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Abstract

Undifferentiated pleomorphic sarcoma (UPS) is one of the most conamgressive
andmetastaticsoft tissue sarcomas adults Generally UPSare unresponsive tnventional
chemotherapies or immunotherapiebjch is believed to be attributed to the
immunosuppressive tumor microenvironment (TME) of these malignairiedinicalstudies
in the murine KP model of UP§howed thaintratumoral {t.) activation of the STimulator of
INterferon Genes (STING) pathwagingthe murine STING agoni®MXAA, elicited immune
mediated UPS clearance in-36% of treated mice

To assess the translational potentieSTING immunotherapyl testedthe antitumor
efficacy of three STING agonists in the KP mookUPScapable of activating both human and
murine STING Excitingly, E7766 emerged as a translational STING agonist whickhifithe
UPS TME towards mimmunologically inflamed phenotyp&hirty-eight percenbf E7766
treated mice eradicateheir primary tumors whicikwvasCD8+ T-cell dependentOf themicethat
eradicatd primary UPS tumors37.5% developprotective immunityagainstUPS rechallenge.

Next, | investigatedvhich cell types in the UPS TMé&ngage irSTING signaling
following therapy | found that STING expression in nomalignant host cellandnot UPS cells
is required to observe tumor eradication followBIBING immunotherapySingle cell RNA
sequencing of UPS tumors revealed that neutrophélabundant cells in the TMEs of UPS
tumors treated with DMXAA and E7766 at both timepoints. Myeloid cells were identified as the
cell type with the highesnterferon stimulated gen¢SG) score Both DMXAA and E7766
maintain higher ISG scores in myeloid and lymphoid cells relatieemntrol and CDN at the-1

week timepoint



Finally, | developed a novel gene therapy tool to explore forced expression of the
constitutively active mutant hSTINGN154S protein using plasmid DBiging these toold,
transfeced TAO1 UPS and HEK293T cellsnd confirmedhe functional status of the
hSTI NGN15 4 Sxpmssionh étio.nnéGssmmarythese data suggest tHat766 is an
excitingtherapeutic candidate for UP&)dfurther investigation into the importance and
consequences of STING signaling in various UPS TMEtgeésis requiredto understand

therapeutianechanismsef this therapy.
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Chapter 1: Introduction
1.1 Cancer, the immune system, and immunotherapy

111 Cancero6s relationship with the I mmune syst

In 1891 Dr. William B. Coley, a bone sarcoma surgeon, launched the first recorded
systematic study of immunotherapy for the treatment of malignant tumors in which he injected
streptococcal organisms into three patients to stimulate an immune résjotseated bythe
lossof his patientdo metastatic malignagcColey scoured the literature for a solution. In his
readings, he found 47 reported cases suggesting that having an infection could lead to tumor
regressioh Unfortunately, injecting live infectious organisms was quite dangerous and
ultimately lead to two patients dyih§) However, an observable reduction in tumor size was
noted-2 To circumvent these adverse clinical outcomes, Coley altered his treatment to include
heat inactivated streptococcal organisms adatiamarcescens This concoction was
formally named AColeyds Toxin.o It is believe
toxin and observed that the majority of his patients tolerated the treatmeitt.viieierestingly,
patients with bone or soft tissue sarcomas consistently displayed noticeatlgramtresponses,
while individuals with melanoma or carcinoma did not resporfaasurably* Although these
studies were exciting and fuelled investigat:]
backlash from the scientific community, and a biological mechanism for understanding how
Col eyos toxi n -wmonresponses wdacking.cDespite these dhallenges,
Col eybs studies contributed to the foundati on
why Dr. Coley is widely regarded as the father of cancer immunothetapy

In the1950sthekey role that the immune system plays in shapumgor biology began

to unfold. Drs. Macfarlane Burnet and Lewis Thomas shared a common belief that the immune



system is involved in controlling canéeBoth scientists surmised that tumor cells must express
necantigens, enabling their recognition and destruction by the imnystens However two
challenging questions emerged that had to be addressed for providing physiological evidence in
support of this theoryFirst, if cancer originates in the hosan themmune system detect cancer
cell s -sasl fiZ?noonand second, i f the i mmune system
cancer cells, can these populations be clinically detected or scielytiioaven due tdhe
proposed phenomen®@n

Foundational transplant studiesmpleted byDr. Peter Medawagave insight into the
i mmune systemds ability tosdi&o.iUsngskine s bet wee
homografts in inbred micdMedawar showethat homograftérom one mouse into another of
the same strain could not be distinguished from an autograft, while homografts from one inbred
strain into another inbred strain did not surfivEhese studieprovidedinsightinto the ideahat
therearef act or s t hat the i mmune systemeddnmn wee ltso

Over time,evidence continued to accumulate in support of the shared theory of Burnet
and Lewisand provided some answers to the previous questahsy demonstratethat inbred
C3H mice that have been immunized witkthylcholanthrenéMCA) inducedsarcomas
develop protective immunitgind rejection othesesametumors upon subsequent
transplantatioh From these studies, it was deduced that cancer cells must coatainalthat
can be det-eeltfed tawbichiidnderdverayed to mount an antnor immune
responsand that using these immunization systems can artificially model the immune &ystem
control of tumor cell populationsn 1970, Burnet and Lewjsublishedfthe concept
immunosurveillance of cangér whi ch det ai | s imhuadsystelcdneor y of h

recognize an@radicatecancer cell



Subsequerdgtudiesin using the MCA modethallenged the concept of cancer
immunosurveillanceStutmanhypothesized in alignment with the concept of the
immunosurveillance of cancer, that immunosuppressed mice would be susceptible to higher
incidence of cancer development. Interestin§lytmanfound that MCA tumor incidence and
latency in immunodeficient CBA/H nude miag&as comparabl® immunecompetentvild type
mice®. Stutman repeated these experiments with mice at different ages and across all studies
found similar results that immunocompetent and immune compromigedieveloped tumors
atsimilarratea nd wer e supported by similar findings
group %L Although at the time the functional statfsspecific immune cells in nude mice was
not entirely characterized, these results dissuaded the scientific community from pursuing the
investigation of the immune systems role in cancer control.

In the 1990s there was a resurgemcgopularityof the theory otancer immune
surveillanceTwo key studies made exciting strides in the field with advancements in animal
models The first demonstrated that endogenous production of interfggonma (IFN fonfers
a protective effect to the host against tumor graagtl@ministration ofneutralizinglFN2
antibodiego BALB/c miceconferredrapidand more efficient growth of immunogenic
fibrosarcoma in a transplantation mddeThese results were further supported by the finding
that mice lacking the receptor fi#No or the primary transcription factor involvedIliiNo
receptor signaling; signal transducer and activator of transcription 1 (STe& significantly
more susceptible to MCA induced tumor growth compared to wild type control count&rparts
Similar observations wergeen instudieswith C57BI/6 mice that were engineered to lack
perforin, acrucial cytolytic granule produced by cytotoxic T lymphocytes and NK cells as a

mechanism of cell killing In a perforin- state, mice had a significanilyeaterincidence of



MCA tumor development relative to perforin competent control HhiCxitical studies immice

genetically engineered to lack the expression of rétwation activating gen2 (RAG2)

solidified the importance dymphocytes in cancer immunosurveillantrethe absence of

RAG2, mice are unable mmpleteV(D)J recombinatiowhich isrequired folymphocyte

antigen receptasynthesi&. ThereforeRAG2" lack T, B, and NKT lymphocyte RAG2’- mice

showed a greater susceptibility to spontaneously occurring and carcinogen induced MCA tumors

relative to immune competent contfSlsTaken together, thesxciting studieslemonstrated

that lymphocytes and the effector cytokines they produce play an important role in cancer control

which convincingly reinvigorated ansupported the theory of cancer immunosurveillahte
Althoughencouragingrogresdiad beemmade at the prelinical level, studies

substantiatinghe physiological presence of cancer immune surveillance in humans was lacking.

In alignment withimmunologically suppressed peéinical models, it was logical to hypothesize

that immunocompromised humans shauwdde a higher incidence of cancgtudies

investigating this have indeed shown that individuals who are immunocompromised have a

higher risk of contracting various types of cant@munodeficiency can bleund in ndividuals

born with germline mutations which lead to a dysfunctional immune sybesome

immunocompromised through infection by human immunodeficiency virus which leads to

acquired immunodeficiency syndrome (AIDS) or through intentional immunosuppression in

preparatiorto receive dransplantA comprehensive metanalysis ofl2 studies including

immunocompromised individuals on a global scale revealed that in an immunocompromised

state transplant candidates and individuals with HIV/Al&®more susceptible to virally

induced cancers inclidHodidggi Kdpodiyinp hoamac omapan

related liver cancer, and oth&sdnterestingly, therevere no differences in the incidence of



common epithelial origin cance(breast, prostate, colon/rectum, ovary, trachea, bronchus, and
lung) when comparing immunocompromised individuals to the general popuwatich has
also been demonstrated in other studi¢s

Further evidencéor cancer immune surveillanexistsin norrimmunocompromised
patients with cancetndeed, it has been shown in sevénainanstudies that increased
lymphocyticandNK cell infiltration is a positive prognostic factor, often conferringproved
survival compared to patients with lower lymphocytic infiltratfol§. The findings from these
important studies havaupportedhe existence of the theory of cancer immunosurveillance and

the important role of lymphocytes in antagonizing cancéoth preclinical and human studies.

1.1.2Targets for the immune systertumor antigens

For the theory of cancer immunosurveillance to hold thejmmune systemmust identify
targets orcancer cells which differentiate them from Amalignant cellsThese markers are
known as tumor antigenkdeed, antigens which engagdymphocyte stimulation areritical
for eliciting a protective antiumor immune responseuinor antigengan be broadly
categorized as tumor specific antigens (TSA) or tumor associated antigeng {3AA)

TSA are proteins that are uniquely expressed by the cancer cells which allows them to be
seen as foreign or?2¥dSushtaitigesstoaesultfrmmondbgeaid virus t i s s u
infectionswhichi nduce t he ex-pek#tesisyrmas B6or BY wliich can occur
following human papilloma virus infection, inducing cervical carcin&faTSA can also result
from chromosomal translocatiporeatingnovelfusion proteinsas is the cassith the BcrAbl
antigenwhich is foundin chronic myelogenous leukeriig® Alternatively, TSA can arise

through the development of neoantigens that are inducpdibymutationsin primary protein



structuresFor example, in theas family, protooncogenes undergo mutations resulting in
oncogenesis which is common in many cancer ffpes

Conversely, TAA are antigertsatare not unique to tumor cells and asgressed in other
nonmalignanttissued’28 These antigens can bkassified azancer testis antige(€TA),
differentiation antigens, and ovekpressed antigenSTA are expressed in many cancer tissues
gametesandtrophoblastsExamples of CTA includenelanoma associated antigens (MAGE 1 &
3) and New York esophageal squamous cell carcindivaESOY°3C These antigens are
expressed in the normal testes tissue, but are also abeaelyxpressed in melanag non
small cell lung carcinomaarcomaand esophageal carcinoa®. Differentiation antigens are
found on both the tumor cells and cell type of tumor origin, but not in other ti§suwesinase
MART-1 (Melan A, gp100/pmell7, and TRRRe differentiation antigens common in
melanom&>2L1 These proteins play an important role in melanin biosynthesis and melanosome
but areaberrantlyexpressed ikancerousnelanoma celfS. Similarly, prostatespecific
membrane antigen (PMSA) is expressed in prostatic epithelial cells and can also be expressed by
prostate cancer cetfs®s Lastly, overexpressed antigens are TAA that are highly expressed in
tumor cellsbecause athe amplification of genes encoding these specific profeiegamples of
oversuppressed tumor antigens are HER2/NEU, which isexgressed in breast cancers,
MUC-1 which is ovetexpressed in breast and pancreatic cancer, and WT1 which is over

expressed in leukentia®

1.1.3A proposed mechanism for tumor evolutianCancer inmunoediting
Given the advancements in understanding the relationship between cancer and the

immune systemit is challenging to grasp how cancer can continue to iexisimans with



competent immune systentdowever, studies completed by several scientists have contributed
to the theory of cancer immunoediting which outlines how cancer can evolve to evade immune
destruction.

In 2001astudy completethy Shankaran et grovided evidencéhattheimmune system
does indeed shaplee immunogenicity oMCA induced tumors. In this studyjt was shown
thatMCA tumorsthat werepassaged in immunocompromisRAG2’- micehad similar growth
kinetics and successfully grew in 17/17 mfcénterestingly whentumorsthat wereoriginally
developed inmmunocompromisetiostswereengrafted inmmunocompetemnnice, only 12/20
tumors grew successfully This findingsuggestshat tumors that develop in immune competent
mice are shaped by the immune system to acquire aggressivigaits compared ttumors
grownimmunocompromised hosts which do not have to evolve against the pressures of the
immune systenretaining characteristics that the immune system can Yargkéese findings
informedDunn and colleaguésharacterization of theoncept of cancer immunoediting as an
extension of cancer immune surveillance to detail potential mechanisms in which the immune
system can shape tumor biology and subsequent tumor modificdtainesulin tumors
becomingundetectable by the immune systériVithin this frameworkinteractions between
cancer and the immune systeanleadin differentdisease outcomeghich were ultimately
describechsthet hr ee E6s of c &b eliemination@)reguililoriend and 8) n g ;
escap#.

Thefirsto f t h e telminatien, viidhitlsendorapasses cancer immunosurveillance
When normal cells are exposed to damaging carcinogens, radiation, chronic inflammation, or
viral infections, they can transform into a malignant t&feln this phase, the innate and

adaptive immune systems work in a concerted effort to eliminate tumor cells thefp@re



clinically detectabl&3, As theinvasive tumorells accumulate, thigarnes attention from
innate immuneells namelyNK, NKT, DCs(dendritic cells) macrophages,armdd T, cel | s
which are recruited to the environméayttype | interferon damage signals from disrupted
tissueg®. The infiltratinginnate lymphocytesan then recognize thistinct molecules on the
cell surface otancer cells, elicitingFNo production by these cells whickan inducgumor cell
deatt§335 Coupling the danger signals with an increasing availability of tumor déiisin the
tumor microenvironment (TME) are activated, take up the tumor debris, and travetumtire
draining lymph node (TdLN®2% Here, the DCgresent tumor antigens to naive CD4+ and
CD8+ T-cells to educate them against a specific tumor taegefaging the adaptive immune
respons& . Subsequently, these activateaells will leave the TdLNtravel through the blood
to infiltrate the TME to identify an#ill remaining tumor cells expressing their target
antigeri®3, If this process is successful, there is no progression into an immunoediting phase,
and the tumor will beradicate#f->

If rare tumor cell variants survive the elimination pro¢céssy may progress into the
secondandlikely the longest stagef canceimmunoediting equilibrium 3335 In this state,
uncontrolled proliferation of canceellsis subduedas the TME isubjected to the pressure of
T-cell mediated killing andFN9, inducing alatent or dormant state in the cancer ¢éfis
Although thesgressuresanmaintain control over the tumgrowth, theydo not entirely
eradicateall malignant cell®3, In this environment, Darwinian selection can take piuthe
pressure of the immune system edits the tumor phend{#pAs tumor cells recognized by the
immune system arlled, thegenomic instabilityof cancer cells can lead to the acquisitdén
mutations which allow them to avoid destruction by the immune syterihis phase may also

represent a final stage of cancer immunoediting if tumor growth never progresses to a point of



clinical detection f o3 Pehhaps somernithemms compelingt he h

evidence of the concept of equilibriumthe transmission of cancer from donor to recipients

following organ transplantn case reportrgan recipients from donors who previously had

cancer but were cancer free at the time of organ harvest, develop cangears following

transplantatio??3”. These findings are suggestive that the d@ionmune system maintada

state of nordetectable disease in the host, but in the absence of the pressited bythe

donordés i mmune system, c amtheeecipiegd®owt h coul d be
Thelastcomponenbf cancer immunoediting isscapé&®. In this phase, surviving

tumor cellsthathave acquired mutational varianpermtting immune evasiojcan proliferate in

an unregulatetashiort®3, Some of these advantage@daptationsnclude, a loss ofajor

histocompatibility complex (MHC) classekpression, loss of original tumor antigen expression

from the selective pressure from the immune system, expression of inhibitory cell surface

proteins(TIGIT, PD-L1), low intrinsic tumor mutational burdeand production of

immunosuppressive cytokin€s G F b.-10, VEGF)which suppress antumor responses and

recruit suppressive immune celieluding myeloid derived suppressor cells,-fumor

macrophages, and regulatorcélls (Tregs$% This results in thencontrolledorogression of

malignancyas the immune systeoan no longerestraincancerous growthyltimately

culminatng in death of the ha%*° This theoryinforms how the immune system not only

protects the body against cancer development, but also plays a key role in altering the

immunogenic phenotype of cangdetailinghow tumors camadapt toevade killing by the

immune system



1.1.4The intersection of tumor biology and immunologyl he cancerimmunity cycle

Following key progressions in understanding of tumor antigens, cancer
immunosurveillance, and cancer immunoediti@gen and Mellmapublishedan integrated
summary otheserecent insightscomprehensivelgetailinga stepwise sequence of events
required tomounta successfuanti-tumor immune responsealled theCancerlmmunity (ClI)
cyclein 201323 Broadly, this theory characterizes a cyclical and-gedpagating process by
which an increase in immunostimulatory constituentsectagagdumor antagonistic -Eell
responsesThefirst of the seven stepsnvolvesthe exposure of tumor antigerihese tumor
antigensarethencaptured bycritical antigen presenting cel[8PCs) DCsin the tumor
microenvironmentinflammatory signals in the TMEmportantly, exposure to type | interferons,
induce DC activation and maturation, resulting in the expression of important costimulatory
moleculesThis leads to theecond stepin whichmatureDCs process and prese¢nmor
specificantigens on MH& or MHC-1l1 moleculesNext, DCs will traffic to theTdLN where the
third step occurs which is DC priming andctivaion of effectorT-cells against the presented
cancerspecificantigen In thefourth step, educated effector-€ells will leave the lymph node
and travel through the blood streaBubsequentlyin thefifth step, T-cells will infiltrate the
tumor stroma and microenvironme8ixth, effector TFcells in the TME will recognize cancer
cellsthrough the interaction of the-@ell receptor (TCR) and the cognate carsgecificantigen
that is expressed on MHIon the cancer cdélls s uThid irteraetionnitiatesthe seventh
step, which is the induction of -Eell mediated tumor killingThe killing that results from step 7
will increase availability of cancer antigens, reinvigorasngsequent iterations of tkx cycle

Over the last decade since the initial publication of the CI cycle, further advancements in

the field have contributed to an updated iteration of this cycle in®202Bas become
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increasingly apparent that the TME can significantly influence the Cl@yle s ulitticee s s
2023 update of the CI cycI®ellman and colleagudsave classified cancers into three
immunotypesased on the extent ofcell infiltration in the TME®. First, there are immune
inflamed tumors, which are abundant in immune infiltrates, name®ll§ and can contain
tertiary lymphoid structures (TLS) which permit continued engagement of a productive anti
tumor responseSecond, there are immune excluded tumemd,in this environment;-cell
infiltration is restricted to the tumor stroma asr@excludel from contact with tumor cells.
Finally, there are immune inert tumors, which do not exhibit agglTinfiltration®°.

To demonstrate how the TME can be permissive to immune destruction of tumor cells
through the CI cycle, Mellmaandcolleaguesaddeda sub-cycle at step fiveof the CI cycle,
which illustrateshow inflamedimmunotypetumors can engage with the TMEgositively
contribute tocancerclearanc®. In step 53 activatedT-cells accumulate in the tumor stroma,
where they can travel in the TMahdinteract with other immune cells and to TLSskep 5bto
confer amaintaired effector functional state istep 5c In this step five sulsycle T-cells can
navigatethrough each substage to maintamantitumoreffector phenotypeultimately
permitting to their entry into the remainder of the main CI cycle to recognizeraditateumor

cells.

11



Step 4 - Activated T-cells
. enter the blood stream
> \\ and travel to the tumor

/ L \ /‘/ = Step § - T-cells enter the
/ \ =l \ tumor microenvironment Step 5b - T-cells
[ “ ¢ interact with other

‘ /' re esLasdsasss. S immun e cells in
\ - ) tertiary lymphoid
\ /} structures
\ /
b — Step 5a - T-cells PO
N~ / / =W, 28 accumulate in /
e oo

tumor stroma

Step 3 - Priming and ~
activation of T-cell in the

=i r N j Py » \ j

Step 6 &7 - T-cells
% ° e recognize and

\ wre N expressing cancer
‘ & cells
Step 2 - Dendritic cell o -2 _

processes and presents
tumor antigen

Step 5c - Effector
function state is
maintained

Step 1 - Tumor antigen
release and uptake by
dendritic cells

Figurel.1 - The cancer immunity cycl@daptedfrom Mellman 2023Image created in
BioRendey.

Characterization of the CI cycle has contextualized the rolssvafral key cell types and
components involved in successful antinor immune responses. Namely, the critical role of
DCs, their maturation, and capability of engaging wibells to engage specific tumor antigen
response$3, In afundamentaimmunological contextDCs can interact with CD4¥cellsvia
MHC-II and CD8+ T-cellsvia MHC-I to engageadaptive immune resporsagainst pathogens
or microbes that are extracellular or intracellular, respectélythe context of cancer, there is
a specific type of DC called type 1 conventional DCs (cD@#sg¢h are critical immune cells
for mounting an antiumor CD8+ TFcell respons®. Most subsets of DCs express endogenous
intracellular antigens on MHG not tumor antigens-dowever, cDC1s are capableabss
presentatiorby phagocytosing tumor antigsin the extracellular environmenthich are
subsequently processed in the cytosol of the cldCpresentation afhe tumor antigen on

MHC-I to engage the CD8+-tell responsédnteraction of the Jcells TCR and the cDC1
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presenting the tumor antigen on MH@epresents the first signal in CD8+cEll activatiori®.

The second signal occuitsrough TCRsynapsefacilitating interaction of costimulatory

molecules B7and CD28 to potentiate thaetivatingrespons®. Next, biochemical signals from

the DC(IL-2 andIFN92) will promote differentiation athe CD8+ TFcell to a cytotoxic phenotype

and induce proliferatiol. Followingtheseshree critical signalshe CD8+ Tcell will travelto

and enter th@ ME to identify and kill cancer cells expressing the target antigen via granzymes,
perforin, or through FAS:FASL interactions initiating tumor cell apopt®disUnfortunately, in
environments where cancer continues to exist and proliferate, there is disruption in the CI cycle

and interventions are required to restore its efficacy.

1.2 Cancer Immunotherapy

It is evident that the immune system plays a critical role in ensuring tumor clearance.
However, one of the Hallmark characteristics of cancer is to evade immune desttuction
Despitethe challenges imposed by the evolving nature of cancer and its ability to leverage
strategie®f immune evasiorcancer immunologists hayersistedn the pursuit of developing
therapies tstimulateanticancer immunitylmmunotherapieare designed tbarness the power
of the immune system and direct it towards the killing of cancerlogliargeting axes of tumor
immune escapén this section, | will describe several immunotherapies which have emerged
over the last 15 years with promising cliniealvancesincluding cancer vaccinesrgeted
monoclonal antibodies (mAb)nmune checkpoint blockade (ICB) therapy, oncolytic virus (OV)

therapy, anddoptive cellular thergp(ACT).
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1.2.1Cancer vaccines

One of the mosimpactfulimmunologicaladvancesn medicineis the technology of
vaccinationVaccination involves the administration of an incapacitatealterednfectious
agent into the healthy host, to elicit an immunological effector and memory response against the
disarmed thre&t This armghe host withantigereducatedadaptivemmune cellghat can
neutralizethe biological threat ithe event ofe-exposurepreventing the incidence of various
disease. Similar principles can be applied in the context of cancer, creating vaccines specific
to tumor antigens to prevent or treat malignancies.

Cancewvaccines can be broadly categorized for two functitmprevent cancear to
treat it Prophylactic cancer vaccinage designed to immunize individuagainst common
infections that can lead to canckvelopmerif*3 Oneexample of this would be Gardisil9
which has been designeditomunizehumansagainst nindhuman papilloma virusHPV) types
known to induce carcinomas of the cervix, vulva, vagina, penis, anus, head and neck, and
oropharyn£?#4 This vaccine was developauvitro by engineeringirus like particle{VLP) to
displaythe L1 target antigen of HP®¥8 By exploiting the structure of HPV and engineering a
virus like particle (VLP) expressing the HPV L1 target antigerentistssuccessfully mimicked
the biology of HPV tareate a vaccine which can successfully prevent cervical cance# 96.
of immunized individals**. Upon injectionof the VLP, a strong humoral immune response is
observed, as a robust production of neutralizing antibodies against this antigen are generated.
Currently there aréour prophylactic cancer vaccines approved by the FBAf which target
HPV and one that targets hepatBiwirus*2. Although encouraging, prophylactic cancer

vaccines are restricted to benefit cancers that arise specifically following infedticim
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accounts for 13% of cancer incidences globaitiier solutions must be investigated for the
remaining 87% of cancers thate not infection inducéd

Therapeutic cancer vaccinae designed tmvoke an adaptive immune respotisat
cankill an established tumdwy immunizing individualsvith TSA or TAAS®, Of course,
developing vaccines specific to T$As beemarticularly attractive, restricting immune
mediated cell killing to be highly tumor specifithere are two primary strategifes therapeutic
cancer vaccinatiarirhe first isdirect administration afumor antigensThe simplicity of this
strategy allows for simple and easy delivery of many potential tumor antigens. However, it is
largely reliant on the ha®APCsto mount arantigen processing and presenting resptmese
resultsin effectiveeffector lymphocyteactivation toelicit tumor cell specifi killing#e. The
secondstrategyis to infuse cancer patients wlstivatedantigen carrying DGsnsuring that
tumor antigens are effectively presented to lymphocytes in th&htis¢se DCs are
manipulatecex vivoand loaded witlTSAsto ensure that these cells are successfully equipped to
facilitate antitumor T-cell activationin vivoupon infusionln 1990, TheraCys, an intravesical
bacillus Calmettésuerin vaccine was the first FDA approved cancer vadointeatment of
bladder cancé?>C Administration of this cancer vaccine significantly reduced the risk of cancer
progression following transurethral resectfofl. In 2010, SipuleuceT, a DC vaccine targeting
the commonly expressed prostate cancer antigen; prostatic acid phosphatase, was approved by
the FDA to treat men with asymptomatic or minimally symptomatic metastatic prostate’tancer
53 While these vaccines can induce an adaptivetantor inmune response, the success of
therapeutic cancer vaccines has been limited, largely owing to tumor heterogeneity,
immunosuppressive tumor microenvironments, and immune escape mechanisms which can be

leveraged by tumor cells to evade immune destrufRdms highlighted in a recent review, the
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ideal targets fotherapeuticcancer vaccines would be nantigens with high immunogenicity
which would induce highly specific tumor cell killing via adaptive immune engagement
suggesting that these therapies may need
antigen profil&®. Lastly, furtherstudiesmust be completed wmptimizecancewaccine
administration strategies and timio§vaccinationspecifically in the context of prophylactic
cancer vaccines, to ensure immunological memoryl@mgtermprotection against disease

occurrencét>4

1.2.2Monoclonal antibodies

Antibodies are immunoglobulin (Ig) glycoproteipsoduced by plasma B celighich can
recognize foreign antigens, neutralize cells expressing these antigeesgagédan antigen
elimination responsia concert withother immune celfS. In 1973, Schwabegeneratd the first
antibodies to target humanouse hybrid celf. In the late 19708hese methodsere expanded
upon by Kohler and Milstein who engineetéeé firsthumanderived hybridoma$. This method
is presently used as the mainstay for therapeufib productiort®. Antibodies are versatile taol
that can be used with high antigen specificity, as the variable region ofieigcieantibody
targets and binds &pecificantigen epitop&8. Although many differentlasseof antibodies
exist the most commotype usedor immunotherapeutic interventions arélgecause the
fragment crystallization (Fc) region fG antibodies caengage NK cells, macrophages, and
DCs to elicit antigen neutralization and destructimmugh the Fc receptsignaling®-

There aremultiple mechanisms fopromotingtumor cell death via mAb immunotherapy.
First, mAbs carblock growth factor signaling that is required to support tumor proliferation,

invasion, and survival. An example of this, would be Cetuximab, a tindtds clinically
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approved for treatment of colorectal, breast, and lung c&fé&?e Cetuximalblocks epidermal
growth factor receptadie GFR)ligand binding, which is commonly over expressed in cancers
and required for tumor cell surviv&P®€ Thus, the disruption of critical survival signaling
induces tumor cell apoptosiSecongdmAbs can opsonize tumor cells by binding to tumor
antigens to induce antibody dependent complement cytotoxicity (ABETCANn example of this
is the mAb anttCD20 which isused to treaB-cell lymphomaghat overexpress CD20umor
cells bound by aCD20 mAbs can interact witlnacrophages and NK celtlsroughFc receptor
signalingto induce tumor cell killinglmmunotoxins are another class of conjugated nihbs
function ascarriersystems for radioisotopes and chemotherapytagefacilitate cell specific
drug deliveryandinduce death in tumor cells expressing the mAbs target abftiggrentuximab
vedotin and gemtuzumab ozogamicin are both immunotoxins that are approved for the clinical
treatment oH o d g kor sysbemic anaplastic large cell ymphoma and acute myelogenous
leukemia, respectively®2 In recent years, bispecific T cell engages (BIiTEs) are m#bsh
have been designed to facilitate engagement of hastl3 toeliminatetumor cell$. BiTEs are
recombinant proteins that express two different antigen binding sites, one that is specific to
tumor cells, and another that is specific taélls, such as CDR Thus, BIiTEs bring tumor cells
and Tcells together to induce an immune synapseactivating the Icell through ligation,
resultingin tumor cell killing by Fcells?3. Clinically, Blinatumoma is a CD19/CD3 specific
BIiTE approved for the treatment of acute lymphoblastic leuk&mia

Although mAbscansuccessfully tredtematological and solidancersthere are
limitations to the effectiveness of this immunotherapy. One of the greatest challenges with mAb

treatment isnnate or acquired resistafiéeJnfortunately, thesuccess rate ahAb therapy is

largely dependentonthetun®®r conti nued and consistent expr e:
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antigef®. As cances have a high degree of genomic instability, teap acquire mutations in
the antibodyds target antigen or associated s

can facilitate resistance to mAb immunotheragybsequently leading to diseaseurrence®.

1.2.3Immune checkpoint blockade therapy
An immunotherapyhat has gained significant traction and garnered exciting results is
immune checkpoint blockade (ICB) therapjany cancers havacquired an ability to exploit
natural mechanisms employed by the body to reduce the magnitude of an immune riesponse
evade immune destruction and promote immunosuppré&dimmune checkpoinblockade
(ICB) therapyfunctions by interrupting the interaction ofcglls with ligands that negatively
regulate their killing abilities, allowing these cells to maintain an effector pyyegit Two of
the most extensively studied immune checkpoints in the context of cancer immunotherapy are
cytotoxic T-lymphocyte associated protein (CTt#) and programmedell death 1 (PEL)®¢:64
CTLA-4 is a competitive inhibitawhich binds to the B7 complex with much higher
affinity thanthe costimulatory molecule CDZ&°5¢ When expressed on the surface edlls
CTLA-4 inhibits theCD28co-stimulation required forf-cell activation thereby reducing
effector phenotype inductiéh®® In 1996, excitingnvivos t udi es by James Al | i
demonstrated that blocking 6TLA-4 T-cells reduced tumor growth and improved duthor
immunity in murine models of colon carcinoma and fibrosaré®mhich was supported by
complementary studies performed by oth&ts Compelling preclinicaresultsthrust CTLA4
blockade into clinical studiga 2000with the first two fully human CTLA4 antibodies,
Ipilimumaband TremelimunakP® "%, Although infrequent and accompanied by inflammatory

toxicities, tumor regression was achieved in sgames$: 2 At the conclusion of two major
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phase Il clinical trials|pilimumab was shown to significantly extend the survival of patients
with metastatic melanoma when compared to standard dacarbazine chemotheigplOér a
vacciné®75, Excitingly, in 2011 pilimumab was the first ICB immunotherapy granted FDA
approval for advanced metastatic melan6nhtaowever the clinical benefithus farof
Ipilimumabhas beemxclusiveto melanom#&.

Shortly after these advancements-PWasidentifiedas a potent negative regulator of
T-cell activity upon interaction with its ligasdPD-L1 and PBL277:"8 Numerous preclinical
studies revealed that PDis an important regulator ofdell activation, as mice lacking PD
expressiordevelopedcautoimmunedisease¥:’8 Clinically, studies in melanoma patients
indicated that prenflammatory signals occurrinigom effector Tcell activity can induce the
expression of PEL to negatively regulate-@ell activity’®. In 2002Iwai et alsolidified the
significance of PBL/PD-L1 signallingin the context of cancdry demonstrating that P815
tumorsexpressing PEL1 had much greater tumorigenesis and invasiveness relative to tumors
lacking PDL1 expressioff. Further, using an arBD-L1 mAb, these effects were reversed,
supporting the notion that blockade of RIFPD-L1 signalling carreinvigorateT-cell mediated
tumor killing?®. The preclinical evidence suggesting that tumor cells can hijack/PD-L1
signalling to evade -Eell killing inevitably lead to the development of the human-Bitt1
mADbs, NivolumabandPembrolizumaPlP. Excitingly, antiPD1 targeting mAbs have shown
therapeutic efficacy for the treatment of many carfé€tsAs of March 2024, there are @&ntk

PD-1 blocking immunotherapiesirrently approved by the FDA for the treatment of melanoma,

biliary tract tumors, renal cell <carcinoma,

other$84 Several mAbs targeting RDL have also demonstrated encouraging-tamtior

activity, leading to FDA approval &velumab,Duvalumab, andtezolizumap®.
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Although erouraging, immune related adverse events are not uncommon with ICB
immunotherap$f®’. Additionally, these therapies are highly dependent on the presence of
endogenous tumor antigen specificdlls Therefore, the TME and-@ell infiltration of
different tumor types may inform the suitability of timsmunotherapeutic approachhe
emergence of othemmune regulatonagents includingdIM3, VISTA, PVRIG, CD47 LAG3,
TIGIT, and others have been identifiedd are currently under investigatiwhich will continue

to inform the applications of ICB immunotherapy in cafft®r

1.2.40ncolytic Virus Therapy

Oncolytic virus(OV) therapy is an emerging immunotherapy that functions by
exclusivelyinfecting and killing cancer cellghile leaving nommalignant cells unharme&tP:
Although OVs can directly kill tumor cells, these ageaaisdengage a potent arttimor
responséy facilitatingimmunogenic celteatli®®L Moreover, OVsare exciting
immunotherapeutic vehicles that da@m engineered to reduce pathogenicity imecdeaseumor
immunogenicity Taligmogene laherparapvec (TVEC) is the first @¥thasbeenapprovedo
treatunresectable stage IHB/ melanoma in Australia, Europe, Israel, and USAVEC is an
oncolytic herpes simplex virus which has been engineered to preferentially replicate in tumor
cellstherebypromotinganti-tumor immune activatiold®% This OV is equipped with several
modifications to ensure it uniquely infects tumor cells, confers uninhibited tumor cell antigen
presentation on MHQ, and carries a payload GiM-CSF, whose expression will recruit DCs to
the tumof?. After confirmingthat T-VEC wassafely tolerated through phase I/ll clinical testing,
aphase Il clinical triabf intratumoralTVEC administratiorshowed a 26% overall response

rate in unresectable melanomas and an increase in median overall suftrmatelyinforming
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FDA approval of TVEC in 2015 for the treatment of melan¥n@urrently, there are three other
OVs approved across the world H101, ECHACand Teserpaturev for the treatment of squamous
cell cancer of the head, neck asgbphagus, melanoma, and glioma, respect®lyRegulatory
challenges persist as one of tfreatest hurdles for the advancement of OV immunoth&.apy
Given that this immunotherapy entails administration of live virusglsnown biosafety issues,
unconventional pharmacokinetics, defining appropriate clinical endpoints, and identifying
appropriate control conditionsipose unique barriers to the implementation of these trials and
clinical treatment guideliné$°L As OVs are biological agents, their potency, stability, purity,
tumorigenicity, and potential for contamination by mycoplasma impose a nestdrigent

quality control testinf°% Concern has emerged surrounding transmission of OV infefttion

a treated cancer patientdthers, hwever this phenomenon has never been repSrieastly,

OVs are some of the first cancer immunotherapies that are administered intratumorally, further

exacerbating the previously outlined concerns.

1.2.5Adoptive Cell Therapies

Adoptive cell therap (ACT) involvesthe isolation of endogenous immune cells and
manipulating them outside of the host to enhance theut@mtorfunctions Following
modification, these cells are then reinfused into the patient to reinforetianati effector
functions of the immune systeithis well understood that tumor infiltrating-dells (TILs) are
associated with improved preclinical and clinical outcsitierefore it is unsurprising thawost
ACT involve T-cells.ACT can be broadly classifiedto two categories, the first 9L therapy

and the second is chimeric antigen receptaell therapy (CART).
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TIL therapy was initiallydescribedby Rosenburg and colleagyegho successfully
isolatedand expanded activatedcElls from murine tumorex vivd®. By extracting TILs from
the TME,adiversearsenal off-cells specific to unique tumantigenswereharvested and
expande®f. Following a 6i 8-dayexpansionTILs werereinfused into tumor bearing mice and
demonstrate@otent anttumorat both primary and metastatic tumor siteEncouraging
preclinical studies lead to phase I/l clinical trials for TIL therapy in patients with metastatic
melanomaln approximately half of th&IL treated patientgotent antitumor responsesere
observe®®. Further studies isolating TILs from other solid tumors have been completed
demonstrating varying levels of attimor functiof”%°. TIL therapy can also extend tioe
manipulation ofcirculating Tcells that are netumor antigen specific. These cells can be
isolated from peripheral blood aedgineered to expres€Rs that are specific to tumor
antigensPreclinical and clinical studiassingT-cells engineered to express TCOighly
reactive tawo commonmelanoma antigen$/1ART-1 and gp100have shown promising
results, with cancer regressions occurring in 30% of humatid 9% in mick¥?. Although these
antigens are ovezxpressed in melanomas, they are also expressed by melanocytes. Monitoring
of potential off target effects on healthy tissues expressing these antigens were completed and no
major adverse events were reported anth@feventshat occurred, negative effects were
treatablé®.

Cancercellscan alsalevelop defects in antigen presentation dodn regulate or lose
the expression of MHCto evade immune destructitf%2 This is a significant challenge for
TIL therapy given that TILsnust identify tumor antigens dhese antigen presenting molecules
to carry outanti-tumor effecor functiorst®194 Additionally, extraction of TILs from one section

of tumor tissue may result in a lack of diversity amongsell clones, which may be a
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significant barrier for the treatment of heterogenous tutfoi3espite these challenges, there
currently several TIL candidates in clinical trials for several solid malignafictés with

| o v a hiileudl swaitingconsideration foapproval by the FDA for the treatment of
advanced melanomafractory to ICB8,

CAR-T therapyis another ACT which involveeemoving Fcells from a host patient and
engineering them with a chimeric antigen receptor (CAR) as opposed to,&X@#Rding these
CAR expressing Tells, and reinfusing them into the patiéhtBy equipping Fcells with a
CAR, this bypasses some of the challenges associated with classical activation of an effector
antrtumor T-cell. The CAR is comprised dheantigen binding domain of a mAb, a hinge
segment, and-€ell signallingdomains. ThusCARscan be designed to target specific cell
surface markers on a tumor cell, and when encountered; TC&dfs engage tumor cell killing
in the absencef classicalntigen presentatié??. The efficacy of these therapies has
revolutionized treatment options for hematological malignancies, namedi BBmphoma®®.110
Currently, there ar6 FDA CAR-T cell therapiegpproved for the treatment bématological
malignancies includin®-cell lymphoma and multiple myelom@AR-T cell therapies are
limited by several factors. Given that CARs specifically recognize cell surface ardiggnst
intracellular antigendreatmenefficacy is vulnerable to thess of tumor antigen. Like other T
cells, CART cells can become exhausted in an immunosuppressive TME, limiting their anti
tumor efficacyandinfiltrative ability, spediically in the TMEof solid tumor&®®112 Although
these challenges exist, combination therapies to compleme{TGA&apy and overcome these

barriers may improve treatment efficacy
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1.3The importance ofnucleic acid sensing pattern ecognitionreceptors and Type |
interferon signaling in cancer immunity.

1.3.1Type | interferon signaling anctancer

Type | interferons are potent inflammatory cytokines that were initially characterized for
their antiviral propertieby Alick Isaacs and Jean Lindemanrthe 19581112 Overthe last
several decades it hBecomeancreasingly apparent that type | interfer@ahsoplay a critical
role in cancer immune surveillarié&*'>. There are many genes that encode type | interferons,
but interferons alpha (IFM and beta (IFi Jare currently best understowtthe context of
cancer immunit}*>15 The classical interferon signaling cascade occurs upon the binding of
interferonstothelFN-U/ b r e ¢ e p t mm thelcell urfaedy indRding its dimerization
with IFNAR2to create a transmembrane protein compléxs process activates Janus kinase 1
(JAK1) and tyrosine kinase 2 (TYK2) resulting in the recruitment and phosphorylation of
STAT1 and STAT2. Next, STAT1/STATand interferon regulatory factor 9 (IRF9) assemble to
create the interferon stimulated gene factor 3 (ISGF3) coAtplék Following assembly,
ISGF3 is translocated to the nucleus where it will interact with interferon stimulated response
elements (ISRESs) to induce protein production from hundrenidesferonstimulated genes
(ISGs). Alternative, noftlassical pathways canducethe production of proteins from ISGs
through the mitogefactivated protein kinase (MAPK) and phosphatidylinosit&lrgase (PI13K)
signaling.There are hundreds of proteins produced from ISGs with diverse biological functions
which work together tprotect against pathogenic or tumorigenic invasitis® Some notable
ISGsare involved imnantigen presentation (MHGIMHC-11), RNA/DNA sensing OAS, IFI16,

STING, RIG|, MDA-5), co-stimulatory molecules (CD40, CD8@flammatory chemokines
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(CXCL9/10)and many othet$%118 The transcription level of these genes can increase3drum

100-fold, contingent on cell typand interferon dosw elicit potent anttumor activity’,

1.3.2Type | interferon and canceimmunotherapy

In the 1960s, Gressand colleagues demonstrated that prepared type | interferons
administered to mice bearing virally induced Friend or Rausher leukemia delayed tumor
progressioft®120 As these tumors were virally induced, it was suggested that perhaps tumor
development was delayed because of impaired viral multiplication by the interferons. However,
it was unknown if the interferons restricted proliferation of virally infected tuwalis. To
address this, Gresser and colleagues completed additional studies in 1969 assessing the impacts
of interferons on cell line engrafted tumors which were derived from virally induced tumors.
Mice were inoculated witRCio or ELs tumors and receivediily injections of prepared type |
interferond?L. There were no significant differences in survival between control and treated EL
tumor bearing mice, but a significant survival extension was observed in théuR©r bearing
interferon treated mice, with 98% surviving longer than 60 dayBhese preclinicah vivo
studies were complemented imyvitro work emphasizing that type | interferon administration to
various human and murine cancer cell lines reduced the proliferatinaligihant cell&*122
Taken together, these seminal studies provided strong evidence that type | interferons antagonize
tumor growth and can facilitate clearance of virally or-noally induced neoplasms.

These preclinical studies garnered significant excitement and lead to the development of
clinical trials for the treatment of cancer with type | interferons. In 19&dfied IFNU2 wa s
tested in patients with hairy cell leukemia (HCL) resulting in full or partial remission in all seven

of the treated patierts. In 1995 a longerm follow-up study of 55 HCL patients treated with
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IFNU2, a tendency f o-yearfodowiagptempyyvakheugho2B% af reatedd 1
patients remained in remission 6 years after théfadyollowing these initial clinical trials, the
effectiveness of type | interferon therapy has been extended to other malignancies and was
ultimately the first FDA approved immunotherapy for cancer in 3988125 Although
encouragingesults were obtained from these clinical triaécent advances in cancer
immunotherapy including the development of small molecule and antitraslsd therapeutics

have overshadowed the effectivenes0fU2 i mmunot her a p'y Mérepver, mo s t
the administration of exogenous type | interferons has been associated with adverse systemic
effects which have reduced tbknical use and interest in this therdpyTherefore, further
investigationinto limiting toxicity and adverse evenassociated with this treatment strategy

requiredfor type | interferoimmunotherapies

1.3.3Endogenous producersf type | interferonsi Pattern recognition receptors

Pattern recognition receptors (PRR&3 sensors of cellular damage and pathogenic
invasion thaplay an important role in proper functioning of the innate immune sy$téhi?’
Upon detection of microorganisms or damage, these sensors will elicit an inflammatory
response, with each sensor signaling in response to a specific threat toIthEHESPRRs can
detect pathogen associated molecular patterns (PANd®Indogenoudamage associated
molecular patters(DAMP)30:118.127 |t js well established tha&xogenousntracellularnucleic
acidsareconsidered® AMPs while endogenous intracellular nucleic acids are DAMPs, both of
which induce potent type | interferon signaling upon detection by PRiRsse PRRs include
toll-like receptors (TLR), retinoic acid inducible gene I like receptors (RLR), or DNA

sensor¥ 118127 These agents can all detect unique intracellular threats and subsequently induce
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type | interferon signaling through different adaptor protdimsecent yearsTLR, RLR, and
DNA sensors such as tk€&AS-Stimulator of interferon genes (STING) pathway have been
investigated preclinically for their abilities to stimulate entnor immunitythrough endogenous

type | interferon production.

1.3.4.Toll-like receptors

There ardour primary TLRs that produce type | interferon in response to nucleic acids,
and they are all located within the endosomes of the cell. These TLRs include TLR3, TLR7,
TLRS, and TLR922130, TLRs can be found in a variety of cells including macrophdg€s,
NK cells, mast cells, stromal cells, lymphocytes, and tumor ¢tédaever,specificTLRs can be
preferentially expressed aertaincell typed2¢130, All TLRs induce type | interferoproduction
butelicit this signaling through the recruitment of different adaptor prot€irR3 detects
double stranded RNA and recrulitee adapter proteifilR domaircontaining adaptanducing
interferon beta RIF) to propagate a signaling cascade throtughor necrosis factor receptor
associated factdiTRAF) andthela &omplex toactivate IRF37 andNF-ab to inducethe
transcription of FNUB and preinflammatorycytokines, respectivel¥®13%. TLRs 7 and 8 detect
singlestrandedRNA produced by viruses and bacteria, while TLR9 detects unmethylated CpG
motifs found on viral and bacterial DNA. These TLRs all signal through the adaptor protein
myeloid differentiation protein 88VyD88) and engage downstream signaling throligAF3
to inducetranslocatiorof IRF3/7 andNF-ab to the nucleus to induce transcription of type |
interferons and inflammatory cytokiné%.

Agonists of nucleic acid sensing TLRs have been tested in preclinical and clinical

settings for anttumor efficacy Additionally, it has been reported that decreased expression of

27



TLRs can correlate with poorer prognosis and disease outcomes for cancer'g&fér@ven
their ability to produce a robust type | interferon responE® agonists have been considered
for applications asancer vaccine adjuvants, and in combination with other ther&sesral
TLR agonists have been investigated for cancer immunotherapy, incllidRigjactivating
polyl:C, polyl:C plus polylysine (poly(ICLC))andpolyA:U, TLR7 activatinglmiquimod, TLR8
Motolimod, andTLR9 activatingCpG adjuvari£®130, At this time, the only agonistpproved for
clinical use by the FDA itmiquimod a TLR7 agonist administered as a topical cream for the
treatment otutaneoudasal cell carcinont&. Preclinical and clinicatudies to understand the
efficacy of TLR agonist therapy for canceiwoisgoing, with varying levels of success as
monotherapies or in combination with other canaenunotherapiegvhich has been reviewed
elsewher&'3132135 Other nonnucleic acid sensing TLRs are also under investigation for their
ability to incite an anttumor response.

Although TLRs exhibitanti-tumor properties, it has also bemnvincinglyreportedthat
TLRs can promote tumor cell invasion, proliferation, immune evasion, and resistance to
apoptosi&®10, Thus,striking the balance between the antmor and pretumor properties of
type | interferon signaling mediated by TLRsd identifying which TLRs have a greater

association with proor antt tumor inflammation mudbe considered for clinical applications.

1.3.5Retinoic acid inducible gent like receptors

RLRsarecytosolic intracellulaPRRs that plag key role in host defenses agawisl
RNA and carelicit an antiviral immune respongs@on detectiof these pathogen$here are
three known members of the RLR family, which inclug&-I, MDA5, and laboratory of

genetics and physiology (LGPX137 Currently, RIGI and MDAS5 are best undersihs®. RIG-
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| is known to signal in response to short double stranded RNA and single stranded RNA, while

MDA5bi nds to | ong doubl e str ande-etlBia*®aGnhd mess
When pathogenic RNA idetected by RIG or MDAGS in the cytosol of a cell,

engagement with the adaptor protein mitochondrial antiviral signaling protein (MAVS)

occust3®137 As a result, MAVS will activate tank binding kinase 1 (TBKahd the IKK

complex to induce translocation of IRF3/7 aig-ab to the nucleus tanduce transcription of

type | interferons and primflammatory cytokines, respectiyelAlthough less studied, LGP2 is

an RLR that is known to inhibit RKGand support MDADS signalingp bolster the type |

interferon respoget36:137
Similar to TLRs, there are multiple ongoing preclinical and clinical studies involving

RLR agonists as monotherapies and in combination with other cancer thiéfapiess part of

their antitumor mechanism, RLRs can inducenor cell apoptosis both an interferon

dependent and independent fashiaspase dependenfiashion RLRs can be activated for

cancer immunotherapy applications in various ways, including direct agonism of RLRs,

oncolytic viruses, agents that mimic viruses, and radio/chemothétaffyRLR agonists

currently under investigation incl upps&RNAYyn nt het

and synthetic dsDNA (poly(dAdTY¥. At this time, there are no RLRs approved by the FDA for

the treatment of cancerhe progress oRLR related immunotherapi@s clinical trials have

beendiscussee@lsewher&6.137

1.3.6DNA sensors
As the accumulation of cytosolic double stranded DNA is a characteristic of cancer cells,

understandinghe role of cytosolic DNA sensors in cancer immunity has gained attemherne
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areseveraDNA sensors that exist in the cytosdlmammalian cellghatelicit type | interferon
productionby signalingthrough theadaptor proteinSTING'38:13® These sensors includNA
dependent activator of interferons (DAI), ddaak helicase 41 (DDX41), interferon gamma
inducible protein 16 (IFI16)ouble strand break repair nuclease (MRE11), DNA dependent
protein kinase (DNAPK), and cyclic GMPAMP synthase (cGAB3813 Canonical signaling of
type | interferons from the cGASTING axis is best understodaTING is an intrecellular
receptor which plays a key role in host immune deféAt¥s. It is a 379 amino acid protein
located on the endoplasmic reticulum which is expressed on a wide variety of immune-and non
immune cell types includinBCs, macrophages,-€ells, and endothelial celf$:143 STING
plays a crucial role in detecting foreign aberrant DNA and cyclic dinucleotides in the cytosol and
represents a mechanistic link between the innate and adaptive immune ¥y3téi4s Upon
recognition of these entities, STINH&tivationelicits potent type | interferon and pro
inflammatory responses. Under a normal basal state, the STING protein resides as a dimer with a
C-terminus projecting towards the cyto$8t4:

When energy sources including ATP and are available, c@A8ind to DNA in the
cytosolto produce the natural ligand of STING 6 3 6 ¢ y-AMA (€GANERY Bpon
detectionof cGAMP, STING will becoming activated and oligomerize. Following activation,
STING will travel to the perinucledgolgi via coatomer proteicomplexll (CORII) vesicles in
the ERGolgi intermediate compartments where it will recruit TBKudhich will aute
phosphoriatg phosphorylate STINGand recruit IRF3*. Upon recruitmentiRF3 will be
phosphorylatetby TBK1, enabling itdimerization,andstimulating its translocation to the
nucleus for transcription dFND and other ISG43145146 Simultaneously, STING will activate

the IKK complex which induces thactivationof NFFeb t o t he nucl eus- for t
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inflammatory cytokinesncludingT N Fdndformation of autophagosoné$!4’, At the

conclusion of this cascade, STING undergoes lysosomal degradatiporomteraction with
SURF4 and minimal cGAMP stimulati®TING canre-localize to theER via COPI vesicles*
Another outcome of STING activation is autophagiological process in which cytosolic
elements within the cell are sequestered in autophagosomes, degraded, and recycled. Thus,
autophagy can negatively regul&€ING signalingandfunctiors as a defence mechanismthe

context of antviral immunity by eliminating damaged organelles or invasive pathdgeHs+4
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Figurel.2 - Type | interferon signaling from STING pathway activati@dapted from Decout
2021 and Barber 2018-144
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1.4 STING immunotherapy

1.4.1 Preclinical advances in STING immunotherapy

It has been shown that STING plays an important role i€theycle'*°. Whena cancer
cell dies its cancer antigengecome exposed. STING is involved in pregressiorof theCl
cycleandcontributeso the development of tumor immunologic ment&ty>! STING
signalling participates in th€l cycle by activatingpCsto promote presentation of tumor
antigens to Tcells in theTdLN to facilitateantitumor Fcell priming*>143 STING activation has
also been shown iaduce interferon independent stress response pathways that can result in
regulated cell deatim cancer cells specificafl§?. Interestingly, it has been showhmat STING is
a critical PRR for inducing antumor T-cell responses. In an immunogeBit6.SIY melanoma
model that is known to induce spontaneousell mediated tumor clearance, transgenic mice
lacking MAVS,MyD88, TRIF, TLR4, TLR3,or TLR9 maintained the -Eell mediated tumor
clearance phenotype, but in STING deficient mice,-ammtior T-cell responses wetestand
tumor growth was observ&d Therefore, in the context efimor clearanget appears that
STING is a critically important PRR cancer immunity.

One of the most well studied STING agonists isdifGethylxanthenond-acetic acid
(DMXAA). DMXAA is both considered a vascular disrupting agent and a STING adgtnist
DMXAA initially gained attention giverits ability to uniquely dismantle tumor vasculature
whichto this dayremains poorly understo&d. Shortly after i.p. administration of DMXAA,
observable increases in endothelial cell apoptosis, decreased blood flow, increased permeability
of tumor vasculatureand increased levels 8fN FHave been report&d15¢ Additionally,
DMXAA potently stimulates type | interferon productiohy binding toSTING in mice In

several mouse models of cancer, DMXAA has produced durableuamir responses including
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B16 melanoma, 4T1 breast cancBRAMPC2 adenocarcinoma, and Ag104L fibrosarcba
Exciting studies using the KP model of STS which is a lymphocyte poor, macrophage rich, and
resistant to ICB’, showed that DMXAA could induce survival in 5%% of KP sarcoma
bearing micewith 100% of surviving mice demonstratipgptectionagainst a rénoculation of
tumor cell$°8 Although DMXAA remarkably induces potent aittimor activity in mouse
cancersit was not untilafter DMXAA reached phase Il clinical trials that it was discovered that
DMXAA s incapablébinding and activating humaITING which is believed to bdue to
interspecieslifferencesn the binding pocked anlal region of STING216%,

Recently, alternative approaches to activate both human and mouse STING pathways
using syntheticyclic dinucleotideanalogues have been investigated as arcanter
therapeuti€®. In 2015, Aduro Biotech created a synthetjclic dinucleotideADU-S10Q
capable of activating afive known isoforms of STINGvith enhanced binding affinity. This
studyshowedmpressie tumorclearancen B16 melanomaCT26 colon carcinoma, andiT1
mammary carcinomahen administered intratumoral®y. Excitingly, surviving mice re
challenged with an additional inoculation of tumor cells demonstrated 100% clearance of the re
challenge. The survival phenotypppeared to be STING dependent, given titasisgenic
STING' mice bearing B16 melanoma tumors were unable to demonstrate tumor clearance
following treatment™. Further studies by Sivick and colleagues u#iigJ-S100showed that
following treatment, miceealeloped specified tumor antigercéll immunityand the anttumor
effects of this therapy were enhanced when combined witiP&nti ICB'L. Furthermore,
higherdoses, such as 3x509of ADU-S100producel an ablative Tcell respons&? Although
these mice were cured of their initial disease, wheshedlenged with the tumor cell line, they

were unable to confer the same extent of protection as the lower and more immunogenic doses of

33



ADU-S100°% Additionally, in mice reinoculated with tumor cells, it was shown that adaptive
immunity was conferred, and appeared to be CD&¢lTmediated, athe majority ofmice who
received a CD&lepleting antibody were unable to reject thehallengé’2

Another recently developed human and murine-nocleotide STING agonist has been
investigated named MS&'%3, This molecule was identified via cell free assay screening of
molecules which elicitNIFb secretion and displays a binding affinity for both human and mouse
STING!3163 Unlike cyclic dinucleotideSTING agonists, nenucleotide STING agonists like
MSA-2 can be administered systemically without inducing inflammatory cytokine elevation in
both normal and tumor tissu€364 As STING isbroadlyexpressedcross variousell types,
cyclic dinucleotidesre restricted to exclusively. administration to ensure a typaterferon
response does not take place in normal tissues. However; 2 MS$Anique in that it displays
high tumor specificity and greater cellular potency in acidic tumor environments, effectively
excludingnon-malignanttissues due to this mechanism of acté#?* In the Pan et al
introductory study oMSA-2, itwas reported that the drug can be successfully administered
subcutaneously, and orally to produce an-amhor response in murine MC38 tumors.
Additionally, Pan et al studigdur different murine cancers with a combination of M3And
ant-PD-1 immune checkpoint blockade therapy and discovered that the combination therapies
increased survival and CD8+cEll infiltration in theTME. Finally, 95% of the mice treated
with MSA-2 that completely eradicated their primary MC38 tumors were rechallenged with a
second inoculation of tumor cells addmonstratd complete rejectiol§®164

In 2021 Eisai developethenovel macrocycle bridged STING agonist E7¥86This
agonist demonstrated pan genotypic actiaityoss almajor human STING varianend induced

ant-tumor immunity with a protective effect inGI26 metastaticnouse livetumor model as
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77% of rechallenged mice remained disease free followinghalengé®®. Further preclinical
studies have been extendegtmouse model of nemuscle invasive bladder cancer
emphasizing the powerful asttimor properties of E7766vith 100% of treated mice eradicating
their primary tumors®,

Although there are several small molecule STING agonists under preclinical
investigation, a recent study developed an mRNA vaccine encoding the constitutively active
mutation V155M ofSTING as a promising immunotherapeutic adjuv&ntain of function
mutations in STING are associated with gutoinflammatorydisease STING associated
vasculopathy with onset in infancy (SAVIWhen these mutations occur, there is constitutive
trafficking of STING to the Golgi, resulting in constant production of type | interferon in the
absence of a STING activating ligdfti As a result, patients with the SAVI phenotygan
present with ulcerative skin lesions, fevergsculitis, myositis, and pulmonary inflammation
diseas®”1%8 A number of these mutations have been identified, including N154S, V155M,
V147L, G207E, R281Q, R284%se and colleagues sought to enhance the efficacy of their
existing mMRNA cancer vaccine encoding oncoproteins E6 and E7 in their murine tumor model
by inducingselective activation of type | interferon signalling to enhancetantor CD8+ F
cell responsé$’. To find the best adjuvanB16F10cell lineswere transfected with various
constitutively active STING mutants aBd INGV155M emerged as the most potent inducer of
type | interfero®’. Excitingly, administration of mMRNA encoded STING55M alongside the
cancer vaccine increased CD8-8ll responses, reduced HPV+-TQGumorgrowth, and

increased survival in treated miéé

35



1.4.2 STING signalling in the tumor microenvironment

It is well understood that STING signaling in the TME can shift tumor phenotypes to
become more immune inflamed in preclinical studies, namely through the induction of increased
effector Tcell infiltration!51.154.158,162.165GTING signaling can result in varying outcomes
depending on the cell typElowever, there is a lack of consensus in the literature concerning the
role of STING signaling specifically in tumor cells.

OneHallmark of canceis genane instability and mutatidh Chromosomal instability is
a type of genome instability whid@nablescancer cells to readily adapts a result of
chromosomal instabilityaberranDNA from micronuclei and chromosomal bridgescumulate
in the cytosol of malignant cellghich cansubsequently induc8TING pathwaysignding upon
detection by cGABP. To escape this vulnerabilitit,is plausible to believe that cancer cells may
evolve toreduceSTING expressionindeed, studies have shown that some carnaetsor
mutations in STING or cGASeffectively suppressing type | interferon productiopromote
tumorigenesis*173, Howevet it hasalsobeen reported that STING signaling in tumor cells can
induce tumor cell senesceneagagepoptotic pathwaysand increase tumor cell antigenidity
some cancer types, but this has not been consistently observed across maligh&iéiés >
A 2019 studyexamininghuman melanoma cell lin@sdicated that some of these cell lines were
capable of engaging STING signaling which increased the antigenicity of malignant cells and
sensitized them to lysis by lymphocytsa result oMHC-I upregulatiod’. Moreover,
melanoma cell lines modified to lack STING expression were less susceptible to lymphocyte
mediatedkilling 1> Converselypther evidence has emerged showing ¢hadnicSTING
signaling in tumor cellf'om an accumulation of DNA&an promote tumorigenesrgcruitment

of immunosuppressive cell typasdencourage tumor metastad$fs’®. Further investigation of
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STING signaling in tumor cells is required to understand the implications of this signaling
pathway in both proand antitumor contexts.

It has been shown th&TING activationcan lead to cell death in monocytés,and B
cells specifically leading talysfunction and impaired memory responsed #and B cell
types82183 |t has been shown that intrinsic STING expression and signaling in NK cells
enhances the artimor activityin addition to maintaining a population of memdilke TCF1+
NK cells in the TME84185 Additionally, STING activation in the TME can reprogram
immunosuppressive cell types, includimyeloid derived suppressor cells (MDS&£) pre
tumor macrophages, to exhibit an antinor phenotyp&°186.187 Indeed, STING expression and
activation in DCs promotes maturation, antigen procesaimg)presentation to CD8+dells'>°,
Further studies have demonstrated that STING activation specifically in endothelial cells can
induce normalization of tumor vasculature and improsee[T infiltration in the TMEin a type |
interferon dependent fashityfi%,

Given the diversempacts of STING signalingcross cell typesurtherstudiesof the
consequences of STING signaling in various cellular compartroétte TMEmust be

completed tacontextualizeéhe impacts othis immunotherapyn different cances.

1.4.3 Clinical trials for STING immunotherapy

At this time, published results are available for a phase | and Ib clinical tridDidr
S100lead by NovartisThe phase | clinical trial assessed dose escalatigiDof-S100 in
patients with advanced/metastatic solid malignancies or lymph&mRatients received weekly
i.t. doses of ADUS100 ranging fror®0-640Qug. Pharmacokinetic studies indicated that ADU

S100 is rapidly metabolized, with a plasma absorptionlifi@lof 24 minst®L, All doseswere
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well tolerated with only 1/47 patients experiencing treatment related adverse'€vemts
confirmed partial response was reporired patient at the 1Q@ dose level, and two other
unconfirmed partial responses were néteddditionally, it was indicated that following
therapy there was an increase in-BEDexpression by tumor cells in 11/39 of tumors that were
assessedimultaneously the phase Ib study took place in 106 patients with advanced solid
tumors and lymphomas treated with AEB100 in combination with the RDinhibitor
Spartalizumab. Aoverall response rat®RR)of 10.4% was observed with minimal adverse
eventd®,

Merck has also produced a synthetyclic dinucleotide MK-1454 which has
demonstrated encouraging phase | clinical trial data. A total of 6 patients demonstrated partial
response (24%) with targeted lesions reducing by a median proportion 5¥8B% agonist
was relatively well tolerated with the most common adverse event being pramiK -1454 in
combination with pembrolizumab progressed to a phase Il trial as a first line therapy for
metastat squamous cell carcinomas of the head and neck, but results have yet to be reported
(NCT04420866)

Phase I clinical trials are also ongoing for other CDN derivatives including E7766, BMS
986301, and Bl 1,387,44@ve begun as monotherapies or in combination witH¥CBISA-2
has yet to enter the space of clinical tri@darrently, there are no clinicedsults forE7766. Eisai
had started a trial for NMIBC, but it was terminated in 2020 due to challenges in patient
recruitmentAnotherE7766 trial for advanced solid tumors or lymphorhas recently ended in

2022 with results from the study pendifiySTAL-101)-94
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1.5 Soft Tissue Sarcoma Aggressive Cancers with Limited Therapeutic Options

1.5.1 Sarcoma

Sarcomas are a diverse grougsolid malignanciesf mesenchymal lineag®&1%¢ These
cancers arise from tissues such as bone, muscle, adipose, cartilage, and other connective tissues.
Compared to other cancers sarcomas are rare, representing less than 1% all cancer'#fiagnoses
However, sarcomas account for approximateR20% of solid malignancies in children and
young adult¥®>1%7. Broadly, sarcomasan be separateadio histologic categories: soft tissue
sarcomas (STS) and bone sarcotffaBone sarcomas originate in bone progenitor cells and are
most common in children and young adtift°? Bone sarcomas are chemotherapy sensitive and
are typically treated with higHose chemotherapy and surgical reseé&tfii® STS arise from
muscle, fat, and cells of fibrous lineage. STS are more common than bone sacoonpasing
76% of all sarcoma diagnoses and affect individuals of all ages. Unlike bone sanmsias,

STS are highly resistant thostsystemic chemotherapiesith the exception of pediatric
rhabdomyosarcoma and gastrointestinal stromal tumors (8IST)

There arepproximately80 histological subtypes of ST%. Despite this diversity, STS
frequently present as a rapidly progressing mass of soft tissue in the extremities, pelvis, or
retroperitoneurt?®.203.204 High grade metastatic STS such as undifferentiated pleomorphic
sarcoma (UPS) are challenging to treat as they grow rapidly and frequently met8#33¢ré
The lung is the most common visceral organ affected by both bone and STS metdBt&sss.
the one of thenostfrequentadult STS and is a highly aggressive disease. UPS is resistant to
systemic chemotherapies, and has a strong propensity to metasthgibehecomes rapidly

fatal in patients with advanced dise®8€°” Upon diagnosis, approximately -16% of
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individuals with high grade STS will present with lung metastases with an additional 25% of
treated patients developing subsequent metastatic disease after or during tfe&éthaie
percentage of patients who develop metastases can increase from 25%0% dhen the size
of the initial primary STS tumor exceeds five centiméf° Currently, there are no curative

treatment options for individuals with metastatic UPS.

15.2 Diseasananagement of soft tissue sarcoma

The current standard of care for UPS and other STS subtypes inefutdéscsurgical
resection of the tumor mass and hidgse external beam radiation ther&fiyDepending on the
location of the tumor, surgical interventions andiotherapystrategies can vatit. Asthe
majority STS subtypes are resistant to systemic therapies, sarcoma remains a surgical disease.
Curative intent surgical management often requires large and neorhidctumor resections
resulting in significant loss of bone, muscle, articular structures, permanent musculoskeletal
disability, and difficulties restoring limb functié®. Furthermore, unresectable metastatic
sarcoma is universally fatal, with a median survival oflL&62nonths!3 For these reasons, novel

and innovative treatments for STS are desperately needed.

1.5.3 Tumor microenvironment ofoft tissue sarcoma
Understandinghe TME is integral foridentifying the success and failures across a range
of immunotherapeutic strategfé$ For sarcomas, thEME is believed to be a major contributor
to immunotherapy insensitiyit Many structures exist in the microenvironment of the tumor
including extracellular matrix, tumor cells, blood vessels, fibroblasts, chemokines, cytokines, and

tumor infiltrating immune celf>. High proportions ofmyeloid cellsjncludingtumor associated
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macrophages (TAM) aviDSCstypically contribute to an immune suppresshME and

facilitate tumor proliferatioft®. In contrast, tumors enriched in spontaneous lymphocytic
infiltrates are often associated with a better prognosis and are much more sensitive to certain
immune based therapies includingg®. In a study completed by Petitprez et al, this group
utilized transcriptomic profilingof human STS to characterize and define the STS TME and how
these immune profiles influence responsivene$€B3°. This classification strategy is referred

to as the sarcoma immune class (SIC) system in which STS can be defined as immunologically
cold (SIC A and SIC B), highly vascular (SIC C), and immune enriched (SIC D &hdThge
majority of UPSwere SIG A and B, and numerous subtypes were identified in each category,
reinforcing the heterogeneity that exists within STS. Tumors that are identified as SIC A or SIC
B generally contain fewer than 30% of immune cells as a percentage of total cells within the
mass, with the vast majority being macrophag@hese findings are consistent withports in

the literature highlighting the abundance of myeloid cells, namely macrophages, in the STS
TME?16218 SIC A, B, and C STS were not responsivéaB while the SIC D and E phenotypes
were associated with some degree of responsiven&SBia It is also worth noting that
responsiveness to ICB wamund torelated to the presence of B cells and TLS in this cohort of
STSpatient$3. The success of an immunotherapeutic strategy is largely determined by the
proportion of T lymphocytes, particularly tumor infiltrating lymphocytes (TILs) found within the
TMEZ?3. For example, tumors with higher numbers efells are reported to respond well to

ICB214 Relative to melanomas and renal cell carcinomas, STS generally have a decreased ratio
of TIL per gram of tumor tissd®. Higher TIL counts are often correlated to progression/disease
free survivad®®. In most cancers, an increase in proportions of CD3+ and CD8+ TILs are

associated with improved disease progriddf3? Although this concept remains controversial in
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the sarcoma literature as in a study of 249 STS completed by Sorbye et al, low CD3+ and CD4+
TILs detected via immunohistochemistryereassociateavith improved survivaf® Generally,

STS are characterized by having very few TILs in tl®&iiE, which is considered one of the

greatest hurdles to overcome for improving immunotherapeutic responses in this @sezse

that ~65% of STS tumors are considered-mdlamedor immunologically cold

immunotherapeutic strategies that can shift the TME of these tumors towards a more inflamed

phenotype will be essentfél

1.5.4Clinical immunotherapystudiesin soft tissue sarcoma

Although the previously described immunotherapeutic strategies have improved clinical
outcomes for various solid cancers, they remain largely ineffective against advanced
sarcoma®. In a multicentre phase Il clinical trial evaluating fembrolizumab in patients with
sarcoma (SARC028pnly 18% of treated patients had@RRto the therapy (7/46%. In UPS
andliposarcoma (LPSgxpansiorcohorts of SARC0280RR of 23% and 10% were observed,
respectively??®. Nivolumabhas been studied in a variety of STS subtypes, showing that over
50% of individuals treated did not experience a therapeutic benefit, and only 2/24 participants
with STS partially responded to the treatm&hEncouragingesponses to ICB therapy have
been seen in patients with alveolar soft part sarcoma (ASPS), arandtrsarcoma driven by the
translocation derivetlision protein ASPL::TFE3)ver 150 patients with ASPS have undergone
study in clinical trialgargetingthe PB1/PD-L1 axis?L. Most recently, a phase I clinical trial
testingAtezolizumab (amtPD-L1) showed impressiv®@RRIin 16/37 ASPS patients, leading to

the approval of this therapy for patients with unresectable or metastatic ASPS by the FDA on
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December 9, 202221225 Although very exciting, further work is required to understand which
ASPS tumors will and will not respond to these therapies

Other combination therapy trials have been undertaken foy 8iffSsome showing
encouraging results for specific STS subtyg@sephase liclinical trial testingNivolumab as a
monotherapy and in combination wighilimumab in patients with metastatic STS showed that
5% of patients receiving onivolumab and 16% of combination therapy treated patients had
complete responses, ultimately supporting the combination regimen for furthe%tadsther
analyses from expansion groups within the previous study were completed fand@s
differentiated liposarcoma, showingngonth response rates of 1#%Interestingly, in a phase
I clinical trial assessinthe combination of a VEGF inhibitoAkitinib) andPembrolizumab in
patients with advance8TSshowed arDRRof 58% in patientsvith ASPS$2°. However, this
was not consistent across all subtypes of STS in this con@RRswere 21% in the remaining
patientsin the study?®. In 2020, results of a pha#leclinical trial for advance®TSwith antk
PD-1 (Nivolumab) in combination with thigrosineinhibitor Sunitinib were reported, indicating
a progression free survival of 48% at 6 morghd anORR of 21% which included five different
subtypes of STZ8 In May of 2022 exciting results came REMBROSARGC a multicentre
phase liclinical trial in patients with advancesIT StestingPembrolizumab in combination with
low dose cyclophosphamide chemothefapyn this cohort, 48 of the 240 patients recruited
were positive for the presence of TLS. Of TLS patients that were eligible for evaluation, 30%
showed an objective response, paired with a clinical benefit response of Bi3%ndingwas
staggeringas analyses of all patients showed an objective response, o¢i2¥6rcing the

influence of TLS on STS and treatment outcoftfeEurther clinical studies evaluating
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Nivolumab andRelatlimab (NCT04095208), another ICB for the negative immune regulator,
LAG3 is ongoing studying sarcoma patients enriched for?3LS

TIL therapy is also undergoing clinical trials for STS. Although STS typically have few
TILs, it was demonstrated by Mullinax aondlleagues that extraction of TILs from the STS
TME is possibleand that the TILs retain tumepecific reactivity®C. Phase | and phase Il TIL
therapy clinical trialfor sarcomarecurrentlytaking placé?!231

Recently clinical trials investigatingwo TCR therapiespecific toCTAs MAGE and
NY-ESO1 have emerged for two subsets of STS, synovial sarcoma and myxoid liposdtcoma.
has been shown that theS&A are homogenously expressed across these two subsets.of STS
Afamiceland Letecel arengineeredherapies consistingf autologous CD4+ and CD8+dells
designed to express a TERcognizing MAGE4 and NY-ESCO-1, respectivelybound to HLA
A*02 to elicit killing of tumor cells expressing these antigens in synovial sarcoma and myxoid
liposarcomaResults from the phase | clinical trial Afamicelrevealedhat 36.2% of MAGE
A4+ patients demonstrated an objective respdadeurther excitingpreliminaryresults were
reported from the phase | clinical trial loétece] excitingly showingORRranging between 20
50933234

CAR-T therapy is also under investigation for STrsa phase | clinical trial of
autologous HER2+ CAR cells administered followintymphodepletion, itvas shown that the
therapy had a strong safety profffe Excitingly one patient with rhabdomyosarcoma had a
complete response for 12 months, with relapse occurring 6 months following the conclusion of
therapy®®. This patient was subsequentlyaerolled, retreated, and maintained a complete

response for 15 mont#S. Additionally, anothepatient with osteosarcoma had a complete
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response for 32 monthS. Further studies are ongoing f6AR-T therapy inSTS targeting
various tumor cell surface molecules, including EGER2, and PDGFRF2,

In recent yeargyreat strides have been made in the space of cancer immunotherapy for
specific STS subtypesalthough they have yet to be extended to some of the most common
subtypes of the diseasacluding UPS The previously completed and ongoing clinical trials will
provide valuable insight into applications for new immunotherapies across several subtypes of
STS,although the discipline of cancer immunotherapy for sarcoma is lagging behind other
cancer histologie8®237 Therefore continuedpreclinicalinvestigation of novel and innovative

treatment strategies to overcome the immunosuppressive TME of STS are required.

1.6 Project rationale, hypothesis, and specific aims

Currently, immunotherags forSTS are lacking and have yet torb&ably expanded to
oneof the most common subtypes of the diseaeS One of the greatest hurdles in the
immunotherapeutic treatment of STS lies in the immunosuppressive TME of these tumors.
STING immunotherapy has shown impressive-tumior responses preclinically but assessment
of theefficacyof clinically relevant STING therapies in STS have not been completed. Further,
evaluationof STING signallinghas never been assessethmvarious cellular compartments of
the STS TME

This project aims tdill theseliteraturegaps to deepen ouunderstanding of the
application of STING immunotherapy for STEhisis the first study to comparee
immunogenic impacts dhree classes afanslationabmall molecule STING agonists (ADU
S100(CDN), MSA-2, and E7766and an hSTINGN154S gene therapya murine model of

STS Additionally, this project contributes to the characterization of the STS TME in response to
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STING therapy to provide insight into what cell types are critical contributors to STING

signaling which has not previously been done.
The central hypothesis for this projecthsit STING agonism viaclinically relevant

small molecule STING agonistsand expression othe mutant hSTINGN154S proteinwill

promote immunogenic responses i murine model ofUPS.
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AIM 1: To determine the therapeutic efficacy of multiple small molecule STING agonists in a
murine model of UPS.
Hypothesis T CDN, MSA-2, and E7766avill elicit similar immune mediated UPSmor

modulation and clearante DMXAA due toSTING activation.

AIM 2: Characterizing the importance of STING signaling profiles tamor and nontumor
compartments of the UPS TME.
Hypothesis: STING signaling imon-malignanthost cel is required for immunogenic tumor

responses and notPScells.

AIM 3: Exploring an alternative approach to STING therapy through the forcexpression of
the hSTINGN154S protein
Hypothesis 3:An hSTINGN154SIRES-eGFP plasmid will be forcibly expressed by HEK293T

and TAO1 UPS cells and will be capable of stimulating type | interferon production.

For this thesisthe result§rom eachaim will bedescribedn a dedicated chapter. Aim 1 will be
addressed in chapter 3, aim 2 will be addressed in chapter 4, and aim 3 will be addressed in

chapter 5.
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2.1 Materials

Chapter 27 Materials and Methods

2.1.1 Materials and reagents

Table2.1 - Materials and reagents

ompa Proad ame atalogue De enta
he

Gibco RPMI-1640 (1X) 22400089 Cell Culture

Gibco DMEM (1X) 11965092 Cell Culture

Gibco 0.25% TrypsiREDTA (1X) 25200072 Cell Culture

Gibco Fetal Bovine SerunjFBS) 12483020 Cell Culture

Gibco Penicillin Streptomycin 15140122 Cell Culture

Gibco Hankoés Bal anc| 14025092 Cell Culture
Solution (1X)

SigmaAldrich Dul beccods P hD853#500ML Cell Culture
Buffered SalindPBS)

Gibco Opti-MEM Reduced Serum | 31985070 Cell Culture
Medium (1X)

SigmaAldrich KAPA hot start mouse KK7352 PCR
genotyping kit

Fisher Bioreagents | Agarose BP160G500 PCR/Cloning

DIFCO Luria-Bertani (LB) broth 266610 Cloning

VWR Molecular Biology Water 02-0201-1000 PCR/Cloning

New England EcoRl RO101L Cloning

Biolabs

New England Quick CIP M0525S Cloning

Biolabs

New England T4 DNA Ligase M0202S Cloning

Biolabs

Sigma Aldrich Ampicillin sodium salt A95185G Cloning

Sigma Aldrich Crystal violet C388625¢g Cloning

Invitrogen MAX efficiency® Stbhl2™ 10268019 Transformation

Promega Wizard® SV Gel and PCR | A9281 DNA purification
Cleanup System

Invitrogen PureLinkM HiPure plasmid | K210014 Plasmid
filter midiprep kit purification

QIAGEN QIAprep® spin Miniprep kit | 27106 Plasmid
(250) purification

Invitrogen Lipofectamine LTX and 2144135 Transfection
PLUS™ Reagent

Bio-Rad TransfectinM Lipid Reagent | 170-3351 Transfection
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Lonza Amaxe® Cell Line VCA-1003 Transfection
Nucleofectof Kit V
Chemietek ADU-S100 163875095-4 Cell
Culture/Animal
Experiments
Chemietek E7766 224263502-3 Cell
Culture/Animal
Experiments
MedChemExpress | MSA-2 12942581-6 Cell
Culture/Animal
Experiments
SigmaAldrich DMXAA D581725MG Cell
Culture/Animal
Experiments
Cedarlane InVivoMAD rat 1IgG2b BEO090 Animal
isotype control Experiments
Cedarlane InVivoMAb anti-mouse BE0061 Animal
CcD8U Experiments
Cedarlane InVivo Mab anttmouse PB1 | BE0146 Animal
Experiments
OMNICRON f/air cannister 80120 Animal
Experiments
Fresenius Kabi Isoflurane USP CP0406V2 Animal
Experiments
BD Allergy Syringes 27G x % | 305535 Animal
sterile, single use Experiments
BD BD™ Luer Slip Tip Syringe | 309659 Animal
sterile, single use, 1mL Experiments
BD PrecisionGlidé™ Needle 25G| 305124 Animal
X 7/8 sterile, single use Experiments
BD PrecisionGlidé™ Needle 30G| 305106 Animal
x 1/2 sterile, single use Experiments
GoldBio D-Luciferin, Potassium Salt | 11514435-9 Animal
(19) Experiments
Biolegend Brilliant Violet 421 anti 108741 Flow cytometry
mouseNK-1.1
Biolegend Zombie Aqua Fixable 423102 Flow cytometry
viability kit Single cell
sequencing
Biolegend Zombie NIRM Fixable 423105 Flow cytometry
viability kit
Biolegend FITC anttmouseCD19 115506 Flow cytometry
Biolegend PerCP/Cyanine 5.5 anti 100733 Flow cytometry
mouseCD8a
Biolegend PE antimouseCD4 100512 Flow cytometry
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Biolegend Alexa Fluor 64 7antk 155609 Flow cytometry
mouseC D 3 U
Biolegend Brilliant Violet 605 anti 107639 Flow cytometry
mousel-A/l-E
Biolegend PE anttmouse/humacD11b | 101207 Flow cytometry
Biolegend Alexa Fluor 647 anti 117314 Flow cytometry
mouseCD11c
Biolegend PE/Cy7 antimouseCD206 141719 Flow cytometry
(MMR)
Biolegend Alexa Fluor 647 anti 123122 Flow cytometry
mouseF4/80antibody
Biolegend APC/Fire 750 anti 103154 Flow cytometry
mouseCD45antibodyClone
30F11
Biolegend TruStain FcXPLUS/ant 156604 Flow cytometry
mouse CD16/32
Biolegend RBC Lysis Buffer (10X) 420302 Flow cytometry
Single cell
sequencing
Cytiva Percoll™ 17089101 Flow cytometry
Single cell
sequencing
VWR Cell Strainer, individually 76237100 Flow cytometry
packaged, 70 m Single cell
sequencing
Miltenyi Cell Strainer, individually 130-041-407 Single cell
packaged,@ € m sequencing
Miltenyi genlteMACSC-tubes 130:096-334 Flow cytometry
Single cell
sequencing
Gibco Collagenase Type prepared| 17102015 Flow cytometry
from CI histolyticum
Roche DNase | from bovine 1014159001 Flow cytometry
pancreas grade |l
Roche PhospheSTOPEASYack 04906837001 Western Blot
Roche cOmplete Tablets, Mini 04693159001 WesternBlot
EDTA-free,EASYack
Cell signaling pIRF3 antibody 4947 Western Blot
technology
Cell signaling STING antibody 13647 Western Blot
technology
Cell signaling pSTING antibody 72971 Western Blot
technology
Cell signaling pTBK1 antibody 5483 Western Blot
technology
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Biolegend DirectBlot HRP antibeta 664804 Western Blot
actin antibody

Mesoscale SPLEXHuman IFNb K i | KI51ADRS1 Cytokine array
Discovery SECTOR (1 PL)
2.1.2 Cell lines

Table2.2 - Cell lines

Cell line Cell type Source Culture media
TAOL (-) Murine KP UPS cell line | Monument RPMI-1640 + 10%
Laboratory FBS + 1%
Penicillin and
streptomycin
TAO1L (+) Murine KP UPS cell line | Monument RPMI-1640 + 10%
expressing MCherry and | Laboratory FBS + 1%
Luciferase Penicillin and
streptomycin
TAOL1 STING k/o Murine KP UPS cell line | Monument RPMI-1640 + 10%
created from TAOL1 (+) Laboratoryi FBS + 1%
which has been created with the | Penicillin and
manipulated using assistance of streptomycin

CRISPR/Cas9 to lack Yaping Yu
Stinglexpression

RAW 264.7 Murine macrophage like | Dr. Frank Visser | DMEM + 10% FBS
cell line + 1% Penicillin and

streptomycin
HEK 293FT Human embryonic kidney | Dr. Artee DMEM + 10% FBS
cell line Luchman + 1% Penicillin and

streptomycin

2.1.3 Mouse strains

Table2.3 - Mouse strains

Mouse Name Strain Source
Wild -type C57BI/6 C57Bl/6 CCCMGT University of
Calgary
Goldenticket C57BL/63Sting®YJ (stock CCCMGT University of
#017537) Calgary*
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SAVI mousete® VAV -hSTINGN154S CCCMGT University of
Calgary*

*obtained from Dr. Frank Jirik (Calgary, AB,CAN)

2.1.4- Plasmids

Table2.4 - Plasmid constructs

Construct Source |
CMV -hSTING-N154S GenScript
CBA-hSTING-N154S Monument laboratory
TurboCre Monument laboratory
pcDNA3.1 Invivogen

2.2Methods

2.2.1 Animalmonitoring

All mice in this thesis were monitored three times weekly for tumor progression status
and overall welbeing. This included tumor volume measurements and bioluminescence
imaging which are detailed in the sections below. All mice Weresed in a biocontainment 2
facility where all animal monitoring took place (Biohazard, room B55) under protocol numbers
AC-19-0072 and AG23-0048. Mice werehumanelyeuthanizediia cervical dislocation
according to experimental endpoindsice tumors were found to be 15mm in size in the length,

depth, or width dimensionsr if any outward signs of deterioration were observed

2.22 The murine KP model of UPS, cell lines, and cell culture
All experiments completed in this thesis were undertaken using the murine KP model of
UPS. Only syngeneic cell line derived tumors were assess&ll (- and +)UPScell lines

were generated by the Monument laboratory from spontaneously dev&lBpéielS tumors”’
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(Calgary, AB, Canada)-emale transgenic mice on the C57BI/6 backgromitid the genotype
Trp53" x Kras®?P*were administered a lentivirus bearing-oceeombinase subperiosteally to
induce deletion 0p53 andactivationoncogenic KRASSIix to eightweeks later, once palpable
tumors were generated, the TA®AT UPS cell line was creatday dissociating the tumor mass
and developing a single cell solution which was plated and maintained in RPMI medium
supplemented with0% heatinactivated fetal bovineesum (FBS, Gibco) and 1% Penicillin and
streptomycin (Penstrep, Gibcdhe resultant cell lines were passaged and tested negative for
mycoplasmaTo generate an mCherry and luciferase expressing version of this cell line, TAO1
WT was transduced with a lentivirescodinghesegeneqFigure 2.1) Following transduction,
mCherry expressing cells were sorted and expanded to generate the stably transduced cell line
TAOL1 +. TAO1+ was used for the majority of the experiments in this thesis and experiments in
which the wildtype version of this cell lin€ AO1 WT, was used it is indatted in the figure

caption.
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pLV430G oFL T2A mCherry

9264 bp

Figure2.1 - Lentiviral vector containing firefly luciferase and mCherry

TheTAO1 STING k/ocell linewascreatedoy YapingYu using CRISPR/Cas9
technology from TAO1 (+) cells provided by the Monument laboraiGailgary, AB, Canada)
All TAOL1 cell lines wergropagatedn RPMI 1640 media supplemented with 10% heat
inactivated=BS (Gibco) and 1%enStrefGibco). RAW 264.7 cells and HEK 293T cells were
obtained from Dr. Frank Visser (Calgary, AB, Canada). Both cell lines were maintained in
DMEM (Gibco) supplemented with 10%eat inactivatedBS and 1% Penstrepll cell lines

tested negative for mycoplasraad were maintained in an incubaset to37°C at 5% CQ

2.2.2 STING treatment of cell lines
RAW264.7, TAOL1(+), and TAO1 STING k/o cells were seeded at a density of 2 million
cells per well in a &vell platein 3mL of culture mediumOne day after seedingells were

washed with PBS and subsequentlre treated with 1.8x10moles of DMXAA, CDN, MSA?2,
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E7766, or2 6c&AMP in culturemediumwithout any supplement$iBSS was used as a vehicle
control.Cell supernatants and protein lysates were collected at various timepoints following

treatmenfor further analyses

2.23 TAO1 UPSTumor Engraftment

All TAOL (+ or-) and TAO1 STING k/cell linetumors were intramuscularly engrafted
in C57Bl/g Goldenticketor SAVI mice. Tumors were engrafted in male and female raged
6-12 weeksunless otherwise indicatedPS cellsvereresuspended in sterile, serum free media
and kept on iceMice were anaesthetized using isofluor@nduced at a flow rate of% and
maintained at 2%), shaved to expose the injection site, and injected 10€H000 cells
intramuscularly in the lateral gastrocnemadghe righthindimb. All tumors were detected

within 7 days oimplantation.

2.24 Survival and treatment regimens

All UPS tumors were engrafted through intramuscular injection of 100,000 TAO1 cells in
the right hindlimb o6-12-weekold mice.STING treatment regimens in UR@norsbegan on
day 7 following cell line engraftmenEor STING monotherapgnd combination therapy
experimentsmice were followed for 90 daysr until tumors reached a size of 15mm in the
length, depth, or width dimensions or other outward indications of mouse deterioration were
observed (weight loss, lack of grooming, dehydration).

DMXAAIT given previous studies with this agonist have been extensively completed by
the Monument laba standardized dose bB8mg/kgof DMXAA was administeredt. DMXAA

was reconstituted in sodium bicarbona&#€o) into a stock concentration of 5§ / € |
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ADU-S100(CDN) 1 As previously described in the literature, dosasyingfrom 25
500ug were assessahdadministeredis a single injectiont. Further, a triple dosing strategy
was attempted in which 3 doses off§0CDN were administered. on days 7, 11, and 14
following tumorengraftmentsCDN was reconstituted in HBSS to a stock concentration of
le g/ ¢ |

MSA21 Seminal studies described the administration of MSA., subcutaneously, and
orally. As such, we evaluated an 18mg/kg M3At. dosing regimen and a 50mg/kg
subcutaneous regimeMSA-2 was reconstituted in PBS titrated with NaOH and HCI to reach a
pH of 7.4to keep MSA?2 in solution at a concentration g g / € |

E77661 Pilot studies investigated similar treatment strategies to CDN, given that the
drugs are chemically similar (8I6Qug) i.t. and further weight dependent dosing strategies were
assessed ranging froml®mg/kg of E7766 i.tE7766 was reconstituted in PBS to a
concentration ofe g / ¢ |

Following the completion of dose titration studies, ideal doses for each agonist were
selected and paired with aitD1 immune checkpoint blockade therapy. Combination therapy
studies began with STING therapy on day 7 (DMXAA8mg/kg, CDNi 100ug, MSA-2 1
18mg/kg, E7766 4mg/kg).Subsequently, 25@ of monoclonal antPD1 (bioXcell) were

administered i.pin a volume of 100l on days 9,11,15, 18, 22, 25, 29, azd 3

2.25 Survivor rechallenge experiments
Any mice who reached 90 days following initial tumor engraftment without any evidence

of UPS based on volume or bioluminescence measureméintenceforth be known as
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survivors. Survivors were tehallenged in the contralateral limb (Ieft hindlimb) with an

additional inoculation of 100,000 UPS cells and followed for 60 days for tumor clearance.

2.26 Bioluminescence imaging

Bioluminesceneimaging was completed using an IVIS Lumina machine (Perkin Elmer,
Waltham, MA). Imaging took place on a weekly basis for all mice undergoing survival studies
beginning on day 7 following cell line engraftmelnt re-challenge experiments, mice were
imaged on days 1, 3, and 7 following cell linecteallenge and subsequently imaged on a weekly
basis. Mice were anaesthetized using isofluorane and shaved to expose the tumor bearing limb.
Next, mice received an i.p. injection oflOciferin (reconstituted in PBS to a concentration of
15mg/mL, 10ul/g of bodyweight Tenmins following injection, mice were placed onto the
heated surface in IVIS Lumina with their noses placed into the nosdaracentinued
anaesthesia administratiand tumor bearing limbs facing upwahthages were capturdyy a
chargecoupled device camera on the aetgosure settingach time a mouse was imageeb(lL
sof exposure time depending on presence of luciferase expressingRaiisanalyses were
performed using th&enogen Living Image softwar&egions of interest (ROI) were drawn
placed over the tumor bearing lidnd average radiance of the ROI was quantified

(photons/s/crisr).

2.2.7 Tumor volume measurements
UPS tumors were measur2dx weekly starting when tumors became palpédiésy 7
following engraftment) Tumors were measured in the in the length, depth, and width dimensions

using the SP BeArt Digi-Max™ Slide Caliper (VWR)Volume was calculated using the
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following formula; Tumor volume = (L+X)*L*X*(0.2618), as used in previous murine sarcoma

studied®’.1°8.238

2.2.8 Luminex Cytokine Array MBP44 Plex and Mouse Interferon Panél Eve Technologies

Cell lines& Serum
UPS tumor bearing mice were treated with standardized doses of DMXAA, CDN; MSA
2, E7766, or control amslibsequently sacrificechGater. At sacrifice, blood was collected via
cardiac bleed (1mL syring5G x 7/8 needle) and centrifugated formibs at 4°C at
13,000rpmAliquots containing 100ul of serum were submitted to Eve Technologies (Calgary,
AB, Canada)Cell supernatantsom STING treated RAW264.7, TAOL1 (+), and TAO1 STING
k/o were collected and 1@0aliquots were submitted to Eve Technologies (Calgary, AB,
Canada) for the completion of an M2 plex assay. All studies used Luminex xMAP
technology to complete multiplexed quantification dfMouse cytokinesAnalyses were
completed with the Luminéx 200 system (Luminex, Austin, TX, USA) by Eve Technologies
Corp. (Calgary, Al berta). 4-HexBiscaverycAssayirclodgs e s 6
two kits. The 32plex includes Eotaxin, &SF, GMC S F , | - No-1 B J-2, IL-B, IL-4,
IL-5, IL-6, IL-7, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, IL-17, IP10, KC, LIF, LIX,
MCP-1, M-CSF, MIG, MIP-1 U, -Ivd ,P-2M\l PRANTES, TNFU, and VEGF
Burlington, Massachusetts, USA). The assay eaaspletedn accordance with the protocol
provided by the manufacturer. Assay sensitivitiesarth listed markerange from 0.37 30.6

pg/mL. Results were reported as observed concentration estimated by a standard curve.
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2.2.91 Human interferon beta cytokine array

To quantify humanFN-b productionfrom hSTINGN154S transfected HEK293T cedis,
SPLEX Human IFNb  KSECTOR (1 PLJK151ADRS1) mesoescalediscovery assay was
performed using MESO Quickplex SQ 120MM, Model 1300 instrument was ub&dt, all
wells of the platevere washed three times with 150ul of RBSAfter washing the plateeach
well was coated with 50pl of thapating solutior(2677.2pul of diluent 208upplementevith
69ul of biotin human IFNb  a nt i Ha8llyfS-®UEN reagent C), sealedand placed on a
700rpm shaker for Xrat room temperatur&ollowing this incubationthe coating solution was
removed and the samples were washibtee times with 150pl of PBS. Next, 25l of a
blocking solution(1594ul of diluent 58 and 100x blocker SAas added to each weibllowed
by 25ul of each sample (including calibratorBhen,the plate was sealednd incubated for
1.5h on a 700rpm shaker at room temperatiext, the blocking solution was discarded from
the plate, and three PBBwashes were performed (150ul/washiter washing, 50ul of
prepared Turbdoost antibody solution was added to each well (2746pl of diluent 59 and 14l
of TurboBoost IFND  a n t, sdaleddnd Jncubated for 1hr on a 700rpm shaker at room
temperatureFollowing incubation, the TurbBoost antibody solution wadiscardedand
samples wergvashed three times with 150ul of PBSThen, 50ul of the enhance solution
(1366pl of molecular grade water, 690ul of £E8EX enhancer E1, 690ul of 4F_EX
enhancer E2, and 14ul 200XFB.EX enhancer E3) wde each samp|¢he plate was sealed
again, and placed on a shaker at 700rpm for 30min at room tempefatiloeing this
incubation, the enhance solution was removed and the samples were thasbéidnes with
150pul of PBST. Next, 50ul of the Turbeélag detection solution was added to each sample

(20564l of molecular grade water, 690ul of 4XPEEX Detect D1, and 14l of 200X-BLEX
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Detect D2) sealed, and placed on a shaker at 700rpm for 1hr at room tempekérmre
incubating, the detection solution was discarded, and the plate was wageetimes with

150ul of PBST. Finally, 150ul of MSD GOLD read buffer B was added to each well. The plate
was then inserted and read using a MESO QuickPlex SQ 120MM, Model 1300 instrument.

Cytokine concentration wapiantifiedusing the Discovery Workbench desktop software

2.210Western Blot

Pelleted STING treated RAW 264.7, TAO1 (+), TAO1 STING k/o, and HEK293T cells
were lysed using RIPA lysis buffer (50mM Tris, 150mM NaCl, 0.1% SDS, 0.5% sodium
deoxycholate, 1%TritofX 100, distilled water) which was supplemented with 1 tablet of
PhospheSTOP (Roche) and 1 tablet of EDI@omplete (Roche) for 3@ins on ice. Following
lysis, samples were centrifugated at 13,000 rpm fanits. Supernatants were harvested and a
bovine serum albumin (BSAQurve was performed to quantify protein. The extrapredeins
(20ug) were then loaded into a 12% SPp&8yacrylamide gel and separated by mass (100V for
90min) (BIO-RAD PowerPac 200). Proteins were then transferred to polyvinylidene difluoride
(PVDF) and nitrocellulose membranes (Immobil®iransfer Membraise Protran BA85
membranes) with a BKRAD TransBlot SD Cell set to 20V for 60min (BKRAD PowerPac
200). Membranes were subsequently blocked im&fiéin TBST buffer (1x TBS + 5% Tween
20) and incubated with rabbit monoclonal antibodies (1:1000 dilutid®)o BSA in TBST
buffer (antiplRF3 (4947), antp-STING (72971), antBTING (13647), pTBK1 (5483), Cell
signaling Technology), for I8on a shaker a°C. The following day, membranes were washed
and incubated with a secondary HRéhjugated anrabbit IgG antibody (1:2500 dilution) in
5% skim milk in TBST buffer (7074, Cell SignalingTechnology) for 1.5 hours at room

temperature. An equal part solutiohHRP substrate peroxide solution and substrate luminal
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reagent and (Immobilon Western Kit: Chemiluminescent HRP substrate) was used to image the
membrane using the Biead ChemiDot¥ MP Imager. Membranes were stripped (RestoreTM
Western Blot Stripping Buffer, Thermo Scientific) for dfins and washed with TBST, blocked

with 5% milk in TBST wash buffer fet.5 hours, and finally probed with aittiactin antibody
(1:10,000 dilution) in 5% milk in TBST buffe664804 BioLegend) for one hour at room

temperature. Following three washes, the membranes were imaged.

2.2.11 CD8+ T-cell depletion experimest
Naive mouse CD8+-tell depletion

Neutralizing aniCD8U(BE0061, Cedarlanepr IgG2b(BE0OMO, Cedarlaneksotype
control antibodies were administered i.p. to naive mice on days 7, 10, and {u4/(80
following TAOL1 (+) tumor engraftment. Mice received an additional i.p. 642519 antibody
weekly untilanendpoint was reached. At humane endpoint, tumors, blood, and spleens were
collected to assess CD8+cCEll depletion.
SurvivorCD8+ depletion

Neutralizing aniCD8U(BE0061, Cedarlanepr IgG2b(BEOMO, Cedarlaneksotype
control antibodies were administered i.p. to survivor mice on €ay4, and-1 (25Qug/day). On
day 0, 100,000 TAOL1 (+) cells were injected into the hindlimbs of survivors. An additional dose
of 25Qug/day of aniCD8U(BE0061, Cedarlanedpr IgG2b(BEOMO, Cedarlaneyas
administered on days 7,14, and ®lice were sacrificed on day 25 and both blood and spleens

were collected to complete flow cytometry to confirm depletion.
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2.2.12 Flow cytometry

Table2.5 - Flow cytometry cell type profiling

Cell type Flow cytometry gating definition

Live cells Zombie aqua
Hematopoietic cells Zombie aqua / CD45+
T lymphocytes Zombie aqua / CD45+ /C D 3+U
CD8+ T lymphocytes Zombie aqua / CD45+ /C D 3+I[CD4-/CD8+
CD4+ T lymphocytes Zombie aqua / CD45+ /C D 3aiD8-/CD4+
Macrophages Zombie aqua/ CD45+ / CD11b+ / F/480+
CD80+ macrophages Zombie aqua/ CD45+ / CD11b+ / F/480+ / CD80+
CD206+ macrophages Zombie aqua/ CD45+ / CD11b+ / F/480+ / CD206+
Antigen presenting cells Zombie aqua / CD45+ / MHCII+
Dendritic cells Zombie aqua/ CD45+ / MHGII+/CD11c+
Cell lines

Flow cytometrywas completed on HEK293T and TAOL1 (+) adherent cell liGedls
were first washed with PBS and subsequently lifted by incubating cells with 0.05% Frypsin
EDTA for 5mins. Trypsin was neutralized using RPMI and pellea¢@00gat4°C for 5 mins.
Cells were subsequently resuspended in FACS buffer (PBS, 1%&afFBSpncentration of
approximately 1,000,000 celisL. An aliquotof10@ L of the cell suspensio
FACS cuvette and washed twice with FACS buf@ells were reconstituted B30Ce L of FACS

buffer for acquisition on an Attune NXT (Life Technologies) flow cytometer.

Tumor

Tumars were excised from mice and placed in a gentleMACS C tube (Miltenyi Biotech)
containing digestion buffer (5mL RPMI with 2mg/mL Collagenase Il and 0.05mg/mL DNAse |)
Samples were subsequently homogenized using a gentleMACS dissociator on the program

m.imp.tumor.01 and placed on a shake37aC for 30 mins. Following this incubation step,
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samples were homogenized for a second time on program m.imp.tuniex@2cell
suspensions were strainedusingam™ f i |l ter to remove debris, rir
pelleted aB00gfor 7 mins at4°C. Red blood cells were then lysed using 5mL of a 1 x RBC lysis

buffer solution for 4nins at room temperaturaeutralized by adding 10mL of RPMI, and

pelleted at 300g for ihins at4°C. Cells were resuspended in isotonic a 40% Percoll solution to

remove debris and fat from the sample via centrifugation (4009 foriiZ0at room

temperature)The cell supernatants were then removedpaiigts were resuspendedPBSand

washedat 300g for mins at4°C. Single cellswere then reconstituted in 1.5mL of PBS and

20 | o $uspenkionsvas placed ifFACS cuvette as an unstained control for analyses. The
remaining cell suspension was stained wdmbie aquar near infrarediability dye (diluted at
1:10m0)according to t he fon&8mindahrodmuemperature inthe dark o ¢ o |
(Biolegend) Samples were then washed with FACS buffer to bind to the remaipengnd

pelleted aB00g for 7mins at4°C and resuspended in 1mL of FACS buffer containing TrueSta

fcX block to reduce nosspecific antibody binding (diluted 1H0) for 15mins. Next, samples

were stained with various antibodies for 1 hour in the dadRGtLastly, samples were washed

with FACS buffer and resuspended in800 of FACS buffer prior to a

NXT flow cytometer (Life Technologies).

Blood & spleen

Following euthanasia via CAnhalation, blood was collected via cardiac bl&ean
mice using a 25G needle and 1mL syring@Xk | of bplacedntb anEppendorf tube
containinglce | of hepar i n t Bloogwastvaesferred ioto aaFgAGS cavetie o n .

and resuspended in 3mL of gbito lyse red blood cells for 420 s. Then, the lysis was stopped

63



by adding30Ce | of PBS. pd&leaanpd0@ydor Smmsatkoom temperaturelhis

process was repeated twice, and samples were finally resuspended in 300 fSpl€&eBsS .

were removed and placed in avll plate with 2mL of cold PBS. Eacplsen washenplaced

on a 70um filters in 50mL falcon tube. A plunger from a 1mL syringe was used to gently
macerated through a 70um filter. Once spleen cells were dissociated, the filter was washed with
10mL of cold PBS. Then, this solution was pelleted0@g for 7mins at4°C. Next,red blood

cells were lysed by resuspending the cells in 5mL of a 1 x RBC lysis buffer solutiomfos 4t

room temperature. Following RBC lysis, samples were resuspended in 3mL of colBrBiBS.

3mL, 300ul of this resuspended RBC free splenocyte solution used for subsequent staining.
Blood and spleenasnples were thestained with zombie aqua or near infrared viability dye
(diluted at 1:10000) accor dinngattoan temperatureann uf a c
the dark (BiolegendNext, samplesvere washeavith FACS buffer and pelleted 800g for 7

mins at4°C and resuspended in 1mL of FACS buffer containing TrueStain fcX block to reduce
non-specific antibody binding (diluted 1.5:100) for dBns. Finally, samples were stained with
various antibodies fat hour in the dark at°C. Prior to acquisition on th&ttune NXT flow

cytometer (Life Technologies¥}amples were washed with FACS buffer and resuspended in

306l of FACS buffer.

2.2.13 Nanostring transcriptomics

Tumor samples werextracted from mice 2% 72h, and tweek following STING
therapy and snap frozen in liquid nitrogen fomiisis prior to transfer to €80°C freezer for long
termstorage Tumors were subsequently provided to D
Oncology Hub (POH, University of Calgary) Laboratory for RNA extraction and sample

preparation for the NanoString I mmunOncol ogy
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instructions. nCounter data was generated and
which is a tool designed by the company to enable scientists to perform quality control testing,
normalization, and to generate figures using basic statisticalteugmllowing quality control

and normalization of nCounter data, heatmaps were generated on normalized transcriptomic
samples using the group analysis function. Within the nSolver progracoye transformations

were completed to centre and scale tha éat each heatmap. Specificallyseores were

calculated by identifying the mean expression for each gene in each heatmap across all samples
included in the analysis, calculating the difference from the mean for a specific gene in each
sample, and dividig this difference by the standard deviation for a specific gene across all of the
samples included in the heatmaps@res associated with lower expression are represented by

t he <c ol or -sdores associatechwith highee relative expressioregresented by the

hY

color Aplumo in each heatmap included in this

2.214 Single cell RNA sequencin{scRNAseq)

Mice were euthanized via Gnhhalation and tumors were excised. To control each
mousebs contribution to the pooled sample, tu
Single cell suspensions were collected as previously described in se2tidh(flow cytometry,
tumor)and filteredusing3 m f i | t er ( Mi | t &ollowing filirationt cellstvateo | o gi e
stained with viability dye as previously described and 100,000 double negative (mCherry
/zombie aqug cells were sorted f@cRNAsedoy Drs. Ranjan Maity &Yiping Liu using a
FACSAria cell sorting machin&Gample were reconstituted if0OCe L o f FACi@bilityu f f er .

and cell counts were assessed using a CodNt&s5L automated cell countéFhermoFischer
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Scientific) and further processdxy the CHGIlaccording to the 10x genomics protocils

scRNAseqCell viability ranged from 83L00% per sample.

Data analysis
All analysesof thescRNAseqdataset were generously completed by Dr. Kiran Narta.
The 10X Next GEM single Cell 36 v3.1 scRNAsedq
length included 28 bases for readl, 90 bases for read2 and 10bases for dual index). The fastq
files were generated using the Celingef3? (version:v7.0.1) mkfastqg. Theséles were then
aligned to the optimized mmiGRCm38)reference genome. The genome was customized to
include the mCherry and Lucifera@g~Luc) genes, which were the markers for TAO1 UPS
cells. The alignment was carried out using the Cell Ranger mkref package. The aligned reads
were analyzed using Seur&t@.1)?%°. Features detected in at least 3 cells and cells with at least
200 features were included and a Seurat object was created for all 8 samplesh(CDN:6
CDN:1wk, DMXAA:6h, DMXAA:1wk, E7766:6, E7766:1wk, Controls, Control:1wk). The
QC metrices were explored and cells with >10% mitochondrial counts were filtered out. The
cells with unique feature counts over 6000 for CDN 1wk, 7000 for CDN 1wk/DMXAA
6h/E7766 1wk/Control Band 7500 for DMXAA 1wk/E7766 &/Control 1wk were also
excluded. This resulted in 1939£B63, 3828, 5062, 8023158, 9577 and 4261 filtered cells in
CDN:1wk, CDN:th, DMXAA:1wk, DMXAA:6 h, E7766:1wk, E77661§ Control:1wk and
Control:éh respectively. The filtered features ranged from 19,487 to 21,641 in these samples.
The reads were normalized usi8§ Transform package in Seurat and the data was

integrated. The dimensionality reduction was performed using Seurat which was also used for
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UMAP and clustering analysis. The cell types were annotated with SingleR (VR1GiQf*
using mouse immgen datianfmunological genome project datgsttasareference.
The interferon stimulatorgenesscoresvere generated using tAeldModuleScore
functionin Seurat. The ISGs were identified using gene sets in nM8#gDB?3 collection
with keyword Alnterferono and 266 genes in s

pathways were compiled for the analysis

2.2.15 Cloning

EcoRlI digestion& quick caltintestinalalkaline phosphatase (CIP)

To isolate specific fragments of plasmid DINdigestions with the restriction enzyme
EcoRI(New England Biolabs, R0101Mere usedor both the vector and insert plasmids
according to tabl@.6. CIP was added to the vector plasmmadution(New England Biolabs,

MO525S).

Table2.6 - Digestion mastermix composition for the TurboCre vector plasmid and thd B®E
eGFP insdr

Enzyme digest mastermix  TurboCre SOEIRESGFP
ingredients

Water 73.4ul 67ul

Plasmid DNA 14.6pl(plasmid concentratiol 21pul (plasmid concentration
= 753ng/ul) = 525ng/ul)

EcoRlI buffer 11l 11pl

EcoRI enzyme 11pl 11ul

Following solutionassembly, samples were incubated 8v&C water bath overnight.
The following morning10ul of quick CIP was added to the solution and incubated for another

hour in a37°C water bath. Then, theectorsolutionunderwent CIP heat inactivation first at
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85°C for 5mins. Next, the EcCoRénzyme was heat inactivated in both the vector and insert
solutionsvia incubation in &5°C water bath for 2@nins. A 1% agarose g€lL30mL of 1X Tris
AcetateEDTA (TAE), 1.3g Agaroseyvas created to separate the digested DNA fragnuesittg
electrophoresialongside a 1kb laddet5pl of I0x loading dye was added to each of the
digestion mastamixes, prior to loading the samples into the 1% &ékr loading, samples were
run at 150V for 40mins. Following electrophoresis, the gel was staingith crystal violetdye
(50ul/200mL, Sigmajor 60mins on a shakefnce the gel was stained, the DNA bands
containing the desired vector and insert components of TurboCre artRESEGFP,
respectively, were cut from the gel using a razor btad®NA purification.
DNA purification

DNA purification wascompletedusing the Promega Wizard® SV Gel and PCR clgan
kit (Promega, A92810nce agarose gel slices containing the vector and insert DNA were
isolated, they were weighéa 3mL FACstubes For every 10mg of agarose gel, 10ul of binding
buffer from the kit was adde@nce the adequate amount of buffer was added to each gel slice,
samples were incubated in a*8%and occasionally vortexed until the gel had dissoledhis
point, 700ul of the dissolved solution was loaded into a spin column and subsequently
centrifugated at 15,000 rpm fomiin. This step was repeated until the entirety of the dissolved
solution had passed through the spin column. Once the entire mixture had been centrifugated, an
additional 500pl of binding buffer was added to the column and centrifugated at 15,000 rpm for
1 min to dissolve any remaining pieces of gel undetectable by the nakedesyte’50ul of wash
buffer was added, followed bylamin spin at 15,000 rpm. Then, 500ul of wash buftes
loaded into the column and spun again at 15,000 rpm-fieinlAfter washing the samples, the

columns were spun for an additionainths at 15,000 rpm and subsequently dried on the
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benchtop for Bnins. Next, 50ul of gwater was added to the membrane of each column and
incubated at room temperature femin. The purified DNA was eluted by spinning the column

for 1-min at 15,000 rpm and harvesting the resulting eluant in the collection tube.

Precipitating plasmid DNA

To purify plasmid DNA in preparation for cloning or transfectipnscipitatons in the
following ratios: volume of DNA, 1:10 is 3M sodium acetate (pH 5.2), volume of DNA +
sodium acetate x 2.2 = volume of 100% ethanol. For example, for 300ul of DNA, 30ul of
sodiumacetate and 726l of 100% ethanol would be added for precipit&gomples are then
incubatedovernightat-20°C. The next day, the DNA precipitate solution was centrifugated at
15,000 rpm at room temperature forr@hs. Supernatants were discarded, the DNA pellet was
washed in 1mL of 70% ethanol and centrifugatedragail5,000 rpm at room temperature for an
additional 30mins. Supernatants were discarded, and all remaining solution on the DNA pellet
was removed with a pipette. DNA pellets were left to dry ambiently fonib® and finally
rehydrated in 22l of PCR water. Following rehydration, DNA concentrations were quantified

using a NanoDrop Of€Thermo scientific).

Ligation

Following DNA purification, the vector isolated from the TurboCre plasand the
insert isolated from the SGIRES-eGFP plasmid were ligateging the T4 DNA ligase (New
England Biolabs, MO2Z5). To do so,1.5ul of the vector plasmi@LO5ng/ul) 10ul of the insert
plasmid(99.5ng/ul) 2ul of T4 buffer, and 5.5ul of PCR water were combined in a 1.5mL

Eppendorf tubeThis mixture was incubated in a°®7water bath for 3Gnins. Following
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incubation 1yl of the ligase enzyme was added and the mixture was incubated at room
temperature for 3énins, followed by an overnight incubation 43C refrigerator.The next

morning,the ligated samples were transformat competent cells.

Transforming plasmid DNA into competent cells

To identify correctly ligated productthe ligated plasmid DNA was transformed into
competenttbl2 cells (Invitrogen, 1026019) Competent cells were thawed for Bins on ice.
Two conditions were created, one in which 2pl of ligated plasmid DNA was combined with 50pl
of competent cells, and a second in which 5pl of ligated plasmid DNA was combined with 50pl
of competent cells. Following assembly, samples were incubated om @@rfons. Next,
samples were heat shocked in &@@ater bath for 45%. Then, a recovery step was completed
by adding 750ul of SOC to each sample, which were tilaned ora 37°C shaker for 60nins.
Following recovey, samples were placed back on ice fonigs. Samples were then
centrifugated at 15,000rpm fom2ins to pellet the cellgnd the majority ofthe supernatants
were removed, leaving behind-800pl of solution in each tubAt this time, the transformed
DNA from both the 2ul condition and the 5pl condition wegeonstituted in the remaining
media in each individual sample and plabedtio LB-Agar plates supplemented wimpicillin
(100pg/mL, Sigma Aldrich, A951&G). Twelve colonies were developed per condii{@4 in
total). Plates were then incubated overnighB&IC and individual colonies were extracted for

polymerase chain reactions the following morning.
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Polymerase chain reaction (PCR)

To confirm that the insert was correctly ligated into the vector plasmid, colonies that
were grown on LBAgar plates following transformation were isolated @assessed using PCR
to confirm the correct sequence at one of the two connectionBitédentify this 547bp of
DNA comprising the connection site, primers CMV5 (TTTGTCCCAAATCTGTGCGG) and
SOESeq5R CCGTTTAACAGCAGTCCCAQ were usedThe sections of plasmid DNA that

these primers amplify are indicatedFigure 2.2

] -
- LY —_—
moter i -
pmpR Pro /
CMV g Chyj, - \
"ha”r:ep rx‘@ﬁ

CBA-hSTING
7275 bp

'l —— SOEseqsR (1307 .. 1926)

Figure2.2 - Plasmid map of the cloned CBASTINGN154SIRES-eGFP plasmid showing
primer locations for CMV&and SOEseq5R

Cotton plugged pipette tips were used to collect coloni2d for PCRand placed into
10ul of PCR waterFollowing collectionthe extracted samples were placed soltion prior to

PCRas indicated in tabl@.7. Once samples were prepared, they were placed into a BIORAD
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T100-Thermal Cyclerset to a 54C annealing temperature, with ariin and30-secondextension

time. Once thermal cycling was complesgamples were loaded into a 1.2% agaros€2iimL

1x TAE, 12ul SYBR SAFE, 3g Agarosahd electrophoresis wasmpleted The gel was placed

in a BIORAD Subcell® GT device and the connected BIORAD PowerPAC 300 was set to 150V
for 45 mins. Following gel electrophoresithe gel was imaged using tBéo-Rad ChemiDot"

MP Imager.

Table2.7 - PCRsolutionused to identify colonies containing the correct cloning sequence

Reagent Volume |
Template (extracted colony)| 1l

CMVS5 primer 0.125pl

SOEseq5R primer 0.125ul

Kapa 2G Fast mix 12.5ul

PCR water 11.25ul

After identifying samples with the correctly sized connection site (54 7dux) colonies
were selected fagxpansion. Extracted colonies bearing the correct sequencéndeidually
placed ito 50mL tube containing 7mL of LB broth supplemented with 100pug/mL of ampicillin.
These4 samples were then placed on a shaker set’to @#rnight. The following morning,
glycerol stocks were made and titbesamples were centrifugated at room temperature at
30009 forl0 mins. Once samples were pelleted, plasmid DNA purification was completed using
the QIAprep® Spin Miniprep kit (QIAGEN, 27106F.irst, samples were resuspended in 200ul
of P1 resuspension buffer. Then, samples were lysedI0mains using 250pl of the P2 buffer
until the samples were clear in appearai®xt, samples were neutralized using 350ul of the
N3 buffer and samples were mixed by hand until flocculent. Samples were subsequently pipetted

into in spin columns andentrifugated at 15,000rpm for 2@ins atroom temperaturelhe
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supernatant was added to a purification column, centrifugated at 15,000rpmifgrahd the
liquid that passed through the column was discartedn, 500ul of PB was added to each
column and centrifugated at 15,000rpm fanih. Next, 750ul of PE was addedwasheach
column and centrifugated a second time at 15,000rpmranlAfter discarding the flow
through, the columns were centrifugated a final time at 15,000rpmnians2 Columns were
placed on &im-wipe to ambiently dry for Bnins. Finally, the columns were placed on top of
collection tubes, 40ul of elution buffer was placed on the column which incubatednios 2
prior to the final entrifugation at 15,000rpm forrhin. The eluted DNA was subsequently
quantified usinghe NanoDrop OrfgThermo scientific)Following each plasmid prep with
these developed constructs, DNA plasmids were submitted to the Cld@duce the connection
points were correcPlasmid DNA was submitted to the CHGI at the University of Calgary for
Sangesequencing of the first (CMVVITTGTCCCAAATCTGTGCGG and second (IRESF2,

AAGGGCATCGACTTCAAGGA) connection sites.

2.2.16Transfectbon

Lipofectamine LTX

AdherentTAOL1 (+) or HEK293T ells were trypsinized, counted, and seeded at a density
of 100,000 cells per wellin 580L o f inra&4dvellgplate24h prior to commencing
transfection500-2000ng of CBAhSTING-GFP, CMVAhSTINGGFP, pcDNA3.1GFP, or
GFPmaxlasmidDNA was di | woftOpteMEM® | redxéd sdrum medium and
thoroughly mixedGibco). PLUS'Mreagent was gently mixed priortoudege L was added t
the diluted DNA mixture, gently mixed, and incubated at ambient room temperatureios. 5
Then,2e L Lgpdfectamine® LTX was added directly to the diluted DNA and thoroughly

mixed and incubated for 3@ins at room temperatute assemble DNAipid complexesMedia

73



was removed from each well containingcells d was hed wi tTlhenB®Qg L odf PB

the DNArlipid complex solution was added to each welates were then placed in an incubator

set to 37°C at 5% Cfor 24-28n. After incubation, cells were processed for flow cytometry or

western blot.

TransfectinM lipid reagent

Adherent TAO1 (+) or HEK293T ells were trypsinized, counted, and seeded at a density

of 100,000 cells per wellin580L o f me dvellplateé 24 preor tcdmmencing
transfection. 502000ng of CBANSTINGGFP, CM\AhSTING-GFP, pcDNA3.1GFP, or
GFPmax plasmidDNAvas di | ut e eMEM® | realized Iserudhpnediu(®Gibco) 2 L
of Transfectin™ was alsalilutedina s epar at e t v-MEM®Wweduded sbront L
mediun{Gibco). Diluted Transfectii¥ and plasmid solutions were combiraut incubated at
room temperature for 26ins. The 100e¢L sol uti on wa swhithiwera
subsequently placed in an incubator set to 37°C at 5%dC@4-28h prior to preparation for

flow cytometry or western blot.

Nucleofection
Nucleofection was completed using the Amaxa® Cell Line Nucleofector® Kit V.

Adherent TAO1 (+) or HEK293T ells were maintained until they wer8@® confluentOnce

Opti

pl ace

desired confluence was reached, cells were washed with PBS, trypsinized and counted. One

million cells weresolated in separate tubes and centrifuget200rpm for Snins at4°C.

Supernatant was compl etely r e mao¥reon temperdture el | s

Nucleofector® solutiortontaining 5ug of plasmid DNAThe solution was quidy loaded into a

certified nucleofection cuvettéoaded into the Nucleofector® Device, and nucleofected on
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program Q0 0 1 . Nucl eofected cells wereintabweh pl aced
plate. Cells were then placed in an incubator set to av 9% CQfor 24-28h prior to

preparation for flow cytometry or western blot.

2.2.17 Statistial analyses
All statistical assessments were completed with the guidance of a biostatistician, Dr. Golpira
Elmi AssadzadehVostanalyses were completed in Graphpad Prism (v1)0.Mldnparametric
tests were used for all analyses apart from the sScRNAseq dataset. For tests comparing multiple
groups,aKruskawa |l | i s test with Dunndéds test for mul ti
comparing two groups, a MafWhitney U test wasompletedLog rank MantelCox tests were
performed for survival analyseB-tests compang mean ISG scores between treatments or to
mean ISG expression across all cell types were completed for the scRNAseq dataset in R using

the ggpubr package (v 0.1.3).
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Chapter 3: Intratumoral STING immunotherapy elicits immunogenic
modulation in the KP model of UPS

3.171 Introduction

Following exciting progreswith STING immunotherapyvith the agonistDMXAA , in
multiple preclinical cancemodels clinical trial pursuits were aatural progression
Unfortunately, it was not untdfter DMXAA had reached phase lll clinical trial that
researchers discovered DMXA8 unable to bind and activate human SGINue to differences
in thecGAMP bindingportion of the STING protein that does not allow DMXAAewoablethe
active conformation of the hum&TING proteinto propagatectivation of the pathwa$? 6%,
After this discoverymanypharmaceuticatompanies devoted efforts to generating STING
agonists that can bind and activate both human and murine SAnN@ wide variety of such
compounds have been developexrcitingly, preclinical work in multiple subcutaneous murine
models of cancer have shown promising results for some of these translational
agonist$t2163.165.24246 nfortunately, once some of these existing compounds were studied in
clinical trials the results wemodest showing limited therapeutic benefit in patients with solid
malignancie¥%192 A detailed summary of all STING agonists currently in clinical trials can be

found in a recent review by Kong et4l

Previous work published by the Monument laboratory has shown that DMXAA can
induce durable tumor eradication in-38% of treated mice using the murine model of KP
UPS®8 However, nestudies completed to datave evaluatedlinically translational STING
agonists in murin&TS specificallyin the KPUPSmodel Additionally, nopreviousstudies

havecompard multiple classes of STING agonists across one preclinical mbkdetefore, in
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this aim,l evaluatedhe immunogenic UPS tumor remodelling and tumor clearance properties of
three clinically relevant STING agonidiglonging to the following three classes: cyclic di
nucleotide ADUS100(CDN), nonnucleotide natural inducers of a type | interferon response

(MSA-2), anda novel macrocycle bridged STING agonist (E7766)

3.21 Hypothesis
CDN, MSA-2, and E7766 will induce immunogenic tumor remodeling in the murine KP

model of UPS which will result in similar frequencies of tumor eradication to DMXAA.

3.31 Results

3.3.1 CDN, MSA2, and E7766 can activatihe murineSTING pathwayand elicit varying
survival benefitsin vivo.

To undertake this line of investigation | began by confirming that CDN, MSand
E7766 can activate the STING pathway by treatmgine RAW 264.7 cells with equimolar
amounts of each STING agon{figure 3.1A). STING signaling was defined in these
experiments as the presence of phosphorylated IRF3 and STING, in addition to elevations of
type | interferorrelative toHBSScontrols Protein lysates and cell supernatants were collected
to assess markers of STING activation and downstream cytokine pmdéltollowing
treatmentindeed all agonistsinduced variable statistically significant increases in cytokines
associated with STING pathway signalingf NToN F, OCL5, CXCL9, IL-6, and CCL2), but
drastic observable increases are seen across all cytakie@shSTING treatment group
importantly inl F NHigure 3.1B-F). No significant differences in cytokine production were
seen when comparing the agonists to one and#neteinlysatesextracted from all STING

treated RAW 264.7 cells showed a positive signal foptiesphorylation of STING and IRF3,
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indicating the presence 8ITING pathway signalingpllowing stimulation with DMXAA, CDN,
MSA-2, and E776§Figure 3.1G). A lack of STING signaling was observed in the HBSS
control samples, given the strong band detected on the unphosphorylated STIF&btet

3.1 G). From these data, we can deduce that CDN, 2SAnd E7766 can all stimulate STING

pathway signaling imurineRAW 264.7 cells.
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Figure3.1 - DMXAA, CDN, MSA-2, and E7766 can stimulate STING signalingnuarine
macrophagdike RAW 264.7.

A. Schematic of RAW 264.7 STING treatment for collection of protein and cell supernatants.
One day prior to the experiment, 2,000,000 RAW 264.7 cells were plated in supplemented
DMEM. Cells were subsequently washed with PBS and treated with 18ndlés of
DMXAA,CDN,MSA-2, E7766, 20 30 SixhBuksh\feer treamentHhB®Bis
lysates and cell supernatants were collededVestern blot showing expression of STINE3-
35kDa) phosphorylated STING (pSTIN@}1kDa) and phosphorylated IRF3 (pIRH45kDa)
from the protein lysates of STING treated RAW 264.7 c@li$l Supernatant cytokine
concentrations of STING treated RAW 264.7 cdli\D, IL-6, T N F, OCL5,CXCL10,
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CXCL9, and CCL2, respective[KruskatWa | | i s test with Dunndgs test

n=5 per conditio}).

Following confirmation that all agonists catimulateSTING pathway signalling in
murine cells, ksought tanvestigate the therapeutic efficacy of these agomsis/o. To assess
the immunotherapeutic potential @dchclinically relevant STING agonist, dose titration studies
were completed for CDN, MSA&, and E7766. All doses assessed were selected based on the
seminal studies for each agonisl. agonists were assessesing the TAO1 UPS cell line i
12-weekold C57BI/6 mice seven days followingtramuscular tumor engraftment in the right
hindlimb with 100,000 UPS cellgigure 3.2A). In the absence of treatment, mice bearing
TAO1 UPS tumors reach experimental endpoint based on tumor size withidays
following tumor cell engraftmenfumor volume measurements and bioluminescence imaging

werecompleted throughout the course of &ieday experiment.

The dose titrations utilized for CDN included@p 50pg, 100ug, 20Qug, 40Qug, and
500ug. For ease of interpretation, CDN doses gi&010Qug, and 50Qug were included in
Figure 3.2B. Noneof the doses assessed induced durable tumor clearance. However, a
significant extension in overall survival time acrosdakegelative to controlsvasobserved
Interestingly, we found that any dose exceedi@@.g resulted in some frequency of deatiost
dramatically so in the 5Q@ cohort, with 100% of treated mice dying withinH2af
treatmemt*®.249 Interestingly, no death related to drug toxicity was reported in the seminal paper
characterizing this CDN, despite a maximal dose of 3 x 500ug wa&ugdwerefore, the

operational doskselected from theseDN dose titration studief®r further studiesvas 10Qug
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givennone of the mice treated with this dose died asdynificantsurvival benefitvas observed

(p<0.0001Y)elative to control mice.

To assess the arttimor effectiveness of the ngnucleotide STING agonist MSA&,
subcutaneous and.idosing strategies were test&hth doses were well tolerated and did not
inducedeath Although none of the mice eradicatieir primary tumors, a significant increase
in survival time was observedlative to controTAO1 UPStumor bearing micespecifically in
the i.t. 18mg/kg MSA2 treated group=0.0024)Figure 3.2E). From these studiegan

operational dose of i.t. 18mg/kg of MSAwas selectesd 249

Finally, the translational macrocycle bridged STING agonist, E7766, was assested
various dosessimilar to the CDN, first started by assessimgpses including 5050ug.
Following encouraging preliminary studiesth these three dosglschose teexpand
optimization efforts fothe dosing strategyf E7766ranging from 310mg/kg.From the
weighted dose titration studies, | found thay dose exceeding 4mg/kg induadehth in a
percentage of treated mice. Excitingliyrable tumor eradication wabserved in doses
including 49mg/kg, while all doseinduced a extension in survival tinté8, An operational
dose of 4mg/kg of E7766 was selected as no mice died following administration of this dose,
38% of treated mice eradicated their primary UPS tumors following treatment, and a statistically
significant ircrease irsurvival time was conferred (p<0.000#&)ative to TAO1 UPS bearing

control mice(Figure 3.2H).

To ensure that DMXA/Acontinued to ban effective STING agonist to use as a positive
control for survival and immunogenic tumor clearance in my hands, | performed a survival study

with 6 miceusing an i.t. dose of 18mg/kim alignment with previously completed experiments
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using DMXAA in the KP model of UPS in the Monument [@pecifically TAO1 UPS)83% of
theDMXAA treated mice eradicated their primary tumors, with one mouse reaching
experimentaéndpoint on day 58%24° A statistically significant extension in survival time was
achieved (p<0.000Xklative to control TAO1 UPS bearing migdgigure 3.2K). Therefore, we
confirmed that indeed, DMXAA mediated STING immunotherapgtinues to inducsurvival

in my hands in our model of murine UPS.

In summary, from the survival studies | completed, | determined that all clinically
relevant STING agonists can induce an extension in overall survival time before reaching
endpoint relative to control&xcitingly, the novel STING agonist E7766 aahiably elicit
tumor clearance in our KP model BAO1 UPS in 38% of treated micBased on these survival
studies, operational doses for further characterizing STING therapy in our model were selected:

18mg/kg of DMXAA, 10Qug of CDN, 18mg/kg i.t. of MSA2, and 4mg/kg of E7766
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Figure3.2 - I.t. treatment of murine TAO1 UPS with STING immunotherapy induces varying
levels of survival benefits and tumor clearance.

A. Schematic of TAO1 UPS cell line engraftmentday Qi.t. STING treatmentn day 7 and
subsequent monitoring of mioer time via bioluminescence imaging and tumor volume
measurement®. Overall survival of UPS bearing mice treatedwith 50ug (n=6), 100ug
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(n=10), or 500ug of CDN(n=10)andcontrol (n=7) (logrank MantelCox test ofLOOugCDN
compared to controllC & D. Tumor volume(C) and bioluminesceng®) of CDN treatednice
over time E. Overall survival of UPS bearing mice treated wi8mg/kg of MSA2 i.t. (n=9) or
50mg/kg of MSA2 subcutaneousiin=11) and control (n=7) (log rank MarH€bx test of
18mg/kg i.t. MSA2 compared to controlfF & G Tumor volume F) and bioluminescencé&s|

of MSA-2 treatedmice over timeH. Overall survival of UPS bearing mice treatddwith
3mg/kg (n=8), 4mg/kg (n=16), or 9mg/kg (n=7) of E7766 and control (n=10) (log rank Mantel
Cox test of 4mg/kg E7766 treated tumors compared to cort®l). Tumor volume k) and
bioluminescencelj measurementsf E7766 treatedhiceover time K. Overall survival of UPS
bearing mice treated with 18mg/kg of DMXAA i.t. (n=6) and control (n=7) (log rank Mantel
Cox text of DMXAA treated tumors compared to contto&k M Tumor volume ) and
bioluminescencéMV) of DMXAA treated mice over time.

3.3.2 Clinically relevant STING agonists induce differing levetsystemic cytokine activity
andimmunologic TME modulationover time

Given the differences in survival outcomes between each of the clinically relevant
STING agonists in the previoushutlinedsurvival studies, tlecidedto characterize the systemic
cytokineprofilesthat result from eacBTING agonist and tphenotype the tumor immune
profiles of UPS tumors treated wilbMXAA, CDN, MSA-2, or E7766ver time To assess
systemic cytokine activity, serum was extracted from TAO1 UPS bearing mfoddwing i.t.
STING therapyTo phenotype tumor immune profilelow cytomety and transcriptomic
profiling using the NanoString ImmunOncology 360 panel experiments were completed to
phenotype the immunobiology tfPS tumorsat 24, 72h, and tweek following STING

therapy

The 6hr post STING timepoint was selectedderum cytokinenalyses, as it was
revealed in a pilot experiment of harvested serum for all drugs aue, 72h, and tweek, that
the majority of STING related cytokines wesglucedoeyond & (Supplemental Figure)1Six

hours after STING therapy, there were distinct differences in the detectable serum cytokines
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associated with a STING respons&(re 3.3A). All agonists appeared to induce greater
systemic detection of H6 relative to the control conditiofrigure 3.3C). BothE7766 and CDN
induced significant increasestime concentratios of circulatingFNb, T N F, OCL5, CXCL9
and CCL2relative to controlsThese results effectively convey that E7&66 CDNinducea

potent systemic STING resporaed that CDNshows a similar systemic cytokine profile to

E7766
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Figure 3.3 - Systemic cytokine profiles of STING treated TAO1 UPS bearing mice shows that
E7766 induces the most potent systemic STING response.

A. Schematic ofmouse UPS tumor engraftment, STING treatment, and subsequent serum
collection for assessment via Eve Technologies-MDplex assayMice were engrafted with

100,000 TAO1 UPS cells and one week later were treated with either 18mg/kg DMXAA, 100ug
CDN, 18mg/kg MSA2, 4mg/kg E7766, or control. Six hours follow treatment, serum was
collected from treated mice for processilB3G. Serum concentrations ¢FND, IL-6, T N F U

CCL5, CXCL9, CCL2, respectivelyKfuskatWa | | i s test wi t hilitipl®unnos
comparisons, n= 810 per conditioh

85



Using the gating strategy outlinedfigure 3.4A, lymphocytepopulations were
evaluated over time following STING therapy. Interestingly, within the firet @S TING
therapy, all agonists induced a significant amount of death in the TME relative to control mice,
although this phenotype no longer existed at tineegk time pointigure 3.4B). Interestingly,
DMXAA and E7766 were the only agonists that induced significant increageDig-+J
lymphocytes, which was observedvieek following therapyRigure 3.4C). DMXAA induced a
significant increase in CD4+-lymphogy/tes at iweek following STING therapy relative to
control tumors, while both E7766 and DMXAA inducesdignificantincrease in CD8+ T
lymphocyte infiltration at the same timepoint. Neither M3Ar CDN demonstrated a
significant difference in CD8+ or CD4+Iymphocyte infiltration in the UPS TMErigure
34C-E). Similar to the findings from the flow cytometry data, transcriptomic profiling
demonstrated an enrichment of genes associated with lymphocyte activation, most pronounced in

the E7766 treated tumotsweek following STING therap{figure 3.4F).
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B Live cells 24hrs after STING therapy
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Figure3.4 - E7766 and DMXAA increase the proportion of tumor infiltrating lymphocytes in the
UPS TME.

A. TAO1(-) UPS lymphocyte gating strategy for tumors processedmt724, and tweek

following i.t. STING therapyAll gates were drawn using a fluorescence minus one coBtrol.
Zombie aqua live cells as a percentage of single 2dtisnd tweek following STING therapy

C. Proportion ofC D 3+ J-cellscells as a percentage of live celisveek after STING therapy

D. Proportion of CD4+ Tcells as gpercentage of live cells\week after STING therap¥.
Proportion of CD8+ Icells as a percentage of live cellsviek after STING therapy.

Heatmap ofranscriptomic gene signatures associated with markers of lymphocyte activation 1
week following STING therapyruskatWallistesswi t h Dunnés mul tipl e
57 8 mice per condition.

Similarly, the phenotypes ahyeloid cells in the UPS TMizere profiled according to
the outlined gating strategy Figure 3.5A. Twenty-four hours after STING therapthe
proportion of live macrophages is significantduced in DMXAA and E7766 treated UPS
tumors relative to contrsl(Figure 3.5B). At 72h following STING therapy there are

significantly fewer macrophages in the TME of E7766 treated tumors relait@eNy MSA-2,
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and controkonditions(Figure 3.5C). Interestingly, this observation is reversed at tiveekk
timepoint, with E7766 treated tumors contagisignificantly greater proportions of
macrophages in the UPS TME relative to all other conditqast from CDNFigure 3.5D). At
the Tweek timepointall STING agonists contained significantly greater proportions of CD80+
macrophages relative to contréigure 3.5E). Moreover, at th&2hrtimepoint a significant
reduction inthe proportion opro-tumor CD206+ macrophagassobserved in DMXAA, CDN,
and E7766 treated tumarslative to the control conditioffrigure 3.5F. Additionally, at the 1
week timepoint, both DMXAA and E7766 treated tumors contained significantly greater
proportions of MHGCII+ cells (Figure 3.5G). Interestingly E7766treated tumors displayexh
elevation in several genes associated with antamtor macrophage phenotyed80, Cd86,
Cd68, Nos2. Parallels between the transcriptomic and flow cytometry data wersesdsm
control tumorsas evidenced by amrichment in genes associated with-pinmor macrophages

includingCd163 Cd206, andArgl.

Taken together, the immune phenotypaidJPS tumors following STING treatment
across the 24hr,72hr, andnkeek timepoints hasuggestshat E7766 appears to induce a shift in
the UPS TME towards a more immunologically inflamed phenotype relative to control tumors.
This is supported by the significant elevatiomslymphocytes and elevation in transcriptomic
signatures associated with lymphocyte activation, an increase {tuarati macrophagesind

reduction in preeumor macrophages relative to contddS tumors.

88



B Macrophages 24hrs after
STING therapy
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Figure3.5 - STING immunotherapy elicits changes in myeloid phenotypes that are agonist

dependent.

A. Schematic of myeloid gating strategy for flow cytometry date&STING treated TAO1-§
UPS tumorsAll gates were drawn usirgfluorescence minus orentrol B. Proportion of
macrophages T&ollowing STING therapy as a percentage of live céllsProportion of

macrophages-tveek following STING therapy as a percentage of live cBll$roportion of
CD80+ macrophages as a percentage of live celisal®wing STING therapyE. Proportion

of CD80+ macrophages as a percentage of live celleek folowing STING therapyF.

Proportion of CD206+ macrophages as a percentage of live cklfslit®ving STING therapy.
G. Proportion of MHGII+ cells as a percentage of live cellsviéek following STING therapy.
H. Heatmap of transcriptomic expression of genes associated with markers of myeloid lineage
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3.3.3 CD8+ Hymphocytes are required for eliciting tumor clearance mediated by STING
therapy butare not necessary for protective immunity against UPS

It is well known that CD8+ Tcells play a critical role in immune mediated tumor
clearance in preclinical and clinical studies. As previously shown, R&tls were
significantly elevated iDMXAA and E7766treated tumorselative to controlssuggesting their
presence may be associated wité tumor clearancee observe following STING therapy with
E7766 in survival studieFhus, | wanted to characterize g@ntributionsof CD8+ T-cells in
eliciting antitumor clearance following i.t. E7766 admingtton.| hypothesized that in a CD8+
T-cell depleted state, mice would not be able mount ad B8 immune response to E7766
mediated STING immunotherapy. To test this hypoth€53BIl/6 mice wereengrafted with
TAO1 UPS depleted of CD8+ TellsusinganardC D8 U d e p | e t anchtopatesl withi b o d y
E7766according to the schematickilgure 3.6A. Once mice reached endpoititmor, blood,
and spleen were collected and assessed for CB&H Statusvia flow cytometry In a CD8+ F
cell depleted state, E7766 treated mice were unable to eradicate their primary UPS tumors
(Figure 3.6B). In contrast, 16% percent of the isotype control treated mice eradicated their
primary tumorsA significant extension in survival timegas seen in CD8+-€ell depleted mice
and isotype controlseated with E7766elative toimmune competerdontrols.Although there
wasnot astatisticallysignificant difference in the survival of CD8+CEll depletednice relative
to isotype control$ollowing E7766 therapywhen | compared the survival of CD8+CEll mice
to alarger cohort ofmmune competeriE7766 treated mice that did not receive an isotype
control antibody injectiofin=16), survival percentages aséatisticallysignificantly reduced.
Significant reductions in CD8+¢€ells were observed in thidood, spleens, and tumasEmice

who received the CD8+ depleting antibody relative to isotype corfffmare 3.6E-1). Taken
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together, these datlemonstrate that CD8+dells can be depleted using this treatment regimen
bothsystemicallyand, in the UPS TMEand thain this CD8+ TFcell depleted state7766
treatedmice cannoteradicate primary tumotdPS tumorsFurther flow cytometry data from the

24h, 72h, and-lveek postSTING therapy can be found Supplemental Figure 2.
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A. Schematic o D 8T3cell depletion experiment in naive mice engrafted with TAO1 UPS
tumors treated with E7768. SurvivalC D 8 TJcell depleted mice relative to IgG2b isotype
control mice treated with E776@®¢-rank MantelCox test comparing E7766 treated mice to
C D 8Tcell depleted E7766 treated mice (p=0.0G5)) 8 TUcell depleted E7766 treated mice
to untreated control UPS bearing mice (p<0.0001), and isotype control mice treated with E7766
to untreated control UPS bearing mice (p<0.0001), =16 mice per grouplC & D. UPS
tumor bioluminescenceZ) and tumor volumel) of C D 8ddpleted E7766 treated mice,
isotype control E7766 treated mice, and untreated control UPS bearindg=r@c®roportion of
CD8+ T-cells as a percentage ©@D30+ T-cellsin the blood E), spleen E), or tumor G)
(MannWhitney U testn=41 5 per condition)H & I Flow cytometry plots comparing CD4-(x
axis) and CD8 (yaxis) populations i€ D 8 TJcell depleted E7766 treated mid#)(and isotype
control mice treated with E7766)(

Following the confirmatiorthatCD8+ T-cellsare important contributot® the survivor
phenotypeahat results from E7766 STING therapynvestigatedf mice who survive E7766
therapy develop protective immuniggainst TAO1 UPS, and if protective immunity could be
dependent on CD8+-¢ells.First, mice who had survived oved fays following their initial
tumor engraftment and subsequent treatment with E7766 wehallenged in the contralateral
hindlimb with an additional inoculation of TAO1 UPBMXA A survivors were used as a
positive control, given that it was robustly demonstrateMbyritt et at*8that all TAO1 UPS
bearing mice cured of their disease with DMXAA developed protective immurattest this
hypothesis, survivorBom all doseof E7766(4-9 mg/kg)were reinoculated with100,000
TAO1 UPS cells and imaged over tirfiégure 3.7A). Survivor DMXAA treated mice were=-

challenged alongside E7766 survivassa positive contrdbr the protective immunity

phenotype

In accordance with previous-ohallenge studies with DMXAAn this model 100%of
re-challenged mice demonstrated protective immunity, showing a steady decrease in
bioluminescence immediately following-ohallengg(Figure 3.7B&C) . Of the 24 E7766 re

challenged survivors, 87.5% eradicated their primary tumors, while 3 mice succumbed to the
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TAOL1 UPS rechallenge on days 24, 37, angl(#igure 3.7B). In mice who successfully

rejected the rehallenge in both DMXAA and E7766 survivor groups, UPS clearance as

evidenced by bioluminescence imaging can be observed as early as 14 days following re

challenggFigure 3.7D). From these results, it is evident that following curative STING

immunotherapy with E7766, the majority of surviving mice develop a protective phenotype

against a model of disease recurrence via TAO1 URBakengé*.
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Figure3.7- The majority ofsurvivor mice that eradicate their primary UPS tumors following
STING immunotherapy develop protection against UPS celhadlenge.

A. Schematic of UPS rehallenge in STING survivor mic8. KaplanMeier survival plots of
survivor mice rechallenged with UP$1= 31 24 mice per condition)C. STING survivor re
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challenge bioluminescence (photon®kinjected areaD. Photos from the bioluminescence
imaging of survivor mice from daysi760 following UPS rechallenge.

Next, | exploredwhich cell types are critical contributors to the protective phenotype
conferred bySTING survivors who can reject TAO1 UPScballenge Given that my previous
results showed that in a CD8+CEll depleted state, naive mice engrafted with TAO1 UPS
tumors and subsequently treated with E7&@@6unable to eradicate their primary tumors, |
hypothesized that in a CD8+cell depleted statd;7766survivors would be unable to reject a
re-challengeTo testthis question, | depleted a cohortt&t766survivorsof CD8+ T-cellsusing
an antiC D 8dépleting antibodyccording to the regime outlined Figure 3.8A. Much to my
surprisesurvivors in the antC D 8ttéatment groupgompletely rejected the4@hallenge of
TAOL1 UPS cell{Figure 3.8B&C). Within the first week, a rapid loss of bioluminescence was
observed, which was maintained for an additional two wegk®n the lack of tumor
development and significantly increased survival time of@rili 8ttéated survivors relative to
naive control tumor bearing micke experiment waerminated on day 25 to assess if depletion
hadoccurred There were no significant differences in the proportio@ @ 3+ J-cells or CD4+
T-cells in the blood and spleens when comparing isotype cdrerted mice to antC D 8 U
treated survivorgFigure 3.8 D-E & G-H). However, asignificant reduction irthe proportion of
CD8+T-cellswasconfirmedby flow cytometry in the blood and spleésading to the
conclusion that CD8+ -Tellsdo notappear to beequired for conferring protective immunity
against TAO1 UPS in this mod@tigure 3.8 F & I). Taken together, thedmdingssuggest that
CD8+ T-cells are important to mouan initial antitumor response t0AO1 UPS following
STING therapy via E7766 but aseeminglyinconsequentidior maintainingthe protective

phenotype again§IAO1 UPS observed i&7766survivor mie.
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following re-chalenge.C. Bioluminescence of injected hindlimb following UPS cell re
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challenge (photons/sp. Proportion ofCD3U+ cells as a percentage of live cefishe bloodE.
Proportion of CD4+ Tcells as a percentage ©fD 3 (tellsin the blood F. Proportionof CD8+
T-cells as a percentage®fD 3 (tellsin the blood MannWhitney U test comparinGD8+ T-
cellsin isotype control and an€ D 8tkgated mice, n4- 6 mice per condition)G. Proportion

of C D 3 (¢ells-as a percentage of live cétighe spleenH. Proportion of CD4+ Fcells as a
percentage of D 3 (tellsin the spleenl. Proportionof CD8+ T-cells as a percentage of

C D 3 Uelisin the spleenlann-Whitney U test comparing CD8+dells in isotype control and
anti-C D 8tkéated mice, n=46 mice per condition

3.3.4Combination of STING with antiPD-1 immune checkpoint blockade can enhance
therapeutic effects in some agonists

Despite the excitement of identifying a STING agonist capable of inducing durable
clearance of TAO1 UPS tumolissought to determine if survival outcomes could be enhanced
through the investigation of combination therapiesvestigated the expression profiles of
genes associated with negative regulation of the immune response in the 10360 transcriptomic
data of STING treated tumors one week following ther&achagonist demonstrateddsstinct
transcriptomigrofile with regards to the selected genest both CDN and E776howed an
enrichmenfor Pd-1, Pd-L1, andPd-L2 (Figure 3.9A). Therefore, | hypothesized that combining
STING therapy with artPD-1 immune checkpoint blockade therapgyincrease survival
benefitsby relieving an axis of Tell exhaustion in thelPSTME. To test this, kombined
STING immunotherapy with each agonist in combination with-BBHL immune checkpoint
blockade theragy®24°(Figure 3.9B). When comparing DMXAA monotherapy to the
combination therapy group, there were no significant differences in sufiigale 3.9C).
Excitingly, 28% of mice in the CDN + aABD-1 combination therapy group durably eradicated
their primary tumors, which was significantly greater ttt@nCDN monotherapy group, as none
of the mice exhibited tumor clearandggure 3.9D). Across all combination therapies, a

significant extension in survival time was observed in the combination therapy group relative to
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the antiPD-1 monotherapy groug-{gure 3.9C-F). Although not statistically significan®,7% of

mice in the E7766+an®D-1 combination therapy group eradicated their prinTak@1 UPS

tumors relative to th88% of mice that eradicate their primary tumors in the E7766 monotherapy
group.Therefore, these data suggest t@nhbiningSTING immunotherapy with ariPD-1

immune checkpoint blockade theragan synergistically improve survival outcomes, specifically

in thecontextof CDN.
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Figure3.9 - STING combined with aPD-1 immune checkpoint blockade therapy can generate
survival in the CDN+antPD-1 combination condition.

A. Transcriptomic profiling of genes associated with negative regulation of the immune
responseB. Schematic of artiPD-1 immune checkpoint blockadeSTING combination
therapy dosing schedul&. Overall survival of mice treated with DMXAA, ariD-1, or in
combinationD. Overall survival of mice treated with CDN, atD-1, or CDN + antPD-. E.
Overall survival ofmice treated with MSA, MSA-2 + anttPD-1, or antiPD-1. F. Overall
survival of mice treated with E7766, E7766 + dPlik-1, or antiPD-1. (log-rank MantelCox
tessn=571 16 mice per group).

3.471 Conclusian
To understand the arttimor applications of theanslationaSTING agonists; CDN,
MSA-2, and E7766, systematically evaluated the vitro STING inducingcapacity of these

agonists and their tumor clearance activityivo. Following confirmation that all agonists could
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successfully induce STING pathway activation, | found diffefreguencie®f tumor clearance
in vivowhen testing various doses of each agonist. Most encouragingly however, | identified one
translational STING agonist; E7766, capable of indudimgbletumor clearancef TAO1 UPS

in vivo.

After observingvariable frequencies afimorclearance among the three translational
agonists, tharacterizedlifferencesn systemic cytokine production atiPS immunobiology
throughserum cytokine arrayranscriptomicandflow cytometryassayst various time points
following UPS tumor treatmentith each agonistnterestingly, foundthat E7766 induced the
greatest systemic STING response of all agonistsoshowed that E776therapy induced a
shift towards a more immunologically inflamed tunphenotype compared to control tumors at
1-week following therapy. E7766 treated tumors contathegreatest proportioof
lymphocytes, specifically CD8+-gellsin the UPS TME following therapy relative to corgo
Additionally, phenotyping of the myeloid populations within the UPS TME revealed that E7766
treated tumors containedgreateproportion of anttumor CD80+macrophages and MHI{T+

APCsat l-week following therapygompared to controls

Given the significant increase in tumor infiltrating CD8-€4dlls, | assessed the anti
tumor efficacy of E7766 treatment in a CD8-cdll depleted context. Through these
experiments, | showed that mice in a CD8¢€ll depleted state were unable to eratitheir
TAO1 UPS tumors, reinforcing the importance of this cell type in mountingwmbr responses

in the context of this model and STING therapy.

Next, | showed thate majority of micavho surviveE7766STING therapy develop a

protective phenotype agairsmodel of disease recurrenthpon rechallenge, 87.5% of E7766
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survivor micedemonstrated complete rejectidtowever, whersurvivors were depleted of CD8
T-cells and rechallenged, this protective phenotype was maintaifeally, | showed that
combining STING therapy with ar@D-1 ICB could significantly improve therapeutic efficacy
specifically in the context of CDN combination therapg,28% of mice in this condition
eradicated their primary tumors, while none of those in either théBrti or CDN

monotherapies displayed this phenotype.

Taken together, these data show that translational STitiw@inotherapy with E7766
canelicit tumor clearancanduce aelatively more immune inflamed TM&mpared to
controk, andcanconfer a protective antumor phenotype in surviving mice thegpears to be
CD8+ T-cell independenMoreover, these findings support the combination of STING it
therapy, specifically in the context of CDN and &ri-1, promoting further investigation of

other combinatorial therapiésr STS
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Chapter 4: Characterizing the importance of STING signaling profiles
in tumor and non-tumor compartments of the UPS TME.

4.17 Introduction
As a mechanism of evading theklicamarne syst e
cancercellscanevolveto downregulate STING expression or haysfunctionalSTING
pathway signalint/*. However, STING expression or lack thereof, can exist on a spectrum in
both murine and human cancers and is dependent on disease progressidh bittussting
studies completed by Xia et al in 2016, showed that the majority of both human melanoma and
colorectal adenocarcinomas produced lower levels of type | interferon upon stimulation with
dsDNA compared to controis vitro, indicatingreduced STING pathwasignaling in these

specific cancer typé§.

Although STING immunotherapy can induce immunogenic tumor clearartbe KP
model of UPS (specifically, the TAGAPS), it is unclear which cell types are critical
contributors to this outcomand if STING activation within tumor cells is conducive to this
antrtumor phenotypePrevious literature has shed light on the consequences of STING signaling
in some cellular compartments; revealing that STING signaling can lead to cell death in
lymphocytesand monocytesvhile STING signaling in endothelial cellsIK cells,
macrophages, MDSCs, and DE&mincreasammunogenic TME remodulatioand improve
antiktumor respons@é*183.1881%0 Tg delineate which cell types do engage in STING signaling in
the UPS TME and whether tumor STING signaling contributes to STiié@iated tumor
clearance, STING therapy must be in assessed in STING deficient and competentigystems

vitro andin vivoin the context of UPS.
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4.21 Hypothesis
STING signaling in nommalignant host cells is required for immunogenic tumor

responses and not UPS cells

4.37 Results

4.31 STING signaling in TAO1 UPS cells is not sufficient to induce tumor clearance
following intratumoral STING therapy

To begin understanding cellular contributions to STING signaling in the TME of STING
treated UPS tumors, | first sought to determine whether TAO1 UPS cells could mount a STING
response when stimulated with DMXAA, CDN, MSA or E7766. Six hours after traay
TAOL1 UPS cells with equimolar amounts of each STING agonist, supernatants and protein
lysates were collected as outlinedHigure 4.1A. Supernatant concentrationslof- Nviere only
significantly elevated in the E7766 condition relative to conffeigure 4.1B). Interestingly,
there were significantly elevated levels of6Lin the supernatants of MSAtreated cells
compared to controlg=igure 4.1C). Moreover, the protein lysates collected from HBSS treated
TAOL1 UPS cells indicated that in a resting state, TAO1 UPS cells do express unphosphorylated
STING and upon stimulation with DMXAA, CDN, MSA&, or E7766, phosphorylation of
STING and IRF3 are detestt further indicating that TAO1 UPS can engagéype | interferon
signaling througlSTING (Figure 4.1E). Perhaps with greater sample sizes, statistically
significant increases in F Nabd other STING related cytokines would be observed across alll
agonists, in accordance with the phosphorylation status seen in the westerhlthiotsih |

have shown that TAO1 UPS cells can engage in STING signaling upon stimulation with
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translational STING agonists, it is important to note that the magritfudeé= Nbfioduction is
significantlyreducedvhen comparethat of macrophage like RAW264.7 celligure 4.1F).
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Figure4.1 - TAO1 UPS cells can engage in STING signaling to produce type | interferon
following treatment with clinically relevant STING agonists.
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A. Schematic of TAO1 UPS STING treatmamdsubsequentollection of protein and cell
supernatants. One day prior to the experiment, 2,000,800 UPScells were plated in
supplemente@®PMI. Cells were subsequently washed with PBS and treated with 1/8ndls

of DMXAA, CDN, MSA-2, E7766, or HBSS. Six hours after treatment, protein lysates and cell
supernatants were collectd&tD. Supernatant cytokine concentrationslofs, | F Nand

CXCL9, respectivelfKruskatWa | | i s test with Dunndés=3test for
sampleger condition. E.Western blot showing expression of STIN&3-35kDa)

phosphorylated STING (pSTING#1kDa) and phosphorylated IRF3 (pIRR36kDa)from the
protein lysates of STING treated RAW 264.7 cdlsSupernatant cytokine concentratiais

TAOL1 UPS and RAW 264.7 fdr F Nrbultiple MannWhitney U test&€omparingg F N b
expression of DMXAA, E7766, and HBSS control treated TAO1 and RAW 264.7 mweBsper
condition.

To determine if the magnitude of STING signaling by TAO1 UPS cells can support the
induction of tumor clearance, | engrafted TAO1 UPS cells@TNG deficientGoldenticket
mice, subsequently treated them with DMXAA or E77&6d followed them for survival
(Figure 4.2A). Thesamicelack detectable STING protein expressimtause o single
nucleotide variantl199N) of the Tmem173jenethat functions as a nudlllele, rendering all
endogenous cells in this host unable to produce type | interferons hti8duyG signaling
pathway$>L. Through these experiments, | found there were no significant differences in survival
betweerSTING treated tumors and controls, and all animals reached experimental endpoint on
the same timelinéFigure 4.2B&C). Thus, from these experiments, | have shownahhbugh
STING signalingand subsequent type | interferon productio@AO1 UPS cells is possible, it is

notrobust enough to induce a therapeutic response independently.
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Figure4.2 - In the absence of host STING expression, TAO1 UPS STING signaling is not
sufficient to induce an antumor response.

A. Schematic of TAO1 UPS cell line engraftmentday Qi.t. STING treatmenén day 7 and
subsequent monitoring @oldentickeimiceover time via bioluminescence imaging and tumor
volume measurement8. Overall survival of UPS bearing mice treatedwith 4mg/kg E7766,
18mg/kg DMXAA, or control (n=6L6 per group)C. Tumor volume measurements of STING
treated Goldenticket mice over time.

4.3.2 A lack of STING signaling in UPS cells does not impact therapeutic outcomes to STING
therapy.

After | determined that UPS STING signalioguld notcompensatéor a lack of host
STING expressiomo induce survival outcomes following STING therapgought to investigate
the consequences of impaired UPS STING signaling on the therapeutic outcomes of STING
therapy.To do so, Yaping Yu genetically engineered our TAO1 UPS oetdi lack STING

expression using CrisprCaéBAO1 STINGk/0). Several clones of this cell line were developed,
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but only clone 12 wasevaluatedn this thesisTo confirma lack of functional STING signaling
TAO1 STING k/o UPS cells were seeded and treated in an identical fashion to the outline in
Figure 4.1A. Functional outputs of STING activation were assessed across all drugs in this cell
line and a significant reduction in F Nbfoduction was observed in TAO1 STING k/o cells
relative to DMXAA and E7766 treated TAO1 UPS wildtype c@figgure 4.3A). Therewereno
significantdifferencesacross treatments relative to control when comp&ihgNG related
cytokineslL-6, CXCL9, CCL2, and CCL%Figure 4.3CGE). Indeed, it was also confirmed via
western blot that even in the presence of STING agonists, there is no baseline STING protein,
phosphorylated STING, or phosphgttatedIRF3 detection. Therefore, TAO1 STING kgells

areunable to engagmeasurabl&TING signalingin vitro.
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Figure4.3 - TAO1 STING k/o cannot engage functional STING signaling when stimulated with
DMXAA, CDN, MSA-2, or E7766.

A. Supernatant cytokine concentrations of TAO1 UPS and RAW 26417 FoNrbultiple

MannWhitney U tests comparing F Nekpression of DMXAA, E7766, and HBSS control
treated TAO1 and TAO1 STING k/o cells=3 per condition B-E. TAO1 STING k/o

supernatant cytokine concentrations ofdL.CXCL9, CCL5, and CCLZespectivelyE. Western

blot showing expression of STING, phosphorylated STING (pSTING), and phosphorylated IRF3
(pIRF3) from the protein lysates of STING treaiedO1cells.

Next, | assessed the consequences of a lack of tumor cell STING signalingby
engraftingimmune competer®57BI/6 mice with TAO1 STING k/o UPS tumors and treated

them with DMXAA or E7766No significant differences in survival, tumor volumetumor
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bioluminescence were observed between TAO1 wildtype and TAO1 STING k/o UPS tumors
treated with DMXAA, E7766, or in the control grouSgure 4.4). Additionally, there were no
statistically significant differences in survival outcomes followivtten comparing TING

treatment between cell linédsr DMXAA or E7766(Figure 4.4). Eighty-seven perceruf

DMXAA (83% in TAO1 wildtype) and 53.3% of E7766 (38% in TAO1 wildtype) treated mice
bearing TAO1 STING k/o tumordurably eradicated their primary tumdFsgure 4.4).

Therefore, from these data, | have determined that STING signaling in UPS cells is not required

to observe the survival bensfibf STING immunotherapy in the TAO1 model of UPS.

Monitoring tumor

Day 0 Day 7 progression via
A Engraft TAO1 STING agonist bioluminescent imaging
STING k/o treatment with and tumor volume
UPS DMXAA or E7766 measurements
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Figure4.4 - STING expression in TAO1 UPS cells is not required to observéwmar
outcomes following STING therapy.

A. Schematic of TAOBTING k/oUPS cell line engraftmerimn C57BI/6 mice on day,(.t.
STING treatmenon day 7(4mg/kg E7766 or 18mg/kg DMXAA)and subsequent monitoring
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over time via bioluminescence imaging and tumor volume measurerBefatS. Tumor
volume @) and bioluminescenc€] measurements over time (n=L6 mice per groupp.
Overall survival of TAO1 STING k/o UPS bearing mice and TAO1 wildtype U@&ing mice
following STING treatment.

4.3.3 STING signaling is most abundanh@ollowing STING therapyin myeloid cellsof the
UPS TME and both DMXAA and E7766 maintain significantly higher ISG scores than CDN
at 1-week followingtherapyin multiple cell types

Once lestablishedhat STING signaling is critical in nemalignant host cellular
compartmentdut nottumor cels for inducingTAO1 UPSclearance, | asked the quesBph)
what host cell types in the UPS TME engage in STING signaling following i.t. STING therapy?
and 2) Dadifferences exist in STING signaling across cellular compartments when comparing
DMXAA, E7766, and CDNSTING agonist? To begin answering this questiorsdught the
expertise of bioinformatics expeiss. Kiran Narta and Ted Verhey assist me in acéving
my experimentagjoal to identify specific cellular populations in the UPS TME that engage in
type | interferon responses.

To accomplish this, 32 female mice were given TAO1 UPS tumors and treated with
DMXAA, CDN, E7766, or contro¥ days late(Figure 4.5A). These mice were then separated
into 1) a 6hr postreatment or 2) a-veek post treatment cohoW/ith this design, there were 4
biological replicates in each treatment group at each time@amire 4.5A). At both
timepoints, single cells were isolated freime tumor of eacmouse and pooled into each
respective groufFigure 4.5A). Tumor weights were recorded for eanbuseand the lowest
tumor weight per cohort was usedstandardizéumor contributiorfrom each moust the

pooled sample for each timepoiiihere were no significant differencestinmor size amongst
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all mice sacrificed at the 6hr timepoint, however, control tumors were significantly larger in size
than both DMXAA and E7766 treated tumors at theekek time pointigure 4.5B).

In an effort to excludeéead cell§zombie aquaositivecells) and tumorcells(mCherry
positive cells)cell sorting was performed &nrich for immune and neimmune cells in the
TME that are of nofUPS origingiven our understanding that STING signaling in UPS cells is
not necessary for tumeradicationA total of 57,666 cellsvere sequencedndunsupervised
clusteringcompleted in Seuratas used to developldAVIAP depicting22 distinct single cell
clusterg(Figure 4.5C). The top four most significaly upregulated genes (p<0.dd) each

cluster are depicted irigure 4.5D.
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Figure4.5 - Single cell RNA sequencing of ngamor cells in the UPS microenvironment.

A. Experiment workflow for isolating single cells from TAO1 UPS tumors. 100,000 TAO1 UPS
cells were engrafted into the right hindlimbs of 32 female C57BI/6 mice. One week following
engraftment, mice were treated withiandose of DMXAA, CDN, E7766, or control. One

cohort of mice was sacrificech@fter STING therapy (n=4 per treatment group) and the second
cohort of mice was sacrificedveek after STING therapy (n=4 per group). Following sacrifice,
tumors were isolated@ndweighed. After each tumor was weighed, a standardized weight for

each treatment was determined based on the size of the smallest tumor, and equal weights of
each tumor were added to the pooled sample for that specific group. Once samples were pooled,
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single cell suspensions were developed and stained with zombie aqua. Then, sEDheley

/zombie aquacells weresorted to exclude mCherry expressing tumor cells and dead cells prior

to further processing at the CHGI instituBe. Tumor weights ati®and week following

STING therapy( Kr us k al Wal |l is test with .DWnforlns t est

manifold approximation and projection (UMAP) 22 distinct cellular clusters identified via

single cell RNA sequencing of all single cells isaotbbem the 8 pooled sampld3. Dot plotof

significantly upregulated and highly expressed in each of the 22 distinct single cell clusters.
Next, SingleR was used to annotate specific single cell tyassd on their

transcriptional signatureblsing this tool,19 cellular clusters were identifiethterestingly a

large clustenf cells wadabelledas fibroblastdy the SingleR toolFigure 4.6B). Given that

cell sortingcompleted prior to sequencingsulted in 580% sample purityof the mCherry

/zombie aquapopulation)depending on each samplesuspected that this population may be

partially composed of tumor cells. Knowing that our TAO1 UPS cells have been engineered to

express both mCherry and firefly luciferase, we decided to integrate these genes amtalyses

to determine in which cellular populations they appeared to be most abundant. Upaeed,

assessing gene expressiba population labelled by Singleifibroblasts contained consistent

expression obothgenes associated wiltAO1 UPS cellsvhich was distinct to that cluster of

single cellgyFigure 4.6C&D). Therefore, for the remainder of the results presented regarding the

scRNAseqdata,| believe the populati@labelled fibroblastto be TAO1 UPS cells.
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Figure4.6 - Using SingleR to identiffL9 single cell populations TAO1 UPS and identification of
firefly luciferase and mCherry expressing cells

A. UMAP depicting the unsupervised clustering of all 22 cell types identified in TAO1 UPS
tumors.B. Specific cell type annotations for 20 cellular clusters identified based on
transcriptomic signatures using Singl€R& D. Firefly luciferase C) and mCherryD)
normalizedgene expressioevelfeature plots
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Following theannotatiorof cellscomposing the single cedlspensionsolated from
TAO1 UPS tumors, we sought to compare immunepzelilesfollowing STING
immunotherapy attband tweek. Notably,there were more neimmune cells identified at the
1-week timepoint across all treatments when compared to the 6hr sabytldss varied
amongst conditioné~igure 4.7 A&B). Therefore, tcmormalizecomparisons of immune cell
compositions within tumarbetween timepoints and conditipnenimmune cells wer
excludedand specific subsets of immune cells were quantified as a frequency of total immune
cells(Figure 4.7C). Given that there is only one sample per time point in each group, statistical
analysesvere notcompleted tadentify statistically significant differences

Interestingly, NKT cells were the most abundant immune cells in the UPSafdBg
all treatmentgFigure 4.7C). Indeed, neutrophil abundance appeared to have a distinct pattern in
the E7766 and DMXAA treated tumor groupsath the 6hr and-tveek time points, as this
immune cell type appeared to be in higher abundance in these groups relative to control and
CDN cohorts at both time poinggigure 4.7C). Conversely, a higher frequency ofdgliswas
observed in control and CDN conditions at both timepoints relative to DMXAA and E7766
treated tumorgFigure 4.7C). Additionally, eosinophilsNK cells, ILCs, andasophils appeared
in higher frequencies across all thera@eéh and to a much lesser extent avéek following
therapy(Figure 4.7C). Moreover, macrophages appeared to be most abundant in all treatment
groups at the-Wveek time point, with more variable monocyte proportions observed over time
(Figure 4.7Q). Surprisingly, Fcell, NKT, and gamma delta-dell abundance was highest in the
1-week control conditionT-cell phenotypes were further delineatédyure 4.7C). It is
i mportant to not e, t hactllsb@lGnQidgdo tresedatefjobed3that cel | s

were not effector, memory, or naive cells but expf&34 or CD8.Controlsamples at-iveek
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contained the highest amount of CD4, CD8, CD4 memory, CD8 memuiyreg T-cells
(Figure 4.7D). The1-week CDN condition contained mofeegs than the DMXAA and E7766
conditions at this timepoin&dditionally, DMXAA, CDN, and E776@ppearedo contain
greater proportionsf effector CD8 and CD4-€Eellsat both timepointsvhen compared to
controk, with the exception of CD4 effector cells in DMXAA at thevkektimepointbeing

undetecte(Figure 4.7D).
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Figure4.7 - Proportions of immune cells in the UPS TME following STING immunotherapy



A. Non-immune lymphoid, and myeloid composition of TAO1 UPS tum&sProportions of
norrimmune and immune cells in the TAO1 UPS TME.Composition of all immune cell types
in the TME of TAO1 UPSD. Proportion ofT-cells atéh and Xweek following STING therapy.

Next, | characterizbtype | interferon signalingignaturesvithin each cell type as an
indicator for STING activation in the UPS TMIEo do so, the AddModuleScofenction for
ISGswas used in Seurat and scores were given to each ce(Figpee 4.8A). Interestingly,
when comparing all cells contributed from all samgleboth timepointslymphoid and myeloid
cells had significantly higher IS&ores when compared to rimnmune cell{Figure 4.8B).
Additionally, myeloid cells had significantly higher ISG scores when compared to lymphoid
cells, suggesting that they are a mpreminentreservoir in the UPS TME for type | interferon
signaling(Figure 4.8B). Moreover, when stratified into specific cellular groups, it is apparent
that several myeloid, lymphoid, and nmnmune cells have significantly elevated ISG scores
when compared to the average ISG sco@lafells (Figure 4.8C). Indeed, at the 6hr time point,
ISG scores appear to be higher whempared to the-tveek time point for all cell types
(Figure 4.8C). Given that STING is ubiquitouslkgxpressedand various cell types can engage in
type | interferon signaling, it is unsurprising that the majority of immune andmioine cells

evaluated through this asslagve an elevation in ISG scoyapecifically at the 6hr time point.
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Figure4.8 - ISG scores for all single cells isolated from TAO1 UPS tumors anl tweek

following STING therapy.

A. Overlay of the ISG score on UMAP of all single celBs Comparison of ISG scores of all
lymphoid, myeloid, and nemmune cells gairwise Ftests comparing the mean ISG scores of
each group)C. ISG scores of all cell types &t &nd tweel time pointwith a central line
depicting the average ISG score of all cAlliltiple pairwise Ftests comparing the mean ISG
score of each cell type/time point to the base mdaon)all figures*(p<0.05),** (p<0.01), ***
(p<0.001), **** (p<0.0001).



Once | established that many cell types inWBRSTME are engaging in ISG signalirzspd
that myeloid cells had significantly higher ISG scores compared to both lymphoid and non
immune cells] investigatel if there were differences between each agonist and corresponding
ISG scores within the variousyeloid cell types. At 6h posttherapy DMXAA, CDN, and
E7766 appear to have the greatest ISG scores namely in the myeloid compantthent MAP
visualizationgFigure 4.9A). Interestingly this signature is also maintainedifa¢ Tweek
timepoint only in DMXAA and E7766 treated tumofBigure 4.9A). When ISG scores were
guantified and compared among groupsjors treated with CDN, E7766, or DMXAlAad
significantly higher ISG scores in myeloid cells in the UPS Tiigl&tive to controlsvhen
compared at the 6hr timepoifwith the exception of E7766 in macrophaged)ile at the 1
week time point E7766 and DMXAA have significantly greater ISG scores relative to both CDN
and catrol treatmentsvhichis depictedn Figure 4.9B. This may be indicative thatterferm
signaling in myeloictell typesduringthe 6h-1week time period is important feshaping the
UPS TME towards an antiimor phenotypereinforcing the importance of this signaling

pathway in myeloid lineage cells.
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Figure4.9 - ISG scores of myeloid cell types dt &nd tweek following STING therapy

A. ISG overlay on UMAPs foDMXAA, CDN, E7766, or control tumors ah@and tweek
following STING immunotherapyB. ISG scores fomyeloid cell types in the UPS TME ah6
and tweek for each therapyindependent-tests comparing the mean ISG scores of each
group) *(p<0.05), ** (p<0.01),*** (p<0.001), **** (p<0.0001)).
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Similar to myeloid cellsISG scores werbighestin cytotoxic and lymphocytic cell types
in the UPS TMHollowing STING therapy with DMXAA, CDN, or E776&t éh when compared
to the Xweek timepoin{Figure 4.10. Interestingly, at the-week timepoint the CDN condition
consistentlydemonstratethe lowest ISG scores, often being significantly lower than controls
(Figure 4.10. This may beelated tahe pharmacokinetics of CDN, given that the Hiddf of
this STINGagonistis 24 mins while the halflife of DMXAA is 8.1h. Another possibility may be
associated with drug toxiciiy lymphocytes As previously mentioned, is possible that
toxicities specific to CDN exisgnd it is known thaBTING activation can lead to variable
outcomes, including apoptosis, depending on the cell type in which STING signaling occurs.
Taken together, in both myeloid and lymphoid cellular compartments, the ISG stctires o
CDN 1-week samples are significantly lower relative to DMXAA and E7766, the two STING

agonists capable of stimulating tumor clearance in the TAO1 UPS model.
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Figure4.10- ISG signatures in cytotoxic and lymphocytic cell types of the UPS TME ah@
1-week following treatment with DMXAA, CDN, or E7766.

8

8

ISG overlay on UMAPs for DMXAA, CDN, E7766, or control tumors aa®d tweek
following STING immunotherapyB. ISG scores for myeloid cell types in the UPS TMElat 6
and Xweek for each therapyindependent-tests comparing the mean ISG scores of each
group); *(p<0.05), ** (p<0.01),*** (p<0.001), **** (p<0.0001)).

4.471 Conclusion
To understand the importance of STING signaling in various compartments of the UPS
TME, | sought to characterize the consequences of STING deficiency-imalgnant and

malignant host cells in the context of the TAO1 UPS mddeloing so, | demonstrated that
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STING expression in nemalignant host cells isequiredfor stimulating anttumorresponses
following STING therapy with DMXAA or E7766.

After demonstrating that STING expression in fmalignant host cells is required for
engaging anttumor responses to STING immunotherapgentifiedwhich cell types in the
UPS TME engage in type | interferon signalaigth and tweek following STING therapy with
DMXAA, CDN, or E7766 To do so, | isolated single cells from STING treated tumors, enriched
for live nontumor cells andcharacterized immune and ronmune cell frequencies within
each samplesingscRNAseq | found that NKT cells were theast abundant immune cells
present in the single cell suspension®bXAA, CDN, E7766, and control samdevhile
neutrophil frequency was most elevated in DMXAA and E7§&@ples.

After identifying cellular populations within these samplespmparedSG scores
among cell types, treatments, and timepolidtssurprisingly, nearly all cell typdsad
significantly elevated ISG scor@sthe STING treatment conditioad the6hr time pointrelative
to controls Interestingly, in both myeloid and lymphoid cell types, the agonists that stimulate
therapeutic responsiveness and tumor cleardgXAA and E7766 exhibited significantly
higher ISG scores at thevileek timepoint when comparéa CDN and controllt is possible that
this maintained 1SGignalingfollowing DMXAA and E7766is important for shaping the UPS
TME for immunogenic tumor clearance following STING therapy is lackingn the CDN
treatmentondition Taken together, these dawnforce theneed forfurther study in this area to
understand the importance of STING signaling in specific cell types for promotiniy isnai
responses to STING immunotheragoyd the outcome of STING signaling in various cellular

compartments
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Chapter 5 - Exploring an alternative approach to STING therapy

through the forced expression of the hSTINGN154S protein.

5.1 Introduction

As previously discussed chapter 1theautoimmune conditio®AVI is characterized by
gain of function mutations in STIN@hich can inducesonstitutive STING signalin§®2>2
Researchrshave leveraged these point mutations to devielopsgenianouse models of the
diseasavhich exhibit elevated type | interferon signalipgpenotype¥8.252253 Given the potent
type | interferon signaling that occursvivo as a result of these point mutatioiss plausible to
consider that these pathogenic mutations magxipéoitedfor alternative useperhapgvenas a
genetherapy for cancer immunotheragjhe studes completed by Tse etr@vealeda
remarkable increase adaptiveant-tumor CD8+ Fcell responses ianE6/E7 antigen
expressingreclinical cancer modély encoding the mRNA cancer vaccine with
STINGV155M%7, Thus, an alternative approach to STING therapy using a novel, transient gene
therapy strategy which triggers STING activation through the forced expression of a
constitutively active mutant hSTING proteamthin tumorsis an intriguing alternative to small

molecule STING agonists.

In collaboratiorwi t h Dr . Frank Jirikés team who has
modelsexpressing the hSTINGN154S SAVI associated transgeméavedevelopeda plasmid
construcias apreliminary tool to evaluate tHeasibility and consequencetforced

hSTINGN154S expression the context of our TAO1 UPS system

5.27 Hypothesis
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An hSTINGN154SIRES-eGFPplasmid will be forcibly expressed by HEK293T and TAO1

UPS cellsand will be capable aftimulatingtype | interferon production.

5.371 Results

5.3.11 Plasmid development for in vitro evaluation of forced hSTINGN154S expression

Under thesupervisiorand guidance oferesa gheidlYee,a techniciarwith specialized
expertise irthe molecular biology methods involved in engineeringriesgenicSAVI mouse
model devel oped bywedesigneddoiplasmiddasbodriratbeo r at or vy
hSTINGN154%&ansgeneGiven that ouTAO1 UPScells are of undifferentiated lineage, we did
not select cell type specific promotdos our plasmiddesignsrather wedecided tayenerate
plasmids under relatively ubiquitous and reliable promoterggnousmammalian cell
typeg®425% We designed and purchased our first plasingich GenScriptwhich contains
hSTINGN154%8nder acytomegalovirus (CMVpromoter Figure 5.1A)k nown as @A CMV
h ST 1 NJ@an ¢eceiving the construdtsequenced the plasmid to confirm that pheesmid
synthesisompleted by GenScriptas correctFollowing confirmation] generated a second
plasmid under a chicken beta actin (CBA) promtwdancrease the likelihood of successful gene
expressionn our UPS cellsin the event that the construct under the CMV promoter was
insufficient forforcing transgene expressiam if transgene expression levels were .low

To accomplish this, isolated théhSTINGN154SIRES-eGFPportion of the CMV
hSTING constructthroughan EcoRI digestion given that we designed this plasmid to contain
EcoRlI restriction enzymes flanking the hSTINGN15WES-eGFP portion of the plasmid
Following digestion the plasmid DNA was run using gel electrophoresideatify two bands

(backbone andSTINGN154SIRES-eGFB, which were clearly separated given their different
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sizes.An EcoRldigestion was also completed on tkeeivingvector.After identifying the

insert from the CMVhSTINGdigestionand the receiving vector backbone containing the CBA
promoter these elements were ligatéallowing ligation, plasmid DNA was transformed
competent cells and 24 colonies were grown on aragi@&ose plate treated with ampicillin and
incubated overnight at 3€. To confirm that the connection site of the ligatadl transformed
construct was correct, all 24 colonies underwelRBpecifically amplifying the plasmid DNA
sequence aine of the twaonnectiorsites. Sequence verification of this connection site was
then performedAlthough plenty of these coloniegere correctly ligateth this first site four
colonies wereexpanded and submitted for additioSangeisequencing to confirm the second
connection site was correctly configurédter receipt of the sequencing resuisd one final
EcoRlI digestion followed by gel electrophoresis to confaonrectbandsizeswere obtaned the

CBA-hSTING plasmidwassuccessfully produced.

A

CBA-hSTING
75 be

Figure5.1 - Plasmid maps of the custom ordered CMSTINGN154SIRES-eGFP plasmid
from GenScrip{A) and the cloned CBASTINGN154SIRES-eGFP(B) plasmids.



5.3.2i CMV-hSTING and CBAhSTING can be transfected into HEK293T and TAO1 UPS
cells.

Once both plasmid constructs were developed, | began assessing transfection efficiency,
using three transfection methodslipofectamine LTX, 2) Transfectin, and Rucleofection.
First, | assesltransgene transfection efficiency using HEK293T cells which are widely
accepted asells with high transfectivif§?®. After troubleshooting different concentrations of
transfection reagents and plasmid DNA, a standard ratio of 1000ng of DNIA®600 cells
was used to transfect HEK293T cellgh CMV-hSTING, CBAhSTING, or the pcDNA3.1GFP
plasmidspositive contralNucleofection differed slightly, as 3000ng of plasmid DNA was used

to transfect 1,000,000 cells using this methedecommended by the manufacturers protocol

For lipid-based transfection reagents, cells were seedegdrif to transfection. Cells
wereincubatedwith plasmidtransfection mediumonstructdor 24h prior toassessment for GFP
positivity using fluorescent microscopy and flow cytometiyis strategy was modified for the
nucleofection approach, as cells were immediately nucleofected following a cell ©oget.
nucleofection was complete, transfected cells were placedvillplatesand assessed for GFP

positivity 24 later.

Twenty-four hours following transfectiorall transfected samples were visualized using
an ECHO revolve microscope, assessing GFP positivity through the FITC channel. Once images
were captured;ells were trypsinizedsolated into single cell suspensipasd stained with
zombie aqua viability die. Flow cytometry was then completed on sta@ilsdo determine the
proportionof live cells expressing GHFFigure 5.2). Positive GFP signals were observed across

all transfection reagents, with nucleofection consistently producing significantlygreate
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proportions of GFP positivity across all three plasmidigst notably the highestransfection

efficiencyobserved wa82.66% in the CBAWSTING plasmid
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Figureb.2 - Nucleofection induces the highest expression of @EBAINGN154S and CMV
hSTINGN154S in HEK293T cells as measured by GFP positivity.
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A. Schematic of HEK293T cell seeding, transfection, and analysis. The day prior to transfection,

cells were seeded at a densityl00,000 cells per well in a 24ell plate (Transfectin and

Lipofectamine LTX). Cells were transfected with 1500ng of GBETING, CMV-hSTING, or
pcDNA3.1GFP plasmid DNA via Transfectin, Lipofectamine LTX, or Nucleofection. Twenty

four hours after transfectipoells were visualized using the ECHO revolve microscope and

analyzed via flow cytometry to detect live, GFP expressiflg.&D. GFP overlay with

brightfield of HEK293T transfected CBASTING, CMV-hSTING, and pcDNA3.1GFP taken

on at 10x magnification using the FITC filter on the ECHO revolve microséofe.Percentage

of live GFP+ cells 24 following transfectionKruskatWa | | i s t est with Dunnods
comparisons, n=3 per conditipn

Once | determined that my CMVand CBA constructs could be successfully transfected
in HEK293T cells, | sought to evaluate transfection efficiency in TAO1 UPS «@il&en that
UPS cells are generally the most numerous in the TME, targeting this cellular reservoir for
forced hSTINGN154S expression may be a valuable strategy to inargagemor immune cell
recruitment into the TMETo test this, | followed the same transfectioncroscopy and flow
cytometrypreparatiorregimens as detailed abguesing lipofectamine LTX, transfectin, and
nucleofectionGiven that TAO1 UPS cells are positive for mCherry expression, | used the
expression of this endogenous fluorophoraitbin identifying live UPS cells expressing GFP
(Figure 5.3A&B). Transgene expression in TAO1 UPS cells was modest when compared to
transfected HEK293T cells, as the highest transfection efficiency obtainésl 5846 in CM\/
hSTING transfected cellssingnucleofectioras the transfection mediufRigure 5.3C&D). In
contrast to HEK29T, CMV-hSTING appeared to induce greater transgene expression in the

UPS cells and not CBASTING.
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Figure5.317 CBA-hSTING and CMVhSTINGcan be transfected in TAO1 UPS cells

A. Schematic of HEK293T cell seeding, transfection, and analysis. The day prior to transfection,
cells were seeded at a densityl60,000 cells per well in a 24ell plate (Transfectin and
Lipofectamine LTX). Cells were transfected with 1500ng of GIB3TING, CMV-hSTING, or
pcDNA3.1GFP plasmid DNA via Transfectin, Lipofectamine LTX, or Nucleofection. Twenty

four hours after transfectiprells were visualized using the ECHO revolve microscope and
analyzed via flow cytometry to detect live, GFP expressillg. & Flow cytometry gating

strategy for identifying live, mCherry+/GFP+ cels. GFP overlay with brightfield of
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HEK?293T transfected CBASTING, CMV-hSTING, and pcDNA3.1GFP taken on at 10x
magnification using the FITC filter on the ECHO revolve microscBpE. Flow cytometry
guantifyingGFP+/mCherry+ cells in following transfection (Kruskéla | | i s t est wi th
test for multiple comparisons, n=3 per condition).

5.33 Both CBA-hSTING and CM\AhSTING can induce detectable STING signaling in vitro
following transfection in HEK293T cells

Although GFP was detected in both HEKZ9d TAO1 UPS celld,wasuncertain of
the transgeneds f un c the padwction df aype f imtesfenon aespsnsea n d p o i
To assess functionality of the transgene, | usetleofectiorto transfecHEK293T cellswith
CMV-hSTING, CBAhSTING, or pcDNA3.1GFPTwenty-four hours bllowing transfectionl
harvested cell supernatants and protein lysates to dsdésproduction and phosphorylation
status of TBK1 and IRF3 as a measur&dfNG signalingransgene functionalityFigure
5.4A). Excitingly, IFNb was detected in the supernatants of both €&# CMV-hSTING
transfected cells, with CBASTING producing significantly greater concentration§=dib
compared to controld-igure 5.4B). Further,phosphorylated TBK1 and IRF3 were identified via

western blot irboth CMV- and CBAhSTINGtransfected condition@-igure 5.4C&D). Taken
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together, these results indicate that both plasmids are capable of inducing STING signaling

HEK293T cells.
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Figure5.4 CMV-hSTING and CBAhSTING induce type | interferon signaling signatures in
HEK?293T cells.

A. Schematic of HEK293T nucleofection and sample collecBotE-Nb concentration levels in
HEK?293T cells transfected with CMUSTING, CBAhSTING, or pcDNA3.1GFRKruskal

Wallis test with Dunn®O&D.Wedtetniblptd oépTBKAGh@and r i s ons
pIRF3 D) in HEK293T cells transfected with CMRSTING, CBAhSTING, or

pcDNA3.1GFP. Protein lysatesfromTHP cel | s st i mul ated with 2636
positive control.
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5.3.4 The expressioof hNSTINGN154S under the VAV promoter in SAVI mice induces a
significant reduction in lymphocytes in the UPS TME

Lastly, lassessethe impacts of expression of the hSTINGN1548ivoon TAO1 UPS
tumor biology. To do sd,engrafted TAO1 UPS tumors in SAVI mice, which &ansgenic
mice that have beegngineered to express tbenstitutively activehSTINGN154Jroteinunder
the VAV promoter, meaning that dematopoietidineage cellsvithin the mouse would express
the transgend-ollowing tumor engraftment, mice wemeonitoreduntil tumors reached a size of
15mm in any direction, and flow cytometry was performech@aracterizéheimmune
phenotypes of these tumors relative to C57BI/6 con(fotpire 5.5A). Interestingly, the
phenotypes of TAO1 UP&imors in SAVI mice were mostly similar to those engrafted in
C57BI/6 mice, asumor weights were similar between groups as \weoportions ofive,
CD45+,myeloid,andtumorcells were observed between the two graiigure 5.5B-F).
However, there were significantly fewerD 3 U+,  C D 4 + T-cells within tBeDT81E of
SAVI mice. It has been previously demonstrated thatmagnitude a8 TING signaling can
induceT-cell death therefore it is unsurprising that there is a reduction in this immune
population within the TME of SAVI me as this may be an artifact of the magieen that the

hSTINGN154S mutant is constitutivehgtive-62181.183
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Figure5.5 - hSTINGN154S expression in hematopoietic cells reduces the numbaretis Of
C D 3+ICD4+, and CD8+ phenotypes in the UPS TME.

A. UPS tumor engraftment and harvesting strategy in SAVI mice. C57BI/6 and SAVI mice were
engrafted with 100,000 TAO1 UPS cells and monitored until tumors reached 15mm in size at
which time flow cytometry was performe. Tumor weights upon collectio&. Proportion of

live cells.D. Proportion of CD45+ cell<E. Proportion ofC D 3+ Qells.F. Proportion of CD8+
cells.G. Proportion of CD4+ cellsH. Proportion of PBL expressing D 3+ U-cells.|.

Proportion for F4/80+/CD11b+ myeloid cells.Proportion oimCherry+ cellsMann Whitney

U tests comparing SAVI to C57BIB-J with an n=4 for each group.

13¢



5.4 Conclusion

Through this aim, | havehown that both CMMSTING and CBAhSTING can be
forcibly expressetty HEK293T and TAO1 UPS cell3ransfection efficiency varied between
these two cell lines, with HEK293T cells have higher ratésaofene expression compared to
TAOL UPS cells. Further, the functional output from plasmid transfection was assessed
confirming that indeed both the CM¥nd CBAhSTING plasmids could induce detectable type
| interferon production and phosphorylation of twiical STING pathway caostituents: TKB1
and IRF3 in HEK293T cells. Unfortunately, transfection efficiency was quite low in the TAO1
UPS cell line. Therefore, the assessment of functional output from these hSTING constructs
could not be reliably assessétbwever, it was noted through these experiments that
nucleofection appeared to be the best transfection method compared to lipofectamine LTX and
Transfectin reagentadditionally, in vivostudies with SAVI mice demonstrated that
hSTINGN154S expression in hematopoietic cedlsuted in significant reduction of TILs in the
UPS TME when compared to C57BI/6 controls. Taken together, these findings show that forced
expression of hNSTINGN154S can be accomplished using plasmid Bi¥#er studies should
be completed toptimizeplasmid composition and exploring other transfection media to

enhance transfection efficiency and resultant protein expression in TAO1 U®S cell



Chapter 61 Discussion

6.17 Small molecule STING agonist@asan immunotherapy for STS: Discussion and
future directions

To the best of my knowledge, this is the first study to compare théuasndr effects of
multiple translational STING agonists in a singteclinical model of malignancy.o embark on
this study, | first confirmed that equimolar amounts of CDN, MSAnd E7766 could stimulate
STING signalingn vitro in macrophagdike RAW 264.7cells.Once | had confirmed that each
agonist can in fact activate STING, | decided to evaluate théuamtr properties of these
agonistdn vivo.

Dosesthat | evaluated foeach agonist were selected based on previously published
literature from seminal work characteriziagch STING agoni&t163.166.245pespite the
impressiveanti-tumorresults seen from CDN in previous studies at various dasas
monotherapymy findings were much lesompelling*®24? In fact, anydose that exceeded
100pg of CDN resulted ianimaldeath within the first 24-1-weekfollowing treatmentvhich
rangedbetween 20100% depending on the dogdthough no tumor eradication was achieved,
there was a significant increase in overall survival time relative to controls, indicating that a
therapeutic effect was obserweth CDN in this model Similarly, MSA-2 both at i.t. and
subcutaneoudoses did not induce any durable survival but did stimulate significant extensions
in survival time. Excitingly, E7766 therapgliably resulted in durable tumor clearance at
several doses. Similar to CDN howevany dose excetting 4mg/kgdid resultin apercentage of
death within the first 24-1-week following therapy17-71%).

From thesen vivodose titration studied selected operational treatment doses that

maximized therapeutic benefit and avoided doses that induced G&dth100ug, MSA2
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18mg/kg i.t., and 4mg/kg E7766. From this pplrdought to understand why each STING
agonist induced differing levels of survival. To do sbegan byquantifyingdifferences irthe
systemic production & TING related cytokinegh following therapy by isolating serum from
treated mice and submitting these samples forplédd murine cytokine array at Eve
technologiesinterestingly, similasystemicSTING relatectytokine levels werebserved
between CDN and E7766

Although | am not completely certain why some mice treated with over 100ug of CDN or
4mg/kg of E7766 die soon after therapgained insight from these serum cytokine array
analyseands pecul ate it to be attributed to hypercy
study was published characterizing a transgenic mouse model of cytokine storm in which the
constitutively active human STING mutant hSTINGN154S protein was expressed in @&amox
inducible ubiquitin GCreFR™? system®3. This allowedor rapid production of proinflammatory
cytokines. Following tamoxifen injection, mice were euthanized witdndays, demonstrating
significant increases in serum cytokine leveigasured using a 4glex Milliplex murine
cytokine/chemokine array on a Luminex 200 sysiteciuding CXCL10, TNFJ , CCi6.2, I L
Upon comparison of these data to the serum cytokine profiles fro®¢heyCDN and4mg/kg
E7766 treated mickassessed using the same cytokine atmagticedthatsimilar, if not greagr
amounts of these cytokines were detectetbBowing therapy Therefore, it is possible that
mice given higher doses of these STING agonists experienced more elevated cytokine
production, perhaps even for a longeriod of time potentiallyleading to hypercytokinemia
related death.

Next, | characterized the immune landscapes of STING treated UPS tumors using flow

cytometry, and through these studies it is evident that EG&e&timulatesignificant



immunogenic changes in both lymphocyte and myeloid compartments of the UPS TME.
Notably, there is a significant increasedrD 3+ @nd CD8+ Tcells infiltrating the TME, in

addition to significant increases of ahimor CD80+ macrophages and MHIE& APCs

Together this data suggests that STING immunotherapy with E7766 can shift the immune
landscape of murine UPS tumors towards a more inflamed phenotype, perhaps lending to the
effective tumor clearanaabserved fronthis therapy.

To stimulate proper functioning of the CI cycieis understood thatimor antigen
specific CD8+ Tcells must be engagedéticit an antitumor respons€ To determineif the
influx of CD8+ T-cells in the UPS TME following E7766 treatment contributes totantor
responses, | undertook experiments to deplete this critical cellyyseurprisingly, in a CD8+
T-cell depleted state, UPS bearing mice treated with E7766 were unable to mountamanti
response, further reinforcing the critical importance of CD&ellinflux in the tumor
microenvironment for engaging successful tumor eradicafibese findings arim alignment
with previous workassessing DMXAA mediatedAlO1 UPS tumor clearance in RAG2nice
which showed that in a lymphocyte deficient state, tumor clearance was abfgated

A brilliant protective function of the immune systeésrthe development ehemory
lymphocytesagainst previously encountered antigens. Memacglls, upon reexposure to
antigens are incredible sources of protection, given their rapid ability to expand in respgnse to
familiar threat enablingquick neutralization ofafamiliar pathoge#f. Contextualizing this
phenomenon to my thesis woflyas curious to determine if mice cured of UPS via STING
activation develo@n immunologic memorgesponsagainstJPS.To test this] re-challenged
STING survivors in their contralateral limlvgith an additional inoculation of UPS cells

Interestingly, 8.5% of E7766 survivors exhibited a protective @ntnor phenotypand rejected
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the rechallenge, while 100% of the DMXAA survivors demonstrated tumor rejection.
Importantly, these data show that not only can STING immunotherapy be used to eradicate
primary tumors, a degree of protection agahBs is also developedo understand if this
protective phenotype #dependent on CD8+-Gells, | performed a CD8+ depletioising anti

C D 8rAb in a group of survivors prior to fehallenge with UPS cells. Much to my surprise,
CD8+ depleted survivomsxhibitedtumor clearancewith a complete attenuation of BLI signal
within 21 days of the rehallenge.

Future studies should further delineate the contributions of other lymphocyte populations
for ensuring an immune protective phenotype against. @R&ainly,data collected frona pilot
experiment | conducted with an a@D30mAb (Supplemental Figur8) indicatethatina CD 3 U
T-cell depleted statesurvivors are unable to rejddPSre-challenge. This evidendmlsters the
importance of Tcells for ensuring immune protection against URShallenge, indeed
supporting further experiments assessingctidributionsof CD4+ T-cellsand other
lymphocytedo this protectivgphenotype.

Given that antPD-1 has been FDA approved for ASB&d bothPd-1 andPd-L1 are
upregulated in the TME dhe murineSTING UPS tumorstudied in this thesjs explored the
therapeutisynergyof combiningSTING immunotherapy with anBD-1 ICB. Previous work
completed by our laboratory has shown that-Bitil ICB monotherapys ineffective in our
model of UPS, which was similarly observed in my experimental control group &?Rsiti
monotherap¥?’. Although significant differences in survival were not observed between E7766
and DMXAA monotherapies compared to the combination therapy, durable tumor eradication
was observed in mice who received CDN+dHD-1 which s a significanimprovemenivhen

compared to CDN monotherapidditionally, transcriptomic data provided insight into the idea
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thateachSTING agonist may engage different negative regulators of the immune response,
possibly providing opportunities to explore other I€Bnbinationtherapies geared towards
those marker<Certainly, in addition toPd-1, E7766 also upregulatédig3 Tim3, andCtla-4.
These may be exciting future targets to leverage for combinatorial treatment regimens.

| envisage the future of STING therapy for STS to involve combinatorial treatment
strategies. Given that STS is largely treated surgically, | believe that future preclinical work
should involve surgical models. For example, UPS bearing mice should legl tnatit STING
therapy and undergo subsequent tumor resection to deterrBinENIG therapy can reduce rates
of local recurrence ®ystemicnetastass.Additionally, radiotherapys commonly used as a
therapeutic adjuvant for patients with STi9s knownthat radiotherapy can leaditecreased
tumor mutationaburdenandnecantigenicity®”258 Excitingly, in 2021, Lussier and colleagues
demonstrated that vitro irradiated KP UPS cell lines engraftedvivoresulted in increased
necantigenicity and sensitivity to ICB vivo that was CD8+ Tcell dependerit®. Additionally,
recent work from David Kirschdés group using a
showed that combining 20Gy of radiotherapy with two intralesional doses of the TLR9 agonist
cytosinephosphategguanine oligodeoxynucleotide (CpG), sigrfintly prolonged survivah a
CD8+ T-cell dependent mannand resulted in transcriptomic signatures most similar te[5I1C
and SICGE within treated tumor8®. Therefore, it imaturalto believe thatombining
radiotherapy with STING maglsoenhance antiumor responsesy engaging amtiumor T-cell
responses against tumor cells.

Although the results from my thesis have been encourdgirtganslational STING
immunotherapythey are limited in the sense that only one model of UPS was assessed. Over the

last few years, we have been developing nmawine models of ST#H the Monument lapand |
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believeSTING therapy should be assessed in these mddgigot studiesl completed, STING
treatment ospontaneoukP UPS tumors with either DMXAA or E7766 was ineffective
(Supplemental Figurd). Although | cannot concretely identify why spontaneous KP UPS
tumors are unresponsive to STING theragyresenthreepossibilities for why this may be the
case; 1xpontaneously induced KP tumors develop much slow8n{éeks following lentCre
injection) compared to TAO1 UPS cell line derived tumors (7 days), allowing longer periods of
time for immunoeditingimmune escapend immune exhaustida occur.2) TAO1 UPS
tumors arerelativelyhomogenoug terms of tumor compositiogiven that they are cell line
derived. It islikely that spontaneous tumors contain more heterogenous tumor cell populations
allowing this tumor model to peess stronger immune evasaapabilities. 3TAO1 UPS
tumors contain artificial tumaantigengmCherry/Luciferaseand it is possible that the presence
of these antigens increasethenmune systembs ability to target
therapywhen compared to spontaneous KP tumdngh lackthese antigensiowever, when
TAOL1 + UPS E7766 survivors were-challenged with TAO1 wild type, which is void of these
artificial antigens, 50% of these mice rejected thelr@lenge suggesting the presence of shared
antigens betweetne TAO1 + and WTSupplemental Figurg). Usingtheunresponsive
spontaneous KP UR8odel will be valuable to deepen our understandingvercoming STING
resistance and investigating combinatorial treatment strategies.

Further, we have recentigceived a mouse model affusion positive synovial sarcoma
from collaborators. STING therapy should be assessed in this model, in hopes of elicitinga T
cell response against thathognomonidusionproteinresponsible fodriving oncogenesis in
this tumortypeor in combination with CART therapy engineered against the SSBX1 fusion

driven cell membranproteirs. Ultimately, | believefuture studies should focus on investigating
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strategies t@vercomeSTING therapy resistance in our unresponsive murine mpdalsously
discussed in this sectio8uch strategies would include combin®§ING therapy with
radiotherapy, surgical tumor removal following STING therapy, and pairing STING agonist
therapy with immune checkpoint blockaagents Exploring these strategies will be pivotal for

the advancement of STING immunotherapy to clinical trials for.STS

6.217 STING signaling in various cellular compartments of the UPS TME:
Discussion and future directions

To understand the role of STING signaling in various cell types of the UPS TME, | first
sought to investigate the STING signaling status of the TAO1 UPS celhltheugh the
literature is not conclusive on the consequences of STING signaling in tumor cells specifically,
researcherhave shown that some cancer cell types harbor mutations in STING or STING
pathway constituents, while others have shown that STING signaling in tumor cells can promote
tumor growth and invasiveness in an interferon indepetrfdehiori’:174.176,178,190.250
Interestingly, through thim vitro assays performed, ldetermined thatAO1 UPS cel$ could
indeed engage STING signaling when stimulated with STING agonists, as measured by
phosphorylation of various STING pathway constituents, and detectable production of type |
interferon.Although some cancers harbor mutations in STING or STING pathway constituents,
it appears that the STING pathway is functional AO1 UPScells butis dampenedelative to
RAW 264.7 macrophagedespite control conditions for both cell lines producing similar
baseline levels of type | interfero@neexplanation for tis dampened interferon production
phenotype mapeattributed to the p53 status of this cell Igigen that TAO1 UPS contain

Trp53" andKras®?P* mutations Recently, it has been shown that in several murine and human
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cancer cell lines, p53 knockdown leadstppressed function of TBK1, thereby reducing the
phosphorylation of STING and | RF3, ana pl RF36
engageaype | interferon producticf®. Further, it has been shown thetdtype p53 engages

anti-tumor functionality through STING pathway activati®h Thereforejn alignment with this

existing literatureit is possiblehat the reduced type | interferproductionobserved in TAO1

UPS can be attributed pb3’- stateof this cell line.

Given that our TAO1 UPS cells could engage a STING response when stimulated with
the translational STING agonists | assessed throughout this thesotedif STING signaling
only in malignant TAO1 UPS cells was sufficient for engaging tumor clearanakgnment
with existing literature characterizing the efficacy of STING agoniste absence of STING
signaling in noAmalignant host cells, STING immunotherapy is ineffective in inducing tumor
clearanc®'in the TAO1 UPSnodel To further understand the role of STING signaling in
TAOL UPS cells in our murine modiel vivo, | assessed the consequences of ablating STING
expression in TAO1 UPS cells on survival outcomes and tumor kinetics following engraftment
and STING treatment of these tumdrgerestingly, no significant differences in tumor growth
kinetics or rates of UPS eradication were detected in DMXAA and E7766 treated UPS in TAO1
WT or STING k/o conditionsThese findings contribute to the deepenaderstanding of the
importance of STING signaling in different cell types of the TME, specifically highlighting that
STING signaling in UPS cells is not required for stimulating tumor clearance following the
administration of i.t. STING immunotherapy.

To my understanding, this is the first study to compare the transcriptional immune
landscapeandISG scores of single celis the context of comparingultiple STING

immunotherapies, specifically in URSIng scRNAsedPrior to assessing these scores, cell
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annotations were performed to characterize immune cells in the UPS TME of DMXAA, CDN,
E7766, or control tumors ah@&nd Xweek following therapysing SingleRSimilar cell
annotations were generated when using a second machine learning tool (SCimilarity) to ensure
annotations were consistent (Supplemental Figuréhe mostabundant immune cells all
samplesvere NKT cellsandneutrophilsvereobservably more abundant in DMXAA and E7766
conditions | was surprisedby the abundance of NKT cells seen in all conditions, namely
because | have never investigated this immune population in the contexfl&@uUPS
model previously. Although NKT cells share similarities with conventional T cells, they have
highly specific TCRs which uniquehlgspond talycolipid antigensn CD1d%22%3 Studies have
shown thatNKT cellsare involved irdestructiorof CD1d+ tumor ells and that NKT cellgan
protectagainsispontaneous metastases in a murine model of breast¥aAt%é#¢. Upon
identification of malignant cells expresgiglycolipids on CD1d, NKT cells can inflict direct
tumor cell killing via granzyme B, perforin, or FasL interacti§a€¢ Alternatively, NKT cells
can be activated by TAMs, MDSCs, DCs and other immune cells expressinga@idah $ift
some ofthese tumorsfiltrating immune cells towards more activated and less
immunosuppressive phenotyp€g%e Giventheabundancef NKT cellsin the TAO1 UPS
TME at all treatments and timepoints, future studies should investigate the CD1d expression
status of TAO1 UP@nd human ST® determine if this lymphoid population may be leveraged
for STS immunotherapy

Indeed, macrophag@seunderstood to béne most abundant immune cell in the
microenvironmenbf humanSTS3157.21€18 Given the potent ability of macrophages to induce a
type | interferon responsg,is possible that myeloid lineage cells are key STINgaalling cell

types in the TME for engaging atttimor response#s seen in thecRNAseqdata, ISG scores
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were elevated at botth@&nd week following STING therapy with DMXAA and E7766
neutrophils, macrophages, and monocyiesevaluate the importance of STING signaling in
these myeloid celiypes | recently designettansgenic mice on a C57BI/6 background in which
STING can be selectively depleted in myeloid lineage cells using a tamoxifen inducilexCre
systemLysM-CreFRT x STING'" . Unfortunately, | was unable to assess the impact of STING
therapy in mice depleted of STING specifically in myeloellsin this thesisFuture
experiments should investigate the consequences of S@&lGencyin the myeloid
compartment of TAO1 UPS tumoos the anttumor impacts of STING immunotheraggiven
that neutrophils appear to be an abundant and potent reservoir of ISG signaling, depleting this
population using an anltiy6G antibody in UPS bearing mice prior to E7766/DMXAA therapy
will be informative to determine if STING signaling in this abundant TME population is required
for observing tumor eradication

Although in this thesis thecRNAseqdata showed the elevation of ISG signaling in
various cell types, this dataset should be further evaluated for other applications. First of all,
SingleR was used as the cell annotatani to provide categorization of various immune cells in
the UPS TMEHowever, further investigation into annotation methods should be completed to
investigatemore specific immuneell populationsincluding pre and anti tumor macrophages,
neutrophil subsetsnyeloid derived suppressor celisxd many otherfkecently, mw machine
learning tools have emerged allowing for integration of many datasets for comparison when
building cell annotation§SCimilarity scGPT¥6%27C In future, we plan to continue exploring
other methods of cell annotation to provide the best and most accurate cell anmaotatihg

expertise of Dr. Kiran Narta



Additionally, given that TAO1 UPS cells wenaintentionallycaptured through the
scRNAsegexperiments, further characterization of the transcript@igicatureof theseumor
cells in the control condition would be exceptionally insightful to provide a deeper understanding
of this murine modelAnother exciting avenue of analysis that should be undertaken with this
dataset would be characterization of the SIC class for each STING treated tumor. It would be
extremely valuable to determine if STING immunetapy can contribute ghifting the immune
landscape of TAO1 UPS treated tumors towardsre immunogenic phenotype
transcriptionallyon a scale that is clinically relevant

Taken together, when interpreting the ISG it is clear that differences exist between
DMXAA and E7766, STING agonists capable of stimulating durable tumor clearance and CDN
which does not. These differences may be informative for understandivgrifigletherapeutic
outcomes that exist between these therapies. Although all agoniktstamélate significant
elevations in ISG scoreslative to controlsDMXAA and E7766 appear to maintain higher ISG
scores at the-tveek timepoint relative to CDN and control in lymphoid and myeloid
compartments. It is possible this prolonged ISG signaling observede¢k for DMXAA and
E7766 is important for stimulatirent-tumor responses. It is possible that a combination of
factors influence the inability of CDN to stimulate tumor clearance. Indeed, thidalf CDN
is 24mins which is much shorter than DMXAA (&) Currently, no pharmacokinetic data
regarding he haltlife of E7766 exists. The shorter hiife may contribute to the reduced ISG
scores at the-tveek timepoint of CDN treatment relative to DMXAA and E7766.

Given that STING activation can lead to cell death in various cell types, further
investigation into different methods of cell death will be informative for understanding the

consequences of STING therapyese lines of investigation should be further expanded in this
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data set, in addition to vitro assays assessing cell viability and metabobsmyeloid
lymphoid and tumorcell types following exposure to CDN, E7766, or DMXARurther
experimentation with this data set evalua@gophagyapoptosis, pyroptosis, and necrosis will

be insightful for further characterising the impact of STING signaling in various UPS TME cell

types.

6.31 An alternative gene therapy approach to STING therapyi hSTINGN154S:
Discussion and future directions

Through this exploratory final aim of my PhD thesis, | have demonstratetivth&NA
plasmids can based tdorcibly expresghe constitutively active hSTINGN1548ansgenén
both HEK293T celland TAO1 UPSUnfortunately, transfection efficiency was low in TAO1
UPS cells, which perhaps highlights a need to investigate alternative transfection media or
plasmid designs to enhance expression of this construct. | believe the goal of this targeted gene
therapy shold be to induc@otent andransient expression ¢tie mutanthSTINGN154S
protein to elicit similar immunogenic responses to STING agonistsvo, specifically in tumor
cells. To accomplish this, it is prudent to consider plasmid deSigrgetingUPScells could be
desirable to induce STING signaling in the malstindanpopulation of cells in the UPS TME.
Given that TAO1 UPS cells are of undifferentiated origin, we opted to desigiamumidsto
include promoter sequences that should incite gene expressianduascell types; CMV and
CBA. Gene therapies for other malignancies have been designed by successfully identifying
promoters that are tumor type spedcificPerhaps transfection efficiency could be improved by
modifying the plasmid to be expressed under other promatdieed supportinfurtherstudies

to identify suitable promoterthat may be STS specific.



Recentresearch has revealed that STING signaling can exisirging thresholdsn
different cell types and tumor typdsor example, chromosomiaktability, which is common in
many cancers can elicit prolonged, chronic STING activation from dsDNA found in the cytosol
of the cell, leading to tumor promoting phenotypes namely through interferon independent
signaling pathway<®272 However, it haslsobeen shown that stimulation of cancer cells with
potent STINGactivatorscan induce cell delat’3274 Although there is a lack of consensus in the
literature and likely variation among malignancjésis possible that potent but transient
expression othehSTINGN154Sransgene coulgromoteoncolysis.To test thisfuturework
should be conductad TAO1 UPSfollowing administration of small molecule STING agonists
and hSTINGN154S gene therapy to understand the impacts of STING signaling and
overexpression on UPS cell viabilityhesein vitro studies could provide insight on optimal
temporal STING therapy to maximi&TING activation dependent tumor cell killing.

In this study, | only assessbypid-basedransfection methods and nucleofection as
vehicles forforcing the expression ®ISTINGN154Swhich are largely suited ia vitro and not
in vivo systemsAlternativegene delivery strategies may result in more effective gene expression
and could be transferrableitovivo treatment setting®\ study completed in 2020 found that
coxsackieandadenovirus receptor expresswas observed in 12/14 human sarcoma cell lines, a
common receptor for internalization of adeirus serotype?°. All sarcomaell lines
expressinghe coxsackieandadenovirus receptor favere sensitive to transduction with a
replication competent oncolytic serotypadenovirus’. Future studieshouldbe completedh
which the CMVt or CBA-hSTING plasmidsrealtered for adenoviral serotype 5 delivarnyd
assessed in TAO1 UPGther delivery systems, including lipid nanoparticles bearing mRNA of

the hSTINGN154S transgene should be considered adnesed, previous work by Tse and
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colleagues revealed the strength of using lipid nanoparticles bearing mRNA enbeading
STINGV155M mutant as a vaccine adjuvant for stimulating CD8eell specific anttumor
responsesTherefore, it is possible that usinG TINGN154SmRNA packaged in a lipid
nanoparticlecould be leveraged to elicit asitimor responses in an alternative strategy to that of
small molecule STING agonists.

Although | have discussed the possibility of forcing hSTINGN154S expression
specifically in tumor cells, it is important to acknowledge other cell types in the UPSTIME.
understand the outcomes of hNSTINGN154S expressiothar TME cell types, | believe further
studies in transgenic mice should be completadmyeloid cells are dominant cell types in the
TME of UPS, investigating the consequences of activating hSTINGN154S in this cell type
would be valuable for understanding the implications of cotis# S TING activation in this
cell typein TAO1 UPS It is known that activation of STING in macrophagesl other myeloid
cellscan polarize these cells to atitimor phenotypes, perhaps providing an opportunity to
reconfigure the UPS TME towards a more immune inflamed pheriétb}pe'®¢ These studies
are currently underway using a LysBteFRT? system to selectively activate the hSTINGN154S
transgene in myeloid cellgzurther, it is known that STING signaling in vascular endothelial
cells in the TMEcan enhance antiimor T-cell infiltration and subsequent tumor KkilliFfg*%.
Therefore, it may also be worthwhile to study the impacts of activating the hSTINGN154S
transgenespecifically in vascular cellsising a Cdh&reFRT2 system The completion of thesia
vivo studies will contribute further understanding into which-tumor cell types in the UPS
TME may be effective targets for hSTINGN154S gene therapy.

In summary, this study has revealed that hSTINGN154S plasmid DNA can be transfected

and functionally expressed in HEK298&lls buthas limited expression in UPS cells. Future
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work investigating hSTINGN154S as a gene therapy for STS skapldre the optimization of
transfection methods and plasmid design, specifically in the promoter region, in hopes of
improving transgene expression in UPS céllsreover, the development of gene delivery
systems compatible with vivo models will be critical to advancing the therapeutic potential of

this strategy

6.471 Study limitations

To the best of my ability, | selected experimental strategiesratidods | felcould be
used to adequately assess the aims of this PhD thesi®ver, limitations in study design do
existand must be acknowledgddave divided this section into limitations associated with the
models and experimental approaches used in this tidisugh these limitations exist, |
believe the findings in this study areaningfulcontributions to the field of STING

immunotherapy specifically for STS.

6.4.1 Limitations in the murine syngeneic TAO1 UP$&xperiments

In this first sectiorof limitations, | will address the shortcomings of #remalmodels
selected for this thesis. Firstly, the results obtained from this study could have had a more
profound impact if they were extended to multiple preclinical models of 8p&ifically, with
reference to the immunogenic tumor clearance observed kd&7766 therapyThere are
limitations to be acknowledged in the syngeneic KP model of TRS1 UPS has been
engineered to express mCherry and firefly luciferaseellyeintroducing artificial tumor
antigens into this system. Although this may increase antigenicity artificially in this ozl

address this, le-challenged a subset of E7766 survivor mide had initially eradicated their
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primarymCherryfirefly luciferase expressinBAO1 UPS tumors with the wildtype version of
the TAOL cell line which was void of these antigens. Fifty percent of the survivohallenged
with the wildtype version of this cell linejected the rehallengesuggestinghatshared
antigens between the mCherry/Luciferase positive and wildtype celhfinssexisto confer
ant-tumor protection by survivors is not contingent on these artificial ant{gleria not shown)
Another limitation of this study existegardinghe experiments completed with the

TAOL1 STINGk/o cell line. This cell linewas developed from the mCherry/firefly luciferase
expresgig TAOL1 UPS cellsanda resultant of 7 different clones of this cell livere createdA
limitation of the experiments designed and completed in this thesisheilAO1 STINGk/o
cell lineis that then vivoandin vitro studies were completedth only one of the clone&lone
1-2). Future studieshould be completed &irengthemmy findings by replicating these
experiments using the other cloriesleterminavhetherthe phenotypes | observed were an
artifact of clone 12 or consistently observed acradlsclones

Another limitation of the syngeneic TAO1 UPS model lies in the fundamental understanding
thatSTScomprise aliverse group ofieterogeneous tumagnsith approximately80 distinct
histological subtype82277 Using a syngeneic model that is widely homogenous in tumor
composition does not entirely recapitulate the presentation of this disease clinically. Therefore, |
suggest in future studies, the implementation of the-larglly induced spontaneous KP model
of UPS®"for further validatiorof translational STING immunothergpincorporating this
approach will allow future studies to capture the variability that presents within and between
each murine&JPStumor when administering STING immunotherapy i.t.

Finally, | wanted to acknowledge the limitation of using the SAVI mouse to model UPS

tumor biology in the context of hSTINGN154S express@iven that these mice express
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hSTINGN154S constitutively in allematopoieticells from the time they are born, this model
does not capture the impact of inducing the expression of this trarfegeméng UPS tumor
engraftmentFurther, the constitutive activation of hSTINGN15a4%iematopoietic cells may
lead to dysfunction in these cell typagbsequentlgonfoundng the data | collected regarding
the proportions of immune cells in the UPS TME of SAVI mideen compared to C57BI/6
controls To better understand the impact of indleibSTINGN154S expressian UPS tumor
biology, inducible model@n which transgeni expressiorcan be activateth a controlled

manner will be informativas detailed in the discussion

6.4.2 Limitations in experiment desigh and outcomes

Limitations also exist in the context of some of the experimental designs | selected for
my thesisFirst, one of the greatest challenges | faced was selecting doses to use operationally
throughout this thesis for each respective STING aganiato. During then vitro
experiments, standardization of drug treatmentsaghgved by using equimolar treatrtsen
This was not as simple to undertakersivo. Given thevariationmolecular composition and
toxicity of each agonist, $electeperational doses @ach STING agonist which maximized
survival time whileavoiding any death related to potential drug toxiditgfortunately this
choiceresulted in differing amounts of each drug being administered to each afithaligh
extensive dose titration studies were completed, standardization to compare theseragomists
precisely could have strengthened my dataset. With that being said, | believe that future studies
shouldexploremethods of measuring pharmacokinetics for each agonist. Currently, these data

do not exisfor all agonists included in this studiyhedevelopment of a refined understanding
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of how each of these drugs are metabolized and in what time frames would béousetue
precise comparisons of these agonists to one another.

Although | have provided important insight on how STING immunotherapy can polarize
the TME towards a more immune inflamed phenotype and that tumor clearance can be achieved
using E7766, a limitation of this study is thatannot concretely confirm why some mice
respond to STING immunotherapy and some do not. Specifically, with E7766, 38% of treated
mice can eradicate their primary tumors, while the remaining 62% are uoablesre are
several possibilities why this might be the case. First and forethizsinay be a technical
artifact. Although I did my best to ensure consistefocyhigh-quality STING administrationnto
UPStumors, each animal 6s tumor varied slightly i
medially. Additionally, dependingn theagonist, animals would receive volumes ranging 50
120ul which couldmpactthe ability of the agonist to diffuse throughout the TNtEs possible
that a percentage of mice that do not respond to STING immunotherageattributed to
these technical factorAnother possibility may beelatedto immune exhaustion. Through our
transcriptomicevaluations, we showed that each agonistiged slight differences in gene
expression with various genes associated with negative regulators of the immune response.
Perhaps, as a result of STING therapy, an upregulation in these negative regulators dampens the
tumor clearance phenotypdadeed, the addition of ariD-1 drastically improved survival
outcomes for CDN treated micEhere is a possibility that combination with other ICB agents
could enhance survival outcomé&snally, it is possible that systemic hypercytokinemia
following i.t. STING therapy could contribute to dysfunction of critical amtinor immune cells
including T-cells and NK cell&'® which was not evaluated in this thegikese possibilities

highlight the importance of striking the correct balance for STING therapy to limit toxicity and
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enhance andiumor immune responseshich should be further investigated to identbncrete
mechanisms to explain wispme animals respond and others do not

In the survival CD8+ Jcell depletionexperimentthere are limitations that must be
addressed. First, is the duration of time animals were follo§er/ivor mice are precious the
laboratory, and therefore accumulating enough animals to complete a degig@riment
requires a considerable amount of tirB&/en the hypothesis for this experiment was that in the
absence of CD8+-€ells, survivors would be unable to eradicate thehalenge, animals were
followed alongside isotype and untreated cotstrWhen the controls reached experimental
endpoint 14 days after tumor cell engraftment, tumor BLI signal was lost in both the isotype and
CD8+ T-cell control groups. | made the executive decision to comalételround of depletion
prior to sacrificing the CD8+-Cell depleted and isotype controls groapsday 25 to assess for
depletion Although | was able to confirm that CD8+cCElls were depletedt this timepointit is
unclear if these mice had been followed for longénefy would have devel@ol tumorsTo
determine if this might be the cadellowing survivor mice for longer following CD8+-Gell
depletion mayrovide more insight into this protective phenotymel important information to
confirm if indeed CD8+ Jcells are not involved in the protective ad#S phenotype

Another important limitation to consider with thesepletion experiments is the fact that
depleting antibodies may not entirely abrogate the targeted cell popukattudy completed in
2017 demonstrated that depletions using-@nifi 8 dnd antiCD8b does not result in complete
abrogation of CD8+ Ttells and can alter the metabolism and phenotype of the remaining
cellg’®. Therefore, it is possible that a populatiorreraining CD8+ Tcells could continue to
exert anttumor clearancdt is also important to consider that cDC1s are also known to express

C D 839281 therefore this depletiostrategy may not only selectively deple@B8+ T-cells, but
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also cDC1s, which was not assessed in this thekigugh | confirmed at this timepoint that
there was a significant systemic depletion of CD8gells intheantiCD8 U sur vilvor <coh
did not assess other tissues, including the TdLN or muscle tissue at the site of tumor injection.
Given that these mice have been previousighalenged in the contralateral limb to confirm
that they did indeed develop protection against UP&hadlerge, it is possible that a population
of resident memory CD8+-Tellshomed to the area. However, the evidence | have gathered
does indeed suggest that in reduced state of circulating CE28#sT survivors can still engage a
protective rejection response to UPShallenge and in the naivant-C D 8dépletion
experiments CD8+ -Eells in the UPS TME were significantly lower than those in the isotype
control condition

Limitations inthescRNAsecdata also exisOne such limitation is the variability in the
number of cells within each sample. Our goal was to ensure 10,000 cells per sample/condition
were included in the analyses. Unfortunately, cell counting usinGdbeatessand flow
cytometrydid not yield concordant results, thus an average of these two measures were used to
calculate an appropriate volume of cell suspension to undibrgoy premration Although this
introduced variability in the number of celfscluded in each samp(815819390 cells)all
samples passed quality control testiAg.a result of this, cell count comparisons could not be
completed given the number of cells were not standardized between eacH-grthgr, given
that cell sorting does not guarantee a sample that is of 100% purity, variability in the number of
tumor cells in each sample existed, which may have inadvertkaiyed the data.

Specifically, at the Aveek timepoint, considerably more tumor cells were present in
these samples, which was a challenge for normalizing daligsenMoreover,oneof the tools

we selected as a surrogate measure for STING activation is the ISG score modulus. Although



this tool can lend important information regarding which cell types in the UPS TME are

undergoingnterferon stimulated gene signaling, it is not STING specific and therefore cannot be

entirely delineated from other sources of type | interferon that are STING indepdndent

studies should prioritize evaluation of other tools for cell type annotation to broaden the scope of

immune cells to be quantified and analyZddwever, these data are still compelling and
important for demonstrating which cell gpin the TME are involved in this gene signature
which is a criticacomponento STING activation.

As previously mentioned, limitations exist in the TAO1 UPS transfection experiments.
Unfortunately, transfection efficiency for all hNSTINGN154S plasmids was veryThis.may
be a product of the plasmid design or the transfection method. Future experiments should
certainly explorenodifying this plasmid to evaluate transgene expression under different
promoters Although | evaluated three different transfection media, this is by no means
exhaustiveSelecting other modes of transfection may also be ukefuhproving transgene
expressionAdditionally, DNA plasmids were used in this thesis. Perhaps designing mRNA
encoding hSTINGN154%ould yield increasettansgene expressiofurther, the methods of
transfection used in this thesis are optimizedroritro applications, noin vivodelivery.
Designing a tool that could be translated torawvivo setting would strengthen this

immunotherapeutistrategy.

6.57 Impact and conclusions
In summary, | believe the findings detailed through this PhD thesis are important
advances for the field of STING immunotherapy, particularly for.BSmy understanding, this

is the first study to compathe immunogenic antumor properties amultiple classes of
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translational STING agonist$hese results suggest varying degrees oftantor efficacy in the
syngeneic TAO1 UPS modethen comparing CDN, MS& and E7766providing insight into
which class of STING agonist is most effective in treating this malignancy; the macrocycle
bridged STING agonist E776Excitingly, the findings from this study support existing literature
indicatingthe critical role ofCD8+ T-cellsfor engagiwg initial tumor clearance following

STING therapyFurthermorethis study suggesthat the majority ofnice that successfully
eradicate their primary UPS tumdddlowing STING therapy with E7766 are protected against
re-challenge with this same cell line that is seemingly independent of CEz@HsTMoreover, |
have demonstrated that STING therapy can synergize witliP8nti ICB, most excitingly in the
context of CDN.These findings are important for informing future preclinical and clinical
investigations of STING immunotherapy for UPS, revealing that these therapeutic agents elicit
profound immunogenic reconfiguration of the UPS TME, and hold the potential to synergiz
with other immunotherapies to maximize therapeutic outcomes.

To my knowledge, this is the first study to investigate the importance of STING
expression in tumor and ngaamor cells in the UPS TME. Through these investigations, | have
shown that STING expression is required in4moalignant host cell® engage STING mediated
tumor clearance, while the STING expressions status of UPS cells does not impact survival
outcomes following STING immunotherapihese findings are important to extend to a clinical
context, suggesting that STING expression statusalignantcellsshould not be used as a
predictive marker fowhetherthese patients could respond to the therbfnyreover, a novel
component of this study is tlkeRNAseqdata.These studies hawhed light on the broad
engagement of type | interferon signaling in various cell types in the UPS TME and showed that

DMXAA and E7766 appear to uniquely upregulate this scoring modulus in myidid



lymphoidcells over time, suggesting these cell types may be important targets for STING
signaling in the TMHor stimulating anttumor responseand survivorship

Currently, there are no curative options for individuals with metastatic MR &ope is
that this work can contribute to the advancement of STING immunotherapy towards clinical
trials for UPSI have identified a promising translational STING agonist capable of inducing
durable tumor clearande a preclinical murine model of one of the most commonly diagnosed
adultSTS,UPS | believethe findingsfrom this work can be used to shape proceeding
experiments in the ultimate pursuit of a clinical trial fuisttherapy, ideally in combination with

other clinically relevant therapies for STS including surgery, radiotherapyCaéntherapy
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Supplemental Figure 2Additional flow cytometry data collected at 24h, 72h, anglekk
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Supplemental Figuré T UMAP of SCimilarity cell type annotation predictions.
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