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1.2 Abstract

Non-Hodgkin Lymphoma (NHL) is a diverse group of more than 80
predominantly B cell cancers of the lymphatic system. Poor survival rates in
aggressive subsets, the transformation of indolent subsets into aggressive
forms, and the emergence of therapy-resistance warrants research into
novel therapies. Oncolytic viruses (OV) preferentially replicate in and Kill
malignant cells. Here we investigate the efficacy of two OV, reovirus Type 3
Dearing and Coxsackievirus Type A21 (CVA21), against NHL cell lines and
primary patient samples, examine the role of the tumour microenvironment
in virus susceptibility, characterise the cellular determinants of CVA21
infection of malignant cells and test the ability of both viruses to potentiate
an immune response against NHL, alone or in combination with monoclonal
antibodies (mAbs).

CDA40L on T cells can signal through CD40 on NHL B cells, resulting in pro-
survival signals that induce resistance to standard chemotherapy. CD40L
stimulation induced vincristine resistance in NHL cell lines but enhanced
CVA21-induced cell death, implying a role for CVA21 in targeting drug-
resistant NHL cells. CD40L stimulation and had no effect on reovirus-
induced cell death.

To investigate possible determinants of CVA21 susceptibility, the effects of
the interferon (IFN) response and mTOR pathway on CVA21-induced cell
death of NHL cells were investigated. Despite possessing an intact IFN
response, NHL cell lines remained susceptible to CVA21 infection,
suggesting that CVA21 may utilise mechanisms to subvert the antiviral IFN
response. Moreover, mTOR inhibition by rapamycin reduced CVA21-
induced cell death in NHL cell lines, demonstrating the importance of mMTOR
signalling for CVA21-induced cell death.

MADs bind to their cognate antigen and mark cells for destruction by immune
cells and have shown promising results in combination with OV in a variety
of malignancies. Anti-CD20 antibodies, such as rituximab, target CD20 on
NHL cells and are being investigated in combination with OV for
haematological malignancies, such as Chronic Lymphocytic Leukaemia
(CLL). CVA21, reovirus and our candidate anti-CD20 antibody, BHH2,
induced NK cell recognition of NHL cell lines as single agents. This targeting
was enhanced in some cell lines when either virus was used in combination
with BHH2, outlining a potential role for an OV-mAb combination for the



treatment of NHL. Importantly, CD40L stimulation and the induction of a
drug-resistant phenotype did not impair recognition of NHL cell lines by OV
activated NK cells.

The results reported here outline a promising role for CVA21, but not
reovirus, as a potent lytic agent against NHL cells. This data also implicates
both reovirus and CVA21 as potent immunogenic agents that can induce NK
cell targeting of NHL cell lines alone and in combination with anti-CD20
mADs.
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Chapter 2

2.1 Haematopoiesis and B cell Development

The human body consists of a diverse range of cell types, each with specific
characteristics and functions. Cells can form solid tissues such as muscle,
skin and organs, or can exist individually in suspension, such as
haematological (blood) cells. Blood is composed of red blood cells for
transporting oxygen throughout the body, and white blood cells that are
primarily responsible for defending the body from infection through innate
mechanisms that can occur immediately upon contact with the infection, or
adaptive mechanisms that require pre-exposure to the infection to allow the
priming of a specific, targeted response. The human body can generate a
diverse arsenal of blood cells from a common progenitor (haematopoietic
stem cell) that must undergo a complex process of differentiation and
maturation to become a specific cell type, such as B cells and T cells. These
cells can undergo further maturation and differentiation, upon contact with
specific pathogens or foreign material, resulting in clones of cells that are
reactive to specific infections.

B cells are a vital member of the human immune system, that can
differentiate into a multitude of cell clones that protect against specific
pathogens through the recognition of pathogenic antigens. B cells exert their
protective effect by producing huge quantities of proteins called antibodies or
immunoglobulins (Igs), that bind to very specific regions on antigens. These
antibodies can act in several ways to interfere with the activity of the
pathogen, such as binding to and directly blocking target viruses, and
binding to target pathogens and marking them for destruction by other
immune cells. For B cells to achieve the heterogeneity that is required to
target the diverse onslaught of pathogens that threaten the host body, they
must be capable of undergoing a series of differentiation steps that introduce
extreme variability into their Igs, thus expanding their targeting abilities.

B cells begin in the bone marrow as progenitors to fully matured B cells. In
the bone marrow, these B cell progenitors undergo genetic rearrangement of
their 1g locus, resulting in the first stages of varying their Igs, and the
production of a B cell receptor that is a surface-bound Ig. A selection
process targets B cells that react with host antigens, prohibiting the



generation of an autoreactive clone. Upon completion of this phase, these
immature B cells leave the bone marrow and travel to secondary lymphoid
tissues, such as the spleen and lymph nodes, where the antigen to which
they react is presented to them by antigen-presenting cells. This contact with
their cognate antigen, as well as co-stimulatory signals from T cells, results
in further variability of the Ig locus by a process known as somatic
hypermutation, allowing clones with stronger and weaker reactivity to be
generated. The weaker responders are selected out of the population by
further clonal deletion, and the optimal B cell clone is allowed to proceed
with its maturation into a mature plasma cell, that produces Ig, or a memory
B cell, that monitors the body in preparation for re-exposure to their cognate
antigen. A more detailed account of B cell differentiation is available from
Hardy and Hayakawa (Hardy and Hayakawa, 2001).

2.2 The Development of Cancer

Cancer is characterised by the uncontrolled proliferation and immortality of a
clone of cells that can outgrow other cell populations, spread throughout the
body and destroy the patient’s immune system and organs. While the root
cause of cancer can be due to a combination of hereditary and acquired
factors, DNA plays a crucial role in facilitating the transformation of healthy
cells into malignant. Genetic changes can include the loss of genes that slow
cell cycle or facilitate cell death, or the over-expression of genes the promote
cell division and survival. Most nucleated cells can develop into malignant
cells, forming solid cancers, such as skin cancer, liver cancer and breast
cancer, or haematological malignancies, such as leukaemia or lymphoma,
where a clone of the patient’s white blood cells outgrows their non-
transformed counterparts and spreads throughout the body. While huge
progress has been made in the last century for the treatment of cancer,
increasing incidence of these diseases and the emergence of cases that
resist current therapies elevates the need for research into novel areas of
therapeutic intervention.

One such process that is frequently manipulated in cancer is programmed
cell death or apoptosis, whereby a cell, in response to infection, stress or
irreparable damage, will undergo a form of highly-coordinated suicide
(Elmore, 2007). Apoptosis prevents pathogens from exploiting living cells
and spreading, and prevents damaged cells from growing and dividing,
reducing the chances of transforming into cancerous cells. Cancer, however,
can arise when mutations occur in pathways and proteins that control



apoptosis, such as the deletion of a pro-apoptotic genes, such as Bcl-2-like
protein 11 (BIM) and p53 upregulated modulator of apoptosis (PUMA), which
can be downregulated in Burkitt’'s Lymphoma (Fitzsimmons et al., 2017), or
the amplification of anti-apoptotic ones, such as members of the B-cell
lymphoma 2 (BCL-2) family of proteins which as overexpressed in a variety
of solid and haematological malignancies, such as leukaemias and
lymphomas (Reed, J.C., 2017). This results in a cell clone that is more
resistant to pro-apoptotic signals and more difficult to kill. Recent cancer
therapy research has involved a focus on treatments that overcome the anti-
apoptotic state in cancer cells, such as BH3 mimetics like Obatoclax that
blocks BCL-2 and renders the cancer cells more sensitive to apoptotic cell
death (Baig et al., 2016).

2.3 Non-Hodgkin’s Lymphoma

2.3.1 Background

Non-Hodgkin Lymphoma (NHL) is a diverse group of predominantly B cell
cancers of the lymphatic system that affected over 13,000 people in the UK
in 2015, accounting for 4% of the total number of cancer cases (CRUK,
2018). NHLs range from indolent or “slow-growing”, such as follicular
lymphoma (FL) and small lymphocytic lymphoma, to aggressive or “fast-
growing”, such as Burkitt's lymphoma (BL), Diffuse Large B Cell Lymphoma-
Germinal Centre B cell (DLBCL-GCB) subset and Diffuse Large B Cell
Lymphoma-Activated B cell (DLBCL-ABC) subset. However, this binary
system of classification is not definitive as some individual cases of indolent
NHL can be highly aggressive or can transform from an indolent to a more
aggressive form (Correia et al., 2015). Likewise, some cases of otherwise
aggressive subsets may present with a slower rate of progression and a
more favourable survival (Menon et al., 2012), demonstrating the
heterogeneity of this class of diseases. The factors associated with disease
progression depend on the specific NHL subset and the tumour
characteristics. These can include the presence of chromosomal
aberrations, such as the t(14:18)(g32:g21) translocation in FL which conveys
constitutive expression of the anti-apoptotic protein BCL-2, or the 3927
rearrangement in DLBCL which causes the over-expression of BCL-6 (Ong
and Le Beau, 1998). BCL-6 is a transcriptional repressor that prevents
premature activation and differentiation of germinal centre (GC) B cells
during their development, and suppresses p53 expression, allowing the cells



to tolerate DNA breaks during chromosomal rearrangements (Basso and
Dalla-Favera, 2012).

Other factors, such as expression of the CD20 antigen (Bellesso et al.,
2011) bone marrow (BM) infiltration (Beider et al., 2013), and expression of
the anti-apoptotic protein, Mantle Cell Lymphoma 1 (MCL-1), are commonly
associated with poor prognosis in DLBCL-ABC (Wenzel et al., 2013).
Mutations in the RAS—-RAF-MEK—-ERK-MAP kinase pathway, which are
associated with enhancing the proliferation of cancer types such as
pancreatic cancer, lung cancer and leukaemia (Bos, 1989), are also present
in some cases of DLBCL (Lee, J.W. et al., 2003).

NHLs are predominantly B cell in nature; however, some rare cases are
composed of malignant T cells or Natural Killer (NK) cells such as anaplastic
large cell lymphoma and blastic NK cell ymphoma. These forms of NHL are
rare and together comprise only 10-15% of NHL cases in the Western world
(American Cancer Society, 2017). To demonstrate the variety of subtypes of
NHL, a pie chart showing the proportions of NHL subtypes is shown in
Figure 2-1.
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Figure 2-1: Prevalence of NHL subtypes.

DLBCL and FL represent large groups of NHL cases (31% and 22%,
respectively), and a variety of other subtypes are present at lower
frequencies, such as MCL (6%) and Marginal Zone B cell lymphoma nodal
type (1%). Although not all subsets are represented on this chart, it
demonstrates the heterogeneity of this group of diseases (Armitage and
Weisenburger, 1998).



NHL is typically classified at diagnosis as being at one of four stages,
depending on the degree to which malignant cells have spread throughout
the body. This staging system is termed the Cotswold system (formerly the

Ann Arbor Staging System) and is described in Table 2-1.



Stage | Characteristics

I Lymphomas that are restricted to one lymph node (LN)

Il Lymphomas that have spread to other LN on the same side
(above or below) the diaphragm

1] Lymphomas that have spread to other LN on both sides of the
diaphragm

\Y Lymphomas that have spread outside of the lymphatic system to
an organ that is not immediately associated with a malignant LN

Table 2-1 Description of NHL staging criteria.

The stage denoted to a patient with NHL typically reflects the location(s) in
the body to which the malignant cells have spread (Izumi and Ozawa, 2000).



Stage IV lymphomas can also include disease that has spread to the BM or
the central nervous system (CNS). CNS involvement is more common in
aggressive NHL, such as BL, and is associated with poor patient survival
(Hollender et al., 2002). Most diagnoses occur at Stages Ill and IV (Ansell,
2015) which can be detrimental to the patient’s prognosis due to the
advanced spread of the disease. Detection at earlier stages is associated
with better prognosis (Fields and Wrench, 2015), allowing monitoring of
disease progression and early treatment.

Historically, the emergence of NHL as a class of diseases arose from a
study of Hodgkin’s Lymphoma (HL) patients where some patients did not
present with the typical characteristics of HL, such as Reed-Sternberg cells,
huge infiltration of immune cells and an ordered lymph node — by — lymph
node progression. These diseases were first acknowledged by Henry
Rappaport in 1956 who aimed to classify lymphomas other than Hodgkin’s
(Lukes and Collins, 1975). Since then, several methods of classifying NHL
have been developed, resulting in the World Health Organisation classifying
NHLs as B cell or T/NK cell in origin, and the diagnosis of specific subtypes
being derived from a variety of genetic and immunophenotypic findings
(Good and Gascoyne, 2008), as well as the maturation stage of the cell of
origin. The classification of NHLs, based on their stage in B cell
differentiation, will be discussed in more detail in section 2.3.6.

2.3.2 Burkitt’s Lymphoma

BL is a highly aggressive subset of B cell NHL that can be classified as
endemic (eBL), which is associated with Epstein-Barr Virus (EBV) infection
and malaria in Africa, or sporadic (sBL) which only has a 1-2% association
with EBV. Human Immunodeficiency Virus (HIV)-associated BL is another
classification and is associated with the loss of a functioning immune system
due to HIV infection in Acquired Immunodeficiency Syndrome (AIDS)
patients (Brady et al., 2007). The development of eBL requires the
complementary activity of the malaria parasite, Plasmodium falciparum, and
the EBV virus and, as a result, accounts for very few cases in the UK.
Plasmodium falciparum induces the production of Activation-induced
Cytidine Deaminase (AID) in GC B cells, which promotes genetic
rearrangement, translocations and DNA damage. This process is
complemented by EBV’s ability to prevent DNA repair by blocking p53
activity. Taken together, this suggests a complex relationship between a
pathogen that promotes DNA damage in GC B cells and a pathogen that
prevents DNA repair, giving rise to DNA mutation-prone B cells and a
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greater risk of developing BL (Thorley-Lawson et al., 2016). Most BL cases
in the UK and Western world are sBL and are treated with rituximab-based
(aCD20 monoclonal antibody (mAb)) chemotherapy regimens with promising
survival rates reported (Hoelzer et al., 2012), (Barnes et al., 2011). BL can
develop resistance, leading to relapse (Pineda et al., 2015), emphasising the
need for new therapies.

2.3.3 Diffuse Large B Cell Lymphoma

DLBCL is the most commonly diagnosed form of NHL in the Western world,
accounting for 30-40% of all NHL diagnoses (De Paepe and De Wolf-
Peeters, 2007). DLBCL is characterised by the presence of malignant B cells
and may present as the GCB subtype, comprised of malignant centroblasts
(Sehn and Gascoyne, 2015), or the more aggressive ABC subtype,
comprised of B cells that have arrested during their differentiation into
plasma cells and transformed (Perry et al., 2012). DLBCL-ABC is less
responsive to current standard of care (Alizadeh et al., 2000), warranting
research into novel mechanisms of therapeutic intervention.

In the majority of cases, the cause of NHL is unknown, however, >30% of
DLBCL-GCB cases present with a translocation between chromosomes 14
and 18 (t(14:18)), which induces overexpression of BCL-2 (Igbal et al.,
2004). Interestingly, despite the fact that there are no recorded cases of
DLBCL-ABC that present with the t(14:18) translocation, BCL-2 is
upregulated by enhanced activation of the Nuclear Factor Kappa-Light-
Chain-Enhancer of Activated B Cells (NFkB) pathway that is characteristic of
this disease (Davis et al., 2001). Upregulation of NFkB is associated with
mutations in multiple genes, including the NFkB negative-regulator, A20,
which is mutated or deleted in ~30% of DLBCL-ABC cells (Compagno et al.,
2009). Overexpression of the anti-apoptotic protein, MCL-1, is also
commonly associated with aggressive DLBCL-ABC (Wenzel et al., 2013).
Elevated expression of anti-apoptotic proteins, such as BCL-2 and MCL-1,
induce resistance to chemotherapy and, as such, are detrimental to the
success of NHL treatments (Mounier et al., 2003), (Phillips et al., 2015).

2.3.4 Follicular Lymphoma

FL, the second most common NHL in the Western world, is classically
indolent and accounts for 20-30% of all NHL (Ciobanu et al., 2013). FL is
characterised by malignant B cells in the follicles of the LN. BM involvement
is prevalent in 50-60% of FL cases (Salles, 2007) and is associated with a
reduced response to standard therapy. The indolent nature of some FL
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cases permits a “watch and wait” strategy, whereby therapy is withheld
pending the progression of the disease (Berget et al., 2014). In advanced FL
(stages Il or IV), rituximab is used either alone or in combination with other
chemotherapeutic agents, such as cyclophosphamide, Doxorubicin,
vincristine and prednisolone. FL patients on rituximab-based chemotherapy
have a response rate of >90% and a complete remission rate of 20-60%
(Hiddemann and Cheson, 2014). FL has a propensity to relapse and/or
transform, years after therapy, into a more aggressive and resistant disease
(Solal-Celigny et al., 2004). This further demonstrates the urgent need for
novel treatment strategies to target drug-resistant malignant cells.

2.3.5 Current Therapy

The vast range of NHL subtypes is met by an equally diverse array of
therapies that can be used in isolation or in combination with each other.
The most prominent treatment regimens are chemotherapy, radiotherapy or
monoclonal antibody (mAb) therapy.

2.3.5.1 The R-CHOP Regimen

The current standard of care therapy for patients with NHL is the R-CHOP
regimen comprised of Rituximab, Cyclophosphamide, Doxorubicin
(Hydroxydaunomycin), Vincristine (Oncovin) and Prednisolone.

Rituximab is a chimeric aCD20 mAb that selectively binds to CD20 on B
cells of all stages of development, except plasma cells, which do not express
CD20. Rituximab’s cytotoxicity is mediated by mechanisms such as
Antibody-Dependent Cellular Cytotoxicity (ADCC), Antibody-Dependent
Cellular Phagocytosis (ADCP), Complement-Dependent Cytotoxicity (CDC)
and activation of caspase 3, which makes the cell sensitive to apoptotic cell
death (Weiner, 2010). ADCC is the best characterised mechanism of cell
death with data implicating a role for NK cells, whereby the FcyRllla on the
NK cell binds to the Fc (fragment crystallisable) region on the CD20-bound
mAD, inducing perforin/granzyme-mediated lysis of rituximab-opsonised cells
(Rudnicka et al., 2013). FcyRIl engagement by monocytes and macrophages
(Uchida et al., 2004), and neutrophils (Hernandez-llizaliturri et al., 2003) can
also eliminate rituximab-opsonised cells by ADCP. Rituximab is a first
generation aCD20 antibody, and is proceeded by second generation mAbs,
such as ocrelizumab, veltuzumab and ofatumumab, which are humanised to
reduce immunogenicity, and third generation, such as GA101/obinutuzumab
which is fully humanised and has a modified Fc region (Lim et al., 2010);
obinutuzumab’s Fc region lacks a fucose molecule, increasing its affinity for
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FcyRIll on NK cells and promoting enhanced ADCC (Gagez and Cartron,
2014).

Cyclophosphamide adds an alkyl group to the guanine base of DNA and
inhibits DNA replication (El-Serafi et al., 2014). Doxorubicin intercalates with
DNA and inhibits DNA synthesis. It also inhibits the actions of topoisomerase
Il and causes DNA breaks, which increases the ratio of pro- (for example
Bax) vs. anti-apoptotic (for example BCL-2) proteins to promote apoptosis
(Tacar et al., 2013). Vincristine acts by binding to tubulin, inhibiting the
separation of chromosomes during mitosis and forcing the cell to undergo
apoptosis (Rai and Wolff, 1996).

Lastly, prednisolone irreversibly binds to glucocorticoid receptors a and 8
causing them to dimerize, traffic to the nucleus and interact with cellular
DNA to regulate gene transcription. This involves the regulation of several
immunoregulatory genes, such as the suppression of IL-2 (Walker et al.,
1987); inhibition of the immune response eases discomfort for the patient
(Dorff and Crawford, 2013).

While some lymphomas show promising survival rates with R-CHOP therapy
(FL; 76% 5-year survival with (Press et al., 2013)), others have a much
poorer prognosis (DLBLC-ABC; 25% 5-year survival (Sehn and Gascoyne,
2015)). NHL cases can also relapse following R-CHOP treatment or develop
resistance to the therapy (Chao, 2013). The aggressive nature of these
lymphomas warrants further research into more effective novel areas of
therapeutic intervention with the hope of improving patient survival.

2.3.5.2 Radiotherapy

Radiotherapy involves using cytotoxic radiation exposure, locally applied to
malignant LNs, to ablate cancer cells. It is more commonly used to treat
indolent subtypes, such as FL, and can be used in conjunction with
chemotherapy for aggressive subtypes, such as DLBCL (Zimmermann et al.,
2016). Radiotherapy for NHL patients is tailored to suit the individual with
most regimens involving daily exposure of 30-35Gy for 2-4 weeks (Tsang,
R.W. and Gospodarowicz, 2005). Whole body radiotherapy can also be used
to deplete the patient’s immune system in preparation for a stem cell
transplant (Kahn et al., 2005). Despite the fact that radiotherapy is not the
primary method of treating NHL, it remains a useful tool in the clinic for
supplementing the efficacy of other therapies or preparing the patient for a
stem cell transplant.

2.3.5.3 Surgery
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Surgery plays a diminished role in treating NHL due to the advancement of
more specific chemical, biological and radioactive therapies in recent
decades. Surgery remains an option to retrieve malignant tissue for biopsies,
to remove small, localised disease that is affecting non-lymphatic organs
such as the stomach or small bowel, and a splenectomy to remove a
malignant spleen (Weledji and Orock, 2015). Splenectomies are largely
reserved for patients with enlarged spleens due to Splenic Marginal Zone
Lymphoma or lymphoma that has invaded, and enlarged, the spleen
(Kennedy et al., 2018).

2.3.6 The Lymph Node Environment

While the primary focus of cancer research is on the cancer cells, the tumour
microenvironment (TME) is a vital factor when investigating candidate
treatments for efficacy. The TME comprises the cancer cells, their
surrounding immune and stromal cells, including blood supply and nutrients.
These neighbouring cells, while non-transformed, can inadvertently provide
support to cancer cells, making them more difficult to treat. While this is very
true for solid malignancies, haematological malignancies, which may
comprise blood cells that circulate in the peripheral blood, can also home to
locations in the body that provide a comparable support system, such as
leukaemias which reside in the bone marrow, making them more difficult to
treat. Research by Ilkow, et al., has highlighted the role of the TME when
considering OV as a treatment option for solid malignancies and shown that
the TME can actually assist the OV by diminishing the ability of the cancer
cells to destroy the virus (llkow et al., 2015). this data highlights the
importance of considering the TME when examining novel therapies for
efficacy against cancer, such as NHL, which predominantly resides in the
patient’s lymph nodes.

The human body contains ~450 LNs that are interconnected by the
lymphatic system, a complex network of vasculature, closely associated with
the circulatory system. LNs provide densely packed, tightly regulated
environments for migrating immune cells to interact, present their cognate
antigen, mature and induce an immune reaction to foreign antigens. They
also provide a microbe filter for the blood, allowing immune cells, such as
dendritic cells, that have identified and ingested foreign microbes to migrate
out of the blood and into the LN where they present their antigen to immune
effector cells and stimulate an immune response. A schematic of a human
LN is shown in Figure 2-2.
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Figure 2-2: The structure of the human LN.
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The LN is comprised of segments known as lobules, of which there may be
one or several per LN. Within each lobule, lies a B cell-rich follicle (white)
which contains a densely-packed area of proliferating B cells known as the
germinal centre (yellow). B cells migrate to this area upon entering the LN
where they interact with follicular dendritic cells and other antigen presenting
cells (APCs) and activate to become mature B cells during infection. The
germinal centre and follicle are closely associated with the T cell-rich
paracortex (blue) which allows T cells to interact with B cells, promoting their
maturation and function. The paracortex itself, much like the follicle, is
encapsulated in a layer of extracellular matrix and provides a location for
migrating T cells to interact with APCs, which present antigens to T cells, to
promote their activation and clonal expansion to combat foreign antigens.
Beyond the paracortex are the macrophage- and plasma cell-rich medullary
cords (red). It is to here that the maturing B cells will migrate from the
follicles and complete their maturation into plasma cells before they release
antibodies into the lymph to fight infection. The nodules are separated from
each other by sinuses that are composed of extracellular matrix and follicular
dendritic cells (Andrews, 2008), (Willard-Mack, 2006).
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As previously mentioned (section 2.3.1), the classification of NHL is partially
based on cellular characteristics, their stage in B cell development and
location within the LN, such as the follicle for FL and BL, the dark zone of the
germinal centre for DLBCL-GCB and light zone for DLBCL-ABC
(Pasqualucci and Dalla-Favera, 2014). Figure 2-3 demonstrates the
different B cell malignancies and where they arise during B cell
development.
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Figure 2-3: The emergence of malignancies during B cell development.

This diagram shows the progression of a naive B cell through the LN where
it will undergo somatic hypermutation and class switching to form a B cell
clone that targets a specific antigen. During these processes, errors in
genetic rearrangement can result in the emergence of a malignant B cell
clone. This can occur before the B cell enters the LN, such as with Chronic
Lymphocytic Leukaemia (CLL), in the GC as a centrocyte, such as DLBCL-
GCB, or as a plasmablast, such as DLBCL-ABC. (Koues et al., 2015)
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The LN plays a critical role in controlling the development and activation of
immune cells and generating an immune response. Interactions between
cells residing in the LN facilitate these events and can be hijacked by
tumorigenesis. B cell: T cell interactions in the LN are important for B cell
selection, maturation and proliferation (Janeway CA Jr, 2001). In particular,
the CD40:CD40L interaction gives a strong pro-survival signal to developing
B cells (Elgueta et al., 2009), allowing B cells to survive the maturation
process. B cell: T cell interactions within the LN have been described
previously to confer drug resistance to malignant B cells through
manipulation of pro- and anti-apoptotic protein ratios (Romano et al., 1998),
(Kater et al., 2004), (Kitada et al., 1999), (Romano et al., 1998). To simulate
the B cell: T cell reaction in the LN, NHL cell lines can be co-cultured on
CDA40L* fibroblasts (L929 murine fibroblasts transfected with human CD40L),
which has previously been shown to induce resistance to Doxorubicin in
Daudi, Raji, BJAB, BL36 and BL70 NHL cell lines (Voorzanger-Rousselot et
al., 1998). The emergence of drug-resistant NHL poses a challenge to the
efficacy of current treatments, warranting the need for alternate methods to
eliminate drug resistant cells.

2.4 Oncolytic Virotherapy

Oncolytic (“cancer bursting”) viruses (OV) preferentially infect and Kkill
malignant cells and/or manipulate the patient immune system to mount an
anti-cancer immune response. The concept of harnessing the cytotoxic and
immunogenic properties of viruses for selective use against malignant cells
dates to the early 20th century when it was first observed that patients with
solid tumours or leukaemia developed a brief or sustained remission
following viral infection (Dock et al., 1904). The mechanisms behind this
phenomenon were researched during the decades that followed. This
research, alongside the characterisation of viral human pathogens and
cancer and the advent of genetic manipulation, lead to the development of
oncolytic virotherapy as a novel and promising therapy for several cancers
(Kelly and Russell, 2007).

Some OVs have been genetically modified to enhance their selectivity for
malignant cells and their immunomodulatory effects. Talimogene
Laherparepvec (T-Vec), an oncolytic Herpes Simplex Virus 1 (HSV-1) which
was approved by the FDA for clinical use in 2015, has been genetically
modified to lack the Infected cell protein 34.5 (ICP 34.5) gene and express
granulocyte-macrophage colony-stimulating factor (GM-CSF), thus
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prohibiting its replication in normal cells, such as neuronal cells, and
activating the immune system, respectively (Randazzo et al., 1997). Other
OVs such as Reolysin® (reovirus Type 3 Dearing) and CAVATAK™
(Coxsackievirus Type A21, CVA21) are naturally occurring human
pathogens. These OV have not been genetically manipulated but have been
selected due to their innate preferential targeting of malignant cells. Most of
the healthy population has already been exposed to reovirus (Douville et al.,
2008) and less than 10% has been exposed to CVA21 (Israelsson et al.,
2011). Pre-exposure to either virus could result in neutralising antibodies or
immune memory against them, potentially resulting in eradication by the
patient’s immune system (Ferguson et al., 2012). However, replication-
competent reovirus has previously been retrieved from the blood and liver
metastasis of colorectal cancer patients that received intravenous virus
before surgery, despite the presence of pre-existing anti-reovirus antibodies
(Adair et al., 2012). Moreover, a phase | clinical trial that examined the
safety and tolerability of reovirus in patients with advanced cancers
demonstrated viral localisation and replication in 3 out of 33 patient tumours,
despite the presence of neutralising antibodies (Vidal et al., 2008). These
findings demonstrate a potential use for reovirus, despite the presence of
pre-existing immunity.

2.4.1 Mechanism of action

The primary mechanism of action of OVs was initially believed to be direct
lysis of tumour cells which would result in the release of progeny viruses,
thus perpetuating the oncolytic effect (Bauzon and Hermiston, 2014). Recent
research has shown that this is not their sole mechanism of action, and OVs
also target the tumour stroma and vasculature, and activate the innate and
adaptive immune system to destroy malignant cells, thus providing a multi-
armed effect against the tumour (Lichty et al., 2014). The potential for
immune modulation by OV therapy will be discussed further in section.

2.4.1.1 Oncolysis
A range of molecular and cellular factors will determine whether a malignant

cell will be susceptible to OV infection, some of these are summarised in
Table 2-2 and discussed below.
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Virus Modifications | Preferential infectivity
NDV Strain 73T-R- | Preferential targeting of mammalian over avian
198; Altered | cells, reducing risk of environmental damage if
fusion protein | released (Cheng et al., 2016)
HSV-1 Strain R5111; | Targets cancer cells that express elevated levels
glycoprotein | of IL-13Ra2 receptor on their surface (Zhou et
replaced with | al., 2002)
human IL-13
Strain T-vec; | Resulting virus is unable to infect healthy cells
viral ICP 34.5 | with normal antiviral response, preferentially
deleted, targets malignant cells with a defective response
human GM- | (Randazzo et al., 1997)
CSF inserted
Poliovirus | Strain PVS- Preferentially targets cancer cells that express
RIPO; coding | elevated levels of CD155 (Ochiai, H. et al.,
region 2006)
replaced with
type 1 live
attenuated
vaccine strain
CVA21 n/a Over-expression of entry receptor ICAM-1 on
tumour cells (Au et al., 2005)
Reovirus | n/a Deregulation of ras family proteins in tumour
cells, resulting in defective antiviral signalling
(Marcato et al., 2007)
VSV n/a Unable to replicate in cells with functioning IFN
response, instead infect IFN-deficient tumour
cells (Hastie and Grdzelishvili, 2012)
Vaccinia | n/a Targets tumour cell antiviral response pathways
virus (Colamonici et al., 1995)

Insert human
epidermal
growth factor
receptor 2
(HER2)

Targets HER2* breast cancer tumour (Sharp
and Lattime, 2016)
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transgene

Table 2-2: List of Oncolytic viruses being investigated at clinical and
pre-clinical levels in various malignancies.

This list provides an overview of the diverse range of oncolytic viruses that
are being investigated in cancer research
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2.4.1.1.1 Overexpression of Viral Entry Receptors

OV often rely on overexpression of surface receptors on malignant cells for
viral entry (Jhawar et al., 2017). These receptors are often highly expressed
on cancer cells, making them more susceptible to OV infection than their
non-transformed counterparts. T-Vec, as with the parental HSV-1 strain,
utilises Herpesvirus Entry Mediator (HVEM) and nectin-1 and -2, which are
overexpressed on a variety of cancer types (Kohlhapp et al., 2015), for viral
entry. CVA21, a human enterovirus that targets cells in the upper airways,
preferentially infects cancer cells that express enhanced levels of its
attachment (Decay Accelerating Factor, DAF) and entry receptors
(Intercellular Adhesion Molecule-1, ICAM-1) (Au et al., 2005). Echovirus 1,
another enterovirus, targets ovarian cancer cells that display enhanced
levels of integrin a2f31 on their cell surface (Shafren, D.R. et al., 2005).
Similarly, an oncolytic recombinant poliovirus strain, that preferentially
targets malignant glioblastoma multiforme (GBM) cells that express high
levels of CD155 has been developed (Ochiai, H. et al., 2006). Importantly,
as discussed in a review by Singh, et al., overexpression of a viral entry
receptor, a receptor that may also be present on the surface of many healthy
cells, is unlikely to be sufficient for preferential infection of malignant cells
(Singh et al., 2012). Other mechanisms of OV tumour specificity are
discussed below.

2.4.1.1.2 Genetic Manipulation of Viruses

The advent of the genetic manipulation of organisms has allowed viruses to
be modified to alter their host tropism and pathogenicity. This can result in
diminishing the cell tropism of a potentially dangerous virus, such as HSV-1,
so that it only targets cancer cells. HSV-1 is one of the most studied viruses
in this regard as numerous oncolytic strains of the virus, with various genetic
modifications, have been developed (Sokolowski et al., 2015). HSV’s large,
stable DNA genome is an ideal candidate for genetic modification, allowing
genes to be deleted and added. HSV-1 also possesses an outer envelope
that can be manipulated to enhance targeting of cancer cells. For example, a
HSV-1 strain, which has had its glycoprotein gD replaced with human IL-13,
targets cancer cells that express elevated levels of IL-13Ra2 receptor on
their surface (Zhou et al., 2002).

Newcastle Disease Virus (NDV), an avian paramyxovirus, is currently being
investigated as an oncolytic agent in many tumours such as advanced renal
and breast carcinoma (Omar et al., 2003). Due to its ability to target avian
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species, the use of NDV carries some environmental risks, leading to the
development of a genetically modified strain of NDV, with an altered fusion
protein, which preferentially infects mammalian cells (Cheng et al., 2016).

2.4.1.1.3 Defective Antiviral Response

The antiviral response is a broad term that includes all aspects of the
immune system’s ability to prevent viral infection. This response can be
innate and fast-acting, such as the interferon (IFN) response (depicted in
Figure 2-4) and NK cells which can detect and target virally-infected
malignant cells through loss of MHC-I, or acquired and slower to develop,
such as priming of virus-specific T cells that target virally-infected malignant
cells or generating a humoral immune response where B cells produce
neutralising antibodies against a virus. The IFN response is a common
obstacle to viral infection and may prevent the application of IFN-sensitive
OV to cancer cells with functional IFN signalling (Singh et al., 2012).

The IFN response allows infected and neighbouring cells to communicate
and prevent further viral replication. Infected cells detect Pathogen
Associated Molecular Patterns (PAMPS), such as viral genetic material or
bacterial components, by Pattern Recognition Receptors (PRRS), such as
Toll-Like Receptors (TLRs) or other sensors of virus material (Takeuchi and
Akira, 2010). TLRs, such as TLR7 and 8, recognise viral single-stranded
RNA (ssRNA) in endosomes upon viral entry (Wang, J.P. et al., 2007),
(Triantafilou et al., 2005) and TLR3 recognises double-stranded RNA
(dsRNA), and has been implicated in detecting the genome of reovirus
(Maitra et al., 2017). Coxsackieviruses can be detected by a variety of
intracellular proteins such as Melanoma Differentiation-Associated protein 5
(MDADS5), which senses viral dsRNA during replication in the cytoplasm
(Valaperti et al., 2013), and TLR7 and 8.

Pathogen detection triggers signalling pathways that induce the expression
of pro-inflammatory cytokines and the production of type 1 IFNs (Zhu and
Mohan, 2010). Upon IFN release, IFN binds receptors on neighbouring cells,
triggering a signalling cascade through Signal transducer and activator of
transcription (STAT) molecules, such as STAT1, which induces the
expression of Interferon-Stimulated Genes (ISGSs) to inhibit propagation of
viruses and other pathogens (Schneider et al., 2014). ISGs include Tripartite
Motif-containing protein 5-a (TRIM5a), which binds to, and disrupts,
retroviral capsids (Black and Aiken, 2010), tetherin, which sequesters new
enveloped virus particles to the cell surface (Mahauad-Fernandez and
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Okeoma, 2016), MHC-I and —II, which are involved in antigenic presentation,
Protein Kinase R (PKR), which senses viral dsRNA and shuts down host cell
protein translation (Sadler and Williams, 2007), and Oligoadenylate
synthetase 1 (OAS1), which detects viral dsSRNA and activates RNase L to
degrade it. The IFN response in neighbouring non-infected cells results in a
highly defensive, antiviral state preventing replication in these cells and
limiting infection.

Many cancers have defective IFN response pathways, due to the
accumulation of mutations that render the pathway ineffective (Critchley-
Thorne et al., 2009). This provides an opportunity for OV to replicate freely
without the constraints of host natural defences. Some OVs, such as
Vesicular Stomatitis Virus (VSV), are sensitive to IFN, which protects healthy
tissues that have retained the pathway, while the virus can replicate in and
destroy IFN-defective malignant cells (Hastie and Grdzelishvili, 2012).
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Figure 2-4: Defective IFN response facilitates OV replication in

malignant cells.

In healthy cells, a functioning IFN response will block viral replication and
dissemination, as described. Dysfunction of these pathways have been
reported in many cancers, providing OV with a vulnerability that can be
exploited to target malignant cells while sparing healthy cells (Kaufman et

al., 2015).
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Some viruses have also evolved mechanisms to overcome functional IFN
responses to allow viral replication. For example, the V protein encoded by
the avian paramyxovirus NDV can target the antiviral response by
degradation of STAT1 molecules in avian cells, but not in human cells (Park
et al., 2003), suggesting that cancer cells with deficient IFN signalling may
be more susceptible to NDV-induced cell death (Fiola et al., 2006).
Furthermore, the B18R protein encoded by Vaccinia virus is able to bind to
IFN-a, thus blocking its ability to signal neighbouring cells (Colamonici et al.,
1995). A summary of how viruses can subvert the antiviral IFN response
pathway is shown in Figure 2-5.
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Figure 2-5: Viral mechanisms for evading the antiviral IFN response.

(a) Proteins expressed by Influenza, Arenaviruses and paramyxoviruses can
block virus-detecting PRRs, such as RIG-1 and MDA5, while RSV and
Measles viruses inhibit TLR7 and 8 signalling. This results in defective viral
detection and inhibits the induction of IFN proteins. (b) Japanese
Encephalitis Virus, Dengue virus, Inluenza A, Hepatitis C Virus, Sendai
Virus, Measles, Rubula virus and Hendraviruses inhibit downstream
signalling of IFN receptors, resulting in a diminished antiviral response.
(Devasthanam, 2014)
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2.4.1.1.4 Mechanistic Target of Rapamycin (mTOR)

Dysregulation of the Ras pathway confers sensitivity of malignant cells to
oncolytic reovirus (Strong et al., 1998) and dysfunctional IFN signalling
prevents the production of antiviral proteins, contributing to a favourable
intracellular environment for OV replication (Wollmann et al., 2007). Another
example of a pathway that is altered in cancer cells is the Mechanistic
Target of Rapamycin (mTOR) pathway, which contributes to cell
proliferation, nutrient sensing, transcription, translation, and cytoskeletal
remodelling. MTOR’s reported hyperactivity in a variety of cancers (Saxton
and Sabatini, 2017), its importance for NHL cell survival (Bhatt et al., 2010),
and its frequent hijacking by viruses to control the stress response of cells
(Le Sage et al., 2016), make it a possible determinant of OV susceptibility.

2.4.1.1.4.1 Role of mTOR in Cellular Biology

MTOR is a serine/threonine protein kinase that plays a major role in cell
metabolism, growth and survival (Tan and Miyamoto, 2016) and is a key
regulator of autophagy; the process by which cells degrade and recycle
intracellular proteins during times of stress. MTOR is active in either of two
functionally distinct protein complexes; mTOR Complex 1 or 2 (nTORCL1 or
mMTORC2), as shown in Figure 2-6.
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Figure 2-6: Components of mTORCL1 and 2.

MTORCL1 consists of mTOR, Regulatory-associated protein of mMTOR
(Raptor), mammalian lethal with SEC13 protein 8 (mLST8), proline-rich Akt
substrate of 40 kDa (PRAS40) and DEP domain-containing mTOR-
interacting protein (DEPTOR) (Ding et al., 2018). MTORC2 is composed of
MmTOR, mLST8, mammalian stress-activated protein kinase interacting
protein 1 (mSIN1), DEPTOR, Rapamycin-insensitive companion of
mammalian target of rapamycin (RICTOR) and Protein observed with Rictor
(PROTOR), and regulates cell survival and cytoskeleton remodelling by
downstream effectors such as Akt and members of the Protein Kinase C
(PKC) family, respectively (Saxton and Sabatini, 2017). (Figure obtained
from (Guertin and Sabatini, 2009).
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MTORCIL is a nutrient sensor that controls transcription and cap-dependent
translation by phosphorylating downstream pathway components, such as
S6 Kinase (S6K) or Eukaryotic translation initiation factor 4E-binding protein
1 (4EBP1) (Showkat et al., 2014), under nutrient-rich conditions. Before
activation by mTORC1, 4EBP1 is bound to Eukaryotic translation initiation
factor 4E (elF4E), preventing it from initiating translation; mTORC1
phosphorylates 4EBP1, releasing elF4E to initiate translation (Faller et al.,
2015). The second pathway downstream of mMTORC1 signals through S6K
which regulates ribosomal translation by phosphorylating S6 on ribosomes
and initiating translation (Magnuson et al., 2012). MTORC2 has been
identified as a prominent influencer of amino acid metabolism in cancer,
allowing malignant cells to adapt to new conditions (Gu, Y. et al., 2017), and
contributes to tumourigenesis by promoting lipid synthesis (Guri et al., 2017).

2.4.1.1.4.2 Role of mTOR in viral replication

Viruses rely heavily on cellular processes, such as transcription and
translation, for replication (Walsh et al., 2013). MTOR’s control over
pathways that affect these processes make it, and its downstream effector
molecules, targets for viral manipulation. EBV’s Latent Membrane Protein 2A
(LMP2A) activates upstream regulators of mTOR, such as
phosphatidylinositol 3-kinase (PI3K)/Akt, resulting in enhanced translation of
viral proteins (Moody et al., 2005). Adenoviruses express two proteins, E4-
ORF1 and E4-ORF4, which mimic growth factors and glucose, respectively,
to activate mTOR, even in low-nutrient conditions (O'Shea et al., 2005).
Viruses also mimic the downstream effectors of mTOR, for example, HSV-1
expresses Infected Cell Protein 6 (ICP 6) which overrides 4EBP1’s control of
RNA translation by acting as a chaperone for Eukaryotic initiation factor 4F
(elF4F) (Walsh and Mohr, 2006) to initiate translation. Other viruses, such as
Respiratory syncytial virus (RSV), abrogate memory CD8* T cell
differentiation by phosphorylating and activating mTOR, thus impairing the
ability of CD8* T cells to develop immunological memory to RSV (de Souza
et al., 2016).

Autophagy, which is controlled by mTOR, can be essential or detrimental to
viral replication, as the process is required by some viruses to replicate,
such as Influenza A (Yeganeh et al., 2018), while also posing a risk to other
viruses by degrading viral proteins (Levine, 2005). In the latter case, which is
termed xenophagy, autophagy can be used as an antiviral response
mechanism. Some viruses, such as CVA16 and other picornaviruses, have
developed mechanisms to control autophagy, so that autophagic bodies are
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produced within the cell to allow viral replication (Shi et al., 2015), (Klein and
Jackson, 2011).
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2.4.1.2 OV anti-tumour immunity

An alternate mechanism of action of OV therapy is the activation of the
patient immune system to mount a response against malignant or virally-
infected cells. This effect is summarised in Figure 2-7.
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Figure 2-7: OV-induced immune response against malignant or virally-

infected cells.

While the primary mechanism of action of OVs was believed to be direct
cytotoxicity (1st panel), alternate mechanisms have been discovered. The
presence of OV can activate NK cells to target malignant or virally-infected
cells, or induce the secretion of cytotoxic cytokines to kill malignant cells

(2nd panel). The rupture of malignant cells can result in the presentation of

Tumour-Associated Antigens (TAAs) and OV antigens to T cells by APCs to
stimulate an adaptive response (3rd panel). The benefits of this response
include a systemic effect of memory circulating tumour- or OV-specific T

cells, and their ability to target distant metastases (4th panel) (Labiotech.eu,

2015).
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Immunogenic cell death, as distinct from apoptosis, arises from the rupture
of a dying cell, resulting in the release of its intracellular components. Upon
release, these components may be detected by the immune system as a
“‘danger signal”, resulting in the stimulation of an immune response to mop
up and clear the debris from the dead cell. Inmunogenic cell death can also
arise during the late stages of a lytic viral infection, whereby the newly-
synthesised virions within an infected cell burst out, killing the cell and
releasing themselves and the cellular components. This can result in an
immune response to these viruses (Donnelly et al., 2013). This form of cell
death can be instrumental in OV therapy, as it can result in an immune
response against the virus and the cancer cells, contributing to the anti-
cancer effect. Such a response can be evaluated in vitro by examining the
cells for non-apoptotic cell death by flow cytometry, release of nuclear
proteins such as High mobility group box 1 (HMGB1) and release of
Adenosine Triphosphate (ATP) (Kepp et al., 2014).

Despite the co-existence of malignant B cells with normal immune cells,
such as NK cells, T cells and dendritic cells (DCs), within the highly
immunological environment of the LN, the patient immune system fails to
obliterate the aberrant cells. The presence of these immune cells provides
an arsenal for priming an immune response against NHL, however, the
effects of immunosuppressive cells in the LN prevents recognition and
destruction of the NHL cells. This will be discussed in more detail in section
2.4.1.2.2. The duration of an OV-induced anti-cancer immune response can
vary from short term innate responses, such as NK cell-mediated responses,
to long term adaptive responses comprising immunological memory, such as
T cell-mediated responses (Filley and Dey, 2017). This will be discussed in
more detail in section 2.4.1.2.2.

2.4.1.2.1 Innate immune responses

The innate immune response is a broad range of cellular responses to
antigenic assault, ranging from the IFN response, as described in 2.4.1.1.3,
to NK cell-mediated responses. IFNs, in addition to stimulating the enhanced
expression of ISGs, such as Tetherin and MHC-I, exert a range of effects on
their target cells that aid their antiviral effects. These effects can include
inducing cell cycle arrest to hamper viral replication (Sangfelt et al., 2000),
inducing apoptosis in infected and malignant cells (Chawla-Sarkar et al.,
2003), and cell metabolism (Wu et al., 2016). IFNs also play a critical role in
immune regulation, such as promoting class switching during B cell
development and the production of a humoural immune response (van den
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Broek et al., 1995), activating monocytes (Buchmeier and Schreiber, 1985)
and elevating MHC expression to facilitate antigen presentation and promote
T cell responses (Bernard Mach et al., 1996).

An NK cell-mediated response can be achieved following OV treatment,
whereby an infected cancer cell could be manipulated by the virus to
decrease MHC | expression and subsequently block antigen presentation to
T cells (Bhat et al., 2011). Inadvertently, this would result in the NK cell
detecting the lack of MHC | expression (“lack of self”), resulting in NK-
mediated killing of malignant, virus-infected, cells (Woller et al., 2014).
Moreover, OV, such as reovirus, can also activate NK cells, through
stimulating monocytes to produce IFN-q, to target non-infected malignant
cells, as has been demonstrated in HMs, such as CLL (Parrish et al., 2015)
and AML (Hall et al., 2012). Research by Miyamoto, et al., also
demonstrated enhanced NK cell and granulocyte infiltration into established
lung cancer tumours following intratumoral treatment with Coxsackievirus B3
(CVB3) in female BALB/c nude mice (Miyamoto et al., 2012). The decision
by an NK cell to kill results in the trafficking of intracellular granules to the
cell surface where the contents are released (known as degranulation) into
the extracellular space to attack the target cell. Cytolytic granules contain
perforin, a glycoprotein that inserts itself into the target cell membrane and
oligomerises to form a pore (Osinska et al., 2014), and multiple proteases,
such as Granzyme B, a serine protease that enters the cell via the perforin
pore and initiates a proteolytic cascade resulting in apoptosis of the target
cell (Lord et al., 2003). Interestingly, perforin alone can Kill the target cells by
causing it to lyse (Waterhouse et al., 2006). Alternatively, NK cells can
deliver death signals to target cells via interactions between Fas (First
apoptosis signal) Ligand and TRAIL (TNF-related apoptosis-inducing ligand)
on the NK cell surface, or secreted tumour necrosis factor-a (TNF-a), with
their cognate receptors on the target cell. These interactions result in the
activation of the caspase cascade and directly trigger apoptosis (Zamai et
al., 1998).

Virus infection can also result in infected and neighbouring cells secreting
cytokines, for example, the alphavirus M1 stimulates the secretion of IL-8,
IL-1A, and TRAIL, which induced cell death in hepatocellular carcinoma and
colorectal cancer cell line models (Cai et al., 2017). This indirect cytotoxicity
towards malignant cells is known as bystander killing.

Reovirus has displayed immunogenic properties, including activation of
innate immunity, such as enhancing NK cell-mediated targeting of anti-
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epidermal growth factor receptor (dEGFR) antibody (cetuximab)-coated
colorectal cancer cell lines (Zhao, X. et al., 2015), inducing the IFN response
against AML cells (Hall et al., 2012) and inducing CD8* antigen-specific T
cells to target melanoma LN metastases in a C57BL/6 mouse model
(Prestwich, R. J. et al., 2008). Innate immune responses are potent tools in
targeting malignant cells, however, an adaptive T cell-mediated response
can provide a more durable anti-cancer effect.

2.4.1.2.2 Adaptive Immune responses

Oncolysis results in the release of antigens of viral or cellular origin which
can be ingested and presented by professional APCs, such as DCs, to
developing T cells. This can lead to an antigen-specific T cell response that
can recognise and target malignant cells (Howells et al., 2017). This has
been demonstrated in multiple animal models including: a FVB/N mouse
model of breast cancer that used a GM-CSF- and human epidermal growth
factor receptor 2 (HER2)-expressing vaccinia virus to induce cytotoxic CD8*
T cell targeting of a HER2* breast cancer tumour (Sharp and Lattime, 2016);
and a Syrian (golden) hamster model of pancreas ductal adenocarcinoma
that demonstrated CD8" T cell-dependent antitumour response in wild-type
adenovirus type 5-treated animals (Li, X. et al., 2017). Healthy CD4* and
CD8" T cells are functional and capable of destroying NHL cells, lending
hope to the possibility that the patient’s immune cell arsenal could be utilised
to fight the malignancy (Yang, Z.Z. et al., 2006a), (Yang, Z.Z. et al., 2006b).

CD8* cytotoxic T cells fail to destroy NHL cells due to the presence of
immunosuppressive regulatory T cells (Tregs) (Yang, Z.Z. et al., 2006b).
Treg populations in NHL result in an inhibited adaptive T cell-mediated
immune response and the persistence of the malignant cells (Wang, Jing
and Ke, 2011). Recent research has shown that OV can alleviate the
immunosuppressive effects of Tregs; examples include oncolytic adenovirus
that decreases tumour-infiltrating Tregs in a syngeneic glioblastoma
multiforme (GBM) mouse model (Qiao et al., 2015), oncolytic HSV-1, which
reduced Treg populations in melanoma patient tumours following
intratumoural injection (Kaufman et al., 2010), and reovirus, which
decreased numbers of tumour-residing Tregs in a C57BL/6 ovarian cancer
model (Gujar, S. et al., 2013). Taken together, these findings implicate a role
for OV in priming an adaptive anti-cancer immune response by alleviating
the immunosuppressive effects of Tregs and promoting T cell-mediated
targeting of malignant or virally-infected cells.
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2.4.1.2.3 Combinations with Immunomodulatory Drugs

The ability of OV to promote anti-cancer immune responses is being
investigated in combination with immunomodulatory drugs, such as mAbDs.
MADs specifically bind to their target antigen, resulting in blocking of an
interaction between malignant cells and immune cells, such as PD-L1
(Programmed death-ligand 1) on malignant cells signalling to PD-1
(Programmed cell death protein 1) on immune cells to inhibit immune cell
targeting of malignant cells. MAbs have shown efficacy against a range of
solid and haematological malignancies, for example, the aPD-1 antibody,
pembrolizumab, lead to a progression-free survival rate in 38% of melanoma
patients vs 16% in those that received chemotherapy (carboplatin and/or
paclitaxel) (Ribas et al., 2015). MAbs can also mark the mAb-coated
malignant cells for immune destruction, as previously discussed with
rituximab (section 2.3.5.1).

Rituximab binds to CD20 on malignant B cells and, coupled with its direct
effects, such as downregulating the B Cell Receptor (BCR) (Kheirallah et al.,
2010) and inducing apoptosis (Pedersen et al., 2002), stimulates anti-tumour
immunity against them by ADCC, CDC and possibly ADCP (Oflazoglu and
Audoly, 2010). Given that rituximab achieves its efficacy by activation and
utilisation of the immune system, and OVs can activate the immune system
(Aurelian, 2016), combinations of OV and mADbs to treat a variety of cancers
are being investigated. Previous work by Parrish, et al., showed that in vitro
reovirus treatment enhanced rituximab-mediated NK cell ADCC against ex
vivo CLL (Parrish et al., 2015). The enhanced effects of this combination
could be investigated in other B cell malignancies such as NHL where
rituximab is already part of the current standard of therapy. Despite low NK
cell numbers in the LN (Bajenoff et al., 2006), it may be possible to induce
the trafficking of NK cells to LN during OV therapy, as has been
demonstrated in mouse models in which virus infection, for example,
influenza (Duan et al., 2017) and ectromelia virus (ECTV) (Parker et al.,
2007), can stimulate NK cell trafficking to the LN.

Current immunotherapy strategies, including rituximab, are successful
against NHL, providing scope for further harnessing of the immune system
with OV therapy. The possibility for the immune system to eradicate
malignant cells in the LN suggests that OV therapy, alone or in conjunction
with immunomodulatory drugs, may harness the potential of anti-tumour
immunity.

2.4.1.3 OV in B Cell Malignancies
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Previous work on OV therapy in the context of NHL has shown that some
NHL cell lines in isolation are sensitive to reovirus oncolysis, while others are
resistant (Alain et al., 2002). This could present a challenge for treating NHL
with reovirus as some patients may remain resistant to OV direct oncolysis,
however this does not preclude a role for reovirus-induced immunotherapy.
Other OVs have been investigated in pre-clinical research for efficacy
against B cell malignancies. Table 2-3 summarises these findings (Angelova
et al., 2017).
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B cell oV Outcome References
Malignancy
Multiple Reovirus Reovirus induced autophagy- (Thirukkumara
Myeloma dependent apoptosis in a myeloma n,C. M. etal,
cell line (RPMI 8226) 2013)
VSV VSV induced cell death in myeloma (Lichty et al.,
cell lines and primary patient cells, 2004)
but not PBMCs.
Myxoma Intravenous myxoma virus reduced (Bartee et al.,
myeloma burden in female Balb/C 2016)
mice by 70-90% through direct
oncolysis and priming of a CD8* T
cell-mediated response.
Vaccinia Vaccinia virus induced replicative cell | (Deng et al.,
death in myeloma cell lines 2008)
Adenovirus | Ad 5 induced cell death in most (Senac et al.,
myeloma cell lines and primary 2010)
patient cells
CVA21 CVA21 induced replicative cell death | (Au et al.,
in myeloma cell lines and purged 2007)
patient BM biopsies of up to 98-7% of
CD138* plasma cells.
NHL HSV-1 HSV-1 replicated in 1/3 NHL lines (Esfandyari et
al., 2009)
Reovirus Reovirus exhibited significant purging | (Thirukkumara
of NHL cells from patient blood, but n, Chandini M.
not healthy PBMCs. et al., 2003)
Reovirus induced cell death in 6/9 (Alain et al.,
NHL cell lines and 21/27 primary 2002)
patient samples, but not PBMCs.
Adenovirus | Adenovirus induced cell death in all (Medina et al.,
primary MCL samples. 2005)
Measles Replication-competent measles virus | (Grote et al.,
induced tumour regression in 2001)
established human lymphoma
xenografts in Balb/C mice
CLL VSV BCL-2 inhibitors sensitised primary (Tumilasci et
CLL cells, but not PBMCs, to VSV al., 2008)
oncolysis.
Reovirus Reovirus promotes rituximab- (Parrish et al.,
mediated ADCC of CLL targets 2015)
B-lineage-ALL | Measles Measles virus-loaded BM-derived (Castleton et
mesenchymal stromal cells deliver al., 2014)
virus to ALL cell targets in a SCID
mouse model
B- Adenovirus | IL-24-expressing Adenovirus5 (Qian et al.,
lymphoblastic induced cell death in human B- 2008)
leukaemia lymphoblastic leukaemia and

lymphoma cell lines and patient cells
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Table 2-3: List of B cell malignhancies that have been investigated as
potential targets for OV therapy.

The data shows a wide range of OVs have been investigated against a
variety of B cell malignancies, with promising results against cell lines,
primary patient material and in vivo models.
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Table 2-3 demonstrates the interest in the use of OV to treat a variety of B
cell malignancies. While these studies have yielded promising data into the
efficacy of OV against HMs, most studies have only examined these cells in
isolation, and have not investigated roles for the immune response, or the
TME. These data have demonstrated reovirus susceptibility in some BL cell
lines, however, more research is needed to characterise the susceptibility of
DLBCL cell lines to reovirus infection, the role of the (TME) in reovirus
oncolysis of NHL cells, and reovirus’ ability to potentiate an anti-NHL
immune response. Other than investigating the susceptibility of multiple
myeloma cells, no other data on the efficacy of CVA21 in the context of B
cell malignancies have been reported.

2.4.2 REOLYSIN®/Reovirus
2.4.2.1 Origins and Discovery

Reolysin® is the proprietary formulation of the Type 3 Dearing (T3D) strain
of reovirus (Respiratory Enteric Orphan virus) and is produced by Oncolytics
Biotech Inc. It is a non-manipulated member of the Reoviridae family and
has a small dSRNA genome and an icosahedral capsid. The reovirus
genome is comprised of 10 segments that encode for structural and non-
structural proteins that are necessary for its infection and replication (Shatkin
et al., 1968). Reovirus was first identified as a novel oncolytic agent by
Hashiro, et al., who described how the virus preferentially infected and killed
malignant cells but not non-transformed cells (Hashiro et al., 1977), leading
to further research into its potential as an oncolytic agent. Historically, the
proprietary strain of Reolysin was propagated in murine L cells to provide a
bioselected strain of the virus, i.e., one that has been passaged multiple
times through one homogeneous cell line to create a more consistent
formulation of the virus than what would be isolated from patients (Duncan et
al., 1978).

2.4.2.2 Pathogenic Significance and Virulence

Reovirus is a common human pathogen that causes a mild enteric or
respiratory illness in young children (Rosen et al., 1960). Exposure to the
T3D strain of reovirus is widespread, with some studies reporting up to 90%
seropositivity for neutralising antibodies against the virus (Minuk et al.,
1985). The primary receptor for reovirus is Junctional Adhesion Molecule A
(JAM-A) that is ubiquitously expressed in endothelial and haematological
cells throughout the body (Sugano et al., 2008). The role of JAM-A in
reovirus infection has previously been investigated by the transfection of
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Chinese Hamster Ovary (CHO) cells with JAM-A, -B and —C. These
experiments demonstrated that only cells expressing JAM-A were
permissive to reovirus infection (Campbell et al., 2005). JAM-A plays a vital
role in several cellular processes such as tight junction formation and
leukocyte migration, and its dysregulation in cancer is advantageous for
tumour progression (Zhao, C. et al., 2014). Elevated JAM-A expression is
not implicated in enhancing reovirus’ preferential infection of malignant cells,
however, reovirus is thought to preferentially target malignant cells with
activated Ras signalling (Marcato et al., 2007), elevated in many cancers
(Downward, 2003). Another factor that contributes to reovirus susceptibility
is enhanced levels of cathepsin B and L, which aid virus uncoating to allow
replication, as reported in an in vivo glioma model (Alain et al., 2007).
Enhanced cathepsins B and L expression were reported when tumour cells
were grown in vivo and not in vitro, illustrating the importance of considering
the TME in OV therapy. Although activation of the Ras pathway is infrequent
in NHL cells (Ahuja et al., 1990), activating mutations in factors downstream
of this pathway, such as ERK and p38, have been reported in NHL (Kurland
et al., 2003), (Kawauchi et al., 2002), (Jazirehi et al., 2004), suggesting NHL
cells as a good target for reovirus oncolysis. The presence of the JAM-A
receptor on B cells (Xu et al., 2017) and the previously mentioned
immunogenic potential of reovirus (section 2.4.1.2.1) make it a worthwhile
candidate OV for NHL treatment.

2.4.2.3 Progress in Clinical Trials

Reolysin® is a promising candidate for oncolytic virotherapy due to its
preference for transformed cells and high tolerability, only inducing low
grade adverse effects in patients (Comins, C. et al., 2010), (Lolkema et al.,
2011), (Karapanagiotou et al., 2012). Reovirus has also been reported to
induce an increase in CD4* T cells, CD8* T cells, NK cells and cytokine
production in heavily pre-treated patients with advanced cancers, who had
received surgery, radiotherapy or chemotherapy, prior to reovirus treatment
(White et al., 2008). A table showing some examples of reovirus clinical trials
is shown below (Table 2-4).
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Disease

Combinations

Phase

Trial numbers

Results

Gliomas

N/A

NCT00528684

No dose-limiting
toxicity, 1/12
patients remained
disease free for >6
years (yrs) (Forsyth
et al., 2008)

Pancreatic

Cancer

Carboplatin/

Paclitaxel

NCT01280058

No significant
enhancement of
progression-free
survival with
reovirus vs drugs
alone (4.9vs 5.2
months) (Noonan et
al., 2016)

Head and
Neck

Cancers

Carboplatin/

Paclitaxel

NCTO00753038

4/13 patients had
partial response,
2/13 had stable
disease for >12
weeks (Karnad et
al., 2011)

Carboplatin/
Paclitaxel/

Placebo

NCT01166542

Not reported

Melanoma

N/A

NCT00651157

Virus was well-
tolerated, viral
replication was
detected in 2/15
patients (Galanis et
al., 2012)

Carboplatin/

Paclitaxel

NCT00984464

Partial response in
3/14 patients
(Oncozine, 2013)

Myeloma

N/A

NCT01533194

Virus was well-

tolerated (Sborov et




al., 2014)

Lung

Cancer

Carboplatin/

Paclitaxel

NCT00861627

11/37 partial
responses, 20/37
stable diseases
(Villalona-Calero et
al., 2016)

NCT00998192

12/25 partial
responses, 10/25
stable diseases
(Mita et al., 2013)

Pemetrexed/

Docetaxel

NCT01708993

Virus was well-
tolerated, no
enhancement of
progression-free
survival with
reovirus vs drugs
alone (2.96 vs 2.83
months) (Morris et
al., 2016)

Prostate

Cancer

Docetaxel and

Prednisone

NCT01619813

Poorer overall
survival in virus and
drug combination
arm, vs drug alone
(Eigl et al., 2017)

Breast

Cancer

Paclitaxel

NCT01656538

Combination arm
showed improved
overall survival vs
drug alone arm
(17.4 vs 10.4
months) (Erum
Nagvi, 2013)

Table 2-4: Clinical trials investigating reovirus alone or in combination

with other therapies for the treatment of various cancers.

Reovirus has been investigated alone and in combination with other
therapies as a potential treatment for a wide range of malignancies, with
some promising results.
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Table 2-4 demonstrates the diverse applicability of reovirus in treating a
variety of cancers. Most of these trials are in solid malignancies, however,
reovirus was well-tolerated by patients with multiple myeloma (Sborov et al.,
2014), but reported minimal effects on disease stability (4-8 months stable
disease in 3/12 treated patients). Ongoing clinical trials are currently
investigating reovirus in combination with Bortezomib and Dexamethasone
for relapsed or refractory myeloma (ClinicalTrials.gov, 2015c¢) and in
combination with lenalidomide or pomalidomide against relapsing myeloma
(ClinicalTrials.gov, 2017c).

2.4.3 CAVATAK™/Coxsackievirus Type A21
2.4.3.1 Origins and Discovery

Coxsackievirus Type A21 (CVA21) is a non-enveloped member of the
Enterovirus C species of the picornavirus family. It has a linear single-strand
positive-sense RNA genome that is 7.4kb long (Bruu, 2013) . CVA21 is one
of 23 Coxsackievirus Type A viruses (1-22 and 24).

CAVATAK™ is a non-manipulated clinical-grade formulation of CVA21. It is
one of several aetiological agents of the common cold (Xiao et al., 2001).
Similarly to Reolysin, CAVATAK was purified by routine passage in human
ICAM-1-transfected rhabdomyosarcoma (ICAM-1-RD) cells to obtain a
formulation of the virus that would be more homogenous than clinically-
isolated virus samples (Shafren, D.R. et al., 2004). ICAM-1, the CVA21 entry
receptor, is a member of the immunoglobulin superfamily with roles in cell
signalling (Hubbard and Rothlein, 2000), endothelial transmigration
(Rahman and Fazal, 2009) and endocytosis (Muro et al., 2003) and is widely
expressed on both endothelial and immune cells, including B cells (Yashiro,
2008). DAF, the CVA21 attachment receptor, is a negative regulator of the
complement system and acts by blocking the formation of the membrane
attack complex (MAC) by inhibition of the C3 and C5 convertases (Kinoshita,
1998). ICAM-1 is expressed at high levels on lymphoma B cells in
comparison to healthy B cells (The Human Protein Atlas, 2017) and DAF is
highly expressed on a number of tumour types as a mechanism of
complement resistance (Jurianz et al., 1999), including NHL (Terui et al.,
2006), suggesting a strong rationale for using CVA21 to target NHL B cells.
It is important to note that, while some clinical isolates of CVA21 do not
always rely on both receptors to infect cells, the Kuykendall strain, which is
the subject of these experiments, requires both receptors for successful
infection (Newcombe et al., 2004).
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Preclinical work has shown that CVA21 kills prostate cancer cell lines that
expressed ICAM-1 (Berry et al., 2008), reduces tumour burden in human
breast cancer xenografts (Skelding et al., 2009) and can reduce tumour
burden and increase survival in a syngeneic mouse model of melanoma
where B16 murine myeloma cells had been transfected with human ICAM-1
(Shafren, D. et al., 2014). Although research into the use of CVA21 to target
HMs is at an early stage, CVA21 has efficacy as an oncolytic agent against
myeloma cell lines that express both ICAM-1 and DAF, can target BM-
derived primary patient MM cells and has no cytotoxicity against healthy
lymphocytes (Au et al., 2007). Taken together, these data implicate CVA21
as a highly toxic agent against myeloma cells, and as a potential ex vivo
purging agent.

2.4.3.2 Pathogenic Significance and Virulence

CVAZ21 is one of hundreds of aetiological agents of the common cold and
primarily infects upper respiratory tract epithelial cells (Shafren, D.R. et al.,
2004). Initially found to cause mild upper respiratory tract infections (URTIS)
(Lennette et al., 1958), it is not expected to pose a significant risk as a
pathogen to the public and has received a biosafety level of 2 from the
ATCC (ATCC, 2017). This rating is designated to agents that pose a mild
risk to the public and environment.

2.4.3.3 Progress in Clinical Trials

CAVATAK™ has been tested in several trials for various solid malignancies.
It has successfully progressed through 5 phase one trials for bladder cancer
in combination with Mitomycin C, non-small cell lung cancer in combination
with pembrolizumab (anti-PD1 antibody), advanced melanoma in
combination with pembrolizumab, melanoma in combination with ipilimumab
and as a single agent for prostate cancer. CAVATAK™ has also completed
a phase Il trial for late stage melanoma where 63 patients with stage llic or
IV melanoma received 10 intratumoural (IT) injections of CAVATAK™
across 18 weeks. This study showed 6-month progression-free survival in
22.5% of patients, surpassing (Andtbacka et al., 2015). This progress
through a phase Il trial shows promise for CAVATAK™’s possible
acceptance as an approved therapy for melanoma. A summary of trials that
examine the safety and efficacy of CAVATAK is shown in Table 2-5.
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Disease

Combinations

Phase

Trial Numbers

Results

Melanoma

Pembrolizumab

NCT02565992

Recruiting, 18/23
disease control rate
(Ann W. Silk, 2017)

Ipilimumab

NCT02307149

Recruiting,
combination well-
tolerated, 14/18
disease control rate
(Viralyitics, 2016)

NCT03408587

Recruiting

N/A

NCT01227551

22/57 Immune-related
Progression-Free
Survival (Andtbacka et
al., 2015)

NCT02316171

Virus well-tolerated,
evidence of replication,
apoptosis and
inflammation in TME.
(Nicola E Annels,
2015)

NCT02043665

Virus was well-
tolerated
(ClinicalTrials.gov,
2016)

Bladder

Cancer

Mitomycin C

NCT02043665

Virus was well-
tolerated
(ClinicalTrials.gov,
2016)

Pembrolizumab

NCT02824965

Recruiting

Lung Cancer

Pembrolizumab

NCT00636558

Virus was well-
tolerated, some
evidence of replication
(Pandha et al., 2015b)
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Table 2-5: Clinical trials investigating CVA21 alone or in combination
with other therapies for the treatment of various cancers.

CVAZ21 has been investigated alone and in combination with other therapies
as a potential treatment for a wide range of malignancies, with some
promising results.
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As previously mentioned, no published research has demonstrated CVA21-
induced cell death of NHL cell lines or primary patient material, however,
CVAZ21 has induced cell death in other cancer types such as multiple
myeloma (Au et al., 2007), melanoma (Au et al., 2005), breast cancer
(Skelding et al., 2009), and prostate cancer (Berry et al., 2008), but no cell
death in healthy donor PBMCs (Au et al., 2007). CVA21 and closely-related
viruses have also demonstrated immunogenic properties in cancer models.
Examples include, immunogenic cell death in CVA21-treated bladder
cancer cells, and a role for CD4* T cells in targeting a murine C57/BL6
bladder cancer model (Annels et al., 2018), and CVB3-mediated NK cell
infiltration and elimination of human non-small-cell lung carcinoma (NSCLC)
in a nude BALB/c xenograft model (Miyamoto et al., 2012). CVA21’s ability
to preferentially target malignant cells, coupled with its demonstrated
immunomodulatory potential, make it an exciting candidate for the treatment
of NHL.

2.5 Aims of the study

This study aimed to investigate, by use of cell lines and primary patient
material in isolation and in an NHL TME model, and an animal model for
reovirus-mediated NK cell trafficking to the LN, the potential to use oncolytic
virotherapy for the treatment of NHL, focusing on the efficacy of CVA21 and
reovirus for the treatment of Burkitt’s lymphoma, Diffuse Large B Cell
Lymphoma-Germinal Centre B Cell Subset and Diffuse Large B Cell
Lymphoma-Activated B Cell Subset. These NHLs were chosen due to their
aggressive nature and high prevalence in patients. These studies will be
undertaken to investigate novel and exciting avenues of therapeutic
intervention to target resistant and aggressive NHL cells. More specifically,
this study aimed to:

1. Compare two candidate OVs (reovirus and CVA21) for their ability to
directly kill NHL cells by oncolysis and examine their efficacy against
drug resistant malignant cells co-cultured with TME support. Reovirus
and CVA21 were selected due to their impressive performance in
clinical and pre-clinical trials to date, the elevated expression of
ICAM-1 on NHL cells and the immunogenic potential of both viruses.

2. Investigate the specificity of CVA21 for malignant cells and
characterise the cellular determinants responsible for CVA21
sensitivity.
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. Investigate the potential to use OVs, CVA21 and reovirus, to stimulate

an anti-NHL immune response.
. Validate the efficacy of CVA21 and reovirus against NHL using

primary NHL samples.



50

Chapter 3:
Materials and Methods
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Chapter 3

3.1 Cell Culture

3.1.1 Cell lines

Ramos, Raji, SU-DHL-4 and OCI-LY19 cells were kindly supplied by Dr.
Reuben Tooze and Dr. Gina Doody from Experimental Haematology (Leeds
Institute of Cancer and Pathology - LICAP). U2932, OCI-LY3, L929, MEL-
624 and SK-MEL-28 cells were purchased from American Type Culture
Collection (ATCC). Genotypic validation of Ramos, Raji, OCI-LY19, SU-
DHL4, OCI-LY3 and OCI-LY10 was conducted in-house by Short Tandem
Repeat (STR) profiling and compared with the Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ) database by Dr. Claire Taylor.
The results from the STR profiling are shown in Figure 9-1 to Figure 9-6
(Chapter 9).

All cell lines were maintained at 37°C in a humidified atmosphere containing
5% CO:2 (Sanyo). Ramos, Raji, OCI-LY19, SU-DHL4, U2932, CD40L* L929
cell lines and parental L929 cells were maintained in sterile Roswell Parks
Memorial Institute 1640 medium (RPMI 1640 — Sigma Aldrich)
supplemented with 10% volume/volume (v/v) heat-inactivated (56°C for
30minutes (mins)) Foetal Calf Serum (FCS - Life Technologies). OCI-LY3
cells were maintained in RPMI 1640 supplemented with 20% v/v FCS. SK-
MEL-28 and MEL-624 cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM - Sigma Aldrich) supplemented with 10% v/v FCS. For
routine maintenance, once the cells had reached 80-90% confluence, the
adherent cell lines (SK-MEL-28, MEL-624, CD40L* L929 and parental L929)
were washed in sterile Phosphate Buffered Saline (PBS — Oxoid) before
being incubated with 1X Trypsin (Sigma Aldrich; 10X Trypsin was diluted 1
in 10 with HBSS and stored at -20°C) to detach the adherent cells. Cells
were then resuspended in fresh medium and a proportion transferred to a
new tissue culture flask with fresh medium added as required. All tissue
culture flasks were purchased from Corning unless stated otherwise. All cell
lines were checked daily and split between 1:10-1:20 ratio once they had
reached >80% confluence. Cell lines were maintained for ~20 passages to
minimise variability and genetic drift. Viable cells were enumerated using
Trypan blue (Beckman Coulter) exclusion, followed by cell counting on a
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haemocytometer (Hawksley), for calculating seeding densities for
subsequent assays.

3.1.2 Cryopreservation

Cell lines or primary patient cells were centrifuged at 4009 for 5mins and
resuspended in freezing medium (90% RPMI-1640 and 10% Dimethyl
sulphoxide (DMSO, Sigma) for cell lines, and 50% human serum (Sigma),
40% RPMI-1640 and 10% DMSO for human primary patient cells). Cell
suspensions were aliquoted at 5x10%/mL for cell lines and 10x108/mL for
primary patient material, in ImL in a 1.2mL cryovial (Nunc, Sigma-Aldrich),
and transferred to polystyrene boxes which were then placed at -80°C
overnight before being transferred to liquid nitrogen (LN2). All centrifugation
was carried out using an Eppendorf Centrifuge 5810R, unless otherwise
stated.

Frozen cell stocks were retrieved from LNz storage and thawed in a 37°C
water bath and added dropwise, using a 3mL Pasteur Pipette (Fisher), to
10mL of their respective media (pre-warmed to 37°C). Cell suspensions
were pelleted by centrifugation at 400g for 5mins and the supernatant
discarded, Cells were resuspended in 7mL of media, before being
transferred to T25 flasks and allowed to rest overnight. Cells were monitored
the following day by light microscopy, and a sample analysed by Trypan blue
exclusion to give an estimate of cell viability. U2932s and OCI-LY3s were
cultured in RPMI 1640 containing FCS at 20% and 30%, respectively, for the
first week to aid their recovery. Once the cultures had been established,
cells were harvested by centrifugation and place in RPMI 1640 containing
10% and 20% FCS, respectively, for routine culture.

3.1.3 Isolation of Human Mononuclear Cells from Peripheral
Blood and Lymph Nodes

Lymph Node Mononuclear Cells (LNMCs) were isolated from LN biopsies of
suspected cases of lymphoma which were supplied by the Haematological
Malignancy Diagnostic Service (HMDS, Level 3, Bexley Wing, St. James’
University Hospital (SJUH), Leeds). Ethical approval for the use of human
LN samples was received from the NHS/HSC Research and Development
offices / Research Ethics Committee (reference number: 14/WS/0098). Due
to the non-sterile techniques used to harvest patient NHL LN biopsies, LN
sample medium (RPMI 1640 and 10% (v/v) FCS) was further supplemented
with Penicillin (50units/mL)/Streptomycin (50ug/mL) (Life Technologies).
LNMCs were isolated from fresh samples by density centrifugation over
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Lymphoprep™ (Axis Shield) (800g for 20mins, acceleration 6, brake 0). A
3mL Pasteur Pipette was used to aspirate the cell layer from the top of the
Lymphoprep™ and isolated cells were washed in Hank’s Balanced Salt
Solution (HBSS — Sigma Aldrich) three times (600g for 10mins, acceleration
6, brake 6) before being assessed for cell viability using Trypan blue
exclusion. Cells were resuspended at 2x10° cells/mL in RPMI-1640
supplemented with 10% v/v FCS and Penicillin (50units/mL)/Streptomycin
(50pg/mL). Cell numbers varied and not all samples yielded enough cells for
immunophenotyping or viability assays. Cells that were not used
immediately were frozen in LNz for longer term storage.

Peripheral blood mononuclear cells (PBMCs) were isolated from the whole
blood of healthy donors with informed verbal consent by density
centrifugation over Lymphoprep™ and prepared as described above for
LNMCs. Cells were cultured at 2x10° cells/mL in RPMI-1640 supplemented
with 10% v/v FCS.

3.1.4 Cell culture decontamination and disposal

1% Virkon (DuPont UK Ltd.) was used to disinfect cell lines and LN sample
waste, and 10% Distel (Tristel Solutions Ltd.) was used for whole blood
waste products. Materials were decontaminated for a minimum of 60mins in
their respective decontaminant.

3.1.5 NHL Co-cultures

Murine L929 cell lines, stably transfected to express human CD40L, were
used to simulate the B cell (CD40) — T cell (CD40L) interaction thought to
occur in the LNs (Clodi et al., 1998a). Parental, non-transfected L929 cells
were used as a CD40L-negative control for these experiments. Both cell
lines were trypsinised, harvested into 50mL Falcon tubes which were placed
on ice, and irradiated with 50 Gray (Gy), 50mins at 1Gy/min Metrix NDT X-
ray Irradiator. The cells were then retrieved from the irradiator, returned to
culture and left overnight to allow them to adhere to the flask/well.

On day 2, NHL cells lines, healthy donor PBMCs or NHL LNMCs were
added to L929 feeder layers at fixed ratios (3x10° NHL cell lines: 2x10° L929
cells per 2cm? or 2x108 primary cells: 2x10° L929 cells per 2cm?) in fresh
media and returned to the incubator overnight. Controls were cultured in
identical volumes and cell densities, in adjacent wells with no feeder layer.
Cells were routinely cultured on the feeder layers for 24hrs before being
used in experiments.
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3.1.6 Cell Treatments
3.1.6.1 Oncolytic Viruses

3.1.6.1.1 Coxsackievirus Type A21 (CVA21)

CAVATAK™ the clinical-grade formulation of CVA21, was provided by
Viralytics Itd. Clinical vials were stored at -80°C for long term storage. For
use, vials were thawed and aliquoted before being re-frozen at -80°C. In-use
vials were kept at 4°C for no more than 24hrs due to the instability of the
virus resulting in a loss of potency over time. CVA21 was also propagated
in-house using the identical Kuykendall strain of CVA21, purchased from
ATCC (#VR-850). CVA21 was added directly to cell culture medium at the
required plaque-forming unit (pfu) per cell (pfu/cell) following quantification of
viral titres using plaque assay (Section 3.1.6.1.1.2).

3.1.6.1.1.1 CVA21 Propagation and Purification

CVAZ21 Kuykendall Strain was propagated using MEL-624 cells and purified
by density ultra-centrifugation; MEL-624 cells were used to propagate
CVAZ21 due to their susceptibility at low doses.

On day 1, 12.5x10° MEL-624 cells were seeded in T150 tissue culture flasks
in 20mL DMEM supplemented with 10% v/v FCS, and Penicillin
(50units/mL)/Streptomycin (50ug/mL). The cells were placed at 37°C
overnight. On day 2, the MEL-624 flasks were checked for 90% confluence
and inoculated with CVA21 at 0.0005 pfu/cell and returned to the incubator
for 72hrs.

On day 4, solutions were prepared for density centrifugation using Optiprep
(Sigma). 0.1M EDTA (Sigma), 1M Tris (Sigma) and 1M NacCl (Sigma) were
prepared, filtered using a 0.22um filter and stored at 4°C.

Subsequently, Solution B (100mL) was prepared using 50mL ddH20, 30mL
1M Tris stock solution and 3mL 0.1M EDTA. The pH was adjusted to pH7.4
using 5M Hydrochloric acid (HCI, Sigma) and the volume made up to 100mL
with ddH20 prior to filtration and storage at 4°C.

Solution C (100mL) was then prepared using 50 mL ddH20, 10mL 1M NacCl,
5mL 1M Tris and 0.5mL 0.1M EDTA. The pH was adjusted to 7.4 with 5M
HCI and the volume was made up to 100mL with ddH20 prior to filtration and
storage at 4°C.
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To prepare Solution D, 20mL of 60% Optiprep was added to 5mL of Solution
B and used to prepare different concentrations of Optiprep as outlined
below:

* 15% Optiprep: 3mL Solution D + 7mL Solution C
* 23% Optiprep: 4mL Solution D + 6mL Solution C
* 28% Optiprep: 6mL Solution D + 4mL Solution C
* 35% Optiprep: 7mL Solution D + 3mL Solution C

2.5mL of each concentration was then gently layered on top of one another,
beginning with the highest percentage of Optiprep at the bottom and the
lowest at the top, in two ultracentrifuge tubes (Beckman Coulter 344059;
Tube, Thinwall, Ultra-Clear™, 13.2 mL, 14 x 89 mm). The gradients were
then wrapped in parafilm, gently laid on their sides and kept at 4°C
overnight.

On day 5, the MEL-624 cells were examined under light microscope for
cytopathic effect (CPE), with typically 50-80% of cells detaching from the
flask upon agitation. The media was removed from the flasks, transferred to
50mL Falcon tubes (Corning) and centrifuged at 400g for 10mins. The
supernatants were harvested from each falcon tube and amalgamated while
the cell pellets were discarded. The amalgamated supernatant was filtered
through a 0.22um filter unit (Corning). The filtrate was distributed equally
among an even number of 94mL Beckman Coulter heat-seal tubes (Tube,
Thinwall, Polypropylene, 94 mL, 38 x 102 mm). The tubes were filled to
maximum capacity and heat-sealed using Beckman Tube Topper (Beckman
Coulter). The tubes were weighed to assure an equal distribution of weight
(to within 0.1g difference) and placed in a Ti45 rotor (Beckman Coulter) for
ultracentrifugation using a Beckman Optima L-80 Ultracentrifuge (Beckman
Coulter) (150,000q, 2hrs, 4°C). The tubes were subsequently removed from
the ultracentrifuge, the sealed nib was removed with a scalpel (Swann-
Morton) and 20mL media was aspirated and discarded. Following this, the
tops of the tubes were cut off using a scalpel and the media discarded. The
virus pellets were resuspended in PBS and amalgamated in less than 1mL.
The virus formulation was then equally distributed onto Optiprep gradient
tubes and approximately 1mL of solution C added, leaving a 3mm gap at the
top of each tube. The Optiprep tubes were loaded into a SW41Ti swing rotor
(Beckman Coulter) for ultracentrifugation (160,000g, 1hr 30min, 4°C). After
centrifugation, the virus was extracted from the gradients by removal of
approximately 1mL of supernatant, ~8cm from the bottom of the tube, and
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CVAZ21 stocks were aliquoted in 25uL volumes and stored at -80°C. A
representative diagram of the virus-loaded Optiprep gradients is shown in
Figure 3-1.
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Tube Tube
pre-Optiprep post-Optiprep
spin spin

Virus preparation

Debris band

15% Optiprep

Estimated CVA21 band location
23% Optiprep

28% Optiprep

Debris band
35% Optiprep

Figure 3-1 Representative Optiprep gradients before and after
ultracentrifugation.

Virus was loaded onto optiprep gradients. Following ultracentrifugation, the
virus preparation loaded on top of the gradient separates into a low debris
band (above the 35% gradient), a high debris band (above the 15%
gradient) and the CVA21 band estimated to be between the 15 and 23%.
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3.1.6.1.1.2 CVA21 Plaque Assay

CVAZ21 infectious particles were enumerated by plague assay on MEL-624
cells. On day 1, 9x10° MEL-624 cells were seeded in 2mL media per well of
a 6-well plate (Corning) and left to adhere overnight. On day 2, MEL-624
cells were examined under light microscope for 95% confluence. Stock
samples of CVA21 were serially diluted by a factor of 10 from 10-3 to 10-%°
(25puL of each dilution into 225uL of media). The media was aspirated from
the MEL-624 wells and 100pL of each virus dilution was then added with
500puL serum-free DMEM to duplicate wells of 95% confluent MEL-624
monolayers and incubated at 37°C for 2hrs. After 2hrs, the virus dilution
samples were aspirated and 2mL overlay media was gently added to each
well. Overlay medium comprised of a 1:1 ratio of 3% Carboxymethylcellulose
(CMC, in sterile ddH20, Sigma) and 2xDMEM (pH7.6 adjusted with sodium
bicarbonate, Sigma) supplemented with 20% FCS, creating a 1.5% CMC:
1XDMEM-10% FCS solution. Following addition of the CMC overlay media,
the plates were returned to the incubator for a further 72hrs. On day 5, the
CMC overlay was gently aspirated, and the wells were washed in 1mL PBS.
The PBS was subsequently aspirated, and the cells were fixed in ImL 1%
Paraformaldehyde (PFA; Sigma) in PBS for 20mins. The PFA was removed
and the monolayers were stained with 300pL 1% methylene blue in PBS
(Sigma) for 10mins before the methylene blue was discarded and the plates
were rinsed gently with water. Plates were left to dry and plaques were
counted in wells where 10-90 plagues were present. To calculate pfu/mL,
the plague count was averaged from duplicate wells and this figure was
multiplied by the appropriate dilution factor, and then multiplied by 10 to give
the plague count per millilitre, because 100pL of the virus dilution was used.

3.1.6.1.1.3 CVA21 50% Tissue culture Infective Dose (TCIDsp)

TCIDso assays were used to measure virus replication in NHL, PBMC and
LNMC samples. On day 1, 6x10° SK-MEL-28 cells were seeded in 100uL
DMEM supplemented with 10% FCS into flat-bottomed 96-well plates and
left overnight. On day 2, virus samples were serially diluted 10-fold (100uL of
each dilution in 900puL of media) from 10 to 10"1° and 100uL of each dilution
was added to octuplicate wells of the SK-MEL-28 cells. The plates were
returned to the incubator for 5 days. On day 7, media was aspirated, and the
wells were washed with 200uL PBS. Cells were then fixed (100uL 4% PFA)
for 10mins at room temperature before staining in 1% methylene blue
solution (30uL/well, 5mins, room temperature). Excess methylene blue was
removed using running water and the plates were left to dry. Wells that
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stained blue were deemed to contain viable cells and therefore no infectious
virus, while wells that did not stain were deemed to be devoid of cells due to
lytic replication of the virus causing CPE. The number of wells where CPE
had occurred was counted for each dilution and this data was analysed
using the Reed-Muench method (Reed, L.J. and Muench, 1938) which
calculated the TCIDso for that sample. TCIDso values were used to calculate
the fold increase in viral replication at appropriate time points after CVA21
treatment.

3.1.6.1.1.4 Ultraviolet irradiation of CVA21

Stock virus was diluted in 100uL PBS in 1 well of a 48-well plate (Corning).
The virus was subjected to 3mins of UV exposure (Stratalinker® UV
Crosslinker). Virus inactivation at this time point was validated by plaque
assay. Control, non-UV-exposed CVA21 was transported and stored
identically to the UV-inactivated CVA21.

3.1.6.1.2 Reovirus

Clinical grade Reolysin was provided by Oncolytics Biotech Inc. and stored
at -80°C. Bottles were thawed and aliquoted into 1.2mL cryovials and re-
frozen at -80°C. These vials were thawed as required and the virus
concentration (pfu/mL) was quantified by plaque assay on L929 cells in an
identical protocol to the CVA21 plaque assay. Reolysin aliquots were stored
at 4°C for up to 4 weeks due to the stability of reovirus particles.

3.1.6.1.3 Rapamycin

Rapamycin (Selleckchem), a potent mTORCL1 inhibitor, was used alongside
DMSO-treated and untreated controls to measure the effects of mMTORC1
blockade on CVA21 cytotoxicity, proliferation and cell cycling in NHL cell
lines. A stock solution of 100uM was prepared by reconstituting in DMSO.
This was aliquoted and stored at -20°C.

3.1.6.1.4 ICAM-1 Blockade

A human anti-ICAM-1 (alCAM-1, Biolegend) antibody was used to block
ICAM-1 on NHL cell lines. NHL cell lines were seeded at 3x10° cells/mL in
multi-well plates (Corning) and alCAM-1 antibody or IgG1 isotype control
antibody was added in escalating concentrations ranging from 1ug/mL to
20ug/mL. The cells were returned to the incubator for 30mins prior to
treatment with CVA21.
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3.1.7 Flow Cytometry — Fluorescence activated cell sorter
(FACS)

Flow cytometry assays were performed using an Attune® Acoustic Focusing
Cytometer (Applied Biosystems).

3.1.7.1 LIVE/DEAD™ Cell Viability

Cells were harvested into FACS tubes (Falcon), washed in 2mL PBS and
pelleted by centrifugation (400g, 5mins, room temperature). The supernatant
was discarded, and the cell pellet was resuspended in the residual volume
and stained with LIVE/DEAD™ Fixable Yellow Dead Stain (Life
Technologies); 0.5uL of LIVE/DEAD™ stain diluted in 0.5mL PBS, was
added to each tube or 0.5mL PBS (without LIVE/DEAD™ stain) as a
negative control. Samples were incubated at 4°C, in the dark for 30mins,
washed in 2mL PBS and pelleted by centrifugation (400g, 5mins). The
supernatant was discarded, and the cell pellet was resuspended in 300uL
1% PFA (4°C), prior to data acquisition and analysis by Flow Cytometry.

3.1.7.2 Extracellular Marker Staining

All extracellular staining and analysis was conducted using a similar
protocol. Cells (cell lines, LNMCs, PBMCs) were harvested into FACS tubes
and washed in 2mL FACS buffer (0.1% Sodium Azide (Sigma Aldrich), 1%
FCS in PBS) and cells were pelleted by centrifugation (400g, 5mins). The
supernatant was discarded, and cell pellets were resuspended in residual
volumes. Fluorescently-conjugated antibodies were added (5 or 10ul per
1x106° cells) and cells were left at 4°C, in the dark for 30mins. Samples were
subsequently washed in 2mL FACS buffer, pelleted by centrifugation (400g,
5mins), and the cells were fixed in 300uL 1% PFA. Cells were then analysed
by Flow Cytometer at a constant flow rate. Forward Scatter/Side Scatter
(FSC/SSC) plots were used to identify cell populations of interest prior to
analysis. Marker expression was quantified using histogram plots along with
mean fluorescence intensity (MFI), as appropriate. FACS antibodies used
are detailed in Table 3-1.

3.1.7.3 Intracellular Phosflow™ Staining

Phosflow™ staining was performed as per the manufacturer’s
recommendations. Treated cells were harvested into FACS tubes and
washed in 2mL FACS buffer prior to centrifugation (600g, 10mins).
Extracellular staining to identify specific cell populations (e.g. CD20 on B
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cells) was performed at this point, if required (detailed in section 3.1.7.2).
Samples were washed in 2mL FACS buffer, centrifuged (600g, 10mins) and
resuspended in 1mL warmed media and 1mL Cytofix™ (BD Biosciences).
The tubes were incubated at 37°C for 12mins in the dark to fix the cells. The
cells were then centrifuged (600g, 8mins) and the supernatant was
discarded. Tubes were vortexed to resuspend the cell pellets and 1mL
chilled Perm Buffer Ill (BD Biosciences) was added to each tube; cells were
vortexed again and placed at 4°C, in darkness for 30mins. Cells were then
washed twice in 2mL FACS buffer (centrifugation at 600g for 8mins), and
cell pellets were resuspended in residual volumes. Antibodies ap-S6, ap-
4EBP1, ap-STAT1 and isotype controls were diluted 1 in 10 with FACS
Buffer (10uL Antibody: 90uL FACS buffer per 1x10° cells) and 100uL was
added to the respective FACS tubes. The cells were incubated in darkness
for 60mins at room temperature before being washed in 2mL FACS buffer
and pelleted by centrifugation (600g, 10mins). After the supernatant was
discarded the cell pellet was resuspended in 500uL FACS buffer and data
acquired by flow cytometer. FACS antibodies and volumes used are detailed
in Table 3-1.
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Target Species Fluorophore | Clone Volume pL | Provider
/1x1068cells

IgG1 Mouse PE EMRS8-5 | 5uL BD
BALB/c

IgG2B Mouse PE 2H7 5uL BD
C57BL/6

MHC | Mouse PE EMRS8-5 | 5uL BD
BALB/c

CD3 Mouse PE SP34-2 | 10uL BD
BALB/c

CD3 Mouse FITC UCHT1 | 5uL BD
BALB/c

CD19 Mouse FITC HIB19 5uL BD

CD19 Mouse PE HIB19 5uL BD

CD20 Mouse PE 2H7 5uL BD
C57BL/6

CD20 Mouse VioBlue LT20 5uL Miltenyi

Biotec

IFN-a/B | Mouse APC 85228 5uL R&D

receptor Systems

ICAM-1 | Mouse PE HAS8 5uL BD

(CD54) | BALB/c

DAF Mouse PE IA10 5uL BD

(CD55)

p- Mouse PE 4a 10pL BD

STAT1

p-S6 Mouse PE N7-548 | 10uL BD
BALB/c

p- Mouse PE M34- 10uL BD

4EBP1 | BALBI/c 273

CD56 Mouse PE p282 5uL BD

(H19)
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CD56 Mouse FITC B159 SuL BD

CD69 Mouse FITC L78 SpL BD
BALBI/c

CD107a | Mouse FITC H4A3 10pL BD
BALBI/c

CD107b | Mouse FITC H4B4 SuL BD

Nectin-2 | Mouse PE R2.525 | 5uL BD

CD40L | Mouse PE 89-76 5uL BD

(CD154) | BALB/c

JAM-A | Mouse PE M.Ab.F1 | 5uL BD
BALB/c 1

Tetherin | Rat PE eBi0927 | 10uL eBiosciences

Table 3-1 List of Anti-Human Antibodies

Table lists the anti-human antibodies that were used for flow cytometry-
based analysis, their animal of origin, fluorophore, clone, volume per test
and manufacturer.
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3.1.7.4 Cell Proliferation Assays

CFSE (Carboxyfluorescein succinimidyl ester, Thermofisher Scientific)
fluorescent dye was used to measure the proliferation of NHL cell lines,
whereby maximal fluorescence was recorded upon cell staining on day 0
and subsequent cell divisions resulted in diminishing CFSE fluorescence on
daughter cells (as shown in Figure 3-2).
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Figure 3-2 Representative diagram of the principles of CFSE staining.

Parent cells are stained with CFSE on day 0 (maximal fluorescence).
Subsequent cell divisions result in the halving of CFSE staining, and
fluorescence, between daughter cells. Cell proliferation can be inferred from
diminishing CFSE fluorescence by flow cytometry.
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On day 0, 2x106° cells were washed in 2mL PBS and pelleted by
centrifugation (400g, 5mins). CFSE was reconstituted in DMSO and used at
a concentration of 500nM to stain the cells. For comparison, unstained
controls were also prepared. The cells were then incubated at 37°C for
20mins, washed in 10mL medium at room temperature for 5mins before
being centrifuged (400g, 5mins), resuspended at 3x10° cells/mL and seeded
at 0.5mL per well in 48-well plates. After 3hrs in culture, prior to treatment,
unstained and stained samples were analysed for CFSE fluorescence to
guantify maximal CFSE fluorescence prior to cell proliferation. Treated and
untreated CFSE-labelled and CFSE-unlabelled cells were harvested at 24hr
intervals and CFSE intensity was quantified by flow cytometry.

3.1.7.5 Cell Cycle Analysis

NHL cells were harvested and fixed in ice cold 70% ethanol (Sigma) and
incubated at 4°C for a minimum of 30mins. The cells were then stained with
propidium iodide (PI, Sigma, 1mg/mL) at 50ug/mL in PBS in the presence of
100ng/mL RNAse (Sigma), to remove contaminating RNA, for 30mins. The
samples were then washed twice in PBS and cells pelleted by centrifugation
(4009, 5mins) and immediately analysed by Attune® Accoustic flow
cytometer using the BL-2 fluorescence channel set to a linear scale. For
assessment of cell cycle phase, cells that are 4n (tetraploid, G2/M) have
double the fluorescence of cells that are 2n (diploid, G1), as depicted in
Figure 3-3.
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Figure 3-3 Representative histogram of Propidium lodide Analysis.

Pl-stained cells were analysed by flow cytometry on a linear scale. Cells in
G1, S and G2M phase of the cell cycle are labelled according to the PI
intensity and correlating DNA content.
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3.1.7.6 NK cell Degranulation Assay

HDPBMCs (untreated or OV-treated; CVA21 or reovirus) were resuspended
at 2.5x10° per mL and cell line targets (unlabelled, isotype-labelled or mAb-
labelled.) at 2.5x10° per mL. HDPBMCs and cell lines were co-cultured at a
fixed effector to target ratio of 10:1 (5x10°:5x10%) in 400puL of media in FACS
tubes at 37°C for 1hr. During this time a master mix was prepared containing
aCD3 and aCD56 antibodies for identification of NK cells (CD3-CD56%), and
CD107a and CD107b, for assessment of NK degranulation. Brefeldin A
(Sigma; 1mg/mL stock) was also included at 50ug/mL to prevent CD107a/b
recycling into the cell. The master mix recipe per tube is shown in Table 3-2.
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Item Per tube (L)
CD3 VioBlue (Miltenyi) 2

CD56 PE (BD) 2

CD107a FITC BD) 4

CD107b FITC (BD) 4

Brefeldin A (Sigma) 0.5
RPMI-10% FCS 87.5

Total 100

Table 3-2 Master mix recipe per tube for NK cell degranulation assay.

Table shows the relative volumes of antibodies, Brefeldin A and media per
tube used to detect NK cell degranulation.
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After 1hr co-culture, 100uL of the master mix was added to each tube and
the FACS tubes were returned to the incubator for a further 4hrs. After 4hrs,
the cells were washed in 2mL FACS Bulffer, pelleted by centrifugation (400g,
10mins) and fixed in 300uL 1% PFA. The samples were stored at 4°C and
protected from light until acquisition and analysis by flow cytometer;
degranulating NK cells were identified as CD3-CD56*CD107a/b".

3.1.8 Enzyme-linked Immunosorbent Assay (ELISA)

ELISAs were used to measure the production of interferon-a (IFN-a) in cell-
free supernatants in response to OV treatment.

On day 1, NUNC 96 well MAXISORRP flat-bottomed plates (Thermo
Scientific) were coated with 100uL per well anti-human IFN-a capture
antibody (stock concentration of 1mg/mL, Mabtech, MT1/3/5), diluted 1 in
250 in coating buffer; 10x coating buffer (1M NaHCO3 (BD Laboratory
Supplies, Poole, UK) pH8.2) was diluted 1 in 10 (1x coating buffer, 0.1M
NaHCO3, pH8.2) using ddH20 prior to use. The plates were wrapped and left
at 4°C overnight.

On day 2, the plates were washed 3 times with 300uL 0.05% Tween (Sigma)
in PBS (PBS-Tween) with a SkanWash 300 (Gemini BV Laboratory) and
blocked using 200uL of blocking solution (10% v/v FCS in PBS) per well for
2hrs at room temperature. The plates were then washed 3 more times with
300uL PBS-Tween. IFN-a standards (Biolegend) were prepared by diluting
the stock in RPMI to give a top standard of 5000pg/ml with halving dilutions
used to give a standard range down to 78.125pg/ml. Samples were then
added to the wells in triplicate at 100uL per well. The plates were wrapped
and left at 4°C overnight.

On day 3, the plates were washed 6 times in 300puL PBS-Tween with a
SkanWash 300 and the anti-h IFN-a detection antibody (1mg/mL, Mabtech,
MT2,4,6) was prepared as a 1 in 1000 dilution in blocking solution, added at
100uL per well and left at room temperature for 2hrs. The plates were then
washed a further 6 times in 300uL PBS-Tween/well and 100uL Extravidin
(Sigma; stock concentration of 5mg/mL) was added to each well after a
1:5000 (in PBS-Tween) dilution. Plates were left for 1hr at room
temperature, during which time the substrate solution (p-nitrophenyl
phosphate (pNpp) in Tris-buffered saline (TBS) (Sigma) at 1mg/ml in 20mL
ddH20) was prepared and protected from light. Following the Extravidin
incubation, the plates were washed 3 times again in PBS-Tween, and 3
times with H20, and 100uL of substrate solution was added to each well.
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The wells were incubated in darkness at room temperature for 20mins and
optical density was then determined using a plate reader (Multiskan EX,
Thermo Scientific) and 405nm filter. The Optical Density (OD) values of the
wells were calculated as the mean of the triplicate wells, minus the media
only control. The IFN-a standards were used to generate a standard curve,
using Microsoft Excel, and the resulting equation was subsequently used to
calculate the concentration of IFN-a in each of the samples tested, using
their observed OD values.

3.1.9 In vivo experiments

In vivo animal experiments were performed at the St. James’ Biomedical
Service (SBS). All experiments were approved by Home Office and
standards of care were based on UKCCCR Guidelines for the welfare and
use of animals in cancer research (Workman et al., 2010). Experiments were
carried out on non-tumour-bearing male C57BL/6 mice.

6 male C57BL/6 mice aged 6-8 weeks were inoculated with 100 pL PBS or
108 pfu reovirus in 100uL PBS (3 mice/group) via tail vein injection. Inguinal,
axillary, and brachial LN were dissected from the C57BL/6 mice 24hrs post-
infection. The LN were then transferred to a mixture of Liberase™ (Sigma),
HBSS and DNAse (Sigma) to allow digestion of the LN and release of the
LNMCs.

Murine LNMCs were enumerated by Trypan Blue exclusion and 1x10° viable
cells were transferred to FACS tubes. Cells were stained with CD3e and
NK1.1 antibodies (Table 3-3) as described previously (section 3.1.7.2) and
NK cells were enumerated by flow cytometry. NK cells were defined as
CD3e'NK1.1* and expressed as a percentage of the total LN cell population.
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Target | Species | Fluorophore | Clone Volume pL | Provider
/1x1068cells

CD3e | Hamster | PE BM10-37 |2 BD

NK1.1 | Mouse |FITC PK136 2 Biolegend

Table 3-3: Anti-Mouse Antibodies
Table shows antibodies used to identify murine NK cell from C57/BL6 mice.
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3.2 Statistics

GraphPad Prism (version 7.04) software was used to analyse data and
perform paired, two-tailed student’s t-test, one-way and two-way Analyses of
Variance (ANOVAs), and Pearson’s tests as required. If the resulting p-value
was less than 0.05 then the difference was deemed statistically significant.
Microsoft Excel was used to generate standard curves for ELISAs.
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Chapter 4:

Efficacy of CVA21 and reovirus
against Non-Hodgkin Lymphoma
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Chapter 4

4.1 Introduction

OVs can target cells by direct oncolysis, whereby they replicate in malignant
cells and release their progeny virions by rupturing the cell membrane
(Zeyaullah et al., 2012). This chapter details the comparison of two
candidate OV, reovirus and CVA21, in terms of the expression of their entry
receptors, due to the reliance of both OV on the availability of their receptors
for cell entry and infection, and their ability to induce cell death of NHL B cell
lines while sparing healthy B cells.

Previous work by Kim, et al., has shown that reovirus is a poor lytic agent
against the Burkitt's lymphoma (BL) cell lines, Ramos and Raji (Kim et al.,
2010). The work described in this chapter expands upon this study to test
the susceptibility of other NHL cell lines to reovirus, namely the DLBCL cell
lines, SU-DHL-4 and OCI-LY19 of the GCB subset, and U2932 and OCI-LY3
of the ABC subset. Currently there are no studies investigating the efficacy
of CVA21 against NHL.

Importantly, CD40:CD40L engagement is associated with activation of
germinal centre B cells under normal production of a humoral immune
response and provides a strong pro-survival signal to B cells (Elgueta et al.,
2009), and has also been associated with drug resistance in NHL models
(Voorzanger-Rousselot et al., 1998). Moreover, given the reported increase
in ICAM-1 expression on CD40L-stimulated B cells (Shinde et al., 1996), the
effects of the CD40:CD40L interaction on OV receptor expression and
susceptibility in NHL cell lines and healthy B cells, and sensitivity of NHL cell
lines to vincristine-induced cell death were also investigated. Under the
medical name Oncovin®; vincristine inhibits microtubule formation and
affects cell division (prophase), causing intracellular cell stress and
apoptosis (Jordan and Wilson, 2004). Vincristine was investigated due to its
prominent role as a component of the R-CHOP regimen and its potency at
inducing apoptosis (Groninger et al., 2002), a process that is reportedly
diminished by stimulation of CD40 (Lee, S.W. et al., 2012), potentially
resulting in reduced efficacy of the drug.

Overall, the results reported in this chapter investigate the direct oncolytic
potential of CVA21 and reovirus against NHL.
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4.2 Results

4.2.1 Oncolytic Virus Receptor Expression on NHL cell lines.

Infection of a target cell by a virus involves a carefully orchestrated
interaction between the virus and the host cell surface to facilitate entry into
the intracellular compartment. This process requires expression of viral entry
receptors on the surface of the target cell to enable virus binding and entry
(Marsh and Helenius, 2006). CVA21 requires DAF and ICAM-1 (Shafren,
D.R. et al., 1997b) to enter target cells, while reovirus uses JAM-A,
therefore, the expression of these proteins was examined on a panel of 6
NHL cell lines (Figure 4-1, Figure 4-2).

Figure 4-1 shows representative histogram plots for alCAM-1 (a-f), aDAF
(g-1) and aJAM-A (m-r) (all light grey) antibody staining on NHL cell lines
overlaid with isotype antibody-stained controls (dark grey). This data shows
that the OV receptors ICAM-1, DAF and JAM-A are widely expressed on
most NHL cell lines tested. To quantify this expression, the MFI of antibody-
stained cells was expressed as a fold change above isotype-stained cells,
Figure 4-2. ICAM-1 (@) is highly expressed on Ramos, Raji, SU-DHL-4,
U2932 and OCI-LY3 cell lines, with a range of 10- to 120-fold increase in
MFI, but very low on OCI-LY19 cells, with only a 2-fold increase. DAF (b) is
expressed on all cell lines, ranging from 10- to 30-fold increased MFI. JAM-A
(c) expression on NHL cell lines ranges from 27- and 20-fold increase in MFI
on U2932 and Ramos cells, respectively, to a 5-fold increase on Raji and
OCI-LY19 cells, and only a 2-fold increase on SU-DHL-4 and OCI-LY3.
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Figure 4-1 Histogram plots showing OV Receptor expression on NHL cell lines.

Ramos, Raji, SU-DHL-4, OCI-LY19, U2932 and OCI-LY3 NHL cell lines were harvested and analysed for surface expression of the
CVAZ21 entry receptor, ICAM-1 (a-f), co-receptor, DAF (g-l), and reovirus receptor, JAM-A (m-r), by flow cytometry. Receptor
expression is illustrated by representative histogram plots overlaying isotype (negative control) in dark grey and receptor staining in
lighter grey. Results shown are representative of n=3 independent experiments
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Figure 4-2 Quantification of OV Receptor Expression on NHL cell lines.

Ramos, Raji, SU-DHL-4, OCI-LY19, U2932 and OCI-LY3 NHL cell lines
were harvested 24hrs post-passage and analysed for surface expression of
OV receptors by flow cytometry. ICAM-1 (a), DAF (b) and JAM-A (c)
expression was measured as the fold increase in MFI of receptor antibody-
stained cells above isotype antibody-stained controls. Data shows the mean
of n=3 independent experiments + SEM.
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4.2.2 Efficacy of reovirus against NHL

Reovirus has previously demonstrated potent lytic abilities against a range of
solid malignancies, as well as an ability to target HMs, such as myeloma
(Thirukkumaran, C. M. et al., 2012), and NHL (Alain et al., 2002), where it
induced cell death in some myeloma and NHL cell lines, and primary
myeloma, NHL and CLL samples, while others were resistant. To examine
the efficacy of reovirus in targeting a wider variety of NHL cell lines, including
DLBCL lines, Ramos (a), Raji (b), SU-DHL-4 (c), OCI-LY19 (d), U2932 (e)
and OCI-LY3 (f) cell lines were treated with increasing doses of reovirus for
up to 72hrs and analysed for viability every 24hrs by LIVE/DEAD™ staining
and flow cytometry. Figure 4-3 shows that reovirus cytotoxicity is limited in
all cell lines tested, with Raji and U2932 cells exhibiting 20 and 30% cell
death after treatment with 10pfu/cell at 72hrs, respectively. SU-DHL-4 and
OCI-LY19 cells demonstrated a small (10% above background cell death),
yet significant increase in cell death after treatment with reovirus at
10pfu/cell by 72hrs, while Ramos and OCI-LY3 cells remained resistant.
This data shows that, despite JAM-A expression, not all cells were
susceptible to reovirus oncolysis, suggesting alternate determinants of
reovirus susceptibility.
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Figure 4-3 Cytotoxicity of reovirus against NHL cell lines.

Ramos (a), Raji (b), SU-DHL-4 (c), OCI-LY19 (d), U2932 (e) and OCI-LY3 (f)
cell lines were treated with 0.1, 1 and 10 pfu/cell reovirus for 24, 48 and
72hrs. At each time point, cells were analysed for viability by flow cytometry
using LIVE/DEAD™ staining. Data shows the means of n=3 independent
experiments + SEM. Significance was determined by two-way ANOVA.
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4.2.3 Efficacy of CVA21 against NHL

Using LIVE/DEAD™ staining and analysing cells by flow cytometry, the
cytotoxic effects of CVA21 on NHL B cell lines was determined. Figure 4-4
shows that CVA21 induced cell death in Ramos (a), Raji (b), SU-DHL-4 (c),
U2932 (e) and OCI-LY3 (f) cell lines in a dose- and time-dependent manner.
The cell lines displayed varying degrees of susceptibility to CVA21, with Raji,
SU-DHL-4 and OCI-LY3 cells showing significant death by 48 and 72hrs at
as little as 0.01pfu/cell, while cell death of Ramos and U2932 increased up
to 72hrs with maximal death at 1 pfu/cell. By contrast, OCI-LY19 (d) cells
remained completely resistant to the virus, even at 96hrs (data not shown),
in keeping with the low expression of ICAM-1 on the surface of this cell line.

The lowest dose of CVA21 represents a ratio of 0.01 CVA21 particles per
NHL cell (or 100 cells per infectious CVA21 particle). This suggests that
CVAZ21 is replicating and releasing progeny viruses to infect and kill
neighbouring cells. To test this, cell-free supernatants were harvested from
0.01 and 0.1pfu/cell-treated samples and analysed for viral titre by TCIDso
assay (Figure 4-5). Figure 4-5 shows increased viral titre above input levels
in Ramos, Raji, SU-DHL-4, U2932 and OCI-LY3 cell lines confirming viral
replication within these cells.

To confirm that viral replication was required for CVA21-induced cell death
of NHL cell lines, UV-inactivated (replication-deficient) CVA21 was used.
Figure 4-6 (a) shows representative plaque assays of non-UV and UV-
inactivated CVA21, demonstrating that 3mins of UV exposure is sufficient to
completely abrogate CVA21-induced plaque formation on MEL-624 cells.
NHL cell lines Ramos (b), Raji (c), SU-DHL-4 (d), U2932 (e) and OCI-LY3 (f)
were then treated with non-UV and UV-inactivated CVA21 for up to 48hrs
and analysed for viability. This data demonstrates that UV-inactivated
CVA21 was unable to induce cell death, highlighting the importance of viral
replication for CVA21-induced cell death.

As previously discussed, CVA21 relies on DAF as its binding receptor and
ICAM-1 as its entry receptor (Shafren, D.R. et al., 1997b). Previous research
has outlined how both receptors are required for cell entry by the Kuykendall
strain of CVA21 (Newcombe et al., 2004), highlighting that, although clinical
isolates can vary in their receptor requirements, the Kuykendall strain is
dependent on the availability of both receptors. To examine whether CVA21
relies on ICAM-1 to infect and kill NHL B cell lines, an alCAM-1 antibody was
used to block ICAM-1 on NHL cell lines and cell death was measured
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following CVA21 treatment. Figure 4-7 shows the efficacy of CVA21 against
Ramos (a), Raji (b), SU-DHL-4 (c), U2932 (d) and OCI-LY3 (e) cells that
have not been treated with antibody (white bars), treated with the isotype
control antibody (grey bars), or the alCAM-1antibody (black bars). al CAM-1-
treated Ramos, SU-DHL-4 and U2932 cells showed complete abrogation of
CVA21-induced cell death, while alCAM-1-treatment of Raji and OCI-LY3
cells showed a significant reduction in CVA21-induced cell death at lower
viral doses only. It is possible that the Raji and OCI-LY3 cells were not
completely protected by the alCAM-1 antibody as these cells grow as
aggregates in culture, hindering antibody binding. However, it is also
possible that infection is not solely dependent on ICAM-1 in these cell lines.
These data demonstrate that, as with other cancer models, ICAM-1 is
essential for CVA21-induced oncolysis.
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Figure 4-4 Cytotoxic effects of CVA21 against NHL cell lines.

Ramos (a), Raji (b), SU-DHL-4 (c), OCI-LY19 (d), U2932 (e) and OCI-LY3 (f)
cell lines were treated with 0.01, 0.1 and 1 pfu/cell CVA21 for 24, 48 and
72hrs. At each time point, cells were analysed for viability by flow cytometry
using LIVE/DEAD™ staining. Data shows the mean of n=3 independent
experiments+ SEM. Statistical significance was determined by two-way
ANOVA.
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Figure 4-5 CVA21 replication in NHL cell lines.

Ramos (a), Raji (b), SU-DHL-4 (c), U2932 (d) and OCI-LY3 (e) cells were
treated with CVA21 for 72hrs. Cell free supernatants were taken at Ohrs as
input (white bars) and again at 72hrs (black bars). Supernatants were then
analysed for virus titre by TCIDso assay. Results show the mean from n=4
independent experiments + SEM. Statistical significance was determined by
paired, two-tailed student’s t test.
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Figure 4-6 Viral replication is required for CVA21-induced death of NHL
lines.

(a) Representative plaque assay result from live (Non-UV) and UV-
inactivated CVA21 (3 min UV exposure) on MEL-624 cells. Ramos (b), Raji
(c), SU-DHL-4 (d), U2932 (e) and OCI-LY3 (f) cells were treated with non-
UV and UV-inactivated CVA21 in increasing doses for up to 48hrs. Cell
viability was assessed by flow cytometry using LIVE/DEAD™ viability dye.
Data shows the mean of n=3 independent experiments + SEM. Statistical
significance was determined by two-way ANOVA.
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Figure 4-7 ICAM-1 blockade abrogates CVA21-induced cell death of
most NHL cell lines.

Ramos (a), Raji (b), SU-DHL-4 (c), U2932 (d) and OCI-LY3 (e) cells were
cultured alone (white bars) or with an isotype control (grey bars) or alCAM-1
(black bars) antibody. The cells were then treated with increasing doses of
CVAZ21 and analysed for virus-induced cell death after 48hrs using
LIVE/DEAD™ viability dye by flow cytometry. Data shows the mean of n=3
independent experiments+ SEM. Statistical significance was determined by
two-way ANOVA.
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4.2.4 Correlating OV receptor expression with susceptibility
to infection

The NHL cell lines used in these investigations differentially expressed the
OV receptors and varied in their susceptibility to either virus. Therefore, an
important question is whether susceptibility to either virus correlated with
viral receptor expression. This would serve as the simplest explanation for
the differing susceptibility between the cell lines tested. To examine this, the
mean fold increase in MFI of OV receptor expression, above the isotype
control, was plotted against the mean percentage cell death, after
subtraction of background cell death, for each NHL cell line. For CVA21, the
mean percentage cell death observed at 0.1pfu/cell at 48hrs was chosen to
best illustrate the variation between the cell lines. For reovirus, cell death
induced by 10pfu/cell at 72hrs was selected, as reovirus-induced cell death
occurred in some cell lines at this time point. Figure 4-8 shows OV receptor
expression plotted against susceptibility, as well as significance values (p)
and a measure of how well the data fits the regression line (r?).

In Figure 4-8 (a), ICAM-1 expression on OCI-LY19, Ramos and Raiji cells
showed that low, medium and high expression appeared to correlate with
virus-induced cell death, however, this pattern was only observed in these
three cell lines and SU-DHL-4, U2932 and OCI-LY3 cell lines displayed high
cell death at this time point and comparatively low ICAM-1 expression.
Taken together, these data yielded an r? value of 0.1596 and showed no
correlation between CVA21-induced cell death and ICAM-1 expression of
NHL cell lines, as shown by Pearson’s Test.

DAF expression (Figure 4-8 (b)) yielded an r? value of 0.00277, suggesting
no correlation between DAF expression and CVA21-induced cell death.
Similarly, in Figure 4-8 (c), an r? value of only 0.3685 demonstrates no
correlation between JAM-A expression and reovirus sensitivity. Taken
together, this data demonstrates that susceptibility to either virus does not
correlate with the expression levels of their respective entry receptors in
these 6 NHL cell lines.
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4.2.5 Validating the CD40L* L929 co-culture as a model of
Chemo-Resistance

As discussed previously, tumours cannot be accurately modelled by two-
dimensional cell culture systems whereby cancer cells are grown in isolation
in nutrient-rich media and stable, optimised conditions. Due to the high
complexity of the NHL LN, it is not yet sustainable to control for every
possible contributing factor within the TME in vitro. However, careful
selection of highly influential signals allows elements of cell: cell cross talk,
and their effects on the efficacy of novel therapies, to be measured. For
these studies, CD40L was chosen because it provides support and survival
signals to malignant B cells and can induce resistance to classical
chemotherapy agents (Korniluk et al., 2014). CD40L stimulation of NHL B
cells has also been associated with increased anti-apoptotic signals and
resistance to chemotherapy in vitro (Voorzanger-Rousselot et al., 2006),
suggesting a potential problem for current therapies.

Firstly, to validate the expression of CD40L on the CD40L*L929 cell lines,
CDA40L* and parental L929 cells were analysed for CD40L expression by
flow cytometry. The parental cells lacked CD40L expression while the
CD40L-transfected cells expressed CD40L, demonstrated by enhanced
aCD40L antibody staining above the isotype control (Figure 4-9). CD40
expression on the NHL cell lines was also confirmed by flow cytometry (n=2,
data not shown).

Next, to confirm that CD40:CD40L interactions induced a drug-resistant
phenotype, the effect of CD40L stimulation on the sensitivity of NHL cells to
chemotherapy was investigated. Ramos (a), SU-DHL-4 (b) and U2932 (c)
cells were cultured alone, or on the CD40L*L929 and parental L929 feeder
layers for 24hrs and treated with vincristine, a key component of the R-
CHOP chemotherapeutic regimen for the treatment of NHL. Figure 4-10
demonstrated that vincristine-treated NHL cell lines, in isolation, undergo cell
death by 48hrs (blue bars). Importantly, co-culture of Ramos, SU-DHL-4 and
U2932 cells on the CD40L*L929 cells significantly inhibited vincristine-
induced cell death. Moreover, NHL cells cultured on the parental L929 cells
were not protected from vincristine-induced cell death, although this was not
significant for U2932 cells. This data demonstrates that CD40L stimulation
induced drug resistance to conventional NHL therapies.
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Figure 4-9 Validating CD40L (CD154) Expression on CD40L*L929 cell
lines.

Parental and CD40L* L929 cells were stained with an isotype control or
aCD40L (CD154) antibody. CD40L expression was subsequently
determined by flow cytometry. Data shows a representative overlay
histogram of parental L929 isotype control (red), parental L929 aCD154
antibody-stained (purple), CD40L*L929 isotype control (blue), CD40L*L929
aCD154 antibody-stained (yellow). Data is representative of n=2
experiments.
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Figure 4-10 Resistance to Vincristine in NHL B cell lines.

NHL B cell lines, Ramos (a), SU-DHL-4 (b) and U2932 (c) were cultured
alone, or on the CD40L*L929 or parental L929 cells for 24hrs before being
treated with increasing concentrations of vincristine for 48hrs and analysed
for viability using LIVE/DEAD™ staining and Flow Cytometry. Data shows
mean cell death of n=3 independent experiments + SEM, following
subtraction of untreated control values. Statistical significance was
determined by two-way ANOVA.
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4.2.6 The effects of CD40L stimulation on OV receptor
expression

Initial experiments examining OV receptor expression were repeated
following CD40L stimulation to determine if CD40L stimulation alters OV
receptor expression. Previous research by Shinde, et al., has demonstrated
that ICAM-1 expression is upregulated on B cells upon CD40L expression
(Shinde et al., 1996). The effect of CD40L stimulation on ICAM-1
expression, and subsequent changes in susceptibility to CVA21, was
investigated after promising research showed enhanced ICAM-1 expression
in CD40L-stimulated CLL cells which correlated with enhanced susceptibility
to CVA21 (Gina Scott — personal communication). NHL B cell lines were
cultured in isolation or co-cultured on CD40L*L929s, or parental L929s, for
24hrs before being harvested and analysed for the expression of OV
receptors by flow cytometry. Figure 4-11 shows that CD40L stimulation
significantly enhanced ICAM-1 expression on Ramos (a), SU-DHL-4 (c),
OCI-LY19 (d) and U2932 (e) cells. However, although ICAM-1 expression
was increased by CD40L stimulation in Raji (b) and OCI-LY3 (f) cells, this
increase was not statistically significant. Co-culture with the parental L929
cells did not significantly affect the expression of ICAM-1 on any NHL cell
line. Furthermore, CD40L stimulation did not induce any significant changes
in DAF expression (Figure 4-12) or in JAM-A expression (Figure 4-13).
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Figure 4-11 Effect of CD40L stimulation on ICAM-1 expression on NHL
cell lines

Ramos (a), Raji (b), SU-DHL-4 (c), OCI-LY19 (d), U2932 (e) and OCI-LY3 (f)
were cultured alone or on CD40L*L929 or parental L929 cells for 24hrs
before being harvested and stained with an isotype control or an alCAM-1
antibody. Surface ICAM-1 expression was measured by flow cytometry and
expressed as fold increase in MFI above isotype antibody-stained control
levels. Data shows the mean of n=4 independent experiments + SEM,
significance was determined by unpaired, two-tailed student’s t test.
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Figure 4-12 Effects of CD40L stimulation on DAF expression on NHL B
cell lines:

Ramos (a), Raji (b), SU-DHL-4 (c), OCI-LY19 (d), U2932 (e) and OCI-LY3 (f)
were cultured alone or on CD40L*L929 or parental L929 cells for 24hrs
before being harvested and stained with an isotype control or aDAF
antibody. Surface DAF expression was measured by flow cytometry and
expressed as fold increase in MFI above isotype control levels. Data shows
the mean of n=4 independent experiments + SEM. Significance was
investigated by unpaired, two-tailed student’s t test, but no significance was
detected.



95

(a) Ramos (b) Raji
407 307
w w
= 304 =
b T © 204
© ©
2 20+ o
(8] o
£ c
= 104
=] o
S 107 S
(V8 L
0 0
< % ) (] \% )
\o° ob‘g \9"1/ \o(\ QVQ \/0;1/
v o s o
(c) (d)
SU-DHL-4 OCI-LY19
6 10
w w
s s 8]
[} 4 (]
© © 67
e o
o o
c c 41
£, =
o o
2 g 2]
0- 0-
2 \% S (] N >}
\oﬁ\ OD‘Q \/q"l/ \oo o“o \/Q'L
v o ¥ o
(e) (f)
u2932 OCI-LY3
_ 501 _ 157
[V [V
= 404 s
[} (]
@ ® 101
0 307 @
o o
£ 201 £
b T 5]
L 107 c
0 0
< % > < \% >
& O oV & N oV
v OO v v 00 v

Figure 4-13 Effects of CD40L stimulation on JAM-A expression on NHL
B cell lines:

Ramos (a), Raji (b), SU-DHL-4 (c), OCI-LY19 (d), U2932 (e) and OCI-LY3 (f)
were cultured alone or on CD40L*L929 or parental L929 cells for 24hrs
before being harvested and stained with an isotype control or aJAM-A
antibody. Surface JAM-A expression was measured by flow cytometry and
expressed as fold increase in MFI above isotype control levels. Data shows
the mean of n=4 independent experiments + SEM, significance was
investigated by unpaired, two-tailed student’s t test, but no significance was
detected.
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4.2.7 Effect of CD40L stimulation on CVA21-induced cell
death

ICAM-1 expression is required for CVA21 infection (Newcombe et al., 2004)
and is increased by CD40L stimulation of NHL cell lines (Figure 4-11),
therefore, the effects of CD40L stimulation, and subsequent ICAM-1
upregulation, on CVA21-induced cell death were determined. NHL cell lines
were cultured in isolation or in co-culture with CD40L*L929 and parental
L929 cells for 24hrs before being treated with CVA21 for 24hrs.

Figure 4-14 shows that CVA21 treatment induced cell death in a dose-
dependent manner, in the 4 candidate NHL cell lines tested (Ramos, Raji,
SU-DHL-4 and U2932; (a)-(I)), when cultured alone (blue bars); comparable
with the data shown in Figure 4-4. CVA21-induced cell death was increased
significantly after CD40L stimulation in Ramos at 1pfu/cell (c) and U2932
cells at 0.1 pfu/cell (k). No change in CVA21 susceptibility was observed on
the parental L929 feeder layer. This data suggests that enhanced ICAM-1
expression, due to CD40L stimulation, can increase CVA21-induced cell
death in some cell lines. Further experiments could clarify the role of CD40L
stimulation, and subsequent ICAM-1 upregulation, in enhancing CVA21-
induced cell death by blocking ICAM-1 on CD40L-stimulated NHL cells by an
alCAM-1 blocking antibody or siRNA knockdown of ICAM-1, and measuring
the ability of CVA21 to kill the NHL cells.

Identical experiments were also conducted with reovirus, however, there
was no increase in cell death of NHL cells that were co-cultured with CD40L
(data not shown). Despite the unchanged JAM-A expression on NHL cells
following CD40L stimulation, these experiments were conducted as previous
research had demonstrated a role for the TME in enhancing OV-induced cell
death of malignant cells (llkow et al., 2015). Due to the limited cell death
observed in NHL cell lines, suggesting that they are only mildly susceptible,
reovirus was not investigated further as a lytic agent but was investigated in
the context of priming an anti-NHL immune response (Chapter 6) and
targeting primary NHL cells (Chapter 7).
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Figure 4-14 CD40L stimulation of NHL B cells enhances CVA21-
induced cell death in some cell lines:

NHL cell lines Ramos (a)-(c), Raji (d)-(f), SU-DHL-4 (g)-(i) and U2932 (j)-(I)
were cultured alone (blue) or on CD40L* (red) or parental L929 (orange) cell
lines for 24hrs. CVA21 was added at increasing doses and cells were
cultured for a further 24hrs. Cells were then harvested and analysed for
viability using LIVE/DEAD™ staining and flow cytometry. Cell death is
expressed as the percentage dead cells above respective untreated
controls. Data shows the mean of at least n=3 independent experiments +
SEM, significance was determined by two-tailed, paired student’s t test.
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4.2.8 Specificity of CVA21 for malignant B cells.

Previous work in this chapter has shown the ability of CVA21 to kill NHL cell
lines. It is difficult to distinguish transformed B cells from non-transformed in
the NHL LN by flow cytometry; therefore, healthy peripheral blood B cells
were used to determine the effects of CVA21 on non-malignant B cells, and
the effects of CD40L stimulation on their susceptibility.

Healthy donor B cells (in the context of PBMCs) express a significantly lower
level of ICAM-1 than the NHL cell lines Ramos, Raji, SU-DHL-4, U2932 and
OCI-LY3, Figure 4-15. However, the level of expression was comparable to
the CVA21-resistant OCI LY19 (Figure 4-1, Figure 4-2). CD40L stimulation
of healthy donor B cells significantly increased ICAM-1 expression on these
cells, but this remained significantly lower than levels observed on the
Ramos, Raji and SU-DHL-4 cell lines (Figure 4-15).

In order to investigate whether enhanced ICAM-1 expression on healthy B
cells made them susceptible to CVA21, and whether CVA21 can kill healthy
donor B cells in the context of a mixed cell population, PBMCs were cultured
alone, on CD40L*L929 or on parental L929 cells and treated with CVA21 for
up to 120hrs. Figure 4-16 demonstrates that CVA21 did not induce
significant cell death under any growth condition tested. The majority of
samples (4 of 7) remained completely resistant to CVA21-induced cell death,
even after CD40L stimulation and enhanced ICAM-1 expression, and
minimal cell death was detected in the remaining samples.

Cell-free supernatants from CVA21-treated healthy donor PBMC samples
were subject to TCIDso assays to examine whether viral replication was
supported in non-malignant cells. Figure 4-17 indicates that the high viral
titres at the start of the experiment (input), diminished by the 120hr time
point (a). The input titres for both doses were normalised to 100% in (b) and
the 120hr results expressed as a percentage of this. This data shows a
significant decrease in CVAZ21 titre in healthy PBMC samples, suggesting
that virus replication was not taking place.

Lastly, replication was measured in healthy donor samples that had been
cultured alone, on CD40L*L929 or on parental L929 feeder layers, Figure
4-18. Viral titre appeared to be higher in healthy B cells cultured on both
feeder layers at 120hrs, however, this was not significantly higher than
observed in the B cells cultured alone. Taken together, these data suggest
that CVA21 is unable to replicate in, or kill, healthy donor B cells, even when
ICAM-1 expression is enhanced by CD40L stimulation.
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Figure 4-15 ICAM-1 Expression on NHL B cells vs Healthy B cells

Healthy donor PBMCs were cultured alone and on CD40L* and parental
L929 feeder layer for 24hrs. ICAM-1 expression was then measured on the
surface of CD19* or CD20* B cells in each culture by flow cytometry. This
result was then expressed as the fold increase in MFI over the isotype MFI.
For comparison, data is plotted with the ICAM-1 expression data of the NHL
cell lines Ramos, Raji, SU-DHL-4, OCI-LY19, U2932 and OCI-LY3 from O.
Data shows the mean from n=3 independent experiments + SEM. Statistical
significance was determined by paired, two-tailed student’s t test.
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Figure 4-16 CVA21 induced cell death of healthy donor B cells.

Healthy donor PBMCs were cultured alone or on the CD40L*L929 or
parental L929 feeder layers. The cells were then treated with CVA21 and
returned to culture for 120hrs. The cells were stained with aCD20 or aCD19
antibodies for identification of B cells and analysed for viability using
LIVE/DEAD™ exclusion by flow cytometry. Cell death is represented as the
percentage of LIVE/DEAD ™-positive B cells minus the untreated control.
Results show the mean of n=4 independent experiments + SEM. Statistical
significance was analysed by two-way ANOVA, but no significance was
detected.
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Figure 4-17 Replication of CVA21 in healthy PBMCs:

Healthy donor PBMCs were treated with CVA21 for up to 120hrs. Cell-free
supernatants were taken at Ohrs as input (white bars) and again at 120hrs
(black bars) when cell death was analysed. Virus titre of the supernatants
was then determined by TCIDso assay. (a) Shows virus titre at input and
120hrs, and (b) shows this data after both input doses were normalised to
100% and the 120hr data was expresses as a ratio of this. Results show the
mean from n=4 independent samples + SEM. Statistical significance was
determined by paired, two-tailed student’s t test.
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Figure 4-18 Replication of CVA21 in healthy CD40L-stimulated and non-
stimulated PBMCs:

Healthy PBMCs were isolated from fresh blood and cultured on the
CD40L*L929 or parental L929 feeder layers for 24hrs. CVA21 was then
added to the co-culture for 120hrs. Sample supernatants were taken at Ohrs,
for virus input, and again at 120hrs when cell death was being measured.
Supernatants were analysed for virus titre by TCIDso assay. Data shows the
means of n=4 healthy donors, significance was analysed by two-way
ANOVA, but no significance was detected.
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4.3 Discussion

The aim of this research was to examine whether CVA21 and reovirus can
kill NHL cell lines. Previous research on the ability of reovirus to target HMs
has demonstrated its potential as both a lytic and immunogenic agent by 1)
enhancing NK cell targeting of rituximab-coated CLL cell lines (Parrish et al.,
2015), 2) stimulating NK cell targeting of, and causing direct killing of, AML
cells (Hall et al., 2012) and CLL cells (Parrish et al., 2015), and 3) inducing
direct lysis of cell lines and tumour destruction by immune activation in a
multiple myeloma model (Thirukkumaran, C. M. et al., 2012). Reovirus is
also being investigated in clinical trials for the treatment of relapsed or
refractory myeloma in combination with the proteasome inhibitor,
Bortezomib, and the corticosteroid, Dexamethasone (ClinicalTrials.gov,
2015c), and with immunomodulatory drugs, Lenalidomide or Pomalidomide
(ClinicalTrials.gov, 2017c). Conversely, the efficacy of CVA21 against HMs
is less characterised, but some research has demonstrated its ability to kill
myeloma cell lines directly and purge myeloma-contaminated BMs upon
exposure ex vivo (Au et al., 2007). These data demonstrate the potential of
CVAZ21 as an anti-HM agent and highlight the requirement for more HM-
oriented OV research. It should be acknowledged that the research shown in
this chapter is derived from cell lines and primary healthy PBMCs that were
cultured and treated with reovirus and CVA21 in vitro, making comparisons
with effects in animals or patients difficult, as the OVs could be exerting their
efficacy by a variety of mechanisms, such as activation of the immune
response or destruction of the tumour stroma or vasculature in vivo, which
would not be observed in vitro.

The CVA21 receptors, ICAM-1 and DAF, and reovirus receptor, JAM-A,
have distinct roles in the development and function of normal healthy B cells.
JAM-A expression on NHL B cells plays a role in cell migration and invasion
and is associated with poor survival in both DLBCL patients (Xu et al., 2017),
and multiple myeloma patients (Solimando et al., 2018), warranting research
into the use of reovirus to target these cells. Enhanced ICAM-1 on LN-
residing B cells interacts with Lymphocyte Function-associated Antigen 1
(LFA-1) on T cells to provide a co-stimulatory signal for B cell activation
(Holland and Owens, 1997), and increased DAF expression has been
observed on B cells during the early stages of B cell development to protect
them from complement-dependent cytotoxicity (CDC) (Terstappen et al.,
1992). DAF expression on NHL B cells is being targeted by other forms of
therapeutic intervention, such as antibody blockade of DAF in combination
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with rituximab to potentiate CDC in NHL (Federica et al., 2005). High ICAM-
1 and DAF expression on NHL cells presents CVA21 with an advantage in
targeting malignant B cells compared to healthy B cells. This outlines the
importance of matching OV to malignancies that may be more susceptible to
viral targeting. High ICAM-1 expression is also associated with other tissue
types, such as the gut epithelium (Veres et al., 2001), potentially posing a
risk of gastric infection in CVA21-treated patients. While no patients have
presented with serious gastric symptoms in any CVA21-based clinical trials
to date, tissues that express high ICAM-1 could be monitored in CVA21-
treated patients to pre-empt the onset of adverse reactions to the virus.

All NHL cell lines expressed the reovirus receptor, JAM-A, making virus
entry into the cell possible, however, reovirus demonstrated a poor ability to
induce cell death in NHL cell lines (Figure 4-3). Reovirus was previously
shown to selectively target NHL cell lines with deficient p53 activity, for
example, Ramos cells, that have an intact p53 response, were not
permissive to reovirus infection, whilst the p53-deficient Raji cells were (Kim
et al., 2010). This data is congruous with results in this chapter that showed
Ramos cells were resistant to reovirus while Rajis were susceptible, as were
U2932 cells which also harbour mutant p53 (Amini et al., 2002). However
SU-DHL-4 and OCI-LY19 cells reportedly possess wildtype p53 (Wang, F. et
al., 2011), (Morin et al., 2011), (Drakos et al., 2011), but were susceptible to
reovirus infection, suggesting that, while susceptibility to reovirus may be
partially dependent on p53 deficiency, there are likely other, as yet
undefined factors involved. The reported mutation or loss of p53 in 23% of
DLBCL cases (Xu-Monette et al., 2012), (Leroy et al., 2002) suggests a
potential use for reovirus in targeting primary NHL cells. Overall this data
suggests that the presence of its entry receptor, JAM-A, although necessary,
is not sufficient to make cells permissible to infection.

Previously, CVA21 has demonstrated potent lytic killing in a variety of cancer
models such as melanoma, multiple myeloma, breast cancer, prostate
cancer and lung cancer (Bradley et al., 2014). Data presented in this chapter
demonstrates that CVA21 was highly toxic to Ramos, Raji, SU-DHL-4,
U2932 and OCI-LY3 cell lines, but not OCI-LY19 cells, most likely due to the
virus’ dependence on co-expression of DAF and ICAM-1, the latter of which
is expressed at very low levels on OCI-LY19 cells. Stable transfection of
ICAM-1 into OCI-LY19 cells and measuring their susceptibility to CVA21
infection could be used to examine this further. This has previously been
investigated using an AML cell line, KG-1, which expressed low levels of
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ICAM-1; stable transfection with human ICAM-1 conferred susceptibility to
CVA21 (manuscript submitted). Previous research has also shown that
murine L929 cells transfected with human ICAM-1 were rendered
susceptible to CVA21 infection (Shafren, D.R. et al., 1997a). Shafren et al.,
also demonstrated that ICAM-1 blockade abrogated CVA21-induced cell
death in ICAM-1* L929 cells, validating the results observed in 0 which
demonstrated that ICAM-1 blockade inhibited CVA21-induced cell death in
NHL cell lines. This result highlights the importance of ICAM-1 in CVA21
infection. It is currently unknown whether ICAM-1 receptor density is
important for CVA21 infection, however, the lack of cytotoxicity in CVA21-
treated ICAM-1-low OCI-LY19 cells demonstrates that low levels of ICAM-1
prevent infection.

While the effects of DAF blockade by aDAF antibodies on CVA21-induced
cell death of NHL cells was not investigated, research by Johannsen, et al.,
demonstrated inhibition of a bioselected DAF-dependent strain of CVA21
(CVA21-DAFv, generated by multiple passaging of the Kuykendall strain of
CVAZ21 through DAF-positive, ICAM-1-negative rhabdomyosarcoma (RD)
cells) by aDAF antibodies (Johansson et al., 2004). It is also important to
note that the blockade of DAF, a negative regulator of the complement
cascade, could trigger complement-mediated cytotoxicity of the aDAF
antibody-coated cells. This is unlikely however, due to the destruction of
complement proteins during the heat-inactivation of FCS.

It is important to note that lytic cell death is not the only mechanism of action
of OV. Although OCI-LY19 cells can resist CVA21 Iytic cell death, and most
cell lines were resistant to reovirus-induced cell death, it may be possible for
either virus to target them indirectly through the induction of an anti-tumour
immune response. This has been reported for multiple OV, for example,
HSV-1 promoted immune cell infiltration and targeting of a HSV-1-resistant
melanoma model (Miller and Fraser, 2003), reovirus enhanced NK and T cell
numbers in patient tumours (White et al., 2008), Coxsackievirus B3
enhanced granulocyte and NK cell-mediated elimination of lung
adenocarcinoma xenografts (Bhat and Rommelaere, 2015) and VSV
enhanced IL-28 secretion in the TME, induced NK ligand expression on
tumour cells and enhanced NK cell killing of these cells (Wongthida et al.,
2010). Research by Prestwich, et al., also demonstrated reovirus-induced
elimination of murine melanoma cells that was immune-mediated and
independent of viral oncolysis or replication (Prestwich, Robin J. et al.,
2009). Investigating the potential for these effects, that were largely
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observed in in vivo models, is beyond the scope of in vitro research,
however, the ability of either virus to induce immune cell targeting of the
NHL cell lines will be the focus of Chapter 6.

CVAZ21 replicated significantly in susceptible NHL cell lines (Figure 4-5),
suggesting that cell death was replication-dependent, as confirmed by UV-
inactivation of CVA21 which inhibited cytotoxicity (0). Oncolysis would be
beneficial to OV therapy as it perpetuates the virus within the TME, leading
to the continual destruction of malignant cells or the induction of an immune
response against the cancer (as discussed in section 2.4.1.2). While the
properties of this lytic cell death were not investigated in this research, this
could be analysed by the use of confocal microscopy to elucidate whether
the cells have ruptured in the latter stages of viral infection. Interestingly,
research into the use of VSV has shown that it remains toxic to leukaemia
cell lines despite UV-inactivation (Tsang, J.J. and Atkins, 2015), the
mechanism of this remains undefined, but could be due to the production of
cytotoxic cytokines. Therefore, while CVA21-induced cell death of NHL cell
lines is replication-dependent, other viruses do not require replication to
induce cell death. Moreover, research by Batenchuk, et al., demonstrated a
reduction in AML blasts from the peripheral blood of two patients following
treatment with UV-inactivated Rhabdoviruses (Batenchuk et al., 2013). This
effect was attributed to a combination of replication-independent cytolysis
and T cell-mediated apoptosis of malignant cells. Taken together, both
papers demonstrate a replication-independent role for viruses in targeting
cancer cells.

As previously discussed, tumours are comprised of neighbouring cells
(immune cells and fibroblasts) that can provide supporting signals to
malignant cells. The LN in NHL is no exception to this as it is comprised of
immune cells, such as T cells and macrophages, and fibroblasts that provide
a complex network of signals to malignant B cells (Scott and Gascoyne,
2014). Mimicking the TME in vitro is essential to understand the efficacy of
QV against cancer. To this end, the CD40:CD40L interaction between B
cells and T cells was investigated for its effect on the efficacy of CVA21
against LN-residing NHL cells. Although, to date, the TME has not been
reported to enhance susceptibility of tumour cells to CVA21, this has been
demonstrated in other OV models; VSV, which infects CAFs, induces
neighbouring cancer cells to downregulate components of their antiviral
response, such as RIG-I, thus increasing the susceptibility of the cancer
cells to viral infection (llkow et al., 2015). The role of the TME can also be
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detrimental to OV therapy as research by Liu, et al., demonstrated an
enhanced antiviral state was induced by Interferon-B-secreting CD68*
macrophages residing in ovarian and breast tumours (Liu et al., 2013),
resulting in diminished susceptibility of cancer cells to VSV. These findings
suggest that other aspects of the NHL TME should be investigated to further
characterise the impact of the TME on CVA21 efficacy against NHL; for
example, interferon-secreting cells, such as plasmacytoid Dendritic Cells,
can be present in the LN (Diacovo et al., 2005), and may stimulate a similar
antiviral response.

The use of a CD40L*L929 feeder layer co-culture to model the CD40:CD40L
interaction in the LN, has previously been used to investigate the effects of
this interaction on B cell activation, where it induced resistance to anti-lgM-
induced apoptosis in WEHI-231 murine lymphoma cells (Leopoldo et al.,
2001), and resistance to Doxorubicin in Daudi, Raji, BJAB, BL36 and BL70
NHL cell lines (Voorzanger-Rousselot et al., 1998), warranting its use as a
model of drug-resistance. CD40L stimulation has also been achieved by
other methods, such as CD40L*3T3 cells and soluble CD40L trimers, that
have induced chemotherapeutic resistance in CLL (Younes et al., 1998),
(Romano et al., 1998), (Kitada et al., 1999) and MCL (Clodi et al., 1998b)
models.

Results presented in this chapter showed that CD40L stimulation induced
vincristine resistance in NHL cell lines, suggesting that CD40:CD40L
interactions could reduce vincristine’s efficacy in vivo, and increase the risk
of patient relapse following treatment. Therefore, strategies such as OV,
which may target drug-resistant cells, and thus eradicate residual disease,
are important. Data presented in Figure 4-11 illustrates that CD40L
stimulation significantly enhanced ICAM-1 expression on Ramos, SU-DHL-4,
OCI-LY19 and U2932 cell lines, and healthy donor B cells. This coincided
with enhanced CVA21-induced cell death in Ramos and U2932 cells (Figure
4-14), but not in healthy B cells (Figure 4-16), which remained resistant.
These data demonstrate the ability of CVA21 to target drug-resistant NHL
cells, suggesting a potential to eradicate untreatable neoplastic cells, but not
healthy LN-residing B cells. Research into the ability of CVA21 to target
chemotherapy-resistant cells in other cancer types also reported CVA21-
induced cell death of chemotherapy-resistant melanoma cell lines (Au et al.,
2005), validating OV therapy as a potential strategy to complement current
treatment methods.
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Leopoldo, et al., also reported enhanced ICAM-1 expression after CD40L
stimulation of murine lymphoma cell line WEHI-231 (Leopoldo et al., 2001),
supporting the ICAM-1 upregulation observed in NHL cell lines following
CDA40L stimulus. It is important to note that while comparing healthy B cells
with NHL cell lines, the enhanced ICAM-1 on CD40L-stimulated healthy B
cells was still significantly lower than baseline ICAM-1 on Ramos, Raji and
SU-DHL-4 cells, but not the U2932 and OCI-LY3 cells, which were highly
sensitive to CVA21. Cumulatively, these data show that, while ICAM-1 is
essential for CVA21 infection, alternate mechanisms can determine
susceptibility to the virus. These determinants will be investigated further in
Chapter 5.

The inability of CVA21 to infect and kill healthy PBMCs has been previously
demonstrated by Au, et al., who reported CVA21’s ability to target myeloma
cell lines, but not healthy PBMCs (Au et al., 2007). In agreement with this,
CVAZ21 replication was not detectable in healthy B cells (Figure 4-17),
contrary to the high levels of replication observed in the neoplastic NHL cell
lines (Figure 4-5). Similarly, reovirus does not induce cell death in healthy
lymphocytes (Alain et al., 2002). Reovirus and CVA21 have been used in a
range of clinical trials (Thirukkumaran, C. M. et al., 2010), (White et al.,
2008), (Gollamudi et al., 2010), (Pandha et al., 2015a), (Andtbacka et al.,
2015), where they have not displayed significant adverse events, indicating
tolerability in patients and a lack of off-target effects against healthy cells.

Overall this research has compared two candidate OV, reovirus and CVA21,
for their ability to target NHL B cells. CVA21 was confirmed as a highly
potent lytic agent against NHL B cells, while reovirus was less potent. For
this reason, reovirus was no longer investigated as a lytic agent against NHL
cells. CVA21-induced cell death of NHL cells was dependent on ICAM-1 and
viral replication in malignant cells, and healthy B cells remained
comparatively resistant. Other potential determinants of susceptibility to
CVA21 will be the subject of future chapters.
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Chapter 5:

Effect of antiviral IFN and mTOR
signalling on CVA21 cytotoxicity
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Chapter 5

5.1 Introduction

The aim of the research conducted in this chapter was to investigate (1) the
role of host antiviral immunity in susceptible malignant B cell lines and
resistant healthy donor B cells, and (2) the role of the mechanistic Target of
Rapamycin (mTOR) protein complex, and the pathways it controls, in CVA21
sensitivity.

The innate antiviral response allows infected cells, or those neighbouring
infected cells, to communicate with one another and prevent further viral
replication. Viruses, however, are constantly evolving to generate new
means of overcoming this antiviral response. This was investigated in the
context of NHL by analysing the expression of a small number of ISGs after
IFN-a and/or virus treatment to examine (1) whether the cells are responsive
to IFN treatment and (2) whether CVA21 employs mechanisms which can
abrogate IFN signalling. This may identify additional cellular determinants
required for CVA21-induced death of malignant NHL cells.

The mTOR pathway is reportedly activated in a variety of cancers, including
NHL (Schatz, 2011), (Westin, 2014), (Rahmani et al., 2014). MTOR is a
serine/threonine protein kinase that works with several other proteins in one
of 2 possible complexes; MTOR Complex 1 or 2 (IMTORC1 or mTORC2).
MTORCL1 functions as a nutrient sensor that regulates transcription and
translation (Showkat et al., 2014) while MTORC2 regulates cell survival and
cytoskeleton remodelling (Saxton and Sabatini, 2017). As previously
discussed, hijacking of mTOR activity is a hallmark of the replication cycles
of many viruses (Chapter 2 section 2.4.1.1.4.2), highlighting it as a
potentially important factor in determining the susceptibility of malignant cells
to OVs. Because of the ability of rapamycin to inhibit mMTORCL1, a pathway
known to be dysregulated in NHL cells, the effect of rapamycin on CVA21
cytotoxicity and NHL proliferation was investigated.

The findings of this chapter may facilitate the development of
complementary combination strategies to enhance CVA21 efficacy in more
resistant cancer models and help identify other cancer models which may
benefit from CVA21 therapy.
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5.2 Results

5.2.1 NHL cell lines are not protected by IFN-a despite
functional IFN signalling

The type | IFN response is one of the first lines of antiviral defence.
Therefore, it was hypothesised that NHL cell lines, which were highly
susceptible to CVA21 infection, and healthy PBMCs, which were resistant,
may differ in their IFN production and downstream signalling pathways,
following CVA21 treatment. To test this, NHL cell lines and healthy PBMCs
were treated with CVA21 for 48hrs and cell supernatants were analysed for
the presence of IFN-a by ELISA. Figure 5-1 shows that no IFN-a was
detected in Ramos, Raji, SU-DHL-4, OCI-LY19, U2932 or OCI-LY3 cell lines
following treatment with CVA21. However, healthy donor PBMCs (n=4)
showed a significant dose-dependent increase in IFN-a production in
response to CVA21, outlining an important difference between isolated NHL
cell lines and mixed PBMCs following CVA21 treatment. It is important to
note that PBMCs differ from NHL cell lines considerably, due to their non-
transformed state, their limited growth and division in culture and the
presence of a mix of cell types that will respond differently to the presence of
CVAZ21, i.e., non-B cells in the PBMC culture could be producing antiviral
factors that render the healthy B cells resistant to CVA21, an effect that
would not be replicated in isolated NHL cell lines. Isolated B cells could not
be used to compare with NHL cell lines due to the poor survival of isolated B
cells in vitro within 72hrs (data not shown).

Although NHL cell lines did not produce IFN-a in response to CVA21 it was
important to investigate if IFN-a, produced from possible neighbouring cells,
could protect NHL cells against CVA21 infection. NHL cell lines were treated
with recombinant human IFN-a (rhIFN-a) for 1hr before the addition of
CVAZ21. The aim of this experiment was to use rhIFN-a treatment as a
surrogate for viral detection and IFN-a secretion induced during the host
(PBMC) antiviral response. This method was previously observed to induce
significant protection from CVA21 using the AML cell line, KG-1 (Louise
Mauller, personal communication; data not shown). Figure 5-2 illustrates that
Ramos (a), Raji (b), SU-DHL-4 (c), U2932 (d) and OCI-LY3 (e) cells were
not protected from CVA21-induced cell death by rhIFN-a. This finding was
expanded upon in subsequent experiments which involved treating healthy
donor PBMCs with CVA21, harvesting the virus-conditioned media (CM),
and culturing the NHL cells with CVA21 in the presence or absence of CM.
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Upon assessment of cell viability, CVA21 cytotoxicity was still observed,
suggesting that the NHL cells were not protected by IFN-a, or other antiviral
cytokines produced by PBMC in response to CVA21 treatment (data not
shown).

RhIFN-a pre-treatment did not protect NHL cell lines from CVA21 infection
and oncolysis, while it did protect the KG-1 AML cells (LM: manuscript
submitted), suggesting a possible dysfunction of the IFN pathway in NHL cell
lines. The first step in the investigation of IFN signalling in neoplastic B cells
was assessment of IFN-a/B receptor expression and its ability to respond to
IFN-a treatment. The expression of the IFN-a/p receptor on NHL cell lines
and healthy B cells, as a normal control, was analysed by flow cytometry.
Figure 5-3 demonstrates that, Ramos (a), Raji (b), SU-DHL-4 (c), OCI-LY19
(d), U2932 (e) and OCI-LY3 (f) all expressed the IFN-a/B receptor (red)
above isotype control levels (grey). Although the expression varied between
cell lines, levels were comparable with that of healthy B cells, which also
showed high expression of the IFN-a/ receptor (g-i).

Next, to investigate if engagement of IFN-a/p receptors by IFNs induced
downstream signalling, intracellular Phosflow™ cytometry was used to
detect STAT1 phosphorylation in response to rhIFN-a treatment. A
preliminary time course of the p-STAT1 experiment showed that the signal
diminishes after the first hour of IFN treatment (data not shown). Figure 5-4
shows STAT1 phosphorylation was increased in 4 out of the five NHL cell
lines tested (Ramos, Raji, SU-DHL-4 and U2932), in response to IFN-a
treatment, although this was only significant in U2932 cells. No p-STAT1
was observed in OCI-LY3 cells upon rhiIFN-a treatment. Moreover, STAT1
phosphorylation was not significantly different in NHL cells from those
observed in the healthy donor B and T cells, as determined by student’'s T
test. Collectively, these data suggest that most NHL cell lines express
functional IFN receptors that are responsive to IFN. However, rhIFN-a
treatment did not induce STAT1 phosphorylation in OCI-LY3 cells which
expressed the IFN-a/B receptor, which was unexpected.

The functionality of the IFN response pathway was further investigated by
treating NHL cells with rhIFN-a for 72hrs, followed by analysis for the
expression of two surface-expressed ISGs; tetherin and MHC-1. MHC-1 and
tetherin were chosen as candidate ISGs for these pilot experiments due to
their rapid detection by flow cytometry, the reported ability of CVA21 to
target MHC-I during infection (UniProt, 2008), and the 72hr time point was
chosen as previous research by Arellano-Garcia, et al., demonstrated
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enhanced MHC-I at this time (Arellano-Garcia et al., 2014). Figure 5-5 (a)
shows significant induction of MHC-1 in SU-DHL-4 cells only, and a small
upward trend in expression in Ramos and healthy B cells. By contrast,
tetherin expression was significantly increased in Ramos, SU-DHL-4 and
U2932 cell lines following rhiIFN-a treatment, Figure 5-5 (b). OCI-LY3s
showed no induction of either ISG above untreated levels, as expected given
the lack of STAT1 phosphorylation observed in Figure 5-4. Interestingly, the
induction of tetherin and MHC-1 on NHL cell lines was not significantly
different than that observed in healthy B cell controls, demonstrating no
significant difference in their downstream IFN signalling. Taken together,
these data suggest that, while the NHL cell lines are responsive to IFN
treatment, IFN signalling does not protect them from CVA21-induced cell
death and therefore does not offer a further explanation for the differential
sensitivity of malignant B cells over healthy B cells. While this research
focussed on MHC-I and Tetherin as candidate ISGs, further research is
being conducted that will examine the effects of CVA21 and IFN-a on the
expression of a wider range of ISGs.
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Figure 5-1 Interferon-a production by NHL cell lines and healthy
PBMCs in response to CVA21 treatment.

Ramos, Raji, SU-DHL-4, OCI-LY19, U2932 and OCI-LY3 cell lines and
healthy donor PBMCs were treated with CVA21 for 48hrs before analysis of
supernatant for IFN-a secretion by ELISA. Data shows n=3 independent
experiments for the NHL cell lines and n=4 independent healthy PBMC
samples + SEM. Significance was determined using a paired, two-tailed
student’s T test.
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Figure 5-2 IFN-a pre-treatment of NHL cell lines does not abrogate
CVA21l-induced cell death.

Ramos (a), Raji (b), SU-DHL-4 (c), U2932 (d) and OCI-LY3 (e) cell lines
were pre-treated with rhIFN-a (5000pg/mL) for 1hr before being treated with
CVAZ21. Cells were cultured for 24hrs before being harvested and assayed
for viability using LIVE/DEAD™ viability dye. Data shows the mean + SEM
for n=3 independent experiments. Statistical analysis was determined by
two-way ANOVA.
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Figure 5-3 Interferon-a/B receptor expression on NHL cell lines and
healthy B cells.

Ramos (a), Raji (b), SU-DHL-4 (c), OCI-LY19 (d), U2932 (e) and OCI-LY3 (f)
cell lines were analysed by flow cytometry for surface expression of the IFN-a/3
receptor. Receptor expression is illustrated by representative histogram plots
overlaying IFN-a/f staining (red) and the matched isotype control (grey) (a-f).
Lymphocytes were identified by FSC/SSC (g) and healthy donor B cells by
CD20 expression (h). Healthy donor B cell IFN-a receptor expression (i) is
illustrated by a representative histogram plot overlaying IFN-a/@3 receptor
staining (blue) and isotype control (green). All data is representative of n=2
independent experiments.
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Figure 5-4 STAT-1 phosphorylation in NHL cell lines and healthy B cells in
response to rhIFN-a treatment.

NHL cell lines, Ramos (blue), Raji (red), SU-DHL-4 (green), U2932 (orange)
and OCI-LY3 (black), and Healthy PBMC T cells (open circles) and B cells (grey
squares) were analysed for STAT1 phosphorylation 30 min after rhIFN-a
treatment (5000pg/mL). STAT1 phosphorylation MFI was normalised to the MFI
of treatment-matched isotype controls and the graph illustrates the ratio to
untreated samples. Data from individual experiments is shown, + SEM.
Significance was determined by paired, two-tailed student’s T test.
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Figure 5-5 Induction of MHC-I and tetherin expression in response to
rhIFN-a treatment.

Ramos (blue), Raji (red), SU-DHL-4 (green), U2932 (orange) and OCI-LY3
(black) cell lines, as well as 4 healthy donor B cells (grey; in the context of
PBMCs) were treated with 5000pg/mL rhiIFN-a and analysed for surface
expression of MHC-I (a) and tetherin (b). Results are normalised to treatment-
matched isotype controls and expressed as ratios relative to untreated samples.
Data from n=4 independent experiments is shown + SEM. Significance was
determined by paired, two-tailed student’s T test.



119

5.2.2 CVA21 inhibits the antiviral response in NHL cell lines but
not healthy B cells in mixed PBMCs

The ability of NHL cell lines to respond to IFN and induce antiviral ISGs
suggests that the IFN pathway is functional, yet unable to inhibit CVA21-
induced cell death, as shown in Figure 5-2. One potential explanation for this is
that CVA21 may inhibit IFN signalling in NHL cell lines, but not healthy donor B
cells. To test this, NHL cell lines and healthy B cells (identified in the context of
mixed PBMCs by flow cytometry) were treated with CVA21 for 16hrs before
being treated with rhIFN-a for 24hrs; viable cells were then assessed for MHC |
and Tetherin expression to determine whether IFN-induced ISG expression
could be inhibited by CVA21. Figure 5-6 shows increased Tetherin expression
in rhIFN-a-treated Ramos (a), SU-DHL-4 (b) and U2932 (c) cells, however, this
appeared to be reduced upon CVA21 treatment in all three cell lines (n=2).
Contrary to earlier figures, healthy donor B cells (d) showed no significant
increase in Tetherin expression upon rhiIFN-a treatment, however, in contrast to
NHL lines, a significant increase in Tetherin expression was observed upon
CVAZ21 treatment. Similarly, preliminary data shown in Figure 5-7 illustrates
enhanced MHC-I expression by rhIFN-a treatment that is diminished by CVA21
infection in SU-DHL-4 cells. Collectively, these data demonstrate that NHL cell
lines are susceptible to CVA21 despite having a functional antiviral response.
However, decreased ISG expression following CVA21 treatment suggests that
CVA21 may inhibit the antiviral response in malignant NHL cells, but not in
healthy cells. It is possible that low ICAM-1 expression in healthy B cells may
prevent sufficient CVA21 entry to overcome the natural host antiviral response.
These data demonstrate the ability of CVA21 to manipulate the antiviral
response of malignant cells and suggests this as a potential determining factor
for CVA21 susceptibility.
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Figure 5-6 CVA21 inhibits rhIFN-a-induced expression of Tetherin in NHL
cell lines.

Ramos (a), SU-DHL-4 (b), U2932 (c) cell lines and healthy donor B cells in the
context of PBMCs (d) were pre-exposed to CVA21 for 16hrs before being
treated with rhIFN-a for a further 24hrs. Samples were harvested and stained
with an a-human Tetherin antibody prior to analysis by flow cytometry. Tetherin
expression is displayed relative to isotype expression from treatment-matched
samples. Results are from n=2 independent experiments for the NHL cell lines
and n=3 donors for the healthy B cells. Data shows the mean + SEM, statistical
significance was determined by two-way ANOVA.
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Figure 5-7 CVA21 inhibits rhIFN-a-induced expression of MHC-l in SU-
DHL-4 cells.

SU-DHL-4 cells were pre-exposed to CVA21 for 16hrs before being treated with
rhIFN-a for a further 24hrs. Samples were then harvested and stained with an
anti-human MHC-I antibody, prior to analysis by flow cytometry. MHC-I
expression is displayed relative to isotype expression from treatment-matched
samples. Results are from n=2 independent experiments. Data shows the mean
+ SEM.
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5.2.3 MTOR inhibition impairs CVA21-induced cell death in NHL
cells

A literature search of the pathways that are often dysfunctional in NHL cells
identified upregulated mTOR signalling as a common trait in NHL B cells
(Schatz, 2011). To investigate a potential relationship between mTOR activity
and susceptibility to CVA21, NHL cell lines were investigated for their mnTOR
activation status and the effect of mTOR inhibition on CVA21 susceptibility. NHL
cell lines were analysed for basal mMTORC1 activity by intracellular Phosflow™
cytometry for the phosphorylation of the downstream targets S6 and 4EBP1.
These samples were analysed alongside healthy donor B cells as non-
transformed controls. Figure 5-8 (a) shows significant mTOR activity in Ramos,
SU-DHL-4 and OCI-LY3 cells. This is in contrast with the healthy donor B cells
(in PBMCs) which appeared to display lower mTOR activity (n=2). Similarly, for
p-4EBP1 (b), mTOR activity is active in Ramos, SU-DHL-4 and U2932 cells and
appears to be lower in the healthy B cells.

Having identified that mTOR signalling is active in most cell lines, but not
healthy B cells, the role of mMTOR in CVA21 infection and oncolysis was
investigated. NHL cell lines were treated with rapamycin for 1hr prior to being
treated with CVA21 for 72hrs and quantification of cell death. Figure 5-9
demonstrates that cell death induced by CVA21 was significantly reduced in the
presence of rapamycin in Ramos (a), SU-DHL-4 (c) and U2932 (d) cells, but not
the Raji (b) cells. To ensure that the doses of rapamycin used were sufficient to
inhibit mTOR activity, NHL cell lines were treated with rapamycin for 24hrs and
analysed for S6 and 4EBP1 phosphorylation. Phosphorylation of S6 was
significantly inhibited by rapamycin in all NHL cell lines, Figure 5-10 (a),
however, phosphorylation of 4EBP1 was not inhibited, Figure 5-10 (b),
suggesting an important role for mTOR-regulated S6 activity in the sensitivity of
these cells to CVA21.

As previously described, CD40L stimulation increased ICAM-1 on most NHL
cell lines and this coincided with enhanced susceptibility to CVA21 in two cell
lines (sections 4.2.6 and 4.2.7). MTOR activity can also be increased upon
CDA40L stimulation (Dormond et al., 2008). NHL cell lines were cultured alone,
or on CD40L* L929s or parental L929s for 24hrs, harvested and analysed for p-
S6 and p-4EBP1 by Phosflow™ cytometry to test whether mTOR activity in
NHL cell lines is enhanced upon CD40L stimulation. CD40L has no significant
effect on S6 phosphorylation levels, Figure 5-11 (a), and 4EBP1
phosphorylation also remained unchanged in NHL cells after CD40L
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stimulation, Figure 5-11 (b). These data showed no increase in mTOR activity
upon CD40L stimulation, suggesting that enhanced mTOR signalling, in CD40L-
stimulated NHL, was not responsible for the enhanced CVA21 cytotoxicity
shown in section 4.2.7, Figure 4-14.
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Figure 5-8 MTOR Activity in NHL cell lines and healthy B cells.

Ramos (blue), Raji (red), SU-DHL-4 (green), U2932 (orange) and OCI-LY3
(black) cell lines, and 2 healthy B cells (grey; in the context of PBMCs) were
cultured for 24hrs and analysed for baseline mTOR activity by 4EBP1 and S6
phosphorylation. Isotype controls were normalised to 1 and matched p-S6 and
p-4EBP1 expression was expressed as a ratio of isotype staining. Data shows
the mean from n=4 independent experiments for cell lines and n=2 healthy
donor samples + SEM. Significance was determined by paired, two-tailed
student’s t test
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Figure 5-9 Rapamycin diminishes CVA21-induced cell death in most NHL
cell lines.

NHL cell lines Ramos (a), Raji (b), SU-DHL-4 (c) and U2932 (d) were untreated
(white bars) or pre-treated with DMSO (light grey), 50 or 100nM rapamycin
(dark grey and black bars, respectively) for 1hr before the addition of CVA21.
The cells were then cultured for 72hrs, harvested and analysed for cell death
using LIVE/DEAD™ viability dye by flow cytometry. Results are expressed as
the percentage dead cells from n=4 independent experiments + SEM. Statistical
significance was determined by two-way ANOVA.
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Figure 5-10 Rapamycin inhibits S6 phosphorylation, but not 4EBP1
phosphorylation.

Ramos (blue), Raji (red), SU-DHL-4 (green), U2932 (orange) and OCI-LY3
(black) cell lines were treated with rapamycin (Rapa) or DMSO for 24hrs. The
cells were harvested, stained for intracellular p-S6 and p-4EBP1 and the MFI
values calculated as a ratio relative to the isotype values. Data were then
normalised to the untreated samples and the graphs illustrate fold change
relative to untreated controls. Data shows the results from n=4 independent
experiments + SEM. Statistical significance was determined by one-way
ANOVA.
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Figure 5-11 CD40L Stimulation does not enhance MTOR activity in NHL
cell lines.

Ramos (blue), Raji (red), SU-DHL-4 (green), U2932 (orange) and OCI-LY3
(black) cell lines were cultured alone (UT) or on CD40L*L929 (CD40L) or
parental L929 (L929) cells for 24hrs. The cells were harvested, stained for
intracellular p-S6 and p-4EBP1 and the MFI values calculated as a ratio relative
to the isotype values. Data were then normalised to the untreated samples and
the graphs illustrate fold change relative to untreated controls. Data shows the
results from n=4 independent experiments + SEM. Statistical significance was
determined by one-way ANOVA.
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5.2.4 Rapamycin has little effect on NHL cell cycle and
proliferation

Rapamycin has strong anti-proliferative effects due to its reported inhibition of
translation, as shown in melanoma (Bundscherer et al., 2008) and T cell
lymphoma cell lines (Zhao, Y.M. et al., 2008). As such, Rapamycin was
investigated for its effects on NHL cell line proliferation using CFSE staining to
determine if there is a role for mTOR inhibition in CVA21 cytotoxicity, beyond a
more general block of cellular proliferation.

NHL cell lines, Ramos (a), Raji (b), SU-DHL-4 (c), U2932 (d) and OCI-LY3 (e)
were stained with CFSE and incubated with and without rapamycin (Figure
5-12). Flow cytometry after 24hrs revealed reduced fluorescence in control
untreated cells (due to cell division) that was comparable with rapamycin-(blue)
and DMSO- treated (purple) cells. However, by 48hrs, the CFSE fluorescence
of the rapamycin-treated cells was greater than that of untreated cells or DMSO
controls. This effect was even more pronounced by 72hrs, suggesting a slowing
of cell proliferation by rapamycin, rather than complete cell cycle blockade.
These results are quantified in Figure 5-13 and demonstrate a significant
difference between CFSE fluorescence in untreated and rapamycin-treated
cells at 72hrs (the time point shown in Figure 5-9) in Ramos (a), SU-DHL-4 (c),
U2932 (d) and OCI-LY3 (e) cells, but not in Raji (b). By contrast, no significant
delays in proliferation were observed at earlier time points (24 or 48rs) following
rapamycin treatment. Importantly, rapamycin also inhibited CVA21-induced cell
death to a similar extent at 48hrs in Ramos, SU-DHL-4, U2932 and OCI-LY3
cells (n=1, data not shown) when cell proliferation was not significantly inhibited
suggesting that blockade of cell proliferation by rapamycin was not responsible
for reduced CVAZ21 cytotoxicity.

To further examine the effect of rapamycin on cell cycle progression, propidium
iodide (PI) staining of DNA was used to assess the cell cycle status following
rapamycin treatment, Figure 5-14. Pl analysis of rapamycin-treated NHL cell
lines at 72hrs showed no significant in cell cycle between treated and untreated
samples.

Collectively, these data demonstrate that rapamycin does not immediately block
NHL cell proliferation or cause G1 cell cycle arrest; however, small, but
significant delays in cellular proliferation were observed following rapamycin
treatment after 72hrs. Given that only a small delay in cellular proliferation was
observed with rapamycin in most cell lines, this suggests that the effect of
rapamycin is not due to abrogation of cell proliferation but another function of
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MTOR, which is important to support CVA21 replication and lysis. The
significance of mTOR in CVA21-induced cell death needs to be further defined
and is the subject of ongoing laboratory investigations.
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Figure 5-12 Rapamycin delays NHL cell line proliferation.

NHL cell lines were left unstained (red) or stained with CFSE before being
treated with rapamycin (blue), DMSO (purple) or left untreated (green). Cells
were then analysed for fluorescence immediately and every 24hrs thereafter.
The Ohr untreated CFSE-stained result was included in the 24, 48 and 72hr
histograms in all cell lines to demonstrate the shift in fluorescence from the start
of the experiment (Ohr) to the other time points. Data shows representative
histogram overlays of unstained, untreated, DMSO or rapamycin treated cells
from n=4 independent experiments.
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Figure 5-13 Rapamycin delays NHL cell line proliferation.

NHL cell lines were stained with CFSE before being incubated with and without
DMSO or rapamycin (50 and 100nM). CFSE fluorescence was then analysed
by flow cytometry immediately and every 24hrs thereafter. Data shows the
mean of n=4 independent experiments +SEM, analysed for significance by one-
way ANOVA.
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Figure 5-14 Rapamycin does not cause G1 arrest.

NHL cell lines were treated with rapamycin for 72hrs before being harvested
and stained with Propidium lodide and analysed by flow cytometry. The
percentage of cells in G1 and S/G2/M phases of the cell cycle were then
determined by DNA content (PI fluorescence). Data shows the results from n=3
independent experiments = SEM. Statistical significance was determined using
one-way ANOVA, no statistically significant differences were observed.
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5.3 Discussion

This research aimed to investigate the role of the antiviral IFN response in
preventing CVA21 infection, the ability of CVA21 to overcome this response and
the role of MTOR in CVA21 infection. Vaha-Koskela, et al., have previously
reviewed a variety of factors that impact the ability of oncolytic viruses to
replicate in malignant cells, such as the role of a functional IFN response (Vaha-
Koskela and Hinkkanen, 2014). Identifying cellular factors responsible for
CVAZ21 replication and oncolysis may enable patient stratification to target
susceptible disease, such as using IFN-sensitive OV to target IFN-deficient
cancers.

IFN signalling can inhibit OV replication, shifting the preference of the OV
towards malignant cells that lack a functional antiviral IFN response, such as
NDV (Elankumaran et al., 2010), an oncolytic influenza virus (Muster et al.,
2004) and VSV (Stojdl et al., 2000). In this chapter, the absence of detectable
IFN-a in NHL cell line cultures, versus the high levels of IFN-a in CVA21-
resistant PBMCs (Figure 5-1), offered a possible explanation for their sensitivity
to CVA21. This result may be due to the diverse mix of cells within the PBMC
samples which could produce IFN-a, while the homogenous cell line cultures
could not. For example, PBMC incorporate many cell types that can produce
IFN in response to a virus, such as B cells (Ward et al., 2016), T cells (Klimpel
et al., 1990), NK cells (Arase et al., 1996), monocytes (Hansmann et al., 2008),
and Plasmacytoid Dendritic Cells (Fitzgerald-Bocarsly, 2002). Plasmacytoid
Dendritic cells (pDCs) have been implicated as the main producers of IFN-a in
response to CVA21 by complimentary research conducted in the laboratory
(Louise Muller: manuscript submitted). Interestingly, Ho, et al., reported that
NHL patient lymphocytes have a diminished ability to produce IFN in response
to antigenic assault (Ho et al., 1992), suggesting that a reduced IFN response in
NHL patients. Moreover, it should be recognised that the production of IFN and
other cytokines by OV in vivo can suppress tumour growth, as demonstrated by
Samson, et al., who showed cytokine-mediated suppression of hepatocellular
carcinoma tumours in NOD/SCID mice by UV-inactivated reovirus (Samson et
al., 2018).

Pre-treating NHL cell lines with rhIFN-a did not protect them from CVA21
cytotoxicity, while it did protect the AML cell line, KG-1 (Louise Muller:
Manuscript submitted). Therefore, it was possible that NHL cells may be unable
to respond to IFN treatment, however further investigations, measuring
downstream STAT1 phosphorylation and ISG (MHC | and Tetherin)
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upregulation, confirmed this was not the case. By contrast, OCI-LY3 cells,
despite expressing the IFN-a/p receptor, did not respond to rhIFN-a treatment
by STAT1 phosphorylation or ISG expression.

Interestingly, research conducted on other Coxsackieviruses by Lind et al., and
Horwitz, et al., have demonstrated protective roles for IFN-A against CVB3 (Lind
et al., 2016) and IFN-y against CVB4 (Horwitz et al., 1999), respectively,
highlighting the importance of considering the IFN response when applying
CVAZ21 to a malignancy. IFN-y alone, and in combination with IFN-a, were
investigated for their effects on CVA21 susceptibility but did not protect NHL
cells from infection (data not shown). Unfortunately, due to time constraints,
NHL cell lines, or healthy donor PBMCs, were not analysed for the secretion of
other pro-inflammatory cytokines in response to CVA21, however, future
research could test for the secretion of other IFNs, such as IFN-f, -A or —y, and
a wider variety of secreted pro-inflammatory cytokines which have been
associated with resistance to other picornaviruses (Dotzauer and Kraemer,
2012). For example, IFN-B has been implicated in resistance to CVB3
(Deonarain et al., 2004), (Runkel et al., 1998), and other Coxsackievirus and
picornaviruses have displayed sensitivity to IFNs such as CVA16 (Hand, Foot
and Mouth Disease Virus - HFMDV), which is abrogated in mice treated with
murine IFN (Sasaki et al., 1986), and Foot and Mouth Disease Virus (FMDV),
which is sensitive to IFN-a, -B and -y in swine models (Diaz-San Segundo et al.,
2010).

The fact that the IFN signalling appeared functional in the NHL cells, but was
not able to inhibit CVA21, suggested that the virus may interfere with the IFN
pathway. To test this, expression of MHC-I and Tetherin was examined after
rhIFN-a treatment in the presence or absence of CVA21. ISG expression in the
NHL cell lines appeared decreased upon CVA21 treatment, but not in healthy B
cells; blockade of IFN signalling by CVA21 could provide a mechanism by which
NHL cells remain susceptible despite the presence of antiviral IFN. In support of
this hypothesis, Lind et al., also demonstrated that CVB3 could inhibit the IFN-A
response in Hela cells using the 2AP™ protein, which cleaved TIR-domain-
containing adapter-inducing interferon- (TRIF) and Induced by Phosphate
Starvationl (IPS1), involved in relaying signals from PRRs to the nucleus to
induce IFN production. Similar blockade of downstream effectors of the antiviral
interferon response has been demonstrated by the 3C protein of enteroviruses
68 and 71 cleaving TRIF (Xiang et al., 2014), (Lei et al., 2011), and the 3CP™
protein of CVB3 cleaving MAVS and TRIF (Mukherjee et al., 2011), suggesting
a common mechanism of picornaviruses in blocking the antiviral IFN response.
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CVAZ21, like other picornaviruses, has also been reported to subvert the host
antiviral response by encoding proteins that interfere with host protein
expression (ViralZone, 2015). CVA21 expresses proteins such as 2B, 2BC and
3A, which disrupt the trafficking of IFN receptors and MHC molecules to the
surface by inhibiting the function of the Golgi apparatus (UniProt, 2008).
Coxsackieviruses also manipulate transcriptional and translational machinery in
the cell for their own replication (Hwang, H.Y. et al., 2007), leading to a more
general shutdown of host protein expression in the infected cell. Interestingly,
CVAZ21 ablated human myeloma in SCID mouse xenograft models (Hadac and
Russell, 2006). This response was associated with systemic myositis resulting
in the death of mice. However, inoculation of an adenoviral vector expressing
human IFN-a, resulting in increased IFN-a concentrations (3000 pg/mL) in the
blood, inhibited the adverse effects. Importantly, the presence of the IFN had no
impact on tumour eradication, suggesting that CVA21 retained an ability to
target malignant cells within the TME, despite the presence of IFN. Importantly,
during the Phase Il CALM study that investigated the efficacy of CVA21 to treat
advanced melanoma, NanoString RNA analysis of 4 pre- and post-treatment
samples demonstrated an induction of interferon-induced genes (Andtbacka et
al., 2015). This result, coupled with the 38.6% durable response rate reported,
suggests that CVA21 is effective despite the production of an antiviral IFN
response.

Following the investigation of the IFN pathway’s role in CVA21 infection, other
factors that could influence infection, namely the mTORC1 pathway, were
examined. Enhanced mTOR activity has been observed in NHL B cells (Schatz,
2011), (Kuo et al., 2011), and due to its regulation of cell growth, proliferation
and metabolism, may contribute the survival and propagation of malignant cells
(Rahmani et al., 2014).

Rapamycin, a macrolide compound derived from the Streptomyces
hygroscopicus bacterium, blocks the formation of the mTORC1 complex by
binding to the cytosolic protein, FKBP12 (FK506 binding protein 12), which then
binds to the FKBP-rapamycin-binding (FRB) domain of mTOR and blocks its
ability to function (Yang, H. et al., 2013). FKBP12 is not normally a component
of MTORC1 but associates with the complex upon binding to rapamycin
(Hausch et al., 2013). Rapamycin also inhibits mMTORC2, but only at high doses
and in certain tissue types (Schreiber et al., 2015). Importantly, rapamycin has
been used in the clinic as a potent immunosuppressant for organ transplants,
due to its ability to prevent B and T cell activation by inhibiting IL-2 production
(Saunders et al., 2001).
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Analysis of mTORC1 downstream targets, S6 and 4EBP1, allowed the selection
of sub-toxic doses of rapamycin that inhibited mTOR activity. These doses
completely blocked p-S6 signalling by 24hrs and significantly hampered CVA21
cytotoxicity in Ramos, SU-DHL-4 and U2932 cell lines, but not Raji cells. This
result has yet to be explained but could be investigated further by testing Raji
cells for downstream redundancies in this pathway, FKBP12 levels, or
components of the rapamycin binding domain in the complex. It is interesting to
note that, as well as having no effect on Raji cell susceptibility to CVA21,
rapamycin did not affect the proliferation of Raji cells. This finding is congruous
with work by Gu, et al., that demonstrated the resistance of Raji cells to
rapamycin (Gu, L. et al., 2015).

MTOR blockade by rapamycin coincided with diminished CVA21-induced cell
death in Ramos, SU-DHL-4 and U2932 cell lines, suggesting a possible role for
MTOR activity in CVA21 replication. A literature search of pathways that
contribute to the replication of viruses similar to CVA21 suggested a role for
MTOR in the replication of CVB3 (Chen et al., 2014). However, contrary to the
observations in this chapter, this research showed that mTOR blockade by
rapamycin promoted CVB3 replication in HelLa cells. The reason(s) for this
remain unknown but may be due to differences in mTOR utilisation between
different types of Coxsackievirus, or differences in the cell types investigated.
Similar to the effects of rapamycin on CVB3 replication, research by Beretta, et
al., defined a role for rapamycin in enhancing the translation of viral proteins
from two alternative picornaviruses, Polio and Encephalomyocarditis Virus,
while blocking the translation of host proteins, in NIH 3T3 cells (Beretta et al.,
1996). This effect may suggest a potential role for mTOR inhibition in enhancing
viral replication in epithelial cells, but not NHL cells. This data showed inhibition
of p-4EBP1 and cap-dependent translation of host proteins, following 5hrs of
rapamycin treatment, while cap-independent translation of viral proteins was not
inhibited. The fact that p-4EBP1 was not inhibited by rapamycin in the NHL cell
lines may explain why enhanced CVA21-induced cell death was not observed in
rapamycin-treated NHL cells. Rapamycin only inhibits p-4EBP1 during the first
1-3hrs of treatment (Choo et al., 2008), suggesting that p-4EBP1 returned to its
phosphorylated state shortly after CVA21 treatment.

The fact that diminished CVA21-induced cell death was observed in NHL cells
that responded to rapamycin with inhibited S6 phosphorylation, while neither S6
phosphorylation nor CVA21 cytotoxicity were impacted in Raji cells, strongly
implicates a role for the S6-dependent side of mMTORC1 activity in the
susceptibility of NHL cells to CVA21. Taken together, these data suggest a



137

potential link between mTORCL1 activity and CVA21 susceptibility. This could be
examined further by assembling a panel of rapamycin-resistant cell lines, similar
to Rajis, and examining whether they remain susceptible to CVA21-induced cell
death after rapamycin treatment. Alternative methods of mTORC1 blockade,
such as genetic or pharmacological inhibition of specific downstream effectors
of mMTORC1, could also be used to further elucidate the role of the mTORC1
pathway in CVA21-induced cell death and not one that is due to rapamycin.

As previously discussed, rapamycin can slow the proliferation of cells due to its
impact on translation by blocking mTOR activity (Bundscherer et al., 2008). The
reliance of many viruses on highly-proliferative cells made it important to
investigate cell proliferation and cell cycle to ensure that rapamycin was not
inhibiting CVA21 cytotoxicity solely by blocking NHL proliferation. Rapamycin
induced a statistically significant slowing of proliferation after 72hrs in Ramos,
SU-DHL-4 and U2932 cells, but this was minimal and thus, unlikely to be the
main contributory factor for the reduced toxicity of CVA21 in these cell lines. No
change in proliferation was observed in NHL cell lines at 48hrs, which, coupled
with inhibition of CVA21-induced cell death at this time point, indicates an ability
of rapamycin to diminish CVA21 cytotoxicity irrespective of the drug’s anti-
proliferative effect. The effects of mTOR inhibition on the proliferation of feline
fibroblastic cells were also examined by Mortola, et al., who demonstrated a
role for Tacrolimus, a rapamycin-analogue, in inhibiting Feline
Immunodeficiency Virus (FIV) replication. This inhibition was observed
alongside a decrease in cell proliferation after 3 days (Mortola et al., 1998); the
exact role of Tacrolimus’ antiproliferative effect on FIV replication was not
elucidated, but was acknowledged as a potential factor.

It is difficult to correlate mTOR activation with CVA21 susceptibility in other
tumour models. However, similar to published research on NHL, mTOR
signalling is enhanced in a subset of multiple myeloma patients (Guglielmelli et
al., 2015), and CVA21 displays toxicity against multiple myeloma cells (Au et
al., 2007). These findings suggest a possible link, in B cell malignancies at
least, between enhanced mTOR activity and CVA21 susceptibility.

Contrary to the findings in this chapter that show reduced CVA21 cytotoxicity in
rapamycin-treated NHL cells, rapamycin is being investigated in combination
with OV in several tumour models, and has demonstrated synergy with several
OV, such as myxoma virus against glioblastoma multiforme (GBM) stem cells
(Zemp et al., 2013). Rapamycin also enhanced tumour cell death and survival
when used in combination with myxoma virus in an in vivo model of glioma (Lun
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et al., 2010). Similarly, both everolimus (a rapamycin derivative) and rapamycin
enhanced adenovirus targeting of, and replication in, a colon cancer model
(Homicsko et al., 2005) and murine prostate cancer model (Jiang et al., 2013),
respectively; these effects were attributed to a diminished antiviral response
following mTOR inhibition. Research by Comin, et al., demonstrated the
importance of the sequence in which rapamycin and OV is administered. In this
research, a synergistic effect was observed when reovirus and then rapamycin
were administered to a C57/BL6 murine melanoma model, however, pre-
treatment of cells in vitro with rapamycin and then reovirus resulted in impaired
virus replication and apoptosis (Comins, Charles et al., 2018). This research
highlights the importance of the sequential administration of treatments in
cancer research. It is important to acknowledge that a direct comparison
between the cell line studies in this chapter and these in vivo results is not
possible, due to the multifaceted representation of the tumour that in vivo
models provided versus isolated cell line cultures. Since the precise role of the
antiviral response in CVA21 targeting of NHL cells will be the focus of future
research in the laboratory, the role of mMTOR activity in this response must also
be investigated. To date, no literature has reported efficacy of a combination of
rapamycin and OVs to treat HMs, but inhibition of the antiviral response by
rapamycin, as demonstrated in the prostate and colon cancer models, could
play a role. The beneficial effect of an OV/rapamycin combination in these solid
malignancies differs from the observed rapamycin-induced inhibition of CVA21
replication in NHL cell lines. This difference could reflect the different roles of
MTOR for different OV, or differences between solid tumours and HMs.

Overall, the work presented in this chapter has demonstrated that CVA21
oncolysis is not inhibited by antiviral type | IFN signalling, and data suggests
that CVA21 may interfere with the antiviral response pathways to enable
replication. Moreover, a role for mTOR signalling in some NHL cell lines has
been proved. Both factors, as well as a role for ICAM-1 expression, are
important for CVA21 infection, but may not be the only relevant factors for
CVA21 susceptibility. This data expands what is known about CVA21’s activity
in NHL cells and suggests that CVA21 may be efficacious in other cancer
models that have high mTOR activity. This will develop CVA21’s applicability to
other cancer models, allowing researchers to target cancers that may be more
responsive to CVA21 treatment.
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Chapter 6:

Investigating the potential of OV to
induce an anti-NHL immune
response.
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Chapter 6

6.1 Introduction

The aim of the research discussed in this chapter was to investigate the ability
of both reovirus and CVA21 to potentiate an NK cell-mediated anti-NHL immune
response, whereby OV stimulate NK cells to kill NHL cells, and whether this
could be enhanced by mAbs. This alternate mechanism of killing by OV would
complement direct Iytic killing or replace it if the cells were resistant to
oncolysis. Several clinical trials have examined the efficacy of OV in
combination with immune checkpoint mAb therapy, such as reovirus and the
aPD-1 antibody, pembrolizumab, to treat advanced or metastatic pancreatic
adenocarcinoma (ClinicalTrials.gov, 2015b), and CVA21 and pembrolizumab to
treat advanced melanoma (ClinicalTrials.gov, 2015a). Reovirus, a poor lytic
agent against NHL cell lines, was included in these investigations due to its
established immunogenicity (Prestwich, Robin J. et al., 2009). To date, OVs in
combination with mAbs are the subject of multiple clinical trials for cancers,
such as vaccinia virus and the aPD-L1 antibody, durvalumab, against colorectal
carcinoma (ClinicalTrials.gov, 2017a), CVA21 and the aCTLA-4 mAb,
ipilimumab, against melanoma (ClinicalTrials.gov, 2014), and vaccinia virus and
the aPD-1 mAb, REGN2810 against renal cell carcinoma (ClinicalTrials.gov,
2017b). Research has shown that a combination of OV and mAbs can enhance
NK cell targeting of malignant cells in vitro, such as combined reovirus and
rituximab to kill CLL cells (Parrish et al., 2015) and combined reovirus and
cetuximab against colorectal cancer (Zhao, X. et al., 2015).

The ability of CVA21 and reovirus to promote the elimination of NHL cells by NK
cells was examined in this chapter. Specifically, this work looked at NK cell
activation by CD69 expression, a member of the C-type lectin superfamily that
is absent on resting NK cells and rapidly upregulated upon viral infection (Fogel
et al., 2013) and is the earliest expressed marker on activated immune cells
(Ziegler et al., 1994), as well as the ability of NK cells to degranulate against
NHL cell line targets.

Due to the established role for mAbs in NK cell-mediated degranulation, and the
enhanced effect when used in combination with OV, reovirus and CVA21 were
combined with the aCD20 mAb, BHH2 (the laboratory-grade version of
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GA101/obinutuzumab) against NHL. BHHZ2's effect was examined on NHL cell
lines with the highest CD20 expression; Ramos, SU-DHL-4 and U2932.
Moreover, as stimulation by CD40L induces drug resistance in some NHL cell
lines (Section 4.2.5), potentially making current chemotherapy less effective,
CD40L-stimulated NHL cells were also examined for their susceptibility to NK
cell-mediated killing. Investigating the combination between OVs and an aCD20
mAb was chosen due to the previously-mentioned impressive performance of
Rituximab in the treatment of NHL, the presence of the CD20 target on NHL B
cells and the ability of combined rituximab and reovirus to induce enhanced NK
cell targeting of CLL B cells (Parrish 2015). NK cells are significant effectors in
targeting NHL cells in patients (Sarkar et al., 2017), making them appropriate
effector cells to investigate. It is important to note that other signalling
molecules, on both NHL cell lines and NK cells, provide activatory and inhibitory
signals to NK cells, the balance of which will determine whether the NK cells
target the NHL cells for cell death. With this in mind, the expression of some NK
ligands was also investigated on NHL cell lines.
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6.2 Results

6.2.1 OV-induced NK-mediated ADCC against NHL cells

Figure 6-1 shows CD69 expression on untreated and OV-treated NK cells after
48hrs. These data show a significant increase in CD69 expression on NK cells
by both CVA21 and reovirus, demonstrating the strong immunostimulatory
potential of both viruses.

To further explore the effects of CVA21 and reovirus on NK cells, and to
examine whether they recognise malignant cells, untreated and OV-treated
PBMCs were co-cultured with NHL cells for 4hrs. Whole PBMCs were used
instead of isolated NK cells as new research has shown that CVA21-induced
NK cell activation and degranulation against AML targets is dependent on IFN-a
production by pDCs in the peripheral blood (Louise Muller — manuscript
submitted). Figure 6-2 shows that NK cell degranulation is significantly
enhanced against Ramos (light grey), SU-DHL-4 (dark grey) and U2932 (black)
cell lines when treated with reovirus. Similarly, CVA21-treated PBMCs
demonstrated increased NK cell degranulation against all cell lines, however,
this was not significantly higher than untreated NK cells upon co-culture with
Ramos cells. CVA21 was consistently, but not significantly, less effective than
reovirus at simulating degranulation of NK cells against NHL cell targets.
PBMCs were also treated with either OV and cultured with no NHL targets
(white). This showed a small, insignificant, increase in spontaneous
degranulation in the absence of targets. The ability of both OVs to activate NK
cell degranulation against NHL cell lines demonstrated their immunogenic
potential against NHL, warranting further investigation in combination with the
aCD20 antibody, BHH2.



143

@ | (b)

NK Cells

O
O LN
7 0
v O
FSC
() - (d)
Isotype
CD69
CD69
(e) NK cells
6 - ** !
— **%
m —
T
E 5] B ynrreated
% | 0.1 pfu/cell Reovirus
w
B 0.1 piu/cell cvA21

Figure 6-1 OV-induced activation of immune effector cells.

PBMCs were isolated from healthy donor blood and cultured with reovirus or
CVA21 for 48hrs. PBMCs were then harvested and stained with aCD3 and
aCD56 antibodies, to identify NK cell populations (CD3-CD56), and CD69 to
measure phenotypic activation. Gating strategy identifying lymphocytes by
FSC/SSC (a) and NK cells within this population as CD3'CD56* (b). (c) and (d)
show overlaid histogram plots of CD69 expression (black) with isotype antibody
controls (grey) on untreated and reovirus-treated samples, respectively. In (e),
fold increases in CD69 MFI above dose-matched isotype controls is plotted for
CD3CD56" NK cells. Data shows mean of n=4 PBMC donors + SEM.
Significance was determined by One-way ANOVA.
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Figure 6-2 OV-induced NK cell degranulation against NHL cell lines.

Healthy donor PBMCs were cultured with reovirus or CVA21 for 48hrs before
being used in a degranulation assay either alone or against NHL cell lines at a
10:1 effector: target ratio. After 1hr the co-cultures were supplemented with
aCD3 and aCD56 antibodies, to identify NK cells, aCD107a/b antibodies, to
identify degranulating cells, and Brefeldin A to prevent internalisation of
CD107a/b, and cultured for a further 4hrs. (a) and (b) show NK cell detection.
(c) and (d) show detection of degranulating (CD107%) NK cells from untreated
and reovirus-treated samples, respectively. NK cell degranulation was
determined as %CD107* NK cells and quantified in (e). PBMCs were cultured
alone (white, spontaneous degranulation control), or co-cultured with Ramos
(light grey), SU-DHL-4 (dark grey) or U2932 (black) cells. Data shows the mean
of n=4 PBMC donors +SEM, significance was determined by two-way ANOVA.
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6.2.2 Enhancing OV-mediated NK cell killing with an aCD20
mAb

Previous research demonstrated a possible application of combined OV and
mMADs to treat cancers, such as reovirus and rituximab for enhanced ADCC
against CLL (Parrish et al., 2015). The established efficacy of rituximab and
more recent aCD20 mAbs in treating NHL provides ideal candidate mAbs for
combination studies with OV.

NHL cell lines were screened for CD20 expression by flow cytometry in order to
confirm CD20 expression. Figure 6-3 shows that all NHL cell lines analysed
expressed CD20 to varying degrees, with OCI-LY19s and OCI-LY3s expressing
the lowest (2-fold increase in MFI over isotype controls) and second lowest
levels (5-fold increase), respectively. Ramos and Raji expressed comparably
medium levels (80- and 50-fold, respectively); while U2932’s expression was 2-
fold higher (~160-fold increase). In comparison, SU-DHL-4s had the highest
level of CD20 expression, displaying a 700-fold increase in MFI over isotype
control cells. Ramos, SU-DHL-4 and U2932 were selected as the candidate
NHL targets for the combination studies as representative cell lines of BL,
DLBCL-GCB and DLBCL-ABC, respectively.

PBMCs were treated with reovirus or CVA21, and NHL cell targets were
opsonised with BHH2, the laboratory grade formulation of the aCD20 mAb,
GA101, to examine the efficacy of combining these two treatment modalities.
The cells were co-cultured at a 10:1 effector: target ratio and NK cell
degranulation in the presence of NHL cell lines was analysed. The working
hypothesis for this strategy is that BHH2-coating of NHL cells enhances their
recognition by NK cells, and activating NK cells by pre-exposure to the OV
makes them better equipped to eradicate NHL targets.

Figure 6-4 shows degranulation (CD107a and b surface expression) of NK cells
following co-culture with NHL targets (a; Ramos, b; SU-DHL-4, c; U2932)
without opsonisation (white), or with an isotype matched control antibody (light
grey) or the BHH2 mADb (dark grey). Figure 6-4 (a) shows NK cell degranulation
against Ramos cell targets; a small increase in degranulation was observed
against Ramos cells with no antibody (white) or the isotype (grey) when the
PBMCs were treated with CVA21 or reovirus. By contrast, NK cell
degranulation was significantly increased against BHH2-coated Ramos cells
(dark grey) in the absence of virus treatment, and was significantly enhanced
following OV treatment of PBMCs. Figure 6-4 (b) demonstrates that both
reovirus and CVA21 treatment of PBMCs significantly enhanced NK cell
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degranulation against unlabelled (white) or isotype-labelled SU-DHL-4 targets
(light grey), i.e. in the absence of BHH2. NK cell degranulation against BHH2-
opsonised SU-DHL-4 cells was increased compared to unlabelled or isotype-
labelled targets, demonstrating the ability of the BHH2 antibody to potentiate NK
cell function; this degranulation was enhanced further by both reovirus and
CVAZ21 treatment of PBMCs, however, this was not statistically significant.
Figure 6-4 (c) showed that reovirus, but not CVA21, treatment of PBMCs
induced significant degranulation against unlabelled (white) and isotype-labelled
(light grey) U2932 targets. However, NK cell degranulation was enhanced in the
presence of BHH2-coated U2932 cells (in the absence of OV) and appeared to
be further increased upon OV treatment. Disappointingly, the enhanced NK cell
degranulation observed with OV treatment was not statistically significant.
These data demonstrated that both OVs, CVA21 and reovirus, and the BHH2
antibody, can promote NK cell targeting of NHL targets. This effect can also be
additive between viruses and mAD, as both OVs induced significantly higher
degranulation against mAb-coated Ramos targets.
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Figure 6-3 CD20 expression on NHL cell lines.

NHL cell lines Ramos, Raji, SU-DHL-4, OCI-LY19, U2932 and OCI-LY3 were
stained for CD20 expression and analysed by flow cytometry. CD20 expression
is displayed as the fold increase in MFI of aCD20 antibody-labelled cells over
isotype control antibody-labelled cells. Results show means from n=4
independent experiments + SEM.
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Figure 6-4 OV-mediated NK cell degranulation is enhanced by aCD20
antibodies in some NHL cell lines.

PBMCs were isolated from healthy donor blood and cultured with reovirus or
CVAZ21 for 48hrs. NHL cell line targets Ramos (a), SU-DHL-4 (b) and U2932 (c)
were untreated (white bars) or labelled with an isotype-matched control (light
grey) or BHH2 (dark grey) at 5pg/mL for 30mins. PBMCs were co-cultured with
cell line targets for 1hr at a 10:1 effector: target ratio. The co-cultures were then
supplemented with a mix of aCD3 and aCD56 antibodies, to identify NK cells,
aCD107a and b antibodies, to identify degranulating NK cells, and Brefeldin A
to prevent re-internalisation of the CD107a and b and cultured for a further 4hrs.
Degranulation was determined as %CD107* NK cells. Data shows the mean of
n=4 PBMC donors +SEM, significance was determined by two-way ANOVA.
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6.2.3 The effects of CD40L on an OV-induced anti-NHL NK cell
response

Research in Chapter 4, section 4.2.5 demonstrated CD40L-dependent drug
resistance in NHL cell lines, highlighting the need for alternate methods to
eradicate these resistant cells. The ability of NK cells to recognise and kill target
cells depends on the ratios of activatory and inhibitory NK ligands expressed.
As described previously (Chapter 4, section 4.2.6), CD40L stimulation of NHL
cell lines increased ICAM-1 expression. Previous research has demonstrated
enhanced NK cell killing of AML targets due to increased ICAM-1 expression on
the target surface (Parameswaran et al., 2016). Elevated ICAM-1 on NHL B
cells in the LN could enhance NK cell: NHL interactions and potentiate NK cell
killing. In addition, the interaction between a target cell and an NK cell involves
signalling between multiple activatory and inhibitory ligands and their cognate
receptors on the NK cell surface which determines the outcome of the target:
NK cell interaction. Therefore, it was important to also investigate the effect of
CD40L stimulation on the expression of NK cell activatory and inhibitory
receptor ligands on NHL cell targets.

NHL cell lines were screened for several activatory NK ligands, such as ICAM-
1, PVR (Poliovirus Receptor; CD155), Nectin-2 (CD112), MICA/B (MHC class |
polypeptide-related sequence), ULBP-1 (UL16 binding protein 1), and ULBP-
2/5/6, and inhibitory ligands, such as MHC-I. NK ligand expression profiling
showed an absence of most NK ligands, with the exception of Nectin-2 (CD112,
which has a role in cell adhesion and tight junctions, (Lopez et al., 1998) and
MHC-I (which is involved with antigen presentation to CD8™* cytotoxic T cells
and recognition of self by NK cells, (Kratky et al., 2011). These ligands were
taken forward for further investigation. In the context of NK cell killing, Nectin-2
on target cells interacts with DNAM-1 (DNAX Accessory Molecule-1) on the NK
cell surface, triggering its cytotoxic activity (Bottino et al., 2003). MHC-I, on the
other hand, inhibits NK killing by interacting with killer cell immunoglobulin-like
receptors (KIRs) and C-type lectin-like receptors, such as Ly49 (Sawicki et al.,
2001). Diminished MHC-I expression due to, for example, viral infection, can
eliminate this inhibitory effect, thereby making virally-infected cells more
susceptible to NK cell killing (Brandstadter and Yang, 2011).

Figure 6-5 shows that NHL cell lines Ramos (a), Raji (b), SU-DHL-4 (c), OCI-
LY19 (d), U2932 (e) and OCI-LY3 (f) express low levels of the activatory NK
ligand, Nectin-2. Upon CD40L stimulation, there was no significant change in
Nectin-2 expression on any NHL cell line. Although there were small changes in
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expression on Ramos and Raji cells, these effects were not significant. Co-
culturing the NHL cell lines on the parental L929 feeder layer had no effect on
Nectin-2 expression.

Figure 6-6 illustrates MHC-1 expression on NHL cell lines; all cell lines
expressed basal MHC-I in the Alone treatment (blue). Upon CD40L stimulation,
MHC-I was significantly increased in Ramos and SU-DHL-4 cell lines and the
expression trended towards an increase in all cell lines. MHC-I expression was
not affected by co-culturing the NHL cell lines on the parental L929 feeder layer.
The enhanced MHC-I expression on the Ramos and SU-DHL-4 cells could
result in diminished NK cell recognition of these cells, due to the inhibitory
effects of MHC-I.

Next, to examine the ability of the NK cells to target drug resistant CD40L-
stimulated NHL cells, NK cells were co-cultured with unstimulated and CD40L-
stimulated NHL cells. Figure 6-7 shows a small increase in NK cell
degranulation against CD40L-stimulated Ramos (a), SU-DHL-4 (b) or U2932 (c)
cells, regardless of OV treatment. NK cell degranulation was enhanced when
the PBMCs were treated with either OV, however, this preliminary experiment
was only carried out in n=2 donors, therefore, statistical significance could not
be determined. This pilot experiment suggests that CD40L stimulation,
associated with changes in MHC-I (in Ramos and SU-DHL-4 cells, Figure 6-6)
and ICAM-1 expression (in Ramos, SU-DHL-4, OCI-LY19 and U2932 cells,
Figure 4-11), of NHL cell lines does not confer protection from NK cell-
mediated death, despite inducing resistance to chemotherapy (Chapter 4,
section 4.2.5). These findings suggest that MHC-I expression may not be
relevant for this degranulation and that other activatory or inhibitory ligands may
be having an effect. These findings are being validated by ongoing laboratory
studies.

Lastly, to investigate the effects of CD40L stimulation on CD20 expression and
examine the potential impact of CD40L:CD40 interactions on aCD20 therapy,
CD20 expression was also analysed on unstimulated and CD40L-stimulated
NHL cells, as shown in Figure 6-8. These data show a decrease in CD20
expression on Ramos (a), Raji (b), SU-DHL-4 (c) and U2932 (e) cells, but not
on OCI-LY19 (d) or OCI-LY3 (f) cells; however, these decreases were not
statistically significant. Loss of CD20 expression on NHL cells by CD40L
stimulation could result in diminished efficacy of aCD20 mAb therapy. This
warrants further investigations which are beyond the scope of this work.
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Figure 6-5 Effect of CD40L stimulation on Nectin-2 expression.

NHL cell lines were cultured alone (blue) with CD40L* (red) or parental (orange)
L929 feeder layers for 24hrs. NHL cells were then stained for Nectin-2
expression and analysed by flow cytometry. Expression is displayed as the fold
increase in MFI of aNectin-2 antibody-labelled cells over isotype control
antibody-labelled cells. Data shows mean fold increase from n=4 independent
experiments + SEM. Statistical significance was determined using a One-way
ANOVA, no significant differences were observed.
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Figure 6-6 Effect of CD40L stimulation on MHC-I expression.

NHL cell lines were cultured alone (blue) or on the CD40L* (red) or parental
(orange) L929 feeder layers for 24hrs. NHL cells were stained for MHC-I
expression and analysed by flow cytometry. Relative expression is displayed as
the fold increase in MFI of aMHC-I antibody-labelled cells over isotype control
antibody-labelled cells. Data shows mean fold increase from n=4 independent
experiments +SEM. Statistical significance was determined using a One-way
ANOVA.
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Figure 6-7 NK cells degranulate against CD40L-stimulated NHLs.

Healthy donor PBMCs were cultured with reovirus or CVA21 for 48hrs. NHL
cell lines were cultured alone (white) or on CD40L* (grey) L929 feeder layers for
24hrs. Virally-activated PBMCs were then co-cultured with the targets (10:1
ratio) for 1hr before supplementation with aCD3 and aCD56, to identify NK
cells, aCD107a and b antibodies, to identify degranulating cells, and Brefeldin A
to prevent re-internalisation of the CD107a and b and cultured for a further 4hrs.
Degranulation was determined as %CD107* NK cells. Data shows the mean of
n=2 independent experiments +SEM.
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Figure 6-8 Effect of CD40L stimulation on CD20 expression.

NHL cell lines were cultured alone (Blue) with CD40L* (red) or parental (orange)
L929 feeder layers for 24hrs. NHL cells were stained for CD20 expression and
analysed by flow cytometry. Expression was measured as fold increase above
isotype staining. Data shows mean fold increase for n=4 independent
experiments + SEM. Analysed by One-way ANOVA, no significant differences
were detected.
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6.3 Discussion

The work in this chapter examined the role of OVs, CVA21 and reovirus, in
activating healthy donor NK cells and stimulating them to attack NHL cell line
targets. This anti-NHL effect was also examined in combination with a
candidate aCD20 mAb, BHH-2, a glycoengineered mAb that has undergone
post-translational modification to remove a fucose molecule from its Fc region,
giving it a higher affinity for FcyRIll (CD16) on NK cells (Kern et al., 2013).
Reovirus and CVA21 both activated NK cells, as measured by CD69
expression, by 48hrs (Figure 6-1). This result suggested a promising role for
both OVs in stimulating NK cells to attack NHL targets. Previous research by
Hall, et al., demonstrated similar upregulation of CD69 on healthy donor NK
cells after reovirus treatment (Hall et al., 2012). To date, there is no published
data showing CVA21-induced upregulation of CD69 on human healthy donor
NK cells, however, research by Godeny, et al. (Godeny and Gauntt, 1987), and
Yuan, et al. (Yuan et al., 2009), has shown enhanced NK cell activity, as
measured by IFN-y secretion, in CVB3-treated murine myocarditis models. This
would suggest that CVA21 may be able to activate NK cells in vivo.

CD107 degranulation assays showed that both OVs induced significant NK cell
degranulation against most NHL cell line targets (the only exception being for
CVA21-activated NK cells against Ramos targets), proving the potential for
these OV in stimulating an anti-NHL immune response. IFN secretion can be
partially or wholly responsible for CD69 upregulation on cells such as NK cells
(Benlahrech et al., 2009), neutrophils (Atzeni et al., 2002), eosinophils (Ochiai,
K. et al., 2000), and T cells (Sun et al., 1998). Data in Chapter 5 (section 5.2.1)
demonstrated enhanced IFN secretion in CVA21-treated PBMC samples and
previous research has shown that reovirus can induce IFN secretion in healthy
donor PBMCs and activation of NK cells (Parrish et al., 2015). Research by Ho,
et al., however, has shown that NHL PBMCs have a diminished ability to
produce IFN in response to antigenic stimulation in vitro (Ho et al., 1988),
potentially hampering OV-induced NK cell activation in NHL patients, compared
with those observed in the healthy donor samples used in this study.

Interestingly, given its ability to activate NK cells and induce higher levels of
degranulation than CVA21, reovirus has proven itself a worthy candidate for
further research as an immunotherapy for NHL. This data, coupled with the low
cytotoxicity described in Chapter 4, outlines a role for reovirus as an
immunotherapeutic, rather than a lytic, agent. Heat-inactivated replication-
incompetent reovirus has previously demonstrated CD8* T cell-mediated killing
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in a murine B16ova melanoma model (Prestwich, Robin J. et al., 2009),
highlighting the role of the immune response when considering candidate OV,
even in the absence of oncolysis.

In order to expand upon the full potential of reovirus and CVAZ21 to target NHL,
the role of T cells in an OV-mediated anti-NHL response could be investigated,
as T cells, unlike NK cells, have the capacity to develop long-lasting memory
responses (Aurelian, 2016), resulting in a lifelong immunity that could target
relapsed NHL many years later, assuming the relapsed tumour maintains the
expression of specific TAAs.

BHH2 was chosen as a candidate aCD20 mAb due to its promising
performance in other research and the superiority of GA101 (its parent form)
over rituximab, in driving an NK cell-mediated response (Kern et al., 2013).
CD20 was highly expressed on SU-DHL-4, U2932 and Ramos cells, with CD20
expression on SU-DHL-4s being significantly higher than all other cell lines
tested. The relatively low expression on Ramos cells may explain why OV-
activated NK cells degranulated significantly more against BHH-2-coated
Ramos cells than uncoated, but not for the other two cell lines. Degranulation of
NK cells following BHH2 is due to FCR engagement, consequently, more BHH2
binding is likely to stimulate more NK cell degranulation in the absence of virus.
Therefore, if Ramos cells had been coated with sub-optimal BHH2 levels, the
added effect of OV-activation of NK cells may have been more apparent, i.e. the
degranulation of the NK cells may be maximised by the aCD20 antibody
preventing further activation by the OV. To test this, lower doses of BHH2 could
be used, or the experiments could be repeated on cell lines with lower CD20
expression such as the Raji, OCI-LY19 and OCI-Y3 cells. The BHH2 dose of
5ug/mL was selected from a pilot experiment that used 5 and 10ug/mL, as this
was comparable with rituximab doses reported in previously published work
(Parrish et al., 2015). Cetuximab, an anti-epidermal growth factor receptor
(aEGFr) mAb, was also used as a negative control for BHH2’s effects in n=2
PBMC donors, as EGF was not expressed on the B cell lines and the mAb is
humanised (Galizia et al., 2007), making it a better control than the isotype-
matched IgG1 isotype. NK cell degranulation against cetuximab-coated cells
was similar to non-humanised isotype-matched controls (data not shown).
Unfortunately, due to time constraints, it was not possible to investigate the
ability of the virus-stimulated NK cells to kill NHL targets using Chromium
release assays. This information would serve to validate the observed increases
in NK cell degranulation against NHL targets and provided detailed information
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on whether NHL cell lines are susceptible to NK cell degranulation-mediated
killing.

One potential issue with using aCD20 mAbs in patients is the elimination of
CD20* malignant cells, driving the propagation of a CD20" clone, (Alvaro-
Naranjo et al., 2003). The possibility of such clonal selection remains a good
reason to use combination regimens to target the emergence of resistant cells.
It would be interesting to examine the ability of both OV to induce an NK cell-
mediated response against resistant cells, such as OCI-LY19, which are
resistant to both CVA21 and reovirus infection/oncolysis. This would prove a
role for OV in eradicating drug/virus-resistant cell populations via activation of
immune effector cells, such as NK cells.

Given the ability of reovirus to also activate monocytes, as determined by IFN-a
secretion in reovirus-treated isolated monocytes (Parrish et al., 2015), it would
be interesting to explore the ability of OV to enhance ADCP, in the presence or
absence of aCD20 antibodies. This was investigated briefly by stimulating
healthy donor monocytes with either virus and measuring their ability to
phagocytose FITC-labelled dextran molecules, however, no phagocytosis was
detected (data not shown). Previous research has demonstrated ADCP of
rituximab-coated CLL cell line targets (Borge et al., 2015) highlighting a
potential role for combining OV with aCD20 mAbs to promote ADCP.

Previous research has demonstrated the ability of NK cells to target drug-
resistant cancer cells, such as doxorubicin-resistant breast cancer cells
(Hwang, M.H. et al., 2015). CD40L stimulation of NHL cell lines did not diminish
NK degranulation against the targets. Moreover, it is possible that degranulation
was enhanced slightly, suggesting a more pronounced role for NK cells in
eradicating drug-resistant cells which warrants further validation. Of note,
elevated MHC-I on CD40L-stimulated NHL cell lines would be expected to
inhibit NK cell activity, however, it is possible that increased ICAM-1 expression
(or changes in NK ligands not investigated), and sustained NHL: NK cell
interactions, may overcome the inhibitory effects of enhanced MHC-1
expression.

The use of mAbs to promote NK cell killing of NK-“escaping” CLL cells has been
validated in other studies (Veuillen et al., 2012). However, the downregulation of
CD20 upon CD40L stimulation, although not significant in these assays, has
previously been described (Jennifer et al., 2003), and may limit the
effectiveness of aCD20 Abs in this setting. This may result in less binding of
aCD20 mAbs that potentiated immune-mediated killing of these cells, thus
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validating a role for combinations with OV therapy, as OV may enhance the
efficacy of NK cell killing in cells with lower CD20 expression. The examination
of NK ligand expression on NHL cell lines, with or without CD40L-stimulation,
was needed to demonstrate whether these drug-resistant cells would remain as
targets for an NK cell-mediated response. The relatively low levels of Nectin-2,
and high levels of MHC-I, observed did not prevent them from stimulating NK
cell degranulation.

Future work should also investigate the role of OV infection in manipulating NHL
susceptibility to NK-mediated killing. For example, NHL cells could be treated
with OV for a short time to allow infection and assayed for susceptibility to NK
cells to determine whether OV infection enhances NK cell recognition and
killing. On infection, viruses such as CVA21, can downregulate MHC-I, the lack
of which has been associated with higher NK-mediated killing (Ljunggren and
Karre, 1990). It would also be interesting to explore the generation of an
Immune response against primary patient NHL targets, and whether OV-
resistant cell lines such as OCI-LY19 could be targeted by NK-mediated killing
although this was beyond the scope of this work.

The results highlighted in this chapter demonstrate a strong rationale for the
application of OVs, reovirus and CVA21, and aCD20 mAb, BHHZ2, as potent
inducers of an anti-NHL NK cell response, both as single agent therapies and in
combination. Both strategies contributed to NK cell targeting of NHL cell lines by
opsonising NHL cells for NK cell killing, in the case of BHH2, and activating the
NK cells, in the case of the OVs.
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Chapter 7:

Assessing the efficacy of Oncolytic
Viruses against Primary NHL B
cells
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Chapter 7

7.1 Introduction

Cell lines are a vital tool for in vitro research, but the availability of primary
patient samples provides a better model of the cancer due to the presence of
primary cancer cells, tumour fibroblasts and tumour-associated immune cells,
and the fact that primary cells lack many of the mutations that cell lines can
accumulate after years in culture. Despite advances in attempts to mimic this
complex cell mixture in vitro, primary samples offer a superior representation of
how the tumour may respond to treatment, not just in terms of tumour cell
death, but also the activity of tumour-residing immune cells. The findings
described in previous chapters were thus applied to samples derived from
potential NHL patients where LNs were excised from patients and analysed to
detect malignant cells.

Cell line data showed efficacy for CVA21, but not for reovirus, in targeting NHL
cell lines by direct oncolysis (Chapter 4, sections 4.2.2 and 4.2.3). Primary LN
samples were treated with CVA21 and reovirus to measure the efficacy of both
viruses in targeting malignant B cells. Further experimentation examined the
ability of CVA21 to replicate in NHL samples to determine the possibility of
producing progeny virions to perpetuate oncolysis. IFN-a production in
response to CVA21 was also examined to elucidate the ability of primary LN
samples to mount an antiviral IFN response against CVA21, given the
diminished IFN production by NHL cell lines (Chapter 5, section 5.2.1) and
lymphocytes derived from NHL patients (Ho et al., 1992).

Lastly, considering the immune cell populations that reside in the LN, NHL
patient samples were analysed for the presence of NK cells, and the ability of
reovirus to activate those NK cells and promote an NK-mediated anti-NHL
immune response. Data previously described demonstrates a role for both
CVAZ21 and reovirus in the induction of an NK cell-mediated anti-NHL immune
response (Chapter 6, section 6.2.1). This data was highly promising and
showed that both viruses can enhance targeting of NHL cell lines by healthy
donor peripheral blood NK cells.
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7.2 Results

7.2.1 Assessing the ability of reovirus to eradicate primary
patient NHL cells

Reovirus demonstrated poor cytotoxicity against NHL cell lines in isolation
(Chapter 4, Section 4.2.2), however, data shown in this section set out to
confirm these observations in primary samples. It is important to note that, while
NHL cell lines were cultured at 3x10%/mL in 0.5mL per well, primary mixed
LNMC samples were cultured at 2x108/mL in 0.5mL per well, highlighting an
important difference between isolated cell lines and primary malignant B cells in
the context of mixed LNMCs. To assess the suitability of reovirus in targeting
LN B cells, the expression of JAM-A on the surface of primary patient LN B cells
was determined. Figure 7-1 shows the expression of JAM-A on primary patient
LN B cells from 8 samples; 2 Follicular Lymphoma (FL), 1 Anaplastic Large T
Cell Lymphoma (ALTCL), 1 reactive (potentially caused by an immune reaction
to an infection in the LN, resulting in B cell expansion, LN swelling and a
subsequent biopsy to investigate whether malignant cells were present), 1
Marginal Zone Lymphoma (MZL) and 3 classical Hodgkin’s Lymphoma (cHL). It
is important to note that, while this project was aimed at NHL, the diagnosis of
the samples was unknown when samples were received and, as such, were not
always from patients with NHL. JAM-A expression on patient LN B cells was
above isotype controls in all samples; 6 samples expressed JAM-A between 4-
and 10-fold increase over the isotype, while the ALTCL sample and one cHL
sample expressed JAM-A at 23- and 15-fold increase over the isotype,
respectively. As previously discussed (Chapter 2, section 2.4.2), reovirus relies
on JAM-A to infect cells. This data illustrates a range of JAM-A expression on
primary LN B cells and confirms that that JAM-A is present to facilitate viral
entry. While reactive LN can present an interesting non-malignant control for
NHL LN samples, reactive nodes are not normal LN and data derived from them
in direct comparison with malignant cells should be interpreted with this in mind.

In order to test the efficacy of reovirus on primary LN cells, in the context of the
multi-cellular microenvironment of the LN, LN samples were cultured with
increasing doses of reovirus for up to 120hrs. 120hrs was chosen as this was
the earliest time point by which significant cell death was observed in virus-
treated cells in pilot studies. After 120hrs, the B cells were analysed by
LIVE/DEAD™ exclusion. Figure 7-2 demonstrates that reovirus was highly
effective at inducing significant cell death in some LN samples, especially the
FL and DLBCL+FL. By contrast, reovirus induced little cell death in either cHL
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samples and was ineffective against the MZL sample and the reactive LN
sample. These results were comparable with those discussed previously in
demonstrating the selective efficacy of reovirus against primary NHL samples
(Alain et al., 2002). However, the lack of direct or inmune-mediated cytotoxicity
in other samples should not prohibit reovirus’ efficacy in patients, due to its
demonstrated ability to promote anti-cancer immune responses in CLL (Parrish
et al., 2015), AML (Hall et al., 2012) and melanoma (Errington et al., 2008).
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Figure 7-1 JAM-A expression on B cells from primary patient LNs:

LNMCs were isolated from LN biopsies from patients at diagnosis. The LNMCs
were cultured overnight and then co-stained with either aCD19 or aCD20
antibodies to identify the B lymphocyte population, and aJAM-A or an isotype
antibody as a negative control. LN samples were analysed by flow cytometry
and the MFI of JAM-A expression was measured on the CD19* or CD20* B
cells. JAM-A levels are expressed as the fold increase in JAM-A MFI over the
isotype control MFI.
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Figure 7-2 The cytotoxic effects of reovirus on B cell populations.

LNMCs were isolated from LN samples at diagnosis and cultured overnight. The
cells were then treated with escalating doses of reovirus (1 and 10 pfu/cell) for
120hrs. The CD19* or CD20* B cells were then analysed for viability by
LIVE/DEAD™ exclusion. The percentage of dead cells in untreated samples
has been subtracted from reovirus-treated results. Significance was determined
by paired student’s t test.
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7.2.2 Assessing the ability of CVA21 to eradicate primary
patient NHL cells

Previous data showed that CVA21 induced cell death in NHL B cell lines that
express ICAM-1 (Chapter 4, sections 4.2.1 and 4.2.2). Therefore, CVA21 was
also investigated for its ability to target malignant B cells within primary LN
samples. Firstly, ICAM-1 expression on the B cell population within LN samples
was determined. Figure 7-3 shows ICAM-1 expression on B cells from several
primary patient LN samples; all samples expressed ICAM-1 with two samples,
the FL (14111), and the reactive LN (141127), expressing levels with MFIs 20-
fold greater than that of the isotype control. All other samples expressed ICAM-
1 ranging from 5 to 17 times greater than the isotype control, demonstrating
varied, but abundant, expression of ICAM-1 to facilitate CVA21 entry.

LNMCs were isolated from LN samples and treated with CVA21 for up to
120hrs; CD19* or CD20" B cells were subsequently analysed for viability by
LIVE/DEAD™ staining. Figure 7-4 shows significant CVA21-induced B cell
death in most samples. This is particularly high in one FL sample (160311)
while all other samples, with the exception of reactive (151209) and cHL
(170504A) show a lower but consistent increase in cell death following CVA21
treatment. The cytotoxic effect of CVA21 was dose-dependent with a dose of
1pfu/cell inducing significantly more cell death than 0.1pfu/cell. While
investigating a correlation between ICAM-1 expression and susceptibility to
CVA21 in LN B cells might provide some insight into the relevance of ICAM-1
on susceptibility of these cells to CVA21, this analysis could not be performed
due to low sample numbers.

Replication is an expected outcome in lytic cell death (Bauzon and Hermiston,
2014), therefore, to examine whether CVA21-induced cell death of primary LN
B cells was indeed replication-dependent, TCIDso assays were performed on
cell-free supernatants from CVA21-treated LNMCs. In addition, viral replication
within healthy donor PBMCs, which were resistant to CVA21-induced cell death
(Chapter 4, section 4.2.8), was examined for comparison. In Figure 7-5, TCIDso
assays showed that the high viral titres at the start of the experiment (input) had
diminished significantly after 120hrs in culture in the LN samples (a). However,
the titre at the same time point in the healthy donor samples remains much
lower (b). (c) and (d) show data when 120hr TCIDsos are expressed as a
percentage of the input, to compare the sample types. This demonstrates a
drastic reduction in virus copies in primary samples and may suggest that
replication is either happening at a very low rate or not at all. Higher TCIDsos
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were observed when a higher dose of CVA21 was used, as expected.
Complementary experiments investigated the ability of UV-inactivated CVA21 to
target NHL primary B cells (n=2, data not shown). Although background cell
death was high in these samples, CVA21-induced cell death appeared slightly
increased in normal CVA21-treated cells, but there appeared to be no
detectable increase in cell death in UV-inactivated CVA21-treated cells.

As previously discussed (Chapter 2, section 2.4.1.2.1), the IFN response is one
of the first lines of viral defence and may coordinate anti-tumour immune
responses. In order to investigate the ability of primary LNMC samples to
produce IFN-a in response to CVA21 infection, LNMCs and healthy PBMCs
were treated with CVA21 for 48hrs, at which point the cell-free supernatant was
analysed for IFN-a production by ELISA. Figure 7-6 (a) shows no IFN-a was
detected in 5 out of 7 primary LN samples (all of which were NHL or cHL) but
was secreted in response to CVA21 in the reactive (non-malignant) LN sample.
This highlights a potential interesting difference between this single reactive LN
and malignant LNs that is congruent with previous data on the diminished ability
of NHL PBMCs to produce IFN-a (Ho et al., 1992) and the lack of IFN-a
production by the cell lines (Chapter 5, section 5.2.1). The lack of IFN-a
production by NHL LN samples was markedly different from healthy PBMCs
which showed significant IFN-a production in response to CVA21 from all 4
healthy PBMC donors in a dose-dependent manner, outlining an important
difference between the response of NHL samples and PBMCs to CVA21. The
IFN production observed from healthy PBMCs, which was absent from NHL
primary samples, may reflect the different cellular composition of NHL/PBMC
samples, or changes in cellular functions at different anatomical sites.

However, it may also suggest compromised immune function in NHL patients,
which would require further testing using PBMC from patients and/or healthy LN
biopsy samples. The lack of IFN suggests an environment favourable for viral
replication, although, because of the known role of type | IFN in coordinating OV
anti-tumour immunity (Adair et al., 2013), may suggest that the virus may be
unable to mount an anti-tumour immune response within the LN. This will be
investigated further in 7.2.3.
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Figure 7-3 ICAM-1 expression on B cells from primary patient LNs.

PBMCs were isolated from LN biopsies from patients at diagnosis and stained
with either aCD19 or aCD20 antibodies to identify the B lymphocyte population,
and alCAM-1 or an isotype antibody as a negative control. The samples were
analysed by flow cytometry to quantify the MFI of ICAM-1 on the CD19* or
CD20* B cells. ICAM-1 levels were expressed as a fold increase of the ICAM-1
MFI over the MFI of the isotype.
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Figure 7-4 Cytotoxic effects of CVA21 on LN B cell populations.

LNMCs were isolated from patient LN samples at diagnosis and cultured
overnight. The cells were treated with escalating doses of CVA21 (0.1 and 1
pfu/cell) for 120hrs and the viability of B cells assessed by LIVE/DEAD™
exclusion as previously described. The percentage of dead cells in untreated
samples was subtracted from CVA21-treated results. Significance was
determined by paired student’s T test.
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Figure 7-5 Assessment of CVA21 Replication in LN samples vs healthy
PBMCs.

LN samples and healthy donor PBMCs were treated with CVA21 for 120hrs.
Cell-free supernatants were taken at Ohrs as input (white bars) and again at
120hrs when cell death was observed. Supernatants were then analysed for
virus titre by TCIDso assay ((a) and (b)). To analyse this further, the titre values
for both doses at 120hr are expressed as a percentage of the input (100%) viral
titre ((c) and (d)). Lower titre values observed at later time points suggested
diminishing viral load in sample supernatant, suggesting that little or no
replication of CVA21 took place. Data shows n=3 for LNMC samples and n=4
for healthy donor samples +SEM, significance was determined by One-way
ANOVA.
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Figure 7-6 IFN-a secretion by primary LN samples and healthy PBMCs in
response to CVA21 treatment.

LNMCs were isolated from patient LN biopsies (a) and healthy donors (b) and
treated with CVA21 for 48hrs. Media was then collected and analysed for IFN-a
secretion by ELISA. Graph shows data from n=6 independent experiments for
the LN samples and n=4 independent healthy PBMC samples. Significance was
determined by paired, two-tailed students T test by comparison with untreated

samples.
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7.2.3 Investigating the potential for an OV-induced anti-NHL
immune response

Research in Chapter 6 (section 6.2.1) outlined a promising role for CVA21 and
reovirus as activators of healthy peripheral blood NK cells, as determined by
increased CD69 expression and NK cell degranulation upon recognition of NHL
cell line targets. Using primary patient LN samples, reovirus was analysed for its
ability to promote an NK cell-mediated anti-NHL immune response, in terms of
NK cell phenotype activation. Unfortunately, due to a limited number of
samples, it was not possible to test CVA21 for its effects on NK cell activation.

To test the effects of reovirus on primary LN NK cell activation, samples were
treated with reovirus for 24hrs and analysed for CD69 expression on the NK
cells (CD3'CD56%). Figure 7-7, shows a small increase in CD69 expression in 7
out of 9 samples, although collectively this increase was not statistically
significant, these results do suggest the potential for reovirus to induce NK cell
activation in some LN samples.

The NK cell population within healthy human LN typically represents 0.2-0.4%
of cells in the LN (Bajenoff et al., 2006), casting doubt over whether an NK cell-
mediated response would be effective with such limited numbers. In the primary
LN samples analysed in this study, NK cells constituted between 0.1-2% (mean
0.81% =+ 0.584%) of the lymphocyte population, as shown in Figure 7-8, in
contrast to T cells that represented 45-75% (mean 47.56% + 22.88%) in all but
3 samples. Low NK cell numbers may present a challenge for inducing an
effective NK-mediated anti-NHL response, warranting research into methods to
overcome these low numbers.
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Figure 7-7 Reovirus-induced activation of LN-residing NK cells.

Primary LN samples were treated with reovirus for 24hrs before being co-
stained with aCD3 and aCD56 antibodies to identify the NK cell (CD3-CD56%)
population. Samples were also stained with either an aCD69 antibody, to
measure activation, or an isotype antibody as a negative control. CD69 MFI
levels were expressed as a fold change above isotype control MFI values.
Treated values were expressed as a ratio of the untreated. Statistical analysis
was performed by One-way ANOVA, but no statistical significance was
observed.
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Figure 7-8 Immune effector cell populations in NHL Lymph Nodes.

Primary NHL LN samples were co-stained with aCD3 and aCD56 antibodies to
identify T cell (CD3*CD56°) and NK cell (CD3"CD56*) populations. Panel (a)
representative FSC/SSC dot plot from an NHL sample gated on the lymphocyte
population, (b) CD3/CD56 dot plot of the lymphocyte population, depicting NK
cells (green) and T cells (pink). Panels (c) and (d) show representative panels
for healthy donor PBMCs for comparison. (e) NK and T cell populations from 12
patient samples as a percentage of lymphocytes. Error bars represent the mean
+ SEM from n=12 independent samples.



174

7.2.4 Examining the potential to overcome low NK cell numbers
in NHL LN.

During a systemic viral infection, enhanced lymphocyte trafficking is evident
throughout the lymphatic system, including the secondary lymphoid organs
(Springer, 1995). Systemic delivery of an OV could induce a similar effect in a
patient, resulting in enhanced migration of lymphocytes into LNs, including NK
cells (Beuneu et al., 2009). Enhanced NK cell trafficking to LN in response to a
virus could be exploited by OV therapy in HMs, specifically if the systemic
delivery of a virus induced such enhanced migration. To test whether reovirus
could induce NK cell trafficking to lymphoid organs, a hon-tumour-bearing
mouse model was infected with reovirus for 24hrs and their LNs were analysed
for NK cell numbers. Figure 7-9 shows the schematic of the in vivo experiment;
on day 0, 6-8-week-old non-tumour-bearing C57/Black 6 mice were inoculated
with reovirus or PBS (control group) via tail vain injection. 24hrs later, the mice
were sacrificed, and the inguinal, brachial and axillary LN were harvested,
dissociated, and analysed by flow cytometry for NK cell numbers.

Figure 7-10, shows the percentage of NK cells in the LN of PBS-treated mice
was consistently low, within a range of 0.1-0.3% of the lymphocyte population,
however, the percentage of NK cells was significantly enhanced in reovirus-
treated mice across all LN demonstrating systemic enhancement of NK cell
trafficking to the LNs.
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Figure 7-9 Schematic of the in vivo NK cell trafficking to LN experiment.

On day 0, 6-8-week-old non-tumour-bearing C57/Black 6 mice were inoculated
with 1x107 pfu reovirus in 100pL or 100uL PBS (control group) via tail vain
injection. 24hrs later, mice were sacrificed, and the inguinal, brachial and
axillary LN were harvested, dissociated, and analysed by flow cytometry for NK
cell numbers. Due to projected low numbers in lymph nodes, brachial and
axillary LN were combined. Image adapted from (Anatomyorgan, 2017)



176

Lymph Node NK cell populations

1.0
* * * *
0.8 | I |
n u
i n
© 0.6 .
0 +
x ]
Z 0.4
L .
u
° [ ]
0.2 1
: 0+ |
0 . 0 T T 1 L]
\ \
A A > 2>
*;\\\'b _\;\\\'b S S
\\?‘ \\V" \Q \(\Q
@& & N &
(oc’ \fzf’ & A
\Q) \\Q)
<>
) N

Lymph Nodes

e PBS

= REO

Figure 7-10 Reovirus-induced NK migration into mouse LNs

Non-tumour-bearing C57/BL6 mice were inoculated with either PBS (control) or
reovirus (1x107 pfu/100uL in PBS) via tail vein injection. 24hrs later, mice were
sacrificed, left and right inguinal, brachial and axillary LN were harvested,
dissociated and analysed for NK cell numbers by flow cytometry. Data shows
n=3 mice per condition from one experiment. Significance was determined by
paired, two-tailed student’s T test.
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7.3 Discussion

Cell lines are a vital tool for in vitro research due to their immortality, infinite
replicative capacity and availability. When multiple lines are used, as has been
done in this project, they provide excellent insight into how cancer cells respond
to treatment, when used in carefully designed and controlled experiments.
Primary patient cells, on the other hand, provide a better representation of
cancer, because they contain a mix of malignant and non-malignant cells,
including tumour-associated immune cells and fibroblasts, and have not
developed additional genetic abnormalities through long-term culture. These
extra populations can provide growth support, or can mediate other effects, that
will determine the outcome of treatment. Previous work by llkow, et al., outlined
a role for Cancer-Associated Fibroblasts in promoting viral replication in
malignant cells, enhancing the efficacy of OV treatment (llkow et al., 2015), and
research by Breitbach, et al., showed VSV-induced tumour vasculature
destruction, resulting in tumour cell death, in a 3D in vitro model of colon cancer
(Breitbach et al., 2011). These findings emphasise the importance of
considering the role of TME components when investigating the efficacy of
novel OV treatments.

Contrary to the cell line data (Chapter 4, section 4.2.2), reovirus induced cell
death in primary LN samples, with the exception of the MZL and reactive (non-
malignant) samples (Figure 7-2). In support of this finding, reovirus has also
demonstrated promising results as an anti-cancer agent for other models of
HMs, such as myeloma (Thirukkumaran, C. M. et al., 2012), and lymphoma
(Alain et al., 2002), including death of primary patient samples. It is possible that
cell lines, which accrue multiple pro-survival mutations and are immortal, may
be more resistant to reovirus than primary samples. However, it is also possible
that malignant cells within the primary samples are being killed by bystander
cytokine killing, as demonstrated by Errington, et al. (Errington et al., 2008);
complementary research has also confirmed the ability of CVA21-induced
cytokines to generate bystander killing using an AML cancer model (Louise
Miuller — manuscript submitted).

It would be pertinent to examine OV-induced cytotoxicity on a greater number of
samples to see if it would be possible to identify “responders” and “non-
responders” of OV therapy, and enable identification of determinants of OV
sensitivity, including the production of cytokines (Errington et al., 2008), the
presence of immune effector cells that are activated by OV, or molecular
changes associated with OV oncolysis such as p53, Retinoblastoma protein
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(Rb) and Ataxia telangiectasia mutated (ATM), which have all been implicated
in the sensitivity of lymphoma cell lines to reovirus infection and oncolysis (Kim
et al., 2010). To test whether reovirus-induced cell death is due to cytokine
release or viral replication, plaque assays or TCIDso assays could be used to
measure replication in primary NHL samples. Moreover, media from treated
cells could be analysed for cytokine production and cytopathic effects, as
performed on a single FL sample that was treated with reovirus and CVA21 and
analysed for the secretion of cytokines using a Luminex assay (preliminary data
not shown). This data confirmed the secretion of cytokines following reovirus
and CVA21 treatment, for example, TNF-a was secreted suggesting a potential
role for cytokine-induced cell death in NHL LN samples.

ICAM-1 expression was significantly higher on LN B cells than healthy donor
peripheral B cells (Chapter 4, section 4.2.8). This data is in keeping with
previous data that demonstrated increased ICAM-1 expression on lymphomas,
particularly DLBCL (The Human Protein Atlas, 2017). As expected, CVA21
induced significant cell death in primary LN samples, but not the reactive LN
sample, as expected.

The low level or lack of CVA21 replication in susceptible NHL LN samples was
unexpected, due to the significant viral replication and oncolysis observed on
NHL cell lines (Chapter 4 Figure 4-5). This may mean that CVA21-induced cell
death was not dependent on viral replication and was perhaps immune
mediated. However, in two patient samples, the ability of UV-inactivated CVA21
to induce cell death was evaluated; no cell death was observed in UV-
inactivated CVA21-treated cells (n=2 observation, data not shown), suggesting
a role for viral replication in CVA21-induced cell death. Of interest, supernatants
from CVA21-treated NHL LN samples did not contain detectable levels of IFN-a
or IFN-y (Figure 7-6 and IFN-y data not shown), which would suggest limited
immune cell activation by CVA21 and that CVA21-induced cell death may be
dependent on viral replication and oncolysis.

Reovirus has previously been described as a highly immunogenic virus
((Prestwich, R. J. et al., 2008), (Hall et al., 2012), (White et al., 2008), (Errington
et al., 2008)), and its ability to activate peripheral blood NK cells (Chapter 6,
section 6.2.1) was comparable with the enhanced CD69 expression observed
on NK cells from several primary malignant LN samples (Figure 7-7). Although
the enhanced CD69 on primary NHL LN NK cells was not statistically
significant, 4 NHL samples showed responses ranging from 1.5 to 4-fold
increase over background levels, 3 samples showed weaker responses
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between 1.1 and 1.5-fold increases, and 2 samples did not respond to reovirus
treatment. These data are comparable with increased CD69 expression on
healthy donor NK cell which was increased 4-5-fold above the untreated control
by both OV (chapter 6, section 6.2.1). Figure 7-6 suggests that CVA21 is
unable to induce IFN-a production in diseased LN, furthermore, the multiplex
Luminex assay that was used to assess cytokine production from one OV-
treated FL sample showed detectable IFN-a following reovirus, but not CVA21
treatment (data not shown. This suggests that reovirus may be more
immunogenic than CVA21 in NHL LN samples. Complimentary research being
carried out in the laboratory has shown that CVA21-induced IFN-a production is
derived from pDCs (Louise Miller — Manuscript submitted), while reovirus
induces IFN-a production in monocytes (Parrish et al., 2015). The fact that
pDCs are only present in small numbers in the LN (~ 0.45% of LNMC
population (Lehmann et al., 2010)), may account for the inability of CVA21-
treated LN samples to produce IFN-a. Fiore, et al., have also shown that pDC
populations in NHL LN are significantly lower than in reactive LN controls,
potentially accounting for the lack of IFN-a production in NHL LN samples (Fiore
et al., 2006).

In humans, NK cells comprise ~10% of the peripheral blood lymphocyte
population (Li, Z.S. et al., 2011), however, the proportion of LN lymphocytes
that are NK cells is much lower (0.2-0.4%, (Bajenoff et al., 2006)). Data
presented in Figure 7-10 demonstrated reovirus’ ability to promote significant
NK cell trafficking to the LN within 24hrs of systemic virus delivery. The
C57/BL6 immunocompetent mouse strain used for this study was chosen as it
has been used for OV therapy in a variety of cancer models (Robinson et al.,
2009), (Cheema et al., 2013), (Kober et al., 2015). While elucidating the
mechanisms by which reovirus induces NK cell trafficking to the LN was beyond
the scope of this work, future research could investigate this by examining the
production of chemoattractant cytokines, such as CXCL10, which has been
implicated in recruiting NK cells to tumour sites (Wendel et al., 2008). These
experiments could measure CXCL10 production by reovirus-exposed LN and
investigate the effects of CXCL10 blockade (by antibody or siRNA knockdown)
on NK cell recruitment to murine LN.

OVs have previously been investigated for their ability to manipulate NK cell
trafficking in murine models, such as enhanced NK cell trafficking to reovirus-
treated prostate cancer tumours (Gujar, S.A. et al., 2011), an IL-12-expressing
Maraba virus that elevated NK cell trafficking to colorectal cancer tumours
(Alkayyal et al., 2017), and increased NK cell trafficking to glioma tumours in
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measles virus-treated mice (Bhat and Rommelaere, 2015). This demonstrates a
role for OV therapy in enhancing the anti-cancer immune repertoire, both in
terms of immune cell activation and infiltration.

Homing of NK cells to draining LN is a common feature of many viruses, such
as influenza (Duan et al., 2017), and ECTV (ectromelia virus), in C57/BL6 mice
48hrs post-infection (Parker et al., 2007). This could suggest that CVA21, as
well as reovirus, may also promote NK cell trafficking to LN in an NHL context.
To elaborate on the findings in this chapter, and to investigate whether the NK
cells that traffic to the LN are activated by OV, future work could examine
activation markers on NK cells, such as CD69 which has been used to measure
murine NK cell activation in response to viruses (Wang, J. et al., 2012). LN
could also be analysed for the presence of OV, to examine whether they can be
delivered to the LN. Reovirus has been detected in the LN of mice in a
melanoma model using C57/BI6 mice (llett et al., 2009), and a role for dendritic
cells and T cells as carriers of reovirus to LN metastases was reported.

The research presented in this chapter outlines a potential for both CVA21 and
reovirus to target primary LN B cells as both reovirus and CVA21 induced cell
death in some malignant LN samples, but not the reactive sample,
demonstrating specificity of OVs for malignant B cells. Reovirus demonstrated
promise as an immunomodulatory agent by enhancing CD69 expression on
NHL LN NK cells and by enhancing NK cell trafficking to LN in a non-tumour-
bearing C57/BL6 mouse model. The application of some of the findings from the
previous chapters to primary patient material validates a potential role for
reovirus and CVA21 in eradicating malignant cells in patients and represents
the next step to the application of these OV for the treatment of NHL. However,
future research is required to ascertain the mechanisms of efficacy of both
reovirus and CVA21 against NHL within LN biopsies.
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Chapter 8

8.1 Conclusions

The results presented within this study demonstrate that CVA21, unlike
reovirus, is a potent cytolytic agent against NHL cell lines. CVA21 induced cell
death in all but one cell line; OCI-LY19 cells were impervious to CVA21-induced
cell death, probably due to the lack of the viral entry receptor, ICAM-1. CVA21-
induced cell death required replication-competent virus as UV-inactivation
completely abrogated cell death. Reovirus, on the other hand, induced only
minimal cell death in 3 out of six cell lines, even at doses 10 times higher than
CVA21. CD40L stimulation of NHL B cells resulted in a vincristine-resistant
phenotype, suggesting reduced efficacy of vincristine in LN-residing NHL B
cells. CD40L stimulation also up-regulated ICAM-1 expression on most NHL cell
lines, which correlated with enhanced susceptibility to CVA21 in Ramos and
U2932 cell lines. This finding potentially outlines a role for CVA21 in targeting
drug-resistant NHL cells.

Further investigation into the determinants of susceptibility to CVA21, focused
on the role of the antiviral IFN response to the virus. This investigation
demonstrated that, although the susceptible NHL cell lines retain a functional
IFN-a response (responsive to the addition of exogenous IFN), pre-treatment
does not protect NHL cell lines from CVA21-induced cell death. This effect
could be attributed to disruption of the IFN response pathway by CVA21 in
homogenous NHL cell lines, but not primary healthy B cells in the context of
PBMC.

Further study also demonstrated a role for mTOR in CVA21 cytotoxicity as
treating NHL cell lines with rapamycin resulted in diminished CVA21-induced
cell death in most cell lines with the exception of Raji cells, which remained
susceptible to CVA21-induced cell death; rapamycin blocked S6
phosphorylation in these cells. This finding illustrates a role for S6 kinase in
CVA21-induced cell death. Proliferation analysis of rapamycin-treated NHL cell
lines showed minimal inhibition of cellular proliferation at 72hrs, suggesting that
the anti-proliferative effects of rapamycin are not responsible for diminished
CVA21-induced cell death.
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The ability of an OV to induce an immune response to malignant, or virus-
infected, target cells provides an alternate mechanism by which an otherwise
poor lytic agent, such as reovirus, can promote the destruction of cancer cells.
Both OV, CVA21 and reovirus, induced NK cell activation after 48hrs of
treatment, as measured by enhanced CD69 expression. This activation
translated to virus-induced NK cell degranulation against NHL cell line targets,
outlining a role for both OV in promoting immune-mediated destruction of NHL
cells. Investigating the effects of reovirus and CVA21 in combination with BHHZ2,
an aCD20 mAb, also showed that, while CVA21, reovirus and BHH2 promoted
NHL cell targeting as single agents, this effect was enhanced when either OV
was combined with BHH2 against Ramos cells. This illustrates a possible role
for a combined OV-mADb therapy for the treatment of NHL. Moreover, despite
inducing vincristine-resistance and enhancing MHC-I expression, CD40L
stimulation of NHL cell lines did not protect them from recognition by OV-
activated NK cells, suggesting a role for OV therapy in targeting drug-resistant
cells either as lytic, or immunotherapeutic, agents.

Importantly, primary NHL cells, which offer a better representation of clinical
disease than immortalised NHL cell lines, were susceptible to reovirus- and
CVA21-induced cell death. This validates CVA21 as a potent cytotoxic agent
against NHL cells, and establishes a role for reovirus in inducing cell death in
primary cells, as opposed to isolated cell lines.

Low NK cell numbers in human LN, as demonstrated by immunophenotypic
studies of NHL LN samples, suggested a problem for OV in stimulating an NK
cell-mediated immune response. Fortunately, systemic treatment of C57/BL6
mice with reovirus induced NK cell trafficking to the LN, overcoming the poor
NK cell population numbers and highlighting an additional role for OV in
promoting an anti-NHL immune response, a finding that warrants further in vivo
validation.

NHL is a highly heterogeneous class of diseases with varied treatment
response rates and poor survival in aggressive and relapsed cases, warranting
research into alternative avenues of therapeutic intervention. The data
presented in this thesis demonstrates the efficacy of two candidate OV, reovirus
and CVAZ21, as potent inducers of NHL cell death through direct lytic killing for
CVA21 and immune-mediated killing for both CVA21 and reovirus. These
viruses also demonstrated efficacy against drug-resistant cells, emphasising
their validity as promising anti-NHL therapies.
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8.2 Future studies

In order to develop the application of either reovirus or CVA21 for the treatment
of NHL in the clinic, further validation will be required to enhance our knowledge
of the efficacy of the OVs. These studies should examine the efficacy of both
viruses in a wider array of patient NHL samples in terms of cytotoxicity and
immune-mediated killing of malignant cells. This work could also be compared
with more reactive nodes, to fully delineate a role for either virus in targeting
cells in malignant nodes, specifically. Further immunophenotypic studies could
investigate the effects of both viruses on the activation status of immune
effector and immunosuppressive cells, to elaborate on their ability to manipulate
the LN immune microenvironment. This research could be supplemented by
access to peripheral blood from NHL patients, providing insights into the effects
of CVA21 and reovirus on peripheral immune cells in terms of immune
activation and NHL cell targeting. These studies could include, but would not be
restricted to, examination of immune checkpoint markers, such as PD-1 on LN-
residing or peripheral blood immune effector cells, and PD-L1 on malignant
cells, to allow the selection of appropriate immune checkpoint antibodies to
enhance the efficacy of the OV. aPD-1 antibodies, such as nivolumab, have
demonstrated successful outcomes in clinical trials for NHL, with 40% and 36%
response rates in FL and DLBCL patients, respectively (Lesokhin et al., 2016).

Further research could confirm the ability of both OV to target drug-resistant
cells through direct cytotoxicity or immune-mediated killing. This work could
include the utilisation for alternative pro-survival signals (other than CD40L) that
play a role in drug resistance and relapse within the LN, such as BCR
engagement and addition of exogenous cytokines.

Importantly, in vivo models could develop these findings further to 1) investigate
the effect of tumour burden in LN of treated mice, 2) test OV delivery, and
replication within the NHL TME, 3) examine NK cell trafficking to LN and 4)
characterise immune cell populations, activation by OV and the role for
immune-mediated killing. Taken together, these studies would further validate
the findings of this thesis and prove the applicability of CVA21 and reovirus as
potential treatments for NHL.

The work outlined in this thesis demonstrates a potential application for CVA21
and reovirus in the treatment of NHL. This could be investigated further by
combining either virus with drugs that are already being used to treat NHL, such
as components of the R-CHOP regimen. While the ability of CVA21 to reduce
melanoma tumour burden in immunodeficient mouse models has already been
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investigated (Au 2005, shafren 2004), future combination strategies could be
investigated in immunocompetent in vivo models, such as an immunocompetent
NHL model using Female BALB/c mice (Touitou et al., 2007). The reported
inability of CVA21 to infect cells expressing murine ICAM-1 could be overcome
by transfecting murine NHL cells with human ICAM-1 and growing these cells in
an immunocompetent mouse model, as has been demonstrated with human
ICAM-1 on murine lungs in an immunocompetent BALB/c model (Traub et al.,
2013). This research could provide greater insight into the ability of CVA21 to
target NHL cells in vivo and the role of the host immune system in targeting the
disease.
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Chapter 9

9.1 STR Profiling results
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