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Abstract: Soluble intercellular adhesion molecule-1 (sSICAM-1) is elevated in the cerebrospinal fluid of patients with se-
vere brain trauma and mouse sSICAM-1 induces the production of macrophage inflammatory protein-2 (MIP-2) in mouse
astrocytes. The production of MIP-2 is greatly enhanced when sICAM-1 contains sialylated complex-type N-glycans
(sSICAM-1-CT) as produced by Chinese hamster ovary (CHO) cells. By contrast, sSICAM-1 from the Lecl mutant of CHO
cells (sSICAM-1-HM), containing only high mannose-type N-glycans, is relatively inactive. Here we show that the N-
glycans of sSICAM-1-CT are mostly o2,3-sialylated bi-, tri-, and tetraantennary complex-type structures with varying
amounts of core fucosylation. Unexpectedly, sSICAM-1-CT and sICAM-1-HM bound equivalently to mouse astrocytes.
Enhanced MIP-2 induction by sSICAM-1-CT was associated with a more rapid, higher level, and prolonged MIP-2 re-
sponse as well as SICAM-1-CT accumulation at the plasma membranes of mouse astrocytes. These results show that gly-
cosylation of SICAM-1 contributes to its signaling properties at the astrocyte cell surface, and suggest that altered glyco-
sylation which might arise as a result of inflammation could regulate the bioactivity of SICAM-1.

INTRODUCTION

Intercellular adhesion molecule (ICAM)-1 is a trans-
membrane glycoprotein comprising five heavily glycosy-
lated extracellular immunoglobulin-like domains [1]. ICAM-
1 is also found as a soluble glycoprotein (sSICAM-1) consist-
ing of the extracellular part of ICAM-1 [2]. Under normal
conditions, ICAM-1 is expressed at low levels on the surface
of cells involved in immune responses, such as endothelial
cells, lymphocytes, and macrophages, and sSICAM-1 is found
at low concentrations in plasma, cerebrospinal fluid, and
sputum [2-4]. Both ICAM-1 expression and sSICAM-1 levels
are strongly increased in response to immune challenges and
injury [5-8]. The number of ICAM-1-positive vessels and the
SICAM-1 levels in cerebrospinal fluid are strongly elevated
after severe traumatic brain injury [7,9-11].

The best known biological function of ICAM-1 on vascu-
lar endothelial cells is to bind the leukocyte integrins oy,
and ampB, on activated leukocytes leading to firm leukocyte
adhesion and subsequent extravasation [12,13]. Major group
rhinoviruses use ICAM-1 as their adhesion receptor on nasal
epithelium [14,15]. The biological function of circulating
SICAM-1 is incompletely understood. sSICAM-1 has been
described as a competitive inhibitor of leukocyte adhesion to
endothelial cells [16-18] and of rhinovirus adhesion to nasal
mucosa [19]. Other studies suggest that SICAM-1 may have
signaling functions. In this respect, sSICAM-1 has been
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shown to possess angiogenic activity [20], to promote tumor
growth [21], to enhance the production of the cytokines tu-
mor necrosis factor (TNF)-a, interferon-y, and interleukin-6
during the mixed lymphocyte response [22], and to induce
the production of the CXC chemokine macrophage inflam-
matory protein (MIP)-2 in primary mouse astrocytes
[9,23,24]. Induction of chemokine production by sICAM-1
in astrocytes may be involved in the inflammatory response
to severe brain trauma [24]. The signaling function of
SICAM-1 during the mixed lymphocyte response is mediated
by o, B,. By contrast, angiogenesis and the induction of MIP-
2 production in astrocytes seem to be mediated by as yet
undefined sICAM-1 receptors, since neither endothelial cells
nor astrocytes express ICAM-1-binding B, integrins [25,26].

Binding of human ICAM-1 to o, 3, and oyf; is differen-
tially affected by N-glycosylation. While binding to o, is
unaffected by glycosylation, binding to ampB, is hindered
when complex-type N-glycans are present on the third Ig-
like domain of human ICAM-1 [27]. In contrast, the MIP-2-
inducing activity of mouse sICAM-1 in primary mouse as-
trocytes is enhanced by sialylated complex-type N-glycans
as produced by Chinese hamster ovary (CHO) cells [24]. The
mechanisms underlying enhancement of biological effects by
glycosylation are largely unexplored. The aim of the present
study was therefore to define the structures of the complex-
type N-glycans present on sSICAM-1 from CHO cells
(SICAM-1-CT) and to explore the mechanisms by which
these glycans enhance MIP-2 induction in cultured astro-
cytes.

To define the structures of the sialylated complex-type
N-glycans of mouse sICAM-1-CT, we used a previously
published method based on the electrophoretic analysis of
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enzymatically released, fluorescently labeled N-glycans be-
fore and after treatment with various exoglycosidases [28].
More than 90% of the N-glycans were found to be sialylated
bi- to tetraantennary complex-type N-glycans with or with-
out a core fucose. To investigate how these glycans enhance
the ability of sSICAM-1 to induce MIP-2 production, we com-
pared the functional properties of SICAM-1-CT with those of
SICAM-1 containing only high mannose-type N-glycans
(sICAM-1-HM), which displays only weak MIP-2-inducing
activity [24]. Unexpectedly, both SICAM-1-CT and sICAM-
1-HM bound with similar nanomolar affinities to mouse
astrocytes. However, the MIP-2-inducing effect of SICAM-
1-CT was more rapid, more pronounced, and more
prolonged. Analysis by laser scanning microscopy showed
that sSICAM-1-CT accumulated at the astrocytic plasma
membranes within 30 min whereas sSICAM-1-HM remained
diffusely distributed.

MATERIALS AND METHODS
Materials

Peptide N-glycosidase F (PNGase F) was from Roche,
Basel, Switzerland. The o2,3-linkage-specific sialidase was
the Salmonella typhimurium LT2 sialidase expressed in E.
coli from Takara Bio Inc., Otsu, Japan (stock at 50 U/ml).
Recombinant Arthrobacter ureafaciens sialidase expressed
in E. coli (stock at 5 U/ml), Diplococcus pneumoniae B1,4-
galactosidase (stock at 1 U/ml), bovine epididymis a-
fucosidase (stock at 0.5 U/ml), almond meal al,3/4-specific
fucosidase (stock at 0.5 mU/ml), and jack bean B-N-
acetylhexosaminidase (stock at 30 U/ml) were all from
Prozyme, San Leandro, CA. Dulbecco’s modified Eagle’s
medium (DMEM), trypsin-EDTA, gentamycin, and sterile
phosphate buffered saline (PBS) were bought from Invitro-
gen, Basel, Switzerland. Fetal bovine serum (FBS) was from
BioConcept, Allschwil, Switzerland, and poly-L-lysine, hu-
man o-1 acid glycoprotein (AGP), bovine serum albumin
(BSA), dibutylphthalate, and mineral oil were from Sigma.
Iodobeads® were purchased from Pierce, Rockford, IL. So-
dium ['*I] iodide was obtained from GE Healthcare, Upp-
sala, Sweden. Biotinylated anti-mouse ICAM-1 antibody
was from R&D Systems, Abingdon, UK. Streptavidin-Cy3
conjugate was bought from Sigma and Alexa Fluor® 660
phalloidin from Invitrogen. 4',6-Diamidine-2-phenylindole
dihydrochloride (DAPI) was obtained from Roche.

Expression, Purification, and Quantification of Mouse
sICAM-1

The extracellular portion of mouse SICAM-1 with the 12
amino acid HPC4 epitope tag attached to its C-terminus after
G441 was expressed in CHO cells (SICAM-1-CT) or in Lecl
cells (SICAM-1-HM) and affinity-purified from culture su-
pernatants as described [24]. Concentrations of purified
SICAM-1 were assessed by enzyme-linked immunosorbent
assay (standard curve, 0-20 ng/ml; lower detection limit, 57
pg/ml; R&D Systems). Conversion from ng/ml into nM was
performed using a standard of concentrated sICAM-1-CT
with known concentration as determined by absorbance at
280 nm [24].

Profiling and Sequencing of N-Glycans

The N-glycans of 1 nmol sSICAM-1-CT were enzymati-
cally released, derivatized with 8-aminopyrene-1,3,6-
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trisulfonic acid (APTS), and treated with single or combined
exoglycosidases as described [28] except that the exoglyco-
sidase digestions were performed in a total volume of 2 pl:
0.4 pl sample, 0.2 pl of each enzyme preparation, 0.1 ul of
100 mM ammonium acetate and water up to 2 pl. The diges-
tions were incubated overnight at 37 °C in 250 pl PCR tubes,
diluted 20-fold in deionized water and analyzed on an ABI
3130 4-capillary DNA sequencer (Applied Biosystems, Fos-
ter City, CA) in an instrument-specific implementation of the
previously reported method [28]. Briefly, the Applied Bio-
systems POP7 separation polymer was used as provided by
the supplier, as was the separation buffer optimized for DNA
separations. Sample injection into the capillaries was
achieved electrokinetically at 15 kV for 16 s, followed by
separation for 20 min at 15 kV. The samples were spiked
with a LIZ-labeled DNA fragment internal standard (Applied
Biosystems) prior to analysis, and the electropherograms
were corrected for small run-to-run variations based on the
localization of the internal standard peaks. This procedure
yields a SD for the peak migration of <0.05 Glucose Units.

Preparation of Primary Mouse Astrocyte Cultures

Astrocytes were isolated from the brains of newborn
C57BL/6 mice and cultured as described [9,29].

Preparation of [***1]sICAM-1

One Todobead” was incubated with 150 uCi sodium ['*°I]
iodide in 25 pl TBS (20 mM Tris-HCl, 150 mM NaCl, pH
7.4) for 5 min. Subsequently, 500 pl SICAM-1 in TBS (cor-
responding to ~140 pmol sICAM-1-CT and to ~415 pmol
sSICAM-1-HM) were added for 12 min. [*®I]SICAM-1 was
separated from unreacted free ['*’I] iodide on a Sephadex G-
25 column (PD-10, GE Healthcare) by elution with TBS.
Fractions containing ["*I]sSICAM-1 were identified using a
y-counter (Packard Cobra Gamma Counter B 5002, Perkin
Elmer, Wellesley, MA), pooled, supplemented with 1%
(w/v) BSA, and filtered through a 0.22 pm low protein-
binding filter. [**I]sSICAM-1 was quantified by enzyme-
linked immunosorbent assay and stored at 4 °C until use.
The specific activity was between 58 to 128 Ci/mmol for
['*I]SICAM-1-CT and about 17 Ci/mmol for ['*’I]SICAM-1-
HM.

sICAM-1 Mixed-Type Saturation/Inhibition Binding As-
say

Primary mouse astrocytes were split 1:2 and grown to
confluency in poly-L-lysine-coated cell culture flasks. Six-
teen hours before performing the assay, the cell culture me-
dium was replaced by binding media (DMEM containing 1%
FBS and 0.05% gentamycin). The cells were then washed
three times with PBS, trypsinized, centrifuged (180 x g, 4
°C, 10 min), and resuspended in 2 ml binding media using a
fire-treated Pasteur pipette. Another 8 ml binding media was
added to the cell suspension, and astrocytes were allowed to
recover for 1 h at 37 °C with gentle shaking (180 rpm). Ali-
quots of 1 x 10° cells were pelleted in 0.5 ml polypropylene
tubes (400 x g, room temperature (RT), 10 min) and put
on ice. The cells were resuspended in 25 pl prechilled bind-
ing media containing both increasing concentrations of
["*1]sICAM-1 (0 nM to 63 nM of ['*I]sSICAM-1-CT; 0 nM
to 200 nM of ['*1]sICAM-1-HM) and increasing concentra-
tions of competing unlabeled sSICAM-1 (0 nM to 250 nM of
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SICAM-1-CT; 0 nM to 500 nM of sICAM-1-HM) and incu-
bated on ice for 2 h. In control experiments, cells were incu-
bated with 25 nM [**I]sICAM-1-CT and increasing concen-
trations of unlabeled AGP (0 nM to 1000 nM). The cells
were centrifuged (16,100 x g, RT, 2 min) through 100 pul of a
mixture of dibutylphthalate and mineral oil (9:1 v/v; p=1.02
g/ml). The supernatant aqueous phase with unbound radio-
ligand and most of the oil phase were removed and the tube
tip containing the cell pellet was cut. The cell-bound radioac-
tivity contained in the tube tip was counted in a y-counter.

Analysis of [***I]sICAM-1 Binding Data

All nonlinear regression analyses were performed using
the Prism software (Version 4.0, GraphPad®, San Diego,
CA). The collected data sets were subjected to a global non-
linear regression analysis based on the following equation
using two independent variables, the concentrations of the
radioligand L ([**I]sSICAM-1) and of the inhibitor |
(SICAM-1).

B *[L]"

B= +Knsb*[|-]
< (1 . L']J HLT
i (1)

B indicates total [***1]sICAM-1 binding, B is the total
receptor number detected by [**I]sSICAM-1. Ky denotes
the equilibrium dissociation constant for the binding of the
radioligand L; K; is the equilibrium inhibition constant for
the binding of the inhibitor I, with [L] and [I] being the con-
centrations of the radioligand and inhibitor, respectively. The
constant Kg, was implemented into the equation to estimate
the extent of nonspecific radioligand binding and the slope
factor n to test for a deviation of the [**I1]sSICAM-1/sICAM-1
interaction from normal mass action behavior. In all analyses
the parameters Ky, Ki, Bmax, N, and K.y, were treated as
shared parameters. First, it was tested with n fixed to 1
whether Kg, was significantly different from zero by statisti-
cally comparing the global fits obtained by nonlinear regres-
sion analysis, using a partial F-test. This was not the case
(P>0.05). Second, we tested whether the slope factors of the
curves were different from unity (unity corresponding to n =
1), which was not the case either. Therefore, Ky, Kj, and Bax
were determined as best fit values from global regression
analyses of the binding data with K., and n fixed to 0 and 1,
respectively.

Native PAGE Analysis of sSICAM-1

Aliquots of sSICAM-1-CT and sICAM-1-HM (at 40 nM
and 400 nM) were analyzed by polyacrylamide gel electro-
phoresis in 5%, 6%, 7%, and 8% gels and a Tris-Glycine
running buffer at pH 8.3 under native conditions (i.e. without
SDS or reducing agents). The monomer (66 kDa) and dimer
(132 kDa) of BSA and the trimer (272 kDa) and hexamer
(545 kDa) of jack bean urease (both from Sigma) were used
as the protein standards following the manufacturer’s rec-
ommendations. Bromophenol blue served as tracking dye.
After electrophoresis, the gel was divided into two parts, one
containing the separated standard proteins and the other one
the separated sSICAM-1 samples. The standard proteins were
visualized by either Coomassie Blue staining [30] or silver
staining [31]. Urease was visualized by a previously de-
scribed urease-specific staining method [32]. sICAM-1
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bands were visualized by Western blot using an antibody
directed against the C-terminal HPC4 epitope tag of sSICAM-
1 as previously described [24]. The relative mobility (Ry) of
all bands in all four gel concentrations was determined and
log Ry values were plotted versus gel concentrations accord-
ing to [33]. Slopes of the curves obtained for the standard
proteins and sICAM-1 were calculated by linear regression
analysis. Slopes of the standard protein curves were plotted
against the standard protein molecular weights in a log-log
graph using the method described by Bryan [34]. This log-
log standard curve was used to calculate the molecular
weights of sSICAM-1-CT and sSICAM-1-HM.

Kinetics of MIP-2 Production in Astrocytes in the Pres-
ence and after Removal of the Inducing sSICAM-1

Two experimental formats were used. (i) Sixteen hours
after replacing the culture medium with medium containing
1% FBS, mouse astrocytes were treated with 37 nM sICAM-
1 in medium with 1% FBS for increasing time periods (0, 7,
60, 120, 240, 480, or 1440 min), the cell supernatants were
harvested (SN 1), the cells washed three times with PBS and
fed with fresh medium (1% FBS). After 24 h, these second
supernatants were harvested as well (SN I1). (ii) Sixteen
hours after replacing the culture medium with medium con-
taining 1% FBS, mouse astrocytes were treated with 37 nM
SICAM-1 for 1 h, washed three times with PBS and fed with
fresh medium. Then, the cell culture supernatants were har-
vested at different time points (7, 60, 120, 240, 480, or 1440
min). All collected supernatants were immediately centri-
fuged to remove cellular debris (400 x g, 4 °C, 10 min) and
stored at -20 °C until analysis. Mouse MIP-2 was quantified
by enzyme-linked immunosorbent assay (standard curve 0—
500 pg/ml; lower detection limit 1.5 pg/ml; no nonspecific
signals from mouse sSICAM-1; R&D Systems).

Statistical Analysis of MIP-2 Release Kinetics after 1 h
Stimulation with sSICAM-1

Experimental data were fitted individually to the follow-
ing monoexponential function:

Y= Ymax * Q_ e(km*t) ) (2)

This function starts at zero and ascends to Ya With a
rate constant Ko,s. The half time is 0.69/k,ps. Bi-exponential
curve fitting did not yield better results (F-test, P>0.05, data
not shown). A two-tailed Student’s T-test was performed to
compare the observed rate constants Kq,s 0f MIP-2 induction
using the Instat software (Version 3.0, GraphPad®, San Di-
ego, CA).

Visualization of sSICAM-1 on Astrocytes by Confocal La-
ser Scanning Microscopy

Confluent cultures of primary mouse astrocytes were
trypsinized, plated in poly-L-lysine-coated cell culture in-
serts for 6-well plates gBD Biosciences, 0.4 um transparent
PET membrane, 5 x 10 cells/insert) and cultured for another
10 days in DMEM containing 10% FBS and 0.05% gen-
tamycin. Sixteen hours before stimulation, the culture me-
dium was replaced with medium containing 1% FBS. Astro-
cytes were incubated either with 500 nM sICAM-1-CT, 500
nM sICAM-1-HM (concentrations corresponding to 1.7 fold
Ky, or with vehicle controls for 30 min at 37 °C. The cells
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were rinsed three times with ice-cold PBS and fixed with 3%
(w/v) paraformaldehyde in PBS for 15 min. The cell-
carrying membranes were excised from the inserts, washed,
and incubated in 0.1 M glycine in PBS overnight at 4 °C.
The cells were then washed and permeabilized by incubation
with 0.2% (v/v) Triton X-100 in PBS for 15 min. After
washing, the cells were blocked with medium containing
10% FBS for 20 min and washed again. To block endoge-
nous streptavidin-binding sites, the cells were treated with
streptavidin solution for 15 min at room temperature fol-
lowed by incubation with biotin solution for 15 min at room
temperature (Streptavidin/Biotin Blocking Kit, Vector Labo-
ratories, Burlingame, CA). The cells were washed and then
incubated with a biotinylated anti-ICAM-1 antibody (15
pg/ml in 3% BSA in PBS) for 1 h at 37 °C in a humid cham-
ber. After extensive washing, the cells were incubated with a
mixture of streptavidin-Cy3 (1:500), DAPI (1 pg/ml), and
Alexa Fluor® 660 phalloidin (1:10) in 3% BSA/PBS for 90
min at 37 °C in a humid chamber. Due to endogenous
ICAM-1 expression by astrocytes, vehicle control cells
stained omitting the biotinylated anti-ICAM-1 antibody were
used as negative controls. After washing three times in TBS,
membranes were mounted in Lisbeth’s embedding medium
(70% (v/v) glycerol, 30 mM Tris-HCI pH 9.5, 5% (w/v) n-
propylgallate) and stored in the dark at 4 °C. Fluorescence
was visualized with a Zeiss LSM 510 inverted microscope
with a C-Apochromat 63x/1.20 W lens using HeNe 543 nm
and diode 405 nm lasers. The amplification of the Cy3 chan-
nel was set to exclude the background signal in the negative
controls and kept constant throughout the experiment. Three-
dimensional multichannel image processing was performed
using IMARIS software (Bitplane AG, Zurich, Switzerland).

RESULTS

The N-Glycans of Mouse sSICAM-1-CT are Mostly a2,3-
Sialylated, Core-Fucosylated Bi- to Tetraantennary
Complex-Type N-Glycans and Include a Small Fraction
of Non-Fucosylated Bi- and Triantennary N-Glycans
Carrying Sialic Acid in Linkages other than «2,3

In a previous study we found that sialylated and
galactosylated complex-type N-glycans as synthesized by
CHO cells strongly enhance the ability of mouse sICAM-1
to induce MIP-2 production in astrocytes [24]. A second
study based on MALDI-TOF mass spectrometry showed that
the sialylated and galactosylated N-glycans of mouse
SICAM-1 from CHO cells (sSICAM-1-CT) were mostly di-
and trisialylated complex-type N-glycans with or without
one fucose; altogether 61 different N-glycan species were
observed by MALDI-TOF mass spectrometry. About 4% of
the sialylated N-glycans carried a higher number of sialic
acid residues than of antennae [35]. Here, we aimed at better
defining the structures of the function-enhancing sialylated
complex-type N-glycans of sICAM-1-CT. For this purpose,
N-glycans were enzymatically released, fluorescently la-
beled, treated with single or combined exoglycosidases, and
analyzed by electrophoresis in a DNA sequencer [28].
Virtually all peaks in the electropherogram of the untreated
N-glycans shifted after treatment with a sialidase of broad
linkage specificity (panels b and ¢ in Fig. 1A), showing that
more than 90% of the N-glycans were sialylated. When
analyzed after treatment with a sialidase that is specific for
a2,3-linked sialic acid (panel d in Fig. 1A), the heights of
peaks 3’, 4’, and 4’ were reduced and three new peaks (3’s,
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were reduced and three new peaks (3’s, 4’s, 4’’s) appeared,
compared to the electropherogram obtained after treatment
with the sialidase of broad linkage specificity. This observa-
tion suggests that three glycan species corresponding to ~5%
of the total sialylated N-glycans in sICAM-1-CT contain
sialic acid in linkages other than o2,3. It is possible that these
represent o2,8-linked sialic acids, since CHO cells can gen-
erate polysialic acids with 02,8 linkages, but lack sialic acid
in 02,6 linkage.

Comparison of the electropherograms after treatment
with various combinations of exoglycosidases (sialidase,
galactosidase, fucosidase, N-acetylhexosaminidase) showed
that essentially all N-glycans of sICAM-1-CT - with the
exception of a small fraction (~5%) of high mannose-type N-
glycans (Fig. 1, peak 2) — were of the complex-type. The
most abundant complex-type N-glycans were monofucosy-
lated biantennary (~17% according to peak height), non-
fucosylated triantennary (~28%), and monofucosylated
tetraantennary (~26%; Figs. 1A, B, panels c, bold letters).
Lower amounts of non-fucosylated biantennary (~7%),
monofucosylated triantennary (~12%), non-fucosylated
tetraantennary (~3%), and monofucosylated tetraantennary
N-glycans with a lactosamine repeat (~1.7%) were present as
well. Sialic acid in linkages resistant to digestion with 02,3-
specific sialidase was found on non-fucosylated biantennary
and on the two non-fucosylated triantennary N-glycan iso-
mers (Figs. 1A, B, panels d).

Virtually no differences were detected between the elec-
tropherograms of sSICAM-1-CT N-glycans treated with either
sialidase and an al,3/4-specific fucosidase or with sialidase
alone (Fig. 1A, panels g and c). In contrast, the positions of
several peaks (3’f, 4°f, 4’’f, 5°f, 6°'f) differed between the
electropherograms of sICAM-1-CT N-glycans treated with
either sialidase and a fucosidase with broad linkage specific-
ity or sialidase alone (Fig. 1A, panels f and c). In N-glycans,
fucose occurs either in al,3/4-linkage to N-acetylgluco-
samine residues in the antennae or in al,6-linkage to the first
N-acetylglucosamine of the core. The present results show
that all fucoses found on N-glycans of mouse sICAM-1-CT
are al,6-linked to the core.

Taken together, the N-glycans enhancing the MIP-2-
inducing activity of sICAM-1-CT were sialylated bi- to
tetraantennary complex-type N-glycans with or without a
core fucose with a small fraction of non-fucosylated bi- and
triantennary N-glycans carrying sialic acid in linkages other
than a.2,3.

SICAM-1-CT and sICAM-1-HM Bind to Astrocytes with
Similar Affinities

To explore the underlying mechanisms of the enhanced
MIP-2-inducing capacity of sICAM-1-CT in mouse astro-
cytes, we tested whether sSICAM-1-CT may bind to astro-
cytes with higher affinity compared to sICAM-1-HM.
SICAM-1-HM derived from the Lecl mutant of CHO cells
[36,37] exclusively carries high mannose-type N-glycans of
the composition MansGIcNAc, and displays only weak MIP-
2-inducing activity in mouse astrocytes [24,35]. The binding
of ®l-labeled SICAM-1 ([***1]sICAM-1) and unlabeled
SICAM-1 to astrocytes was analyzed in mixed-type satura-
tion/inhibition binding experiments, similar to the procedure
proposed by Rovati [38], to obtain estimates for the equilib-
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Fig. (1). Characterization and structural analysis of the N-glycans present on mouse sICAM-1 expressed in CHO cells (SICAM-1-CT). A, N-
glycans were enzymatically released from 1 nmol of mouse SICAM-1-CT, labeled with 8-aminopyrene-1,3,6-trisulfonic acid (APTS), treated
with an array of single and combined exoglycosidases, and analyzed by electrophoresis on a DNA sequencer. As a reference for glycan sizes,
the malto-oligosaccharide sizing reference standard was used and the relevant size range of 3 to 17 glucose units (GU) is shown (panel a).
Panels b — i: Electrophoretic profiles obtained before (panel b) and after digestion of SICAM-1 N-glycans with single or combined exoglyco-
sidases (panels c-i). Sialidase designates a sialidase with broad linkage specificity and fucosidase a fucosidase with broad linkage specificity.
The observed peaks could be assigned to the following glycans: peak Nr. 1: MansGIcNAc,, peak Nr. 2: MansGIcNAc,, peak Nr. 3:
GlcNAc,ManzGIcNAc,, peak Nr. 4: GIcNAczMansGIcNAc,, peak Nr. 5: GlcNAcsMansGIcNAc,, peak Nr. 6: (GlcNAcGal)
GlcNAc,ManzGIcNAc,. The galactosylated forms of the glycans contained in peaks 3, 4, 5 are designated 3’, 4’, 4’*, 5’ (panel f), with 4” and
4’ representing isomers with the third antenna attached to either the Manal,3 or the Mana1,6 arm of the trimannosyl core. Peaks containing
fucosylated glycans are indicated by an f and presence of sialic acid resistant to o2,3-specific sialidase by s. The profiles result from one out
of 2 experiments which gave identical results. B, Structures of the N-glycans attributed to the main peaks in panels ¢ and d. The most abun-
dant N-glycans (as judged from the peak heights) are highlighted by bold letters. The component monosaccharides are represented by the
symbols proposed by the nomenclature committee of the Consortium for Functional Glycomics (http://glycomics.scripps.edu/ CFGnomencla-
ture.pdf):

[ | GIcNACc; @) Man; A Fuc; O Gal; @ NeuAc.
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Fig. (2). sSICAM-1-CT and sICAM-1-HM bind to astrocytes with similar affinities. Primary mouse astrocytes were incubated with increasing
concentrations of either [**°I]sICAM-1-CT and competing unlabeled sICAM-1-CT (A) or [**I]sICAM-1-HM and competing unlabeled
SICAM-1-HM (B) for 2 h on ice, and cell-bound [***I]sSICAM-1 was determined. The results are presented as average + SEM of one represen-
tative experiment out of four (A) or two (B), each performed in duplicate. Error bars are only shown when they exceed the size of the sym-
bols. Curve fitting was performed globally subjecting the collected data to a nonlinear regression analysis as described in Materials and
Methods. (C) Astrocytes were incubated with 25 nM [***1]sSICAM-1-CT and various concentrations of competing unlabeled sICAM-1-CT
(open circles, n=3, each performed in duplicate) or human AGP (diamonds, n=2, each performed in duplicate) for 2 h on ice, and cell-bound
[***1]sICAM-1-CT was measured. The results were normalized to [***1]sICAM-1-CT binding in the absence of competitor, which was set to
100%. Data are shown as average + SD. (D) Aliquots of SICAM-1-CT and sICAM-1-HM (40 nM, 400 nM) were subjected to native PAGE
using various gels differing in acrylamide concentrations (5%, 6%, 7%, 8%) and a Tris-Glycine (pH 8.3) running buffer. SICAM-1 was de-
tected by Western blotting and staining with HPC4 antibody. Monomeric and dimeric BSA and trimeric and hexameric urease were used as
standard proteins to calculate the molecular weights of sSICAM-1 oligomers. One representative experiment is shown, in which aliquots of 40
nM protein solutions were analyzed in an 8% gel. SICAM-1 oligomers are indicated by arrows with molecular masses calculated as described
in Materials and Methods. Due to the diffuseness of the band, the molecular mass of the sSICAM-1-HM dimer could not be determined (n.d.).

rium dissociation constant K of [***1]sICAM-1 and the equi-
librium inhibition constant K; of competing unlabeled
SICAM-1 for both SICAM-1-CT and sICAM-1-HM.
[**1]sICAM-1 binding was studied for sSICAM-1-CT and
SICAM-1-HM at increasing but non-saturating concentra-
tions in the absence and presence of low to intermediate con-
centrations of unlabeled sICAM-1. Graphically, this yielded
a set of binding isotherms of [**I]sICAM-1 (Figs. 2A, B).
Global nonlinear regression analysis of the data sets obtained
for SICAM-1-CT versus sICAM-1-HM revealed a competi-
tive interaction between [**I]sSICAM-1 and unlabeled
sICAM-1. The binding parameters characterizing the interac-
tion of sSICAM-1-CT and sICAM-1-HM with astrocytes are
summarized in Table 1. Since iodination alters the molecular
entity of a protein, we used the binding affinities of the unla-
beled competing SICAM-1 rather than the binding affinities
of the [**1]sICAM-1 for comparison between sICAM-1-CT
and sICAM-1-HM. Unlabeled sICAM-1-CT bound to astro-
cytes with pK; = 6.50 (corresponding to a K; of roughly 300
nM). Binding of unlabeled sICAM-1-HM to astrocytes oc-
curred with pK; = 6.48. The difference in binding affinities
of the unlabeled sICAM-1-CT and sICAM-1-HM to astro-

cytes did not reach statistical significance (T-test, P =
0.7989). Therefore, sSICAM-1-CT and sICAM-1-HM bind to
astrocytes with similar affinities. Interestingly, a signifi-
cantly different number of binding sites was obtained for
[**I1]sSICAM-1-CT (Bpnax = 73,000/astrocyte) and for
[*®1]sSICAM-1-HM (Bpmax = 196,000/astrocyte; T-test, P =
0.001). The astrocytic mannose receptor [39] seems however
not to account for the increased number of binding sites of
[**1]sICAM-1-HM, since binding was not inhibited by a
100-fold excess of mannan (data not shown). Displacement
of [**1]sSICAM-1-CT from astrocyte binding by protein was
sICAM-1-specific, as [**1]sSICAM-1-CT binding was inhib-
ited by unlabeled sICAM-1-CT but not by the unrelated
glycoprotein human AGP, which contains multiple sialylated
complex-type N-glycans (Fig. 2C).

Binding affinities can only be compared if the ligands
occur in similar oligomeric states. Therefore, we sought to
determine the native oligomeric state for both sSICAM-1-CT
and sICAM-1-HM. Separation of different oligomeric spe-
cies of SICAM-1 at protein concentrations relevant for the
mixed-type saturation/inhibition binding assay could be
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Table1l. Parameters Characterizing the Binding of **I-labeled and Unlabeled sSICAM-1-CT or sSICAM-1-HM to Astrocytes
SICAM-1: pK4? Bmax pK® n N
SICAM-1-CT 7.40+£0.06 73,000 = 6,000 6.50 + 0.06 0.90 +0.04 4
SICAM-1-HM 6.98 +0.02 196,000 + 18,000 6.48 +0.01 1.08 £0.03 2

The abbreviations used are: pK: -log equilibrium dissociation constant of [**1]sSICAM-1 binding to astrocytes; Bpa,: maximum number of [**I]sICAM-1 binding sites/astrocyte.
pKi: -log equilibrium inhibition constant of unlabeled sSICAM-1 binding to astrocytes. n: slope factor of the corresponding curve; pK values were determined by global nonlinear
regression analysis of the data sets with n fixed to 1. N: number of independent experiments, each performed in duplicate.

2values are significantly different between sICAM-1-CT and sSICAM-1-HM (T-test, P<0.05).

®values do not differ significantly (T-test, P>0.05).
The results are presented as average values + SEM.

achieved by native PAGE analysis, but not by size exclusion
chromatography (not shown). Native PAGE revealed that at
40 nM and 400 nM, sICAM-1-CT and sICAM-1-HM were
mainly present as trimers with smaller fractions of dimers
and tetramers (Fig. 2D). Di-, tri-, and tetramers of SICAM-1-
CT displayed apparent molecular masses of about 210 kDa,
295 kDa, and 387 kDa, respectively, indicating an apparent
molecular mass of the monomer of 96 to 105 kDa. Tri- and
tetramers of SICAM-1-HM had masses of about 215 kDa and
295 kDa, respectively, corresponding to monomeric masses
of 72 to 74 kDa. Larger sSICAM-1 aggregates were neither
found by native PAGE nor by size exclusion chromatogra-
phy (data not shown). These results show that in the concen-
tration range used for the binding assay, sSICAM-1-CT and
SICAM-1-HM occur in similar oligomeric states ranging
from dimeric to tetrameric. The pK; values determined for
their binding to astrocytes can thus be directly compared.

Taken together, these data show that sSICAM-1-CT and
SICAM-1-HM do neither differ in oligomeric state nor in
their binding affinity to mouse astrocytes. The enhanced
capacity of mouse sSICAM-1-CT to induce MIP-2 production
is therefore not due to an enhanced binding affinity for its
astrocytic receptor(s). The data also indicate that there are
larger numbers of binding sites for sSICAM-1-HM versus
SICAM-1-CT on mouse astrocytes.

SICAM-1-CT Induces a more Rapid, Higher Level, and
more Prolonged Production of MIP-2 in Astrocytes than
sICAM-1-HM

The absence of a difference in binding affinity to mouse
astrocytes between SICAM-1-CT and sICAM-1-HM sug-
gested that glycosylation specifically influences the signaling
capacity of sSICAM-1. The much higher MIP-2 levels ob-
served after a 24 h treatment of astrocytes with sSICAM-1-CT
compared to sSICAM-1-HM [24] could hence be due to a
more prolonged and/or stronger signal delivered to the cell
resulting in a more prolonged and/or higher level MIP-2
production.

We first investigated the possibility that the higher levels
of MIP-2 produced by primary mouse astrocytes within 24 h
may be due to a more prolonged effect of sICAM-1-CT.
Primary mouse astrocytes were treated with either sSICAM-1-
CT or sICAM-1-HM (37 nM) for increasing time periods,
culture supernatants were harvested (SN 1) and replaced by
the same volume of fresh media. After 24 more hours the
second culture supernatants were harvested as well (SN 1)
and MIP-2 levels in SN | and SN Il were determined.

MIP-2 levels rose steadily up to 24 h following treatment
of astrocytes with sICAM-1-CT (Fig. 3A). A plateau was

only reached after 32 h of continuous stimulation (not
shown). In contrast, MIP-2 levels reached a plateau after 8 h
when sICAM-1-HM was used for stimulation (Fig. 3B). At
this time point, the MIP-2 levels produced after stimulation
with sSICAM-1-HM were 60 times lower than after treatment
with sSICAM-1-CT.

Seven minutes of astrocyte exposure to either SICAM-1-
CT or sICAM-1-HM was sufficient to induce MIP-2 release
in mouse astrocytes in the following 24 h (Figs. 3C, D). The
level of MIP-2 released by mouse astrocytes in the 24 h pe-
riod after removal of sSICAM-1 depended on the precedent
stimulation time. When sICAM-1-CT had been used for
stimulation, MIP-2 levels in SN 11 increased with stimulation
time periods of up to 8 h (Fig. 3C). In contrast, when
SICAM-1-HM had been used for stimulation, MIP-2 levels
in SN Il peaked when the cells had been stimulated for 2 h,
but decreased again when they had been stimulated for
longer time periods (Fig. 3D). These data show that the ef-
fect on MIP-2 production of SICAM-1-CT is both more pro-
nounced and more persistent.

This result led us to investigate whether the MIP-2 re-
sponse to SICAM-1-CT may, besides being more pro-
nounced and more persistent, also be more rapid than the
MIP-2 response to SICAM-1-HM. We therefore treated as-
trocytes for 1 h with sSICAM-1-CT or sICAM-1-HM (37
nM), removed the stimulus, and then measured the MIP-2
levels produced within various time periods. Stimulation
with sSICAM-1-CT for 1 h resulted in a half-maximal MIP-2
production at t;, = 70 min. In contrast, stimulation with
SICAM-1-HM induced a half-maximal MIP-2 production at
t1» = 210 min (Fig. 4). The rate constants for the induction of
MIP-2 in primary mouse astrocytes were Kqps = 0.0099 +
0.0005 min™ (average + SEM, n = 3) for sSICAM-1-CT and
Kops = 0.0033 + 0.0015 min™ (n = 3) for SICAM-1-HM (Fig.
4, inset). These values differ significantly (two-tailed T-test,
P = 0.01) and show that the MIP-2 production induced by
SICAM-1-CT is more rapid than the MIP-2 production elic-
ited by sSICAM-1-HM. Thus, the sialylated complex-type N-
glycans on sICAM-1-CT not only lead to a more pronounced
and more persistent, but also to a more rapid MIP-2 induc-
tion.

SICAM-1 Carrying Sialylated Complex-Type N-Glycans
Accumulates at Astrocyte Plasma Membranes

The equal binding affinity of sSICAM-1-CT and sICAM-
1-HM for astrocytes combined with the more rapid, higher
level, and more persistent induction of MIP-2 production by
SICAM-1-CT suggested that sICAM-1-CT and sICAM-1-
HM may be bound with differing kinetics and/or be pro-
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Fig. (3). SICAM-1-CT induces a more pronounced and more prolonged production of MIP-2 in primary mouse astrocytes than sSICAM-1-HM.
Primary mouse astrocytes were treated with 37 nM of either SICAM-1-CT (A, C) or sSICAM-1-HM (B, D) for increasing time periods (7 min,
60 min, 120 min, 240 min, 480 min, 1440 min). The cell supernatants were harvested (SN 1), the cells washed three times with PBS, fed with
fresh medium, incubated for 24 more hours, and the second supernatants collected as well (SN I1). MIP-2 concentrations in SN | (A, B) and in
SN I (C, D) were determined by enzyme-linked immunosorbent assay. The results are presented as average + SEM of four assays derived

from two independent experiments, each performed in duplicate.

cessed differently by astrocytes. To investigate this hypothe-
sis, mouse astrocytes were incubated with either SICAM-1-
CT or sICAM-1-HM for various time periods at 37 °C and
the cellular distribution of sSICAM-1 was visualized by im-
munofluorescence and confocal laser scanning microscopy.
Signal amplification for sICAM-1 was set to exclude the
background fluorescence detected in negative controls (not
shown). After an incubation time of 30 min, sICAM-1-CT
had accumulated at astrocyte plasma membranes, as shown
by colocalization of sSICAM-1 with F-actin staining (Figs.
5A, A*), while sICAM-1-HM was diffusely distributed
(Figs. 5B, B*). After 120 min incubation time, accumulation
of SICAM-1-CT had decreased again (not shown). The dis-
tribution of SICAM-1-HM was not altered by co-incubation
with a 100-fold excess of mannan suggesting that the lack of
cell membrane accumulation was not due to cellular uptake
by the mannose receptor (data not shown). These findings
show that in contrast to sSICAM-1-HM, sICAM-1-CT accu-
mulates at the astrocyte plasma membrane, which correlates
with enhanced and prolonged MIP-2 induction by sSICAM-1-
CT.

DISCUSSION

In previous studies we showed that the ability of mouse
sICAM-1 to induce the production of MIP-2 in mouse astro-
cytes was strongly enhanced when sICAM-1 carried sialy-
lated complex-type N-glycans as synthesized by CHO cells
[24] and that these N-glycans were mostly di- and tri-

sialylated with or without one fucose [35]. The present study
was aimed at defining the structures of the sialylated N-
glycans present on sICAM-1 from CHO cells and at eluci-
dating mechanisms by which they enhance the ability of
sICAM-1 to induce MIP-2 production in astrocytes.

With regard to the structures of the function-enhancing
N-glycans on sICAM-1, we found that more than 90% were
sialylated. This result is consistent with previous observa-
tions based on isoelectric focusing and sialidase treatment
[24] as well as ion-exchange chromatography and MALDI-
TOF mass spectrometry [35]. The sialylated N-glycans were
mainly of the core-fucosylated biantennary, non-fucosylated
triantennary, and core-fucosylated tetraantennary type. In a
separate study, we showed that all nine consensus sequences
for N-glycosylation (N-20 on the 1% Ig-like domain, N-158
on the 2" Ig-like domain, N-177, N-240 on the 3" Ig-like
domain, N-284, N-335 on the 4™ Ig-like domain, N-361, N-
382, N-429 on the 5™ Ig-like domain) of mouse sSICAM-1 are
glycosylated [35]. Hence, the glycan structures defined here
may be distributed over all five Ig-like domains of mouse
SICAM-1.

Approximately 5% of the sialylated N-glycans, corre-
sponding to about 50% of the sialylated, non-fucosylated bi-
and tri-antennary N-glycans, were resistant to o2,3-linkage-
specific sialidase. Since CHO cells lack a2,6 sialyltrans-
ferase activity [40] but express the polysialyltransferase
ST8SialV [41], these sialic acid moieties are most likely
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Fig. (4). sICAM-1-CT induces MIP-2 production more rapidly
than sSICAM-1-HM. Primary mouse astrocytes were treated with 37
nM sICAM-1-CT (filled circles) or sSICAM-1-HM (open circles)
for 1 h. After washing the cells three times with PBS, fresh cell
culture medium was added for the times indicated on the x-axis,
and secreted MIP-2 was measured by enzyme-linked immunosorb-
ent assay. Results were normalized to the maximal MIP-2 levels
measured, which were set to 100%. When stimulated with SICAM-
1-CT (inset, black bar), the production of MIP-2 in astrocytes was
significantly faster (* P<0.05) than when stimulated with sICAM-
1-HM (inset, white bar), as evidenced by the rate constant Koys. The
data are presented as average + SEM of six assays derived from
three independent experiments, each performed in duplicate.

a2,8-linked. In our previous mass spectrometrical analysis,
about 4% of the sialylated N-glycans of sICAM-1-CT were
found to be non-fucosylated N-glycans carrying either three
sialic acid residues on maximally two antennae or four sialic
acid residues on maximally three antennae [35]. The present
finding of sialic acid in linkages other than o2,3 on non-
fucosylated bi- and tri-antennary N-glycans combined with
the previous finding of a higher number of sialic acid resi-
dues than of antennae on these same glycans strongly sug-
gest that SICAM-1-CT contains a small fraction of N-glycans
expressing o2,8-linked sialic acids. Whether 2,8-linked
sialic acid residues on mouse sICAM-1 are involved in MIP-
2 induction in astrocytes can not be deduced from the present
data. It is unlikely, however, that o2,8-linked sialic acids are
the only factor conferring strong MIP-2-inducing activity,
since the presence of galactose was found to play a role as
well [24].

To elucidate the mechanisms by which sialylated N-
glycans enhance the ability of sSICAM-1 to induce MIP-2
production in astrocytes, we compared two differentially
glycosylated forms of sSICAM-1 with either strong or weak
MIP-2-inducing activity with respect to their binding affinity
to astrocytes. The binding affinities of the two sSICAM-1
proteins to the undefined astrocytic SICAM-1 receptor were
determined by estimating the Ky of [**I]sICAM-1 binding
and the K; with which unlabeled sICAM-1 competed with
[*®11sICAM-1 for astrocytic binding sites using a mixed-
type saturation/competition binding procedure [38]. Instead
of determining Ky by homologous competition experiments,
this mixed type protocol combined with a global data analy-
sis allowed us to treat the '*I-labeled and the unlabeled
SICAM-1 as chemically different ligands. Deviating from the
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widespread view, the introduction of large polarizable
125] atoms into a protein can lead to altered binding proper-
ties as reflected by the difference between the Ky of
[**11sICAM-1 and the K; of unlabeled sICAM-1 for sSICAM-
1-CT and sICAM-1-HM. Comparison of the pK; values
showed that sSICAM-1-CT and sICAM-1-HM bound to
mouse astrocytes with similar affinities. The pK; values
measured roughly corresponded to a binding affinity of 300
nM. For comparison, binding of human ICAM-1 to the o |
domain of its physiological ligand a, B, occurs with a K4 of
1.5 mM, while binding to an engineered o, | domain, which
is stabilized in a high-affinity open conformation by a disul-
fide linkage, occurs with a Ky of 150 to 360 nM [42]. There-
fore, the measured mouse sSICAM-1 binding affinity for its
unknown astrocytic receptor is comparable to the strongest
physiological interactions known for human ICAM-1. The
similar binding affinities of SICAM-1-CT and sSICAM-1-HM
for astrocytes show that the enhanced MIP-2-inducing activ-
ity of SICAM-1-CT is not due to a higher binding affinity for
the astrocytic receptor. This result is consistent with our pre-
vious finding that the presence of complex-type N-glycans
on a protein is not sufficient to confer MIP-2-inducing activ-
ity, as both human AGP and vascular cell adhesion mole-
cule-1 (VCAM-1) expressed in CHO cells were inactive in
astrocytes [24].

Similar to our results, it has been shown that differently
glycosylated heterodimeric glycoprotein hormones have
similar binding affinities but different signaling activities
[43]. Glycosylation at Asn52 of the a subunit plays a major
role in signal transduction by human choriogonadotropin
(hCG) and follicle-stimulating hormone (FSH) [44,45], but
the binding affinity of FSH for its receptor is not affected by
removal of the glycan at Asn52 [46]. The glycan at Asn52 of
hCG is not directly involved in signal transduction, but in the
stability of the heterodimer [47]. Complex-type N-glycans
on sICAM-1 do not, however, appear to promote sSICAM-1
oligomerization, since sSICAM-1-CT and sICAM-1-HM were
present in similar oligomeric states.

The observation of an increased signaling activity of
sICAM-1-CT that was not due to an increased binding affin-
ity to mouse astrocytes led us to assess whether it may be
due to a more persistent effect on MIP-2 production and/or
altered cellular distribution and processing. We found (i) that
both the level and the duration of the MIP-2 production in-
duced by sSICAM-1-CT were increased, (ii) that the MIP-2
response to SICAM-1-CT was significantly more rapid, and
(iii) that SICAM-1-CT accumulated at the plasma mem-
branes of astrocytes, whereas sICAM-1-HM displayed a
more diffuse cellular distribution. Thus, it appears that sialy-
lated complex-type N-glycans on sICAM-1 promote its en-
hanced association with the cell surface of astrocytes and a
more efficient signal transduction. Enhanced membrane as-
sociation and signal transduction may be due to the ability of
SICAM-1-CT to induce receptor clustering, which may be
required for receptor activation and/or association with other
proteins involved in the subsequent signaling pathway. In
contrast, SICAM-1-HM may lack the ability to induce recep-
tor clustering and this may result in its internalization and
degradation. Alternatively, the more diffuse distribution of
SICAM-1-HM could result from several factors, including
altered binding Kinetics and binding by a competing receptor
or non-receptor protein. The latter possibility would be
consistent with our finding of a higher number of binding
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Fig. (5). SICAM-1-CT accumulates at plasma membranes of astrocytes. Primary mouse astrocytes were incubated with 500 nM sICAM-1-
CT (A, A*) or sICAM-1-HM (B, B*) for 30 min at 37 °C. After washing, cells were fixed and permeabilized. Nuclei were stained with DAPI
(blue), F-actin with Alexa Fluor® 660 phalloidin (green), and sICAM-1 was detected by incubation with a biotinylated anti-sSICAM-1 anti-
body followed by incubation with streptavidin-Cy3 (red). The amplification of the Cy3 channel was set to exclude background signal using a
vehicle control which was stained omitting the first antibody, and was kept constant throughout the experiment. Figs. A* and B* correspond
to Figs. A and B additionally showing F-actin staining. One representative experiment out of two is shown.

sistent with our finding of a higher number of binding sites
for sSICAM-1-HM on mouse astrocytes.

Differential glycosylation may be an in vivo mechanism
to fine-tune the kinetics and intensity of the cellular response
induced by sICAM-1. The biological effects of sSICAM-1
may therefore not only depend on its concentration, but also
on the types of glycans it carries, which can be different in
homeostasis versus disease conditions. In fact, protein glyco-
sylation may be altered under inflammatory conditions.
Proinflammatory stimuli have been shown to upregulate the
expression of glycosyltransferases responsible for the bio-
synthesis of sialylated N-glycans. Exposure to TNF-a in-
creases both the expression of the o2,3-sialyltransferases
ST3Gal-11l and ST3Gal-1V in the human bronchial mucosa
and the expression of p1,4-galactosyltransferase | in primary
human endothelial cells [48,49]. Upregulation of o2,3-
sialyltransferase activity results in more complete sialylation
of glycoproteins while enhanced activity of p1,4-
galactosyltransferase | provides more terminal galactoses,
which on their part are substrates for sialyltransferases. Al-
tered a2,3-, 02,6-, and a2,8-sialylation of serum glycopro-
teins in mice was found in response to turpentine oil-induced
inflammation [50]. By favoring the synthesis of sialylated

complex-type N-glycans, inflammatory stimuli such as TNF-
a may therefore indirectly enhance the intensity and duration
of the signal elicited by sICAM-1 in astrocytes. Hence, the
sICAM-1 produced under healthy conditions may only have
a weak capacity to induce a short-lived chemokine produc-
tion. After the onset of an inflammatory response as trig-
gered by severe brain trauma, upregulation of proinflamma-
tory cytokines may induce the production of fully sialylated
and galactosylated sSICAM-1 which can accumulate at astro-
cyte cell membranes and has the capacity to induce a strong
and prolonged production of MIP-2. Future studies should be
aimed at defining the glycosylation of endogenous sICAM-1
in cerebrospinal fluid of patients with severe brain trauma
and at elucidating whether changes in glycosylation are in-
duced by trauma.

ABBREVIATIONS

AGP = Human a-1 acid glycoprotein

APTS = 8-aminopyrene-1,3,6-trisulfonic acid
BSA = Bovine serum albumin

CHO = Chinese hamster ovary cells
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DAPI = 4'6-Diamidine-2-phenylindole dihydro-
chloride

FSH = Follicle-stimulating hormone

Fuc = Fucose

Gal = Galactose

GIcNACc = N-acetylglucosamine

hCG = Human choriogonadotropin

MALDI-TOF = Matrix-assisted laser desorption/

MS ionization time of flight mass spec-
trometry

Man = Mannose

MIP-2 = Macrophage inflammatory protein-2

NeuAc = N-acetylneuraminic acid

PNGase F = Peptide-N-glycosidase F

(s)ICAM-1 = (soluble) intercellular adhesion mole-
cule-1

SICAM-1-CT = sICAM-1 containing sialylated complex-
type N-glycans

SICAM-1-HM = sICAM-1 containing high mannose-type
N-glycans

TNF-a = Tumor necrosis factor-a

VCAM-1 = Vascular cell adhesion molecule-1
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