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Abstract Within 6 h, shear stress upregulated intercellular ad-
hesion molecule-1 (ICAM-1) (two- to four-fold, P <0.001) and
induced matrix metalloproteinase-2 (MMP-2) in cultured hu-
man saphenous vein endothelial cells. By 8 h endothelial
ICAM-1 levels returned to baseline, with concomitant increase
in soluble ICAM-1 (sSICAM-1) (P <0.001) and MMP-9 had
been induced. Inclusion of a hydroxamate metalloproteinase in-
hibitor partially reversed the effects on ICAM-1 and sICAM-1
at 8 h, whereas TIMP-1, -2 or -3 had no effect. MMP-9, but
not MMP-2, co-immunoprecipitated with ICAM-1. sICAM-1
was processed distal to Arg441, indicating that MMP-9, dock-
ing to ICAM-1, contributes to SICAM-1 shedding and attenu-
ation of the shear stress-induced upregulation of ICAM-1.

© 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Endothelial cells sense shear stress at or near the cell sur-
face. Shear stress may be transduced through interactions of
activated mechanoreceptors with connections to the cytoskel-
eton leading to a diversity of cell responses and alterations in
gene expression [1]. The upregulation of endothelial intercel-
lular adhesion molecule-1 (ICAM-1) in response to shear
stress has been well described in cultured cells and intact sa-
phenous vein [2-4]. The transient upregulation of endothelial
ICAM-1 and its influence on leukocyte recruitment and vas-
cular remodelling are likely to be important in several clinical
situations, including the fashioning of arteriovenous fistulae
for dialysis access and in saphenous vein grafts, implanted to
bypass arterial occlusions.

No studies have reported on mechanisms that ‘switch off” or
counteract the endothelial response to shear stress, but for
ICAM-1 the possibility of protease-induced shedding of solu-
ble ICAM-1 (sSICAM-1) is considered here. There is contro-
versial evidence as to the class of protease that is involved in
SICAM-1 shedding from cultured cells. In U937 cells sSICAM-
1 shedding was effected by human leukocyte elastase (a serine
protease) but not by matrix metalloproteinase-9 (MMP-9) [5].
In contrast, in astrocytes SICAM-1 shedding was blocked by
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hydroxamate inhibition of MMPs [6]. More recently, it has
been suggested that MMP-9 binds to ICAM-1 on the surface
of HL60 cells, subsequent activation of MMP-9 being associ-
ated with sSICAM-1 shedding [7].

2. Materials and methods

All reagents were purchased from Sigma-Aldrich (Poole, UK) un-
less otherwise stated. XN908 (HONHCOCH(CHj3)CH (isobutyl)-CO-
Tyr-(OMe)-NHMe) was obtained from Dupont Pharmaceuticals (Wil-
mington, DE, USA), tumour necrosis factor-o. (TNF-o) from R&D
Systems (Abingdon, UK) and a,-macroglobulin from Research Diag-
nostics (Flanders, NJ, USA). Recombinant tissue inhibitors of metal-
loproteinases TIMP-1, TIMP-2 and TIMP-3 were prepared and tested
for activity as described previously [8]. Monoclonal antibodies to
MMP-2 and MMP-9, sICAM-1 and MMP enzyme-linked immuno-
sorbent assay kits were obtained from R&D Systems. Monoclonal
and polyclonal antibodies to ICAM-1 were from Dako Diagnostics
(Ely, UK) and R&D Systems respectively.

Human saphenous vein endothelial cells (HSVECs) were isolated
and cultured as described previously [9]. For shear stress experiments
HSVECs were grown to confluence (passage 3) on chamber slides 75
mmX25 mm (Nunc, Paisley, UK), which were subjected to shear
stress for various times in a parallel plate chamber [10]. HSVECs
sufficient for 20-25 slides only were obtained from each donor. Me-
dium (M199 containing 15 ug/ml endothelial growth factor and 17
U/ml heparin) was replaced 30 min before application of shear stress,
reagents added 20 min later and included in the perfusate (30 ml
reservoir, gassed with 95% 0O,/5% CO,); the entire system was main-
tained in an enclosure at 37°C. Flow was altered to generate simulated
‘venous’ (7.6 ml/min, 0.08 N/m?) or ‘arterial’ shear stress (76 ml/min,
0.79 N/m?) [4]. At completion of experiments cells were fixed for 2 min
with ice-cold methanol and 0.03% (v/v) H,O, at room temperature
and the perfusate was centrifuged (300X g, 5 min) and concentrated
100-fold using Centriplus concentrator tubes (Millipore, Watford,
UK). Concentrated perfusate was frozen in aliquots at —70°C.
Time-matched stationary controls and TNF-o (5 ng/ml)-stimulated
ICAM-1 expression (+ reagent) served as negative and positive con-
trols respectively. ICAM-1 was measured as described previously [11].
SICAM-1 was collected from the concentrated lysate by immunopre-
cipitation (see below), and tryptic peptides analysed by matrix-assisted
laser desorption ionisation mass spectrometry.

Cell number was determined from measurement of double-stranded
DNA, using a PicoGreen™ dsDNA quantitation kit (Molecular
Probes, Leiden, The Netherlands). The assay, calibrated with sus-
pended HSVECs, was linear in the range 4000-20 000 cells.

Cell lysates, cells were prepared in 50 pl of 10 mM Tris—C1~ pH 7.4
containing 140 mM NaCl, 1 mM phenylmethylsulphonyl fluoride
(PMSF), 1 mM sodium metavanadate (NaVOs,), 0.8 U/ml aprotinin,
1 mM EDTA, 2.9 uM pepstatin A, 4.68 uM leupeptin, and 1% (v/v)
NP40. Lysates were stored at —70°C until used for immunoprecipita-
tion (incubation with 5 ul goat polyclonal antibodies to ICAM-1 for
2 h at 4°C, followed by incubation with 10% volume of protein G
Sepharose for 2 h at 4°C) or gelatin zymography. Polyacrylamide gels
(7.5%) containing 1% sodium dodecyl sulphate and 0.8 mg/ml gelatin
were prepared and run in 2-amino-2-methyl-1,3-propanediol-Cl™
buffer, with 0.5 pg/ml purified MMP-2 (Matrix Biology Laboratory,
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Kennedy Institute of Rheumatology, London, UK) as a positive con-
trol. To identify the class of proteinase activity, PMSF (10 uM) or
EDTA (5 mM), for inhibition of serine and metalloproteinases respec-
tively, were added to the renaturing and developing buffers.

Statistical calculations were performed using Stata version 6 (Texas,
USA).

3. Results

3.1. Effect of steady and step laminar shear stress ICAM-1
expression in HSVECs

Low shear stress (‘venous’, 0.08 N/m?), for periods of up to
8 h, did not alter cellular ICAM-1 (open bars Fig. 1A). Higher
shear stress (‘arterial’, 0.8 N/m?) resulted in a two- to four-
fold increase in cellular ICAM-1 after 6 h (solid bars in Fig.
1A), analysis of variance (ANOVA) P=0.002. However, after
8 h cellular ICAM-1 was not significantly different from base-
line. After ‘arterial’ shear stress for up to 8 h, HSVECs re-
mained flattened with little cell detachment ( <10%) (Fig. 2).
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Fig. 1. Regulation of ICAM-1 in HSVECs by shear stress. All val-
ues are means*S.E.M. from four or five separate experiments. Er-
ror bars show S.E.M. Different HSVEC donors were used for each
time course, so that only statistical comparisons (ANOVA) within
each bar coding are valid. A: Cellular ICAM-1. Cellular ICAM-1
expression was unchanged by ‘venous’ shear stress, but increased
two- to four-fold after exposure to 6 h of ‘arterial’ shear stress
under all conditions (P <0.01). ICAM-1 levels increased further
after 8 h in the presence of 3 uM XN908 or 0.05 uM o,-macro-
globulin (P <0.02), but had reduced to near-basal levels in the ab-
sence of these protease inhibitors. B: sSICAM-1 (values refer to un-
concentrated perfusate). With ‘arterial’ shear stress, in the presence
or absence of inhibitors, there was a steady increase in SICAM-1 be-
tween 0 and 6 h. In the absence of inhibitors SICAM-1 doubled be-
tween 6 and 8 h (P<0.01), but this increase was abolished in the
presence of inhibitors.
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3.2. Effect of prolonged exposure to shear stress on sSICAM-1

SICAM-1 increased steadily, from 0.35%0.03 ng/ml to
3.75£0.41 ng/ml, between 0 and 6 h of ‘arterial’ shear stress,
but with a sharp increase to >8 ng/ml between 6 and § h
(solid bars in Fig. 1B). In contrast, any increase in SICAM-1
after the application of ‘venous’ shear stress was insignificant
(open bars in Fig. 1B).

3.3. Effect of protease inhibitors on cellular ICAM-1

The protease inhibitors XN908 (3 uM) and o;-macroglobu-
lin (50 nM) did not alter the cellular ICAM-1 concentration in
the absence of shear stress. In the presence of either XN908 or
op-macroglobulin, cellular ICAM-1 expression continued to
increase between 6 and 8 h of ‘arterial’ shear stress (P =0.02
and P=0.023 respectively) (Fig. 1A). The combined presence
of XN908 and a;-macroglobulin in the perfusate had a similar
effect (Fig. 1A). Inclusion of 1 uM TIMP-1, -2 or -3 in the
perfusate did not maintain elevated cellular ICAM-1 levels
after 8 h of ‘arterial’ shear stress (Table 1).

3.4. Effect of protease inhibitors on sSICAM-1

Inclusion of either XN908 or a;,-macroglobulin in the per-
fusate had no significant effect in reducing sICAM-1 levels
between 0 and 6 h of ‘arterial’ shear stress (Fig. 1B), but
the sharp increase between 6 h and 8 h was abolished
(P <0.02). The combination of XN908 and o,-macroglobulin
in the perfusate appeared to have increased effectiveness to
reduce sSICAM-1 levels (Fig. 1B). Inclusion in the perfusate
of 1 uM TIMP-1, -2 or -3 did not alter the generation of
SICAM-1 from HSVECs exposed to ‘arterial’ shear stress (Ta-
ble 1).

3.5. Gelatinolytic activity in lysates of HSVECs exposed to
‘arterial’ shear stress

No activity was observed on gelatin zymograms in lysates
of cells maintained in the absence of flow. After 6 h of ‘arte-
rial” shear stress, four gelatinolytic bands at 107 kDa, 92 kDa
and doublet at 72 kDa and 64 kDa were visible (Fig. 3A). By
8 h densitometry indicated that the 92 kDa band had four-
fold increased intensity (n =4, P=0.02), whereas the intensity
of the 72/64 kDa doublet had not increased (P =0.15). PMSF
(10 uM) inhibited the band detected at 107 kDa only (data
not shown). EDTA (5 mM) inhibited MMP-2 markers (64
kDa activated form and 45 kDa form lacking the C-terminal
haemopexin domain) and bands detected at 92 kDa and dou-
blet at 72 kDa and 64 kDa in cell lysates (Fig. 3A), suggesting
their possible identity as MMP-9 and MMP-2 respectively.
Western blotting confirmed the presence of proMMP-2 in
6 h and 8 h lysates (Fig. 3C), but proMMP-9 only in § h
lysates (Fig. 3D).

3.6. Gelatinolytic activity in perfusate of HSVECs exposed to
‘arterial’ shear stress

In the absence of flow there was no gelatinolytic activity at
<100 kDa. Gelatinolytic activity at 72 kDa (inhibited by
EDTA), compatible with proMMP-2, was present in perfusate
after 6 and 8 h ‘arterial’ shear stress (Fig. 3B): there was no
evidence of a 92 kDa band. MMP-2 concentrations in the 0,
6 and 8 h concentrated perfusates were <0.2, 0.8£0.2 and
2.2 +0.3 ng/ml respectively, whereas MMP-9 was not detected
(n=4).
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Fig. 2. Morphology of human saphenous vein endothelial cells after 0-8 h of shear stress. HSVECs cultured in the absence of flow for 8 h (A)
and after exposure to 2, 4, 6 and 8 h of laminar shear stress, 0.8 N/m?> (B-E respectively). Scale bar represents 50 pm.

3.7. Immunoprecipitation of ICAM-1 from cell lysates

Following immunoprecipitation of cell lysates (0 h and 8 h
‘arterial’ shear stress) with polyclonal antibodies to ICAM-1,
the precipitated proteins were subject to Western blotting
(Fig. 4). Probing with a monoclonal antibody to ICAM-1,
the positive control for ICAM-1 was a single band (115
kDa) at 0 h, but an additional band at 95 kDa, indicative
of ICAM-1 cleavage, was observed at 8§ h. Probing the blots
with monoclonal antibody to MMP-2 revealed no staining at
0 or 8 h, but monoclonal antibody to MMP-9 revealed a band
at 92 kDa (proMMP-9) after 8 h.

Table 1

3.8. Sequencing of sSICAM-1 from cell perfusates

The sSICAM-1 peptides identified closest to the carboxy-ter-
minal, membrane-spanning domain were DLEGTYLCR
(423-431) in the fifth immunoglobulin domain and
STQGEVTR (434-441) in the hinge region (Fig. 5), to indi-
cate that cleavage occurred between Argd4l and the trans-
membrane domain.

4. Discussion

This study reports the novel observation that prolonged

The effect of TIMPs on cellular and soluble ICAM-1 from HSVECs exposed to ‘arterial’ shear stress

Time (h) TIMP (1 uM) Cellular ICAM-1 (A49,/10* cells) sICAM-1 (ng/ml)
0 - 0.08 0.6
6 - 0.26 4.7
8 - 0.09 8.4
8 TIMP-1 0.07 7.8
8 TIMP-2 0.08 8.1
8 TIMP-3 0.08 8.2

The results show the mean values obtained from three flow chambers connected in parallel.
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Fig. 3. The effect of shear stress on gelatin-degrading enzymes in lysates prepared from HSVECs. A: Confluent HSVECs were exposed to 4,
6 and 8 h of ‘arterial’ shear stress and cell lysates were analysed with gelatin zymograms. Purified active MMP-2 was the positive control (lane
S, 64 and 45 kDa bands). Lysates from cells exposed for 4, 6 and 8 h are shown in lanes 1-3 respectively, lane 4 shows the 8 h no flow con-
trol. Activity at 107 kDa, 92 kDa and a 72/68 kDa doublet is evident in lanes 2 and 3. 5 mM EDTA inhibited the MMP-2 positive control
(lane 6), and all but the 107 kDa band of the 6 and 8 h ‘arterial shear’ lysates (lanes 7 and 8). B: Gelatin zymograms of concentrated perfusate
from HSVECs exposed to 6 and 8 h of ‘arterial’ shear stress. Lane 1, positive control (64 and 45 kDa); lane 2, 8 h no flow; lanes 3 and 4,
6 and 8 h of ‘arterial’ shear stress respectively. 5 mM EDTA inhibited the lower molecular weight band from 6 and 8 h perfusates, lanes 5 and
6. C,D: Western blots of cell lysates to show the time-dependent expression of MMP-2 and MMP-9. Lysates (50 pg protein) from HSVECs
cultured for 8 h with no flow, or with 6 and 8 h of ‘arterial’ shear stress are shown in lanes 1, 2 and 3 respectively. Lane 4, positive control,

cultured human vein smooth muscle cells stimulated with 5 ng/ml TNF-a.

‘arterial’ shear stress leads to the metalloproteinase-dependent
shedding of SICAM-1 from saphenous vein endothelium, a
mechanism which could counteract the upregulation of
ICAM-1 by shear stress.

After 8 h of ‘venous’ shear stress there was some accumu-
lation of SICAM-1 in the medium, to indicate that shedding
could be a normal physiological process. With ‘arterial’ shear
stress, the shedding of sSICAM-1 increased by an order of
magnitude, the sharpest increase occurring between 6 and
8 h, with concomitant reduction in cellular ICAM-1. Sequenc-
ing of SICAM-1 identified that SICAM-1 was cleaved in the
hinge region beyond the fifth immunoglobulin domain. Metal-
loproteinases MMP-2 and MMP-9 were induced by ‘arterial’
shear stress. Zymograms and immunoassays showed that
MMP-2 was synthesised and secreted by 6 h, with little further
increase at 8 h, with delayed induction of proMMP-9 between
6 and 8 h. All the proMMP-9 was cell-associated and MMP-9
(but not MMP-2) co-immunoprecipitated with ICAM-1. Both
the hydroxamate XN908 and o,-macroglobulin inhibited the
sharp increase in sSICAM-1 observed between 6 and 8 h and
partially inhibited the reciprocal decline in cellular ICAM-1.
The role of two sequential proteolytic steps would be concor-
dant with both established mechanisms for metalloproteinase
activation and the process for the hydroxamate-sensitive shed-

ding of PECAM-1 from endothelial cells [12]: o,-macroglob-
ulin could inhibit either step. We provide circumstantial evi-
dence for a role for MMP-9 in the shear stress-induced
shedding of sSICAM-1 from HSVECs. Based on the substrate
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Fig. 4. Immunoprecipitation of ICAM-1 from endothelial cell ly-
sates. Proteins were immunoprecipitated from cell lysates (50 ul ly-
sate, 8 h of no flow or ‘arterial’ shear stress) with polyclonal anti-
ICAM-1, subjected to Western blotting and probed with monoclo-
nal antibodies to ICAM-1 (lanes 1 and 2), MMP-2 (lanes 3 and 4)
and MMP-9 (lanes 5 and 6). After 8 h of shear stress there was evi-
dence of the presence of a lower molecular weight form of ICAM-1,
95 kDa (lane 2), in addition to the 115 kDa form. There was stain-
ing for proMMP-9 after 8 h of ‘arterial’ shear stress in lane 6, but
no staining for MMP-2 (lane 4).
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Fig. 5. Putative MMP-9 cleavage site for generation of soluble
ICAM-1. Diagrammatic representation of the potential cleavage site
of MMP-9 (arrow) in the hinge region of ICAM-I1, between the fifth
immunoglobulin domain (circle 5), sequenced peptide (434-441,
bold) and the trans-membrane domain (from 1),

specificity of MMP-9 [13], the most likely site cleaved, to
release SICAM-1, is the Glu442-Val443 bond, but the exact
site of proteolysis needs to be confirmed.

Recently it has been shown that proMMP-9 binds to
ICAM-1 on the cell surface of HL60 cells and subsequent
activation of MMP-9 leads to ICAM-1 shedding [7]. HL60
cells express MMP-2 and MMP-9, but only MMP-9 was co-
immunoprecipitated with ICAM-1, to eliminate a similar role
for MMP-2 [7]. Such a docking mechanism of MMP-9 to
ICAM-1 appears to be compatible with our data for the co-
immunoprecipitation of MMP-9, but not MMP-2, with induc-
tion of MMP-9 associated with the accelerated shedding of
SICAM-1 from HSVECs after 6 h ‘arterial’ shear stress. Fiore
et al. [7] hypothesised that MMP-9 bound to cell surface
ICAM-1 on HL60 cells was resistant to TIMP-1 inhibition.
Very recently, there has been exciting confirmation that
MMP-9 on the cell surface of neutrophils is resistant to
TIMP-1 and TIMP-2 inhibition, with the 1Csy for TIMP-1
increasing > 30-fold for cell-surface compared with soluble
MMP-9 [14]. In contrast, the potency of a hydroxamate in-
hibitor was similar for both soluble and cell-bound MMP-9
[14]. This provides one explanation why TIMP-1, TIMP-2 or
TIMP-3 (each at the high concentration of 1 puM) did not
attenuate SICAM-1 shedding. Alternatively, the enzyme in-
volved in sSICAM-1 shedding from HSVECs could belong to
the class of metalloproteinases inhibited by hydroxamate in-
hibitors but not by TIMPs, e.g. ADAMS and ADAMO [15].
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The identification of the metalloproteinases responsible for
ICAM-1 shedding from shear-stressed HSVECs requires fur-
ther biochemical investigation, but current evidence indicates
that docking of MMP-9 to ICAM-1 on the endothelial surface
may have an important role.
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