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Lay Abstract:

Adoptive T cell therapy (ACT) uses a patient's immune cells to fight cancer but is
often a last resort due to high costs and labor. Our research aims to make ACT more
accessible by combining it with therapeutic cancer vaccines that can contain any protein,
including cancer proteins, and boost ACT’s effectiveness. We engineered T cells with
synthetic receptors to recognize the vaccine’s protein and developed a universal system
pairing these T cells with a specially designed oncolytic virus vaccine (OVV).

This combination promotes T cell expansion and improves immune response against
tumours. We tested this system in multiple models, demonstrating enhanced T cell
function and tumour targeting in one model, but challenges in another. Investigating the
mechanisms, we sought to identify ways to improve the therapy’s efficacy. Our "off-the-
shelf" solution reduces costs and resources, making this powerful cancer treatment more
accessible to a wider range of patients.
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Scientific Abstract:

Creating a universal-prime boost strategy using multi-specific T cells from the
tumour infiltrating lymphocytes (TIL) population can enhance the success of adoptive T
cell therapies (ACT). ACT, as a personalized living-drug, is often a last resort due to its
extensive time, cost, and labor requirements, making it largely inaccessible. Vaccines
encoding personalized tumour-associated antigens (TAA) have proven to be potent
boosters for ACT. This combination has shown success in (1) promoting T cell
proliferation in vivo and (2) inducing immune infiltration into the solid tumour
microenvironment. TIL offer a plethora of TAA-specific T-cell receptors (TCRs) when
successfully isolated and expanded. Synthetic receptors can be engineered into TIL to
recognize any specified antigen, including those matched in vaccines. Previously, we
validated combining ACT with an oncolytic virus vaccine (OVV) “boost” through a
synthetic receptor to promote in vivo expansion of naive splenocytes in a proof-of-
concept TCR-transgenic synergetic murine model. Here, we report on the feasibility of
isolating and engineering polyclonal, tumour-specific T cells from TIL and tumour-
draining lymph nodes, evaluating them functionally. We further investigate the matched
CAR/OVYV system in another distinct TCR transgenic model and return to the first proof-
of-concept model to uncover the biological mechanisms of our combination therapy to
improve anti-tumour efficacy. Uniting a universal OV vaccine with a matched universal
CAR creates an “off-the-shelf” combination, allowing any T cell product to be
engineered. This approach reduces the resource burden of traditional ACT, making it
more accessible to all cancer types.

Y



M.Sc. Thesis — Claire Morris; McMaster University — Biochemistry and Biomedical Sciences

Acknowledgements:

I’d like to begin this acknowledgment by speaking about the reason I began my
journey into research and discovered my passion, Dr. Sheila Drover. Sheila, your belief in
an undergraduate chemistry student with an interest in cancer immunotherapies has
sustained me through my toughest days. Thank you for giving me that opportunity and I
hope with each next step I take I make you proud.

Next, I’d like to extend my sincere thanks to my supervisor, Dr. Jonathan
Bramson. None of this work would be possible without you, thank you for giving me the
opportunity to complete it. I would also like to thank my supervisory committee, Dr.
Matthew Miller and Dr. Amy Gillgrass. Your insights on this work were incredibly
valuable, and I deeply appreciate the time you dedicated to my scientific training.

I’d also like to highlight the amazing staff I’ve encountered at McMaster. To Hong
Liang and Zoya Tabunshchyk, thank you for your expertise in flow cytometry and
dedication to keeping the machines in perfect condition and accommodating us students
when things inevitably go wrong. Marion Corrick, Robin Howe, Maegan Gill, and the
rest of the Central Animal Facility staff, thank you for your diligent care of our mice and
the facility we worked in. Science would be incredibly more difficult without all your
support.

I would also like to thank our collaborators through the Canadian Oncolytic Virus
Consortium (COVCo) for providing their knowledge and materials for this project. Thank
you to the funding sources who supported me and my research during my time as a
graduate student: the Terry Fox Foundation, the Canadian Institutes of Health Research
and Canadian Graduate Scholarships program.

I’ve been lucky to encounter some of the best people southern Ontario has to offer
in my time here. Bonnie, there is no one else I’d like to debate with side-by-side in our
BEAM TC suite. I’ll miss chatting dogs and the outdoors with you. Derek, I’ll miss you
and our many inside jokes. Don’t forget about me. Nick, you’re the best big brother I
never had. Your enthusiasm to listen to my every thought and idea was appreciated on my
most challenging days. Chris, thank you for abandoning your introverted ways to
socialize with me. Your friendship has meant more to me than you’ll ever know, and I’1l
remember your sacrifice forever. Dr. Sam Afkhami, your support during this thesis
writing process has been invaluable. Thank you for your insights, answering all my stupid
questions with kindness and always being a second set of eyes for me. Dr. Rebecca
Burchett, thank you for choosing me to join you as a mouse girl. We’ve had so much fun
and shared so many ideas, figures and most importantly laughs together throughout this
journey and I will never forget it.

Arwa, Ariya and Mira, you have moved past being my best friends and into being
my sisters. [ can’t believe I spent the first 22 years of my life without you when it feels
like I’ve known you forever. There is nothing more comforting and beautiful than having
your best friends share your passions in life and in research. You girls are the reason |
made it through the past 2 years, I adore you. We were written in the stars.

Throughout my degree, I’ve had momentous support coming from across the
country. Dad, I appreciate all the phone calls, emails and how you somehow manage to
move mountains here for me from home. You somehow know the solution to every



M.Sc. Thesis — Claire Morris; McMaster University — Biochemistry and Biomedical Sciences

problem I encounter, and I would be so lost without you. To my mom, what is there to
say? Appreciation seems like an understatement. You are the wind behind my sails and
have always kept the fire burning when I wanted to put everything out. You kept me
moving forward at my worst. While you will say I got all the brains, I will spend forever
learning how to be half the woman you are. I love you both and only miss you more. My
sister, Hannah, I know no matter what, you’re in my corner. Thank you for your
unwavering support and being proud of me when I am not proud of myself. Madi, my
other “sister”, sometimes I feel there aren’t words to describe how someone has made you
feel. I appreciate every trip you made to Hamilton to see me, every phone call you let me
rant, and how you never let me lose myself. You’re the best friend I’ve ever had, and I
know you’re waiting for me on the other side of this. Dawson, Sam, Grace and all the
other amazing friends I’ve had visit me from home during my time here, thank you for
choosing me as your vacation destination. I wouldn’t be here without you all.

Finally, to my Gramps who I lost during my degree; I know you’re looking out for
me from somewhere in the fields, in the woods or on the water.

Long story short, I survived.

vi



M.Sc. Thesis — Claire Morris; McMaster University — Biochemistry and Biomedical Sciences

Table of Contents

LAY ABSIFACE: c.cnaaeeonneenosarnosnnrnssnnssssnssssnsssssisssssisssssssssssssssssssssssossssssssssssssssssssssssssssssssasssss iii
SCICHLIIC ADSIPACE: «avvennavvonneenvsnrnssvrnssnnssssnsssssssssasissssssssssssssssssssssssssssssssssssssssssssssssssssssses iv
ACKNOWICAGOMONLS s uuueenenerennnerosnricsarnssarssssrssssnsssssisssssisssssssssssssssssosssssossssssssssssssssssssssssss v
TADIE Of CONLERLS.cuuuennnaeronnernsaerossarisssarisssssissssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssss vii
LIST Of TADIES...cuuueenanenonnannonnaenisnannisrannssnnnsissnnsssssssssassssssssssssssssssssssssssssssssssssssssssssssssssssnsssses ix
LIST Of FIQUFES cauuevnneerosuvnnsvensssnsssssnsssssssssssssssssssssasssssassssssssssssssssssssssssssssssssssssssssssssssnsssses ix
List of Abbreviations and SYMBOLS ..........eeueeoeeeevooueenssueisssunisssanissssnissssnsssssssssssssssssssssssssses xi
ADDIEVIALIONS «ouveeueeirneisnnisnensnnnsaenssencsnenssnncssensssecssessssssssessssssssessssessssssssssssassssessassssassss xi
SYIMDOLIS c.ccuviiiiiiiiniiiininicssricsssnissssnessssnesssnsssssnsssssssssssssssssessssesssssosssssessssssssssssssssssssns xiii
Declaration of Academic ACRIEVEMENL ...........ueeeeeueevoserissserisssaressssrssssrossssrsssssrssssssssones Xivy
I JHIPOAUCHION .uuenaenneennnennnvecnnenreecrnensnnicsesssnesssessssisssessssssssessssssssessssssssssssassssesssassssassss 1
1.1 Cancer immunotherapies throughout history ..........cveeecercnceicssnicscneccsnnnes 1
1.2 Adoptive T cell therapies; using transferred cytotoxic cells in an anti-
CANCET TESPOMSCuuueeerrreesseessaecssecssrecssesssassssasssassssessssssssesssassssesssasssassssassssesssssssassssasssssssansss 4
1.3  Adoptive cell transfer of tumour infiltrating lymphocytes (TIL)........cc........ 5
1.4  Adoptive cell transfer of chimeric antigen receptor (CAR) T cells ............... 6
1.5  Viral immunotherapy using oncolytic VIruSeS.......ccceeverercurressnrrcssnescssarecsanneces 8
1.6  Rhabdovirus vaccines as a boosting agent.........ccocceeeevercrcnrcscnnrcssnescssarecssnsees 9
1.7  Using a synthetic receptor as a boosting agent............cccceeuercrcnrrcssnnccssarecsennes 10
1.8  Further investigating CARs for a universal oncolytic virus boost.............. 14
1.9 Thesis scope and CONTENT ........ueieeveiercricssrinssnicsssressssnesssressssnesssssssssesssssssssns 15
1.9.1 ReSearch OBJeCtiVes ............c...ccoccueeviiiiiiiieieee et 15
Materials ANAd MEtROAS ........uuenueonneonneennneninninnnensnernsnennninsecssecssnisssesssessssessssssssesss 16
RESUILS..cueennnenneecnnenneeirneninrennenneissenssissessssesssessssesssessssssssessssssssesssassssessssssssssssasssses 25
3.1 Investigating the engineering and functionality of naturally occurring
tumour-specific T cells as a T cell product for a CAR/OVYV boost.........ceevuereunennee 25
3.1.1 Optimizing the isolation of TIL from murine tumours in preliminary
EXPCFITOIIELS ..ottt et e et e e et e e e nt e e et e ettt e et e eentteeenneeeenseeeenneeees 25
3.12 TIL culturing and engineering from bulk tumour tissue............................. 27
3.13 Engineering and functionally testing T cells isolated from tumour-draining
Iymph ROAES (TDLN)..........ccooiiiiiieeii ettt 29
3.14 Invigorating the cytotoxic capacity of BCMACAR-T cells derived from
TDLN 31

vii



M.Sc. Thesis — Claire Morris; McMaster University — Biochemistry and Biomedical Sciences

3.2  Evaluating a CAR-mediated OV vaccine boost in the DUC18/CMS-5 model
34

3.2.1 Depleting CD4+ T cells from splenocytes and mERK-activation of
splenocytes to evaluate effects on memory phenotype and function.......................... 34
3.2.2 Boosting CD4-negative DUC18 BCMACAR T cells and CD4+CD8+
DUCI18 BCMACAR T cells With VSV-RBCMA ........c.oooveviiiiiiiiieeeeeeeee 38
3.2.3 Monitoring DUCI8 T cell expansion using non-invasive luminescent
imaging 41
3.24 Comparing the boosting capacity and anti-tumour effects of CD4-negative
and CD4+CD8+ DUCI18 BCMACAR T cells boosted with VSV-mERK or VSV-
hBCMA 47

33 Investigating the mechanisms involved in an effective CAR-mediated OV
vaccine boost and achieving durable anti-tumour function in the P14/B16.F10-

gp33 49
3.3.1 Assessing the contributions of CD4+ T cells to CD8+ T cell expansion in
Vivo 49
3.3.2 Assessing the inclusion of a mIL-15 transgene into the BCMACAR
construct to improve T cell persistence and tumour clearance in vivo...................... 56
3.33 Tracking bioluminescent-VSV-HBCMA in vivo to investigate viral kinetics
and distribution with transient type I IFN blockade...................cccccceevvvciavvaannne.. 58
DUSCUSSION.unueenneeennerirvinueeseensseisssessseesssiessnisssisssassssessssssssssssasssssssssssssssssassssasssssssssssss 62
RESOIOICES: cuuevneevrosnvriosarnssarsssansssssisssssisssssissssssssssssssssesssssssssssssssssssnsssssssssssssssssasss 68

viii



M.Sc. Thesis — Claire Morris; McMaster University — Biochemistry and Biomedical Sciences

List of Tables

Table 1.1: Examples of modern immunotherapies that are approved in Canada, the
cancers they are used to treat and their mechanisms of action ...........ccccceceveeviniienienennn. 3
Table 2.1: Constructs and transgenes used in this thesis............ccceevieriieniiieciieniecieeee, 17
Table 2.2: Recombinant hBCMA antigen transgene designs for VSV-vaccination used in
EhIS THESIS. ..ttt ettt ettt 24

List of Figures

Figure 1.1: P14 CAR-T cells can be boosted by VSV-hBCMA upon vaccination, expand
in the periphery and clear B16-F10-gp33 tumour burdens but fail to persist and tumours

TRLAPSE. eeneieeiie ettt ettt ettt ettt et et e et e et e e bt e et e e bt et e e bt e etbe et eeeabeenbeeetbeeseenabaens 11
Figure 1.2: Transiently blocking type I IFN signaling during vaccination enhances
transferred CAR-T cell expansion and efficacy in the P14/B16.F10-gp33 model. ........... 13
Figure 1.3: DUC18 BCMACAR-T cells are not boosted by VSV-hBCMA upon
vaccination and do not control tumour Growth. ...........cccceeiieriiiiiiiniiirieeeeeee e 15
Figure 3.1: Endogenous TIL were successfully isolated from multiple murine tumours and
isolation methods were OptIMIZEd..........ccueeriiiiieriieiieie e 26
Figure 3.2: CD8+ T cells can be expanded from bulk tumour-isolated cells and can show
cytotoxic effects On tUMOUL targetS. ......cccvieruiieiiieiiieieeie et 28
Figure 3.3: TDLN-derived T cells from tumour-bearing mice were engineered to express
the 28CBCMA-RCAR . ...ttt sttt et 30
Figure 3.4: T cells isolated from TDLN of CMS-5 tumour-bearing mice proliferated only
when stimulated through the CAR and were unable to kill tumour targets. ...................... 31
Figure 3.5: T cells isolated from TDLN of MC-38 tumour-bearing mice show cytotoxic
effects after co-culture SMUIAtION. ......cc.ooieiiiiiiiiiiiiieeee e 33
Figure 3.6: T cells isolated from TDLN of MC-38 tumour-bearing mice do not produce
inflammatory cytokines in response to stimulation with tumour target.............cccccecueneee. 34
Figure 3.7: Depleting CD4+ T cell populations from murine splenocytes lead to modest
differences in memory phenotype bias and proliferative capacity..........cccceevueveerereennnnne 36

Figure 3.8: Activating murine DUCI18 splenocytes with mERK peptide led to some
differences in growth and cell phenotype but does not lead to superior killing capacity. .38
Figure 3.9: ACT and recombinant VSV-hBCMA boosting of CD4-negative and

CD4+CD8+ DUCI18 CAR-T cells in CMS-5 tumour-bearing mice. ............ccceveerveennennne. 40
Figure 3.10: Adoptively transferred CD4+CD8+ DUC18 CAR-T cells in CMS-5 tumour-
bearing mice peak at 4-days following vaccination with VSV-hBCMA. ...........ccoccevenens 42
Figure 3.11: CD4-negative and CD4+CD8+ DUCI18 T cells were co-engineered with
rsLuc and a BCMACAR and proliferative in functional assessments.............cccceveevuennnens 44

Figure 3.12: Adoptive transfer, recombinant VSV-hBCMA boosting and in vivo tracking
of CD4-negative and CD4+CD8+ DUC18 CAR-T cells in CMS-5 tumour-bearing mice.

X



M.Sc. Thesis — Claire Morris; McMaster University — Biochemistry and Biomedical Sciences

Figure 3.13: Adoptively transferred CD4-negative and CD4+CD8+ DUC18 CAR-T cells
in CMS-5 tumour-bearing mice behave similarly in CAR- and TCR-activated boosting

following VSV-hBCMA VaCCINAtION. ....c..eiiuiiiiieiiieiieiie ettt 48
Figure 3.14: Non-differentiated (ND) C57BL/6 CD4+ T cells significantly reduced in
vivo expansion of P14 T cells when included in the T cell product. ..........ccceeieniinennnens 50
Figure 3.15: T helper 1 (Th1) CD4+ T cells can be engineered with a boosting CAR and
produce cytokine in response to CAR stimulation.............ccceevieriieniienieinienieece e 52
Figure 3.16: Th1 CD4+ T cells can proliferate in response to CAR stimulation and
modestly increase proliferative capacity of P14-Thyl.1 T cells in Vitro. ........ccccceceeeenes 53

Figure 3.17: Including Th1 CD4+ T cells in ACT and recombinant VSV-hBCMA
boosting of P14 T cells does not benefit P14 T cell persistence or prevent tumour relapse
in B16-F10-gp33 tumour-bearing miCe. ..........cccerueerueerieeiieeniieeieenieesieesieeeseesseeenveeseennns 55
Figure 3.18: Adoptive transfer and recombinant VSV boosting of BCMACAR(28¢) mlIL-
15 P14 T cells does not augment T cell persistence in B16-F10-gp33 tumour-bearing

ITHICE. L.ttt saa e b s e saneea 57
Figure 3.19: Generating and validating VSV-rsLuc-hBCMA. .........ccccooiiiiiiiniiniiienn, 59
Figure 3.20: Tracking VSV-rsLuc-hBCMA with and without alFNAR1 blockade shows

differences in viral kinetics and infection levels...........ccocevirviniiniiiiniiniieee 61



M.Sc. Thesis — Claire Morris; McMaster University — Biochemistry and Biomedical Sciences

List of Abbreviations and Symbols

Abbreviations

Ab — antibody

ACK - ammonium chlorine potassium

ALL - Adult acute lymphoblastic leukemia
ACT - adoptive (T) cell therapy

AICD — activation-induced cell death

APC - antigen-presenting cell

BCMA - B cell maturation antigen

CAR - Chimeric Antigen Receptor

CD — cluster of differentiation

CLL - Chronic lymphocytic leukemia

CRS — cytokine release syndrome

CTLA-4 - cytotoxic T-lymphocyte associated protein 4
CTV — CellTrace Violet dye

DC - dendritic cell

DLA- dog leukocyte antigen

DMSO — dimethyl sulfoxide

effLuc - enhanced firefly luciferase

EGEFR - epidermal growth factor receptor
eTCR - engineered T cell receptor

FDA - American Food and Drug Administration
FLAG tag - DYKDDDDK peptide sequence
GALT - gut-associated lymphoid tissue
GM-CSF — granulocyte-macrophage colony stimulating factor
gRV - gammaretrovirus

GvHD - graft-versus-host disease

hBCMA - human B cell maturation antigen
HER2 - human epidermal growth factor receptor-2
HEVs - High endothelial venules

HLA - human leukocyte antigen

HSC - hematopoietic stem cells

HSV — herpes simplex virus

IC - intracellular

ICS — intracellular cytokine staining

IFN - interferon

IFN-I - type I interferon

IFNARI - interferon alpha and beta receptor subunit 1
IL — interleukin

IVIS - In vivo imaging system

KO - knockout

LCMYV - lymphocytic choriomeningitis virus
mADb — monoclonal antibody

Xi



M.Sc. Thesis — Claire Morris; McMaster University — Biochemistry and Biomedical Sciences

MAGE-A3 — melanoma-associated antigen A3
mERK - mutated extracellular signal-regulated kinases
MDSCs - myeloid-derived suppressor cells
MFTI - mean/median fluorescence intensity
MHC - major histocompatibility complex
MOI - multiplicity of infection

MSCV — murine stem cell virus

ND - non-differentiated

NGFR — nerve growth factor receptor

NIH — U.S. National Institutes of Health

NIS - sodium iodine symporter

OV- oncolytic virus

OVYV - Oncolytic virus vaccine

pAPC - professional antigen presenting cell
PBS - phosphate-buffered saline

PD-1 - programmed cell death protein-1
PD-L1 — programmed cell death ligand-1

PFU - plaque-forming unit

PLAT-E — platinum-E

PMA - PHORBOL 12-MYRISTATE 13-ACETATE
PSMA - prostate-specific membrane antigen
RAG2 - Recombination activating gene 2 protein
REP - rapid expansion protocol

RNA - ribonucleic acid

rsLuc - red-shifted firefly luciferase

ScFv - single chain variable fragment

TAA - Tumour-associated antigen

TAMs - tumour associated macrophage

TANSs - tumour associated neutrophils

Tem - T central memory

TCR - T cell receptor

TDLN - tumour-draining lymph nodes

Teff - T effector

Tem - T effector memory

Thl - T helper 1

Th2 - T helper 2

Th9 - T helper 9

TME - tumour microenvironment

TNF — tumour necrosis factor

Treg - Regulatory T cell

Tscm - T stem cell memory

TIL - tumour-infiltrating lymphocytes
TIL-ACT - adoptive T cell therapy using tumour-infiltrating lymphocyte
TME - tumour microenvironment

Xil



M.Sc. Thesis — Claire Morris; McMaster University — Biochemistry and Biomedical Sciences

TTDR - tumour tissue dissociation reagent
T-VEC - talimogene laherparepvec

UT — untransduced (non-engineered)

VSV - Vesicular stomatitis virus

WT - wild-type

Symbols
o — alpha
B — beta
°C — degrees Celsius
d — day(s)
0 —delta
A - delta
Y — gamma
L - micro
{—zeta

% - percent

Xiii



M.Sc. Thesis — Claire Morris; McMaster University — Biochemistry and Biomedical Sciences

Declaration of Academic Achievement

This document was independently authored by Claire Morris, with editorial support from
Dr. Jonathan Bramson. The studies described were designed, conducted, and analyzed by
Claire Morris with guidance from Dr. Jonathan Bramson. Claire Morris was the primary
researcher for all described experiments, with assistance from colleagues and
collaborators as outlined below:

¢ Ricardo Marius, Dr. John Bell, Natasha Kazhdan, and Dr. Brian Lichty helped
with preparation of the recombinant VSVAMS51 vaccines used throughout this
thesis.

¢ Cloning of the dual-expression VSV-hBCMAtNGFR/rsLuc constructs in Figure
3.19 was completed by Mira Ishak and me. Preparation of the dual-expression
VSV-hBCMANGFR/rsLuc viruses was done with technical assistance from
Natasha Kazhdan. IVIS imaging and image analysis were performed by Craig
Aarts.

e [IVIS imaging and image analysis in Figure 3.10 and 3.12 were performed by
Chris Baker.

e Mira Ishak assisted with the experiments outlined in Figure 3.10.

e Dr. Rebecca Burchett generated the CMS-5-TR-BCMA and CMS-effLuc cell lines
used in this thesis

e Dr. Rebecca Burchett generated the data outlined in Figures 1.1, 1.2, 1.3, 3.14,
3.18A/B, 3.19

e Dr. Rebecca Burchett generated all gRV constructs used in this thesis.

e Dr. Scott Walsh cloned the VSV-mERK and preparation was done by Natasha
Kazhdan.

e Dr. Scott Walsh, Lan Chen, Dr. Joanne Hammill, and Christopher Baker assisted
with maintenance of the P14-Thyl.1 and DUC18 mouse colonies.

e Experimental schematics and diagrams throughout this thesis were generated
using assets from BioRender by Dr. Rebecca Burchett or me.

X1V



M.Sc. Thesis — Claire Morris; McMaster University — Biochemistry and Biomedical Sciences

1 Introduction

1.1 Cancer immunotherapies throughout history

While in 2013, the journal Science declared immunotherapy for the treatment of
cancer the “Breakthrough of the Year”, the reality is that the idea of the immune system
recognizing and destroying malignant cells has existed for hundreds of years!. Some of
the earliest documentation of an activated immune system resulting in regression of
cancer burden comes from ancient Egypt, where there are documented observations of
tumourous growths regressing or disappearing after a high febrile episode or infection?.
Indeed, the synergy between immune activation and cancer regression has been
documented for most of history, but it is only in the last century that we have truly began
to uncover the power of cancer immunotherapy.

Now known as the “Father of Immunotherapy”, William B. Coley observed
tumour regression in his sarcoma patients who also contracted erysipelas, a skin
infection®*. He began to treat patients with “Coley’s mixed toxin”, which contained a
mixture of live and inactivated Streptococcus pyogenes and Serratia marcescens and he
achieved disease-free survival in many cancers®. In the late 1800s, Busch and Fehleisen,
independently made similar observations when they also saw co-current infection causing
reduced tumour burdens in their patients?>. While at that point the relationship between the
immune system and cancer was not well understood, we can now hypothesize that the
inflammatory response due to infection in cancer patients mediated some anti-cancer
responses, resulting in the observed regression. Despite these independent findings,
Coley’s work was widely rejected by the medical community due to the lack of
understanding of the treatment’s mechanism of action and the risks of infecting patients
with pathogenic bacteria*. The proposed prospect of using one’s immune system to fight
malignancies was then neglected until the 20" century.

Cancer immunotherapies did not emerge again until the late 1950s, when E.
Donnall Thomas performed bone marrow transplant from healthy donors to leukemia
patients*. His treatment, now known as hematopoietic stem cell (HSC) transplantation,
yielded some success despite patients experiencing severe side effects. Patients first
suffered from toxicities due to the preparative high-dose chemotherapy and radiation prior
to treatment’. If cells had engrafted, patients displayed what is now thought to be graft-
versus-host disease (GvHD) due to engrafted allogenic bone marrow cells mounting an
immune attack against the host®. Later studies in canines in the 1960s revealed the
importance of histocompatibility in HSC transplant when marrow grafts from littermates
matched for dog leukocyte antigen (DLA) in combination with immunosuppressive
agents gave long-term, healthy survival without GVHD. It is now known that these
antigens, DLA or human leukocyte antigen (HLA), provoke immune responses when
tissues are grafted from a donor to a patient and that genetic control of these antigens
resides on the major histocompatibility complex (MHC)®. This discovery was also
relevant to humans as when sibling donor-recipient pairs were assessed and matched for
HLA haplotypes, this led to successful HSC transplantation. Today, bone marrow
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transplantation occurs between non-related, HLA matched individuals routinely due to
this discovery.

Modern immunotherapies focus on enhancing the immune system to better
recognize and target malignancies. A theory of cancer immunosurveillance proposes the
idea that the immune system can recognize and destroy the majority of precursor
transformed cells, but that the survival of the non-immunogenic, “escaped” cancer cells
and homeostatic suppression of the immune system allows for disease development’.
This led researchers to investigate how to overcome this suppression or effectively target
these escaping cells. Today, many immunotherapies are utilized alone or in combination
with other therapies. These treatments can be based on cellular therapy, eliminating
immunosuppression or broad immune activation. A selection of some example cancer
immunotherapies that will not be thoroughly discussed throughout this thesis and their
proposed mechanisms are represented in Table 1.1
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Table 1.1: Examples of modern immunotherapies that are approved in
Canada, the cancers they are used to treat and their mechanisms of action

Types of Examples of Some treated | Proposed Reference
immunotherapies therapies cancers mechanisms of
(Commercial action
Names)
Bone marrow Leukemia, 9
transplant lymphoma, .
multiple Re-establishment of
myeloma immune cells using
Hematopoietic stem cell transfer of healthy
(HSC) transplant allogenic or
autologous stem
cells
IL-2 (Aldesleukin) | Melanoma, 10,11
renal cell
. carcinoma Bulk activation of
Cytokines .
Type I Interferons | Melanoma, the immune system | 12,13
(Intron A, lymphoma,
Wellferon) leukemia
Anti-PD-1 Melanoma, 12,14
(Keytruda, non-small cell
Opdivo) lung cancer
Anti-PD-L1 Melanoma, Blocks inhibition of | 12,15
Checkpoint inhibitors (Tecentriq, small cell lung | lymphocyte
Imfinzi) cancer activation
Anti-CTLA-4 Melanoma, 12,16
(Yervoy, Imjudo) | Urothelial
carcinoma
Anti-HER2 Breast cancer | ADCC, inhibition 5,17
(Trastuzumab) of growth
Tumour-antigen Aqti-CD20 Lymphgma, ADCC, 12,18
targeting monoclonal (Rituximab) leukemia complernent—
antibodies mediated
cytotoxicity (CMC)
Anti-EGFR Metastatic ADCC, inhibition 19
(Cetuximab) colorectal of growth
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1.2 Adoptive T cell therapies; using transferred cytotoxic cells in an anti-cancer
response

Adoptive cell therapy (ACT) is a personalized “living” cancer treatment which
involves the isolation of host lymphocytes and subsequent administration of immune cells
that can proliferate in vivo and mediate an anti-cancer response?’. The first demonstration
of ACT was the transfer of syngeneic lymphocytes from rodents heavily immunized
against a tumour to tumour-bearing recipient rats, which led to tumour growth
inhibition?*2!, T lymphocytes, or T cells were assumed to be predominately responsible
for these observations and were later further characterized by Dr. Jacques Miller and Dr.
Graham Mitchell as thymic-derived immune cells that react specifically with antigen and
are necessary in a normal immune response?>23,

T cells recognize peptide epitopes, which are derived from degraded proteins and
presented on cell surface molecules called major histocompatibility complexes (MHC),
using the T cell receptor (TCR). T cells can be categorized into two broad groups
depending on whether they express a CD4 or CD8 co-receptor??, CD4+ T cells recognize
antigen epitopes in the context of MHC class II molecules and can direct the adaptive arm
of the immune system by producing chemotactic, pro-inflammatory or immunoprotective
cytokines?*. CD8+ T cells, which have been the focus of ACT for many years due to their
direct cytotoxic capacity, recognize antigen epitopes in the context of MHC class I
molecules??. The TCR is a cell surface protein complex on T cells that recognizes
antigens through MHC:TCR interactions®. The TCR complex itself is comprised of
diverse single a- and B-glycoprotein chains and rare T cell populations harbour y- and 6-
chains?®, Naive T cell priming requires antigen stimulation through the TCR via MHC
and a co-stimulatory signal, exemplified by the protein, CD28%’. Following T cell
activation, differentiation and elimination of a pathogen, the majority of effector T cells
(Tetr) die and leave behind a heterogeneous pool of memory T cells. Formation of
memory T cells allows for experienced T cells to be recalled upon re-exposure to the
same antigen and improve immune efficacy, leading to no or subclinical symptoms of
maladies?®. Conversely, exposure to high level, persistent antigen can lead to T cell
exhaustion, which leads to dysfunction®.

Clinical trials using ACT have shown some positive results in the treatment of
solid tumours that are resistant to other therapies®®. In one clinical trial, 20% of metastatic
melanoma patients that had prior systemic treatment with no observable benefit, were
treated with ACT of autologous tumour-infiltrating lymphocytes (TIL) and experienced
complete regression without reoccurrence for up to 5 years®!. In another Phase I clinical
trial, 80% of hepatocellular carcinoma patients treated with ACT of TIL had no evidence
of disease after 14 months32. The efficacy of ACT in solid and liquid cancers often can
depend on the persistence of adoptively transferred T cells as the long-lasting tumour-
specific memory CD8+ T cells are thought to prevent recurrent malignancies™.
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1.3 Adoptive cell transfer of tumour infiltrating lymphocytes (TIL)

One of the first methods of ACT utilized immune cells that were isolated from
tumours, later named TIL. Following isolation, these immune cells are cultured with high
levels of IL-2, tested for tumour recognition and tumour reactive cultures are then
expanded in vitro before being infused back into the patient®. The first study utilizing
TIL as a cell product for ACT (TIL-ACT) in cancer immunotherapy against metastatic
melanoma occurred in 1988 and combined TIL-ACT, cyclophosphamide and IL-234,
Rosenberg et al. demonstrated that the combination therapy could achieve cancer
regression in 60% of patients who had not had prior IL-2 treatments and in 40% of
patients who had failed IL-2 treatments®4.

Since then, many clinical trials of TIL-ACT have emerged with mixed success in
treating melanoma and TIL-expansion methods have expanded to other cancers, including
non-small cell lung cancer, pancreatic cancer and glioma®>-¢%’, In February of this year,
the FDA approved the first TIL therapy for patients with unresectable or metastatic
melanoma’®. At present, effective TIL therapy requires intensive lymphodepletion and
high doses of systemic IL-2 to achieve anti-tumour effects. Lymphodepletion creates a
niche for transferred T cells to reside in and can give these cells an advantage by
eliminating regulatory cells and competing cell populations as well as enhancing the
availability of vital cytokines®®. IL-2 is administered systemically to support the
transferred cells*’. Unfortunately, intensive lymphodepletion can result in neurotoxicity,
neutropenia, anemia, and a greater risk of infection®®. In addition, high dose IL-2 has
shown severe toxicities to patients*’,

One of the most attractive features of TIL-ACT is the potential to overcome
heterogeneity in tumour antigen expression. TIL have the capacity to recognize multiple
tumour antigens*'. Immune profiling has revealed that most tumours that have identifiable
TIL populations have a T cell population capable of recognizing neoantigens*2. It is
thought that the anti-tumour activity of TIL is due to this ability to recognize tumour
associated antigens (TAAs) that emerge from genetic mutations that are characteristic of
cancer. It has been demonstrated in clinical studies of TIL-ACT, that T cell recognition of
cancer-driven mutations can mediate clinical responses in patients. In a study
investigating a cohort of 75 patients with gastrointestinal cancers, 83% of patients had
neoantigen-reactive TIL*?. Of the 124 total TIL populations found, only one neoantigen
was recognized by more than one population, indicating a broad immune response to each
unique antigen that is utilized in TIL therapy*.

In the initial expansion of TIL, tumour fragments are placed in IL-2 supplemented
media until lymphocytes grow out and eliminate tumour tissue**. Following this, the cells
advance to the rapid expansion protocol (REP) where these young TIL are largely
expanded using IL-2, anti-CD3 antibodies and allogenic feeder cells***°, In TIL therapy,
it is thought that less differentiated T cells are more effective in generating a robust and
prolonged response*. In fact, melanoma patients treated with TIL were more responsive
to TIL-ACT when the infusion product contained T cells with elongated telomeres and
high levels of CD27 expression, a marker for less differentiated cells®!. TIL with shorter
telomere, which has shown to be proportional with time in culture, have been associated
with reduced clinical responses and in vivo persistence*’. Infusing patients with TIL
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containing CD8+CD27+ cells and longer average telomeres can both be associated with
reduced differentiation, enhanced proliferative capacity and in vivo persistence’!. Through
the intensive expansion process used to generate the number of cells necessary for
successful TIL-ACT, CD8+ T cells often terminally differentiate into Terr cells. These
Terr cells can demonstrate less CD28 and CD27 expression and shorter telomere length
when compared to Tcwm cells, which are less differentiated and considered more functional
cells for long-lasting treatment®!*¥. Unfortunately, these standard TIL in vitro expansion
methods tend to promote T cell differentiation and functional exhaustion. This is
attributed to extended culture in high concentrations of IL-2, which is known to promote
CD8+ T cell terminal effector differentiation*”. Minimal culture of any T cell product, TIL
included, can evade this terminal differentiation, and maintain a proliferative, Tcm
phenotype.

1.4 Adoptive cell transfer of chimeric antigen receptor (CAR) T cells

Introducing a synthetic receptor into T cells proved revolutionary for cancer cell
therapies. Canonical T cell stimulation relies on TCR recognition of MHC-presented
antigens. Alternatively, chimeric antigen receptors (CARs) can be engineered to recognize
any surface antigen with high affinity, independent of MHC. Second generation CAR
constructs, which are considered the most mature generation clinically, are composed of
three domains; an extracellular single-chain variable fragment (scFv), a transmembrane
spacer, and an intracellular co-stimulatory signaling domain followed by the intracellular
region of CD3 (%!, The additional co-stimulatory signalling domain of the second-
generation CAR can consist of 4-1BB or CD28, to induce T cell expansion and longer
persistence®!. The scFv is composed of variable light (V1) and variable heavy (Vi)
regions of a monoclonal antibody against target tumour antigens®2. The spacer/hinge
domain connects the scFv to the transmembrane region, allowing the scFv domain to bind
its specific antigen due to the hinge's flexibility>*>*. When the scFv portion recognizes
and binds to a tumour antigen, the intracellular 4-1BB or CD28 co-stimulatory domain,
along with CD3(, signals to the downstream intracellular pathway>*. Subsequently,
activated T cells release perforin, which creates pores in the tumour cell membranes,
allowing cytotoxins and granzyme B to enter and activate the apoptosis-related caspase
cascades, initiating cell death®.

The first B cell leukemia patients received CD19-targeted CAR T cells in 2006
and exhibited robust and long-lasting responses®. Several clinical trials directing CAR T
cells toward hematological cancers followed this until the eventual approval of CD19-
CAR T cell treatment for adult acute lymphoblastic leukemia (ALL) in 2017°%%,
Following this success in treating hematological malignancies, CAR T cell therapies
began expanding to solid tumours, but treatment efficacy has been difficult to achieve.

Using personalized tumour-antigen identification is an attractive approach to ACT
as it has been very successful in treating leukemias in which all malignant cells express
CD19, however solid tumours rarely express a singular antigen. In addition, the loss, or
downregulation of a targeted antigen on tumour cells is common®’. Some solid tumours
do have identified TAAs, where TAAs can be highly expressed on tumour tissue, but
these antigens are also expressed at low levels on normal tissue®’. This can result in on-
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target off-tumour toxicity. An example of this occurred in a colon cancer patient, in which
this on-target off-tumour toxicity resulted in death 5-days following HER2CAR T cell
therapy as low levels of HER2 on the lungs were targeted by CAR T cells®.
Many challenges for CAR T cells in the treatment of cancers can also arise from the
tumour microenvironment (TME). The TME can implement physical and chemotactic
barriers to promote T cell exclusion. Cancer-associated fibroblasts and abnormal
vasculature limit the ability of transferred cells to traffic to the tumour through formation
of dense extracellular matrices>®. High endothelial venules (HEVs) are hypothesized to be
critical for T cell infiltration and have been associated with tumour regressions in some
cancers, but these blood vessels can be distorted and immature in many solid tumours®’.
Chemokines are also important in promoting T cell homing and the dysfunctional HEVs
can also inhibit the chemotactic-dependent migration of T cells to the tumour®’. Even
once trafficked to the tumour, the TME relies on immunosuppressive cells such as
myeloid-derived suppressor cells (MDSCs), tumour associated macrophages (TAMs),
tumour associated neutrophils (TANs) and regulatory T cells (Tregs) to manufacture a
hostile environment for T cells®!. These immunosuppressive cells can secrete soluble
factors which can contribute to abnormal tumour vasculature formation and promote anti-
inflammatory polarization of TAMs, which can produce reactive oxygen species that both
indirectly and directly suppress T cells®2. Immunosuppressive cells in the TME can also
contribute to T cell exhaustion and dysfunction, which can limit the efficacy of
transferred CAR T cells in solid tumours.

Another important factor of CAR T cell efficacy is the proportion of CD4+ and
CD8+ T cells in the product. CD4+ T cells can provide indirect and direct “help” to
developing CD8+ T cells by licensing dendritic cells to improve antigen presentation,
stimulating naive CD8+ T cells, and producing pro-survival cytokines to maintain the
CD8+ effector pool®. Furthermore, differentiated CD4+ T cells can produce
inflammatory cytokines that polarize macrophages and indirectly contribute
immunostimulation to CD8+ T cells®. Some reports indicate that while CD4+ CAR T
cells may be beneficial, as they increase CD8+ CAR T cell expansion and are crucial for
long-term responses, they also heavily contribute to severe toxicities, through eliciting
and exacerbating cytokine release syndrome (CRS)**%°, Conversely, engineering CAR T
cells from defined CD4+ and CD8+ subsets and transferring equivalent numbers of CD4+
and CD8+ T cells can confer synergistic anti-tumour activity in both human and murine
studies®®¢7. In addition, the persistence of CD4+ CAR T cells in two patients who
received CD19-CAR T cells for chronic lymphocytic leukemia (CLL) for greater than 10
years has also recently been reported, indicating that CD4+ T cells have increased
tolerance of repeated stimulation without functional exhaustion®®. In unedited T cells,
without CD4+ T cell help, CD8+ T cells can demonstrate a “helpless” phenotype,
resulting in reduced expansion, exhaustion, tumour necrosis factor-related apoptosis-
inducing ligand (TRAIL)-mediated apoptosis and poor long-term memory
formation®®-7%7172, This observation has been observed in unengineered T cells, where
CD4+ T cells indirectly prime CD8+ T cells through APCs* MHC-TCR interactions’?.
Engagement of APCs by CD4+ T cells during CD8+ T cell activation leads to licensing
and subsequent production of IL-12 and IL-15. These cytokines can promote CD8+ T cell
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polyfunctionality, memory formation, and persistence’®. In the context of CAR T cells,
CAR-antigen engagement may occur in an immunological environment that is spatially or
temporally separated from MHC-dependent CD4+ T cell assistance. This may cause the
“helpless” CD8+ T cell phenotype and subsequent dysfunction if CD4+ T cells are not
also engaged. Indeed, CD4+ CAR T cells do seem to be required for optimal anti-cancer
effects, despite their association with serious toxicities such as CRS, in some instances.

1.5 Viral immunotherapy using oncolytic viruses

Oncolytic viruses (OVs) have the unique capacity to selectively infect and
replicate in transformed cells while leaving healthy cells unaffected. In 2015, the first OV
was approved for the treatment of advanced melanoma. The OV, named T-VEC is a
herpes simplex virus 1 (HSV-1) expressing granulocyte-macrophage colony-stimulating
factor (GM-CSF). The virus was designed to selectively replicate within tumours and
produce GM-CSF to augment systemic anti-tumour responses’#. Beyond direct lysis, OVs
can also arouse a broad immune event, through the release of TAAs during lysis,
promoting immune infiltration, improving recognition and cytotoxic capacity of immune
cells and dampening the immunosuppressive TME>. This allows OVs to be regarded as a
multi-pronged therapy, as they can eliminate tumours through multiple direct and in-
direct methods.

Vesicular stomatitis virus (VSV) is an enveloped negative sense RNA virus from
the Rhabdovirus family, that has a low seroprevalence in humans’®. Wildtype VSV (WT-
VSV) is sensitive to type I IFN signalling as it inhibits WT-VSV replication. As
transformed cells often have dysfunctional type I IFN signalling, VSV preferentially
replicates in cancer cells, giving it oncoselectivity’’. However, this inherent
oncoselectivity of WT-VSV is not sufficient, as one function of its VSV matrix (M)
protein is to inhibit type I IFN signalling’®. When intact, this function of the M protein
causes WT-VSV to exhibit neurotoxicity in rodents and severe neurological disease in
nonhuman primates’#%, VSV-AMS51, a VSV-mutant that contains a deletion of the
methionine at amino acid position 51 of the VSV M protein, is a safer alternative as it
induces a strong interferon response upon infection but cannot replicate in healthy cells®!.
VSV-AMS51 is unable to inhibit antiviral responses, which causes the lack of replication in
healthy cells. This is because the intact anti-viral interferon response in healthy cells
ensure they are protected from VSV-AMS51 replication. The defects in interferon
signalling in transformed cells allows for the selective infection, replication and lysis of
transformed cells”’. This mutation increases the therapeutic index of VSV-AMS51. VSV-
AMS51 has also been shown to abortively infect healthy cells, allowing the virus to enter
and present viral antigens on cell surfaces upon infection without pathogenesis®2.

VSV-IFNS is another variant of WT-VSV that has been edited to increase safety.
VSV-IFN( has been engineered to express IFN to stimulate an innate immune response
in normal cells but not in type I IFN defective cells and has been shown to stimulate anti-
tumour immunity®*. VSV-IFN has also shown no signs of neurotoxicity in rhesus
macaques®*. This promoted multiple VSV-IFNB based therapies, with the inclusion of a
thyroidal sodium iodide symporter (NIS) that permits in vivo trackability (VSV-IFN-
NIS), be evaluated clinically®>%687, A 2022 report on a trial treating patients with T cell
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lymphoma showed that VSV-IFNB-NIS had single-agent activity and treatment gave
durable disease remissions®®. Since then, additional arms have been added to the clinical
trial to investigate using VSV-IFNB-NIS in combination with other immunomodulatory
drugs, which may yield interesting results.

1.6 Rhabdovirus vaccines as a boosting agent

The ability of VSV-AMS51 to abortively infect healthy cells and its small genome
make it an attractive OV for wider uses beyond lysis of tumour cells®>*. Indeed, our
group has previously found AM51-VSV to be an efficient gene-delivery vector with the
ability to aid in DC maturation®. These matured DCs previously infected with VSV-
AMS51 encoding a tumour-associated antigen mediated significant control of tumour
growth by engaging both NK and CD8+ T cells in tumour-bearing mice®.

Our group has further investigated using VSV-AMS51 as a vaccine in a
heterologous prime-boost vaccination. In this prime-boost vaccination, two different viral
vectors, adenovirus and VSV-AMS51, encoding a common TAA are delivered sequentially
to minimize an anti-vector response and maximize the T cell response”!?2%3%4, In these
prime-boost vaccination studies, we have used an adenovirus vector to “prime” the
endogenous T cell population against the encoded TAA and generate antigen specific
memory T cells. The “boost” can then be provided by VSV, to expand this memory T cell
population and further initiate an anti-tumour response. Notably, this prime-boost
mechanism, improved tumour control and survival when compared to each vaccine
independently.

Our group also investigated the use of VSV-AMS51 as a potential vector to boost
adoptively transferred tumour-specific T cells upon vaccination®*%>%, In combination
with VSV-AM51, using central memory T cells (Tem) (CD62LM CD44%) is advantageous
due to the increased proliferative capacity and anti-tumour effects they demonstrate when
compared to effector T cells?>7. The transfer of minimal Tem cells allows for in vivo
expansion of transferred cells upon interaction with the VSV-AMS51-encoded antigen. In
addition, VSV-AMS51 has previously shown a tropism for infecting professional antigen
presenting cells (pAPCs)?”. To allow for the interaction of transferred T cells with the
VSV-AMS51-encoded antigen, Tem cells must traffic to lymphoid follicles, which effector
T cells cannot do®’. In syngeneic mouse models, tumour-specific Tem cells from TCR
transgenic mice were infused into tumour bearing recipient mice and boosted with
engineered-VSV-AMS51 expressing a tumour antigen. Combining ACT of tumour-specific
Tem cells with known TCR specificity and VSV-AMS1 vaccination showed complete and
durable tumour regression. Neither the T cells nor VSV-AMS51 alone could achieve
tumour clearance, showing the benefit of combining the two agents. Importantly, unlike
methods of ACT previously discussed in this thesis, neither lymphodepletion nor
exogenous IL-2 was necessary for successful engraftment, expansion, and anti-tumour
function of the transferred cells in immunocompetent animals. If these characteristics of
the OV vaccine (OVV) are confirmed in human trials, they could be transformative.

However, there are still challenges to translating this therapy to clinical use.
Primarily, in this tumour model, the TAA was known and singularly targeted, which is not
practical in a clinical setting where solid tumours vary between patients, necessitating the
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engineering of a personalized recombinant vaccine for each patient. Additionally, antigen
expression within a solid tumour is heterogeneous, and in experiments where tumours
relapsed, antigen loss was identified as the cause”*%>.

1.7 Using a synthetic receptor as a boosting agent

Our lab is investigating a combination approach that pairs a chimeric antigen
receptor (CAR) with a cancer vaccine, aiming for a universal vaccination-mediated T cell
boost. In this system, a universal boosting vaccine can be engineered to express any
antigen, which eliminates the need for a personalized recombinant vaccine for each
patient. This engineered vaccine can be matched with a CAR that recognizes this antigen
and can expand upon interaction. Within the CAR/OV'V boosting strategy, the CAR can
be engineered into any T cell product, including multi-specific tumour-targeted T cell
populations, such as TIL. This approach could eliminate the need to manufacture large
numbers of cells for effective treatment and minimize in vitro differentiation. By
transferring fewer CAR T cells into a recipient, expansion and T cell differentiation can
occur in vivo following vaccination and interaction with the engineered viral transgene®®.
Importantly, others have shown that the combination of CAR T cells with CAR-targeted
lipid- or RNA-based vaccines enhanced in vivo expansion and persistence of CAR-T
cells, demonstrating that CARs can effectively function as boosting receptors®-190-101
Previous literature has also demonstrated that CAR expression does not affect TCR
function and that engineered CAR T cells can expand following exposure and re-exposure
to viral antigens!'%%1%3, We aim to leverage this dual CAR and TCR functionality in a
novel way: the adoptively transferred CAR T cells possess boosting antigen specificity
through the CAR and tumour specificity via the TCR.

To date, only one model has been assessed in this boosting CAR system. P14
transgenic mice were designed to have a TCR reservoir of CD8+ T cells that exclusively
recognize the lymphocytic choriomeningitis virus (LCMV) glycoprotein gp33 as they are
on a RAG2 KO and C57BL/6 background!'®*. These CD8+ T cells from P14 mice target
the gp33 peptide engineered into the murine melanoma cell line, B16-F10-gp33, allowing
for the assessment of the TCR driven anti-tumour response. For our boosting CAR, we
chose to use the second-generation CAR starting scaffold that has been validated and
previously published by our group!%>:1% targeting human BCMA (hBCMA-CAR) as the
boosting antigen. The matched vaccine in our boosting system is recombinant VSV-
AMS51 which has been engineered to express truncated human BCMA (VSV-hBCMA), as
it allows for evaluation of this treatment in a syngeneic murine model, where the CAR
does not react with murine BCMA. VSV is also advantageous as its tropism for APCs in
secondary lymphoid organs allows for the CAR T cells to engage with their antigen in a
supportive setting?’. Using a completely syngeneic model allows for the assessment of the
endogenous immune system response following T cell transfer and vaccination.

Preliminary data in a proof-of-concept study in our lab has indicated that a
vaccine-mediated CAR-T cell boost is possible. To achieve this, we adoptively transferred
P14 TCR-transgenic BCMACAR T cells in B16.F10-gp33 tumour bearing C57BL/6
hosts. 24 hours following this adoptive T cell transfer, we vaccinate hosts with our VSV-
hBCMA. We assess for presence of the T cells in the peripheral blood 5 days following

10
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vaccination to monitor expansion and again 12 days following vaccination to monitor T
cell persistence. Within the P14/B16.F10-gp33 model, we have seen that CAR-mediated
boosting is possible and markedly expands transferred T cell populations in vivo. In
response to this combination treatment, we have also seen complete tumour regression.
Despite the initial T cell expansion and anti-tumour effects, we fail to observe persistence
of our transferred T cells to 12 days following vaccination and tumours consistently
relapse (Figure 1.1)
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Figure 1.1: P14 CAR-T cells can be boosted by VSV-hBCMA upon vaccination, expand in
the periphery and clear B16-F10-gp33 tumour burdens but fail to persist and tumours
relapse.1x106 cryopreserved P14 BCMACAR-T cells or P14 UT T cells were administered intravenously 7 days after
le5 B16-F10-gp33 tumours were implanted in 6-8 w.o. C57BL/6 recipients. 24 hours after ACT, 2x108 PFU of rVSV-
hBCMA was administered intravenously. (A) 5 and (B) 12 days after vaccination, non-terminal bleeds were collected
from the facial vein of each mouse. Following ACK lysis to remove erythrocytes, cells were stained with a fixable
viability dye and aCD8, aCD4, aThyl.1, and aCAR antibodies for quantification of cell populations by flow cytometry.
Plots represent the percentage of total CD8+ T cells in peripheral blood that express the congenic marker, Thyl.1, in
each C57BL/6 recipient post-boost. (C) Tumour volume was monitored by manual caliper measurement every 2-3 days
for the duration of the experiment. Figure adapted from Rebecca Burchett.
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Our group has also observed (Figure), as well as others, that intact type I
interferon (IFN) signalling can be detrimental to transferred CAR T cell function and can
confer autoimmune toxicities!?”19%:19 We concluded that transiently blocking the type I
IFN response prior to vaccination was necessary to maximize the magnitude of the boost
and anti-tumour function of transferred T cells. Robust boosting through the CAR is
observed when type I IFN signalling is transiently blocked in this model, leading to
temporary tumour regression, but since the transferred T cells still fail to persist, eventual
tumour relapse is consistently observed (Figure 1.2).

12
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Figure 1.2: Transiently blocking type I IFN signaling during vaccination enhances

transferred CAR-T cell expansion and efficacy in the P14/B16.F10-gp33 model.1x10°
cryopreserved P14 BCMACAR-T cells or UT P14 T cells were administered intravenously 7 days after 1e5 B16-F10-
gp33 tumours were implanted in 6-8 w.o. C57BL/6 recipients. 16-22 hours prior to OVV, mice were given alFNAR1
blocking antibody or isotype control antibody intraperitoneally. 24 hours after ACT, 2x108 PFU of rVSV-hBCMA was
administered intravenously. (A) 5 and (B) 12 days after vaccination, non-terminal bleeds were collected from the facial
vein of each mouse. Following ACK lysis to remove erythrocytes, cells were stained with a fixable viability dye and
aCDS8, aCD4, aThyl.1, and aCAR antibodies for quantification of cell populations by flow cytometry. Plots represent
the percentage of total CD8+ T cells in peripheral blood that express the congenic marker, Thy1.1, in each C57BL/6
recipient post-boost. (C) Tumour volume was monitored by manual caliper measurement every 2-3 days for the
duration of the experiment. Figure adapted from Rebecca Burchett.
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1.8 Further investigating CARs for a universal oncolytic virus boost

In this thesis, we first assess the feasibility of isolating and engineering TIL and
other naturally occurring tumour specific T cells with a CAR. This would allow a
polyclonal T cell population to be expanded in vivo following vaccination when the CAR
interacts with the engineered transgene. This expanded TIL population can then target
multiple TAAs with native TCRs. We test the cytotoxic capacity of the TIL and evaluate
their ability to be expanded when stimulated through their CAR. Using TIL can exploit
the existing multi-specific T cell population to target multiple tumour antigens without
prior knowledge of TCR specificity. Others have engineered isolated TIL with
CARs!!OHLI2 Hindicating the feasibility of engineering TIL.

Next, we will further investigate vaccination-driven expansion of an adoptively
transferred T cell population through the CAR in the context of DUCI18 transgenic T
cells. DUC18 mice are transgenic mice from a BALB/C background with rearranged
Val10.1 and VB8.3 genes to produce a T cell receptor restricted by H-2K¢ and specific for
the tumour-expressing mutated ERK2 (mERK2) peptide, present on the
methylcholanthrene-induced immunogenic fibrosarcoma, CMS-5!13, A single-base pair
mutation that translates to an amino acid substitution distinguishes the mERK?2 from the
wild-type ERK2 gene, but this difference is sufficient to form a unique tumour-rejection
antigen. Unlike P14 transgenic mice that have only CD8+ T cells which all express the
transgenic TCR, DUCI18 transgenic mice possess both CD4+ and CD8+ T cells and only
35%-50% of the CD8+ T cells are specific for the mERK peptide!!3. Preliminary
experiments in the DUC18/CMS-5 model showed no expansion of transferred CAR
DUCI18 T cells upon VSV-HBCMA vaccination and no anti-tumour effects (Figure 1.3).
For this reason, in this thesis we aimed to investigate the reasons behind the striking
differences observed in this TCR transgenic model and to further expand our
understanding of the biology of VSV vaccination-mediated expansion of CAR T cells in
both models.
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Figure 1.3: DUC18 BCMACAR-T cells are not boosted by VSV-hBCMA upon vaccination

and do not control tumour growth.1x106 cryopreserved DUC BCMACAR-T cells or DUC18 UT T cells
were administered intravenously 0.5 mg of alFNAR1 blocking antibody was delivered intraperitoneally 7 days after
le6 CMS-5 tumours were implanted in 6-8 w.o. BALB/C recipients. 24 hours after ACT, 2x108 PFU of rVSV-HBCMA
was administered intravenously. (A) 5 and (B) 12 days after vaccination, non-terminal bleeds were collected from the
facial vein of each mouse. Following ACK lysis to remove erythrocytes, cells were stained with a fixable viability dye
and aCDS8, aCD4, aThyl.1, and aCAR antibodies for quantification of cell populations by flow cytometry. Plots
represent the percentage of total CD8+ T cells in peripheral blood that express the congenic marker, Thyl.1, in each
BALBY/C recipient post-boost. (C) Tumour volume was monitored by manual caliper measurement every 2-3 days for
the duration of the experiment. Figure adapted from Rebecca Burchett.

1.9 Thesis scope and content

The objective of this MSc thesis research was to further evaluate a novel strategy
for vaccine-boosting adoptively transferred tumour-specific T cells using an engineered
synthetic receptor and a paired oncolytic vaccine vector. This research builds on previous
findings from the Bramson and Wan labs, which described and characterized the unique
interaction between endogenous or adoptively transferred memory T cells and oncolytic
vaccines expressing a cognate tumour-associated antigen.

1.9.1 Research objectives

By building on the success of OV vaccines in enhancing tumour-specific T cell
responses, this thesis broadly aims to further evaluate a universal method for expanding
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adoptive T cell therapies for cancer. This research can be divided into three research
objectives, which are detailed in Chapter 3.

e Objective 1: Investigate the use of naturally occurring tumour-specific T cells as a
T cell product in our universal T cell boosting method. Optimize the isolation and
culture of tumour-specific T cells from TIL and tumour draining lymph nodes and
assess their functionality.

e Objective 2: To extend the horizons of the vaccination-based CAR T cell
boosting, we aim to replicate the proof-of-concept data we have observed in the
P14/B16-F10gp33 model in the DUC18/CMS-5 model, another syngeneic model.

e Objective 3: Elucidate the immunological mechanisms involved in effective OV
vaccine boosting and durable anti-tumour T cell function within the P14/B16.F10-
gp33 model.

2  Materials and Methods

Mice and Mouse Models. C57BL/6, BALB/c and B6 albino mice (BON-Tyr®
Brd/BrdCrCrl) mice were purchased from Charles River Laboratories. DUC18 mice were
kindly provided by Dr. Lyse Norian (University of lowa). The P14-Thy1.1 strain was
generated in-house by Dr. Scott Walsh by crossbreeding P14 mice (B6.Cg-Tcratm1Mom
Tg(TerLCMV)327Sdz; purchased from Taconic Laboratories, MMRRC stock #37394)
onto a homozygous Thy1.1+/+ background (B6.PL-Thyla/CyJ; purchased from Charles
River Laboratories). Mice were housed under controlled lighting (12:12 L:D) and
temperature (22°C) with ad libitum access to a low-fat irradiated chow diet containing
18.6% protein, 6.2% fat, and 3.5% fibre (2918, Tekland Global Diets) and water in
specific pathogen-free conditions in the Central Animal Facility at McMaster University.
All animal studies were conducted in compliance with the Canadian Council on Animal
Care guidelines and were approved by McMaster University’s Animal Research Ethics
Board.

CAR retroviral vectors. The starting scaffold for all murine CAR vectors used in this
thesis was generated in the Bramson lab and has been previously described!%>:1%, The
CAR sequence was cloned into an MSCV-based gammaretrovirus vector, pPRV2011-oFL,
originally provided to us by Dr. Brian Rabinovich (MD Anderson Cancer Center;
Houston, Texas). Either traditional restriction and insertion cloning and NEBuilder® HiFi
DNA Assembly cloning techniques were used to generate all pRV2011 constructs
outlined in Table 2.1. Sanger sequencing was performed to validate the correct sequence
and integration of each transgene.
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Table 2.1: Constructs and transgenes used in this thesis.

Construct name First Signalling Tag Second Notes
transgene Domain transgene
Construct
previously
BCMACAR(FLAG)- BCMACAR CD28/ FLAG | N/A generated in
28C CD3¢
Bramson Lab
(105,106)
murine CD137
BCMACAR(FLAG)- domain TRAF1/3
BBC-TRAF1/3mut BCMACAR mutant/murine FLAG | N/A
CD3¢
BCMACAR(FLAG)- native
28¢_ CD28/ )
mIl-15 BCMACAR CD3C FLAG rlnsurme 1L-
Red-shifted firefly
luciferase (rsLuc)
(Ppy- RE9) BCMACAR | N/A N/A N/A

Ecotropic gammaretrovirus production. Platinum-E (Plat-E) cells were thawed into
DMEM media containing 8.90% heat inactivated fetal bovine serum (Gibco), 8.90 mM
HEPES, 1.78 mM L-Glutamine, 89 ug/mL Normocin, 8.9 ug/mL Blasticidin, 0.89 ug/mL
Puromycin (Invivogen; Cat#ant-pr-1), cultured at 37 C and 5% CO> until confluent and
split as needed. The day before transfection, the cell monolayer was washed with
phosphate buffered saline (PBS), lifted from flask with 1x Trypsin. Cells were counted
using trypan blue on the Thermo Scientific Invitrogen Countess II, plated at 6x10° cells in
a final volume of 10 mL transfection media (DMEM media containing 8.90% heat
inactivated fetal bovine serum, 8.90 mM HEPES, 1.78 mM L-Glutamine and 89 ug/mL
Normocin) in each T-75 flask and cultured at 37 C and 5% CO; overnight. For each
transfection, 10 pg of both the construct and packaging plasmid were diluted into Gibco
Opti-MEM™ (Gibco; Cat#31985-070). 45 uL of Lipofectamine™ 2000 (Thermo Fisher
Scientific; Cat#11668-019) was also diluted in 2.25 mL of Gibco Opti-MEM™ and
incubated for 5 minutes at room temperature. The two Gibco Opti-MEM™ mixtures were
then combined and incubated for 20 minutes at room temperature. The Gibco Opti-
MEM™ mixtures were then added to the side of each flask containing PLAT-E cells and
rocked to mix before being incubated overnight at 37 °C and 5% CO». 16-20 hours post-
transfection media was aspirated off the transfected PLAT-E cells and replaced with 10
mL fresh transfection media before being incubated for 24 hours at 37 C and 5% COx. 24
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hours after the media change Amicon® Ultra 100K centrifugal filters (Cat#UFC910024)
were washed with cold, sterile PBS and centrifuged at 2100xg at 4 'C for 5-8 minutes until
all PBS has passed through the filter. The viral supernatant was collected from the flasks
and filtered through a 0.45 um syringe filters and then kept on ice after filtration. Filtered
supernatants are then loaded into the Amicon® Ultra 100K centrifugal filters and
centrifuged at 2100xg at 4 C for 15 minutes. To concentrate the virus 20x, for each 10 mL
of viral supernatant 500 pL of concentrated virus was collected. The concentrated viral
supernatant was then transferred to a sterile Eppendorf tube, mixed well, aliquoted and
stored at -80 ‘C until required.

Retroviral transduction and culture of murine T cells. The day before T cells were
activated, the number of wells required for culture in a 24-well plate were coated with an
aCD3e antibody (Clone 145-2C1, BioXCell; Cat# BE00O1-1) diluted in PBS. The day of
activation, a spleen (or TDLN) was acquired from the desired mouse source after
euthanasia according to AUP 22-11-35 and kept in 10 mL T cell media (RPMI media
containing 8.76 % heat inactivated fetal bovine serum, 8.69 mM HEPES, 0.87x non-
essential amino acids [Gibco], 87 U/mL penicillin+87 U/mL streptomycin [Gibco], 0.87
mM sodium pyruvate and 1.78 mM L-GlutaMax [ThermoFisher; Cat# 35050061]) on ice
during transport to a biological safety cabinet. Cells were isolated by grinding pieces of
the spleen between two sterile glass microscope slides and filtering through a 40 um cell
strainer (Fisher Scientific; Cat#08-771-1). Cells were centrifuged at 500xg for 5 minutes
at room temperature and resuspended in 5 mL of Gibco™ ACK Lysing Buffer
(Cat#A1049201) for 5 minutes, in the dark at room temperature to lyse red blood cells.
The reaction was quenched with 45 mL PBS and centrifuged at 500xg for 5 minutes at
room temperature. The cells were resuspended in T cell media and filtered through a 40
um cell strainer before being counted using AOPI dye and Cellometer Auto 2000 Cell
Viability Counter. The required number of cells were plated in the pre-coated wells at
3x10° cells per well in T cell media supplemented with 10 ng/mL IL-7 (Peprotech;
Cat#200-07) or other required cytokines and an aCD28 antibody (Clone 37.51, BioXCell;
Cat# BE0O15-1) and incubated for 24 hours at 37 C and 5% CO.. If DUC18 splenocytes
cells were activated via mERK peptide (QYIHSANVL), 0.1 pg/mL of mERK peptide
(Biomer Technologies), was added to T cell media. In CD4+ T cell optimization
experiments, Th1l cells were maintained in T cell media containing 15 ng/mL IL-12
(BioLegend; Cat # 577002), 30 IU/mL IL-2 (Peprotech; Cat# 200-02) and 5 ug/mL olIL-4
antibody (Clone 11B11, BioXCell; Cat # BE0045).

In the CD4 depletion experiments, the EasySep™ Mouse CD4 Positive Selection Kit II
(StemCell;Cat #18952RF) was used. In CD4+ T cell optimization experiments, the
EasySep™ Mouse CD4+ T cell Isolation Kit (StemCell;Cat #19852RF) was used with the
same following processes. After cells were isolated and counted, the desired number of
cells were centrifuged and resuspended in the separation buffer (PBS containing 2% FBS
and 1 mM EDTA). The separation cocktail was prepared and incubated at room
temperature for 5 minutes. Rat serum was added to the cells along with the separation
cocktail and this mixture was incubated at room temperature for 5 minutes. Magnetic
spheres were then added to the sample, incubated at RT for 3 minutes and the cells were
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placed into a magnet. This was then incubated for 3 minutes at room temperature before
the supernatant was dumped and the separation buffer was used to top up the cells in the
magnet and repeat this isolation process 2 times. 10 mL of T cell media was added to the
isolated cells, and they were counted before being plated as described.

To transduce cells with the gammaretrovirus, a master mix was prepared
consisting of 0.8 uL of 1.0 mg/mL Polybrene and 1.0 pL of Lipfectamine 2000 per well.
The volume required to add the retrovirus plus 500 pL of media was removed from the
wells and the retrovirus and 1.8 pL of the master mix was added to each well. The plate
was carefully balanced and centrifuged for at 930xg for 90 minutes at 32 C with the
brakes off. After the spin, cells were transferred to an incubator at 37 C and 5% CO; for
3-4 hours. After this incubation period, each well was topped off with 500 puL of warm T
cell media supplemented with 10 ng/mL IL-7 or other required cytokines and placed in
the 37°C, 5% COz incubator overnight.

14-16 hours after media replacement, each well was washed out with warm T cell
media supplemented with 10 ng/mL IL-7 or other required cytokines and added to T-25
flasks. On day 4, cells were centrifuged and scaled as needed with T cell media
supplemented with 10 ng/mL IL-7 and 10 ng/mL IL-15 (BioLegend; Cat# 570304) or
other required cytokines. On day 6 of culture, cells were fed with T cell media
supplemented with 10 ng/mL IL-7 and 10 ng/mL IL-15 and scaled as needed.

On days 5-7 of culture, cells were counted and 0.5-1x10° cells were stained on ice.
Cells were stained for CD90.1 (Thyl.1), a transgenic T cell marker, or CD45.2, CD4,
CDS, CD62L and CD44 and FLAG, used to recognize the tag on the BCMACAR
construct and used to evaluate transduction. Cells were filtered through mesh filter paper
and data was collected on a Beckman Coulter Cytoflex LX Flow Cytometer. Flow
cytometry data was analyzed via FCSExpress 7 from Denovo Software.

Adoptive transfer and vaccination. 1e6 CMS-5 cells in PBS (cultured in DMEM media
containing 8.93 % heat inactivated fetal bovine serum, 8.85 mM HEPES, 87 U/mL
penicillin+87 U/mL streptomycin and 1.78 mM L-GlutaMax) or 5e5 B16-F10-gp33
(cultured in MEM EARLS media containing 8.93 % heat inactivated fetal bovine serum,
8.85 mM HEPES, 87 U/mL penicillin+87 U/mL streptomycin, , 0.87x non-essential
amino acids, MEM vitamins (Gibco), 0.87 mM sodium pyruvate and 1.78 mM L-
GlutaMax) cells were injected intradermally to 6—8-week-old BALB/c or C57BL/6 mice
obtained from Charles River Laboratories, Wilmington, MA. To maintain stable
expression of the gp33 peptide, B16.F10-gp33 cells were further supplemented with 0.2
mg/mL G418. 5 or 7-days post implantation, cryopreserved DUC18 or P14 T cells were
thawed and transferred into CMS-5 bearing BALB/c or B16-F10-gp33 bearing C57BL/6
hosts through intravenous injection (IV). 16 hours prior to rVSV administration, 0.5-1 mg
of anti-mouse IFNAR1 blocking antibody (Clone MAR1-5A3, BioXCell; Cat #BE0241)
was administered via intraperitoneal injection. 24 hours after T cell transfer, 2e8 pfu
rVSV was administered through IV. At 4 to 5 and 11 to 12 days post-VSV, blood samples
were taken via facial vein bleed.
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Intracellular cytokine staining. Required tumour cells were washed with PBS and lifted
using TrypLe Express Enzyme™ (Gibco; Cat # 12604021). Cells were counted using
trypan blue on the Thermo Scientific Invitrogen Countess II and left to adhere at 37 °C and
5% CO; and double in number overnight. TDLN-derived T cells were thawed 24 hours
prior to assay assembly and left to rest in T cell media containing 10 ng/mL IL-7 and 20
ng/mL IL-15 or other required cytokines. These T cells were then counted using AOPI
dye and Cellometer Auto 2000 Cell Viability Counter and plated on the wells containing
the adherent tumour target, except for the cells used as a positive control with lonomycin
(Sigma-Aldrich; Cat # 113909) and PMA (Sigma-Aldrich; Cat P1585-10MG), which were
added in the media to be at 1 mM and 50 ng/mL, respectively. This co-culture was
incubated for 2 hours at 37°C and 5% CO, until Golgiplug (BD Biosciences; Cat #
555029), containing Brefeldin A, was added and incubated for 4 hours at 37°C and 5%
COs. At the end of this incubation period, 0.02 M EDTA was added to each well and
incubated at RT for 15 minutes to stop the stimulation. Following this, cells were stained
with a fixable viability dye and aCD8, aCD4, aCD45.2, and aCAR antibodies for
identifications of cell populations by flow cytometry. Cells were then fixed and
permeabilized using Cytofix/Cytoperm™ (BD Biosciences; Cat# 554722) and stained
with olFN-y and o TNF-a antibodies for cytokine production identification.

Dye-based Proliferation Assay. Target tumour cells, CMS-5 and CMS-5-TR-BCMA
(cultured in DMEM media containing 8.85 % heat inactivated fetal bovine serum, 8.85
mM HEPE, 87 U/mL penicillin+87 U/mL streptomycin, and 1.78 mM L-GlutaMax) were
counted using trypan blue on the Thermo Scientific Invitrogen Countess II, plated, and
left to adhere for 3-4 hours. CMS-5-TR-BCMA cells were derived from relapsed CMS-5
tumour cells that had lost expression of the tERK peptide and were engineered via
lentiviral transduction by Rebecca Burchett to express hBCMA, the antigen the CAR is
specific for. T cells were counted, washed with PBS, and centrifuged at 500xg for 5
minutes at room temperature. The reconstituted CellTrace Violet (CTV) (Invitrogen; Cat#
C34557) was diluted and added to T cells and incubated at 37°C for 20 minutes in the
dark. After the incubation period, 5x warm T cell media was added to quench the dye and
the cells were incubated at 37°C for another 5 minutes with minimal light exposure.
Stained T cells were centrifuged at 500xg for 5 minutes at room temperature and
resuspended in T cell media containing 10 ng/mL rhIL-7. The media was aspirated from
the tumour cells in each well and the stained T cells were added to the plate. The cells
were incubated at 37°C, 5% CO2 for 3-5 days. On the final day, cells in each cell were
resuspended and transferred to the staining vessel. The cells were stained on ice and
stained for live cells, Thyl.1 or CD45.2, CD4 and CDS. Cells were filtered through mesh
filter paper and data was collected on a Beckman Coulter Cytoflex LX Flow Cytometer.
Flow data was analyzed via FCSExpress 7 from Denovo Software.

Cell Irradiation. Irradiation was performed using the X-ray machine irradiator (Faxitron
X-ray Corporation Cabinet X-ray System; ID # 23221) and was optimized using protocols
graciously shared by William Maich in the Singh Lab. Using the Singh lab SOP for using
the X-ray machine for irradiation, which considered an irradiation period of 40 seconds at
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120V on shelf #6 as 1 Gy, a dosage titration of irradiation was performed to optimize the
dose capable of hindering growth without cytolytic effects on the tumour cells and 25 Gy
was considered the optimal dose for inhibiting tumour cell growth with minimal tumour
cell death.

Co-culture Experiments. Tumour cells were washed with PBS and lifted using TrypLe
Express Enzyme™. Cells were counted using trypan blue on the Thermo Scientific
Invitrogen Countess II, plated, and left to adhere at 37 C and 5% CO; for 3-4 hours. After
cells had adhered, they were either irradiated (or not) using X-ray irradiation at 25 Gy.
Various T cell products (TDLN-derived T cells or isolated TIL) were counted using AOPI
dye and Cellometer Auto 2000 Cell Viability Counter and plated in the co-culture at
defined E:T cell ratios with supporting cytokines including IL-2 and IL-7. These co-
cultures were monitored daily, fed with fresh media containing cytokine as required, and
cultured for 4-5 days until cells were harvested to be placed in killing assay.

Luciferase-Based Killing Assay. The target tumour cells (CMS-5-effLuc or MC-38-
effLuc) were engineered via lentiviral transduction to express enhanced firefly luciferase
(effLuc) for killing assay analysis. These cells were counted using trypan blue on the
Thermo Scientific Invitrogen Countess 11, plated, and left to adhere for 3-4 hours. T cells
were counted and plated in serial dilutions of E:T ratios in triplicates. After 19-48 hours
of incubation at 37°C, 5% CO», 22 uL of 1x D-Luciferin (PerkinElmer; Cat# 122799) was
added to each well and spectrophotometry results were read on the i3 SpectraMax®.

TIL Isolation from tumour-bearing mice. 7-9 days prior to isolation, 2x10° MC-38
cells in PBS (cultured in DMEM media containing 8.93 % heat inactivated fetal bovine
serum, 8.85 mM HEPES, 87 U/mL penicillin+87 U/mL streptomycin and 1.78 mM L-
GlutaMax) were injected intradermally to 6—8-week-old C57BL/6 mice obtained from
Charles River Laboratories, Wilmington, MA. On the day of isolation, the tumour was
acquired from the desired mouse source after euthanasia according to AUP 22-11-35 and
kept in pre-weighed tubes containing 10 mL T cell media on ice. The tubes were weighed
to obtain tumour weight and determine the amount of enzymatic tissue dissociation
solution required. The digest solution, containing HANKS HBSS (Fisher Scientific; Cat#
SH30015.03), 0.5 mg/mL Collagenase (Type I) (Thermo Fisher Scientific; Cat #
17100017) and 0.2 mg/mL DNasel (Millipore Sigma; Cat # 11284932001) was added to
minced tumour tissue (10 mL of Digest Solution for every 0.25 g of tumour) and tubes
were kept on ice until incubation at 37°C for 1 hour with shaking. After the incubation
period, the dissociated tissue was passed through a 70 um nylon cell strainer (Corning;
Cat# 431751), a syringe plunger was used to lightly grind the pieces of tissue through the
strainer then the filter was rinsed with HANKSs. This was repeated through a 40 um nylon
cell strainer. The cell suspension was centrifuged at 500xg for 5 minutes at 4°C,
resuspended in 5 mL T cell media and counted using AOPI dye and Cellometer Auto
2000 Cell Viability Counter.
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Recombinant VSV. Vesicular stomatitis virus (VSV) is an enveloped, negative-strand
RNA Rhabdovirus. The 11-kb VSV genome encodes five structural proteins, including
the nucleocapsid protein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G),
and the large polymerase protein (L). VSV-G binds to the low-density lipoprotein receptor
(LDL-R), lending to the broad tropism of VSV!!4, A recombinant B cell maturation
antigen (BCMA/CD269) with or without red shifted luciferase (rsLuc) (codon-optimized
for murine cell expression) was used as the recombinant antigen in this thesis Table. For
VSV-hBCMA-tNGFR, the recombinant antigen was created by fusing the extracellular
and transmembrane domains of native human BCMA to a short truncated intracellular
domain of human nerve growth factor receptor (NGFR/CD271) to remove any signaling
capacity from the protein. The hBCMA-tNGFR sequence was cloned into a pCCL
lentiviral vector. For VSV-rsLuc-hBCMA, dual-expression constructs were purchased as
GBlocks (Integrated DNA Technologies) and cloned directly into the multiple cloning site
of a pVSV plasmid kindly provided to us by Dr. John Bell (The Ottawa Hospital Research
Institute). VSV-VSVAS51 viruses encoding hBCMA (VSV-hBCMA) and
rsLuc. T2A huBCMA (VSV-rsLuc-hBCMA) were rescued in HEK293T cells (cultured in
Dulbecco’s Modified Eagle’s Media (DMEM) supplemented with 8.9% heat-inactivated
fetal bovine serum, 0.89x GlutaMAX, 8.85 mM Hepes, and 88.5 U/mL penicillin + 88.5
pg/mL streptomycin) and propagated in Vero cells by Rebecca Burchett. High-titer,
sucrose gradient-purified VSV-hBCMA and VSV-rsLuc-hBCMA viruses were generated
in-house with technical assistance from Natasha Kazhdan in Dr. Brian Lichty’s lab.
VSVAS51-Erk9m (VSV-mERK) was provided by Dr. Brian Lichty (McMaster University).
All samples taken for virus titrations were frozen at -80°C prior to titration and
thawed to assemble the plaque assay. Virus titers for VSV were determined using
confluent Vero cells (cultured in Dulbecco’s Modified Eagle’s Media (DMEM)
supplemented with 8.9% heat-inactivated fetal bovine serum, 0.89x GlutaMAX, 8.85 mM
HEPES, and 88.5 U/mL penicillin + 88.5 pg/mL streptomycin) in 6-well tissue-culture
treated plates. Serial virus dilutions were prepared and incubated on Vero cells for 45
minutes. After allowing for viral adsorption, the viral inoculate was aspirated off the
monolater and 2 mL of prepared agarose overlay was added to each well (1:1 of 1%
agarose, 2x MEM-F11 medium with 20% FBS). 24 hours later, wells were fixed with a
3:1 methanol: glacial acetic acid solution, agarose overlays were removed, and
monolayers were stained with 0.2% crystal violet to visualize and enumerate the plaques.

In vivo Imaging System (IVIS). Experimental mice were weighed the day before or day
of in vivo imaging. Preprepared aliquots of 15 mg/mL D-luciferin were thawed at room
temperature and kept on ice until sterile filtering immediately prior to administration.
Mice were given D-luciferin at a dose of 150 mg/kg according to body weights through
intraperitoneal injection. Mice were placed under isoflurane anaesthesia, eye lubricant
was applied, and imaging was completed between 13-16 minutes post administration of
D-luciferin on the IVIS Spectrum imager (Revvity). Total flux signal was quantified with
Livinglmage v4.2 software (Perkin Elmer).

Flow Cytometry Antibodies. Thy1.1-FITC (eBioscience; Cat# 11-0900-85); CD45.2
(BD Biosciences; Cat# 553772); CD8a-PE-CF594 (eBioscience; Cat# 562283); CD4-
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AF700 (Invitrogen; Cat# 56-0041-82); CD44-APC (BD Biosciences; Cat# 559250);
CD62L-APC-Cy7 (BD Biosciences; Cat# 560514); IFN-y (BD Pharmingen; Cat#
554413); IL-2-PE (BD Pharmingen; Cat# 554428); TNF-a (BD Pharmingen; Cat#
560659); BV605 (BD Biosciences; Cat# 564169); FLAG-BV421 (BioLegend; Cat#
637322); LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (Invitrogen; Cat# L10119).

Statistical analyses. A Student's t-test was used to compare the means of two groups,
while a one-way analysis of variance (ANOVA) with the Dunnett multiple comparison
test was employed to compare three or more groups within an experiment. The Log-rank
(Mantel-Cox) test was used to compare survival curves unless otherwise noted. Statistical
significance and p-values were calculated using GraphPad Prism 10.2.3 for macOS. The
significance levels were as follows: * p < 0.05, ** p <0.01, *** p <0.001, **** p <
0.0001, and ns = not significant.
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Table 2.2: Recombinant hBCMA antigen transgene designs for VSV-vaccination used in this

thesis.

Antigen Vector Transgene Amino acid sequence
elements
hBCMA
extracellular & MLOMAGQCSONEYFDSLLHACIPCQLR
hBCMA- CCL transmembrane CSSNTPPLTCQRYCNASVTNSVKGTNA
tNGFR P ILWTCLGLSLIISLAVFVLMFLL
hNGFR truncated KRWNRGIF*
intracellular domain
MEDAKNIKKGPAPFYPLEDGTAGE
QLHKAMKRYALVPGTIAFTDAHIE
VNITYAEYFEMSVRLAEAMKRYG
LNTNHRIVVCSENSLQFFMPVLGA
LFIGVAVAPANDIYNERELLNSMNI
SQPTVVFVSKKGLQKILNVQKKLP
IQKIIIMDSKTDYQGFQSMYTFVT
SHLPPGFNEYDFVPESFDRDKTIAL
IMNSSGSTGLPKGVALPHRALCVR
FSHARDPIFGNQIAPDTAILSVVPFH
rsLuc (codon- HGFGMFTTLGYLICGFRVVLMYRF
optimized) EEELFLRSLQDYKIQTALLVPTLFS
sLuc T2A FLAKSTLIDKYDLSNLHEIASGGAP
hBCMA- pVSV | 724 LSKEVGEAVAKGFHLPGIRQGYGL
(NGFR TETTSAILVTPIGDDKPGAVGKVVP

hBCMA-tNGFR
(codon-optimized)

FFEAKVVDLDTGKTLGVNQRGELC
VRGPMIMSGYVNNPEATNALIDKDG
WLHSGDIAYWDEDEHFFIVDRLKSL
IKYKGYQVAPAELESILLQHPNIRDA
GVAGLPDDDAGELPAAVVVLEHGK
TMTEKEIVDYVASQVTTAKKLRGGV
VFVDEVPKGLTGKLDARKIREILIK
AKKGGKI
GSGEGRGSLLTCGDVEENPGPGTS
MLOMAGQCSOQONEYFDSLLHACIPC
QLRCSSNTPPLTCOQRYCNASVTNSV
KGTNAILWTCLGLSLISLAVFVLMFL
LKRWNRGIF*
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3 Results

3.1 Investigating the engineering and functionality of naturally occurring tumour-
specific T cells as a T cell product for a CAR/OVYV boost

3.1.1 Optimizing the isolation of TIL from murine tumours in preliminary experiments

As a first step towards engineering a multi-specific T cell population from
tumour-bearing mice, we set out to optimize isolation of tumour infiltrating
lymphocytes (TIL) using the BD Horizon™ Dri Tumour & Tissue Dissociation
Reagent (TTDR)!'5. 10 days following tumour implantation, a murine colon
carcinoma tumour cell line, MC-38, was processed through the provided TTDR
protocol to isolate TIL (Figure 3.1). Using a spleen as a positive control for gating
flow cytometry populations, the isolated cells were assessed for CD45 expression, a
common antigen on hematopoietic cells, and CD4 and CD8 expression to
characterize T cell subsets. These data revealed that live CD45+CD4+ and
CD45+CD8+ cells were present (Figure 3.1

FigureA) and could be isolated from MC-38 tumour-bearing mice. We next evaluated a
murine fibrosarcoma tumour cell line, CMS-5, as a source of TIL. Splenocytes were again
used as a positive control to identify immune cell populations. There were similar
percentages of cells present expressing CD45 and CD4 or CDS (Figure 3.1B), confirming
the utility of this method for isolation of TIL from murine tumours.

Given the high cost of TTDR, we also evaluated a lower cost method (Lab
Method) used previously by our lab in a head-to-head experiment with the TTDR method
(Commercial Method). For this experiment, large and small MC-38 tumours were
dissociated through each protocol to evaluate whether differences in tumour sizes could
affect outcome. Interestingly, the Lab Method yielded TIL with greater overall viability,
regardless of tumour size (Figure 3.1C). The Lab Method yielded more CD45+/CD8+ and
CD45+/CD4+ cells (Figure 3.1D). As such, the Lab Method was selected for future TIL
isolation.
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Figure 3.1: Endogenous TIL were successfully isolated from multiple murine tumours and

isolation methods were optimized. The tumours were processed 10 days post-implantation and stained with
fluorescently conjugated anti-mouse antibodies against CD45.2, CD4 and CD8 markers prior to FACS analysis.
Representative flow cytometry plots and percentages of CD4+ and CD8+ CD45.2+ cells isolated from an (A) MC-38
(B) CMS-5 tumours and spleens, as a control tissue. (C) Indicates the viability of the cells post isolation determined
using an automated cell counter and AOPI staining. (D) represents the number of cells positive for each marker. (A) (B)
(D) Gating strategy: Live Cells> Lymphocytes> CD45.2+> CD4+ and CD8+. Lrg= Large tumour; Sml=Small tumour.
(n=1 sample per tumour type)
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3.1.2 TIL culturing and engineering from bulk tumour tissue

We next adapted a protocol for TIL expansion from MC-38 tumours!!¢. The TIL
were harvested from MC-38 tumours cells 9 days post-implantation and cultured in
medium containing 1000 IU/mL of IL-2 in media and fed with fresh media containing
1000 IU/mL IL-2 every 4 days. On day 21, the cells were assessed via flow cytometry to
phenotype the live cells present in culture to reveal a dominant population of live
CD45.2+CD8+ T cells (Figure 3.2A/B). These data confirmed that TIL could be cultured
using these methods and revealed that CD8+ T cells become the dominant cell population
in the TIL.

In an effort to further expand tumour-specific T cells, the 21-day TIL culture was
stimulated with irradiated MC-38 cells as outlined in FigureC. In this co-culture, the T
cell media was supplemented with 500 IU/mL of IL-2 and 10 ng/mL of IL-7. The co-
culture resulted in further TIL expansion (Figure 3.2D). Prior to these experiments, MC-
38 cells were engineered via lentiviral transduction to express enhanced firefly luciferase
as a marker of cell viability. Five days after the secondary stimulation with tumour cells,
the cytotoxicity of the TIL culture was determined using a luciferase-based killing assay
to assess their cytotoxic capacity against their tumour target (Figure 3.2E) and CMS-5
(Figure 3.2F) to observe any non-specific killing. The expanded TIL killed MC-38 cells
expressing luciferase even at the lowest effector to target (E:T) ratio but did exhibit some
non-specific killing at the highest E:T ratios.
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Figure 3.2: CD8+ T cells can be expanded from bulk tumour-isolated cells and can show

cytotoxic effects on tumour targets.(A) (B) On day 10 of culture, the cells were stained with a fixable
viability dye and a aCDS8, aCD4 and aCD45.2 for assessment of cell populations by flow cytometry. (A) Shows two
representative flow plots of live (LiveDead-NearIR +) and CD45.2+ cells and downstream gated CD4 and CD8+ cells.
(C) A schematic representation of the co-culture where the TIL were placed in culture with irradiated tumour target cells
(D) Viability of cultures were assessed before and after the 5-day co-culture using an automated cell counter and AOPI
staining. (E) (F) In vitro luciferase-based cytotoxicity assays, where cytotoxicity is measured as the % viability of target
cells following incubation with effector cells. Enhanced luciferase (effLuc)-expressing target cells were plated with T
cells that had been co-cultured in cytokine supplemented media for 5-days with the tumour target. TIL were either
challenged with their tumour target cells MC-38 (E) or an arbitrary tumour target cells CMS-5 (F). Cells are plated at
effector to target (E:T) ratios from 0.25 - 10. After ~19-hours, firefly luciferin substrate was added to each well and
luminescence was quantified. If killing analysis calculated a negative number, 0 was denoted as the % killing.
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3.1.3 Engineering and functionally testing T cells isolated from tumour-draining lymph
nodes (TDLN)

Tumour-draining lymph nodes (TDLN) are also a potential source of TIL as they
are where anti-tumour lymphocytes are primed to tumour-specific antigens and play
pivotal roles in immune responses against tumours!'!”. We hypothesized that the TDLN
could be a source of more viable tumour-specific T cells, which could provide a more
facile source of multi-specific tumour-reactive T cells than TIL. Using our standard
culture protocol as outlined in Figure 3.3A, T cells isolated from the TDLN were
engineered with 28C-BCMACAR. The engineered T cell culture was analyzed on day 7 of
culture to assess CAR expression, relative proportion of CD4+ and CD8+ T cells and
memory phenotype (Figure 3.3). The cells expanded successfully (Figure 3.3
FigureB) and expressed the BCMACAR on a high fraction of cells (Figure 3.3C/D) and
showed a memory phenotype skew of predominately central memory T cells (

FigureE) which is optimal for our model. This demonstrated the successful isolation,
culture and transduction of TDLN-derived T cells.

To determine whether the engineered T cells could respond to the CAR target
(BCMA) and tumour antigen, we assessed the proliferative and cytotoxic capacity of the
engineered TDLN from mice bearing the CMS-5 tumour. The T cells were co-cultured
with either parental CMS-5 cells or relapsed CMS-5 engineered to express BCMA (CMS-
5-TR-BCMA). We first assessed the BCMACAR T cells derived from CMS-5-tumour
bearing mice TDLN (CMS-CAR-TDLN). Proliferative capacity was evaluated using a
CellTrace Violet (CTV)-based proliferation assay and killing was assessed using a
luciferase-based assay (Figure 3.4). The CMS-CAR-TDLN T cells proliferated well when
stimulated with the CAR target (BCMA) but demonstrated minimal proliferation when
stimulated with CMS-5 cells (Figure 3.4A/B). No cytotoxicity was observed (Figure 3.4).
This is most likely due to the expansion of all TDLN-derived T cells isolated. The
proportion of T cells specific for CMS-5 in the TDLN is possibly low and therefore not
capable of forming a successful anti-tumour response in a short time period.
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Figure 3.3: TDLN-derived T cells from tumour-bearing mice were engineered to express the

28(BCMA-CAR.

(A) Schematic indicating experimental protocol followed. T cells were activated from TDLN isolates, transduced with
ecotropic retrovirus containing the CAR construct, and cultured for 7 days post-activation. Day 7 T cells were stained
with fluorescent antibodies against the CAR construct marker prior to flow cytometric analysis. (B) Cell viability of T
cell cultures was assessed every two days for a 7-day culture period post-activation using an automated cell counter and
AOPI staining. (C) Shows a representative flow plot and (D) summarizes the phenotypes. (E) Represents the memory
phenotype of the cells (Tem= Central Memory T cells [CD62L+CD44+]; T eff/em= Effector T cells [CD62L-CD44+];
Tscm- Stem Cell Memory T cells [CD62L-CD44-]). Gating strategy: Live
Cells>Lymphocytes>CD45.2+>CAR+>CD4+ and CD8+
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Figure 3.4: T cells isolated from TDLN of CMS-5 tumour-bearing mice proliferated only

when stimulated through the CAR and were unable to kill tumour targets. T cells were activated
from TDLN isolates, transduced with ecotropic retrovirus containing the CAR construct, and cultured for 7 days post-
activation. (A) CellTrace Violet (CTV) dilution assay to assess in vitro proliferation of BCMACAR T cells upon
stimulation with BCMA (CAR target)- or mERK (CMS-5)-expressing target cells. CTV-labelled T cells were co-
cultured with target cells for 4 days followed by flow cytometric analysis. Cells shown in these plots were gated down
from live cells > lymphocytes > single cells > CD45.2+ cells > CD8+ cells. (B) Summarizes the percentage of divided
cells in each group. (C) In vitro luciferase-based cytotoxicity assays, where cytotoxicity is measured as the %viability of
target cells following incubation with effector cells. Enhanced luciferase (effLuc)-expressing CMS-5 target cells were
plated with BCMACAR- T cells at effector to target (E: T) ratios from 0.5 - 8. After ~19-hours, firefly luciferin
substrate was added to each well and luminescence was quantified. If killing analysis calculated a negative number, 0
was denoted at the % killing.

3.1.4 Invigorating the cytotoxic capacity of BCMACAR-T cells derived from TDLN

We hypothesized that tumour-specific T cells from TDLN were rare and required a
stimulus to expand prior to being challenged with the tumour target. So, we co-cultured
engineered-TDLN from an MC-38 tumour-bearing mouse (MC-38-CAR-TDLN) with
MC-38 tumour cells. The T cell media was supplemented with IL-2 (500 IU/mL) to
facilitate activation of the T cells and 10 ng/mL of IL-7 to promote survival. Following
the co-culture period, the stimulated MC-38-CAR-TDLN were evaluated for cytotoxicity
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against MC-38 tumour cells in a luciferase-based cytotoxicity assay and some
cytotoxicity was observed at high E:T (Figure 3.5A).

The MC-38-CAR-TDLN were then co-cultured with either MC-38 or CMS-5-
BCMA to stimulate the cells through the TCRs or the CAR, respectively (Figure 3.5B).
For this experiment, cytotoxicity was assessed after four days of co-culture (Figure
3.5C/D/E). T cells from both co-culture conditions displayed cytotoxicity against MC-38
and CMS-5 tumour cells.

As an alternate strategy to assess TCR-mediated and CAR mediated activation of
the T cells, we elected to assess cytokine production following stimulation using
intracellular cytokine staining (ICS). Cryopreserved MC-38-CAR-TDLN and non-
engineered MC-38-TDLN were thawed and rested overnight in complete medium with
IL-2 and IL-7. After the overnight rest, the T cells were stimulated with MC-38 cells,
CMS-5 cells and CMS-5-BCMA cells. Cells were also stimulated with ionomycin and
phorbol myristate acetate (PMA) as a positive control. IFN-y and TNF-o production was
measured as a read-out for activation by the stimulation. The positive control caused
almost 100% of the T cells to produce both cytokines, confirming that the T cells were
functional. A fraction of the T cells produced cytokine in response to CAR stimulation
(Figure 3.6B/C), but the cells did not produce cytokine in response to MC-38 stimulation,
which indicates a low frequency of MC-38-specific T cells in the TDLN, if any.
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Figure 3.5: T cells isolated from TDLN of MC-38 tumour-bearing mice show cytotoxic

effects after co-culture stimulation.(A) TDLN were placed in culture with irradiated tumour target cells and
challenged in an in vitro killing assay (described below). (B) Schematic overview of experiment. (A, B, C, D) In vitro
luciferase-based cytotoxicity assays, where cytotoxicity is measured as the % viability of target cells following
incubation with effector cells. Enhanced luciferase (effLuc)-expressing target cells were plated with CAR-T cells that
had been co-cultured in cytokine supplemented media for 5-days with the CAR target (C) or the tumour target cell
(A,C,D). T cells isolated from TDLN of MC-38 tumour-bearing mice were challenged with (A,C,D) MC-38 (E) CMS-5
tumour cells to assess for non-specific killing. Cells are plated at effector to target (E:T) ratios from 0.25 - 8. After ~19-
hours, firefly luciferin substrate was added to each well and luminescence was quantified. If killing analysis calculated

a negative number, 0 was denoted at the % killing.
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Figure 3.6: T cells isolated from TDLN of MC-38 tumour-bearing mice do not produce
inflammatory cytokines in response to stimulation with tumour target.(A) Schematic indicating
experimental protocol followed. (B, C) In vitro intracellular cytokine staining assay where T cells derived from TDLN
were stimulated with various tumour targets and the cytokine response of IFN-y (B) and TNF-a (C) was assessed at a
per cell basis using. Cells were then stained using aCD8, aCD4, aCD45.2, aCAR, aTNF-o and alFN-y antibodies and
assessed by flow cytometry.

3.2 Evaluating a CAR-mediated OV vaccine boost in the DUC18/CMS-5 model

3.2.1 Depleting CD4+ T cells from splenocytes and mERK-activation of splenocytes to
evaluate effects on memory phenotype and function

In preliminary in vivo experiments with adoptively transferred CD4+CD8+
DUCI8 T cells, 5 days post-VSV-hBCMA vaccination, no boosting or persistence of the
infused T cells were present in the peripheral blood (Figure 1.3). We hypothesized that the
CD4+ T cells grown alongside CD8+ T cells in DUC18 cultures were having some sort of
negative impact on the boosting capacity of the DUCI18 T cells. To assess this, we used
magnetic separation to isolate the CD4+ cell population from unaltered splenocytes, to
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maintain the most similarity between the CD4-negative (CD4- cell population) and
CD4+CD8+ (unaltered) DUCI18 T cell populations. We then cultured the CD4-negative
and CD4+CD8+ cell populations in the P14 culture conditions, as shown in Figure 3.7A,
and evaluated differences in growth, BCMACAR expression and phenotype. We chose to
conduct a head-to-head comparison of two pre-existing CAR constructs (CD28C-
signalling and BBC- signalling) within these experiments to ensure we selected the most
effective CAR in the anti-cancer response. Depleting the CD4+ T cells did not alter
growth (Figure 3.7B) or BCMACAR (Figure 3.7C) expression, but the T cells engineered
from the CD4-depleted splenocytes skewed towards the Tcm cell phenotype (Figure 3.7D).
This was considered a favorable outcome as previous reports from our group have
demonstrated that T cells with Tem phenotype are more therapeutically effective in the
combination ACT with rhabdovirus boost strategy®*>%°, Neither CAR construct seemed
to exhibit superiority in expansion, CAR engineering or memory phenotype. Consistent
with the shift towards Tcm, the CAR-T cells engineered from the CD4-depleted DUC18
splenocytes displayed greater proliferation than CAR-T cells engineered from the
unsorted splenocytes (Figure 3.7E).
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Figure 3.7: Depleting CD4+ T cell populations from murine splenocytes lead to modest

differences in memory phenotype bias and proliferative capacity.(A) Schematic indicating cell
manufacturing protocol followed. DUC1S8 splenocytes were depleted or not of CD4+ T cells and activated with plate-
bound aCD3e at 5 ug/mL,aCD28 antibodies and transduced with BCMACAR-CD28z or BCMACAR-BBz retrovirus.
They then were cultured for 7 days post-activation in media supplemented with 10 ng/mL rhIL-7 and 10 ng/mL rhIL-15
after day 4 of culture prior to phenotype analysis. (B) Cell viability of T cell cultures was assessed every two days for a
7-day culture period post-activation using an automated cell counter and AOPI staining. (C and D) T cells were
collected and stained with fluorescently conjugated anti-mouse antibodies against transduction and phenotype (CD62L,
CD44) markers prior to FACS analysis. Gating strategy: Lymphocytes> single cells > Thy1.1+ cells > CD4+ and CD8+.
(E) CellTrace Violet (CTV) dilution assay to assess in vitro proliferation of BCMACAR T cells upon stimulation with
BCMA- or mERK-expressing target cells. CTV-labelled T cells were co-cultured with target cells for 4 days followed
by flow cytometric analysis. Cells shown in these plots were gated down from live cells > lymphocytes > single cells >
Thyl.1+ cells > CD8&+ cells.
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It is also important to note that the DUCI18 transgene displays lower penetrance
than the P14 transgene. As such, the mERK-specific TCR is only present on 35%—50% of
the T cell repertoire in DUC18 transgenic mice whereas the gp33-specific TCR is present
on >99% of the T cell repertoire of P14 mice. To selectively engineer and expand the
mERK-specific CD8+ T cells from DUC18 splenocytes, the splenocytes were stimulated
with mERK peptide as we had described previously®**>%¢ and engineered with the
BCMACAR retrovirus. As a control, the same splenocytes were activated and engineered
according to our conventional protocol using antibody activation. The peptide-stimulated
splenocytes displayed reduced expansion, which is not unexpected since only a fraction
of the T cells will be stimulated by mERK peptide whereas all the T cells will be activated
in our conventional protocol (Figure 3.8A). Peptide-based activation resulted in reduced
overall transduction and expression of the BCMACAR (Figure 3.8B) but resulted in a
striking enhancement of T cells with a memory phenotype (Figure 3.8C) much more
skewed toward the Tem cell phenotype. To assess the cytotoxic capacity of these
differently activated cells, a Luciferase-based killing assay was performed. We
hypothesized that the antigen-activated T cells would exhibit superior killing of the CMS-
5 cells upon challenge. When this experiment was performed, no adjustments were made
for VB8.3+ (mERK specific) DUC18 T cells. A modest difference in killing was observed
(Figure 3.8D). It can be assumed that the slightly higher effector phenotype of the
antibody-activated cells facilitated more killing of tumour targets in this short period, but
regardless neither set of cells completely cleared the tumour targets. This also indicates
that mERK-TCR selective culture conditions do not seemingly confer superior cytotoxic
ability of DUCI18 T cells in this assay.
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Figure 3.8: Activating murine DUC18 splenocytes with mERK peptide led to some
differences in growth and cell phenotype but does not lead to superior killing capacity.DUCI8
splenocytes were activated with plate-bound aCD3e at 5 ug/mL,aCD28 antibodies or the mERK peptide at 0.1ug/mL
and transduced with BCMACAR-CD28z retrovirus. They then were cultured for 7 days post-activation in media
supplemented with 10 ng/mL rhIL-7 and 10 ng/mL rhIL-15 after day 4 of culture prior to phenotype analysis. (A) Cell
viability of T cell cultures was assessed every two days for a 7-day culture period post-activation using an automated
cell counter and AOPI staining. (B, C) T cells were collected and stained with fluorescently conjugated anti-mouse
antibodies against transduction and phenotype (CD62L, CD44) markers prior to FACS analysis. Gating strategy:
Lymphocytes> single cells > Thy1.1+ cells > CD4+ and CD8+ (D) Enhanced luciferase (effLuc)-expressing target cells
were plated with CAR-T cells at effector to target (E:T) ratios from 0.25 - 8. After ~19-hours, firefly luciferin substrate
was added to each well and luminescence was quantified.

3.2.2  Boosting CD4-negative DUCI8 BCMACAR T cells and CD4+CD8+ DUCI8
BCMACAR T cells with VSV-hBCMA

Upon confirmation that the CD4-negative and CD4+CD8+ cells had proliferative
capacity post-thaw (Figure 3.7), the next step was to assess the cells’ capacity to be
boosted through the CAR upon VSV-hBCMA vaccination. The outline for the experiment
is detailed in
FigureA. Both the BB and 28C variants of our BCMACAR were included in this first
experiment to determine whether one BCMACAR demonstrated superior anti-tumour
activity and expansion than the other. BCMACAR-DUCI18 T cells generated from CD4-
depleted DUCI18 splenocytes or total DUC18 splenocytes were transferred into CMS-5
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bearing BALB/c mice and the following day, mice were vaccinated with VSV-hBCMA.
Transferred T cells were measured by the congenic marker Thyl.1 (CD90.1), a surface
marker present on DUC18 T cells, in the peripheral blood 5- and 12-days post-
vaccination. Only the CD4-negative 28CBCMACAR T cells displayed marked expansion
of the transferred Thy1.1+CD8+ T cells in the peripheral blood following VSV-hBCMA
vaccination (Figure 3.9B). We observed some mice with T cell expansion following
infusion with BBCBCMACAR T cells generated from CD4-depleted splenocytes, but this
did not achieve significance. Most notably, no expansion was observed in mice infused
with T cells manufactured from total lymphocytes, regardless of the CAR used for
engineering. Thus, the removal of CD4+ T cells from the splenocytes prior to
manufacturing yields a T cell product with improved capacity for expansion following
boosting with VSV-hBCMA.. Regardless of the expansion observed 5 days following
vaccination, very few adoptively transferred T cells persisted 12 days after vaccination
with VSV-hBCMA, although CD4-negative 28CBCMACAR still maintained a higher
significantly higher percentage than the CD4+CD8+ T cells (Figure 3.9C). Based on these
results, the 28CBCMACAR was employed exclusively in later experiments. Despite the
evidence of early T cell expansion in some groups, there was no tumour regression
(Figure 3.9D) or long-term extended survival (Figure 3.9E) in any group.
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Figure 3.9: ACT and recombinant VSV-hBCMA boosting of CD4-negative and CD4+CD8+

DUC18 CAR-T cells in CMS-5 tumour-bearing mice.(A) Schematic indicating experimental timeline
and setup. 1x10° cryopreserved purified or bulk DUC18-Thy1.1+ BCMACAR-T cells or DUC18 UT-T cells were
administered intravenously and 0.5 mg of aIFNARI blocking antibody was delivered intraperitoneally 7 days after
CMS-5 tumours were implanted intradermally (I.D.) in 6-8-week-old BALB/c recipients (n=6-8). Approximately 16
hours prior to vaccination, 0.5 mg of alFNAR1 antibody was administered interperitoneally (I.P.) to each animal. 24
hours after ACT, 2x10® plaque forming units (PFU) of rVSV-HBCMA was administered through LV. (B) 5 and (C) 12
days after vaccination, non-terminal bleeds were collected from the facial vein of each mouse. Following ACK lysis to
remove erythrocytes, cells were stained with a fixable viability dye and aCDS8, aCD4, aThy1.1, and aCAR antibodies
for quantification of cell populations by flow cytometry. Plots represent the percentage of total CD8+ T cells in
peripheral blood that express the congenic marker, Thyl.1, in each BALB/c recipient post-VSV. 2-way ANOVA
statistical analysis was performed. (D) Tumour volume was monitored by manual caliper measurement every 2-3 days
for the duration of the experiment. (E) Survival from the time that vaccination was performed (three experiments
represented) (n=6-9).
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3.2.3  Monitoring DUCI8 T cell expansion using non-invasive luminescent imaging

Monitoring T cells in the peripheral blood is a useful method for tracking T cell
expansion but it does not accommodate for T cell expansion in specific tissues. Therefore,
we elected to engineer T cells with the BCMACAR and luciferase to enable non-invasive
imaging of the T cells by bioluminescence. To assess feasibility of this approach, T cells
were activated from total DUC18 splenocytes and co-engineered with the BCMACAR
and red-shifted firefly luciferase (rsLuc). This luciferase variant emits light at
wavelengths greater than 600 nm, avoiding the absorption of blue and green light by
hemoglobin and myoglobin, thereby enhancing sensitivity during in vivo imaging
compared to the wild-type firefly luciferase!!®!!°. These co-engineered cells were
adoptively transferred into CMS-5 tumour-bearing BALB/C mice and vaccinated with
VSV-hBCMA the following day. The mice were imaged the day of and day after VSV
vaccination and then imaged every second day until the T cell signal was no longer
detectable (Figure 3.10A). Presence of T cells in the periphery was measured using a
blood samples 5 days post vaccination, as was previously done. In these data, there
appeared to be a peak in the transferred T cells on day four post vaccination, but these
cells had completely regressed by day six (Figure 3.10B/D) and were not present in the
peripheral blood on day 5 post-vaccination (Figure 3.10C). Based on these results, future
experiments will monitor transferred T cells in the peripheral blood on day four post-
vaccination instead of day five.
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Figure 3.10: Adoptively transferred CD4+CD8+ DUC18 CAR-T cells in CMS-5 tumour-

bearing mice peak at 4-days following vaccination with VSV-hBCMA..(A) Schematic indicating
experimental timeline and setup. 1x10° cryopreserved DUC18 rsLucBCMACAR-T cells or rsLuc T cells were
administered intravenously and 0.5 mg of aIFNARI blocking antibody was delivered intraperitoneally 5 days after
CMS-5 tumours were implanted in 6-8 w.o. BALB/c recipients and baseline images were taken. 24 hours after ACT,
2x108 PFU of rVSV-HBCMA was administered intravenously. (B) 4 days after vaccination, non-terminal bleeds were
collected from the facial vein of each mouse. Following ACK lysis to remove erythrocytes, cells were stained with a
fixable viability dye and aCD8, aCD4, aThyl.1, and aCAR antibodies for quantification of cell populations by flow
cytometry. Plots represent the percentage of total CD8+ T cells in peripheral blood that express the congenic marker,
Thyl.1, in each BALB/c recipient post-boost. 2-way ANOVA statistical analysis was performed. (C) Mean radiance of
images taken of each group (D) Representative images of the data represented in (C) of the DUC18 rsLucBCMACAR-
T cells + VSV experimental group. 2-way ANOVA statistical analysis was performed (one experiment represented)
(n=3).
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To monitor the trafficking of T cells engineered from CD4-negative and
CD4+CD8+ splenocytes, we co-engineered T cells manufactured from both starting
sources to express the BCMACAR and rsLuc. The cells manufactured from both sources
expanded similar (Figure 3.11A) and had expression of both rsLuc and the BCMACAR
(Figure 3.11B/C). Upon thawing, the co-transduced cells were assessed for proliferative
capacity when stimulated through the CAR and TCR and considered validated for in vivo
studies as proliferation was observed (Figure 3.11D).
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Figure 3.11: CD4-negative and CD4+CD8+ DUCI18 T cells were co-engineered with rsLuc
and a BCMACAR and proliferative in functional assessments.(A) DUC18 splenocytes were depleted
or not of CD4+ T cells and activated with plate-bound aCD3e, aCD28 antibodies and co-transduced with BCMACAR
and rsLuc retroviruses. They then were cultured for 7 days post-activation in media supplemented with 10 ng/mL rhIL-
7 and 10 ng/mL rhIL-15 after day 4 of culture prior to phenotype analysis. (C) Viability of T cell cultures were assessed
every two days for a 7-day culture period post-activation using an automated cell counter and AOPI staining. (D) (E)
DUCI18 cells were collected and stained with fluorescently conjugated anti-mouse antibodies against transduction and
phenotype (CD62L, CD44) markers prior to FACS analysis. Gating strategy: Lymphocytes> single cells > Thyl.1+
cells > CD4+ and CD8+. (D) Shows a representative flow plot and (E) summarizes the data. (F) CellTrace Violet (CTV)
dilution assay to assess in vitro proliferation of BCMACAR T cells upon stimulation with BCMA- or mERK-expressing
target cells. CTV-labelled T cells were co-cultured with target cells for 4 days followed by flow cytometric analysis.
Cells shown in these plots were gated down from live cells > lymphocytes > single cells > Thyl.1+ cells > CD8+ cells.

The co-engineered cells from both sources were adoptively transferred into CMS-
5 tumour-bearing BALB/C mice and vaccinated with VSV-hBCMA the following day.
The mice were imaged the day of and day after VSV vaccination and then imaged every
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second day until the T cell signal was no longer detectable. As described, peripheral blood
was collected on day 4 post-vaccination instead of day 5 (Figure 3.12A). Each mouse was
imaged three times a week until endpoint or luminescence was no longer detectable. In
this figure, DUCI18 T cells transduced solely with the rsLuc construct serve as the control
group, as no T cell boosting is expected in the absence of the BCMACAR construct. In
Figure 3.12B, expansion of the transferred Thy1.1+CD8+ T cells in the peripheral blood
following VSV-hBCMA vaccination is again predominantly limited to the CD4-depleted
group. Similarly to previous results, using a CD4-negative DUC18 T cell product allows
for more expansion following vaccination, despite one mouse in the CD4+CD8+ T cell-
treated group having similar percentages of transferred cells present. Both CD4-negative
and CD4+CD8+ cells become undetectable by 11-days post-vaccination, as was observed
in imaging so no peripheral bleeds were collected.

FigureC summarizes the mean radiance data represented in Figure 3.12D and there was
no significant difference between the CD4-negative and CD4+CD8+ DUCI18 T cells
observed. There was no evident difference in cell trafficking between the CD4-negative
and CD4+CD8+ DUCI18 T cell populations.
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Figure 3.12: Adoptive transfer, recombinant VSV-hBCMA boosting and ir vivo tracking of

CD4-negative and CD4+CD8+ DUC18 CAR-T cells in CMS-5 tumour-bearing mice.(A)
Schematic indicating experimental timeline and setup. 1x10° cryopreserved bulk or purified DUC18 rsLucBCMACAR-
T cells or rsLucT cells were administered intravenously and 0.5 mg of alFNAR1 blocking antibody was delivered
intraperitoneally 5 days after CMS-5 tumours were implanted in 6-8 w.o. BALB/c recipients and baseline images were
taken. 24 hours after ACT, 2x10® PFU of rVSV-HBCMA was administered intravenously. (B) 4 days after vaccination,
non-terminal bleeds were collected from the facial vein of each mouse. Following ACK lysis to remove erythrocytes,
cells were stained with a fixable viability dye and aCD8, aCD4, aThyl.1, and aCAR antibodies for quantification of
cell populations by flow cytometry. Plots represent the percentage of total CD8+ T cells in peripheral blood that express
the congenic marker, Thyl.1, in each BALB/c recipient post-boost. 2-way ANOVA statistical analysis was performed.
(C) Mean radiance of images taken of each group (D) Representative images of the data represented in (C) of the
DUC18 rsLucBCMACAR-T cells + VSV experimental group. 2-way ANOVA statistical analysis was performed (one
experiment represented) (n=3).
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3.2.4 Comparing the boosting capacity and anti-tumour effects of CD4-negative and
CD4+CD8+ DUCI18 BCMACAR T cells boosted with VSV-mERK or VSV-hBCMA

Utilizing VSV-mERK alongside VSV-hBCMA allows us to compare TCR-
activated boosting and compare it to CAR-activated boosting, using VSV-hBCMA. An
experimental schematic is represented in Figure 3.13A. To compare any differences
observed when stimulating the CD4-depleted or CD4+CD8+ T cells through the TCR or
CAR, engineered T cells were adoptively transferred into CMS-5 tumour-bearing
BALB/C mice and vaccinated with VSV-hBCMA or VSV-mERK the following day. As
seen in Figure 3.13B, the same trends of reduced CD8+Thy1.1+ T cell expansion when
CDA4+ T cells are present in the transferred BCMACAR T cell product, regardless of
whether the infused T cells were stimulated via their TCR by VSV-mERK or their CAR
via VSV-hBCMA. We observed no significant difference in expansion or persistence of
the infused T cells whether they were stimulated through their TCR, or their CAR (Figure
3.13C). Tumours relapsed in all mice but two; one in the CD4-negative and one in the
CD4+CD8+ DUC18 BCMACAR T cell groups, both boosted with VSV-mERK (Figure
3.13D). Taken together, these data further indicate that there is a benefit to manufacturing
engineered T cells from CD4-depleted DUC18 splenocytes, independent of whether
boosting through the CAR or TCR.
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Figure 3.13: Adoptively transferred CD4-negative and CD4+CD8+ DUC18 CAR-T cells in
CMS-5 tumour-bearing mice behave similarly in CAR- and TCR-activated boosting

following VSV-hBCMA vaccination.(A) Schematic indicating experimental timeline and setup. 1x10°
cryopreserved CD4-negative or CD4+CD8+ DUC18 BCMACAR-T cells or DUC18 UT-T cells were administered
intravenously and 0.5 mg of alFNAR1 blocking antibody was delivered intraperitoneally 5 days after CMS-5 tumours
were implanted in 6-8 w.o. BALB/c recipients. 24 hours after ACT, 2x10® PFU of rVSV-HBCMA or rVSV-mERK was
administered intravenously. (B) 4 and (C) 11 days after vaccination, non-terminal bleeds were collected from the facial
vein of each mouse. Following ACK lysis to remove erythrocytes, cells were stained with a fixable viability dye and
aCDS8, aCD4, aThyl.1, and aCAR antibodies for quantification of cell populations by flow cytometry. Plots represent
the percentage of total CD8+ T cells in peripheral blood that express the congenic marker, Thy1.1, in each BALB/c
recipient post-boost. 2-way ANOVA statistical analysis was performed. (D) Tumour volume was monitored by manual
caliper measurement every 2-3 days for the duration of the experiment. (E) Survival from the time that vaccination was
performed (two experiments represented) (n=6).
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3.3 Investigating the mechanisms involved in an effective CAR-mediated OV
vaccine boost and achieving durable anti-tumour function in the P14/B16.F10-

gp33

3.3.1 Investigating the contributions of CD4+ T cells to CD8+ T cell expansion in vivo

The data described above indicated that CD4+ T cells may be detrimental to the
manufactured T cell product, but these data cannot discern the impact of the CD4+ T cells
on the CD8+ T cells during manufacturing from the impact of the CD4+ T cells on the
CD8+ T cells in vivo. To address this question, we elected to employ the P14 TCR
transgenic system which, as described above, has deep transgene penetrance where the T
cell populations are uniformly CD8+ and expressing the gp33-specific TCR. When mice
bearing B16F10-gp33 tumours, expressing the target epitope of the P14 TCR, were
treated with BCMACAR-engineered P14 cells followed by VSV-hBCMA, we observed
robust expansion of the infused T cells and tumour regression; however, the infused T
cells failed to persist and the tumour uniformly relapsed (Figure 1.1). We elected to use
this model to determine whether adding BCMACAR-engineered CD4+ T cells to the
infusion product could improve the durability of the antitumour efficacy. In a preliminary
experiment investigating CD4+ T cells within the P14/B16.F10-gp33 model, addition of
independently manufactured non-differentiated (ND) wildtype C57BL/6 CD4+ T cells to
P14 T cells significantly reduced boosting capacity when compared to P14 CD8+ T cells
alone (Figure 3.14B/C). In addition, no benefit in controlling tumour relapse (Figure
3.14D) or survival advantage was observed when including BCMACAR CD4+ T cells
(Figure 3.14E).
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Figure 3.14: Non-differentiated (ND) C57BL/6 CD4+ T cells significantly reduced in vivo

expansion of P14 T cells when included in the T cell product.(A) Schematic showing experimental
procedures. 1x10° cryopreserved P14 BCMACAR-T cells or CD4+ C57BL/6 BCMACAR-T cells and P14
BCMACAR-T cells were administered intravenously and 0.5 mg of alFNAR1 blocking antibody was delivered
intraperitoneally 7 days after 1e5 B16-F10-gp33 tumours were implanted in 6-8 w.o. C57BL/6 recipients. 24 hours after
ACT, 2x10% PFU of r'VSV-HBCMA was administered intravenously. (B) 5 and (C) 12 days after vaccination, non-
terminal bleeds were collected from the facial vein of each mouse. Following ACK lysis to remove erythrocytes, cells
were stained with a fixable viability dye and aCD8, aCD4, aThy1.1, and aCAR antibodies for quantification of cell
populations by flow cytometry. Plots represent the percentage of total CD8+ T cells in peripheral blood that express the
congenic marker, Thyl.1, in each C57BL/6 recipient post-boost. Student t-test statistical analysis was performed. (D)
Tumour volume was monitored by manual caliper measurement every 2-3 days for the duration of the experiment. (E)
Survival from the time that vaccination was performed (one experiment represented) (n=5).
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To address the question of whether differentiated CD4+ T cells can enhance
expansion and/or persistence of the transferred T cells and enhance therapeutic efficacy,
we elected to manufacture CAR-engineered CD4+ T cells separately from CAR-
engineered CD8+ T cells and pool the T cells after manufacturing, as done by others®.
We decided to manufacture a differentiated CD4+ T cell population in comparison to our
non-differentiated (ND) CD4+ T cell product. The current culture conditions are
optimized for CD8+ T cell expansion, as was required in the P14 T cell population. We
first aimed to produce a T helper 1 (Thl) CD4+ T cell population. Th1 cells have been
well described as critical for an effective anti-tumour response by cytotoxic activity
directly, through secretions of IFN-y or TNF-a, or by stimulating cytotoxic CD8+ T cell
activity through production of IL-2!2°, Th1 differentiation requires IL-2 for expansion, IL-
12 to promote T-bet expression which is the master regulator of the Th1 genetic program,
and oIL-4 to prohibit Th2 differentiation!2!-12°, We also included IL-7, as we use in our
CD8+ T cell culture for the initial expansion followed by the addition of IL-15'2%127, The
cells were harvested from spleens, CD4+ T cells were magnetically separated and
engineered with the BCMACAR through retroviral transduction. Figure 3.15A
summarizes this process and describes the media additives included for culturing the ND
and Thl cells. Figure 3.15B shows C57BL/6 CD4+ T cells that were successfully
engineered with BCMACAR. To assess whether the manufactured CD4+ T cells were
able to produce cytokine when stimulated with CAR target-expressing cells and cytokine
production was measured by intracellular cytokine staining. The CD4+CAR+ T cells
were assessed for cytokine production as a read-out for activation by the stimulation. The
positive control caused almost 100% of the T cells to produce both cytokines, confirming
that the T cells were functional. The frequency of CD4+ T cells expressing IFN-y
following the stimulation was assessed as Th1 T cells have been defined as IFN-y+!22,
The Thl cells produced IFN-y in response to the CAR target while the non-differentiated
CD4+ T cells, produced no cytokine (Figure 3.15C). While functional it is shown in
Figure 3.15D that the viability of the Thl cells decreases beyond day four of culture.
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Figure 3.15: T helper 1 (Th1) CD4+ T cells can be engineered with a boosting CAR and
produce cytokine in response to CAR stimulation.(A) Schematic indicating experimental protocol
followed with the CD4+ T cells. Purified CD4+ T cell populations were isolated from bulk C57BL/6 splenocytes,
activated with plate-bound aCD3e, aCD28 antibodies and transduced with BCMACAR retrovirus. They then were
cultured for 6 days post-activation in media supplemented with 10 ng/mL rhIL-7, 15 ng/mL rhIL-12, 30 IU/mL IL-2
and 5 ng/mL of alL-4 and 10 ng/mL rhIL-15 or just IL-7 and IL-15 after day 4 of culture prior to phenotype analysis.
Th1 represents T helper 1 CD4+ T cells while ND represents non-differentiated CD4+ T cells (B) C57/BL6 cells were
collected and stained with fluorescently conjugated anti-mouse antibodies against transduction and phenotype (CD62L,
CD44) markers prior to FACS analysis. Gating strategy: Lymphocytes> single cells > CD45.2+ cells > CD4+ and
CD8+ (C) In vitro intracellular cytokine staining assay where T cells derived from TDLN were stimulated with various
tumour targets and the cytokine response of IFN-y was assessed at a per cell basis using. Cells were then stained using
aCDS8, aCD4, aCD45.2, aCAR, alFN-y antibodies and assessed by flow cytometry. (B) Viability of T cell cultures were
assessed every two days for an 8-day culture period post-activation using an automated cell counter and AOPI staining.
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To overcome this loss in viability, engineered CD4+ T cells were collected and
cryopreserved five days post-activation where the engineered Thl T cells displayed no
loss of viability (Figure 3.16A) and high expression of the BCMACAR (Figure 3.16B).
To then assess whether the engineered-Th1 T cells were capable of proliferating following
stimulation of the CAR and to determine whether the engineered-Th1 T cells could
provide help to P14 CD8+ T cells, we performed a proliferation assay with each cell
population (Th1, P14-CDS) alone or in combination at a 1:1 ratio. The Thl T cells
proliferated modestly, but when combined with CD8+ P14 T cells (Th1 CD4+ and P14 T
cells), the P14 T cell population seemed to have a marginally increased proliferation
index (Figure 3.16C) and fold expansion (Figure 3.16D) when comparing to the condition
where P14 T cells were assessed alone.
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Figure 3.16: Th1 CD4+ T cells can proliferate in response to CAR stimulation and modestly
increase proliferative capacity of P14-Thy1.1 T cells in vitro. Purified CD4+ T cell populations were
isolated from bulk C57BL/6 splenocytes, activated with plate-bound aCD3e, aCD28 antibodies and transduced with
BCMACAR retrovirus. They then were cultured for 6 days post-activation in media supplemented with 10 ng/mL rhIL-
7, 15 ng/mL rhIL-12, 30 IU/mL IL-2 and 5 ng/mL of alL-4 and 10 ng/mL rhIL-15 or just IL-7 and IL-15 after day 4 of
culture prior to phenotype analysis. Thl represents T helper 1 CD4+ T cells while ND represents non-differentiated
CD4+ T cells. (A) Cell viability of T cell cultures was assessed every two days for a 7-day culture period post-
activation using an automated cell counter and AOPI staining. (B) T cells were collected and stained with fluorescently
conjugated anti-mouse antibodies against transduction and phenotype (CD62L, CD44) markers prior to FACS analysis.
Gating strategy: Lymphocytes> single cells > Thy1.1+ cells > CD4+ and CD8+. (D and E) CellTrace Violet (CTV)
dilution assay to assess in vitro proliferation of BCMACAR T cells upon stimulation with BCMA- or mERK-expressing
target cells. CTV-labelled T cells were co-cultured with target cells for 4 days followed by flow cytometric analysis. (D)
Represents proliferation index; (D) represents fold expansion of total cells into the assay versus cells based on events
collected vis flow cytometry. Cells shown in these plots were gated down from live cells > lymphocytes > single cells >
Thy1.1+ cells > CD8+ cells. One experiment represented.
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To assess whether the engineered-Thl cells could provide help to engineered-P14
T cells in vivo, we performed an experiment where the two cell populations were mixed at
a 1:1 ratio so that a dosage total of 1x10°T cells total (5x10° P14 T cells and 5x10° Thl
CD4+ T cells) was given to mice bearing B16F10-gp33 tumours (Figure 3.17A). The
engineered Th1 cells were manufactured from C57BL/6 splenocytes and transferred into
C57BL/6 recipient mice; as such, we could not distinguish transferred Thl cells from
endogenous CD4+ T cells. We did not include an experimental group treating with P14 T
cells alone because an observable difference of persistence beyond 5 days following
vaccination would infer that the Th1 cells did ameliorate the P14 T cells persistence. In
addition, long-term tumour regression would also indicate successful help. These
outcomes would be clearly different from the uniform observation of no presence of P14
T cells by day 12 post-vaccination and tumour relapse. In place of this, representative data
of BCMACAR P14 T cell expansion, tumour outgrowth and survival are shown alongside
results from this experiment for contrast purposes in Figure 3.17. The analyzed peripheral
blood showed an increase in P14 T cell expansion five days after vaccination, reaching
about half the level of the representative expansion of P14 T cells alone, which aligns
with the half dose of P14 T cells administered (Figure 3.17B). None of these cells
persisted to the second peripheral bleed timepoint (Figure 3.17C) and tumours relapsed
after a brief regression (Figure 3.17D). All recipient mice eventually succumbed to
tumour burden (Figure 3.17E). This suggests that the differentiated CD4+ Th1 T cells are
not able to rescue the P14 T cells in terms of persistence and long-term clearance of
tumour burdens.
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Figure 3.17: Including Th1 CD4+ T cells in ACT and recombinant VSV-hBCMA boosting of
P14 T cells does not benefit P14 T cell persistence or prevent tumour relapse in B16-F10-

gp33 tumour-bearing mice.(A) Schematic indicating experimental timeline and setup. 5x10° cryopreserved P14
BCMACAR-T cells and 5x10° cryopreserved Th1 C57BL/6 BCMACAR-T cells were mixed at a 1:1 ratio and
administered intravenously and 0.5 mg of aIFNARI blocking antibody was delivered intraperitoneally 7 days after 1e5
B16-F10-gp33 tumours were implanted in 6-8 w.o. C57BL/6 recipients. 24 hours after ACT, 2x108 PFU of rVSV-
HBCMA was administered intravenously. P14 alone data is from a separate experiment and was not preformed
alongside the combined experiment. (B) 5 and (C) 12 days after vaccination, non-terminal bleeds were collected from
the facial vein of each mouse. Following ACK lysis to remove erythrocytes, cells were stained with a fixable viability
dye and aCD8, aCD4, aThyl.1, and aCAR antibodies for quantification of cell populations by flow cytometry. Plots
represent the percentage of total CD8+ T cells in peripheral blood that express the congenic marker, Thyl.1, in each
C57BL/6 recipient post-boost. The P14 alone data is representative. (D) Tumour volume was monitored by manual
caliper measurement every 2-3 days for the duration of the experiment. (E) Survival from the time that vaccination was
performed (one experiment represented) (n=5).
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3.3.2  Assessing the inclusion of a mIL-15 transgene into the BCMACAR construct to
improve T cell persistence and tumour clearance in vivo

Without CD4+ T cell help in priming, CD8+ T cells can display a “helpless”
phenotype upon secondary responses and undergo TRAIL-mediated apoptosis or show T
cell dysfunction®-7%71-72 There is evidence that providing a constitutive IL-15/STAT5
signal to CD8+ T cells can overcome the requirement for CD4 help during T cell
priming!?%12°, Co-expression of IL-15 and a CAR had demonstrated increased persistence
and anti-tumour effects when compared to control CAR T cells by several
groups!3®13L132 To assess this in our CAR/OVYV strategy, a construct was designed to co-
express our 28C-BCMACAR and secreted murine IL-15 (mIL-15) in a single vector (
FigureA). It was hypothesized that this BCMACAR variant could support our “helpless”
P14 BCMACAR T cells in place of CD4+ T cells and extend persistence.

In preliminary studies, this construct appeared to increase the number of viable T
cells following an in vitro functional assay (Figure 3.18B), so we decided to compare it to
our BCMACAR construct in vivo. C57BL/6 mice bearing B16F10-gp33 tumours were
either treated with cells engineered with the 28ZBCMACAR construct or with cells
engineered with the 28ZBCMACAR_mIL-15 construct. The inclusion of the IL-15
transgene did not affect the expansion of engineered T cells measured five days after
vaccination (Figure 3.18C); however, neither group persisted until twelve days post-
vaccination (Figure 3.18D). Mice in both groups had tumours relapse at very similar
timepoints following vaccination, showing that the inclusion of the IL-15 transgene is not
advantageous in the anti-tumour response (Figure 3.18E). All experimental mice in both
groups succumbed to their tumour burden with no significant difference between the
BCMACAR and BCMACAR_mlIL-15 treated groups survival probability (Figure 3.18F),
indicating no benefit for T cell persistence and tumour-free survival.
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Figure 3.18: Adoptive transfer and recombinant VSV boosting of BCMACAR (280) mIL-15
P14 T cells does not augment T cell persistence in B16-F10-gp33 tumour-bearing mice.

(A) Schematic indicating experimental timeline and setup. (B) P14 BCMACARmIL-15-T cells increased T cell number
following in vitro CAR-stimulation. 1x10° cryopreserved P14 BCMACAR-T cells, P14 BCMACARmIL-15-T cells or
P14 UT-T cells were administered intravenously and 0.5 mg of alFNARI1 blocking antibody was delivered
intraperitoneally 7 days after 1e5 B16-F10-gp33 tumours were implanted in 6-8 w.o. C57BL/6 recipients. 24 hours after
ACT, 2x108 PFU of rVSV-HBCMA was administered intravenously. (C) 5 and (D) 12 days after vaccination, non-
terminal bleeds were collected from the facial vein of each mouse. Following ACK lysis to remove erythrocytes, cells
were stained with a fixable viability dye and aCD8, aCD4, aThyl.1, and aCAR antibodies for quantification of cell
populations by flow cytometry. Plots represent the percentage of total CD8+ T cells in peripheral blood that express the
congenic marker, Thyl.1, in each C57BL/6 recipient post-boost. Student t-test statistical analysis was performed. (D)
Tumour volume was monitored by manual caliper measurement every 2-3 days for the duration of the experiment. (F)
Survival from the time that vaccination was performed (two experiments represented) (n=10).
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3.3.3 Tracking bioluminescent-VSV-hBCMA in vivo to investigate viral kinetics and
distribution with transient type I IFN blockade

To gain a better understanding of the in vivo kinetics and trafficking of the
recombinant VSVAMS1 combined with transferred CAR-T cells, we developed dual-
expression constructs containing the surface-expressed hBCMA chimeric antigen (VSV-
hBCMA) and a red-shifted firefly luciferase (rsLuc) transgene (VSV-rsLuc-hBCMA)
(Figure 3.19). These constructs were cloned and incorporated into the VSVAMS51
backbone, followed by plaque purification, titration, and sequencing to confirm correct
transgene integration (data not shown). CMS-5 cells were infected with each virus, and
expression of both transgenes was confirmed by flow cytometry and was consistent with
VSV-hBCMA (Figure 3.19B/C). The cytotoxicity of the dual-expression virus was
comparable to that of the virus expressing only hBCMA, though slightly reduced (Figure
3.19D). Lastly, we confirmed that VSV-expressed rsLuc could be detected in vivo
following vaccination in C57BL/6 mice. Six hours post-vaccination, the viruses primarily
localized to the spleen (Figure 3.19E).
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Figure 3.19: Generating and validating VSV-rsLuc-hBCMA.

(A) Schematic representation of single expression and dual-expression antigen constructs. (B) Representative flow plots
for co-expression of ABCMAtNGFR and rsLuc transgenes in CMS-5 cells infected with VSV at an MOI of 1.0 for 16
hours. (C) Relative expression of rsLuc, hABCMAtNGEFR, and (D) viability of infected CMS-5 cells at different MOIs
after 16 hours of infection, determined by flow cytometry. (E) IVIS imaging of naive C57BL/6 mice 6 hours post-
vaccination with VSV-hBCMA /rsLuc viruses. Mice were given alFNAR1 antibody intraperitoneally 24 hours prior to
vaccination (one experiment represented) (n=3).
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O VSV-rsLuc-hBCMA

In the context of the CAR-mediated boosting of adoptively transferred T cells, we
infuse recipients with alFNARI antibody prior to vaccine administration. Blocking type I
interferon is required to maximize the magnitude of the boost and anti-tumour function of
transferred T cells in both the P14 and DUC18 systems. To understand how the interferon
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blockade affects VSV distribution, replication and persistence, we used the validated
VSV-rsLuc-hBCMA to track our viral replication in the presence and absence of type I
IFNs. Albino C57BL/6 mice were used for these experiments to limit absorbance of the
bioluminescence. The VSV-rsLuc-hBCMA was administered intravenously and mice
were imaged at 6-, 48- and 96-hours following vaccination to assess for virus level and
localization in each group (Figure 3.20A). The transferred cells expanded in the periphery
as expected, with only the BCMACAR+ alFNARI1 group having measurable P14 T cells
in the peripheral blood five days following vaccination (Figure 3.20B) and a small
percentage of these transferred cells in this group persisted to twelve days following
vaccination (Figure 3.20C). This increased persistence may be a feature of the albino
C57BL/6 mice as we rarely see persistence in wild type C57BL/6 mice. Inclusion of
transient IFNARI1 blockade increased viral replication in both BCMACAR and UT
groups at all timepoints (Figure 3.20D). At the 48- and 96-hour timepoints, we see a
consistently slightly higher level of the virus in the presence of UT P14 T cells, indicating
potential on-going antigen clearance by BCMACAR P14 T cells that may have been
delayed. This suggests that inclusion of the transient type I IFN blockade increases the
longevity and availability of the viral transgene when compared to PBS controls.

We observed an immediate trafficking of the virus to the spleen in all groups at the
earliest timepoint (Figure 3.20E). Interestingly, by the next timepoint (48 hours), the virus
appears to concentrate in the lower abdominal or pelvic region of mice only in the
alFNAR I-treated groups, while the virus remains in the spleen in the PBS control groups
and this is also observed at the last timepoint (96 hours). This could suggest that inclusion
of the transient type I IFN blockade allows for more robust infection and trafficking of the
virus to other regions of the body as well as increasing overall viral load, leading to the
boosting of transferred BCMACAR T cells.
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Figure 3.20: Tracking VSV-rsLuc-hBCMA with and without atIFNAR1 blockade shows
differences in viral kinetics and infection levels.

(A) Schematic indicating experimental timeline and setup. Mice received 1x10° P14-BCMACAR or P14-UT T cells LV.
and 0.5 mg of alFNAR1 blocking antibody or PBS intraperitoneally. 24 hours after T cell administration, mice received
2x10% PFU of VSV-rsLuc-BCMA 1.V. At 6 hours, 48 hours, and 96 hours post-vaccination, mice were given luciferin
substrate intraperitoneally and imaged using the IVIS live cell imager under gas anesthesia (isoflurane). (B) (C) 5 and
12 days after vaccination, non-terminal bleeds were collected from the facial vein of each mouse. Following ACK lysis
to remove erythrocytes, cells were stained with a fixable viability dye and aCDS8, aCD4, aThy1.1, and aCAR antibodies
for quantification of cell populations by flow cytometry. Plots represent the percentage of total CD8+ T cells in
peripheral blood that express the congenic marker, Thy1.1, in each recipient post-boost. (D) Mean radiance of images
taken of each group (E) Summarized images of the dorsal view of data represented in (D) (one experiment represented)
(n=5).
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4 Discussion

Adoptive CAR T cell therapies have demonstrated remarkable efficacy in treating
hematological malignancies, but significant biological and practical challenges hinder
their clinical success against solid tumours. Such challenges include a lack of robustly
expressed tumour-exclusive target antigens, and inefficient homing to an intratumorally
heterogeneous antigen landscape. These factors limit treatment safety and efficacy and
promote antigen escape. Genetic insertion of synthetic antigen receptors specific to
tumour antigens into bulk polyclonal T cell populations can enable large numbers of
tumour-reactive T cells to be rapidly produced for adoptive transfer. However, the success
of this approach relies on prior knowledge of targetable tumour-associated antigens and
expression of the target antigen uniformly across all cancer cells. Some solid tumours do
have tumour-related antigens, such as human epidermal growth factor receptor 2 (HER2)
in breast, gastric, ductal, pancreatic, non-small cell lung cancer and glioblastoma!3?,
prostate-specific membrane antigen (PSMA) in prostrate cancer'** and Claudin 18.2 in
gastric cancers'¥. Unfortunately, solid tumours consistently lose expression of these
targets and outgrowth of antigen-negative, resistant cells can negate the efficacy of these
single-targeted receptors. Additionally, the engraftment of transferred T cells depends on
a lymphodepleting pre-treatment step which is necessary in achieving the anti-cancer
activity and can create a niche for transferred cells but can also eliminate any anti-tumour
activity by endogenous cells. The findings presented in this thesis aimed to develop a
novel approach to ACT through proof-of-concept work, wherein reduced numbers of
tumour-specific memory T cells are engineered with a CAR and engaged with a paired
vaccine that expresses the CAR target to drive in vivo expansion and differentiation of the
engineered T cells.

Endogenous tumour reactive T cells such as tumour infiltrating lymphocytes
(TIL), or T cells derived from tumour-draining lymph nodes (TDLN) are an attractive T
cell source to engineer with our CAR as no prior tumour antigen knowledge is required.
As these T cells are isolated from either tumour tissue (TIL) or proximal lymph nodes to
the solid tumour (TDLN), they can already recognize multiple tumour antigens through
their native TCRs. We succeeded in isolating and engineering TDLN-derived T cells with
the BCMACAR, but the engineering of TIL requires further investigation. We saw
minimal expansion in our isolated populations, and we did not successfully engineer our
TIL with a synthetic receptor. It is possible that modifications to expansion protocols,
such as the Rapid Expansion Protocol (REP) that has been used to engineer CAR-TIL
from companion dog, mice and human tissues!''%-!12136_ could be beneficial in achieving
the expansion we lacked in what was reported and could lead to successful engineering.
The use of some components of REP, like using feeder immune cells from irradiated
splenocytes, with modifications to lower levels of IL-2 required, could allow for the
required expansion of TIL and allow successful transduction.

To investigate another naturally occurring tumour-specific T cell source, we begin
culturing and engineering T cells derived from TDLN. We demonstrated in this thesis the
successful expansion, engineering and CAR-functionality of these TDLN-derived T cells.
Complications emerged within the cytotoxic capacity of these T cells when re-challenged
with tumour targets from which they were derived. When TDLN-derived T cells were
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assessed for cytokine production in response to a short-term incubation with target
tumour cells, we observed no cytokine production. The TDLN-derived T cells did
produce cytokine in response to stimulation with the cells expressing hBCMA (the CAR
target) and the positive control (Ionomycin and PMA), proving their functionality. As we
activated and expanded TDLN-derived cells using anti-CD3 and anti-CD28 antibodies,
we did not select for tumour reactivity in the engineered population. It is possible that a
small fraction of all TDLN-derived T cells isolated were tumour-specific and our
experimental assays did not account for this factor.

Some solid tumours do express targetable antigens, including HER2, PSMA and
Claudin18.2, which have all been targeted clinically with CAR T cells!37:138:139 A possible
method of modifying our universal CAR/OVYV could utilize these “shared” tumour-
related antigens as our boosting antigen instead of an unrelated antigen. For example, in
HER2+ tumours, polyclonal T cells could be isolated from tumour tissues and engineered
with a HER2-specific CAR. In parallel VSV-AMS51 could be engineered with a HER2
transgene. These multi-specific HER2CAR T cells could then be infused back into a
patient and expanded upon vaccination. As tumour cells and virally infected cells could
express HER2, this could allow for a dual-specific attack, as T cells would confer
cytotoxicity through the TCR and the HER2CAR. While not entirely universal, this
method could be broadly applied to patients with cancers expressing shared antigens. As
we have seen success in treating solid tumours when vaccinating using a TAA, utilizing
these shared antigens could allow for successful expansion of transferred T cells and
potentially engaging endogenous immune cells through antigen spreading and broad
immunostimulation from OV vaccination.

Other groups have also proposed similar hypotheses. For example, Zhu et. al have
engineered murine colorectal cancer cells lines with human CD19, isolated TIL from
tumour-bearing mice and engineered cells with a CD19CAR-TIL'3®, They observed that
adoptively transferred CAR-TIL controlled tumour growth in immunocompetent hosts
without “on-target off-tumour” toxicities. Following these findings, they hypothesize that,
combining engineered OVs with CAR-TIL, could achieve overexpression of engineered
tumour antigens in the TME, engage both CAR-TIL and endogenous T cells in an anti-
tumour response. Indeed, another group has shown that recombinant oncolytic HSV-1
VC2-OVA expressing a fragment of ovalbumin (OVA) can also act as a vector to deliver
antigens to the TME and stimulate strong anti-tumour immunity in syngeneic models'*°.
As we have also shown VSV to be a promising vector to deliver transgenes, it is possible
that using this broader targeting method in our CAR/OVV system with CAR-TIL or T
cells from TDLN could demonstrate superior activity than utilizing an unrelated antigen.

The DUC18-Thy1.1/CMS-5 model has revealed interesting avenues to explore in
the context of the universal boost strategy. T cell manufacturing from CD4-depleted
DUCI18 splenocytes achieved T cell expansion upon VSV-HBCMA vaccination when
using the 28C-BCMACAR variant. When manufacturing T cells from bulk splenocytes,
we did not observe any T cell expansion upon VSV-HBCMA vaccination. CD28 co-
stimulus has also been shown to prompt more rapid and intense CAR T cell activity than
4-1BB co-stimulus'#!. This can result in increased T cell exhaustion when using CD28 co-
stimulus. In CD4-negative DUCI18 T cells, this may also be the case. CAR interactions
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with viral antigens may lead to superior CAR T cell expansion in the periphery when
driven by CD28 co-stimulation, compared to 4-1BB co-stimulation, due to the initial
enhanced activity prompted by CD28. This superior expansion may also lead to
subsequent exhaustion and CAR T cell dysfunction that results in a failure to demonstrate
anti-tumour activity and persistence we observed.

We next tracked the CD4-negative and CD4+CD8+ DUC18 CAR T cells
following VSV-hBCMA vaccination in vivo and found no observable difference in T cell
trafficking or expansion levels relative to mean radiance. This led us to assess whether
CD4-depletion has any effects on in vivo expansion when the engineered T cells were
boosted with a vaccine that stimulates the DUC18 TCR. We found that the CAR T cell in
vivo expansion was consistent regardless of the receptor as CD4-negative CAR T cells
still expanded marginally more than mixed CAR T cells. We also observed long-term
survival of two mice who received vaccines that stimulate the TCR, and this outcome was
not affected by the presence or absence of CD4+ T cells in the manufactured product. The
adoptively transferred T cells were not measurable in either long term survivor. We
suspect the durable tumour clearance was due to endogenous tumour-specific T cells that
emerge through antigen spreading described previously by our group®.

However, this does not explain the consistent lack of expansion and tumour
control we observed by transferring the CD4+CD8+ T cells into recipient mice.
Additional observations in the P14 model showed detrimental effects on T cell expansion
when transferring undifferentiated CD4+ T cells alongside CD8+ P14 T cells. This led us
to further investigate the CD4+ T cell population we were transferring. In this regard, we
optimized the culture and engineering of Th1 T cells, due to their potential capacity to
support our tumour-specific CD8+ T cells. We confirmed that the engineered Th1 cells
produced cytokines (IFN-y and TNF-a) in response to CAR-stimulus. In the context of
mixed cultures with Thl and P14 CD8+ T cells, we observed modest enhancement of P14
CD8+ T cell proliferation. However, the P14 CD8+ T cells are highly proliferative and,
thus, may not benefit from additional CD4+ T cell help in vitro. When the CAR-Th1 cells
were mixed with CAR-P14 CD8+ T cells prior to infusion, we observed no clear benefit
in the context of P14 CD8+ T cell persistence or tumour control relative to historic
controls, but further work is required to make firm conclusions on this matter.

It is possible that Thl cells are not optimal for this system. Th9 cells, which
produce IL-9, may be a better choice as a CD4+ T cell product than Th1 cells for adoptive
transfer as they have been shown to activate and prime CD8+ T cells more effectively
than Thl cells'*2, When co-transferring CD8+ T cells alongside Th1 or Th9 T cells, Lu et
al. observed increased percentages and larger numbers of CD8+ T cells in tumour tissues
when Th9 cells were co-transferred!#?. Th9 cells were also proven to help CD8+ T cell
activation at a higher incidence than Th1 cells by increasing chemokine-dependent
recruitment of DCs to the tumour tissues'#?. The authors indicated that this superior
recruitment led to additional delivery and presentation of tumour antigens to CD8+ T
cells in TDLN. Incorporating Th9 cells into the CAR/OV'V boosting strategy may address
the limited persistence of the P14 CD8+ T cells. If Th9 CAR T cells can replicate this
superior activation of CD8+ T cells and promote antigen presentation, Th9 CAR cell may
provide better support than Th1 CAR T cells exhibited in this thesis. We have shown that
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TCR-mediated engagement of transferred T cells with viral antigens depends on DC
presentation to CD8+ T cells®’. If DCs play a similar role in in CAR-mediated
engagement and expansion and Th9 cells can better facilitate this process, it is possible
this may improve T cell persistence and anti-tumour activity.

As was described, without CD4+ T cell help in priming, CD8+ T cells can display
a “helpless” phenotype upon secondary responses which can dimmish anti-cancer
efficacy. There is evidence that providing a constitutive IL-15 signals to CD8+ T cells can
overcome the requirement for CD4 help during T cell priming!?%132] so we explored the
possibility of augmenting IL-15 signalling in the engineered T cell product. When
comparing T cells engineered to co-express BCMACAR(28() and a full-length murine
IL-15 transgene to T cells expressing only BCMACAR(28(), we did not observe any
difference in the expansion or persistence of the T cells, nor did we observe any
advantage on tumour control or survival of treated mice. Therefore, IL-15 alone may not
be sufficient to overcome the need for CD4+ T cell help and/or co-stimulation by a
licensed DC in our CAR/OV'V system. These findings support the notion that perhaps
more factors are affecting the transferred T cells in our universal system that in-situ 1L-15
cannot rescue.

In attempts to better understand our viral distribution and kinetic upon
vaccination, we also tracked an rsLuc-engineered version of our VSV-HBCMA in vivo.
We noted that inclusion of the alFNAR antibody allowed for higher levels of the
transgene presence for longer when comparing to the PBS treated controls. Using VSV-
HBCMA, which contains the AM51 mutation and leads to an inability to infect healthy
cells with intact IFN response as previously described, it is logically sound that a
temporal systemic blockade of type I IFN signalling aids in viral replication and spread.
At 6 hours post-vaccination, we observed localization of the virus to the spleen in all
groups. Interestingly, though, independent of the T cell treatment, in mice with transient
IFNAR blockade, the strongest signal emanated from the lower pelvic region of the mice.
As we have seen previously that VSV- AM51 has preference for secondary lymphoid
organs, it is possible that the IFNAR blockade allowed for viral spread to the iliac,
mesenteric or sciatic lymph nodes. It is also possible that other tertiary lymphoid organs
located in the digestive tract, such as the gut-associated lymphoid tissue (GALT) and
Peyer’s patches may also become a viral reservoir in the lower pelvic region and
contribute to this increased signal.

It is well known that CARs activate T cells in a faster and more robust manner
when compared to TCR-mediated T cell activation and that this may lead to activation-
induced cell death (AICD)!#43!44 Indeed, Wachsmann et al. (2021) demonstrated this
using human-derived T cells engineered with a CD19 targeting CAR and TCR (eTCRs)
and found that CAR T cells only outperform eTCRs functionally under low antigen
pressure!®. They claimed that the efficacy of CAR T cells over eTCR T cells is a function
of antigen exposure as continued presence of antigen led to significantly impaired CAR T
cell expansion and higher incidences of activation-induced cell death (AICD) in vitro'®.
AICD is an important process in homeostasis and occurs when activated cells undergo
apoptosis when interacting with a death factor and its receptor'#®. In addition, Haffner et
al. compared the persistence of human HER2CAR-TIL to unengineered TIL in HER2+
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tumour-bearing NSG mice following ACT!**, They saw a significant reduction of
CD3+CD45+ cells present in HER2CAR-TIL-treated mice when comparing to un-
engineered TIL-treated mice!3*. While the authors do not comment on these data, this
observed contraction may also be an example of CAR-T cells experiencing ACID to a
higher incidence than T cells stimulated through their TCR. The administration dose of
VSV (2e8 PFU) was derived from T cell transfer experiments wherein T cells were
expanded following TCR-mediated expansion®. Despite this, the VSV-hBCMA dosage
administered to recipient mice to expand transferred CAR T cells was never modified or
examined in our studies. When we blocked type I IFN signalling in the CAR/OVV
system, we observed increased levels of VSV-hBCMA for longer durations in comparison
to when IFN signalling is left intact. This allows T cells to expand more than what is
observed without blocked type I IFN signalling, but it is also possible that this increased
signal is too much for the BCMACAR T cells for extended periods. This increased
antigen pressure due to increased duration and spread of our virus may cause our
transferred T cells to undergo AICD and demonstrate the observed lack of persistence
following the initial expansion. It is possible that the dosage of VSV and subsequent level
of transient antigen present that was sufficient for activation and expansion of TCR-
activated vaccination is overpowering for CAR-activated vaccination. Employing a lower
dose of VSV in combination with transient IFNAR blockade would be an interesting
investigation. This strategy may avoid this ablation of transferred cells and allow for
persistence of transferred cells.

We do not perform any lymphodepletion prior to adoptive T cell transfer. In
previous work done in our group, a VSV encoding a TAA was used to expand
unengineered T cells through TCR-activation. Endogenous CD8+ T cells complemented
adoptively transferred cells in the anti-tumour response and formed a long-term memory
pool for immune surveillance®. This indicated that lymphodepletion prior to ACT/OVV
may damper the long-term tumour control observed. A core difference between this
TCR/OVYV strategy and our CAR/OVV system is the presence of a CAR. CAR T cells
can have the potential to induce anti-CAR immune responses to non-self-components of
the CAR constructs®2. Therefore, it is possible that the widespread infection from
blocking type I IFN signalling and subsequent CAR T cell expansion elicits a stronger
endogenous immune response against the transferred CAR T cells, instead of against
tumour antigens. This may also cause the lack of transferred T cell persistence observed
in both TCR transgenic models. In the clinic, lymphodepletion has been deemed critical
in reaching superior outcomes with CAR-T cell treatments and its inclusion has led to
greater transferred T cell expansion, persistence and efficacy!#’. In a clinical trial using
CD19 targeted CAR T cell therapy, 50% of patients who did not receive lymphodepletion
exhibited anti-CAR responses'*’. While endogenous cells were deemed necessary in the
long-term anti-tumour response in the TCR/OVV strategy®>, this may not be the case in
the CAR/OVYV system. It would be interesting to investigate the effects of
lymphodepletion on CAR-T cell persistence in the CAR/OVV system by opening
engraftment niches and diminishing the likelihood of anti-CAR immunity.

There is still much to learn about the biology of this universal boosting strategy.
Unveiling which cell types engage with CAR T cells upon vaccination is an important
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component of this system. We have previously described that intravenous administration
of recombinant rhabdovirus lead to infection follicular B cell primarily and cross-
presentation of rhabdovirus-derived antigen by splenic dendritic cells which led to
expansion of transferred central memory T cells via TCR:MHC interactions®’. While it is
possible that the BCMA from VSV-hBCMA is also presented on dendritic cells for
presentation to central memory CAR-T cells, it is equally plausible that other cell
population, or B cells, are presenting the BCMA because the CAR-T cells do not rely
upon MHC-mediated antigen presentation. However, it is clear that the long-term
functional outcomes of TCR-mediated boosting are not yet fully recapitulated with our
paired universal boosting CAR/OVYV system. Further examination of the VSV-hBCMA
vaccine and CAR-T cell biology will be helpful for the learning about how synthetic
receptors alter immune responses in this combination therapy and others.
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