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Summary. The expansion of the synovial lining of joints
in rheumatoid arthritis (RA), and the subsequent
invasion by the pannus of underlying cartilage and bone,
necessitates an increase in the vascular supply to the
synovium, to cope with the increased requirement for
oxygen and nutrients. New blood vessel formation
- ‘angiogenesis’ - is now recognised as a key event in the
formation and maintenance of the pannus in RA.
Although many pro-angiogenic factors have been
demonstrated to be expressed in RA synovium, the
potent pro-angiogenic cytokine vascular endothelial
growth factor (VEGF) has been demonstrated to have a
central involvement in the angiogenic process in RA.
The additional activity of VEGF as a vascular
permeability factor may also increase oedema and hence
joint swelling in RA. Several studies, including those
from the Kennedy Institute of Rheumatology Division,
have shown that targeting angiogenesis in animal models
of arthritis ameliorates disease. Inhibition of
angiogenesis, as an adjunct to existing therapy of RA, or
even as a stand-alone treatment, would not only prevent
delivery of nutrients to the synovium, but could also lead
to vessel regression and possibly reversal of disease.
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Introduction

Musculoskeletal disorders are more prevalent and a
more frequent cause of disability than either heart
disease and cancer. The focus of our research is
rheumatoid arthritis (RA), a chronic, inflammatory and
destructive disease, which typically affects the peripheral
joints, but may affect any synovial joint in the body

(Harris, 1986). In a recent study, RA patients of working
age were found to be 32 times more likely to stop work
on health grounds than controls matched for age, gender
and employment status at baseline (Barrett et al., 2000).
In addition to imposing a large social and economic
burden, due to loss of earnings and medical expenses,
such conditions are frequently associated with increased
morbidity and mortality. For example, RA patients have
been found to have a higher prevalence of angina
pectoris and stroke, and the mortality of patients with
severe RA is equivalent to that of individuals with triple
vessel coronary artery disease (McEntegart et al., 2001;
Pincus et al., 2001). Research into the mechanisms
underlying musculoskeletal disorders such as RA, and
into the development of newer and more effective
therapeutics, is thus desirable.

With a prevalence of 1%, RA usually presents as a
symmetrical polyarthritis, predominantly involving the
small joints of the hands and wrists, the
metatarsophalangeal joints, ankles, knees and cervical
spine. Peri-articular structures, such as bursae and
tendon sheaths, are commonly inflamed, and in addition
a variety of non-articular features may be seen in RA.
These include inflammatory nodules, vasculitis and
pericarditis, together with involvement of the lungs and
nervous system, as well as certain haematological
abnormalities. Many extra-articular features are
potentially life threatening, most probably due to the
high frequency of associated heart disease.

RA is thought to be T cell-mediated, although the
initiating agent has not yet been defined. The T
lymphocyte-mediated inflammatory response leads to
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production of cytokines, and activation and recruitment
of cells to the synovial lining of the joints. The
synovium in RA becomes inflamed and increases greatly
in mass, due to oedema and hyperplasia, from a
thickness of just 1-2 cells, to over 10 cells. Blood-
derived cells, including T cells, B cells and
macrophages, infiltrate the sub-lining of the synovium,
and lymphocytes frequently form aggregates similar to
those seen in lymph nodes. The lymphocytes infiltrating
the synovium are predominantly CD4+ (helper/inducer)
T cells, with high expression of CD45RO antigens and
adhesion molecules of the VLA and LFA super-family.

Although RA shares these histological features
(namely infiltration and hyperplasia) with other
inflammatory arthritides, for example seronegative
spondylo-arthropathies such as ankylosing spondylitis, a
very characteristic feature of RA is the propensity for the
synovium to become locally invasive at the synovial
interface with cartilage and bone. This invasive and
destructive front is termed ‘pannus’, and is responsible
for the marginal erosions observed in RA. Progressive
destruction of the articular cartilage, sub-chondral bone
and peri-articular soft tissues eventually combine to
produce deformities and eventually functional
deterioration and profound disability in the long term.

An attribute of RA, which has long been recognised
but has only recently risen to prominence, due to an
increased understanding of the underlying mechanisms,
is the role of the vasculature in these invasive and
destructive processes. It is now clear that the vasculature
- and in particular formation of new blood vessels in the
synovium - is central to maintaining and promoting RA.
This review will focus on the key molecules involved, in
particular on vascular endothelial growth factor, and on
the potential for development of new vascular-targeted
therapies for the treatment of RA.

The synovial vasculature: a key role in the
development of RA

A review in 1982 suggested that in RA
“microcirculatory compromise, concomitant with an
increase in metabolic needs of synovial tissue, may
initiate tissue injury” (Rothschild and Masi, 1982). It is
now becoming increasingly clear that alterations in the
endothelial cell lining of synovial blood vessels
contribute to the development and maintenance of RA.

The synovial vasculature in RA displays several
unusual features. For example, endothelial cells lining
synovial blood vessels resemble those lining high
endothelial venules which control lymphocyte migration
into lymphoid tissues (Jalkanen et al., 1986). The
basement membrane is also thickened. In a study by
Bresnihan and colleagues, endothelial cells in synovial
tissue from patients with active RA appeared taller than
in control synovium. Interestingly, endothelial cell
tallness in tissues obtained from patients with advanced
disease was greater than controls only when vessels
located in focal lymphoid aggregates were assessed,

suggesting different pathogenic mechanisms as RA
progresses (Yanni et al., 1993). In addition to an altered
appearance, proliferation of endothelial cells, and
changes in synovial blood vessel density, also occur
during the course of RA. Vascular proliferation has been
reported in tissues from inflamed joints of patients with
RA (FitzGerald et al., 1991). Endothelial cells lining
blood vessels within RA synovium have been shown to
express cell cycle-associated antigens such as PCNA and
Ki67, and integrin avB3, which are associated with
vascular proliferation (Walsh et al., 1998). A recent
detailed study demonstrated that endothelial
proliferation and cell death indices were increased in
synovia from patients with RA compared with non-
inflamed controls or individuals with osteoarthritis
(OA). In contrast, endothelial fractional areas did not
differ significantly among disease groups (Walsh et al.,
1998). A morphometric study has suggested that
capillaries are distributed more deeply in RA synovium,
compared to normal tissue, although the blood volume
fraction was greater in normal knees than in RA
(Stevens et al., 1991). The number of synovial blood
vessels has been found to correlate with synovial cell
hyperplasia, mononuclear cell infiltration and indices of
joint tenderness (Rooney et al., 1988).

A consequence of the synovial hyperplasia which
occurs in RA is an increase in the distance between the
proliferating cells and the nearest blood vessels, leading
to local hypoxia and hypoperfusion. It has also been
shown the oxygen consumption of the RA synovial
membrane is elevated, and that glucose is oxidised via
an anaerobic, rather than aerobic, pathway. This is not
unexpected, given the increased metabolic demand
imposed by the proliferating synovial cells. As a result,
synovial oxygen tension (PO,) is reduced. It has been
reported that PO, is low in aspirated synovial fluid
samples taken from human knee joints, with the lowest
PO, reported in RA patients (Lund-Olesen, 1970).
Resting intra-articular pressure in chronically inflamed
joints has been found to be raised relative to normal
joints, and this effect would be compounded during
movement of joints, inducing acute ischemia in the
synovial environment (Jawed et al., 1997). The increased
pressure of the fluid accumulating within the arthritic
joint may obliterate synovial capillary flow, further
exacerbating the reduction in perfusion.

In vivo, increased metabolic demand - for example,
during tissue expansion - results in a compensatory
increase in new blood vessel formation of
(‘angiogenesis’). Disregulated angiogenesis contributes
to the pathology of a number of disease states, during
which tissue proliferation outstrips the supply of
nutrients and oxygen. These include tumour formation,
diabetic retinopathy and psoriasis. In the case of RA,
angiogenesis is a pathogenic response to the increased
metabolic demand and local hypoxia imposed by the
proliferating synovial cells, and hence contributes to the
maintenance and development of the synovial tissue
mass. Subsequent sections will discuss the pro-
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angiogenic signals which have been detected in RA
synovium, potential mechanisms for their induction, and
new approaches targeting angiogenesis which might be
applied for treatment of RA.

Expression of angiogenic stimuli in RA

Brown and colleagues reported as long ago as 1980
that synovial fluids from patients with RA contained a
low-molecular-weight angiogenesis factor apparently
identical with that derived from tumours (Brown et al.,
1980). Subsequently it was shown that RA synovial
fluids induced morphological changes in endothelial cell
cultures, including the formation of tubular networks
morphologically resembling capillaries (Semble et al.,
1985). The stimuli which control the formation of blood
vessels in RA have been the subject of a large number of
studies, leading to the demonstration that several growth
factors play a key role in RA (Paleolog and Fava, 1998;
Paleolog and Miotla, 1998; Ballara et al., 1999; Walsh
and Pearson, 2001).

Vascular endothelial growth factor (VEGF) is the
most endothelial cell-specific angiogenic factor
characterised to date (Neufeld et al., 1999). The ever-
increasing VEGF family now contains at least 6 related
cytokines, although the original member, VEGF, remains
the most extensively studied. VEGF is secreted by
various cell types in vitro, including fibroblasts,
osteoblasts, macrophages, platelets and lymphocytes,
and expression is elevated in a range of angiogenesis-
associated disease states (Brown et al., 1997). Two
VEGF receptor tyrosine kinases have been identified,
Flt-1 and KDR/FIk-1. A key feature of VEGF is the
upregulation of this growth factor by hypoxia (Shweiki
et al., 1992). Several distinct molecular mechanisms are
involved in hypoxia-induced upregulated of VEGF
expression. A number of oxygen-regulated genes, such
the hypoxia-inducible transcription factor HIF-1,
promote VEGF gene transcription by binding to
hypoxia-responsive elements in the VEGF promoter.
Additionally, the discrepancies observed between the
increase in VEGF mRNA levels under hypoxic
conditions and the change in the transcription rate
suggest that post-transcriptional mechanisms may
operate, including increased VEGF mRNA stability
(Levy et al., 1995, 1998).

The dual activities of VEGF as an endothelial cell
and a modulator of changes in vascular permeability are
of relevance in the pathogenesis of RA. VEGF levels are
markedly elevated in the serum and synovial fluids of
RA patients, relative to either patients with OA or
normal controls (Koch et al., 1994; Paleolog et al., 1998;
Nagashima et al., 2000a; Lee et al., 2001). Serum VEGF
concentrations in RA patients correlate with levels of C-
reactive protein (CRP), a marker of inflammation and
disease activity (Paleolog et al., 1998). Expression of
VEGF mRNA by RA lining layer cells has been
reported, and immunohistochemical analyses of RA
synovial biopsies revealed VEGF expression by synovial

lining layers and endothelial cells lining small blood
vessels within the pannus (Fava et al., 1994; Koch et al.,
1994; Nagashima et al., 1995; Pufe et al., 2001) (Fig. 1).
Moreover, microvascular endothelial cells in the vicinity
of VEGF-positive cells express mRNA for VEGF
receptors (Fava et al., 1994; Ikeda et al., 2000). Using an
antibody which binds preferentially to the VEGF/KDR
complex, and recognises an epitope induced by
conformational changes after VEGF binding to KDR, a
recent study showed that the density of synovial vessels
expressing KDR complexed with VEGF was
significantly higher in RA than in OA and normal tissues
(Giatromanolaki et al., 2001). Perhaps the most relevant
property of VEGF in the context of angiogenesis and RA
is the upregulation of this growth factor by hypoxia. The
hypoxic state in the RA joint suggests that formation of
new blood vessels in the pannus may be driven by
hypoxia-induced expression of VEGF. We have reported
that dissociated RA synovial membrane cells respond to
hypoxia by upregulating VEGF production, indicating
that a component of the new blood vessel formation
observed in RA may result from hypoxia-driven
induction of VEGF (Paleolog et al., 1998).

We have also recently demonstrated that VEGF is
important in the development of joint destruction in RA.
We observed that at first presentation serum VEGF
concentrations were markedly higher in patients with
early RA than in patients with long-standing treated RA.
A key finding within the group of patients in whom the
diagnosis of RA was confirmed at 1 year was the
significant correlation of serum VEGF at presentation
with the magnitude of radiological deterioration within
the first year. In this study, the rate of radiological
deterioration in the hands and feet was comparable with
rates reported over the first year after presentation of RA
by other investigators. Patients with radiological
deterioration less than the median rate had lower
circulating VEGF concentrations than those with greater
than the median rate of radiological deterioration (Fig. 2)
(Ballara et al., 2001). These results suggest that high
serum VEGF levels at an early stage of disease are
associated with the increased subsequent damage to
joints observed by radiography.

Other pro-angiogenic molecules expressed in RA
include the fibroblast growth factors (FGFs), which
stimulate DNA synthesis and cell division in a variety of
cell types, including endothelial cells and fibroblasts.
Members of the FGF family - FGF1 and FGF2 - have
been detected in human RA synovial tissue (Sano et al.,
1993). Similarly, platelet derived growth factor, a potent
mitogen for many cell types including fibroblasts and
smooth muscle cells, is expressed in RA synovium
(Remmers et al., 1991). The heparin-binding cytokine
hepatocyte growth factor has been found at significant
levels in RA synovial fluids in a biologically active
form, with levels higher in RA compared to OA (Koch
et al., 1996). The potential role of transforming growth
factor B (TGFB) during the course of RA, and in
synovial angiogenesis, is unclear. TGF8 was shown to
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induce VEGF expression in human synovial fibroblasts
(Fava et al., 1995). Indeed, TGFB is by far the most
powerful inducer of VEGF secretion by human synovial
fibroblasts, when compared with other cytokines
associated with the pathogenesis of RA, such as
interleukin (IL)-1 or platelet derived growth factor.
Thus, it seems likely that in RA, TGFB exerts its
angiogenic effects predominantly through the induction
of VEGF secretion by fibroblasts. The pro-inflammatory

cytokine tumour necrosis factor oo (TNFa), which is a
key player in RA pathogenesis, also has effects on
angiogenesis, although its actions are both stimulatory
and inhibitory, depending on the system. For example,
TNFa inhibits basal and FGF2-stimulated endothelial
cell proliferation and migration in vitro, but promotes
neovascularisation in the rabbit cornea (Frater-Schroder
et al., 1987). Exposure of endothelial cells to TNFa has
been reported to induce release of VEGF and FGF2

CD34

VEGF

vWF

Fig. 1. Expression of CD34, VEGF and von Willebrand
factor in RA synovium. Frozen or paraffin embedded
sections were stained using antibodies against human
CD34, VEGF or von Willebrand Factor (vWf). Subsequently,
samples were incubated with biotinylated anti-mouse or
anti-goat immunoglobulin, followed by streptavidin-
horseradish peroxidase. Immune complexes were detected
using 3,3-diaminobenzidine. x 200
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(Yoshida et al., 1997). Production by synovial joint cells
of angiogenic cytokines such as VEGF is at least in part
induced by TNFa, as was demonstrated in our study
showing reduced synovial cell VEGF release in the
presence of anti-TNFa antibody (Paleolog et al., 1998).
The role of TNFa in the angiogenic process in RA is
therefore very complex.

In summary, the invasive pannus in RA is highly
vascularised, and numerous growth factors are
expressed, which might promote new blood vessel
formation. Subsequent sections will examine the
signalling mechanisms involved in the induction of
VEGF expression in the context of RA, and the
development of new therapies targeting blood vessels in
RA.

Effects of therapy on angiogenesis

The findings of elevated expression of angiogenic
factors in RA suggest that reducing synovial vascularity
may be a desirable component of anti-RA therapies.
Certain disease-modifying anti-rheumatic drugs
(DMARDs) have been shown to inhibit angiogenesis in
experimental systems. These include drugs such as

Median VEGF
1500 357 pg/ml

Median VEGF
638 pg/ml

1000

Serum VEGF (pg/ml)
g

Patients with /ess than
median joint
destruction

Patients with greater
than median joint
destruction

Fig. 2. Serum VEGF levels at presentation with RA correlate with joint
destruction. The diagnosis of RA was assigned according to American
College of Rheumatology classification criteria in 28 patients presenting
less than 2 years from symptom onset. Hand and feet radiographs were
taken at initial presentation and at 1 year follow-up, and were scored as
pairs in chronological order, by two independent observers who were
unaware of the identity of the patients. Patients were sub-divided into
those with less than the overall median change in joint destruction
(n=14, median change 1.6) and greater than the median change in joint
destruction (n=14, median change 11.9). Serum VEGF levels were
measured by ELISA in both sub-groups. Results were analysed using
Student’s unpaired t-test: p<0.001.

methotrexate (MTX) (Hirata et al., 1989), sulphasalazine
(Madhok et al., 1991) and penicillamine (Matsubara et
al., 1989). Combinations of DMARDs also affect
production of VEGF by synovial cells in vitro. For
example, bucillamine and gold sodium thiomalate
inhibited VEGF production (Nagashima et al., 2000b).

Further insights into the importance of reduced
angiogenesis in RA were gained from clinical trials at
the Kennedy Institute of anti-TNFa antibody infliximab
(Remicade™ ), a chimeric mouse Fv, human IgG1, «
antibody of high affinity. From the earliest trials in 1992,
infliximab has shown remarkable therapeutic efficacy,
reducing both clinical and laboratory indices of disease
activity (Feldmann and Maini, 2001). Since we have
shown that serum VEGF levels are elevated in RA, and
that TNFa can modulate synovial VEGF expression
(Paleolog et al., 1998), we postulated that part of the
benefit of anti-TNFa antibody in RA was through a
reduction in synovial vascularity. To examine this
hypothesis, we measured serum VEGF levels in RA
patients treated with anti-TNFo antibody, and observed
significant reductions in circulating concentrations of
this angiogenic cytokine (Paleolog et al., 1998). In a
more recent study, the effects of infliximab on synovial
angiogenesis, vascularity and VEGF expression were
investigated (Taylor et al., 1998). Patients with active
RA received a single infusion of anti-TNFa antibody.
Synovial biopsies were taken during arthroscopic
examination of the knee joint 1 day before and 2 weeks
after treatment, and synovial vascularity was assessed by
immunohistochemistry followed by quantitative image
analysis. Anti-TNFa therapy was found to reduce
synovial vascularity as assessed by CD31 and von
Willebrand factor (vWF) immunostaining. Additionally,
a significant reduction in the number of avB33 integrin-
positive vessels was found. The reduced expression of
CD31, vWF and avf3 integrin following TNFa
blockade is in agreement with the concept that the
balance of new vessel growth and regression is altered
such that a net loss of microvessels occurs.

These observations suggest that TNFa regulates
production of VEGF in vivo, and that part of the
beneficial effect of anti-TNFo in RA may be a down-
modulation in blood vessel formation. Since the
endothelial surface plays a key role in mediating cell
traffic and nutrient delivery, such alterations in vascular
density may also contribute to therapeutic efficacy.
Currently we are in the process of using power colour
Doppler to examine the effects of anti-TNFa antibody
treatment on synovial vascularity.

Signalling pathways involved in the induction of
VEGF in RA

Although VEGF is known to play a role in RA, and
despite the increased belief that therapies such as TNFa
blockade act at least in part through the downregulation
of VEGF-mediated angiogenesis, the production of
VEGF in the context of RA has not been extensively
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studied. Indeed, although many of the signalling events
downstream of VEGF receptor activation have been
elucidated, the stimuli and mechanisms involved in the
production of VEGF are still relatively controversial.
However, most of the studies on the origin of VEGF in
pathological conditions are mainly focused on cancer,
and very limited for other VEGF-related diseases. In this
section, we will firstly summarise the studies describing
the signalling mechanisms regulating the production of
VEGEF, and then focus on studies describing mechanisms
of induction of VEGF in rheumatoid synovium.

Ras represents a junction in the transmission of
signals from growth factor receptors and from exposure
of cells to stress-inducing agents. In many different cell
types, activated Ras triggers a kinase cascade involving
Raf-1, which phosphorylates and activates the mitogen-
activated protein kinase (MAPK) kinase MEK, and then
p44/p42 MAPK. The Ras pathway appears to regulate
VEGF secretion, in human and rodent tumour cell lines
(Milanini et al., 1998; Feldkamp et al., 1999; Okajima
and Thorgeirsson, 2000; Rak and Kerbel, 2001). A role
for phosphatidylinositol 3-kinase (PI 3-kinase) and Akt
has also been suggested in a variety of cells including
endothelial cells (Wang et al., 1999; Jiang et al., 2000)
and fibroblasts (Miele et al., 2000). For example, over-
expression of a constitutively active form of PI 3-kinase
stimulated angiogenesis in the chorioallantoic membrane
of the chicken embryo. In contrast, over-expression of
dominant-negative constructs of PI 3-kinase inhibited
angiogenesis. Levels of VEGF mRNA were found to be
elevated in chicken embryo fibroblasts and endothelial
cells expressing activated PI 3-kinase. Interestingly, the
PI-3 kinase inhibitor LY294002 prevented VEGF
expression in endothelial-like cells but not in fibroblasts
(Jiang et al., 2000).

The Src family of non-receptor protein tyrosine
kinases has also been implicated in the induction of
VEGF (Mukhopadhyay et al., 1995; Fredriksson et al.,
2000). Targets of Src include PI-3 kinase, thus feeding
into the pathways regulating apoptosis/survival. Hypoxia
was found to increase the kinase activity of pp60c-Src,
without affecting Fyn or Yes. Expression of a dominant-
negative mutant form of c-Src markedly reduced VEGF
induction, although there was a compensatory activation
of Fyn (Mukhopadhyay et al., 1995). Several reports
have also indicated that activation of protein kinase C
up-regulates VEGF expression in a variety of cell types
(Shih et al., 1999; Kozawa et al., 2000; Pal et al., 2001;
Suzuma et al., 2002). MAPK are also thought to play a
significant role in the induction of VEGF under hypoxic
conditions. This was shown in several different tumour,
as well as primary, cell types (Berra et al., 2000;
D'Angelo et al., 2000; Pilch et al., 2001).

We have had a long-standing interest in the role of
the NFxB pathway in the induction of cytokines and
growth factors. NFkB is a transcription factor that
controls the expression of many genes involved in
immune and inflammatory responses including TNFa,
IL-1B and IL-6 (Tak and Firestein, 2001). However the

importance of the NFkB in the context of VEGF
expression is relatively unknown and remains
controversial. Inhibition of NFxB activation using
pyrrolidine dithiocarbamate (PDTC) did not suppress
LPS-induced upregulation of the VEGF mRNA in
ventricular myocytes (Sugishita et al., 2000). In contrast
interruption of IxB kinase, which phopsphorylates the
endogenous NFxB inhibitor IkBa, thereby allowing
NFxB activation resulted in partial inhibition of
expression of IL-8 release but not VEGF (Bancroft et al.,
2001). NFkB has been shown to be partly responsible
for the upregulation of VEGF mRNA and development
of vessel-like structures by human microvascular
endothelial cells in response to TNFa (Yoshida et al.,
1997). Nevertheless in two recent studies on human
cancer cells transfected with a mutated IkBa, blockade
of NFxB signalling significantly inhibited expression of
VEGF (Huang et al., 2000, 2001). Our own preliminary
data suggest that NFkB plays an important role in the
upregulation of VEGF release by activated
macrophages, and that complex upstream events,
involving not only IxB kinases, but also other signals,
are important.

In the context of this review, it is important to
address the issue of signalling pathways involved in the
induction of VEGF in RA. As we previously mentioned,
synovial fibroblasts, monocytes from peripheral blood
and synovial tissue macrophages are all significant
potential sources of VEGF. Various pro-inflammatory
cytokines, such as IL-1, TNFa, IL-6, IL-8 and M-CSF,
are present in the synovial fluid and tissue of RA
patients and are known to induce VEGF production
(Paleolog and Miotla, 1998; Paleolog et al., 1998; Koch,
2000; Koch et al., 2001). Recently placental growth
factor was reported to induce VEGF secretion from
mononuclear cells isolated from RA patients (Bottomley
et al., 2000). However, signalling pathways triggered by
these stimuli to induce expression of VEGF in these
cells are still unknown.

In 1995 Ben-av and co-workers demonstrated that
inflammatory mediators such as prostaglandin E2 and
IL-1 induce the expression of VEGF by rheumatoid
synovial fibroblast cells. Activators of protein kinase A
pathway stimulated the expression of VEGF whereas
down-regulation of protein kinase C did not influence
the prostaglandin E2-mediated effect (Ben-Av et al.,
1995). Tsuji and colleagues investigated the effects of
MAPK inhibitors or phosphodiesterase inhibitors on IL-
1 induced cytokine production in primary fibroblast-like
cells derived from the inflamed synovium of RA
patients. Fibroblast-like synovial cells stimulated by IL-
16 produced various cytokines, including VEGF.
SB202190 or SB203580, both inhibitors of p38 MAPK,
inhibited all cytokine production including VEGF. In
contrast, quazinone, an inhibitor of cyclic GMP-
inhibited phosphodiesterase, scarcely affected cytokine
production in fibroblast-like synovial cells. These results
suggested that activation of the MAPK cascade may be
important for IL-1-induced VEGF production in
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synovium-derived cells (Tsuji et al., 1999, 2000).

NFkB is activated in RA synovium and plays a role
in the induction of TNFa release (Aupperle et al., 1999,
2001). A study on human rheumatoid synovial
fibroblasts showed that IL-1B-induced IL-8 production,
which is known to be a NFkB-regulated event, was
inhibited by hymenialdisine. Hymenialdisine is a marine
natural product and was characterised as an inhibitor of
NFxB activation. Interestingly, in this study IL-1-
induced production of VEGF was not affected by
exposure to hymenialdisine (Roshak et al., 1997).
Recently it was reported that ligation of CD40 induces
the expression of VEGF by rheumatoid synovial
fibroblasts. In this study it was also shown that
dexamethasone completely abrogated CD40 ligand-
induced VEGF production. The hypothesis was that
dexamethasone may block activation of NFkB through
stimulation of the transcription of IkBa, the inhibitor of
NFkB. In addition, it was shown that PDTC partially
down-regulated CD40 ligand-induced VEGF production,
suggesting that the NFkB pathway was partly involved
in the signalling by CD40 ligand leading to VEGF
production and that additional elements may be involved
in VEGF upregulation in synovial fibroblasts (Cho et al.,
2000).

Summarising the above studies, we can conclude
that many questions regarding the signalling
mechanisms leading to VEGF production in RA remain
still to be addressed. An increased molecular
understanding of those mechanisms is vital for the
design and development of specific inhibitors of VEGF
production, and hence angiogenesis, in RA.

Angiogenesis as a target in RA: lessons from animal
studies

Although many of the pathways involved in VEGF-
mediated angiogenesis in RA still remain to be
elucidated, the vasculature has long been considered as a
potential target for therapy in arthritis. There is
agreement amongst many observers that the proliferative
nature of the invasive pannus within the arthritic joint
closely resembles that of a growing tumour. There is
constant remodelling of the pannus, somatic mutations in
regulatory genes (Ha-ras and p53), expression of
angiogeneic cytokines and growth factors, including
FGF2, IL-8 and VEGF, as well as soluble adhesion
molecules (Koch, 1998), characteristics that are shared
with solid tumours. This allows for the overlapping
between cancer and RA of many therapeutic strategies
targeting angiogenesis.

The most characterised animal model for RA is the
collagen-induced arthritis (CIA) model which is
triggered by the intra-dermal immunisation of animals
with bovine type II collagen in complete Freund’s
adjuvant (Trentham et al., 1977). It was initially
described in rats but can be induced in other species,
particularly in rodents such as mice (Staines and Wooley,
1994). One significant difference from RA is that the

resulting arthritis can go into remission and resolve itself
over a period of time, and so the disease is effectively
acute in nature. However it shares many features with
the clinical disease such as synovitis, pannus formation,
bone/cartilage erosions. It is T cell dependent, can be
adoptively transferred to naive animals and has been
very useful in developing biological therapies (Williams
et al., 1992). Brahn and colleagues were the one of the
first groups to explore the inhibition of angiogenesis as a
potential therapy for RA. They chose to use AGM-1470
(TNP-470) a synthetic derivative of fumagillin, a natural
fungal antibiotic and a potent endothelial cell toxin.
TNP-470 was previously shown to be highly effective in
suppressing solid tumours in animal models in addition
to in vitro human tumour studies. In rat CIA, sub-
cutaneous injection of TNP-470 both before disease
onset and once disease was established, resulted in
prevention and reduction of severity respectively
(Peacock et al., 1992). Radiological and histological
assessments indicated significant suppression in bone
destruction and pannus formation in the treatment
groups. Furthermore when measuring specific antibodies
and delayed type hypersensitivity responses of the rats to
assess immunity to collagen, there were no differences
between the treatment regimes, indicating that AGM-
1470 had no anti-proliferative or immunosuppressive
activity. In a separate study when administering this
agent into the rat adjuvant induced-arthritis (AIA)
model, prevention and suppression of disease was
observed (Peacock et al., 1995). Brahn and co-workers
suggested that combination therapy for RA
encompassing an anti-angiogenic agent with one that is
either anti-inflammatory and/or anti-neoplastic was
inevitable, because of the toxic side effects of existing
DMARDs (Oliver and Brahn, 1996). To this end, in the
rat CIA model, TNP-470 was combined with taxol, a
microtubule stabiliser (Oliver et al., 1994), and
cyclosporin A, the immunomodulatory agent that
inhibits cytokine induced T cell activation (Oliver et al.,
1995). In each study TNP-470, when combined with
either taxol or cyclosporin A, was more effective both
clinically and radiologically than any of the agents used
in isolation, though only taxol, as a single agent, had any
therapeutic action. The administration of TNP-470,
whether in combination with cyclosporin A or alone,
decreased mean serum VEGF levels while leaving
TNFa elevated at levels observed in arthritic controls.
This gave an tentative indication of the proposed
mechanism of TNP-470 in arthritic rodent models and
the pathophysiological role that VEGF may play,
particularly during the early induction phase of neo-
vascularisation and pannus formation of the joint (Oliver
et al., 1995).

Another model of RA is the KRN/NOD transgenic
mouse, which spontaneously develops polyarthritis that
closely resembles the clinical disease. The T cell
receptor of this transgenic KRN strain is V36
(Mangialaio et al., 1999) and when crossed with NOD
mice results in T cell recognition of an NOD derived
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MHC 1II protein, which serves as the trigger for the
disease without the need for any immunisation. Anti-
angiogenic intervention by TNP-470 both prevented
disease onset and ameliorated established disease (de
Bandt et al., 2000). Significant improvement was
observed in the histological scores of the joints taken
from TNP-470-treated KRN/NOD mice and correlated
with a reduction in circulating VEGF serum levels and
arthritic index. Moreover high levels of VEGF were
measured in the synovial fluids of control KRN/NOD
mice that even exceeded serum concentrations.
However, due to improvement or absence of arthritis, no
VEGF was assessed in the TNP-470-treated KRN/NOD
mice because these animals possessed little or no
synovial fluid and joint effusions. These data concurred
with previous interpretations in that lymphocyte
proliferation and histological analysis of germinal
centres and draining lymph nodes was comparable
between treatment groups, suggesting that TNP-470 did
indeed target angiogenesis.

The teratogenic action of thalidomide had been
attributed to its anti-angiogenic properties (D'Amato et
al., 1994) whereas its anti-inflammatory and
immunosuppressive action, as demonstrated by the
healing of ulcers caused by leprosy, HIV and Behget’s
disease, was associated with its reported inhibition of
TNFo. Thalidomide was thus considered a very
attractive candidate for angiogenic intervention in
arthritic models. Thalidomide and its analogues EM-12
and supidimide, were given by oral gavage in rat CIA,
and arthritic index, radiological and immunological
assessment were measured in an attempt to correlate any
changes directly to the expression of both VEGF and
TNFa (Oliver et al., 1998). Improvements were
observed in arthritis severity and radiological scores of
all treated rats, though there was the expected
suppression of both collagen-specific delayed type
hypersensitivity and antibody responses. In spite of this,
both circulating serum VEGF and TNFa levels were
elevated in all the treatment and control groups thus
eliminating, at least within arthritis, thalidomide having
any therapeutic action on VEGF-induced angiogenesis.

The evaluation of changes in vascularity or its
markers within these models has contributed in some
way to addressing to what extent does angiogenesis play

in arthritis but it has not always been linked to VEGF
expression. Scola and colleagues evaluated the
angiogenic factors produced by synovial tissue taken
from patients with juvenile RA (Scola et al., 2001).
Though not strictly an RA model, they developed a
SCID mouse-human juvenile RA synovium chimera
model by transplanting fresh tissue samples sub-
cutaneously in the backs of immunocompromised
Prkdc*¢id mice for up to 10 days. Both mRNA and
protein expression of VEGF and its receptors (Flt-1, Flk-
1 and Flt-4), together with angiopoietin-1, Tie-1 and -2
receptors, endoglin and CD31, were assessed within the
engraftments. An increase in vascularity was clearly
observed in the engraftments with juvenile RA and RA
tissue, relative to synovium from patients with OA and
other non-inflammtory arthropathies. Antibodies against
VvWF and a murine pan-endothelial cell antigen (anti-
MECA-23) allowed for discrimination between human
and murine blood vessels, and an increase in newly
formed blood vessels density of human origin was found
in juvenile RA and RA samples.

Other markers and mediators for neovascularisation
include members of the integrin family, av33 and avB5,
which are expressed on proliferating and migrating
endothelial cells and mediate cell adhesion by
recognition of the arg-gly-asp (RGD) sequence (Koch,
1998). Antagonists against the avfB3 have been
successfully used to suppress disease activity in both rat
ATA (Badger et al., 2001) and rabbit antigen or
ovalbumin-induced arthritis (OIA) (Storgard et al.,
1999). Immunohistochemical analysis showed
expression of vWf and avf33 in cryosections of rabbit
OIA, but not in control, joints, and expression was
augmented by intra-articular injection of FGF2. This
increased vascularity correlated with inflammatory
parameters such as joint swelling, pannus formation and
bone and cartilage erosions. These disease indices and
increased expression of angiogenic markers was
reversed by the use of a av33 peptide antagonist, EMD
69601, which contained the RGD sequence (Storgard et
al., 1999). A non-peptide avB3 antagonist, SB273005,
confirmed involvement of this integrin when it
suppressed paw volume, leukocyte infiltration and
increased bone mineral density after oral gavage in the
rat AIA model (Badger et al., 2001). This was both after

Table 1. VEGF inhibition reduces joint destruction in mouse collagen-induced arthritis. Mice were immunised with bovine collagen in complete Freund’s
adjuvant. On the day of arthritis onset, mice were either untreated or treated with sFit-1 at a dose of 300 pg intra-peritoneally, daily until day 5 of
arthritis. An additional group received heat-denatured sFlt-1. Paws were processed for histology, and histology sections were graded for the degree of
bone/cartilage erosion and inflammation. Data are percentage of animals exhibiting normal, moderate and severe joint destruction, and were analysed
by %2 test for trend: sFlt-treated versus untreated: p<0.001; sFlt-treated versus Control-treated: p<0.01; Untreated versus Control-treated: not

significant.
NORMAL JOINT SYNOVITIS AND SOME EXTENSIVE SYNOVITIS
ARCHITECTURE BONE EROSIONS AND BONE EROSIONS
Untreated 23% 47% 30%
Control-treated 25% 1% 34%
Soluble Flt-treated 47% 42% 11%
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prophylactic and therapeutic regimens.

Recently, with the increased availability of specific
antibodies to VEGF and the secreted form of the
extracellular domain of VEGF receptor 1 (sFlt-1), a
more direct approach could be taken to block this
important angiogenic cytokine within arthritic models.
Studies from our own group using the murine CIA
model firstly showed that single cell suspensions
obtained from the synovium of arthritic mice, expressed
greater levels of VEGF mRNA and protein than cells
from healthy animals (Miotla et al., 2000). Disease
severity, as described by either footpad swelling or
clinical scores, showed a strong association with
magnitude of VEGF release. VEGF blockade using sFlt-
1 reduced disease severity (footpad swelling, clinical
scores, bone/cartilage destruction and synovitis) when
injected intra-peritoneally every day for the first 5 days
after disease onset (Table 1). Not only was this study
able to link VEGF expression with disease severity and
progression, but also showed that VEGF blockade was
therapeutic. Other studies were also able to use
inhibition of VEGF activity, by using antibodies against
this cytokine. A neutralising polyclonal antibody against
human VEGF raised in rabbits was shown to both
prevent and suppress established disease in mouse CIA
when compared to normal rabbit immunoglobulin (Sone
et al., 2001). However this was in contrast to a rabbit
polyclonal anti-murine VEGF antibody that prevented
disease in mouse CIA model but was unable to change
disease progression when injected after arthritis onset
(Lu et al., 2000). Despite this, increased vascularity was
shown by the expression of vWF and localisation of
VEGF with synovial fibroblasts and macrophages by
immunohistochemical analysis. Furthermore, both vWF
and VEGF concentrations, as measured by ELISA, were
shown to peak at day 4 after arthritis onset and was
considered the height of neovascularisation, suggesting
that VEGF-induced neovascularisation was probably
crucial in the early inductive phase of arthritis.

These observations demonstrate that anti-angiogenic
approaches lead to suppression of arthritis in animal
models. In particular, it would appear that blocking the
pro-angiogenic and permeability action of VEGF may be
beneficial for treatment of RA.

Future perspectives

Angiogenesis is an important process in the
development and maintenance of RA. It is likely that
clinical trials of VEGF-targeted therapies may be
considered for RA, either as stand-alone, or in
combination with established therapies such as TNFa
inhibitors.

In particular, data from the animal models discussed
earlier have contributed to the idea that VEGF-induced
angiogenesis potentially plays a vital role in the
aetiology of arthritis, and that inhibition of VEGF-
mediated effects is desirable. The advantage of this line
of therapy is apparent since very few deleterious side

affects can be envisaged when targeting
neovascularisation because, at least in the adult, it is
prevalent in pathological rather than physiological states.
The advent of adenoviral gene delivery has allowed the
expression of a range of immunosuppressive molecules
to modulate arthritis in CIA, including TNF receptor p55
(Quattrocchi et al., 1999), IL-10 (Quattrocchi et al.,
2001) and IL-4 (Kim et al., 2000). Such technology
would potentially be very intuitive when trying to dissect
the role VEGF in the inductive phase of the disease since
expression could be controlled more effectively than the
repetitive administration required for antibodies or
fusion proteins. At present we are using such an
adenovirus gene delivery system, expressing the human
sFlt-1 transgene, to block VEGF activity in mouse CIA.

However, patients with RA develop cardiovascular
problems at an earlier age than the non-arthritic
population, and the potential effects of angiogenesis
inhibition need to be considered in terms of reducing
new vessel formation after an ischemic episode. In
theory at least, anti-angiogenic treatment should not be
pro-infective, and combined blockade of VEGF and
TNFa in RA may be beneficial, without augmenting
potential adverse effects.
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