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SUMMARY

This study was designed to investigate VEGF production from peripheral blood mononuclear cells
(PBMC) from patients with rheumatoid arthritis (RA) compared with healthy controls and to identify
the predominant cellular source in PBMC isolated from RA patients. The regulation of PBMC VEGF
production by cytokines and synovial fluid (SF) was studied. PBMC were isolated from RA patients and
healthy controls and stimulated with lipopolysaccharide (LPS), IL-1b, IL-4, IL-6, IL-8, IL-10, TNF-
a and transforming growth factor-beta (TGF-b) isoforms for varying time points up to 72 h at 378C/5%
CO2. The effect of SF on VEGF secretion by PBMC was also studied. Supernatant VEGF levels were
measured using a flt-1 receptor capture ELISA. RA patients had significantly higher spontaneous
production of VEGF compared with controls, and monocytes were identified as the predominant cellular
source. RA PBMC VEGF production was up-regulated by TGF-b isoforms and TNF-a and down-
regulated by IL-4 and IL-10, with no effect observed with IL-1b, IL-6 and IL-8. Antibody blocking
experiments confirmed that TNF-a and not TGF-b isoforms in SF increased VEGF secretion by RA
PBMC. These results emphasize the importance of monocytes as a source of VEGF in the pathophy-
siology of RA. Several cytokines known to be present in SF can modulate the level of VEGF secretion,
but the predominant effect of SF in VEGF up-regulation is shown to be dependent on TNF-a.
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INTRODUCTION

The macrophage has been proposed to play an important role in the
pathogenesis of disease progression in rheumatoid arthritis (RA).
Histological examination of affected synovium reveals evidence of
macrophage infiltration, with a significant correlation existing
between the degree of infiltration and disease activity [1,2].
Macrophages in synovial tissue are in an activated state, with
increased expression of MHC class II molecules [3] and the
b-integrins CR3 (CD11b/CD18) and CR4 (CD11c/CD18) [4],
and are known to produce a range of cytokines including IL-1b

[5] and TNF-a [6].
VEGF is a disulphide-linked homodimer of 34–42 kD. It is an

endothelial cell mitogen [7], which promotes angiogenesis and
also has potent vascular permeability-enhancing properties [8].

Alternate splicing of mRNA results in the generation of four
protein species of 121, 165, 189 and 206 amino acids. On the
basis of protein structure, particularly the pattern of conserved
cysteines and sequence homology, VEGF is considered to be a
member of the platelet-derived growth factor (PDGF) protein
family [9], which also includes the more recently described
placental growth factor (PlGF), VEGF-B, and VEGF-C [10–12].
VEGF mediates biological function by interaction with two
specific tyrosine kinase receptors; flt-1 [13] and KDR [14]
(also known as VEGFR1 and VEGFR2, respectively). These
receptors are expressed predominantly on endothelial cells in
keeping with the endothelial cell-specific roles for VEGF,
although circulating monocytes and neutrophils have also been
shown to express flt-1, which may mediate VEGF-induced cell
chemotaxis [15]. A number of cytokines and growth factors are
known to up-regulate VEGF expression, including IL-1b [16],
PDGF-b [17], transforming growth factor-beta (TGF-b) [18,19],
basic fibroblast growth factor (bFGF) [20], epidermal growth
factor (EGF) [21], TGF-a [22] and angiotensin II [23].
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There have been several publications reporting dysregulated
VEGF expression in RA, suggesting a potential role for VEGF
in the disease pathogenesis. High levels of VEGF have been
detected in synovial fluid (SF) by ELISA, macrophages lining
the synovium have been shown to express VEGF mRNA
strongly, and the microvascular endothelial cells of nearby
blood vessels also express mRNA for flt-1 and KDR [24–26].
VEGF polypeptide expression has been demonstrated in
subsynovial macrophages, fibroblasts surrounding microvessels,
vascular smooth muscle cells and synovial lining cells [27]. It
has been hypothesized that synovial macrophages are stimulated
to synthesize and secrete VEGF, which binds to receptors
on local endothelium, initiating angiogenesis and migration
into the joint cavity, with a resultant increase in vascular
permeability and leakage of plasma proteins into the joint
space [24].

The aims of this study were (i) to determine the levels
of spontaneous and stimulated VEGF production by peripheral
blood mononuclear cells (PBMC) from patients with RA
and healthy control subjects, (ii) to investigate the regulation
of monocyte VEGF production by cytokines proposed as
having a role in the initiation and progression of RA, and
(iii) to determine the effects of SF on VEGF production by
PBMC.

PATIENTS AND METHODS

Materials
Recombinant VEGF165 and sflt-1 were gifts from Zeneca
Pharmaceuticals (Alderley Edge, UK). Peroxidase-conjugated
anti-rabbit antibody was purchased from Jackson Immuno-
Research (Luton, UK). Recombinant human IL-1b, IL-4, IL-6,
IL-8, IL-10, TGF-b 1 and TGF-b 3 and neutralizing antibodies to
IL-4 and IL-10 were purchased from R&D Systems (Abingdon,
UK). Recombinant human TNF-a and TGF-b 2 and blocking anti-
body to TGF-b 1,2,3 were purchased from Genzyme Diagnostics
(West Malling, UK). Blocking antibody to TNF-a was from
Serotec (Oxford, UK). Lipopolysaccharide (LPS;Escherichia
coli-derived) was purchased from Quadratech (Epsom, UK).
Lymphocyte separation medium (Lymphoprep) was from Flow
Labs (Irvine, UK).

Patients and samples
Blood samples were collected from patients with RA during
routine follow up and also from healthy adult volunteers.
RA patients fulfilled the ACR diagnostic criteria. Whole
blood was collected into EDTA blood tubes. The total and
differential leucocyte counts on the patient samples were
within the normal range. SF were obtained by joint
aspiration performed as part of routine clinical management
from patients with a variety of arthropathies; fluids were
diagnosed according to SF pathology alone [28] and categorized
into RA, osteoarthritis (OA), primary inflammatory (PI)
arthropathies or non-inflammatory (NI) arthropathies. Approval
for the study was granted by the Central Manchester Ethics
Committee.

Secretion of VEGF by PBMC isolated from RA patients and normal
controls
PBMC from RA patients (n¼ 21, 18 female and three male,
age 516 8 years (mean6 s.d.)) and healthy controls (n¼ 21, 11

female and 10 male, age 356 7 years) were isolated from
blood [29], resuspended at 2×106/ml in RPMI 1640/10%
fetal calf serum (FCS) and incubated for 24 h and 72 h in the
presence of LPS (10 U/ml), with unstimulated cells acting as
controls.

VEGF levels in cell culture supernatant samples were mea-
sured using an in-house sflt-1 receptor capture ELISA previously
described in detail [30]. This assay has been shown to measure free
VEGF and not VEGF complexed to flt-1. Intra-and interplate
coefficients of variation for the assay were 4·5% and 11·5%,
respectively.

Secretion of VEGF by PBMC, monocytes and lymphocytes isolated
from RA patients
Lymphocytes and monocytes were isolated from the PBMC
samples of five RA patients by monocyte depletion using an
anti-CD14 antibody-coated magnetic bead (miniMACS, Bisley,
UK) system. The separate populations of monocyte-depleted lym-
phocytes and purified monocytes were analysed by flow cytometry
(Coulter Epics XL, Luton, UK) using size and granularity to confirm
purity. Cells were resuspended at 2×106/ml in RPMI 1640/10%
FCS and cultured for 24 h and 72 h at 378C/5% CO2 in the
presence of LPS (10 U/ml) with unstimulated cells acting as
controls. VEGF levels were quantified in the culture supernatants
by ELISA.

Cytokine regulation of VEGF secretion by PBMC isolated from RA
patients
Experiments were performed to investigate a potential role for
cytokines in the control of spontaneous PBMC VEGF secretion.
PBMC (2×106/ml) isolated from 10 RA patients were incubated
with a range of cytokines including IL-1b, IL-4, IL-6, IL-8, IL-10,
TNF-a, TGF-b 1, TGF-b 2 and TGF-b 3 at concentrations of 0·01,
0·1, 1, 10 and 100 ng/ml for 24 h. Supernatants were then assayed
for VEGF by ELISA. Time course experiments were also per-
formed on PBMC isolated from three RA patients by adding
TGF-b 1 (1 ng/ml) and quantifying VEGF levels at 1, 2, 4, 8 and
24 h after its addition. Results were expressed as a percentage of
the level of VEGF in unstimulated control cultures run in
conjunction with each experiment.

Further experiments were carried out to determine whether
TNF-a-induced IL-4 or IL-10 secretion by PBMC influenced
VEGF secretion. PBMC isolated from eight RA patients were
cultured with 10 ng/ml rTNF-a and 1mg/ml of neutralizing anti-
body to IL-4 (R&D systems) or IL-10 (R&D systems) for 24 h.
Cells stimulated with 10 ng/ml rTNF-a alone under the same
conditions acted as control.

Effect of SF on VEGF secretion by PBMC
To investigate the potential of SF to modulate VEGF production,
1×106 PBMC isolated from normal adults resuspended in 450ml
of RPMI 1640 were incubated with 50ml of SF (10%) from 19 RA
patients, 12 PI patients, six OA patients and 10 NI patients for 24 h
at 378C/5% CO2. Cells in RPMI 1640/10% FCS acted as control.
Blocking studies were performed using MoAbs to TNF-a and
TGF-b 1,2,3. PBMC from a normal healthy volunteer (1×106)
were incubated with 10% SF from 10 RA patients in RPMI 1640
with no FCS, alone or with 20mg/ml of anti-TNF-a, anti-TGF-
b 1,2,3 or mouse immunoglobulin as control in a total volume of
500ml for 24 h at 378C/5% CO2. Cells only and cells with each
antibody were also included as controls.
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RESULTS

Secretion of VEGF by PBMC isolated from RA patients and
controls
PBMC from RA patients spontaneously secreted significantly more
VEGF compared with cells from control subjects at 24 h and 72 h
(P< 0·02, unpairedt-test) (Fig. 1). Stimulated RA PBMC also
secreted significantly more VEGF than stimulated control cells at
72 h (P¼ 0·008, unpairedt-test) with no significant difference at
24 h. All VEGF levels at 72 h were significantly higher than the
corresponding 24 h levels. Patient samples and control samples
were not age- or sex-matched, but unstimulated VEGF production
at 24 h in 45 RA patients was found not to correlate with age
(P¼ 0·9) or be affected by gender (Pearson correlation).

Secretion of VEGF protein by PBMC, monocytes and lymphocytes
isolated from RA patients
After 24 h in culture, CD14 magnetic bead-purified unstimulated
monocytes isolated from five RA patients secreted similar levels of
VEGF compared with the PBMC population from which they were
isolated, with the lymphocytes secreting a much lower level
(Table 1). The 24 h LPS-stimulated corresponding populations
exhibited a similar pattern of secretion. After 72 h, results again
followed a similar pattern as those at 24 h. These results demon-
strate the monocyte as the main source of VEGF in PBMC cultures.

Monocyte and lymphocyte populations were all shown to have
>95% purity as determined by flow cytometry.

Cytokine regulation of VEGF secretion by PBMC isolated from RA
patients
TGF-b 1 up-regulated VEGF production from PBMC isolated
from 10 patients with RA in a dose-dependent manner, with
maximal production at 1 ng/ml (P<0·05, one-wayANOVA with
Bonferroni correction) (Fig. 2). Similar results were also
observed with TGF-b 2 and TGF-b 3 (data not shown).
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Fig. 1. Levels of VEGF secretion by unstimulated and stimulated (10 U/ml
lipopolysaccharide (LPS)) peripheral blood mononuclear cells (PBMC)
isolated from 21 rheumatoid arthritis (RA) patients (B) and 21 healthy
controls (A) after 24 h and 72 h in culture. Spontaneous secretion of VEGF
by RA patients was significantly higher after 24 h and 72 h compared with
controls. *P<0·02 (unpairedt-test).

Table 1. Levels of VEGF secretion by unstimulated (resting) and stimulated (10 U/ml lipopolysaccharide (LPS))
peripheral blood mononuclear cells (PBMC), lymphocytes and CD14 magnetic bead-purified monocytes isolated from
five rheumatoid arthritis (RA) patients after 24 h and 72 h in culture. VEGF secretion by monocytes was not

significantly different form VEGF secretion by PBMC at all time points.

Cell type 24 h resting 24 h LPS 72 h resting 72 h LPS

PBMC 348·06 80·0 360·06 158·0 632·06 175·0 1078·06 327·0
Lymphocytes 119·06 26·0 147·06 34·0 193·06 44·0 183·06 53·0
Monocytes 405·06 105·0 378·06 105·0 1193·06 297·0 952·06 359·0
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Fig. 2. Levels of VEGF secretion from peripheral blood mononuclear cells
(PBMC) isolated from 10 rheumatoid arthritis (RA) patients in response to
transforming growth factor-beta 1 (TGF-b1) (a) and TNF-a (b) at 100, 10,
1, 0·1 and 0·01 ng/ml after 24 h in culture. *P< 0·05 compared with control
(one-wayANOVA with Bonferroni correction).



Time-course experiments revealed that VEGF production in
response to TGF-b 1 in this system was maximal between 8 h
and 24 h (data not shown). TNF-a also up-regulated VEGF pro-
duction in a dose-dependent manner, with maximal production at
10 ng/ml (P< 0·05, one-wayANOVA with Bonferroni correction)
(Fig. 2).

Both IL-4 and IL-10 down-regulated VEGF production
from PBMC isolated from patients with RA compared with
unstimulated cells in a dose-dependent manner, with 1, 10 and
100 ng/ml of IL-10 and 10 and 100 ng/ml of IL-4 having a
significant effect (P<0·05, one-wayANOVA with Bonferroni
correction) (Fig. 3). Addition of IL-4 and IL-10 together had no
synergistic effect on the inhibition of VEGF secretion compared
with their addition alone at the same concentrations (data not
shown). IL-1b, IL-6, and IL-8 had no significant effect on RA
PBMC VEGF production.

Inhibition of IL-4 or IL-10 activity with neutralizing
MoAbs had no statistically significant effect on TNF-a-
induced expression of VEGF (mean6 s.e.m. VEGF secretion:
10 ng/nl TNF-a alone 7866 256 pg/ml, 10 ng/nl TNF-a with
anti-IL-4 7916 204 pg/ml, and 10 ng/nl TNF-a with anti-IL-10
7976 221 pg/ml).

Effect of SF on VEGF secretion by PBMC
The incubation of SF from patients with a variety of arthropathies
with PBMC, overall resulted in enhanced VEGF production in
all disease groups (Fig. 4a). RA SF resulted in the largest
increase in VEGF secretion compared with cells with 10% FCS
alone, but there was no significant difference between the disease
groups.

Neutralizing TGF-b isoforms in SF resulted in a mean
reduction of 30% in VEGF secretion compared with cells
incubated with SF only (means 436 pg/ml and 627 pg/ml, respec-
tively) (Fig. 4b). This was comparable to the levels of VEGF
secretion obtained with mouse immunoglobulin as an antibody
control (39% reduction). Inhibition of TNF-a, however, resulted in
significant inhibition of VEGF secretion (P<0·001, one-way
ANOVA with Bonferroni correction) by> 84% with seven out
of the 10 samples having undetectable levels of VEGF at the
end of 24 h.
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Fig. 3. Levels of VEGF secretion from peripheral blood mononuclear cells
(PBMC) isolated from 10 rheumatoid arthritis (RA) patients in response to
IL-4 (a) and IL-10 (b) at 100, 10, 1, 0·1 and 0·01 ng/ml after 24 h in culture.
*P<0·05 compared with control (one-wayANOVA with Bonferroni
correction).
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Figure 4. The effect of 10% synovial fluid (SF) from rheumatoid
arthritis (RA), primary inflammatory (PI), osteoarthritis (OA) and non-
inflammatory (NI) groups on VEGF secretion by normal peripheral
blood mononuclear cells (PBMC) (a). The results are expressed as a
percentage of VEGF secretion by cells alone and the VEGF already
present in the SF was corrected for by subtracting 10% of the neat
SF VEGF level. No significant differences were observed between
groups. The effect of 10% RA SF (n¼ 10) alone, or in combination
with 20mg/ml of anti-TNF-a, anti-transforming growth factor-
beta 1,2,3 (TGF-b1,2,3) or mouse immunoglobulin as control on VEGF
secretion by normal PBMC after 24 h in culture (b). *P<0·001
compared with cells with SF alone (one-wayANOVA with Bonferroni
correction).



DISCUSSION

In this study, unstimulated PBMC isolated from RA patients
secreted significantly more VEGF after 24 h and 72 h in culture
compared with cells from healthy controls. LPS stimulation
produced less up-regulation of RA PBMC VEGF production
than that observed with control PBMC, which could be due to
RA PBMC being in a higher activation state than normal PBMC.
This constitutively higher expression of VEGF by RA PBMC may
be a feature of inflammatory joint disease, as similar experiments
on PBMC isolated from patients with glomerulopathies revealed
no significant differences between spontaneous VEGF secretion
compared with control subjects (P. Brenchley, unpublished
observation).

The experimental data presented show the monocyte to be the
source of VEGF from PBMC stimulated by LPS. Interestingly,
T lymphocytes have been shown to express VEGF mRNA [31]
and to secrete protein [32]. Monocytes, and especially macro-
phages, have previously been shown to express VEGF protein
by immunohistochemistry in RA synovial tissue [24–27] and
placental macrophages (Hoffbauer cells) [33].

TGF-b isoforms and TNF-a were the only cytokines which
up-regulated VEGF protein expression by RA PBMC within
24 h. Previous publications have reported that TGF-b can
up-regulate VEGF expression in glioma cells, vascular smooth
muscle cells and keratinocytes [34,35] and down-regulate
expression of flk-1, the rat equivalent of the VEGF receptor
KDR [36]. Time-course experiments revealed that increased
VEGF production occurred between 8 h and 24 h of TGF-b 1
stimulation, suggesting that TGF-b 1 acts by stimulating transcrip-
tion of new VEGF mRNA. Like TGF-b, TNF-a is thought to be a
cytokine with angiogenic properties [37]. Our demonstration of the
direct up-regulation of VEGF by TNF-a may explain this function.
TNF-a has previously been shown to induce VEGF mRNA expres-
sion in human glioma cells through the transcription factor SP-1,
although VEGF protein levels were not measured [38]. The
beneficial effects of blocking TNF-a by antibody therapy in RA
[39,40] may therefore be partly explained by the potential of
TNF-a to up-regulate VEGF expression in monocytes found
within the SF and synovial tissue. Anti-TNF-a therapy may be
blocking an important feedback loop, since monocytes and
macrophages are the main source of TNF-a and VEGF within
the RA joint [41].

IL-4 inhibits the LPS-induced IL-1, TNF-a, prostaglandin E2
(PGE2) and 92-kD gelatinase production in human monocytes
[42,43]. IL-10 has also been shown to inhibit IL-1 and TNF-a

production by synovial cell cultures [44]. In this study, IL-4 and
IL-10 at physiological concentrations were observed to down-
regulate VEGF secretion by PBMC and monocytes, with IL-4
showing the greater effect. Unlike IL-4, IL-10 has been detected in
the peripheral blood [45] and synovial joints of RA patients by
reverse transcriptase-polymerase chain reaction (RT-PCR [44], but
its action may be counteracted by TGF-b and TNF-a.

The mean effect of SF from four patient groups, RA, OA, PI
and NI, was to increase VEGF expression by PBMC, with no
significant difference between groups. Blocking studies deter-
mined that TNF-a in SF was responsible for the SF induction of
VEGF, with TGF-b in SF having little or no effect. While both of
these cytokines are abundant in SF [46,47], these results support
the theory that SF TNF-a has the greatest potential to induce
angiogenesis within the joint through promotion of VEGF

expression. One of the major benefits of TNF-a blockade in RA
[39,40] may be the inhibition of TNF-a-induced VEGF secretion
by monocytes.
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