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Abstract

The two projects described in this thesis sought to tackle two distinct aspects attributed to
the general failure of Chimeric Antigen Receptor T cells (CAR Ts) against solid tumors. The
first is the possibility of on-target off-tumor toxicity. Epidermal growth factor receptor (EGFR)
is a promising target based on its overexpression in a variety of cancers, but its presence on
healthy tissue led to severe toxicities through clinical trials of anti-EGFR CAR T cells. Due to
murine EGFR (mEGFR) sharing 88% amino acid sequence with human EGFR, we decided to
generate a syngeneic mouse model to replicate and help predict toxicities seen clinically. To
model potential effects of these CAR T toxicities, we have developed a system using both CAR
T cells and tumors derived from syngeneic C57BL/6 mice. Since all cells originate from the
same genetic background, we can observe the effects of our anti-mEGFR CAR T cells under an
intact immune system. These findings underscore the importance of our model predicting CAR T
cell-mediated toxicities. Although still early, this system may be used as an effective model of
other potential CAR T-cell toxicities against antigen targets that are comparable between human

and mice.

The second project sought to resolve the problem of the immunosuppressive tumor
microenvironment (TME) perpetrated in pancreatic ductal adenocarcinoma (PDAC). We
developed a bicistronic lentiviral vector for a CAR T cell that additionally secretes a bispectic T-
cell engaging Antibody Molecule (TEAM) denoted as CART®AM, This two-target approach seeks

to eliminate the surrounding Cancer Associated Fibroblasts (CAFs) that play a large role in
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immunosuppression of immune cells in clinical PDAC cases and increases the anti-tumor

RTEAM

efficacy. Based on in vitro results, our CA system may be a clinically relevant

immunotherapy for PDAC.
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Figure A — Graphical abstract of our preclinical syngeneic mouse model to detect on-target, off-

target toxicities of CAR T cells. This figure was made in Biorender.

Figure B - Graphical abstract of our mesoFAP CAR T cells and their effects against PDAC and

CAFs. This figure was made in Biorender by Dr. Marc Wehrli.

Figure 1 - EGFRVIII™EGFR T cells are unable to clear mEGFR expressing tumor cells through the

TEAMs. (A) CARTEAM and CAR constructs as well as respective controls. Luciferase killing assays on tumor
cells expressing EGFRVIII and mEGFR (B) or mEGFR only (C) (mean + SD). Figure made by Dr. Marc

Wehrli and Adam Kuo

Figure 2 - Anti-mEGFR Murine CAR T cells are successfully transduced and can Kkill tumor cells in

vitro. (A) Staining of all potential target cell lines with xNeci and a secondary conjugated antibody. All MFI
Ratios were normalized compared to an IgG control primary antibody (Mean + SD, t test, ** =P < 0.01, ****
=P <0.001). (B) Design of xNeci and control CAR constructs. (C) Phoenix ECO cells as seen under inverted
microscope with transduced (left) vs control (right). (D) Transduction efficiencies of all CAR constructs under
either PE Texas Red (depicted in red) or FITC (depicted in green). Luciferase killing assays of KR158 cells (E)

or KR158 hEGFRVIII cells (F) (Mean + SD).

Figure 3 - First in vivo experiment with H/L xNeci anti-EGFR CAR T cells. (A) Timeline of in vivo

experiment, with caliper measurements (B), body weight measurements (C), and flux measurements (D)
(Mean + SD depicted for all). (E) Possible fur toxicities that occur solely within anti-mEGFR CAR treated

mice (left) compared to control CAR or UTD mice (right)

Figure 4 - Labeled CAR constructs have functional luciferase but indeterminate tumor Kkilling
capacity. (A) Constructs of both xNeci (H/L) and ME-1 (H/L or L/H) based CARs with addition of CBG or
AkaLuc Luciferases. (B) Transduction efficiency of iRFP720 transduced KR158 cells, measured through

AF700 (Mean + SD). Measurement of Luminescence after addition of respective luciferase substrate to 1e6
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CART cells or UTD in a 6 well plate (C) or pelleted in a 15 mL conical tube (D). IncuCyte analysis ata 5:1

Effector:Target Ratio against CBG/GFP labelled KR158 (E) or Hepal-6 (F).

Figure 5 - Troubleshooting attempts and potential future experiments and approaches. (A)
Transduction efficiency of newly generated pECO stable producer cells (Mean + SD, t test, **** = P < (.0001,
** =P <(0.01. (B) Expression of iRFP720 on KR158 cells transduced with respective MOlIs, based on Alexa
Fluor 700. (C) Schematic of BLI panel between luciferased CARs and iRFP720 labelled tumor (made in
Biorender). Caliper measurements (D) and Body Weight (E) of a tumorgenicity experiment (Mean + SD

depicted). (F) Preliminary in vivo timeline with lymphodepletion.

Figure 6 — meso™P? CARTEAM cells can recognize and Kill their respective antigen targets. (A) Depiction

of all CARTEAM constructs and control CAR constructs. (B) Expansion of all conditions after lentiviral
transduction during generation as described above (ns, paired t-test). (C) Specific lysis of AsPC-1 PDAC cell
line with CARTEAM T cells with biological triplicate and technical duplicates at various concentrations (mean +
S.E.M are shown, * = P < (.05 by paired two-tailed #-test at 10:1 ratio). (D) Depiction of an ACEA killing
assay co-incubating CARTEAM cells with CAF and ASPC-1 at a 1:0.5:0.5 ratio, respectively (Made in
Biorender). (E) Graph of ACEA cytotoxicity assay measured by tumor cell impedance (Right, Mean + S.E.M.
is shown, **** =P < (0.0001 by one-way ANOVA). (F) Population doublings after three weekly stimulations
with a 1:0.5:0.5 ratio of CARTEAM T cells:ASPC-1:CAF (mean + SD shown, paired t test, * = P<0.05). This

figure was generated by Dr. Marc Wehrli with the support of Adam Kuo.

Figure 7 - Acoustic force microscopy shows mesoFAP T cells have a higher avidity than other

constructs. (A) Schematic of binding avidity assay and expected binding capability of our constructs to a
monolayer of ASPC-1 and CAFs (Made in Biorender). Curve (B) and Bar Graph (C) analysis of percentage of
bound T cells as a function of acoustic force applied in piconewtons (mean + SD) against a 9:1 ratio of

CAF:ASPC-1. This figure was generated by Dr. Marc Wehrli with the support of Adam Kuo.
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Chapter 1 - Background

The state of immunotherapy and CAR T cells

The first notions of cancer immunotherapy emerged in the nineteenth century with
William Coley’s demonstration that exposure to bacterial infection could cause spontaneous
regression of sarcoma in patients !. However, the lack of knowledge in the immune system and
the mechanisms behind this observation meant that the field remained relatively dormant until
major discoveries were made around the twentieth century 2. The most recent wave of
immunotherapy development against cancer was mediated by refining the concept of
immunosurveillance 3. In particular, T cells have emerged as a major player in ways to approach
treatments for cancer, including checkpoint blockades, cancer vaccines, bispecific T cell

engagers (BiTEs), and adoptive cell therapy *.

BiTEs consist of two single chain variable fragments (scFV), which are derived from the
fusion of the variable heavy and light chains of an antibody against a target of interest, that are
covalently linked by small linker peptides °. BiTEs simultaneously target two antigens, with one
end binding CD3, an invariant component of the T cell receptor (TCR) signaling complex, while
the other end binds a tumor antigen of choice 6. The binding of both targets leads to the
formation of a lytic immune synapse between T cells and tumor cells and facilitates killing
through endogenous TCR signalling °. BiTEs are producible in large quantities by mammalian
cell lines and are able to bind with endogenous T cells in the body ’. Due to the licensing of the

term BiTE, we will refer to it as T-cell Engaging Antibody Molecule (TEAM) in this thesis.

Adoptive cell therapy (ACT), consisting of infusion of autologous or allogenic T cells,

has seen promising effects in recent times. The usage of tumor-infiltrating lymphocytes (TIL) in



ATC therapy against metastatic melanoma was first demonstrated in the 1980s by the National
Cancer Institute ®. This treatment was performed by harvesting lymphocytes from a tumor
biopsy, expanding them with IL-2, and re-infusing these cells into patients. This initial treatment
led to few complete responses and had a low response rate of 34% °. Lymphodepletion was
found to be a key component in improving the efficacy of ACT, with an improved rate of 22%
patients with complete tumor regression in another study that used ACT in conjunction with
lymphodepletion '°. ACT can be further improved by engineering T cells with TCRs specific to
an antigen of interest. However, these cells are limited to MHC presented antigens '!. To
overcome this limitation, synthetic antigen receptors have been developed and can recognize

surface antigens directly on tumor cells.

T cells transduced to express synthetic Chimeric Antigen Receptors (CAR T cells) have
had significant breakthroughs and iterations since the first-generation, developed by Zelig Eshhar
in 1993 '2. The basic design of current CAR T cells consists of the extracellular antigen binding
domain, typically an scFv with a linker, a hinge region, a transmembrane region, and
intracellular signaling domains 3. The custom-targeting scFv allows CAR T cells to bind a cell
surface target without being restricted by MHC alleles and TCR specificity. The hinge region is
necessary to ensure some flexibility of the CAR and allows for better chance of binding the
target antigen. The different generations of CAR development differ based on the presence of co-
stimulatory intracellular signaling domains, which have varied dynamics '*. The two typical
choices are currently either CD28 or 4-1BB. CD28 has been shown to exhibit a more effector-
like memory phenotype and use primarily glycolytic metabolism, while 4-1BB resemble central

memory and use fatty acid metabolism !°. The current archetypes of common co-stimulatory



domain choices are that CD28 is noted to provide a stronger but short-lived co-stimulation

signal, while 4-1BB gives a more modest but sustained one.

While CAR T cells have seen major successes clinically against hematological
malignancies, CAR T cells have yet to show strong efficacy against solid tumors '°. This is due
to a variety of challenges that derive from factors seen in solid tumor development. Antigen
escape is one of the most noted limitations, due to the possibility of malignant cell relapses with
partial or complete loss of target antigen '°. This has been seen even in hematological
malignancies such as acute lymphocytic leukemia (ALL), where 30-70% of relapsed and/or
refractory patients have reduced a downregulation of CD19 in recurrent disease after treatment

with anti-CD19 CAR T cells .

Another problem to consider that occurs alongside CAR recognition of tumor is toxicity,
which is most often seen as cytokine release syndrome (CRS) and neurotoxicity, which is often
hard to model before performing clinical trials in humans '°. CRS leads to symptoms such as
fever and hypotension, with significant serum cytokine levels, while neurotoxicity can lead to
clinical manifestations such as temporary memory loss, delirium, and seizures. Both toxicities
stem from aberrant and excessive activation and subsequent proliferation within the body of
cytokine-secreting T cells, which lead to activation of other immune cells and create a positive

feedback and self-amplifying loop of inflammatory cytokine production.

A syngeneic mouse model for preclinically detecting CAR T cell mediated toxicities

Choice of antigen target is critical against solid tumors, as tumor specific antigens are
often not homogenously expressed leading to antigen loss and tumor associated antigens can be

expressed on healthy tissues leading to on-target off-tumor toxicity !”. A prime example of



antigen loss mediated by CAR T cells directed toward a tumor specific antigen is a study done
with anti-Epidermal Growth Factor Receptor variant III (EGFRvVIII) CAR T cells, where a single
dose mediated antigen loss and resistance of glioblastoma (GBM) cells '¥. On the other hand, an
example of an antigen that is overexpressed in many tumors but ubiquitously expressed in
healthy tissues is Epidermal Growth Factor Receptor (EGFR), which is frequently altered in
several human cancers due to EGFR gene amplification and/or protein overexpression, mutations
or in-frame deletions . Although attractive due to its changes in many cancers, the expression
levels in both mice and humans are significant in healthy tissue, with most prevalent protein

expression in the liver and lung, respectively 2 2!,

The idea of targeting these two targets simultaneously in GBM lead to the generation of a
CARTEAM gystem where CAR T cells secrete a TEAM against another related GBM target by
Choi et al ?2. The anti-EGFRvIII CAR honed the CAR™AMT cell to the GBM tumor
microenvironment, where the anti-EGFR TEAM was able to work without toxicities due to lack
of EGFR expression in the brain. We initially sought to expand on this work by both using new
anti-murine EGFR antibodies as the basis for the TEAM scFv and viewing the effects under an
immunocompetent syngeneic mouse model. However, due to problems with showing killing of
GBM cells with our new TEAM, we redirected the project to developing a syngeneic mouse

model to preclinically predict CAR T-mediated toxicity instead.

EGFR antibodies have been used clinically, such as Cetuximab. As an FDA approved
therapyi, it is part of the current standard of care, typically administered in combination with
radiation and/or chemotherapy, for colorectal and head and neck cancer 2. Cetuximab has been
known to have side effects, with the majority manifesting as dermatologic reactions, but can also

include gastrointestinal complaints, headache, interstitial lung disease, dyspnea and pulmonary



reactions 2*. Anti-EGFR family CAR T cells have also been made using clinically approved
antibodies as the basis for the scFv. However, after being used in clinical trials, they have led to
significant side effects and in some cases death of the patient 2> 26, A patient that had a metastatic
colon cancer that progressed through three chemotherapy regimens was included in an anti-
HER2 CAR T cell protocol 2. After injection of 10'® CAR T cells following a lymphodepletion
regimen, the patient [immediately expressed respiratory distress and and pulmonary edema,
followed by two cardiac arrests within the next 12 hours, and was kept in the intensive care unit
for 5 days until a final cardiac arrest from which resuscitation was unsuccessful] 2°. Based on
post-mortem analysis, the researchers postulate that HER2 expression in the lung caused on-
target off-tumor toxicity leading to pulmonary toxicity and edema followed by CRS, based on

blood cytokine levels .

These adverse effects were not seen in clinical usage of the anti-EGFR family antibodies
that the scFvs were based on and underscores the necessity of preclinical animal experiments.
Currently, FDA guidelines on animal testing preclinically require them to be clinically relevant
and reasonably predictive of what would occur in the human body ?’. The variability in cross-
species reactivity between human and animal equivalents of target antigens can lead to false
negative results when performing pharmacological and safety testing, which hinders the chance

of finding these toxicities before advancing to the clinical testing stage 2°.

Most animal models are currently performed in immunodeficient mice to prevent
rejection of human derived tumor and CAR T cells %°. This understates the effects that the CAR
T cells can have due to lack of an intact immune system. However, the caveat that arises through
usage of syngeneic mouse models is the necessity of using murine antigen targets and CAR T

cells. In the case of EGFR, murine and human EGFR share an 88% amino acid similarity,



making it a relatively comparable protein between humans and mice, although cross-species
reactivity must still be considered *°. For target cells that express mEGFR, we have chosen
KR158 and Hepa 1-6. KR158 is a cell line derived from a spontaneous astrocytoma in an
Nf1/Trp53 double mutant C57B1/6 mouse and expresses high levels of murine EGFR *!'. KR158
cells were also shown to grow well in both immunodeficient and syngeneic mice with the
C57BI/6 background *2. Hepa 1-6 is another cell line derived from a hepatoma in a C57/L mouse

that has been able to grow within immunocompetent C57B1/6 mice *.

Additionally, the affinity of the scFv was noted to play a role in ability of CAR T cells to
have a striking balance between tumor killing and therapeutic effect ** *. Indeed, a low affinity
scFv was seen to be superior in mitigating toxicities due to its preference for high antigen density

on tumors over low expression on healthy tissue.

Within mouse models, in vivo tracking of the CAR T cells can provide vital information as
to where the CAR T cells localize to and whether it provides an anti-tumor effect or toxicity. Many
methods have been tested, including imaging for T cell specific markers, T cell activation markers,
metabolic pathways, T cell effector molecules, and various reporter genes *¢. A dual-luciferase
based system of labelling CAR T cells has been used in a two-population BLI system, consisting
of AkaLuc labelled CAR T cells and Antares2 labelled tumor cells 37, This system allowed for
visualization of both CAR T cells and tumor in vivo. Based on these findings, we were able to
generate CAR constructs that express either CBG or AkaLuc. iRFP720 is a fluorescent protein that

has been noted to be well visualized under BLI, which we used as the marker for our tumor cells

38

With all these factors considered, we have recognized the need for a syngeneic mouse

model that can better predict potential toxicities and other adverse effects preclinically under an
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intact immune system. Thus, our first aim was to generate a mouse model under the C57Bl/6

genetic background, with both tumor cells and CAR T cells derived from syngeneic mice, to view

C57BI/6 o
Tumor 7N Luciferase A

O \\S// \\ Killing Assay \%

J, IncuCyte
‘. s \
C57BI/6 L |
9, /
C57BI/6 (| Immunohistochemistry
CARTcells | \
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Figure A - Graphical abstract of our preclinical syngeneic mouse model to detect on-
target, off-target toxicities of CAR T cells. This figure was made in Biorender.

the interplay between both injected cells under the native immune system. Our second aim was to
use our syngeneic system as a model of the gradient in anti-tumor effect and on-target, off-tumor

toxicity based on expression of EGFR on healthy tissue.

CARTEAM a5qinst Pancreatic Cancer

Another contributing factor in the lack of CAR T cell success in solid tumors is the
hindrance of CAR T-cell trafficking and infiltrating into solid tumors by an immunosuppressive
tumor microenvironment. This remains a significant problem unique to solid tumors and

pancreatic cancer, specifically pancreatic ductal adenocarcinoma (PDAC), is a prime example of



this. PDAC remains one of the most lethal cancers and has a dismal prognosis, with an overall
survival rate of 1-5% and median survival duration of less than six months 3°. The current
standard of care, chemotherapy, has only shown a small effect on the scale of months of overall

survival benefit 4°

. Due to this unmet need, there have been many attempts to use cellular
immunotherapy, in particular CAR T cells, against PDAC. Mesothelin has been a promising
target in PDAC due to its limited expression on healthy tissue and overexpression in many solid
tumors *'. The anti-mesothelin SS1 antibody has been used to make anti-mesothelin CAR T cells
and has been used in clinical trials *>. Of the completed phase 1 clinical trials, all have shown
that although the anti-mesothelin CAR T cells were safe in patients, they had very limited anti-
tumor efficacy *'. An explanation for this lack of tumor killing can be that the TME can recruit
immunosuppressive cells such as tumor-associated macrophages, myeloid-derived suppressor
cells, and regulatory T cells as well as express a variety of immune checkpoint molecules,

adhesion molecules, and immunosuppressive cytokines that obstruct the ability of CAR T cells to

drive an efficacious anti-tumor response **.

An additional possibility is that CAR T cells were physically blocked from entering the
PDAC tumor microenvironment (TME) by physical barriers, such as Cancer-Associated
Fibroblasts (CAFs), that form a dense stromal component °. Fibroblast activation protein (FAP)
has been noted as a biomarker for CAFs that is associated with tumor progression and metastasis
4 An anti-FAP antibody, sibrotuzumab, has been found to be clinically safe and efficacious
within phase 1 clinical trials but lost effectiveness in phase 2 trial against metastatic colorectal

cancer *4,

Based on these observations, we sought to improve upon the SS1 anti-mesothelin CAR T

RTEAM

cell by developing a CA construct that can simultaneously target CAFs through a



sibrotuzumab-based anti-FAP TEAM. This meso"? CAR T cell would target mesothelin
through the CAR and FAP through the TEAM. We thought that clearing the CAFs might lead to
an increase in CAR T cell infiltration to the PDAC tumor cells and improve the overall anti-

tumor effect.

W

! 0 Tcell UTD)
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Figure B - Graphical abstract of our mesoFAP CAR T cells and their effects against
PDAC and CAFs. This figure was made in Biorender by Dr. Marc Wehrli.




Chapter 2A - Materials and Methods (Syngeneic Mouse Model):

Cell lines, primary mouse T cells

The murine cell line KR158 and its firefly luciferase variant (KR158-LUC) were
obtained from the NIH through the Tyler Jacks lab at MIT and the murine cell line Hepal-6 was
obtained from ATCC. Both cell lines were cultured in D10 media, which consists of DMEM
(ATCC) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% filtered
penicillin and streptomycin (Pen/Strep). KR158-LUC was cultured in D10 additionally
supplemented with 100 ug/ml hygromycin. Both cell lines were dissociated with 0.05% Trypsin-
EDTA (Gibco). Both cell lines were stained with the anti-murine EGFR (mEGFR) antibodies
used for the scFVs in our CAR constructs to verify antibody detection capability and presence of
mEGFR. Both cell lines were then both transduced with a lentivirus (MOI 10), to express Click
Beetle Green (CBG) Luciferase and GFP, and bulk sorted on GFP expression. KR158 cells were
also transduced with a lentivirus (MOI 20) to express iRFP720. H29 cells were obtained from the
Davila lab at the Moffitt Cancer Center, while Phoenix ECO cells were obtained from the

ATCC.

Murine spleens were extracted from C57Bl/6 mice after saturation with 70% EtOH.
Spleens were then homogenized, and T cells were extracted using an EasySep isolation kit
(StemCell Technologies). Murine T cell media (Mouse RPMI) was created with 1x Advanced
RPMI 1640 (Gibco) supplemented with 10% heat-inactivated FBS, 1% Pen/Strep, 10mM

HEPES, and 2.5uM Beta-Mercaptoethanol +°.

Staining of cell lines for mEGFR with xNeci
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xNeci antibody and an IgG2a isotype control was diluted to 2mg/mL and aliquoted and
conjugated to biotin with an Abcam antibody biotin conjugation kit. 10° of respective tumor cells
per well were seeded into a 96 well plate in triplicate (Corning) and washed twice with 1x PBS
supplemented with 2% FBS (wash buffer). 1ul of biotinylated xNeci or isotype control was
added to respective wells and incubated for 10 minutes at room temperature in the dark. Wells
were washed twice and 35ul of APC-conjugated streptavidin was added at 0.1ug/100ulL wash
buffer. Plates were then washed twice and DAPI was added at luL DAPI/mL PBS before

analysis with BD Fortessa X-20

Generation of CAR Constructs

Two Anti-mEFFR antibodies were provided by the Eli Lilly Company. The first was ME-
1 which is a rat IgG1 antibody specifically against murine EGFR. The second was xNeci, which
is a chimeric mouse IgG2a/human Fab chimeric antibody that cross recognizes human and
murine EGFR with a higher affinity than ME-1. Sequences were also provided by the Eli Lilly
Company, which were used to generate scFvs as part of our CAR constructs, with CD8a hinge
and transmembrane domains, mCD28/mCD?3z intracellular signaling domains, and mCherry for

labelling, via Geneious Prime.

Gamma-Retroviral production

H29 cells were transfected with CAR DNA plasmids using a Calcium Phosphate
transfection kit (Thermo Scientific). After confirmation of mCherry expression via inverted
microscope, supernatant from the H29 cells were used to transduce Phoenix ECO cells once per

day for three consecutive days into stable viral producer cells. These transduced Phoenix ECO

11



cells have the construct integrated into the genome and continuously produce gamma-retrovirus,

even after cryopreservation.

Transduction of murine T cells

Primary murine T cells were extracted (as explained above) and diluted to 1e6/mL. Cells
were then activated with murine anti-CD3/anti-CD28 coated beads (Gibco) at a 1:1 bead to cell
ratio and supplemented with 30IU of recombinant human IL-2 (PeproTech). Activated T cells
were then plated onto 6 well plates at a concentration of 1e6/mL and incubated overnight in an
incubator at 37°C. An equal number of 6 well plates were coated with ImL of RetroNectin
(Takara) at a concentration of 15ug/mL overnight at 4°C. The next day, RetroNectin coated
plates were blocked with 2% FBS PBS for 30 minutes at room temperature and washed once
with PBS. T cells were then harvested and resuspended at a concentration of 2e6/mL and
supplemented with hIL-2 at 80IU/mL. 1mL of T cell suspension was added to each well of
RetroNectin coated plates, followed by 3mL of sterile filtered (Steriflip 0.45um) viral
supernatant from respective transduced Phoenix ECO cells. Plates were then spinoculated at
2000g for 1 hour at room temperature. For two days after, 3mL of supernatant was removed and
3mL of filtered pECO viral supernatant was added for a total of 3 spinoculations at 2000g.
30IU/mL of hIL-2 was added following the two latter spinoculations. The day after the third
spinoculation, all wells were refreshed with fresh Mouse RPMI, and 30IU/mL of hIL-2 was
added. Debeading was done 2 days later using 15mL conical tubes and a DynaMag-15 magnet
(Thermo Fisher). Transduction efficiency was measured using BD Fortessa X-20 and based on
mCherry measured through PE Texas Red. Based on these measurements, all constructs were
normalized to the lowest transduction efficiency, by adding untransduced T cells, before being

used in assays.
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Luciferase Killing Assay

Normalized CAR T cells were diluted to 1e6 CARs/mL. 100uL of Mouse RPMI was
added to each column, excluding the first well, in a non-treated 96 well plate (Corning) by CAR
construct. 150uL of respective diluted CARs in triplicate was added to the first well of each
column. 50ull was taken and used to serial dilute downwards in increments of (1:3). 100uL of
le5 KR158 Luc target cells were then added to each well. After incubation for 24 hours at 37°C,
cells were lysed and read with a luciferase assay kit (Promega) on a Biotek Neo2 luminescence

plate reader. Specific lysis was calculated with the formula

Luminescence Tumor only — Luminescence Tumor+CART cell

X 100

Luminescence Tumor Only

IncuCyte Co-Culture

1 mL of CBG/GFP labelled target cells were added to each well of a non-treated 48 well
plate (Corning) at a concentration of 15,000 cells/mL. CAR T cells were then added at
effector:target ratios of 5:1, 1:1, and 1:5. The plates were then loaded into the IncuCyte and GFP
and mCherry area was measured over 72 hours. Total areas were normalized to the first

timepoint and graphed in GraphPad Prism.

In vivo experiments

C57Bl1/6 mice were purchased from JAX Laboratories and then bred, housed, and
handled at the Massachusetts General Hospital in pathogen-free conditions according to
institutional guidelines. 2e6 KR158 Luc were injected into the right flank subcutaneously in
150ul PBS. 4 mice were used per condition as stated in the respective figures. After suitable

engraftment as measured through caliper measurements and bioluminescent imaging, 2e6 CARs

13



were injected intravenously through the tail vein. Mice were measured twice weekly for tumor

status through caliper and BLI.

A tumorgenicity experiment was done with increments of 2e6, up to 8e6, of KR158
iRFP720 in 150uL of a 1:1 mixture of PBS and Matrigel. 4 mice were used per condition and all

mice were measured for caliper measurements and BLI twice weekly.

Immunohistochemistry

After mice were sacrificed, tumor was extracted and fixed in 4% PFA and 70% EtOH.
Slides were then made and embedded in paraffin. Slides were stained for CD3 (Abcam 125096),

mCherry (Abcam 125096), and EGFR (cell signaling 4267).
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Chapter 2B — Materials and Methods (Pancreatic Cancer CARTEAM)

Cell lines, Primary human T cells

ASPC-1, a PDAC cell line, was purchased from ATCC. ASPC-1 cells were cultured in R10
media (Thermo Fisher RPMI 1640 pre-supplemented with Glutamax and with 10% FBS and 1%
Pen/Strep added) and disassociated with TrypLE Express (Gibco) to preserve mesothelin
expression. ASPC-1 cells were additionally transduced with CBG/GFP and bulk sorted on
expression of GFP. Immortalized CAFs (CAF-1) that were transduced with hTERT and mCherry
were obtained from the Ting lab at MGH “6. CAF-1 cells were cultured with D10 medium and
were removed from flasks with 0.25% Trypsin-EDTA (Gibco). SupT1 and HEK cell lines were

both purchased from ATCC and cultured in R10 media.

Primary human T cells were extracted from human healthy donor leukapheresis product and
purchased from the MGH blood bank. Human T cells were cultured in R10 media with 201U of

recombinant human IL-2 per mL of R10 media.

Generation of CAR constructs

meso™?, CD19¥AP mesoCD'?, anti-mesothelin CAR, and “headless” (no extracellular CAR
scFv) constructs were all synthesized and cloned into lentiviral plasmid backbones. All
constructs included a CD8 hinge, CD8 transmembrane domain, CD3z intracellular signaling
domain, and 4-1BB costimulatory domain. TEAMs were designed with anti-CD19 or anti-FAP
scFvs and were included an Igk leader and His-tag. SS1, sibrotuzumab, and blinatumomab

antibodies were used to create respective scFvs.

Lentivirus Production
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HEK cells were seeded in R10 medium to be around 80% confluence on the day of transfection.
Respective construct plasmids were transfected into HEKs through a Lipfectamine 3000 kit
(Thermo Fisher). Viral supernatant was collected 24 and 48 hours after transfection and filtered
through a 0.45um pore vacuum filter. R10 medium was replenished after 24 hour supernatant
collection. Following 48 hour collection, the 24 hour and 48 hour supernatant was pooled and
ultracentrifuged at 25,000 RPM for 2 hours. Supernatant was then aspirated and the lentiviral

pellet was resuspended in 200uLL PBS per tube. Lentivirus was aliquoted and frozen at -80°C.

Lentiviral titering

SupTT1 cells were counted and resuspended at 0.2e6/mL. S0uL. of R10 media was added to each
row per virus to be titered. 25uL of thawed virus was added to the first well per row and 25ul
was pipetted to each subsequent well as a serial 1:3 dilution up to the 11" well per row. The final
well for each row was left empty of virus as an untransduced control. 100uL of resuspended
SupT1 cells were then added to each well and the plate was incubated for approximately 48
hours at 37°C. Plates were then washed with 1x PBS supplemented with 2% FBS (FACS buffer),
and resuspended in 200uL of FACS buffer with DAPI diluted to 1uL DAPI/ImL FACS buffer.
Plates were read on BD Fortessa X-20 for mCherry positive cells and titers were calculated

based on the formula (% mCherry positive/100)*40*20000*Dilution Factor = titer in pfu/ml.

CAR T cell transduction

Primary human T cells were thawed and diluted to 1e6/mL. Cells were then activated
with beads coated with anti-human CD3/anti-human CD28 (Gibco) at a 3:1 bead to T cell ratio
and supplemented with 201U of recombinant human IL-2 (PeproTech). ImL of activated T cells

at a concentration of 1e6/mL were added per well in a 24 well plates and incubated overnight in
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an incubator at 37°C. The next day, lentivirus was added to wells based on MOI and construct.
Every other day, T cells were expanded by adding an equal amount of R10 media supplemented
with 40IU/mL of recombinant human IL-2 to each condition to double the total volume and end
up with 20IU/mL. T cells were debeaded on Day 7. If necessary, 2-3 Mio total T cells from each
condition were taken for sorting on Day 8. Cells were sorted based on mCherry expression to
have similar expression ranges across all constructs. Sorted CAR T cells were also expanded as
described. At Day 14 or 15, transduction efficiency of unsorted CAR T cells was measured
through mCherry expression. CAR T cells were normalized to the lowest transduction efficiency
by adding untransduced T cells until the percentages match the lowest one, and then either frozen

in freezing media (90% FBS and 10% DMSO) or directly used in assays.

Luciferase killing assay

Normalized CAR T cells were diluted to 1e6 CARs/mL. 100uL of R10 medium was
added to each column, excluding the first well, in a non-treated 96 well plate (Corning) by CAR
construct. 150uL of respective diluted CARs were added to the first well of each column. 50ulL
was taken and used to serial dilute downwards in increments of (1:3). 100uL of 1e5 ASPC-1
target cells were then added to each well. Plates were left for around 48 hours at 37°C, and a
luciferase assay kit (Promega) was used to prepare plates for reading on a Biotek Neo2

luminescence plate reader. CAR T-medidated lysis was calculated with the formula

Luminescence Tumor only — Luminescence Tumor+CART cell

x 100

Luminescence Tumor Only

ACEA killing assay

ACEA plates were coated overnight with 50ul of a CD9 antibody diluted 1:249 in 1x PBS.
Plates were then washed 3 times with 200uL of 1x PBS. 50uL of R10 medium was added for an
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initial background reading. CAF and ASPC-1 was diluted to have a final concentration of
20,000 cells/100uL in a 1:1 ratio. 100uL of the cell mixture was added to the coated ACEA plate
and allowed to incubate for about 24 hours. The next day, T cells were added in a 5:1, 1:1, or 1:5

Effector:Target ratio and the experiment was run for approximately 48 hours.

Co-culture assay

CAF and ASPC-1 cells were added to have 0.125e6 of each (0.25¢6 total cells) in a volume of
250uL R10 medium within each well of a 24 well plate and were placed in an incubator at 37°C
for approximately 2 hours. Sorted CAR T cells were thawed and counted. CAR T cells were then
resuspended to a concentration of 0.25¢6 CAR T cell per 250ulL R10 media. 250uL of respective
CAR T cells were added into the tumor coated 24 well plates for a final ratio of 1:0.5:0.5 CAR
T: CAF: ASPC-1. For every 7 days up to Day 28, the cells were counted. Based on the number
of T cells, CAF and ASPC-1 cells to have a final 1:0.5:0.5 ratio of CAR T:CAF:ASPC-1 were
added to a new 6 or 24 well plate (depending on total volume) and placed in an incubator for 2-3

hours. After that, CAR T cells were then transferred from the previous plate.

LUMICKS acoustic cell microscopy

The LUMICKS z-Movi instrument was used to measure avidity of our CARTAM T cells against
1:1 ratios and 9:1 ratios of CAF:ASPC-1. Flow cell z-Movi chips were cleaned and coated with
Poly-L Lysine (diluted 1:5 in PBS, Sigma). Coated chips were incubated at 37°C in a dry
incubator. The chips were then re-hydrated with serum-free R10 media and stored at 37°C in a
dry incubator until seeding of target cells. ASPC-1 and CAF cells were harvested and
resuspended in serum-free R10. The conditions were CAF only, 9:1 CAF:ASPC-1, 1:1

CAF:ASPC-1, and ASPC-1 only with all conditions having a concentration of 10e6 total
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cells/100ul R10. Just before seeding, cells were strained through a cell strainer. Respective
target cell conditions were seeded on separate coated chips to form a monolayer and incubated
for 1 hour at 37°C in a dry incubator. Sorted CAR T cells were thawed and stained with a
CellTrace Far red dye kit (Thermo Fisher). Stained cells were then resuspended at 10e6 cells/mL
R10 media and left in a 37°C incubator until ready to add to the chips. After monolayer validity
was confirmed through the z-Movi, chips were screwed into the instrument and respective

CARTEAM or CAR controls were added to view avidity as a function of acoustic force applied.
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Chapter 3A — Results (Syngeneic Mouse Model):

EGFRVIIT™ESFR T cells are unable to clear mEGFR expressing tumor cells through the TEAM
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Figure 1 - EGFRVIII™ECFR T cells are unable to clear mEGFR expressing tumor cells through the
TEAMs. (A) CARTEAM and CAR constructs as well as respective controls. Luciferase killing assays on tumor
cells expressing EGFRvIII and mEGFR (B) or mEGFR only (C) (mean + SD). Figure made by Dr. Marc
Wehrli and Adam Kuo

Our CARTEAM T cells (Fig 1A) were able to clear only tumor cells expressing both
hEGFRvVIII and mEGFR(Fig 1B), but not mEGFR only (Fig 1C), indicating that the CAR was
functional but the TEAM may not be. To verify whether all of the TEAMs were dysfunctional or
just the anti-mEGFR ones, we performed a flow-based killing assay against the A20 cell line
which expresses mCD19 (not pictured). Only the anti-mCD19 TEAM showed any effect, so we
postulated that the scFv of the TEAM may not be functional. To verify this, we decided to take

the same anti-mEGFR scFv sequence and use it as a basis for an anti-mEGFR CAR T cell.
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Anti-mEGFR Murine CAR T cells are successfully transduced and can kill tumor cells in vitro
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Figure 2 - Anti-mEGFR Murine CAR T cells are successfully transduced and can kill tumor cells in
vitro. (A) Staining of all potential target cell lines with xNeci and a secondary conjugated antibody. All
MFTI Ratios were normalized compared to an IgG control primary antibody (Mean + SD, t test, ** =P <
0.01, **** =P <(0.001). (B) Design of xNeci and control CAR constructs. (C) Phoenix ECO cells as seen
under inverted microscope with transduced (left) vs control (right). (D) Transduction efficiencies of all
CAR constructs under either PE Texas Red (depicted in red) or FITC (depicted in green). Luciferase
killing assays of KR158 cells (E) or KR158 hEGFRVIII cells (F) (Mean + SD).
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Our syngeneic system requires CAR T cells derived from T cells from the C57Bl/6
background. We initially used the xNeci antibody, as it was reported by Eli Lily to have the
higher affinity between the two provided. Target cells were stained with biotinylated xNeci and
APC-conjugated streptavidin to ensure recognition of mEGFR by our scFv antibody (Fig 2A).
Under a murine CD8a leader, the xNeci scFv in Heavy/Light and Light/Heavy configurations
were followed by CD8a hinge and transmembrane domains, mCD28/mCD3z, and mCherry.
Control constructs consisted of scFvs against hEGFRvVIII or mCD19, with the same general
construct (Fig 2B). After receiving DNA plasmids, stable viral producer Phoenix ECO cells were
generated as described in the methods section and tested for mCherry or GFP expression through
an inverted microscope (Fig 2C). Following generation of stably transduced Phoenix ECO cells,
T cells were isolated from C57Bl/6 spleens and transduced as described. Transduction efficiency

was then measured either though PE Texas Red or FITC with a BD Fortessa X-20 (Figure 2D).

In Vitro Validation of xNeci CAR T cells

After successful generation of our murine CAR T cells, we sought to test their efficacy in
vitro against our selected target cells. KR158 cells and KR158 cells transduced with hREGFRVIII
were both luciferased and plated with various effector:target ratios starting from 10:1 and
diluting by 1:3 down to 1:27. The xNeci CAR with the Heavy/Light configuration came out
superior to the Light/Heavy configuration against KR158 Luc, with an almost 100% specific
lysis compared to around 80%. Control CAR constructs targeting hREGFRVIII and mCD19, as
well as untransduced T cells were unable to show any specific lysis compared to our CARs (Fig
2E). Importantly, the mEGFR antibody can additionally target hREGFRVIII, but nor the other way
around. When tested against KR158 hEGFRVIII Luc cells, both xNeci CAR constructs had

similar killing with the positive control hEGFRVIII CAR T cell, while the mCD19 CAR and
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untransduced T cells (UTD) were unable to show any killing (Fig 2F). Following these luciferase
killing assays, we determined that our xNeci-based CAR constructs are able to recognize

mEGFR and eliminate KR158 cells.

First in vivo experiment with H/L xNeci anti-EGFR CAR T cells

Due to the superior killing of the Heavy/Light xNeci CAR T cell, we decided to move
forward with that construct for our first in vivo application. 2e6 KR158 Luc cells were injected
subcutaneously into the right flank, followed two weeks later with 2e6 xNeci (H/L) CAR, UTD,
or no treatment (Fig 3A). Additionally, a condition with no tumor and xNeci (H/L) CAR only
was added to see potential differences when no tumor is present and to assess inherent toxicities.
Unfortunately, due to lack of lymphodepletion as a consequence of a broken irradiator, our
groups were not able to see much of a difference in all measurements of tumor growth and
control (Fig 3B/C/D). However, an interesting observation was that only within groups treated
with xNeci (H/L) CARs showed some visible fur loss, while the UTD and untreated mice groups

did not (Fig 3E).
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Figure 3 - First in vivo experiment with H/L xNeci anti-EGFR CAR T cells. (A) Timeline of in vivo
experiment, with caliper measurements (B), body weight measurements (C), and flux measurements (D) (Mean +
SD depicted for all). (E) Possible fur toxicities that occur solely within anti-mEGFR CAR treated mice (left)
compared to control CAR or UTD mice (right)
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Labeled CAR constructs have functional luciferase but indeterminate tumor killing capacity
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Figure 4 - Labeled CAR constructs have functional luciferase but indeterminate tumor killing
capacity. (A) Constructs of both xNeci (H/L) and ME-1 (H/L or L/H) based CARs with addition of CBG or
AkaLuc Luciferases. (B) Transduction efficiency of iRFP720 transduced KR158 cells, measured through
AF700 (Mean + SD). Measurement of Luminescence after addition of respective luciferase substrate to 1e6
CAR T cells or UTD in a 6 well plate (C) or pelleted in a 15 mL conical tube (D). IncuCyte analysis at a 5:1
Effector:Target Ratio against CBG/GFP labelled KR158 (E) or Hepal-6 (F).
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Due to the desire to track our CAR T cells in vivo through BLI, we sought to add a
luciferase to our CAR constructs (Fig 4A). This would give valuable insight as to where the
CAR T cells preferentially localize to and whether this changes as tumor is potentially depleted.
After receiving our new luciferased CAR T cell plasmids, Phoenix Eco cells were transduced
with respective constructs and murine T cells were transduced, with transduction efficiencies
measured as done above (Fig 4B). Transduction efficiencies were all lower than the unlabeled
constructs, which we expect to be due to the size of all luciferased constructs being close to the
upper limit of the gamma-retroviral system. Despite the lowered transduction efficiencies, we
tried to verify the presence and functionality of the luciferases. After seeding 1e6 CAR T cells or
UTD per condition in either a 6 well plate or pelleted in a 15mL conical tube, respective
substrate was added, and both substrates were added to the UTD well. A strong signal could be
seen in the CBG CAR T cell constructs in both the 6 well and 15mL conical tubes (Figure 4C,
4D). However, the Akaluc CAR T cells only showed signal in the 15mL conical tube, likely due

to the extremely low transduction efficiency (Figure 4C, 4D).

We then sought to confirm the ability of our luciferased CAR constructs to recognize and
kill mEGFR expressing tumor cells. We co-incubated bulk sorted CBG/GFP KR158 and Hepal-
6 cells with our CAR T cells in a 48 well plate and scanned the plate once every hour on an
IncuCyte. The IncuCyte was set to visualize GFP tumor area and CAR T cells via mCherry over
a period of 72 hours (Fig 4E and 4F). Based on the luciferase functionality and mCherry
expression, we expected our constructs to kill both cell lines. While several of the luciferased
CAR constructs were able to show lower tumor growth curves compared to UTD and tumor only
negative controls, indicating tumor clearance capability, the unlabeled xNeci CAR T cell showed

higher tumor growth curves than the two negative control conditions. After repeating several
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times, we consistently came to similar results. Unexpectedly, the luciferase labeled xNeci CAR
construct seemed to show a killing effect, despite a lower transduction efficiency than the

unlabeled one.

Troubleshooting attempts and potential future experiments and approaches
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Figure 5 — Troubleshooting attempts and potential future experiments and approaches. (A)
Transduction efficiency of newly generated pECO stable producer cells (Mean + SD, t test, **** =P <
0.0001, ** =P < 0.01. (B) Expression of iRFP720 on KR158 cells transduced with respective MOls,
based on Alexa Fluor 700. (C) Schematic of BLI panel between luciferased CARs and iRFP720 labelled
tumor (made in Biorender). Caliper measurements (D) and Body Weight (E) of a tumorgenicity
experiment (Mean + SD depicted). (F) Preliminary in vivo timeline with lymphodepletion.

Despite attempts to troubleshoot the loss of killing that our unlabeled xNeci CAR T cell
once exhibited, we were unable to solve it in time for this thesis. We have resorted to producing
a new set of stable virus producer pECO cells. When measured for mCherry expression on the
Fortessa X-20, we saw percentages of mCherry positive cells were above 90%, indicating a

successful transduction (Figure 5A).

If we can restore CAR T cell killing functionality, a priority experiment would be to
repeat an in vivo experiment in mice lymphodepleted by administration of cyclophosphamide 7.
Due to a cross-reactivity between substrate used for CBG luciferase and the Firefly luciferase
used in our KR158 Luc cells, we sought iRFP720 as an alternative to visualize tumor through
BLI. To this end, we transduced KR 158 cells to express iRFP720, and measured expression
through AF700 (Fig 5A). Our two luciferases and iRFP720 are expected to be compatible under
BLI based on their different substrates and emission spectra (Fig 5B). Based on our luciferased
CAR T cells and iRFP720 labelled KR158 cells, we sought to repeat our in vivo with these
trackable cells, with the addition of cyclophosphamide as an alternative to irradiation for
lymphodepletion (Fig 5C). Based on a tumorigenicity done with various concentration of KR158
iRFP720 injected in a 1:1 ratio of PBS:Matrigel, we found the optimal growth conditions for
engraftment were with 6e6 KR158 iRFP720 cells injected subcutaneously in the right flank of
mice, with a 30 day growth period. This experiment will consist of our unlabeled anti-mEGFR
CAR T cell, our control anti-hEGFRVIII CAR T cell, our CBG labelled anti-mEGFR CAR T

cell, and untransduced T cells to assess the in vivo anti-tumor efficacy to toxicity axis. Current

28



expected results are that the anti-mEGFR CAR T cells will lead to organ/skin toxicities with or
without an anti-tumor effect, while the anti-hEGFRVIII CAR T cell and untransduced T cells
should have no discernable effect. Following caliper and BLI measurements for around 30 days,
mice will be sacrificed and have necropsies performed to check for general pathology of all
organs and tumors. Additionally, immunohistochemistry will be done to probe the tumor, skin,
and organs for infiltrating T cells. Additional mice can be added to each group to allow for a
greater expanse of profiling and experiments done on T cells extracted from tumor, organs, or
skin to assess how these CAR T cells may differ in trafficking and killing of tumor in vivo
compared to healthy tissue that also express our antigen of interest. Of particular interest would
be performing a Nanostring analysis which can profile changes in transcriptional activity of
many T cell related genes at once. This would provide better insight as to how our CAR T cells

change after engagement with healthy tissue or tumor and whether their response is similar.
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Chapter 3B — Results (Pancreatic Cancer CARTEAM)

CARTEAM cells can recognize and kill their respective antigen targets with higher proliferation
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Figure 6 — meso™AP CARTEAM cells can recognize and Kill their respective antigen targets. (A)
Depiction of all CARTEAM c¢onstructs and control CAR constructs. (B) Expansion of all conditions after
lentiviral transduction during generation as described above (ns, paired t-test). (C) Specific lysis of AsPC-1
PDAC cell line with CARTEAM T cells with biological triplicate and technical duplicates at various
concentrations (mean + S.E.M are shown, * = P < (.05 by paired two-tailed 7-test at 10:1 ratio). (D)
Depiction of an ACEA killing assay co-incubating CARTEAM cells with CAF and ASPC-1 at a 1:0.5:0.5
ratio, respectively (Made in Biorender). (E) Graph of ACEA cytotoxicity assay measured by tumor cell
impedance (Right, Mean + S.E.M. is shown, **** = P <(.0001 by one-way ANOVA). (F) Population
doublings after three weekly stimulations with a 1:0.5:0.5 ratio of CARTEAM T ¢ells:ASPC-1:CAF (mean +
SD shown, paired t test, ¥ = P<0.05). This figure was generated by Dr. Marc Wehrli with the support of
Adam Kuo.

Our meso™” construct was designed to target both PDAC through the anti-mesothelin
CAR and surrounding CAFs through the anti-FAP TEAM. Control CAR™AM constructs had
either an anti-CD19 CAR or anti-CD19 TEAM. Additionally, a “headless” CAR, with no
extracellular scFv domain, that constitutively secretes the anti-FAP TEAM and an anti-
mesothelin CAR T cell were used. During lentiviral transduction and expansion of all constructs,
we saw similar expansion curves across the board (Figure 6B). We then performed a luciferase
killing assay against ASPC-1 cells, a PDAC cell line that expressed mesothelin. Only our

mesothelin-targeting CARTEAM

constructs were able to show specific lysis of ASPC-1, while the
CD194P and UTDs were unable to (Figure 6C). To emulate the dense stromal component of the
PDAC microenvironment, we co-cultured ASPC-1 and CAFs together and tested our meso™F
and meso CAR constructs as well as UTDs. We found that our meso™?F T cells expressed high
cytotoxic activity against the tumor cells within hours, while the meso CAR T cell and UTD
were unable to show much of an effect (Figure 6D). We postulate that this vast difference in
killing capacity was mediated through the CAFs growing over and shielding the PDAC cells
from CAR T cell binding. To examine the effects of our CAR™AM T cells against a combination

of PDAC and CAFs over a longer period of time, we performed an in vitro long term

proliferation assay with a 1:0.5:0.5 ratio of CART®AM cells:ASPC-1:CAF. Within seven days, our
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meso' AP T cells were able to expand greater than all other constructs (Figure 6F). This trend

continued across three weekly stimulations with the same ratio as the start.

Acoustic force microscopy shows meso™P T cells have a higher avidity than other constructs
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Figure 7 — Acoustic force microscopy shows mesoFAP T cells have a higher avidity than other
constructs. (A) Schematic of binding avidity assay and expected binding capability of our constructs to a
monolayer of ASPC-1 and CAFs (Made in Biorender). Curve (B) and Bar Graph (C) analysis of
percentage of bound T cells as a function of acoustic force applied in piconewtons (mean + SD) against a
9:1 ratio of CAF:ASPC-1. This figure was generated by Dr. Marc Wehrli with the support of Adam Kuo.
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Finally, we wanted to test whether the dual-targeting of our CART™AM system would lead
to increased avidity due to the possibility of simultaneously targeting both ASPC-1 and CAFs.
Based on data from a previous paper by Ligorio et al., a 9:1 ratio of CAF:ASPC-1 was shown to
be more representative of the human PDAC TME “6. We examined this through the LUMICKS
z-Movi instrument by seeding a 9:1 ratio of CAF:ASPC-1 as a monolayer on flow cell chips. We
expected that as meso"™’ can target both ASPC-1 and CAFs, it would show a higher avidity than
meso“P!’, meso CAR, or UTD (Figure 7A). We were able to show a clear and significant

advantage in binding avidity of our meso™" T cells and believe that this will be beneficial in

modulating the PDAC TME in vivo (Figure 7B).
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Chapter 4 - Discussion and Perspectives

In this thesis, I address two distinct problems that are important in the development of
immunotherapies against solid tumors. The looming problem of potential toxicities that may go
unfound in standard mouse models is a significant problem to future works. I investigated the
potential of a syngeneic mouse model as a preclinical predictor of CAR T-cell mediated
toxicities and the degree of toxicity in relation to anti-tumor efficacy. After developing a system
where the CAR T cells and tumor are both derived from syngeneic C57Bl/6 mice, we were able
to observe effects in immunocompetent mice. We seek to show that the syngeneic mouse system
we have developed is a viable predictor of anti-tumor efficacy vs on-target off-tumor toxicity,

using an antigen target that was known to cause severe toxicities in humans.

A facet to consider is that we have only used subcutaneous injections of tumor and
intravenous injection of CAR T cells through the tail vein. Subcutaneous tumor injections are a
common tumor injection site, but we are aware that it may not always recapitulate natural cancer
states in human patients, even more so with non-orthotopic injections like we have done. To
address this shortcoming, we are looking to additionally differ the site of injection of both tumor
and CAR T cells, which look to include intraperitoneal to intrahepatic for tumor and
intravenously vs intraperitoneal for the CAR T cells. This would allow for more insight as to
how different areas of injection can affect the localization of CAR T cells in the body and
whether it is possible to consider injection site as a way to offset some on-target off-tumor

toxicities.

An additional experiment we can perform is a long-term proliferation assay by co-
culturing our CAR T cells with KR158 or Hepal-6 cells and phenotyping them through multi-

color flow cytometry. This would grant us a better understanding of how the CAR T cells end up
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in terms of differentiation, exhaustion, and CD4/CDS typing. The additional data to be gathered
from in vivo administration of our CAR T cells through necropsy, IHC, and Nanostring
transcriptional profiling of tumor-infiltrating CAR T cells vs potential organ-infiltrating CAR T
cells may provide additional important information to the dichotomy between anti-tumor

efficacy and on-target off-tumor toxicity of CAR T cells.

In terms of in vivo tracking of CAR T cells, we were able to successfully introduce
luciferases to our CAR T cell constructs and verify luciferase activity in vitro by plating cells, in
either a 6 well plate or pelleted into a 15 mL conical tube, adding substrate, and imaging via our
BLI instrument. Although the transduction efficiencies of these luciferased constructs were lower
than our standard anti-mEGFR CAR T cells, we had troubles showing that they retained their
killing capacity at a similar level to the unlabeled constructs. We hypothesize that the reason for
this lowered transduction efficiency may lie in the size of our constructs reaching the upper limit
of bases in the gamma-retroviral system. CBG was shown to give a strong signal in both the 6
well plate and the 15 mL conical tube pellet, while Akal.uc only showed significant signal when
pelleted down. This disparity could be due to the strong differences in transduction efficiency,
where the CBG CAR T cells were around 26% and the AkaLuc around 5%. Since the Akal.uc
labeled CAR T cell uses the ME-1 scFv, we hypothesize that it could home to the tumor and
eventually create a high enough signal to be imaged. However, it would be best if we could
increase the transduction efficiency, either through a double transduction of CAR and luciferase

or sorting the murine CAR T cells.

We additionally hope to show a difference between our higher affinity xNeci based CAR
T cells and the lower affinity ME-1 based CAR T cells. Previous studies have shown that low

antigen expression as seen on healthy tissues can lead to the less toxicities in low affinity CAR T
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cells due to a preference for high antigen density found within the tumor **. Meanwhile the high
affinity CAR T cells are expected to be able to bind healthy tissue and tumor indiscriminately,
leading to more toxicity and overall less anti-tumor efficacy than the low affinity CAR T cells. It
would be imperative to also create an unluciferased ME-1 based CAR construct in both the
Heavy/Light and Light/Heavy configurations to ensure killing capacity in the same luciferase
based killing assay done for the xNeci CARs. In the case that killing capacity is unable to be
confirmed, we could use recombinant mEGFR to test whether the CAR is getting to the surface
of the cell, as mCherry and luciferase indicate that the constructs are successfully transduced into

the T cells.

Although preliminary, we have found that our model is able to replicate anti-EGFR
toxicities in mice that were seen in human clinical trials. We hope to provide a means to
preclinically identify and assess toxicities before harm is done to patients. One noted
shortcoming is that our syngeneic system would require a murine equivalent to a human antigen
target, which may not always be possible. Despite this, we hope to be able to apply this model to

ensure better preclinical discoveries of adverse effects.

CAR T cells have seen an exciting expansion through recent innovations. Many
developments have been made to help mitigate the adverse effects of on-target off-toxicities
through refining targeting of tumor cells. One such method is a synthetic notch receptor, or
synNotch. synNotch works by restricting CAR expression after recognition of a tumor
microenvironment specific antigen target by the synNotch receptor *°. Following engagement of
the synNotch receptor, a transcription factor is sent to the nucleus and CAR expression is
upregulated. The cell is then able to attack with normal CAR-mediated killing but specifically

within the tumor microenvironment. This synNotch CAR T cell system has shown successes in
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treating glioblastoma (GBM) within preclinical mouse models and was able to kill both GBM
cell lines and patient-derived xenografts °°. Another approach was to create reversible “on” and
“off” switch CARs that have either activation or degradation of CARs, respectively, following
administration of an FDA approved drug, lenalidomide *'. This provided a method of controlling

CAR activation directly through a standard of care chemotherapy agent.

In our case, the meso™F construct we developed provides exciting results against PDAC,
a notoriously lethal cancer. Although dual-targeting has been done through either transducing
with two “mono” CAR vectors or fusing two scFvs into a bispecific CAR, our combination of
CAR and TEAM into a single bicistronic lentiviral vector has the additional benefit of recruiting
bystander T cells through the TEAM. The dual-targeting capacity hopes to minimize adverse
effects of antigen escape which is expected to be a problem in dealing with solid tumors that
have heterogenous antigen expression '®. Additionally, the localization of TEAM secretion to the
TME, mediated by the tumor-specific antigen directed CAR, increases the possible target

selections with consideration to on-target off-tumor toxicity.

Of particular importance in future experiments would be to perform an in vivo model of
ASPC-1 and CAFs in mice. Due to the human origin of these cells, we would have to use NOD
scid gamma (NSG) mice to prevent rejection and impaired engraftment. The 9:1 ratio of
CAF:ASPC-1, as reported by Ligorio et al., was shown to provide optimal growth in mice and is
somewhat representative of the PDAC TME in humans “. After sacrificing the mice, we could
perform IHC to confirm the extent that our constructs are able to clear the ASPC-1 or CAFs.
Additionally, we could use patient-derived samples rather than a cell line, such as a patient-
derived xenograft (PDX). This would provide the most representative effect our CARTEAM cells

can have in an in vivo model through clinically relevant PDAC cells. To further recapitulate the
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TME, we could also look into the usage of organoids to better mimic the three-dimensional

aspect of tumor development.

Though our in vitro data looks promising, an in vivo model is essential to proving that our
CART™ M construct is viable against the PDAC TME. We hope to show that using the meso™?

system can fulfill a large unmet need against PDAC.
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