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Peripheral blood mononuclear cells from patients with rheumatoid arthritis
spontaneously secrete vascular endothelial growth factor (VEGF): specific
up-regulation by tumour necrosis factor-alpha (TNF-«) in synovial fluid
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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), 8l.1L-4, IL-6, IL-8, IL-10, TNF-

« and transforming growth factor-beta (T@}isoforms for varying time points up to 72 h at"€75%

CO.. 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 Tgi8eforms and TNFxand down-
regulated by IL-4 and IL-10, with no effect observed with 13;1L-6 and IL-8. Antibody blocking
experiments confirmed that TNé&and not TGF8isoforms 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 omx.TNF-
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INTRODUCTION Alternate splicing of mRNA results in the generation of four

The macrophage has been proposed to play an important roleintrger()te'n species of 121, 165, 189 and 206 amino acids. On the

pathogenesis of disease progression in rheumatoid arthritis (RA asis of protein structure, particularly the pattern of conserved

Histological examination of affected synovium reveals evidence Ofcystemes and sequence homology, VEGF is considered to be a

S ) S . ... member of the platelet-derived growth factor (PDGF) protein
macrophage infiltration, with a significant correlation existing family [9], which also includes the more recently described
between the degree of infiltration and disease activity [1,2]. ’

Macrophages in synovial tissue are in an activated state, Wiﬂplacental growth factor (PIGF), VEGF-B, and VEGF-C [10-12].

increased expression of MHC class Il molecules [3] and theVEGF mediates biological function by interaction with two

. - specific tyrosine kinase receptors; flt-1 [13] and KDR [14]
B-integrins CR3 (CD11b/CD18) and CR4 (CD11c/CD18) [4], .
and are known to produce a range of cytokines including 8L-1 (also known as VEGFR1 and V.EGFRZ’ respecnvel_y). Thesg
[5] and TNF«[6]. receptors are expressed predominantly on endothelial cells in

VEGF is a disulphide-linked homodimer of 34—42kD. It is an keeping with the endothelial cell-specific roles for VEGF,

endothelial cell mitogen [7], which promotes angiogenesis anaalthough circulating monocytes and neutrophils have also been

. . : hown to express flt-1, which may mediate VEGF-induced cell
also has potent vascular permeability-enhancing properties [Sf':hemotaxis [15]. A number of cytokines and growth factors are
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There have been several publications reporting dysregulatefemale and 10 male, age 357years) were isolated from
VEGF expression in RA, suggesting a potential role for VEGFblood [29], resuspended at xA0%ml in RPMI1640/10%
in the disease pathogenesis. High levels of VEGF have beefetal calf serum (FCS) and incubated for 24h and 72h in the
detected in synovial fluid (SF) by ELISA, macrophages lining presence of LPS (10U/ml), with unstimulated cells acting as
the synovium have been shown to express VEGF mRNAcontrols.
strongly, and the microvascular endothelial cells of nearby VEGF levels in cell culture supernatant samples were mea-
blood vessels also express mRNA for flt-1 and KDR [24-26]. sured using an in-house sflt-1 receptor capture ELISA previously
VEGF polypeptide expression has been demonstrated imlescribed in detail [30]. This assay has been shown to measure free
subsynovial macrophages, fibroblasts surrounding microvessel¥EGF and not VEGF complexed to flt-1. Intra-and interplate
vascular smooth muscle cells and synovial lining cells [27]. It coefficients of variation for the assay were 4-5% and 11-5%,
has been hypothesized that synovial macrophages are stimulateglspectively.
to synthesize and secrete VEGF, which binds to receptors
on local endothelium, initiating angiogenesis and migrationSecretion of VEGF by PBMC, monocytes and lymphocytes isolated
into the joint cavity, with a resultant increase in vascular from RA patients
permeability and leakage of plasma proteins into the jointLymphocytes and monocytes were isolated from the PBMC
space [24]. samples of five RA patients by monocyte depletion using an

The aims of this study were (i) to determine the levels anti-CD14 antibody-coated magnetic bead (miniMACS, Bisley,
of spontaneous and stimulated VEGF production by peripheraUK) system. The separate populations of monocyte-depleted lym-
blood mononuclear cells (PBMC) from patients with RA phocytes and purified monocytes were analysed by flow cytometry
and healthy control subjects, (i) to investigate the regulation(Coulter Epics XL, Luton, UK) using size and granularity to confirm
of monocyte VEGF production by cytokines proposed aspurity. Cells were resuspended ax 205ml in RPMI 1640/10%
having a role in the initiation and progression of RA, and FCS and cultured for 24h and 72h at°G@/% CGQ in the
(iii) to determine the effects of SF on VEGF production by presence of LPS (10U/ml) with unstimulated cells acting as
PBMC. controls. VEGF levels were quantified in the culture supernatants

by ELISA.
PATIENTS AND METHODS Cytokine regulation of VEGF secretion by PBMC isolated from RA

Materials patients
Recombinant VEGEs and sflt-1 were gifts from Zeneca Experiments were performed to investigate a potential role for
Pharmaceuticals (Alderley Edge, UK). Peroxidase-conjugatedytokines in the control of spontaneous PBMC VEGF secretion.
anti-rabbit antibody was purchased from Jackson ImmunoPBMC (2x10%ml) isolated from 10 RA patients were incubated
Research (Luton, UK). Recombinant human I8-1L-4, IL-6, with a range of cytokines including ILAL IL-4, IL-6, IL-8, IL-10,
IL-8, IL-10, TGF3 1 and TGFB 3 and neutralizing antibodies to TNF-«, TGF81 TGF32 and TGFB 3 at concentrations of 0-01,
IL-4 and IL-10 were purchased from R&D Systems (Abingdon, 0-1, 1, 10 and 100 ng/ml for 24 h. Supernatants were then assayed
UK). Recombinant human TNE&-and TGFB 2 and blocking anti-  for VEGF by ELISA. Time course experiments were also per-
body to TGF8 1,2,3 were purchased from Genzyme Diagnosticsformed on PBMC isolated from three RA patients by adding
(West Malling, UK). Blocking antibody to TNRewas from  TGF81 (1ng/ml) and quantifying VEGF levels at 1, 2, 4, 8 and
Serotec (Oxford, UK). Lipopolysaccharide (LP&scherichia 24 h after its addition. Results were expressed as a percentage of
coli-derived) was purchased from Quadratech (Epsom, UK)the level of VEGF in unstimulated control cultures run in
Lymphocyte separation medium (Lymphoprep) was from Flowconjunction with each experiment.

Labs (Irvine, UK). Further experiments were carried out to determine whether
TNF-a-induced IL-4 or IL-10 secretion by PBMC influenced
Patients and samples VEGF secretion. PBMC isolated from eight RA patients were

Blood samples were collected from patients with RA during cultured with 10 ng/ml rTNFxand 1ug/ml of neutralizing anti-
routine follow up and also from healthy adult volunteers. body to IL-4 (R&D systems) or IL-10 (R&D systems) for 24 h.
RA patients fulfilled the ACR diagnostic criteria. Whole Cells stimulated with 10 ng/ml rTNk-alone under the same
blood was collected into EDTA blood tubes. The total and conditions acted as control.
differential leucocyte counts on the patient samples were
within the normal range. SF were obtained by joint Effect of SF on VEGF secretion by PBMC
aspiration performed as part of routine clinical managemenflo investigate the potential of SF to modulate VEGF production,
from patients with a variety of arthropathies; fluids were 1x10°PBMC isolated from normal adults resuspended in 450
diagnosed according to SF pathology alone [28] and categorizedf RPMI 1640 were incubated with 50 of SF (10%) from 19 RA
into RA, osteoarthritis (OA), primary inflammatory (PI) patients, 12 Pl patients, six OA patients and 10 NI patients for 24 h
arthropathies or non-inflammatory (NI) arthropathies. Approvalat 37C/5% CQ. Cells in RPMI1640/10% FCS acted as control.
for the study was granted by the Central Manchester EthicBlocking studies were performed using MoAbs to TNREnd
Committee. TGF41,2,3. PBMC from a normal healthy volunteerx10°)
were incubated with 10% SF from 10 RA patients in RPMI 1640
Secretion of VEGF by PBMC isolated from RA patients and normalwith no FCS, alone or with 2fg/ml of anti-TNF«, anti-TGF-
controls 81,2,3 or mouse immunoglobulin as control in a total volume of
PBMC from RA patients f=21, 18 female and three male, 500ul for 24 h at 37C/5% CQ. Cells only and cells with each
age 51+ 8years (meart s.d.)) and healthy controls1&21, 11  antibody were also included as controls.
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Fig. 1. Levels of VEGF secretion by unstimulated and stimulated (10 U/ml 250 - (b)
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isolated from 21 rheumatoid arthritis (RA) patien#)(and 21 healthy
controls (J) after 24 h and 72 h in culture. Spontaneous secretion of VEGF
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Secretion of VEGF by PBMC isolated from RA patients and & i
controls g 50
PBMC from RA patients spontaneously secreted significantly more

VEGF compared with cells from control subjects at 24 h and 72h
(P<0-02, unpaired-test) (Fig. 1). Stimulated RA PBMC also
secreted significantly more VEGF than stimulated control cells at TNF-a (ng/ml)

72h (P=0-008, unpaired-test) with np S!Qn'f'cam .dlfference at Fig. 2. Levels of VEGF secretion from peripheral blood mononuclear cells
24h. All VEGF levels at 72h were significantly higher than the pgyc) isolated from 10 rheumatoid arthritis (RA) patients in response to

corresponding 24 h levels. Patient samples and control samplq%nsformmg growth factor-beta 1 (TGF) (a) and TNFe (b) at 100, 10,
were not age- or sex-matched, but unstimulated VEGF production, 0.1 and 0-01 ng/ml after 24 h in cultur®0-05 compared with control

at 24h in 45 RA patients was found not to correlate with age(one-wayanova with Bonferroni correction).
(P=0-9) or be affected by gender (Pearson correlation).

Control 0-01 01 1 10 100

Secretion of VEGF protein by PBMC, monocytes and lymphocyteMonocyte and lymphocyte populations were all shown to have
isolated from RA patients >95% purity as determined by flow cytometry.

After 24 h in culture, CD14 magnetic bead-purified unstimulated

monocytes isolated from five RA patients secreted similar levels ofCytokine regulation of VEGF secretion by PBMC isolated from RA
VEGF compared with the PBMC population from which they were patients

isolated, with the lymphocytes secreting a much lower levelTGF81 up-regulated VEGF production from PBMC isolated
(Table 1). The 24h LPS-stimulated corresponding populationdrom 10 patients with RA in a dose-dependent manner, with
exhibited a similar pattern of secretion. After 72 h, results againmaximal production at 1 ng/mIP(<0-05, one-wayanova with
followed a similar pattern as those at 24 h. These results demorBonferroni correction) (Fig. 2). Similar results were also
strate the monocyte as the main source of VEGF in PBMC culturesobserved with TGHB2 and TGFS3 (data not shown).

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 24h and 72h in culture. VEGF secretion by monocytes was not
significantly different form VEGF secretion by PBMC at all time points.

Cell type 24 h resting 24h LPS 72h resting 72h LPS
PBMC 348-0+ 80-0 360-0- 158-0 632-@175-0 1078-@:327-0
Lymphocytes 119-@ 26-0 147-0- 340 193.0- 44-0 183-0-53-0

Monocytes 405-& 105-0 378-@:105-0 1193-@297-0 952-@ 359-0
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IL-10 (ng/ml) Figure 4. The effect of 10% synovial fluid (SF) from rheumatoid
arthritis (RA), primary inflammatory (Pl), osteoarthritis (OA) and non-
Fig. 3. Levels of VEGF secretion from peripheral blood mononuclear cellsjnflammatory (NI) groups on VEGF secretion by normal peripheral
(PBMC) isolated from 10 rheumatoid arthritis (RA) patients in response top190d mononuclear cells (PBMC) (a). The results are expressed as a
IL-4 (2) and IL-10 (b) at 100, 10, 1, 0-1 and 0-01 ng/ml after 24 h in culture. percentage of VEGF secretion by cells alone and the VEGF already
*P<0-05 compared with control (one-waynova with Bonferroni  nresent in the SF was corrected for by subtracting 10% of the neat
correction). SF VEGF level. No significant differences were observed between
groups. The effect of 10% RA SF{&10) alone, or in combination
with  20pug/ml  of anti-TNF«, anti-transforming growth factor-
Time-course experiments revealed that VEGF production inbetal,2,3 (TGFB1,2,3) or mouse immunoglobulin as control on VEGF
response to TGPB-1 in this system was maximal between 8h secretion by normal PBMC after 24h in culture (b)P<0-001
and 24 h (data not shown). TNEalso up-regulated VEGF pro- compal_’ed with cells with SF alone (one-wayova with Bonferroni
duction in a dose-dependent manner, with maximal production ag°rection)-
10ng/ml P<0-05, one-wayanova with Bonferroni correction)
(Fig. 2). Effect of SF on VEGF secretion by PBMC
Both IL-4 and IL-10 down-regulated VEGF production The incubation of SF from patients with a variety of arthropathies
from PBMC isolated from patients with RA compared with with PBMC, overall resulted in enhanced VEGF production in
unstimulated cells in a dose-dependent manner, with 1, 10 andll disease groups (Fig. 4a). RA SF resulted in the largest
100ng/ml of IL-10 and 10 and 100ng/ml of IL-4 having a increase in VEGF secretion compared with cells with 10% FCS
significant effect P<0-05, one-wayanova with Bonferroni alone, but there was no significant difference between the disease
correction) (Fig. 3). Addition of IL-4 and IL-10 together had no groups.
synergistic effect on the inhibition of VEGF secretion compared  Neutralizing TGFgisoforms in SF resulted in a mean
with their addition alone at the same concentrations (data noteduction of 30% in VEGF secretion compared with cells
shown). IL-18, IL-6, and IL-8 had no significant effect on RA incubated with SF only (means 436 pg/ml and 627 pg/ml, respec-
PBMC VEGF production. tively) (Fig. 4b). This was comparable to the levels of VEGF
Inhibition of IL-4 or IL-10 activity with neutralizing secretion obtained with mouse immunoglobulin as an antibody
MoAbs had no statistically significant effect on TNF-  control (39% reduction). Inhibition of TNk however, resulted in
induced expression of VEGF (mears.e.m. VEGF secretion: significant inhibition of VEGF secretionP« 0-001, one-way
10ng/nl TNFealone 786+ 256 pg/ml, 10ng/nl TNFRxwith ANovAa with Bonferroni correction) by>84% with seven out
anti-IL-4 791+ 204 pg/ml, and 10ng/nl TNE-with anti-IL-10 of the 10 samples having undetectable levels of VEGF at the
797+ 221 pg/ml). end of 24 h.
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DISCUSSION expression. One of the major benefits of TNBlockade in RA
[39,40] may be the inhibition of TNR-induced VEGF secretion
In this study, unstimulated PBMC isolated from RA patients by monocytes.
secreted significantly more VEGF after 24h and 72h in culture
compared with cells from healthy controls. LPS stimulation
produced less up-regulation of RA PBMC VEGF production ACKNOWLEDGMENTS
than that observed with control PBMC, which could be due toWe would like to thank Angela Thompson for her help in sample collection
RA PBMC being in a higher activation state than normal PBMC.and Dr Don Ogilvie for the recombinant VEGds and sfit-1. M.J.B. was
This constitutively higher expression of VEGF by RA PBMC may funded by the Arthritis Research Council, UK, Project number B0558.
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 1 Harris ED. Rheumatoid arthritis. Pathophysiology and implications for
observation). therapy. N Iin? J Med 193&221277 88h |
Yanni G, Whelan A, Feighery C, Bresnihan B. Synovial tissue macro-
sou::ee s;( i)/eErgnFe r]::slmdit;hal’(?s;?r:]euc:aizgvé;hEgnsonrr):;ﬁgstgnzrythg phages and joint erosion in rheumatoid arthritis. Ann Rheum Dis 1994;
’ ! 54:39-44.
T lymphocytes have been shown to express VEGF mMRNA [31] 3 j5n0ssy G, Panayi G, Duke @ al. Rheumatoid arthritis: a disease
and to secrete protein [32]. Monocytes, and especially macro- of T |ymphocyte macrophage immunoregulation. Lancet 1981;
phages, have previously been shown to express VEGF protein 2:834-42.
by immunohistochemistry in RA synovial tissue [24—27] and 4 Allen CA, Highton J, Palmer DG. Increased expression of p150.95
placental macrophages (Hoffbauer cells) [33]. and CR3 leukocyte adhesion molecules by mononuclear phagocytes
TGF-gisoforms and TNFxwere the only cytokines which in rheumatoid synovial membranes. Arthritis Rheum 1889947-54.

up-regulated VEGF protein expression by RA PBMC within 5 Kirkham BW, Navaro FJ, Corkill MMet al. Immunohistochemical
24h. Previous publications have reported that T&af@n localisation of interleukin 1 in rheumatoid and osteoarthritis synovial
up-regulate VEGF expression in glioma cells, vascular smooth membrane. J Rheumatol 19628 (SUp.pI.'Z):M <AbS‘F- 8?)'

. 6 Chu CQ, Field M, Feldman M, Maini RN. Localisation of tumour
muscle . cells and keratmocytes [34,35] and down-regulate necrosis factora in synovial tissues and at the cartilage—pannus
expression of flk-1, the rat equivalent of the VEGF receptor

: 1 . junction in patients with rheumatoid arthritis. Arthritis Rheum 1991,
KDR [36]. Time-course experiments revealed that increased 341125_32.

VEGF production occurred between 8h and 24h of T&F- 7 Gospodarowicz D, Abraham JA, Schilling J. Isolation and characterisa-
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