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Abstract: We evaluated the relative contribution
of ICAM-1 and ICAM-2, known ligands on endothe-
lium for LFA-1 and Mac-1, in spontaneous neutro-
phil (PMN) transendothelial migration (TEM) across
[L-1-activated HUVEC monolayers or TEM in-
duced by C5a or IL-8 across unstimulated HUVEC
grown on polycarbonate filters. Adhesion blocking
mAb to ICAM-1 [R6.5 F(ab)2] or ICAM-2 [CBR
IC2/2 F(ab);] tended to inhibit TEM under each
condition but, in general, inhibition was significant
only with both ICAM-1 and ICAM-2 blockade. mAb
to LFA-1 partially inhibited migration to C5a or
IL-8 across unstimulated HUVEC and inhibition
was not altered by additional treatment of HUVEC
with mAbs to ICAM-1 and -2. In contrast, with IL-1
HUVEC, mAb to ICAM-1 significantly inhibited this
LFA-l-independent TEM. mAb to Mac-1 alone
partially inhibited TEM and, when combined with
mAb to LFA-1, migration was almost completely
blocked with all TEM conditions tested. The contri-
bution of alternate ligands for Mac-1 in mediating
Mac-1-dependent but ICAM-1/-2-independent CSa-
induced TEM was examined using anti-LFA-1-
treated PMN and anti-ICAM-treated resting
HUVEC. Addition of RGD peptides, fibronectin,
fibrinogen, heparins, collagens alone or in combina-
tion, even to heparinase-treated HUVEC, did not
inhibit this Mac-1-mediated PMN TEM. The results
indicate that: (1) LFA-1 mediates PMN TEM primar-
ily by interaction with ICAM-1 and ICAM-2; (2)
ICAM-2 may function in concert with ICAM-1 in
this role, especially on unstimulated endothelium,
and (3) Mac-1 on PMN also plays a major role in
TEM and can utilize yet to be identified ligands
distinct from ICAM-1 or -2, especially on unstimu-
lated endothelium. J. Leukoc. Biol. 65: 117-126;
1999.
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INTRODUCTION

A characteristic feature of acute inflammation is the migration
of leukocytes, especially polymorphonuclear leukocytes (PMN),

from blood into the involved tissues. In part, this migration is
believed to be induced by chemotactic factors produced in the
inflamed tissue, which bind to specific receptors on PMN and
activate intracellular signal transduction leading to adhesion of
the leukocyte to vascular endothelium and a motile response
[1-4].

It is now also recognized that leukocyte migration has an
important endothelial cell-dependent component. Activation of
endothelial cells by cytokines, such as interleukin-1 (IL-1).
tumor necrosis factor & (TNF-a). and bacterial products such as
endotoxin (lipopolysaccharide, LPS) leads to increased PMN
adhesion to the endothelium and transendothelial migration
[5-7]. Adhesion molecules, such as P-selectin, E-selectin, and
intercellular adhesion molecule-1 (ICAM-1) are in part respon-
sible for this leukocyte endothelial cell interaction [5-7]. These
molecules are expressed on the endothelium and interact with
sialyl Lewis* carbohydrate-containing molecules. and the CD11/
CD18 integrins (B integrins) on the PMN in this process.

The transendothelial migration of PMN in vitro. via the
chemotactic factor-dependent or the endothelial cell-depen-
dent mechanisms, appears to have a nearly absolute require-
ment for the presence and function of the CD11/CD18 leuko-
cyte adhesion molecule complex [6, 8-10]. Furthermore, in vivo
assessment of leukocyte migration to sites of infection or
inflammation, especially in the skin, have demonstrated failure
of leukocyte mobilization in patients with congenital CD18
deficiency or in experimental animals treated with anti-CD13
mAbs [11-14]. Of the B, or CD18 complex, CD11a/CD18 and
CD11b/CD18, also known as LFA-1 and Mac-1, respectively.
each appear to be important and in combination mediate all
CD11/CD18-dependent transendothelial migration in vitro [5-7]
and PMN accumulation in at least some types of inflammatory
reactions in vivo [12. 15. 16].

The LFA-1 and Mac-1 B, integrins are known to bind to
ICAM-1 and LFA-1 and. according to one report, Mac-1 also
may bind to ICAM-2 [17-21]. Both of these ICAMs are
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constitutively expressed on endothelial cells. including human
umbilical vein endothelium (HUVEC). ICAM-1 on HUVEC has
been reported to contribute to PMN transendothelial migration
[8. 9]. but the role of ICAM-2 in this process and its importance
in comparison to ICAM-1 has not been determined. Further-
more. although Mac-1 can bind to ICAM-1, it can also
recognize numerous other ligands. including plasma proteins,
e.g., Factor X, C3bi, fibrinogen. fibronectin. and other Arg-Gly-
Asp (RGD) sequence proteins. other extracellular matrix
proteins (collagen, laminin). heparin like glycosaminoglycans,
carbohydrate structures related to B-glucan, and several micro-
bial products [6, 22—28]. These Mac-1 ligand interactions have
been observed primarily with adhesion studies with PMN or
with purified proteins. The importance of the Mac-1/ICAM-1
interaction and of interactions with these other ligands in
mediating PMN transendothelial migration has not been de-
fined. This study was aimed to address these questions and
reports that ICAM-2 is a major contributor with ICAM-1 to
LFA-1-mediated PMN transendothelial migration. Further-
more, Mac-1-mediated transendothelial migration induced by
chemotactic factors is ICAM-1 independent and only partly
ICAM-1 dependent when endothelium is activated with IL-1.

MATERIALS AND METHODS

Monoclonal antibodies

The mAbs used included mAb 60.3 (IgG2a: a gift from Bristol-Myers Squibb,
Seattle, WA) [29. 30], mAb LPM19c (IgG1: anti-CD11b. a gift from K. Pulford.
Oxford. UK) [31], and mAb TS1/22 (IgG1. anti-CD11a/CD18. or LFA-1) [32],
which are all known to block adhesion functions of their respective CD11/CD18
antigens. The mAbs W6/32 (IgG2a anti-HLA-class [ framework), 3C10 (IgG1
anti-CD14), 543 (IgGl. anti-CR1). and mAb TS1/22 were obtained from the
American Tissue Culture Collection (Bethesda. MD). The mAbs reactive with
ICAM-1 were mAb R6.5 [IgG1 as F(ab),] [13]. mAb CBR-IC 1/13. and CBR-IC
1/11. the latter two reacting specifically with the domain-3 binding region for
Mac-1 [33]. mAb CBR-IC2/2 [IgG1 as F(ab),] recognizing ICAM-2 [18] and
mAb BB11 (IgG2b, gift from Dr. R. Lobb. Biogen, Cambridge. MA) against
E-selectin [34] were also employed.

Reagents

Recombinant human IL-1a. which had a specific activity of 4 X 107 U/mg, was
a gift from Dr. D. Urdal (Immunex Corp.. Seattle. WA). Recombinant human
IL-8 (NAP-1) were kind gifts from Sandoz Pharmaceutical (Vienna, Austria).
Each of the cytokines was diluted immediately before use in 0.1% LPS-free
human serum albumin (HSA: Connaught Labs, Don Mills. ON) in phosphate-
buffered saline (PBS). Recombinant human C5a was a gift from CIBA-Geigy
Pharmaceuticals (Summit, NJ). The following were purchased from Sigma
Chemical Co. (St. Louis, MO): Factor X. B-glucan. fibrinogen and its y-peptide,
fibronectin, Tvpe II bovine nasal collagen and Tvpe IV human placental
collagen. mouse laminin, and heparinase I and III. The GRGDSP peptide was
from Bachem Fine Chemicals (Torrance. CA).

Human PMN purification

Human PMNs were purified as described previously [35, 36] from ACD-heparin-
anticoagulated venous blood of healthy donors. Briefly, red cells were
sedimented with 6% dextran-saline (Abbott Labs, Montreal, Canada), leukocyte-
rich plasma was collected, and leukocytes were labeled with Nay'CrO,
(Amersham, Oakville, Ontario, Canada). PMNs were then purified by discon-
tinuous Percoll gradient centrifugation, washed. and resuspended to 10°
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PMN/mL in RPMI-1640, 0.5% HSA. 10 mM HEPES. pH 7.4. This method
vielded PMNs of Z95% purity with essentially no red cell contamination and
=98% cell viability.

Endothelial cell cultures

HUVEC were isolated and cultured in flasks as described by Jaffe et al. [37]
and grown on filters as previously described by us 35, 36]. Briefly. endothelial
cells were isolated from umbilical cords after treatment with 0.5 mg/mL
collagenase (Cooper Biomedical. Mississauga, Ontario. Canada) in 0.01 M PBS
(pH 7.4) and grown in RMPI-1640 (Sigma) containing 2 mM L-glutamine.
2-mercaptoethanol. sodium pyruvate. and penicillin B/streptomycin and supple-
mented with 20% fetal calf serum (FCS: Hyclone. Logan. UT). 25 pg/mL
endothelial cell growth. supplement (Collaborative Research. Lexington. MA).
and heparin (45 pg/mL; Sigma). This is referred to as growth medium. Cells
were cultured in gelatin-coated culture flasks (NUNC. GIBCO). The HUVEC
were detached using 0.025% tryvpsin, 0.01% EDTA (Sigma) and cultured on
PVP-free polycarbonate filters bearing 5-um pores in Transwell culture plate
inserts (6.5-mm diameter. Transwell 3421: Costar. Cambridge. MA). The filters
were first prepared by coating with 0.019 gelatin (37°C. 18 h) followed by
application of 3 pg of human fibronectin (Collaborative Research) in 50 pL of
water at 37°C for 2 h. Fibronectin was then replaced by HUVEC (1.5 x 10*
cells). from the first or second passage, added above the filter in 0.1 mL of
growth medium and 0.6 mL of growth medium was added to the lower
compartment beneath the filter. The HUVEC formed a tight permeability
barrier in 56 days and were evaluated for confluence before use by

125].]abeled HSA diffusion as previously described [35].

PMN transendothelial migration

Migration assays were performed as described previously [35. 36]. Briefly.
HUVEC monolayers on the filters and the lower compartments were washed
with RPMI 1640 and they were transferred to a new. clean well (lower
compartment). To this well, 0.6 mL of RPMI-1640, 10 mM HEPES, 0.5% HSA
was added containing the chemotactic stimulus (C5a. IL-8). Before immersion
of the HUVEC-filter unit. 0.1 mL of medium containing 1 X 103 labeled PMNs
was added above the HUVEC. After incubation (75 min at 37°C. 5% CO.)
migration was stopped by washing the upper compartment twice with 0.1 mL of
RPMI-1640 to remove nonadherent PMNs. The undersurface of the filter was
wiped with a cotton swab saturated with ice-cold PBS-0.2% EDTA solution and
this was added to the lower compartment. The cells that spontaneously
detached from the undersurface of the filter or were removed by the swab were
lysed by addition of 0.3% Triton X-100 and all the 5!Cr released in the lower
compartment and on the swab was quantitated. The results are expressed as the
percentage of the total 3!Cr PMNs added above the HUVEC that migrated
through the HUVEC-filter unit. All the stimulation conditions were performed
with triplicate replicates.

Antibody treatments

In some experiments. 3!Cr PMNs were treated for 20 min at room temperature
with the mAbs indicated at saturating concentrations (2040 pg/mL). as
determined by immunofluorescence flow cytometry, and then tested for
migration in the presence of the antibody. None of the mAb treatments caused
PMN aggregation or activation as assessed by oxidative burst using luminol
dependent chemiluminescence or bipolar shape change. Other reagents were
added to the PMN suspension just before adding them to the HUVEC. In some
experiments. the HUVEC were treated for 40 min at 37°C with saturating
concentrations of mAbs as determined by enzyme-linked immunoabsorbent
assay followed by the addition of the 3!Cr-labeled PMNs. These mAbs were
present throughout the migration period as well. In some cases. the HUVEC
was treated with heparinase III (1 U/mL) or I (1 U/mL) as reported previously
[26] for 40 min before performing the PMN migration assay.

Statistical analysis

Data were analyzed by analysis of variance followed by the Tukey test of
multiple comparisons. P values exceeding 0.05 were not considered significant.
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RESULTS

Effect of ICAM-1 and ICAM-2 blockade
on chemotactic factor-induced PMN
transendothelial migration

The contribution of the CD11/CD18 integrins, LFA-1 and
Mac-1 on PMN and of ICAM-1 and ICAM-2 on endothelium to
PMN transendothelial migration induced by the potent chemo-
tactic factor, C5a. was investigated as shown in Figure 1. C5a
at an optimal chemotactic concentration of 2 X 10 M.
predetermined in previous studies [36]. induced 67% of PMN
to transmigrate across the HUVEC and filter barriers. Blocking
LFA-1 adhesion function with the mAb TS1/22 significantly but
only partially inhibited this response. Similarly. blocking
Mac-1 with mAb LPM19C inhibited transmigration to a compa-
rable degree. The combination of these two mAbs essentially
eliminated any PMN transendothelial migration in response to
C5a, as also reported previously using this or similar transendo-
thelial migration systems [9. 10. 36]. To investigate the role of
ICAM-1 and ICAM-2 on HUVEC in PMN transmigration. the
adhesion function blocking mAbs R6.5 and CBR-IC2/2. respec-
tively, were employed in their F(ab), forms. As shown in Figure
1, anti-ICAM-1 or anti-ICAM-2 treatment of the HUVEC had a
slight but not significant inhibitory effect on transmigration
when the PMN were not mAb treated. Addition of mAb to
E-selectin to the anti-ICAM-1 and -2 mAbs had no effect on
migration (not shown). However. combination of anti-ICAM-1
and anti-ICAM-2 mAbs had a significant inhibitory effect, but
still only decreased the migration from 67 to 48% of PMN
transmigrating. Treatment of PMN with anti-LFA-1 mAb did not
further inhibit migration when the HUVEC were treated with

Stimulus ﬂﬁ
Nil Control (a-CR1+/-a-HLA Fab,)
Csa Control
C5a Anti-LFA-1 (TS 1/22)
CSa Anti-Mac-1 (LPM19c)
Cba a-LFA-1 + a-Mac-1
C5a  Anti-ICAM-1 (R6.5 Fab,)
C5a  Anti-ICAM-2 (IC2/2 Fab,)
C5a  o-ICAM-1 +a-ICAM-2
C5a u-lCAﬂ-_}.;:::CAM-Z
C5a  g-ICAM-1 +0-ICAM-2

+a-Mac-1

anti-ICAM-1 + ICAM-2 mAbs. In contrast. treatment of the
PMNs with anti-Mac-1 mAb abolished PMN transendothelial
migration when ICAM-1 and -2 on the HUVEC were blocked.
These findings indicate that the ICAM-1 + ICAM-2 blocking
mAbs effectively blocked the LFA-1 pathway and that in the
presence of anti-ICAM-1 + anti-ICAM-2 = anti-LFA-1 block-
ade. all of the PMN transendothelial migration was mediated by
Mac-1.

Figure 2 shows the results with use of the IL-8 chemotactic
factor to induce PMN transendothelial migration. IL-8 induced
optimal PMN transmigration at a concentration of 5 X 10 M).
but this response was significantly weaker than with C3a.
inducing about 42% of PMN to transmigrate. Anti-LFA-1
treatment of the PMN inhibited this response by approximately
50%. Antibody to Mac-1 inhibited PMN migration to a
somewhat greater degree, i.e. by approximately 75%. and the
combination of anti-LFA-1 with anti-Mac-1 mAbs decreased
migration to virtually the unstimulated level. i.e. to about 4%.
Treatment of the HUVEC with anti-ICAM-1 mAb [R6.5 F(ab),]
or anti-ICAM-2 mAb alone tended to inhibit migration. but this
was not significant. In the IL-8-induced transmigration, addi-
tion of anti-ICAM-1 mAb to anti-ICAM-2 mAb had a statisti-
cally significant additive inhibitory effect, blocking migration
by more than 50% and to a level comparable with anti-LFA-1
treatment of the PMN. Furthermore, LFA-1 mAb treatment of
PMNs in combination with anti-ICAM-1 + ICAM-2 treatment
of HUVEC had no further inhibitory effect compared to either
anti-ICAM-1 + -2 treatment or anti-LFA-1 treatment alone. In
marked contrast. treating the PMNs with antibody to Mac-1
completely blocked their migration when ICAM-1 and ICAM-2
on the HUVEC was also blocked. These observations suggest

G244
I —
Tz

%.’.

% PMN Migrated

Fig. 1. The effect of antibody to LFA-1, Mac-1. ICAM-1. and ICAM-2 on PMN transendothelial migration. The migration of >!Cr-labeled PMN across unstimulated
HUVEC monolavers was quantitated as described in Materials and Methods. Migration was induced by C5a (2 X 10 M) added to the lower compartment beneath
-resting HUVEC monolayers. PMN were either treated with mAb to LFA-1 (TS1/22) or to Mac-1 (LPM19c) or in combination for 20 min (22°C) before addition above
the HUVEC monolayers. Control mAb was an anti-CR-1 mAb (543). Where indicated, the HUVEC were pretreated with anti-ICAM-1 mAb [R6.5 F(ab)o] or
anti-ICAM-2 [CBR-IC2/2 F(ab)s, 30 pg/mL] for 30 min before addition of PMN. Control mAb for the HUVEC treatments was an anti-HLA Class I [mAb W6/32
F(ab)]. PMN migration time was 75 min. Values are mean * SEM of five to eight experiments. *P < 0.05: P < 0.01: ™"P < 0.001 compared to control mAb

treatments of the PMN and/or HUVEC.
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Fig. 2. Effect of antibody to LFA-1. Mac-1. ICAM-1. and ICAM-2 on PMN transendothelial migration induced by IL-8. Migration of PMN across unstimulated
HUVEC monolayers was induced by IL-8 (3 X 10°° M) added to the lower compartment beneath the HUVEC monolayer. Migration time and mAb treatments were as
in Figure 1 using the same mAbs. Values are mean = 3EM of four to six experiments. P values are as in Figure 1.

that different mechanisms for transendothelial migration func-
tion in concert and these involve an LFA-1-mediated pathway
on the PMN engaging an ICAM-1/ICAM-2 pathway on the
endothelium and a Mac-1 pathway on the PMN, which may
utilize ligands other than ICAM-1 and -2.

Investigation of Mac-1 ligands contributing to the
Mac-1-mediated PMN transendothelial migration

The results in Figures 1 and 2. using C5a and IL-8, indicate
that Mac-1 on PMN can mediate 50-60% of the transendothe-
lial migration. Therefore, we investigated. using C5a as the
chemoattractant, the potential involvement of some of the
putative ligands for Mac-1. Mac-1 has been reported to bind to
ICAM-2[17], to domain-3 of ICAM-1. which is distinct from the
domain-1 binding region for LFA-1 [6. 19, 20]. to RGD
peptides and similar sequences in fibrinogen and fibronectin,
as well as other extracellular matrix proteins such as collagens,
laminin, as well as to glycosaminoglycans related to heparan
sulfates [22-28]. Also Mac-1 has a lectin binding region that
recognizes carbohydrate structures such as B-glucan [38]. To
determine which of these interactions alone or in combination
may be mediating PMN transendothelial migration via the
Mac-1 pathway, PMN that were treated with mAb to LFA-1 were
added to HUVEC monolayers, which were untreated, treated
with anti-ICAM-1 mAb R6.5 F(ab),. or with other antibodies to
HUVEC adhesion molecules, as shown in Figure 3. As
expected, anti-LFA-1-treated PMN were partially inhibited in
their transmigration across the HUVEC in response to C3a.
Treating the endothelium with anti-ICAM-1 mAb R6.5 F(ab),,
which is known to block the interaction of LFA-1 with [CAM-1
and also the interaction of Mac-1 with ICAM-1 [13, 25], did not
significantly inhibit further compared with anti-LFA-1 alone.
Adding treatment with mAb CBR-IC2/2 of the HUVEC, which
is reported to at least partially inhibit Mac-1 binding to ICAM-2
[17], did not inhibit transmigration.

Because Mac-1 recognizes a different domain on ICAM-1
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from LFA-1. the possibility existed that the R6.5 mAb may be
more effective at blocking the LFA-1/ICAM-1 interaction than
the Mac-1/ICAM-1 interaction at domain 3 of ICAM-1. There-
fore, two other mAbs to ICAM-1 (clones CBR-IC1/13 and
CBR-IC1/11). which are known to recognize epitopes in domain
3 of ICAM-1 and block Mac-1 binding [33], were also used.
However, these antibodies alone (not shown) or in combination
with the R6.5 mAb, had no additional inhibitory effect on the
Mac-1-mediated transmigration, as shown in Figure 3.

Having observed no requirement for ICAM-1 or -2 in the
Mac-1-mediated PMN migration, the role of other putative
ligands was investigated. In these experiments, the addition of
the RGD peptide GRGDNP to the PMN suspension before and
during the PMN transmigration assay, at concentrations (0.1-1
mM) known to inhibit Mac-1 binding to RGD peptides [24, 28,
39] had no effect on migration. Fibrinogen is readily bound by
activated Mac-1, but the presence of free fibrinogen or the
fibrinogen gamma peptide, which contains a Mac-1 recognition
region [40], with or without blockade of ICAM-2 in the presence
of anti-ICAM-1, did not inhibit Mac-1-mediated transmigration
either. Similarly, a range of concentrations of two different
forms of heparin, which are reported to inhibit Mac-1-heparin
and glycosaminoglycan binding [22, 26], did not inhibit
Mac-1-mediated PMN transmigration. Inclusion of type 2 and
type 4 collagens (or laminin, not shown), which are known to be
ligands for Mac-1-mediated PMN adhesion [24, 28], had no
effect on the PMN migration response. The lectin binding
domain of Mac-1 has been reported to be involved in phagocytic
recognition of B-glucan on yeast particles and may also be
involved in intra-membrane molecular associations between
Mac-1 and some GPI linked proteins [38, 41—43]. To evaluate
the contribution of this interaction, soluble B-glucan was
included in the PMN suspension during the migration. How-
ever, B-glucan did not inhibit PMN transendothelial migration
via the Mac-1 pathway.

Recent studies by Diamond et al. [22] and Coombs et al. [26]
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Fig. 3. Effect of blocking putative Mac-1 ligand interactions on PMN transendothelial migration induced by C5a. PMN migration was induced as in Figure 1 using
C5a. PMN were treated with control mAb or with anti-LFA-1 (TS1/22) and the HUVEC were treated with anti-ICAM-1 mAb clone R6.5 F(ab), as indicated in the
column at left. as in Figure 1. The column labeled blocker shows additional treatments of either the HUVEC using anti-ICAM-2 mAb [CBR-IC2/2 F(ab)] or
additional anti-ICAM-1 mAbs reactive with domain-3 (CBR-IC1/13 or IC1/11). Other blocking treatments included GRGDSP peptide (0.1~1 mM) human fibrinogen
(Fg). or Fgy peptide (100-500 pg/mL. results pooled). heparins (porcine intestinal mucosa. bovine lung. or low molecular weight heparin at 10-1000 pg/mL. results
pooled), or bovine nasal (Type II) or human placental (Tvpe IV) collagen (50-500 pg/mL), or B-glucan (50-200 pg/mL) added to the PMN suspension 20 min before
addition to the HUVEC. All mAbs and agents were present throughout the migration assay. Values are mean * SEM of four to eight experiments. **P < 0.01.

have shown that heparin and heparan sulfate glycosaminogly-
cans may be important ligands for Mac-1. Glycosaminoglycans
are abundant on vascular endothelium. Therefore, we investi-
gated the potential role of these structures in Mac-1-mediated
transendothelial migration. For these experiments, heparinase
III treatment of the HUVEC was employed, using conditions
reported previously to block Mac-1-glycosaminoglycan-medi-
ated adhesion to stromal cells in vitro [26). Heparinase III
treatment of the HUVEC had no deleterious effect on the
permeability of the monolayer and did not alter baseline or
C5a-induced PMN transmigration (not shown). However, when
the system was designed to quantitate PMN transmigration via
the Mac-1 pathway, i.e. by using anti-LFA-1-treated PMN and
anti-ICAM-1 [R6.5 F(ab),] -treated HUVEC, heparinase III
treatment of the HUVEC had no effect on transmigration.
Furthermore, adding fibrinogen vy peptide alone or in combina-
tion with anti-ICAM-2 mAb or with fibronectin * B-glucan did
not significantly inhibit transmigration. In two experiments,
inclusion of Factor X in the blocking treatment of the PMN also
did not inhibit PMN transmigration via the Mac-1 pathway
(Figure 4). In all of these experiments, the permeability of the
endothelial monolayer remained comparable to monolayers in
which no blocking treatments were used, i.e. there was no
adverse effect on the monolayer integrity before and during the
assay (not shown).

Finally, we considered that some combination of plasma
constituents such as fibrinogen, fibronectin, Factor X, and
haptoglobulin, all of which are reported to be ligands for Mac-1
[6, 7, 44, 45), might interact with and regulate Mac-1 recogni-
tion of ligands on endothelium by binding to Mac-1 from the
soluble phase. To assess this, IL-8 was used as the chemotactic
factor, since plasma rapidly inactivated the C5a chemotactic
agent as expected. Inclusion of up to 40% plasma in the upper
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and lower compartment of the chemotactic chamber had no
effect on IL-8-induced transendothelial migration (not shown).
Furthermore, treating PMNs with antibody to LFA-1 and the
HUVEC with anti-ICAM-1 partially inhibited the transmigra-
tion, as shown in Figure 2, and in the presence of 40% plasma
there was no further inhibition (no plasma control = 18 +
2.5%; with plasma = 14.2 * 2.5% of PMN transmigrated; n =
3). In the case of both IL-8 and C5a, the degree of LFA-1 versus
Mac-1-mediated transmigration was not dependent on the
kinetics of migration because terminating the incubations at
earlier time points to achieve 50% maximal response, i.e., at
40-min incubation, did not alter the degree of inhibition by
anti-LFA-1 or anti-Mac-1 mAb treatment of PMNs. Further-
more, the contribution of ICAM-1 versus ICAM-2 to the
migration response was also not affected (not shown).

Contribution of ICAM-1 and ICAM-2 to PMN
migration across IL-1-activated HUVEC

Stimulation of HUVEC with IL-1 or TNF-a is known to result in
PMN transendothelial migration. As shown in Figure 5,
activation of HUVEC with IL-la for 4 h increased PMN
transmigration from a background level of 2.5% up to 28%. To
investigate the role of ICAM-1 and ICAM-2 on HUVEC, the
HUVEC was pretreated with mAb R6.5 or CBR-IC2/2, respec-
tively, as in the previous experiments. Control mAb [anti-HLA-
class I, W6.32 F(ab),] had no effect on migration, as shown in
Figure 5. Anti-ICAM-1 mAb significantly inhibited PMN
transendothelial migration. Although anti-ICAM-2 mAb did not
have a significant effect, the addition of mAb to ICAM-1 had a
significant additive inhibitory effect, decreasing the PMN
migration from 28 to 11%. Blocking LFA-1 on PMNs with mAb
TS1/22 also inhibited PMN transmigration, but not quite as
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Fig. 4. Effect of heparinase treatment of endothelium on PMY transendothelial migration. The PMN were treated as in Figure 3 with anti-LFA-1 mAb (TS1/22) and
HUVEC was treated with anti-ICAM-1 mAb [R6.5 F(ab)s). Other treatments were as in Figure 2. except that the HUVEC was pretreated with heparinase I and/or
heparinase IIT at 1 U/mL (45 min at 37°C) before addition of antibody-treated PMN. C5a was added to the lower compartment to initiate the migration. Fibrinogen y
peptide and fibronectin were applied to the PMN suspension at concentrations of 200 and 300 pg/mL. respectively. Values are mean * SEM of three to four

experiments.

effectively as blocking ICAM-1 and ICAM-2 on the HUVEC.
These results were in contrast to the observations with C3a- or
IL-8-induced PMN migration (Figs. 1 and 2) across unstimu-
lated HUVEC. Furthermore, the migration of anti-LFA-1-
treated PMN across IL-1-stimulated HUVEC was inhibited
significantly further by anti-ICAM-1 mAb [R6.5 F(ab),] treat-
ment of the HUVEC, suggesting that on IL-1-activated HUVEC,
the R6.5 F(ab); mAb was blocking an LFA-1-independent
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migration pathway. This too was in contrast to IL-8 or C5a-
induced migration through unstimulated HUVEC where this
effect was not observed (Figs. 1 and 2). As shown in Figure 5,
antibody to Mac-1 partially inhibited transendothelial migra-
tion by about 50% and the combination of anti-LFA-1 and
anti-Mac-1 mAbs completely inhibited IL-1-stimulated PMN
migration, indicating that this was an LFA-1/Mac-1-mediated
migration response as expected from previous reports [8, 9]. It

—

10 20 30 40
% PMN Migrated

Fig. 5. Effect of antibody to LFA-1. Mac-1, and ICAM-1 and -2 on PMN migration across IL-1-activated endothelium. The HUVEC were stimulated with [L-1a 0.5

ng/mL for 4 h) followed by washing and addition of PMN treated with anti-LFA-1 mAb ¢

TS1/22) or anti-Mac-1 (LPM19¢) as in Figure 1. The HUVEC were pretreated

for 30 min with anti-ICAM-1 [R6.5 F(ab),], anti-ICAM-2 (CBR-IC2/2). anti-E-selectin (BB11, 20 pg/mL) mAb alone or in combination as indicated. Control mAb

was anti-HLA Class I mAb [W6/32 F(ab),]. PMN migration was quantitated after

***P < 0.001.
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75 min. Values are mean * SEM of five to six experiments. *P < 0.05; **P < 0.01;
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should be indicated that neither anti-LFA-1 + anti-ICAM-1
nor anti-ICAM-1 + anti-ICAM-2 treatments decreased abso-
lute PMN migration below 10%. i.e. approximately one-third of
the response remained. Adding anti-E-selectin mAb to treat the
HUVEC along with the anti-ICAM-1 and anti-ICAM-2 tended
to further inhibit PMN transmigration. These results would
indicate that in the PMN transmigration response across IL-1
activated endothelium ICAM-1. ICAM-2, and E-selectin each
contribute to the total transmigration. At least part of the
Mac-1-mediated transendothelial migration appears to be due
to interactions with ICAM-1 on the HUVEC under these
conditions.

DISCUSSION

The transendothelial migration of PMN is known to be mediated
by CD11/CD18 integrins and in particular by LFA-1 and
Mac-1. which function in concert, as shown previously [8-10]
and in the PMN migration svstem used here with C3a- or
IL-8-induced migration through unstimulated HUVEC or across
IL-1-stimulated HUVEC. It is worth noting that the TEM
response is certainly preceded by PMN adhesion. However, on
resting HUVEC, even during C5a- or IL-8-induced TEM. the
adhesion accounts for only 4-7% of added PMN at any given
time. The effect of mAb treatments on this low level of adhesion
was not reliably measurable. In contrast., the substantial
adhesion on IL-1-activated HUVEC (20-30% of PMN). was
inhibited by approximately 50% by LFA-1 plus Mac-1 block-
ade (not shown) [8, 9]. whereas migration was blocked by
>90%. This indicates that although adhesion must be a
prerequisite for migration, there is not a quantitative correla-
tion, probably because migration involves cellular processes in
addition to static adhesion.

The results of this study demonstrate that ICAM-1 and
ICAM-2 on endothelium both are functionally important coun-
terligands for PMN transendothelial migration. This appears to
be the case whether the endothelium is unstimulated or
IL-1-activated because combined ICAM-1 plus ICAM-2 block-
ade had additive inhibitory effect on migration (Figs. 1. 2, and
5). This finding is likely related to the fact that ICAM-2 is
expressed at relatively high levels on resting HUVEC, in fact,
considerably greater than [CAM-1 [unpublished observations
and ref. 18]. However, even after [L-1 activation and increased
ICAM-1 expression [5-9], ICAM-2 still appears to have a role
as a ligand on HUVEC (Fig. 5). This role appears to be as a
ligand for LFA-1, since blockade of LFA-1 on PMN resulted in
the same' degree of inhibition of PMN transendothelial as
blocking of ICAM-1 and ICAM-2 on the HUVEC, at least in the
case of unstimulated HUVEC (Figs. 1 and 2). Adding anti-LFA-
1-treated PMN to anti-ICAM-1- and anti-ICAM-2-treated
HUVEC did not further inhibit migration (Figs. 1 and 2). This is
most likely due to blocking of a common pathway or counter-
receptor on the PMN and on the HUVEC. The results also
demonstrate that the mAb treatments were effective in function-
ally blocking all LFA-1 on PMN or ICAM-1 or ICAM-2 on the
HUVEC.

The studies designed to assess the Mac-1 components of
transendothelial migration strongly indicate that, in the case of
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unstimulated endothelium. [ICAM-1 is not an important counter-
receptor for Mac-1-mediated migration. even though the Mac-1
mechanism accounts for at least 50% of the total PMN
transmigration (Figs. 1. 2. and 3). This is supported by the fact
that mAb R6.5 to ICAM-1 had no effect on Mac-1-mediated
PMN migration. although it is known to block Mac-1 binding to
ICAM-1 [13. 25]. Furthermore. two other mAbs (CBR-IC1/13
and IC1/11) recognizing epitopes in the Mac-1 recognition
region [33] also did not inhibit Mac-1-mediated transendothe-
lial migration in response to C5a or [L-8 across unstimulated
HUVEC (Fig. 3). Thus. on resting endothelium, the form or
level of constitutively expressed ICAM-1 does not appear to
participate significantly as a counter-receptor for -Mac-1-
mediated PMN transendothelial migration in response to chemo-
tactic factors. Recently, similar observations with regard to
ICAM-1-independent but Mac-1-mediated PMN migration
across platelet monolavers were made [46]. confirming that
Mac-1 utilizes alternate ligands during PMN migration. In
accordance with this. Diamond et al. [47] also presented
evidence that unstimulated endothelium expresses a novel
ligand for Mac-1-mediated PMN migration.

The experimentation directed at defining the alternate
Mac-1-ligand interactions on HUVEC responsible for PMN
transendothelial migration indicates that probably none of the
well-recognized Mac-1 ligand interactions function as primary
counter-receptors on HUVEC mediating this process. An
interaction of Mac-1 with either HUVEC bound or synthesized
plasma proteins, such as fibrinogen, fibronectin. or other
RGD-containing proteins or with other plasma constituents
such as Factor X (see text and Fig. 3) or haptoglobulin [6, 27,
40, 44, 45] appears unlikely because none of these components
at high concentrations in soluble form altered the Mac-1-
mediated transendothelial migration when LFA-1 and ICAM-1
and/or -2 were blocked (Fig. 3 and Fig. 4). Even in the presence
of up to 40% human heparinized plasma, IL-8-induced migra-
tion was unaffected when LFA-1 and ICAM-1 were blocked
(see text). In addition, ICAM-2 also does not appear to
contribute to Mac-1-mediated migration. since mAb CBR-
IC2/2, which is known to block Mac-1/ICAM-2-mediated
adhesion of monocytic cell lines [17]. had no effect on
Mac-1-mediated PMN transmigration (Fig. 3). It also appears
that extracellular matrix protein recognized to mediate PMN
adhesion via a Mac-1-dependent mechanism [23, 24, 28],
proteins such as fibronectin. collagen (Fig. 3), or laminin (see
text) are not the major counterligands in Mac-1-mediated
transendothelial migration. Recently, Mac-1 has been recog-
nized as a heparin and glycosaminoglycan (GAG) binding
integrin [22, 26]. Because such structures are prominent on
endothelium, we investigated their involvement by two ap-
proaches. First of all, we added various forms of soluble heparin
under conditions shown previously by Diamond et al. to inhibit
Mac-1-heparin and heparan sulfate adhesion interactions [22].
Second, GAGs capable of binding to Mac-1 were enzymatically
cleaved from HUVEC with the use of heparinase III (or I alone
and in combination, not shown) employing conditions shown
previously to abolish Mac-1/GAG adhesion [26]. Neither of
these treatments altered PMN transendothelial migration (Figs.
3 and 4).
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A lectin-binding region of Mac-1, known to recognize yeast
B-glucan [38]. has received increasing attention because it not
only mediates PMN or monocyte activation by phagocytosis of
yeast particles or yeast cell walls. but also appears to function
in intramembrane association with and possibly signaling for
GPI linked membrane proteins including CD16 and CD87
[41-43). This raised the possibility that the carbohydrate
structures on HUVEC might be presented and engaged by
Mac-1 on PMN. However. attempts to saturate and compete out
such a putative interaction with high concentrations of soluble
B-glucan reported to block the B-glucan binding function of
Mac-1 on PMN [38], also did not modify PMN transendothelial
migration (Figs. 3 and 4). Finally, because Mac-1 has so many
putative ligands, which may be expressed on HUVEC or on
extracellular matrix (ECM) proteins associated with endothe-
lium, multiple combinations of blockers and antagonists were
employed simultaneously such as heparinase III treatment
combined with mAb to ICAM-1 and -2, fibrinogen vy-peptide,
fibronectin. and B-glucan (Fig. 4) * soluble laminin and
collagen (not shown). However. even these combinations did not
modulate Mac-1-mediated transendothelial migration, suggest-
ing that Mac-1 probably engages a yet to be identified ligand on
HUVEC during transendothelial migration, rather than utiliz-
ing these known ligands as alternates during PMN migration.

Our results indicate that IL-1 activation of HUVEC modifies
the ligand(s) available for interacting with Mac-1 for mediating
transendothelial migration. Under these conditions, ICAM-1
does appear to contribute to Mac-1-dependent PMN transmigra-
tion, as well as serving as a ligand for LFA-1, since mAb R6.5
(anti-ICAM-1) significantly inhibited migration relative to
anti-LFA-1 mAb treatment alone (Fig. 5). The shift in the
relative role for ICAM-1 under these conditions for Mac-1
engagement may be related to the marked increase in expres-
sion of ICAM-1 known to be induced by IL-1[5, 6, 8, 9, 20, and
unpublished observations], but alternative glycosylation of this
induced ICAM-1 may also modify Mac-1 recognition as previ-
ously proposed [19]. A major role for ICAM-1 in PMN
interaction with cytokine-activated HUVEC is in accordance
with previous reports [8, 9], although in those studies the
contribution of ICAM-2 to the overall transendothelial migra-
tion response was not examined. In general, the findings
indicate that for transendothelial migration on IL-1-activated
HUVEC. the alternative and undefined Mac-1 ligand(s) in-
volved in migration across resting endothelium in response to
chemotactic factors are relatively less important. The reason for
this might be the up-regulation of ICAM-1 by IL-1, thus
providing a sufficient foothold and/or down-modulation of the
putative ligand(s) on endothelium by cytokine activation.
However. it is also possible that a gradient of a chemotactic
factor such as C5a or IL-8 may activate Mac-1 on PMN to a
state recognizing a broader range of ligands than occurs on
IL-1-activated HUVEC. Evidence for varying affinity states for
different ligands has been observed in the case of VLA-4 [48],
another integrin capable of recognizing multiple ligands [6, 7].
This is the more likely mechanism because blocking experi-
ments, conducted as in Figures 3 and 4, of Mac-1-mediated
PMN migration in response to C5a across IL-l-activated
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HUVEC yielded results comparable to migration across unstimu-
lated HUVEC (Figs. 3 and 4 and not shown).

The importance of Mac-1 in PMN emigration in vivo has
recently been questioned, especially since the finding that
Mac-1-deficient mice have normal PMN accumulation in the
inflamed peritoneum [49]. This suggests that LFA-1 plays a
major role in this PMN migration. However. mice genetically
deficient in LFA-1 developed 40-50% of the PMN infiltration
response in the peritoneum, as compared to wild-type mice
[50], suggesting that other CD11/CD18 integrins may also be
involved in the LFA-1 knockout mice. Furthermore. in the
Mac-1-deficient animals, PMN accumulation in the peritoneum
was inhibited substantially more by mAb to LFA-1 (by 78%)
than in wild-type mice. where the same antibody treatment
inhibited PMN accumulation by only 58%. This may be an
indication that in Mac-1-deficient animals LFA-1 plays a
greater role in mediating a normal PMN infiltration response
than in normal mice. Other in vivo studies, based on mAb
inhibition of PMN migration, have suggested that Mac-1 is an
effective alternate in mediating migration into tissues. although
this role was only apparent when the function of LFA-1 was
blocked. This was observed in the mouse peritoneum. in the rat
in dermal inflammation and arthritis, and in dermal and
peritoneal inflammation in the rabbit [12, 15, 16, 51]. In most
studies, blocking LFA-1 or Mac-1 alone with mAb had little or
marginal inhibitory effect, but blocking both of these integrins
resulted in dramatic and synergistic inhibition of PMN accumu-
lation in the tissues. It is interesting to note that, in the rabbit,
qualitative differences were observed in anti-Mac-1 mAb-
treated animals, manifest primarily as diminished PMN migra-
tion into the connective tissue with persistent PMN association
with the postcapillary venules [16]. Resolution in that study was
not sufficient to assess whether the PMN had migrated through
the vascular wall or remained trapped in the wall. Thus. overall
the weight of evidence would suggest that Mac-1 can function
as an effective alternate to the LFA-1 mechanism during in vivo
PMN emigration and that this is demonstrable in vitro by PMN
transendothelial migration.

‘There are some quantitative, rather than qualitative differ-
ences between the degree of inhibition in vitro by mAbs to
LFA-1 and to Mac-1 of human PMN transendothelial and the in
vivo models of PMN infiltration. These could be species
differences or true in vivo/in vitro system differences. Our
results of the degree of inhibition by mAb LPM19C to Mac-1 of
PMN transendothelial migration in response to chemotactic
factors is somewhat greater than reported by Furie et al. [10].
However, this quantitative difference may be related to differ-
ences in endothelial cell culture systems used or, more likely, in
the anti-Mac-1 mAb used for blocking the multiple functional
interactions of Mac-1 with its ligands. We have screened a large
panel of mAbs to human Mac-1 and have observed major
differences in inhibition of PMN transendothelial migration,
ranging from no inhibition to the degree of inhibition reported
here with mAb LPM19C. This mAb has been shown to be
particularly effective in blocking at least four different Mac-1
ligand adhesive interactions [25]. We selected this mAb for
these reasons and because we have not found it to induce any
PMN aggregation or activation as measured by PMN shape
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