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REGULATION OF APOPTOSIS BY CD40 IN B-CELL LYMPHOMA

by Claire Louise Dallman

CDA40 is a cell surface signalling molecule expressed on normal B-cells and B-cell
malignancies. Activation of CD40 (via binding CD40 ligand, CD40L) in normal B-
cells promotes B-cell survival and is vital for activation of the immune response.
However, activation of CD40 can induce or prevent apoptosis in malignant B-cells.
Furthermore, CD40-activating agents are entering clinical trails as cancer therapies.

B-cells were isolated from over twenty Non Hodgkin’s lymphomas and non-
malignant lymph nodes and the effect of CD40 ligation on apoptosis and expression
of apoptosis regulators was assessed. CD40L suppressed apoptosis in all B-cell
malignancies tested, accompanied by significant increases in Bcl-X; protein
expression and differential regulation of Bel-X splicing and promoters. Mcl-1 protein
expression was also regulated by CD40 stimulation. Although A20, survivin, Bfl-1
and BNIP3 (a novel CD40-target gene identified in this study) were regulated by
CD40 in some samples, this was not consistent. Antisense oligonucleotides to Bel-X;.
and Mcl-1 demonstrated that these proteins were key for survival of lymphoma cells.
NF-kB mediated both the pro-survival effects of CD40 and upregulation of Bcl-Xi
and Mcl-1 expression. Microarrays were developed and used to characterise CD40-
induced gene expression. This identified both novel CD40-target genes and also genes
that were differentially regulated in cell lines with different survival outcomes to
CD40 activation e.g. SLAM and SH2D1A.

Therefore CD40 acts as a potent survival signal for primary B-cell lymphomas
leading to regulation of the key anti-apoptotic proteins Bel-X. and Mcl-1, via
activation of NF-kB. This raises concerns over forthcoming clinical trails utilising
CD40 activation as a treatment for cancer but suggests that targeting Bel-X;, Mcl-1 or

NF-kB may be a useful approach for treating lymphoma.
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Chapter 1: Introduction

Apoptosis, or programmed cell death, is an essential physiological process required
for normal development, homeostasis and immune regulation in multicellular
organisms. In particular, apoptosis is critical for the development and maturation of
normal B-cells. B-cells are white blood cells responsible for making antibodies
against bacterial, viral or tumour antigens. Deregulation of apoptosis can lead to
pathogenesis: excessive apoptosis has been associated with cardiovascular diseases
and neurodegenerative disorders e.g. Alzheimer’s disease and AIDS, whereas
suppression of apoptosis can lead to autoimmune diseases and tumorigenesis. Cancer
formation can occur due to defects in apoptosis controlling genes leading to an
extended cell life span, increasing the possibility that the cell will accumulate further
genetic alterations that could contribute to malignancy. Moreover, successful cancer
treatment using chemotherapy or radiotherapy, relies on the ability of malignant cells
to undergo apoptosis, so often these treatments are unsuccessful and select for a
population of cells that are resistant to apoptosis. Elucidation of the molecular
mechanisms involved in the regulation of apoptosis is vitally important in order to
understand tumorigenesis and to yield novel therapies to increase the propensity of

malignant cells to commit suicide.

One of the key regulators of B-cell function and apoptosis is CD40, a member of the
tumour necrosis factor (TNF) superfamily. The CD40 cell surface receptor is required
for normal function of the immune system and is a positive regulator of cell survival
for normal B-lymphocytes. However, there is evidence to support both pro- and anti-
apoptotic functions for CD40 in malignant B-cells and epithelial cancers. There is
increasing interest in the potential of CD40 activating agents as novel therapies for
cancer and it is essential to understand the differential response of malignant cells, to
inform the design of trials. The aim of this project was to investigate the effects of
CDA40 ligation on the regulation of apoptosis in B-cell lymphomas and to determine
the molecular mechanisms involved. This introduction will discuss the mechanisms of
apoptosis, the importance of apoptosis in B-cell development, the role and
mechanisms of CD40 signalling in cell survival and apoptosis, and will also discuss

the various B-cell lymphomas studied in this project.



1.1 Apoptosis

Although programmed cell death was first described in the 19™ century, research did
not begin until the early 1970’s when Kerr, Wylie and Curry coined the term
apoptosis to describe the morphology of programmed cell death (Lockshin & Zakeri
2001, Kerr et al 1972). Apoptosis is a Greek word describing leaves falling from trees
or petals from flowers. Whereas cells that die from injury typically swell and burst (a
process called necrosis), apoptosis involves the systematic dismantling of the cell.
Cells shrink, detach from their neighbours and the nucleus becomes condensed.
Condensed chromatin is cleaved into oligonucleosome-sized fragments of 180-200 bp
(Wyllie 1980) and the nuclear envelope and nucleolus break apart. The plasma
membrane retains its integrity and forms invaginations and protrusions called blebs
which can pinch off forming apoptotic bodies, leading to cell fragmentation.
Apoptotic bodies are rapidly phagocytosed by neighbouring cells (Collins ez al 1994),

preventing inflammatory and autoimmune responses.

Apoptosis is an active, tightly controlled process and is generally executed by a
family of intracellular cysteine proteases called caspases. Caspases have aspartate
specificity and exist as immature pro-enzymes that are activated upon apoptosis by
cleavage. Firstly, initiator caspases (caspases 8 or 9) are autoactivated, whereby
multiple procaspase molecules are brought close together in molecular complexes so
they can cleave and activate each other. The activated initiator caspases then go on to
cleave effector caspases (e.g. caspase 3, 7 and 6) which cleave cellular substrates and
also activate other caspases, resulting in a caspase activation cascade. Caspases cleave
a large number of substrates functioning to disrupt cellular protective mechanisms and
switch on degradative pathways leading to destruction of the cell. For example,
caspase-3 cleaves ICAD (inhibitor of caspase-activated DNase), which releases its
repression on CAD (caspase-activated DNase), allowing CAD to cleave chromatin at
nucleosomal boundaries, resulting in the characteristic DNA fragmentation of
apoptosis (Enari ef a/ 1998). DNA repair is also prevented by caspase cleavage of the
DNA repair enzyme poly(ADP)ribose polymerase or PARP (Gu et al 1995). Caspases
also cleave nuclear laminins, proteins involved in cytoskeletal regulation e.g. gelsolin,
and other caspases themselves. However apoptosis can occur independently of
caspases via activation of other proteases such as calpains, cathepsins and serine

proteases (Mathiasen & Jaattela 2002).



Apoptosis can be triggered through two distinct pathways which converge on caspase
activation (fig. 1.1). In the ‘intrinsic’ cell death pathway, insults such as growth factor
withdrawal, DNA damage, hypoxia and cytotoxics lead to the release of proteins from
the mitochondrial intermembrane space, such as cytochrome ¢ (Kluck ef al 1997).
Bcl-2 family proteins regulate this pathway, as detailed in section 1.2. Released
cytochrome ¢ combines with Apaf-1 and procaspase-9, forming the apoptosome, the
formation of which is dependent on ATP hydrolysis (Green & Reed 1998). The
apoptosome is a wheel-like structure containing seven molecules of Apaf-1,
cytochrome ¢, ATP and procaspase 9. Multiple procaspase 9 molecules are brought
into close proximity in the apoptosome allowing autoactivation to occur producing
active caspase 9 molecules. Caspase 9 dissociates from the complex and cleaves and
activates effector caspases (e.g. caspases 3 and 7), which cleave cellular substrates
and perpetuate the caspase cascade network resulting in cell death (Bleackley &
Heibein 2001). In the ‘extrinsic’ pathway, the signal to die comes from outside the
cell and occurs via the binding of death ligands e.g. Fas, to death receptors on the cell
surface (see section 1.3). This directly leads to autoactivation of caspase-8, which
then goes on to cleave and activate other effector caspases in a caspase cascade. There
is also cross talk between the extrinsic and intrinsic pathways under some conditions.
Caspase 8, activated by death receptor signalling, can cleave Bid, a pro-apoptotic Bel-
2 family protein, which can then target the mitochondria leading to cytochrome ¢

release (Li ef al 1998, Desagher et al 1999, Wei ef al 2000).

Mitochondria play an important role in apoptosis, in addition to releasing cytochrome
c other mediators of apoptosis are released into the cytosol and the mitochondrial
membrane potential can be lost. Smac/DIABLO is released from the intermembrane
space of the mitochondria during apoptosis and binds to XIAP (X-linked inhibitor of
apoptosis protein), a protein which directly binds to caspases and inhibits their
function. The binding of Smac/DIABLO to XIAP, and probably other members of the
IAP family, prevents them from inhibiting caspases, therefore promoting apoptosis
(Salvesen & Duckett 2002). Similar to Smac/DIABLO, HtrA2/Omi is released from
the mitochondria during apoptosis and binds to XIAP inhibiting its function.
HtrA2/Omi also has a serine protease dependent apoptosis-inducing activity when

overexpressed extramitochondrially (Suzuki ef a/ 2001). In some cell types
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Figure 1.1: The two major apoptotic pathways. Apoptosis can be initiated by the extrinsic
(death receptor pathway) or the intrinsic (mitochondrial) pathway. Activation of death
receptors e.g. Fas, leads to processing of caspase 8 and activation of the caspase cascade. A
wide range of apoptotic insults can activate the mitochondrial pathway, leading to release of
proteins such as cytochrome ¢ from the mitochondria, which promote apoptosis. Cytochrome
¢, in the presence of ATP, binds to Apaf-1 and procaspase 9 in a seven-pronged wheel
structure called the apoptosome. This structure facilitates caspase 9 autoactivation. Caspase 9
can then activate effector caspases e.g. caspase 3, leading to activation of the caspase cascade
and apoptosis. The extrinsic pathway can also activate the intrinsic pathway via caspase 8
activation of Bid, a pro-apoptotic Bcl-2 member, which can promote cytochrome c release.
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procaspase-3 is released during apoptosis, although it is unclear whether it is activated
prior to release (Green & Reed 1998). Apoptosis-inducing factor (AIF) and
endonuclease G are also liberated from the mitochondrial intermembrane space and
translocate to the nucleus upon an apoptotic signal, leading to chromatin condensation
and large-scale DNA fragmentation, in a caspase independent manner (Susin et a/
1999, Li et al 2001). Indeed, mutation or reduced expression of the C. elegans
endonuclease G homolog cps-6 leads to decreased DNA degradation and delayed
apoptosis, showing that DNA degradation is vital for the proper progression of
apoptosis (Parrish et a/ 2001). Key regulators of mitochondrial function, cytochrome

c release and caspase activation are members of the Bcl-2 family.

1.2 The Bel-2 family

Bcl-2 is the founding member of a family of proteins that are important regulators of
apoptosis. Bcl-2 was originally identified as a proto-oncogene in B-cell lymphoma.
85% of follicular lymphomas and 20% of diffuse B-cell lymphomas have a
characteristic translocation between chromosome 18 and chromosome 14, which
brings the Bcl-2 gene under control of the Ig heavy chain intron enhancer (reviewed
in Yang & Korsmeyer 1996 and Antonsson & Martinou 2000). This results in
transcriptional deregulation and overexpression of the Bcl-2 protein. Transgenic mice
bearing a Bcl2-Ig minigene show a 4-fold expansion of the resting B-cell population,
similar to human follicular lymphoma. These cells accumulate due to extended
survival, consistent with an anti-apoptotic function of Bcl-2 and over time mice
progress to diffuse large-cell lymphomas, similar to the transformation of follicular
lymphoma in humans (reviewed in Korsmeyer 1999, MacCarthy-Morrogh et al 1999).
The extended life span of B-cells afforded by Bel-2 overexpression, allows cells to
acquire additional genetic defects (e.g. c-myc mutation) without undergoing
apoptosis, leading to tumorigenesis. Bcl-2 suppresses apoptosis induced by a wide
range of stimuli both in vitro and in vivo, although not in all systems studied (Vaux ef
al 1988, Nunez et al 1990, Hockenbery et al 1990, Allsopp et al 1993) and provided

the first example of oncogenesis mediated by decreased cell death.

Bcl-2 is now known to belong to a family of proteins that are all important regulators
of apoptosis. The Bcl-2 family consists of at least 20 family members that all possess

at least one of four conserved motifs known as Bel-2 homology domains (BH1 to



BH4) (Adams & Cory 1998). The family comprises proteins that inhibit apoptosis
(e.g. Bcl-2, Bel-Xi, Bfl-1, Mcl-1 and Bel-w) and proteins that promote apoptosis (e.g.
Bax, Bak, Bcl-Xs, Bad, Bid, Bik and Hrk). Anti-apoptotic and pro-apoptotic members
can heterodimerise and titrate one another’s function, so the relative concentration of
opposing members is important in determining if apoptosis occurs (Oltvai et al 1993).
The Bcl-2 family can be divided into three subgroups (fig 1.2): (i) the anti-apoptotic
proteins with 4 BH domains and a carboxy-terminal transmembrane domain (ii) the
multidomain pro-apoptotic proteins which share sequence homology in BH1, BH2
and BH3 but lack BH4 and (iii) the BH3-only pro-apoptotic proteins that share
homology only in BH3. The Bcl-2 family can localize to the outer mitochondrial
membrane, the endoplasmic reticulum membrane and the nuclear envelope, via their
C-terminal hydrophobic transmembrane domain. Localisation to the outer
mitochondrial membrane is particularly important for their function and pro-apoptotic
family members that do not express the transmembrane domain will translocate from
the cytoplasm to the mitochondria during apoptosis (Wolter et al 1997, Hsu et al
1997).

High resolution, three-dimensional structures have been solved for Bcl-2, its closely
related homologs Bcl-X; and Bcl-w, the pro-apoptotic multidomain protein Bax and
the pro-apoptotic BH3-only protein Bid (Muchmore et al 1996, Petros et al 2001,
Suzuki et al 2000, Chou et al 1999, McDonnell et al 1999, Densiov ef al 2003).
Although primary sequence homology between these proteins is limited, their overall
structures are remarkably similar. All comprise a central predominately hydrophobic
o-helix packed against five amphipathic o-helices (fig. 1.3). A hydrophobic groove is
present on the surface of Bcl-2 and Bcel-X, formed by the BH1, BH2 and BH3
domains, which is responsible for heterodimerisation with pro-apoptotic Bcl-2 family
members. Heterodimerisation is mediated through insertion of the BH3 domain (helix
2) of the pro-apoptotic Bcl-2 family member into the hydrophobic groove of Bel-2 or
Bel-Xi, via both electrostatic and hydrophobic interactions (fig. 1.3B) (Sattler et al
1997, Petros et al 2001). This protein-protein interaction neutralizes the effect of Bel-
2 or Bel-X; and promotes cell death, requiring only 9-16 residues of the BH3 domain.
Therefore proteins containing the BH3 domain act as direct antagonists to Bel-2.

Synthetic BH3 domain peptides are also able to bind and inactivate Bcl-2, leading to
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Figure 1.3: Crystal structures of Bcl-2 and Bel-X; /Bak. A - Bcl-2 structure (determined by
Petros et al 2001). Here part of the unstructured loop region of Bcl-2 has been replaced by
that of Bcl-X, in order to improve solubility of the protein. The 7 alpha helices of Bcl-2 have
been colour coded. B - Bcl-X| structure showing insertion of the Bak BH3 domain
(determined by Sattler et al 1997). The BH domains of Bcl-X; are colour coded. A 16 amino
acid peptide derived from the Bak BH3 domain is shown in black.



apoptosis and are attractive small molecule inhibitors for targeting Bcl-2 activity

(Oxford et al, in press).

The structural topology and distribution of electrostatic potential in the hydrophobic
groove differs between Bcl-2 family proteins such as Bcl-2 and Bel-X. This may
contribute to the specificity of interactions of BH3 domains with Bcl-2 or Bel-Xi, for
example Bad BH3 binds to Bcl-X; and Bcl-2 with affinities (kD) of 0.6nM and 8nM
respectively (Petros et al 2001). Interestingly, the C-terminal eighth a-helix of Bel-w
and the C-terminal transmembrane domain of Bax fold into their BH3 binding clefts
(Densiov et al 2003, Suzuki et al 2000). This occurs in the soluble form of Bax and is
thought to prevent hetrodimerisation with cytosolic proteins. When Bax translocates
to the mitochondria, the transmembrane domain inserts into the outer mitochondrial
membrane, leaving the cleft free to bind BH3 domains. The insertion of a-helix eight
into the BH3 binding pocket of Bcl-w may restrict interactions of Bel-w to partners
that are capable of displacing this helix, thus exerting another level of control and

specificity into Bcl-2 family interactions.

The N-terminal BH4 domain (helix 1), only possessed by the anti-apoptotic Bel-2
family members (with the exception of Mcl-1), forms an amphipathic helix located on
the opposite face of Bel-2 to the hydrophobic groove. The BH4 domain is essential
for the anti-apoptotic activity of Bcl-2 but is not involved in heterodimerisation with
Bcl-2 family proteins. Instead, this region is involved in interactions with regulatory
proteins such as CED-4 (a caspase activator in the nematode Caenorhabditis elegans,
which is equivalent to Apaf-1), the protein phosphatase calcineurin and the protein

kinase Raf-1 (Huang ef al 1998, Shibasaki et a/ 1997, Wang ef al 1996).

Bcl-2 and Bcl-X also possess a flexible loop region between the BH3 and BH4
domains consisting of 60 amino acids (Muchmore et a/ 1996). This is not essential for
their anti-apoptotic activity but appears to have a negative regulatory role, as deletion
mutations of this region have an enhanced ability to prevent apoptosis (Chang et a/
1997). The loop domain has a number of serine and threonine phosphorylation sites
and the outcome of phosphorylation is dependent on cellular context. Agents which

induce cell cycle arrest e.g. Taxol, promote phosphorylation and inactivate Bcl-2,



whereas cytokine mediated phosphorylation of Bcl-2 prevents apoptosis in cytokine-
dependent cell lines (Yamamoto ef al 1999, Ito et al 1997, Blagosklonny 2001).
Phospho-Bcl-2 was also shown to associate with Pin 1 (a peptidyl prolyl isomerase)
leading to a transient conformational change in Bcl-2 which inhibits its function (Basu
& Haldar 2003). The loop regions of Bcl-2 and Bcl-X;. can also be cleaved by
caspase-3 during apoptosis and the carboxy-terminal cleavage products accelerate cell
death, ensuring that apoptosis reaches completion (Cheng et a/ 1997, Clem et al 1998,
Fujita et al 1998).

Bcl-2 family proteins regulate cell death through influencing mitochondrial events
that are central to apoptosis. The precise mechanism/s by which Bcl-2 family proteins
regulate apoptosis are not clear but may be explained by three properties of Bcl-2
proteins: they form membrane channels, they regulate cytochrome c release and they

regulate caspase activation.

1. Membrane channels

Elucidation of the structure of Bcl-X| revealed that it resembles the membrane
insertion domain of pore forming bacterial toxins e.g. diphtheria toxin, particularly in
the BH1 and BH2 domains. Indeed Bcl-X;, Bcl-2, and Bax do form channels in lipid
bilayers in vitro, involving the two core helices 5 and 6. These channels possess some
ion selectivity and channel formation is favoured by changes in membrane potential
or pH (Minn ef al 1997, Schendel et al 1997). However there is no direct evidence for
channel forming activity in vivo (Adams & Cory 1998, Zoming 2001). Therefore BH1
and BH2 domain containing Bc¢l-2 family proteins may form channels in organelle
membranes, such as mitochondria, which may be voltage or pH regulated, and could

influence mitochondrial function and apoptosis.

2. Cytochrome c release

Bcel-2 and Bcel-X;. prevent all mitochondrial changes occurring during apoptosis,
including cytochrome c release (Kluck et al 1997), whereas addition of Bax or BH3
peptides to isolated mitochondria induce cytochrome ¢ release and membrane
potential loss (Rosse et al 1998, Cosulich et al 1997, Narita et al 1998). Recently Bcl-
2 and Bcl-X| have also been shown to prevent Smac/DIABLO release from

mitochondria (Sun et a/ 2002). The mechanism by which cytochrome c is released
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from mitochondria is not known but could occur through a specific channel in the
outer mitochondrial membrane that is either formed or regulated by Bcl-2 proteins, or
through non-specific swelling of the mitochondria and rupture of the mitochondrial
outer membrane (fig 1.4). Bax oligomers and pro-apoptotic cleavage products of Bcl-
X1 can form channels in lipid bilayers or outer mitochondrial membrane vesicles
which are large enough for cytochrome ¢ to pass through (Tsujimoto & Shimizu 2000,
Basanez et a/ 2001, Kuwana et a/ 2002). There is also a conductance channel in the
outer mitochondrial membrane termed VDAC (voltage-dependent anion channel),
which is responsible for metabolite exchange across the mitochondrial membrane, but
could also be the route of cytochrome c release. Endogenous Bcl-X can be
coimmunoprecipitated with VDAC, whereas endogenous Bax and Bak can only be
coimmunoprecipitated with VDAC in apoptotic, but not intact, cells (Shimizu et a/
1999). In liposomes, Bax and Bak are able to interact with VDAC to release
cytochrome ¢ and this requires an intact BH3 domain, whereas Bcl-X| interacts with
VDAC preventing cytochrome c release. It was also demonstrated that the presence of
VDAC in isolated mitochondria was essential for Bax or Bak induced membrane
potential loss and cytochrome c release (Shimizu et al 1999). However a recent study
has shown that oligomerised Bax can permeabilise membranes when VDAC was
absent (Kuwana et al 2002). Although the diameter of VDAC is too small for
cytochrome ¢ to pass through, Bax or Bak may induce a conformational change in the
protein or form a channel in combination with VDAC allowing cytochrome c to pass

(fig. 1.4).

VDAC is also a component of the PT (permeability transition) pore, a large multi-
protein channel consisting of VDAC, ANT (adenine nucleotide translocator), creatine
kinase, hexokinase and cycophilin D, which spans both the inner and outer
mitochondrial membrane. This channel is affected by changes in voltage, calcium, pH
and redox. Opening of the channel is predicted to cause increased mitochondrial
permeability, allowing water and solutes to enter leading to swelling of the matrix
which could rupture the outer membrane and lead to cytochrome c release. However
in many instances of apoptosis the mitochondria do not swell and burst, so this
mechanism may not account for all types of apoptosis. The PT channel is proposed to

be regulated by Bcl-2 family proteins. Indeed Bax can interact with both VDAC and
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Figure 1.4: Possible mechanisms of cytochrome c release from mitochondria. A specific cytochrome c release channel could be formed by Bcl-2 family
proteins or regulated by them. This channel could be composed of Bax molecules (a) or Bax could induce a conformational change in VDAC allowing
cytochrome c to pass (b). Alternatively Bax and VDAC may associate to form a channel large enough for cytochrome c to pass through (c). Cytochrome ¢
could also be released through non-specific rupture of the outer mitochondrial membrane. This could be achieved through opening of the PT pore (d) or
through inhibition of metabolite exchange through VDAC/ANT (e), both of which can be regulated by Bcl-2 family proteins.



ANT to promote pore opening whereas Bcl-2 and Bel-X;. may promote a closed

conformation (Vander Heiden and Thompson 1999).

Another theory is that Bcl-2 family proteins may regulate mitochondrial homeostasis
and outer membrane rupture through regulating metabolite exchange. Early in
apoptosis prior to loss of membrane integrity and cytochrome c release, there is a
defect in mitochondrial ATP/ADP exchange which could increase mitochondrial
membrane potential and ultimately lead to matrix swelling and cytochrome c release
(Vander Heiden et a/ 1999). The lack of metabolite exchange is due to closure of the
VDAC channel and it has been shown that the addition of Bcl-X; to isolated
mitochondria prevents VDAC closure and maintains it in an open configuration
thereby allowing normal mitochondrial metabolite exchange to take place and
preventing loss of mitochondrial function and apoptosis (Vander Heiden er al 2001).
This study contradicts the findings of Shimizu ef a/ (1999) who found that Bcl-X;.
closes the VDAC channel preventing cytochrome c release through VDAC. However
this difference may reflect differences in in vitro and in vivo systems, and the stage of

apoptosis studied. Clearly more studies are required to clarify this issue.

3. Caspase activation

Bcl-X has also been shown to bind Apaf-1 and caspase-9 in mammalian cells and
prevents activation of caspase-9 mediated by Apaf-1 (Pan et al 1998, Hu et al 1998).
A model has been proposed whereby pro-apoptotic Bcl-2 family members displace
Bcl-X, from the apoptosome complex, thereby facilitating caspase-9 activation
(Adams & Cory 1998). Indeed, Diva an unusual pro-apoptotic Bcl-2 family protein
which functions in a BH3-independent manner, coimmunoprecipitates with Apaf-1
and prevents binding of Bcl-X;. in an overexpression system (Inohara et al 1998).
However recent data has failed to demonstrate a direct interaction of Apaf-1 with Bcl-
2 family members (Conus et al 2000) but a number of adaptor molecules have been
identified which link Bcl-2 family members to caspases. Aven binds both Bel-X; and
Apaf-1, interfering with the ability of Apaf-1 to self-associate and activate caspases
(Chau et al 2000). An anti-apoptotic protein BAR was identified which contains a
Bcl-2 and Bel-X| -interacting SAM domain and a DED-like domain which interacts
with the DED-containing procaspases 8 and 10 (Zhang et al 2000). BAR therefore
bridges Bcl-2/Bcl-X to the death-receptor associated procaspases, linking the
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extrinsic and intrinstic apoptotic pathways. Another adaptor molecule Bap31 was
found to complex Bcl-2/Bcl-X| to procaspase 8 in the ER (Ng ef al 1997,
Breckenridge et al 2002). In the absence of Bcl-2, Bap31 was degraded by caspases
forming a product that promoted apoptosis. Spike, an ER-associated pro-apoptotic
BH3-only protein, also interacted with Bap31 and inhibited complex formation
between Bel-X| and Bap31 (Mund ef a/ 2003). Therefore the displacement of Bcl-
X1/Bcel-2 from Bap31 by Spike could facilitate caspase activation and apoptosis
(Mund ef a/ 2003).

Recent studies have suggested that Bcl-2 family proteins may regulate caspase
activation upstream of cytochrome c release and independently of the apoptosome. A
study by Marsden et a/ (2002) showed that Apaf-1 and caspase-9 were dispensable for
apoptosis in murine knockout cells, whereas cells overexpressing Bcl-2 were resistant
to apoptosis. Caspases were clearly activated and cytochrome ¢ was released in
apoptotic cells lacking Apaf-1 or caspase 9, so another caspase activation pathway
must be important. Also, Bcl-2 can protect heterozygous Apaf-1 knockout embryonic
stem cells from apoptosis (Haraguchi et a/ 2000). However, in this study Apaf-1 null
cells did not die through apoptosis, but through a caspase independent mechanism,
although Bcl-2 could still protect these cells from cell death. Therefore Bcl-2 can
protect cells from cell death independent of Apaf-1, in a caspase-dependent or

caspase-independent manner.

A theory has been proposed whereby Bcl-2 family proteins regulate upstream initiator
caspases, which may then directly or indirectly lead to cytochrome ¢ release or may
activate effector caspases directly. In this manner, Bcl-2 could act like its C. elegans
homolog CED-9 which prevents activation of an initiator caspase. A number of
potential upstream initiator caspases have been identified, including caspases 1, 11 or
12 (Marsden et al 2002) and caspase 2 (Guo et al 2002, Lassus et al 2002, Robertson
et al 2002). In some cell lines activation of caspase-2 is clearly required for apoptosis
and caspase-2 can directly and indirectly trigger the release of cytochrome ¢ and
Smac/DIABLO from mitochondria (Lassus et al 2002, Guo et al 2002, Robertson et
al 2002). Caspase 2 activity was also required for Bax translocation and cytochrome ¢
release (Lassus ef al 2002) and caspase 2 induced cytochrome ¢ release can be

prevented by overexpressing Bcl-2 or Bel-X| (Guo et a/ 2002). However it is not
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clear whether Bcl-2/Bcl-X. directly inhibit caspase-2 activity or prevent caspase-2

induced apoptosis by inhibiting mitochondrial changes.

What is the specific role of individual Bcl-2 family proteins and how do interactions
between classes of Bcl-2 family proteins determine apoptosis sensitivity? The BH3
only proteins seem to be activated by specific apoptotic signals and function as
triggers of apoptosis by antagonising pro-survival molecules. BH3-only proteins are
expressed at low levels or kept inactive in healthy cells but are unleashed in response
to a death stimulus. Noxa, Puma, and BNIP3 are transcriptionally regulated, with
Noxa and Puma being transcriptional targets of the tumour suppressor protein p53,
that is activated in response to DNA damage (Oda et al 2000, Nakano et al 2001),
whereas BNIP3 can be induced by hypoxia (Bruick 2000). Bim and Bmf are kept
inactive by localization to cytoskeletal structures, Bim associates with the
microtubule-associated dynein motor complex and the Bmf associates with the
myosin V actin motor complex (Puthalakath et a/ 1999, Puthalakath et a/ 2001).
Certain apoptotic stimuli disrupt these associations allowing Bim and Bmf to act. Bad
is inactivated in cells stimulated with survival factors by phosphorylation.
Phosphorylation on specific serine residues causes Bad to be sequestered by the 14-3-
3 protein in the cytosol, preventing it from targeting to the mitochondria (Zha et a/
1996). During apoptosis initiated by death receptors (e.g. Fas, TNFR-1) caspase-8 is
activated which cleaves cytosolic Bid to form a truncated product, tBid. tBid
translocates to the mitochondria and inserts into the mitochondrial membrane where it

can activate Bax and Bak (Luo ez a/ 1998, Li et al 1998).

Killing via BH3-only molecules is dependent on the multidomain pro-apoptotic
molecules, Bak and Bax, as cells lacking both Bax and Bak do not die upon
expression of BH3-only proteins, in contrast to cells expressing either Bax or Bak
(Zong et al 2001, Wei et al 2001, Cheng ef al 2001). There are two classes of BH3-
only proteins: (i) proteins that can activate multidomain pro-apoptotic proteins Bax
and Bak directly to trigger apoptosis, characterised by Bid or Bim. These proteins can
also bind Bcl-2 and Bcl-2 may sequester these molecules when Bcl-2 is in excess (fig.
1.5A) (ii) proteins that cannot activate Bax/Bak directly but instead bind Bcl-2/Bcl-
X1, leading to displacement of pro-apoptotic proteins bound to Bcl-2/Bcl-X;. The
pro-apoptotic proteins bound to Bcl-2/Bcl-X; may be Bax/Bak (fig. 1.5B) or could be
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Figure 1.5: Mechanisms by which BH3-only proteins induce apoptosis. A — Some
BH3 only proteins, e.g. Bid and Bim can activate and oligomerise the multidomain
anti-apoptotics Bax and Bad directly, leading to cytochrome c release and apoptosis.
In this model Bcl-2/Bcl-X|. prevent apoptosis by sequestering the BH3-only proteins.
B — Other BH3-only proteins cannot activate Bax/Bak directly but can bind to Bel-
2/Bcl-X;.. This may displace any Bax/Bak molecules bound to Bcl-2/Bcl-X,
facilitating apoptosis. C — This model is a combination of models A and B, whereby
BH3-only proteins displace Bid/Bim sequestered by Bcl-2/Bcl-X;, allowing Bid/Bim

to activate Bax/Bak leading to apoptosis.
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Bid/Bim type BH3-only proteins which then go on to activate Bax/Bak (fig. 1.5C)
(Desagher ef al 1999, Wei et al 2000, Eskes et al 2000,Yamaguchi et a/ 2002, Cheng
et al 2001, Letai et al 2002, Moreau et al/ 2003). Current evidence favours a model
whereby some BH3-only proteins act as antagonists of anti-apoptotic Bcl-2 family
members and induce apoptosis by interfering with the interaction between pro and
anti-apoptotics, thereby releasing pro-apoptotics to induce apoptosis. Elevated levels
of Bcl-2/Bcl-X . may therefore prevent apoptosis by sequestering all of the pro-
apoptotic Bcl-2 family proteins. A recent paper has shown that, at least in UV
irradiated HeLa cells, elimination of Mcl-1 is required for the events leading to
apoptosis through the mitochondrial pathway, including Bax translocation and
oligomerisation, and cytochrome c release (Nijjhawan ef al 2003). Following UV
treatment in this system, Mcl-1 protein synthesis was blocked, and the exisiting pool
of Mcl-1 protein was rapidly degraded by the proteasome. The elimination of Mcl-1
may allow the release of BH3-only proteins sequestered by Mcl-1, allowing the BH3-
onlys to activate apoptosis. This puts Mcl-1 at the apical point in the Bcl-2 family
pathway, upstream of BH3-only proteins. Our understanding of the mechanisms by
which Bcl-2 family proteins control apoptosis is limited and so these models may be

an oversimplification of the real events controlling cell death.

Expression and activity of Bcl-2 family members is regulated in a variety of ways. At
the transcriptional level, anti-apoptotic members are induced by cytokines and growth
factors e.g. interleukins 2,3 and 6 can induce Bcl-X| expression, and Bax, Puma and
Noxa transcription can be induced by pS53. Both the Bcl-X and Mcl-1 RNAs can be
alternatively spliced generating short forms of the proteins, called Bcl-Xs and Mcl-18S,
that promote apoptosis. Bcl-Xs lacks a 63 amino acid region, which includes the BH1
and BH2 domains, whereas Mcl-1S contains only the BH3 domain (Bae et al 2000,
Bingle et al 2000, Zoming et al 2001). Bcl-2 can be inactivated or activated by
phosphorylation on different sites (Haldar et al 1995, Adams & Cory 1998) and Bad
is also regulated by phosphorylation, as detailed above. Bcl-2 family members are
also regulated by caspase cleavage. Caspase 8 can cleave the pro-apoptotic protein
Bid to form tBid. tBid binds Bax or Bak resulting in their oligomerisation and
cytochrome c release. Bel-2, Bel-X and Mcl-1 are also cleaved during apoptosis,
producing proteins that promote apoptosis (Zorning et al 2001, J. Michels &

G.Packham personal communication). Cleavage of Bax by calpains (calcium
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dependent cysteine proteases which can be activated during apoptosis) has also been
observed in response to interferon-gamma and chemotherapeutics (Toyota et al 2003).
Cleaved Bax (p18) has increased cytotoxicity compared to wild type Bax, consistent
with an inhibitory function for the cleaved N-terminus. These mechanisms amplify
the apoptotic cascade, ensuring that once a cell embarks on the apoptotic pathway it

cannot escape cell death.

1.3 Death receptors

Death receptors belong to the tumour necrosis factor receptor (TNFR) superfamily.
There are at least 21 members of the TNFR family, including CD40 and the eight
death receptors (TNF-R1, Fas, DR3, TRAIL-R1/DR4, TRAIL-R2/DRS5, DR6, NGFR
and EDAR). TNFRs are characterised by cysteine-rich sequences in their extracellular
domain and are activated by binding ligands belonging to the TNF superfamily. At
least 17 TNF family members have been identified and they all possess a trimeric
structure, which can bind three receptors, leading to trimerisation or oligomerisation
and activation of the receptors. In addition to the cysteine-rich extracellular domain,
death receptors also contain a conserved cytoplasmic region of approximately 80
amino acids called the death domain (DD), which mediates protein-protein
interactions and downstream signalling, generally leading to apoptosis. However,
some death receptors can promote cell survival and some TNF family members can
activate apoptosis even though they lack a DD e.g. CD40 (reviewed in Ozoren & El-
Deiry 2003, Gupta 2001, Schneider & Tschopp 2000).

The best characterised death receptors are Fas, TNF and TRAIL. Activation of these
molecules can also occur as a result of CD40 signalling (see section 1.7.3). Therefore,

these molecules are discussed below.

1.3.1 Fas

Fas or CD95 is widely expressed with predominant expression on activated T-cells,
whereas 1ts ligand, FasL, is only expressed by cytotoxic T cells (CTLs) and natural
killer (NK) cells and in sites of immune privilege (Ozoren & El-Deiry 2003). The
Fas/FasL interaction is important for a number of immune functions including: (i)
elimination of self-reactive T-cells (ii) deletion of activated T-cells at the end of an

immune response (iii) killing target cells (e.g. virally infected cells or cancer cells) by
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CTL and NK cells (iv) deletion of self-reactive B-cells (v) maintenance of immune
privileged status of the retina and testis and (vi) homeostasis of the liver (Ozoren &

El-Deiry 2003, Gupta 2001).

Ligation of Fas leads to aggregation of its death domains, which recruit an adaptor
molecule Fas associated death domain (FADD), via its death domain. FADD also
contains a death effector domain (DED), which binds the DED of procaspase 8. The
complex of Fas, FADD and procaspase 8 molecules is called the death inducing
signalling complex or DISC. The aggregation of procaspase 8 molecules in the DISC
facilitates autoactivation, producing active caspase 8 molecules that dissociate from
the DISC and cleave caspase 3 which perpetuates the caspase cascade leading to
apoptosis. Cells can be grouped into two classes depending on the Fas signalling
pathways utilised. In type I cells, strong activation of caspase 8 occurs at the DISC
which is sufficient to activate caspase 3 and the caspase cascade. Activation of
caspase 8 occurs before the loss of mitochondrial transmembrane potential, which is
mediated by caspase 8 cleavage of Bid or caspase 3 mediated cleavage of pro-
apoptotic Bcl-2 family members. However in type II cells, activation of caspase 8
mainly occurs downstream of the mitochondria and these cells are dependent on the
mitochondrial pathway to undergo Fas-mediated apoptosis. In these cells only a small
amount of caspase 8 may be activated at the DISC, which is sufficient to activate the
mitochondrial pathway via Bid cleavage, but is not sufficient to activate caspase-3.
Activation of caspases via the mitochondrial pathway then feedback onto the DISC,
causing further caspase-8 activation, in an autoamplification loop that promotes

apoptosis (Scaffidi et al 1998, Hennino et al 2000).

Other DISC components have also been identified which can modulate apoptosis.
Procaspase 10 can also associate with FADD through homotypic association with its
DED, where it is proteolytically activated. FLIP (FLICE-like inhibitory protein)
occurs in two forms FLIPs and FLIP;, which can associate with the DISC. FLIPg
contains 2 tandem DEDs which are highly homologous to the N-terminus of caspase
8, and can block apoptosis by competing with procaspase 8 binding to FADD. FLIP,.
1s a structural homolog of caspase-8, lacking protease activity because several of its
active site residues are different. FLIP| is also a potent inhibitor of death receptor-

induced apoptosis, but when overexpressed in vitro it has been shown to promote
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apoptosis. FLIP deficient mice show enhanced sensitivity to apoptosis, promoting a
death-suppressing role for FLIP in vivo. FLIPy, is thought to inhibit apoptosis by
formation of FLIP| /procaspase 8 homodimers at the DISC. This association leads to
limited caspase 8 processing, resulting in an activated caspase which remains tethered
to the DISC complex. Here, it cleaves DISC components but cannot be released into
the cytoplasm, therefore preventing apoptosis. In conditions of overexpression, FLIP;
may accumulate in the cytoplasm and activate non-membrane procaspase 8, leading to

apoptosis (Micheau et al 2002, Thome & Tschopp 2001, Peter & Krammer 2003).

1.3.2 TNF

TNF can signal through two receptors, TNF-R1 (has a DD) and TNF-R2 (does not
have a DD), leading to either apoptosis or survival. Most of the effects of TNF are
achieved through TNF-R1 engagement, although TNF-R2 does enhance TNF-R1
signalling. TNF is produced mainly by activated macrophages and T-cells in response
to infection, whereas the receptors are widely expressed, leading to expression of
proinflammatory and immunomodulatory genes, or apoptosis (Ozoren & El-Deiry

2003, Gupta 2001, Ashkenazi & Dixit 1998).

TNFR-1 trimerisation leads to association with the adaptor protein TRADD (TNFR-
associated death domain) via their DDs. TRADD can recruit several other adaptor
molecules including FADD (leading to caspase 8 activation and apoptosis, in a similar
manner to Fas), TRAF 2 (TNFR-associated factor 2) and RIP (Receptor Interactive
Protein, a DD-containing serine/threonine kinase). RIP is essential for activation of
NF-xB, whereas TRAF 2 can activate the NF-xB and JNK pathways (Ozoren & El-
Deiry 2003, Gupta 2001, Ashkenazi & Dixit 1998).

1.3.3 TRAIL

TRAIL (TNF-related apoptosis inducing ligand) or Apo2L can potently induce
apoptosis in a broad range of cancer cell lines, but not in many normal cells. TRAIL
can bind to five receptors, two of which carry a death domain, called DR4 and DRS.
Two of the other receptors, DcR1 (TRAIL-R3 or TRID) and DcR2 (TRAIL-R4 or
TRUNDD) are decoy receptors, capable of binding TRAIL but not transmitting a
signal due to absent or incomplete death domains. A fifth TRAIL binding protein,
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osteoprotegrin (OPG), has also been identified, which is a soluble TNFR that binds
TRAIL relatively weakly (LeBlanc & Ashkenazi 2003).

The death domains of DR4 and DRS5 recruit the DISC components FADD, procaspase
8 and procaspase 10 in a similar manner to Fas, leading to caspase activation and
apoptosis. The physiological role of TRAIL is unclear but may be involved in NK
cell, dendritic cell, T-cell and monocyte cytotoxicity, which is often augmented by
interferon-regulated expression of TRAIL and its death receptors. Consistent with
this, TRAIL may function in immune surveillance and defence against tumour

initiation and metastasis (Ozoren & El-Deiry 2003, LeBlanc & Ashkenazi 2003).

The molecular mechanisms involved in the increased sensitivity of cancer cells versus
normal cells to TRAIL-induced apoptosis are not clear cut but may depend on the
following factors: (i) expression levels of DR4 or DRS (ii) relative levels of either
death receptor on the cell surface (iii) expression levels of decoy receptors (iv) high
FLIP expression (v) release of Smac/DIABLO from the mitochondria and (vi) levels
of NF-kB, protein kinase C, MAPK or AKT activity. Sensitivity to TRAIL can also
be enhanced or induced by DNA damaging agents, ionising radiation, overexpression

or activation of p53 (Ozoren & El-Deiry 2003, LeBlanc & Ashkenazi 2003).

Despite the apoptosis promoting effects of Fas and TNF, they have proved unsuitable
for cancer therapy as systemic administration induces toxic side effects. However
TRAIL remains promising as an anti-tumour agent since normal cells are generally
TRAIL insensitive. /n vivo studies have shown encouraging results with either TRAIL
alone or in combination with chemotherapy or radiation. Various recombinant
versions of TRAIL have been generated, as well as monoclonal antibodies that engage
DR4 or DR5, which have varying toxicities e.g. some preparations show hepatocyte
toxicity. However some preparations of TRAIL were well tolerated even at very high
doses in mice and nonhuman primates (Ozoren & El-Deiry 2003, LeBlanc &
Ashkenazi 2003). Although further research is necessary, some preparations of
TRAIL may prove to be an effective cancer therapy for humans, either alone or in

combination with traditional anti-cancer treatments.
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1.4 Apoptosis and B-cell development
Apoptosis is critical to B-cell development. It is estimated that 95% of B-cell
precursors die during development by apoptosis (Chao & Korsmeyer 1998) and

widespread apoptosis occurs within lymph nodes during a humoral immune response.

B-cell generation occurs in the bone marrow independent of antigen (see fig. 1.6),
beginning with the differentiation of lymphoid stem cells into progenitor B-cells (pro
B-cells) (Goldsby et al 2000). Pro B-cells proliferate within the bone marrow and
differentiate into precursor B-cells (pre B-cells), which requires interaction with bone
marrow stromal cells. Pro B-cells undergo heavy chain immunoglobulin (Ig) gene
rearrangements during their differentiation to pre B-cells. Development of a pre B-cell
into an immature B-cell requires successful rearrangement of the Ig light chain genes.
The vast majority of pre B-cells undergo apoptosis probably due to the faulty
rearrangement of Ig genes (Cohen et al 1991). Those pre B-cells which possess
functional Ig genes express [gM on the cell surface and are classified as immature B-
cells. Immature B-cells that express self-reactive IgM die when they encounter self-
antigens within the bone marrow. This negative selection deletes self-reactive B-cell
clones, thus preventing autoimmunity. Further development of immature B-cells leads
to the coexpression of surface IgM and IgD with a single antigenic specificity, which

characterises mature B-cells.

Mature B-cells are exported to the blood and lymph, where they are termed naive B-
cells as they have yet to encounter antigen, and are carried to the spleen and lymph
nodes. In the absence of antigen, naive B-cells die by apoptosis within a few days. In
the spleen and lymph nodes B-cell activation, selection and differentiation occur.
Antigen is filtered from the blood and lymph by the spleen and lymph nodes, where it
accumulates and is presented by antigen presenting cells e.g. follicular dendritic cells.
Naive B-cells which encounter antigen specific to their membrane bound antibodies
are activated and proliferate. Activated B-cell clones enter primary follicles within the
Iymph node, which consist of a network of follicular dendritic cells, naive B-cells and
T helper cells, forming secondary follicles. Secondary follicles consist of a germinal

center surrounded by the folticular mantle.
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Figure 1.6: B-cell development in the bone marrow. Generation of mature B-cells, expressing membrane IgM and IgD, occurs through a
specific sequence of events involving Ig gene rearrangements and strong selection for non self-reactive clones with a single antigenic specificity.
Expression of the anti-apoptotic Bcl-2 and Bel-X;. proteins is indicated at each developmental stage.



The first stage of germinal center formation involves intense proliferation of activated
B-cells so they fill the spaces between the network of follicular dendritic cells.
Polarisation of the germinal center develops when the activated B-cells move to one
edge of the follicle, known as the dark zone (fig. 1.7). The activated B-cells are now
termed centroblasts and have lost their membrane Ig. Centroblasts rapidly divide and
undergo somatic mutation of heavy and light chain variable region genes, to increase
the affinity of antibodies produced. The progeny of centroblasts are centrocytes which
are small non-dividing cells that express membrane Ig. Centrocytes enter a region
called the light zone at the center of the follicle where they interact with antigen
presenting cells and T helper cells. In the light zone, centrocytes undergo selection to
select only those B-cells that express antibodies with a high affinity for antigen. Those
surviving centrocytes differentiate into memory cells and plasmablasts. Plasmablasts
migrate into the center of the lymph node where they develop into antibody secreting
plasma cells. During their differentiation to plasma cells, centrocytes undergo class
switching, which changes the class of antibody that the B-cell produces e.g. from IgM
to IgE, IgG or IgA (Goldsby et al 2000, Guzman-Rojas et al 2002).

The selection of high affinity B-cells in the germinal centre is regulated by membrane
Ig, Fas and CD40. CD40 is a key molecule involved in the activation and proliferation
of B-cells (see section 1.5). Antigen binding to membrane Ig is necessary for germinal
centre B-cell survival but not sufficient. Germinal centre B-cells must also receive
signals from CD4+ T helper cells, via, at least in part, interactions between CD40L on
the T helper cell and CD40 on the B-cell. If the germinal centre B-cell fails to receive
the correct signals it will undergo apoptosis, which may be mediated by Fas (Goldsby

et al 2000, Krammer 2000).

During B-cell development the expression of Bcl-2 family proteins is tightly and
reciprocally regulated. In the bone marrow, Bcl-2 expression is high in pro B-cells
and mature B-cells, whereas it is low in pre B-cells and immature B-cells. Conversely,
Bel-X expression is low in pro B-cells and resting mature B-cells, but it is high in pre
B-cells (Chao & Korsmeyer 1998) (fig 1.6). Within the lymph node, Bel-2 expression
1s high in the mantle zone but absent in germinal center B-cells, however Mcl-1
expression is high in germinal center and activated B-cells and absent from mantle

zones (Krajewski e a/ 1994). This reciprocal expression of Bcl-2 family proteins
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Figure 1.7: Events occurring within the germinal centres of lymph nodes. Activated B-
cells proliferate within the dark zone of the germinal centre and undergo somatic mutation.
In the light zone, clones with a high affinity for antigen are selected and differentiate into
memory cells and plasma cells, which leave the germinal centre. Unselected centrocytes
with low affinity membrane bound antibodies undergo apoptosis.
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indicates tight regulation which is critical for lymphocyte development. Indeed, Bel-X
knockout mice show embryonic lethality with massive death of immature
haematopoeitic cells. Chimeric mice containing Bel-X deficient lymphocytes show a
shortened lifespan and a decrease in the pre B-cell population (Motoyama et al 1995).
Bcl-2 knockouts, although born normally, die within a few weeks after birth as they
are unable to maintain B and T-cell homeostasis. Therefore Bcl-X is critical for the
survival of immature B-cells, whereas Bel-2 functions to maintain the mature B-cell
population. The pro-apoptotic Bcl-2 family member Bim was shown to be involved in
deleting autoreactive cells and reducing the population of antibody forming cells after

the immune response (Marsden & Strasser 2003).

1.5 CD40 structure and function in normal B-cells

CDA40 is a 48 kDa transmembrane glycoprotein cell surface receptor, which belongs to
the tumour necrosis factor (TNF) receptor family (Kehry 1996). CD40 consists of a
193 amino acid residue extracellular domain, containing four cysteine-rich repeats, a
22 amino acid residue transmembrane domain and a 62 amino acid residue
cytoplasmic tail, which can activate various cell signaling pathways through
interaction with adaptor molecules (Fiumara & Younes 2001). CD40 was first
identified and functionally characterised on mature B-cells but it is also expressed on
immature B-cells, monocytes, dendritic cells, haematopoietic progenitors, endothelial
cells and epithelial cells, as well as B-cell malignancies and some carcinomas
(reviewed in van Kooten & Banchereau 1997, Younes & Carbone 1999). The ligand
for CD40 (CD40L, CD154 or gp39) is a trimeric 33-39KDa type II transmembrane
glycoprotein predominately expressed by activated CD4+ T-cells (Klaus et al 1997).
However CD40L is also expressed on activated B-cells, natural killer cells,
monocytes, eosinophils, basophils, dendritic cells, platlets, endothelial cells and

smooth muscle cells (Fiumara & Younes 2001).

CD40-mediated stimulation of normal B-cells plays a key role in T-cell mediated B-
cell activation and the humoral immune response. CD40 ligation has been shown to
promote B-cell proliferation, immunoglobulin (Ig) production, Ig isotype switching,
induction of B-cell memory and rescue from apoptosis. Blocking the CD40-CD40L
interaction with soluble CD40 or monoclonal antibodies to CD40L, prevents B-cell

proliferation or Ig production in response to T-cell signals (reviewed in Clark &
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Ledbetter 1994). Mutations in the gene encoding CD40L causes a rare
immunodeficiency disease called X-linked hyper-IgM syndrome (Korthauer et a/
1993, DiSanto et al 1993). This is characterised by normal or elevated levels of IgM
but no IgG, IgA or IgE production, and defects in germinal centre and memory B-cell
formation. A similar phenotype is seen in CD40 or CD40L knockout mice, which

cannot mount normal humoral immune responses (Klaus ef a/ 1997).

At least some of the effects of CD40 on immune responses are thought to be
dependent on its ability to promote B-cell proliferation and survival. Banchereau ef a/
(1991) were the first group to show that CD40 ligation could induce B-cell
proliferation by culturing human B-cells with anti-CD40 monoclonal antibodies
(mAbs), presented by CDw32 Fc receptor-transfected fibroblasts. In combination with
interleukin-4 (IL-4), long term normal human B-cell lines were generated.
Recombinant soluble mouse CD40L also induces mouse and human B-cell

proliferation, which can be enhanced with anti-Ig antibodies (Lane ef al 1993).

The first indication that CD40 regulates apoptosis in normal B-cells resulted from
experiments with purified germinal centre B-cells. These cells rapidly undergo
apoptosis in vitro, however treatment ofithe cells with anti-CD40 mAbs induced long-
term cell survival (Liu ef a/ 1989, Liu et al 1991(i)). Subsequent studies have
confirmed that CD40 ligation rescues germinal centre B-cells and peripheral blood B-
cells from spontaneous apoptosis, using anti-CD40 mAbs or human soluble CD40L
(Holder ef al 1993, Lomo et al 1997). CD40 activation using CD40L transfected cells
or anti-CD40 mAbs can also rescue germinal centre B-cells from apoptosis induced

by Fas ligation (Cleary et al 1995, Koopman et al 1997).

1.6 CD40 responses in malignant cells
Although CDA40 is considered a survival factor for normal B-cells, both suppression
and induction of apoptosis have been observed in malignant cells (Dallman ef a/

2003).
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1.6.1 Suppression of apoptosis by CD40 in B-cell malignancies

Many studies have shown that cross-linking of cell surface IgM with anti-IgM
antibodies in the WEHI-231 cell line (immature murine B-cell lymphoma) and the
Burkitt’s Lymphoma cell line Ramos, leads to growth inhibition and apoptosis, which
can be rescued by CD40 activation (Tsubata et al 1993, Kelly & Knox 1995, Siebelt
et al 1997, Padmore ef al 1997, Curnock et al 1998, Lin et al 1998, Schauer et al
1998, Kuss et al 1999, Craxton et al 2000). Ramos cells are also susceptible to Fas-
mediated (Lee ef al 1999) and calcium ionophore induced apoptosis (Kelly & Knox
1995), which can be rescued by CD40 ligation. CD40 activation was also shown to
rescue five non-Hodgkin’s lymphoma cell lines from apoptosis induced by the

cytotoxic drug doxorubicin (Voorzanger-Rousselot et al 1998).

In addition to CD40 signalling suppressing apoptosis of normal B-cells and some B-
cell lines, CD40 activation can induce positive effects in primary lymphoma cells.
Isolated follicular lymphoma cells could be induced to proliferate and grow in
prolonged culture using anti-CD40 mAbs presented by CDw32 Fc receptor-
transfected fibroblasts, in the presence of IL-4 (Johnson et a/ 1993). Ghia et al (1998)
demonstrated that primary follicular lymphoma cells treated with soluble CD40L
showed increased survival compared to cells cultured in media alone or in the
presence of various cytokines. Although soluble CD40L did not rescue primary
mantle cell lymphoma cultures from spontaneous apoptosis in a study by Andersen et
al (2000), it did induce DNA synthesis and cell cycle progression in malignant cells.
A study using primary chronic lymphocytic leukaemia (CLL) B-cells found that
culture with CD40L expressing fibroblasts rescued cells from spontaneous,
fludarabine- and Fas-induced apoptosis (Kitada et al 1999), which confirmed the
results of a previous study showing that anti-CD40 antibodies protected CLL cells
from fludarabine-induced apoptosis (Romano et a/ 1998). Similarly, CD40 ligation of
primary acute myeloid leukaemia (AML) samples induced proliferation, increased
clonogenic potential and rescued cells from apoptosis induced by serum deprivation

(Aldinucci et al 2002).
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1.6.2 Growth inhibition or induction of apoptosis by CD40 in B-cell malignancies

A number of studies using malignant B-cell lines have found that CD40 activation can
induce growth arrest and/or apoptosis. The first report showing CD40 stimulation is
capable of inhibiting proliferation of a lymphoma cell line was reported by Heath et al
(1993), who demonstrated that, in contrast to its effects on normal murine B-cells, a
rat anti-mouse CD40 antibody inhibited the in vitro growth of A20 murine B
lymphoma cells. Funakoshi et al (1994) showed that treatment of two human diffuse
large B-cell lines and two Epstein-Barr Virus (EBV)-induced human B lymphoma
lines with anti~-CD40 mAbs or soluble CD40L produced significant growth inhibition.
Cross-linking the mAbs resulted in greater inhibition of proliferation and also

inhibited growth of the previously unresponsive Burkitt’s Lymphoma cell line Raji.

A study treating seven EBV negative and seven EBV positive human Burkitt’s
Iymphoma cell lines with anti-CD40 mAbs or soluble CD40L, found differential
responses to CD40 ligation independent of their EBV status. Nine of the cell lines,
including Ramos, were classified as high responders showing rapid aggregation and
growth inhibition in response to CD40 ligation, whereas the remaining five lines,
including L3055, showed no visible response to CD40 ligation (Henriquez ef al
1999). However, in another study, CD40 ligation induced both growth arrest and
rescue from anti-IgM induced apoptosis in L3055 cells (Baker et al 1998). Similarly,
Henriquez et al (1999) showed CDA40 ligation induced growth arrest in Ramos cells,
but other studies have shown CD40 activation rescues Ramos cells from anti-IgM
mediated apoptosis (Kelly & Knox 1995, Curnock et a/ 1998, Lin et al 1998, Craxton
et al 2000). A recent report culturing B lymphoma cell lines with CD40L- transfected
fibroblasts showed that CD40 activation not only decreased proliferation but also
induced apoptosis in susceptible cell lines (Lefterova et al 2000). Similarly, anti-
CD40 mAbs or soluble CD40L were both shown to induce apoptosis in Daudi cells (a
Burkitt’s lymphoma cell line) (Szocinski et al 2002).

CDA40 activation can also produce negative effects on more differentiated malignant
B-cells. CD40 ligation on XG2, a highly CD40 expressing multiple myeloma cell

line, resulted in growth arrest (Pellat-Deceunynck et a/ 1996) and induced apoptosis
(Bergamo et al 1997). However CDA40 ligation in other multiple myeloma cell lines

has been shown to induce proliferation (Teoh et al 2000).
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To date, there has only been one report showing negative effects of CD40 ligation on
human primary malignant B-cell cultures, but there have been no reports showing that
CDA40 activation alone can induce apoptosis in primary malignant B-cells. De Totero
et al (2003) cultured CLL cells with murine L cells presenting CD40L for 72 hours
and then cultured the CLL cells for an additional 24 hours with fludarabine. CD40L
pretreatment increased fludarabine-induced apoptosis in eleven out of twenty CLL
samples. In seven samples CD40 preactivation did not affect fludarabine-induced
apoptosis and in two samples CD40-preactivation protected cells from the effects of
fludarabine, showing CLL can have a heterogenous response to CD40 stimulation.
However in all samples CD40L protected cells from spontaneous apoptosis. These
results conflict those of Romano ef al (1998) and Kitada ef a/ (1999), who showed
that CD40 protected CLL cells from fludarabine-induced apoptosis, but could be
explained by the methods used to activate CD40 in each study and the fact that CD40
was preactivated in this study but cells were cultured with CD40 activating agents and
fludarabine concurrently in the previous studies. Indeed, a recent study has shown that
coculture of CLL cells with CD40L and fludarabine reduced fludarabine-induced
apoptosis, whereas pretreatment with CD40L did not affect fludarabine-induced
apoptosis (Grdisa 2003).

1.6.3 Carcinoma cells

Malignant non-B-cell lines generally undergo apoptosis as a result of CD40 ligation.
SV80 (SV40-transformed human fibroblast cell line), HeLa (cervical carcinoma cell
line) and A9 (murine L cell derivative) cells transfected with CD40 ¢cDNA treated
with membrane bound CD40L were efficiently killed in a dose-dependent manner,
when de novo protein synthesis was inhibited. However, membrane bound CD40L
had no effect on the viability of CD40 negative wild type cells or mock transfectants
(Hess & Engelmann 1996). This phenomenon was not restricted to carcinoma cells
expressing exogenous CD40, as MG75 and MG79 ovarian tumour cell lines, which
constitutively express CD40, also responded to soluble CD40L by induction of
apoptosis (Eliopoulos ef @/ 2000). However, in the same study, CD40 positive A2780
ovarian carcinoma cells were resistant to CD40L induced apoptosis even when high
concentrations of ligand were used. CD40 ligation also induces growth inhibition and

apoptosis of CD40 expressing human malignant melanoma, multiple myeloma,
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bladder carcinoma and pancreatic carcinoma cell lines and primary neuroblastoma
cells (von Leoprechting ef al 1999, Dotti et al 2001, Alexandroff et al 2000, Bugajska
et al 2002, Airoldi et al 2003). CD40 engagement also directly inhibits growth of
human breast carcinomas both in vitro and in vivo and ovarian tumour xenografts
grown in mice (Wingett et a/ 1998, Hirano et al 1999, Tong ef al 2001, Ghamande et
al 2001).

However CD40 activation was shown to have positive effects on carcinoma cell
survival in a limited number of studies. CD40L or anti-CD40 antibodies were shown
to protect a urinary bladder carcinoma line from Fas-mediated apoptosis (Jakobson et
al 1998) and CDA40 activation stimulated proliferation of renal cell carcinoma cell
lines and protected Kaposi’s sarcoma cells from vincristine induced apoptosis

(Bussolati et al 2002).

Despite CD40 activation having a generally negative effect on carcinoma cell
survival, CD40 expression in lung cancer and melanoma has been correlated with
poor prognosis and metastatic discase (van den Oord et al 1996, Sabel et al 2000).
This could be because CD40 expressing carcinoma cells suppress T-cell activation,
reducing the chance that malignant cells are eradicated by the immune system. A
recent study has shown that incubation of primary renal cell carcinomas with primary
healthy T-cells led to decreased CD40L expression on the T-cells. Furthermore,
patients with CD40 positive breast or ovarian carcinomas possessed T-cells with
decreased CD40L expression and impaired T-cell responses. When carcinoma cell
lines were co-cultured with T-cells, the T-cells showed decreased interferon-gamma
secretion, decreased IL-2 secretion and decreased proliferation and these responses
were blocked with antibodies that inhibited the CD40-CD40L interaction (Batrla et al
2002). Therefore it is possible that the CD40-CD40L interaction between the
carcinoma cells and T-cells leads to receptor-mediated endocytosis of CD40L on the
T-cells, as carcinoma cells do not express costimulatory signals, like B-cells, thus

inducing T-cell suppression.
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CD40 may also have a role in invasion and angiogenesis of solid tumours.
Upregulation of CD40 was observed in tumour blood vessels of renal carcinomas and
Kaposi’s sarcoma (Ottaiano et al 2002, Biancone et al 1999). CD40 activation on
endothelial cells promotes in vitro tubule formation, proliferation and survival and in
vivo angiogenesis, via production of vascular endothelial growth factor (VEGF)
(Melter et al 2000, Deregibus et al 2003, Reinders et al 2003). CD40 also induces
VEGF production in multiple myeloma cells (Tai et al 2002).

1.6.4 In vivo studies

Many in vivo studies have demonstrated that activating CDA40, through a variety of
methods, effectively reduces and/or prevents tumour growth in mice. Studies have
either used mice with severe combined immune deficiency (SCID) or mice with
normal immune responses. Funakoshi (1994) injected various human B-cell
lymphomas into SCID mice and treatment with anti-CD40 mAbs resulted in a
significant increase in survival. In a later paper by the same group (Funakoshi et a/
1997) an in vivo model for human EBV induced lymphomagenesis was used. Here
normal human peripheral blood lymphocytes from EBV positive donors were
transferred into SCID mice and the mice spontaneously developed aggressive B-cell
lymphomas. Treatment of the mice with anti-CD40 mAD every other day for 20 days
significantly prevented the development of lymphoma compared to mice injected with
an isotype matched control antibody. However, in Funakoshi’s 1997 study, if human
peripheral blood lymphocytes were incubated overnight with anti-CD40 mAb and
subsequently injected into SCID mice, no increase in survival was seen compared to

controls.

The eradication of tumours in SCID mice by anti-CD40 antibodies is probably largely
due to direct effects of CD40 stimulation on the tumour, inducing cell death. However
in many other studies using mice with normal immune responses, agents that activate
CD40 can cure and protect mice from a range of tumours via activation of the
immune system (Dilloo et al 1997, Tutt et al 1998, French et al 1999, Francisco et al
2000, Kikuchi et al 2000, Todryk et al 2001, van Mierlo ef a/ 2002, Tutt et al 2002).
Studies have shown that CD4+ T-helper cells, CD8+ cytotoxic T-cells (CTLs) and
natural killer (NK) cells can be activated during CD40 immunotherapy, although the

32



role of NK cells and CD4+ T-cells is not consistent. Some studies have shown that
activation of CD4+ cells or NK cells is required for optimal immunotherapy or
primary rejection of the tumour, whereas other studies show that these cells are not
required for CD40-induced anti-tumour immunity (Dilloo ef a/ 1997, Francisco et al
2000, Todryk et al 2001, Liu et al 2002, Tutt ef al 2002). However there is a
consensus that CTLs are activated by CD40 immunotherapy and these cells can
mediate anti-tumour immunity. CD40 negative tumours were also shown to be
successfully treated by anti-CD40 antibodies (Todryk et al 2001, van Mietlo et al
2002). Therefore CD40 activation in mouse models elicits specific antitumour
immunity, generally through activating CD8+ cytotoxic T-lymphocytes, which is

effective against a number of tumours, independent of CD40 expression.

Tumour load also appears to be an important factor in CD40-based immunotherapy,
as mice with the largest tumour burdens showed the most effective responses to anti-
CD40 antibodies (Tutt et a/ 2002). This was also shown to be the case in combining
anti-CD40 treatment with irradiation, which successfully treated lymphomas in mice
over and above treatment with each agent alone (Honeychurch et a/ 2003). Large
tumour loads may express more tumour antigens which are needed for CTL

recognition and killing.

Activation of anti-tumour CTLs is believed to occur via activation of antigen
presenting cells e.g. dendritic cells. Treatment with CD40L or anti-CD40 mAbs
stimulates CD40 on antigen presenting cells leading to their maturation, which
bypasses the need for CD40L expressing activated T helper cells (CD4+). Mature
antigen presenting cells can activate cytotoxic T-lymphocytes through, at least in part,
upregulation of costimulatory molecules, tumour antigen presentation and the
production of inflammatory cytokines e.g. IL-12 (Bennet et a/ 1998, Ridge et al
1998). Indeed, transduction of human myeloma cells, primary renal cell carcinomas or
bladder carcinoma cell lines with an adenovirus encoding CD40L and coculture with
immature dendritic cells led to activation and maturation of the dendritic cells, which
was inhibited with blocking CD40 antibodies (Bashey et a/ 2002, Loskog et al 2002).
Also, CDA40 signalling on the tumour itself can lead to upregulation of costimulatory

molecules e.g. CD80 (B7.1), CD86 (B7.2) and HLA molecules, which increase
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tumour antigen presentation and can directly activate CTLs, enhancing tumour

immunogenicity (Younes & Kadin 2003, Airoldi et al 2003).

The anti-tumour therapeutic T-cell response initiated by CD40 ligation has recently
been exploited in clinical studies. In a study trialing CD40L gene therapy for
treatment of human CLL, the CD40L gene was transfected into CLL cells extracted
from patients, using a replication-defective adenovirus vector, and the cells were then
infused back into patients (Wierda et a/ 2000). This resulted in increased expression
of immune accessory molecules, not only on the transfected cells but also on
bystander leukaemia cells, and an increase in the number of T-cells and levels of Thl
cytokines produced. Clinically, patients showed significant reductions in blood
lymphocyte counts and lymph node size, showing this may be a useful strategy for
treating leukaemias. The anti-tumour T-cell response was suggested to kill CLL cells
via activation of Fas-mediated apoptosis on CD40-activated CLL cells (Chu et al
2002). The effect of soluble recombinant CD40L on 32 patients with advanced solid
tumours or non-Hodgkin lymphoma was tested in a phase I clinical trial. Limited anti-
tumour activity was observed, with one patient with laryngeal cancer showing a long-
term complete remission. Mild to moderate side effects were observed, including

hepatic toxicity at large doses (Vonderheide ef al 2001).

However, there is a concern that activation of CD40 in patients with B-cell
malignancies will lead to further proliferation of malignant B-cells. The clinical effect
of CD40 immunotherapy must depend on the balance between increased tumour
growth and increased immunogenicity. Although the limited data so far show some
therapeutic benefit of CD40 activation, this concern must be taken into account and

CD40 immunotherapy may be a more suitable treatment for CD40 negative tumours.

1.7 CDA40 target genes

Ligation of CDA40 activates a range of signalling molecules leading to changes in gene
expression. CD40 targets include both pro- and anti-apoptotic proteins impacting on
both the intrinsic and extrinsic cell death pathways (figure 1.8). These molecules
include the anti-apoptotic proteins Bcl-2, Bel-X, Bfl-1, Mcl-1, A20 and survivin, and
the pro-apoptotic proteins Bax and Fas. The molecular mechanisms for the differential

regulation of cell survival by CD40 are not known (Dallman et a/ 2003). Here some
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