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Rheumatoid arthritis is characterized by hyperplasia
of the synovial lining and invasion of cartilage and
bone by a subset of resident synovial cells named
fibroblast-like synoviocytes. They are characterized
by elevated expression of the vascular cell adhesion
molecule-1 (VCAM-1). The intensity of VCAM-1 ex-
pression correlates with the degree of inflammation
of the synovial joint. Differential VCAM-1 expression
may determine inflammatory cell accumulation
through its interaction with leukocytes that express
the counterreceptor integrins a4b1 and a4b7. Ele-
vated levels of VCAM-1 expression are thought to be a
consequence of the presence of inflammatory medi-
ators, in particular IL-1b and TNF-a. Fibroblast-like
synoviocytes rapidly up-regulate VCAM-1 expression
in response to IL-1b and TNF-a , but also to IL-4. How-
ever, we now show that the response to IL-1b or
TNF-a is of a brief transient nature, even when ap-
plied continuously over a period of 12 days, whereas
the response to IL-4 or IL-13 is sustained. Great syn-
ergy is obtained by combining either IL-4 or IL-13
with TNF-a , which results in a highly elevated but
also sustained expression of VCAM-1. The mechanism
by which IL-4 or IL-13 prolongs VCAM-1 expression
can be explained by a dramatic increase in the half-
life of VCAM-1 mRNA. (Am J Pathol 1999,
154:1149–1158)

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory con-
dition which is characterized in part by hyperplasia of the
synovial lining.1 Hyperplasia of the synovial lining results
from proliferation of resident fibroblast-like synoviocytes
(FLS) together with invasion of blood-borne inflammatory
cells. These inflammatory cells migrate through the syno-
vial high endothelial venules and partition themselves

within the synovium and synovial fluid. The recruitment
and retention of these cells is mediated by a family of cell
surface receptors known as the cell adhesion mole-
cules.2 Adhesion molecules are now believed to play a
crucial role in the pathogenesis of RA due to their up-
regulation in response to certain pro-inflammatory cyto-
kines and their ability to act as costimulatory receptors in
the activation of T cells.3

One adhesion molecule that shows prominent up-reg-
ulation in RA synovium is vascular cell adhesion mole-
cule-1 (VCAM-1), a member of the immunoglobulin (Ig)
superfamily of adhesion molecules.4–6 VCAM-1 was orig-
inally cloned from pro-inflammatory cytokine-treated hu-
man umbilical vein endothelial cells (HUVECs).7,8

VCAM-1 is expressed on fibroblast-like cells within the
intimal layer of normal, osteoarthritis, and RA synovium.5

Moreover, the intensity of VCAM-1 expression correlates
with the degree of synovial inflammation.4 Differential
VCAM-1 expression may determine inflammatory cell ac-
cumulation: adhesive interactions between VCAM-1 and
its ligands, the integrins a4b1 and a4b7, may explain the
accumulation of a4b1-positive mononuclear cells and
a4b7-positive lymphocytes within the synovium, and the
loss of a4b1-negative neutrophils to the synovial fluid.4,9

RA FLS are also able to induce the release of a number of
pro-inflammatory cytokines and metalloproteinases from
both T cells and monocytes following their co-cul-
ture.10–12 A specific role for VCAM-1 in the induction of
metalloproteinase expression was clearly demonstrated
in a study where activated endothelial cells were com-
bined with lymphocytes.13 These results, together with
those recently published by Müller-Ladner and co-work-
ers (1996) demonstrating that VCAM-1-positive FLS pos-
sess an invasive and destructive phenotype, suggests
that FLS are involved in the pathogenesis and perpetua-
tion of RA, with VCAM-1 possibly playing a central
role.13,14
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Whereas the mechanisms of VCAM-1 transcriptional
control have been extensively studied in HUVECs,15–19 it
is not known whether similar mechanisms control
VCAM-1 expression in RA FLS. In contrast to HUVECs,
which demonstrate no basal expression of VCAM-1, FLS
were shown to have some form of constitutive or sus-
tained VCAM-1 expression.4 During isolation and subse-
quent culture of synovial fibroblasts we found that
VCAM-1 expression was initially very high, but declined
with time to low basal levels. The initially high level could
be explained by the presence of inflammatory cytokines
present in the joint.20 The subsequent absence of these
cytokines in culture would explain the decline. For in-
stance, it has been demonstrated that TNF-a rapidly
induces VCAM-1 expression in FLS at the levels of mRNA
and protein.4,21 However, the long-term consequences of
the presence of inflammatory cytokines on VCAM-1 ex-
pression has not yet been addressed. We have set out in
a series of experiments to study the time course of
VCAM-1 expression in cultured FLS after the addition of
various cytokines (IL-1b, TNF-a, IL-4, and IL-13). In this
report we show that chronic administration of TNF-a over
a period of 12 days can prolong the transient expression
of VCAM-1 observed with a single TNF-a treatment from
3 to 6 days. The combination of TNF-a with either IL-4 or
IL-13 results in sustained elevated levels of VCAM-1 ex-
pression. At the molecular level, we demonstrate that IL-4
and IL-13 mediate these effects by greatly reducing deg-
radation of VCAM-1 mRNA transcripts. We conclude that
the presence of either TNF-a and IL-1b alone is not
sufficient to achieve sustained elevated expression of
VCAM-1 on FLS in the RA synovial joint, and that IL-4-like
cytokines are needed.

Materials and Methods

Reagents

Recombinant human IL-1b, IL-4, IL-13, and TNF-a were
purchased from R&D Systems (Abingdon, UK) and used
at a final concentration as indicated in the figure legends.
Dulbecco’s modified Eagle’s medium (DMEM), fetal bo-
vine serum (FBS), and penicillin-streptomycin were ob-
tained from Life Technologies (Paisley, UK). Mouse anti-
human VCAM-1 (BBA-5) was purchased from R&D
Systems. Phycoerythrin (PE)-conjugated Fab2 anti-
mouse IgG, tri-reagent and actinomycin D were pur-
chased from Sigma-Aldrich Chemical Company (Poole,
UK). Bovine serum albumin (BSA), fraction V, was ob-
tained from ICN Biomedicals (Thame, UK). Collagenase
type II (204 U/mg) was obtained from Worthington Bio-
chemical (Lakewood, NJ). Ready-To-Go first strand
cDNA-synthesis kit was from Amersham-Pharmacia Bio-
tech (St. Albans, UK).

Cell Culture

FLS were isolated by enzymatic dispersion of synovial
tissue collected from patients suffering from osteoarthritis
and rheumatoid arthritis at the time of total hip or knee

joint replacement surgery. All tissues were processed
within 1–2 hours after surgery. In brief, synovium was
dissected away from the surrounding joint capsule and
washed extensively with phosphate buffered saline
(PBS). Tissue was minced and digested in serum-free
DMEM containing 2 mg/ml collagenase and penicillin-
streptomycin (1% v/v) for 1 hour at 37°C in a shaking
incubator. The cell suspension was sheared by repeat-
edly passing through a sterile syringe, filtered through
sterile nylon gauze (100 mm) and washed repeatedly with
PBS containing 1% w/v BSA. The cell pellet obtained
following the last wash was resuspended in DMEM con-
taining FBS (10% v/v) and penicillin-streptomycin (1%

Figure 1. Elevated expression of VCAM-1 cell surface protein (A) and mRNA
(B) by freshly isolated rheumatoid fibroblast-like synoviocytes declines with
increasing time in culture. FLSs were isolated as described in Methods and
cultured with 10% FBS for various periods of time. Medium was replenished
every 5 days. A: cell surface VCAM-1 expression was analyzed after 1, 2, 4,
and 6 weeks by flow cytometry using mAb BBA-5. Samples were analyzed
using a FACScan flow cytometer and the results expressed as corrected mean
fluorescence intensity. Data are presented as the mean 6 SE of four exper-
iments. * indicates p , 0.05, and *** p , 0.001 (compared with the results at
week 1). B: VCAM-1 mRNA levels after 0 (ie, from freshly isolated synovial
cells), 1, 2, and 8 weeks. Total RNA was isolated and semiquantitative
RT-PCR performed using VCAM-1-specific and GAPDH-specific primers (see
Methods). PCR products were visualized after electrophoresis on an 8%
polyacrylamide gel and exposure to a phosphorimager. Note the presence of
both the 6D and 7D mRNA transcripts in freshly isolated synovial cells.
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v/v) and cultured for 18 hours in a humidified 5% CO2

atmosphere at 37°C. Nonadherent cells were removed by
extensive washing with PBS. Adherent cells were cul-
tured in DMEM containing FBS (10% v/v) and penicillin-
streptomycin (1% v/v). Cells were passaged when reach-
ing confluence and replated at a ratio of 1:3. In the case
where VCAM-1 expression was measured over an
8-week culture, cells were not passaged but medium was
replaced every 5 days. For cytokine studies FLS were
used between passages 3 and 10, corresponding to
3–12 weeks.

Flow Cytometry

Following the required time in culture, cells were washed
twice with ice-cold PBS. FLS were harvested by incuba-
tion with PBS-4 mmol/L EDTA (20 minutes; 4°C). Most of
the cells rounded up following this treatment and could
be removed by gentle agitation. Any cells which failed to
detach were removed with gentle scraping. Cells were
incubated (20 minutes at 4°C) in an appropriate volume
of 3% v/v human serum (Type AB) and stained with either
control anti-IgG1 antibody or anti-VCAM-1 antibody (40
minutes at 4°C). Cells were washed with PBS-BSA (1%
w/v) and incubated with PE-conjugated Fab2 anti-mouse
IgG. Flow cytometry was performed using a FACScan
flow cytometer (Becton Dickinson, Cowley, UK). Cells
were gated using forward versus side scatter to remove
any dead cells and cellular debris and thus give a uni-
form population of FLS. For each sample 5000 cells were
analyzed. Results are expressed as the corrected mean
fluorescence intensity (MFI) following subtraction of non-
specific fluorescence of IgG control.

Immunohistochemistry

Cells were cultured on 4-well chamber slides, washed in
PBS twice, and fixed, in ice-cold methanol (4 minutes),
followed by an incubation in ice-cold acetone (1 minute).
Fixed cells were then incubated in FBS (10% v/v in PBS).
All the following procedures were performed at room
temperature. After washing 4 times in PBS, cells were
incubated with a mouse anti-human-VCAM-1 monoclonal
antibody (60 minutes). Endogeneous peroxidase activity
was quenched with 3% hydrogen peroxide in methanol (5
minutes). After washing in PBS, a biotinylated goat-anti-
mouse-IgG antibody was added for 30 minutes. Antibody
binding was visualized by the addition of a streptavidin-
coupled peroxidase complex in the presence of 3,3-
amino-9-ethylcarbazole for 10 minutes. The reaction was
stopped by washing the slides in H2O and nuclei were
counterstained with hematoxylin.

RNA Isolation and Semiquantitative RT-PCR

Total cellular RNA was isolated using tri-reagent accord-
ing to the manufacturer’s instructions. Total RNA (2 mg)
was reverse transcribed using a Ready-To-Go first strand
cDNA synthesis kit for 60 minutes at 37°C. This kit utilizes
the Moloney murine leukemia virus (M-MuLv) reverse

transcriptase and an oligo (dT) primer to generate first
strand cDNA. The completed first-strand reaction mix
was heated (5 minutes at 90°C) to inactivate the reverse
transcriptase and stored at 220°C.

Semiquantitative PCR was carried out on cDNA (equiv-
alent to 10 ng of RNA) using oligonucleotide primers
specific for the VCAM-1 and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) genes. For each set of
PCR primers the reaction conditions were optimized by
varying cDNA dilutions, primer concentrations, annealing
temperatures, and number of cycles. By optimizing the
cycle number for each set of primers we ensured that
amplification was in the linear range. VCAM-1 (sense,
CAA GTC TAC ATA TCA CCC AAG (nucleotides 751–
771), and antisense, GGA ACC TTG CAG CTT ACA GTG
(nucleotides 1361–1382)) were modified from those pre-
viously published by Hession et al (1991).8 This primer
pair straddle the domain-4 insertion site and amplify both
the 6-domain (355-bp product) and 7-domain (631-bp
product) forms of VCAM-1. GAPDH primers (362-bp
product), (sense, AAG GTG AAG GTC GGA GTC AAC
(nucleotides 67–88), and antisense, GGC AGA GAT GAT
GAC CCT TTT GGC (nucleotides 406–429)), were mod-
ified from those published by Dall et al (1995).22 Each
PCR reaction contained amplitaq polymerase (1.25
units), 1 3 PCR buffer (10 mmol/L Tris-HCl (pH 8.3), 50
mmol/L KCl, 1.5 mmol/L MgCl2, 0.001% (w/v) gelatin),
200 mmol/L deoxynucleotide triphosphates (dNTPs),
[a32P] dATP (2.5 mCi), 0.2 mmol/L of sense primer, 0.2
mmol/L of anti-sense primer, and cDNA (or water control)
in a total volume of 25 ml. For each primer pair a master
mix containing all of the above components except cDNA
was made up and aliquots were placed in micro-PCR
tubes containing cDNA to minimize contamination and
variations between tubes. Negative controls were also
performed to exclude the possibility of reagent contami-
nation and the amplification of genomic DNA. Hot start

Figure 2. IL-1b and TNF-a induce transient VCAM-1 expression on fibro-
blast-like synoviocytes. Cells were treated with either medium only (open
circles), or medium plus IL-1b (10 ng/ml) (closed circles), or medium plus
TNF-a (10 ng/ml) (open squares) for 1, 2, 3, or 7 days. VCAM-1 cell-surface
expression was determined by flow cytometry using mAb BBA-5 as primary
antibody. Samples were analyzed using a FACScan and the results expressed
as corrected MFI. Data are presented as the mean 6 SE of six experiments.
*, P , 0.05; **, P , 0.01; ***, P , 0.001 (compared with medium-only at the
respective time point).

Sustained Elevated VCAM-1 in Synoviocytes 1151
AJP April 1999, Vol. 154, No. 4



PCR was carried out using a GeneAmp PCR system 9600
thermal cycler (Perkin Elmer) for varying cycles of ampli-
fication (26 and 30 cycles for GAPDH and VCAM-1, re-
spectively). Following the initial denaturing step (94°C for
5 minutes), each cycle of amplification consisted of 30
seconds at 94°C, 30 seconds at an appropriate anneal-
ing temperature (60°C and 64°C for GAPDH and
VCAM-1, respectively), and 1 minute at 72°C. PCR reac-
tions were finished off with a final extension period at
72°C for 10 minutes. Primer-specific PCR products incor-
porating [a32P] dATP were electrophoresed through 8%
polyacrylamide gel and quantified using a Storm 840
phosphorimager (Molecular Dynamics, Sunnyvale, CA)
and ImageQuant software.

Statistical Analysis

All values given are the means 6 standard error (SE) of
the corrected MFI for the number (n) of experiments
performed. Statistical analyses were performed using
analysis of variance (ANOVA). P values ,0.05 were con-
sidered significant. Where statistical significance was
found, Student’s paired t-tests were performed to identify
differences between groups.

Results

Gradual Loss of Highly Elevated Levels of
VCAM-1 during Culture of FLS

Upon removal from the rheumatoid synovium, FLS dem-
onstrate high levels of cell surface VCAM-1 expression
for a period of 2 weeks. With increasing time in culture
this level gradually decreases to a low but constitutive
level of expression (Figure 1A). With respect to the

mRNA, a similar pattern is observed. High levels of both
the 6- and 7-domain forms of VCAM-1 mRNA are ob-
served in the first week, with a gradual loss over the
following weeks (Figure 1B). A basal or constitutive level
of 7-domain VCAM-1 mRNA is observed during long-term
culture. We took these data to mean that upon removal of
the FLS from the rheumatoid synovial membrane, a num-
ber of inflammatory cytokines that control elevated
VCAM-1 expression are lost.

Chronic Treatment of Primary FLS with IL-1b or
TNF-a Induces Only Transient Expression of
VCAM-1

Two prominent inflammatory cytokines present in the in-
flamed joint, TNF-a and IL-1b, were found to be absent in
our cell culture12 and we therefore reasoned that re-
addition of these cytokines could possibly restore consti-
tutively elevated levels of expression of VCAM-1, as ob-
served following removal from the RA synovium. At first,
we tested the time course of VCAM-1 expression over a
period of 7 days following a single addition of either IL-1b
(10 ng/ml) or TNF-a (10 ng/ml). Elevated cell surface
levels of VCAM-1 were obtained at 24 hours but the level
returned to control levels by 72 hours, confirming previ-
ously published data (Figure 2).4 TNF-a was found to be
more potent than IL-1b at inducing VCAM-1 expression.

We next assessed the effect of repeated additions of
IL-1b or TNF-a over a long-term incubation where cyto-
kines were added at day 0 and re-added after each
third-day change of medium. Cell surface expression of

Figure 3. Chronic-cytokine treatment with TNF-a and IL-1b prolongs tran-
sient VCAM-1 expression on fibroblast-like synoviocytes. Medium plus IL-1b
(10 ng/ml) (closed circles), medium plus TNF-a (10 ng/ml), or medium
alone (open circles) were added at day 0 and re-added at days 3, 6, and 9,
over a 12-day period. Cell surface VCAM-1 expression was determined 48
hours after each cytokine addition using flow cytometry and mAb BBA-5 as
primary antibody. Samples were analyzed using a FACScan and the results
expressed as corrected MFI. Data are presented as the mean 6 SE of six
experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001 (compared with
medium-only control at the respective time point).

Figure 4. Flow-cytometric analysis of VCAM-1 on RA fibroblast-like synovio-
cytes treated with TNF-a and IL-4. Cells were cultured with either medium
only (untreated), TNF-a (10 ng/ml), IL-4 (10 ng/ml), or TNF-a plus IL-4 for
3 days. Flow cytometry for cell surface VCAM-1 was carried out using mAb
BBA-5 as primary antibody. Samples were analyzed using a FACScan flow
cytometer. The dashed histogram (in untreated cells) represents staining with
PE-conjugated anti-mouse IgG only. Solid line histograms represent cells
stained with anti-VCAM-1 and PE-conjugated anti-mouse IgG. Results shown
are representative of four experiments.
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VCAM-1 was determined on days 2, 5, 8, and 11. Sur-
prisingly, as can be seen from Figure 3, VCAM-1 expres-
sion was maximal at day 2 but then declined and re-
turned to baseline at day 8. Once VCAM-1 expression
has reached baseline it remains at this level throughout
the remaining time in culture (see also following sec-
tions). We took these data to mean that the addition of
TNF-a alone could not explain prolonged elevated levels
of VCAM-1, nor could it explain the slow decline that we
observed after removal of cells from the synovial mem-
brane. Another cytokine or other cytokines had to be
implicated.

A Synergistic Increase in VCAM-1 Expression Is
Observed with TNF-a in Combination with IL-4

IL-4 had previously been described as a stimulus for the
induction of VCAM-1 expression in FLS.4 It was also
shown that in HUVECs and smooth muscle cells that IL-4
can combine with TNF-a to give a synergistic increase in
VCAM-1 levels.16,23 We therefore tested the effect of IL-4

Figure 5. Time course of VCAM-1 expression in fibroblast-like synoviocytes
treated with a single application of IL-4 (A) and IL-13 (B). Cells were cultured
with either medium only (open circles), TNF-a (10 ng/ml) (closed circles),
IL-4 (10 ng/ml) (open squares), IL-4 plus TNF-a (both at 10 ng/ml) (closed
squares), IL-13 (10 ng/ml) (open triangles), or IL-13 plus TNF-a (both at 10
ng/ml) (closed triangles). Cell surface VCAM-1 expression was analyzed at
days 1, 3, 7, and 14 by flow cytometry using mAb BBA-5. Samples were
analyzed using a FACScan and the results expressed as corrected MFI. Data
are presented as the mean 6 SE of four or five experiments. *, P , 0.05; **,
P , 0.01; ***, P , 0.001 (compared with medium-only control at the
respective time point).

Figure 6. Chronic treatment with TNF-a in combination with either IL-4 (A)
or IL-13 (B) can maintain elevated VCAM-1 expression on fibroblast-like
synoviocytes for up to 16 days. Cells were treated with either medium only
(open circles), TNF-a (10 ng/ml) (closed circles), IL-4 (10 ng/ml) (open
squares), or IL-4 plus TNF-a (both at 10 ng/ml) (closed squares), IL-13 (10
ng/ml) (open triangles), or IL-13 plus TNF-a (both at 10 ng/ml) (closed
triangles) at day 0. Cytokines were re-added at days 4, 8, 12, and 16 over a
20-day period. Cell surface VCAM-1 expression was measured 4 days after
cytokine application in a flow cytometry protocol with the aid of mAb BBA-5.
Results are expressed as corrected MFI. Data are presented as the mean 6 SE
of four experiments. *, P , 0.05; **, P , 0.01; ***, P , 0.001. (In the top panel
comparison is between IL-4 alone and IL-4 plus TNF-a and in the bottom
panel IL-13 alone is compared with IL-13 plus TNF-a). In addition, for both
IL-4 and IL-13 alone, VCAM-1 expression was significantly different from
medium-only control (P , 0.05) at days 4 and 8.
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on the expression of VCAM-1 alone and in combination
with TNF-a. We first tested the effects of this cytokine in a
single-addition experiment and measured VCAM-1 levels
after 72 hours. Treatment with IL-4 alone could induce
VCAM-1 expression (MFI of 37.5) whereas TNF-a-in-
duced expression had returned to baseline levels (MFI of
14.99). However, the combination of IL-4 with TNF-a re-
sulted in a synergistic increase in cell surface VCAM-1
expression (MFI of 67.77) (Figure 4). Treatment with
higher doses of IL-4 (50 ng/ml) either alone or in combi-
nation with TNF-a could not further increase VCAM-1
expression (data not shown).

TNF-a in Combination with IL-4 or IL-13 Can
Greatly Prolong the Expression of
VCAM-1 by FLS

IL-13 has a number of similar biological actions, which
are mediated via its binding to the IL-4 receptor.24–26 In
addition, highly elevated levels of IL-13 were found in the
synovial joint.27 We therefore next tested whether the
presence of IL-4 or IL-13 affected the time course of
VCAM-1 expression as induced by TNF-a. We tested the
effects of IL-4 or IL-13 in two experimental setups, a

single cytokine application and multiple cytokine appli-
cations (long-term treatment). Addition of a single dose of
IL-4 alone resulted in an immediate elevated expression
that peaked at day 3 and returned to basal levels at day
7 (Figure 5A). The combination of IL-4 and TNF-a, how-
ever, gave a synergistic increase in VCAM-1 expression,
which peaked at day 7 and returned to baseline by day
14. Similar data were obtained with IL-13, with the differ-
ence that VCAM-1 expression levels, when added either
alone or in combination with TNF-a, were lower com-
pared to IL-4 (Figure 5B).

We next assessed the effect of chronic treatment with
TNF-a (10 ng/ml) in combination with IL-4 or IL-13 (each
at 10 ng/ml) over a long-term incubation. Cytokines were
added at day 0 and re-added after each fourth-day me-
dium change. Cell surface expression of VCAM-1 was
determined on days 4, 8, 16, and 20. As shown in Figure
6, chronic treatment with TNF-a was unable to prolong
the transient expression of VCAM-1. Either IL-4 or IL-13
alone gave a significant up-regulation compared to the
control and, moreover, induced an apparently higher
level of expression than TNF-a alone. The combination of
either IL-4 or IL-13 with TNF-a not only resulted in a
synergistic increase in VCAM-1 expression, but also pro-

Figure 7. Immunohistochemical staining demonstrating that pathophysiological concentrations of IL-13 can synergize with TNF-a to enhance VCAM-1 expression
on fibroblast-like synoviocytes. Cultured FLS were treated with IL-13 at 0.1, 1, and 10 ng/ml as indicated and TNF-a (10 ng/ml) for 4 days. FLSs were fixed with
methanol and acetone and then stained with mouse anti-human VCAM-1 mAb (BBA-5) and visualized using the streptavidin-biotin-peroxidase method. The results
shown are representative of four separate experiments.
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longed elevated expression for over 16 days. Again, IL-4
was more effective than IL-13 at similar concentrations.

Elevated Levels of Expression as Detected by
Immunohistochemistry Can Be Achieved by
Pathophysiological Concentrations of IL-13 in
Combination with TNF-a

VCAM-1 expression levels in situ have been determined
predominantly by the use of immunohistochemistry.
Therefore, using this detection method we screened
VCAM-1 expression levels induced by different concen-
trations of IL-13 in the presence of TNF-a (10 ng/ml).
Highly elevated levels could be observed with as little as
1.0 ng/ml of IL-13 and 10 ng/ml of TNF-a, which is within
the range of concentrations detected in the diseased joint
(Figure 7). We therefore concluded that under patho-
physiological conditions IL-13 could be instrumental in
maintaining high VCAM-1 expression in the synovial joint.

Induction and Prolonged Expression of VCAM-1
mRNA by TNF-a in Combination with Either IL-4
or IL-13

In order to study further the possible mechanism of action
of IL-4 and IL-13 we studied expression of mRNA for

VCAM-1 using a semiquantitative RT-PCR technique.
VCAM-1 mRNA transcripts were found to be expressed
at low levels in untreated cells. The addition of TNF-a
transiently up-regulated VCAM-1 mRNA, with expression
reaching a peak at 16 hours. IL-4 and IL-13 were both
able to elevate VCAM-1 mRNA expression, however, with
an apparently slower onset. The combination of IL-4 with
TNF-a resulted in a dramatic increase in both the level
and the duration of expression of VCAM-1 (Figure 8).
Only moderate synergy was found with IL-13 and TNF-a.
These findings reflect the results obtained with measure-
ments of cell surface expression of VCAM-1.

IL-4 and IL-13 Stabilize VCAM-1
mRNA Transcripts

To determine the mechanism that controls prolonged
VCAM-1 mRNA up-regulation in response to combination
treatment with IL-4 or IL-13 and TNF-a we studied the
time course of mRNA degradation in the presence of
actinomycin D, an inhibitor of transcription. FLS were
cultured with IL-4, IL-13, or TNF-a, alone or in combina-
tion, for 16 hours. Actinomycin D (5 mg/ml) was then
added and total RNA isolated thereafter at 0, 2, 4, and 10
hours. Semiquantitative RT-PCR was carried out (Figure
9A). VCAM-1 mRNA transcripts induced by TNF-a and
IL-4 exhibited half-lives of approximately 2 and 6 hours,
respectively. When TNF-a and IL-4 were combined the
half-life extended to over 10 hours, ie, we could not
detect any reduction in the level of VCAM-1 mRNA ex-
pression during that period. Similar results were seen
with IL-13. We next assessed whether or not transcript
stability was altered after 10 days of cell culture in the
presence of similar combinations of cytokines. Elevated
levels of VCAM-1 mRNA were observed in cells treated
with the combination of IL-4 and TNF-a but not with TNF-a
alone. Stability of the transcripts was still increased at day
10 in cells treated with the combination of IL-4 and TNF-a
(Figure 9B), albeit at a lower level (Figure 9, B and C). We
conclude that IL-4 and IL-13 may play a prominent part in
maintaining a sustained cell surface expression of
VCAM-1 as a consequence of stabilization of VCAM-1
mRNA transcripts.

Discussion

Elevated expression of VCAM-1 by synovial fibroblasts is
understood to be mediated by the cytokine-rich milieu
present in the RA synovium.4 In particular, emphasis has
been placed on the putative role of IL-1b and TNF-a
because it was shown that expression of VCAM-1 on RA
FLS can be transiently restored by the addition of these
cytokines.4,21 In addition, treatment with anti-TNF-a anti-
body appears to decrease VCAM-1 expression in syno-
vial biopsies taken from RA patients.20 We now demon-
strate that sustained elevated expression of VCAM-1 on
cultured FLS cannot be obtained by the presence of
TNF-a or IL-1b alone. Even prolonged treatment, where

Figure 8. Time course of induction of VCAM-1 mRNA transcripts in fibro-
blast-like synoviocytes by combinations of cytokines. Cells were cultured
with either medium only (untreated), IL-4 (10 ng/ml), IL-13 (10 ng/ml), or
TNF-a (10 ng/ml) either alone or in combination with IL-4 or IL-13. Total
RNA was isolated at the indicated time periods and semiquantitative RT-PCR
performed using VCAM-1-specific and GAPDH-specific primers (see Materi-
als and Methods). PCR products were electrophoresed on an 8% polyacryl-
amide gel and visualized using a phosphorimager. Similar amounts of am-
plified GAPDH PCR product indicate similar levels of GAPDH mRNA in each
sample. The results shown above are representative of three separate exper-
iments.
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cytokines are added every 3 or 4 days, results only in an
initial transient expression that, once returned to base-
line, remains low throughout the remaining time in culture
(up to 3 weeks). This pattern of regulation greatly resem-
bles that observed in vascular endothelial cells, where it
was found that transient VCAM-1 expression results from
rapid transcriptional repression of NFkB by its inhibitor
IkBa.28,29 It is argued that transient expression is essen-
tial not only in the initiation but also in the subsequent
termination of the local inflammatory response. With re-
spect to TNF-a or IL-1b, we feel that a similar mechanism
of action may apply to FLS.

Interestingly treatment of FLS with IL-4 alone also re-
sults in a rapid up-regulation of VCAM-1 and this was
apparently more effective than TNF-a, certainly when

measured over a 2- to 3-week period. The combination of
IL-4 and TNF-a was most effective not only in increasing
the level of VCAM-1 to levels that we measured on cells in
their first week of culture, but also in maintaining high
levels of expression for 20 days. This study further high-
lights the differing mechanisms of transcriptional control
of the VCAM-1 gene in different cell types.16,23 VCAM-1
regulation in FLS is different from that in HUVECs or
smooth muscle cells for the following reasons. First, FLS
transiently up-regulate VCAM-1 mRNA expression in re-
sponse to TNF-a (as with HUVECs, but in contrast to
smooth muscle cells). Second, IL-4 rapidly induces
VCAM-1 mRNA followed by cell surface expression (as
with smooth muscle cells but in contrast to HUVECs).
What they have in common, however, is that all three cell

Figure 9. VCAM-1 mRNA stability at 16 hours and 10 days after treatment of
fibroblast-like synoviocytes with various combinations of cytokines. Cells
were cultured with medium-only (untreated), TNF-a (10 ng/ml), IL-4 (10
ng/ml), or IL-13 (10 ng/ml) and, in addition, were treated with TNF-a (10
ng/ml) in combination with IL-4 or IL-13. Cytokines were re-added at days 5
and 10. At 16 hours (A) or 10 days (B) after the start of the culture,
Actinomycin-D (5 mg/ml) was added and mRNA was isolated at 0, 2, 4, or 10
hours thereafter. To measure the amount of mRNA transcripts, semiquanti-
tative RT-PCR was performed with VCAM-1-specific and GAPDH-specific
primers. C: Normalized results of three separate PCR experiments. Normal-
ized data are expressed as the ratio of each VCAM-1 band intensity to the
respective GAPDH band intensity. Medium-only (open circles); TNF-a
(closed circles); IL-4 (open squares); TNF-a and IL-4 (closed squares).

1156 Croft et al
AJP April 1999, Vol. 154, No. 4



types show a synergistic increase in VCAM-1 expression
following treatment with IL-4 in combination with TNF-a.23

We furthermore show that the contribution of IL-4 and
IL-13 to the sustained elevated levels could in part be
explained by their capacity to prolong dramatically the
half-life of VCAM-1 mRNA. Stable transcripts were still
observed at day 10 of incubation, albeit at a lower level of
protection. This finding indicates that, indeed, the pres-
ervation of mRNA may be one mechanism by which
elevated levels of VCAM-1 protein expression can be
achieved in FLSs. Post-transcriptional mechanisms that
prevent the degradation of mRNA transcripts are also
used by other inflammatory genes. For instance, the up-
regulation of cyclooxygenase-2 (COX-2) by proinflamma-
tory cytokines is a consequence of both transcriptional
activation and increased COX-2 mRNA stability.30,31 Our
studies, however, have not addressed the possibility that
IL-4 or IL-13 can also activate transcription of VCAM-1.
Recently, IL-4 has been shown to transcriptionally acti-
vate the VCAM-1 gene in smooth muscle cells.23 More-
over, other studies have shown that both these cytokines
are able to activate transcription through the signal trans-
ducer and activator of transcription pathway.32 We have
attempted to study this aspect in a nuclear run-on assay
but could not achieve the number of cells required for
these studies. This aspect therefore remains to be stud-
ied.

A recent study by Isomäki and colleagues (1996) iden-
tified the presence of IL-4 and IL-13 in the synovial fluid
and synovium of RA patients.27 Our observation that
pathophysiological concentrations augment VCAM-1 ex-
pression, particularly in the presence of TNF-a, indicates
that these cytokines may be instrumental in the regulation
of VCAM-1 expression in the joint. This possibility is per-
haps best illustrated by our finding that VCAM-1 expres-
sion (both mRNA and cell surface protein) by FLS slowly
declines when these cells are removed from the RA sy-
novial joint and placed in culture. If expression of
VCAM-1 in the synovial joint was solely regulated by
elevated levels of TNF-a and IL-1b, then, when cells are
placed in culture, we would expect a rather rapid decline
in the levels of expression.

In conclusion, our results have shown that IL-4 or IL-13,
either alone or in combination with TNF-a, results in ele-
vated levels of VCAM-1 expression in fibroblast-like sy-
noviocytes. Moreover, the chronic administration of these
cytokine combinations can achieve a sustained elevated
level of VCAM-1 expression. This sustained expression
can be explained in part by the capacity of IL-4 or IL-13
to stabilize VCAM-1 mRNA. Thus, VCAM-1 mRNA stabil-
ity appears to be a major factor in the sustained
up-regulation of VCAM-1 expression in fibroblast-like
synoviocytes.
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