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Abstract

Vascular endothelial growth factor (VEGF) potently stimulates
angiogenesis by inducing proliferation, migration and survival of vascular
endothelial cells. Angiogenesis is essential for normal physiological events
such as embryonic development and is an important component of solid
tumour expansion. Several factors are known to affect VEGF expression
including hypoxia, the VEGF transcription factor HIF-1, the tumour
suppressor protein p53 and the TNF-family member CD154. Evidence
suggests that VEGF also influences the pathogenesis of haematological
malignancies such as multiple myeloma, acute lymphocytic leukaemia and
chronic lymphocytic leukaemia (CLL). Furthermore, increasing evidence
shows that VEGF has an autocrine role in tumour development that requires
expression of VEGF receptor(s) by the tumour cells.

The aim of the work presented in this thesis was to establish whether
VEGF and VEGF receptors are expressed by CLL cells and to determine
what effect such expression might have on CLL-cell function. Specifically,
since CLL is a disease characterised by prolonged survival of malignant
cells, the role of VEGF in CLL-cell survival was explored.

The results in Chapter 2 show that cultured CLL cells secrete VEGF,
and that secretion is increased as HIF-1a becomes stabilised under
conditions of hypoxia. However, expression of HIF-1a is not related to the
amount of VEGF secreted by these cells, or the presence of a p53
dysfunction mutation. In addition, CD154 stimulation of CLL cells also
increased VEGF secretion.

The data presented in Chapter 3, demonstrates that the VEGF
secreted by CLL cells is angiogenically active. Thus, CLL-cell conditioned
medium (CM) stimulated endothelial-cell proliferation in vitro and
angiogenesis in vivo, effects that were abrogated by pre-incubation of CM
with VEGF-neutralising antibodies. The presence of VEGF in lymph nodes
and spleen from CLL patients and the elevated microvessel density observed
in the lymph nodes, implicate VEGF in the increased angiogenesis that is
found in this disease.

Both VEGF-receptor 1 and VEGF-receptor 2 are expressed by CLL
cells, and this work is shown in Chapter 4. Moreover, ligation of these
receptors by VEGF or the receptor-specific ligands PLGF and VEGF-E, is
accompanied by increased expression of Hsp90, thus indicating a possible
autocrine role for VEGF in the activation of signalling pathways in CLL cells.

Work presented in Chapter 5 explores the role of VEGF in CLL-cell
survival. In culture, exogenous VEGF did not prolong CLL-cell survival nor
prevent induction of cell death by fludarabine, ionising radiation or
geldanamycin. Neutralising autocrine VEGF and blockade of VEGF receptors
did not affect cell survival, but inhibiting VEGF receptor signalling with
SU5416 significantly reduced cell viability. Furthermore, CD154-enhanced
survival of CLL cells, which involves activation of NF-kB, was reduced by
both anti-VEGF neutralising antibody and by SU5416. These results
demonstrate that, in CLL cells, autocrine VEGF is an important mediator of
the anti-apoptotic effect of CD154 and that such cytoprotection requires
combined signalling of both CD40 and VEGF receptors. Taken together, the
results presented in this thesis suggest a role for VEGF in the pathogenesis
of CLL.
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Chapter 1

General Introduction

1.1 Vascular Endothelial Growth Factor

Vascular endothelial growth factor (VEGF) is a disulphide-linked
dimeric protein that potently stimulates angiogenesis by inducing
proliferation, migration and survival of vascular endothelial cells. This protein
was initially identified as vascular permeability factor (VPF) released by a
number of tumours and tumour cell lines. VPF purified from ascites fluid had
a molecular weight of 34-42 kDa and was distinct from other known
permeability factors (Senger et al, 1983). Subsequently, Ferrara and Henzel
(1989) purified a 45 kDa protein from bovine pituitary follicular cells that was
mitogenic for vascular endothelial cells, but not for other cell-types, and
proposed the name vascular endothelial growth factor. The same mitogenic
characteristics as VEGF were also demonstrated for VPF (Connolly et al
1989). Furthermore, when the DNA sequences of both VEGF (Leung et al,
1989) and VPF (Keck et al, 1989) were determined it was found that the two

proteins are the same.

1.1.1 VEGF isoforms

Early DNA sequencing studies using the human leukaemic cell line
HL60 suggested the existence of several molecular species of VEGF (Leung
et al, 1989), and this was confirmed by later work using human smooth

muscle cells (Tischer et al, 1991). These studies found that the gene for



VEGF (later named VEGF-A), is split among eight exons. The isoforms that
arise from this gene by alternative splicing consist of VEGF 121, VEGF 145,
VEGF g5, VEGF 159 and VEGF20, having 121, 145, 165, 189 and 206 amino
acid residues respectively. VEGF124 is an acidic polypeptide that lacks the
amino acid residues encoded by exons 6 and 7 and cannot therefore bind
heparin making it highly soluble, whereas VEGF145 lacks exon 7 and most of
exon 6. VEGF g5, the predominant isoform, lacks only exon 6, and is
therefore able to partially bind heparin in the extracellular matrix and still be
secreted in a soluble form. VEGFg9 lacks only part of the residues encoded
by exon 6, while VEGF2s is encoded by all the exons. Both are highly basic,
bind to heparin sulphate proteoglycans with high affinity and as such are
insoluble.

VEGF-A belongs to a family of proteins that also includes VEGF-B,
VEGF-C, VEGF-D, VEGF-E and placenta growth factor (PLGF). VEGF-C
and VEGF-D are primarily involved in lymphangiogenesis and act mainly, but
not exclusively, through their receptor, VEGF receptor-3 (VEGFR3). VEGF-B
binds to VEGF receptor-1 (VEGFR1) and is thought to potentially function in
pulmonary vascular remodelling (Mura et al, 2004). VEGF-E is a VEGF
homologue derived from the parapoxvirus Orf virus that has VEGF-like
properties and binds to VEGF receptor-2 (VEGFR?2). It has been suggested
that PLGF may play a role in arteriogenesis and is a ligand for VEGFR1.
VEGF-A, the isoform studied in this thesis and refered to as VEGF, binds to
VEGFR1 with high affinity and to VEGFR2 with about 10-fold lower affinity,
This is the principle VEGF isofrom affecting cell function in terms of

proliferation, motility and survival.



1.1.2 Factors affecting expression of VEGF

Expression of VEGF is induced in conditions that require angiogenesis
such as embryonic development and tissue remodelling following various
types of injury. Thus, VEGF mRNA is known to be upregulated by growth
factors such as EGF, TGF-a, TGF-B8, KGF, IGF-1 and PDGF, and
inflammatory cytokines such as IL-1a and IL-6 (Neufeld et al, 1999). These
agents may play both an autocrine and paracrine role in the induction of
VEGF in response to microenvironmental influences such as tissue injury
and hypoxia (Ferrara et al, 2003).

One of the factors known to affect the expression VEGF in various cell
types is CD40 ligand (CD154). CD154 is a member of the tumor necrosis
factor (TNF) family of proteins and is expressed by activated T cells,
monocytes, macrophages, dendritic cells and platelets (Banchereau et al,
1994; Schattner EJ, 2000). It is known to be an important microenvironmental
survival factor for chronic lymphocytic leukaemia (CLL) cells, and its receptor,
CDA40, is expressed on B cells and some non-haemic cell types (van Kooten
and Banchereau, 1996). The ligation of CD40 by CD154 on endothelial cells,
monocytes, fibroblasts and multiple myeloma cells is known to upregulate
production of VEGF by these cells (Melter et al, 2000; Cho et al, 2000; Tai et
al, 2002).

The best described physiological condition under which stimulation of
VEGF occurs is hypoxia. Hypoxia is defined as a reduction of oxygen tension
within tissues (Semenza GL, 2000). Under such conditions, there is

increased expression of a number of hypoxia-inducible genes including those



for glucose transporter proteins, IGF-2, erythropoietin, transferrin,
plasminogen-activator inhibitor 1, nitric oxide synthase 2 and VEGF. The
regulation of these genes is controlled by hypoxia-inducible factor-1 (HIF-1).
Under hypoxic conditions, HIF-1 induces VEGF transcription and mRNA
stabilisation by binding to the hypoxia response element of the VEGF gene
(Forsythe et al, 1996). HIF-1 is a heterodimeric protein that consists of an a-
and B-subunit (Wang and Semenza, 1995). During hypoxia, HIF-1a rapidly
accumulates in the cell nucleus (Wang et al, 1995), where it forms a dimer
with HIF-1B and binds to the hypoxia response element of the VEGF gene.
Regulation of HIF-1 and its activity is based on the stability of the HIF-1a
subunit, which is induced, expressed and stabilised under hypoxic conditions.
Under non-hypoxic conditions (normoxia), HIF-1a mRNA is constitutively
expressed, but the protein undergoes hydroxylation of proline residues
Pro402 and Pro564 (Bruick and McKnight, 2001; Epstein et al, 2001) and is
rapidly degraded following binding by the E3 ubiquitin ligase von Hippel-
Lindau (VHL) tumour-suppressor protein (Maxwell et al, 1999; Kaelin et al,
2005) with consequent ubiquitination and proteasomal degradation (Salceda
and Caro, 1997). Under hypoxic conditions, hydroxylation of HIF-1a is
inhibited (Hewitson et al, 2002) and ubiquitination decreases with a
concomitant increase in HIF-1a expression (Sutter et al, 2000). It is thought
that other factors such as p53 may also affect the stabilisation of HIF-1a. In
tumour cells in which p53 function is lost, HIF-1a is constitutively over-
expressed under normoxic conditions with an associated increase in VEGF
expression (Zhong et al, 1999). Loss of p53 has also been shown to enhance

hypoxia-induced HIF-1a expression and cause increased VEGF production



(Ravi et al, 2000). The B-subunit of HIF-1, also known as the aryl
hydrocarbon receptor nuclear translocator (ARNT), is not associated solely
with HIF-1 and is constitutively expressed since it is stable under both

normoxic and hypoxic conditions.

1.2 VEGF Receptors

VEGF binds to two structurally related receptors, namely VEGF
receptor-1 (VEGFR1), originally known as fms-like tyrosine kinase-1 (fit-1)
and VEGF receptor-2 (VEGFR?2), also known as kinase-insert domain
receptor (KDR) or foetal liver kinase-1 (flk-1). They are both members of the
receptor tyrosine kinase (RTK) family of growth factor receptors and possess
an extracellular portion containing seven immunoglobulin-like domains, a
single hydrophobic membrane-spanning domain and a cytoplasmic part that
consists of a catalytic domain containing RTK-conserved motif that is
interrupted by the non-catalytic kinase insert region (Shibuya et al, 1990;
Terman et al, 1991; Matthews et al, 1991). A third receptor, VEGF receptor-3
(VEGFRQ) that is also a member of the RTK family but is structurally different
from both VEGFR1 and VEGFR2. VEGFR3 binds VEGF-C and VEGF-D but

not VEGF and is therefore not discussed further.

1.2.1 VEGFR1

VEGFR1, the first VEGF receptor to be identified, has a molecular
weight of about 180 kDa and the highest affinity for VEGF (kd 10-20 pM; de
Vries et al, 1992). VEGF binds to the second and third immunoglobulin

domains of this receptor (Davis-Smythe et al, 1996; Wiesmann et al, 1997)



but the exact consequences of this binding remain unclear, since signalling
mediated by VEGFR1 appears to be at best weak and in endothelial cells not
usually associated with biological effects such as cell proliferation and
migration. VEGFR1 is expressed on endothelial cells, haemopoietic stem
cells, human trophoblasts, choriocarcinoma cells, renal mesangial cells and
vascular smooth muscle cells (Podar and Anderson, 2005). Unlike VEGFR2,
VEGFR1 is upregulated by hypoxia (Gerber et al, 1997) and hés two other
ligands, PLGF and VEGF-B. A soluble, alternatively spliced form of VEGFR1
(sVEGFR1) that consists of six of its extracellular immunoglobulin-like
domains, has also been described (Kendall et al, 1993).

In early studies, it was found that stimulation of VEGFR1 with VEGF
induces only weak receptor auto-phosphorylation. This led to the proposal
that VEGFR1 acts as a decoy receptor (Park et al 1994) by binding VEGF
with high affinity and thus reducing availability of this growth factor for
stimulation of VEGFR2. Additionally, endothelial cell motility and PI-3 kinase
activation by VEGFR2 was inhibited by a repressor sequence from the juxta-
membrane domain of VEGFR1 (Gille et al, 2000). However, the weak
VEGFR1 response to VEGF exposure may be due to the type of cell studied
since the monocyte chemotactic response to VEGF is dependent upon
VEGFR1 (Barleon et al, 1996). More recently, VEGFR1 signalling has been
linked to the induction of matrix metalloproteinase-9 (Raffi et al, 2003), and

the recruitment and survival of haemopoeitic stem cells (Gerber et al, 2002).



1.2.2 VEGFR2

VEGFR2 has a molecular weight of about 230 kDa and has a lower
affinity for VEGF (kd 75-125 pM) than VEGFR1 (Petrova et al, 1999). In
terms of function, VEGFR2 is considered to be the more important of the two
VEGEF receptors since it is the major mediator of the effects of VEGF (Ferrara
et al, 2003). VEGFR2 is expressed on endothelial cells, neuronal cells,
osteoblasts, pancreatic duct cells, retinal progenitor cells, megakaryocytes
and haemopoietic stem cells (Tammela et al, 2005). Upon ligation, VEGFR2
is dimerised, resulting in auto-phosphorylation and generation of mitogenic,
motility and pro-survival signals (Zeng et al, 2001; Rousseau et al, 2000;
Gerber et al, 1998b). It is well known that multiple pathways are activated by
VEGFR2. Mitogenic signals in endothelial cells include phosphorylation of the
Ras GTP-ase-activating protein (Guo et al, 1995), as well as PKC-dependent
activation of mitogen activated protein kinase (MAPK) ERK 1,2 (Takahashi et
al, 1999). In addition, activation of p38 MAPK by VEGF was shown to be
important for VEGF-induced migration of human umbilical vein endothelial
cells (HUVEC) (Rousseau et al, 1997). Lastly, the pro-survival effects of
VEGF on HUVEC mediated by activation of the PI-3 kinase pathway are also
VEGFR2-dependent (Gerber et al, 1998b).

Upon stimulation by VEGF, VEGFRs not only homodimerize but can
also form VEGFR1/VEGFR2 heterodimers (Kendall et al, 1996). Moreover,
Autiero et al (2003) described amplified receptor phosphorylation by signals
generated from VEGF, PLGF or VEGF/PLGF heterodimers upon binding to
heterodimeric VEGF receptors, with consequent enhanced angiogenesis.

Neuropilin-1 (NRP-1), a receptor that binds semaphorins and is implicated in



neuronal guidance, can also bind VEGF1¢5 (but not other VEGF isoforms)
(Soker et al, 1998) and PLGF (Migdal et al, 1998). NRP-1 binding of VEGF¢s5
enhances chemotaxis mediated by VEGFR2 (Soker et al, 1998). Since VEGF
binding to NRP-1 alone does not induce a signal, it has been proposed that
NRP-1 presents VEGF1s5 to VEGFR2 such that VEGF-VEGFR?2 interactions
and signalling are enhanced (Whitaker et al, 2001; Neufeld et al, 2002).
Similarly, the formation of a complex between VEGFR2 and the B; chain of
the a3 integrin is thought to participate in the full activation of VEGFR2

following stimulation of endothelial cells with VEGF (Soldi et al, 1999).

1.3 Angiogenesis

Angiogenesis is an important physiological constituent of embryonic
development, as well as an essential component of wound healing and
inflammation. Angiogenesis defines the process by which new capillaries are
formed from pre-existing blood vessels, and involves the migration and
proliferation of endothelial cells in response to stimulation by angiogenic
growth factors (Carmeliet P, 2003). The first of these factors to be described
was basic fibroblast growth factor (0FGF) (Shing et al, 1984). However,
numerous other proteins are now known to stimulate angiogenesis, including
TGF-a, TGF-B, TNF-a, HGF, matrix metalloproteinases (MMP) and, most
importantly, VEGF (Ferrara N, 2004). bFGF, is a mitogenic factor for
numerous cell types including endothelial cells and thus stimulates
angiogenesis. In contrast, MMPs facilitate angiogenesis by remodelling
extracellular matrix during vessel sprouting (Jackson C, 2002). VEGF acts as

a potent mitogenic factor for vascular endothelial cells only (Ferrara and



Henzel, 1989; Connolly et al, 1989) and is the predominant regulatory growth
factor involved in angiogenesis.

During angiogenesis, VEGF-stimulated endothelial cells become
activated and secrete MMPs which degrade the vascular basement
membrane and extracellular matrix (Carmeliet P, 2003). Enzymes, and
activators of enzymes such as plasminogen, are also released (Pepper et al,
1991). Extracellular matix degradation facilitates the release of heparan-
sulphate proteoglycan-bound isoforms of VEGF leading to amplification of
endothelial cell stimulation (Pepper et al, 1991). This stimulation induces
endothelial-cell proliferation, migration and sprouting of capillaries towards
areas of hypoxia. The endothelial cells of these emergent blood vessels are
aided in migration by adhesion receptors such as a,$3 and a,Bs integrins
(Brooks PC, 1994, Friedlander et al 1996). This process eventually results in
the invasion of the extracellular matrix by sprouting vessels and formation of
the capillary lumen. Stabilisation of the newly formed blood vessel requires
the cessation of endothelial cell proliferation and recruitment of pericytes to
provide structural support (Risau W, 1997). Thus, the formation of new blood
vessels is also controlled by factors that inhibit angiogenesis such as
angiostatin, plasminogen activator inhibitor, platelet factor-4, endostatin, and
the interferons (a, B and y) (Ferrara N, 2004).

In 1971, Folkman first hypothesised that tumour growth is dependent
upon angiogenesis, and it is now well established that tumours require the
formation of new blood vessels if they are to expand. Small tumours of about
1-2 mm are able to survive in the absence of their own blood supply by

simple diffusion of oxygen and nutrients (Ferrara N, 2004). However, further



tumour expansion requires development of their own blood supply to provide
the necessary metabolic support. Hypoxia is a key initiator of this angiogenic
switch, in which the balance of pro- and anti-angiogenic factors changes in
favour of angiogenesis (Carmeliet and Jain, 2000). This step can occur at
any stage of tumour development and is dependent not only on size but also
on the tumour-type (Bergers and Benjamin, 2003). During tumour
development, new capillaries recruited from the surrounding blood vessels
grow towards and infiltrate the avascular tumour mass and thus allow its
expansion (Kerbel RS, 2000).

The importance of angiogenesis for tumour development and
maintenance is illustrated by the advancement and application of anti-
angiogenic treatments for a variety of malignant diseases, as exemplified by
the use of the humanized anti-VEGF antibody Bevacizumab (Avastin) in
colorectal cancer (Ferrara et al, 2005). Numerous other angiogenic inhibitors
have also been used in clinical trials (Kerbal RS, 2000). Recently, the
significance of angiogenesis in haematological malignancies has been
reported. In the first instance, increased microvessel density in bone marrow
of patients with multiple myeloma was described (Vacca et al 1994) and has
subsequently been observed in acute lymphocytic leukaemia (ALL) (Perez-
Atayde et al, 1997), non-Hodgkins lymphoma (Ribatti et al, 1996) and chronic
lymphocytic leukaemia (CLL) (Chen et al, 2000).

1.4 VEGF and cell survival

As discussed in previous sections, VEGF can effectively stimulate the

proliferation and migration of endothelial cells as part of the angiogenic
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response that is essential for the metabolic support of hypoxic tissues. The
third functional response to VEGF that has been described for endothelial
cells and other cell types is the enhancement of cell survival.

Generally, cells exist in a state of homeostatsis in which opposing
survival and death signals remain in balance preventing premature cell
death. The process consisting of a series of events that lead to spontaneous
cell death is known as apoptosis (Kerr et al, 1972). In addition to the
commitment of cells to apoptosis in response to physiological cues, apoptotic
cell death can also be initiated by cytotoxic agents. In both cases, apoptosis
is governed by proteins of the Bcl-2 family and mediated by proteases known
as caspases. The Bcl-2 family consists of groups of proteins that are either
anti-apoptotic or pro-apoptotic in their action. The anti-apoptotic group
includes Bcl-2, Bcl-x., A1 and Mcl-1, while the pro-apoptotic group includes,
amongst others, BAX and Bak (Cory and Adams, 2002). Dysregulated
expression and function of these proteins is responsible for many diseases
and particularly for the prolonged survival of malignant cells (Jager et al,
1997; Kondo et al, 2000; Meijerink et al, 1998).

VEGF promotes survival of several cell-types and this pro-survival
effect is reported to be due to induction of proteins associated with anti-
apoptotic pathways. Gerber et al (1998b) found that VEGF protected
endothelial cells from serum starvation by activation of the PI-3 kinase/Akt
pathway and confirmed this by using a dominant-negative Akt which blocked
VEGF-induced survival. Moreover, use of receptor-specific mutants
demonstrated that this survival was regulated through VEGFR2 only. In a

second study, the same researchers (Gerber et al, 1998a) found that VEGF
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prevented serum-starvation-induced apoptosis in HUVEC by induction of a
5.2-fold increase in Bcl-2 expression and 2.4-fold induction of A1.
Furthermore, Bcl-2 over-expression in these cells was sufficient to prevent
apoptosis. In a separate study (Nor et al, 1999), VEGF reduced apoptosis in
human dermal microvascular endothelial cells (HDMEC) by inducing a dose-
dependent increase in Bcl-2 expression, while Bcl-2 over-expressing HDMEC
cells implanted into mice showed a 4-fold decrease in cell apoptosis. The
enhanced cell survival and induction of B¢l-2 expression was associated with
VEGF-mediated angiogenesis.

In addition to Bcl-2 family members, a separate group of proteins
known as the inhibitors of apoptosis (IAPs) regulate apoptosis by direct
inhibition of effector caspases 3 and 7, and the initiator caspase-9. Examples
of |APs are XIAP and survivin. It has been shown that in HUVEC VEGF
upregulates Bcl-2 by 4.2-fold as well as XIAP and survivin by 2.9- and 19.1-
fold, respectively (Tran et al, 1999). Of further interest was the observation
that bFGF had little effect on XIAP expression but induced a 10-fold increase
in survivin. This report of a role for IAPs in VEGF-mediated survival was later
supported by the observation that antisense targeting of survivin abolished
the anti-apoptotic function of VEGF in TNF-a-induced endothelial cell death
(Mesri et al, 2001).

Though VEGF was originally thought to be a mitogenic and survival
factor for endothelial cells only, it has become apparent that VEGF can also
produce these effects in other cell types. Thus, VEGF induces axonal
outgrowth in mouse brain tissue and increases survival of neurons and

satellite cells (Sondell et al 1999). Also, cultured dorsal root ganglia were
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found to express VEGF and VEGFR2. Further studies have confirmed that
VEGF and VEGFR2 are expressed on neuronal tissue, that the levels of both
receptors increase under hypoxic conditions, and that inhibitors of VEGFR2
and blockade of endogenous VEGF increases apoptosis of neuronal cells
(Ogunshola et al, 2002). The importance of VEGF to the integrity of neuronal
tissue was confirmed in a mouse model system for the neurodegenerative
disease amyotrophic lateral sclerosis (ALS). In this model low levels of VEGF
were associated with motoneuron degeneration (Lambrechts et al, 2003) and

administration of VEGF protected the mice against motoneuron loss.

1.5 VEGF and Malignancy

As discussed previously, tumour expansion is dependent upon an
improved vascular supply in response to hypoxia. Since VEGF is the
principal angiogenic factor, it is not surprising that the role of VEGF in the
pathogenesis of malignant disease has been the subject of much research.
Initially such work concentrated on solid tumours, but in recent years interest

has broadened to include the role of VEGF in haematological malignancies.

1.5.1 VEGF and solid tumours

The expression of VEGF mRNA is known to be up-regulated in a large
number of tumours including ovarian, kidney, colorectal, gastric, breast and
thyroid carcinomas (Ferrara and Davis-Smythe, 1997). VEGF protein has
been shown to be secreted by tumours including breast (Yoshiji et al, 1996),

lung (Ohta et al, 1996), prostate (Joseph et al, 1997), kidney and bladder
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carcinomas (Brown et al, 1993). Moreover, many tumour cells not only
produce VEGF but also express VEGF receptors, and VEGF produced by
these cells contributes to both angiogenesis and tumour cell survival. The
cytoprotective effect of VEGF on tumour cells can therefore be either
autocrine or paracrine and depend on the capacity of tumour cells to produce
and secrete this growth factor. For example, it has been demonstrated that
VEGF plays an essential role in the in vitro survival of metastatic breast
carcinoma cells via autocrine stimulation (Bachelder et al, 2001). In this
study, suppression of VEGF expression potentiated apoptosis, while
increased expression under conditions of hypoxia enhanced cell survival.
Furthermore, Masood et al (2001) demonstrated that blockade of VEGF or
VEGFR2 activity caused a reduction in the viability of cell lines derived from
several different tumours.

As described earlier, under hypoxic conditions the VEGF transcription
factor HIF-1 is up-regulated by stabilisation of its a-chain, leading to
increased expression of VEGF. Under normoxic conditions, HIF-1a
degradation is partly regulated by the tumour suppressor protein p53 via
promotion of MDM2-mediated ubiquitination (Ravi et al, 2000). In tumours,
mutations or loss of p53 enable the malignant cells to express stabilised HIF-
1a under normoxic conditions, such that the tumour cells constitutively
express this protein. One study demonstrated that over-expression of HIF-1a
was present in 13 out of 19 tumour types tested including colon, breast,
gastric, lung, skin, ovarian, pancreatic, prostate, and renal carcinomas.
Moreover, HIF-1a expression was correlated with aberrant p53 accumulation

and cell proliferation (Zhong et al, 1999). Additionally, it was demonstrated
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that loss of p53 enhanced hypoxia-induced HIF-1a expression, causing
increased levels of VEGF (Ravi et al, 2000). Consequently, elevated HIF-1a
expression can be potentially associated with more aggressive disease (Bos
et al, 2001).

The importance of the role of VEGF in solid malignancies is illustrated
by the development of anti-angiogenic therapies for the treatment of cancers.
Examples include an anti-VEGFR2 antibody (Prewett et al, 1999), soluble
VEGF receptors (Holash J, 2002) and inhibitors of VEGFR2 signalling (Wood
et al, 2000). More recently, the humanized anti-VEGF monoclonal antibody
Bevacizumab has been successfully used in trials for the treatment of

colorectal cancer (Kabbinnavar et al, 2003; Ferrara et al, 2005).

1.5.2 VEGF and haematological malignancies

Increasing evidence suggests that VEGF may play a part not only in
solid tumours but also in the survival of cells from haematological
malignancies. Early studies indicated that a leukaemic cell line, CMK86, as
well as normal haemopoietic stem cells, expressed both VEGF and VEGFR2.
VEGF offered these cells protection from apoptosis induced by ionising
radiation (Katoh et al, 1995) and chemotherapeutic drugs with a consequent
increase in Mcl-1 expression (Katoh et al, 1998). Secreted VEGF is also
found in cultures of primary leukaemic cells from mailignancies such as CLL
(Chen et al, 2000). Other work suggested that VEGF might play a role in the
pathogenesis of leukaemias, since autocrine VEGF was found to induce
phosphorylation of VEGF receptors and the release of MMP-9 from myeloid

leukaemic cells (Dias et al, 2000). In a follow-up study (Dias et al 2001) it
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was found that blocking VEGFR2 delayed, but did not prevent, growth of
human myeloid leukaemic cells transplanted into mice. When both human
and murine VEGFR2 (but not VEGFR1) were blocked, long term remission
was produced, suggesting the presence of both autocrine and paracrine cell-
survival loops (Dias et al 2001). Furthermore, blocking VEGFR2 caused
decreased cell survival, proliferation and migration.

It was later demonstrated that VEGF induces Bcl-2 expression in
HL60 cells and promotes Bcl-2 binding to the molecular chaperone protein,
heat-shock protein 90 (Hsp90). VEGF also protected cells from serum
starvation and from apoptosis induced by the Hsp90-specific inhibitor
geldanamycin (Dias et al, 2002). Recently, exogenous VEGF added to CLL
cells in culture was shown to enhance cell survival, while inhibition of VEGF
receptor phosphorylation suppressed expression of Bcl-2, XIAP and Mcl-1
(Lee et al, 2003). VEGF also up-regulates Mcl-1 in multiple myeloma cells in
a time- and dose-dependent manner (Le Gouill et al, 2004). In more recent
work, phosphorylation of Bcl-2 and chemoresistance of acute lymphocytic
leukaemia cells were increased by VEGF stimulation (Wang et al, 2005).

MMP-9, which is important for tumour invasion and angiogenic switch
during carcinogenesis (Bergers et al, 2000), was also shown to be produced
in response to VEGF in adult T-cell leukaemia (Hayishibara et al, 2002) and
CLL (Bauvois et al, 2002). Work from this Department showed that CLL-cell
motility is dependent upon autocrine VEGF and a4+ integrin (Till et al, 2005).

As in solid tumours, angiogenesis in response to VEGF secreted by
malignant cells is an important component of leukaemias. This paracrine

effect is clinically demonstrable by the presence of elevated microvessel
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density (MVD) in the bone marrow of patients with AML (Hussong et al, 2000;
Padro et al, 2002) and childhood ALL (Perez-Atayde et al, 1997). Other
researchers found elevated MVD in CLL tissues (Chen et al, 2000; Molica et
al 2002) and it has been suggested that raised bone marrow MVD in CLL
correlates with disease stage (Kini et al, 2000). In contrast, Aguayo et al
(2000b) found that MVD was normal in CLL bone marrow despite high
plasma VEGF levels. Such contrasting findings can be explained by the
relatively low numbers of patients used in these studies or by the differences
between the groups of patients selected.

Increased MVD was first reported to be present in bone marrow from
patients with multiple myeloma (Vacca et al, 1994), and MVD was
subsequently considered to be a significant prognostic indicator in this
disease (Rajkumar et al, 2000). Similarly, a study of 88 patients with B-cell
non-Hodgkin’s lymphoma showed a correlation between increased MVD in
lymph nodes and the severity of the disease (Ribatti et al 1996),

As regard the autocrine effects of VEGF, they are dependent on the
expression of functional receptors on the cells that produce these growth
factors. Katoh et al (1995) first suggested a possible autocrine role for VEGF
in haemopoietic stem cells, while other workers reported the presence of
both VEGF and VEGFR in haematological tumour cell lines (Bellamy et al,
1999) and myeloid leukaemic cells (Dias et al, 2000). VEGF receptors have
also been reported to be present on B-cells from patients with CLL (Ferrajoli
et al, 2001; Aguayo et al, 2001) and multiple myeloma cells (Ria et al, 2003).

Various studies have demonstrated the activation of signalling

pathways by VEGF in haematological malignancies. In multiple myeloma,
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VEGF induced tumour-cell proliferation via a protein kinase C-independent
but Raf-1-MEK-ERK protein kinase pathway (Podar et al, 2001). In myeloid
leukaemia cells, VEGF was found to affect levels of Bcl-2 through increased
expression of Hsp90 via activation of the MAPK pathway (Dias et al, 2002).
Furthermore, in the same cell-types, VEGFR2 was reported to be
constitutively phosphorylated and located at the nucleus (Santos and Dias,
2004). Autocrine VEGF derived from CD154-stimulated CLL cells causes
increased expression and nuclear translocation of NF-kB (Farahani et al,
2005). In these cells, VEGFR ligation induces activation and perinuclear

translocation of STAT-3 upon VEGFR endocytosis (Lee at al, 2005).

1.6 VEGF in Chronic Lymphocytic Leukaemia (CLL)

1.6.1 Current understanding of CLL

CLL is the commonest form of leukaemia in the West and mainly
affects men over the age of 50 years (Call et al, 1994, Diehl et al, 1999). It is
characterised by the accumulation of long-lived monoclonal B lymphocytes
that are detectable in peripheral blood, and with variable involvement of bone
marrow, lymph nodes, liver and spleen. Presentation of the disease varies
between patients and ranges from incidental detection of a lymphocytosis in
a routine full blood count to investigation for generalised lymphadenopathy.
Diagnosis is based on the identification of a persistent lymphocytosis
(Robinson et al, 1989) and the presence of smear cells in blood films. The
diagnosis is confirmed by immunophenotypic analysis of the malignant CLL

cells which express CD5, CD19, CD23, and weak surface immunoglobulin
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(displaying light chain restriction to kappa or lambda), CD22 and CD79b
(Vilpo et al, 2003).

Marked heterogeneity is found in the clinical course followed by
patients. Some remain clinically stable without disease progression with a
median survival of 10 years (Binet et al, 1981), while others present with
advanced disease that rapidly progresses, is poorly responsive to therapy
and has a median survival of 2 years (Binet et al, 1981).

Two staging systems, the Rai system and the Binet system, have
been devised for CLL based on tumour load that predict patient survival
(Binet et al, 1981; Rai et al, 1975). Neither system is effective at predicting
outcome for patients with early stage disease who go on to develop
progressive disease (Molica et al, 1999b). Other factors that may act as
prognostic indicators are CD38 expression, somatic hypermutation of Vi
genes (Caligaris-Cappio and Hamblin, 1999) and functional abnormalities of
p53 arising from mutations (Lin et al, 2002).

In progressive, symptomatic disease, treatment is used to improve the
patients’ symptoms and delay the time to progression (Shustik et al, 1988).
This may include an alkylating agent such as chlorambucil or the nucleoside
fludarabine, or a combination of both alkylator and nucleoside (Pangalis et al,
2002).

The B-cell type that might be the normal counterpart of the CLL cell
has not been clearly established. Initially, CLL was considered to be a
malignancy of naive B cells but this was rejected following the demonstration
of V4 gene somatic hypermutation in some cases (Fais et al, 1998).

Subsequently, B1 cells were proposed as the CLL cell of origin but gene
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array data indicated that B1 cells and CLL cells had dissimilar gene
expression patterns (Klein et al, 2001). More recently (Chiorazzi and
Ferrarini, 2003), it has been speculated that marginal zone B cells might
represent the B-cell population from which CLL evolves. However,

uncertainty regarding the nature of the CLL cell of origin still remains.

1.6.2 The role of VEGF in CLL

The first report of expression of VEGF mRNA in CLL cells was
published in 1996 (Baban et al, 1996). Subsequent work concentrated on
detection of plasma and serum VEGF levels as a prognostic indicator for
CLL, and this was followed by the detection of increased angiogenesis in
CLL tissues. Since it became established that CLL cells express both VEGF
protein and VEGF receptors, recent work has concentrated on establishing
the mechanisms of VEGF function in CLL cells by using inhibitors that
potentially have therapeutic value.

Molica et al (1999) measured serum VEGF levels from 68 CLL
patients and 31 healthy individuals and found that VEGF levels were not
significantly different between the two groups. However, among patients with
Binet stage A (n=41), progression-free survival (PFS) was shorter when
VEGEF levels were above the median and they concluded that serum levels of
VEGF can be useful for predicting the risk of disease progression. In a further
study (Molica et al, 2002), the same group studied 81 patients at Binet stage
A and found that for patients with serum VEGF levels above the median
value, PFS was 24 months compared to 54 months for patients with VEGF

levels below the median. In contrast, measurement of cellular levels of VEGF
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in 225 CLL patients (Aguayo et al, 2000a) revealed that low levels of VEGF
in Rai stages 0 to Il and Binet stages A and B correlated with shorter patient
survival time. Differences in the findings of these two groups can be
attributed to methodology, since Molica et al (2002) used enzyme-linked
immunosorbant assay (ELISA) to measure serum VEGF levels of CLL
paptients while Aguayo et al (2000a) employed a solid-phase
radioimmunoassay to determine cellular VEGF levels in CLL B-cells.

Evidence of increased angiogenesis in tissues from CLL patients has
also been investigated with the intention of identifying its suitability as a
potential indicator of disease prognosis. Kini et al (2000) quantified the
degree of angiogenesis in the bone marrow of CLL patients by measuring the
MVD. They found that for CLL patients (n=12) the MVD was significantly
higher than controls (n=11) and correlated with disease stage since this
elevated MVD suggest that this is a paracrine effect of VEGF derived from
infiltrating CLL cells. In contrast, a separate study (Aguayo et al, 2000b)
measured MVD in 145 bone marrow biopsies from acute and chronic
leukaemias and found that MVD was elevated in every condition except CLL,
despite raised plasma VEGF levels. However, further work (Chen et al, 2000;
also presented in Chapter 3 of this thesis) established that MVD in lymph
nodes from CLL patients (n=3) was higher than that for normal controls
(n=3).

The studies mentioned above indicated the presence of high levels of
circulating VEGF in CLL patient plasma and provided some evidence of
angiogenesis in CLL patient tissues. Baban et al (1996) demonstrated the

presence of VEGF mRNA in CLL cells, but this observation was taken a
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stage further when CLL cells were shown to secrete angiogenically-active
VEGF (Chen et al, 2000). In this study, expression of VEGF was enhanced
under hypoxic conditions and abundant VEGF was present in the nodes and
spleen of CLL patients. Expression of VEGF and other angiogenic factors by
CLL cells was later confirmed by others (Kay et al 2002).

The expression of VEGF receptors is potentially an important limiting
factor in CLL-cell responses to VEGF. When expression of VEGFR2 on cells
from 216 CLL patients was compared to 31 normal individuals, shortened
survival of patients with CLL was shown to be correlated with high levels of
VEGFR2, and this was considered to be an indicator of unfavourable
prognosis (Ferrajoli et al, 2001). In contrast, expression of VEGFR1 did not
correlate with patient survival (Aguayo et al, 2001). The expression of
VEGFRs by CLL cells was subsequently confirmed in several other studies
(Bairey et al, 2004; Kay et al 2002). Till et al (2005) demonstrated that
autocrine VEGF and a4B4 integrin are involved in chemokine-dependent
motility on and through endothelium by CLL cells from patients with
lymphadenopathy. The CLL cells also failed to cluster and activate a.B; in
response to chemokines unless VEGFR and a1 were also ligated.

A possible role for VEGF in the survival of CLL cells has recently been
elucidated. Work by Lee et al (2004) suggested that autocrine survival
pathways may exist in CLL that are a consequence of VEGF signalling. They
found that addition of VEGF to cultured CLL cells had a pro-survival effect,
that VEGF receptors are spontaneously phosphorylated and that inhibition of
this phosphorylation with epigallocatechin-3-gallate (EGCG) induced cell

death. Furthermore, inhibition of the effects of VEGF by EGCG reduced

22



expression of Bcl-2, XIAP and Mcl-1, and induction of pro-apoptotic events.
They concluded that the disruption of VEGF autocrine pathways induced
CLL-cell death. Recently, the same researchers demonstrated that the
autocrine VEGF survival pathway in CLL is linked to the activation and
perinuclear translocation of STAT-3 (Lee et al, 2005). Our own studies
described autocrine VEGF as an important mediator of the anti-apoptotic
effect of CD154 on CLL cells (Farahani et al, 2005; presented as part of
Chapter 5). This cytoprotection required combined signalling by both CD40
and VEGFR, involved NF-kB activation and resulted in increased survivin
production. However, addition of exogenous VEGF to cultured cells or
blockade of secreted autocrine VEGF in the absence of CD154 had only a
small effect on CLL cell survival, indicating that CLL-cell cytoprotection by
CD154 involves VEGF production and combined signalling by both CD40
and VEGFR.
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Chapter 2
Production and factors affecting production of VEGF

by CLL cells

2.1 Introduction

An increase in the abundance of blood vessels and the consequent
improvement in the blood supply to tissues is known to be important for the
continued growth of malignant tumours. The importance of increased
angiogenesis in solid tumours was first described by Folkman et al (1971)
and is now widely accepted to be an essential part of the pathogenesis of
malignant tumour growth. The potent angiogenic growth factor VEGF is
thought to be involved in tumour angiogenesis since elevated production of
VEGF has been reported in many different types of tumour, including breast,
lung and prostate cancer (Yoshiji et al, 1996; Ohta et al, 1996; Joseph et al
1997).

Recently, elevated serum levels of VEGF have been reported in
malignancies which do not form solid tumours, such as leukaemias (Gerber
and Ferrara, 2003). At the outset of the present studies, it had already been
reported that serum levels of VEGF elevated above the median were
associated with poor outcome for CLL patients (Molica et al, 1999), while
increased blood vessel density had been observed in bone marrow from
patients with B-CLL (Kini et al, 2000). It was, however, not known whether
CLL B-cells themselves were able to produce and secrete VEGF or whether

the elevated plasma levels and increased bone marrow angiogenesis
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reported in these papers were due to VEGF production by other cell-types.
Therefore, the initial aim of this study was to determine whether CLL cells
produce VEGF and then identify the isoforms produced.

In other cell types, several factors are known to influence the
expression of VEGF including hypoxia, HIF-1 expression and cell stimulation
by CD154 (CD40 ligand). Numerous reports have shown that VEGF
secretion increases under hypoxic conditions (Shweiki et al, 1992), and that
hypoxia also stabilises HIF-1a, the a-subunit of the VEGF transcription factor
HIF-1. In haemic malignancies such as CLL, expression of HIF-1a by the
malignant cells has not been described. However, since results in this
Chapter will show that CLL cells produce VEGF and that the level of
secretion of VEGF varies between CLL cases, it became important to
establish whether this variation could be due to differences in constitutive
expression of HIF-1a. Furthermore, in other cell-types, expression of VEGF
is negatively regulated by p53 (Blagosklonney et al, 1998), a tumour
suppressor protein that promotes degradation of HIF-1a.

Loss of p53 in other cell-types enhances hypoxia-induced expression
of HIF-1a with a subsequent increase in VEGF levels (Ravi et al, 2000). In
addition, a significant correlation exists between the presence of mutant p53
and HIF-1a over-expression in tumour cells (Zhong et al 1999). Since p53
dysfunction associated with expression of the mutated protein (defined in our
Department as Type-A dysfunction) occurs in a proportion of CLL cases
(Pettitt et al, 2001) and is considered a poor prognostic indicator, it is

possible that the variable production of VEGF in CLL cells under both
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normoxic and hypoxic conditions may be due to an influence of p53 mutation
on the stability of HIF-1a..

An important microenvironmental stimulus implicated in the
pathogenesis of CLL is CD154 (CD40L) expressed on T lymphocytes and a
number of other cell types (Banchereau et al, 1994). Ligation of CD40 by
CD154 on cells such as endothelial cells, monocytes and fibroblasts,
upregulates production of VEGF by these cells (Melter et al, 2000; Cho et al,
2000). Therefore, CD154 had to be considered as a factor that is potentially
important in the in vivo regulation of VEGF in CLL cells. These questions are

addressed in this Chapter.

2.2 Methods

2.2.1 Patients

All CLL-cell samples used were from patients with high numbers of
circulating malignant cells, as defined morphologically (prolymphocytes
<10%) and immunophenotypically (CD19*, CD5*, CD23" and weak light-
chain-restricted surface immunoglobulin). Patients’ samples were obtained
after informed consent and with the approval of the Liverpool Research
Ethics Committee. Typically, white cell counts were >100x10%L and the B-
cell purity of these samples was similar to that which could be attained by
either positive or negative depletion of contaminating T cells (>95% CD5+).
Some T-cell contamination was presumed to be unavoidable but assumed to
have little or no effect on the assays employed. However, it is acknowledged
that in terms of diseasé status, selection of high cell count samples does

skew the CLL cases studied such that they may represent a ‘worse group’'.
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2.2.2 Cell preparation and culture

Lymphocytes were isolated by density-gradient centrifugation.
Heparinised whole blood from CLL patients’ was layered onto Lymphoprep
(Nycomed), centrifuged at 1600 rpm for 30 minutes, then the mononuclear
cells removed and washed in RPMI medium. Finally, the cells were
suspended in ice cold RPMI supplemented with 10% FCS and 10% dimethyl
sulphoxide (DMSO) prior to freezing at -80°C and subsequent storage in
liquid nitrogen.

For cell culture experiments, frozen samples were rapidly thawed at
37°C, slowly resuspended to approximately 10 ml in RPMI medium
containing 2mM L-glutamine, centrifuged, then resuspended in the
appropriate culture medium prior to use. At this stage, cell viability was
measured using trypan blue (Sigma) exclusion and typically found to be
>90%. In some preliminary assays, data collected using cryopreserved and
fresh CLL cells from the same sample was fully comparable, suggesting that
cryopreservation did not adversely affect CLL-cell responses in vitro (data not

shown).

2.2.3 Poly-HEMA-coating of culture surfaces

Poly-HEMA (Sigma) is a non-toxic, hydrophilic polymer that prevents
cell adhesion (Folkman and Moscona, 1978). A stock solution of poly-HEMA
(120 mg/ml in 95% ethanol) was diluted to 12 mg/ml in 95% ethanol
immediately prior to use. To coat the surfaces of tissue culture plates, a

volume of diluted poly-HEMA was added to the wells and allowed to
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evaporate to dryness at 37°C. For 24-well plates the volume required to coat

a well was 200 pl, while for 96-well plates the volume was 30 pl.

2.2.4 Preparation of CLL-cell culture supernatants

Freshly thawed CLL cells were suspended at a density of 8x10°
cells/ml in QBSF-51 serum-free medium (Sigma) or RPMI medium (Sigma)
supplemented with 1% BSA (Sigma). In duplicate, 250ul of cells (2x10°) was
transferred to a 24-well plate and incubated at 37°C in 5% CO. in a
humidified atmosphere for 24 hours. Following incubation, the medium was
removed from the cultures, placed in 1.5 ml eppendorf tubes and centrifuged
at 14000 rpm for 30 seconds to remove any CLL cells present. The cell-free
medium was then transferred to a clean tube and stored at -20°C until

assayed for VEGF.

2.2.5 VEGF enzyme-linked immunosorbant assay (ELISA)

Supernatants collected from CLL cells were tested for the presence of
VEGF by ELISA. In each case, 200 pl of the collected supernatant was
assayed using a commercial human VEGF immunoassay kit (Quantikine,
R&D Systems) according to the manufacturer’s protocol. With this method, it
was found that the minimum amount of VEGF detectable in the cell

supernatants was typically less than 5.0 pg/ml.
2.2.6 Preparation of CLL-cell culture supernatants for Western blotting

CLL cells were prepared for culture in QBSF-51 as described above

(section 2.2.4) and stimulated with 100 ng/ml phorbol 12-myristate 13-acetate
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(PMA; Sigma) to enhance VEGF production, since PMA had been show to

have this affect in other cell-types (Shih et al, 1999). The supernatants were
collected and concentrated by ammonium sulphate precipitation followed by
Centricon spin column (Millipore) centrifugation prior to assay. As a control,

QBSF-51 that had not been exposed to cells was concentrated in this way.

2.2.7 Immunocytochemical staining for VEGF

B-CLL cells (8x10*) cultured for 24 hours with and without PMA (100
ng/mL) were cytocentrifuged at 300 rpm for 3 minutes using a Cytospin 2
(Shandon) and fixed at 4°C with ice-cold acetone for 3 minutes. Fixed slides
were washed with phosphate-buffered saline (PBS) and incubated with 3%
H20. in PBS for one hour at room temperature (RT). Cells were then
incubated with rabbit polyclonal anti-VEGF antibody (10 pg/mi diluted with
1% BSA/PBS) or with nonspecific rabbit IgG (Santa Cruz Biotechnology) for
one hour at RT, followed by incubation with goat anti-rabbit IgG conjugated to
biotin and with ExtrAvidin—horseradish peroxidase (both for 30 minutes at
RT). Colour was developed by incubating the slides with 3-amino-9-
ethylcarbazol at RT for 3 minutes. Slides were counterstained with

hematoxylin.

2.2.8 Detection of VEGF by Western Blotting

Concentrated supernatant derived from PMA-stimulated cells was
added to an equal volume of non-reducing double-strength sample buffer
(125mM Tris-HCI pH 6.8, 20% glycerol, 4% SDS, 0.006% bromophenol blue)

and heated at 95°C for 10 minutes. Proteins were separated by
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electrophoresis on 10% SDS-polyacrylamide gel under non-reducing
conditions, then transferred to an Immaobilon membrane (Millipore) and
blocked in 5% non-fat powdered milk (Tesco) in TBS containing 0.05%
Tween-20 (Sigma). The membrane was then incubated with mouse
monoclonal anti-VEGF antibody (R&D Systems), washed in TBS-T and
further incubated in horseradish peroxidase-conjugated goat anti-mouse IgG
(Affiniti). Following repeated washing in TBS-T, immunoreactive protein
bands were visualised with an enhanced chemiluminesence (ECL) detection
kit (Amersham) as instructed by the manufacturer‘and Hyperfilm, high

performance chemiluminesence film (Amersham).

2.2.9 RNA isolation and RT-PCR

Total RNA was extracted from CLL cells using an RNeasy kit
(Qiagen). Single-strand DNA was synthesized from 1 pg total RNA using the
First-Strand cDNA Synthesis Kit for RT-PCR (Boehringer Mannheim).
Amplification of the cDNA by PCR was performed using the following primers
for VEGF: oligo 1, 5-TCGGGCCTCCGAAACCATGC-3'’; and oligo 2, 5'-
CCTGGTGAGAGATCTGGTTC-3' (30 cycles, annealing at 56°C). To
normalize the product, the actin gene was also amplified using actin primers:
oligo 3, 5'-CGCTGCGCTGGTCGTCGACA-39; and oligo 4, 59-
GTCACGCACGATTTCCCGCT-3' (30 cycles, annealing at 60°C). The
amplified PCR products were subjected to electrophoresis and visualized by
ethidium bromide staining. To confirm that the sequences of the products
amplified by the PCR reaction represented different VEGF isoforms, the PCR

products were cloned into pBlueScript plasmid (Stratagene), and their
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sequences were determined by nucleotide sequence analysis using a DNA

Sequencing kit (Amersham).

2.2.10 Slot-blot hybridization.

Total RNA (2 ug) extracted from unstimulated cells was loaded directly
onto a nylon membrane using a slot-blot apparatus (Bio-Rad). Membranes
were UV cross-linked and subsequently hybridized with a VEGF cDNA probe
labelled with a-32P]-deoxycytidine triphosphate using a random-primed DNA
labelling kit (Boehringer Mannheim). For control of the RNA loading of each
lane, blots were rehybridized with a radiolabelled actin cDNA probe (Clontech
Laboratory). Autoradiography was performed at 27°C using Kodak XAR-5
film (Sigma). The intensity of each band appearing on the film was scanned

and analyzed with Phoretix 1D-advanced version 3.1 software.

2.2.11 Exposure of CLL cells to hypoxia

To induce hypoxic stimulation, CLL cells were cultured as described
previously in 24-well plates and within a specially designed air-tight container
(Billups-Rothenberg) that had been constructed with inflow and outflow
valves. To achieve the desired oxygen level, the chamber was infused with a
pre-analysed air mixture containing 5% CO2/95% N, (BOC) and the cells
cultured under such conditions for 24 hours prior to collection of culture

supernatants.
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2.2.12 Preparation of cell-line lysates

In experiments to determine HIF-1a expression in CLL cells, two
prostate carcinoma epithelial cell lines that are known to produce VEGF
(Chen et al 2000a) were used to act as controls, PC-3 and DU145. Both cell-
types were grown to confluence in 6-well plates using RPMI medium
supplemented with 10% FCS (Globefarm), 2mM L-glutamine (Gibco) and 100
U/ml penicillin + 100 pg/ml streptomycin (Gibco). Following incubation under
normoxic (5% CO; in air) or hypoxic conditions for 4 hours, the medium was
removed, the cells washed in PBS and 250 pl trypsin-EDTA (Gibco) added to
the cells. After 1 min at 37°C, the cells were dislodged and transferred to a
1.5 ml tube, centrifuged at 7000 rpm for 30 seconds, then 200 pl of hot lysis
buffer (1% SDS, 10 mM Tris-HCI pH 7.4) added and the samples heated at

95° for 5 minutes. Prior to freezing at -20°C, the cell lysates were sonicated.

2.2.13 Preparation of CLL-cell lysates

When preparing lysates to be used for the detection of HIF-1q, it was
important that the manipulation of cells was performed rapidly to prevent
degradation of HIF-1a. To this end, cell lysates were prepared from no
greater than four different CLL cases at any given time. CLL cells (5x10°)
were incubated under either hypoxic or normoxic conditions for 4 hours in 24-
well plates coated with poly-HEMA (see previously) to prevent adhesion of
the cells to the plastic surface. Harvested cells were centrifuged at 7000 rpm
for 30 seconds and the cell pellet lysed with 100l 1% SDS lysis buffer,

heated to 95°C for 5 min, then sonicated prior to freezing at -20°C
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2.2.14 Detection of HIF-1a by Western blotting

Lysate from CLL cells or control cells (PC-3 and DU145) was added to
an equal volume of double-strength sample buffer containing 10% -
mercaptoethanol and loaded onto a 7% SDS-polyacrylamide gel prior to
separation by electrophoresis under reducing conditions. The procedure for
Western Blot has been described previously (section 2.2.8); in this instance,
the membrane was probed with monoclonal mouse anti-HIF-1a (ab1; Abcam)
diluted 1/500. Following visualisation of immunoreactive bands with ECL, the
membrane was incubated at 65°C for 30 minutes in stripping buffer (62.5 mM
Tris-HCI, pH 6.8, 100 mM B-mercaptoethanol, 2% SDS), washed in TBS-T,

then re-probed with mouse anti-B-actin (Sigma) as a protein loading control.

2.2.15 Densitometry

For semi-quantitative protein and mRNA analysis, bands visualised by
ECL or auto-radiography were scanned and the intensity of each band
appearing on the film measured using Phoretix 1D-advanced version 4.00

software.

2.2.16 Preparation of culture supernatants from CD154-stimulated CLL
cells

CLL cells (2x10°) were suspended in RPMI medium supplemented
with 2 mM L-glutamine and 1% BSA, then placed into a poly-hema-coated
24-well plate. Recombinant human soluble CD154 trimeric protein (200 ng/ml
final concentration) and enhancer (1 pg/ml) (Alexis Biochemicals) were

added to the cells before incubation at 37°C in 5% CO, for 24 hours.
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Collection of the cell culture supernatants and measurement of VEGF by

ELISA are described previously.

2.3 RESULTS

2.3.1 Detection of VEGF in CLL-cell culture

To examine whether CLL cells produce VEGF, freshly thawed cells
were resuspended to 8x10° per ml in QBSF-51 serum-free medium and
cultured in flat-bottomed 24-well plates, in duplicate, with 2x10° cells per well.
At this cell density, microscope viewing revealed that the cells were in close
proximity to each other but not overlapping when settled at the bottom of the
well. Following an incubation period of up to 72 hours, supernatants were
harvested, centrifuged to remove any cells remaining in suspension, and
then stored at —20°C for future assay, using a commercially available VEGF
ELISA kit.

Preliminary experiments revealed that VEGF first became consistently
detectable in culture supernatants after 24 hours incubation; increasing
amounts of VEGF were then detected with increasing incubation time. Since
the aim of this series of experiments was simply to determine whether VEGF
was detectable in CLL-cell cultures, and since 24 hours was the earliest time-
point at which VEGF could be consistently detected, in subsequent
experiments the supernatants were collected for analysis at 24 hours only.

The production of VEGF by cultured CLL cells from 36 cases of CLL is
shown in Figure 2.1A. Detectable levels of VEGF were present in culture

supernatants from 33 of these cases but, in contrast, VEGF was not detected
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in the 3 remaining cases. Furthermore, the amount of VEGF produced varied
between the cases studied, ranging from 5 to 215 pg/ml, with a mean value
of 30 pg/ml. This variability was consistent in that high producers were
always high and low producers were always low, as illustrated by the small
error bars for cases that were studied on more than 2 occasions (n=5). The
results from this series of experiments demonstrated, for the first time, that
CLL cells in culture produce and secrete VEGF.

In Chapter 5 of this thesis, the role of endogenous VEGF in CLL-cell
survival is investigated and for these experiments, alternative culture
conditions were determined. To provide an environment that would be
suitable for cell survival studies, CLL cells were suspended in RPMI medium
containing 1% BSA, which enabled cell survival for 7 days or more. To
ensure that CLL cells in this medium also produce VEGF, 24 hour cultures
were set up and levels of secreted VEGF measured by ELISA as described
previously. This analysis revealed that under these alternative culture
conditions, VEGF was detectable in each of the cases tested (n=11; mean= 6
pa/ml) although, compared to results obtained in QBSF-51 culture medium,
all the values were at the lower end of the assay range (Figure 2.1B).
However, additional work carried out in this Department by other
investigators (Slupsky et al, unpublished data) using identical culture
conditions and a larger sample of CLL cases confirmed that in all cases the
cells produce VEGF. Furthermore, they demonstrated a wide range of VEGF
production between cases similar to that shown in Figure 2.1A. Taken

together, these data confirmed that RPMI supplemented with 1% BSA, the
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Figure 2.1
Production and secretion of VEGF by cultured CLL cells.

CLL cells were cultured in (A) QBSF-51 serum-free medium (n=36 cases)
or (B) RPMI medium containing 1% BSA (n=11) for 24 hours at 37°C in
5% CO, prior to collection of medium for VEGF measurement using an
ELISA kit. VEGF in the samples was calculated using a reference curve
established from serial dilutions of rhVEGF. Individual values are from
duplicate samples. Values represent either VEGF levels from single
experiments or mean values for up to four separate experiments. Error
bars (where shown) represent the SEM calculated from a minimum of -
three separate experiments. (Note that although low, the VEGF secreted
by cells in RPMI medium was still within the range of that secreted by
about half of the CLL cases cultured in QBSF-51.)
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medium routinely used in our Department, is a suitable medium for studies of

VEGF secretion by CLL cells.

2.3.2 Production of VEGF in CLL-cell cultures is not due to
contamination with other cell types

Since it is known that T cells, macrophages, neutrophils and platelets
can all produce VEGF (Freeman et al, 1995; Kolch et al, 1995; Banks et al,
1998; Taichman et al, 1997), it was important to confirm that the VEGF
present in cultures of CLL cells was produced by the malignant B-cells and
not by other contaminating cell-types. Therefore, cytospins were prepared
using cells from several cases of CLL and examined for the presence of
VEGF by immuno-cytochemical staining with an anti-VEGF polyclonal
antibody (10 pg/ml; Santa Cruz) in conjunction with an ExtrAvidin staining kit
(Sigma). Examining a large number of cells from samples with a purity of
greater than 95% showed that all cells were uniformly positive for VEGF and
that no minority of strongly positive cells was present (data not shown). This
finding indicated that the VEGF detected in CLL-cell cultures was produced
by the CLL cells themselves and not by a minority population of strongly

positive CLL cells or some other contaminating cell-types.

2.3.3 Expression of VEGF isoforms
It has long been known that VEGF exists as 5 different isoforms
generated by alternative splicing of the VEGF gene. Since there are two

soluble forms of VEGF (VEGF 121 and VEGFgs), we aimed to identify which of
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these two VEGF isoforms were secreted into the medium of cultured CLL
cells.

Since the amounts of VEGF detected in medium of CLL cultures
described above was relatively low (pg/ml amounts), it was considered
necessary to increase the amount of VEGF secreted into the medium to
levels detectable by Western blotting. PMA is known to stimulate production
of VEGF in other cell-types such as endothelial cells (Shih et al, 1999), so the
CLL cells were stimulated with PMA in an attempt to increase VEGF levels in
CLL-cell culture medium. It was found that PMA (100 ng/ml) stimulation of
CLL cells for 24 hours produced a 5-fold increase in VEGF production (49 +
59 pg/ml to 266 + 110 pg/ml), a level at which VEGF was readily detectable
in Western blots. Conditioned medium (CM) from 4 different PMA-stimulated
CLL cases was collected and concentrated 10-fold prior to loading onto an
SDS-PAGE gel. The proteins were then electrophoretically transfered onto
an immobilin membrane and probed with anti-VEGF monoclonal antibody
(Santa Cruz; 1 pg/ml). This revealed in each of the four CLL cases studied,
two immunoreactive bands corresponding to proteins of 28 kDa and 48 kDa.
VEGF isoform controls run on the same gel indicated that the bands detected
were VEGF42¢ and VEGF g5 respectively (Figure 2.2A).

To determine whether CLL cells produce other isoforms of VEGF that
were not detected by Western blotting, RT-PCR followed by nucleotide
sequence analysis of the products was performed using primers recognising
all possible VEGF isoforms. It was found that only 2 bands were amplified
from the unstimulated CLL cells tested and these were identical in size to the

control VEGF21 and VEGF1es cDNA (Figure 2.2B). Furthermore, nucleotide

38



u. LU N co Tf
0 o J - I
LU LU —1 -J —1
> > o] ] 0 0

*

H
=

B dL M Vi2a M ke

4- 872

4. 310

Figure 2.2

Analysis of secreted VEGF isoforms

(A) Western blot analysis of secreted VEGF. CM was collected from
cultures of the PMA-stimulated cells and subsequently concentrated 10-
fold. CM samples (100 pi), together with control recombinant VEGF165 and
VEGFI121, were loaded onto a 10% polyacrylamide gel and electrophoresed
under non-reducing conditions. Separated proteins were transferred to a
nitrocellulose membrane, and VEGF isoforms detected with anti-VEGF
monoclonal antibody were visualized by enhanced chemiluminescence. (B)
Analysis of VEGF mRNA isoforms by RT-PCR. First-strand cDNA was
transcribed from 1 pg total RNA extracted from unstimulated cells. One
tenth of the synthesized cDNA was amplified by PCR using primers
recognizing all possible VEGF isoforms. VEGF165 and VEGF121 cDNAs

were included in the PCR reaction as the positive controls.
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sequence analysis of the 2 bands confirmed that they were VEGF421 and

VEGF 65 (data not shown).

2.3.4 Effects of hypoxia on VEGF production by CLL cells

Low oxygen tension (hypoxia), often detected in rapidly expanding
tissues, is one of the known mechanisms of VEGF regulation. In CLL,
infiltration of lymphoreticular tissues by the malignant B-cells is a feature of
the disease. Consequently, an increase in VEGF production and the resultant
angiogenesis may be required to allow adequate metabolic support in such
expanding tissues. Since CLL cells are the principle cells within potentially
hypoxic infiltrated organs, it was investigated whether levels of VEGF mRNA
and VEGF protein are upregulated in response to hypoxia in CLL cells.
Initially, the effect of hypoxia on six CLL cases was determined by
measurement of both mRNA and VEGF protein. CLL cells were cultured for
24 hours in a specially designed airtight chamber with inflow and outflow
valves. Cells in 24-well plates were placed into the chamber and exbosed to
a mixture of 5% CO./ 95% N.. After 24 hours, the culture supernatants were
collected and analysed for the presence of VEGF by ELISA, while the cells
were harvested for VEGF mRNA determination by slot blot hybridisation. For
each of the six cases used, control cells incubated under conditions of
normal oxygen tension were also prepared. In each case studied, slot blot
hybridisation revealed that hypoxia stimulated an increase in VEGF mRNA
expression, ranging from a 1.4 to 3.7-fold increase (Figure 2.3A). Similarly,
measurement of VEGF protein revealed that secretion of VEGF increased in

each case by up to 7-fold (Figure 2.3B). In a further series of experiments, in
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Figure 2.3
VEGF production by CLL cells in response to hypoxia

(A) Cells from the 6 CLL patients were cultured under normoxic and
hypoxic conditions. After 24 hours, the cells were subjected to VEGF
MRNA determination by slot-blot hybridization. Hypoxia (H)
compared with normoxia (N) increased VEGF mRNA expression in
all cases. The slot-blot bands were measured densitometrically, and
the sample loading was determined by parallel measurement of the
actin mRNA in each sample. (B) Culture supernatants from the same
cultures used for mMRNA determination were also collected and
subjected to ELISA. In all cases, higher levels of VEGF protein were
detected in the cells cultured under hypoxic conditions (m ) than
under normoxic conditions (C0). Histograms represent the mean of
duplicates. Error bars are standard deviations calculated from 6
measurements in 3 separate experiments using the cells of 2

patients.
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which a total of 21 CLL cases were studied, it was found that incubation of

CLL cells under hypoxic conditions for up to 24 hours induced an increase in
VEGF production in all but two cases (Figure 2.4A). The mean VEGF protein
level secreted by cells incubated under normal oxygen tension was 23 pg/ml
while the value for hypoxia-stimulated cells was 92 pg/ml. Statistical analysis
using Students t-test indicated that the difference between these two groups

was significant (p<0.01; Figure 2.4B).

2.3.5 Expression of HIF-1a in CLL cells under normoxic and hypoxic
conditions

HIF-1a is rapidly degraded under normoxic conditions, and since the
preparation of CLL-cell lysates for experiments in this section was carried out
under normal oxygen conditions, it was important to determine whether this
would affect detection of HIF-1a. In preliminary experiments, CLL cells were
incubated under hypoxic conditions for 4 hours to induce expression of HIF-
1a,, and then subjected to cell lysis and Western blot analysis. Initially, HIF-
1o was not detected so it was speculated that this was due to technical
reasons. HIF-1q. rapidly degrades under normoxic conditions, so speed of
lysate preparation was important. Since relatively large numbers of lysates
were prepared in the initial experiments (a time consuming process) the
negative findings were possibly due to degradation of HIF-1a during lysate
preparation.

Therefore, in further preliminary experiments, the aim was two-fold:
firstly to determine whether HIF-1a could be detected under such improved

conditions of cell lysis and, secondly, by using suitable control cell lines, to
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Hypoxia induces increased secretion of VEGF by CLL cells

In addition to the CLL cases used in Figure 2.3, cells from a further 21
CLL cases were exposed to hypoxia and the amount of secreted VEGF
compared to that produced under normoxic conditions. (A) shows the
variability of the response; (B) are the means + SEM, together with the

level of significance of the difference between the 2 groups (Students t-

test).
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demonstrate that HIF-1a could be induced by the hypoxic environment of the
chamber system used. To this end, prostate carcinoma cell lines PC-3 and
DU145 that are known to have different HIF-1a expression charactéristics
were selected as control cells. PC-3 cells constitutively express HIF-1a while
DU145 cells express HIF-1a. only under hypoxic conditions only (Zhong et al,
1998). Furthermore, work from this Department has previously shown that
both of these cell lines produce VEGF in vitro (Chen et al, 2000a).Therefore
PC-3 and DU145 were considered suitable control cells for the detection of
HIF-1a by Western blotting and for its induction by hypoxia.

PC-3 and DU145 cells were grown to confluence in 6-well plates and then
incubated under normoxic or hypoxic conditions for 2, 4 and 6 hours.
Following incubation, the cells were trypsinized and lysed in boiling 1% SDS
lysis buffer. The lysates were sonicated prior to SDS-PAGE, Western blotted
with anti-HIF-10 antibody and the immunoreactive bands visualised with
ECL. This analysis showed an increase in HIF-1a expression under hypoxia
in PC-3 and DU145 cells, reaching a peak after 4 hours incubation. HIF-1a
was present in PC-3 cells incubated under both normoxic and hypoxic
conditions confirming that PC-3 cells constitutively express HIF-1a (Figure
2.5A). DU145 cells did not express HIF-1o. under normal oxygen conditions
although this protein was strongly expressed in cells incubated under hypoxic
conditions. The presence of several protein bands at around 120kDa on the
Western blot (Figure 2.5A) has been observed by others (Agani et al, 2000)
and probably represents post-translational modification of HIF-1a (Salceda

and Caro, 1997). These results confirmed the suitability of PC-3 and DU145
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Detection of HIF-1a in prostate cell lines and CLL cells under
normoxic and hypoxic conditions

(A) Confluent, adherent prostate cell lines were exposed to hypoxic or
normoxic conditions for 4 hours and then rapidly detached by treatment
with trypsin and lysed as described in the methods. The lysates were
subjected to SDS-PAGE and Western blotting with anti HIF-1«
antibody. This confirmed the presence of constitutively expressed HIF-
la in PC-3 cells but not in DU145 cells and the induction of HIF-1a
expression by hypoxia in both cell lines. (B) shows induction of HIF-1a

by hypoxia in each of the 8 CLL cases studied.
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cell lines as controls for the detection of changes in the expression of HIF-1a
induced by hypoxia in the experimental system used.

Following this validation of the experimental system, cells from 8
different CLL cases were exposed to normoxia and hypoxia for 4 hours, then
lysed and examined for HIF-1a. expression as described for the cell lines.
Figure 2.5B shows that in each case studied, several weak bands of around
116 kDa were detected under normal oxygen conditions suggesting a low-
level constitutive expression of HIF-1a. in CLL cells. However, when CLL
cells were incubated under hypoxic conditions, a single, strongly positive
protein band of 120 kDa was detected in each of the cases studied,
demonstrating a potent induction of HIF-1a. in CLL cells under hypoxic
conditions. The level of expression of HIF-1a varied between cases but

measurement of B-actin confirmed equal loading of the gel (not shown).

2.3.6 HIF-1a expression and VEGF production by CLL cells

Since variability in VEGF expression between CLL cases under both
normoxic and hypoxic conditions was observed in this study, it seemed
important to determine whether this variation was related to differences in
expression HIF-1a. To clarify this relationship, cells from the 8 CLL cases
used in the HIF-1a study were cultured for 24 hours under both normoxic and
hypoxic conditions, and supernatants collected to determine VEGF
production, as described previously. The results of this assay are shown in
Figure 2.6A. In 7 of the 8 CLL cases studied, hypoxia induced an increase in
VEGF secretion and, as predicted, there was large variability in the response,

ranging from 2 to 18-fold increase. To determine whether these differences in
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Figure 2.6

Lack of correlation between increases in HIF-1a and VEGF
secretion induced by hypoxia

(A) Increases in VEGF production in supematants from the same cells
which were used to estimate the effect of hypoxia on HIF-1a expression
(Figure 2.5B). (B) Comparison of the effects of hypoxia on HIF-1a
expression and VEGF secretion expressed as a fold-increase relative to
normoxia. The apparent lack of correlation suggests that factors other
than HIF-1a also contribute to regulation of VEGF production and/or
secretion in different CLL-cell clones.
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VEGF production were related to HIF-1a expression, a comparison was
made between VEGF and HIF-1a levels in CLL cells incubated under
hypoxic conditions. For HIF-1a this was done using a comparison of the
Western blot protein band intensity determined by densitometry. Since
several bands were present at and around 120kDa, and since this might
reflect post-translational modification of HIF-1a, densitometry values were
measured from an area that corresponded to the region of HIF-1a bands
seen in the control cell lines (Figure 2.5A). A direct comparison of the
changes in HIF-1a expression and VEGF production under hypoxic
conditions (Figure 2.6B) demonstrated considerable variation in the ratios of
HIF-1a expression and VEGF production in CLL cells. In case 1849,
relatively high HIF-1a expression corresponds with high VEGF production
while in two other cases (1846 and 1872), a relatively low increase in HIF-1a
expression contrasts with a relatively large increase in VEGF production. In
the remaining cases, differences in expression between the two parameters
were relatively small. Such variability in the relationship between HIF-1a and

VEGF expression in CLL cells under hypoxic conditions suggests that factors

other than HIF-1 stability may influence VEGF production.

2.3.7 The relationship between Type-A p53 dysfunction, VEGF
production and HIF-1a expression in CLL cells

In other cell-types, p53 negatively regulates VEGF expression
(Blagosklonny et al, 1998) and mutant p53 is associated with over expression
of HIF-1a (Zhong et al, 1999). Therefore, since a sub-group of Type-A p53

dysfunctional CLL patients had been identified within this Department (Pettitt
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et al, 2001), a comparison was made between p53 status, VEGF production
and HIF-1a expression (Table 2.1). Of the 8 cases used in the HIF-1a study,
four had normal p53 and four were Type-A p53 dysfunctional. It was found
that wide variability existed within each group with no indication of
suppression of VEGF production by normal p53 in comparison to the mutant
form. Within the normal p53 group, the mean fold-increase in HIF-1a
expression under hypoxic conditions was 4.8 + 1, while for the Type-A group
the mean fold-increase was 6.8 £ 2.2 hinting that, in CLL, p53 dysfunction
may play a role in increased expression of HIF-1a. However, the mean fold
increase in VEGF production within the p53 Type-A group was 5.5 + 3.3
while in the p53 normal group, the mean VEGF production increased by 9.6 +
3.6-fold, which contrasted with the HIF-1a expression data. Clearly, if the

true nature of the relationship between p53, HIF-1a expression and VEGF

production in CLL cells is to be determined, further investigation is required.

2.3.8 CD154-induced VEGF production by CLL cells

As mentioned earlier, raised serum levels of VEGF were found to be
associated with poor outcome for some patients with CLL (Molica et al,
1999). Although the above results indicate that hypoxia may be involved in
stimulating VEGF production by CLL cells, other in vivo stimuli may also be
involved. In other cell types, including endothelial cells, monocytes,
fibroblasts and multiple myeloma cells, stimulation of CD40 by its ligand,
CD154, upregulates production of VEGF. In the present study, this possibility
was investigated in vitro by culturing CLL cells with a commercial preparation

of recombinant CD154 (see Materials and Methods).
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CLL case VEGF HIF-1a p53 status

1835 0 8.1 A
1860 4.4 2.5 A
1849 15 12.7 A
1852 2.5 3.9 A
1855 5 74 WT
1846 13.5 2.9 WT
1861 2.1 3.4 WT
1872 18 5.6 WT

Table 2.1

Absence of an apparent relationship between VEGF secretion, HIF-
1a expression and p53 status of hypoxia-stimulated CLL cells

The effect of hypoxia on VEGF secretion and HIF-1a expression from
data in Figure 2.6 is presented together with the p53 status of the cells
(A= Type-A p53 mutation; WT= wild-type p53). No apparent influence of
p53 status on cell response to hypoxia is evident from the effects on
upregulation of either VEGF secretion or HIF-1a stability.
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Figure 2.7
Effect of CD154 on VEGF production by CLL cells

VEGEF protein content in cell supernatants was determined by ELISA. CLL
cells were cultured for 24 hours in duplicate in the absence or presence of
CD154 (200 ng/mL). The presented data are means + SD of at least 3
separate experiments using cells from 6/16 cases. Similar results were
obtained in all cases studied, showing a significant increase in VEGF

production (p<0.01) when cells were cultured in the presence of CD154.
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In initial studies, CLL cells were cultured in the presence of 200 ng/mi
CD154 for up to 72 hours. These studies revealed that CD154 consistently
induced an increase in VEGF secretion, which was first evident at 18 hours
and persisted for up to 72 hours. The highest increase relative to the
unstimulated control was observed at 24 hours and this incubation time was
employed in subsequent experiments. A total of 16 cases were studied and
all demonstrated a positive response to CD154 in the form of increased
VEGF secretion. Figure 2.7 shows the amounts of VEGF detected at 24
hours in the supernatants of cells from 6 representative CLL cases, with and
without CD154. The observed increases in VEGF secretion induced by

CD154 were significant (p<0.05; n=16).

2.4 Discussion

Prior to beginning these studies, some evidence existed to suggest
that VEGF might play a role in the pathogenesis of CLL. In an abstract for the
1998 American Society of Haematology (ASH) meeting, Kini et al (1998)
described the presence of abnormal angiogenesis in the bone marrow of
patients with CLL (this work was formally published after the start of this
thesis; Kini et al, 2000) and at the same meeting Molica et al (1998)
described elevated serum VEGF levels in CLL patients. Later work (Molica et
al, 1999) suggested that for CLL patients, VEGF serum levels were not
different from controls, but for patients with Binet stage A VEGF levels above
the median predicted disease progression. The source of the serum VEGF

and the factor responsible for the angiogenic changes in bone marrow of CLL
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patients had not been described. Some evidence suggested that CLL cells
themselves might potentially be the source, since they had been shown to
express VEGF mRNA (Baban et al, 1996). In the early stages of the project
described in this thesis, more evidence emerged of a possible role for VEGF
in CLL when VEGF levels in CLL cells were reported to be higher than in
controls, and that lower levels of VEGF correlated with shorter survival of
CLL patients (Aguayo et al, 2000a).

Against this background, the initial aim of this project was to determine
whether VEGF is produced and secreted by CLL cells. Using an ELISA
assay, it was found that CLL cells from all but 3 of the 47 different cases
studied spontaneously secreted detectable amounts of VEGF into culture
medium. The variability in the amount secreted in different cases is not
surprising, since work carried out in this Department showed that there is a
wide and reproducible heterogeneity of response between different CLL-cell
cases to a range of different stimuli (data not shown).

There are five different isoforms of VEGF that have different solubility
and heparan sulphate-binding characteristics. Using RT-PCR and Western
blotting, it was shown that CLL cells produced and secreted only the soluble
forms of VEGF, that is, VEGF121 and VEGF s, and immunocytochemistry
confirmed that secreted VEGF was not derived from contaminating cells
known to produce VEGF.

Since it had been shown that bone marrow from CLL patients had
evidence of increased angiogenesis (Kini et al, 2000), that infiltration of
lymphoreticular tissues is a feature of CLL (Chiorrazi and Ferrarini, 2003) and

that expanding tissues require increased blood supply due to hypoxia
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(Carmeliet P, 2003), it was important to determine whether hypoxia could
stimulate increased secretion of VEGF by CLL cells. The results of in vitro
studies showed that hypoxia causes increased expression of VEGF mRNA
and a significant increase in secretion of VEGF. The response to hypoxia
varied between cases and it was speculated that factors that are known to
affect the expression of VEGF in other cell types might be responsible for this
variation. One such candidate protein was the a-chain of the heterodimeric
VEGF transcription factor, HIF-1. HIF-1a is normally stably expressed only
under hypoxic conditions (Wang et al, 1995), but in some solid tumours, HIF-
1a is constitutively over-expressed (Ravi et al, 2000) with a consequent
elevation of VEGF levels. Additionally, HIF-1a is regulated in part by the
tumour suppressor protein p53. It has been shown that mutation or loss of
p53 can lead to constitutive HIF-1a expression in tumour cells. Since p53
dysfunction associated with expression of mutated p53 (defined as Type-A
p53 dysfunction in this Department (Pettitt et al, 2001)) occurs in a proportion
of CLL cases, it was hypothesised that variations in expression of secreted
VEGF in CLL cases might be due to differences in constitutive and induced
expression of HIF-1a, due to altered stabilisation by p53.

Using Western blotting, it was found that HIF-1a expression was weak
under normoxic conditions in each of the cases studied. Moreover, a number
of protein bands around the molecular weight of HIF-1a were detected. This
may be due to poly-ubiquitination of HIF-1a, since this protein undergoes
rapid proteasomal degradation under normoxic conditions (Salceda and
Caro, 1997). Variability in expression of HIF-1a was observed under hypoxic

conditions, but this was not found to be related to expression of VEGF, or to
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the p53 mutational status of the cells. This suggested that there was no direct
relationship between VEGF expression, HIF-1a stability and p53 mutational
status in CLL cells, and if the true nature of this relationship is to be
determined, further investigation is required.

It is, of course, possible that the elevated serum levels of VEGF
reported in CLL patients may be due to factors other than hypoxia. CD40
ligation by CD154 is implicated in the survival of CLL cells (Wang et al, 1997;
Granziero et al, 2000) and is known to stimulate production of VEGF in other
cell types (Melter et al, 2000; Cho et al 2000). Work in this Chapter showed
that CD154-stimulation of CLL cells causes an increase in VEGF secretion.
Thus, this pathophysiologically relevant stimulus for VEGF secretion might
potentially be involved in in vivo angiogenesis. Furthermore, work in this
Department has shown that CD154 is strongly expressed by mononuclear
cells and weakly expressed by most CLL cells in infiltrated lymph nodes from
CLL patients (data not shown). This indicates that in CLL CD154 might be
involved in stimulation of VEGF secretion through both homotypic and
heterotypic cell interactions.

Following confirmation of VEGF secretion by CLL cells, it was
important to establish whether this protein was angiogenically active and
whether it was present at sites of incresed angiogenic activity. Such
paracrine effects of CLL-cell derived VEGF are presented in the next Chapter

of this thesis.
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Chapter 3

Paracrine function of VEGF secreted by CLL cells

3.1 Introduction

Numerous studies have demonstrated that VEGF is a potent
angiogenic factor (Podar and Anderson, 2005). In solid tumours,
angiogenesis is a pathophysiologically important process that allows
metabolic support of rapidly expanding tissues. In some studies, capillaries
have been found clustered around VEGF-producing tumour cells (Plate et al,
1992), offering significant support for the key role of VEGF in this process. At
the time of the present study, several published reports suggested that
angiogenesis may also be involved in the pathogenesis of haemic
malignancies such as multiple myeloma (MM) (Vacca et al, 1994) and
childhood acute lymphocytic leukaemia (ALL) (Perez-Atayde et al, 1997).
Furthermore, increased microvessel density was observed in bone marrow
from patients with CLL (Kini et al, 2000). Since the studies presented in
Chapter 2 showed that CLL cells have the capacity to produce VEGF, and
that VEGF secretion is enhanced under hypoxic conditions, it was decided to
explore whether angiogenesis takes place in the expanding lymphoid tissues
of CLL patients and determine the potential role of CLL-cell derived VEGF in

this process.
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3.2 Methods

3.2.1 Human umbilical vein endothelial cells

Umbilical cords were generously provided by the maternity unit of
Liverpool Women's Hospital (Liverpool, UK). Human umbilical vein
endothelial cells (HUVECSs) were detached with trypsin using a published
protocol (Till et al, 1994). Cells were cultured in 199 medium (Gibco)
supplemented with 20% fetal calf serum (Globefarm), 1 pg/mL epidermal
growth factor (R&D Systems), 5§ U/mL heparin (CP Pharmaceuticals Ltd), 100
U/mL penicillin, and 100 pg/mL streptomycin (Gibco). HUVECs were used at

passage 3.

3.2.2 Proliferation assay

HUVECs were plated at a density of 2x10* cells/well in 24-well
gelatine (Sigma)-coated plates and grown to approximately 90% confluence.
The following day, the medium was removed from the wells, and the cells
washed twice with PBS and incubated for a further 24 hours in 199 medium
containing 5% FCS without heparin or EGF. Next, the medium was replaced
with the fresh medium containing 10% (v/v) concentrated culture supernatant
derived from CLL cells (see Chapter 2) or recombinant human (rh) VEGF1gs
protein (R & D Systems). In addition, the culture supernatant was pre-
incubated for 1 hour at 22°C with a neutralizing anti-hVEGF monoclonal
antibody (1 yg/mL, R & D Systems) before addition to the cultures. After 48
hours, the cells were incubated for 3 hours with *H-thymidine (0.5 uCi /well),
the medium aspirated, and the cells washed twice with ice-cold PBS. Ice-cold

5% trichloroacetic acid (TCA; Sigma) was added to each well (0.5 ml/ well),
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and the plates placed at 4°C. Following overnight incubation, the TCA was
aspirated, and the cell monolayers washed once with TCA and twice with
95% ethanol. To each dried well, 0.2 mol/L NaOH (0.5 ml /well) was added to
dissolve TCA-insoluble materials (37°C, 2 hours with gentle shaking). The
samples (0.3 ml) were counted to determine the amount of ®H-thymidine
taken up by the cells using a Tri-CARB Liquid Scintillation Analyzer (Packard,

England).

3.2.3 Chick chorioallantoic membrane assay

The chick chorioallantoic membrane (CAM) assay (West et al, 1985)
was used to determine whether the CLL cell-derived culture supernatant had
angiogenic activity. To expose CAM, a window was created in the shells of
10-day-old fertilized chicken eggs. Filter paper disks soaked in test culture-
supernatant were placed on exposed CAMs. Disks soaked in rhVEGF421 (10
ng in 10 ml; R & D Systems) or in control medium were used as positive and
negative controls, respectively. The embryos were incubated at 37°C in a
humidified egg incubator. CAMs were analyzed after 72 hours using a
stereomicroscope. The density of branching blood vessels infiltrating under
the disks was scored as follows: 0, negative; 0.5, change in vessel
architecture but not directed to the point of sample application; 1, partial
spoke-wheel (one third of the circumference exhibits directional
angiogenesis); 2, spoke-wheel; 3, strong and full spoke-wheel. For
photography, the membranes were fixed in situ with ice-cold 4%
paraformaldehyde-PBS that was injected both from above and below the

membrane. Membranes were excised, placed on a fresh microscope slide,
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and photographed under a Leitz binocular dissecting microscope and indirect
fiberoptic illumination. Statistical analysis was performed using the Mann-

Whitney U test.

3.2.4 CD34 and VEGF immunohistochemistry

Immunohistochemistry was performed on formalin-fixed, paraffin-
embedded tissues. Sections were de-paraffinized, rehydrated, and boiled in
10 mM sodium citrate (pH 6.0) for 10 minutes. Non-specific antibody-binding
sites were blocked by incubating the sections in 10% BSA in TBS (20 mM
Tris-HCI, pH 7.6, 137 mM NacCl) for 10 min at room temperature (RT). For the
detection of VEGF, sections were incubated overnight at 4°C with either
rabbit anti-hVEGF antibody (1:200 dilution in TBS) or with non-specific rabbit
IgG (Santa Cruz). For blood vessel staining, sections were incubated
overnight at 25°C with mouse anti-CD34 monoclonal antibody (Serotec) or
with nonspecific mouse 1gG (Becton Dickinson). The slides were then
incubated with goat anti-rabbit IgG (for VEGF antibody) or rabbit anti-mouse
1gG (for CD34 antibody) conjugated to biotin, followed by incubation with
ExtrAvidin alkaline phosphatase (both 30 minutes at RT). Colour was
developed by incubating the slides with Fast Red TR/Naphthol AS-MX
phosphate (Sigma) at RT for 20 minutes. Slides were counterstained with
hematoxylin. The finding of 3 or more contiguous CD34" cells was
considered to indicate the presence of a microvessel (Weidner et al, 1993).
Such microvessels were counted in 40 high-power (40x) fields. The fields

were chosen at random in CLL nodes. In normal nodes, 20 follicular and 20
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interfollicular fields in different areas of cortex were scored. Vessel scores

were expressed as the mean £ SD per field.

3.3 Results

3.3.1 CLL-cell-derived VEGF stimulates endothelial cell proliferation

It is well documented that VEGF induces proliferation of endothelial
cells. It was therefore decided to use an endothelial cell proliferation assay to
determine whether VEGF secreted by CLL cells is biologically active and,
consequently, potentially involved in the increased angiogenesis observed in
CLL tissues. Initially, cells from two CLL cases were stimulated with PMA and
incubated for 24 hours prior to collection of the VEGF-rich supernatants,
which were termed conditioned media (CM). Subsequently, human umbilical
vein endothelial cells (HUVEC) were incubated for 48 hours in the presence
of CM, and cell proliferation determined by measuring 3H-thymidine uptake
by the HUVEC. As a positive control, the proliferative response of HUVEC to
rhVEGF was also measured, while baseline proliferation was determined
using HUVEC cultured in medium that had not been conditioned by CLL
cells. As shown in Figure 3.1, CM from both of the CLL cases used induced
HUVEC proliferation that reached a maximum of about 4-fold increase under
these experimental conditions. This increase was similar to that observed
when 100 ng/ml rhVEGF was used. To confirm that this proliferative effect
was caused by the CLL-cell-derived VEGF and not by some other mitogenic
factor(s), CM were pre-incubated with an anti-VEGF neutralising antibody

(R&D Systems) for 1 hour prior to incubation with the HUVEC. Under this
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Figure 3.1

Proliferation of endothelial cells in response to CLL-cell-derived
CcM

HUVECS were cultured in the presence of CM derived from the PMA-
stimulated cells of 2 CLL patients (CLL1, CLL7), using rhVEGF as a
positive control @). In the same experiment, the CM was preincubated
with a neutralizing anti-VEGF monoclonal antibody for 1 hour at RT
before addition to endothelial cell cultures (®). After 48 hours,
proliferation was assessed by 3H-thymidine incorporation. Proliferation of
cells cultured without addition of CM was considered as 100%; the
blocking anti-VEGF antibody had no effect on this proliferation (data not

shown).
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condition, the CM-induced proliferation of HUVEC was completely abrogated,
indicating that the proliferation of HUVEC observed following incubation with
CLL-cell-derived CM was indeed mediated by VEGF. This in vitro stimulation
of endothelial cell proliferation by CLL-cell-derived VEGF underscored its
angiogenic potential, since this proliferation is an essential step in the

development of new blood microvessels during angiogenesis.

3.3.2 CLL-cell derived VEGF induces angiogenesis

Having demonstrated that VEGF from CM induced proliferation of
human endothelial cells, it was considered important to determine whether
the CLL-cell-derived VEGF present in CM could effectively and demonstrably
induce angiogenesis in vivo. To determine whether this is indeed the case,
we employed the chick chorioallantoic membrane (CAM) assay. CLL-cell
conditioned medium from two different CLL patients was prepared as
described for the endothelial cell proliferation assay. Filter paper disks
soaked in CM were placed on exposed CAM of 10-day-old fertilized chicken
eggs and incubated at 37°C in a humidified egg incubator for 72 hours. Disks
soaked in 10 ng/ml VEGF42¢ (R&D Systems) or control medium were used as
positive and negative controls respectively. The angiogenesis in the CAM
was assessed visually using a stereomicroscope and measured by following
the semi-quantitative visual assessment protocol described in Materials and
Methods. The results show that when disks were soaked in CM, a moderate
angiogenic response was observed in which the growth of new blood vessels
form a spoke-wheel image with the disc as its hub, indicating directional

angiogenesis induced by CLL-cell-derived VEGF (Figure 3.2Ai). When CM
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Angiogenic responses of CAM to CM derived from CLL cells

(A) Representative angiogenic response and its inhibition by neutralising
anti-VEGF antibody. The white area represents the site of application of
filters containing either CM (collected from the PMA stimulated cells) alone
(@) or the same CM pre-incubated with anti-VEGF for 2 hours at RT (ii).
Microvessels radiating from the site of sample application in (i) (Original
magnification, x 8), are not formed in the presence of the neutralising
antibody (ii) (B) The semi-quantitative data obtained in the angiogenic assay
using rhVEGF and CM collected from PMA-stimulated cells from 2 patients.
The grading of the angiogenic response is described in Materials and
methods. * P<0.05 vs control medium and **P<0.05 vs sample without the
neutralizing antibody (Mann-Whitney U test). Each bar represents the score

of 10 CAM used in 2 separate assays with similar results.
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was incubated with the neutralising anti-VEGF antibody, no equivalent
change in vessel architecture was observed (Figure 3.2Aii), confirming that
the angiogenic response was due to CLL-cell-derived VEGF present in the
CM. In comparison, rhVEGF12; induced a strong angiogenic response in
which a full spoke-wheel was formed and this effect was also completely
neutralised by anti-VEGF antibody. Figure 3.2B shows the data derived from
the scoring protocol for angiogenesis described in Materials and Methods. A
Mann-Whitney U-test was performed on these data and confirmed that the
angiogenesis induced by CM was significantly greater than that for control
medium (p<0.05), and that neutralising CLL-cell-derived VEGF in the CM
with anti-VEGF significantly inhibited angiogenesis (p<0.05) (Figure 3.2B).
These results indicated that CLL-cell-conditioned medium does have
angiogenic activity and that VEGF detected within the conditioned medium is

the major angiogenic factor present.

3.3.3 Tissue-phase CLL cells produce VEGF

Since CLL cells had been shown to produce angiogenically active
VEGF when cultured in vitro, and in view of the importance of tumour cell-
derived VEGF in solid tumour angiogenesis, it was important to confirm that
CLL cells that had infiltrated the lymphoreticular tissue of CLL patients
produce VEGF. Immunohistochemical staining of formalin-fixed, paraffin-
embedded CLL-patient-derived tissues revealed that CLL cells infiltrating
lymph nodes and expanded white pulp of the spleen (Figure 3.3A and 3.3C

respectively), were uniformly positive for VEGF, although the intensity of
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Immunohistochemical staining of VEGF

The presence of VEGF protein in CLL nodes (n=3) and spleen (n=2;),
together with corresponding normal tissues (n=3), was examined by
staining tissue sections with rabbit anti-VEGF polyclonal antibody.
Infiltrating cells in CLL lymph node (A) are all positive. Many cells in normal
node (B) are also positive, particularly those in the germinal centre (GC) of
the follicles. (Original magnification, x 40) CLL cells expanding the white
pulp (WP) of the spleen (C) are also uniformly positive. In contrast, in
normal spleen (D), the different layers of the white pulp show various
degrees of positivity that was strongest in the marginal zone and follicle

centres. (Original magnification, x 10)
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staining was weaker than that of any neutrophil present. For comparison, the
B-cell areas of normal lymph nodes and spleen were also tested for the
presence of VEGF. It was found that many cells in the normal node were
positive for VEGF, particularly in the germinal centre of the follicles (Figure
3.3B), while in normal spleen (Figure 3.3D) the different layers of white pulp
showed various degrees of positivity that were strongest in the marginal
zones and follicle centres. The abundance of VEGF protein that is associated
with CLL cells within highly infiltrated node and spleen provides support for

the pathogenetic importance of in vivo production of VEGF by CLL cells.

3.3.4 Elevated angiogenesis in CLL nodes

The work in the previous sections had shown that CLL cells produce
VEGF both in cultures in vitro and in lymphoreticular tissues in vivo. In
addition, the VEGF derived from CLL-cells in vitro induced both proliferation
of endothelial cells and in vivo angiogenic response as measured by CAM
assay. Consequently, the next aim was to search for any evidence that
angiogenesis in lymphatic CLL tissues was increased in comparison to
normal nodal tissue. To investigate this, blood micro-vessel density was
measured in lymph nodes from patients with CLL (n=3) and from normal
control lymph nodes (n=3) by immunohistochemical staining of paraffin
embedded tissues with the endothelial cell marker CD34. In each tissue
section, 40 high-power random fields were examined and the finding of 3 or
more contiguous CD34 positive cells was considered to constitute the
presence of a micro-vessel. Figure 3.4Ai shows representative CD34 staining

of a CLL node which indicates that vascular development accompanies
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Figure 3.4

Vessel density analysis using CD34 antibody staining

(A) Representative CD34 staining of CLL node. (Aii) CD34 staining of
normal node where interfollicular (IF) areas are vascularized, and follicular
(F) areas display very little vascularization (original magnification, x 10). (B)
Quantitative analysis shows the higher vessel density in CLL nodes (n=3)

compared with follicular B-cell areas of normal nodes (n=3).
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malignant cell infiltration and node enlargement. In CLL, the normal
architecture of the enlarged nodes is completely disrupted by infiltrating
malignant B cells. In contrast, in normal node (Figure 3.4Aii), only the
interfollicular areas are vascularized, whereas follicular B-cell areas display
little vascularization. The results of this visual assessment of both CLL and
normal nodes are quantitatively illustrated in Figure 3.4B. The microvessel-
density data indicate that increased angiogenesis occurs in the enlarged
lymph nodes often seen in CLL patients with tissue disease. This is likely to
be a consequence of elevated VEGF production by CLL cells in response to

increased, prolonged hypoxia in the permanently enlarged lymphatic tissue.

3.4 Discussion

During the course of their illness, many patients with CLL display
prominent lymphoreticular tissue enlargement in addition to blood and bone
marrow involvement. The accumulation of malignant cells and the
consequent expansion of secondary lymphoid tissues demand an increased
blood supply. Thus, angiogenesis may be required for the metabolic support
of the expanding tissues. In fact, higher blood vessel density has been
observed in CLL than in normal bone marrow (Kini et al, 2000). In this
Chapter it was demonstrated that neovascularization also takes place in CLL
nodes and that VEGF produced by the CLL cells themselves is likely to be
the principle angiogenic factor.

The present study initially focused on the effects of the secreted VEGF
found in CLL-cell culture supernatants on endothelial-cell proliferation. The

quantitative in vitro assay demonstrated that CLL-cell-derived supernatants
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stimulated HUVEC proliferation, and blocking by a specific anti-VEGF
monoclonal antibody showed that the VEGF contained in the conditioned
medium was the major mitogenic factor. However, these results do not
necessarily mean that the VEGF present in conditioned medium would have
the potential to stimulate in vivo angiogenesis since this is a complex process
involving multiple steps (Carmeliet P, 2003). For this reason, the CAM assay
was used to demonstrate the angiogenic effect of the CLL-cell-derived
conditioned medium in vivo. This assay showed a clear angiogenic response
to the conditioned medium and confirmed that VEGF was the predominant
angiogenic factor present.

In Chapter 2 it was established that in response to hypoxia, CLL-cell
VEGF secretion was significantly increased. Since low oxygen tension is
often detected in expanding tissues and enlargement of lymph nodes
infiltrated by CLL cells is often observed in CLL patients with tissue disease,
it was important to determine whether VEGF is present in infiltrated lymphoid
tissues from CLL patients. Immunohistochemical staining of sections from
such tissues indicated the in vivo relevance of the previous findings by
demonstrating abundant VEGF protein associated with CLL cells within
highly infiltrated lymph node and spleen. This finding, along with the results
of the endothelial cell proliferation assay and the CAM assay, implicated
CLL-cell-derived VEGF in angiogenesis within CLL lymphoreticular tissues.

To explore this possibility, immunohistochemistry was again
employed, this time to see whether microvessel density in lymph nodes from
CLL patients is elevated in comparison to normal controls. This showed that

CLL nodes, in which the normal architecture is completely disrupted by the
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infiltrating malignant cells, are uniformly vascularized and indicates new
blood vessel formation as the node expands. The vessel density in the CLL
nodes was comparable to that observed in the interfollicular areas of normal
nodes, whereas the follicular B-cell areas of normal nodes displayed a very
low vessel density. This is likely to reflect the fact that most follicular B cells
undergo apoptosis and that the remaining antigen-selected cells migrate out
of the follicle. In contrast, the chronic nature of CLL node enlargement
indicates the more permanent nature of the infiltrate requiring
neovascularization. Since the overwhelming majority of cells in CLL nodes
are malignant B cells, it seemed justified to conclude that the angiogenic
stimulus may be provided by the CLL cells themselves.

Having demonstrated that CLL-cell derived VEGF may play a
paracrine role in the pathogenesis of CLL through induction of angiogenesis,
the question arose of whether VEGF might have a direct effect on CLL cells
themselves. In solid tumours, VEGF not only stimulates angiogenesis but, in
some instances, also has an autocrine effect on malignant cells. For
autocrine responses to VEGF to occur, the cells must express VEGF
receptor(s), and at the start of this project it was not known whether these
receptors were expressed by CLL cells. The approach taken to determine

whether CLL cells express functional VEGF receptors is described in Chapter

4,
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Chapter 4
Expression and activation of VEGF receptors on CLL

cells

4.1 Introduction

The work in Chapter 2 demonstrated that CLL cells produce and
secrete VEGF, while experiments in Chapter 3 showed that the CLL-cell-
derived VEGF can induce angiogenesis in vivo. Moreover, further
experiments suggested a paracrine effect of secreted VEGF, by revealing an
increase in micro-vessel density in infiltrated lymph nodes of CLL patients.
However, in addition to such paracrine effects, published work increasingly
supports the notion of an autocrine role for VEGF in several cell types,
including haemopoietic stem cells (Gerber et al. 2002), primary myeloid cells
and myeloid cell lines (Santos and Dias, 2004). These studies showed that
VEGF produced by the cells binds to and activates VEGF receptors
expressed by the cells themselves and in this way acts as an autocrine
survival factor. CLL is a disease characterised by the prolonged survival of
malignant cells, and for VEGF to contribute to this prolonged survival would
require the expression of VEGF receptors by these cells. The aim of the work
in this Chapter was to establish whether VEGF receptors are present on the
surface of CLL cells and whether VEGF could bind these receptors and
trigger receptor signalling.

By activating multiple signalling pathways in cells such as endothelial

cells, VEGF is known to have a range of effects including stimulating cell
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proliferation, motility and survival. Potentially, several signalling pathways
could be activated by VEGF, resulting in gene transcription and activation of
these processes. Recent gene expression analysis has demonstrated that
VEGF stimulates expression of Hsp90, which in turn may regulate expression
of anti-apoptotic proteins such as Bcl-2 and in this way inhibit apoptosis of
HL60 leukaemic cells (Dias et al, 2002). Moreover, the association of
VEGFR2 with Hsp90 is required for activation of cell motility by VEGF
(Rousseau et al, 2000), and VEGF production itself is dependent upon
Hsp30-regulated inhibition of HIF-1a degradation by ubiquitination (Mabjeesh
et al, 2002). Given that Hsp90 through its role as a protein chaperone may be
involved in each of the pathways known to be activated by VEGF,
upregulation of Hsp90 expression was chosen as a suitable indicator of a
pathophysiologically relevant response of CLL cells to VEGF receptor

stimulation.

4.2 Methods

4.2.1 RNA isolation and RT-PCR

Total RNA was extracted from CLL cells using an RNeasy kit (Qiagen)
according to the manufacturer’s instructions. Single-strand DNA was
synthesized from 1pg of total RNA using the 1%! Strand cDNA Synthesis Kit
(Boehringer Mannheim) for RT-PCR. The synthesised cDNA was amplified
by PCR using the VEGFR-1 forward primer (X51602; nt:3233-3258): 5'-
GATGTCGACGGTATAAATACACATGTGCTT-3' and the reverse primer (nt:
4313-4293): 5-CTATGGAAGATCTGATTTCTTACAGT-3' (30 cycles,

annealing at 57°C) or the VEGFR-2 forward primer (AF035121; nt: 2025-
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2046): 5-CAGATCTACGTTTGAGAACCTC-3’ and the reverse primer (nt:
2685-2665): 5-CTATGGAAGATCTGATTTCTTACAGT-3'(35 cycles,
annealing at 56°C). The quality of each cDNA preparation was checked by
amplication of the L27 housekeeping gene using the forward primers
(BC010026; nt:131-150): 5'-GACGCAAAGCTGTCATCGTG-3' and the
reverse primer (nt: 475-456): 5-GCAGTTTCTGGAAGAACCAC-3' (30 cycles,
annealing at 60°C). The amplified PCR products were subjected to
electrophoresis and visualized by ethidium bromide staining. To confirm that
the sequences of the products amplified by PCR represented VEGFR-1 or
VEGFR-2, the PCR products were cloned into pBlueScript plasmid, and their
sequences were determined by nucleotide sequence analysis using

sequencing kit.

4.2.2 Siot-blot hybridization

Total RNA (2 ug) extracted from the malignant cells of 12 CLL patients
was loaded directly onto a nylon membrane using a slot-blot apparatus (Bio-
Rad). Membranes were UV cross-linked and subsequently hybridized with
32p.deoxycytidine-triphosphate-labelled VEGFR-1 and VEGFR-2 cDNA
probes, respectively. For control of the RNA loading of each lane, blots were
stripped and rehybridized with radiolabelled GAPDH cDNA probe.
Autoradiography was performed at —70°C using Kodak XAR-5 film. The
intensity of each band appearing on the film was scanned and analyzed with

Phoretics 1D-advanced version 3.1 software.
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4.2.3 Detection of VEGF receptors by FACS (internal staining)

Freshly thawed CLL cells (1x10°) were fixed in 1% formaldehyde for
30 minutes at room temperature and washed twice in 0.5% Tween in PBS
(PBS-T) to permeabilise the cells. The cells were then incubated with either
rabbit anti-human VEGFR-1 (C-17) or VEGFR-2 (C-1158) antibodies (both
Santa Cruz) or rabbit IgG class control (Santa Cruz) (all at 5 pg/mL in PBS-T)
for 20 minutes at RT. After washing in PBS-T, the cells were further
incubated with goat anti-rabbit IgG-FITC diluted 1:50 in PBS-T for 20 minutes
at RT. Stained cells were analysed by flow cytometry using a Becton

Dickinson (BD) FACScan (Becton Dickinson).

4.2.4 Detection of VEGF receptor-2 by FACS (surface staining)

Freshly thawed CLL cells were washed in PBS containing 1% BSA
(Sigma) and 0.1% sodium azide (Sigma) (PBS/BSA/azide). Next, 5x10° cells
were incubated with goat polyclonal anti-human VEGFR2 antibody (R&D
Systems; AF357) or goat polyclonal IgG control (R&D Systems; AB108C),
both at a concentration of 5 pug/ml, for 20 min at room temperature. The cells
were then washed twice in PBS/BSA/azide and resuspended and incubated
for a further 20 min at RT in mouse anti-goat-FITC antibody (Sigma; F4891)
that had been diluted 1:100 in PBS/BSA/azide. The stained cells were

washed twice then analysed by flow cytometery using a BD FACScan.

4.2.5 VEGF binding assay
To demonstrate binding of VEGF to CLL cells, we used a human

VEGF biotinylated fluorokine kit (R&D Systems; VFVEO). Freshly thawed
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CLL cells (1x10°) were treated according to the manufacturer’s instructions.
Briefly, CLL cells were incubated for 1 hour at 4°C in the presence of
biotinylated VEGF or biotinylated control, and then incubated for a further 30
min in the dark with avidin-FITC. Following washing, the presence of VEGF

bound to the surface of CLL cells was determined by flow cytometry.

4.2.6 Detection of Hsp90 by Western blotting

CLL cells were thawed and prepared as described previously (section
2.2.2) then resuspended at 2x107 cells/ml in RPMI supplemented with 1%
BSA. Subsequently, 1004l aliquots of these cells were transferred to a poly-
HEMA-coated 96-well plate and stimulated with VEGF, PLGF or VEGF-E for
up to 5 hours. Following incubation, the cells were harvested, centrifuged at
7000rpm then resuspended in PBS prior to the addition of an equal volume of
boiling 2% SDS lysis buffer (20 mM Tris-HCl, pH 7.4, 2% SDS). The cell
lysates were heated for 5 min at 95°C, sonicated and frozen at -20°C. The
presence of Hsp90 in the lysates was determined by Western blotting as
described previously (section 2.2.8). In this instance, the lysates were
separated on a 7% SDS-PAGE gel and the membrane probed with
monoclonal mouse anti-Hsp90 antibody (Sigma; H1775) that had been

diluted 1:1000 in TBS-T containing 5% non-fat milk powder.

4.2.7 Hsp90 expression in CLL cells stimulated with growth factors
For each of the growth factors used, cells were cultured as described

in section 4.2.6
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4.2.7.1 Stimulation with VEGF

To determine the optimal time for induction of Hsp90 expression in
CLL cells following stimulation with VEGF, the cells were incubated with
recombinant human VEGF1gs (100 ng/ml) (R&D Systems; details) for 0.5, 1,
2, 3, 4 and 5 hours at 37°C in 5% CO.. In subsequent experiments to
determine the optimal VEGF concentration necessary to induce changes in
Hsp90 expression, cells were incubated for 1 hour in the presence of 1, 10,
50, 100 and 500 ng/ml VEGF.
4.2,7.2 Stimulation with PLGF

To determine the most suitable incubation time for studying the effects
of the VEGFR1-specific ligand PLGF on induction of Hsp90 expression, CLL
cells were incubated with recombinant human PLGF (100 ng/ml) (R&D
Systems) for 1, 2 and 4 hours. In experiments to determine the optimal PLGF
concentration for induction of Hsp90, CLL cells were incubated for 90
minutes at 37°C in the presence of 1, 10, 50, 100 and 500 ng/ml| PLGF.
4.2.7.3 Stimulation with VEGF-E

To determine the optimal time for induction of Hsp90 expression in
CLL cells following stimulation with VEGF-E, the cells were incubated with
recombinant ov-VEGF-E (50 ng/ml) (RELIAH Tech GmbH) for 1, 2 and 4
hours at 37°C in 5% CO,. In subsequent experiments to determine the
optimal VEGF-E concentration necessary to induce changes in Hsp90
expression, cells were incubated for 90 min in the presence of 1, 10, 50, 100

and 500 ng/ml VEGF-E.
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4.3 Results

4.3.1 Detection of mRNA for VEGF receptors by RT-PCR

As a first step towards determining whether CLL cells express VEGF
receptors, it was investigated whether mRNA for both VEGFR1 and
VEGFR?Z, is detectable in non-stimulated CLL cells. Initially, total RNA was
extracted from CLL cells that had been purified by positive selection of
CD19" cells using a FACS Sorter (BD). VEGF receptor mMRNA was examined
by semi-quantitative RT-PCR using specific primers for human VEGFR-1
(1081 bp fragment) or VEGFR-2 (660 bp fragment). As shown in Figure 4.1A,
cells from 6 different patients were tested and all expressed mRNA for both
of the VEGF receptors. To determine the levels of both VEGFR1 and
VEGFR2 mRNA, quantitative slot-blot hybridization was performed on cells
from a total of 12 CLL cases. VEGF receptor mRNA expression in HUVEC
was used as a control. The levels of VEGF receptor mRNA determined by
densitometry are shown in Figure 4.1B. These results confirmed that all cells
expressed mRNA for both VEGFR1 and VEGFR2. When the CLL-cell mRNA
levels were expressed as a percentage relative to HUVEC mRNA, it was
found that the level of mMRNA for VEGFR1 was greater than that for VEGFR2.
Furthermore, levels of MRNA for each receptor showed wide variation
between cases, with a range of 60-90% of control for VEGFR1 and 20-60%
for VEGFR2. Since these results demonstrated that CLL cells express mRNA
for VEGF receptors, the next series of experiments set out to confirm that

CLL cells also express VEGFR1 and VEGFR2 proteins.
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Figure 4.1

RT-PCR and slot-blot analysis of VEGFR1 and VEGFR2 mRNA
expression by CLL cells.

(A) For analysis of VEGFR-1 and VEGFR-2 mRNA by RT-PCR, first-strand
cDNA was transcribed from 0.5 mg total RNA extracted from the FACS-
sorter-purified malignant cells of 6 separate CLL patients (No: 1-6). One
tenth of the synthesized cDNA was amplified by PCR. Both VEGFR-1 and
VEGFR-2 mRNA were readily detectable by this method. Expression of L27
was used as a housekeeping gene control. (B) Quantification of VEGFR-1
and VEGFR-2 mRNA by slot-blot analysis. Total RNA (2 mg) extracted from
the Lymphoprep-isolated malignant cells of 12 additional CLL patients was
loaded onto duplicate nylon membranes. The membranes were hybridized
with [3P]-labelled VEGFR-1 and VEGFR-2 cDNA probes, respectively. Both
membranes were stripped and re-hybridised with a GAPDH probe to
standardize this procedure. The intensities of the hybridized bands were
scanned and analyzed as described in Methods. Levels of VEGFR-1 and
VEGFR-2 mRNA in each CLL-cell sample were expressed as a percentage

of the levels of these two genes in HUVEC cells (lane C).
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4.3.2 Determination of VEGF receptor expression on CLL cells by flow
cytometry

VEGF receptor expression on CLL cells was analysed by flow
cytometry using rabbit polyclonal antibodies to either VEGF receptor 1
(VEGFR1) or VEGF receptor 2 (VEGFR2). Both of these antibodies target
intracellular epitopes of their respective receptors. Consequently, freshly
thawed CLL cells were initially fixed in 1% formaldehyde, then permeabilized
using 0.5% Tween-20 prior to staining with either of the two VEGF receptor
antibodies. Cells from 15 CLL cases were subjected to flow cytometric
analysis for both VEGFR1 and VEGFR2.

Figure 4.2A shows the levels of expression of VEGFR1 and VEGFR2
by the cells of 15 CLL cases used. In each of the cases studied, the cells
expressed both receptors, but there were consistent differences between the
levels of expression of VEGFR1 and VEGFR2. As estimated from mean
fluorescence, the level of VEGFR2 expression was always higher than that
for VEGFR1. VEGF1 expression ranged between 3-7 fluorescence units and
that of VEGFR2 between 10-25 units. The levels of expression for each
receptor varied between CLL cases but in some instances relatively low
VEGFR1 was accompanied by relatively high VEGFR2 while in other cases,
high VEGFR1 expression was accompanied by low VEGFR2. A
representative plot from the flow cytometry analysis showing mean
fluorescence intensity versus cell number for both VEGF receptors is shown

in Figure 4.2B.
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Figure 4.2

Determination of CLL-cell VEGFR1 and VEGFR2 expression by flow
cytometry.

Freshly thawed CLL cells were fixed with 1% formaldehyde and
permeabilised using 0.5% Tween in PBS. Receptors were detected using
polyclonal rabbit antibodies to VEGFR1 (C-17) and VEGFR2 (C-1158) (both
against intracellular epitopes) as first layers and goat anti-rabbit-FITC as
second layer. Fig 4.2A shows the mean fluorescence (FL) values for cells
obtained from 15 CLL cases stained for VEGFR1 and VEGFR2. (Note that
VEGFR1 MFI is always lower than that of VEGFR2.) Fig 4.2B is a FACS

fluorescence plot from one representative CLL case.
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During the course of this study, more antibodies to VEGF receptors
became available, such as the goat polyclonal anti-VEGFR2 blocking
antibody used in this Chapter. This antibody was also used for flow cytometry
to confirm expression of VEGFR2 on the surface of CLL cells. In all cases
tested (n=12), CLL cells were positive for surface expression of VEGFR2
(Figure 4.3). Again there was variation in the level of expression of VEGFR2

between the CLL cases used (8.7-21.7 fluorescence units).

4.3.3 Immunocytochemical staining of VEGF receptors expressed by
CLL cells

Immunocytochemistry was also employed as an alternative method to
confirm the expression of VEGFR1 and VEGFR2 by CLL cells. Cytospins
were prepared from 1x10° CLL-cells per slide using a Shandon Cytospin 2
centrifuge, air-dried and then fixed in methanol. The cells were first labelled
with either rabbit polyclonal anti-VEGFR1 or rabbit polyclonal anti-VEGFR2
and staining then completed using a rabbit ExtrAvidin peroxidase staining kit.
Harris haematoxylin was used as a counterstain. Mounted cytospins were
visually examined by microscopy and scored by 2 independent examiners for
the presence of VEGF receptors using an arbitrary scale from — (negative) to
++ (most strongly positive). Table 4.1 contains the scores for 13 different CLL
cases. Generally, VEGFR1 staining was weak, and in 4 of the13 cases
VEGFR1 was not detectable, while staining for VEGFR2 was generally

stronger and detectable in each case studied.
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Figure 4.3

Determination of CLL-cell surface expression of VEGFR2 with an
antibody against an exracellular epitope.

Freshly thawed CLL cells were stained with goat polyclonal anti-VEGFR2
(R&D Systems; AF357) or goat IgG control as primary antibodies and
rabbit anti-goat-FITC as a secondary antibody. The figure shows mean FL
values for 12 different CLL cases
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IgG | VEGFR | VEGFR
1 2
1680 - (+) (*)
1622 - (+) +
1663 - (+) +
LS - - (+)
WM2 - - +
1240 - (+) ++
ES2 - + ++
AVW - + ++
JL1 - (+) ++
RS1 - (+) ++
MK - - ++
WS - - +
HD - + +

Table 4.1

Immunostaining of CLL-cell cytospins for VEGF receptors.
Cytospins were prepared using 1x105 CLL-cells, air-dried, permeabilised
then stained using rabbit polyclonal primary antibodies to VEGFR1 and |
VEGFR2 and an ExtrAvidin peroxidase staining kit (Sigma). Cells were
scored during microscope viewing, with a range from ++ for the most
positively stained cells, to — for those cells with no staining present. The
scores presented in Table 4.1 are from 13 different CLL cases.
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From a technical point of view, the immunocytochemical staining was
relatively unreliable due to the tendency of CLL cells to break-up during the
preparation of the cytospins. However, by preparing duplicate slides it was
possible, using this technique, to obtain reproducible estimates of VEGF
receptor expression by CLL cells.

Thus, immunocytochemical staining confirmed that CLL cells express
VEGF receptors and that the differences in the levels of expression of
VEGFR1 and VEGFR2 observed using flow cytometry, were also present

when immuno-cytochemistry was used

4.3.4 Demonstration of VEGF binding to CLL cells by flow cytometry

In the introduction to this Chapter, it was suggested that VEGF
produced by CLL cells could potentially have an autocrine function, since
such a role for VEGF has been described in other cell types. Having
demonstrated that biologically active VEGF is produced by CLL cells, and
that VEGFR1 and VEGFR2 are expressed by these cells, it was next
investigated whether VEGF binds to the surface of these cells and whether
such binding results in the transduction of intracellular signals generated by
VEGEF receptors.

To examine whether CLL cells are able to bind VEGF, a commercially
available VEGF binding assay kit was employed that had been optimised and
validated by the supplier (R&D Systems) using displacement of biotin-
labelled VEGF by unlabelled VEGF. Freshly thawed cells were incubated

with biotin-labelled VEGF, washed, incubated further with streptavidin-FITC,

84



A & control @ VEGF-FITC
700 -

600 -
500 |
400

300

mean FL

200

100

1677 1679 1680 1685 1686 1687
CLL case
B
o ] o@
2 83 ¢ .
) &

8 2] 9
8= 9w
5 5
8g 83-

40
40

0 1 2 3 q
10 10 10 10 10 10 0
FL1H FLiH

Figure 4.4
VEGF binding to CLL cells.

CLL cells were labelled with biotinylated VEGF followed by streptavidin-FITC
using a VEGF ligand binding assay kit (R&D Systems). Binding was then
evaluated using flow cytometry. Figure 4.4A shows the mean fluorescence
(FL) measured following binding of VEGF to six different CLL-cell clones.

FACS histograms from two representative CLL-cases are shown in figure
4.4B.
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and the presence of VEGF bound to the surface of the CLL cells determined
by flow cytometry. This analysis showed that each of the CLL cases studied
(n=6) was strongly positive for VEGF binding (Figure 4.4A) and that the level
of binding varied widely between the CLL cases used. The most strongly
positive case had a mean fluorescence intensity (MF1) of 667 units, while the
least positive case had a MF! value of 312 units. Typical FACS plots for this
experiment are shown in Figure 4.4B. Although these results showed that
VEGF binds to CLL cells, with this assay it was not possible to determine
whether the positive signal was due to VEGF binding to VEGFR1 or VEGFR2

or both.

4.3.5 VEGF-induced expression of Hsp90

After showing that VEGF binds to CLL cells, it was important to verify
that this binding generates a signal from VEGF receptors. To this end,
changes in expression of Hsp90 were measured following stimulation of CLL
cells with VEGF.

In order to measure Hsp90-induction, CLL cells in RPMI containing
1% BSA were cultured in poly-HEMA coated 96 well-plates (2x1 0%/well) at
37°C in 5% CO, and stimulated with VEGF for various time intervals.
Following this incubation, stimulated cells, as well as unstimulated control
cells, were harvested and sonicated in 1% SDS lysis buffer prior to SDS-
PAGE and Western blotting.

In preliminary experiments, the optimal incubation time required to
induce changes (if any) in Hsp90 expression was determined first, followed

by experiments to establish the optimal concentration of VEGF required to
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induce these changes. Initially, cells were incubated from 1 to 5 hours with or
without 100ng/ml VEGF, a concentration shown to be effective in the
endothelial cell proliferation assay (section 3.2.2). Typical Hsp90 responses
from two CLL cases together with B-actin loading control are shown in figure
4.5A. In both of these cases, CLL-cell expression of Hsp90 increased
following stimulation with VEGF. In comparison to control, this response was
strongest after 1 hour incubation, sustained for up to 2 hours but then
reduced either slightly (I) or markedly (1I) at the later time points.
Interestingly, Hsp90 expression in control cells ‘spontaneously’ increased for
one of the cases over the duration of the incubation period (Figure 4.5All).
Since Hsp90 expression in response to VEGF stimulation was already seen
at early time points, two further CLL cases were studied in which shorter time
points of 30 minutes, 1 hour and 2 hours were employed. Results from these
experiments are shown in Figure 4.5B and demonstrate a significant increase
in Hsp90 expression after 1 hour incubation with VEGF in both of the CLL
cases studied. These blots, analysed by densitometry and corrected for
sample loading, are shown in Figure 4.5C. In one of the CLL cases, (Figure
4.5Cl) a marked response to VEGF was observed after 30 minutes
incubation, and this was sustained for up to 2 hours. In contrast, the second
case (Figure 4.5Cl1) did not respond until the cells had been incubated with
VEGF for 1 hour. Therefore, in subsequent experiments involving VEGF-
induced expression of Hsp90, CLL cells were stimulated with VEGF for 1
hour prior to harvesting and lysis.

To establish a suitable concentration of VEGF for the induction of

Hsp90 expression by CLL cells, the cells were incubated for 1 hour with
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Figure 4.5
Hsp90 expression in VEGF-treated CLL cells.

CLL cells were incubated in RPMI containing 1% BSA at a density of
2x106well in poly-HEMA coated 96-well plates in the presence or absence of
VEGF. Harvested cells were lysed in 1% SDS prior to Western blot analysis.
Cells were incubated for up to 5 hours and harvested at 1-hour intervals (A),
or for shorter intervals up to 2 hours (B). For the shorter time points,
differences between VEGF-treated and untreated cells were measured using
densitometry of the Western blots (C). Both 4.5A and 4.5B show two

representative cases.
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Figure 4.6

Changes in Hsp90 expression in CLL cells in response to a range of
VEGF concentrations.

CLL cells were incubated in RPMI containing 1% BSA in poly-HEMA coated
96-well plates in 5% CO02for 1 hour at 37°C. For VEGF-treatment, cells were
incubated with a range of VEGF concentrations (1-500ng/ml), harvested
after 1 hour and lysed in 1% SDS prior to Western blot analysis. The
Western blots of three different CLL cases (A) and their densitometry

analysis (B) are shown.
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increasing concentrations of VEGF (1-500 ng/ml). Figure 4.6A shows the
Western blots for the three CLL cases studied, while Figure 4.6B shows the
corresponding results of densitometric analysis of these Western blots.
Overall, in each of the CLL cases studied, Hsp90 expression increased
gradually with increasing concentration of VEGF. The highest Hsp90
expression was seen at the highest VEGF concentration used (500 ng/ml),
but since the differences between 50 ng/ml and 500 ng/ml were relatively
small, 100 ng/ml VEGF was selected as a suitable concentration for CLL-cell
stimulation by this growth factor.

The above experiments confirmed that VEGF receptor ligation on CLL
cells generates a biologically relevant signal. However, since CLL cells
express both VEGFR1 and VEGFR2, it was important to establish whether
the increase in expression of Hsp90 observed following stimulation with
VEGF was due to selective activation of VEGFR1 or VEGFR2, or to the
activation of both receptors. Therefore VEGF-receptor-specific ligands,
namely placenta growth factor (PLGF) and VEGF-E, were used next to
stimulate CLL cells, and Hsp90 upregulation was again selected as an

indicator of receptor-mediated cell responses.

4.3.6 Placenta growth factor (PLGF)-induced expression of Hsp90

PLGF is a receptor-specific ligand for VEGFR1. To determine whether
ligation of VEGFR1 expressed on CLL cells could activate signalling
pathways, CLL cells were stimulated with PLGF and changes in expression
of Hsp90 determined by Western blotting. Briefly, CLL cells (2x10) were

incubated in RPMI containing 1% BSA in poly-HEMA coated 96-well plates in
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the presence of PLGF for up to 4 hours. Cells were harvested at 1, 2 and 4
hours and lysed in 1% SDS prior to Western blotting. The initial experiments
aimed only to identify the optimal incubation time for inducing a change in
Hsp90 expression in CLL cells following stimulation with PLGF. For these
experiments, a single concentration of PLGF was selected (100 ng/ml) that
was known to induce a signalling response in other cell types (Landgren et
al, 1998). It was found that in the two CLL cases used, PLGF induced only a
small increase in Hsp90 expression at each time-point used (Figure 4.7A).
Densitometry showed a slight increase in expression of Hsp90 after 1-hour
incubation and the greatest increase after 2 hours, followed by a reduction in
expression after this time (Figure 4.7B). Based on these results, in the next
series of experiments CLL cells were stimulated with PLGF for 90 minutes.

To establish the dose-response of CLL cells to PLGF, the cells were
incubated with a range of PLGF concentrations (1-500 ng/ml) for 90 minutes,
prior to lysis and Western-blot analysis of Hsp90 expression. As shown in
figure 4.8A, Hsp90 expression increased in CLL cells with increasing
concentrations of PLGF. In both CLL cases studied, the highest Hsp90
expression was observed following stimulation with 100 ng/ml PLGF; this
observation was confirmed by analysis of the Western blots by densitometry
(Figure 4.8B). However, the response to lower concentrations of PLGF was
different in the two cases. In CLL case (l), no clear response was observed at
PLGF concentrations below 50 ng/ml. For CLL case (ll), there was already a
clear response to 1 ng/ml PLGF which was followed by a gradual,

incremental increase in Hsp90 expression as PLGF concentration increased.
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Figure 4.7
Hsp90 expression in PLGF-stimulated CLL cells.

CLL cells (2x106) were incubated in RPMI containing 1% BSA in poly-
HEMA coated 96-well plates in the presence of PLGF (100 ng/ml) for up to
4 hours in 5% CO02at 37°C. Cells were harvested at 1, 2 and 4 hours for
lysis in 1% SDS prior to Western blotting. (A) A comparison of the
response of PLGF-treated and untreated cells from two different CLL
cases. (B) Densitometry analysis to determine any differences between
treated and untreated cells from both CLL cases. The data presented are

from two representative CLL cases.
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Figure 4.8

Hsp90 expression in CLL cells following stimulation with a range of
PIGF concentrations.

CLL cells (2x106) from 2 different CLL cases were incubated in RPMI
containing 1% BSA in poly-HEMA coated 96-well plates, in 5% C02at 37°C
in the presence of 1-500 ng/ml PIGF. Cells were harvested after 90 minutes
incubation and lysed in 1% SDS prior to Western blotting. (A) Western blots
showing Hsp90 expression in CLL cells stimulated with a range of PIGF
concentrations. (B) Densitometry analysis of Western blots to quantify
changes in Hsp90 expression. (The two representative CLL cases shown

are different to those in Figure 4.7)
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These results demonstrate that ligation of VEGFR1 expressed on CLL

cells can generate a signal that induces changes in expression of Hsp90 by

these cells.

4.3.7 VEGF-E-induced expression of Hsp90

Previous work has shown that activation of VEGFR2 by VEGF on
endothelial cells is associated with a range of cellular responses. To
determine whether VEGFR2 could also be involved in CLL-cell signalling, the
cells were stimulated with VEGF-E, an Orf-virus-derived member of the
VEGF-family of growth factors known to be a receptor-specific ligand for
VEGFR2. As with stimulation of VEGFR1, Hsp90 expression was used for
detection of VEGFR2-dependent activation of cell signalling.

In initial experiments using VEGF-E, cells (2x10°) from two CLL cases
were incubated in RPMI containing 1% BSA in poly-HEMA coated 96-well
plates in the presence of VEGF-E (50ng/ml) for up to 4 hours. To determine
the optimal period of stimulation with VEGF-E for effective induction of Hsp90
expression, the cells were harvested at 1, 2 and 4 hours and lysed in 1%
SDS prior to Western blotting. These experiments revealed small increases
in Hsp90 expression in both cases after 1 and 2 hours incubation with VEGF-
E (Figure 4.9). In CLL case (1), a further relatively large increase was present
after 4 hours incubation, but this was not observed in case (Ii).

As in the case of stimulation of VEGFR1 by PLGF, a 90 minute
incubation time was used for establishing the dose response of CLL cells to
VEGF-E. Briefly, CLL cells (2x10°) from two different CLL cases were

incubated in the presence of a range of VEGF-E concentrations
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Figure 4.9
Hsp90 expression in VEGF-E-stimulated CLL cells.

CLL cells (2x106) were incubated in RPMI containing 1% BSA in poly-
HEMA coated 96-well plates in the presence of VEGF-E (50ng/ml) for up to
4 hours at 37°C, 5% C02 Cells were harvested at 1, 2 and 4 hours for lysis
in 1% SDS prior to Western blotting. (A) A comparison of the response of
VEGF-E treated and untreated cells for two different CLL cases. (B)
Densitometry analysis of the blots in (A), performed to determine
differences between treated and untreated cells for both cases. The data

shown are from two representative CLL cases.
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Figure 4.10

Hsp90 expression in CLL cells following stimulation with a range of
VEGF-E concentrations.

CLL cells (2x106) from 2 different CLL cases were incubated in RPMI
containing 1% BSA in poly-HEMA coated 96-well plates in the presence of a
range of VEGF-E concentrations (1-500ng/ml), at 37°C, 5% C02 Cells were
harvested after 90 minutes incubation and lysed in 1% SDS prior to Western
blotting. (A) Western blots showing Hsp90 expression in CLL cells
stimulated with a range of VEGF-E concentrations. (B) Densitometry
analysis of the Western blots to quantify changes in Hsp90 expression. (The

two representative CLL cases shown are different to those in Figure 4.9)
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(1-500ng/ml), harvested after 90 minutes and lysed in 1% SDS prior to
Western blotting (Figure 4.10A) and the analysis of the blots by densitometry
(Figure 4.10B). Similarly to CLL-cell responses to VEGFR1 stimulation, the
increase in Hsp90 expression in response to VEGFR2 stimulation was
different in the two cases studied. In CLL case (1), Hsp90 expression
gradually increased with increasing VEGF-E concentration up to 100 ng/ml,
and then decreased at 500 ng/ml. In CLL case (ll), a near maximal increase
in Hsp90 expression was already reached at 1 ng/ml VEGF-E. The cell
incubation with 10 and 50 ng/ml VEGF-E caused only a slight additional
increase and the response was then progressively reduced with increasing
concentration of VEGF-E to 100 and 500 ng/ml.

These results demonstrate that ligation of VEGFR2 induces the
activation of signalling pathway(s) that are involved in upregulation of HspS0

expression in CLL cells.

4.4 Discussion

The results of work performed in Chapters 2 and 3 indicated that CLL
cells secrete angiogenically-active VEGF. Evidence suggested that VEGF
present in nodes of CLL patients may be involved in the angiogenic events
identified within this tissue, namely the presence of an increased microvessel
density. Such paracrine effects of VEGF have been described in other
haematological malignancies (de Bont et al, 2001; Aguayo et al, 2000b).
Work with malignant cells had indicated that VEGF may also have an
autocrine role in solid tumours (Bachelder et al, 2001; Jackson et al, 2002).

Since CLL is a disease characterised by prolonged survival of malignant cells
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and VEGF is known to enhance survival of some cell-types, it seemed
attractive to explore the possibility that VEGF may support CLL-cell survival
through an autocrine mechanism. The first stage in this investigation was to
identify whether CLL cells express functional VEGF receptors.

At the outset of this project, it was not known whether CLL cells
expressed VEGF receptors. However, during the course of this work, several
papers were published indicating that CLL cells do express VEGF receptors
(Ferrajoli et al 2001; Kay et al, 2002; Bairey et al, 2004). Moreover, published
work (Chen et al, 2000) arising from this thesis, and pre-dating the other
publications, mentioned that results of preliminary experiments showed that
CLL cells express VEGF receptors and that VEGF may have important
autocrine effects on CLL-cell behaviour.

This completed work is now presented in this Chapter and
demonstrates that mRNA for both VEGFR1 and VEGFR2 is detectable and
constitutively expressed in CLL cells. Quantitative slot-blot hybridisation
indicated that the level of mRNA for VEGFR1 was always greater than that
for VEGFR2, and that there was wide variation between cases. Expression of
VEGF receptors by CLL cells was established by immuno-staining and flow
cytometric analysis. Interestingly, and in contrast to mRNA levels, expression
of VEGFR2 always appeared higher than that of VEGFR1. This may indicate
differences in levels of expression of the two receptors on the cell surface but
it would require further work for confirmation since it may simply reflect
differences in the binding properties of the two primary antibodies or binding
of the FITC-conjugated secondary antibody to the primary antibodies.

Although expression of VEGF receptors was confirmed by
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immunocytochemical staining of cytospins prepared from CLL cells, this
technique was less satisfactory. This was due to the fragile nature of the CLL
cells, resulting in poor quality cytospins. The fragile nature of CLL cells is well
described and characterised by the presence of smear cells in the blood films
of patients with this disease.

For autocrine cell-stimulation to occur, the cells must express
functional receptors that bind their ligand and generate signals that stimulate
cellular functions. Using a commercially available VEGF ligand-binding assay
kit, it was shown that CLL cells do bind VEGF. However, due to the
limitations of this assay, it was not possible to confirm that such binding was
receptor mediated, since displacement of biotin-labelled VEGF with
unlabelled VEGF was not demonstrated. Furthermore, if the binding was
specific, it was not possible to determine whether it was due to VEGFR1, or
VEGFR?2, or both VEGFR1 and VEGFR2,

To confirm that binding and activation of VEGF receptors on the CLL-
cell surface had occurred required the demonstration of a cell\response to
the receptor ligation. As stated previously, VEGF is involved in the motility,
proliferation and survival of endothelial cells. The protein chaperone Hsp90
has been implicated in each of the signalling pathways that control these
cellular functions activated by VEGF. Furthermore, Hsp90 gene expression is
upregulated by VEGF-stimulation of HL60 cells (Dias et al, 2002).
Consequently, Hsp90 was selected as a general marker of VEGF-receptor-
mediated cellular activation and signalling. In the first instance, Western
blotting established that VEGF does upregulate Hsp90 expression in CLL

cells in a dose dependent manner, and confirmed that VEGF ligation of
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receptor(s) present on the surface of CLL cells activates intracellular
signalling pathways. However, since VEGF binds to both VEGFR1 and
VEGFR2 (although with different affinity) it was not possible to determine
whether one or both of these receptors was responsible for Hsp90
upregulation. This was considered important, since differences in the
functions of VEGFR1 and VEGFR2 have been described. VEGFR1 has the
higher affinity for VEGF but its role remains uncertain. Though it is known to
be involved in monocyte motility (Barleon et al, 1996), induction of MMP-9
(Rafii et al, 2003) and survival of haemopoietic stem cells (Gerber et al,
2002), it has only weak effects on endothelial cell signalling and was
proposed to be a decoy receptor (Park et al, 1994). Therefore PLGF, a
receptor-specific ligand for VEGFR1 was used to stimulate CLL cells. PLGF-
stimulation of CLL cells increased expression of Hsp90 in a dose dependent
manner, indicating that ligation of VEGFR1 does activate signalling in CLL
cells. Although the identity of all the signalling pathways involved remains
unclear, the response is likely to include the activation of the NF-kB pathway
(Farahani et al, 2005). VEGFR2 has approximately 10-fold lower affinity for
VEGF than VEGFR1 and is the VEGF receptor most strongly implicated in
VEGF cellular functions (Rousseau et al, 2000; Gerber et al, 1998b). As
expected, the VEGFR2-specific ligand VEGF-E also caused upregulation of
Hsp90 expression in CLL cells, suggesting a potential role for both receptors
in CLL-cell functions.

Since this study had confirmed that CLL cells secrete VEGF and
express functional VEGF receptors, and we had previously proposed a

possible autocrine role for VEGF in CLL (Chen et al, 2000), it seemed
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important to identify cell responses that would support such a role. As stated
previously, CLL is a disease characterised by prolonged survival of the
malignant cells. While many survival factors might affect this characteristic of
the disease, in the context of this thesis it was appropriate to investigate
whether VEGF might be one such factor. Therefore, the effects of VEGF on

CLL cell survival are described next in Chapter 5.

101



Chapter 5
Autocrine function of VEGF with respect to CLL-cell

survival

5.1 Introduction

In the previous Chapters of this thesis, it was shown that CLL cells
secrete VEGF and express functional VEGF receptors. VEGF secretion and
receptor expression has been described in other cell-types in which VEGF
acts as an autocrine pro-survival factor (Masood et al, 2001; Santos and
Dias, 2004). In the current study, it was presumed that such autocrine pro-
survival effects might also exist for CLL cells. Consequently, the experiments
performed in this Chapter explore the effects of VEGF on CLL-cell survival.

Two approaches were taken. Firstly, cell survival was measured
following the addition of VEGF to CLL cells in culture, with the aim of
protecting the cells from spontaneous and drug-induced apoptosis. VEGF is
known to protect various cells-types from death induced by factors such as
ionising radiation (IR) (Katoh et al, 1995), and the specific inhibitor of Hsp90,
geldanamycin (Dias et al, 2002). Furthermore, the angiogenic factor bFGF is
known to provide CLL cells with resistance to apoptosis induced by the
nucleoside analogue fludarabine (Menzel et al, 1996). Secondly, since
autocrine stimulation by VEGF is known to enhance cell survival of some
cell-types, it was decided to use inhibition and blocking of VEGF receptors,
and neutralisation of secreted VEGF to determine whether such an autocrine
survival effect exists for CLL cells. Such potential protective effects of VEGF

for CLL cells were investigated for this Chapter.

102



In Chapter 2, it was demonstrated that stimulation of CLL cells via
CD40, a receptor previously implicated in in vivo provision of CLL
cytoprotection in lymphoid tissues (Schattner EJ, 2000), caused increased
secretion of VEGF. The final section of this Chapter explores a possibility that
autocrine VEGF is involved in rescue of CLL cells by CD154 and briefly
examines a signalling pathway that may be involved in the anti-apoptotic

activity of CD154.

5.2 Methods

5.2.1 Determination of CLL-cell viability

Determination of CLL-cell viability was based on the analysis of
mitochondrial transmembrane potential with 3, 3'dihexyloxacarbocyanine
iodide (DiOC6; Calbiochem) and on cell-membrane permeability to propidium
iodide (Pl) (Sigma), as described previously (Zamzami et al, 1995). Unless
stated otherwise, freshly thawed CLL cells were resuspended to 3.3x10°
cells/ml in RPMI medium (Sigma) containing 0.1% BSA (Sigma) and cultured
in poly-HEMA-coated 96-well plates (100 pl/well) at 37°C in 5% CO. for the
appropriate incubation period. To determine cell survival, 100 pl of CLL-cell
suspension was removed from culture at the indicated time points and
incubated with 100 pl of 40nM DiOCg for 20 minutes at 37°C, prior to
incubation on ice for a further 30 minutes with an equal volume of 10 pg/ml
Pl. Cell viability was determined using by FACS analysis. In this analysis, live
cells are DiOCe-bright/PI-dim, early apoptotic cells are DiOCg-dim/Pl-dim,

and late apoptotic cells are DiOCg-dim/Pl-bright.
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5.2.2 Determination of CLL-cell culture conditions

Freshly thawed CLL cells were resuspended in RPMI medium to a
density of 1x107 cells/ml. Aliquots of the cells (1 ml) were transferred to
eppendorf tubes and centriguged at 7000g for 20 secs. The supernatant was
removed and the cell pellet resuspended in RPMI medium, or RPMI medium
supplemented with 0.1% BSA or 1% BSA. The CLL cells were then further
diluted in the appropriate medium to produce a range of cell densities
(1.5x10° to 1x107 cells/ml). For each cell density, 100! of cell suspension
was transferred to poly-HEMA-coated 96-well plates followed by the addition
of 50u1 of medium to each well to give a final culture volume of 150pl. The
cells were cultured for up to 4 days at 37°C in 5% COz, then harvested and

stained with DiOCg/PI to determine cell viability.

5.2.3 VEGF dose response

In experiments in which exogenous VEGF was used, freshly thawed
CLL cells were resuspended in RPMI medium supplemented with 0.1% BSA
at 3.3x10° cells/ml and incubated with 100 ng/ml VEGF. To determine the
most suitable VEGF concentration for cell survival experiments, recombinant
human VEGF (R&D Systems) was diluted to 1, 10, 50, 100, 250 and 500
ng/ml in RPMI medium containing 0.1% BSA, and 50u! of each dilution (or
medium-only control) then added to 100ul of CLL cells in poly-HEMA-coated
96-well plates. The cultures in each well contained 3.3x10° cells in 150y, and
were incubated at 37°C in 5% CO- for up to 4 days prior to harvest for the

determination of cell viability using DiIOCg/P!I staining.
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5.2.4 Induction of CLL-cell death

To determine whether exogenous VEGF could rescue CLL cells from
induced cell death, the cells were resuspended in RPMI medium
supplemented with 1% BSA and plated in poly-HEMA-coated 96-well plates
at a cell of 3.3x10° cells/well, unless otherwise stated. Following the addition
of 100 ng/ml recombinant human VEGF (R&D Systems), the cells in the final
culture volume of 150 pl were incubated at 37°C in 5% CO.. The viability of
harvested cells was determined by staining with DiOCe/PI.
5.2.4.1 Fludarabine

To determine the effects of exogenous VEGF on fludarabine-induced
cell death, CLL cells were incubated in the presence of 2 yM fludarabine
(Schering), a concentration known to be readily attainable in the plasma of
patients treated with this agent (Ross et al, 1993), with or without VEGF (100
ng/ml) for up to 6 days. In further experiments, CLL cells were incubated with
a range of VEGF concentrations (0.1-500 ng/mtl) in combination with

fludarabine (2 pM) for up to 3 days prior to determination of cell viability.

5.2.4.2 Ionising radiation (IR)

To determine whether VEGF could rescue CLL cells from IR-induced
cell death, cells from each case studied were exposed to 5 Gy IR using a
caesium-137 source and cultured in the presence of VEGF (100 ng/ml).
Following culture for up to 6 days, the cells were harvested and their viability

determined by staining with DiOC¢/P!I.
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5.2.4.3 Geldanamycin (GA)

Geldanamycin is a specific inhibitor of Hsp90 and was used in CLL-
cell survival experiments with two aims. The first aim was to determine
whether GA induces CLL-cell death in culture and to this end, CLL cells were
incubated with GA (Sigma) at 0.02, 0.2 and 2 pM for up to 3 days; the
viability of harvested cells was determined using DiOC¢/PI staining. The
second aim was to determine whether VEGF would protect CLL cells from
GA-induced killing and for such experiments, CLL cells were incubated with
100 ng/ml VEGF in the presence of 0.2 yM GA since this was the lowest

concentration of GA used that was shown to induce CLL-cell death.

5.2.5 Autocrine VEGF and CLL-cell survival

In this section, experiments to determine the effects of endogenous
VEGF on CLL-cell survival were performed by neutralising VEGF or blocking
its binding to VEGF receptors (VEGFR), and by inhibiting tyrosine kinase
activity of VEGFR. In all instances, unless stated otherwise, freshly thawed
CLL cells were resuspended in RPMI medium containing 0.1% BSA and
incubated in poly-HEMA-coated 96-well plates at a cell density of 3.3x10°
cells/well for up to 6 days, at 37°C in 5% CO.. Harvested cells were stained

with DiIOC6/PI to determine cell viability.

5.2.6 Neutralising VEGF and blocking VEGF binding
To neutralise secreted VEGF in CLL-cell cultures, mouse monoclonal
anti-VEGF antibody (R&D Systems) or mouse IgG2;, isotype control (R&D

Systems), both at 1 pg/ml, were added to CLL cells cultured for up to 6 days.
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In other experiments, CLL cells were incubated in the presence of high
affinity, soluble, recombinant human chimaeric receptors for both VEGFR1
(sVEGFR1/Fc; 300 ng/ml) and VEGFR2 (sVEGFR2/Fc, 200ng/ml) (both R&D
Systems, or both in combination, for up to § days prior to cell harvest.

To block the binding of VEGF to its receptors, CLL cells were cultured in the
presence of antibodies directed to the VEGF-binding site of the VEGF
receptors. Goat polyclonal anti-VEGFR1 (1 pg/ml; R&D), goat polyclonal anti-
VEGFR2 (1 ug/ml; R&D) or goat IgG (1 ug/ml; R&D) were added to CLL-cell
cultures and incubated for up to 4 days prior to cell harvest and

measurement of cell viability.

5.2.7 Inhibition of VEGF receptor-tyrosine kinase activity by SU5416

The receptor-tyrosine kinase inhibitor SU5416 is an inhibitor of both
VEGFR1 and VEGFR2 (ltokawa et al, 2002) and was used to determine the
effects of inhibition of both of these receptors on CLL-cell survival. SU5416
(Calbiochem) at a concentration of 10uM or DMSO control (0.2%) was added
to CLL-cell cultures and incubated for up to 6 days prior to harvest for

determination of cell viability.

5.2.8 CD154-enhanced CLL-cell survival

To determine the effects of CD154 on CLL-cell survival, freshly
thawed CLL cells were resuspended in RPMI medium supplemented with
0.1% BSA and placed into a poly-HEMA coated 96-well plate at a density of
3.3x10° cells per well. Following the addition of recombinant CD154 (200

ng/ml) and enhancer (1 pg/ml) (Alexis Biochemicals), the cells were
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incubated at 37°C in 5% CO- for up to 6 days prior to harvest and
determination of cell viability. In experiments in which inhibitors or antibodies
were used to abrogate the involvement of VEGF in the effects of CD154, CLL
cells were incubated with mouse anti-VEGF monoclonal antibody (1 pg/mi;
R&D Systems), mouse IgGgy isotypic control antibody (1 pg/ml), SU5416 (10
pM) or DMSO (0.2%) for 1 hour prior to addition of CD154 and enhancer.
Treated cells were incubated for up to 6 days, and then harvested to

determine cell viability.

5.2.9 Effect of NF-kB inhibition on CD154-induced VEGF production
CLL cells were suspended at 1x107/ml in RPMI containing 1% BSA,
then 200pl (2x10°) cells were added to each well in a 24-well plate. The cells
were pre-incubated for 1 hour with the NF-kB nuclear translocation inhibitor
SN50 (18 uM; Calbiochem) or its inactive analogue SN50M (18 uM;
Calbiochem). Following addition of CD154 (200 ng/ml) and enhancer (1
ug/ml) (Alexis Biochemicals) and incubation for a further 24 hours, culture
supernatants were harvested and the concentration of secreted VEGF

determined by VEGF ELISA (R&D Systems), as described in Chapter 2.

5.2.10 Evaluation of NF-kB activity

CLL cells (3.3x10°/well) suspended in RPMI supplemented with 1%
BSA were transferred to a poly-HEMA-coated 96-well plate and cultured with
CD154, CD154 plus anti-VEGF neutralising monoclonal antibody (1 pg/m!)
(R&D Systems; MAB292) or with CD154 plus SU5416 (10 pM) for 24 hours.

Following incubation at 37°C in 5% CO, the cells were harvested and
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nuclear extracts prepared using a Nuclear Extract Kit (Active Motif) according
to the manufacturer’s instructions. Protein concentration was determined by
Bradford assay (Bio Rad) and the DNA-binding activity of NF-kB quantified
using a TransAM NF-kB p65 transcription factor assay kit (Active Motif),
again according to the manufacturer's instructions. The detection limit for this

assay was 0.4 ng/ml.

5.2.11 Confocal microscopy

To confirm nuclear translocation of NF-kB, cytospins were prepared
using a Shandon Cytospin 2 from cells cultured as described above (section
5.2.10), air-dried and fixed in methanol for 10 min at RT. Fixed cells were
washed in PBS and blocked for 1 hour at RT with PBS containing human AB,
goat and mouse sera (all at 1%). After washing, mouse anti-human p65
monoclonal antibody or non-specific mouse I1gG1 antibody (both Santa Cruz;
2 pg/mi each, diluted in PBS containing 1% human AB serum) was added
and cells incubated for 1 hour at RT. Goat anti-mouse-FITC conjugate
(Sanata Cruz; diluted 1:10 in 1% human AB serum/PBS) was added after
further washing, cells incubated for 1 hour at RT, washed and mounted in
Vectashield (Vector Laboratories). The cellular location of NF-kB p65 protein
was then analysed by laser confocal microscopy using an Olympus BH2

microscope fitted with a Bio-Rad MR/AG2 Confocal Imaging System.
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5.3 Results

5.3.1 Determination of optimal culture conditions for CLL-cell survival
studies

CLL cells are fragile and extremely sensitive to their culture
environment, such that subtle changes in culture conditions can affect the
rate of cell death. Thus, factors such as cell adhesion, cell density, and the
presence of BSA or FCS are known to affect CLL-cell survival in culture
(Pettitt et al, 2001; Moran et al, 2002). Additionally, since CLL-cell viability
was measured using flow cytometry, prevention of cell damage during
removal from cultures was essential. Therefore, tissue culture plastics used
in the survival studies were coated with poly-HEMA to prevent adhesion of
the cells to the plastic surface during culture.

Work done by others has shown that cell density is also a critical
factor for CLL-cell survival in culture systems. Pettitt et al (2001) found that,
under non-adherent conditions, cells cultured at a relatively high density that
promotes cell-cell contact survived better than cells cultured at a relatively
low density. Additionally, since the presence of FCS in culture media does
not prevent CLL-cell death to any greater extent than highly purified BSA
(Moran et al, 2002), the latter was employed instead of FCS to avoid addition
to the cultures of any growth factors that may be present in the serum.
Therefore, initial aim was to determine the optimal celi density and BSA
concentration required for the measurement of CLL-cell survival.

To determine the optimal cell density, CLL cells were cultured for up to

4 days in RPMI medium without supplementary BSA at a density of 5x10¢,
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2.5x10° or 1x108 cells per well. It was found that cells incubated at the
highest density were less sensitive to the absence of BSA in the medium
than cells at lower densities (Fig 5.1A). In the highest density cultures there
was a decrease in cell viability of about 20-30% during the first 24 hours
culture period and then the viability remained relatively constant for the
remainder of the incubation. Cells cultured at the intermediate density
survived less well than those at high density, while those incubated at low
density did not survive beyond day 1 of culture. Figure 5.1B shows that the
presence of BSA in the medium can compensate for the effects of cell
density on cell survival providing that the density of the cells is relatively high
(5x10% to 1x10%). However, there is a threshold of cell density (~1.5x10*
cells/well) below which BSA can no longer rescue the cells, even at a
concentration approaching that found in serum (Figure 5.1C). Lastly, the
effect of albumin concentration on cell survival at an intermediate density
(3.3x10° cells/well), is illustrated in Figure 5.1D. At this density a uniform
monolayer of cells that do not overlay each other is formed in 96-well plates
as observed by light microscopy. Clearly, in these cultures 1% albumin
almost completely inhibited cell death during 3 days of culture while the cell
viability continued to decrease if the culture medium containing only 0.1%
BSA.

Therefore, in studies of factors involved in in vitro cell survival, the
optimal culture conditions would be those in which the desired effect is most
clearly demonstrable. Thus, to demonstrate the rescue-effect of VEGF, this
would be best demonstrated under culture conditions in which the cells show

a moderate propensity to die. Consequently, in all future experiments
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Figure 5.1

Determination of CLL-cell-culture conditions

CLL cells were cultured at cell densities ranging from 1.5x10* to 1.2x10%well
for up to 4 days in (A) RPMI medium alone (B) RPMI supplemented with
either 0.1% BSA (C) or 1% BSA. (D) Survival of CLL cells cultured at a
single density (3.3x10%well) in RPMI supplemented with 0.1% and 1% BSA.
In each instance, the cells were added to poly-HEMA-coated 96-well plates
and incubated at 37°C in 5% CO,. Cell viability at the given intervals was
determined by DiOC/PI staining for flow cytometry.
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investigating the effects of VEGF on non-induced CLL-cell death, cells were
suspended in RPM! medium supplemented with 0.1% BSA and seeded at a
density of 3.3x10° cells per well in poly-HEMA coated flat-bottomed 96-well
plates. In all cases, the final volume of the sample was 150ul per well. On the
other hand, to assess of the contribution of VEGF to rescue of CLL cells from
drug-induced cell death, it would be necessary to use conditions under which
cells do not readily die in the absence of the drug. In these experiments, the
conditions were identical to those above, with the exception that the BSA
concentration was increased to 1% to reduce cell death as illustrated in

Figure 5.1D.

5.3.2 Exogenous VEGF and CLL-cell survival
5.3.2.1 The effect of exogenous VEGF on CLL-cell survival

Preliminary experiments (not shown) using cells from a small sample
of CLL cases indicated that VEGF added to cell cultures does not have a
strong survival-enhancing effect on CLL cells. Therefore, in the next phase of
the study, a larger sample of CLL cases was used (n=18) to determine the
effect of exogenous VEGF on CLL cells undergoing spontaneous cell death.
When the cells were incubated for 3 days or more in RPMI supplemented
with 0.1% BSA with or without 100 ng/m! VEGF, it was found that in some
cases VEGF had a small but consistent pro-survival effect on some of the
CLL clones used, particularly at the earliest time points. However, when the
viability of all the cases tested was considered (n=18), there was no
significant difference between VEGF-treated cells and untreated control cells

(figure 5.2A). Characteristically, the decrease in cell viability during
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Figure 5.2

The effects of exogenous VEGF on CLL-cell viability

CLL cells (3.3x105well) were incubated at 37°C in poly-HEMA-coated 96-

well plates in RPMI medium supplemented with 0.1% BSA for up to 6 days
with or without VEGF. In each instance, the viability of the harvested cells

was determined as in Figure 5.1. (A) Mean viability £ SEM of cells from 18
CLL cases incubated with 100 ng/ml VEGF for up to 3 days. (B) Graphs

showing viability of cells from 4 representative CLL cases at different

incubation times.
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incubation varied between cases, but in each case this decrease was not
influenced by 100 ng/ml of exogenously added VEGF. The results of these
experiments are illustrated by 4 representative cases in Figure 5.2B.

Since a single concentration of VEGF (100 ng/ml) when added to CLL-
cell cultures did not rescue the cells from spontaneous death, it seemed
important to explore the effects of a wider range of VEGF concentrations on
cell survival in order to confirm these results. Therefore, CLL cells cultured in
RPMI supplemented with 0.1% BSA were treated with increasing
concentrations of VEGF (1-500 ng/ml) and incubated for up to 4 days. As
before, the cell viability was determined by flow cytometric analysis of cells
stained with DiOCg /PI. As observed in the earlier experiments, there was a
progressive decrease in cell viability in all cases (n=3), but none of the
concentrations of VEGF used had an effect on this spontaneous cell death
(Figure 5.3).

These studies indicated that the pro-survival effects of exogenous
VEGF described in other cell-types were either absentin CLL cells or not
sufficient to rescue CLL cells from spontaneous death under the given in vitro
culture conditions.

Consequently, a concentration of 100 ng/ml VEGF was selected for all
further survival experiments using exogenous VEGF, since at this
concentration VEGF had induced an increase in expression of Hsp90 in CLL
cells (Chapter 4) and had been shown to induce proliferation of endothelial

cells (Chapter 3).
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The effects of a range of VEGF concentrations on CLL-cell viability

CLL cells were incubated in the presence of a range of VEGF
concentrations (1-500 ng/ml) in RPMI medium supplemented with 0.1%
BSA for up to 4 days. Harvested cells were stained with DIOC/PI for

determination of viability by flow cytometry.
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5.3.2.2 Effects of VEGF on CLL-cell death induced by different pro-
apoptotic treatments

After demonstrating that exogenous VEGF has no effect on
spontaneous death of CLL cells in culture, it was decided to determine
whether recombinant VEGF can rescue CLL cells from drug- or IR-induced
killing. In these experiments, it seemed important to use culture conditions
under which untreated cells remained viable throughout the incubation period
so that changes in cell viability could not be attributed to the culture
conditions themselves. Therefore CLL cells were suspended in RPMI
medium containing 1% BSA, since this concentration of BSA was shown to
reduce spontaneous CLL-cell death in culture (Figure 5.1D). In this series of
experiments, CLL-cell death was induced using fludarabine, ionising radiation

(IR) or geldanamycin (GA) in the presence or absence of VEGF.

5.3.2.3 The effects of exogenous VEGF on fludarabine-induced cell

death

Previous work has shown that induction of CLL-cell death by
fludarabine can be abrogated by the angiogenic growth factor bFGF (Menzel
et al, 1996). Therefore, it seemed important to determine whether VEGF
could also play a role in the cytoprotection of CLL cells from fludarabine-
induced killing. Fludarabine (2 uM) was added to CLL cells (3.3x10° cells/
well) prior to incubation in RPM! supplemented with 1% BSA for up to 6 days.
In some instances, 100ng/ml VEGF was also added to the cultures and

where both fludarabine and VEGF were used, they were added to the cells at
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the same time. Figure 5.4 shows that fludarabine induces CLL-cell death in
culture and, in keeping with observations regarding spontaneous CLL-cell
death, the rate of cell death due to fludarabine treatment varied between
cases. It was also clear that, in each CLL case studied (n=3), 100 ng/ml
VEGEF did not protect the cells from fludarabine-induced killing (Figure 5.4).
Because it was possible that exogenous VEGF did not provide
cytoprotection to CLL cells due to the use of an unsuitable concentration of
VEGF, fludarabine (2 uM) treated cells were incubated with a wide range of
VEGF concentrations (0.1-500ng/ml) for up to 3 days. Figure 5.5 shows that
at each of the concentrations used, VEGF did not protect the CLL cells from
fludarabine-induced killing. It was therefore concluded that exogenous VEGF

alone cannot protect CLL cells from killing by this drug.

5.3.2.4 The effects of exogenous VEGF on IR-induced cell death

In some cell types, the presence of VEGF can protect the cells against
IR-induced cell death (Katoh et al, 1995). Exposure to IR induces cell death
by a different mechanism to that employed by fludarabine. It is well
established that IR induces cell apoptosis by p53-dependent pathway,
whereas fludarabine-induced killing depends only partly on functional p53
(Pettitt AR, 2003). Therefore, it seemed fitting to also investigate the effects
of exogenous VEGF on IR-induced killing of CLL cells. CLL cells, suspended
in RPMI containing 1% BSA, were exposed to 5 Gy ionising radiation prior to
incubation with or without 100 ng/ml VEGF. The effect of IR on cell viability

was assessed daily for up to 6 days. This confirmed that IR induces death of
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Figure 5.4
The effects of VEGF on fludarabine-induced CLL-cell death

The cells from 3 CLL cases suspended in RPMI medium containing 1%
BSA were placed in poly-HEMA-coated 96-well plates (3.3x105 cells/well )
and incubated in 5% CO, at 37°C for up to 6 days. VEGF (100 ng/mi),
fludarabine (Fludara, 2 pM) or both in combination were added to the cells

immediately prior to incubation. Cell viability was determined as in Figure
51.
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Figure 5.5

The effects of a range of VEGF concentrations on fludarabine-induced
CLL-cell death

CLL cells suspended in RPMI containing 1% BSA were placed in a 96-well
plate (3.3x105 cells/well) in the presence of 2 uM fludarabine and VEGF
(0.1-500 ng/ml). Following incubation at 37°C in 5% CO, for 3 days, the
harvested cells were stained with DiIOC,/PI to determine viability. The graph

shows the results from a single experiment.
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CLL cells, but the presence of exogenous VEGF did not prevent IR induced
cell killing (Figure 5.6).

It was therefore concluded that, in contrast to observations made with
some other cell-types, exogenous VEGF alone cannot protect CLL cells from

IR-induced death.

5.3.2.5 The effects of exogenous VEGF on geldanamycin-induced CLL-
cell death

Geldanamycin is a specific inhibitor of the molecular chaperone heat-
shock protein 90 (Hsp90). In myeloid leukaemias and myeloid cell lines,
incubation of cells with GA induces cell death, an effect that is abrogated by
incubation with VEGF (Dias et al 2002). Therefore, since experiments in
Chapter 4 showed that VEGF stimulates an increase in expression of Hsp90
in CLL cells, it seemed important to establish whether GA inhibition of Hsp90
in CLL cells would induce cell death, and whether CLL cells could be rescued
from such killing by VEGF.

Since GA had not previously been used in this Department, initial
experiments were carried out to establish the optimal concentration of GA for
induction of CLL-cell death. Cells from three CLL cases were incubated in
RPMI containing 1% IBSA, with 0.02, 0.2 or 2uM GA for up to 3 days. This
showed that GA induces CLL-cell death at concentrations of 0.2 and 2uM but
not at 0.02uM (Figure 5.7). In one case, the increase in cell death was
observed at day 1, while in the remaining 2 cases GA did not affect CLL cell
survival until day 2. However, once the viability began to fall, it continued to

decrease at a relatively constant rate throughout the period of observation.
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Figure 5.6
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The effect of VEGF on IR-induced CLL-cell death

CLL cells suspended in RPMI medium containing 1% BSA were exposed to

5 Gy ionising radiation and then transferred to poly-HEMA-coated 96-well
plates (3.3x105 cells/well). VEGF (100 ng/ml) or control medium was added
to the cells prior to incubation at 37°C in 5% CO, for up to 6 days. The

viability of harvested cells was assessed by DiOC¢/PI staining and flow

cytometry. The graphs show the results of a single experiment with cells
from 3 CLL cases.

122



For further experiments 0.2 uM of GA was considered the most suitable
concentration, since increasing the concentration to 2uM had no greater
effect (Figure 5.7).

To determine the effects of VEGF on GA-induced killing, cells from 6
CLL cases were suspended in RPMI containing 1% BSA and exposed to 0.2
HM GA with or without 100ng/mi VEGF for up to 3 days in culture. Harvested
cells were stained with DiIOCg/PI to determine their viability. In each of the six
cases studied, GA induced significant CLL-cell death by day 2 that continued
to increase up to the end of the culture period. Furthermore, it was found that
the presence of VEGF in culture did not prevent this killing. Representative
survival plots for three CLL cases are shown in Figure 5.8. These results
contrast with the findings of Dias et al (2002), who found that in primary
myeloid cells and cell lines the presence of VEGF in culture produced
cytoprotection from the effects of GA.

It was therefore concluded that, as in the case of fludarabine- and IR-
induced cell death, exogenous VEGF alone does not offer primary CLL cells
protection from death that has been induced by the inhibition of Hsp90 with

the specific inhibitor geldanamycin.

5.3.3 Endogenous VEGF and CLL-cell survival
In previous Chapters of this thesis, it was established that CLL cells
secrete VEGF and express VEGF receptors. Therefore, to explore the cell-

rescuing effect of autocrine VEGF, endogenous VEGF was either neutralised
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Figure 5.7

The effects of geldanamycin on CLL-cell survival

CLL cells suspended in RPMI containing 1% BSA were incubated in poly-
HEMA-coated 96-well plates (3.3x105 cells/well) at 37°C and 5% CO, for up
to 3 days in the presence of 0.02, 0.2 or 2 uM geldanamycin. Harvested cells
were stained with DIOC4/P! to determine cell viability. The Figure shows the

response to GA of cells from 3 CLL cases.
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Figure 5.8
The effect of VEGF on GA-induced CLL-cell death
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CLL cells (3.3x105 cells/well) in RPMI containing 1% BSA were cultured in
poly-HEMA-coated 96-well plates at 37°C and 5% CO,. Immediately prior
to incubation, VEGF (100 ng/ml) was added to the cells. After 90 minutes,
GA (0.2 uM) was added and the celis further incubated for up to 3 days.
Cell viability was determined by staining with DiIOC4/P! and analysis by flow

cytometry. The graphs show 3 representative results of a single experiment

involving 6 CLL cases.
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or VEGF receptors were inhibited prior to the measurement of cell survival in
the absence of exogenous VEGF.

In all experiments to determine the effects of autocrine VEGF on CLL
cell survival, the cells were cultured in RPMI containing 0.1% BSA. Since
CLL cells undergo gradual, spontaneous death at this BSA concentration
(Figure 5.1D), it was presumed that any effects on cell viability of blocking

VEGF or its receptors would be demonstrable under these conditions.

5.3.3.1 The effect of neutralising secreted VEGF on CLL-cell survival

To determine the effects of neutralising secreted VEGF on CLL-cell
survival, monoclonal anti-VEGF antibody or mouse IgGa, control (both
1pug/ml) was added to CLL cells (3.3x10° /well) cultured in 0.1% BSA in RPMI
for up to 6 days (final culture volume was 150pl). At appropriate intervals,
cells were harvested, stained with DIOCs/PI and analysed by flow cytometry
to determine cell viability. Figure 5.9 shows that the viability of cells incubated
for 4 days with VEGF-neutralising antibody was not significantly different to
that of control cells.

To confirm these results, high affinity, recombinant human soluble
chimaeric receptors to both VEGFR1 and VEGFR2 (sVEGFR1/Fc and
SsVEGFR2/Fc) were used to neutralise secreted VEGF. CLL cells were
cultured for up to 5 days in the presence of excess sSVEGFR1/Fc (300ng/mi)
or sVEGFR2/Fc¢ (200ng/ml) singly and in combination. The results of these
experiments showed that in each CLL case studied (n=3), neither
SVEGFR1/Fc nor sVEGFR2/Fc, when used alone or in combination, had any

effect on CLL-cell survival (Figure 5.10).
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Figure 5.9

Effect of secreted endogenous VEGF on CLL-cell survival.

CLL cells were cultured in RPMI medium containing 0.1% and the
viability of harvested cells measured as in Figure 5.1. Where no error
bars are shown, the histograms are the means of two independent
measurements; all the other data were obtained from three or more
repeated measurements. Cells from six patients were cultured for up to 6
days in the presence of monoclonal anti-VEGF-neutralising antibody (1
pg/ml) to neutralise secreted VEGF. Mouse IgG2bserved as a control.
Histograms show mean values + SD for cells harvested at day 4 in each
case. The differences between the viability of control versus anti-VEGF-
treated cells were not significant. Similar results were obtained after 6

days incubation.
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Figure 5.10

The effects on CLL-cell survival of neutralising secreted VEGF with
soluble VEGF receptors

CLL cells (3.3x10% /well) were cultured as in Figure 5.2 for up to 5 days.
Secreted VEGF was neutralised using excess sVEGFR1/Fc (300 ng/ml) or
SVEGFR2/Fc (200 ng/ml), or both in combination. The viability of harvested
cells was determined by flow cytometry as previously. The Figure shows the

survival of cells from 3 CLL cases studied in a single experiment.
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5.3.3.2 The effects of blocking endogenous VEGF binding to VEGF
receptors

In this series of experiments, goat polyclonal anti-VEGFR1 and anti-
VEGFR2 antibodies that block VEGF interaction with these receptors were
used. These antibodies or goat IgG control (all used at a concentration of
1ug/ml) were added to CLL cells cultured for up to 4 days in RPMI containing
0.1% BSA. Cell viability was determined by FACS analysis of DiOC6/PI-
stained cells that had been harvested from cultures at various time points.
Figure 5.11A shows representative results of experiments in which CLL cells
were incubated with VEGF receptor blocking. Neither anti-VEGFR1 nor anti-
VEGFR?2 affected the survival of the CLL-cells over this incubation period.
Figure 5.11B shows that when all CLL cases studied were considered (n=5),
the receptor-blocking antibodies did not affect CLL cell survival. Similarly, in a
separate experiment, combined usé of anti-VEGFR1 and anti-VEGFR2 also
had no effect on the survival of CLL cells cultured for up to 6 days (data not
shown).

Together, the results of the above experiments in which attempts were
made to neutralise either VEGF or its receptor(s) indicated that secreted
VEGF may not affect CLL cell survival. This observation is in agreement with
recent studies showing that neutralising secreted VEGF with antibodies had
little or no effect on the survival of myeloid cells (Santos and Dias, 2004) or
haemopoeitic stem cells (Gerber et al, 2002) although in both studies,
pharmacological inhibition of VEGF receptors decreased the viability of these

cells. This led to the proposal that the pro-survival effect of VEGF involves
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Figure 5.11
The effects on CLL-cell viability of VEGFR-blocking antibodies

CLL cells in RPMI supplemented with 0.1% BSA in poly-HEMA coated 96-
well plates were incubated for up to 4 days with goat polyclonal antibodies
to either VEGFR1 or VEGFR2. The antibodies were added to the cells prior
to incubation and the viability of harvested cells determined at given time
points as before. (A) shows the results obtained with cells from two
representative CLL cases, while (B) shows the mean viability of cells from

5 CLL cases + SEM.
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interaction of this growth factor with its receptor(s) within an intracellular
compartment which is inaccessible to macromolecular neutralising agents,

but accessible to low molecular weight receptor tyrosine-kinase inhibitors.

5.3.3.3 Effects of VEGFR tyrosine-kinase inhibitor SU5416 on CLL-cell
survival

In the previous section, it was shown that neutralising the effects of
secreted VEGF did not affect CLL-cell survival. However, following the
publications of Gerber et al (2002) and Santos and Dias (2004) it seemed
important to assess whether CLL cells also possess the internal autocrine
mechanism of VEGF signalling described by these authors in other cell-
types. It was therefore decided to examine whether a receptor tyrosine-
kinase inhibitor capable of blocking such internal signalling would affect CLL-
cell survival.

SU5416 is an intracellularly-acting small molecule that inhibits the
receptor tyrosine kinase (RTK) activity of VEGF receptors 1 and 2 (Itokawa et
al, 2002). In previous studies, SU5416 concentrations ffom 0.5-10 pM were
shown to effectively inhibit VEGF réceptor signalling in other cell types |
(ltokawa et al, 2002; Smolich et al, 2001). Therefore, CLL cells were cultured
in RPMI containing 0.1% BSA, for Up to 6 days in the presence of 10 uM
SU5416. DMSO alone at 0.2% (the concentration equivalent to that in
SUS5416 dilutions) was employed as the control. Figure 5.12 shows the
viability of CLL cells harvested after four days from control cultures and from
cultures treated with SU5416. In all cases, treatment with SU5416 reduced

cell viability. In four of the six cases, the experiments were répeated on three
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Figure 5.12

Effect of SU5416 on CLL-cell survival

CLL cells were cultured in RPMI medium containing 0.1% BSA in poly-
HEMA-coated wells (3.3x10% /well) and the viability of harvested cells was
determined by DiOCe/PI staining and flow cytometry as previously. Where
no error bars are shown, the histograms are the means of two independent
measurements; all the other data were obtained from three or more
repeated measurements. CLL cells from six patients were cultured with or
without the receptor-tyrosine kinase inhibitor SU5416 (10 uM) for up to 6
days. Histograms represent the mean values + SD for cells harvested at
day 4. The viabilities of the control and SUS416-treated cells were

significantly different (P<0.01). Similar results were obtained at day 6.
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or more separate occasions showing that this reduction was highly
reproducible and significant (p<0.001) when compared to control cells.
Thus, the reduction of cell viability in the presence of SU5416,
together with the absence of such a response to agents that block secreted
VEGF, indicates the presence in CLL cells of internal signalling by autocrine

VEGF that may be important for the survival of these cells.

5.3.3.4 The role of autocrine VEGF in the cytoprotection of CLL cells by
CD154

In Chapter 2, it was shown that CLL cells produce VEGF and that this
production is increased upon ligation of CD40 by CD154. Since CD154 is an
important regulator of CLL-cell survival, and since VEGF is known to promote
survival in other cell types, the possibility that autocrine VEGF might
participate in the cytoprotection of CLL cells stimulated with CD154 was next
examined.

The cytoprotective effect of CD154 on CLL cells is known to vary
between CLL cases; some cases exhibit enhanced survival while a
proportion shows no response (Schattner ER, 2000). Therefore, in initial
studies, CLL cases that demonstrated enhanced cell survival when cultured
in the presence of CD154 were identified. In accordance with previous
studies, it was found that only a proportion of the CLL cases (12/16) exhibited
a clear pro-survival response to CD40 ligation (data not shown). Therefore, in
subsequent experiments within this section, CLL cases were selected from

this sub-group of CD154-responders.
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The approach taken to determine whether VEGF was involved in the
pro-survival cell response to CD154 was the same as that taken when
investigating the effects of autocrine VEGF earlier in this thesis. Cells from 10
CD154-responding CLL cases were cultured for up to 6 days in RPMI
containing 0.1% BSA with or without CD154, and in the presence or absence
of either neutralising anti-VEGF antibody (1 pg/ml) or the VEGFR inhibitor
SU5416 (10 uM). Control antibody or DMSO were used as required. Figure
9.13 shows that CD154 alone enhanced CLL-cell survival in culture, while the
presence of anti-VEGF or SU5416 reduced the viability of CD154-treated
cells near to the levels observed in cultures of untreated cells. These results
strongly suggest that the anti-apoptotic effect of CD154 is at least in part |
mediated by VEGF.

In earlier experiments, the use of the RTK inhibitor SU5416
demonstrated the presence of weak autocrine, VEGFR-mediated, pro-
survival signalling in CLL cells. However, neither secreted VEGF nor
exogenous VEGF could protect CLL cells from either spontaneous or
induced cell death in culture. In contrast, the pro-survival effects of CD154
were shown to be inhibited by anti-VEGF antibody and therefore mediated by
secreted VEGF. Since the effects of secreted VEGF also depend on VEGF-
receptor activation, the overall effects of both internal and external VEGF are
inhibited by SU5416. Importantly, these experiments show that CD154
mediated-cytoprotection depends almost exclusively on secretion and action
of VEGF. Furthermore, in the absence of CD154, VEGF alone has only
minimal cytoprotective effects and acts through internal signalling. Therefore,

it seems that for full CLL-cell cytoprotection to occur, cooperation of signals
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Figure 5.13

Role of VEGF in the anti-apoptotic activity of CD1 54

CLL cells were incubated with either the anti- VEGF monoclonal antibody
(1pg/ml), IgGa2b as isotype control, SU5416 (10 pM) or 0.2% DMSO (diluent
for the SU5416) for 1 hour prior to the addition of CD154 (200 ng/ml). Cell
viability was measured at day 4 of culture using DiOCe/PI staining for FACS
analysis. Owing to the considerable variation in the viability of the control at
day 4, the data are shown as values relative to the control. The Figure shows
that the increase in cell viability induced by CD154 was greatly reduced by
anti-VEGF or SU5416 (P<0.05). The results represent the mean  SD of

eight experiments involving eight different CLL-cell clones.
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derived from CD40 and VEGF receptors is required. Previous studies have
shown that NF-kB signalling may be a key point of convergence of the
signals originating from these receptors (Furman et al, 2000; Karin and Lin,
2002; Kim et al, 2001). Therefore preliminary studies of the role of NF-kB in
CLL-cell cytoprotection by dual signalling of VEGFR and CD40 were carried

out.

5.3.3.5 NF-kB activation is involved in the production and action of
VEGF during CD154-dependent CLL-cell rescue

The anti-apoptotic activity of CD154 in CLL cells and other cell types is
known to be mediated by NF-kB. Therefore, the next series of experiments
aimed to determine whether NF-kB is involved in stimulating VEGF
production in response to CD154 ligation, and whether VEGF secreted in
response to NF-kB activation contributes to the pro-survival effect of CD154
via NF-kB activity.

The NF-kB/Rel family consists of five subunits, that is, p65/RelA, p50,
p52, c-Rel and RelB. The NF-kB components known to be activated in
CD154-stimulated cells are p65, p50 and c-Rel (Furman et al, 2000).
Therefore, in the present study, nuclear translocation of p65 was measured
to assess the activation by CD154 of NF-xB in CLL cells. To inhibit NF-kB,
SN50 peptide, a cell permeable inhibitor of nuclear translocation of NF-kB,
was employed. CLL cells were cultured in the presence or absence of CD154
(200 ng/ml), either with or without SN50 peptide, anti-VEGF neutralising
antibody (1 pg/ml), or SU5416 (10 uM) for 24 hours, all with appropriate

controls. In cultures in which NF-kB involvement in VEGF production was
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studied, cells were treated with SN50 peptide or SN50M inactive peptide
control. Figure 5.14 shows that in all three cases studied, SN50 peptide
reduced CD154-stimulated VEGF secretion indicating involvement of NF-kB
in the stimulation of VEGF production. In studies investigating the
contribution of VEGF to NF-kB activation, nuclear extracts were prepared
from harvested cells and the concentration of p65 in these extracts estimated
using an ELISA kit. Figure 5.15A shows the presence of constitutive
activation of NF-kB in each of the cases tested (n=3). Addition of CD154 to
the cultures significantly increased the level of activation (p<0.05), an
increase that was reduced by incubation with anti-VEGF (p<0.05) and
completely abolished with SU5416 (p<0.05), demonstrating a role for VEGF
in CD154-activation of NF-kB.

To confirm these results, the cells were also analysed for nuclear
translocation of NF-kB using confocal microscopy. Cytospins were prepared
from untreated CLL cells or cells treated with CD154 alone, with CD154 plus
SU54186, or with CD154 plus anti-VEGF antibody for 24 hours, and then
stained using anti-p65 antibody (Figure 5.15B). In untreated cells, p65
positivity was localised mainly outside the nucleus (1). In contrast, in cells
cultured with CD154, p65 was found mainly in the nucleus (Il). This nuclear
translocation was virtually eradicated by SU5416 (lll) or anti-VEGF (IV).
These results confirmed that VEGF signalling is involved in the nuclear

transport of NF-kB in CD154-stimulated CLL cells.
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Figure 5.14
NF-kB is involved in CD154-induced VEGF production.

CLL cells were pre-incubated for 1 hour with the NF-kB nuclear
translocation inhibitor SN50 (18 pM) or with its inactive analogue SN50M
(18 uM) and then stimulated with CD154 (200 ng/mL) plus enhancer (1
pg/ml) for 24 hours. The data are from 3 representative cases. SN50
significantly inhibited CD154-induced VEGF production (P<0.05), while
the control peptide SN50M had no effect. In cases 1 and 3 the histograms
represent the mean of duplicate determinations. For case 6, the histogram
répresents the mean ‘:L- SD of 3 separate experiments, each performed in

duplicate. Similar results were obtained with an additional 4 cases.
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Figure 5.15
Role of VEGF in CD154-induced NF-kB activation in CLL cells.

(A) CLL cells from three separate cases were Incubated with CD 154 (200
ng/ml) in the absence or presence of SU5416 (10 pM), anti-VEGF antibody (1
pg/ml) or IgG2b (1 pg/ml). After 24 hours, nuclear extracts were prepared and
examined for the activation of NF-kB using the TransAM NF-kB p65 assay kit.
(B) CLL cells were incubated for 24 hours in the absence (I) or presence (Il) of
CD154, or CD154 plus SU5416 (Ill) or CD154 plus the anti-VEGF antibody
(IV) and stained with anti-p65 antibody. Fluorescent staining was analysed by
confocal microscopy as described in Materials and methods. Note the
translocation of NF-kB to the nucleus in (Il) and the inhibition of this
translocation in (lll) and (1V). Green fluorescence in the first columns shows
endogenous p65. The second column is presented in false colour to show the
signal intensity in the nucleus compared with the cytoplasm. Results shown

are representative of three separate experiments.
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5.4 Discussion

VEGF is known to enhance the survival of other cell types (Kakkainen
and Petrova, 2000) and CLL is known to be a disease characterised by
prolonged survival of malignant cells. Therefore, in this Chapter, the aim was
to identify whether VEGF plays a part in this prolonged survival. To this end,
the importance of in vitro culture conditions, the effect of exogenous VEGF
and the effect of inhibition of endogenously secreted VEGF on CLL-cell
survival were explored. Finally, a possible role for VEGF in CD154-induced
cytoprotection and the identification of a signalling pathway involved in this
cytoprotection was demonstrated.

Although CLL cells secrete VEGF, exogenous VEGF was used in
some experiments, since it was not certain that the amount of VEGF
secreted would be sufficient to protect the cells from pro-apoptotic signals,
particularly during the early stages of culture. However, exogenous VEGF,
used over a wide range of concentrations, did not protect cultured CLL cells
from spontaneous cell death. This indicated that the pro-survival effects of
VEGF described for other cell types were not present in CLL cells, or were
too weak to rescue the cells from apoptosis under the culture conditions
used. In experiments in which VEGF was used to rescue CLL cells from
induced cell death, three different factors, whose pro-apoptotic effects were
known to be abrogated by angiogenic growth factors, were used. CLL cell
death induced by fludarabine, a nucleoside used in the treatment of CLL, is
known to be inhibited by bFGF (Menzel et al, 1996), while the effect of

exposure of endothelial cells to ionising radiation is amelioréted by VEGF
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(Katoh et al, 1995). In addition, myeloid leukaemia cells treated with
geldanamycin are rescued from apoptosis by VEGF (Dias et al, 2002). VEGF
treatment of CLL cells exposed to these factors did not prevent cell death,
indicating that pro-survival signals generated by VEGF in CLL cells were not
sufficient to overcome induction of cell death by these factors.

Having determined that exogenous VEGF did not affect the survival of
CLL cells, attention turned to possible autocrine effects of VEGF on CLL
cells. It has been known for some time that VEGF prevents the in vitro
apoptosis of endothelial cells induced by serum starvation (Gerber et al,
1998b) and induces the expression of several anti-apoptotic proteins in these
cells (Gerber et al, 1998a; Tran et al, 1999). It has recently been reported
that inhibition of VEGFR signalling in CLL cells by a green tea component
epigallocatechin (EGCG) shortens in vitro survival of these cells (Lee et al,
2004). Furthermore, a potential contribution of VEGF to the pro-survival
effect of CD154 on CLL cells is suggested by work in Chapter 2, which
shows that CD154 enhances the production of VEGF by CLL cells.

In the present Chapter, it was found that blocking either VEGF itself or
its receptors greatly reduces the survival-promoting effect of CD154 on CLL
cells. However, in the absence of CD154, blocking the effects of autocrine
VEGF with an anti-VEGF antibody; anti-VEGFR antibodies or soluble VEGF
receptors had no significant impact on cell survival. In contrast, the VEGF
receptor inhibitor (SU5416) did shorten CLL-cell survival, suggesting the
presence of an internal autocrine loop that is not inhibited by externally acting
blocking agents. Such internal signalling has recently been described in

malignant myeloid cells and haematopoietic progenitor cells (Santos and
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Dias, 2004; Gerber et al, 2002). Since neither CD154 without VEGF nor
VEGEF alone effectively rescue CLL cells from apoptosis, it is proposed that
full cytoprotection requires cooperation of signals provided by these factors.
However, since blocking VEGF and inhibiting VEGF receptors did not
completely reverse the cytoprotection provided by CD154, it is possible that
some other factors induced by this agent, such as bFGF (Reinders et al,
2003) might also contribute to this cytoprotection.

Since previous reports suggested that the increase in CLL-cell survival
induced by CD154 largely depends on activation of NF-kB, (Furman et al,
2000; Karin and Lin, 2002) the contribution of VEGF to this activation was
next examined. It was first shown' that CD40 engagement by CD154
upregulates production of VEGF, and that this production is at least partially
dependent upon NF-kB activation. Previous studies have also implicated NF-
kB in the upregulation of VEGF production in various other cell types such as
human microvascular endothelial cells (Yoshida et al, 1997), prostate cancer
cells (Huang et al, 2001) and breast cancer cell lines (Shibata et al, 2002). In
addition, it has been reported that NF-xB decoy oligonucleotides block the
induction of VEGF in UV-irradiated skin cells (Abeyama et al, 2000), and that
in human macrophages CD154 stimulation results in strong NF-kB-
dependent VEGF induction (Kiriakidis et al, 2003).

After showing that VEGF production involves NF-kB, it was important
to determine whether the effects of this growth factor also involve activation
of the NF-kB pathway. The effect of VEGF on the NF-kB pathway is largely
dependent on cellular context. VEGF induces NF-kB activity in bovine retinal

endothelial cells (Marumo et al, 1999) and human vascular endothelial cells

142



(Kim et al, 2001), but inhibits NF-kB activation in haematopoietic progenitor
cells (Oyami et al, 1998; Dikov et al, 2001). Culturing CLL cells in the
presence of CD154 resulted in a sustained increase in the activation of NF-
kB, which was abolished by either anti-VEGF antibody or SU5416. These
results were confirmed by confocal microscopy showing nuclear translocation
of NF-kB in response to CD154 and prevention of this translocation by
inhibition of VEGF or its receptors. Taken together, these results indicate
that, in CLL cells, NF-kB activation by CD154 is largely mediated by
autocrine VEGF. However, since activation of the NF-kB pathway by VEGF
alone was not sufficient to enhance CLL cell survival, the results presented
here indicate that other signalling' pathway(s) must also be involved in
cytoprotection by CD154. This conclusion is in accord with gene-expression
analyses showing the cooperation of multiple signalling pathways in CD40-

regulated gene expression in B-lymphocytes (Dadgostar et al, 2002)
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Chapter 6

General Discussion

The importance of angiogenesis to tumour expansion was first
described by Folkman (1971). Since then, the large number of studies
concerning angiogenesis in malignancy has largely concentrated on solid
tumours. The identification of angiogenic factors, ﬁrstly bFGF (Shing et al,
1984) then, more importantly for this thesis, VEGF/VPF (Ferrara and Henzel,
1989; Senger et al, 1983), demonstrated these growth factors affect multiple
cellular functions. Later research concentrated on clarifying the mechanisms
by which these cellular affects are produced.

VEGF is the predominant angiogenic factor, and since angiogenesis is
important for tumour growth, interest began to be directed towards identifying
a possible role for VEGF in the pathogenesis of different malignancies. Early
focus on solid tumours was later joined by interest in the role of VEGF in
haematological malighancies. Thesé studies found evidence of increased
angiogenesis in the bone marrow of patients with multiple myeloma (Vacca et
al, 1994) and childhood ALL (Perez-Atayde et al, 1997), as well as in the
lymph nodes of patients with non-Hodgkins lymphoma (Ribatti et al, 1996).

| Regarding CLL,\initial studies attempted to utilise levels of‘serum
VEGF and bone marrow angiogenesis as indicators of disease progression
and prognosis. Elevated serum»|evels of VEGF had been reported in this
disease (Molica et al, 1998; Aguayo et al, 2000a), though one of these
authors later suggested that the levels were not different from normal (Molica

et al, 1999). Likewise, in studies involving analysis of bone marrow,
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angiogenesis was reported to be elevated (Kini et al, 2000) or normal
(Aguayo et al, 2000b).

It was against this background that work on this thesis began. The
work proposed differed from that published, in that it aimed to determine not
just the expression, but also the function of VEGF and VEGF receptors in
malignant CLL cells.

Although during the early stages of this project others reported that
CLL cells contain VEGF (Aguayo et al, 2000a), secretion of this growth factor
had not been shown. Using both in vivo and in vitro assays, the current work
demonstrated secretion of angiogenically active VEGF by CLL cells,
increased secretion under hypoxib conditions and confirmed elevated
angiogenesis in CLL-patient tissues. This was the first direct evidence
implicating CLL-cell derived VEGF in the pathogenesis of CLL (Chen et al,
2000).

These studies also revealed a large variation in the levels of VEGF
secreted by malignant cells from different CLL cases. This was not surprising
because all ongoing studies in this Department, and published work in
general, show a pronounced heterogeneity in the response of different CLL
clones to different stimuli. While it was never the aim of this thesis to assign
prognostic importance to VEGF production, attempts were made, in a
relatively small number of CLL cases, to correlate VEGF secretion with
somatic hypermutation of V4 genes, CD38 expression, patient
lymphadenopathy and Type-A p53 dysfunction. In this analysis, no
correlation was found; typically both high and low producers of VEGF were

present in each group (data not shown). Consequently, it was decided not to
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pursue associations between levels of VEGF production and clinical or
laboratory findings for CLL patients, while at the same time acknowledging
that this might have been of some interest to a broader readership.

In Chapter 2 of this thesis, attempts to demonstrate a relationship
between Type-A p53 dysfunction, HIF-1a expression and VEGF expression
are presented. Such a relationship could not be demonstrated despite p53
mutation being known to cause increased expression of HIF-1a and,
consequently, increased expression of VEGF in solid tumours (Zhong et al,
1999; Ravi et al, 2000). Type-A p53 dysfunction in CLL is known to be
caused by p53 mutation, but the precise mutation(s) in each case is
unknown. It is possible that the p53 mutation of the Type-A patients used in
this study might not affect HIF-1a expression to the same extent as other p53
mutations. The identification of CLL patients with this p53 dysfunction is an
ongoing process within this Department, providing a convenient, expanding
pool of CLL patients to select from. However, the identification of a group of
CLL patients with p53 mutation that would affect HIF-1a regulation and
VEGF expression was beyond the scope of this thesis.

In the first publication based on work presented in this thesis (Chen et
al, 2000), it was stated in the discussion that VEGF receptors are expressed
by CLL cells, although no data were provided, and that autocrine VEGF
responses may be important for CLL-cell functions. Concentrating on the
effect of VEGF on CLL-cell survival seemed appropriate since the role of
VEGEF in endothelial-cell survival was well described (Karkkainen and
Petrova, 2000), and malignant CLL cells are characterised by their prolonged

survival in vivo. Work in this Department (Pettitt et al, 2001; Moran et al,
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2002) had established a model culture system for CLL cells on which the
survival studies could be based. These studies had shown that CLL-cell
survival in vitro is sensitive to changes in cell density and the presence of
BSA in culture medium. By manipulating these variables, it was
demonstrated that CLL cells could be made either more or less susceptible to
apoptosis. By adapting this model system, it was possible to study the effects
of VEGF on both spontaneous and drug-induced CLL cell death.

The earliest experiments provided no evidence for VEGF-enhanced
survival of CLL cells in vitro, by either endogenous or exogenously added
VEGF. Since VEGF had been shown to rescue other cell-types from induced
apoptosis (Katoh et al, 1995; Kafoh et al, 1998) and since this work could not
be replicated here, it became necessary to confirm that the VEGF receptors
identified on CLL cells were functional. Potentially, there are many markers
for VEGF receptor activation. The most obvious option is to look for
phosphorylation of VEGF receptors, and recent work using myeloid
leukaemia cells (Santos and Dias, 2004) and CLL cells (Lee et al, 2004) has
demonstrated that autocrine VEGF does induce such phosphorylation.
However, Hsp90 was selected since changes in its expression would reflect
not just receptor activation, but also activation of the downstream signalling
pathways of VEGFR1 and/or VEGFR2. Hsp90 therefore appeared to be a
good marker for activation of both VEGF receptors. The dose-dependent
increases in Hsp90 expression following ligation of VEGFR1 and VEGFR2
provided evidence to suggest that both receptors were functional, and that
the absence of a pro-survival response of CLL cells to VEGF was not due to

ineffective or redundant VEGF receptors. Interestingly, the increased
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expression of Hsp90 detected following cell stimulation with PLGF indicated
a role for VEGFR1 in CLL-cell function and that this receptor was not simply
a decoy as had previously been suggested (Park et al, 1994).

When identifying factors that affect VEGF expression in CLL cells, it
was found that stimulation with CD154, the ligand for CD40, caused
increased secretion of VEGF. This had previously been shown in other cell
types and played a crucial role in a mitogeni¢ response of endothelial cells to
CDA40 ligation (Melter et al, 2000). Other work has shown that CD154 inhibits
spontaneous and induced death of CLL cells (Cho et al, 2000; Tai et al,
2002). In the present study, after confirming the cytoprotective effect of
CD154 in cells from a proportion of CLL cases, it was important to determine
whether this cytoprotection was due to autocrine VEGF. In the absence of
CD154, external VEGF receptor blockade and VEGF-neutralisation did not
affect cell survival. However, by use of an internally acting VEGF receptor
inhibitor, SU5416, it was possible to demonstrate that VEGF acts through an
internal autocrine loop to provide a pro-survival effect on CLL cells. This was
similar to the autocrine effect of VEGF previously described in myeloid
leukaemic cells (Santos and Dias, 2004). In contrast, it was also shown that
CD154-induced CLL-cell survival was reduced by both externally acting anti-
VEGF neutralising antibody and by inhibiting VEGF-receptor signalling with
SUS5416. It was therefore concluded that secreted VEGF does play a role in
CLL-cell survival. However, since neither exogenous VEGF nor CD154 alone
prolonged CLL-cell survival, cytoprotection provided by CD154 clearly

requires combined signalling by both CD40 and VEGF receptors.
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Current work in this Department is aimed at establishing which
signalling pathways are involved in this cooperative cell rescue by CD154
and VEGF, and in the precise ’role of these signals in transcription of pro-
apoptotic and anti-apoptotic genes that regulate CLL-cell survival.
Furthermore, due to the interest generafed by the work presented in this
thesis, attempts are currently underway to establish a Phase Il clinical trial for
the treatment of CLL patients using Avastin, a humanized anti-VEGF

antibody.
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NEOPLASIA

In vitro and in vivo production of vascular endothelial growth factor by chronic

lymphocytic leukemia cells

Haijuan Chen, Andy T. Treweeke, Dave C. West, Kathleen J. Till, John C. Cawley, Mirko Zuzel, and Cheng H. Toh

Expansion of primary solid tumors and their
malignant dissemination are anglogenesis-
dependent. Vascular endothelial growth fac-
tor (VEGF) is the key factor playing a pivotal
role in solid tumor-induced angiogenesis.
Recent studies indicate that angiogenesis
may also be involved in the pathogenesis of
certain hemic malignancies, Iincluding B-
cell chronic lymphocytic leukemia (B-CLL).
Mechanisms underlying angiogenesis in B-
CLL and the role of VEGF In this process are
incompletely understood. In this study, it
was examined whether angiogenically func-
tional VEGF is produced by B-CLL cells.
Immunohistochemical staining with antibod-

les against VEGF and CD34, an endothelial
cell marker, demonstrated the presence of
VEGF protein and abundant blood vesseils
in infiltrated lymphoreticular tissues. Low
levels of VEGF were detected by ELISA in
the culture media of unstimulated celis; this
was snhanced up to 7-fold by hypoxic stimu-
lation. SDS-PAGE and Western blot analysis
of the concentrated culture media showed 2
isoforms of VEGF protein with molecular
weights of 28 and 42 kd, respectively. RNA
hybridization showed that these cells ex-
pressed VEGF mRNA. Reverse transcrip-
tion—polymerase chain reaction, combined
with nucleotide sequence analysis, revealed

that the predominantly expressed isoforms
were VEGF121 and VEGF165. Moreover, 34-
thymidine Incorporation and an in vivo an-
glogenic assay demonstrated that the VEGF
produced by CLL cells can induce angiogen-
esis by stimulating endothelial cell prolifera-
tion. In conclusion, this study shows that
B-CLL cells produce VEGF and demon-
strates the angiogenic effects of this growth
factor, which may be relevant for the tissue
phass of the disease. (Blood. 2000;96:
3181-3187)

© 2000 by The American Society of Hematology

Introduction

Angiogenesis is the process in which new microvessels form from
preexisting ones.! It has been well established that the expansion
and dissemination of primary solid tumors are angiogenesis-
dependent?3 and that vascular endothelial growth factor (VEGF) is
one of the most potent factors involved in this process.* Various
solid tumors, including breast, lung, colon, and prostate carcino-
mas, secrete VEGF>® and capillaries are found clustered along
VEGF-producing tumor cells.? Tumor angiogenesis and subse-
quent tumor growth are inhibited in vivo by antibodies directed
against VEGF," by soluble VEGF receptors,!! and by expression of
dominant-negative VEGF receptors.!2 These properties have made
the study of VEGF function important for the understanding of the
angiogenesis associated with solid tumors,

Recent studies have suggested that angiogenesis may also be
involved in the pathogenesis of certain hemic malignancies. A study'? of
88 patients with B-cell non-Hodgkin lymphoma showed an increase in
microvessel density in lymph nodes that correlated with the severity of
the disease. Another' of childhood acute lymphocytic leukemia re-
vealed an increased microvessel density in the patient’s bone marrow
compared with normal tissue. Increases in bone marrow microvessel
density were also observed in a series of patients diagnosed with
multiple myeloma and hairy-cell leukemia.!$6

B-cell chronic lymphocytic leukemia (B-CLL), the most common

adult leukemia in Westen Europe and North America, is characterized
by a persistent lymphocytosis in the peripheral blood and by progressive
infiltration of lymphoreticular tissue by malignant cells.!” In fact,

increased vessel density has been observed in bone marrow from
patients with B-CLL.'8 The current study explores whether angiogenesis
takes place in the expanding secondary lymphoid tissues of the disease
and the role of VEGF in this process.

Although VEGF protein has been detected in serum from
patients with B-CLL,'" whether the CLL cells themselves make
VEGF protein remains controversial. By using Northern blot
analysis and quantitative reverse transcription—polymerase chain
reaction (RT-PCR) techniques, one group® detected VEGF mRNA
in the peripheral lymphocytes of 6 patients with B-CLL. However,
another group?! could not detect any VEGF mRNA in B-CLL cells
using an in situ hybridization technique.

In the current study, we show that B-CLL cells express VEGF
mRNA and produce VEGF protein. Our functiona! studies reveal
that the VEGF produced by B-CLL cells stimulates endothelial cell
proliferation and in vivo angiogenesis. Furthermore, VEGF secre-
tion by B-CLL cells was enhanced by hypoxic stimulation,
a fundamental stimulus for ncovascularization in tumor icro-
environments. 2

Patlents, materials, and methods
Patients

All patients had typical CLL as defined morphologically (prolymphocytes
less than 10%) and immunophenotypically (CD19*, CDS*, CD23*, and
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weak light-chain-restricted surface immunoglobulin). Clinical details are
shown in Table 1. The table shows that the patients constituted a mixed
group with regard to stage and treatment. Approximately half had early-
stage disease (Rai, 0 and 1; Binet, A), and only 2 patients (CLL17, CLL18)
displayed a clearly progressive course. Three of the patients (CLL11,
CLL1S, CLL16) had newly diagnosed disease and therefore the progressive-
ness of their cases is as yet unknown. All materials were obtained with
informed consent.

Cell preparation and culture

B-CLL cells and hypoxia treatment, Peripheral blood (PB) from 18
patients with high count (white blocd cell count greater than 100 X 10°/L)
was drawn into heparin-containing tubes (20 U/mL). PB lymphocytes were
isolated by Ficoll-Hypaque (Lymphoprep, Oslo, Norway) density-gradient
centrifugation and cryopreserved.

T cells and monocytes were always less than 5%, and, of the remaining
cells, more than 95% were CD5* CLL cells. To ensure that cryopreserva-
tion did not affect VEGF production, in 3 patients both fresh and
cryopreseved cells were studied. In all cases, unstimulated and stimulated
VEGF production by fresh and cryopreserved cells was fully comparable.
To recover cells from liquid nitrogen, they were rapidly thawed in a 37°C
water bath and slowly resuspended in 10 mL. QBSF-51 serum-free medium
(Sigma-Aldrich, Dorset, UK). After centrifugation (1600 rpm for §
minutes), the cell pellets were resuspended in the same medium before use.

For hypoxic stimulation, B-CLL cells were cultured for 24 hours in a
specially designed air-tight chamber (Billups-Rothenberg, Del Mar, CA)
that was prewarmed at 37°C ovemight. The chamber, constructed with
inflow and outflow valves. was infused with a preanalyzed air mixture
containing 5% C0/95% N, (BOC, Surrey, UK) to achieve the desired
oxygen level.Z To determine their viability, the cells were incubated with §
pg/mL propidium iodide for 20 minutes at 4°C and then analyzed by flow
cytometry. Propidium iodide stains dead cells but not live cells.

Human umbilical vein endothelial cells. Umbilical cords were gener-
ously provided through the maternity unit of Liverpool Women's Hospital
(Liverpool, UK). Human umbilical vein endothelial cells (HUVECs) were

Table 1. Patient characteristics

Stage at
diagnosis Stage at study
Patient Binet Ral Binet Rai Prior treatment
cLL A ' A () CLB + pred
cL2 Cc v [o] v CLB + pred; flu
CLL3 A [} A 0 cL8
CLL4 A | A | CLB + pred
CLLS A [ A | CLB + pred
CLL8 C v o] v CLB; CHOP; etoposide
cuz c v c IV CLB;cyclo + pred
cus A | A | None
CLL9 A [} A 0 CLB; fiu
CLL10 c ] o] L] None
CLL$1Y A 0 A 0 None
CLL12 8 n - ] None
CLL13 A 0 A 0 None
CLL14 A | A | None
CLL15 [+ n [+ [} None
CLL16 A 0 A 0 None
*CLL17 B " C v CLB; CHOP; fiu
*CLL18 A [} 8 n CLB +
1CLL19 A | A | None
$CLL20 B [[] -] [} pred; CLB + pred; cycio +
vincristine + pred
$CLL21 A 1 A | CLB + pred

CLB indicates chlorambucil; CHOP, cyclophosphamide + doxorubicin + vincris-
tine + prednioione; pred, prednisolone; flu, fludarabine; Cycio, cyclophosphamide.

*Both PB cells and node were studied.

1Only node examined.

$Only spieen examined.
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detached with trypsin using a published protocol.# Cells were cultured in
199 medium (Gibco Life Technologies, Paisley, UK) supplemented with
20% fetal calf serum, 1 pg/mL epidermal growth factor, 5 U/mL heparin,
100 U/mL penicillin, and 100 pg/mL streptomycin. HUVECs were used at
passage 3.

Preparation of conditioned medium. Unless stated otherwise, the
conditioned medium (CM) was the culture supernatant harvested from
B-CLL celis. The cells were cultured in QBSF-5! at a density of
2 X 10%well in 24-well plates for 24 hours under either normoxic or
hypoxic conditions. CM was centrifuged at 1600 rpm for 10 minutes and
stored at —20°C until assayed. To test whether CLL-cell-derived CM
contained angiogenic factor(s), the CM harvested from the cells stimulated
with phorbol 12-myristate 13-acetate (PMA, 100 ng/mL) was concentrated
by ammonium sulfate precipitation and a Centricon (Millipore, Hertford-
shire, UK) spin column before assay. As a control, QBSF-51 medium not
exposed to cells (referred as the control medium) was concentrated in a
similar fashion,

Tissues

CLL nodes (n = 3) were diagnostic samples taken from the neck; 2 of the 3
nodes were from patients (CLL17, CLL18) whose PB CLL cells were also
studied for VEGF production. Clinical details of all the patients from whom
this material was obtained are given in Table 1. Splenectomy material
(CLL20, CLL21) had been removed for treatment of autoimmune hemo-
lytic ancmia secondary to CLL. Normal nodes (n = 3) were obtained from
axillary clearances for breast cancer and were macroscopically and
microscopically normal. “Normal” spleen was tissue removed for the
treatment of idiopathic thrombocytopenic purpura (n = 2) or because of
surgical trauma during laparotomy (n = 1). All tissues were formalin-fixed
and paraffin-embedded.

Immunostaining

CD34 and VEGF | histochemistry. Immunohistochemistry was
performed on formalin-fixed, paraffin-embedded tissues. Briefly, sections
were deparaffinized, rehydrated, and boiled in 10 mmol/L sodium citrate
(pH 6.0) for 10 minutes, Nonspecific antibody-binding sites were blocked
by incubating the sections in 10% bovine serum albumin in TBS (20
mmol/L TriHCI [pH 7.6], 137 mmol/L. NaCl) for 10 minutes at room
temperature (RT). For the detection of VEGF, sections were incubated
overnight at 4°C with either rabbit anti-hVEGF antibody (1:200 dilution in
TBS) or with nonspecific rabbit IgG (Santa Cruz Biotechnology, Santa
Cruz, CA). For blood vessel staining, sections were incubated overnight at
25°C with mouse anti-hCD34 mAb (Serotec, Oxford, UK; 1:10 dilution in
TBS) or with nonspecific mouse 1gG (Becton Dickinson, UK). The slides
were then incubated with goat antirabbit 1gG (for VEGF Ab) or rabbit
antimouse IgG (for CD34 mAb) conjugated to biotin, followed by
incubation with ExtrAvidin alkaline phosphatase (both 30 minutes at RT).
Color was developed by incubating slides with Fast Red TR/Naphthol
AS-MX phosphate (Sigma) at RT for 20 minutes. Slides were counter-
stained with hematoxylin.

The finding of 3 or more contiguous CD34* cells was considered as a
microvessel.? Such microvessels were counted in 40 high-power (40X)
fields. The fields were chosen at random in CLL nodes. In normal nodes, 20
follicular and 20 interfollicular fields in different areas of cortex were
scored. Vessel scores were expressed as the mean * SD per field.

Immunocytochemical staining for VEGF. B-CLL cells (8 X 10%
cultured for 24 hours with and without PMA (100 ng/mL) were cytocentri-
fuged at 300 rpm for 3 minutes using a Cytospin 2 (Shandon, Pittsburgh,
PA) and fixed at 4°C with ice-cold acetone for 3 minutes. Fixed slides were
washed with phosphate-buffered saline (PBS) and incubated with 3% H,0,
in PBS for one hour at RT. Cells were then incubated with polyclonal rabbit
anti-hVEGF antibody (10 pg/ml diluted with 1% BSA/PBS) or with
nonspecific rabbit 1gG (Santa Cruz Biotechnology) for one hour at RT,
followed by incubation with goat antirabbit IgG conjugated to biotin and
with ExtrAvidin-horseradish peroxidase (both for 30 minutes at RT). Color
was developed by incubating the slides with 3-amino-9-ethylcarbazol at RT
for 3 minutes. Slides were counterstained with hematoxylin.
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Enzyme-linked immunosorbent assay. The CM (200 pL) harvested
from CLL cells cultured under hypoxic or normoxic conditions was tested
for the presence of soluble VEGF protein by a commercial human VEGF
immunoassay kit (Quantikine) according to the manufacturer's protocol (R
& D Systems, Abingdon, UK). With this method, we found that the
minimum detectable dose of VEGF contained in CM was typically less than
5.0 pg/mL.

Western blot analysis. The concentrated CM collected from PMA-
stimulated cells was fractionated by electrophoresis on 10% SDS polyacryl-
amide gels under nonreducing conditions and electrotransferred to nitrocel-
lulose membranes. After blocking with 5% nonfat powdered milk in TBS
containing 0.1% Tween-20 (TBS-T), the membranes were incubated for
one hour at RT with anti-hVEGF mAb (2 pg/mL; R & D Systems). After
washing with TBS-T, the membranes were incubated for one hour at RT
with horseradish peroxidase-conjugated goat antimouse 1gG (Affiniti,
Exeter). After an extensive rinsing with TBS-T, immunoreactive protein
bands were visualized with a chemiluminescence-based procedure using
the ECL detection kit according to the instructions of the manufacturer
(Amersham, LittleChalfont, UK).

RNA isolation and reverse transcription-polymerase chain reaction.
Total RNA was extracted from CLL cells using an RNeasy kit (Qiagen,
Hilden, Germany). Single-strand DNA was synthesized from 1 pg total
RNA using the First-Strand cDNA Synthesis Kit for RT-PCR (Boehringer
Mannheim, Mannheim, Germany). Amplification of the cDNA by PCR was
performed using the following primers: oligo 1, 5-TCGGGCCTC-
CGAAACCATGC-3'; and oligo 2, 5’-CCTGGTGAGAGATCTGGTTC-3'
(30 cycles, annealing at 56°C). To normalize the product, the actin gene was
also amplified using actin primers: oligo 3, S-CGCTGCGCTGGTCGTC-
GACA-3'; and oligo 4, 5-GTCACGCACGATTTCCCGCT-3' (30 cycles,
annealing at 60°C). The amplified PCR products were subjected to
electrophoresis and visualized by ethidium bromide staining. To confirm
that the sequences of the products amplified by the PCR reaction
represented different VEGF isoforms, the PCR products were cloned into
pBlueScript plasmid (Stratagene. Cambridge, UK), and their sequences
were determined by nucleotide sequence analysis using a DNA Sequencing
kit (Amersham).

Slot-blot hybridization. Total RNA (2 pg) extracted from unstimulated
cells was loaded directly onto a nylon membrane using a slot-blot apparatus
(Bio-Rad, Hercules, CA). Membranes were UV cross-linked and subse-
quently hybridized with a VF.GF cDNA probe labeled with a-,:P|-
deoxycytidine triphosphate using a random-primed DNA labeling kit
(Boehringer Mannheim). For control of the RNA loading of each lane, blots
were rehybridized with a radiolabeled glyceraldehyde 3-phosphatc dehydro-
genase cDNA probe (Clontech Laboratory, Hampshire, UK). Autoradiogra-
phy was performed at -70°C using Kodak XAR-5 film (Sigma). The
intensity of each band appearing on the film was scanned and analyzed with
Phoretix ID-advanced version 3.1 software.

Proliferation assay. HUVECS were plated at a density of 2 X 10Vwell
in 24-well gelatin-coated plates and grown to approximately 90% conflu-
ence in the growth medium. The following day, the medium was removed
from the wells, and the cells were washed twice with PBS and incubated for
another 24 hours in 199 medium containing 5% fetal calf scrum without
heparin or EGF. Then the medium was replaced with the fresh medium
containing 10% (vol/vol) concentrated CM derived from CLL cells or

o

MVX .
Figure 1. Vessel dersity analysis using CD84 mAb
stalning. (Ai) Representative CD34 staining of CLL node.
(Aii) CD34 staining of normal node where interfollicular (IF) \ "
areas are vascularized, and follicular (F) areas display VR

very little vascularization. Original magnification, x 10. (B) %‘t’ A
Quantitative analysis shows the higher vessel density in **» VHtjV r C
CLL nodes (n = 3) compared with follicular B-cell areas of

normal nodes (n = 3).
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rhVEGF 165 protein (R & D Systems). In addition, the CM was
preincubated for 1 hour at 22°C with a neutralizing anti-hVEGF MoAb (1
pg/mL, R & D Systems) before addition to the cultures. After 48 hours, the
cells were incubated for 3 hours with 3H-thymidine (0.5 pCi/well), the
medium was aspirated, and the cells were washed twice with ice-cold PBS.
Ice-cold 5% TCA was added to each well (0.5 mLAwvell). and the plates were
placed at 4°C. After overnight incubation, TCA was aspirated, and cell
monolayers were washed once with TCA and twice with 95% ethanol. To
each dried well, 0.2 mol/L NaOH (0.5 mLAwvell) was then added to dissolve
TCA-insoluble materials (37°C, 2 hours with gentle shaking). The samples
(0.3 mL) were counted to determine the amount of 3H-thymidine taken
up by the cells using a Tri-CARB Liquid Scintillation Analyzer
(Packard, England).

Chick chorioallantoic membrane assay. The chick chorioallantoic
membrane (CAM) assay26 was used to determine whether the CLL
cell-derived CM had angiogenic activity. To expose CAM, a window was
created in the shells of 10-day-old fertilized chicken eggs. Filter paper disks
soaked in test CM were placed on exposed CAMs. Disks soaked in rhVEGF
121 (10 ng in 10 pL; R & D Systems) or in control medium were used as
positive and negative controls, respectively. The embryos were incubated at
37°C in a humidified egg incubator. CAMs were analyzed after 72 hours
using a stereomicroscope. The density of branching blood vessels infiltrat-
ing under the disks was scored as follows: 0, negative; 0.5, change in vessel
architecture but not directed to the point of sample application; 1, partial
spoke-wheel (one third of the circumference exhibiLs directional angiogen-
esis); 2, spoke-wheel; 3, strong and full spoke-wheel. For photography, the
membranes were fixed in situ with ice-cold 4% paraformaldehyde-PBS that
was injected both from above and below the membrane. Membranes were
excised, placed on a fresh microscope slide, and photographed under a Leitz
binocular dissecting microscope and indirect fiberoptic illumination. Statis-
tical analysis was performed using the Mann-Whitney V test.

Results

High blood vessel density is observed in lymph nodes infiltrated by
B-CLL cells. Blood vessel density in lymph nodes from patients
with B-CLL (n = 3) and hcallhy control donors (n = 3) was
examined by using CD34 as an endothelial cell marker. In CLL, the
normal architecture o f the enlarged nodes is completely effaced by
infiltrating CLL cells. Figure 1, panel Ai shows representative
CD34 staining of a CLL node, indicating that vascular development
accompanies the malignant cell infiltration and node enlargement.
In contrast, in normal node (Figure lAii), only the interfollicular
areas arc vascularized, whereas follicular B-cell areas display little
vascularization. This is quantitatively illustrated in Figure 1, panel
B. These results indicate that, as proposed before for CLL bone
marrow,18 angiogenesis may be required to supply oxygen and
nutrients to the enlarged nodes often seen in CLL patients with
tissue disease.

Both circulating and tissue-phase CLL cells produce VEGF
protein. In view of the importance of tumor cell-derived VEGF in
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solid tumor angiogenesis,Z7 we next investigated the possible
production of VEGF protein by B-CLL cells. After 24-hour
incubation at 37°C, the CM was collected and examined for VEGF
protein using an enzyme-linked immunosorbent assay (ELISA).
Secreted VEGF was detected in all cases as demonstrated in Figure
2, panel A. This result shows that all tested B-CLL cells are capable
of constitutively synthesizing and secreting variable amounts of
VEGF (5-116 pg/8 X 106 cells/mL). Because of the relatively
small number of patients studied and because of their heterogeneity
with regard to disease stage and duration, no attempt was made to
correlate levels of VEGF production with clinical parameters.

Because PMA is known to stimulate VEGF production in other
cell types,28 we examined whether basal VEGF secretion by CLL
cells could be increased by phorbol ester stimulation. PMA
increased secreted VEGF levels from 49 + 59 pg/inL to 266 +110
pg/mL (n = 7). Therefore, PMA stimulation was used to obtain
enough CLL-cell-derived VEGF to be readily detectable by
Western blot analysis (after 10-fold concentration). As shown in
Figure 2, panel B, Western blotting using an anti-hVEGF mAh
revealed 2 bands with molecular weights of 28 and 42 kd. These are
the only known secreted isoforms of the cytokine encoded by the
VEGF121 and 165 mRNA species demonstrated below (by RT-
PCR) in unstimulated CLL cells.

We then tested whether CLL cells that have infiltrated lymphorc-
ticular tissues produce VEGF protein. Immunohistochemical stain-
ing (Figure 3) showed that CLL cells infiltrating lymph node (A)
and spleen (C) are positive for VEGF protein. CLL cells were
uniformly positive, and the intensity of staining was weaker than
that of any neutrophils present but stronger than that of the
unstimulatcd PB CLL cells as described below. Figure 3 also shows
positive staining of B-cell areas of normal node (B) and spleen (D).

VEGF production in CLL samples is not due to contamination
by non-CLL cells. It has been shown that many hemic-cell types
(eg, T lymphocytes.2 monocytes,-0 and platelets3l) contain VEGF
protein. Therefore, it was important to verify that the observed
production of VEGF protein in CLL samples was not due to
contamination with other cell types. To address this, we used
immunocytochemical staining to examine the VEGF protein posi-

Bl't'

Figure 2. Detection of VEGF protein. (A) ELISA measurement ot secreted VEGF
Levels of VEGF in the CM collected from unstimulated CLL cells were measured
using a commercial ELISA kit. The amount of VEGF protein in the samples was
calculated using a reference curve established from serial dilutions of rtivVEGF
protein. Individual histograms represent the means of duplicates. Error bars are
standard deviations calculated from 6 measurements in 3 separate expenments
using the cells of 3 different patients. (B) Western blot analysis of secreted VEGF. CM
was collected from cultures of the PMA-stimulated cells and subsequently concen-
trated by 10-fold. Each sample (100 nL) was loaded onto a 10% polyacrylamide gel
and electrophoresed under nonreducing conditions Separated proteins were trans-
ferred to a nitrocellulose membrane, and VEGF protein was detected with anti-
hVEGF mAb and visualized by enhanced chemiluminescence.
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Figure 3. Immunohistochemical staining of VEGF protein. The presence of
VEGF protein InCLL nodes (n = 3; CLL17 shown) and spleen (n = 2; CLL20 shown),
together with corresponding nonrial tissues (n = 3). was examined using anti-VEGF
antibody staining. Infiltrating cells in CLL lymph node (A) are all positive. Many cells in
normal node (B) are also positive, particularly thoso in the germinal center (GC) of the
follicles. (Original magnification, x 40) CLL cells expanding the white pulp (WP) of
the spleen (C) are also uniformly positive. In contrast, in normal spleen (0). the
different layers of the white pulp show vanous degrees of positivity that was stronger
In the marginal zone and follicle centers. (Original magnification, X 10.)

tivity of the cells in the CLL samples used. The purity of CLL cells
in all samples was greater than 95%. The staining showed that all
unstimulatcd cells stained uniformly weakly for VEGF protein and
that no minority population of strongly positive cells was observed.
After stimulation with PMA, all CLL cells showed a substantial
increase in VEGF positivity. These rcsulLs (data not shown)
indicated that the VEGF protein detected in the CLL cell cultures
was produced by the CLL cells themselves.

B-CLL cells express 2 smaller VEGF transcripts. There are 5
different VEGF mRNA isoforms generated from the VEGF gene
by alternative splicing mechanisms.3234 To investigate whether
isoforms additional to the 2 detected by Western blotting are
expressed in unstimulated CLL cells, both RT-PCR and nucleotide
sequence analysis were performed. As shown in Figure 4, only 2
bands were amplified from CLL cells, and they were identical in

CLL VI65 V121 M bj.
*4- 872
<4- 603
*4- 310

Figure 4. Analysis of VEGF mRNA Isoforms by RT-PCR. First-strand cDNA was
transcribed from 1 ug total RNA extracted from unstimulated cells. One tenth of the
synthesized cDNA was amplified by PCR using primers recognizing all possible
VEGEF Isoforms. VEGF 165 and VEGF 121 cDNAs were included in the PCR reaction
as the positive controls.
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Figure 5. Proliferation of endothelial cells In response to CLL-cell-derived CM.
HUVECS were cultured inthe presence of CM derived from the PMA-stimulated cells
of 2 CLL patients (CLL1. CLL7), using rhVEGF protein as a positive control (O)¢ In trie
same experiment, the CM was preincubated with a neutralizing anti-hVEGF mAb for
1 hour at RT before addition to endothelial cell cultures After 48 hours,
proliferation was assessed by 3H-thymidine Incorporation. Proliferation of cells
cultured in the medium without CM was considered as 100%; blocking anti-hVEGF
mADb had no effect on this proliferation.

size to control VEGF 121 and 165 cDNA. Furthermore, nucleotide
sequence analysis confirmed that the top band was VEGF 165 and
the bottom band was VEGF 121 (data not shown).

VEGF produced by CLL cells stimulates proliferation of
endothelial cells. To examine whether the VEGF secreted by CLL
cells stimulates endothelial cell proliferation, HUVECS were
incubated for 48 hours with CM from CLL cell cultures, and cell
proliferation was assessed by 3H-thymidine uptake. As shown in
Figure 5, CLL-cell-derived CM increased endothelial cell prolifera-
tion by 3- to 4-fold. The addition of an anti-hVEGF neutralizing
mAb completely blocked this growth-stimulatory effect. This
demonstrates that the mitogenic effect of CLL-cell-derived CM is
principally mediated by VEGF.

VEGF produced by CLL cells enhances angiogenesis. To test
whether CLL-cell-secreted VEGF affects in vivo angiogenesis, the
CAM assay was used with angiogenesis by rhVEGF 121 as a
positive control. Rcsulls were assessed visually (Figure 6A) and
measured semiquantitatively (Figure 6B), as described in “Materi-
als and methods.” The rhVEGF 121 induced a strong angiogenic
response that was neutralized by an anti-hVEGF neutralizing
antibody. CLL-cell-derived CM induced moderate angiogenesis
that was also prevented by the neutralizing anti-hVEGF antibody.
This indicates that CLL-ccll-dcrived CM docs have angiogenic
activity and that VEGF contained in these supernatants is the major
angiogenic factor.

Figure 6. Angiogenic responses of CAM to CM de-
rived from CLL cells. (A) Representative angiogenic
response and its inhibition by a blocking anti-hVEGF A
mAb. The white area represents the site of application of
filters containing either CM (collected from the PMA-
stimulated cells) alone (i) or the same CM preincubated
with anti-hVEGF MoAb for 2 hours at RT (ii). Microves-
sels radiating from the site of sample application in (i) are
not formed in the presence of the blocking mAb (il).
(Original magnification. X 8.) (B) The semiquantitative
data obtained by using rhVEGF and CM collected from
PMA-stimulated cells from 2 patients. The grading of the
angiogenic response is described in ‘Materials and meth-
ods." *P < .05 vs control and P < .05 vs sample without
the neutralizing antibody (Mann-Whitney U test). Each
bar represents the score of 10 CAM used in 2 separate
assays with similar results.
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Figure 7. VEGF production by CLL cells In response to hypoxic stimulation. (A)
CLL cells from 6 patients were cultured under normoxic and hypoxic conditions. After
24 hours, CM was collected and subjected to ELISA. Higher levels of VEGF protein
were detected in the cells cultured under hypoxic conditions (m) than in those grown
under normoxic conditions (OJ0)* Histograms represent the mean of duplicates. Error
bars are standard deviations calculated from 6 measurements In 3 separate
experiments using the cells of 2 patients. (B) Cells from the same patients used for
ELISA were also subjected to cellular VEGF mRNA determination by slot-blot
hybridization. Hypoxia (H) compared with normoxia (N) increased VEGF mRNA
expression in all cases. The bands were measured densitometrically, and the sample
loading was determined by parallel measurement of the actin mRNA in each sample

Hypoxia enhances the levels of VEGF mRNA and protein in
CLL cells. One known mechanism of VEGF gene regulation is the
low oxygen tension (hypoxia) often detected in rapidly expanding
tissues.2 An increase in VEGF production and resultant angiogen-
esis in response to hypoxia are presumably required to allow
adequate metabolic support of expanding tissues, including infil-
trated CLL lymphoreticular tissues. Because CLL cells are the
principle cells in these organs, we investigated whether they
respond to hypoxia by up-regulating their levels of VEGF mRNA
and protein. After 24 hours, the percentage of viable cells cultured
under normoxic and hypoxic conditions was 79% + 6% and
86% + 3%, respectively (n = 3; viability determined by pro-
pidium iodide staining and FACS analysis). The CM collected from
the cultured cells was subjected to ELISA assay. Results demon-
strated that hypoxia elevated VEGF protein levels to 7-fold in all
patients with CLL (n = 6; Figure 7A). In addition, hypoxia also
increased the level of VEGF mRNA in each sample as determined
by slot-blot hybridization (Figure 7B).

Discussion

During the course of their illness, many patients with CLL display
prominent lymphoreticular tissue enlargement in addition to blood
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and bone marrow involvement. The accumulation of malignant
cells and the consequent expansion of secondary lymphoid tissues
demand an increased blood supply. Thus, angiogenesis may be
required for the metabolic support of the expanding tissues. In fact,
higher blood vessel density has been observed in CLL than in
normal bone marrow.!® Here, we demonstrate that neovasculariza-
tion also takes place in CLL nodes and that VEGF produced by the
CLL cells themselves is likely to be the principle angiogenic factor.

Our immunchistochemical studies showed that CLL nodes, in
which the normal architecture is completely disrupted by the
infiltrating malignant cells, are uniformly vascularized. This indi-
cates that new blood vessels are formed as the node expands. The
vessel density in the CLL nodes was comparable to that observed in
the interfollicular areas of normal nodes, whereas the follicular
B-cell areas of normal nodes displayed a very low vessel density.
This is likely to reflect the fact that most follicular B cells undergo
apoptosis and that the remaining antigen-selected cells migrate out
of the follicle. In contrast, the chronic nature of CLL node
enlargement indicates the more permanent nature of the infiltrate
requiring neovascularization. Because the overwhelming majority
of cells in CLL nodes are malignant B cells, we postulated that the
angiogenic stimulus may be provided by the CLL cells themselves.

In considering possible angiogenic factors, we chose to focus on
VEGF. VEGF is a multifunctional protein that, on binding to its
receptors on endothelial cells, affects vascular permeability,3s-37
cell proliferation,®* migration,* and survival,*42 all of which are
required for angiogenesis. Among the variety of cytokines with
angiogenic or endothelial cell-activating properties, or both, VEGF
is considered the most predominant, direct, and selective 3124344
Therefore, we first examined the possible production of VEGF
protein by B-CLL cells. We found, by ELISA and immunocyto-
chemical staining, that B-CLL cells already constitutively produce
measurable amounts of VEGF under in vitro culture conditions and
that this production was increased by PMA stimulation. Moreover,
because low oxygen tension is often detected in expanding tissues??
and enlargement of lymph node infiltrated by CLL cells is often
clinically observed in patients with tissue discase, we have
examined whether hypoxia up-regulates VEGF expression by PB
CLL cells. Our observation revealed that the rate of VEGF
secretion in these cells was indeed increased up to 7-fold in
response to hypoxic stimulation. The in vivo relevance of these
observations was supported by our demonstration of abundant
VEGF protein associated with CLL cells within highly infiltrated
lymph node and spleen.

Five human VEGF mRNA species encoding VEGF isoforms of
121-, 145-, 165-, 189- and, 206-aa peptides are produced by
alternative splicing of the VEGF pre-mRNA.3*% An important
biologic property that distinguishes the different VEGF isoforms is
their heparin- and heparan-sulfate-binding ability. VEGF 121 lacks
the amino acids encoded by exons 6 and 7 of the VEGF gene*? and
does not bind to heparin or extracellular matrix.*s VEGF 165
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contains the addition of a 44 aa-long peptide encoded by exon 7 of
the VEGF gene and shows weak affinity to heparin and heparan
sulfate.43 Thus, these 2 isoforms are generally considered as the
secreted cytokine. Our RT-PCR studies showed that VEGF 121 and
VEGF 165 are the predominant isoforms expressed in unstimulated
B-CLL cells cultured in vitro; they encode the 28- and 42-kd
secreted forms of the cytokine that we detected by Western
blotting. Therefore, we focused our investigations on the effects on
endothelial cells of the secreted VEGF found in CLL-cell culture
supernatants, The quantitative in vitro proliferation assay showed
that CLL-cell-derived supernatants stimulated HUVEC prolifera-
tion and blocking by a specific mAb showed that the VEGF
contained in the supernatant was the major mitogenic factor.
However, these results do not necessarily mean that the supernatant
would have the potential to stimulate in vivo angiogenesis because
the latter is a complex process involving multiple in vivo steps.’
For this reason, we also used the CAM assay to demonstrate the
angiogenic effect of the CLL-cell-derived supernatants in vivo.
The results of both assays implicate CLL-cell-secreted VEGF in
angiogenesis within lymphoreticular tissues such as node.

It is known that a wide range of malignant cells produce
VEGF.* Although the role of this cytokine in the angiogenesis-
dependent growth of solid tumors is well established,*’ its impor-
tance for the survival of different types of leukemic cells is less
clear. In CLL, high blood vessel density in bone marrow has
recently been noted and related to high levels of bFGF.'* Very
recently, VEGF has been measured in the serum of patients with
CLL* and has also been demonstrated in the cells themselves.* In
these studies, low cellular and high serum levels of VEGF were
rclated to an adverse prognosis, 49

In conclusion, we demonstrate here, using several different
techniques, that CLL cells produce and secrete VEGF. We also
establish that the predominantly expressed mRNA isoforms are
VEGF 121 and VEGF 165, which encode the secreted 28- and
42-kd protein isoforms of the cytokine, Furthermore, we show that
VEGF is produced by both circulating and tissue-phase CLL cells,
and we provide direct evidence of the angiogenic cffects of
CLL-cell-derived VEGF. We propose that this angiogenic effect is
likely to be important for the expansion of lymphoreticular tissues
in CLL. However, because VEGF has multiple biologic effects and
because we have shown that CLL cells express VEGF receptors
(unpublished data), the cytokine may also have important autocrine
effects on diffcrent aspects of CLL-cell behavior, such as transmi-
gration from blood to tissues and prolonged CLL-cell survival.
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Autocrine VEGF mediates the antiapoptotic effect of CD154 on CLL cells
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CD154 is an important regulator of chronic lymphocytic
- leukaemia (CLL)-cell survival. In CLL, high serum levels of
VEGF are a feature of advanced disease, and we and others
have previously shown that CLL cells produce and secrete this
growth factor. Since CD154 stimulates VEGF production in
other cell types, and VEGF Is known to promote cell survival,
we examined whether the cytoprotection of CLL celis by CD154
Involves VEGF. We report for the {irst time that treatment of CLL
cells with CD154 results In Increased VEGF production and
- demonstrate involvement of NF-xB In this process. Moreover,
we show that CD154-induced CLL-cell survival Is reduced by
antl-VEGF-neutralising antibody and by Inhibiting VEGF recep-
tor (VEGFR) signalling with SU5418. However, addition of
. exogenous VEGF alone or blocking secreted autocrine VEGF

" had little or no effect on ClLL-cell survival. We therefore

conclude that CLL-cell cytoprotection In the presence of
CD154 requires combined signalling by both CD40 and VEGFR.
This combined signalling and resulting cytoprotection were
shown to involve NF-xB activation and increased survivin
production. In conclusion, our findings Identify autocrine VEGF
as an important mediator of the antiapoptotic etfect of CD40
ligation, and thus provide new insights into CLL-cell rescue by
CD154 in lymphoreticular tissues.

Leukemia advance online publication, 27 January 2005;
doi:10.1038/s].leu.2403631
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Introduction

Chronic lymphocytic leukaemia (CLL) is characterised by the
accumulation of long-lived, mature neoplastic B-lymphocytes in
blood and tissues.? It is believed that prolonged in vivo survival
of malignant cells contributes to their clonal expansion.>* The
fact that the malignant cells, despite progressively accumulating
in vivo, rapidly undergo apoptosis when cultured in vitro
implies that microenvironmental factors are likely to play a
prominent role in prolonging the lifespan of CLL cells.

VEGF is one factor that could potentially be important for the
pathogenesis and prognosis of CLL. CLL cells themselves
produce VEGF,*¢ and high levels of this growth factor in
serum,” as well as high expression of VEGF receptor (VEGFR)-2
on the malignant cells,® correlate with shortened patient
survival. Moreover, in a previous study,® we observed increased
vascularisation in enlarged lymph nodes of CLL patients and
proposed that this was caused by paracrine stimulation of
endothelial cells by CLL-cell-derived VEGF. Increased micro-
vessel density has also been reported in the bone marrow of
patients with CLL.® We suggested that increased angiogenesis
might play an important role in the survival of tissue-phase CLL
cells by providing metabolic support.®

In addition to its role in angiogenesis, VEGF has been found to
be an autocrine survival factor for some cell types includin
solid tumour and endothelial cells,'®'? 35 well as CLL cells.'
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VEGF, like many other growth factors, often achieves its effects
in cooperation with other stimuli.'* An important microenvir-
onmental factor affecting CLL-cell survival is CD40 ligand
(CD154) expressed on activated T cells, monocytes, macro-
phages, dendritic cells and platelets.'>'® Its receptor CD40 is
expressed by mature B-lymphocytes including CLL cells, and
also by some nonhaemic cell types.!” Stimulation of CD40 on
endothelial cells, monocytes, fibroblasts and multiple myeloma
cells upregulates production of VEGF by these cells.'®*°
Furthermore, neutralisation of autocrine VEGF by anti-VEGF
antibody (Ab) completely abolished the mitogenic effect of
CD154 on endothelial cells.'® In CLL cells, ligation of CD40 by
CD154 is known to inhibit spontaneous and drug-induced cell
death.2'?* However, whether this effect also requires cell
stimulation by the secreted autocrine VEGF is not known,

In the present study, we show that the previously observed
promotion of CLL-cell survival by CD154 does indeed depend
on autocrine VEGF production, and that both VEGFR and CD40
engagement are essential for this effect. We also show that VEGF
provides a significant contribution to CD154-induced NF-xB
activation and upregulation of survivin, one of the NF-xB target
genes.

Materials and methods
Patients

All patients had typical CLL with high numbers of circulating
malignant cells as defined morphologically (prolymphocytes
<10%) and immunophenotypically (CD19*%, CD5*, CD23*
and weak light-chain-restricted surface immunoglobulin),
Patients’ samples were obtained after informed consent and
with the approval of the Liverpool Research Ethics Committee,
Relevant clinical and laboratory data of the patients studied are
included as Supplementary information accompanying the

paper.

Materials

Human VEGF Quantikine Colorimetric Sandwich ELISA (en-
zyme-linked immunosorbent assays) kit, anti-human VEGF-
neutralising monoclonal antibody (mAb) (MAB293), recombi-
nant human VEGF165 and PLGF were all from R & D Systems
{Abingdon, UK). Anti-human p65 mAb was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). The CD154 kit (ALX-850-
064) containing recombinant human soluble CD154 trimeric
protein (rhsCD154) and enhancer was from Alexis Biochemicals
{San Diego, CA, USA). TransAM NF-xB p65 assay kit and
nuclear extract kit were from Active Motif North America
{Carlsbad, CA, USA). The NF-xB translocation inhibitor SN50,
its control peptide (SN50M) and the VEGFR tyrosine kinase
inhibitor SU5416 were from Calbiochem (Nottingham, UK).
Recombinant human VEGF-E was from RELIA Tech GmbH
(Braunschweig, Germany). Human Total Survivin ELISA kit was
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CD154 is an important regulator of chronic lymphocytic
leukaemia (CLL)-cell survival. In CLL, high serum levels of
VEGF are a feature of advanced disease, and we and others
have previously shown that CLL cells produce and secrete this
growth factor. Since CD154 stimulates VEGF production In
other cell types, and VEGF Is known to promote cell survival,
we examined whether the cytoprotection of CLL cells by CD1$4
Involves VEGF. We report for the first time that treatment of CLL
cells with CD154 results in Increased VEGF production and
demonstrate Involvement of NF-kB in this process. Moreover,
we show that CD154-induced CLL-cell survival is reduced by
anti-VEGF-neutralising antibody and by Inhibiting VEGF recep-
tor (VEGFR) signalling with SU5416. However, addition of
exogenous VEGF alone or blocking secreted autocrine VEGF
had little or no effect on CLL-cell survival. We therefore
conclude that CLL-cell cytoprotection In the presence of
CD154 requires combined signalling by both CD40 and VEGFR.
This combined signalling and resulting cytoprotedion were
shown to Involve NF-kB activation and increased survivin
production. In conclusion, our findings identify autocrine VEGF
as an Important mediator of the antiapoptotic effect of CD40
ligation, and thus provide new insights into CLL-cell rescue by
CD154 in lymphoreticular tissues.

kemia advance online publication, 27 January 2005;
doi; 10.1038/sj.leu.2403631
Keywords: CD154; VEGF; CLL

Introduction

Chronic lymphocytic leukaemia (CLL) is characterised by the
accumulation of long-lived, mature neoplastic B-lymphocytes in
blood and tissues."2t is believed that prolonged in vivo Survival
of malignant cells contributes to their clonal expansion.34 The
fact that the malignant cells, despite progressively accumulating
in vivo, rapidly undergo apoptosis when cultured in vitro
implies that microenvironmental factors are likely to play a
prominent role in prolonging the lifespan of CLL cells.

VECF is one factor that could potentially be important for the
pathogenesis and prognosis of CLL. CLL cells themselves
produce VECF,56 and high levels of this growth factor in
serum,7 as well as high expression of VEGF receptor (VEGFR)-2
on the malignant cells/ correlate with shortened patient
survival. Moreover, in a previous study,5we observed increased
vascularisation in enlarged lymph nodes of CLL patients and
proposed that this was caused by paracrine stimulation of
endothelial cells by CLL-cell-derived VEGF. Increased micro-
vessel density has also been reported in the bone marrow of
patients with CLL." We suggested that increased angiogenesis
might play an important role in the survival of tissue-phase CLL
cells by providing metabolic support.5

In addition to its role in angiogenesis, VEGF has been found to
be an autocrine survival factor for some cell types including
solid tumour and endothelial cells,'0''2 as well as CLL cells.'3
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VEGF, like many other growth factors, often achieves its effects
in cooperation with other stimuli.'4 An important microenvir-
onmental factor affecting CLL-cell survival is CD40 ligand
(CD154) expressed on activated T cells, monocytes, macro-
phages, dendritic cells and platelets.'516 Its receptor CD40 is
expressed by mature B-lymphocytes including CLL cells, and
also by some nonhaemic cell types.'7 Stimulation of CD40 on
endothelial cells, monocytes, fibroblasts and multiple myeloma
cells upregulates production of VEGF by these cells.'®"20
Furthermore, neutralisation of autocrine VEGF by anti-VEGF
antibody (Ab) completely abolished the mitogenic effect of
CD154 on endothelial cells.'8 In CLL cells, ligation of CD40 by
CD154 is known to inhibit spontaneous and drug-induced cell
death.2"24 However, whether this effect also requires cell
stimulation by the secreted autocrine VEGF is not known.

In the present study, we show that the previously observed
promotion of CLL-cell survival by CD154 does indeed depend
on autocrine VEGF production, and that both VEGFR and CD40
engagement are essential for this effect. We also show that VEGF
provides a significant contribution to CD154-induced NF-kB
activation and upregulation of survivin, one of the NF-kB target
genes.

Materials and methods
Patients

All patients had typical CLL with high numbers of circulating
malignant cells as defined morphologically (prolymphocytes
<10%) and immunophenotypically (CD19+, CD5+, CD23 +
and weak light-chain-restricted surface immunoglobulin).
Patients' samples were obtained after informed consent and
with the approval of the Liverpool Research Ethics Committee.
Relevant clinical and laboratory data of the patients studied are
included as Supplementary information accompanying the
paper.

Materials

Human VEGF Quantikine Colorimetric Sandwich ELISA (en-
zyme-linked immunosorbent assays) kit, anti-human VEGF-
neutralising monoclonal antibody (mAb) (MAB293), recombi-
nant human VEGF165 and PLGF were all from R & D Systems
(Abingdon, UK). Anti-human p65 mAb was from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). The CD1S4 kit (ALX-850-
064) containing recombinant human soluble CD154 trimeric
protein (rhsCDI 54) and enhancer was from Alexis Biochcmicals
(San Diego, CA, USA). TransAM NF-kB p65 assay kit and
nuclear extract kit were from Active Motif North America
(Carlshad, CA, USA). The NF-kB translocation inhibitor SN50,
its control peptide (SN50M) and the VEGFR tyrosine kinase
inhibitor SU5416 were from Calbiochem (Nottingham, UK).
Recombinant human VEGF-E was from RELIA Tech GmbH
(Braunschweig, Germany). Human Total Survivin ELISA kit was


http://www.nature.com/leu

Leukemia

VEGF and CD154 In CLI-cell survival
M Farahani ei a/

from Assay Designs Inc. (Ann Arbor, Ml, USA). Ficoll-Hypaque
(Lymphoprep) was from Nycomed (Birmingham, UK). RPMI-
1640 medium, Kodak XAR-5 film and poly(2-hydroxyethyl
methacrylate) (polyHEMA) were from Sigma-Aldrich (Poole,
UK). Goat anti-mouse-fluorescein isothiocyanate (FITC) con-
jugate was from BD Biosciences (San Diego, CA, USA).

Cell preparation and culture

Lymphocytes were isolated from heparinised PB by Ficoll-
Hypaque density-gradient centrifugation and cryopreserved.
Purified cells were always >95% CD19 positive. Frozen
samples were rapidly thawed at 37°C, slowly resuspended in
RPMI-1640 medium containing 1% BSA, centrifuged, then
resuspended in culture medium and incubated at 37°C for at
least 2 h prior to use.

Measurement of cell death

Determination of CLL-cell viability was based on the analysis of
mitochondrial transmembrane potential with
3,3'dihexyloxacarbocyanine iodine (DiOQ,) and on cell-mem-
brane permeability to propidium iodide (Pl), as described
previously.5 Freshly thawed CLL cells were resuspended to
3x106ml in RPMI-1640 medium containing 0.1% BSA and
cultured in polyHEMA-coated 96-well plates (100/d/well) at
37°C in 5% COj for up to 5 days. To determine cell survival,
100pi of CLL-cell suspension was removed from culture at the
indicated time points and incubated with 100pl of 40 nM DiOC6
for 20 min at 37°C, and then incubated on ice for a further
30min with an equal volume of 10pg/ml Pl Cell viability was
determined by flow cytometry using a FACScan.

Enzyme-linked Immunosorbent assays

Secreted VEGF was measured using a human VEGF ELISA kit
with a detection limit of 5.0pg/ml. Survivin protein in total cell
lysates was measured using a human Total Survivin ELISA kit
with a detection limit of 3.6pg/ml.

Evaluation of NF-kB activity

Cells were cultured with or without CD154 alone, with CD154
plus anti-VEGF-neutralising mAh or with CD154 plus SU5416
for 24 h. Nuclear extracts were prepared and their protein
concentration determined by a Bradford-based assay (Bio-Rad).
The DNA-binding activity of NF-kB was quantified using a
TransAM NF-kB p65 transcription factor assay kit with a
detection limit of 0.4ng/ml.

Confocal microscopy

To confirm nuclear translocation of NF-kB, cytospins were
prepared from cultured cells (300r.p.m. for 3 min; Shandon
Cytospin 2, Pittsburgh, PA, USA), air-dried and fixed in
methanol for 10min at RT. Fixed slides were washed in PBS
and blocked for 1h at RT with PBS containing human Ab, goat
and mouse sera (all at 1%). After washing, mouse anti-human
p65 mAb or nonspecific mouse IgG, mAh (2/ig/ml each diluted
in PBS containing 1% human AB serum) was added and cells
incubated for 1h at RT. Goat anti-mouse-FITC conjugate

(diluted 1:10 in 1% human AB serunVPBS) was added after
further washing, cells incubated for 1h at RT, washed and
mounted in Vectashield. The cellular location of NF-kB p65
protein was then analysed by laser confocal microscopy using
an Olympus BH2 microscope fitted with a Bio-Rad MR/AG2
Confocal Imaging System.

Results

CD154 stimulates VEGF production by CLL cells
through a process involving NF-kB activation

Since it has been reported that CD154 enhances VEGF secretion
by a number of cell types,B20 we first examined whether
CD154 enhances VEGF production by CLL cells.

Using RT-PCR, we initially found that treatment of CLL cells
with 200 ng/ml soluble trimeric CD154 for 6 h resulted in atwo-
fold increase in VEGF mRNA expression (data not shown). We
then assessed the effect of CD154 on CLL-cell production of
VEGF protein. When cells from different CLL cases were
cultured with 200 ng/ml CD154, this consistently caused an
increase in VEGF secretion, which was first evident at 18 h, and
persisted for up to 72 h. The highest relative increase compared
with unstimulated cells was at 24 h and this incubation time was
used in subsequent studies. Figure la shows the amounts of
VEGF measured at 24 h in the supernatants of six different CLL-
cell clones cultured with or without CD154. The clear
upregulation of VEGF secretion by CD154 seen in this figure
was significant in all CLL cases tested (n—16, P<0.05).

Since NF-kB is a major pathway activated by CD40
engagement,23 we next examined whether activation of NF-kB
is required for the CD154-stimulated VEGF production. CLL
cells were cultured in the presence or absence of CD154 alone,
with CD154 plus the NF-kB inhibitor SN5026 or with CD154
plus SN50M, an inactive analogue of SN50. SN50 is a cell-
permeable inhibitor of nuclear translocation of NF-kB derived
from the nuclear localisation sequence of its p50 component. As
shown in Figure 1b, induction of VEGF by CD154 was
significantly reduced by SN50 (P<0.01), but not by SN50M.
This reduction was not due to nonspecific cytotoxicity of this
reagent because, at the concentration used (18pM), SN50 alone
had no effect on the viability of CLL cells (data not shown).

Taken together, these results show that the upregulation of
VEGF production by CLL cells in response to CD154 involves
NF-kB activation.

VEGF production mediates the cytoprotectlve effect of
CD154 on CLL cells

Having demonstrated that CD154 upregulates VEGF production
by CLL cells, we next investigated whether VEGF plays a role in
the cytoprotective effect of CD40 engagement.

Since it has been reported that cytoprotection by CD154
varies between CLL cases,21,27 we first examined 16 CLL clones
for the antiapoptotic effect of CD40-CD154 interaction. In
accordance with published data,21,27 only a proportion of the
CLL clones (12 of 16 cases examined) showed a clear positive
survival response, although all expressed VEGFR-1 and VEGFR-
2 at both mRNA and protein levels (data not shown).

To determine whether VEGF is involved in this response, 10
CLL clones from this responder group were cultured for up to 6
days with or without CD154 = inhibitors of VEGF or VEGFRs.
In eight of the 10 CLL clones examined, a neutralising VEGF



Figure 1 Effect of CD154 on VECF production by CLL cells. VECF
protein content in all supernatants was determined by ELISA (a) CLL
cells from six individual patients were cultured for 24 h in duplicate in
the absence or presence of CD154 (200ng/ml). Data are presented as
meanss.d. of at least three separate experiments. Similar results were
obtained in 10 additional cases. CD154 significantly induced VECF
production in all cases studied (P<0.01). (b) CLL cells were
preincubated for 1h with the NF-xB inhibitor SN50 (18/iM) or with
its inactive analogue SN50M (18 pM), and then stimulated with CD154
(200ng/ml) for 24h. SN50 significantly inhibited CD154-induced
VECF production (P< 0.05), while SN50M had no effect. The data are
means#s.d. of seven CLL cases.

mAh or 10pM SU5416 (an inhibitor of both VEGFRs28)
significantly reduced the prosurvival effect of CD154 (Figure 2).

Taken together, these results demonstrate that VEGF mediated
the antiapoptotic effect of CD154 in the 80% of cases in which
such an effect was observed.

Increased secretion of VEGF alone is insufficient for
CLL-cell rescue

Having established that CD154 induces NF-xB-dependent
VEGF production by CLL cells and that secreted VEGF is
involved in the prosurvival effects of CD40 ligation, we next
examined how VEGF contributes to this cell rescue by CD154.

We first examined whether the addition of VEGF alone
produces the same rescue effect as that observed with CD154.
To eliminate potential effects of adhesion and cytokines on cell
survival, CLL cells were cultured in polyHEMA-coated 96-well
plates (3.3 x 105cells/100/il/well) in serum-free medium (RPMI-
1640 plus 0.1% BSA). During 3-day culture under these
conditions, exogenous VEGF (I0Ong/ml) had no effect on
spontaneous cell death (Figure 3a). Furthermore, a range of

VEGF and CD154 in CLL-cell survival
M Farahani et al

-@ 2

>

2 1

£08

S 06

a 04

<0

Cortrol CD154  Anti- IgG2b& SU5S416 DMSO8.
VEGF«. CD154 8CD154 CD154
CD154
Figure 2 Role of VEGF in the antiapoptotic activity of CD154. CLL

cells were incubated with anti-human VEGF mAb (1 pg/ml), IgG 2b as
isotype control, SU5416 (10/im) or DMSO (0.2% diluent for the
SU5416) for 1h prior to the addition of CD154 (200ng/ml) as
indicated in the figure. Cell viability was measured at day 4 of culture
using DIOCH/PI staining followed by FACS analysis. Owing to the
considerable variation in the viability of the control at day 4, the data
are shown as relative viabilities compared with the control. The figure
shows that the increase in cell viability induced by CD154 was greatly
reduced by anti-VEGF or SU5416 (P<0.05). The results show the
meants.d. of eight experiments involving eight different CLL-cell
clones. The concentration of anti-VEGF mAb (1 pg/ml) was sufficient
to inhibit all secreted VEGF measured in our study (20-220pg/ml, see
Figure 1) since, according to the supplier, 0.04-0.08pg'ml of this mAb
causes half-maximal inhibition of the effects of HUVEC stimulation by
10ng/ml of rhVEGF.

different concentrations of VEGF (1-500 ng/ml) had no effect on
CLL-cell survival during culture for up to 7 days (data not
shown). This suggests that the rescue effect of VEGF secreted in
response to CD154 engagement is achieved through signalling
that requires simultaneous engagement of both VEGFR(s) and
CDA40.

Basal autocrine VEGF provides some CLL-cell rescue
through internal signalling

Since CLL cells constitutively produce VEGF in culture,5we next
investigated any potential prosurvival effects of this auotocrine
VEGF. The effects of VEGF were blocked in two ways: by
neutralising secreted VEGF with anti-VEGF mAb or by inhibiting
VEGFR signalling.

Treatment with anti-VEGF mAb had no significant effect on
the survival of cultured CLL cells (Figure 3b). However, the
VEGFR inhibitor SU5416 at a concentration of 10pM caused a
modest but significant decrease in cell survival (Figure 3c,
P <0.001). Similar results were observed using 5/jm SU1498,
another VEGFR inhibitor. We also treated cells with a
combination of SU5416 and anti-VEGF mAb, but this did not
have an any more pronounced effect on CLL-cell survival than
SU5416 alone (data not shown).

Thus, although blocking secreted VEGF had no effect on CLL-
cell viability, the receptor tyrosine kinase inhibitors acting
internally did shorten cell survival. This indicates the presence
in cultured CLL cells of VEGFR-dependent signals for survival
that cannot be blocked by neutralisation of secreted VEGF. Such
divergent effects of external cytokine blockade versus receptor-

inhibition have been observed for other cell
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Figure 3 Effect of VECF on CLL-cell survival. CLL cells were
cultured In RPMI-1640 medium containing 0.1% BSA in polyHEMA-
coatcd wells. Viability of harvested cells was measured by DiIOQ/PI
staining and flow cytometry. In (b and c), when no error bars are
shown, the histograms are the means of two independent measure-
ments, whereas all the other data were obtained from three or more
repeated measurements, (@) CLL cells from seven separate individuals
were cultured with or without 100 ng/ml VECF for up to 3 days and the
mean levels of cell survival were determined at the indicated time
points. The data are shown as meanzs.d. The differences between
levels of survival of control versus VECHtreated cells were not
significant, (b) Cells from six separate patients were cultured for up to 6
days in the presence of monoclonal anti-VECFneutralising mAb (1 /ig/
ml) to abrogate the effects of endogenous VEGF, mouse IgG2b served
as a control. Histograms represent mean valuests.d. for cells
harvested at day 4 from each case studied. The differences between
levels of viability for the control versus the anti-VEGFIreated cells
were not significant. Similar results were obtained after 6 days, (c) CLL
cells from the same six individuals in (b) were cultured with or without
the VEGR tyrosine kinase inhibitor SU5416 (10/rM) for up to 6 days.
Histograms represent the mean valuests.d. for cells harvested at day
4. The viabilities of the control and SU5416-treated cells were
significantly different (P<0.01). Similar results were obtained at day 6.

NF-kB activation by CD!54 in CLL cells involves
autocrine VEGF

A number of studies have shown that NF-kB mediates the
antiapoptotic activity of CD154 in many cell types including
CLL cells.2330We therefore next investigated whether the VEGF
secreted in response to CD154 ligation contributes to CLL-cell
rescue by activating NF-kB.

The NFK-B/Rel family includes five subunits: p65/RelA, p50,
p52, c-Rel and RelB. The NF-kB components reported to be
involved in CD154 signalling in CLL cells are p65, p50 and c-
Rel,23 whereas only p50/p65 heterodimer was found to be
activated by VEGF in endothelial cells.3L

Therefore, in order to assess the contribution of VEGF to
CD154-induced NF-kB activation, we measured p65 in nuclear
extracts of CLL cells stimulated with CD154 in the presence or
absence of VEGF blockade. Figure 4a shows that NF-kB was
already activated in CLL cells and that CD154 increased this
activation in each of the three cases tested. This increase was
significantly reduced (P<0.05) or completely abolished by
including anti-VEGF mAb or SU5416 in the cultures (Figure 4a).

The role of VEGF in NF-kB activation in CLL cells stimulated
by CD154 was confirmed by confocal microscopy. Cytospins
made from untreated cells or from CLL cells cultured with
CD154 alone, with CD154 plus SU5416, or with CD154
plus anti-VEGF mAb were stained with anti-p65 mAb (Figure 4b).
In untreated cells, p65 positivity was localised mainly outside
the nucleus (1). In contrast, after 24 h culture with CD154, p65
was found largely in the nucleus (Il). This nuclear translocation
was almost completely abolished by SU5416 (lll) or anti-VEGF
mADb (IV). These data confirm that VEGF signalling is involved in
the nuclear transport of NF-kB in CLL cells stimulated with
CD154.

To determine which of the two VEGF receptors expressed by
CLL cells has the capacity to mediate this NF-kB activation, we
stimulated the cells with the receptor-specific ligands PLGF
and VEGFE. Both FLGF and VEGFE are members of the
VEGF protein family. PLGF binds to VEGFR-1 with high affinity
but fails to bind to VEGFR-2, whereas VEGF-E binds specifically
to VEGFR-2.233 Figure 4c shows that both these ligands
increased NF-kB activation in CLL cells, demonstrating that both
VEGFR-1 and -2 can potentially be involved in VEGF signalling.
However, since VEGF alone could not effectively protect cells
from apoptosis (Figure 3), NF-kB activation by VEGF alone does
not explain the cytoprotection observed upon CD40 engage-
ment. Rather a dual signal from both CD40 and VEGFRs is
required.

VEGEF is involved in the upregulation of survivin by
CD 154

Since a previous report implicated an increase in the production
of the antiapoptotic protein survivin in the rescue of CLL cells by
CD40 ligation,Z7 we next examined to what extent VEGF
contributes to this increased survivin production.

When CLL cells were cultured for periods of 24, 48 and 72 h
in the presence or absence of CD154 (200 ng/ml), we found that
the relative increase in survivin production was highest at 72 h
(data not shown). This incubation period was then used in
subsequent studies. Figure 5 shows that blocking VEGF receptor
signalling with SU5416 significantly reduced the survivin
expression induced by CD154 (P<0.05). Therefore, the survivin
production implicated in cytoprotection by CD15427 is at least
partially dependent on VEGFR signalling.



Discussion

We have previously shown that CLL cells secrete VEGF, which
stimulates angiogenesis in a paracrine manner.5 In the present
study, we demonstrate for the first time that, in CLL cells, CD40
engagement by CD154 upregulates production of VEGF, and
that this production at least partially depends on NF-xB
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activation. This is in accord with a number of previous studies
implicating NF-xB in the upregulation of VEGF production in
various other cell types. Thus, in human microvascular
endothelial cells, NF-xB was found to be involved in the
upregulation of VEGF mRNA and in the VEGF-dependent
development of vessel-like structures in response to TNF-ot.34
Also, involvement of NF-xB in VEGF expression was found in
prostate cancer cells and in breast cancer cell lines.33) In
addition, it has been reported that NFrcB decoy oligonucleo-
tides block the induction of VEGF in UV-irradiated skin cells37
and that, in human macrophages, CD154 stimulation results in
strong NF-rcB-dependent VEGF induction.38

We then examined the contribution of VEGF to the well-
known prosurvival effect of CD154 on CLL cells.2327 This
seemed important because a number of studies have shown that
VEGF can support survival of different cell types. For example,
VEGF prevents the iN VittOapoptosis of endothelial cells induced
by serum starvation,3® and induces the expression Of several
antiapoptotic proteins in these cells.4041 Moreover, an internal

200-
180
.,f 160-
untreated CD154 CD154&SU5416
Figure 5 Effect of VEGFR inhibition on CD154-enhanced survivin

expression. CLL cells (8x 10¥7ml) were treated with CD154 (200ng/
ml) or CD154 plus SU5416 (10/im) for 72 h, and survivin protein was
measured by BLISA The results show the meanzts.d. of six individual
cases. Both the increase in survivin in the presence of CD154 and the
subsequent reduction by SU5416 were statistically —significant
(P<0.05).

Figure 4 Role of VEGF in CD154-induced NF-kB activation in
CLL cells, (8) CLL cells from three separate cases were incubated with
CD154 (200ng/ml) in the absence or presence of SU5416 (10pM),
anti-VEGF mAb (1/ig/ml) or IgG 2b (1 pg/ml) as a control for the anti-
VEGF. After 24 h, nuclear extracts were prepared and examined for the
activation of NF-xB using the TransAM NF-xB p65 assay kit. (b) CLL
cells were incubated for 24 h in the absence (l) or presence (Il) of
CD154, or CD154 plus SU5416 (lll) or CD154 plus anti-VEGF mAb
(IV) and stained with anti-p65 mAb. Huorescent staining was analysed
by confocal microscopy as described in Materials and methods. Note
the translocation of activity to the nucleus in (II) and the inhibition of
this translocation in (lll) and (IV). Green fluorescence in the first
columns shows endogenous p65. The second column is presented in
false colour to show the signal intensity in the nucleus compared with
the cytoplasm. Results shown are representative of three separate
experiments, (c) CLL cells were incubated with VEGF receptor-specific
ligands PLGF (VEGFR-1 specific, 100ng/ml) and VECFE (VEGFR-2
specific, 50ng/ml). The NF-xB activity was measured by the same
method as in (@) (N=3).
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