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Abstract

CD40 is a member of the TNF receptor (TNFR) superfamily and its expression by a variety of cell types including
tumour cells has suggested a possible role for CD40 in epithelial homeostasis and potentially in the pathogenesis
of cancer. CD40 ligation by membrane-presented CD40L (mCD40L), but not soluble agonists, causes extensive
apoptosis in malignant epithelial cells, including bladder and colorectal cancer cells, while sparing their normal
counterparts. However, the role of CD40 in renal cell carcinoma (RCC) is relatively unknown and the effect of CD40
ligation in RCC cells has not been studied previously. This thesis aimed to investigate the effect of CD40 ligation in
RCC cells, compare this to their normal counterparts (HRPT cells), and identify the mechanisms of CD40-mediated
effects.

The experimental work described in this thesis involved optimisation of assays for the detection of cell death (based
on loss of plasma membrane integrity, DNA fragmentation and caspase activation) and for the detection of pro-
inflammatory cytokine secretion. Immunoblotting techniques were adapted for a co-culture system to deliver
mCDA40L for detection of key intracellular CD40 signalling-associated mediators. Optimisation was also carried out
for functional experiments using pharmacological inhibitors of intracellular mediators and caspases and for the
detection of reactive oxygen species (ROS).

Expression of CD40 by RCC cells was detected in RCC lines and in their normal counterparts HRPT cells and
treatment with IFN-y up-regulated CD40 expression in RCC cells. Cytotoxicity assays showed for the first time that
mCD40L induced massive apoptosis in human RCC cells which further increased in the presence of IFN-y, whereas
it caused no cytotoxic effect in their normal counterparts (HRPT cells). By contrast, the G28-5 mAb did not cause
death in RCC cells, and combination of IFN-y with cross-linked G28-5 antibody did not render the G28-5 antibody
significantly pro-apoptotic. Moreover, induction of cell death by mCD40L was accompanied by caspase-3/7
activation and DNA fragmentation in RCC cells, while mCD40L did not induce detectable DNA fragmentation in
normal HRPT cells indicating that mCD40L triggered “apoptotic” cell death in RCC cells and in a tumour cell-specific
fashion.

ELISA assays showed that mCD40L induced marked secretion of IL-8 and IL-6 in RCC cells, which was stronger
than that triggered by soluble agonist. More importantly, mCD40L induced GM-CSF secretion in RCC cells, but
soluble agonist caused little GM-CSF release. In normal HRPT cells mCD40L caused secretion of IL-8 and IL-6
and a more pronounced secretion of GM-CSF, when it was compared to agonistic G28-5 mAb, confirming that
CD40 on HRPT cells was functional despite being non-apoptotic.

mCDA40L triggered rapid induction of TRAFs 1, 2, 3 and 6 as early as 1.5h post CD40 ligation in RCC cells. By
contrast, despite up-regulation of TRAF1 at 6h post CD40 ligation, in normal HRPT cells mCD40L down-regulated
TRAF2 expression and caused no induction in TRAF3 expression. In addition, CD40-mCD40L interactions in RCC
cells triggered MKK4/7 activation and downstream phosphorylation of both JNK and p38. Functional inhibition
experiments demonstrated that INK and p38 phosphorylation was essential in CD40-mediated apoptosis in RCC
cells, and suggested that activation of p38 may be dependent on JNK activity. By contrast, inhibition of MEK1/2 and
NF-kB did not alter CD40-mediated apoptosis in RCC cells, whilst inhibition of AP-1 caused moderate (not complete)
reduction in apoptosis.

This study demonstrated that induction of Bak and Bax occurred by 6h post CD40 ligation in RCC cells. Inhibition
of caspase-9 significantly attenuated CD40-mediated apoptosis in RCC cells, while caspase-8 and 10 inhibition
caused non-significant effects whilst no induction of death ligands was detectable, suggesting that CD40-induced
apoptosis in RCC cells occurs via a direct, intrinsic apoptotic pathway. mCD40L triggered ROS production in RCC
cells within 1h post CD40 ligation and ROS production were critical in the induction of death, as apoptosis was
inhibited by the antioxidant NAC. Moreover, mCD40L triggered phosphorylation of the NOX subunit p40P"* and the
NOX inhibitor DPI attenuated apoptosis suggesting that a ROS-dependent NOX-triggered pathway may occur in
RCC cells. By contrast, non-apoptotic CD40 agonist (G28-5 mAb) did not induce ROS production in RCC cells.
Equally importantly, mCD40L caused rapid ASK-1 phosphorylation and down-regulated Trx-1 expression in all RCC
lines.

Collectively, this study has for the first time reported that mCD40L induced extensive apoptosis in RCC cells while
sparing their normal cell counterparts. However, agonistic anti-CD40 antibody G28-5 did not cause cell death in
RCC cells. Although additional functional experiments would be necessary to fully elucidate the functional
mechanisms of apoptosis, it appears that CD40-mediated killing in RCC cells occurs via a TRAF3-p40phox-ASK-
1-MKK4/7-p38/INK pathway leading to caspase-9 and effector caspase-3/7 activation and intrinsic apoptosis.
Importantly, whilst increasing ROS levels in RCC cells, mCD40L actively down-regulated Trx-1 expression. These
findings have provided novel observations on the role of CD40 in regulating human RCC cell fate, and have also
reinforced the importance of the quality of CD40 signal in determining functional outcome. Equally importantly, the
findings have also assisted in the formulation of novel therapeutic avenues that may exploit CD40 for anticancer
therapy and specifically for renal cell carcinoma.
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Chapter 1

Introduction



1.1 Apoptosis
1.1.1 General

Apoptosis is a biological form of cell death that preserves the balance between cell
passing and cell existence by selectively eradicating any undesirable cells such as
injured, transformed or old cells. Apoptosis is frequently identical to programmed cell
death (PCD) that refers to the cell death taking place at specific times and places
(tissues) during the development of multi-cellular organisms. PCD was observed for
the first time in the 19" century in the toad embryo’s nervous system by German
researchers. As a Professor of Greek language, James Cormack first introduced the
term of apoptosis with the suffix “ptosis” referring to the “falling off” of leaves from trees

or falling of the petals of flowers (Duque-Parra, 2005).

PCD is the first description used since the 1960s, and in 1973 arrangement of cell
death depending on its morphological structures was anticipated, including Type 1:
heterophagy (compatible to apoptosis), Type 2 autophagy (identical to autophagic cell
death) and Type 3: necrosis (which was not related to any type of (cell ‘digestion’).
More recently, the classification of cell death has moved on to better-demarcated
biochemical characteristics to encompass programmed physiological cell death
(caspase dependent) as different to more ‘pathological’ cell death (caspase-
independent) for instance. Classification based on biochemical organisation methods
permits cell death researchers to determine superiority and amount grounded on
biochemical analyses that describe modalities of death including caspase activity, DNA
fragmentation, and the generation of reactive oxygen species (ROS) and
phosphatidylserine translocation. Because recent detections have established that
there are many types of cell death with different as well as overlapping characteristics,
there is no uniform classification of cell death and several biochemical characteristics
are simultaneously required to better define the different types of cell death as
discussed by the Nomenclature Committee on Cell Death (NCCD) (Galluzzi et al.,
2011).



Cellular death occurs in different ways due to distinct stimuli but the main processes
are apoptosis and necrosis and here only apoptosis and how we can distinguish

between apoptosis and necrosis will be discussed (Adrain et al., 2002).

1.1.2 The differences between apoptotic and necrotic cell death

Apoptotic cell death can be induced either intracellularly due to cellular stresses, such
as heat, radiation, viral infection, genotoxic damage, hypoxia and increase in calcium
levels, or extracellularly as a response to toxins, hormones and cytokines or death
receptor activation. Generally, a main biochemical feature of apoptosis is DNA
fragmentation and it is also characterized by nuclear and cytoplasmic condensation,
nuclear fragmentation and cell shrinkage, formation of apoptotic bodies (membrane
associated with cytoplasmic and nuclear debris). Apoptotic cells are phagocytosed
without (or little) detectable immunological (inflammatory) response or release of

cellular content to surrounding tissues (Gewies, 2003).

By contrast, necrotic cell death is mainly triggered by external stresses such as trauma
or loss of blood supply, often occurs without specific biochemical markers and is
characterized by cell swelling, severe loss of plasma membrane integrity, release of
cellular contents into the surrounding tissue, cell degradation and unorganized cell

death that causes inflammation (Rath and Aggarwal, 1999). (Figure 1.1).

It should, however, be noted that there is accumulating evidence that necrotic cell
death is not always accidental and it can be regulated by specific cellular proteins and
enzymes; for instance the RIP (receptor interacting protein) kinases RIP1/RIP3 are
essential in TNF-induced necrosis. Programmed necrosis (or necroptosis) leads to
mitochondrial dysfunction and necrotic cell death and is a significant driver of
inflammation and pathology in both animal models and human disease (Kroemer et
al., 2007).
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Figure 1.1 Morphological differences between apoptosis and necrosis

Apoptosis characterised by cellular shrinking, condensation of the chromatin, nucleus margination and
the formation of apoptotic body (contain organelles, cytosol and nuclear fragments) and cells are
phagocytosed without causing inflammatory responses. A necrosis involves cell swells, becomes leaky
and finally is ruptured and releases its contents into the surrounding tissue causing inflammation. Drawn
by K. Ibraheem.



1.2 Molecular components of apoptosis
1.2.1 Caspases

The term caspases refers to Cysteine-dependent Aspartate-Specific Proteases. There
are 7 members of caspases identified in Drosophila, a further 14 members are found
in mammals, plus caspase-11 and -12 which have been discovered only in mice
(Denault and Salvesen, 2002, Richardson and Kumar, 2002).

Caspases are highly distinguished by the catalytic activity which is based on a critical
cysteine residue in their active-site pentapeptide QACRG. Therefore caspases have
two main features: their cysteine amino acid in their active site and the remarkable
specificity for Aspartic acid residues (Pop and Salvesen, 2009). The family has been
divided into two subfamilies, the interleukin-18 converting enzyme (ICE)-like and
Caenorhabditis elegans protein-3 (CED-3)-like. Caspase-1 and CED-3 have been
identified as the prototypic members of the subfamilies, respectively (Grutter, 2000).
Other classification is based on their major functions that divides caspases into two
subfamilies, pro-apoptotic and pro-inflammatory. Caspase-2, -3, -6, -7, -8, -9, -10 are
pro-apoptotic caspases and mostly contribute in cell death signalling, while Caspases
-1, -4, -5, -11, -12 are recognized as pro-inflammatory caspases that adjust cytokine
secretion during the inflammatory process. However, there is indication suggesting
participation in several cellular progressions not only pro-apoptotic and pro-
inflammatory roles. Moreover, the pro-inflammatory caspases can also induce

apoptosis.

The most common, current classification is based on prodomains lengths, and thus
caspases are divided into initiator and executioner caspases. Caspases-1, -2, -4, -5, -
8, -9, -10, -11, -12 are identified as initiator caspases that hold long prodomains.
Caspases-3, -6, -7 are executioner caspases and they possess short prodomains, and
also known as effector caspases that control the implementation of last stages of
apoptosis via cleavage of numerous cellular substrates and are themselves stimulated

by the initiator caspases (Lakhani et al., 2006).



1.2.1.1 Structure and activation of caspases

All caspases are synthesised as inactive structures (zymogens) (Parrish et al., 2013)
and are single proteins consisting of three major parts. The amino terminal side
includes a pro-domain variable in size and a sequence that contains either a death
effector domain (DED) or caspase recruitment domain (CARD), which are protein-
protein interaction motifs to permit the interaction of initiator caspases with adaptor
molecules; the large subunit p20 is in the middle of the protein and comprises the active
site; finally, the carboxy terminal part contains the small subunit p10. A binding domain
between large and small subunit has been also identified in some caspases (Li and
Yuan, 2008) (Figure 1.2). Active caspases are usually homodimers, with each
monomer consisting of large and small subunit. The six anti-parallel B-strands of each
of the monomer represent a continuous twelve strand B-sheet present in the native
active enzyme. The sites which are found to be active are created by the four
outstanding loops (L1 to L4) and these are found in the two obverse ends of the -

sheet.

Zymogens are generally activated by proteolytic cleavage; this occurs usually at two
sites and this eliminates the pro-domain and detaches the p20 and p10 domains.
Active caspases can then also activate other caspases or substrates, which triggers
an enzymatic cascade in order to amplify and integrate pro-apoptotic signals
(Thornberry, 1998). The cleavage takes place after the Asp-X bond. The combination
of two heterodimers holding two independent catalytic sites enables the formation of
active tetrameric forms of caspases (Wilson et al., 1994) (Figure 1.2). Caspases have
different abilities to cleave cellular substrates. Initiator caspases seems to cleave
specific substrates and other caspases downstream as part of their role in apoptosis.
The majority of substrate proteolysis during the destructive stage of apoptosis is the

responsibility of the effector caspases.

The activation of caspases has been observed during the early stage of apoptosis and
the use of specific caspases inhibitors (caspase-specific peptide substrates) can block
the appearance of apoptosis. Inversely, insertion of recombinant caspases can induce

apoptosis (Thornberry et al., 2000).
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Figure 1.2 Caspase activation mechanisms

Caspases are synthesised as inactive single chain proteins consisting of a pro-domain (which is longer
in pro-initiator caspases) and contain either death effector domain (DED) or caspase recruitment domain
(CARD) that are essential for interaction with adaptor molecules. They comprise a large subunit p20
that possesses the active site and a small subunit p10, as well as a binding domain located between
large and small subunit. After subsequent cleavage of pro-caspases, the subunits bind together to form
the active structure, having two active sites (Li and Yuan, 2008). Drawn by K. Ibraheem.



1.3 The Bcl-2 protein family
1.3.1 Structure

The Bcl-2 (B-cell leukaemia/lymphoma 2-like protein) family play a significant role in
the regulation of apoptosis. The Bcl-2 family comprises 15 members which can be
classified into two separate categories in accordance to the role they perform; i.e. anti-
apoptotic and pro-apoptotic proteins. These two distinct groups vary in their physical
structure but they consist of four common and conserved areas, the BH domains
(which stands for "Bcl-2 homology") (Figure 1.3). The areas BH1, BH2 and BH3 form
the hydrophobic pocket which has the ability of bringing together a BH3 domain from
a different protein; the BH3 domain is an amphipathic a-helix (Petros, 2004 pp390).

The anti-apoptotic members of the Bcl-2 family (Bcl-2, Bcl-xL, Bcl-w, Mcl-1, A1/BFL-1
and BOO/DIVA) contain domains BH1, 2, 3 and 4. The pro-apoptotic members are
divided into two subgroups: one contains three domains (BH1, 2 and 3) such as Bax,
Bak, Bok/MTD, whereas the other contains proteins with only the BH3-domain such as
Bid, Bad, Bik/NKB, BLK, HRK and BIM (BOD), also referred to as "BH3-only” proteins.
The BH3 region appears to be critical for pro-apoptotic activity; the BH4 domain can
exist in both anti- and pro-apoptotic proteins and can be phosphorylated. The existence
of such domain allows complex formation with other proteins, for example calcineurin
(CN), and connections with other apoptosis pathways can be initiated (Shibasaki et al.,
1997). All members of the Bcl-2 family possess a hydrophobic carboxyl-terminal
domain of 20 amino acids for their attachment to intracellular membranes, primarily
those of the mitochondria but also the endoplasmic reticulum (Krajewski et al., 1993)
(Figure 1.3).
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Figure 1.3 Structure of the Bcl-2 family proteins
Representative members of the Bcl-2 family are diagrammatically presented for comparison. Their

categorisation depends on their function in mammals. BH domains are also indicated. Re-drawn based
on diagram from (Petros et al., 2004). Drawn by K. Ibraheem.
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1.3.2 Regulation

Bcl-2 family members are controlled transcriptionally and post-translationally by
cytokines as well as proliferation- and death-inducing factors. In addition to
dimerisation that enables proteins to activate (homodimerisation) or to inhibit
(heterodimerisation) apoptosis, post-translational modifications (phosphorylation or
proteolysis) are also able to influence the activity of some members of this family.
Hyper-phosphorylation of Bcl-2 seems to modify its anti-apoptotic activity in certain
cells, for instance the c-Jun N-terminal kinase (JNK), which is activated by stress and

pro-apoptotic signalling, can phosphorylate Bcl-2 (Chang et al., 1997).

Bad is a protein that has the ability to bind to Bcl-xL and inhibit its anti-apoptotic activity.
This relationship is conditional provided the binding site of Bad is dephosphorylated,
as Bad can be phosphorylated by several kinases, such as Akt/PKB, a Ser/Thr kinase
acting upstream kinase of the phosphatidylinositol triphosphate (PIP3) pathway(Zha et
al., 1996), and cAMP dependent kinase (PKA) (Harada et al., 1999).

It has been well demonstrated that the Bid protein (22 kDa) is a substrate of both
caspase-8 and caspase-10. To be activated, Bid has to be cleaved by proteolysis
which produces the C-terminal (15 kDa) fragment called truncated Bid (tBid). Then tBid
can be inserted into the mitochondrial membrane and enables the activation of the
mitochondrial pathway, thus subsequently amplifying the apoptotic signal initiated by
death receptors (Luo et al., 1998, Milhas et al., 2005).

BH3-only proteins Bim and Bmf are located in distinct cytoskeletal structures such as
microtubules and actin filaments, respectively. In response to certain cell death stimuli,
Bim and/or Bmf are released from the cytoskeleton and translocate to mitochondria,
where they bind to and inactivate Bcl-2 and its pro-survival homologues such as Bcl-

xL. Bim moves to the mitochondria without being cleaved (Puthalakath et al., 1999).

1.3.3 Mechanism of action

Because of their dual role as pro- and anti-apoptotic proteins, the regulation of
apoptosis by the Bcl-2 proteins can be the result of the precise balance in the

expression level of pro- versus anti-apoptotic proteins; cells expressing more pro-
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apoptotic proteins are susceptible to death, while cells that do not are more resistant
(Hengartner, 2000).

The main role of these regulators is to control the release of pro-apoptotic mediators,
e.g. cytochrome c, from the mitochondrial intermembrane space to the cytosol, as part
of the process referred to as mitochondrial outer membrane permeabilisation (MOMP).
The release of cytochrome c can be induced by pro-apoptotic proteins and is prevented
by anti-apoptotic Bcl-2 proteins. Caspases are not strictly involved in this process, as
the inhibition of caspase activity does not alter cytochrome c release. Bcl-2 is
predominantly linked to the mitochondrial membrane, whereas the translocation from
the cytosolic areas to the mitochondria during apoptosis is the mode of action of the
pro-apoptotic proteins such as Bax, Bid, Bak, Bad and Bim. These are significant in
transducing the signal from the cytosol to the mitochondria and their translocation can
be regulated by post-translational modifications, e.g. Bad de-phosphorylation or
cleavage of Bid (Antonsson and Martinou, 2000, Gross et al., 1999).

Bak is predominantly found in the mitochondria, while Bax primarily exists in the cytosol
and stabilized by its interaction with the pro-survival Bcl-2 proteins in the outer
mitochondrion membrane (OMM), but Bak and Bax share a common regulation of
localization and activity. Both pro-apoptotic proteins are retro-translocated by pro-
survival Bcl-2 proteins from mitochondria to cytosol of healthy cells. Bax is constantly
translocating to the OMM, establishing an equilibrium between cytosolic and
mitochondrial Bax (Edlich et al., 2011, Schellenberg et al., 2013). However, activated
Bax is not retrotranslocated, as Bax activation blocks shuttling back to the cytosol.
Reduction of Bax retrotranslocation initiates full Bax toxicity and if the Bax shuttling
rate is reduced sufficiently, mitochondrial Bax ‘obliges’ the cell to apoptosis even in the
absence of an apoptotic stress. Therefore, fast Bax retrotranslocation from the
mitochondria is important in regulating cell fate. Interestingly, despite its predominantly
mitochondrial localization, Bak commits the cell to apoptosis only in the existence of
apoptotic inducements (Todt et al., 2013) and mitochondrial Bax activation adds to the
differential regulation of both redundant proteins (Sarosiek et al., 2013). Bax activation
could differ among different mitochondria, resulting in different organelle fates under
stress conditions (Tait et al., 2010). Of note, there is no correlation between Bax
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accumulation and Bax activation (Todt et al.,, 2013). Therefore, to prevent Bax
activation in the absence of apoptosis signalling, cells must accelerate Bax shuttling
into cytosol and minimizing the time Bax molecules spend on the OMM (Todt et al.,
2015).

1.4 Role of mitochondria in apoptosis

1.4.1 General

The mitochondrion has an essential role in cell physiology, being the organelle that
produces cellular energy, whilst protecting both the redox potential and the intracellular
pH, and also playing an active role in the modulation of calcium homeostasis and
oxidative stress. Programmed cell death can be a result of major dysfunction in
mitochondria. The production of oxygen free radicals and acidification of the cytoplasm
may be caused by the alteration in electron exchange. In these circumstances,
insufficient production of electrons and ATP synthesis reduction leads to the lactate
accumulation by glycolysis stimulation. In addition, the superoxide ions can be
released from mitochondria and they are highly reactive oxygen free radicals (Adams,
2003).

1.4.2 The rupture of the outer mitochondrial membrane

Initially, this entails hyperpolarisation of the internal membrane before the release of
cytochrome c¢ in some systems. This hyperpolarisation stems from the failure of the
exchange between cytoplasmic ADP and mitochondrial ATP. It is normal practice for
the exchange to occur by the voltage-dependent anion channels (VDAC) which are
situated in the outer membrane of the mitochondria and the carrier of adenylic
nucleotide (ANT) that is located in the inner membrane. The absence of exchange
seems to inhibit the activity of the FIFO—ATPase that would stop the return of H* ions
to the matrix and then contributes to the hyperpolarisation. The extensive increase in
mitochondrial membrane potential results in osmotic puffiness of the matrix and
subsequent destruction of the external mitochondrial membrane (Vander Heiden et al.,
1999).
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1.4.3 The mitochondrial permeability transition pore

In this instance, a second mega-channel, which is the mitochondrial permeability
transition pore (or MPTP), is involved. The MPTP is a non-selective channel with "high
conductance” that is possibly created by transmembrane proteins that are found in the
inner membrane and the outer membrane of the mitochondrion. Evidence suggests
that the pore is primarily formed by the assembly of ANT of VDAC and cyclophilin D.
Different physiological effectors can induce the opening of the pore, these effectors
include calcium and a reduction in the concentration of adenine nucleotide or inorganic
phosphate, the production of oxygen free radicals or a change in pH and the presence
of Bax protein (Crompton, 1999, Rasola and Bernardi, 2007).

The permeability of the inner membrane of the mitochondria is increased by opening
of the pore. As a result, it cause the dissipation of the mitochondrial membrane
potential (proton-dependent), the chemical imbalance between the cytoplasm and the
mitochondrial matrix and an uncoupling of oxidative phosphorylation, consequently
causing an osmotic swelling which leads to the rupture of the outer membrane.
Significantly, it has been suggested that the amount of the ATP present after the
opening of the pore is one of the main reasons in the induction of death by necrosis or
apoptosis. Furthermore, the Bcl-2 family are able to regulate the opening of the pore.
Bcl-2 can also block pore opening (Kroemer et al., 2007, Shimizu et al., 1998).

1.4.4 Pore formation by members of the Bcl-2 family

The Bcl-2 proteins Bax and Bak are involved in MOMP (Mitochondrial outer membrane
permeability) by their oligomerization and translocation from cytosol to mitochondria to
promote pore formation in mitochondria membrane and cytochrome c release (Edlich
etal., 2011). It remains unclear, however, what the chronology of events is, i.e. whether
the pore opening is the cause or the consequence of the release of cytochrome c.
Indeed, several studies have shown that the release of cytochrome ¢ can occur in the
absence or before the collapse of mitochondrial membrane potential (Bossy-Wetzel et
al., 1998, Goldstein et al., 2000).

One explanation of this phenomenon is that the reversible (transient) MPTP opening

may affect the permeability of the mitochondrial outer membrane, while allowing
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restoration of the mitochondrial membrane potential. In addition, the opening of the
pore may be a consequence of the inhibition of electron transport due to the release
of cytochrome c, resulting in a fall of the mitochondrial membrane potential and the
level of ATP, or the consequence of the activation of caspases (Kim et al., 2006,
Kuwana et al., 2005). Indeed, caspase inhibitors can prevent the collapse of
mitochondrial membrane potential without blocking the release of cytochrome c.
Opening caspase-dependent MPTP could amplify the loop through which the early
release of cytochrome c induces changes at the mitochondrial level. This model would
seem to reinforce the observations made, i.e. the release of cytochrome c followed by
a drop in mitochondrial membrane potential. Rupture of the outer mitochondrial
membrane explains the massive release of pro-apoptotic factors or soluble inner
mitochondrial membrane proteins (SIMP) contained in the mitochondria (Bossy-Wetzel
et al., 1998).

Nevertheless, many studies indicate that these changes would be a consequence
rather than a cause of the release of cytochrome c. Therefore, another mechanism
must allow the release of cytochrome c. The assumption of a channel capable of
passing the protein has been studied. It could be formed by some members of the Bcl-
2 in view of the strong homology of Bcl-xL with the subunit of diphtheria toxin capable
of forming a membrane pore. It has been suggested that of the Bcl-2 family such as
Bax can insert themselves, following appropriate conformational change, in the outer
mitochondrial membrane. Whether these proteins, consisting of a hydrophobic region
and a helix alpha (a) surrounded by five amphipathic helices (Schendel et al., 1998),
can be inserted into the lipid bilayer and oligomerised to form a channel that is large
enough to pass small proteins remains to be demonstrated. It has been shown that
these proteins could form a functional ion channel in synthetic lipid vesicles. These
channels are pH-dependent, have voltage and show low ionic selectivity. The
properties of the channels formed by proteins, pro-or anti-apoptotic, differ significantly
(Figure 1.4) (Schlesinger et al., 1997).
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Figure 1. 4 The role of BCL2 family in the mitochondrial permeability transition
pore

The diagram explain how BCL2 family involved in OMM permeability that occur during the induction of
apoptosis, which permit the release of many apoptotic factors, such as Cyto c. The dynamic show the
balance between the monomeric and oligomeric VDAC. Different factors can be involved in regulation
of this, including Ca2+, oxidative stress and cytochrome c. Adapted from www.frontiersin.org
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1.5 Apoptosis pathways

Apoptosis usually operates in cells via three pathways, 1) the extrinsic (death receptor-
mediated) pathway 2) the intrinsic (mitochondrial) pathway and 3) the
perforin/granzyme pathway (that relates to cytotoxic T lymphocytes and NK cells)
(Elmore, 2007). The following sections will focus on the two main pathways (intrinsic
and extrinsic). Both of these pathways often involve caspase activity following
recruitment of adaptor molecules (Reed, 2000) (Figure 1.5). Although the two
pathways are distinct, pathway cross-talk between the extrinsic and the intrinsic
pathways can take place via the involvement (cleavage and subsequent activation) of
Bid. Additional apoptotic pathways have been demonstrated involving caspase-
dependent and caspase-independent pathways, e.g. mediated by apoptotic-inducing

factors (AIF) released from mitochondria (Elmore, 2007).
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Figure 1.5 The extrinsic and intrinsic pathways of apoptosis

Members of the TNFR family activate the extrinsic pathway. Receptor aggregation (cross-linking)
triggered by specific ligands leads to DISC (death inducing signalling complex) formation that involves
pro-caspases (e.g. pro-caspase-8) via receptor associated proteins, which are adaptor proteins (not
shown) containing DD and DED domains (see text). Stress signals, such as DNA damage, trigger the
mitochondrial pathway which involves activation of anti- apoptotic Bcl-2 family members, cytochrome ¢
release and pro-caspase-9 recruitment. Effector caspases are subsequently activated and specific
cellular substrates are cleaved resulting in cell death. Drawn by K. Ibraheem.
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1.5.1 The Extrinsic (death receptor-mediated) apoptotic pathway

The extrinsic pathway is initiated by engagement primarily of the Death Receptors
(DRs) which are transmembrane proteins that belong to the Tumour Necrosis Factor
(TNF) Receptor (TNFR) superfamily including TNFR-1, Fas (CD95), and TRAIL
receptors (DR4 and DRS5). Ligation of these receptors by their cognate ligands
mediates extrinsic apoptotic signalling pathways and this is triggered by a variety of
signals (Ashkenazi, 2002). These include toxins, hormones and cytokines that are
found outside the cells or released in response to other stimuli (Figure 1.7) (Adams
and Cory, 2007, Pai et al., 2006).

The ligands of the TNFRs such as TNFa, FasL, TRAIL (APO-2L), lymphotoxin a,
lymphotoxin B, CD27L, CD30L, CD40L, CD137L, OX40L, RANKL, LIGHT, TWEAK,
APRIL, and BAFF are members of the TNF family, they are organised in in trimeric
form and are responsible for receptor activation. These ligands are initially synthesised
as transmembrane precursors before the extracellular domain is cleaved by the action
of metalloproteinases to form soluble ligands. Some of these ligands such as CD27L,
CD30L and CD40L can also induce cell survival, whilst ligands such as TNFa, FasL
and TRAIL mainly induce cell death (Albarbar et al., 2015).

1.5.1.1 The TNFR superfamily

There are three sub-groups of TNFRs which are divided according to the features of
their intracellular domain ICD (Dempsey et al., 2003). The function of extracellular
section of TNFR superfamily members is to recognise and bind to their specific ligand
via the cysteine-rich domains, such binding induce receptor activation. First group: the
essential contents in the ICD is the death domain (DD), e.g. TNFRI, Fas and TRAIL-
Rs. These cytoplasmic sequences are important for the recruitment and binding of
TNFR-associated DD (TRADD) for TNFR-I and Fas-associated DD (FADD) for Fas
and TRAIL-Rs which act as adapter proteins that bind to the receptor via there DDs,
while the other end of the adapter proteins triggers the binding with the caspases via
the DED which are existed in both (adapter proteins and caspases mainly caspase-8
and caspase-10). Subsequently, such binding resulted in the formation Death-Inducing
Signalling Complex (DISC). (Engels et al., 2005, Dempsey et al., 2003). Therefore, the
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active initiator caspases that are released from the DISC complex mediates the
activation of the executioner caspases (-3, -6, -7) which subsequently induce

apoptosis (reviewed in (Albarbar et al., 2015)).

Second group: contain different type of domain known as the TRAF-interacting motif
(TIM). Activation of the receptor induce the recruitment of TNFR-associated factors
(TRAFS), these adaptor proteins are characterised by zinc RING finger proteins with a
C-terminal region responsible for receptor binding, and subsequently trigger the
activation of downstream signalling pathways, specifically, the Mitogen Activated
Protein Kinases (MAPKS), such as p38 and JNK, resulting in activation of transcription
factors (TFs) such as NF-kB and AP-1. At present, seven TRAF proteins have been
specified and various TNFRs count on distinct signalling pathways triggered by
different TRAFs after the activation of the receptor (Wajant et al., 2001).

Third group: Has no ICD in their cytoplasmic part. As a result of this group of TNFRs
lack the ability to induce intracellular signalling function and binding of these receptors
to TNFLs reduce the binding of other TNFRs and decay their signalling. The preferable
examples are the TRAIL decoy receptors TRAIL-R3 (DcR1) and TRAIL-R4 (DcR2)
(Ashkenazi, 2002, Hehlgans and Pfeffer, 2005) (Figurel.6).
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Figure 1.6 The division of TNFRs

TNFR superfamily divided into three sub-groups based on the specific structural features that they
contain within their intracellular domains. Drawn by K. Ibraheem.
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1.5.1.2 The TNF/TNF-R pathway

The prototypical member of the TNF family is TNF-a. Following binding to its cognate
receptors TNF-R1 and TNF-R2, TNF-a can activate several signalling pathways. TNF-
R1 and TNF-R2 differ in their cytoplasmic domains and as result are able to induce cell
survival and death signals, the latter mainly by TNF-R1 via its DD. Activation of the
transcription factors NF-xB (anti-apoptotic) and AP-1 (pro-apoptotic) represent
downstream events of TNF-a mediated signalling. Interaction between TNFa and TNF-
R1 causes TNF-R1 trimerisation and recruitment of adaptor protein TRADD, which in
turn binds to FADD via its DD, leading to DISC formation which is complete after
formation of a complex containing TNF-R1/TRADD/FADD and pro-caspase-8 or -10
which in turn activates effector caspases -3, -6 and -7 (Ermolaeva, 2008, Boldin et al.,
1996).

However, cell survival can also induced by TNFa through either TRAF-2 (TNFR-
associated factor-2) or RIP. Cell survival can be induced either by the activation of
MAP Kinase pathway which is mediated by TRAF-2 or via NF-kB activation which is
triggered by RIP. The interaction between TNFa and TNF-R2 results in the recruitment
of TRAF-1 and -2 to the cytoplasmic tail of TNF-R2 (Declercq et al., 1998).
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Figure 1.7 The death receptor (extrinsic) pathway and cross-talk

The schematic provides the main molecular components of death receptor (e.g. Fas, TRAIL-R1/R2)-
induced apoptosis pathways. In the presence of ligand (FasL, TRAIL), the DR trimerises which recruits
adapter FADD (Fas Associated Death Domain) via the cytoplasmic DD (death domain) (an interaction
between DD of the adapter with DD of the receptor). FADD also contains a DED (Death Effector Domain)
and in turn recruits pro-caspases-8 (or -10) as the latter comprises a homologous DED. This activates
pro-caspase-8 by means of induced proximity and leads to the release of active caspase-8. Active
caspase-8 in turn triggers a caspase cascade and apoptosis or cleaves Bid to active truncated Bid (tBid)
then mediates cross-talk with the mitochondrial pathway. Drawn by K. Ibraheem.
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1.5.2 The mitochondrial (intrinsic) apoptotic pathway

As discussed above, due to various types of stress, or as a result of TNFR signalling
and cross-talk mediated by Bid activation, the mitochondrial pathway can be activated
to mediate apoptosis. Pro-apoptotic proteins such as Bax and Bak can insert
themselves into the mitochondrial outer membrane and stimulate the release of
cytochrome c which trigger the establishment of apoptosome complex by its binding to
the apoptotic protein activating factor 1 (Apaf-1) in the cytoplasm and initiator
procaspase 9, facilitated by the presence of ATP. Active caspase-9 cleaves
executioner caspases (-3,-6,-7) which leads to cell degradation and death. As
mentioned above, other Bcl-2 family members, such as Bcl-2, Bcl-xL, Mcl-1 and IAP
are anti-apoptotic proteins and act as inhibitors (Figure 1.8) (Kroemer et al., 2007).

1.5.2.1 The caspase-dependent mitochondrial pathway

The mitochondrion contains an outer membrane (MOM), a transmembrane area, an
inner membrane and a matrix. In normal physiological conditions, the formation of an
electrochemical gradient (membrane potential) by the respiratory chain is allowed by
three proteins that exist in the inner membrane: the ATP synthase, the electron
transport chain and the Adenylic Nucleotide Transporter (ANT) (Zoratti and Szabo,
1995). Cytochrome c, the Smac/Diablo protein, Apoptosis-Inducing Factor protein
(AIF) and endonuclease G (Endo G) are components of the inner membrane space
(Shoshan-Barmatz and Gincel, 2003). Permeabilisation of the inner membrane
causes alteration in the mitochondrial membrane potential followed by the release of
these proteins into the cytoplasm, with cytochrome c release in particular representing
a main step in the mitochondrial pathway of apoptosis (Ravagnan et al., 2001).

1.5.2.2 Cytochrome c

The physiological function of Cytochrome c relates to electron transport between

complex Il and IV of the respiratory chain in the mitochondrial intermembrane space

(Ravagnan et al., 2001). According to study by Liu and colleagues in 1996,(Liu et al.,

1996). Cytochrome c is necessary for caspase-3 activation. This has been confirmed

by other studies demonstrating that anti-apoptotic Bcl-2 can block both cytochrome ¢

release and the activation of caspase-3 (Li et al., 2000). (Kluck et al., 1997, Yang et
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al., 1997). Formation of the apoptosome complex is completely dependent on
cytochrome c, as shown by the effects of gene knockout (Vempati et al., 2007), and
cytochrome c is the only protein responsible for oligomerisation of Apaf-1 (Apoptotic
protease activating factor-1) and caspase-9 activation induced by cellular stress

agents or agents targeting the mitochondria (Li et al., 2000).

As mentioned above, there has been some lack of consensus in the mechanism by
which cytochrome c is released but to a lesser extent the kinetics of its release. The
presence of Bax or Bak in the outer mitochondrial membrane appears to be essential
for cytochrome c release. Concerning the kinetics of cytochrome c release, it appears
to occur rapidly (Goldstein et al., 2000). To reach the threshold required for the release
of cytochrome c, various signals have to merge in the mitochondrion then in one step
release of the entire cytochrome c¢ can occur. It has been suggested that there is a link
between the collapse of mitochondrial membrane potential (MMP) and the release of
cytochrome c. It was observed that when even a few mitochondria partially release
cytochrome c, the amount is adequate to induce caspase activation, and that the
release of cytochrome c occurred before the collapse of MMP (Goldstein et al., 2000).
By contrast, other studies reported that these incidents happened at the same time
(Heiskanen et al., 1999). The observation of release of cytochrome c before the
collapse of MMP reveals that the mitochondrion can retain its MMP with some of the
cytochrome c continuing to operate within the respiratory chain. Therefore, the
existence of two possible groups of cytochrome c in mitochondria would permit
triggering the mitochondrial apoptotic pathway whilst maintaining a population to drive
production of ATP that is required for apoptosome complex formation (Martinou et al.,
2000).
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Figure 1.8 The mitochondrial pathway of apoptosis

Many of mitochondrial intermembrane space proteins are released under the control of pro-apoptotic
proteins of the Bcl-2 family. Binding of cytochrome c to Apaf-1 is controlled by dATP which can be
inhibited by Hsp. Formation of the apoptosome complex leads to executioner caspases 3&7 activation
and cell death. IAP (inhibitor of apoptosis protein) family members mediate caspase inhibition which can
be blocked by Smac/Diablo. Drawn by K. Ibraheem.
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1.5.2.3 The Apaf-1 protein

The Apoptotic protease activating factor-1 (Apaf-1) is a protein of approximately 130
kDa. Its N-terminal possesses a caspase recruitment domain (CARD), the region
which characterised by high homology to Ced-4, while there are several WD40
domains repeats located in the C-terminal region; these are implicated in protein-
protein interactions (Cain et al., 2002). These domains are required for binding to
cytochrome c¢ and recruitment of caspase-3. Under normal conditions the CARD
domain of Apaf-1 is unavailable thus there is no interaction with caspase-9; following
a conformation change the CARD domain of Apaf-1 is exposed and can interact with
caspase-9, which requires ATP and triggered by cytochrome ¢ as shown in Figure 1.8.
It has been reported by many studies that there are at least six splice variants of Apaf-
1 in human cells and some of them (Apaf-1XL and Apaf-1L) are able to engage with

cytochrome c and cleave pro-caspase-9 (Delivoria-Papadopoulos et al., 2007).

1.5.2.4 Apoptosome formation

As explained above, a key step in mitochondrial apoptosis is the formation of the
apoptosome protein complex, a large ~700 kDa structure that consists of Apaf-1,
cytochrome ¢ and procaspase-9. In the cytoplasm, the first interaction that occurs is
between cytochrome c¢ and the carboxyl terminal of Apaf-1 which reveals the WD40
domains and CARD domains, key domains of Apaf-1. The multimerization of Apaf-1 is
mediated by the WD40 domains while the recruitment of the initiator pro-caspase-9 is
via the CARD domain of Apaf-1 and the CARD domain of caspase-9 (Cain et al., 2002,
Hu et al., 1998). Cryo-electron microscopy has been used to solve the structure of the
apoptosome which is a three-dimensional structure (Acehan et al., 2002, Yuan et al.,
2010), in which seven Apaf-1 molecules at their N-terminus can form the apoptosome
in a wheel-like structure (the “wheel of death”). At the center of the apoptosome, the
exposed CARD domains of Apaf-1 gather pro-caspase-9 locally. The formation of the
holoenzyme complex activates caspase-9 by self-dimerization and proteolytic
cleavage and causes elevation in its enzymatic activity (Rodriguez and Lazebnik,
1999, Shi, 2002a) (Figure 1.9). It has been shown that caspase-9 can be cleaved in
both apoptosome and in the cytoplasm, but the active caspase-9 form is the
apoptosome-associated one(Shi, 2002a) (Shi, 2002a). The residue D315 of caspase-
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9 is the point of its auto-proteolytic cleavage, but this cleavage is only indicative of its
activation and is not necessary for its activity (Rodriguez and Lazebnik, 1999, Shi,
2002a). Once caspase-9 been activated, then it will be able to cleave the executioner

caspases, such as caspase-3 and -7 (Acehan et al., 2002).
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Figure 1.9 The apoptosome formation and its inactivation

Cytochrome c released into the cytoplasm intreacts with the WD40 domain of the Apafl, resulting in the
formation of heptameric wheel structure. The center of this consists of CARD domains of Apafl able to
amplify recruitment of pro-caspase 9 and trigger caspase 9 activation. Some antiapoptotic proteins
control the apoptosome formation steps. Binding of cytochrome c to Apafl is inhibited by HSP27, the
multimerization of Apafl is inhibited by Hsp70 and Hsp90 and the recruitment of caspase 9 inhibited by
Hsp70. Drawn by K. Ibraheem.
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1.5.3 Regulation of caspase-dependent pathways
1.5.3.1 The inhibitors of apoptosis proteins (IAPs)

Cell death can be inhibited by the ability of IAPs to prevent the cleavage of caspases
and stop their activity (Fesik and Shi, 2001). Initially, IAPs were described as viral
(baculovirus expressed) inhibitors, but cellular homologues (c-IAPs) were soon
identified. The BIR domains (baculoviral IAP repeat) are required for the anti-apoptotic
activity of IAPs and enable their binding to caspases. There are specific functions for
each BIR domain, also each BIR domain has its own binding specificity to caspases
(Verhagen et al., 2001). For example, inhibition of caspases-3 and -7 is the function of
BIR2 domain whereas inhibition of caspase-9 is the responsibility of BIR3 domain
(Ekert et al., 2001). One of the well-known members of IAPs family is the X-linked
inhibitor-of-apoptosis (xXIAP) which can bind to and inhibit the activation of both the
initiator caspase-9 and the executioner caspases -3 and -7 (Deveraux et al., 1999, Wei
et al., 2008).

1.5.3.2. Inhibitors of IAPs

There are some blocking proteins that act to inhibit the activity of the IAPs such as
Smac (Second Mitochondria-derived Activator of Caspase) and its analogue DIABLO
(Direct IAP Binding protein with Low pl), which have also some resemblance with Grim
Reaper and HID Drosophila proteins (Verhagen et al., 2001, Du et al., 2000).
Smac/DIABLO is highly-expressed in many cell types such as heart, kidney, liver,
spleen and also in several cancer cell lines, it was the first protein that identified to
directly block the inhibition action of IAPs, and is also able to join the death receptor
pathway (Srinivasula et al., 2001, Shi, 2002b). Smac/DIABLO is synthesised in the
cytoplasm as a 239 amino acid precursor then translocates to the mitochondrion by
its MLS (55 amino acid N-terminal mitochondrion localisation signal), which is
subsequently cleaved, whilst it is activated by homo-dimerisation (Chai et al., 2000).
Several pro-apoptotic stimuli can induce the release of Smac/DIABLO protein from
mitochondria, this release appears to be caspase-dependent and members of Bcl-2
family also control its release (Adrain et al., 2002). The mechanism by which
Smac/DIABLO can inhibit the action of IAPs is by physical interaction with the third BIR
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domain (BIR3), as shown by X-ray crystallography studies on XIAP (Liu et al., 2000),
and this interaction inhibits IAP binding to caspase-3, -7 and -9.

Another protein, XAF-1 (XIAP associated factor 1), also has the ability to activate
caspases by inhibiting IAPs. XAF-1 is a nuclear protein which found continuously
active, in contrast to Smac/DIABLO which is active only after stimulation, XAF-1
interact directly with XIAP via its zinc finger domain (Liston, 2001 pp478).

Moreover, the Omi/HtrA2 (high temperature requirement protein A2) can also regulate
IAPs. Its precursor is a 50 kDa protein that contains an MLS in its N-terminus. Once
HrtA2 is imported to mitochondria the MLS is cleaved and a 36 kDa protein produced.
HtrA2 is a serine protease which in normal cells is located in the mitochondrial
intermembrane space, but after induction of apoptosis by different stimuli, like TRAIL,
staurosporine or UV irradiation, HtrA2 is released to the cytosol and binds to XIAP and
IAPs similarly to Smac/DIABLO and promotes activation of caspases. There are two
different mechanisms by which HtrA2 can induce apoptosis, one is by targeting the
ability of IAPs to inhibit caspase activation, and the second by the serine protease

activity independent of caspase (Suzuki et al., 2001, Hegde et al., 2002).

1.5.3.3 Other regulatory proteins

Other ‘strategic’ sites within cells, such as the endoplasmic reticulum, the Golgi
apparatus, the lysosomes or the nucleus, contain proteins that can be involved in the
regulation of apoptosis signalling (Ferri and Kroemer, 2001, Galluzzi et al., 2014). The
role of the nucleus in the regulation of apoptosis is newly characterised. In addition to
the nuclear protein XAF-1 above, the DED-containing DNA-binding protein (DESD) is
another nuclear protein able to inhibit caspase-6 activation or block the transcription
and has anti-apoptotic activity. The DED-associated factor (DEDAF) is another protein
that appears to be responsible for the modulation of DESD protein; the DEDAF
promotes DISC formation by its ability to bind to FADD and caspase-8 or -10 (Zheng
et al., 2001).

Interestingly, the Hsp (heat shock protein) family can act as regulators of the apoptotic

pathway; in fact they can simultaneously be inducers and inhibiting factors of apoptosis
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(Figure 1.10). Oligomerisation and activation of pro-caspase-9 can be prevented by
binding of Hsp70 and Hsp90 to the CARD domain of Apaf-1 (Pandey et al., 2000, Saleh
et al., 2000). The oligomerisation of Apaf-1 can also be blocked by binding of Hsp-27
to the cytochrome c (Bruey et al., 2000).
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Figure 1.10 Events in the mitochondrial apoptotic pathway regulated by Heat
shock proteins (Hsp)

The mitochondrial pathway of apoptosis and subsequent caspase activation can be controlled by either
extracellular signals (survival signals) or stresses (death signals). The interaction of Hsps with their

targets at several points of these pathways mediates either inhibition of apoptosis (indicated as (T)), or
potentiation of a signalling pathway of apoptosis (depicted as “+”). Drawn by K. Ibraheem.
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1.5.4 The caspase-independent mitochondrial pathway

The mitochondrial intermembrane space contains additional proteins, such as
apoptotic inducing factors and Endonuclease G, which are able to induce apoptosis
directly without caspase activation. When these proteins are released from
mitochondria, they translocate to the nucleus and cause chromatin condensation plus
cleavage of DNA which leads to DNA fragmentation (Candé et al., 2002).

1.5.4.1 The AIF

The identification of Apoptosis-inducing factor (AIF) was performed by Guido
Kroemer’s team (Candé, 2002;Susin, 1999). The AIF gene encodes a 57 kDa protein
and is located on chromosome X. The flavoprotein AIF comprises an amino terminal
side that has the MLS sequence which is a sequence of 27 amino acids, while the
carboxyl terminal contains a domain of 485 amino acids with oxidoreductase activity
(Candé et al., 2002). AlF is synthesised as a 67 kDa precursor and then imported into
the mitochondrial intermembrane space (Susin et al., 1999), where the MLS sequence
is cleaved and the conformation of the protein alters whilst it combines with the
prosthetic group FAD (Flavin-adenine dinucleotide). AIF may thus have a dual action,
one being oxidoreductase activity and the second its pro-apoptotic role (Ye et al.,
2002).

Following cell exposure to pro-apoptotic stimuli, the first translocation of AIF is from
the intermembrane space into the cytosol and then from the cytosol to the nucleus
(Susin et al., 1999). How AIF translocates to the cytosol is not understood yet, but its
transportation to the nucleus is due to the sequence of a nuclear localisation signal. In
vivo and in vitro studies have been conducted to show the effect of the AIF as an
apoptotic molecule. In vitro studies have shown that after translocation through the
cytoplasm to the nucleus, AlF causes condensation of the chromatin and degradation
of the DNA into large fragments (50kb). This interaction is direct, without sequence
specificity and is mediated by its carboxy-terminal domain. The extent of its
translocation to the nucleus can modulate its activity and appears to be maximal during

the condensation phase at the late phase of apoptotic body formation (Ye et al., 2002).
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Interestingly, over-expression of Bcl-2 can attenuate the effects of AIF, and this is
independently of caspase activation. Furthermore, as mentioned above, Hsp70 can
exert anti-apoptotic activity by preventing the formation of apoptosome by its binding
to Apaf-1. But in cells without caspase expression, overexpression of Hsp70 can also
block cell death and this appears to be via its ability to bind AlF. The ATP domain of
Hsp70 seems to be its binding site for Apaf-1 and AIF interaction, and is independent

of Hsp70Q’s chaperone activity (Ravagnan et al., 2001).

The precise mechanism of function of AlF, including its mode of action on the DNA, its
oxidoreductase activity and its signal transduction are still unclear. The direct
interaction between DNA and AIF may be the cause of DNA condensation observed
during apoptosis (Ye et al., 2002). In fact, chromatin structure could be modified by this
interaction and AIF may cause elevation in nucleases such as topoisomerase ll, as the
fragments produced by these nucleases (50kb) are similar in size to those generated
by AIF (Widlak and Garrard, 2009, Samejima et al., 2001).

1.5.4.2 Endonuclease G

Endonuclease G (Endo G) is non-specific nuclease and it is a highly conserved
enzyme. It is encoded by a nuclear gene but it may also be involved in the
mitochondrial genome replication. During the process of apoptosis, Endo G goes
through the outer membrane of the mitochondria and translocates to the nucleus (Li et
al., 2001). Endo G has the ability to cooperate with exo-nuclease and the DNase | in
the nucleus to produce DNA fragments of higher molecular weight (Widlak and
Garrard, 2009). However, its action can also generate oligonucleosomal fragments
(Samejima et al., 2001).
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1.6 Reactive oxygen species (ROS)

Although ROS have long been considered as mere by-products of cellular metabolism,
they appear to play important roles in several Aspects of cellular physiology particularly
as signalling molecules. Accumulating evidence suggests a role of ROS in normal cell
signal transduction as a second messenger. Studies in the 1990s first showed that
hydrogen peroxide (an extremely diffusible ROS) is an important molecule in signalling
pathways induced by cytokines, hormones, growth factors, and the AP-1 and NF-«kB
pathways (Finkel, 1998). Moreover, ROS are key molecules in immune cell activation

and overall immune responses.

Reactive oxygen species (ROS) is a term used to describe the molecules or ions that
are characterized by a single unpaired electron in their outward shell of electrons. This
property makes ROS highly reactive, as ROS are able to oxidize other molecules.

There are two types of ROS recognised (Liou and Storz, 2010):

a) The free oxygen radicals include one or more unpaired electron in their outer
molecular orbital such as superoxide (O2""), hydroxyl radical (¢OH), nitric oxide
(NO-¢), organic radicals (Re¢), peroxyl radicals (ROQe¢), alkoxyl radicals (ROv),
thiyl radicals (RSe), sulfonyl radicals (ROS¢), thiyl peroxyl radicals (RSOQ¢), and
disulfides (RSSR).

b) The non-radical ROS lack unpaired electrons but are chemically reactive and
can be converted to radical ROS; they include hydrogen peroxide (H202), singlet
oxygen (*O2), ozoneltrioxygen (Os), organic hydroperoxides (ROOH),
hypochloride (HOCI), peroxynitrite (ONO-), nitrosoperoxycarbonate anion
(O=NOOCOz2"), nitrocarbonate anion (O2NOCO:2"), dinitrogen dioxide (N202),
nitronium (NO2") and highly reactive lipid-or carbohydrate derived carbonyl

compounds.

Superoxide dismutases (SODs) can convert radical superoxide to one H202 molecule
(non-radical ROS) and one water molecule. Then by Fenton reaction, one more
electron from free Fe?* can be accepted by H202 and converted to hydroxyl radical

(HO) which is excessively reactive and has cellular damage effect. Glutathione
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peroxidase (GPXs), peroxiredoxins (PRXs) and catalase can reduce H202 to water
(H20) (Figure 1.11). Cellular physiology can be differentially affected by the reactivity
of these ROS forms (Cross et al., 1987, Sundaresan et al., 1995).
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Figure 1.11 Production and interconversion of reactive oxygen species

Oz~ is generally derived from molecular Oz, using one electron from a NADPH oxidase (NOX) enzyme
or from the electron transport chain of the mitochondria. Superoxide dismutase (SOD) enzymes
transform two superoxide molecules into a H202 and a water (H20) molecule. H202 can undergo Fenton
chemistry with Fe2+ to form HO which is highly reactive and can cause cellular damage. H202 can also
alter redox-sensitive cysteine residues to modulate cellular signalling. Alternatively, H>O2 can be
reduced to water by glutathione peroxidases (GPXs), peroxiredoxins (PRXs) or catalase. Drawn by K.
Ibraheem.
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1.6.1 The main sources of cellular ROS

Production of ROS was initially thought to be only via phagocytic cells as part of the
host defence mechanisms. ROS can be produced by either extracellular or intracellular
triggers. Pollutants, tobacco, smoke, drugs, xenobiotics and radiation are responsible
for ‘extracellular ROS. The majority of intracellular ROS originates from the
mitochondria, peroxisomes, endoplasmic reticulum and the NADPH oxidase (NOX)

complex in cell membranes (Inoue et al., 2003, Luis et al., 1992).

The NOX complex is a major source of intracellular ROS by catalysing the superoxide
production from Oz and NADPH. NOX can be found in different sites in the cell
membrane and include subunits NOX1, NOX2, NOX4, NOX5, and more regulatory
components such as p22Phox p40rhox. p47prhox and the small G protein Racl. (Babior,
1999, Brown and Griendling, 2009, Jiang et al., 2011).

The other major ROS source is the mitochondrial electron transport chain, which
removes electrons from NADPH during aerobic respiratory reactions and ATP
synthesis. This leads to reduction of molecular oxygen to superoxide, which then
infiltrates to the cytoplasm through the MPTP (described in section 1.6). Superoxide is
dismutated to H20: either in the mitochondrial matrix by Mn-SOD or in the cytosol by
Cu-ZnSOD (Gogvadze et al., 2008, Murphy, 2009). Catalase activity can convert H202
to water or H202 can also convert to highly reactive hydroxyl radicals in the presence
of transition metals (Mishina et al., 2011). The superoxide can interact with reactive
nitric oxide (NO") and form peroxynitrite (ONOQ") (Szabo et al., 2007).

The endoplasmic reticulum can also produce ROS through the protein folding process
and the formation of disulphide bonds. The major sources of ROS in the endoplasmic
reticulum are the glycoprotein endoplasmic reticulum oxidoredutin 1 (ERO1), the
protein disulfide isomerase and NOX4 (Gupta et al., 2012) (Figure 1.12).
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Figure 1.12 Main sources of ROS inside the cell

The origins of ROS are mitochondria, peroxisomes, endoplasmic reticulum, and the NOX complex in
cell membranes. Under normal conditions, excess ROS is scavenged by the antioxidant defence
systems of the cell. DUOX, dual oxidase; ERO1, endoplasmic reticulum oxidoreductin 1; ETC, electron
transport chain; GPx, glutathione peroxidase; GR, glutathione reductase; GRX-(S)2, glutaredoxin
oxidized; GRX-(SH)2, glutaredoxin reduced; GSH, glutathione; GSSG, glutathione oxidized; H202,
hydrogen peroxide HO, hydroxyl radical; HOCI, hypochlorous acid; MPO, myeloperoxidase; MPTP,
mitochondrial permeability transition pore; NADP+ , nicotinamide adenine dinucleotide phosphate
oxidized; NADPH, nicotinamide adenine dinucleotide phosphate reduced; NO, nitric oxide; NOX,
NADPH oxidase; O2 -, superoxide radical; ONOO- , peroxynitrite; PDI, protein disulfide isomerase;
SOD, superoxide dismutase; TRX-(S)2, thioredoxin oxidized; TRX-(SH)2, thioredoxin reduced; XO,
xanthine oxidase. Drawn by K. Ibraheem.
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1.6.2 Role of ROS in apoptosis

It is well-established that basal (physiological) levels of ROS are capable of acting as
“redox messengers” in cell signalling and its regulation, whereas excessive ROS levels
can induce oxidative damage to cellular macromolecules, can inhibit protein function,

and directly and efficiently promote cell death.

One main pathway by which ROS can activate apoptosis, whether the trigger is
extrinsic or intrinsic apoptotic signalling is via ROS-mediated activation of JNK
signalling (Shen and Liu, 2006). Importantly, upstream of JNK is the redox-sensitive
MAP3K ASK1 (Apoptosis signal-regulating kinase 1), the activity of which is inhibited
by interactions with redox protein Thioredoxin-1 (Trx1). Transient and modest JNK
activation is associated with cell survival, whereas sustained and marked JNK
activation induces cell apoptosis via ASK1 signalling (Circu and Aw, 2010). Under low
basal ROS conditions, Trx1 interacts with the N-terminal domain of ASK1, preventing
activation and downstream pro-apoptotic signalling. Elevated cellular ROS cause Trx1
reduction and inactivation thus releasing Trx-1 from the “ASK1 signalosome” — this
complex is believed to act as a “redox sensor” that is activated under oxidizing
conditions. Dissociation of Trx1 from the complex then permits ASK1 oligomerization

and promotes full ASK1 kinase activity and apoptosis (Fujino et al., 2006).

ROS are known triggers of the intrinsic apoptotic cascade via interactions with proteins
of the mitochondrial permeability transition (PTP) complex. Components of the PTP
and VDACs represent ROS targets, whilst oxidative modifications of PTP proteins
significantly impact mitochondrial ion transport. For instance, enforced transient
increase in mitochondrial membrane hyperpolarization by exposure to H202 can initiate
the collapse of the mitochondrial membrane potential (AYm) and is followed by
mitochondrial translocation of Bax and cytochrome c release (Circu and Aw, 2010).
Moreover, direct ROS-mediated effects on caspase activity have been documented,
with ROS capable of inducing intra-mitochondrial auto-activation of caspase-9, which
can take place during the “pre-apoptotic phase” and before cytochrome c release can
be detectable (Katoh et al., 2004).
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1.6.3 Role of ROS in cellular transformation and tumorigenesis

A direct role for ROS in gene expression, activation of cell signalling cascades and cell
apoptosis is supported by a growing number of reports (Hancock et al., 2001).
Moreover, the relationship between ROS and malignant transformation has been
reported previously by many studies (Jackson and Loeb, 2001, Valko et al., 2006,
Wang and Yi, 2008). The mechanism by which ROS is triggered by oncogene
activation remains unclear, but DNA damage has been shown to play a role in this
process. The oncogenic transformation of ovarian epithelial cells with H-RasV12 or the
oncogenic effect of tyrosine kinase Bcr-Abl in hematopoietic cells was associated with
an increase in ROS. In another study, transformation of fibroblasts with constitutively
active isoforms of Rac and Ras was associated with production of superoxide (Gupta
et al., 2012).

ROS is a by-product of cell growth, and the key hallmark of cancer cells is the
unrestricted growth (Hanahan and Weinberg, 2000), thus cancer cells produce much
higher level of ROS than normal cells. However, this is “proliferation at a cost”, as high
level of ROS generate an oxidative stress on the cell which can essentially lead to cell

senescence or death (Trachootham et al., 2006, Dunnill et al., 2016).

As a result of malignant transformation, the Carcinoma cells operate under the
oxidative stress status (Gupta et al., 2012). It has been suggested that the potential
function of basal cellular ROS in defining whether cytotoxic agents can induce
apoptosis in malignant cells by ‘pushing’ them past a critical ‘lethal threshold’
(Trachootham et al., 2009, Wang et al., 2011). Previous evidence also showed that
during the malignant transformation process, the basal oxidative stress can be
augmented by the genetic deviations that mediate carcinogenesis (such as the
activation of oncogenes (Hdll et al., 2014, Benhar et al., 2001). Recently, some studies
have revealed that, control on the effect of ROS can conclude the capability to
metastasise or not (Piskounova et al., 2015), Collectively, malignant cells (a) are
accommodated to control the redox balance by adjust a system of antioxidant defence
(Harris et al., 2015, Young et al., 2004), and this clarifies the high expression of
endogenous antioxidants such as Trx in cancer (Baker et al., 2006), and (b) become
gradually more susceptible to ROS-associated invectives that subsequently enhances
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ROS generation and/or deteriorate antioxidant defences in cells (Gupta et al., 2012,
Wang et al., 2011). Therefore, tumour cells may operate in a ‘ primed’ state
(Chonghaile et al., 2011), that can more readily ‘push’ them past such a lethal threshold
(Dunnill et al., 2016). Recent studies using tumour xenografts models showed that
antioxidant pathways such as Glutathione (GSH) and Trx pathways are central in
carcinogenesis, and that non-significant reduction in tumour development has been
observed after inhibition of GSH (one of the major antioxidant agents in cells).
moreover, synergism between GSH inhibitor and Thioredoxin (Trx) inhibitor, mediated

cancer cells death and delayed carcinogenesis (Harris et al., 2015).

1.7 CD40 and its cognate ligand CD154 (CD40L)
1.7.1 Background

CD40 is associate to the TNFR superfamily (TNFRS) and is essential immune co-
stimulatory molecule. Interestingly, the CD40 antigen was identified for the first time in
1984 during immunohistochemistry-based studies using an antibody raised against
urinary bladder carcinoma (UCC), yet the same antibody reacted with antigen
expressed on lymphocytic B cells (Paulie et al., 1985, Eliopoulos and Young, 2004).
Following this, in 1989, CD40 was cloned and characterized as a Type |
transmembrane protein. Its cognate ligand, CD40L (or CD154), was identified in 1992
on the surface of activated T lymphocytes (Armitage et al., 1992).

Isolated from the Burkitt lymphoma Raji cell line in 1989 (Schénbeck and Libby, 2001),
the human CD40 gene is located on chromosome 20 (q12-q13.5) and encodes a single
1.5-kb mRNA species (Anand et al., 2003). By contrast, the murine CD40 gene is
located on chromosome 2. The amino acid sequence of human CD40 shows homology
with the receptors of nerve growth factor (NGF), TNF-RI and Fas, whilst showing a
62% homology with murine CD40 (Ramesh et al., 1993).

Deferent sizes of CD40 have been reported. Originally, CD40 was described as a 50
kDa superficial receptor on B cells (Clark and Ledbetter, 1986, Ramesh et al., 1993).
Other reports showed that the translation of the 1.5-kb CD40 mRNA produces a

superficial glycoprotein that comprises 277 amino acid with a molecular weight of 43-
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48 kDa (Braesch-Andersen et al., 1989, Schonbeck and Libby, 2001). Yet, some
reports referred to it as a 45-50 kDa receptor (Grammer and Lipsky, 2001).

1.7.2 Structure of CD40
1.7.2.1 Extracellular domain

The extracellular region of CD40 has a 20 repetitive amino acid sequence pattern rich
in cysteine residues and divided into four domains, each domain consisting of two
modules with each module established by one or two disulfide bonds (Singh et al.,
1998, van Kooten and Banchereau, 2000). The second and third domains have been
identified as containing the CD40L binding sites which are important for CD40 ligation
(Figure 1.13).

With regards to the presence of CD40 on the cell surface and its valency, some studies
have described CD40 as a dimer, with the initial observation of CD40 as homodimer
being in normal human B cells, human Burkitt ymphoma cell lines and UCC cell lines,
but the biological function of this homodimer was unclear. Later studies have reported
that CD40 is a trimer receptor that expressed on the surface of the cells and CD40L
binding does not oligomerize CD40 into trimeric receptor, but CD40 is an already pre-
formed trimeric complex via its PLAD domain (pre-ligand binding assembly domain),
which is important for biological activities including atherogenesis, thrombosis,
inflammation and extracellular membrane (ECM) degradation compared to the
monomeric form (Anand et al., 2003, Chan et al., 2000). Aggregation of the monomeric
receptor to form CD40 oligomers enhances the formation of disulphide-links and the
PLAD domain may be important in signalling via CD40/CD40L interactions, for
instance, the engagement of monomeric CD40 provides a weak signal for MAPKs and
p38 activation (Reyes-Moreno et al.,, 2004, Antoniades et al., 2009). Moreover,
different CD40 epitopes have been observed to be expressed on different type of cells,
and it has been suggested that epithelial cells may express a monomeric CD40
whereas dendritic cells express oligomeric CD40 and only B-cells express both CD40
modules (BERG et al., 1996, Clark and Ledbetter, 1986).
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1.7.2.2 Intracellular domain

The intracellular domain of CD40 unlike other member of the TNFR family has no death
domain but displays recognition sites for TNF Receptor Associated Factors (TRAFs)
(Ellmark, 2002). The cytoplasmic tail of CD40 lacks motifs usually found in other
immunologic receptors such as signalling motifs and tyrosine kinase activity-containing
or phosphatase-binding motifs. The location of functional residues was investigated
using large and point mutations of specific amino acids in both human B cell lines and
mouse T cell lines transfected with CD40 mutants. Initial results indicated that
Threonine at 234 in the cytoplasmic domain of CD40 in mice mediated growth
inhibition, yet T234 stimulates normal B cells instead of growth inhibition. Later studies
performed in a variety of B cell lines found that up-regulation of B cell homotypic
adhesion, CD80, CD95 and CD23, and JNK activation are mediated by determinant A
which consist of 22 amino acids, while the designated determinant B (contains 10
amino acids) is required for CD40-mediated activation of NF-xB, IgM production and
isotype Ab switching. The remaining are involved in the determinant B as individual
motif called determinant C. (Bishop and Hostager, 2001, Inui et al., 1990) (Figure 1.13).
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Figure 1.13 Structure of CD40

Schematic representation of the domains of the CD40 receptor. The cytoplasmic part contains Individual
structural motifs of the cytoplasmic tail that play roles in B cell function. Determinant A consists of 22
amino acid, while the following 10 amino acids are desighated determinant B. The remaining T234 is
involved in determinant B is referred to as individual motif called determinant C. The extracellular part
of CD40 consists of four domains (denoted “D”), each composed of two modules. The 2nd & 3rd domain
are the specific binding sites for CD40 ligand. Drawn by K. Ibraheem.
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1.7.3 Expression of CD40

Although initially characterised as an antigen present on immune cells, such as B and
T cells, expression of CD40 is constitutive in various cell types, such as epithelial cells,
keratinocytes, fibroblasts, endothelial cells, smooth muscle cells and DCs (Kaykas et
al., 2001, Pham et al., 2002) (Table 1.1). CD40 expression can be stimulated by pro-
inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a) and interferon
gamma (IFN-y) (Schonbeck and Libby, 2001), while transforming growth factor-f3
(TGF-B) inhibits CD40 expression by mediating an increase in the degradation of CD40
MRNA (Nguyen et al., 1998).

CD40 CD40L
T-Cells and B-Cells T-Cells and B-Cells
Macrophages Macrophages
Eosinophils Eosinophils
Basophils Basophils
Dendritic cells Dendritic cells
Endothelial cells NK Cells
Fibroblasts Platelets
Keratinocytes Mast cells
Smooth muscle cells Smooth muscle cells
Epithelial cells Epithelial cells

Table 1.1 Expression of CD40 and CD40L on different cell types

CD40 is expressed on a variety of cell types, both hematopoietic and non-hematopoietic cells.
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1.7.4 CD40 ligand (CD40L) CD154

CD40 ligand (CD40L) or CD154, is a Type Il transmembrane protein of 39 kDa related
to the TNF ligand family. The CD40L gene is located at the (g26.3-g27.1) region of
chromosome X, a fragment with a length of 13 kb (Chakrabarti et al., 2005). It consists
mainly of five exons; exon | encrypts the transmembrane and intracellular region of
CD40L, whereas exons Il -V encode the extracellular region of the molecule (Carbone
et al., 1997, Blossom et al., 1997, Schonbeck et al., 2002, Schénbeck and Libby,
2001).

CD40L has a double-decker extracellular construction which consists of (3-sheet, a-
helix and B-sheet. These properties facilitate the homo-trimerization of CD40L on the
cell surface (Xia et al., 2010). Besides the membrane form, there is also a form of
soluble CD40L (sCD40L) circulating in the blood. This form is almost exclusively an
enzymatic cleavage at the membrane following platelet activation and remains a
functional trimer of 18 kDa (Li et al., 2008). Membrane-bound CD40L is mainly
expressed on stimulated T cells, B cells and platelets, it is also expressed on monocyte

cells, dendritic cells (DCs), natural killer cells and basophils.

1.7.5 Role of CD40 in the immune system
1.7.5.1 B cells

B cells constitutively express CD40 which interacts with CD40L on T cells activated in
the existence of antigens during infection. This interaction induces proliferation and
differentiation of B lymphocytes into plasma cells and antibody production in the
presence of cytokines (IL-4, IL-2 and IL-10) secreted by T cells, (Aruffo et al., 1993).
CD40/CD40L interaction seems sufficient by itself to induce the production of IgG and
IgA antibodies, while a co-stimulation in the presence of IL-4 is necessary particularly
for the production of antibody IgE (Armitage et al., 1993, Bishop and Gail, 2009).

In the absence of CD40/CD40L interaction, B cells produce only IgM, as observed in
patients suffering from syndrome HIGM (X-linked, hyper-IgM syndrome) (Hill and
Chapel, 1993). Furthermore, in activated B cells, the CD40/CD40L interaction induces

release of cytokines IL-6, IL-10 and TNF-a (Boussiotis et al., 1994), an increase in the
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intercellular adhesion molecule-1 (ICAM-1), Lymphocyte function-associated antigen -
1 (LFA-1), vascular cell adhesion molecule-1 (VCAM-1) (Rousset et al., 1991) and
increased major histocompatibility protein class | and Il (MHC-I and MHC-II), (Khanna
et al., 1997), all of which facilitate the proliferation and differentiation of these cells into
plasma cells. Interestingly, B lymphocyte expression of CD40L also appears to be
involved in a positive feedback loop, since CD40L expressed on one B cells can in turn
interact with CD40 of another B cell, thereby facilitating activation and differentiation of
B lymphocytes (Clodi et al., 1998). Collectively, these CD40 activation-associated
mechanisms play critical roles in the differentiation of B cells into memory B cells
(Figure 1.14) (Xu et al., 1994, Castigli et al., Hu et al., 1997, Eliopoulos and Young,
2004, van Kooten and Banchereau, 2000, Morimoto et al., 2000).
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Figure 1.14 CDA40 functions in B cell homeostasis

Activation of CD40 on normal B cells by CD40 ligand (CD40L) expressed on T-helper cells as part of an
immune response provides B cell survival and proliferative signals as well as cytokine production. CD40
ligation on normal B cells can also mediate B cell differentiation into plasma cell which produce

immunoglobulin and memory cells for Ab production following secondary infection. Drawn by K.
Ibraheem
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1.7.5.3 Monocytes and Macrophages

The role of the CD40/CD40L dyad in monocytes is well documented. Monocytes
constitutively express CD40 and, as APCs, they are able to interact with the CD40L of
T cells (Schonbeck and Libby, 2001). This interaction is bidirectional, so that the
monocyte promotes activation of T cells which, in turn, induce monocyte activation
(Suttles and Stout, 2009, Buhtoiarov et al., 2005, Lum et al., 2006) and monocyte
differentiation into macrophages. Binding of CD40L on T lymphocytes to CD40 of
monocytes and macrophages leads to release of several cytokines (IL-12, IL-1, IL-6,
IL-8 and TNF-a (Wagner et al., 2002), matrix metalloproteinases (MMPs) (MMP-1
MMP-2, MMP-3 and MMP-9), an increase of co-stimulatory molecules (ICAM-1, LFA-
3, B7-1 and B7-2) and secretion of nitric oxide (NO) (Mach et al., 1997). These
biological effects are essential to the immunity-related, inflammatory and angiogenic

function of these cells.

Most biological effects of CD40L on monocytes are due to its interaction with CD40,
although other receptors on the surface of these cells are able to induce various cellular
responses, especially Mac-1. It was recently demonstrated that CD40L/Mac-1
interaction promotes adhesion and migration of monocytes to the endothelium, and

release of myelo-peroxidases during the inflammatory response (Zirlik et al., 2007).

1.7.5.4 Dendritic cells (DCs)

DCs occupy a central place in the immune system and binding of CD40 by CD40L on
DC promotes T lymphocytes activation. DC activation, such as that observed in the
presence of pathogens, causes a significant increase in CD40 on the surface of DC
cell. This receptor is able to interact with the CD40L on activated T cells, increasing
the expression of co-stimulatory molecules CD80/CD86 and B7-1/B7-2, and it
promotes the release of the IL-12 by DCs (Banchereau et al., 2000).Binding of T cell-
CD40L to DC-CD40 promotes DCs to become active antigen presenting cells (APC)
via the up-regulation of MHC class Il and CD80/CD86 (Ma and Clark, 2009) and CD40-
CD40L co-simulation is essential for the activation of DC in response to pathogen
associated molecular patterns (PAMPs) (Kawai and Akira, 2007, Ip and Lau, 2004).

CDA40L can also be expressed on DCs but at a lower level compared to CD40. Although
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the exact function of CD40L on DC remains to be fully verified, it appears to be involved
in bidirectional interaction between dendritic cells and B lymphocytes (Bergtold et al.,
2005).

Interestingly, previous work by our research group, has demonstrated that CD40L
expressed on DCs may serve additional roles. Stimulation of DCs by strongly pro-
inflammatory bacterial products induced membrane CD40L (mCD40L) expression
and, in vitro, mCD40L on activated DCs mediated direct, T cell-independent cytotoxic
effects towards carcinoma cells (such as UCC and CRC). Therefore, cell surface
CD40L expressed by DCs may be important in the ability of DCs to have direct
cytotoxic effects on tumour cells by inducing CD40-mediated carcinoma cell apoptosis
(Hill et al., 2008).

1.7.5.5 Epithelial cells

In addition to its identification as a UCC associated antigen, CD40 expression on
epithelial cells was originally demonstrated on human nasopharynx, tonsil and
ectocervical tissue by immunohistochemical analysis (Young et al., 1998), while CD40
ligand (CD154) expression has been observed on epithelial cells of the glomerulus as
well as the proximal tubule. CD40 expression has been also observed on normal
kidney, and parietal epithelial cells (Yellin et al., 1995). Other reports have
demonstrated that intestinal epithelial cells, which encounter enteric antigens, express

CD40 together with other co-stimulatory molecules (Yellin et al., 1995).

1.7.6 CD40 cell signalling

As mentioned above, CD40 lacks intrinsic kinase activity and related intracellular
signalling motifs, however adapter molecules TNF receptor associated factors
(TRAFs) are the mediators of signal transduction by CD40-CD154 interactions
(Schonbeck and Libby, 2001). The TRAF family consists of six members, five of which
(TRAF 1, 2, 3, 5, 6) have been identified to bind CD40 in both a context- and cell type-
dependent fashion (Zapata et al., 2001). Activation of pro-inflammatory signalling
pathways in endothelial cells has been shown to be induced by the association of
TRAF2 and CD40 (Mukundan et al., 2005). TRAF4 is a more enigmatic TRAF member

that seems to have interesting roles in inflammation; however no interactions with
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CD40 have been reported (Rousseau et al., 2011). Finally, an additional TRAF
molecule TRAF7 has been identified, although TRAF7 does not comprise a TRAF
domain (Napolitano and Karin, 2010).

The specificity of CD40 signal transduction pathways is influenced not simply by the
interaction with the different TRAFs. Rather, the topology and localisation of the
receptor plays an important role. CD40 is located in special membrane micro-domains
called “lipid rafts“. After initial CD40/CD154 interaction, the majority of CD40
translocates to lipid rafts , where the receptor then associates with various TRAFs
(Arron et al., 2002). This relocation is critical, for instance lipid raft-dependent
association of TRAF2 with CD40 leads to the formation of pro-inflammatory cytokines
(such as MCP-1) (Chen et al., 2006, Arron et al., 2002).

CD40 signalling has mainly been characterised in the context of B cell function and
comparatively less is known about the precise signalling pathways triggered following
activation by CD40L in epithelial cells (Eliopoulos and Young, 2004, Albarbar et al.,
2015). One common feature, nevertheless, is that cellular responses to CD40
signalling, whether in B cells or epithelial cells, are exquisitely context-specific. The
engagement of CD40 with CD40L causes the recruitment of adapter TRAFs to the
intracellular end of the CD40 molecule (Bishop et al., 2007). Cellular relocation of
TRAFs and their interaction with CD40 triggers the activation of several signalling
pathways, which include NF-kB, the MAPK pathways p38 and JNK/AP-1, and the PI3-
K/Akt pathway (Davies et al., 2005, Elgueta et al., 2009). Any intracellular signalling
induced by CD40 depends almost exclusively on TRAFs, but can be independent of
TRAFs, such as the pathway of STATS5 resulting from the direct association of Janus
kinase 3 (JAK3) with CD40 (Sdemann et al., 2003, Saemann et al., 2002) (Figure 1.15).
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Figure 1.15 CD40 signalling pathways

Signalling pathways of CD40 can be stimulated by membrane CD40L (CD154) or soluble agonists (sCD40L) and
agonistic antibodies and result in different patterns of gene expression depending on the cell type. CD40 ligation
induce the recruitment of TRAF proteins to the cytoplasmic tail of CD40 which subsequently activate either MKKs

pathway via TRAF3 or activation of Actl and NF-kB degradation. CD40 stimulation can also recruit JAC3 which
cause phosphorylation of STAT5. Drawn by K. Ibraheem.

54



1.7.6.1 TRAF proteins in CD40 signalling

TRAFs are characterized by a C-terminal domain called TRAF-C domain which is
involved in the binding of TRAFs to CD40, two areas of zinc motifs (zinc ring and zinc
fingers) are involved in the recruitment of additional proteins, such as kinases for
activation of downstream transcriptional factors. The other main domain in the C-
terminus is referred to as N-terminal domain (TRAF-N domain) which is responsible
for homo- and hetero-dimerisation interactions of TRAFs (for instance TRAF2/TRAF
interaction) (Arch et al., 1998) (Figure 1.16).

Following CD40 engagement by its ligand CD40L, TRAFs are engaged to specific
motifs in the intracellular domain of CD40 (see Figure 1.13). The protein sequence
involved in the interaction of TRAFs with CD40 differs from one member to another;
thus, there is no consensus on the sequence responsible for this interaction, although
some sequences have been found to overlap between some members, such as
TRAF2 and TRAF3 (McWhirter et al., 1999, Ni et al., 2000). The consensus binding
sites identified for TRAF1, TRAF2, and TRAF3 are located at the membrane distal area
of the cytoplasmic end of CD40 (Figure 1.13) with the aa sequence PxQXxT

representing the binding site.

Finally, the zinc finger domain is important for CD40 signalling. The importance of this
domain has been reported by studies showing that CD40 signalling induction via
TRAFs proteins was inhibited upon ‘knockout’ of the zinc finger domain (Gail A Bishop
and Kraus, 2007).
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Figure 1. 16 Structures of the TRAF proteins

The diagram displays the structure of the main TRAF proteins identified and characterised to date, all
characterized by having a TRAF domain at their C-terminus which represents the binding site of TRAFs
to the receptor and can interact with other TRAFs via TRAF-N domain; also all TRAFs contain Zinc area
(Zinc finger and Zinc ring) with the exception of TRAF1. Drawn by K. Ibraheem.
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1.7.6.1.1 TRAF1

TRAF1 expression is significantly increased following CD40 activation (Zapata et al.,
2001), including following CD40 ligation in carcinoma cells (Georgopoulos et al., 2006).
Since TRAF1 lacks an N-terminal RING finger domain, it seems to be involved in
regulating the signalling of other members of TRAFs, particularly TRAF2 (Arch et al.,
1998, Bishop et al., 2007). The binding site of TRAF1 on CD40 overlaps with that of
TRAF2 and TRAF3, and it appears that TRAF1 is only able to interact weakly with
CD40, in the absence of the involvement of TRAF2 (Pullen et al., 1999). TRAF1
deficiency causes a decrease in TRAF2 recruitment to CD40 and an increase in the
enzymatic degradation of the receptor in B lymphocytes and APCs (Arron et al., 2002,
Xie et al., 2006). Moreover, the NF-kB pathway seems to be dependent on the
recruitment of TRAF1 and TRAF2, since the dual genetic deletion of both members
strongly attenuated NF-kB activation, in comparison to individual gene deletion of one

of these members (Xie et al., 2006).

1.7.6.1.2 TRAF2

The main role of TRAF2 is the activation of p38 MAPK, Akt, JNK and ERK1/2. In
embryonic fibroblasts and B cells from TRAF2-deficient mice, following the
engagement of CD40L to CD40 the activation of these signalling pathways was
significantly inhibited (Hostager et al., 2000, Brown et al., 2002). Moreover, after CD40
ligation, the recruitment of TRAF2 triggers recruitment of protein kinase mitogen-
activated kinase-1 (MEKK1) to the intracellular end of CD40, which is an essential step
in the activation of ERK1/2 proteins and activation of kinases JNK and p38 (Gallagher
et al., 2007). In B lymphocytes, TRAF2 also appears to participate in the activation of
NF-xB, in collaboration with TRAF6. Notably, however, the interaction of one or the
other with CD40 seems sufficient to induce activation of NF-kB, which was confirmed
by results showing that TRAF2 or TRAF6 deficiency does not cause abnormality in the
activation of NF-kB, but the double deletion of these two members caused severe
inhibition of this pathway (Hsing et al., 1997, Rothe et al., 1995, Yeh et al., 1997).

Despite its important role in the activation of signalling pathways induced by CD40, in

B cell signalling, TRAF2 also appears to have a negative regulatory function (Gardam
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et al., 2008) via its interaction with TRAF3. The interaction of TRAF2/TRAF3 allows
proteins clAP1 and clAP2 to degrade NIK protein, which inhibits activation of NF-xB
and promotes apoptosis (Vallabhapurapu et al., 2008). Moreover, the removal of an
accumulation of TRAF2 generates NIK in B cells (Vince et al., 2007). Following
stimulation with CD40L, this protein complex is destabilized and TRAF2/TRAF3 is
recruited to the CD40, which allows TRAF2 to activate NF-xB. Self-degradation of
TRAF2 and TRAF3 (via clAP1 / 2), has a role in releasing NF-kB and allow NIK to
activate NF-xB. In short, clAP1/2 play a dual role, that of degradation of NIK in the
basal conditions and degradation of TRAF3 upon binding of CD40L. Meanwhile,
TRAF2 also performs a dual function, i.e. that of its inhibitory role of NF-xB activation
via its interaction with TRAF3, and its activator role of NF-kB following its interaction
with CD40 and its subsequent degradation (Bishop et al., 2007, Brown et al., 2002,
Zarnegar et al., 2008).

1.7.6.1.3 TRAF3

TRAF3 was initially identified as an adaptor molecule that interacts with intracellular
end of CD40 and the Latent membrane protein 1 (LMP1) of EBV (Cheng et al., 1995,
Mosialos et al.,, 1995). Additionally, TRAF3 associates with other TNF-Receptor
superfamily proteins such as CD27, CD30, Lymphotoxin- receptor, OX40, 4-1BB,
RNK, HVEM, GITR, EDAR, XEDAR, BCMA, TACL and BAFF-R (Wajant et al., 2001,
Xu and Shu, 2002, Inoue et al., 2000).

It has been shown that TRAF3 has the ability to block the activation of NF-xB induced
by CD40 and TRAF2 overexpression (Rothe et al., 1995). TRAF3 negatively regulates
CDA40-stimulated antibody secretion, but it is not clear if this response mediated by NF-
kB inhibition (Hostager and Bishop, 1999). This implication is supported by
experiments showing that removal of this protein in B cells increases the activation of
NF-kB and JNK following stimulation by CD40L (Xie et al., 2004, He et al., 2004).
Furthermore, a study on mice deficient in TRAF3 showed an intracellular accumulation
of the NIK protein (Xie et al., 2004, Vallabhapurapu et al., 2008, Zarnegar et al., 2008).
However, activation of the NF-xB pathway in epithelial cells has been shown to be

promoted by overexpression of TRAF3, contrary to B cells (Propst et al., 2002), while
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Urbich et al. suggest that TRAF3 has dual functions depending on the cell type (Urbich
et al., 2001).

1.7.6.1.4 TRAF4

The first identification of TRAF4 protein was in the nuclei of breast cancer cells, and it
has also been detected in the cytoplasm of cells (Régnier et al., 1995, Glauner et al.,
2002). Little expression of TRAF4 has been observed by vascular cells. It is more
important in neuronal cell physiology and during embryogenesis (Régnier et al., 1995,
Masson et al., 1998). As mentioned above, TRAF4 seems unable to interact with CD40
(Krajewski et al., 1993). Paradoxically, TRAF4 has been implicated in promoting
apoptotic pathways mediated by p53, yet has been observed to inhibit Fas-mediated
cell death (Fleckenstein et al., 2003, Sax and El-Deiry, 2003). Expression of TRAF4 in
T cells is dependent on stimulators of the NF-kB pathway (Glauner et al., 2002).

1.7.6.1.5 TRAF5

The role of TRAF5 in CD40 signalling still unclear. It has been reported that TRAF5
unable to directly bind the cytoplasmic tail of CD40, but it seems to form a heterodimer
with TRAF3 and facilitates NF-KB activation (Gail A Bishop and Kraus, 2007).
Moreover, RNAi-mediated TRAF5 knockdown in B-cells significantly reduces the
activation of NF-kB, resulting in the reduction of co-stimulatory molecule expression
and antibody production by these cells (Bishop, 2004, Hauer et al., 2005, Nakano et
al., 1999).

1.7.6.1.6 TRAFG6

TRAF6 has been shown to play an central role in CD40 signalling pathway via its
specific binding site on the cytoplasmic tail of CD40 (Bishop et al., 2007). TRAF6 can
induce apoptosis via interaction with caspases and its activation by a RING domain-
dependent mechanism (He et al., 2006). However, inhibition of caspase activation via
TRAF6 and the PI3K/Akt pathway permits CD40 to protect B cells from Fas-mediated
(Benson et al., 2006).

Blocking of TRAF6 in human epithelial cells by RNAi meaningfully abridged the

activation of NF-kB pathways, p38, JNK and Akt following CD40 stimulation with
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CD40L, showing the importance of this TRAF member (Davies et al., 2005). TRAF6
interacts directly with TRAF2 to regulate the activation of NF-kB. This close
collaboration between TRAF2 and TRAF6 does not seem to necessarily depend on
the direct interaction with CD40 since, even in the presence of the deletion of the
binding domain of TRAF6 to CD40, TRAF6 is still able to interact indirectly with CD40
through its direct interaction with TRAF2 and activate several important signalling
pathways (Rowland et al., 2007). Under these conditions (where the binding domain is
removed from CD40), activation of CD40 leads to expression of CD80 receptor and
initiation of the JNK pathway (Rowland et al., 2007). One of the other important
functions of TRAF6 lies in PI3K pathway activation and subsequent activation of Akt,
which protects against apoptosis particularly in epithelial cells (Arron et al., 2002,
Davies et al., 2004).

1.8 The mitogen activated protein kinases (MAPKS)

Mitogen-activated protein kinases (MAPKS) are a preserved group of protein kinases
involved in an assortment of fundamental cellular progressions extending from maotility,
multiplying and existence to stress responses and apoptosis. MAPKs are
serine/threonine kinase activated by phosphorylation at specific Ser and Thr residues.
These kinases are part of phosphorylation cascades that have been well-characterised
in many species including mammals (Jin et al., 2013, L'Allemain, 1994). MAPK
cascades are involved in signalling pathways leading to mitosis, proliferation,
differentiation, cell growth, and cell death in response to intracellular and extracellular
signals (Johnson and Lapadat, 2002, Zhang and Liu, 2002).

1.8.1 General structure

Overall the MAPK family comprises five groups of kinases. Three main groups have
been widely studied: the extracellular signal controlled kinases 1 and 2 (ERK1/2), the
c-Jun N-terminal kinases (JNK) 1, 2 and 3 (also mentioned to as stress-activated
protein kinase, SAPK)) and the p38MAPK q, 3, y'and &. The other two groups include
Extracellular signal regulated kinases 3 and 4 and Extracellular signal regulated kinase
5 are less well known and their roles in cell signalling remains unclear (Coulombe and

Meloche, 2007). Downstream, the phosphorylated MAPK activate transcription factors
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such as c-myc, c-Jun, AP-1 and ATF2 but can also activate other kinases upstream
and downstream of the MAPK cascade, thus refining the regulation of signalling
pathways (Whitmarsh, 2007).

1.8.2 ERK 1/2

Extracellular signal regulated kinases (ERK) 1 and 2 were the first MAPKSs identified
as 42 and 44 kDa in size, respectively, and are the most studied. They are activated
by several factors such as growth factors, hormones, osmotic shock, cytokines, GPCR
(G-protein coupled receptors). They perform a main function particularly in cell

propagation and differentiation (Kang and Sucov, 2005, Kim et al., 2007).

The ERK pathway is composed of a multi-module complex where the protein kinases
Raf, MEK and ERK1/2 are activated in a cascade by sequential phosphorylation.
ERK/12 transmit the signal generated by the receptor by phosphorylating a variety of
substrates in different subcellular compartments, which leads to the execution of
various biological functions such as cell propagation, cell differentiation and cell
movement (Katz et al., 2007). Although ERK1/2 mainly promote cell survival, under
certain conditions, they can also demonstrate pro-apoptotic functions (Lu and Xu,
2006).

1.8.3 INK 1/2 (SAPK)

The c-Jun N-terminal kinase (JNK) or stress-activated MAP kinase (SAPK) has three
isoforms. These can be stimulated by several factors such as physical anxiety (heat,
UV, osmotic shock), chemical factors (pH, ROS), metabolic factors, biological factors
(bacterial proteins, cytokines). The typical pattern of MAPK activation is that MAP3K
(MEK1-4) activate MAP2K (MKK4 and MKK?7) to then activate MAPK. JNK activation
causes phosphorylation of transcription factors including c-Jun, ATF2, Elk-1, MEF-2
leading to the induction of expression of several genes. The JNKs are closely involved
in activation of apoptosis for instance following induction of ROS (as described in
previous sections 1.6.2). In addition to their action as pro-apoptotic proteins, they also
play anti-apoptotic functions according to the type of the cells and the quality of the
stimulation. As described in previous sections (1.6.2), transient JNK activation is

related to the cell existence, whereas continued JNK activation induces apoptosis
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signalling (Circu and Aw, 2010). JNK pathways predominate in cellular responses
initiated by adrenergic G-protein coupled receptors and tyrosine kinase receptors and
growth factors. They are also involved in several functions in cells physiology including
development of nervous system, regulation of insulin and obesity, hypertrophy and
heart failure (Brancho et al., 2003, Derijard et al., 1995).

1.8.4 The p38/MAPK

MAPK signaling pathways have been reported to activate four isoforms of p38 Ser/Thr
kinases p38a/Mpk2/CSBP, p38p3, p38y/SAPK3 and p386/SAPK4. Stimulation of p38
shows similarities to JNK activation. Firstly, those two MAPKSs were grouped under the
term SAPK. The cascade of p38 phosphorylation can be activated by many stimuli
such as osmotic shock, or UV irradiation, oxidative stress and anticancer agents.
Different stimuli can activate MAP3K (ASK, TAK, PTKs), which activate MAP2K
(MKK3, MKK®6) but also other cascades (such as MEK4, MEKK1, 2 and 5, ASK),
allowing them to phosphorylate p38. The p38 pathway displays an central function in
the induction of genes involved in the inflammatory response (Kontoyiannis et al.,
2001) . The p38 pathway is also involved in apoptosis induced by signals including Fas
(Juo et al., 1997), by loss of cell anchorage (Cardone et al., 1997) and also plays a

synergistic role with the JNK pathway in the induction of apoptosis (Xia et al., 1995).

1.9 The effect of CD40 ligation in cancer cells

It has been demonstrated that soluble CD40 ligand (sCD40L) can be cytotoxic to
CD40-transfected cervical and lung carcinoma cells only if protein synthesis is blocked,
mostly by using cycloheximide (CHX), and in combination with IFN-y. However,
membrane-presented CD40 ligand (mCD40L) is highly cytotoxic independently of
pharmacological intervention (Bugajska et al., 2002, Hess and Engelmann, 1996b).
Furthermore, ovarian cell lines show both apoptotic and non-apoptotic responses
demonstrating the context specificity of CD40 killing (Eliopoulos et al., 2000). Soluble
CD40 agonists without pharmacological intervention also trigger growth inhibition in
UCC, ovarian, cervical, squamous epithelial cells, transformed keratinocytes,
ectocervical epithelial cells and rat fibroblastic cell lines. Moreover, the toxicity of

cisplatin, TNF-a, Fas and ceramide in UCC cells can be enhanced by sCD40L
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(Eliopoulos et al., 1996), and of 5-Flurouracil and Mitomycin C in cervical and ovarian
cell models (Vardouli et al., 2009). sCD40L has also shown to have direct anti-tumour
effects in ovarian cell lines, ovarian cells obtained from ascites fluid and ovarian
adenocarcinomas transplanted into severe combined immunodeficient mice
(Ghamande et al., 2001), and still remains a promising tool for this type of cancer
(Scarlett et al., 2009). It has been suggested that CD40 binding may cause the
paracrine expression of TNF Fas and TRAIL, which mediate apoptosis via the extrinsic
cell death pathway (Eliopoulos et al., 2000). By contrast, more recent reports have
challenged this, implying CD40-mediated apoptosis is regulated by direct signalling
pathways involving the activation of the intrinsic pathway of apoptosis (Georgopoulos
et al., 2006, ElImetwali et al., 2010b).

CD40 engagement growth inhibits lymphoma cells and multiple myeloma (MM) cells
(Baker et al., 1998), however it can induce both proliferation and apoptosis among MM
cells (Qi et al., 2004). MM cells during transformation can demonstrate the ability to
down-regulate CD40 expression possibly allowing evasion of CD40L-induced T-cell
mediated apoptosis (von Leoprechting et al., 1999). Furthermore, in vitro, an equal
amount of CD40 engagement causes B-cell proliferation, whilst it growth-inhibits
carcinoma cells (Eliopoulos et al., 1996). Angiogenesis and proliferative state of some
cancers can also induced by CD40 ligation (Qi et al., 2004), confirming that CD40
responses are highly context-specific; a finding that is particularly exemplified by the
most unique feature of CD40, which appears to be its ability to kill malignant cells whilst
sparing normal human epithelial cells (NHU) (Bugajska et al.,, 2002) (also see

subsequent sections).

1.10 Mechanisms of CD40-mediated apoptosis in carcinoma cells

In vitro studies using cervical and ovarian carcinoma lines implied that the isoleucine
zipper sCD40L (in the presence of protein synthesis inhibitors) causes paracrine
expression of Fas, TRAIL and TNF to induce apoptosis. These classical “death
receptors” were shown to induce cell apoptosis via the extrinsic pathway, and inhibition
of caspase-8 attenuated CD40-mediated cytotoxicity (Eliopoulos et al., 2000). Yet,
CDA40 ligation by mCD40L in UCC cells stabilizes and recruits TRAF3, triggers JNK

and AP-1 activation and subsequent cell death. However, there is discrepancy over
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whether this is mediated via extrinsic or intrinsic pathways of apoptosis, or their cross-
talk(Georgopoulos et al., 2006, Elmetwali et al., 2010b). At least in part, there has been
a consistent implication for Bak and Bax expression and caspase-9 dependency;
therefore, it is likely that intrinsic pathways play a key role in the overall event, due to
their ability to create MOMP (Bugajska et al., 2002, Georgopoulos et al., 2006).
Furthermore, there is a report that TRAF6 attenuation is essential for mCD40L to
mediate its full apoptotic potential (EImetwali et al., 2010b). Perhaps some discrepancy
over the signalling mechanism underlying CD40-mediated cell death is attributed to
the mechanism of mCD40L delivery. Some studies utilise a co-culture method, which
involves the culturing of carcinoma cell with mCD40L expressing third party
cells(Bugajska et al., 2002), whereas others utilised paracrine expression of mCD40L
by transfection with a replication defective recombinant adenovirus(Elmetwali et al.,
2010b). Either way, the signalling events leading to JNK activation via TRAF3 are a
pre-requisite for the further understanding of the CD40-mediated pathway of cell death.

1.11 The importance of signal quality in CD40-mediated apoptosis

The susceptibility of carcinoma cells to CD40-mediated death was first demonstrated
by Hess and Engelmann (1996) and since there has been a number of investigations
into the capability of CD40 to prompt malignant cell death, particularly by Young and
colleagues. The response of carcinoma cell lines is highly affected by the type of CD40
agonist and mode of delivery, i.e. the “quality” of the CD40 signal, reflected by the
degree of receptor cross-linking which has a dramatic influence on the functional
outcome of CDA40 ligation. The significance of receptor cross-linking was also observed
in other members of the TNFRSF, such as Fas, which requires a minimum of a
hexameric ligand (Schneider et al., 1998). Similar observations have been reported for
TRAIL receptor activation (Steele et al., 2006). Yet, although in the case of other
TNFRs more cross-linking corresponds to more apoptosis, in the case of CD40 the
strength of the signal is often the difference between detectable apoptosis or not:
extensive cross-linking corresponds to high level of apoptosis, whilst treatment with
weakly cross-linked agonistic anti-CD40 antibodies causes little (in many cases, if any
apoptosis) and mainly growth-inhibition without pharmacological intervention (Tong et
al., 2001, Hirano et al., 1999). In addition to agonistic anti-CD40 antibodies, the main
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soluble recombinant CD40L preparations previously used are the leucine zipper-based
cross-linked CD40L (Morris et al.,, 1999) (by Immunex) and less cross-linked
preparations, such as the FLAG-tagged CD40L(available by various commercial
suppliers). Although sCD40L biologically mimics the action of mCD40L in some cell
models, particularly in the case of B cells, it appears that more extensive cross-linking
is required for biological activity in the induction of carcinoma cell apoptosis (Bugajska
et al., 2002, ElImetwali et al., 2010b, Georgopoulos et al., 2006, Dunnill et al., 2016).

1.12 Malignant transformation and susceptibility to CD40 ligation

The lack of consistency with regards to the use of cell models and ligand delivery
strategies has made the full understanding of CD40-mediated apoptosis difficult. Using
the robust and well-characterised urothelial cell model, Georgopoulos and colleagues
however have delivered understandings into biological aspects that underlie the effects
of CDA40-killing. The model utilises normal urothelial cells (NHU) and well-
characterised, established malignant urothelial cell carcinoma (UCC) lines, as well as
normal cell derivatives with defined genetic alterations, referred to as “para-malignant”
cells (Crallan et al., 2006). The use of this system has permitted studies that have
attempted to address 1) the significance of the amount of receptor cross-linking on
efficient consequence, 2) the important intracellular signalling events that regulate
CD40-mediated apoptosis and 3) the influence of malignant transformation on CD40-
mediated effects on epithelial cells (Dunnill et al., 2016). (Figure 1.17). Fundamental
was the observation that without pharmacological intervention soluble CD40 agonists
are growth inhibitory and non-toxic to carcinoma cells, whereas mCD40L is highly
apoptotic and in a tumour cell-specific fashion (Bugajska et al., 2002, Eliopoulos et al.,
1996). However, it appears that the precise mechanism of apoptosis might show some
differences between different carcinoma cells types (Mohamed et al, manuscript in
preparation) (Figure 1.17). Thus it was of interest to apply this system on other types
of carcinoma cells including RCCs.

Further exploration has shown that the differential susceptibility between normal and
malignant urothelial cells may be attributed to events relating to changes observed
during malignant transformation (Shaw et al., 2005). In this context, the human

papillomamovirus-16 (HPV-16) E6 oncoprotein immortalises NHU cells in vitro and
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renders them susceptible to CD40 and to the same extent observed with UCC cell
lines. It has been suggested that this may be most likely attributed to the ability of E6
to abrogate p53 function (Bugajska et al., 2002) and cause the activation of human
telomerase, which consequently disrupts pl6 expression and allows constitutive
stimulation of the Retinoblastoma (Rb) pathway (Kiyono et al., 1998, Dickson et al.,
2000).

Using paramalignant NHU cell derivatives with inactivated p53 and p16 function the
effects of mMCD40L-CD40 ligation were studied. Interestingly, p53 loss-of-function cells
did not show CD40 susceptibility, however loss of p16 function rendered urothelial cells
partially susceptible to CD40 in comparison to HPV 16 E6 over-expressers and fully-
malignant UCC cells. These findings suggested that loss of p16 and thus possibly over-
activation of the Rb pathway is a contributory factor in the sensitivity of cells to CD40
killing (Shaw et al., 2005). The reasons underlying the partial susceptibility remained
until recently unknown and it has been important to understand what the other
determinants of susceptibility are. For instance, as HPV EG6 affects telomerase activity
(Reznikoff et al., 1996), it is of interest to recognise the function of telomerase over-
activation in CD40 susceptibility. More recent studies have shed light into these
possibilities as it has been shown that over-expression of the catalytic subunit of
telomerase (hTERT) not only immortalises NHU cells but also renders them highly
susceptible to CD40 ligation via mCD40L (Dunnill et al., 2016).

1.13 Targeting CD40 for immunotherapy

The great capacity of CD40 to activate the immune response permits the possibility of
using agonistic CD40-targeting humanised mAbs for the treatment of cancer. Such
mAb preparations can enhance the immune response against tumours via activating
APC and DC and supporting an effective cytotoxic T-cell response (Khong et al., 2012).
In phase | and Il clinical trials for cancer treatment, the anti-CD40 CP-870,893
humanised mAb showed improvement in the response of T-cells against tumour
antigen (Fonsatti et al., 2010). The most promising results reported are when CD40 is
delivered with chemotherapy which poses an interesting concept as this type of
treatment normally depletes immunocytes The results were achieved without blocking

for the cytotoxicity of agonistic Ab (Khong et al., 2012). Several clinical trials have been
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performed for testing The synergism between chemotherapy (as a promoter for tumour
antigen release) and CD40 agonists (as APC activator), and the results were
promising, but many challenges remain to be resolved including a proper
combinations, mode of administration and optimal dose reviewed in (Vonderheide and
Glennie, 2013).
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Figure 1.17 Signalling through CD40 in carcinoma cells

Diagrammatic representation of our current knowledge of signaling events triggered by CD40 in carcinoma cells based on findings from our laboratory. CD40
ligation in carcinoma activates (stabilizes) TRAF3 and TRAF3 can either activate ASK-1, MKK7, MKK4 and JNK/AP-1 which induces expression of components
of the mitochondrial pathway. TRAF3 may help phosphorylate the NOX-2 component p40phox that is responsible for ROS production which then permits
phosphorylation of ASK-1, JNK activation and apoptosis (Georgopoulos 2006; Dunnill 2016). Alternatively, CD40 can trigger p38 and JNK which may induce
cross-talk with the extrinsic pathway and up regulate TRAIL to induce apoptosis via caspase 10 (Mohamed et al, manuscript in preparation). Drawn by K.
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1.15 Kidney cancer
1.15.1 Kidneys

Kidneys are important organs of the urinary system located one on either side of the
spine. The processes by which kidneys regulate the composition of blood include:
maintaining ions and other blood components at constant concentration, by removal
of waste and unwanted water from the body and maintaining the acid/base balance in
the body. These maintenance processes are controlled by three processes: A)
Filtration of blood into the nephron’s lumen; B) Reabsorption of required components
from the lumen and by return to the blood; and C) secretion of some toxic products
from the blood to the nephron and then outside of the body in the form of urine (Gland,
2012).

1.15.2 Cancer

Cancer in general is a disease characterized by out-of-control cell growth. There are
many types of cancer, each classified by the type of the cell that is affected. Cancer
harms the body when aberrant cells divide uncontrollably to form lumps (masses) of
tissue (tumours), except in the case of leukaemia where cancer involves abnormal cell
division in blood cells. Tumours can grow and interfere with vital systems such as the
digestive, nervous, and circulatory system. Tumours that stay in their tissue of origin
and demonstrate tissue-limited growth are generally considered to be benign.
Malignant tumours form when cancerous cells manage to move escape the tissue
using the blood or lymph systems, destroying healthy tissue in a process called
invasion. When a tumour spreads to other parts of the body, invading and destroying

other healthy tissues, this process is called metastasis (Kenny, 2012).

Tumourigenesis in humans is the result of a multistep process which often involves

genetic (and epigenetic) alterations that lead to the progressive conversion of normal

human cells into malignant cells and mainly involve activation of oncogenes and

inactivation of tumour suppressors. Genetic predisposition can be a critical factor, as

is age, an important risk factor for cancer. Several viruses have also been linked to

cancer such as papillomavirus and hepatitis B and C as well as some carcinogenic
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substances are directly responsible for DNA damage and causing cancer, for example

tobacco and radiation (Hanahan and Weinberg, 2000).

The progression of tumour arising from epithelial tissue to high pathological grades
and stages indicates a topical invasion and metastasis. A key stage of this progression
is often the loss of E-cadherin by carcinoma cells as part of the important phenomenon
of epithelial-mesenchymal transition (EMT) during which E-cadherin is down-
regulated. E-cadherin is a major cell-to-cell adhesion molecule that forms the
adherence junctions with neighbouring epithelial cells to provide epithelial cell sheets.
Therefore, the decreased in expression of E-cadherin result in highly invading cancer
cells. On the contrary, N-cadherin that expressed normally in migrating neurons and
mesenchymal cells during organogenesis is up-regulated in many invasive carcinoma
cells (Hanahan and Weinberg, 2011).

1.15.3 Kidney cancer

Kidney cancer represents approximately 3% of all cancers. It can occur either in the
kidney center in which the urine is collected (renal pelvis carcinoma) or in the lining
tissues of the proximal tubules of the kidney’s nephrons in which blood filtration from
toxic products takes place. The incidence of kidney cancer has increased steadily, and
it has been estimated that in the United States more than 38,000 people developed
RCC and more than 12,000 were dead from the disease (Jemal et al., 2006). While
58,000 persons were affected with kidney cancer and around 13000 out of them died
in 2010 (Jemal et al., 2010). In comparison, in 2013 around 65,150 cases were
diagnosed with kidney cancer (de Moor et al., 2013). RCC affects more men than
women (approximately 2-3 times) and it increases with age. Kidney cancer is more
common in people over 60 and rarely affects people under 40 and children (Vogelzang
and Stadler, 1998).

There are several types of kidney cancer. Based on histological examination, clear cell
carcinoma (renal cell carcinoma, RCC) is the most common subtype of renal cell
cancer and it accounts for more than 75% of cases. The tumour usually arises from
the proximal renal tubule and patients have inactivated von Hippel-Lindau (VHL) gene.

The second most common type of kidney cancer is known as papillary tumour,
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estimated to occur in about 10% of cases. The tumour also arises from proximal
tubules but without inactivation of VHL gene. Other tumours of the proximal tubule
include Sarcomatoid which is related to p53 inactivation (Vogelzang and Stadler,
1998). Chromophobe renal cell carcinoma subtype occurs in few cases. A very rare
subtype is duct renal cell carcinoma. Cancer that develops in the lining of the pelvis
called transitional cell carcinoma occurs in about 5%-10% of kidney cancer. The
children kidney cancer Wilms tumour (or nephroblastomas) account for ~5% of kidney

cancer (Cancer research UK http://www.cruk.org/cancerhelp; and NHS www.nhs.uk).
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1.16 Aims of study

This study was aimed for the first time to investigate the CD40 expression on human
RCC cells and explore the efficient outcome of its stimulation in human RCC by
unravelling the signalling events and the capability of membrane CD40 ligand to
stimulate CD40-mediated apoptosis in RCC cells. Overall aim is to determine the

potential of CD40 as a therapeutic target in RCCs.

More specifically:

Chapter 3:

To characterise the expression and functional activity of CD40in RCCs.

% Using different techniques (Western blot/ Flow cytometry) to investigate the

expression of CD40 on a panel of well —characterised RCC cells

% To activate CD40 on RCC, different modes of CD40 ligation were used including
a co-culture system for delivery of mCD40L versus treatment with agonistic anti-
CD40 antibody.

% A series of assays based on characterisation of different features of apoptosis
were optimised for the detection of CD40-mediated apoptosis in RCC cells

Chapter 4:

% Investigate the stimulation of pro-inflammatory cytokine (IL-8, IL-6 and GM-

CSF) secretion following CD40 ligation

Chapter 5:

Determine the physiological response to the activation of CD40in RCCs, using in vitro

cell model.

% Apoptosis detection assays, immunoblotting, and pharmacological inhibitors
were used to study for the first time the regulation of key intracellular

components involved in CD40-mediated apoptosis in RCC cells
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% Studies were carried out for the first time to identify the involvement of the ROS
pathway in CD40-mediated apoptosis by examining the ROS generation,
involvement of NADPH oxidase (NOX) during CD40-mediated apoptosis

Chapter 6:

Using normal human renal proximal tubule (HPRT) cells and utilise apoptosis assays

and immunoblotting to for the first time

% Examine the expression of CD40 on normal HRPT cells by different techniques
(immunoblotting and Flow cytometry)

% Examine the outcome of CD40 ligation in normal cells and investigate the

tumour specificity of CD40-mediated killing

73



Chapter 2

Materials and Methods
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2. Materials and Methods
2.1 General

All laboratory work was performed in the School of Applied Sciences, at the University
of Huddersfield in the JP2/70 and JP1/68 laboratories.

2.2 Disposable plasticware

Sterile and non-sterile plasticware was purchased from different suppliers (Sarstedt,
Fisher Scientific, Greiner Bio-One or Alpha Laboratories). Non-sterile, disposable
plasticware was decontaminated by autoclaving in a Prior Clave/London Autoclave at

121°C under pressure (2 Bar) for 15 min and then left to dry at room temperature.

2.3 Stock solutions

The chemical reagents were either of methodical or tissue culture grade as suitable for
the experiments and were supplied by Sigma Aldrich unless otherwise stated. General
laboratory stock solutions were made in the laboratories with deionised water (dH20).
The solutions which were used in tissue culture were made with ultra-pure water from

a LabStar Ultra Violet purification unit and sterilised as previously {Dunnill, 2013 #608}.
2.4 Reagents

2.4.1 Primary antibodies

A list of the primary antibodies that used in this study are presented in Table 2.1, the
Antibodies were stored according to the manufacturer’s instructions until required.
TBS-Tween buffer (0.1% Tween20) was used to dilute the stock antibodies and made
the Working antibody solutions. The dilution factor was dependent on the

manufacturer’s instructions.
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Table 2.1 Primary antibodies

Catalogue no/

Molecular weight

Antigen Clone Host Supplier (product of) Dilution Application (kDa)
: 1:500 in TBS
Human CD40L AF617 Rabbit R&D systems Tween20 0.1% FC, WB 37
. . . 1:500in TBS WB, IP, IF, FCM
TRAF3 sc-949 / c20 Rabbit Insight Bio (Santa Cruz) Tween20 0.1% and ELISA 65
TRAF1 sc-7186/h-186 | Rabbit | Insight Bio (Santa Cruz) oo e, 1P, IF and 52
TRAF2 SC-876/c-20 | Rabbit |  Insight Bio (Santa Cruz) Tl\:,vlé)gr?zg OT ?gj’o WB’E'FL’I'S'; and 50
. . . 1:1000in TBS WB, IP, IF and
TRAF5 7220/H-257 Rabbit Insight Bio (Santa Cruz) Tween20 0.1% ELISA 55
) . WB, IP, IF,
TRAF6 sc-8409 Mouse Insight Bio (Santa Cruz) 1:500In TBS IHC(P) and 60
Tween20 0.1% ELISA
Phospho- New England Biolabs 1:1000 in TBS, 5%
SEK1/MKK4 #4514 (C36C11) | Rabbit (NEB)/Cell Signalling w/v BSA, 0.1% WB, FC 44
(Ser457) Technology (CST) Tween20
1:1000 in TBS, 5%
e #4171 Rabbit NEB (CST) wiv BSA, 0.1% WB 48
(Ser271/Thr275)
Tween20
1:1000 in TBS, 5%
JNK/SAPK #9258 Rabbit NEB (CST) w/v BSA, 0.1% WB 46, 54
Tween20
1:1000 in TBS, 5%
FNESEIE-A S #3794 Rabbit NEB (CST) wiv BSA, 0.1% WB 155

(Ser967)

Tween20
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46 (phospho-

Phospho- 1:500 in TBS, 5% wl/v INK1) 54
JNK/SAPK 255 (G9) Mouse NEB (CST) non-fat dry milk, 0.1% | WB, IP IF, FC (Phospho-
(Thr183/Tyr185) Tween20 P
JINK2/3)
1:1000 in TBS, 5%
ASK1 #3762 Rabbit NEB (CST) w/v BSA, 0.1% WB 155
Tween20
2282-MC-100 . 1:500 in TBS 0.1%
BAX (YTH-2D2) Mouse R&D systems (Trevigen) Tween20 WB, IP 23
. H 0,
BAK AF816 Rabbit R&D systems 1:500in TBS 0.1% WB 28
Tween20
Phospho-p40phox . 1:500 5% wi/v BSA,
(Thr154) #4311 Rabbit NEB (CST) 0.1% Tween20 WB 40
Human . 1:500 5% w/v BSA,
Thioredoxin #2285S Rabbit NEB (CST) 0.1% Tween20 WB 12
B-actin i . 1:20,000 in0.1%
Clone AC15 A5441 - 2ML Mouse Sigma Tween20 WB 42
1:500 in0.1%
CD40 Sc-13128/ (H Mouse NEB(CST) Tween20 WB 43
. 1 0
CK18 C8541 Mouse Sigma-Aldrich 1:20001in0.1% wWB 45
Tween20
. 1:1000 in 0.1%
CK8 081213 Mouse Invitrogen Tween20 WB 45
i 0,
CK8/18 889257A Mouse Invitrogen 1.10001in g'ol % Tween WB 52/48
i 0,
Phospho-P38 4511 Rabbit NEB (CST) 1.5001n Oz'é/" Tween WB 40

The table illustrate full information about all primary antibodies that used in this study.
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2.5.2 Secondary antibodies

Monoclonal antibodies were detected by the addition of the Molecular probes Alexa Fluor®
680 Goat anti-mouse IgG (H+L) antibody (Invitrogen). Goat anti-Rabbit 1gG IRDYES800
antibody (Tebu-bio) was used for the detection of all polyclonal antibodies. Fluorochrome
conjugated secondary antibodies were diluted freshly just before use.

2.5.3 Agonists & antagonists

Table 2.3 illustrate the Pharmalogical agonists and antagonists as well as agonistic
antibodies. Either tissue culture grade dimethyl sulphoxide (DMSO) or sterile dH20
were used for re-formation according to the manufacturer’s instructions. These were
aliquoted in small Eppendorf tubes and stored for single use at -20°C according to the
provider recommendation. Earlier to use, the cell viability assay (CellTiter 96® AQueous
One Solution Cell Proliferation Assay; Promega, UK) was used to titrate all these
agents to determine the highest effective and non-toxic amount. At the first mention of

all such reagents used in this study, the suppliers were indicated as appropriate.
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Table 2.2 Agonists & antagonists

Compound Target Supplier Stock concentration Effective concentration

N-acetyl L-cysteine (NAC) ROS Sigma 30mM (culture media) 30mM

DPI NADPH Oxidase Sigma 10mM (DMSO) 0.5uM
SP600125 JNK Enzo 20mM (DMSO) 5uM
NDGA AP-1 Sigma 20mM (DMSO) 5uM
SB202190 p38 Sigma 20mM (DMSO) 5uM
PX-12 Thioredoxin Sigma 20mM (DMSO) 1-3uM
Diethyl Maleate Gluthathione Sigma 6.45 Molar 75uM
Staurosporine Protein Kinases Sigma 100uM 1-10pM
Caspase-8 Inhibitor Caspase-8 R&D systems 20mM 25uM
Caspase-9 Inhibitor Caspase-9 R&D systems 20mM 100uM
Caspase-10 Inhibitor Caspase-10 R&D systems 20mM 100uM
General caspase Inhibitor (Z-VAD) Caspases R&D systems 20mM 100uM
Hydrogen peroxide N/A Sigma 9.79M 100puM-3200uM
G28-5 mAb CD40 N/A 1.1mg/ml 10pg/ml
IFN-y Human recombinant Human Tebu-bio 20x106 u/ml 1000 & 100 U/ml
TNF-a Human recombinant Human Tebu-bio 20x10° u/ml 1000 & 100 u/ml

The table show a list of agonists and antagonists employed in this work, with their objective molecule, the provider, and the standard and working applications.
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2.6 Tissue culture

2.6.1 General

All tissue/cell culture work was carried out using hygienic strategies within a HEPA
filtration CellGard class Il biological safety cabinet (NUAIRE). Erlier to and after use,
70% (w/v) ethanol, (99% Ethanol solution (Fisher) was diluted properly (150ml: 350ml)
with purified autoclaved dH20) and used to sterilised the internal working areas inside
the cabinet. Mikrozid® (Gompel Healthcare) was used to disinfect the internal hood
discharges and this was also used for a monthly routine sterilisation. A large conical
flask containing 10% (w/v) Virkon was used to remove any annoying cells, drained
media or solutions. The flask then left for about 30 min before being poured and

washed into sewage.

The cell culture reagents were of tissue culture rank, and were a purchased from
Sigma. Hettich Zentrifugen Universal 320 bench top centrifuge was used for cells
centrifugation for 5 min at 1500 RPM (210 RCF) and to isolate cells from solution.
Marienfield Neubauer improved bright line haemocytometer was used for cell counts
which were completed from cell suspensions prior cells were cultured at appropriate

cell number.

2.6.2 Maintenance and passage

Iso class 5 Nuaire Autoflow direct heat COzincubator with a HEPA filtration system at
37°C in a 5% CO:2 humidified atmosphere was used for cells maintenance. For
humidification, the incubators contained a tray with sterile (autoclaved) dH:20,
supplemented with Sigma clean (Sigma) or AQUAGUARD-1 Geneflow Limited), as

recommended by the respective suppliers.

Phase contrast microscopy using an EVOS XL (PegLab, and now Fisher Scientific)
inverted microscope at x100 (or x200) magnification was used for daily observation of
seeded cells. For cells culture, T75 flasks with 12-14ml medium or T25 flasks in 5ml
medium were used and incubated at 37°C under 5% CO2. When cells being confluent

in about 85-90%, Sub-cultured was performed for all cell lines.
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For repetitive passaging, cells were washed with with 0.1% (w/v) EDTA in phosphate
buffered saline (PBS) (Ca2+ and Mg2+ free) (Invitrogen) for 2 min, then trypsin-EDTA
(Sigma) in Ca2+ and Mg2+ free Hanks-balanced salt solution (HBSS, Sigma) was
added, when cells lifted, Trypsin was inactivated by the re-addition of the respective
serum-supplemented culture medium when cells were re-suspended. For long term
storage, following growth and appropriate passage, cell ‘banks’ and ‘sub-banks’ were

cryo-preserved as described in section 2.6.3 (below).

2.6.3 Cryo-preservation and recovery of cell lines

A Statebourne storage dewar containing liquid nitrogen at -196°C was used for
cryopreservation of cell lines, cultured cells were lifted as for normal passaging (as
described in section 2.6.2) and centrifuged. Then cell re-suspended in the proper ice-
cold growth medium complemented with 10% (v/iv) FBS and 10% (v/v)
dimethylsulphoxide (DMSO) at a cell density not less than 1x10° cells/ml.
polypropylene cryovials (Sarstedt was used for cells aliquote in a total volume 1-1.5
ml/vial, cooling rate 1°C per minute was achieved by transferring the vials to an ice-
cold Nalgene “Mr Frosty” (Fisher) containing 250ml of isopropanol (Fisher). Cells were

then located in a -80°C freezer for 4-6 h earlier to allocation in liquid nitrogen.

Fast thawing at 37°C was carried out, and 5-10 ml of culture medium was added. Then
centrifuged at 1500 RPM (210g) for 5 min. Cells were then cultured in a tissue culture
flasks as necessary.

2.6.4 Primary cell culture

Primary Human Renal Proximal Tubule Epithelial Cells (HRPTEpIC), purchased from
Caltag Medsystems Ltd) were isolated from human kidney (and henceforth referred to

as HRPT cells). HRPT were cryopreserved at passage one and delivered frozen.

According to the supplier's instructions, HRPT were maintained in Epithelial Cell
Medium (EpiCM) supplemented with 10 ml of FB, 5 ml of Epithelial Cell Growth
Supplement and 5 ml of penicillin/streptomycin solution (P/S) (Caltag Medsystems). At
all times, cells were cultured in T25 flasks with 5 ml medium and incubated at 37°C

under 5% CO2, then sub-cultured when they were ~80-90% confluent. HRPT cells
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were harvested by initial washing with 0.1% (w/v) EDTA in PBS solution for 3 min,
followed by addition of Trypsin-EDTA solution until cells lifted. Trypsin was inactivated
by the re-addition of 5 ml of complete medium. Any traces of trypsin were excluded by
centrifugation and re-suspension in 5 ml of fresh complete medium. This technique
was used for routine passage and HRPT cells used in this study were only between

passages 1-4.

For cell death detection (CytoTox-Glo) assays only, these cells were adapted in DR5%
medium to avoid high background interference from the effector (3T3-CD40L and 3T3-
Neo) cells (see section 2.6.6), as effectors were highly sensitive to any changes in the

normal culture medium (DR5%).

2.6.5 Carcinoma cell culture

Three Renal Cell Carcinoma (RCC) cell lines were used in this study: ACHN, 786-0
and A-704 (Brodaczewska et al., 2016). The cell surface (membrane) and total
expression of CD40 receptor in these lines is described in Chapter 3.The malignant
bladder carcinoma cell line (EJ) and the colorectal adenocarcinoma cell line (HCT116)
were also used as positive controls as previously (Georgopoulos et al., 2007,
Georgopoulos et al., 2006).

As recommended by the cell suppliers, ACHN (Fibroblast phenotype, purchased from
Sigma) was initially cultured in complete DMEM 10% FBS; 786-0 (epithelial phenotype,
purchased from ATCC) was initially grown in RPMI 10% FBS and A-704 (epithelial
phenotype, purchased from Sigma) was initially maintained in EMEM 10% FBS.

For ease of maintenance as well as experimentation purposes, all three cell lines were
gradually adapted for culture in ‘DR medium’ by following a sequential adaptation
methodology. Once adapted, all RCC lines were conserved in a 50:50 (v/v)
combination of Dulbecco’s modified eagle medium (DMEM Sigma) and Roswell Park
Memorial Institute 1640 (RPMI Sigma) (referred to as D:R medium). 5% fetal calf
serum (FCS Biosera or Sigma) and 1% L-Glutamine (Sigma) were added to this

medium.
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More specifically, adaptation into DR5% FBS medium performed by culturing and
passaging through gradual reducing in the amount of standard (recommended) culture
medium. Briefly, this involved: medium-change of cells following healthy growth from
standard culture medium to 9:1 (v/v) standard medium:DR5% (i.e. 10% DR5%) (step
1); medium change to 3:1 (v/v) standard medium:DR5% (i.e. 25% DR5%) and passage
(step 2); medium-change to 1:1 (v/v) standard medium:DR5% (i.e. 50% DR5%)
followed by passage (step 3); medium-change to 1:3 (v/v) standard medium:DR5%
(i.e. 75% DR5%) and passage in this medium (step 4); medium-change to 1:9 (v/v)
standard medium:DR5% (i.e. 90% DR5%) and passage (step 5); final medium-change
to DR5% only and subsequent passage (step 6).

2.6.6 Murine fibroblast (3T3) cell culture

The NIH3T3 fibroblast cell line has been isolated from mouse and two expression
plasmids were used for the transfection, one of them with the sequences coding for
CD40L and Neomycin resistance gene (3T3-CD40L cells) and the other one was for
Neomycin resistance only (3T3-Neo cells), as described by Bugajska et al. (2002). DR
medium supplemented with 10% FCS, 1% L-Glutamine and 0.5ug/ml G418 (Invivogen
supplied by Source BioScience LifeSciences) was used for the maintenance of these
derivatives 3T3s, and to ensure cells maintained transgene expression. Continuously,
3T3s cell lines were maintained in the mentioned medium and incubated at 37°C in
5% CO:2 or collected and passaged similar to carcinoma cells but with the diminutive
time of treatment with 0.1% (w/v) EDTA in PBS as prolonged periods risked quick cell

dissociation.

2.6.7 Mycoplasma testing

It has been documented that Mycoplasma spp. infection is a substantial problem in
eukaryotic cell culture which cause variable experimental outcomes (Capes-Davis et
al., 2010). The intracellular bacterial infection with Mycoplasma spp were investigated
regularly for all cell lines in our lab. The MycoProbe™ Mycoplasma detection assay
(R&D systems) which is designed for the screening of cultured cells was used for the
detection of Mycoplasma 16S ribosomal RNA (rRNA) depending on the intensification

system for colorimetric signal. The sensitivity of this kit is similar to PCR. The test was
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achieved according to the manufacturer instructions that included preparation of
samples in 96 well plates, and the recognition of 16S Ribosomal RNA by ELISA
technique. FLUOstar OPTIMA (BMG Labtech) plate reader at 492nm absorbance was
used for the detection of the signal. The kit was provided with positive control samples

which used to compare the results.

2.7 Methods for CD40 ligation

The ligation of CD40 receptor for the experiments defined in this study was achieved
by either membrane CD40L or soluble agonist.

Membrane-presented CD40L (mCD40L) was achieved by co-culture of 3T3CD40L
cells (mCD40L) with CD40-positive target RCC cells. As a negative control RCC cells
were also co-cultured with equal number of 3T3Neo cells (Controls).

Both CD40L positive and negative 3T3s were growth arrested by treatment with
10pg/ml of Mitomycine C (Santa Cruz) for 2 h in DR medium then washed 3 times with
1X PBS, harvested and seeded either in 96 well plates at 1x10* cells/well for apoptosis
detection assays, in 10cm? culture dishes at 3x108/dish for protein lysates preparation
or in 24 well plates at 6x10for supernatant collection. Following overnight incubation,
culture medium was removed and epithelial cell suspensions were added at 8x103
cells/well in 96 well plates, 3x10® in 10cm dishes or 5x10% in 24 well plates (as

optimised in this study).

Receptor ligation by soluble CD40 agonist was performed by treatment of RCC cells
(at density of 8x102 cells/well in 96 well plates and 5x10% in 24 well plates) with 10ug/ml
of well-characterised agonistic monoclonal antibody (mAb) G28-5 that purified from
cultured supernatant of the hybridoma line HB9110 (Bugajska et al., 2002,
Georgopoulos et al., 2006).. For most experiments the G28-5 antibody was cross-

linked with Goat anti-mouse IgG cross linking secondary antibody (Sigma).
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2.8 Detection of cell viability, cell death (apoptosis) and reactive
oxygen species (ROS) generation

2.8.1 General

For most assays, epithelial cells were co-cultured with either 3T3-CD40L (mCD40L) or
3T3-Neo (Control) cells. To calculate cell death, background fluorescence and
luminescence readings were subtracted pairwise as appropriately, (e.g.
“mCD40L/ACHN — mCD40L” and “Control/ACHN — Control” readings). The exemption
was DNA fragmentation as this was unnecessary due to the pre-labelling of target

epithelial cells. Finally, in all experiments blank controls were included as appropriate.

2.8.2 Detection of cell growth (viability)

RCC cells were cultured into 96 well, and 5 wells were used as technical replicates.
Plates then incubated overnight, after cells adherence, cells were treated with either
pharmacological agonists or inhibitors. Following a proper incubation. Cells viability
was determined by using the cellTiter 96® AQueous One Solution according to
manufacturer’s instructions. FLUOstar OPTIMA (BMG Labtech) plate reader was
used at a wavelength of 492nm and data was acquired using MARS software (BMG
Labtech). Microsoft Excel was used to analysed the data and the percentage of cells
viability was compared with the controls and the following formula was used

(T/C) x100, where T= treated cells and C= controls non treated cells.
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Figure 2.1 The principle of MTS tetrazolium assay

The MTS  solution contains  tetrazolium compound 3-(4,5-dimethythiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyle)-2H-tetrazolium and the reagent phenazine ethosufate
(PES), which customs as an electron connecter reagent that can bind with MTS to form a constant
solution. Viable cells reduce this regent to form coloured solution (Formazan) which is soluble in the
medium. The density of the colour is directly proportional with the number of viable cells. The figure is
adapted from the manufacturer’'s webpage (www.promega.com).
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2.8.3 Detection of cell death using caspase3/7 assays

One of the well-recognised feature of cell apoptotic cell death is the Caspases 3 and 7
activation, which are objective a definite amino acid sequence established on several
proteins which eventually cause programed cell death (apoptosis). The activation of
Caspases 3/7 was estimated by SensoLyte® Homogenous AFC Caspase-3/7

substrate (supplied by Cambridge Bioscience).

2.8.3.1 SensoLyte® Homogenous AFC Capase-3/7 assay kit

RCC cells were co-cultured with membrane CD40L in 96 well plates as described in
section 2.8. Following an appropriate incubation time. The Caspase3/7 activity was
determined using the above kit according to the manufacturer’s instructions (Figure
2.2). The measurement using FLUOstar OPTIMA (BMG Labtech) plate reader was
performed as previously {Dunnill, 2013 #608}. Fibroblasts cells were cultured alone

and the calculation was carried out as explained in Section 2.8.1.
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Figure 2.2 The opinion of SensoLyte® Homogenous AFC Capase-3/7 assay kit

The caspase-3/7 Ac-DEVD-AFC substrate is weak fluorescent compound which cleaved by the action
of caspase 3/7 and converted to highly fluorescent complex. The intensely of fluorescent is related to
the cleavage activity of caspase 3/7. The diagram adapted from manufacturer’s website.
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2.8.4 Estimation of cell death using the CytoTox-Glo™ assay

The CytoTox-Glo kit was designed to detect the protease activity which is usually exist
inside the cells, the disintegration of the cell membrane during apoptosis process
resulted in the release of the protease which ultimately cleave AAF-Glo™ substrate
and cause the generation of luminescence signal which increased depending on the

amount of cell death (Figure 2.3).

RCC cells were co-cultured with mCD40L as described in section 2.8.1. Following an
appropriate incubation at 37°C in 5% CO. The estimation of cell death was performed
according to the manufacturer’s instructions. FLUOstar OPTIMA (BMG Labtech) plate
reader was used to detect the Luminescence, using the Gain adjustment on the MARS
software to guarantee the estimations were engaged within the dynamic range of the
machine. Readings were taken and Microsoft Excel was used to analyse the data.
Fibroblasts cells were cultured alone and the calculation was carried out as explained in
Section 2.8.1.
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Figure 2.3 The opinion of the CytoTox-Glo™ assay

The Aminoluciferin is released by the action of protease and act as substrate for the luciferase that
present in the solution resulting in light production. The diagram adapted from manufactures

website.
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2.8.5 DNA fragmentation ELISA for the detection of apoptosis

Following labelling with DNA labelling agent according to the manufacturer’s
instructions. 1x PBS was used for RCC cells washing one time, then cells were
harvested, counted and then co-cultured with mCD40L as described in section 2.8.1.
The DNA fragments were determined in culture supernatants by DNA fragmentation
ELISA kit according to the manufacturer’s instructions (Figure 2.4). FLUOstar OPTIMA
(BMG Labtech) plate reader was used to measure the absorbance at 455-10nm filter.
Readings were picked up and Microsoft Excel was used to analyse the data. Brdu was
used to labile only the RCC cells. Therefore, the background of 3T3s was excluded.
For positive control 5uM of Staurosporine was used and the percentage of apoptosis

was estimated using the following equation.

_ (Target cells + Killer cells)
% of apoptotic cells = - x 100
(Target cells + Staurosporine)
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Figure 2.4 Opinion of DNA fragmentation kit

BrdU-labelled fragments of DNA from co-culture supernatants are caught by the antibody that coat the
ELISA plate. Microwave was used at 500 Watt for 5 min for denaturation then secondary antibody (anti-
BrdU-Fab) was added and the plate was incubated for 1.5h at room temperature. Finally, substrate was
added. A blue colour was developed, and the reaction was stopped by adding sulphuric acid. Drawn by
K. Ibraheem.
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2.8.6 Detection of Reactive oxygen species (ROS) using H.DCFDA

The H2DCFDA (6-carboxy-2', 7’-dichlorodihydrofluorescein diacetate) (Invitrogen Cat
# c2938) was reconstituted and used for the detection of ROS generation according to

the manufacturer’s instructions. Figure 2.5 explain the principle of the test.

RCC cells were co-cultured with mCD40L as described in section 2.8. Taking in
consideration 3T3s were not treated with MMC. After incubation for the specified time
points, one time wash was performed with PBS and 1uM of H2DCFDA in pre warmed
(37°C) PBS was added and cells were incubated for 30 min at 37°C in 5% COa.
Following treatment with H2DCFDA, FLUOstar OPTIMA (BMG Labtech) plate reader
was used at Excitation 485nm/Emission 520nm to measure the fluorescence by using
Gain adjustment on the MARS software to guarantee the readings were engaged at
the dynamic assortment of the machine.
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Figure 2.5 The opinion of ROS detection using H2DCFDA

The (H2DCFDA) in its reduced form is a non-fluorescein reagent and has cell penetrability. When acetyl
groups are detached by the activity of intracellular esterase(s) which cause oxidation inside the cells.
The molecules become more established due to the changing in their charge and start to produce
fluorescence signal. The strength of the fluorescence indicate the amount of the intracellular ROS.

Adapted from (Held, 2010).
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2.9 Western Blotting - SDS-PAGE and Immunoblotting
2.9.1 General

Western bolting is an influential method extensively used in various fields in biological
research to detect exact proteins in a cell lysate. Proteins from cell lysate can be take
out and preserved in buffers to guarantee their reliability. Under denaturing situations
numerous proteins are sectioned based on their dimension using SDS-PAGE, a form

of gel electrophoresis.

SDS (sodium dodecyl sulfate) was used for denaturation during the SDS-PAGE
separation procedure. The SDS buffer have a hydrophobic hydrocarbon extremity and
a negatively charged end by which it bind the proteins and communicates the negative
charge triggered migration towards the anode. The function of SDS buffer is to prevent

the folding of the proteins.

Therefore, proteins travel towards the anode because their negative charge due to the
presence of SDS, The proteins having a small molecular weight will be retained within
the pores of the polyacrylamide gel and therefore will migrate farther than larger
proteins. The detached proteins then transferred onto a membrane as described
previously {Dunnill, 2013 #608}.

2.9.2 Treatment with mCDA40L to investigate CD40-mediated
intracellular signalling

3T3-Neo and 3T3-CD40L cells were treated with MMC as explained in section 2.8.
Cells were cultured in 10cm? dishes at 3x10° cells/dish (duplicate dishes were prepared
for every cell line and 3T3 cells were seeded in a 5ml volume) (see Figure 2.6). All
dishes were incubated at 37°C and 5% CO:2 overnight.

Following overnight attachment, the medium was replaced by RCC cell containing
suspension (10 ml volume added to provide 30 x10°cells/dish) and dishes were
incubated at 37°C and 5% CO: for the required times (1.5, 3, 6, 12 and 24h). Upon
completion of the incubation period, lysates were prepared as explained in section

2.10.3. Protein concentration was measured in all lysates as detailed in section 2.12.3.
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Lysates were used for immunoblotting to detect intracellular protein expression in

target RCC cells.

Figure 2.6 Co-culture of RCCs cells with 3T3 fibroblasts; 3T3-CD40L (A) and
3T3Neo (B)

2.9.3 Protein extraction

RCC cells were co-cultured with mCD40L-expressing (3T3CD40L) and Control
(3T3Neo) as described above, the co-culture were carried out either for cells alone or
in presence of pharmacological agonist/antagonists as indicated. Following incubation
at 37°C and 5% CO,, then two times wash was performed with ice-cold PBS and 50 pl
of lysis buffer was added on top of the cells monolayer (Lysis buffer: 2x sodium dodecyl
sulphate (SDS) buffer (Appendix I) having 2mg/ml DTT and 0.2% (v/v) protease
inhibitor mixture set Il (Calbiochem)). Cell scraper (Fisher) was used for cells robbing.
Cells laysate was then collected in a micro-centrifuge tube (placed on ice). ultrasonic
probe (Sonics Vibra cell) was used for cells sonication at 10 second bursts. After forth
established, the tubes were placed on ice for 30 min then centrifuged at 12,000-

14000g, 4°C for 30 min. The supernatant was collected, aliquoted and stored at -20°C.
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2.9.4 Protein Quantification

Coomassie protein reagent assay kit (Pierce) was used to estimate the protein
concentration in each lysate. dH20 was used to dilute each lysate at v/v 2:23 (Dilution
factor 12.5). In a transparent 96-well plate, 10ul of lysate was added in duplicate. The
plate was also contain a protein standard solution at seven points 0-1mg/ml (0, 25,
125, 250, 500, 750 100ug/ml) BSA (Pierce). (200ul) of Coomassie reagent was added
to each well and mixed quietly. A FLUOstar OPTIMA (BMG Labtech) plate reader was
used to quantity the absorbance at 595nm.Data were analysed using MARS analysis
software 2.0 (BMG Labtech) and standard curve based on the BSA standards was
planned to evaluation the concentration of proteins in each lysate (Appendix I). The
samples then subject for SDS-Polyacrylamide gel Electrophoresis (SDS-PAGE)
according to Invitrogen protocol as previously {Dunnill, 2013 #608}.

2.9.6 Electrophoretic membrane transfer

Xcell I™ blot module (Invitrogen) was used for transferring the proteins onto immobilon
membrane (Immobilon-FL™ polyvinylidine difluoride membrane PVDF; Millipore
Fisher Scientific). The membrane was first immersed in methanol, second washed with
dH20 and third steeped in transfer buffer (Appendix ). A sandwich immunoblotting was
made up with Whatman™ filter paper (Fisher) and essential number of blotting pads.
The sandwich was then gathered in configuration as three blot pads, filter paper, gel,
membrane, filter paper and three blot pads. (As shown in Figure 2.7). Xcell SureLock™
Mini-Cell was used to fortify the blot components and complete the inside with transfer
buffer and ice-cold dH20 was used to fill the outer space around the module. The tank

then placed on ice and the transfer was carried at 25V for 2 h.
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Figure 2. 7 Immunoblotting module

The diagram illustrates the individual components of the ‘sandwich’ system for protein relocation during
immunoblotting.

2.9.7 The immunolabelling and visualisation of the membrane using
the Li-Cor Odyssey™ system

Blocking buffer 50:50 (v/v Odyssey blocking (Li-Cor) buffer/TBS (Appendix 1)) was
used on rocking platform for 1h at room temperature to reduce the non-specific binding.
Then diluted primary antibody was added and the membrane was incubated on rocking
platform overnight at 4°C (Dilution depend on the manufacturer’s instructions). Three
times wash for 5 min were performed with TBS-T (Appendix 1) and 10 ml of infra-red
secondary antibody was added and incubated on rocking platform in dark at room
temperature for 1h. Repeat the 3 times wash as for Primary antibody. Odyssey™ Infra-
red imaging system (Li-Cor) was used to visualize the membrane. Cytokeratin 18 was
used as housekeeping genes to confirm the equal loading of target cells, and
normalisation (Densitometry) according to Cytokeratin 18 was achieved by using

Odyssey V3.1 software (Li-Cor).
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2.10 Flow cytometry
2.10.1 Background

Flow cytometry is widely used to examine the chemical and physical features of
elements and cells, and mainly used in immunology and cell biology to count cells,
detect protein expression or determine numbers of dead or alive cells. The particles or
cells move at high speed in front of a laser beam and a computer acquires the data
and permits analysis of their physical and molecular characteristics (in addition to
detecting cell numbers). Flow cytometry can also permit detection of cell morphology

changes and to highlight any cell defects.
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Figure 2.8 The principle of flow cytometry

Flow cytometry is a method depend on using a laser (light beam past a detecting area) for investigating
cells or particles as they passage in a liquid runlet. The sprinkling of the light and the distinguishing of
the colour are qualified to measure the fluorescence of the particles. The granularity, the dimensions of
the cells and the antibody use for cells marking are essential for the fluorescence and analysis.
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2.10.2 Detection of CD40 expression by Flow cytometer

To detect CD40 receptor expression on RCC cell surface, RCC cells were picked from
flasks by trypsinisation when they were in about of 80-85% confluent, then centrifuged
and resuspend in culture medium. 400ul of FACS buffer (1X PBS/1% v/v FBS) was
added to 1x10° cells, mixed and then aliquoted into 4 Eppendorf tubes (100ul each)
that labelled as CA (cells alone), PE control (isotype control Ab conjugated with PE)
and two tubes for CD40-PE test (PE-conjugated anti-CD40 antibody). Then 10 pl of
pre-diluted (1/10 in FACS buffer) PE-conjugated Ab was added to the PE tube (control)
and 10 ul of CD40-PE antibody (ready to use according to the manufacturer
instructions) to each test tube. Control cells (CA) were used to establish the health of
the culture and set up the flow cytometer. Incubation was performed for 25-30 min at
4°C for. After that, all suspensions were washed by addition of 700ul of FACS buffer
and centrifuged at 1500 rpm for 5 min at room temperature, then 400ul of FACS buffer
was added to the pellets and then all tubes were mixed properly and cells acquired on
a EasyCyte Guava flow cytometer and results analysed using EasyCyte software
(Millipore).

Table 2.3 Flow Cytometry antibodies

List of antagonists that used for Flow cytometry assay in this study, with their target molecule (where
appropriate), the supplier, as well as the stock and effective concentrations being shown

Compound Cat Host Target | Supplier Stock Effective
concentration concentr--
ation

CD40-PE 555589/5C3 Mouse Human BD Pre-diluted by Ready to use
Bioscience | manufacturer

Isotype 556650/MOPC | Mouse N/A BD Pre-diluted by Ready to use

control -21 Bioscience | manufacturer

IgG1 PE
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2.11 Cell treatment with INF-y and TNF-a

RCC cells were cultured in 24-well plates (5x10* cells/well) in duplicate. Following
incubation overnight at 37°C with 5% COz.. Cells were medium-changed with fresh
medium containing 1000U/ml of INF-y or TNF-a and incubated for 48 h at 37°C / 5%
CO:s2. Cells were harvested and centrifuged, then 400ul of FACS buffer was added to
each pellet, mixed properly and divided into 4 Eppendorfs tubes labelled as CA (cells
alone), PE (isotype control) and two tubes for CD40-PE. Then 10 pl of control PE (pre-
diluted by manufacturer) and 10 pl of CD40-PE Ab (ready to use according to the
manufacturer instructions) were added, mixed and incubated at 4°C for 25-30 min. This
was followed by the addition of 700 ul of FACS buffer to each tube and centrifugation
for 5 min at 1500 rpm at room temperature. The supernatants were then removed and
400 pl of FACS buffer was added then were acquired by flow cytometry as above
(section 2.10.2).

2.12 Detection of the secretion of cytokines by RCC cells following
CDA40 ligation

To detect cytokine secretion following CD40 ligation by a) mCD40L or b) soluble
agonist, both RCC and HRPT cells were a) co-cultured at density of 5x10%cells/well
with 6x10%cells/well of growth-arrested 3T3-CD40L and 3T3-Neo in 24 well plates as
described in section 2.8.1 or b) treated with 10ug/ml of cross-linked agonistic anti-
CD40 antibody G28-5 (5x10* cells/well were seeded in 24 well plates) as described in
section 2.7.

Cell culture supernatants were collected at specified time points post receptor ligation
(1.5, 3, 6, 12, 24, 36 and 48 h). Supernatants were, centrifuged to remove any debris
and 100ul was added to each Eppendorf tube and kept in -80°C. The concentration of
IL-6, IL-8 and granulocyte-macrophage colony stimulating factor (GM-CSF) following
receptor engagement was determined by ELISA-based or membrane-array techniques
as described in the following sections. Table 2.5 lists all cytokine detection kits (both
ELISA- and filter array-based).
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Table 2.4 Cytokine detection Kkits

List of ELISA kits and human cytokine array that used in this study, with their the supplier and catalogue
number

Cytokines Cat. No. Supplier

Human cytokine array panel A ARY005 R&D Systems
Quantikine ELISA Human GM-CSF DGMO00 R&D Systems
Human CXCL8/IL-8 ELISA DY208-05 R&D Systems
Human IL-6 DY206-05 R&D Systems

2.12.1 GM-CSF detection

The human Granulocyte Macrophage Colony Stimulating Factor (GM-CSF) detection
kit (Table 2.5) was used to measure GM-CSF released in culture supernatants

prepared as above (section 2.12).

The assay was performed according to the manufacturer’s instructions, optical density
was measured spectrophotometrically at 450 nm. For cytokine quantification, a stock
standard solution was used to construct an 8-point standard curve with a 0-500pg/mi
range (0, 7.8, 15.6, 31.3, 62.5, 125 and 500pg/ml) by 2-fold serial dilutions in calibrator
diluent. The concentrated standard functioned as the highest standard (500 pg/ml) and
the diluent reagent used as zero standard (O pg/ml). The standard curve was created
either on the FLUOSstar plate reader software (MARS) that generated 4-parameter
logistic (4-PL) curve fit or manually by using Microsoft Excel and plotting the mean
absorbance for each standard on the x-axis against the concentrations on the y-axis.
The concentration of cytokine in each sample then calculated by using a specific

equation provided with the curve by Microsoft Excel (Appendix I111).

2.12.2 IL-8 and IL-6 detection

The human CXCLS8/IL-8 and IL-6 detection kits (Table 2.5) were used to measure
release of the respective cytokines in culture supernatants prepared as above (section
2.12). Each well in microtiter plates was coated with 100 pl of diluted capture antibody
for both IL-8 and IL-6 and incubated overnight at room temperature. Capture antibody

was discharged and 3x wash with washing buffer were performed then 300 ul of
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blocking buffer was added to each well and 1h incubation at room temperature was
carried out. After the second wash, a 100 ul of samples, standards and control were
added to the appropriate wells in the microtiter plates, plates then covered and
incubated for 2 h. A third wash was performed, followed by the addition of 100 pl of
diluted detection antibody, plates covered and 2h incubation was performed at room
temperature. Washing was repeated for the fourth time and 100 pl of diluted secondary
antibody (streptavidin-HRP) was added, followed by 20min incubation at room
temperature away from light. A fifth wash then took place followed by the addition of
100 pl of substrate solution, 20 min incubation protected from light at room temperature
was carried out. 50 pl of stop solution was added to stop the reaction. FLUOstar plate
reader at 450 nm was used to estimate the optical density. For cytokine quantification,
a stock standard solution was used to construct an 8-point standard curve with a, O-
600pg/ml range (0, 9.38, 18.8, 37.5, 75, 150, 300 and 600pg/ml) for IL-6 and O-
2000pg/ml (0, 31.3, 62.5, 125, 250, 500, 1000 and 2000pg/ml) for IL-8 by 2-fold serial
dilutions in reagent diluent. Undiluted standard served as the highest standard
(600pg/ml) for IL-6 and (2000pg/ml) for IL-8 and diluent only served as zero standard
(Opg/ml). The standard curve was created either on the FLUOstar plate reader
software (MARS) that generated 4-parameter logistic (4-PL) curve fit or manually by
using Microsoft Excel and plotting the mean absorbance for each standard on the x-
axis against the concentrations on the y-axis. The concentration of cytokine in each
sample then calculated by using a specific equation provided with the curve by

Microsoft Excel (Appendix IlII).
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2.12.3 The Human Cytokine Array panel A

The R&D Systems/Proteome profiler antibody arrays kit was used for the quantification

of a panel of cytokines.

For washes and incubations of the nitrocellulose membranes (arrays) 4-well multi-
dishes were used. 2 ml of Array buffer 4 (serves as a blocking buffer) was added to
each well. Using forceps, membranes were removed from the protective sheets and
the stamped identification number was cut using scissors. Membranes were placed in
individual wells in the 4-well dishes containing array buffer and incubated for 1h on a
rocking platform. Meanwhile, each culture supernatant sample was prepared by mixing
1 ml of supernatant with 0.5 ml of array buffer 4 and 15 pl of re-formed human cytokine
array panel A detection antibody cocktail in separate tubes. The combination was
incubated at room temperature for 1h. The array buffer 4 in the 4-well plates was
replaced by sample/antibody mixtures and plates were incubated overnight at 2-8o0C
on a rocking platform. Then the membranes were washed 3x with 20 ml of 1x wash
buffer in individual dish on a rocking platform for 10 min. The membranes were
removed from the dish and the excess wash buffer drained by contact with filter paper.
Membrane were then returned to the 4-well dishes containing diluted IRDye 800CW
Streptavidin Ab diluted at 1/2000 in array buffer 5 (secondary Ab). The dish was
incubated at room temperature on a rocking platform for 30 min. Another 3 time wash
was carried out as described above, then each membrane was kept in separated
dishes containing 1x wash buffer. Finally, visualisation was performed using an
OdysseyTM Infra-red Imaging system (Li-Cor). Results were analysed by densitometry
using image studio software and cytokine spot intensity readings were normalised
according to the reference spots indicated by the human cytokine array coordinates
(Appendix IlII).
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Figure 2.10 Principle of the membrane cytokine array kit

Nitrocellulose membranes contain a panel of cytokine detection ‘spots’ containing cytokine specific
capture antibodies (two replicates for each cytokine). Membranes were incubated with diluted cell
culture supernatants and a cocktail of biotinylated detection antibodies (sample/antibody mixture)
overnight on rocking platform at 4°c. Cytokines were captured (bound) by their cognate capture Abs on
the membrane. Unbound materials were removed by washing (3x), after that the membranes were
drained, and the streptavidin IRDye 800CW Ab (secondary Ab) was added. Following 30 min incubation
on rocking platform at room temperature in dark, a second series of washes was performed and
membranes were then visualized using an Odyssey™ Infra-red Imaging system (Li-Cor), to measure
the amount of fluorescence released from each spot, the more fluorescence indicates the more cytokine
intensity. Results were analysed by densitometry using either Li-Cor itself or by using the Image Studio

software and the cytokine intensity were normalised according to the reference spots on each array.
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2.14 Arithmetical investigation

Results analysis was carried out using Excel® (Microsoft) software. The standard error
of mean (S.E.M.) was used for bar charts with error bars demonstrating £ the mean
values of all repeats (minimum 5-6 practical repeats) are provided, Minitab 17
statistical software was used for statistical analysis. For comparison between two
samples, Two-tailed, paired or unpaired T-tests were used and the means with levels
of significance cited in the text (figure captions). Associations were expected to be

biologically significant where p<0.05.

106



Chapter 3

Optimization of experimental techniques to
investigate CD40-mediated apoptosis in RCC cells
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3. Background

CD40 is amember of the TNFR superfamily identified initially as B cell specific receptor
and as a bladder cancer-specific antigen (Albarbar et al., 2015). Later studies have
shown that CD40 is expressed on a variety of cells hematopoietic and non-
hematopoietic, normal and cancer cells including epithelial cells, endothelial cells,
keratinocytes, smooth muscle cells and fibroblasts. The expression of CD40 can be
stimulated by proinflammatory cytokines such as interleukin (IL) 1, 3 and 4, and
particularly tumor necrosis factor alpha (TNF-a) and interferon gamma (IFN-y). Its
cognate ligand, CD40L (also known as CD154) is mainly presented on activated T-
cells, but also on eosinophils, basophils, macrophages, dendritic cells, Natural Killer
(NK) cells, B lymphocytes, platelets, mast cells, endothelial cells, smooth muscle cells
and in some cases epithelial cells (Schonbeck and Libby, 2001).

It has been demonstrated that CD40 stimulation (ligation) can regulate tumour cell
growth (Eliopoulos and Young, 2004, Tong and Stone, 2003). Furthermore, various
studies have shown that growth inhibition can be mediated by soluble CD40 agonists
in variety of carcinoma cells, reviewed in (Vonderheide, 2007, Tong and Stone, 2003).
In general, soluble agonists produce weak pro-apoptotic or mainly growth inhibitory
signals (Albarbar et al., 2015), but efficient pro-apoptotic signals can be triggered only
in combination with pharmacological inhibitors or other cytotoxic compounds (Bugajska
et al., 2002, Hess and Engelmann, 1996b, Afford et al., 2001, Dallman et al., 2003).
Previous findings in our laboratory showed that the quality of the CD40 signal plays an
important role in the functional outcome of CD40 ligation as mCD40L is a highly pro-
apoptotic signal that induces extensive apoptosis in malignant cells but has no effect
on their normal epithelial counterparts (Bugajska et al., 2002, Georgopoulos et al.,
2006, Georgopoulos et al., 2007, Shaw et al., 2005, Hill et al., 2008, Dunnill et al.,
2016).
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The role of CD40 in renal cell carcinoma remains essentially unexplored. CD40
expression has been demonstrated in RCC tumours in vivo (Weiss et al., 2014) et al
2014) and CD40 expression by mouse and human RCC lines in vitro has been shown
previously in two studies (Shorts et al., 2006, Lee et al., 2005). Expression of CD40 in
RCC appears to be strongly associated with prolonged patient survival, although no
relation was observed between CD40 expression and tumour stage (Weiss et al.,
2014). In vitro induction of CD40 on mouse and human RCC cells triggered cytokine
secretion, such as GM-CSF and IL-8, upregulation of costimulatory molecules, such
as ICAM-1, and also up-regulated Fas expression (Lee et al., 2005). Furthermore,
activation of CD40 in human RCC cells resulted in recruitment of monocytes and T
cells into the tumour in vivo and increased the number of DC and caused reduction in

tumour size (Shorts et al., 2006).

To date no systematic investigation on the effect of CD40 ligation on human RCC cells
has been performed. The aim of this work was to provide for the first time detailed
investigations into the role of CD40 stimulation in RCC cells by using different mode of
CD40 ligation on RCC cells and to compare the effects of CD40 ligation in RCC cells

versus their normal cell counterparts.
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3.1 CDA40 ligation using different methodologies and investigations
into its biological effects in RCC cells

To understand the efficient role of CD40 ligation in RCC cells, a co-culture system was
used where target (epithelial) cells were cultured with effector cells (fibroblasts
expressing CD40L) in order to deliver membrane presented CD40L. These co-cultures
were performed in 96-well plates for death assays, in 24-well plates for detection of
cytokine secretion and in 10cm dishes for preparation of whole cell lysates and

immunoblotting experiments.

Growth arrested effector cells (see section 2.7) were used to deliver the membrane
CD40L (mCD40L) signal by co-culture with target RCC cells. The effector cells are
murine fibroblasts (NIH3T3) derivatives previously characterised (Bugajska et al.,
2002). Throughout this thesis effector cells displaying CD40L on their membrane are
termed “3T3CD40L” cells or “mCD40L”. To ensure that 3T3CD40L cells retained
CDA40L expression (due to possible culture-related genetic drift) continuous culture in
the presence of G418 antibiotic (0.5mg/ml) was performed (they expressed the
neomycin resistance gene that was co-transfected as a part of the CD40L gene
expression construct). Homologous NIH3T3 cells with a gene cassette conferring
G418 resistance only were used as negative (background) controls and therefore from
this point will be termed “3T3Neo” cells (or “Control” to compare with “mCD40L”)
throughout this study. Finally, to investigate the importance of the role of CD40 signal
quality on the functional outcome of CD40 ligation, receptor activation was also
triggered using soluble agonist, the well characterised agonistic antibody G28-5 mAb
(Bugajska et al., 2002).
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3.3 Objectives

The objectives of this chapter were:

>

To demonstrate detectable expression of CD40 receptor on the RCC cell lines

employed in this study.

To optimise and use a co-culture system for the detection of mCD40L-mediated

apoptosis in renal cancer cells (RCCs) for a variety of experimental techniques.

To optimise the co-culture system for CD40-mediated apoptosis detection using
assays detecting loss of membrane integrity during apoptotic cell death
(Cytotox-Glo), DNA fragmentation (DNA fragmentation ELISA) and effector

caspase (3/7) detection (Sensolyte assay).

To examine the effect of agonistic anti-CD40 antibody G28-5 mAb in RCC cells
versus mCDA40L.

To investigate the effect of proinflammatory cytokines INF-y and TNF-a on
CD40 expression and also to test the ability of these cytokines to modulate

CD40-mediated apoptosis.

To carry out optimisation of immunoblotting techniques for epithelial cell protein
detection using the co-culture system.
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3.4 Confirmation of CD40 and CD40L expression

For this study, the well characterised RCC lines ACHN, 786-O and A-704 were used.
Expression of CD40 was investigated by immunoblotting and flow cytometry (Figure
3.1 and Figure 3.2 respectively). CD40-positive colorectal cancer (CRC) HCT116 cells
were used as positive control and CD40-negative SW480 cells were used as negative
controls, respectively, for CD40 expression (Georgopoulos et al., 2006) in
immunoblotting experiments (Figure 3.1). Another positive control used was the UCC
line EJ when CD40 expression was detected by flow cytometry (Figure 3.2). Results
using both techniques confirmed constitutive CD40 expression on the RCC cell lines.
Moreover, adaptation from the original culture medium to DR5% medium (see section
2.6.5) did not affect the expression of CD40 on all RCC lines (Figure 3.1). These
findings are in agreement with previous reports that showed expression of CD40 on
ACHN, 786-0O and A-704 cell lines (Shorts et al., 2006, Lee et al., 2005). Finally, flow
cytometry confirmed expression of membrane CD40L on 3T3-CD40L effector cell
surface while 3T3-Neo cells showed no CD40L expression (Figure 3.3) as previously
(Bugajska et al., 2002, Georgopoulos et al., 2006, Dunnill et al., 2016).
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Figure 3.1 Detection of CD40 expression in RCC cells by Western blotting

RCC lines ACHN, 786-O and A-704 were cultured either in original medium and (after adaptation) in
DR5% medium. Whole cell lysates were m as described in the Methods (Section 2.9.3) and 20ug of
protein/well was analysed by immunoblotting (Section 2.9.5). After overnight incubation at 4°C by
rocking with primary antibody (CD40 H-10 mouse monoclonal 1gG diluted 1:500), secondary antibody
(goat-anti mouse 1gG Alexa 680 dilution 1:10,000) was added and the membrane was incubated in the
dark for 1h. For specifity and as a loading control, 3-actin antibody was used (at 1:10,000 dilution) and
incubation overnight at 4°C, then the membrane was incubated with secondary antibody goat-anti
mouse IgG Alexa 680 (diluted 1:10000) in the dark for 1h. Antibody binding was visualised at 700nm
using a LI-COR Odyssey Infra-Red Imaging System and the image is shown in black and white. Lysates
from HCT116 cell cultures were used as positive controls (‘Control +ve’) and from SW480 cell cultures
as negative controls (‘Control —ve’).
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Figure 3. 1 Detection of CD40 expression by flow cytometry

Surface expression of CD40 on RCC lines (ACHN, 786-0O and A-704), CRC HCT116 (positive control),
SW480 (negative control) and UCC line EJ (positive control) was detected by flow cytometry (section
2.10.2). Cells were cultured until approximately 80% confluent, lifted, counted, washed and re-
suspended in FACS buffer (0.25x10° cells/100pl), then cells were incubated for 30 min at 4°C with PE-
conjugated mouse anti-human CD40 Ab (CD40 PE), and a control PE-conjugated isotype-matched
control Ab (Control PE). Cells were adjusted on a Guava EasyCyte flow cytometer and results
interpreted using GuavaSoft software. Overlay histograms indicate the level of CD40 expression on all
RCC cell lines (ACHN, 786-0 and A-704), in comparison with the positive controls HCT116 and EJ, and
the negative control SW480.
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Figure 3.2 Flow cytometric analysis of CD40L expression by effector cells

Expression of CD40L on the surface of effector cells (3T3-Neo and 3T3-CD40L) was detected by flow
cytometry (section 2.10). Following routine culture in DR10% medium until ~80% confluent, cells were
lifted, counted, washed and re-suspended in FACS buffer (0.25x10° cells/100pl), then cells were
incubated for 30 min at 4°C with PE-conjugated mouse anti-human CD40L (CD40L PE), and a PE-
conjugated isotype-matched control Ab (Control PE). Cells were adjusted on a Guava EasyCyte flow
cytometer and results interpreted using GuavaSoft software. Unlabelled cells that were not incubated
with antibody (‘Non-labelled’) were also acquired as additional controls.

3.5 The effect of pro-inflammatory cytokines on CD40 expression
on RCC cells

In order to investigate the effect of INF-y and TNF-a on CD40 expression, RCC cells
were treated with INF-y and TNF-a at concentrations of 102 and 102 units/ml for 48 h
and were then examined for CD40 expression using flow cytometry. Treatment with
102 unit/ml of INF-y showed more significant effect on CD40 expression than treatment
with 102 unit/ml of TNF-a (Figure 3.4), while treatment with 102 unit/ml of both cytokines
(IFN-y and TNF-a) had either no or very little effect on CD40 expression (data not

shown).
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Figure 3.3 Effect of IFN-y and TNF-a on CD40 expression by RCC cells

5x10* cells/well of RCC cells were cultured in 24-well plates in duplicate and incubated overnight before
the culture medium was replaced with fresh medium containing 102 units/ml of INF-y or TNFa. After
cytokine treatment for 48 h, cells were harvested, counted, washed and re-suspended in FACS buffer
(0.25x105 cells/100pl), followed by 30 min incubation at 4°C with PE-conjugated mouse anti-human
CD40 Ab (CD40 PE) and a control PE-conjugated isotype-matched control Ab (Control-PE). Cells were
adjusted on a Guava EasyCyte flow cytometer and results interpreted using GuavaSoft software.
Representative fluorescence histograms are shown on the left and median fluorescence intensity (MFI)
also presented as bar graphs on the right. Bars represent mean values (MFI) + SEM. Stats: *** p
<0.001; **, p<0.01; *, p<0.05 and NS. non-significant, paired Student T-test.
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3.6 Optimisation of apoptosis (Cytotox-Glo) assays for detection of
mCD40L-mediated cell death

Based on previously published guidelines regarding the use of cell death assays for
biological investigations (Galluzzi et al., 2009a), it is mentioned that minimum two
independent analyses are used for the detection and demonstration of apoptotic cell
death. The Georgopoulos group has previously used assays that a) involved use of
radioactive precursors (e.g. JAM test of DNA fragmentation), b) did not permit high-
throughput 96-well plate-based analysis (e.g. Annexin V/PIl assays), or c) were not very
sensitive (had a narrow dynamic range) (Bugajska et al., 2002, Georgopoulos et al.,
2006, Shaw et al., 2005, Georgopoulos et al., 2007, Hill et al., 2008). One of the aims
of this study was to employ assays that would address these issues and permit high
throughput analysis. The assays optimised for the detection of CD40-mediated death
were the CytoTox-Glo™ cytotoxicity assay and the Sensolyte™ Homogenous
Caspase-3/7 assay (see Materials and Methods). In addition, a DNA fragmentation

ELISA assay was also investigated for its sensitivity and practicality in this study.

The CytoTox-Glo assay, which can quantify cytotoxicity due to loss of membrane
integrity, was carried out using the co-culture system and as described in section 2.8.4.
An important consideration when using Cytotox-Glo for the co-culture system was that
the relative luminescence (RLU) detected represents readings for both epithelial
(target) cells and effector (3T3) cells. Therefore, 3T3-CD40L and 3T3-Neo cultures
alone were included alongside (in addition to the experimental replicates of co-cultured
cell populations) and any background attributed to the effector cells was accounted for
by pair wise subtraction of RLU for cells cultured alone (3T3Neo and 3T3CD40L) from
the RLU detected for the respective co-cultures. For example: RLU values from
replicate 3T3-CD40L cultures were subtracted from the RLU of ‘3T3-CD40L/ACHN’
(i.e. co-cultures of ACHN cells with 3T3-CD40L effectors) in a pairwise fashion, thus
allowing the deduction of ‘background-corrected’ RLU. Similarly, ‘3T3-Neo/ACHN’ co-
culture RLU readings minus ‘3T3-Neo’ RLU readings allowed background subtraction
in control co-cultures. Finally, as the assay was extremely sensitive at detecting loss
of cell viability, both effector and particularly target cells were harvested only during log
phase growth to reduce any background death ‘noise’ (not shown).
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Our group has demonstrated previously that mCD40L efficiently induces apoptotic
death in carcinoma cells specially in UCC and CRC cells (Bugajska et al., 2002,
Georgopoulos et al., 2006, Georgopoulos et al., 2007, Dunnill et al., 2016, Hill et al.,
2008). This study was designed to investigate for the first time whether human RCCs
are susceptible to mCD40L-mediated apoptosis. In order to determine the optimal cell
density and apropriate time point to be used for RCC cell death detection using
Cytotox-Glo, different numbers of RCC cells (0.6x104, 0.8x10* and 1x10* cells/well)
were co-cultured with 3T3Neo and 3T3CD40L effectors for different time periods (24,
48 and 72 h). The effector cells were growth-arrested by treatment with Mitomycin C
(MMC), to avoid artifacts of cell overgrowth, ; the effector cells were MMC-treated as
optimised previously by our group (Georgopoulos et al., 2006, Georgopoulos et al.,
2007) and seeded (at 1x10* cells/well) first in multi-well plates before target cells were
added (as detailed in the Methods — section 2.7).

Results shown in Figures 3.5, 3.6 and 3.7 demonstrate for the first time that mCD40L
induced cell death in all 3 RCC cell lines. Although little detectable death was seen at
24 h, extensive cell death was detected by 48 h. No further increase in CD40 killing
were detectable at 72 h. Moreover, these optimisation experiements demonstrated that
the 0.8x10* (cells/well) density was optimal for co-culture with 1x10* (cells/well) effector
cells for all RCC lines, thus the 1:0.8 ratio (effector:target) was adopted for further
studies.
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Figure 3.4 Determination of optimal cell density and time-point for apoptosis
detection assays in ACHN cells

RCC cells ACHN were co-cultured at 0.6x104, 0.8x10* and 1x10* cells/well with 1x10* cells/well MMC-
treated fibroblasts 3T3-CD40L and 3T3-Neo in white 96-well plates (as detailed in the Methods). Plates
were incubated for 24, 48, and 72h and apoptosis was assessed by the Cytotox-Glo assay. 50ul of
substrate was added to each well followed by 10 min incubation at room temperature. Luminescence
was measured on a FLUOStar Optima plate reader and background-corrected relative luminescence
units (RLU) were deduced by pair-wise subtraction of mCD40L and Control RLU from the respective co-
cultures as described in Materials and Methods (and the text). A) Background corrected RLU readings
for ACHN/3T3-CD40L (mCD40L) and ACHN/3T3-Neo (Control). Bars show mean of 4-6 technical
replicates (RLU) £ SEM .Stats:. NS, non-significant; ***, p<0.001 paired student T-test. B) Results from
graphs in A are also presented as fold change (mCDA40L relative to control).
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Figure 3.5 Determination of optimal cell density and time-point for apoptosis
detection assays in 786-0 cells

RCC cells 786-O were co-cultured at 0.6x10%, 0.8x104 and 1x10* cells/well with 1x10* cells/well MMC-
treated fibroblasts 3T3-CD40L and 3T3-Neo in white 96-well plates (as detailed in the Methods). Plates
were incubated for 24, 48, and 72h and apoptosis was assessed by the Cytotox-Glo assay. 50ul of
substrate was added to each well followed by 10 min incubation at room temperature. Luminescence
was measured on a FLUOStar Optima plate reader and background-corrected relative luminescence
units (RLU) were deduced by pair-wise subtraction of mCD40L and Control RLU from the respective co-
cultures as described in Materials and Methods (and the text). A) Background corrected RLU readings
for 786-0O/3T3-CD40L (mCD40L) and 786-0O/3T3-Neo (Control). Bars show mean of 4-6 technical
replicates (RLU) + SEM. Stats: NS. non-significant; ***, p<0.001 paired student T-test. B) Results from
graphs in A are also presented as fold change (mCDA40L relative to control).
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Figure 3.6 Determination of optimal cell density and time-point for apoptosis
detection assays in A-704 cells

RCC cells A-704 were co-cultured at 0.6x10%, 0.8x10* and 1x10* cells/well with 1x10* cells/well MMC-
treated fibroblasts 3T3-CD40L and 3T3-Neo in white 96-well plates (as detailed in the Methods). Plates
were incubated for 24, 48, and 72h and apoptosis was assessed by the Cytotox-Glo assay. 50ul of
substrate was added to each well followed by 10 min incubation at room temperature. Luminescence
was measured on a FLUOStar Optima plate reader and background-corrected relative luminescence
units (RLU) were deduced by pair-wise subtraction of mCD40L and Control RLU from the respective co-
cultures as described in Materials and Methods (and the text). A) Background corrected RLU readings
for A-704/3T3-CD40L (mCD40L) and A-704/3T3-Neo (Control). Bars show mean of 4-6 technical
replicates (RLU) + SEM. Stats: NS. non-significant; ***, p<0.001 paired student T-test. B) Results from
graphs in A are also presented as fold change (mCDA40L relative to control).
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As these Cytotox-Glo assays were being optimised, it became apparent that at times
high background RLU arose from low level death of either target (epithelial) cells or the
effector cells (particularly after MMC treatment), which at times interfered with the
assay results and thus its sensitivity. Further experiments were performed that
demonstrated that no such background interference was obtained when a) target cells
were harvested in their log phase of growth, and b) effector cells (3T3-Neo and 3T3-
CD40L) were MMC-treated to induce cell growth arrest only when they were at ~70%
confluency. Such experimental modifications provided extremely consistent assay
results indicating maximal induction of death at at 48h post-ligation. Moreover, it was
found that the degree of cell death detected for RCC cells (particualrly 786-0) using
this assay was closely comparable with the extent of apoptosis (for the same
effector:target ratio and time-point) detected using the UCC line EJ, which has been
extensively characterised in our laboratory for its response to CD40 ligation (Bugajska
et al., 2002, Georgopoulos et al., 2006, Georgopoulos et al., 2007, Dunnill et al., 2016);
EJ cells therefore served as a valuable positive control (Figure 3.8).

As shown in Figure 3.4, treatment of RCC cells with IFN-y caused an increase in CD40
expression, therefore experiments were carried out to investigate whether this
enhancement may affect (increase) the susceptibility of RCC cells to mCD40L-death.
The presence of IFN-y in co-cultures consistently caused a clear increase in cell death
in all RCC cell lines, although the increase in cell death only reached statistical
significance in A-704 and ACHN cells (not in 786-0 cells) (Figure 3.9). These results
are in agreement with previous findings in our laboratory on CRC cells, where an
increase in mMCD40L-mediated apoptosis by co-treatment with IFN-y in some CRC
cells was reported (Georgopoulos et al., 2007).
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Figure 3.7 Optimal detection of mCD40L-mediated apoptosis in RCC cells

RCC (ACHN, 786-O and A-704) and UCC (EJ) cells were co-cultured at 0.8x10* cells/well with 1x104
cells/well MMC-treated fibroblasts 3T3-CD40L (‘mL’) and 3T3-Neo (‘Control’) in white 96-well plates.
Plates were incubated for 48 h and cell death was assessed by the Cytotox-Glo assay. 50l of substrate
was added to each well followed by 10 min incubation at room temperature. Luminescence was
measured on a FLUOStar Optima plate reader and background-corrected relative luminescence units
(RLU) were deduced by pair-wise subtraction of mL and Control RLU from the respective co-cultures
(as described in the Methods). A) Background corrected RLU readings for co-cultures ACHN, 786-0,
A-704 and EJ/3T3-CD40L (mL) and respective 3T3-Neo co-cultures (Control). Bars show mean of 4-6
technical replicates (RLU) £ SEM. Stats: ***, p<0.001 paired Student T-test. B) Results from graphs in
A are also presented as fold change of mCD40L treatment (mL) relative to Control).
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Figure 3.8 Regulation of mCD40L-induced death in RCC cells by IFN-y

RCC cells ( ACHN, 786-O and A-704) were co-cultured at 0.8x10* cells/well with1x10* cells/well MMC
treated fibroblasts 3T3-CD40L and 3T3-Neo in whit 96 well plates £+ 10% U/ml of IFN-y . Plates were
incubated for 48h at and apoptosis was assessed by Cytotox-Glo assay. 50yl of substrate was added
to each well followed by 10 min incubation at room temperature. FLUOSar Optoma plate reader was
used to measure the luminescence and background-corrected relative luminescence units (RLU) were
deduced by pair-wise subtraction of mCD40L and Control RLU from the respective co-cultures as
described in Materials and Methods (and the text). . Bars show mean fold change of RLU of 4-5 technical
replicates + SEM . Stats: NS. Non-significant; **, P<0.01, and *, p<0.05 paired Student T-test, co-culture
for each cell line (mL) compared with its co-culture plus IFN-y (mL+IFN-y).

124



3.7 The role of CD40 signal ‘quality’ (degree of receptor cross-linking)
in apoptosis: effect of agonistic anti-CD40 antibody G28-5 in RCC
cells

It has previously been shown that the degree of receptor cross-linking determines the
functional outcome of CD40 ligation in carcinoma cells (Albarbar et al., 2015). Previous
reports have demonstrated that agonistic anti-CD40 antibody can inhibit tumour growth
(Sotomayor EM1, 1999, Diehl et al., 1999, French et al., 1999), whilst clinical use of
CD40 agonists such as the mAb CP-870,893 and SGN-40 were associated with partial
responses in melanoma and multiple myeloma patients (Khalil and Vonderheide, 2007,
Vonderheide et al., 2006). In vitro, CD40 agonists such as anti-human CD40 Ab
ChiLob7/4 can cause growth inhibition in epithelial lines and human malignant
lymphoma, and activity was associated with up-regulation of co-stimulatory molecules
in a culture system of dendritic cells (Chowdhury et al., 2014, Geldart et al., 2004). A
much better characterised agonistic anti-CD40 antibody is the G28-5 mAb. This can
induce growth inhibition in carcinoma cells but little apoptosis can be observed even
when protein synthesis is inhibited by cycloheximide; Ab cross-linking by secondary
antibody (goat anti mouse IgG) did not significantly enhance the capacity of G28-5 to
induce apoptosis in UCC or CRC cells (Georgopoulos et al., 2006, Afford et al., 1999).
Even though G28-5 mAb can induce cytokine secretion, the repertoire of cytokines
released differs from that triggered by membrane presented agonist as shown by
ourselves in carcinoma cells (Georgopoulos et al., 2007) and by others in B cells
(Baccam and Bishop, 1999). The importance of receptor cross-linking in rendering the
CD40 signal apoptotic was demonstrated when it was shown that an efficient apoptotic
signal was induced in carcinoma cells (UCC line EJ) when the G28-5 agonist was
presented on the surface of mouse L fibroblasts transfected to express the Fcy

receptor CD32 (Bugajska et al., 2002, Georgopoulos et al., 2006).

To investigate whether the signal ‘quality’ (extent of receptor cross-linking) was critical
in RCC cell apoptosis, too, G28-5 mAb was used in this study and compared for its
ability to induce cell death in comparison with membrane presented CD40L (mCD40L).
Therefore, RCC cells were either treated with mCD40L (co-culture) or treated with
G28-5 mAb. Results showed that agonistic anti CD40 antibody G28-5 did not induce
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apoptosis in all cell lines at 3 time-points tested in comparison to mCD40L which
consistently induced extensive cell death at 48h and 72h. (Figures 3.10, 3.11 and
3.12). Moreover, the presence of 102 U/ml of IFN-y in cultures of RCC cells treated
with G28-5 mAb did not significantly alter (enhance) the ability of the agonist to induce
apoptosis in RCC cells after 48h (Figure 3.13).
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Figure 3.9 Effect of agonistic G28-5 mAb in ACHN cells

ACHN cells at a density of 0.8x10* cells/well were either co-cultured with 1x10* cells/well 3T3Neo
(Control) or 3T3CD40L (mMCD40L) or treated with 10ug/ml of G28-5 mAb cross-linked with 2.5ug/ml goat
anti-mouse Ig in white 96-well plates (untreated cells served as non-treated Controls). The plates were
incubated for 24h, 48h and 72h before cell death was assessed by adding 50ul of CytoTox-Glo assay
substrate to each well followed by 10 min incubation at room temperature. FLUOStar Optima plate
reader was used to measure the luminescence and for co-cultures background-corrected relative
luminescence units (RLU) were deduced by pair-wise subtraction of mCD40L and Control RLU from the
respective co-cultures (see Methods). A) Background corrected RLU readings for ACHN/3T3-CD40L
(mCDA40L) and ACHN/3T3-Neo (Control) are indicated as ‘Co-culture’ and treatment with G28-5 as
‘Antibody’. Bars show mean of 4-6 technical replicates (RLU) + SEM. B) Results from graphs in A are
also presented as fold increase (mCD40L relative to control for co-cultures and G28-5 relative to
untreated cells). Bars show mean fold change Stats: ***, p<0.001; NS, non-significant (p>0.05).
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Figure 3.10 Effect of agonistic G28-5 mAb in 786-0 cells

786-0 cells at a density of 0.8x10* cells/well were either co-cultured with 1x10* cells/well 3T3Neo
(Control) or 3T3CD40L (mCD40L) or treated with 10pg/ml of G28-5 mAb cross-linked with 2.5ug/ml goat
anti-mouse Ig in white 96-well plates (untreated cells served as non-treated Controls). The plates were
incubated for 24h, 48h and 72h before cell death was assessed by adding 50ul of CytoTox-Glo assay
substrate to each well followed by 10 min incubation at room temperature. Luminescence was measured
on a FLUOStar Optima plate reader and for co-cultures background-corrected relative luminescence
units (RLU) were deduced by pair-wise subtraction of mCD40L and Control RLU from the respective co-
cultures (see Methods). A) Background corrected RLU readings for 786-0O/3T3-CD40L (mCD40L) and
786-0/3T3-Neo (Control) are indicated as ‘Co-culture’ and treatment with G28-5 as ‘Antibody’. Bars
show mean of 4-6 technical replicates (RLU) + SEM. B) Results from graphs in A are also presented as
fold increase (MCDA40L relative to control for co-cultures and G28-5 relative to untreated cells). Bars
show mean fold change Stats: ***, p<0.001; NS, non-significant (p>0.05).
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Figure 3.11 Effect of agonistic G28-5 mAb in A-704 cells

A-704 cells at a density of 0.8x10* cells/well were either co-cultured with 1x104 cells/well 3T3Neo
(Control) or 3T3CD40L (mCD40L) or treated with 10pg/ml of G28-5 mAb cross-linked with 2.5pug/ml goat
anti-mouse Ig in white 96-well plates (untreated cells served as non-treated Controls). The plates were
incubated for 24h, 48h and 72h before cell death was assessed by adding 50ul of CytoTox-Glo assay
substrate to each well followed by 10 min incubation at room temperature. FLUOStar Optima plate
reader was used to measure the luminescence and for co-cultures background-corrected relative
luminescence units (RLU) were deduced by pair-wise subtraction of mCD40L and Control RLU from the
respective co-cultures (see Methods). A) Background corrected RLU readings for A-704/3T3-CD40L
(mCD40L) and A-704/3T3-Neo (Control) are indicated as ‘Co-culture’ and treatment with G28-5 as
‘Antibody’. Bars show mean of 4-6 technical replicates (RLU) + SEM. B) Results from graphs in A are
also presented as fold increase (mMCD40L relative to control for co-cultures and G28-5 relative to
untreated cells). Bars show mean fold change Stats: ***, p<0.001; NS, non-significant (p>0.05).
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Figure 3.12 Treatment of RCC cells with G28-5 mAb in the presence of IFN-y

ACHN, 786-O and A-704 cell lines were seeded at a density of 0.8x10* cells/well and treated with
10pg/ml of G28-5 mADb cross-linked with 2.5pug/ml goat anti-mouse Ig + 103 U/ml of IFN-y in white 96-
well plates. The plates were incubated for 48h before cell death was assessed by adding 50ul of
CytoTox-Glo assay substrate to each well followed by 10 min incubation at room temperature.
Luminescence was measured on a FLUOStar Optima plate reader. Bars show mean fold change of 4-
5 technical replicates + SEM. Stats: NS. Non-significant paired student T-test. Culture of each cell line
treated with G28-5 indicated (G28-5) and compared with compared with its corresponding culture in
presence of IFN-y (mL + IFN-y).
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3.8 Detection of caspase-3/7 activity following CD40 ligation in RCC
cells (SensoLyte assay)

Although caspases -3 and -7 are both effector caspases and demonstrate structural
similarities, they exhibit slightly different functionalities. Caspase-3 is involved in the
process of DNA fragmentation as well as in morphological changes of apoptosis, while
a minor role has been shown for caspase-7 in this process (Saquib A. Lakhani and
Booth, 2006). Moreover, although caspases -3 and -7 do exhibit some overlapping
substrate preferences, these proteases are non-redundant and do show distinct
activity towards certain substrates (Cullen and Martin, 2009). Previous studies in our
laboratory have reported activation of caspase-3/-7 in UCC and CRC cells within 48h
after CD40 ligation (Georgopoulos et al., 2006, Dunnill et al., 2016). Interestingly, in
CRC cells the activation of caspases 3/7 was sustained and was even slightly higher
at 72h of co-culture (Mohamed, 2014).

To determine caspase-3/7 activity following CD40 ligation by mCD40L in RCC cells,
ACHN, 786-O and A-704 cells were co-cultured with effector cells (as above) for 24,
48 and 72h and caspase activity determined using the SensoLyte® Assay (Methods
section 2.8.3.1). For the calculation of results from these fluorescence-based assays,
the same principle as in the CytoTox-Glo assays was followed (Section 3.4.1), which
involved a) appropriate calculations for background 3T3 cell-related fluorescence
readings and b) the optimisation of target cell ‘health’ and effector cell MMC treatment
(detailed in Sections 3.6).

Results from such experiments demonstrated for the first time that mCD40L triggered
rapid activation of caspase 3/7 activity as early as 24h post-ligation (Figure 3.14), which
was more marked and extensive at 48h (Figure 3.15) and further elevated at 72h
(Figure 3.16) post CD40 ligation by mCD40L. Therefore, the results from these
caspase detection experiments not only corroborated the Cytotox-Glo assay data
(above) which demonstrated that CD40 ligation induces extensive cell death in RCC

cells, but also provided evidence that mCD40L-mediated RCC cell death is apoptotic.
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Figure 3.13 Detection of caspase 3/7 activity at 24 h post CD40 ligation

ACHN, 786-O and A-704 were co-cultured at 0.8x10* cells/well with 1x104 cells/well MMC-treated
fibroblasts 3T3-CD40L (mL) and 3T3-Neo (Control) in white 96-well plates. Plates were incubated
for 24h and caspase activity assessed by the SensoLyte® Assay. 50ul of assay substrate was
added to each well followed by 90 min incubation at room temperature in the dark. Fluorescence
was measured on a FLUOStar Optima plate reader (as detailed in the Methods) and background-
corrected relative fluorescence units (RFU) were deduced by pair-wise subtraction of mCD40L and
Control RFU from the respective co-cultures (as described in the text). A) Background corrected
RFU readings for co-cultures ACHN, 786-O and A-704/3T3-CD40L (mL) and respective 3T3-Neo
co-cultures (Control). Bars show mean RFU of 4-6 technical replicates + SEM and results are
representative of three experiments. Stats: ***, p<0.001; NS, non-significant (p>0.05) paired student
T-test. B) Results from graphs in A are also presented as fold change (mCD40L relative to control).
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Figure 3.14 Detection of caspase 3/7 activity at 48 h post CD40 ligation

ACHN, 786-O and A-704 were co-cultured at 0.8x10* cells/well with 1x104 cells/well MMC-treated
fibroblasts 3T3-CD40L (mL) and 3T3-Neo (Control) in white 96-well plates. Plates were incubated
for 48h and caspase activity assessed by the SensoLyte® Assay. 50ul of assay substrate was
added to each well followed by 90 min incubation at room temperature in the dark. Fluorescence
was measured on a FLUOStar Optima plate reader (as detailed in the Methods) and background-
corrected relative fluorescence units (RFU) were deduced by pair-wise subtraction of mCD40L and
Control RFU from the respective co-cultures (as described in the text). A) Background corrected
RFU readings for co-cultures ACHN, 786-O and A-704/3T3-CD40L (mL) and respective 3T3-Neo
co-cultures (Control). Bars show mean RFU of 4-6 technical replicates + SEM and results are
representative of three experiments. Stats: ***, p<0.001 paired student T-test. B) Results from
graphs in A are also presented as fold change (mCDA40L relative to control).
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Figure 3.15 Detection of caspase 3/7 activity at 72 h post CD40 ligation

ACHN, 786-O and A-704 were co-cultured at 0.8x10* cells/well with 1x104 cells/well MMC-treated
fibroblasts 3T3-CD40L (mL) and 3T3-Neo (Control) in white 96-well plates. Plates were incubated
for 72h and caspase activity assessed by the SensoLyte® Assay. 50ul of assay substrate was
added to each well followed by 90 min incubation at room temperature in the dark. Fluorescence
was measured on a FLUOStar Optima plate reader (as detailed in the Methods) and background-
corrected relative fluorescence units (RFU) were deduced by pair-wise subtraction of mCD40L and
Control RFU from the respective co-cultures (as described in the text). A) Background corrected
RFU readings for co-cultures ACHN, 786-O and A-704/3T3-CD40L (mL) and respective 3T3-Neo
co-cultures (Control). Bars show mean RFU of 4-6 technical replicates + SEM and results are
representative of three experiments. Stats: ***, p<0.001 paired student T-test. B) Results from
graphs in A are also presented as fold change (mCDA40L relative to control).
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3.9 Detection of DNA fragmentation following CD40 ligation

DNA fragmentation represents one of the hallmarks of apoptosis (Saraste and Pulkki,
2000). Previous work in our laboratory established a DNA fragmentation detection
assay (‘JAM test’) for the detection of TNFR-mediated epithelial cell apoptosis and
determination of ‘% DNA fragmentation’ (by sample normalisation using appropriate
controls) (Bugajska et al., 2002). Based on this assay, it was shown that mCD40L
induced extensive apoptosis in both UCC cells (60-70%) (Bugajska et al., 2002,
Georgopoulos et al., 2006, Shaw et al., 2005) and CRC cells (80-85%) (Georgopoulos
et al., 2007). More recently, these findings have been confirmed using an ELISA
method-based DNA fragmentation assay that has allowed the determination of ‘% cell
death’ using normalisation based on staurosporine-mediated DNA fragmentation
(Mohamed, 2014). The ability of staurosporine to induce apoptosis via the intrinsic
pathway has been described by ourselves (Chopra et al., 2009) and others (Zhang et
al., 2004).

Of note, DNA fragmentation is a reliable and well characterised method to determine
cell death, however not all apoptosis mediated by members of the TNFR superfamily
is associated with DNA fragmentation (Steele et al., 2006). Yet, when TNFR-mediated
apoptosis is accompanied by DNA fragmentation, its detection permits robust
determination of % cell death. An important advantage of the ELISA-based method is
that, because it involves pre-labelling (BrdU-based ‘pulsing’) of target epithelial cells,
effector 3T3 cells do not interfere with the assay and no background subtraction is

necessary (as also detailed in Section 2.8.5).

Using the DNA fragmentation ELISA assay (section 2.8.5), following CD40 ligation by
mCD40L, RCC cells demonstrated high levels of DNA fragmentation at 48 h post-
ligation. Following normalisation against staurosporine-induced DNA fragmentation, it
was possible to deduce % cell death (calculated as detailed in Section 2.8.5). High
levels of cell death were detected in all RCC lines: 83% in 786-O (compared with
control 16%) (Figure 3.18), 80% in ACHN cells (compared with control 31%) (Figure
3.17), and 73% in A-704 cells (compared with control 13%) (Figure 3.19). These

findings are in agreement with the Cytotox-Glo and Caspase-detection assays and
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confirmed activation of apoptosis by mCD40L. Collectively, the results from all three
independent assays (Cytotox-Glo, SensoLyte and DNA fragmentation ELISA) also
provided strong evidence that CD40 induces cell death by activating an apoptotic (not

necrotic) death programme.

Although the DNA fragmentation assay negates the need to include ‘3T3 effector cell
alone’ controls to account for any effector cell-related background, it nevertheless
represents a more laborious experimental assay (it requires 2 days for completion).
Therefore, following the completion of all the experiments described in the sections
above, the CytoTox-Glo assay (as a surrogate marker of loss of membrane integrity)
was mainly used in this study as a standard apoptosis detection assay and
confirmation of apoptosis using DNA fragmentation ELISA was performed, where

appropriate, for specific experiments.
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Figure 3.16 Detection of DNA fragmentation in ACHN cells following co-culture

ACHN cells were pre-labelled with 10uM of DNA labelling agent BrdU for 2h. Then ACHN cells were co-
cultured at a density of 0.8x10%cells/well with 1x10* cells/well MMC-treated fibroblasts 3T3-CD40L
(mCD40L) and 3T3-Neo (Control) in 96-well plates. Treatment with 5uM of staurosporine was used as
positive control and untreated cells were also included (ACHN). The plates were then incubated for 48h
and supernatants were collected. Supernatants (150ul) from each of 6 replicate wells were collected
and used to determine DNA fragmentation by ELISA. Absorbance (at 455nm) was measured on a
FLUOStar Optima plate reader and % cell death calculated as described in the Methods. A) Bars
represent mean Absorbance units of 6 technical replicates + SEM and results are representative of two
experiments. B) Results from A are also presented as % cell death. Stats: ***, p<0.001 paired student
T-test.
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Figure 3.17 Detection of DNA fragmentation in 786-O cells following co-culture

786-0 cells were pre-labelled with 10uM of DNA labelling agent BrdU for 2h. Then ACHN cells were co-
cultured at a density of 0.8x10%cells/well with 1x10* cells/well MMC-treated fibroblasts 3T3-CD40L
(mCD40L) and 3T3-Neo (Control) in 96-well plates. Treatment with 5uM of staurosporine was used as
positive control and untreated cells were also included (786-0). The plates were then incubated for 48h
and supernatants were collected. Supernatants (150ul) from each of 6 replicate wells were collected
and used to determine DNA fragmentation by ELISA. Absorbance (at 455nm) was measured on a
FLUOStar Optima plate reader and % cell death calculated as described in the Methods. A) Bars
represent mean Absorbance units of 6 technical replicates + SEM and results are representative of two
experiments. B) Results from A are also presented as % cell death. Stats: ***, p<0.001 paired student
T-test.
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Figure 3.18 Detection of DNA fragmentation in A-704 cells following co-culture

A-704 cells were pre-labelled with 10uM of DNA labelling agent BrdU for 2h. Then ACHN cells were co-
cultured at a density of 0.8x10%cells/well with 1x10* cells/well MMC-treated fibroblasts 3T3-CD40L
(mCD40L) and 3T3-Neo (Control) in 96-well plates. Treatment with 5uM of staurosporine was used as
positive control and untreated cells were also included (A-704). The plates were then incubated for 48h
and supernatants were collected. Supernatants (150pl) from each of 6 replicate wells were collected
and used to determine DNA fragmentation by ELISA. Absorbance (at 455nm) was measured on a
FLUOStar Optima plate reader and % cell death calculated as described in the Methods. A) Bars
represent mean Absorbance units of 6 technical replicates + SEM and results are representative of two
experiments. B) Results from A are also presented as % cell death. Stats: ***, p<0.001 paired student
T-test.
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3.10 Optimisation of immunoblotting (Western blotting) for the
detection of epithelial cell proteins in co-cultures

Preparation of whole cell lysates from co-cultures and performing Western blotting
required epithelial cell lysate-specific controls, as the whole cell lysates from co-
cultures contains a mixture of proteins from both effectors (fibroblasts) and target
(epithelial) cells. For this purpose, and as detailed previously (Georgopoulos et al.,
2006, Mohamed, 2014, Dunnill, 2013), expression of epithelial-specific markers
(cytokeratins) has been employed to ensure equal loading based on cytokeratin (CK)

expression.

It was thus necessary, for the present study, that optimisation experiments were
carried out to establish procedures for the recognition of total protein (based on 3-actin
expression detection) and RCC cell-specific indicators. CK8 and CK18 expression was
investigated with the aim to use it as control for the adjustment of immunoblotting and

densitometry-based normalisation..

Figure 3.20 shows representative Western blotting experiments where lysates from a
panel of carcinoma cell lines were analysed for expression of cytokeratins CK8 and
CK18 alongside lysates from effector (3T3-Neo and 3T3-CD40L) fibroblasts. The panel
of epithelial cells included, in addition to the RCC lines (ACHN, 786-O and A-704), the
UCC cell lines RT4, RT112 and EJ, and the CRC cell line SW480-CD40 which is an
SW480-derivative engineered to express CD40 (Georgopoulos et al., 2007). The
results in Figure 3.20 show that the carcinoma cell lines expressed detectable (though
variable and cell line-dependent) CK8 and/or CK18 protein levels, whilst confirming
that effector cells (3T3 fibroblasts) did not express such epithelial markers and thus
were, as expected, CK8/18-negative.

When lysates from co-cultures of RCC lines ACHN, 786-O and A-704 with 3T3-Neo
and 3T3CD40L effector cells were analysed by immunoblotting, CK18 expression
could be detected consistently in all cell lines for time points ranging from 1.5h to 36 h
(Figures 3.21, 3.22 and 3.23, respectively). Lysates from co-cultures of 3T3-Neo and
3T3CD40L effectors with the CRC line HCT116 were used as positive controls (here

and in subsequent chapters for CD40 signalling pathway analysis — Chapter 4). Yet,
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as co-cultures progress, there is an increasing risk that, due to RCC cell apoptosis
triggered by mCDA40L, there will be progressive loss of epithelial lysate relatively to
fibroblast lysate in co-culture protein extracts as has been observed previously in our
laboratory (Mohamed, 2014). In fact, upon careful inspection, a slight reduction in
epithelial marker CK18 expression was visible at the 36h time-point, e.g. in 786-O co-
cultures (Figure 3.22); this time points coincides with the start of physical changes in
cells and apoptotic cell death initiation (see results above, particularly for 786-0O cells).

Hence, to ensure that equal loading could be achieved for both 3T3-Neo and 3T3-
CDA40L co-cultures, densitometry was carried out in order to quantify band intensity for
CK18 for RCC cell lines (using the Li-Cor Odyssey analysis software or Image Studio
freeware) and ‘lysate loading correction’ based on CK18 band intensity was performed
(for an example see Figure 3.24). Following band intensity-based normalisation
(correction) of lysates in the original membranes (‘first run’), new Western blotting
experiments were carried out with equal protein from target cells guaranteed (‘second
run’), as shown in Figures 3.25, 3.26 and 3.27, where representative such data are
provided. Once a set of lysates, created for specific co-cultures, has been ‘corrected’
by this type of normalisation and similar CK expression was detectable for all
conditions and time points, the set of lysates could then be used reproducibly for
immunoblotting analyses to detect intracellular mediators involved in CD40 signalling
in RCC cells (Chapter 4).
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Figure 3.19 Detection of Cytokeratin 8 (CK8) and 18 (CK18) expression in
epithelial cells and fibroblasts

Carcinoma cell lines and fibroblast cells (3T3-CD40L and 3T3-Neo) were cultured and a complete cell
lysates were made as described in the Methods (Section 2.9.3) and 20ug of protein/well was analysed
by immunoblotting (Section 2.9.5). After overnight incubation at 4°C by rocking with primary antibody
anti CK8 and CK18 mouse monoclonal IgG diluted 1:1000), secondary antibody (goat-anti mouse IgG
Alexa 680 dilution 1:10000) was added and the membrane was incubated in the dark for 1h. For
specificity and as a loading control, $-actin antibody was used (at 1:10,000 dilution) and incubation
overnight at 4°C, then the membrane was incubated with secondary antibody goat-anti mouse IgG Alexa
680 (diluted 1:10000) in the dark for 1h. Antibody binding was visualised at 700nm using a LI-COR
Odyssey Infra-Red Imaging System and the image is shown in black and white.
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Figure 3.20 Detection of CK18 in ACHN cell co-cultures with effector cells

{

ACHN cells were co-cultured in 10cm dishes at density of 3x10% with MMC treated fibroblast (3T3-Neo
and 3T3-CD40L) and incubated for (1.5, 3, 6, 12, 24 and 36h). Whole cell lysate were prepared as
described in the Methods (Section 2.9.3) and 40ug of protein/well was analysed by immunoblotting
(Section 2.9.5). After overnight incubation at 4°C by rocking with primary antibody anti CK18 mouse
monoclonal IgG diluted 1:1000), secondary antibody (goat-anti mouse 1gG Alexa 680 dilution 1:10000)
was added and the membranes were incubated in the dark for 1h. For specificity and as a loading
control, B-actin antibody was used (at 1:10,000 dilution) and incubation overnight at 4°C, then 1h
incubation with secondary antibody goat-anti mouse IgG Alexa 680 (diluted 1:10000) away from light.
Antibody binding was visualised at 700nm using a LI-COR Odyssey Infra-Red Imaging System and the
images are presented in black and white. Lysates from co-culture of CRC were used as control.

Key:
N/AC: 3T3Neo co-cultured with ACHN L/AC : 3T3CD40L co-cultured with ACHN
NH : 3T3Neo co-cultured with HCT116 L/H : 3T3CD40L co-cultured with HCT116

L : 3T3-CD40L fibroblasts alone
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Figure 3.21 Detection of CK18 in 786-O cell co-cultures with effector cells

786-0 cells were co-cultured in 10cm dishes at density of 3x108 with MMC treated fibroblast (3T3-Neo
and 3T3-CD40L) and incubated for (1.5, 3, 6, 12, 24 and 36h). Whole cell lysate were prepared as
described in the Methods (Section 2.9.3) and 40ug of protein/well was analysed by immunoblotting
(Section 2.9.5). After overnight incubation at 4°C by rocking with primary antibody anti CK18 mouse
monoclonal IgG diluted 1:1000), secondary antibody (goat-anti mouse IgG Alexa 680 dilution 1:10000)
was added and the membranes were incubated in the dark for 1h. For specificity and as a loading
control, B-actin antibody was used (at 1:10,000 dilution) and incubation overnight at 4°C, then the
membranes were incubated with secondary antibody goat-anti mouse IgG Alexa 680 (diluted 1:10000)
in the dark for 1h. Antibody binding was visualised at 700nm using a LI-COR Odyssey Infra-Red Imaging
System and the images are shown in black and white. Lysates from co-culture of CRC were used as
control.

Key:

N/O : 3T3Neo co-cultured with 786-O L/O :3T3CD40L co-cultured with 786-O
NH : 3T3Neo co-cultured with HCT116 L/H :3T3CD40L co-cultured with HCT116
L : 3T3-CD40L fibroblasts alone
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Figure 3.22 Detection of CK18 in A-704 cell co-cultures with effector cells

A-704 cells were co-cultured in 10cm dishes at density of 3x108 with MMC treated fibroblast (3T3-Neo
and 3T3-CD40L) and incubated for (1.5, 3, 6, 12, 24 and 36h). Whole cell lysate were prepared as
described in the Methods (Section 2.9.3) and 40ug of protein/well was analysed by immunoblotting
(Section 2.9.5). After overnight incubation at 4°C by rocking with primary antibody anti CK18 mouse
monoclonal IgG diluted 1:1000), secondary antibody (goat-anti mouse 1gG Alexa 680 dilution 1:10000)
was added and the membranes were incubated in the dark for 1h. For specificity and as a loading
control, B-actin antibody was used (at 1:10,000 dilution) and incubation overnight at 4°C, then the
membranes were incubated with secondary antibody goat-anti mouse IgG Alexa 680 (diluted 1:10000)
in the dark for 1h. Antibody binding was visualised at 700nm using a LI-COR Odyssey Infra-Red Imaging
System and the images are shown in black and white. Lysates from co-culture of CRC were used as
control.

Key:

N/A : 3T3Neo co-cultured with A-704 L/A: 3T3CD40L co-cultured with A-704

NH : 3T3Neo co-cultured with HCT116 L/H :3T3CD40L co-cultured with HCT116
L : 3T3-CD40L fibroblasts alone
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Figure 3.23 protein expression was corrected according to the CK18 band
intensity values by using densitometry analysis

Co-culture for 3x108 ACHN cells in 10cm dishes with MMC-treated fibroblast (3T3-Neo and 3T3-CD40L)
and incubated for (1.5, 3 and 6h). Whole cell lysate were prepared as described in the Methods (Section
2.9.3) and 40ug of protein/well was analysed by immunoblotting (Section 2.9.5). After overnight
incubation at 4°C by rocking with primary antibody anti CK18 mouse monoclonal I1gG (diluted 1:1000),
secondary antibody (goat-anti mouse IgG Alexa 680 dilution 1:10,000) was added and the membranes
were incubated in the dark on rocking platform for 1h. Antibody binding was visualised at 700nm using
a LI-COR Odyssey Infra-Red Imaging System and the images are presented in black and white. A)
Bands from first experiment with estimation of band intensities for CK8 expression. B) “Second
experiment” after normalisation analysis.

Key:
N/AC : 3T3Neo co-cultured with ACHN L/AC : 3T3CD40L co-cultured with ACHN
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Figure 3.24 Confirmation of equal loading in ACHN cell co-cultures following CK-
based normalisation

40ug of normalized lysates were analysed by immunoblotting (Section 2.9.5). After overnight incubation
at 4°C by rocking with primary antibody anti CK18 mouse monoclonal IgG diluted 1:1000), secondary
antibody (goat-anti mouse IgG Alexa 680 dilution 1:10000) was added and the membranes were
incubated in the dark for 1h. For specificity and as a loading control, 3-actin antibody was used (at
1:10,000 dilution) and incubation overnight at 4°C, then the membranes were incubated with secondary
antibody goat-anti mouse IgG Alexa 680 (diluted 1:10000) in the dark for 1h. Antibody binding was
visualised at 700nm using a LI-COR Odyssey Infra-Red Imaging System and the images are pesented
in black and white. Lysates from co-culture of CRC were used as control.

Key:
N/AC: 3T3Neo co-cultured with ACHN L/AC : 3T3CDA40L co-cultured with ACHN
NH : 3T3Neo co-cultured with HCT116 L/H :3T3CD40L co-cultured with HCT116

L : 3T3-CD40L fibroblasts alone
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Figure 3.25 Confirmation of equal loading in 786-O cell co-cultures following CK-
based normalisation

40ug of normalized lysates were analysed by immunoblotting (Section 2.9.5). After overnight incubation
at 4°C by rocking with primary antibody anti CK18 mouse monoclonal IgG diluted 1:1000), secondary
antibody (goat-anti mouse IgG Alexa 680 dilution 1:10000) was added and the membranes were
incubated in the dark for 1h. For specificity and as a loading control, B-actin antibody was used (at
1:10,000 dilution) and incubation overnight at 4°C, then the membranes were incubated with secondary
antibody goat-anti mouse IgG Alexa 680 (diluted 1:10000) in the dark for 1h. Antibody binding was
visualised at 700nm using a LI-COR Odyssey Infra-Red Imaging System and the images are shown in

black and white. Lysates from co-culture of CRC were used as control.

Key:
N/O : 3T3Neo co-cultured with 786-O L/O :3T3CD40L co-cultured with 786-O
NH : 3T3Neo co-cultured with HCT116 L/H :3T3CD40L co-cultured with HCT116

L : 3T3-CD40L fibroblasts alone
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Figure 3.26 Confirmation of equal loading in A-704 cell co-cultures following CK-

based normalisation

40ug of normalized lysates were analysed by immunoblotting (Section 2.9.5). After overnight incubation
at 4°C by rocking with primary antibody anti CK18 mouse monoclonal IgG diluted 1:1000), secondary
antibody (goat-anti mouse 1gG Alexa 680 dilution 1:10000) was added and the membranes were
incubated in the dark for 1h. For specificity and as a loading control, B-actin antibody was used (at
1:10,000 dilution) and incubation overnight at 4°C, then the membranes were incubated with secondary
antibody goat-anti mouse IgG Alexa 680 (diluted 1:10000) in the dark for 1h. Antibody binding was
visualised at 700nm using a LI-COR Odyssey Infra-Red Imaging System and the images are shown in

black and white. Lysates from co-culture of CRC were used as control.

Key:

N/A : 3T3Neo co-cultured with A-704 L/A: 3T3CD40L co-cultured with A-704

NH : 3T3Neo co-cultured with HCT116 L/H :3T3CD40L co-cultured with HCT116
L : 3T3-CD40L fibroblasts alone
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3.11 Summary

» Immunoblotting and Flow cytometry confirmed high expression of CD40 on
human RCC cell lines. In addition, flow cytometry definite the expression of
mCD40L on 3T3-CD40L effector cell surface in comparison to 3T3-Neo cells

that showed no CD40L expression.

» Treatment with pro-inflammatory cytokines increased CD40 expression with
IFN-y showing more significant induction in CD40 expression than treatment
with TNF-a.

» Using Cytotox-Glo death assays, results demonstrated for the first time that
CD40 ligation by mCD40L triggered cell death in all 3 human RCC cell lines,
with massive cell death detected particularly at 48 h post-ligation. No further
increase in CD40 killing was detectable at 72 h.

» Treatment of all RCC cell lines with G28-5 agonistic anti-CD40 antibody did not

induce cell death at the time-points tested.

» The presence of IFN-y in co-cultures of RCC cells with mCD40L consistently
caused a clear increase in cell death in all RCC cell lines, although the increase
in cell death only reached statistical significance in A-704 and ACHN cells (but
not in 786-0 cells). However, presence of IFN-y in cultures of RCC cells treated
with G28-5 mAb did not significantly enhance the ability of the agonist to induce
cell death in RCC cells after 48h.

» Results from the SensoLyte assay demonstrated for the first time that CD40
ligation by mCD40L in RCC cells induced activation of effector caspases 3/7 at
24h post-ligation, which was more extensive at 48h and further elevated at 72h.

These results corroborated the Cytotox-Glo assay findings.

» DNA fragmentation ELISA assays showed for the first time induction of DNA
fragmentation at 48h following CD40 ligation by mCD40L, which confirmed the
induction of mMCD40L-mediated apoptotic cell death in RCC cells.
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» The experiments described in this chapter also confirmed the optimisation of
immunoblotting techniques for the detection of epithelial lysate in whole cell
lysates from epithelial and effector (fibroblast) co-cultures. CK8 and 18
expression was detected by only epithelial cells and densitometric analysis
(based on CK18 bands intensity) allowed lysate normalisation, to ensure that

equal amount of RCCs protein were analysed by the technique.

» The experiments in this chapter therefore allowed the establishment of the
methodologies required to systematically study the mechanisms of CD40-
mediated cell death as well as investigations of CD40-mediated intracellular

signalling in RCC cells (in the following chapters).
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Chapter 4

Investigation of the induction of proinflammatory
cytokine secretion following CD40 ligation
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4. Background

It has been reported that receptor ligation of members of TNFR family can induce
cytokine secretion in epithelial cells. Previous studies showed that treatment with Fas
and TNF-a triggered IL-8 secretion in HT29 cells (Abreu-Martin et al., 1995). IL-8
secretion has also been observed in primary epithelial cells and in carcinoma cell lines
in response to TNF-a treatment (Sharma et al., 1998). Other studies performed on
A375 cells showed that stimulation of other TNFRs (LTBR) either by agonistic anti-
LTBR monoclonal antibody (M12) or by membrane bound LTB and LTap ligands
induced IL-8 and RANTES secretion (Degli-Esposti et al., 1997). Recent studies in our
laboratory demonstrated that stimulation of LTBR by membrane bound ligand triggered
IL-6, IL-8 and GM-CSF secretion in a variety of carcinoma cells (Albarbar, et al,

manuscript in preparation).

Ligation of CD40 on monocytes, dendritic cells and other APC cells by membrane
bound CD40L expressed on activated T-cells in vitro enhanced multiple cytokines
secretion such as IL-1, IL-6, IL-8, IL10, IL-12 and TNF-a (van Kooten and Banchereau,
2000, Kooten and Banchereau, 1997). While in B-cells, CD40 ligation in vitro led to
production of IL-6, IL-10, TNF-a and LT-a (van Kooten and Banchereau, 2000).

CD40 is functionally expressed on adherent cells such as primary lines of endothelial
cells, keratinocytes and synovial fibroblasts and its ligation on these cells induced
cytokines secretion (Kooten and Banchereau, 1997). Secretion of cytokines such as
IL-8 and IL-6 has also been observed in response to CD40 ligation by recombinant
soluble CD40 ligand (rsCD40L) in human epithelial cells including ovarian carcinoma
cells and epidermal keratinocytes (Gallagher et al., 2002b), whilst other studies
showed that treatment of some carcinoma cells including bladder, pancreatic and
breast cancer cells, with either rhCD40L or agonistic antibody induced secretion of
various cytokines such as IL-8, IL-6, GM-CSF, GRO-a and TNF-a (Alexandroff et al.,
2000).

The effect of membrane-bound CD40 ligand on cytokine secretion in epithelial cells
has provided some interesting observations. CD40 ligation by membrane-presented

CD40L (mCD40L) can mediate cytokine secretion in different types of carcinoma cells
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particularly bladder, pancreatic and breast cancer cells (Grammer and Lipsky, 2000,
van Kooten and Banchereau, 2000). More importantly, while mCD40L mediate
secretion of cytokines IL-6, IL-8 and GM-CSF in CRC and UCC (Georgopoulos et al.,
2007), interestingly, IL-8 secretion and to a smaller extent IL-6 secretion could be
induced by soluble CD40 agonist, but GM-CSF secretion was induced only by
mCD40L (Georgopoulos et al., 2007). This observation is in covenant with findings in
B cells, where the degree of CD40 cross-linking determines the ability of the receptor

to induce IL-6 secretion (Baccam and Bishop, 1999).

More recent studies showed that ligation of CD40 in mouse and human RCC cells
triggered cytokine gene expression and cytokine protein secretion. In particular, CD40
ligation by soluble agonists induced GM-CSF and MCP-1 protein secretion and up-
regulated gene expression of GM-CSF, MCP-1, IL-23, IP-10 and ITAC (Lee et al.,
2005). Another study has confirmed this and reported that treatment of mouse RCC
cells with agonistic anti-CD40 antibody induced GM-CSF and MCP-1 gene expression
and mediated substantial GM-CSF and MCP-1 secretion in a dose-dependent manner
(Shorts et al., 2006).

Having demonstrated the effects of CD40 ligation in RCC cell fate, the work in this
chapter focused on human RCC cells and investigate the secretion of cytokines in
response to CD40 ligation. Initially, a cytokine array approach was employed to
investigate secretion of a large panel of cytokines in culture supernatants in the 786-0O
cell line following CDA40 ligation at 48h, which was the time point where maximal CD40-
mediated killing was observed in human RCC cells (see Chapter 3). Following this
initial screening, cytokine-specific ELISA assays were performed for all cell lines
ACHN, 786-O and A-704 and detailed investigations at different time points for the
selected cytokines IL-8, IL6 and GM-CSF.
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4.1 Objectives

The aims of this chapter were to

» Investigate whether CD40-CD40L interaction induce cytokine secretion in
RCC cells

e Use a cytokine array approach to screen for a large panel of cytokines
following CD40 ligation in 786-0 cells
e Determine IL-6, IL-8 and GM-CSF secretion in culture supernatants of a

panel of RCC cells

» Examine whether the mode of CD40 ligation (soluble versus membrane

agonist) can modulate the secretion of cytokines in RCC cells
e Determine GM-CSF secretion levels in culture supernatants of RCC cells

after treatment with agonistic anti-CD40 antibody G28-5 and compare

findings with its concentration in co-culture supernatants
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4.2 Detection of cytokine secretion in co-culture supernatants of RCC
cells 786-0O using a cytokine array approach

In order to obtain a preliminary idea of what types of cytokine were secreted post CD40
ligation in human RCC cells, a human cytokine array kit was used for quantification of
cytokine secretion in culture supernatants collected at 48h post CD40 ligation by
mCDA40L for the human RCC cells line 786-0. For these initial screening experiments,
similar co-cultures of the UCC cell line EJ were also used as controls, as secretion of
cytokines following CD40 ligation in EJ cells has been reported previously by our

laboratory (Georgopoulos et al., 2007).

As shown in Figure 4.1, the cytokine array experiments showed that mCD40L induced
marked secretion of a number of cytokines, as demonstrated by comparison of test
(786-O/mCD40L) versus control (786-O/Neo) supernatants. Figure 4.1 panel A
illustrates the whole arrays for all conditions tested for both 786-O and EJ cells. The
most highly induced cytokines specifically associated with CD40 signalling (IL-8, IL-6,
GM-CSF, GROa, sICAM-1 and MCP-1) were plotted for both cell lines in panel B, whilst
presentation of data as “fold change” allowed a better side-by-side comparison of 786-
O and EJ cells (as the basal levels of cytokine secretion differed between the two cell

lines).
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Figure 4.1 Detection of cytokine secretion in RCC cells 786-O using a human
cytokine array approach

RCC cells 786-O were co-cultured at a density of 5x10* cells/well with 6x10* cells/well of MMC-treated
fibroblasts 3T3-CD40L and 3T3-Neo in 24 well plates (as detailed in section 2.7) for 48h. Supernatants
were collected and cytokines secretion was determined using the human cytokine array kit (as described
in materials and methods section 2.12.3). A) Image for scanned nitrocellulose membranes using an
Odyssey™ Infra-red Imaging system. B) Bars represent mean fluorescence intensity of the 2 replicates
spots on the arrays for the selected cytokines. C) Results from graphs in A are presented as fold change
of mMCDA40L treatment (L+786-O and L+EJ) relative to (N+786-O and N+EJ).

Key:
N+786-0O : 3T3-Neo co-cultured with 786-O N+EJ : 3T3-Neo co-cultured with EJ
L+786-O :3T3-CD40L co-cultured with 786-O L+EJ :3T3-CD40L co-cultured with EJ
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4.2.1 Detection of IL-8 secretion in RCC cells following CD40 ligation
by mCD40L

IL-8 is a well-characterised proinflammatory cytokine/chemokine that is secreted by
many types of cells including epithelial cells and fibroblast, but the main sources of IL-
8 secretion are monocytes and macrophages. (Zhu and Woll, 2005). IL-8 stimulates
neutrophils and enhances their migration, through the activation of
(phosphatidylinositol-3 kinase) PI-3K to induce chemotaxis and chemokinesis (Knall et
al., 1997). The action of PI-3K links IL-8 receptors to MAPK signalling in neutrophils.
The biological activity of IL-8 is mediated by its interaction with the two specific cell-
surface G protein-coupled chemokine receptors CXCR1 and CXCR2 (Waugh and
Wilson, 2008). IL-8 secretion can be induced by various stimuli involving inflammatory
signals including TNF-a, chemotherapy, hypoxia etc (Brat et al., 2005).

This activity of IL-8 has been observed in several cancer cell lines. In lung and ovarian
cancer cells, IL-8 signalling enhances the activation of mitogen activated protein kinase
(MAPK) p42/44 signalling (Waugh and Wilson, 2008), whilst, IL-8 signalling caused
activation of the pro-apoptotic MAPK pathway p38 via down regulation of ERK1/2 in
both neutrophils and carcinoma cells (MacManus et al., 2007, Knall et al., 1996,
Venkatakrishnan et al., 2000, Luppi et al., 2007).

Treatment of intestinal epithelial cells (IEC) with TNF-a resulted in IL-8 secretion in an
ERK and p38 dependent-manner, as inhibition of ERK or p38 by PD98059 and
SB203580 inhibitors, respectively, alone or in combination caused reduction in IL-8
secretion (Jijon et al., 2002). CD40-CD40L signalling induced IL-8 secretion in ovarian
carcinoma cell lines, when cells were treated with recombinant human CD40L
(Toutirais et al., 2007). Whilst previous findings in our laboratory showed that ligation
of CD40 by either mCD40L or agonistic anti-CD40 antibody G28-5 triggered IL-8
secretion in CRC and UCC cells (Georgopoulos et al., 2007).

Having demonstrated marked induction of IL-8 secretion in the preliminary cytokine
detection experiments in Figure 4.1, IL-8 secretion in response to CD40 ligation by
mCDA40L in human RCC cells was systematically investigated following co-culture of

RCC cells with 3T3-CD40L and 3T3-Neo effectors. Co-cultures were performed and
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cell culture supernatants collected at different time points: 1.5h, 3h, 6h, 12h, 24h, 36h
and 48h, and then the concentration of secreted IL-8 was determined by ELISA assay
(as described in the Methods sections 2.7, 2.12 and 2.12.2).

Results presented in Figure 4.2 showed marked induction of secretion of IL-8 in
response to CD40 ligation in all three RCC lines in a time-dependant manner,
consistent with the observations with control EJ cells. This induction was observed as
early as 1.5h following CD40 ligation. It should be noted that during the course of the
experiments the relative increase in IL-8 secretion subsided, which was clearly due to
the basal IL-8 secretion by all RCC cell lines (Figure 4.2. left panels), which resulted in
progressive accumulation of cytokine in the control supernatants. Of note also, no
detectable secretion of IL-8 was observed in culture supernatants from 3T3-CD40L
and 3T3-Neo fibroblast alone as shown in this study (chapter 6) and as previously

reported (Georgopoulos et al., 2007).
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Figure 4.2 mCD40L-mediated IL-8 secretion in RCC cells

RCC cells (ACHN, 786-0 and A-704) were co-cultured at a density of 5x10* with 6x10* of MMC-treated
fibroblasts 3T3-CD40L and 3T3-Neo in 24 well plates (as detailed in the Methods) for 1.5-48h) following
incubation for the indicated time points, supernatants were taken. Secretion of IL-8 was determined by
ELISA assays. Graphs on the left show mean of 2-3 technical replicates of IL-8 concentration, calculated
as explained in materials and methods (section 2.12.2) and are representative of 2 independent
investigates. Results from these graphs are also presented as fold change (L) relative to control (N) as
bar graphs on the right.

Key
N+A-704 : 3T3-Neo co-cultured with A-704 N+786-O : 3T3-Neo co-cultured with 786-O
L+A-704 : 3T3-CD40L co-cultured with A-704 L+786-O : 3T3-CDA40L co-cultured with 786-O
N+ACHN : 3T3-Neo co-cultured with ACHN N+EJ : 3T3-Neo co-cultured with EJ
L+ACHN : 3T3-CDA40L co-culture with ACHN L+EJ : 3T3-CD40L co-cultured with EJ
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4.2.2 Detection of IL-6 secretion in RCC cells following CD40 ligation
by mCD40L

IL-6 is a multi-functional cytokine the secretion of which is biologically important in
various Aspects of immune regulation and in disease. Amongst several functions, IL-6
secretion has important roles in the enhancement of neutrophil production in the bone
marrow and IL-6 enhances the response of macrophages to specific microbial
molecules (Hirano, 2010, Ara and DeClerck, 2010). IL-6 can interact with two types of
receptors, IL-6 receptor (IL-6R) and soluble IL-6 receptor (sIL-6R). Binding of IL-6 to
IL-6R leads to formation a complex between IL-6R and IL-6 associates with gp130 and
promotes the initiation of intracellular signalling, while binding of sIL-6R to IL-6 strongly

sensitizes target cells (Scheller et al., 2006, Imada and Leonard, 2000).

High expression of IL-6 has been detected in most tumours types and caused alteration
in the expression of apoptosis regulatory proteins resulted in high resistance of these
tumours to chemotherapy (Bellone et al., 2005, Cozen et al., 2004). One of its main
functions is to activate JNK signalling and activator of transcription STAT3. IL-6 has
also the ability to phosphorylate mitogen activated protein kinases (MAPK) and AKT
(Culig and Puhr, 2012). Moreover, a correlation between IL-6 and anti-apoptotic effects
in a number of carcinomas, for example in prostate cancer, where IL-6 mediated PI3-
K pathway activation, which in turn activates AKT, regulates cell survival (Chung et al.,
2000).

Cytokine secretion, including IL-6, has been shown to be regulated by CD40 ligation
(Alexandroff et al., 2000, Gallagher et al., 2002a, Cao et al., 2005 Altenburg, 1999
#670, Altenburg et al., 1999). An association between NF-kB and IL-6 secretion has
been shown previously, in studies where CD40-negative Hela cells were transfected
with a CD40-expression vector or with a CD40 mutant vector deficient in NF-kB
activation; in response to CD40 ligation by either sCD40L or G28.5 mAb, CD40 ligation
caused IL-6 secretion in WT receptor-expressing cells, whereas Hela cells expressing
mutant CD40 failed to exhibit IL-6 production following CD40 ligation by either type of

agonist (Eliopoulos et al., 1997, Shaw et al., 2005). Findings from our laboratory have
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previously demonstrated CD40-mediated IL-6 secretion in UCC EJ cells in response
to CD40 ligation by mCD40L (Georgopoulos et al., 2006).

To systematically examine IL-6 secretion in the panel of RCC cells, supernatants from
co-cultures of RCC cells with 3T3-CD40L and 3T3-Neo were collected at specific time
points (1.5h, 3h, 6h, 12h, 24h, 36h and 48h) and then screened for IL-6 secretion by
ELISA assays as above for IL-8. Results showed extensive secretion of IL-6 in
response to CD40 ligation in all three RCC lines in a time-dependant manner,
consistent with the observations with control EJ cells (Figure 4.3). This induction was
observed as early as 1.5h following CD40 ligation. It should be noted that during the
course of the experiments the relative increase in IL-6 secretion subsided, which was
due to basal IL-6 secretion by all RCC cell lines (Figure 4.3, left panels). This was
particularly evident with the A-704 cell line that showed extensive IL-6 secretion.
Interestingly also, the rate of IL-6 release in EJ cells was much slower that that
observed in the RCC lines.
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Figure 4.3 mCD40L-mediated IL-6 secretion in RCC cells

RCC cells (ACHN, 786-0 and A-704) were co-cultured at a density of 5x10* with 6x10* of MMC-treated
fibroblasts 3T3-CD40L and 3T3-Neo in 24 well plates (as detailed in the Methods) for 1.5-48h) and
supernatants were collected at the indicated time points. Secretion of IL-6 was determined by ELISA
assays. Graphs on the left show mean of at least 3 technical replicates of IL-6 concentration, calculated
as described in materials and methods (section 2.12.2) and are typical of 2 independent experiments.
Results from these graphs are also presented as fold change (L) relative to control (N) as bar graphs

on the right.

Key
N+A-704 3T3-Neo co-cultured with A-704
L+A-704 3T3-CD40L co-cultured with A-704
N+ACHN 3T3-Neo co-cultured with ACHN
L+ACHN 3T3-CD40L co-culture with ACHN

N+786-O
L+786-O
N+EJ

L+EJ
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4.2.3 Detection of GM-CSF secretion in RCC cells following CD40
ligation by mCD40L

Granulocyte/Macrophage-Colony stimulating factor (GM-CSF) is a strongly pro-
inflammatory pleiotropic cytokine that plays essential role in the generation of effective
immune responses via its ability to activate monocytes, macrophages and

granulocytes at the sites of inflammation (Gasson, 1991).

T cells produce GM-CSF in response to the TCR activation. However, the
immunosuppressive drug cyclosporine (CsA) has been shown to inhibit the secretion
of GM-CSF via its ability to block the Ca?*/calcineurin pathway (Cockerill et al., 1993,
Shannon et al., 1997). The family of transcription factors NFAT have been shown to
be induced by the Ca?*/calcineurin pathway (Hernandez-Munain and Krangel, 2002,
Hogan et al., 2003, Lee et al., 2004, Solymar et al., 2002). Furthermore, it has been
observed that NFAT exerts its activity to control GM-CSF gene expression via its
synergism with other families of transcription factors including AP-1 (Crabtree and
Olson, 2002, Hogan et al., 2003).

It has been reported that GM-CSF secretion in T-cells and B-cells depends on the
induction of activator protein-1 (AP-1) transcription factor (Wang et al., 1994, Johnson
et al., 2004). Moreover, mCD40L mediates apoptosis via TRAF3-mediated JNK
phosphorylation that leads to the induction of AP-1 in carcinoma cells (Georgopoulos
et al., 2006, Dunnill et al., 2016), and CD40 ligation by mCD40L triggered GM-CSF
secretion in CRC cells (Georgopoulos et al., 2007); thus, it has been hypothesised that
CD40 ligation may induce GM-CSF secretion depending on the induction of AP-1
(Georgopoulos et al.,, 2007). Studies by Shorts et al (2006) demonstrated that
stimulation of CD40 in RCC tumours in vivo and in human RCC cell lines in vitro leads
to GM-CSF production (Shorts et al., 2006).

Thus, to investigate whether CD40 ligation by mCD40L can induce GM-CSF secretion
in human RCC cells, supernatants were collected from co-cultures of RCC cells as
above (at time points 1.5h, 3h, 6h, 12h, 24h, 36h and 48h) and GM-CSF concentration
determined by ELISA. Results showed significant induction of GM-CSF secretion in all
three RCC lines by 3h post CD40 ligation particularly in 786-O cells. More relatively
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modest increases were observed in A-704 and ACHN cells, whilst secretion of GM-
CSF in EJ cells was more delayed yet particularly marked by 24h (Figure 4.4). As in
the case of the other two cytokines (IL-6 and IL-8), during the course of these
experiments the relative increase in GM-CSF secretion subsided, which was due to

basal secretion by all RCC cell lines (Figure 4.4).
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Figure 4.4 mCD40L-mediated GM-CSF secretion in RCC cells

RCC cells (ACHN, 786-0 and A-704) were co-cultured at a density of 5x10* with 6x10* of MMC-treated
fibroblasts 3T3-CD40L and 3T3-Neo in 24 well plates (as detailed in the Methods) for 1.5-48h) following
incubation at the the indicated time points supernatants were taken at. Secretion of GM-CSF was
determined by ELISA assays. Graphs on the left show mean of at least 3 technical replicates of GM-
CSF concentration, calculated as explained in materials and methods (section 2.12.2) and are
representative of 2 independent investigates. Results from these graphs are also shown as fold change
(L) relative to control (N) as bar graphs on the right.

Key
N+A-704 : 3T3-Neo co-cultured with A-704 N+786-O : 3T3-Neo co-cultured with 786-O
L+A-704 : 3T3-CD40L co-cultured with A-704 L+786-O : 3T3-CDA40L co-cultured with 786-O
N+ACHN : 3T3-Neo co-cultured with ACHN N+EJ : 3T3-Neo co-cultured with EJ
L+ACHN : 3T3-CD40L co-culture with ACHN L+EJ : 3T3-CD40L co-cultured with EJ

166



4.3 The role of the mode of CD40 ligation in GM-CSF secretion

CD40 ligation by mCD40L triggered apoptosis in UCC cells via TRAF3 recruitment and
JNK phosphorylation which then mediated AP-1 induction, while treatment with soluble
agonists did not induce JNK activation or detectable apoptosis (Bugajska et al., 2002,
Georgopoulos et al., 2006). As shown in this study, the same scenario could be applied
in RCC cells, as anti-CD40 agonistic antibody G28-5 did not induce apoptosis while
membrane presented CD40L triggered massive apoptotic cell death at 48h following
CDA40 ligation (Chapter 3).

The degree of receptor cross-linking, however, appears to not only determine
functional outcome in terms of apoptosis induction, but it also influences cytokine
secretion. Previous studies in B cells (Baccam and Bishop, 1999) and carcinoma cells
(Georgopoulos et al., 2007) have shown that the capability of CD40 ligation to mediate
cytokine secretion is also reliant on on the ‘quality’ of the CD40 signal. Particularly in
carcinoma cells, soluble agonist can induce IL-6 and IL-8 secretion however that is to
a lesser extent that the induction observed with mCD40L. More importantly, GM-CSF
secretion induction was only observed following CD40 activation by membrane but not

soluble agonist.

To discourse this question in RCC cells, 786-O were treated with 10ug/ml of G28-5
agonists in the presence of 2.5ug/ml of secondary antibody (cross linker), then
incubated for 1.5h, 3h, 6h, 12h, 24h, 36h and 48h, alongside mCD40L-treated (by co-
culture of 786-O with 3T3-CD40L and 3T3-Neo). Supernatants were collected from
both types of cultures in parallel time course experiments and GM-CSF secretion was
determined by ELISA assays. Treatment with cross-linked G28-5 mAb caused very
small and delayed secretion of GM-CSF in 786-0 cells in direct contrast with mCD40L

which, as above, caused marked GM-CSF release (Figure 4.5).
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Figure 4.5 GM-CSF secretion in 786-0 cells following CD40 activation by soluble
versus membrane-presented agonist

RCC cells line 786-O were either cultured at density of 5x10% cell/well in presence of 10ug/ml of cross
linked agonistic anti-CD40 antibody G28-5, or co-cultured with 6x10* of MMC-treated fibroblasts 3T3-
CD40L and 3T3-Neo in 24 well plates (as detailed in the Methods) for (1.5-48h) and supernatants were
collected at the indicated time points. Secretion of GM-CSF was determined by ELISA assay. Graphs
on the tope show mean of at least 3 technical replicates of GM-CSF concentration, calculated as
described in materials and methods (section 2.12.1) and are typical of 2 independent experiments.
Results from this graph is also presented as fold change (L) relative to control (N) as bar graph on the
bottom.

Key

N+786-0: 3T3-Neo co-cultured with 786-O 786-0/G28-5: 786-0 cultured in presence of G28-5
L+786-0: 3T3-CD40L co-cultured with 786-O
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4.4 Summary

» Results in this chapter demonstrated that CD40 ligation by mCD40L
induces substantial cytokine secretion in RCC cells

» Initial screening experiments using cytokine filter arrays showed mCD40L-

mediated induction of a panel of pro-inflammatory cytokines in RCC cells

» The most highly induced cytokines (previously associated with CD40
signalling) detected in the array experiments were IL-8, IL-6, GM-CSF,
GROa, sICAM-1 and MCP-1

» ELISA assay experiments focused on measurement of levels of cytokines
IL-6, IL-8 and GM-SCF, due to their previously reported induction by CD40
ligation in our laboratory and based on reports by others

» All RCC lines secreted readily detectable levels of IL-6, IL-8 and GM-CSF,
which resulted in progressive accumulation of these cytokines in control
supernatants; yet CD40 ligation by mCD40L caused marked induction in
cytokine secretion. Control EJ cells did secrete substantial levels of these
cytokines

» mCD40L caused marked induction of secretion of IL-8 in all three RCC
lines in a time-dependent manner with rapid secretion of IL-8 observed as

early as 1.5h following CD40 ligation

» Significant secretion of IL-6 was observed within 6h post CD40 ligation by

mCD40L, which was more gradual in the control EJ cells

> Substantial induction of GM-CSF secretion was observed in all RCC lines
by 3-6h post CD40 ligation particularly in 786-O cells. More relatively
modest increases were observed in A-704 and ACHN cells, whilst secretion

of GM-CSF in EJ cells was more delayed yet particularly marked by 24h
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» Treatment with cross-linked G28-5 mAb caused little and delayed secretion
of GM-CSF in 786-0 cells; this was in direct contrast with mCD40L which
caused marked and rapid GM-CSF release

» In brief, pro-apoptotic CD40 ligation by mCD40L caused rapid and
substantial pro-inflammatory cytokine secretion in RCC cells, while non-
apoptotic ligation by soluble agonist triggered little detectable secretion,
which confirms the importance of receptor cross-linking in functional

outcome.
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Chapter 5

Investigations on the intracellular signalling
mediators involved in CD40-mediated apoptosis in
RCC cells
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5 Background

The mechanisms by which CD40 receptor signalling controls homeostatic responses
and cell fate, especially in terms of the role of specific TRAF adaptor molecules, have
mainly been studied in B cells by elegant work from Gail Bishop’s group (Bishop, 2004).
Yet comparatively less is known about the precise signalling pathways triggered
following activation by CD40L in epithelial cells (Eliopoulos and Young, 2004, Albarbar
et al., 2015) and the role of specific TRAFs in CD40 signalling in non-haematopoietic
cells remains much less understood. Generally, TRAFs coordinate various Aspects of

cellular responses such as proliferation, differentiation or apoptosis (Bishop, 2004).

One common feature, nevertheless, is that cellular responses to CD40 signalling,
whether in B cells or epithelial cells, are exquisitely context-specific. The engagement
of CD40 with CD40L causes the recruitment of adapter TRAFs to the cytoplasmic tail
of the CD40 molecule (Bishop et