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(Background: Decidual glycodelin-A (GdA) is a regulator of immune cells.
Results: GdA binds to L-selectin and induces IL-6 expression in monocytes/macrophages, which suppress the Th-1 response of

Conclusion: GdA has regulatory roles in monocytes/macrophages, which may contribute to the Th-1/Th-2 shift in early

Significance: The results increase our knowledge of the regulation of monocyte/macrophage functions and may provide
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Macrophages represent the second major type of decidual
leukocytes at the fetomaternal interface. Changes in macro-
phage number and activity are associated with fetal loss and
pregnancy complications. Glycodelin-A (GdA) is an abundant
glycoprotein in the first-trimester decidua. It is involved in feto-
maternal defense and early placental development through its
regulatory activities in various immune cells. The N-glycosyla-
tion of GdA mediates the binding and therefore the activities of
the molecule. In this study, we studied the biological activities of
GdA in the functions of human monocytes/macrophages. GdA
was purified from amniotic fluid by affinity chromatography.
GdA treatment did not affect the viability, cell death, or phago-
cytic activity of the monocytes/macrophages. GdA, but not
recombinant glycodelin without glycosylation, induced IL-6
production as demonstrated by cytokine array, intracellular
staining, and ELISA. GdA also induced phosphorylation of ERK
in monocytes/macrophages. The involvement of ERKs in IL-6
induction was confirmed using pharmacological inhibitors. Co-
immunoprecipitation showed that L-selectin on the monocytes/
macrophages was the binding protein of GdA. Treatment with
anti-L-selectin antibody reduced GdA binding and GdA-in-
duced IL-6 production. GdA-treated macrophages suppressed
IFN-vy expression by co-cultured T-helper cells in an IL-6-de-
pendent manner. These results show that GdA interacts with
L-selectin to induce IL-6 production in monocytes/macro-
phages by activating the ERK signaling pathway. In turn, the
increased IL-6 production suppresses IFN-y expression in
T-helper cells, which may play an important role in inducing a
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Th-2-polarized cytokine environment that flavors the immuno-
tolerance of the fetoplacental unit.

Glycodelin-A (GdA)? is a glycoprotein known for its role in
fetomaternal defense and placental development during early
pregnancy (1, 2), consistent with its peak expression in the
decidua between 6 and 12 weeks of gestation (1). GdA sup-
presses proliferation and induces apoptosis of T-cells (2), reg-
ulates B-cell responses (3), and induces a tolerogenic phenotype
in dendritic cells (4). Recently, GdA was found to modulate
cytokine production in natural killer cells (5) and to induce
Th-2 shift in cytokines (6, 7), which is crucial to maintenance of
pregnancy. The importance of GdA in pregnancy is also indi-
cated by its lower levels in serum and uterine flushings of
women with infertility, first-trimester miscarriage, and recur-
rent miscarriage (1, 8).

CD14" monocytes/macrophages comprise 20-30% of the
leukocytes at the implantation site. These are the second major
type of immune cells at the fetomaternal interface. During early
pregnancy, they are actively recruited to the decidua from the
blood circulation and produce cytokines and other soluble fac-
tors that support fetal tolerance and placental development (9,
10). Their number at the fetomaternal interface remains con-
stant throughout pregnancy (9). Aberrant activities of mono-
cytes/macrophages are associated with pregnancy complica-
tions or loss (9, 11). Despite the importance of these cells in
early pregnancy, little is known about the regulation of their
functions. The first objective of this study was to evaluate the
effect of GdA on the biological activities of monocytes and
macrophages.

The glycans of GdA, especially their terminal sialic acids,
mediate the binding and biological activities of the molecule in

3 The abbreviation used is: GdA, glycodelin-A.
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several cell types (2, 12—14). The clinical importance of sialic
acids in GdA has been demonstrated in patients with gesta-
tional diabetes mellitus; GdA from these patients shows both
reduced a2-6 sialylation and immunomodulatory activities
(15). Our second objective was to study the role of sialylation
and to identify the receptor for the action of GdA on
monocytes/macrophages.

EXPERIMENTAL PROCEDURES

Purification of GAA from Human Amniotic Fluid—The Insti-
tutional Review Board of the University of Hong Kong/Hospital
Authority Hong Kong West Cluster approved the protocol of
this study. GdA was purified from amniotic fluid by affinity
chromatography using anti-glycodelin monoclonal antibody
(clone F43-7F9) as described (16). The purified protein was
confirmed to be glycodelin by Western blotting and mass spec-
trometry (supplemental Fig. S1). Desialylation of GdA was done
by incubation with sialidase-coated agarose beads (Sigma) at
37 °C for 18 h (14, 15). Successful desialylation was confirmed
by decreased binding to wheat germ agglutinin lectin (12).
Recombinant glycodelin without glycosylation was produced
and purified from Escherichia coli DH5a (Invitrogen) (17).
Purified GdA and recombinant glycodelin were found to con-
tain <0.1 endotoxin unit/ml as determined by limulus amebo-
cyte lysate assay (GenScript, Piscataway, NJ).

Primary Monocyte and T-helper Cell Isolation, Macrophage
Differentiation, and Cell Culture—Human female peripheral
blood was obtained from the Hong Kong Red Cross. Primary
CD14" monocytes and CD3"CD4™" T-helper cells were iso-
lated by Ficoll-Paque density gradient centrifugation (GE
Healthcare), followed by negative immunomagnetic separation
(Miltenyi Biotec Inc., Bergisch Gladbach, Germany). The purity
of the isolated monocytes and T-helper cells was 90-95% as
determined by flow cytometry (supplemental Fig. S2). The cells
were cultured in 10% FBS-supplemented RPMI 1640 medium
(Sigma). Macrophages were prepared by treating monocytes
with 50 ng/ml GM-CSF (PeproTech, Rocky Hill, NJ) for 6 days.
GM-CSF was used because it is the main differentiation factor
for tissue macrophages in vivo (18 —20). The monocytic acute
leukemia cell line THP-1 (American Type Culture Collection,
Manassas, VA) was cultured in RPMI 1640 medium supple-
mented with 10% FBS and 0.05 mm 2-mercaptoethanol.

GdA Binding Assay—GdA was fluorescently labeled using
the Alexa Fluor 488 protein labeling kit (Molecular Probes,
Carlsbad, CA) (15). Monocytes/macrophages (5 X 10°) were
fixed with intracellular fixation buffer (eBioscience, San Diego,
CA) before incubation with 1 ug/ml labeled GdA for 2 h. The
cells were analyzed using a BD FACSCanto II flow cytometer
(BD Biosciences). The data were analyzed using FlowJo 7.6.3
software (Tree Star Inc., Ashland, OR). Cells incubated with an
equimolar amount of an unrelated protein (Alexa Fluor 488-
labeled goat IgG) were used as a negative control.

Determination of Cell Viability and Cell Death—Monocytes/
macrophages (3 X 10*) were incubated with 0.01, 0.1, 1m or 10
pg/ml GdA for 72 h. The viability of the cells was determined
by the 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-(phenyl-
amino)carbonyl)-2H-tetrazolium hydroxide (XTT) cell viabil-
ity assay (Roche Diagnostic). Apoptotic and necrotic cell deaths
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were determined by flow cytometry using YO-PRO®-1 and pro-
pidium iodide (Invitrogen) as described (6, 12, 15) and analyzed
by flow cytometer using 525- and 610-nm band pass filters.

Phagocytosis Assay—The effect of GdA on the phagocytic
activity of the cells was analyzed by using a phagocytosis
assay kit (Cayman Chemical) according to the manufactur-
er’s protocol.

Cytokine Profiling of Monocytes—Monocytes (1 X 10°) were
treated with 10 ug/ml GdA for 48 h. The cytokine profile was
determined semiquantitatively by human cytokine antibody
array (RayBiotech, Inc., Norcross, GA) according to the manu-
facturer’s protocol. The density of the cytokine spots was ana-
lyzed by densitometry using Quantity One software (Bio-Rad).

Determination of IL-6 Secretion in the Culture Medium by
ELISA—Monocytes, THP-1 cells, and macrophages (5 X 10°)
were treated with 0.1, 1, and 10 ug/ml GdA or 10 pug/ml recom-
binant GdA for 48 h. As the basal secretion of IL-6 by the mono-
cytes and THP-1 cells was low, the IL-6 production capacity of
these cells were studied after exposure to LPS (1 wg/ml; Sigma),
a commonly used activator of cytokine secretion by monocytes
(21, 22), for 6 h. The duration of LPS activation was determined
by studying the dynamic effect of LPS on IL-6 production in
both cell types after GdA treatment, which showed a significant
(p < 0.05) effect of GdA on IL-6 production after 6 h of LPS
activation compared with the control without GdA treatment
(supplemental Table S1). The level of IL-6 in the conditioned
medium was determined by an ELISA-based assay (human IL-6
CytoSet™, Invitrogen) (5).

Intracellular IL-6 Staining of Monocytes—Primary mono-
cytes (1 X 10°) were treated with 10 wg/ml GdA for 48 h. LPS (1
png/ml) and brefeldin A (3 wg/ml) were added 6 h before the end
of treatment. Cells were then fixed with intracellular fixation
buffer for 10 min at room temperature and permeabilized with
permeabilization buffer (eBioscience) for 5 min. The cells were
washed and resuspended in 80 ul of permeabilization buffer
containing 20 ul of FITC-labeled anti-IL-6 antibody (BD Bio-
sciences) for 20 min at room temperature in the dark. The
cells were resuspended in blocking buffer for flow cytometric
analysis.

Effect of GAA on Activated ERKs in Monocytes/Macro-
phages—Monocytes, macrophages, and THP-1 cells (5 X 10°)
were incubated with 10 pg/ml GdA for different times (THP-1
cells, 0-24 h; and monocytes and macrophages, 0—6 h). The
cells were lysed using CytoBuster protein extraction reagent
(Merck). The protein lysates were resolved by 12% SDS-PAGE
and transferred to a PVDF membrane for Western blot analysis
using antibodies against ERKs (1:1000; Cell Signaling, Danvers,
MA), phosphorylated ERKs (1:2000; Cell Signaling), and
B-actin (Sigma). The protein bands were quantified by
densitometry.

Effects of Inhibitors of ERK Kinase, p38, and NF-kB on the Stim-
ulatory Effect of GAA on IL-6 Production in THP-1 Cells—
THP-1 cells (5 X 10°) were incubated with 10 ug/ml GdA in the
presence or absence of ERK kinase inhibitors (PD98059, 10 um;
or U0126, 1 um), NF-kB inhibitors (caffeic acid phenethyl ester
and BAY-11708, 10 um), or p38 inhibitors (SB202190, 5 um; or
SB203580, 10 uM) for 48 h. The cells were activated by LPS (1
pg/ml) for 6 h before the end of the experiment. The viabilities
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FIGURE 1. Binding of GdA to monocytes and macrophages. Monocytes, THP-1 cells, and macrophages were incubated with 1 pg/ml Alexa Fluor 488-labeled
GdA for 2 h, followed by flow cytometric analysis. An unrelated protein (Alexa Fluor 488-labeled goat IgG) was used as a negative control. Data are the mean =

S.E. The results shown are representative of four replicate experiments.

of the treated cells and the IL-6 level in the conditioned medium
were then determined by XTT assay and ELISA, respectively, as
described above.

Effects of Anti-L-selectin Antibodies on GAA Binding to and
IL-6 Secretion by Monocytes—L-selectin expression in mono-
cytes, macrophages, and THP-1 cells was determined by flow
cytometry. In brief, 5 X 10° cells were incubated successively
with mouse anti-human L-selectin antibody (Abcam, Cam-
bridge, MA) and FITC-labeled anti-mouse antibody in PBS
containing 1% BSA and 0.1% sodium azide. Cells treated with
FITC-labeled anti-mouse antibody alone were used as con-
trols. L-selectin expression in the cells was analyzed by flow
cytometry.

The effects of anti-L-selectin antibodies on GdA binding and
IL-6 secretion were investigated by incubating monocytes with
fluorescently labeled GdA in the presence of anti-L-selectin
antibody or control antibody at a molar ratio of 1:5 for 48 h. The
fluorescent signal and the IL-6 level in the conditioned medium
were then analyzed by flow cytometry and ELISA, respectively,
as described above.

Interaction between GdA and L-selectin in Monocytes—
Membrane proteins of 2 X 10” monocytes were extracted using
a commercial membrane protein extraction kit (ProteoExtract
transmembrane protein extraction kit, Novagen) according to
the manufacturer’s instructions. The extracted membrane pro-
tein fractions or IgG-fused recombinant human L-selectin chi-
meric proteins (R&D Systems, Minneapolis, MN) were incu-
bated with native or desialylated GdA in PBS at 4 °C. After
overnight incubation with gentle shaking, anti-glycodelin anti-
body (clone F43-7F9)-conjugated Sepharose beads (GE Health-
care) and protein G-Sepharose beads (GE Healthcare) were
used to precipitate the complexes of GAA and GdA-interacting
protein and of GdA and recombinant L-selectin, respectively.
The captured complex was washed thoroughly, resolved by 12%
SDS-PAGE, and analyzed by Western blotting using anti-L-
selectin (Abcam) or anti-glycodelin (Abcam) antibody. To
ensure equal loading of membrane protein extracts onto the
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Sepharose beads, the flow-through fractions of the extracts
were collected after immunoprecipitation and analyzed by
Western blotting using anti-CD14 antibody (Abcam).

Role of GdA-induced IL-6 Production in Macrophages in
Th-1, Th-2, and Th-17 Cytokine Production in T-helper
Cells—Macrophages (1 X 10°) were treated with GdA (10
pg/ml) for 48 h and washed. GdA-treated macrophages and
autologous T-helper cells (1 X 10°) were then co-cultured in
vitro without direct contact using a culture insert in the pres-
ence or absence of anti-IL-6 antibody (10 wg/ml) for 42 h.
Phorbol myristate acetate (50 ng/ml), ionomycin (1 ug/ml),
and brefeldin A (3 pwg/ml) were then added to activate the
T-helper cells after removal of the macrophages. Intracellu-
lar Th-1 (IFN-v), Th-2 (IL-4 and IL-10), and Th-17 (IL-17)
cytokine stainings were performed on the T-helper cells as
described above using fluorescence-conjugated antibody
against IFN-+, IL-4, and IL-17 (Miltenyi Biotec Inc.). To con-
firm the sustained stimulatory effect of GdA on IL-6 produc-
tion, washed macrophages after 48 h of GdA treatment were
further cultured for 42 h. The IL-6 level in the conditioned
medium was then determined.

Data Analysis—All values are expressed as the mean *+ S.E.
For all experiments, the non-parametric analysis of variance by
rank test for comparisons was used to identify differences
between groups. If the data were normally distributed, para-
metric Student’s ¢ test or the non-parametric Mann-Whitney U
test was used where appropriate as the post-test. The data were
analyzed using SigmaStat 2.03 (Jandel Scientific, San Rafael,
CA). A p value of <0.05 was considered significant.

RESULTS

GdA Binds to Monocytes and Macrophages and Induces IL-6
Secretion—Flow cytometric analyses showed similar binding of
fluorescently labeled GdA to all three cell types tested (mono-
cytes, 81.1 = 2.5%; THP-1 cells, 78.2 = 7.8%; and macrophages,
84.2 = 4.7%) (Fig. 1). No positive signal was observed in the
negative control using fluorescently labeled IgG. GdA treat-
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FIGURE 2. Effects of GdA on IL-6 production in monocytes. Monocytes were incubated with 10 ug/ml GdA for 48 h. A, cytokine secretion in the culture
medium determined by cytokine array and analyzed by densitometry. The results are expressed as -fold change relative to the control without GdA treatment.
Data are the mean = S.E. The results shown are representative of four replicate experiments. B, intracellular IL-6 content determined by flow cytometry. LPS (1
ng/ml) and brefeldin A (3 wg/ml) were added 6 h before the end of the GdA treatment. Data are the mean =+ S.E. (n = 6). *, p < 0.05 compared with the control.

ment significantly (p < 0.05) stimulated IL-6 production in
monocytes as demonstrated by cytokine array and intracellular
cytokine staining (Fig. 2). The results were confirmed by ELISA,
which showed that the action of GdA was dose-dependent
(Table 1). Similar observations were found in THP-1 cells and
macrophages (Table 1). The treatment did not affect the viabil-
ity (supplemental Fig. S3A), cell death (supplemental Fig. S3B),
and phagocytic activity (supplemental Table S2) of the
monocytes/macrophages.

In addition to IL-6, the cytokine array showed that GdA also
significantly up-regulated IL-18 and IL-3 production in mono-
cytes (Fig. 2). In contrast to monocytes, our preliminary data
show that GdA could only stimulate IL-6 production in macro-
phages (data not shown). To study the signaling pathways that
are shared by both monocytes and macrophages for the GdA
activity, we focused on IL-6 production in the subsequent
experiments.

GdA Induces IL-6 Production via the ERK Pathway—Treat-
ment with GdA for 6 h significantly (p < 0.05) increased the
levels of phosphorylated ERKs (ERK1, 44 kDa; and ERK?2, 42
kDa) but not those of total ERK in THP-1 cells (Fig. 3A4). Similar
observations were obtained in monocytes and macrophages
after 15 min or 6 h of GdA treatment (Fig. 34). This action on
ERK mediated the stimulatory effect of GdA on IL-6 secretion,
as ERK kinase inhibitors (PD98059 and U0126) abolished such
effects in THP-1 cells (Fig. 3B). The inhibitors alone did not
affect IL-6 production (Fig. 3B) or viability (supplemental Fig.
S4) of the treated cells. On the other hand, NF-«B and p38
inhibitors had no effect on the GdA-induced IL-6 production in
THP-1 cells (Fig. 3B).
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TABLE 1

GdA-induced IL-6 secretion by monocytes/macrophages

Monocytes, THP-1 cells, and macrophages (5 X 10°) were incubated with 0.1, 1, or
10 pg/ml GdA for 48 h. IL-6 secretion into the culture medium was measured by

ELISA (n = 8). IL-6 secretion into the culture medium of monocytes and THP-1
cells was measured after LPS activation. Data are the mean * S.E.

IL-6 level
Monocytes THP-1 cells Macrophages
pg/ml
Control 654.6 * 265.0 952.4 = 370.4 4429.7 = 752.6
GdA (0.1 ug/ml) 834.7 £ 315.9 1118.9 + 459.4 5305.4 * 909.8
GdA (1 ug/ml) 871.0 = 344.2 3331.5 = 507.9 6383.7 £ 1148.4

GdA (10 pg/ml)  1199.4 + 391.4* 4802.1 + 1107.5 9213.6 * 1277.9"
“ p < 0.05 compared with the corresponding control without GdA treatment.

Sialylation of GdA Is Not Needed for GdA-induced IL-6
Secretion—Sialylation mediates the binding and a number of
biological activities of GdA in various cell types (2, 12-14).
Here, we investigated the role of sialylation in GdA-induced
IL-6 production in monocytes. Although desialylation signifi-
cantly (p < 0.05) reduced the binding of GdA to monocytes
(Fig. 4A), desialylated GdA had a similar stimulatory effect on
IL-6 secretion compared with native GdA (Fig. 4B). In contrast,
non-glycosylated recombinant glycodelin from E. coli showed
very low or no binding to monocytes and did not stimulate IL-6
secretion (p < 0.05).

Anti-L-selectin Antibody Blocks GdA Binding and GdA-
induced IL-6 Secretion—Flow cytometric analysis demon-
strated surface expression of L-selectin in monocytes, THP-1
cells, and macrophages (supplemental Fig. S5), consistent with
previous studies (23, 24). The inclusion of anti-L-selectin anti-
body significantly (p < 0.05) reduced the binding of fluores-
cently labeled GdA to monocytes (Fig. 54) and abolished the
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FIGURE 3. Effects of GdA on ERK activation and IL-6 production. A, upper, effect of GdA treatment on ERK activation in THP-1 cells, monocytes, and
macrophages at different time points. Representative Western blots for ERKs from six individual experiments are shown. Lower, phosphorylated ERK (pERK)
protein bands (phospho-ERK1, 44 kDa; and phospho-ERK2, 42 kDa) were quantified by densitometry. The results are expressed as the band density post-
treatment normalized to the base-line density at time 0. Total ERK and B-actin were used for normalization. Data are the mean = S.E. *, p < 0.05 compared with
the corresponding control at time zero. B, THP-1 cells were incubated with GdA in the presence or absence of ERK kinase inhibitors (PD98059, 10 um; or U0126,
1 um), NF-kB inhibitors (caffeic acid phenethyl ester (CAPE) and BAY-11708, 10 um), or p38 inhibitors (SB202190, 5 um; or SB203580, 10 um) for48h (n = 12).1L-6
levels in the culture medium were measured by ELISA and expressed as a percentage relative to the control without treatment (494.0 = 162.6 pg/ml). Data are
the mean = S.E. *, p < 0.05 compared with the THP-1 cells treated with GdA without inhibitor.

GdA-induced IL-6 secretion (Fig. 5B). In contrast, no effect was
observed when an isotype control antibody was used.

L-selectin Interacts with GdA—Co-immunoprecipitation
confirmed the interaction between L-selectin and GdA. L-se-
lectin immunoreactivity was detected in the immunoprecipi-
tated complex from membrane protein extracts of monocytes
(Fig. 6A). No L-selectin immunoreactivity was observed when
GdA was omitted during co-immunoprecipitation or GdA-
treated membrane protein extracts were immunoprecipitated
by isotope antibody-conjugated beads. The results were further
confirmed by repeating the experiment using recombinant
L-selectin (Fig. 6B). The analysis showed that protein G did not
interact with GdA and that anti-glycodelin antibody did not
cross-react with L-selectin. Desialylated GdA was able to co-
immunoprecipitate with L-selectin and to a similar extent as
native GdA (Fig. 6B).

GdA-treated Macrophages Suppress Intracellular Th-1 Cyto-
kine Production in T-helper Cells—GdA-treated macrophages
had significantly (p < 0.05, n = 4) higher IL-6 production
(3252.4 * 332.8 pg/ml) compared with the control (797.1 =
222.5 pg/ml), even 42 h after the removal of GdA. Th-1 (IFN-v),
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Th-2 (IL-4 and IL-10), and Th-17 (IL-17) cytokine production
in T-helper cells was determined by intracellular staining (Fig.
7). Macrophages significantly (p < 0.05) stimulated IFN-v,
IL-4, IL-10, and IL-17 production in the co-cultured T-helper
cells. This stimulatory effect of macrophages on Th-1 cytokine
IFN-y production was suppressed by GdA treatment. The
inclusion of anti-IL-6 antibody abolished the suppressive activ-
ity of GdA (Fig. 7). In contrast, GdA pretreatment had no effect
on the macrophage-induced Th-2 and Th-17 cytokine produc-
tion in T-helper cells.

DISCUSSION

Our results show that native GdA binds to peripheral blood
monocytes, in keeping with a previous observation on the bind-
ing of GdA from first-trimester decidual tissue to a monocytic
cell line, U937 (25). We also provide the first demonstration of
the binding of native GdA to the GM-CSEF-differentiated
macrophages. Little is known about the actions of GdA on
macrophages. There is only one study showing a lack of effect of
GdA on the apoptosis and phagocytic activity of phorbol myris-
tate acetate-differentiated macrophages (26), consistent with
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our results. However, phorbol myristate acetate is not a physi-
ological stimulator of monocyte differentiation (27). More
importantly, phorbol myristate acetate-differentiated macro-
phages are different from blood macrophages in terms of
expression of macrophage markers, functional characteristics
(28), and plasticity to stimulus-directed polarization and toler-
ance to apoptosis (29).
The reported effects of glycodelin on monocytes are variable.
Whereas Mukhopadhyay et al. (30) found that recombinant
glycodelin did not affect apoptosis of U937 cells, another study
using recombinant glycodelin from yeast reported induction of
apoptotic changes in U937 cells and primary monocytes (31).
Consistent with this latter study, native GdA has been shown to
induce the apoptosis of primary monocytes (26). However, our
results show that native GdA neither affects the viability of
monocytes nor induces their cell death. These contradictory
results from various investigators may be due to different
sources of glycodelin used in their studies. In the most recent
studies, recombinant glycodelin produced from yeast or a bacu-
loviral system was used. These recombinant glycodelin iso-
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forms have different glycosylation compared with native GdA
(32). Another explanation may be the use of different cell prep-
aration procedures. For example, whereas negative selection
was used for the isolation of blood monocytes in our study,
positive selection using anti-CD14 antibody was employed in
another study (26). Some separation procedures may activate
leukocytes (33), and selection of monocytes with anti-CD14
antibody has been reported to activate monocytes (34).

GdA up-regulates IL-6 production in monocytes and
macrophages. IL-6 is expressed in the decidua and placenta
(35, 36). Interestingly, GdA is abundant in the human
decidua. Because decidual monocytes/macrophages pro-
duce an increased amount of IL-6 (37, 38), this may be
accounted for by GdA stimulation. Apart from decidua, GdA
also enhances IL-6 production in natural killer cells (5) and
endometrial cells (39). IL-6 plays an important role in the
development and growth of the fetoplacental unit (40 —43).
It also regulates trophoblast invasion by increasing the activ-
ity of matrix metalloproteinase-2 and -9 (41) and induces
chemotaxis (44), cell migration (42), and chorionic gonado-
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tropin production (43) of trophoblasts. On the other hand,
IL-6 deficiency is associated with pregnancy disorders such
as first-trimester spontaneous abortion (36) and preeclamp-
sia (45). Thus, GdA-induced IL-6 up-regulation in mono-
cytes/macrophages may be one of the mechanisms that
enhance early placental development.

Proper balance among the activities of and cytokine secre-
tion by Th-1, Th-2, and Th-17 cells is important for mainte-
nance of pregnancy (46). We have previously reported that
GdA modulates cytokine production in T-cells by preferential
induction of the death of Th-1 cells (6), thereby inducing a
Th-2-dominated cytokine environment that favors immuno-
tolerance of the fetoplacental unit (47). The present data dem-
onstrate that GdA can further suppress the production of
IFN-v, a Th-1-type cytokine, in T-helper cells indirectly via its
stimulatory effect on macrophage-derived IL-6 production.
IL-6 has been reported to promote the differentiation of Th-2-
type cells, whereas it inhibits that of Th-1-type cells (48). IFN-y
is a proinflammatory cytokine that acts as the major contribu-
tor in the Th-1-type response. Excess maternal inflammatory
response causes accumulation of neutrophils and macrophages
in the decidua, up-regulation of inflammatory cytokines, and
tissue damage by apoptosis (46, 49, 50). Increased IFN-vy has
been linked with fetal loss, recurrent miscarriage, and gesta-
tional complications such as preeclampsia and premature
delivery (46, 49, 51). Thus, GdA may improve fetal survival and
contribute to the maintenance of pregnancy by promoting a
Th-2 cytokine-dominant environment via its regulatory effect
on various types of immune cells.
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FIGURE 6. Interaction between GdA and L-selectin. A, GdA-treated mem-
brane protein extracts from monocytes were co-immunoprecipitated with
anti-glycodelin antibody-conjugated Sepharose beads. Western blotting was
performed on the eluted fractions with anti-L-selectin and anti-glycodelin
antibodies. Membrane protein extracts without GdA treatment or co-immu-
noprecipitated with isotope antibody-conjugated Sepharose beads after
GdA treatment served as controls. Equal loading of membrane protein
extracts onto the Sepharose beads was confirmed by Western blotting of the
flow-through fractions using anti-CD14 antibodies. Representative Western
blots from four individual experiments are shown. B, IgG-fused recombinant
human L-selectin chimeric proteins were incubated with native or desialy-
lated GdA in PBS at 4 °C. Protein G-Sepharose beads were used to precipitate
the GdA-recombinant L-selectin complex. The captured complex was
resolved by SDS-PAGE and analyzed by Western blotting using anti-L-selectin
or anti-glycodelin antibody. Representative Western blots from four individ-
ual experiments are shown.

Three signaling pathways, namely p38 (52, 53), NF-«kB (54),
and ERK (53) signaling pathways, are associated with the regu-
lation of IL-6 production in monocytes and macrophages. Two
observations indicate that the ERK pathway mediates the GdA-
induced IL-6 production in these cells. First, GdA activates ERK
in monocytes and macrophages similar to its action on ERK
activity in other cell types (6, 14, 55). Second, only inhibitors of
the ERK pathway, but not of the other pathways studied, could
abolish the GdA-induced IL-6 production. However, signaling
pathway(s) other than ERK may also be involved in the regula-
tion of GdA-induced IL-6 secretion. For example, our results
showed that there is a trend of decreasing GdA-induced IL-6
production by NF-«B inhibitor, although it is not statistically
significant (Fig. 3B). Further study is required to confirm the
role of NF-«B in the activity of GdA.

Glycosylation of GdA is critical for the binding and biological
activities of this glycoprotein in different cell types (2, 12-14).
We demonstrated that non-glycosylated glycodelin has a min-
imal binding capacity and IL-6-inducing activity in monocytes/
macrophages. Sialic acid is the terminal carbohydrate residue in
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FIGURE 7. Effects of GdA-induced IL-6 production in macrophages on IFN-v, IL-4, IL-10, and IL-17 cytokine production in T-helper cells. Macrophages
were treated with GdA (10 ug/ml) for 48 h and washed before co-culture with autologous T-helper cells in a co-culture insert with or without anti-IL-6 antibody
for 42 h. Phorbol myristate acetate (50 ng/ml), ionomycin (1 wg/ml), and brefeldin A (3 wg/ml) were then added to activate the T-helper cells after removal of
the macrophages. Intracellular IFN-v, IL-4, IL-10, and IL-17 cytokine stainings were performed on the T-helper cells. Data are the mean = S.E. (n = 4).*, p < 0.05

compared with the T-helper cell/macrophage co-culture group.

many exposed N-glycans, and it often contributes to the bind-
ing of glycoproteins to their receptors (56). The sialic acid moi-
eties are involved in the apoptosis-inducing action of GdA on
T-cells (57). GdA, but not non-sialylated glycodelin-S, which
differs from GdA only by glycosylation, possesses immunosup-
pressive activities on lymphocytes, and such activities are abol-
ished after desialylation of GdA (12, 58). We recently demon-
strated that GdA binds to siglec-6 in a sialic acid-dependent
manner to suppress trophoblast invasion (14, 59). In this study,
although desialylated GdA showed reduced binding to mono-
cytes, itinduced IL-6 production in monocytes similar to native
GdA. These observations indicate that, in addition to sialic
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acid-binding molecule(s), another carbohydrate-binding pro-
tein(s) is involved in the GdA-monocyte/macrophage interac-
tion (see below). This is further supported by the observation
that desialylation cannot completely abolish the ability of GdA
to bind to monocytes/macrophages. Multiple binding proteins/
receptors of GdA have also been found in human spermatozoa
and in the trophoblast (14, 60, 61). The sialic acid-binding pro-
tein responsible for GdA binding is still unknown. Siglec-6 (14)
has been found to be a sialic acid-dependent receptor of GdA
on the human trophoblast. Siglec family members appear in the
monocytes/macrophages and may play an important role in
their cellular functions (62). The possible interaction between
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monocyte/macrophage-derived siglec and GdA remains to be
proven.

In this study, our aim was to find a sialic acid-independent
binding partner of GdA, which mediates the IL-6-inducing
activity on monocytes/macrophages. Selectins are a family of
adhesion and signaling molecules expressed by most leukocytes
(63—66). They bind to the carbohydrate moieties of target pro-
teins. The physiological ligands of selectins include sialyl-Lewis
X, Lewis X, and Gal-GlcNAc glycan epitopes (Consortium for
Functional Glycomics). In this study, several observations sup-
port the presence of a sialic acid-independent interaction of
GdA with L-selectin. (i) L-selectin was expressed on the surface
of monocytes/macrophage. (ii) L-selectin was immunoprecipi-
tated by GdA from monocytic membrane extract. (iii) Both
native and desialylated GdA were immunoprecipitated with
recombinant L-selectin. (iv) Anti-L-selectin antibody inhibited
GdA binding to monocytes. (v) GdA possesses Lewis X and
Gal-GlcNAc epitopes known to be recognized by L-selectin
(12). (vi) GdA has no sialyl-Lewis X epitope (12).

Selectins were originally identified as cell adhesion mole-
cules. Recently, selectin was shown to act as a signaling mole-
cule (63-66). L-selectin activation induces calcium flux (67,
68), tyrosine phosphorylation (69), and ERK activation (69 -71)
in immune cells. Our results consistently showed that anti-L-
selectin antibody abolished the GdA-induced IL-6 secretion.

To conclude, our data suggest that GdA binds to L-selectin
and induces IL-6 expression through ERK activation in mono-
cytes/macrophages. In turn, IL-6 suppresses IFN-vy secretion by
T-helper cells, which may play an important role in the main-
tenance of pregnancy. Aberrant macrophage activity is associ-
ated with fetal loss and pregnancy complications (9). Further
elucidation of the biological functions of GdA, particularly its
mechanisms of action on monocytes and macrophages, will fur-
ther the understanding of the pathophysiology and may provide
the basis for the development of new treatment strategies.
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