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Abstract

BackgroundCancer immunotherapy with Immune Checkpoint Inhibitors (ICIs) has demonstrated
AAIAYATFAOFLYyOG Of AYyAOlIf &adz00S&aasx odzi y24 a2 YdzOK
includingBreast cancerBQ. One compelling solution is offered by oncolytic viruses (OVs) which

induce direct cancer cell killing whilst activating aintilzY 2 dzNJ A YYdzy A G & X NBadzZ A
YIEYYEFNE GdzY2dz2NBE aK2GX¢éd ¢KAa ¢2NJasz Agientd: NI X
leading to recruitment of T cells and-eeluation of tumourassociated macrophages (TAMS).

2 S KeLRIOKSaAasS GKFG OF NBSO3Y Ay O025m ANY Yidy2S, @K
induce antitumour immunity inBC

Methods: We investigated the antitumour effects of 3 types of oncolytic herpes simplex¥irus

(oHSW1) in combination with aniTim-3 antibody. Cell survival, migration and invasion following
treatment with this combination was also assessed in 3 diffeB&eell lines (MCH, MDAMB-

231, SKBR). The optimal combinations were then investigated in two mouse models of
mammary carcinom@T1 and EO771Biodistribution and antitumour properties were assessed
postmortem.

Results:BlockingTim-3 resulted in a significant decrease in cell viability in &C8ell lines with
synergistic effects when used in combination with oHSVs. Moreover, blo€kimg with and
without OV statistically reduced cell invasion and migration in M@Rd SKBR BCcell lines.
These effects were not seen in the aggressive NIBA231 cells. Preliminary data from in vivo
studies suggests that combination therapy reduced tumour volume and increased overall survival
time compared to the individuareatments with clear reductiosin tumour necrosis and a
significantreduction in pulmonary and liver metastasismpared to untreated tumoubearing

mice.

Conclusioninhibiting TIM3 with OV shows potential for enhancing antitumor responses in vitro
and in vivo. This approach could beramising immunotherapy strategy, particularly if tailored

to specific breast cancer subtypes. Future studies should focus on optimising treatment regimens
and delivery methods. While these results are encouraging, careful consideration of efficacy
acrossdifferent cancer subtypes and potential side effects is necessary as research progresses
towards clinical applicatian
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GENERAL INTRODUCTION
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1.0 Introduction

1.1. Breast Cancer

Breast cancerBQ is the fourth most common cause of cangetated deaths in the UK,
accounting for 7% of all cancezlated deaths. Chemotherapy, radiotherapy and surgical
methods are used for the treatment of most patienfable 1.1, but despite this in the UK
approximately 11500 die every yearduetBCo ¢ . / a il GAadaA0a pu .BEyOSN
has been linked tmbesity, lack of physical exercise, drinking alcohol, hormone replacement
therapy during menopause, ionizing radiation, early age atriieststruation and having children

late or not at all(Guo et al.,, 2020; Hurvitz et al., 2013; Jia et al.,, 202B%> are very
heterogeneous and can be classified into several subtypes based on distinct gene expression
profiles (Perou et al., 2000)These include ERHoestrogen receptor), PR-+(progesterone
receptor) and HER2-+ERBB2 receptobased on their expressidiYeo and Guan, 201More
effective treatments are needed for patients with advand®@ particular triple negativeBC
(TNBC), where none of the receptors are present, this accounts f@0%b of alBG and is
characterised by its aggressiveness including relapse and metastasis beh#&aenan and
Tolaney, 2020)

Breast cancer frequently metastasizes to organs including bones, liver, lungs, an&heaira(d
Varamini, 202p Bone is the most common site, with a metastasis incidence of approximately
73% (Suva et aJ2011) While the exact reason for this preference for bone is still under
investigation, certain signalling pathways and molecular expressions might play a role in
attracting and promoting the migration of breast cancer cells to the bpfieand Tang2023

Wang et al., 2028 The chemokine CXCL12, secreted by osteoblasts, plays a crucial role in
directing the migration of osteogenic precursors towards the bone marrow microenvironment.
This chemotactic response is mediated by the interaction of CXCL12 with its receptor, CXCR4,

expressed on the surface of osteogenic precursors.
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Moreover, metastatic BC cells overexpress CXCR4 indicating that BC prone to metastases to bone

more than other organgMuller et al.,2001) The receptor activator of nuclear factor kapBa

ligand (RANKL) binds to its receptor, RANK, on osteoclastsi(@&soding cells). This interaction

stimulates osteoclast activity, leading to the breakdown of bone matrix and triggering bone

metastasis fed forward cycldJackson et al.,20)3nterestingly, breast cancer cells can secrete

parathyroid hormonerelated peptide (PTHrP), which can further induce the overexpression of

RANKL by bone cell3ackson et al.,2013ptudies have shown that PTHrP expression is often

higher in bonemetastatic breast cancer cells compared to those in the primamour or other

metastatic siteqMartin,2002 Southby et al.,1990; Powell et al.,199FEurthermore, inhibiting

RANKL in breast cancer patients with bone metastasis has been shown to significamtly red

bone turnover markers (indicating decreased bone breakdown), highlighting the important role
of this pathway(Body et al.,2008Lipton et al.,2007; Lipton et al.,2008

Tablel.1. Breast Cancer treatment in clini@&ennari et al.,202;1Loibl etal.,2023

Early Breast Cancer

Subtypes Preferred Therapies Drugs of therapies
Hormone receptor Adjuvant endocrine therapy Tamoxifen or aromatase inhibitor
positive(HR+)

Premenopausal Adjuvant bisphosphonates pamidronate, ibandronic acid,

patients receiving
ovarian function
suppression

sodium clodronate and zoledronic
acid

HR+/HER2 Adjuvant therapywith or without Abemaciclib oOlaparib
chemotherapy(ChT)primary
surgery systemidreatment

HER2+ Neoadjuvant therapysurgery with | Paclitaxeltrastuzumab, pertuzumal

or without radiotherapy systemic
treatment

19



TNBC Neoadjuvant therapysurgery with | Taxanecarboplatinewith or without
or without radiotherapy systemic doxorubicircyclophosphamide,
treatment Olaparih pembrolizumab,

capecitabine
Metastatic Breast Cancer

ER+/HER2 Endocrine therapyET)with or Everolimugexemestane or

without ChT Everolimusfulvestant or
Fulvestrant+ CDK4/6 inhibitor or
fulvestrantalpelisib or PARP
inhibitor

14line treatment with or without | Trastuzumah pertuzumab

ChT with/without ET or Docetaxel/
paclitaxel+ trastuzumab
pertuzumab with/without ET

2"%-line treatment in active brain stereotactic radiotherapy or whole

metastatic patients with or without | brain radiotherapy or

ChT Tucatinib-capecitabine
trastuzumab/
Trastuzumabderuxtecan

HER2+ 2"d-line treatment in Trastuzumabderuxtecan or

no/stable/unknown brain metastatid
patients with or withoutChT

ado-trastuzumab emtansin@-DM1)

3 -line treatment in active brain
metastatic patients with or without
ChT

Tucatinibrcapecitabinetrastuzumab
or Trastuzumafderuxtecan

3 -line treatment in
no/stable/unknown brain metastatid
patients with or withoutChT

Tucatinibrcapecitabinetrastuzumab
or Trastuzumalderuxtecan or T
DM1 or Lapatinibtrastuzumab or
Trastuzumab/ Margetuximab/
Neratinib +
eribulin/capecitabine/vinorelbine
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Immunotherapy withCh®Trop2- Atezolizumabnab-paclitaxel or
directed antibody and Pembrolizumab

topoisomerase inhibitom PDL1+ eribulin/capecitabine/vinorelbine
followed by Sacituzumab govitecan

ChT+ Trop-2-directed antibody and | Platinum preferred over taxane

TNBC topoisomerase inhibitowith or or Olaparib/niraparib/rucaparib
without PARP inhibitoin germline | preferred over
BRCA1/2 mutation eribulin/capecitabine/vinorelbine

followed by Sacituzumab govitecan

Ch® Trop-2-directed antibody and | Anthracyclinetaxane based

topoisomerase inhibitowith or combination or taxaneébevacizumal
without mAb/ nucleoside metabolic | or capecitabinebevacizumab or
inhibitor in PDL1- taxane/ anthracycline monotherapy

with opposite agent used at
progressiorfollowed by
Sacituzumab govitecan

TNBC isensitive to chemotherapy buhe overall patient outcome in response to therapy is
worse than for otheBG, and TNBC is still one of the most fatal diseases for women. Therefore,
new treatments are urgently needed for this patient groupimunotherapy is an oncologic
treatment modality that uses the way to strengthen the host immune system to treat cancer
(Marin-Acevedo et al., 2018)mmunotherapy has recently exploded for the clinical treatment of
some cancer types. The first generatioraatibody-based immunotherapy, immunreheckpoint
blockade (ICB), provided significant clinical benefit for a small group of patients with
persistent/durable responses. ICB works by blocking/inhibiting receptor and/or ligand
interactions of molecules such agtotoxic Flymphocyte) associated antigen 4 (CH)Aand
programmed death 1 (RD), which attenuate T cell activation or functigBinnewies et al.,
2018)
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Initially BCwas not thought of asrmimmunogenic disease with fewer immunogenic tumour
antigens (Kwa and Adams, 2018ps a resultBC has not been considered suitable for
immunotherapy with ICB. However, recent investigations have provided evidence of a large
numbers of tumouwinfiltrating lymphocytes (TILs) ithe tumour microenvironment (TME)
subset ofBCpatient tumours and that in TNBC there is higher expression levels-bfl RIDd

more TILONo et al., 2012; Stanton and Disis, 2016)ddition, the number of Tllts the TME

can be a prognostic and predictive marker in standard therapies whereby high numbers of TILs
correlate with improved patient complete responses to chemotherapy in TNBC, which

demonstrates that the immune system plays an active role in the subgroBE(@fi et al., 2018;
Ono et al., 2012)Together this suggests that immunotherapy is emerging as a novel promising

option for TNBC.

1.1.2. Tmour microenvironment inBreast Cancer

Tumour cells exhibit crosstalk with surrounding stromal cells and imnogtis, including T
lymphocytes, neutrophils, macrophages, fibroblasts, dendritic cells, epithelial cells, and
adipocytes. This wefitructured network comprises both structural components, such as
lymphatic and blood vessels, and soluble factors, suchhasgkines, growth factors, and
cytokines (Bejarano et al., 2021Yhis intricate network plays a crucial role in tumour formation,

progression, metastas(gigure 11.), recurrence, and therapeutic resistan@hang et al., 2019)
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Figure 11. TheBreast Cancetumour microenvironmentn primary sites Initially, BCcells face growth
suppressive signals from the immune system, regulated by cytotoxic T lymphocytes, M1 macrophages, and
fibroblasts. However, these cells have evolved mechanisms to override these inhibitory signals and

establish a praumorigenicenvironment. Critically, cytokines (FGE-mL [ | y-R0 ¢ NBf S &SR T NP

inflammatory process modulate the differentiation of normal fibroblasts into caassociated fibroblasts
(CAFs). These CAFs secrete factorsi(TGF / - /-6)) thak promatdepithelid-mesenchymal transition
(EMT), tumour growth, and progression. Neutrophils and adipocytes also play a role im progression

by inducing EMT/secreting high energy metabolites. Twragsociated macrophages (TAMs), primarily

M2 macrophages, actively support tuomogrowth and invasion by secreting pitamorigenic cytokines

and growth factors. TAMs recruit immuseppressive cells through (CXCDER2, TEFO = & dzZOK | &
and MDSCs, that disrupt immune surveillance and inhibit cytotoxic T lymphoc§tesadvophages, and
natural killer cellsBCcells evade immune surveillance by overexpressing tHelAIN-3/PD-1 ligand,

further hindering immune cell activation. These orchestrated events in the primary tumour allow BC cells
to acquire a motile and invasive phenotype, facilitating intravasation into the bloodstream through
secreted MMPs, VEGF. In the bloodstneBCecells interact with platelets and M2 macrophages for
survival and protection. Platelets escort tumour cells to secondary sites, wherexthayasate and
infiltrate surrounding tissues. The preferred site of metastasis is often influenced by the subBe of
Figure was created using Biorender and adapted ffbenceiro et al., 2021)
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Aspects 0BG tumourinfiltrating lymphocytes (TILs) are present at lower densities compared to
other cancer types, suggesting a possible antitumor immune resp@esikins et al., 20217
systematic review of HER2+ and TNBC patients revealed that at least 50% of these tumours
exhibit TIL infiltration(Stanton et al., 2016 Moreover, lower TIL infiltration has been correlated

with favourable prognostic indicators, smaller tumour size, and lower gfiddbrt et al., 2005)

NK cells in TME play a role in tumour cell lysisadingination through crosstalk with tumw cells
and immune cell§Malmberg et al., 2017nd further contribute to the elimination of metastatic
cells in the BOME (LopezSoto et al., 2017)A study in HER2+ BC patients treated with
trastuzumab (Herceptin) and chemotherapy Anthracyclines +Taxanes showed better
pathological reaction and disea$ee survival were achieved inHERZpositive patients
[discovery cohortrf= 113)patients with higher NK cell infiltration and thatmour-infiltrating

NK cellsare a potential biomarker with excellent predictive value for response to treatment with
Herceptin(Muntasell et al., 2019)

Cancerassociated fibroblasts (CAFs) in the TME contribute to the development of an
immunosuppressive microenvironment by remodelling the extracellular matrix (ECM), thereby
enhancing tumour cell proliferation and invasi@fan and He, 2022Notably, CAFs modulate IL

6 and IE8, activatingthe NF . k {-a¢ ' B G Kgl &> | a O2y FANNSR o6& | |
Consequently, NF . | OG0 A @I GA2Yy dzLINBS3Idzf | 0§Sa 0 faSociated y a4 ONK
protein-2/BCresistance protein, potentially leading to reduced drug sensitivity and resistance to
chemotherapy(Lan et al., 2021)A metaanalysis of 15 studies involving 3680 BC patients
reported a significant correlation between fibroblast infiltration and decreased overall survival

(OS) and diseadeee survival(Hu et al., 2018)Additionally, researchers isolated CAFs and

normal fibroblasts from 6 human breast carcinoma patients anduwtured them withBCcells.

They observed that tumour growth in BC cellscottured with CAFs was enhanced, along with

increased vascularization, compared to BC ceHsuttired with normal fibroblasts.
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They also found upregulation of SIDRevels, indicating enhanced tumour angiogen¢®smo
et al., 2005)This suggests that using CAFs from patients could improve the culture of pB@ary

tissue and this may improve in vitro models.

Macrophages are white blood cells derived from myeloid precursors and play an important role

in tissue development, homeostasis and immune surveillaf@abrilovich et al., 2012)
Macrophages are classified as either classically activated macrophages (M1) or alternatively
activated (M2) in terms of polarised subsets. M1 activation is triggered bg@tted cytokines

&4 dzOK | & -CBFcab tollike réaptor (TLR) agonisi@havezGalan et al., 2015; N. Wang et

al.,, 2014) This leads to the increased expression of surface molecules including major
histocompatibility complex Il (MHC Il) and costimulatory molecules (CD80 and CD86) together
this activates T cell priming. M1 macrophages have microbicidal and tumouricidatpes@nd

are involved in the recruitment of Thl cells. This occurs via chemokine gradients and involves
chemokine (€-C motif) ligand 9 (CXCL9) and chemokin&-GCmotif) ligand 10 (CXCL10).
Importantly M1 macrophages secrete proinflammatory cytokinetianour necrosis factor alpha
6¢bChU FyR Awf &S NI[Sdz] AFiswvasoahd Mahtavarli, P0i@ Genard et al.,
2017) However, on the other side, Thi&rived cytokines such as IL4, IL10, IL13, transforming
ANRPGGK FFOG2NI 0SiOF o0¢DCi 0 LINRAGIIEIIYRAY 9H 0
CSF) are promoters for M2 polarised c@iamilton, 2008; Quatromoni and Eruslanov, 2012)

M2 macrophages lose their antigen presenting capabilities and are involved immune modulation
(Gabrilovich et al.,, 2012)They have opposite effects to M1 macrophages, they produce
adrenomedullin and VEGFs leading to angiogenesis, and express immunosuppressive molecules
such as IL10, programmed death ligand 1-[P@ 0 | y ®hes & @li, 2011; Mosser and
Edwards, 2008) M2 macrophages promote the recruitment of Treg, tissue repair and

remodelling and have a role in tumour progress{dfantovani et al., 2013)
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Many cell types can be found in the TME including cells involved in innate immunity such as
macrophagesneutrophils, mast cells, myeloid derived suppressor cells, dendritic cells, and
natural killer cells. In addition, cells involved in adaptive immunity like T and B cells as well as
cancer cells and their surrounding stroma (here fibroblasts, endotheliéd, qeericytes, and
mesenchymal cells can be four{@e Visser et al., 2008Y1acrophages can form one of the major
components of immune cell infiltrate in the TME as TAM. TAMs mostly promote tumour growth,
angiogenesis, invasion, and metastg€®ndeelis and Pollard, 200&)in et al., demonstrated

that a mutation in the CSEFE that codes the macrophage growth factor, dramatically reduced
tumour progression as assessed by tumour morphology and lung metaftasist al., 2001)
Moreover, CSF1 is an important regulator of TAM polarisation into an M2 phen(tigmeilton,

2008) In line with this, a study targeting chemokineg@Cmotif) receptor 2 (CCR2) or coleny
stimulating factor 1 receptor (CSF1R) showed improved chemotherapeutic efficacy, inhibiting
metastasis, and increasing afiimour T-cell responses in pancreatic tumsyMitchem et al.,

2013) This suggested that by targeting TAMS via CCR2 or CSF1R resistance to chemotherapies

can be overcome.

Together these studies suggest a role for immune cells iInBEBEME and indication that
immunotherapy could work in this patient group. However, this highly depends on the subtype.

Below is a review on cancer immunity and current applications of immunotherapy in this disease.

1.2. Immunotherapy forBreast Cancer

In 1908, Paul Ehrlich argued that immunity plays an important role in eliminating cancer before
it is reflected in clinical findings. However, it was William Coley who paved the way for
immunotherapy for the treatment of cancer and is known as the fatti@aocer immunotherapy
(Rusch et al., 2018He conducted the first systematic studies showing positive outcomes of the
exposure of cancer patients to bacterial products like Bacillus Calrsetezin for some solid

tumours, for instance bladderancer, in 1890.
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However, it was not until the 1970s and 1980s that immunotherapy began to take Ooff.
Interleukin2 (I-:2) or lectiractivated lymphocytes were shown to target tumour cetisvitro

(Kantarjian et al., 1997} was also discovered that interferen 6L ICbK I R | y i A (i dzY 2 dzN.
in hairy cell leukaemia, melanoma, renal cell carcinoma (RCC), and other solid tumours in the
alYS LISNA2R® LCbhH 6SOFYS (GKS FANRG Kdzety AYY
(Kantarjian et al., 1997Meanwhile, 1t2 was described as actll growth factor in 1976 and was
subsequently approved by the FDA in 1998 for the treatment of metastatic mela(tinkaood

et al., 2012)

The concept of cancemmune surveillancevas proposed by Burnet and Thomas in 1970, he
proposed that tumour antigens are recognized by the immune system and cause a cytotoxic
response therefore protecting the host from developing can@irnet, 1970) Three essential

phases have been proposedimmune surveillanceelimination, equilibrium and escape, which

FNE NBFSNNBR (G2 a GKS WIiKNBS 9QaQd ¢KAA AyQg2
cytokines secreted by these cells which play a critical role in pursuing each of these(Bhases

et al., 2004)Figure 12.).
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Figure 1.2. Cancer Immunediting. Elimination phase: antitumor effector cells and molecules are
recruited to the place where tumour antigens are, and immune attack is stimulated. Equilibrium phase:
Cancercells, which can exceed the elimination phase, are prevented from growing by immunological
mechanisms. Regulation of tumour immunogenicity occurs and immune selection pressure on tumour cells
creates new tumour cell genetic variants. Escape phase: Vasdtiadhe balance phase allow this phase

to pass. This phase, secretion of immune suppressor cytokines, recruitment of immune suppressor cells,
tumour cell PEL1 upregulation, and tumour cells are no longer recognized by immutigyré was

created usingiorender ancAdapted from(Tower et al., 2019)
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In the relationship between cancer and the immune system, the immune system acts bilaterally

and can control / prohibit and shape/amplify cancer by immuregulation. Tumour cells can

initially be eliminated by immune cells like natural killer cells (dlls)cand T cells (TCs) and the
increased release of prammune humoral factors (e.g. interferons) in the tumour
microenvironment(Domschke et al., 2016As the tumour progresses, it can change, immune
selection produces tumour cell variants that lose major histocompatibility complex class | and I
antigens and reduces the amounts of tumour antigens in the equilibrium phase despite the
presence of an adapte immune response. Furthermore, tumederived soluble factors help

the tumour cells escape from immune surveillance, allowing progression and metastatic spread
(Kimetal,2007LyY Hnanmm  NBOBASG o6& | FyFIKFEY YR 2SAYyo
AYYdzyS RS&aGNHzOGA2Yy ¢ | a KHanaRaw &b Wdinjedg, 2014gdfiny | NJ 2
2022,avoiding immune destructiowasincludedamong thecore hallmarks of canc€Hanahan,

2022)

Coley introduced
the "cancer
vaccine”

Virchow : Anti-CTLA-4 Anti-PD-1
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Figurel.3. Historical advancement of cancenmunotherapy.(Figure was created using Biorender
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the process of cancer including prevention, advancement, and expansion has been extensively
studied and in recent years immunotherapy has emerged a powerful method in the treatment of
cancer(Chen and Mellman, 2018igurel.3)). It is now recognised that the immune system is

able to recognise tumour antigens and respond by generating an antigen specific cytotoxic CD8+

T cell responséBoon et al., 1994)

However, the antigen specific T cell response will eventually fail for two main reasons. Firstly, via
the process of elimination of tumour cells that express antigens recognised by TFogliee

1.2), this process is called candetmune editing(Mittal et al., 2014; Schreiber et al., 2011)
Secondly the tumour microenvironment becomes hostile and immsagpressiveand the
tumour cells secrete signals (e.g. via the production of immsungpressive mediators such as
inhibitory cytokines)that inhibit or block the activated antumoral T cells, these are called

immune checkpoint pathway@®aitsch et al., 2012; Chen and Mellman, 2013)

Immunotherapy aims to enhance or restore the immune system's ability to fight diseases like
cancer, and to do this successfully it needs to increase the quality or quantity of immune effector
cells (e.g. cytotoxic T cells), expose additional protectiveotunantigens (i.e. antigen spread),
and/or inhibit cancefinduced immunosuppressive mechanis(@hore, 2015)Notably, cancer
immunotherapy has exploded in the lasb ears and is now used in addition to the more
conventional cancer treatments likeirgery, hormonal therapy, radiotherapy and chemotherapy
for some cancer typgt.iu et al., 2022; Rouzbahani et al., 20X)emotherapy and radiotherapy

are the fundamentals of cancer treatment, however because of the various limitations such as
systemic toxicities, lack of specificity for malignant cells, recurrence ofreésgigtant tumours,

and the inability to target and€at micrometastasis or subclinical disease, immunotherapy is an
attractive alternative(Sanghera and Sanghera, 2019; Su et al., 20&3)ever, it is clear that
multiple combination therapies are needed for cancer as single drug therapies are not sufficient

and this is likely to be the case for immunotherapy {(Bouzbahani et al., 2018)
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So far, cancer immunotherapy has involved the use of recombinant cytokines (e.g., IFN alpha)
antibody therapies that bind to and inhibit the function of proteins expressed by cancer cells. An

example of these are the checkpoint inhibitors (e.g;lRDCTA-4).

Other cancer immunotherapies include vaccines and T cell infusions. The latter (adapive T
therapy) based on chimeric antigen receptors (CARsgprovided advancement in
immunotherapy with very promising resul{dlaran et al., 2018)The approach of CAR T cell
therapy harnesses the method of genetically producing T cells with 8AR® and reinjecting

the patient's CAR T celidhich are intended to recognize tumour antigghsu et al., 2022; Shukla
and Steinmetz, 2016)n a study by Schustet al.,2017, autologous T cells that express a GD19
directed CAR (CTLOM®@re used to treat 28 patients with diffuse largec@ll lymphoma (14
patients) and follicular lymphoma (14 patients). They reported that a complete remission was
observed in 6 of the first group and 10 of the second group and was able to maintain fuases
for an average of 28.6 months in 86% and 89% of these patients, respe¢8eblyster et al.,
2017)

In a study, researchers designed ICA$pEcific CAR cells to tesantitumor activity on TNB@

vitro andin NSG mouse xenograft model bearing subcutaneous-MBA&31-luc tumour. Firstly,

in vitro data showed effectively killing of ICAMasitive TNBC cells and reducing tumour size in
mice treated with ICAM&pecific CAR cells. Furthermore, the treated micerum samples
showed 3to 16-fold increase in the concentration of cytokinesZIUL6, TNF» = | ¥R LG/MR
considerable prolonged surviv@ei et al., 2020)

A recentpreclinicalstudy designed a CaCO3 biomineralized silk fibroin hydrogel DC vaccine by
embedding membrane proteins from murine mammary carcinoma 4T4Dé2lusion cells (FP)
within the hydrogel. In vitro, they treated 4T1 cells with 4T1 cytomembrane protein (CP), DC
cytomembrane protein (DP), and FP to assess cell viability, T cell activity, and macrophage
polarisation. Compared to controls and groups receiving CP or DP, FP treatment promoted DC
maturation with 1.5fold higher IE12 and TN# & o, W@l enhanced CTL activity (21.8% vs.
19.2% and 20.8% in CP and DP groups).
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Notably, FRreated T cells exhibited lower viability (60.6% compared to 81.6% and 83.9% in CP
and DP groups, respectively). FP treatment also impacted macrophage polarization,
downregulating CD206 (M2 marker) and upregulating CD80 (M1 marker). Thiswslsift
accompanied by 1:7old and 2.8fold increases in 12 and TNF = NB aLISOG A @St &z
controls. In vivo, BALB/c mice transplanted with 4T1 cells and treated with FP displayed the most
significant tumour inhibition. Deep tumour tissues showedvated levels of apoptotic cells,
CD4+ and CD8+ T cells, withtieRted mice having the highest CD8+ population (15.3%) and
enhanced W6 and IFN  &aSONXUGA2Y O2YLI NBR G2 /t FYyR 5t
increased mature DC levels (20.9% vs9%®.16.5%, and 5.02% in CP, DP, and control groups,
respectively). Compared to controls, M2 macrophages were reduced to a quarter, while M1
macrophages were over 2.5 times higher. Importantly, twetrERted mice showed no lung
metastases, and others hadimmal and localized nodules. No cancer cells were found in in the
liver, kidney, spleen and heart in any group at the end of the study. These findings suggest that
this novelimmunotherapyeffectively remodels th& ME hinders metastasis, and inhibits tumour

growth (Huo et al., 2022)

Checkpoint blockade therapies, on the other hand work by inhibiting pathways that keep the
duration and strength of the immune system in check. The recent approval of two checkpoint
blockade therapies targeting the receptargtotoxic tlymphocyteassociated proteid (CTLA4)

and programmed cell death protein 1 (RPhave come off the back of several successful clinical
trials where treatmenwith checkpoint blockade inhibitors has resulted in striking T cell function
restoration in melanoma, renal cell carcinoma and lung caifSbaukla and Steinmetz, 2016)

Checkpoint blockade therapies will be discussed in more detail in the next section.
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1.2.2. Immune checkpoints

The immune system maintains homeostasis by regulating immune cell activation, ensuring
appropriate responses to both infection and can¢keluang et al., 2019)This balanced state
allows the immune system to ignore harmless sgifigens, a process known as immune
tolerance, while effectively recognizing and eliminating harmful -selftantigens (Pardoll,
2012a) Various lymphoid and myeloid cell types contribute to this delicate balance, with T cells
playing a crucial role in maintaining the finely tuned equilibrium between proinflammatory and

anti-inflammatory response@Marin-Acevedo et al., 2021)

T cells identify selfversus norselfmolecules through a network of costimulatory and-co
inhibitory receptors, also known as immune checkpoints, that govern T cell activation
(Karachaliou et al., 2015 ctivation of T cellmvolvethe engagement of T cell receptors (TCRS)
with MHC molecules, the binding of costimulatory receptors to their ligands, and the receipt of
cytokines from antigempresenting cells (APCs). This activation pathway triggers feedback signals
that induce ceinhibitory receptors, preventing excessive T cell activation and maintaining self
tolerance(Huang et al., 2019})-or instance, ligation of CD28 and ICOS promotes T cell activation,

while CTLAL, PD1, andTIM-3inhibit T cell activatiorfKarachaliou et al., 2015)

However, genetic and epigenetic variations can disrupt this balance, contributing to autoimmune
diseases and cancer. In cancerstimulatory receptors regulating T cell activation are often not
overexpressed, while emhibitory receptors regulating T HBeinhibition are frequently
upregulated, potentially compromising the amtiflammatory respons€Sakowska et al., 2022)

To overcome immune tolerance to cancer and awaken the immune system, immune checkpoint
inhibitor blockades are employed, specifically targeting GI,LRD1, BTLA, andIM-3 (Table

1.1). These blockades have demonstrated FDA approval for the treatment of various cancers.
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Tablel.l List of approved ICls by F[{Wei et al., 2018)

Disease IC blockadedrug  [Target IC FDAapproval year
Melanoma Ipilimumab CTLAM 2011
Melanoma Nivolumab PD1 2014
Melanoma Pembrolizumab  [PD1 2014
Nongsmall cell lung cancer Nivolumab PD1 2015
Noncsmall cell lung cancer Pembrolizumab PD1 2015
Melanoma (BRAWild type) Lﬁcg}‘u“rfaib *lcTLA and PD1 2015
Melanoma (adjuvant) Ipilimumab CTLAM 2015
Renal cell carcinoma Nivolumab PD1 2015
Hodgkin lymphoma Nivolumab PD1 2016
Urothelial carcinoma Atezolizumab PDL1 2016
?aeraC?nO?S necksquamous - cel Nivolumab PD1 2016
?aeri?no?:s neck squamous ¢ Pembrolizumab PD1 2016
Melanoma (any BRAF status) 'n?\i:i(;"u“n:"aib lcTLA and PD1 2016
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Noncsmall cell lung cancer Atezolizumab PDL1 2016
Hodgkin lymphoma Pembrolizumab PD1 2017
Merkel cell carcinoma Avelumab PDL1 2017
Urothelial carcinoma Avelumab PDL1 2017
Urothelial carcinoma Durvalumab PDL1 2017
Urothelial carcinoma Nivolumab PD1 2017
PD1
Urothelialcarcinoma Pembrolizumab 2017
MSkHhigh or MMRdeﬂuent solid Pembrolizumab 2017
tumors of any histology
MSlhlgh,. MMRdeficient Nivolumab PD1 2017
metastatic colorectal cancer
Pediatric melanoma Ipilimumab CTLAM 2017
Hepatocellular carcinoma Nivolumab PD1 2017
Gastric and  gastroesophagd o oizumab  |PD1 2017
carcinoma
Nongsmall cell lung cancer Durvalumab PDL1 2018
Renal cell carcinoma Iplllmumab +CTLA4 and PD1 2018
nivolumab

35




CTLA, expressed on T cells, B cells, and monedgtéved dendritic cell§Laurent et al., 2010)

was the first immune checkpoint receptor studied in clinical trials as a potential downregulator
of T cell activatior{fBerg and Zavazava, 2008everal publications have demonstrated durable
responses and prolonged overall survival (OS) in patients treated with-£ZThAckpoint
blockade therapiegLisi et al., 2022)The recent approval of two checkpoint blockade therapies
targeting the receptors cytotoxiclymphocyteassociated protein 4 (CT4A and programmed

cell death protein 1 (P2) have come off the back of several successful clinical trials where
treatment with checkpoint blockade inhibitors has resulted in striking T cell function restoration
in melanoma, renal cell carcinoma and lung ca(8kukla and Steinmetz, 2016 a clinical
study conducted by Topalian et al., 2014, Nivolumab an antibody targeting the receptdrs PD
was administered to 107 patients with melanoma. The mean survival time of treated patients
was 16.8 months longer with 31% of patients experien@ngobjective tumour regression

(Topalian et al., 2014)

Whilst the number of approved immunotherapeutic drugs have increased over recent years a
key challenge in their use is overcoming the serious imnrreteted adverse effects including
pneumonitis, pancreatitis, and colitis, which are relatively infrequautt dan limit therapeutic
options for some patientgRiley et al., 2019)This has raised considerable worry for care
providers and costs for health care. In a study with 915 patients who were given ahfi,RD

was noted that pneumonitis developed in 43 patients from 9 days to 19,2 months and 5 of these
patients died(Naidoo et al., 2017)Understanding how to manage or reduced these adverse
effects is key to improving efficacy of these drugs. One way of overcoming such effects is by
improving drug delivery systems through the use of advanced biomaterials like nanopatrticles or
cell delivey (e.g. T cells to deliver therapies) this could improve the potency of immunotherapies

while reducing unwanted toxic side effe¢lemin et al., 2018)
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More research is needed into understanding toxicity to ICls so these drugs can be given to
patients safely. A better understanding of the immunosuppressive TME including neoantigens,
epigenetic modifications and the microbiome is needed. Also new strategi@vercome or

reverse these effects. Another consideration for the use of these drugs is overcoming resistance

which is seen for conventional cancer treatments.

The discovery of novel immune checkpoints like -Birholds promise for expanding the
immunotherapy arsenal and potentially reducing associated toxicities. Unlike-££ahé PBL,
which are broadlexpressed on activated T cells, T3nexpression appears limited to terminally
differentiated T cells producing interferéd YYI 6L Cb’ 0 ® -3 eRpRessioh by | £ £ &
intratumoural regulatory T cells (Tregsy more restricted compared to the widespread
expression of CTEkAon TreggWolf et al.,2020)This suggests Tihtargeting might have a more
favourablesafety profile compared to current immune checkpoint inhibitors (I8apporting
this notion, studies have shown that CTLAand PBEL deficientmice develop spontaneous
autoimmunity, whereas Tif3 deficient mice remain healthgwolf et al.,2020) Furthermore,
clinical trials with Tin8 inhibitors, as discussed $ection 1.2.6 indicate a weltolerated safety
profile. These findings, coupled with its specific expression pattern, make Brnompelling

target for further investigation in this PhD project.
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1.2.2.TIM-3

1.2.3. Structure Oim-3

T-Cell Immunoglobulin and mucin doma@nTim-3) or hepatitis A virus cellular receptor 2 (HAVCR?2)
belongs to the TIM gene familjHe et al., 2018yhich consists of 8 members (THM8) in the
mouse genome and 3 members (FIMTIM-3, and TIM4) in the human genomg. Li et al., 2013)

Mouse Human

IgV domain

JL
hlJ

— Mucin domain

region

' ] Cytoplasmic region [ '

— O-linked _,6 N-linked
glycosylation glycosylation

] Transmembrane

Figure 1.4. Human and mouse T cell immunoglobulin domain and mucin dor®&iffIM-3) protein
structures.TIM-3 consists of an ferminal immunoglobulin (Ig) V domain followed by a mucin domain,

transmembrane region, and a cytoplasmic region. The IgV and mucin domains congaid Rlinked

glycosylation siteg§linushi and Yoneda, 2013)
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As shown irFigurel.4., Tim3is a typel cellsurface glycoprotein and consists of signal peptides,
extracellular Ig V domains, mudike and transmembrane domains with an intracellular
cytoplasmic tail.Tim3 was first identified by Monney at al. as selectively expressed on the
surface of lymphocytes including CD4+T helper type 1 (Th1l) and CD8+T cytotoxic type 1 (Tcl)
cells (Monney et al., 2002a)Further work has now identified it presence on T cells, DCs,
macrophages, NK cells, cancer stem c@fireeman et al., 2010; Gleason et al., 2012; Nagahara

et al., 2008; Y. Zhang et al., 201PpregulatedTim3 on NK celldead to rising on perforin,
granzyme B, IFN = | y“"RprodubtiGn and whenTim-3 was crossinked on NK cells this
caused suppressed NK eelediated cytotoxicitydiang et al., 2022; Ndhlovu et al., 2012)
Moreover, upregulationTim3 on NKcellswere related to the stage of the disease and poor
prognosis in human lung adenocarcinona@vanced melanomaand hepatitis B virugelated
hepatocellular carcinomgDa Silva et al.,, 2014; Xu et al., 2015; Yu et al., 20213 on
phagocytic cells like DCs and macrophages mediates clearance of apoptotic cells and in the
presence of antTim-3 antibodies phagocytosis of apoptotic cells is inhibited, suggesting-cross
presentation of apoptotic material is associated with peripheral tolerafceiba et al., 2012;

Nakayama et al., 2009)

Tim3was shown to be incorporated in the regulation of macrophage activity and may take a role
as an inhibitor of macrophage activation. One study showed that viral infection led toTapid

3 expression on macrophages and that blockade of Tive-3 pathway led to a reduction in
expression of the cgtimulatory molecule CD8(FrisancheKiss et al., 2006 )urthermore, in

other studies it was suggested th@tm-3 expression regulates the ability of macrophages to
counter lipopolysaccharide induced pulmonary epithelial barrier dysfunction, this was assessed
by monitoring cell monolayer permeability following-colture of lipopolysaccharide (LPS)
injured musculusung epithelial cells (MLE 12) with M1 or M2 macrophagescultare of LPS
treated epithelial MLE 12 cells with Mike macrophages diminished cell migration and furthered

permeability, whereas coulture with M2 macrophages induced the opposite effect.
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However, when they used Tim 3 small interfering RNA (siRNA) anthansie Tim 3 antibody to
both knockdown and block endogenous Tim 3, this removed the barrier protection supplied by
M2 macrophages, highlighting a role for Tim 3 in maintaining macropki&geolarization which

is important in the macrophage mediated barrier repair prodgdsang et al., 2011)

1.2.4. Ligands and Roles

Tim3 binds to specific ligands depending on the cell types including gal@c{@al9),
phosphatidylserine (PtdSer), high mobility group iogrotein (HMGB1), and carcinoembryonic

antigenrelated cell adhesion molecule(CEACAM), these are illustrated iRigurel.5.

Dead tumour
cell
A/
CD4s5. 9 \ Ceacam-1
- \\( —> _I
cp148 ) | N-linked
- e FYN
Y:p 4+t @ |k

- |tk
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Figure 1.5. T cell immunoglobulin and mucin domain 3if-3), its ligands, andsignalling adaptor
proteins. Four ligands namely, galecti® (Gal9), phosphatidylserine (PtdSer), high mobility group
protein B1 (HMGB1), anchrcinoembryonic antigen cell adhesion molecule 1 (Cedgarhave been
identified to bind to the variable immunoglobulin (IgV) domaiildd-3. (Du et al., 2017)
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Galectin9 and HMGBL1 are soluble ligands, while Ceatand PtdSer belong to surface ligands.
Galectin9 specifically recognizes the structure ofibked sugar chains in thHEm-3 IgV domain
and also has the highest affinity as compared with interactions of time3 IgVV domain and other
galectins. Interaction between them may mediate effector T cell apop{dsis et al., 20059nd

increasedTim3-mediated IFN  LIN2 R dzO (i X@leasoni ef al.p2812)0 S  f

In DCs, HMGBL1 plays a critical role in the transport of nucleic acids into endosomal vesicles and
Tim3 binds to HMGB1 to block the transport of nucleic acids into endosomes, thereby
suppressing pattern recognition receptorediated innate immune responses to tumederived

nucleic acidg¢Chiba et al., 2012 Ceacamdlim-3 interaction is thought to inhibit effector T cell
function and is required for maintaining T cell toleraifig@ang et al., 2015; Y. Zhang et al., 2017)
Huang et al, show tha@tim-3is coexpressed and forms a heterodimer with CEACAML. In a mouse
adoptive transfer colitis model, CEACANHficient T cells are highly inflammatory with marked

a reduction of cell surfac@im3 expression which is restored byceéllspecific CEACAM1
expression. This suggests tAdM-3 is required for its ability to mediate-dell inhibition, and this

interaction has a crucial role in regulating autoimmurfiuang et al., 2015)

Finally, PtdSer is established as a ligand forTHd TIM4 receptors, exposed on the surfaces
of apoptotic cells. However, recent studies identifieidi+3 as a receptor for PtdSer proteins and
the interaction of PtdSer witifim3 has been shown to play a role in the phagocytosis of
apoptotic bodies on fibroblastic (3T3) cdBeKruyff et al., 2010)
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1.2.5.Tim3 function In Immune System

Early studies suggestédm-3 is involved in the induction of autoimmune diseases. A study by
Monney et al., demonstrated that during the development of experimental autoimmune
encephalomyelitis (EAE), a Tddpendent autoimmune disease in mideém-3 expression levels

on CD4+ and CD8+ T cells, significantly increased. However, administraliom3éntibodies
resulted in disease progression and more severe clisjg@ptoms,and this was accompanied
by an increase in the number of macrophages and their activation. Thus, in this $iody,
blocking has been shown to negatively regulate the immune respaonsetoimmune disease
and suggested this may be via regulating macrophdiésnney et al., 2002a)These data

provided the first indication thalim-3 may function as a T cell inhibitory receptor.

Furthermore, a study conducted to identify galeefirtnas reported that the interaction between
Tim3 and galectifd induces TH1 cell death and eliminates-IFdoducing TH1 cells. As a result,
they suggested that th&im-3¢galectin9 pathway may have evolved to control the population
expansion and tolerance of T helper 1 cells in the immune compartment and to prevent

prolonged inflammation in target tissu¢ghu et al., 2005)

A further study infim-3-deficient mice treated with a fusion protein of botim-3isoforms Tim

3¢lg) showed that it induced hyperproliferation of Thl cells and release of Th1l cytokines ex vivo
as well as abrogated tolerance inducti@@abatos et al., 2003a)hese results suggested that the
interaction of Tim3 with Tim-3 ligand prevents effector T helper cells during a normal immune

response and may be crucial for the induction of peripheral tolerance.
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Figure 1.6. Role of T cell immunoglobulin domain and mucin domd&in(Tim3) in cancer
immunosuppression(A) Exhaustion of T cells Bym-3 and programmed cell death protein 1 (BP
Tumourinfilirating T cells secrete interferen 60 L Cb ! 0 dzLJl2y O6AYRAY 3 27F {dzy2 dzN
(TCR). Howeverim3 and PD1 are upregulated on tumaotinfiltrating T cells upon chronic exposure to
antigenic stimuli and interact with galectt (Gal9) and programmed cell death 1 ligand 1-(BD
expressed on tumours or tumeinfiltrating stromal cells. These interaati®impair the effector activities

of tumourinfiltrating T cells, leading to cancer immunosuppresgiBhlmmunosuppression of dendritic

cells (DCs) byiM-3. TIM-3 expression on DCs is induced via stimulation by interleukin (IL) 10 and vascular
endothelal growth factor A (VEGA), which are mainly secreted from tumour microenvironments (TMES).
Tim-3 on DCs binds high mobility group box 1 (HMGBL1) from inflammatory TMES, and negatively regulates
the HMGBImediated recruitment of TMRerived nucleic acids, thereby suppressing the innate immune
systems. As a resuliim-3on DCs enables tumours to acquire immunosuppressive capafiimtieshi and

Yoneda, 2013)
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Recent studies have also identified th@im3 acts as a regulator of the dysfunctional or
exhausted CD8+dell in advancement of chronic diseases, including chronic viral infections and
cancer(Fourcade et al., 2010; Gleason et al., 2012; GeMason et al., 2009; Jin et al., 2010;
Sakuishi et al., 2010a)n a study conducted by Fourcade et al., melanoma patients who had
received a melanoma vaccine led to the induction of tumour antggecific CD8+ T cell
responses that could be detected ex vivo. Most of the vactidaced CD8+ T cells upregulated
chedpoint inhibitor PB1 and some also upregulatéldm-3 expression. Interestingly, inhibiting
PD1 andTim3 enhanced the expansion and cytokine production of vacoideced CD8+ T cells

in vitro supporting the use of RD and Tim3 blockades with cancer caines to stimulate
improved antitumour T cell responses and ultimately increase the chance of clinical responses

in patients with advanced melanonf&ourcade et al., 2010)

Additionally, in a study that investigated the roleTam-3 in HIV viral infection, 31 HIV infected,
and 9 uninfected cases showddm3 expression was upegulated on HIMcspecific CD8+ T
cells.Tim3¢expressing T cells failed to produce cytokines or proliferate in response to antigen.
Blocking thelim-3 signalling pathway restored proliferation and enhanced cytokine production

in HIL1¢specific T cell§lones et al., 2008)

A recent study also identified a correlation betwe&m3 on T cells with clinicalirological
features in 320 treatmennhaive chronic hepatitis B (CHB) patients. Peripheral blood
mononuclear cells (PBMCs) were isolated from fresh blood of patients using Ficoll density
gradients and stained with markers for Cax&d CD4 T cells andm-3. They found thaflim-3
positive T cells in these patients was linked to virology, liver inflammation and liver fibrosis,
suggesting thafim-3 may play an important role ithe disease process and th@im-3 should

be considered in determination of antiviral treatment in the futf@u et al., 2020)A limitation

of this study is that they did not look at other inhibitory molecules, for example it would have

been useful to also investigate PD1 or GALA
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Interestingly, another study echoes these findings by demonstrating3 upregulation in CHB
patients' serum, with correlations observed for the degree of inflammation and fibrosis. This
further strengthens the notion ofim3 as a potential candidate for both therapeutic targeting

and prognostic serum marker development in GMAI et al., 2022)

Collectively, these studies demonstrate tiam-3 has an inhibitory role and is an immune check

point receptor that should be considered when treating patients.

1.2.6.Tim-3in Cancer

As mentioned abovehe past decade has been an explosion in the development of immune
checkpoint inhibitors (ICIgYi et al., 2018 chimeric antigen receptor T c€Nu et al., 2013And
bispecific antibodies(Han et al., 2017)Despite some ICIs showing compelling clinical
effectiveness in certain tumour types like melanoma, success in other cancers and also resistance
in the majority of patients, needs to be overcome. As a result, the overall efficacy of immune
checkpoint therag remains unsatisfactory. Therefore, exploring additional immune checkpoint
molecules is important andim-3 has been identified as a potential checkpoint target. In cancer
patients, we know thafIM-3 is upregulated on tumour antigespecific CD8+ T cells, CD8+ TIL
and CD4FIM-3+ TIL(Baitsch et al., 2011; Fourcade et al., 2010; Gao et al., 2012a)

Tim-3is also expressed on TAMs in a variety of tumours, including hepatocellular carcinoma, lung
cancer, clear cell renal cell carcinoma, osteosarcoma, Langerhans cell sarcoma, and neoplasms
derived from histiocytic and dendritic ce{(Bannenmann et al., 2013; Han et al., 2016; J. Li et al.,
2013) In a study conducted by Sakuishi 3 cancer types were investigated in mouse models
including CT26 colon carcinoma, 4T1 mammary adenocarcinoma and B16F10 melanoma. One of
observations is that the CD8+ tumour infiltrating T lymphocyte (TIL) subsets teaxpoess the
checkpoint inhibitorsTim3 and PDB1l comprise the dominant T cell populatio®50%) in

tumours.
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Moreover, they examined cytokine production of CD8+ TIE& (TNF, and IFN 0 Y R T2 dzy R
the Tim3+PD1+ TILs showed impairment in production of these cytokines compared with the
Tim3b t -5+ TiLsandim3b t-8b ¢ L[ &d CAYylFffe> GNBICUNSgdl o6 A (K
anticPDL1 antibodies was reported to effectively restore amtnour immune responses

compared to the single treatmen{Sakuishi et al., 2010a)

A further study in norsmall cell lung cancer (NSCLC) patients (n=51) found imgBiexpression

on very little expression on T cells from patients' peripheral blood. Interestingly, they reported
that approximately 70% ofim-3+CD4+ TILs expressed forkhead box P3 (FOXP3) and about 60%
of FOXP3+ TILs weféM-3+. FOXP3 expression on CD4 T cells is associated with T regs. An
increase in T regs in tumours and in the circulation of cancer patients has been linked to
pathogenesis and cancer progression. In addition, they carried out mouse studies using the B16
melaroma model, where they found #t about 50% of the Foxp3+CD4+ TILs expressaed

and these were mainly restricted to the tumours of the mice. Negligible levdlsre8 on CD4 T

cells were identified in other organs like the spleen or lymph nodes regardless of expression of
FoxP3. Thus, they suggested a new roleTiof3 in the tumour microenvironment via its
predominant expression in regulatory CD4+FoxP3 T cells in both human and mouse t{®aaurs

et al., 2012a)

Of interest to this PhD is also the role Bim3 in TAMs. Macrophages are the most well
characterized type of tumodnfiltrating immune cell and TAMs are a subpopulation of
macrophages in TME. In line with this, a study conducted by Yan et al., investigated the role of
Tim3 in TAMs in patients with HCC. They investigaked-3 expression on tumour infiltrating
macrophages freshly isolated from surgically resected tumour tissue and also the adjacent tissues
where no tumour was evident as well as fhatiey” (i riofocytes in circulatioriTim-3 expression

was highly expressed in both circulating monocytes amiMs and this expression in
monocytes/TAMs correlated with more aggressive tumours and poor patient survival in HCC. As
a comparison they also investigated the effect3imf-3 knockdown on macrophages in a BALB/c
mouse model of HCC and in in vitro in cell lifeést3 knockdown was carried out using a number

of techniques including neutralising antibody, small interfering RNA or short hairpin RNA

expressing lentivirus.
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Tim-3 blockade in macrophages significantly reduced the alternative activation of macrophages
and suppressed HCC tumour cell growth, both in vitro and in vivo. This suggeEintk&aplays

an important role in the tumour microenvironmetmduced activation and protumoural effects

of TAMs in HCC and therapeutically blocKiirg-3 may offer an opportunity in HCC thera@gan

et al., 2015)

Furthermore, in a study by Cheng et al., of 42 sections fB@patients, Tim-3 staining was
positive in 18 out of 42 sampkehen semi quantitative scoring was used based on the distribution
and the intensity of immunohistochemistry stainingVhen they evaluated the high
immunoreactivity ofTim3, it was found to be significantly correlated with clinical stage and
metastasis. In terms of overall survival (OS) at the end of the Sfamw up period, 5 patients
died in theTim-3 positive group while only 1 iim3 negative group, so the-gear survival rate
was 72.2% vs 95.8% respectively. trowstudies were also performeand the presence ofim-

3 protein in a number 3 breast cell lines was confirmed by western bloffimg3 knockdown in
SiIRNA transfected MCF cells significantly inhibited cell proliferation while overexpression of
Tim-3 following infection of MDAMB-231 cells with @aecombinant adenovirus vector containing
a fragment ofTim-3 cDNAsignificantly promoted cell proliferation. Based on these data, they
suggested thafim-3 can play role in the proliferation, migration, and @asion ofBCcell{Cheng

et al., 2018) Further study in 3,99BCspecimens reported thal IM-3 immunohistochemical
scoring of TIM-3+ intra-epithelial expression significantly improv&{EGspecific survival in early

BCpatients(Buruguet al., 2018)

Like this study, 109 TNBC patients™ TIL were evaluated by H&E staining ahid/kegfxpression
showed significantly correlation with younger patients, high levels of TILs and tumour stage
addition to significantly better diseadece survival and longer overall surviyBiun et al., 2018)
Notably, 49 clinical trialsof antiTim3 antibody alone/combination therapyhave been
documentedand 7 of these were completed & { S | NJIOWR cogindtion- List Results

| tAYAOlIf ¢ NRabldl2YPI2 P3¢ Y ORDO
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Tablel.2. Examples of AnTim-3 mAbsalone or combination clinical trials in cancé€ai et al., 2023)

o ] Cancer type| Interventions and
Clinical trial ID| Phase Start date | Status ) o Target
(population, N) | Combination

Not - Auto-anti-TIM-3-
NCT05738980 ' Feb 1, 2023 Recruiting HCCN TI' vy TIM:3
Applicable blocked RAK cells

Advanced Soliq

May 24, Tumor or
NCT03489343| | Completed Sym023 TIM-3
2018 LymphomasN |
H N
Dec 01, Advanced Solig
NCT04623892| | Unknown TQB2618 TIM-3
2020 TumorsN T
Lower Risk
NCT04823624| Il Sep 2021 | Unknown MBG453 TIM-3

MDSN ' H J

Select Advance

Sep 24,
NCT03652077| | 2018 Completed MalignanciesN | INCAGN02390 | TIM-3
1
r nn
Dec 13, HR/VHR a.Dnpo b
NCT05020912| Il Completed . N | TIM3
2021 MDSN I' HIRAYS b @
Active, not| IM/H/VH-
NCT03946670| 1l Jun 4, 2019 a. Dnpo b|TIM3
recruiting MDSN T' M ¥
AML/AML
Sep 14, N a.Dnpo b
NCT04623216| /11 Recruiting aw5 b- LJ TIM-3
2021 dine
aHSCIN ' p
Mar 17, IM/H/VH-
NCTO04878432| 1l Recruiting a.Dnpo b|TIM3
2022 MDSN I &
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L ) Cancer type Interventions and
Clinical trial ID| Phase Start date | Status _ o Target
(population, N) | Combination
IM/H/VH-MDS,
a.Dnpo b
NCT04266301] IlI Jun 8, 2020 Active, not CMML: g TIM3
ine
2N T pon
Sep 10, R/RAML, HR
NCT04443751| | Recruiting SHRL702 TIM3
2020 MDSN ' ny
a. Dnpo b
NCT04150029 1l Sep 1, 202( recruiting NDAMLN T TIM-3
Venetoclax
May  31,| Not yet a. Dnpo b
NCT04812548| 1l HRMDSN T TIM-3
2021 recruiting Venetoclax
HRMDS,CMML|a. Dnpo b
CTR20201781] 1l Aug 6, 202(Q recruiting TIM-3
2,N ' wmnn|dine
Dec 19, - TIM3,
NCT03680508] Il Recruiting HCCN I' nHTSRIHH 1942
2019 PD1
Advanced Solig
Nov 20, Tumor or TIM-3,
NCT03311412| | Completed {éYnHo §p
2017 LymphomasN | PD1
y ®
advanced
Apr 12,| Active, not| relapsed/refract|[ , o o nnnp| TIM3,
NCT03099109] la/lb N )
2017 recruiting ory solid| 21367 PDL1
tumors,N T |
Advanced
Nov 23, _ t Swnnanm p| TIM3,
NCT02608268| I-Ib/ll Terminated MalignanciesN
2015 3 PD1

' HpH
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L ) Cancer type Interventions and
Clinical trial ID| Phase Start date | Status _ o Target
(population, N) | Combination
. Advanced Solig TIM3,
NCT02817633| | Jul 8, 2016 | Recruiting TSRO nH 22
TumorsN T PD1
Oct 12,| Active, not| BTC, {éYnum b|TIM3
NCT04641871] |
2020 recruiting ESCQN I' ™ b ANAY 2|PD1
Apr 28, Advanced Solig¢v . Hc My TIM-3,
NCT05645315| Ib Recruiting
2022 TumorsN ' (50 PDL1
Oct 27, N Cv. HC MY TIM3,
NCT05563480| II Recruiting R/MNPCN T
2022 imab PD1
Active, not| AML/HR t 5wnnmep TIM-3,
NCT03066648| Ib Jul 6, 2017
recruiting MDSN T H 1 with HMA PD1
TQB2618
Not yet | Advanced ~ TIM3,
NCT05834543| Ib May 2023 N b t Sy LJdz
recruiting ESCQN I' T PD1
b / KSY?2
Advanced
Not yet TQB2618 TIM3,
NCT05451407| | Aug 9, 2022 N MelanomaN T
recruiting b ¢ 2 NR Ly PDBl
50
operable TSR022
Jun 12, - TIM3,
NCT04139902| 1l Recruiting melanomaN T
2020 56 5 -OMZ w PD1
RIR TQB2618 TIM3
NCT05400876| Ib Jun 9, 2022 Recruiting LymphomaN T
b t Sy Lidg PPl

92
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L ) Cancer type Interventions and
Clinical trial ID| Phase Start date | Status _ o Target
(population, N) | Combination
TIM3,
Jun 24, Active, not| AML, HR | MBG453
NCT03940352] | 2019 - MDSN T p53
recruitin ) H
9 P B 1 5ann|youe
TQB2618
Not yet| R/M- ~ TIM3,
NCT05783921| I/ Mar 2023 N b t Sy Lldz
recruiting HNSCCH T PD1
b / KSY?2
MBG453
Feb 18,| Active, not| Recurrent b { LI NI | TIM3,
NCT03961971] |
2020 recruiting GBMN ' ™ . . . |PD1
b { 0SNEH
radiosurgery SRS
Unfit ND | MBG453
Dec 20,| Not yet| AML/HR TIM3,
NCT05367401] /I b al INR
2024 recruiting MDS/R/R CD47
AMLN I' cq b ! T OA
INCAGNO02385 | /3
N Melanoma,N T
NCT04370704/ /I Jul 27, 2020 Recruiting 146 Lb/ ! DbnunlPPL
NCMGA00012 | LAG3
MBG453
TIM3,
Jun 18,
NCT04810611| | 002 Recruiting LRMDSN T b bL{Td TGH X
1
IL-m
AN
BGBA425
TIM3,
Nov 13, N Advanced Solig R
NCT03744468| I/ Recruiting b ¢Aaf S|PDL,
2018 TumorsN T
LAG3
b 007 [
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L ) Cancer type Interventions and
Clinical trial ID| Phase Start date | Status _ o Target
(population, N) | Combination
) INCAGNO02390
Urothelial TIM-3,
Jan 14, N )
NCT04586244| 1| 0022 Recruiting CarcinomaN T b Lb/ ! D|LAGS,
45 . PD1
b wSUAT
» Retifanlimab
PDLI-Positive TIM3,
Nov 14,
NCT05287113| Il Recruiting R/M- b Lb/ ! D|LAGS,
2022
HNSCCH T PD1
b Lb/!D
TSRD22
q q TIM3,
Advance (6]
Oct 12| Active, not b -0Hd w PDL1,
NCTO03307785| | 2017 N Metastatic PARPL/
recruiting .
CancerN I' b bANI LI ,
b /| KSY?2
MBG453
TIM3,
Jun 18, N
NCT04810611] | 002 Recruiting LRMDSN T p bL{T® TGH Z
1
ILm i
A

The NCT03652077/INCAGNO02390 clinical trial enrolled 40 patients with locally advanced or
metastatic breast (15%), lung (13%), and colorectal (10%) solid tumours that daliled
available therapies. The study was completed and repaittiedl the anti-TIM-3 antibodieswere
hyO2f 238t whIé

well-tolerated. 6 @ 9 { a h

/ 2y ANB A3
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Subsequently, a combination therapy of amtm-3 (LY3321367) and arfiD1/-L1 (LY3300054)
was conducted in 82 patients with Microsatellite Instabgdiygh/Mismatch RepagDeficient
Tumours The patients were divided into three groups: 40 who had not received prioiPanti
1/-L1 therapy for antPD1/-L1 monotherapy, 20 who had not received prior &Pb1/-L1
therapy for combination therapwith Tim3, and 22 who had been treated with afiRD1/-L1

and had relapsed for combination treatment. Monotherapsovided a 71% ongear overall
survival rate, 60% disease control rate (DCR), and 33% objective response rate (ORR), while
combination therapy yielded a 45% ORR, 70% DCR, and 6496am®@S in those with no prior
anti-PD1/-L1 treatment. However, datadm those treated with antPD1/-L1 and relapsed
reported poor antitumour response with a 45% ORR and 32% DCR. The
monotherapy/combination treatment results in patients who had not received prior-BBL/-

L1 therapy indicate considerable clinical aityivdurable responses, and promising survival rates,
even slightly more in the combination group. These results suggest further investigation into the
role of TIM-3 in PD1/PD-L1 inhibitionrelated primary and acquired resistan@dollebecque et

al., 2021)

Overall, these clinical trials indicate a safety and ‘weddrated profile of targetingTIM-3,
promising improved immune activity. However there still needs to be a lot more investigation
into understanding the mechanisms of the immune suppressive functidh\d and this is also

the case for understanding its role BCand the different subtypes of this diseasen far many

of these trials are phase | where patients have failed most treatméigould be great to see
more Tim:3 trials in patients atphase Il or in patients who are not end of life or has

respondedto other therapies so that efficacy studies can take place.

In summary, ICIs have opened up new avenues for treating cancers with the possibility for
durable response and extension of survival improving in samégnanciesdut not all. BCin

particular has not benefited fully from ICls, largely because of the cold TME. Potential therapeutic
strategies to improve clinical benefit in BC are needed to overcome resistance to the potentially

life saving drugs.
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A compelling solution is offered by oncolytic viruses (OVs). This immunotherapy offers specific
and effective targeting resulting in the destruction of cancer cells. OVs are superior relative to
other immunotherapeutic approaches as they rely on its spetyifagainst tumour cells and not
healthy cells, therefore preventing many of the unwanted side effects seen with other cancer
drugs. In addition, OVs are less dependent on specific receptor expression patterns and the
resultant mutational or transcriptioal resistance that may occur with other drygowells et al.,
2017a) Importantly, OVs not only kill cancer cells they can also activatéwantur immunity

and will be the focus of this PhD.

1.3. Immunotherapy based on Oncolytic viruses

Viruses have attracted attention in tumour destruction since the end of the 19th century when
they were first recognisedKelly and Russell, 200T) was noted that cancer patients suffering
from viral infections (e.g. measles) led to tumour remission as early as tha8aias (before
viruses were identified), but it was not until the mdth century, that attenuated viral strains

could be used focancer treatmen{Reale et al., 2019)

In early clinical studies human viruses such as hepatitis, Eg3tem adenovirus and rabies
yielded no clear data with regards to their use as oncolytics and none of them provided a solution
to the problem of human infection with these viruses. On tihe dland, animal viruses have been
investigated which are both nepathogenic and replicating however these showed poor results

in human cancer cell§Sokolowski et al., 2015apafety concerns related to the virus and
insufficient infrastructure for virus modification postponed the development of oncolytic
virotherapy(Reale et al., 2019Finally, the emergence of genetic engineering towards the end
of the twentieth century enabled engineered forms of the viruses to be developed which are
both attenuated types and also lacked some genes #natrequired to replicate in normal cells
(Sokolowski et al., 2015a\ow OVs are selectively targeted, can kill cancer cells, and replicate

without damaging normal tissugMa et al., 2018afFigurel.7.).
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Figurel.7. Mechanisms of action OVs inducimgti-tumour immunity (Adapted from(Kaufman et al.,
2015). Oncolytic viruses directly kill tumour cells through immunogenic cell death, which results in the
release of soluble tumotassociated antigens, viral pathogassociated molecular patterns (PAMPs) and
cellderived damagessociated molecular patterns (DAS8). These molecules recruit and activate
immune cells (antigen presenting cells, CDB8ells, and natural killer (NK) cells). Mingldiated release of

type | interferons and chemokines results in increased levels of antigen processing and poedewctatis,
including the expression of MHC class | molecules, and in recruitment of tspawific CDS8T cellsThese
cytotoxic CD8+ T lymphocytes (CTLs) recognize and kill tumour cells.
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Furthermore, unlike other immunotherapies, which depend on the presence of a specific ligand
and lack tumour specificity, OVs have neoplastic cell specificity and wide immune stimulatory
tolerance. They owe these characteristics to their ability to utitisdéignant signals and also using
response of the host adaptive immune system, which can clearly discriminate between target
and nontarget cell§Raja et al., 2018aYhanks to the specificity of OVs to tumour cells, the fact
that they do not harm normal cells during the treatment process provides a significant advantage

to this method(Howells et al., 2017b)

OVs, on the other hand, can also facilitate the infection and killing of cells, which are not
protected by the immune system, by aiming to exploit the tumour tolerogenic mecha(fitsia

et al., 2018a)For example, E1 (early region 1) viral genes allow adenoviruses to proliferate in
normal cells and provide specificity for mutation. The products of the E1la and E1b genes prohibit
the apoptosis inhibiting p53 (tumour protein 53) and stop the cell cygleinhibiting Rb

(Retinoblastoma tumour suppressor). Adenoviruses that have mutations or deletion in these
genes can often replicate by infecting tumour cells that do not have p53 and Rb function and can

lead to response formatiofRussell and Peng, 2007)

Another advantageous property is that after lysing the tumour cells, they generate an immune
response to both viral and tumour antigens. Thus, their ability to produce permanent immunity
has created an exciting field of research in the fight against ca@ércan also be modified to
include genes for the purpose of enhancing the efficiency of administration, also numerous anti
cancer genes such as rat cytochrome P450 (CYPZBHse et al.,, 1998)Granulocyte
macrophage colongtimulating factor (GMCSF)(Malhotra et al., 2007)have been used
Therefore, OV are a valuable candidate for this purpose and a promising platform for treating
cancer(Howells et al., 2017bYhe last 20 years have been a period of intense interest in oncolytic
virusmediated cancer treatment, and with the continued study of new virus candidates,
have beerenrolled and 53 of which was completetthis field sofap ¢ { S NOK 2FY hyO2
| Completed StudiesList Results/ £ A YA Ol tf ¢ Ngtadble 88932 F3 ¢ Yy OPRDO
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Tablel3. Somecurrent and completed trials using OV (Adapted frai@arter et al., 2021; Goradel et al.,
2021; Raja et al., 2018b)

Virus Strain Tumour Phase
Breast /11
Talimogene Laherparepvec Melanoma,Sarcoma I
(T-Vec) Pancreatic (PaC) I
Superficial Solid Tumours,PaC |
Herpes SimplexViru TB+1401(HF10) Melanoma Il
G207 Glioma b/l
Mesothelioma I/11
HSV1716 Bone,Sarcomas,Neuroblastomas I
OrienX010 Melanoma Ic
OncoVEX*CsF metastatic solid tumours I
ONCRL77 Melanoma and other solid tumour I
OH2 Gastrointestinal tumoUrs and othe 171
solid tumours
RP1 Cutaneous sgquamous ol I/IB
carcinoma
RP2 Advanced Solid Tumour I
LOAd703 Pancreatic 171
CG0070 Bladder I
Colorectal, NSCLC, Bladder, and I
ColoAd1(Enadenotucirev) Renal Cell
Colorectal, Bladder, and Epithelia I/11

Adenovirus

Ovarian

ONCO0402

Advanced Solid Tumour

Melanoma

DNX2401

Brain
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Adenovirus

VCNO1

Advanced Solid Tunuios

Pancreatic

AdMAGEA3
and MGIMAGEA3

NSCLC

I/

Advanced Solid Tumours

I/

NSGCRA&Survivinpk7 Glioma I
Ad5yCD/mMutTKSR39rdyhlL12 Prostate I
Ad5yCD/mutTKSR39repADP NSCLC I

OBPR301 Solid tumours,Esophagel,HCC |
AdVince Neuroendocrine tumours I/la
EnAd Ovarian cancer I
CcGTEl02 Solid tumours I
CGT&02 Advanced metastatic tumours I
Ad5D24GMCSF Advanced solid tumours I

Ad5RGDBD24, AdSRGDBD24
GMCSF

Solid tumours

ICOVIF Advanced metastatic solid tumour |
Telomelysin Solid tumours I
ONYX015 Advanced solid tumours [
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Table 13. Continued

Measles virus

MV-NIS

Breast and Head and Neck

Ovarian

171

Nerve Sheath

Mesothelioma

Multiple Myeloma

Vaccinia

GLONC1

Advanced Solid Tumors

Head and Neck

Advanced Solid Tumors

Ovarian

PexastimogeneDevacirepvec
(PexaVec)

Hepatocellular

Colorectal

I/Ma

Advanced Solid Tumors

Blue Cell

Melanoma, Lung, Renal Cell, Hea
and Neck

TG6002

CNS cancers

JX929/vwDD

Advanced solid tumours

Reovirus

REOLYSIN

Colorectal

Bladder

Pancreatic

Multiple Myeloma

Plasma Cell Cytoma

Ovarian and Peritoneal

Coxsackievirus

CVA21(CAVATAK)

Melanoma

NSCLC

Parvovirus

H-1PV(ParvOryx)

Glioblastoma Multiforme

Polio/Rhinovirus

PVSRIPO

Glioma
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VSV VSVL CiNIS Solid tumours I

Newcastle Diseas| PV701 Advanced solid tumours I

Virus

Although the number of viruses is more than 3000, not all of them have oncolytic potehhial.
required properties that OV must hawee non-pathogenicity, cancer cell specificity and killing,
genetic modification e.g. foexpression of attenuating or arming genélussell and Peng,
2018a) Most OV are modified for two purposes: enhance tumour tropism and reduce virulence
for non-neoplastic host cells. Modifications may allow for the stimulation of aipflammatory
environment by accelerating antigen presentation, followed by resistanctheoescape of
malignant cells from immunit{Raja et al., 2018a)n the field of oncolytic virotherapy, the first
successful phase Il results were obtained with thalimogene laherparepwEQJ originating
from the herpes simplex virdype 1 (HSV). This has been approved by the FDA for the treatment
of advanced metstatic melanoma in 201@\wurelian, 2016) Thereare still large numbers ofiral
strains that are currently being studied for immupacology and these are at different
experimental stages, and so far, probably the best studied are herpes viruses, therefore it is no
surprise that this is one of the first approved viruses forgratuse. Although virus development
studies are still ongoing, it is reported that at least 8 OV have progressed to phdBelinical

trials as of 2016 and 78 clinical trials were documented for Z&Hja et al., 2018a)
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1.4. Oncolytic viruses

1.4.1. Adenoviruses

Isolation of adenoviruses was first carried out in 19SBgh et al., 2013nd is one of the first
viruses to be tested in patientawler et al., 2017)Although there is limited efficacy in
therapeutic single applications of adenoviruses, promising results have been seen with
combinations with other treatments and genetic modifications of the adenovirus. The ability of
these viruses to infect the varisuypes of cells and their ability to be genetically modified makes

them desirable in this fiel@Goldufsky et al., 2013)

In 1996, the first genetically engineered adenowidgsived oncolytic virus, ONY35, was
introduced to clinical trial¢Bischoff et al., 1996 As such, there was a deletion in the E1B gene
for selectiveproliferation in p53deprived cells, this was given thame H101. Subsequently, it
was recorded as the first approved OV in the world and results obtained from phase lll clinical

trials using a combination of chemotherapy and H101 were very pron(€ingi et al., 2016)

In a study with the combination of H101 and transhepatic arterial chemoembolization (TACE) for
unresectable hepatocellular carcinoma (HCC), 87 patients were given TACE and 88 patients were
given TACE in combination with H101. In the combination groupgafiénts demonstrated
complete responses, 28 partial responses; stable disease in 23 patients and progression of 11
patients' disease was reported. In the other group, complete response was in 13 patients, partial
response was in 19 patients, stability was34 patients; progress was seen in 22 patients. It was
also reported that there was a significant difference in overall survival (OS) and prirgess
survival (PGS) value$ these two groups. It was stated that there were 12.8 and 10.49 months
for the combination group and 11.6 and 9.72 months for the other group, respectivelgt al.,

2015) H101 has been approved in China for the treatment of head and neck og@ideet al.,

2016)

There are a number of clinical trials with oncolytic adenoviruses for the treatment of glioma,
ovarian cancer, pancreatic cancer, prostate cancer and colorectal cg@iogh et al., 2012)nd
also DNX401(Lang et al., 2018 G007QPackiam et al., 2018and OBRB01(Khan et al., 2019)
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One of these, OBBO1 has been engineered so that the human telomerase reverse transcriptase
(hTERT) promoter element drives expression of E1A and E1B genes linked with an internal
ribosome entry site (IRE®Yatanabe et al., 2006)n human prostate cancer cells (LNCaP, PC3,
DU145). In mouse models they observed remarkable reduction in tumour size up until 20 days
and also about a 50% reduction in tumour volume in the contralateral distant tumour on day 20

in LNCalPHuang et al., 2008)

1.4.2. Vaccinia viruses

Vaccinia viruses belong to the class of human pathogens and are associated with skin reactions
like eczema. It has the characteristics of a large genome, dispensable genes, wide host range,
cytoplasmic replication, and vector stability that enable it toabgood candidate O{Goldufsky

et al., 2013)

PexaVec (3%94) is an oncolytic vaccinia virus of the Wyeth vaccinia vaccine strain origin, which
has been tested in more than 300 patients and various tumour typawler et al., 2017)This

virus expresses human granulocytecrophage colongtimulating factor(GM-CSF) as well as

the degraded/mutant thymidine kinase (TK) locus to enhance tumour speditibity et al., 2016;
Fountzilas et al., 2017 GMCSF iknown to regulate the differentiation of granulocytes and
monocytes, to stimulate the proliferation and function of antigeresenting cells (APCs), and to
enhance natural killer (NK) cell functiofGrossardt et al.,, 2013)HSV1L TK converts
RS2E&(KeYARAYS (phosphée(ETR)kKd pHosphopyIStes medxycytidine and
nucleoside analogues which is needed for viral DNA synthesis. TK deletion/mutation prevents
replication of virus in nondividing cel({Peters and Rabkin, 2013pexavec phaselll clinical
studies have yielded an acceptaldafety profile and overall well tolerateth hepatocellular

carcinoma(Breitbach et al., 2015and colorectal cancer patien{Park et al., 2015)
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Furthermore, GIONC1 (GL-¥h68) that expresses luciferin is an inactivated vaccinia yBugs
et al., 2015)and in a phase 1 study @NC1 was administered into the peritoneal cavity of 9
patients with advance peritoneal cancer. The virus was well tolerated and infected the tumour

cells very well with efficient viral replication as well as tumour cell ki{luagier et al., 2018)

1.4.3. Reoviruses

Reoviruses are viruses that can easily enter human @ediwler et al., 2017)have benign
characteristics in humans, cause slight symptoms of respiratory and gastrointestinal disorders
(Cripe et al., 2009ps well as naturally stimulate the innate and adaptive immune syftemler

et al., 2017)These viruses are naturally oncolytic in their original form without being genetically
modified (Cripe et al., 2009and available efficacy data in various types of cancers has been
demonstrated in preclinical and clinical stud{€oldufsky et al., 2013)n a study, researchers
reported that reovirus directly activates human DC, and that infected DC can in turn elicit NK and

T cellmediated innate anttumour activity(Errington et al., 2008)

A study was conducted with Reolysin to treat 21 patients with metastatic melanoma. They
reported thatreovirus treatment was well tolerated and also observed progresiea survival
of 45 days and a median overall survival of 168 d&@mlanis et al., 2012Reoviruses are
commercially available and Reolysin was FDA approved in 2015 for use in the treatment of

malignant gliomgLawler et al., 2017)
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1.4.4. Coxsackie viruses

Human enteroviruses (HEVs) are small, nonenveloped RNA viruses that belong to the
Picornaviridaefamily. There are4 HEV species (HR&Vto -D) based on their molecular and
antigenic propertiegFields et al., 2007HEVs are linked to a numberdi$eases including mild
upper respiratory tract infections to severe illnesses such as meningitis, encephalitis, myocarditis,

acute flaccid paralysis, and hafmbt-and-mouth diseaséXiang et al., 2012)

Oncolytic CVA21 is manufactured by Viralytics (Sydney, NSW, Australia) as CAW\Td\Ke

wild type of Kuykendall strain. It interacts with tumour cells via the intercellular adhesion
moleculel (ICAML),receptorbased mechanism of attachment and cell internalisation. This
receptor is overexpressed in many cancer cell types compared tecaocer cells and is
upregulated in melanoma, breast, colon, endometrial, head and neck, pancreatic, and lung

cancers a well as in multiple myeloma and malignant giep(Lin et al., 2018)

A number of clinical trials demonstrating the safety and efficacy of an oncolytic coxsackie virus
called CAVATAK (CVA Raye been documented in the UK and elsewhere for a number of
different cancers(Choi et al., 2016)A phase I/ll study in patients withon-muscle invasive
bladder (NMIBC) cancer was carried out. Patieeteived neeadjuvant CVA21 or low dose
mitomycinC priorto the routine surgical removal of the tumour. The combination of CVA21 with
mitomycinC was shown to increase expression of ICIAdM the cell surface thus enhancing the
binding of the virus to cancer celill patients tolerated intravenous CVA21 treatment with viral
replication and signs of virahduced tumour inflammation in the analysed swajly removed
tumours. The observed tumour targeting, and viral replication indicates the potential of local and

systemic anttumour immunity with CVA2{Pandha et al., 2016)
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1.4.5. Newcastle Disease Viruses

Newcastle disease viruses (ND¥)ong to the class of bird virus@uijs et al., 201%)ut do not
have pathogenicity in humar{Buijs et al., 2015; Fountzilas et al., 2017has oncolytic ability in

its original fornfLawler et al., 201@nd has also been studied in various human tumours cell lines
and mouse tumour modeld-ountzilas et al., 201.7Preclinical studies in mice, rats and humans
have administered high doses of NDV, but no serious side effertsdetected,and its use was
reported as saf¢Pecora et al., 20020n the other hand, there is an environmental issue with

NVD and the concern that it may affect bird spec¢ksijs et al., 2014)

Early phase 1 studies ir9 advanced solid cancematients demonstrated safety following
intravenous administration of PV70This virus exploits the IFN antiviral responsgeat is
common in tumour cellsThis results in a growth advantage but also lead to impaired antiviral
defences, rendering cancer cells especially sensitive to infection by PWi@jressioHree
survival ranged from 4 to 3onths,and it was suggested that PV701 warranted further study

as an OV for cancer treatme(Recora et al., 2002)

1.4.6. Herpes Simplex Virus (HSV)

This PhD thesis will involve working with HSV. This is an enveloped, double chain, neurotropic
DNA virus belonging to the Alpha Herpesviridae subfamily of the Herpesviridae (&amighala

et al., 2017) It has two subtypes: HSVand HS\2 (Sanchala et al., 2018nd it contains a
genome of at least 120 kb that encodes 90 or more géhtset al., 2018b)These genes can be
grouped as essential or neessential genes depending on their ability to replicate in tissue

culture.
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For instance, the essential genes are required for virus growth so viral mutants without these
genes cannot replicate without the help of an engineered cell line. Theessantial genes are
needed for host cell interaction with the virus, this includes@gethat enable the escape of the
virus from the immune system this is important for infection in vivo but these genes are not
needed for growth in tissue culture mediu(Vanservigi et al., 2010)n the field of oncolytic

viruses, HSV is attractive as a recombinant vector because:

1 HSVis very infectious.
| {+ KFa I fFNHS NBLISNI2ANS 2 7lanR@8chldad NE > |

=a

be found on many cell types.

1 Ability to improve cancer cell targeting by modification of fusion glycoproteins in
envelopedstructure.

1 Potential to infect multiple types of cells as well as wwviding cells.

1 The 90 known viral genes for nonessential growth in tissue culture can be removed to
create genomic space for exogenous transgenes

1 Recombinant HSV vectors can basily produced to high titres without wild type

contaminants.

HSV1 is a neurotropic virus that consists of a number of important adaptations to the nervous
system. Interestingly, these can be modified in the design of new gene therapy vectors which

could have implications in neurological applicatigfgampton et al., 2005)

HSV1 dsDNA arranged as long and short unique segments (UL and US) flanked by inverted

repeated sequences (TRL/IRL and IRS/TRS, respectively). The repeated regions of the viral
genome contain two immediatearly (IE) genes [infected cell protein (ICP) d i&P0], a late (L)

gene (ICP34.5) and the latency associated transcripts (LAT) that are each present in two copies

(Manservigi et al., 201@Frigurel.8.).
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gB-C-D : viral glycoproteins
M Late genes are mostly responsible for structural proteins

Early genes are synthesized to activate the transcription of
middle and late genes

Figure 1.8. Map of HSVL genome and some genes

https://viralzone.expasy.org/5756)

encoding protein. (Adapted from

HSV1 has been the most studied oncolytic virus and is classified into 3 groups depending on its
functions: amplicons, conditionally replicating vector, and vector deprived replicating. The
genome of several vectotsgasbeen constructed in which the IE genes, expressing ICP 0, 4, 22,
27, and 47, have been deleted in various combinatiffigsky et al., 1998; Samaniego et al.,
1997) Subsequently, eliminating the pathogenicity inherent in the sylge virus,has beena

major goal of vector deprived replicating construct{Barton et al., 2002)Nonessential genes

have been deleted in conditionally replicating viruses and still have the ability to infect, replicate,
lyse tumour cells. The last vectors, amplicons are vectors intended to produet-lk@\particles

and use bacterial plasmids tocate transgene frames and viral genes encoding production
signalgSanchala et al., 2017)
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1.4.6.1. Position of HSV in oncolytic virotherapy

The HSM story beganvith the observation that HSWIspTK virus is capable of destroying human
glioblastoma cells both in cell culture and in nude n{idkartuza et al., 1991)Detailed studies

have been conducted with many strains of oHSVs such-8s@307, 1716, OncoVEX, NV1020,

| Cmn X (Béonmmarpddy et al., 2018) he first OV generated by genetic engineering technology

was G207 Mineta et al., 1995)Although studies of phase | clinical trials resulted in the virus

being well tolerated even at high dos@glarkert et al., 2009, 2000)t did not reach phase Il

because of lack clinical efficat@hang, 201%) DnTtp @l & aK2gy -tumdur SY KL y
efficacy with the additional safety characteristics of GZBudkuhara et al., 2005; Todo et al.,

2001 DnTtpn aK2gSR STFAOFLOE Ay az2yYS$S &az2f AR {dzy2 dzN
carcinoma(J. Wang et al., 2014)schwannoma(Prabhakar et al., 2007 )rostate cancer

(Fukuhara et al., 2005hasopharyngeal carcinonf&/ang et al., 2011)

NV1020was testedor liver metastasis from colorectal cancer in phase Il trials and they reported

that NV1020 stabilized liver metastases with minimal toxi¢®eevarghese et al., 2010As

mentioned above -WEC originated from strain -1Sand encodes human granulocyte
macrophage colony stimulating factor (886F]Kohlhapp and Kaufman, 2016)VEC appeared

in 2003 and was approved by the FDA in 2QC6nry et al., 2018)T-VEC is currently being
investigated in a number of clinical trials in combination with inhibitors of immune checkpoints:

like pembrolizumab and atezolizumgBlinic et al., 201984 such clinical trials have taken place

and 4 of them were completed & { S| NOK 2FY KSNILJIS & Lish Re¥ult¥ SE 2y
| TAYAOIE ¢CNRFf ADI203¢ Yy OPRDL D
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1.4.6.2. Genetic engineering of oHSVs

The use of HSV as an OV can be accomplished by single viral gene deletion, multiple gene deletion
approach, and also by modifications to the function of these gdSe&olowski et al., 2015b)

some of these oHSY constructs are described beldwigurel.9.). Single gene deletions restrict

HSV replication in dividing cells examples of this are: TK (thymidine kinase), UL39, and ICP 34.5
(Manservigi et al., 2010HSVL1s that have TK deleted restrict replication in ndividing cells

and have a safer profile than the original vi(Bgters and Rabkin, 201%JSV1 Disptk ighe first
oncolytic form of TK deleted H8Vand contains the mutation in the UL 23 gene encoding the

TK gengMa et al., 2018h)A study with this virus reported that disptk selectively killed U87
glioblastoma cells and increased the survival of in nude mice with intracranial U87 gliomas.
Consequently, it validated the hypothesis that mutations in viral nucleotide metabolism could
endow HSM with tumour selectivityMartuza et al., 1991)Another deletion is the UL39 gene

which encodes ICP6 and is the subunit of the broad viral ribonucleotide reductas@g® &R}

and Rabkin, 2015; Shen and Nemunaitis, 2006¢ RR unit plays a role in viral replication in-non
dividing cells(Peters and Rabkin, 2013CPeliminated recombinant HSY, hrR3, replication

ability in normal cells is quite weak and effectively replicates in dividing cancer cells like tumour

cells(Shen and Nemunaitis, 2006; Sokolowski et al., 2015b)

Furthermore, the absence of ICP (infected cell proteieyents normal cell damage and provides
temperature sensitivity, hypersensitivity to DNA replication inhibitors and antiviral nucleoside
analogs(Peters and Rabkin, 2016) L/ t on®p A& SyO2RSR o6& GKS ' on
long (RL) regions of the H&\genome and is present in two copig&gnai et al., 2016 his is an

important neurovirulence gene central to counteracting many of the effector pathways of the

IFN host respons@Vilcox and Longnecker, 20183616 HSY, in which both copies of this gene

were deleted are known to be the most neurologically attenuated HSVs so less able to replicate

in the brain but still able to replicate efficiently in tumour cells. ICP34.5 deletedlH &% safe

and demongate antitumor responses in humgiManservigi et al., 2010)
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In the G207 strain both copies of the gamma 34.5 gene were deleted arifichlacZ gene was

inserted into the UL39 gene encoding IGP& 5 SLJI NI YSY G 2F b SdzNPadzNBSH
¢t21€e2z ¢21 e 2 Ihesith aflthig design was originally for peripheral nervous system
tumours and brain tumours such as meningiomas, malignant gliothas, 2003) These

regulations ensure the G207 straimad reducedneurovascular activity, heat sensitivity,
replication competence in tumour cells, possess histochemical marker and infection can be

controlled with TKconverted prodrugs (e.g gancicloi§hen and Nemunaitis, 2006)

Another multigene deletion product, NV1020 design was generated by plaguécation of a
construct designated R7020. R7020 consisted of deletion of two regions of th& st&\h, the

internal repeat of the UL56 gene and a region from the UL24 gene (including the gene for TK)
(Cadozet al.,1992). The R7020 strain was still replication competent but not as pathogenic in
animals. Because the endogenous TK gene was inactivated by deleting the UL24/TK region from
HSV1, a functional HSY TK gene was inserted into the NV1020 virus genome. Tongsathe
NV1020 infection to betspped with prodrugs like acylcloyiBokolowski et al., 2015b)

NV1020 was evaluated for safety, pharmacokinetics and antitumor efficacy in a multicentre
phase /1l study in patients with advanced metastatic colorectal cancer (MCRC) to the liver. The
LIKF&aS L LI GASyGa ¢ SNBSTT mREER Db PR WIVR? dafjuedrdiBiR ¢ A ( K
units (PFU)/dose to determine the optimal biological dose for phase Il. Phase | recruited 13
patients and phase Il recruited 19 patients. Mildoderate febrile reactions were noted after

patients received each NV1020 infusion and gradevBidsrelated toxicity only occurred in in 2

patients. After NV1020 treatment stable disease was noted in 50% of patients. The authors
concluded that NV1020 was able to stabilise liver metastases with minimal tqaeigvarghese

et al., 2010)
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{Deletion il Insertion memmTR, W IR WMIRs B TRs

Figurel.9.0HSV constructs already reported in the literature.
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1.4.6.3. Armed oHSVs

As mentioned above the use of OVs in the fight against canceadtaterated with VEC
(Kahramanian et al., 2019however, new oHSVs armed witdditional genesare being
developedPeters and Rabkin, 2015; Shen and Nemunaitis, 200@se armed oHSVs have been
engineered to increase tumour cytotoxicity, induce specific immune responses that change the
tumour microenvironment and the addition of reporter genes within the virus enabled visual

monitoring to determine distributior{Peters and Rabkin, 2015)

1.4.6.3.1. Reporter Genes

Being able to follow the oHSV applicatiarvivois made possible by adding reporter sequences.

One of these is achieved by inserting the Escherichia coli LacZ gene into the ICP6 gene, this has
0SSy R2YyS AY DH n tdggh&atinvactor derided b Ga0zgalactosidase

0 igal) encoded by this gene breaks dowgaX substrate leading to a colour change that can be
GN} O1TSR® C2NJ SEFYLIX ST (GKS RA&AGNMROdziAZ2Y 2F DnrT.
mice with metastatidBCfollowing intracarotid arterial delivery of the virus usinggal staining

(Liu et al., 2005)It is also possible to assess distribution of the virus with reporter genes using
bioluminescence or fluorescent imaging by inserting the luciferase or green fluorescent protein
gene. In a study with NV10@&&rrying a transgene for enhanced green fluorescent prot8irR)

in 110 types of cancer cells from 16 different primary organs was reported that using it revealed
microscopic tumour deposits unrecognized by conventional laparoscopy/thoracoscopy
(Adusumilli et al., 2006)
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1.4.6.3.2.Cytotoxic Transgenes/Prodrug Conversion

One of the methods to increase the effectiveness of oHSVs may be to equip HSV with transgenes,
which will also provide toxicity to nemmfected tumour cells. Developing HSV, which expresses
prodrugactivating enzyme genes, is a common appro@ebaters and Rabkin, 2015)hese
enzymes convert the inactive prodrug forms into an active f@ahramanian et al., 201H SV

1yCD and M012 are armed H$¥ that express cytosine deaminase (CD), thus converting 5

b dz2 N2 O @ {Fe)donsy &2 N dzRW)(Guiffey etap, 2007; Nakamura et al., 2Q0TD is

an enzyme found in bacteria, fungi and viruses, but not in humans. The conversiiCabihe

highly toxic chemotherapy-Buorouracil (5FU) causes RNA disruption and blocks DNA synthesis
by covalently binding thymidylate synthetaseFb is gpotent radiosensitizer and has been used

as a single agent or in combination with other drugs for the treatment of a variety of solid cancer
including malignant glioméwilson and Osenblum, 1983iowever, it has major limitations if
delivered secondary to the toxic effects it causes. Therefore, using OV to deliver to express CD
could overcome these problems. Guffey et al., producedrditionally replicatiorcompetent

HSV engineered to express CD so that after administration of 4R€ prodrug U can be
produced to kill malignant glioma cells. They reported that intratumoural administration of M012
into glioma flank tumours in conmation with 5FC significantly reduced tumour growi@uffey

et al., 2007)

Another example is rRp450 this contains rat cytochrome P450 (CYP2B1l) so that
cyclophosphamide (CPA) can be converted into the toxic phosphoramide mustard form
(Kahramanian et al., 2019)n a study with rat hepatocellular carcinoma (HCC) (McA RH7777),
human HCC (HepB, HepG2, and Sikep), and mouse HCC (Hep)lcell lines, it was reported

that the rRp450 virus was oncolytic at MOI 0.1 whereas the human cell lie@iKeeded a
higher MOI 12:10. In addition, when ganciclovir and cyclophosphamide were given together
cytotoxic effects were observed in all HCC cell lines, while reduced cytotoxicity was observed in
combination with ganciclovir. The reason for the decrease is thought tbdprevention of viral

and cellular DNA synthesis by ganciclgvawlik et al., 2000)
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In another oHSM design, MGH2, UL39 and ICP34.5 genes have been deleted, and CYP2B1 and
secreted human intestinal carboxylesterase (shiCE) have been ingbtéedervigi et al., 2010)

Of the inserted genes, shiCE plays a role in activation of the topoisomerase 1 inhibitor Irinotecan,
and MGH2 administration exhibited an increase in tumour cell death and chemo sensitisation, as

well as viral replication in glioma ce{leyminski et al., 2005)

1.4.6.3.3. ImmunéVodulation of HSV

There are also studies to equip oHSVs with various genes for immune moduiationdjng IE

12, 11:15, 11:18, tumour necrosis factor alpha, fHike tyrosine kinase 3 ligar(&okolowski et al.,
2015b) IL-4, 11-:10, GMCSF, CD80 (B7 (Manservigi et al., 2010According to the results of a
study carried out with the R8306 and R8308 HSV vectors, whdrand IE10 were inserted and

the ICP 34.5 gene was deleted; it was reported that R8306 administration significantly prolongs
survival in mice with glioma artdat R8308 administration prolongs mouse survival. In addition,
these results for K4 were associated with striking infiltration of the tumour with macrophages,

CD4 + and CD8 + T célmdreansky et al., 1998)

IL-12 is known to induce Th1l pinflammatory antitumor immune response by directly affecting
Natural Killer (NK) cells, NK T cells, and T effector(&&llwramanian et al., 2019y he designs
powered by IE12 were studied in squamous cell carcinoma, metastatic prostatecer; in
glioblastoma and malignant peripheral nerve she&imours; inbrain tumours, respectively
dza A y 3 b = MniLa2sMD@(Petgrs and Rabkin, 2015Yectors expressing-II2 showed
significantly more antitumor activity than others, and also through tumour specific cytotexic T

lymphocytes stimulation and tumour angiogenesis inhibitihen and Nemunaitis, 2006)

Another transgene used for immune regulation is human immunostimulant GMCSF. GMCSF has
the ability to recruit dendritic cells and macrophages and to initiate their differentiation and
functionality. Several HSYV studies encoding GMCSF wemenducted,and some were also

continued in clinical trialfCampadeltFiume et al., 2011)
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In a study conducted by Liu, both copies of the ICP 34.5 gene and the ICP 47 gene were deleted,
and GMCSF inserted, the strain JS1 was used. ICP34.5 deletion provides-speuwiic
replication and expression of the US11 gene. This expression also ettteasour replication
because it prevents PKR phosphorylation. ICP 47 deletion resulted in increased expression of
class | MHC, as its presence inhibited antigen presentation. GMCSF insertion, together with the
above effects, increase tumour shrinkage imause lymphoma model and the virus provided
protection against tumour cell challenge for at least 6 mor(lhis et al., 2003)Moreover, this
design, under the name OncoVex, showed good tolerance and significant biological effects in
phase | breast, head & neck and melanoma solid tum@binen and Nemunaitis, 2006 hase I
showed promising results in unresectable malignant melan@anservigi et al., 2010Phase

Il studies were performed in 436 unresectable melanoma patients between 2009 and 2011 and
a durable response lasting at least 6 months in 16.3% of patients. Subsequently, in 2015, US

marketing approval was obtained for this virfRRussell and Peng, 2017)

1.4.6.4. Tumour microenvironment Modulation bgHSV

The tumour mass formed by the proliferation of cancer cells includes other cell itygasing
cancerassociated fibroblasts (CAFs), vascular endothelial cells (ECs) and various resident or
migratory immune cell subsets e.g. NKs, T cells, dendritic cells (DCs). The extra cellular matrix that
attaches them together with these cells and establishes d¢rganization network is called the
tumour ecosystem or the tumour microenvironment (TMEghard et al., 2018)n the invasion

and proliferation of tumours, regulatory T cells (Tregs), caassociated fibroblasts (CAFs) and
dendritic cells (DCs) have been reported to play a role in disease progression. The most leaky cells
from immune suppressor cells are tunreassociated macrophages (TAMs), tumagsociated
neutrophils (TANs) and myeloedrived suppressor cells (MDSCs). The data supporting the
imperative role of TME in tumour formation, progression, metastasis, recurrence and drug
resistance are increasirfghang et al., 2019The majority of tumours exhibits a profile with weak

lymphatic system, high collagen density, and wide interstitial pressure.
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Poor blood flow causes a decrease in injection dosage, while dense matrix prevents the passage

of large molecules. In addition, although the expression of angiogenic molecules is abundant,
leakage, expansion; and random binding with a wide variety of ababstructures are seen in

the vascular system. OV thtrgetsthe TME have been developed. In study by Zhang et al., an

21 {+ gAGK GKS FTYUAlFry3aIA23SyAO LJiSAnlio)WaStestedi@BA 2 40 |
human U87 glioma athymic mice. It wassebved that the intratumoral VEGF level reduced

significantly during the first 3 days of treatmeiW. Zhang et al., 2012)

I y2GKSNI I {+ @SO02NI Ww! a. hQ SELINBaasSa g a0dzZ 24
this molecule is the secreted extracellular fragment of the begacific angiogenesis inhibitor 1

6.1 Lm0 D LY FTRRAGAZ2Y S 0 2 dd, abRgrsanSldorescdnt pioiiS * o n d
inserted at the UL39 locus. In a study, RAMBO was reported to inhibit endothelial cell migration

and tube formationin vitro and in vivoit was reported to inhibit angiogenesis in glioma cells
(Hardcastle et al., 20107 he same team improved the design of RAMBO 34.5ENVE (viral ICP34.5
expressed by Nestin promotor and Vstatl20 expressing) using rQnestin34.5. This OV design
increased antitumour effects compared to RAMBO; bithvivo and invitro it was shown to

improve gliomaspecific killing and anangiogenesis effect’oo et al., 2012)

Other antiangiogenic HSVs are HSMo expressing endostatin; -TISP1177 with
thrombospondinl and matrix metalloproteinase (MMRp A Y KA 6 A (PEANGith pRielet a P NJ
factor-4. Chondroitinase ABC (ChasBC) is a bacterial enzyme type and increasesstitial

diffusion without disrupting the extracellular matrix structu(Beters and Rabkin, 2015p\/
expressing ChasekBC (O\Chase), driven by the HAME4 / 5 promoter within the backbone of

the double attenuated rHsvQ, was developed by Dmitrieva to find a solution to tackling the
tumour extracellular matrix. In their study with this design, thegration of glioma cells did not
increase, and longer average survival was detected. Consequently, they concluded that
degradation of glioma extracellular matrix with @Wase enhanced OV spread and antitumor

efficacy(Dmitrieva et al., 2011)
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In an opposite approach, there is an example of working with the tissue inhibitors of MMPs
(TIMP). This protein class inhibits MMP activity and in particular -BINMRcapable of inhibiting

all known MMPs. They designed rQT3 oHSV expressing3ridiag rti$VQ1 and reported an
increase in antitumour activity and a decrease in tumour neovascularis@iifiahller et al.,

2008)

1.4. Methods of delivery of OVs in the body

One of the challenges of oncolytic virotherapy is the route of delivery and the challenge
F3a20AF0SR ¢gAGK GKAaA® alye 2F (GKS @ANMzASa
throughout life, so the challenge is to prevent these from being sequestereadoybnonuclear
phagocytic system and thus cleared before they reach the tumour. The amount of virus set to
infect tumour cells is determined by the effectiveness of the OV route of administration including
inhalation, intrapleural, intraportal, limb perfim, intracranial, intratumoural, intraperitoneal,

and intravenous (IV(Harrington et al., 2019nd there are positive aspects and limitations to
achieve this(Maroun et al., 2017)However, most preferred are local (intratumoural/IT) or
regional (such as intraperitoneal or intracranial) approadliizgrington et al., 2019nd indeed

the viruses that have been approved in patients are mainly via delivery directly into the tumour.
This avoids the virus being neutralised by -présting antibodies or being cleared by the

mononuclear phagocytic system.

1.5.1. Intratumoural (IT)

IT injection is a popular OV deliver approach with its ability to cope with some challenges in the
process. Provides direct injection of the oncolytic virus into the tumour, eliminating systemic
dilution in the blood, anttarget immunity and retention imon-targeted areagHarrington et al.,

2019) However, on the other hand, although IT provides a high concentration of OV exposure,
it may not be able to reach metastases in distant regions due to the absence of secondary viremia

(Harrington et al., 2019; Maroun et al., 2017)
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Secondary viremia, after viral infection, offeysreading to remote areas. For instance, this
method is utilised for Wec administration and regression of untreated lesions and failure to
detect viremia suggests that it may be related to the immune system rather than oncolytic
activity. Finally, it isasier to obtain the amount of viral concentration that will initidbe

oncolytic process by the IT application, compared t@M®roun et al., 2017)

1.5.2.Intravenous (1V)

In the intravenous delivery method, OVs have access to not only the site of administration but
also the surrounding metastas@édarrington et al., 2019; Maroun et al., 201 addition to this
aspect, it has become a clinically preferred method with its ease and religbiatyington et al.,

2019) Nevertheless, applications have resulted in limited achievements. This is because the virus
is exposed to dilution in the blood, eliminated through neutralizing antibodies (nAbs), retained
in nontargeted tissues, and unable to extravasate in tumour gkesstworks(Harrington et al.,

2019; Maroun et al., 2017)V administration requires a 1086ld increase in concertation in
order to achieve results seen with IT, but applying this concentration amount can induce

toxicities, meanwhile difficulties also exist in producing this amount of virus.

1.5.3. Other Delivery Methods

Intraperitoneal viruspplication is directly injected with the tumour at the site of injection, which

is similar to the IT method, with a higher risk of exposure to neutralizgktaroun et al., 2017)
Intraperitoneal delivery can render possible the reaching of the virus to larger compartment and
provide lower toxicity compared with the intravenous route. Thus, alike intravenous
administration, it mayresentpoor distribution and more rapid viral clearan@garrington et al.,
2019) However, a study with hrR3 was compared ip and iv deliveries in immunocompetent mice
bearing colon carcinoma peritoneal metastases. They reported that tumour burden was more
effectively reduced and median survival was approximately twice following i.p. compared with

i.v. administration(Kulu et al., 2009)
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Another method belongs to the isolated limb perfusion surgical technique class and is used in the
treatment of locally progressive or recurrent sarcomas. It uses-ighsure perfusion, relative
hyperthermia and intraarterial tumour necrosis factor adnistration to promote extravasation

of the OV while allowing for recirculatigrlarrington et al., 2019A study with oncolytic vaccinia
GANHzda O6D[ +mmMKcyO AY |y | ysa¥oma, iwgrépSed tiaffviruS$ E G NB Y
was unable to prevent metastatic disease in our model. They mentioned that future work will be
directed at combining oncolytic virotherapy with other immunomodulatory adjuvant therapies

(Wilkinson et al., 2016)

Additionally, a method is intracranial delivery for glioma, astrocytoma and neuroblastoma
tumours, which attempts to cross the blodmtain barrier to allow injection of oncolytic virus into
the tumour. For lung and liver tumours, however, aerosol delivatly dry powder and sprayed
forms of viruses is possible. Whiel(i Q & mhgidtaining\ shféty, stability antnmunogenicity
cometo the fore, unpredictable satisfactory concentration, difficulties in formulating, and risk of

systemic exposure are disaditages of this metho@Harrington et al., 2019)

1.5. Clinical advancements and challenges of oncolytic virus in the clinic

Rigvir was the first approved OV which does not have genetic modification and first registered in
Latvia in 2004 for melanoma treatmet5 2 Y A y' D S (i Rigvirf isbah OW belopging to

the Picornaviridadamily, Enteroviruggenus, ECHO (Enteric Cytopathogenic Human Orphan)
group, type TAlberts et al., 2018)Iin aretrospective study with Rigvin79 substage IB, IIA, 1IB

and IIC melanoma patient$hey reported thaRigvir administration after surgery; substage;llA

[IC patients had 4.39fold lower mortality and substage KBC patientdad a 6.57#old lower

mortality compared with the control group, and no reverse side effécs2 Yy Ay D Sii | f &2
Oncorine(formerly ONY>015) was the first approved OV for clinical administration in China, as

well as in the world as the first recombinant OV. It \approvedfor patients with head and neck

cancer in combination with chemotherapy in 20Q%ang, 2018)
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https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/picornaviridae
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/enterovirus

However, it is the only approved adenovirus for cancer therapy, and only when given in
combination with chemotherapyRussell and Peng, 2018BVEC is a recombinant human
herpes simplex virus type 1 (HSV1) deleted for both copies of the HSV1 gamma34.5 and viral
ICP47, which accelerates the expression of US11, and encodes 2 copiesG8HEM et al.,
2003) It was approved for the treatment of nemsectable metastatic melanoma by the FDA in
2015 and later in the EU for locally advanced or metastatic cutaneous melafRusaell and
Peng, 2018b)Systemic administration of OVs is important for accessing hard to reach and
metastatic tumourgSeymour and Fisher, 201@nsuring that OVs reach the targeted tumour
without being affected by immune attack and other physiological barriers is necessary to make
the treatment successful. Rapid neutralization can be encountered in the delivery process, with
a nonspecific bindig to antiviral cytokines, immunoglobulin M, macrophages and

complements.

Moreover, poor viral leakage from the tumour vascular network leads to reduced efficacy
through immunity, which leads to reduced effectivenéBsrgusoret al., 2012; Marchini et al.,
2016) In addition, other difficulties in terms of physical obstacles may be attributed to the
passage of the endothelial tissue of injection, dense extracellular matrix, interstitial hypertension
that reduces viral leakage, high permeability of tumour vessats adnormal forms of lymphatic
networks. Because of these obstacles, it is not easy to be sure of the dosage that will provide the
effective result reaching the tumour. Finally, solid tumours can secrete chemokines and cytokines
such as interleukin (10, transforming growth factor b (T&¥, and arginasé. This causes
suppression of the immune cell population and serves to recruit immunosuppressive cells,
including Fregulatory cells, myeloid derived suppressor cells, turremgociated macrophages

(TAMs), tumourassociated fibroblasts, and neutrophils.

Inhibitory signals and immune checkpoint receptors, such a$,RIOLA, TIM-3, and LAG3, are
upregulated in TILs, contributing to an immunosuppressive tumour environrivoreover, the
abnormal organization and structure of the tumour vasculature can disrupt blood supply.
Localized hypoxia and lepH microenvironment might inhibit tumour cell apoptosis, promote
angiogenesis, upregulate tumour growth factors, and make tummells more resistant to

standard therapeutic methods such as radiotherapy, cytaalrugs, and immunotherapy.
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Therefore, the immunosuppressive tumour microenvironment (TME) can be a critical obstacle
and prevents the virus from reaching, infiltrating and maintaining the tafgéng et al., 2019)
Taken together, Oncolytic viruses can reshape the immunosuppressive tumour
microenvironment by increasing T cell infiltration and modulate checkpoint inhibitor expression,
which may make tumours more sensitive to immune checkpoint inhibitors (ICIs) irrcanc
Moreover, the combination of OVs and ICIs can be effective in treating patients presenting

AYYdzy2t 23A0Fffe WO2fRO ¢a9 LINRPTFALSO

1.8. Conclusion

Cancer immunotherapy has producegcellent results in the clinic in recent years. Yet despite
the success of checkpoint inhibition strategies targeting €faWd PDL1 receptors, there a still
many cancer patients that have not yet benefited from this novel approach. As described above
Tim-3 has been shown to mediate immune tolerance in mouse models of infectious diseases,
autoimmune diseases and in cancer. Thus, targefing3 is now becoming a promising
approach for cancer immunotherapy¥im3 inhibitors are currently being developed du as
MBG453 (NCT02608268), LY3321367 (NCT03099188)22 (NCT02817633) and these are
currently being tested in advanced cancers in phase | or Il clinical E@l€xample, MBG453 is

a highaffinity, humansed, antiTim-3 IgG4 antibody being developed for treatment of patients
with myelodysplastic syndrome @nnds) and acute myeloid leukemia (AMBrunner et al.,
2020) SinceTim3 is expressed on immune cells as well as leukemic stem cells and blasts, but
not on normal hematopoietic stem cells, this makes it a promising target in MDS/AML. Although
still in its early phase this antibody in combination with standard therapies fa@etltkseases
including decitabine (Dec) or azacitidine (Aza) was safe and well tolerated with encouraging
response rates and emerging durability. So far, these clinical studies have been used in
combination with chemotherapies or with an®®D1/L1 mAbs ancekarly data have shown that

this combination is broadly safe and well tolerated. The aim of this Ptabgisting the immune
OKSOlTiddQy A yWw O2Yo0AY.F A2y SAGK hxa
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1.9. Hypothesis and aims

CKS 2@0SNIff KeLRGOIKSairAa 27T {KZXi&3QLIMB/2 @iy oMay | {ikil2

OVs will induce antumour immunity inBChy releasing the brake on immune checkpoints.
Specific Aims of the project are:

1. To determineTim3 expression on immune cells and human and mouse BC cancer cells
and patient derivedissue (Chapter 3).

2. To assess the effects of combining afitn-3 with OV in BC cell lines including cancer
hallmarks e.g invasion and metastasis in vitro (Chapter 4).

3. To administer antifim3 with OV therapy in mouse mammary carcinoma models to
evaluate the impacts on survival, tumour growth, tumour necrosis, organ metastasis and

anti-tumour immunity (Chapter 5).

Together this will provide an opportunity to reprogramme the TME to be more immunogenic

(hot) inBCand if successful pave the way for this treatment combination in this patient group.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Materials

Table 2.1. List of Reagents

Reagents

Supplier

Location

4 mM LGlutamine (200mm ix
0.85% sodium chloride solution)

Lonzo, BioWhittaker Ltc

Wokingham, UK

Agarose

SigmaAldrich

Suffolk, UK

Alamar Blue

Thermo Fisher Scientifil

Loughborough, UK

Bovine serum albumin (1%) SigmaAldrich Suffolk, UK
Crystal Violet (0.5%) SigmaAldrich Suffolk, UK
Dimethyl sulfoxide SigmaAldrich Suffolk, UK
Dulbecco's Modified Eagle Mediull Gibco Loughborough, UK
Dulbecco's Modified Eagle Mediu| Gibco Loughborough, UK
F12

Eosin stain SigmaAldrich Suffolk, UK

Foetal Bovine Serum (10%) Biosera East Sussex, UK
Formaldehyde or Merk Millipore Hertfordshire, UK
paraformaldehyde (4%)

Haematoxylin stain SigmaAldrich Suffolk, UK
HSV1716 Virttu Glasgow, UK
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HSV17185FP Virttu Glasgow, UK
Isoflurane Teva UK Ltd Castleford, UK
Matrigel Matrix SigmaAldrich Suffolk, UK
OCT Compound Agar Scientific Essex, UK

Penicillin Streptomycin (1%)

Lonzo, BioWhittaker Ltc

Wokingham, UK

Phosphate buffered saline

Lonzo, BioWhittaker Ltd

Wokingham, UK

Propanz-ol Merk Millipore Hertfordshire, UK
Roswell Park Memorial Institut Gibco Loughborough, UK
medium

Sodium dodecysulphate(2%) SigmaAldrich Suffolk, UK
Sodium dodecyl sulphate solutiq VWR Atlanta, USA
(2%)

Trypan Blue (0.4%) SigmaAldrich Suffolk, UK

Trypsin/EDTA

Lonzo, BioWhittaker Ltc

Wokingham, UK

Xylene

SigmaAldrich

Suffolk, UK
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2.2 Methods

2.2.1. Cell Culture

2.2.1.1. Preparation of cells

Cell culture medium, Dulbecco's Modified Eagle Medium (DMEMIDMEMI | Y Q12 orC
RPMI 1640 containing 2 mM glutamine were both supplemented with 10% Foetal Bovine Serum
(FBS) and 1%2100 IU/mL Penicillin and 100ug/mL Streptomycin (PS).

2.2.1.2. Culturing of human and mougCcells

BCMDA MB231, MCF, 4F1 and EQ771 cell lines were cultured in DMEM complete medium
while SKBR cell line was cultured in RPMI complete medium in a humidified atmosphere of 5%
CO2 (Heraeus incubator, Loughborough, UK) at 37°C. The cells were expogpdito(@.05%)

for passaging once they had reached-98@% cell confluencyTable 22.)
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Table 2.2. List of Cell lines

breast cancer

Cell line Cell type Origin
MCF7 ER+ humabreast cancer The cells were isolated from a §@arold
woman's pleural effusion who had metastatiq
illness. ATCC (Middlesex, UK)
MDAMB-231 Triple negative human Derived from a 5¥earold Caucasian female
I b and obtaineddirectly from a metastatic location
cells reast cancer by multiple infusion at ATCC (Middlesex, UK).
SKBR3 cells Human metastatic breast Derived from a 43earold White, Caucasian
cancer(HER2+) female was obtained directly from the
metastatic location by multiple infusion. The
patient had previously been treated with
radiation, steroids, cytoxan, andfluorouracil
from ATCC (Middlesex, UK).
4T1 cells Triple negative mouse They were obtained from a mouse model with

features similar to stage Nhuman breast
cancer. ATCC (Middlesex, UK).

EO0771 (parental] ER+PR+,HER2

This cell line, syngeneic in nature, originates fi
the spontaneous development of breast cance
C57BL/6 mice.

Vero cells Healthy monkey kidney

cells

Derived from the kidney tissue of an
African green monkey, extensively
employed in mammalian tissue culture.
Kindly presented by Virttu Biologics Ltd
(Glasgow, Scotland).
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2.2.1.3. Vero cells

Vero is a kidney cell line derived from a healthy adult African Green monkey. These cells exhibit
remarkably receptive features in case of infection and replication with viruses such as reovirus
and HSM. This cell line is commonly used for oncolytic H®¥pansionn vitro. HSV1 does not

have the essential replication genes, such as RL1, which are provided by the cell line (Carew et
al., 2001; Nakamori et al., 2003; Leddon et al., 2015). Vero cells were cultured to 80% confluency

with DMEM/F12 completemedium and passaged when required.

2.2.1.4. Cell counting

Detached cells from culture flasks were transferred to a benchtop centrifuge (SANYO, London,
UK) and centrifuged &79 g for 5 minutes. For resuspension, pellets were diluted in ratios of
1:10 or 1:100 mixed with trypan blue exclusion dye (0.4%) following by placement into a counting
slide. The amount of live cells/mL was calculated with an automated cell counter, T2@&FM (B

Rad, Hertfordshire, UK).

2.2.1.5. Freezing down cells

Counted cells based on protocol 2.2.1.4 weresuspended in freezing medium containing 90%
FBS +10% Dimethyl sulfoxide at a concentration of 2 million cells/ml. Cellshgei@edat 1ml

per cryotubes in a NALGENE cryo 1 freezing container (Thermo Fisher Scientific Inc,
Loughborough, UK) filled with prop&hiol and stored at80°C until the following day. Cryotubes

were retrieved and for long term storage placed in liquid nitrogen.
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2.2.1.6. Cell cultivation

Cells were cultured in T75 Tissue culture flasks. Upon reach#§%0confluency MCF and
MDAMB-231 cells were plated into 96 well plates at the optimum densitgb{e 2.3.) and
incubated for a further 2 days. For plaque assays Vero cells were plated into 12 well plates and

incubated for 24 h before carrying out experiments.

Table2.3. Cell lines and their optimal seeding densities

Cell line Seeding density Plate size

MDAMB-231 A
3.2x16806 LISNJ mnn >| 96 well plate

MCF7 ]
3.2x16806 LISNJ mnn >| 96 well plate
SKBR ]
32x160 LISNJ mnn  >| 96 well plate
Vero

2.0 x 16 (per 1 mL) 12 well plate

2.2.2. Propagation and purification of HSV1 virus

For virus propagation Vero cells were transferred into larger T175 flasks and grown to 70%
confluency before infecting with the HSV1 at a multiplicity of infection (MOI) of-Q.04.
Infected cells were incubated for 7 hours until most have lifted d¢lhie wells. Following that,
entire infected supernatant in the T175 flasks or 50 ml cryo PP tubes were mo\&H@dfreezer
overnight. After thawing, the cells were centrifuged in 50 ml falcon tube6aBg to remove

cell debris and then supernatants were next transferred to fresh 50 ml falcon tubes. These

supernatants were centrifuged aB000gfor 2 hours.
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Meanwhile, buffer was prepared to resuspend in DPBS containing 10% glycerol. After
centrifugation 35 ml DPBS containing 10% glycerol buffer was added to each falcon and then

transferred to-80°C freezer in cryovials (Protocol from Joe Connor, from Virtuu Biologics).

2.2.2.1. Plague assay

Vero cells (2x10"5 per well) were seeded into 12 well plate in 1ml of cell culture medium and
incubated overnight to reach confluency. To determine the viral concentrati®¥1716 HSV

E17 RL1del7, and V17RL1del2 were defrosted on ice and were diluted serially in PBS. Diluted virus
(0.1ml) was distributed dropwise to ensure the whole monolayer was covered, then incubated
for a period of 2 hours. Next, the viral inoculum was remqvaad the agarose overlay was
prepared. This is consisted of a sterile siolu of 4% agarose in distilled which was autoclaved at
12CPC for 20 minutes. Medium following equilibration in a water bath &XB&as added to make

up a 1:10 dilution of agarose:medium. Following which 2 ml of this agarose/medium mixture was
added to each well. Mixture was waited for agar solidifying in 15 minutes at room temperature
and after that incubation at T for a further 72 hours. For fixation, 37% PFA was diluted to 4%

in DPBS to the cells in a volume of 1 ml and incubated for an hour. Rixa® terminated by
removing agarose plugs and washing with PBS. For staining, crystal violet solution was added in
a volume of 1ml and after 5 minutes, rinsed with cold tap water and dried with a paper towel.
The number of plaques were counted per weldaviral titre was determined as described by

Baer and Kehitall (Baer and KehHall, 2014).
The formula is:

Number of white circle/ (well dilution factor*added virus volume(ml)) = X pfu/ml
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2.2.3. Cell viability assay using Alamar blue

Alamar blue is a commercial assay for assessing cell death and isomen®® cellswhichwas

used to determine the cytotoxic effects of H&V16, HSV E17 RL1 delddHSW17 RL1 d&on

BC cell linesThis assay based on resazurin which is dissolved in water and a highly fluorescent
compound. Moreover, resorufin entry to cell causes to reduction of this compound. Thus,
through the incubation viable cells will continuously convert resazurin into résomesulting in

a greater fluorescent intensity (Rampersad, 2012).

Firstly, in this assay, cells were seeded into 96 well plates and were treated witHSY 116

or HSV E17 RL1 dei7HSW17 RL1 d&) next day. Alamar blue reagent was pipetted into each
gStt Ay | @2fdzyS 2F wmn>t -4aaursis the sbffieiBnt ting soalsdtd § S R
convert the resazurin into resorufin) which were applied 219,57, and 7" post infection days

The cells were analysed on a fluorescent plate reader at excitation peak 570nm and emission
peak 585nm. After removingSrt 3Sy G | yR gl aKAy3a gAGK t.{X wmnn
added. This plate can be used at every post infection day. The aim of this time scale was to assess
the acute effects oHSV1716, HSV E17 RL1 deddid HSW17 RL1 d@, and its ability to self

replicate overtime without repeat administration/iruseswere gradually thawed on ice and
administered to plates for infection using a serial dilution of multiplicity of infection (MOI 30, 10,

3, 1, 0.3, 0.1 and 0.03). The following calculation was useeétermine the correct volume of

stock virus (1x10"8 PFU/mI) to add to the cell lines.

MEMAawyt C! KYETMEMAwpt C! k>f MEMawpt C! k>t EMATl MEmn
MEmMnwc tC!kmn >f E pl pEmanwc tC! «kpn >f

Prior to the virus administration, the medium of the cells to be infected with the virus was
NEY2OSR YR 6l aKSR 6AGK t.{® ¢KSy> mnn>t 27F &
senescence and prevent nairal induced gene or cytokine production. Egpee was for 2 hours

to enable sufficient infection time.
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At the end of 2 hours, complete DMEM medium was replaced with serum free medium. Cell
viability was calculated using GraphPad Prism 9. Each experiment was repeated n=3 times to

determine reproducibility. The same plates were also used for the Crystal staieing 2.2.1.6).

2.2.3.1. Crystal Violet assay ttetermine cell death

Crystal Violet staining was used to assess cell death. After completion of the alamar blue assay,
alamar blue reagent was removed and wells were washed in PBS (100ul). Formaldehyde (4%) was
FRRSR (G2 GKS OStfta Ay | @2f daveSThe fermadehyde ivas¥ 2 NJ wm
NBY2@PSR> yR OSftffa 6SNB 46FaKSR 6A0GK t.{d ¢KSy
minutes at room temperature in the dark. Cells were then washed with tap water and the plates

were left to air dry overnight. FinallyktS FAESR OStfa ¢6SNB a2t doAfAa
for a further 20 minutes on an orbital shaker. A Keliado plate reader (optical density 570nm) was

used to measure the stain.

2.2.3.2. IC50 evaluation

The oncolytic effect of three oncolytic H&Vviruses KISV1716 HSVE17RL1del7, HSV
V17RL1del2) was assessed BRell lines. HS¥17RL1del7, HSX17RL1del2 were provided by

Dr Joe Conner and are genetic variant$H&V1716that have not yet been investigated. IC50
values were determined by Alamar blue assay on 1 st,2nd,5th, and 7th day post infection. The
concentration of virus used was MOI 30, 10, 3, 1, 0.3, 0.1, 0.03, this range has been determined
by HSV1716 on MDAMB-231. In this experiment thed50 for infected cells was measured
generating from MOIs values(See Appendix 7.3. for raw datg. This determines the
concentration of a virus that causes death of half the number of total Gedlsle 24.). Therefore,

it could be used to compare theieffectiveness and determine concentrations for other

experiments.
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Table 24. + A NJOS &alues of cell lines based on IC50 results

HSV1716 HSVE17 HSW17
MCF7 MOL1 MOL3 MOLF10
MDAMB-231 MOL3 MOF30/10 MOL30
SKBR3 MOL1 MOL10 MOLF10

2.2.4.Flow cytometryanalysis

2.2.4.1. Sample preparation and tagged with antibodies

Cells were washed twice with a céttbw cytometnbuffer (2% FCS in DPBS) and 5z&ls were
dispensed into 1.5 mL eppenddubes followed by centrifuge. Once removed supernatant, 1 uL

of Zombe UV dye and 5 uL of antibodieBaple2.6.) were added top on the cells. They were kept

on ice covering aluminium foil and left it for 1 h. Following 500 uLFlola cytometnbuffer was

added to top on the cells and centrifugati 90 gfor 5 minsto wash, which was repeated twice.
Finally, 300 uL of flow cytometry buffer was added and transferred to flow cytometry tubes, and
The BD LSR Il flow cytometer was used to quantify fluoroohtmted inTable 25. labelled cells.
Samples were examined using the BD FACSCalibur Flow Cytometer. For eacli@@@pleve
events (equivalent to 10,000 cells) were collected and just before analysis Zombie UL ddad

was added to exclude dead cells. This is dye is only taken in by dead cells with compromised
membranes. As this is an amine reactive fluorescent dye only dead cells with abundant exposure
of amines will bind to the dye. Cells were gated based on sizg @@8Qyranularity (SSC) to
exclude any cellular debris and live cells of interest were selected. For our studies these are
monocytes or lymphocytes or tumour cells. Fluorescent quadrant plots were created from this
gated population containing only live teland from this any information on cells positively
stained with tagged antibodies was based collected based on changes in forward scattd) (FSC
and side scatter (SS4). The analysis of the gated events was carried out usingBdHACSDixa

Softwareware.
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Table2.5. List othuman antibodies foHow cytometryexperiment

Antibodies Volume/cell Fluorochrome | Laser Supplier
number
CD4 2 ul/5x1015 Bv421 Violet Laser (405 nm) Biolegend
CD8 2 ul/5x10"5 AF700 Red Laser (633 nm) Biolegend
CD14 2 ul5x1075 AF488 Blue Laser (488 nm) Biolegend
CD80 2 ul/5x1015 PECY5.5 Blue(488nm) Biolegend
Green(532nm)Yellow Greer{561
nm)
CD86 2 ul/5x10"5 Bv421 Violet Laser (405 nm) Biolegend
CD163 2 ul/5x1015 AF647 Red Laser (633 nm) Biolegend
HLADR 2 ul5x1015 Bv421 Violet Laser (405 nm) Biolegend
Tim3 8 ul/5x1015 PE Blue(488nm) Biolegend
Green(532nm)/Yellovsreen $61
nm)
Zombie UV dead 1 ul/5x10"5 uv Ultraviolet (355 nm) Biolegend

2.2.5. PBMC isolation from human blood

Humanplatelet-depleted waste buffy coats were supplied by the Sheffield Blood Transfusion

Service. This was carried out under ethics SMBRER139.

Firstly, whole blood (20 ml) was mixed with 30ml of cold PBS and 30ml of blood/PBS mix was

pipetted into a tube containing 20ml of Ficélaque slowly to avoid mixing. After this was

centrifuged for 40 minutes @51 gwith no brakes on the machine.
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This resulted in 4 layers (Plasma, PBMCs, figp#ique and red blood cells); 2adONB | Y & ¢
was transferred into a 50 ml falcon tube by filling the tube up to the 50ml mark line with PBS.
Once one more centrifuge was done for 10 min88al g the supernatant was removed and
diluted in PBS again to the 50ml mark to resuspend the pellet. Following that cells were counted
and seeded at x 10 cells/ml in 10ml of IMDM + dGlutamine in a T75 flask and incubated for 2
hours. Then the medium including the nadherent lymphocytes was removed and replaced

with a fresh IMDM complete medium

2.2.5.1. Culturing of primary MDM

Following the above protocol, attached monocytes were cultured to lead fully mature monocyte
derived macrophages (MDM) for a further 7 days in IMDM complete medium replenishing every

few days.

2.2.5.2. Differentiation of MDMs into TAMs

Tumourconditioned supernatant of MDMB-231 cell line was collected after 72 h culture and
centrifugedat 179 gior 5minsto remove any cells. At the day 7, IMDM on the MDM was replaced
with MDAMB-231 supernatant to promote tumour conditioning to differentiate MDM into
TAMs for 24 h.

2.2.5.3. Harvesting of MDM

MDM were enzymatically detached by adding 3 ml of trypsin/EDTA solution incubating26r 15

min (37C at 5% CO2). Flasks were tapped and 9 ml of medium was added, after that cells were

gently scraped and collected in falcon tubes then centrifugegbaty for 10 min.
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2.2.5.4. Ceculturing of fresh PBMC and tumour conditioned medium

Fresh PBMC were isolated from human whole blood as mention2@if Tumour conditioned
medium (TCM) was collected from confluent MDIB-231 cell lines and centrifuged at 5 niiA9

g to remove death MDAVIB-231 cells. Fresh PBMC and TCM were then mixed as ratid of 10
PBMC/mMwith 1 mL TCM incubating 24 h at cell culture incubator.

2.2.8. Migration assayWound healing assay)

In this assay, SKEBBR MDAMB-231, MCF/ cellswere seeded into 48 well plates at 1.2 X610

cells/mL. SKBR cells were cultured in complete RPMI 1640 medium, for NUBA231, 2 x 10
cellssmLand 6 x LM@F OSffa ¢SNBE Odz §dzZNER Ay O2YLf SGS 5
After they formed a confluent monolayer, the media was replaced with sdreen RPMI or

DMEM for starvation and left in the incubator for a further 48 h. The medium was removed and
serumfree RPMI/DMEM containing 5 mg/mL Mitomycin C (2 mg/mL for-MQfRedium was

added to each well andhe plate was incubated in the incubator for 2 h. After creating a scratch
R2oy (GKS YARRES 2F SIFOK ¢Sttt dzaAy3a I wmn >t LA
with phosphate buffered saline (PBS). Cells were then treated, and3Sidils imageat 0, 24,

48 and 72 h, MCF was imaged at 0, 6, 18, 24 hours and MDB:231 cells were imaged at 0,

18, 24 h after treatment using the EVOS microscope at 10x magnification.

2.2.9. Invasion assay

2 x 16 cells/mL of SKBRcells, 18cells/mL of MDAVIB-231, and 2 x1%cells/mL of MCH cells

were exposed to serudfree RPMI/DMEM containing 5 mg/mL Mitomycin C (2 mg/mL for-MCF
7) and incubated for 2 h at 3€. Flouroblock Transwells were washed with seftee medium

and 32 mL of 1 mg/ml Matrigel was added to the centre of the transwells followed by 2 h
incubation. After, cells were centrifuged, and the supernatant was removed. Cells and treatment

solutions vere mixed in 1.5 ml eppendorf tubes and then addedhe centre of the transwells.
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FBS containing medium was added into the bottom of the wells as a recruitment agent. After 24
h incubation (48 hours for SKBIR wells were washed with DPBS twice and stained with 100 mL
of DPBS 5 mM/mL CalceiM followed by 45 min incubation. Wells thevere washed twice

with DPBS and imaged by EVOS microscope at 4x magnification.

Table 26. The dosages of treatments

HSV1716 HSVEL17 HSW17 anti-Tim-3 IGg antibody
MCF7 MOI1 MOI-3 MOF10 5mg/ml 5mg/ml
MDAMB-231 MOI3 MOI30/10 MOL30 5mg/ml 5mg/ml
SKBR3 MOI1 MOF10 MOF10 5mg/ml 5mg/ml

2.2.10. Immunofluorescence (IF) staining analysis

2.2.10.1. IF staining for paraffin wax embedded tumour tissue samples

Immunofluorescence assay wearried out to stain markers of €8-4,-8,-31-163 andTim-3in
paraffin wax embedded human breast tumour tissues slides. At the first step, slides were
dewaxed for 10 mins in xylene 1, 5 min in xylene 2 and rehydrated through alcohol gradients
(100%, 95%, 90% and 70%) for 5,3,3,3 mins respectively then ringgdwater for 5 min. Then,
antigen retrieval was performed using Dako 1:10 retrieval solution (S169istilled water
utilising a hot water bath at 800C for 20 minutes. After retrieval, slides were cooled for 20
minutes at room temperature and rinsed 5 minutes under tap water. Cooled slides were washed
with PBST Buffer 1x 1 min and 2 x 5 min followed by drawbagréer around tissue with a wax

pen to not allow it to dry out. Blocking the samples was performed by adding 2% BSA in PBST,
covering black /foil lid through 1 hour at room temperature. Then BSA was tipped off without
washing followed by dropping conjugat/unconjugated antibodie¢Table2.7.) diluted in BSA

blocker on tissue samples for 2 hoursomernight at4 degrees.
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Next step, they were washed with PBST for 1 x 1 min, and then 2 x 5 mins. For unconjugated
antibodies, secondary antibody diluted in BSA blocker was dropped on the slide followed by 2
hours incubation. Finally, samples were mounted using Vectashield Maouotetaining DAPI

and then the edges of the coverslip were sealed using clear nail varnish and stored in a grey tray

in a fridge covered with foil to take images in following days.

Table2.7. List of Immunofluorescence staining experiment antibodies

Primary Ab Dilution Conjugate Secondary Ab Supplier

CD3 1:100 AF647 NA BIOLEGEND
CD4 1:100 AF488 NA BIOLEGEND
CD8 1:100 AF488 NA BIOLEGEND
CD31 1:100 AF700 NA BIOLEGEND
CD163 1:100 FITC NA BIOLEGEND
Tim3 1:10 Unconjugated AF594 BIOLEGEND

2.2.11.Preclinical model

2.2.11.1. Mouse model of primarC

All animal work was carried out under the approved guidelines ofAdkKnals (Scientific
Procedures) Act, 1986 and the University of Sheffield Research Ethics Committee. This work was
carried out under Home Office project licence PP109988®f( Munitta Muthana) and the

animal handling and procedures were performed by personal licence holders Dr. Faith Howard,

me (102143396) and another Ph.D. student, Muhamad Hawari Bin Mansor.
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A total of 80 mice including 40 BALB/c and C57BL/6 were divided into 8 cages with 5 mice in each
cage. Both strains were allowed to acclimate for a week in the biological services unit (BSU)
before implantation with BC cells grown in vitro in the tissudtura facility. Mice were
anaesthetised via Inhalant isoflurane (IsoFlo) followedngcting X1 4T-1-Luc/EO774 uc
cells/mice into the nipple of BALB/c and C57BL/6 mice using an insulin syringe in 20ul PBS
containing 50 % matrigel/50 % PBS. Tumougpssion was monitored every 2 days by manual

measurement, alongside daily animal weighing using the following equation:

Tumour volume (mm3) = ¥ L

2

They received their first treatment when tumour size reached 100 mma3 and the mice were given

the following treatments;
1. Control mice:njected IV with PBS in a volume 0.1 ml.
2. Isotype micelnjectedintratumorallywith isotype antibody (200 ug/mice) in a volume 0.1 ml.

3. anti-Tim-3 mice: Injectedintratumorally with anti-Tim-3 antibody (200 ug/mice) in a volume
0.1 ml.

4. HSVV1716mice: Injected IV with HSX716 (10"5 pfu/mice for Balb/c and 1076 pfu/mice for
C57bl/6) in a volume 0.1 ml.

5. Combination miceilnjected IV with HSY716 (1075 pfu/mice for Balb/c and 1076 pfu/mice
for C57BL/6) in a volume 0.1 ml amdratumorally with anti-Tim-3 antibody (200 ug/mice) in a

volume 0.1 ml.

Three doses were given in each treatment group on consecutive days regime to Balb/c while
C57BL/6 were given once a week. HSV treatment was given via IV while antibodies were received

intratumorally. (Figure 2.1).
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Figure 2.1. Schematic diagram to demonstrate the in vivo study design and treatment regimens for both mice strain.

Treatments were conducted in the same manner for both strains except for treatment days scale.
Randomly selected 3 mice of each treatment group were culled for biodistribution study after 24
hours of final treatment by cervicalislocation. Blood and organs (kidneys, spleen, brain, lung
and liver) and tumours were extracted for pesbrtem analysis studies. Left mice were allowed

to reach their overall humane endpoints including ulceration of tumours, neurological deficit
(mobility issues, head tilting, extreme sensitivity and seizures), weight loss prior to culling,

extraction of blood/organs/tumours same as biodistribution study for survival model.

2.2.11.2. Mice tumour/organs storing for poshortem analysis

Excised half of all mice organs, half of biodistribution study tumours and half of survival study
tumours were placed into a cryobuffer (90 % FCS with 10 % DMSO) and fre@eiCdor flow

cytometry. The remaining half of the survival study tumours were embedded into optimal cutting
temperature (OCT) by freezing down-86°C and then sectioned (10uM thick) for Haematoxylin

and Eosin staining using a cryostat. The remaining half of organs and half of biodistribution study
tumours were fixed in formaldehyd(4%) for 48 h before processed into paraffin wax. Paraffin

g6 E SYOSRRAY3I | yR a4SO00GAz2yAy3a 6n >YO 61 a LINEROD.

laboratory service (Ms Maggie Glover).
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Murine blood samples were allowed to coagulate at ra@mperature and centrifuged at 12000

gfor 5 min, after which serum kept aB0°C for clinical biochemistry or cytometric bead arrays.

2.2.11.3. Dissociation of frozen tumours/organs

Frozen tumour samples washed 3 times with-¢coéd DPBS containing 2% FEISw Cytometry

buffer). Samples were then incubated in 5 ml enzymatic dissociation solution comprising 0.2
mg/mL collagenase, 2 mg/mL dispase, and 1.25 mg/mL DNase | infsesuliDM for 30 min

using a rotator at warm temperature. Subsequently, 10 % FBS was addezlti@lise the

enzymes in the medium followed by passing through @@0nm nylon filter. After centrifuging
at4500gF 2NJ p YAyYy3>S OStfta ¢SNB Flow GyoBarybulidge dIew (A Y S a

cytometry as mentioned in sectidh?2.4.1with antibodieslistedin Table2.8.

Table2.8. List ofFlow cytometryexperiment antibodies

Marker Clone Fluorescenttag | Species Supplier

CD8 53-6.7 Super Bright 645 | Mouse Thermo fisher
F480 BM8.1 APCCy7 Mouse Cytek Biosciences
CD3 17A2 FITC Mouse Cytek Biosciences
CD45 30-F11 BUV395 Mouse Thermo fisher
CD4 RM45 PerCRCy5.5 Mouse Cytek Biosciences
CD161 (NK1.1) | PK136 APC Mouse Cytek Biosciences
CD19 1D3 BVv480 Mouse Thermo fisher
CD366 (Tin3) RMT323 PE Mouse Cytek Biosciences
CD274PDL1) MIH5 BUV737 Mouse Thermo fisher
Viability GhostDyeUV450 | Mouse Cytek Biosciences
Glycoprotein B Qdot 800 Mouse Thermo fisher
(HSV1&HSW2)

101



2.2.11.4. Haematoxylin and Eosin staining

Cryosectioned slidesere removed from20 C and incubated at room temperature for 1 h and

then fixed in ice cold 50:50 acetone methanol for 20 min. Following washed x 2 in PBS, slides
GSNBE LI I OSR Ay DAftQ&a I SYlLG2EetAy &azftdziazy
ran clear. Seatns were then rested in 70% and 90% ethanol for 3 minutes each to dehydrate,
after which, they were placed in Eosin stain for 15 seconds followed by washing in 100% alcohol.
Sections were then removed to the hood for mounting step by placing in xylene fari& min

each. Excess xylene was removed by wiping off and one drop of DPX added. Slides were cover
slipped keeping at room temperature then scanned using a Pannoramic slide scanner and

analysed using QuPath software.

2.2.11.5. Necrosis assessment

Mouse tumour samples were immediately embedded in OCT following removal from mice and
then stored in-80°C until these were cryosectioned. H&E staining was performed on triplicate
sections from each tumour sample, and images were captured using Panof@®aiscanner as
described in previous section. Necrotic areas, characterized by cytoplasmic swelling, plasma
membrane damage and organelle breakdogestjens et al., 2006 pppeared as light pink
patches (no cells, no haematoxylin) in H&&ined images. The percentage of necrotic area was

calculated by comparing the necrotic area to the total tumour area using QuPath software.

2.2.11.6. Metastasis assessment

Mouse organs were embedded in paraffin wax and stored at room temperature. H&E staining
was performed on triplicate sections from each organ sample, and images were captured using
Panoramic slide scanner as mentionedéattion2.2.11.4.Liver and lung sections were used for

this analysis because of their relevance to BC metastasis. The metastasis quantification was
performed by counting 10 or more tightly packed haematoxgtmined cells using QuPath

software. Training to spot metastasivas provided andorroborated by Prof. Muthana.
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2.2.117. Statistical analysis

All statistical analysis was performed within GraphPad prism Version 9 (GraphPad Inc,San
Diego,CA, USA). Quantification of IHC staining was performed using QuPath version 0.4.0 (GitHub,
Inc. California, USA. All data was presented as mean armmt SBM with a minimum of n=3,

dzyt Sda aidl SR 20KSNBAAS SAUGKAY GKS FAIdz2NBE fS3
nonms FFFlIt X ndnnam FYR FFrFFIt Xnonnnmd [/ St f
were analysed using a Twway Anova, to etermine the differences seen between variables.

The chapter foin vivostudy used a Onevay Anova to analysex vivolHC staining. A Twd/ay

Anova was used to assess observations of humane endpoints and animal weight fluctuations.
Animal weights were assessed using a last observation carried forward. For analysis of the overall
survival, KaplaitMeier survival analysissing a Logank (MantelCox) test was performed,

comparing each treatment group against the control.

103



Chapter 3
Tim-3 expression on the surface of cells
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3.1. Introduction

The immune system protects against foreign pathogens, which is orchestrated by(Fitebsd
Bluestone, 2008)T cells have two main signalling pathways for complete functionality including
binding ofthe antigenic peptide/major histocompatibility complex (MHC) on the surface of
antigenpresenting cells (APCs) with the T cell receptor (TCR); and the amttigpendent ce
signalling molecules called immuibeckpoints ICs)(Wang et al., 2022Binding withthe TCR
triggers an immune response while immune checkpoints manage that response. In health, ICs
are responsible for preventing excessive immuesponses to prevent tissue damage and
providingselftoleranceto pathogenic infectiongPardoll, 2012b; Waldman et al., 202[) the

case of cancer, the immune systeam@xhibit a profile of sefoleranceto the cancer cells. ICs

are one of the pathways that provide this profile by downregulating the immune system creating
immune escape of tumour antiger{fgigure 3.1) (Topalian et al., 2016)rhus, blocking of ICs

could enable recognition of tumour antigens.
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Figure 3.1. Mechanisms of cancer cell mediated immune escApégen presenting cells absorb antigens
released by cancer cells and present them to T cells to promote T cells activation and high expression of
PD1/Tim3. Upon T cell activation, tHeD1/Tim3 receptor binds to PID1/Gal9 expressed on the surface

of cancer cells and suppresses the immune resp@aspted from(Su et al., 2020)
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Discovery of the programmed death molectlle(PD1) and cytotoxic Tymphocyte antigert
(CTLAY) wasawardedthe 2018 Nobel Prize in Physiology or Medicine to Tasuku Honjo and James
Allison. This paved the way for additional research demonstrating thdt &2l CTLA pathways
suppress T cell activation and that blockihgse moleculesvia immune checkpoint inhibitors
(ICls) could overcome suppression leading to immune activation to tusibopalian et al., 2012;
Weber et al., 2008)By now, the number of ICls and their applications has expanded and includes
VISTATIGITand Tim3 (Wang et al., 2022)Iim-3 is not as widely investigated but is of interest

as the mRNA&Xxpression levels in breast tumour cell lirsee elevated Sauer et al., 2023)

To obtain a more global view the Human Protein Atlas was used and frorarthipregulated
profile was observed 62 different humanBCcell linesincluding MCH, MDAMB-231, and
SKBR3 (Figure 32.) when analysed by th®ncomine databasélu et al., 2020)The transcript

per million (yaxis) was greatest IHCCL500 (ER, HER-) cells andMDA-MB-415 (ER-, HER-)

cells at1,1nTPM andL nTPM, respectivelyt has also been suggested tham-3 over expression

on breast tumour cells contributes to disease progresgfitanget al., 2017; Chengt al., 2018;
Conget al,, 2021) A study involving 150 invasive ducB((IDC) patients documented their age,
primary tumour size, axillary lymph node metastasis, TNM stage, World Health Organization
(WHO) grade, K7 level molecular classification, and lesion location. Tumour tissue specimens
were extracted from all patients, and normal breast tissue or benign lesion samples were also
obtained from a distance of 3:8.0 cm from the tumour. H&H M3 and CD8-ytotoxicT cells
(CTL)ytainingrevealed thatthe total Tim3 expression in tumour tissue was 98%, compared to
13% in normal breast tissue. Similaf®Q% of the CTLs wefEBm3+ CD8+n tumour tissue
samples, while only 23% were present in normal breast tissaenples. Notably,
clinicopathological characteristics, including lymph node metastasis and TNM stage, were
significantly correlated with the expression 3 on tumour cells and the median expression

level of Tim3 on CTI(H. Zhang et al., 2017)
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nTPM Breast cancer (n=62)

1.5=

1.0

0.5

; G ICN RASD RN P DD NN ADAVN, DL N A DA NSNS N0 R N, DAV S ABNL N N oD
O U R R R R R RRRTRI™R VR Oy T A Ry
ST 5

Figure 32. RNA expression data as normalized transcript million ("nTPM) valudsdrof3 in BCcell lines.
This data was obtained by using the search tefins3 or HAVCR2 and selecting the RNA cell line database
section on the the website Human Protein Atlafps://www.proteinatlas.org).

The overall hypothesis of this project is that targeting the immune checkpoatécule Wim-3Q

in combination with OVs will reprogram the TME to be more immunogenic (hot), leading to the
recruitment of T cells and induce attimour immunity inBCby releasing the brake on immune
checkpoints.In this chapter, the aim was to demonstrate the expressioiiot3 on a panel of
BCcell lines and patient tissue sections. These cell lines and tissue section are derived from
different BCsubtypes allowing us to obtain a broader viewTafn-3 expression Expression of

Tim3 on human peripheral blood monowiear cellswas also examineds these cells play

important roles in the tumour microenvironment.
The specific objectives wete determine;
Abundance offim3 on humanBCcell lines using flow cytometry

Abundance ofTim3 on human peripheral blood mononuclear ce[RBMCusing flow

cytometry.

Levels of and cellular distribution @im3 on paraffin wax embedded human breast

tumour tissuevia immunofluorescence staining
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3.2. Tim3is expressed on humaBCcells

Tim-3 expression on the surface of humB&cells lines was assessed by flow cytometry. A panel

of BCcell lines including MDAVIB-231, MCF/, SKBR were stained with antthumanTim-3
antibody as described in secti@i2.4.1and analysean BD LSR Il Flow Cytometer. The viability
dye Zombie UV was added to exclude dead cells and tumour cells were identified based on their
side scatterarea (SS®) and forward scattearea (FS@®) profiles. Using these scatter plots,

viable tumour cells wergated to identify theTim-3 positive cell{Figure 33A).

The datashowedthat cell surface expressions bim3was10.6%00n MCK7, 14.460on MDAMB-
231, and 11.%o0n SKBR celk (Figure 33-3.5). However it was not possibléo create a graph
showing the median percentage positive expressioiiok3 due to reproducibility issues with
the antibodies. These experiments weapeated 810times,but the staining was unpredictable.
Furthermore, the results showed thdim-3+ cells were smaller in size but still viable compared
to the remaining tumour cell populatiof his may be because the cells are undergoing apoptosis
(Bortner and Cidlowski, 2003)s a resultanalternative antiTim-3 antibodywas purchasednd
investigatedalong with cell death in chapter 4. This data goes agaprstviouspublications
showing that this antibody workm flow cytometric applicationsHowever, this antibodyas
been used successfully stainimmune cells such as T céldonney et al., 2002b; Sabatos et al.,
2003b) It could be that these tumour cells do not highly exprésa-3 of the cell surface and
western blots would have useful to look at intracellular expresdskan.instancea study using
western blot reportedsuccessfullyhe Tim-3 expression in MGF and MDAMB-231 cell lines
(Cheng et al., 2018)
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Figure 33. Representative Tir8 expression on MCF human BC cells using Flow cytomet#. Upper
left-hand dot plot was used to draw a gate around tumour cell population excluding cellular debris based
on tumour cell side scattarea (SS®) and forward scattearea (FS@) profiles. Upper righhand dot

plot shows cells selected based on zamly/ uptake and used to draw a gate around alive tumour cell.
B.Tim3+cells were shown from gated alive cells. Data indicates the percentage of cells stained with 7 ul
of anti-Tim-3 in half a million cells of n=1 experiment
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FHgure 34. Representative TinB expression on MA-MB-231 human BC cells usingdw cytometry.

A. Upper lefthand dot plot was used to draw a gate around tumour cell populagiaciuding cellular
debris based on tumour cell side scateea (SS®) and forward scattearea (FS@) profiles.Upper
right-hand dot plotshows cellselected basednzombie U\uptakeand used to draw a gate around alive
tumour cell.B. Tim3+cells were shown from gated alive cells. Data indicates the percentage of cells
stained with 7 ul of atTim-3 in half a million cells of n=1 experiment
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Hgure 35. Representative Tin8 expression onSKBR3 human BC cells using Flow cytometry

A. Upper lefthand dot plot was used to draw a gate around tumour cell population excluding cellular
debris based on tumour cell side scateea (SS®@) and forward scattearea (FS@) profiles. Upper
right-hand dot plot shows cells selected based on zertdM uptake and used to draw a gate around alive
tumour cell.B. Tim3+cells were shown from gated alive cells. Data indicates the percentage of cells
stained with 7 ul of a{Tim-3 in hdf a million cells of n=1 experiment
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3.3 Tim3 is expressed on human PBMC and increased aftercalbure with tumour cells

conditioned medium

Buffy coats were obtained from NHSBT and PB&&ated byFicollPaque density gradient
centrifugation as mentioned i2.2.5. A portion of the PBMCs was used félow cytometry
analysis and the remaining cells were seeded into flasks and allowed to mature into macrophages

over a period of 7 days (see sectd2.5.1) Tim3 expression was then examined on 1.

Healthy macrophages or macrophages exposed to BC cell line tumour conditioned medium (TCM)
or fresh PMBC before/after eculture with TCM (see sectidh2.5.2 & 4) were stained with
various antibodies to identify cell types, including-&CD8 as markers of T celReinherz et

al., 1979) CD14 as a monocyfenacrophagemarker (Wu et al., 2019)CD80/86 as activated
macrophage M4ike macrophagemarkers (Yunna et al., 2020)CD163 as a marker of M2
(Mantovani et al., 2017)HLADR as a marker of immune activation on most immune cells

(Epstein et al., 2013nd analysedby Flow cytometry

15% of all healthy macrophages expres$ad-3 and when cestainedTim-3 with macrophages
markers (CD14, CD80, CD86, CD163 aneDiR)A&xpression was betweerl4% Figure 37.1-
3.7.2). Interestingly, when macrophages were exposed to TGiérall Tim3 expression
increased to >70% and 100% of CD14+ macroph&ggs¢ 38.1-3.8.2). Similarly, almost all of
the CD80 and CD86 Mike macrophages eexpressedlim-3, whereas this was ~80% of all the
M2 macrophages (CD163+) and 70% of-BRA macrophages.
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Co-culture studies of PBMC with BC cancer cell limas usedo investigateTim-3 expression

profiles on fresh human PBMC before/after exposure to tumousc@oradpoor et al., 2020)

were performed In this study, theyxo-culturedthe metastaticBCpatients' PBMCgpatients=21,
healthy=3)with cancer cell ineeMDAMB-231 and MCF) in a chamber for five dayBhe PBMCs

were placed in the lower compartment, while the cancer cells occupied the upper one, at a ratio

of 1:7. Ceculture with patient PBMCs significantly impacted the expression of epithelial
mesenchymal transition (EMT) markers in both cell liMSF7 cells exhibited upregulation of
E-cadherin, Ncadherin, and vimentin, while MDMB-231 cells showed increased expressifin

N-cadherin and vimentin. This difference is likely due to-@xesting suppression of-&dherin

expression in MDMB-231 cells via promoter methylation. Furthermore,-caliture enhanced

the invasion potential of both cell lines by approximatelipil. Interestingly, cecultured cancer

cells also displayed increased-NF & NJ y & ONR LJG A 2 & bnid MDAVB2XBDcelis &8 = & A |
showing 1.4 and 2.2fold increases, respectively. Gene Ontology pathway analysis of protein
expression changes in -cnltured PBMCs compared to control PBMCs revealed three key
subtypes: biological processes (BPs), molecular functions (MFs), and cellular components (CCs).
Among BPs, pathways associated with cancer progression, including negative regulation of
programmed cell deh, positive regulation of cell morphogenesis,NE aA Iy It t Ay3azZ |y
metabolism, were significantly enriched. These findings suggest a complex crosstalk between
PBMCs and cancer cells, where PBMCs potentially contribute to tumour progressionhthroug
various mechanisms, including EMT induction, enhanced invasion, afd .NF I OG A @I { A ;
(Moradpoor et al., 2020)

Resuls showed thatcell deathoccurredcausing lots of cell debrigigure 36.) and thus Flow
cytometry data was notamenablefor analysis Therefore, it may have been better to use a
chamber to separate the cells for futumgork. These studies wereepeated using tumour-

conditionedmediumthat should contairiumour-derivedthe factors.
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Next, Tim3 expression profiles on fresh human PBMC before or after exposure to TCM was
investigated Figure 3.9. and Figure 3.00It was found that overall expression of Téwas 38.6%

in healthy PBMC, and this decreased to 23% PBMC cultured with tezcoaditioned medium.
However, CD4+T cells and CD14+ monocytes exposed to TCM upregulated expression from 20%,
10% to 49% & 23% spectively, while CD8+T cells exhibited a decrease in expression from 26%
to 15%. Most abundance was observed on CD14-8Hmonocytes from 20% to 69% in response

to TCM, although CD4, CD8 also upregulated expression €8 iimMCM. Overalthe results @

the experiments revealed that T expression was upregulated on macrophages and PBMC in

the presence of TCNFigure 3.11-3.12).
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Figure 3.6. An example showing excessive cell debris after exposure of PBMC to tumouiSils
scatterarea (SS®) and forward scattearea (FS@) profiles were used to create a g4#). Following

that viable cell¢B)and positive cellC)were selected based on that gate and exclusion of dead cells based
on staining with the zombie UV viability dye.
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Fgure 3.71. Tim3 expressioron healthy human monocyt@erived macrophage A. Side scattearea (SS@) and forward scattearea (FS@) profiles were used to creat
a gate. Following that viable cells and positive cells were selected based on that gate and exclusion of dead cellsstzasid) avith the zombie UV viability dy®.
Representative flow cytometry quadrant dot @otclude 4 regions and teleft showsthe only Tim-3 stainingto position the correct gateC.Gated dot plots showD14+ Tim
3+,CD80+ Tin3+, CD86+ Tir@+, CD163+ Tid+, and HLAR+TinB+ stained cell population in tepght quadrants based on changes in fluorescerite data isgenerated
with n=3 independent blood donors
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Fgure 3.82. Tim3 expression on healthy human monocytkerived macrophages increased after exposure to TCM.
XY graph showthe percentage expression on human monoeyégived macrophages exposed to TCM where the data

is the mean and SEM for n=3 independent blood donors.
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Hgure 39. Tim-3 expression on monocytes and T cells isolated from human PBMSide scattearea (SS®@) and forward scatter
area (FS@) profiles were used to create a gate. Following that viable cells and positive cells were selected based onath@t ¢
exclusion of dead cells based on staining with the zombie UV viability3.dgepresentative flow cytometry quadrant dot ot
include 2 regions and left shows the only -Bistaining to position the correct gat€.Gated dot plots show theverallTim-3, CD4+
Tim3+, CD8H#im-3+, CD14Fim3+ stained cell population in right quadrants based on changes in fluores¢énggaph shows the
percentage expression and data are the means and SEM for n=3 independent experiments.
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Fgure 310. Tim-3, monocytes, and T cells markers detection on human PBMEuttared TCM usinglow cytometryA. Side scatter
area (SS®) and forward scattearea (FS@) profiles were used to create a gate. Following that viable cells and positive cells
selected based on that gate and exclusion of dead cells based on staining with the zombie UV vialBlifRefyesentative flow
cytometry quadrant dot plots include 2 regions and left shows the onk3Bif@ining to position the correct gat€.Gated dot plots
show the overall Tin8, CD4+ Tif3+, CD8+ Tifi+, CD14+Tir8+ stained cell population in right quadrariiased on changes in
fluorescence. XY graph shows the percentage expression and data are the means and SEM for n=3 independent experimet
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Fgure 3.11.Tim3 abundance comparison of human monocytierived macrophages (MDM) and after exposure to TCMY
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DRHim3+. The graphgenerated using GraphPd&tism software and the Mean + SD for n=3 independent experiments, where
0.0266 after the application o 2Way ANOVA with multiple comparison to control.
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Fgure 3.12.Tim-3 abundance comparison of human PBMC and after exposure to T&M.graph shows the percentage
expression of the overallim3, CD4+Tim3+, CD8+im3+, CD14¥im3+. The graphs generated using GraphPad Prism
software and the Mean + SD for n=3 independent experiments, where *0.632&** = P<0.0001 after the application of

a 2Way ANOVA with multiple comparison to control.
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3.4Tim3is expressed by humaBCTMEtissue

Next the expression offim-3 on human BCtissuewas investigated Paraffin wasembedded
tissue fromBC patients (N=20) were obtained from PrdPenelope OttewelllUniversity of
Sheffield. In this experimentTim3 was cestained with CEB, CD4, CD8 as T cell markers
(Reinherzet al, 1979; Greavest al,, 1981; Norman, 1998}D331 asan endothelial markerfor
vessel{Mourik et al,, 1987; DeLisser, Newman and Albelda, 1984) CD163 asa TAM marker
(Lau, Chu and Weiss, 20ad)determine the expression ratio dfim-3 on these immune cells
within TME Macrophages are the most walharacterised type of tumodinfiltrating immune
cell in BCand are of interest in this projectas they have been shown to express immune

checkpoints includin@im-3.

In brief, slides were dewaxed with xylene and hydrated through alcohol gradients (100%, 95%,90%
and 70%) before being rinsed in tap water. Following antigen retrieval, tissues were blocked and

stained with antibodiegTable2.8., section 2.2.10.1).

A markedpresence offim-3 expression was detected in the TMEg(re 3.13 and 3.4A)). These
comprised approximately 60% of the tumour microenvironment. Within the TME, 35% of TAMs
(CD163+) cexpressedlim-3. Cytotoxic T cells (CD8+) constituted 34% of the population, with
70% displayingim-3 receptors. T helper cells (CD4+) accounted for 36% and 80% of these cells
co-expressedlim-3. This data is promising and supports the us&iot3 inhibitors targeting this
immune checkpoint. For these tissue samptesasunable to obtain the patient subtypes and

therefore this data provides a glabview of expression in BC.
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However it was possibléo access N=38 TNBC tissitained from patients who either received
treatment prior to and after their biopsiesrom NeoGenomics for use ithis study (Kindly
provided by Richard Allen under the supervision of Retdire Lewis). These slides were stained

by Neogenomics usirthe MultiOmyx technique to examin€D68, CD163 aridm-3.

This data was provided in an excel spreadsheet and analysed by an MSc student Zoi Papasavva
under my supervision using GraphPad Prism. The average tumour size was comprised of a total
69,077 DAP+ cells.Of these cell21% were CD68+ macrophages &8oexpressed the Mike

CD163 macrophage markefim3 abundancewas 21% Interestingly,63% of C163+ TAMs
expressedlim-3 supporting a role for these cells in immunosuppression via checkpoint inhibition

(Figure 3.1B.).
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FHgure 313. Tim3 is expressed by macrophage and T cells in hurB&issue.Representative images show expressiomiot3,
CD3,CD4,CD8,CDh163 and cells expressing them together on hul&tissue. Images represent the immunofluorescence staini
of each marker. Green is CD4/8, White=CD3, Riipi8, Red=CD163 and blue is DAPI stained nuclei.
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Fgure 314. Tim-3is expressed bynacrophage and T celia the humanBCTME (A) The XY graph shows
expression percentages bim-3, CD3,-4,-8,-163 and cells expressing them together on huB&tissue
Dataare presented ameanSD for n=20.(B) Graphic representation of the normalized data provided by
the NeoGenomicgn=38)company along with the of the statistical analysis @ay ANOVA where
****=P<(0.0001, **=P=0.0038.

Overall, ths study revealed thafTim-3 was expressed in human breast tumour tissue and that all

T cells markers were eexpressed withTim-3 (Figure 314A.). However, theTim3 expression

levels betweerissue samplesbtainedlocally andhose fromNeoGenomicgielded contrasting
results (Figure 3.8B.). NeoGenomics specimens were exclusively from the tnplgative BC
(TNBC) subtype, while NHS samples encompassed various subtypes, including
ER+/PR+/HER2+/TNBtably, all TAMs and most of T cells-erpressedlim-3. This pattern of

Tim3 expression wagonsistent withthe results obtained from th€co-cultured TCM)Flow
cytometry results. It is crucial to note that while the study investigat&im3 expression in

immune cells, the overallim-3 percentage encompasses other TME cell types and tumour cells.
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3.6. Discussion

Immune checkpoint ligands are proteins expressed on the surface of both cancer cells and
immune cells. When these ligands interact with thearresponding receptors on immune cells,
they can inhibit or modulate the function of immune cells such as T(¥éherry, 2011)enabling
cancer cells to evade immune atta(fyck and Mills, 2017Yim-3 is an example of an immune
checkpoint ligand that has been demonstrated to be expressed on both immundrrelsnan

et al., 2010; Gleason et al., 20H2)d cancer cellgCao et al., 2013; Cheng et al., 2018; Jiang et al.,
2013; Zhou et al., 2015)

This chapter investigates the expressionTaft+3 in humanBCcell lines, human breast tissue
samples and immuneell populations in the circulation as the TME inasdnacrophages, and
PBMCsOverall, he findings confirm thalim-3is expressed on all of these dgibes Additionally,
the Human Protein Atlas website was probed to provide further evidencErof3 expression

According to the Human Protein Atlésttps://www.proteinatlas.org), MCF7 (0.2 nTPMand

MDAMB-231(0.2 nTPMhumanBCcell lines haveameand higherTim-3 expression levels than
SKBR3 (0.1 nTPM)(Figure 3.2)

Data presented in this chapteronfirms tresefindings, with MDAMB-231 exhibiting the highest
Tim-3 expression level among the three cell lines, while MGihd SKBR have approximately
equal expression levelEigure 33.-3.5.). However, considerabldatareproducibility issues with
the F382E2 antibody used in this assagre encounteregddespite multiple attempts and its prior
validation by other researcher#iastings et al., 2009; Limagne et al., 20€3)nsequently, the
F382E2 clone used here may have a stability issue impacting its affinity leading to unr€imable

3 staining(Gu et al., 2010) Another consideration is that the cancer cell lines do not stably
express thelTim-3 receptor and there is no literature odim-3 expression byFlow cytometry
mostly western blottingPerhapslim-3is located intracellular and if time permitted western blots
or intracellular staining (after fixing and permeabilising of cells) by flow cytonvetyld be

performed to determinehis.
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Tim-3 clone (7D3yas nextnvestigated Tim3 expression in human healthy PBMCs and tumour
conditioned PBMC# mimic tumour conditionsusing Flow Cytometrystaining with various
markers, including CD14, CD80, CD86, CD163, arBRILFhese markers not only serve as cell

identification tools but also provide insights into immune modulation. For instance,

1 CD14 may contribute to tumour cell proliferation in cancer cells and immunosuppressive
TME formation(Gregory, 200Q)

1 CD80/8are classical markers of macrophage activation@ndd cause T cell dysfunction
(Ohue and Nishikawa, 2019)

1 CD163 is associated with amiflammatory functions and considered a TAM marker
(Allison et al., 2023; Skytthe et al., 2020)

1 HLADR downregulation or absence can aid in immune es¢@aekeet al., 2022)

These markers were investigated in healthy macrophages and tusmnditioned macrophages
by Flow cytometry Notably, both healthy and TGBbb-cultured macrophages displayezkll

surface Tim3 receptors, with expression levels increased b¥ 4imes for each marker.
Interestingly, monocytes in fresh PBMCs displayed ddddbincrease imim-3 expression, while
T cells showed only a slight increas&iim-3 population after ceculturing with TCM. Additionally,

CD8+T cellsbundancedecreased from 26% to 15% while CD4+ T icelisasedalmost 2.5fold.

This observation aligns with the concept of Mti@/en lineage selection, where specific TCR
MHC interactions influence the survival and development of different T cell lineages. As Fowlkes
and Schweighoffer (1995) highlight, binding of class | MHC tgp@ib&tesdownregulation of

CD4, whileMHC class Il binding to CD4 promote®wnregulation of CD8 (Fowlkes and
Schweighoffer, 1995)As class II MHC molecules primarily present exogenous proteins
recognizing by helper (CD4) T cells and Class | MHC molecules primarily present intrinsic peptide
products cytotoxic (CD8) T cellKamal et al., 2023 the coculture setting, the observed
increase in CD4+ T cells and decrease in CD8+ Bumljesta potential role of class [I MHC

specific TCR interactions in shaping T cell populations.
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This interaction inducganimmune response leadiny increagd IC expression includingm-3

to prevent excessive response in health condition and to escape in c@raqaalian et al., 2016)
Studies have shown thatim3 expression on CD8+ and/or CD4+ T cells inrgmaall cell lung
cancer patients impairs their effector functiori&ao et al., 2012b)Similarly, inBCpatients,
elevated PBEL andTim-3levels on follicular T helper cells (a subset of CD4 T cells) were associated
with exhaustion markergZhu et al., 2016 herefore, further investigation using additional T cell
subtype and function markers could be highly informative to gain a deeper understanding of this

phenomenon.

Datafrom the tissue sectiondy IF staining showedim3 expressiorin breast tumourswhile it
wasnot possible to see this reliably in tB& cell lines. This may be due to the -dmtn-3 antibody

being better for IF than flow cytometry or tumour cells in a 3D environment (as in tissue) express
more Tim-3 than cells in 2D (monolayers). Immune cells in tissue are different from cells in the
blood due to the tumour microenvironment due to the presence of tumour factors and indeed
increased expression on immune cells upon culture with tumour cell derivedtomret medium

provides some evidence of this.

In conclusionthe datapresented in this chaptetonfirms the presence ofim3 on PBMCsnd
cancer cellscorroborating findings from the Human Protein Atlas webfigure 315.). Data

from the Protein Atlas shows that myelaiegndritic cells and natural killer cells have the highest
nTPM In line withdata presented heresubsets of monocytes including classical monocgtes
express Tim Data presented in this chapter nahow expression ofim3 on human monocyte
derived macrophage. It would have been interesting to compare the different phenotypes of
macrophages with our TGlMeated macrophages and if skewing these to becomelikd.or M2

like impacs Tim3 expression. This could be achieved by culturing the macrophages in LPS
stimulator for inflammatory macrophagegM1-like phenotype)(Fang et al., 2004pr IL-4
stimulator for M2like macrophageéM. Z. Zhang et al., 2017)
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Previous tudies have shown thatim-3 is expressed at low levellyy M1-like macrophages and
have inflammatory activity includg the production of preinflammatory cytokines (e.g. -2,

TNF and IFg), antigen presentation capability and are phagocgtian et al., 2015However
following recruitment to tumours these cells change to become more like TAMs (express CD163,
CD206) with regulatory like properties and an increasdim3 expression. This change in
phenotype is typical of macrophages and fits with their plasticity. This offers an opportunity to
reprogramme these cells, which will be achieved in this thesis using chifiogy oncolytic
viruses Our teamhave shown that OVs can reprogram TAMSs to have an inflammatorgamtier
phenotype(Kwan et al., 2021) ymphocytes on the other hand, do not exhibit this plasticity they
are polarised towards a particular effector profile, whémneir chromatin is modified significantly.
This results in a genetic profile that can be altered in response to the stipalbest based on

the type of stimuli, the concentration used and how long the stimulus is pre$§&adsetta et al.,
2011; Martinez et al., 2006T herefore,targeting TAMs holds promise when considering drugs
that reprogramme the TME.
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Figure3.15.: Expression offim-3 in immune cell linesimage obtained from the website Human Protein
Atlas pttps://www.proteinatlas.org)).
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Indeed, findings also demonstrate thatmmune cell exposure tofCM upregulatesTim3
expression on monocytes (CD14+), this could be preconditioning the monocytes into becoming
TAMsNext, Tim3 expression on humaBCiissuewas investigateavhere macrophages including
TAMs (CD163+), and cytotoxic T cells (CD8+ T disfidyedexpressedlim-3. This aligns with
observations in other cancers, like HCC and CRC, where TAMs exhibit inGiea3eie to the
tumour microenvironmeni{Katagata et al., 2023; Yan et al., 20T%)s upregulation effedsalso
observed on CD14+4m-3+ monocytes in glioma patients compared to healthy dorfrd.i et al.,
2018)

Supporting this trend, a separate study compariRgnal CelCarcinomapatients and healthy
controls revealed significantly high&m-3 expression on tumar-infiltrating lymphocytes (TILs)
(14.6% for CD4+ T cells and 30.9% for CD8+ 7, celtspared to 7.6% and 10.7%, respectively
(Cai et al.,, 2016). Notably, periphefialood T cells in these patients showed no significant
difference(Cai et al., 2016)

Summary

In conclusionthe datain this chaptemreinforces the presence dafim3 on various immune and
tumour cell subsets iIBC and its enhanced expression upon interaction with TCM. This aligns
with observations in other malignancies and supports the notion of a dynamic interplay between
cancer and the immune system, where both environmental factors and direct interaction can
influenceTim-3 expression and potentially impact tumour progressidhe following chapter will

delve into the potential functions ofim-3 blockadewith/without oHSV in vitro
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Chapter 4

Combination of antiTim-3 and oncolytic
virotherapy inBG cells
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4.1. Introduction

Tim3 upregulationhas been implicated in promoting turao cell proliferation, migration, and
invasionin vitro (Cheng et al., 2018; Guo et &022a; Lin et al., 2017reclinical studies have
demonstrated that inhibiting Tir3 or silencing its expression through siRNA can impede these
processes in various cancer types, including breast, glioma, prostate, colorectal, and clear cell
renal cell carcinoméCheng et al., 2018; Guo et al., 2022b; Huo et al., 2022; Piao et al., 2013; M.
Yu et al., 2017b, 2017a; Zhang and Zhang, 2020; Zheng et al., 2015)

In the context of breast cancer, a few studies have shown that3Totockade on breast cancer
immune cells can improve the antidzY 2 dzNJ NI & LJ2 y &8Is floyl bréadt Gadderd ! 4
patients were cultured and demonstrated that FBnupregulation duringex vivo expansion
contributed to dysfunction and markedly promoted apoptosis of these cells. Importantly3 Tim
inhibition effectively restored their function in vitr@Guoet al, 202Q. Another study revealed

Tim3 upregulation on tumouinfiltrating immune cells from human primary breast cancer
explant cultures. Notably, THBblockadesenhanced immune responses and suppressed cancer

related pathways, exerting antimorigenic effects in vitr¢gSalehet al., 2020).

Additionally, oncolytic viruses are already used clinically for certain cancer types and are under
clinical trials for many others, including breast cancer, as mentioned in section 1.3. These viruses,
including adenovirus, vaccinia virus, reovirus, and-H3)ave demonstrated antumour effects
showing effective cytotoxicity resultinig efficient killing of BC cells in viti@eng et al.,2013;

Cody et al.,2014; Ghouse et al.,2020; Cheng et al.,2018; Fan et al.,2016; Ch26¥4;dliy and
Rabkin,2005Wang et al.,2012; Nanni et al.,2013; Zeng et al.,2013; Guo et al.,2@a6gover,

as previously mentioned, OVs can be armed with reporter genes, cytotoxic transgenes, and have
the potential to induce immune responses that modify the tumour microenvironment. Some
studies have combined OVs with other agents or genetically fieddithem to enhance
therapeutic effects. For instance, combining histone deacetylase inhibitors or paclitaxel with

oncolytic HSV has shown improved antinour activity including indcing of mitotic arrest and
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apoptosis(Zeng et al.,2013pr improvement of virus replicatioffCody et al.,2014in vitro.
Furthermore, arming an oncolytic HSV with interleukihor the carboxyterminus of protein
phosphatase 1 regulatory subunit 15A (MyD116/GADD34) has led to enhanced viral replication,
cytotoxicity in vitro(Ghouse et al.,2020; Cheng et al.,2048) inhibition of tumour growth,

tumour angiogenesis, and prevention of lung metastasis in(@mwuse et al.,2020)

Overall, although both Tif inhibition and oHSV have shown promise in preclinical studies, their
monotherapy is nosufficientto complete antitumour responses. Thus, combination therapy of

Tim-3 inhibition and oHSV could provide better therapeutic outcomes.

Subsequentlythe aim of this chaptewas toassess the outcomes inhibiting Tim-3 with/without
oHSWV1 inBCcell lines This wasnvestigatedby AlamarBlue,cell migration and invasion assay

following treatmentof a panel ohumanBCecell lines.

The specific aims were ttetermine
IC50 values @ oHSV1 viruses
Cytotoxcity analysis via Alamar Blue assay on humanrandseBCcell lines
BC ell migration usinga scratchyvound healing assay

BC ell Invasion usinghe flouroblock transwell Matrigel assay.
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4.2. 1C50 evaluation oBCcell lines in response to the oncolytic viruses H$X16, HSV
E17RL1del7, HS¥17RL1del2

The oncolytic effect of three oHSMviruses SV1716 HSVE17RL1del7, HSX17RL1del2) was
assessed inBCcell lines. HS¥17RL1del7, HSXA7RL1del2 were provided by Dr Joe Conner and
are genetic variants of HSM 16 that have not yet been investigated. IC50 values were
determined by Alamar blue assay on 1st,2nd,5th, and 7th day post infection. The conicentrat
of virus used was MOI 30, 10, 3, 1, 0.3, &nd, 0.03, this range has been determined by HSV
1716 on MDAMVIB-231. In this experiment the IC50 for infected cells was measured. This
determines the copentration of a virus that causes death of half the number of total ¢8#le
Appendix 7.3. for raw datg. Therefore, it could be used to compare their effectiveness and

determine concentrations for other experiments.

In MCF7 cells, which are ER+, PR+, HE&PR3 virus types caused a significant decrease in cell
viability in the first 24 hoursHigure4.1.), with the highest cell death and the lowest IC50 value
(0.1863) in the HS¥Y716 group. HS¥17RL1del7 was also effective at the 24 h time point with
an IC50 of 0.2489. However, at 48 hours to 168 hours the IC50 fet H8\&nd HS¥17RL1del7
increases ggesting these viruses were more effective at the earlier time point. On the other
hand, HSW17RL1del2 activitgxhibited the lowest IC50 at the 48 (0.04970) and 120 hours
(0.2652) posinfection compared to the other viruses. This suggests that this virus is more
effective at later time points. At 168 hours, a decrease in the efficiency of all 3 virus types was

observed and the lowest IC50 value was in the H3YRL1del7 group.
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Similar toMCF7 cell line, all 3 virus types caused a significant decrease in cell viability in the first
24 hours in the MDAMB-231 cell line which belongs to the TNBC grdtigyre4.2.). In this cell

line the lowest IC50 value (0.08964) with the highest cell deatholvasrved withthe HSV1716
treatment group at 24 h, and this IC50 value was low compared to that of the other 2 groups (IC50
values HSE17RL1delZ# 0.9906, HSW17 RL1del2 = 0.4682)owever,HSWV1716 was less
effective over time. At 120 and 168 hors, the HSW17RL1del2 group exhibited a significant
increase in cell death compared to the other viruses and displayed the lowest IC50 (0.3474 and
0.1480, respectively) compared to the other treatments. This suggests that this virus is more
effective atlater time points for MDAVIB-231 cells,and this may be important for long term

treatment.

All 3 virus types in the SKBRcell line caused a significant decrease in cell viability in the first 24
hours Figure4.3.). The lowest IC50alue (0.1101) with the highest cell death was observed in
the HSV1716 group After 48-hours evaluation, there was an increasedell deathof all groups

and the lowest IC50 value (0.08171) was in the -HHBM6 group. At 120 hours, only the
HSVV17RL1del2 group continued this increasing trend of cell death. At the end of the 168 hours
period, the lowest IC50 value.@B15) was also found in this group. This suggests thatlH3&

is more effective at the earlier time points while HBY7RL1del2 is more effective at later time

points.
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Figure 4.1. HS\{716, HS\E17RL1del7, HS¥17RL1del2 reduce cell viability in MCBZcells.MCF7 cells were plated into 96 well plates at Sat@ infected
with 3 types of HSV at concentrations of MOI 30,10,3,1,0.3,0.1,0.03. Alamar blue reagent was added, and plates we2é-rd&] 4P0 and 168hourspost
infection on a fluorescent plate reader at excitation peak 570nm and emission peak 585nm. The data are normalised &sploadiog nofreated control
cells the graphs generated using GraphPadm software for IC50 calculatiom¥ata are the Mean + SEM for n=3 independent experiments.
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Figure 4.3. HS\I716, HS\E17RL1del7, HS¥17RL1del2 reduce cell viability in SKBBCcells.SKBF cells were plated into 96 well plates at 5%40d infected
with 3 types of HSV at concentrations of MOI 30,10,3,1,0.3,0.1,0.03. Alamar blue reagent was added, and plates we2éd-rd&] 4P0 and 168hourspost
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cells the graphs generated using GraphPadm software for IC50 calculatiom¥ata are the Mean + SEM for n=3 independent experiments
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4.2. Use ofAlamar blue assays to investigate the cytotoric of HSV1716, HSME17RL1del7,
HSWV17RL1del2 oBCcell lines in combination withTim-3

The IC50 values were used to determine optimal virus concentrations. For the followig)
experiment, HSM 716 was used initially as this is the most characterised virus. of MOI 1 was used
for the HSV1716 virus concentration, since this induced cell death oveday7period. The ani
Tim-3 concentration range administered was 5 mg/mL, 2.5 mg/mL, 1.25 mg/mL, this range was
selected from the literature (Hastings et al., 2009). The experimental design included untreated

cells, Ig control, ar{Tim-3, HSV1716+ antiTim-3 and medium only for background.

In the MCF7 cell§;im3 showed a trend towards reducing cell viability at 24 h but this was only
significant at a concentration of 2.5 mg/ml and not at higher or lower concentratiofisne8.
Further experimental repeats would help to confirm if this is reproducible. However, the
combination of HSXI716 + antTim3 treatment significantly reduced cell viability at all
concentrations and time intervals compared to the control groEyre 44.). Moreover, this
effect was sustained and most prominent 7 days posiatment, whee nearly all the cells lost

viability.

Next, Tim3 inhibition was assessed in the MBAB-231 cell line Figure4.5.). This cell line was
significantly more sensitive to anfim-3 when given alone particularly at the 5 mg/ml where cell
viability reduced over time compared to the control group. Loss of viability TWih3 treatment
was dosedependent at all times tested. In addition, when combined with 43¥6 a more
synergistic effect was observed whereby all concentrations of Binti3 led to a reduction in cell

viability at all the time paits.
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Finally, the same experiments as above were repeated in the-SKBRIline. Here the anfiim-

3 group showed no significant effects on cell viability at most concentrations and time points
compared to the control groupFgure4.6.). However, the HS¥716 + antiTim3 treatment
group significantly reduced cell viability at most concentrations and time points compared to the
control group. This cell line was the least sensitivd ito-3 inhibition alone or in combination

with HSV1716

Following the humam®Ccell line, these treatment groups were performed in mouse cell lines by
MSc student Soumya Rupangudi under my supervision. E0771 ahd@@&Tcell lines mimicking
human TNBC subtyd&chrors et al., 2020) were usdekperiments were carried out identical to

the human BC cell lines. The combination treatment demonstrated more cell death till 72 hours,
all treatment groups presented a trend towards declining cell viability over time compared to the
control group. Morever, the least cell viability was obtainedHi$W1716alone and combination
treatment groups. However, these 2 groups exhibited a similar reduction considering that adding
Tim-3 did not contribute to viability declining &m-3 alone group showed lesglt viability than

the combination(Figure 47.).
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Figure 44. Combination treatment withTim-3 inhibition and HSV1716 infection reduces cell viability in MCE Anti-Tim-3
antibody and, HSY716+ antiTim-3 antibody were administrated on M&Fat different concentrations which are 5 mg/ml, 2.5
mg/ml, 1.25 mg/ml forantibodies:MOI 1 for HS\1716. Alamar blue reagent was added, and plates were re@d-ay8, 120
and 168hourspost infection on a fluorescent plate reader at excitation peak 570 nm and emission peak 585 nm. Data is sh
mean + SEM for n=3 independent experiments, where * = P<0.05 after the application of a Three Way AMOVA with |

comparison to control
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Figure 45. Combination treatment withTim-3 inhibition and HSV1716infection reduces cell viability in MDMB-231. Anti-
Tim3 antibody and, HS¥716+ antiTim-3 antibody were administrated on MBMB-231 at different concentrations which are

5 mg/ml, 2.5 mg/ml, 1.25 mg/ml faantibodies:MOI 1 for HS\1716. Alamar blue reagent was added, and plates were read a
24-, 48, 120 and 168hourspost infection on a fluorescent plate reader at excitation peak 570 nm and emission peak 585 |
Data is shown as mean + SEM for n=3 independent experiments, where * = P<0.05 after the applicativeeWWay ANOVA

multiple comparison to control
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Figure 46. Combination treatment withTim-3 inhibition and HSV1716 infection reduces cell viability in SKERAnti-Tim-3
antibody and, HS¥716+ antTim-3 antibody were administrated on SKBRt different concentrations which are 5 mg/ml, 2.5
mg/ml, 1.25 mg/ml forantibodies:MOI 1 for HS\ 716. Alamar blue reagent was added, and plates were re@d-a48-, 120
and 168hourspost infection on a fluorescent plate reader at excitation peak 570 nm and emission peak 585 nm. Data is
as mean + SEM for n=3 independent experiments, where * = P<0.05 after the application of a Three Way ANOVA with

comparison to control
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Figure 47. Combination treatment withTim-3 inhibition and HSV1716infection reduces cell viability in micBCcell lines
which are 4T1 and EO77Anti-Tim3 antibody and HSX(716 + antiTim-3 antibody were administered on 4T1 and E0771 at
concentration of 5 mg/ml foantibodies:MOI 3 for HS\L716. Alamar blue reagent was added, and plates were read-at 24
48-,72-, 120 and 168hourspost infection on a fluorescent plate reader at excitation peak 570 nm and emission peak 585 r
The data, n=3 independent trials displayed as mean with Standard Deviation (SD). AvayoANOVA is employed to analyse
and compare mean of each treatment trial with each other. Here *=P<0.05 and ****=P<0.01 as observed between the col
andHSV1716the control and the combination treatment on th& &nd 7" day post treatment
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4.3. The effect of antifim-3 and oHSVs on migratory potential of BC cell lines

Wound healing assaywere performedo evaluate celimigration behaviourThis was carried out
by scratching the cell surfacd the cell monolayersvith a pipette tip followed byexposng to
cellsto the treatments below. Cellsvere then imageduntil the scratchclosed completely at

dedicated time periods as mentioned in the metheection2.2.8

Thenine treatment groupsusing in the assay daCcell lines
Control cells treated with serusffree medium
Cells treated with control (IG) antibody
Cells treated withTIM-3 antibody
Cells infected with HSY716
Cells infected with HSK17
Cells infected with HSV17
Cells infected with HSY716+ anti-Tim-3 antibody
Cells infected with HSK17+ anti-Tim-3 antibody

Cells infected with HSV17+ anti-Tim-3 antibody

The scratch was imagedusing the EVOS microscope and the data normalised to the
corresponding nostreated control cells Allthe graphswere generated using GraphPad Prism

software using Twavay ANOVA as shownfigures 48. to 4.10.
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MCF7 cells were treated with 9 different groups and imageda6 18 and 24 hours. After 6
hours of treatment, all groups, except theHEW/ + anti-Tim3 combination group,
demonstrated a statistically significant decreases in migration compared to the control group
(Figure 4.8). Furthermore, the greatest inhibition of cell migration was seen in the-VASV

group at 6 hours.

At the end of 18 hours, it was determined that this significant inhibitory effect was maintained
only by the HS\I716 + antiTim-3 combination group. When the last time period was evaluated,
all groups caused considerable decreased migration. To conclude, in the last two time periods,

the distinguished result was obtained from the HBX16 + antiTim-3 combination groups.

The same treatment groups were applied to MDIB-231 cells and imaged at 0, 18 and 24 hours.

However, no significant difference was obtained in any group or time period teiSigdré 49.).

For SKBR cells, migration was evaluated at 24, 48 and 72 hours. At 48 hours post treatment the
HSV1716 + antiTim3 and HSMEL17 + antilim-3 combination treatment groups resulted in
significantly reduced BC migrati¢Rigure 4.0.). Although at this time point, most of the group
treatments appeared to prevent migration (blue lines presented visual size differences compared
to the control group). However, no statistical difference was observed. At 72 hours, all groups
excluding the B\WVW17 + antTim3 combination group exhibited a significant decrease in
migration. The most evident decrease in both periods of time was detected in the comlpinatio
group of HSM 716+antiTim-3. To conclude, HSW17, HSNE17 + antiTim3and HSVL716 + anti

Tim3 combination treatment groups showed statistically significant reductions in BC cell

migration.
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Figure 48. Representative images of migration assay Bym-3 blocking with/without HS\V1716/-E17/V17 on MCH cell linesCells were blocked with affiM-3
at concentration of 5 mg/ml, with/without viruses at MOI 1. This experiment was repeated 3 times and images were takeri&iadd 24 hours. Data are mean +
SEM. The data normalised to the correspondingtneaited control cells and analysed by FTway ANOVA
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Figure 49. Representative images of migration assay bymn-3 blocking with/without HS\¢1716/-E17/+V17 on MDAMB-231 cell linesCells were blocked
with anti-TIM-3 at concentration of 5 mg/ml, with/without viruses at MOI 1. This experiment was repeated 3 times and imagé&akemrrat 0, 18, and 24
hours. Data are presented as mean + SEM. The data are normalised to the correspondiiagtadrcontrol cells and analysed by Tway ANOVA
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Figure 4.D. Representative images of migration assay byn-3 blocking with/without HS\(1716/-E17/V17 on SKBR cell linesCells were blocked with
anti-TIM-3 at concentration of 5 mg/ml, with/without viruses at MOI 1. This experiment was repeated 3 times and images were takdndaB @nd 72
hours. Data are presented as mean + SEM. The data are normalised to the correspondiegtadrcontrol cells andnalysed by Twavay ANOVA
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4.4.The effect of antiTim-3 and oHSVs on the invasion potential BC cell lines

Invasion assays were performed to evaluate treatment on behaviour of BC cell invasion. Briefly,
cells were exposed to Mitomycin C and Matrigel was added to Flouroblock Transwells by
incubating for 2 hours. Cells and treatments were mixed and then add#égktmanswells. After

24 hours incubation (48 hours for SKBRwells were stained with Calcein AM followed by 45

min incubation.

Tests were carried out including nine treatment groups on 3 BC cell lines;
1. Control cells treated with serusfiee medium
2. Cells treated with control (IG) antibody
3. Cells treated withTIM-3 antibody
4. Cells infected wittHSV1716
5. Cells infected with HSK17
6. Cells infected with HSV17
7. Cells infected wittHSV1716+ antiTIM-3 antibody
8. Cells infected with HSE17 + antTIM-3 antibody

9. Cells infected with HSV17 + antiTIM-3 antibody

Wells then were imaged by EVOS microscope ahdgnification,and the data are normalised
to the corresponding noitreated control cells the graphs generated using GraphPad Prism

software using Twavay ANOVA as shownkigures 4.2.,4.14.,4.16.
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This experiment is based on movement of the treated/untreated cells from the top of transwell
to the bottom of the well through the Matrigel. FBS provides the factors that attract cells across
the barrier as they a have high content of migration stimulgimmoteins. Furthermore, Matrigel

is a solubilized basement membrane extracted from mouse sarcoma, rich in such ECM proteins
as laminin (a major component), collagen IV, heparan sulphate proteoglycans, entactin/nidogen,
and a number of growth factors, ars mimics then vivotumour microenvironment Cells then
passing through the Matrigel are considered invasive while those staying on the top of the
transwellsare noninvasive cells in this experiment. Imagining was carried out from the top of

wells showing nosinvasive cells labelled green.

MCF7 cells were treated with 9 different groups and imaged at 24 hours using the EVOS
microscope.Tim-3 inhibition (Figure 4.1.-number 3 and HSW17 exposed treatment group
(Figure 4.1.-number 9 had more green labelled cells (that had not invaded the Matrigel)
compared to other treatments and control group. Furthermore, statistical analysis showed

considerable changes in the same grouggire 4.12.

152



MCF-7

Combination-2 Combination-3

Combination-1

Figure 4.1. Representative images cdn invasion assayfollowing treatment with Tim-3 blocking with/without HS\V1716/-
E17+V17 on MCH cell linesCells were blocked with affiM-3 at concentration of 5 ug/ml, with/without HSY716,-E17,-V17
viruses at MOI 1,3,10 respectiveGombination treatment groups were labelled with numbers and combindti@ombination
of HSV1716 and antiTim-3 antibody,-2: combination of HSE17 and antiTim3 antibody,-3: combination of HSV17 and ant
Tim3 antibody Images represent nanvasive cells by green fluorescence dyd weretaken from top of the transwells. This
experiment was repeated 3 times and images were taken at 24 hours.
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Figure 4.2. Combination ofTim-3 inhibition and HSW17 treatment showed reduced in invasiveness of MCgells.Cells were
blocked with antTIM-3 at concentration of 5 mg/ml, with/without HSY716,-EL7, -V17 viruses at MOI 1,3,10 respectively
Treatment groups were labelled with numbers and number 1: control ,2: Ig antibody,-Biresteintibody, 4: HSXL716, 5: HSV
E17, 6: HSV17, 7: combination of HSM 16 and antiTim3 antibody, 8: combination of HEA7 and antilrim-3 antibody, 9:
combination of HSV17 and antiTim-3 antibody. Data are mean + SEM. This experiment was repedieeS and the data are
normalised to the corresponding nareated control cells. The graphs show the uninvaded cells and were generated L
GraphPad Prism software and analysed using-@ag ANOVA

The same treatment groups were applied to MBUB-231 cells as in MEGFcell lines and imaged
at 24 hours. However, no meaningful results were obtained in any group. Althoughirtké
treatment group did not show statistical significance evaluated in terms of cell count, they

exhibiteda tendtowards less invasior{gure 4.13number 3 and Figure 4.11.
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Figure 4.13. Representative images of an invasion assay following treatment Wirtf#3 blocking with/without HS\V1716/-E17/-
V17 on MDAMB-231 cells.Cells were blocked with affiM-3 at concentration of 5 mg/ml, with/without HSY716,-EL7, -V17
viruses at MOI 3,30,30 respectivelpmbination treatment groups were labelled with numbers and combindticombination of
HSV1716 and antTim-3 antibody,-2: combination of HS¥17 and antilim-3 antibody,-3: combination of HSV17 and antTim-

3 antibody Images represent neinvasive cells by green fluorescence dye and were taken froofi o transwells. Data are mean
+ SEM. This experiment was repeated 3 times and images were taken at 24 hours. This experiment was repeated 3 times al

were taken at 24 hours
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Figure 4.14. There are no significant differences on all treatment groups in invasiveness of\WB>231 cellsCells were blocked
with anti-TIM-3 at concentration of 5 mg/ml, with/without HSY716,-E17,-V17 viruses at MOI 1, 3, 10 respectively. Treatme
groups were labelled with numbers and number 1: control ,2: Ig antibody, 3tiam8 antibody, 4: HS\Xt716, 5: HS¥17, 6: HSV
V17, 7: combination of HSM'16 and antiTim-3 antibody, 8: combination of HE¥17 and antilim-3 antibody, 9: combination of
HSW17 and antiTim-3 antibody. Data are mean = SEM. This experiment was repedtsaws,and the data are normalised to
the corresponding notreated control cells. The graphs show uninvaded cells and were generated using GraphPad Prism s
and analysed using Oneay ANOVA

Finally, the samexperiments as above were repeated in the SIBRRII line and imaged at 48 hours.
All HSV types exposed treatment groupsg(re 4.15number-4, -5, -6) and one of combination
groups HSM716+antiTim-3 exposed treatment groupFigure 4.15number 7) had more green
labelled cells (that had not invaded the Matrigel) compared to other treatment groups and control
group. Furthermore, statistical analysis showed considerable changes in the same dfigups (
4.16). Although the HSV17 + anti-Tim3 exposed teatment group did not show statistical
significance evaluated in terms of cell count, they exhibited a tend towards less invasjomne(

4.15-number 9 and Figure 4.1§.
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Figure 4.15. Representative images of an invasion assay following treatment With-3 blocking with/without HS\(1716/-
E17,v17 on SKBR cell linesCells were blocked with anliM-3 at concentration of 5 mg/ml, with/without HSY716,-EL7, -
V17 viruses at MOI 1, 3, 10 respectivaBombination treatment groups were labelled with numbers and combirétion
combination of HS¥716 and antTim-3 antibody,-2: combination of HS¥17 and antirim-3 antibody,-3: combination of HSV
V17 and antTim3 antibody Images represent nanvasive cells by green fluorescent cells and were taken from top of
transwells. This experiment was repeated 3 times and images were taken at 48 hours
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Figure 4.16. Combination ofim-3 inhibition HSV1716 and each of all HSV types exposed treatments showed reduced
invasiveness of SKBIRcells.Cells were blocked with affiM-3 at concentration of 5 mg/ml, with/without HSY716,-E17,-V17
viruses at MOI 1, 3, 10 respectively. Treatment groups were labelled with numbers and numberl: control ,2: Ig antiliody,
Tim3 antibody, 4: HSXt716, 5: HS¥17, 6: HSV17, 7: combination of HESM 16 and antiTim-3 antibody, 8: combination of
HSVEL17 and antiTim-3 antibody, 9: combinationfoHSW17 and antTim3 antibody. Data are mean + SEM. This experimel
was repeated 3imes,and the data are normalised to the corresponding tr@ated control cells. The graphs show uninvade
cells and were generated using GraphPad Prism software and analysed usiwayOABOVA
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4.6. Discussion

Immune checkpoints (ICs) normally prevent excessive T cell activation and maintain self
tolerance. However, disruptions in this balance, often due to epigenetic or genetic factors, can
lead to cancer and upregulation of ICs, thereby suppressing T ceibafiiuang et al., 2019;
Sakowska et al., 2022Jhis upregulation has been implicated in tumgrogression across
various cancerglisi et al., 2022; Shukla and Steinmetz, 2016; Topalian et al., 0d 4as led

to the clinical use of I@hibitors (ICIs) While ICIs have shown clinical benefitiargadon et al.,
2018) the efficacy of these new drugss limited in some patientsparticularly with "cold"
tumoursthat lack sufficient immunenfiltration needed for the inhibitors to woiiu and Sun,
2021) Oncolytic viruses (OVs) likbe HSVsused in this chaptecan reshape the tumar
microenvironment (TME) by inducing immunogenic cell death and recruiting immune cells
(Achard et al., 2018)his enhanced immune response can synergize with ICls, improving their

efficacyby enabling T cell infiltration into tumas (Chon et al., 2019)

This chapter investigatethe effects of arming of oHSV withTam-3 inhibitor on cell viability,

migration, and invasiom vitro.

First of all, the IC5@ata confirmed that all three viruses reduced cell viability across all the
humanBCcell linesThe most studied of these virus@dSV1716) had a more pronounced effect

on cell viability in the first 24 hours in all cell lines. However, this effect was not so evident over
the 7 days periodThe other 2 viruse@HSVE17, HSW17)were alsoeffective,and this is the first

time this has beerdemonstratedin any cancerFor instance, in the MCGF cell line, HSV
E17RL1del7 showed a decreasimgreasingdecreasing graph on 2nd, 5th, and 7th post infection
days, respectively, while the efficacy in the SiBfell line showed an increashagcreasing
increasingcell viability It is not clear why this is the case and more experimental repeats may
help confirm if this is a genuine phenomenon. It could be that the different subtypes of BC
influence their sensvity to HSV.
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For example, the doubling time of MCks 3040 hours, while this time is 20 hours for MIMB-

231 and so the rate of cell growth may influence infection. Also, the HSV viral life cycl20s 18
hours. Therefore, the doubling time of the MBAB-231 cell Ine and the virus are close to each
other and may have an effect on the transformation of the efficacy in a decreasing and then
increasing trend. It is also possible that the different BC cells express different levels btEISV

surfacereceptors,and this could affect infection kinetics

Furthermore, these viruses have different genetiodifications,and this could lead to the
differences observed, as mutations in the virus glycoproteins could affectlld8Nattachment
factors(Peters and Rabkin, 201B)isinteresting that HSW17RL1del2 works better at the longer
time point, and this could be important in a therapeutic setting as it would give longevity to the
response It is the first time that we have seen long lastingo@nses to a HSV virus our previous
research orHSV1716was limited to earlier timepoint@&Kwan et al., 2021)f time was permitting
additional methods for investigating cell death would be employed to confirm these data and
confirm mechanisms of cell death. For example, previous studies from our team have shown that
HSV1716 (MOI 10) induces immunogenic cell deathBCcells MDAMB-231 and EOQ771with

an upregulationn ATR HMGB1 and expression of calreticylimimmunogenic cell death (ICD)
markers (IFN, HSPA1A, NFi T | ¥ R X ¢i@D@myirker (LC3B) and apoptosis (CASP3 and
CASP8) were significantly upregulafeldward et al., 2022)This could be done usiid ISA assay
ENLITEN ATP assayl, Real Time PCR

Once the IC50 data for the viruses were obtained, the effecliot3 blockingalone and in
combination withHSV1716in all the humarBCcell lines wasnvestigated Tim-3 inhibition on
its own was least effective at reducing cell death even across the 7 days inculbétiaryver
the combination with HSXI716 showed a significant decrease across all theTant3 antibody

concentrations suggesting that OV makes the cell lines more sensitive to the inhibitor.
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Next the effect of the OV and arfim-3 ICI on 2 mous8Cecell lines was investigated. 4Tand
EO0771 cells are different subtypes BC For instance, 41 has a metastatic profile and the
doubling is 12.6 hours. Whereas E0771 is poorly metastatic compared-ioa#hd doubling
occurs in 56 days, while the HSV viral life cycle is208hours, which may have an effect on the
transformationof the efficacy and stability of the antibodi/he decreased viability of Murine BC
cells afterHSW1716infection invitro suggests thatSV¥1716has cancer cekilling capacity at a
MOI 3.

Across the research, there was a significant decrease in the viability of BC cells in bd8whe
1716treated groups, whether alone or in combination with an Ab. Both mAbs (Isotype Ab and
Anti-Tim-3 Ab) were examined in the viability assay to determine their role in toxicity and cancer
cell growth. They show no symptoms of toxicity to cells at first, but theredisceeasein cells
viabilityon days 5 and 7. The identical findings of the combination therapy and standalone OVT
demonstrate that the additin of the anti-Tim-3 Ab together with the O\VHSV1716 does not
impair viral function. BecausdSV1716alone and in combination with the Ab have a similar
cytotoxic impact on BC cells, it may be concluded tH&V1716 and antiTim3 Ab are

complimentary in vitro.

Previous studies have established tidiM-3 is upregulated in various cancefBaitsch et al.,
2011; Fourcade et al., 2010; Gao et al., 201Zhjs upregulation has been linked to increased
cell proliferation, migration, and invasiancludingBCcells(Cheng et al., 2018)HCC celld.in et
al., 2017) glioblastoma(Guo et al., 2022a)Furthermore, it was found to be significantly
correlated with clinical stage and metastagSheng et al., 2018n BC patients andavith
pathogenesisind cancer progression NSCLC patien(&ao et al., 2012apur own findings from
the migration and invasion assays align with these observations. In7/\V@E SKBR cell lines,
all treatment groups significantly impeded migration, with the H8V16 + antTim3
combination showing the most potent effecdimilar patterns were observed in the invasion
assay. In MGF cells, antiTim-3 treatment alone and HSV17 significantly inhibited invasion,
with anti-Tim-3 again showing the strongest effect.
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In SKBR cells, all HSWased treatments and the HSM16 + antTim3 combination
significantly reducectell invasion However, MDAVIB-231 cells, a more aggressive subtype,
exhibited any significantresistance to all treatments for migration and minimal response to
invasion(Figure 49. and 4.14.). This suggests that the efficacytbfs treatmentapproach may

vary depending on tumour subtype and aggressiveness and this may need to be considered for
patient treatment. Of note,the invasion assay used in this project counteshinvaded cells
therefore another invasion methods coulte used to improve the data such astaining and

countingcells that hadnvaded(Justus et al., 2014)

Our findings align with previous studies demonstrating the-migratory and preinvasive roles
of TIM-3 in epithelial ovarian cancer arBIC Theseprevious studiegxamined the migration and
invasion effectson over-expresgon and depleted Tim3 genes using pcDNADVTIM3
(recombinant adenovirus vectors containing a fragmentioft-3 cDNA)or siRNAto knockdown
Tim-3, in vitro. Silencing th&@im3 inhibited the migratory and invasimess of cellsvhile over

expression offim3 improved these abilitieCheng et al., 2018; Huo et al., 2022)

Whilst this chapter focuses on cells grown in 20r, findingsindicatethe diverse responses of
BCcell lines to treatment, even within the same disease. This variability likely stems from
differences in tumour subtypes and their associated ER/PR/HER2 status, as well as varying levels
of Tim3 expression observed in secti@2. Additionally, the order of treatment administration

could impact efficacy. HSV infection might neutralize the-amt+3 antibody, suggesting that
delaying antibodyreatment after HSV infection (2 hours) might be more effective. Optimizing
treatment schedules and considering subtygeecific responses will be crucial for maximizing

therapeutic benefit.
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Despite these divergences, our findings provide compelling evidence for the potential of
combining oHSV and aflim-3 antibodies to suppress migration and invasiorB@cell lines.

This aligns with previous studies highlighting the-prigratory and preinvasive roles of IM-3.

If more time was permitted, itvould beimportant to determine how this drug combination
works in 3D models dC using tumour spheroidsd is discussed in the future work section
(chapter 6).The next chapter will delve further into exploring this promising treatment strategy

in an animal model dBC
Summary

This chapter showed for the first time the effects of inhibitifngr3in combination with the virus
HSV1716in BCcell linedn vitro. The data showed significantreduction on tumour cell viability,
cell migration and invasiom MCF7 and SKBR but this wasnot statistically significant ithe
aggressiviiIDAMB-231 cells
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CHAPTER 5

The effect of antiTim-3 and HS\/1716 In
animal modek of BC
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5.1. Introduction

Animal models are often used to investigate drug mechanisms/efficacy and disease pathways in
preclinical research to mimic human pathologyese include syngeneic and xenograft models
offering a tumour microenvironmen{Le Naour et al., 2020ayith normal immune system
function. These are called immunocompetent murine moddlao et al., 2008a)Moreover,
orthotopic transplantation of tumour cells, such as BC mouse cells into the mammary fat pad,
mimics primary tumour growth leading to spontaneous metastasis similar to human cancers
including tumour vascularity, metastatic pathway, histologynegexpression, resistance to
chemotherapy(Khanna and Hunter, 2005Cancer cells can also be implanted into the blood
circulation such as intracardiac infusion for bone metastasis, tail vein injection for lung
metastasises or portal vein injection for liver metastasis. However, implanting into the circulation
is an opportunityfor assessing organ colonization, not for metastatic procegsastozzi and
Christofori, 2006)

Xenograft models is where theancer cells are derived from different species such as human
cancer cells. For this to be successful the immune system is suppressed in these mice to prevent
graft reaction and these are called immunocompromised anirft@hs&nna and Hunter, 2005)
These mice tend to lack an adaptive immune system and whilst useful for studying human
tumours it is not possible to study complexed immuri®yarke, 1996)Therefore, the advantage

of syngeneic models is that they have normal immune system function allowing us to investigate
cancer processes/therapeutics and the immune respdqisatozzi and Christofori, 2006; Khanna
and Hunter, 2005)Two very common strains of mice for studying BC are C57BL/6 and @alb/c
Naour et al., 2020b)C57BL/6 became the first genome sequenced inbred s{viaterston et

al., 2002|nd is receptive to mutations for genetic engineered research while refractory to many
tumours includingBG (Le Naour et al., 2020bBalb/c miceare useful as tumours implanted in
these micehave the abilityto spontaneoul/ metastasige, and it has been showed they mimic
advanced malignant BC metastasis in hum@eu et al., 2012; Rashid et al., 2013; Tao et al.,
2008b) For instance, ithe 4T-1 syngeneic model, tumour cells quickigtastasisdo brain, lung,

liver and bongFantozzi and Christofori, 2006)
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There are genetically engineered mouse models (GEMRisyua et al., 2021gnd organoid
models of B(Srivastava et al., 2020bEMMSare used to investigate genetic modifications on

BC progression and types include tumour suppressor gene iowickumorigenesis by cell
fate/differentiation modulators, tumorigenesis by cell cycle regulators, tumour induction by
virally-derived oncogenes p®ntaneous tumorigenesis by receptor signalling, tumour induction
by specific promoters and inducible transgenic BC murine modRdgua et al., 2021)An
example of a GEMMS model, is the Polyoma Middle T (PyMT) aikggieted model, which is
used for studying TNBC in C57BL/6 or FVB maed was first described in 1992PyMTis
transmembrane protein and promotes tumorigenesis activatingkdse/AKT, MAP kinase, and
PLG aArayl ff (Re¢gda eLdll., (RB2@N dés@dvantage of this model is that it can take
many weeks for multiple primary tumours to develop (14 weeks) and as a result it is no longer
viable for studying metastasis as the animals need to be culled due to the substantive tumour
burden caused byhe primary tumourgAttalla et al., 2020)As mentioned above, there are a
number of preclinical BC models that pertain to the different BC subtypes in different murine
strains. The majority of these are TNBC, most likely because these are aggressive and grow well.
This limits the models to sometnt but can be overcome by using xenograft or patient derived
xenograft (PDX) mode{Souto et al., 2022Mouse models of BC are highlightedriable 5.1.

BC Organoid modetse an exciting recent alternative thahtail embedding mammary epithelial
fragmentsusually derived from patient sampl&s extracellular matriand growing these in 3D
cultures. These provide a platform that alloimvestigation of cellular and structural functisn

such as cell adhesion and matrix interactions, tissue morphology and environmental factors that
impact on tumorigenesi¢Srivastava et al., 2020)his important for clinically relevant cancer
research and investigating treatment modalities in vitro in a more sophisticated preclinical model.
Organoids are still early in their development as models and a downside to their use is sustaining
the cultures longerm as the cells often die after a few days of culture. It is also necessary to
have more standardised methods for processing organoidssuarderstanding their culture and

storage.
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Table 5.1. Examples of murir@Cmodels the subtypes, strain of mice and method for implantation.

BCcell subtypes Mice Implantation method Reference
strain
AT1/ATO7 BALB/c Tail vein/ (Aslakson and Miller2]
: 1992)
(TNBC) orthotopic ¢ mammary fat pat
E0771 C57BL/6 Subcutaneous/ (Sugiura and Ciieste
: Stock, n.d.)
(ER+, PRHER? orthotopic ¢ mammary fat pat
(Johnstone et al., 20154
E0771 C57BL/6 Intracardiac and intramammary | (Hiraga and Ninomiya
2019)
(ER+, PRHER?
D20R/D2A1 SCID Tail vein (Naumov et al., 2003)
(ER+, PRHER?
EMT6 BALB/c Tail vein (Gauthier et al., 2004)
(TNBC)
LM3 BALB/c Tail vein/ (Peters et al., 2003)
(ER+, PR+, HER2 orthotopic ¢ mammary fat pat
M6C FVvB subcutaneous (Holzer et al., 2003)
(TNBC)
Metastatic BC FVBPYMT | GEMMS (Guy et al., 1992; Lifste(

et al., 1998)
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In the previous chapter it was showvthat anti-Tim3 and oHSVs displayed cytotoxic and anti
tumour-properties in vitro. The aim of this chapter was to assess the effectaurdafTim-3
with/without HSV1716treatment in primary mouse mammary carcinoma models. This will allow

an investigation into antitumour immunity in a more complex mottbVv1716was used as this

was the most characterised of our oHSVs and has been widely tested in mouse models by us and
others(Benencia et al., 2008; F. Howard et al., 2022; Kwan et al., 2021; Lambright et al., 1999;
Toyoizumi et al., 1999)

Two typesof BC mouse cell lines (E0771 andl3Tvere used an@mplanted intothe mammary

fat pads of C57BL/6 and Balb/c mice, respectiEe@771 is a murine breast adenocarcinoma cell
line derived from C57BL/6 mouse at the Jackson laboratory in(Dediham and Stewart, 1953.;
Sugiura and Ciiester Stock, 1952P771 is a bashike BC, which is positive for ER, negative for
PR and HERZ2, and develops metastasis to the lung in C57BL/Johicstone et al., 2015 T-

1 is a murine BC cell line isolated from Balb/c niMdler et al., 198&nd metastasises to the

lungs, liver, bone and braifYoneda et al., 2000; Lelekakis et al., 1999; Yang et al.,.2004)

The specific objectives were to determitiee anti-tumour effects of

1 Anti-Tim3 and HSV1716 on mouse body weight and mouse survivalE@771 and 41
preclinical mouse models.

1 Anti-Tim3 and HSV1716 on mammary tumour growth ire0771 and 41 preclinical
mouse models.

1 Anti-Tim3andHSV17160on tumour necrosign EO771 and 41 preclinical mouse models.

1 Anti-Tim3 and HSV1716 on tumour metastasis to the lung/livan EO771 and 41

preclinical mouse models.
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5.2.In vivostudy design

ATLLUC cells and EO7LUC cells (1x1075 cells/mice) were implanted via intranipple injection
into Balb/c and C57BL/Gespectively. Tumour progression was monitored every 2 days by
manual measurement using callipers, alongside daily animal weighing. Each mouse strain was
randomly divided into groups of n=8 mice. They received the first treatment when tumour size
reached~100 mni. For Balb/c mice three doses were given in each treatment group on
consecutive days, while C57BL/6 were given once a webis treatment was based on
tolerability to HSV1716as determined by ouresearchgroup (Howard et al., 2022HSV1716
treatment was given intravenously (IV) while ahim-3 antibodies were received via the

intratumoural route(Ju et al., 2022KFigure 5.1).

anti-Tim-3/Isotype

1 |
4 B¢ ntratumoura
HSV-1716/PBS 4 | \._)\( )

anti-Tim-3/1sotype \ I i Y

,Jz'/l %% (Intratumoural)
HSv-1716/PBS /5 | \#

A awy A ?
S AN
pied ya el
Implantation - A 1 Implantation - N ]
of 4T-1 cells of E0771
(Intranipple) 951 ND 3™ cells 18T Pl 30
TREATMENT TREATMENT TREATMENT BIODISTRIBUTION (Intranipple) TREATMENT TREATMENT TREATMENT
DAY 0 DAY 6 DAY 7 DAY 8 DAY 9 SURVIVAL DAY 0 DAY 12 DAY 19 DAY 26 SURVIVAL
culling MODEL MODEL
(Tumour 100mm* {3 MICE OF EACH (28 Days) (Tumour 100mm?) (37 Days)

GROUP)

Figure 5.1. Schematic diagram to demonstrate the in vivo study design and treatment regimens for both mice strain.
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The 5 treatment groups were as follows;
1. Control mice:njected IV with PBS in a volume 0.1 mL.

2. Isotype mice:Injected intratumourdly with isotype antibody (200 mg/mice) in a volume 0.1

mL.

3. Anti-Tim-3 mice: Injectedintratumourallywith anti-Tim-3 antibody (200 mg/mice) in a volume

0.1 mL.

4. HSV1716 mice: Injected 1V withHSV1716 (1C° pfu/mice for Balb/c and 16 pfu/mice for
c57bl/6) in a volume 0.1 mL.

5. Combinationtherapy: Injected IV withHSV1716 (10° pfu/mice for Balb/c and 10pfu/mice
for C57BL/6) in a volume 0.L ml anttatumouralwith anti-Tim-3 antibody (200 mg/mice) in a

volume 0.1 mL.

Treatments were conducted in the same manner for both strains except for treatment days.
Firstly, a small study of n=3 mice of each treatment group were culled for biodistribution study
after 24 hours of the final treatment. Blood and organs (kidneys, spleen, brain, lung and liver)
and tumours were extracted for poshortem analysis studies. Following that, the remaining
mice were allowed to reach the maximum permitted size of an avedgE2 mm diameter.
Overal] humane endpoints for this study included ulceration of tumours, neurological deficit
(mobility issues, head tilting, extreme sensitivity and seizures), weight loss prior to culling,
extraction of blood/organs/tumours same as Histribution study for survival model. Mice

experiencing any of these were culledmediately(See Appendi¥.1. for ISR
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5.3. Tumour growth in response tanti-Tim-3 and HSV1716 treatment

To evaluate the impact of anfiim-3 with/without HS\V1716 treatment on tumour growth, 4T
1-bearing Balb/c mice were used (n=40) and EG@&4ring C57BL/6 mice (n=40) were used.
Tumour volume was measured-43 times weekly using callipers. Once tumours reached
approximately~100 mnd, treatment began as described section 2.2.11.1In the Balb/c model,
tumours grew steadily, and treatment commenced on days 6, 7, and 8. While not statistically
significant, all treatment groups displayed reduced tumour growth compared to the control
group Figure 52.). Notably, HS\ 716 monotherapy showed the most pronounced reduction,

followed by the combination therapy group.

Tumour growth in the C57BL/6 model was more variable, with treatment starting on days 14, 21,
and 28. Diverse trends were observed in responsedatments,and this was not expected as
normally these tumours grow relatively quick. Initially, tumour growth in mice receiiBy

1716 anttTim:3, or in combination was delayed until the second dose. Notably, the combination
therapy group showed a reduction in tumour growth between the second and third doses, but
then a sharp increase before the final dose. Interestingly, the combination groupaimed the
smallest overall tumour volume, even though the differences were not statistically significant

(Figures 53.).

Further analysis revealed that all treatment groups initially resembled each other in terms of
tumour growth for the first foudays after the first dose. However, a sudden increase in tumour
volume occurred for all groups by day 18, continuing until the third treatment. Notably, following
the final dose, the combination group's tumour volume increased at a significantly sloveer rat
than the other groups, hinting at a potential regulatory effestd Appendix Figuré.2.2). Itis

also important to note that no significant differences in body weight were observed across all
treatment groups compared to the control group, confirmmgadverse effects on overall health

(Figure 54.).
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Figure 5.2. Overall tumour volume (mm3) post treatment of mice following implantation of 4Balb/c

mice tumour volum&vasmeasured daily across all treatment groups including cofidtatck), Isotype ab

(pink), antiTim3 ab (green),HSV1716 (dark purple), combination (light purple) until when the last
surviving mice of the study reached their humane endpoint. Result shown as mean + SEM for a last
observation carried forward with an n=8 mice per treatment group where * = p<0.05 afterwiay 2
ANOVA with multiple comparisons between each treatment group.
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Figure 5.3. Tumour volume (minpost treatment of mice following implantation of EQ77L57BL/6 tumour volumeas
measured daily across all treatment groups including control (black), Isotype Ab (pinKjnaB#b (green)HSV1716(dark
purple), combination (light purple) until when the last surviving mice of the study reached their humane endpoint. R@sult sh
as mean + SEM for a last observation carried forward with an n=8 mice per treatment group where * = p<0.05 afteythe 2
ANOVA with multiple comparisons between each treatment group.
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Figure 5.4 Anti-Tim-3 and HSV1716treatment did not affect mouse weightBalb/c and C57BL/6 mouse body weights were
measured daily across all treatment groupsluding control (black), Isotype ab (pink), afitit3 ab (green)HSV1716(dark
purple), combination (light purple) until they were culled. Result shown as mean £ SEM with n=8 mice per treatment grouj
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5.4.Mousesurvival n response taanti-Tim-3 and HSV1716treatment

To assess the impact of afdtim3 with/without oHSV treatment on survival, 4 tumour
bearing Ballr mice (excluding the biodistribution group) and all EO771 turdmearing C57BL/6

mice were used. Survival times were recorded until humane endpoints were reached, as defined
in section 2.2.11.1(e.g., ulceration, neurological deficit, weight loss). Overall survival was

analysed using the Kaplavieier survival test.

In the 4F1 model (Balb/c mice), anfiim3 and isotype antibody groups displayed improved
survival rates compared to control mic&igure 55.). Although there is not a statistically
significant distinction between the control group and treatment groups, control group mice
presented 6 days shorter survival period than the dnin-3 treated mice. Unfortunately, in the
HSV1716alone and combination therapies some mice were culled before maximum tumour size
was reached anthis haslikely impacted on the survival data. This was because a substantial
number of mice developed ulceration, necessitating early euthanasia and limiting sample size for
endpoint analysis. For instance, in thSW1716 and combination groups, the last surviving
mouse was culled on day 25, while the last surviving mouse in the antibody only groups were

culled on day 28.

Similarly, in the EO771 model (C57BL/6 mice), no statistically significant differences in survival
were observed between control and treatment grousgure 56.). However, it is noteworthy

that the last surviving mouse in the H&V¥16alone group and two in the anfiim-3 alone group

were sacrificed due to ulceration on day 35. Despite the lack of statistical significance, these
observations hint at a trend towards improvement in survival wit§v1716 and antiTim-3

treatments.
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Overall, all treatments were welblerated with no cancerelated mortality. The observed
ulceration, however, likely impacted survival rates and may mask potential treatment benefits.
Future studies with improved ulceration management strategies are eééd provide a more

definitive assessment of the survival impact of these treattaen
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Figure 5.5. Overall animal survival post treatment of mice following implantation of 4&lgraph of survival plotted against
Days (post implantation) to understand tlsarvival rates of the BALB/c mice treated with the 5 different treatment group
including control (black), Isotype ab (pink), aritit3 ab (green), HS¥716 plue), combination (light purple). A Legnk (Mantel
Cox) test was conducted to analyse the survival curve with n=8 mice in each treatment group
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Figure 56. Overall animal survival post treatment of mice following implantation of EO7 A graph of survival plotted against
Days (post implantation) to understand the survival rates of the C57BL/6 mice treated with the 5 different treatment gr
groups including control (black), Isotype ab (pink),-&mti-3 ab (green)HSVY1716(blue), combination (light purple). A Lagnk
(Mantel Cox) test was conducted to analyse the survival curve with n=8 mice in each treatment group.
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5.5. AntiTim-3 and HSV1716increased tumour necrosis in 4T1 and E0771 mouse modeRf

H&E staining is a simple but powerful technique that is used to identify different tissue types and
structural changes in cancer. Haematoxylin stains nuclei a deegphlyée colour, while eosin
stains proteins in the cytoplasm and extracellular matrixkpiln a healthy tissue sample, the
nuclei are clearly defined, and the cytoplasm and extracellular matrix are evenly distributed. In
cancerous tissue, the nuclei are often enlarged or misshapen, and the cytoplasm and extracellular
matrix may be disruptedr altered. These changes can be used to identify cancer and to

determine the type, stage and grade of the tumdEkischer et al., 2008)

Mouse tumour samples were immediately embedded in OCT following removal from mice and
then stored in-80°C until these were cryosectioned. Slides were imaged after staining with H&E
and imaged with a Panoramic slide scanner as describgection2.2.11.2.These images were

used to assess the impact of treatments on tumour necrosis. Necrosis is a type of cell death
resulting from leaking of intracellular contents as a danger signal to the extracellular environment
displaying cytoplasmic swelling, irrevéisi plasma membrane damage and organelle
breakdown(Festjens et al., 2006Necrotic areas in the imagese demonstrated by light pink

patches (no cells, no haematoxylin).

Data showed that all treatments caused increased necrotic areas in both tumour models
compared to the control groupsFigure 57.). In the 4T1 model (Balb/c mice), the highest
percentage of necrosis was obtained in ahiin-3 and HSV1716alone treated groups (old)
compared to control and-fold compared to isotype treated mice. Although, the combination
group exhibited necrosis compared to the amtm-3/ HSV1716alone, it was still significant with

4.5fold compared to the control group.
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In the EO771 model (C57BL/6 mice), the highest percentage of necrosisbte@sed in the
combination treatment groups with an almost-f6ld increase compared to control and isotype
treated mice. The individual treatments (afim3 and HSV1716 alone) also significantly
increased necrosig={gure 57.) suggesting that these treatments were effective at inducing cell

death within tumour bearing mice.
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Figure 5.7. All treatments increased necrosis in 4T1 and EO771 tumour modé@ésplesentative images of
H&E staining indicating necrotic areas with green arr@vPercentages of necrotic areas is quantified using
ImageJ software ancesult shown as mean + SEM with an #=iice per treatment group where * = p<0.05
after the 2way ANOVA with multiple comparisons between each treatment group against the control.
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5.6.Anti-Tim-3 and HS\/1716reduced tumour metastasis in the 4T1 and Eo771 mouse models
of BC

Mouse organs were embedded in paraffin wax and stored at room temperature. These were
sectioned, stained with H&E and imaged using a Panoramic slide scanner as mentgewtwim
2.2.11.2.These images were used to assess the impact of treatments on metastasis to the liver
and lungs of the treated mice. Tumour metastasis is assessed by counting 10 or more tightly
packed haematoxylistained cells. Training to spot metastasis was providetl @rroborated

by Prof. Muthana.

Analysis in the 4T1 BALB/C model showed that treatment with-Tamt3 and HSWL716
significantly restricted the spread of tumours to the liver/lung of mice. The most reduction was
obtained with Tim3 inhibition (6fold) alone or in combination with H&M 16 (5.5fold)
compared to control for liver metastasis while the HEAL6 treatment only group was the most

effective at reducing metastasis to the lung compared to the conKigiufe 58.).

In the EO771 C57BL/6 model all treatments significantiybited metastasis to the liver and
lungs of mice. The most reduction was obtained in the combination treatment group in both

organs (2..and4-fold compared to control)Kigure 59.).

Despite the tumour growth data not showing any significance, all treatments significantly
induced tumour necrosis and suppressed metastasis. Future studies are needed to further
characterise the antiumour properties of these therapies and samples haverbeollected to

help do this.
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Figure 5.8. All treatments reduced metastasis in the 4T1 and EO771 mouse modsfAfRepresentative images of H&E stainir
(metastatic nodes are shown with arrowB). The number of metastatic nodes is quantified using Case Viewer softwaresuid
shown as mean + SEM with an n=3 mice per treatment group where * = p£808 p<0.0001, *** = p<0.0003 aftera Oneway

ANOVA with multiple comparisons between each treatment group against the control
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