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Galectin-1 (Gal-1), the prototype of a family of 3-gal-
actoside-binding proteins, has been shown to attenu-
ate experimental acute and chronic inflammation. In
view of the fact that endothelial cells (ECs), but not
human polymorphonuclear leukocytes (PMNs), ex-
pressed Gal-1 we tested here the hypothesis that the
protein could modulate leukocyte-EC interaction in
inflammatory settings. In vitro, human recombinant
(hr) Gal-1 inhibited PMN chemotaxis and trans-endo-
thelial migration. These actions were specific as they
were absent if Gal-1 was boiled or blocked by neutral-
izing antiserum. I'n vivo, hrGal-1 (optimum effect at
0.3 pg equivalent to 20 pmol) inhibited interleukin-
1B-induced PMN recruitment into the mouse perito-
neal cavity. Intravital microscopy analysis showed
that leukocyte flux, but not their rolling velocity, was
decreased by an anti-inflammatory dose of hrGal-1.
Binding of biotinylated Gal-1 to resting and postad-
herent human PMNs occurred at concentrations in-
hibitory in the chemotaxis and transmigration as-
says. In addition, the pattern of Gal-1 binding was
differentially modulated by PMN or EC activation.
In conclusion, these data suggest the existence of a
previously unrecognized function of Gal-1, that is
inhibition of leukocyte rolling and extravasation in
experimental inflammation. It is possible that en-
dogenous Gal-1 may be part of a novel anti-inflam-
matory loop in which the endothelium is the source
of the protein and the migrating PMNs the target for
its anti-inflammatory action. (Am J Pathol 2003,
163:1505-1515)

Galectins are a growing family of protein defined by their
affinity for B-galactosides and by conserved sequence
elements in their carbohydrate recognition domains.” At
present, 14 mammalian galectins have been identified®
and found distributed in a variety of tissues. Galectins
can be detected in the cytosol, nucleus, and membrane
compartments of producing cells, suggesting that they
might mediate a wide range of biological functions.?
Galectin-1 (Gal-1), the earliest described member of
the family is a homodimeric protein with a carbohydrate
recognition domain of 134 amino acids.® Expression of
Gal-1 has been specially identified in lymphoid organs
such as the thymus, the lymph nodes, in activated mac-
rophages, and T cells and in immune-privileged sites
such as placenta and cornea, suggesting an important
role in generating and maintaining immune tolerance.
The precise in vivo functions of Gal-1 are currently unclear
because targeted disruption of the Gal-1 gene in null-
mutant mice resulted in the absence of major phenotypic
abnormalities, perhaps because of compensatory phe-
nomena.*® However, the effects produced by exoge-
nous administration of human recombinant Gal-1 suggest
a key role in a variety of biological events involving cell-
cell and cell-extracellular matrix interactions, cell growth
regulation, metastasis, and immunomodulation.® In an
experimental model of arthritis, Gal-1 has been found to
possess anti-inflammatory activity probably in relation to
its ability to promote Th1 cell apoptosis, switching the
immune response toward a Th2 phenotype.” Recently, it
has been shown that administration of Gal-1 inhibited the
acute inflammatory response in a mouse model of paw
edema.? Interestingly, the latter study reported that Gal-1
anti-edema effect was associated with a reduced polymor-
phonuclear leukocyte (PMN) influx into the inflamed paws.
In both acute and chronic inflammation, the migration
of blood-borne leukocyte across the postcapillary venule
endothelium represents a necessary and important step
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in the cellular response to the inflammatory insult. Leuko-
cytes firstly interact with the endothelium by tethering and
rolling mechanisms, mediated by the selectin family of
adhesion molecules. This is followed by firm adhesion
and transmigration across the endothelial layer mediated
by the integrin family of adhesion molecules.®'° Given
that Gal-1 possesses anti-inflammatory activities and that
its expression in endothelial cells (ECs) can be up regu-
lated by proinflammatory mediators,"'? we hypothesize
that Gal-1 could have the potential to inhibit leukocyte
migration both under normal and, most significantly, in-
flammatory conditions. Therefore, the aim of the present
study was to investigate the anti-migratory potential of
Gal-1, using a combination of in vitro and in vivo models of
PMN-EC interaction.

Materials and Methods

Materials

Human recombinant (hr) Gal-1 was prepared as previ-
ously described.' Briefly, plasmid pH14Gal was con-
structed from the plasmid pUC540 (Kan®) and a cDNA
for Gal-1 derived from a human lung cDNA library. Esch-
erichia coli strains of SCS1 and Y1090 were then trans-
formed with pH14Gal and Gal-1 expression was as-
sessed by Western blot analysis. Finally, the recombinant
protein was purified by affinity chromatography on an
asialofetuin-agarose column. Endotoxin content of the
purified sample was <60 ng/mg protein. Human recom-
binant mutant CS2 was produced by a site-directed mu-
tagenesis experiment in which the cysteine residue at
position 2 in the N-terminus was substituted with a serine
as described previously.™ The preparation of the rabbit
polyclonal anti-human Gal-1 antibody has previously
been described.'® Human recombinant interleukin (IL)-8
was a generous gift of Dr. A Rot (Novartis Forschungsin-
stitut, Vienna, Austria).

Preparation of Peripheral Human PMNs

Human PMNs were freshly prepared from healthy volun-
teers by histopaque 1191/1117 gradient as previously
described.'® Blood was first diluted (1:1) with RPMI 1640
(Sigma, Poole, UK) medium before being added to the
gradient, and centrifuged at 1200 rpm for 30 minutes.
PMNs were collected and the erythrocytes were removed
by hypotonic lysis. Cells were further washed twice in
RPMI medium before experimentation.

PMN Chemotaxis Assay

A Neuroprobe ChemoTxplate (Receptor Technologies
Ltd., Adderbury, UK) with polycarbonate membrane fil-
ters of 3-um membrane pores was used, using a protocol
recently described for eosinophil chemotaxis.'® Briefly,
purified PMNs were diluted to 4 X 10%cells/ml in RPMI
and 0.1% fetal calf serum (Sigma), and incubated with
Gal-1 (concentration range, 0.04 to 4 ug/ml correspond-
ing to ~2.7 nmol/L to 0.27 umol/L) for 10 minutes at 37°C.

Human IL-8 (CXCL8; Novartis, Vienna, Austria) was
placed in the bottom well of the Neuroprobe plate, the
polycarbonate filter was placed on top and 25 ul of PMNs
were placed on top of the filter. Preliminary experiments
determined that a concentration of 30 ng/ml of IL-8 pro-
duced optimal PMN chemotaxis.'® Plates were incubated
for 2 hours in a humidified incubator at 37°C with 5%
CO,. Cells remaining on top of the filter were absorbed
off and the filter tops were carefully washed to ensure
removal of nonmigrated cells. The plates were centri-
fuged (1200 rpm, 5 minutes at room temperature) to
pellet cells on the underside of the filters. The filter was
removed and cells in the bottom wells were stained in
Turk’s solution (0.01% crystal violet in 3% acetic acid)
and counted by light microscopy.

PMN Apoptosis

In selected experiments, PMNs (1 x 10%/ml) were incu-
bated with hrGal-1 (0.04 to 4 ng/ml) for 2 hours before
quantification of cell apoptosis using the fluorescein iso-
thiocyanate-labeled annexin V and propidium iodide (PI)
protocol, as previously described.’”

Ea.hy926 Culture Conditions and
Transmigration Assay

Ea.hy926 cells [a hybridoma between human umbilical
vein endothelial cells (HUVECs) and the epithelioma
A549] were provided by Dr. C-J Edgell, Department of
Pathology, School of Medicine, University of North Caro-
lina, Chapel Hill, NC. Ea.hy926 cells retain most of the
features of HUVECSs, including the expression of endo-
thelial adhesion molecules and human factor VllI-related
antigen.'® Ea.hy926 cells were cultured in DMEM-F12
(Sigma) supplemented with 10% fetal calf serum and
antibiotics (cultured medium) and subcultured every 3
days using cell dissociation solution (Sigma). The trans-
migration assay was performed using a protocol modified
from a previous study.'® Cells were first washed in phos-
phate-buffered saline (PBS), and added (5 X 10° cells in
1 ml of cultured medium) onto Biocoat 24-well plates
inserts (3 wm) precoated with fibronectin (Marathon Lab-
oratory Supplies, London, UK) and cultured for 24 hours
in a humidified incubator at 37°C with 5% CO,. On the
day of the experiment, the inserts were washed with fresh
media to removed nonadherent cells. PMNs (1 X 10° in
0.5 ml) incubated in the absence or presence of increas-
ing concentrations of hrGal-1, were then added to the
inserts, while 30 ng/ml of IL-8 were added in the bottom
compartment. After 2 hours at 37°C in 5% CO,, cells that
had migrated through the filters were retrieved from the
lower compartment, stained in Turk’s solution (0.01%
crystal violet in 3% acetic acid) and counted by light
microscopy. The anti-migratory effect of Gal-1 was also
tested in a slightly different experimental setting, in which
Ea.hy926 cells were incubated for 24 hours with 10 ng/ml
of human recombinant tumor necrosis factor-a (Pepro-
Tech EC Ltd., London, UK), a procedure known to up-
regulate ICAM-1 and promote PMN transmigration.'®



Western Blotting for Gal-1 Expression

Three types of human ECs were used: namely Ea.hy926
(hybridoma cell line, see above); human bone marrow-
derived ECs, provided by Dr. Babette Weksler, Cornell
University, New York, USA):%° primary human umbilical
vein ECs (HUVECs; provided by Dr. P Vo, William Harvey
Research Institute (WHRI), London UK). Human PMNs as
well as U937 cells and RAW macrophages, as positive
control, were also used to detect Gal-1 expression.?" In
all cases, pelleted cells were lysed in Tris-HCI (10
mmol/L, pH 7.4) containing 1 umol/L leupeptin, pepstatin
A, and aprotinin; 200 umol/L phenylmethyl sulfonyl fluo-
ride; 100 mmol/L sodium fluoride and sodium orthovana-
date (Sigma). Cell extracts were centrifuged at 13,000
rpm for 5 minutes and supernatants collected. Total pro-
tein concentration was determined according to Brad-
ford.?? To detect Gal-1, protein extract (25 ug per lane)
was loaded onto a 12% sodium dodecy! sulfate-polyac-
rylamide gel electrophoresis for electrophoresis together
with appropriate molecular weight markers (Amersham
Pharmacia Biotech, Buckinghamshire, UK) and trans-
ferred to ECL Hybond nitrocellulose membrane. Revers-
ible protein staining of the membranes with 0.1% Pon-
ceau-S (Sigma) in 5% acetic acid was used to verify even
protein transfer. Membranes were incubated overnight in
5% nonfat dry milk before the addition of a polyclonal
antibody to Gal-1 (1:5000)” in PBS with 0.1% Tween 20
(PBST). This was followed by 30 minutes of washing with
PBST and incubation for 60 minutes at room temperature
with peroxidase-conjugated goat anti-rabbit 1gG (1:2000;
DAKO, Cambridgeshire, UK). Membranes were again
washed twice for 15 minutes with PBST and immunoreac-
tive proteins were detected using an enhanced chemilumi-
nescence (ECL) kit (Amersham Pharmacia Biotech). In
some experiments, membrane was striped and reprobed
with e-tubulin antibody (Sigma).

Electron Microscopy Analysis to Monitor Gal-1
Expression in EA.hy926 Cells

Ea.hy926 cells were prepared for electron microscopy by
standard methods as previously described.?® Briefly, ad-
herent cells were removed using cell dissociation solution
and washed with PBS. After resuspension in 0.5 ml of 4%
paraformaldehyde and 0.5% glutaraldehyde, 0.1% so-
dium cacodylate buffer (pH 7.4) for 24 hours at 4°C, they
were then washed in sodium cacodylate, dehydrated
through a graded series of ethanol (70 to 100%), and
embedded in LR Gold (London Resin Co., Reading,
Berkshire, UK). Sections (~90 nm) were cut on an ultra-
microtome (Reichert Ultracut; Leica, Austria) and placed
on nickel grids for immunogold labeling. These sections
were incubated with the following reagents at room tem-
perature: 1) 0.1 mol/L of PBS containing 1% egg albumin
(PBEA); 2) 0.1 mol/L of PBS containing 5% egg albumin
for 30 minutes; 3) the rabbit serum anti-Gal-1 (final dilu-
tion of 1:300 in PBEA) for 2 hours; 4) after four washes (5
minutes each) in PBEA, with a goat anti-rabbit IgG (Fc
fragment-specific) antibody (Ab) (1:50 in PBEA) conju-

Galectin-1 Effects on PMN/EC Interactions 1507
AJP October 2003, Vol. 163, No. 4

gated to 15-nm colloidal gold (British Biocell, Cardiff,
UK). After 1 hour, sections were extensively washed in
PBEA and then in distilled water. Sections were stained
with uranyl acetate and lead citrate before examination
on a Zeiss LEO 906 electron microscope.

Analysis of Cell Surface Gal-1-Binding Sites by
Fluorescence-Activated Cell Sorting Analysis

HrGal-1 was biotinylated using the ECL protein biotinyla-
tion module (Amersham Pharmacia Biotech). Two differ-
ent cell conditions were used: freshly prepared human
PMNs or postadherent PMNs and ECs prepared in par-
allel the same day (PMNs from the same donor) as de-
scribed previously.'® For the latter condition, PMNs were
added to monolayers of Ea.hy926 cell in six-well plates,
and PMN adhesion promoted with 100 nmol/L of phorbol
12-myristate 13-acetate (PMA) for 30 minutes at 37°C. At
the end of the incubation period, postadherent cells were
harvested with cell dissociation medium and diluted in
wash buffer (containing PBS, 0.1% bovine serum albu-
min, and 1 mmol/L CaCl,). Aliquots (0.5 to 1 X 10° cells
in 20 wl) were added to a 96-well plate together with 20 wl
of wash buffer or biotinylated Gal-1 (0.04 to 4 pg/ml,
corresponding to a concentration range of 2.7 to 270
nmol/L). In some wells, unlabeled Gal-1 (0.04 to 0.4 ng/
ml) was added. After 1 hour at 4°C, and three washes,
cells were incubated with 20 ul of phycoerythrin-conju-
gated to streptavidin (Serotec, Oxford, UK) for a further 1
hour on ice. In another set of experiments, the effects of
Gal-1 binding were examined in the presence of lactose
(30 mmol/L). In all cases, samples were analyzed on a
Becton Dickinson FACscan using Cell Quest software.
For the co-culture samples, PMNs and Ea.hy926 cells
were clearly distinguished for their forward and side scat-
ter characteristics. At least 5000 events were analyzed
for each sample. Data are expressed as median fluores-
cence intensity units as measured in the FL2 channel, set
to a photomultiplicator value of 600.

In Vivo Models of Inflammation

Animal work was performed according to Home Office
regulations (guidance on the operation on animals was
from the Scientific Procedures act 1986). IL-1B-induced
peritonitis.?* Male Swiss Albino mice (20 to 22 g body
weight) were injected intraperitoneally with mouse re-
combinant IL-18 (5 ng in 0.5 ml) alone or together with
hrGal-1(0.01to 1 ng 0.5 ml per mouse). Another group of
mice was treated with dexamethasone (1 mg/kg s.c.) 1
hour before IL-1B8. In all cases animals were sacrificed 4
hours later and the peritoneal cavities were washed with
PBS and heparin (25 U/ml), before quantification of PMN
recruitment after staining with Turk’s solution and light
microscopy. The content of prostaglandin E, (PGE,) in
the cell-free lavage fluids was determined with a specific
Enzyme Immune Assay (EIA) (Amersham Pharmacia Bio-
tech). Concentrations of the murine CXC chemokine KC
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(CXCL1) in the lavage fluids were determined with a
specific enzyme-linked immunosorbent assay (R&D Sys-
tems, Abingdon, UK).

Intravital microscopy.?® The mesenteric vascular bed
of anesthetized mice was exteriorized and the prepara-
tion was mounted on a Zeiss Axioskop FS microscope
equipped with a x40 water immersion objective. The
preparation was monitored using a color camera and
recorded for subsequent offline analysis. Mesenteries
were superfused with bicarbonate-buffered solution at
37°C (mmol/L: NaCl, 131; KCI, 3.35; MgSO,, 0.57;
NaHCO,, 17.9; and CaCl,, 1.49, pH 7.4, gassed with 5%
C0O,/95% N,) at a rate of 2 ml/min. Centerline red blood
cell velocity was measured in venules by using an optical
Doppler velocimeter (Microcirculation Research Institute,
Texas A&M University, Dallas, TX). Venular blood flow
was calculated from the product of mean red blood cell
velocity (Vihean = centerline velocity/1.6) and microvas-
cular cross-sectional area, assuming a cylindrical geom-
etry. Wall shear rate was calculated by the Newtonian
definition: shear rate = 8,000x (Vmean/diameter). One to
three randomly selected postcapillary venules (diameter
between 20 and 40 um; length of at least 100 um) were
observed for each mouse.

Animals received either saline, mouse recombinant
IL-18 (5 ng i.p.) alone, or together with 0.3 ug of Gal-1,
and the mesenteric vascular bed was prepared for mi-
croscopic observation 2 hours later. The extent of the
inflammatory response elicited by IL-18 was analyzed by
measuring the rolling phenomenon as white blood cell
velocity (Vyygc) and cell flux (number of rolling cells pass-
ing through a given point per minute). Leukocyte adhe-
sion was quantified by counting the number of adherent
cells (stationary for >30 seconds) in 100-um vessel
length, whereas leukocyte emigration from the microcir-
culation into the tissue was quantified by counting the
number of cells in the perivascular tissue up to 50 um
away from the vessel wall. A previous study indicated that
the majority of leukocytes interacting with the activated
endothelium were PMNs.2®

Data Handling and Statistical Analysis

In vitro experiments were conducted in triplicate and re-
peated with at least three distinct cell preparations (che-
motaxis and transmigration; biotinylated Gal-1 binding).
Data for chemotaxis and transmigration are reported as
mean * SEM of migration index (Ml), calculated as fol-
lows: (number of cells migrating to chemoattractant)/
(number of cells migrating to vehicles). Western blotting
experiments were repeated at least two or three times
with different cell preparations. In vivo, data (mean *
SEM) are reported as percent of IL-18 induced migration,
n = number of animals per group. In all cases, potential
differences among the experimental groups were deter-
mined by one-way analysis of variance followed by the
Dunnett’s test taking a P value <0.05 as significant.
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Figure 1. Expression of Gal-1 in primary and immortalized cells. Cell extracts
were subject to electrophoresis and endogenous Gal-1 expression monitored
by Western blotting analysis. Extracts were prepared from U937, human
umbilical vein endothelial cells (HUVECs), Ea.hy926, human bone marrow
endothelial cells, human PMNs, or mouse macrophages (RAWs). A and B are
representative of three distinct experiments, and show the expression of
Gal-1 monomer (~15 kd) and dimer (~30 kd).

Results

Expression of Endogenous Gal-1

Initially, we confirmed Gal-1 expression in a range of
human ECs. As reported in other culture conditions,'" 2
resting Ea.hy926, human bone marrow-derived ECs and
HUVECs expressed Gal-1 (Figure 1). Interestingly, hu-
man PMNs did not express detectable amounts of the
protein, whereas Gal-1 was expressed by U937 cells.

Ultrastructural analysis by electron microscopy was
further performed with EA.hy926 cells. Gal-1 was present
in the cytosol, vacuoles, and in the nucleus as well as on
the plasma membrane (Figure 2). Prompted by the un-
even expression of Gal-1 between several ECs and hu-
man PMNs, we tested the novel hypothesis that the pro-
tein could modulate EC-PMN interaction in inflammatory
settings.

Gal-1 Inhibited IL-8-Induced PMIN Chemotaxis
and trans-Endothelial Migration

Gal-1 was previously proposed to have an inhibitory ef-
fect on leukocyte migration in an in vivo model of acute
inflammation.® However, a direct effect on the PMNs was
never tested. Here we assessed its activity on PMN che-
motaxis. Incubation of human PMNs with hrGal-1 inhib-
ited IL-8-induced PMN chemotaxis in a concentration-
dependent manner (Figure 3A). The inhibitory effect of
hrGal-1 was significant at all concentrations studied.

To simulate a more physiological environment we ex-
amined next the effect of hrGal-1 in the PMN trans-endo-
thelial migration assay. Addition of IL-8 at 30 ng/ml stim-
ulated ~30% of human PMNs to transmigrate within the
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Figure 2. Ultrastructural analysis of Gal-1 in Ea.hy926 cells. A: Absence of
gold particles in sections incubated with the control nonimmune rabbit
serum. B: Widespread distribution of Gal-1 throughout the cell. The subcel-
lular location is more evident at higher magnification, with detection of
immunogold particles in the nucleolus (C), associated with cytoskeletal
proteins (D), cytoplasmic vacuoles (E), and in association with the plasma
membrane (F). Arrowheads highlight the presence of gold particles. Pic-
tures are representative of 10 distinct cells. Scale bars, 0.5 pm.

2-hour period, which was inhibited by incubation with
hrGal-1 in a dose-dependent manner, selectively at the
concentration of 0.04 ug/ml (Figure 3B). To address
whether the effect of Gal-1 on PMNs was stimulus-depen-
dent, we tested its activity under a different experimental
setting. EA.hy926 cells were activated for 24 hours with
human recombinant tumor necrosis factor-a (10 ng/ml), a
procedure known to up-regulate ICAM-1 and promote
PMN transmigration.’® In this experimental setting, ~20%
of PMNs transmigrated after 2 hours and the migration
indexes in the presence hrGal-1 were reduced from a
control value of 6.2 = 0.8 (n = 4)to 3 = 0.8 (P < 0.05),
3.2+ 043 (P<0.05)and 4.5 + 0.7 (P > 0.05), for 0.04,
0.4, and 4 pg/ml of hrGal-1, respectively. Thus, using two
distinct stimuli (IL-8 and tumor necrosis factor-«), hrGal-1
appeared to be more effective in inhibiting PMN trans-
migration at low concentrations.

We then tested the effect of Gal-1 mutant CS2 on PMN
chemotaxis and transmigration. CS2 had a cysteine res-
idue substituted by serine at position 2 on the N-terminus
and therefore cannot covalently link.' Our data showed
that CS2 was equally effective against PMN chemotaxis
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Figure 3. Gal-1 and CS2 inhibited IL-8-induced PMN chemotaxis and trans-
migration. Mean = SEM of chemotaxis index showing the effects of Gal-1 and
CS2 on PMN chemotaxis and transmigration. Purified PMNs were incubated
for 10 minutes in the absence or presence of increasing concentrations of
hrGal-1 (A and B) or CS2 (C and D) before being added to the ChemoTx
plate or to Biocoat insert containing monolayers of Ea.hy926 cells. In both
cases human recombinant IL-8 (30 ng/ml) was added to the lower chambers,
and the number of PMNs migrated to the bottom well was assessed after 2
hours. In the chemotaxis assay, 679 = 88 PMNs migrated to vehicle (no IL-8;
negative control, #n = 8), whereas the addition of IL-8 produced a chemo-
tactic response of 45.2 * 7.3 X 10° cells (positive control, n = 8). In the
transmigration assay, 15 * 0.8 X 10°> PMNs migrated to vehicle (negative
control, 7 = 10), whereas IL-8 produced a migratory response of 280 * 54 X
10% cells (positive control, 7 = 10). Migration index was calculated by
dividing the number of PMNs migrated to IL-8 by the number of cells
migrated to vehicle. Dotted line represents chemotaxis index of 1 or basal
level of chemotaxis. Data are from cells prepared from three to four different
donors. *, P < 0.05 and **, P < 0.01 versus IL-8 alone.

at all concentrations tested (Figure 3C). In partial analogy
to hrGal-1, mutant CS2 was also effective in the PMN trans-
migration assay at all concentrations tested (Figure 3D).

The specificity of Gal-1 effects was confirmed in two
different manners. Figure 4 showed that boiled Gal-1 was
inactive in the chemotaxis assay. In addition, a neutraliz-
ing antiserum reverted the inhibitory action produced by
the protein, whereas equal dilution of a control rabbit
serum was ineffective (Figure 4).

This inhibitory action of hrGal-1 on PMN locomotion
occurred in the absence of cell apoptosis. Human PMNs
cultured for 2 hours showed a modest degree of fluores-
cein isothiocyanate-annexin V binding and this was not
modified by cell incubation with 0.04 to 4 ug/ml of hr-
Gal-1. Data (percent of annexin V-positive cells) at the
2-hour time point were as follows: 12.7 = 1.6%, 125 =
2.5%, 10.5 = 1.3%, and 13.8 = 1.2% in the absence and
presence of 0.04, 0.4, and 4 ug/ml of hrGal-1, respectively.



1510 Laetal
AJP October 2003, Vol. 163, No. 4

60 - Boiled Gal-1

. I
E 40 -
=
S *
£
2020 S *
=

0o 4

None a-Gal-1  Ctrl IgG
I1.-8 [30 ng/ml]

Figure 4. Validation of hrGal-1 effects in the chemotaxis assay. Purified
PMNs were incubated for 5 minutes in the absence or presence of a specific
anti-Gal-1 (a-Gal-1) or nonimmune IgG before the addition of 0.4 wg/ml of
hrGal-1. A preparation of boiled hrGal-1 (0.4 w/ml) was also tested. In both
cases human recombinant IL-8 (30 ng/ml) was added to the lower chambers,
and the number of PMNs migrated to the bottom well was assessed after 2
hours. Chemotaxis index was calculated as described in Figure 3. Data are
from cells prepared from three to four different donors. *, P < 0.05 versus
respective vehicle group.

Effects of hrGal-1 on IL-1B-Induced Peritonitis

To provide relevance to inflammatory conditions, we
used a mouse model of peritonitis in which it is well
known that injection of IL-18 produced migration of leu-
kocyte with a majority (>80%) being PMNs.?* Simulta-
neously injection of mice with IL-18 and lower doses of
Gal-1 (0.03 to 0.1 ug per mouse) had no effect on PMN
migration, whereas a significant inhibition of this cellular
response was measured at doses of 0.3 to 1 ug/mouse
(20 to 66 pmol) (Figure 5). This model of acute inflamma-
tion is also characterized by an increase in prostaglandin
and KC release, however the reduction of PMN migration
produced by hrGal-1 was not associated with a parallel
reduction in mediator production, except for an inhibition
of PGE, levels at the dose of 1 ug (Table 1). The co-
administration of CS2 (0.3 ug i.p.) with IL-1B8 also signif-
icantly reduced PMN recruitment from 2.9 = 0.4 (control
IL-18) to 0.8 = 0.1 X 10° PMNs per mouse (n = 5; P <
0.05). A similar inhibitory effect was observed with dexa-
methasone both on PMN migration (=70%, n = 6, P <
0.05) and mediator release (Table 1).

Intravital Microscopy

To further shed light on the site and mechanism of Gal-1
action, we monitored leukocyte rolling, adhesion, and
emigration in the mouse mesenteric microcirculation by
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Figure 5. Anti-migratory actions of hrGal-1 in IL-1B-induced peritonitis. Mice
were injected intraperitoneally with IL-18 (5 ng in 0.1 ml of saline) in the
absence or presence of different doses of hrGal-1. After 4 hours, peritoneal
cavities were washed and PMN migration quantified. Data are reported as
percentage of IL-1B response (3 = 0.9 X 10° PMNs per cavity). Data are
mean * SEM of 6 to 10 mice per group. *, P < 0.05 and **, P < 0.001 versus
IL-1B alone.

intravital microscopy. Stimulation of the mesenteric vas-
cular bed with IL-18 produced the expected changes in
the microcirculation,®® with an increase in white blood
cell flux and the induction of the leukocyte rolling phe-
nomenon, detected by a sharp reduction in V,gc (Figure
6, A and B). This was followed by an increase in the
extent of cell adhesion and emigration, compared to
saline-treated mice (Figure 6, C and D). Treatment of
mice with hrGal-1 (at the dose of 0.3 g, chosen from the
experiments of peritonitis; see Figure 5) produced a se-
lective attenuation of IL-1B-induced cellular response. In
particular, hrGal-1 significantly reduced the effect of the
cytokine on cell flux, cell adhesion, and emigration. How-
ever, the lower number of cells that entered into the
rolling phenomenon in the IL-18 plus hrGal-1 group did
roll with a Vg not significantly different from that mea-
sured in the IL-18 group (Figure 6B).

Table 1. Effect of hrGal-1 on Exudate KC and PGE, Levels

Treatment KC (pg/ml) PGE, (pg/ml)
Saline 35+ 8 449 + 83
IL-18 131 £ 32 920 + 250
IL-18 + Gal-13 ug 102 * 13 769 + 268
IL-18 + Gal-11 ug 86 = 32 337 + 20*
IL-18 + Gal-10.3 ug 120 = 34 1921 = 125
IL-18 + dexamethasone 66 * 4* 550 + 35*

The peritoneal exudates of mice injected with 5 ng of murine IL-18
in the absence or presence of the reported doses of Gal-1 were
centrifuged and the supernatants assayed for KC and PGE, levels.
Dexamethasone (1 mg/kg s.c.) was given 1 hour before the cytokine.
IL-18 significantly increased KC and PGE, release (P < 0.05
compared to saline group). Data are mean = SEM of 6 to 10 mice per
group.

*P < 0.05 versus IL-1B alone.



30 - 75 1

50 4

=
=

%%

25
| s
\Y

hrGal-1 hrGal-1
T — Saling — A
IL-18 IL-1B
754 & 754 B
= * ="§
E E 50 T €@ 50
28 22
Ty Q BES "
= A =5
B g 25 \ # S & 254
Sg \ S 3
JOIN i JEONME
V  hrGal-1 V  hrGal-1
Saline —— Saling —
IL-1B IL-1B

Figure 6. Effects of hrGal-1 on leukocyte rolling, adhesion, and emigration
in the mesenteric microcirculation. Mice received either saline (0.5 ml), IL-18
(5 ng i.p.) alone or together with 0.3 pug of Gal-1. The mesenteric vascular
bed was externalized and prepared for microscopic observation 2 hours later.
The following parameters were measured in the microcirculation: cell flux
(A), expressed as number of cells passing per minute; Vygc in pm/second
(B); cell adhesion (C); and cell emigration (D). Data are mean = SEM of four
to six mice per group. *, P < 0.05 versus saline control group. #, P < 0.05
versus 1L-1p alone.

These effects on the microcirculation, as those in the
experiments of peritonitis, are unlikely to be because of
indirect systemic and local actions of the protein. In fact,
anti-inflammatory doses of hrGal-1 did not modify circu-
lating blood cell numbers (Table 2). In addition, direct
observation of the potential effect of an hrGal-1 intravenous
injection on venular and arteriolar blood flow did not reveal
any significant and long-lasting changes in centerline blood
erythrocyte flow and vessel diameter (Table 3).

Table 2. Systemic Treatment with hrGal-1 Does Not Affect
Peripheral Leukocyte Counts

Saline Gal-1
Cell types (X108/ml) (X10%/ml)
PMN 0.82 =0.23 0.76 = 0.13
Monocytes 0.37 = 0.08 0.52 = 0.07
Lymphocytes 1.02 =£0.19 1.42 +0.19
Total 222 =043 2.78 £ 0.23

Mice were injected intraperitoneally (I.P.) with either saline or 0.3 ug of
hrGal-1. Two hours later, animals were sacrificed and different leukocytes
were counted. Data are mean *= SEM of three mice per group.
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Gal-1-Binding Sites by Fluorescence-Activated
Cell Sorting Analysis

A concentration-dependent binding of biotinylated Gal-1
was detected on both human PMNs and EA.hy926 cells
(Figure 7), with an interesting difference in relation to cell
activation. The binding was significantly augmented
when tested on postadherent PMNs (Figure 7A), whereas
a significant reduction was seen on EA.hy926 cells that
had been used as an adhesion substrate (Figure 7B).

Competition experiments demonstrated two further
points: hrGal-1 binding to human PMNs was in the range
of concentrations that displayed biological actions (see
Figure 4), with a significant displacement of biotinylated
Gal-1 being produced by 0.4 and 0.04 ug/ml of cold
hrGal-1 (Figure 7C). With some experimental variation,
this was also the case for postadherent PMNs (Figure
7E). In contrast, modulation of Gal-1 binding site(s) ap-
peared to be different with EA.hy926 cells, with a virtual
absence of specific binding in activated ECs (Figure 7F).
Finally, binding of biotinylated Gal-1 to postadherent
PMNs was partially reversed by 30 mmol/L of lactose, a
well-known inhibitor against Gal-1 action, which com-
peted for Gal-1-binding sites (Figure 8). Out of three
experiments, after correction for phycoerythrin-conju-
gated streptavidin binding, mean = SEM of 8.5 = 0.7 and
5.0 = 0.5 median fluorescence intensity units were cal-
culated for biotinylated Gal-1 binding in the absence and
presence of lactose (P < 0.05). Thus, a portion of biotin-
ylated Gal-1 binding is insensitive to the sugar.

Discussion

The major observation of this study is that Gal-1 can
interfere with the initial interaction of blood PMNs with the
postcapillary venule endothelium. In addition, Gal-1 ef-
fect seems to be specific and brought about through
interaction with PMN binding site(s). Based on the facts
that: 1) endogenous Gal-1 is expressed in ECs (Figure 1),
2) its expression can be modulated by inflammatory cy-
tokines'! (M La, unpublished data), and 3) Gal-1-binding
sites on PMNs and ECs are modulated by proinflamma-
tory mediators (Figure 7), we propose that this protein
may play a role in the down-regulation of the host inflam-
matory response (phase of resolution). This control
mechanism would be relatively novel as the PMNs did not
seem to express the protein, as detected by Western
blotting analysis.

We were able to confirm Gal-1 expression in ECs,
whereas resting human PMNs did not appear to contain
detectable levels of the protein. Thus, we hypothesized
that endothelial-derived Gal-1 could be an inhibitory me-
diator on the process of PMN extravasation. We first
tested the effect of hrGal-1 on PMN chemotaxis and
trans-endothelial migration, finding that in both assays
the PMN response was sensitive to the inhibitory effect of
the protein. Low concentrations of hrGal-1 were required
to bring about these inhibitory actions. Furthermore, the
specificity of these effects was confirmed by testing
boiled hrGal-1, that was inactive, and by the blockage

11,12



1512 Laetal
AJP October 2003, Vol. 163, No. 4

Table 3. Lack of Effect of hrGal-1 on Arterial and Venular Flow and Shear Rate

Parameter Saline IL-18 IL-18 + hrGal-1 Saline + hrGal-1
Arterial diameter (um) 70.3 = 12 68.1+7.3 781 +95 7238 £ 75
Arterial shear/second 3482 = 674 2767 = 384 2791 £ 403 3020 *= 571
Venular diameter (um) 109.7 = 4.6 109.5 =23 108.6 = 2.6 113.3 £0.95
Venular shear/second 350 * 33.9 486.3 = 56.5 487.8 = 67.6 413.6 + 37.2

Mice were injected with either saline (100 ul) or IL-18 (10 ng i.p.). Two hours later, the mesenteric was exposed, animals were then received a
bolus injection of 0.3 ug Gal-1 (i.v.): arterial and venular diameter, centreline erythrocyte velocity, and shear rate were measured in the subsequent 10
minutes. Values (mean * SEM of three mice per group) refer to the measurements at 10 minutes.

produced by a neutralizing antibody. Importantly, Gal-1
in vitro inhibition of PMN locomotion occurred in the ab-
sence of detectable proapoptotic effects. Similarly hr-
Gal-1 (0.04 to 4 ng/ml) was not chemotactic for human
PMNs (M La, unpublished data).

Gal-1 can exist in a reversible monomer-dimer equilib-
rium.2® Although the protein contains free cysteine resi-
dues with the potential to form covalent bonds, there is
evidence suggesting that dimerization can also occur via
the formation of noncovalent bonds forms by extended
B-sheet interactions across two monomeric subunits.?” In
any case, it has been proposed that the extent of dimer
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Figure 7. Flow cytometry analysis of Gal-1-binding sites on resting or post-
adherent PMNs and Ea.hy926 cells. A and B: Human PMNs were left either
untreated or activated by PMA-induced adhesion (30 minutes, 37°C) to
Ea.hy926 cell monolayers. The same samples were used to assess binding to
postadherent ECs. The binding of biotinylated Gal-1 (4 ug/ml) to human
PMNs was inhibited by the addition of increasing concentrations of unla-
beled Gal-1 in resting (C) and postadherent cells (E). The binding of bio-
tinylated Gal-1 to Ea.hy926 cells was inhibited by the addition of increasing
concentrations of unlabeled Gal-1 in basal (D), but not in Ea.hy926 cells after
PMN adhesion (F). Data are mean = SEM of three to four donors. *, P< 0.05
versus control biotinylated Gal-1 alone.

isoform predominates at high concentrations: this hy-
pothesis is based on the observation that overexpression
of recombinant Gal-1 in Chinese hamster ovary cells
occurs in the monomeric form that can reversibly dimer-
ize in a concentration-dependent manner.2® However,
whether the monomer-dimer equilibrium occurs for all
mammalian Gal-1 remains unknown. A recent study used
size exclusion chromatography to show that hrGal-1
mainly exists as a dimer even at low concentrations.?® In
our experimental conditions, we partially addressed this
issue by testing the effects of the mutant CS2. Human
recombinant CS2 is a Gal-1 mutant produced by the
replacement of the cysteine residue at position 2 with
serine, and shown to exist as a monomer under nonde-
naturing conditions.’ In contrast, hamster recombinant
Gal-1 mutated at position 2 was found to behave similar
to Gal-1 in its ability to dimerize.?® Thus, species speci-
ficity may also govern the ratio Gal-1 monomer/dimer. In
our study, CS2 appeared to be less potent than the
parent protein in vitro (and showed activity at 4 ug/ml) but
it was almost equally active in vivo. Nevertheless, the fact
that mutant CS2 reduced PMN activation in vitro and in
vivo supported the concept that Gal-1 monomer is the
active form, at least on PMN-EC interaction.

The majority of the investigations in the literature have
reported Gal-1 anti-inflammatory effects in models driven
by T-cell activation. Gal-1 ability to induce Th1 cell apo-
ptosis has been proposed as the mechanism responsible
for its efficacy in experimental models of arthritis.” With
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Figure 8. Effect of lactose on biotinylated Gal-1 binding to postadherent
PMNs. Histograms represent fluorescence intensity in the FL2 channel as a
result of cell surface Gal-1 binding to human PMNs, in the presence and
absence of 30 mmol/L of lactose. Histograms are representative of three
experiments.
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the exception of a recent study,® the potential effect of
Gal-1 on the phenomenon of PMN recruitment in vivo has
not been investigated. In the study of Rabinovich and
colleagues,® local injection of 0.5 to 8 ug of Gal-1 re-
duced phospholipase A,-induced paw edema and PMN
infiltration. However, this model is a relatively complex
response in which several soluble mediators and cells
are involved.®° Therefore, we complemented the in vitro
observations on PMN chemotaxis and migration, with a
simpler in vivo model of PMN recruitment.®*

We chose IL-18 as a stimulus for two reasons: firstly,
IL-1B-induced PMN extravasation is much more specific
in its mechanisms (ie, it is not associated with the multiple
activation that characterizes the inflammatory response
produced by phospholipases or insoluble polymers such
as carrageenin);®' secondly, IL-1B-induced PMN tissue
infiltration is not only relevant to acute inflammation, but it
is also functional during the active phases of chronic
inflammatory diseases including rheumatoid arthritis.®?

Both hrGal-1 and mutant CS2 inhibited IL-1B-induced
PMN infiltration into the mouse peritoneal cavity, indicat-
ing a possible association between the mechanisms of
action underlying the effects in vitro with those quantified
in vivo. Interestingly, the native protein produced a bell-
shaped dose-response curve, with a maximal effect at a
dose as low as 0.3 ug (20 pmol) per mouse. It is well
known that IL-18 induces the synthesis and/or release of
chemokines and nonprotein chemoattractants, these to-
gether with endothelial adhesion molecule up-regulation,
promote PMN extravasation.®*2¢ As the Gal-1 anti-mi-
gratory effect did not seem to be linked to an inhibition of
IL-18 induced mediator generation, we tested the hy-
pothesis that Gal-1 could affect a specific step in the
PMN interaction with the activated endothelium. We
chose the mouse mesentery for intravital microscopy to
test this hypothesis because it has been shown that in
this model IL-1B attracts predominantly blood-borne
PMNs.?® Treatment of mice with hrGal-1 produced a se-
lective interference with the PMN-capturing phenome-
non, whereas it did not alter the speed at which recruited
cells rolled on the activated endothelium. PMN capturing
is sustained by endothelial P-selectin and/or PMN L-
selectin.®” It is therefore possible that Gal-1 interferes
with the expression or binding of either selectin. How-
ever, if an identical mechanism is responsible for Gal-1
inhibition of PMN activities in vitro and in vivo, then it is
more likely that the protein interferes with an L-selectin
event. Importantly, hrGal-1 inhibition of cell capturing,
indirectly demonstrated by the decreased cell flux, was
associated with downstream reduction in white blood cell
adhesion to and migration through the inflamed postcap-
illary venule endothelium. Equally important, these in vivo
anti-inflammatory actions of Gal-1 appeared to be genu-
inely because of an interference with PMN-EC interac-
tions, and not secondary to other systemic or local ef-
fects. For instance, the anti-inflammatory doses of
hrGal-1 (0.3 pg/mouse equivalent to 20 pmol) did not
modify the number of circulating leukocytes, nor pro-
voked alteration in arterial or venule shear rates (which
indirectly could have affected white blood cell rolling).
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Recently, Gal-1 has been proposed to have a proin-
flammatory profile, although this assumption was solely
based on its ability to activate human PMN NADPH oxi-
dase in vitro.3® In addition, this response was achieved
when cells were stimulated with a high amount of the
protein (40 pg/ml), well above the concentrations used
here to display PMN inhibitory effects. In addition, the in
vivo data discussed above clearly indicate an anti-inflam-
matory, rather than proinflammatory profile of Gal-1, at
least in the context of acute experimental inflammation.
The data here present are more in line with other in vivo
investigations.”® Finally, a histological study of Gal-1 ex-
pression in the nasal polyps positively associated Gal-1
expression with inhibition of eosinophil accumulation,
also in response to corticosteroid treatment.®® Thus, the
anti-migratory effect we discussed here for Gal-1 may be
common to human and rodent granulocytes. It is yet to be
investigated whether inhibition of actin polymerization,
demonstrated in the eosinophil,*® is the common intra-
cellular molecular mechanism.

In the final part of the study, we sought to gain infor-
mation on potential Gal-1-binding sites and target cells.
Complex sugars are known to modulate PMN extravasa-
tion. For instance, inhibition of selectin binding to sialyl
Lewis X by the polysaccharide fucoidin, results in reduc-
tion of PMN rolling and extravasation.“®4" These sugars
may be expressed on several membrane proteins,*? in-
cluding those mediating L-selectin and P-selectin bind-
ing to their counterligands.®” It is of interest that a recent
study has reported a role for complex sugars in mediat-
ing the anti-inflammatory effects of heparin derivatives.*

The key structure recognized by Gal-1 is the disaccha-
ride unit, O-linked N-acetyl-lactosamine (Gal-B1-4Glc-
NAc).** This structure is found in a variety of glycocon-
jugates and in addition, it can serve as a backbone for
various molecules including blood group determinants
and Lewis antigens.*® For example, polymerized Gal-g1-
4GIcNAc structures are found in glycoconjugates such
as laminin and fibronectin. At present, little is know about
Gal-1 ligands on PMNs. We could demonstrate presence
of a specific binding on human PMNSs, in view of the
displacement produced by unlabeled Gal-1, and the in-
hibition exerted by lactose. Displacement by unlabeled
Gal-1 occurred at concentrations identical to those re-
quired for inhibition of PMN chemotaxis and trans-EC
migration. Compared to unlabeled Gal-1, higher concen-
trations of biotinylated Gal-1 were required to achieve the
same level of binding. This decreased affinity may be a
consequence of the biotinylation. Nonetheless, in most
situations, binding of the biotinylated molecule could be
displaced by the unlabeled molecule, indicating that the
two preparations bind to the same receptor(s).

The binding experiments revealed modulation in rela-
tion to the status of cell activation inasmuch as PMN
adhesion led to an increase in binding. This pattern was
opposite to the one detected in ECs. An adhesion event
was necessary here, because PMA addition to PMNs in
the test tube did not augment Gal-1 binding, whereas it
did if PMA-stimulated cells were allowed to adhere to
plastic wells (M La, unpublished data). These findings
suggest that the expression of binding sites for Gal-1 on
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human PMNs can be increased after cell adhesion, likely
through a process of granule fusion with the plasma
membrane, whereas it is reduced in activated ECs, pos-
sibly because of a proteolytic event. Future studies will
test these hypotheses. Experiments of over-lay using
PMN extracts indicated the existence of multiple potential
Gal-1-binding proteins.®*® We have reproduced, at least
in part, this data and shown an alteration of these bands
in relation to the status of PMN activation (M La, unpub-
lished data). Future studies will address the nature of
these binding site(s), whether for instance they are anal-
ogous to those reported for Gal-3.4°

In summary, we have demonstrated a novel effect for
hrGal-1 that is a specific inhibitory action on the initial
steps governing PMN-endothelium interaction. Suppos-
ing these effects are common to those elicited by EC-
derived Gal-1, it is tempting to propose a model in which
ECs will be the major producer of the protein, and the
extravasating PMNs will be the target, with a down-
stream anti-inflammatory end point.
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