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Reviews

Target effector role of vascular endothelium in the
inflammatory response: insights from the clinical
trial of anti-TNFa antibody in rheumatoid
arthritis

Ewa Paleolog

Abstract
Rheumatoid arthritis (RA) is character-
ised by chronic joint inflammation and
infiltration by cells from the blood, espe-
cially activated T cells and macrophages,
together with formation ofnew blood ves-
sels. The overgrowth ofthe synovial lesion
results eventually in destruction of carti-
lage and bone. Cytokines play a major role
in RA, both in systemic inflammatory
processes, such as induction of acute
phase protein synthesis, and in the stimu-
lation of new blood vessel development
and recruitment of leucocytes to develop-
ing lesions. The focus for the interplay of
many cytokines is the endothelium, the
lining layer of the vasculature. This is the
primary target for circulating mediators,
and it controls the traffic of cells and mol-
ecules from the bloodstream into underly-
ing tissues. Targeting the action of
individual cytokines-for example, using
antibody against tumour necrosis factor a
(TNFa), has been shown to be very
effective in the treatment of RA. Blockade
of TNFa activity results in deactivation of
the endothelium, manifested as reduced
expression of adhesion molecules and
chemoattractant cytokines, leading to di-
minished trafficking ofinflammatory cells
to synovial joints. In addition anti-TNFa
decreases circulating levels of the potent
angiogenic cytokine VEGF, suggesting
that new blood vessel formation, and
hence the supply of nutrients to the grow-
ing synovial lesion, is also affected. These
observations lend further support to the
hypothesis that interruption of a compo-
nent of the cytokine network in RA may
modulate disease progression, and point
the way towards the development of new
therapeutic strategies for the treatment of
chronic inflammatory disease states.
(7 Clin Pathol: Mol Pathol 1997;50:225-233)
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Rheumatoid arthritis (RA) is a disabling
disease of multiple joints with a prevalence of
about 1% of the population. The lesion in RA
is characterised by chronic inflammation and
infiltration by cells from the blood, chiefly acti-
vated memory CD4+ T cells and macrophages,
together with prominent formation of new
blood vessels.' 2 This leads in most cases to the
destruction of cartilage and bone, as a
consequence of the invasion of these tissues by
the hyperplastic synovial pannus. The develop-
ment of lesions in RA, as well as in other
inflammatory disease states, is controlled by
the relative balance of a variety of signals
including cytokines, which are known to be
major mediators of immunity, cell growth, and
inflammation in vivo. Cytokines play a key role
in the pathogenesis of RA, both in systemic
inflammatory processes, such as upregulation
of acute phase protein synthesis, and in the
stimulation of new blood vessel development
and recruitment of leucocytes into the synovial
tissue.3 4

The focal point for the interplay of cytokines
is the vascular endothelium, the lining layer of
the vasculature. This is the primary target for
the action of circulating mediators, and thus
controls the traffic of cells and molecules from
the bloodstream into underlying tissues. The
"cross-talk" between endothelium, leucocytes,
and pro-inflammatory or immunomodulatory
cytokines fulfils a homeostatic function and
acts as a rapid response facility in situations of
injury or infection, but may also in appropriate
circumstances perpetuate disease states such as
RA.5 The increased mass of the pannus in RA
also necessitates a supply of nutrients and oxy-
gen, and proliferation of endothelial cells to
develop a capillary network is also regulated by
cytokines. This review focuses on the function
of endothelium in the pathogenesis of arthritis,
especially on the likely effects on endothelial
cells of cytokines produced in RA, in particular
tumour necrosis factor a (TNFa), in relation to
current concepts on the development of RA in
vivo.
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Cytokine expression in RA: a key role for
TNFa
Cytokine mRNA and protein expression in
synovial tissue has been analysed by several
groups and it is now apparent that many
cytokines are abundant in RA. These include
pro-inflammatory cytokines such as TNFa and
interleukin (IL)-1; chemokines, namely IL-8,
monocyte chemoattractant protein-I (MCP-
1), Groa, ENA-78, and MIP-la; immuno-
modulatory cytokines such as transforming
growth factor ,B (TGFI3) and IL-10; and pro-
and anti-angiogenic cytokines such as vascular
endothelial growth factor (VEGF), fibroblast
growth factor (FGF), and platelet derived
growth factor (PDGF).3 $14 These studies indi-
cate that synovial cytokine expression in patho-
logical states such as RA may be prolonged.
Moreover, the plethora of cytokines detected in
RA suggested the existence of a hierarchy in
terms of importance in the pathogenesis of RA,
and this concept was addressed in a series of
studies at the Kennedy Institute using cultured
synovial joint cells as an in vitro model system
ofhuman RA. These enzymatically dissociated
cells, which are a heterogeneous population
made up predominantly of macrophages, lym-
phocytes, and fibroblasts, were found sponta-
neously to secrete a profile of cytokines resem-
bling that detected in synovial biopsies by
immunohistology, including TNFa, IL-1, IL-
10, granulocyte-macrophage colony stimulat-
ing factor (GM-CSF), VEGF and TGF.15-` It
was subsequently demonstrated that addition
of antibody to TNFa markedly reduced
production of IL-1, IL-6, IL-8, VGEF, and
GM-CSF. Conversely, addition of IL-1 recep-
tor antagonist (IL-lra) partially reduced secre-
tion of IL-6, IL-8, and VEGF, but had no effect
on TNFa production.7 20 21 Taken together
these results led to the following hypotheses: in
RA, and possibly other inflammatory disease
states, pro-inflammatory cytokines are linked
in a sequence resembling an electrical circuit in
series, with TNFa at the apex of the cascade in
RA inducing production of IL-1, and both
TNFa and IL-1 inducing downstream cyto-
kines such as IL-6, IL-8, VGEF, and GM-CSF.
The presence of a number of anti-
inflammatory components, such as IL-10,
IL-Ira, and soluble forms of receptors for
TNFa, also implied that there may exist in vivo
a balance between pro- and anti-inflammatory
mediators, with a disequilibrium favouring the
pro-inflammatory side in RA.3
The concept of a pivotal role for TNFa in

RA pathogenesis was validated in our labora-
tory in an animal model of arthritis, in which
DBA/1 mice were injected with bovine type II
collagen, resulting in a chronic erosive arthritis
typified by cartilage loss and bone erosion.
Treatment of these mice after disease onset
with anti-TNFa was found to inhibit the
development of arthritis, and significantly
reduced cartilage and bone destruction.22 Fur-
ther supportive evidence was derived from
mice carrying a human TNFa transgene, in
which the AU-rich 3' untranslated region was
replaced by the stable j globin 3' flanking
sequences, resulting in overexpression of

human TNFa. Such mice were found to
develop chronic erosive arthritis from 4-8
weeks of age, which could be completely
prevented by blocking the activity of human
TNFa." Backcrossing of these TNFa trans-
genic mice onto the arthritis susceptible
DBA/1 background resulted in progressive
acceleration of arthritis with successive genera-
tions of interbreeding with DBA/1 mice.'4
The reduction in pro-inflammatory cytokine

production by anti-TNFa antibody in RA joint
cultures in vitro, coupled with the beneficial
effect of anti-TNFa in murine collagen in-
duced arthritis and the data from TNFa
transgenic mice, provided the rationale for
clinical trials ofanti-TNFa antibody in patients
with active and longstanding RA.

Clinical trials ofTNFa blockade in RA
The investigation of in vivo TNFa blockade in
RA involved the use of cA2, a high affinity chi-
meric anti-TNFa monoclonal antibody, con-
sisting of human IgG1K and mouse Fv
containing the binding region for human
TNFa. The results of multiple clinical trials of
cA2, both open label and randomised, double
blind, placebo controlled studies, clearly dem-
onstrated that treatment of patients with RA
with antibody to TNFa led to significant
improvements in clinical and laboratory para-
meters (joint tenderness, swelling, morning
stiffness, C reactive protein levels, erythrocyte
sedimentation rates).25 26 For example, in a
multicentre, double blind trial of anti-TNFa,
patients were treated with a single infusion of
either placebo (0.1% human serum albumin)
or cA2 at I and 10 mg/kg. The primary end
point of the study was the achievement at week
4 of a Paulus 20% response. This is a compos-
ite disease activity index defined as significant
improvement in at least four of six independent
variables-that is, at least 20% improvement in
continuous variables (tender and swollen joint
scores, duration of morning stiffness, erythro-
cyte sedimentation rate) and at least grade 2
improvement in patient's and observer's assess-
ment of disease severity. By week 4, 79% of
patients receiving the higher dose of cA2
achieved a 20% Paulus response, compared
with 44% of patients in the 1 mg/kg cA2
treated group, and only 8% of placebo treated
patients. The infusions of cA2 were well toler-
ated, and of the 72 initially randomised
patients only two had severe adverse events,
one of which was judged possibly to be related
to treatment with cA2.
The successful treatment ofRA patients with

anti-TNFa provided an invaluable tool to ana-
lyse the underlying pathogenic mechanisms of
inflammation in RA. Modulation of the activa-
tion status of vascular endothelium appears to
be an important consequence of anti-TNFa
therapy, and subsequent sections will discuss in
further detail the insights we have gained from
these studies.

Mechanism ofaction of anti-TNFa in RA:
effect on celi trafficking
The striking effectiveness ofTNFa blockade in
vivo prompted the following question-what is
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the mode of action of anti-TNFa in vivo? The
cytokine cascade hypothesis suggested that
suppression of the cytokine production is likely
to be a cause of part of the therapeutic benefit
of anti-TNFa, and indeed a rapid downregula-
tion of circulating IL-6 concentrations in RA
patients following anti-TNFa therapy has been
observed (unpublished data). However, in
many patients the clinical benefit of anti-TNFa
antibody was prolonged (up to 26 weeks), and
appeared to outlast the effective cytokine neu-
tralising levels of anti-TNFa in the serum of
cA2 treated individuals. Another possible
mechanism that may account for these pro-
longed effects of anti-TNFa could be reduced
leucocyte trafficking to the synovial joint, as
infiltration of leucocytes into arthritic joints is
clearly an integral component of the develop-
ment of synovial lesions.28 In rats with active
arthritis anti-TNFa improved clinical scores
and inhibited accumulation in the joints of
radioactively labelled leucocytes.'9 Together,
these results indicate that endogenously pro-
duced cytokines such as TNFa and IL-1 con-
tribute directly to leucocyte recruitment to
joints and hence to inflammatory changes that
occur during RA.
To extravasate into the synovial joint, the

normal mobility within the blood vessels of the
circulating cells must be overcome, resulting in
a localised arrest of leucocytes at relevant sites,
a process dependent on the expression by
endothelium of adhesion molecules for leuco-
cytes, including E-selectin (CD62E), intercel-
lular adhesion molecule-1 (ICAM-1, CD54)
and vascular cell adhesion molecule-1
(VCAM-1, CD106).3032 E-selectin (also called
endothelial-leucocyte adhesion molecule-1)
mediates the early phase of neutrophil binding,
as well as binding eosinophils, basophils,
monocytes, and certain subsets of T cells.33
The primary members of the immunoglobulin
superfamily expressed by endothelial cells are
VCAM-1, ICAM-1, ICAM-2, MAdCAM-1,
and platelet-endothelial cell adhesion
molecule-1. In terms of RA, the most pertinent
molecules are the mononuclear cell receptors
VCAM-1 and ICAM-1, which, like E-selectin,
also bind neutrophils.33 3 The feature common
to E-selectin, ICAM-1, and VCAM-1 is their
inducibility on endothelium by cytokines such
as TNFt, which induces a range of responses
on endothelial cells. This has been shown by
several groups, including our own, to occur via
activation of a series of intracellular signalling
pathways including tyrosine kinase
enzymes.35 We and others have shown that
inhibition of TNFa binding to its cell surface
receptors on cultured human umbilical vein
endothelial cells significantly reduces responses
to TNFa, such as expression of adhesion mol-
ecules and production of chemoattractant
cytokines such as IL-8.38 3 Using sections of
RA synovial membranes, studies from our
laboratory have also localised both TNFa and
its receptors to endothelium.40 41 The enrich-
ment in RA synovial infiltrates for monocytic
cells and T cells of the CD4+ CD45RO+
phenotype suggests selection for particular leu-
cocyte subsets, which is governed by the

relative levels of expression on endothelium
and leucocytes themselves of appropriate
receptors and their counter ligands. Over the
past few years there have been a number of
immunohistochemical analyses using normal
and arthritic synovial tissue, documenting
alterations in the pattern of expression of
adhesion molecules in patients with RA. For
example, it has been shown that antibody to
E-selectin strongly stains endothelium in RA
synovium, predominantly on venules and cap-
illaries, whereas in osteoarthritic (OA) sections
anti-E-selectin stained a substantially lower
percentage ofblood vessels and fewer endothe-
lial cells.42 In addition, RA synovial endothelial
cells were found to express increased levels of
VCAM-1, ICAM-1, and ICAM-3, although in
contrast to E-selectin, staining was also detect-
able on other cell types, including synovial tis-
sue macrophages (VCAM-1, ICAM-1, and
ICAM-3), fibroblasts (ICAM-1) and some
lymphocytes (ICAM-1)."42A5 It is clear, there-
fore, that overexpression of components of the
leucocyte extravasation pathway (adhesion
molecules or chemoattractant cytokines) oc-
curs in RA, and that RA treatment such as
anti-TNFa may exert their effects by regula-
tion of leucocyte trafficking.
To address the question ofwhether leucocyte

infiltration was modulated by anti-TNFa
treatment, the immunohistological features of
RA synovial biopsy specimens after infusion of
cA2 were studied. At least five separate biopsy
samples from 12 patients, who received either
10 or 20 mg/kg anti-TNFa, were stained for
E-selectin, VCAM-1, and CD3 (to measure T
cell infiltration) and were scored by independ-
ent observers. In addition to a marked
reduction in the degree of cellular infiltration,
thickness of the lining layer, and the number of
lymphoid aggregates of the RA membrane after
cA2, a significant (p < 0.05) decrease in the
expression of CD3, E-selectin, and VCAM-1
was observed. For example, the mean
proportion of blood vessels expressing
E-selectin in paired synovial biopsies taken
before and after four weeks of anti-TNFa
treatment was decreased from 18.6% (mean of
at least three samples per patient) to 9.1%.46 47
However, these studies were complicated by
the requirement for serial synovial biopsy sam-
ples, and the recent identification of soluble
forms of adhesion molecules permitted a more
detailed and quantitative analysis of the effect
of therapy on leucocyte-endothelial cell inter-
actions. Circulating E-selectin, ICAM-1, and
VCAM-1 derived from proteolytic cleavage of
the surface form have been described.48 5
Elevated serum concentrations of adhesion
molecules have been observed in RA5`53 and in
a number of other disease states, such as
diabetes and tuberculosis, although in RA only
ICAM-1 and VCAM- 1 appear to correlate
with disease severity.54 55
We measured by ELISA serum concentra-

tions of E-selectin, ICAM-1, and VCAM-1 in
patients who received a single infusion of either
placebo or cA2. We found that circulating
E-selectin concentrations were raised in RA
patients, but were unchanged following
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Table 1 Selective effects of anti-TNFa antibody cA2 on
leucocyte recruitment in patients with rheumatoid arthritis

Placebo 1 mglkg cA2 10 mglkg cA2
(n=24) (n=23) (n=21)

Serum
E-selectin -1% -7%* -24%***

Serum
ICAM-1 +9% -1% -29%***

Serum
VCAM-1 +4% +9% -1%

Lymphocyte
counts -5% +17%* +36%***

Serum IL-8 +14% +17% -47%***

Values are expressed as median percentage change relative to
pre-infusion levels four weeks after a single infusion of placebo
or cA2. Significant differences were determined compared with
change in the placebo treated group by Mann-Whitney U test
and were adjusted using the Bonferroni correction for compari-
sons between multiple groups.
*p <0.05; ***p<0.001.56

placebo treatment for the four weeks that sam-
ples were available. In contrast, serum
E-selectin concentrations were decreased in
both of the anti-TNFa-treated groups. For
example, one week after cA2 infusion median
E-selectin concentrations decreased by 13% in
the 1 mg/kg cA2 treated group (p < 0.05 com-
pared with change in placebo group), and by
26% in the 10 mg/kg cA2 treated group
(p < 0.001 compared with change in placebo
group). Similarly, soluble ICAM-1 concentra-
tions did not change substantially at any time in
the placebo patients, whereas in both sets of
cA2 treated patients serum ICAM-1 decreased
significantly (p < 0.01 compared with change
in placebo group) one week after infusion.
However, serum ICAM-1 concentrations re-
turned to pre-infusion values more rapidly than
E-selectin, which was still decreased four weeks
after cA2 infusion. Finally, serum VCAM-1
concentrations were raised in RA patients, but
these were not significantly affected by anti-
TNFa at any time46 56 (table 1). Release of
soluble adhesins has been found to correlate
with expression of these molecules on the sur-
face of cytokine activated endothelial cells;
therefore, raised concentrations in RA may sig-
nify overexpression of endothelial cell surface
equivalents.57 58 Although the cellular origin of
the serum adhesion molecules has not been
defined, E-selectin is expressed specifically on
endothelium, and hence alterations in serum
concentrations of this adhesion molecule in
disease states may reflect changes in the
endothelial cell phenotype in vivo. The reason
for the discrepancy between the effect of
anti-TNFa therapy on VCAM-1 expression on
synovial biopsies and the absence of an effect
on serum VCAM-1 is unclear, but may be
related to the fact that serum VCAM-1 is not
only endothelial cell derived. The in vivo roles
of these soluble adhesion molecules are un-
clear, although immobilised soluble VCAM-1
and E-selectin have been found to support the
binding ofhuman leucocytes and leucocyte cell
lines.49 50 52

In parallel, anti-TNFa treated patients
exhibited a rapid rise in circulating lymphocyte
counts following cA2 infusion, with the earliest
increase observed on day 1 after infusion. The
increase in circulating lymphocytes persisted
over the course of the study in the high dose

cA2 treated patients (median increase at week
4 equivalent to 36%) (table 1). To determine
whether the changes in serum E-selectin and
ICAM-1 concentrations and peripheral blood
lymphocyte counts correlate with the degree of
disease amelioration in individual patients, we
subdivided anti-TNFa treated (1 and 10 mg/
kg cA2) patients into those in whom a clinical
benefit (20% Paulus response) was either
absent or present at week 4. We found that in
the patients who did not meet the 20% Paulus
criteria at week 4, the magnitude of the change
in E-selectin (5% reduction relative to pre-
infusion values) was significantly lower than in
patients in whom a 20% Paulus response was
observed at this time (median reduction in
E-selectin levels 23%, p < 0.01 compared with
absence of 20% Paulus by Mann-Whitney U
test). Similarly, the median reductions in
ICAM-1 concentrations were 1% (absence of
20% Paulus) and 23% (presence of 20% Pau-
lus) relative to pre-infusion values (p < 0.01
compared with absence of 20% Paulus). Com-
parable analyses were performed for lym-
phocyte counts at week 4 after infusion of anti-
TNFa. For the individuals in whom the 20%
Paulus criteria were not met there was no
change in the median value for circulating lym-
phocyte levels (median increase 0% relative to
week 0) compared with an increase of 29% in
the patients in whom a 20% Paulus response
was observed (p < 0.05 compared with ab-
sence of20% Paulus).56 These findings confirm
the clinical relevance of the changes in serum
E-selectin and ICAM-1 and circulating lym-
phocyte counts.

Together with the observation of reduced
cellularity and adhesion molecule expression in
RA synovial biopsy specimens after cA2, our
demonstration of reciprocal changes in serum
adhesion molecule concentrations and circu-
lating lymphocyte counts suggests that de-
creased endothelial cell expression of adhesion
molecules may contribute to the rise in periph-
eral blood lymphocyte counts. Such an effect
may be either a direct result of the in vivo neu-
tralisation of TNFa by cA2, and hence dimin-
ished endothelial activation, or a secondary
effect, resulting from the down-modulation of
macrophage/monocyte responses, such as pro-
duction ofpro-inflammatory cytokines that can
activate endothelium. However, the rapid time
course of the alterations in concentrations of
serum adhesion molecules and lymphocyte
counts (earliest observed decrease 1-3 days) is
strongly suggestive of a primary effect of
anti-TNFa on endothelial cell activation and
thus on leucocyte trafficking. Nevertheless,
leucocyte trafficking requires not only expres-
sion of adhesion molecules by vascular en-
dothelium, but also a second signal, provided
by chemotactic factors such as chemokines. In
this context, there is evidence from our labora-
tory of decreased serum concentrations in
patients with RA ofboth IL-8 and MCP- 1 after
anti-TNFa infusion (table 1), together with
reduced expression of IL-8 and MCP-1 in
synovial biopsy specimens (unpublished data),
indicating that anti-TNFa may downregulate
both arms of the leucocyte trafficking system.

Paleolog
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This hypothesis can only be investigated
further by direct measurements of the traffick-
ing of labelled leucocytes to the joints, and
these studies are currently in progress.

However, generation of a hypercellular syno-
vial membrane and invasive pannus in RA is
dependent on a supply of nutrients, as well as

inflammatory cells and molecules, and indeed
one of the earliest observed features of RA is
the development of a new vascular network
within the synovium that serves to promote
delivery of cells and nutrients to the invading
pannus. Many cytokines are thought to play a

role in regulating angiogenesis, prompting the
proposal that anti-TNFa may also exert effects
on new blood vessel formation in RA. The
results of our preliminary study, which exam-

ined the effect of cA2 on the serum concentra-
tions of the angiogenic cytokine VEGF, are

discussed in the following section.

Mechanism of action of anti-TNFa in RA:
effect on mediators of angiogenesis
Formation of new blood vessels is an integral
component of embryonic development, but in
adults occurs only rarely (during wound
healing or as part of the female reproductive
cycle). However, angiogenesis has been dem-
onstrated to occur in a range of pathological
conditions such as cancer, psoriasis, and RA,
which have as a consequence been classified as

angiogenesis dependent diseases.60 61 Forma-
tion of new blood vessels is controlled by a

range of factors, most ofwhich are proteins and
include many cytokines, exerting both pro-

angiogenic (for example, Groa, TGFP) and
anti-angiogenic (for example, IP-10) effects.62
The importance of new blood vessel forma-

tion in the maintenance of arthritic disease has
been demonstrated in a series of studies in
which angiogenesis inhibitors were found to
prevent onset of collagen induced arthritis in
rats and significantly suppressed established
disease, in parallel with pronounced inhibition
of pannus formation.63"65 In the context of the
human arthritic joint, a range of pro-

angiogenic cytokines have been detected in RA
synovial biopsy sections, including FGF,
PDGF, TGF,, TNFa itself, and chemokines
such as IL-8 and Groa.6`9 1416 Recently, a novel
family of angiogenic cytokines has emerged-
the VEGF family. The original member,
VEGF, a potent endothelial mitogen and
inducer of vascular permeability changes, is
unique by virtue of its selective effects on

endothelial cell proliferation, and plays a criti-
cal role in pathological angiogenesis and
permeability changes-for example, in tu-
mours, RA, psoriasis, diabetic retinopathy, and
atherosclerosis.6669 VEGF is both an endothe-
lial cell selective mitogen and a modulator of
changes in vascular permeability, both of these
activities are of potential relevance in the
pathogenesis of RA. Expression of VEGF
mRNA by RA lining layer cells has been
reported, and immunohistochemical analyses
ofRA synovial biopsies revealed VEGF expres-
sion by synovial lining layers and endothelial
cells lining small blood vessels within the pan-
nus. Moreover, microvascular endothelial cells

in the vicinity ofVEGF positive cells expressed
mRNA for both VEGF receptor subtypes (flt-
I/VEGF-R1 and KDR/VEGF-R2).'707
Although to date the role of TNFa in the

regulation of VEGF release has not been fully
elucidated, we proposed that the high degree of
vascularisation of the RA pannus and the pres-
ence of VEGF in RA synovial tissue biopsies
may be reflected in correspondingly raised
serum concentrations of VEGF, and moreover
that anti-TNFa may modulate circulating
VEGF concentrations. As a follow up to the
study of serum adhesion molecules, we assayed
by ELISA serum VEGF concentrations in RA
patients from the placebo controlled trial of
cA2. We observed that median serum VEGF
concentrations in non-arthritic individuals
(160 pg/ml) were much lower than in patients
with active RA (median 503 pg/ml, p < 0.001
compared with non-RA), and that in patients
with RA, VEGF correlated with circulating
C-reactive protein, a marker of inflammatory
disease activity. We investigated whether these
raised serum VEGF concentrations in RA
could be altered by anti-TNFa therapy, and
observed that treatment of RA patients with
anti-TNFa significantly reduced serum VEGF
in a time and dose dependent manner. In
patients who received 10 mg/kg cA2, the maxi-
mal change in serum VEGF concentrations
was achieved at week 3 (decrease 42%,
p < 0.001 compared with pre-infusion and
change in patients given placebo). Even four
weeks after anti-TNFa treatment, serum
VEGF concentrations were significantly below
pre-infusion values (table 2). Reductions in
serum VEGF concentrations were more pro-
nounced and more persistent than the corre-
sponding changes in serum E-selectin and
ICAM-1. On the basis of these clinical data
alone it was not possible to conclude whether
TNFa, IL-1 or another cytokine are predomi-
nantly involved in the induction of VEGF in
vivo, as blockade of TNFa activity in vivo by
cA2 would also result in the down-modulation
of downstream cytokines such as IL-1. None-
theless, these observations provided compel-
ling evidence that VEGF production in vivo is
regulated by pro-inflammatory cytokines.'9
To investigate furhter the mechanism of

action of anti-TNFa antibody in RA,
we analysed the role of pro-inflammatory

Table 2 Effect of anti-TNFa antibody cA2 treatment on
serum concentrations of angiogenic VEGF in patients with
rheumatoid arthritis

Placebo (n=24) 10 mglkg cA2 (n=21)

VEGF Change VEGF Change
Week (pglml) (0) (pg/ml) (Go)

0 517.1 - 438.9 -

1 547.5 -6 439.8 -26***
2 577.7 - 1 316.2 -40***
3 554.3 +2 319.3 -42***
4 549.6 -5 354.1 -39***

Patients received a single infusion of either placebo or cA2. Val-
ues are expressed as median VEGF and median percentage
change in VEGF relative to pre-infusion levels. Significance was
determined compared with change in pre-infusion levels by
Wilcoxon rank test and was adjusted using the Bonferroni cor-
rection for comparisons between multiple groups.
***p < 0.001 (unpublished data).
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cytokines in the regulation of VEGF release in
vitro from cells that may be postulated to con-
tribute to enhanced circulating VEGF levels in
RA. We observed that monocytic cells
(THP-1) and human dermal microvascular
endothelial cells (HMEC-1), as well as RA
synovial membrane fibroblasts, secrete VEGF
constitutively, and that TNFa can enhance the
release ofVEGF from monocytic and endothe-
lial cells, but not from cultured fibroblasts. In
contrast, IL-1 activation resulted in secretion
ofVEGF from endothelial cells and fibroblasts,
but had no effect on monocytic cells. These
data support our conclusion that decreased
serum VEGF results from inhibition of cy-
tokine activity following in vivo blockade of
TNFa by cA2. The novel finding that micro-
vascular endothelial cells-the putative target
for VEGF action-release VEGF both consti-
tutively and in response to TNFa and IL-1
provides a potential autocrine pathway to
amplify the angiogenic effects of VEGF
(unpublished data).

Future perspectives
The vascular endothelium can fulfil both a tar-
get and an effector function in the pathogenesis
of inflammatory disease states, by virtue of its
ability to regulate the delivery of cells and mol-
ecules and to respond to increased require-
ments for oxygen and metabolites by formation
of a new vascular network. Many studies have
demonstrated the presence of various adhesion
molecules and chemokines at sites of
inflammation-for example, in RA, ischaemia-
reperfusion injury, atherosclerosis, and vasculi-
tis. In RA, in addition to enhanced expression
of adhesion molecules, many of the features of
the synovial environment suggest possible roles
for chemokines, in that the large number of
infiltrating leucocytes, especially the selective
accumulation of memory T cells, could be a
response to the elaboration of chemoattractant
molecules. Several chemokines have been
detected in RA, including IL-8, Groa, MCP-1,
RANTES, ENA-78, MIP-la, and MIP-1J.P
These chemokines may be anchored on the cell
surface, thereby ensuring a relatively high con-
centration of chemoattractants close to the
blood vessel wall, and hence temporally and
spatially restricted activation of circulating
cells.72 It is becoming apparent that many anti-
inflammatory drugs modulate components of
the adhesion-migration pathway, and our own
data indicate that beneficial effects of anti-
TNFa in RA result at least in part from
decreased endothelial activation (expression of
adhesion molecules and production of chemo-
kines such as IL-8 and MCP-1) and a resultant
reduction in cell trafficking. Moreover, sup-
pression of arthritis as a result of in vivo block-
ade of leucocyte adhesion (for example, with a
monoclonal antibody to ICAM-1) has been
demonstrated in both animal models of
arthritis7'-76 and in human RA.77 It remains to
be seen whether it will be possible to block
adhesion selectively or extravasation as a means
of successful therapy of inflammatory disease
states.

One of the more exciting ideas in terms of
understanding the mechanisms of disease
pathogenesis is the realisation that new blood
vessels are essential to maintain increased
tissue mass, and inhibition of angiogenesis has
as a consequence become a major goal for the
development of treatment strategies. We have
clearly shown that TNFa can modulate
production of VEGF in vivo, although further
studies (such as magnetic resonance imaging)
are required to determine whether decreased
serum VEGF concentrations after anti-TNFa
therapy are paralleled by reduced angiogenesis.
Our results suggest that VEGF and other com-
ponents of the angiogenic pathway are a likely
therapeutic target in RA, and that modulation
of VEGF expression may synergise with
anti-TNFa treatment leading to long term
benefit. It is of interest that VEGF is also
expressed in late stage human OA, where an
inflamed synovium, clinically indistinguishable
from RA pannus, is often observed." 70 These
results suggest of a role for VEGF in maintain-
ing the inflamed synovium in both RA and OA.
Additional neovascularisation events also occur
in early OA, in which cartilage has been shown
to lose its avascularity, unlike normal cartilage,
which remains relatively resistant to vascular
invasion. Moreover, chondrocytes at the inter-
face of cartilage and invading vasculature
express VEGF,78 suggesting that the subchon-
dral changes observed in OA may be regulated
by neovascularisation, possibly through VEGF.
Based on the close association of angiogenesis
and VEGF in arthritic disease it is therefore
possible is that suppression ofnew blood vessel
formation in both RA and OA could be of
therapeutic benefit. Inhibition of VEGF activ-
ity has certainly been effective in models of
other diseases with pathogenic neovascularisa-
tion. For example, growth oftumours in mice is
blocked by anti-VEGF antibody and by
administration of a dominant negative form of
KDR/VEGF-R279 80; soluble VEGF receptor
chimeras have been shown to suppress VEGF
induced retinal neovascularisation8"; and anti-
sense to VEGF suppressed human glioblas-
toma angiogenicity and tumorigenicity.82
A complementary strategy would be to

modulate selectively VEGF production, espe-
cially from the target cells for VEGF, namely
endothelial cells. It has been shown in a
number of studies that IL- 1 and TNFa activate
the nuclear factor NFKB, as well as the mitogen
activated protein kinase p42/44 (ERK1/2) in
fibroblasts and endothelial cells."6 83 In addi-
tion, a potent stimulus for VEGF release is
hypoxia, which is also a feature of arthritic
joints, presumably because of raised intra-
articular pressure, which may at times exceed
the pressure within synovial capillaries result-
ing in movement induced synovial capillary
occlusion.84 Perfusion insufficiency, and the
resultant hypoxia, often induces a compensa-
tory neovascularisation to satisfy the needs of
developing tissue (for example, RA pannus or a
developing tumour), and induction of VEGF
and its receptors by hypoxia have been
described.85 86 Hypoxia increases the tyrosine
kinase activity of c-src, and expression of
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dominant negative c-src was found to reduce
VEGF production. Other studies have sug-
gested that tumour suppressor genes such as
VHL and p53 may downregulate VEGF at a
post-transcriptional level.69 87 These signalling
systems are potential targets for therapeutic
intervention in the context of alterations in
VEGF production. Treatment strategies that
interfere with vascularisation and hence pro-
gression of growing tissue mass, such as the
arthritic pannus or developing tumour, offer a
promising approach to treatment of angiogen-
esis dependent disease.

It is also emerging that many activities of
endothelial cells may overlap in terms of the
responses they induce. For example, tissue fac-
tor, the principal initiator of coagulation in
vivo, which is rapidly induced on endothelium
by TNFa,39 may also control angiogenesis.
Tumour cells transfected to overexpress tissue
factor were found to release more VEGF than
control transfectants,55 suggesting that coagula-
tion and angiogenesis may be intrinsically con-
nected. Adhesion of leucocytes to endothelium
and of endothelium to extracellular matrix
proteins is also of paramount importance in the
formation of new blood vessels.89 Integrin
aVP3, which binds vitronectin, fibronectin, von
Willebrand factor, fibrinogen, and thrombo-
spondin, is expressed on newly formed blood
vessels,90 although the mechanism by which
aVf3 functions in angiogenesis is unclear.
Interestingly, soluble E-selectin and VCAM-1
were demonstrated to promote angiogenesis in
rat cornea and induce chemotaxis of human
endothelial cells,9" which may be of particular
relevance in RA. Finally, chemokines, which
are key regulators of leucocyte activation and
selective extravasation exhibit both pro- and
anti-angiogenic activities," thus integrating
different elements of the endothelial response.

Summary
Many pathological states, such as RA, asthma,
atherosclerosis, Crohn's disease, ischaemia-
reperfusion injury, graft rejection, vasculitis,
and transplant rejection share common fea-
tures of alterations in endothelial cell function,
such as changes in adhesion molecule expres-
sion or neovascularisation, although the incit-
ing events are widely different. The importance
in arthritis of a series of cytokine mediated
reactions associated with massive leucocyte
infiltration and neovascularisation, make RA a

potential paradigm for other inflammatory dis-
eases. Increased understanding of the mecha-
nisms of vascular endothelial responses may in
the future lead to interventions designed to
modulate endothelial activities-either by sup-
pression of pro-inflammatory events such as
leucocyte adhesion or by enhancement of anti-
inflammatory reactions such as release of anti-
angiogenic chemokines-and hence more suc-
cessful treatment of inflammatory conditions.
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