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Abstract The paradigm of a therapy aimed at inhibiting

the formation of blood vessels, which would consequen-

tially deprive cells and tissues of oxygen and nutrients, was

born from the concept pioneered by the late Judah Folkman

that blood vessel formation is central to the progression and

maintenance of diseases which involve cellular metabolism

and tissue expansion, and cancer in particular. The proto-

type targeted angiogenesis inhibitor anti-vascular endo-

thelial growth factor (VEGF) antibody bevacizumab was

approved in 2004 for colorectal cancer, and has since been

approved for other cancers. Rheumatoid arthritis (RA) is a

chronic inflammatory disease, during which inflamed tissue

invades and destroys cartilage and bone. The tissue

expansion, invasion, expression of cytokines and growth

factors and areas of hypoxia which are a feature of RA

have resulted in the hypothesis that angiogenesis inhibition

may also be beneficial in RA, drawing on the success of

bevacizumab. This review focuses on our current under-

standing of the importance of angiogenesis in RA, and on

the lessons which may be learnt from the clinical experi-

ences of angiogenesis blockade, particularly in colorectal

cancer.
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Introduction

Development of targeted therapies is the ultimate goal of

many academic research units and biotechnology companies.

The last 10–20 years have seen exciting advances in the field

of targeted therapies, in particular the development of anti-

body-based approaches. Antibodies which block tumour

necrosis factor (TNF) a, namely infliximab, adalimumab,

golimumab and certolizumab, are approved for use in rheu-

matoid arthritis (RA), as well as in other chronic inflammatory

disorders, with infliximab leading the way for the original

approval of antibody therapy for RA. Just as antibody therapy

is now widely accepted in RA, approval of antibody against

vascular endothelial growth factor (VEGF) bevacizumab

revolutionised treatment of colorectal cancer. At the time of

writing, both infliximab and bevacizumab are in the ‘top 5’ list

of therapeutic antibodies, and together make up a nearly 20%

share of the top 10 best-selling drugs in 2010.

Interestingly, VEGF, described as an angiogenic factor

more than a quarter of a century ago [1, 2], is also a potential

therapeutic target in RA, and there are many parallels

between solid tumours and inflammatory diseases such as

RA, such as the involvement of cytokines and hypoxia, and

the formation of new blood vessels (angiogenesis). The

present review aims to focus on the role of the vasculature in

the development and maintenance of RA, and to discuss the

prospects for targeted anti-angiogenic therapy in RA,

building upon the experiences gained from the use of novel

biologicals such as bevacizumab in cancer.

Angiogenesis and RA

RA is a chronic inflammatory disease affecting approxi-

mately 1% of the population worldwide, with women 3
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times more likely to be affected than men. Up to 30% of

RA patients become permanently work-disabled within

3 years of diagnosis if not treated, highlighting the impact

of RA on quality of life [3]. For example, it has been

documented in a recent study that at the time of first

symptoms of RA, 86% of men and 64% of women aged

less than 65 years were working. More than one-third

(37%) of these patients reported subsequent work disabil-

ity, and the probabilities of continuing to work were 80 and

68% at 2 and 5 years, respectively [4]. RA may begin at

any time from the first few weeks of life until the ninth

decade, although the peak time of presentation is

35–45 years of age, with patients presenting with painful,

stiff and swollen joints, predominantly the small joints of

the hands and wrists, as well as the metatarsophalangeal

joints, ankles, knees and cervical spine. In most patients,

symptoms appear over weeks to months, starting in one

joint and often accompanied by prodromal symptoms

including anorexia, weakness, or fatigue.

In RA, the synovial membrane becomes inflamed and

increases in thickness, eventually forming an active front or

‘pannus’, which invades and destroys underlying cartilage and

bone. Normally 1–2 cell layers thick, the synovium in RA

increases to a thickness of several cell layers, due to a com-

bination of cellular hyperproliferation and infiltration by cells

derived from the circulation, predominantly T-cells and

monocytes. The synovial fluid becomes rich in neutrophils,

and increases in volume due to oedema, leading to joint

swelling and pain. This synovium invades cartilage and bone,

resulting in the destruction of cartilage and bone. In the con-

text of this review, it has been recognized for a number of

years that angiogenesis is an important process in the devel-

opment and maintenance of RA, and that VEGF plays a par-

ticularly crucial role [5–8]. The synovial hyperplasia which

occurs in RA leads to an increased demand for oxygen and

nutrients within the synovium, and hence low oxygen tension.

The hypoxic milieu in turn drives expression of hypoxia-

sensitive angiogenic factors such as VEGF, and interacts with

other inflammatory signalling pathway such as the NFjB

cascade. The newly formed blood vessels supply the synovial

tissue with oxygen and nutrients necessary for cellular

metabolism and division, and bring in leukocytes, as well as

cytokines, chemoattractants and growth factors, thus further

perpetuating the angiogenic cycle in RA synovium (Fig. 1).

One of the earliest reports suggesting that angiogenesis

may be a feature of RA was the description in 1980 that a

low molecular weight angiogenesis factor (apparently

identical with that derived from tumours but predating the

description of VEGF) was present in synovial fluids from

RA patients [9]. RA synovial fluids were later shown to

induce morphological changes in human endothelial cells,

with formation of tubule-like structures and induction of

angiogenesis in an in vitro assay [10, 11]. It is now clear

that RA synovium is characterised by alterations in syno-

vial vessel density, in areas of diffuse synovitis and in

regions of large leukocytic infiltrates with germinal centre-

like structures [12]. Alterations in endothelial turnover and

apoptosis have been reported, coupled with expression of

cycle-associated antigens, consistent with increased vas-

cular proliferation [13, 14]. A recent study has documented

the presence of immature blood vessels in RA synovium.

Comparison of the staining patterns for CD31 and the

pericyte marker a-smooth muscle cell actin revealed a

significant fraction of CD31-positive but a-smooth muscle

cell actin-negative cells in RA tissue when compared to

osteoarthritis (OA) or control tissue [15]. This altered

vascular signal in RA synovium has also recently been

detected using Doppler ultrasound [16, 17].

Targeting VEGF in models of arthritis

Many studies have reported that expression of angiogene-

sis-regulating factors is altered in RA. The best
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Fig. 1 Contribution of angiogenesis to RA. a Schematic representa-

tion of the angiogenic cycle in RA synovitis. b Section of synovium

from RA patient stained using anti-CD31 antibody
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characterized growth factor expressed in RA is VEGF, a

potent and relatively selective inducer of endothelial cell

survival, migration and proliferation [18–21]. More than

10 years ago the groups of Koch and Fava almost simul-

taneously reported VEGF expression in RA synovial fluids

and tissue [22, 23]. In addition to synovial expression of

VEGF and its receptors, circulating (serum) levels of

VEGF are increased, and correlate with inflammatory

response markers such as C-reactive protein and swollen

joint counts [24–33]. VEGF levels are increased even in

RA patients with disease duration of less than 2 years, and

predict subsequent joint destruction, suggesting that angi-

ogenesis may be an early event in RA progression [34].

Serum VEGF levels have also been shown to correlate with

blood flow in wrist synovium of patients with RA [35].

The expression of high levels of VEGF in RA was the

basis of proposing that targeting angiogenesis may be of

therapeutic benefit. Murine collagen-induced arthritis

(CIA) is a model widely used for the testing of potential

therapeutics for RA, and was utilised to develop TNFa
inhibitors as a therapeutic modality for RA [36]. In CIA,

expression of VEGF and VEGF receptors has been dem-

onstrated [37–39]. Studies from our own laboratory have

shown that CD31-positive blood vessels are visible in both

early and advanced stages arthritis, in parallel with syno-

vial expansion/inflammation and expression of VEGF

(Fig. 2). Importantly, inhibition of angiogenesis has been

shown to be effective in CIA. For example, treatment of

CIA in rats with broadly acting angiogenesis inhibitors

AGM-1470 or Taxol, or other inhibitors of endothelial

proliferation, significantly suppressed disease [40–45]. The

data described above prompted studies of the effectiveness

of VEGF inhibition as a therapeutic approach for treatment

of RA. Anti-VEGF antibody delayed disease onset, but

appeared less effective when administered during the

chronic phase of disease [37]. In another study, anti-VEGF

inhibited synovitis in CIA, as indicated by a reduction in

clinical score and paw swelling relative to untreated mice

Onset Early arthritis Late arthritis
(a)

(b)

(c)

(d)

B

B

S

S

S

B S
S

BB

VV

V

M

C

Fig. 2 Murine collagen-induced arthritis as a model of RA. b CD31

and c VEGF expression in metatarsal sections of mice at different

stages of collagen-induced arthritis, with corresponding

haematoxylin-eosin sections (a) shown. d High-power images of

VEGF expression in early and late arthritis. B = bone, C = cartilage,

M = muscle, S = synovium, V = vessels
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[46]. A soluble form of VEGFR1 has also been shown to

significantly suppress established arthritis [47, 48]. A dif-

ferent strategy to limit angiogenesis via the VEGF pathway

was to directly target VEGFR in models of arthritis. In a

spontaneous model of arthritis in KRN/NOD mice, De

Bandt et al. observed that treatment with anti-VEGFR1

(but not anti-VEGFR2) antibody abrogated bone and car-

tilage destruction. The antibody delayed the onset of

arthritis and attenuated the severity of disease [49]. The

group of Carmeliet also demonstrated that treatment with

antibody against VEGFR1 reduced the incidence of joint

disease, whereas antibody specific for VEGFR2 appeared

ineffective [50].

Taken together, these findings suggest that inhibiting

VEGF may be of benefit in RA. However, in parallel with

these studies, a wealth of evidence has accumulated about

the clinical effectiveness of VEGF blockade in cancer,

particularly colorectal cancer, and this will be reviewed in

the following section.

Angiogenesis inhibition in cancer: what have we learnt?

The parallels between solid tumours and RA (hypoxia,

involvement of cytokines, angiogenesis) have led to sug-

gestions that inhibiting angiogenesis in RA might be of

benefit, as has been shown in particular for colorectal

cancer, the third most common malignancy in the West and

the second most common cause of cancer death.

The idea that new blood vessel formation may be a

therapeutic target in solid tumours stemmed from work by

Judah Folkman in the early 1970s demonstrating the piv-

otal role of angiogenesis in the development of tumours.

For continued growth, a tumour which exceeds 1–2 mm3 in

volume requires its own blood supply, through secretion of

factors such as VEGF [51]. The efficacy of bevacizumab

(monoclonal anti-VEGF antibody) in metastatic colorectal

cancer provided confirmation that targeting angiogenesis

has therapeutic benefit in cancer [52, 53]. A number of

trials have consistently reported increased response rate,

and prolonged progression free survival and overall sur-

vival. For example, when used as first-line therapy in

addition to irinotecan, fluorouracil (FU) and leucovorin

(LV), bevacizumab increased median progression free

survival from 6.2 to 10.6 months and median overall sur-

vival from 15.6 to 20.3 months [53]. The benefit of VEGF

inhibition persists with newer cytotoxic agents. Used as

second-line therapy in patients previously treated with

cytotoxic agents, bevacizumab improved response rate

from 8.6 to 22.7%, progression free survival from 4.7 to

7.3 months and overall survival from 10.8 to 12.9 months

when given in addition to the FOLFOX4 regime (oxalipl-

atin, FU and LV) [54].

However, bevacizumab therapy is associated with

adverse events including hypertension, thromboembolic

events, bleeding, gastro-intestinal (GI) perforation and

proteinuria. For example, studies have reported a bev-

acizumab-induced five-fold increase in the incidence of

severe (Grade 3) hypertension [55]. Hypertension has also

been reported in breast cancer, non-small cell lung cancer,

renal cell carcinoma and hepatocellular carcinoma [56–59].

Mild, asymptomatic proteinuria has further been reported

[60]. According to a recent meta-analysis, in colorectal

cancer bevacizumab increases the risk of significant pro-

teinuria by 2.52 [61]. Nephrotic syndrome, characterised

by Grade 3 proteinuria plus hypoalbuminaemia leading to

gross oedema, has been reported in metastatic breast and

pancreatic cancer [57, 62]. Treatment with bevacizumab is

moreover associated with risk of serious arterial thrombo-

embolic events [63, 64]. In a pooled analysis of 5 ran-

domised clinical trials (1,745 patients with metastatic

colorectal cancer, breast or non-small cell lung cancer), the

risk of arterial thromboembolism was doubled (from 1.7%

to 3.8; P = 0.031) by addition of bevacizumab to chemo-

therapy [63]. The evidence for venous thromboembolism

(VTE) in the context of bevacizumab therapy is less clear

cut. Scappaticci et al. reported no effect on VTE incidence

in colorectal cancer [63]. However, a meta-analysis sub-

sequently reported an increase in high-grade (life-threat-

ening) VTE from 4.4 to 7.3% in colorectal cancer [65].

Mucocutaneous bleeding and epistaxis are common

adverse effects, reported in up to 24% of bevacizumab

treated colorectal cancer patients [60], and an increased

incidence of severe bleeding requiring transfusion, pri-

marily of the GI tract, has been reported [54]. There have

also been reports of GI perforation [66], and surgical

complications including delayed wound healing [67],

wound failure (dehiscence or incisional hernias) [68], and

anastomotic leak or breakdown [69, 70].

Two recent developments are significant. In the US, the

FDA announced withdrawal of approval for bevacizumab

in metastatic breast cancer, citing the lack of evidence of

sufficient efficacy in light of significant side-effects [71]. In

the UK, the National Institute for Health and Clinical

Excellence announced (December 2010) that bevacizumab

is not recommended for metastatic colorectal cancer, stat-

ing that its efficacy does not justify the high costs [72].

Angiogenesis inhibition: prospects for new targets

in RA

Alternative growth factor targets

The side-effects of VEGF inhibition in cancer have driven

the search to identify alternative angiogenic targets. In RA,
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growth factors expressed in RA in addition to VEGF

include fibroblast growth factor (FGF)-1 and FGF-2 [73],

platelet-derived growth factor-B [74, 75] and hepatocyte

growth factor [76]. Furthermore, expression of angiopoie-

tins (Ang)-1 and Ang-2 [77, 78] and Ang receptors Tie-1

and Tie-2 [79–81] in RA synovial tissue has been descri-

bed. For example, Shahrara et al. [80] have shown that

Ang-1 immunostaining on synovial lining cells, macro-

phages and endothelial cells was significantly higher in RA

samples compared to osteoarthritis and normal synovial

tissue. The use of biologicals to specifically target the Ang-

Tie receptors in order to inhibit pathological angiogenesis

may offer a novel therapeutic strategy in RA. Soluble Tie-2

receptor was shown to be efficacious in murine CIA [82],

and we have shown that administration of a splice variant

of Tie-1 demonstrated significant efficacy in CIA. We

observed that gene expression levels of Ang1, Ang2, and

receptors Tie1 and Tie2 in mouse paws were significantly

increased during the progression of CIA, suggesting dys-

regulation of the Ang-Tie system and highlighting its

importance in the angiogenesis that is critical for arthritis

development. Administration of Tie-1 produced a signifi-

cant reduction in disease severity in CIA, together with

improvement of joint architecture and reduced CD31-

immunopositive staining [83, 84].

Other growth factors expressed in RA include members

of the epidermal growth factor (EGF) family. The EGF

family (ErbB and human epidermal growth factor receptor,

HER) of cell-surface tyrosine kinase receptors, namely

EGFR/HER-1/ErbB1, HER-2/ErbB2, HER-3/ErbB3 and

HER-4/ErbB4, are activated by a large family of ligands

including EGF itself, as well as by transforming growth

factor (TGF)-a, heparin-binding EGF like growth factor,

amphiregulin (AR), betacellulin, epiregulin, epigen and

neuregulins [85–87]. Activation of EGF receptors leads to

stimulation of several intracellular pathways, resulting in

stimulation of angiogenesis via increased VEGF expres-

sion, as well as cell proliferation and inhibition of apop-

tosis [88]. EGFR over-expression is a feature of colorectal

cancer and is associated with decreased survival and

response to radiotherapy [89, 90]. Cetuximab and pani-

tumumab, which are in use in colorectal cancer, are

monoclonal antibodies directed against EGFR and may act

in part by reducing angiogenesis [91]. Other treatments

targeting EGF/EGF receptors include the first approved

HER therapeutic trastuzumab, a monoclonal antibody that

targets HER-2 and has revolutionised the treatment of

HER-2-over-expressing, node-positive or node-negative

breast cancer [92]. In contrast, lapatinib is a tyrosine kinase

inhibitor which interrupts EGFR/HER-1 and HER-2 sig-

nalling and has been approved as front-line therapy in triple

positive breast cancer and as an adjuvant therapy when

patients have progressed on trastuzumab. Erlotinib is used

to treat non-small cell lung cancer and pancreatic cancer,

and is an inhibitor targeting EGFR/HER-1 [93].

A number of studies suggest that the EGF ligand:

receptor family has a role in the development of inflam-

matory arthritis [94–96]. In addition to the presence of EGF

in RA synovium [91], expression of HER-2/ErbB2 has also

been reported [95]. Other EGF receptor ligands have also

been detected, namely TGF-a and AR [94, 97]. We have

demonstrated an inhibitor of the HER family, herstatin,

when administered therapeutically to mice with CIA,

controlled clinical and histologic signs of disease and

reduced the number of joints with severe damage [98].

Since our histological analysis indicated a return to near

normal joint architecture, a possible way in which the

therapy could be effective is through the reduction of

neovascularisation in CIA following EGFR blockade,

using approaches such as cetuximab, panitumumab, trast-

uzumab or new drugs such as lapatinib.

Targeting the hypoxia/HIF pathway

Just as low oxygen tension—hypoxia—has been postulated

to contribute to tumour angiogenesis, so hypoxia has been

suggested to play a role in RA. The regulators of the

adaptive response to alterations in oxygen tension are

members of the family of transcription factors termed

hypoxia-inducible factors (HIFs), which are exquisitely

sensitive to changes in oxygen tension [99]. To date, it has

been established that approximately 1% of all human genes

are regulated by HIF, including genes involved in angio-

genesis, apoptosis, vasomotor control, erythropoiesis and

energy metabolism. HIF is a heterodimeric transcription

factor, composed of a and b subunits [100]. Regulation of

HIF-dependent gene expression requires a-subunit accu-

mulation in the cytoplasm and translocation into the

nucleus, which enables it to dimerise with HIF-b. HIF

heterodimers are then recognised by co-activators and bind

to the hypoxia-response elements (HRE) in the target gene

to initiate transcription.

The main regulators of HIF-a levels are oxygenases

governed by O2, 2-oxoglutarate (2-OG), Fe2? and ascorbic

acid, named HIF prolyl hydroxylase domain (PHD)-con-

taining enzymes and factor inhibiting HIF (FIH-1). HIF-a
sub-units encompass an O2-dependent degradation domain

(ODD), responsible for hypoxic stabilisation of a-subunits,

and two transactivating domains, namely the N-terminal

and C-terminal domains (N-TAD and C-TAD, respec-

tively). The C-TAD has been shown to interact with

co-activators such as p300/CBP to activate transcription.

The PHD enzymes hydroxylate proline residues in the

ODD, thus making HIF-a recognisable by the von Hippel

Lindau tumour suppressor protein [101], which leads to

polyubiquitination and proteolytic destruction of a-subunits
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by the 26S proteasome. Thus, under conditions where O2 is

limiting, HIF-a subunits accumulate and activate tran-

scription of HRE-containing genes.

In RA, as the synovium expands more blood vessels are

needed to supply poorly perfused and oxygenated areas

distant from the pre-existing blood vessels. A study from

our laboratory reported that synovial tissue in RA patients

was hypoxic (median O2 2–4%) when compared to patients

without RA (9–12%) [102]. These findings complement

data obtained more than 30 years ago, which first described

synovial hypoxia in RA [103, 104]. A number of factors

are believed to interplay to produce the hypoxic environ-

ment. The oxygen consumption of the RA synovium is

elevated, quite likely as a consequence of the fibroblast

hyperproliferation which occurs in RA [105–107]. These

findings of an anaerobic and acidic microenvironment with

expression of glycolytic enzymes [108] have been sup-

ported by magnetic resonance spectroscopy, confirming the

presence of low molecular weight metabolites, consistent

with hypoxia [109]. A recent study using ultra-sonography

to assess synovial thickening also demonstrated increased

proliferation and significantly lower synovial fluid pO2

levels in RA compared to non-RA patients [107]. An

inverse correlation between synovial oxygen tension and

synovitis has been described [110, 111]. Synovial hypoxia

in RA is also driven by the accumulation of synovial fluid,

which is thought to apply pressure on existing vessels,

thereby further compromising oxygen flow to the syno-

vium. In support of this, Richman et al. have shown that

oxygen tensions in the synovial fluid vary inversely with

volumes of synovial fluid [112]. In RA synovium, HIF-a
isoforms (HIF-1a, HIF-2a) are expressed [113–115] and

correlate with indices of angiogenesis [27, 116], and HIF

expression has also been shown in experimental arthritis

models [117, 118]. Of relevance to this review, hypoxia has

been shown to upregulate VEGF expression by RA syno-

vial cells and to increase the pro-angiogenic activity of

these cells [102, 119]. Other hypoxia/HIF regulated genes

in RA are thought to include matrix-degrading enzymes,

suggesting that hypoxia might promote synovial invasion

of underlying tissue [120].

Inhibition of the hypoxia/HIF-a pathway—in cancer or

indeed in RA—represents an alternative therapeutic target

because HIF-a downregulation not only affects levels of

VEGF but also levels of many other genes that are

important in cell metabolism. Indeed, destabilisation of

HIF-a by increasing its hydroxylation and degradation

through the PHDs, or decreasing transcriptional activation

via FIH-1, has become a very popular approach in the fight

against cancer. Recent studies have shown that it could be

possible to reverse the inhibition of HIF-a regulating

enzymes (PHDs/FIH-1) by low oxygen levels (as might be

expected to be the case in a hypoxic environment such as

that in RA synovium), in order to decrease HIF-a stability

in hypoxic conditions. Matsumuto and colleagues have

evaluated the effect of 2-OG, an essential co-factor for

PHD and FIH-1 hydroxylase activity, on the production of

erythropoietin and VEGF in Hep3B cells, and found that

2-OG dose-dependently inhibited HIF-1a, erythropoietin

and VEGF protein levels in Hep3B cells in hypoxic con-

ditions, and also dose-dependently inhibited tube formation

in in vitro angiogenesis assays, presumably by enhancing

PHD/FIH-1 activity [121]. In a more recent study they

reported similar results in Lewis lung cancer cells, in both a

mouse dorsal air sac assay and a murine tumour xenograft

model [122], in which 2-OG was shown to dose-depen-

dently reduce HIF-1a protein and VEGF mRNA. In addi-

tion, 2-OG was also shown to reduce tumour size when

injected into mice with solid tumours, suggesting that a

similar approach—namely upregulating PHD activity—

might be of benefit in arthritis.

Other approaches targeting HIFs have been less suc-

cessful, in that agents which have been reported to inhibit

the expression and/or activity of HIF-a are frequently of

broad specificity. For example, YC-1 is known to inhibit

the expression of HIF-1a at the post-transcriptional level

but is also an inhibitor of soluble guanylate cyclase [123].

An inhibitor of histone deacetylase, FK228, also inhbits

HIF expression and VEGF induction in RA cells [124].

Shankar et al. have investigated the effect of 2-benzoyl-

phenoxy acetamide (BP-1) a synthetic benzophenone

analogue, in an experimental arthritis rat model [125].

Benzophenones, obtained from natural sources or synthet-

ically, are potent anti-inflammatory compounds which

exhibit significant anti-tumour activity in both in vivo and

in vitro. Treatment with BP-1 significantly reduced the

increase in paw in arthritic rats in a dose-dependent man-

ner. BP-1-treated synovium was 60% less vascular that the

untreated control synovium. Furthermore BP-1 inhibited

HIF-1a accumulation and VEGF mRNA expression in

vitro and in vivo, suggesting that BP-1 can act as a novel

anti-arthritic agent [125].

Considering the unwanted effects of current clinical

trials with anti-angiogenic agents, targeting the hypoxia/

HIF axis opens the way to design new strategies and to find

more successful approaches to inhibit angiogenesis in

cancer, as well as in RA.

Conclusions

In 1998, the role of the vasculature in RA and on the

prospects for developing vascular-targeted therapies for

RA was discussed in this journal [126]. Nearly 10 years

later, following approval of bevacizumab for colorectal

cancer, it seemed plausible that approval of angiogenesis
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inhibitors in inflammatory diseases such as RA could

rapidly follow [127]. In the intervening period, much has

been learnt about the benefits—and possible pitfalls—of

angiogenesis inhibition in cancer and more recently in

ocular disease. In 2010, Napoleone Ferrara received the

Lasker-DeBakey Clinical Medical Research Award for the

discovery of VEGF as a mediator of angiogenesis [128]

and the development of anti-VEGF therapy for wet mac-

ular degeneration, but while there is little doubt that VEGF

inhibition using bevacizumab has been shown to be

extremely effective, caution needs to be exercised.

Specifically, whether VEGF inhibition can be extended

into RA is currently under debate. As discussed, VEGF

inhibition in vivo is associated with side-effects, particu-

larly hypertension and thromboembolic events, and these

have clear implications for the potential usefulness in RA

of VEGF inhibition. RA is associated with a higher fre-

quency of cardiovascular disease [129–131], with more

than 40% of deaths in RA reported to be due to cardio-

vascular diseases, including ischemic heart disease and

heart failure. The standardized mortality ratio for the RA

cohort was 2.64 relative to the general population, com-

pared with 0.98 for the control group [132]. A recent study

reported that the odds ratio for the risk of all-category

stroke in RA was 1.64, and for the risk of ischemic stroke

was 2.66 [133]. In another study, which comprised more

than 100,000 women free of RA and cardiovascular disease

at baseline, the adjusted relative risks of myocardial

infarction and stroke in women subsequently diagnosed

with RA were 2.00 and 1.48, respectively, when compared

to women without RA [134]. A high 10-year risk of car-

diovascular disease in newly diagnosed RA patients has

been described, with the absolute cardiovascular risk in RA

patients similar to that in non-RA subjects who were

5–10 years older [135]. RA patients also have an increased

risk of fatality following myocardial infarction (assessed as

the 30 day mortality rates following a first acute cardio-

vascular event) [136]. A recent study reported arterial

stiffness to be strongly associated with endothelial dys-

function and overt atherosclerosis in patients with auto-

immune diseases such as RA [137].

The increased cardiovascular disease in RA, coupled

with the increased risk of thromboembolic complications

following VEGF blockade in cancer, suggests that other

approaches to inhibit angiogenesis might be useful. What

might be the advantage of targeting HIFs rather than

VEGF, a hypoxia-inducible gene? HIFs regulate a range of

other angiogenic growth factors and molecules, including

inflammatory cytokines and chemokines. Crucially,

although there are many similarities between HIF-1a and

HIF-2a, there is growing evidence revealing differences,

implying that they have distinct biological roles in different

cell types. Microarray-based studies revealed that HIF-2a

regulates approximately 13% (36/271) of genes upregu-

lated by hypoxia, and 17% of downregulated genes

(37/217) [138]. HIF-1a regulates genes involved in

metabolism, regulating glycolysis and glucose uptake [139,

140]. In addition HIF-1a activates angiogenesis, survival,

and invasion, most importantly in normal development and

in response to stress. Conversely HIF-2a regulates a small

group of genes involved specifically in tumourigenesis

[141]. It has thus become clear that by having contrasting

effects on regulation of HIF-target genes, HIF-1a and HIF-

2a may contribute to progression or regression of angio-

genesis-dependent diseases such as RA. Understanding

how HIF-1a and HIF-2a, both of which are expressed in

RA, contribute to synovial angiogenesis, might lead to

specific targeting of one or other isoform. Assuming

selective inhibitors of HIFs are developed in the future,

such an approach might avoid the side-effects seen with

bevacizumab.

Nevertheless, it would be premature to discount, for

example, combined TNFa and VEGF blockade, or perhaps,

combined TNFa and EGF/EGFR blockade, in RA. Anti-

TNFa biologicals are associated with an approximately two

to fourfold increased risk of serious bacterial infections,

including tuberculosis [142–145]. Targeting the TNF

pathway together with angiogenesis inhibitors should not,

in contrast, result in increased infection rates. The impor-

tance of angiogenesis in RA, driven by in part by a com-

bination of hypoxia and VEGF, is undisputed, and

angiogenesis inhibition still seems a reasonable therapeutic

approach, and is supported by a wealth of animal studies.

The non-responder cohort to anti-cytokine therapy, coupled

with the increased risk of infections such as tuberculosis,

mean that improvements to current treatments in RA are

still necessary, and angiogenesis blockade could be a

potential therapeutic opportunity.
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