesicle
malignancy. Based on a published case report, the lesion treated with the modified-SM3 CAR T
cells showed significant tumor necrosis while no difference was observed in the lesion treated with
the SM3-IL12 CAR [149].

Four other clinical trials are currently recruiting patients in order to test MUCI1-specific

CAREs in patients with different types of malignancy. Distinct strategies are being evaluated. In two
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Phase I/II clinical trials (NCT02617134 and NCT02587689), the effectiveness and safety of
MUCI -redirected CAR T- cells is being investigated in patients with solid malignancies. In the
NCT02839954 trial, the efficacy and safety of NK cells transduced with a MUC1 CAR is being
evaluated. Lastly, in a Phase I/II clinical trial (NCT03179007) patients with an advanced solid
tumor burden are being treated with MUC1 CAR T cells that are engineered to secrete PD-1 and

CTLA-4 checkpoint inhibitors [150].

1.6.4.5 CAR T Cell Therapy for PDA

Researchers have shown MUC1-CAR-T cells as a potential candidate for PDA therapy [151]
[146], including our lab [152]. A clinical trial has investigated the role of anti-MUC1 CAR-T cells
in treating patients with MUCI positive advanced refractory solid tumors (NCT02587689). Anti-
MSLN CAR T cells have been developed for treatment of PDA. MSLN is a cell surface antigen
present on normal mesothelial cells and overexpressed in several human tumors, such as
mesothelioma, lung, pancreas, breast, ovarian, and other solid cancers [153]. MSLN-CAR-T cell
therapy in a phase I study (NCT01355965) has demonstrated antitumor response for the first time
in PDA and has shown the development of new antibodies [111]. A second generation of CAR T
cells against mesothelin (CARTmeso) using patients’ own T cells to express anti-mesothelin
receptors linked to TCRC and 4-1BB as a co-stimulator for metastatic PDA is being investigated in
clinical trials (NCT03638193, NCT02465983). Ongoing trials are testing genetically engineered T
cells to target the immunogenic peptide derived from the cancer-testis antigen (NY-ESO-1), an
antigen usually found in normal testis and in a variety of tumors (NCT01967823). Preclinical and
phase I trials have studied CAR T cells targeting HER2, CEA, and mesothelin (NCT02713984,
NCT02850536, NCT02349724, NCT02706782, NCT02580747, NCT03323944), but limited data
has been presented. The orphan tyrosine kinase receptor, RORI1, is expressed by many tissues

during embryogenesis but is absent in many organs after maturation, except for B cell precursor
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and in low levels in the pancreas, lung, and adipose tissue. ROR1 targeting CAR-T cells have also
been evaluated in preclinical trials and it showed effectiveness in leukemia and some solid tumors,
including pancreatic cancer [154]. ROR1-CAR-T safety was confirmed in nonhuman primates
[155]. Additional tumor specific antigen targeted CAR T cells are under investigation and include
an ongoing phase I/II trial testing an “off-the-shelf” anti-KRAS G12V and G12D murine TCR-
transduced peripheral blood lymphocyte therapy in patients with PDA who harbor the mutant RAS
variants presented on HLA-A*1101 (NCT03190941, NCT03745326). Although these approaches
have the potential to overcome the challenge of a lack of effective PDA—specific T cells, CAR T

cells might still have difficulty trafficking into the tumors and sustaining their activity.

1.6.5 Immune Resistance

Cancer cells evade from a cytotoxic or proinflammatory immune response by changing their
phenotype. This process is called Adaptive immune resistance. This adaptive process is elicited by
the specific recognition of cancer cells by T cells, which result in the production of immune-
activating cytokines. Cancers protect themselves from the T cell attack by hijacking mechanisms
developed to limit inflammatory and immune responses. Hindering adaptive immune resistance is
the mechanistic basis of responses to PD-1 or PD-L1-blocking antibodies, and may be of relevance
for the development of other cancer immunotherapy strategies.

Various new immunotherapy strategies have been developed based on impeding processes
thereby cancer adapts and evades from an immune response. Recognizing the specific adaptive
resistance mechanisms in each case is likely to allow the personalized development of
immunotherapies tailored to block how a particular cancer protects itself from the immune system

[156].
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1.6.6 Combination Immunotherapy

Even though single agent immunotherapy has demonstrated clear anti-tumor activity across
multiple tumor types, the response rates are still low. In order to achieve better treatment efficacy,
large dosages are usually utilized, which subsequently lead to drug resistances or toxicity. For
example, the objective response rate (ORR) of ipilimumab (anti-CTLA-4 antibody) alone in
advanced melanoma is only 10.9%, and the ORR of nivolumab (anti-PD-1 antibody) alone in
advanced melanoma is 40%. However, by combining ipilimumab and nivolumab at a much lower
dosages for both antibodies, the ORR can achieve 40% [157]. Additionally, in CAR-T cell based
therapy, the trafficking of CAR-T cells to the tumor microenvironment is essential for the success
of immunotherapy. Researchers found that PD-1 blockade was capable to enhance T cell migration
to tumors by elevating IFN-y inducible chemokines, including CXCL10. Therefore, in order to
enhance the homing of CAR-T cells into tumors, researchers are focused on combining PD-1
blockade and CAR-T cell therapy together to achieve better antitumor activity [158, 159].

The traditional notion was that chemotherapy is a contra-event for immunotherapy as it may
cause lymphocyte depletion (lymphopenia) and the programmed cell death induced by
chemotherapy is tolerogenic. However, more evidence has demonstrated that a number of immune
cells killed by the chemotherapy may be beneficial rather than detrimental for the cancer therapy
over long-term treatment [160]. For example, the loss of regulatory CD4+ T cells caused by
chemotherapy may benefit the anti-tumor T cell response induced by immunotherapy [161]. In
addition, it has been shown that lymphopenia can trigger a phase of immune system regeneration
[160]. In addition, it has been shown that chemotherapy, especially targeted therapies, may also
directly regulate immune responses. For example, sunitinib, a multi-targeted receptor tyrosine
kinase (RTK) inhibitor, is shown to attenuate the activities of specific immune cell populations that
restrain cytotoxic T lymphocytes (CTLs), including FoxP3+ regulatory T cells and myeloid derived

suppressor cells (MDSCs) [162]. Other studies also show that the inhibition of Jak2/Stat3 augments
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the tumor antigen presentation by DCs, thereby enhancing the priming of tumor-specific immune
responses of CTLs [163, 164]. Some studies have shown that the general response rate of tumor-
specific mAb is 8-10% in patients with advanced cancers or recurrent disease. While it yields an

increased response rate of 30% when combined with chemotherapy and/or radiotherapy [165].

1.7 Rational and Aims

1.7.1 Rationale

PC is the 3" leading cause of cancer-related deaths with a 5-year survival rate of only 9%
and a mean life expectancy of <6 months [166]. Only 20% of the patients are eligible for surgery.
Radiotherapy and chemotherapy remain largely ineffective. CAR-T cell technology that can
activate and redirect host T cells to kill tumor cells presents an attractive alternative [167]. CARs
are fusion receptors comprised of an antibody-derived single-chain variable fragment (scFv)
coupled via hinge and transmembrane elements to a T cell signaling and co-stimulatory domain.
For CAR-T cells to work, both the target antigen and the scFv recognizing the target have to be
highly specific. We have strong preliminary data using a novel tMUC1-specific CAR-T that utilizes
the scFv motif of TAB004, a patented antibody [168, 169]. TAB004 specifically recognizes the
tMUCI but spares recognition of normal MUCI1. tMUCI1 is expressed on ~80% of human PDA
[170, 171]. The antigenic isoform recognized by TABO004 is hidden in normal epithelia making it
a safe strategy. CAR T cells have recently been developed and showed enormous success against
hematopoietic malignancies, but it has not gain momentum in treating solid tumors. Hence, we
propose to develop and test novel anti-tMUC1 CAR T cells that contains TAB004 antibody derived
scFv domain as the antigen recognition site. Preliminary data suggests that the tMUC1 CAR

engineered T cells are capable of recognizing and killing tMUC]1 expressing triple negative breast
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cancer cells while ignoring the normal cells. Here, we hypothesize that tMUC1-CAR engineered T

cells can be effective in treating human PDA model.

PDA is an immunologically cold tumor with known resistance to a variety of therapies including
immunotherapy [172]. Thus, it was not surprising that we found that some of PDA cells were
refractory to tMUC1-CAR T cell treatment. Gene expression profile of resistant vs. sensitive PDA
cells revealed the overexpression of several genes associated with immune tolerance such as IDO1,
COX1/2, ADARI1, and Gal-9. Thus, we hypothesized that blocking the above proteins can
overcome the immune tolerance of resistant PDA cells to tMUCI1-CAR T cell therapy. We suggest
combination therapy of tMUC1-CAR T cells with biological inhibitors of resistance inducing genes

will result in enhancement of tMUC1-CAR T cell cytotoxicity against resistant PDA cells.

1.7.2 Aims

This PhD thesis was performed in order to achieve the following aims:

1) Testing in vitro the cytolytic efficacy of CAR-T cells in a panel of human PDA cells.

2) Testing the anti-tumor efficacy and toxicity of CAR-T therapy in vivo in relevant models of
PDA.

3) Developing a combinatorial immunotherapeutic strategy to treat resistant PDA and enhance

survival.
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CHAPTER 2: IN VITRO CHARACTERIZATION OF TMUCI-CAR T CELLS

In this chapter CAR T cells characteristics in in vitro models will be discussed. Different
CAR constructs that were used in this project will be explained. After confirming CAR
expression on the T cells, they were tested against PDA cells. For CD8+ CAR T cells to exert
their cytotoxicity effect, binding to the target cells is require. Therefore, we investigated CAR T
cells binding to the MUCT expressing PDA cells. Cytotoxicity of CAR T cells against a large
panel of PDA cells as well as normal primary cells was examined. Most PDA cells showed
reduction in survival after treatment with tMUC1-CAR T cells, however normal cell were intact.
We then investigated the mechanism of CAR T cells activation and killing by measuring the

important cytokines.

2.1 Materials and Methods

2.1.1 Cells Cultures

All the PDA cell lines used in this study were originally purchased from American Type
Culture Collection (ATCC, Manassas, VA 20110, USA) and cultured as instructed. All cells were
cultured in a humidified incubator at 37[C containing 5% COz in air. HPAFII cells were cultured
in complete MEM media (Gibco). Capan-2, BxPC3-MUCI1 and —Neo cells were cultured in
complete RPMI (Gibco). All other PDA cell lines were cultures in complete DMEM (Gibco).
Primary T cells were derived from human peripheral blood mononuclear cells (PBMCs), which
were bought from STEMCELL Technologies (Cambridge, MA #70025.1). Normal human
fibroblasts and breast epithelial cells were obtained from Coriell Institute (NJ, USA). The BxPC3-
MUCIT cell line was made by retroviral transfection of BxPC3 wild type (ATCC) with the

PLNCX.1 plasmid (Mayo Clinic K1060-C), which contains the full-length human MUCI1 gene.
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BxPC3-Neo was made by retroviral transfection of BxPC3 wild type with the empty vector

PLNCX.1 plasmid.

2.1.2 CAR Constructs and Cloning

A second generation anti-MUC1 CAR harboring TAB004 antibody scFv was synthesized
by subcloning the scFv from TAB004 [63] into the SFG-based retroviral backbone plasmid
encoding the transmembrane and intracellular domains of CD28 and CD3C (synthesized by Dr.
John Maher’s group [144]). This CAR contains a myc tag for detection. The CAR-mKate construct
was made by cloning PCR-amplified tMUCI1-CAR sequence into the PLNCX.1 retroviral vector
(Mayo Clinic K1060-C) at the Mlul site along with the mKate2 sequence fused through a GA
linker. The mKate2 gene (pFA6a-mkate-kanmx6) was a gift from Dr. Richard Chi. CTL-CAR was
created by PCR cloning of CAR in three fragments missing the majority of the TAB scFv sequence.
All cloning was done using NEBuilder® HiFi DNA Assembly Cloning Kit (NEB #E5520). PCRs

were done using Q5® High-Fidelity DNA Polymerase (NEB #M0491).

2.1.3 Retroviral Packaging System

A critical step in the generation of CAR T cells is the genetic modification of T-lymphocytes
to stably express the CAR construct of interest. This was achieved by delivering a retroviral vector
that carries the CAR transgene into pre-activated T cells. The retroviral vector is delivered to the

cells by appropriately pseudotyped viral particles produced by retroviral packaging cell lines.

Retroviruses are considered useful tools in the field of gene therapy as they have the ability
to integrate their genome into the DNA of a host cell. Retroviral virions include two copies of
singe-stranded RNA consisting of at least four genes, gag, pol, pro and env 299,300. Each of these
genes encode for viral proteins with different function. Gag encodes for the structural proteins
necessary for the viral core. Pol encodes for integrase, RNA H and reverse transcriptase. Env directs
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expression of the proteins related to the viral envelope and lastly, pro encodes for protease which

is responsible for the processing of gag and pol proteins 300.

Infection of the host cell by retroviruses is initiated when the glycoproteins of the viral
envelope attach to their receptors on the surface of the host cell. Upon recognition, the viral
envelope is fused with the cell membrane and the viral RNA is released to the cytoplasm 301. A
viral protein, named reverse transcriptase, converts the viral RNA into double-stranded DNA
(dsDNA) which is then transferred inside the host cell nucleus. The next step is the integration of
dsDNA to the host cell genome in order to form the provirus. This process occurs in an almost
random manner throughout the host cell genome. The integrated provirus is then transcribed to
yield mRNA that encodes for viral proteins, a process mediated by RNA polymerase II. The mRNA
is exported from the nucleus and is translated by the host T cell translation machinery. These
translated proteins are further processed by a viral protease and are encapsulated into viral particles.
The newly formed viral particles exit the infected cell through a process known as budding 303

(The retroviral life cycle is summarized in figure 11).

In this project, we used GP2-293 packaging cell line to produce retroviral particles
containing CAR genes. GP2-293 is a HEK 293-based retroviral packaging cell line. The essential
viral packaging genes gag and pol are stably integrated, the viral envelope must be supplied in
trans. High titer retrovirus is produced by transient co-transfection of an MMLV- or MSCV-based

retroviral expression vector and a plasmid that expresses a viral envelope, such as pVSV-G.
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Figure 11. Life cycle of retrovirus. Infection of the host cell by the retrovirus begins when the viral
envelope proteins bind to their receptors on the host cell membrane (1). The viral and cell
membranes are fused and the capsid including the ssRNA is released into the cytoplasm (2). ssRNA
is reverse transcribed to cDNA (3) and is transported to the nucleus upon mitosis (4). Viral cDNA
is integrated to the host cell DNA, thus forming the provirus (5). Provirus is transcribed to mRNA
by the host cell’s transcription machinery (6). The latter is translated, leading to the production of
viral proteins (7). The latter are further processed by viral protease and subsequently are
encapsulated together with new viral RNA in order to form new viral particles. The newly formed
viral particles exit the host cell via budding (8) and they undergo maturation in order to initiate the

infection of a host cell (9).

2.1.4 Viral Transfection of T Cells

Retroviruses were generated by transduction of GP2-293 packaging cell line with 10ug CAR

DNA and pVSV envelope plasmid. Viral supernatant (48h post transduction) was used to infect T
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cells. Human PBMCs were cultured in RPMI supplemented with IL2 (100-300IU/ml), and
activated by CD3/CD28 beads (Dynabeads, Gibco #111.61D) 3 days prior to infection. Non-tissue
culture plates (Corning #351146) were coated with retronectin (1mg/ml) (Takara, Mountain View,
CA) and incubated at 4 °C at least 12 hrs before infection. The following day, retronectin was
removed and the plates were blocked with 2% BSA for 30 minutes. Viral supernatant was added to
retronectin-coated plates, which were subsequently centrifuged at 2000g for 2 hrs at 32 °C. Viral
supernatants were removed and activated T cells were added to the coated plates. IL-2 was added
at 100-300 IU/ml concentration. Plates with cells were spun at 1000g, at 32 °C for 10 min and
incubated overnight. Cultures were maintained in complete RPMI with 100-300 U/ml human
recombinant IL-2 (PeproTech, Rocky Hill, NJ #200-02) and media was refreshed every 3 days. To
avoid T cell exhaustion, from day 10 onward cultures were maintained at 50 U/ml IL-7 and IL-15
(PeproTech, Rocky Hill, NJ #200-07). T cells that had been activated but not transduced were used
as mock T control. CAR expression level was characterized by flow cytometry using anti-myc tag

Ab, and T cells were used between days 11 to 14 days post infection.

2.1.5 Flow Cytometry

The CAR expression level was quantified using myc tag-FITC staining (Cell Signaling
Technology, Danvers, MA). T cell subtypes were determined by staining for CD4-PE/Cy7 and
CDS8-eF450 (BD Biosciences, San Jose, CA). PD1-APC (eBioJ105), IFN-y-APC (clone 4S.B3) and
perforin-PE (clone dG9) Abs were obtained from eBioscience. The human tMUC]1 expression on
PDA cells was measured by staining with TAB004 primary antibody (provided by OncoTab Inc.,
Charlotte, NC) and FITC-anti-mouse secondary antibody (Invitrogen #31535). Dead cells were
excluded by 7-AAD staining (BD Biosciences #555816). Data were acquired on BD LSR Fortessa
flow cytometer (BD Biosciences) and analyzed using the FlowJo software (version 8.8.7, Tree Star

Inc).
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2.1.6 Binding Assay

HPAFII, a moderate-to-high MUC1-expressing PDA cell line was plated in 6 well plates

(150,000 cells/well) and incubated at 37 °C overnight. Next, the cells were stained with nuclei live

cell stain Hoechst (Thermo Fisher #33342) for 30 minutes and washed 3X. 1X10° CAR T cells or

CTL T cells (both expressing CAR constructs fused to mKate fluorescent tag) were added to the
respective wells and cocultures were incubated at 37 °C for 4 hrs with occasional rocking. Cells
were washed 2X and imaged using the DeltaVision workstation (Applied Precision). Texas Red

and DAPI channel were used to detect CAR T cells and cancer cells respectively.

2.1.7 Imaging

1x10® CAR T cells expressing CAR-mKate were plated in 35 mm Poly-d-lysine Coated
MatTek dish (MatTek #P35GCOL-0-14-C) for 24 hrs. The next day, cells were stained with nuclei
live cell stain, Hoechst (Thermo Fisher #33342) for 30 minutes and washed gently once, then
imaged by DeltaVision workstation (Applied Precision). Image analysis was done using Softworx

6.1 (Applied Precision Instruments).

Videos of CAR T cells killing BxPC3-MUCI vs. BxPC3-Neo cells were taken by time lapse
imaging using a DeltaVision OMX-SR imaging system (GE #29115476). Cancer cells and CAR T
cells were co-cultured in 35 mm MatTek dish and placed in the microscope’s 37 °C 5% CO»
incubator overnight. Images were taken over the course of 8 hrs at 7 min intervals. PI dye was
added to the culture at 50 ng/ml [173]. Only apoptotic cells are susceptible to PI infusion, and turn

red upon absorption. Pictures were analyzed using ImagelJ v1.51f program (Rasband).
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2.1.8 T Cell Cytotoxicity

2.1.8.1 MTT Assay

To test T cell cytotoxicity against target cells, 5,000-10,000 cancer cells or normal cells were
plated in triplicate in 96 well plates one day prior to co-culture. Mock or CAR T cells were counted
and added to cancer cells at the indicated target to effector (T:E) ratio. Cell viability was evaluated
by MTT assay (MTT 500 ug/ml, Sigma) 24, 48, and 72 hrs after co-culture according to the product
instructions. The MTT assay is a colorimetric assay for assessing cell metabolic activity. It is based
on the ability of nicotinamide adenine dinucleotide phosphate (NADPH)-dependent cellular
oxidoreductase enzymes to reduce the tetrazolium dye MTT to its insoluble formazan, which has a
purple color. NADH-dependent cellular oxidoreductase enzymes may reflect the number of viable
cells present. Briefly 100ul MTT (0.5mg/ml) was added per well in a 96w plate. Plates were then
incubated for 2-4 hrs in 37’ incubator. Next, MTT was removed using aspirator and 200ul DMSO
was added to the wells to dissolve the formazan crystal formed by MTT. Then, plates were
incubated at 37’ for 10 min, and the OD value at 540 nm was read. The percentage survival was

calculated as 100-[(mock T OD — CAR T OD)/mock T OD x 100].

2.1.8.2 CytoTox 96® Non-Radioactive Cytotoxicity Assay

To measure direct cytotoxicity activity of the CAR T cells, a lactate dehydrogenase (LDH)-
based technique, CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega, USA) was used.
The CytoTox 96® Non-Radioactive Cytotoxicity Assay is a colorimetric alternative to >!Cr release
cytotoxicity assays. The CytoTox 96® Assay quantitatively measures LDH, a stable cytosolic
enzyme that is released upon cell lysis, in much the same way as °!Cr is released in radioactive
assays. The half-life of LDH that has been released from cells into the surrounding medium is

approximately 9 hours. Released LDH in culture supernatants is measured with a 30-minute
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coupled enzymatic assay, which results in the conversion of a tetrazolium salt (iodonitrotetrazolium
violet; INT) into a red formazan product. The amount of color formed is proportional to the number
of lysed cells. Visible wavelength absorbance data are collected using a standard 96-well plate
reader. BxPC3-Neo and BxPC3-MUCI cells were plated in 96 well plate (20,000 cells/well) and

incubated with 200,000 mock or CAR T cells (T:E 1:10) for 8, 16 and 24 hrs.

The four controls listed below must be performed with CytoTox 96® cell-mediated
cytotoxicity assays. Controls #2 and #3 are identical to those in a standard 51Cr release assay (target
cell spontaneous release and target cell maximum release). The three additional controls account

for LDH activity contributed from other sources.

1. Effector Cell Spontaneous LDH Release: Corrects for spontaneous release of LDH from effector
cells.

2. Target Cell Spontaneous LDH Release: Corrects for spontaneous release of LDH from target

cells.

3. Target Cell Maximum LDH Release: Required in calculations to determine 100% release of

LDH.

4. Culture Medium Background: Corrects for LDH activity contributed by serum in culture medium

and the varying amounts of phenol red in the culture medium.

The amount of released LDH and subsequent cytotoxicity was measured and calculated as

follow.

. Experimental — Effector Spontaneous — Target Spontaneous
% Cytotoxicity = - x 100
Target Maximum — Target Spontaneous
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2.1.9 ELISA

ELISA (enzyme-linked immunosorbent assay) is a plate-based assay technique designed for
detecting and quantifying substances such as peptides, proteins, antibodies and hormones. A
capture antibody on the multi-well plate will immobilize the antigen of interest. This antigen will
be recognized and bound by a detection antibody conjugated to biotin and streptavidin-HRP. The
final HRP mediated reaction results in a colored end product which correlates to the amount of

protein present in the sample.

The supernatant of PDA cells co-cultured with T cells was assessed for released IFN-y and
granzyme B after 72 hrs of co-culture, using the human IFN-y ELISA Kit (Life Technologies 88-
7316-22) and human Granzyme B DuoSet ELISA (R&D DY2906-05). Shed MUC1 was measured
using human MUCI1 ELISA kit (OncoTADb Inc., Charlotte, NC). All of the ELISAs were performed

on the supernatant after 72 hrs of co-culture.

2.1.10 Statistical Analysis

All of the data were analyzed by Prism (version 8.0; GraphPad Software) and results
presented as mean + SEM. Data are representative of two or more independent experiments. The
statistical significance was determined using unpaired Student’s t-test, two-way ANOVA, or Non-

parametric Mann-Whitney U test where indicated (*, p< 0.05, **, p< 0.01, *** p<0.001).

2.2 Results

2.2.1 CAR Architecture

The architecture of CAR constructs used in this study is illustrated in figure 12 and 13.
TABO004 Ab’s variable fragments are cloned into a 2™ generation CAR plasmid (SFG muT4 vector
backbone) containing CD28 and CD3( genes (tMUCI1-CAR). To test specificity of the tMUCI-
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CAR, we generated a control CAR (CTL-CAR), in which TAB004 scFv sequence is removed. T
cells expressing CTL CAR construct is referred to as CTL T. Furthermore, to visualize surface
expression of CAR constructs on T cells, we generated mKate fluorescent-tagged CARs named
CAR-mKate and CTL-mKate, in which mKate2 gene is fused to the C terminus of CD3{ in tMUC1 -
CAR and CTL-CAR respectively. We also used uninfected T cells (designated as mock T cells) as

another control.

Anti-tMUC1 scFv

—_—
tMUC1-CAR (CAR T)— sur | cpsa| VH —m CD28 | CD3T |H 3R }
Heavy and light chain deleted
L
Control-CAR (CTLT)— sum | cosa (NGl cozs| cosc [ sum |

Anti-tMUC1 scFv

—,—

CAR-mKate —] s1tr |—| cpga| vu H vL ME F1TR |—>

Figure 12. Different CAR constructs used in this study. Their name and gene sequences are shown.

tMUCI1-CAR construct consists of CD8a leader peptide, TAB004 derives scFv, a myc tag, followed
by CD28 transmembrane domain (TM), CD28 and CD3{ endodomains. CD8a leader sequence was
used as signal peptide for cell membrane expression of the CAR. Myc tag was incorporated for
detection purposes. The CAR genes are placed between the two LTRs of retroviral plasmid. The
second construct, CTL CAR has the same structure except missing the majority of the VH and VL
sequence of TAB004 scFv. The third construct, CAR mKate is similar to the original construct,
except having a florescent tag (mKate) fused to C terminus of the CAR molecule for visualizing

purposes.

2.2.2 CAR Expression on Engineered T Cells

Initially, the presence of CAR gene in viral particles was confirmed using RT-PCR. Viral
supernatant was collected at day 2 and day 6 after transduction and RNA was extracted. Then,

RT-PCR was done on mRNA using primers reading the sequence of light and heavy chains in
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human CAR plasmid (6667-6893). Product size expected was 226bp. Figure below depicts the
results. Bands with size 226 base pair indicates amplification of the CAR genes at scFv domain

(figure 14).

tMUC1-CAR Control CAR CAR-mKate
fusion protein

A

TABO004 antibody

Figure 13. CAR structure on the engineered T cells membrane. The schematic of three different
CAR constructs used in this study are shown. In the original construct (tMUCI1-CAR), scFv of
TABO004 antibody is linked to CD28 transmembrane (TM) domain followed by CD28 and CD3(
intracellular domains. In the CTL-CAR construct, scFv of TAB was removed so that there is no
antigen recognition site in the extracellular domain. In the CAR-mKate fusion construct, mKate2

gene was fused to the C-terminus of CAR flanking with a GA linker.
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Next, human primary T cells were infected with the CAR viral supernatant and the CAR
expression was monitored at 48 hrs onward. The representative dot-plot graphs show ~42% myc
tag positive cells in both CD4+ and CD8+ human primary T cells by day 12 after infection (figure
15). CAR surface expression on T cells was visualized using DeltaVision microscopy. Bright field
and florescent images of the entire population of CAR-mKate expressing cells are shown in figure
16 (top panel). The projection image (bottom left), and a single z stack image (bottom right) of the
CAR T cell is shown in figure 16 (bottom panel). Cell nuclei were stained blue with live cell stain
Hoechst. A distinct red ring indicates CAR expression on the cell surface and confirms even
distribution of CAR across the cell membrane, with no significant irregular patch or co-localization

(figure 16 bottom right).
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Figure 15. CAR expression on human primary T cells detected by flowcytometry. The
representative dot-plot graphs resulted from flowcytometry data showing the CAR expression on
human primary T cells. CTL-CAR and tMUC1-CAR expression was measured by flow cytometry
using FITC-conjugated anti-myc tag antibody, in CD4+ and CD8+ primary T cells on day 12 after
infection. On average 43% of human primary T cells (both CD4+ and CD8+) expressed tMUCI -
CAR and up to 13% expressed CTL CAR on day 12 after infection.
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Red: CAR-mKate
Blue: Nuclei

Figure 16. Fluorescent tagged-CAR (CAR-mKate) expression on T cells. Bright field (top left) and
fluorescent image (top right) of live T cells expressing CAR-mKate plated in 35mm poly-D-lysine
coated MatTek dish and imaged by DeltaVision workstation (Applied Precision). Red signal
indicates CAR T cells. Projection image of a T cell expressing CAR-mKate (bottom left), and one
Z image of the CAR-mKate T cell (bottom right) illustrating the ring-like structure around the cells
formed by CAR-mkate expression, which indicates even distribution of CAR molecules on the T

cell membrane. Nuclei were stained with Hoechst nuclei blue dye.

2.2.3 tMUCI1-CAR T Cells Binding to Target PDA Cells

We have previously shown that TAB004 antibody can detect tMUCI in >85% of malignant
PDA tissues [66]. To test binding of tMUC1-CAR T cells to PDA cells, CAR-mKate engineered T

cells were co-cultured with MUCI expressing PDA cell line (HPAFII) for 4 hrs and imaged using
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DeltaVision microscope. Strong binding to the target HPAFII cells is observed (figure 17);
however, when CTL-mKate engineered T cells were co-cultured with the same target cells, no
binding to target cells was observed (data not shown). A close up image at the red spots revealed
an intensified red signal where CAR T cell binds HPAFII cells, verifying co-localization of CAR
molecules at the site of contact. This localization suggests formation of an immunologic synapse
between the CAR T cell and target cell which is required for cytolytic activity of the CD8" CAR T

cells (figure 17).

2.2.4 tMUCI1-CAR T Cells Show Robust Cytotoxicity Against PDA Cells

A panel of human PDA cell lines were used that expressed varying levels of MUC1. BxPC3
cells overexpressing full-length MUC1 (BxPC3-MUCI1) or vector alone (BxPC3-Neo) were
included to further determine if CAR T cell cytotoxicity was dependent on antigen expression.
Expression level of MUC1 gene and protein was assessed using RT-PCR and flowcytometry (figure
18A and B) respectively. Cells were categorized into three groups of low MUCI, moderate to high
MUCIT and high MUC1 according to flowcytometry data (figure 18B). According to RT-PCR and
flowcytometry data, most PDA cell lines express some level of MUCI. Jurkat cell line was used as
negative control for MUCI1 gene expression in RT-PCR. Human pancreatic normal epithelial cell
line, HPDE (H6¢7) was used as negative control in flowcytometry and cytotoxic assays. CTL T
and uninfected T cells showed similar cytotoxic activity against target cells (figure S1A); therefore,

uninfected T cells (designated mock T) were used as control for all cytotoxic assays.
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Red: CAR-mKate
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Figure 17. Light and fluorescent image of CAR-mKate T cells binding to MUC1 expressing cancer
cell. HPAFII cells were incubated with CAR-mKate T cells for 4 hours, then T cell were removed,
HPAFII cell was washed and imaged using DeltaVision microscope. The intense red signal
observed between CAR T cell and HPAFII indicates co-localization and strong binding of CAR
molecules, which suggests formation of immunological synapse. Nuclei were stained with Hoechst

nuclei blue dye.
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Figure 18. MUCI level in PDA cells. A. Human MUC1 mRNA level in a panel of human PDA
cells lines acquired by RT-PCR. Jurkat cell line was used as negative control for MUC1 gene
expression in RT-PCR B. Surface MUCI1 expression in a panel of PDA cell lines detected by
TABOO4antibody staining and flow cytometry. Most PDA cell lines express some level of MUCI.
Human pancreatic normal epithelial cell line, HPDE was used as negative control in flowcytometry.
PDA cells were categorized into three groups of low MUCI, moderate to high MUCI1 and high
MUCI according to flowcytometry data. MUC1 expression was normalized to isotype control.

Error bars, SEM.
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PDA cell lines were incubated with CAR T or mock T cells for 24, 48 and 72 hrs at different
Target : Effector (T:E) ratios and survival of target cells was measured using MTT assay. Percent
survival was normalized to mock T cells and calculated as 100-[(mock T OD — CAR T OD)/mock
T OD x100]. Figure 19A shows the percentage of surviving target cells 72 hrs post T cell treatment
at T:E ratio of 1:10. Majority of the tested PDA cells were efficiently killed by CAR T cells
especially the high MUC1 and moderate to high tMUCI1 -expressing cells (80-95% killing) except
for HPAFII and CFPAC (~20% and 50% killing). Interestingly, one of the low tMUC1 -expressing
cell line, Capan-1 also responded well to CAR T cell cytolysis. The normal pancreatic cell line,

HPDE, showed 100% survival post co-culture with CAR T cells.

The sensitivity of the PDA cells to CAR T cell killing cannot be accurately compared
between the different cell lines, since each cell line has distinct genetic makeup, which endows
them different intrinsic resistance levels. To investigate this, we used BxPC3-MUC]1 and BxPC3-
Neo cells, which are identical in all aspects except for their MUCI1 level. As shown in figures 19A,
B and C, BxPC3-MUCI cells are significantly more sensitive to CAR T cell killing as compared
to BXxPC3-Neo cells. At a T:E ratio of 1:10 (figure 19A), ~100% of BxPC3-MUCI1 cells are killed
by CAR T cell treatment while ~50% of BxPC3-Neo cells are killed. This 50% killing with a high
T:E ratio (1:10) in BxPC3-Neo cells was possibly because of the existing endogenous MUCI1
expression in these cells (figure 18, 19A). However, the killing effect was completely negated when
T:E ratio was lowered to 1:5 (figure 19B). The cell survival data was further confirmed using a
different cell cytoxicity assay (CytoTox 96® Non-Radioactive Cytotoxicity Assay). Percent
cytotoxicity of CAR T cells/mock T cells show significant killing of BxXPC3-MUC1 but not BxPC3-
Neo cells (figure 19C). Taken together, results clearly suggest a critical correlation between antigen
expression levels and efficacy of CAR T cells. Next, we evaluated whether the efficacy of CAR T
cell killing is dose dependent. Indeed, increasing ratio of CAR T cells to target PDA cells resulted

in dose dependent killing of the target cells (figure 19D). CAR T cells had no effect on normal
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pancreatic epithelia cells (HPDE) at 1:5, 1:10 or 1:20 T:E ratio while the same CAR T cell

effectively killed the high-MUCI expressing PDA cell lines, at all T:E ratios (figure 19D).

2.2.5 tMUCI1-CAR T Cells Do Not Harm Normal Cells

Lastly, we tested if tMUC1-CAR T cells kill other normal epithelial cells or fibroblasts. We
performed the same cell survival assay using eight different primary cells as targets (granted from
Coriell institute) at a 1:10 T:E ratio and 72 hrs incubation with CAR T cells. Three fibroblasts from
three different tissue origins and 5 breast epithelial cells (from mammoplasty) derived from
different healthy donors were tested. All normal cells showed 100% survival when exposed to CAR
T cells for 72 hrs (figure 20). These data suggest that the tMUC1-CAR T cells are non-toxic toward
normal cells while robustly killing most PDA cell lines. This is of utmost importance since CAR T

cell toxicity in patients with epithelial tumors has raised major concerns.
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Figure 19. tMUCI1-CAR T cells show robust cytotoxicity against PDA cells. A. Percentage survival
of 9 PDA cell lines when treated with CAR T cells measured by MTT assay. Percentage survival
of cancer cells treated with CAR T cell was normalized to the mock T cell (uninfected). Cancer
cells are ordered from low to high MUCT (left to right). HPDE cell was used as normal control cell
line. T:E ratio of 1:10 and 72 hrs incubation was applied to all cell lines. All PDA cells show
significant reduction in survival after treated with CAR T cells. Significance is determined between
CAR T cell vs. mock T cell treated for each cancer cells. B. The percentage survival of BxPC3-
Neo and BxPC3-MUCI treated with CAR T cells for 72 hrs at T:E ratio of 1:5. BxPC3-Neo stays
intact when treated with low dose of CAR T cells (T:E 1:5), while BxPC3-MUCI is effectively

killed. Significance is determined between CAR T cell vs. mock T cell treated for each cells. C.
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Spontaneous killing of BXPC3-MUCI cells by CAR T cells within 24 hrs measured by an LDH-
based technique, Cytotox assay. CAR T cells show significantly higher level of cytotoxicity against
BxPC3-MUCI cells compared to BXxPC3-Neo cells. Significance is determined between BxPC3-
MUCI and BxPC3-Neo, each normalized to mock T cell. D. The percentage survival of PDA cells
and normal pancreatic epithelial cell line (HPDE) when treated with different dose of CAR T cells.
Data shows that CAR T cell killing is dose dependent. By increasing the dose of CAR T cells, more
killing was observed in PDA cells, while the survival of normal cell (HPDE) even at T:E of 1:20
remained unchanged. Significance is determined between different T:E ratio groups (a 1:5, b 1:10
and c 1:20). All data presented is normalized to mock T cell. Two-way ANOVA-Multiple
comparisons and Student's t-test were performed for determining significance. Error bars, SEM. *

p< 0.05, ** p< 0.01, *** p< 0.001.
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Figure 20. tMUC1-CAR T cells do not harm normal cells. The percentage survival of a panel of
human normal primary cells including fibroblasts and breast epithelial cells obtained from healthy
donors treated with CAR T cells for 72 hrs at T:E 1:10. There is no significant reduction in the
survival level of normal primary cells when treated by CAR T cells. Significance is evaluated
between CAR T cell vs. mock T cell treated for each normal cell. Two-way ANOVA-Multiple
comparisons and Student's t-test were performed for determining significance. Error bars, SEM. *

p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001.
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2.2.6 tMUC1-CAR T Cells Produce IFN-y and Granzyme B upon Activation and Antigen

Recognition

To determine the mechanism of T cell activation and function, T cells were co-cultured with
target cells for 72 hrs and supernatants were tested for [FN-y and granzyme B production by specific
ELISAs (figure 21A, B). In addition, intracellular production of IFN-y by T cells after co-culture
was measured by flowcytometry (figure S1B). Results show that even before exposure to cancer
cells, activated T cells produced some level of IFN-y cytokine (intracellular and released); however,
when exposed to cancer cells, IFN-y secretion by CAR T cells significantly increased. As may be
expected, ELISA data showed that higher MUCI1 expressing PDA cells triggered higher levels of
IFN-y and granzyme B release by CAR T cells. CTL T and mock T cells released negligible amount
of [IFN-y and granzyme B into the media even after exposure to target cells. Other controls including
supernatants from a) cancer cells alone and b) Jurkat T cells, as well as c) media alone, showed
undetectable amount of released IFN-y and granzyme B by ELISA (figure 21A, B). Intracellular
level of IFNy (figure S1B) and granzyme B (data not shown) in CAR T cells post exposure to PDA
cells showed similar results as the ELISA. We further tested levels of intracellular perforin in CAR
T cells before and after exposure to target cells by flowcytometry and the results showed no

difference between resistant and sensitive target cells (figure S1C).
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Figure 21. tMUC1-CAR-T cells produce IFN-y and granzyme B upon activation and antigen
recognition. The amount of released IFN-y (A) and granzyme B (B) in the co-culture media of CAR
T cells and cancer cells measured by sandwich ELISA. Controls include supernatant of 1) cancer
cells alone, 2) Jurkat and HPAFII cells co-culture, 3) T cells alone as well as 4) media alone. The
cancer cells are ordered based on their MUCI level from left to right (low to high MUCI). tMUC1-
CAR T cells exposed to cancer cells produce significant amount of IFN-y and granzyme B, while
CTL T and mock T cells exposed to cancer cells produce negligible amount of IFN-y and granzyme
B. CAR T cells exposed to normal epithelial cell line, HPDE, did not release noticeable amount of
IFN-y and granzyme B. Significance is determined by comparing CAR T vs. mock T groups for
each cell line. Error bars, SEM. Student's t-test, *** P value < 0.0005 for CAR T cells vs. mock T

cells.

2.3 Discussion

Recently, a MUC1 CAR T cell using the scFv from a different MUClantibody was shown
to be efficacious against breast and pancreatic tumors [174] [146]. Our data corroborates that
tumor-associated MUCI remains a critical targetable antigen in PDA. This study differs from
previously reported data in 2 major ways. 1) use of variable fragment from a highly specific tMUC1
Ab, TABO004, that does not recognize normal MUCI; and 2) testing the efficacy of the tMUCI1-

CAR T cell against a large panel of PDA cell lines and normal epithelial and fibroblastic cells.
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CAR T cell therapy, though extremely successful in treating hematopoietic cancers, has not
gained momentum in the treatment of solid tumors [95]. This is primarily because of limited
selection of tumor specific antigen and a dearth of specific antibodies against them. CAR based on
antibodies which recognize a shared tumor antigen such as ERBB2, have led to lethal outcomes
[122]. Other MUCI1 antibodies may be limited by their specificity, wherein they bind to tumor and
normal MUCI1. TABOO04 has high specificity and binding to tMUCI [65] and spares binding to
normal MUC1. We present data that clearly shows the tMUC1-CAR T cells do not kill normal cells
but effectively kill majority of tMUCT1 expressing PDA cells. Recently, our group has published
the effectiveness of tMUCI1-CAR T cell efficacy against TNBC cells in vitro and in vivo [148].
This highlights the potency of tMUCI-CAR T cells as a potential therapy for multiple

adenocarcinomas.
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CHAPTER 3: IN VIVO EFFICACY OF TMUCI-CAR T CELLS

In this chapter, the efficacy of CAR T cells in controlling the pancreatic tumor growth in
mouse model of PDA will be discussed. The procedure of stablishing the PDA tumors in the
pancreas as well as the treatment administrative rout will be explained. In addition, T cells

infiltration into the tumor, and their persistence in vivo will be discussed.

3.1 Materials and Methods

3.1.1 Cell Culture

The MiaPaCa2-Luc cell line was generated by Lipofectamine transfection (Lipofectamine
3000, Invitrogen, #1.3000015) of the MiaPaCa2 cell line with pGL4.50[luc2/CMV/Hygro] vector
(Promega) followed by drug selection and screening for a month until a permanently transduced
cell population was achieved. For drug selection, hygromycin B (50 mg/mL, Invitrogen/Life tech)
was applied at a concentration of 500 ug/ml. The hygromycin B IC50 was determined by

performing a kill curve experiment on MiaPaCa2 cells (data not shown).

3.1.2 Animal Study

12 female Non-obese diabetic (NOD)-SCID gamma (NOD.Cg-prkdcscidll2rgtmlwl;
NSG™, Jackson Laboratory) mice were anesthetized. Using aseptic techniques, an incision was
made in abdominal area off midline just above the pancreas. Then, pancreas was gently retracted
and injected with 0.5x10° MiaPaCa2-Luc cancer cells. The abdominal incision was sutured and the
skin layers were closed using surgical clips. Mice were monitored and their body weights were
checked daily for a week. 7 days post-surgery, tumor presence was confirmed using in vivo imaging
system (IVIS, PerkinElmer). On day 8 post-surgery, when average ROI for pancreatic tumors was
1.4x10%, mice were randomized into two groups (with even distribution of tumor size) based on
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their baseline luminescence intensity. One group received intravenous (IV) injection of Mock T
(n=6) and the other received tMUC1-CAR T cells (n=6) (10x10° per mouse). On day 68 post tumor
injection, mice were sacrificed and tumors were harvested and weighed. Two mice (1 per group)
died of irrelevant cause before the endpoints. All animal studies were approved by the Institutional
Animal Care and Use Committee of the University of North Carolina at Charlotte. All the

experimental procedures complied with institutional guidelines.

3.1.3 In vivo Imaging

Mice were imaged weekly by in vivo imaging system (IVIS) using chemo-luminescence,
open filter setting in Living Image 4.3 software. Mice were injected intraperitoneally (i.p.) with
luciferin (RediJect D-Luciferin, Perkin Elmer) at 150mg/kg body weight before imaging. Mice
were imaged at 2, 5 and 8 minute after luciferin injections. Images were analyzed using Living

Image 4.3 software.)

3.1.4 CAR T Cells Tracking

To assess T cell trafficking in mice after injection, mock or CAR T cells were labeled with
Vivotrack-680 dye (PerkinElmer) according to the manufacturer’s protocol. Six MiaPaCa2-Luc
tumor-bearing NSG mice were injected with either 4x10° labeled CAR T or mock T cells through
tail vein (n=3). Mice were sacrificed 24 hrs after injection and tumors were dissected and imaged
by IVIS. Images were acquired using fluorescence Vivotrack-680 channel with excitation=676 and

emission=696 nm, and analyzed using Living Image 4.3 software.

3.1.5 Immunohistochemistry (IHC)

Tumor tissues were fixed in 10% neutral-buffered formalin. Paraffin-embedded blocks were

prepared by the Histology Core at the Carolina Medical Center and 4-pum-thick sections were cut
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for staining. IHC was performed as described previously [170, 175]. Briefly, the tumor sections
were deparaffinized in xylene, rehydrated in a series of ethanol (100, 95 and 70%) followed by tap
water and PBS, and then subjected to antigen retrieval in 99°C water bath for 40 min. The activity
of endogenous peroxidases was blocked by 2% hydrogen peroxide for 15 min. The slides were
washed twice in PBS and blocked with 50% FBS for 1 hr at room temperature and then incubated
with primary antibody overnight at 4°C. Antibodies were prepared in 15% FBS in PBS diluent. For
MUCI staining horseradish peroxidase (HRP)-conjugated TAB004 was used at 1:375 dilution. For
CD3 staining, anti-human CD3 antibody (abcam, ab16669) was used at 1:150 dilution. A HRP-
conjugated secondary anti-rabbit antibody (Dako, P0448) was used for detecting CD3 antibody and
incubated for 1 hr in room temperature. Subsequently, the tissues were washed twice in PBS and
incubated with the substrate 3,3'-diaminobenzidine (Vector Laboratories, Burlington, CA) for 5
min, followed by counterstaining with Mayer’s hematoxylin solution. The tissues were then
dehydrated in a series of ethanol, immersed into xylene and mounted using Permount (Fisher
Scientific). After two days, representative images were taken at x10 magnification using light

microscopy.

3.1.6 Statistical Analysis

All of the data were analyzed by Prism (version 8.0; GraphPad Software) and results
presented as mean = SEM. Data are representative of two or more independent experiments. The
statistical analysis was done using Prism software and significance was determined using unpaired
Student’s t-test, two-way ANOVA, or Non-parametric Mann-Whitney U test where indicated (*,
p< 0.05, **, p< 0.01, *** p< 0.001). Significance of data was evaluated using Non-parametric

Mann-Whitney U test.
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3.2 Results

3.2.1 tMUCI1-CAR T Cells Control Pancreatic Tumor Growth in vivo

To investigate the efficacy of CAR T cells in hampering tumor growth in vivo, orthotopic
mouse model of human PDA was stablished by injecting 0.5x10° MiaPaCa2-Luc cells into the
pancreas of NSG mice. Seven days post-surgery, mice were imaged using [VIS and tumor presence
was confirmed. On day 8 post-surgery, mice were randomized into two groups based on their
baseline luminescence intensity. One group received IV injection of mock T and the other received
CAR T cells (10x10° per mouse) (figure 22A). Tumor growth was monitored using weekly IVIS
imaging and the serial images are shown in figure 22B. Data clearly confirmed that CAR T cells
controlled the tumor growth in mouse model of PDA compared to mock T treated group. On day
68 post-surgery, mice were sacrificed and tumors were harvested. Mock T cell-treated mice had
significantly larger tumors than CAR T cell-treated mice (figure 22C). Many metastasis lesions
were present on organs in the abdominal cavity of mock T cell-treated mice, whereas CAR T cell-
treated mice had more confined tumors (data not shown). Tumor wet weights were measured and
results showed significant difference between the CAR T and mock T cell treated groups (P

value=0.0476, figure 22D).
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Figure 22. tMUC1-CAR T cells control pancreatic tumor growth in vivo. A. Establishing the mouse
model of human PDA using orthotopic injection of MiaPaCa2-Luc cancer cells into the pancreas.
7 days post-surgery, tumor presence was confirmed using IVIS imaging. On day 8, mice were
randomized into two groups and injected IV with 10x106 mock or CAR T cells. Images were taken
8 minute after luciferin injection using IVIS system. B. Serial IVIS images of MiaPaCa2-Luc
implanted mice treated with mock or CAR T started on day 7 post tumor inoculation. One mouse
per group is shown as representative of 6 mice. C. Images of the tumors harvested from mice treated
with mock T or CAR T cells on day 68 post tumor inoculation. D. Tumor wet weights of the mice
treated with mock T or CAR T cells on day 68 after tumor inoculation. Significance of data was

evaluated using Non-parametric Mann-Whitney U test. P value=0.05 (n=5).

3.2.2 tMUCI1-CAR T Cells Traffic to the Tumor Site

To see if CAR T cells can successfully traffic into the fibrotic pancreatic tumors, mock and
CAR T cells were labeled with Vivotrack-680 dye and IV injected into six MiaPaCa2-Luc tumor-
bearing NSG mice on day 52 post-surgery (n=3). Mice were sacrificed 24 hrs after (since

Vivotrack-680 signal intensity peaks at 24 hrs), and tumors were dissected and imaged by IVIS
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using Vivotrack-680 channel. There was strong signal emitted from CAR T cell-injected tumors
compared to the control group, which suggests that CAR T cells were able to infiltrate into and
localize in the pancreatic tumor mass as early as 24 hrs after infusion, while mock T cells were not

directed to the tumor mass (figure 23).

Figure 23. Visual representation of CAR T cells trafficking in the pancreatic tumors. To evaluate
T cells trafficking into the fibrotic pancreatic tumor, six tumor-bearing mice (day 52 post-surgery)
were injected IV with either 4x106 vivotrack-680 labeled-CAR T cells or mock T cells. After 24
hrs, mice were scarified and tumors were harvested and imaged using fluorescent channel on IVIS
machine with excitation=676 and emission=696 nm. The fluorescent signal acquired from tumors
of mice treated with CAR T cells was significantly higher than the ones treated with mock T cells,
which indicates more CAR T cells are directed to the tumor site than mock T cells. T1-3, tumor 1-

3.

3.2.3 Immunohistochemistry Analysis of Tumor Tissues

Tumor tissues were harvested at day 68 at endpoints and fixed in 10% neutral-buffered
formalin. Paraffin-embedded blocks were prepared and 4 micron sections were cut for staining.
IHC was performed as described previously. To evaluate CAR T cell infiltration and persistence in
the tumor by day 68, tissues were stained with a human anti-CD3 antibody. Results showed no
significant staining in either group. This may indicate that the T cell persistence in the tumor tissue
was minimal by the time the tumors were dissected (figure 24). Although they infiltrated into the
tumor initially within 24 hrs as shown in previous section, they did not persist in the tumor
microenvironment.

To test for MUCI1 expression in the tumors, tumors tissues were stained with TAB004
antibody and the result showed noticeably higher staining in mock T cell treated group compared

to CAR T cell treated group (figure 24). Two possible mechanism explain this result: 1) Elimination
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of MUCI positive cells by CAR T cells in the CAR T cell treated group leading to low staining. 2)
Antigen loss, an immune evasion mechanism utilized by tumor cells in order to evade CAR T cells

in CAR T cell treated group.
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Figure 24. Immunohistochemistry staining of CD3 and MUCI in tumor tissues harvested at day 68
post tumor inoculation. CD3 staining did not generate a clear positive staining. In the bottom row,
the brown staining shows tMUC1 positivity, which was higher in mock T, treated group that CAR
T.

3.3 Discussion

In this chapter, results related to the evaluation of the in vivo efficacy of MUCI-specific
CAR T cells was presented. Initially we decided to stablish a PDA xenograft model where
assessment of tumor growth and response to treatment could be performed with IVIS imaging. This
imaging system provides a quantitative, objective, non-invasive and high throughput method for
monitoring tumor growth [176]. Additionally, it can detect microscopic tumors with accuracy and
high sensitivity, even before the tumors are palpable using caliper measurements [177]. For this
purpose, we engineered MiaPaCa2 cells to express firefly luciferase. PDA tumor establishment in
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NSG mice orthotopically injected with MiaPaCa2-Luc cells was confirmed using IVIS imaging.
All the mice had noticeable size of pancreas tumor 7 days post-surgery. However, over time, the
signal emitting from the tumors was not correlating with the final size and weight of the tumor. The
CAR T cell treated group has significantly smaller tumors than mock T cell treated group. We
discovered the difference when we dissected the tumors at the endpoints. One reason could be that
the PDA tumors in the pancreas are too deeply buried in the abdominal cavity for bioluminescence
signal to penetrate through the tissues. Rotating the mice to the side didn’t seem to help, since it
only detected the signal from one side of the PDA tumor which is not a good indicative of the whole
tumor. Therefore, we avoided presenting the IVIS data and only show the final tumor wet weights,
which are more reliable. To address this issue, we suggest imaging the mice from the dorsal view
instead of the ventral or lateral. Moreover, performing a longer mouse experiment may show more
dramatic difference in the bioluminescence signal from different groups of mice.

Mice were monitored through the experiment and no sign of weight loss or ailment was
observed. Organs such as lung, liver, spleen and kidney were harvested at endpoint and later
examined for sign of toxicity. Luckily, there was no sign of treatment toxicity in the mice.
Therefore, we can deduce that MUC1 CAR T cell therapy does not induce toxicity in NSG mice.

Imaging CAR T cells in vivo has been a challenge for many years. We have implemented a
new method, which allows quick and easy labeling of T cells. Using Vivotrack 680 dye, any cell
can be labeled in 1 hr and used for in vivo imaging. The signal will peak at 24 hrs and last for up
to a week. We labeled tMUC1-CAR and mock T cells with Vivotrack 680 dye and injected them
1.v. into the PDA tumor bearing mice. The IVIS machine was able to successfully pick up the signal
in the dissected mice 24 hrs after T cells injection. Comparatively, more fluorescence was emitting
from the tumors of mice injected with CAR T cells than the one with mock T cells. This data
suggest that MUC1-CAR T can successfully traffic to the PDA tumor site whereas mock T cells

are less directed.
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To track the CAR T cells systemically, whole mouse body was imaged using IVIS.
Unfortunately, a strong signal was not observed. After opening the mouse, IVIS imaging detected
significant amount of signal from the entire abdominal cavity. Most organs were glowing especially
liver. It is rational to see T cells travel everywhere within 24 hrs. However, they might clear out of
organs after few days. To track T cells for a longer period, other staining methods should be
considered or stably transferred CAR T cells with fluorescent tag must be utilized.

Although tMUC1 CAR T cells could significantly reduce the burden of PDA tumors, they
were unable to eradicate the tumor completely. Several reasons are speculated for the lack of
efficacy: 1) high burden of tumors at the time-point of CAR T cell injection, 2) Low persistence of
CD3+ CAR T cells in the tumor (Figure 24), 3) tMUClantigen loss (Figure 24), and 4) CAR T cell
exhaustion. Low overall response was not attributed to lack of T cells migration to the tumor site,
as our in vivo tracking data confirmed that T cells could infiltrate into the tumors within 24 hrs.. To
attempt to overcome the challenge of antigen loss, researchers have designed various strategies
such as using bispecific CAR T cells, which contain two scFv from two different antibody. These
CAR T cells, which target multiple antigens simultaneously, prevent antigen escape by malignant
cells [130, 178].

CAR T cell exhaustion due to tonic signaling might contribute to the reduction of CAR T
cells activity in vivo. Tonic signaling is defined as a constitutive or chronic activation of T cells in
the absence of a ligand [179]. Physiologically, low-level continuous tonic signaling via interactions
between the endogenous TCR and self-peptide loaded MHC molecules establishes a key
mechanism to regulate T cell homeostasis [180]. In the contrary, tonic signaling mediated by T cell
engrafted CAR can be dependent or independent of the relevant Ag and has major effects on CAR
T cell based therapies. Although, in some instances, CAR tonic signaling may promote T cell

expansion by providing stimulating signals [181]; tonic signaling mostly leads to terminal effector
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T cell differentiation, exhaustion and/or enhanced activation-induced cell death, and therefore,
restricts in vivo persistence and antitumor activity [182, 183].

To overcome the effects of tonic signaling, different strategies could be designed. In a
previous study by Long et al. it has been shown that the detrimental effects of continuous signaling
of CAR T-cells could be abrogated by replacing the CD28 co-stimulatory molecule of the CAR
signaling domain with that of 4-1BB [182]. Another possible solution in order to improve T cell
function in vivo is to use checkpoint inhibitors along with CAR T cells therapy. Two different types
of experiments could be designed: 1) simultaneous treatment of PDA cancer xenograft mice with
both CAR T cells and a checkpoint inhibitor, and 2) in vitro treatment of CAR T cells with a
checkpoint inhibitor in order to reverse T cell exhaustion, prior to their administration in mice with
established PDA tumors. In support of the second strategy, K. Moon et al. have shown that
mesothelin-targeted CAR T cells exhaustion in mice due to suppressive tumor microenvironment
could be restored by ex vivo treatment of CAR TILs with a PD-L1 inhibitor [184]. In our studies,
using anti-PD1 antibody did not improve the efficacy of CAR T cell therapy in vitro. Other
checkpoint pathways such as Tim-3 should be further investigated in order to find the right targeting
candidate.

Other researchers have designed strategies in order to improve the anti-tumor activity of
CAR T-cells. These include the targeted integration of the CAR transgene to the TRAC locus [185]
and co-expression of a CAR with the IL-17R cytokine receptor and they could be combined with
the MUC1- immunotherapeutic approach presented herein [186].

To avoid antigen loss, we will need to design bi-specific CAR constructs. Mesothelin and
MUCI may be the most commonly expressed target antigens in PDA. Another solution may be to
inject CAR T cells more than once to address the concern of T cell persistence. However, we need
to first determine at what time point post 1% injection, T cells are lost in the tumor

microenvironment.

69



CHAPTER 4. PDA RESISTANCE TO CAR T CELL THERAPY

In this chapter, the resistance of PDA cells to the CAR T cell treatment and the involved
mechanism will be investigated. We have studies the possible immunosuppression mechanisms
performed by cancer cells to evade from immune cells and found that PD1/PDLI interaction does
not play an important role in our model. Also, shed MUCI1 level did not show any relevance to the
resistance level of PDA cells. However, CAR T cells proliferation seemed to be affected by
resistant cancer cells. To pinpoint the particular factors conferring resistance, qPCR analysis was
performed on 16 resistance related genes in three PDA cell lines before and after CAR T treatment.
Our data suggests that IDO1, COX1 and COX2, ADARI and galectin-9 might be possible players
in PDA resistance. Hence, combination therapies targeting these molecules along with CAR T cells
was performed and resulted in improved treatment in some cases. In addition, CAR T cells
compatibility with standard of care drugs for PDA was investigated. Low dose chemotherapy drugs
such as gemcitabine, paclitaxel and 5-FU were applied on the PDA cells before CAR T cell
treatment and the results showed enhanced efficacy. Here, we provide insights into some of the
resistance mechanisms in PDA and suggest candidate molecules to target in order to reverse the

immunosuppression of PDA cells to CAR T cell treatment.

4.1 Materials and Methods

4.1.1 Flow Cytometry

PD1-APC (eBioJ105) and PDLI-FITC (clone MIH2) antibodies were obtained from
eBioscience. Dead cells were excluded by 7-AAD staining (BD Biosciences #555816). Data were
acquired on BD LSR Fortessa flow cytometer (BD Biosciences) and analyzed using the FlowJo

software (version 8.8.7, Tree Star Inc).
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4.1.2 Apoptosis Assay

Mock and CAR T cells were stained with Annexin V/PI dyes according to the Dead Cell
Apoptosis Kit protocol (Life Technology V13242) before and after co-culture with cancer cells for
24, 48, and 72 hrs. The percentage of positive cells for Annexin V, PI or both was assessed using

flowcytometry.

4.1.3 Proliferation Assay

HPAFII, CFPAC and MiaPaCa2 cells were plated in 6well plate (500,000 cells/well). Next
day, mock and CAR T cells were added to the cancer cells at 1:5 T:E ratio. Number of live T cells
per well were calculated at 24, 48 and 72 hrs using trypan blue (0.4%, Thermo Fisher) staining and

Countess II automated cell counter (Life Technologies, Carlsbad, USA).

4.1.4 RT-PCR, qPCR

RNA was extracted from cancer cells by RNeasy Plus Mini Kit (Qiagen #74134). RT-PCR
was performed using AccessQuick™ RT-PCR system (Promega #A1700) and samples were ran
on 1.2% agarose gel. The human MUCI primers used were Forward TGC ATC AGG CTC AGC
TTC A, Reverse GAA ATG GCA CAT CAC TCA G, and Tm 60 °C. qPCR primers were designed
using the NCBI primer design tool and synthesized by MWG Eurofins (Louisville, USA). The
primer sequences and their Tm are shown in table 1. Average Tm of F and R primers was used for
each reaction. The relative expression levels of multiple genes such as MUCI, PD1, PDLI, LIF,
VEGF, IDO1/2, COX1/2, ADARI1, TGFB, TGFBRI/II, PDGF, M6PR, Gal-9 and TRAIL were
quantified in cancer cells before and after exposure to mock and CAR T cells using Applied
Biosystems® 7500 fast Real-Time PCR machine and SYBR Green PowerUp Master Mix (Life

Tech, A25742). Relative expression of each gene was calculated as 1/ (gene CT — GAPDH CT).
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Gene name Primer sequence Tm (°C) ‘
LIF F TGTCTTACAACACAGGCTCCA 60
LIFR CACAACTCCTGCCGCCAA 61
VEGF-A F ATCACCATGCAGATTATGCGG 59
VEGF-A R CCCCTTTCCCTTTCCTCGAAC 61
IDO1 F TGTCTGGCTGGAAAGGCAAC 61
IDO1 R CTGAAAGACGCTGCTTTGGC 60
IDO2 F CAGTTCCTGAAGGGTCACCG 60
IDO2 R GATTCCTTGGCAGGACCTCTG 60
COX1F ACCAGGCATCAGAAACGGAG 60
COX1R GGAACTCATTTCCCTTGGTGC 60
COX2F CAAATTGCTGGCAGGGTTGC 61
COX2 R AGGGCTTCAGCATAAAGCGT 60
ADARF TTGGCGAGCTCGTGAGATAC 60
ADAR R AAACGAACTTGGGCTCGTGA 60
TGF-B1 F GGAAATTGAGGGCTTTCGCC 60
TGF-B1 R AGTGAACCCTGCGTTGATGT 60
TGFB-R1 F GTCGCAGAGGGAAGCGTTAC 61
TGFB-R1 R AAGCAGAGCCCATCTGTCAC 60
TGFB-R2 F ACGTTCAGAAGTCGGATGTGG 60
TGFB-R2 R TCAGTGGATGGGCAGTCCTA 60
PDGF-B F CCTGTCTCTCTGCTGCTACC 60
PDGF-B R ATCTTCCTCTCCGGGGTCTC 60
PDL1 F CTGAACGCATTTACTGTCACGG 60
PDLI R GACAATTAGTGCAGCCAGGTC 60
TRAIL F CCCTTGCACCAAATGTGAAC 58
TRAIL R AGAAGACAAAGCCACCCCAA 59
Galectin9 F TACCTGAGTCCAGCTGTCCC 61
Galectin9 R AGCTGAGAACGGTCCCATTG 60
M6PR F TGAAACTAGCTCTGGGACCG 59
M6PR R AAGGGAACATCGTGTCGTGG 60
MUCI F CAGTGCTTACAGTTGTTACGGG 60
MUCI R GCTGGGCACTGAACTTCTCT 60
GAPDH F CCTGCACCACCAACTGCTTA 61
GAPDH R GGCCATCCACAGTCTTCTGAG 60

Table 1. List of primers used in qPCR experiment with their melting temperature (Tm). Average

Tm of F and R primers was used for each reaction. F, forward, R, reverse.
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4.1.5 Combination Therapy with Drugs and Blocking Antibody

To assess the effect of drugs on CAR T cell cytotoxicity, cancer cells were plated at
5,000/well concentration in 96 well plates in triplicate. Next day, cells were treated with drugs (1-
MT [Sigma, #452483], indomethacin [Sigma, #17378], gemcitabine hydrochloride [Sigma,
#G6423], paclitaxel [Invitrogen, Taxol equivalent, #P3456] and 5-Fluorouracil [Sigma, F6627]) at
indicated concentrations for 24 hrs. After 24 hrs drug was removed, cells were washed and further
incubated with mock or CAR T cells at T:E ratio of 1:10 for 72 hrs. Thereafter, the percentage of
surviving cancer cells were measured using the MTT assay. For Gal-9 and PD-1 blocking
experiments, cancer cells were plated at 10,000 cells/well concentration in 96 well plates in
triplicate. After 24 hrs, mock or CAR T cells were added at T:E ratio of 1:10. 0.1, 1, and 10 ug/ml
of Gal-9 (clone 9M1-3, BioLegend) or PD-1 blocking antibody (clone EH12.2H7, BioLegend) was

added to the media and incubated at 37 °C for 72 hrs. Survival was measured using the MTT assay.

4.1.6 Statistical Analysis

All of the data were analyzed by Prism (version 8.0; GraphPad Software) and results
presented as mean + SEM. Data are representative of two or more independent experiments. The
statistical significance was determined using unpaired Student’s t-test or two-way ANOVA where

indicated (*, p< 0.05, **, p< 0.01, *** p<0.001).4.2 Results

4.2.1 Deciphering the Intrinsic Resistance Mechanism Utilized by PDA Cells to CAR T Cell

Therapy: Role of IDO1 and Gal-9

To assess why some PDA cell lines are resistant to CAR T cell killing independent of their
tMUCI1 expression or the CAR T cell’s ability to express perforin (figure S1C), or produce IFN-y
and granzyme B (figure 21 and S1B), we considered some common immune evasion tactics used

by tumor cells. We selected two highly resistant cell lines; HPAFII and CFPAC (both express
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similar levels of tMUCI1, figure 18B). As control, we included a highly sensitive cell line, MiaPCa2

with similar tMUCI level.

Impairing T cells function by cancer cells is reported as a common mechanism involved in
tumor immune evasion. Main factors in T cells anti-tumor cytotoxicity include IFNy, granzyme B
and perforin secretion. Results show no correlation between the amount of released IFNy and
granzyme B and levels of intracellular perforin with the resistance of tumor cells (figures 21 and
S1B, C).

Another common mechanism of immune evasion is associated with tumor-induced apoptosis
of effector T cells. PDL1 expressed by cancer cells can interact with PD1 receptor on T cells and
trigger T cell apoptosis. To test if HPAFII and CFPAC utilize this mechanism, mock and CAR T
cells were exposed to resistant (HPAFII, CFPAC) or sensitive (MiaPaCa2) cells for 24, 48 and 72
hrs and the apoptosis was assessed by Annexin V/PI staining and flowcytometry. Data shows that
apoptosis of mock and CAR T cells did not significantly alter after 24, 48 and 72 hrs exposure to
resistant vs. sensitive PDA cells. T cell apoptosis level at 48 hrs time-point is shown in figure 25A.
Level of PD1 expression by T cells before and after exposure to resistant or sensitive cells were
measured by flowcytometry and the results are shown in figure S2A, B. There was no significant
difference between level of PD1 expression by mock and CAR T cells before and after co-culture
with resistant or sensitive cells at 24, 48 and 72 hrs. Most PDA cells used in this study express
considerable amount of PDL1; however, the PDL1 level is not correlated with the resistance of
PDA cells (figure S2A, B). To confirm the results, PD1 blocking with anti-PD1antibody was
performed in combination with CAR T cell therapy on the three cell lines. We detected no
improvement in killing of the resistant PDA cell lines (HPAFII, CFPAC), while sensitive cell line
(MiaPaCa2) killing was enhanced (figure S3). Data suggests that PD1/PDL1 interaction may not

be the major factor driving CAR T cell resistance in HPAFII and CFPAC cells.
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Because apoptosis of CAR T cells was not significantly different when co-cultured with
resistant versus sensitive PDA cell lines, we enumerated cell numbers post co-culture. Proliferation
of CAR T and mock T cells was evaluated before and after co-culture with resistant (HPAFII and
CFPAC) and sensitive (MiaPaCa2) PDA cells at 24, 48, and 72 hours using a cell counter.
Interestingly, CAR T cell proliferation was significantly hindered when co-cultured with HPAFII
and CFPAC cells by 72 hrs, while growth of CAR T cells was enhanced when co-cultured with

MiaPaCa2 cells. Mock T cell proliferation did not show the same trend (figure 25B).

Studies have shown that PDA cells shed MUCI into the supernatant and that may impair T
cells function. It is also reported that depletion of soluble MUCI1 from the tumor supernatants
reversed the inhibitory effects on T cells [187]. Thus, we assessed the amount of released MUCI1
by PDA cells in the co-culture media using a specific ELISA (figure S2C). Results show that only
HPAC cells release high levels of MUCI, while other PDA cells shed minimal levels of MUCI.
Since HPAC cell line is highly sensitive to CAR T cell treatment, we negated the role of shed

MUCI as a mechanism for antigen loss and immune escape (figure S2C).

Thus, we moved to investigate the gene expression profile of HPAFII, CFPAC, and
MiaPaCa2 cells. Sixteen genes linked to immune resistance (based on literature) were analyzed
using qPCR technique. Figure 25C shows relative expression of each gene (normalized to GAPDH)
in three cell lines before and after CAR T cell treatment. MUC1 mRNA expression in resistant vs.
sensitive cells did not significantly change after CAR T cell treatment, indicating no antigen loss
through gene downregulation, and therefore may not account for the immune evasion in the HPAFII
and CFPAC PDA cells (figure 25C). Most of the genes were expressed at low levels in resistant
cells except indoleamine 2, 3-dioxygenases-1 (IDO1), cyclooxygenase 1 and 2 (COX1/2),
adenosine deaminases acting on RNA (ADARI) and Gal-9. According to qPCR data, IDO1 gene
expression in HPAFII cells was significantly increased (69-fold increase) after treatment with CAR
T cells, while its level declined in MiaPaCa2 cells. COX1 and 2 expressions were slightly higher
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in HPAFII and CFPAC, and their level increased after CAR T treatment. The expression of ADARI
gene was higher in HPAFII cells compared to MiaPaCa2 before treatment, and expression of this
gene was only increased in CFPAC after CAR T treatment. Gal-9 gene expression was also high in
both resistant cells before and after CAR T cell therapy. These genes are appropriate candidates to
further study as some of the important players in immune resistance of HPAFII and CFPAC cells.
Hence, we combined CAR T cell treatment with inhibitors or blocking antibodies to the above-

mentioned molecules.
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Figure 25. Deciphering the resistance mechanism utilized by PDA cells against CAR T cell therapy.
A. Apoptosis of CAR T cells before and after exposure to HPAFII, CFPAC and MiaPaCa?2 cells.

Mock and CAR T cells were co-cultured with PDA cells and their apoptosis level was measured
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by Annexin V/PI staining at 24, 48 and 72 hrs post co-culture. A shows percentage of positive
Annexin V, Pl or both in T cells after 48 hrs co-culture. There is no significant difference between
apoptosis level of mock and CAR T cells when exposed to resistant vs. sensitive PDA cells. B.
Mock and CAR T cells proliferation over time after exposure to HPAFII, CFPAC and MiaPaCa2
cells. T cells were enumerated using an automated cell counter. MiaPaCa2 cells enhanced
proliferation of CAR T cells after 48 and 72 hrs, whereas CFPAC and HPAFII cells hindered CAR
T cells proliferation. Mock T cells did not show the same trend. Significance of data was evaluated
using Two Way ANOVA (Multiple Comparison). Error bars, SEM. *** p<0.001, **** p<0.0001.
C. g-PCR data showing relative expression level of 16 genes in HPAFII, CFPAC and MiaPaCa2
cells before and after exposure to CAR T cells. CTs are normalized to GAPDH in each sample and
higher number in Y-axis represents higher expression of the gene. IDOI, COX1/2, ADARI1 and
galectin-9 genes were overexpressed in resistant PDA cells after exposure to CAR T cells. Error

bars, SEM.

4.2.2 Battling the Resistance of PDA Cells with Combination Therapy

4.2.2.1 Targeting Resistance Related Genes with Small Molecule Inhibitors

IDO1 was one of the candidate genes involved in immune resistance. IDO1 function can be
inhibited by 1-Methyl-D-tryptophan (1-MT) drug. Three cell lines were treated with 1-MT drug at
three different concentrations for 1 day followed by 3 days of mock or CAR T cell treatment. CAR
T cells plus drug killing was normalized to mock T cell plus drug, and the asterisk shows significant
difference between the CAR T cells plus drug (combination therapy) and CAR T cells alone.
Results showed a significant reduction in survival of HPAFII and CFPAC cells by combination of
CAR T cells and 1-MT therapy in a dose dependent manner compared to CAR T alone or 1-MT
alone therapy, while MiaPaCa2 cells showed no significant difference in survival (figure 26).
Combination of CAR T cells and 1-MT did not improve the treatment efficacy for MiaPaCa2 cells.
However, IMT alone reduced the MiaPaCa2 cells survival by 50%. It may be due to elevated level
of IDO1 in MiaPaCa2 before the therapy and its reduction after the therapy. Data suggests that

IDO1 may be one of the major factors causing immune resistance in HPAFII and CFPAC cells and
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targeting IDO1 along with CAR T cell therapy may enhance the treatment efficacy in resistant PDA

cells.

Several studies have shown the importance of COX1 and COX2 in causing resistance of
cancer cells to immune therapy [188] [189]. Therefore, celecoxib (specific COX-2 inhibitor) and
indomethacin (COX1 and 2 inhibitor) were used in combination with CAR T cells. Both HPAFII
and CFPAC cells showed reduction in survival when treated with indomethacin and CAR T cells,
while MiaPaCa2 cells showed no difference in survival (figure 26). Celecoxib did not change the

efficacy of CAR T cells (Data not shown).

Next candidate gene for resistance was ADARI1. gPCR data showed an elevation in ADARI
gene expression level in resistant cells compared to MiaPaCa2. PDA cells were treated with EHNA
drug (ADARI inhibitor) for 24 hrs before adding CAR T cells, and cell survival was measured at
72 hrs post co-culture. Combination therapy with EHNA drug did not result in significant reduction
in the survival of the target cells (data is not shown). Hence, we inferred that ADAR1 might not

play an important role in immune resistance of HPAFII and CFPAC cells.

4.2.2.2 Targeting Resistance Related Genes with Blocking Antibody

Gal-9 was another gene that showed increased expression in the resistant cells. Gal-9 is a
tandem-repeat galectin interacting with Tim3 receptor on T cells [190]. To neutralize the effects of
Gal-9, a blocking Ab, 9M1-3 (Biolegend) was used in combination with CAR T cells and the results
are shown in figure 27. HPAFII and CFPAC cells are efficiently targeted by CAR T cells when
Gal-9 checkpoint inhibitor is added to the co-culture media compared to CAR T cell or 9M1-3
treatment alone. In contrast, survival of MiaPaCa2 cells was not affected by the combination. Data
suggests Gal-9 —Tim3 interaction may play an important role in immune evasion by resistant PDA

cells.
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Figure 26. Targeting resistance related genes with small molecule inhibitors. HPAFII, CFPAC and
MiaPaCa2 cells were pre-treated with IDO1 inhibitor (1-MT) or COX1/2 inhibitor (indomethacin)
for 24 hrs, then drugs were removed and PDA cells were co-cultured with mock or CAR T cells
for 72 hrs at T:E ratio of 1:10. Percentage survival was measured using MTT assay and normalized
to mock T. HPAFII and CFPAC killing by CAR T cells was significantly improved when pre-

treated with 1-MT and indomethacin; while MiaPaCa2 cell did not respond to the combinational
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treatment. Student's t-test comparing CAR T + drug group to CAR T alone group. * p< 0.05, ** p<
0.01, *** p<0.001.
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Figure 27. Targeting resistance related genes with anti-Gal-9 blocking antibody. Percentage
survival of HPAFII, CFPAC and MiaPaCa2 cells after treatment with CAR T alone, Gal-9 blocking
antibody alone, and combination of CAR T cell and Gal-9 blocking Ab. Anti-Gal-9antibody was
added at 3 different concentrations to the co-culture media of PDA cells and mock or CAR T cells
(T:E 1:10). Percentage survival was obtained using MTT assay and data was normalized to mock
T. HPAFII and CFPAC survival were reduced with combination of CAR T and anti-Gal-9 blocking
Ab; while MiaPaCa2 did not respond to the combination therapy. Student's t-test comparing CAR
T + anti-Gal-9antibody group to CAR T alone group. * p< 0.05, ** p<0.01.

4.2.2.3tMUCI-CAR T Cells Work Synergistically with Common Chemotherapy Drugs to Kill

Resistant PDA Cells

Another approach to break resistance of target cells to CAR T cells is pre-sensitizing them
with common chemotherapy drugs. Three widely used drugs for PDA include gemcitabine (GEM),
5-Fluorouracil (5FU) and paclitaxel (PTX). GEM is analog of deoxy-cytidine, inhibits DNA
synthesis, PTX suppresses microtubule detachments from centrosome, and 5-FU inhibits
Thymidine synthase. We treated PDA cells with the drugs for 24 hrs prior to CAR T cell treatment.
After 72 hrs of CAR T treatment, target cell viability was measured using MTT assay. Results

demonstrate significantly enhanced sensitivity of HPAFII cells to CAR T cell treatment when pre-
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exposed to low-dose chemotherapy drugs (figure 28, top row). All three drugs improved killing of
HPAFII cells with CAR T cells, while only 5-FU showed the same effect on CFPAC cells. GEM
and PTX did not assist the CFPAC sensitivity to CAR T cells (figure 28, bottom row). Data suggests
that pre-sensitizing the resistant PDA cells with low dose of appropriate chemotherapeutic drug

may enhance the efficacy of CAR T cell treatment.
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Figure 28. tMUCI1-CAR T cells work synergistically with common chemotherapy drugs to kill
resistant PDA cells. Percentage survival of two resistant PDA cells, HPAFII and CFPAC, treated
with combination of CAR T and chemo drugs. HPAFII and CFPAC were exposed to gemcitabine,
paclitaxel or 5-FU for 24 hrs at indicated concentrations, then co-cultured with mock or CAR T
cells at T:E ratio of 1:10. Survival level was measured using MTT assay and data was normalized
to mock T. Student's t-test comparing CAR T + drug to CAR T alone group, * p< 0.05, ** P>
0.0021, *** P<(.0004.
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4.3 Discussion

We present preclinical data showing efficacy of a novel TAB004-derived CAR T cell
targeting tMUCT against a panel of human PDA cell lines. Data demonstrates that some PDA cells
remain highly resistant to CAR T cell therapy. Thus, we determined the genes that may be involved
in the immune resistance. Data clearly implicate IDO1, Gal-9 and to a lesser extent, COX genes as
mechanisms of CAR T cell resistance. To our knowledge, this is the first study to show that
blocking the function of IDO1 or Gal-9 can enhance CAR T cells therapy against PDA cells. We
also report that pre-treating the resistant HPAFII cells with standard drugs such as PTX, GEM, and
S5FU enhanced CAR T cell efficacy. However, for CFPAC cells, only pre-treatment with SFU
enhanced CAR T cell efficacy. Data suggest that not all PDA cells are alike and biomarkers such

as IDO1 and Gal-9 may be useful tools to determine response to CAR T cell therapy.

Despite many PDA cells being efficiently destroyed by CAR T cells, few PDA lines were
highly resistant. This was not surprising. Human PDA is known to be immunologically cold and
refractory to the treatments. Thus, deciphering mechanisms involved in PDA immune-resistance is
of cardinal importance. Majority of combination therapy to date have focused on targeting the
PD1/PDL1 axis using blocking antibodies [159], but in our study with HPAFII and CFPAC cells,
we saw no evidence supporting enhanced CAR T cell efficacy when combined with anti-PD1
antibody [148]. A study by Koyama et al [191] has shown that failure of PD1 monotherapy
blockade or PD1 adaptive resistance in lung adenocarcinoma is associated with upregulation of
alternative immune checkpoint molecules particularly Tim-3. This may explain why PD1 blockade
in our model did not improve HPAFII and CFPAC killing, dissimilar to MiaPaCa2 cells. Tim-3
upregulation in HPAFII and CFPAC cells with elevated levels of its ligand, Gal-9, may potentially

deteriorate CAR T cells function.

Multiple factors can dictate the resistance of a tumor cells to a treatment. High-throughput

screening is required and yet it may result in inconclusive data. In this study, we focused on key



proteins and genes known to be associated with immune tolerance. Sixteen genes were analyzed
using qPCR. Among those, IDOI1, an enzyme that catabolizes tryptophan to kynurenine acid
thereby provides metabolic advantage to cancer cells against T cells, was found to be of utmost
importance [192, 193]. IDO1 contributes to peripheral immune tolerance and evasion of tumors by
downregulating T cell metabolism. Several studies have confirmed that IDO1 and the downstream
tryptophan catabolites inhibit T cell proliferation, thereby suppressing T cell function [194-197].
The effect of tumor IDO on CD19-CAR T cell activity in a B cell lymphoma model has been
previously shown. They reported that IDO overexpression in xenograph lymphoma could inhibit
CAR T cells function by diminishing their proliferation, cytotoxicity, and cytokine secretion in
vitro in response to CDI19 recognition. Using two IDO inhibitors, fludarabine and
cyclophosphamide, CAR T cell function was restored [198]. Here we showed that elevated intrinsic
IDO activity plays a critical role in immune suppression of CAR T cells against solid tumor. As
shown in our study, CAR T cell proliferation was stunted when co-cultured with resistant PDA
cell line (figure 25B). This reduction in proliferation could be due to elevated IDOI activity in
cancer cells and the release of tryptophan catabolites in the co-culture media. Accordingly,
neutralizing the effect of IDOI by 1-MT drug resulted in improved lysis of HPAFII and CFPAC
cells by CAR T cells. It must be noted that 1-MT did not improve CAR T cell’s cytotoxic activity
against MiaPaCa2 cells; however, IMT alone did reduce MiaPaCa2 cell survival by 50%. These
results may have occurred due to the presence of high level of IDO1 in MiaPaCa2 prior to treatment
with CAR T cells (Figure 25C) which reduced dramatically after the CAR T cell treatment (Figure
25D). According to a previous study, IDO1 promote cancer cells proliferation independent of its
ability to limit T-cell-mediated immune surveillance. This is performed through activation of [3-
catenin signaling and transcription of its target genes (cyclin D1 and Axin2) by IDO1 metabolites,
which promote cancer cell proliferation and increased tumor growth [199]. Accordingly, in our

study, IMT prior to CAR T cell therapy could neutralize the effect of IDO1 on MiaPaCa2 cell
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growth; however due to unknown mechanisms, IDO1 gene expression was decreased after CAR T

cells therapy which nullified the effect of IMT when combined with CAR T cells.

Another gene with distinct overexpression in resistant cells was Gal-9. Gal-9 is a tandem-
repeat type galectin that like other galectins modulate multiple biological functions such as cell
adhesion and aggregation. Although the role of Gal-9 in immunity is controversial [200], many
studies confirmed that Gal-9 negatively regulates T cells via interaction with Tim-3 receptor [190,
201, 202]. Tim-3 is a negative regulatory immune checkpoint expressed on T cell which is known
to inhibit the immune responses of TH1 cells and plays an important role in immune exhaustion of
T cells [203]. Studies have shown that interaction between Gal-9 and Tim-3 triggers cell death in
effector Thl cells [204] and in Tim-3*CD8" Tumor infiltrating lymphocytes [205]. However, not
all Gal-9-Tim-3 interactions result in cell death, as Gal-9 was found to increase Tim-3-mediated
IFN-y production in an NK cell line [206]. We have evaluated the level of Tim-3 expression on
CAR T cells when exposed to resistant and sensitive target cells, but no significant difference was
detected (data not shown). However, we found that targeting Gal-9 with a blocking antibody
reduced tolerance of resistant HPAFII and CFPAC to tMUC1-CAR T cell therapy. Hence, Gal-9

immunosuppressive role may be mediated through other less known mechanisms.

ADARI1 was noticeably overexpressed in HPAFII and CFPAC cells. ADARI regulates the
biogenesis of members of the miR-222 family and thereby ICAM1 expression, which ultimately
leads to immune resistance [207]. Loss of function of ADARI in tumor cells strongly sensitizes
tumors to immunotherapy and overcomes resistance to PD1 checkpoint blockade [208].
Surprisingly, in this study, blocking ADARI1 function with EHNA drug did not result in breaking

resistance of HPAFII and CFPAC cells to CAR T cells treatment.

Finally, COX1/2 are enzymes catalyzing the synthesis of prostaglandin E2 (PGE2), a major
player in inflammation, angiogenesis, and immunosuppression in cancer [209, 210]. COX2 is often

overexpressed in cancer cells and is associated with progressive tumor growth, as well as resistance
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of cancer cells to conventional chemotherapy, immunotherapy, and radiotherapy [209]. COX1/2
inhibitors have been used in combination with anti-cancer agents and immunotherapy against
cancers [211]. COX1 and COX2 were slightly higher in the resistant vs. sensitive PDA cells.
Indeed, indomethacin significantly improved CAR T cell efficacy when HPAFII cells were pre-
treated with the drug. To our surprise, celecoxib had no such effect. This may indicate COX1 and
2 together play a more important role in HPAFII resistance to CAR T cells than COX2 by itself.
This data is in line with other immunotherapy strategies such as checkpoint blockades combined
with COX2 inhibitors [188]. Further studies are needed in order to explain the molecular events

governing the success or failure of these combination therapies.

Since tMUC1-CAR T cell is new, we wished to confirm other published studies that
combined CAR T cell treatment with standard of care chemotherapy drugs. Chemo and
radiotherapy have primarily been used to make tumors leaky or to deplete lymphocytes to make
new niches for CAR T cells prior to adoptive cell transfer. Results showed improved tumor
regression and enhanced survival in metastatic melanoma [212, 213]. Moreover, chemotherapeutic
drugs may be used to remove immunosuppressive T regulatory cells [214]. Data from this study
clearly corroborate previous findings. Pre-treating resistant HPAFII cells with suboptimal dose of
GEM, PTX or 5FU significantly enhanced CAR T cell cytotoxicity. To our surprise, PTX and GEM
did not have the same effect on the CFPAC. In CFPAC, only SFU was effective in enhancing CAR
T cell treatment. Thus, we strongly believe that every tumor is different and responds differently to
drugs and immunotherapy. These results provide a promising strategy for the potentiation of CAR

T therapy in treating refractory PDA tumors.
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CHAPTER 5: SUPPLEMENTAL DATA

In this chapter the supplemental data will be presented. First, the characteristic of T cells in
vitro including their cytotoxicity against cancer cells are shown. Uninfected, CTL- and CAR T cells
show similar cytotoxicity against MUCI1 expressing PDA cells. In addition, to test The amount of
intracellular IFN-y and granzyme B was studied. Also, PD1 and PDLI1 surface expression on T

cells and cancer cells respectively will be evaluated.

Interaction of CAR T cells with BxPC3-MUC1 and BxPC3-Neo cells were recorded
overnight using GE DeltaVision OMX-SR microscope and the videos were created using the
ImagelJ program. BxPC3-MUCI cells were attacked and killed by CAR T cells in 7/9 spots, while
only 2/9 spots showed killing in BxPC3-Neo plate. Red staining is indicative of dead cells that have
absorbed propidium iodide (PI) dye present in the media. Videos are available as supplementary

data: Video. Provided as separate file.
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Figure S1. In vitro charachterization of T cells. A. Similar activity of uninfected T and CTL T cells.
Uninfected, CTL or CAR T cells were exposed to indicated PDA cell lines for 72 hrs at T:E 1:10,
and survival level of PDA cells were measured using MTT assay. Data was normalized to media
alone. Uninfected and CTL T show similar killing ability against PDA cells. Student's t-test, NS
P> 0.05. B, C. Intracellular level of IFN-y (B) and perforin (C) in mock and CAR T cells before
and after exposure to PDA cells for 24 hrs at T:E 1:10. Percentage of CD4" and CD8" CAR T cells
that are positive for [IFN-y and perforin was measured by flowcytometry. Data suggests CAR T
cells exposed to HPAFII and CFPAC resistant cells are not functionally impaired regarding the
production of IFN-y and perforin internally. Each graph is representative of three independent

experiments.
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Figure S2. Immune resistance related mechanisms. A. PD1 expression on CAR T cells before and
after exposure to HPAFII, CFPAC and MiaPaCa2 cells for 24, 48 and 72hrs. Percentage of positive
cells was measured using flowcytometry. CAR T cells exposed to PDA cells express higher level
of PD1 compared to unexposed CAR T cells, however there was no significant difference in PD1
expression of CAR T cells when co-cultured with resistant (HPAFII and CFPAC) vs. sensitive cells
(MiaPaCa2). This graph represents three independent experiments. B. PDL1 expression in a panel
of PDA cells measured using flowcytometry. There was no correlation between the PDL1 and
resistance level in PDA cells. Error bars, SEM. C. Level of shed MUCI in the 72 hrs co-culture
supernatant of PDA cells and T cells measured by ELISA. High MUC1 expressing cells released
higher amount of MUC!1 compared to low MUCI expressing cells. However, this amount is
negligible (<4ug/ml). HPAC exceptionally released significant amount of MUCI (~18ug/ml) into
the media before and after exposure to CAR T cells (72 hrs). Data suggests shed MUC1 does not
contribute to the immune resistance of HPAFII and CFPAC. Each bar represents average of three

replicates.
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Figure S3. CAR T cell therapy in combination with anti-PD1 blocking antibody. Percentage
survival of HPAFII, CFPAC and MiaPaCa2 PDA cells treated with PD1 blocking antibody alone,
T cells alone, and combination, at 3 different concentrations of Ab. PDA cells were co-cultured
with mock or CAR T cells, -/+ anti-PD1 blocking antibody for 72 hrs at T:E 1:10, and their survival
level was measured using MTT assay. Percentage survival was normalized to mock T cells.
Resistant cells killing by CAR T cells was not improved by adding anti-PD1 blocking Ab; while
MiaPaCa2 cells killing was improved by the combination therapy. Unpaired Student's t-test,
comparing CAR T + PD1 group to CAR T alone group, * P=0.0404.
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTION

6.1 Conclusions and Future Direction

In this PhD thesis, we present data that indicates the tMUC1-CAR T cells do not kill normal
cells but effectively kill majority of tMUCI1 expressing PDA cells. Additionally, our results provide
promise for the use of tMUC1-CAR T cells against treatment-refractory PDA in combination with
inhibitors against IDO1, COX1/2 and Gal-9 or in combination with low-dose standard
chemotherapy drugs. Recently, our group has published the effectiveness of tMUC1-CAR T cell
efficacy against TNBC cells in vitro and in vivo [148]. This highlights the potency of tMUC1-CAR

T cells as a potential therapy for multiple adenocarcinomas.

In this study, unlike previous works on CAR T cell therapy, we used variable fragment from
a highly specific tMUC1 Ab, TAB004, that does not recognize normal MUC1. We also tested the
efficacy of the tMUC1-CAR T cell against a large panel of PDA cell lines and normal epithelial
and fibroblastic cells. Moreover, we deciphered the potential intrinsic immune tolerance
mechanisms utilized by PDA cells to resist CAR T cell therapy. Furthermore, this is the first study
indicating the role of IDO1 and Gal-9 in conferring resistance in PDA cells to CAR T cell treatment
and that ADAR1 and COX pathway were less critical in conferring resistance.

Based on the in vivo orthotopic model of MiaPaCa2 tumors, tMUCI1-CAR T cell was
effective in reducing tumor burden but was unable to eradicate the tumor. We attribute the
inefficacy to high tumor burden at time of CAR T cell injection, tMUCI antigen loss, long-term
CART cell persistence within the microenvironment, and exhaustion of CAR T cells. As addressed
in Chapter 3, several strategies to overcome these challenges must be the next steps. In addition to
the strategies discussed in chapter 3, replacing the CD28 co-stimulatory molecule of the CAR
signaling domain with that of 4-1BB [182] may also be a strategy that our lab may pursue. Use of

checkpoint inhibitors such as blocking PD1/PDL1 signaling is a highly regarded and used strategy.
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However, according to our data, using anti-PD1 antibody did not improve the efficacy of CAR T
cell therapy in our study. Other checkpoint pathways such as Tim-3 should be further investigated
in order to find the right targeting candidate. Other researchers have designed different strategies
in order to augment the anti-tumor activity of CAR T-cells. These include the targeted integration
of the CAR transgene to the TRAC locus [185] and co-expression of a CAR with the IL-17R
cytokine receptor, and they could be combined with the MUCI1-immunotherapeutic approach
presented herein [186]. Moreover, other treatment strategies such as multiple injections of CAR T
cells and using an immunocompetent model of PDA can be investigated. Testing CAR T cells
function in human MUCI transgenic mouse model of spontaneous PDA, is currently under way by
our group. Thorough examination of the role of IDO1 in tumor resistance and deciphering its
mechanism of action by generating an IDO1 knock in/out model is ongoing.

Another concern related to a MUCI targeting immunotherapeutic approach is the potential
ability of the infused CAR T cells to bind circulating (tumor-derived) MUCI. This could prevent
the CAR T cells from engaging MUCI in the tumor site. However, it has been previously shown
that radiolabeled MUCI1 antibodies effectively trafficked into the tumor site in patients with MUC1-
expressing malignancies, such as ovarian, breast and gastrointestinal cancer [215]. In our recent
unpublished data, we calculated that only 3-8% of the total tMUC]1 present in tumor cells get
released in circulation. Therefore, we do not believe that circulating tMUCI is an issue when

designing tMUCI1 targeted immunotherapies.

In summary, tMUCI1-CAR T cells presented significant anti-tumor activity in vitro and in
vivo setting. An important finding of this PhD project was that targeting IDO1, COX1/2 and Gal-9
in combination with tMUCI-CAR T cells therapy signifanctly improved the treatment efficacy
against refractory PDA tumor cells. In addition, low-dose standard chemotherapy drugs could
synergistically enhance tMUC1-CAR T cells function in killing resistant PDA cells. The results
presented in this PhD project highlight one of the major obstacles in immunotherapy of solid
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tumors, which is immune resistance of one resistant lineage of cancer cells leading to lack of

response to the treatment, overgrowth and subsequent recurrence.

From our data (figures 26 and 28), we envision that using CAR T cells in combination with
an IDO inhibitor or a sub-optimal dose of chemotherapy will improve efficacy and persistence of
CART cells in vivo.

Cancer rates throughout the world are increasing at an alarming rate. Yet, we have not seen
a significant change in the standard of care treatment options. It is time to bring cancer research to
the 21% century through the exploration of novel therapies including immunotherapy. We have
already witnessed the potential benefits of immunotherapy, with the use of antibodies and T cell
therapies, in treating multiple cancers. We are at the forefront of an era in cancer research and
treatment where we no longer have to rely solely on surgery, radiotherapy, and chemotherapy. The

time for immunotherapy is here, and the potential is bright.
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6.2 Appendix

6.2.1 DNA Sequences of CAR Constructs

6.2.1.1 TMUC1-CAR

ggatccGGATTAGTCCAATTTGTTAAAGACAGGATATCAGTGGTCCAGGCTCTAGTTTTGACTCA
ACAATATCACCAGCTGAAGCCTATAGAGTACGAGCCATAGATAAAATAAAAGATTTTATTTAG
TCTCCAGAAAAAGGGGGGAATGAAAGACCCCACCTGTAGGTTTGGCAAGCTAGCTTAAGTAA
CGCCATTTTGCAAGGCATGGAAAAATACATAACTGAGAATAGAGAAGTTCAGATCAAGGTCA
GGAACAGATGGAACAGCTGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCC
CGGCTCAGGGCCAAGAACAGATGGAACAGCTGAATATGGGCCAAACAGGATATCTGTGGTAA
GCAGTTCCTGCCCCGGCTCAGGGCCAAGAACAGATGGTCCCCAGATGCGGTCCAGCCCTCAGC
AGTTTCTAGAGAACCATCAGATGTTTCCAGGGTGCCCCAAGGACCTGAAATGACCCTGTGCCT
TATTTGAACTAACCAATCAGTTCGCTTCTCGCTTCTGTTCGCGCGCTTCTGCTCCCCGAGCTCA
ATAAAAGAGCCCACAACCCCTCACTCGGGGCGCCAGTCCTCCGATTGACTGAGTCGCCCGGGT
ACCCGTGTATCCAATAAACCCTCTTGCAGTTGCATCCGACTTGTGGTCTCGCTGTTCCTTGGGA
GGGTCTCCTCTGAGTGATTGACTACCCGTCAGCGGGGGTCTTTCACACATGCAGCATGTATCA
AAATTAATTTGGTTTTTTTTCTTAAGTATTTACATTAAATGGCCATAGTACTTAAAGTTACATT
GGCTTCCTTGAAATAAACATGGAGTATTCAGAATGTGTCATAAATATTTCTAATTTTAAGATA
GTATCTCCATTGGCTTTCTACTTTTTCTTTTATTTTTTTTTGTCCTCTGTCTTCCATTTGTTGTTGT
TGTTGTTTGTTTGTTTGTTTGTTGGTTGGTTGGTTAATTTTTTTTTAAAGATCCTACACTATAGT
TCAAGCTAGACTATTAGCTACTCTGTAACCCAGGGTGACCTTGAAGTCATGGGTAGCCTGCTG
TTTTAGCCTTCCCACATCTAAGATTACAGGTATGAGCTATCATTTTTGGTATATTGATTGATTG
ATTGATTGATGTGTGTGTGTGTGATTGTGTTTGTGTGTGTGACTGTGAAAATGTGTGTATGGGT
GTGTGTGAATGTGTGTATGTATGTGTGTGTGTGAGTGTGTGTGTGTGTGTGTGCATGTGTGTGT
GTGTGACTGTGTCTATGTGTATGACTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
GTGTGTGTTGTGAAAAAATATTCTATGGTAGTGAGAGCCAACGCTCCGGCTCAGGTGTCAGGT
TGGTTTTTGAGACAGAGTCTTTCACTTAGCTTGGAATTCactggccgtcgttttacaacgtcgtgactgggaaaaccct
ggcegttacccaacttaatcgecttgcageacatceccctttcgecagetggegtaatagecgaagaggeccgeaccgatcgeccttceccaacagttgegeag
cctgaatggcgaatggcgectgatgeggtattttctccttacgcatctgtgcggtatttcacaccgeatatggtgcactctcagtacaatctgetctgatgeege
atagttaagccagecccgacacccgecaacaccegetgacgegeectgacgggcettgtetgetceceggeatecgettacagacaagetgtgaccgtetee
gggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgegegatgacgaaagggcctegtgatacgcctatttttataggttaatgtcatgataataa
tggtttcttagacgtcaggtggcacttitcggggaaatgtgcgcggaaccectatttgtttatttttctaaatacattcaaatatgtatccgcetcatgagacaataac
cctgataaatgcttcaataatattgaaaaaggaagagtatgagtattcaacatttcegtgtcgeccttattcecttttttgecggeattttgecttectgtttttgcteac
ccagaaacgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacageggtaagatecttgagagtttt
cgeeccgaagaacgttttccaatgatgageacttttaaagttetgetatgtggcgeggtattatceegtattgacgeecgggcaagageaacteggtegecgea
tacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagtgctgccataaccatg
agtgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgcettttttgcacaacatgggggatcatgtaactcgecttgate
gttgggaaccggagetgaatgaagecataccaaacgacgagegtgacaccacgatgectgtagcaatggcaacaacgttgegeaaactattaactggeg
aactacttactctagcttcccggceaacaattaatagactggatggaggeggataaagttgcaggaccacttetgegetcggeccttccggetggetggtttatt
gctgataaatctggagecggtgagegtgggtetcgeggtatcattgecageactggggccagatggtaageccteeccgtatcgtagttatctacacgacggg
gagtcaggcaactatggatgaacgaaatagacagatcgetgagataggtgcctcactgattaagceattggtaactgtcagaccaagtttactcatatatacttt
agattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttccactgagegtca
gaccccgtagaaaagatcaaaggatcttettgagatcctttttttctgegegtaatctgetgettgcaaacaaaaaaaccaccgetaccageggtggtttgtttg
ccggatcaagagctaccaactctttttccgaaggtaactggettcagecagagegeagataccaaatactgtccttetagtgtagecgtagttaggccaccactt
caagaactctgtagcaccgectacatacctegetctgctaatectgttaccagtggctgetgecagtggegataagtegtgtettaccgggttggactcaaga
cgatagttaccggataaggcgeageggtegggcetgaacggggggticgtgcacacageccagettggagegaacgacctacaccgaactgagatacct
acagcgtgagcattgagaaagcgcecacgcettcccgaagggagaaaggcggacaggtatccggtaageggeagggtcggaacaggagagegeacgag
ggagcttccagggggaaacgectggtatctttatagtecctgtegggtttcgecacctetgacttgagegtegatttttgtgatgetegtcagggggecggage
ctatggaaaaacgccagcaacgeggcctttttacggticctggecttttgetggecttttgetcacatgtictttcctgegttatcecectgattetgtggataacegt
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attaccgcectttgagtgagctgataccgetcgecgeagecgaacgaccgagegeagegagtcagtgagegaggaageggaagagegeccaatacgea
aaccgcctctccecgegegttggecgattcattaatgecagetggeacgacaggtttcccgactggaaagegggcagtgagegcaacgceaattaatgtgagt
tagctcactcattaggcaccccaggctttacactttatgcttccggetcgtatgttgtgtggaattgtgageggataacaatttcacacaggaaacagcetatgac
catgattacgccAAGCTTTGCTCTTAGGAGTTTCCTAATACATCCCAAACTCAAATATATAAAGCATT
TGACTTGTTCTATGCCCTAGGGGGCGGGGGGAAGCTAAGCCAGCTTTTTTTAACATTTAAAAT
GTTAATTCCATTTTAAATGCACAGATGTTTTTATTTCATAAGGGTTTCAATGTGCATGAATGCT
GCAATATTCCTGTTACCAAAGCTAGTATAAATAAAAATAGATAAACGTGGAAATTACTTAGAG
TTTCTGTCATTAACGTTTCCTTCCTCAGTTGACAACATAAATGCGCTGCTGAGCAAGCCAGTTT
GCATCTGTCAGGATCAATTTCCCATTATGCCAGTCATATTAATTACTAGTCAATTAGTTGATTT
TTATTTTTGACATATACATGTGAATGAAAGACCCCACCTGTAGGTTTGGCAAGCTAGCTTAAG
TAACGCCATTTTGCAAGGCATGGAAAAATACATAACTGAGAATAGAAAAGTTCAGATCAAGG
TCAGGAACAGATGGAACAGCTGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTG
CCCCGGCTCAGGGCCAAGAACAGATGGAACAGCTGAATATGGGCCAAACAGGATATCTGTGG
TAAGCAGTTCCTGCCCCGGCTCAGGGCCAAGAACAGATGGTCCCCAGATGCGGTCCAGCCCTC
AGCAGTTTCTAGAGAACCATCAGATGTTTCCAGGGTGCCCCAAGGACCTGAAATGACCCTGTG
CCTTATTTGAACTAACCAATCAGTTCGCTTCTCGCTTCTGTTCGCGCGCTTATGCTCCCCGAGC
TCAATAAAAGAGCCCACAACCCCTCACTCGGGGCGCCAGTCCTCCGATTGACTGAGTCGCCCG
GGTACCCGTGTATCCAATAAACCCTCTTGCAGTTGCATCCGACTTGTGGTCTCGCTGTTCCTTG
GGAGGGTCTCCTCTGAGTGATTGACTACCCGTCAGCGGGGGTCTTTCATTTGGGGGCTCGTCC
GGGATCGGGAGACCCCTGCCCAGGGACCACCGACCCACCACCGGGAGGTAAGCTGGCCAGCA
ACTTATCTGTGTCTGTCCGATTGTCTAGTGTCTATGACTGATTTTATGCGCCTGCGTCGGTACT
AGTTAGCTAACTAGCTCTGTATCTGGCGGACCCGTGGTGGAACTGACGAGTTCGGAACACCCG
GCCGCAACCCTGGGAGACGTCCCAGGGACTTCGGGGGCCGTTTTTGTGGCCCGACCTGAGTCC
TAAAATCCCGATCGTTTAGGACTCTTTGGTGCACCCCCCTTAGAGGAGGGATATGTGGTTCTG
GTAGGAGACGAGAACCTAAAACAGTTCCCGCCTCCGTCTGAATTTTTGCTTTCGGTTTGGGAC
CGAAGCCGCGCCGCGCGTCTTGTCTGCTGCAGCATCGTTCTGTGTTGTCTCTGTCTGACTGTGT
TTCTGTATTTGTCTGAAAATATGGGCCCGGGCTAGactgttaccact CCCTTAAGTTTGACCTTAGGTC
ACTGGAAAGATGTCGAGCGGATCGCTCACAACCAGTCGGTAGATGTCAAGAAGAGACGTTGG
GTTACCTTCTGCTCTGCAGAATGGCCAACCTTTAACGTCGGATGGCCGCGAGACGGCACCTTT
AACCGAGACCTCATCACCCAGGTTAAGATCAAGGTCTTTTCACCTGGCCCGCATGGACACCCA
GACCAGGTccccTACATCGTGACCTGGGAAGCCTTGGCTTTTGACCCCCCTCCCTGGGTCAAGCC
CTTTGTACACCCTAAGCCTCCGCCTCCTCTTCCTCCATCCGCCCCGTCTCTCCCCCTTGAACCTC
CTCGTTCGACCCCGCCTCGATCCTCCCTTTATCCAGCCCTCACTCCTTCTCTAGGCGCCCCCAT
ATGGCCATATGAGATCTTATATGGGGCACCCCCGCCCCTTGTAAACTTCCCTGACCCTGACAT
GACAAGAGTTACTAACAGCCCCTCTCTCCAAGCTCACTTACAGGCTCTCTACTTAGTCCAGCA
CGAAGTCTGGAGACCTCTGGCGGCAGCCTACCAAGAACAACTGGACCGACCGGTGGTACCTC
ACCCTTACCGAGTCGGCGACACAGTGTGGGTCCGCCGACACCAGACTAAGAACCTAGAACCT
CGCTGGAAAGGACCTTACACAGTCCTGCTGACCACCCCCACCGCCCTCAAAGTAGACGGCATC
GCAGCTTGGATACACGCCGCCCACGTGAAGGCTGCCGACCCCGGGGGTGGACCATCCTCTAG
ACTGCcATGGCCCTGCCCGTGACCGCCCTGCTCTTGCCCCTGGCCCTTCTGCTCCACGCCGCCA
GACCCGAGGTGCAGCTGCAGCAGAGCGGAGGCGAGAGAGCCACCCCTGGCGCCAGCGTGAA
GATGAGCTGCAAGACCAGCGGCTACACCTTCACCAACTACTGGATGCACTGGGTGAAGCAGA
GACCCGGCCAGGGCCTGGAGTGGATCGGCTACATCAACCCTAGCTCCGGCTACACCCAGTAC
AACCAGAAGTTCAAGGACAAGGCCACCCTGACCGCCGACAAGAGCTCCAGCACCGCCTACAT
CCAGCTGAGCTCCCTGACCAGCGAGGACTCCGCCGTGTACTATTGCAGCACCTACTACGGCGA
CTACCTGTTCCCCTACTGGGGCCAGGGCACCCTGGTGACCGTGAGCGCCGGCGGAGGCGGAA
GCGGAGGCGGCGGATCCGGAGGAGGCGGCAGCGACGTGCTGATGACCCAGACCCCTCTGAGC
CTGCCCGTGAGCCTGGGCGACCAGGCCAGCATCAGCTGCAGAAGCTCCCAGGACATCGTGTA
CGGCAACGGAAACACCTACCTGGAGTGGTACCTCCAGAAGCCCGGCCAGAGCCCCAAGCTGC
TGATCTACAAGGTGAGCAACAGATTCAGCGGCGTGCCCGACAGATTCAGCGGCTCCGGAAGC
GGAACCGACTTCACCCTGAAGATCAGCAGAGTGGAGGCCGAGGACCTGGGCGTGTACTATTG
CTTCCAGGGCAGCCACGTGCCCTACACCTTCGGCGGAGGCACCAAGCTGGAGATCAAGAGAG
CGGCCGCTATCGAGGTGGAGCAGAAGCTGATCAGCGAGGAGGACCTGCTAGACAATGAGAAG
AGCAATGGAACCATTATCCATGTGAAAGGGAAACACCTTTGTCCAAGTCCCCTATTTCCCGGA
CCTTCTAAGCCCTTTTGGGTGCTGGTGGTGGTTGGTGGAGTCCTGGCTTGCTATAGCTTGCTAG
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TAACAGTGGCCTTTATTATTTTCTGGGTGAGGAGTAAGAGGAGCAGGCTCCTGCACAGTGACT
ACATGAACATGACTCCCCGCCGCCCCGGGCCCACCCGCAAGCATTACCAGCCCTATGCCCCAC
CACGCGACTTCGCAGCCTATCGCTCCAGAGTGAAGTTCAGCAGGAGCGCAGACGCCCCCGCG
TACCAGCAGGGCCAGAACCAGCTCTATAACGAGCTCAATCTAGGACGAAGAGAGGAGTACGA
TGTTTTGGACAAGAGACGTGGCCGGGACCCTGAGATGGGGGGAAAGCCGAGAAGGAAGAAC
CCTCAGGAAGGCCTGTACAATGAACTGCAGAAAGATAAGATGGCGGAGGCCTACAGTGAGAT
TGGGATGAAAGGCGAGCGCCGGAGGGGCAAGGGGCACGATGGCCTTTACCAGGGTCTCAGTA
CAGCCACCAAGGACACCTACGACGCCCTTCACATGCAGGCCCTGCCCCCTCGCTAACAGCCAC
TCGAG

6.2.1.2 CTL-CAR

AGGTATGAGCTATCATTTTTGGTATATTGATTGATTGATTGATTGATGTGTGTGTGTGTGATTG
TGTTTGTGTGTGTGACTGTGAAAATGTGTGTATGGGTGTGTGTGAATGTGTGTATGTATGTGTG
TGTGTGAGTGTGTGTGTGTGTGTGTGCATGTGTGTGTGTGTGACTGTGTCTATGTGTATGACTG
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTTGTGAAAAAATATTCTATG
GTAGTGAGAGCCAACGCTCCGGCTCAGGTGTCAGGTTGGTTTTTGAGACAGAGTCTTTCACTT
AGCTTGGAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCA
ACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCAC
CGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCCTGATGCGGTATTTTCT
CCTTACGCATCTGTGCGGTATTTCACACCGCATATGGTGCACTCTCAGTACAATCTGCTCTGAT
GCCGCATAGTTAAGCCAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGT
CTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGG
TTTTCACCGTCATCACCGAAACGCGCGATGACGAAAGGGCCTCGTGATACGCCTATTTTTATA
GGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCG
CGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAA
CCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTC
GCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAA
AGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACA
GCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAG
TTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCA
TACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATG
GCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAAC
TTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGAT
CATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCG
TGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACT
TACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACT
TCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGG
GTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTA
CACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCT
CACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAA
ACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATC
CCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCT
TGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCG
GTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGA
GCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCT
GTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGAT
AAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGG
CTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGAT
ACCTACAGCGTGAGCATTGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTAT
CCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCT
GGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTC
GTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTT
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TTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTA
CCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTG
AGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCA
TTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTA
ATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTT
GTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCA
AGCTTTGCTCTTAGGAGTTTCCTAATACATCCCAAACTCAAATATATAAAGCATTTGACTTGTT
CTATGCCCTAGGGGGCGGGGGGAAGCTAAGCCAGCTTTTTTTAACATTTAAAATGTTAATTCC
ATTTTAAATGCACAGATGTTTTTATTTCATAAGGGTTTCAATGTGCATGAATGCTGCAATATTC
CTGTTACCAAAGCTAGTATAAATAAAAATAGATAAACGTGGAAATTACTTAGAGTTTCTGTCA
TTAACGTTTCCTTCCTCAGTTGACAACATAAATGCGCTGCTGAGCAAGCCAGTTTGCATCTGTC
AGGATCAATTTCCCATTATGCCAGTCATATTAATTACTAGTCAATTAGTTGATTTTTATTTTTG
ACATATACATGTGAATGAAAGACCCCACCTGTAGGTTTGGCAAGCTAGCTTAAGTAACGCCAT
TTTGCAAGGCATGGAAAAATACATAACTGAGAATAGAAAAGTTCAGATCAAGGTCAGGAACA
GATGGAACAGCTGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCCCGGCTC
AGGGCCAAGAACAGATGGAACAGCTGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTT
CCTGCCCCGGCTCAGGGCCAAGAACAGATGGTCCCCAGATGCGGTCCAGCCCTCAGCAGTTTC
TAGAGAACCATCAGATGTTTCCAGGGTGCCCCAAGGACCTGAAATGACCCTGTGCCTTATTTG
AACTAACCAATCAGTTCGCTTCTCGCTTCTGTTCGCGCGCTTATGCTCCCCGAGCTCAATAAAA
GAGCCCACAACCCCTCACTCGGGGCGCCAGTCCTCCGATTGACTGAGTCGCCCGGGTACCCGT
GTATCCAATAAACCCTCTTGCAGTTGCATCCGACTTGTGGTCTCGCTGTTCCTTGGGAGGGTCT
CCTCTGAGTGATTGACTACCCGTCAGCGGGGGTCTTTCATTTGGGGGCTCGTCCGGGATCGGG
AGACCCCTGCCCAGGGACCACCGACCCACCACCGGGAGGTAAGCTGGCCAGCAACTTATCTG
TGTCTGTCCGATTGTCTAGTGTCTATGACTGATTTTATGCGCCTGCGTCGGTACTAGTTAGCTA
ACTAGCTCTGTATCTGGCGGACCCGTGGTGGAACTGACGAGTTCGGAACACCCGGCCGCAACC
CTGGGAGACGTCCCAGGGACTTCGGGGGCCGTTTTTGTGGCCCGACCTGAGTCCTAAAATCCC
GATCGTTTAGGACTCTTTGGTGCACCCCCCTTAGAGGAGGGATATGTGGTTCTGGTAGGAGAC
GAGAACCTAAAACAGTTCCCGCCTCCGTCTGAATTTTTGCTTTCGGTTTGGGACCGAAGCCGC
GCCGCGCGTCTTGTCTGCTGCAGCATCGTTCTGTGTTGTCTCTGTCTGACTGTGTTTCTGTATTT
GTCTGAAAATATGGGCCCGGGCTAGACTGTTACCACTCCCTTAAGTTTGACCTTAGGTCACTG
GAAAGATGTCGAGCGGATCGCTCACAACCAGTCGGTAGATGTCAAGAAGAGACGTTGGGTTA
CCTTCTGCTCTGCAGAATGGCCAACCTTTAACGTCGGATGGCCGCGAGACGGCACCTTTAACC
GAGACCTCATCACCCAGGTTAAGATCAAGGTCTTTTCACCTGGCCCGCATGGACACCCAGACC
AGGTCCCCTACATCGTGACCTGGGAAGCCTTGGCTTTTGACCCCCCTCCCTGGGTCAAGCCCTT
TGTACACCCTAAGCCTCCGCCTCCTCTTCCTCCATCCGCCCCGTCTCTCCCCCTTGAACCTCCTC
GTTCGACCCCGCCTCGATCCTCCCTTTATCCAGCCCTCACTCCTTCTCTAGGCGCCCCCATATG
GCCATATGAGATCTTATATGGGGCACCCCCGCCCCTTGTAAACTTCCCTGACCCTGACATGAC
AAGAGTTACTAACAGCCCCTCTCTCCAAGCTCACTTACAGGCTCTCTACTTAGTCCAGCACGA
AGTCTGGAGACCTCTGGCGGCAGCCTACCAAGAACAACTGGACCGACCGGTGGTACCTCACC
CTTACCGAGTCGGCGACACAGTGTGGGTCCGCCGACACCAGACTAAGAACCTAGAACCTCGC
TGGAAAGGACCTTACACAGTCCTGCTGACCACCCCCACCGCCCTCAAAGTAGACGGCATCGCA
GCTTGGATACACGCCGCCCACGTGAAGGCTGCCGACCCCGGGGGTGGACCATCCTCTAGACTG
CCatggccctgeccgtgaccgecectgetettgeeeetggeccttetgetccacgecgecagacececgaggtgcagetgecagecagageggaggegaggg
cggaggcaccaagctggagatcaagagageggecgcetatcgaggtggagcagaagetgatcagegaggaggacctgctagacaatgagaagagceaat
ggaaccattatccatgtgaaagggaaacacctttgtccaagtccectatttcccggaccttctaageccttttgggtectggtggtggttggtggagtectggct
tgctatagettgctagtaacagtggectttattattttctgggtgaggagtaagaggagcaggetcctgecacagtgactacatgaacatgactcccegecgece
cgggeccaccegeaagceattaccagecctatgecccaccacgegacttcgeagectatcgetccagagtgaagttcagecaggagegeagacgecceeg
cgtaccagcagggccagaaccagctctataacgagetcaatctaggacgaagagaggagtacgatgtttitggacaagagacgtggecgggaccctgaga
tggggggaaagecgagaaggaagaaccetcaggaaggectgtacaatgaactgecagaaagataagatggcggaggectacagtgagattgggatgaa
aggcgagegecggaggggcaaggggcacgatggectttaccagggtctcagtacagecaccaaggacacctacgacgeccttcacatgcaggecctg
ccecctcgetaaCAGCCACTCGAGGGATCCGGATTAGTCCAATTTGTTAAAGACAGGATATCAGTGG
TCCAGGCTCTAGTTTTGACTCAACAATATCACCAGCTGAAGCCTATAGAGTACGAGCCATAGA
TAAAATAAAAGATTTTATTTAGTCTCCAGAAAAAGGGGGGAATGAAAGACCCCACCTGTAGG
TTTGGCAAGCTAGCTTAAGTAACGCCATTTTGCAAGGCATGGAAAAATACATAACTGAGAATA
GAGAAGTTCAGATCAAGGTCAGGAACAGATGGAACAGCTGAATATGGGCCAAACAGGATATC
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TGTGGTAAGCAGTTCCTGCCCCGGCTCAGGGCCAAGAACAGATGGAACAGCTGAATATGGGC
CAAACAGGATATCTGTGGTAAGCAGTTCCTGCCCCGGCTCAGGGCCAAGAACAGATGGTCCC
CAGATGCGGTCCAGCCCTCAGCAGTTTCTAGAGAACCATCAGATGTTTCCAGGGTGCCCCAAG
GACCTGAAATGACCCTGTGCCTTATTTGAACTAACCAATCAGTTCGCTTCTCGCTTCTGTTCGC
GCGCTTCTGCTCCCCGAGCTCAATAAAAGAGCCCACAACCCCTCACTCGGGGCGCCAGTCCTC
CGATTGACTGAGTCGCCCGGGTACCCGTGTATCCAATAAACCCTCTTGCAGTTGCATCCGACT
TGTGGTCTCGCTGTTCCTTGGGAGGGTCTCCTCTGAGTGATTGACTACCCGTCAGCGGGGGTCT
TTCACACATGCAGCATGTATCAAAATTAATTTGGTTTTTTTTCTTAAGTATTTACATTAAATGG
CCATAGTACTTAAAGTTACATTGGCTTCCTTGAAATAAACATGGAGTATTCAGAATGTGTCAT
AAATATTTCTAATTTTAAGATAGTATCTCCATTGGCTTTCTACTTTTTCTTTTATTTTTTTTTGTC
CTCTGTCTTCCATTTGTTGTTGTTGTTGTTTGTTTGTTTGTTTGTTGGTTGGTTGGTTAATTTTTT
TTTAAAGATCCTACACTATAGTTCAAGCTAGACTATTAGCTACTCTGTAACCCAGGGTGACCTT
GAAGTCATGGGTAGCCTGCTGTTTTAGCCTTCCCACATCTAAGATTAC

6.2.1.3 CAR-mKate

ATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGG
GCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCC
TTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTG
AGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAA
GCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGC
TGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTA
GCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATT
GTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTTTGCTCT
TAGGAGTTTCCTAATACATCCCAAACTCAAATATATAAAGCATTTGACTTGTTCTATGCCCTAG
GGGGCGGGGGGAAGCTAAGCCAGCTTTTTTTAACATTTAAAATGTTAATTCCATTTTAAATGC
ACAGATGTTTTTATTTCATAAGGGTTTCAATGTGCATGAATGCTGCAATATTCCTGTTACCAAA
GCTAGTATAAATAAAAATAGATAAACGTGGAAATTACTTAGAGTTTCTGTCATTAACGTTTCC
TTCCTCAGTTGACAACATAAATGCGCTGCTGAGCAAGCCAGTTTGCATCTGTCAGGATCAATT
TCCCATTATGCCAGTCATATTAATTACTAGTCAATTAGTTGATTTTTATTTTTGACATATACATG
TGAATGAAAGACCCCACCTGTAGGTTTGGCAAGCTAGCTTAAGTAACGCCATTTTGCAAGGCA
TGGAAAAATACATAACTGAGAATAGAAAAGTTCAGATCAAGGTCAGGAACAGATGGAACAG
CTGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCCCGGCTCAGGGCCAAGA
ACAGATGGAACAGCTGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCCCGG
CTCAGGGCCAAGAACAGATGGTCCCCAGATGCGGTCCAGCCCTCAGCAGTTTCTAGAGAACC
ATCAGATGTTTCCAGGGTGCCCCAAGGACCTGAAATGACCCTGTGCCTTATTTGAACTAACCA
ATCAGTTCGCTTCTCGCTTCTGTTCGCGCGCTTATGCTCCCCGAGCTCAATAAAAGAGCCCACA
ACCCCTCACTCGGGGCGCCAGTCCTCCGATTGACTGAGTCGCCCGGGTACCCGTGTATCCAAT
AAACCCTCTTGCAGTTGCATCCGACTTGTGGTCTCGCTGTTCCTTGGGAGGGTCTCCTCTGAGT
GATTGACTACCCGTCAGCGGGGGTCTTTCATTTGGGGGCTCGTCCGGGATCGGGAGACCCCTG
CCCAGGGACCACCGACCCACCACCGGGAGGTAAGCTGGCCAGCAACTTATCTGTGTCTGTCCG
ATTGTCTAGTGTCTATGACTGATTTTATGCGCCTGCGTCGGTACTAGTTAGCTAACTAGCTCTG
TATCTGGCGGACCCGTGGTGGAACTGACGAGTTCGGAACACCCGGCCGCAACCCTGGGAGAC
GTCCCAGGGACTTCGGGGGCCGTTTTTGTGGCCCGACCTGAGTCCTAAAATCCCGATCGTTTA
GGACTCTTTGGTGCACCCCCCTTAGAGGAGGGATATGTGGTTCTGGTAGGAGACGAGAACCTA
AAACAGTTCCCGCCTCCGTCTGAATTTTTGCTTTCGGTTTGGGACCGAAGCCGCGCCGCGCGTC
TTGTCTGCTGCAGCATCGTTCTGTGTTGTCTCTGTCTGACTGTGTTTCTGTATTTGTCTGAAAAT
ATGGGCCCGGGCTAGACTGTTACCACTCCCTTAAGTTTGACCTTAGGTCACTGGAAAGATGTC
GAGCGGATCGCTCACAACCAGTCGGTAGATGTCAAGAAGAGACGTTGGGTTACCTTCTGCTCT
GCAGAATGGCCAACCTTTAACGTCGGATGGCCGCGAGACGGCACCTTTAACCGAGACCTCATC
ACCCAGGTTAAGATCAAGGTCTTTTCACCTGGCCCGCATGGACACCCAGACCAGGTCCCCTAC
ATCGTGACCTGGGAAGCCTTGGCTTTTGACCCCCCTCCCTGGGTCAAGCCCTTTGTACACCCTA
AGCCTCCGCCTCCTCTTCCTCCATCCGCCCCGTCTCTCCCCCTTGAACCTCCTCGTTCGACCCCG
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CCTCGATCCTCCCTTTATCCAGCCCTCACTCCTTCTCTAGGCGCCCCCATATGGCCATATGAGA
TCTTATATGGGGCACCCCCGCCCCTTGTAAACTTCCCTGACCCTGACATGACAAGAGTTACTA
ACAGCCCCTCTCTCCAAGCTCACTTACAGGCTCTCTACTTAGTCCAGCACGAAGTCTGGAGAC
CTCTGGCGGCAGCCTACCAAGAACAACTGGACCGACCGGTGGTACCTCACCCTTACCGAGTCG
GCGACACAGTGTGGGTCCGCCGACACCAGACTAAGAACCTAGAACCTCGCTGGAAAGGACCT
TACACAGTCCTGCTGACCACCCCCACCGCCCTCAAAGTAGACGGCATCGCAGCTTGGATACAC
GCCGCCCACGTGAAGGCTGCCGACCCCGGGGGTGGACCATCCTCTAGACTGCCATGGCCCTGC
CCGTGACCGCCCTGCTCTTGCCCCTGGCCCTTCTGCTCCACGCCGCCAGACCCGAGGTGCAGC
TGCAGCAGAGCGGAGGCGAGAGAGCCACCCCTGGCGCCAGCGTGAAGATGAGCTGCAAGAC
CAGCGGCTACACCTTCACCAACTACTGGATGCACTGGGTGAAGCAGAGACCCGGCCAGGGCC
TGGAGTGGATCGGCTACATCAACCCTAGCTCCGGCTACACCCAGTACAACCAGAAGTTCAAG
GACAAGGCCACCCTGACCGCCGACAAGAGCTCCAGCACCGCCTACATCCAGCTGAGCTCCCT
GACCAGCGAGGACTCCGCCGTGTACTATTGCAGCACCTACTACGGCGACTACCTGTTCCCCTA
CTGGGGCCAGGGCACCCTGGTGACCGTGAGCGCCGGCGGAGGCGGAAGCGGAGGCGGCGGA
TCCGGAGGAGGCGGCAGCGACGTGCTGATGACCCAGACCCCTCTGAGCCTGCCCGTGAGCCT
GGGCGACCAGGCCAGCATCAGCTGCAGAAGCTCCCAGGACATCGTGTACGGCAACGGAAACA
CCTACCTGGAGTGGTACCTCCAGAAGCCCGGCCAGAGCCCCAAGCTGCTGATCTACAAGGTG
AGCAACAGATTCAGCGGCGTGCCCGACAGATTCAGCGGCTCCGGAAGCGGAACCGACTTCAC
CCTGAAGATCAGCAGAGTGGAGGCCGAGGACCTGGGCGTGTACTATTGCTTCCAGGGCAGCC
ACGTGCCCTACACCTTCGGCGGAGGCACCAAGCTGGAGATCAAGAGAGCGGCCGCCATCGAG
GTGGAGCAGAAGCTGATCAGCGAGGAGGACCTGCTGGACAACGAGAAGAGCAACGGCACCA
TCATCCACGTGAAGGGCAAGCACCTGTGCCCCAGCCCCCTGTTCCCCGGCCCCAGCAAGCCCT
TCTGGGTGCTGGTGGTGGTGGGCGGCGTGCTGGCCTGCTACAGCCTGCTGGTGACCGTGGCCT
TCATCATCTTCTGGGTGCGGAGCAAGCGGAGCCGGCTGCTGCACAGCGACTACATGAACATG
ACCCCCCGGCGGCCTGGGCCCACCCGCAAGCATTACCAGCCCTATGCCCCACCACGCGACTTC
GCAGCCTATCGCTCCAGAGTGAAGTTCAGCAGGAGCGCAGACGCCCCCGCGTACCAGCAGGG
CCAGAACCAGCTCTATAACGAGCTCAATCTAGGACGAAGAGAGGAGTACGATGTTTTGGACA
AGAGACGTGGCCGGGACCCTGAGATGGGGGGAAAGCCGAGAAGGAAGAACCCTCAGGAAGG
CCTGTACAATGAACTGCAGAAAGATAAGATGGCGGAGGCCTACAGTGAGATTGGGATGAAAG
GCGAGCGCCGGAGGGGCAAGGGGCACGATGGCCTTTACCAGGGTCTCAGTACAGCCACCAAG
GACACCTACGACGCCCTTCACATGCAGGCCCTGCCCCCTCGCGCCCGAGGCGCAGCAGCGGG
AGCAGGAGGAGCAGGTCGAATGGTGAGCGAGCTGATTAAGGAGAACATGCACATGAAGCTGT
ACATGGAGGGCACCGTGAACAACCACCACTTCAAGTGCACATCCGAGGGCGAAGGCAAGCCC
TACGAGGGCACCCAGACCATGAGAATCAAGGCGGTCGAGGGCGGCCCTCTCCCCTTCGCCTTC
GACATCCTGGCTACCAGCTTCATGTACGGCAGCAAAACCTTCATCAACCACACCCAGGGCATC
CCCGACTTCTTTAAGCAGTCCTTCCCCGAGGGCTTCACATGGGAGAGAGTCACCACATACGAA
GACGGGGGCGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGACGGCTGCCTCATCTACAA
CGTCAAGATCAGAGGGGTGAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAACACTCG
GCTGGGAGGCCTCCACCGAGACCCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGAGCCGAC
ATGGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAACTTGAAGACCACATACAGATC
CAAGAAACCCGCTAAGAACCTCAAGATGCCCGGCGTCTACTATGTGGACAGAAGACTGGAAA
GAATCAAGGAGGCCGACAAAGAGACCTACGTCGAGCAGCACGAGGTGGCTGTGGCCAGATAC
TGCGACCTCCCTAGCAAACTGGGGCACAGATGAGGGATCCGGATTAGTCCAATTTGTTAAAGA
CAGGATATCAGTGGTCCAGGCTCTAGTTTTGACTCAACAATATCACCAGCTGAAGCCTATAGA
GTACGAGCCATAGATAAAATAAAAGATTTTATTTAGTCTCCAGAAAAAGGGGGGAATGAAAG
ACCCCACCTGTAGGTTTGGCAAGCTAGCTTAAGTAACGCCATTTTGCAAGGCATGGAAAAATA
CATAACTGAGAATAGAGAAGTTCAGATCAAGGTCAGGAACAGATGGAACAGCTGAATATGGG
CCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCCCGGCTCAGGGCCAAGAACAGATGGAAC
AGCTGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCCCGGCTCAGGGCCAA
GAACAGATGGTCCCCAGATGCGGTCCAGCCCTCAGCAGTTTCTAGAGAACCATCAGATGTTTC
CAGGGTGCCCCAAGGACCTGAAATGACCCTGTGCCTTATTTGAACTAACCAATCAGTTCGCTT
CTCGCTTCTGTTCGCGCGCTTCTGCTCCCCGAGCTCAATAAAAGAGCCCACAACCCCTCACTCG
GGGCGCCAGTCCTCCGATTGACTGAGTCGCCCGGGTACCCGTGTATCCAATAAACCCTCTTGC
AGTTGCATCCGACTTGTGGTCTCGCTGTTCCTTGGGAGGGTCTCCTCTGAGTGATTGACTACCC
GTCAGCGGGGGTCTTTCACACATGCAGCATGTATCAAAATTAATTTGGTTTTTTTTCTTAAGTA
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TTTACATTAAATGGCCATAGTACTTAAAGTTACATTGGCTTCCTTGAAATAAACATGGAGTATT
CAGAATGTGTCATAAATATTTCTAATTTTAAGATAGTATCTCCATTGGCTTTCTACTTTTTCTTT
TATTTTTTTTTGTCCTCTGTCTTCCATTTGTTGTTGTTGTTGTTTGTTTGTTTGTTTGTTGGTTGGT
TGGTTAATTTTTTTTTAAAGATCCTACACTATAGTTCAAGCTAGACTATTAGCTACTCTGTAAC
CCAGGGTGACCTTGAAGTCATGGGTAGCCTGCTGTTTTAGCCTTCCCACATCTAAGATTACAG
GTATGAGCTATCATTTTTGGTATATTGATTGATTGATTGATTGATGTGTGTGTGTGTGATTGTG
TTTGTGTGTGTGACTGTGAAAATGTGTGTATGGGTGTGTGTGAATGTGTGTATGTATGTGTGTG
TGTGAGTGTGTGTGTGTGTGTGTGCATGTGTGTGTGTGTGACTGTGTCTATGTGTATGACTGTG
TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTTGTGAAAAAATATTCTATGGT
AGTGAGAGCCAACGCTCCGGCTCAGGTGTCAGGTTGGTTTTTGAGACAGAGTCTTTCACTTAG
CTTGGAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAAC
TTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCG
ATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCCTGATGCGGTATTTTCTCC
TTACGCATCTGTGCGGTATTTCACACCGCATATGGTGCACTCTCAGTACAATCTGCTCTGATGC
CGCATAGTTAAGCCAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCT
GCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTT
TTCACCGTCATCACCGAAACGCGCGATGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGG
TTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCG
GAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACC
CTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGC
CCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAG
TAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGC
GGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTT
CTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATA
CACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGC
ATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTT
ACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATC
ATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGT
GACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTT
ACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTT
CTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGG
TCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTAC
ACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTC
ACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAA
CTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCC
CTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTT
GAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGG
TGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAG
CGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTG
TAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATA
AGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCT
GAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATAC
CTACAGCGTGAGCATTGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCC
GGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGG
TATCTTT
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