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MONOCLONAL ANTIBODY THERAPY FOR THE TREATMENT OF
NEUROBLASTOMA

Carol Wareham BSc. (Hons) MRes.

Neuroblastoma is the most common solid malignancy of childhood. The
majority of children present with metastatic disease, for which the prognosis
remains poor despite intensive multi-modal conventional therapies.
Monoclonal antibody (mAb) therapy targeting GD2, expressed on the surface
of neuroblastoma cells, has shown considerable promise in these children. A
2009 study reported a significant survival benefit in children with high risk
neuroblastoma receiving the antibody in addition to standard therapy. Anti-
GD2 was administered in combination with the cytokines IL-2 and GM-CSF,
with the aim of augmenting Natural Killer (NK) cell effector function. Although
these results are encouraging, the immunotherapy was associated with
considerable toxicity and a large proportion of patients still died from their
disease.

An alternative strategy may be to combine anti-GD2 antibody with an
immunostimulatory mAb. Rather than directly targeting tumour cells, such
mAb enhance immune function by binding to co-stimulatory molecules within
the immune system. Here | explore the effects of combining anti-GD2 with
antibodies targeting the co-stimulatory molecule 4-1BB, which is up regulated
on NK cells following Fc receptor engagement. Others have demonstrated that
anti-4-1BB can be used to synergistically enhance the effects of other tumour
targeting mAbs (rituximab, trastuzumab, cetuximab) in lymphoma, breast and
epidermal growth factor receptor (EGFR)* carcinoma models respectively.

In this thesis | examine whether agonistic anti-4-1BB mAb can be used to
enhance the efficacy of anti-GD2 in pre-clinical models. In both syngeneic and
spontaneous murine neuroblastoma models, anti-GD2 plus anti-4-1BB mAb
therapy was found to confer a significant survival advantage over mice
receiving either mAb alone. Significant up-regulation of 4-1BB was observed
on human NK cells following co-culture of peripheral-blood mononuclear cells
with anti-GD2 opsonised neuroblastoma cells. Together these results support
a novel immunotherapeutic approach in which antibodies can be used to target
neuroblastoma cells and enhance the host immune response.
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Chapter 1. Introduction

1.1 Neuroblastoma: An overview of the disease

After domestic accident, neuroblastoma is the second most frequent cause of
mortality and the most common solid malignancy occurring in children under
five (1). Neuroblastoma is a cancer of the sympathetic nervous system, arising
from primordial neural crest cells. Unfortunately, over half of all cases present
with disseminated disease (2) with metastasis to the lymph nodes, liver, bone
or bone marrow. In terms of treatment the therapeutic strategy applied
depends on disease stage and patient risk group. Following surgical resection,
disease stage is determined in accordance with the International
Neuroblastoma Staging System (INSS) developed in 1986 (3) and revised in
1993 (4). Using this system patients are assigned to one of four distinct
prognostic groups, referred to as stage I, Il, Il and IV. The INSS disease stage,
along with age at diagnosis, plus certain clinical/ biological features and
prognostic variables are factors used to form a risk based schema, that in turn
is used to assign patients to a risk group, namely low, intermediate, or high,
and ultimately dictates the treatment schedule. Whilst the factors selected by
the different co-operative groups, such as the Society of Paediatric Oncology
European Neuroblastoma Group (SIOPEN) and the Children’s Oncology Group
(COG) are not standardised (5), children diagnosed with stage Il or IV
neuroblastoma, particularly those greater than one year of age, are generally
assigned to an intermediate, or high risk group, especially if they have an
amplified MYCN status (5). Amplification of the MYCN oncogene is an
important prognostic marker in neuroblastoma, as high copy number, typically
greater than ten copies per cell, is associated with rapid disease progression

and an unfavourable clinical outcome (6, 7).

Prognosis is good for children assigned to the low risk group and this subset
of patients often require limited therapeutic intervention (8-11), whereas
assignment to the high risk group normally necessitates intensive multi-modal
treatment regimens. Standard treatment for high risk neuroblastoma involves
induction chemotherapy plus surgery and/or radiotherapy to eradicate gross
residual disease, followed by myeloablative chemotherapy with autologous

bone marrow transplantation and 13-cis-retinoic acid (isotretinoin). This



therapeutic strategy was established based on the results of a randomised,
controlled trial published by Matthey et. al. in 1999 (12). Patients recruited
onto this study all received the same induction chemotherapy before being
randomly assigned to a further treatment group. Patients that went on to
receive myeloablative chemotherapy with autologous bone marrow
transplantation showed a significant improvement in event free survival (EFS)
compared to patients that received a further three cycles of intensive
chemotherapy (12). Subsequent administration of 13-cis-retinoic acid, which
has been shown to reduce proliferation and induce differentiation of
neuroblastoma cell lines including some established from refractory tumours
(13-16), was also associated with a significant improvement in EFS regardless
of prior therapy (12). Many high risk neuroblastoma patients achieve clinical
remission as a result of this intensive multi-modal treatment regimen;
however, toxicity is significant. Matthay et al. reported grade 3 or 4 toxic
effects based on the National Cancer Institute toxicity criteria as a result of
induction therapy alone, with further complications, such as interstitial
pneumonitis and veno-occulsive disease arising as a consequence of
myeloablative therapy (12). Sadly 5-8 % of patients die from treatment related
causes (12). Despite many children achieving clinical remission following
therapy long term prognosis remains poor, with the three year EFS among high
risk patients reported to be as low as 30-40 % (17, 18). Poor prognosis is
attributed to residual tumour cells that survive therapy and eventually give rise
to recurrent refractory disease (19). The ability to eradicate these residual
tumour cells, termed minimal residual disease (MRD), and maintain disease
remission remains a major challenge that needs to be overcome in order to

improve long term survival in high risk neuroblastoma patients.

The adverse effects associated with treatment of high risk neuroblastoma are
already severe and often dose limiting. Hence there is little scope for
introducing more aggressive therapies; instead there is an urgent requirement
for more efficacious, less toxic therapeutic strategies that confer long term
survival. Immunotherapies, particularly in the form of monoclonal antibodies
(mAb) that target tumour-specific antigens, represent an attractive alternative
to current treatment. Immunotherapy is a method of treating disease using
components of the immune system to induce, enhance, or suppress normal
immune effector function. Anti-cancer immunotherapies aim to destroy and

eradicate tumour cells and in some cases may be able to promote long term
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anti-tumour immunity, i.e. a memory response, to protect against regrowth.
The genetic aberrations that occur as cancer develops can result in the
expression of proteins, or tumour-associated antigens (TAAs) on the cell
surface that differ from normal cells and therefore have the potential to be
recognised as foreign (20). Additionally, the abnormal expression of self-
antigens on tumour cells may also alert the immune system to potential
danger. An ideal immunotherapy would target an antigen that is expressed
exclusively, or almost exclusively, on tumour cells. A number of TAAs are
reportedly expressed in neuroblastoma (as summarised in table 1) and may

represent suitable targets for immunotherapy.



Table 1-1. Tumour-associated antigens reported to be expressed by human
neuroblastoma tumours

. ] . Normal tissue
Antigen Nature of antigen Tumour expression .
expression
o Over expression in > o
Transcription  factor ) ) Minimal beyond foetal
MYCN 40 % of patients with

Disialoganglioside
GD2

Tyrosine hydroxylase

Hu antigens

Survivin

Melanoma antigen A
(MAGE) family

NY-ESO-1

Preferentially
expressed Antigen in
Melanoma (PRAME)

Anaplastic lymphoma

kinase

and proto-oncogene

Glycolipid

Catecholamine

biosynthesis

Neuronal-specific

RNA binding proteins

Inhibitor of apoptosis

Cancer germline
antigens

Cancer germline
antigen

Cancer germline
antigen

Receptor tyrosine
kinase

metastatic disease

100 % patients

100 % samples

80 % patients express
HuD

in 26/26
high risk patients

Expression

8/10 patients express
at least one MAGE

family antigen

18/22 (82 %) samples

87/94 (93 %) samples

Expression in 14/16

samples

development

CNS

peripheral

neurons and
nerve

fibres

Adrenal medulla and
CNS

neurons

dopaminergic

Central and peripheral

nervous tissue

Low or absent in

normal tissue

Little expression in

normal tissue other
than testis

Normal tissue
expression restricted
to testis

Normal tissue
expression restricted
to testis

Limited expression on

neuronal tissue

Table taken from (21), reproduced with kind permission from Dr Juliet Gray

In summary there are two major goals of anti-cancer immunotherapy. Firstly,
immunotherapies aim to mimic the exquisite specificity cells of the immune

system have for their target antigen, thus permitting recognition and

subsequent elimination of tumour-antigen bearing cells, whilst innocent

bystander cells (i.e. healthy cells) escape unscathed. Secondly,

immunotherapies may trigger the generation of immunological memory

towards the tumour, which would provide long term protection against
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recurrence and may improve survival. Taken together the potential for
immunotherapies to offer a more specific, less toxic treatment strategy and
confer immunological memory, thus improving long term survival means there
is considerable interest in the use of immunotherapies for the treatment of

high risk neuroblastoma.

1.2 Cancer immunotherapy and the immune system

Immunotherapy is a method of treating disease using components of the
immune system. By inducing, or enhancing immune effector function, cancer
immunotherapies aim to destroy and clear tumour cells, and in some cases
may be able to promote long term anti-tumour immunity to protect against re-
growth. There are two clinically relevant categories of immunotherapy used to
target malignancy, these immunotherapeutic agents can be classified as either
passive, or active. Passive immunotherapies are not dependent on the host’s
own immune system to attack disease, instead immune components created
outside the body, i.e. in a laboratory, are administered to the patient. Direct
targeting mAb, such as trastuzumAb (Herceptin®), cetuximab (Erbitux®) and
rituximab (Rituxan®) are examples of passive immunotherapies. In contrast,
active immunotherapies effectively hijack the patient’s own immune system to
promote an immune response against the tumour cells. More recently a new
group of mAb that can be classified as active immunotherapies have been
introduced, rather than directly targeting TAAs these immunomodulatory mAb
recognise key receptors on the surface of immune cells. Immunomodulatory
mAb therefore potentiate T cell responses by acting as surrogate ligands for
these co-stimulatory molecules and provide agonistic or counter-inhibitory
signals. Figure 1.1 summarises the main passive and active immunotherapy

approaches that have been applied for the treatment of cancer.
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Figure 1-1. Passive and active immunotherapy approaches for the treatment of cancer.
Figure taken from (21), kindly provided by Dr Juliet Gray.

The rational design of immunotherapeutic approaches for the treatment of
cancer requires a detailed understanding of how the immune system functions

under normal physiological conditions and how it responds to cancer.

121 The immune system

The main function of the immune system is to defend the body against
infectious agents that, if left unchecked, would cause disease. These immune
responses are classified as either innate, or adaptive. Innate immune responses
are front line non-specific defence mechanisms that are immediately available
upon exposure to pathogens but do not usually impart lasting immunity. Cells
of the innate immune system express a number of germline encoded pattern
recognition receptors, called Toll-like receptors (TLRs) due to their similarity to
the Toll receptor originally identified in Drosophila (22). The mammalian
homologue of Drosophila Toll receptor was first identified in 1997 (23) and
was quickly followed by the discovery of a whole family of proteins structurally
related to Drosophila Toll (24). The TLRs recognise and bind to highly
conserved, invariant (within a given class of organism) pathogen-associated

molecular patterns (PAMPSs), including but not limited to, peptidoglycan and



lipopolysaccharide (LPS), i.e. the components of Gram positive and Gram
negative bacterial cell walls, as well as double-stranded RNA and unmethylated
CpG motifs frequently found in bacterial DNA (25). Once the immune system is
alerted to the presence of infection the innate response is initiated within
minutes and proceeds for the first few hours and days of infection. However, if
the innate immune response is unable to clear the infection a more
sophisticated adaptive immune response is generated, which takes several
days to evolve. Adaptive immune responses are acquired throughout an
individual’s lifetime in response to infection with a certain pathogen and are
highly antigen-specific. They also confer immunological memory resulting in
an enhanced immune response upon subsequent exposure, thus providing
lifelong protection against re-infection with the same pathogen. Adaptive
immune responses are initiated when a lymphocyte bearing receptors with
unique specificity for a target antigen encounter that antigen. Upon antigen
recognition the activated lymphocyte starts to divide, producing a clone of
identical progeny all bearing receptors specific for the same target antigen (26,
27). Clonal expansion of the antigen-specific B (bone marrow-derived) and T
(thymus-derived) lymphocytes gives rise to the humoral and cell-mediated
components of the adaptive immune response respectively. In general,
humoral, i.e. antibody, responses protect against extracellular bacteria and
toxins, whereas cell-mediated responses provide protection against

intracellular bacteria and viruses.

Pathogen specificity and immunological memory are two key features of the
adaptive immune response that distinguish it from innate responses. However,
these two branches of the immune system work closely together to eradicate
infection and prevent disease. Recognition of PAMPs alerts the immune system
to both the presence, and nature of the pathogen, resulting in the production
of cytokines and up regulation of co-stimulatory molecules (25). These in turn
activate T cells, which are involved in both the Killing of infected cells and the
provision of essential signals required for the production of antibody by
antigen stimulated B cells, thus bridging the gap between innate and adaptive

responses.



1.21.1 Humoral immunity

The term ‘*humoral’ is used to describe the non-cellular components of the
blood, thus humoral immunity was so called because it involves immunologic
responses mediated by non-cellular molecules, such as secreted antibodies, or
complement proteins. Antibodies are the secreted form of the membrane
bound immunoglobulins (Ig) located on the B cell surface, which are involved in
antigen recognition and referred to as the B cell receptor. Immunoglobulins of
the same antigen specificity are secreted as ‘antibodies’ by terminally

differentiated B cells, i.e. the plasma cells.
Antibody structure and function

Antibodies have two distinct functions, the first is to bind to their specific
antigen, which is produced by the pathogen that elicited the immune response,
and the second is to recruit immune cells and molecules responsible for the
destruction of the pathogen. The basic structure of an antibody comprises of
four polypeptide chains joined together by disulphide bonds (28). The basic
structure of a human IgG antibody is illustrated in figure 1.2. Each IgG
antibody comprises of two identical heavy and two identical light chains
containing several Ig domains that are held together by disulphide bonds and
non-covalent interactions. The light chains fold to form one variable (V) and
one constant (C) domain, whereas the heavy chains comprise of one variable
(V,) and three constant (C) domains (29). The variable regions of the heavy
and light chains combine to form the antigen binding (Fab) fragment. The
variable regions of the heavy and light chains each contain three hyper variable
regions that are brought together when the chains combine to form a single
hyper variable point and the tip of each arm, thus creating two identical
antigen binding sites. The regions between the hyper variable regions provide
the framework allowing the hyper variable regions to combine to form six
hyper variable loops that determine antigen specificity. These six hyper
variable loops form a surface complementary to the antigen and are known as
the complementarity-determining regions (CDRs). Whilst the Fab fragment
determines antigen specificity, the constant (Fc) fragment, which comprises of
the two heavy chains, determines the Ig isotype. There are five Ig isotypes,
IgM, IgD, IgG, IgA and IgE, and the heavy chain of each isotype is denoted y, 9,
Y, &, and € respectively. 1gG is the most abundant isotype in humans and can

be further divided into one of four different subclasses, namely IgG1-4. Four
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different subclasses also exist in mice, known as IgG1, 1gG2a, IgG2b and IgG3
(30). Once bound to its target antigen on the cell surface via CDR interactions
the Fc portion of the antibody interacts with a variety of effector cells and

molecules through which it exerts its effector function.

Antigen
binding sites
) (
Light chain ‘ ‘ - Varlfel:;LFab)
Disulphide -
bonds -
Heavy chain — Consta.nt (Fe)
region
Human 1gG1

Figure 1-2. The basic structure of an antibody. Each antibody is composed of two identical
heavy and light chains joined together by disulphide bonds and non-covalent interactions. Both
the heavy and the light chains combine to form the variable (Fab) region that contains the
antigen binding sites and the two heavy chains combine to form a constant (Fc) region that
determines effector function.

The Fcy receptor family

The Fcy receptors (FcyRs) are a group of surface glycoproteins belonging to the
Ilg receptor superfamily that bind the Fc portion of IgG. The various FcyR
subtypes are differentially expressed on the surface of leucocytes and each

receptor preferentially recognises one, or more, of the different 1IgG heavy
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chain isotypes. Hence the antibody isotype determines which effector cells are
initiated in the immune response. In humans three different classes of FcyR
have been described, known as FcyRI (CD64), FcyRIl (CD32) and FcyRIIlI (CD16).
FcyRIl and FcyRIll can be further subdivided into their different isoforms: two
isoforms of FcyRIl have been identified, referred to as FcyRIIA and FcyRIIB,
along with three isoforms of FcyRIll, referred to as FcyRIIIA, FcyRIIIB and
FcyRIIC. Additionally, four different classes of FcyR have been described in
mice, known as FcyRI, FcyRIl, FcyRIll and FcyRIV. Mouse FcyRIV is considered to
be the orthologue of human FcyRIIIA, whereas mouse FcyRIll is most closely
related to human FcyRIIA (30).

Classification of the FcyR is determined by the affinity for the Fc fragment of
the antibody to which they bind and the signalling pathways this promotes.
FcyRI is the only high affinity receptor in both humans and mice and binds to
the IgG1 and IgG3 subclasses in humans, or the IgG2a subclass in mice with an
affinity of 10%-10° M (30). The other FcyR have much lower affinity (in the low
to medium micromolar range) and a more general subclass specificity (30). The
mouse medium affinity FcyRIV selectively interacts with mouse IgG2a and
IgG2b, which are the most pro-inflammatory IgG molecules and show greater
activity than mouse IgG1l and IgG3 in many in vivo model systems (31). In
normal physiological situations the relatively low affinity of the FcyR is
functionally important as it reduces the likelihood of monomeric antibody
molecules, which are naturally present as high concentrations in the serum,
from binding FcyR thus promoting non-specific activation of pro-inflammatory
responses. FcyRIIB, which is conserved between humans and mice is the only
known inhibitory FcyR and comprises of a single chain bearing an
immunoreceptor tyrosine based inhibitory motif (ITIM) in its cytoplasmic
region, through which it exerts an inhibitory signal. All other FcyR are
activatory and, excluding human FcyRIIIB, activate signalling pathways through
the immunoreceptor tyrosine based activatory motif (ITAM) contained in their
cytoplasmic region. FcyR are widely expressed on cells of the haematopoietic
system, although there is little evidence to suggest they are present on T cells
(30). Innate immune effector cells, such as dendritic cells, monocytes,
macrophages, basophils and mast cells all express both activatory and
inhibitory FcyR. However, natural killer (NK) cells solely express FcyRIIIA (CD16)
suggesting these cells might be potent mediators of antibody-dependent

cellular cytotoxicity (ADCC), whereas B cells only express the inhibitory
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receptor FcyRIIB, thus regulating activatory signals generated by the B cell

receptor (30).
1.2.1.2 Cell mediated immunity

In contrast to humoral immunity, which involves the non-cellular components
of the immune system e.g. antibodies and complement proteins. Cell mediated
immunity, as the name suggests, involves the activation of a variety of cells of
the immune system, including NK cells, phagocytes and antigen-specific CD8"
T cells. Therefore, like humoral immunity cell mediated immune responses fall

under both the innate and adaptive arms of the immune system.
Natural killer cells

NK cells are a subset of lymphocytes that arise from the common lymphoid
progenitor and circulate in the blood. NK cells represent the third major
lineage of lymphocytes (32), the other lineages being the antibody producing B
cells briefly mentioned in the previous section, and the T cells. Human NK cells
can be distinguished from other lymphocytes on the basis of their expression
of the adhesion molecule CD56 and lack of surface CD3. Murine NK cells do
not express CD56; instead they are usually identified by their expression of the
integrin a-subunit CD49b. However, like their human counterpart, murine NK
cells also lack surface CD3 (33). NK cells possess cytotoxic granules in their
cytoplasm and are capable of Kkilling virally infected and/ or tumour cells,
through the release of toxic substances, such as perforin and the serine
protease granzymes. NK cells can exert their cytotoxic effect without the need
for prior immunisation, or activation and are therefore considered to be part of
the innate immune system. The ability of NK cells to distinguish virally infected
and/ or tumour cells from normal healthy cells can be explained by the
‘missing, or altered-self’ hypothesis formulated by Klas Karre (34), following
the observation that NK cells have the ability to lyse major histocompatibility
class (MHC) | negative target cells (35). The missing-self hypothesis predicted
that NK cells express inhibitory receptors that recognise and bind self MHC
class | molecules (or the equivalent, human leucocyte antigen (HLA) class |
molecules), which are present on the surface of all nucleated cells. As
illustrated in figure 1.3 under normal physiological conditions engagement of
these inhibitory receptors by self MHC/ HLA class | molecules overrides any

activating signals received by the NK cells, allowing them to tolerate healthy
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cells (see figure 1.3 a). Both virally infected, and tumour cells typically express
little to no MHC/ HLA class | molecules, either as a consequence of disrupted
protein synthesis, or as a mechanism of evading cytotoxic CD8+ T cells, and as
a consequence of this ‘missing-self’ the inhibitory signal is lost, rendering

these cells susceptible to NK cell mediated killing (36) (see figure 1.3 b).

Inhibitory MHC
NK cell receptor dass | Healthy cell

Activating  Activating
(a) receptor ligand

Tolerance

Activated NK cell Tumour cell

Loss of MHC class |
expression leads to killing
of tumour cells due to lack
of inhibitory signal

Cytokines and cytotoxic granules

Missing-self

Figure 1-3. The missing-self hypothesis. Natural killer cells are able to tolerate healthy cells
as any activating signals they receive upon encounter are overridden following the engagement
of inhibitory receptors by self MHC/ HLA class | molecules, which are expressed on all nucleated
cells (a). Both virally infected and tumour cells lack MHC/ HLA class | molecules and as a
consequence of this ‘missing-self’ the overriding inhibitory signal is lost, rendering these cells
susceptible to NK cell mediated killing (b). Figure adapted from (36).
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NK cell receptors

NK cells detect changes in expression of MHC, or HLA class | molecules by
integrating signals from two different types of cell surface receptor, which
work together to fine tune their cytotoxic activity (37). These cell surface
receptors are classified as either activatory, or inhibitory. The activatory and
inhibitory receptors that recognise MHC, or HLA class | molecules, thus
regulating NK cell activity, belong to two large families that contain numerous
other receptor types. These include the Kkiller lectin-like receptors (KLRs),
which are homologous with the C-type lectins, and killer cell immunoglobulin-
like receptors (KIRs). KIRs are type-I transmembrane glycoproteins with two to
three immunoglobulin-like domains that have either long cytoplasmic tails
containing ITIMs, or short cytoplasmic tails containing ITAMs, and are encoded
by the leucocyte receptor complex located on chromosome 19 (33). The
majority of KIRs are inhibitory and the interaction between a self-specific KIR
and its cognate HLA class | ligand is fundamentally important for a process
called licensing (38) a critical stage in the functional development of NK cells.
Licensed NK cells that express inhibitory KIR for self-specific HLA class |
ligands have a higher capacity for response than unlicensed NK cells, which do
not recognise self-specific HLA class | ligands. Unlicensed NK cells, such as
those found in MHC or HLA class | deficient mice, or patients, are
hyporesponsive in vitro. Additionally, these individuals do not develop
autoimmune disorders (39-41), which is seemingly at odds with the missing-
self hypothesis. The observation that NK cells arising in mice that express MHC
class | are responsive, whilst those arising in MHC class | deficient mice are
hyporesponsive led to the proposal of two opposing models known as the
‘arming’ and ‘dis-arming models’ (42). The arming model hypothesized that
functional maturation of NK cell pre-cursors requires interaction with cognate
MHC class | positive cells, thus NK cells that do not encounter their cognate
MHC class | ligand remain unarmed and therefore hyporesponsive (43). The
dis—arming model proposes that high functional responsiveness is acquired by
default; however, NK cell are prevented from acquiring, or retaining full
responsiveness when an encounter with other self-cells results in over-
stimulation (43). Over-stimulation can occur in the absence of MHC class |
expression, as the NK cell does not receive an overriding inhibitory signal and
will ultimately become functionally anergic (43). Several studies have acquired

data that supports the dis-arming model (44-46). However, the possibility that
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functionally mature, licensed NK cells that recognise self-specific MHC class |

ligands may be subsequently inactivated cannot be ruled out.

Mice lack KIRs, instead they express functionally equivalent C-type lectin-like
Ly49 receptors encoded by the NK gene complex located on chromosome 6.
Different isoforms of the Ly49 receptor exist (33), including the activatory
LY49D, H and P (32), although the majority of the Ly49 receptors are inhibitory
and recognise the classical MHC class | molecules H2-K and D/L (33). Some of
the key activatory and inhibitory NK cell receptors and their cognate ligands

are summarised in figure 1.4.

Inhibitory . Activatory
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Figure 1-4. Key activatory and inhibitory NK cell receptors and their cognate ligands in
humans (H) and mice (M). Figure adapted from (47).
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The NKGZ2 receptors

Both human and murine NK cells express the C-type lectin-like heterodimer
CD94/NKG2, this receptor interacts with non-polymorphic HLA-E in humans,
and Qa-1 in mice. These MHC-like molecules bind to leader peptide fragments
from other MHC class | molecules, allowing the CD94/NKG2 heterodimer to
detect many different MHC class | molecules (33). The NKG2 family comprises
of several members including NKG2A, B, C, D, and E. NKG2A and B are
inhibitory receptors, whereas NKG2C and D are activatory receptors. NKG2D is
distinct from the rest of the family as it does not dimerise with CD94, it also
differs in terms of the signalling pathway it triggers within the cell. Once
activated NKG2D binds to the adaptor molecule DAP10, which does not contain
an ITAM, instead it activates the intracellular lipid modifying enzyme
phosphatidylinositol-3-kinase (PI3-K), leading to localised production of
phosphatidylionositol  3,4,5-triphosphate  (PIP)) via phosphorylation of
phophatidylinositol  3,4-bisphosphate (PIP,)). PIP, subsequently recruits
signalling proteins that contain pleckstrin homology (PH) domains, such as

Akt, to the plasma membrane.
NK cell activation

All mature NK cells constitutively express FceR1l-y, CD3-¢ and DAP12
transmembrane bound proteins, that form homodimers, or in the case of
FceR1-y and CD3-Z heterodimers, that contain ITAMs in their cytoplasmic
domains (48). Activatory receptors are associated with these adaptor molecules
and upon receptor engagement the ITAMs are phosphorylated by Src family
kinases. This leads to the recruitment of intracellular tyrosine kinases, such as
Syk or Zap-70, and triggers a cascade of downstream signalling events
culminating in the re-organisation of the actin cytoskeleton, which is required
for cell polarisation and release of cytotoxic granules by exocytosis, as well as
transcription of a variety of cytokine and chemokine genes (48). The cytotoxic
granules contain perforin and the serine protease granzymes. Upon release
perforin undergoes calcium-dependent polymerisation and forms pores in the
target cell membrane, facilitating delivery of the granzymes into the target

cells and trigger apoptosis by caspase-dependent and independent means.

One activatory receptor of note is CD16 whose y-chain is directly associated

with the FceR1-y and CD3- heterodimer. Consequently, whereas most NK cell
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activatory receptors require antibody to crosslink pairs, or combinations of
receptors simultaneously to achieve a critical threshold of activation, the
engagement of CD16 by the Fc portion of an antibody is sufficient to elicit
cytotoxic activity, or cytokine secretion, (48). Hence NK cells are considered to

be important mediators of ADCC.
T cells

Adaptive cell mediated immune responses occur following the clonal
expansion of antigen-specific T cells. T cells are a subset of lymphocytes that
arise from the common lymphoid progenitor cells in the bone marrow and
mature in the thymus. T cells can be identified by their expression of antigen-
specific receptors located on the cell surface, known as T cell receptors (TCRs).
TCRs recognise specific antigen peptide fragments bound to MHC molecules,
so as to form a peptide: MHC complex and presented to them by the host’s
own cells (49). T cells can be divided into two distinct classes based on their
expression of two usually mutually exclusive membrane glycoproteins, known
as CD8 and CD4 co-receptors. The CD8 and CD4 co-receptors have a key role
in T cell activation through their ability to recognise MHC class | and MHC class
Il molecules respectively. CD8 positive (CD8") T cells recognise antigenic
peptide fragments derived from intracellular (endogenous) pathogens
presented to them via MHC class | molecules. Whereas, CD4 positive (CD4*) T
cells are involved in recognition of antigenic peptide fragments derived from
extracellular (exogenous) pathogens, presented to them via MHC class Il. Upon
recognition of their specific antigen, naive CD8" and CD4" are induced to
differentiate into effector cells with distinct immunological functions designed
to facilitate removal of antigen. The processes involved in antigen recognition,
generation of effector cell populations and the subsequent removal of antigen

will be summarised in the following sections.
The T cell receptor

The specificity a T cell has for its target antigen is conferred by the TCR. The
TCR is a heterodimeric surface bound molecule comprised of two different
polypeptide chains, denoted either a and (3, or y and &, joined together by a
disulphide bond. The vast majority of T cells possess TCRs comprising of the
a:B heterodimer but a small subset possess the y:d heterodimer. Each T cell

bears approximately 30,000 identical TCRs on its surface, which are
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responsible for antigen recognition. However, the TCR does not bind antigen
directly, instead it recognises specific peptide fragments of antigenic proteins,
which are bound to MHC molecules expressed on the surface of other host
cells. The TCR heterodimer is expressed in conjunction with four invariant
polypeptide chains (denoted €, o, and y), which together with the disulphide
linked homodimer {-chain is collectively known as the CD3 complex as shown

in figure 1.5.
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Figure 1-5. A schematic representation of the T cell receptor CD3 complex. An antigenic

peptide fragment is presented by an MHC class Il molecule on the surface of an antigen
presenting cell. The CD4 co-receptor, which is associated with the TCR CD3 complex binds to an
invariant region of the MHC class Il molecule. The CD3 complex itself comprises of five invariant
polypeptide chains made up of two heterodimers (ye and &¢) plus a homodimer of two {-chains.
The TCR CD3 complex contains a total of ten ITAMs (shown in green), which are involved in
signal transduction.

The CD3 complex is involved in signal transduction upon recognition of
antigen by the TCR and contains a total of ten ITAMs, one in each of the four
polypeptide chains and six in total (three per chain) in the {-chain homodimer.
Hence TCR signalling is initiated following phosphorylation by Src family
kinases.
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Antigen processing and preserntation

MHC class restriction means that mature, naive T cells only recognise their
specific peptide antigen when it is presented to them in the form of a peptide
MHC complex. Consequently, before an antigen can be presented to a T cell it
must first be processed into peptide fragments and loaded onto MHC
molecules. Almost all nucleated cells express MHC class | and are able to
present antigenic peptide fragments to primed CD8" T cells making them
potential targets for cytotoxic lymphocytes (CTLs). Expression of MHC class I
molecules, involved in presentation of antigenic peptides to CD4* T cells, is
limited to professional antigen presenting cells (APCs), namely dendritic cells,
B cells and macrophages. Early investigations found that endogenous antigens
were processed in the cytosol and presented by MHC class | molecules,
whereas exogenous antigens were taken up and processed by endocytic
pathways before presentation by MHC class II molecules. However, work
published in the mid-1970s confirmed that this distinction was not absolute,
as exogenous antigens can also be expressed by MHC class | molecules and

this phenomenon was termed cross-presentation (50).
Presentation of endogenous antigen by MHC class /

Endogenous antigens of cytosolic, or nuclear origin are broken down into
peptide fragments containing 8-10 amino acids that preferentially fit within
the antigen binding groove of MHC class | molecules, resulting in the
formation of peptide-MHC complexes. These proteins are cleaved into the
appropriate sized peptide fragments by large cylindrical complexes of
proteases called proteasomes. The peptide fragments are subsequently
translocated into the rough endoplasmic reticulum (ER) by the transporter of
antigen processing (TAP). In the ER the MHC class | heterodimer is formed,
comprising of a polymorphic heavy chain, and a light chain called (3,
microglobulin (B,m). In the absence of peptide the MHC class | molecules are
stabilised by ER chaperone proteins, such as calrecticulin, ERp57, protein
disulphide isomerase (PDI) and tapasin (51). Tapasin interacts with TAP
combining peptide translocation into the ER with peptide delivery to MHC class
I molecules. Once peptides bind MHC class | molecules the chaperone proteins
are released, and the fully assembled peptide: MHC class | complexes leave the
ER and are presented on the cell surface. A large proportion of the MHC class |

proteins do not bind antigenic peptides (52) and they are subsequently
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degraded (along with any misfolded MHC class | molecules) by the ER-
associated protein degradation (ERAD) system. This system involves the retro-
translocation of the MHC class | molecules from the ER into the cytosol, where
they are ubiquitinated, thus targeting them for degradation by the proteasome
(53). A schematic representation of the steps involved in endogenous antigen

processing and presentation is shown in figure 1.6.
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Figure 1-6. Endogenous antigen presentation by MHC class |. Presentation of endogenous
antigenic peptides to CD8" T cells occurs in a step wise process. First, antigens are degraded by
the proteasome, the resulting antigenic peptide fragments are transported by the transporter
associated with antigen presentation (TAP) into the endoplasmic reticulum (ER) and loaded onto
MHC class | molecules. Peptide: MHC complexes are subsequently released from the ER and
transported via the golgi to the plasma membrane, where they are presented to CD8" T cells.

Figure adapted from (51).
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Presentation of antigen by MHC class I/

Once taken up by professional APCs by phagocytosis, or endocytosis,
exogenous antigens are degraded in the endocytic compartment by proteases.
The transmembrane a and B chains of MHC class Il are assembled in the ER
and associate with a trimeric protein, known as the invariant chain (li), which
occupies the binding groove of the MHC class Il molecule and thus prevents
binding of endogenously synthesised peptides (54). The resulting li-MHC class
Il complex is transported to a late endosomal compartment, known as the MHC
class Il (MIIC) compartment. li is digested in the MIIC leaving a residual class I
associated li peptide (CLIP) in the antigen binding groove. Exchange of CLIP for
a specific peptide derived from a protein degraded in the endocytic
compartment is facilitated by HLA-DM in humans or H2-DM in mice (51). Once
the exchange has taken place MHC class Il molecules are subsequently
transported to the plasma membrane to present peptide to CD4* T cells. A
schematic of the steps involved in exogenous antigen processing and

presentation is shown in figure 1.7.
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Figure 1-7. Exogenous antigen presentation by MHC class Il. MHC class Il a and 3 chains
come together in the ER and form a complex with the invariant chain li. The li-MHC class Il
heterotrimer is transported via the golgi to the MHC class Il compartment (MIIC) directly, or via
the plasma membrane. Endocytosed proteins and li are degraded by proteases present in the
MIIC. The class Il associated li peptide (CLIP) fragement of li remains in the antigen binding
groove of the MHC class Il dimer until it is exchanged for an antigenic peptide. The exchange is
facilitated by the chaperone protein HLA-DM (H2-DM in mice). MHC class Il molecules are then
transported to the plasma membrane where they present antigen to CD4" T cells. Figure adapted
from (51).
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Cross presentation of exogenous antigen by MHC class /

Under normal homeostatic conditions cross presentation of self-antigens runs
the risk of autoimmunity and must be strictly controlled. Consequently, cross
presentation of exogenous antigen is confined to a specific subset of dendritic
cells. The phagocytic capacity of dendritic cells makes it difficult to
discriminate between endogenous and exogenous antigen, hence dendritic
cells are capable of presentating both endogenous and exogenous antigen via
MHC class | molecules. All MHC class | positive cells can present antigenic
peptide fragments to CTLs, however, only dendritic cells are able to prime
naive T cells (55) thus preventing the initiation of immune responses against
viruses, or tumour cells that do not affect dendritic cells. The ability to cross
present exogenous antigen via the MHC class | pathway is relevant for a
number of cell-associated antigens in various disease states, including viral,
self and tumour-associated antigens (56). Cross presentation is largely
confined to CD8a* dendritic cells in mice (57) and CD141* dendritic cells in
humans (58-61). These subsets of dendritic cells take up apototic, necrotic
and live cell fragments, as well as particulate, and soluble antigens via
phagocytosis, receptor-mediated endocytosis, or macropinocytosis for

presentation to class | and class Il restricted T cells.

Since the proteasome is a key component of the classical MHC class |
presentation pathway, its role in cross presentation was assessed using
proteasome selective inhibitors. These investigations found that both
proteasome-dependent (62) and independent antigen processing (63, 64)
occurred in cross presentation model systems. So far experimental evidence
has been obtained to support two pathways leading to antigen cross
presentation, these are the cytosolic and vacuolar pathways, The cytosolic
pathway advocates that endocytosed antigen is transported to the cytosol,
where it undergoes proteasome, or cytosolic peptidase mediated degradation
before entering the conventional MHC class | pathway. It is hypothesized that
phagosomes containing exogenous protins fuse with the ER derived vesicles
containing newly synthesized MHC class | molecules, TAP, tapasin, calreticulin
and ERp57. The phagocytosed proteins are thought to be transported to the
adjoining cytosol via Sec-61, a multimolecular channel in the ER membrane
(55). Once in the cytosol the peptides are degraded by proteasomes and

transported back into the phagosome via the TAP complex and loaded on the
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MHC class | molecules. Experimental evidence in support of the cytosolic
pathway in antigen cross presentation was provided by the phagosome-to-
cytosol translocation of ovalbumin (OVA)-beads (62) OVA-IgG, and
horseradish peroxidase (HRP)-IgG complexes (65). Once translocated to the
cytosol both the proteasome and amino-/ caroboxy-peptidases process the
antigen into peptide fragments (66, 67). TAP then translocates these peptides
into the ER where they are processed as normal via the MHC class | pathway
(68).

The vacuolar pathway proposes that antigen processing is carried out by
proteases situated within endosomes (69). In contrast to the cytosolic pathway,
the vacuolar pathway does not require phagosome-to-cytosol translocation,
instead it relies on endosomal proteases for the generation of antigenic
peptides (70, 71), which are loaded onto recycled MHC class | molecules. Shen
et al. demonstrated that within a population of dendritic cells, cell associated
OVA can be degraded either by cathepsin S in the endosome, or by the
cytosolic proteasome (63) suggesting that proteosome independent and
cytosolic pathways may co-exist. Further evidence to support this hypothesis
is provided by reports that demonstrate the plasmacytoid dendritic cells cross
present in both proteasome-dependent and indpendent pathways (71, 72). In
short, the process of cross presentation is dependent on antigen processing by
proteolytic enzymes, which may occur in the endosomal compartment itself, as
well as in the cytosol. Figure 1.8 summarises the cytosolic and vacuolar

pathways in the context of antigen cross presentation.
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Figure 1-8. The proposed pathways for cross presentation of exogenous antigen by MHC
class I. The vacuolar pathway (red arrows) proposes antigen is taken up and processed in the
endocytic compartmentand loaded onto recycled MHC class | molecules. The cytosolic pathway
(blue arrows) proposes that endogenous antigen undergoes phagosome-to-cytosol
translocation, where it is subject to proteosome, or cytosolic pepitdase mediated degradation,

prior to entering the conventional MHC class | pathway.
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T cell priming

Activation of a naive T cell upon enocounter with its specific antigen, and the
subsequent proliferation and differentiation into an effector T cell consitutes a
primary cell-mediated immune response. Hence the first encounter between a
naive T cell and its specific antigen is known as T cell priming. Three distinct
signals control the clonal expansion and differentation of naive T cells
following activation (73). Signal one is provided by the interaction between
antigen peptide: MHC complex and the TCR, additional co-stimulatory signals,
referred to as signal two, promote or inhibit survival and expansion of T cells

and finally signal three directs differentiation into effector T cells.
Signal one: The interaction between peptide: MHC complexes and the TCR

Mature naive T cells circulate in the blood until they reach a peripheral
lymphoid organ, such as a lymph node, at which point they leave the blood and
migrate through the lymphoid tisse, where they sample antigenic peptide
fragments presented by mature dendritic cells via MHC. The selectins are
responsible for guiding leucocytes into specific tissues, a process known as
leucocyte homing. L-selectin, also known as CD62L, expressed on the surface
of naive T cells guides their entry into the lymph nodes by binding to the
vascular addressins CD34 and GlyCAM-1, expressed on vascular endothelial
cells, such as the high endothelial venules (HEV) of the lymph nodes. This
interaction enables the T cells to roll along the HEV where they encounter the
chemokine CCL21 present at the HEV surface. The binding of CCL21 to the
chemokine receptor CCR7, expressed on the surface of T cells, activates the
integrin leucocyte functional antigen-1 (LFA-1), another T cell surface marker,
increasing its affinity for the adhesion molecule ICAM-1 expressed on the
venule endothelium. The strong interaction that occurs between LFA-1 and
ICAM-1 facilitates T cell entry into the lymph node via a process called
dipedesis. As the naive T cells migrate through the lymph node they transiently
bind each dendritic cell they encounter, during which time they sample the
antigenic peptides presented by the MHC molecules. Recognition of its specific
antigen peptide fragment by the TCR induces a conformational change that
increases the affinity between LFA-1 on the T cell and the adhesion molecules
on the surface of the APC stabilising the interaction, whilst the naive T cells
proliferate and differentiate into effector T cells. Naive T cells that do not

encounter their specific antigen return to the blood via the lymphatics. This
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process is mediated by sphingosine 1-phosphate (S1P), a lipid molecule with
chemotactic properties. Naive T cells expressing the S1P receptor (S1P) are
drawn out of the lymphoid tissues, down the concentration gradient thought to
exist between the lymphoid tissues and the blood. Activated T cells internalise
S1P, via the early activation marker CD69 hence they are retained in the
lymphoid tissue. After several days of proliferation and differentiation CD69
expression wanes, SlPl returns to the cell surface and the T cells are once

again drawn out of the lymph node and into the blood via S1P.
Signal two. Co-stimulatory signals promote survival and expansion

It has long been estabilished that recognition of a specific antigenic peptide:
MHC complex by the TCR alone is insufficient to induce T cell activation.
Additional co-stimulatory signals independent of antigen are required to
ensure T cell survival and proliferation. These signals are also important for
the generation of memory T cell responses. Co-stimulatory signals have a
synergistic effect when combined with signal one but do not have the capacity
to stimulate T cells in their own right. In the absence of co-stimulation
engagement of the TCR will result in apoptosis, or alternatively anergy, which

may render the T cell non-responsive and refractory to re-stimulation (74).

Co-stimulation is provided by ligands, such as the B7 molecules CD80 and
CD86, expressed on the surface of APCs. These homodimeric molecules are
members of the Ig superfamily and interact with the co-stimulatory receptor
CD28 constitutively expressed on the surface of T cells. Engagement of the
TCR in the presence of the appropriate co-stimulatory signal induces synthesis
of the a-chain of the IL-2 receptor, known as CD25. The IL-2 receptor
comprises of three chains, a, B, and y. Resting T cells constitutively express
the B- and y-chains; however, association of the a-chain increases the affinity
of the receptor for IL-2. Binding of IL-2 to the high affinity receptor enables
the T cell to divide two to three times a day for several days resulting in clonal
expansion. Thus, the most important function of signal two is to promote IL-2
production. Once activated a naive T cell expresses a number of proteins in
addition to CD28 that sustain or modify the co-stimulatory signals that drive
clonal expansion and differentiation. The majority of these molecules belong
to the Ig superfamily, or the tumour-necrosis factor receptor (TNFR) family and

are summarised in figure 1.9.
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Figure 1-9. T cell co-stimulatory and inhibitory molecules involved in T cell activation
following antigenic stimulation. The signals generated following ligation of members of the
TNFR and Ig superfamilies by their respective ligands augment, or inhibit signals provided upon
antigenic stimulation of the TCR. Figure adapted from (75).

Co-stimulatory signals are not a prerequisite for T cell responses, instead the
requirement for co-stimulation varies and depends on the strength of the TCR
signal. Low affinity interactions, such as those produced in the presence of
limited concentrations of antigen, require more co-stimulation to promote
effective T cell responses. Different co-stimulatory molecules may be
important at different stages of the T cell response (76, 77), for example
constitutively expressed CD28 is important early on for primary T cell
expansion but is less important during effector T cell and memory responses
(78). Whereas, data suggests 4-1BB and OX40, which are up regulated post T
cell activation, are more important for maintenance of the expanded T cell
population and for ensuring survival and responsiveness of memory T cells
(77, 79, 80).

Signal three: Differentiation into effector T cells

After four to five days of IL-2 induced proliferation activated T cells
differentiate into effector T cells. Once generated effector T cells do not

require co-stimulation and can kill their target cells upon recognition of
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specific antigen via the TCR alone. Effector T cells downregulate CD62L and
ultimately cease to circulate through the peripheral lymphoid organs. CD8* T
cells proliferate and differentiate into CTLs upon encounter with their specific
antigen and the appropriate co-stimulatory signal. This effector cell population
has an important role in the destruction of virally infected and malignant cells.
CTLs are class | restricted, which means they have the potential to target any
nucleated cell. CD8" T cells require strong co-stimulation to drive them to
become effector cells, most likely due to the destructive nature of CTLs, which
is provided in one of two different ways. Firstly, CD8" T cells are activated by
mature dendritic cells, which have high intrinsic co-stimulatory activity,
kickstarting the production of IL-2 and formation of the IL-2 receptor.
Secondly, CD4* T cells can provide additional help. CD4* effector T cells are
recruited to the CD8" T cell: dendritic cell complex and CD40L expressed on
the CD4*+ T effector cell engages CD40 on the dendritic cell. This interaction
leads to up regulation of the B7 molecules CD80 and CD86, which
subsequently bind CD28 on the CD8* T cell thus inducing proliferation and

differentiation. The CD4" effector cells may also provide additional IL-2.
CTL mediated destruction of target cells

CTLs are responsible for killing of virally infected and malignant cells through
the calcium-dependent release of the cytotoxic proteins perforin and serine
protease granzymes in a manner that is analogous to NK cells as previously
discussed. These cytotoxic proteins are synthesised de novo and packaged into
cytotoxic granules upon ligation of the CTL TCR. Release of perforin and
granzymes must be tightly regulated as their cytotoxic activity is non-specific,
which means these substances will penetrate the lipid bilayer and trigger
apoptosis in any cell they encounter. The initial interaction between a CTL and
a potential target is mediated by the binding of LFA-1 on the T cell surface and
the adhesion molecule ICAM-1 on the target cell. This allows the T cell to scan
the target for its specific antigen presented as a peptide: MHC complex. If the
CTL does not recognise its specific antigen then the two cells dissociate and
the CTL moves on to another potential target. However, upon recognition of its
specific antigen the peptide: MHC complexes rapidly coalesce to form a central
supramolecular activation complex (cSMAC) within which the TCR and its co-
receptors cluster at the site of cell-cell contact. The adhesion molecule ICAM-1

also clusters here and interactions between LFA-1 and ICAM-1 results in the
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formation of a tight peripheral ring junction (81), known as the pSMAC, which
surrounds the cSMAC creating a molecular seal to ensure that cytotoxic
granule release is confined to the CTL: target cell interface, thus sparing
innocent bystander cells. The structure of this interface therefore resembles a
‘bullseye’ and has been termed the immunological synapse (82, 83). Cytotoxic
granules are released at a specialised secretory domain within the
immunological synapse. This process occurs when the CTL polarises towards
its target as a result of the re-organisation of the actin cytoskeleton, this in
turn triggers a re-orientation of the microtuble-organising centre (MTOC)
allowing it to transiently make contact with the plasma membrane at the
cSMAC and focuses granule exocytosis at the site of CTL: target cell contact
(84).

Generation of effector memory cells

The developmental fate of naive CD8" T cells is not pre-programmed (85),
each cell is immunologically pluripotent and can give rise to an array of distinct
subsets. During the primary response the majority of CD8* T cells expand and
terminally differentiate into end stage effectors that are short-lived but highly
functional, whereas a small percentage of the naive cells differentiate into
memory-pre-cursor cells that have the potential to complete transition into
fully fledged memory cells and provide long term immunity (86, 87). Increased
expression of IL-7 receptor-a (IL-7Ra), also known as CD127, can be used to
differentiate between memory pre-cursor cells and terminally differentiated
short-lived effector cells and is functionally important for their long term
survival (88, 89). Memory cells that descend from the IL-7Ra population
display distinct memory cell properties, such as increased proliferative
response to antigen, production of IL-2 and the ability to self-renew (86).
Several factors are thought to determine which CD8* T cells die out and which
develop into memory cells, such as the strength and duration of TCR
stimulation, inflammatory cytokines, transcriptional regulation and metabolic
switches. Co-stimulatory signals are also required to ensure maximal
maintenance of T cell memory. Both IL-7 and IL-15 are required for the
homeostatic turnover of memory T cells and have been reported to up regulate
the expression of the co-stimulatory TNFR family members OX40 and 4-1BB
respectively, which may provide additional survival signals to memory CD8" T
cells (87).
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The innate-like lymphocytes

The innate-like lymphocytes (ILL) are a type of lymphocyte that express a
limited set of antigen receptor genes, hence they possess somewhat invarient
antigen receptors. ILL do not have to undergo clonal expansion and therefore
have a role in the early stages of infection. The ILL comprise of natural killer T
(NKT) cells and yd T cells.

NKT cells

NKT cells are a subset of T lymphocytes that express both the TCR af3-chains
and NK cell receptors. NKT cells recognise glycolipid antigens presented by the
MHC class I-like molecule CD1d expressed on the surface of various APCs. The
majority of mouse NKT cells can be identified using CD1d tetramers loaded
with the prototypic antigen a-galactosylceramide (a-GalCer). These a-GalCer
reactive type | NKT possess a unique invariant TCR a-chain, called Val4Jal8
in humans, with limited variability in TCR B-chain usage; hence they are a fairly
homogeneous population. Upon stimulation with a-GalCer these type | NKT
cells produce large quantities of the T helper-1 cytokine IFN-y and the T
helper-2 cytokines IL-4 and IL-13. Another type of CD1d-restricted NK cells
has been identified in mice, these type Il NKT cells do not express Val4jal8
and represent a more heterogenous population than type |. Investigations

reported on the function of type Il NKT cells is limited (90).
yo T cells

The yd T cells are a minor subset of T cells possessing a distinct TCR
composed of a y-chain and a &-chain, as opposed to the more typical a- and
B-chains. Unlike the majority of T cells, yd T cells are not dependent on
antigen processing and MHC mediated presentation for antigen recognition,

instead they can recognise their antigen directly.
Phagocytes

Phagocytosis is defined as the engulfment of large particulate matter (= 5 um).
The engulfment and subsequent destruction of evading microorganisms by
professional phagocytes, such as macrophages, neutrophils and dendritic cells,
is an important function of the innate immune response. Phagocytes are also
involved in the clearance of apoptotic bodies, which means they have an

essential role in the process of tissue remodelling and homeostasis.
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Phagocytes have a key role in the initiation of adaptive immune responses
through the release of pro-inflammatory cytokines. However, upon
phagocytosis of apoptotic bodies, phagocytes release anti-inflammatory

cytokines to prevent further tissue damage.

Phagocytosis is a receptor mediated process; however, due to the wide range
of particles that can be taken up by this process, several different receptor
subtypes are involved. For example the PAMPs introduced at the start of
section 1.2.1 are recognised by some phagocytic receptors, including the
mannose receptor CD206 (91), which recognises polysaccharides present on
yeast cells, and scavenger receptor A (CD204), which recognises the LPS
component of Gram negative bacterial cell walls (92). Foreign particles can also
be recognised by soluble molecules, such as antibodies, or components of the
complement cascade, once bound to a foreign particle these soluble
molecules, termed opsonins, engage receptors on the surface of phagocytes.
Opsonic receptors include the FcyR (introduced in section 1.2.1.1) that bind to
the Fc portion of antibodies and the CR3 receptors that bind the complement
component iC3b. Phagocytosis of apoptotic bodies is a nhormal physiological
process with up to ten billion health cells undergoing apoptosis each day (93).
The phagocytosis of apoptotic cells is regulated by a series of ‘find me’ and
‘eat me’ signals (93). Cells undergoing apoptosis release molecules such as
ATP, lysophosphatidylcholine, fractalkine and S1P (94), these soluble ‘find me’
signals have chemoattractant properties and recruit phagocytes to the site of
apoptotic cells. The apoptotic cells themselves display molecules on the
surface that provide ‘eat me’ signals to phagocytes, such as phosphatidylserine
(PS), which under normal circumstances is generally restricted to the inner cell
membrane and is only widely displayed on the cell surface during apoptosis.
Multiple phagocytic receptors recognise and bind PS, including those
belonging to the T cell immunoglobulin mucin (TIM) family, BAI1 and stabilin
(95-97).

Whilst the receptors involved in initiating phagocytic responses vary the
outcome is essentially the same. The internalisation process results in the
formation of a membrane bound vacuole, called the phagosome. The
membrane of the phagosome itself resembles the plasmalemma from which it
was derived and its fluid phase contents are similar to the extracellular milieu,

hence phagocytosis per se does not trigger destruction of the engulfed foreign
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particle. Once cleaved from the membrane the phagosome undergoes a series
of biochemical modifications, termed phagosome maturation. During this
process the phagosome first fuses with the early endosome, giving rise to the
early phagosome, which subsequently fuses with the late phagosome, or
lysosome, resulting in formation of the late phagosome/ phagolysosome. Once
the maturation process is complete, the phagosome becomes markedly acidic,
highly oxidative, and enriched with the hydrolytic enzymes that ultimately
degrade its contents (93).

1.3 The immune system and cancer

Tumour progression from a single transformed cell to a detectable malignant
mass is a complex multistep process that occurs over a period of months, or
even years (98). The genetic aberrations that drive the transformation of
healthy cells towards malignancy can result in the production of proteins not
usually present under normal physiological conditions. These abnormal
proteins are the TAAs briefly introduced in section 1.1 and have the potential
to be recognised by the immune system as foreign. The TAAs expressed by
neuroblastoma were summarised in table 1; however, a wide range of TAAs
with the potential to be recognised by T cells have been discovered for a
variety of different cancers (20, 99, 100). Therefore, in addition to conferring
protection against infection, the immune system can also recognise and
eliminate nascent tumour cells, thus providing protection against malignancy;

a concept referred to as cancer immunosurveillance (101).

1.3.1 The immune surveillance hypothesis

The concept that the host immune system could provide protection against
what would otherwise result in an ‘overwhelming frequency’ of neoplastic
disease was first postulated by Paul Ehrlich in 1909. Nevertheless, it was Sir
Macfarlane Burnet who went on to formalise the immune surveillance
hypothesis in 1970 (102). Burnet’s theory was that sentinel thymus dependent
cells surveyed host tissues looking for early transformed cells, which were
subsequently eliminated (102). What followed was a series of experiments
designed to test this hypothesis by investigating tumorigenesis in
immunocompromised mice, reviewed in (101). In these early experiments

immunosuppression was induced by neonatal thymectomy, heterologous anti-
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lymphocyte serum, or by pharmacological means and the results obtained from
these experiments were inconsistent (103). Extensive investigations
subsequently performed by Osias Stutman utilised an athymic nude mouse
model to explore immune surveillance in the physiological setting and
concluded that CBA/H nude mice did not develop chemically induced tumour
at a greater frequency, nor did they demonstrate reduced latency when
compared to wild type mice (104). Little was known about the immunological
defects in the nude mouse models available at the time, hence the data
reported by Stutman and others was deemed convincing (101). Ultimately, the
immune surveillance hypothesis was abandoned due to the absence of strong
evidence in its favour (101). There were several attempts to revive the immune
surveillance hypothesis throughout the next two decades. However, a real
resurgence came about in the mid- to late-1990s with the discovery that
transplanted immunogenic fibrosarcomas grew more efficiently in mice that
had be treated with neutralising antibodies specific for interferon- y (IFN-y)
(105). Plus immunodeficient mice that overexpress a dominant-negative
mutant of the IFN-y receptor-a subunit (IFNGR1), or lacking an intact T cell
compartment were demonstrably more susceptible to methylcholanthrene
(MCA) induced sarcomas (105-107). An abundance of data has since been
published by numerous laboratories demonstrating unequivocally that the
immune system provides protection against a variety of primary and
transplantable tumours in in vivo mouse models (105, 106, 108-112).
Additionally, it has been established that the immune surveillance hypothesis
only adequately describes one aspect of the complex relationship that exists
between the host immune system and cancer (101, 103). A key paper
published by Shankaran et. al in 2001 demonstrated that the immune system
can also promote the emergence of primary tumours that have reduced
immunogenicity and therefore the ability to avoid immune recognition and
destruction (108). These findings led to the more current concept of
immunoediting, which encompasses both the protective and tumour enhancing

properties of the immune system (101).

132 The ‘three Es’ of cancer immunoediting

The concept of cancer immunoediting, first proposed in the early 2000s (101,
108) and reviewed in detail in (103), can be divided into three phases, referred

to as the ‘three Es of cancer immunoediting’, these are: elimination,
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equilibrium and escape. The elimination phase incorporates the original
immune surveillance hypothesis, and assuming the Iimmune system
successfully identifies and destroys the developing tumour cells, represents
the entire immunoediting process without progression to the later stages of
equilibrium and escape (103). The disruption to normal tissue architecture
when a developing tumour starts to invade its surroundings induces an
inflammatory response that leads to the recruitment of a variety of innate and
innate-like immune cells, including NK cells, macrophages, dendritic cells, NKT
cells and yd T cells, as well as the production of IFN-y. The production of IFN-
y may have a direct effect on the developing tumour due to its anti-
proliferative properties and ability to induce apoptosis. Moreover, any anti-
tumour effects of IFN-y are likely to be amplified as it induces local production
of chemokines that serve to recruit more immune effector cells (103). Tumour
cell debris generated either as a direct, or indirect consequence of IFN-y
production, is ingested by dendritic cells, which subsequently migrate to the
draining lymph nodes where they may initiate TAA-specific adaptive immune

responses.

Tumour cells that survive elimination then enter the equilibrium phase. During
this phase the immune system exerts a selective pressure on the tumour cells,
which is sufficient to contain but not eradicate the tumour cells. This dynamic
process may continue for years. However, the original tumour cells that were
able to avoid elimination are gradually destroyed and replaced by new variants
carrying different genetic mutations conferring increased resistance to immune
responses. The tumour cells that have acquired increased resistance to
immune cell mediated destruction continue to accumulate in an uncontrolled
manner, eventually resulting in the clinical presentation of disease, which

represents the escape phase.

Finally, the developing tumour has the ability to recruit immunosuppressive
mechanisms that can foil attempts to eliminate malignant cells and foster a
state of immune tolerance (113), thus adding a further layer of complexity to
the relationship between the immune system and cancer, which implies that

the tumour itself is in fact the executor of immune unresponsiveness.
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1.3.3 Humoral immunity and cancer

Immune responses against self-antigens can occur in cancer patients. These
responses may originate in the tumour itself due to alterations and aberrations
that increase the immunogenicity of self-antigens. Alternatively, these
responses may be specific for TAAs that have little to no expression on normal
tissues and arise through several different mechanisms, for example coding
DNA mutations that cause new epitopes to be expressed by proteins, post-
translational modifications that have immunological relevance, and altered
tissue specific patterns, or expression levels resulting in presentation of
antigens such as NY-ESO-1 normally only found at immune privileged sites
(99). Spontaneous adaptive immune responses against TAAs have been
reported in cancer patients; however, at present there are no standard
protocols for the detection of a humoral immune responses against TAAs
(114). Following a systematic review of the literature in 2009 Reuschenbach et
al. concluded that whilst auto-antibodies against TAAs have been detected in
cancer patients, most are merely markers of antigen exposure and have no
functional activity (114). TAA specific antibodies may provide useful tools for
early cancer detection, prognosis, or post-treatment surveillance; however,
data on pre-diagnostic antibody levels is scarce, so it is unclear what the
predictive value of these humoral immune responses may be (114). In
summary, endogenous humoral immune responses are not thought to play a

major role in the control of tumour growth.

1.34 Cell mediated immunity and cancer

The term cell mediated immunity was introduced in section 1.2.1.2 to describe
both the innate and adaptive immune responses that are executed by the
various cells of the immune system, many of which have been implicated in the
immune response to cancer. These include NK cells, T cells, ILL and

macrophages.

1.3.4.1 Natural killer cells and cancer

The ability to kill tumour cells in vitro without the need for prior sensitisation
is what led to the discovery of NK cells (115-118) and this anti-tumour activity
has also been demonstrated in vivo using mouse models (119). A number of

studies have revealed an important role for NK cells in the immune response
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against cancer. Intra-tumoral NK cells have been identified in a variety of
cancers, including colorectal, gastric, and squamous cell lung cancer, and their
presence positively correlates with survival (120-123). NK cells participate in
antibody mediated anti-tumour responses (i.e. ADCC) following engagement of
the FcyR CD16 on the NK cell surface. Additionally, the activating NKG2D
receptor can also contribute to the anti-tumour immune response. The ligands
for NKG2D include MHC class | related (MIC) A/B and the UL16 binding
proteins (ULBP) in humans, as well as the retinoic acid early inducible-1-like
transcript (RAE-1) and the minor histocompatibility complex H60 in mice (33).
These ligands are not generally expressed on healthy cells, instead they are up
regulated as a consequence of cellular stress (124, 125). MICA/B are
differentially expressed on a variety of primary carcinomas including lung,
breast, kidney, ovary, prostate, colon (126) and melanoma (127), thus
targeting these cells for NK mediated destruction upon ligation of NKG2D. A
number of other cell types also express the NKG2D receptor these include NKT
cells, yo T cells and CD8* T cells.

1.34.2 T cells and cancer

The first evidence that T cells were able to recognise and respond to malignant
cells was provided towards the end of the 1980s/ early 1990s by Wolfel et al.,
who discovered tumour-infiltrating lymphocytes (TILs) that could Kill
autologous tumour cells in a HLA-restricted manner (128), and Kawakami et al.
who characterised the requirements for HLA restriction (129).
Contemporaneously, Van der Bruggen et al. completed the molecular
characterisation of the first TAA recognised by T cells (130). Development of
effective strategies to identify TAA recognised by specific T cells resulted in
characterisation of several families of MHC class | related TAA (131) and just a
decade after Van der Bruggen et al. published their findings more than 60 TAA
had been identified (99, 100). Naturally occurring adaptive immune responses
in the form of CD8* T cells that recognise specific TAAs are often identified in
cancer patients (131) and clinical studies have shown that immunisation with
peptides derived from TAAs leads to the generation of high levels of TAA-
specific CD8* effector T cells in cancer patients (132). Thus, tumour-specific
CD8* T cells may represent the most important component of the host anti-
tumour immune response and the ability to either enhance the activity of

naturally occurring tumour-specific CD8* T cells, or induce their production

38



may be integral to the provision of long term immunity against malignant

disease.

1.343 Innate-like lymphocytes and cancer

The two types of ILL that have been implicated in the immune response to
cancer are the NKT cells and the yd T cells. The prototypic NKT cell antigen a-
GlyCer was originally isolated from marine sponge as a potential anti-tumour
compound. Consequently, the role of a-GlyCer activated type | NKT cells in
anti-tumour immunity has been studied in depth. The anti-tumour effects of
a-GlyCer has been attributed to the Thl-skewed cytokine production profile of
activated type | NKT cells and production of IL-12 by dendritic cells, which is
required for the activation of NKT cells. The co-stimulatory molecules CD28
and CD40L may also contribute to anti-tumour immunity by augmenting NKT
cell recognition and activating dendritic cells (133). Additionally, as mentioned
previously some NKT cells also express the activatory NK cell receptor NKG2D,
which may facilitate NKT cell mediated tumour cell recognition and destruction
upon ligation with the stress induced molecules MICA and MICB up regulated
by a variety of tumours (126, 127). The yd T cells are thought to recognise
MICA and MICB by their antigenic receptor. However, they also express the
activatory NK cell receptor NKG2D, which may further enhance their ability to

recognise and destroy tumour cells.

1.34.4 Phagocytes and cancer

Of all the professional phagocytes, macrophages in particular have been
implicated in cancer. So called tumour-associated macrophages (TAM)
represent the major inflammatory component of the tumour stroma in a host
of malignancies (134). Broadly speaking macrophages can be classified as one

of two types: M1 and M2 as illustrated in figure 1.10.
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Figure 1-10. The macrophage subtypes. Macrophages can be classified as one of two
subtypes. The M1 subtype has a pro-inflammatory phenotype and is involved in the response to
microbial products, whereas the M2 subtype is more anti-inflammatory and has a role in tissue
re-modelling and repair.

M1-like macrophages are said to be pro-inflammatory. Activation of M1-like
macrophages occurs in response to microbial products, such as LPS a
component of Gram negative bacterial cell walls, or IFN-y produced by NK cells
and T cells (135). M1-like macrophage activation results in the production of
toxic substances, such as nitric oxide or reactive oxygen species, M1-like
macrophages are thought to be capable of killing tumour cells. M2-like
macrophages on the other hand scavenge debris and promote angiogenesis, as
well as tissue re-modelling and repair. M2-like macrophages have been
implicated in tumour promotion (135). TAM, which are associated with poor

prognosis are said to have an M2-like phenotype (135).

1.4 The immune response to neuroblastoma

The first evidence of an immune response to neuroblastoma was obtained in
the 1960s when Hellstrom et al. demonstrated that lymphocytes and serum
obtained from the blood of neuroblastoma patients inhibited colony formation
of both autologous and allogeneic neuroblastoma cells (136). Around the same

time TILs were identified in resected neuroblastoma tumours and their
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presence was considered indicative of favourable prognosis (137, 138). TILs
are most prominent among a small subset of patients that present with both
neuroblastoma and opsoclonus-myoclonus (OMS) syndrome, a rare
paraneoplastic disorder indicative of naturally occurring anti-tumour immunity
(139). More than 50 % of cases of OMS occur in children with neuroblastoma
(140). The pathogenesis of OMS is not fully understood; however, it has been
hypothesized that anti-tumour immune responses against neuronal antigens
found on both tumour cells and normal neuronal tissue trigger an autoimmune
mediated neurodegenerative disease (141). Apoptotic tumour cells are
internalised by dendritic cells, which subsequently migrate to the lymphoid
tissues where they activate T cells, these activated T cells that specifically
target the common antigen then cross the blood brain barrier and attack
neurons, cumulating in the clinical manifestation of neuronal degeneration
(142). In the case of OMS symptoms include rapid, irregular eye movements
and may be accompanied by polymyoclonia, ataxia, jerking of the limbs and
behavioural disturbances (143). One retrospective study reported that ninety
percent of neuroblastoma patients presenting with OMS were found to have
non-metastatic disease and the estimated three year survival among these
patients was one hundred percent compared to seventy seven percent (p
0.0222) for similar disease matched patients that did not have OMS (144).
Whilst it is tempting to attribute the favourable prognosis to the immune
responses observed in this subset of patients, many presented with low grade,
well differentiated tumours (145), both well-established good prognostic
markers, making it difficult to determine how much the immune responses

actually contributed to improved survival.

Clinical and pre-clinical studies have identified peptides from the TAA survivin,
an inhibitor of apoptosis, which is widely expressed in neuroblastoma (see
table 1, section 1.1 for a list of TAA expressed in neuroblastoma) as targets for
CTLs (146, 147). In one study survivin-specific CTL were detected in the blood
of eight out of nine high risk neuroblastoma patients at diagnosis (147). Whilst
these circulating TAA-specific CTL were clearly unable to suppress tumour
progression, they were functional with the majority exerting cytotoxic activity
against autologous and HLA-matched neuroblastoma cells when stimulated

with survivin in vitro (147).
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NK cells are the other main subset of lymphocyte involved in tumour specific
immune responses. Neuroblastoma cells are potentially good targets for NK
cells as they express little to no MHC/ HLA class | molecules on their surface
(148). The net result being that NK cells have the ability to recognise and
destroy neuroblastoma cells even without prior sensitisation in accordance
with the missing-self hypothesis introduced in section 1.2.1.2. NKT cells have
also been implicated in the immune response to neuroblastoma and their
presence in the immune infiltrate positively correlates with disease free
survival (149). The presence of NKT cells in the tumour immune infiltrate is
thought to be due to the secretion of the chemokine MCP-1/ CCL2. Expression
of CCL2 inversely correlates with MYCN proto-oncogene amplification and
expression (149) thus, infiltrating NKT cells might not be as apparent in high
risk neuroblastoma. Additionally, NKT cells can only exert a cytotoxic effect if
they recognise a glycolipid antigen presented to them via the MHC class I-like
molecule CD1d expressed on the tumour cell surface, and neuroblastoma cells
lack this surface molecule. However, stimulated NKT cells can secrete IL-2
hence any observed anti-tumour mediated effect is potentially indirect rather

than tumour specific (149).

1.4.1 Mechanisms of immune evasion in neuroblastoma

Whilst there is sufficient evidence to support the generation of tumour-specific
immune responses in neuroblastoma, the clinical manifestation of the disease
confirms that these tumour-specific immune responses are insufficient to
control tumour progression. The inability of the host immune system to
eradicate tumour and the subsequent disease presentation represents the final
stage of the immunoediting process, namely immune escape, a concept that
was introduced in section 1.3.2. In order to improve long term survival in high
risk neuroblastoma patients through the use of immunotherapeutic strategies
it is necessary to have a thorough understanding of the mechanisms

responsible for immune evasion.

1.41.1 Host related mechanisms of immune evasion

Some of the barriers to achieving effective therapy are due to the limitations of
the immune system itself, for example T cell activation requires antigen to be
captured by an APC and transported to the lymph nodes for presentation to a

TCR. This process is relatively inefficient when an antigen is present in limited
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concentrations and TAAs in particular need to be expressed at high levels if
they are to be cross presented (150). As discussed in section 1.2.1.2 T cell
activation is dependent on both antigen recognition and the binding of
additional co-stimulatory molecules. If these co-stimulatory signals are lacking
then engagement of the TCR results in anergy, or apoptosis, this process
forms part of the normal immune regulatory response required to prevent
activation of T cells specific for self-antigens. APCs only up regulate these co-
stimulatory molecules when they encounter noxious stimuli, such as
inflammatory cytokines, thus in the somewhat non-inflammatory tumour
microenvironment T cell activatory signals are likely to be suboptimal and T

cell may become anergic (151).
Regulatory T cells

Regulatory T cells (Tregs) may contribute to tolerance to tumour antigen.
These inhibitory T cells are present under normal physiological conditions and
exert an immunosuppressive effect, so as to prevent autoimmunity. Tregs can
be subdivided into two subsets: those that develop in the thymus and are
involved in regulating normal immune responses, and the adaptive variants
that develop in the periphery. The number of Tregs is often increased in
patients with malignancy; however, they have not been evaluated in human
primary neuroblastoma, or at metastatic disease sites (152). Nevertheless,
Tregs secrete immunosuppressive cytokines TGFB1 and IL-10, which have
been detected in neuroblastoma patients with stage IV disease (152). Whilst
clinical data is limited, murine models have shown that depletion of Tregs

enhanced vaccine induced immunity to neuroblastoma (153).
Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of
immature myeloid-derived cells that do not have a distinct phenotype per se,
perhaps due to the fact they accumulate in response to tumour-secreted and
pro-inflammatory factors. Consequently, their exact phenotype may depend on
the specific combination of factors generated by a particular tumour. In cancer
patients MDSCs are present in the blood and are generally characterised as
CD11b*CD33"CD34"CD14 HLA-DR™ but may vary in their expression of other
surface markers. The variation in phenotype is consistent with the observation

that MDSCs comprise a heterogeneous population of myeloid-derived cells that
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are at different stages along their differentiation pathway. A consequence of
this heterogeneity is that no single marker, or combination of markers may
exist that precisely defines MDSCs, hence their immunosuppressive ability is
considered to be their defining characteristic. MDSCs have been identified in
the blood of neuroblastoma patients (154), whether these cells have
suppressive function and the implications this has on disease stage and

treatment outcome has yet to be elucidated.

1.41.2 Tumour-derived mechanisms of immune evasion

In addition to the host related factors neuroblastoma cells themselves have
acquired mechanisms of evading the immune system. Two of the main
strategies employed by neuroblastoma cells to facilitate immune escape
include down regulation of MHC/ HLA class | molecules and down regulation of

the ligands for the activatory NK cell receptor NKG2D.
Down regulation of MHC / HLA class | molecules

Studies have shown neuroblastoma cells express little to no surface MHC/ HLA
class | molecules (148), which renders them unable to present TAA to CTL
(155). The lack of MHC/ HLA class | expression can be attributed to defects in
B2-m, HLA class | heavy chain and TAP1l gene expression, which in human
neuroblastoma cell lines can be corrected by treatment with IFN-y (155).
Conversely, as previously mentioned the lack of MHC/ HLA class | does mean

neuroblastoma cells are more susceptible to NK cell mediated killing.
Down regulation of the ligands for the activatory NKGZ2D receptor

The down regulation and/ or specific release of NKG2D ligands in
neuroblastoma has been proposed as another immune evasion strategy (156).
Surface expression of the NKG2D receptor ligands MICA, MICB, ULBP-1, ULBP-
2 and ULBP-3 was assessed on a variety of primary neuroblastoma, tumours
and cells lines. MICA, MICB and ULBP-1 were detected on all primary
neuroblasts and ULBP-2 and ULBP-3 were also present in 50 % of cases.
However, analysis of the primary tumours revealed that the only NKG2D
ligands expressed were MICB and ULBP-2 (156). MICB was present in the
cytosol of the majority of the neuroblastoma cell lines tested and surface
expression of MICA, ULBP-2, or ULBP-3 was observed on a number of the cells

lines tested, whereas ULBP-1 was notably absent on all cell lines (156). Soluble
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MICA and MICB is released into the sera of patients with a host of different
malignancies and has been shown to down regulate NKG2D on the associated
effector cells (157, 158). Moreover, soluble MICA was found to be much higher
in the sera of neuroblastoma patients compared to healthy donors, and when
NK cells were pre-incubated with sera containing soluble MICA from

neuroblastoma patients NKG2D mediated lysis was reduced. (156).

1.5 Immunotherapy for neuroblastoma

As mentioned in section 1.1 the potential for immunotherapies to offer a more
specific, less toxic treatment strategy and potentially confer immunological
memory, means there is considerable interest in the use of immunotherapies
for the treatment of high risk neuroblastoma. A number of passive and active
immunotherapeutic strategies have undergone trials for the treatment of
neuroblastoma, reviewed in (21); however, passive therapies in the form of
mAb have undoubtedly been the most successful, especially when combined

with active cytokine therapy.

151 Monoclonal antibody therapy

Since Kohler and Milstein developed the hybridoma technique for the
production of mAb in the 1970s (159) an array of mAb based therapies have
entered the clinic to treat a wide range of diseases. As of 2012 there are twelve
Food and Drug administration (FDA) approved mAb used clinically in the

treatment of cancer patients, these are summarised in table 2.
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Table 1-2. FDA approved mAb used clinically to treat cancer.

Antibody Target FDA approved indication Mechanism of
action

Trastuzumab HER2 HER2-positive breast cancer, both as a Inhibition of HER2
(Herceptin®) (Erb2) single agent and in combination with signalling
humanised 1gG1 chemotherapy for (i) adjuvant or (ii)

palliative treatment; HER2-positive gastric,

or gastroesophageal junction carcinoma, as

first line treatment in combination with

cisplatin and capecitabine/5-FU
Bevacizumab VEGF Palliative treatment of colorectal cancer, Inhibition of VEGF
(Avastin®) non-small cell lung cancer, glioblastoma, or signalling
humanised 1gG1 renal cell carcinoma
Cetuximab EGFR In combination with radiation therapy for Inhibition of EGFR
(Erbitux®) (ErbB1) the initial treatment of locally, or regionally signalling; ADCC
chimeric IgG1 advanced squamous cell cancer of the head

and neck (SCCHN); a single agent for SSCHN

patients when prior platinum based therapy

failed; palliative treatment of pre-treated

metastatic EGFR-positive colorectal cancer
Pantitumumab EGFR A single agent for the treatment of pre- Inhibition of EGFR
(Vectibix®)* (ErbB1) treated EGFR-expressing metastatic signalling
human 1gG2 colorectal carcinoma
Ipilimumab CTLA- For the treatment of unresectable, or Inhibition of CTLA-
(Yervoy®) IgG1 4 metastatic melanoma 4 signalling
Rituximab CD20 For the treatment of CD20 positive B cell ADCC; direct
(Rituxan® and non-Hodgkin lymphoma (NHL) and chronic induction of
Mabthera®) lymphocytic leukaemia (CLL) and for apoptosis; CDC
chimeric IgG1 maintenance therapy of untreated follicular

CD20 positive NHL
Alemtuzumab CD52 As a single agent treatment for B cell CLL Direct induction of
(Campath®) apoptosis; CDC
humanized IgG1
Ofatumumab Cb20 Treatment for patients with CLL refractory ADCC; CDC
(Arzerra®) human to fludarabine and alemtuzumab
IgG1
Gemtuzumab CD33 For the treatment of patients with CD33- Delivery of toxic
o0zogamicin positive acute myeloid leukaemia in first payload,
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Antibody Target FDA approved indication Mechanism of
action

(Mylotarg®) relapse who are = 60 years of age and not calicheamicin toxin

humanized IgG4 considered eligible for other cytotoxic

chemotherapy — Withdrawn June 2010

Brentuximab CD30 For the treatment of relapsed or refractory Delivery of toxic

vedotin Hodgkin lymphoma and systemic anaplastic payload, auristatin

(Adcetris®) lymphoma toxin

chimeric IgG1

2Y-Ibritumomab CD20 Treatment of relapsed refractory low-grade, Delivery of the

Tiuxetan or follicular B cell NHL in patients who radio-isotope

(Zevalin®) murine achieve a partial complete response to first- yttrium-90

IgG1 line chemotherapy

#1-Tositumomab | CD20 Treatment of patients with CD20-antigen Delivery of the

(Bexxar®) murine expressing relapsed or refractory low- radio-isotope

1gG2 grade, follicular, or transformed NHL iodine-131; ADCC;
direct induction of
apoptosis

*Not recommended in colorectal cancer patients whose tumours express mutated Kras

Table reproduced from (160).

1511 Monoclonal antibody production

The first mAb produced using hybridoma technology (159) involved the fusion
of splenocytes harvested from a mouse that had been immunised with the
desired antigen, with an immortalised myeloma cell line to produce the
hybridoma. Individual hybridoma cells were then selected and cloned to ensure
they produce single antibody specificity, directed towards a unique region of
the immunised substance known, as the epitope (159). The hybridoma cells
were subsequently screened and those producing the desired antibody cloned
by growing up from a single antibody producing cell, hence the term
‘monoclonal antibody’. Whilst the process of mAb production was successful in
terms of proof or principle, the mAb produced were less successful in terms of
promoting a therapeutic benefit. The lack of clinical effect was attributed to
the production of human anti-mouse antibodies (HAMA), which are responsible

for the rapid clearance of the therapeutic mAb and the termination of therapy.
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With time, the advent of molecular biology techniques allowed the
development of chimeric, humanised and more recently fully human, mAb with
less associated immunogenicity. First came the chimeric mAb, in 1986 the
Winter group produced a chimeric murine mAb with human Fc domains (161).
These mAb, which were approximately 70 % human and 30 % mouse, retained
the binding specificity of the original mAb but were less immunogeneic. Other
therapeutic benefits of chimeric mAb include a longer half-life and more
effective engagement of human effector cells (162). In 1988 Riechmann put
forward the notion of humanising mAb by grafting the CDRs of rat mAb onto
human framework (163) and by 1990 this same group had produced a
humanised anti-tumour necrosis factor-a mAb using phage display technology
(164, 165). By using bacteria to randomly generate human antibody chains that
are subsequently selected through their specific binding properties in vitro,
phage display technology bypasses the need for animal immunisation and
therefore issues associated with self-tolerance (164, 165). Other humanisation
techniques include CDR grafting and the immunisation of genetically modified
mouse strains that only possess human IgG genes, thus producing similarly

humanised re-agents.

1512 Direct targeting mAb

Monoclonal antibodies that directly target TAA are an attractive alternative to
traditional chemotherapies, as their exquisite specificity for their target
antigen mimics Ehrlich’s ‘magic bullet’, in the sense that mAb can be targeted
to TAA expressing cells specifically, thus minimising the damage to healthy
cells. Once bound to its target antigen via the Fab region the Fc portion of the
mADb is able to interact with FcyR expressed on a variety of immune effector

cells and molecules, through which the antibody exerts its therapeutic effect.
Mechanisms of action for direct targeting mAb based therapy

As mentioned previously once bound to its target antigen via CDR interactions
the Fc portion of the mAb engages FcyR expressed on immune effector cells
and molecules. The Fc: FcyR interaction initiates immune effector mechanisms,
such as ADCC and phagocytosis. Additionally, the binding of a mAb to its
target antigen may also trigger signalling pathways that result in complement-

dependent cytotoxicity (CDC) and programmed cell death (PCD), whereas other
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clinically approved mAb, such as Herceptin, are able to perturb survival

signalling. These effector mechanisms are summarised in figure 1.11.
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Figure 1-11. Mechanisms of action for direct targeting mAb. Upon binding its target antigen
a direct targeting mAb can mediate Kkilling via antibody dependent cellular toxicity/
phagocytosis, complement-dependent cytotoxicity, or though initiation/ disruption of signalling
pathways to trigger apoptosis/ perturb survival signalling.

Antibody dependent cellular cytotoxicity/ phagocytosis

ADCC is initiated when the Fc portion of a mAb bound to its target antigen
engages an activatory FcyR expressed on the surface of an effector cell, such
as NK cells, macrophages, or activated granulocytes, resulting in release of
cytotoxic granules, reactive oxygen species, or phagocytosis (166). ADCC can
occur when the Fc portion of the mAb engages the FcyR CD16, which is
expressed on the surface of human and murine NK cells. As discussed in
section 1.2.1.2. the y-chain of CD16 is associated with the FceR1-y-CD3-C
heterodimer, hence engagement of CD16 triggers the release of the cytotoxic
granules perforin and granzymes and results in destruction of the antibody
labelled target cell. Macrophages also elicit ADCC, a phenomenon known as
antibody-dependent cell mediated phagocytosis (ADCP), consequently the
engagement of FcyR expressed on the surface of macrophages results in the
physical engulfment of the antibody coated target cell via receptor mediated

phagocytosis.
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Complement-dependent cytotoxicity

Complement-dependent cytotoxicity (CDC) is initiated when several mAb are
bound to multiple sites on the target cell surface in close proximity. To activate
the classical complement pathway, two or more of the six globular heads of
the C1lg molecule must bind an Fc domain, thereby initiating a cascade of
events culminating in the lysis of the antibody labelled target cell. The early
events of complement activation lead to the production of C3 convertases,
these enzymes go on to produce large amounts of C3a and C3b. C3b
opsonises target cells and triggers phagocytosis through the engagement of
the CR3 receptor and is also involved in the formation of C5 convertases. The
C5 convertase produces large volumes of C5a and C5b, the latter of which
initiates the late events of complement activation, resulting in the formation of
the membrane attack complex (MAC) that is thought to contribute to the lysis
of the target cells. Additionally, both C5a and C3a are potent inflammatory
mediators and may augment cytotoxicity through the recruitment of
phagocytes. Complement is not only initiated upon recognition of antigen:
antibody complexes. The lectin pathway can be initiated when mannose
binding lectin binds to mannose containing carbohydrates expressed by
bacteria and viruses. Additionally, the alternative pathway is initiated following
spontaneous hydrolysis of C3, which is abundant in the plasma. Each pathway
leads to the production of C3 convertases and kick starts the complement

cascade.
Perturbing growth and survival signals: induction of apoptosis

The binding of direct targeting mAb to cell surface receptors can trigger
signalling cascades that lead to cell death. Alternatively, mAb may also perturb
activation signals required for proliferation, or maintaining viability, by
depleting the natural ligand from the circulation, blocking or modulating the
receptor, or preventing ligand induced dimerization (166). Examples include
mADb that bind HER1 (EGFR or c-erb -1) and HER2 (neu or c-erb -2). Anti-EGFR
mAb are competitive agonists and bind the receptor with greater affinity than
the endogenous ligand, preventing the ligand from binding and subsequently
down regulating EGFR expression, hence inhibiting the signal that would, in
the absence of mAb, drive tumour growth (167). Similar mechanisms have
been described for mAb that target HER2, such as Herceptin (168). These mAb
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can also block homodimerisation with other HER2 receptors and

heterodimerisation with other members of the receptor family (169).
Inducing adaptive immunity

Regardless of the killing mechanism evoked mAb based therapy will result in
the release of lysed tumour cell contents (antigenic material) into the
surrounding microenvironment. These particulate or soluble antigens, along
with apoptotic/ necrotic cell fragments are likely to be engulfed by
professional APCs, such as dendritic cells and macrophages. Engulfment of the
antigenic material by specialised CD8a* (mouse), or CD141* (human) subsets
of dendritic cells that were introduced in section 1.2.1.2. may result in cross
presentation of the tumour-derived antigens to naive CD8" T cells, and the
subsequent generation of tumour-specific CTLs and effector memory cells.
The ability of dendritic cells to acquire antigen from dying tumour cells and
elicit CD8* T cell responses has been demonstrated in vitro (170-172).
Moreover, the cross presentation of tumour-derived antigenic fragments and
the subsequent generation of adaptive T cell responses is also likely to account
for the vaccine-like effect of rituximab therapy reported in lymphoma patients
(173).

1513 Monoclonal antibody therapy for the treatment of

neuroblastoma

Although not yet clinically approved the advent of direct targeting mAb based
therapies that recognise and bind to the disialoganglioside GD2, a TAA located
on the outer membrane of neuroblastoma cells, was an exciting new

development in the treatment of neuroblastoma.
The disialoganglioside GD2 as a tumour-associated antigen

GD2 is a complex acidic glycolipid that is ubiquitously expressed on the
surface of tumour cells of neuroectodermal origin, such as neuroblastoma and
the majority of melanomas (174, 175). Under normal physiological conditions
GD2 expression is primarily restricted to the central nervous system (CNS),
peripheral nerve fibres and skin melanocytes (175-178). This relatively
tumour-selective expression of GD2 makes it an ideal target for mAb based

therapy, particularly as there is evidence to suggest that GD2 expression is not
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modulated at the cell surface upon mAb binding and levels remain persistent

post therapy (179).
Anti-GD2 mADb

At present there are three clinically relevant anti-GD2 mAb that have been
used to treat children with neuroblastoma; two murine mAb, namely 3F8 and
14G2a, and the chimeric mAb c¢chl14.18. These mAb have all shown

considerable promise in the MRD setting.
3F8

The murine based IgG3 mAb 3F8 was developed in 1985 by Cheung et al. at
the Memorial Slone Kettering Cancer Centre (MSKCC) (174). This mAb has
undergone extensive pre-clinical and clinical testing and was the first anti-
GD2 mADb to be given to patients (180). Initial in vitro experiments suggested
that activation of the complement system was the most likely mechanism
responsible for 3F8 mediated tumour cell killing (174). Further evidence for the
role of complement was provided in a subsequent paper, which demonstrated
that human complement could be used to purge the bone marrow (a common
site of metastatic disease) of neuroblastoma cells in vitro (181) and the results
from the first phase | trial of 3F8 subsequently concluded that the antibody
was most likely to be effective in the MRD setting (180). Whilst administration
of 3F8 treatment for MRD was found to be effective, there were a number of
limitations associated with the therapy. Firstly, severe pain was reported as a
major side effect of treatment with 3F8 and this is thought to be due to cross
reactivity with GD2 on peripheral nerve fibres. The associated pain can be
successfully managed; however, it is still considered to be a dose limiting
factor. Secondly, 3F8 is a murine IgG3 mAb therefore it can promote the
production of HAMA, which subsequently neutralise the mAb and terminate its
therapeutic effect, although paradoxically this has been associated with

improved survival (182).
14G2a

The murine IgG2a mAb 14G2a is a class switch variant of the IgG3 anti-GD2
mAb 14.18 developed by Reisfeld’s group in 1986 (183). The 14G2a class
switch was originally developed to investigate the relative contributions of the

Fab and Fc domains of the mAb to the overall anti-tumour effect (184). The
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14G2a mAb was found to be more effective compared to 14.18 at inducing
ADCC in vitro at the same concentration and effector: target ratio,
consequently 14.18 never underwent clinical testing. 14G2a has been shown to
suppress tumour progression in xenograft models using nude mice (184).
Whereas other investigations have shown 14G2a may be able to induce
apoptosis in a caspase-dependent and independent manner and may also
enhance the Kkilling potential of several commonly prescribed
chemotherapeutic agents (185). A number of phase | clinical trials have been
performed with 14G2a (186-188); however, issue with HAMA responses
ultimately led to the development of ch14.18.

chl4.18

The chimeric anti-GD2 mAb ch14.18 was developed in an attempt to reduce
the HAMA responses observed with its murine counterpart 14G2a. ch14.18
comprises of the variable Fab region of the original 14.18 mAb and the
constant Fc region of human IgG1 (189). Consequently, ch14.18 should retain
the specificity of 14G2a but be less immunogenic. Direct comparisons of the
ch14.18 and 14G2a mAb found that ch14.18 was more effective at inducing
NK cell mediated ADCC in vitro using effector cells obtained from both healthy
volunteers and stage IV neuroblastoma patients (minimum four weeks post-
therapy (190). Having previously undergone phase | and Il trials as a single
agent (191, 192), ch14.18 was administered alongside the cytokine IL-2 and
granulocyte-macrophage colony stimulation factor (GM-CSF) in a phase Il trial
conducted by the COG, the results of which were published in 2010 (193).
Following standard induction therapy patients recruited onto the trial were
subsequently assigned to treatment groups and received either 13-cis-retinoic
acid alone, or in combination with ch14.18 plus alternating cycles of IL-2 and
GM-CSF. Randomisation was stopped early when interim analysis revealed that
the immunotherapy based regimen was associated with a significant increase
in event free survival, 66 % versus 46 % as reported for patient receiving
standard maintenance therapy. The overall survival rate was also significantly
superior among patients receiving the immunotherapy based regimen but did

not meet the statistical criteria for stopping early.

The results of the COG trial provide some of the most persuasive and
compelling evidence for the inclusion of immunotherapy as part of the

standard treatment for high risk neuroblastoma patients, particularly in the
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MRD setting; however, this trial was not without its limitations. Firstly, as all
the patients receiving the anti-GD2 mAb ch14.18 also received IL-2 and GM-
CSF, it was not possible to ascertain the relative contributions of the antibody
and cytokines to the overall therapeutic effect. This is potentially significant as
previous studies have been performed using IL-2 alone to stimulate the
immune system and enhance endogenous anti-tumour immune responses with
some success (194, 195). Secondly, the immunotherapy regimen was
associated with considerable toxicity. The toxic effects observed were
attributed to the mode of action for the therapy itself, for example pain, as a
consequence of the antibody cross reacting with GD2 expressed on peripheral
nerve fibres (196, 197), cytokine mediated capillary leak syndrome (198) and
complement activation. Thirdly, despite the fact the immunotherapy regimen
conferred a significant survival advantage; a considerable number of patients
remained uncured. Hence further work is still required to optimise the
immunotherapeutic strategy and maximise the therapeutic benefit. Finally, the
in vivo mechanisms of action for this immunotherapeutic regimen are poorly

characterised, making it difficult to rationally optimise therapy.
Mechanisms of action for anti-GD2 mAb based therapy

Much of the early in vitro mechanistic data obtained suggests that CDC and
ADCC are likely to be responsible for the therapeutic effect of anti-GD2 mAb
(181, 184, 199). However, a number of immune effector cells have been
implicated in anti-GD2 tumour cell destruction, including lymphocytes (199),
granulocytes (200) and macrophages (201) and there seems to be some debate
in the literature regarding the relative contributions of the different effector

cell types to the therapeutic effect of anti-GD2 mAb.
Lymphocytes

Of the early papers implicating lymphocytes the general consensus seems to
be that NK cells rather than T cells are responsible for the therapeutic effect of
anti-GD2 (202). This was perhaps due to the fact neuroblastoma cells express
markedly reduced levels of MHC class | molecules, rendering them less
susceptible to MHC restricted CTL killing (148). Further evidence to support the
role of NK cells in vivo was provided when Lode et al. reported that their
ch14.18-1L-2 fusion protein could effectively clear liver and bone marrow
metastasis in C.B17 SCID mice, which are deficient in T and B cells (203). Lode
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et al. also reported that the ability to eradicate metastatic disease was
abrogated when the same therapy was administered to tumour bearing
SCID/BEIGE mice, which are also deficient in NK cells. However, therapy could
be restored when SCID/BEIGE mice were reconstituted with NK cells harvested
from the spleen of naive A/)J mice. Moreover, the therapeutic effect of
ch14.18-IL-2 was also abrogated following depletion of NK cells in tumour

bearing A/J mice, whereas depletion of CD8" T cells had no effect on therapy.

Two recent studies have provided clinical evidence for the contribution of NK
cells to the therapeutic effect of anti-GD2 mAb. Firstly, a subset of patients
being treated for relapsed, or refractory neuroblastoma who possessed a
genetic polymorphism resulting in KIR-HLA mismatch experienced either a
complete response, or significant improvement in their disease following
immunotherapy (204). Secondly, a separate study found KIR and HLA
polymorphisms that resulted in patients missing at least one cognate HLA class
| ligand for its associated inhibitory KIR had a 40 % lower risk of death and a 34
% lower risk of disease progression at three years following haematopoietic
stem cell transplant compare to patients with all HLA ligands present for their
inhibitory KIR (205). This so called ‘missing ligand effect’ and the therapeutic
benefit it confers has been attributed to ADCC mediated by unlicensed NK cells

(206). This phenomenon is illustrated in figure 1.12.

ADCC: Activation of licensed
and unlicensed cells

Anti-GD2 Anti-GD2 r
t GD2

s

Neuroblastoma cell

KIR2DL3

NK inhibition: Up regulation NK Killing: Missing HLA for
of HLA-C, which binds inhibitory KIR2DL1, lack of
inhibitory KIR2DL3 engagement permits killing

Figure 1-12. The missing-ligand effect. Anti-GD2 mAb activates both licensed and unlicensed
NK cells via CD16, the resulting cytokine release triggers up regulation of HLA class | molecules
by neuroblastoma cells. The interaction between HLA and its inhibitory KIR on the surface of
licensed NK cells prevents further activation. Unlicensed NK cells do not receive the inhibitory
signal and continue to mediate ADCC.
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Anti-GD2 mADb activates both licensed and unlicensed NK cells via CD16, which
triggers ADCC and release of IFN-y. IFN-y induces up regulation of HLA
molecules on the surface of the neuroblastoma target cells, which
subsequently binds to the associated inhibitory KIR expressed by licensed NK
cells and prevents further activation. However, the unlicensed NK cells which
express inhibitory KIR specific for the missing HLA ligand subtype are not
inhibited. Unlicensed NK cells are thought to be responsible for the majority of
the anti-GD2 mediated ADCC within the subset of patients missing cognate

HLA ligands, which may account for the apparent survival advantage (206).
Granulocytes and macrophages

Investigations carried out by Kushner and Cheung at MSKCC reported that
granulocytes were responsible for anti-GD2 mediated ADCC in vitro (200).
Chromium release assays were performed using purified granulocyte
populations obtained from peripheral blood as effectors and 3F8 opsonised
human neuroblastoma cells lines as targets. ADCC was instigated following the
engagement of the Fc portion of the mADb to FcyRIII (presumably FcyRIIIB, which
is expressed on the surface of neutrophils). Tumour cell lysis was reduced
when assays were performed used a F(ab’)2 3F8 antibody, anti-GD2 mAb of a
different isotype, namely the IgM mAb 3G6, or an anti-CD16 mAb 3G8,
suggesting granulocyte mediated ADCC was Fc-FcyR dependent. Moreover, the
addition of GM-CSF to these in vitro ADCC assays was observed to increase
tumour cell lysis at least ten-fold. Clinical evidence for the involvement of
granulocytes and macrophages in the anti-tumour activity of anti-GD2 mAb
was obtained in 2006 following publication of the results from a clinical trial
(207). One hundred and thirty six patients were recruited onto this trial; 130
patients had metastatic stage IV disease and the remaining 6 had high risk
stage lll disease. Of the 135 patients successfully assessed for polymorphism,
30 were found to possess the FcyRIIA (R/R) genotype, which correlated with
superior progression free survival (median 47.0 months) following treatment
with 3F8 plus GM-CSF. This FcyR subtype is expressed on neutrophils and
macrophages and suggests a role for FcyRIIA in phagocyte mediated ADCC.

Conflicting evidence has been published by Raffaghello et al. who concluded
that neither NK cells, nor macrophages were likely to play a major role in the
anti-tumour activity of anti-GD2 mAb (208). Their conclusion was based on

experiments performed in SCID/BEIGE mice bearing human neuroblastoma
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xenografts that had been depleted of splenic and intraperitoneal macrophages
following the administration of dichloromethylene disphosphate (clodronate)
liposomes, in which a total dose of 4 mg/kg 14G2a was still observed to have
a protective effect. This observation led the authors to conclude that either
CDC, or granulocyte-mediated tumour cell lysis was most likely to be
responsible for the anti-tumour activity of anti-GD2, although due to the
technical difficulties of depleting complement and/ or granulocytes in

immunodeficient mice this was not explored further.

It is clear from the above section that the mechanisms of action responsible for
the therapeutic effect of anti-GD2 mAb have yet to be clearly defined. The
dogma within the scientific community may be that tumour cell killing is
largely NK cell mediated; however, considerable evidence has been provided to
suggest a role for other immune effector cell types, namely macrophages and
neutrophils. Much of the mechanistic characterisation work performed to date
has been carried out in vitro or in vivo using immunodeficient mouse models
and human neuroblastoma xenografts, which does not permit study of
endogenous immune response to tumour. Consequently, detailed
characterisation of both the immune response to tumour and the effector
mechanisms responsible for the anti-tumour activity of anti-GD2 mAb in fully
immunocompetent mouse models is still required in order to fully understand
the complex relationship that occurs between the developing tumour and the
immune system and to rationally design new strategies to improve existing

therapy.

1.6 Immunomodulatory antibodies

As discussed in section 1.2.1.2 antigenic stimulation alone is generally
insufficient to activate naive T cells, hence additional co-stimulatory signals
are required. The first co-stimulatory molecule discovered was CD28 (209) and
since then a host of co-stimulatory receptor-ligand pairs have been identified
and these were summarised in figure 1.9. T cell responses can be enhanced by
altering expression of either member of the receptor-ligand pair, or through
the use of inhibitory molecules that block the normal receptor-ligand
interaction (75). Immunomodulatory mAb represent a new approach to mAb
based therapy, as instead of directly targeting TAA and initiating host effector

mechanisms these mAb can be used as surrogate ligands for the co-
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stimulatory molecules, thus augmenting T cell proliferation and survival.
Replicating the interaction that normally occurs between the co-stimulatory
molecule 4-1BB and its natural ligand 4-1BBL using agonistic anti-4-1BB

antibodies is of particular interest for this investigation.

1.6.1 Expression of 4-1BB and its natural ligand 4-1BBL

4-1BB, also known as CD137 or tumour necrosis factor receptor superfamily
member 9 (TNFRSF9) is a surface glycoprotein expressed on the surface of
activated T cells. 4-1BB was first identified as a cDNA selectively expressed in
activated but not resting murine T cells (210). The cDNA was found to map to
chromosome 4, where the 4-1BB gene spans approximately 13 kb and
comprises of 10 exons, two of which are in the 5’ untranslated region and
eight in the coding region (211). Analysis of the nucleotide sequence
uncovered a single open reading frame encoding a 256 amino acid
polypeptide, with a calculated molecular mass of 27.5 kDa. The human 4-1BB
gene resides on chromosome 1p36 with a cluster of related genes, including
TNFR2, CD30 and OX40, which have been shown to be mutated in numerous
malignancies (212). Human 4-1BB comprises of 255 amino acids, with a
calculated molecular mass of 27 kDa (213) and has 60 % homology with the
murine counterpart (214). The extracellular portion of the 4-1BB molecule
contains four cysteine rich TNFR motifs, a short transmembrane region and a
cytoplasmic tail containing four potential phosphorylation sites (215). The 4-
1BB molecule is typically found as a 55 kDa dimer on the surface of T cells
(215). Once expression has been induced surface levels increase slowly,
peaking at around 60-hours and can still be detected up to 96-hours post-
stimulation (215). In addition to expression on activated T cells, activation
induced functional 4-1BB surface expression has been reported for NK cells
and NKT cells, as well as a number cell types of myeloid lineage, including
monocytes, neutrophils, mast cells and eosinophils (216). Moreover, 4-1BB is
constitutively expressed on CD11c* dendritic cells and CD4*CD25*FoxP3*
Tregs.

Both humans and mice possess a natural high affinity ligand for 4-1BB, known
as 4-1BBL (214, 217). 4-1BBL is a type Il transmembrane glycoprotein
homologous to other members of the TNF ligand family, such as TNF, CD27

ligand and CD40 ligand. 4-1BBL is constitutively expressed at a low level on B
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cells, macrophages and dendritic cells (218), and activation of these cells can

lead to increased 4-1BBL expression.

1.6.2 4-1BB ligation and T cell function

The discovery that 4-1BB expression is up regulated by activated, rather than
resting T cells suggested that 4-1BB may be involved in modulating T cell
responses. Numerous studies have been performed to assess the role of 4-1BB
using anti-4-1BB antibodies, soluble 4-1BBL, or 4-1BBL* cell lines in
combination with anti-TCR antibodies, and the co-stimulatory effects induced
upon 4-1BB ligation have been well characterised. Ligation of 4-1BB in the
absence of TCR stimulation has no effect on T cell activity; however, ligation of
4-1BB in conjunction with TCR engagement can have a profound effect on T
cell proliferation, survival, cytokine secretion and cytotoxic effector function.
Whilst initial reports suggested that proliferation of CD8* T cells was
preferentially induced following 4-1BB stimulation (219), more recent evidence
has shown that the enhanced proliferative effect is observed to a similar extent
in both CD4* and CD8* T cells (220). Improved T cell survival is associated with
increased expression of the anti-apoptotic genes bcl-X and bfl-l in response to
4-1BB mediated NF-kB activation, thus preventing activation-induced cell
death (AICD) (221). Another co-stimulatory effect of 4-1BB ligation is
enhanced cytokine production, with CD4* T cells producing more IL-2 and IL-
4, and CD8" T cells producing more IFN-y in response to 4-1BB ligation (222).
Moreover, anti-4-1BB mAb can also enhance CTL activity by increasing the
number of T cells with full effector function both in vitro and in vivo (223,
224).

1.6.2.1 The effect of 4-1BB ligation on other cell types

The effects of ligation of 4-1BB expressed on the surface of several cell types,
other than T cells, has also been explored. Agonistic anti-4-1BB mAb have
been shown to increase murine NK cell proliferation and IFN-y production, as
well enhance their ability to prime CD8" T cells; however, their cytotoxic
capacity remained unaltered (225). Ligation of 4-1BB expressed on the surface
of dendritic cells has resulted in up regulation of the B7 molecules CD80 and
CD86, as well as increased production of the cytokines IL-6 and IL-12 (226).
Additionally, increased proliferation of functionally suppressive 4-1BB* Tregs

has been reported in response to 4-1BB ligation (227).
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1.6.3 Anti-4-1BB mAb and cancer

The first evidence that anti-tumour effects could be evoked through 4-1BB
signalling was provided in 1997 when Melero et al. demonstrated that
administration of agonistic anti-4-1BB mAb could significantly inhibit tumour
cell growth in mice bearing either Agl104A sarcoma, or P815 mastocytoma
(228). The anti-tumour activity was attributed to the generation of a tumour-
specific CTL response that was sufficient to eradicate even established disease
(228). Subsequent depletion experiments confirmed that the anti-tumour
effects of anti-4-1BB mAb in these murine models were dependent on both
CD4* and CD8* T cells, as well as NK cells. However, since P815 tumour cells
are resistant to NK cell mediated lysis in vitro the abrogated anti-tumour effect
of anti-4-1BB following NK cell depletion was attributed to a potential loss of
immunoregulatory signals involved in the generation of CTLs responses, rather

than an anti-4-1BB induced cytolytic effector function (229).

Anti-4-1BB mAb have since been shown to induce tumour-specific CTL
responses that are capable of eradicating tumour in a number of syngeneic
mouse models, including the CT26 colon epithelial tumour, A31 B cell
lymphoma, B10.2 fibrosarcoma, K1735 melanoma, MCA205 sarcoma, GL261
glioma and NSO myeloma (230-234). In general the more immunogenic
tumours were associated with more effective generation of tumour-specific
CTL responses. Additionally, tumour burden can have influence the generation
of a CTL response. In one study involving mice bearing B10.2 fibrosarcoma
administration of anti-4-1BB on day 3 and 6 post-inoculation was observed to
have a curative effect in 50 % of cases. However, when therapy was delayed
until day 13 and 16 post-inoculation the curative effect was observed in 80 %
cases, the superior response was attributed to the increased antigenic load

associated with the greater tumour burden (232, 233).

The sequence of events originally postulated in 1997 for the anti-tumour
effect of anti-4-1BB mAb therapy were as follows: T cells up regulate 4-1BB in
response to TCR stimulation by tumour antigens, the systemically administered
anti-4-1BB mADb ligates 4-1BB expressed on the surface of these T cells and
provides co-stimulatory signals that promote the effector functions of tumour-
specific CTLs and drive expression of anti-apoptotic genes to prevent AICD
(228). However, the precise mechanism for the generation of the anti-tumour

effects of anti-4-1BB mAb still remains unclear, whilst CD4* T cells and NK
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cells appear to have a role in the induction of anti-tumour immunity, it is
apparent that tumour-specific CTLs are the main effector subtype involved.
Regardless of the mechanisms responsible for therapy, sufficient pre-clinical
data demonstrating the therapeutic effect of anti-4-1BB mAb has been
provided and these mAb have entered clinical trials for the treatment of several

solid tumours, including melanoma, renal carcinoma and ovarian cancer (235).

1.6.4 Combining anti-4-1BB mAb with direct targeting mAb for the

treatment of cancer

The ability of NK cells to induce surface expression of 4-1BB upon activation
was first reported by Melero et al. in 1998 (229). However, more recently
surface 4-1BB up regulation by NK cells has been reported post FcyR triggering
(236). This observation led Levy and co-workers to formulate their hypothesis
that if FcyR triggering results in 4-1BB up regulation by NK cells, subsequent
ligation of 4-1BB by agonistic anti-4-1BB mAb may enhance NK cell killing by
ADCC. Levy et al. went on to propose a novel combinatorial therapeutic
approach for the treatment of lymphoma, which involved the administration of
a direct targeting mAb, alongside an agonistic anti-4-1BB mAb (237). The
direct targeting mAb, namely anti-CD20, is known to exert its therapeutic
effect at least in part via ADCC through the engagement of FcyRIll (CD16) and
therefore should induce 4-1BB up regulation by NK cells. Consequently,
subsequent administration of an anti-4-1BB mAb will ligate 4-1BB on the NK
cell surface, providing a co-stimulatory signal resulting in enhanced effector
function. Levy’s group went on to test their theory using both in vitro and in
vivo model systems. Their work published by Kohrt et al. (237) demonstrated
that 4-1BB expression could be up regulated by NK cells isolated from the
peripheral blood of healthy donors following 24-hour co-culture with CD20*
cell lines and anti-CD20 mAb. Moreover, when these NK cells were recovered
and used as effector cells in ADCC assays combined treatment with both anti-
CD20 and anti-4-1BB mAb resulted in a significant increase in CD20* target
cell lysis beyond that observed for either mAb alone . Kohrt et al. also tested
the effect of anti-CD20 and anti-4-1BB mAb therapy in vivo using both
syngeneic murine and xenotransplanted human models. In both cases the
combination therapy was associated with tumour regression and significantly
improved survival compared to mice receiving control, or single mAb therapy.

The sequence of administration was found to be important as the most potent
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anti-lymphoma effect was observed when anti-4-1BB was administered 24-
hours post anti-CD20. Additionally, depletion studies also suggested NK cells
and macrophages were responsible for the anti-lymphoma effect as depletion

of these cells abrogated therapy, whereas depletion of CD8" T cells did not.

Levy’s group have gone on to explore the effects of other direct targeting mAb
when administered in combination with anti-4-1BB. Kohrt et al. have published
another two papers in which they have investigated trastuzumab (Herceptin®)
plus anti-4-1BB for the treatment of HER2* cell lines and primary breast
cancer, and cetuximab plus anti-4-1BB for the treatment of EGFR* cells lines,
including the SCC4 and SCC6 upper aerodigestive tract squamous cell
carcinomas and the PC1 pancreatic adenocarcinoma (238, 239). In both cases
the combination therapy was associated with potent NK cell mediated anti-

tumour effects both in vitro and in vivo using xenotransplanted models.

1.6.5 Combining anti-4-1BB mAb with direct targeting anti-GD2 mADb

for the treatment of neuroblastoma

The observation that 4-1BB expression is up regulated by human NK cells
following FcyRIll (CD16) engagement (236) was of considerable interest in
terms of this project. The tumour effects of anti-GD2 mAb are often attributed
to NK cell induced ADCC, therefore this observation highlighted the potential
for anti-GD2 plus anti-4-1BB combination therapy. The rational for this novel
combinatorial approach was further strengthened by the more recent work
published by Kohrt et al. (237-239) who have clearly demonstrated that
combining direct targeting mAb with anti-4-1BB mAb has a potent anti-
tumour effect in a number of different models. The ability to enhance ADCC in
this manner may provide a method for enhancing the efficacy of anti-GD2 mAb

whilst avoiding the toxicity associated with systemic cytokine administration.

1.7 Summary

In summary, there is strong evidence to support the routine use of
immunotherapy in addition to the standard therapeutic regimen in high risk
neuroblastoma patients at risk of relapse. However, substantial work is still
required to optimise this treatment strategy. The purpose of this thesis is

therefore two-fold. Firstly, | intend to characterise both the immune response
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to tumour and the immune effector mechanisms responsible for anti-GD2 mAb
therapy. Secondly, | intend to explore the potential of anti-GD2 plus anti-4-
1BB mAb based therapy to determine whether this novel combinatorial
approach can provide a more efficacious, and potentially less toxic,
immunotherapy regimen for the treatment of high risk neuroblastoma, which

will hopefully inform the design of future clinical trials.

1.8 Hypothesis, aims and objectives

181 Hypothesis

The in vivo efficacy of anti-GD2 mAb therapy can be enhanced for the
treatment of neuroblastoma in murine syngeneic and spontaneous models

when administered in combination with anti-4-1BB mAb.

1.8.2 Aims

This research project aims to characterise the cell mediated immune effector
mechanisms thought to be responsible for the anti-tumour effects of anti-GD2
mAb and explore methods of enhancing the anti-tumour effect. More
specifically this project aims to investigate the efficacy of anti-GD2 plus anti-

4-1BB combined therapy using translatable murine models of neuroblastoma.

1.8.3 Objectives

1. Characterise the immune effector mechanisms responsible for the anti-
tumour effects of anti-GD2 mAb therapy.

a. Investigate the relative contributions of CDC, ADCP and ADCC
following in response to administration of anti-GD2 mAb in
vitro.

b. Characterise the effector mechanisms responsible for anti-
GD2 mADb therapy in vivo.

c. Characterise the immune response to tumour in the

syngeneic NXS2 mouse model.
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2.

3.

Investigate the efficacy of anti-GD2 plus anti-4-1BB mAb therapy

a.

Investigate the ability of anti-GD2 mAb to induce 4-1BB
expression on murine NK cells in vivo.

Optimise the therapeutic strategy for investigating anti-GD2
plus anti-4-1BB mAb therapy in vivo using syngeneic murine
models

Translate the anti-GD2 plus anti-4-1BB mAb to the human
setting using human neuroblastoma cell lines and peripheral

blood mononuclear cells from healthy donors.

Investigate whether anti-GD2 plus anti-4-1BB mAb combination therapy

enhances survival in the spontaneous TH-MYCN transgenic mouse

model of neuroblastoma.

a. Characterise the endogenous immune response to tumour in

the TH-MYCN transgenic mice.
Establish a model of MRD using TH-MYCN transgenic mice to
facilitate the investigation of GD2 targeted
immunotherapeutic strategies.
Test the efficacy of the anti-GD2 plus anti-4-1BB
immunotherapeutic regimen in an MRD setting using TH-

MYCN transgenic mice.
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Chapter 2. Materials and methods

2.1 Animals and cells

211 Animals

The therapeutic effects of anti-GD2 mAb can be studied in vivo using either
syngeneic or spontaneous models of neuroblastoma. The syngeneic murine
model of neuroblastoma developed by Ralph Reisfeld’s group in 1997 utilises a
GD2+ murine neuroblastoma cell line NXS2, which can be transplanted into
syngeneic A/] mice subcutaneously or intravenously, to induce solid
neuroblastoma tumour or metastatic-like disease (240). The transgenic TH-
MYCN mice developed by Weiss et. al. overexpress human MYCN under the
control of the rat tyrosine hydroxylase promoter, causing these mice to
spontaneously develop tumours within several months of birth (241). Both the
in-bred A/J) mice syngeneic for the NXS2 cell line and the TH-MYCN transgenic
mice on the 129/Sv) background were supplied by Harlan UK Ltd (Blackthorn,
Oxon, UK). All animals used in throughout this project were maintained in local
animal house facilities in accordance with Home Office regulations. All
procedures have been approved by a local ethics committee and were
performed in accordance with the Animals (Scientific Procedures) Acts 1986 as

set out in the Project Licence.

The TH-MYCN transgenic mice were regularly examined for palpable
abdominal masses and other visual signs of distress, including isolation,
hunching and piloerection. The decision to cull a tumour bearing mouse was
made by an independent assessor, i.e. an experienced animal technician,
based on the size of the tumour, the physical appearance and behaviour of the

animal.

2.1.2 Cell lines

The murine neuroblastoma cell lines Neuro2a and NXS2 were used throughout
this investigation, alongside the human neuroblastoma cell lines Lan-1 and
IMR-32. The Neuro2a, Lan-1 and IMR-32 cell lines were obtained from the
ECACC, whereas the NXS2 cell line was kindly provided by Prof. Dr. med.
Holger Lode (Medical University of Greifsweld). Both the Neuro2a and NXS2 cell
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lines were cultured in Dulbecco’s modified Eagles medium (DMEM) (Life
Technologies) supplemented with 10% heat-inactivated foetal calf serum (FCS)
(Lonza), 2 mM glutamine (Life Technologies) and 0.1 mM non-essential amino
acids (NEAA) (Life Technologies), herein referred to as complete DMEM. The
Lan-1 cell line was cultured in Eagle’s minimal essential medium (EMEM)
(Lonza) supplemented with 10% FCS, 2mM glutamine and 0.1 mM NEAA and
Ham’s F-12 nutrient medium (Sigma-Aldrich), supplemented with 10% FCS, 2
mM glutamine and 0.1 mM NEAA, in a 1:1 ratio. The IMR-32 cell line was
cultured in EMEM supplemented with 10% FCS, 2 mM glutamine and 0.1 mM
NEAA. All neuroblastoma cell lines are adherent and were harvested by gentle
scraping (murine cell lines) or using trypsin-ethylenediaminetetraacetic acid
(TE) (Lonza) (human cell lines). Murine neuroblastoma cell lines were
maintained at 37°C and 5% CO, and human neuroblastoma cell lines were
maintained at 37°C and 10% CO.,.

Other cell lines used throughout this investigation as either a positive or
negative control include the human Burkitt’s lymphoma Raji cell line (ATCC).
Raji cells were cultured in RPMI-1640 (Life Technologies) supplemented with
10 % FCS, 2 mM glutamine and 1 mM pyruvate, herein referred to as complete
RPMI, and maintained at 37°C and 5% CO, .

2.1.3 Primary cells

Murine bone marrow-derived macrophages

Murine bone marrow-derived macrophages (BMDMs) were isolated from the
bone marrow of the femur and tibia of A/J mice and homogenised to obtain a
single cell suspension. Cells were cultured in complete RPMI supplemented
with penicillin and streptomycin (pen-strep) (Life Technologies) both at 100
ng/mL, plus 10 % L929 cell conditioned medium (see below). BMDMs were
maintained at 37°C and 5% CO, in 6-well plates seeded at 5x10° cells per well
and fed every 2-3 days with complete RPMI plus pen-strep and 10 % L929
conditioned medium. BMDMs were cultured for seven to fourteen days prior to
use. BMDMs were harvested from 6-well plates by first washing twice with 2
mL sterile PBS (Severn Biotech) prior to a 10 minute incubation at 37°C with
pre-warmed TE. A cell scraper was then used to gently detach the cells from
the plate surface. The BMDMs were washed twice in complete RPMI plus pen-

strep by centrifuging at 1500 rpm for 5 minutes, before being re-suspended in
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complete RPMI plus pen-strep prior to use. Cell viability was determined by

trypan blue exclusion and was routinely greater than 90 %.

The murine L929 cell line (ATCC) was cultured in complete RPMI at 37°C and 5
% CO, in tissue culture flasks. Once the cells reached confluence the
supernatant was collected and sterile filtered using a Millex 0.22 pym PES
membrane filter (Fisher Scientific) and stored at -20°C until required. The
supernatant collected from the L929 cells contains macrophage colony-
stimulating factor (M-CSF) and was used to supplement the media in which the

BMDMs were maintained in order to induce macrophage differentiation.
Human peripheral blood mononuclear cells

Human peripheral blood mononuclear cells (PBMCs) were used as a source of
effector cells in several different assays throughout this investigation. Human
PBMCs were harvested from fully anonymised Trima leucocyte reduction
system (LRS) cones collected from healthy adult volunteers. The LRS cones
themselves were obtained from the National Blood Transfusion Service,
Southampton, UK. The PBMCs were harvested using Lymphoprep™ density
gradient medium (Axis-Shield). Briefly, the blood from the LRS cone was
diluted in PBS supplemented with 2 mM EDTA and 10% FCS to give a final
volume of 50 mL. The diluted blood was then split equally across two 50 mL
Falcon tubes each containing 12.5 mL of Lymphoprep™. The balanced Falcon
tubes were centrifuged (with the break turned off) at 800 g for 20 minutes,
after which time the PBMCs were carefully removed from the interphase layer
using a Pasteur pipette and transferred to a fresh Falcon tube. The PBMCs were
subsequently washed three times in PBS + 2mM EDTA by centrifuging at 300 g
for 5 minutes. The PBMCs were subsequently re-suspended in complete RPMI
plus pen-strep if required for immediate use, or RPMI-1640 plus 2 mM
glutamine, 1 mM pyruvate, penicillin and streptomycin (both at 100 ng/mL)
and 1 % human serum (Sigma) for use as a source of monocyte-derived

macrophages (MDMs) (see below).
Human monocyte-derived macrophages

Human PBMCs suspended in RPMI-1640 2 mM glutamine, 1 mM pyruvate,
penicillin and streptomycin (both at 100 ng/mL) and 1 % human serum were
incubated at 37°C and 5 % CO, in 6-well plates seeded at 2x10’ cells per well,

for a minimum of 2 hours to allow the monocytes to adhere to the tissue
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culture plastic. After the incubation period the media was removed and the
cells washed in PBS to remove any non-adherent cells. Fresh complete RPMI
plus pen-strep was to each well and cells were maintained at 37°C and 5 %
CO,. To induce differentiation into macrophages 100 ng/mL M-CSF was added
to each well on day one of culture i.e. 24-hours post-harvest. The cells were
fed on days 3 and 6 with complete RPMI plus pen-strep, on each occasion
fresh M-CSF was added to each well to achieve a final concentration of 100
ng/mL. The MDMs were cultured for a minimum of seven days prior to use in
in vitro assays. To harvest the MDMS the culture media was removed from each
well and replaced with ice cold PBS. The MDMs were subsequently incubated on
ice for 15 minutes and then gently detached using a cell scraper. The MDMs
were then washed by centrifuging at 1500 rpm for 5 minutes and re-
suspended in complete RPMI plus pen-strep prior to use. Cell viability was

determined by trypan blue exclusion and was routinely greater than 90 %.

2.2 Antibodies

The anti-GD2 mAb 14G2a and ch14.18 were used routinely throughout this
investigation. The 14G2a secreting hybridoma HB9118 was kindly provided by
Prof. Dr. med. Holger Lode (Medical University of Greifsweld) and the
ch14.18/CHO mAb was kindly provided by Apiron Biologics (Vienna, Austria).
Herceptin®, the humanised IgG1l mAb specific for the human epidermal growth
factor receptor 2 (HER2) and Rituxan® (Rituximab) the chimeric IgG1l mAb
specific for human CD20 was kindly provided by Southampton General

Hospital Oncology Pharmacy.

221 In house produced antibodies

A number of in house mAb produced by Mrs Chris Penfold and Dr Claude Chan
were used throughout this investigation, the details of which are shown in
table 2.1. All in house IgG mAb were produced from antibody-secreting
hybridoma cell lines in tissue culture and purified from supernatant using

Protein A columns (GE Healthcare).
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Table 2-1. In house produced mAb.

Antigen Clone name Reactivity Isotype Fluorescent
conjugate

4-1BB LOB12.3 Mouse Rat 1IgG1 N/A

4-1BB SAP3/28 Human Mouse IgG1 N/A

CD20 Ritm2a Human Mouse IgG2a N/A

CD37 WR17 Human Mouse 1gG2a N/A

NK1.1 PK136 Mouse (C57BI/6) Mouse IgG2a Unlabelled
FITC

CD32 AT130-1 Mouse Mouse 1gG1 N/A

CD16 3G8 Human F(ab)2 FITC & APC

CD3 OKT3 Human Mouse 1gG2a FITC

222 Commercially sourced antibodies

The details of the commercially sourced antibodies used throughout this

investigation are summarised in table 2.2.
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Table 2-2. Commercially sourced mAb.

Antigen Clone Reactivity Isotype Fluorescent Supplier
name conjugate
CD3 17A2 Mouse Rat IgG2b V450 BD Biosciences
CDh4 RM4-5 Mouse Rat IgG2a FITC eBioscience
CD8a 53-6.7 Mouse Rat IgG2a APC-Cy7 BD Biosciences
CD11b M1/70 Mouse Rat IgG2b PerCP-Cy5.5 BD Biosciences
CD11c N418 Mouse Ar. Ham. IgG  efluor450 eBioscience
CD25 PC61.5 Mouse Rat IgG1 APC eBioscience
CD27 LG.3al1l0 Mouse Ar. Ham IgG1 APC BD Biosciences
Cb44 IM7 Mouse Rat 1gG2b PE BD Biosciences
CD45 30F11 Mouse Rat IgG2b APC Miltenyi Biotec
CD49b DX5 Mouse Rat IgM PE BD Biosciences
CDh62L MEL-14 Mouse Rat IgG2a PerCP-Cy5.5 BD Biosciences
CD137 17B5 Mouse Sy. Ham IgG APC & efluor450 eBioscience
TCRB H57-597 Mouse Ar. Ham. APC BD Biosciences
chain 1gG2
TCRyd GL3 Mouse Ar. Ham. FITC BD Biosciences
IgG2
FoxP3 FIK16s Mouse Rat IgG2a PE eBioscience
NKG2ACE 20d5 Mouse Rat 1gG2a PE Novus
Biologicals
F4/80 C1l:A3-1 Mouse Rat IgG2b APC AbD Serotec
CD3 OKT3 Human Mouse IgG2a V450 eBioscience
CD56 CMSSB Human Mouse IgG1 PE eBioscience
CD137 4B4-1 Human Mouse IgG1 APC BD Biosciences
2.3 Flow cytometry

Both indirect and direct staining methods were used when performing flow

cytometry to determine expression of cell surface molecules.

231

Direct staining

Routinely, 1x10° cells in 100 pyL PBS were incubated at 4 °C in the dark for 30

minutes with the fluorescently conjugated antibodies of choice, typically at a

final concentration of 10 pg/mL (unless titrated down). Where required red

blood cells were lysed using ACK red blood cell lysis buffer for 5 minutes at

room temperature. Cells were then washed twice in FACS wash buffer

comprising of PBS plus 1 % Bovine Serum Albumin fraction V (BSA) (Wilfred
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Smith Ltd) and 20 mM sodium azide (NaN,) and re-suspended in 100 pL PBS

prior to analysis.

2.3.2 Indirect staining

1x10° cells in 100 yL PBS were incubated at 4°C for 30 minutes with the
unlabelled antibody of choice, at a final concentration of 10 ug/mL. Cells were
then washed twice in FACS wash buffer and re-suspended in 100 uL PBS before
a second 15 minute incubation at 4°C in the dark with a (1:100 dilution) PE-
conjugated secondary antibody directed against the first unlabelled mAb.
Following the secondary staining step the cells were washed once with FACS
wash buffer. Routinely the PE-conjugated F(ab’), fragment goat anti-mouse 1gG
Fcy fragment specific antibody, or the PE-conjugated F(ab’), fragment goat
anti-human I1gG Fcy fragment specific antibody (both from Jackson

ImmunoResearch Laboratories Inc.) were used for indirect staining.

2.3.3 Intracellular staining

Intracellular staining was performed to assess regulatory T cells (Tregs) using
the mouse regulatory T cell staining kit in accordance with the manufacturer’s

protocol.

2.34 Flow cytometry analysis

Analysis was performed on the FACSCantoll™ flow cytometer (BD Biosciences-
Immunocytometry Systems, CA). Routinely, 10,000-50,000 live cell events
were collected, as identified by the FSC-H and SSC-H threshold parameters.
V450 was excited at 404 nm with emission intensity being recorded at 448 nm
wavelength; AM-CYAN was excited at 457 nm with emission intensity being
recorded at 491 nm wavelength; FITC was excited at 494 nm with emission
intensity being recorded at 520 nm wavelength; PE was excited at 496 nm with
emission intensity being recorded at 578 nm wavelength; PerCP-Cy5.5 was
excited at 482 nm with emission intensity being recorded at 695 nm
wavelength; APC was excited at 650nm with emission intensity being recorded
at 660nm wavelength; APC-Cy7 was excited at 650nm with emission intensity
being recorded at 660nm wavelength. Samples were analysed using
FACSDIVA™ software (BD Biosciences-Immunocytometry Systems, CA).

Fluorescence intensities were assessed in comparison to negative/ isotype
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control samples and expressed as histograms of fluorescence intensity versus

cell number, or dot plots.
2.4 Magnetic-activated cell sorting (MACS®)

24.1 Augmenting GD2 expression by the NXS2 neuroblastoma cell line

High GD2 expressing NXS2 cells were positively selected by magnetic-activated
cell sorting (MACS®) using a primary anti-GD2 mAb (14G2a) and anti-mouse
IgG2a+b microbeads (Miltenyi Biotec). Routinely, 1x10” cells per mL were
labelled with the primary antibody (30 minutes at 4 °C) and washed twice in
PBS+ 0.5% BSA +2 mM EDTA (MACS® buffer), prior to the addition of 20 pL
microbeads per 10" cells. Cells were incubated for 15 minutes at 4°C and
washed twice before magnetic separation as per the manufacturer’s
instructions. The magnetically labelled cells were eluted from the column once
it had been removed from the magnetic field. The high GD2 expressing NXS2
cells were then washed and re-suspended in complete DMEM and maintained

at 37°C and 5 % CO, to facilitate expansion.

24.2 NK cell isolation

NK cell isolation was achieved by negative selection using the human NK cell
isolation kit or the mouse NK cell isolation kit Il (both Miltenyi Biotech). PBMCs
(human) or splenocytes (mouse) were centrifuged at 300g for 10 minutes and
the supernatant aspirated completely. Cell pellets were re-suspended in 40 pL
MACS® buffer per 107 cells and 10 pl NK cell biotin-antibody cocktail was
added per 107 total cells. Cells were mixed well and incubated for 5 minutes at
4°C. A further 30 pyl MACS® buffer was added per 107 cells followed by 20 pL
NK cell microbead cocktail per 10° total cells. Cells were mixed well and
incubated for 10 minutes at 4°C. Meanwhile LS columns were prepared by
flushing through with 3 ml MACS® buffer. The volume of the cell suspension
was adjusted to 500 pL by adding MACS® buffer and added to the column.
Once NK cells had passed through the column was rinsed a further two times
with 3 mL MACS buffer, allowing column to empty completely each time. The
NK cells were washed and re-suspended in complete RPMI for used as

required. The columns were removed from the magnets and flushed through to
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collect the non-NK cell fragment. Purity was assessed by flow cytometry using

direct staining methods (see section 2.3.1).

2.5 Calcein-release based cytolytic assays

The ‘gold standard’ for measuring ADCC traditionally involved the use of
radioactive chromium (**Cr) release assays developed by Brunner et. al. in 1968
(242). The assay relies upon the passive internalisation and binding of *Cr
from sodium chromate by target cells, which upon effector mediated lysis is
released into the cell culture supernatant and can be detected using a y-
counter. Whilst these assays are reproducible and easy to perform there are a
number of disadvantages, such as poor labelling and/ or high spontaneous *'Cr
release by some cell lines, inter assay variability and the biohazards associated
with the disposal of radioactive materials, which has ultimately led to the
development of a number of non-radioactive based assays (243). One example
of a non-radioactive based ADCC assay utilises calcein-acetoxymethyl ester
(calcein-AM), a membrane permeable non-fluorescent molecule that passively
diffuses into cells. Once inside calcein-AM is converted to calcein, a green
fluorescent dye, following the hydrolysis of the acetoxymethyl ester by
intracellular esterases. Calcein is retained within the cell provided the cell
membrane is intact; however, when a cell is lysed calcein is released into the
cell culture supernatant and can be detected using a fluorescence plate reader,
in this respect the calcein release assay is analogous with the *'Cr release assay
but bypasses the need for radioactive materials. Both complement-dependent
cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC) were

measured throughout this investigation using the calcein-release based assay.

251 Complement-dependent cytotoxicity assay

Target neuroblastoma cell lines were harvested, washed and re-suspended at
2x10° per mL in 1 mL PBS, 10 pL of calcein-AM (Sigma-Aldrich) was
subsequently added and the cells were incubated at 37 °C for 30 minutes in
the dark with periodic mixing. The calcein-AM labelled cells were then washed
3 times, re-suspended in serum free RPMI and the concentration adjusted to
1x10° cells per mL. Fifty microliters of the calcein-AM labelled target cells were
seeded per well in 96-well round bottom plates and the cells were incubated
with either PBS alone, the anti-GD2 mAb (14G2a or ch14.18), or an appropriate
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irrelevant isotype matched control, at a final concentration of 10 ug/mL for 30
minutes at 37°C in the dark. Fifty microliters of human serum, or heat-
inactivated serum diluted 1:2 in serum free RPMI, or serum free RPMI alone was
added to each well as required. To facilitate analysis the following control
samples were included each time the experiment was performed: calein-AM
labelled targets alone (to measure spontaneous release), calcein-AM labelled
targets treated with 4 % Triton X-1000 lysis buffer (to measure maximum
release). Final well volume was made up to 200 uL as required with serum free
RPMI or lysis buffer. The plates were briefly centrifuged for 1 minute at 100 g
and the cells were cultured for 4-hours at 37 °C in the dark. After 4 hours the
plates were centrifuged again for 5 minutes at 200 g and 60 pL of supernatant
was transferred from each well to a 96-well white walled plate and

fluorescence was measured at 495nm using a Varioskan flash plate reader.

25.1.1 Processing, storage and heat-inactivation of human serum

Human AB serum (Sigma-Aldrich) was filtered sterilised upon receipt and
divided into separate batches. The first batch was immediately transferred to -
80°C for storage, the second batch was heated to 56 °C for one hour to
destroy complement proteins and was subsequently stored at -80°C until

required.

252 Antibody-dependent cellular cytotoxicity assay

Target neuroblastoma cell lines were labelled with calcein-AM, seeded in 96-
well plates and opsonised with antibody as described in section 2.5.1. Mouse
splenocytes, human PBMCs, or mouse/ human whole blood was used as a
source of effector cells. Spleens were harvested from syngeneic A/J mice and
homogenised to obtain a single cell suspension, whereas PBMCs were isolated
from LRS cones as described in section 2.1.3. The effector cell population was
adjusted to 2x10° per mL and 100 pyL was added to each well as required to
obtain an effector: target ratio of 40:1, unless otherwise stated. Triplicate wells
were prepared for each condition. To facilitate analysis the following control
samples were included each time the experiment was performed: calein-AM
labelled targets alone (to measure spontaneous release), calcein-AM labelled
targets treated with 4 % Triton X-1000 lysis buffer (to measure maximum
release) and calcein-AM labelled targets plus the mAb being tested (to

measure the effects of antibody alone in the absence of effectors). Final well
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volume was made up to 200 pL as required with media alone, or lysis buffer.
The plates were briefly centrifuged for 1 minute at 100 g and the cells were
cultured for 4-hours at 37°C in the dark. Following incubation the plates were
centrifuged and supernatant harvested for analysis as described in section
2.5.1.

253 Quantifying calcein release

Firstly, the mean spontaneous calcein release from triplicate samples was
subtracted from the test, control and maximum lysis samples. Calcein release
for the control conditions (T only+mAb) was then subtracted from the test
conditions (E+T+mAb) and the corrected calcein release for the test condition

was calculated as a percentage of maximal calcein release:

) . (E + T + mAb) — (T alone + mAb)
Calcein release (% maximal) = - - x 100
maximum calcein release

In order to calculate antibody-induced calcein release the value obtained for
the effectors and targets alone was subtracted from the effectors and targets

plus mAb and expressed as a percentage of maximum lysis.
(E +T +mAb) — (E + T alone)

Antibody induced calcein release (% maximal) = - - x 100
maximum calcein release

2.6 Antibody-dependent cell mediated phagocytosis

assay

A phagocytosis assay developed by Dr Ruth French was adapted to investigate
the ability of murine BMDMs/ human MDMs to phagocytose opsonized
neuroblastoma cells via Fc:FcyR mediated interactions and therefore determine
the proportion of neuroblastoma cells that undergo antibody dependent cell-
mediated phagocytosis in vitro. BMDMs/ MDMs were harvested as described in
section 2.1.3, the concentration was adjusted to 5 x 10°cells per mL and 100
pL of cells (5 x 10%) were seeded per well in a 96-well flat bottom plate and left
to adhere overnight. The following day target cells were harvested, washed and
re-suspended in PBS at 1.5-2.5x10" cells/mL and Ilabelled with
carboxyfluorescein succinimidyl ester (CFSE) (Sigma-Aldrich) to facilitate their
identification by flow cytometry. The target cells were incubated with 5 uM

CFSE for 10 minutes at room temperature in the dark. An equal volume of heat
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attenuated FCS was subsequently added to quench CFSE labelling and cells
were washed twice in complete RPMI, prior to incubation with the antibody of
interest at 10 ug/mL for 30 minutes at room temperature in the dark. One
hundred microliters of CFSE labelled target cells at 2.5x10° cells per mL were
then added to the adherent BMDMs/ MDMs to obtain a target: effector ratio of
5:1 and the cells were co-incubated for 1 hour at 37°C and 5 % CO,. Each
sample was prepared in triplicate. Ten microliters of 1:10 diluted stock APC
conjugated anti-F4/80 (AbD Serotec), or APC conjugated anti-CD16 (3G8) was
added to each well and cells were incubated for 15 minutes at room
temperature in the dark. Non-adherent cells were removed using a pipette and
cells were washed twice with room temperature PBS-BSA-Azide buffer. Two
hundred microliters of chilled (4°C) PBS-BSA-azide buffer was added to each
well and cells were incubated at 4°C for 15 minutes in the dark. To harvest the
cells a pipette tip was used to scrape the plate surface and the cells were
transferred to a FACS™ tube (BD Biosciences) containing 100 pL of 1 %
paraformaldehyde to fix the cells. Cells were washed once in 3 mL PBS-BSA-
azide buffer prior to analysis on the FACS Canto II™ (BD Biosciences). The
macrophage population was identified by the FSC-H and SSC-H threshold

parameters and 20,000 events were collected.

Phagacytosis was determined by the number of F4/80-APC+ (FL-4) and CFSE+
(FL-1) double positive events and per cent phagocytosis was calculated as
follows:

(No.F4/80 + CFSE + events)

oy P (S = 1
% Phagocytosis (Total F4/80 + events) * 100

2.7 NK cell and macrophage depletion

271 NK cell depletion

NK cells were depleted by i.p. injection of 20 pL anti-asialo GM1 (polyclonal
rabbit anti-asialo GM1, Wako Chemicals). Injections were administered 48-96

hours apart.
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2.7.2 Macrophage depletion

Macrophage depletion was achieved using clodronate (dichloromethylene
bisphosphonate), which belongs to a class of drugs known as the
bisphosphonates used to treat bone disorders, such as osteoporosis.
Macrophage depletion can be achieved using clodronate encapsulated into
liposomes, a method that was originally described by van Rooijen and van
Nieuwmegan (244). Clodronate in its free form is non-toxic as free clodronate
cannot penetrate the phospholipid bilayer and therefore does not readily enter
cells, hence the need to encapsulate the drug into liposomes (245), which are
often used as a method of drug delivery. Once injected in vivo liposomes are
ingested by macrophages and subsequently degraded by lysosomal
phospholipases, thus releasing free clodronate within the cell. The inability of
clodronate in its free form to cross cell membranes means it is retained within
the macrophage, consequently free clodronate accumulates and once a certain
intracellular concentration is achieved the macrophage will undergo apoptosis
(246). Free clodronate also has a very short half-life in the circulation, thus any
drug released by dead/ dying macrophages is rapidly removed from the
system (247). Depletion of specific macrophage groups can be achieved using
particular routes of administration and liver and splenic macrophages in
particular can be depleted by administering clodronate liposomes via the i.v.
route (248, 249). To deplete macrophages in the liver and spleen 400 L total
clodronate liposomes were administered i.v. to age and sex matched A/J) mice
48 hours apart (i.e. day -3 and day -1). Depletion occurs within 24 hours and
lasts for approximately one week. Liposomes were prepared in house as
described by van Rooijen and van Nieuwmegan (244) using
phosphatidylcholine (Sigma P3556 La PSC Type XV1-E 99 % TLC) and
cholesterol (Sigma C3045 = 99 % TLC).

2.7.3 Confirming NK cell and macrophage depletion

To confirm macrophage/ NK cell had been effectively depleted control mice
were culled at the required time point and livers and/ or spleens were
harvested. The liver was chopped into ca. 1 mm? sections and transferred to a
falcon tube containing RPMI plus 10% FCS, 25 mM HEPES and 1 mg/mL
collagenase D. Samples were incubated for 45 minutes at 37°C. Both the liver

and spleens were passed through a 100 um cell strainer to obtain a single cell
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suspension. Cells were subsequently washed and counted in preparation for
analysis by direct immunofluorescence. Macrophages were detected as
F4/80*CD11c*CD11b and NK cells were detected as NKG2ACE*CD49b*.

2.8 The syngeneic NXS2 mouse model of neuroblastoma

2.8.1 Inducing metastatic-like disease

Age (minimum 8 weeks) and sex matched mice were injected intravenously
(i.v.) with 1x10° freshly prepared NXS2 cells (=90 % viability by trypan blue
staining) in 100 pyL PBS on day O to induce metastatic-like disease. Therapy
commenced 24 hours later (day 1). Treated mice received 10 pg 14G2a plus
30,000 IU recombinant human IL-2 (Novartis) (diluted in PBS) administered i.v.
This was followed by a once daily intraperitoneal (i.p.) injection at the same
dose on day two through to six. Naive control mice received i.v. or i.p injection
of an equivalent volume of PBS alone. Mice were either culled on day 21 and
the liver was removed, photographed and weighed to document the extent of

the metastases in the different treatment groups, or monitored for survival.

2.8.2 Subcutaneous tumours

Age (minimum 8 weeks) and sex matched mice were injected subcutaneously
with 2x10° freshly prepared NXS2 cells (=90 % viability by trypan blue staining)
in 100 pL PBS on day 0. Therapy was administered as detailed in the individual
experiments. Tumour diameter was measured a minimum of three times a

week and mice were culled when a cross-sectional area exceeded 225 mm?.

2.9 Tissue processing

Tumours were harvested from A/J or TH-MYCN transgenic mice and processed
using the mouse Tumour Dissociation Kit (Miltenyi Biotec). Tumours and
spleens were harvested from tumour bearing mice. The tumour was cut into
pieces measuring approximately 2-4 mm? and approximately one quarter was
transferred into a 50 mL falcon tube containing the Tumour Dissociation Kit
enzyme mix comprising of 2.35 mL PBS, 100 pL solution 1, 50 pL solution 2
and 12.5 pL solution 3. Samples were incubated for 40 minutes at 37°C with

continuous rotation and subsequently passed through a 100 pm cell strainer to
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obtain a single cell suspension. Spleen samples were manually disaggregated
and passed through 100 um cell strainer to obtain a single cell suspension.
Cells were transferred to falcon tubes and washed twice in PBS prior to staining

for flow cytometry.

2.10 Measuring 4-1BB expression by murine NK cells ex

vIVO

Mice were inoculated with NXS2 cells as described in section 2.8.2. Tumour
growth was monitored and when a cross-sectional area had reached a
minimum of 70 mm? but did not exceed 100 mm? mice were treated with 50—
150 pg anti-GD2 mAb (14G2a), or the irrelevant isotype matched control
Ritm2a (which is specific for human CD20), or vehicle alone (PBS) as described.
Mice were terminally bled (blood was collected in tubes containing heparin)
24-hours later and tumour, spleen and blood samples were analysed by flow

cytometry as described.

2.11 Inducing 4-1BB expression on human NK cells

Lan-1 cells (viability > 90 % by trypan blue) were harvested, washed and re-
suspended in complete RPMI at 1x10° cells per mL. Fifty microliters of cells
(5x10°%) were added to each well of a round bottom 96-well plate, followed by
50 pL PBS alone, Herceptin, or ch14.18 diluted in PBS to achieve a final
concentration of 10 pg/mL. based on a final well volume of 200 pL. Cells were
incubated for 30 minutes at 37°C. Human PBMCs harvested from LRS cones
were re-suspended at 2x10° per mL in complete RPMI and 100 pL (2x10°) of
PBMCs were added to each well to achieve a 40:1 effector: target ratio unless
otherwise stated. The plate was centrifuged for 1 minute at 100g and the cells
incubated at 37°C and 5 % CO, for the required duration. Following incubation
cells were screened for 4-1BB (and CD16 where stated) expression by direct
staining. Baseline expression levels were assessed at the beginning of the

experiment.

2111 Inducing 4-1BB expression prior to ADCC assays

Lan-1 cells (viability = 90 % by trypan blue) were harvested, washed and re-

suspended in complete RPMI at 2x10° cells per mL. Cells were subsequently
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irradiated at 50 Gy. Five hundred microliters of cells (1x10° were added to
each well of a 24-well plate, followed by 15 uyL PBS alone, Herceptin, or
ch14.18 diluted in PBS to achieve a final concentration of 10 uyg/mL. based on
a final well volume of 1500 pL. Cells were incubated for 30 minutes at 37°C.
Human PBMCs harvested from LRS cones were re-suspended at 1x10” per mL
in complete RPMI and 1000 uL (1x107) of PBMCs was added to each well to
achieve a 10:1 effector: target ratio. The plate was centrifuged for 1 minute at
100g and the cells incubated at 37°C and 5 % CO, for 16 hours duration.
Following incubation cells were screened for 4-1BB expression by direct
staining. Baseline expression levels were assessed at the beginning of the
experiment. NK cells were subsequently purified (see section 2.4.2) and used

as effector cells in calcein release based ADCC assays (see section 2.5.2).

2.12 Testing anti-GD2 plus anti-4-1BB mAb in the TH-

MYCN transgenic mouse model

Upon presentation with palpable tumour mice were weighed and treated with
40 mg/kg of freshly prepared cyclophosphamide (Sigma-Aldrich), which was
injected i.p. in 200 yL PBS. Mice received either cyclophosphamide alone, mAb
alone, or a combination of both as described. 150 pg anti-GD2 mAb (14G2a)
or anti-4-1BB mAb (LOB12.3) was injected i.p. in 200 pL PBS. Mice were
palpated regularly for signs of tumour regression and re-presentation and
culled either once tumour was considered terminal (as described in section

2.1.1) or 100 days post-therapy when the experiment ended.

2.13 Statistics

All statistical differences were assessed by unpaired t tests unless otherwise
stated. Survival differences were analysed by Log Rank tests. Differences were
considered significant when p < 0.05 (in the text * p < 0.05, ** p < 0.01, *** p
< 0.001 and **** p < 0.0001.
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Chapter 3: Exploring the immune effector
mechanisms responsible for the anti-
tumour effect of anti-GD2 mADb

3.1 Chapter introduction

Although anti-GD2 mAb have shown considerable promise in clinical trials the
majority of children with high risk neuroblastoma still relapse and ultimately
die from their disease. Enhancing the efficacy of anti-GD2 mAb is key to
improving long term survival of high risk patients. Since many mAb based
therapeutic strategies have been developed empirically (166), their
mechanisms of action are not fully understood. Consequently a thorough
understanding of the effector mechanisms responsible for the anti-tumour
effects of anti-GD2 mAb is crucial for the rational design of improved
therapeutic strategies. As discussed in section 1.5.1.3 the mechanisms of
action responsible for the therapeutic effect of anti-GD2 mAb have yet to be
fully elucidated. Whilst it is generally accepted that tumour cell destruction is
achieved via NK cell mediated ADCC, other mechanisms are likely to
contribute. The lack of syngeneic GD2+ murine neuroblastoma models
available when anti-GD2 mAb were first introduced in the mid-1980s meant
that much of the early mechanistic characterisation was carried out in vitro,
with in vivo investigations reliant on the use of immunodeficient mice and
xenotransplantation of human cell lines. Consequently, a more detailed
understanding of how murine neuroblastoma cells respond to anti-GD2 mAb
therapy and the interactions that occur between the mAb and host immune
cells within the tumour microenvironment is still required in order to improve

efficacy of the anti-GD2 mAb through enhanced immune effector function.

The main subject of this chapter is the characterisation of the immune effector
mechanisms responsible for the anti-tumour effects of anti-GD2 mAb. Four
proposed mechanisms of action for direct targeting mAb, such as anti-GD2
were introduced in section 1.5.1.2., to recap these were: direct cell killing,
CDC, ADCP and ADCC. Direct killing was not explored in depth in this
investigation as whilst it may have a role in the anti-tumour effect of anti-GD2

mADb, it is not widely reported in the literature, and when it has been reported
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unfeasibly high concentrations of antibody were used (185). Additionally, anti-
GD2 treated neuroblastoma target cells are routinely used a control condition
in experiments widely performed within our group and no sign of killing above
background has been observed. The complement system has been thought to
contribute to the therapeutic effect of anti-GD2 mAb since the first in vitro
experiments showed lysis of anti-GD2 opsonised neuroblastoma cell lines
could be achieved following the addition of human serum (174, 175, 181).
Consequently, the ability to induce anti-GD2 mediated CDC using murine

neuroblastoma cell lines and serum has been investigated for completeness.

One mechanism of action that has been explored in depth is ADCP. ADCP is
triggered when the Fc portion of a mAb, such as anti-GD2, engages an Fcy
receptor expressed on the surface of a phagocytic cell, such as a macrophage,
or a neutrophil. To reiterate the points raised in section 1.5.1.3 evidence to
suggest that macrophages and/ or neutrophils may contribute to anti-GD2
mediated tumour cell killing was provided when the results of a clinical trial
were published in 2006 (207). This study reported that neuroblastoma patients
with the FcyRIIA (R/R) genotype exhibited superior progression free survival
following treatment with the murine IgG3 anti-GD2 mAb 3F8 plus GM-CSF
(207). This observation is significant because FcyRIIA is expressed by cells of
myeloid lineage, such as macrophages and neutrophils, rather than NK cells,
suggesting that the apparent survival advantage may be attributed to enhanced
ADCP in these patients (207). To date ADCP has been poorly characterised as
an effector mechanism both in vitro, and in vivo mouse models of
neuroblastoma. The other mechanism of action explored in depth was NK cell
mediated ADCC, which is considered to be one of the major mechanisms
responsible for the therapeutic effect of anti-GD2 mAb. As discussed in
section 1.5.1.3 the lack of MHC class | molecules on the surface of
neuroblastoma cells (148) renders them prime targets for NK cell mediated
destruction in accordance with the missing-self hypothesis and the data
obtained following several early in vitro and in vivo investigations seems to
support this (184, 199, 203). Additionally, as discussed in section 1.5.1.3
more recent investigations have demonstrated the importance of NK cell
mediated ADCC in the clinical setting (204-206).

The data presented in this chapter was largely performed using the GD2+

murine neuroblastoma cell line NXS2 and syngeneic murine A/J mice. The GD2
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negative Neuro2a cell line was used as a negative control. The NXS2 model
developed by Reisfeld’s group was the first syngeneic murine model of
neuroblastoma that permitted study of anti-GD2 mAb in vivo using fully
immunocompetent mice (240). This model uses the hybrid neuroblastoma cell
line NXS2, which is a sub line of the NX-31T28 cell line (240). The NX-31T28
cell line is a hybrid of the GD2 negative murine neuroblastoma cell line C1300,
which is on the A/) background, and dorsal root ganglion cells harvested from
C57BL/6 mice. The NX-31T28 cell line was not developed specifically to
facilitate neuroblastoma research, instead it was designed to provide a model
system for the study of synapse function and other neural properties (250).
Sympathetic dorsal root ganglia were chosen as a source of neurons as they
contain relatively few types of neuron, all of which had been well characterised
previously (250). The C1300 neuroblastoma cells were chosen as the other
parent because of their neural properties and the fact that they are
embryonically similar to sympathetic ganglion neurons (250). The resultant
NX-31 hybrids closely resembled sympathetic ganglion interneurons as
characterised by their high dopamine secretion (250). To generate the NXS2
sub-line Reisfeld’s group incubated NX-31T28 cells with the murine IgG2a
isotype anti-GD2 mAb 14G2a. The subset of cells expressing a high level of
surface GD2 were subsequently positively-selected out using anti-mouse
IgG2a microbeads and magnetic activated cell sorting (MACS®) (240). The NXS2
cell line differs from the parental neuroblastoma C1300 cell line in terms of
increased, yet heterogeneous, GD2 expression, surface expression of the
neuronal adhesion molecule L1, and the presence of dense catecholamine
storage vesicles, all common features of human neuroblastoma (240). Since
the parental cell types used in the initial hybridisation were from two H2
incompatible mouse strains, namely A/J) and C57BL/6, major histocompatibility
complex antigen expression on the NXS2 cells was also determined and found
to be H2K* positive and H2K" negative i.e. a match for the A/J strain (240). All
of the in vitro mechanistic investigations were performed in parallel to
experiments using the human neuroblastoma cell lines Lan-1 and/or IMR-32
in order to recapitulate what has been reported in the literature and assess the
similarities and differences between murine and human model systems. The
Lan-1 human neuroblastoma cell line was established from bone marrow
metastasis taken from a 2 year old male with stage IV disease (251), whereas

the IMR-32 cell line was established from an abdominal mass of a 13 month
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old Caucasian male (252). In contrast to the murine hybrid NXS2
neuroblastoma cells the ganglioside GD2 is endogenously expressed by human
neuroblastoma tumours. Ubiquitous GD2 expression has been reported on 100
% of human neuroblastoma tumours in the order of 5x10°-1x10” molecules per
cell (253).

3.2 Results

321 Surface GD2 expression on neuroblastoma cell lines

Prior to commencing in vitro characterisation of anti-GD2 mAb effector
mechanisms the neuroblastoma cell lines were assessed for surface GD2
expression by flow cytometry using the FITC conjugated anti-GD2 mAb 14G2a,

the results of which are shown in figure 3.1.
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Figure 3-1. Surface GD2 expression on murine and human cell lines. Surface GD2 expression
was quantified using the FITC conjugated anti-GD2 mAb 14G2a-FITC and assessed by flow
cytometry. A representative flow cytometry histogram shows the mean fluorescence intensity
(MFI) obtained using both an irrelevant isotype matched control PK136 (black line), or 14G2a-
FITC (red line) for the murine neuroblastoma cell lines Neuro2a and NXS2 (a), plus the human
neuroblastoma cell lines Lan-1 and IMR-32 (b). The mean fold change relative to the isotype
control for three triplicate repeats is shown in (c) error bars = S.E.M. and * p = 0.0137, ** p =
0.0010 and **** p = <0.0001.
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Figure 3.1 (a) firstly confirms that the murine neuroblastoma cell line Neuro2a
is negative for surface GD2 and secondly demonstrates the heterogeneous
nature of GD2 expression by the NXS2 cell line. Only a small proportion of the
NXS2 cells express a high level of surface GD2 as characterised by the shoulder
observed on the NXS2 histogram. Conversely, a distinct shift in the entire
population relative to the isotype control is observed for both the human cell
lines Lan-1 and IMR-32, as shown in figure 3.2 (b). Figure 3.1 (c) demonstrates
the fold-change in MFI relative to the isotype control for each cell line
confirming that the human cell lines express significantly more surface GD2
than the NXS2 cells and that the IMR-32 cell line has the high surface GD2
expression of all the cell lines screened. The low level GD2 expression by NXS2
cells compared to human neuroblastoma cell lines has been documented in the
literature. Scatchard analysis performed by others using iodine-125 labelled
14G2a calculated GD2 expression, in terms of the number of binding sites, for
NXS2 and IMR-32 cells as 1.3x10° and 12.6x10° per cell respectively (254).

3.2.2 Augmenting surface GD2 expression by the murine NXS2

neuroblastoma cell line

The data presented in figure 3.1 (a) and (b) confirms that a large proportion of
the NXS2 cells express a low level of surface GD2, at least in comparison to the
human neuroblastoma cell lines Lan-1 and IMR-32. Low level surface GD2
expression may have implications for this investigation as it may render the
NXS2 cell line less susceptible to anti-GD2 mAb mediated tumour cell
destruction, in comparison to the human neuroblastoma cell lines. Since the
NXS2 sub-line was originally generated by positively-selecting high GD2
expressing NX-31T28 hybrid cells by MACS® it was hypothesized that surface
GD2 expression by NXS2 cells could be augmented by the same method. The
murine anti-GD2 mAb 14G2a was used to label the NXS2 cells, which were
subsequently selected using anti-mouse IgG2a+b microbeads to facilitate cell
sorting as previously described (240). Figure 3.2 shows the level of surface
GD2 expression by NXS2 cells both pre- and post-selection by MACS® as
quantified by flow cytometry using the FITC conjugated anti-GD2 mAb 14G2a.
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Figure 3-2. Surface GD2 expression on the murine NXS2 neuroblastoma cell line before
and after MACS®. Surface GD2 expression was quantified using the FITC conjugated anti-GD2
mAb 14G2a-FITC, or a FITC conjugated irrelevant isotype matched control (PK136) and assessed
by flow cytometry both prior to and after selection by MACS®. A representative flow cytometry
histogram illustrating the increase in mean fluorescence intensity (MFI) post-selection (blue line)
compared to pre-selection (red line) is shown in (a). The mean fold change relative to the isotype
control for the three triplicate repeats post-selection by MACS® (NXS2 PM) was added to the
previous screening data (shown in figure 3.1 c¢) for comparison (b), where error bars = S.E.M. and
* p = 0.0280 (for NXS2 PM vs Lan-1), * p = 0.0137 (for Lan-1 vs IMR-32) and **** p = <0.0001.

Figure 3.2 (a) shows the surface GD2 expression on the NXS2 cell line pre- (red
line) and post- (blue line) positive selection by MACS®, the post-selection
histogram has less of a shoulder, which is indicative of a comparatively more
uniform GD2 expression post-selection. The fold-change in MFI relative to the
isotype control for the NXS2 cell line post-MACS® (PM) was added to the

previous screening data obtained for the murine and human neuroblastoma
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cell lines (shown in figure 3.1 c) for comparison. Figure 3.2 (b) shows that
despite a significant increase in surface GD2 expression by the NXS2 cell line
post-MACS®, surface GD2 expression by the human neuroblastoma cell lines

Lan-1 and IMR-32 remains significantly higher.

3.2.3 Characterising the mechanisms responsible for anti-GD2

mediated Killing: Complement-dependent cytotoxicity

Several early publications suggested the complement system may contribute to
the therapeutic effect of anti-GD2 mAb and this was based on the observation
that the addition of human serum to anti-GD2 opsonised neuroblastoma cell
lines was sufficient to induce between 60-100 % cell lysis (175, 181). A series
of in vitro calcein release based CDC assays were performed to assess the
ability of anti-GD2 mAb to induce CDC using both murine and human

neuroblastoma cells as targets.

3.2.3.1 The anti-GD2 mAb 14G2a failed to induce CDC of murine NXS2

cells when cultured with either mouse or rat serum

It is well documented that mouse complement is extremely labile and the
levels of CDC achieved are often low compared to experiments performed with
complement sourced from other species (255). Therefore both mouse and rat
serum (freshly harvested and commercially sourced) was used as a source of
complement; however, attempts to induce CDC with the murine NXS2
neuroblastoma cell line were generally unsuccessful. Both the viability probe
propidium iodide and calcein release based assays were employed to measure
CDC, and at best the reduction in viability that could be attributed to
complement was 20 %. This result was achieved with the rat serum; however, it
was not reproducible (hence data not shown). In the initial experiments calcein
release by NXS2 targets cultured in the presence of serum alone and serum
plus 14G2a was equivalent, consequently since complement activation is not
solely dependent on recognition of antibody, attempts were made to titrate
down the serum concentration in order to identify the concentration associated
with minimal calcein release in the absence of antibody. However, even at
serum concentrations as low as 2.5 % the level of CDC achieved in the test
conditions remained equivalent to level observed in the control conditions (i.e.
matched samples cultured with heat inactivated serum), regardless of the

analysis method used.
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3.2.3.2 The anti-GD2 mAb ¢ch14.18 induces CDC when human

neuroblastoma cell lines are cultured with human serum

The calcein release based assay was used to investigate CDC using the human
neuroblastoma cell lines Lan-1 and IMR-32. The cells were opsonised with the
anti-GD2 mAb ch14.18 and cultured in the presence of human AB serum. The

results from these experiments are summarised in Figure 3.3.
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Figure 3-3. Anti-GD2 mediated CDC of the human neuroblastoma cell lines Lan-1 and
IMR-32. Calcein-AM labelled Lan-1 (a) and IMR-32 (b) cell lines were treated with PBS alone
(black bars), 10 ug/mL irrelevant isotype control Herceptin (grey bars), or 10 yg/mL anti-GD2
mAb ch14.18 (red bars) and cultured with 12.5 % final concentration human AB serum (solid
bars), or heat-inactivated human AB serum (striped bars). Data presented as mean =+ S.D. from
three independent experiments, where ** p = 0.0011 and **** p = < 0.0001.

Figure 3.3 shows that calcein release is significantly increased relative to the
isotype control Herceptin when ch14.18 opsonised Lan-1 or IMR-32 human
neuroblastoma cell lines are cultured in the presence of human serum. Calcein
release is reduced to baseline levels for the Lan-1 cell line, and from 30 % to
around 12 % of maximal for the IMR-32 cell line when cultured with matched
serum that had been heat inactivated, to destroy complement proteins.
Consequently the reduction in calcein release observed when the samples are

cultured with heat inactivated serum indirectly implies that antibody induced
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complement activation is responsible for the observed calcein release in the

assay performed with human serum that had not been heat inactivated.

3.24 Characterising the mechanisms responsible for anti-GD2
mediated killing: Antibody-dependent cell mediated
phagocytosis

The data presented in this section demonstrates the ability of murine bone
marrow-derived macrophages (BMDMs) and human monocyte-derived
macrophages (MDMs) to phagocytose anti-GD2 opsonised neuroblastoma cell

lines.

3.24.1 Obtaining murine bone marrow-derived macrophages

Murine BMDMs were isolated from the bone marrow of the femur and tibia of
A/) mice and cultured in the presence of M-CSF (see materials and methods,
section 2.3.1). When cultured in this manner murine BMDMs are reported to be
fully differentiated by day six of culture and can be used for in vitro
phagocytosis assay for up to seven days (256). Figure 3.4 illustrates BMDM
differentiation as the cells adapt to culture. The supplementation of the growth
medium with M-CSF drives the proliferation and differentiation of committed
myeloid-derived progenitors into functional macrophages. As shown in figure
3.4 the BMDMs adopt a more stellar-like morphology and adhere to the tissue
culture plastic as they differentiate. Other non-adherent cell types harvested
from the bone marrow, such as lymphoid progenitors and erythrocytes, are
progressively lost each time the media is changed. Hence a purified

macrophage population is gradually obtained.
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Figure 3-4. BMDM differentiation as cells adapt to culture. Murine BMDMs isolated from the
femur and tibia of A/J mice were cultured in complete RPMI and supplemented with 10 % L929
conditioned medium in 6-well tissue culture plates for up to 14-days. Microscopy images were
captured at x 10 magnification to demonstrate the change in morphology from day 1 (24-hours
post isolation) to day 6 at which point they are reported to be fully differentiated (256).

3.24.2 Investigating antibody-dependent cell mediated phagocytosis of

the murine NXS2 cell line /n vitro

A flow cytometry based phagocytosis assay originally developed by Dr Ruth
French (257) was adapted to investigate the ability of murine BMDMs obtained
from A/) mice to phagocytose anti-GD2 opsonised syngeneic NXS2
neuroblastoma cells. A schematic representation of the steps of the
methodology is shown in figure 3.5 (see also materials and methods, section
2.6).
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Figure 3-5. Schematic representation of the methodology for the flow cytometry based
phagocytosis assay.

Briefly, murine BMDMs were seeded in 96-well plates and left to adhere
overnight. The following day NXS2 cells were harvested and labelled with CFSE
to facilitate their identification by flow cytometry. The CFSE labelled NXS2
target cells were subsequently opsonised with the anti-GD2 mAb 14G2a, an
irrelevant isotype matched control (WR17), or PBS alone. The opsonised NXS2
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target cells and BMDMs were subsequently co-cultured for one hour. After the
incubation period the non-phagocytosed cells were removed and the BMDMs
were labelled using the APC conjugated macrophage marker F4/80. The cells
were harvested and analysed by flow cytometry. Phagocytosis was defined as
the number of events that stained double positive for CFSE and F4/80
(CFSE+F4/80+), as a percentage of the total F4/80 positive macrophage
population. Based on this definition a measure of phagocytosis would
incorporate both surface bound and internalised NXS2 cells. Some
representative flow cytometry profiles illustrating the gating strategy used to
identify the APC labelled macrophages and the CFSE+F4/80+ events is shown
in figure 3.6.

As a % total F4/80+
A population

FA/80+ | F4/80+
CFSE- | CFSE+
(@) | (Q2

F4/80-APC

X X

v

CFSE-FITC
{a)

PBS WR17 14G2a

APC-A

3 Q3 Q4 3 Q3 Q4

T A ([P RAILL ML SRR 7 Al LU PR R |

1 Q3 Q4
T ||t PR R RLLU S L SRR

=] a4 3 ] 4 S ] 4 3
a0 10 w0t 10 3q O 10 00 0t 10 g9 0 10 0 w0t 10
FITC-A FITC-A FITC-A

URALILL AL

F4/80-APC
10
d
10°
unl
I.I

92.2% 78% 93.1% 8.7% 72.8% 27.2%

v

CFSE-FITC
{b)

Figure 3-6. Representative flow cytometry profiles illustrating the double positive
phagocytosed populations. Schematic representation of the quadrant labels that apply to the
statistics displayed beneath each plot (a). Representative flow cytometry profile for each
treatment group demonstrating the double positive (CFSE+F4/80+) phagocytosed population
when CFSE labelled anti-GD2 opsonised NXS2 cells were co-cultured with F4/80+ BMDMs. (b).

The results of a series of phagocytosis assays performed using BMDMs isolated

from A/J) mice and the syngeneic NXS2 neuroblastoma cell line are summarised
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in figure 3.7. The GD2 negative neuroblastoma cell line Neuro2a, which is also

syngeneic for the in-bred A/J strain was used a negative control.
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Figure 3-7. Phagocytosis of the murine neuroblastoma cell lines by BMDMs isolated from
syngeneic A/J mice. Mean phagocytosis measured as the number of double positive APC-anti-
F4/80 macrophages and CFSE labelled targets, as a percentage of the total APC-anti-F4/80
positive macrophage population. Phagocytosis of the GD2 negative Neuro2a cell line following
treatment with PBS alone (black open circles), the irrelevant isotype matched control mAb WR17
(grey open squares) and the anti-GD2 mAb 14G2a (red open triangles), where n = 5, (a).
Phagocytosis of the GD2 positive NXS2 cell line following treatment with PBS alone (black
circles), the irrelevant isotype matched control mAb WR17 (grey squares) and the anti-GD2 mAb
14G2a (red triangles), where n = 12, ** p = < 0.0051 (b).

Figure 3.7 summarises the results of phagocytosis assays performed using the
GD2 negative Neuro2a and GD2 positive NXS2 neuroblastoma cell lines. Figure
3.7 (@) clearly shows that when the Neuro2a cells are used as targets the
double positive (F4/80+CFSE+) population remains at around 10 % of the total
macrophage population despite the addition of the irrelevant isotype matched
control mAb WR17, or the anti-GD2 mAb 14G2a. Whereas figure 3.7 (b) shows
phagocytosis of the NXS2 cell line is significantly enhanced following the
addition of 14G2a compared to the isotype control. On average phagocytosis
of the 14G2a opsonised NXS2 cells is around double that observed in the
absence of mAb (PBS) or when the isotype control WR17 was added.

3.243 Investigating antibody-dependent cell mediated phagocytosis of

the human Lan-1 neuroblastoma cell line /n vitro

To confirm whether ADCP as a mechanism also applied to human
neuroblastoma cell lines a series of experiments were set up using human
monocyte-derived macrophages (MDMs) obtained from PBMCs harvested from
leucocyte reduction system (LRS) cones (obtained from the National Blood

Transfusion Service) as a source of effector cells and the human Lan-1
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neuroblastoma cell line. As with the murine BMDMs, human MDMs were
cultured in growth medium supplemented with M-CSF (see materials and
methods, section 2.1.3) for a period of seven days to induce macrophage
differentiation, from which point they were ready to be used in phagocytosis
assays. The phagocytosis assay itself was performed as previously shown in
figure 3.6; however, an APC conjugated anti-CD16 mAb was used to identify
the macrophage population, instead of the murine macrophage marker F4/80.
Consequently, in human phagocytosis assays phagocytosis was defined and
the APC-anti-CD16 and CFSE double positive population, as a percentage of
the total APC-anti-CD16 positive population. The results from these assays are

summarised in figure 3.8.
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Figure 3-8. Phagocytosis of the human Lan-1 cell line by human MDMs. Human MDMs
isolated from leucocyte reduction system cones were cultured for a minimum of 7-days to
induce differentiation. Mean phagocytosis measured as the number of double positive APC-anti-
CD16 macrophages and CFSE labelled targets as a percentage of the total APC-anti-CD16
positive macrophage population. Phagocytosis of the GD2 positive Lan-1 cell line following
treatment with PBS alone (black open circles), the irrelevant isotype matched control mAb
Herceptin (grey open squares) and the anti-GD2 mAb ch14.18 (red open triangles), where n = 3,
and * p = 0.0101.

Figure 3.8 summarises the results from three separate phagocytosis assays
performed using human MDMs harvested from LRS cones and the GD2+
human neuroblastoma cell line Lan-1. The CFSE labelled Lan-1 target cells
were treated with either PBS alone, Herceptin, a humanised IgG1 mAb specific
for the human epidermal growth factor receptor 2 (HER2), which was used as
an irrelevant isotype control, or the anti-GD2 mAb ch14.18. Figure 3.8 shows
that phagocytosis is significantly enhanced following the addition of the anti-

GD2 mAb ch14.18 compared to the isotype control. On average phagocytosis
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of the chl14.18 opsonised Lan-1 cells is around 35-40 % higher than that
observed in the absence of mAb (PBS) or following addition of the isotype
control Herceptin. The data in figure 3.7 (b) shows that the mean phagocytosis
of the murine NXS2 cells following the addition of the anti-GD2 mAb was
around 12 % greater than the isotype control, therefore the data in figure 3.8
suggests that a higher proportion of anti-GD2 opsonised human Lan-1 cells

are phagocytosed by human macrophages in a similar time frame.

3.25 Characterising the mechanisms responsible for anti-GD2
mediated tumour cell Kkilling: antibody-dependent cellular

cytotoxicity

The results presented in this section summarise investigations into the ability
of NK cells to induce anti-GD2 mediated ADCC in vitro using both human and

murine target cells and effectors.

3251 Comparing ADCC of anti-GD2 opsonised neuroblastoma cell

lines using mouse splenocytes and human PBMCs

Anti-GD2 mediated ADCC was assessed in vitro using a calcein release based
ADCC assay. As discussed in section 2.5 calcein-AM is a membrane permeable
molecule that passively diffuses into cells, where it is converted into calcein, a
green fluorescent dye, following hydrolysis by intracellular esterases. Calcein is
retained within the cell provided the cell membrane remains intact; however, in
the event the cell is lysed, calcein is released into the cell culture supernatant
and can be detected using a fluorescence plate reader. To investigate anti-GD2
mediated ADCC by calcein release both the murine NXS2 and human Lan-1 cell
lines were labelled with calcein-AM, prior to treatment with PBS alone, an
irrelevant isotype matched control (PK136 or Herceptin), or the anti-GD2 mAb
14G2a (NXS2) or ch14.18 (Lan-1). The opsonised target cells were
subsequently incubated with either syngeneic A/)J mouse splenocytes, or
human PBMCs, which were used as a source of effector cells. The results of this

experiment are shown in figure 3.9.
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Figure 3-9. Anti-GD2 mediated cytolysis of the murine neuroblastoma cell line NXS2 and
the human neuroblastoma cell line Lan-1 using a calcein release based ADCC assay.
Calcein-AM labelled murine NXS2 and human Lan-1 neuroblastoma cell lines were treated with
either PBS alone (black stripes/ solid bar), an irrelevant isotype matched control, PK136 or
Herceptin (grey stripes/ solid bar), or anti-GD2 mAb, 14G2a or ch14.18 (red stripes/ solid bar)
and co-cultured with either syngeneic A/) mouse splenocytes (NXS2), or human PBMCs (Lan-1)
at an effector: target ratio of 40:1. Calcein release was measured using a Varioskan Flash
fluorescence plate reader and calculated as a percentage of maximum lysis. Representative
example of the mean + S.E.M calcein release as a percentage of maximal obtained from triplicate
repeats for the murine NXS2 cell line (a). Mean + S.D. calcein release as a percentage of maximal
obtained from three independent experiments using PBMCs from three separate donors for the
human Lan-1 cell line, where * p = 0.0149 (b).

Figure 3.9 (a) shows that treatment with the anti-GD2 mAb 14G2a failed to
induce calcein release when murine NXS2 neuroblastoma cells were cultured
with murine effector cells. Conversely, figure 3.9 (b) shows that treatment with
the anti-GD2 mAb ch14.18 resulted in a significant increase in calcein release,
compared to the irrelevant isotype matched control Herceptin when Lan-1 cells
were cultured with human effector cells. The failure to induce anti-GD2
mediated specific lysis of NXS2 cells treated with 14G2a and cultured with
syngeneic A/]J mouse splenocytes, as shown in figure 3.9 (a), can be attributed
to either the NXS2 cell line itself, or the source of effector cells, on the basis
that figure 3.9 (b) clearly shows the calcein release based ADCC assay can
reproducibly detect anti-GD2 mediated specific lysis of the Lan-1
neuroblastoma cell line. Flow cytometry analysis was performed on both the
human and mouse effector cells used in these ADCC assays to enumerate NK
cell numbers, and assuming NK cells are responsible for anti-GD2 mAb
induced ADCC the most likely explanation for the lack of calcein release in the
murine ADCC assay is the low number of NK cells in the spleens of A/J mice.
Figure 3.10 (a) is a representative flow cytometry profile, which shows that NK
cells typically comprise less than 2 % of the lymphocyte population recovered

from the spleens of A/J) mice, whereas figure 3.10 (b) is a representative flow
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cytometry profile, which shows that NK cells can comprise up to 16 % of the
total human peripheral blood lymphocyte population recovered from LRS
cones. Therefore, although murine effector cells were added at an effector:
target ratio of 40:1, based on the NK cell number recovered from the spleens
of the A/J mice the actual number of NK cells to NXS2 target cells in the murine
ADCC assays was less than 1:1, which may account for the lack of antibody

induced calcein release.
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Figure 3-10. The proportion of murine NK cells recovered from the spleen versus human
NK cells recovered from LRS cones. The NK cells were assessed by flow cytometry. Schematic
representation of the quadrant labels that apply to the quadrant statistics displayed beneath
each flow cytometry profile for the murine (a) and human (b) NK cells. The position of the
quadrants was based on staining observed using irrelevant isotype controls. Murine CD3-
CD49b+NKG2ACE+ NK cells present in the A/J mouse spleen as a percentage of the total
lymphocyte population (c). Human CD3-CD56+ NK cells with the human PBMC population
isolated from an LRS cone as a proportion of the total lymphocyte population (d).
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3.25.2 Augmenting murine NK cell nhumbers prior to use in calcein

release based assays

Based on the results in figures 3.9 and 3.10 it was hypothesized that anti-GD2
induced ADCC may still be achieved in the murine NXS2 ADCC assay provided
sufficient NK cell numbers could be recovered from the spleens of syngeneic
A/] mice. When human PBMCs obtained from LRS cones are used at an effector:
target ratio of 40:1 the actual number of NK cells to each neuroblastoma target
cell is in the region of 6:1. Whereas murine effector cells recovered from the
spleen would have to be added at an effector: target ratio of around 300:1 in
order to achieve a similar number of NK cells per neuroblastoma target cell.
Therefore, rather than increasing the effector: target ratio to such an extent in
the murine assay, attempts were made to increase the number of NK cells
recovered by enriching the splenic NK cell fraction post-harvest using an NK

cell isolation kit. The results of this experiment are presented in figures 3.11.

A point of note is that whilst Miltenyi Biotec Technical Support Team advise
that the mouse NK cell isolation kit should facilitate recovery of an NK cell
population that is greater than 90 % pure, the kit was developed using the
Balb/c in bred strain. A direct comparison of NK cell purity following isolation
of NK cells from the spleens of Balb/c and A/J mice (data not shown) revealed
that the NK cells recovered from the spleens of Balb/c mice were typically
greater than 80 % pure, whereas less than half of the cells recovered from the
spleens of A/) mice were in fact NK cells. Similar observations have been
reported by others when assessing the NK cell yield and purity recovered from
the spleens of Balb/c mice compared to C57BL/6 mice (258). Consequently, in
subsequent experiments involving NK cells harvested from the spleens of A/]
mice the NK cell isolation kit has been used to enrich rather than purify the NK

cell population.
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Figure 3-11. Anti-GD2 mediated cytolysis of the murine NXS2 neuroblastoma cell line
using A/J splenocytes post-NK enrichment. The proportion of NK cells harvested from the
spleen of a syngeneic A/J mouse as a percentage of total lymphocytes was assessed pre- and
post-enrichment by flow cytometry. The NK cells recovered were added to calcein-AM labelled
NXS2 neuroblastoma cells treated with either PBS alone (black stripes), an irrelevant isotype
matched control (grey stripes), or the anti-GD2 mAb 14G2a (red stripes) at a 30:1 effector:
target ratio. Calcein release was measured using a Varioskan Flash fluorescence plate reader and
calculated as a percentage of maximum lysis. Schematic illustrating the quadrant labels that
apply to the individual quadrant statistics displayed beneath each flow cytometry profile for
clarity (a) Representative flow cytometry profiles illustrating NK cell numbers pre- and post-
enrichment (b). Mean + S.E.M calcein release as a percentage of maximal obtained from
triplicate repeats for the murine NXS2 cell line (c).
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The data in figure 3.11 (b) shows the NK cell fraction, pre- and post-
enrichment. Due to the total number of NK cells recovered following the
enrichment step the maximum effector: target ratio that could be achieved in
this assay was 30:1. The results of the calcein release based ADCC assay
performed using the NK cell enriched effector cells is shown in figure 3.11 (c).
As a consequence of NK cell enrichment the actual NK cell: NXS2 target cell
ratio achieved when effector cells were seeded at 30:1 was around 10:1.
However, despite a 10-fold increase in the number of NK cells to NXS2 targets
compared to the previous ADCC assay (see figure 3.9 a) less than 5 % calcein

release was achieved following anti-GD2 mAb treatment.

Additional attempts were made to increase the NK cell population in vivo prior
to harvesting the splenocytes by administering 30,000 IU of recombinant IL-2
to A/) mice per day for a period of five consecutive days. The spleens were
subsequently harvested and NK cell enriched, or not prior to use in ADCC
assays with murine NCS2 target cells. Despite achieving NK cell: NXS2 target
cells ratios in excess of 10:1 the anti-GD2 mAb induced calcein release

achieved was consistently less than 5 % of maximal (data not shown).

3.253 Performing calcein release based ADCC assay using whole blood

as a source of effectors.

Natural Killer cells routinely comprise around 10-15 % of the total lymphocyte
population recovered from human peripheral blood LRS cones, consequently
when used at an effector: target ratio of 40:1 in calcein release based ADCC
assays the actual number of NK cells is in the region of 4-6 per target cell. The
data in figure 3.9 (b) suggests that this is sufficient to induce anti-GD2
mediated specific lysis. The lack of anti-GD2 mediated specific lysis in figure
3.9 (a) was initially attributed to an insufficient number of murine NK cells per
target. However, the results in figure 3.11 and obtained from other
experiments (data not shown) imply that even when the NK cell number is
increased in the order of 10+ NK cells per target cell (double the number
typically used in the human ADCC assay) anti-GD2 mAb induced calcein

release remains less than 5 % of maximal.

Since increasing the effector: target ratio failed to make a difference to the
level of anti-GD2 mAb induced calcein release in the murine assay, an

alternative explanation for the lack of ADCC observed may be that murine
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effector cells recovered from the spleen are functionally deficient. In the
human ADCC assay the effector cells are recovered from peripheral blood LRS
cones, therefore mouse blood may prove to be a better source of effector cells
for use in the murine ADCC assay. Consequently, a separate experiment was
set up to investigate anti-GD2 mAb induced calcein release using human, or
mouse whole blood as a source of effector cells. The human Lan-1
neuroblastoma cell line was chosen as the target cell line in this experiment
because figure 3.9 (b) shows these cells are susceptible to anti-GD2 mediated
specific lysis. The Lan-1 cells were opsonised with the anti-GD2 mAb ch14.18
when human whole blood was used as a source of effector cells and 14G2a
when mouse whole blood was used as a source of effector cells. Mouse whole
blood was collected by terminally bleeding A/J mice, whereas human whole
blood was obtained from an LRS cone. The results of this experiment are

shown in figure 3.12.
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Figure 3-12. Anti-GD2 mediated cytolysis of the human neuroblastoma cell line Lan-1
using whole blood as a source of effectors. Whole blood (diluted 1:2) was added to calcein-
AM labelled Lan-1 neuroblastoma cells treated with either PBS alone (black stripes/ solid bar), an
irrelevant isotype matched control (grey stripes/ solid bar), or anti-GD2 mAb (red stripes/ solid
bar). Calcein release was measured using a Varioskan Flash fluorescence plate reader and calcein
release was calculated as a percentage of maximum. Flow cytometry was performed to
determine the proportion of NK cells as a percentage of total lymphocytes present in the whole
blood. Representative flow cytometry profiles illustrating NK cell number in mouse (a) or human
(b) whole blood. Mean + S.E.M calcein release as a percentage of maximal obtained from
triplicate repeats using mouse whole blood as a source of effector cells (c). Mean + S.E.M calcein
release as a percentage of maximal obtained from triplicate repeats using human whole blood as
a source of effector cells (d).

Figure 3.12 (a) and (b) shows the NK cell component of mouse and human
whole blood respectively. Based on the lymphocyte counts following red blood
cell lysis (which were fairly similar for the mouse and human samples) at 7 % of
the total lymphocyte population the NK cell: target ratio in the murine ADCC
assay was around 5:1; However, figure 3.12 (c) shows that no anti-GD2
induced calcein release was observed. Based on the human assays this
effector: target ratio is assumed to be sufficient to induce killing, therefore the

lack of calcein release suggests that peripheral blood NK cells harvested from
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A/) mice are no more functionally active than NK cells harvested from the
spleen. At around 19 % of the total lymphocyte population the human NK:
target cell ratio was around 13:1 and figure 3.12 (d) shows that anti-GD2
induced calcein release was approximately 94 %. This effector: target ratio is
much higher than the ratio typically used in ADCC assays, which may account
for the particularly high level of calcein release. There may also have been

some CDC activity from the serum component of the human whole blood

3.254 Performing calcein release based ADCC assays using human

PBMCs as a source of effectors and murine NXS2 target cells

The failure to induce anti-GD2 mediated ADCC using A/J splenocytes or whole
blood alongside both human and murine neuroblastoma target cell lines
suggests that the NK cells recovered from A/]J mice may be functionally
deficient at least in vitro and the low lytic activity of NK cells recovered from
A/) mice has been reported in the literature (259). Consequently, to confirm
that the murine NXS2 neuroblastoma cell line is susceptible to anti-GD2 mAb
in calcein release based ADCC assays a series of experiments was set up using
the NXS2 neuroblastoma cell line and human PBMCs as a source of effector

cells. The results of these experiments are summarised in figure 3.13.
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Figure 3-13. Anti-GD2 mediated cytolysis of the murine NXS2 neuroblastoma cell line
using human PBMCs as a source of effector cells. Calcein-AM labelled murine NXS2
neuroblastoma cell lines were treated with either PBS alone (black bar), the irrelevant isotype
matched controls PK136 (grey striped bar), or Herceptin (grey solid bar), or the anti-GD2 mAb
14G2a (red striped bar), or ch14.18 (red solid bar) and co-cultured with human PBMCs at an
effector: target ratio of 40:1. Calcein release was measured using a Varioskan Flash fluorescence
plate reader calculated as a percentage of maximum. Mean + S.D. calcein release as a
percentage of maximum obtained from three independent experiments using PBMCs from three
separate donors, where ** p = 0.0027 and *** p = 0.0007.

The data presented in figure 3.13 suggests that anti-GD2 mAb induced calcein
release can be achieved with murine NXS2 targets cells when human PBMCs are
used as a source of effectors. Treatment with either the anti-GD2 mAb 14G2a
and ch14.18 results in a significant increase in calcein release (at around 36 %

of maximal) compared to its respective isotype control.

3.255 The role of NK cells in anti-GD2 induced specific lysis as

determined by calcein release in in vitro ADCC assays

NK cell mediated ADCC is considered to be the major effector mechanism
responsible for the therapeutic effect of anti-GD2 mAb. The data in figures 3.9
(b) and 3.13 confirms that anti-GD2 induced calcein release by both human
and murine neuroblastoma cell lines can be achieved in vitro when anti-GD2
opsonised neuroblastoma cells are cultured with human effector cells, i.e.
PBMCs. However, these results do not confirm whether NK cells are responsible
for the anti-GD2 induced calcein release observed. To determine whether anti-
GD2 induced calcein release is mediated by NK cells in the in vitro ADCC assay
a series of experiments were performed using human PBMCs isolated from LRS

cones, from which NK cells were subsequently purified using a human NK cell
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isolation kit (see materials and methods, section 2.4.2). These ADCC assays
were performed using matched PBMCs, purified NK cells and the NK cell
depleted fraction isolated from three separate LRS cones. Both the human
neuroblastoma cell lines Lan-1 and IMR-32 were used as target cells in these

experiments, the results of which are summarised in figures 3.14.
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Figure 3-14. Anti-GD2 mediated cytolysis of human neuroblastoma cell lines using PBMCs,
purified NK cells or the NK cell depleted fraction as a source of effector cells. PBMCs
isolated from human peripheral blood LRS cones were purified using an NK cell isolation kit and
assessed by flow cytometry to determine the proportion of NK cells as a percentage of total
lymphocytes in the PBMC, purified NK cell and NK cell depleted fractions. The effector cells were
then added to calcein-AM labelled anti-GD2 mAb ch14.18 treated Lan-1, or IMR-32
neuroblastoma cells at a 40:1 (PMBCs and NK cell depleted fraction), or 4:1 (purified NK cells)
effector: target ratio. Antibody induced calcein release was measured using a Varioskan Flash
fluorescence plate reader and calculated as a percentage of maximum. Schematic illustrating the
quadrant labels that apply to the individual quadrant statistics displayed beneath each flow
cytometry profile for clarity (a) Representative flow cytometry profile illustrating NK cell number
in each fraction (b). Mean + S.D antibody induced calcein release as a percentage of maximal
obtained following three independent experiments using three separate LRS cones for the Lan-1
(c) and IMR-32 (d) cell lines, where ns = not significant, * p = 0.0326 and ** p = 0.0061.
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Figure 3.14 (b) is a series of representative flow cytometry profiles illustrating
the NK cell population as a percentage of the total lymphocyte population pre-
purification (i.e. the PBMCs), post-NK cell purification and in the NK cell
depleted fraction (i.e. the remainder of PBMCs recovered once the NK cells had
been removed). Antibody induced calcein release as a percentage of maximal is
shown for the anti-GD2 mAb opsonised Lan-1 cells (c) and IMR-32 cells (d)
cultured with PBMCs, purified NK cells, or the NK cell depleted fraction.
Antibody induced calcein release was calculated for each cell line by
subtracting the calcein release associated with effectors and target cells in the
absence of mAb (i.e. PBS treated), see materials and methods section 2.5.3.
When PBMCs or purified NK cells are used as a source of effector cells the
antibody induced calcein release remains equivalent at around 20 % for the
Lan-1 cells, and around 10 % for the IMR-32 cells respectively. However, when
the NK cell depleted fragment is used as a source of effector cells the anti-GD2
induced calcein release is reduced to less than 5 % for the Lan-1 cells, and less
than 1 % for the IMR-32 cells. Although only the reduction observed for the
IMR-32 neuroblastoma cell line was statistically significant, taken together the
equivalent calcein release observed when PBMCs or purified NK cells are used
as effector cells, coupled with the reduction in calcein release observed when
the same targets cells are cultured with the NK cell depleted fractions,
suggests that the NK cell population is responsible for the anti-GD2 induced

calcein release observed in these in vitro ADCC assays.

3.2.6 The role of NK cells and macrophages in anti-GD2 mAb therapy

in vivo

The syngeneic NXS2 model is one of only two murine models of neuroblastoma
that permits the study of GD2 targeted immunotherapies in fully
immunocompetent mice and will be used extensively throughout this
investigation. Since the therapeutic effect of anti-GD2 mADb is widely reported
to be NK cell mediated, the failure to induce lysis of the murine NXS2
neuroblastoma cell line following treatment with anti-GD2 mAb was
concerning. However, data has been published using this syngeneic model,
which confirms that the therapeutic effect of the c¢chl14.18-IL-2
immunocytokine is largely NK cell mediated and can be abrogated following NK
cell depletion (203). This suggests that the failure to induce specific lysis of

anti-GD2 opsonised NXS2 cells using syngeneic A/]) splenocytes, or whole
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blood in calcein release based ADCC assays may be due to a functional
deficiency in vitro. Consequently a preliminary study was set up to assess the
in vivo functional activity of A/J NK cells by recapitulating the published data as
closely as possible. Additionally, since the results in figure 3.7 and 3.8
suggested that ADCP may contribute to the anti-tumour effects of anti-GD2
mADb, the decision was made to include a macrophage depleted group in order

to explore the potential role for macrophages in anti-GD2 mAb therapy in vivo.

In this experiment syngeneic A/) mice were treated with either anti-asialo-
GM1 antisera to deplete NK cells, or clodronate liposomes to deplete
macrophages on day -3 and day -1, prior to inoculation with NXS2
neuroblastoma cells on day 0. Mice inoculated with NXS2 cells via the tail vein
reportedly develop metastatic-like disease in the liver, lung and bone marrow
within 21 days of inoculation (240). Therapy began on day 1 and mice were
treated with either PBS alone, or 10 pg anti-GD2 plus 30,000 IU of
recombinant IL-2, which provides a dose equivalent to the anti-GD2-IL-2
immunocytokine (203, 260), per day for a period of 6 days. The therapeutic
end points included liver weight and the appearance of metastatic foci (as an

assessment of tumour burden on day 21) and survival.

3.26.1 Depletion of liver and splenic macrophages using clodronate

liposomes

Depletion of macrophages cells was achieved by administration of clodronate
liposomes on day -3 and day -1 (see materials and methods, section 2.7.2).
The data in figure 3.15 shows the deleterious effect of the clodronate
liposomes on macrophages in the liver, which is the primary site of tumour

burden, and the spleen on day 5 and day 9 post-macrophage depletion.
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Figure 3-15. Macrophage depletion in the liver and the spleen post-administration of
clodronate liposomes. A/J mice were injected 200 pL PBS alone, or 200 pL clodronate
liposomes day -3 and day -1 to achieve macrophage depletion. Livers and spleens were
harvested on day 5 and 9 post-depletion to confirm depletion by flow cytometry assessment.
Number of macrophages per 100,000 events in the liver (a) and spleen (b) relative to naive
control mice.

Figure 3.15 shows clodronate liposome induced macrophage depletion relative
to naive control mice and confirms depletion persists in the liver for at least 9
days post-administration, which covers the duration of therapy; however,
splenic macrophages are showing signs of recovery by day 9, therefore further
injections of clodronate liposomes are likely to be required in future

experiments in order to maintain depletion.

3.2.6.2 The endogenous macrophage response to neuroblastoma

The effect of macrophage depletion on tumour burden and survival is shown in
figure 3.16.
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Figure 3-16. The endogenous macrophage response to neuroblastoma. A/]J mice were
injected with 200 pL PBS alone, or 200 pL (1:10 dilution) clodronate liposomes day -3 and day -
1 prior to inoculation with 1x10° NXS2 cells, or PBS alone on day O. Mice (n = 6 per group, or 3
per group for macrophage depleted, PBS) were culled on day 21 and tumour burden was
assessed by the appearance of metastatic foci (a), or liver wet weight (g) (b), ** p = 0.0044 and
**** p = < 0.0001. Additional mice (n = 4 per group) were monitored for survival (c).
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Figure 3.16 (a) and (b) illustrates the tumour burden as determined by both the
appearance of macroscopic foci and the liver wet weight for the tumour-
bearing mice (in the absence of therapy) is significantly increased relative to
the naive control mice. The macrophage depleted mice presented with by far
the greatest tumour burden at day 21, with liver weights that were more than
double those typically recorded amongst the tumour bearing mice (mean 3.9 g
vs. 1.8 g). However, survival did not seem to be impaired, as shown in figure
3.16 (¢) the survival curves for both tumour bearing untreated groups

completely overlap.

3.26.3 The effect of macrophage depletion on tumour burden and

survival following treatment with anti-GD2 mAb + IL-2

The effect of macrophage depletion on response to treatment with anti-GD2

mMAD plus IL-2 in tumour bearing mice is shown in figure 3.17.
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Figure 3-17. The effect of macrophage depletion on anti-GD2 plus IL-2 combination
therapy in tumour bearing mice. A/] mice were injected 200 pyL PBS alone, or 200 pL
clodronate liposomes day -3 and day -1 prior to inoculation with 1x10° NXS2 cells i.v. on day O.
Mice (n = 6 per group, or 3 per group for macrophage depleted, PBS) went on to receive PBS
alone or 10 ug anti-GD2 mAb 14G2a plus 30,000 IU recombinant IL-2 for 6 days. Mice were
culled on day 21 to assess tumour burden by liver wet weight (g) (a) * p = 0.0199, **** p =
<0.0001 and ns = not significant. Additional mice (n = 4 per group) were monitored for survival

(b).

Figure 3.17 (a) illustrates that the tumour burden, as determined by the liver
weight for tumour bearing mice, is significantly increased in the absence of
therapy relative to naive control mice. The liver weights for the mice receiving

14G2a+IL-2 therapy is comparable to the naive control; however, the liver
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weight for the tumour bearing macrophage depleted group receiving
14G2a+IL-2 remains significantly higher than the naive control group,
suggesting a partial abrogation of therapy. Figure 3.17 (b) shows that despite a
potential partial abrogation of therapy macrophage depletion did not reduce
survival in the treated mice relative to the treated mice that were not

macrophage depleted.

3.2.6.4 Depletion of liver and splenic NK cell using anti-asialo-GM1

antibody

Depletion of NK cells was achieved by administration of anti-asialo-GM1
antibody on day -3 and day -1. The data in figure 3.18 shows the deleterious
effect of the anti-asialo-GM1 antibody on NK cells in the liver and spleen on

day 5 and day 9 post-NK cell depletion.
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Figure 3-18. NK cell depletion in the liver and spleen post-administration of anti-asialo-
GM1. A/) mice were injected 200 pL PBS alone, or 200 pL (1:10 dilution) anti-asialo-GM1
antisera day -3 and day -1 to achieve NK cell depletion. Livers and spleens were harvested on
day 5 and 9 post-depletion to confirm depletion by flow cytometry assessment. Number of NK
cells per 100,000 events in the liver (a) and spleen (b) relative to naive control mice.

Figure 3.18 shows anti-asialo-GM1 induced NK cell depletion relative to naive
control mice and confirms depletion persists for at least nine days post-

administration, which will cover the duration of therapy.

3.2.6.5 The endogenous NK cell response to neuroblastoma

The effect of NK cell depletion on tumour burden and survival in untreated

mice is shown in figure 3.19.
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Figure 3-19. The endogenous NK cell response to neuroblastoma.A/) mice were injected
with 200 pL PBS alone, or 200 pL (1:10 dilution) anti-asialo-GM1 antisera day -3 and day -1
prior to inoculation with 1x10° NXS2 cells, or PBS alone on day 0. Mice (n = 6 per group, or 3 per
group for NK cell depleted group) were culled on day 21 and tumour burden was assessed by
the appearance of metastatic foci (a), or liver wet weight (g), ** p = 0.0044 and *** p = 0.0006
(b). Additional mice (n = 4 per group) were monitored for survival (c).
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Figure 3.19 (a) and (b) illustrates the tumour burden as determined by both the
appearance of macroscopic foci and the liver wet weight for the tumour
bearing mice (in the absence of therapy), which in both cases was significantly
increased relative to the naive control mice. As observed in the macrophage
depleted mice (see figure 3.16) it is clear that the NK cell depleted mice
present with the greatest tumour burden at day 21, with liver weights that
were on average more than 1 g heavier than the weight recorded for tumour
bearing mice that had not been NK cell depleted and may be indicative of an
endogenous NK cell response to neuroblastoma. Survival did not seem to be
impaired in untreated NK cell depleted mice relative to untreated mice, as

shown in figure 3.19 (c).

3.2.6.6 The effect of NK cell depletion on tumour burden and survival

following treatment with anti-GD2 mAb + IL-2

The effect of NK cell depletion on response to treatment with anti-GD2 mAb

plus IL-2 in tumour bearing mice is shown in figure 3.20.
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Figure 3-20. The effect of NK cell depletion in anti-GD2 plus IL-2 combination therapy in
tumour bearing mice. A/J mice were injected 200 pL PBS alone, or 200 pL (1:10 dilution) anti-
asialo-GM1 antisera day -3 and day -1 prior to inoculation with 1x10° NXS2 cells i.v. on day O.
Mice (n = 6 per group, or 3 per group NK cell depleted groups) went on to receive PBS alone or
10 pg anti-GD2 mAb 14G2a plus 30,000 IU recombinant IL-2 for 6 days. Mice (n = 6 per group,
or 3 per group NK cell depleted) were culled on day 21 to assess tumour burden by liver wet
weight (g) (a), ** p = 0.0044, *** p = 0.0006 and ns = not significant. Additional mice (n = 4 per
group) were monitored for survival (b).

Figure 3.20 (a) illustrates that whilst the tumour burden, as determined by the
liver weight for the tumour bearing mice, is significantly increased in the
absence of therapy relative to the naive control mice, the liver weights for the
mice receiving 14G2a+IL-2 is comparable to the naive control regardless of NK
cell depletion. However, figure 3.20 (b) shows that in terms of survival the NK

cell depleted mice receiving 14G2a plus IL-2 reached end point before the
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non-NK cell depleted mice receiving the same therapy, suggesting at least a

partial abrogation of therapy.

3.26.7 NK cell depletion but not macrophage depletion reduces the

protective effect of 14G2a+IL-2 treatment in terms of survival

When all the mouse groups receiving 14G2a+IL-2 are compared to the
untreated group it is clear that they all benefit from treatment as all the mice
survive longer than their untreated counter parts. However, of all the mice
receiving therapy the NK cell depleted mice were the first to succumb to their

tumour burden, as shown in figure 3.21.
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Figure 3-21. The effecto of macrophage or NK cell depletion on anti-GD2 plus IL-2
combination therapy in tumour bearing mice. A/J mice were injected 200 uL PBS alone, 200 pL
anti-asialo-GM1, or 200 uL clodronate liposomes day -3 and day -1 prior to inoculation with
1x10° NXS2 cells i.v. on day 0. Mice went on to receive PBS alone or 10 pg anti-GD2 mAb 14G2a
plus 30,000 IU recombinant IL-2 for 6 days and were subsequently monitored for survival (n = 4

per group).

These experiments need to be repeated in order to draw any solid conclusions
regarding the relative contributions of NK cells and macrophages to anti-GD2
mAb therapy in vivo. However, both NK cells and macrophages seem to be
important in terms of the response to therapy as depletion of either subtype
leads to a partial abrogation of therapy, resulting in either a reduction in
survival (as is the case for NK cell depletion), or failure to fully eradicate
tumour as determined by liver weight (as is the case for macrophages).
Additionally, these experiments confirm that A/] NK cells are functionally
active in vivo, therefore as anticipated the failure to induce ADCC is likely to be

due to a functional deficiency in vitro.
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3.3 Chapter discussion

The purpose of this chapter was to explore the immune mediated mechanisms
of action responsible for the anti-tumour activity of anti-GD2 mAb as a
thorough understanding of the mechanisms involved and how they might be
enhanced is crucial for the rational design of improved therapeutic strategies.
The data presented in this chapter provides some of the first in vitro evidence
to suggest that macrophages may contribute to the anti-tumour activity of
anti-GD2 mADb, in addition to the well-established NK cell mediated ADCC.
Furthermore, results obtained from a preliminary experiment using a
syngeneic model of murine metastasis suggests a role for macrophages and
NK cells in both the endogenous immune response to NXS2 tumour and anti-
GD2 mAb therapy in vivo, as neither depletion of macrophages nor NK cells

alone was sufficient to completely abrogate therapy.

3.3.1 The role of CDC in anti-GD2 mAb therapy

The first immune mediated mechanism explored in this chapter was CDC. As
discussed in section 1.5.1.2 CDC is initiated upon binding of the Fc domain of
the anti-GD2 mAb engages the globular heads of the C1g molecule, triggering
a sequence of events which culminates in the formation of the MAC and results
in the death of the target cell. Attempts to investigate CDC using 14G2a
opsonised NXS2 cells and mouse, or rat serum as a source of complement were
unsuccessful. Mouse complement is extremely labile and often associated with
poor lytic activity (255). However, mouse complement-dependent specific lysis
has been reported for anti-GD2 opsonised NXS2 targets cells, with
approximately 35 % killing observed at mAb concentrations of 5-10 pug/mL
(254). At best only 20 % Kkilling of NXS2 targets could be attributed to
complement in this investigation using rat serum and this result was not
reproducible (data not shown). However, taken together with the published
data this does suggest NXS2 cells are susceptible to anti-GD2 mediated CDC in
vitro. Other groups have investigated the role of CDC as a mechanism of action
for the therapeutic effect of anti-GD2 mAb 14G2a in vivo, using the murine
EL4 metastatic model of disease (255). The EL4 lymphoma cell line is known to
express surface GD2 and anti-GD2 mAb have proven effective at eliminating
EL4 micrometastases in syngeneic C57BI/6 mice (261). EL4 cells express ccry,

a structural analogue of the human complement inhibitors decay-accelerating
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factor (DAF) and membrane cofactor protein (MCP) (262, 263) that renders
them naturally resistant to CDC. However, in vitro data suggests that EL4 cells
can be sensitised to CDC following treatment with the anti-GD2 mAb 14G2a.
On the other hand EL4/mCD59 cells, which have been stably transfected with
mouse CD59 (which is known to interfere with the formation of MAC and
inhibit the late phase of complement activation), reportedly remain resistant to
CDC despite treatment with 14G2a (255). In a series of in vivo experiments
performed using the EL4 and the EL4/mCD59 cells the authors found that
administration of 100 pyg 14G2a 2 days post tumour inoculation was sufficient
to eliminate tumour burden. When mice were culled 70 days post challenge
both the mice inoculated with the complement sensitised EL4 cells and the
complement resistant EL4/mCD59 were found to be tumour free. However,
when these cells were administered to FcyRI/llI-deficient mice, the protective
effect of 14G2a was abrogated and both groups of mice were terminal by day
30. The lack of protection in mice inoculated with the EL4 cell line, which
should have been susceptible to CDC even in the FcyRI/llI-deficient mice, led
the authors to conclude that ADCC is the principle mechanism of action for the
anti-GD2 14G2a in vivo (255). Additionally, similar experiments performed in
C3, or C3 receptor deficient mice had little effect on therapy, except low doses
of antibody, which the authors concluded was suggestive of complement-
mediated enhancement of ADCC rather than evidence for CDC as a principle
mechanism (255). These experiments were performed in the C57BI/6 strain
using EL4 cells, most likely due to the availability of FcyRI/Ill, C3 and C3
receptor-deficient mice on this background; however, the authors did use the
same anti-GD2 mAb 14G2a. Whilst it is likely the effect of therapy may differ
between the models, it seems reasonable to suggest that the mechanisms
elicited in the in vivo setting would be similar between the strains and
therefore CDC may not be a major contributor to the therapeutic effect of anti-
GD2 mAD in vivo.

CDC assays performed using human Lan-1 and IMR-32 neuroblastoma cell
lines and human serum confirmed that the addition of the anti-GD2 mADb
ch14.18 results in a significant increase in calcein release relative to control
mAb, which can be attributed to antibody induced CDC. Anti-GD2 induced
CDC has been widely reported for human neuroblastoma cell lines (174, 175,
181) and may be due, at least in part, to the low level surface expression of the

complement inhibitors CD59, DAF and MCP by neuroblastoma cell lines
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compared to other cancers (264). However, the susceptibility of human
neuroblastoma cell lines to antibody induced CDC in vitro may be a feature of
their adaption to culture. Neuroblastoma cell lines are typically morphologically
diverse, comprising of neuroblastic (N-type) cells and non-neuronal Schwann-
like (S-type) cells when they are first established; however, with time the N-
type cells start to predominate, which is perhaps due to the S-type having less
growth potential in vitro and in vivo (265, 266). Studies performed using
matched N-type and S-type clones found that the S-type express significantly
increased levels of the complement inhibitors CD59, DAF and MCP, hence this
subtype were less susceptible to antibody induced CDC (264). Additionally, the
S-type cells were found to express lower levels of GD2 (264). The N- and S-
type cells are thought to have in vivo correlates, and this implies
neuroblastoma cells may not be as susceptible to anti-GD2 induced CDC in

vivo as the in vitro assays performed using cell lines suggest.

The data obtained in the investigation, coupled with the reports in the
literature seems to suggest that the classical complement cascade may be
initiated by anti-GD2 mAb; however, whether CDC contributes to the overall
therapeutic effect of anti-GD2 mAb remains unclear. The observation that
anti-GD2 mAb are unable to provide protection in FcyRI/IllI-deficient mice
suggests that CDC as an effector mechanism is unlikely to play a major role in
the response to therapy first hand. That said, activation of the classical
complement cascade may enhance other immune effector mechanisms, such
as phagocytosis, though the deposition of C3b on the tumour cell, which

subsequently engages the C3 receptor expressed by macrophages.

3.3.2 The role of ADCP in anti-GD2 mAb therapy

Evidence for a role of ADCP in anti-GD2 mAb therapy was provided by the
results of a clinical trial published in 2006 (207) (see section 1.5.1.3). The trial
identified a subset of patients who possessed the FcyRIIA (R/R) genotype and
went on to demonstrate superior progression free survival, following therapy
with the anti-GD2 mAb 3F8 and GM-CSF. This FcyR subtype is expressed on
macrophages and neutrophils, rather than NK cells, thus providing indirect
evidence that ADCP by these cell types may have contributed to the favourable
outcome of these patients. The ability of macrophages to phagocytose tumour

cells in vitro was described by Bennett et al. in 1964 (267), more than 20 years
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prior to the development of the first anti-GD2 mAb (174, 183). However, ADCP
as a mechanism of action for anti-GD2 mAb is not widely reported in the
literature and there have been very few papers in which ADCP has been
explored mechanistically. ADCP was proposed as a mechanism of action for the
anti-tumour effect of anti-GD2 mAb by Munn and Cheung whilst they were
investigating the ability of monocytes cultured with M-CSF to induce ADCC of
neuroblastoma cell lines (201). In their 1989 paper the authors reported that
significant killing was not observed by chromium release when ADCC assays
were performed using anti-GD2 opsonised neuroblastoma target cell lines and
human monocytes cultured in the presence of M-CSF for 9-12 days. However,
assessment by phase contrast microscopy suggested near complete target cell
eradication. Consequently, they developed an ELISA that was capable of
detecting viable cells the results of which, when coupled with flow cytometry
analysis that facilitated identification of both targets and effectors pre- and
post-incubation, correlated with their visual inspection. These observations led
Munn and Cheung to conclude that monocyte derived macrophages were
capable of eliciting potent anti-tumour effects; however, the physical
engulfment of the target cells may prevent radioisotope release, thus masking
the true extent of macrophage mediated ADCP in ADCC assays (201). In their
follow up paper published in 1990 Munn and Cheung subsequently confirmed
by way of electron microscopy that macrophage mediated ADCC was due to

phagocytosis of the anti-GD2 opsonised target cells (268).

The data presented in this chapter demonstrates the ability of both murine
BMDMs and human MDMs to phagocytose anti-GD2 mAb opsonised
neuroblastoma cells. Providing some of the first in vitro evidence for
macrophage mediated APCP as a mechanism of action in anti-GD2 mADb
therapy. Nevertheless, this data is not without its limitations, as previously
stated phagocytosis was defined as the number of F4/80+CFSE+, or
CD16+CFSE+ events as a percentage of the total macrophage population and
will therefore incorporate target and effector cells that are merely surface
bound, as well as those that have been fully internalised. Consequently, in
order to gain a true measure of phagocytosis additional methods, such as
confocal microscopy, need to be employed to distinguish between the cells
that are surface bound and those that have been genuinely phagocytosed.

Work is ongoing within our research group to develop such methods in order
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to fully explore the role of macrophages and the influence of their phenotype
in anti-GD2 mAb therapy.

The observation that human macrophages appeared to more effectively
phagocytose anti-GD2 opsonised neuroblastoma cells than their murine
counterparts may be attributed to the difference in the level of surface GD2
expression between the neuroblastoma cell lines, which will influence the
amount of anti-GD2 mAb bound to the surface of the target -cell.
Internalisation of anti-GD2 opsonised target cells by macrophages can be
broken down into three steps: the first step involves the engagement of the
FcyR expressed on the macrophage surface; the second step involves FcyR
clustering, triggering the downstream signalling cascade that ultimately results
in the third step, which is the physical engulfment of the target cell. The
effectiveness of this process will be driven by both the affinity of the FcyR for
its ligand (and therefore the mAb isotype is important) and the density of both
the ligand itself and the FcyR on the macrophage surface (93). Since NXS2 cells
have demonstrably less surface GD2 expression than Lan-1 cells, the NXS2
cells are likely to have less surface bound mAb and therefore less available
ligand for the macrophage FcyR to bind. Consequently, perhaps only the NXS2
cells with the highest surface GD2 expression are being effectively
phagocytosed. It is also possible that murine macrophages express fewer FcyR

than the human equivalents and this could be confirmed by flow cytometry.

The contribution of macrophages to the therapeutic effect of anti-GD2 mAb in
vivo was assessed using a murine metastatic model of neuroblastoma and
macrophage depleted mice. Tumour cells establish in the liver in murine
metastatic models of cancer, and tumour burden can be assessed by liver
weight relative to naive control mice. Liver weights recorded for the tumour
bearing, untreated, macrophage depleted mice were more than double those
typically recorded for untreated tumour bearing mice. The dramatic effect of
macrophage depletion on tumour burden has been reported in other
metastatic models, leading to the suggestion that macrophages may be
involved in an endogenous early anti-tumour response (269). Liver weight was
significantly increased in untreated, tumour bearing mice relative to naive
controls, and the administration of 14G2a+IL-2 was sufficient to eradicate
tumour cells to the extent that there was no difference in liver weight between

the mice receiving therapy and naive controls. However, this effect was
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partially abrogated in the macrophage depleted mice. The partial abrogation of
therapy did not translate to a reduction in survival. A possible explanation for
this is that the macrophages are repopulating. Splenic macrophages show
signs of recovery by day 9 post-depletion, which is equivalent to the final day
of therapy, and the half-life for murine monoclonal IgG2a antibodies in the
mouse is 6-8 days (270). Consequently, anti-GD2 mAb may still be present in
the system as late as day 17 by which point the macrophages may have fully
recovered. Hence this experiment needs to be repeated in order to draw any
definite conclusions regarding the effect macrophage depletion has on survival
in 14G2a+IL-2 treated mice.

In short the clinical data published following the 2006 trial provides indirect
evidence for the role of macrophages in anti-GD2 mAb therapy and sufficient
data has been presented here to suggest that ADCP is a mechanism of action
that may contribute to the anti-tumour effect of anti-GD2 mAb. The in vivo
data obtained following macrophage depletion does suggest macrophages are
likely to be involved in the anti-GD2 mAb response; however, this is a fairly
artificial system in which ‘normal’ tissue resident macrophages are depleted
prior to tumour inoculation and may not be representative of the M2-like
macrophages typically found in the tumour microenvironment (135). With this
in mind work is ongoing within the group to investigate both the role of
macrophages in anti-GD2 mAb therapy and also the influence their phenotype

has on response to therapy.

3.33 The role of NK cell mediated ADCC in anti-GD2 mAb therapy

NK cell mediated ADCC is a mechanism widely accepted to contribute to the
anti-tumour effects of anti-GD2 mab. The in vitro data obtained using human
model systems clearly demonstrated that NK cells were responsible for anti-
GD2 induced destruction of neuroblastoma target cells in calcein release based
ADCC assays. Unfortunately it was not possible to recapitulate these
experiments using a murine model system; however, data was obtained
confirming murine NXS2 cells are susceptible to anti-GD2 induced ADCC.
Interestingly, the murine anti-GD2 mAb 14G2a, which is an IgG2a isotype, was
found to be equally capable of inducing ADCC as the anti-GD2 mAb ch14.18,

which is a human IgG1 isotype and has previously been reported to be superior
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at inducing ADCC in vitro using cells from healthy donors and patient samples
(190).

Despite their low level lytic activity in vitro, A/) NK cells are reportedly
responsible for the therapeutic effect of the chl14.18-IL-2 immunocytokine
used to treat metastatic disease in the synegeneic NXS2 model (203). The
nature of the ch14.18-IL-2 immunocytokine means it is able to deliver a high
IL-2 concentration directly to the tumour microenvironment, where it can
stimulate a cellular response by activating T cells via their IL-2 receptors and
NK cells via both their IL-2 receptors and FcyRIll (CD16). The humanised
Hul4.18-1L-2, rather than chimeric form ch14.18-IL-2 form of the
immunocytokine has since gone through phase | and phase Il clinical trials
(271, 272). Lode et al. reported that the ch14.18-IL-2 immunocytokine could
eradicate established liver and bone marrow metastasis more effectively than
equivalent mixtures of the antibody and recombinant IL-2, and that the
therapeutic effect of the ch14.18-IL-2 agent was exclusively NK cell mediated
(203). The NK cell dependency of this therapeutic strategy was demonstrated
in a series of experiments involving SCID, SCID beige, and A/J) mice treated
with anti-asialo-GM-1 mAb to depleted NK cells. Therapy was effective in the
T and B cell deficient SCID mice but not SCID beige mice, which also lack NK
cells. However, therapy could be achieved in SCID beige mice when they were
reconstituted with A/J) splenocytes, yet was abrogated in syngeneic A/J mice
following NK cell depletion (203). The observation the A/J) splenocytes could be
used to achieve therapy in SCID beige mice plus the fact therapy was
completely abrogated in NK cell depleted A/J mice suggested that A/J) NK cells

were functionally active in vivo.

The functional activity of A/J NK cells and their role in the anti-tumour effect
of anti-GD2 mAb was tested in vivo using a murine metastatic model of
neuroblastoma and NK cell depleted mice. As observed following macrophage
depletion, the depletion of NK cells was associated with a greater tumour
burden in untreated mice, with mean liver weight for the NK cell depleted,
tumour bearing untreated group exceeding the tumour bearing, untreated
group by more than 1 g. Similar effects have been reported previously for
Balb/c mice inoculated with C-26 tumour cells following macrophage, or NK
cell depletion. In these experiments tumour burden as assessed by liver weight

was increased 5-fold and 10-fold compared to control mice in macrophage
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and NK cell depleted mice respectively (269). Consequently, both macrophages
and NK cells have been implicated in an endogenous early anti-tumour
response (269). Liver weight in tumour bearing, untreated mice was
significantly increased compared to naive controls; however, therapy was able
to eradicate tumour to the extent that there was no significant difference in
liver weight between tumour bearing mice that had received therapy and the
naive controls. Nor was there a significant difference between the NK cell
depleted tumour bearing mice treated with 14G2a+IL-2 and the naive controls.
NK cell depletion does seem to have a detrimental effect on survival, as the NK
cell depleted group were the first of all the treated groups to reach end point.
However, they still had a survival advantage over the untreated control group
suggestion some response to therapy. In contrast to the observations reported
by Lode et al. in our hands NK cell depletion did not seem to completely

abrogate therapy, suggesting multiple mechanisms might be at play.

In summary the data presented in this chapter confirms that both macrophage
mediated ADCP and NK cell mediated ADCC contribute to the anti-tumour
effects of anti-GD2 mAb in vitro, in human and murine model systems.
Additionally, some evidence has been obtained to suggest that both
macrophages and NK cells are important in terms of the response to anti-GD2
mAb therapy in vivo, as depletion of neither subtype leads to a complete
abrogation of therapy. This is potentially relevant to this investigation as both
intra-tumoral macrophages and NK cells express (or can be induced to
express) 4-1BB, thus the activity of both effector subtypes may be augmented
by anti-GD2 plus anti-4-1BB mAb therapy.
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Chapter 4. Exploring the potential of anti-
GD2 plus anti-4-1BB mAb therapy for the
treatment of neuroblastoma in murine and

human model systems

4.1 Chapter introduction

Antibody-dependent cellular cytotoxicity is widely reported to be a major
effector mechanism responsible for anti-GD2 mediated tumour cell killing and
the results presented in Chapter Three provide further support for this
observation. The concept of augmenting ADCC through activation of the NK
cells to enhance the clinical efficacy of anti-GD2 mAb is not a new idea, hence
the current rationale for administering anti-GD2 mADb along with systemic IL-2.
However, the ability to augment ADCC by selectively targeting NK cells at the
tumour site, thus avoiding the systemic toxicity associated with global NK cell
stimulation represents an attractive alternative strategy. As discussed in
section 1.6.4 the discovery that NK cells up regulate the inducible co-
stimulatory molecule 4-1BB following FcyR triggering (236) led Levy and co-
workers to hypothesize that mAb therapies, such as anti-CD20 (rituximab),
that exert their therapeutic effect in part by ADCC upon engagement of FCyRIII
(CD16) may induce 4-1BB up regulation by NK cells; hence subsequent
administration of anti-4-1BB mAb may ligate 4-1BB expressed on the NK cell
surface and provide a co-stimulatory signal, resulting in enhanced effector
function. Levy et al. have gone on to demonstrate that this novel combinatorial
approach enhances the efficacy of several direct targeting mAb, including
rituximab, Herceptin® and cetuximab both in vitro and in vivo using a range of
syngeneic and human xenotransplanted models (237-239). This work
(published by Kohrt et al.) further strengthened the hypothesis that the efficacy
of anti-GD2 mAb could be enhanced when administered in combination with
anti-4-1BB mAb for the treatment of neuroblastoma, which is explored in this
chapter. The data presented here aims firstly to investigate whether expression
of the co-stimulatory molecule 4-1BB is induced when murine NK cells
encounter anti-GD2 coated tumour cells, and secondly explore the efficacy of

anti-GD2 plus anti-4-1BB mAb in vivo using the syngeneic NXS2 model of
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neuroblastoma. Finally, the data presented towards the end of this chapter will
utilise human PBMCs obtained from healthy volunteers, and human cell lines to
explore the potential for inducing 4-1BB expression on human NK cells in vitro
and investigate whether addition of an agonistic anti-4-1BB mAb can enhance

anti-GD2 mediated tumour cell killing in in vitro ADCC assays.

4.2 Results

The syngeneic NXS2 murine model of neuroblastoma introduced in chapter 3.
was used to investigate the effectiveness of anti-GD2 plus anti-4-1BB mAb
combination therapy in vivo. The ability to induce metastatic-like disease in
the liver following i.v. administration of NXS2 cells (240) has already been
demonstrated in section 3.2.6. However, liver weight at end point provides a
fairly crude (single) measurement of tumour burden and whilst it may be
suitable for monitoring differences between treated and non-treated groups, it
is unlikely to be sensitive enough to monitor differences between treatment
groups. Consequently to assess the efficacy of anti-GD2 mAb administered
with and without anti-4-1BB subcutaneous administration of the tumour cells
was preferred, as regular measurements can be taken to monitor tumour

progression throughout the duration of the experiment.

Prior to performing experiments to investigate whether the addition of anti-4-
1BB mAb can enhance the efficacy of anti-GD2 mAb in vivo, it was first
necessary to determine the composition of the TILs post-antibody therapy,
more specifically to confirm whether 4-1BB up regulation was observed on
tumour infiltrating NK cells following Fc:FcyR engagement by anti-GD2 coated

neuroblastoma cells.

421 Investigating 4-1BB surface expression on tumour-infiltrating

NK cells and T cells post anti-GD2 mAb therapy

In order to complete this investigation syngeneic A/J mice were inoculated with
2x10° NXS2 tumour cells subcutaneously on the lower back. Once the tumour
diameter had reached a minimum of 70 mm? mice were injected with the anti-
GD2 mADb 14G2a, the anti-human CD20 mouse IgG2a irrelevant isotype control
Ritm2a, or vehicle alone (PBS) and culled 24-hours later to enumerate tumour

infiltrating NK cells and T cells, and quantify 4-1BB surface expression by flow
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cytometry. Whole blood and splenocytes were also harvested from each tumour

bearing mouse for comparative analysis.

4211 Identifying tumour infiltrating NK and T cells among the tumour

cell population

Fluorescently conjugated antibodies specific for the common leucocyte antigen
CD45 and the ganglioside GD2 (14G2a) were used to separate the tumour
infiltrating lymphocytes from GD2+ NXS2 neuroblastoma cells, and aid
positioning of suitable gates to facilitate flow cytometry analysis of these
subsets. Tumours were harvested 24-hours post-antibody therapy and
disaggregated to obtain single cell suspensions. Figure 4.1 illustrates the
gating strategy used separate the tumour infiltrating CD45+ leucocytes from
the GD2+ tumour cells themselves to facilitate enumeration of infiltrating NK

cells and T cells within the tumour cell population.
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Figure 4-1. Example gating strategy used to identify tumour-infiltrating lymphocytes in
subcutaneous NXS2 tumours harvested from syngeneic A/J mice. A representative flow
cytometry profile illustrating CD45+ leucocytes and 14G2a+ NXS2 neuroblastoma cells (a). Mean
number of tumour infiltrating CD45+ events as a percentage of all events for mice treated with
vehicle alone (PBS) (black triangles) n = 8, 150 pg irrelevant isotype control (Ritm2a) (grey
triangles) n = 8, or 150 ug anti-GD2 (14G2a) (red triangles) n =14, where * p = 0.0192 and ** p
= 0.0095 (b).The CD45+ and 14G2a+ events used to position the lymphocyte and tumour cell
gates (c).

The CD45+ and 14G2a+ events were identified as per figure 4.1 (a). As shown
in figure 4.1 (b) enumeration of the CD45+ events as a percentage of all events
collected revealed significantly more tumour infiltrating CD45+ events in mice
treated with antibody versus vehicle alone (PBS). Perhaps surprisingly, this was
also seen in mice treated with Ritm2a with the number of CD45+ events in
these mice being almost identical to those treated with 14G2a, at 14.35 %
versus 14.70 % respectively. It is important to clarify at this stage that the

irrelevant isotype control mAb Ritm2a is specific for human CD20 and is used
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to treat lymphomas in human CD20 transgenic mice, therefore it does not have

a depleting effect on mouse B cells.

Additional tumour samples were prepared and stained with fluorescently
conjugated antibodies specific for the surface antigens CD3, CD49b, NKG2ACE,
CD8 and 4-1BB (see materials and methods, section 2.2.1). The events that fell
within the lymphocyte gate (see figure 4.1 c) were first passed through the
pacific blue and PE channels to identify and enumerate any tumour infiltrating
CD3+ T cells and CD3-CD49b+NKG2ACE+ NK cells. Figure 4.2 (a) is a
representative flow cytometry profile that demonstrates the gating strategy
used to identify these subpopulations. Figure 4.2 (b) summarises the mean
number of NK cells as a percentage of all events collected for the individual

mice belonging to each treatment group 24-hours post-antibody therapy.
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Figure 4-2. Tumour-infiltrating NK cells can be identified and enumerated by flow
cytometry. Tumour infiltrating NK cells were identified and enumerated by passing the events in
the lymphocyte gate through the pacific blue and PE channels to identify CD3-
CD49b+NKG2ACE+ NK cells and CD3+ T cells (a). Infiltrating CD3-CD49b+NKG2ACE+ NK cells
as a percentage of all events in mice treated with vehicle alone (PBS) (black triangles), 150 ug
irrelevant isotype control (Ritm2a) (grey triangles), or 150 ug anti-GD2 (14G2a) (red triangles)
(b), ns = not significant.

The number of tumour infiltrating CD3-CD49b+NKG2ACE+ NK cells (figure 4.2
b) in mADb treated mice are slightly but not significantly increased compared to

mice receiving vehicle alone (PBS).
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4212 4-1BB surface expression by tumour infiltrating NK cells 24-
hours post antibody therapy

The CD3-CD49b+NKG2ACE+ tumour infiltrating NK cells were passed through
the APC channel to look for surface expression of 4-1BB 24-hours post
treatment with vehicle alone (PBS), irrelevant isotype control (Ritm2a), or anti-
GD2 (14G2a). Figure 4.3 (a) is a series of example flow cytometry profiles
demonstrating surface 4-1BB expression on tumour-infiltrating NK cells for
one mouse per treatment group. Figure 4.3 (b) shows the mean number of
CD3-CD49b+NKG2ACE+4-1BB+ events as a percentage of all tumour-
infiltrating NK cells.
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Figure 4-3. Surface 4-1BB expression on tumour-infiltrating NK cells 24-hours post-anti-
GD2 mAb therapy. Tumour infiltrating CD3-CD49b+NKG2ACE+ NK cells obtained from A/)
mice bearing subcutaneous NXS2 tumours were assessed by flow cytometry for surface
expression of 4-1BB 24-hours post-treatment. Flow cytometry profiles showing 4-1BB
expression on tumour infiltrating NK cells harvested from PBS, Ritm2a and 14G2a treated mice
respectively (a). Mean 4-1BB+ NK cells as a percentage of the total CD3-CD49b+NKG2ACE+ NK
cell population 24-hours post-treatment with either vehicle alone (PBS) (black triangles) n = 8,
150 ug irrelevant isotype control (Ritm2a) (grey triangles) n = 8, or 150 pg anti-GD2 (14G2a)
(red triangles) n = 14, where ns = not significant ** p = 0.0052 and *** p = 0.0006.

The number of 4-1BB+ NK cells recovered from the tumour bearing mice 24-
hours post-14G2a is significantly increased compared to mice receiving PBS or
Ritm2a. However, there is some variation in terms of 4-1BB up regulation
post-14G2a, with individual responses ranging from 4-26 % of the tumour-
infiltrating NK cells recorded as being 4-1BB+. Whilst the data in figure 4.3
suggests this 4-1BB up regulation is anti-GD2 dependent, the data in figure
4.4 suggests that this process requires the presence of both the target antigen

and the anti-G2a mAb, as surface 4-1BB expression on NK cells following
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treatment with 14G2a is restricted to tumour-infiltrating NK cells with minimal

expression observed on the peripheral NK cells in the spleen and blood.
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Figure 4-4. Surface 4-1BB expression of NK cells in the tumour, blood and spleen 24-
hours post anti-GD2 mAb therapy. Tumour, blood and spleen samples were harvested from
syngeneic A/) mice bearing subcutaneous NXS2 tumours 24-hours post-treatment with 150 pg
anti-GD2 (14G2a). The cells were assessed by flow cytometry for surface expression of 4-1BB on
CD3-CD49b+NKG2ACE+ NK cells. Flow cytometry profiles showing 4-1BB expression on NK
cells harvested from the spleen, blood and tumour respectively (a). Mean 4-1BB+ NK cells as a
percentage of the total CD3-CD49b+NKG2ACE+ NK cell population in the spleen (red circles),
blood (red squares) and tumour (red triangles), where n = 14 and * p = 0.0104, *** p = 0.0002
and **** p = <0.0001.

4.2.1.3 The effect of dose and route of administration on 4-1BB up
regulation 24-hours post anti-GD2 mAb therapy

Figures 4.3 and 4.4 show that surface 4-1BB expression can be specifically

induced on tumour-infiltrating NK cells 24-hours post-treatment with 150 g
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of the anti-GD2 14G2a. However, when investigating the effect anti-GD2 plus
anti-4-1BB mAb combination therapy has on tumour progression and survival
the anti-GD2 mAb will be fractionated, i.e. administered as three separate 50
Mg doses rather than a single 150 pg dose, to more closely resemble the
therapeutic strategy applied in the clinic, and provide a more pro-longed

exposure.to antibody.

Consequently it was necessary to confirm whether equivalent 4-1BB surface
expression could be induced on tumour-infiltrating NK cells with this dosing
regimen. The data in figure 4.5 (a) shows that the mean percentage of 4-1BB+
tumour-infiltrating NK cells observed post-treatment with anti-GD2 remains
consistent within the dose range tested (50-150 pg). This suggests that the
fractionated treatment schedule proposed for administration of anti-GD2 mAb
is also likely to achieve an up regulation of 4-1BB expression by the tumour-

infiltrating NK cells.
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Figure 4-5. The percentage of 4-1BB+ tumour-infiltrating NK cells observed 24-hours
post-anti-GD2 mAb following a reduction in dose or altered route of administration. A/J
mice bearing subcutaneous NXS2 tumours were treated with either 150 pg or 50 pg 14G2a via
the i.p. route. After 24-hours tumours were harvested and processed for flow cytometry
assessment and tumour infiltrating CD3-CD49b+NKG2ACE+ NK cells were assessed for surface
expression of 4-1BB. Mean 4-1BB+ NK cells as a percentage of the total CD3-
CD49b+NKG2ACE+ NK cell population, where n = 14 (150 pg 14G2a) (red triangles) and n = 8
(50 pg 14G2a) (red open triangles) (a). Additional A/J mice bearing subcutaneous NXS2 tumours
were treated with 150 pg 14G2a administered i.p. or i.t., 24-hours post-treatment tumours were
harvested and processed for flow cytometry assessment and tumour infiltrating CD3-
CD49b+NKG2ACE+ NK cells were assessed for surface expression of 4-1BB. Mean 4-1BB+ NK
cells as a percentage of the total CD3-CD49b+NKG2ACE+ NK cell population, where n = 14
(150 pg 14G2ai.p.) (red triangles) and n = 12 (150 pg 14G2ai.t.) (red inverted triangles).

Additionally, it was hypothesized that direct administration of 14G2a into the
tumour (i.t.) rather than systemically (i.p) may be a more effective means of
achieving 4-1BB up regulation on tumour infiltrating NK cells. However, figure
4.5 (b) shows that direct administration of 14G2a into the tumour at this dose
does not significantly alter the percentage of 4-1BB+ NK cells compared to

systemic administration.

4214  4-1BB surface expression by tumour infiltrating T cells 24-
hours post antibody therapy

Induction of 4-1BB surface expression is normally considered a marker of T
cell activation. Consequently, it was important to determine whether 4-1BB
expression was induced on tumour-infiltrating T cells post antibody therapy.
Figure 4.6 shows that tumour-infiltrating T cells are readily detected in the

subcutaneous NXS2 tumours harvested from A/J mice.
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Figure 4-6. Tumour-infiltrating T cells can be identified and enumerated by flow
cytometry. Tumour infiltrating T cells were identified and enumerated by passing the events in
the lymphocyte gate through the pacific blue channel to identify CD3+ T cells (a). Infiltrating
CD3+ T cells as a percentage of all events in mice treated with vehicle alone (PBS) (black circles),
150 pg irrelevant isotype control (Ritm2a) (grey circles), or 150 pg anti-GD2 (14G2a) (red circles)
(b), where n = 8 for PBS and Ritm2a treated mice respectively and n = 14 for 14G2a treated
mice, ns = not significant and * p = 0.0416.

Figure 4.6 (b) shows that the number of CD3+ T cells is not significantly higher
in mice receiving anti-GD2 (14G2a) compared to vehicle alone (PBS).
Surprisingly, there is a significant difference between the mice receiving the
irrelevant isotype control (Ritm2a) compared to vehicle alone (PBS). This
difference is likely to be due to the two mice that had particularly high CD3+ T
cell counts (6 and 8 % of all events) skewing the mean for this treatment group.
As shown in figure 4.2 (b) these two mice also had particularly high infiltrating
NK cell counts (around 2 % of all events) compared to the rest of their cohort

but this increase was not enough to make a significant difference.

In order to identify the CD4+ and CD8+ T cell subsets the CD3+ T cell
population was passed through the APC-Cy7 channel to identify both the
CD3+CD8+ events and the CD3+CD8- events, which were assumed to be
CD4+. Representative flow cytometry profiles are shown in figure 4.7 (a).
Whilst the overall CD3+ T cell population is not significantly increased post
treatment with 14G2a, it is clear from the data in figure 4.7 (b) and (c) that the
relative proportions of CD3+CD8- and CD8+ T cells as a percentage of the
total CD3+ T cell population are altered in response to anti-GD2 therapy.
Figure 4.7 (b) shows a modest but significant reduction in the mean

CD3+CD8- population (the majority of which were assumed to be CD4+) for
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mice treated with 14G2a compared to mice treated with PBS or RitmZ2a.
Conversely, figure 4.7 (c) shows a small but significant increase in the mean

CD8+ T cell population for mice treated with 14G2a compared to PBS or

Ritm2a treated mice.
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Figure 4-7. CD3+CD8- (CD4+) and CD8+ T cell subsets as a percentage of the total
tumour-infiltrating T cell population 24-hours post mAb therapy. Tumour infiltrating
CD3+T cells obtained from A/J mice bearing subcutaneous NXS2 tumours were assessed by flow
cytometry for surface expression of CD8 24-hours post-therapy. Representative flow cytometry
profiles showing both the CD3+CD8+ and CD3+CD8- (CD4+) T cell populations recovered from
PBS, Ritm2a and 14G2a treated mice respectively (a). Gate labels and statistics are shown in
separate tables for clarity. Mean CD3+CD8- T cells as a percentage of total CD3+ T cells
harvested from mice treated with vehicle alone (PBS) (black triangles), 150 pg irrelevant isotype
control (Ritm2a) (grey triangles), or 150 pg anti-GD2 (14G2a) (red triangles) (b), where n = 8 for
PBS and Ritm2a treated mice and n = 14 for 14G2a treated mice, * p = 0.0145 and *** p =
0.0004. Mean CD8+ T cells as a percentage of total CD3+ T cells harvested from mice treated
with vehicle alone (PBS) (black circles), 150 ug irrelevant isotype control (Ritm2a) (grey circles),
or 150 ug anti-GD2 (14G2a) (red circles) (c), where n = 8 for PBS and Ritm2a treated mice and n
= 14 for 14G2a treated mice, * p = 0.0171 and ** p = 0.0013.

The CD3+CD8- (CD4+) and CD8+ T cell populations were subsequently

passed through the APC channel to look at surface 4-1BB expression. Figure
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4.8 shows the CD3+CD8-(CD4+)4-1BB+ and CD8+4-1BB+ 24-hours post-
therapy as a percentage of the total CD3+CD8- (CD4+) and CD8+ populations

respectively.
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Figure 4-8. 4-1BB expression on the tumour-infiltrating CD3+CD8-(CD4+) and CD8+ T
cell subsets 24-hours post mAb therapy. Tumour infiltrating CD3+CD8-(CD4+) and CD8+ T
cells obtained from A/) mice bearing subcutaneous NXS2 tumours were assessed by flow
cytometry for surface expression of 4-1BB 24-hours post-therapy. Flow cytometry profiles
showing both CD3+CD8-(CD4+)4-1BB+ and CD8+4-1BB+ T cells harvested from PBS, Ritm2a
and 14G2a treated mice respectively (a). Gate labels and statistics are shown in separate tables
for clarity. Mean CD3+CD8-(CD4+)4-1BB+ T cells as a percentage of total CD3+CD8-(CD4+) T
cells harvested from mice treated with vehicle alone (PBS) (black triangles), 150 pg irrelevant
isotype control (Ritm2a) (grey triangles), or 150 ug anti-GD2 (14G2a) (red triangles) (b), where n
= 8 for PBS and Ritm2a treated mice and n = 14 for 14G2a treated mice, ** p = 0.0086 and ***
p = 0.0004. Mean CD8+4-1BB+ T cells as a percentage of total CD8+ T cells harvested from
mice treated with vehicle alone (PBS) (black circles), 150 pg irrelevant isotype control (Ritm2a)
(grey circles), or 150 ug anti-GD2 (14G2a) (red circles) (c), where n = 8 for PBS and Ritm2a
treated mice and n = 14 for 14G2a treated mice.
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Surface 4-1BB expression was significantly increased on tumour infiltrating
CD3+CD8- T cells (the majority of which were assumed to be CD4+) 24-hours
post-treatment with 14G2a. Figure 4.8 (b) shows on average 23 % of the total
CD3+CD8- (CD4+) population was found to be 4-1BB+ post-treatment,
compared to 10 and 12 % of the total CD4+ population following treatment
with PBS or Ritm2a respectively. Figure 4.8 (c) shows 4-1BB expression on
CD8+ tumour-infiltrating T cells is more variable and there was no significant
difference in surface 4-1BB expression by CD8+ T cells between the treatment

groups.

In keeping with the observations made in figure 4.4 in relation to 4-1BB
expression and tumour-infiltrating NK cells, increased 4-1BB surface
expression on T cells following treatment with 14G2a appears to be restricted
to the tumour-infiltrating T cells, with surface 4-1BB expression on the T cells
found in the spleen and blood remaining negligible. Figure 4.9 shows surface
4-1BB expression on CD3+CD8-(CD4+) and CD8+ T cells harvested from the
tumour, blood and spleen of NXS2 tumour bearing A/) mice 24-hours post-
treatment with 14G2a. Taken together the data in figure 4.8 (b) shows that 4-
1BB expression is induced on tumour-infiltrating CD3+CD8- T cells (the
majority of which were assumed to be CD4+) in response to treatment with
14G2a and figure 4.9 (b) confirms that 4-1BB expression is restricted to the
tumour-infiltrating CD3+CD8-(CD4+) T cells within the first 24-hours post-
treatment. Whilst figure 4.8 (c) showed there was no significant difference in
4-1BB expression by tumour-infiltrating CD8+ T cells between the treatment
groups, figure 4.9 (c) shows 4-1BB expression by tumour infiltrating CD8+ T
cells is significantly increased relative to the CD8+ T cells in the spleen and
blood. However, based on the results shown in figure 4.8 (c) this is unlikely to
be a consequence of antibody treatment. 4-1BB surface expression was also
assessed on T cells recovered from the blood and spleens of mice receiving

either PBS or Ritm2a and found to be negligible (data not shown).
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Figure 4-9. 4-1BB expression on CD3+CD8-(CD4+) and CD8+ T cell subsets in the
tumour, blood and spleen 24-hours post-anti-GD2 mADb therapy. Tumour, blood and spleen
samples were harvested from syngeneic A/J mice bearing subcutaneous NXS2 tumours 24-hours
post-treatment with 150 pg anti-GD2 (14G2a). The cells were assessed by flow cytometry for
surface expression of 4-1BB on CD3+CD8- (CD4+) and CD3+CD8+ T cells. Flow cytometry
profiles showing 4-1BB expression on CD3+CD8-(CD4+) and CD8+ T cells harvested from the
spleen, blood and tumour respectively (a). Mean CD3+CD8-(CD4+)4-1BB+ events as a
percentage of the total CD3+CD8-(CD4+) T cell population in the spleen (red circles), blood (red
squares) and tumour (red triangles), where n =14 and *** p = 0.0001 and **** p = <0.0001 (b).
Mean CD8+4-1BB+ events as a percentage of the total CD8+ T cell population in the spleen (red
open circles), blood (red open squares) and tumour (red open triangles), where n = 14 and * p =
< 0.05 and ** p = 0.0086 (c).
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4215 Identifying tumour-infiltrating regulatory T cells among the

tumour cell population

The data in figure 4.7 shows that regardless of treatment the CD3+CD8- T cell
subset (the majority of which are assumed to be CD4+) account for the
majority of all tumour-infiltrating CD3+ T cells, with mean CD3+CD8-(CD4+)
T cell counts ranging from 75-87 % of the total T cell population (figure 4.6 b).
A high proportion of tumour-infiltrating T cells has been attributed to both
favourable and poor prognosis depending on the T cell subtype present. The
immunosuppressive nature of Tregs has been linked to poor prognosis. Since
the purpose of these experiments was to characterise the NK and T cell
populations within the immune infiltrate of NXS2 tumour bearing mice, with or
without treatment with anti-GD2, an additional flow cytomtery panel was
included specifically to determine the proportion of CD4+ tumour infiltrating T
cells that could be characterised as Tregs. Representative flow cytometry
profiles illustrating the gating strategy used to identify tumour-infiltrating
Tregs are shown in figure 4.10. The same strategy was also applied to identify

Tregs in the blood and spleen of tumour bearing mice.
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Figure 4-10. Example gating strategy used to identify tumour-infiltrating Tregs in
subcutaneous NXS2 tumours harvested from syngeneic A/J mice. A representative flow
cytometry profile illustrating CD4+ T cells (a). The CD4+ T cells were used to position the
lymphocyte gate (b). The CD4+ events in the lymphocyte gate were passed through the APC and
PE channels to identify the CD4+CD25+FoxP3+ Tregs (c). To position the 4-1BB gate two
separate FACS tubes were prepared containing the anti-CD4-FITC, anti-CD25-APC, anti-FoxP3-
PE mAb plus either a hamster IgG isotype control, or the anti-4-1BB-pacific blue (d).

The tumour-infiltrating Tregs as a percentage of the total CD4+ T cell
population for each treatment group are shown in figure 4.11. There was no
statistically significant difference in the number of tumour infiltrating Tregs as
a percentage of the total CD4+ T cell population between the treatment
groups, with mean values recorded as 23.18 %, 19.96 % and 19.27 % for mice
treated with vehicle alone (PBS), irrelevant isotype control (Ritm2a) and anti-
GD2 (14G2a) respectively.
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Figure 4-11. Tumour-infiltrating Tregs as identified and enumerated by flow cytometry.
Tumour infiltrating Tregs were identified and enumerated by passing the CD4+ events in the
lymphocyte gate through the APC and PE channels to identify CD4+CD25+FoxP3+ Tregs. A
schematic illustrating the quadrant labels that apply to the individual quadrant statistics
displayed beneath each flow cytometry profile for clarity (a). A representative flow cytometry
profile for each treatment group showing infiltrating Tregs in tumour samples harvested 24-
hours post-treatment (b). Mean tumour infiltrating Tregs classified as CD4+CD25+FoxP3+ as a
percentage of the total CD4+ T cell population for mice treated with vehicle alone (PBS) (black
triangles), 150 pg irrelevant isotype control (Ritm2a) (grey triangles) and 150 pg anti-GD2
(14G2a) (red triangles) (c), where n = 7 for PBS and Ritm2a treated mice respectively and n = 9
for 14G2a treated mice, ns = not significant.
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42.1.6 4-1BB surface expression by tumour infiltrating T cells 24-
hours post antibody therapy

Regulatory T cells reportedly constitutively express the co-stimulatory
molecule 4-1BB on their surface, which could have implications when
administering anti-4-1BB mAb therapy, therefore the tumour infiltrating Tregs
were co-stained with anti-4-1BB. Figure 4.12 shows the level of 4-1BB surface

expression.
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Figure 4-12. 4-1BB expression on tumour-infiltrating Tregs 24-hours post-mAb therapy.
Tumour infiltrating Tregs obtained from A/] mice bearing subcutaneous NXS2 tumours were
assessed by flow cytometry for surface expression of 4-1BB 24-hours post-therapy. A schematic
illustrating the gate labels that apply to the individual gate statistics displayed beneath each flow
cytometry profile for clarity (a). Flow cytometry profiles showing the 4-1BB+CD4+CD25+FoxP3+
Tregs harvested from PBS, Ritm2a and 14G2a treated mice respectively (b). Mean 4-
1BB+CD4+CD25+FoxP3+ Tregs as a percentage of total CD4+CD25+FoxP3+ Tregs harvested
from mice treated with vehicle alone (PBS) (black triangles), 150 ug irrelevant isotype control
(Ritm2a) (grey triangles), or 150 pg anti-GD2 (14G2a) (red triangles) (b), where n = 7 for PBS and
Ritm?2a treated mice and n = 9 for 14G2a treated mice, ns = not significant and * p = 0.0118.
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Figure 4.12 demonstrates that on average greater than 50% of the tumour-
infiltrating Tregs are positive for 4-1BB surface expression. However, there is
no significant difference in the mean percentage of 4-
1BB+CD4+CD25+FoxP3+ Tregs following treatment with 14G2a compared to

treatment with PBS or Ritm?2a.

Whilst there was no difference in the number of tumour-infiltrating Tregs
recovered from mice receiving PBS, Ritm2a, or 14G2a, figure 4.13 shows that
Tregs are more abundant in the tumours harvested from these mice than the
blood or spleen. Additionally, figure 4.14 shows that a disproportionally high
percentage of tumour-infiltrating Tregs express surface 4-1BB compared to
Tregs in the blood and spleen. This was observed for all mice regardless of
treatment group and not restricted to mice that had been treated with anti-
GD2 mADb, suggesting that 4-1BB is endogenously expressed on the surface of

tumour-infiltrating Tregs, rather than induced in response to antibody therapy.

150



PBS

40 -
g ok
3 ns
¥ 30 -
Y
23 20- A
+ Q0 A
N . 4
7] = e® n
10 4 e
+
a ®oe "
(] ..
0 T T Ll
Spleen Blood Tumour
(a)
Ritm2a
40 4
» hnn
o ———
= ns
+ o 30 -
23
s o
E g 20 4
fo
8 2
=~ 104
% P
[a) —l
o
0 T r T
Spleen Blood Tumour
(b)
14G2a
40-
w wekk
o
< ns
= __ 304
T w
29 4
S+ o
Heo A,h
gz » A
9 = 10 PPN (L
3 ¢ L
o L] 5-
o |
0 T T T
Spleen Blood Tumour

———
(2]
—

Figure 4-13. Tregs as a proportion of the CD4+ T cell population recovered from the
tumour, blood and spleen of tumour bearing mice 24-hours post mAb therapy. Tregs as a
percentage of the total CD4+ T cell population in the spleen (black circles), blood (black
squares) and tumour (black triangles) of mice treated with vehicle alone (PBS) (a), where n = 7,
ns = not significant, ** p = 0.0053 and *** p = 0.0001; or the spleen (grey circles), blood (grey
squares) and tumour (grey triangles) of mice treated with irrelevant isotype control mAb (Ritm2a)
(b), where n = 7, ns = not significant, *** p = 0.0005 (tumour vs spleen) and *** p = 0.0003
(tumour vs blood); or the spleen (red circles), blood (red squares) and tumour (red triangles) of
mice treated with 150 pg anti-GD2 mAb (14G2a) (c), where n = 9, ns = not significant, *** p =
0.0003 (tumour vs spleen) and *** p = 0.0010 (tumour vs blood).
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Figure 4-14. 4-1BB+ Tregs recovered from the tumour, blood and spleen of tumour
bearing mice 24-hours post mAb therapy. Tregs obtained from the tumour, blood and spleen
samples were assessed for surface expression of 4-1BB. The mean percentage of 4-1BB+ Tregs
in the spleen (black circles), blood (black squares) and tumour (black triangles) of mice treated
with vehicle alone (PBS) (a), where n = 7, * p = 0.0270, ** p = 0.0044 and **** p = <0.0001; or
the spleen (grey circles), blood (grey squares) and tumour (grey triangles) of mice treated with
150 pg irrelevant isotype control mAb (Ritm2a) (b), where n = 7, ns = not significant and **** p
= <0.0001; or the spleen (red circles), blood (red squares) and tumour (red triangles) of mice
treated with 150 pg anti-GD2 mAb (14G2a) (c), where where n = 9, ns = not significant, * p =
0.0182 and **** = p < 0.0001.
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To summarise the results presented in figures 4.3 through to 4.14 surface
expression of the co-stimulatory molecule 4-1BB can be detected on tumour-
infiltrating NK cells 24-hours post anti-GD2 mAb therapy; however, peripheral
blood and splenic NK cells harvested from the same tumour bearing mice do
not express surface 4-1BB. Additionally, 4-1BB expression levels remain
negligible on tumour-infiltrating and peripheral NK cells harvested from mice
treated with vehicle alone, or an irrelevant isotype matched control mAb,
suggesting that both the target antigen and the anti-GD2 mAb are required in
order to induce 4-1BB expression. 4-1BB surface expression was also
significantly increased on tumour-infiltrating CD4+ T cells 24-hours post anti-
GD2 mAb therapy compared to mice receiving vehicle alone, or irrelevant
isotype control mAb. 4-1BB surface expression on tumour-infiltrating CD8+ T
cells was comparable between the treatment groups 24-hours post antibody
therapy; however, 4-1BB expression on tumour-infiltrating CD8+ T cells was
significantly increased relative to peripheral CD8+ T cells and may suggest
some endogenous CD8+ T cell activity in the tumour microenvironment. This
was also observed for tumour-infiltrating Tregs. More than 50 % of tumour-
infiltrating Tregs were observed to express surface 4-1BB, regardless of
therapy, a significant increase compared to Tregs recovered from the blood

and spleens of these mice.

422 Exploring the efficacy of anti-GD2 plus anti-4-1BB mAb
combination therapy /n vivo using the syngeneic NXS2 model of

neuroblastoma

To explore the efficacy of anti-GD2 plus anti-4-1BB mAb combination therapy
in vivo using the syngeneic NXS2 model of neuroblastoma it was first
necessary to optimise the therapeutic strategy for this model. In all of the in
vivo experiments performed the anti-GD2 mADb is administered as fractionated
doses, rather than a single injection, in order to provide sustained levels of
antibody over a longer period of time, thus recapitulating the current
therapeutic approach applied in the clinic. The data in figure 4.3 showed that
4-1BB surface expression could be detected on tumour-infiltrating NK cells
24-hours post-administration of anti-GD2 mAb, hence it was decided to
administer anti-4-1BB mAb 24-hours after the first dose of anti-GD2, followed
by a further two doses of anti-GD2 mAb at 24-hour intervals. The data in

figure 4.4 showed that 4-1BB expression was restricted to tumour-infiltrating
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NK cells, suggesting the process was dependent on both the presence of the
tumour and the anti-GD2 mAb. This observation led to the hypothesis that
delaying therapy until the tumour established may be beneficial as there is a
greater potential for antigen: antibody: NK cell interaction. However, the rapid
growth kinetics for NXS2 in vivo means mice are often terminal by day 21,
which leaves a fairly narrow therapeutic window. Consequently, the decision
was made to test the effectiveness of early versus late therapy in an initial pilot

experiment.

4221 ‘Early’ versus ‘late’ therapy

Mice were inoculated with 2x10° NXS2 tumour cells subcutaneously on day O
and assigned to one of four treatment groups, namely vehicle alone (PBS), anti-
GD2 (14G2a) alone, anti-4-1BB (LOB12.3) alone, or anti-GD2+anti-4-1BB
(14G2a+L0OB12.3). Therapy began either three or eight days post tumour
inoculation depending on whether mice had been assigned to the early or late
therapy arm. Regular measurements were taken to monitor tumour
progression and mice were considered to have reached end point when the
mean diameter of the tumour measured 225 mm? (see materials and methods
section 2.8.2 for further details). The results of this experiment are

summarised in figures 4.15 and 4.16.
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Figure 4-15. Optimising the therapeutic strategy for testing anti-GD2 plus anti-4-1BB
mADb therapy in the syngeneic NXS2 neuroblastoma model:
inoculated with 2x10° NXS2 neuroblastoma cells subcutaneously on the lower back and received
therapy (i.p.) according to the schematic schedule shown in (a). Mice (5 per group) were
monitored for tumour growth and survival. Mean £ S.D. tumour size (b) and survival (c) for mice
receiving vehicle alone (PBS) (black line), anti-GD2 (14G2a) alone (red line), anti-4-1BB (LOB12.3)
alone (blue line), or anti-GD2 plus anti-4-1BB (14G2a+L0OB12.3) (green line), where ns = not

significant and * p = 0.0383. Individual tumour growth curves for all mice across all four

treatment groups (d).

155

‘early’ therapy. A/J mice were



Late therapy

50 ug 150 g 50 ug 50ug

2x10° NXS2 14G2a/ LOB12.3/ 14G2a/ 14G2a/
cells PBS PBS PBS PBS
Monitor tumour
(a) progression
Late therapy (mean) Late therapy
300 4
Start 100
_ therapy 5 |__
‘£ 200 2
£ LI
° £ 50
% 1004 $
= @
3 o
§ o
a 0 3 5 7 10 12 14 17 0 r . .
. . 0 20 40 60
1004 Days post tumourinoculation Days post tumour inoculation
-e- Notherapy -m- 14G2aalone —— Notherapy —— 14G2a alone
-4 LOB123alone -% 14G2a+LOB123 —— |LOB123alone —— 14G2a+L0B12.3
{b) (c)
Late therapy (individual) Late therapy (individual)
300 300
E E
E 2001 gpan E 2004 5pan
H therapy, H therap;
2 100 2 100
S =
04 T 04 v T 1
0 20 40 60 0 20 40 60
Days post tumour inoculation Days post tumour inoculation
— MNotherapy — 14G2a alone
Late therapy (individual) Late therapy (individual)
300 300
E T
E 2009 stan E 2009 san
H therap H therap
@ @
5 5
g 100 E 100
g g
04 T T 1 0+ T T 1
0 20 40 60 0 20 40 60
Days post tumour inoculation Days post tumour ineculation
— LOB123 alone — 14G2a+L0B123

{d)

Figure 4-16. Optimising the therapeutic strategy for testing anti-GD2 plus anti-4-1BB
mADb therapy in the syngeneic NXS2 neuroblastoma model: 'late' therapy. A/J mice were
inoculated with 2x10° NXS2 neuroblastoma cells subcutaneously on the lower back and received
therapy (i.p.) according to the schematic schedule shown in (a). Mice (5 per group) were
monitored for tumour growth and survival. Mean £ S.D. tumour size (b) and survival (c) for mice
receiving vehicle alone (PBS) (black line), anti-GD2 (14G2a) alone (red line), anti-4-1BB (LOB12.3)
alone (blue line), or anti-GD2 plus anti-4-1BB (14G2a+L0OB12.3) (green line), where ns = not
significant. Individual tumour growth curves for all mice across all four treatment groups (d).
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Figure 4.15 summarises the results from the early (3 days post-tumour
inoculation) treatment regimen. Figure 4.15 (b) shows that there was no
significant difference in mean tumour progression between the four treatment
groups up until the first mouse reached end point (day 17). However, mean
tumour progression for mice receiving the 14G2a+LOB12.3 combination
therapy does appear to be the slowest with this treatment group surviving
significantly longer than mice receiving 14G2a alone, as shown in figure 4.15
(c). There were concerns regarding the variation in tumour growth Kinetics in
the early treatment regimen. As shown in figure 4.15 (d) one of the LOB12.3
treated mice (blue lines) failed to develop measurable tumour until day 39
post-inoculation and another mouse in this treatment group failed to develop
measurable tumour at all. Whilst this response could be due to the effect of the
LOB12.3 therapy, especially as all the mice receiving vehicle alone developed
tumour in a uniform manner, it is difficult to make a valid comparison between
treatment groups when there are differences in tumour burden at the start of
therapy. Delaying therapy until a later time point (8 days post inoculation) did
not completely resolve this issue as there were still differences in tumour
burden at the start of therapy. The individual growth curves for mice across all
four treatment groups, shown in figure 4.16 d) clearly illustrates that several
mice did not have measurable tumour at this time point. Overall the results
obtained from the late therapy arm of this experiment were similar to the early
arm. Figure 4.16 (b) shows that there was no significant difference in mean
tumour progression between the four treatment groups up until the first
mouse reached end point (day 17) and figure 4.16 (c) shows that the mice
receiving 14G2a+L0OB12.3 generally survived longer, although the difference

was not significant.

Based on the results of this pilot experiment the decision was made to start
treatment when the tumours had reached a certain size rather than on a
certain day. This strategy would control for the variation in tumour growth
kinetics and ensure that all mice had an equivalent tumour burden when
starting therapy. A/J mice were inoculated with 2x10°NXS2 cells and tumours
were allowed to progress to 50-70 mm? before the mice were allocated to a
treatment group. The treatment regimen was also amended to include a
further 150 pg anti-4-1BB (LOB12.3) to be administered 96-hours post
starting therapy to give a longer exposure. The results of this experiment are

shown in figure 4.17.
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Figure 4-17. Optimising the therapeutic strategy for testing anti-GD2 plus anti-4-1BB
mADb therapy in the syngeneic NXS2 neuroblastoma model: ‘fractionated' therapy, start date
based on tumour burden. A/) mice were inoculated with 2x10° NXS2 neuroblastoma cells
subcutaneously on the lower back and received therapy (i.p.) according to the schematic
schedule shown in (a). Mice (5 per group) were monitored for tumour growth and survival. Mean
+ S.D. tumour size (b) and survival (c) for mice receiving vehicle alone (PBS) (black line), anti-
GD2 (14G2a) alone (red line), anti-4-1BB (LOB12.3) alone (blue line), or anti-GD2 plus anti-4-
1BB (14G2a+L0OB12.3) (green line), where ns = not significant. Individual tumour growth curves
for all mice across all four treatment groups (d).
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The results in figure 4.17 (b) show that there was no significant difference in
mean tumour progression up until the first mouse reached end point (day 17),
nor was there a significant difference in survival (figure 4.17 c). However, the
individual tumour growth curves is figure 4.17 (d) show that one of the mice
receiving 14G2a+L0OB12.3 (green lines) rejected tumour and survived tumour

free until the end of the experiment.

4.2.2.2 Whole dose versus fractionated therapy

The rationale for giving the therapy in a fractionated regimen was to provide
sustained levels of antibody over a longer period of time, thus recapitulating
the current therapeutic approach applied in the clinic. However, an additional
experiment was set up to test the effectiveness of the combination therapy
when administered as a whole dose (i.e. 150 ug anti-GD2 followed by 300 ug
anti-4-1BB 24-hours later). The results of this experiment are shown in figure
4.18.
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Figure 4-18. Optimising the therapeutic strategy for testing anti-GD2 plus anti-4-1BB
mAb therapy in the syngeneic NXS2 neuroblastoma model: 'whole dose' therapy, start date
based on tumour burden. A/) mice were inoculated with 2x10° NXS2 neuroblastoma cells
subcutaneously on the lower back and received therapy (i.p.) according to the schematic
schedule shown in (a). Mice (5 per group) were monitored for tumour growth and survival. Mean
+ S.D. tumour size (b) and survival (c) for mice receiving vehicle alone (PBS) (black line), anti-
GD2 (14G2a) alone (red line), anti-4-1BB (LOB12.3) alone (blue line), or anti-GD2 plus anti-4-
1BB (14G2a+LOB12.3) (green line), where ns = not significant. Individual tumour growth curves
for all mice across all four treatment groups (d).
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Administering 14G2a+L0OB12.3 mAb as a whole dose rather than fractionated
over several days made no difference to the mean tumour progression up until
the first end point was reached (day 17) or overall survival, as shown in figures
4.18 (b) and (c) respectively. However, figure 4.18 (d) shows that at least one
mouse in each of the treatment groups rejected tumour and survived long

term.

4223 Investigating the effect of anti-GD2+anti-4-1BB mADb using the

optimised treatment strategy

Taken together the results in figure 4.15-4.18 suggest that the most effective
therapeutic strategy for testing anti-GD2 plus anti-4-1BB mAb in the NXS2
model was the revised fractionated therapy regimen that commenced when
tumour burden reached 50-70 mm? as per figure 4.17. A direct repeat of this
experiment was set up and the combined results (i.e. 10 mice per group from

two independent experiments) are shown in figure 4.19.
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Figure 4-19. Combined data for the optimised fractionated therapeutic strategy (start date
based on tumour burden) for testing murine anti-GD2 plus anti-4-1BB /n vivo using the
syngeneic NXS2 neuroblastoma model. A/) mice were inoculated with 2 x 10° NXS2
neuroblastoma cells subcutaneously on the lower back and received therapy (i.p.) according to
the schematic schedule shown in (a). Mice (10 per group from two independent experiments)
were monitored for tumour growth and survival. Mean = S.D. tumour size (b) and survival (c) for
mice receiving vehicle alone (PBS) (black line), anti-GD2 (14G2a) alone (red line), anti-4-1BB
(LOB12.3) alone (blue line), or anti-GD2 plus anti-4-1BB (14G2a+L0OB12.3) (green line), where ns
= not significant and * p = 0.0290. Individual tumour growth curves for all mice across all four
treatment groups (d).
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The combined results shown in figure 4.19 (b) suggest that there is still no
difference in mean tumour progression up until the first end point is reached
(day 14). However, figure 4.19 (c¢) shows that the mice receiving
14G2a+L0B12.3 (green line) have a modest but significant survival advantage
over the mice receiving PBS (black line), 14G2a alone (red line), or LOB12.3
alone (blue line). The individual tumour growth curves for the four treatment
groups’ in figure 4.19 (d) suggest that the 14G2a+LOB12.3 combination
therapy (green lines) slows, rather than controls, tumour progression.
However, one of the ten mice in this treatment group completely rejected the

tumour and remained relapse free for the duration of the experiment.

In summary having optimised the best possible anti-GD2 plus anti-4-1BB mAb
treatment strategy to ensure comparable tumour burden between the
treatment groups’ at the start of therapy, the results obtained suggest that
anti-GD2 plus anti-4-1BB combination therapy is more efficacious than either
antibody alone. Mice receiving anti-GD2 plus anti-4-1BB demonstrate slower
tumour progression, which translates into a modest survival advantage. Anti-
GD2 plus anti-4-1BB mAb therapy does not confer the same potent anti-
tumour activity that Kohrt et al. reported when testing anti-CD20 plus anti-4-
1BB mAb therapy in the syngeneic BL3750 lymphoma model (237). However,
this is likely to be reflective of the rapid tumour growth kinetics and narrow
therapeutic window for therapy in the NXS2 model. To ensure comparable
tumour burden between treatment groups in the NXS2 model therapy does not
start until around day 8-10, yet the first mice can reach end point as early as
day 17. Consequently the disease is well established at the start of therapy and

grows rapidly hence it is more difficult to eradicate tumour.

423 Investigating 4-1BB up regulation on human NK cells cultured

with anti-GD2 human neuroblastoma cell lines.

Having demonstrated that significant 4-1BB up regulation can be observed on
tumour infiltrating NK cells post anti-GD2 therapy and the enhanced efficacy
of anti-GD2 mAb when administered in combination with anti-4-1BB mAb in a
syngeneic murine model of neuroblastoma the next logical step was to
investigate whether these findings translate to a human model system. The
ability to induce surface 4-1BB expression on NK cells following co-culture of

human PBMCs with opsonised target cells has been reported in the literature
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for a number of tumour cell lines, such as anti-CD20 opsonised lymphoma
(237), Herceptin opsonised HER2+ breast cancer (238) and cetuximab
opsonised EGFR+ tumour cell lines (239). To investigate whether 4-1BB surface
expression could be induced on NK cells co-cultured with anti-GD2 opsonised

neuroblastoma cells a time course experiment was set up.

4231 Time course for 4-1BB up regulation on NK cells cultured with

neuroblastoma target cells

A time course experiment was set up to investigate 4-1BB expression by
human NK cells when PBMCs harvested from LRS cones were co-cultured with
the chimeric anti-GD2 mAb ch14.18 and the Lan-1 neuroblastoma cell line.

The results of this experiment are summarised in figure 4.20.
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Figure 4-20. Time course for induced 4-1BB surface expression on human NK cells
following culture with ch14.18 opsonised LAN-1 cells. PBMCs obtained from three separate
LRS cones were analysed by flow cytometry for surface expression of 4-1BB on CD3-CD56+ NK
cells at various time points following culture with ch14.18 opsonised LAN-1 cells. A schematic
illustrating the quadrant labels that apply to the individual quadrant statistics displayed beneath
each flow cytometry profile for clarity (a). A representative contour plot illustrating 4-1BB
surface expression of CD3-CD56dim NK cells at each time point (b). Mean CD3-CD56dim4-
1BB+ population as a percent total CD3-CD56+ population (c). Data presented as mean + S.D.
Where n = 3.
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The results presented in figure 4.20 suggest that baseline surface 4-1BB
expression by human NK cells is negligible; however, following co-culture with
ch14.18 opsonised Lan-1 cells 4-1BB expression is induced within the first 4-
hours of culture. Based on the time points tested surface 4-1BB expression has
reached its peak by 16-hours and expression persists for at least 8-hours

before expression levels start to wane.

4.2.3.2 4-1BB up regulation is dependent on the presence of anti-GD2
mADb and its target

Having confirmed surface 4-1BB expression can be induced on human NK cells
following co-culture with anti-GD2 opsonised Lan-1 the next stage was to
confirm that the observed 4-1BB up regulation was specifically driven by the
anti-GD2 mAb bound to its target and not a consequence of non-specific
Fc:FcyR interactions. In these experiments human PBMCs harvested from LRS
cones were cultured either alone; with the GD2+ Lan-1 cell line; or the GD2-,
CD20+ Raji cell line following treatment with either the irrelevant isotype
control mAb Herceptin, the anti-CD20 mADb Rituximab, or ch14.18. The results

of these experiments are summarised in figure 4.21.
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Figure 4-21. 4-1BB up regulation is restricted to NK cells cultured in the presence anti-
GD2 opsonised GD2+ Lan-1 cells. PBMCs harvested from LRS cones were analysed by flow
cytometry for surface expression of 4-1BB on CD3-CD56+ NK cells following 24-hour culture
alone, or with opsonised target cells. GD2 and CD20 surface expression on the GD2+ human
neuroblastoma cell line Lan-1 and the GD2-CD20+ human lymphoma cell line Raji, respectively
(a). A schematic illustrating the quadrant labels that apply to the individual quadrant statistics
displayed beneath each flow cytometry profile for clarity (b). Example flow cytometry profiles
illustrating 4-1BB surface expression on the CD56hi and CD56 dim NK cell subsets after 24-
hour culture of PBMCs alone or in the presence of the GD2+ neuroblastoma cell line Lan-1,
either in the absence of mAb, or following treatment with Herceptin or ch14.18 (c). CD3-
CD56dim4-1BB+ events as a percentage of the total CD3-CD56+ NK cell population following
culture either alone, or in the presence of the LAN-1 or Raji cells plus ch14.18, Rituximab, or
Herceptin (d). Data presented as mean + S.D. where n = 6 (Lan-1) and n = 3 (Raji), * P = 0.0327,
*** p = (0.0006.
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The surface expression (or lack of) for GD2, CD20 and HER2 by LAN-1 and Raji
cells was confirmed by flow cytometry and is shown in figure 4.21 (a). Some
representative flow cytometry profiles demonstrating 4-1BB surface expression
by PBMCs cultured alone, or alongside Lan-1 cells following treatment with
PBS, Herceptin, or ch14.18 are shown in figure 4.21 (c). These profiles clearly
demonstrate that when 4-1BB surface expression is only induced when PBMCs
are cultured with ch14.18 opsonised Lan-1 cells. Interestingly these profiles
also confirm that when 4-1BB expression is induced on NK cells under these
circumstances it is restricted to the CD3-CD56dim population, the subset of
NK cells associated with potent cytolytic activity. Figure 4.21 (d) confirms that
4-1BB expression is only significantly up regulated by CD3-CD56dim NK cells
when PBMCs are cultured with chl14.18 and the GD2+ Lan-1 cells, or
Rituximab and CD20+ Raji cells. In the absence of the target antigen, or in the
presence of an irrelevant isotype matched control mAb significant 4-1BB up
regulation is not observed. Taken together this data suggests that it might be
the engagement of FcyRIIl (CD16) expressed on NK cells by the Fc portion of a
mAb bound to its specific target antigen that triggers 4-1BB surface

expression.

4.2.3.3 The effect of the effector: target ratio on 4-1BB expression

The data in figure 4.20 and 4.21 showing 4-1BB surface expression by CD3-
CD56dim NK cells was achieved by culturing PBMCs with opsonised targets at
an effector: target ratio of 40:1, the same ratio used to induce tumour cell
killing in the ADCC assays described in chapter 3. To investigate the effect of
effector: target ratio on 4-1BB expression PBMCs were cultured with increasing
tumour cell numbers to obtain a range of effector: target ratios. The results of

this experiment are shown in figure 4.22.
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Figure 4-22. 4-1BB surface expression on human NK cells is not significantly enhanced by
incubating PBMCs with increasing numbers of LAN-1 neuroblastoma cells and the anti-
GD2 mAb ch14.18. PBMCs obtained from three separate LRS cones were analysed by flow
cytometry for expression of surface 4-1BB on CD3-CD56dim NK cells after 24-hour culture with
increasing numbers of GD2+ LAN-1 cells to obtain a range of effector target ratios. CD3-
CD56dim4-1BB+ NK cells as a percentage of the total CD3-CD56+ NK cell population following
culture with LAN-1 cells in the absence of mAb (grey squares), plus Herceptin (blue triangles), or
plus ch14.18 (red inverted triangles) (a). CD3-CD56dim4-1BB+ NK cells as a percentage of the
total CD3-CD56+ NK cell population following culture of PBMCs alone, or in the presence of
ch14.18 opsonised LAN-1 at a range of effector : target ratios (b), where * p = 0.0134 and ** p
= 0.0046, 0.0058, or 0.0087 respectively.

As previously shown in figure 4.21 (c) and (d) 4-1BB surface expression is only
induced when PBMCs are cultured in the presence of both the GD2+ LAN-1
neuroblastoma target cells and the anti-GD2 mAb ch14.18. Figure 4.22 (b)
shows that culturing PBMCs in the presence of chl4.18 treated LAN-1
neuroblastoma cells at effector: target ratios ranging from 40:1 up to 1:1
significantly enhances surface 4-1BB expression on CD3-CD56dim NK cells,

compared to PBMCs treated with an equivalent dose of ch14.18 but cultured
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alone. However, whilst a 10:1 effector: target ratio was associated with the
greatest recovery of 4-1BB+ NK cells, there is no significant difference in the
percentage of 4-1BB+ NK cells obtained within the range of effector: target

ratios tested.

To summarise the results presented in figure 4.20 through to 4.22 surface 4-
1BB expression is up regulated by a significant proportion of human NK cells
when PBMCs are cultured with anti-GD2 opsonised neuroblastoma targets for a
minimum of 16-hours and persists for at least 8-hours. Interestingly, 4-1BB
expression is restricted to the CD3-CD56dim subset of NK cells, which are
thought to have the greatest cytolytic activity. This observation led to the
hypothesis that the anti-GD2 mediated cytolytic activity of NK cells that had
been ‘pre-activated’ following culture in the presence of anti-GD2 opsonised
targets to induce 4-1BB up regulation could be enhanced by the addition of
anti-4-1BB mAb in in vitro ADCC assays.

4234 Investigating cytolytic activity of 4-1BB+ NK cells in /n vitro
ADCC assays

A modified version of the calcein release based ADCC assay introduced in
chapter three was used to investigate the potential for enhancing anti-GD2
mediated ADCC by 4-1BB+ NK cells though the addition of anti-4-1BB mAb. A
schematic illustrating the key stages of this experiment is shown in figure
4.23.
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Figure 4-23. Schematic representation of the pre-activation step required to induce 4-1BB
surface expression on CD3-CD56dim NK cells and the subsequent recovery process
required to obtain a purified 4-1BB+ NK cell population for use in an /in vitro ADCC assay
For further details see materials and methods section 2.11.1.

To induce 4-1BB surface expression on CD3-CD56dim NK cells PBMCs
obtained from healthy volunteers were first incubated with irradiated LAN-1
neuroblastoma cells and the anti-GD2 mAb ch14.18 at an effector target ratio

of 10:1 (based on the data in figure 4.22 b) for a minimum of 16-hours (based
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on the data in figure 4.20 c). 4-1BB surface expression on CD3-CD56dim NK
cells was confirmed by flow cytometry. NK cells, of which the CD3-CD56dim4-
1BB+ subset typically comprised 20-30 %, were purified by negative selection
(see materials and methods, section 2.4.2) and used as effector cells in the in
vitro calcein release based assay previously described (see materials and
methods, section 2.5.3). PBMCs from the same donor were cultured alone, or
in the presence of irradiated LAN-1 cells and an equivalent concentration of
Herceptin. These cells were also screened for 4-1BB surface expression before
the NK cells were purified and used as effectors in matched ADCC assays. To
perform the ADCC assay freshly harvested LAN-1 cells were labelled with
calcein-AM as previously described, prior to the addition of either PBS alone
(no mADb), Herceptin, or the anti-GD2 mAb ch14.18. NK cells purified from
either PBMCs cultured alone (PBMCs alone), PBMCs cultured with LAN-1 cells
plus Herceptin (Herceptin), or PBMCs cultured with LAN-1 plus ch14.18
(ch14.18) during the pre-activation step, were added to the opsonised targets
along with the agonistic anti-4-1BB mAb (3/28), or an irrelevant isotype
matched control (130-1). The cells were incubated for 4-hours after which the
supernatant was collected and fluorescence measured. Antibody induced
calcein release was calculated as described in materials and methods, section

2.5.2). The results of this experiment are summarised in figure 4.24.
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Figure 4-24. Testing the cytolytic activity of 4-1BB+ NK cells in ADCC assays using anti-
GD2 mAb +/- anti-4-1BB mAb. PBMCs from three separate donors were cultured alone, or
with irradiated LAN-1 neuroblastoma cells, plus Herceptin, or the anti-GD2 mAb ch14.18 for
16-hours to induce 4-1BB expression. NK cells were subsequently purified and used as effector
cells in the calcein-release based ADCC assay. Antibody-induced calcein release as a percentage
of maximal following ADCC using NK cells purified from PBMCs cultured alone (a), where ns =
not significant; with irradiated LAN-1plus Herceptin, where ns = not significant and * p =
0.0179 (b); or with irradiated LAN-1 plus ch14.18, where ns = not significant and * p = 0.0151
(c). All data presented as the mean plus S.D., where n = 3 for the three donors.

Figure 4.24 shows the antibody-induced calcein release as a percentage of
maximal. In each case statistical analysis has been performed (see materials

and methods, section 2.13) to assess the antibody-induced calcein release as a

173



percentage of maximal, relative to the level achieved using the anti-GD2 mAb
ch14.18 alone. Figure 4.24 (a) shows that when NK cells are obtained from
PBMCs cultured alone during the pre-activation step, there is no significant
alteration in calcein release when the anti-GD2 mAb ch14.18 is added along
with the anti-4-1BB mAb 3/28, or its associated isotype 130-1. Figure 4.24 (b)
shows that when NK cells purified from PBMCs cultured with irradiated LAN-1
and Herceptin as used as effectors, there is no significant alteration in calcein
release compared to ch14.18 alone, when ch14.18 is added along with 130-1;
however, when chl14.18 and 3/28 are added together there is a significant
reduction in calcein release. Figure 4.24 (c) shows that when NK cells purified
from PBMCs cultured with irradiated LAN-1 and ch14.18 are used as effectors,
not only is there is a reduction in the level of calcein release achieved with
ch14.18 alone (to around 35 % of maximal, compared to almost 60 % observed
in (@) and (b)) but the combined addition of ch14.18 and 3/28 significantly
reduces calcein release further still, an effect that is not observed when
ch14.18 is added along with 130-1.

4235 The effect of pre-activation on FcyRIIl (CD16) expression by NK

cells

In an attempt to explain the reduction in calcein release in ADCC assays where
NK cells purified from PBMCs cultured with irradiated Lan-1 cells and ch14.18,
the cells, along with those cultured alone, or with irradiated Lan-1 and
Herceptin, were screened by flow cytometry to look at 4-1BB and CD16 surface
expression levels. The results of this screening are shown in figure 4.25 and
4.26.

174



Quadrant labels for statistics

{as a % total CD3-CDS6+events}

Gate labels for statistics

{as a % total CD3-CD56¢im4-1BB- events)

CD56hi CD56hi
w 4-1BB- 4-1BA+ 2
e <<
& , : b
UD’ CD56dim CD56dim 3
o 4-188- 4-18B8+ < CD16- CO16+
o b
” ”
4-1BB-APC CD16-FITC
(2} (b}
Pre-activation step conditions
PBMCs alone PBMCs + LAN-1
No mAb Herceptin ch14.18
ey 024 '4; o4, [ =
Lo Lo 1 Lo
s W= w27
by ; e ] &
B F A% 8%
o 5] E Q
o 034 a4-4 N "
= =3 i
1 Ea el | IR P
e 4188 APC-A B 41BBAPC-A w0
4 4 v
N \ \
Lo Ly E {‘:
5] £ 77 g 77 £ 77
o we] PS5 PE am.] Fs P Emad  PS PG
< =3 @ =3 27
oh 5 3 : s 10
m = o &
- 2 3 L 3 3
<& . T T g e § =ty
™ colsEToA e colermeh w O A
7.0% 93.0% 7.5% 92.5% 55.4% 44 6%
S
-
{c} CD16-FITC
2 150 - 2 1504
[ a
o o
§ mm CDie+ § Hm CD16+
" 3 CD16- '  rara 16-
@ 100 @ 10 Ez3a CD16
E :
S E
8 504 “"‘ 2 504
] / 7 a
4 % / Q@
a a
o 0 o
° No mAb Herceptm ch14.18 = 0 Danor 1 Donor 2
PBMCs PBMCs + LAN-1
alone PBMCs + LAN-1 +ch14.18
Pre-activation step conditions Pre-activation step conditions
{d) (e}

Figure 4-25. CD16 surface expression on CD3-CD56dim-4-1BB- human NK cells following
the 16-hour pre-activation step in which PBMCs were cultured alone, or with irradiated
LAN-1 neuroblastoma cells plus either Herceptin, or the anti-GD2 mAb ch14.18. PBMCs
obtained from leukocyte cones were analysed by flow cytometry for surface expression of CD16
on CD3-CD56dim4-1BB-NK cells after the 16-hour pre-activation step, prior to purifying for
use in ADCC assays. Schematics illustrating the quadrant / gate labels that apply to the
individual quadrant / gate statistics displayed beneath each flow cytometry profile for clarity (a)
and (b). Representative flow cytometry profiles illustrating CD16 surface expression on the CD3-
CD56dim4-1BB- subset of NK cells when PBMCs are cultured alone, or with irradiated LAN-1
neuroblastoma cells and either Herceptin or ch14.18 (c). Stacked bar charts illustrating the
CD16+ and CD16- events as a percentage of the total CD3-CD56dim4-1BB- NK cells recovered
from the PBMCs of one donor when PBMCs were subjected to the different pre-activation
conditions (d). Stacked bar charts illustrating the CD16+ and CD16- events as a percentage of
the total CD3-CD56dim4-1BB- NK cells recovered from the PBMCs cultured with LAN-1 and
ch14.18 for each of the three separate donors.
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The CD3-CD56dim4-1BB- NK cell subset, which In the case of the PBMCs
cultured alone, or with irradiated LAN-1 neuroblastoma cells plus Herceptin
represents almost 90 % of the CD3-CD56+ population was passed through the
FITC channel to look at surface CD16. Figure 4.25 (c) reveals for both PBMCs
cultured alone, or in the presence of irradiated Lan-1 and Herceptin, around
93 % of the CD3-CD56dim4-1BB- population is CD16+. In contrast when the
CD3-CD56dim4-1BB- subset obtained following culture of PBMCs with
irradiated LAN-1 and ch14.18 (which represents almost 60 % of the total NK
cell population) is passed through the FITC channel to look at CD16
expression, only 45 % of these cells are CD16+, which means more than half of
this subset is CD16-. This is shown graphically in figure 4.25 (d). The same
trend was observed for all three of the donors’, in each case when the CD3-
CD56dim4-1BB- subset of NK cells recovered from PBMCs cultured with
irradiated LAN-1 and ch14.18 was passed through the FITC channel to assess
surface CD16. On average around 50 % of this population was CD16- and this
is shown graphically in figure 4.25 (e).

When the CD3-CD56dim4-1BB+ subset NK cells recovered from the PBMCs
cultured with irradiated LAN-1 neuroblastoma cells and the anti-GD2 mAb
ch14.18 were passed though the FITC channel to assess surface CD16
expression more than 90 % of this subset were found to be CD16- as shown in
figure 4.26 (c) and (d).
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Figure 4-26. CD16 surface expression on CD3-CD56dim-4-1BB- human NK cells following
the 16-hour pre-activation step in which PBMCs were cultured with irradiated LAN-1
neuroblastoma cells plus the anti-GD2 mAb ch14.18. PBMCs obtained from leukocyte cones
were analysed by flow cytometry for surface expression of CD16 on CD3-CD56dim4-1BB+NK
cells after the 16-hour pre-activation step, prior to purifying for use in ADCC assays. Schematics
illustrating the quadrant / gate labels that apply to the individual quadrant / gate statistics
displayed beneath each flow cytometry profile for clarity (a) and (b). Representative flow
cytometry profiles illustrating CD16 surface expression on the CD3-CD56dim4-1BB+ subset of
NK cells when PBMCs were are cultured with irradiated LAN-1 neuroblastoma cells and ch14.18
(c). Stacked bar charts illustrating the CD16+ and CD16- events as a percentage of the total
CD3-CD56dim4-1BB+ NK cells recovered from the PBMCs of each individual donor (d).

Taken together this data reveals that whilst around 93 % of the CD3-CD56dim
NK cells recovered from PBMCs cultured alone, or with irradiated LAN-1
neuroblastoma cells plus Herceptin are CD16+, on average 50 % of the 4-1BB-,
and more than 90 % of the 4-1BB+ CD3-CD56dim NK cells recovered from
PBMCs cultured with irradiated LAN-1 neuroblastoma cells plus ch14.18 are

CD16-, which equates to more than half of the total NK cell population. Since
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CD16 plays an integral role in ADCC the loss of surface CD16 on NK cells
recovered from PBMCs cultured with irradiated LAN-1 neuroblastoma cells and
ch14.18 may contribute to the reduction in ADCC observed in figure 4.24 (c).
Following on from this observation as time course experiment was set up to
look at the induction of 4-1BB surface expression and the concomitant loss of
CD16 when PBMCs were cultured with LAN-1 neuroblastoma cells and the
anti-GD2 mAb ch14.18. The results of this experiment are shown in figure
4.27.
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Figure 4-27. Time course for induced 4-1BB surface expression and loss of surface CD16
on human NK cells following culture with ch14.18 opsonised LAN-1 cells. PBMCs obtained
from two separate leukocyte cones were analysed by flow cytometry for surface expression of 4-
1BB and CD16 on CD3-CD56dim NK cells at various time points following culture of PBMCs
alone (black circles), or in the presence of LAN-1 neuroblastoma cells plus PBS alone (no mAb)
(grey squares), Herceptin (blue triangles), or ch14.18 (red inverted triangles). Mean (of triplicate
repeats) + S.E.M. CD3-CD56dim4-1BB+ population as a percent total CD3-CD56+ population
(a). Mean (of triplicate repeats) = S.E.M. CD3-CD56dimCD16+ population as a percent total
CD3-CD56+ population (b). Representative example of one of two repeats using PBMCs from
two independent donors.

The results in figure 4.27 clearly show that when surface 4-1BB expression by
CD3-CD56dim NK cells peaks (in this case at 24 hours) (figure 4.27 a), surface

CD16 expression by this same subset of NK cells is at its lowest (figure 4.27
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b), which may affect in vitro NK cell function in terms of ADCC, a process that

is dependent on Fc engagement of surface CD16.

4.3 Chapter discussion

Anti-4-1BB mAb is a particularly interesting candidate as an adjuvant for
enhancing the efficacy of anti-GD2 mAb due to 4-1BB expression, either
constitutive or after activation, on a range of effector subtypes, such as T cells,
Tregs, NK cells, macrophages and neutrophils, all of which have been
implicated in the immune response to neuroblastoma. Additionally, anti-4-1BB
mAb themselves have demonstrated potent anti-tumour activity, in numerous
syngeneic murine models of cancer (230-234), through the generation of
tumour-specific CTL responses. The first evidence that 4-1BB could be
induced on NK cells was provided in 1998 (229). However, it was the
subsequent discovery that 4-1BB up regulation could be induced on NK cells
following FcyR triggering that led Levy and co-workers to formulate their
hypothesis that the efficacy of anti-CD20 mAb, such as rituximab could be
enhanced when administered in combination with anti-4-1BB mAb. The
rationale being that anti-CD20 exerts its effect, at least in part, via ADCC, a
process that is dependent on the engagement of FcyRIll (CD16) and will
therefore induce 4-1BB up regulation by NK cells, the subsequent ligation of
the 4-1BB molecule by an anti-4-1BB mAb will enhance NK cell Killing
augmenting the efficacy of rituximab. Levy et al. have since demonstrated that
this novel combinatorial approach enhances the efficacy of several direct
targeting mAb, including rituximab, Herceptin and cetuximab, both in vitro
and in vivo using syngeneic and human xenotransplanted models (237-239).
As mentioned at the beginning of the chapter the success of the work carried
out by Levy’s group (published by Kohrt et al.) has provided strong support for
our hypothesis that the efficacy of anti-GD2 mAb can be enhanced when
administered in combination with anti-4-1BB, which has been explored in this

chapter.

Using the syngeneic murine NXS2 model of neuroblastoma | have
demonstrated that significant up regulation of the co-stimulatory molecule 4-
1BB is observed on tumour-infiltrating NK cells specifically following treatment
with anti-GD2 mAb. Additionally, | have shown that syngeneic A/J mice bearing
established NXS2 tumours receiving anti-GD2 plus anti-4-1BB mAb have
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slower tumour progression resulting in a significant survival advantage over
mice receiving either antibody alone. However, although statistically
significant, the benefit of combining anti-GD2 and anti-4-1BB in this model
appears fairly modest. There may be several reasons for this. Firstly, the rapid
tumour growth kinetics of the chosen model results in a narrow therapeutic
window. Although optimised as much as possible, within the practical limits of
the project, it may be that the tumour load was too high at the start of
treatment to allow an adequate therapeutic response. Several different timing
strategies were tested and it appears that there is a very fine balance between
starting therapy too soon, when there is insufficient tumour antigen, and too
late, when there is inadequate time for the therapy to work. The kinetics of
tumour growth is slower in patients and the therapeutic window may therefore
be more favourable, consequently timing may be less critical. Secondly, the
anti-tumour activity of the direct targeting anti-GD2 mAb in this model may be
less NK cell dependent than those tested by Levy and co-workers in other
models. Data presented in chapter three demonstrated that anti-GD2 mAb
therapy was not completely abrogated in tumour bearing mice that had been
NK cell-depleted, suggesting that other mechanisms may be involved. Hence
the effect of augmenting NK cell mediated therapy in this model may be less
pronounced. Thirdly, the anti-4-1BB mAb used in this investigation may not be
comparable to the anti-4-1BB mAb used by Levy et al. The two mAb are
different clones and may therefore bind different epitopes and exhibit different
agonistic activity. Furthermore, our in house anti-4-1BB mAb is a rat IgGl
isotype, whereas the one used by Levy et al. is a rat IgG2a. Preliminary BIACore
data obtained in our lab suggests that rat IgG1l and IgG2a mAb are similar in
that they both bind FcyRIll and FcyRIIB; however, the IgG1l mAb may have
higher affinity for FcyRIll and may therefore be more likely to delete 4-1BB
positive cells. A large proportion of the tumour-infiltrating Tregs were
observed to be 4-1BB positive and it is possible that part of the observed
therapeutic effect was due to Treg deletion. Of course this also means that the
4-1BB positive NK cells may be targets for deletion but given the reasonably
low number of 4-1BB positive NK cells in the tumour microenvironment the
effect is likely to be more subtle. One of the attractions of anti-4-1BB as an
adjuvant for anti-GD2 mAb therapy is its effect on T cells, particularly CTLs
and the potential for generating long term tumour-specific immunity. Ideally

this potential would have been explored in this project, using splenocytes
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harvested from mADb treated mice and measuring their ability to produce IFN-y
when stimulated with tumour antigen in vitro, unfortunately this was not

possible as long term survival was rarely achieved.

The mechanisms by which anti-4-1BB mAb enhance the efficacy of direct
targeting mAb, such as anti-GD2, are likely to be many and varied, and ligation
of 4-1BB+ NK cells can promote a multitude of immune responses. For
example Levy et al. have demonstrated that 4-1BB+ NK cells have an increased
capacity to lyse target cells by ADCC when direct targeting mAb are coupled
with anti-4-1BB (237-239). Although, this is in contrast to other reports
suggesting that 4-1BB ligation enhances NK cell proliferation and IFN-y
production but their cytolytic activity remains unaltered (225). 4-1BB+ NK cells
have also been shown to have a crucial role in the generation of tumour-
specific CTL responses (225, 229). The effects of anti-4-1BB mAb when
administered along with anti-GD2 mAb in vivo are unlikely to be confined to
4-1BB+ NK cells. Levy et al. reported that more than 60 % of intratumoral
macrophages were 4-1BB+ in the syngeneic BL3750 lymphoma model and
although this was not augmented in response to anti-CD20 mAb therapy it is
plausible that these macrophages may be activated by anti-4-1BB and
contribute to the therapeutic effect of the combined mAb therapy (237).
Evidence for the involvement of both NK cells and macrophages in the initial
response to anti-CD20 plus anti-4-1BB mab therapy was provided when
depletion of either subtype was shown to correspond with an abrogation of
therapy. Interestingly, CD8 T cell depletion had no effect on initial tumour
regression but 40 % of the CD8 T cell depleted mice relapsed 70 days post
tumour-inoculation and eventually succumbed to their tumour burden. This
observation suggests that there may be potential for anti-GD2 plus anti-4-1BB
mADb strategies to achieve the ultimate goal of immunotherapy and generate

tumour-specific long term immunity and warrants further investigation.

In addition to investigating the efficacy of anti-GD2 plus anti-4-1BB mADb in
vivo attempts were made to explore the efficacy of the combination therapy in
vitro using human PBMCs from healthy donors and human neuroblastoma cell
lines. Clear 4-1BB up regulation was observed on human NK cells, specifically
the CD56dim subset, which is associated with the most potent cytolytic
activity. Perhaps surprisingly, these cells appeared to exhibit reduced cytolytic

activity when used as effector cells in ADCC assays. When human PBMCs were
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co-cultured with anti-GD2 opsonised LAN-1 cells to induce 4-1BB expression
and NK cells subsequently purified for use in ADCC assays it was noted that
the level of killing achieved with the anti-GD2 mAb ch14.18 was reduced
compared to control experiments. The most obvious explanation for the
reduction in ADCC was the observed loss of FcyRIll (CD16) by NK cells cultured
under the pre-activation conditions required to induce 4-1BB expression. Since
engagement of CD16 by the Fc portion of the mAb bound to its target is
essential to elicit ADCC it was not surprising that the cytolytic activity of these
NK cell was reduced. Levy et al. have recorded similar observations, although
they do not report a loss of ADCC (238). However, they do comment that
particularly high effector target ratios were required (100:1 NK: target) in some
cases in order to achieve ADCC, which they attribute to a loss of NK cell fitness
brought on by the extended period in culture without exogenous cytokines
(237). Consequently, it may be possible to recover ADCC to equivalent levels
observed in the control conditions by supplementing the PBMCs with IL-2 in
the pre-activation step, which may have an added benefit of further
augmenting 4-1BB expression, or repeating the experiment at much higher

effector: target ratios.

Paradoxically the addition of agonistic anti-4-1BB mAb appeared to have a
largely inhibitory effect on anti-GD2 mediated cytolytic activity in ADCC assays
in which effector cells had been pre-activated to induce 4-1BB expression.
This has not been reported in the literature yet was consistently observed in
repeated experiments. Since this observation was confined to samples to which
the anti-4-1BB mAb had been added a possible explanation is that the cells
were on the verge of exhaustion and this extra stimulus was sufficient to tip
the balance and lead to the cessation of cytolytic activity. By the time the 4-
1BB+ NK cells were used in ADCC assays they had already been subjected to
extended periods in culture in the presence of irradiated, opsonised targets. It
has been documented that irradiated cells express, so called damage-
associated molecular patterns (DAMPs) (273) that can trigger immune
responses. Consequently, the combined effect of antibody-induced and DAMP-
induced activation for pro-longed periods may have contributed to NK cell
exhaustion. This may be another reason why Levy et al. used such high

effector: target ratios to achieve killing.

182



In summary the data presented in this chapter provides the first evidence that
anti-GD2 mAb induces significant up regulation of the co-stimulatory
molecule 4-1BB, which is restricted to tumour-infiltrating NK cells in vivo
using the syngeneic murine NXS2 model. Additionally, this effect can be
replicated in vitro using human model systems, where interestingly 4-1BB
expression is restricted to the CD56dim NK cell subset, reported to have the
greatest cytolytic activity. It also demonstrates for the first time that sequential
administration of anti-GD2 plus anti-4-1BB mAb has a synergistic effect,
which leads to slowed tumour progression and significantly, albeit modestly,

enhances survival of syngeneic A/J mice bearing established NXS2 tumours.

183






Chapter 5. Characterising the TH-MYCN
transgenic mouse model of

neuroblastoma

5.1 Chapter introduction

The TH-MYCN transgenic mouse model of neuroblastoma is one of just two
murine models of neuroblastoma that permits study of GD2 targeting
immunotherapies in fully immunocompetent mice, the other being the
syngeneic NXS2 model which has been used extensively throughout this
investigation. The TH-MYCN transgenic mouse model was developed by Weiss
et al. in 1997 (241). These mice have been genetically engineered to
overexpress MYCN in neuroectodermal cells derived from the neural crest and
subsequently develop tumours within several months of birth (241).
Amplification of the proto-oncogene MYCN, which was originally isolated from
neuroblastoma cells (274, 275), is one of the best characterised genetic
aberrations in neuroblastoma and correlates with advanced disease (6, 7).
MYCN, which is located on chromosome 2p24, encodes the transcription factor
N-Myc, belonging to the Myc family of DNA binding basic region/helix-loop-
helix/leucine zipper (bHLHZip) proteins. Other members of this family include
C-Myc and L-Myc. The Myc family proteins heterodimerise with the bHLHZip
protein Max to form a transcription factor complex that binds to specific E-box
DNA motifs (5’-CANNTG-3’) and activates transcription of a variety of genes
involved in a range of cellular functions, including cell growth and
proliferation, metabolism, apoptosis and differentiation (276-279). N-myc
usually binds the E-box motifs CATGTG and CAACTG; however, when N-Myc is
amplified is becomes less specific and will also bind CATTTG and CATCGT
(280). The rat tyrosine hydroxylase (TH) promoter was used to target human
MYCN expression to the developing neuroblasts of the neural crest. This
promoter is active in the migrating cells of the neural crest during early
development and has been shown to direct expression of chloramphenicol
acetyl transferase to both the sympathetic ganglia and the adrenal gland
(which is derived from the neural crest) where neuroblastoma tumours
commonly arise (281). Clinical presentation can vary among mice, some

present with thoracic tumours, or large palpable abdominal tumours, whereas
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others display signs of progressive paralysis of the lower extremities (241).
The TH-MYCN model closely resembles human neuroblastoma as the tumours
arise in the abdomen and thorax, with some mice showing signs of spinal cord
involvement, these mice were subsequently found to have abdominal, or
thoracic paraspinous masses, with tumour tracking along the peripheral nerves
and encasing the spinal cord (241). Tumorigenesis is affected by gene dosage
and mice homozygous for the MYCN transgene develop tumours with
increased incidence and decreased latency (241). The developing tumours also
share a number of the same histological features and chromosomal
aberrations seen in human neuroblastoma (241). However, there are a number
of limitations associated with this model, for example tumours rarely
metastasize to the bone marrow, the time to tumour presentation can be
variable and tumour penetrance is poor on some genetic backgrounds (282).
Despite the limitations the TH-MYCN transgenic mouse model is one of the
most useful pre-clinical models of neuroblastoma (282) and has been used
extensively in numerous areas of neuroblastoma research, including basic
biology and therapeutic studies, contributing to some key publications in the
field (283). The TH-MYCN transgenic mouse model may represent a more
physiologically relevant model of neuroblastoma, due to both its spontaneous
nature (tumours develop endogenously within several months of birth) and its
clinical presentation, which recapitulates many of the features of human
disease (282). Another key feature of the model is that it facilitates study of
both endogenous anti-tumour immune responses, as well as the immune
response to anti-GD2 mAb based treatment strategies. Despite considerable
interest surrounding immunotherapy as part of the standard treatment for high
risk neuroblastoma, and the relatively unique ability of the TH-MYCN
transgenic mouse model to facilitate study of anti-tumour immune responses,
there is little evidence in the literature to suggest that the model has been
utilised in this way. One of the main objectives and key novel aspects of this
investigation is the characterisation of the model in preparation for the study
of anti-GD2 mADb based therapeutic strategies. Part of this work will involve the
characterisation of the endogenous immune response to tumour, as it is
anticipated changes in the immune composition will provide a suitable end
point for assessing response to therapy, as well as establishing a method of
recapitulating the MRD setting in preparation for the study of anti-GD2 mAb

based therapeutic strategies.
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5.2 Results

521 Tumour penetrance in TH-MYCN transgenic mice

Tumour penetrance in the TH-MYCN transgenic mouse model is strain
dependent and Weiss et al. reported that 129S/v mice demonstrate increased
penetrance compared to the C57/B6J and FBN/N strains (241). Tumours arise
at a much higher frequency in 129/Sv) mice, with approximately 33 % of
heterozygotes and 100 % homozygotes developing tumours (282), compared
to just 5 % and 20 % of C57/B6J mice at 3 and 6 months respectively (241).
Consequently, the TH-MYCN transgenic mice in this facility are maintained on
the 129/Sv) background. The decreased latency observed in homozygotes
(241) renders mice at risk of developing tumour before they are fully
immunocompetent, hence the preference for heterozygotes (TH-MYCN+/-) in
this study. Congenic female 129/Sv] were bred with males carrying a single
copy of the TH-MYCN transgene and the offspring were screened to detect the
presence of the TH promoter. Abdominal tumours can be physically detected in
these mice at around 9-13 weeks; however, tumour formation can be detected
as early as 6 weeks when imaging techniques, such as MRI and ultrasound are
employed (282). These techniques are not currently available in this facility;
therefore transgenic mice were regularly examined for palpable abdominal
masses. Once a palpable tumour has been detected untreated mice typically
survive for approximately one week before they are deemed to have reached
end point. Routinely, this decision was made independently by an experienced
animal technician based on the size of the tumour and other visual signs of
discomfort or distress. Figure 5.1 is a Kaplan-Meier curve, which demonstrates
the time to terminal tumour burden for TH-MYCN transgenic +/- mice in

comparison to congenic 129/Sv] mice.
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Figure 5-1. Kaplan-Meier curve of TH-MYCN +/- transgenic mice compared to congenic
129/SvJ. Congenic 129/Sv] female mice were bred with males carrying a single copy of the TH-
MYCN transgene. Offspring were screened to detect the TH-promoter, thus confirming
transgenic status. Transgenic mice were monitored from birth until terminal tumour burden, at
which point the tumour bearing mouse was culled. TH-MYCN transgenic (Tg) +/- mice (n = 33)
(red line) present with an increased incidence of spontaneous tumour and diminished survival
compared to congenic 129/Sv] mice (n = 42) (black line), where p = < 0.0001 following a Log
rank test.

The data in figure 5.1 demonstrates that approximately 50 % of the TH-MYCN
transgenic +/- mice develop tumour and these mice are typically terminal
between 60 and 100 days. Due to space constraints a 180 day cut off was put
in place and mice failing to develop tumour within this time frame were
routinely culled. It has been reported in the literature that tumour bearing TH-
MYCN transgenic mice can undergo spontaneous regression. Teitz et al.
reported that 10 % of TH-MYCN tumour bearing mice exhibited clear signs of
tumour growth arrest between eight and ten weeks, which persisted for
approximately two weeks, eventually resulting in complete regression of
tumour based on MRI and ultrasound imaging (282). Since these imaging
techniques are not available in this facility to support such observations we can
only postulate that some of the mice that did not present with tumour may
have developed tumour early on that was too small to detect by palpating and

subsequently went on to regress fully.

522 The physical presentation of tumour

The TH-MYCN transgenic mouse model closely recapitulates many of the
clinical features of human neuroblastoma, hence physical tumour presentation
can vary (241). However, with the exception of one mouse, that presented with

shortness of breath due to tumour in the thoracic cavity, the tumour bearing
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mice typically present with large palpable abdominal tumours, involving the
adrenal gland, kidney and occasionally the spinal cord. Figure 5.2

demonstrates the typical location and size of tumours TH-MYCN transgenic

+/- mice have presented with.

(a}

Figure 5-2. Location and size of tumour arising in a TH-MYCN transgenic +/- mouse. An
80 day old male TH-MYCN +/- transgenic mouse was culled upon presentation of terminal
tumour. The location of the tumour in situ is shown in (a), a close up view from the same image,
shown in (b), clearly demonstrates the adrenal gland and kidney involvement. Terminal tumours
typically measure approximately 1 cm? as shown in (c).

523 GD2 expression on TH-MYCN +/- transgenic mouse tumours

The tumours harvested from TH-MYCN transgenic +/- mice have been
screened for surface GD2 expression. The tumours were screened using the
FITC conjugated anti-GD2 mAb 14G2a. Surface GD2 expression on TH-MYCN
tumours was compared to subcutaneous NXS2 tumours harvested from
syngeneic A/J) mice. Surface GD2 expression on TH-MYCN and NXS2 tumours

ex vivo is shown in figure 5.3.
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Figure 5-3. Surface GD2 expression on tumours harvested from TH-MYCN transgenic +/-
mice and syngeneic A/J mice bearing subcutaneous NXS2 tumours Surface GD2 expression
was quantified using the FITC conjugated anti-GD2 mAb 14G2a-FITC and assessed by flow
cytometry. A representative flow cytometry histogram shows the mean fluorescence intensity
(MFI) obtained using both an irrelevant isotype matched control PK136 (black line), or 14G2a-
FITC (red line) for a tumour harvested from a TH-MYCN transgenic +/- mouse (a). The mean
fold change relative to the isotype control for tumours harvested from three A/J mice versus
three TH-MYCN transgenic +/- mice (b) error bars = S.D, ns = not significant.

The level of surface GD2 expression by three separate tumours harvested from
TH-MYCN transgenic +/- mice was found to be comparable to GD2 expression
by three separate subcutaneous NXS2 tumours harvested from syngeneic A/J
mice. However, the shape of the histogram shown in figure 5.3 suggests that
GD2 expression is more uniform on the tumours harvested from TH-MYCN
+/- transgenic mice compared to the NXS2 cell line, which has been observed
to drift (see figure 3.1).

524 The immune infiltrate in TH-MYCN transgenic mouse tumour

microenvironment

Three multicolour flow cytometry panels were developed to facilitate analysis
of NK cell and T cell populations in the tumour microenvironment and spleens
harvested from TH-MYCN transgenic +/- mice, compared to spleens of

congenic 129/Sv] mice.

5241 Tumour infiltrating NK cells

The NK cell panel comprised of fluorescently conjugated antibodies specific for
the following surface antigens CD3; CD49b; NKG2ACE; CD11lb and CD27.
Murine NK cells were characterised as CD3-CD49b+NKG2ACE+ as previously

shown in figure 4.2 and this population was subsequently analysed for surface
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expression of the integrin CD11b and tumour necrosis factor receptor CD27.
Mature murine NK cells can be identified based on their expression of CD11b
(284) and further subdivided based on their expression of CD27 (285).
CD11b+CD27- NK cells are said to be terminally differentiated (33); however,
immature CD11lb- NK cells pass through a CD27+ stage as they start to
differentiate (286). Mature CD11lb+ NK cells that are also CD27+ are
reportedly more reactive in terms of cytolytic capacity, cytokine production and
proliferation than the mature CD11lb+ NK cells that are CD27- (285, 286),
which may be explained by the higher proportion of the inhibitory receptor
Ly49s on the CD11b+CD27- subset (33). Figure 5.4 illustrates the proportion
of NK cells and their different phenotypes detected in the tumour and spleens
of TH-MYCN transgenic +/- tumour bearing mice relative to the spleen of

congenic 129/Sv] mice.
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Figure 5-4. Quantification of NK cells in the tumour microenvironment and spleen of TH-
MYCN transgenic +/- tumour bearing mice compared to the spleens of congenic 129/SvJ
mice. The number of CD3-CD49b+NKG2ACE+ events normalised to 100,000 cells in the
lymphocyte gate (a). The percentage of NK cells detected with the CD11b+CD27- phenotype (b),
where *** p = 0.0007 following an unpaired t test. The percentage of NK cells detected with the
CD11b-CD27+ phenotype (c), where ns = not significant following an unpaired t test. The
percentage of NK cells with the CD11b+CD27+ phenotype (d), where * p = 0.0403 following an
unpaired t test. Each graph shows congenic 129/Sv) mouse spleens (black circles) n = 6, TH-
MYCN transgenic +/- mouse spleens (red squares) and matched tumours (red triangles) n = 4.

Figure 5.4 (a) demonstrates that tumour infiltrating NK cells make up around 1
% of the total number of cells in the lymphocyte gate. Figure 5.4 (b) shows that
more than 20 % of these tumour infiltrating NK cells have a terminally
differentiated (CD11b+CD27-) phenotype, Additionally, the proportion of NK
cells with a terminally differentiated phenotype is significantly higher in the
spleens of tumour bearing TH-MYCN transgenic +/- mice relative to congenic
129/Sv) mice. Figure 5.4 (c) shows that around 14 % of the NK cells in the
tumour microenvironment have an immature CD11b-CD27+ phenotype and
are therefore in the process of differentiating. Figure 5.4 (d) shows that a small
proportion of the tumour infiltrating NK cells (approximately 4 %) have the

more functionally active CD11b+CD27+, this subset is also significantly
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increased in the spleens of the tumour bearing TH-MYCN transgenic +/- mice
relative to congenic 129/Svl mice. The remainder of the NK cells were
immature CD11b-CD27-.

5242 Tumour infiltrating T cells

The T cell panel comprised of fluorescently conjugated antibodies specific for
the following surface antigens CD3; TCR[3; TCRyd; CD8; CD62L; CD44. Murine
T cells were characterised as CD3+ as previously shown in 4.2, this population
was subsequently assessed for surface expression of TCRB, or yd. The
CD3+TCRpB+ cells were subsequently analysed for CD8 and cells that
CD3+TCRB+CD8- were assumed to be CD4+, as shown in figure 4.6. The
CD3+TCRB+CD8-(CD4+) and CD8+ T cell subsets were then analysed for
surface expression of CD62L and CD44 to enumerate both effector memory
and central memory T cell subsets. Figure 5.5 illustrates the T cell subsets that

could be identified using this panel of antibodies.

CD3 TCR complex*

)
( |

TCRB-chain* y6-chain*
CcD8* CD8 (CD4Y)
CD62L* CD62- cbe2Lt CD62-
CD44 CD44+ CD44- CD44+
cbe2Lt Effector CD62L* Effector
CD44+ memory CDh44~ memory
Central Central
memory memory

Figure 5-5. The T cell subsets that could be identified using the multi-colour T cell
antibody panel.

The CD3+ T cells were initially characterised as CD3+TCRpB+ T cells and
CD3+TCR yoT cells as shown in figure 5.6.
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Figure 5-6. Quantification of TCR3 and TCR yd T cells in the tumour microenvironment and
spleen of TH-MYCN transgenic +/- tumour bearing mice compared to the spleens of
congenic 129/SvJ mice. The number of CD3+TCRB+ events normalised to 100,000 cells in the
lymphocyte gate (a). The number of CD3+TCRyd+ events normalised to 100,000 cells in the
lymphocyte gate (b). Each graph shows congenic 129/Sv] mouse spleens (black circles) n = 6,
TH-MYCN transgenic +/- mouse spleens (red squares) and matched tumours (red triangles) n =
3.

Figure 5.6 (a) demonstrates that tumour infiltrating CD3+TCRp+ T cells
comprise around 3 % of the total number of cells in the lymphocyte gate and
that CD3+TCRB+ T cells appear to be reduced in spleens of tumour bearing
TH-MYCN +/- transgenic mice compared to congenic 129/Sv] mice. Figure 5.6
(b) shows that TCRyd T cells can be detected in the tumour microenvironment
immune infiltrate but they comprise less than 0.05 % of the total population in
the lymphocyte gate and make up about 1 % of the cells in the lymphocyte gate
in the spleens of both tumour bearing TH-MYCN +/- transgenic mice and

congenic 129/Sv] mice.

The CD3+TCRB+ events were subsequently divided into the CD8- (the majority
of which were assumed to be CD4+) and CD8+ subsets and assessed for
surface expression on CD62L and CD44, based on the expression of these
surface markers the T cells were characterised as CD62+CD44-, effector
memory, or central memory, as demonstrated in figure 5.5. The results of this
phenotypic characterisation are shown in figures 5.7 and 5.8 for the CD8-
(CD4+) and CD8+ T cell respectively. In each sample approximately 10 % of
the CD8-(CD4+) and CD8+ T cells were characterised as CD62L- and CD44-.
Due to the low number of yd T cells this subset was not subjected to further

analysis.
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Figure 5-7. Quantification of CD8-(CD4+) T cells in the tumour microenvironment and
spleen of TH-MYCN transgenic +/- tumour bearing mice compared to the spleens of
congenic 129/SvJ mice. The number of CD8-(CD4+) cells as a percent of the total number of
CD3+TCRB+ T cells (a). CD62L+CD44-CD8-(CD4+) T cells as a percentage of the total CD8- T
cells (b). Effector memory CD8-(CD4+) T cells as a percentage of the total CD8- T cells (c).
Central memory CD8-(CD4+) T cells as a percentage total CD8- T cells. Each graph shows
congenic 129/Sv] mouse spleens (black circles) n = 6, TH-MYCN transgenic +/- mouse spleens
(red squares) and matched tumours (red triangles) n = 3.

Figure 5.7 (b) shows that around 60 % of the CD8-(CD4+) T cells that can be
detected in the tumour microenvironment of TH-MYCN +/- transgenic mice
have a CD62L+CD44- phenotype and correspondingly these mice have fewer
CD62LCD44-CD8-(CD4+) T cells in the spleen when compared to congenic
129/Sv) mice. Both effector memory (figure 5.7 c) and central memory (figure
5.7 d) CD8-(CD4+) subsets can also be detected in the tumour
microenvironment, and tumour bearing TH-MYCN +/- transgenic mice appear
to have a higher percentage of effector memory CD8-(CD4+) T cells in the

spleen compared to congenic 129/Sv).
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Figure 5-8. Quantification of CD8+ T cells in the tumour microenvironment and spleen of
TH-MYCN transgenic +/- tumour bearing mice compared to the spleens of congenic
129/SvJ mice. The number of CD8+ cells as a percent of the total number of CD3+TCRB+ T
cells (a). CD62+CD44-CD8+ T cells as a percentage of the total CD8+ T cells (b). Effector
memory CD8+ T cells as a percentage of the total CD8+ T cells (c). Central memory CD8+ T
cells as a percentage total CD8+ T cells. Each graph shows congenic 129/Sv] mouse spleens
(black circles) n = 6, TH-MYCN transgenic +/- mouse spleens (red squares) and matched
tumours (red triangles) n = 3.

Figure 5.8 (b) shows that around 80 % of the CD8+ T cells that can be detected
in the tumour microenvironment of TH-MYCN +/- transgenic mice have a
CD62L+CD44- phenotype and these mice have slightly less CD62L+CD44-
CD8+ T cells in the spleen when compared to congenic 129/Sv) mice. Both
effector memory (figure 5.8 c¢) and central memory (figure 5.8 d) CD8+ subsets
can also be detected in the tumour microenvironment, and tumour bearing
TH-MYCN +/- transgenic mice appear to have a higher percentage of both
memory CD4+ T cells in the spleen compared to congenic 129/Sv]. However,
ideally further tumour and spleen samples need to be assessed using the T cell

antibody panel to confirm these observations and facilitate statistical analysis.

196



5243 Tumour infiltrating Tregs

Tumour infiltrating Tregs were also assessed in the TH-MYCN +/- transgenic
mice. Figure 5.9 illustrates the Treg population as a percentage of the CD4+ T
cells in tumour microenvironment and spleens of TH-MYCN +/- transgenic

mice relative to congenic 129/Sv] spleens.
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Figure 5-9. Quantification of Tregs in the tumour microenvironment and spleen of TH-
MYCN transgenic +/- tumour bearing mice compared to the spleens of congenic 129/Sv]
mice. The number of CD4+ cells as per 100,000 events in the lymphocyte gate (a), ** p =
0.0033 following an unpaired t test. The percentage of these CD4+ T cells that possess the
CD25+FoxP3 Treg phenotype (b), where ns = not significant following an unpaired t test. Each
graph shows congenic 129/Sv] mouse spleens (black circles) n = 7, TH-MYCN transgenic +/-
mouse spleens (red squares) and matched tumours (red triangles) n = 8.

Figure 5.9 (a) shows that the number of CD4+ T cells as a percentage of the
total number of cells in the lymphocyte gate is significantly reduced in the
spleens of tumour bearing TH-MYCN +/- transgenic mice compared to
congenic 129/Sv] and in the tumour microenvironment approximately 5 % of
the cells that fall in the lymphocyte gate are CD4 %. Around 6-7 % of the CD4+
T «cells in the the
CD4+CD25+FoxP3+ Treg phenotype;

difference between the Treg populations (as a percentage of the CD4+ Tcells)

microenvironment are

tumour positive  for

however, there is no significant
in the spleens of tumour bearing TH-MYCN +/- transgenic mice compared to

congenic 129/Sv] mice.

525 Establishing a model of MRD in TH-MYCN +/- transgenic tumour

bearing mice

In the clinical setting anti-GD2 mAb based therapies are only administered

once the bulk of the tumour has been eradicated by surgery, chemotherapy
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and/ or radiotherapy i.e. in the MRD setting in order to maintain disease
remission and reduced the risk of relapse. Therefore to investigate anti-GD2
mAb based therapeutic strategies in a setting that more closely recapitulates
MRD it was first necessary to reduce the bulk of the tumour. To achieve this it
was necessary to identify a sub-optimal dose of chemotherapy, which when
administered to tumour bearing TH-MYCN +/- transgenic mice would be
sufficient to reduce tumour burden without being curative, thus creating a
therapeutic window during which time immunotherapy could be administered.
The chemotherapeutic agent of choice was cyclophosphamide, based on
published data that demonstrates the susceptibility of TH-MYCN transgenic
mouse tumours to this drug (287) and the potential for beneficial immune
effects, such as Treg depletion (288, 289). Upon tumour presentation TH-
MYCN +/- transgenic mice were treated with varying doses of
cyclophosphamide and monitored closely for signs of re-presentation. A
Kaplan-Meier plot demonstrating time to tumour re-presentation in TH-MYCN

+/- transgenic treated with cyclophosphamide is shown in figure 5.10
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Figure 5-10. Kaplan-Meier curve of tumour bearing TH-MYCN +/- transgenic mice
following treatment with various doses of cyclophosphamide. Upon presentation with
palpable tumour mice were treated (i.p.) with cyclophosphamide ranging from 150 to 20 mg/kg
and monitored for tumour regression and subsequent re-presentation, where n = 2 (150
mg/kg), n = 3 (75 mg/kg), n =5 (40 mg/kg) and n = 1 (20 mg/kg).

Figure 5.10 shows that when cyclophosphamide was administered as single
dose of 150 mg/kg (one third of the reported curative dose (287)), mice
survived in excess of 100 days. The dose was subsequently reduced to 75,
then 40 and finally 20 mg/kg. The sub-optimal dose taken forward was 40

mg/kg as on average mice survived one month prior to re-presenting and
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ultimately succumbing to their tumour burden, providing a suitable therapeutic
window for the administration of immunotherapy and sufficient time to extend

survival before the 100 day cut off.

526 Testing the effect of anti-GD2 mAb +/- anti-4-1BB with and

without cyclophosphamide pre-treatment

A pilot study was performed to determine whether anti-GD2 mAb +/- anti-4-
1BB would be effective at pro-longing survival of tumour bearing TH-MYCN
+/- transgenic mice and establish proof of principle for this combinatorial
approach in a MRD setting. Each antibody was tested both alone and in
combination with cyclophosphamide. Figure 5.11 is a series of Kaplan-Meier
curves demonstrating survival of tumour bearing mice following treatment with
cyclophosphamide (CPM) alone, the anti GD2 mAb 14G2a alone, the anti-4-
1BB mAb LOB12.3 alone, or combinations thereof.
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Figure 5-11. Kaplan-Meier curve for tumour bearing TH-MYCN +/- transgenic mice
following treatment with cyclophosphamide (CPM) alone, anti-GD2 (14G2a) alone, or anti-
4-1BB (LOB12.3), or combinations thereof. Upon presentation with palpable tumour mice were
treated (i.p.) with either 40/mg/kg CPM alone, or 150 pg mAb as described and subsequently
monitored for tumour regression and re-presentation. Where n = 5 per group and survival was
by Log rank tests. Mice received CPM, or 14G2a, or CPM followed by 14G2a 24-hours later (a),
where CPM vs 14G2a not significant, CPM vs CPM+14G2a * p = 0.0269 and CPM+14G2a vs
14G2a * p = 0.0127; Mice received CPM, or LOB12.3, or CPM followed by LOB12.3 24-hours
later (b), where CPM vs LOB12.3 ** p = 0.0018, CPM vs CPM+LOB12.3 * p = 0.0064 and
CPM+LOB12.3 vs LOB12.3 * p = 0.0018;Mice received CPM alone, CPM + 14G2a followed by
LOB12.3 24 hours later, or 14G2a alone followed by LOB12.3 24-hours later (c), where CPM vs
14G2a+L0OB12.3 not significant, CPM vs CPM+14G2a+LOB12.3 ** p = 0.0018 and
CPM+14G2a+L0OB12.3 vs 14G2a+L0OB12.3 ** p = 0.0133; Combined data obtained for mice
receiving CPM + 14G2a, or CPM + LOB12.3, or CPM + 14G2a + LOB12.3 (d), where ns = not
significant.

Figure 5.11 (a) shows that the combination of CPM+14G2a was more effective
than either agent when administered alone, with 80 % of tumour bearing mice
treated surviving 100 days without re-presentation of tumour, as confirmed by
autopsy. However, there was no significant difference in survival between mice
treated with CPM alone and those treated with 14G2a, with 100 % and 80 % of
mice re-presenting and succumbing to tumour respectively. Figure 5.11 (b)

shows that the combination of CPM+LOB12.3 was more effective than either
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agent when administered alone, with 60 % of tumour bearing mice treated
surviving 100 days without re-presentation of tumour, as confirmed by
autopsy. Additionally mice treated with CPM alone survived significantly longer
than mice treated with LOB12.3 alone, although 100 % of mice in each group
eventually re-presented with and succumbed to tumour. Figure 5.11 (c) shows
that the combination of CPM+14G2a+L0OB12.3 was more effective than either
CPM or 14G2a+LOB12.3 when administered alone. CPM+14G2a+L0OB12.3 was
the most effective therapy combination with 100 % of mice tumour bearing
mice treated surviving 100 days without re-presentation of tumour, as
confirmed by autopsy. However, there was no significant difference in survival
between mice treated with CPM alone and those treated with 14G2a+L0OB12.3,
with 100 % and 80 % of mice re-presenting and succumbing to tumour
respectively. Finally, figure 5.11 (d) compares the effect of CPM+14G2a,
CPM+LOB12.3 and CPM+14G2a+LOB12.3, confirming that in a situation
whereby mice have been pre-treated with cyclophosphamide in order to
recapitulate the MRD setting the combined mAb therapy 14G2a+LOB12.3 is

the most effective with 100 % mice surviving 100 days post mAb treatment.

5.3 Chapter discussion

The TH-MYCN transgenic mouse model is considered to be one of the most
useful pre-clinical models of neuroblastoma (282) but little has been explored
in the context of immunotherapy. However, the initial characterisation work
presented in this chapter confirms that the TH-MYCN transgenic mouse model
shows considerable promise as a candidate model for the study of
immunotherapy. Around 50 % of TH-MYCN +/- transgenic mice housed in this
facility develop tumour within 60-100 days of birth, allowing them sufficient
time to develop a fully competent immune system. In our hands the tumour
bearing mice routinely present with a palpable abdominal mass and often
shown signs of adrenal gland, kidney and spinal cord involvement, thus
recapitulating several features of human disease (282). The spontaneous
nature of tumour development, which typically occurs within 100 days of birth,
allows for the concomitant formation of the tumour microenvironment in an
orthotopic location, hence the TH-MYCN tumour microenvironment is
potentially more physiologically relevant than the microenvironment formed

alongside subcutaneous tumours in the syngeneic NXS2 model.
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Flow cytometry assessment has confirmed that it is possible to recover several
tumour-infiltrating lymphocyte subsets of clinical relevance, all of which have
been reported in neuroblastoma patients. Although further tumour samples
need to be assessed, particularly for the T cell panel, to establish baseline
levels for these subsets. It is anticipated changes in tumour-infiltrating
lymphocyte composition, for example an increase in the number of functionally
mature NK cells, or the presence of higher proportions of effector memory
cells, will provide a suitable end point for monitoring response to

immunotherapy.

In terms of suitability for investigating anti-GD2 targeting immunotherapies
the TH-MYCN tumours demonstrate comparable surface GD2 expression to
NXS2 subcutaneous tumours ex vivo. Additionally, preliminary data suggests it
is possible to simulate an MRD setting by administering sub-optimal doses of
chemotherapy, thus more closely replicating the clinical setting in which anti-
GD2 mAb based therapies are only administered once the bulk of the tumour
has been eradicated and providing a therapeutic window within which to study
anti-GD2 targeting immunotherapy. The data presented in this chapter
demonstrates that administration of 40 mg/kg cyclophosphamide alone was
sufficient to extend survival by approximately one month before mice
succumbed to tumour, and survival was significantly enhanced when
cyclophosphamide was administered in combination with anti-GD2 mADb.
Eighty percent of mice receiving this combination therapy survived 100 days
post-treatment at which point they were culled and found to be tumour free,
as confirmed by autopsy. Interestingly, the combination of cyclophosphamide
and anti-4-1BB mAb was found to have a synergistic effect in terms of
survival. Agonistic anti-4-1BB mAb have been shown to eradicate tumour in a
number of syngeneic murine models (230-234); however, TH-MYCN +/-
transgenic mice treated with anti-4-1BB mAb alone survived on average 12
days post-treatment. Yet when administered along with the established sub-
optimal dose of cyclophosphamide, 60 % of tumour bearing mice survived for
100 days post-therapy at which time they were observed to be tumour free. A
possible explanation for this apparent synergy may be attributed to
cyclophosphamide both in terms of its cytotoxic and potential immune effects.
Cyclophosphamide is converted into its active metabolites aldophosphamide
and phosphamide mustards in the liver, these metabolites bind DNA thus

preventing replication and trigger cell death. Cyclophosphamide has a direct
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tumoricidal effect and which may provide sufficient tumour antigen to prime
an anti-tumour immune response, which is augmented by anti-4-1BB.
Additionally, whilst high doses of cyclophosphamide causes lymphoablation,
low doses (in the region of 20-150 mg/kg) have been shown in animal models
to selectively target Tregs, inducing their apoptosis and decreasing
proliferation (288, 289). The selective depletion of Tregs, which have a natural
immunosuppressive activity and promote tolerance to self-antigens has been
shown to promote tumour rejection in syngeneic murine models of
neuroblastoma (153), therefore it is possible that the combined action of
cyclophosphamide induced Treg depletion and anti-4-1BB induced T cell
activation is responsible for tumour rejection and prolonged survival of these
mice. The greatest therapeutic benefit was observed following administration
of cyclophosphamide alongside anti-GD2 and anti-4-1BB mAb. One hundred
percent of tumour bearing TH-MYCN +/- transgenic mice survived 100 days
post-therapy and remained tumour free. The therapeutic effect was perhaps
due to the combined action of NK cell mediated ADCC, which may have been
enhanced by anti-4-1BB mAb, plus T cell activation and Treg depletion, all of

which warrant investigation.

In summary the data presented in this chapter confirms that the TH-MYCN
transgenic mouse model is a viable option for the study of anti-GD2 based
immunotherapeutic strategies. Preliminary studies suggest that when such
agents are administered alongside chemotherapy in order to more closely
recapitulate the MRD setting, anti-GD2 based immunotherapeutic regimens
have the potential to promote tumour rejection and significantly pro-long
survival. Additionally, the endogenous nature of tumour development permits
the study of a more physiologically relevant tumour microenvironment,
compared to syngeneic models, and the design of meaningful immune

monitoring based end points for assessing response to therapy.
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Chapter 6. Final discussion and future work

6.1 Discussion

The overall aims of this investigation were two-fold, firstly | set out to explore
the immune response to tumour and characterise the effector mechanisms
responsible for anti-GD2 mAb therapy; secondly | set out to explore the
potential of anti-GD2 plus anti-4-1BB mAb to provide a more efficacious, less
toxic immunotherapeutic regimen for the treatment of high risk
neuroblastoma. A thorough understanding of the effector mechanisms that
may be engaged when the anti-GD2 mAb binds its target cell is crucial for the
rational design of improved immunotherapeutic strategies. Although the
majority of clinical trials of anti-GD2 mAb therapy have included the cytokines
IL-2 and / or GM-CSF, the inclusion of these agents is associated with
considerable toxicity. Moreover, these cytokines may not necessarily be the
most effective means of enhancing effector function. There are likely to be
multiple mechanisms that contribute to the in vivo efficacy and the observed
therapeutic effect in patients. Consequently when looking for suitable
adjuvants to enhance the efficacy of anti-GD2 mAb the most successful
candidates are likely to be those with the potential to promote a range of
effector mechanisms. Anti-4-1BB mAb is a particularly interesting candidate as
an adjuvant for enhancing the efficacy of anti-GD2 mAb due to 4-1BB
expression, either constitutive or after activation, on a range of effector
subtypes, which suggests that the mAb may promote a widespread effect.
These include enhanced proliferation, cytolytic activity and IFN-y production by
NK cells, increased IL-2 production by CD4+ T cells and the generation of CTL
responses resulting in long term tumour-specific immunity. Anti-4-1BB mADb
may prove to be less toxic that some of the cytokine based adjuvants as
limited constitutive expression means the effects of such mAb will be largely

limited to activated cells.

In chapter three | present mechanistic data which provides some of the first in
vitro evidence in support of anti-GD2 mediated phagocytosis as a mechanism
of action for anti-GD2 mADb driven anti-tumour activity, in addition to the well-
established mechanism of NK cell mediated ADCC. Initial depletion

experiments suggest that both macrophages and NK cells may contribute to
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the therapeutic effect of anti-GD2 mAb in mice bearing metastatic like disease
as neither depletion of macrophages nor NK cells alone was sufficient to
completely abrogate therapy. Both intra-tumoral macrophages and NK cells
express, or can be induced to express, 4-1BB (237) hence any anti-tumour
activity these effector cells have in vivo may be enhanced upon administration
of anti-4-1BB mAb.

In chapter four data obtained using the syngeneic NXS2 model of
neuroblastoma provides the first evidence that 4-1BB up regulation is induced
on tumour-infiltrating NK cells following treatment with anti-GD2 mAb.
Additionally, sequential administration of anti-GD2 plus anti-4-1BB mAb can
slow tumour growth and significantly, albeit modestly, increase survival
compared to mice treated with either mAb alone. The applicability of this to
human NK cells is then explored with the aim of ultimately translating this
combinatorial approach to a novel clinical therapy. Clear 4-1BB up regulation is
also observed on human NK cells, specifically the CD56dim subset thought to
have the most potent cytolytic activity, following culture with anti-GD2
opsonised neuroblastoma cell lines. However, paradoxically, this appears to
translate into reduced in vitro effector function in ADCC assays. This may be
due to the observed reduction in CD16 expression by the NK cells and their
potential exhaustion due to prolonged exposure to activatory stimuli in the
pre-activation step. Further work is required to investigate whether NK cell
cytolytic activity can be recovered by using increased effector: target ratios as
reported by Levy et al. (237). Additionally, it might be preferential to perform
the pre-activation step with non-irradiated targets to reduce the potential for
exhaustion. It would also be interesting to repeat these assays with the human
IgG4 anti-4-1BB mAb that is currently in clinical trials, as this is the mAb Levy

et. al. have used for in vitro work throughout their investigations.

Throughout this thesis the limitations of existing murine neuroblastoma
models are discussed. Many early studies employed immunodeficient human
xenograft models. However, an immunocompetent model is needed to assess
the multiple immunological effector mechanisms that are likely to be at play in
vivo. Although the syngeneic NSX2 model is immunocompetent, a number of
limitations were identified in this project which limits it applicability to pre-
clinical assessment of anti-GD2 immunotherapies. For example low GD2

expression and poor NK effector function in A/J mice. Additionally, the rapid
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kinetics of tumour growth mean that the endogenous response likely to be
very different to patients, in which a spontaneous tumour has slowly grown
over months. The kinetics of the model also meant it was difficult to achieve a
period of stability / minimal residual disease during which an immunotherapy
can be examined. Chapter 5 attempts to address these issues by exploring and
developing a new model for this purpose. In recent years, the TH-MYCN model
has been widely used for pre-clinical assessment of novel small molecule and
chemotherapy agents, but has been relatively underexplored in the context of
immunotherapy. In the first instance, | explore the endogenous immune
response to tumour in these mice. | provide evidence of tumour-infiltrating NK
and T cell subsets, all of which have been reported in neuroblastoma patients.
As in patients, evidence of immune regulatory mechanisms, such as Tregs are
observed. The TH-MYCN transgenic mice present with spontaneous tumours,
which in this facility are only clinically detectable (by palpation) at relatively
advanced stage. Therefore | explored how relatively low dose chemotherapy
(cyclophosphamide) could be used to temporarily control tumour growth, and
provide a ‘window’ in which immunotherapy can be explored. This may also
have the advantage of favourably skewing the immune microenvironment by
depleting Tregs. Having successfully established that cyclophosphamide could
be used to achieve a MRD model in this way, | was able to perform preliminary
experiments exploring the efficacy of anti-GD2 and anti-4-1BB, both alone
and in combination. | found that the greatest therapeutic benefit was observed
following administration of cyclophosphamide alongside anti-GD2 and anti-4-
1BB mAb with 100 % of treated mice surviving 100 days post-therapy and
remaining tumour free. Although this data is based on relatively small numbers
of mice (limited by availability of mice developing spontaneous tumours), this
provides exciting data to expand and hopefully take forward towards clinical

translation.

6.2 Future work

6.2.1 Exploring the role of macrophages in anti-GD2 mAb therapy

The data presented in chapter three provided some in vitro and in vivo
evidence to suggest that both macrophages and NK cells may contribute to the
anti-tumour effects of anti-GD2 mAb therapy. As mentioned previously work

in ongoing within the group to fully investigate both the role of macrophages
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in anti-GD2 mAb therapy and also the influence their phenotype has on
response to therapy (i.e. by skewing macrophages towards an M1- or M2-like
phenotype and testing their ability to phagocytose neuroblastoma targets.
Meanwhile, confocal microscopy is being employed to confirm the results
obtained in the in vitro phagocytosis assays. Additional depletion experiments
need to be repeated to fully investigate the relative contributions of
macrophages and NK cells to anti-GD2 mAb therapy. Moreover, since neither
macrophage nor NK cell depletion was sufficient to completely abrogate
therapy it would be interesting to incorporate a ‘double-depleted’ group in this

experiments.

6.2.2 Exploring the potential for the generation of secondary T cell

responses.

The potential for generating long term tumour specific immunity is one of the
reasons anti-4-1BB mAb is such an attractive candidate adjuvant to anti-GD2
therapy. This is an area | was eager to explore further had sufficient numbers
of long term survivors been obtained. Measuring IFN-y production by
splenocytes harvested from long term survivors and stimulated with tumour
antigen in vitro is a relatively straightforward method of investigating
secondary immune responses. The data obtained so far suggests it may be
difficult to obtain sufficient numbers of mice to perform these experiments
using the syngeneic NXS2 model. However, there are other syngeneic models
that may permit investigations into the potential for this mAb combination to
promote long term CTL responses outside of the neuroblastoma setting. These
include the GD2+ EL4 lymphoma model, which is syngeneic with C57BI/6 mice,
additionally we have access to a CT26 colon carcinoma cell line that has been
stably transfected with GD2 and is syngeneic with Balb/c mice. These models
may provide a suitable starting point for establishing proof of principle and

warrant further investigation.

6.2.3 Investigation the mechanisms of action responsible for anti-GD2
plus anti-4-1BB therapy in the TH-MYCN model

The preliminary data presented in chapter five demonstrated that long term
survival could be achieved when tumour bearing mice were treated with

cyclophosphamide and anti-GD2 plus anti-4-1BB mAb. Cyclophosphamide has
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a direct tumoricidal effect, and may provide sufficient tumour antigen to prime
an anti-tumour immune response, which is augmented by anti-4-1BB, yet it
also has the potential to selectively deplete Tregs at low doses. Further work is
therefore required to dissect the mechanisms at play. Mice could be treated
and culled at various time points to look at the effect cyclophosphamide has
on tumour infiltrating Tregs. Additionally, it might be possible to look for
secondary immune responses following treatment with high and low doses of
cyclophosphamide plus a fixed dose of anti-4-1BB mAb therapy to test the
effect of antigenic load on the generation of secondary responses. Moreover, it
would be interesting to test the combination mAb therapy alongside different
chemotherapeutic agents that perhaps don’t confer the same immunological
benefits through the depletion of Tregs. Finally, since a number of immune cell
types of clinical relevance were identifiable in the tumour microenvironment of
tumour bearing TH-MYCN transgenic mice it might be feasible to set up
immune monitoring studies that mimic those applied in the clinical setting.
This would facilitate investigation into immune responses generated following
therapy, such end points would be reasonably easy to obtain (by bleeding mice
at set times points pre- and post-therapy) and may have direct translational
relevance that could be used to aid the design of a clinical trial in which to test

this novel combinatorial approach.
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