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Ad Adenovirus

Ad5 Adenovirus Serotype 5

ADP Adenovirus Death Protein
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FGF3 Fibroblast Growth Factor 3
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MM Multiple Myeloma
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MTD Maximum Tolerated Dose

Mv Measles Virus

MYXV Myxoma Virus
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NF-kB Nuclear Factor Kappa B
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PD-1 Programmed Cell Death Protein-1

PD-L1 Programmed Death-Ligand 1
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PRDM1 Positive Regulatory Domain Zinc Finger Protein 1
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RANKL Receptor Activator of Nuclear Factor Kappa-B Ligand

RIPK1 Receptor-Interacting Serine/Threonine-Protein Kinase 1



RIPK3
ROS
RV
SLAM
SLAMF7
SMaRT
SMM
STR
TAA
TAM
TK
™Z
TP53
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A
A"

WT
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Reactive Oxygen Species

Reovirus

Signalling Lymphocytic Activation Molecule
Signalling Lymphocytic Activation Molecule F7
Sheffield Myeloma Research Team
Smouldering Myeloma

Short Tandem Repeat
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Thymidine Kinase

Temozolomide

Tumour Protein P53

T-Regulatory Cell

Vesicular Stomatitis Virus

Vaccinia Virus
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Abstract

Multiple myeloma (MM) is a bone marrow cancer of differentiated B-lymphocytes known as plasma
cells. Although MM usually responds initially to chemotherapy regimens, unfortunately, after periods
of remission of variable duration, successive relapses and the emergence of treatment-refractory
disease typically manifest. Therefore, new approaches are required that not only reduce tumour load,

but also prevent tumour recrudescence i.e. relapse from foci of minimal residual disease (MRD).

One such approach is the use of oncolytic viruses (OVs), which preferentially infect, replicate, and kill
cancer cells. A novel SLAMF7-promoter driven oncolytic adenovirus (Ad[CE1A]) was genetically
engineered to target MM. Previously, preliminarily results showed Ad[CE1A] to have efficacy against
MM, however, did not remove all tumour. Therefore, to progress AJd[CE1A] into clinical trials, the aim
of this project was to determine Ad[CE1A] efficacy alone or in combination with standard anti-MM

chemotherapies, and to determine if AA[CE1A] can control/eradicate MRD.

Ad[CE1A] was found to have efficacy in myeloma plasma cells (MPCs) and most importantly in patient-
derived MM cells. Unfortunately, in vivo in a U266 low tumour burden xenograft murine model of
MM, results were inconclusive and further investigation is needed to determine if Ad[CE1A] can
prevent MRD regrowth. However, when Ad[CE1A] was assessed in the 5TGM1 syngeneic murine
model of MM, it showed efficacy. Ad[CE1A] was also investigated in combination with MM standard
of care drugs (Bortezomib, Melphalan, Panobinostat or Pomalidomide). Ad[CE1A] combinations
showed enhanced anti-MM effects. Mechanistically, Melphalan was found to increase Ad[CE1A]
replication, for the other drugs it was not clear whether they were augmenting Ad[CE1A] life cycle,

indicating other mechanisms.

The results reported here outline a promising role for Ad[CE1A] against MM. They provide a
foundation for continued investigation into the mechanisms of Ad[CE1A] alone and in combination
with other MM standard of care drugs, which will provide a better understanding of Ad[CE1A] therapy

as well as the clinical setting in which they have the greatest efficacy.
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1.1 Multiple myeloma

Multiple myeloma (MM) is a haematological malignancy of immunoglobulin-secreting terminally
differentiated B lymphocytes, known as plasma cells, which undergo clonal proliferation in their
primary resident site, the bone marrow (BM). In the UK, approximately 5,500 people are diagnosed
with MM each year. MM is the nineteenth most common cancer in the UK, accounting for 2% of all
new cases of cancer, and is the second most common haematological malignancy (1). There are racial
disparities that exist with MM and its premalignant conditions, with both having higher incidence rates
in Afro-Caribbean populations (2). MM has no known environmental aetiological factors that play a
major role in MM pathogenesis, with the exception of petrochemical exposure in a small minority of
cases (3). MM incidence increases sharply with age, and is generally considered a cancer of the elderly,
with only 16% of patients <60 years; 59% of patients >70 years, with a median age of presentation 69
years (4,5). The global population of elderly people is rapidly increasing, with people over the age of
80 expected to quadruple by 2050, therefore, MM incidence appears to be increasing in parallel

(1,4,6).

MM is a disease that evolves through several progressive stages (7). One of the unique features of
MM is the presence of a well-defined asymptomatic pre-malignant state, called monoclonal
gammopathy of undetermined significance (MGUS) (7), which is present in around 2-3% of adults over
the age of 50, and around 5% of adults over the age of 70 (8—11). Over time, MGUS can progress to
malignancy, but it is still largely asymptomatic, called smouldering MM (SMM), with a 1% annual risk
of progression from MGUS to SMM (8-10). Eventually, disease progresses to symptomatic MM, where
rapid proliferation of these malignant plasma cells occurs in the BM, causing localised sites of tumour
known as plasmacytomas. Some patients present with a solitary plasmacytoma (12) but most develop
systemic disease characterised by multiple distinct tumours. The risk of patients progressing from
asymptomatic disease to symptomatic disease is 10% per year for the first five years. After 5 years,

this risk diminishes (13).
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1.1.1 Clinical Manifestations
MM is characterised primarily by the overproduction of non-functional intact monoclonal

immunoglobulins (Igs); also known as M proteins, paraproteins and Bence-Jones proteins in the urine.
However, 15-20% of patients secrete monoclonal Ig light chains, and <3% of patients no monoclonal
protein is secreted (7,9,14). MM is also the second most common cancer to involve the skeleton, with
80-90% of patients developing bone lesions throughout the course of their disease (15). This is due to
the malignant cells in the BM secreting a variety of factors, such as Receptor activator of nuclear factor
kappa-B ligand (RANKL), interleukin-6 (IL-6) and interleukin-3 (IL-3), that cause remodelling of local
bone structure (16). Therefore, clinical manifestations are driven by the accumulation of plasma cells
and the secretion of paraproteins, which cause hyperCalcaemia, Renal insufficiency, Anaemia, and/or
Bone disease with lytic lesions and/or pathological fractures, known collectively as CRAB features (17).
MM is an extremely heterogeneous disease, with some patients surviving decades without requiring
therapy, whilst others succumb to disease within weeks from aggressive progressive disease.
Consequently, developing reliable diagnostic and prognostic systems has been highly important.
Therefore, the international myeloma working group (IMWG) have established MM diagnostic criteria
and MM prognostic criteria called the international staging system (ISS) (Table 1.1), that is regularly

updated with the advent of new diagnostic biomarkers (Table 1.2) (18).
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Table 1.1: International staging system for myeloma

Stage Criteria

| Serum B2 microglobulin <3.5 mg/L
Serum albumin > 3.5 g/dL

Low-risk chromosomal abnormalities
Normal Lactate Dehydrogenase (LDH)

Il Serum B2 microglobulin between 3.5 mg/L and 5 mg/L with any serum albumin
level OR

Serum B2 microglobulin <3.5 mg/mL and serum albumin <3.5 mg/dL

Low risk cytogenetics

Normal LDH

1l Serum B2 microglobulin between >5.5 mg/L
High LDH
High risk cytogenetics

Table 1.2: IMWG Myeloma diagnostic Criteria (adapted from IMWG)

Clonal bone marrow plasma cells >10%
(clonality should be established)
Or
Histology proven bony or extramedullary plasmacytoma on abnormal scans
(clonality should be established)
And require
Any one of the following myeloma-defining events
(must be attributed to underlying clonal proliferative disorder)

1. Bone lesions on skeletal radiography, low dose CT, FDG, PET-CT scan: One or more
osteolytic lesions. If bone marrow has <10% clonal plasma cells, more than one bone lesion
is required to distinguish from solidary plasmacytoma with minimal marrow involvement.

2. Bone lesions on MRI: >2 foci (bone and/or marrow) lesions with each focal lesion >5 mm.

Involved/uninvolved serum free light chain ratio >100, uninvolved serum-free light chain
concentration >10 mg/dL

4. Hypercalcaemia: Serum calcium >0.25 mmol/L (>1 mg/dL) higher than the upper limit of
normal or >2.75 mmol/L (>11 mg/dL).

5. Anaemia: Haemoglobin value of >2.0 g/dL below the lower limit of normal or a
haemoglobin value <10.0 g/dL.

6. Renal insufficiency: Creatine clearance <40 mL/minute (reliable) and/or serum creatine
>173 mmol/L (>2 mg/dL; less reliable)

Or
None of the above
But

Presence of >60% clonal bone marrow plasma cells

(clonality should be established)
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1.1.2 Mutations Associated with Multiple Myeloma

MM is a genetically complex and biologically heterogeneous disease that results from multiple
genomic events that lead to tumour development and progression (Figure 1.1) (19). A dichotomy of
genetic aberrations account for the large majority, if not all of myeloma initiating events, also known
as primary genomic events. Firstly, ~50% of myeloma cases contain an aneuploidy of several odd
numbered chromosomes including 3, 5, 7, 9, 11, 15, 19 and 21, this is known as hyerpdiploidy (20).
The mechanism behind hyperdiploidy is still unknown, however one hypothesis is that the gain of
multiple whole chromosomes occurs during a single catastrophic mitosis, as opposed to serial gain of
chromosomes over time, which is what has also been suggested to occur in hyperdiploid acute

lymphocytic leukaemia (21,22).

The second genetic aberration heavily involved in a myeloma initiating event are translocations
involving the Ig heavy-chain (/IGH) genes, which is mutually exclusive with hyperdiploid myeloma (20).
IgH translocations juxtapose the IgH enhancers to one of several oncogenes, which include any of the
three Cyclin D genes (CCND1-3), WHSC1 (also known as MM SET domain (MMSET)), MAF or MAFB
(23). These translocations include t(4;14), t(14;16), t(11;14), t(6;14) and t(14;20)(24). Each
translocation and copy number variation is associated with its own genetic risk and prognosis outlined

in Table 1.3 and 1.4.

Table 1.3: Prognosis for each cytogenetic abnormality according to the risk stratification models

for MM (25).

mSMART IFM IMWG
t(11:14) Standard Risk
t(4:14) Intermediate Risk | High Risk | High Risk
t(14:16) High Risk High Risk
Dell7p High Risk High Risk | High Risk
Dell13q Intermediate Risk
Gainlp High Risk

MSMART: Stratification for Myeloma and Risk-Adapted Therapy. IFM: Intergroupe Francophone du

Myelome. IMWG: International Myeloma Working Group.
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Table 1.4: MM genetic abnormalities with genetic alterations and related prognosis (26).

Cytogenetics Genetic Event Frequency Prognosis

t(11:14)(g13;932) | CCND1 20% Good Prognosis
t(4:14)(p16.3;932) | FGFR3, MMSET | 15% Negative impact on PFS and OS
t(14;16)(g32;923) | CMAF 2-3% Controversial

Del17p13 TP53 5-15% Negative impact on PFS and OS
Dellp32 Dellp22 | CDKN2C 7-17% Negative impact on PFS and OS
Gainlqg21l CKS1B 34-40% Negative impact on PFS and OS

PFS: Progression Free Survival. OS: Overall Survival. FGFR3: Fibroblast Growth Factor Receptor 3.
MMSET: MM SET Domain. CKS1B: CDC28 protein kinase regulatory subunit 1B. CDKN2C: Cyclin-

dependent kinase 4 inhibitor C. CCND1: Cycline-D1. MAF: musculoaponeurotic fibrosarcoma.

Secondary genomic events, such as chromosomal translocations, copy-number variations and single-
nucleotide variants occur which provide a fitness advantage to a particular subclone over other
populations and are required for disease progression. This clonal heterogeneity and evolution was
recently accepted as a Darwinian selection process. Additionally, copy-number variations,
translocations involving MYC, and somatic mutations affecting mitogen-activated protein kinase
(MAPK), nuclear factor kappa B (NF-kB), and DNA-repair pathways are observed during MM, and less
frequently in pre-malignant stages, therefore, these events are likely to be secondary driver events

(19).

Some of these secondary genomic events are linked to worse prognosis, Del(13q) occurs in ~50% of
newly diagnosed MM. Del(13q) co-occurs with t(4:14) and t(14:16) and was once considered to be a
marker of poor prognosis, but since the introduction of proteasome inhibitors in the treatment of
MM, it appears the outcome of poor prognosis with Del(13q) has changed (SUMMIT and APEX trials)
(23). Amp(1q) occurs in 40% of MM and is associated with worse prognosis (24,25). The poor prognosis
associated with Amp(1q) appears to be dose-dependent, as patients with 4 or more copies of
chromosome 1q do worse than those with 3 copies (26). The additional copies of 1q likely have a
proportional effect on 1q gene expression, as a gene signature of high-risk myeloma is composed of a

large number of 1q genes (27). Del(1p) occurs in 20-25% of patients and often co-occurs with
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hypodiploidy (loss of chromosomes), which is associated with worse prognosis, as it del(1p) (22,28).
The risk and prognosis of these secondary genetic events are outlined and summarised in Table 1.3

and 1.4.
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Figure 1.1: The development of monoclonal gammopathies:

The development of multiple myeloma (MM) is a multistep process, starting with precursor states
such as monoclonal gammopathy of undetermined significance (MGUS) and smouldering MM (SMM).
MM can progress to bone marrow-independent diseases, such as extramedullary MM and plasma cell
leukaemia (PCL). MM progression involves clonal evolution and heterogeneity, which is not just cell
autonomous, but is also dependent on interactions with the tumour microenvironment, which
includes an increase in T-regulatory cells (T-regs), myeloid-derived suppressor cells (MDSCs)
osteoclasts (OCs), angiogenesis, and mesenchymal stem cells but a decrease in natural killer cells (NK),
and osteoblasts (OBs). Primary genetic events in the development of MGUS, SMM and MM include
chromosomal translocations involving the immunoglobulin (Ig) heavy-chain genes (IGH) and
aneuploidy (with hyperdiploidy being most frequent). The number of secondary genomic alterations
increases from MGUS to SMM and then to MM which include copy number abnormalities, DNA
hypomethylation and acquired mutations such as fibroblast growth factor 3 (FGF3), N-Ras, K-Ras and
tumour protein P53 (TP53). Figure reproduced and adapted with permission from (7,21) created using
BioRender.
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1.1.3 Treatment of Multiple Myeloma

Historically, MM treatment involved combinations of chemotherapy, either with or without radiation.
Frequently, these therapies were able to induce at least partial remissions; unfortunately, there were
high rates relapse, typically within 2-3 years (22). The reasons for relapse are complicated and
probably involve a variety of factors, including the high degree of genomic variability (23-25),
phenotypic plasticity (26,27), the undefined nature of tumorigenic MM stem cells (28,29),
chemotherapeutic resistance (30,31) and the interplay between MM cells and the tumour
microenvironment (32). Because of this poor prognosis, MM patients that were eligible, typically
younger, biologically fit patients, were treated with aggressive myeloablative chemotherapy
combined with autologous stem-cell transplants (ASCT) (33). Whilst this strategy has improved
prognosis, which has been supported by evidence from many randomised control trials (reviewed in
(34)), there are severe treatment-related morbidities associated with myeloablative regimes,
including increased risk of infection and neutropenia. Sadly, even with the use of ASCT, patients often
relapse within 3-5 years. Relapse following an ASCT was thought to be caused primarily by minimal
residual disease (MRD) persisting within treated patients (22,35,36). However, it was found that
almost all ASCT samples were contaminated with MM cells that were reintroduced to the patient
during transplant (22,37). It remains controversial as to what impact these contaminating MM cells
have on disease relapse, however, their reintroduction back into patients seems unlikely to be
beneficial. Unfortunately, ASCT regime is not suited for a large cohort of patients, as discussed above,
MM is predominantly a disease of the elderly, therefore many patients are insufficiently fit for this

treatment approach (34).

From 2000 onwards, novel chemotherapeutics including, first- and second-generation proteasome
inhibitors, such as Bortezomib (BTZ), and immunomodulatory drugs (IMiDs) such as Thalidomide and
Lenalidomide (Len) began to improve patient outcomes of both MM patient cohorts. Use of these

drugs have improved MM patients 5-year survival from 30% in 2000-2003 to the current 5-year
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survival rate of 52.3% (38). However, this is low compared to other haematological cancers such as

non-Hodgkin’s lymphoma (75%) and for solid cancers such as breast cancer (85%) (39,40).

A better understanding of MM pathobiology and the role of the immune system has led to the
discovery of novel targets and pathways that affect survival and proliferation of the malignant clone.
Therefore, since 2010, a variety of new drugs have also been approved for use in MM, including
Carfilzomib (second generation proteasome inhibitor) (41), Pomalidomide (Pom) (Thalidomide
analogue) (42), Panobinostat (Pan) (histone deacetylase inhibitor)(43), Daratumumab or Isatuximab
(CD38 monoclonal antibody (mAb)) (44,45), Ixazomib (second generation proteasome inhibitor) (46),
Selinexor (selective inhibitor of nuclear export) (47), Belantamab Mafoditin (antibody-drug conjugate
against B cell maturation antigen) (48), and Idecabtagene Vicleucel (a B cell maturation antigen-
directed chimeric antigen receptor T cell (CAR-T)) (49). Mechanisms of how some of these therapies
work will be discussed later in section 1.6. Additionally, antibodies that augment the host immune
response through immune checkpoint inhibitors targeting programmed cell death protein-1 (PD-1)
and PD ligand-1 (PD-L1) are also in development for MM (50). These drugs promise to improve
prognosis even further. It is due to these advances, that the long-held belief that MM is an incurable,
but treatable disease is gradually being challenged. Nonetheless, MM remains incurable for the vast
majority of patients, even with the advent of new treatment options. Generally, the clinical course of
MM is characterised by ever-shortening cycles of remission and relapse after sequential therapies due
to MRD and various factors mentioned previously. Additionally, a high proportion of patients present
with advanced disease, therefore, there continues to be a need for effective and minimally toxic new

treatment modalities for MM.
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1.2 Oncolytic Virotherapy

Novel therapies that do not rely on the use of generic chemotherapies with their inevitable toxicities
are highly desirable for MM. This is because two of the major factors contributing to therapeutic
failure in MM are tumour heterogeneity and plasticity leading to the emergence of resistant clones
(22). One such therapy being studied is oncolytic virotherapy, which is an emerging form of anticancer
therapy that aims to treat cancer with live, replicating viruses. Anecdotal evidence emerged in the 20%
century that viral infection could induce remission in various cancer types (51,52), including MM (53).
Since these first observations, several viruses have been investigated and developed as therapeutic
agents for cancer. The first oncolytic virus (OV), a second-generation herpes simplex virus type 1 (HSV-
1) armed with granulocyte-macrophage colony-stimulating factor (GM-CSF), obtained FDA approval
in 2015 in the USA and Europe for melanoma (54). A paradigm shift has occurred where OVs are now
practiced in clinic in some cancers, and it is likely that they will be accepted into mainstream clinical

use in combination with other anticancer drugs.

OVs can infect both normal and malignant cells, however, they show a tropism toward malignant cells
due to the presence of aberrant signalling pathways, abnormal homeostasis, and response to stress,
which are advantageous for viral replication (55,56). These aberrant signalling pathways activated
during malignant transformation clearly antagonise host antiviral responses, creating cancer cells that
are hypersensitive to viral infection and replication (Figure 1.2), for example cancer cells that have a
defective Type | interferon (IFN) response to virus infection can result in prevention of viral clearance.
This is because IFN shuts down protein synthesis, rendering the cell unfit for viral replication, therefore
healthy cells with intact IFN response can abort virus replication, whilst cancer cells with a defective
IFN response cannot (69). The therapeutic efficacy of OVs depends on two main modes of action.
Firstly, by direct oncolysis, OVs can inhibit protein synthesis and destroy infected tumour cells by viral
replication until the cell lyses. This type of cell death is passive with no reliance on active cell death
mechanisms, such as apoptosis, which could degrade intracellular virions halting OV anticancer

efficacy (57,58). Despite this, some OVs appear to stimulate cellular apoptotic pathways (59,60), whilst
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other viruses mediate other active cell death processes (61,62). One possible advantage of cell death
that is independent or not reliant on apoptosis, may be the ability to evade apoptosis-related

pathways of acquired drug resistance (58).
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Figure 1.2: Intrinsic mechanisms of action of oncolytic viruses:

Oncolytic viruses (OVs) preferentially select cancer cells due to the presence of aberrant signalling
pathways or targeted molecules (such as RAS, PKR, P13K/Akt/mTOR, IFN, p53 or Rb/E2F/p16).
Hyperactivation of P13K/Akt/mTOR and RAS pathways and consequent activation of their
downstream cascade results in an increase of cell proliferation and inhibition of apoptosis. OVs can
exploit this to replicate efficiently. Additionally, hyperactivation of RAS blocks protein kinase R (PKR),
which prevents cells from detecting stress, thus allowing the cells to continue protein translation and
aberrant proliferation. Consequently, OVs can selectively replicate as cancer cells cannot terminate
protein translation in response to infection. Interferon (IFN) signalling may also be abnormal in
malignant cells, thus viral clearance is prevented. Malignant cells with mutated p53 cannot undergo
abortive apoptosis, therefore some OVs preferentially target p53 mutant cells. Likewise, aberrant
expression of cell cycle regulatory components such as retinoblastoma protein (pRb) and p16, can
render cancer cells sensitive to OVs. Furthermore, oncolytic viruses have a natural tropism for
receptors expressed abnormally in cancer cells (56). Figure reproduced and altered with permission
from (56) created using BioRender.
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Secondly, oncolysis is widely accepted to be highly immunogenic as viral antigens known as pathogen-
associated molecular pattern (PAMPs), such as dsRNA, ssRNA, dsDNa and ssDNA, tumour-associated
antigens (TAAs), damage-associated molecular patterns (DAMPs), such as high-mobility group box 1
(HMGB1), heat shock protein (HSP) 60 and 70 and cytokines are released from dying cancer cells
(Figure 1.3) (57,58). This can recruit and activate immune cells to infiltrate the tumour, such as cells
of the innate immune response, natural killer cells (NKs), dendritic cells (DCs) and macrophages (63).
These cells further destroy infected tumour cells and secrete proinflammatory cytokines. An adaptive
T-cell mediated immune response can be initiated when the cells of the innate immune system uptake
viral and TAAs and present them for T cell activation, which then exert their effector functions against
cancer cells. This adaptive immunity is critical for durable cancer control in systemic/metastatic
disease (64—66). This immunogenic process of cell death is termed immunogenic cell death (ICD) and
will be discussed in more detail in chapter 3. Furthermore, OVs can be armed with additional

transgenes that either enhance cell death or antitumour response (67).
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Figure 1.3: Immunogenic cell death by oncolytic viruses:

Systemic innate and tumour specific adaptive immune responses are activated after oncolytic virus
infection and subsequent lysis of tumour cells. Oncolysis releases cytokines, tumour-associated
antigens (TAAs), and other danger signals, such as damage-associated molecular patterns
(DAMPS)molecules and pathogen-associated molecular pattern (PAMPs) molecules which are
recognised by specific toll like receptors (TLRs). Viral PAMPs include dsDNA, ssDNA, dsRNA and ssRNA
and are recognised by intracellular TLRS on the endosome surface. The release of TAAs, in combination
with the local cytokines and DAMPS such as heat shock proteins (HSP) and high mobility group box 1
(HMGB1) which are recognised by cell surface TLRs, activates natural killer (NK) cells and stimulates
antigen presenting cell (APC) maturation, which in turn, triggers both CD4* and CD8* T Cells in the
adaptive immune response by cross-presentation (56). Figure reproduced and adapted with
permission from (56) created using BioRender.
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Both cell death mechanisms as a result of OV infection are beneficial; however, they are also linked to
some therapeutic hurdles. For example, intrinsic cell death is rapid and efficient in some settings, but
elimination occurs only in cells directly infected with a virus. Therefore, delivering the virus to sites of
tumour is of huge importance, and is a challenge that remains unsolved in the field. On the other hand,
immunotherapy can entirely sterilize the tumour site, but it is much slower than intrinsic methods,
and frequently, only shows clinical benefit in a small percentage of patients. Therefore, successful
oncolytic virotherapy requires a fine balance between the two mechanisms of tumour cell death (22).
1.2.1 Classes of Oncolytic Viruses

There are a wide range of OVs in preclinical and clinical trials (Table 1.5). OVs can be characterised
into three broad categories which consist of 1) wild-type (WT) viruses, which have natural
oncotropism; 2) genetically modified viruses that have deletions within their genome, typically
deletions within virulence genes, or tropism modifications; and 3) genetically modified viruses that

express therapeutic transgenes.
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Table 1.5: Comparison of Oncolytic Viruses (Table adapted with permission from 63)

Virus Virus Benefits Limitations
Type
Herpes DNA 1. Wide host-cell range. 1. Systemic delivery may be
Simplex 2. Large number of nonessential limited by pre-existing immunity
virus genes that can be replaced with and hepatic adsorption.
foreign DNA to enhance
cytotoxicity.
3. Clinically available antivirals
agents.
Adenovirus | DNA 1. Wide host-cell range. 1. Coxsackie Adenovirus receptor
2. Large amount of nonessential variability in humans.
genes that can be replaced with
foreign DNA to enhance 2. Systemic delivery may be
cytotoxicity. limited by pre-existing immunity,
3. Possible to be produced at high | hepatic adsorption, and toxicity.
titre (10%?).
4. Clinically available antiviral
agents.
Reovirus RNA 1. Wild-type virus causes mild to 1. Inability to enhance infection
no disease. with foreign DNA/large
2. Systemic delivery possible. transgenes.
3. No clinically available antiviral
agents due to its lack of definitive
association with human disease.
Vaccinia DNA 1. Wide host-cell range. 1. Inefficient systemic delivery.
Virus 2. Large amount of nonessential 2. Systemic delivery may be
genes that can be replaced with limited by pre-existing immunity,
foreign DNA to enhance hepatic adsorption, and toxicity.
cytotoxicity.
3. Clinically available antivirals
agents.
Myxoma DNA 1. Non-pathogenic in humans. 1. Infection relies on altered Akt
virus 2. No clinically available antiviral | signaling.
agents due to its non-pathogenic
nature in humans.
Measles RNA 1. Natural preference for tumour | 1. Highly pathogenic.
virus cells. 2. Narrow tropism.
2. No specific clinically available 3. Systemic delivery may be
antivirals. limited by pre-existing immunity
via vaccination.
Vesicular RNA 1. Targets cancer cells with loss of | 1. Uncertain tumour-selective
stomatitis interferon (IFN) responsiveness. oncolytic effect.
virus 2. No specific clinically available 2. Effects Cattle
antivirals.
Coxsackie RNA 1. Natural preference for tumour | 1. Infection depends on the
Virus cells presence of specific receptor

2. No specific clinically available
antivirals.

molecules.

38



agents due to its non-pathogenic

Virus Virus Benefits Limitations

Type
Seneca RNA 1. Non-pathogenic in humans 1. Mechanism of infection unclear.
Valley Virus 2. No clinically available antiviral | 2. Inability to enhance infection

with foreign DNA.

nature in humans.

Newcastle | RNA 1. Non-pathogenic in humans. 1. Unclear mechanism.
Disease 2. Targets cancer cells with loss of | 2. Not well studied.
Virus interferon responsiveness.
Poliovirus RNA 1. Oncolytic. 1. Narrow tropism.
2. Clinically available antivirals. 2. Pathogenic.
3. Difficult manipulation.

4. Systemic delivery may be
limited by pre-existing immunity
via vaccination.

1.2.1.1 Wild-type Viruses

Native or naturally occurring OVs are replication-competent viruses that selectively infect and kill
tumour cells without requiring genomic alteration, this is either due to the virus not causing clinical
disease in humans or that strain of virus is weakly pathogenic and does not require genomic alteration
for safety. Some WT OVs include the Reovirus (RV), Newcastle Disease virus (NDV), and Vesicular
Stomatitis virus (VSV). As discussed earlier, these viruses specifically target cancer by exploiting
cellular phenotypic aberrations that occur in tumour cells, such as overexpressed surface attachment
receptors, activated RAS or Akt, or via defective IFN pathways. One example is Reolysin, a WT RV that
preferentially replicates in RAS-transformed cells. Reolysin has been in multiple clinical trials, including
MM (69), malignant glioma (70), prostate cancer (71), metastatic melanoma (72) and solid tumours
(71,73,74). In 2015, Reolysin was granted an orphan drug status by the US FDA for the treatment
ovarian cancer, malignant glioma, pancreatic cancer, and fallopian tube cancer.

1.2.1.2 Genetically Modified Oncolytic Viruses

The development of molecular biology techniques and genetic editing technology has been used to
optimise WT OV strains, this is normally performed to weaken viral pathogenicity, increase tumour
selective infection and/or improve immunogenicity (75,76). OVs can also be modified to insert
exogenous therapeutic genes, most commonly this is either immune-stimulatory molecules to

enhance immunotherapy, or delivery of therapeutic payloads (77). One example is Pexa-Vec, which is
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areplication-competent Vaccinia virus (VV) which has a deletion in the thymidine kinase (TK) gene and
has been modified to express granulocyte macrophage-colony stimulation factor (GM-CSF) (78). Pexa-
Vec was studied in a phase llb clinical trial in combination with best supportive care (TRANSVERESE
Trial) in patients with advanced, unresectable hepatocellular carcinoma. Unfortunately, the trial failed
as there was no difference between the two treatment arms and there was a high drop-out rate in
the control arm which confounded assessment of response-based endpoints. Despite this, Pexa-Vec
was generally well tolerated (79).

1.2.2 Clinical Experience and Safety of Oncolytic Viruses

Several viral families are being developed as OVs for a range of cancers, many of which have been
investigated in early clinical trials (80). Concerns surrounding safety have always been associated with
the use of viruses both WT and genetically modified, however numerous phase I/Il clinical trials have
been undertaken and have shown good safety profiles (80,81). All viruses used in the clinical trials are
manufactured according to Good Manufacturing Practice (GMP), with the majority of clinical trials
never reaching maximum tolerated dose (MTD). Reasons for this could be due to technical restrictions
on producing high quantity virus titres or unclear dosing regimens, with no evident correlation
between dose and efficacy or toxicity. For this reason, the majority of clinical trials focus on their
primary outcome measure of safety and MTD (80). Common adverse events (AEs) are known to be
mild flulike symptoms and local reaction at the injection site (81). Flulike symptoms manifested as
fever, chills, myalgia, fatigue, nausea, diarrhoea, vomiting and headache (82—84), which can be
managed with non-steroidal anti-inflammatories or by a pre-dose of paracetamol before OV delivery
(85). Local reactions often manifest as pain, rash, erythema, peripheral oedema etc. (86,87). Other
common AEs include anaemia, leukopenia, lymphopenia, neutropenia, thrombocytopenia, liver
dysfunction and haematological abnormalities (88—91). Few OVs have caused severe AEs that harm
patients’ health (Table 1.6), and those that were induced could be managed by symptomatic

treatment or treatment withdrawal, rarely causing severe damage to patients (reviewed in (92)).
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Table 1.6: Severe Adverse Events reported with OVs

Oncolytic Virus Severe Adverse Events
HSV (93-97) Severe hypotension
Tachycardia

Pleural Effusion

Herpes virus infection

Central nervous system symptoms (brain oedema,
encephalitis, speech disorder)
Severe liver dysfunction
Pleural effusion

Dyspnoea

Adenovirus (98-100) Pleural Effusion

Dehydration

Hypokalaemia

Severe liver dysfunction
Sepsis

Pox Virus (85,101-103) | Severe haematological abnormalities
Hypokalaemia

Pancreatitis

Reovirus (104) Severe neutropenia

Severe diarrhoea

Elevated liver enzymes
Dehydration

Measles Virus (86,105) | Arthralgia

Neutropenia

Leukopenia

Anaemia

Although some current clinical OV trials have led to severe AE in a few patients, which eventually
subside after treatment withdrawal or pharmacological management, the long-term AEs and potential
safety issues of OVs remain unclear. One speculated long-term potential safety issue relates to viruses
that remain latent in tissues, such as HSV-1 which remain latent in nerve tissue during natural
infection, which has been proposed may induce severe neurological HSV infection long-term after
oncolytic HSV administration (94). However, oncolytic HSVs have the neurovirulent latency gene
(ICP34.5) deleted so should not be able to grow within neurons or mediate a latent infection. To
support this, there have been no preclinical or clinical reports of reactivation of latent HSV (106).
Another issue is shedding and transmission of OVs during therapy, which has been found with several

0OVs, including HSV Adenovirus (Ad), RV and Poxvirus (reviewed in (107)).
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Currently, there are only two genetically engineered OVs approved for clinical use, Talimogene
laherparepvec (T-Vec), a second-generation oncolytic HSV-1 armed with GM-CSF, which was approved
in 2015 in the USA and Europe for melanoma (54); and H101, an E1B-deleted Ad, which was approved
in 2005 in China for head and neck cancer and oesophagus cancer (66,108). Therefore, it is now
abundantly clear that OVs have shown antitumour efficacy. Despite rare severe AEs and/or mild AEs
which disappear spontaneously or can be controlled, OVs are considered generally safe. As a result, a
paradigm shift has now occurred where their use has been accepted in clinical practice in some
cancers. Therefore, it is now more likely that OVs will be investigated and if found efficacious, they

well be approved, and eventually accepted into mainstream clinical use for a wider range of cancers.

1.3 Oncolytic Virotherapy in Multiple Myeloma

OVs have been exploited for their antitumour effects across a range of solid and haematological
malignancies. In MM specifically, anecdotal evidence of viruses reducing MM tumour burden in a
human patient was first reported in a single case study in 1987 that suggested VV can (at least
transiently) reduce systemic tumour burden in a MM patient (52). Since then, pre-clinical studies have
focused on a range of RNA and DNA viruses which have shown pre-clinical efficacy in MM, with

infection resulting in the rapid elimination of MM cells through a variety of mechanisms (Table 1.7).
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Table 1.7: Oncolytic viruses used preclinically for myeloma treatment

Virus Mechanism of Mechanism of MM-cell | Potential Potential therapeutic
MM Specificity | killing toxicity uses
Measles Virus | Overexpression | Lytic viral replication Low Treatment of
(109-113) of viral receptor established disease
CD46
Vesicular Defects in Lytic viral replication Moderate | Treatment of
Stomatitis interferon Inhibition of DNA established disease
Virus (114— responses synthesis
119)
Reovirus (120— | Overexpression | Lytic viral replication Low Treatment of
124) of viral receptor | Apoptosis established disease
(JAM-1) Autophagy Purging of ASCT
Unfolded protein samples
response
Adenovirus Unknown Lytic Viral Replication Low Treatment of
(125-129) established disease
Vaccinia Virus | Engineered Lytic viral replication Moderate | Treatment of
(130-133) established disease
Myxoma virus | MM-specific Induction of apoptosis | Low Treatment of
(134-139) binding established disease
(unknown Purging of ASCT
receptor) samples
Bovine Viral Overexpression | Induction of apoptosis | Low Treatment of
Diarrhoea of viral receptor established disease
Virus (140) CD46
Newcastle Unknown Lytic viral replication Low Treatment of
Disease Virus Induction of apoptosis established disease
(71)
Rotavirus Unknown Lytic viral replication Low Treatment of
(141) established disease

1.3.1 Preclinical Studies with Vaccinia Virus in Multiple Myeloma
VV is a large dsDNA virus that belongs to the Poxviridae family, derived from the original cowpox or

horsepox virus. The historical use of VV as a smallpox vaccine has proven clinical safety in humans.
Therefore, attenuated VV (TK and vaccinia growth factor deleted) has been investigated preclinically
in MM. VV was found to infect and replicate in a range of myeloma plasma cell (MPC) lines resulting
in decreased viability and apoptosis in vitro. In disseminated tumour xenografts treated with
intravenous (1.V) VV, resulted in significant tumour reduction and improved survival compared to
controls. This suggests future clinical potential (131). More recently, a TK-deleted VV strain was

engineered to express one of two antitumour factors, miR-34a (VV-miR-34a) and Smac (VV-Smac),
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with the former inhibiting several oncogenic processes and the later involved in apoptosis induction.
Both viruses showed increased efficacy in vitro and in vivo compared to parental virus, but
combination of both viruses showed the most efficacy showing synergy and induction of apoptosis
through the expression of the caspase pathway (132). The same group also modified a TK-deleted VV
virus to express beclin-1 (OVV-BECN1), an essential autophagy protein linked to multiple processes
including tumour suppression. OVV-BECN1 showed efficacy in vitro and in vivo in a MPC line and a
leukemic cell line but did not cause cytotoxicity in peripheral blood mononuclear cells (PBMCs). OVV-
BECN-1 induced autophagy and not apoptosis in MM cells, through activation on sirtuinl (SIRT1), a
member of class Il histone deacetylases, which following OVV-BECN1 infection, deacetylated LC3,
contributing to the induction of autophagy (133).

1.3.2 Preclinical studies with Myxoma Virus in Multiple Myeloma

Myxoma virus (MYXV) is a non-segmented dsDNA and has a strict tropism for rabbits and hares,
therefore, does not cause human disease. Whilst MYXV does not infect healthy non-malignant human
cells, MYXV has been shown to infect a variety of cancer cell types. Therefore, MYXV has been
investigated preclinically in MM. MYXV has been found to induce rapid oncolysis in MPC lines, this is
dependent on caspase-8 mediated apoptosis by inhibiting ATF4 expression during the unfolded
protein response (134,136,142). In vivo in a disseminated xenograft model of MM, LV injection of
MYXV resulted in rapid debulking of tumour (70-90%) within 24 hours, whilst sparing the
haematopoietic BM niche, it’s important to note that mice had a low level of tumour burden (~20%)
and these effects may not have been as pronounced in a more advanced stage of disease. Additionally,
MYVX induced an anti-MM CD8* T cell response which resulted in a significant but small increase in
overall survival by approximately 3 days (134). Due to MYXV rapid induction of oncolysis, it has been
proposed that MYXV may be an effective purging strategy for ASCTs. Arming murine allogeneic BM
containing a mouse MM cell line with MYXV and transplanting into recipient mice dramatically ablated
pre-seeded residual MM in vivo (138). Additionally, MYXV was able to eliminate CD138 positive (+)

MM cells from patient BM samples within 24 hours of treatment. However, only 3 patients were used
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in this experiment, whether the same effects are seen across a wider range of heterogeneous patients’
needs to be explored (142). More recently, autologous murine BM carrier leukocytes, pre-armed with
MYXV were therapeutically superior to MYXV armed murine PBMCs or free virus. Additionally, when
survivor mice were rechallenged with the same MPC line, the mice did not develop tumour as the
mice had acquired immunity against the MPC line due to previous MYXV treatment (139).

1.3.3 Preclinical Studies with Reovirus in Multiple Myeloma

RV is a dsRNA virus of the Reoviridae family, with the human type 3 Dearing strain being developed
for oncolytic virotherapy. RV showed sensitivity in MPC lines and ex vivo tumour specimens (120,122).
Mechanistically, this has been shown to occur via apoptosis (143), however, upregulation of
autophagy genes is also seen in vitro (120). In vivo, RV established no effect on human CD34* stem
cells, and demonstrated complete eradication of MM cells, preventing relapse and improved survival
in mice (144). Reolysin; a proprietary formulation of WT reovirus; combined with BTZ decreased
tumour burden and bone disease in xenografts with no AEs (145). Disappointingly, the above authors
did not show viral specificity in the tumour or surrounding healthy tissue, immunohistological analysis

of fixed tissues would be needed.

More recently, RV has been shown to increase PD-L1 expression in MPC lines in vitro and in vivo, this
increase wasn’t observed when UV-inactivated RV was used, therefore, live replicating RV was needed
to increase PD-L1 expression. When RV was given in conjunction with anti-PD-L1 therapy in the
syngeneic 5TGM1 murine model of MM, combination therapy enhanced anti-MM efficacy by
decreased tumour burden and enhanced survival compared to monotherapies. Therefore, RV and PD-
1/PD-L1 targeted therapy could be beneficial for MM patients (146). RV has also been combined with
BTZ preclinically for MM therapy. In vitro RV and BTZ showed synergistic interactions in BTZ-resistant
cell lines. Invivo, in a syngeneic Vk*MYC BTZ resistant immunocompetent transplantable MM murine
model, enhanced anti-MM activity such as decreased tumour burden and improved overall survival
was observed when RV was used in combination with BTZ. Mechanistically, BTZ augmented RV

replication in MM cells and tumour-associated endothelial cells as assessed by increased RV protein
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levels resulting in enhanced viral delivery and subsequently enhanced anti-MM activity. The study also
showed enhanced anti-MM immune responses following combination treatment such as increased
CD3* T cell tumour infiltration, increased NK cell tumour infiltration, increased PD-L1 expression in
tumour and decreased tumour infiltrated T-regs and tumour-associated macrophages (TAMs) (124).
RVs was also shown to reduce MM tumour burden and MM bone disease in vivo and augment anti-
MM immune responses in vitro. In a 5TGM1 syngeneic MM murine model, RV treatment increased NK
and CD8* T Cells numbers and activation, and upregulated effector-memory CD8* T cells. Additionally,
the study found that coculture of MM cells with bone-marrow stromal cell (BMSC) lines (HS-5 and HS-
27) were able to induce resistance to MPC RV oncolysis and bystander cytokine killing in some cell
lines. However, BMSC lines were not able to protect MPCs from RV-activated NK cells and MM-specific
cytotoxic T cells (147). This suggests that induction of anti-MM immune responses can overcome
BMSC-mediated resistance, therefore may be a useful treatment modality against relapsed/refractory
MM or during plateau/remission phase to target MRD that may be protected from conventional
therapy by BMSCs.

1.3.4 Preclinical Studies with Measles Virus in Multiple Myeloma

Measles virus (MV) is an enveloped negative-sense ssRNA virus in the family Paramyxoviridae. The
most studied strain is the attenuated Edmonston strain (MV-Edm), which has mutations in two
accessory proteins (C and V) leading to tumour selectivity, genetic stability and is non-transmissible
(148). MV-Edm effectively lysed MPCs, whilst having no effect on peripheral blood lymphocytes in
vitro. In vivo, intratumoral MV-Edm treatment of subcutaneous MM xenograft mice resulted in all
tumours regressing. Following .V administration, there was significant tumour response and 1 mouse
had complete tumour regression (109). MV-Edm was further modified to encode human thyroidal
sodium iodine symporter (MV-NIS). Infection of MPC lines with MV-NIS showed similar oncolysis and
were shown to take up radioiodine in vitro. Three subcutaneous xenograft murine models of MM were
tested, two MV-sensitive and one MV-resistant. The two MV-sensitive xenografts regressed

completely after one L.V dose of MV-NIS. The MV-resistant xenograft was unresponsive to MV-NIS
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infection alone, but when combined with iodine-123 (123l), resulted in enhanced tumour regression
compared to MV-NIS alone, as well as non-invasively tracking MV spread in vivo, a major advantage
(111). To better target MV to MM, researchers mutated the H protein of a MV variant, so it lacks the
ability to bind to its receptors CD46 and SLAM, which is also expressed on B cells, T cells and
monocytes. Hummel et al., (2009) attached a single chain variable fragment (scFV) based on a mouse
mAb known as Wue-1. Wue-1 binds to CD138 which is expressed on healthy plasma cells, primary MM
cells and lymphoblastic lymphoma cells. MV-Wue propagated efficiently in primary MM cells and
specifically infected and killed primary MPCs by apoptosis while CD138 negative (-) cells were
untouched. Normal MV was shown to infect and kill both CD138* and CD138 cells, however this
contradicts the previous research. MV-Wue was found to bound to mature, healthy or malignant B
cells and plasma cells without discrepancy. MV-Wue infecting healthy plasma cells could be a concern.
However, in lymphoma patients, the widespread use of the well tolerated anti-CD20 mAb Rituximab
causes long lasting B cell depletion after administration. Therefore, eradicating plasma cells after MV-
Wue administration should not generate toxicity problems (149).

1.3.5 Preclinical Studies with Vesicular Stomatitis Virus in Multiple Myeloma
VSV is a member of the family Rhabdoviridae, VSV is an enveloped negative-sense ssRNA virus. VSV
commonly infects livestock animals, but can infect humans causing flu-like illnesses, however,
infection is limited to those in direct contact with infected animals. Therefore, there is a lack of a
human reservoir for VSV, making it an attractive candidate as the majority of the population will be
negative for VSV anti-viral antibodies (150). Preclinically, VSV has demonstrated effectiveness against
MM in vitro and in vivo. VSV was engineered to express NIS, allowing for treatment with radioactive
iodine and to track virus via imaging. VSV-NIS was able to replicate to high tires in MPC lines and cause
oncolysis in MPC lines and primary MM cells in vitro. In vivo in subcutaneous xenograft MM model,
VSV-NIS showed high intratumoral viral replication which resulted in tumour regression. In the 5TGM1
syngeneic murine model, with either subcutaneous or orthotopic MM tumours, VSV-NIS had

enhanced tumour regression and survival when it was combined with radioactive iodine (151). To
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enhance VSV oncolysis and improve safety, VSV-NIS was engineered to express IFN-B. VSV-IFN-B-NIS
significantly improved anti-MM responses and prolonged survival compared to treatment with control
VSV in subcutaneous and disseminated 5TGM1 syngeneic models of MM (118,152).

1.3.6 Clinical Trials with Oncolytic Viruses in Multiple Myeloma

Thus far, pre-clinical success to date with MV, RV and VSV has led to early-phase clinical trials in MM.
The first clinical trial to be completed and published using an OV in MM was a phase | clinical trial with
systemically delivered RV (Reolysin) in patients with relapsed MM. The clinical trial identified no dose-
limiting toxicities; however, only modest efficacy was seen, with the best clinical outcomes being
stable disease (observed in 25% of patients) (69). Consequently, RV does not seem to be effective as
a monotherapy, therefore, combination treatments might be needed to increase efficacy.
Interestingly, correlative studies from this trial demonstrated that patients’ MM cells did not
significantly express JAM-1 (RV entry receptor), therefore, it was hypothesised that there was
insufficient viral entry to mediate tumour cell killing. JAM-1 expression has been shown to determine
response to RV in MM, with low JAM-1 expression conferring RV resistance (123). Research has shown
histone deacetylase inhibitors (HDACIs) or the proteasome inhibitor BTZ, can sensitise MM cells to RV
infection by increasing the expression of the viral receptor JAM-1 (123,153). Currently, there are two
active clinical trials using RV for MM therapy; NCT03015922, a phase | trial in which Reolysin is being
tested in combination with IMiDs Len or Pom in relapsed MM, and NCT02514382, a phase Ib trial in
which Reolysin is being tested in combination with BTZ and Dexamethasone in relapsed/refractory
MM. Interim results from the latter have demonstrated that whilst no dose limiting toxicities occurred,

only half of evaluable patients (n=3) had stable disease after treatment (154).

A phase | clinical trial with systemically delivered MV (MV-NIS) in patients with recurrent or refractory
MM was published in 2017. The trial identified some grade Ill and IV haematological toxicities, despite
this, whilst this study was not powered for analysis of efficacy, some impressive results were obtained.
One patient underwent complete disease regression following therapy, whilst other patients in the

study had variable and transient drops in their serum free light chains (105). However, the existence
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of anti-MV antibodies in large proportion of patients who have been vaccinated against the virus
potentially negates its oncolytic potential and limits its clinical use. In agreement with this, further
investigation was done post clinical trial which found that the patient who achieved complete
remission following MV-NIS had a low baseline titre of anti-MV antibodies, high baseline counts of
both MV-reactive and TAA-reactive T cells and a high mutational burden. At the time of this study
being published the authors state the patient has remained disease free having no systemic MM.
However, the patient has had two focal relapses at 9- and 30-months post MV therapy, which were
successfully treated with radiotherapy. Therefore, the authors speculate that the long-term remission
observed in this patient is as a consequence of sustained immune control of residual MM, driven by
their high mutational burden, causing more expression of TAAs that were targeted by cytotoxic T cells
(155). A phase I clinical trial is being conducted with MV-NIS in combination with cyclophosphamide
in MM patients (NCT02192775). The trial involves administering a single 1.V dose of MV-NIS followed
by a 4-day course of cyclophosphamide. The trial has been completed but data has not been published
yet. Preclinical results with VSV have led to the establishment of an early phase clinical trial
(NCT03017820) with VSV-IFNB-NIS in patients with haematological malignancies, including relapsed

MM. The trial is currently active and recruiting.

It is clear that a large number of viruses have been shown to specifically eliminate MM cells
preclinically, however, the couple of clinical trials performed to date do not seem to translate this
efficacy to a large cohort of patients. Therefore, if the preclinical efficacy of OVs is to translate to
clinical trials, more preclinical work needs to be performed to better understand viral-host
interactions, this will be discussed in section 1.5. With no single OV standing out as a clear front runner
for virotherapy for MM, our research group hypothesises oncolytic Ads could be a useful treatment

modality for MM therapy, the reasons for this are described in section 1.4.
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1.4 Adenovirus
1.4.1 History

Ads were first identified in the 1950s and ever since have been intensively studied for oncolytic
virotherapy (156). The Adenoviridae family can be divided into 4 genera and 6 species (157), and thus
far, 84 serotypes of human Ads have been identified (158,159). Ads have a wide range of hosts and
are found across all vertebrates, from fish to humans (160). Generally, Ads are endemic in most parts
of the world and have low pathogenicity in humans. However, Ads can cause clinical disease (Table
1.8), but most occur in children younger than the age of 5 years and are generally self-limiting ilinesses.

(158,161).

Table 1.8: Subgroups of Human adenovirus (Table reproduced with permission from 163).

Subgroup Serotype Disease

A 12,18,31 Meningoencephalitis

B 3,7,11, 14, 16, 21, 34, | Acute Respiratory
35, 50 Disease

C 1,2,5,6 Acute febrile

pharyngitis

D 8,9,13,15,17, 19, 20, | Epidemic
22-30, 32, 33, 36-39, Keratoconjunctivitis
42-49, 51

E 4 Pneumonia

F 40, 41 Gastroenteritis

G 52 Gastroenteritis

The most widely studied Ad is serotype 5 (Ad5). Ad5 has been extensively used as a platform for gene
therapy and oncolytic virotherapy (160), therefore, the following literature review will be focussed on
Ad5. Ad5s are large, non-enveloped, icosahedral viruses approximately 70-100 nm containing dsDNA
genome of approximately 36KBP. The Ad5 virion is composed of a protein capsid made up of 252
capsomeres, and a nucleoprotein core that contains the linear dsDNA viral genome and internal

proteins (Figure 1.4) (158).
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Figure 1.4: Virion structure and schematic representation of Ad 5genome:

(A) Virion Structure (Figure reproduced from 165) The virion is composed of a protein capsid made
up of 252 capsomeres, and a nucleoprotein core that contains the linear dsDNA viral genome and
internal proteins (158). The linear dsDNA is associated with three virus coded polypeptides V, VIl and
Mu (164,165), as well as a 55kDa terminal protein that is attached at the 5’ end of the linear dsDNA
(166). The capsid has an icosahedral shape, consisting of 240 hexon components and 12 pentons per
virus particle. Each penton contains a base plate with a projecting fiber containing arginine-glycine-
aspartic acid (RGD) motif, and a knob domain at each penton base (167,168). (B) Ad5 Genome (Figure
reproduced from 171). The diagram represents the Ad5 genome with arrows illustrating the location
and orientation of gene transcription. The genome termini are comprised of inverted terminal repeat
(ITR) sequences incorporating the viral origin of replication. Also shown is the packing domain ()
involved in virus genome packing into capsids. There are six early RNA polymerase Il transcription
units, E1A, E1B, E2A, E2B, E3 and E4, which generate several mRNA transcripts by differential splicing
and alternative start codon usage. The major late promoter (MLP) drives expression of a long
transcript that produces the late mRNAs L1-L5 through alternative splicing and differential
polyadenylation. pIX and Va2 are intermediate genes. The small virus-associated (VA) | and Il RNAs
are synthesised by RNA Pol lll and act to regulate mRNA translation (169,170).
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1.4.2 Adenovirus Life Cycle

The AdS life cycle is in two phases, separated by the onset of viral DNA replication. The early phase,
which lasts 5-6 hours, starts with initial attachment to host cells and is mediated by a high affinity
interaction of the fibre knob domain with the Coxsackie Adenovirus receptor (CAR) (171). This triggers
secondary lower affinity interaction with RGD motif and cellular avB-integrins (Figure 1.5) (172). In
combination, these interactions lead to a cooperative, irreversible interaction of the capsid with the
cell surface (173). Additionally, interaction between Ad5 capsids and heparin sulphate proteoglycan
(HSPG) has also been reported (174). Once bound to the cell surface, integrin-mediated endocytosis
occurs, resulting in the detachment of the viral fibres into clathrin-coated vesicles. The acidic
environment of the endosome causes the virion to dissociate and release vertex proteins including
pVI (172). Once in the cytosol, the partially dissembled virion is transported along microtubules and
interacts with the motor protein, dynein, to facilitate translocation into the nucleus (175). When the
capsid reaches the nucleus, it forms a stable interaction with the nucleus resulting in capsid uncoating
(176,177). Once the Ad genome enters the nucleus and the components for adenoviral DNA
replication are ready, the late phase can start. Ad5 expresses at least 36 major proteins (Table 1.9),
which ultimately results in the assembly of progeny virions (170). Virions are released by viral induced
cell lysis, which is facilitated by Ad death protein (ADP) which promotes lysis of the infected cell (178).
This lytic replication life cycle is favourable for oncolysis, when compared to some enveloped viruses,

which complete replication by budding from intact, live, host cells (179).
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Figure 1.5: The cell entry pathway of adenovirus:

(1) The AdS5 fibre attaches to the primary receptor, which for most cell types is the Coxsackie-
adenovirus receptor (CAR). (2) After attachment clathrin-mediated endocytosis occurs, which is
facilitated by the interaction of the penton base with a, integrins. (3) The virion enters the cell and is
contained within the early endosome, (4) the low pH environment of the endosome makes the virion
start to dissociate and release the vertex proteins, including pVI, which has been implicated in
endosomal membrane disruption, which releases the virion from the endosome (5). The partially
disassembled virion is transported along microtubules via the microtubule motor protein dynein to
the nuclear pore complex. Intracellular trafficking towards the nucleus is also mediated by activation
of the cAMP-dependent protein kinase A (PKA) and p38/MAPK signalling pathways (180). (6) At the
nuclear pore the viral DNA is imported into the nucleus with the help of hexon, viral core protein VI,
histone H1, import receptor transportin 1, HSP70 and importin-a (172,173,176) (7). Adenoviral
replication occurs inside the nucleus. First, early viral genes are transcribed and translated. This starts
with the E1A gene, which is constitutively transcribed, followed in order by E1B, E2, E3 and E4. Viral
DNA synthesis activates three delayed early viral promoters IX, IVa2 and E2 late (8) This results in the
transcription and translation of late genes, L1-L5 which are alternative splice units from a single
transcription unit from the major late promoter (MLP). Late proteins are involved in the production
and assembly of the virion capsid (181). (9) Virion assembly occurs within the nucleus (10) which are
then released by viral induced cell lysis. Figure created using biorender.

53



Table 1.9: Ad5 proteins and their function

Protein | Gene | Function(s) during infection References
E1A12S E1A e Induction of host DNA synthesis (182—-184)
e Transcriptional regulation of genes involved
in cell-cycle, apoptosis, inflammation,
protein translation
e Regulation of protein stability through
interaction with the 26S proteasome
e Induction of apoptosis
E1A13S E1A e Transcriptional activation of host and viral | (182)
genes
E1B19K E1B e Inhibition of extrinsic and intrinsic apoptosis | (184,185)
E1B55K E1B e Inhibition of DNA-damage and response (183,184)
e Inhibition of p53-dependent apoptosis
e lLate viral mRNA nuclear export and
translation
e Blocking of host mRNA nuclear export and
protein synthesis
DBP E2A e Replication and elongation (170,183)
e Transcriptional regulation
e DNA recombination
e Virus assembly
Pol E2B e DNA polymerisation/replication (170)
pTP E2B o  DNA replication (serves as primer) (170)
E3-12.5K E3 e Unknown
E3-11.6K E3 e  Cell Lysis (186)
(ADP)
E3gp19K E3 e Inhibition of MHC class | cell surface | (170,187,188)
expression by binding and retaining the
heavy chain in endoplasmic reticulum (ER)
e Inhibition of the processing of peptides
presented by class | MHC
e Sequestration of natural killer cell ligands
E3-6.7K E3 e Inhibition of extrinsic apoptosis through | (189-191)
(CR1a) TRAIL-R2 internalisation and degradation in

lysosomes
e Directs E3gp19K to ER
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Protein Gene Function(s) during infection References
E3-10.3K E3 Inhibition of extrinsic apoptosis through | (163,187)
(RIDa) death receptor internalisation and
degradation in lysosomes
Inhibition of TNF-induced secretion of
arachidonic acid, production of chemokines
and NF-kB signal transduction
E3-14.9K E3 Inhibition of extrinsic apoptosis through | (163,187)
(RIDB) death receptor  internalisation and
degradation in lysosomes
Inhibition of TNF-induced secretion of
arachidonic acid, production of chemokines
and NF- B signal transduction
E3-14.7K E3 Inhibition of TNFa-induced secretion of | (163,187)
arachidonic acid
Edorfl E4 Growth induction through PI3K/mTOR | (183)
pathway activation
Edorf2 E4 Unknown
E4orf3 E4 Re-organisation of PML bodies (183)
Inhibition of DNA-damage and repair
response
Facilitation of S-phase DNA replication
Edorfa E4 Growth induction through PI3K/mTOR | (183)
pathway activation
Disruption of PP2A functions
Edorf6/7 E4 E4 Inhibition of DNA-damage and repair | (183)
response
Inhibition of NHEJ DNA repair
Late viral mRNA nuclear export and
translation
Blocking of host mRNA nuclear export and
protein synthesis Viral DNA replication
E4-34K E4 Unknown
plva2 IVa2 DNA encapsidation/packing (157,170)
Activation of late viral gene transcription
pIX IX Cementing of virion structure Stabilization of | (170)
capsid
Hexon (pll) | L3 Formation and structure of the virion Binding | (157,166)

of coagulation factors

55



Protein Gene Function(s) during infection References
Penton L4 Cell Attachment via integrins (170)
(pi) Virus internalisation and release from
endosome
Formation and structure of the virion
Stabilisation of the capsid
Fiber (plV) | L5 Cell attachment via CAR and HSGAG (166,170)
Blood factor attachment
Formation and structure of the virion
23K L3 Cleavage of precursors to produce the | (166,170)
protease mature structural proteins
Virion assembly Capsid uncoating Facilitation
of cell lysis
22K L4 DNA encapsidation/packaging (166)
33K L4 Formation and structure of the virion (157)
100K L4 Formation and structure of the virion (157,183)
Blockage of protein translation initiation
Proteinllla | L1 Cementing of Virion structure (157,170)
Protein V L2 Bridging of viral core and capsid (166)
Possible role in revealing viral DNA for
replication and transcription
Protein VI | L3 Cementing of virion structure (157,166,170)
Disruption of endosomal membrane Virus
maturation
Protein VIl | L2 Formation and structure of the virion DNA | (157,166,170)
encapsidation
Nuclear import of viral DNA Reduction of
early transcription
Protein L4 Cementing virion structure (157,170)
Vil
B or Mu | L2 Cementing of virion structure (157,170)
(polypept Precursor in modulating expression from E2
ide X) DNA packaging
52/55K L1 DNA encapsidation (166,170)
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Typically, infection of epithelial cells results in a lytic life cycle, however, Ad5 and other group C Ads,
can cause persistent and latent infections in lymphocytes (192—-194). Therefore, infection with
subgroup C Ads appears to be a two-step process characterised by acute replication in epithelial cells,
followed by persistent nonlytic infection of lymphocytes. This has been reported to occur mainly in
mucosal-associated lymphoid tissues, in particular the T -lymphocyte population (193,195). It is not
clear whether latent infection can occur in B cells, particularly plasma cells, which could hinder the
use of Ads for MM. Latent infection has been found in vitro in B cell lines (Ramos & BJAB: Epstein bar
virus negative Burkitt’s lymphoma) (195) and in a B cell lymphoma patient (196). A possible
mechanism for latent infection has been proposed which implicates ADP. A study showed lymphocytic
cell lines with productive lytic infection had high ADP expression levels, whilst lymphocytic cell lines
with latent infection had low-level ADP expression. Deletion of ADP converted lytic infection to a
persistent infection in lymphocytes, however overexpression of ADP did not convert persistent
infection to lytic infection, the authors suggested the latter may be due to levels of ADP not being
sufficient to induce cell death, or that ADP death-promoting activity is inhibited in these cells (197).
However, the former indicates that the downregulation allows for the virus to persist in some cells
that typically exhibit lytic infection, but this was not the case in A549 cells (lung carcinoma epithelial
cells). Therefore, it seems there are additional factors which contribute to the switch between lytic
infection and persistent infection, and many oncolytic Ads have a deletion in ADP (E3) to be able to

insert transgenes and are able to cause lytic infection (discussed below in section 1.4.3).
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1.4.3. Oncolytic Adenoviruses as Therapeutic Tools
1. 4.3.1. Tumour Specificity

Ad5s make good candidates for oncolytic virotherapy due to several characteristics, including a
naturally lytic life cycle, highly efficient replication which can produce high titres (up to 10** pfu/mL),
easy to engineer genome, ability to retarget cell tropism, and lastly can infect a broad range of cell
types including both dividing and quiescent cells (198,199). The latter is due to the Ads promoting the
host cell into the G; phase of the cell cycle by binding to Rb via the immediate-early protein E1A and
releasing the transcriptional factor E2F (200,201). To improve the safety of oncolytic Ads, multiple

tumour targeting strategies have been identified (198).

Ad5 vectors for transgene delivery are usually modified in specific regions, such as E1, E2A, E3 and E4
genes (202), E1, E2A and E4 genes are essential for vector replication. Vectors with deletions in the
above genes are replication-defective, however, they can still induce a strong host immune response.
To increase vector capacity, the dispensable E3 gene is deleted. In first generation adenoviral vectors,
the E1 gene is deleted and replaced with the transgene, but the packaging capacity is limited (8.2kb)
(203). Second generation adenoviral vectors have deletions in E1, E2 and E3 or E4 genes,
accommodating larger transgenes (up to 10kb) and reducing the possibility of reversion to replication

competent Ad (202).

However, for cancer therapy, unlike gene therapy, conditionally replicating Ads (CRAds) are
engineered to allow Ads to selectively replicate in malignant cells. One of the first strategies was the
generation of a E1B-55K deleted Ad mutant, Onyx-015 (204,205). E1B-55K, is a potent inactivator of
p53, thus prevents premature apoptosis (206). Therefore, infection of E1B-55K deleted Ads in healthy
cells should allow for p53 activation and apoptosis, stopping the virus life cycle. In contrast, in tumour
cells harbouring dysfunctional p53, the virus life cycle should be supported (205). Despite p53 being
mutated or deleted in almost every cancer type (207), the rates vary among different cancer types
(208,209). For MM, p53 mutation is a rare occurrence in newly diagnosed MM, around 3% (210—

213), however, the rate of p53 mutation increases as disease progresses (214). Therefore, the
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efficacy of E1B-55K deleted Ads may be low in MM. However, E1B-55k deleted Ads have been
shown to be independent from the p53 tumour status (215,216), replicating in tumour cells that can
compensate for those functions of E1B-55K required for effective virus production, such as viral mRNA

nuclear export (217).

Another strategy is to delete the retinoblastoma-binding site in E1A (referred to as Delta-24) (218).
The replication essential E1A protein inactivates retinoblastoma protein (pRB) leading to the release
of the transcription factor E2F, resulting in cell cycle activation and viral replication (Figure 1.6).
Therefore, replication of Delta-24 in healthy cells is halted, because of its inability to release E2F.
However, in tumour cells with impaired pRb function, Delta-24 can replicate. Approximately 25% of
tumours have pRb mutations, but pRb can be functionally inactivated by overactivation of D-type
cyclins (219,220). Another mutation in the E3/19K protein (truncating insertion, T1), allows E3/19K to
transfer to the plasma membrane which enhances virus release (221). Therefore, the T1 mutation may

be a useful addition to a tumour-selective Ad-based therapy (222,223).
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Figure 1.6 Schematic representation of E1A-mediated regulation of the cell cycle:

The E1A adenoviral protein promotes S-phase induction by binding to pRb to release E2F so that viral
DNA can be replicated. E1A also induces S-phase induction by binding to p300 and CBP which activates
transcription by binding to transcription factors (224). Figure created using biorender.
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A different approach is to utilise tumour-selective transcriptional control of E1A (205,225). Various
mechanisms of such transcriptional retargeting have been successfully established using tumour
specific promoters including a-fetoprotein (226), prostate-specific antigen (PSA) (227-229), and
MUC,/DF (230). Therefore, viral gene expression and replication can only be achieved in those
tumours which activate these transgenic promoters (199). These tumour-selective replicating Ads
showed efficient lysis of various cancer cell lines in vitro and were able to inhibit the growth of
corresponding tumours in xenograft models in vivo. Disadvantages of this approach are heterogeneity
of tumour tissue with regard to the transcriptional activity of the used promoters and significant
promoter background activity in healthy cells providing E1A levels sufficient for the onset of viral
replication (205). Therefore, to address this issue, attempts have been made to exploit pan-cancer
gene expression using promoters for human telomerase reverse transcriptase (hTERT) which is
expressed in >90% of cancers (205,231-236), or cyclooxygenase-2 (237). Alternatively, promoters
containing hypoxia-responsive elements have been employed (238-240). Clearly, restriction of Ad
replication to tumour tissues facilitates safe application but has also been shown to reduce antiviral
immune responses after systemic injection in syngeneic mice. Using a nonselective Ad, there was
strong stimulation of innate immune response genes and severe liver toxicity, whilst the selective Ad

did not trigger innate immunity and prevented liver toxicity (241).

The ability to transcriptionally control the genome is an advantage Ads have over other viruses. All
RNA viruses except orthomyxoviruses (e.g., influenza viruses) and retroviruses replicate in the
cytoplasm, therefore, these viruses cannot use nuclear transcriptional control elements, such as
tissue/tumour promoters. In contrast, DNA viruses, except poxviruses (e.g. VV), replicate in the
nucleus and can use nuclear transcriptional control elements. However, viruses such as Picornavirus,
RV and Parvovirus, have small compact genomes that do not have room for large transgenes. Genetic
modification of small dsRNA viruses, such as RV, has proved to be challenging, however recently, RV
has been genetically modified to insert small transgenes due to the development of plasmid-based
reverse genetic systems, so limited genetic modification is possible (244,245). Importantly, Ads have
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highly regulated temporal sequence of viral gene expression starting with EIA which allows tuning
transgene expression, unlike other transgene carrying viruses (VSV, MV, NDV, HSV and VV). Therefore,

it is clear Ads have advantages over other viruses (242).

Other than engineering the adenoviral genome to restrict replication to tumour cells, the tropism of
Ads can be changed to increase infection specificity to tumour cells, by genetically altering or
conjugating ligands to the hexon or fibre proteins that target cell surface proteins that are uniquely
expressed or overexpressed in cancer cells (reviewed in (243)). It is clear there are numerous ways to
genetically modify oncolytic Ads, therefore, the following sections will focus on preclinical and clinical
experience with Ads that are modified to control replication to tumour cells.

1.4.3.2. Clinical Experience with Oncolytic Adenovirus

In the early 2000s, multiple phase | and Il clinical trials with Onyx-015 showed good safety profiles
(244-247), however, only moderate clinical responses were observed, which were more significant
when combined with chemotherapy or radiotherapy (246,248). This was related to limited tumour
infection and the development of antiviral immunity, which limits efficacy (249-253). Despite this,
Onyx-015 was approved in China for the treatment of head and neck squamous cell carcinoma (108),
which in phase Il clinical trials demonstrated response rates of nearly 80% in combination with
cisplatin, with mild side effects such as flu-like symptoms (254). However, it is important to highlight
that the Chinese Regulatory Agency approved Onyx-015 without any data regarding patient survival.
Although no Ads have yet been approved by any Western country, there is currently a plethora of Ads
in clinical trials for the treatment of a range of cancers (Table 1.10), although the majority of them are
focussed on the evaluation of safety rather than efficacy of the treatment. Data from these will no

doubt emerge over the next few years.
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Table 1.10: Oncolytic adenoviruses in clinical trials (Table reproduced with permission from 256).

Name Modification Result of modification Tumour type

ONYX-015 E1B-55kDa Lyse p53 deficient cells Head and Neck, glioma,
ovary

Oncorine Ad-E1B7 Promotes cell lysis Head and Neck, liver, lung,
pancreas, solid tumours

CGTG-102 Ad-GM-CSF Immune cell recruitment Glioma

DNX-2401 Ad-D24RGD Preferentially binds and lyses Melanoma

glioma
ICOVIR-5 Ad-DM-E2F-K- Selects cells with E2F-Rb Bladder
D24RGD deregulation

CG0070 Ad-GM-CSF Immune cell recruitment

Colo Ad1 Ad3:Ad1 1P Hybrid Hybrid virus, boosts potency Colorectal, ovary

VCN-01 PH20 hyaluronidase Degrade tumour ECM Pancreatic

Telomelysin Ad-hTERT hTERT promoter-controlled Ad | Solid Tumours

Abbreviations: Ad, adenovirus; ECM, extracellular matrix; GM-CSF, granulocyte-macrophage

As an example, a phase | clinical trial using a conditionally replicating Ad5 driven by hTERT
(Telomelysin) promoter was assessed in patients with advanced solid tumours. Intratumoural injection
of Telomelysin was well tolerated at all dose levels, with common grade 1 and 2 toxicities including
fever and chills. Biopsies showed hTERT expression in 9 of 12 patients. Viral DNA was transiently
detected in the plasma of 13 out of 16 patients, and in four patients, viral DNA was detected in plasma
or sputum at days 7 and 14 post treatment, despite below detectable levels at 24 hours, suggesting
viral replication. With regards to clinical efficacy, one patient had a partial response in the injected
malignant lesion. Seven patients fulfilled Response Evaluation Criteria in Solid Tumours (RECIST),
which is a set of published rules to define when solid tumours respond, stabilise or progress during

treatment, according to the RECIST criteria seven patient met the definition for stable disease at day
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56 after treatment (256). However, it must be taken into account that the RECIST criteria could be
underestimating the effectiveness of the treatment, because tumour pseudoprogression has been
commonly reported in virotherapy (199,257).

1.4.4 Oncolytic Adenoviruses and Multiple Myeloma

An early study demonstrated that transduction with Ad vectors using a tumour-selective DF3
promoter to drive the expression of TK were able to efficiently transduce MPC lines (~80%
transduction efficiency). This resulted in expression of TK, which with the addition of ganciclovir, was
able to significantly reduce MPC lines proliferation (OCI-My5 and RPMI-8226) that were cultured with
y-irradiated BM mononuclear cells (BMMCs) from healthy donors ex vivo, without affecting
haematopoietic progenitor cells (HPCs) or normal lymphocytes, suggesting their potential utility in
MM cells within autografts (258). Fernandes et al., (2009) examined MM targeted delivery of CD40L
by a conditionally replicative oncolytic Ad, AEHCD40L. First, they demonstrated that MM cells were
susceptible to AJEHCD40L-mediated apoptosis, and subsequently in an RPMI 8226 subcutaneous

xenograft murine model tumour burden was reduced by 50% by AJEHCD40L treatment (127).

Given that most haematological malignancies do not express high levels of CAR, Ad5 has not generally
been considered as an oncolytic agent for malignancies such as MM (125,259). Therefore, one study
suggests that subgroup D viruses may have efficacy against MM and lymphoma. In this study, two best
performing species D viruses, Ad26 and Ad45 were compared to Ad5 for in vivo efficacy against
lymphoma xenografts. A single intratumoural injection of 3x10° virions slowed tumour growth
significantly and improved survival of these animals, whilst Ad5 was ineffective (260). However, this
may not be the case for MM. Senac et al., (2010) showed that Ad5 can infect and kill most MM cell
lines and ex vivo patient samples, evidenced by reporter gene expression, viral DNA replication, viral
titering, and cell death assays, suggesting a significant therapeutic potential (125). Whilst Drouin et
al., (2010) compared Ad5 against a chimeric Ad 5/F35 in B lymphocytes, the latter substitutes Ad5-
based vector fibres with those of Ad serotype 35, which uses CD46 as a receptor. This study found that

adenoviral transduction efficiencies varied between B-cell lines corresponding to distinct stages of B-
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cell lymphogenesis. Cell lines of plasma origin were efficiently transduced with both Ads, with Ad5
having a slightly higher transduction efficiency than Ad5/F35. Interestingly, plasma cell lines with high
transduction efficacy, had the lowest CAR expression (e.g. U266 plasma cell line with 100%
transduction efficiency only had 15% CAR expression), whilst cells with high CAR expression had low
Ad5 transduction efficiency (e.g. mature B lymphocyte cell line which had 85% CAR expression but
only had 20% transduction efficiency). Moreover, CD46 was shown to be ubiquitously expressed, yet
some cells remained poorly permissive to Ad5/F35 (261). Collectively, these results showed that there
is no direct correlation between transduction efficiency and cellular receptor expression for both

viruses, as formerly thought (262).

One study showed that av5 integrin is the primary receptor for Ads in CAR-negative cells. This study
used CAR-negative human melanoma cell line (WM278) and CAR-negative human breast cancer cell
lines (MCF7 and MDA-MB-435). Ad binding was shown not to be dependent on fibre binding to cells
but rather the penton base binding to cellular integrins. Additionally, blocking with a specific mAb to
avB5 integrin in low CAR expressing cells inhibited Ad infection, demonstrating avp5 integrin is
required for adenoviral attachment in these cells, and not CAR. The binding to avp5 integrin was also
shown to be extremely high affinity, in the picomolar range (263). This could explain the high

transduction efficiencies in low CAR expressing cells.

Early work showed that WT Ad5 infects MM cell lines, however, the life cycle is delayed compared to
that of permissive Hela cells (125,264). This slow or low-level replication appears to be related to
repression of the E1 transcripts in MM cells (264,265). This suggests that modifying E1 transcripts to
evade RNA destabilisation will enhance the efficacy of oncolytic Ads in MM (125). Furthermore, Senac
et al., (2010) showed that Ad5 infected CD138* primary MM cells 10- to 70-fold more efficiently than
normal CD138 BM cells. This specificity could be enhanced by applying transcriptional or replication

targeting to oncolytic Ad5 to restrict its replication to MM cells (125). Despite the preclinical activity
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of Ads in MPC lines and mouse models, clinical investigation has not yet been realised, and their

efficacy and safety profile needs to be defined in phase I/Il clinical trials.

More recently, a study has investigated the use of Lokon oncolytic Ad (LOAd) therapy for MM
treatment (129). Firstly, the virus used an E1A deleted chimeric Ad Ad5/F35, this means the adenoviral
fibre and knob are switched to serotype 35, which retargets the virus to infect CD46* cells, this is to
overcome the apparent lack of CAR expression in MM cells. LOAds are also further modified to express
immunomodulatory transgenes, in this study, two LOAds were used, both LOAd700 and LOAd703
encode for CD40L, but LOAd703 also encodes for 4-1BBL. A panel of MPC lines were sensitive to both
LOAdSs, resulting in replication and elimination of MM cells in vitro. LOAdSs replicated much faster than
Ad5/F35 alone, in cell viability assays, LOAds appeared to perform better than Ad5/F35 alone, but it
was not stated whether significance was reached. Transgene expression was also detected in all MPC

lines post LOAd infection.

The authors then wanted to explore the effects of the transgenes on MM cells as well as cocultured
immune cells. MM cells treated with LOAds had altered cell phenotypes with a downregulation of
markers connected to MM progression (ICAM-1, CD70, CXCL10 etc.) and an upregulation of Fas. When
MM cells were cocultured with healthy donor (HD) PBMCs and treated with LOAds, LOAds promoted
activation of cytotoxic T cells, and IFNy expression. However, it would be interesting to see if these
increases also occur in MM patients PBMCs or BMMCs, who are typically immunosuppressed. Next,
they investigated the efficacy of LOAds in vivo. A subcutaneous xenograft MM model was used, mice
were treated with either vehicle (PBS), LOAd703 or an unarmed LOAd (LOAd-) (1x10° FFU)
intratumorally or intravenously. As neither transgene would have activity in this model, they were
investigating whether the oncolytic function would be affected in vivo if LOAds were armed, hence
selecting only one of the LOAdSs for this study (LOAd703). Only intratumorally injected mice had a
significant reduction in tumour burden compared to control (PBS), with both LOAd703 and LOAd-

having no significant difference in the amount of tumour burden reduction, however, LOAd703-
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treated mice had significantly longer overall survival. As the oncolytic effects of LOAds only showed
efficacy in vivo intratumorally in a plasmacytoma model, this would be hard to translate to MM
patients. Until the immunostimulatory effects can be investigated in vivo in systemic disease and
administered systemically, it is hard to say whether LOAd efficacy can translate into a potential

treatment for MM patients.

Most in vivo experiments using Ads have been performed with human cancer xenografts in
immunodeficient mice. To fully test the potential therapeutic activity of OVs, studies should be
performed in immunocompetent animals that can support active viral infection (266). However, the
stringent species selectivity of adenoviridae only permits human Ad to infect human cells, therefore,
does not permit replication in most rodent cells including mice and rats (267-270). Consequently,
researchers have turned to the Syrian hamster model (271), whilst this model system is effective for
studying human Ads, it is limited by the accessibility of reagents to study immunological parameters
(266). Despite this, some groups have found mouse cell lines that are permissive of Ad infection and
replication, these include the mouse glioma cell line, GL261, the mouse mammary epithelial cell line,
NMuMG, and the lung adenocarcinoma cell line, ADS-12 (266,272,273).

1.4.5 Targeting Multiple Myeloma with a Selective Adenovirus

It is clear there are numerous ways to genetically modify oncolytic Ads for cancer therapy, in view of
previous research discussed in section 1.4.4, the Sheffield Myeloma Research Team (SMaRT)
developed an Ad by utilising selective transcriptional control of E1A, using the promoter for signalling
lymphocytic activation molecule F7 (SLAMF7), also known as CD-subset-1 (CS1). The reasons for
selecting CS1 will be discussed in the following sections.

1.4.5.1 CS1 Expression

CS1(SLAMF7) is one of the nine SLAMF receptors belonging to the CD2 subset of the immunoglobulin
superfamily. CS1 is often overexpressed on MM cells (274—277), which has resulted in it being an
attractive therapeutic target. In one study, CS1 mRNA was expressed in >90% of 532 MM cases,

regardless of cytogenetic abnormalities. CS1 protein was also strongly detected in MM cells in all
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plasmacytomas and BM biopsies by immunohistochemistry (IHC). By flow cytometry, CS1 showed
specific staining in CD138" MM cells, NK cells, NK-like T cells and CD8* T cells, but no detection on
CD34* haematopoietic stem cells (275). In another study, CS1 mRNA and protein was highly expressed
in CD138 purified primary MM cells in >97% of patients (n=101), with low levels of circulating CS1
detectable in MM patient sera, but not detectable in HDs (274). In another study, ~87% of MM
patients (n=39) showed strong CS1 expression independent of disease stage or treatment history.
These studies all corroborate high expression levels of CS1 in the majority of MM patients. Whilst
these studies indicate cytogenetic abnormalities are not indicative of CS1 expression, it has been
shown that MM cells with t(4:14) translocations (found in about 15% of MM patients) express higher
levels of CS1 mRNA and surface protein, which has been found to be linked to MMSET overexpression

(278).

Gene expression data have also confirmed high CS1 expression on tumours in patients with
myelodysplastic syndrome, chronic lymphocytic leukaemia and diffuse large B cell lymphoma (279).
This might mean CS1 therapeutic targets might be useful in other haematological cancers, but the role
of CS1 in the pathogenesis of these tumours has not been evaluated. It is important to add that CS1 is
expressed in HDs on almost all CD56%™ NK cells, most CD56°™" NK cells and non-classical
CD14"°%CD16* monocytes and many CD56* T cells, mature dendritic cells, and small subsets of CD4* T
cells, B cells and CD14*CD16* monocytes (275,280,281). CS1 is also increased in NK cells and B cells in
response to various stimuli (281-284). For example, primary resting B cells express minimal levels of
CS1, but upon activation with CD40, CS1 is upregulated. Plasma cells, as well as memory B, cells
express higher levels of CS1 compared to resting primary B cells (284).

1.4.5.2 CS1 Signalling

CS1 is a homophilic receptor that recognises and binds to CS1 on other cells, this CS1-CS1 interaction
results in activation of NK cell natural toxicity (285). NK cells express two splice variants of CS1, one
which lacks the intracellular domain for activation (CS1-S) and one which contains the intracellular

domain (CS1-L), thus capable of activating NK cytotoxicity (286). Activation of NK cytotoxicity occurs
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due to CS1s two signalling motifs, immunoreceptor tyrosine-based switch motif (ITSM) which
mediates interaction with Ewing’s sarcoma-associated transcript 2 (EAT-2) and activates the receptor.
CS1 may also function as an inhibitory receptor in the absence of EAT-2 (287). In B cells, signalling
through CS1 induced B cell proliferation and autocrine secretion of cytokines such as IL-14 (284), this
suggests CS1 may have growth promoting activity in B cells. In T cells, CS1 is expressed but EAT-2 is

not, therefore, CS1 functions as an inhibitory receptor in T cells (287).

In MM, the biological relevance of CS1 is obscure because the expression of EAT-2 and other CS1
proteins are defective in MM cells (288). However, CS1 upregulation in MM cells has been implicated
to cause uncontrolled proliferation (289). The extracellular domain of CS1 can be cleaved by
unidentified enzyme(s) and detected in the serum of MM patients. Recently, this soluble CS1 has been
shown to act as a growth factor for MM, which can be neutralised with antibodies targeting CS1 (290).
1.4.5.3 CS1 Regulation

Transcriptional regulation of CS1 in NK and B cells is regulated by Ying Yang 1 (YY1) in mice (291) and
B lymphocyte-induced maturation protein-1 (BLIMP-1) in humans (292). BLIMP-1, encoded by positive
regulatory domain zinc finger protein 1 (PRDM1), was originally thought to be a transcriptional
repressor but has been shown to positively regulate the human CS1 gene. BLIMP-1/PRDM1 is not
required for basal expression of human CS1, BLIMP-1/PRDM1 binding leads to increased transcription
and expression of human CS1. However, the mechanism of CS1 upregulation is unknown in human
MM. In mice YY1 represses murine CS1 in murine MM cell line Sp2/0, as mutating the YY1 binding site
on the murine CS1 promoter resulted in an increase in promoter activity (291). Currently, the

mechanism behind CS1 upregulation is still unclear.

Recently, it has been shown that IMiDs (Len and Pom) can downregulate CS1 protein and mRNA
expression (290). The authors found the human CS1 promoter segment to contain three putative-
binding sites for the lkaros family (IKZF) flanking the BLIMP-1 binding site. This is important as Ikaros

(IKZF1) and Aiolos (IKZF3) are target molecules for Len and Pom in MM cells. Because of these findings
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the authors investigated the regulation of lkaros and Aiolos on CS1 expression. A strong correlation
was found in the expression levels of CS1 and Ikaros, but not Aiolos, after Len treatment, whilst BLIMP-
1 expression was not consistently associated with Len induced changes in CS1 expression levels. CHiP
assays showed Len treatment readily decreased the abundance of Ikaros on the CS1 promoter. When
Ikaros was knocked down in MM cells, CS1 decreased to the same extent, conversely, when lkaros
was overexpressed, CS1 expression increased. Additionally, in Len resistant MM cell lines,
simultaneous upregulation of Ikaros and CS1 expression is observed. Therefore, this suggests lkaros is
a critical transactivator of CS1 in MM cells and transcriptional control is different in MM cells
compared to B and NK cells.

1.4.5.4 CS1 Therapeutic Targeting

Due to the upregulation of CS1in MM cells and its role in increasing MM cell growth and proliferation,
CS1 is an attractive therapeutic target. This has resulted in a mAb being generated against it,
Elotuzumab, which has been approved in combination with Len and Dexamethasone for
relapsed/refractory MM based on the findings from the phase Il randomised ELOQUENT-2 trial (293).
The mechanism of action of Elotuzumab is mediated through antibody-dependent cell cytotoxicity
(ADCC) (294,295). Elotuzumab is unable to directly suppress the growth of MM cells due to MM cells
lacking EAT-2 and other molecules, but Elotuzumab does not induce proliferation of MM cells (288).
Elotuzumab has a dual mechanism of action, firstly, it can directly activate NK cells by binding to CS1
on the surface of NK cells and activating them, and secondly, by ADCC, whereby Elotuzumab binds to
CS1 on MM cells, which targets it for granzyme B destruction via CD16-mediated ADCC by NK cells.
CS1 has also been targeted using a CS1-antibody drug conjugate. The results of the first in human
phase 1 clinical trial of this CS1-antibody drug conjugate (ABBV-838) was announced in early 2020
(296). This trial showed ABBV-838 to be safe and well tolerated in relapsed/refractory MM but had
very limited efficacy, with an overall response rate of 10.7%, with very good partial responses, and

partial responses were achieved in 2.7% and 8% of patients’ respectively.
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Preclinically, CS1 has been targeted by CAR-T cell therapy, which has resulted in MM cell eradication
in vitro and in vivo (297,298). However, anti-CS1 CAR-T cells caused cell death in CS1"&"B cells, T cells
and NK cells, but the CS1'" fraction in each cell subset are spared and preserved functional
lymphocytes (298). Despite this, phase | clinical trials are currently underway (NCT03710421). From
everything described above, it is clear that targeting CS1 expressing MM cells results in anti-MM
effects and depending on how it is targeted, seems to have minimal toxicity.

1.4.5.5 CS1 Transcriptionally Controlled Adenovirus

For the reasons discussed above, CS1 was an attractive target to drive the replication of an oncolytic
Ad for MM, so a CS1 promoter driven Ad was engineered, called Ad[CE1A]. Prior to the start of this
thesis, the ability of Ad[CE1A] to induce cell death was tested in a small panel of MM cell lines (JIN-3,
U266 and OPM-2), a melanoma cell line (MDA-MB-435) (Figure 1.7.a), in primary osteoblasts (Figure
1.7.b) and in primary macrophage-differentiated osteoclasts (Figure 1.7.c). Ad[CE1A] was shown to
induce cell death only in the MPC lines, and this level of cell death was highly significant (data not
published). Ad[CE1A] was also tested in vivo in a U266 xenograft model of MM. Ad[CE1A] treatment
started when tumour burden was high, and Ad[CE1A] managed to significantly reduce tumour burden
(Figure 1.7.e) but had no effect on the bone disease (Figure 1.7.f; Figure 1.7.a) (results unpublished).
Unfortunately, Ad[CE1A] did not manage to reduce all the tumour burden as a monotherapy, when
Ad[CE1A] therapy was initially administered, tumour burden was well established. Therefore, this
leads to the rationale of this PhD project (discussed in detail further in later sections). Briefly, to better
understand adenoviral-MM interactions and to further enhance adenoviral-mediated MM cell death.
Whether combining with standard chemotherapy to increase anti-MM outcomes in active disease, or
by using Ad[CE1A] not as a tumour debulking agent, but to remove MRD following standard of care in
the low tumour burden model of MM. If successful, this treatment could be curative for MM patients,
especially the latter. Most importantly, these proposed regimes are what would most likely be

performed clinically.
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Figure 1.7: Ad[CE1A] induces cell death specifically in MPC lines in vitro and in vivo but has no effect
on MM-induced bone disease:

(a) JIN-3, U-266, OPM-2 and MDA-MB-435 cells were infected with Ad[CE1A] at a multiplicity of
infection (MOI) 20. Cell death was analysed 4 days post infection by flow cytometric analysis using
propidium iodide staining (Pl). n=3 Data is the mean + SEM. p values for are for 2-way ANOVA with
multiple comparisons with Siddk’s correction, where* =p<0.05. (b) Primary murine osteoblasts and (c)
primary macrophage differentiated osteoclasts were infected with Ad[CE1A] at a MOl of 20. Cell death
was analysed by flow cytometry 4 days post infection by flow cytometric analysis with Pl staining. n=3
Data is the mean + SEM. p values are for students T-test. (d) Left femurs of vehicle (PBS) and Ad[CE1A]
treated mice from a U266 xenograft murine model were flushed and stained with anti-HLA and
labelled with 2 pg/mL TO-PRO-3 and analysed. (e) The average percentage tumour burden was
calculated for each group and plotted. (f) Trabecular bone volume in the left tibiae of each mouse
were analysed and the percentage bone volume for control and Ad[CE1A] treated mice calculated. (g)
Osteolytic lesions were analysed by Osteolytica software (299) and percentage of lesion analysis for
control and Ad[CE1A] treated mice was calculated. All in vivo data are mean + SEM, n=5. P values are
for students T-test.
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1.5 The Future of Oncolytic Virotherapy for Multiple Myeloma

MM poses considerable therapeutic challenges to be overcome if oncolytic virotherapy is to translate
to an effective treatment strategy. The field suffers from several obvious issues, which must be
addressed. Firstly, the impact of disease heterogeneity needs to be examined in the context of
oncolyticvirotherapy. Areview of the literature showed that preclinical results derive more from tests
on MPC lines than on patient-derived primary MM cells (56). This is related to the well-known
difficulties with maintaining primary MM cells outside the functional BM (300-302). However, studies
have shown that OVs in primary MM patient samples can infect and typically kill a high percentage of
cells. Unfortunately, these studies used small numbers of patient samples (typically only data from
one to three patients) (22), with the exception of one more recent paper (n=31) (140). The field would
therefore profit from a comprehensive study of the efficacy of oncolytic virotherapy on a large amount

of MM patient samples.

Secondly, most of the in vivo studies and clinical trials administer virotherapy intratumorally. Most of
the work studying OVs in MM has been conducted in immunodeficient models of a single
subcutaneous plasmacytoma with intratumoral injection of virus. These studies represent an easy
starting point; however, these are not clinically relevant MM models, and fail to recapitulate the
clinical realities in two ways. First, due to the nature of OVs, there are different treatment challenges
associated with systemic vs localised disease. In particular, delivery of a virus through the circulation
to sites of systemic disease is a major translational hurdle (22). This is because once injected
systemically, OVs are faced with the inactivating effects of complement, erythrocyte ‘virus traps’ and
antiviral antibodies, all of which targets them for rapid elimination (55,57,303,304). Since MM is
typically a systemic disease, this should be addressed in preclinical models. Therefore, OVs need to be
accessed for their circulation kinetics, first pass hepatic clearance, and the ability to infect
extravascular tumour cells (57,305). It is because of these reasons; the development of intralesional

virotherapy approaches for solid tumours has seen more progress.
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Additionally, the immune system is recognised to have a significant positive and negative impact on
OVs. For example, as mentioned previously, complement, erythrocyte ‘virus traps’ and antiviral
antibodies can inhibit viral infectivity (306—309). On the other hand, much of OVs efficacy is thought
to be mediated through the induction of antitumour T-cell-mediated immunotherapy (21,310).
However, MM patients have a high degree of immune dysregulation, either due to the
immunosuppressive effects of the disease, or chemotherapy (311,312). MM and its
immunosuppressive environment, makes it problematic to achieve sufficient immune responses with
OVs alone (311). Therefore, OVs should be studied in immunocompetent systemic disease models,
however this poses an issue with some viruses, which cannot replicate in mouse cells, such as the Ads
(as discussed in section 1.4.4), and MV (313). It must be noted that the lack of immunocompetent
mouse models has not stopped the MV progressing into clinical trials in MM. This may therefore, not
be a hindrance for Ad[CE1A] progressing onto clinical trials. Nonetheless, even recently, subcutaneous
solitary plasmacytoma models are still used over systemic disease models for oncolytic virotherapy

(129,140).

There have been several strategies to overcome immune clearance and/or successfully systemically
deliver OVs by a ‘trojan horse’ method. One strategy has been to deplete/inhibit antiviral immune
responses with low dose immunosuppressive chemotherapy (cyclophosphamide) or TGF-B treatment,
which resulted in enhanced viral replication, T-reg inhibition resulting in decreased viral clearance,
which ultimately resulted in improved antitumour outcomes (314-319). Another strategy is
modification of the viral coat through conjugation of polymers like polyethylene glycol (320-322) or
lipid encapsulation (323), which can shield OVs from neutralising serum factors and prevent the
generation of new antiviral antibodies. Alternatively, cell carrier-based methods have been used as a
‘trojan horse’ which have demonstrated the ability to guide viruses to tumour cells. Many cell types
have been used as carriers, including T cells, DCs, macrophages, and mesenchymal stem cells (324).
Whilst attempts are still ongoing to retarget viral infection to cancer cells using chemical modification,

adaptor proteins or cell carriers, these attempts may be potentially hindered as these modifications
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are non-heritable, therefore, progeny virions will not be modified. In the case of modifications to
enhance cell death, there will be reduced oncolytic properties in progeny virions. Moreover,
modifications to target/shield the virus will also be lost in progeny virions, which raises the possibility
that unwanted off target infection and subsequent toxicities may be caused by progeny virions (325).

Clearly, the systemic delivery of OVs is still a major challenge in the field, which remains unsolved.

Lastly, combining oncolytic virotherapy with more typical MM standards of care, such as
chemotherapy, radiation or mAbs is lacking but may be the best approach to increase efficacy. Results
from the first completed clinical trial utilizing oncolytic RV in MM support this notion (326). Enhanced
antitumour immune responses have been demonstrated preclinically and clinically in other tumours
when combining chemotherapy and oncolytic virotherapy (90,246,254,327-330). This is critical in
determining oncolytic virotherapy in context of other MM therapies, for example should OVs be used
as a frontline therapy? Or are they better suited to relapsed/refractory patients? Is there any
synergism with OVs and other existing MM treatments? As discussed earlier, one of the main issues
with patients relapsing is the existence of MRD, so can OVs remove MRD once tumour has been
debulked by existing MM chemotherapies? This is a novel and more clinically relevant strategy to
target these remaining cells that persist in MRD. Therefore, if the field is to advance from preclinical
work to successful clinical trials will largely depend on the ability to use synergistic treatment
approaches along with administering OVs at the most clinically relevant time to eliminate MRD, which,

if successful, could be curative for MM patients.
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1.6 Oncolytic viruses in combination with MM standard of care
Combinational approaches to treat cancers are predominant in the oncolytic virotherapy field (177

trials out of 206 57%). These OV combination trials are using radiotherapy/chemotherapy/surgery
(n=80), immunomodulatory agents such as checkpoint inhibitors that target the PD-1/PDL-1 axis
(n=39) or CTLA-4 (n=1), immunomodulatory factors such as GM-CSF (n=3), IFN-a (n=3) and IL-2 (n=3)
and antigens such as autologous tumour cells (n=14) and MAGE-A3 (n=3). Additionally, OVs are armed
with payloads that are integrated into their genome (52%) with the predominant payloads being GM-
CSF (n=49) or TK (n=24) (reviewed in (460). Improved clinical outcomes have been discovered when
OVs are used in combination with other treatments (461-463), suggesting that oncolytic virotherapy
can be potentiated by combination therapies. Combining OVs with approved therapies has the added
benefit that there is a known safety profile, which helps when determining possible adverse
interactions. At present, very little is known about OVs and their interactions with anti-MM standard
of care drugs/drug classes in MM, these drug/drug classes are BTZ (proteasome inhibitor), Melphalan
(Melph) (alkylating agent), Pan (HDAC inhibitor) and Len or Pom (IMiDs), below is a review of the
literature of the discussed drugs/drug classes in combination OVs, which will be discussed in greater
detail in Chapter 6.

1.6.1 Bortezomib and Proteasome Inhibitors

BTZ (PS-341, Velcade®) is a first-generation proteasome inhibitor, is FDA approved and EMA approved
either as a single agent or in combination with other chemo-/radio-therapeutic agents for MM. It is a
boronic dipeptide which specifically and reversibly inhibits the threonine residue of the 26S
proteasome, an enzyme complex that plays a key role in regulating protein degradation in a controlled
manner. Proteins that are no longer required, including proteins involved in control of the cell cycle,
apoptosis, and cell signalling, are tagged with ubiquitin, which directs them to the proteasome for
subsequent degradation. This process maintains the balance of inhibitory and stimulatory proteins
involved in several processes, which results in loss of the tight control of these processes and a build-

up of cell cycle and regulatory proteins leading to cell death (465). Therefore, BTZ induces ER stress
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and apoptosis in a wide variety of cancer cell lines, including MM (466,467). Cancer cells have
increased metabolic demands, this is particularly true of MM cells that are producing large numbers
of Igs, therefore, are thought to constantly be on the edge of ER stress, BTZ has also been shown to
generate reactive oxygen species (ROS) (468), increasing cellular stress. Additionally, BTZ is one of the
few classes of drugs classed as an inducer of ICD. BTZ-treated MM cells, including primary cells,
induced an adaptive immune response in vitro (increased DC uptake of MM cells) in a HSP90
dependent manner (483). Carfilzomib, a second-generation proteasome inhibitor, has also been

shown to increase the ICD DAMP calreticulin (CALR), on MM cell lines (484).

Several proteasome inhibitors (BTZ, PS-341, MG132) have been found to synergise with oncolytic Ads,
VSV, and HSV-1 (Table 1.11). The combinations of proteasome inhibitors with OVs have been found
to enhance oncolytic activity of OVs by enhancing viral infection, viral replication, and tumour

cytotoxicity.
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Table 1.11: Combining OVs with proteasome inhibitors (469)

Inhibitors of the proteasome complex

OVs Combination | Tumour Type Study Phase Ref
Treatment

rAd- MG132 Colon Preclinical Phase. (470)

p53 Human colon cell lines and primary

patient material.

oHSV- | Bortezomib glioma, head and Preclinical phase. (471)
1 neck and ovarian Human glioma, head and neck and
ovarian cancer cell lines.
Subcutaneous xenograft models in
athymic nude mice.

hTERt- | Bortezomib HCC Preclinical Phase. (472)
Ad Subcutaneous syngeneic model in
immunocompetent mice.
oHSV- | Bortezomib Ovarian, head and Preclinical phase. (473)
1 neck, glioma, and Human Tumour cell lines.
malignant peripheral | Subcutaneous xenograft models in
nerve sheath athymic nide mice.
Intracranial xenograft model in nude
mice.
VSV Bortezomib MM Preclinical Phase. (129)

Subcutaneous syngeneic model in
immunocompetent mice.

VSV PS-341 Lung Preclinical phase. (474)
Human lung adenocarcinoma cell
lines.

Primary HD lung bronchial epithelial
cells.

With regards to proteasome inhibitors enhancing viral infection, there are observations to suggest
that the localisation of cell surface levels of CAR may be regulated by ubiquitylation. The proteasome
inhibitor MG132 has been shown to upregulate CAR in colon cancer cells, resulting in enhanced Ad
infection and oncolysis (470). CAR also associates with LNX, a protein known to act as an E3-ubiquitin
ligase (475). There is evidence that the ubiquitination proteasome system (UPS) may also be involved
in the regulation of other Ad receptors, regulating their cell surface expression and intracellular
trafficking. For example, a PpxY motif on Ad pVI recruits Nedd4 E3 ubiquitin ligases to bind and
Ubiquitylate protein VI. The PpxY motif on pVI was found to be involved in rapid, microtubule-

dependent intracellular movement. Mutating the PpxY motif or depleting Nedd4 ligases attenuated
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the nuclear accumulation of Ad particles. Therefore, there is a role for Nedd4 in Ad entry, however,
how ubiquitylation of pVI or interaction with Nedd4 ligases directs accumulation of Ads at the
microtubule organising centre remains unknown (476). Therefore, blocking the proteasome may

affect how Ads traffic around the cell.

Regarding proteasome inhibitors increasing viral replication in certain OVs, BTZ increased oncolytic
HSV replication in glioma, head and neck and ovarian cancer cells in vitro due to a BTZ induced increase
in HSP90, which supported increased viral replication via enhanced nuclear location of the viral
polymerase in vitro. There was also enhanced viral replication in vivo (471). Additionally, proteasome
inhibitors indirectly block NF-kB, as a result NF-kB cannot be released from the IKKB complex. NF-kB
and IKKB regulate many cellular responses to stimuli, such as innate and adaptive immunity,
inflammation and cell death. Therefore, NF-kB and IKKB play key roles in regulating the innate immune
response against OVs (477) which may result in antiviral immune suppression allowing increased viral
replication within tumour cells in vivo causing increased tumour cytotoxicity or consequently could

supress anti-tumour immune responses resulting in decreased tumour cytotoxicity.

Proteasome inhibitors in combination with OVs have been shown to enhance tumour cytotoxicity,
amplifying ER stress or apoptosis due to abnormal unfolded protein response (UPR) increasing
cytotoxicity. As discussed above, cancer cells, particularly MM cells, are sensitive to disruption of ER
homeostasis due their high protein synthesis levels (478), virally infected cells are also sensitive (479),
therefore, OV-infected MM cells would be particularly sensitive to disruption of ER homeostasis. ER
stress has been induced by inhibiting the UPR using various inhibitors (Valosin-containing protein,
Eeyarastatin |, Golgi-specific brefeldin A-resistant guanine nucleotide exchange factor 1 and golgicide
A) in combination with either an oncolytic Ad or an M1 strain of Getah-like alphavirus (GLV). These
combinations resulted in significantly enhanced anticancer efficacy (480,481). Indirect effects of ER
stress inducers such as Thapsigargin and lonomycin, were shown to enhance the activity of oncolytic

Ads through alteration of Ca?* flux and protein kinase C signalling (482).
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More importantly, ER stress has been induced using BTZ in combination with OVs. Preclinically, BTZ
has been used in combination with a hTErt-Ad in hepatocellular carcinoma (HCC). Both hTERt-Ad and
BTZ triggered ER stress, which resulted in enhanced apoptosis and oncolysis in vitro and in vivo. In an
HCC syngeneic model, the combination enhanced anti-tumoral immune responses (increased IFN-y
and CD8* T cells), contributing to effective elimination of non-infected HCC lung metastases (472).
Additionally, oHSV-1 was used in combination with BTZ in ovarian, head and neck, glioma, and
malignant peripheral nerve sheath tumour cells. The combination was synergistic, increased viral
replication and enhanced necroptotic tumour cell death as inhibition or knockdown of RIPK1
significantly reduced the synergistic cell killing. The combination also induced ER stress as increased
cellular ROS and mitochondrial ROS levels were present, pre-treatment with a JNK inhibitor (JNK
signalling contributes to necroptotic cell death) or knockdown of RIPK1 reversed this increase. The
combination treatment also activated pro-inflammatory pathways, as an increase of IL-1a, IFN-y, TNFa
cytokines in vitro and in vivo were observed. Furthermore, an increase of NK cell activating markers
on the tumour cell surface (CD58, CD112 and CD155) and NK activation markers on NK cells (CD69 and
TRAIL) in the combination was observed, which lead to enhanced NK cell-mediated tumour cell killing

when NK cells were cocultured with tumour cells (473).

In contrast, when BTZ was combined with VSV in MM in vitro, a reduction in replication and spread
was seen and the combination was antagonistic despite NF-kB activation being blocked. However, in
vivo the combination did improve antitumour efficacy compared to monotherapy (119). Likewise, the
PS-341 proteasome inhibitor prevented the replication of VSV in human A549 lung adenocarcinoma

cells (474).
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The use of proteasome inhibitors in combination with OVs confirm that the interactions between OVs
with the UPS system and ER stressors needs to be explored, however, these conflicting studies make
the combination of OVs with proteasome inhibitors a treatment option that needs further
investigation. There is no research on the combination of a proteasome inhibitor with an oncolytic Ad
in MM. The one study using VSV in combination with BTZ in MM showed detrimental interactions in
vitro but improved efficacy in vivo. There needs to be more research on the effect of proteasome
inhibition on Ad life cycle, as proteasome inhibition increased CAR expression resulting in increased
Ad infection and tumour oncolysis in colon cells. Therefore, it would be interesting to see if BTZ and
Ad[CE1A] combinations result in beneficial outcomes in MM. Additionally, BTZ is one of the few classes
of drugs classed as an inducer of ICD. Therefore, it would be interesting to see if combining Ad[CE1A]

with proteasome inhibitors increases ICD in MPCs.
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1.6.2 Melphalan and Alkylating Agents

Melph (Alkeran™), a nitrogen mustard, is an alkylating agent, alkylating agents transfer alkyl groups
to DNA leading to the formation of cytotoxic and mutagenic adducts, leading to tumour cell death.
Melph has been used for MM therapy for over fifty years, despite novel agents being introduced,
Melph maintains its role in the treatment of MM acting as a cytotoxic agent through DNA damage and
as an immunostimulatory drug (485). Melph induces the expression of ROS that results in apoptosis
by activation of caspases and subsequent DNA damage that leads to cell death (486—488). Melph, is
also an immunostimulatory drug, and is able to induce ICD in tumour cells in vitro and in vivo (489),
and induces proinflammatory cytokines/chemokines, resulting in increased levels of cytokines
including IFN-y, IL-22, IL-10, IL-5, IL-18, and IL-27, and chemokines including CCL2, CCL7, CXCL1, and
CXCL10 (486). Despite Melph being classed as an old therapy, it remains crucial in the treatment MM,
due to its manageability, safety profile, efficacy, and economic sustainability. These characteristics

make Melph treatment critical for new regimens in combination with novel agents (485).

Several alkylating agents (temozolomide (TMZ), cyclophosphamide (CPA) and Melph) have been found
to synergise with numerous OVs such as Ads, NDV, MYXV, RV and Seneca Valley virus (Table 1.12). The
combination of alkylating agents and OVs have been found to enhance oncolytic activity of OVs by

enhancing tumour cytotoxicity, viral replication (490-494) and altering immune cells/activity.
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Table 1.12:

Combining OVs with alkylating agents (469)

Alkylating agents

OVs Combination | Tumour Type Study Phase Ref
Treatment
CRAJRGDfIt- | TMZ Glioma Preclinical Phase. (490)
IL24 Subcutaneous xenograft model
in athymic nude mice.
Adhz60 TMZ Lung Cancer Preclinical Phase. (491)
Subcutaneous xenograft model
in athymic nude mice.
NDV-LaSota | TMZ Glioblastoma Preclinical Phase. (492)
Orthotopic syngeneic model in
rats.
vMyx- TMZ Glioblastoma Preclinical Phase. (493)
MO011L-KO Orthotopic syngeneic model in
immunocompetent mice.
\AY CPA Glioma Preclinical phase. (494)
Rat and human glioma cell
lines.
Subcutaneous xenografts in
athymic nude mice.
Syngeneic model in
immunocompetent rats.
oHSV-1 CPA Glioma Preclinical phase. (495)
Syngeneic model in
immunocompetent rats.
VSV or MV CPA N/A Preclinical phase. (496)
Immunocompetent model in
mice.
VRX-007 CPA Renal Preclinical phase. (497)
(oAd) Syngeneic model in
immunocompetent Syrian
hamsters.
GLV-1 h68 CPA Lung Preclinical phase. (498)
(VV) Human lung cancer cell lines.
Subcutaneous xenograft model
in athymic nude mice.
Ad5-D24- CPA Advanced solid Clinical Phase. (317)
GMCSF tumours refractory | 43 patients.
to and progressing
after conventional
therapies
Reolysin CPA Advanced or Clinical Phase. (499)
(reovirus) metastatic solid 36 patients.
tumours refractory
to conventional
treatment

82



Table 1.12 continued.

OVs Combination | Tumour Type Study Phase Ref
Treatment

NTX-010 CPA Relapsed or Clinical Phase. (500)

(Seneca refractory 22 Paediatric Patients.

Valley neuroblastoma,

Virus) rhabdomyosarcoma

or rare tumours
with
neuroendocrine
features
VSV CPA Mesothelioma Preclinical phase. (501)
Human mesothelioma cell lines.

A% Melphalan Soft tissue sarcoma | Preclinical phase. (502-
plus TNF-a + Syngeneic immunocompetent 504)
Radiotherapy rat models.

t surgery
PDL-1 via
isolated limb
perfusion

ONYX-015 | Melphalan Squamous cell and | Preclinical phase. (505)

colon Human tumour cell lines.

HYPER-Ad | BCNU Glioma Preclinical phase. (506)

Human glioma cell lines.
Subcutaneous xenograft model
in athymic nude mice.

With regards to enhancing tumour cytotoxicity and viral replication several studies have shown this
preclinically, predominantly using TMZ in combination with oncolytic Ads. In glioblastoma models, a
VEGFR-1 promoter-regulated Ad encoding IL-24 (CRaDRGDflt-1L24) was combined with TMZ. The
combination increased cytotoxicity against human glioma cells in vitro. In vivo in intracranial glioma
xenografts, the combination inhibited tumour growth and prolonged survival of the mice compared
to monotherapy (490). In a similar study, an E1B-deleted oncolytic Ad (Adhz60) was used in
combination with TMZ in lung cancer (491). The combination of Adhz60 and TMZ synergistically
enhanced cytotoxicity, increased apoptosis (increased Annexin V staining and cleaved caspase 3),
increased viral production (increased viral titre and E1A protein), and increased autophagy (increased

LC3-1l and decreased p62). Additionally, the combination downregulated expression of MGMT, which
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confers resistance to many alkylating agents, such as TMZ, this was thought to be due to E1A binding
to CBP/P300, which has been shown to strongly inhibit MGMT promoter activity (507). Lastly, in vivo
the combination significantly suppressed the growth of subcutaneous lung cancer xenografts in nude

mice, and an increase in Ad hexon and cleaved caspase 3 was observed histologically (491).

TMZ has been used in combination with other viruses. In combination with NDV in glioblastoma
models the combination extended survival in rat xenografts, the authors rationale behind the
extended survival was thought to be due NDV increasing apoptosis and suppressing AKT signalling
which blocks TMZ induction of endogenous AKT kinase activity (492). Additionally, an oncolytic MYXV
defective in an anti-apoptotic protein MO11L, has been used in combination with TMZ in glioblastoma.
Combination treatment of tumour bearing mice significantly prolonged survival in an

immunocompetent brain-tumour bearing glioblastoma model (493).

Regarding altering immune cells/activity, studies suggest that alkylating agents transiently cause
beneficial immunosuppression resulting in increased OV propagation and survival within infected
tumours. CPA was combined with a double-deleted-VV in glioma syngeneic rat models. The
combination enhanced viral replication and prolonged survival (494). When CPA was pre-administered
before intratumoural oncolytic HSV in a syngeneic rat glioma model, there was a rapid increase in NK
cells, microglia/macrophages and IFN-y. This also increased HSV replication and tumour oncolysis
(495). In another study pre-treatment with either oral or systemic CPA regimen partially or completely
suppressed primary antibody responses to I.V administered oncolytic MV or VSV, respectively (496).
In an immunocompetent Syrian hamster model, CPA was combined with an oncolytic Ad. CPA
treatment allowed intratumoral virus levels to remain elevated for prolonged periods with improved
replication and oncolysis whilst CPA alone had no effect on tumour growth (497). CPA in combination
with an oncolytic VV (GLV-1 h68) was evaluated in a lung carcinoma model. The combination
significantly enhanced the efficacy of intravenously injected VV, resulting in a significant up-regulation

of pro-inflammatory cytokines and down-regulation of anti-inflammatory cytokines. Expression of
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VCAM-1 on endothelial cells and coagulation factors (fibrinogen and vWF) were significantly
decreased, which led to a complete loss of the haemorrhagic phenotype of tumours (498). In a clinical
trial in patients with advanced solid refractory tumours, patients were treated with intertumoral
oncolytic Ad alone or in combination with three different regimens of low dose CPA (oral and/or L.V).
CPA was found to have no effect on antibody formation or viral replication but decreased T-regs
without compromising induction of antiviral or antitumour T cell responses. CPA in combination with
an oncolytic Ad increased cytotoxic T cells and induced Thl type immunity on a systemic level in all
patients with higher rates of disease control than virus only and the best PFS and overall survival was

seen in combination with oral and I.V CPA (317).

In contrast, a phase | dose escalation clinical trial in patients with advanced or metastatic solid cancers
refractory to standard treatment received different doses of CPA 3 days before I.V injection of RV with
the primary objective of reducing neutralising antibody titre. The combinations were found to be safe
but only one patient maintained a neutralising antibody titre below the predefined threshold. No
changes in T cell subsets including T-regs occurred with dose escalation. Viable virus was detected in
14% of patients 10 days after the last RV treatment (499). In agreement with the previous study, the
Seneca Valley virus (NTX-010) was used in combination with CPA to reduce neutralising antibodies in
a phase Il trial in children with refractory neuroblastoma, rhabdomyosarcoma, or rare neuroendocrine
tumours. The combination was safe but had no influence on antiviral activity (17/18 patients
developed neutralising antibodies) (500). In another study VSV had potent oncolytic activity in vitro in
mesothelioma, but in vivo VSV had no effect. Therefore, VSV was combined with CPA to suppress the
VSV-targeted innate immune reactions. The combination of VSV and CPA resulted in reduced
therapeutic efficacy in vivo despite increased intratumoral VSV titres. The authors thought this was
due to VSV increasing TGF-B-dependent immune suppressive activity that inhibited CPA NK-
dependent killing of tumour cells (501), this is in contrast with Peng et al., (2013) who found pre-

treatment of CPA suppressed antibody responses to VSV.
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Minimal studies have been conducted with the use of Melph and OVs. Predominantly Melph has been
used as a standard of care alongside TNFa (biochemotherapy) in isolated limb perfusion in soft tissue
sarcoma to test in combination with an oncolytic VV (502), oncolytic VV plus radiotherapy and surgery
(503) or oncolytic VV plus PD-L1 (504). It appears in each study that the full combination offered the
best treatment/disease control. The only other study combining Melph with an OV was using an
oncolytic Ad (ONYX-015). This small preclinical study showed that ONYX-015 was found to have
synergistic cytotoxicity, which was greatest when treatment was simultaneous. Pre-treatment with
Melph resembled simultaneous treatment, however, in one cell line (HN-5a squamous cell carcinoma),
Melph pre-treatment was more effective than virus pre-treatment, the opposite was true for the other
cell line (HT-29 colon adenocarcinoma). The authors showed upregulated CAR mRNA expression
following 24-hour Melph treatment, and upregulated protein expression by 48 hours, although
protein expression was assessed by western blot, it would have been beneficial to do flow cytometry

or fluorescent microscopy to determine cell surface expression of CAR (505).

The use of alkylating agents in combination with OVs so far confirm that the interactions of OVs with
alkylating agents needs to be further explored. It appears in vitro and in vivo the combination
enhances tumour cytotoxicity and viral replication, however the studies performed with CPA in
particular show that the combinations can induce either a positive or negative influence on the
immune system and on the antitumour immune response. There is also no research on the
combination of an alkylating agent in combination with an OV in MM, so it would be interesting if
similar beneficial effects are observed in MM. Additionally, Melph is one of the few classes of drugs
classed as an inducer of ICD. Therefore, it would be interesting to see if combining Ad[CE1A] with

Melph increases ICD in MPCs.
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1.6.3 Panobinostat and HDACIs

Pan is a potent inhibitor of histone deacetylase, which is responsible for the regulation of gene
transcription, cellular differentiation, cell-cycle progression, and apoptosis (509). In MM, the inhibition
of histone deacetylation damages DNA (as chromatin remodelling can result in dsDNA breaks),
upregulates proteins that promote apoptosis and cell-cycle arrest (510). Despite this, Pan lacks
therapeutic activity as a monotherapy in patients with MM (511), but has shown synergy with other
anti-MM agents when combined with BTZ and Dexamethasone (512,513). In addition to HDAClIs anti-
neoplastic effects, they are also known to weaken the cellular anti-viral immune response by impairing
the expression of IFN and IFN-inducible genes (514-516). Interestingly HDACIs have been shown to
have some ICD mechanisms in MM and other cancers (197,540-544). HDACI Quisinostat has been
shown to increase cell surface ICD DAMP CALR and decrease CD47 expression in tumour cells,
increased DC maturation, and transiently increased the amount of memory and naive T cells in the
BM in 5T33MM models of MM, however, in in vivo vaccination assays, Quisinostat did not provide

100% protection (545).

Initially, HDACIs were found to rescue viral replication in resistant cells (517-519), which led to several
investigations into their potential to enhance OV replication. Several HDACIs (Vorinostat, Trichostatin
A (TSA) and Valproic Acid (VPA)) have been found to synergise with numerous OVs such as Ads, HSV-
1, VSV, VV and RV (Table 1.13) (520). The combination of HDACIs and OVs has been found to enhance
the oncolytic activity of the OVs by increasing viral infection, replication and tumour cytotoxicity and
decreasing type | IFN and IFN stimulated genes (ISGs), further enhancing viral replication and spread
in tumour tissues (521). The mechanism by which this specificity occurs in malignant cells and not
healthy cells remains unclear, but it is thought to be due to either an inherent preference of OVs for
tumour cells or an enhanced susceptibility of tumour cells for HDACIs (522). Additionally, the
enhanced susceptibility could be caused by the aberrant activity of HDACs, which has been

documented for several tumour types (523-525).
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Table 1.13: Combining OVs with HDACI

Histone Deacetylase Inhibitors (HDACI)

OVs Combination Tumour Type Study Phase Ref
Treatment
OBP-301 FR901228 NSCLC Preclinical Phase. (526)
Human NSCLC cell lines.
di520 TSA Glioblastoma Preclinical phase. (527)
Human glioblastoma cell lines.
Delta24- TSA & Glioblastoma Preclinical phase. (528)
RGD irinotecan Patient-derived glioblastoma cells.
(topoisomerase
| inhibitor)
A24-luc SK7041, SBHA Lung Preclinical phase. (529)
and Vorinostat Human lung cancer cell lines.
Subcutaneous xenograft model in
nude BALB/c mice.
FFIG VPA Prostate Preclinical phase. (530)
Human prostate cancer cell lines
Subcutaneous xenograft model in
athymic nude mice.
di24 TSA Ovarian Preclinical phase. (531)
Human cisplatin sensitive and
resistant ovarian cancer cell lines.
ZD55- SAHA Cervical Preclinical phase. (532)
TRAIL Human cervical cancer cell lines.
Subcutaneous xenograft model in
BALB/c nude mice.
Reovirus AR-42, SAHA MM Preclinical Phase. (533)
and LBH Human MM cell lines.
Systemic xenograft model in
NOD/SCID mice.
oHSV1 VPA Glioma Preclinical Phase. (534)
Subcutaneous xenograft model in
athymic nude mice.
HSYRELSH VPA Melanoma Preclinical phase. (535)
Human melanoma cell lines.
PBMCs from patients or HDs.
H1 VPA Pancreatic and Preclinical phase. (536)
parvovirus Cervical Human pancreatic and cervical
cancer cell lines.
Subcutaneous xenograft rat model
in athymic nude rats.
Subcutaneous xenograft of patient
derived material in NOD/SCID
mice.
VSV MS-275 Melanoma Preclinical Phase. (537)

Intracranial syngeneic model in
immunocompetent mice.
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With regards to HDACIs increasing viral infection, HDACIs have been found to increase Ad infection by
upregulation of CAR (526,527,529), and avf33 integrins (528) and RV infection by upregulating JAM-A
increasing RV infection (533), which increases RV killing of MM cells in vitro and in vivo. Concerning
the upregulation of Ad infection following HDACI treatment, it was found that HDACI FR901228
upregulated CAR expression in human lung cancer cell lines which increased infection efficiency of
oncolytic Ad OBP-301. The combination also resulted in a synergistic antitumour effect in vitro (526).
In another study TSA upregulated CAR expression, and when combined with Irinotecan
(topoisomerase | inhibitor), replication and cell lysis of oncolytic Ad (dI520) was enhanced further
(527). In further support of HDACI increasing Ad infection, HDACIs Scriptaid and LBH589 were
combined with oncolytic Ad Delta24-RGD (24 base pair deletion in E1A, and fibre knob modification
to include RGD peptide allowing binding to integrin avBs;s), which resulted in synergistic interactions
in ~50% of glioblastoma stem cells. Both HDACIs increased avB; integrin levels resulting in increased
viral infection in responding glioblastoma stem cells, but not in non-responding glioblastoma stem
cells. LBH589 moderately increased late viral gene expression (as assessed by GFP expression
controlled by the E3 promoter), but both HDACIs decreased viral titre. Both HDACIs were shown to
enhance necrosis, but Scriptaid also enhanced apoptosis (increased caspase 3/7 activity) and
autophagy (LC3B conversion, p62 and phosphor-p70S6K consumption) (528). In contrast, in vitro
treatment of HDACIs (SK7041, SBHA and Vorinostat) at pre- and post-transductional periods were
found to increase CAR expression in human lung cancer cell lines resulting in increased transduction
of Luc from a Luc expressing oncolytic Ad (A24-luc). However in vivo in a subcutaneous xenograft lung
cancer model, the combination suppressed Luc expression from A24-luc injected tumours, additionally
drug interaction analysis in vitro showed an antagonistic interaction likely due to suppressed Ad
replication. It was found that HDACI increased cell-cycle related protein p21, suppression of p21
expression with siRNA reversed the HDACI-induced Ad replication but failed to reverse antagonistic
interaction. However, treatment with HDACI at the pre-transductional period only, revealed an

improvement in the transduction efficiency of A24-luc and induced a synergistic interaction between
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A24-luc and Vorinostat in vitro. This was thought to be due to Vorinostat suppressing Ad replication if
given post-transduction (529). This study supports the decreased viral titre found following Scriptaid
and LBH589 treatment by Pont et al., 2015. Another earlier study supports that HDACIs decrease Ad
replication by increased p21. Briefly, VPA was shown to increase E1A and E1B production but
decreased late Ad protein production (fibre knob) which resulted in decreased Ad replication late in
the viral life cycle and inhibited viral burst and cell cytotoxicity in prostate cancer cells. The authors
hypothesised that VPA induced cell-cycle-regulating protein p21 which may be partially responsible
for the increased E1A. The authors found a positive correlation with p21 and viral E1A levels. p21
expression limited Ad replication in different cancer cell models (as determined by overexpression and
knockout experiments), therefore, suggesting that p21l-induced increases in E1A result in

dysfunctional E1A or that p21 inhibits downstream effectors of E1A action (530).

The mechanism for downregulated Ad replication following HDACI appears to be p21 mediated, but
the mechanism may be more complex as other studies still report enhanced cytotoxicity following
HDACI treatment. In contrast, HDACIs have been shown to increase viral infection of other OVs. VPA
was shown to increase viral replication of oncolytic HSV-GM-CSF in melanoma cell lines, along with
increasing GM-CSF expression and increased cytotoxicity (535). The mechanism of this finding is
unknown, but the authors propose that VPA alteration of chromatin structure prevents HSV-GM-CSF
from ‘hiding’ within DNA, making it more accessible for viral replication. Another example of HDAClIs
increasing viral replication come after treatment of VPA in combination with H1 parvovirus, which
enhances tumour cytotoxicity and replication in pancreatic ductal adenocarcinoma and cervical cancer

by increasing the acetylation of the viral NS-1 protein (536).

With regards to HDACIs increasing tumour cytotoxicity, it appears the combination with OVs increases
apoptosis (528,532) and cell cycle growth arrest (532). TSA was used in combination with an oncolytic
Ad (dI24) in ovarian cancer. A cisplatin-resistant ovarian cancer cell line, which upregulate HDAC2 and

to a lesser extent HDAC1, showed diminished Ad-mediated cytotoxicity with increasing doses of
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cisplatin compared to cisplatin-sensitive cell lines. However, when dI24 was combined with HDACI TSA
in cisplatin-resistant cells there was significantly enhanced Ad-mediated cytotoxicity in the presence
of cisplatin, whilst TSA monotherapy did not reduce cell viability, suggesting an Ad-dependent effect
(531). In another study in cervical cancer, an oncolytic Ad containing the tumour necrosis factor-
related apoptosis-inducing ligand (TRAIL) gene (ZD55-TRAIL) was combined with HDACI
suberoylanilide hydroxamic acid (SAHA). This combination synergistically killed HELA cells by inducing
G2 growth arrest and apoptosis. In a subcutaneous cervical xenograft model, the combination

inhibited tumour growth (532).

Some HDACIs decrease type | IFN and IFN stimulated genes (ISGs), butyrate and TSA can indirectly
inhibit the innate immune signalling through inhibition of NF-kB activation by reducing proteasome
subunit expression (538). In addition, the adaptive immune response has also been reported to be
beneficially influenced by HDACis. Treatment with Entinostat resulted in prolonged lymphopenia and
depletion of T-regs (537,539), in glioblastoma models, VPA was shown to suppress IFN-y production,
and immune infiltration including lymphocytes, NK cells and macrophages, which helped increase
oncolytic HSV-1 replication, but has the potential to reduce antitumour immune responses (534). In
contrast, the addition of VPA in combination with HSV-GM-CSF in melanoma augmented the
development of antitumour immunity by increased expression of activating ligands for NK cell
recognition and induced expression of TAAs, whilst supporting innate NK cell killing and CTL priming
rather than suppressing it (535). Some of the discrepancy in modulating the adaptive immune
response may be related to the differences in HDAC targets of the different HDACIs, whether they
target class | and/or Il HDACs or are pan-HDACI, but this does not explain the differences above as VPA

was used in both papers, therefore, it is probably due to tumour and OV dependent differences.

HDACIs in combination with OVs appears promising but to date, this therapeutic approach has not
been initiated in clinical trials. There has been previous research of HDACI in combination with

oncolytic Ads, but none have been in MM or any other haematological malignancy, it would be
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interesting to determine if HDACI augment Ad[CE1A] infection and cytotoxicity. Additionally, Pan has
been shown to induce some markers of ICD. Therefore, it would be interesting to see if combining
Ad[CE1A] with Pan increases ICD in MPCs.

1.6.4 IMiDs

IMiDs such as the Thalidomide and its derivatives Len and Pom, have a well-established role as anti-
MM agents, they have substantially improved outcomes seen in MM patients over the past decade
(546). IMiDs play an important role in modulating the inherently immunosuppressive environment of
MM. Specifically, they have been shown to co-stimulate partially active T cells (547), enhance NK cell
proliferation (548), inhibit proliferation and function of T-reg cells (549) and downregulate the PD-
L1/PD-1 pathway in MM (311,550). Additionally, IMiDs have a well understood role in abrogating MM
angiogenesis, altering adhesion between MM cells and the BM environment and mediating direct cell
death through induction of apoptosis (313,553). Their established use in the clinic and their immune-
modulatory effects make IMiDs a rational candidate for treatment in combination with oncolytic

virotherapy.

There are many preclinical and clinical studies investigating a range of immune modulating agents in
combination with OVs (reviewed in (460), however, there are only three preclinical studies using ImiDs
in combination with OVs and one clinical trial that is currently underway with RV in combination with
Len or Pom in MM (MUK eleven; NCT03015922) with no results published to date. Firstly, Thalidomide
was combined with HSV-1 OncdSyn in mouse breast cancer cell line 4T1. In a subcutaneous syngeneic
mouse model, Thalidomide was given orally in the food, and virus was administered intratumorally.
The combination showed the most significant decrease in primary tumour volume and number of
metastatic nodes in the lung compared to monotherapy. Splenocytes derived from mice were treated
ex vivo with Thalidomide and HSV-1 OncdSyn and incubated with 4T1 cells, TNF-a levels were highest
from splenocytes derived from mice treated with Thalidomide and HSV-1 OncdSyn. Therefore, the
combination treatment resulted in increased co-stimulation of cellular synthesis of TNF-a to further

suppress growth of tumours (552). Len was combined with oHSV-1 in MM. The combination
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significantly increased cytotoxicity in all Len-sensitive cell lines compared to monotherapy. Len did not
augment oHSV-1 replication; therefore, the enhanced cytotoxicity was found to be Len independent.
In vivo in a subcutaneous MM xenograft model, mice were treated with oHSV-1 (I.T), Len (I.P) or the
combination. The combination suppressed tumour growth the most. The authors conclude that the
combination may be an effective therapy for plasma cell neoplasms that are accessible to intratumoral
injections (553). Lastly, a pre-clinical study using oncolytic RV in combination with Len in MM was
performed. The combination augmented antitumour efficacy against ex vivo primary patient MM cells
and MPC lines. Additionally, they found that coculture of human MPC lines with human BMSC lines
protected against Len and Dexamethasone-induced MM cell death, however, treatment with RV

overcame this cytoprotection (554).

The combination of IMiDs and OVs may represent a rational therapeutic option based on the minimal
research thus far that exploits direct cytotoxic as well as indirect immune-mediated mechanisms.
Obviously, more research is needed to explore this combination, particularly for oncolytic Ads.

1.6.5 Summary

The number of combination studies with OVs signifies the increasing interest toward this therapeutic
approach. So far, many studies have demonstrated potential of OVs in combination with the discussed
drug class types, augmenting antitumour responses. However, most studies are preclinical, and some
drug classes only had a limited number of studies (IMiDs) and only 3 of the studies discussed were in
MM. Whilst understanding of how to obtain OVs full potential evolves, it appears that release of TAAs
and activation of the immune system is crucial for OVs. As discussed in section 1.6, clinical trials of
OVs in combination with immunomodulatory agents are a large section of the clinical trial landscape.
However, chemotherapy or targeted therapies can address some of the limitations of OVs such as
improving viral infection, replication, tumour cytotoxicity as well as improving the antitumour immune
responses by improving antigen processing and regulation of immune cell populations. Combinations

with more traditional chemotherapy/targeted therapies are still a large part of the clinical trial

93



landscape. The studies discussed contribute to the understanding of how these drug classes may
interact with OVs, and this will help guide Ad[CE1A] combinations in MM.

1.7 Conclusion

We have entered a new era in the treatment of MM with the promising use of OVs. Although there is
insufficient data to support their use in the clinical area as a monotherapy, the next logical step is to
combine these OVs with other synergistic therapies to increase their efficacy and to use OVs to target

and eliminate MRD and activate antitumour immunity after standard chemotherapy.
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1.8 Hypothesis and Aims

The efficacy of OVs against MM remains largely underexplored compared to that of solid malignancies.
This is reflected in the limited translation of OVs in the haematological setting. Our novel engineered
CS1-promoter driven oncolytic Ad (Ad[CE1A]), developed at the University of Sheffield, has shown
efficacy in vitro and in vivo in a late-stage disease xenograft model. Ad[CE1A], like other OVs, as a
monotherapy in late-stage disease is unlikely to induce longer and/or deeper remission periods and
may just stabilise or slow down disease progression. Therefore, in my PhD research, | hypothesise that
Ad[CE1A] can control or eradicate MRD and when combined with MM standard of care therapies will
result in enhanced anti-MM efficacy. With the overall aim to translate Ad[CE1A] therapy to more

meaningful patient outcomes. To do this, the following aims were devised.

1. Characterise Ad[CE1A] efficacy and cell death mechanism in human MPC lines and ex vivo
patient samples (Chapter 3)

2. Investigate Ad[CE1A] treatment of MM MRD in vivo in a U266 xenograft model (Chapter 4).

3. Evaluate Ad[CE1A] efficacy in a 5TGM1 syngeneic model of MM (Chapter 5)

4. Evaluate Ad[CE1A] in combination with current anti-MM therapies to find combinations that
enhance MM efficacy, and to determine the mechanism(s) responsible for enhanced efficacy

(Chapter 6).
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2.1 General Cell Culture Methods

All buffers, reagents and media used in tissue culture are outlined in Tables 2.1, 2.2, and 2.3. All Cell

lines were genetically profiled by the genomics core facility at the University of Sheffield using short

tandem repeat (STR) analysis to confirm their identity and were routinely tested for mycoplasma,

examples are shown in the Appendix (Table 8.1 and Figure 8.1).

Table 2.1: Reagents required for tissue culture

Item Catalogue number | Source:

Foetal Bovine Serum (FBS), Heat 16140071 Gibco™, UK
Inactivated

Penicillin (10,000 units/mL) & 15140122 Gibco™, UK
Streptomycin (10,000 pg/mL)

Amphotericin B 15290018 Gibco™, UK
Non-essential Amino Acids x100 11140050 Gibco™, UK
Sodium Pyruvate (100 mM) 11360070 Gibco™, UK
Phosphate Buffered Saline (PBS) (pH 7.4) | 10010023 Gibco™, UK
Dimethylsulfoxide (DMSO) D8418-500ML Sigma-Aldrich, UK
Trypsin-EDTA (0.05%) with Phenol Red 25300054 Gibco™, UK
Trypan Blue Solution (0.4%) 15250061 Gibco™, UK
Histopaque®-1077 10771-500ML Sigma-Aldrich, UK
Auto-MACS® Rinsing Solution 130-091-222 Miltenyl Biotech
MACS BSA Stock Solution 130-091-376 Miltenyl Biotech
Magnetic CD138 Beads 130-051-301 Miltenyl Biotech
MS Columns 130-042-201 Miltenyl Biotech
AlamarBlue® Cell Viability Reagent DAL1100 Invitrogen™
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Table 2.2: Medium required for tissue culture

Cell lines

Medium

Supplement(s)

All MPC lines &
Primary CD138" cells

Roswell Park Memorial Institute
(RPMI) 1640 with GlutaMAX™
(Gibco, by Life Technologies, UK)

10% FBS, 1% penicillin &
streptomycin, 1% amphotericin B,
1% non-essential amino acids; 1%
sodium pyruvate

HEK293, HS-5, LNCaP
& Primary CD138"
cells

Dulbecco’s Modified Eagle Medium
(DMEM) with GlutaMAX™, no
sodium pyruvate (Gibco, by Life
Technologies, UK)

10% FBS, 1% penicillin &
streptomycin, 1% amphotericin B

Saos-2 Alpha Minimum Essential Media 10% FBS, 1% penicillin &
(aMEM) with GlutaMAX™ and streptomycin, 1% amphotericin B
sodium pyruvate (Gibco, by Life
Technologies, UK)

All Cell Lines Freezing Medium 90% FBS 10% DMSO

Table 2.3 Buffers required for tissue culture

Solution Component

Auto-MACS® Buffer

Auto-MACS® Rinsing Solution with
5% MACS BSA stock solution

Erythrocyte lysis Buffer (Ammonium Chloride Potassium)

155mM Sodium Chloride, 10mM
Potassium Bicarbonate, 0.1mM
EDTA, pH 7.3

2.1.1 Cell Lines

2.1.1.1 Myeloma Cell Lines and Culture
Human MPC lines, JIN-3, RPMI-8226, OPM-2, KMS-11, KMS-12-BM (DSMZ, Germany), U-266 (LGC

Standards, UK), L363, RMPI-8226, NCI H929 (kind gift from Dr Khanim, University of Birmingham,

Birmingham, UK) and murine 5TGM1 and 5TGM1-Luciferase (Luc) (kind gift from Dr Oyajobi, University

of Texas, San Antonio, USA, via Dr Ryan Bishop, Moffitt Cancer Centre, Tamps, Florida, USA) are

summarised in Table 2.4. MPC lines were maintained in complete RPMI media (Table 2.2). Cells were

incubated in at 37°C in a humidified atmosphere containing 5% CO, which were routinely passaged

when cells had reached an appropriate density ~80% confluency. The panel of MPC lines above are

used in initial experiments in chapter 3, but only JIN-3, U266, OPM-2 and 5TGM1 cells are used

throughout the rest of the thesis as these cell lines have more established in vivo models.
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Table 2.4: MPC lines origin and characteristics (331,332).

Cell line | Origin Cell Cytogenetics | Molecular Notes
Surface abnormalities
Markers
JIN-3 PCLin 57-year-old CD138* hypotriploid TP53 homo deletion | 2 copies of
female, HLA-DR* 58-67, XX t(14;16)
IgAK. t(14;16) associated
Established from BM. 9% polyploidy with c-maf
activation
L-363 PCL in 36-year-old CD138* Hyperdiploid 11913 and
female, 1gG. HLA-DR * 11% 14932
Established from polyploidy breakpoints
peripheral blood. Del(17)(p12) recurrent in
11913, 14932 PCL
OPM-2 PCL in 56-year-old CD138* Hypertriploid/ | CDKN2C homo del Cryptic
female, CD38* hypotetraploid | FGFR3 K650E het t(4;14)
IgGA. HLA-DR" 77-82, XX TP53 R175H homo associated
Established from t(4;14)* with IgHFGFR3
peripheral blood. fusion
U266 PCL in CD38* Hypodiploid BRAF K601N het Secretes IL-6,
53-year-old male, IgEA. CD138* 6.5% TP53 A161T homo IgE and A
Established from HLA-DR* polyploidy TRAF3 K550IfsX3 light chains.
peripheral blood. t(11;14) homo 11913
11q13 RB1 E419X homo breakpoint
RB1 K228R homo recurrent in
MM
RMPI- PCL in 61-year-old male, | CD38* Hypotriploid CDKN2C homo del Secretes A
8226 IgGA. Established from CD138* 7.5% KRAS G12A het light chains
peripheral blood. HLA-DR* polyploidy TP53 E285K homo only.
62-67, XXY TRAF3 homo del 149+ and 22q-
t(14;16) associated
with multiple
myeloma -
identified by
disomic 14qg+
NCI- MM in 62-year-old CD38* Hypodiploid c-myc rearranged Secretes
H929 Caucasian female, IgAk. | CD138* 16% myc RNA expressed, | large
Established from pleural | HLA-DR" polyploidy NRAS G13D het amounts of
effusion. 43-46, X IgA
t(4;14)*
KMS-11 | MM in CD138* t(4;14)*, FGFR3 het K light
67-year-old female, t(14;16) TP53 homo del chain secretor
IgGk. Established from a hypertriploid TRAF3 homo del
pleural effusion.
KMS- MM in 64-year-old CD38* Hypertriploid Carries semi-
12-BM women, non-secretory. | CD138+ 3% polyploidy cryptic
Established from the HLA-DR" t(11;14) t(11;14) with
BM. IGH-CCND1
rearrangement
5TGM1 | Established from inbred | CD138* t(14 ;16) K light

C57BL/KaLwRij mice
that spontaneously
developed MM

chain secretor

* Associated with increased expression of SLAMF7 mRNA (281). PCL: Plasma Cell Leukaemia.
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2.1.1.2 BMSC Line and Culture
HS-5 is a human BMSC line of fibroblast morphology isolated from a healthy 30-year-old Caucasian

male which have been HPV-16 E6/E7 transformed (ATCC). HS-5 cells are used as feeder layers as they
secrete significant levels of growth factors (438), these cells were maintained in complete DMEM
media (Table 2.2) (348). HS-5 cells were used in coculture assays in chapter 3 and to induce dormancy
in chapter 4. Cells were incubated at 37°C in a humidified atmosphere containing 5% CO, which were
routinely passaged with 0.05% trypsin-EDTA when cells had reached 80-90% confluency.

2.1.1.3 Osteosarcoma Cell Line and Culture

Saos-2 are a human bone osteosarcoma cell line of epithelial morphology isolated from an 11-year-
old Caucasian female with osteosarcoma. Saos-2 cells have a mature osteoblast phenotype, they have
a similar cytokine and growth factor expression profile to human osteoblast cells and have the ability
to mineralise matrix (333). Saos-2 cells were maintained in complete aMEM media (Table 2.2). Saos-
2 cells were used in coculture assays to induce dormancy in chapter 4. Cells were incubated in at 37°C
in a humidified atmosphere containing 5% CO, which were routinely passaged with 0.05% trypsin-
EDTA when cells had reached 80-90% confluency.

2.1.1.4 Prostate Cancer Cell Line and Culture

LNCaP are a prostate cancer cell line of epithelial morphology isolated from a 50-year-old Caucasian
male (441). LNCaP cells were used as a CS1-negative control in experimental assays with MM cells.
LNCaP cells were maintained in complete DMEM medium (Table 2.2). Cells were incubated in at 37°C
in a humidified atmosphere containing 5% CO, which were routinely passaged with 0.05% trypsin-

EDTA when cells had reached 80-90% confluency.
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2.1.1.5 HEK293A Cell Line and Culture
A Human embryonic kidney cell line (HEK293A) (ATCC, Rockville, US) derived from primary human

embryonic kidney cells has been transformed with a fragment of the Ad5 genome including the E1A
gene. HEK293A cells are highly permissive for the generation and replication of Ads. HEK293A cells are
packaging cells and have been used for the generation and amplification of non-replicative E1-deleted
adenoviral vectors, and for the generation and functional titration of oncolytic adenoviruses (442).
The HEK293A cell line was cultured in complete DMEM medium (Table 2.2) incubated at 37°C in a
humidified atmosphere containing 5% CO, which were routinely passaged with 0.05% trypsin-EDTA
when cells had reached 80-90% confluency.

2.1.1.6 Developing Bortezomib Insensitive Cell Lines

JIN-3 and U266 human MPC lines were exposed to increasing concentrations of BTZ (0.1 nM-5 nM;
increments initially 0.15 nM until 1.5 nM then 0.25 nM thereafter) in complete RPMI medium (Table
2.2) to develop BTZ insensitivity. During this time, BTZ was added for 72 hours, BTZ was then washed
off via centrifugation and the cell lines resuspended in fresh complete RMPI medium until viability was

recovered, the cycle then began again with increasing concentrations of BTZ.

2.1.2 Cell Counting and Maintaining Cell Stocks
2.1.2.1 Cell Counting

To determine viable cell numbers, manual counting methods were performed using trypan blue
exclusion and a haemocytometer. 10 uL of cell suspension was mixed with 10 pL trypan blue and
thoroughly mixed. 10 pL of this solution was placed onto a clean haemocytometer chamber. Viable
cells in each quadrant were counted and the mean was calculated. The number of cells per mL was

calculated using the following formula:
Cells per mL = mean number of cells per quadrant x dilution factor x 10*

Cells with <90% viability were not used in assays.
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2.1.2.2 Cell Passage

For suspension cells, cells were passaged around 80% confluency and were passaged 1:2 to 1:4 every
2-3 days or 1:8 to 1:10 every 5-7days with complete RPMI media. For adherent cells, cells would be
passaged around 80-90% confluency. Medium would be removed from the tissue culture flask and the
adhered cells would be washed with PBS to remove remaining media containing FBS. To detach cells,
pre-warmed (37°C) trypsin-EDTA (0.05%) solution would be added to the flask which would then be
incubated at 37°C until cells have detached or for no more than 5 minutes. Once cells have detached,
appropriate medium containing FBS for each cell line was added to the flask to stop the trypsin-EDTA
reaction. The solution containing the cells, medium and trypsin-EDTA would be collected into a falcon
tube and centrifuged at 400g for 5 minutes to remove remaining trypsin. Cells would then be
resuspended in media appropriate for the cell line being passaged and were passaged 1:2 to 1:4 every
2-3 days or 1:8 to 1:10 every 5-7days.

2.1.2.3 Cell Freezing and Cryopreservation

Cells were counted as described (section 2.1.2.1) and resuspended in freezing medium (Table 2.2) at
a concentration of 1-5x10° cells/mL depending on the cell line. Cell suspension was distributed in
cryovials at 1 mL/tube and placed in a container filled with 2-propanol at -80°C for 24 hours (Mr
Frosty). The cryovials were then stored in a liquid nitrogen tank. This method allowed for uniform slow
freezing of the cells and prevented ice crystal formation.

2.1.2.4 Cell Thawing

Each vial of cells was removed from liquid nitrogen and rapidly thawed by partial emersion in a 37°C
water bath. The thawed cells were transferred to a 15 mL falcon tube containing 4 mL of pre-warmed
appropriate media, centrifuged (400g x 5 minutes) and washed in 5 mL of media. This wash step was

to remove dimethylsulfoxide (DMSO). The cells were then seeded in a T25 cm? flask in 5 mL of medium.
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2.1.3 Primary Cells and Culture Techniques

2.1.3.1 Sample Collection from Healthy Volunteers and Multiple Myeloma

Patients
Approval was granted by the Yorkshire & The Humber-Sheffield Research Ethics Committee and

National NHS ethical approval for collection of samples from patients and healthy volunteers (REC
reference:05/Q2305/96). Informed consent was given by all patients and HD. Patients were recruited
from the MM clinic at Sheffield Hallamshire hospital and gave written informed consent for peripheral
blood (PB) and BM sample collection (Appendix Figure 8.2). HD BM samples were obtained from
residual waste in a collection bag after BM stem cell harvests from allogenic stem cell donations.
Patient and donor data such as age, sex, date of diagnosis, and clinical parameters were obtained and
stored in a secure, anonymous manner according to ‘good clinical practice’ and the University of

Sheffield information governance policies.

BM samples and samples from other sites (pleural cavity) from patients were collected into DMEM
medium plus heparin (100 units/mL). For PB samples, venous blood samples were collected in tubes
containing SST gel and clot activator K;EDTA to prevent coagulation. For serum, venous blood samples
were collected in tubes containing SST gel and clot activator, collection tubes were centrifuged at 500g
for 5 minutes and serum was collected and rapidly frozen and stored at -80°C.

2.1.3.2 Isolation of Mononuclear Fractions

BM and PB samples were filtered through a 100 um filter and diluted in an equal volume of Auto-
MACS® rinsing solution and slowly layered over 15 mL of Histopaque® and centrifuged 400g for 35
minutes at room temperature with no brake. The mononuclear interface was aspirated using a sterile
pasture pipette and the mononuclear cells were washed twice in ice-cold Auto-MACS® rinsing solution
centrifuging at 400g for 10 minutes, then once again at 400g for 10 minutes. The supernatant was
removed and cells were resuspended in residual volume in Auto-MACS® rinsing solution. At this step
mononuclear cells were counted. 10 uL of mononuclear cells was added to 90 pL of acetic acid to lyse

erythrocytes and manually counted as described in section 2.1.2.1.
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2.1.3.3 Magnetic Assisted Cell Sorting of CD138 Positive Plasma Cells

CD138, also known as syndecan-1, is expressed on normal and malignant human plasma cells. CD138
magnetic microbeads have been developed for the isolation of plasma cells from PBMCs or BMMCs.
Mononuclear cells from section 2.1.3.2 were resuspended in 1 mL of Auto-MACS® rinsing solution and
then centrifuged at 400g for 5 minutes at 4°C. Supernatant was discarded and resuspended in 80 pL
of ice-cold Auto-MACS® buffer. Twenty pL of CD138 magnetic microbeads per 1x108 cells was added
and then incubated on ice for 30 minutes. Mononuclear cells were washed by adding 900 uL of ice-
cold Auto-MACS® buffer to the cell suspension and centrifuged at 400g for 5 minutes at 4°C. The
supernatant was then discarded, and cells were resuspended in 1 mL of ice-cold Auto-MACS® buffer.
The Auto-MACS® MS column and magnet apparatus (Miltenyi Biotech, UK) was assembled and 500 ulL
of ice-cold Auto-MACS® buffer was added to equilibrate the column. Mononuclear cells were added
to the column and CD138" cells were collected. The column was washed three times with 500 pL of
ice-cold Auto-MACS® buffer. The column was then removed from the magnet and 1 mL of ice-cold
Auto-MACS® buffer was added to elute the CD138* cells. CD138" Cells were counted as described in
2.1.2.1. Percentage of CD138* cells was on average 96.4% in the CD138* population and 4.28% in the
CD138" population as determined by flow cytometry (section 2.3.4). Figure 2.1. shows representative

flow cytometry plots of CD138* and CD138 staining in respective populations.
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Figure 2.1: Percentage of CD138* and CD138" populations isolated from MM patients and HDs.

(a) Representative flow cytometry dot plots showing CD138 (FL2-H PE) against side scatter in CD138*
and CD138 populations from BMMCs obtained from MM patients or HDs after MACs cell sorting
acquired by a BD FACs calibur flow cytometer. (b) Percentage of CD138 population purity in CD138*
and CD138 populations after MACS cell sorting from BMMCs obtained from MM patients or HDs (n=5).
Data is the mean £SD.

2.1.3.4 Culture of CD138*and CD138 BM cells

CD138* cells were maintained in complete RMPI at ~70% confluency. CD138" cells were maintained in
complete DMEM (Table 2.2), at ~80% confluency cells were passaged. Cells were incubated in at 37°C
in a humidified atmosphere containing 5% CO,.

2.1.3.5 Patient-derived PCL cells

The SMaRT has managed to successfully culture PCL cells from two patients for prolonged periods of
time. These patient-derived cells are termed ADC1 and CB1. These PCL cells proliferate, unlike most
patient cells that are extracted from PB or BM. Therefore, these ADC1 and CB1 cells were used in
studies that could not be performed on most non-proliferative patient cells. These cells were kept
below passage 15 to try to preserve the genetic and phenotypic similarities to when they were first

extracted from patients.
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2.1.3.6 Production of Ad[CE1A]-BMMCs Conditioned Media
BMMCs from HDs or MM patients were seeded at 2x10° cells/mL and treated with Ad[CE1A] MOI 20

or vehicle PBS. After 48 hours, conditioned media (CM) was collected by removing cells via
centrifugation. CM was then sterile filtered using a 0.2 um syringe filter and Ad[CE1A] virions were UV
inactivated using a UV crosslinker. CM was UV treated for 1 hour in 500 pL aliquots in an open 24 well

plate in a cell culture hood. UV inactivation was confirmed by viral titre assays (Appendix Figure 8.3).

2.2 Adenoviruses

2.2.1 Recombinant Adenoviruses

2.2.1.1 Ad[CE1A]
The conditionally replicating oncolytic Ad used in this thesis, Ad[CE1A], was generated previously by

Dr Simon Tazzyman for Sheffield Myeloma Research Team. Figure 2.2 shows plasmid maps used for
the production of Ad[CE1A]. This virus was engineered using the AdEasy system so that the E1A gene
was placed downstream of the CS1 promoter (unpublished data). This was done by using the E1/E3-
deleted AdEasy system according to the manufacturer's instructions. The CS1 promoter sequence was
isolated from a CS1 Luc reporting plasmid (SwitchGear, Belgium) using Kpnl and Hindlll and ligated
into pShuttle using the same enzymes. In order to place E1A under the control of the CS1 promoter
the pShuttle-CS1 plasmid was digested with Sall and the E1A gene was PCR amplified using primers.
The digested plasmids and PCR products were ligated together, and the insert checked for orientation
using a digest with Ahdl and Xbal. The pShuttle-CS1:E1A combined with the pAdeasy vector. The
recombined vector was transfected into HEK293A cells and the virus isolated using Adeno-X Maxi

Purification Kit (Clonetech, France).
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Figure 2.2: Plasmid schematics used in the construction of Ad[CE1A].

(a) Plasmid map of CS1:Luc reporting plasmid with restriction enzymes (Kpnl and Hindlll) used to cut
out the CS1 promoter. (b) plasmid map of the destination vector pShuttle showing the same enzymes.
(c) Plasmid map of pShuttle-CS1 following ligation showing locations of the Sall restriction site used to
insert amplified E1A. (d) Plasmid map of complete pShuttle-CS1-E1A.

2.2.1.2 Ad-GFP

This recombinant non-replicative E1A/E1B deleted human Ad5 expresses green fluorescent protein
(GFP) under the control of a CMV promoter. This virus was used to study infection efficiency of MPCs

and as a control against Ad[CE1A] as it has no replicative capacity.

107



2.2.1.3 Ad[PSA]

This conditionally replicating oncolytic Ad5’s replication is restricted to prostate cells. Prostate-specific
promoter elements from T-cell receptor y alternative reading protein (TARP), prostate specific antigen
(PSA) and prostate specific membrane antigen (PSMA) genes control E1A expression. This virus was

used as a replicative Ad5 control.

2.2.2 Adenoviral Amplification, Purification, and Quantification

2.2.2.1 Adenoviral Amplification
HEK293A cells were seeded onto 10-25 T175 flasks at 1-3 x108. Once cells reached 70-80% confluency,

adenoviral stocks were added at a multiplicity of infection (MOI) of 1-5. After 24 to 72 hours when
roughly 50% of cells were showing cytopathic effects, cells and medium were harvested and spun at
400g for 5 minutes. Medium was aspirated, and the cell pellet was resuspended in 10 mL of cold PBS.
The cells were centrifuged again at 400g for 5 minutes and resuspended in 1-2 mL of complete DMEM
medium. The cells were subject to repeated freeze-thawing using a dry ice/ethanol bath and 37°C
water bath four times to release viral particles before centrifuging at 13,000g for 10 minutes to obtain
clarified cell extract. The clarified viral lysate was collected and stored at -80°C until required.

2.2.2.2 Adenoviral Purification

All buffers, reagents and materials used in adenovirus purification are outlined in Table 2.5 and Table
2.6

Table 2.5: Materials and reagents required for adenoviral purification

Catalogue number | Source:
Caesium Chloride (>98%) C4036-50G Sigma-Aldrich
Mineral QOil M5904-500ML Sigma-Aldrich
Beckman thin wall ultracentrifuge tubes (14x89 mm) 331372 Beckman Coulter
Amicon® ultra-4 centrifugal filter units with a 50 KDa UFC805008 Merk Millipore
filter
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Table 2.6: Solutions and buffers required for adenoviral purification

Solution Components

10x TD Buffer 80 g Sodium Chloride, 3.8 g Potassium Chloride, 2.5 g Sodium
phosphate Dibasic and 30 g Tris Base in 1 L ddH,0 pH 7.4

1x TD Buffer 100 mLs 10x TD Buffer & 900 mLs ddH,0

Caesium Chloride 1.25 g/mL 36.16 g Caesium Chloride dissolved in 100 mL 1x TD buffer
Caesium Chloride 1.34 g/mL 51.20 g Caesium Chloride dissolved in 100 mL 1x TD buffer
Caesium Chloride 1.40 g/mL 62.00 g Caesium Chloride dissolved in 100 mL 1x TD buffer

Adenoviral purification was performed to obtain a viral stock with the appropriate formulation and
concentration to be administered to mice by systemic injection. The method used in this thesis is
based on caesium chloride (CsCl) density gradients (1.4 g/mL-1.25 g/mlL) combined with
ultracentrifugation to separate viral particles from cellular debris and empty viral capsids. The buffer

exchange was performed using Amicon® ultra-4 centrifugal filter units with a 50 KDa filter.

The clarified cell extract containing Ad was loaded onto CsCl gradients. The CsCl gradients were
prepared in Beckman thin wall ultracentrifuge tubes (14x89 mm). The first CsCl gradient was achieved
by adding 2.5 mL of 1.4 g/mL of CsCl solution followed by the addition 2.5 mL of 1.25 g/mL (Buoyant
density) of CsCl solution without disturbing the interface. The clarified viral lysate was then carefully
loaded on top of the CsCl gradient. Mineral oil was then added on top to approximately 2 mm from
the top of the tube to prevent virus aerosolization. The tubes were ultracentrifuged at 210,000g (rmax)
(35,000 rpm) for 1.5 hours at 15°C in a Beckman L-100 ultracentrifuge with a SW41 swinging bucket
rotor. After centrifugation three distinct layers were visible as shown in Figure 2.3. The bottom layer
contained properly packaged virions which were removed by puncturing the tube with a 5 mL syringe

and 20-gauge needle.

For further purification, a second ultracentrifuge step using a continuous CsCl gradient was necessary.
The solution containing the virus was layered on top of 5 mL of 1.34 g/mL CsCl solution in a new
ultracentrifuge tube. If clarified viral lysate had to be layered into multiple tubes, due to the volume
in the first ultracentrifugation step, needle extracted virus was pooled together and layered onto one

continuous gradient. Mineral oil was added on top to approximately 2 mm from the top of the tube.
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The virus was centrifuged at 210,000g (rmax) (35,000 rpm) for 18 hours at 15°C Beckman L-100
ultracentrifuge with a SW41 swinging bucket rotor. After centrifugation, the lowest band, which
contains the intact virions was aspirated using a 5 mL syringe and a 20-gauge needle. Figure 2.3 shows
representative images of adenovirus banding after both ultracentrifugation steps. The final viral
solution then underwent a buffer exchange in Amicon® ultra-4 centrifugal filter units with a 50 KDa
filter to remove the toxic CsCl solution and the virus was placed into an appropriate formulation (PBS)

for systemic injection. The purified adenovirus was separated into aliquots and stored at -80°C.

Cell Debris <= Empty Particles

d <4 |ntact Particles

<= Empty Particles
<= |ntact Particles

Figure 2.3: Representative images of adenoviral banding after CsCL ultracentrifugation:

(a) Image shows the ultracentrifuge tube following the first round of banding using the crude viral
lysate, therefore, cellular protein and lipid is visible in a diffuse band at the first CsCl interphase. Below
this, two more distinct bands are present. The lower larger band corresponds to complete virus
particles at the 1.4 g/mL:1.25 g/mL CsCl interphase, whilst the upper band is formed by the empty
viral particles. (b) Image shows the ultracentrifugation tube following the second round of banding
after extraction of the lower band from image a. The lowest largest band is found at the CsCl
interphase 1.34 g/mL contains the purified intact virus particles. The upper band, which is further away
in distance than in image (a), contains empty viral particles that did not separate/were accidently
collected during the first round of collection.
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2.2.2.3 Quantification of Adenoviral Stocks
The Adeno-X™ rapid titre kit (Clontech, UK) is based on the detection of virus positive cells for the

immunostaining of the viral hexon protein in monolayers of HEK293A cells infected with serial

dilutions of the virus. This technique allows the determination of functional infectious units (ifu).

HEK293A cells were seeded at 2.5x10° in 24 well plates in 1 mL complete DMEM media. Ten-fold serial
dilutions of viral stocks were produced and 50 L of viral serial dilutions were added to HEK293A cells
and left for 48 hours ina 37°Cin a 5% CO, humidified incubator. Medium was aspirated, and cells were
fixed by gently adding 0.5 mL of ice-cold methanol, the plate was then incubated at -20°C for 10
minutes. Cells were then washed with 0.5 mL PBS with 1% BSA three times. Cells were then stained
with 0.25 mL mouse anti-hexon antibody (1:1000 dilution in PBS with 1% BSA) and incubated at 37°C
on an orbital shaker for 1 hour. Cells were then washed with 0.5 mL PBS with 1% BSA three times. 0.25
mL of rat anti mouse horse radish peroxidase conjugated antibody was added (1:500 dilution in PBS
with 1% BSA) and incubated at 37°C on an orbital shaker for 1 hour. Cells were then washed with 0.5
mL PBS with 1% BSA three times. 0.25 mL of 1X 3, 3’-Diaminobenzidine (DAB) substrate was added to
cells and incubated at room temperature for 10 minutes. DAB was aspirated and 0.5 mL of PBS added

to wells. Figure 2.4 shows representative images of Adeno-X™ hexon stain in HEK293A cells.

A 104 B 10

200M -,

Figure 2.4: Representative images of Adeno-X™ Rapid titre kit in HEK293A cells at two serial
dilutions.

Representative images of a) adenoviral hexon staining of viral stocks at a serial dilution of 10 in
HEK293A cells and b) adenoviral hexon staining of viral stocks at a serial dilution of 10° in HEK293A
cells. Clearly the staining in B is easier to accurately count and quantify than in A. Images taken on
brightfield channel using EVOS® FL auto imaging microscope scale bar 200 um).
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A minimum of three fields were counted using a brightfield microscope, and the following equation

was used as per instructions.

(infected cells per field) x (fields per well)

Infecti it L=
fHections tmts per m (volume of virus added x dilution factor)

2.3 Cell Biology

2.3.1 Adenoviral Infection and Replication

2.3.1.1 Adenoviral Infection

2.3.1.1.1 Adenoviral Infection Assay
To determine the infection efficiency of cells, a recombinant non-replicative E1A/E1B deleted human

Ad5 virus that expresses GFP under the CMV promoter (Ad-GFP) was used. Human MPCs lines (JJN-3,
L363, U266, OPM-2, NCI-H929, KMS-11 and KMS-12-BM), murine MPC line (5TGM1) and primary-
patient derived cells were seeded at 1x10° cells in 500 pL complete media in a 48 well plate. Cells were
infected with Ad-GFP MOI 2 or 20 or uninfected PBS control. After 24 and 48 hours, live cell imaging
of GFP expression was used to qualitatively visualise infection using fluorescent microscopy (EVOS™

FL Auto) (section 2.3.5), GFP expression was then quantified using flow cytometry (section 2.3.4).

2.3.1.1.2 Adenoviral Infection following Anti-myeloma Treatment Assay
To determine if anti-MM therapies effect adenoviral infection, 1x10° JJN-3, U266, OPM-2 and 5TGM1

cell lines were seeded per well into a 48 well plate in 1 mL of complete media. Cells were plated in
triplicate. Cells were infected with Ad-GFP MOI 2 alone or Ad-GFP and an anti-MM chemotherapy
(BTZ, Melph, Pan or Pom). Doses of drugs were decided from previous dose response experiments
and doses of Ad-GFP were decided based on previous assays. After 24 and 48 hours, cells were stained
with TO-PRO-3 as a dead cell indicator and GFP expression was determined by flow cytometry (section
2.3.4). Additionally, cells were treated with anti-MM chemotherapy (BTZ, Melph, Pan or Pom) 24
hours prior to Ad-GFP infection. Doses of drugs were decided from previous experiments. After 24
hours Ad-GFP was added at MOI 0.2 or 2 and GFP expression was determined by flow cytometry after

a further 24 hours (section 2.3.4).
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2.3.1.2 Adenoviral Replication

2.3.1.2.1 Adenoviral Replication by EIA mRNA Expression
To determine adenoviral gene expression, EIA mRNA expression was assessed in a panel of human

MPC lines (JJN-3, L363, U266, OPM-2, RMPI-8226, NCI-H929, KMS-11 and KMS-12-BM) and murine
MPC line (5TGM1). Cells were seeded at 2x10° in a 24 well plate in triplicate in 1 mL of complete media
and infected with Ad[CE1A] MOI 20 or with vehicle (PBS) control. Four and twenty-four hours later
cells were harvested, total RNA was extracted, converted to cDNA and RT-qPCR was performed to

assess E1A mRNA expression (section 2.4).

2.3.1.2.2 Adenoviral Virion Production
To assess differences in AA[CE1A] replication in MPC lines, the production of infectious virus particles

was assessed in a panel of human MPC lines (JIN-3, L363, U266, OPM-2, RMPI-8226, NCI-H929, KMS-
11) and murine MPC line (5TGM1). Cells were seeded at 1x10%in a 24 well plate in 0.5 mL of complete
medium and infected with Ad[CE1A] at a MOI 2 or with vehicle (PBS) control. 24 hours later medium
was removed from cells by centrifugation (400g x 5 minutes), washed in PBS, recentrifuged again and
resuspended in 0.5 mL of complete medium and incubated at 37°C in a humidified atmosphere
containing 5% CO,. 72 hours later cells were collected. The cells were subject to repeated freeze-
thawing four times to release viral particles before centrifuging at 13,000g for 10 minutes to remove
any cell debris. The supernatant of the cell lysate containing Ad[CE1A] was collected and stored at -

80°C until required. Viral titre was determined (section 2.2.2.3).

2.3.1.2.3 Adenoviral Replication by E1IA mRNA Expression following Anti-myeloma Chemotherapies
To determine if anti-MM therapies increased adenoviral gene expression, EIA mRNA expression was

assessed in JIN-3, U266, OMP-2 and 5TGM1 MPC lines. Cells were seeded at 2x10° in a 24 well plate
in triplicate in 1 mL of complete media and infected with Ad[CE1A] MOI 10 alone or Ad[CE1A] MOI 10
and an anti-MM chemotherapy (BTZ, Melph, Pan or Pom). Doses of drugs were decided from previous
dose response experiments and doses of Ad[CE1A] were decided based on previous assays. 24 hours
later cells were harvested, total RNA was extracted, converted to cDNA and RT-gPCR was performed

to assess EIA mRNA expression (section 2.4).
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2.3.1.2.4 Adenoviral Virion Production following Anti-myeloma Chemotherapies.
To determine if anti-MM therapies effect adenoviral virion production, 1x10° JIN-3, U266, OPM-2 and

5TGM1 cell lines were seeded per well into a 24 well plate in 1.5 mL of complete media. Cells were
plated in triplicate. Cells were infected with Ad[CE1A] (MOI 2) or Ad[CE1A] and an anti-MM
chemotherapy (BTZ, Melph, Pan or Pom). Doses of drugs were decided from previous dose response
experiments and doses of Ad[CE1A] were decided based on previous assays. 72 hours later cells were
collected in CM. The cells were subject to repeated freeze-thawing four times to release viral particles
before centrifuging at 13,000g for 10 minutes to remove any cell debris. The supernatant of the cell
lysate containing AAd[CE1A] was collected and stored at -80°C until required. Viral titre was determined

(section 2.2.2.3).

2.3.2 Viability, Cytotoxicity, Proliferation and Apoptosis
2.3.2.1 Cell Viability: AlamarBlue® assay

Cell viability was measured using the AlamarBlue® assay (Invitrogen, UK), a fluorescent and
colorimetric assay. AlamarBlue® contains a cell permeable, non-toxic weakly fluorescent blue
indicator dye called resazurin. Resazurin undergoes colorimetric change in response to cellular
metabolic reduction. The reduced form of resorufin is pink and highly fluorescent, the intensity of the
fluorescence is proportional to the number of living cells respiring. Through detecting the level of
oxidation during respiration, AlamarBlue® acts as a indirect indicator to quantitively measure cell

viability.

For AlamarBlue® assays, cells were seeded at 1x10%/well in 100 pL complete media in a 96 well plate,
unless stated otherwise. Cells were either infected with vehicle, virus, and/or treated with anti-MM
therapies and/or inhibitors. Cell viability was assessed at indicated time points by adding AlamarBlue®
at a 10% concentration to each well and incubating for 4 hours at 37°C in a humidified atmosphere
containing 5% CO,. The plates were read on a SpectrMax5e (molecular devices) plate reader using a
fluorescence excitation wavelength of 540-570 nm, and a fluorescence emission wavelength of 580-

590 nm. To assess proliferation, data was plotted as relative fluorescent units (RFU), to assess cell
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viability, RFU were converted into a viability percentage of treated cells compared to untreated

control using the following formula. All data was normalised to blank reagent controls.

Normalised fluorescent reading of untreated controls

Percentage Viability =
& y Normalised flourescent reading of treated controls

2.3.2.1.1 Dose Response to Ad[CE1A], Anti-myeloma Chemotherapies and Inhibitors
To determine the dose-response range of various treatments and their effect on cell viability, 1x10*

cells were seeded per well into a 96 well plate in 100 pL of complete RPMI media. Cells were seeded

in quadruplicate. Experiments involving treatment of cells with virus, anti-MM therapies or inhibitors,

appropriate dilutions were made in complete medium. The list of anti-MM therapies/inhibitors and

the doses used to generate dose response curves are listed in Table 2.7. After 72 hours incubation,

cells viability was assessed by AlamarBlue® assay. Sigmoidal dose response curves were generated in

GraphPad.

Table 2.7: Concentrations used to generate dose response curves.

Virus/Drug/Inhibitor

Drug
class/Target

Concentrations used
to generate dose
response curves

Company (Catalogue
number)

nM, 100 nM 1.0 uM,
10.0 uM, 100 pM

Ad[CE1A] ov 0.00, 0.10, 1.00, 10.0, N/A
100, 1000 MOl
Bortezomib Proteasome 0.0, 0.5, 1.0, 2.0, 2.5, Selleckchem (#51013)
Inhibitor 4.0,6.0,12, 24 nM
Melphalan Alkylating agent | 0.00, 1.00 nM, 10.0 Selleckchem (#58266)

nM, 100 nM, 1.00 pM,
10.0 uM, 100 pM

Panobinostat HDACI 0.00 nM, 2.50, 5.00, Selleckchem (#51030)
7.50, 10.0, 12.5, 15.0,
17.5, 20.0, 22.5, 25.0,
27.5,30.0 nM

Pomalidomide IMiD 0.00 nM, 1.00 nM, 10.0 | Selleckchem (#51567)

Z-VAD-FMK

Pan-caspase
inhibitor

N/A dose decided from
literature

Selleckchem (#57023)

Necrostatin-1

RIPK1 inhibitor

0.00, 1.00, 10.0, 25.0,
50.0, 75.0, 100 uM

Selleckchem (~S8037)

GSK-872

RIPK3 inhibitor

0.00, 1.00, 10.0, 25.0,
50.0, 75.0, 100 uM

Selleckchem (#58465)

Necrosulfonamide

MLKL inhibitor

0.00, 1.00, 10.0, 25.0,
50.0, 75.0, 100 uM

Selleckchem (#S8251)
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2.3.2.1.2 Ad[CE1A] in Combination with Anti-myeloma Chemotherapies: Effect on Cell Viability
To determine the effect on cell viability of Ad[CE1A] in combination with anti-MM treatments, 1x10*

JIN-3, U266, OPM-2 and 5TGM1 cells were seeded per well into 96 well plates in 100 pL of complete
RPMI media. Cells were seeded in quadruplicate. Cells were treated with suboptimal doses of
Ad[CE1A] and/or anti-MM chemotherapies (BTZ, Melph, Pan or Pom) based on previous dose

response curves. After 72 hours, cell viability was assessed by AlamarBlue® assay.

2.3.2.1.3 Dose Response of AJ[CE1A] in the Presence of Inhibitors: Effect on Cell Viability
To determine if inhibiting various proteins involved in distinct cell death pathways has an effect on

the dose-response of AA[CE1A], 1x10%JIN-3, U266, OPM-2 and 5TGM1 cells were seeded per well into
96 well plates in 100 pL of complete RPMI media. Cells were seeded in quadruplicate. Cells were
treated with concentrations of Ad[CE1A] to generate a dose-response curve and treated with +
inhibitors listed in Table 2.7. Concentrations of inhibitors determined by previous dose-response

curves. After 72 hours, cell viability was assessed by AlamarBlue® assay.

2.3.2.1.4 Bystander Cytokine Killing
To determine if Ad[CE1A] induced bystander cytokine killing, 1x10*JIN-3, U266 and OPM-2 cells were

seeded per well into 96 well plates in 50 L of complete RPMI media. Cells were treated with 50 puL of
UV-inactivated control or Ad[CE1A] CM from BMMCs from HDs or MM patients (as described in
section 2.1.3.6). Cells were seeded in quadruplicate. After 96 hours, cell viability was assessed by

AlamarBlue® assay.

116



2.3.2.2 Calculation of Synergy using CompuSyn Software
The synergistic effects of Ad[CE1A] and anti-MM therapies were calculated using the combination

index (ClI) using CompuSyn software (ComboSyn, Inc., Paramus, NJ, USA) (334). To determine
synergism or antagonism, the ‘potency’ and the ‘shape’ of the dose-effect curve for each drug must
be known. The dose-effect parameters of each drug alone, as well as in combination were calculated,
and the Cl determined. CompuSyn software calculates the dose-effect parameters and Cl determined
using the median-effect equation by inputting the growth inhibition data for Ad[CE1A] and anti-MM
drug alone and in combination. Synergism was indicated by Cl where Cl= <0.3 strong synergism;
Cl=0.3-0.7 synergism; CI=0.7-0.9 moderate synergism; CI=0.9-1.1 additive; Cl=1.1-1.45 slight
antagonism; 1.45-2 antagonism.

2.3.2.3 Flow Cytometry Cell Death Assays

Propidium iodide (PI) is a non-membrane-permeable fluorescent nucleic acid dye, therefore, Pl will
only be present in the DNA of cells where the plasma membrane has been
compromised/permeabilised, making it useful to determine between necrotic, apoptotic and viable
cells based on membrane integrity. Pl binds to double stranded DNA by intercalating between the
bases. Once Pl has bound to DNA the excitation/emission spectra is shifted to 535 nm (green)/617 nm
(orange-red). TO-PRO-3, similar to PI, but is a far-red fluorescent dye (excitation 642 nm/emission 661
nm), binds to double stranded DNA and is not membrane permeable. TO-PRO-3 was used instead of
Pl if other fluorophores such as fluorescein isothiocyanate (FITC)/GFP were used in the same assay
due to the separation of far-red channel to FITC. Cells were seeded at indicated cell numbers and
treated with indicated treatments depending on the assay. Cell cytotoxicity was assessed at indicated
time points by staining cells with 2 pL of Pl or TO-PRO-3 as indicated and determining cell cytotoxicity

with flow cytometry as described in section 2.3.4.
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2.3.2.3.1 Cytotoxicity of Ad[CE1A], Ad[PSA] and Anti-myeloma Chemotherapies.
To determine cytotoxicity of various agents, cells were seeded at 1x10° cells in 500 pL complete RPMI

media in a 48 well plate, unless stated otherwise. Cells were seeded in triplicate. Cells were treated
with vehicle, virus and/or anti-MM chemotherapies (BTZ, Melph, Pan or Pom) as described based off
previous assays. After the indicated time (24-72 hours) cytotoxicity was assessed by PI staining using

flow cytometry (section 2.3.4).

2.3.2.3.2 Ad[CE1A] Cytotoxicity in Patient Derived Primary Cells.
To determine the cytotoxicity of Ad[CE1A] in patient derived primary cells, primary CD138* plasma

cells from patients (MGUS, newly diagnosed MM and PCL) and HDs were seeded at a range of densities
(5x10%-2x10° cells/well) as varying amounts CD138* cells were obtained from the samples. To adjust
for the difference in cell numbers, the cell density was kept the same at 200,000 cells/mL of media.
CD138 BMMCs form patient’s and HDs were seeded at 200,000 cells/mL. Both cell populations were
treated with Ad[CE1A] MOI 20 or vehicle (PBS) control in the presence of 10% autologous serum. Cells
were assessed in duplicate or triplicate depending on number of cells acquired. After 96 hours,
cytotoxicity was assessed by Pl staining using flow cytometry (section 2.3.4). A longer time period of
96 hours was selected over 72 hours in case of delayed Ad[CE1A] replication kinetics in freshly isolated

primary cells.

2.3.2.3.3 Ad[CE1A] Cytotoxicity in MPCS in Coculture with BMSCs
To determine if coculture with BMSCs effects Ad[CE1A]-induced cytotoxicity, HS-5 BMSC line was

seeded at 5x10* cells/well in triplicate in a 48 well plate in 1 mL of complete DMEM media. Cells were
incubated for 24 hours. Following this, media was aspirated to remove non-adherent cells, and 5x10*
JIN-3-GFP, U266-GFP, OPM2-GFP or RPMI-8226-GFP cells which were labelled with Vybrant™ DiD
(section 2.3.3.1), were seeded onto the HS-5 cells in 1 mL of complete RPMI media. Cocultures were
treated with vehicle (PBS) or Ad[CE1A] MOI 2 or 10. After 48 hours, cell viability was determined by PI

staining using flow cytometry (section 2.3.4).
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2.3.2.3.4 Assessment of AJ[CE1A] Efficacy in Preventing Myeloma Cell Regrowth after Bortezomib
Treatment
To determine if Ad[CE1A] can keep viability of cells low over a longer period of time following BTZ

treatment compared to BTZ treatment alone, 1x10° JIN-3 and U266 cells were seeded in triplicate in
48 well plates with 500 pL of media and treated with 2.5 nM of BTZ. After 24 hours BTZ was washed
off and cells were resuspended in fresh complete media. Cells were then treated with Ad[CE1A] at
varying concentrations (1, 2.5, 5, 7.5 and 10 MOI) or vehicle (PBS) control. After 1, 3, 7, 14, 18, 21 and

25 days Ad[CE1A] treatment, viability was assessed by PI staining using flow cytometry (section 2.3.4).

2.3.2.3.5. Cytotoxicity of AA[CE1A] in the Presence of Inhibitors
To determine if inhibiting various proteins involved in distinct cell death pathways had an effect on

Ad[CE1A] cytotoxicity, cells were seeded at 1x10° cells in 500 pL complete RPMI media in a 48 well
plate. Cells were seeded in triplicate. Cells were treated with Ad[CE1A] as described * inhibitors listed
in Table 2.7. Concentrations of inhibitors determined by previous dose response assays. After the
indicated time (24 to 72 hours) cytotoxicity was assessed by PI staining using flow cytometry (section
2.34).

2.3.2.4 Assessment of Proliferation

KI-67 is a widely used marker of cell proliferation. It is highly expressed in cycling cells but strongly

downregulated in in resting (GO) cells (335).

2.3.2.4.1 KI-67 Expression Analysis following Ad[CE1A] Treatment
2.5x10° JIN-3 and OPM-2 cells were seeded in 24 well plates in 1 mL of complete RPMI media and

incubated with Ad[CE1A] at a MOl of 2, 10 and 20 or with vehicle (PBS) control. After 24- and 48-hours
incubation cells were harvested and stained with KI-67-APC or isotype matched control. Cells were

analysed by flow cytometry (section 2.3.4).
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2.3.2.5 Assessment of Apoptosis

2.3.2.5.1 Annexin V Assay
Phosphatidylserine (PS) is a phospholipid component of the plasma membrane which normally

localises to the inner leaflet of the plasma membrane. During apoptosis, PS translocates from the inner
leaflet of the plasma membrane to the outer leaflet of the plasma membrane. It is hypothesised that
PS translocates to the outer leaflet to allow recognition for phagocytosis by macrophages. The human
vascular anticoagulant Annexin V has a high affinity for PS. Therefore, fluorescent conjugates of

Annexin V are commonly used as a marker for apoptosis (336).

Cells were seeded onto 48 well plates at 1x10° in 500 pL of complete media, unless otherwise stated.
After indicated time points and treatments cells were stained with Annexin V conjugated to FTIC or
APC (BD Biosciences, UK) according to the manufacturers protocol. Briefly, cells were centrifuged
(400g x5 minutes) and resuspended in 100 pL of 1x Annexin binding buffer containing 2.5 ul of
Annexin-V-FITC and incubated for 15 minutes at room temperature in the dark. Cells were then
centrifuged (400g x5 minutes) and washed with 500 pL Annexin binding buffer twice and resuspended
in a varying volume of Annexin binding buffer depending on cell density, between 400uL and 1 mL.
Immediately prior to flow cytometric analysis 2 uL of TO-PRO-3 or PI (stock Concentration 50 uM) was

added and the cell samples were analysed on a flow cytometer as described in section 2.3.4.

2.3.2.5.2 Annexin V Expression following Ad[CE1A] Treatment
1x10° human MPC lines (JJN-3 & U266) and murine MPC line (5TGM1) were seeded in triplicate in 48

well plates in 500 pL of complete RPMI media and treated with Ad[CE1A] at a MOI of 20 or vehicle
(PBS) control. At 6- and 24-hours incubation, cells were collected, and apoptosis was assessed by
staining cells with Annexin V conjugated to APC or FITC (BD Biosciences, UK) and TOPRO-3 or Pl was

added and analysed by flow cytometry (section 2.3.4).
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2.3.2.5.3 Annexin V Expression of AJ[CE1A] in Combination with Anti-myeloma Chemotherapies
1x10° JIN-3 and OPM-2 cells were seeded per well in 1 mL of complete RPMI media in a 48 well plate.

Cells were plated in triplicate. Cells were treated with a single dose of Ad[CE1A] % anti-MM
chemotherapy (BTZ, Melph, Pan or Pom). Doses were decided from best performing dose across all
cell lines as previously assessed by cell viability assays. After 72, cells were stained with Annexin V-

FITC and TO-PRO-3 and analysed by flow cytometry (section 2.3.4).

2.3.2.5.4 Analysis of Apoptotic Gene Expression following Ad[CE1A] Treatment
To determine mRNA expression of apoptosis related markers after Ad[CE1A] infection, RT-qPCR was

performed. 2x10° JIN-3 cells were treated with Ad[CE1A] MOI 20 or vehicle (PBS) control. Total RNA
was collected at 4 and 24 hours post treatment using the ReliaPrep™ RNA Miniprep Systems (Promega,
UK) kit (section 2.4.1). Total RNA was reverse transcribed using the High-Capacity cDNA to RNA kit
(Applied Biosystems, UK) (section 2.4.2). mRNA expression was determined by RT-gPCR (section
2.4.3). Briefly, SYBR™ green primers were used for the housekeeping gene GAPDH and Caspase 3,

Caspase 8, Caspase 9, BCL2, FASL, BAX and BID and SYBR™ green master mix was used.

2.3.2.6 Assessment of Immunogenic Cell Death Markers

2.3.2.6.1 Cell Surface Expression of Calreticulin
To analyse the surface expression of calreticulin (CALR) following Ad[CE1A] and/or anti-MM therapy

treatment, 2.5x10° cells were seeded into a 24 well plate in 1 mL of media. Cells were treated with
Ad[CE1A] and/or anti-MM chemotherapy (BTZ, Melph, Pan or Pom) as described. 24 hours after
treatment cells were collected and stained with a primary rabbit polyclonal CALR antibody or dose
matched isotype control followed by a fluorescently labelled secondary FITC Donkey anti rabbit IgG as
described (section 2.3.4). Fluorescence was determined by flow cytometry. Dead cells were gated out

using TO-PRO-3 and only viable cells were used to assess CALR expression.
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2.3.2.6.2 Cell Surface Expression of CD47
To analyse the surface expression of CD47 following Ad[CE1A] treatment, 2.5x10° cells were seeded

into a 24 well plate in 1 mL of media. Cells were treated with AJd[CE1A] as described. 24 and 48 hours
after treatment cells were collected and stained with an APC-conjugated anti-human CD47 antibody
or dose matched isotype control as described (section 2.3.4). Fluorescence was determined by flow
cytometry. Dead cells were gated out using Pl and only viable cells were used to assess CD47

expression.

2.3.3.6.2 Luminescent Detection of Extracellular ATP
Secretion of extracellular ATP following Ad[CE1A] and/or anti-MM chemotherapy (BTZ, Melph, Pan or

Pom) treatment was determined by a luminescence-based assay (Enlighten® ATP assay, Promega). For
this, 1x10° cells were seeded in triplicate in 48 well plates in 1 mL of complete RPMI media. Cells were
treated with Ad[CE1A] and/or anti-MM therapies. Concentrations of treatments determined by
previous assays. After 24 hours cells were collected and centrifuged (400g x5 minutes). Meanwhile a
standard curve dilution series of the ATP standard (107M-10"M) was made in complete RPMI media.
After samples were centrifuged, 100 puL of cell culture supernatant was collected per sample and
placed a sterile clear bottom black walled 96 well plate. This was performed at low light to allow the
plates and samples to dark adapt. 100 pL of rL/L reagent reconstituted in reconstitution buffer was
added to each column of the plate individually and read instantly on SpectrMax5e plate reader

(Molecular Devices) using endpoint luminescence (integration time 1000ms).

2.3.2.6.1 Cell Surface Expression of MHC Class | and 11
To analyse the surface expression of MHC class | and class Il following Ad[CE1A], 2.5x10° cells were

seeded into a 24 well plate in 1 mL of media. Cells were treated with Ad[CE1A] as described. 48 hours
after treatment cells were collected and stained with an APC-conjugated anti-human HLA-ABC
antibody or an APC-conjugated HLA-DR antibody or dose matched isotype control as described
(section 2.3.4). Fluorescence was determined by flow cytometry. Dead cells were gated out using PI

and only viable cells were used to assess HLA-ABC/HLA-DR expression.
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2.3.3 Cell Labelling

2.3.3.1 Vybrant™ DiD
Vybrant™ DID is a fluorescent lipophilic dye that binds to the plasma membrane. Vybrant™ DID is

used for dye-retention studies, where membrane dyes are shared with daughter cells during cell
division, which can mark long-term, nondividing, dormant MM cells (337). MPC lines were labelled
with Vybrant™ DID (Invitrogen™) to track proliferation and to distinguish MPCs in cocultures by flow
cytometry as described in section 2.3.4. 1x10® MPCs were suspended in 1 mL of serum free RPMI
media. Five pL of Vybrant™ DID cell labelling solution was added to the cell suspension and incubated
for 15 minutes at 37°C in a humidified atmosphere containing 5% CO,. Following this, the cell solution
was centrifuged (400g x5minutes) and washed in 1 mL of warm complete RPMI media, this was
repeated three times to remove residual Vybrant™ DID. After the last wash, labelled cells were
resuspended in warm serum free media and seeded in well plates or tissue culture flasks depending
on the experiment.

2.3.4 Flow Cytometry

All buffers, reagents used in flow cytometry are outlined in Table 2.8.

Table 2.8: Buffers required for flow cytometry

Solution Component

FACs Buffer 4% FBS in PBS

1x Mouse Red Cell Lysis buffer M-Lyse Buffer Concentrate (10X) (R&D systems)

1x Mouse wash buffer Wash Buffer Concentrate (10X) (R&D systems)

Permeabilization buffer 1% FBS, 0.1% Sodium Azide, 0.1% Saponin in PBS, pH to 7.4,
filter with 0.2 uM filter.

2.3.4.1 General Principles of Flow Cytometry
Flow cytometry is a technique which allows for the quantification of protein on a single cell basis.

Briefly, a cell is labelled with a fluorescently labelled antibody or has been manipulated to express a
fluorescently labelled protein. A cell with fluorescence or a cell absent of fluorescence moves through
a pressurised system passing through beams of light and subsequent detectors, which detect the
forward scatter (cell size) and side scatter (cell granularity) giving information about general cell

structure. Additionally, a series of lasers excite the fluorochromes attached to the bound
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antibodies/expressed by the cell and the light reflected passes through dichromic mirrors to the
detectors, which detect specific wavelengths dependent on the fluorochrome used (all fluorophores
used in this thesis are summarised in Table 2.9). The results are then analysed computationally, if a

fluorescent signal is detected, this implies an antibody is bound/cell is expressing fluorescent protein.

Table 2.9: Laser, absorbance, emission, and detector information for fluorochromes used in flow

cytometry
Laser excitation Absorbance Max Emission Max Detector
(nm) (nm) (nm)

GFP 488 488 510 FL-1

FITC 488 490 525 FL-1

Phycoerythrin 488 496 578 FL-2
(PE)

Allophycocyanin 633 650 660 FL-4
(APC)

Vybrant™ DiD 633 644 665 FL-4

Pl 488 535 617 FL-2

TO-PRO-3 633 642 6661 FL-4

2.3.4.2 General Flow Cytometry Methodology

Flow cytometry was used to detect fluorescent cell surface, intracellular proteins, dyes and to detect
cell death (all antibodies used are listed in Table 2.10). Briefly cells were collected and centrifuged
(400g x5minutes) and resuspended in fluorescent activated cell sorting (FACs) buffer. If cells were
obtained directly from mice, erythrocytes were lysed using mouse erythrocyte lysis kit (R&D systems)
according to the kits instructions, or from humans, erythrocytes were lysed using erythrocyte lysis
buffer described in section 2.1.3. If antibody staining was not needed (e.g GFP expression, DID
labelling, cell death) samples were resuspended in 400 pL FACs buffer and were then ready for flow

cytometry.

If antibody staining was needed, cells were resuspended 100 pL of FACS buffer unless otherwise
stated. Fluorescently conjugated antibodies were added to cell solution at optimum concentration
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described in Table 2.10 or with a matched concentration of isotype control. Antibody concentration
was adjusted for cell density when needed. Samples were incubated at 4°C for 45 minutes (unless
stated otherwise) in the dark. After incubation, the samples were centrifuged (400g x 5 minutes) and
washed three times in 200-500 pL FACs buffer depending on if staining was performed in round
bottom 96 well plates or 1.5 mL Eppendorf’s. After the final wash, the samples were resuspended in
300-500 pL FACS buffer. Fluorescently conjugated secondary antibodies were used when using
unconjugated primary antibodies. For this, after the final wash, cells were resuspended in 100 uL and
a host matched fluorescently conjugated secondary antibody was added. Samples were then
incubated at 4°C for 45 minutes (unless stated otherwise) in the dark. After incubation, the samples
were centrifuged (400g x 5 minutes) and washed three times in 200-500 pL FACs buffer. After the final
wash, the samples were resuspended in 300-500 pl FACS buffer. If cells were obtained directly from
mice or humans, cells were passed through a 70 um cell strainer to remove large debris and aggregates
before being transferred to flow cytometry tubes. Cell viability was detected using either Pl or TO-

PRO-3 as described in section 2.3.2.3.

All flow cytometry was performed using a FACSCalibur machine (Becton Dickinson, Oxford, UK) or LSR
Il (BD Biosciences, Oxford, UK) and data analysed using the FlowJo™ software package (v.10.5.0)
(FlowlJo LLC, Oregon, USA). Cells were acquired at 10*-10° events depending on the experiment. The
light scatter parameters were configured so that there was a clear cellular population to eliminate
aggregates and cellular debris. For each experiment negative unstained controls were used, alongside
isotype and single stain controls to properly set the appropriate voltage and fluorescent compensation
and to set up the correct gating strategy for analysis i.e to ensure <1% of staining was evident in the
isotype control samples. The setting for the gates then remained the same throughout each
experiment. FlowJo™ software allows you to analyse percentage cell populations and/or mean
fluorescent intensity (MFI), i.e to determine the percentage of a cell population expressing a certain

marker and/or the intensity of the marker in that population.
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Table 2.10: Antibodies used in flow cytometry

Antibody Clone Host Isotype | Fluorochrome Cell density & Supplier
Specificity Amount of Antibody
used (stock conc)
Human Anti- 44F9 | Mouse | IgG1kK PE 5x10° cells Miltenyi
CD138 1 pL used. Biotech
(concentration not
stated)
Human CD138 | MOPC- | Mouse | IgG1k PE 5x10° cells Biolegend
Isotpye 21 0.5 pg (200 pg/mL)
Mouse Anti- 281-2 Rat lgG2a K APC 5x10° cells Biolegend
CD138 0.5 pg (200 pg/mL)
Mouse CD138 | RTK27 Rat lgG2a K APC 5x10° cells Biolegend
Isotype 58 0.5 pg (200 pg/mL)
Human Anti- 162.1 | Mouse | 1gG2b K PE 5x10°cells Biolegend
CD319 1 ug (200 pg/mL)
Human CD319 | MPC- | Mouse | IgG2b k PE 5x10° cells Biolegend
isotype 11 1 ug (200 pg/mL)
Mouse Anti- 4G2 Rat IgG1 K APC 0.5 pg (200 pg/mL) | Biolegend
CD319
Mouse CD319 | RTK20 Rat IgG1 K APC 0.5 pg (200 pg/mL) | Biolegend
Isotype 71
Human Anti- RmcB | Mouse lgG1 PE 5x10°cells Merk
CAR 1 pL used. Millipore
(concentration not
stated)
Human CAR | MOPC- | Mouse lgG1 PE 5x10° cells Biolegend
Isotype 21 0.5 pg (200 pg/mL)
Human Anti- 23C6 | Mouse | IgGlk FITC 5x10°cells Biolegend
CD51/61 0.5 pg (200 ug/mL)
(avB3)
Human Anti- | MOPC- | Mouse | IgG1 K FITC 5x10° cells Biolegend
CD51/61 21 0.5 ug (200 pg/mL)

(avBs) isotype
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Antibody Clone Host Isotype | Fluorochrome Cell density & Supplier
Specificity Amount of Antibody
used (stock conc)
Human Anti- NKI- | Mouse | IgG2a K APC 5x10°cells Biolegend
avps M9 0.5 pg (200 pg/mL)
Human Anti- | MOPC- | Mouse | IgG2a K APC 5x10° cells Biolegend
avpsisotype 173 0.5 pg (200 pg/mL)
Human Anti- Ki-67 | Mouse | IgG1K APC 2.5x10°cells Biolegend
Ki-67 0.5 pg (200 pg/mL)
Human Ki-67 | MOPC- | Mouse | IgG1 K APC 2.5x10° cells Biolegend
Isotype 21 0.5 pg (200 pg/mL)
Human Anti- | CC2C6 | Mouse | 1gG1lk APC 2.5x10° cells Biolegend
CD47 0.5 pg (200 pg/mL)
Human Anti- | MOPC- | Mouse | 1gG1 k APC 2.5x10° cells Biolegend
CD47 Isotype 21 0.5 pg (200 ug/mL)
Unconjugated | PA3- | Rabbit IgG N/A 2.5x10°cells Invitrogen
polyclonal 900 Concentration not
calreticulin stated. 1 pL used per
250,000 cells in 100
uL buffer
Calreticulin Poly29 | Rabbit IgG N/A 2.5x10°cells Biolegned
Isotype 108 10 pug
(1 mg/mL)
Calreticulin Poly40 | Donke | Donkey FITC 2.5x10°cells Biolegend
Secondary 64 y Polyclon 5ug
(Donkey anti- allg (0.5 mg/mL)
rabbit 1gG
(minimal x-
reactivity))
Anti-human | W6/32 | Mouse | 1gG2a K APC 2.5x10° cells Biolegend
HLA-ABC 0.5 pg (200 pug/mL)
Human Anti- | MOPC- | Mouse | 1gG2aK APC 5x10°cells Biolegend
HLA-ABC 173 0.5 pg (200 pg/mL)
isotype
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Antibody Clone Host Isotype | Fluorochrome Cell density & Supplier
Specificity Amount of Antibody

used (stock conc)

Anti-human LN3 Mouse | 1gG2a Kk APC 5x10°cells Biolegend
HLA-DR 0.5 pg (200 pg/mL)

Anti-human MG2b- | Mouse | IgG2a K APC 5x10° cells Biolegend
HLA-DR 57 0.5 pug (200 pg/mL)
isotype

2.3.4.2.1 Assessment of Cell Surface Adenovirus Entry Receptors
Human MPCs lines (JJN-3, L363, U266, OPM-2, RPMI-8226 NCI-H929, KMS-11 and KMS-12-BM),

primary-patient derived PCL cells (CB1 and ADC1) and HEK293A cells were assessed for CAR, avfs and
avpBs cell surface expression. 5x10° cells were stained with either PE-conjugated CAR, APC-conjugated
avps, FITC-conjugated avfBs or dose matched isotype control for 45 minutes at 4°C in the dark. 2 L of
Pl or TO-PRO-3 was added immediately prior to flow cytometry to identify and exclude dead cells.

Dead cells were gated out and only viable cells were used to assess Ad receptors expression.

2.3.4.2.2 Assessment of Coxsackie Adenovirus Receptor Expression after Anti-myeloma
Chemotherapies.
1x10° JJN-3, U266 and OPM-2 cell lines were seeded per well into a 48 well plate in 1 mL of complete

media. Cells were plated in triplicate. Cells were treated with an anti-MM chemotherapy (BTZ, Melph,
Pan or Pom). Doses were decided from previous dose response experiments. After 48 hours, cells were
stained with PE-conjugated anti-CAR antibody or with PE-conjugated mouse IgG1 isotype control for
45 minutes at 4°C. 2 pL of TO-PRO 3 was added prior to flow cytometry to identify and exclude dead
cells, described in section 2.3.2.3. Dead cells were gated out and only viable cells were used to assess

Ad receptors expression.

2.3.4.2.3 Assessment of CS1 Cell Surface Expression
Human MPCs lines (JJN-3, L363, U266, OPM-2, RPMI-8226 NCI-H929, KMS-11 and KMS-12-BM),

murine MPC line (5TGM1), primary-patient derived cells and control cell lines (HEK293A and human

prostate cancer cell line, LNCaP) were assessed for CS1 cell surface expression. For cell lines 5x108 cells
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per test were used, for primary cells 1x10° cells were labelled with PE-conjugated mouse anti-human
CS1 (CD319) or APC-conjugated rat anti-mouse CS1 (CD319) or dose matched isotype control for 45
minutes at 4°C in the dark. Antibody concentration was adjusted for cell density (2 pL/5x10°). 2 uL TO-
PRO-3 was added immediately prior to analysis on flow cytometry to identify dead cells. Dead cells

were gated out and only viable cells were used to assess CS1 expression.

2.3.4.2.4 Assessment of CS1 Receptor expression after Anti-myeloma Chemotherapies.
1x10° JIN-3, U266, OPM-2 and 5TGM1 cell lines were seeded per well into a 48 well plate in 1 mL of

complete media. Cells were plated in triplicate. Cells were treated with an anti-MM chemotherapy
(BTZ, Melph, Pan or Pom). Doses were decided from previous dose response experiments. After 48
hours, JIN-3, U266, OPM-2 and 5TGM1 cells were stained with PE-conjugated mouse anti-human CS1
(CD319)/ APC-conjugated rat anti-mouse CS1 (CD319) or a dose matched isotype control. Cells were
stained for 45 minutes at 4°C. 2 ul Pl or TO-PRO 3 was added prior to analysis on flow cytometry to

identify dead cells. Dead cells were gated out and only viable cells were used to assess CS1 expression.

2.3.4.2.5 Assessment of CD138 Cell Surface Expression
The mouse MPC line, 5TGM1 in vitro and ex vivo from BM flushes, and primary-patient derived cells

were assessed for CD138 cell surface expression. For 5TGM1 in vitro 5x10° cells per test were used,
for primary cells 1x10° cells per test was used, for 5TGM1 cells ex vivo from BM flushes, the BM was
divided into two and were labelled with either APC-conjugated anti-mouse CD138 or PE-conjugated
anti-human CD138 or dose matched isotype control for 45 minutes at 4°C in the dark. 2 uL of Pl or TO-
PRO-3 was added immediately prior to flow cytometry to identify and exclude dead cells. Dead cells

were gated out and only viable cells were used to assess CD138 expression.

2.3.4.2.6 Assessment of KI-67 Expression
For intracellular protein detection (KI-67) an intracellular staining technique was required, whereby

the cells were collected, centrifuged (400g x5minutes), and washed twice in PBS. After the final wash
cells were fixed by adding 1 mL of 70% ethanol dropwise whilst vortexing. Cells were then incubated

for 2 hours at -20°C. Following this, cells were centrifuged (400g x5 minutes) and washed in 1 mL of
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permeabilization buffer, described in Table 2.8. After the last wash cells were resuspended in 100 pL
of permeabilization buffer. APC-conjugated anti-KI-67 antibody or dose matched isotype control was
added to the samples. Samples were incubated at 4°C for 45 minutes in the dark. After incubation, the
samples were centrifuged (400g x5 minutes) and washed three times in 500 plL FACs buffer. After the
final wash the samples were resuspended in 500uL FACS buffer. Viable cells were determined and
gated by size and granularity using forward and side scatter parameters.

2.3.5 Fluorescent Microscopy

Fluorescent microscopy was used to visualise GFP expression within MPCs and HD CD138" BMM(Cs.
This was performed using the EVOS® FL auto imaging microscope with GFP light cube selected (470/22
nm excitation; 510/42 nm emission). After visualisation, images were taken the pictures were

exported as tagged image file format files (TIFFs). Images were used as visualisation aids.

2.4 Molecular Biology
2.4.1 RNA Extraction
2.4.1.1 RNA Extraction Methodology

To detect gene expression from the desired tissue or cell type total RNA was extracted from samples
using the ReliaPrep™ RNA Miniprep Systems (Promega, UK). 2x10° cells were centrifuged (400g x 5
minutes) and resuspended in 1 mL of ice-cold sterile PBS. Cells were centrifuged again (400g x 5
minutes) and resuspended in 250 pL of BL+1-Thioglycerol (TG) buffer (provided in the ReliaPrep™ kit),
the cell pellet was dispersed by vigorous pipetting and vortexing. 85 uL of isopropanol was added and
vortexed for 5 seconds and the mixture was transferred to a ReliaPrep™ Minicolumn with a 2 mL
collection tube and centrifuged at 14,000g for 30 seconds. The flow-through was discarded and 500
uL of RNA wash solution was added to the column and centrifuged for 14,000g for 30 seconds. The
flow-through was discarded. In a sterile tube, 24 uL of yellow core buffer, 3 puL of 0.09M of MnCl,, 3
uL of DNase | enzyme was added per reaction. 30 uL of this solution was added to the membrane of
the column and incubated at room temperature for 15 minutes. After the incubation, 200 pL of column

wash was added to the column and centrifuged at 14,000g for 15 seconds. 500 pL of RNA wash is then
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added and centrifuged at 14,000g for 30 seconds. The column was placed into a new collection tube.
300 pL of RNA wash was added and centrifuged at 14,000g for 2 minutes. The column was placed in
1.5 mL elution tubes and 30 uL of nuclease-free water was added to the membrane. The eluted RNA
was then stored at -80°C until required.

2.4.1.2 Quantification of RNA

The purity and concentration of all RNA samples were determined using a NanoDrop 2000 and its
dedicated software. The purity of each sample was determined using the 260/280 nm and 260/230
absorption ratios. RNA absent of protein contamination (260/280 nm) had a value above 2.0 and RNA
which did not contain impurities such as phenol or ethanol (260/230 nm) had a value of 2.0-2.2. The

concentration of the RNA (ng/uL) was also calculated using the NanoDrop 2000 software.

2.4.2 Reverse Transcription

2.4.2.1 Reverse Transcription Methodology
Reverse transcription (RT) was conducted to convert mRNA into complementary DNA (cDNA), for

subsequent PCR experiments. To remove any contamination before conduction of RT, the required
number of 0.5 mL RNase and DNase free tubes for RT reaction and nuclease free water were irradiated
for 30 minutes in an ultraviolet (UV) hood (SCIE-PLAS Ltd.). For RT the High-Capacity cDNA to RNA kit
(Applied Biosystems, UK) was used for reverse transcribing total RNA. 1 ug of RNA was required per
sample. The volume of RNA required to get 1 ug was calculated using the following equation and the

volume given (up to 9 ulL) placed in 0.5 mL RNase and DNase free tubes.

RNA concentration desited

Volume of RNA (uL) =

Sample concentration
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RT was conducted by combining 2x RT buffer mix, 20x RT enzyme mix and nuclease free water to in

0.5 mL RNase and DNase free tubes with the RNA. The volumes required for each reagent for one

sample is shown in Table 2.11. For each RNA sample, a RT enzyme negative (RT-) replicate was also

prepared, to control for genomic contamination. Samples were mixed gently before centrifuging.

Tubes were placed on ice until they were ready to load onto the thermocycler. Samples were run on

a thermal cycler using the stated conditions shown in Table 2.12. The cDNA samples were then

removed from the thermocycler, diluted to 200 ng/uL using nuclease free water and stored at -20°C

until required for PCR.

Table 2.11: Reagents required for RT for one sample

Component Volume per Reaction
RT* RT
2x RT Buffer Mix 10 uL 10 uL
20x RT Enzyme mix 1pul -
RNA Sample Upto9ulL Upto9ulL
Nuclease Free H,0 Q.S to 20 pL Q.S to 20 uL
Total per Reaction 20 uL 20 pL

"Quantity sufficient

Table 2.12: Thermocycler Conditions for RT

Step 1 Step 2 Step 3
Temperature (°C) 37 95 4
Time (min) 60 5 oo
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2.4.3 Real Time PCR

2.4.3.1 Principles of Real-Time Quantitative PCR
Real-time quantitative PCR (RT-gPCR) uses the basic principles of PCR, but the results are assessed

quantitively in ‘real-time’. Intercalating dye or fluorescent hydrolysis probes are used. Intercalating
dyes bind directly to the DNA, whilst fluorescent probes, bind to complementary nucleotide on the
cDNA template. Intercalating dyes, such as SYBR® green emit fluorescence upon DNA amplification,
which increases with increased gene copy repeats for each primer, allowing the reaction to be
quantified in RT. Whilst fluorescent probes are made of DNA oligonucleotides with a 5 prime end (5’)
bound to a reporter molecule and a 3 prime end (3’) bound to a quencher molecule, such as minor
groove binder (MGB).

2.4.3.2 Real-Time Quantitative PCR Methodology

The cDNA was used to analyse levels of mMRNA expression from MPCs, primary CD138* and CD138"
cells, LNCAP cells and HEK293A cells. To reduce contamination, a 384 well plate, 0.5 mL RNase and
DNase free tubes, RT-PCR H;0, a micro seal adhesive cover and tips were placed in a UV hood and UV
irradiated for 30 minutes. For each reaction, a mix containing RT-PCR H,0, master mix and probes were

made using the volumes for one sample demonstrated in Table 2.13.

Table 2.13: Reagents and quantities required for one real-time qPCR samples

SYBR® Green Assays
Reagent Volume (uL)
2x SYBR® green select master mix 5uL
RT-PCR H.0 3puL
SYBR® green Forward Primer 0.5 uL
SYBR® green Reverse Primer 0.5 uL
TagMan™ Assay
Reagent Volume (uL)
TagMan™ Universal PCR mastermix 5 uL
RT-PCR H.0 3puL
TagMan™ Primer 1puL
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The entire 9 uL mix was transferred into a well of the 384 well plate and to this, 1 uL of cDNA (200 ng)
was added. The plate was covered using the micro-seal adhesive cover and centrifuged at 400g for 30
seconds to ensure all liquid was combined at the bottom of the well. The probes were designed to
bind to complementary nucleotides on the cDNA template for the gene of interest (GOI) and
housekeeping (HK) genes which included B2M and GAPDH. The list of primers used and their reference
numbers are shown in Table 2.14. The plate was analysed by Applied Biosystems HT 7900 real-time
PCR machine and SDS 2.3 software. Cycle conditions, which were standard for real-time PCR machines

per Applied Biosystems, are described in Table 2.15.
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Table 2.14: Primers used for RT-qPCR

Gene

Sequence

Human GAPDH

F 5-TGCACCACCAACTGCTTAGC
R 5'-GGCATGGACTGTGGTCATGAG

Mouse B2M F 5’-TTCACCCCCACTGAGACTGAT
R 5’-GTCTTGGGCTCGGCCATA
E1A F 5'-ATGGGCAGTCGGTGATAGAGT

R 5'-CTCAGGCTCAGGTTCAGAC

Human Caspase 3

F’ 5’-AAAGCACTGGAATGACATC
R 5’-CGCATCAATTCCACAATTTC

Human Caspase 8

F 5’-CTACAGGGTCATGCTCTATC
R 5-ATTTGGAGATTTCCTCTTGC

Human Caspase 9

F 5’CCTACTCTACTTTCCCAGGTTTT
R 5’-GTGAGCCCACTGCTCAAAGAT

Human BCL2

F' 5'-GGAAGTGAACATTTCGGTGAC
R 5’-GCCTCTCCTCACGTTCCC

Human Fas Ligand

F 5’-ATCCCTCTGGAATGGGAAGA
R 5’-CCATATCTGTCCAGTAGTGC

Human Bax F 5’-CAAACTGGTGCTCAAGGCC
R 5’-GCACTCCCGCCACAAAGAT
Human BID F 5’-GAGGATTGTGGCCTTCTTTG
R 5’-CTCAGCCCAGACTCACATCA
Gene Assay ID

Human GAPDH

Hs00266705_g1 (Thermofisher

Scientific)

Human SLAMF7

Hs00904275 m1  (Thermofisher

Scientific)
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Table 2.15: RT-qPCR conditions

Total cycles Reaction Step Length Temperature
X1 Enzyme activation | 10 minutes 95°C
X50 Denaturation 15 seconds 95°C

Data collection 1 minute 60°C

Gene expression of each molecule was analysed using the 222t method for relative quantification.
Genes which were not expressed and had a Ct value of greater than 35 were referred to as not
determined (N.D).

2.4.3.3 Assessment of CS1 (SLAMF7) mRNA Expression

CS1 mRNA expression was assessed in a panel of human MPC lines (JJN-3, L363, U266, OPM-2, RMPI-
8226, NCI-H929, KMS-11 and KMS-12-BM) and control cell lines (HEK293A and human prostate cancer
cell line, LNCaP). CS1 mRNA expression was also assessed in primary MM cells, MM BMMCs and HD
BMMCs. Total RNA was extracted using the ReliaPrep™ RNA Miniprep Systems (Promega, UK) kit from
2x10° cells for each cell line and 5x10° cells for each primary sample. CS1 mRNA expression was
determined by RT-gPCR (section 2.4.3). Briefly, TagMan® primers were used for the housekeeping
gene, GAPDH (Cat# 4331182) and CS1 (SLAMF7) (Cat# 4331182) and TagMan® master mix was used.
2.5 Developing Dormancy/MRD Models of Multiple Myeloma in vitro.
To be able to test efficacy of Ad[CE1A] and other therapeutics against dormancy/MRD, a quicker,
cheaper, and more high throughput method than the low tumour burden in vivo model is required.
2.5.1. Assessment of Dormancy Levels in Human Myeloma Cell Lines.

In order to determine the baseline levels of dormancy in human MPC lines JJN-3-GFP, U266-GFP and
OPM-2-GFP cells were stained with Vybrant™ DID (section 2.3.3) and monitored for the retainment

of fluorescence over a 25-day period by flow cytometry (section 2.3.4).
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2.5.2 Assessment of Dormancy Levels following Culture in Conditioned Media

from BMSCs or Osteoblast Like Cells.
In order to determine whether BMSCs or osteoblast-like cells secrete cytokines that induce dormancy,

CM from HS-5 BMSC line and Saos-2 osteoblast-like cell line was collected after 48 hours growth. To
determine the right concentration of CM that will sustain cell viability and not be toxic, AlamarBlue®
cellular proliferation experiments were performed. 1x10* JIN-3-GFP, U266-GFP and OPM-2-GFP cell
lines were seeded into 96 well plates and cultured in varying ratios of CM to complete RPMI media up
to 100 L (0%, 10%, 20%, 30% 40% and 50%). After 24, 48, 72 and 96 hours, cellular proliferation was
determined by AlamarBlue® (section 2.3.2.1). Once the optimum concentration of CM that would not
cause cytotoxicity in the cell lines was determined, JJIN-3-GFP, U266-GFP and OPM-2-GFP were stained
with Vybrant™ DID and cultured in either 100% complete RPMI media, or 50% complete RMPI media
with either 50% DMEM media, 50% HS-5 conditioned DMEM media, 50% a-MEM media, or 50% Saos-
2 conditioned a-MEM media. Cells were monitored for the retainment of Vybrant™ DID over a 25-day

period by flow cytometry (section 2.3.3 & 2.3.4).

2.5.3 Assessment of PolyHIPE Scaffolds for Multiple Myeloma Cell Culture.

In collaboration with Dr Frederick Claeysson and his PhD student Betil Aldemir Dikici, the use of 3D
polyHIPE scaffolds (4PCLMA) were first assessed for their ability to allow MPCs to proliferate within
the scaffold either alone or in culture with osteoblast like cells Saos-2. 3x10* Saos-2 cells were seeded
onto polyHIPE scaffolds in 20 pL of complete RPMI media in 48 well plates. Scaffolds were incubated
at 37°C 5% CO,. After one-hour 1 mL of complete media was added. After 24 hours, scaffolds were
moved to a fresh well plate to remove any non-adhered cells. For Saos-2 monocultures, 1 mL of fresh
media was placed into the well containing the scaffold. For cocultures and U266 monocultures 3x10*
U266 MPCs were either seeded onto Saos-2 polyHIPE scaffolds or onto fresh polyHIPE scaffolds in 20
puL of complete RPMI media. Scaffolds were incubated at 37°C 5% CO,. After one-hour 1 mL of
complete media was added. After 24 hours scaffolds were moved into fresh 48 well plates with fresh

1 mL of media to remove non-adhered cells. Cell proliferation was assessed at 1, 4 and 7 days following
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MPC seeding by AlamarBlue® assay (section 2.3.2.1) with some adaptations as described below. For
controls, AlamarBlue® was added to media only wells and media containing polyHIPE scaffolds. Before
adding AlamarBlue® to the scaffold, scaffolds were placed in fresh wells with 1 mL of complete media.
AlamarBlue® was added to the wells that previously contained the scaffolds, and to the fresh wells
containing the scaffolds. This was to determine if the reduction of AlamarBlue® was from cells within
the scaffold or cells in the surrounding area of the scaffold.

2.5.4 Assessment of PolyHIPE Scaffolds for AA[CE1A] Treatment.

To assess whether Ad[CE1A] can cause oncolysis in MPCs cultured in polyHIPE scaffolds, 3x10* U266
cells were seeded onto polyHIPE scaffolds as described above, and cultured alone for 7 days. After 7
days MPCs were treated with Ad[CE1A] at an MOI 20 (based on the original 3x10* cells seeded, as cell
counts on polyHIPE scaffolds are difficult), 2.5 nM of BTZ or treated in combination. After 72 hours,
cell viability was determined by an AlamarBlue® assay (section 2.3.2.1.).

2.5.5 Assessment of Ad[CE1A] against Dormant Human Myeloma Cell Lines
Human MPC lines JJN-3-GFP, U266-GFP and OPM-2-GFP cells were stained with Vybrant™ DID (section
2.3.3). After 14 days culture in complete RPMI medium, 1x10° cells were treated in triplicate with
Ad[CE1A] at MOI 2, 10 or 20. After a further 72 hours, cell death in DID stained cells was assessed by

flow cytometry (section 2.3.4).
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2.6 Animals

All animal experiments were performed in the University of Sheffield Biological Service Unit
(registered facility license number: X57506C3D). All animal experiments were approved by the
University of Sheffield animal ethics committee and the appropriate UK Home Office Project License
(License holder: Dr Munitta Muthana 70/8670) and personal license (IBE55FEBE) authority, in strict
compliance with the animal (Scientific Procedures) Act 1986. Mice were tail marked with a non-toxic
permanent marker for identification and housed in groups of 4-5 in individually ventilated cages with
constant access to standard diet and tap water, in a temperature and humidity-controlled room on a
12-hour light/dark cycle. Animal numbers (n=8/group for xenograft model or n=10/group for
syngeneic model) were calculated prospectively using power calculations and from previous
experience with these models. Animals were allocated to treatment groups randomly by cage based
on weight and/or tumour load depending on experimental conditions. Animals were monitored daily,
any mice exhibiting hind limb paralysis (a clear indictor of high tumour load), hunched posture,
reduced activity levels, >20% weight loss, difficulty breathing, skin ulceration, or other distress were

removed and euthanized via cervical dislocation.

2.6.1 Animal Models

2.6.1.1 In vivo Xenograft Murine Myeloma Models
Non-obese diabetic (NOD) severely combined immunodeficiency (SCID) gamma (NOD.Cg-Prkdc*

112rg'™™il/SzJ, NSG) models of MM have several advantages over other models of MM, such as better
I.V tumour engraftment to the BM compared to SCID and NOD/SCID strains, where dissemination of
tumour cells was found in skeletal and extra-skeletal sites (338). NSG models also reliably recapitulate
many of the clinical features of MM, such as paraplegia, paraprotein in the serum, osteolytic lesions
and loss of trabecular bone (339). Therefore, the NSG model has proven a valuable tool for testing
antitumour and bone modulating drugs to target MM in vivo (340,341). Hence the choice of use of
U266-NSG model in this thesis. The systemic xenograft model of MM was generated by injecting U266-

GFP-Luc labelled cells (1x10%/100 pL) 1.V into the tail vein of female, 8-week-old NSG mice (Charles
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River Laboratories, Margate, UK), features of NSG mice are listed in Table 2.16. The U266-NSG model
is a moderately aggressive with a disease course lasting 9-10 weeks before mice develop humane
endpoint symptoms as discussed above. In NSG mice, U266 cells specifically colonise the BM after .V

injection with no extramedullary growth resulting in bone disease (338).

Table 2.16: Features of NSG Model

Name & Stock Number NOD.Cg-Prkdc*®l12rg"™*"i'/SzJ (005557)
Branded or Common Name NSG™ (Branded Name) NOD scid gamma
Mature B Cells Absent

Mature T Cells Absent

Dendritic Cells Defective

Macrophages Defective

Natural Killer Cells Absent

Complement Absent

Leakiness Negligible

Irradiation Tolerance Low

Lymphoma Incidence Low

2.6.1.1.1 Efficacy of Ad[CE1A] in U266-NSG in vivo Xenograft Low Tumour Burden Model of Multiple
Myeloma
1x10° U266-GFP-Luc cells (in 100 uL PBS) were injected into the tail vein of 6-8-week-old female NSG

mice (n=40). Mice were imaged by in vivo bioluminescent imaging from week 5 onwards throughout
the experiment as described in section 2.5.2. From 6 weeks, when high tumour burden was
established, mice were grouped randomly into treatment groups as previously described (n=8), two
mice did not develop tumour, and were removed from the BTZ only treated group (n=6). Figure 2.5
illustrates the study design. At 6 weeks mice were treated with either vehicle (100 uL PBS L.V
1x/wk/100 pL PBS I.P 1x/2wk) or Ad[CE1A] (2x107 ifu/100 pL 1x/wk). All other groups were treated
with an initial induction dose of BTZ at 1mg/kg I.P 1x/2wk, after the induction dose, the BTZ dose was
dropped to 0.75mg/kg |.P 1x/2wk. The control group received BTZ only for 8 weeks (4 doses) and the
experimental groups either received BTZ and Ad[CE1A] (2x107 ifu/100 pL 1x/wk) from week 6 for 8
weeks to test the hypothesis whether Ad[CE1A] can eradicate/control MRD and result in a survival

advantage. The last group received BTZ for 4 weeks (2 doses) when tumour was relapsing, mice were
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then treated with Ad[CE1A] (2x107 ifu/100 pL 1x/wk) and continued BTZ treatment for a further 8

weeks. Each mouse was euthanised when humane endpoints were reached, and survival was tracked.

Sacrifice mice
Inject 1x10° U266-GFP-Luc Cells 1.V

Groupl Vehicle 1 n=8
¥ =N\ Group2  Ad[CE1A] (2x107 ifu 1V 1x/wk) n=8
G\
/ e
3 G 3 BTZ(1mg/kg|.P 1x/2wk n=6
/w § roup (1mg/kg x/2wk)
Re—— Group 4 | BTZ (1mg/kg I.P 1x/2wk) + Ad[CE1A] (2x107 ifu 1.V 1x/wk) n=8
6-8 week female NSG Mice Group 5 |BTZ BTZ & Ad[CE1A] (2x107 ifu IV 1x/wk) ‘ n=8

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 Weeks

Monitor Tumour |

| IVIS Imaging weekly |

Figure 2.5: Schematic of study design of Ad[CE1A] survival study in U266 xenograft low tumour
burden model of myeloma.

2.6.1.2 In vivo Syngeneic Murine Myeloma Models
The 5T series originated spontaneously in 0.5% of 2-year-old C57BL/KalLwRij mice, first reported by

Radl et al., in the late 1970s (342). To maintain these models, 5T cells are isolated from the BM of
tumour bearing mice and re-implanted into young syngeneic recipient C57BL/KaLwRij mice, where
cells typically home to the BM. Several different MM cell sub-lines have been isolated from these mice
with the 5T2MM, 5T33MM and 5TGM1 being the most used and well-characterised models to-date

(339).

The 5TGM1 model, was produced by continual in vivo passage of the 5T33MM cells (343). Unlike the
5T2MM cells, the 5TGM1 cells are able to grow in vitro and have been transduced with GFP (344,345)
and Luc (346). The systemic syngeneic model of MM was generated by injecting 5TGM1-Luc labelled
cells (2x105/100 pL) LV into the tail vein of male, 6-8-week-old C57BL/KaLwRij (Envigo, Venray,
Netherlands). Upon LV injection 5TGM1 cells specifically colonise the bone and spleen, which results
in trabecular bone loss with some cortical lesion formation (347). The 5TGM1 is an aggressive model

with a disease course lasting 3-5 weeks before mice develop humane endpoint symptoms as discussed
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above (348). The 5TGM1 model has advantages as it is a syngeneic model, therefore the interaction

of the immune system on tumour and/or experimental drugs can be assessed.

5TGM1-Luc cells were a kind gift from Dr Oyajobi (University of Texas, San Antonio, USA), via Dr Ryan
Bishop (Moffitt Cancer Centre, Tamps, Florida, USA). Before tumour injection, Luc expression and
CD138 expression was tested in vitro. Figure 5.1 shows Luc expression by bioluminescent imaging and

CD138 expression by flow cytometry (Figure 2.6).
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Figure 2.6: Expression of Luc and CD138 in 5TGM1-Luc cells.

(a) Luc expression in 5TGM1-Luc cells after addition of luciferin, detected in a well plate by the
bioluminescent in vivo imaging system and (b) CD138 expression in 5TGM1-Luc cells determined by
flow cytometry.

2.6.1.2.1 Proof of Concept Study: Ad[CE1A] Efficacy in 5TGM1-Luc Syngeneic Model.
2x10° 5TGM1-Luc cells were injected into tail vein of 6-8 week old male C57BL/KaLwRij mice (n=40).

Mice were imaged biweekly by in vivo bioluminescent imaging from day 3 post tumour inoculation as
described in section 2.5.2. From day 3 mice were randomised into treatment groups as previously
described (n=10). Figure 2.7 illustrates the study design. At day 3, mice were treated with either
vehicle (100 pL PBS I. V 2x/wk/100 pL PBS I.P 2x/wk), Ad[CE1A] low dose 1.V (1x107 ifu/100 pL 2x/wk),
Ad[CE1A] high dose L.V (1x102 ifu/100 pL 2x/wk) and we included a group that was treated with high
dose Ad[CE1A] but via I.P (1x108 ifu/100 uL 2x/wk). The I.P group was included to determine if I.P
injection would be efficacious as I.P injections are easier than 1.V injections that can result in tail vein
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collapse and scaring. Mice were euthanised 28 days post tumour inoculation. Tumour burden was
assessed by in vivo bioluminescent imaging, ex vivo flow cytometry and IHC as described in sections

2.6.2,2.3.4 and 2.7.2 respectively.

Sacrifice mice 28 days

!

Inject 2x108 5TMG1-Luc Cells LV

_ Group1 Vehicle n=10
X Group?  AdICE1A] low dose LV (1x107 ifu 1V 2x/wk) h-10
Group 3 Ad[CE1A] High dose .V (1x10% ifu 1.V 2x/wk) n=10
Group 4 Ad[CE1A] High dose I.P (1x108 ifu I.P 2x/wk) n=10
6-8 week male C57BL/KalwRij
0 3 6 10 13 17 20 24 a7 Davspost

tumour inoculation
‘ Monitor Tumour |

‘ IVIS Imaging biweekly |

Figure 2.7: Schematic of study design of Ad[CE1A] proof of concept study in 5TGM1 model.

2.6.2 In vivo Imaging of Tumour

2.6.2.1 Bioluminescence in vivo Imaging System Methodology
To track in vivo tumour burden with Luc tagged MM cells bioluminescent in vivo imaging system (IVIS)

was used. Mice were subcutaneously injected with 100 pL D-luciferin 30mg/kg (Thermo Scientific
Pierce) and anaesthetised with isoflurane by inhalation using an anaesthetic machine (5% induction;
1-2% maintenance). Five minutes after D-luciferin injection, mice were transferred to the anaesthetic
nose cones inside the IVIS Lumia Il imaging system (Perkin EImer). Images were taken with exposure
settings set at auto and posterior and anterior sides were imaged. Living image (v4.0) software was
used to quantify the emission of bioluminescence.

2.6.2.3 In vivo Imaging System Quantification

IVIS images were opened with Living image software. The minimum and maximum radiance exposure
was determined so the image was not oversaturated. These values are used for all images at all time
points, so images are on the same luminescent scale. Regions of interest (ROI) were drawn over

indicated tumour areas and total flux [p/s] was quantified. Figure 2.8 shows representative images of
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a ROI drawn over tumour in hind limbs in anterior view, and tumour in vertebra and calvaria in

posterior view.
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Figure 2.8: Representative bioluminescent images showing ROI analysis in hind limbs (anterior) and
vertebra (posterior) in Living image software.

2.6.3 Primary Animal Cells and Tissues ex vivo

2.6.3.1 BM Isolation for Flow Cytometry
Flow cytometry was used to quantify tumour burden ex vivo. Mice were euthanised at the end of the

study via cardiac bleed terminal procedure followed by cervical dislocation. The hind limbs were
carefully dissected free of soft tissue and the femora and tibiae were separated at the knee joint. The
proximal and distal ends of one femur (left) were cut using a scalpel to expose the BM. To isolate the
BM, the femur was flushed using a sterile needle (27 Gauge) containing 500 pL of PBS into a 1.5 mL
Eppendorf and immediately stored on ice in the dark. Cells were prepared for flow cytometry as
described in section 2.3.4. For U266-NSG models, tumour burden was analysed by GFP expression, for
5TGM1 model, the BM sample was divided in two and the tumour burden was determined by staining

with a mouse anti-CD138 antibody or dose matched isotype control.
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2.6.3.2 BM Isolation for RNA Extraction

BM was isolated as described in section 2.5.3.1, except the femur (right) was flushed using a sterile
needle (27 Gauge) containing 500 pL of RNA protect cell reagent (Qiagen) into a 1.5 mL RNase and
DNase free Eppendorf. The samples were stored at 4°C for no more than 48 hours until RNA was
extracted from samples as described in section 2.4.1 and stored at -80°C until needed. gPCR to assess
E1A expression was performed as described in section 2.4.

2.6.3.3 Serum Isolation from Whole Blood

Blood was extracted from isoflurane-sedated mice via cardiac puncture using a sterile needle (27
Gauge). The blood was transferred into 1.5 mL Eppendorf’s and placed on ice. Blood was left to
coagulate for 30-60 minutes and then centrifuged at 4°C 800g for 10 minutes. Serum was removed

and aliquoted at 50 pL in 0.5 mL Eppendorf’s and stored at -80°C until needed.

2.7 Histology

2.7.1 Preparation of Soft Tissue and Bones
Soft tissue including liver, spleen and ovary were dissected from mice and placed in labelled tissue

processor cassettes. The soft tissues were fixed in 4% PFA at 4°c for 24 hours and stored in 70% ethanol
at 4°C. Tibiae were dissected free of soft tissue from mice and placed in labelled tissue processor
cassettes. The bones were fixed in 4% PFA at 4°C for 24 hours and stored in 70% ethanol at 4°C until
micro-computed tomography (uUCT) scans were performed. The tibias were then decalcified in 0.4 M
EDTA pH 8.0 containing 0.5% PFA for 2 weeks, changing the solution every other day. The bones were
washed in PBS for one hour for a total of 3 times, this was to remove residual EDTA. The bones and
soft tissues were placed into the Leica TP2010 processor to dehydrate the tissues and infiltrate them

with wax, this was performed by the skelet-AL Lab, University of Sheffield.

After processing, the bones and soft tissue were embedded into wax, for the tibias, they were
embedded in a specific orientation which was the same for each tibia. The wax blocks were trimmed

using a Leica microtome to expose the length of the organ/BM, and 3 um sections were cut in serial,
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put onto a 45°C water bath to ‘float-out’ for 30 minutes. They were then attached to super-frost
positively charged slides and placed onto a hot plate to remove residual creases. Finally, they were
placed in an oven at 37°C to fully adhere to the slides overnight before they were used for

immunohistochemistry.

2.7.2 Immunohistochemistry Staining

2.7.2.1 Principles of Immunohistochemistry Staining
IHC techniques were used to visualise the expression of molecules of interest ex vivo. A ‘sandwich’ IHC

system was optimised to visualise the presence of Lambda (U266) and Kappa (5TGM1) IgGs in BM and

soft tissue histological sections taken from mice. The basic IHC method is displayed in Figure 2.9.

‘ DAB

Advidin-Biotin Complex

Biotin
Biotin labelled Secondary Antibody

Primary Antibody

Antigen

Figure 2.9: A schematic diagram demonstrating a sandwich IHC technique.

Primary antibody binds to the antigen of interest, followed by the binding of a biotinylated secondary
antibody which is raised in a species complementary to the primary antibody species. The biotin on
the secondary antibody then binds to the avidin-biotin complex, which then binds to peroxidase
substrate 3’-Diaminobenzidine (DAB) creating a brown colour. This can be visualised using light
microscopy.
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2.7.2.2 IHC Methodology for Lamba/Kappa.

On the day of staining IHC buffers were made up as described in Table 2.17. Sections were
deparaffinised twice in xylene for 5 minutes, followed by rehydration through a series of alcohol (99%,
99%, 95%, and 70% industrial methylated spirits (IMS) for 5 minutes each. The sections were washed
in tap water for 5 minutes and PBS tween (PBST) for a further 5 minutes. Antigen retrieval was
performed using x1 citrate buffer pH 6.0 (Abcam) in a coplin jar which was placed an 80°C water bath.
Sections were placed in the citrate buffer for 20 minutes. The sections in the coplin jar were removed
from the water bath and left to cool to room temperature. The sections were then washed in PBST,
with agitation twice for 3 minutes each. To block endogenous peroxidase, 200 pL using 3% hydrogen
peroxidase (H,03) was added to each slide for 30 minutes at room temperature, followed by washing
twice in PBST for 3 minutes each with gentle agitation. To reduce non-specific staining, the sections
were blocked by adding 200 pL of 10% casein to each slide for 20 minutes at room temperature. The
block was tapped off and the slides were then incubated for 90 minutes with 200 pL primary or
concentration matched isotype control. The sections were then washed in PBST, with agitation twice
for 3 minutes each. 200 pL of appropriate biotinylated secondary antibody was added to the slides for
20 minutes at room temperature and the slides were subsequently washed twice with PBST. To
amplify the signal, the sections were then incubated in 200 pL of Avidin-Biotin Complex (ABC) for 20
minutes at room temperature. The sections were then washed in PBST, with agitation twice for 3
minutes each. Finally, the peroxidase reagent was used. 200 plL of Immpact DAB was added to the
slides for up to 10 minutes at room temperature. The sections were then washed in tap water to
remove excess DAB for 5 minutes with gentle agitation. Sections were then counterstained in Gill’s
haematoxylin for 10 seconds to visualise the nuclei. The slides were then left to ‘blue’ in running tap
water for 3 minutes after which they were dehydrated through a series of alcohols (70%, 95%, 99%,
99%) for 10 seconds in 70% and 95% and 30 seconds in 99%. This was followed by two xylene washes,

the first for 1 minute and the second for a further 3 minutes. The slides were then cover slipped using
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22 x 22(mm) cover slips with Di-N-Butyl Phthalate in Xylene (DPX). Staining was visualised by scanning
the slides using an Aperio scan scope scanner and images were captured.

2.7.3.3 Optimisation of Adenoviral Hexon/E1A Staining

Staining was performed as described in section 2.7.3.2, however in addition to citrate-heat mediated
antigen retrieval other methods were also used, such as trypsin and pepsin. For trypsin antigen
retrieval, trypsin was diluted 1 in 4 with buffer provided in the kit (Menarini Diagnostics Cat# MP-955-
K25) and left to reach room temperature. 200 pL of Trypsin was added per slide and left for 10
minutes. For pepsin antigen retrieval (Sigma Cat#f R2283), pepsin was aliquoted out of the bottle into
a bijou to warm to room temperature. 200 uL of pepsin was added per slide and left for 20 minutes.
Additionally, optimisation of the length of time blocking non-specific binding with casein and staining

with primary antibody was performed.
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Table 2.17: Buffers, reagents and antibodies used in IHC

Buffer Buffer contents Supplier

Wash Buffer: PSBT PBS with 0.1% Tween 20

Antigen Retrieval: Citrate buffer pH 6.0 100x citrate buffer diluted 1:100 in Abcam
dH,0

Antigen Retrieval: Trypsin Dilution 1:4 with buffer provided

Antigen Retrieval: Pepsin N/A

Endogenous peroxidase block: 3% H,0, 30% H,0, diluted 1:10 in PBS VWR

Serum Block: 10% Casein Casein diluted 1:10 in PBST Vector

Antibody diluent: 1% Casein Casein diluted 1:100 in PBST Vector

Primary Lamba/Kappa antibody:
Human/Mouse IgG Light Chain (Kappa)
antibody raised in rabbit/ Human IgG
Light Chain (Lambda) antibody raised in
rabbit

IgG Light Chain (Kappa) antibody
diluted 1:300 in 1% casein/ 1gG Light
Chain (Lambda) antibody diluted
1:2000 in 1% casein

ProteinTech®

Isotype control antibody for Diluted 1:100 in 1% casein Dako

Lambda/Kappa: Rabbit IgG Isotype

Control

Secondary Antibody for Lambda/Kappa: | Diluted 1:200 in 1% casein Vector

Biotinylated Goat anti-Rabbit

Primary hexon Antibody: anti-Ad5 Diluted 1:200 in 1% casein Merck

antibody raised in goat

Isotype control antibody for hexon: Diluted 1:200 in 1% casein Dako

Goat IgG Isotype Control

Secondary Antibody for hexon: Diluted 1:200 in 1% casein Vector

Biotinylated Horse anti-Goat

Primary E1A Antibody: anti Ad5 E1A Diluted 1:100-1:200 in 1% casein Bioss

raised in Rabbit Antibodies

Isotype control antibody for E1A: Rabbit | Diluted 1:100-1:200 in 1% casein Dako

IgG Isotype Control

Secondary Antibody for E1A : Diluted 1:200 in 1% casein Vector

Biotinylated Goat anti-Rabbit

Enzyme: ABC Kit 1dropof Aand 1dropof Bin2.5mL | Vector
of PBS

Substrate: Inmpact DAB 1 drop of DAB in 1 mL of diluent Vector

2.7.2.4 IHC Staining Quantification

To quantify staining in tumour-bearing bone sections, an Aperio Scan Scope slide scanner and QuPath
software were used (v0.2.3)(349). An image of an example of a tibia stained with Kappa light chain
which has been analysed using QuPath software is shown in Figure 2.10. For analysis of tumour burden
in tibiae, the total area of BM space was selected, only the cellular BM space was required, so the area
of trabecular bone was subtracted from the total BM area. The total area of the tumour was then

divided by the cellular BM area and multiplied by 100.
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Figure 2.10: An example image using the Aperio Scan Scope slide scanner and analysis of tumour
burden using QuPath software.

A representative section of tibia infiltrated with 5TGM1-Luc cells stained with anti-Kappa antibody
(brown). Qupath software was used to measure tumour burden (red outline) the marrow space
(purple outline) and bone (black outline).

2.8 Bone Parameter Analysis
2.8.1 Ex vivo Micro-computed Tomography
2.8.1.1 Principles of Micro-computed Tomography

To determine any differences between the bone parameters in the mice, uCT was used. uCT in a non-
invasive and non-destructive technique using X-rays. X-ray photons are generated by accelerated
electrons in the X-ray source which strikes the tungsten within the source. X-rays are emitted as a
polychromatic beam, which pass through a sample which rotates within the machine. Depending on
the density of the sample, X-rays are either absorbed or scattered, dense samples such as calcium
containing bone cause X-ray absorption whilst soft tissues result in x-ray scattering. The images are
detected and projected as 2D image slices, which can be reconstructed to produce 3D images. Many
parameters can be analysed using UCT such as trabecular bone volume normalised to tissue volume
(BV/TV%), trabecular thickness (Tb. th./mm), trabecular number (Tb. N. /mm™) and trabecular

separation (Tb. sp/mm)
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2.8.1.2 Micro-computed Tomography Methodology

Mice tibias were fixed in 4% PFA prior to scanning. Bones were then scanned using a SkyScan 1172 at
50 kilo volts (Kv), 200 microamperes (U1A), using an aluminium filter of 0.5mm and pixel size of 4.3 um?
and images were then reconstructed using N-Recon software. Trabecular bone, 0.2 mm below the
growth plate, was analysed using Ct-an and Batman software to provide data for bone parameters.
BV/TV, trabecular number, trabecular thickness, cortical thickness was assessed. 3D models of

trabecular bone were created using ParaView Software (Clifton Park, NY, USA).

2.9 Proteome Profiler Mouse Cytokine array
To assess cytokine expression from serum obtained from terminal cardiac bleeds, a semi-quantitative

membrane-based sandwich immunoassay detecting 40 mouse proinflammatory cytokines and
chemokines was used (Proteome profiler mouse cytokine array kit, panel A R&D systems Cat#
ARYO006). 50 pL of serum from four representative mice in each treatment group (closest to average
tumour for the group) were pooled within their respective treatment group. 200 pL of this serum was
used to assess cytokine expression following manufacturer’s instructions. The microarray membranes
were imaged on a BioRad ChemiDoc™ for 10 minutes, taking an image every 30 seconds. Images were
analysed via densitometry on BioRad Image Lab software (v6.1). Each spot from each treatment group
was compared relatively to vehicle control which were all normalised from background.

2.10 Statistics

Interactions between Ad[CE1A] and anti-MM drugs for each cell line was determined by calculating
the Cl using the Chou-Talalay equation produced using the computer software CompuSyn® v.1.0. Chou

Talalay is the most widely used method for studying drug interactions between two modalities in vitro.

GraphPad Prism version 9.0 (GraphPad Software, San Diego, USA) was used to generate sigmoid dose
response curves to calculate the inhibitory dose 50 (ICso) which describes the dose that is required to
inhibit 50% of cell viability. An R? of <0.9 was not accepted and repeated as this represents a higher

degree of variance.
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All statistical analysis was performed using GraphPad Prism. The statistical tests used are stated in
each case in the results figure. Unpaired T-tests were performed when comparing two conditions
alone. One-way ANOVA was performed when comparing a set of means within a single group. Multiple
comparison tests with the appropriate correction method were used to control the type | error rate.
When all means in a set were compared with each other, Tukey’s correction was used; when every
mean was compared with one control, Dunnett’s correction was used; for any other selected subset
of means were compared, Sidak’s correction was used. Two-way ANOVA was used to compare two or
more groups of data. In all cases, cut offs for statistical significance were as follows * p<0.05, **

p<0.01, ***p<0.001 and **** p<0.0001.

If two sets of data were corelated, correlation coefficients were determined using Pearson’s test,
denoted by R. Linear regressions were also performed to display line of best fit. Values for R were
interpreted as follows: 0, no linear relationship; 0.3, a weak linear relationship; £0.5, a moderate

linear relationship; £0.7, a strong linear relationship; +1, a perfect linear relationship.
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3.1 Introduction
3.1.1 Adenovirus in Multiple Myeloma

A range of potential OVs have shown therapeutic potential in MM and other cancers as discussed in
throughout Chapter 1. Ads contain features that make them suitable for oncolytic virotherapy,
especially Ad5, which have been tested in many models of pre-clinical research where they have
shown promising anticancer activity (205,350), have a good safety record in phase I/l clinical trials
and have shown efficacy in some trials (351-353). However, oncolytic adenoviral therapy has had less
interest for haematological cancers, unless a chimeric Ad is used, due to the long-held belief that Ad5
requires CAR expression for viral infection, and that cells of haematological origin have less to no CAR
expression compared to other cell types (354—356). This chapter details the expression of adenoviral

entry receptors in MPCs, and the infection efficiency of Ad5 in MPCs.

AdS5, unlike naturally occurring pathogenically benign OVs, such as RV, can cause clinical disease, which
commonly presents with mild gastrointestinal symptoms, respiratory symptoms or a combination of
both (158,161). Most of these occur in children younger than 5 years of age and are generally self-
limiting. Because of Ad5’s potential for clinical disease, to improve their safety they are genetically
modified to prevent replication in healthy tissue. There are several methods to genetically modify
Ad5’s, the method used for Ad[CE1A] in this thesis was to transcriptionally control viral replication
using a tumour/tissue specific promoter. For MM, the promoter for SLAMF7 also known as CS1 was
chosen to restrict viral replication to CS1 expressing cells. CS1 is upregulated in MM, and is already an
approved target for immunotherapy, with the approval of Elotuzumab, a mAb against CS1 for MM
therapy (357—-359). This chapter details CS1 expression in a range of MPC lines and primary patient-
derived MM cells compared to control cancer cell lines or control patient-derived BMMCs, and

whether CS1 expression correlates to viral replication and oncolysis.

Ad5’s, along with a number of other OVs have become of significant interest, due to their ability to
infect, replicate and selectively lyse cancer cells. A growing amount of preclinical data reviewed in the

main introduction to this thesis (section 1.4) demonstrates the efficacy of Ad5’s in a number of
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settings, but predominantly solid malignancies. Some work has been conducted on Ad5 in MM to date,
which have shown WT and genetically modified Ad5s are capable of in vitro lysis of MPC lines
(125,127,129,265), and previous to this work, Ad[CE1A]’s efficacy was tested as a monotherapy in a
few MPC lines and in vivo in a xenograft model (unpublished data, personal communication). This
chapter details the efficacy of Ad[CE1A] replication and oncolysis in a larger panel of MPC lines, with

differing expression of CS1.

Most importantly, this chapter details the efficacy of Ad[CE1A] in primary patient-derived MM cells,
healthy plasma cells and their corresponding BMMCs. As mentioned in the introduction, most studies
assessing OVs in primary MM cells only use small numbers of patient samples (n=1-3). Therefore,
studying the efficacy of Ad[CE1A] in a larger set of patient samples would be more thorough and give
a better insight into the efficacy of AJ[CE1A] in a heterogeneous population. Unfortunately, 40-70%
of European or American adults are seropositive for Ads and even higher in other regions (90% Africa;
95% Thailand) (360). It has been shown preclinically in murine models that there is a dose dependence
between neutralising Ad antibodies and adenoviral efficacy in a variety of settings (361,362). However,
MM patients have compromised B cell function and hypogammaglobulinemia, thus commonly have
depressed antibody titres to common infectious pathogens (363,364). Therefore it is important to test
Ad[CE1A] efficacy against primary MM cells in the presence of their autologous serum to determine

the impact of neutralising antibodies on Ad[CE1A] efficacy.

The precise mechanism by which conditionally replicating Ads kill tumour cells is unclear. Ads have
complex infrastructure in which viral genes produce numerous proteins that prevent host cell death
early after infection and other proteins that promote cell death at later stages (365—368). There are
several encoded proapoptotic and antiapoptotic proteins known to maintain temporal control of Ads
on the host cell. Because of this WT Ad-induced cell death was long presumed to be classical apoptosis
in normal cells (369-371). However, several papers suggest different mechanisms of oncolytic cell

death against cancer cells including programmed necrosis (necroptosis) (366), autophagy (372) and
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novel adenoviral programmed cell death (61). These differences could be due to the use of different
genetic modifications in the oncolytic Ad, and in different cancer cell types. Because Ad[CE1A] has
deletions in E1 and E3 to make capacity for SLAMF7 promoter insertion, investigations to determine
if Ad[CE1A]-induced cell death resembles WT Ad5 induced apoptosis or if other cell death mechanisms
are involved are needed. Therefore, this chapter attempts to determine if apoptosis and other cell

death mechanisms are involved in Ad[CE1A]-induced cell death in MM cells.

Lastly, as discussed in the introduction to this thesis, it is now widely accepted that OVs (including
Ads), as well as having direct antitumour effects, can also cause ICD which generates antitumour
immune responses critical for their efficacy (373—375). ICD generally describes any type of death that
induces some form of adaptive immune response. However, ICD has recently been defined by The
Nomenclature Committee on Cell Death as ‘a form of regulated cell death that is sufficient to activate
an adaptive immune response in immunocompetent hosts’ (62,376). This adaptive immune response
is either specific for endogenous (cellular) or exogenous (viral) antigens expressed by dying cells. A
relatively restricted set of stimuli can initiate ICD, these include viral infection, some
chemotherapeutics (e.g anthracyclines, BTZ, Melph), photodynamic therapy and specific forms of
radiation therapy (377). These agents stimulate the release of a series of DAMPs and/or PAMPs, where
they are recognised by pathogen recognition receptors (PRRs) expressed by innate and adaptive
components of the immune system. This warns the host of danger, resulting in the induction of an
immune response, usually associated with the formation of immunological memory (377). These
processes help to retarget the adaptive immune system toward tumour, lifting local
immunosuppression via cytotoxic CD8* T cells and helper CD4* T cells (64,378). Additionally, ICD
reveals multiple TAAs for presentation to the immune system via activated mature DCs (65).
Therefore, this chapter attempts to determine if MPCs release classical DAMPs involved in ICD
following Ad[CE1A] treatment and whether antigen presentation via MHC class | and Il are upregulated

following Ad[CE1A] treatment.
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3.1.2 Hypothesis, Aims and Objectives
3.1.2.1 Hypothesis and Aims

In this chapter, further assessment of the potential of Ad[CE1A] for MM therapy is performed. To do

this, the following hypothesis will be tested ‘Ad[CE1A] infects, replicates and induces cell death

specifically in CS1-expressing MPC lines and primary MM cells’. An Additional aim is to determine what

cell death mechanisms are involved in MPCs following Ad[CE1A] infection.

3.1.2.2 Objectives

The hypothesis was tested by the following objectives

1.

Determine the expression of Ad5 infection receptors, CAR, avfBsand avBsin MPC lines and
control cell lines.

Determine the infection efficiency of Ad5 in MPC lines.

Assess CS1 (SLAMF7) expression in MPC lines and control cell lines.

Assess AJ[CE1A] replication in MPC lines

Investigate the efficacy of Ad[CE1A] on cell death and proliferation in MPC lines and control
cell lines.

Determine CS1 expression in primary MM cells, healthy plasma cells and their corresponding
BMMCs ex vivo.

Investigate the efficacy of Ad[CE1A] on cell death in primary MM cells, healthy plasma cells
and their corresponding BMMCs ex vivo.

Investigate the involvement of apoptosis or other cell death mechanisms in Ad[CE1A]-induced
cell death.

Determine the expression of ICD markers in Ad[CE1A]-induced cell death.

157



3.2 Results

3.2.1 Human Myeloma Cell Lines Express Primary and Secondary Adenovirus

Entry Receptors
CAR is known to be the primary cell surface receptor for Ad5. Secondary Ad5 receptors include

integrins avBs and avpBs. Therefore, the expression of CAR, avfs and avps; proteins on the surface of
human MPC lines was initially evaluated compared to Ad5 susceptible cells HEK293A. A panel of
human MPC lines and control HEK293A cells were stained with either fluorophore-conjugated
antibody against integrins avps, avBs or CAR antibody (or with an isotype-matched control antibody),
and then assessed for expression of this protein by flow cytometry (Figure 3.1). A high proportion of
human MPC lines and HEK293A cells express cell surface CAR receptor (~75-85%). There was no
significant difference in CAR expression in MPC lines and HEK293A cells, except for U266 and NCI-
H929 which had significantly higher expression than HEK293A cells, and KMS-12-BM which had
significantly lower expression (Figure 3.1.c). A proportion of all MPC lines express avps, JJN-3, OMP-2,
RPMI-8266, and KMS-11 cells had similar levels of avps expression compared to HEK293A cells, whilst
L363, U266, NCI-H929 and KMS-12 had significantly lower expression levels (Figure 3.1.d). A low
proportion of human MPCs and HEK293A cells expressed cell surface avp3, however all MPC lines had

significantly lower expression than HEK293A cells (Figure 3.1.e).
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Figure 3.1: Flow cytometric analysis of CAR, avfs and avpBs; expression in human MPC lines compared
to Ad5 susceptible cell line HEK293A:

Human MPC lines (JIN-3, L-363, U266, OPM-2, RPMI-8266, NCI-H929, KMS-11 and KMS-12-BM) and
control cell line HEK293A were stained with a PE conjugated anti-human CAR antibody, APC
conjugated avfs or FITC conjugated anti-human avfs integrin antibody and compared to respective
isotype controls and analysed by flow cytometry. Viable cells were determined by gating on the PI
negative population and only the viable cells used in the analysis. Representative histogram plots of
MFI of (a) CAR, (b) avBs and (c) avpBs integrin compared to respective isotype control in MPC lines JJN-
3, U266 and OPM-2. (d) Percentage of MPC lines with surface expression of CAR or (d) avBs (e) avps
integrin compared to Ad5 susceptible cell line HEK293A. n=3 Data is the mean £SD. p values are for
one-way ANOVA with multiple comparisons compared to control HEK293A cells with Dunnett’s
correction, where * p=<0.05; ** p=<0.01, *** p=<0.001, **** p=<0.0001.
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3.2.2 Human Myeloma Cell Lines have Increased CS1 Expression Compared to

Non-myeloma cells
Ad[CE1A] utilises CS1 for transcriptional control of the replication essential gene EIA. Therefore, it

was essential to confirm if human MPC lines expressed CS1 at the protein and gene levels. Cell surface
protein expression of CS1 on MPC lines were evaluated first. A panel of MPC lines, and negative control
cell lines LNCaP, a prostate cancer cell line and HEK293A cells were stained with a PE-conjugated
antibody against CS1 (or with an isotype-matched control antibody) and then protein expression was
assessed by flow cytometry (Figure 3.2). A proportion of all MPC lines tested were found to express
CS1 protein, and 6 out of 7 MPC lines had significantly higher CS1 protein expression levels compared
to the control cell line HEK293A. A range of expression levels were observed- OPM-2, L363 and NCI-
H929 expressed CS1 on 80% to ~100% of the cells, whereas JIN-3, KMS11 demonstrated low level
expression (~30%) with intermediate results seen in the U266 cell line (~¥50%). Importantly, LNCaP
cells did not express CS1 and HEK293 cells were ~4% positive. KMS-12-BM showed no significant

increase in CS1 expression compared to HEK293 cells (~9%).
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Figure 3.2: Flow cytometric analysis of CS1 cell surface expression in human MPC lines compared to
control non-MM cells:

Human MPC lines (JIN-3, L-363, U266, OPM-2, NCI-H929, RMPI-8266, KMS-11 and KMS-12-BM) and
control cell lines HEK293A and LNCaP were stained with a PE conjugated anti-human CS1 antibody
and compared to respective isotype controls and analysed by flow cytometry. (a) Representative
histogram plots of MFI of CS1 in LNCaP, U266 and OMP-2 cells. (b) Percentage of cells with surface
expression of CS1 compared to non-cancer cell line HEK293. n=3 Data is the mean SD. p values are
for one-way ANOVA with multiple comparisons compared to control HEK293A cells with Dunnett’s
correction, where **** p=<0.0001.

SLAMF7 (CS1) mRNA expression was then assessed at the gene level by RT-qPCR. Total RNA was
extracted from a panel of human MPC lines, the LNCaP cell line and the HEK293A cell line. Total RNA
was synthesised by reverse transcription to cDNA and RT-gPCR was performed using Tagman™
primers for SLAMF7 (Figure 3.3). All human MPC lines tested showed significant levels of CS1 mRNA
expression compared to the control cell line HEK293A. LNCaP cells did not express SLAMF7 at mRNA

level. A range of expression levels were seen- OPM-2, L363 and NCI-H929 having the highest relative
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expression (~1x10%-3x10%), whereas JIN-3, KMS11 and KMS-12-BM demonstrated lower-level

expression (~2-300) with intermediate results seen in U266 and RPMI-8226 cells (~1x103-9x103).
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Figure 3.3: SLAMF7 mRNA Expression in human MPC cell lines:

Relative SLAMF7 (CS1) mRNA expression in a panel of human MPC lines JIN-3, L363, U266, OPM-2,
RMPI-8226, NCI-H929, KMS-11 and KMS-12-BM compared to control HEK293A cells by RT-qPCR. n=3
Data is the mean SD. p values are for one-way ANOVA with multiple comparisons compared to
control HEK293A cells with Dunnett’s correction, where * p=<0.05; **** p=<0.0001.

The correlation between CS1 mRNA and protein expression in all cell lines was determined (Figure
3.4). The mean percentage of cell surface CS1 expression plotted against the mean relative fold CS1
mMRNA expression showed a strong positive correlation between mRNA expression and protein

expression with a significance of p<0.01 and an R? of 0.7118.
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Figure 3.4: Correlation between CS1 cell surface protein expression and mRNA expression:

Percentage of cell surface CS1 expression, as determined by flow cytometry, was plotted against CS1
(SLAMF7) mRNA expression, as determined by RT-qPCR for control cells lines (LNCaP and HEK293A)
and MPC lines (KMS-12-BM, KMS-11, JIN-3, U266, RPMI-8226, NCI-H929, L363 and OPM-2). Data
shows the mean percentage of CS1 surface expression and mRNA expression from n=3 independent
experiments. Statistical analysis was determined by Pearson’s test with resulting R? values deemed to
show a correlation if they were close to 1 and p values showing statistical significance of the trend
where ** p<0.01. R? of 0.0-0.3 = weak positive correlation; R? 0f 0.3-0.7 moderate positive correlation;
R? of 0.7-1.0= strong positive correlation.

3.2.3 Human Myeloma Cell Lines have High Adenovirus Infection Efficiency
One way to measure infection efficiencies in cells is by using an E1A-deleted, non-replicative Ad5, Ad-

GFP. Ad-GFP contains a CMV promoter which drives the expression of GFP. Ad-GFP was added at MOls
of 2 and 20 to human MPC lines. 24 and 48 hours after, infectivity was visualised qualitatively by
fluorescent microscopy (Figure 3.5) and quantitatively as the percentage of GFP-positive cells using
flow cytometry (Figure 3.6). Human MPC lines all expressed GFP at both 24 and 48 hours and at both
doses MOI 2 and MOI 20. There was a significant dose response in GFP positivity between the two
doses at both time points. At 24 hours, no statistical difference was seen between MPC lines GFP
positivity between doses, except that KMS-12-BM had statistically lower GFP expression at MOI 2
(~2%) (Figure 3.6.b). By 48 hours, there was statistical differences between MPC lines GFP positivity

between doses (Figure 3.6.c). JIN-3, L-363, U266 and OPM-2 have the highest GFP positivity at 48
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hours (MOI 2 ~60-80%; MOI 20 ~95—100%), NCI-H929 had intermediate GFP positivity (MOI 2 ~65;

MOI 20 ~75%), whilst KMS-11 and KMS-12 had the lowest (MOl 2 ~11-34%; MOI 20 ~80%).

a 24 Hours MOI=0 MOI=2 MOI=20

JIN-3

U-266

OPM-2

b 48 Hours
MOI=0 MOI=2 MOI=20

JIN-3

U-266

OPM-2

Figure 3.5: Representative images of live fluorescent microscopy of Ad-GFP expression in human
MPC lines:

JIN-3, U266 and OMP-2 cells were infected with Ad-GFP at MOI 2 or 20 or PBS control. Fluorescent
images taken at (a) 24 and (b) 48 hours after infection (Scale bar 400 um) n=3.
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Figure 3.6: Flow cytometric analysis of the percentage of human MPC lines infected with Ad-GFP
after 24 and 48 hours:

Human MPC lines (JJN-3, L-363, U266, OPM-2 NCI-H929, KMS-11 and KMS-12-BM) were infected with
Ad-GFP MOI 2 or 20. After 24 and 48 hours GFP expression was determined using flow cytometry. (a)
Representative histogram plots of MFI of Ad-GFP expression after 24 and 48 hours after infection of
Ad-GFP at MOI 2 and 20 in JIN-3 cells. Percentage of cells with GFP expression shown at (b) 24 hours
and (c) 48 hours. n=3 SD. p values are for 2-way ANOVA with multiple comparisons with Sidak’s
correction where * p=<0.05; ** p=<0.01, *** p=<0.001, **** p=<0.0001.
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3.2.4 Ad[CE1A] Replicates in Human Myeloma Cell Lines
Given that the MPC lines tested express CS1 at different levels, which may affect Ad[CE1A] replication,

it was important to determine the differences in Ad[CE1A] replication between the different human
MPC lines. To do this the essential viral replication gene E1A can be assessed by RT-qPCR and the
ability of human MPC lines to generate intact infectious virions can be determined. Firstly, EIA mRNA
expression was determined by RT-gPCR. MPC lines were treated + Ad[CE1A] MOI 20. After 4- and 24-
hours total RNA was extracted from cells, which was then reverse transcribed to cDNA and assessed
by RT-gPCR using SYBR™ green primers for E1A (Figure 3.7). E1A expression increased in all human
MPCs over time, however in the KMS-12-BM cell line, this increase did not reach significance. At 24
hours, OPM-2 and L-363 cell lines showed the highest E1A expression (~1.3x10°-2.3x10°), whereas JIN-

3, U266 RPMI, NCI-H929 and KMS-11 all had intermediate expression (~3.5x10%-7.2x10%).
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Figure 3.7: E1A mRNA expression in MPC lines at 4 and 24 hours:

Relative EIA mRNA expression in a panel of human MPC lines (JIN-3, L363, U266, OPM-2, RMPI-8226,
NCI-H929, KMS-11 and KMS-12-BM) relative to untreated controls by RT-qPCR at 4 and 24 hours post
Ad[CE1A] infection (MOI 20). n=3 Date is the mean #SD. p values are for 2-way ANOVA with multiple
comparisons with Sidak’s correction where * p=<0.05; ** p=<0.01, *** p=<0.001, **** p=<0.0001.
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The correlation between CS1 (SLAMF7) mRNA expression and E1A mRNA expression in all cell lines
was tested (Figure 3.8). A strong positive correlation was found between SLAMF7 expression and E1A

expression with a significance of p<0.001 and an R? of 0.8581.
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Figure 3.8: Correlation between SLAMF7 mRNA expression and EIA mRNA expression:

Relative SLAMF7 mRNA expression of human MPCs compared to control HEK293A cell line was
determined by RT-gPCR, this was plotted against EIA mRNA expression after 24 hours of infection
with Ad[CE1A] MOI 20 compared to untreated controls, as determined by RT-gPCR in KMS-12-BM,
KMS-11, JIN-3, U266, RPMI-8226, NCI-H929, OPM-2 and L363 cells. Data shows mean from n=3
independent experiments. Statistical analysis was determined by Pearson’s test with resulting R?
values deemed to show a correlation if they were close to 1 and p values showing statistical
significance of the trend where *** p=0.001. R? of 0.0-0.3 = weak positive correlation; R? 0f 0.3-0.7
moderate positive correlation; R? of 0.7-1.0= strong positive correlation.

Next the ability of MPC lines to produce infectious viral progeny was assessed. Human MPC lines were
infected with Ad[CE1A] at an MOl of 2, and after 72 hours, virus was harvested and viral titre assessed
using the Adeno-X™ rapid titre kit (Figure 3.9). All human MPC lines tested showed the ability to
produce infectious virions. A range of infectious virions was seen- OMP-2 showed the highest ifu/mL
(~2.5x10°), KMS-11 showed the lowest ifu/mL (~7.5x10°) with JIN-3, U266 NCI-H929 and RPMI-8226

having intermediate ifu/mL (~1.4x10°%-2x10°).
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Figure 3.9: Infectious virion production in human MPCs lines:

Human MPC lines (JJN-3, L-363, U266, OPM-2, RPMI-8266, NCI-H929 and KMS-11) were infected with
Ad[CE1A] at an MOI of 2 for 24 hours. After 24 hours exogenous Ad[CE1A] was removed, and MPC
lines were resuspended in fresh medium. After 72 hours, cells were collected in CM and the cells were
lysed to collect viral particles within the cells. Viral titres were determined by Adeno-X™ rapid titre
viral quantification kit. n=3 Data is the mean +SD. p values are for one-way ANOVA with multiple
comparisons with Tukey’s correction, where * p=<0.05; ** p=<0.01, *** p=<0.001, **** p=<0.0001 *
denotes significant difference from all cells except U266, # denotes significant difference from U266,
S denotes significant difference from all cells.

3.2.4 Ad[CE1A] Causes Oncolysis in Human Myeloma Cell Lines.

To test the oncolytic activity of Ad[CE1A] in human MPC lines, a dose and time response assay was
performed. JIN-3 and U266 cells were treated with vehicle control (PBS) or Ad[CE1A] at an MOI of 2,
10 and 20, and cell death (necrosis) was determined by Pl staining and flow cytometric analysis at 24,
48 and 72 hours post infection (Figure 3.10). JJN-3 and U266 cells showed a significant dose and time
response to Ad[CE1A] treatment, with the highest level of cell death seen at 72 hours for all doses,

with MOI 20 causing the highest level of cell death (~80-100%).
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Figure 3.10: Dose and time response Ad[CE1A] toxicity in human MPCs:

(a) Representative histogram plots of PI MFIl in JIN-3 cells after Ad[CE1A] treatment at indicated doses
and time points. (b) Percentage of JJN-3 and (c) U266 cells dead after incubation with Ad[CE1A] at a
range of multiplicities of infection (MOI) or vehicle control for the duration shown, as determined by
PI staining using flow cytometry. n=3 Data is the mean SD. p values are for 2-way ANOVA with
multiple comparisons compared to vehicle control with Dunnett’s correction, where * p=<0.05; **
p=<0.01; **** p=<0.0001.

Next in order to confirm that it was the replication of Ad[CE1A] driven by the CS1 promoter that caused
cell death and not just the viral infection and initial viral load, an Ad5 virus that has the prostate
specific antigen promoter to transcriptionally control viral replication (Ad[PSA]) was used as a control.
Human MPC lines (JJN-3, U-266 and OMP-2) were treated with Ad[CE1A] or Ad[PSA] at a concentration
of MOI 2, 10 and 20. After 72 hours cell death was determined by PI staining using flow cytometry
(Figure 3.11). In all MPC lines, there was a significant dose response to Ad[CE1A], however, this did
not reach significance between MOI 10 and 20. Importantly, Ad[PSA] caused no significant increase in

cell death at any dose compared to the untreated control.
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Figure 3.11: Cytotoxicity of Ad[CE1A] compared to Ad[PSA] in human MPCs:

Human MPC lines (JJN-3, U266 and OMP-2) were treated with Ad[CE1A] or Ad[PSA] at an MOl of 2, 10
or 20 or vehicle control and cell death determined by Pl staining using flow cytometry after 72 hours.
(a) Representative histogram plots of PI MFl in JIN-3, U266 and OPM-2 cells after Ad[PSA] or Ad[CE1A]
MOI 20 treatment at 72 hours. (b) Percentage of human MPCs dead after Ad[CE1A] or Ad[PSA]
treatment. n=3 Data is the mean 1SD. p values are for 2-way ANOVA with multiple comparisons
compared to vehicle control with Dunnett’s correction, where **** p=<0.0001.

To determine the ability of Ad[CE1A] to cause specific oncolysis to MPC, a panel of human MPC lines
and LNCaP cells (negative control) were treated with Ad[CE1A] at an MOI of 20 for 72 hours based on
previous data (Figure 3.10 & 3.11). Cell death was determined by PI staining using flow cytometry
(Figure 3.13). All MPC lines had significant levels (~20-80%) of cell death compared to untreated
controls. However, KMS-11 had intermediate levels of cell death (~40%) with KMS-12-BM showing low
levels of cell death (~20%). LNCaP cells as predicted had no significant difference in cell death

compared to control.
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Figure 3.12: Cytotoxicity of Ad[CE1A] in human MPC lines compared to control cancer cell lines:

A panel of human MPC lines (JJN-3, L363, U266, OPM-2, RMPI-8226, NCI-H929, KMS-11 and KMS-12-
BM) or control human prostate cancer cell line LNCaP were treated with AJd[CE1A] MOI 20 and cell
death determined by PI staining using flow cytometry after 72 hours. (a) Representative histogram
plots of PI MFI in control human prostate cancer cell line LNCaP and MPC line OPM-2 after Ad[CE1A]
MOI 20 treatment at 72 hours. (b) Percentage of cells dead after AA[CE1A] treatment. n=3 Data is the
mean +SD. p values are for 2-way ANOVA with multiple comparisons with Sidak’s correction, where

** n=<0.01, **** p=<0.0001.

The correlation between CS1 cell surface expression and cell death after Ad[CE1A] treatment in all cell

lines was tested (Figure 3.13). Mean CS1 cell surface protein expression plotted against the mean cell

death showed a moderate positive correlation, with a significance of p<0.01 and an R? of 0.6736.
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Figure 3.13: Correlation between CS1 cell surface expression and cell death after Ad[CE1A]
treatment:

CS1 cell surface expression, as determined by flow cytometry, was plotted against cell death after 72
hours of Ad[CE1A] (MOI 20) treatment, as determined by PI staining using flow cytometry in LNCaP
control prostate cancer cells line and KMS-12-BM, KMS-11, JIN-3, U266, RPMI-8226, NCI-H929, OPM-
2 and L363 MPC lines. Data shows mean from n=3 independent experiments. Statistical analysis was
determined by Pearson’s test with resulting R? values deemed to show a correlation if they were close
to 1 and p values showing statistical significance of the trend where ** p=<0.01.

To determine whether Ad[CE1A] has an effect on MM cell proliferation, KI-67 expression was
investigated. KI-67 is a nuclear cell proliferation-associated antigen that is expressed in the cell cycle
phases G1, S, G2 and M but is absent in GO. JIN-3 and OPM-2 cells were incubated with Ad[CE1A] at
MOlIs of 2, 10 or 20. After 24 and 48 hours, cells were stained with an APC-conjugated antibody against
KI-67 (or with a matched isotype control antibody) and then assessed for expression of this protein by
flow cytometry (Figure 3.14). Untreated cells highly express KI-67, however, after Ad[CE1A] treatment
the fold change of MFI significantly decreases in a dose-dependent manner compared to untreated
controls at both 24 and 48 hours, with the highest dose having the largest fold decrease at the later

time point (~0.1 for JIN-3 and ~0.03 for OPM-2).
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Figure 3.14: Flow cytometric analysis of KI-67 expression after Ad[CE1A] treatment at 24 and 48
hours in JIN-3 and OMP-2 cell lines:

JIN-3 and OPM-2 cells were incubated with Ad[CE1A] at doses of MOI 2, 10 and 20. KI-67 expression
was determined by flow cytometry at 24 and 48 hours post treatment. (a) Viable cells were selected
based on FSC and SSC parameters and representative histogram plots of MFI of KI-67 are shown in
JIN-3 cells after incubation with Ad[CE1A] at indicated doses at 24 and 48 hours compared to control.
(b) Relative KI-67 MFI in viable cells compared to untreated control shown. n=3 Data is the mean #SD.
p values are for 2-way ANOVA with multiple comparisons compared to control with Dunnett’s
correction, where **** p=<0.0001.

3.2.5 Ad[CE1A] Oncolysis in Myeloma Cell Lines when Cocultured with BMSC
A recent study found that coculture with BMSC cell lines protected MPC lines from RV oncolysis (147),

similar to the protection conferred to MPCs against cytotoxic agents (379-381). Therefore, it was
important to investigate if the same were true for AJ[CE1A]. To evaluate the susceptibility of MPCs
lines to Ad[CE1A] in the context of the BM microenvironment, a MPC:BM coculture was employed
using HS-5 human BMSC line. GFP-tagged Vybrant™ DID labelled MM cells were cultured either alone
or on a basal layer of BMSCs (HS-5 cells) at a 1:1 ratio. Cultures were treated with Ad[CE1A] at an MOI
of 2 or 10. Cell death was evaluated by flow cytometry after 48 hours using Pl staining (Figure 3.15).

GFP*DID* MM cells were gates away from HS-5 BMSCs and then percentage Pl was determined based
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on the GFP*DID* MM cell population There was no significant difference in Ad[CE1A] cytotoxicity in
human MPC lines between monocultures and BMSC cocultures at both Ad[CE1A] doses, suggesting

HS-5 BMSCs were not able to protect MM cells from Ad[CE1A] oncolysis.
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Figure 3.15: Cytotoxicity of Ad[CE1A] in JIN-3, U266 and OMP-2 cells in the presence or absence of
BMSC line HS-5:

Vybrant™ DiD labelled (a) JJN-3-GFP, (b) U266-GFP, (c) OPM-2-GFP and (d) RPMI-8226-GFP cells were
incubated with Ad[CE1A] at a MOl of 2 or 10 when cultured with or without the BMSC line, HS-5, at a
1:1 ratio. After 48 hours, the percentage of MPCs dead was determined by Pl staining after gating on
GFP*DID* MM cells. n=3 Data is the mean SD. p values are for 2-way ANOVA with multiple
comparisons with Sidak’s correction.
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3.2.6 Patient-derived Primary Multiple Myeloma Cells Highly Express Primary

and Secondary Adenovirus Receptors
The expression of CAR, avBs and avB; proteins on the surface of patient-derived PCL cells (CB1 and

ADC1) were evaluated. CB1 and ADC1 cells were stained with either fluorophore-conjugated antibody
against integrins avps, avBs or CAR antibody (or with an isotype-matched control antibody), and then
assessed for expression of these proteins by flow cytometry (Figure 3.16). Patient derived PCL cells
show high-moderate expression of CAR and avBs (¥55-85% and ~40-60% respectively), and low

expression of avPs(~3-10%). This pattern of adenoviral receptor expression matches the majority of

MPC lines.
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Figure 3.16: Flow cytometric analysis of CAR, avBs and avp; expression in patient derived PCL cells:

Patient derived PCL cells (CB1 and ADC1) were stained with a PE conjugated anti-human CAR antibody,
APC conjugated avPs or FITC conjugated anti-human avps integrin antibody and compared to
respective isotype controls and analysed by flow cytometry. Representative histogram plots of MFI of
CAR (a), avpBs integrin (b) avBs(c) compared to respective isotype control on ADC1 cells. (d) Percentage
of cells with surface expression of CAR or (e) avps (f) avBsintegrin. n=3 Data is the mean +SD. p values
are for two-way ANOVA with multiple comparisons with Sidak’s correction, where *** p=<0.001, ****
p=<0.0001.
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3.2.7 Patient-derived Primary Multiple Myeloma Cells Highly Express CS1

Compared to Healthy Donor Plasma Cells and BMMC Ex vivo
CS1 cell surface expression and SLAMF7 mRNA expression were determined in primary CD138* MM

cells, HD CD138* plasma cells, and their corresponding CD138 BMMCS. For cell surface expression,
each sample population of cells were stained with PE-conjugated antibody against CS1 (or with an
isotype-matched control antibody) and then assessed for CS1 protein expression by flow cytometry
(Figure 3.17.a & 3.17.b). For SLAMF7 mRNA expression, total RNA was extracted from each sample
population of cells and synthesised by reverse transcription to cDNA and RT-gPCR was performed
using Tagman™ primers for SLAMF7 (Figure 3.17.c). HD CD138" cells could not be included in SLAMF7
MRNA expression studies as the amount of CD138+ cells extracted from HD was never enough for RNA
extractions. As expected, MM CD138* cells showed significantly higher levels of CS1 protein (~80%)
and mRNA expression (~28-fold change) compared to healthy control plasma cells (~35%) and/or
BMMCs (~10% and ~1 fold change). It is important to note that there was some detection of CS1
protein in HD CD138* plasma cells and protein and mRNA detection in CD138"BMMCs from MM and
HD samples cells which could potentially cause off-target effects. This could also be due to
contaminating CD138* cells in the CD138 population, from our experience, there is ~5% of

contaminating CD138* cells in the CD138 population (Section 2.1.3.3, Figure 2.1).
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Figure 3.17: CS1 expression in primary cells ex vivo:

(a) Representative histogram plots of MFI of CS1 compared to isotype control in one MM patients
CD138 and CD138* cell populations. (b) Percentage of CS1 cell surface expression in CD138* and
CD138 cells from MM patients and healthy donors (HD). MM CD138* (n=5), MM CD138" (n=7), HD
CD138* (n=2) and HD CD138 (n=4). Cells were stained with PE conjugated anti-human CS1 or isotype
control and analysed by flow cytometry. p values are for one-way ANOVA with multiple comparisons
with Tukey’s correction, where ** p=<0.01; **** p=<0.0001. (c) Relative SLAMF7 (CS1) mRNA
expression in MM CD138* plasma cells (n=3) and CD138 BMMCs from MM patients (n=3) or HDs (n=3)
Data is the mean #SD. p values are for one-way ANOVA with multiple comparisons with Tukey’s
correction, where ** p=<0.01.
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3.2.8 Oncolysis of Ad[CE1A] in Patient-derived Primary Multiple Myeloma

Cells ex vivo
After assessing the ability of AA[CE1A] to infect, replicate and lyse human MPCs was established, next

was to determine the oncolytic efficacy of AA[CE1A] by direct cytotoxicity in primary patient-derived
MM cells and HD samples. Both the CD138" and CD138 populations were subject to Ad[CE1A]
treatment (MOI 20). After 96 hours, cell death was determined by PI staining using flow cytometry
(Figure 3.18). MM and PCL CD138* cells showed variable levels of cell death in response to Ad[CE1A],
but these levels of cell death were significant compared to untreated controls. However, Ad[CE1A] did
not cause any statistically significant amounts of cell death in non-malignant CD138"* cells from MGUS
patients or HDs. In non-malignant CD138" populations from MM, MGUS and HDs, Ad[CE1A] did not

cause any statistically significant amounts of cell death compared to untreated controls.
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Figure 3.18: Cytotoxicity of Ad[CE1A] in patient-derived MM cells compared to non-malignant cell
populations:

(a) Representative scatter and histogram plots of Pl staining in MM and HD CD138" and CD138"
populations after 96 hours of Ad[CE1A] MOI 20 treatment in the presence 10% autologous serum.
Newly diagnosed MM, PCL, MGUS, HD, CD138" plasma cells (b) and CD138" cells (c) were treated with
Ad[CE1A] MOI 20 in the presence of 10% autologous serum. Percentage cell death determined by PI

staining using flow cytometry. p values are for 2-way ANOVA with multiple comparisons with Sidak’s
correction, where **** p=<0.0001.
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3.2.9 Adenovirus Infection in Patient-derived Primary MM Cells and Healthy

Donor CD138 BMMCs
A small percentage of MM and HD CD138 BMMCs express CS1, which may drive viral replication and

induce cell death, despite this there was no significant increase in cell death in this population.
Therefore, it was important to determine Ad5 infection efficiency in HD derived BMMCs compared to
patient-derived primary PCL cells (ADC1 and CB1), because if this population of cells are not greatly
infected by Ad5, this could be an explanation to why there was no significant increase in cell death.
Primary BMMCs from HD and CD138* patient-derived primary MM cells were incubated with Ad-GFP
at MOIs of 2 and 20. After 24 and 48 hours GFP expression was visualised qualitatively by fluorescent
microscopy (Figure 3.19.a & 3.19.b) and quantitatively as the percentage of GFP-positive cells using
flow cytometry (Figure 3.19.c). Primary HD BMMCs were infected by Ad-GFP at ~1.5% for MOI 2 and
~18% for MOI 20 at 24 hours, whereas CD138" MM cells were significantly more infected at ~15% for
MOI 2 and 63% for MOI 20 at 24 hours. At 48 hours GFP positivity was ~7% for MOI 2 and ~19% for
MOI 20, whereas CD138* MM cells were significantly more infected at ~37% for MOI 2 and ~78% for
MOI 20 at 48 hours. There was no significant increase in GFP expression for MOI 2 and 20 between 24
and 48 hours for HD CD138 BMMCs suggesting that cells were maximally infected at 24 hours.
Whereas CD138" MM cells had a significant increase in GFP expression in both MOI 2 and 20 between

24 and 48 hours.

180



Control MOI 2 MOI 20

a

HD CD138"

BMMCs 24 Hours

48 Hours

b

MM CD138*
24 Hours

48 Hours

% % % % % % % %

¢ 100~ | )
< 80
‘qj * * % % %
2 60- 1
2
a 404 _* *
o ‘ ' ‘ '
» 20+

o

1 1 1 1
24 Hrs 48 Hrs 24 Hrs 48 Hrs

HD CD138- BMMCs MM CD138+

Control MOl 2 MOl 20

Figure 3.19: Percentage of patient-derived primary MM CD138" cells and primary HD CD138° BMMC
infected with Ad-GFP after 24 and 48 hours:

Patient-derived primary MM CD138"* cells and HD CD138 BMMCs were infected with Ad-GFP MOI 2
or 20. After 24 hours and 48 hours, GFP expression visualised qualitatively using fluorescent
microscopy and quantitatively using flow cytometry. Representative images of live fluorescent
microscopy in (a) HD CD138 BMMCs or (b) MM CD138* cells. (c) Percentage of Ad-GFP expression in
HD CD138- BMMCs and MM CD138" cells at 24 and 48 hours. n=3 for MM; n=1 for HD Data is the
mean SD. p values are for 2-way ANOVA with multiple comparisons compared to control with
Dunnett’s correction, where * p=<0.05; **** p=<0.0001.
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3.2.10 The Involvement of Apoptosis in Ad[CE1A] Cytotoxicity

It is unclear in the literature how oncolytic Ad5 induce cell death, and whether it is purely passive
(lysis) or whether some active cell death mechanisms are involved, such as apoptosis. To try to
determine how Ad[CE1A] induces cell death in MPC lines apoptosis was investigated.

3.2.10.1 Annexin V Assay

MPC lines JIN-3 and U266 cells were treated with Ad[CE1A] MOI 20. At 6 and 24 hours after treatment
cells were stained with Annexin-V-FITC and Pl and assessed by flow cytometry (Figure 3.20). JIN-3 and
U266 cells showed significant increase in Annexin V* TO-PRO-3" expression at 24 hours compared to
untreated controls and Ad[CE1A] treatment at 6 hours (~¥30-50% Annexin V). This was also performed
in a PCL patient and the same trend with a significant increase in Annexin V* and TO-PRO-3" at both

time points (Appendix Figure 8.4).
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Figure 3.20: Percentage Annexin V* TO-PRO-3" after Ad[CE1A] treatment:

(a) Representative scatter plots of Annexin V against TO-PRO-3 in JIN-3 cells after Ad[CE1A] MOI 20
treatment at indicated time points compared to control. JJIN-3 (b) and U266 (c) cells were incubated
with Ad[CE1A] MOI 20. Annexin V expression was determined by flow cytometry at 6 and 24 hours
post treatment. Percentage of annexin V* and TO-PRO-3" compared to untreated controls shown. n=3
Data is the mean SD. p values are for 2-way ANOVA with multiple comparisons with Sidak’s correction
where **** p=<0.0001.
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3.2.10.2 Apoptotic gene expression

Since increased Annexin V expression following Ad[CE1A] treatment was detected, next gene
expression of apoptotic markers following Ad[CE1A] treatment was assessed in JJN-3 cells treated with
Ad[CE1A] at MOI 20 after 6 and 24 hours by RT-gPCR compared to untreated control (Figure 3.21).
There was no reliably significant upregulation of any of the apoptotic genes, and none of these genes

significantly increased over time.
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Figure 3.21: mRNA expression of apoptotic markers in JJN-3 after AA[CE1A] incubation at indicated
times:

Relative mRNA expression of caspase 3, caspase 8, caspase 9, BCL2, FAS ligand, BAX and BID relative
to untreated controls in JIN-3 cells by RT-qPCR at 6 and 24 hours post Ad[CE1A] infection (MOI 20).
n=3 SD. p values are for 2-way ANOVA with multiple comparisons with Sidak’s correction compared
to the 6-hour time point.

3.2.10.3 Pharmacological inhibition of caspases
It has long been thought that PS exposure was a unique feature of apoptotic cell death. However,

recent findings have found PS exposure in non-apoptotic forms of regulated inflammatory cell death,
such as necroptosis (382). Therefore it was important to determine if pharmacologically blocking
caspases would prevent Ad[CE1A] cytotoxicity, and if so, caspase-dependent apoptosis is likely the
mechanism of cell death. To determine if caspases were involved in Ad[CE1A] cytotoxicity, MPC lines
were treated with Ad[CE1A] + the cell permeable irreversible pan-caspase inhibitor Z-VAD-FMK (50
UM). JJN-3 and OPM2 cells were treated with Ad[CE1A] (0.1-1000 MOI) = 50 uM Z-VAD-FMK. After 72

hours, cell viability was determined by AlamarBlue® assay. Additionally, JJN-3 U266 and OPM-2 cells
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were treated with Ad[CE1A] MOI 10 £ 50 uM Z-VAD-FMK. After 72 hours the percentage of dead cells
were analysed by Pl staining using flow cytometry (Figure 3.22). Addition of Z-VAD-FMK did not
significantly alter dose response to Ad[CE1A] (Figure 3.22a-b) or significantly increase or decrease

Ad[CE1A] induced cell death (Figure 3.22c-e).

JIN-3

a [+
ns ns
T 120 100
[
S 100 . - —~
= 80 T g
5
2 z &
~ B0 . i}
£ O 40
T 40 3
o]
5 20 S © 20
8 Cl3 2 1 0 1 2 3 0
102 10 10 109 10" 102 10 > S N
& & >
Log Concentration (MOI) Oo{\\ 000 \}O\ ?\‘\
Q@Q‘L 5 ,L‘,'\vg
+ Media & Vehicle Media & Z-VAD-FMK o 6\0‘(’ o
A b N
; o
\\“
Py
&
e
OPM-2 d
3 120 100 ns ns
£
8 100 —§ i & 80
e £ &0
=
< 60 &
£ [] O 40
T 40 T
3 o
> 20 1 20
o 2
S ST e e e °
5 K - -y A Q
‘ (-\60 &@ O\,\ <<\$"
Log Cencentration (MOI) o f &
& g g
: &
+ Media & Vehicle Media & Z-VAD-FMK & v°\0 Y
v \x\o\
N
A
&
&
b e
ns ns
15 ns ns 100 1
124 . = 80
. . &
g N -+ £ 60
€ ¢ § 40
T
3 © 20
0 0
JUN-3 OPM-2 (\60\ ‘éo\ R
o IS O <
¢ N $
+ Media & Vehicle &Y P
Media & Z-VAD-FMK S RN
A L el
v QO
S\
¥
&
e

Figure 3.22: Ad[CE1A] response in MPCs in the presence of the pan caspase inhibitor Z-VAD-FMK:

(a) Dose response of AA[CE1A] in JJN-3 and OPM-2 cells after 72 hours + 50 uM Z-VAD-FMK. JJN-3 and
OPM-2 cells were treated with Ad[CE1A] (0.1, 1, 10, 100, 1000 MOI) with or without the addition of
50 uM Z-VAD-FMK. After 72 hours, cell viability was determined by AlamarBlue® assay. Dose response
to Ad[CE1A] £ 50 uM of Z-VAD-FMK. (b) ICso values for Ad[CE1A] ] 50 uM of Z-VAD-FMK determined
by sigmoidal dose response curves from 4 independent repeats. n=4 +SD. p values are for unpaired T
test. Percentage of cells dead after incubation with Ad[CE1A] MOI 10 + 50 uM Z-VAD-FMK. (c) JIN-3,
(d) U266, (e) OPM-2 cells were incubated with Ad[CE1A] MOI 10 + 50 uM Z-VAD-FMK. After 72 hours,
percentage of cell death was determined by Pl staining using flow cytometry. n=3 Data is the mean
1SD. p values are for one-way ANOVA with multiple comparisons with Tukey’s correction.
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3.2.11 The Involvement Necroptosis in Ad[CE1A] Cytotoxicity

The results presented above give evidence that Ad[CE1Al-induced cytotoxicity is caspase-
independent. Therefore, investigation into other regulated cell death pathways was warranted.
Necroptosis is a form of regulated cell death that is caspase independent which generally manifests
with a necrotic morphotype. Initiation of necroptosis is mediated by death receptors or pathogen
recognition receptors (PRRs) which leads to activation of receptor-interacting serine/threonine-
protein kinase 1 (RIPK1) which forms a functional heterodimer complex with receptor-interacting
serine/threonine-protein kinase 3 (RIPK3) called the necrosome complex. The necrosome complex
phosphorylates mixed lineage kinase domain-like protein (MLKL), which translocates into the inner
leaflet of the plasma membrane and disturbs the integrity of the cell in the formation of a pore, which
allows the release of DAMPs which stimulate an inflammatory response (383).Therefore, to assess
whether necroptosis is a cell death mechanism involved in Ad[CE1A]-induced cytotoxicity,
pharmacological inhibition of three of the main proteins involved in the pathway, RIPK1, RIPK3 and
MLKL was investigated

3.2.11.1 Pharmacological Inhibition of RIPK1

Firstly, pharmacological inhibition of RIPK1 was investigated to determine whether it could alter
Ad[CE1A]-induced cytotoxicity by using an inhibitor for RIPK1, Necrostatin-1 (Nec-1). MPC lines JIN-3,
U266 and OPM-2 cells were treated with Ad[CE1A] (0.1-1000 MOI) + 50 uM Nec-1 (non-toxic dose
determined by dose response curves Appendix Figure 8.5) and cell viability was determined by
AlamarBlue® assay after 72 hours. Additionally, JIN-3, U266 and OPM-2 cells were treated with
Ad[CE1A] MOI 10 + 50 uM Nec-1 and cell death was determined by PI staining using flow cytometry

(Figure 3.23).
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The addition of Nec-1 to Ad[CE1A]-treated cells showed no significant effect on the ability of Ad[CE1A]
to induce cell death in JIN-3 and OPM2 cells both by AlamarBlue® assay and by flow cytometry.
However, Nec-1 significantly affected the ability of Ad[CE1A] to decrease U266 cell viability by
AlamarBlue® assay, which had a significantly higher Ad[CE1A] ICso value following Nec-1 treatment
(3.8 fold change). However, by flow cytometry, there was no significant difference with the addition

of Nec-1, therefore, this may have been due to an effect on proliferation and not cell death.
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Figure 3.23 Ad[CE1A] response in MPCs in the presence of the RIPK1 inhibitor Nec-1.

(a) Dose response of Ad[CE1A] (0.1, 1, 10, 100, 1000 MOI) in (a.i) JJN-3, (a.ii) U266 and (a.iii) OPM-2
cells after 72 hours + 50 uM Nec-1. After 72 hours, cell viability was determined by AlamarBlue® assay.
(b) I1Cso values for Ad[CE1A] + 50 uM of Nec-1 determined by sigmoidal dose response curves from 4
independent repeats. n=4 +SD, p values are for 2-way ANOVA with Sidak’s correction. (c) Percentage
of cell death after incubation with Ad[CE1A] MOI 10 + Nec-1 in (c.i) JIN-3, (c.ii) U266 and (c.iii) OPM-
2 cells. After 72 hours, the percentage of cell death was determined by PI staining using flow
cytometry. n=3 Data is the mean £SD. p values are for one-way ANOVA with multiple comparisons
with Tukey’s correction.
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3.2.11.2 Pharmacological Inhibition of RIPK3

Secondly, pharmacological inhibition of RIPK3 was investigated to determine whether it could alter
Ad[CE1A]-induced cytotoxicity by using an inhibitor for RIPK3, GSK-872. MPC lines JIN-3, U266 and
OPM-2 cells were treated with Ad[CE1A] (0.1-1000 MOI) + 5 uM GSK-872 (non-toxic dose determined
by dose response curves Appendix Figure 8.6) and cell viability was determined by AlamarBlue® assay
after 72 hours. Additionally, JJN-3, U266 and OPM-2 cells were treated with Ad[CE1IA] MOI 10+ 5 uM

GSK-872 and cell death was determined by Pl staining using flow cytometry (Figure 3.24).

The addition of GSK-872 to Ad[CE1A]-treated cells showed no significant effect on the ability of
Ad[CE1A] to induce cell death in JIN-3, U266 and OPM2 cells both by AlamarBlue® assay and by flow
cytometry. Ad[CE1A] ICsowas not significantly different with the addition of GSK-872, ICso could not be
determined for U266 because of the slope of the curve, but the dose response curve of Ad[CE1A] plus
GSK-872 overlaps Ad[CE1A] minus GSK-872. Additionally, no protection from Ad[CE1A]-induced cell

death was observed by flow cytometry for all three MPC lines.
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Figure 3.24 Ad[CE1A] response in MPCs in the presence of the RIPK3 inhibitor GSK-872:

(a) Dose response of Ad[CE1A] (0.1, 1, 10, 100, 1000 MOI) in (a.i) JIN-3, (a.ii) U266 and (a.iii) OPM-2
cells after 72 hours + 5 uM GSK-872. After 72 hours, cell viability was determined by AlamarBlue®
assay. (b) ICso values for AA[CE1A] + 5 uM GSK-872 determined by sigmoidal dose response curves
from 5 independent repeats. n=5 *SD, p values are for 2-way ANOVA with Siddk’s correction. (c)
Percentage of cells death after incubation with Ad[CE1A] MOI 10 + 5 uM GSK-872 in (c.i) JJN-3, (c.ii)
U266 and (c.iii) OPM-2 cells. After 72 hours, the percentage of cell death was determined by Pl staining
using flow cytometry. n=3 Data is the mean SD. p values are for one-way ANOVA with multiple
comparisons with Tukey’s correction.
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3.2.11.3 Pharmacological Inhibition of MLKL

Thirdly, pharmacological inhibition of MLKL was investigated to determine whether it could alter
Ad[CE1A]-induced cytotoxicity by using an inhibitor for MLKL, Necrosulfonamide (NSA). MPC lines JIN-
3, U266 and OPM-2 cells were treated with Ad[CE1A] (0.1-1000 MOI) = 1 uM NSA (non-toxic dose
determined by dose response curves Appendix Figure 8.7) and cell viability was determined by
AlamarBlue® assay after 72 hours. Additionally, JIN-3, U266 and OPM-2 cells were treated with
Ad[CE1A] MOI 10 £ 1 uM NSA and cell death was determined by PI staining using flow cytometry

(Figure 3.25).

The addition of NSA to Ad[CE1A]-treated cells showed a significant effect on the ability of Ad[CE1A] to
induce cell death in JIN-3, U266 and OPM2 cells. Ad[CE1A] ICso significantly increased in JIN-3 cells
following the addition of NSA, whilst in OPM-2 cells there was an increase observed, but this was not
significant. Ad[CE1A] ICso could not be determined for U266 because of the slope of the curve, but
Ad[CE1A] plus NSA suppressed Ad[CE1A]’s ability to reduce U266 cell viability. Additionally, NSA
protected all three MPCs from Ad[CE1A]-induced cell death as there was a significantly lower

percentage of dead cells with the addition of NSA.
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Figure 3.25 Ad[CE1A] response in MPCS in the presence of the MLKL inhibitor NSA:

(a) Dose response of Ad[CE1A] (0.1, 1, 10, 100, 1000 MOI) in (a.i) JJN-3, (a.ii) U266 and (a.iii) OPM-2
cells after 72 hours + 1 uM NSA. After 72 hours, cell viability was determined by AlamarBlue® assay.
(b) ICsp values for AA[CE1A] * 1 uM NSA determined by sigmoidal dose response curves from 5
independent repeats. n=5 +SD, p values are for 2-way ANOVA with Sidak’s correction. (c) Percentage
of cell death after incubation with Ad[CE1A] MOI 10 = 1 uM NSA in (c.i) JIN-3, (c.ii) U266 and (c.iii)
OPM-2 cells. After 72 hours, percentage of cell death was determined by Pl staining using flow
cytometry. n=3 Data is the mean %SD. p values are for one-way ANOVA with multiple comparisons
with Tukey’s correction, ** p=< 0.01, *** p=<0.001, **** p=<0.0001.
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3.2.12 The Expression of Inmunogenic Cell Death Markers following
Ad[CE1A] Treatment.

Next the expression of ICD markers following Ad[CE1A] treatment was investigated. There were two
reasons for this line of investigation, the first reason was discussed in the chapter introduction (section
3.1.1) and involved the fact that previous research on OVs including Ads have shown oncolysis to be
highly immunogenic, the second reason was based off the previous results that MLKL is involved in
Ad[CE1A] induced cell death (Figure 3.25). MLKLs function is to form pores that release DAMPs
therefore, investigation into the release of DAMPs following Ad[CE1A] infection was explored. The
release of DAMPs occurs in synchrony with cell death signalling. There are six DAMPs that have been
mechanistically linked to the perception of regulated cell death as immunogenic, these include CALR,
ATP, HMGB1, type | IFN, cancer cell-derived nucleic acids and Annexin Al (377). However, more
recently several more DAMPs and cytokines have been mechanistically linked to ICD (376).
3.2.12.1 Cell Surface Calreticulin Exposure

CALR is the most abundant protein in the ER lumen, where it is involved in Ca?* homeostasis. In ICD,
CALR translocates to the outer leaflet of the plasma membrane where it functions as an ‘eat me’ signal
for phagocytosis by macrophages, neutrophils, and DCs, which is required for subsequent antigen
cross-presentation to cytotoxic T cells; and as a trigger for Tu17 cell priming. CALR exposure happens
early in ICD-related cell death which is mediated (at least for chemotherapy-driven ICD) by three
sequential signal transduction modules: (1) an ER stress module, which involves phosphorylation of
elF2a to a block in protein synthesis; (2) an apoptotic module, which involves the CASP8-dependent
cleavage of B-cell receptor-associated protein 31 (BCAP31), BAX, and BAK; and (3) an exocytosis
module (377). Extracellular CALR can be detected by staining non-permeabilised cells and analysing

using flow cytometry.

To determine whether CALR is exposed following Ad[CE1A] treatment, JIN-3, U266 and OMP-2 cells
were treated with vehicle or Ad[CE1A] (MOI 2, 10 and 20). After 24 hours cells were stained with a

primary polyclonal anti-CALR antibody and subsequently a secondary FITC conjugated antibody and
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analysed using flow cytometry compared to vehicle control in Pl negative viable cells (Figure 3.26).

After 24 hours a dose-response increase in CALR exposure was seen, which reaches significance at an

MOI 10 and 20 in all cell lines. Baseline levels of CALR were higher in JJIN-3 and U266 cells than in OMP-

2 cells (MFI 89, 62 and 37), OPM-2 cells also showed the greatest relative increase in CALR compared

to JJN-3 and U266 cells (2.2 fold change, 1.7 fold change and 1.5 fold change respectively), whether

this was due to OPM-2 cells having a lower CALR baseline can only be speculated.
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Figure 3.26: Cell surface calreticulin exposure in MPCs following Ad[CE1A] treatment:
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JIN-3, U266 and OPM-2 cells were treated with vehicle control or Ad[CE1A] at an MOI of 2, 10 or 20.
After 24 hours, cells were stained with a polyclonal anti-CALR antibody and a FITC fluorescently
labelled secondary antibody and TO-PRO-3 and then analysed by flow cytometry. Representative
histogram plots of CALR in viable cells following Ad[CE1A] treatment in (a.i) JJN-3, (a.ii) U266 and (a.iii)
OPM2 cells. Non-permeabilised cells were gated (TO-PRO-3 negative) and relative MFI compared to
vehicle control was determined in (b.i) JIN-3, (b.ii) U266 and (b.iii) in OMP2. n=3 Data is the mean
1SD. p values are for one-way ANOVA with multiple comparisons compared to control with Dunnett’s
correction, where ** p=<0.01; *** p=<0.001.
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3.2.12.2 Cell Surface CD47 Expression

CD47 is an antiphagocytic molecule, and it is overexpressed in many cancer cell types allowing them
to escape immunosurveillance. CD47 binds to signal regulatory protein alpha (SIRPa) on the surface
of myeloid cells, which inhibits macrophage phagocytosis (384). CD47 has been shown to have high
expression in a murine MM cell line 5T33vt, treatment with epigenetic-modulating compounds
decreased CD47 expression (385). There is a balance to maintain between tolerogenic CD47
expression and immunogenic CALR expression, as CALR is antagonised by CD47 (377). Therefore it was

important to determine whether Ad[CE1A] could alter CD47 expression in MM cells.

To determine whether CD47 expression was altered following Ad[CE1A] treatment, JIN-3, U266 and
OMP-2 cells were treated with vehicle or Ad[CE1A] (MOI 2, 10 and 20). After 24- and 48-hours, cells
were stained with an APC-conjugated anti-human CD47 antibody and analysed using flow cytometry
compared to vehicle control in non-permeabilised cells (Figure 3.27). A dose and time response
decrease in CD47 was observed. At 24 hours in JIN-3 cells, there was a trend for a dose response
decrease, but it did not reach significance, however, at 48 hours there was a significant difference at
MOI 10 and 20 (Figure 3.27 b.i & d.i). At 24 hours in U266 and OPM-2 cells there was a significant
decrease in CD47 expression compared to control at MOI 10 and 20 (Figure 3.27 b.ii and b.iii), but at
48 hours there was a significant decrease in all three concentrations (Figure 3.27 d.ii and d.iii). It is
important to note that all three MPCs tested showed a high level of CD47 expression, giving evidence

that these MPCs are good at shielding from macrophage phagocytosis.
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Figure 3.27: Cell surface CD47 expression in MPCs following Ad[CE1A] treatment:

JIN-3, U266 and OPM-2 cells were treated with vehicle control or Ad[CE1A] at an MOI of 2, 10 or 20.
After 24 or 48 hours, cells were stained a APC-conjugated anti-human CD47 antibody and TO-PRO-3
and then analysed using flow cytometry. Representative histogram plots of CD47 in viable cells
following AJ[CE1A] treatment after 24 or 48 hours respectively in (a.i; c.i) JIN-3, (a.ii; c.ii) U266 and
(a.iii; c.iii) OPM2 cells . Non-permeabilised cells were gated (TO-PRO-3 negative) and relative MFI
compared to vehicle control was determined after 24 and 48 hours respectively in (b.i; d.i) JJN3, (b.ii;
d.ii) U266 and (b.iii; d.iii) OPM-2 cells . n=3 Data is the mean SD. p values are for one-way ANOVA

with multiple comparisons compared to control with Dunnett’s correction, where ** p=<0.01; ***
p=<0.001, **** p=<0.0001.
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3.2.12.3 Extracellular ATP Release

Extracellular ATP release is a major DAMP associated with ICD. ATP, along with other nucleotides, are
also commonly associated with non-specific release following necrosis. Extracellular ATP acts as a ‘find
me’ signal which promotes the migration of inflammatory cells such as macrophages and DC
precursors. Extracellular ATP acts as a danger signal through binding to purinergic type 2 receptors,

such as P2X7 on these immune cell types (386).

To determine if ATP was secreted following Ad[CE1A] treatment, JIN-3, U266 and OPM-2 cells were
treated with vehicle control or Ad[CE1A] MOI 2, 10 or 20. After 24 hours supernatant was collected
from cells and ATP concentration (nM) was determined by the ENLITEN® ATP assay, which is a
luminescence-based assay which relies on the chemical reaction of ATP with D-luciferin (Figure 3.28).
In JIN-3 cells, there was a significant increase in extracellular ATP at all concentrations, but there was
no dose-response increase (Figure 3.28 a.i). In U266 and OPM-2 there was a dose-response increase
in extracellular ATP, which reached significance at an MOI of 10 and 20 (Figure 3.28 a.ii & a.iii). It is
important to note that OPM-2 cells had a much larger increase in extracellular ATP compared to

control than the other cell lines.

a.i JUN-3 a.ii a.iii
u2e6 OPM-2

EEE L] Aokkok
80 1
60

40

—_
T
EEE L0
< 10 <10
: 2
[ = ﬂ
< 5 < 5
20 |
0 0 ! 0

T T T T T T T T
Control MOI2 MOI 10 MOI 20 Control MOI2 MOI10 MOI 20 Control MOI2 MOI 10 MOI 20

ATP (nM)

Figure 3.28: Extracellular release of ATP in MPCs following Ad[CE1A] treatment:

(a.ii) JJN-3 (a.ii) U266 and (a.iii) OPM-2 cells were treated with vehicle control or Ad[CE1A] at an MOI
of 2, 10 or 20. After 24 hours cell supernatant was collected and ATP concentration was determined
using the ENLITEN® ATP assay using an ATP standard curve. n=3 Data is the mean xSD. P values are for
one-way ANOVA with multiple comparisons compared to control with Dunnett’s correction, where
**%* p=<0.001; **** p=<0.0001.
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3.2.12.4 Expression of MHC Class | and Il on MPC lines in response to Ad[CE1A]

MPCs are derived from germinal centre B cells so can express markers for antigen presentation
including MHC class | and Il (387). Investigation into whether MHC class | and Il were upregulated
following Ad[CE1A] treatment was explored, as upregulation of MHC may enable better antigen
presentation by MPCs and subsequent T cell stimulation. To determine if MHC class | was upregulated
following Ad[CE1A] treatment, JJN-3, U266 and OPM-2 cells were treated with Ad[CE1A] at MOI 2, 10
and 20 or vehicle (PBS) control. After 48 hours cells were stained with an HLA-ABC antibody (class 1)
(Figure 3.29) and analysed using flow cytometry compared to vehicle control in non-permeabilised

cells.

Ad[CE1A] was able to induce a dose-response increase in MHC-Class | HLA-ABC expression in all three
MPC lines. In JIN-3 cells, this was only significant at a high MOI (MOI 20) with a 1.4-fold change in
expression (Figure 3.29 b.i). In U266 cells this was significant at all MOls with the highest fold change
observed at MOI 20 (1.6-fold change) (Figure 3.29 b.ii). In OMP-2 this was significant at MOI 10 and

20 with fold changes of 1.4 and 1.5 respectively (Figure 3.29 b.iii).
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Figure 3.29 Cell surface HLA-ABC expression in MPCS following Ad[CE1A] treatment:

JIN-3, U266 and OPM-2 cells were treated with vehicle control or Ad[CE1A] at an MOI of 2, 10 or 20.
After 48 hours, cells were stained with an APC-conjugated anti-human HLA-ABC antibody and Pl and
then analysed using flow cytometry. Representative histogram plots of HLA-ABC in viable cells
following Ad[CE1A] treatment after 48 hours in (a.i) JJN-3, (a.ii) U266 and (a.iii) OPM2 cells. Non-
permeabilised cells were gated (Pl negative) and relative MFI compared to vehicle control was
determined after 48 hours in (b.i) JJN3, (b.ii) U266 and (b.iii) OPM-2 cells. n=3 Data is the mean *SD.
P values are for one-way ANOVA with multiple comparisons compared to control with Dunnett’s
correction, where ** p=<0.01; *** p=<0.001 **** p=<0.0001.

To determine if MHC class Il is upregulated following Ad[CE1A] infection, JJN-3 and OPM-2 cells were
treated with Ad[CE1A] at MOI 2, 10 and 20 or with vehicle (PBS) control. After 48 hours cells were
stained with an HLA-DR antibody (class IlI) and analysed using flow cytometry compared to vehicle
control in non-permeabilised cells (Figure 3.30). Ad[CE1A] was able to induce a dose-response increase

in MHC-Class Il HLA-DR expression in JJIN-3 and OPM-2 MPC lines (Figure 3.30 b.i & b.ii respectively).
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Itis important to note that OMP-2 cells had little HLA-DR expression over isotype control but Ad[CE1A]

was still able to increase HLA-DR expression (Figure 3.30 b.ii).
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Figure 3.3.30 Cell surface HLA-DR expression in MPCs following Ad[CE1A] treatment:

JIN-3 and OPM-2 cells were treated with vehicle control or Ad[CE1A] at an MOI of 2, 10 or 20. After
48 hours, cells were stained with an APC-conjugated anti-human HLA-DR antibody and PI and then
analysed by flow cytometry. Representative histogram plots of HLA-DR in viable cells following
Ad[CE1A] treatment after 48 hours in (a.i) JJN-3 and (a.ii) OPM2 cells. Non-permeabilised cells were
gated (Pl negative) and relative MFI compared to vehicle control was determined after 48 hours in
(b.i) JJN3 and (b.ii) OPM-2 cells. n=3 Data is the mean +SD. P values are for one-way ANOVA with
multiple comparisons compared to control with Dunnett’s correction, where ** p=<0.01; ***
p=<0.001.

3.2.12.5 Bystander Cytokine Killing

Because of the finding that Ad[CE1A] can induce markers of ICD and increase MHC class | and Il cell
surface expression in MPC lines, investigation into whether Ad[CE1A] could induce BMMCs to release

cytotoxic cytokines that result in bystander cytokine killing of MPC lines was also explored.
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To investigate this, CM from BMMCs from HDs and MM patients were harvested after 48 hours of
Ad[CE1A] treatment. MPC lines were then cultured in the CM (diluted 1:1 in fresh media) for 96 hours
before evaluation of cell viability by AlamarBlue® assay. In an attempt to neutralise the direct cytotoxic
effect of AA[CE1A] the CM was UV-irradiated to neutralise virus particles followed by filter sterilisation

which deactivated Ad[CE1A] particles (Appendix Figure 8.3).

The UV-inactivated Ad[CE1A]-CM was able to significantly reduce cell viability compared to control
CM (Figure 3.31). This was significant in all three MPC lines from HD (Figure 3.31a), however,
Ad[CE1A]-CM from MM BMMCs was only significant in JIN-3 cells (Figure 3.31b). It is clear that
Ad[CE1A]-CM from MM patients has a more varied effect, likely due to differential immunogenic
potential between the patients. Possibly if more n numbers were used this may reach significance for

the other two cell lines.
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Figure 3.31 Cytokine-induced bystander killing of MM cells:

MPC lines JIN-3, U266 and OPM-2 were cultured in UV inactivated CM (1:1) from BMMCs from either
(a) HD (HD) (n=7) or from (b) MM patients (n=4) that have been exposed to Ad[CE1A] for 48 hours.
MPCs were cultured in this UV inactivated CM for 96 hours before cell viability was determined by
AlamarBlue® assay. p values are for 2-way ANOVA with multiple comparisons with Sidak’s correction,
where * p=<0.05; **** p=<0.0001.
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3.3 Discussion
The aim of this chapter was to determine the efficacy of Ad[CE1A] in MPC lines and patient-derived

MM cells. Additionally the aim of this chapter was to determine what mechanism(s) may be involved
in Ad[CE1A]-induced cell death, with the goal that the mechanism(s) could potentially be exploited to

enhance Ad[CE1A]-induced cell death with other agents.

Firstly, human MPC lines were found to express CAR, the primary entry receptor for Ad5, to the same
extent as the control Ad5 susceptible cell line, HEK293A, or significantly higher in the case of the U266
and NCI H929 cell lines (~¥75-85% for human MPCs; 80% for HEK293A). This is important as CAR has
been found to be lowly expressed or absent on many haematological cells, including MM
(260,261,388,389), with Drouin et al., finding L363, RPMI-8226 and U266 cell lines to have lower CAR
expression (~ 20%, ~45% and ~18% CAR expression, respectively) (261) compared to my findings which
showed these cell lines to have higher CAR expression (82%, 81%, 86% CAR expression, respectively).
However, others have also found other human MPC lines to have high CAR expression (60.9-97.67%)
(125), including RPMI-8266 and U266 cell lines having CAR expression at 95.8% and 97.67%
respectively, which is more comparable to my findings. Primary PCL cells CB1 and ADC1 also showed
high CAR expression (56% and 84% respectively), whilst there has been no previous research assessing
CAR expression in patient-derived primary MM cells, the percentage of expression is similar to the

percentage that this study and other studies have found in MPC lines.

Integrin expression (avPsss) was also investigated, as avpsss integrins are thought to be secondary
receptors for Ad5 (390). All human MPC lines tested expressed avps, with the majority of MPC lines
demonstrating high expression (71-99%), this is in agreement with Beauvais et al., who found MPC
lines (RMPI-8226, U266, CAG and MM.1R) highly express avBs(391). avps expression is thought to be
the primary receptor for Ad5 in cells that have little to no expression of CAR. An early study showed
that some cancer cells, with no expression of CAR, can be highly infected with Ad5, and this was found
to be due to avps. For example, MDA-MB-435 cells showed no CAR expression and yet had ~80% Ad-
GFP transduction efficiency but they did express avs (94.8%). When avfswas blocked they were able
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to significantly decrease Ad binding (263). Primary PCL cells CB1 and ADC1 also showed high
expression levels of avBs (40% and 62% respectively). However, only a small percentage of human
MPC lines expressed avfs, interestingly, av and Bsindividual subunit expression has been found to be
high (45-91% and 67-100% expression respectively), particularly in MM patients with skeletal
involvement, (392), assessment using an antibody that binds to the full avp3 integrin was not
determined by these authors. However, Beauvais et al., found MPC lines (RMPI-8226, U266, CAG and
MM.1R) express little or no avBs; integrin (391). This low-level expression of avBs; was also found in
primary PCL cells CB1 and ADC1 (3% and 11%, respectively). Furthermore, adenoviral susceptible cell
line HEK293A only had 17% expression of avBs integrin, therefore avBs may only play a role in Ad
attachment in the absence of CAR and/or avpBs. There are also other receptors that may to be involved
in Ad5 infection, such as heparin sulphate glycosaminoglycan, MHC-1 and/or VCAM-1, but these have

not been investigated in this thesis.

Next, investigation into whether human MPCs could be infected by Ad5, what the infection efficiencies
were, and if there were any differences between the cell lines was explored. Human MPCs showed
high infection efficiencies using an Ad-GFP reporter virus after 24 and 48 hours, with MOI 20 showing
the highest infection rate (80-95% and 75-99%, respectively), compared to MOI 2 (1.6-67% and 11%-
74%, respectively), which agrees with previous research which reported high Ad5 infection efficiencies
in MPC lines (125,261). In this chapter KMS-12-BM had the lowest Ad-GFP infection at MOI 2 at both
time points compared to other cell lines, whilst JIN-3 cells had the highest Ad-GFP infection for both
doses at both time points (MOI 2: 67% MOI 20: 95%; MOI 2:74% MOI 20: 99%, respectively). JIN-3
cells showed high CAR expression, high avfsexpression and had the highest avps; expression. Whilst
KMS-12-BM showed lower CAR and avfs expression compared to JIN-3 cells and other cell lines (2%
CAR expression 42% avps). However, this low CAR and avs expression only affected the low dose of

Ad-GFP and not the high dose.

203



CS1 cell surface protein expression and mRNA expression were found to be significantly expressed in
the majority of MPC lines compared to control cell line HEK293A. Cell surface protein expression was
found to have strong positive correlation with mRNA expression. A range of CS1/SLAMF7 expression
levels were seen, OPM-2, L363 and NCI-H929 showed high expression, RPMI-8226, JJN-3 and KMS-11
showed intermediate expression and KMS-12-BM had low expression. This is in agreement with the
literature that showed the majority of MPC lines/patient-derived MM cells to express CS1/SLAMF7
(393,394). Importantly, the prostate cancer cell line, LNCaP, showed no protein or mRNA CS1
expression. Critically, patient-derived MPCs expressed CS1 at both protein and mRNA level at
significantly higher levels than HD plasma cells or BMMCs from either HD or MM patients, again this

is in agreement with what is known in the literature (277).

All MPC lines tested demonstrated Ad[CE1A] replication as evidenced by EIA mRNA expression and
production of infectious viral progeny. The MPC lines that showed high CS1 expression (OPM-2, L363)
showed the highest E1A expression after 24 hours, KMS-12-BM had the lowest E1A expression, which
correlates with the CS1 data. E1A mRNA expression showed a strong positive correlation with SLAMF7
expression, providing evidence that CS1 promoter activation is driving E1A expression. Additionally,
MPC lines tested were able to produce intact infectious virions that are capable of infecting

neighbouring cells.

Ad[CE1A] efficacy against MPCs was next investigated. Firstly, investigation into Ad[CE1A]-induced
cell death in two human MPCs at different doses and time points was performed to determine the
best dose and time which gave the best efficacy. Ad[CE1A] induced both a dose and time dependent
levels of cell death, with the best efficacy at MOI 20 after 72 hours. Subsequently, to provide evidence
that oncolysis was due to replication and not due to viral infection or viral load in cells, MPC lines were
treated with Ad[CE1A] or a prostate specific antigen E1A driven Ad5 (Ad[PSA]) at three different doses.
Ad[PSA] was not able to induce significant levels of cell death compared to untreated controls in any

of the three doses tested, providing evidence that it was CS1-driven replication resulting in oncolysis.
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Consequently, Ad[CE1A] efficacy against a panel of MPC lines using the dose and time point previously
determined (MOI 20, 72 hours) was investigated. Ad[CE1A] induced significant levels of oncolysis in
all MPC lines compared to untreated controls. The amount of cell death showed a moderate positive
correlation with CS1 expression, and the CS1"&%"e ce|| line LNCaP showed no significant levels of cell
death compared to control. Whilst the CS1*°% cell line KMS-12-BM showed a significant increase in cell
death compared to control, although this increase in cell death was much lower compared to CS1"i&n
expressing cells. This provides further evidence that Ad[CE1A] oncolysis is due to CS1-promoter driven
oncolysis and is promising that the CS1 modification to Ad5 has not affected its ability to induce
oncolysis, as WT Ad5 and other genetically modified Ads have shown similar therapeutic benefit to

MPCs (127,129,260,264).

BM niches have been commonly found to offer protection and induce chemotherapy resistance in
MM, including resistance against BTZ, Melph and Dexamethasone (379-381). This resistance can be
induced by the secretion of soluble factors and by direct cell contact (381). A recent paper showed
that direct coculture with BMSC lines (HS-5 and HS-27) could protect MPC lines from RV direct
oncolysis, which was not due to altered expression of RV entry receptor JAM-1 (147). Therefore,
investigation into whether the BMSC line HS-5 could induce resistance to Ad[CE1A] was explored.
Coculture of MPCs with BMSCs HS-5 did not protect MPC lines against Ad[CE1A] oncolysis. Whilst only
one BMSC line (HS-5) was used in this thesis, the above paper found HS-5 cells only protected H929
and JIM3 cells from RV oncolysis, they did not protect U266 cells from RV oncolysis. Therefore, there
could be some cell line dependencies on whether the cells will be protected or not. Additionally, the
difference in OV used is more than likely to play a part as the virus biology is completely different, and
it was not stated in the paper how BMSCs protect MPC lines from direct RV oncolysis (147).
Investigation into whether MPCs changed CAR entry receptor expression following coculture with
BMSCs was not investigated in this thesis, but because there was no significant difference in Ad[CE1A]-
induced cell death between monoculture and coculture, it is unlikely that BMSC line HS-5 changed
CAR expression in MPCs. In addition, it should be noted that the coculture model used in this chapter
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is a simple 2D model and not entirely representative of the complexity of the BM microenvironment,
therefore it can be assumed that other BM niches or as mentioned other BMSCs may provide a

protective effect against direct oncolysis of Ad[CE1A].

The next step was to determine Ad[CE1A] cytotoxicity in primary patient derived and HD samples.
Human primary CD138* and CD138" cells from MM, PCL, MGUS and HDs were infected with Ad[CE1A].
Ad[CE1A] was able to induce significant levels of cell death compared to untreated controls in CD138*
cells from MM and PCL populations only. Whilst the levels of cell death between patients varied and
some patients seem to be non-responders, it demonstrates the heterogeneity of MM patients. An
encouraging finding was that all primary cells were cultured in 10% of the patient’s autologous serum,
consequently, if the patient’s serum contained any neutralising anti-adenoviral antibodies, which is
likely as the majority of the population has harboured an Ad5 infection (as previously discussed), then
Ad[CE1A] would have been neutralised by these antibodies. Promisingly, Ad[CE1A] had no effect on
CD138* cells isolated from HDs, MGUS patients or CD138 cells from MM patients, MGUS patients and
HDs. These findings are encouraging for successful translation of Ad[CE1A] into clinical practice as any

inhibition by neutralising antibodies could potentially limit its success.

An interesting finding was that CS1/SLAMF7 was expressed in HD CD138* plasma cells and in CD138-
BMMC populations, but to a significantly lesser extent than in primary MM cells. Despite this,
Ad[CE1A] did not induce significant levels of cell death. An explanation for this could be that these
cell populations are not infected with Ad5 as much as primary MM cells. Whilst we have not looked
at infection efficiency in HD CD138* cells for reasons discussed below, infection efficiency was
determined to be around ~18% in BMMCs from HDs. Again, it is unknown whether this percentage of
cells are the same percentage of cells expressing CS1 in these populations. There may also be other
factors in play, such as healthy plasma and BMMCs having functioning intact anti-viral mechanisms
such as intact IFN signalling, which would prevent Ad[CE1A] replication and cell death in this

population. Nevertheless, the use of B cell therapies with off-target effects are still widely used, such
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as Rituximab, a CD20 mAb. CD20 is expressed on almost every B cell (excluding early B cells or plasma

cells), which has not limited its use as a treatment for lymphoma and autoimmune diseases (395).

Another explanation as to why CD138* cells showed differences in sensitivity to Ad[CE1A] was that
there may have been differing levels of neutralising anti-adenoviral antibodies in autologous serum
between patients. A further explanation may be that they express different levels of adenoviral
receptors and/or CS1, as discussed earlier. Mechanistically speaking, those patient’s cells that had
better responses must have allowed for easier viral infection and replication. Unfortunately, there are
a few technical and physiological problems when culturing primary CD138" cells ex vivo from MM
patients. Firstly, primary CD138"* cells lose their viability quickly once outside their normal BM
microenvironment, hence in some patients there were high levels of cell death in the controls. Thus,
primary CD138* cells are fragile, relative to other leukocytes (396,397), and are likely to lyse easily
during the numerous centrifugations in the isolation protocol. This could account for the high amount
of cell death seen in the untreated controls in some patient samples. Secondly, low numbers of
CD138* cells are obtained from BM aspirates. This could be caused by haemodilution by sequential
BM aspirates. | obtained second pass aspirates, whilst the first pass goes to the diagnostic labs,
haemodilution occurs with every subsequent BM aspirate, consequently, there is a larger amount of
blood mixed in with the cells resident in the marrow (397-399). Additionally, the amount of BM
aspirate obtained varied from patient to patient. Lastly, in our research groups experience, CD138*
cells ex vivo are not proliferative and are not very metabolically active (personal communication, data
not published), because of this, viral replication may be slower as the cells are not actively
proliferating. For these reasons, several papers have been published on the maintenance of primary
MM CD138* cells ex vivo, this has mainly been performed either through 3D tissue culture methods,
such as optimising the osteoblastic niche by using a microfluidic osteoblast-derived 3D tissue culture
scaffold (301), or by using a formulated extracellular matrix to recapitulate the microenvironment of
the human BM (400), or by coculture methods combined with a concoction of cytokines (401). These
are long-winded, complicated, and expensive methods that are hard to optimise and repeat.
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Therefore, it is for these reasons that further follow up experiments to address the above issues of

patient sensitivity were not performed

Oncolytic Ads cause cell death by passive lysis, but it is unclear whether oncolytic Ads also use more
active cell death processes such as apoptosis. Pathogenically, viruses modulate the apoptotic process
by induction or suppression to increase viral survival and spread (402,403). Ad5 encodes several
inhibitors of apoptosis, but it has also been shown that several adenoviral proteins have been
implicated in the induction of apoptosis to facilitate cell lysis and release of viral progeny, such as E4
(404,405) and E3 (406). Ad[CE1A] was shown to increase PS externalisation by Annexin V staining using
flow cytometry, which is a marker of apoptosis. However, common apoptosis genes were not
upregulated when assessed by RT-gPCR. When cells were treated with Ad[CE1A] * the pan caspase
inhibitor Z-VAD-FMK, the presence of Z-VAD-FMK did not prevent Ad[CE1A]-induced cell death,
therefore, Ad[CE1A]-induced cell death is caspase-independent. PS externalisation is not an absolute
marker for apoptosis and may indicate different mechanisms of cell death. PS can occur independently
of apoptosis, such as calcium dependent lipid scramblase (TMEM16) (407), or as a part of regulated

inflammatory cell death such as necroptosis (408).

Therefore, investigation into necroptosis involvement in Ad[CE1A]-induced cell death was conducted.
As mentioned earlier, necroptosis is a form of regulated cell death that is caspase-independent which
generally manifests with a necrotic morphotype. Therefore, pharmacological inhibition of proteins
involved in the necroptotic pathway, RIPK1, RIPK3 and MLKL were performed. RIPK1 and RIPK3 form
the necrosome complex with RIPK1 initiating the process by activating RIPK3. Inhibiting RIPK1 and
RIPK3 did not protect MPC lines from Ad[CE1A] induced cell death. However inhibiting MLKL did inhibit

Ad[CE1A] induced cell death in all MPC lines.

MLKL is the critical final mediator of necroptosis. MLKL is phosphorylated by the necrosome complex
which then translocated to the plasma membrane to form pore, which allows the release of DAMPs.

One study using ovarian cancer cell lines found that inhibiting RIPK1 did not prevent oncolytic Ad
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(d1922-947) mediated cell death, but inhibition of MLKL did induce a small but significant reduction in
oncolytic Ad-induced cell death. However, the authors did not detect any MLKL phosphorylation
following infection (similar to my findings), and MLKL knockdown by siRNA showed no significant
effect on oncolytic Ad efficacy, therefore, the authors concluded MLKL is not an absolute requirement
for oncolytic Ad-induced cell death. The study also found that expression of RIPK3 in Hela cells
following retroviral transduction increased sensitivity to oncolytic Ad cytotoxicity and WT Ad5. This
enhanced sensitivity could be reversed by the addition of a RIPK3 inhibitor, but not by the addition of
a RIPK1 or MLKL inhibitor. Expression of RIPK3 in transduced Hela cells did not alter the expression of
other core necroptosis proteins and it did not increase viral protein expression or viral replication.
Additionally, when caspase-8 was inhibited, induction of necroptosis was observed that enhanced
oncolytic Ad activity which was RIPK3 and MLKL dependent (409). Caspase-8 deactivates necroptosis
by inhibiting the activity of RIPK3 and RIPK1, therefore elimination or inhibition of Caspase-8 results
in necroptosis (383). Interestingly, the adenoviral protein E3 14.7 kDa is a known caspase-8 inhibitor,
which is normally deleted in oncolytic Ads to increase apoptosis (410). The oncolytic Ad used in this
study has deletions in E3, but it is not stated whether E3 14.7 kDa is deleted. The authors conclude
that group C Ad-induced death differs from the classical pathway of necroptosis and does not
absolutely require RIPK1, RIPK3 and MLKL and in the presence of caspase-8 inhibition, cell death can
proceed down the necroptotic pathway in a RIPK3 and MLKL dependent manner (409). In support of
this, another study investigated various mechanisms of cell death in a panel of different OVs, including
WT Ad5. They showed WT Ad5 to induce necroptosis, inflammasome activation and autophagy before
tumour cells died by Ad-mediated lysis (411). Regarding necroptosis, the study found increased p-RIP3
and increased pMLKL in A549 and HOS cells (lung carcinoma and osteosarcoma cell line respectively).
Several other studies have also reported Ads at inducing necroptosis in other cancers (ovarian, breast

and liver cancer cell lines) (60,173,412).
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Whilst RIPK3 inhibition did not affect Ad[CE1A]-induced cell death which disagrees with the above
studies, MLKL inhibition did significantly reduce Ad[CE1A]-induced cell death and this is in agreement
with the above studies (409,413). Further work needs to be performed to fully understand the
molecular mechanism, such as knocking down/out or overexpressing RIPK1/3 and MLKL, but the
results presented here are the groundwork for future research into this area (section 3.2.12). In
contrast, one study found no phosphorylated MLKL following infection with a range of group B
oncolytic Ads (374), therefore the induction of necroptosis may not be the same across Ad serotypes.
Essentially, it remains unclear if Ad infection induces necroptosis or necrosis, but it has been argued
that necroptosis is a more appropriate mechanism in the context of Ad-induced cell death because
necrosis typically occurs as a result of external injury, whilst necroptosis is the result of an intracellular

mechanism initiated by internal changes like viral infections (414).

Finally, investigation into whether Ad[CE1A] induces ICD in MPCs was conducted. As mentioned in this
chapter’s introduction, OV oncolysis is highly immunogenic and several OVs including Ads have been
shown to activate an anti-tumour immune response. ICD can initiate adaptive immune responses due
to emission of DAMPs/PAMPS. Additionally, necroptosis/necrosis cell death associated changes result
in the leakage of the cell content into the surrounding tissue, subsequently releasing DAMP molecules,
which may initiate antitumour immune responses (414). Therefore, levels of key DAMPs in response
to Ad[CE1A] were investigated, which may result in increased recruitment and activation of immune
cells. Firstly, CALR exposure was assessed, CALR translocates to the outer leaflet of the plasma
membrane and functions as a pro-phagocytotic signal. CALR exposure was increased in a dose-
dependent manner 24 hours after AA[CE1A] infection. Next, CD47, an antiphagocytic molecule, was
assessed. CD47 is overexpressed on many cancer types allowing them to escape immunosurveillance.
There is a balance between CALR exposure and CD47, as CALR is antagonised by CD47. CD47 cell
surface expression decreased following Ad[CE1A] treatment in a time and dose-dependent manner.

Next, extracellular ATP release was assessed, a major DAMP associated with ICD, which operates as
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a ‘find me’ signal for macrophages and DC precursors. Extracellular ATP increased in a dose dependent

manner following Ad[CE1A] treatment.

There have been several studies that have investigated ICD following oncolytic Ad therapy which are
in agreement with the results presented here. One study found ATP and HMBG1 secretion and CALR
and HSP90 exposure increased following WT Ad5 infection in HOS and A549 cells. Additionally, they
also found WT Ad5 to increase phagocytosis of virally infected cells, this was significant in A549 cells,
but not in HOS cells. The study also found that Ad-infected tumour cells were partly able to stimulate
DCs to release Th1 cytokines and activation status of DCs. When DCs were cocultured with WT Ad5
infected tumour cells (A549 or HOS) increased CD83 in both A549 and HOS DC cocultures was found,
whilst increased CD86 was found in HOS DC coculture and increased CD40 in A549 DC coculture,
suggesting DC activation markers were cell line dependent (413). Another study reported that
oncolytic Ad (d1922-947) was able to increase exposure of CALR, decreased intracellular ATP (implying
its secretion) and an increase intracellular HMGB1 (secretion was pharmacologically blocked by
brefeldin A, implying HMGB1 build up) in mesothelioma cell lines (373). Another study also found
increases in HMGB1 and ATP secretion following oncolytic Ad therapy (Ad881), although this effect
was only observed at very high MOls (415). The release of ICD markers is also observed following
treatment with oncolytic Ads from group B and WT Ad5. Extracellular release of HSP70 and CALR
exposure increased following Ad infection, which was greater in the group B oncolytic Ad than WT
Ad5. Release of TNF-a and IL-6 was also observed when cultures of freshly sliced resected patient-
derived colorectal cancer liver metastasis were treated with oncolytic Ads ex vivo, again, this effect
was greater in group B oncolytic Ad than WT Ad5. Coculture of DCs with group B oncolytic Ad-infected
cancer cells significantly increased HLA-DR, CD80 and CD86 and increased CD4* T cells in a mixed

tumour-leukocyte reaction in vitro (374).

My findings and the studies discussed above indicate that oncolytic Ads are able to induce ICD DAMP

release which may potentially be able to trigger an anticancer immune response, as has been shown
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in some of the studies. Future work would be to assess if DAMP release following Ad[CE1A] infection

in MPCs results in antitumour immune activation.

Next, investigation into MHC class | and Il expression following Ad[CE1A] treatment was conducted.
Ad[CE1A] was able to significantly increase the expression of both HLA-ABC and HLA-DR following 48
hours of Ad[CE1A] treatment. Not many studies have investigated class | and Il expression following
OV infection, but a recent study using an oncolytic Ad (LoAD) in MM cells found a decrease in HLA-
ABC and HLA-DR expression in MM cells following infection, which the authors speculated was due to
virus replication competing for cell transcription machinery or due to the oncolysis process (129), as
these markers were increased in other APCs (416). Upregulating HLA expression following OV infection
is getting more recognition and has recently been reviewed (417). Dysregulation of HLA is recognised
as a common mechanism to escape immunosurveillance or immunotherapy, and OVs have the
potential to counter this by upregulating HLA expression. Many viruses express proteins, such E3 19k
in Ads, that corrupt antigen presentation in infected cells such as pulling HLA molecules away from
the cell surface (417,418). Hence why E3 and other HLA blocking viral proteins are removed from OVs,
with the former being deleted in Ad[CE1A], to make them more immunogenic and to accelerate viral
clearance in normal tissue (419). However, there is a fine balance as one of the benefits to OVs is the
ability to induce ICD and release of DAMPs, which could create a proinflammatory environment
resulting in anticancer immune responses. In contrast, allowing virus antigens to be presented via HLA
may result in T-cell mediated killing of infected cancer cells by caspase-mediated apoptosis, which is
a less inflammatory and a less immunogenic form of cell death. Therefore, increased viral antigen
presentation via HLA could be less effective at priming immune responses than virus mediated lysis
with simultaneous presentation of PAMPs or DAMPs (417). Therefore future work needs to assess the
role of the increased expression of HLA following Ad[CE1A] infection and whether this impacts the

potential ability for ICD via DAMP exposure.
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In addition to DAMP exposure, investigation to determine if Ad[CE1A] could induce cytotoxic cytokine
secretion from BMMCs that would cause bystander cytokine killing in MPCs was explored. UV
inactivated Ad[CE1A]-CM from HD BMMCs were able to significantly decrease MPC viability, UV
inactivated Ad[CE1A]-CM from MM BMMCs was only able to significantly decrease MPC viability in
JIN-3 cells. The spread of data within the small n numbers used in the MM group could be due to the
heterogeneity within patients suggesting a stronger degree of immunosuppression in the patients that
did not respond as well. In a recent study using oncolytic RV in MM, bystander cytokine killing was
observed in MPC lines following treatment with RV-CM from HD PBMCs. It would be interesting to
know if a difference in bystander killing would be observed if MM patient PBMCs were used instead
of HDs. An investigation into cytokine secretion from HD PBMCs following RV showed induction of
type | IFN-a, type Il IFN-y, TNF-a and TRAIL (147). Secretion of IFN-a, IFN-y, TNF-a resulting in
bystander killing has been described by several studies following OV treatment (420). The
investigation into what cytokines are secreted following Ad[CE1A] treatment is needed, but this
preliminary investigation is promising.

3.4 Chapter conclusion

In conclusion, the data presented in this chapter supports the hypothesis that Ad[CE1A] can infect,
replicate and induce cell death in MPC lines and patient-derived MM cells. The data also supports the
hypothesis that viral replication and subsequent cell death is linked to the level of CS1 expression.
Additionally, Ad[CE1A] does not appear to cause cell death by classical apoptotic pathway as cell death
was caspase independent, nor does it appear to cause cell death by classical necroptosis pathways as
RIPK1 and RIPK3 were not needed to induce cell death, but interestingly inhibition of MLKL was found

to rescue MPC lines from Ad[CE1A] induced oncolysis.
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Ad[CE1A] induced ICD DAMP exposure in MPC lines, increased MHC class | and Il expression and
induced bystander cytokine killing. These results are promising as accumulatively they may induce
anti-MM immune responses as well as direct MM killing, which may enhance anti-MM efficacy in the
clinical setting. However, at this stage it is unknown if Ad[CE1A] is effective against chemotherapy

resistant MPCs or MRD. Therefore, in the next chapter | aim to try to determine this.
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4.1 Introduction
The work presented in chapter 3, and previous work (Section 1.4.5) has shown that Ad[CE1A] is

capable of in vitro lysis of a wide panel of CS1 expressing human MPC lines, ex vivo patient samples
and is able to reduce tumour burden in a high tumour burden U266 xenograft MM model (unpublished

data).

It is currently unknown what MM clinical setting OVs will be the most useful for, whether that is in
newly diagnosed, relapsed, maintenance or eradication of MRD. The majority of preclinical and clinical
studies have investigated the use of OVs as a tumour debulking strategy, or as a purging ASCT strategy,
but with the ability of viruses to repeatedly infect cancer cells carries the potential for eradicating
MRD. There are a few papers suggesting some OVs can remove MM MRD, but these studies are
problematic. The murine models used in these studies use mice that have aggressive disease, and in
one paper a subcutaneous model was used. The problem with these studies is that they state they
eradicate MRD, but are used in advanced disease, and/or not in situ of the normal systemic sites in
the BM (118,136). Therefore, these studies do not allow for the question of whether OVs are capable
of removing MRD within BM niches that are refractory to other standard of care therapies, as it is

thought that specific BM niches contribute to dormancy/MRD (337).

First, this chapter details the efficacy of Ad[CE1A] at preventing MM regrowth following BTZ treatment
and Ad[CE1A]s efficacy against BTZ insensitive cells in vitro. This chapter then details the efficacy of
Ad[CE1A] in a clinically relevant, low tumour burden model of MM, to overcome the issues seen in the
previously mentioned studies. To do this, the low tumour burden model was employed, which mimics
MM MRD within patients and was developed by post doctorate Dr Alana Green in our research group
(340). The low tumour burden model is created by using a U266 xenograft model, once tumour burden
is high, mice receive MM standard of care therapies BTZ and Len to initially debulk tumour but also as
a maintenance. This reduces the tumour to almost undetectable levels by IVIS imaging, and serum
immunoglobulin levels of IgE significantly drop. After around six weeks tumour starts to relapse and
becomes detectable in the hindlimbs and vertebra, and serum IgE levels start to rise. This is clinically
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similar to what happens in MM patients. Therefore our research question was whether Ad[CE1A]
could eradicate the remaining MRD following chemotherapy. For this, only BTZ was used as the
tumour debulking agent, as some evidence from our research group suggests BTZ alone is just as
effective at reducing tumour burden. Additionally, it is also currently unknown what clinical setting
Ad[CE1A] will be most effective in, newly diagnosed or relapsed patients. Therefore, assessment of
whether Ad[CE1A] could remove tumour after immediately after BTZ treatment and the development

of BTZ resistance/tumour relapse using the low tumour burden model of MM was investigated.

4.1.1 Hypothesis, Aims and Objectives
4.1.1.1 Hypothesis and Aims

This chapter aims to assess the potential of Ad[CE1A] at preventing disease relapse by
eradicating/controlling MRD. To do this the following hypothesis was tested ‘Ad[CE1A] alongside
standard MM chemotherapy BTZ will be effective at removing/controlling MRD in the low tumour
burden model of MM which will result in improved overall survival’.

4.1.1.2 Objectives
The hypothesis was tested by the following objectives:

1. Investigate if AA[CE1A] could prevent cell line regrowth after BTZ treatment in vitro.

2. Investigate if Ad[CE1A] has efficacy in BTZ insensitive MPC lines in vitro.

3. To perform an in vivo study to investigate if Ad[CE1A] was effective at removing/controlling
MRD in the in vivo U266 low tumour burden model and to determine if Ad[CE1A] was effective

against relapse and whether this results in prolonged overall survival.
From the results obtained in the last objectives 1-3, two new objectives were also investigated:

4. To preliminary investigate in vitro dormancy/MRD in order to test Ad[CE1A] efficacy.
5. To preliminary investigate more advanced in vitro models which may be suitable to induce

MM dormancy/MRD in order to test Ad[CE1A] efficacy.
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4.2 Results

4.2.1 Ad[CE1A] Prevents Myeloma Cell Regrowth after Bortezomib
Treatment.

A typical MM patients’ clinical history is characterised by multiple disease relapses after different lines
of treatment until becoming refractory. One of the main causes for disease relapse is drug resistance,
which is dramatically associated with an unfavourable prognosis. BTZ, was the first proteasome
inhibitor introduced for MM and it is a breakthrough treatment for patients as previously discussed
(section 1.3.3). However, many patients’ disease becomes resistant to BTZ, therefore, it was important
to assess in vitro if Ad[CE1A] can prevent tumour regrowth after BTZ treatment. In a basic preliminary
in vitro assay, JIN-3 and U266 cells were treated with 2.5 nM BTZ and 24 hours after cells were then
treated with various doses of Ad[CE1A]. Atdays 1, 3, 7, 14, 18, 21, and 25 days post Ad[CE1A] and BTZ
treatment cell viability was determined by Pl staining using flow cytometry. OPM-2 cells were not used
in this assay as they are resistant to BTZ in vivo despite being BTZ sensitive in vitro. AA[CE1A] treatment
after BTZ treatment prevented regrowth of JJN-3 and U266 cells over a 25-day period compared to
the BTZ only treated group, where cell viability recovered to similar levels of the untreated controls
(Figure 4.1). However, in JIN-3 cells at an MOI 1 at day 25, there was an increase in cell viability, but

this remained significantly lower compared to untreated control and BTZ only treated group.
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Figure 4.1: Percentage of MPC line death after incubation with BTZ + indicated doses of Ad[CE1A]
over time:

JIN-3 and U266 cells were incubated with 2.5 nM BTZ. After 24 hours Ad[CE1A] was added at doses 1,
2.5, 5, 7.5 and 10 MOI. After 1, 3, 7, 14, 18, 21- and 25-days percentage of viable cells were
determined by Pl staining using flow cytometry. (a) Representative histograms of Pl staining in U266
cells following BTZ 2.5 nM or BTZ and Ad[CE1A] (MOI) treatment over a 25 day period. Percentage of
viable cells shown in JIN-3 (b) and U266 (c) cell lines. n=3 Data is the mean %SD. p values are for 2-way
ANOVA with multiple comparisons with Dunnett’s correction where **** p=<0.0001. * denotes
significance from control compared to Ad[CE1A] treated groups, # significance from BTZ compared to
Ad[CE1A] treated groups, S denotes significance from Ad[CE1A] MOI 1 compared to the other
Ad[CE1A] treated groups.
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4.2.2 Ad[CE1A] Causes Oncolysis of Bortezomib Insensitive Cells.
Next it was important to determine if Ad[CE1A] was able to induce oncolysis in BTZ insensitive MPC

lines compared to the parental sensitive MPC lines. First, JJN-3 and U266 cells were exposed to BTZ
over several months, and BTZ sensitivity was determined by dose response curves after 72 hours
(Figure 4.2.a). Both JIN-3 and U266 BTZ insensitive cells had increased BTZ ICso values compared to
parental controls, with a 30.8 and a 30.3-fold increase in ICso values, respectively. Ad[CE1A]
cytotoxicity was then assessed in the BTZ insensitive cells. JJN-3 and U266 BTZ insensitive and parental
cell lines were treated with Ad[CE1A] MOI 10 and cell death was determined by PI staining using flow
cytometry after 72 hours (Figure 4.2.b). No significant difference in Ad[CE1A]-induced cell death was

observed between JIN-3 or U266 BTZ insensitive cells compared to their respective parental cell lines.
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Figure 4.2: Percentage of JJIN-3 and U266 BTZ insensitive and parental cells dead after Ad[CE1A]
(MOI 10) incubation at 72 hours:

(a.i) JJN-3 and (a.ii) U266 BTZ insensitive and parental cell lines were treated with BTZ (0.5, 1.0, 1.5,
2.0, 2.5,5.0, 10.0, 20.0, 40.0, 80.0, 160.0 and 320.0 nM). After 72 hours, cell viability was determined
by an AlamarBlue® assay. n=3 Data is the mean SD. (b.i) JJN-3 and (b.ii) U266 BTZ insensitive and
parental cell lines were treated with Ad[CE1A] MOI 10. After 72 hours, cell death was determined by
PI staining using flow cytometry. n=3 Data is the mean SD. p values are for 2-way ANOVA with
multiple comparisons with Sidak’s correction where **** p=<0.0001.
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4.2.3 Efficacy of Ad[CE1A] Against MRD/relapse in the in vivo Low Tumour
Burden Model.

The results presented above give evidence that Ad[CE1A] may be effective at eradicating/controlling
MRD or effective against BTZ resistant/relapsed disease. Therefore the efficacy of Ad[CE1A] was
tested in the U266 low tumour burden xenograft model. Ad[CE1A] was administered alone as a
monotherapy (without tumour being debulked) compared to vehicle control, or combined with BTZ
after tumour debulking (BTZ & Early Ad[CE1A]), or combined with BTZ when tumour started to relapse
after initial tumour debulking (BTZ & Late Ad[CE1A]) compared to BTZ only treatment. Tumour was
monitored by IVIS imaging weekly, and overall survival was monitored.

4.2.3.1 In vivo Tumour Burden

In vivo bioluminescence imaging was conducted weekly, and over time Ad[CE1A] showed no long-
lasting significant reduction of tumour burden compared to the tumour control group, except for one
time point (10 weeks post tumour injection) where Ad[CE1A] significantly reduced tumour burden
compared to vehicle control (Figure 4.3). This was surprising as Ad[CE1A] previously showed efficacy
as a monotherapy in this model (unpublished data), there are a few possible explanations for this
which will be discussed later. In comparison, BTZ significantly reduced tumour burden for
approximately 4 weeks before tumour started to relapse/increase. Ad[CE1A] was not able to
control/eradicate MRD or prevent disease relapse for longer than the BTZ only treated mice; despite
there being two time points (week 15 and week 18) where tumour burden was significantly lower than
BTZ only treated group. Ad[CE1A] was also not effective at removing disease relapse after BTZ
monotherapy treatment, despite there being two time points (week 15 and week 18) where tumour

burden was significantly lower than BTZ only treated group.
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Figure 4.3: Analysis and quantification of in vivo tumour burden in U266 bearing NSG mice by
bioluminescent imaging over time:

U266 bearing mice were IVIS imaged weekly from week 5. Treatment started at week 6. (a)
Representative images of in vivo bioluminescence imaging over time of U266 bearing NSG mice
treated with vehicle, Ad[CE1A], or with BTZ £ early Ad[CE1A] treatment to target MRD or late Ad[CE1A]
treatment to target disease relapse. One representative mouse per group. Coloured asterix represent
treatment times and groups. (b) Quantification of bioluminescent signal in hind limbs over time. n=8
for all groups except BTZ where n=6. Data is the mean £SD. p values are for 2-way ANOVA where
vehicle and Ad[CE1A] monotherapy compared to each other and Sidak’s correction was used and BTZ
& early virus and BTZ & late virus compared to BTZ only where Tukey’s correction was used. ** p<0.01;
**%* p<0.001; **** p<0.0001. * denotes significance between Vehicle control and Ad[CE1A], # denotes
significance between BTZ and BTZ & Late Ad[CE1A], $ denotes significance between BTZ & BTZ Early
Ad[CE1A].
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When mice were sacrificed, tumour burden at end point was determined by flow cytometry and GFP
expression from tumour cells (Appendix Figure 8.8), this showed no significant difference in tumour
burden between the groups, but because this was a survival study, no true comparisons can be made

as mice were euthanised at different times.

It should also be noted that vehicle treated mice survived longer than usual (~14wk average) before
losing more than 10% of their body mass and/or showing signs of end stage disease (Appendix Figure
8.9) such as hind limb paralysis. Additionally, the majority of mice in the vehicle (7/8) and some mice
in the Ad[CE1A] group (4/8) were euthanised due to large solid tumour masses, that upon dissection,
were tumours in the ovaries, as can be seen in the vehicle and Ad[CE1A] bioluminescent
representative images in Figure 4.3. This could be explained by late-stage disease, as some mice
sustained a high level of tumour burden for a time before tumour burden progressed severely to the
extramedullary sites. However, ovarian tumours were detectable in IVIS imaging as early as week 7
post tumour injection. One mouse out of the BTZ treated group (depicted in Figure 4.3) and one mouse
from the BTZ and late virus treated group also had ovarian tumours, but these tumours were small in
comparison. The ovarian tumours were confirmed to be MM by staining for Lambda light chains by
IHC (Appendix Figure 8.10). Our lab has never before observed the development of ovarian tumours
in this model, so this was a new phenomenon, and one that will be discussed later.

4.2.3.2 Overall Survival

Given the in vivo tumour burden results above, it was not surprising that the addition of Ad[CE1A] as
a monotherapy or the addition of Ad[CE1A] early to control/eradicate MRD or late to
control/eradicate disease relapse did not result in any meaningful reduction of tumour burden, or that
the addition of Ad[CE1A] did not translate into any significant survival advantage compared to the
respective control groups (Figure 4.4). Ad[CE1A] as a monotherapy did not result in a significant
increase in survival compared to vehicle control group. Additionally, Ad[CE1A] did not increase survival

post BTZ treatment compared to BTZ only treated group.
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Figure 4.4: Kaplan-Meier survival curves of U266 bearing NSG mice treated with vehicle, Ad[CE1A],
or with BTZ £ early Ad[CE1A] treatment to target MRD or late Ad[CE1A] treatment to target relapse:

Mice were monitored daily and euthanised when humane end points were reached. P values
generated by Kaplan-Meier survival where vehicle and Ad[CE1A] monotherapy compared to each
other and BTZ & early virus and BTZ late virus compared to BTZ only. p=<0.05.

4.2.4 Developing in vitro Models of MRD/dormancy

Given the disappointing results above, in vitro models of MRD/dormancy were of much interest as this
would allow the investigation into the efficacy of Ad[CE1A] and other therapeutics against
MRD/dormancy in a cheaper, quicker and more high throughput way. This method may also help us
determine if Ad[CE1A] has any efficacy at all against these populations, or may help to better inform
the design of other in vivo experiments in a low tumour burden model and would be in line with the

3Rs (reduction, replacement and refinement) guidelines.

It can be argued as to what is the cellular phenotype that makes up the cell population in MM MRD.
One argument is that these cells are non-proliferative dormant cells (337,421). Previous work between
our research group and Dr Peter Croucher’s research group at the Garvan institute has shown
preclinically in a murine syngeneic mouse model that dormant MM cells reside in osteoblast niches,
and that when murine MM 5TGM1 cells are cultured in CM or cocultured with primary osteoblasts in
vitro, their proliferation rate significantly decreases (337). Therefore, assessment of whether
dormancy in human MPCs alone or in CM with osteoblast like cells Saos-2 or BMSC line HS-5 could be

generated was investigated.
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4.2.4.1 Basal Level of Dormancy in Human Myeloma Cell Lines
To determine the normal level of dormancy in human MPClines, GFP expressing JJN-3, U266 and OMP-

2 cells were labelled with Vybrant™ DID and cultured in normal conditions for 24 days. Flow cytometry
was performed to assess DID levels at 0-, 3-, 7-, 10-, 14-, 17-, 21- and 24-days post staining (Figure
4.5). By day 24, 4.2% of viable JIN-3 cells, and 1.8% of viable U266 and OPM-2 cells were still brightly
labelled with DID, demonstrating there was a small population of cells that were not proliferating and
had full DID retention (Figure 4.6). It is interesting to note that the cells with lower GFP expression,

retained vybrant™ DID for longer than cells with higher GFP expression.

Unstained Day 0 Day 3

Day 7 Day 10 Day 14

GFP

Day 17 Day 21

Vybrant™DID

\ 4

Figure 4.5: Representative flow cytometry dot plots over time of DID fluorescence in U266-GFP
expressing cell lines:

U266-GFP cells were unstained or stained with DID on day 0. Unstained and DID Day 0 staining was
used to determine the gating strategy after dead cells were gated out using Pl. Gate 1= GFPpresitive
Danegative'. Gate ZZGFPpositive D|D|OW; Gate 3:GFPpositive D|DHigh.
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Figure 4.6: Percentage of Vybrant™ DID populations over time in JIN-3, U266 and OPM-2 GFP
expressing cell lines:

(a) JIN-3, (b) U266, (c) OPM-2 GFP expressing cells were labelled with DID and fluorescence was
tracked over time using flow cytometry. Percentage of DID"&", DID'" and DIDNe&%e cells over time
were plotted. n=3 Data is the mean £SD.

4.2.4.2 Level of Dormancy after Culture in BMSC or Osteoblast-like Conditioned
Media

After finding the basal level of dormant MM cells in normal culture conditions over time, next was to
determine if dormancy could be induced by factors secreted by HS-5 BMSC lines or Saos-2 osteoblast-
like cells. CM from Saos-2 or HS-5 was collected after 48 hours and sterile filtered to remove cellular
debris. First, the volume of CM needed to keep the cells viable was determined to be 50% CM to 50%
complete RPMI media (Appendix Figure 8.11). GFP expressing JIN-3, U266 and OPM-2 cells were
labelled with vybrant™ DID and then cultured in complete RMPI media, or for HS-5, RPMI:DMEM
media or RPMI:HS-5 CM, or for Saos-2 RPMI:aMEM or RMPI:Saos-2 CM. Fluorescence (GFP and DID)

was tracked over time by flow cytometry.
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There was no significant increase in DID fluorescence at any time point in any MPC line in both HS-5
or Saos-2 compared to their respective controls (Figure 4.7 & 4.8). Interestingly, DMEM and aMEM
controls showed significantly more DID retention at some time points (JJN-3 Day 14, 17 & 21 DMEM,
Day 10, 17 & 21 aMEM; OMP-2 Day 10, 17 & 21 DMEM, Day 7, 14, 17 and 21), which highlighted the
fact that the complete RPMI media was optimised for MM cell growth. This also highlighted the
complexity of dormancy, and that these human MPCs may need to be in direct contact with stromal

and/or osteoblastic cell types for dormancy to be induced.

RPMI Media DMEM Media HS-5 CM Media oMEM Media Saos-2 CM Media
Day O
Day 10
Day 21
Vybrant™ DID

Figure 4.7: Representative flow cytometry plots of DID fluorescence in JJN-3 cells in cultured in HS-
5 or Saos-2 conditioned media at Day 0, 10 and 21 post staining:

JIN3-GFP cells were unstained or stained with DID on day 0. JJN-3 cells were cultured in RMPI media,
RPMI:DMEM media, RMPI:HS-5 CM, RPMI:aMEM media or RPMI:Saos-2 CM. Unstained and day 0 DID
staining was used to determine gating strategy after dead cells were gated out using Pl. Gate 1=
GFprositive p|pnesative, Gate 2=GFPP°sitve DID'°Y; Gate 3=GFPPositve DIDi", Flow cytometry plots shown
after day 0, 10 and 21 culture.
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Figure 4.8: Percentage of Vybrant™ DID"&" population over time in JIN-3, U266 and OMP-2 GFP
expressing cells after culture in HS-5 or Saos-2 CM compared to control:

JIN-3, U266, OMP-2 GFP expressing cells were labelled with DID and cultured in (a) HS-5 or (b) Saos-2
CM or respective media controls. DID fluorescence was tracked over time used flow cytometry. n=3
1SD. P values are for 2-way ANOVA where *p=<0.05, ** p=<0.01, *** p=<0.001, **** p=<0.0001.
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4.2.4.3 Investigation into 3D PolyHIPE Scaffolds for their Potential use for in

vitro Dormancy Models.
As mentioned, MM cell dormancy is complex and hard to recapitulate in vitro in simple tissue culture

flasks. Therefore, 3D models of MM alone or in coculture may be a better alternative. Prior to this
thesis, | have had experience with culturing MPC lines in 3D sodium alginate models to investigate if
cells become dormant and whether Ad[CE1A] and another oncolytic agent HSV1716, were able to kill
proliferating and non-proliferative MM cells in 3D cell culture. Unfortunately, due to the pore size of
the sodium alginate hydrogel, both viruses were not able to penetrate the hydrogel, therefore, could
not be used for further investigation. Additionally, the 3D cell culture did not induce dormancy. The
sodium alginate hydrogels do not greatly mimic the bone microenvironment. Therefore, in
collaboration with Dr Frederick Claeysson and his PhD student Betil Aldemir Dikici, the use of 3D
polyHIPE scaffolds (4PCLMA) were investigated as they better mimic bone microenvironment with

their porosity.

The ability of MPC lines and Saos-2 osteoblast like cells to proliferate alone or in coculture was
assessed. Saos-2 cells were seeded onto polyHIPE scaffolds, for Saos-2 cocultures, MPCs U266 cells
were seeded on to Saos-2 scaffolds 24 hours post Saos-2 seeding, for MPC monocultures, U266 cells
were seeded onto fresh scaffolds. Prior to the addition of AlamarBlue®, scaffolds were moved into a
fresh well plate with fresh media, AlamarBlue® was added to the wells containing the scaffold and to
the media in the wells the scaffold was cultured in. This was to determine the amount of AlamarBlue®
reduction that was coming from cells on/within the scaffold versus the number of unattached cells in
the surrounding media or adhered to the bottom of the well. Scaffolds and media without cells were
used as controls. AlamarBlue® analysis was performed on days 1, 4, and 7 post MPC seeding. U266,
Saos-2 and the U266-Saos-2 coculture all proliferated on/within the scaffolds over time (Figure 4.9).
The coculture had the highest proliferation at all time points. Scaffold cultured media from all three
conditions had the similar RFU to scaffold blank and media blank, suggestive that the cells were

residing within the scaffold and not the surrounding media/well. Additionally, Betll Aldemir Dikici
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was kind enough to take scanning electron microscope images of the scaffold (Figure 4.10), where

both U266 and Soas-2 were observed cells within the scaffold.
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Figure 4.9: Proliferation of U266 MPCs, Saos-2 osteoblast like cells, and U266-Saos-2 cocultures in
polyHIPE scaffolds:

U266 MPCs and Saos-2 osteoblast like cells were seeded on polyHIPE scaffolds in monoculture or
coculture. Proliferation was assessed by AlamarBlue® in polyHIPE scaffolds and in the cultured media
separately, to determine if reduction of AlamarBlue® was due to cells within the scaffold or cells in
the surrounding media. Proliferation was assessed on Days 1, 4, and 7 post seeding. n=1.
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SAOS2 U266 Co-culture

Figure 4.10 Scanning Electron Microscopy images of 3D polyHIPE scaffolds with MPC mono- or
cocultures with Saos-2 Cells:

Images kindly taken and provided by Betiil Aldemir Dikici showing U266 MPCs and Saos-2 osteoblast
like cells cultured on polyHIPE scaffolds a monoculture or coculture at day 1, 4 and 7.

Next it was important to determine if Ad[CE1A] was able to penetrate the scaffolds and kill U266 cells
within it, this was compared to BTZ which can penetrate the pores. U266 MPCs were cultured on
scaffolds for 7 days. U266 polyHIPE scaffolds were treated with AJ[CE1A] at an MOI 20 (based off of
the original seeding density, as cell counts could not be easily performed) or BTZ 2.5 nM or in
combination. AlamarBlue® analysis was performed as previously described. Ad[CE1A] and BTZ were
able to penetrate and kill MPCs within the scaffold compared to untreated controls (Figure 4.11).
Whilst no statistics could be performed due to low n numbers (n=1), it is clear that Ad[CE1A] was able
to penetrate the scaffolds and kill the MPC line. Therefore, PolyHIPE scaffolds may be a useful model

to further investigate MM dormancy and Ad[CE1A] treatment.
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Figure 4.11: Cell viability of U266 cells after BTZ or Ad[CE1A] or combination treatment in polyHIPE
scaffolds:

U266 cells were seeded on polyHIPE scaffolds for 7 days. U266 polyHIPE scaffolds were treated with
BTZ 2.5 nM, Ad[CE1A] MOI 20, or the combination. Cell viability was determined by AlamarBlue® after
72 hours. n=1 Data are mean £SD.

4.2.4.3 Ad[CE1A] Efficacy against MRD/Dormant Cells
To determine whether Ad[CE1A] can cause cell death in dormant MPCs, GFP expressing JIN-3, U266

and OMP-2 cells were labelled with Vybrant™ DID and cultured in normal 2D conditions for 14 days.
After 14 days cells were treated with Ad[CE1A] at MOI 2, 10 and 20. After a further 3 days (Day 17)
the percentage of DID"e" cells that were viable/dead and the percentage of DID"" cells that were
viable/dead was determined by flow cytometry (Figure 4.7). Ad[CE1A] was able to significantly
increase the amount of dead cells in the DID"&" and DID** populations compared to vehicle (PBS)
control. The opposite effect was observed in the viable cells, there was a significant decrease in the
percentage viable in the DID*" population for all 3 cell lines. It is difficult to determine whether
Ad[CE1A] was targeting true dormant cells (DID""), or whether it lowered their proliferation capacity
further (of an already slightly slower proliferating cell population), which killed them resulting in an

increase of dead DID"&" cells; or whether the slightly slower proliferating DID"&" cells, as well as the
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faster proliferating DID*¥ cells were able to proliferate in the vehicle control uninhibited, effecting

the percentage of dead DID"¢" cells in the vehicle control.
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Figure 4.12 Percentage of Live/Dead Vybrant™ DID populations JIN-3, U266 and OPM-2 following
Ad[CE1A] treatment:

JIN-3, U266 and OPM-2 GFP expressing cells were labelled with DID. After 14 days cells were treated
with Ad[CE1A] MOI 2, 10 and 20. After 72 hours (17 days), the percentage of DID fluorescence and PI
was assessed as DID"" dead, DID"&" viable, DID"*" Dead and DID*" viable cell populations. n=3 Data
is the mean £SD. P values are for 2-way ANOVA with multiple comparisons compared to control with
Dunnett’s correction, where * p=<0.05, ** p=<0.01, *** p=<0.001, **** p=<0.0001.
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4.3 Discussion
As discussed previously, MM patients clinically experience disease relapse due to MRD, disease can

reoccur for many reasons, but one of the main reasons is chemotherapy resistance. Therefore, it was
of importance to determine if Ad[CE1A] could prevent cell regrowth after MM standard of care
treatment such as BTZ and to determine if Ad[CE1A] still had efficacy in treatment (BTZ) insensitive

cells.

Firstly, AA[CE1A] was able to prevent MPC line regrowth after BTZ treatment, whilst BTZ only treated
MPC lines recovered viability back to the level of untreated control cells. This occurred even in low
doses of Ad[CE1A], however, in JIN-3 cells by day 25, the cell viability started to recover in the lowest
dose. This may be because the JIN-3 cells express CS1 at a lower level than other MPC lines, and they
are more aggressive than the U266 cells. Additionally, there have been reports of cancer cells
becoming resistant to OVs (422,423), this has been observed in VSV in melanoma cells, an
upregulation of APOBEC3 was thought to be the mechanism behind viral resistance (422). It has also
been observed with oncolytic MVs, with the resistance thought to be due to strong IFIT1 expression
after MV infection, which is a strong inducer of an active antiviral state in the host cells (423). In this
study, it can only be speculated whether cell recovery at the lowest dose (MOI 1) in JIN-3 cells was
due to viral resistance or a CS1l-negative population recovering. Despite this, the results are
encouraging as Ad[CE1A] may be able to prevent tumour regrowth in a clinical setting. Secondly,
Ad[CE1A] was still effective at killing BTZ insensitive cells compared to parental cell line, suggesting

Ad[CE1A] may be effective clinically in either a MRD setting or relapsed/refractory disease.

Because of this data, the efficacy of AA[CE1A] in an in vivo low tumour burden model of MM was next
investigated. Unfortunately, Ad[CE1A] as a monotherapy was not able to significantly reduce tumour
burden at the majority of time points compared to control. This differs to what was previously shown
before this project. However, the lack of reduction in tumour burden following Ad[CE1A]
monotherapy could have been due to a slightly different dosing schedule compared to what was
previously used. In the previous study, 1x107 ifu/100 ul 1.V 2x/wk was used, but in this study the dosing
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schedule was changed to 2x107 ifu/100 pl 1.V 1x/wk. This was decided because mice were going to be
treated for a longer period, and with every sequential 1.V injection there is a chance of scaring and
collapsing the tail vein making it harder to administer subsequent treatments. It is also interesting to
note that week 10 post tumour injection, there was a significant difference in tumour burden between
control and Ad[CE1A] monotherapy groups, however, the bioluminescent signal from the tumour
decreased in the vehicle group at week 11 post tumour injection compared to the previous week
(week 10) . This decrease in bioluminescence in the vehicle group was not from the euthanasia of mice
with high tumour load (reducing the average bioluminescent signal and reducing the n numbers in the
vehicle group), but from a decrease in tumour burden within individual mice from week 10 to week
11. The evidence for this is presented in Appendix Figure 8.12, but briefly, example images of the same
mouse over the selected time points (week 10-13 post tumour inoculation) showed a clear loss of
tumour burden within the same mouse between week 10 and 11 post tumour inoculation. When the
bioluminescence data was plotted by last observation carried forward (whereby once a mouse is
euthanised, the last data point received from that mouse is carried forward for the subsequent time
points), the same drop in tumour burden is seen. This phenomenon was also seen in the BTZ only
treated group between week 15 and 16 post tumour inoculation, also evidenced in Appendix Figure
8.12. An explanation for this could be as simple as the tumour growing more rapidly in vehicle and BTZ

only treated groups until the tumour becomes necrotic, and hence a loss of signal.

It is not that surprising that given the Ad[CE1A] monotherapy results, that Ad[CE1A] was not able to
eradicate MRD, prevent relapse, or be efficacious against disease relapse. Again, this could be due to
the same reasons above. Nevertheless, even though the tumour in the BTZ only treated mice did drop
bioluminescence signal from week 15 to 16 post tumour inoculation, Ad[CE1A] did not eradicate
‘MRD’ in these mice, but it can be speculated that if this phenomenon did not happen, then the
addition of Ad[CE1A] either as a monotherapy or as in combination could have slowed disease

progression.
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Other notable issues to discuss include vehicle mice surviving longer than normal, the homing of U266
cells to the ovaries and a Rotavirus outbreak in the animal facility during this study. Firstly, as
mentioned, vehicle mice survived on average an extra 5 weeks more compared to what we normally
see in this model. Mice normally exhibit signs of HLP or loss of weight (>10%) by week 9 post tumour
injection, but after week 10 is when the drop in bioluminescence signal was seen. It can be speculated
that this drop in tumour signal could have accounted for the vehicle mice surviving longer than normal.
On top of this, U266 cells homed to the ovaries which resulted in ovarian tumours, and was the
primary reason most mice in the vehicle and Ad[CE1A] only treated group got euthanised. Ovary
tumours in this model have never been experienced by our group before and a search of the literature
yields no results of similar experiences in NSG models. As discussed earlier, NSG models have shown
improved homing of MM cells to BM sites compared to NOD/SCID mice where tumour was commonly
seen in skeletal and extra-skeletal sites. Clinically, extramedullary involvement is uncommon in MM,
with 7-18% at diagnosis and ~20% at relapse. It has been reported to occur in the lymph nodes, skin,
liver and spleen, and less frequently in the kidney, breast, testis and meninges (424-427). Therefore,
MM ovarian involvement is extremely rare and has been reported in a few case studies (427,428). In
patients, the mechanism of extramedullary disease is unknown, but thought to be related to
alterations in adhesion molecules and chemokine receptors (424,426) or by haematogenous spread.
However, in this study, it is unknown whether upon tumour cell injection, U266 cells homed to the
ovary in first instance, or if they homed from BM sites to the ovary due to alterations in adhesion

molecules or chemokine receptors or by haematogenous spread.

Another problem that occurred during this study, was an outbreak of murine
Rotavirus within the University of Sheffield’s animal facility. Rotavirus (Epizootic Diarrhoea of Infant
Mice: EDIM) is a non-enveloped RNA virus that shows clinical signs (diarrhoea and distended
abdomen) in young mice (<14 days old). Adult mice can be infected with Rotavirus but do not show
clinical signs (429). Whilst adult mice do not show symptoms, an underlying viral infection could have
a significant impact on virotherapy by upregulating antiviral immune responses which may clear
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therapeutic virus more quickly or stimulate an antitumour immune response. However, the latter is
less likely due to the mice being immunocompromised. One could only speculate that the mice in this

study harboured Rotavirus infection which lead to lack of Ad[CE1A] efficacy.

Whilst the Rotavirus outbreak was ongoing, other lab groups and other studies within our own group
were experiencing mice with ovarian tumours and sickness that was not related to the tumour load.
These were in various mouse strains (immunocompetent and immunocompromised) and in various
cancer models. Whilst the ovarian tumours others experienced, including another study in our group
that was using the same cell line and mouse strain, were found to be of mouse origin and not of the
injected cancer cells homing to ovary. There is nothing to suggest in the literature that Rotavirus
causes cancer metastasis to any site let alone the ovaries. In fact, Rotavirus vaccines have been used
as anticancer oncolytics and immunostimulatory agents (430). Whether these issues were caused by
Rotavirus or another pathogenic organism is to be speculated, but these issues were widespread

during the time of this in vivo study.

In conclusion, there are many variables that may have contributed to the lack of efficacy in this study,
whether this was related to study design (dose schedule), factors outside our control or that Ad[CE1A]
truly had no effect. Therefore, the results are inconclusive as the study may have been compromised
by the factors discussed above. However, because mice studies are costly and time consuming, and
without a clear defined reason as to what went wrong, it was decided that it would be irresponsible
to repeat the study, as the same results may be seen. In order to conform to NC3R’s guidelines,
preliminarily investigation into in vitro models of MM dormancy/MRD to try to better determine

efficacy and to inform us to design better in vivo studies in the future.

As mentioned earlier, our research group published on osteoblasts inducing dormancy in the 5TGM1
syngeneic model of MM. In this study our research group found that dormant cells were found to be
in osteoblastic niches in vivo and dormancy could be induced in vitro by culturing 5TGM1 cells in CM

from either murine primary osteoblasts or MC3T3 murine osteoblast-like cell lines (337). Whilst this
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has been investigated for murine MM, osteoblast induced dormancy has yet to be investigated for

human MM cells.

First, investigation into the basal level of dormancy in GFP expressing MPC lines by tracking
proliferation using label retention assays using Vybrant™ DID was performed. Human MPC lines
exhibited a small population of DID"#" cells by day 24 post cell labelling (4.2%-1.8%). This was a little
higher than what was seen for the 5TGM1 cells which were <1% after 21 days (337). It was interesting
to note that there were two noticeable populations of GFP expressing cells in all MPC lines tested, the
dimmer GFP cells retained vybrant™ DID more than the brighter GFP expressing cells, this was
probably due to slower proliferating cells transcribing and translating less GFP than faster proliferating

cells.

Next, the potential of Saos-2 osteoblast-like cells and HS-5 BMSCs ability to induce dormancy in human
MPCs was investigated. GFP expressing human MPCs were labelled with vybrant™ DID and were
cultured in Saos-2 CM, HS-5 CM or their respective media controls. There was no increase in DID"i"
cells over their respective media controls. This was interesting because in the 5TGM1 cells CM from
MC3T3 osteoblast-like cells induced a ten-fold increase in DID"&" cells (337). Saos-2 cells may not be
the best cell line to use for induction for MM dormancy, because the Saos-2 cells are derived from
osteosarcoma tumour tissue, they can only be compared to osteoblasts to a limited extent. Also due
to their cancer origin, it is likely that the majority of growth factors, cytokines/chemokines secreted
increase the proliferative capacity rather than induce dormancy. However, the alternative is using
primary patient osteoblasts, which can introduce issues such as a lack of standardisation between
patients and the difficulty of harvesting and expanding primary osteoblasts, which can undergo de-

differentiation, therefore have a finite lifespan (431,432).

It is unlikely that CM alone would induce MM dormancy, human MPCs may need direct contact with
stromal and/or osteoblastic cell types in a more complex environment than tissue culture flasks.

Therefore, in collaboration with Dr Frederick Claeysson and his PhD student Betil Aldemir Dikici, the
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use of 3D polyHIPE scaffolds (4PCLMA) were first investigated for their ability to allow MPCs to
proliferate within the scaffold either alone or in culture with osteoblast like cells Saos-2; and whether
Ad[CE1A] could penetrate the polyHIPE scaffolds. As discussed earlier, it was important to determine
if Ad[CE1A] could penetrate the pores of the scaffold and kill MPCs. Previous experience prior to this
project using sodium alginate hydrogel models to create 3D MPCs cultures, showed that Ad[CE1A] and

another OV HSV1716, could not penetrate the pores of the hydrogel.

Whilst the data presented here is very preliminary and MM dormancy was not yet investigated, the
results show that both Saos-2, U266 and the coculture of the two proliferate within the scaffold and
stay adhered to the scaffold instead of detaching and proliferating within the surrounding media/well
plate. Additionally, Ad[CE1A] was able to penetrate the scaffolds and decrease U266 viability within
the scaffolds. The polyHIPE scaffolds seem like a promising avenue to investigate MM dormancy and
interactions with other BM niche cells, and to test new therapies within a more complex environment

that 2D tissue culture flasks.

Lastly, | wanted to determine if Ad[CE1A] could induce cell death in DID"&" dormant MPC lines. DID
labelled MPC lines were cultured in complete RMPI media and treated with Ad[CE1A] at various MOls
after 14 days. After a further 3 days (17 days in total) viability in DID"€" and DID"*" populations were
determined by flow cytometry. Ad[CE1A] was able to induce significant cell death in DID"" and DID"*¥
cells and oppositely significantly reduced cell viability in DID*¥ cells. As mentioned in the results
section, it is difficult to determine if Ad[CE1A] is targeting DID"€" cells causing cell death or if Ad[CE1A]
is slowing proliferation of already slightly slower proliferating cells causing cell death. Therefore, it is
not clear if true dormant (DID"&") cells were targeted, or slightly slower proliferating cells. One way |
could have assessed this was by culturing DID stained MPC lines until low levels of DID"e" cells
remained and then separate the DID"€" cells from DID" cells by flow cytometry activated cell sorting.
However, this would obtain a very low number of cells, and in our research group’s experience, a

substantial amount of cell death is observed following flow cytometry activated cell sorting.
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Additionally, without performing this experiment there is no way of knowing whether once you
separate the DID"®&" cells and culture them into new well plates that this might either 1) cause them
to die as they are not amongst the high proliferating cells, or 2) they may start proliferating
immediately, in which case you are no longer targeting ‘dormant/quiescent’ cells. An additional issue
is that there aren’t any defined markers of dormancy until recently, where AXL, a tyrosine kinase, has
been shown to be highly expressed in dormant MM cells, and blocking AXL expression released the

MM cells from dormancy (421).

4.4 Chapter Conclusion

As evidenced in this chapter, targeting MRD/dormant cells is complex and without in vitro models that
have been properly assessed and optimised to test out such methods, translation in vivo is going to
be difficult. Going forward from this thesis two PhD research students will be optimising the polyHIPE
scaffold model and other 3D monoculture and coculture models with the aim of inducing dormancy
in MPCs to target them with conventional or novel agents such as Ad[CE1A]. As discussed in the thesis
introduction, OVs efficacy can rely on the presence of an active immune system, stimulating anti-MM
immunological memory may be key to eliminate/control MRD effectively. The lack of a functional
immune system used in this study could have also contributed to the lack of efficacy. Therefore in the
next chapter Ad[CE1A] efficacy in a 5TGM1 immunocompetent syngeneic model of MM s

investigated.
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5.1 Introduction

5.1.1 Adenovirus Serotype 5 in Murine Cells
The work presented in chapter 4 highlights the importance of developing better preclinical tumour

models. As discussed in the introduction, current animal models used to evaluate the efficacy of
oncolytic Ads rely on human tumour xenografts in immunodeficient murine models. Whilst these
models do have their advantages such as growth of human tumour, their main disadvantage is the
lack of a functional immune system. Ads, along with other OVs, clearly have complex interactions with
the host immune system. In the presence of an immune system, the oncolytic effects of Ads may be
reduced due to immune responses against viral particles. This is an issue with xenograft models as the
lack of functional immune responses in immunodeficient mice may overestimate the OVs efficacy
preclinically, therefore hindering the accuracy of predicting clinical effects in human patients. On the
other hand, the immune system may be recruited to sites of oncolytic activity, and induce tumour-
killing by NK cells, cytokines, or tumour-specific cytotoxic T lymphocytes to enhance therapeutic

outcome.

As discussed earlier, mice are considered poor model systems for therapy with replication competent
human Ads because murine tumour cells are often not infected by human Ads and are generally
unable to produce infectious viral progeny (268,270,433-436). However, a growing body of evidence
has shown that oncolytic Ads can infect, replicate, and have antitumour efficacy in some murine
tumour cells, such as ED-1 (cyclin E overexpressing lung adenocarcinoma) (437) ADS-12 (lung
adenocarcinoma) (266), Pan02 (pancreatic), CT26 (colon), MB49 (bladder), 4T1 (breast), SAl (sarcoma)

(438), and GL261 (glioma) (439) to name a few.

A recent literature review was published discussing the dogma that more viral replication and spread
is correlated to better oncolytic efficacy, and that this is the ‘dogma’ of the oncolytic virotherapy field.
But this review brings to light several examples that oppose the dogma (440). One study showed that
several OVs (HSV & VSV) showed clear differences in the replication and cytopathic effects in vitro.

However, all had similar antitumour efficacy in vivo in immunocompetent mice, even when one virus
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was given at a much greater dose than the other (441). This shows that in vitro replication and cytolytic
properties can be poor prognostic indicators of in vivo antitumour activity. But again, direct
comparisons between different species of virus against each other in the same model cannot be done

as they differ in viral biology.

Another study found a negative correlation between in vitro replication and in vivo antitumour activity
between two oncolytic HSV viruses. In this study they found that one HSV mutant had the ‘lowest’
oncolytic activity in vitro and was cleared the quickest in vivo but was the only HSV treatment to confer
a significant survival benefit by increased ICD, increased HSP70 and elevated serum HMGB1, resulting
in stimulation of specific CD8* T cell responses (442). Again, highlighting the difference between in
vitro and in vivo findings. Whilst these studies are mainly using HSV, it seems that initial viral infection
leading to activation of antitumour immunity may be more important than virus replication and
persistence causing direct tumour debulking. Therefore, oncolytic Ads, including Ad[CE1A] may still

have efficacy in murine cells in vivo, even if they do not replicate well in vitro, or vice versa.

Additionally, the lack of efficacy Ad[CE1A] had as a monotherapy and as an agent to eradicate MRD
(discussed in chapter 4) may be due to the fact a xenograft model was used. In order for Ad[CE1A] to
be effective, particularly to eradicate MRD a functional immune system may need to be present, so
that there is long lasting immunological memory. Therefore, it was important to investigate whether

Ad[CE1A] has efficacy in murine MM.

This chapter details the efficacy of Ad[CE1A] against murine MM cells 5TGM1 in vitro and in vivo. As
discussed in section 2.6, the 5TGM1 model is one of the most well-characterised syngeneic models,
alongside the 5T2MM and 5T33MM models, the latter of which is where the 5TGM1 model derived
from. The advantage of 5TGM1 cells is that they can proliferate in vitro, whilst the 5T2MM do not
grow outside the BM microenvironment. Additionally, the 5TGM1 cells have been transfected with

GFP and Luc. For these reasons the 5TGM1 cells were selected for our in vitro and in vivo studies.
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5.1.2 Hypothesis, Aims and Objectives

5.1.2.1 Hypothesis and Aims
This chapter aimed to assess the potential of Ad[CE1A] efficacy in murine MM 5TGM1 cells. To do this

the following hypothesis will be tested ‘Ad[CE1A] will have oncolytic efficacy against murine 5TGM1

cells in vitro and in vivo’.

5.1.2.2 Objectives
The hypothesis was tested by the following objectives:

1.

Determine CS1 expression in the murine 5TGM1 cell line

Determine the infection and replication efficiency of Ad[CE1A] in the murine 5TGM1 cell line.
Investigate the efficacy of AA[CE1A] in the murine 5TGM1 cell line

Determine the Ad[CE1A] cell death mechanism in the murine 5TGM1 cell line.

Determine the expression of immunogenic cell death markers in 5TGM1 cell line following
infection

Investigate the efficacy of AA[CE1A] in vivo in the 5TGM1 syngeneic model.
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5.2 Results
5.2.1 The 5TGM1 Murine Myeloma Cell Line Expresses CS1

Ad[CE1A] utilises CS1 for transcriptional control of the replication of essential gene E1A. Therefore, it
was essential to test our murine MM cell line 5TGM1 for CS1 expression at the protein level. Cell
surface protein expression of 5TGM1 cells were evaluated by anti-mouse CS1 antibody using flow

cytometry. Almost all 5TGM1 cells highly expressed CS1 on the cell surface (99%) (Figure 5.1).
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Figure 5.1: CS1 cell surface protein expression in 5TGML1 cells:

(a) Representative histogram plots of MFI of CS1 compared to isotype control in 5TGM1 cells. (b)
Percentage of 5TGM1 cells with surface expression of CS1. n=3 Data is the mean +SD. P values are
for unpaired students T test where **** p=<0.0001.

5.2.2 The 5TGM1 Murine Myeloma Cell Line has High Adenovirus Infection
Efficiency.

As mentioned in chapter 3, one way to measure infection efficiencies in cells is by using an E1A-
deleted, non-replicative GFP-expressing Ad5 vector (Ad-GFP). Ad-GFP contains a CMV promoter which
drives the expression of GFP. Ad-GFP was added at a MOl of 2 and 20 to 5TGM1 cells. After 24 and 48
hours, infectivity was determined as the percentage of GFP-positive cells using fluorescence and flow
cytometry (Figure 5.2). 5TGM1 cells expressed GFP after 24 hours (Figure 5.2a-c), there was a
significant increase in GFP expression between time points (Figure 5.2c). There was a significant

difference between MOI 2 and 20 at 24 hours (53% MOI 2, 82% MOI 20), but by 48 hours there was
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no significant difference in MOls (90% MOI2, 99% MOI 20) suggesting maximum infection rates occur

after 24 hours (Figure 5.2c).
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Figure 5.2 Percentage of 5TGML1 cells infected with Ad-GFP:

(a) Representative images of live fluorescent microscopy of Ad-GFP expression in 5TGM1 cell line at
24 and 48 hours after infection of Ad-GFP at MOI 2 or 20. (b) Representative histogram plots of MFI
of Ad-GFP expression after 24 and 48 hours after infection of Ad-GFP at MOI 2 and 20. (c) 5TGM1 cells
were infected with Ad-GFP MOI 2 or 20 or vehicle (PBS) control. After 24 and 48 hours GFP expression
was determined using flow cytometry. Percentage of cells with GFP expression shown. n=3 Data is the
mean *SD. P values are for 2-way ANOVA with multiple comparisons with Sidak’s correction, where *
p=<0.05; **** p=<0.0001.
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5.2.3 Ad[CE1A] Replicates in the 5TGM1 Murine Myeloma Cell Line.
Given that the 5TGML1 cell line expresses CS1, it is important to determine if AA[CE1A] can express E1A

using the human CS1 promoter in 5TGM1 cells, and whether this results in viral progeny. To do this
the essential viral replication gene E1A was assessed by RT-gPCR, then the ability of 5TGM1 cells to
generate intact infectious virions was assessed. Firstly, EIA mRNA expression was determined by RT-
gPCR in 5TGML1 cells compared to human MPC lines JJN-3 and U266. 5TGM1, JIN-3 and U266 cells
were treated + AJ[CE1A] MOI 20. After 4- and 24-hours total RNA was extracted from the cells, which
was then reverse transcribed to cDNA and assessed by RT-QPCR using SYBR™ green primers for E1A.
Figure 5.3 shows relative E1A expression over time in JIN-3, U266 and 5TGM1 (n=3). E1A expression
increased over time in the 5TGM1 cells and in the human MPCs JIN-3 and U266. After 24 hours, E1A
expression was significantly higher in the U266 cells than in the 5TGM1 cells, but there was no

significant difference between 5TGM1 and JIN-3 at 24 hours.
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Figure 5.3: E1A mRNA expression in 5TGML1 cell lines compared to JJIN-3 and U266 human MPCs:

Relative E1A mRNA expression in 5TGM1, JIN-3 and U266 cells relative to untreated control by RT-
gPCR at 4 and 24 hours post Ad[CE1A] infection (MOI 20). Housekeeping gene for JIN-3 and U266 was
GAPDH, for 5TGM1, the housekeeping gene was B2M. n=3 Data is the mean £SD. P values are for 2-
way ANOVA with multiple comparisons with Sidak’s correction, where * p=<0.05; ** p=<0.01, ****
p=<0.0001.
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Next, the ability of the 5TGM1 cells to produce infectious viral progeny compared to human MPC lines
JIN-3 and U266 was assessed. 5TGM1, JIN-3 and U266 cells were infected with Ad[CE1A] MOI 2. After
24 hours any exogenous Ads in culture medium was removed by centrifugation and cells resuspended
in fresh complete medium. 48 hours after this (72 hours after initial infection) cells were lysed by
freeze/thaw cycles to release virus. Viral lysate was harvested, and viral titre was assessed using the
Adeno-X™ Rapid titre viral quantification kit. There was no significant difference in the amount of

infectious viral progeny between 5TGM1 cells and human MPC lines JIN-3 and U266 (Figure 5.4).
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Figure 5.4: Infectious virion production in 5TGM1 cells compared to JJN-3 and U266 cells:

5TGM1, JIN-3 and U266 cells were infected with Ad[CE1A] (MOI 2) for 24 hours. After 24 hours
exogenous Ad[CE1A] was removed, and MPCs were resuspended in fresh medium. After 72 hours,
cells were collected in CM and the cells were lysed to collect viral particles withing the cells. Viral titres
were determined by Adeno-X™ rapid titre viral quantification kit. n=3 Data is the mean +SD.

5.2.4 Ad[CE1A] Causes Oncolysis in the 5TGM1 Murine Myeloma Cell Lines.
To test the oncolytic activity of Ad[CE1A] in the 5TGM1 cells, a dose and time response assay was

performed. 5TGM1 cells were treated with an MOI of 2, 10 and 20 and cell death was determined by
Pl staining using flow cytometric analysis at 24, 48 and 72 hours post infection. 5TGM1 cells showed a
significant dose and time response to Ad[CE1A] treatment (Figure 5.5). With the highest amount of
cell death seen at 72 hours for all doses with MOI 20 having the biggest response. The dose and time
response to Ad[CE1A] in the 5TGML1 cells was similar, if not better, to what was seen in JJN-3 and U266

cells discussed in chapter 3, (Figure 3.10).
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Figure 5.5: Percentage of 5TGML1 cells dead after incubation with Ad[CE1A]:

5TGM1 cells were treated with Ad[CE1A] at MOI 2, 10 and 20. Cell death was determined by Pl staining
using flow cytometric analysis after 24, 48 and 72 hours. (a) Representative histogram plots of PI MFI
in 5TGM1 cells after A[CE1A] treatment at indicated doses and time points. (b) Percentage of cell
death in 5TGM1 cells after Ad[CE1A] treatment. n=3 Data is the mean +SD. P values are for 2-way
ANOVA with multiple comparisons compared to control with Dunnett’s correction, where ** p=<0.01;
**** p=<0.0001.

5.2.5 The Involvement of Apoptosis in Ad[CE1A]-induced Cytotoxicity in the
5TGM1 Cell Line

5.2.5.1 Annexin V Assay

As discussed in chapter 3, it appears Ad[CE1A] does not induce caspase dependent apoptosis in human
MPC lines, therefore, it was important to find out if this was also the case for 5TGM1 murine MM cells.
5TGM1 cells were treated with AA[CE1A] MOI 20. At 6 and 24 hours after treatment cells were stained
with Annexinv-V-FITC and PI and assessed by flow cytometry. At 6 hours, there was no significant
difference in Annexin V positivity between control and Ad[CE1A] treated, however by 24 hours there
was a significant increase in Annexin V positivity (Figure 5.6). This raise in Annexin V expression after

24 hours was similar to what was seen in human MPC lines (Chapter 3 Figure 3.20).
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Figure 5.6: Percentage Annexin V positive 5TGM1 cells after Ad[CE1A] treatment:

5TGM1 cells were incubated with Ad[CE1A] MOI 20. Annexin V expression was determined by flow
cytometry at 6 and 24 hours post treatment. (a) Representative scatter plots of Annexin V against TO-
PRO-3 after AJ[CE1A] treatment at indicated time points compared to controls. (b) Percentage of
Annexin V expression after Ad[CE1A] treatment compared to untreated controls. n=3 Data is the mean
+SD. P values are for 2-way ANOVA with multiple comparisons with Sidak’s correction, where *
p=<0.05; ** p=<0.01, **** p=<0.0001.

5.2.5.2 Pharmacological Inhibition of Caspases
Because a significant increase in Annexin V staining was detected, similar human MPCs, next was to

determine if whether blocking caspase activity had an effect on Ad[CE1A]-induced cell death. To
determine whether caspases were involved in Ad[CE1A] cytotoxicity, 5TGM1 cells were treated with
Ad[CE1A] MOI 10 * the cell permeable irreversible pan-caspase inhibitor Z-VAD-FMK (50 uM) or
respective controls. After 72 hours the percentage of dead cells were analysed by Pl staining using
flow cytometry (Figure 5.7). Addition of Z-VAD-FMK did not significantly alter Ad[CE1A]-induced cell

death, this is in agreement with what was observed in human MPCs (Chapter 3 Figure 3.22).
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Figure 5.7 Ad[CE1A] response in 5TGML1 cells in the presence of the pan caspase inhibitor Z-VAD-
FMK:

5TGM1 cells were incubated with Ad[CE1A] MOI 10 + 50 uM Z-VAD-FMK. After 72 hours, the
percentage of cell death was determined by Pl staining using flow cytometry. n=3 Data is the mean
1SD. P values are for one-way ANOVA with multiple comparisons with Tukey’s correction.

5.2.6 The Involvement Necroptosis in AdA[CE1A] Cytotoxicity in 5TGM1 Cell

Line
The results presented above give evidence that Ad[CE1Al-induced cytotoxicity is caspase-

independent, as was observed in the human MPCs. Therefore, investigation into other mechanisms of
regulated cell death were performed. As mentioned in the section 3.2.11, necroptosis is a form of
regulated cell death that is caspase independent which generally manifests with a necrotic
morphotype. Therefore to assess whether necroptosis was a cell death mechanism involved in
Ad[CE1A]-induced cytotoxicity in 5TGM1 cells, pharmacological inhibition of two of the main proteins
involved in this pathway, RIPK1 and RIPK3 was performed. For similar studies in the human MPC lines,
inhibition of a third protein was performed, MLKL. However, this could not be assessed in the 5TGM1

cells as the commercially available MLKL inhibitor NSA does not inhibit murine MLKL.
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5.2.6.1 Pharmacological Inhibition of RIPK1
Firstly, investigation into whether blocking RIPK1 could alter Ad[CE1A]-induced cytotoxicity by using

aninhibitor for RIPK1, Nec-1, was conducted. 5TGM1 cells were treated with Ad[CE1A] (0.1-1000 MOI)
+ 10 uM Nec-1 (non-toxic dose determined by dose response curves Appendix Figure 8.5) and cell
viability was determined by an AlamarBlue® assay after 72 hours. Additionally, 5TGM1 cells were
treated with Ad[CE1A] MOI 10 + 10 uM Nec-1 and cell death was determined by Pl staining using flow
cytometry (Figure 5.8). Addition of Nec-1 did not alter Ad[CE1A]-induced cell death in 5TGM1 cells,

similar to what was observed in human MPC lines (Chapter 3, Figure 3.23).
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Figure 5.8 Ad[CE1A] response in 5TGM1 cells in the presence of RIPK1 inhibitor Nec-1:

(a) Dose response of Ad[CE1A] (0.1, 1, 10, 100, 1000 MOI) in 5TGM1 cells after 72 hours + 10 uM Nec-
1. Cell viability was determined by AlamarBlue® assay. (b) ICso values for Ad[CE1A] + 10 uM of Nec-1
determined by sigmoidal dose response curves from 5 independent repeats. n=5 +SD, p values are for
2-way ANOVA with Sidak’s correction. (c) Percentage of 5TGM1 cell death after incubation with
Ad[CE1A] MOI 10 + Nec-1 in 5TGML1 cells. After 72 hours, the percentage of cell death was determined
by PI staining using flow cytometry. n=3 Data is the mean £SD. P values are for one-way ANOVA with
multiple comparisons with Tukey’s correction.

5.2.6.2 Pharmacological Inhibition of RIPK3
Secondly, investigation into whether blocking RIPK3 could alter Ad[CE1A]-induced cytotoxicity by

using an inhibitor for RIPK3, GSK-872, was conducted. 5TGM1 cells were treated with Ad[CE1A] (0.1-
1000 MOI) + 1 uM GSK-872 (non-toxic dose determined by dose response curves Appendix Figure
8.13) and cell viability was determined by an AlamarBlue® assay after 72 hours. Additionally, 5TGM1

cells were treated with Ad[CE1A] MOI 10 £ 1 uM GSK-872 and cell death was determined by Pl staining
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using flow cytometry (Figure 5.9). Addition of GSK-872 did not alter Ad[CE1A]-induced cell death in

5TGML1 cells, , similar to what was observed in human MPC lines (Chapter 3 Figure 3.24).
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Figure 5.9 Ad[CE1A] response in 5TGM1 cells the presence of the RIPK3 inhibitor GSK-872:

(a) Dose response of Ad[CE1A] (0.1, 1, 10, 100, 1000 MOI) in 5TGM1 cells after 72 hours £ 1 uM GSK-
872. Cell viability was determined by AlamarBlue® assay. (b) ICso values for AA[CE1A] + 1 uM of GSK-
872 determined by sigmoidal dose response curves from 5 independent repeats. n=5 +SD, p values
are for 2-way ANOVA with Siddk’s correction. (c) Percentage of 5TGM1 cell death after incubation with
Ad[CE1A] MOI 10 + GSK-872 1 uM in 5TGM1 cells. After 72 hours, the percentage of cell death was
determined by PI staining using flow cytometry. n=3 Data is the mean +SD. P values are for one-way
ANOVA with multiple comparisons with Tukey’s correction.

5.2.7 The Expression of Immunogenic Cell Death Markers in Ad[CE1A]

Infection.
Next, investigation into the expression levels of ICD markers in Ad[CE1A] infected in 5TGM1 cells was

explored. This is particularly important as expression of these markers may increase antitumour

immune responses towards 5TGM1 cells in vivo when using the syngeneic model.
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5.2.7.1 Cell Surface Calreticulin Exposure
As mentioned in chapter 3 (section 3.2.12.1), CALR translocates to the cell surface following ICD where

it functions as a pro-phagocytotic signal. Therefore, to determine whether CALR is exposed following
Ad[CE1A] treatment, 5TGM1 cells were treated with vehicle or AA[CE1A] (MOI 2, 10 and 20). After 24
hours cells were stained with a primary polyclonal anti-CALR antibody and subsequently a secondary
FITC conjugated antibody and analysed by flow cytometry, infected 5TGM1 cells were compared to
vehicle control in non-permeabilised cells (Figure 5.10). After 24 hours, CALR exposure was only
significantly increased at MOI of 20, this effect was similar to what was observed in human MPC lines

(Figure 3.26), except significance was also reached at the MOI 10 and 20 in human MPCS.
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Figure 5.10 Cell surface calreticulin exposure following Ad[CE1A] treatment in 5TGM1 cells:

5TGM1 cells were treated with vehicle control or Ad[CE1A] at an MOI of 2, 10 or 20. After 24 hours,
cells were stained with a polyclonal anti-CALR antibody and a FITC fluorescently labelled secondary
antibody and TO-PRO-3 and then analysed by flow cytometry. (a) Representative histogram plots of
CALR in viable 5TGM1 cells following Ad[CE1A] treatment. (b) Non-permeabilised cells were gated
(TO-PRO-3 negative) and relative MFI compared to vehicle control was determined. n=3 Data is the
mean xSD. P values are for one-way ANOVA with multiple comparisons compared to control with
Dunnett’s correction, where **** p=<0.0001.
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5.2.7.2 Extracellular ATP Release
As mentioned in chapter 3 (section 3.2.12.3), ATP release is a major DAMP associated with ICD. To

determine if ATP is secreted following Ad[CE1A] infection, 5TGM1 cells were treated with vehicle
control or Ad[CE1A] MOI 2, 10 or 20. After 24 hours supernatant was collected from cells and ATP was
determined by the ENLITEN® ATP assay, which is a luminescence-based assay which relies on the
chemical reaction of ATP with D-luciferin (Figure 5.11). In 5TGM1 cells, there was a dose response
increase in extracellular ATP, but this only reached significance at MOI 20, this dose-response effect
was similar to what was observed in human MPC lines (Figure 3.28), except significance was also

reached at the MOI 2, 10 and 20 (for JIN-3) or MOI 10 and 20 (for U266 and OPM-2).

**

I I
Control MOI 2 MOI 10 MOI 20

Figure 5.11 Extracellular release of ATP following Ad[CE1A] treatment in 5TGM1 cells:

5TGM1 cells were treated with vehicle control or Ad[CE1A] at an MOI of 2, 10 or 20. After 24 hours
cell supernatant was collected and ATP concentration was determined using the ENLITEN® ATP assay
using an ATP standard curve. n=3 Data is the mean £SD. P values are for one-way ANOVA with multiple
comparisons compared to control with Dunnett’s correction, where ** p=<0.01.

5.2.8 Efficacy of Ad[CE1A] against 5TGM1 in a Syngeneic Model.
As Ad[CE1A] showed similar efficacy in 5TGM1 cells compared to human MPCs, Ad[CE1A] efficacy was

next tested in vivo in the 5TGM1 C57BL/KalLwRij model. Ad[CE1A] efficacy was tested at two doses,
low dose (1x107 ifu/100 pl) and high dose (1x10% ifu/100 pl) by L.V injection, or high dose by I.P
injection compared to tumour vehicle control (PBS). This was a proof of principle study, so Ad[CE1A]

treatment started before tumour was detected at 3 days post tumour inoculation. Mice were treated
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twice/week for a total of 4 weeks before sacrifice. Tumour was monitored over time by in vivo
bioluminescent imaging and at end stage by ex vivo flow cytometry and Kappa IHC.

5.2.8.1 In vivo Tumour Bioluminescent Imaging

Mice were imaged twice weekly for 4 weeks by bioluminescent imaging. Figure 5.12a shows in vivo
bioluminescent images of one representative mouse over time. Average hind limb bioluminescence
over time showed that by day 24, mice treated with low dose 1.V or high dose I.P had significantly
lower tumour burden than vehicle control, and by day 27, all Ad[CE1A] treated mice had significantly
lower tumour burden than vehicle control, despite a large SD in the vehicle treated mice (Figure
5.12b). When plotting average hind limb bioluminescence at day 27 (Figure 5.12c), a large variability
in vehicle tumour burden was seen. Despite this, all Ad[CE1A] treatment groups had significantly lower
tumour burden than vehicle control. The number of individual bioluminescent signals were counted
as the number of disseminated tumour sites (Figure 5.12d). All Ad[CE1A] treatment groups resulted
in significantly less tumour sites than vehicle control. Interestingly, in all there parameters (average
bioluminescence in hind limbs over time, average bioluminescence in hind limbs at end point and
number of disseminated tumour sites), low dose I.V and high dose I.P showed higher significance than
high dose I.V compared to vehicle control, but there was no significance difference between the

Ad[CE1A] groups.
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Figure 5.12: Analysis and quantification of in vivo tumour burden in 5TGM1 bearing C57BL/KaLwRij
mice treated with vehicle or Ad[CE1A] at two doses by two routes of admission:

5TGM1 bearing mice were IVIS imaged 2x/week from day 3 post tumour inoculation. Treatment
started at a day 3 post tumour inoculation. (a) Representative images of in vivo bioluminescence
imaging over time of 5TGM1 bearing C57B/KaLwRij mice treated with vehicle or Ad[CE1A] at either
low dose L.V, high dose 1.V, or high dose I.P. One representative mouse per group. (b) Average total
flux of hind limbs over time. N=10 Data is the mean xSD. P values are for 2-way ANOVA with multiple
comparisons with Tukey’s correction, where ** p=<0.01, **** p=<0.0001. * Denotes significance
between vehicle and low dose L.V, S denotes significance between vehicle and high dose 1.V and #
denotes significance between vehicle and high dose I.P. (c) Average total flux of hind limbs at day 27.
n=10 Data is the mean xSD. P values are for one-way ANOVA with multiple comparisons compared to
vehicle control with Dunnett’s correction, where * p=<0.05; *** p=<0.001. (d) Number of
disseminated tumour sites at day 27. n=10 Data is the mean %SD. P values are for one-way ANOVA
with multiple comparisons compared to vehicle control with Dunnett’s correction, where * p=<0.05;
** p=<0.01 *** p=<0.001.
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5.2.8.2 Ex vivo Tumour Burden Analysis by CD138 Staining using Flow

Cytometry.
After sacrifice the BM was flushed from the left femora and stained with CD138-APC or isotype

matched control and analysed using flow cytometry. Figure 5.13a shows representative flow
cytometry scatter plots of CD138 positive staining from one representative mouse per group; figure
5.14(b) shows percent of CD138 positive cells. Figure 5.13b shows a reduction of tumour in the low
dose and high dose I.P group, however this did not reach significance. It is important to note that
tumour burden was not high in the femora in the vehicle group, as over half the mice had MGUS levels
of BM infiltration (<10% CD138* cells) in the femora by flow cytometric examination (Figure 5.13.b).
This corresponds with the bioluminescence images (Figure 12a), as the signal appears to be mainly in
the anatomical area of the tibia and fibula. Despite this not reaching significance, it follows the same
trend as the bioluminescent analysis, where there was a trend that low dose Ad[CE1A] and high dose

Ad[CE1A] I.P had a lower tumour burden than high dose I.V. Ad[CE1A].
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Figure 5.13: Percentage of BM cells expressing CD138 in 5TGM1 bearing C57BL/KalLwRij mice
following treatment with vehicle or Ad[CE1A] at two doses by two routes of admission:

5TGM1 bearing mice were treated with vehicle (PBS) or Ad[CE1A] at either low dose 1.V, high dose L.V,
or high dose I.P 2x/week. After 4 weeks mice were sacrificed and the BM from left femora was flushed,
and cells were stained with an anti-mouse CD138 APC conjugated antibody. (a) Representative flow
cytometry plots of CD138 staining from one representative mouse per group. (b) Percentage of
CD138* cells were gated on viable BM marrow cells (Pl) and fluorescence was assessed by flow
cytometry. n=10 Data is the mean £SD. P values are for one-way ANOVA with multiple comparisons
compared to vehicle control with Dunnett’s correction.

5.2.8.3 Ex vivo Tumour Burden Analysis by Immunohistochemistry.
Both left and right tibias were formalin fixed, paraffin embedded, sectioned, and stained with an anti-

Kappa antibody to detect Kappa light chain secreting 5TGM1 cells (Figure 5.14). All Ad[CE1A]
treatment groups significantly reduced tumour burden compared to vehicle control. Similar to the in
vivo bioluminescent data (Figure 5.12), low dose I.V and high dose I.P Ad[CE1A] treatment reduced
tumour burden more significantly than high dose .V Ad[CE1A] compared to vehicle control, but there
was no significant difference between the three treatment groups. The vehicle tibias showed much
higher BM infiltration than in the femurs, where the average BM infiltration of total cellular BM space

was approximately 60%.
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Figure 5.14: Kappa IHC staining in the tibiae of 5TGM1 bearing C57BL/KalLwRij mice following
treatment with vehicle or Ad[CE1A] at two doses by two routes of admission:

5TGM1 bearing mice were treated with vehicle (PBS) or Ad[CE1A] at either low dose 1.V, high dose 1.V,
or high dose |.P 2x/week. After 4 weeks mice were sacrificed, left and right tibiae were stained ex vivo
for Kappa light chains by IHC. (a) Representative images of the left tibia in one representative mouse
per group. Images taken on QuPath software from slide scanned images. (b) Average percentage of
Kappa positive cells within the total cellular BM space from both left and right tibias per mouse per
group. n=10 Data is the mean #SD. P values are for one-way ANOVA with multiple comparisons
compared to vehicle control with Dunnett’s correction, where *** p=<0.001, **** p=<0.0001.

5.2.8.4 Ex Vivo Micro-CT Analysis of Trabecular Bone Loss
The percentage trabecular bone volume was also assessed following Ad[CE1A] treatment, as reducing

tumour burden can decrease MM-associated bone disease. Left and right tibias were scanned by
micro-CT and analysis of trabecular bone volume, number, thickness and separation were analysed
(Figure 5.15). Analysis of these parameters showed no significant difference compared to vehicle
control tibias. It is important to note that no bone disease was observed in vehicle treated mice at

time of sacrifice.
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Figure 5.15 Micro-CT analysis of tibias in 5TGM1 bearing C57BL/KaLwRij mice following treatment
with vehicle or Ad[CE1A] at two doses by two routes of admission:

5TGM1 bearing mice were treated with vehicle (PBS) or Ad[CE1A] at either low dose 1.V, high dose L.V,
or high dose I.P 2x/week. After 4 weeks mice were sacrificed, left and right tibiae were assessed for
bone disease using micro-CT. (a) Micro-CT images in 5TGM1-bearing mice after treatment with
vehicle or Ad[CE1A] low dose 1.V, high dose I.V or high dose I.P. Analysis of trabecular (b) bone volume
(BV/TV%), (c) number (Tb.N/mm1), (d) thickness (Tb. Th./mm) and (e) separation (Th.Sp/mm) in tibias
in 5TGM1-bearing mice after treatment with vehicle or AA[CE1A] low dose 1.V, high dose I.V or high
dose I.P. n=10 Data is mean 1SD. P values are for one-way ANOVA with multiple comparisons
compared to vehicle control with Dunnett’s correction.

5.2.8.5 Ex vivo Analysis of Presence of Ad[CE1A]
The presence of Ad[CE1A] in the BM of 5TGM1 mice was assessed ex vivo by RT-gPCR assessing

expression levels of E1A . Mice were sacrificed the day after final treatment, yet no expression of E1A
could be detected in the BM at that time, CT values were above the CT cut off threshold of 35 or
undetermined by the machine (Figure 5.16). This could indicate that the AA[CE1A] was cleared quickly
after treatment due to increased anti-viral immune clearance following repeated treatments, or that
Ad[CE1A] was not able to reach the tumour site in large enough amounts for other reasons, such as
dilution via the blood or by poor escape from the vasculature. Additionally, the RNA was extracted
from the right femora, as discussed in section 5.2.8.3, 5TGM1-bearing mice had little to no tumour in
their left femora as determined by CD138 staining using flow cytometry, most tumour was located in

the tibias evidenced by the bioluminescence images and the anatomical position of the mice.
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Therefore, expression of E1A in the femora would be expected to be low/absent. However, when
staining mice tibias with either an antibody detecting Ad hexon or E1A, no specific virus staining could
be observed either, and/or background staining could not be completely eliminated from tibias. When
staining the liver to determine if the liver was clearing the virus, no specific staining could be observed
and there was little to no background staining (Appendix Figure 8.14). Therefore, at the point of

sacrifice presence of Ad[CE1A] could not be detected.
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Figure 5.16 Analysis of E1A expression in 5TGM1-bearingC57BL/KaLwRij mice following treatment
with vehicle or Ad[CE1A] at two doses by two routes of admission:

5TGM1 bearing mice were treated with vehicle (PBS) or AA[CE1A] at either low dose 1.V, high dose L.V,
or high dose I.P 2x/week. After 4 weeks mice were sacrificed, and total RNA was extracted from right
femora of 5TGM1-bearing mice and E1A was assessed by RT-qPCR. CT values of E1A were plotted. n=3
Data is the mean £SD.

5.2.8.6 Proinflammatory Cytokine Secretion from 5TGM1 Bearing Mice

Next, determination into whether there was an immune mediated response following Ad[CE1A]
treatment in 5TGM1 bearing mice was investigated. In section 5.2.7 there was an increased exposure
of CALR and extracellular ATP in the 5TGM1 cells in response to Ad[CE1A] and in Chapter 3 | observed
bystander cytokine killing from BMMCs, therefore, investigation to determine whether any
proinflammatory cytokines were secreted in response to Ad[CE1A] was performed, which may inform

future research decisions and experiments.
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Serum samples from 5TGM1 bearing mice were taken from terminal cardiac bleeds at sacrifice. 200
uL of serum were pooled together from 4 individual mice from each group and analysed via a
membrane-based sandwich immunoassay which detected an array of proinflammatory mouse
cytokines (Figure 5.17). Following image analysis and the quantification of pixel intensity for each spot,
8 cytokines were detected in the serum (CXCL13, C5/C5a, IFN-y, I1L-17, CXCL1, M-CSF, CXCL12 and
TIMP-1). The pixel density for each spot in the treatment groups were determined relative to vehicle.
A cut off of >1.5-fold increase or <0.65-fold decrease was deemed to be significant and measurable as
per the literature. Variation was observed amongst relative cytokine secretion within the different
Ad[CE1A] treatment groups, however no cytokine expression was increased over 1.5, but cytokines IL-
16 and CXCL12 were decreased below the <0.65-fold in mice treated with Ad[CE1A] high dose I.V and

high dose I.P.

Expression of CXCL12 and its receptors subsequently excite the downstream signalling pathways to
affect tumour angiogenesis, proliferation and chemoresistance, therefore CXCL12 is a target for
therapy which will be discussed later (see chapter discussion 5.3) (443). Therefore, reducing CXCL12
expression may be beneficial due to reducing CXCL12 protumour effects. IL-16 is a chemoattractant,
growth factor and differentiation factor for CD4 cells and has implications in the development of
inflammation, however, more recently IL-16 has been associated with the onset and progression of
haematopoietic cancers, including MM (448), which will be discussed later (see chapter discussion

section 5.3). Therefore, reducing IL-16 expression may be beneficial due reducing MM progression.
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Figure 5.17 Proinflammatory cytokine secretion from serum in 5TGM1 bearing C57BL/KaLwRij mice
following treatment with vehicle or Ad[CE1A] at two doses by two routes of admission:

5TGM1 bearing mice were treated with vehicle (PBS) or Ad[CE1A] at either low dose 1.V, high dose 1.V,
or high dose I.P 2x/week. After 4 weeks mice were sacrificed, and serum was collected from whole
blood samples from terminal cardiac bleeds. 50 pL of serum from four mice per group (with average
representative tumour burden) were pooled together and assessed using a sandwich-based
immunoassay (a) Images obtained from sandwich-based immunoassay used for densitometry analysis
with an annotated numbered key corresponding to each cytokine. (b) Heatmap showing fold-change
differences compared to vehicle treated mice. n=1 for each group.
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5.3 Discussion
The assessment of novel biological therapies in immunocompetent models is very important. This is

especially true for OVs, given how the immune system response may have potential importance to
overall efficacy. As discussed in the introduction (section 3.1.2), Ad replication is species specific with
serotype 5 being specific to humans, which has limited their preclinical testing in xenograft mouse

models.

Murine MM 5TGM1 cells showed similar infection and replication kinetics in vitro to human MPC lines.
As discussed previously, recent research implies that human Ads can infect and replicate in some
murine cancer cells, resulting in significant oncolysis. In contrast, one paper states infection and viral
gene transcription of Ad5 in murine ovarian cancer cells is efficient, however, there is a profound
failure of productive virion production with late protein expression being poor (445). The authors
stated this to be down to lack of viral mRNA loading onto ribosomes, therefore, cannot be translated.
This does not appear to be the case for 5TGML1 cells as they had the same amount of infectious virion
progeny (as indicted by viral titre assays) as the human MPC lines. Therefore, it appears that 5TGM1
cells can be infected by Ad[CE1A], leading to virus transcription and translation resulting in virus
progeny and 5TGM1 cell oncolysis. This highlights the differences between cell types of different origin
and possibly viral biology as the virus used in this paper was E1A-CR2 deleted (pRb binding site). To
also confirm 5TGM1 cell death was due to lytic viral replication rather than apoptotic shut down due
to viral infection, Annexin V staining was performed, which showed a significant increase in Annexin
V positivity after 24 hours, this was similar to the levels seen in human cells as discussed in chapter 3
(section 3.2.10). 5TGM1 cells appeared to undergo cell death in a similar manner to human MPCs as
addition of inhibitors of caspases, RIPK1 and RIPK3 had no effect on Ad[CE1A]-induced cytotoxicity.
Additionally, 5TGM1 cells expressed markers of ICD, similar to human MPC lines, but required higher
MOlIs to reach significance at the same time point. Possibly if these markers were assessed at later
time points, a significant difference may have been observed at the lower MOls. Unfortunately, | was

unable to assess whether inhibiting MLKL had any effect on Ad[CE1A] induced cytotoxicity in 5TGM1
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cells, but as was discussed in chapter 3 further work is needed to try to fully elucidate the

mechanism(s) involved in Ad[CE1A]-induced cytotoxicity in MM cells.

Furthermore, it would be ideal to test Ad[CE1A] efficacy on multiple murine MM cells, but as discussed
earlier (section 5.1) other murine MM cells in the 5T series do not proliferate ex vivo and it would be

a risk to jump straight to other 5T in vivo models without previous in vitro experimentation.

Another issue is that Ad[CE1A] uses the human CS1 (hCS1) promoter. As discussed earlier (section
1.4.5.3), the major regulatory unit of SLAMF7 promoter contains an atypical TATA box and putative-
binding sites for BLIMP-1/PRDM1 and C/EBPs, with BLIMP-1 being identified as a pivotal
transcriptional activator. Deletion of this region decreased SLAMF7 promoter activity in healthy NK
and B cells (292). However, the promoter segment contains three putative-binding sites for lkaros
family flanking the BLIMP-1-binding site. The authors found that when MPC lines were treated with
Len, which targets lkaros, it decreased SLAMF7 transcription which was strongly correlated to
expression levels of lkaros. Whilst BLIMP-1 expression was not consistently associated with Len-
induced changes in SLAMF7 expression levels. The authors then went on to show, using ChIP assays,
that lkaros bound downstream of the IKZF-binding site (290). These results suggest SLAMF7
transactivation is mostly driven by lkaros in human MM cells, unlike NK and B cells. The murine CS1
(mCS1) promoter was found to be regulated by YY1 in B cells (291). However, the mCS1 promoter
region also contains four IKZF putative binding sites, therefore it is likely that IKZF-binding
transactivates the CS1 promoter in human and murine cells infected with Ad[CE1A]. Nevertheless, it
is clear that at least some of the regulatory mechanisms in the hCS1 and mCS1 promoters are distinct
based on previous research (292). Despite the apparent distinct regulatory mechanisms, the hCS1
promoter can efficiently use mouse transcription machinery, as evidenced by similar E1A levels

between human and murine MPCs.
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Due to Ad[CE1A] showing similar efficacy in 5TGM1 cells compared to human MPC lines, Ad[CE1A]
was tested in the 5TGM1 syngeneic murine model. Ad[CE1A] was administered 3 days post tumour
inoculation for maximum effect, as normally this model is aggressive (~3 weeks) and a longer
treatment window was wanted. Ad[CE1A] was administered twice a week, two doses were
administered 1.V, low dose (used in previous studies) and high dose to determine if there was a dose
response. The treatment schedule was selected at 2x/week, as this schedule showed efficacy in the
U266 xenograft model that was performed prior to this PhD, whilst 1x/week showed no efficacy in the
same U266 model. AJd[CE1A] was also administered at high dose I.P, this was performed to see if this
route of administration had efficacy, as .V administration is technically more difficult, and can result
in venous collapse and scaring to the tail vein making subsequent repeat administrations increasingly
difficult. Interestingly, when conducting the study, tumour growth with 5TGM1-luc cells were much
slower than what is normally seen/expected with this model when using WT-5TGM1 cells and GFP-
expressing 5TGM1 cells (3 weeks). Mice were culled at 4 weeks, despite not having extremely high
bioluminescence signal (comparatively to NSG models by end point) or displaying signs of end stage
disease. This was done as a precaution because | was unaware if the Luc expression was weak in the
cells or if all cells were expressing Luc which could account for a decreased signal. Additionally, the fur
on the mice hind limbs was not shaved, so the black fur could have blocked some bioluminescent

signal.

Despite this, all AA[CE1A] treatment groups resulted in significant reduction in tumour compared to
vehicle control by bioluminescent imaging and immunohistochemistry in the tibia. However, flow
cytometry showed a trend for lower tumour burden in the low dose and high dose I.P group but this
did not reach significance. Although as discussed earlier, levels of tumour in the femur in the vehicle
group were predominantly at MGUS levels, therefore 5TGM1 cells had not sufficiently infiltrated the
BM of the femora. There did not appear to be a dose-response, and high dose .V Ad[CE1A] showed
less significance from vehicle than low dose I.V and high dose I.P Ad[CE1A]. An explanation for this
could be that high dose .V Ad[CE1A] may elicit a stronger anti-viral immune response so may be

268



cleared quicker than low dose I.V or high dose I.P. What is interesting is that high dose |.P treatment
showed efficacy. One study using HSV-1 in peritoneal carcinomas showed that |.P injection resulted in
better tumour targeting than 1.V injection (due to the tumour being in the peritoneum), additionally,
I.P administration restricted systemic delivery compared to 1.V, which resulted in the lethal dose 50
(LDso) being higher in the I.P treated group as they was less off target toxicity (446). Similar antitumour
efficacy has been found with an oncolytic Ads administered I.P to treat peritoneal cancers (447,448).
I.P injected agents are obviously ideal for abdominal cancers, however, I.P injected agents are
absorbed slower than agents delivered by I.V injection. Therefore it would be interesting to do

biodistribution studies with Ad[CE1A] and different routes of administration.

There was also no detection of bioluminescent signal in the spine, upon dissection, mice did not
appear to have splenomegaly, and no MM-related bone disease was observed by micro-CT analysis.
As mentioned, the 5TGM1-luc transfected cells appear to grow slower in C57BL/KawLRij mice, and this
has been observed anecdotally with other groups (personal communication, Dr Ryan Bishop).
Therefore, mice were either sacrificed early before MM bone disease and splenomegaly could occur
or the 5TGM1-luc cells do not home to the spleen or cause bone disease compared to WT-5TGM1 and

5TGM1-GFP.

Disappointingly, | was unable to detect the presence of Ad[CE1A] in the BM by RT-qPCR and IHC or in
the liver by IHC. As discussed in the results, this could indicate increased viral clearance, or the inability
of Ad[CE1A] to reach the tumour sites, however, because Ad[CE1A] showed a therapeutic effect it is

unlikely to be the latter.

Encouragingly, the results from the microarray suggest that Ad[CE1A] may modulate the BM
microenvironment as a decreased expression in CXCL12 and IL-16 was observed after both .V and |.P
high dose Ad[CE1A] treatments. As discussed in section 5.2.8.6, IL-16 and CXCL12 both mediate pro-
MM effects. CXCL12 is constitutively expressed by stromal cells, fibroblasts and epithelial cells in the

tumour microenvironment, signalling the proliferation of CXCR4 positive tumour cells in a paracrine
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manner (443). In MM BMSC cocultures, CXCL12 downstream signalling (CXCR4 and CXCR7) were
pharmacologically blocked which resulted in re-sensitisation of MPC cells to anti-MM agents
(Vorinostat, Pom, BTZ and Carfilzomib) (449). The CXCR4/CXCL12 axis has been shown to regulate
homing, adhesion, invasion, migration and mobilisation of MM cells out of the BM (450). High
expression levels of CXCR4 alongside high integrin and adhesion molecule expression have been
observed in chemo-resistant MRD MM plasma cell clones (451). Abrogating the CXCR4/CXCL12
pathway has been shown to deregulate haematopoietic cells from colonising the BM (452). Therefore,
reducing CXCL12 expression by Ad[CE1A] may be beneficial as it may enhance MPCs chemosensitivity

and reduce further MPC BM colonisation.

Researchers have previously tried to target CXCL12/CXCR4 axis by OVs. Several OVs have been
investigated alongside CXCR4 targeting either by genetically manipulating them to express CXCR4
antagonists or genetically manipulating them to target CXCR4/7 (453-455). Oncolytic VV expressing
CXCR4 antagonist in triple-negative 4T1 breast syngeneic model resulted in higher intertumoral VV
concentration and increased efficacy than other unarmed VVs. Additionally, reduced metastasis was
observed after primary tumour resection and increased overall survival (453), a similar effect was also
observed in ovarian cancer models by the same research group (454). One study retargeted an
oncolytic Ad to CXCR4 and CXCR7, which was tested in breast cancer cells. The modified Ad infected
breast cancer cells more efficiently than WT Ad. Additionally, the retargeting modification did not

interfere with the viruses oncolytic ability (455).

IL-16 is an emerging factor in cancer pathogenesis. Increased levels of IL-16 have been correlated to
the onset and progression of various cancers (e.g., renal, breast, lung), including MM (448). For MM,
elevated serum IL-16 levels correlated with increased disease severity, which were found to decrease
following chemotherapy (460,461). Overexpression of IL-16 in MM patients has been found to be
directly attributed to the tumour cells, where it acts as a growth factor for CD4 and/or CD9-expressing

MPCs. Inhibiting IL-16 with either siRNA or antibodies resulted in >80% reduction in cell proliferation
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(462). Therefore reducing IL-16 expression by Ad[CE1A] may be beneficial as it may further reduce

MM proliferation.

5.4 Chapter Conclusion

The results presented in this chapter give evidence that Ad[CE1A] has efficacy in 5TGM1 cells in vitro
and in vivo, therefore, the 5TGM1 syngeneic immunocompetent model can be used in future research
to assess Ad[CE1A]. For the future in vivo studies in this model, Ad[CE1A] treatment will be delayed
until mice have sufficient disseminated tumour, as this is more clinically relevant. Most importantly,
like in previous in vivo models investigating Ad[CE1A] treatment, not all tumour was eradicated
following Ad[CE1A] monotherapy in the 5TGM1 syngeneic model, therefore, combination treatments
might be required to potentiate the effect of Ad[CE1A] to induce a complete and sustained anti-MM

response. This line of investigation will be explored in the next chapter.
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6.1 Introduction

6.1.1 Adenovirus in combination in Multiple Myeloma
OVs are promising new treatments for cancer patients, with some patients, including MM patients,

already appreciating the benefits from their development (135,458). As discussed previously, the
mechanisms for OVs to cause antitumour responses happens through a multitude of events, from
causing simple oncolysis to the more complex modification of tumour micro and macro-environment
and modulation of the immune response (310). Despite the multi-mechanistic therapeutic activity,
most viruses, including Ads, demonstrate low to moderate response rates in clinical trials as a
monotherapy in solid cancers (459). This is also what has been observed pre-clinically in our research
group with Ad[CE1A] in vivo (Chapter 1, 4 & 5) . Only two phase | trials have been published with OVs
(MVs and RV) in MM and these have had a focus on safety rather than efficacy, so it remains to be
seen how effective OVs are in clinic (68,105). Despite this, and as discussed previously (section 1.3.6)

one MM patient receiving MV therapy had an outstanding clinical response (105).

For OVs to be curative as a monotherapy in MM, they would either have to directly infect and kill the
vast majority (if not all) MM cells, and/or induce a potent systemic antitumour immune response,
making it unlikely that OVs as a monotherapy will completely eradicate widespread disseminated
disease in the majority of patients. Therefore, strategies to potentiate OVs or sensitise MM cells to
their killing will be important if larger cohorts of patients are to benefit. While initial clinical
investigation with Ad[CE1A] will likely be as a single agent in heavily advanced MM disease, future
trials may explore combinations with current standard of care therapies in a wider cohort of patients.
Results from the first completed clinical trial utilizing oncolytic RV in MM support the need for
combinational treatment to enhance antitumour responses (464), which has resulted in a phase Ib
clinical trial with RV in combination with Len or Pom (MUK eleven; NCT03015922), which is underway
in MM with the results yet to be published. However, pending the results of an Ad[CE1A] single agent

phase | trial in MM, it is likely that combination therapy trials will be initiated. Combining OVs with
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approved therapies have the added benefit that there is a known safety profile, which helps when

determining possible adverse interactions.

At present, very little is known about oncolytic Ad interactions with anti-MM standard of care
drugs/drug classes in MM, including Ad[CE1A]. To design trials with greater chance of success, it is
necessary to better understand the interactions between these treatments. Preclinical investigations
can provide insight into optimal timing, dose and route of administration, as well as any potential
toxicities related to the combination. Therefore, drugs from four different drug classes used as MM
standard of care treatments were chosen for use in this chapter. BTZ (Velcade®), a proteasome
inhibitor, Melph (Alkeran™), a nitrogen mustard alkylating agent, Pan (Farydak®), a pan HDACI and
Pom (Imnovid®), an IMiD. The rationale for choosing these drugs is discussed in section 1.6, but briefly,
these drugs/drug classes were chosen due to either their common use in MM and/or there being
previous research with the drug in combination with other OVs resulting in improved outcomes in MM

or other cancers.

Therefore this chapter aims to explore whether Ad[CE1A] in combination with MM standard of care
results in enhanced anti-MM effects (synergy), and if so, is the mechanism due to the MM standard
of care drugs enhancing the viral lifecycle (infection & replication). Additionally, BTZ and Melph are
one of the few drugs that are inducers of ICD, there’s also evidence that Pan and Pom also enhance
ICD. Therefore it would be interesting to see if combining Ad[CE1A] with these drugs results in
enhanced DAMP release. Overall this chapter will contribute to the understanding of how these drug
classes may interact with Ad[CE1A], and this will help guide Ad[CE1A] combinations in MM clinical

trials.
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6.1.7 Hypothesis, Aims and Objectives
6.1.7.1 Hypothesis and Aims

In this chapter the goal is to identify whether anti-MM drugs, or classes of drugs are synergistic with
Ad[CE1A]. To do this | will test the hypothesis that ‘Ad[CE1A] will have synergistic interactions with
the chosen anti-MM chemotherapies (BTZ, Melph, Pan or Pom) which will result in increased anti-MM
effects’. This chapter also aimed to investigate the mechanisms behind any synergism or antagonism
effect observed, by investigation into drug-induced augmentation of Ad[CE1A] life cycle.

6.1.7.2 Objectives
The hypothesis was tested by the following objectives

1. Investigate synergistic interactions between Ad[CE1A] and chosen anti-MM therapies in
human and murine MPC lines using AlamarBlue® assays and synergy software (CompuSyn)

2. Validate the effects seen in objective 1 by apoptosis and cell death assays (Annexin V TO-PRO-
3 assays)

3. Investigate if viral infection was increased following chosen anti-MM therapies by
investigation into CAR expression and viral infection following treatment

4. Investigate if viral replication was increased following chosen anti-MM therapies by
investigation into CS1 expression, EIA mRNA expression and viral titre following treatment.

5. Determine if Ad[CE1A] combination therapy increased ICD markers
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6.2 Results

6.2.1 Dose Response to Ad[CE1A] and Anti-myeloma Chemotherapies.
To determine the appropriate concentration of Ad[CE1A] or drug, MPC lines JIN-3, U266, OPM-2 and

5TGML1 cells were treated with increasing concentrations of either Ad[CE1A] or BTZ, Melph, Pan or
Len or Pom. After 72 hours, cell viability was assessed using an AlamarBlue® assay and dose response
curves were generated to determine ICso (Figure 6.1). For IMiDs, Pom was chosen over Len as initial
early ICso experiments showed Len to have no dose response in JIN-3 and U266 cells even at high

concentrations (1mM) (Appendix Figure 8.15).

MPC lines showed similar dose responses to Ad[CE1A] and chemotherapies with similar ICso
concentrations (Figure 6.1). Table 6.1 shows the suboptimal doses chosen for synergy experiments
based on the dose response curves. Pom doses were chosen at a lower concentration, as Pom did not
affect MPC lines as a monotherapy in vitro unless used at high concentrations which contained a

higher DMSO concentration which may affect cell viability.
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Figure 6.1: Dose response curves of Ad[CE1A] and anti-MM chemotherapies in MPC lines:

MPC lines JIN-3, U266, OPM-2 and 5TGM1 were treated with increasing concentrations of (a)
Ad[CE1A]; (b) BTZ; (c) Melph; (d) Pan or Pom. 72 hours after incubation, cell viability was assessed
using the AlamarBlue® assay. Data are mean the of 3 experiments = SD. ICso values + confidence

interval (Cl) was determined by using sigmoidal, non-linear fit curve with an R? of above 0.9.

Table 6.1: Suboptimal dose range for synergy experiments

Drug Dose range
Ad[CE1A] 0-2 MOl
Melphalan 0-10 uM
Panobinostat 0-5nM
Pomalidomide 0-320nm
Bortezomib

For JIN-3, U266 and OPM2 0-2.4nM
For 5TGM1 0-4.3nM
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6.2.2 Augmenting Ad[CE1A] Suppression of MPC Line Viability with Anti-
Myeloma Chemotherapies

6.2.2.1 Ad[CE1A] in Combination with Bortezomib

To determine whether Ad[CE1A] had antagonistic or synergistic effects with the proteasome inhibitor
BTZ, JIN-3, U266, OPM-2 and 5TGM1 cells were treated with BTZ alone at indicated doses (0-2.4 nM)
or treated with Ad[CE1A] at indicated doses (0-2 MOI) or treated with a combination of BTZ and
Ad[CE1A] at increasing doses. After 72 hours incubation, cell viability was assessed by an AlamarBlue®

assay (Figure 6.2) and synergy was determined by Cl calculated by CompuSyn software (Figure 6.3).

The combination of Ad[CE1A] and BTZ induced the highest loss of cell viability in all cell lines at higher
concentrations. There were only a few doses that showed significant differences between both
monotherapies and combination therapy in the human cell lines (JJN-3 1.5 nM + 1.25 MOl and 1.8 nM
+ 1.5 MOI; U266 1.8 nM + 1.5 MOI; OPM-2 0.6 nM + 0.5 MOI). However, in the 5TGM1 cell line, all

doses showed a significant difference between both monotherapies and combination therapies.
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Figure 6.2: Ad[CE1A] in combination with BTZ in MPCs cell lines:

Cell viability of Ad[CE1A] and BTZ combination therapy compared to monotherapies in (a) JIN-3, (b)
U266, (c) OPM-2 and (d) 5TGM1 cells as determined AlamarBlue® after 72 hours. Concentration of
BTZ (nM) on x axis denoted first, concentration of Ad[CE1A] (MOI) denoted second in brackets,
BTZ,nM(Ad[CE1A],MOI). n=3 Data is the mean #SD. P values are for 2-way ANOVA with multiple
comparisons with Tukey’s correction where * p=<0.05; ** p=<0.01; *** p=<0.001 **** p=<0.0001.

Dose-response parameters were used to determine Cl by CompuSyn software. Cl was plotted in a
heatmap, with the shading referring to the level of synergism/antagonism (Figure 6.3). In JIN-3 cells
the ClI ranged from 2.74-1.10, with antagonistic and additive interactions observed. However, the
majority of the doses showed either antagonistic (3/8) or slight antagonistic (3/8) interactions.
Therefore, it was determined that Ad[CE1A] in combination with BTZ is antagonistic in JJN-3 cells. In
U266 cells the Cl ranged from 1.19-0.92, with additive and slight antagonistic interactions observed.
Half of the doses showed additive interactions (4/8) mainly at higher doses, whilst the other half
showed antagonistic interactions (4/8) mainly at lower doses. Therefore it was determined that

279



Ad[CE1A] in combination with BTZ is additive at higher doses and antagonistic at lower doses in U266
cells. In OPM-2 cells the Cl ranged from 3.42-0.66, with moderate synergistic, synergistic, additive or
antagonistic interactions observed. Half of the doses showed either moderate synergistic (3/8) or
synergistic (1/8) interactions, whilst the other half showed either additive (2/8) or antagonistic (2/8)
interactions. Therefore, it was determined that Ad[CE1A] in combination with BTZ is synergistic-
additive in OPM-2 cells. Interestingly, OPM-2 cells showed more synergism than JIN-3 or U266 cells.
OPM-2 cells, in our research groups experience, are resistant to BTZ in vivo in NSG mice [data
unpublished]. It would be interesting to investigate if Ad[CE1A] could re-sensitise OPM-2 cells to BTZ
in vivo. In 5TGM1 cells, which showed less sensitivity to BTZ by dose response compared to human
MPC lines, had a ClI range of 1.14-0.64, with synergistic, moderate synergistic, additive, and slight
antagonistic interactions observed. The majority of the combinations had moderate synergistic (3/8)
or synergistic (3/8) interactions with these being seen at higher concentrations. Therefore, it was

determined that Ad[CE1A] in combination with BTZ is synergistic in 5TGM1 cells.
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Figure 6.3: Heatmap of Cl of Ad[CE1A] in combination with BTZ in MPC lines:

The mean cell viability for Ad[CE1A] and BTZ monotherapies and combination therapy obtained from
the previous AlamarBlue® assay was input into CompuSyn software which determines the dose-effect
parameters of each drug alone as well as in combination. Cl was determined by the median-effect
analysis equation. Cl= <0.3 strong synergism; Cl=0.3-0.7 synergism; CI=0.7-0.9 moderate synergism;
Cl=0.9-1.1 additive; ClI=1.1-1.45 slight antagonism; 1.45-2 antagonism in (a) human MPC lines and (b)
mouse 5TGM1 cell line.

6.2.2.2 Ad[CE1A] in Combination with Melphalan

To determine whether Ad[CE1A] had antagonistic or synergistic effects with the nitrogen mustard
alkylating agent, Melph, JJN-3, U266 and OPM-2 cell lines were treated with Melph alone at indicated
doses (0-10 uM) or with Ad[CE1A] at indicated doses (0-2 MOI) or with a combination of Melph and
Ad[CE1A] at increasing doses. After 72 hours incubation, cell viability was assessed by an AlamarBlue®

assay (Figure 6.4) and Cl calculated by CompuSyn software (Figure 6.5).

The combination of Ad[CE1A] and Melph induced the highest loss of cell viability in all cell lines at
higher concentrations. For the JIN-3, and U266 cells there was a significant difference between
combination therapy and both monotherapies at all doses used. For 5TGM1 cells there was a
significant difference between combination therapy and both monotherapies in all doses except for
the lowest dose combination. For OPM-2 cells, there was only a significant difference between
combination therapy and both monotherapies at 4 doses (2.50 uM + 0.50 MOI; 3.75 uM + 0.75 MOI;

6.25 pM + 1.25 MOI; 10.00 uM + 2.00 MOI).
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Figure 6.4: Ad[CE1A] in combination with Melph in MPC cell lines:

Cell viability of Ad[CE1A] and Melph combination therapy compared to monotherapies in (a) JIN-3, (b)
U266, (c) OMP-2 and (d) 5TGM1 cells as determined by AlamarBlue® after 72 hours. Concentration of
Melph (uUM) on x axis denoted first, concentration of Ad[CE1A] (MOI) denoted second in brackets,
Melph,uM(Ad[CE1A],MOIl). n=3 Data is the mean +SD. P values are for 2-way ANOVA with multiple
comparisons with Tukey’s correction where * p=<0.05; ** p=<0.01; *** p=<0.001 **** p=<0.0001.

Dose-response parameters were used to determine Cl index by CompuSyn software. Cl index was
plotted in a heatmap, with the shading referring to the level of synergism/antagonism (Figure 6.5). In
JIN-3 cells the Cl ranged from 0.41-0.12 with strong synergistic (5/8) and synergistic (3/8) interactions
observed. Therefore, it was determined that Ad[CE1A] in combination with Melph is strongly
synergistic in JJN-3 cells. In U266 cells, the Cl ranged from 0.32-0.16 with strong synergistic (7/8) and
synergistic (1/8) interactions observed. Therefore, it was determined that Ad[CE1A] in combination
with Melph is strongly synergistic in U266 cells. In OPM-2 cells, the Cl ranged from 1.19-0.58 with
slight antagonistic, moderate synergistic and synergistic interactions observed. The majority of the

doses showed moderate synergistic (6/8) or synergistic (1/8) interactions. Therefore, it was
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determined that Ad[CE1A] in combination with Melph is synergistic in OPM-2 cells. In 5TGM1 cells the
Cl ranged from 0.68-0.28, with synergistic to strong synergistic interactions observed. The majority of
doses showed synergistic interactions (7/8). Therefore, it was determined that Ad[CE1A] in

combination with Melph is synergistic in 5TGM1 cells.

1.25uM 0.25 MOI

2.50uM 0.50 MOI

3.75uM 0.75 MOI Antagonism

Slight Antagonism

5.00uM 1.00 MOI
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Melphalan (uM) Ad[CE1A] (MOI)

Strong Synergism
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Figure 6.5: Heatmap of Cl of Ad[CE1A] in combination with Melph in MPC lines:

The mean cell viability for AA[CE1A] and Melph monotherapies and combination therapy obtained
from the previous AlamarBlue® assay was input into CompuSyn software which determines the dose-
effect parameters of each drug alone as well as in combination. Cl was determined by the median-
effect analysis equation. Cl= <0.3 strong synergism; Cl=0.3-0.7 synergism; Cl=0.7-0.9 moderate
synergism; Cl=0.9-1.1 additive; Cl=1.1-1.45 slight antagonism; 1.45-2 antagonism.

6.3.2.3 Ad[CE1A] in Combination with Panobinostat

To determine whether Ad[CE1A] had antagonistic or synergistic effects with the pan-histone
deacetylase inhibitor Pan, JIN-3, U266, OPM-2 and 5TGML1 cell lines were treated with Pan alone at
indicated doses (0-5 nM) or with Ad[CE1A] at indicated doses (0-2 MOI) or with a combination of Pan
and Ad[CE1A]. After 72 hours incubation, cell viability was assessed by an AlamarBlue® assay (Figure

6.6) and Cl calculated by CompuSyn software (Figure 6.7).

The combination of Ad[CE1A] and Pan induced the highest loss of cell viability in all cell lines at every
concentration combination compared to monotherapies. For JJIN-3, U266 and 5TGM1 cells there was
a significant difference between combination therapy and both monotherapies at all doses, except for

three doses in JIN-3 (0.625 nM + 0.25 MOI; 1.25 nM + 0.5 MOI; 1.875 nM + 0.75 MOI), two doses in
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5TGM1 (0.625 nM + 0.25 MOI; 1.25 nM + 0.5 MOI) and one dose in U266 (0.625 nM + 0.25 MOI). In

OPM-2 cells there were less combination doses that were significantly different from both

monotherapies, with only three doses being significant (3.125 nM + 1.25 MOI; 3.75 nM + 1.50 MOI;

4.375 nM + 1.75 MOI).
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Figure 6.6: Ad[CE1A] in combination with Pan in MPC lines:

Cell viability of Ad[CE1A] and Pan combination therapy compared to monotherapies in (a) JIN-3, (b)
U266, (c) OMP-2 and (d) 5TGM1 cells as determined by AlamarBlue® after 72 hours. Concentration of
Pan (nM) on x axis denoted first, concentration of Ad[CE1A] (MOI) denoted second in brackets,
Pan,nM(Ad[CE1A],MOl). N=3 Data is the mean #SD. P values are for 2-way ANOVA with multiple
comparisons with Tukey’s correction where * p=<0.05; ** p=<0.01; *** p=<0.001 **** p=<0.0001.
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Dose-response parameters were used to determine Cl index by CompuSyn software. Cl index was
plotted in a heatmap, with the shading referring to the level of synergism/antagonism (Figure 6.7). In
JIN-3 cells the ClI ranged from 1.4-0.88, with moderate synergistic, additive, and slight antagonistic
interactions observed. Half of the combination doses showed slight antagonistic interactions (4/8),
which was seen mainly at lower doses whilst the other half showed an additive (3/8) or moderate
synergistic interaction (1/8). Therefore, it was determined that Ad[CE1A] in combination with Pan is
additive-slightly antagonistic in JIN-3 cells. In U266 cells, the Cl ranged from 0.94-0.65, with additive,
moderate synergistic and synergistic interactions observed. The majority of the doses showed
moderate synergistic (5/8) or synergistic (2/8) interactions. Therefore, it was determined that
Ad[CE1A] in combination with Pan is synergistic in U266 cells. In OPM-2 cells, the Cl ranged from 2.00-
0.54, with antagonistic, additive, and synergistic interactions observed. The majority of the doses
showed synergistic (5/8) or additive interactions (2/8). Therefore, it was determined that Ad[CE1A] in
combination with Pan is synergistic-additive in OPM-2 cells. In 5TGM1 cells, the Cl ranged from 0.96-
0.71, with additive and moderate synergistic interactions observed. Half of the dose combinations
showed moderate synergistic interactions, whilst the other half showed additive interactions.
Therefore, it was determined that Ad[CE1A] in combination with Pan is synergistic/additive in 5TGM1

cells.
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Figure 6.7: Heatmap of Cl of Ad[CE1A] in combination with Pan in MPC lines:

The mean cell viability for Ad[CE1A] and Pan monotherapies and combination therapy obtained from
the previous AlamarBlue® assay was input into CompuSyn software which determines the dose-effect
parameters of each drug alone as well as in combination. Cl was determined by the median-effect
analysis equation. Cl= <0.3 strong synergism; Cl=0.3-0.7 synergism; CI=0.7-0.9 moderate synergism;
Cl=0.9-1.1 additive; Cl=1.1-1.45 slight antagonism; 1.45-2 antagonism.

6.3.2.4 Ad[CE1A] in Combination with Pomalidomide
To determine whether Ad[CE1A] had antagonistic or synergistic effects with the IMiD, Pom, JIN-3,

U266, OPM-2 and 5TGM1 cell lines were treated with Pom alone at indicated doses (0-320 nM) or
with Ad[CE1A] at indicated doses (0-2 MOI) or with a combination of Pom and Ad[CE1A]. After 72
hours incubation, cell viability was assessed by an AlamarBlue™ assay (Figure 6.8), and Cl calculated

by CompuSyn software (Figure 6.9).

The combination of Ad[CE1A] and Pom induced the highest loss of cell viability in all cell lines at every
concentration combination compared to monotherapies. For JIN-3, there was a significant difference
between combination therapy and monotherapy in the highest 4 combination doses. For U266, there
was a significant difference in between combination therapy and monotherapy in all doses except for
the lowest dose. For OMP-2 and 5TGM1, there was a significant difference between combination

therapy compared to monotherapy in all doses except for the lowest two doses.
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Figure 6.8: Ad[CE1A] in combination with Pom in MPC lines:

Cell viability of Ad[CE1A] and Pom combination therapy compared to monotherapies in (a) JIN-3, (b)
U266, (c) OMP-2 and (d) 5TGM1 cells as determined by AlamarBlue® after 72 hours. Concentration
of Pom (nM) on x axis denoted first, concentration of AA[CE1A] (MOI) denoted second in brackets,
Pom,nM(Ad[CE1A],MOIl). n=3 Data is the mean *SD. P values are for 2-way ANOVA with multiple
comparisons with Tukey’s correction where * p=<0.05; ** p=<0.01; *** p=<0.001 **** p=<0.0001

Dose-response parameters were used to determine Cl index by CompuSyn software. Cl index was
plotted in a heatmap, with the shading refereeing to the level of synergism/antagonism (Figure 6.9).
In JJN-3 cells the Cl ranged from 0.27-1.08, with strong synergistic, synergistic, moderate synergistic
and additive interactions observed. The majority of the doses showed synergistic (5/8 dose), strong
synergistic (1/8 doses) or moderate synergistic (1/8 doses) interactions. Therefore, it was determined
that Ad[CE1A] in combination with Ad[CE1A] is synergistic in JIN-3 cells. In U266 cells the Cl ranged
from 0.55-0.96, with synergistic, moderate synergistic and additive interactions observed. The

majority of the doses showed synergistic (6/8 doses), or moderate synergistic (1/8) interactions,
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therefore, it was determined that Ad[CE1A] in combination with Pom is synergistic in U266 cells. In
OPM-2 cells the Cl ranged from 0.50-1.28, with synergisticc moderate synergistic and slight
antagonistic interactions observed. The majority of the doses showed moderate synergistic (5/8
doses), or synergistic (2/8) interactions. Therefore, it was determined that Ad[CE1A] in combination
with Pom was synergistic in OMP2- cells. In 5TGM1 cells the Cl ranged from 0.48-0.24, with synergistic
and strong synergistic interactions observed. Therefore, it was determined that Ad[CE1A] in

combination with Pom is synergistic in 5TGM1 cells.
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Figure 6.9: Heatmap of Cl of Ad[CE1A] in combination with Pom in MPC lines:

The mean cell viability for Ad[CE1A] and Pom monotherapies and combination therapy obtained from
the previous AlamarBlue® assay was input into CompuSyn software which determines the dose-effect
parameters of each drug alone as well as in combination. Cl was determined by the median-effect
analysis equation. Cl= <0.3 strong synergism; Cl=0.3-0.7 synergism; CI=0.7-0.9 moderate synergism;
Cl=0.9-1.1 additive; CI=1.1-1.45 slight antagonism; 1.45-2 antagonism.

288



6.2.2.5 Summary of Combination Cell Viability Experiments in MPC Lines
Ad[CE1A] in combination with anti-MM chemotherapies appears promising, especially with Melph

which showed the greatest synergistic interactions and was consistent in all four cell lines. Table 6.2
summarises Cl data in all cell lines for Ad[CE1A] and anti-MM combination therapies. Interestingly,
5TGML1 cells responded better to AJ[CE1A] and BTZ combinations showing synergistic interactions
compared to human MPC lines, which were additive/synergistic in some cell lines (U266 and OPM?2)

and antagonistic in others (JJN-3).

Table 6.2: Summary of Cl data from cell viability experiments in MPC lines

Drug Cell Line
JIN-3 U266 OPM-2 5TGM1
Bortezomib Antagonism Additive/ Synergism/ Synergism

Antagonism Additive

Melphalan Strong Strong Synergism Synergism
Synergism Synergism

Panobinostat Additive/ Synergism | Synergism/ | Synergism/Additive

Slightly Additive
Antagonism
Pomalidomide | Synergism Synergism Synergism Synergism

6.2.3 Augmenting Ad[CE1A]-induced MPC Cytotoxicity with Anti-myeloma

Chemotherapies
As the above results were promising, it was important to test the Ad[CE1A] drug combinations on cell

death and apoptosis. The above results were obtained from AlamarBlue® assays, which strictly
speaking, is an assay of metabolic health, an indicator of cell viability. The AlamarBlue® test does not
directly test cytotoxicity. Therefore, the effects seen may just be growth inhibitory effects and not
actual cytotoxicity. Therefore apoptosis and cell death after Ad[CE1A] and anti-MM therapy

combinations at 72 hours was assessed in human MPC lines JIN-3, U266 and OPM2.
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For logistical reasons one dose combination was chosen per cell line, so the highest combination dose
was initially chosen as this generally showed the best synergistic effect (Table 6.3). However, initial
experiments showed doses of drug and Ad[CE1A] caused more or less cell death by flow cytometry
than by AlamarBlue® assays. Therefore, drug doses were adjusted. Melph and BTZ doses were
adjusted slightly as they caused too much cell death, Ad[CE1A] and Pom doses were adjusted as they
caused a lower amount of cell death than expected. For the former this variation could be due to
increased sensitivity of flow cytometry, or the extra washes or mechanical forces the cells must
undergo before and during flow cytometry which could result in more cell death seen by flow
cytometry than AlamarBlue®. Additionally, the AlamarBlue® does not specifically detect apoptotic
cells, which could still reduce resazurin in the AlamarBlue® assay, leading to more cell death seen by
flow cytometry than AlamarBlue®. For the latter, this may be due to Ad[CE1A] having a faster effect
on cell metabolism before cell death occurs, so a lower dose is needed to see an effect in AlamarBlue®
assays than by flow cytometry. For Pom a larger dose was chosen as Pom had little effect on cell

viability in the AlamarBlue® assays and by flow cytometry.

Table 6.3: Summary of Cl data for highest dose concentration

Drug Dose Cell Line Amended Dose

Drug/Ad[CE1A (Drug/Ad[CE1A
(Drug/AJICELA) 17 3 U266 opmz | rue/AdICELAD

Bortezomib 2.4 nM/2.0 MOI | Additive Additive Additive 1.5 nM/10 MOI

Melphalan 10 uM/2.0 MOI | Strong Strong Moderate |5 pM/10 MOI
Synergism [Synergism | Synergism

Panobinostat 5nM/2.0 MOI Additive Additive Synergism [5 nM/10 MOI

Pomalidomide | 320 nM/2.0 Strong Synergism | Synergism |10 uM/10 MOI
MOl Synergism
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All Ad[CE1A] combination therapies induced significantly higher total cell death (Annexin V* TO-PRO
3- and Annexin V* TO-PRO*) than monotherapies (Figure 6.10). However, in JIN-3 cells only Melph
significantly increased Annexin-V* To-PRO-3 cells compared to monotherapies whilst in U266 only BTZ
and Pom resulted in significantly increased Annexin-V* To-PRO-3" cells, suggesting only in those cell
lines in those combinations is apoptosis increased (Appendix Figure 8.16) rather than just necrosis in
the other cell lines. Some of these findings show better responses in some of the combinations than
were observed in AlamarBlue® assays. This could be due to the change in dosages or as discussed
because apoptotic/permeabilised cells could still be reducing resazurin in the AlamarBlue® assay but

the flow cytometry assay is detecting these cells therefore is more sensitive.
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Figure 6.10: Percentage of total Annexin V positive cells after A[CE1A] and anti-MM chemotherapy
combination therapy in MPC lines:

Representative dot plots of Annexin V TO-PRO-3 in JIN-3 cells after Ad[CE1A] (MOI 10) treatment after
72 hours. (a) BTZ (1.5 nM); (b), Melph (5 uM); (c) Pan (5 nM) or (d) Pom (10 uM) or in combination.
JIN-3, U266 and OPM-2 cells were incubated with Ad[CE1A] (MOI 10) or (e) BTZ (1.5 nM); (f) Melph (5
uM); (g) Pan (5 nM) or (h) Pom (10 uM) or combination. Percentage of total Annexin V expression
(Annexin V positive and Annexin V and TO-PRO-3 positive) was determined by flow cytometry at 72
hours post treatment. N=3 Data is the mean #SD. P values are for 2-way ANOVA with multiple
comparisons with Tukey’s correction where * p=<0.05; ** p=<0.01; *** p=<0.001 **** p=<0.0001.
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6.2.4 Mechanisms of Synergy

As discussed in the chapter introduction the anti-MM chemotherapies and the drug classes they
belong to, have been found to augment different stages of various OVs life cycle, including Ads.

Therefore, it was important to investigate if they could augment Ad[CE1A]s life cycle in MPCs.

6.2.4.1 Augmenting Coxsackie Adenovirus Receptor Expression after Anti-

myeloma Chemotherapies.
In order to try and determine some of the mechanisms behind additive/synergistic interactions in MPC

lines in Ad[CE1A] and anti-MM chemotherapy combinations, expression of CAR after chemotherapy
treatment was explored. CAR is the main receptor of Ad5 and its upregulation has been shown to be
a mechanism of synergy in other cancers with other drugs (555,556). The proposed hypothesis is that
the upregulation of CAR expression results in increased viral infection, which results in additive or
synergistic interactions. Human MPC lines JIN-3, U266 and OPM-2 cells were treated with indicated
doses of BTZ, Melph, Pan or Pom. Doses were kept the same as the previous flow cytometry
experiment. After 48 hours cells were stained with a CAR antibody, and cell surface CAR expression
was determined by flow cytometry on viable cells (Figure 6.11). Whilst murine cells do express a
murine CAR (m/CAR) (557), there are no commercial antibodies available to detect m/CAR available

for flow cytometric analysis, so 5TGM1 cells were omitted from this investigation.

BTZ was able to significantly increase CAR expression in all three cell lines, with U266 having the
greatest relative fold change compared to control at 1.6 average fold increase. Melph was able to
significantly increase CAR expression in all three cell lines, with JJIN-3 and OPM-2 cells having above
~1.5 average fold change and U266 having a 1.9-fold change compared to control. Pan was able to
significantly increase CAR expression in all three cell lines with OMP-2 cells having the greatest relative
fold change compared to control at 1.9 with U266 and JIN-3 cells having a relative fold change of 1.4
and 1.3 respectively. Pom was able to significantly increase CAR expression in OPM-2 cells with a
relative fold change of 1.2. However, CAR expression was significantly decreased following Pom

treatment in JJN-3 and U266 cells with relative fold change of 0.7 and 0.9, respectively.
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Figure 6.11: CAR expression after 48 hours of anti-MM chemotherapy treatment:

Representative histogram plots of MFI of CAR after 48 hours treatment with anti-MM chemotherapies
(BTZ 1.5 nM, Melph 5 uM, Pan 5 nM or Pom 10 uM) in (a.i) JJN-3, (a.ii) U266 and (a.iiij) OMP2. Viable
cells only included in analysis, TO-PRO-3 positive dead cells were gated out. Relative fold change of
CAR MFI after anti-MM chemotherapies compared to untreated control in (b.i) JJN-3, (b.ii) U266 (b.iii)
OPM2. n=3 Data is the mean 1SD. P values are for one-way ANOVA with multiple comparisons
compared to control with Dunnett’s correction where ** p=<0.01; **** p=<0.0001.
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CAR expression data was correlated with Cl data from cell viability assays (Appendix Figure 8.17).
There is no correlation between CAR expression and Cl scores for BTZ, Melph and Pom. However,
there was a significant negative correlation with Pan with a value of p=0.0178 and an R? 0.9992,
therefore the higher the fold change of CAR correlated with the lower Cl.

6.2.4.2 Augmenting Adenovirus Infection after Anti-Myeloma Chemotherapy
After identifying that anti-MM chemotherapies significantly upregulated or downregulated CAR
receptor expression, it was important to determine if this affected Ad infection. Therefore, JIN-3,
U266, OMP-2 and 5TGM1 cells were treated with Ad-GFP MOI 2 + anti-MM chemotherapies at
indicated doses. Doses were kept the same as previous flow cytometry experiments. After 24 and 48

hours, GFP expression was determined by flow cytometry (Figure 6.12).

Surprisingly, despite the significant changes in CAR expression, there was no significant difference in
percentage of cells infected by Ad-GFP at 24 and 48 hours compared to untreated controls in all the
human MPC lines (Figure 6.12 b.i-b.ii). In 5TGM1 cells, Pan was able in significantly increase Ad-GFP
infection at 24 hours, however, there was no difference by 48 hours (Figure 6.12 b.iv). These results
could be because upregulation of CAR does not result in increased Ad infection, or it could be because
of the treatment schedule. If treatment with chemotherapy was given before Ad-GFP infection, rather
than at the same time, an increase in infection may be observed. CAR expression was assessed at 48
hours (Figure 6.11), whether CAR is upregulated/downregulated earlier has not been tested. However,
in drug combination assays, treatment was given at the same time, but assessed after 72 hours, by
which point Ad infection may have increased. It is also important to note that whilst percentage of
infected cells was not increased in the majority of cases, GFP MFI was significantly increased in some
cases. In U266 cells at 48 hours Pan and Pom significantly increased GFP MFI, and in OPM-2 and
5TGM1 cells, Pan significantly increased MFI after 48 hours (Appendix Figure 8.18). This could be due
to the Pom and Pan increasing GFP transgene expression by the cytomegalovirus promoter in the

already infected cell lines rather than increasing infection. This has been observed with other HDAClIs
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(558). Therefore, it would be interesting to investigate if these drugs also increase E1A driven by CS1

like it has with adenoviral vectors with GFP driven by the CMV promoter.
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Figure 6.12: Percentage of Ad-GFP expression after anti-MM therapies compared to untreated
control:

JIN-3, U266, OPM-2 and 5TGM1 cells were treated with Ad-GFP (MOI 2) + anti-MM chemotherapies
(BTZ 1.5 nM, Melph 5 uM, Pan 5 nM or Pom 10 uM). GFP expression was determined by flow
cytometry after 24 and 48 hours. Representative histogram plots of GFP expression of Ad-GFP after
anti-MM chemotherapies after 24 and 48 hours in (a.i) JJN-3, (a.ii) U266, (a.iii) OMP-2 and (a.iv)
5TGML1 cell lines. Percentage GFP expression after anti-MM chemotherapies compared to untreated
control plotted in (b.i) JJN-3, (b.ii) U266, (b.iii) OPM-2 (b.iv). n=3 Data is the mean £SD. P values are
for 2-way ANOVA with multiple comparisons compared to Ad-GFP control for each time point with
Dunnett’s correction where ** p=<0.01.
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Because CAR expression was tested 48 hours after chemotherapy treatment, MPC lines were next
treated with chemotherapy first for 24 hours, then infected with Ad-GFP for 24 hours and assessed

for GFP expression (Figure 6.13). This time two doses of Ad-GFP (0.2 MOI and 2 MOI) were used.

At a lower MOI of 0.2, percentage of GFP expression was increased by Melph in all four cell lines (JJN-
3 30% vs 15% control; U266 27% vs 20% control; OPM2 35% vs 19% control; 5TGM1 18% vs 10%
control) (Figure 6.13 b.i-iv), BTZ increased GFP expression in OPM-2 (32% vs 19% control) (figure 6.13
b.iii), Pan increased GFP expression in U266 (31% vs 20% control) (Figure 6.13 b.ii) and Pom increased
GFP expression in OPM-2 and 5TGM1 (28% vs 19% control, 18% vs 10% control, respectively) (Figure
6.13 b.iii-iv). However, at a higher dose of MOI 2 there was no significant difference in JIN-3 or U266
(Figure 6.13 b.i-ii), although a similar nonsignificant trend is observed in JIN-3. For OMP-2 cells, there
was a significant difference in Melph (91% vs 73% control) and BTZ (83% vs 73% control) similar to
what is observed at the lower concentration, however there was no significant difference in pom
(Figure 6.13 b.iii). In 5TGM1 cells, there was a significant difference in Pom (52% vs 44%) similar to
what is observed at the lower concentration, however, there was no significant difference in Melph
but there was a significant difference by Pan (59% vs 44%) (Figure 6.13 b.iv). The significant increase
in GFP following Pan in 5TGM1 cells does match the previous experiment where the cells were treated
with virus at the same time. It is also important to note that whilst percentage of infected cells was
not increased in the majority of cases, GFP MFI was significantly increased in some cases (Appendix

Figure 8.19).
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Figure 6.13: Percentage of Ad-GFP expression after anti-MM therapies compared to untreated
control:

JIN-3, U266, OPM-2 and 5TGM1 cells were treated with anti-MM chemotherapies (BTZ 1.5 nM, Melph
5 uM, Pan 5 nM or Pom 10 uM). After 24 hours cells were infected with Ad-GFP (MOI 0.2 or 2). GFP
expression was determined by flow cytometry after 24 hours. Representative histogram plots of GFP
expression of Ad-GFP after anti-MM chemotherapies at MOI 0.2 and MOI 2 in (a.i) JIN-3, (a.ii) U266,
(a.iii) OMP-2 and (a.iv) 5TGM1 cell lines. Percentage GFP expression after anti-MM chemotherapies
compared to untreated control plotted in (b.i) JJN-3, (b.ii) U266, (b.iii)) OPM-2 (b.iv). n=3 Data is the
mean 1SD. P values are for 2-way ANOVA with multiple comparisons compared to Ad-GFP only for
each MOI with Dunnett’s correction where ** p=<0.01.
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A summary table shows current data on viral infection following chemotherapy (Table 6.4). With the
current data, it is hard to determine whether anti-MM chemotherapy increases Ad-GFP expression by
increasing cell surface CAR expression, Melph was the only consistent chemotherapy that increased
CAR expression and increased Ad-GFP expression but only after pre-treatment with chemotherapy
and only at the lower dose of Ad-GFP. Therefore, for Melph and the other chemotherapies, the

synergistic/ additive interactions observed are unlikely to be caused by increased viral infection.
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Table 6.4: Summary of viral infection data following anti-MM chemotherapies.

Drug Cell Line CAR Ad[CE1A] Concurrent | Anti-MM therapy
treatment first treatmenr
24 Hours | 48 Hours | 0.2 MOI | 2 MOI
Bortezomib JIN-3 *EEE A NSD NSD NSD NSD
U266 ISR NSD NSD NSD NSD
OPM2 *EAN NSD NSD *EXEAN *EAN
5TGM1 ND NSD NSD NSD NSD
Melphalan JIN-3 *EXEAN NSD NSD *EXAN NSD
U266 SIS R NSD NSD P NSD
OPM2 Rk NSD NSD ok k ko k A
5TGM1 ND NSD NSD TR NSD
Panobinostat | JIN-3 *rEEA NSD NSD NSD NSD
U266 TSGR NSD NSD *¥ExEk AN | NSD
OPM2 *EXEAN NSD NSD NSD NSD
5TGM1 ND *EAN 2 NSD NSD ISP
Pomalidomide | JIN-3 rekx b NSD NSD NSD NSD
U266 **J NSD NSD NSD NSD
OPM2 *ExE AN NSD NSD *EA NSD
5TGM1 NSD NSD NSD WS4 WS

NSD= No significant difference; * "= Significant increase; *{ = Significant decrease
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6.2.4.3 Augmenting CS1 Receptor Expression after Anti-Myeloma

Chemotherapies.
As it remains to be determined if anti-MM chemotherapies result in increased infection leading to

increased oncolysis, therefore, another mechanism was explored. Investigation into whether
Ad[CE1A] replication was augmented following treatment with anti-MM chemotherapies was
examined. The proposed hypothesis was that the upregulation of CS1 by anti-MM chemotherapies
will result in increased/decreased viral replication (by increased CS1 driven EIA expression), which
results in enhanced anti-MM efficacy. Therefore, expression of CS1 cell surface protein after anti-MM
chemotherapies was investigated. MPC lines JIN-3, U266, OPM-2 and 5TGM1 were treated with
indicated doses of BTZ, Melph, Pan or Pom. Doses were kept the same as previous experiments. After
48 hours cells were stained with a CS1 antibody, and cell surface CS1 expression was determined by

flow cytometry on viable cells (Figure 6.14).

BTZ was able to significantly increase CS1 expression in U266 and 5TGM1 cells (1.9- and 1.1-fold
change respectively) (Figure 6.14 b.ii & b.iv), but there was no significant difference in CS1 expression
in JIN-3 and OPM-2 cells (Figure 6.14 b.i & b.iv). Melph was able to significantly increase CS1
expression in all cell lines compared to untreated control, with 5TGM1 cells having the greatest fold
change at 1.7 (Figure 6.14 b.i-b.iv). Pan significantly increased CS1 expression in JIN-3 cells but
decreased CS1 expression in 5TGM1 cells (1.5- and 0.7-fold change respectively) (Figure 6.14 b.i &
b.iv). U266 and OPM2 cells showed no significant difference in CS1 expression compared to untreated
controls (Figure 6.14 b.ii-b.iii). Pom significantly decreased CS1 expression in OPM-2 and 5TGM1 cells
(0.6- and 0.9-fold change respectively) (Figure 6.14 b.iii-b.iv), whilst there was no significant difference
in JIN-3 and U266 compared to untreated controls (Figure 6.14 b.i-b.ii). The data here shows that the
expression of CS1 in response to these anti-MM chemotherapies seems to be cell line dependent, with
only Melph consistently resulting in a significant increase fold change in CS1 across all MPC lines

tested. Melph also consistently resulted in synergy with Ad[CE1A] in cell viability experiments,
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however, there was no correlation between relative CS1 expression and Cl scores (Appendix Figure
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Figure 6.14: CS1 receptor expression after 48 hours of anti-MM chemotherapy treatment:

JIN-3, U266, OPM-2 and 5TGM1 cells were treated with + anti-MM chemotherapies (BTZ 1.5 nM,
Melph 5 uM, Pan 5 nM or Pom 10 uM). After 48 hours cells were stained with an APC-conjugated CS1
antibody and fluorescence was measured by flow cytometry. Representative histograms plots of MFI
of CS1 receptor after 48 hours treatment with anti-MM chemotherapies in (a.i) JJN3 (a.ii) U266 (a.iii)
OPM2 (a.iv) 5TGM1. Viable cells only were included in analysis, Pl positive dead cells were gated out
prior to analysis. Relative fold change of CAR MFI after anti-MM chemotherapies compared to
untreated control in (b.i) JIN-3, (b.ii) U266, (b.iii) OPM-2 and (b.iv) 5TGM1. n=3 Data is the mean #SD.
P values are for one-way ANOVA with multiple comparisons compared to untreated control with
Dunnett’s correction, where * p=<0.05; ** p=<0.01; *** p=<0.001; **** p=<0.0001.
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6.2.4.4 Augmenting Ad[CE1A] E1A Expression after Anti-Myeloma

Chemotherapies.
As there were changes in CS1 expression following anti-MM drugs this may result in changes in

Ad[CE1A] genome replication, therefore, it was important to test whether Ad[CE1A] in combination
with anti-MM chemotherapy resulted in significant changes in E1A expression, and whether this was
a mechanism for the synergistic interactions observed. To investigate this, MPC lines were treated
with Ad[CE1A] MOI 10 + anti-MM chemotherapies (BTZ 1.5 nM, Melph 5 uM, Pan 5 nM and Pom 10
UM). After 24 hours, total RNA was extracted and converted to cDNA, and RT-gPCR was performed
using primers for EIA and GAPDH (housekeeping gene for human) of B2M (housekeeping gene for

murine) (Figure 6.15).

BTZ did not significantly increase E1A expression in any cell line. Melph significantly increased E1A
expression in JIN-3, OMP-2 and 5TGM1 cell lines (2.4-fold, 4.2-fold, and 4.2-fold change respectively)
(Figure 6.15 a-d). Pan significantly decreased E1A expression in U266 cells (0.25-fold), but significantly
increased E1A expression in OMP-2 cells (2.1-fold) (Figure 6.15 b & c¢). Pom significantly increased E1A

expression in JIN-3 cells (1.7-fold) (Figure 6.15 a).
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Figure 6.15 E1A expression after 24 hours of anti-MM chemotherapy treatment:

(a) JJN-3, (b) U266, (c) OPM-2 and (d) 5TGM1 cells were treated with Ad[CE1A] MOI 10 * anti-MM
chemotherapies, BTZ 1.5 nM, Melph 5 uM, Pan 5 nM or Pom 10 uM. After 24 hours total RNA was
extracted, and RT-qPCR was performed using E1A primers and GAPDH (for human) or B2M (for mouse)
was used as a housekeeping gene. Relative EIA mRNA expression compared to Ad[CE1A] alone was
plotted. n=3 Data is the mean Sd. p values are for one-way ANOVA with multiple comparisons
compared to Ad[CE1A] only treated cells with Dunnett’s correction, where * p=<0.05; ** p=<0.01; ***
p=<0.001; **** p=<0.0001.
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6.2.4.5 Augmenting Ad[CE1A] Viral Progeny Production after Anti-myeloma

Chemotherapies.
It was also important to determine if any of the anti-MM drugs increase/decrease viral progeny

production. This could be linked to the increase/decrease of CS1 but may happen independently as
the anti-MM therapies may upregulate/interact with the viral protein production machinery. MPC
lines (JJN-3, U266, OMP-2 and 5TGM1) were treated with Ad[CE1A] at an MOI of 2 + anti-MM
chemotherapies (BTZ 1.5 nM; Melph 5 puM; Pan 5 nM or Pom 10 uM). After 72 hours virus was
harvested from CM and cell lysate and viral titre was determined by Adeno-X™ Rapid titre kit (Figure

6.16)

BTZ significantly increased viral titre in U266 and OMP-2 cells (~1.5-fold change for both cell lines).
Melph significantly increased viral titre in all MPC lines (~1.5-1.8-fold change). Pan only increased viral

titre in U266 cells (1.3-fold change). Lastly, Pom did not significantly increase viral titre in any cell line.
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Figure 6.16 Anti-MM chemotherapies increase viral titre in MPC lines:

MPC lines (JJN-3, U266, OPM-2 and 5TGM1 cells were treated with Ad[CE1A] (MOI 2) + anti-MM
chemotherapies, BTZ 1.5 nM, Melph 5 uM, Pan 5 nM or Pom 10 uM. After 72 hours viral titre was
determined by Adeno-X™ rapid titre viral quantification kit. (a.i) Representative images of Adeno-
XTM rapid titre staining at 107 dilution factor. Scale bar 400 um. Quantification of viral titre in (b.i)
JIN-3, (b.ii) U266, (b.iii) OPM-2 and (b.iv) 5TGM1 after 72 hour anti-MM therapy. n=3 Data is the
mean £SD. P values are for one-way ANOVA with multiple comparisons compared with Ad[CE1A] only
control with Dunnett’s correction, where * p=<0.05; ** p=<0.01; *** p=<0.001; **** p=<0.0001.

A summary table shows current data on viral replication following anti-MM chemotherapy (Table 6.5).
With the current data, it is hard to determine whether anti-MM chemotherapy increases Ad[CE1A]
replication consistently, which will be discussed later. However, Melph did consistently increase CS1
expression, E1A expression and viral titre so it is likely that the synergistic interactions seen in MPC

lines following Ad[CE1A] and Melph treatment may be due to increased Ad[CE1A] replication.
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Table 6.5 Summary of viral replication data following anti-MM chemotherapies.

Drug Cell line CS1 Expression | E1A mRNA Expression | Viral Titre
Bortezomib JIN-3 NSD NSD NSD
U266 HHREAN NSD HEEXAN
OPM-2 NSD NSD *EAN
5TGM1 KEEAN NSD NSD
Melphalan JIN-3 A *EXEAN *
U266 XD NSD *EEXAN
Panobinostat | JIN-3 A NSD NSD
U266 NSD TN EEEUN
OPM-2 NSD *EAN NSD
5TGM1 *ExxJ NSD NSD
Pomalidomide | JIN-3 NSD * NSD
U266 NSD NSD NSD
OPM-2 **4 NSD NSD
5TGM1 *J NSD NSD

NSD= No significant difference; * "= Significant increase; *{ = Significant decrease

307



6.2.5.6 Augmenting ICD following Ad[CE1A] in Combination with Anti-myeloma

Therapies.
It was important to determine if any of the anti-MM drugs augment markers of ICD as this may result

inimproved MM cell killing in vivo. The proposed hypothesis behind this line of investigation was that,
as discussed, BTZ and Melph are one of the few drugs that are classified as ICD inducers (reviewed in
(559), and Pom is a IMiD drug and studies have shown HDACIs to induce ICD to some degree. Firstly,
MPC lines JIN-3 and OPM-2 were treated with Ad[CE1A] at an MOI of 2 or anti-MM chemotherapies
(BTZ 1.5 nM; Melph 5 uM; Pan 5 nM or Pom 10 uM) or in combination. After 24 hours cells were
stained with an anti-CALR antibody followed by a fluorescently conjugated secondary antibody and

cell surface CALR was determined on viable cells by flow cytometry (Figure 6.17).

Ad[CE1A] in combination with BTZ did not significantly increase cell surface CALR expression compared
to both monotherapies in JIN-3 cells with a fold change of 1.5, however in OPM-2 cells, there was a
significant increase in cell surface CALR expression between both monotherapies and the combination
therapy with a fold change of 2.2 (Figure 6.17 a.i & b.i). Ad[CE1A] in combination with Melph
significantly increased cell surface CALR expression between both monotherapies in both JIN-3 and
OPM-2 cells with a fold change of 1.5 and 1.7, respectively (Figure 6.17 a.ii & b.ii). A[CE1A] in
combination with Pan did not significantly increase cell surface CALR expression compared to both
monotherapies in JJN-3 cells with a fold change of 1.8.In OPM-2 cells, Ad[CE1A] in combination with
Pan significantly decreased cell surface CALR expression compared to both monotherapies with a fold
change of 0.6 (Figure 6.17 a.iii & b.iii). AA[CE1A] in combination with Pom did not significantly increase
cell surface CALR expression compared to both monotherapies in both JJIN-3 and OPM-2 cells with a

fold change of 1.2 and 1.3, respectively (Figure 6.17 a.iv & b.iv).
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Figure 6.17: Cell surface CALR expression after 24 hour treatment of Ad[CE1A] * anti-MM
chemotherapy:

JIN-3, and OPM-2 cells were treated with Ad[CE1A] MOI 2 + anti-MM chemotherapies, BTZ 1.5 nM,
Melph 5 uM, Pan 5 nM and Pom 10 uM. After 24 hours cells were stained with a primary CALR antibody
and FITC conjugated secondary antibody, and fluorescence was measured by flow cytometry. Viable
cells only were used in analysis, TO-PRO-3 positive dead cells were gated out prior to analysis.
Representative histograms plots of MFI of cell surface CALR expression in viable JJIN-3 or OPM-2 cells
24 hours after treatment with Ad[CE1A] MOI 2 + anti-MM chemotherapies (a.i) BTZ, (a.ii) Melph,
(a.iii) Pan or (a.iv) Pom. Relative fold change of cell surface CALR MFI in JIN-3 and OPM-2 cells after
anti-MM chemotherapies compared to untreated control (b.i) BTZ, (b.ii) Melph, (b.iii) Pan or (b.iv)
Pom. n=3 Data is the mean £SD. P values are for two-way ANOVA with multiple comparisons with
Tukey’s correction, where * p=<0.05; ** p=<0.01; *** p=<0.001; **** p=<0.0001.
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Next, it was important to determine if any of the anti-MM drugs augment extracellular ATP release.
Firstly, MPC lines JIN-3 and OMP-2 were treated with AD[CE1A] at an MOI of 2 or anti-MM
chemotherapies (BTZ 1.5 nM; Melph 5 uM; Pan 5 nM or Pom 10 uM) or in combination. After 24 hours
supernatant was collected from cells and ATP was determined by the ENLITEN® ATP assay, which is a
luminescence-based assay which relies on the chemical reaction of ATP with D-luciferin (Figure 6.16).
Ad[CE1A] in combination with BTZ had significantly higher concentration of extracellular ATP than
both monotherapies in both JIN-3 and OPM-2 cells (Figure 6.18 a). Ad[CE1A] in combination with
Melph had significantly higher concentration of extracellular ATP than both monotherapies in both
JIN-3 OPM-2 cells (Figure 6.18 b) Ad[CE1A] in combination with Pan had significantly higher
concentration of extracellular ATP than both monotherapies in OPM-2 cell only (Figure 6.18 c).
Ad[CE1A] in combination with Pom did not have a significantly higher concentration than both

monotherapies in both JIN-3 and OPM-2 cells (Figure 6.18 d).
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Figure 6.18: Extracellular release of ATP following 24 hour treatment of Ad[CE1A] * anti-MM
chemotherapy:

JIN-3, and OPM-2 cells were treated with Ad[CE1A] MOI 2 + anti-MM chemotherapies, (a) BTZ 1.5
nM, (b) Melph 5 uM, (c) Pan 5 nM and (d) Pom 10 uM. After 24 hours supernatant was collected from
cells and ATP concentration was determined by the ENLITEN® ATP assay using an ATP standard curve.
n=3 Data is the mean +SD. P values are for one-way ANOVA with multiple comparisons with Tukey’s
correction, where * p=<0.05; ** p<0.01; *** p=<0.001; **** p=<0.0001.
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6.3 Discussion
The overall aim of this chapter was to determine the efficacy of Ad[CE1A] in combination with different

classes of approved anti-MM drugs and to determine how they potentiate Ad[CE1A]. As mentioned in
the chapter introduction, there were two reasons to investigate this. Firstly, it was critical to
determine oncolytic virotherapy in the context of other MM therapies, typically patients clinically
receive three or more different therapies (chemotherapy, targeted therapy, IMiDs, steroids etc) in
their treatment regimens, so clinically, Ad[CE1A] will be used in conjunction with other therapies.
Secondly, previous clinical trials with other OVs including Ads have displayed limited efficacy in clinical
trials as a monotherapy and the vast majority of OV trials are now used in combination with other
therapies. To make the discussion easier, | have separated each anti-MM chemotherapy in
combination with Ad[CE1A] into their own section.

6.3.1 Bortezomib

Before the main discussion, the results of BTZ in combination with Ad[CE1A] have been recapped in
table format for easier referencing (Table 6.6). The first aim was to determine synergistic interactions
between Ad[CE1A] and BTZ in human and murine MPCs. The results in section 6.2.2 show the complex

and cell line dependent responses of these combinations.
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Table 6.6 Summary of Bortezomib in combination with Ad[CE1A].

Drug Cell Line
JIN-3 U266 OPM-2 5TGM1
Bortezomib Overall CI Antagonism Additive/ Synergism/ Synergism
index synergism Additive
Dose Additive Additive Additive Synergism
Specific Cl
Index
expression
Infection NSD NSD NSD NSD
rate
concurrent
treatment
Infection NSD NSD *EXEAD MOI NSD
rate drug 0.2
first ** MOI 2
treatment
Cs1 NSD *EXAN NSD *EXAN
expression
EI1A NSD NSD NSD NSD
Expression
Viral Titre NSD HIEIGS I NSD
CALR n.s BTZ - *¥EXXN BTZ -
Expression n.s Ad[CE1A *EEEN
Ad[CE1A]
Extra- **1\ BTZ - *NBTZ -
cellular SEIGR GG
ATP Ad[CE1A] Ad[CE1A]
NSD= No significant difference; *= Significant increase; *J,= Significant decrease;

*"BTZ/Ad[CE1A]= Significant increase between BTZ/Ad[CE1A] monotherapy and BTZ & Ad[CE1A]
combination;

Firstly, the results in section 6.2.2 showed that BTZ and Ad[EC1A] in JIN-3 cells was antagonistic whilst
in U-266 cells, the combination was antagonistic at lower concentrations but additive at higher
concentrations. However, in OMP-2 cells the combination was synergistic/additive and in 5TGM1 cells
the combinations were found to be synergistic. This suggests that there are differences in the way the

cells respond to both treatments within MPC lines.

313



In agreement with the results found in OMP-2 and 5TGM1 cells, previous studies have shown
beneficial outcomes when oncolytic Ads are used in combination with proteasome inhibitors. When
BTZ was used in combination with an hTERt-Ad, enhanced oncolysis in vitro and in vivo was observed
via ER stress and enhanced apoptosis in HCC (472). When proteasome inhibitor MG132 was used in
combination with an oncolytic Ad (rAd-p53), the combination increased oncolysis in colon cancer cells
due to increased CAR expression and subsequent viral infection (470). Proteasome inhibition in
combination with other OVs have resulted in synergistic oncolysis, for example BTZ in combination
with oHSV-1 resulted in synergistic oncolysis via enhanced viral replication, necroptosis and ER stress
in ovarian, head and neck, glioma, and malignant peripheral nerve sheath tumour cells (473). Possibly
the synergistic interactions seen in OPM-2 and 5TGM1 cells may be due to their sensitivity to ER stress

over the JIN-3 and U266 cells and/or upregulation of CAR in these cells in response to BTZ.

In contrast, JJN-3 cells showed antagonistic effects, proteasome inhibition by either BTZ or PS-341 has
been shown to result in antagonistic interactions with VSV in MM (119) and lung adenocarcinoma
A549 cells (474), respectively. With BTZ inhibiting VSV replication in MM, however in vivo the
combination resulted in improved antitumour efficacy compared to monotherapy (119). There does
appear to be opposing interactions when combining OVs with proteasome inhibitors, however due to
these studies being performed with different OVs, in different tumours and with different proteasome
inhibitors, it is hard to compare and correlate as some differences will solely be due to differences in

viral/tumour/proteasome inhibitor biology.

Secondly, in section 6.2.3, when assessing apoptosis and taking into account the drug dosages were
changed to reflect the difference between AlamarBlue® and Annexin V and PI/TO-PRO-3 staining, the
results were in agreement with the AlamarBlue® assays for U266 and OMP-2 as enhanced total cell
death was detected compared to AlamarBlue® assays, However, U266 cells had significantly more
apoptotic cells, which may not have been detected by AlamarBlue® assay which may be why BTZ and

Ad[CE1A] combinations in this cell line were only additive at best as determined by AlamarBlue®. In
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contrast JIN-3 cells oncolysis was enhanced compared to AlamarBlue® which were found to be
antagonistic in AlamarBlue® assays. However, this increase wasn’t due to increased apoptosis as by
72 hours most of the cells were necrotic. Whilst only U266 cells showed a significant increase in
Annexin V* only cells, whether apoptosis was increased at an earlier time point in the other cell lines
was not investigated. The combination of an oncolytic ad (hTERt-Ad) with BTZ enhanced apoptosis by
increased Annexin V staining, caspase 3 activity and pro-apoptotic proteins in HCC (472). The studies
discussed above, whilst in different cancers and with different OVs and in most cases with different
proteasome inhibitors are in agreement with the results presented in 6.2.2 and 6.2.3, that BTZ and
Ad[CE1A] combinations increased cytotoxicity to either additive or synergistic level in MPC lines at

certain doses.

Next it was important to determine if viral infection is increased following BTZ therapy. BTZ
significantly increased CAR expression in all three human MPC lines tested. The results here are in
agreement with previous studies, as proteasome inhibitors have been found to enhance viral infection
by upregulation of CAR (359). As discussed in chapter 1 section 1.6.1, blocking the proteasome may
affect how CAR is expression is regulated as it is known to associate with an E3-ubiquitin ligase (LNX)
(364) and other Ad receptors (Ad pVI) require ubiquitin ligases (Nedd4) to traffic Ad to the nucleus

(365). Therefore, blocking the proteasome may prevent CAR degradation by the proteasome.

Despite this upregulation of CAR, there was no difference in Ad infection when MPCs were treated
with BTZ and Ad-GFP concurrently, when cells were treated with BTZ first followed by Ad-GFP 24 hours
later, there was only a significant increase in GFP expression in OPM-2 cells at both MOls, which was
interesting as OMP-2 cells had the lowest significant CAR fold change compared to JIN-3 and U266
cells. When looking at GFP MFI rather than percentage of GFP positive, there was no significant
difference in MFl when cells were treated with BTZ and Ad-GFP concurrently. However, when BTZ was
administered 24 hours before Ad-GFP, increases in GFP MFI were observed in OPM-2 cells at the

higher MOI, but in U266 and 5TGM1 cells there was a significant decrease in GFP MFI at the higher
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MOI. This effect may be due to BTZ altering the CMV promoter activity that controls GFP in Ad-GFP in
infected MPC lines. One paper found that proteasome inhibition increases reporter proteins due to
up-regulation of the CMV promoter by proteasome inhibitors (560), whilst this could be the case for
OPM-2 cells which had an increase in GFP MFI, this does not explain the decrease seen in U266 and
5TGM1. Additionally, inhibiting the proteasome could lead to increases of GFP due to no proteasome

degradation of GFP, which could also account for the increase in GFP MFIl in OMP-2 cells.

Next was to determine if viral replication was increased following BTZ treatment. Firstly, investigation
into whether BTZ altered CS1 expression was explored, as this may result in increased E1A expression.
BTZ was able to significantly increase CS1 cell surface expression in U266 and 5TGM1 cells, but not in
JIN-3 or OPM-2 cells. U266 cells had a much greater fold change in CS1 expression compared to 5TGM1
cells (1.9-fold vs 1.1-fold respectively), this may be because 5TGM1 cells have much higher basal CS1
expression than U266 cells. There is little research on whether proteasome inhibition alters CS1
expression, but one study found that BTZ did not significantly increase CS1 cell surface expression in
different MPC lines. It is also important to note that at the time CS1 mRNA expression has not yet
been investigated following anti-MM chemotherapy, so it is unknown whether CS1 mRNA expression
is also increased, but the same study found that BTZ did not increase CS1 (SLAMF7) mRNA expression
(290). The increases in cell surface CS1 expression could be due to excess CS1 not being degraded by
the proteasome or as a survival mechanism following BTZ treatment as CS1 has been shown to be a
growth factor for MM cells, as discussed in thesis introduction (section 1.4.5), and not by an increase
in CS1 (SLAMF7) gene expression. Therefore, there are differences in BTZ’s ability to increase CS1

expression, and it is likely to be cell line dependent.

Secondly, investigation into whether BTZ altered E1A mRNA expression was explored, either because
of altered CS1 expression or by other mechanisms. BTZ did not significantly alter EIA mRNA expression
in any of the MPC lines, even in U266 cells which had a significant increase in CS1 expression. This

discrepancy may be due to assessing E1A expression after 24 hours, whilst CS1 expression was
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assessed after 48 hours, so it may have been too early to see the effects. There is little to no previous
research on whether proteasome inhibition alters Ad replication by directly altering some part of the
Ad replication cycle, including E1A. As discussed in chapter 1 section 1.6.1 most research into
proteasome inhibitors effects on increased viral replication was mainly found to be via indirect
methods such as decreasing innate and adaptive immunity in vivo by blocking NF-«kB, allowing

increased viral replication.

However, some research has been conducted which has found that the Ad protein E4-34kDa (which
promotes viral replication and late gene expression) was found to be depended on functional
proteasomes. The ability of E4-34kDa relies on target proteasome degradation which is important for
efficient transition of infected cells to the late phase. However, when proteasome inhibitor MG132
was used, it did not dramatically affect late gene expression (561), therefore, E4-34kDa might not be
needed for viral replication as originally thought. On the other hand, other OVs, such as HSV, have
shown increased viral replication in combination with BTZ, due to BTZ-increased HSP90 expression
supporting increased viral replication via enhanced nuclear location of the viral polymerase (471).
HSP90 has also been found to play a major role in Ad5 replication. When a HSP90 chaperone inhibitor
was used (17-AAG), Ad5 replication decreased by 95%. 17-AAG inhibited the transcription of early and
late genes, replication of viral DNA, and expression of viral proteins (562). It would be of interest to
test late gene expression to determine if there is an increase due to increase HSP90 expression or a

decrease due to lowered E4-34kDa function.

Finally, investigation into whether BTZ increased viral titre was explored, either because of altered
E1A expression, late gene expression, or other effects on viral life cycle. BTZ was able to significantly
increase viral titre in U266 and OMP-2 cell lines, but this was not due to increased E1A expression, but
may be due to increased viral infection in OPM-2 cells as they had increased GFP expression when
cells were treated with BTZ before Ad-GFP. For U266 cell this could be due to increased CS1 expression

following BTZ treatment, which did not increase E1A after 24 hours, but by 72 hours, when viral titre
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was assessed, an increase in viral replication by EIA mRNA expression may have occurred. Or
alternatively these increases in viral titre following BTZ could be due to increased late viral gene
expression by HSP90 (562). Another possible explanation for increased viral titre could be due to loss
of proteasome degradation of Ad proteins, therefore, more Ad protein available for transcription, and

viral virion production.

The results presented here suggest the additive/synergistic interactions between Ad[CE1A] and BTZ
in MPC lines may be due in part to increased viral production, but was most likely not due to increased
E1A expression, but may be due to other factors, such as late viral gene expression and viral protein
production and/or assembly, but was more likely to be due to enhanced cytotoxic effects via some

specific cell death mechanism.

Lastly, investigation into whether BTZ increased Ad[CE1A]-induced markers of ICD was explored. As
discussed in chapter 1 section 1.6.1, BTZ is a bona fide inducer of ICD. BTZ/Carfilzomib has been shown
to upregulate CALR exposure, DC uptake and induce an adaptive immune response. Therefore, it was
of interest to determine if BTZ in combination would enhance Ad[CE1Al-induced ICD marker

expression.

Firstly, investigation into whether CALR exposure was increased following Ad[CE1A] in combination
with BTZ after 24 hours was conducted. The combination significantly increased expression of cell
surface CALR compared to monotherapies in both OPM-2 cells but not in JJIN-3 cells, which showed no
significant increase. Subsequently, investigation into whether extracellular ATP was increased
following Ad[CE1A] in combination with anti-MM chemotherapy after 24 hours was conducted. The
combination was able to significantly increase extracellular ATP concentration more than
monotherapies in both JIN-3 and OPM-2 cells, this is in agreement with previous studies, as BTZ has
been shown to increase ICD markers in either MM or other cancers, as discussed in section 1.6.1. This

form of cell death could further enhance the synergy/additivity of the combinations in vivo.

318



6.3.2 Melphalan

Before the main discussion, the results of Melph in combination with Ad[CE1A] have been recapped
in table format for easier referencing (Table 6.7).The first aim was to determine synergistic

interactions between Ad[CE1A] and Melph in human and murine MPCs.

Table 6.7 Summary of Melphalan in combination with Ad[CE1A].

Drug Cell Line
JIN-3 U266 OPM-2 5TGM1
Melphalan Overall CI Strong Strong Synergism Synergism
index Synergism Synergism
Dose Strong Strong Moderate Synergism
Specific Cl Synergism synergism Synergism
Index
Expression
Infection NSD NSD NSD NSD
rate
concurrent
treatment
Infection *EXN MO *NMOI0.2 | *¥*** MOI ¥ MOI
rate drug 0.2 0.2 0.2
first *¥EXEAN MOI
treatment 2
expression
E1A * kN NSD ok ok AN RN
Expression
CALR FHEEA - **/\ Melph -
Expression Melph *NAd[CE1A
*NAd[CE1A]
Extra- WEELIG - okkok N ;
cellular Melph Melph
ATP ****/]\ ****/[\
Ad[CE1A] Ad[CE1A]
NSD= No significant difference; *= Significant increase; *J,= Significant decrease;

*Melph/Ad[CE1A]= Significant increase between Melph/Ad[CE1A] monotherapy and Melph &
Ad[CE1A] combination;
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Firstly, the results in section 6.2.2 showed that Melph and Ad[EC1A] in all cell lines were synergistic,
with strong synergism observed in JJIN-3 and U266 cells. This suggests that there are similarities in the

way the cells respond to both treatments within MPC lines.

Previously minimal studies have been performed on OVs in combination with Melph. There has been
a small preclinical in vitro study combining oncolytic Ad (ONYX-015) with Melph in a squamous cell
carcinoma cell line and a colon cancer cell line (505). The study found Melph synergised with ONYX-
015 and upregulated CAR expression. The rest of the studies involving Melph and OVs have
predominately been in soft tissue sarcoma as a standard of care alongside TNFa via isolated limb
perfusion alongside oncolytic VV (502), + various therapies such as radiotherapy and surgery (503) or
PD-L1 (504). In each study, the full combination including oncolytic VV and Melph, showed the best
treatment/disease control. However as discussed at length in the section 1.6.2, other alkylating agents
have synergised with OVs including Ads in other cancers. Whilst most research is investigating
immunomodulatory effects in vivo, alkylating agents have been found to increase direct cytotoxicity
in combination with OVs. For example, increased cytotoxicity of an oncolytic Ad in combination with

TMZ was observed in glioma and lung cancer (490), (491).

Secondly, in section 6.2.3, when assessing apoptosis and considering the drug dosages were changed
to reflect the difference between AlamarBlue® and Annexin V and PI/TO-PRO-3 staining, the results
were in agreement with the AlamarBlue® assays. Enhanced total cell death was found in JIN-3 U266
and OPM-2 cells similar to AlamarBlue® assays, however only in JIN-3 cells were there significant levels
of Annexin V* only cells compared to monotherapies, whilst the combination in the other cell lines
were mainly necrotic. Whether apoptosis was increased at an earlier time point in the other cell lines
was not investigated. The studies discussed above, whilst in different cancers and with different OVs
and in most cases with different alkylating agents are in agreement with the results presented in 6.2.2

and 6.2.3, that Melph and Ad[CE1A] combinations increased cytotoxicity in MPC lines.
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Next was to determine if viral infection is increased following Melph treatment. Melph was found to
significantly enhance CAR expression in all three human MPC lines tested. There is minimal previous
research regarding whether alkylating agents increase CAR expression, as discussed in chapter 1
section 1.6.2 one study found that Melph did increase CAR expression and synergise with oncolytic Ad
(d11520) in a squamous cell carcinoma and colon cancer cell line (505). However, one study found that
alkylating agent TMZ in combination with an E1B-deleted Ad did not result in increased CAR expression
but did result in enhanced oncolysis, virus replication, apoptosis, autophagy and transduction efficacy
in three murine cancer cells (563). However, the differences in CAR expression could be due to species

differences, regarding the latter paper, alkylating agent differences, and tumour biology differences.

Despite the upregulation of CAR presented here, there was no difference in Ad infection when MPCs
were treated with Melph and Ad-GFP concurrently, when cells were treated with Melph first followed
by Ad-GFP 24 hours later, Melph significantly increased in GFP expression in all cell lines at the lower
MOI 0.2 and in OMP-2 cells lines at MOI 2. When looking at GFP MFI rather than percentage of GFP
positive, there was so significant difference in MFl when cells were treated with Melph and Ad-GFP
concurrently. However, when Melph was administered 24 hours before Ad-GFP increases in GFP MFI
were observed in JIN-3 cells at both MOls, and U266 and OMP2 cells at the higher MOI, however in
5TGM1 cells at higher dose the MFI was significantly lower. This effect may be due to Melph altering
the CMV promoter activity that controls GFP in Ad-GFP in the MPC lines. Alkylating agents have been
shown to change gene expression as measured by CMV regulated Luc activity. Alkylating agents that
bind to the major groove increased CMV-Luc activity, whilst minor groove binders decreased CMV-Luc
activity (564). Melph can bind to both major and minor grooves (guanine N7 and adenine N3

respectively) (565), which may account for the varied effects amongst human and murine cell lines.

Next was to determine if viral replication was increased following Melph treatment. Firstly,
investigation into whether Melph altered CS1 expression was explored, as this may result in increased

E1A expression. Melph was able to significantly increase CS1 cell surface expression in all cell lines.
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Again, there is little research on whether alkylating agents alter CS1 expression, but one study
investigated whether Melph increased CS1 expression. The results were varied across the MM cell
lines they used, but they did see an increase in CS1 expression following Melph treatment in MPC lines
KMS-12-BM and RPMI-8226 by roughly a 1.5-fold change (290), which was a similar fold change seen
in the MPC lines tested here (1.4-1.7 fold change). They also saw the same pattern looking at CS1
(SLAMF7) mRNA expression. Therefore, Melph’s ability to increase CS1 expression was cell line
dependent. The mechanism behind Melph increasing CS1 expression is unknown, but as discussed for

BTZ it may be a survival mechanism in response to Melph.

Secondly, investigation into whether Melph altered EIA mRNA expression was explored, either
because of altered CS1 expression or by other mechanisms. Melph significantly increased E1A
expression in JJN-3, OPM-2 and 5TGM1 MPC lines (2.4-4.2-fold). This may be due to increased CS1
expression, which was increased in all cell lines following Melph treatment, but could be also due to
increased infection, as increased GFP positive cells were found in JIN-3, U266, OPM-2 and 5TGM1 cells
when cells were treated with Melph before Ad-GFP. Whilst U266 cells didn’t have a significant fold
change in E1A expression they did have an increase in E1A (1.15-fold change) but this did not reach
significance, therefore the effects of increasing CS1 expression and/or infection had a smaller effect
on increasing E1A expression in U266 cell lines. As discussed in chapter 1 section 1.6.2 minimal studies
have investigated whether Melph, or other alkylating agents increase E1A expression or adenoviral
replication. TMZ in combination with an oncolytic Ad (Adhz60) in lung cancer increased E1A protein
as detected by western blot, but they did not look at EIA mRNA expression. They also observed an
increase in viral titre in vitro and Ad Hexon in vivo (491), therefore no one has previously assessed

adenoviral gene expression/replication in combination with alkylating agents.

Finally, investigation into whether Melph increased viral titre was explored, either as a result of altered
E1A expression, late gene expression, or other effects on viral life cycle. Melph increased viral titre in

all MPC lines tested. This was probably due to the increase in CS1 expression and increase in E1A
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mMRNA expression, but as mentioned could also be in a small part due to increased infection. It would

be interesting to investigate if Melph alters other viral genes to see if similar effects are observed

The results presented here suggest the synergy between Ad[CE1A] and Melph in MPC lines was due

to increased viral replication, which was consistent in all MPC lines tested.

Lastly, investigation into whether Melph increased Ad[CE1A]-induced markers of ICD was conducted.
As discussed in chapter 1 section 1.6.2 , Melph is a bone fide inducer of ICD. Melph has been shown
to increase CALR exposure HMGB1 release and has many immune-related effects, such as depletion
of T-regs, type | IFN induction etc. In MM, Melph induced MPC exosome release which stimulated NK
cell IFN-y production in a HSP70-dependent manner (508). Therefore, it was of interest to determine

if these drugs in combination would enhance Ad[CE1A]-induced ICD marker expression.

Firstly, investigation into whether CALR exposure was increased following Ad[CE1A] in combination
with Melph after 24 hours was conducted. Ad[CE1A] in combination with Melph had significantly
higher levels of CALR exposure compared to monotherapies in both JIN-3 and OPM-2 cells.
Subsequently, investigation into whether extracellular ATP concentration was increased following
Ad[CE1A] in combination with Melph after 24 hours was conducted. Ad[CE1A] in combination with
Melph was able to significantly increase extracellular ATP more than monotherapies in JJN-3 and OPM-
2 cells, this is in agreement with previous studies, as Melph has been shown to increase ICD markers
in either MM or other cancers. This form of cell death could further enhance the synergy of the
combinations in vivo.

6.3.3 Panobinostat

Before the main discussion, the results of Pan in combination with Ad[CE1A] have been recapped in
table format for easier referencing (Table 6.8).The first aim was to determine synergistic interactions
between Ad[CE1A] and Pan in human and murine MPCs. The results in section 6.2.2 show the complex

and cell line dependent responses of these combinations.
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Table 6.8 Summary of Panobinostat in combination with Ad[CE1A].

Drug Cell Line
JIN-3 U266 OPM-2 5TGM1
Panobinostat Overall CI Additive/ Synergism Synergism/ Synergism/
index Slightly Additive Additive
antagonism
Dose Additive Additive Synergism Synergism/
Specific Cl Additive
Index
expression
Infection NSD NSD NSD ¥ at 24
rate hours
concurrent
treatment
Infection *E*EN MO NSD NSD *EEEN MOI
rate drug 0.2 2
first
treatment
Cs1 HGP NSD NSD HAK |,
expression
E1A NSD *$ NSD RN
expression
Viral Tire NSD ool X NSD NSD
CALR NSD Pan - * U Pan -
Expression NSD **
Ad[CE1A] Ad[CE1A]
Extra- *NPan - *¥*XXN Pan -
cellular NSD EEIG
ATP Ad[CE1A] Ad[CE1A]
NSD= No significant difference; */= Significant increase; *J{ = Significant decrease;

*N /L Pan/Ad[CE1A]= Significant increase/decrease between Pan/Ad[CE1A] monotherapy and Pan &
Ad[CE1A] combination; NSDPan/Ad[CE1A]= No significant difference between Pan/Ad[CE1A]
monotherapy and Pan & Ad[CE1A] combination.

Firstly, the results in section 6.2.2 showed that Pan and Ad[EC1A] in JIN-3 cells were
additive/antagonistic, additive/synergistic in OPM-2 and 5TGM1 and synergistic in U266 cells. This
suggests that there are similarities in the way the cells respond to both treatments within MPC lines.,

but some of these cell lines are more sensitive to the combinations than others.
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In agreement with the results stated here, and as discussed in chapter 1 section 1.6.3, several groups
have explored the use of HDACIs with OVs and have seen beneficial antitumour effects. HDACIs have
been combined with OVs including Ads in other cancers which has resulted in enhanced cytotoxicity
in vitro and in vivo in several tumour types, via upregulated CAR expression (526,527,529) or avps;
integrin expression (528), apoptosis (528,532) and/or cycle growth arrest (532) following HDACI
treatment. This resulted in increased infection and in some instances increased replication (526,527),
but in some instances decreased viral replication was observed despite enhanced cytotoxicity and
apoptosis (528) however, in one case the combination of HDACI and oncolytic Ad was antagonistic in
vivo despite increased CAR expression and Ad transduction in vitro (529). The latter study found that
the timing of HDACI was important, if HDACI were given after the oncolytic Ad, this suppressed
replication, which agrees with the former study as they also found decreased viral replication,
however they did see improvements in antitumour responses with the combination, and HDACI was
given at the same time as the oncolytic Ad. We also treated cells with combination treatments
concurrently, so Pan may not have suppressed Ad replication, resulting in the synergistic/additive

interactions observed.

Secondly, in section 6.2.3, when assessing apoptosis and taking into account the drug dosages were
changed to reflect the difference between AlamarBlue® and Annexin V and PI/TO-PRO-3 staining, the
results were in agreement with the AlamarBlue® assay as enhanced total cell death was found in JIN-
3 U266 and OPM-2 cells similar to AlamarBlue® assays, this was mainly a necrosis effect as there was
no significant increase in Annexin V* only cells compared to monotherapies. Similar to the other anti-
MM chemotherapies discussed, whether apoptosis was increased at an earlier time point was not
investigated. The studies discussed above, whilst in different cancers and with different OVs and in
most cases with different HDACIs are in the most part in agreement with the results presented in 6.2.2

and 6.23 that Ad[CE1A] in combination with HDACI Pan increased cytotoxicity of MPC lines.
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Next was to determine if viral infection increased following Pan treatment. Pan was found to
significantly increase CAR expression in all three human MPC lines tested. This is in agreement with
other research that HDACIs upregulate CAR (526,527,529,530), and avf33 integrins (528) as discussed
in chapter 1 section 1.6.3. For example, HDACI FR901228 upregulated CAR expression in human lung
cancer cell lines which increased infection efficiency of oncolytic Ad OBP-301. The combination also
resulted in a synergistic antitumour effect in vitro (526). The mechanism behind the increase in CAR
expression following HDACIs is thought to be due to altered transcriptional regulation of CAR. (566).
One issue with upregulation of CAR could be the off-target effects of the HDACIs increasing CAR
expression in normal tissues, one study however found that the upregulation of CAR was only seen in
bladder cancer cells following HDACIs TSA and sodium phenylbutyrate and not in normal urothelial
cells and CAR-positive papilloma cells. Additionally, cancer cells that are CAR-negative did not show
increased CAR expression or Ad transduction (567). In further support of HDACI increasing Ad infection
and as discussed in section 1.6.3, one study found HDACIs increased avps; expression resulting in
enhanced infection (528), unfortunately we did not test avp; expression following Pan treatment in

this study.

Despite this upregulation of CAR, there was only a significant increase in GFP expression in 5TGM1
cells after 24 hours when they were treated with Pan and Ad-GFP concurrently. When cells were
treated with Pan first followed by Ad-GFP 24 hours later there was a significant increase in GFP
expression in U266 cells when treated at the lower MOI 0.2 and a significant increase in 5TGM1 cell
when treated at the higher MOI 2. When looking at MFI rather than percentage of GFP positive, there
was a significant increase observed in GFP MFI in U266, OMP2 and 5TGM1 cells after 48 hours when
cells were treated with Pan and Ad-GFP concurrently. Additionally, when Pan was administered 24
hours before Ad-GFP increases in GFP MFI were observed in JIN-3, U266 and OPM-2 cells at the higher
MOls, and 5TGM1 cells at both MOls. This effect may be due to Pan augmenting the CMV promoter

activity that controls GFP in Ad-GFP in the MPC lines. HDACIs have been previously shown to enhance
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transcriptional activity of the CMV promoter in bladder cancer in vitro and in vivo (568) and in prostate

cancer (569).

Next was to determine if viral replication was increased following Pan treatment. Firstly, investigation
into whether Pan altered CS1 expression was explored, as this may result in increased E1A expression.
Pan was able to significantly increase CS1 cell surface expression in JIN-3 cells, but significantly
decreased cell surface expression in 5TGM1 cells. Again, little research has been conducted on
whether HDACIs alter CS1 expression, however in one study, Pan was shown to not significantly
increase CS1 cell surface expression in different MPC lines (~0.8-1 fold change) however, CS1 (SLAMF7)
MRNA expression was upregulated in the KMS-12-BM cell line (~1.5 fold) (290). HDACI have been
shown to increase other cell surface immunogenic proteins in MM, such as CD38, which was increased
in response to Ricolinostat (protein and mRNA) due to more acetylation in histone 3 lysine 27 in the
CD38 promoter (570), this may explain why we saw an increase in CS1 expression in JIN-3 cells but
does not explain the decrease we saw in 5TGM1 cells. Therefore, Pan’s ability to increase CS1

expression is cell line dependent.

Secondly, investigation into whether Pan altered E1A mRNA expression was explored, either because
of altered CS1 expression or by other mechanisms. Pan significantly decreased E1A expression in U266
cell lines but significantly increased it in OPM-2 cells, whilst in JIN-3 and 5TGM1 cells there was a slight
increase in E1A expression, but this did not reach significance (1.25 fold and 1.64 fold respectively).
There are a few studies regarding HDACIs effects on Ad replication as discussed in chapter 1 section
1.6.3, one study found that HDACI increased late viral gene expression (as assessed by GFP expression
controlled by the E3 promoter), but decreased viral titre in glioblastoma stem cells (528). In another
study HDACI were found to decrease Ad replication as measured by viral titre assays, which resulted
in antagonistic effects. This was due HDACI-induced increase in p21. When p21 was suppressed by
siRNA, it reversed the HDACI-induced suppression of Ad replication. However, if HDACI was given prior

to Ad administration, synergy was observed, this was probably to do HDACI not suppressing Ad
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replication (529). p21 has been implicated as a mechanism for decreasing viral replication following
HDACI in other cancers (prostate) and with other HDACIs. In this study HDACI increased E1A and E1B
protein production but decreased Ad protein production late in the viral life cycle. p21 expression
limited viral replication in different cancer cell models (as determined by overexpression and knockout
experiments), therefore, suggesting that p21-induced increases in E1A result in dysfunctional E1A or
that p21 inhibits downstream effectors of E1A action (530). Whilst only EIA expression was
investigated following Pan treatment in this thesis, it would be interesting to investigate late viral gene
expression following Pan as the studies here have contradictory results, as one found increased late
viral gene expression, whilst one found decreased late viral gene expression. Additionally, it would
have been interesting to stagger treatment schedules to see if that would influence viral replication.
Whilst one study did observe an increase in E1A protein, my results seem to be cell line dependent as

U266 cells had significantly less E1A expression following Pan treatment.

Finally, investigation into whether Pan increased viral titre was explored, either because of altered
E1A expression, late gene expression, or other effects on viral life cycle. Pan only significantly
increased viral titre in U266 cells, but in JIN-3 and OPM-2 there were increases in viral titre, but it did
not reach significance. The significant increase in viral titre in U266 cells was in stark contrast to the
significant decrease in E1A expression. The increase in viral titre could be due to several mechanisms
not investigated as part of this thesis, such as late viral gene expression, epigenetic regulation of other
viral or host cell genes increasing viral tire that are not E1A-dependent. A small part of this increased
viral titre could be due to Pan significantly increasing Ad infection when administered 24 hours prior

to Ad-GFP in U266 cells.

The results presented here suggest the synergistic interactions between Ad[CE1A] and Pan in MPC
lines may be due in part to increased viral production, but was most likely not due to increased E1A

expression, but may be due to other factors, such as late viral gene expression, epigenetic regulation,
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viral protein production and/or assembly, but was more likely to be due to enhanced cytotoxic effects

via some specific cell death mechanism.

Lastly, investigation into whether Pan increased Ad[CE1A]-induced markers of ICD was explored. As
discussed in chapter 1 section 1.6.3, HDACIs have been shown to induce ICD in MM and other cancers
(197,540-544). HDACI Quisinostat has been shown to increase CALR exposure and decrease CD47
expression, increased DC maturation, and number of memory and Naive T cells in the BM in 5T33MM
models of MM. However, in in vivo vaccination assays, Quisinostat did not provide 100% protection
(545). Therefore it was of interest to determine if these drugs in combination would enhance

Ad[CE1A]-induced ICD marker expression.

Firstly, investigation into whether CALR exposure was increased following Ad[CE1A] in combination
with Pan after 24 hours was conducted. Pan failed to enhance CALR exposure compared to
monotherapies. Subsequently, investigation into whether extracellular ATP was increased following
Ad[CE1A] in combination with Pan after 24 hours was conducted. Ad[CE1A] in combination with pan
Pan was able to significantly increase extracellular ATP concentration compared to monotherapies in
OPM-2 cells but not in JIN-3 cells, where there no significant difference between combination and
monotherapies. This is in agreement with previous studies HDACIs have all been shown to increase
ICD markers in either MM or other cancers, but it appears that Pan does not always enhance Ad[CE1A]
release of DAMPs. However, this is still promising as Pan could still further enhance the synergy of the
combinations in vivo by inducing greater ICD.

6.3.4 Pomalidomide

Before the main discussion, the results of Pom in combination with Ad[CE1A] have been recapped in
table format for easier referencing (Table 6.9).The first aim was to determine synergistic interactions
between Ad[CE1A] and Pom in human and murine MPCs. The results in section 6.2.2 show the complex

and cell line dependent responses of these combinations.
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Table 6.9 Summary of Pomalidomide in combination with Ad[CE1A].

Drug Cell Line
JIN-3 U266 OPM-2 5TGM1
Pom Overall CI Synergistic Synergistic Synergistic Synergism
index
Dose Strong Synergism Synergism Synergism
Specific Cl Synergism
Index
Expression
Infection NSD NSD NSD NSD
rate
concurrent
treatment
Infection NSD NSD ¥ MOl *¥E*XN MO
rate drug 0.2 0.2
first *¥EXN MOI 2
treatment
Cs1 NSD NSD **4 N
expression
E1A *N NSD NSD NSD
Expression
Viral Titre NSD NSD NSD NSD
CALR n.s Pom - n.s Pom -
Expression n.s Ad[CE1A] n.s
Ad[CE1A]
Extra- n.s Pom - n.s Pom -
cellular n.s Ad[CE1A] n.s
ATP Ad[CE1A]
NSD= No significant difference; *= Significant increase; *J,= Significant decrease;

NSDPom/Ad[CE1A]= No significant difference between Pom/Ad[CE1A] monotherapy and Pom &
Ad[CE1A] combination.

Firstly, the results in section 6.2.2 showed that Pom and Ad[EC1A] in all cell lines were synergistic. This

suggests that there are similarities in the way the cells respond to both treatments within MPC lines.
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In agreement with the results stated here, the use of IMiDs with OVs has been minimally explored but
beneficial anti-MM effects have been observed. As discussed in chapter 1 section 1.6.4, thalidomide
in combination with oHSV-1 was able to decrease primary breast cancer in syngeneic mouse models
and decrease lung metastasis (552), whilst Len in combination with oHSV-1 in MM was able to enhance
cytotoxicity and suppress subcutaneous MM tumour growth in xenograft mice (553). Len in
combination with oncolytic RV augmented antitumour efficacy in ex vivo primary patient MM cells

and MPC lines (554).

Secondly, in section 6.2.3, when assessing apoptosis and taking into account the drug dosages were
changed to reflect the difference between AlamarBlue® and Annexin V and PI/TO-PRO-3 staining, the
results were in agreement with the AlamarBlue® assay as enhanced total cell death was found in JIJN-
3 U266 and OPM-2 cells similar to AlamarBlue® assays, this was mainly a necrosis effect, however in
U266 cells there was a significant increase in Annexin V* only cells compared to monotherapies. Again,
similar to the other anti-MM chemotherapies discussed, whether apoptosis was increased in the other
cell lines at an earlier time point was not investigated. The studies discussed above, whilst for the
slight majority were in MM but were with different OVs and with different IMiDs are in the in
agreement with the results presented in 6.2.2 and 6.23 that Ad[CE1A] in combination with IMiD Pom

increased cytotoxicity of MPC lines.

Next was to determine if viral infection increased following Pom treatment. Pom was found to
decrease CAR expression in JIN-3 cells and U266 cells, but it increased CAR expression in OPM-2 cells.
There is no prior research on the effects of IMiDs on CAR expression, however, IMiDs have been shown
to downregulate adhesion molecules such as VCAM-1, ICAM-1, E-selectin and L-selectin which disrupts
adhesion of MM cells to BMSCs suppressing adhesion mediated cell signalling and secretion of
cytokines that supports MM cell growth, survival, and development of drug resistance (571,572).
Additionally, IMiDs have been shown to modulate several other cell surface antigens such as CD38,

CD56, CD20 and CD180 (290,573,574). Obviously, the effect of Pom on CAR was cell line dependent
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as there was in increase in CAR expression in OMP-2 cells compared to JIN-3 and U266. Despite Pom
altering CAR expression, there was no significant difference in Ad infection in MPC lines following
concurrent treatment of Pom and Ad-GFP. However, when Pom was administered 24 hours before
Ad-GFP there was significant increase in Ad-GFP in OMP-2 and 5TGM1 cells at the lower MOI of 0.2
and in the 5TGM1 cells at the higher MOI 2. When looking at MFI rather than percentage of GFP
positive, there was a significant increase in GFP MFI in U266 cells after 48-hour treatment when Pom
and Ad-GFP was administered concurrently. Additionally, when Pom was administered 24 hours
before Ad-GFP, an increase in GFP MFI was observed in U266 and OPM-2 cells at the higher MOI, but
a significant decrease in GFP MFI was observed in JIN3 cells at a higher MOI. This effect may be due
to Pom altering the CMV promoter activity that controls GFP in Ad-GFP in the MPC lines. There is no

literature stating the effects of IMiDs on CMV transcriptional activity.

As discussed at length in the introduction of this chapter and my third objective, was to determine if
viral replication was increased following Pom treatment. Firstly, investigation into whether Pom
altered CS1 expression was explored, as this may result in increased E1A expression. Pom was able to
significantly decrease CS1 expression in OMP-2 cells and 5TGM1 cells. Again, little research has been
conducted on whether IMiDs alter CS1 expression, however one study found IMiDs Len and Pom
downregulated CS1 protein and mRNA expression (290), as discussed in the thesis introduction
(section 1.4.5.3). This was due to a decrease in the transcription factor lkaros (IKZF1) which are the
targets of Len and Pom, which was found to transcriptionally control CS1 in MM cells. Therefore, the

decreases in OMP-2 cells and 5TGM1 cells agree with this study.

Secondly, investigation into whether Pom altered E1A mRNA expression was explored, either because
of altered CS1 expression or by other mechanisms. Pom only significantly increased E1A expression in
JIN-3 cells. This was not due to an increase in CS1 expression or viral infection. The mechanism of
increased E1A expression in JIN-3 cells is unknown, but similar to Pan, IMiDs (Len and Pom) have been

shown to increase p21. Len has been shown to increase p21 epigenetically, by reducing histone
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methylation and increasing histone acetylation in the p21 promoter (575,576). As discussed in section
6.3.3.3, p21 was upregulated following HDACI, and was shown to increase E1A but decrease late
adenoviral production. The authors conclude that p21-induced increases in E1A result in dysfunctional
E1A or that p21 inhibits downstream effectors of E1A action (530), this could be a mechanism why
there was increased E1A expression following Pom treatment. It’s interesting that the decrease in CS1
expression seen following Pom treatment in OMP-2 and 5TGML1 cells did not result in a significant
decrease in E1A expression. This may be because we investigated E1A expression after 24 hours and

not 48 hours, which was when CS1 expression was assessed following Pom.

Finally, investigation into whether Pom increased viral titre was explored, either because of altered
E1A expression, late gene expression, or other effects on viral life cycle. Pom did not significantly
increase viral titre in any MPC line. It is interesting that the significant increase in E1A expression in
JIN-3 cells did not result in a significant increase in viral titre, however there was a non-significant

increase in viral titre in JJN-3, U266 and OMP-2 cells.

The results presented here suggest the synergistic interactions between Ad[CE1A] and Pom in MPC
lines was not likely to be solely due to increased viral replication via increased CS1 expression, E1A
expression or viral titre, but was more likely to be due to enhanced cytotoxic effects via some specific

cell death mechanism.

Lastly, investigation into whether Pom increased Ad[CE1A]-induced markers of ICD was explored. As
discussed in the introduction to this chapter, Pom is an IMiD, and can stimulate and suppress various
immune cells via upregulation and downregulation of costimulatory or inhibitory molecules. Therefore
it was of interest to determine if these drugs in combination would enhance Ad[CE1A]-induced ICD

marker expression.
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Firstly, investigation into whether CALR exposure was increased following Ad[CE1A] in combination
with Pom after 24 hours was conducted. Ad[CE1A] in combination with Pom failed to enhance CALR
exposure compared to monotherapies. Subsequently, investigation into whether extracellular ATP
concentration was increased following Ad[CE1A] in combination with Pom after 24 hours was
conducted. Ad[CE1A] in combination with Pom, however, failed to enhance extracellular ATP release
compared to monotherapies. Whilst Pom did not enhance these particular DAMPs, Pom could still
enhance ICD in combination with Ad[CE1A] by upregulation of costimulatory molecules and down
regulation of immune inhibitory molecules enhancing the synergy of the combination in vivo.

6.3.5 Summary

The results presented and discussed regarding augmenting Ad[CE1A] following anti-MM
chemotherapy are quite complex. Clearly there are differences in the way the MPCs respond to anti-
MM chemotherapies, however, it is promising that there are additive/synergistic interactions seen
with all drugs in at least one of the MPC lines, if we are able determine the mechanism of these
additive/synergistic interactions we may be able to enhance the effect in cells lines that did not

respond as well.

Whilst the results of CAR expression appeared promising, particularly following BTZ, Melph and Pan
treatment in human MPC lines, the adenoviral infection results appeared less promising, there was
only one anti-MM therapy that increased Ad-GFP significantly in all cell lines, and that was Melph,
when administered before Ad-GFP, but only when Ad-GFP was given at a low dose. Some of the other
drugs also significantly increased Ad-GFP at a lower dose when administered 24 hours prior.
Speculatively, the increased CAR expression may only enhance adenoviral infection when there are
fewer virions, the more virions available may not benefit from the increased CAR expression.
Therefore, it is unlikely that increased Ad infection alone contributes solely to the additive/synergistic
interactions but may contribute slightly. Additionally, | have not investigated whether other secondary
Ad receptors are altered following anti-MM chemotherapies, CAR expression may be increased but

avBs/s may be decreased, which may balance out the effect of increased CAR expression.
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The results presented and discussed regarding viral replication following anti-MM chemotherapy are
quite complex. For BTZ and Pan, there were increases in viral titre, but this did not correspond to
increases in E1A expression or vice versa, therefore, it is difficult to conclude whether these drugs
increase viral replication as we could have missed the time point in which to see the effects.
Additionally other factors may be involved, as discussed, such as late viral gene expression, p21 and
effects on viral protein production. For Melph, it was clear that Melph increased viral replication by
increasing CS1, E1A expression and viral titre in almost all the MPC lines. Whether the increase in CS1
was the cause of the increase in E1A expression is unknown. For Pom, it does not appear to increase
viral replication resulting in increased viral progeny, but interestingly the decrease in CS1 did not
negatively affect E1A expression, so the two may be independent of each other. Encouragingly, BTZ
and Melph and to an extent Pan enhanced expression of ICD DAMPs, which could further enhance

anti-MM immune response in vivo and in a clinical setting.

6.4 Chapter Conclusion
Results presented earlier in this thesis (chapter 4 & 5) evidenced that Ad[CE1A] as a single agent in

MM in vivo murine models was safe, but did not eradicate all tumour burden. Results presented in
this chapter show that Ad[CE1A] can be enhanced with the addition of anti-MM drugs. For Melph it
was clear that it enhanced viral replication causing increased oncolysis. For the other agents it was
less clear how they were able to improve anti-MM cell killing. The results show that within MPCs there
are differences to how Ad[CE1A] and anti-MM chemotherapies interact, and how those anti-MM
chemotherapies affect Ad life cycle. However, future work can build on the data presented in this
chapter. Of particular interest would be to investigate ER stress and necroptosis in response to
Ad[CE1A] & anti-MM chemotherapies, but more importantly, is to investigate if these combinations
enhance anti-MM activity in vivo either against established disease or in a MRD setting. Additionally,
the drugs used in combination with Ad[CE1A] is not an exhaustive list, it would be of interest to test
Ad[CE1A] with other drugs in the same drug class (carfilzomib, Len), but also other anti-MM drugs

such as some of mAbs or PD-L1 inhibitors.
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7.1 Final Conclusions

The results presented within this research have demonstrated Ad[CE1A] efficacy against MM. Chapter
3 focused on the potential for the use of AA[CE1A] for MM treatment in MPC lines and patient-derived
MM cells. To investigate this, this chapter aimed to determine whether Ad[CE1A] could infect,
replicate and kill MM cells, and to determine the mechanism(s) behind Ad[CE1A] induced cell death.
Contrary to the long-held belief, MPCs were shown to express Ad5 receptors and were efficiently
infected with Ad5. Ad[CE1A] also replicated efficiently resulting in significant oncolysis in a large panel
of MPCs and in multiple MM patients, but not in any of the control cells used, demonstrating its
specificity for MPCs. Experiments were conducted to try to deduce Ad[CE1A]s cell death mechanism,
which was found not to be caspase-dependent, but may involve MLKL-dependent necroptosis. To
explore further the cell-death inducing properties of Ad[CE1A], ICD was investigated. Encouragingly,
Ad[CE1A] was able to cause ICD DAMP expression in MPCs, which may result in enhanced anti-MM
immune cell killing in patients or in vivo. Additionally, Ad[CE1A] was able to increase MHC class | and
Il expression and cause bystander cytokine killing. Further understanding of how Ad[CE1A] kills MM
can only help to design studies to maximise the effects of Ad[CE1A] either alone or in combination

with other anti-MM chemotherapies.

Following this was to assess AA[CE1A] in vivo against MRD in chapter 4. To investigate this, the chapter
aimed to determine whether Ad[CE1A] could prevent MPC regrowth in vitro, whether Ad[CE1A] had
equal efficacy against BTZ insensitive cells compared to BTZ sensitive cells, and to determine if
A[CE1A] was able control/eradicate MRD in vivo in the low tumour burden model of myeloma. Firstly,
preliminary in vitro assays demonstrated that Ad[CE1A] was able to reduce MPC viability over 25 days
following BTZ treatment, whilst BTZ-only treated cells recovered viability to that of controls.
Additionally Ad[CE1A] was just as effective at killing BTZ-insensitive cell lines as parental BTZ sensitive
cell lines. Disappointingly, these results did not translate in vivo. Ad[CE1A] had no effect as a

monotherapy in established disease or after tumour debulking with BTZ. As discussed in the chapter
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4 discussion, there were many complex reasons that could have accounted for the lack of efficacy, it
was clear that the study was inconclusive as there were many confounding factors for this reason,
preliminarily investigation into dormancy in vitro was conducted. It appears culturing human MPCs
alone or with CM from osteoblast-like cells or BMSCs does not produce/induce high levels of
dormancy, like what is observed in 5TGM1 cells following osteoblast CM media (337). Preliminary
investigations of 3D cocultures with polyHIPE scaffolds appear promising, MPCs and Saos-2 cells were
able to proliferate on/within the scaffolds and Ad[CE1A] was able to penetrate the pores and cause
MPC lysis. Ad[CE1A] was able to induce cell death in DID"&"and DID*¥ cells but it was difficult to

determine if these cells were true non-proliferative dormant cells.

As Ads are species specific, it was long thought human Ad5 could not be tested in murine syngeneic
models, limiting the ability to test the efficacy of oncolytic Ads in immunocompetent models, which
as discussed, may be essential for efficacy, particularly for long-term disease control. With multiple
reports of Ad5 infecting, replicating and causing oncolysis in murine cancer cells, chapter 5 focussed
on the efficacy of Ad[CE1A] in the 5TGM1 syngeneic model. To investigate this, this chapter aimed to
determine whether, Ad[CE1A] could infect, replicate and kill MPC cells in vitro and in vivo. Ad[CE1A]
was able to infect, replicate and kill 5TGM1 cells to a similar level of human MPCs, therefore Ad[CE1A]
efficacy was tested in vivo in a 5TGM1 study. Ad[CE1A] was able to reduce tumour burden in 5TGM1-
bearing mice, but did not eradicate all tumour. There did not appear to be a dose response to Ad[CE1A]
and disappointingly, Ad[CE1A] could not be detected at gene or protein level. Encouragingly, cytokine
microarray results show that Ad[CE1A] may alter the microenvironment as reduced CXCL12 and IL-17

was observed following two of the three treatment groups.

Lastly in chapter 6, Ad[CE1A] was assessed in combination with anti-MM chemotherapies BTZ, Melph,
Pan or Pom. This was investigated as it was clear from the previous work presented that Ad[CE1A]
alone could not eradicate all tumour burden. The aim of this chapter was to investigate if Ad[CE1A]

had enhanced anti-MM efficacy in combination with anti-MM chemotherapies, and to investigate if
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these drug combinations augmented Ad[CE1A] life cycle. Ad[CE1A] showed additive/synergistic
interactions in combination with anti-MM chemotherapies in MPCs, but this was not always consistent
between cell lines or within them, except for Melph. After assessing how the anti-MM chemotherapies
augment Ad life cycle, it was clear that Melph enhanced viral replication resulting in increased cell
death, as this was consistent in all cell lines. For the other agents it was less clear how they were able
to augment Ad life cycle and whether augmenting Ad life cycle was the cause of the enhanced
cytotoxicity, or whether the combination caused enhanced cytotoxicity through complementary cell

death mechanisms.

To conclude, the data presented here on Ad[CE1A] are extremely exciting and indicate a potential
novel therapy for MM. Particularly exciting is the fact Ad[CE1A] killed patient derived MM cells, which
has promise for their clinical efficacy. Disappointingly, | was unable to determine if Ad[CE1A] was
effective against MRD, but now we know that Ad[CE1A] has efficacy in the 5TGM1 immunocompetent
model of myeloma, we can use that model in the future for the same research question, which may
yield better results. Additionally, we now know anti-MM chemotherapies in combination with
Ad[CE1A] can increase anti-MM cell death, and it appears the mechanism for this for Melph is by
increasing viral replication, therefore, we could experiment with combining Ad[CE1A] and these anti-

MM chemotherapies in models of MRD.

7.2 Future directions
Further preclinical work will now be undertaken by myself and new PhD students to help further

understand Ad[CE1A]-induced cytotoxicity. Further experiments need to be performed to assess
necroptosis in molecular detail. The results presented in this thesis show that MLKL plays a role in
Ad[CE1A]-induced cytotoxicity, so experiments to overexpress/knockout MLKL and other necroptosis

proteins may help to better understand Ad[CE1A]-induced cell death in MPC cells.

After inconclusive results using Ad[CE1A] in the U266 murine low tumour burden model of MM, in

vitro models are going to be developed to generate dormant cells that mimic the cells that remain in
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MRD. Preliminary investigation presented in this thesis with the polyHIPE scaffolds alongside other 3D
cell culture methods | have helped our research lab get preliminary results for which do not appear in
this thesis, appear encouraging. This preliminary work contributed to a successful NC3Rs studentship
application, therefore, a new PhD student will be taking this work forward and developing the models
with the long-term goal of using the models to test Ad[CE1A] efficacy and the efficacy of other drugs

in models of dormancy/MRD.

To further develop Ad[CE1A] work, in vivo scheduling, dose of Ad[CE1A] and route of administration
requires more work to fully understand the best Ad[CE1A] treatment strategy. Based off the
experiments performed in this study, Ad[CE1A] did not show a dose response when a tenfold higher
dose was used, additionally, the U266 MRD model may not have shown efficacy as treatment was
administered once per week over twice per week. However, interestingly, Ad[CE1A] did show efficacy
via I.P administration, which was the same if not better than |.V administration of the same dose.
Therefore, it would be worthwhile to perform some dose escalation and biodistribution studies to try

to determine the best treatment schedule.

Ad[CE1A] showed additive/synergistic interactions in combination with anti-MM chemotherapies, this
was particularly clear in Melph combinations. Mechanistically, it was clear that Melph increased viral
replication, but if/how the other anti-MM chemotherapies augmented Ad life cycle was less clear and
more work needs to be performed trying to understand the additive/synergistic mechanisms. One
avenue of interest would be to assess complementary cell death mechanisms like necroptosis or ER
stress following combination therapy. Unfortunately, | was unable to assess the combinations in vivo
to determine whether this translates to better anti-MM efficacy within this thesis, but there is work
planned immediately after my PhD to do so. | will be assessing Ad[CE1A] in combination with either
Melph or BTZ in the 5TGM1 syngeneic MM model with the primary objective assessing anti-tumour
responses, but with some secondary objectives assessing immune responses. As previously

mentioned, the work presented here with Ad[CE1A] in combination with the anti-MM therapies is not
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an exhaustive list. It would be of interest to assess other drugs within the same drug class (Carfilzomib,

Len, Vorinostat), but also other anti-MM drugs such as mAbs or PD-L1 inhibitors.

Lastly, the field of OV therapy has grown increasingly to investigate immune responses over basic
oncolysis. The results presented in this thesis show Ad[CE1A] is able to induce ICD DAMP expression
in MPCs, induce bystander cytokine killing, and may modulate the tumour microenvironment,
therefore it needs to be investigated if this results in enhanced anti-MM immune responses in ex vivo
patient samples and in the 5TGM1 syngeneic mouse model. Additionally, it needs to be further
investigated if anti-MM chemotherapies can potentiate Ad[CE1A]-induced immune effects.

7.3 Overall Conclusion

This work has demonstrated that Ad[CE1A] could play a role in the treatment of MM, and could
enhance anti-MM responses alongside standard chemotherapies. The results presented in this thesis
provide a solid foundation for the development of Ad[CE1A] in combination with complementary

therapies for translation to clinical trials and patient benefit.
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Appendix Table 8.1:STR profile of human cell lines.

A cell line is considered authentic when the STR profile is >80% match to its original derivative cell

line.
THOL | D21S11 | D5S818 | D13S317 | D7S820 | D16S539 | CSFIPO | AMEL | VWA | TPOX
Tested | JIN-3 | g9 | 55332 | 11,12 9,9 8,9 11,12 17,07 XX | 15,15 | 8,10
Cell Line | WT
JIN-3
orp | 99 | 28332 | 11,12 9,9 8,9 11,12 17,42 XX | 1515 | 8,10
Cell line Match
JIN-3 18/18 | 9,9 11,12 9,9 8,9 11,12 12,12 XX | 15615 | 810
THOL | D21S11 | D5S818 | D13S317 | D7S820 | D16S539 | CSFIPO | AMEL | VWA | TPOX
Tested | 66 | 57 28,29 11,12 (9% 11,12 10,10 (19,412 XY | 1717 | 88
Cell Line
U266-
GFP- | 57 28,29 11,12 19 9% 11,12 10,10 19 9% XY | 1717 | 88
LUC
Cell line Match
U-266 18/18 | 57 11,12 12,12 11,12 10,10 12,13 XY | 1717 | 88
THO1 | D21S11 | D5S818 | D13S317 | D7S820 | D16S539 | CSFIPO | AMEL | VWA | TPOX
Tested | OPM- | o2 | 30332 | 1313 11,11 1% 52 9,13 12,12 XX | 1417 | 88
Cell Line 2
Cell line Match
OPM=2 | 17.18 | 6,7 13.13 1111 12,12 9,13 12,13 XX | 1417 | 88
THOL | D21S11 | D5S818 | D13S317 | D7S820 | D16S539 | CSFIPO | AMEL | VWA | TPOX
Tested NCI-
ol Line | Hopo | 9393 | 2829 11,12 12,12 10,12 9,13 11,11 XX | 14,15 | 811
Cell line Match
NCI-H929 | 18/18 | 9.3,9.3 11,12 12,12 10,12 9.13 11,11 XX | 1415 | 811
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THOL | D21S11 | D5S818 | D13S317 | D7S820 | D16S539 | CSFIPO | AMEL | VWA | TPOX
Tesiize] | KNS 6,9 28,30 12,12 12,12 11,12 9,13 13,13 XX | 17,18 | 12,12
Cell Line | 11
Cell line Match
KMS-11 | 17,18 | 6,9 10,12 12,12 11,12 9,13 13,13 XX | 17,18 | 12,12
THO1 | D21S11 | D5S818 | D13S317 | D7S820 | D16S539 | CSFIPO | AMEL | VWA | TPOX
Tested || 363 | 693 | 30322 | 11,12 120% 9,11 10,12 10,10 XX | 16,19 | 812
Cell Line
Cell line Match
L-363 18/18 | 6,9.3 11,12 12,12 9,11 10,12 10,10 XX | 16,19 | 812
THO1 | D21S11 | D5S818 | D13S317 | D7S820 | D16S539 | CSFIPO | AMEL | VWA | TPOX
Tested RPMI-
Coll Line | 8226 8,8 28,29 11,13 11,11 9,10 9,9 1207 XX | 1616 | 811
Cell line Match
RPMI-
8226 17118 | 88 11,13 11,11 9,10 9,9 12,12 X,y | 1616 | 811
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Appendix Figure 8.1: Example of results from Mycoplasma PCR kit.

Lane 1 and 7: 100bp ladder; lane 2: positive control; lane 3: HEK293A; lane 4: JJN-3 WT; lane 5: U266
WT; lane 6 negative control
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Appendix Figure 8.2 Patient and healthy donor information sheets and consent forms

Patient information Sheet

INFORMATION SHEET
Studies into the mechanisms and management of multiple myeloma, myeloma
bone disease and related paraproteinaemia associated conditions
Version 7, 12/09/2019 (REC number: 05/Q2305/96)

You are invited to take part in a research study. Before you decide, it is important for you to
understand why the research is being done and what it would involve. Please take time to
read the following information carefully and discuss it with friends, relatives and your General
Practitioner if you wish. Ask us if there is anything that is not clear or if you would like more
information. Take time to decide whether or not you wish to take part. Thank you for reading
this.

What is the purpose of the study?

Multiple myeloma is a disease in which an increased number of plasma cells are found in the
bone marrow. Patients with multiple myeloma can develop different complications, such as
problems with the kidneys, nerves and bones. The bone disease seen in myeloma patients
can cause thinning of the bones, which can cause pain and problems with fractures.

It is unclear why some people develop myeloma, whilst other people do not. Additionally, we
do not know why some patients develop problems with their bones (or other complications)
whilst other patients with myeloma or related conditions are not affected. We want to learn
more about multiple myeloma (and related conditions), how and why the disease develops,
and identify factors in our genetic make-up that are associated with myeloma.

The purpose of this study is to better out understanding about the mechanisms behind multiple
myeloma and related conditions (e.g. MGUS, amyloidosis), as well as investigating new and
more effective treatments for myeloma. We also want to learn more about related conditions
such as myeloma bone disease, myeloma associated pain and neuropathy, as well as
exploring new ways to improve the ways these complications are treated in the future
(including chemotherapies, oncolytic viral therapy and immunotherapy etc).

Why have | been chosen?

We are inviting patients undergoing investigations for multiple myeloma, or related conditions
to participate in this study. If you are a patient under investigation, at this stage we may not
be sure whether you have myeloma or a related condition; however, we would like to collect
samples before you begin treatment, should this be required, as current treatments can
influence our research.

Do | have to take part?

It is up to you to decide whether or not to take part. If you do decide to take part, you would
be given this information sheet to keep and be asked to sign a consent form. If you decide to
take part, you are still free to withdraw at any time and without giving a reason. This would
not affect the standard of care you receive.

What would happen if | take part?

If you agree to take part in this study you will be asked to donate a blood sample, up to 30
mls. (6 teaspoons), and you may also be asked to donate a bone marrow sample. The bone
marrow sample is taken as part of the tests you will be having for your diagnosis and treatment,
you will be asked for an extra sample up to 15mls (three teaspoons) of bone marrow at the
same time for research purposes. A portion of the bone marrow trephine, or core biopsy, taken
as a routine part of the bone marrow biopsy will also be forwarded to the research team for
analysis. You may be asked to donate a second bone marrow trephine, or core biopsy, which
would involve an additional biopsy needle to be used during the procedure (this is optional).

346



You may also be asked for additional samples of your blood and bone marrow but, where
possible, we would try and take these samples from you at a time when the samples would
be taken anyway. At the most we would ask for up to 5 samples of blood and 3 samples of
bone marrow, but it is more likely to be fewer than this.

In rarer cases, patients may need biopsies taken from other areas of their body as part of their
standard care (e.g their back (vertebrae) or lung (pleural) fluid. We may ask if you would be
willing to donate some of the biopsy sample for this research (this may require taking additional
biopsy material during the procedure). Donation of further samples would be optional and you
could decide at the time.

If we do ask for extra samples, this would cause the same amount of pain and inconvenience
experienced when other samples are taken, but will slightly prolong the procedure. You should
be aware that once you have given your consent you have also given up your rights of
ownership of the samples once they have been taken from you.

What are the possible benefits of taking part?
The information we get from this study may help us to better treat future patients with multiple
myeloma and related conditions.

Would my taking part in this study be kept confidential?

All participant information is stored on a password protected computer database or in locked
filling cabinets. You will be allocated a study number and staff not directly involved in your
clinical care will only see this code. When the results of the study are reported, individuals who
have taken part will not be identified in any way.

The Royal Hallamshire Hospital will use your name, NHS number and contact details to
contact you about the research study and make sure that relevant information about the study
is recorded for your care, and to oversee the quality of the study. The only people in RHH with
access to information that identifies you will be people who need to contact you for the study
or audit the data collection process. RHH will keep identifiable information about you until the
study finishes. RHH will then archive the study anonymously for 15 years.

Sheffield Teaching Hospital NHSFT (STH NHSFT) is the sponsor for this study based in the
United Kingdom. Anonymised data will be transferred from RHH to STH NHSFT along with
information collected from you and/or your medical records. We will be using this information
in order to analyse the study and will act as the data controller for this study. This means that
we are responsible for looking after your information and using it properly. The people who
analyse the information will not be able to identify you and will not be able to find out your
name, NHS number or contact details.

Your rights to access, change or move your information are limited, as we need to manage
your information in specific ways in order for the research to be reliable and accurate. If you
withdraw from the study, we will keep the information about you that we have already obtained.
To safeguard your rights, we will use the minimum personally-identifiable information possible.
You <can find out more about how we use your information at
http://nww.sth.nhs.uk/NHS/InformationGovernance/

All information collected during this study will be kept confidential. However, authorised
representatives from the hospital research office or UK regulatory authorities might perform
an audit of the study and review the study data and your medical records to check the accuracy
of the study.
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The information will only be used for the purpose of research and cannot be used to contact
you or affect your care. It will not be used to make decisions about future services available to
you, such as insurance

What would happen to samples at the end of the study?

We anticipate that the majority of samples that you give would be used in the course of this
study. However, should any material not be used, with your consent, this would be retained
and may be used for further studies in the future. This material would only be used for studies
of the biological basis and treatment of multiple myeloma and related conditions and the
associated bone disease. Although such studies would be undertaken by Dr. A.D. Chantry,
these samples would be important and therefore other researchers may also like to work with
them. However, if you so wish, we would limit the use of this material to this study only. All
information would remain confidential.

Would these samples be used for genetic research?

The samples that you give may be used in genetic studies to investigate factors that may
influence the development of multiple myeloma and related conditions and the associated
bone disease. This genetic information will be kept confidential and will not be traced back to
individuals.

What would happen to the results of the research study?
The results of this study would be published in a medical journal; however, participants in this
research would not be identified in any report or publication in any way.

Who is funding this research?
This research is being funded by Bloodwise (formerly known as Leukaemia and Lymphome
Research).

Who has reviewed this study?
The study has been reviewed by the Sheffield Research Ethics Committee.

Contact for further information:
If you require any further information, please feel free to contact Dr A Chantry or Prof Snowden
at the following addresses:

Dr A.D. Chantry, Senior Lecturer in Haematology Prof J.A. Snowden

Dept of Oncology and Metabolism Consultant Haematologist
Medical School Royal Hallamshire Hospital
Beech Hill Road Glossop Road
SHEFFIELD, S10 2RX SHEFFIELD, S10 2JF

Tel: 0114 2159003 Tel: 0114 271 3411

If anything happens during the course of this study that | am not happy about, who
should | complain to?

If you have any complaints, these should be addressed to the Patient Services Team:
Patient Services Team

B Floor, Royal Hallamshire Hospital

Glossop Road

Sheffield, S10 2JF

Tel 0114 2712400 Email PST@sth.nhs.uk
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Patient Consent Form

PATIENT CONSENT FORM
Studies into the mechanisms and management of multiple myeloma, myeloma bone
disease and related paraproteinaemia associated conditions
Version 7, 12/09/2019 (REC number: 05/Q2305/96)

Researchers: Dr. A.D. Chantry, Prof. J.A. Snowden Patient Identification Number................

Please initial each box adjacent to the following statements.

1. | confirm that | have read and understand the information sheet version 7, dated 215t May
2019, for the above study and have had the opportunity to ask questions. | understand why the
research is being done and any risks involved.

2. | agree to give samples of blood and bone marrow aspirate and trephine for this research.

3. l understand | may be asked to give further samples of blood (up to 5) and bone marrow (up
to 3) for this research, but | can refuse to do so if | don’t want to donate more.

4. | understand that sections of my medical notes may be looked at by researchers involved in
this project where it is relevant to my taking part in this research. | give permission for these
individuals to have access to my records.

5. | understand that my doctor will be informed of my participation in this study and if any of the
results of this research are important for my health.

6. | understand that | will not benefit financially if this research leads to the development of any
new treatment or medical test.

7. | know how to contact the research team if | need to.

8. | understand and give permission for analysis of my DNA (the substance my genes are
made of) in this project and possible future projects using the samples | have donated.

9. | give consent for the storage of clinical information about me on a computer database. |
understand that the data held will be labelled with a code number and that no other personal
information will be held with it (it will not have my name and address on it). | understand that
the coded data may be shared with otherresearch partners.

10. | understand that my participation is voluntary and that | am free to withdraw at any time
without giving any reason, without my medical care or legal rights being affected.

11. | agree that the samples | have given and the information gathered, can be stored by Drs.
Chantry and Snowden for possible use in future projects. | understand that some of these
projects may be carried out by researchers other than Drs.Chantry and Snowden including
researchers working for commercial companies. | understand that | give up my rights to
ownership of these samples.

12. 1 agree to take part in this study.

13. | agree to the storage and future use of my samples.

14_If my healthcare provider refers me for a biopsy of a different part of my body (e.g. my back
(vertebrae)) as part of my routine care and investigations, | agree to additional biopsy material
being collected at the same time and donated to this research study (optional).

Name of Patient Date Signature

Researcher Date Signature
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Healthy Donor information sheet

HEALTHY VOLUNTEER INFORMATION SHEET
Studies into the mechanisms and management of multiple myeloma, myeloma
bone disease and related paraproteinaemia associated conditionsVersion 7,
12/09/2019 (REC number: 05/Q2305/96)

You are invited to take part in a research study. Before you decide, it is important for you to
understand why the research is being done and what it would involve. Please take time to
read the following information carefully and discuss it with friends, relatives and your General
Practitioner if you wish. Ask us if there is anything that is not clear or if you would like more
information. Take time to decide whether or not you wish to take part. Thank you for reading
this.

What is the purpose of the study?

Multiple myeloma is a disease in which an increased number of plasma cells are found in the
bone marrow. Patients with multiple myeloma can develop different complications, such as
problems with the kidneys, nerves and bones. The bone disease seen in myeloma patients
can cause thinning of the bones, which can cause pain and problems with fractures.

It is unclear why some people develop myeloma, whilst other people do not. Additionally, we
do not know why some patients develop problems with their bones (or other complications)
whilst other patients with myeloma or related conditions are not affected. We want to learn
more about multiple myeloma (and related conditions), how and why the disease develops,
and identify factors in our genetic make-up that are associated with myeloma.

The purpose of this study is to better out understanding about the mechanisms behind multiple
myeloma and related conditions (e.g. MGUS, amyloidosis), as well as investigating new and
more effective treatments for myeloma. We also want to learn more about related conditions
such as myeloma bone disease, myeloma associated pain and neuropathy, as well as
exploring new ways to improve the ways these complications are treated in the future
(including new chemotherapies, oncolytic viral therapy and immunotherapy etc).

Why have | been chosen?

We are recruiting healthy bone marrow donors to take part in these studies. After your bone
marrow has been harvested from your pelvis, your precious bone marrow is sealed in a
specially designed collection bag and taken to the National Blood Service laboratories for
processing and extraction of stem cells. The collection funnel and double filter is cut away
from the collection bag and usually thrown away and destroyed. We are asking for your
permission, instead of it being thrown away and destroyed, to take this collection funnel and
double filter to the Medical School laboratories and extract the few remaining stem cells that
remain in the collection funnel and double filter. We are not proposing to take any of the
precious cells collected for your bone marrow recipient. We will compare your healthy bone
marrow cells with those of patients with myeloma which will help us identify key differences
and give us greater understanding of why some patients develop myeloma and why those
patients develop bone disease.

Do | have to take part?

It is up to you to decide whether or not to take part. If you do decide to take part, you would
be given this information sheet to keep and be asked to sign a consent form. If you decide to
take part, you are still free to withdraw at any time and without giving a reason. This would
not affect the standard of care you receive.

What would happen if | take part?
If you agree to take part in this study you will be asked to donate a blood sample, up to 10
mis. (4 teaspoons). After your bone marrow harvest, the collection funnel and double filter
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normally cut away from the collection bag and thrown away, will be taken by researchers to
laboratories in the Medical School. Stem cells and other bone marrow cells will be extracted
and used for research as part of this study.

People with myeloma undergo a second biopsy, called a core biopsy, which removes a small
portion of the bone marrow called a trephine. To do this, a hollow needle is inserted in the
same site of the bone marrow harvest site. It would be very useful for us to have samples of
bone marrow trephine from patients who do not have myeloma, for scientific comparison. If
you would be willing to donate a bone marrow trephine sample, it would involve your stem cell
harvest procedure being an additional 1-3 minutes in length. We do not expect any additional
discomfort arising from having this biopsy. Donating a trephine sample would be entirely
optional.

You should be aware that once you have given your consent you have also given up your
rights of ownership of the samples once they have been taken from you.

What are the possible benefits of taking part?
The information we get from this study may help us to better treat future patients with multiple
myeloma and related conditions.

Would my taking part in this study be kept confidential?

All participant information is stored on a password protected computer database or in locked
filling cabinets. You will be allocated a study number and staff not directly involved in your
clinical care will only see this code. When the results of the study are reported, individuals who
have taken part will not be identified in any way.

The Royal Hallamshire Hospital will use your name, NHS number and contact details to
contact you about the research study and make sure that relevant information about the study
is recorded for your care, and to oversee the quality of the study. The only people in RHH with
access to information that identifies you will be people who need to contact you for the study
or audit the data collection process. RHH will keep identifiable information about you until the
study finishes. RHH will then archive the study anonymously for 15 years.

Sheffield Teaching Hospital NHSFT (STH NHSFT) is the sponsor for this study based in the
United Kingdom. Anonymised data will be transferred from RHH to STH NHSFT along with
information collected from you and/or your medical records. We will be using this information
in order to analyse the study and will act as the data controller for this study. This means that
we are responsible for looking after your information and using it properly. The people who
analyse the information will not be able to identify you and will not be able to find out your
name, NHS number or contact details.

Your rights to access, change or move your information are limited, as we need to manage
your information in specific ways in order for the research to be reliable and accurate. If you
withdraw from the study, we will keep the information about you that we have already obtained.
To safeguard your rights, we will use the minimum personally-identifiable information possible.
You <can find out more about how we use your information at
http://nww.sth.nhs.uk/NHS/InformationGovernance/

All information collected during this study will be kept confidential. However, authorised
representatives from the hospital research office or UK regulatory authorities might perform
an audit of the study and review the study data and your medical records to check the accuracy
of the study.
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The information will only be used for the purpose of research and cannot be used to contact
you or affect your care. It will not be used to make decisions about future services available to
you, such as insurance

What would happen to samples at the end of the study?

We anticipate that the majority of samples that you give would be used in the course of this
study. However, should any material not be used, with your consent, this would be retained
and may be used for further studies in the future. This material would only be used for studies
of the biological basis and treatment of multiple myeloma and related conditions and the
associated bone disease. Although such studies would be undertaken by Dr A.D. Chantry,
these samples would be important and therefore other researchers may also like to work with
them. However, if you so wish, we would limit the use of this material to this study only. All
information would remain confidential.

Would these samples be used for genetic research?

The samples that you give may be used in genetic studies to investigate factors that may
influence the development of multiple myeloma and related conditions and the associated
bone disease. This genetic information will be kept confidential and will not be traced back to
individuals.

What would happen to the results of the research study?
The results of this study would be published in a medical journal; however, participants in this
research would not be identified in any report or publication in any way.

Who is funding this research?
This research is being funded by Bloodwise (formerly known as Leukaemia and Lymphome
Research).

Who has reviewed this study?
The study has been reviewed by the Sheffield Research Ethics Committee.

Contact for further information:
If you require any further information, please feel free to contact Dr A Chantry or Prof Snowden
at the following addresses:

Dr A.D. Chantry, Senior Lecturer in Haematology Prof J.A. Snowden

Dept of Oncology and Metabolism Consultant Haematologist
Medical School Royal Hallamshire Hospital
Beech Hill Road Glossop Road
SHEFFIELD, S10 2RX SHEFFIELD, S10 2JF

Tel: 0114 2159003 Tel: 0114 271 3411

If anything happens during the course of this study that | am not happy about, who
should | complain to?
If you have any complaints, these should be addressed to the Patient Services Team at::

Patient Services Team

B Floor, Royal Hallamshire Hospital

Glossop Road

Sheffield, S10 2JF

Tel 0114 2712400 Email PST@sth.nhs.uk
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Healthy Donor Consent Form

HEALTHY VOLUNTEER CONSENT FORM
Studies into the mechanisms and management of multiple myeloma, myeloma bone
disease and related paraproteinaemia associated conditions
Version 7, 12/09/2019 (REC number: 05/Q2305/96)

Researchers: Dr. A.D. Chantry, Prof. J.A. Snowden Volunteer |dentification Number..............

Please initial each box adjacent to the following statements.

1. | confirm that | have read and understand the information sheet version 6, dated 12" August
2016, for the above study and have had the opportunity to ask questions. | understand why the
research is being done and any risks involved.

2. | agree to give samples of blood and bone marrow aspirate and trephine for this research.

3. | understand that sections of my medical notes may be looked at by researchers involved in
this project where it is relevant to my taking part in this research. | give permission for these
individuals to have access to my records.

4. | understand that | will not benefit financially if this research leads to the development of any
new treatment or medical test.

5. | know how to contact the research team if | need to.

6. | understand and give permission for analysis of my DNA (the substance my genes are
made of)in this project and possible future projects using the samples | have donated.

7. | give consent for the storage of clinical information about me on a computer database. |
understand that the data held will be labelled with a code number and that no other personal
information will be held with it (it will not have my name and address on it). | understand that
the coded data may be shared with other research partners.

8. | understand that my participation is voluntary and that | am free to withdraw at any time
without giving any reason, without my medical care or legal rights being affected.

9. | agree that the samples | have given and the information gathered, can be stored by Drs.
Chantry and Snowden for possible use in future projects. | understand that some of these
projects may be carried out by researchers other than Drs. Chantry and Snowden including
researchers working for commercial companies. | understand that | give up my rights to
ownership of these samples.

10. | agree to take part in this study.

11. | agree to the storage and future use of my samples.

Name of Patient Date Signature

Researcher Date Signature
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10t Control Sterile Filtered only 5 minutes UV + Sterile Filtered

Appendix Figure 8.3 Time required to UV inactivate Ad[CE1A] in CM.

Images taken on EVOS microscope at x10 magnification.
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Appendix Figure 8.4 Percentage Annexin V positive after Ad[CE1A] treatment in a primary patient-
derived PCL cells, CB1.

Primary patient derived PCL cells, CB1, were incubated with Ad[CE1A] MOI 20. Annexin V expression
was determined by flow cytometry at 6 and 24 hours post treatment. Percentage of annexin V
expression compared to untreated controls shown. n=3 Data is the mean £SD. P values are for 2-way
ANOVA with multiple comparisons with Sidak’s correction where **** p=<0.0001.
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Appendix Figure 8.5 Dose response to Nec-1 to determine non-toxic dose.

MPC lines JIN-3, U266, OPM-2 and 5TGM1 cells were treated with Nec-1 at indicated doses. After 72
hours, cell viability was determined by AlamarBlue® assay. n=3 Data is the mean #SD.

120+
100+
80+
604
404 _
20+ A

0 T

Cell Viability
(% of Vehicle Control)
¥

1
@ Y

RN
© Q

Concentration of GSK'872 (uM)
JUN-3 U266 4« OPM-2

Appendix Figure 8.6 Dose response to GSK-872 to determine non-toxic dose.

MPC lines JIN-3, U266 and OPM-2 cells were treated with GKS’872 at indicated doses. After 72
hours, cell viability was determined by AlamarBlue® assay. n=3 Data is the mean #SD.
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Appendix Figure 8.7 Dose response to NSA to determine non-toxic dose.

MPC lines JIN-3, U266 and OPM-2 cells were treated with NSA at indicated doses. After 72 hours,
cell viability was determined by AlamarBlue® assay. n=3 Data is the mean £SD.
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Appendix Figure 8.8 Percentage of GFP positive U266 cells from BM flush of left femora in U266

low tumour burden model of myeloma.

At time of sacrifice, mouse BM was flushed from left femora and analysed for GFP expression in viable
cells (TO-PRO-3) using flow cytometry. Not all mice could be included, because the BM in some mice,
particularly in the BTZ group, were no longer viable when flow cytometry was performed.

358



Vehicle ov

Tumour Growth Treatment Treatment Tumour Growth Treatment Treatment

300
| B1Z & OV Vehicie ov
275 ;
IOVVemcle
~ 250 o _ A
) o
= 2 \
5 25 5
] @
% 20 P =
175
15 - . . 150 v e
CARPPHP R LRSS E VA D P PP PRSP SALPRER L PP PSR E PV P PR PRI
Days Post Tumour Innoculation Days Post Tumour Innoculation
- M -~ M3 - M5 - M7 - M M e M21 & M23
- M2 -M e M - M8 = MI0 - M2 e M2 & M24
Bortezomib Bortezomib & OV Early Treatment
300 Tumour Growth Treatment Treatment 200 Tumour Growth Treatment Treatment
BIZ
27.5: 275
{
s 25.0 oA - S s 5 250
” X CJ
§ = “ \jc: i gLk ey E 225
] 8 3
= ) v/
200440 " \ = 200
175 1751
15.0 T 15.0
A B PR RRRMOH D PINARIRR N SRR DR ¢
Days Post Tumour Innoculation Days Post Tumour Innoculation
- M5+ M28 - M30 - MI3 - M5 - M33 5 M35
= M7 = M9 e M2 = M4 = M6 e M34 A M3
Bortezomib & OV Late Treatment
Tumour Growth Treatment Treatment
| | \ | B1Z
27.5 | BIZ&
A : §
5 0 . ! o 1 2w
\ dye > 3
5 225 AN~ \v/ 7 -
: IS
20.0
17.5

15.0- : ; ‘ Yt ]
SR ORESPMINN S PFNRRIERNR SRR
Days Post Tumour Innoculation
- M17 M1 - M7 B M39
= M18 w M0 e M38 A M40

Appendix Figure 8.9 Body weight of mice in U266 low tumour burden model over time.

U266 bearing mice were weighed twice weekly post tumour inoculation. Treatment started at week
6. U266 bearing NSG mice treated with vehicle, AA[CE1A] (1x/wk), or with BTZ (1x/2wk) * early
Ad[CE1A] treatment to target MRD or BTZ * late Ad[CE1A] treatment to target disease relapse.
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Appendix Figure 8.10 U266 cells within the ovary of NSG mice in the U266 low tumour burden
model of MM.

(a-c) Histological images of positive lambda staining in the ovary of three difference mouse ovarian

tumour sections. Scale bar 200 um. (d) Close up imaged of plasma cells within the ovary by H&E
staining. Scale bar 50um.
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Appendix Figure 8.11 Proliferation of MPCs following different percentages of CM from either HS-5
cells or Saos-2 cells

(a.i-a.iii) 1x10* JJN-3, U266 and OPM-2 cells were cultured in CM from HS-5 cells at 10%, 20%, 30%,
40%, or 50%. Proliferation was tracked by AlamarBlue® after 24, 48, 72 and 96 hours. (b.i-b.iii) JJN-3,
U266 and OPM-2 cells were cultured in CM from Saos-2 cells at 10%, 20%, 30%, 40%, or 50%.
Proliferation was tracked by AlamarBlue® after 24, 48, 72 and 96 hours.
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Appendix Figure 8.12 Examples of bioluminescent signal fluctuating over time in two vehicle
treated mice and two BTZ treated mice in the U266 low tumour burden model of MM.

U266 bearing mice were VIS imaged weekly from week 5. Treatment started at week 6.
Representative images of in vivo bioluminescence imaging in two vehicle mice and two BTZ treated
mice from week 10 to week 13 post tumour inoculation in vehicle mice and from week 15 to week 18
in BTZ treated mice evidencing tumour burden fluctuating in the same mouse over time.
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Appendix Figure 8.13 Dose response to GSK-872 to determine non-toxic dose in 5TGM1 cells.

5TGM1 cells were treated with GKS’872 at indicated doses. After 72 hours, cell viability was
determined by AlamarBlue® assay. n=3 Data is the mean +SD.
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Appendix Figure 8.14 Histological analysis of Ad hexon or E1A staining from Ad[CE1A] treated
5TGM1-bearing mice.

Mice (a) tibia or (b) liver were stained with an anti-adenoviral anti-hexon antibody. Images taken at

x10. Mice (c) tibia or (d) liver were stained with an anti-adenoviral anti-E1A antibody. Images taken
at x10.
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Appendix Figure 8.15 Dose response to Len.

JIN-3 and U266 MPCs were treated with Len at indicated doses. After 72 hours, cell viability was
determined by AlamarBlue® assay. n=3 +SD.
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Appendix Figure 8.16 Percentage of Annexin V positive cells after A[CE1A] and anti-MM
chemotherapy combination therapy in MPC lines.

JIN-3, U266 and OPM-2 cells were incubated with Ad[CE1A] or (a) BTZ; (b) Melph; (c) Pan and (d) Pom
or combination. Percentage of Annexin V expression was determined by flow cytometry at 72 hours
post treatment. n=3 Data is the mean SD. P values are for 2-way ANOVA with multiple comparisons
with Tukey’s correction where * p=<0.05; ** p=<0.01; *** p=<0.001 **** p=<0.0001.
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Appendix Figure 8.17 Correlation between CAR relative fold change after treatment and synergy Cl
score.

Relative CAR fold change after treatment as determined by flow cytometry was plotted against Cl as
determined by CompuSyn software from input from cell viability experiments in JIN-3, U266 and OPM-
2 cells. Data shows mean from n=3 independent experiments. Statistical analysis was determined by
Pearson’s teat with resulting R? values deemed to show a correlation if they were close to 1 and p
values showing statistical significance of the trend where p<0.05.
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Appendix Figure 8.18 Mean fluorescent intensity of Ad-GFP in combination anti-MM therapies
compared to untreated control.

JIN-3, U266, OPM-2 and 5TGM1 cells were treated with Ad-GFP (MOI 2) + anti-MM chemotherapies.
GFP MFI was determined by flow cytometry after 24 and 48 hours. MFI of GFP after anti-MM
chemotherapies compared to untreated control plotted in (a) JJN-3, (b) U266, (c) OPM-2 (d). n=3 Data
is the mean +SD. P values are for 2-way ANOVA with multiple comparisons compared to Ad-GFP alone
with Dunnett’s correction where ** p=<0.01.
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Appendix Figure 8.19 Mean fluorescent intensity of Ad-GFP after anti-MM therapies compared to
untreated control.

JIN-3, U266, OPM-2 and 5TGM1 cells were treated with anti-MM chemotherapies, after 24 hours cells
were infected with Ad-GFP (MOI 0.2 or 2). GFP MFI was determined by flow cytometry after a further
24 hours. MFI of GFP after anti-MM chemotherapies compared to untreated control plotted in (a) JJN-
3, (b) U266, (c) OPM-2 (d). n=3 Data is the mean %SD. P values are for 2-way ANOVA with multiple
comparisons compared to Ad-GFP alone with Dunnett’s correction where ** p=<0.01.

369



1.2
1.1
1.0+
0.94

Combination Index

0.8
0.7

Bortezomib

p=n.s
. R?=0.0356
Z

v

0.0

1.1
1.0+
0.94
0.8
0.74
0.64
0.5

Combination Index

1 I I
0.5 1.0 1.5 2.0
CS1 Relative Fold Change

Panobinostat

p=n.s
R?=0.245
.

1

0.8

I 1 1
1.0 1.2 1.4 1.6
CS1 Relative Fold Change

Combination Index

Combination Index

1.0+
0.8+
0.6+
0.4+
0.2
0.0

Melphalan
p=n.s
R?=0.546
8

0.0

1.0
0.8-
0.6-
0.4+
0.2-

0.0

1 1 1
05 1.0 1.5 2.0
CS1 Relative Fold Change

Pomalidomide

®  p=ns
R?=0.0689

I I 1 I 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50

CS1 Relative Fold Change

Appendix Figure 8.20 Correlation between CS1 relative fold change after treatment and synergy Cl

score.

Relative CS1 fold change after treatment as determined by flow cytometry was plotted against Cl as
determined by CompuSyn software from input from cell viability experiments in JJN-3, U266 and OPM-
2 cells. Data shows mean from n=3 independent experiments. Statistical analysis was determined by
Pearson’s teat with resulting R? values deemed to show a correlation if they were close to 1 and p
values showing statistical significance of the trend where p<0.05.
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