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Introduction

Summary

We reported recently that treatment of diabetic apolipoprotein E-deficient
mice with the Toll-like receptor 4 (TLR4) antagonist Rs-LPS, a lipopoly-
saccharide isolated from Rhodobacter sphaeroides, inhibited atherosclero-
sis. Since it is known that Rs-LPS antagonizes TLR4 by targeting TLR4
co-receptor MD-2, this finding indicates that MD-2 is a potential target
for the treatment of atherosclerosis. In this study, we determined if MD-2
is involved in the gene expression regulated by signalling pathways inde-
pendent of TLR4. Given that interferon-y (IFNy) and hyperglycaemia play
key roles in atherosclerosis, we determined if MD-2 is involved in IFN-y
and high-glucose-regulated gene expression in mononuclear cells. Results
showed that IFN-y and high glucose synergistically stimulated matrix me-
talloproteinase 1 (MMP-1), a proteinase essential for vascular tissue
remodelling and atherosclerosis, in U937 mononuclear cells, but Rs-LPS
inhibited the MMP-1 stimulation. To provide more evidence for a role of
MD-2 in IFN-y-stimulated MMP-1, studies using antibodies and small
interfering RNA demonstrated that MD-2 blockade or knockdown attenu-
ated the effect of IFN-y on MMP-1. Furthermore, studies using PCR
arrays showed that MD-2 blockade had a similar effect as IFN-y receptor
blockade on the inhibition of IFN-y-stimulated pro-inflammatory mole-
cules. Although these findings indicate the involvement of MD-2 in IFN-y
signalling, we also observed that MD-2 was up-regulated by IFN-y and
high glucose. We found that MD-2 up-regulation by IFN-y played an
essential role in the synergistic effect of IFN-y and LPS on MMP-1 expres-
sion. Taken together, these findings indicate that MD-2 is involved in
IFN-y signalling and IFN-y-augmented MMP-1 up-regulation by LPS.

Keywords: inflammation; interferon-y; MD-2; mononuclear cells; Toll-like
receptor.

and diabetes.” ® Recently, we demonstrated that adminis-
tration of the TLR4 antagonist Rs-LPS, an LPS isolated

Toll-like receptor 4 (TLR4), an important pattern recog-
nizing receptor, is engaged by lipopolysaccharide (LPS)
and mediates LPS-elicited innate immune responses.”
Accumulating studies have indicated that TLR4 plays an
important role in not only infectious diseases, but also
inflammation-associated diseases such as atherosclerosis

from Rhodobacter sphaeroides, attenuated atherosclerosis
in diabetic apolipoprotein E-deficient (apoE ") mice,’
further confirming an essential role of TLR4 in diabetes-
associated atherosclerosis. As it is known that Rs-LPS
antagonizes TLR4 by targeting TLR4 co-receptor myeloid
differentiation factor 2 (MD-2)*° and TLR4 activation
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requires MD-2,'* the finding that Rs-LPS inhibits athero-
sclerosis underscored the role of MD-2 in atherosclerosis.

While it has been well established that MD-2 is essen-
tial for TLR4 signalling,"' it remains unclear if MD-2 is
also involved in the gene expression regulated by signal-
ling cascades independent of TLR4. In this study, we
determined if MD-2 is involved in the gene expression
regulated by IFN-y and high glucose because IFN-y and
high glucose play key roles in atherosclerosis in diabe-
tes.">* We focused on the role of MD-2 in IFN-y and
high-glucose-stimulated expression of matrix metallopro-
teinase 1 (MMP-1), a proteinase known to play an
important role in vascular tissue remodelling and athero-
sclerosis,’> by mononuclear cells. Interestingly, we found
that Rs-LPS attenuated MMP-1 expression up-regulated
by IFN-y in U937 mononuclear cells under both normal
and high glucose conditions. Our following studies to
block MD-2 or knockdown MD-2 expression further
demonstrated the involvement of MD-2 in IFN-y and
high-glucose-stimulated MMP-1 expression. In addition
to the findings that MD-2 is involved in IFN-y signalling,
we also found that MD-2 was stimulated by IFN-y and
high glucose.

Materials and methods

Cell culture

U937 mononuclear cells'® were purchased from the
American Type Culture Collection (Manassas, VA). The
cells were cultured in a 5% CO, atmosphere in RPMI-
1640 medium (GIBCO; Invitrogen Corp., Carlsbad, CA)
containing normal glucose (5 mm) or high glucose
(25 mm), 10% fetal bovine serum, 1% minimal essential
medium non-essential amino acid solution, and 0-6 g/
100 ml of HEPES and treated with IFN-y or LPS (Sigma-
Aldrich, St Louis, MD). The IFN-y solution was prepared
with Tris-buffered saline (TBS), pH 7-4 and 1% of low
endotoxin BSA (Sigma-Aldrich). Our studies showed that
MMP-1 secretion by high glucose-treated cells in response

Table 1. Primer sequences used in the real-time PCR

to 100 units/ml of IFN-y increased significantly at 24 hr
(4 hr: 0-01; 8 hr: 0-06; 12 hr: 0-10; 18 hr: 0-65; 24 hr:
5-06 ng/ml) and we therefore selected 24 hr as the time
for treatment with IFN-y. Human monocytes were iso-
lated as described previously'” from blood obtained from
healthy donors and treated in the medium that was the
same as that used for U937 cells. The blood donation for
monocyte isolation was approved by the University Insti-
tution Review Board (IRB).

ELISA

After treatment, culture medium was collected for MMP-
1 quantification using sandwich ELISA kits (R&D System,
Minneapolis, MN) according to the protocol provided by
the manufacturer.

Real-time PCR

Total RNA was isolated from cells using the RNeasy mini-
kit (Qiagen, Santa Clarita, CA). First-strand cDNA was
synthesized with the iScript™ cDNA synthesis kit (Bio-Rad
Laboratories, Hercules, CA) using 20 ul of reaction mix-
ture containing 0-25 ug of total RNA, 4 ul of 5 x iScript
reaction mixture, and 1 ul of iScript reverse transcriptase.
The complete reaction was cycled for 5 min at 25°, 30 min
at 42° and 5 min at 85° using a PTC-200 DNA Engine (M]
Research, Waltham, MA). The reverse transcription reac-
tion mixture was then diluted 1 : 10 with nuclease-free
water and used for PCR amplification in the presence of
the primers. The BeacoN DESIGNER software (PREMIER
Biosoft International, Palo Alto, CA) was used for primer
designing (Table 1). Primers were synthesized by
Integrated DNA Technologies, Inc. (Coralville, IA) and
real-time PCR was performed in duplicate using 25 ul of
reaction mixture containing 1-0 ul of reverse transcription
mixture, 0-2 um of both primers, and 12-5 ul of iQ™ SYBR
Green Supermix (Bio-Rad Laboratories). Real-time PCR
was run in the iCycler™ real-time detection system (Bio-
Rad Laboratories) with a two-step method. A melt-curve

Genes Forward primer Reverse primer

MMP-1 CTGGGAAGCCATCACTTACCTTGC GTTTCTAGAGTCGCTGGGAAGCTG
MD-2 CACCATGAATCTTCCAAAGC CTTGAAGGAGAATGATATTGTTG
MCP-1 TTTAGATACAGAGACTTG TGTATTAATGATTCTTGC

CXCL10 CTTAGACATATTCTGAGCCTAC GTTGATTACTAATGCTGATGC
ICAM-1 CGTGGGGAGAAGGAGCTGAA CAGTGCGGCACGAGAAATTG
TLR4 GTCCTCAGTGTGCTTGTAG ATCCTGGCTTGAGTAGATAAC
CD14 CCGCTGCCTCTGGAAG GGCGAGTGTGCTTGGG

c-Jun GTGACGGACTGTTCTATGAC GGTTACTGTAGCCATAAGGTC
c-Fos GAGATGTCTGTGGCTTCC ATGCTGCTGATGCTCTTG

GAPDH GAATTTGGCTACAGCAACAGGGTG TCTCTTCCTCTTGTGCTCTTGCTG
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assay was then performed to detect the formation of
primer-derived trimers and dimers. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as a con-
trol. Data were analysed with the iCycler iQ™ software.
The average starting quantity of fluorescence units was
used for analysis. Quantification was calculated using the
starting quantity of targeted ¢cDNA relative to that of
GAPDH cDNA in the same sample.

Blocking studies

For studies in which antibodies were used to block
MD-2, TLR4, CD14 or IFN-y receptor (IFN-yR), U937
cells were treated with 100 units/ml IFN-y or 100 ng/ml
LPS in the absence or presence of 2-5-10 ug/ml of mono-
clonal anti-human MD-2 (Clone 9F1B1; Thermo Scien-
tific, Rockford, IL), polyclonal goat anti-human TLR4,
monoclonal anti-human CD14 or polyclonal goat anti-
human IFN-yR antibodies (R&D Systems) for 24 hr. The
isoform-matched control monoclonal antibody (IgGl)
was purchased from R&D System. For blocking studies
using pharmacological inhibitors, U937 cells were incu-
bated with 100 units/ml of IFN-y in the absence or pres-
ence of 5um of AG490 (Sigma-Aldrich), 10 um of
PD98059, SP600125, SB203580 and 2-5 um of Bayl17085
(Calbiochem, Billerica, MA) for 24 hr. The above concen-
trations of the inhibitors have been shown to be effective
in our previous studies.'®? After the incubation, MMP-1
in culture medium was quantified using ELISA.

Immunoblotting

U937 cells were treated with or without 100 units/ml of
IFN-y in the absence or presence of anti-MD-2 or control
antibodies for 10 min and cellular proteins were extracted
after the treatment. Fifty micrograms of each sample was
electrophoresed in a 10% polyacrylamide gel. After trans-
ferring proteins to a nitrocellulose membrane, total and
phosphorylated signal transducer and activator of tran-
scription 1 (STAT1) were immunoblotted with anti-total
and anti-phosphorylated STAT1 primary antibodies (Cell
Signaling Technology, Danvers, MA), respectively, and
horseradish peroxidase-conjugated secondary antibody
(EMD Chemicals, Inc., Gibbstown, NJ). The STAT1 was
detected by incubating the membrane with enhanced
chemiluminescence (ECL) Plus Lumigen™ PS-3 detection
reagent (GE Healthcare, Pittsburgh, PA) for 1 min and
exposing it to X-ray film for 30-60 seconds. To detect c-
Jun and c-Fos, 15 pg of cytoplasm protein for each sam-
ple was electrophoresed in a 12% polyacrylamide gel.
After transferring proteins to a PVDF membrane, c-Jun
and c-Fos were immunoblotted with the primary antibod-
ies including rabbit anti-c-Jun and c-Fos (Cell Signaling
Technology) and horseradish peroxidase-conjugated sec-
ondary antibody. The c-Jun or c-Fos were detected by

The involvement of MD-2 in IFN-y signalling

incubating the membrane with enhanced chemilumines-
cence (ECL) Plus Lumigen™ PS-3 detection reagent for
I min and exposing it to X-ray film for
1-5 min. Housekeeping gene GAPDH was also immuno-

blotted to ensure equal loading of all the samples.

Flow cytometry

U937 cells were washed twice and resuspended at
1 x 10° cells/ml. Non-specific staining was blocked with
fetal bovine serum before cell surface staining with FITC-
labelled monoclonal antibodies against MD-2, TLR4 or
CD14 (Novus Biological, Littleton, CO). Extent and fre-
quency of positively stained cells were visualized using a
FACSCanto system from BD Biosciences (San Jose, CA).

MD-2 small interfering RNA (siRNA) transfection

U937 cells were transfected with 200 nm of stealth MD-2
siRNA (CGCAAAGAAGUUAUUUGCCGAGGAU) (Gen-
Bank accession No. NM 015364) or control siRNA
(CGCAAGAAUUGGUUUAGCCGAAGAU)  (Invitrogen
Corp.) for 24-36 hr using Lipofectamine 2000 (Invitro-
gen) as the transfection reagent by following the manu-
facturer’s instruction.

PCR array

First-strand cDNA was synthesized from RNA using an
RT? First Strand Kit (SuperArray Bioscience Corp., Fred-
erick, MD). Human TLR signalling pathway and matrix/
adhesion molecule RT? Profiler™ PCR arrays were per-
formed using 2x SuperArray RT? qPCR master mix and
the first-strand cDNA by following the instructions from
the manufacturer.

Confocal microscopy

Fluorescence immunocytochemistry for MD-2 and IF-
NGR2 was performed on U937 cells. U937 cells were
rinsed with 10 mm PBS (pH 7-4) and fixed with 4% para-
formaldehyde solution and incubated for 30 min on ice.
Cells were then incubated for 1 hr at room temperature
in 10 mM of PBS containing 5% normal goat serum to
block non-specific binding. For dual immunofluorescence
staining, cells were first incubated overnight at 4° on a
shaker with the following primary antibodies: mouse
anti-MD-2 (1 : 100; Thermo Scientific) and rabbit anti-
IFNGR2 (1 : 100; Santa Cruz Biotechnology, Sant Cruz,
CA) and then washed in 10 mm PBS at room tempera-
ture. Cells were incubated for 1 hr in the dark at room
temperature with secondary goat anti-mouse Alexa Fluor
594 and goat anti-rabbit FITC (1 :500; Abcam,
Cambridge, MA). After washing, cells were mounted
and stored at 4° until analyses. Imaging of fluorescence
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labelling for MD-2 and IFNGR2 was performed using an
Olympus FV1000 confocal microscope equipped with a
four-laser system (Multi AR laser, HeNe G laser, HeNe
R laser, and LD405/440 laser diode) and complete inte-
grated image analysis software system (Olympus America
Inc., Melville, NY). The excitation and emission wave-
lengths were 590/618 nm for Alexa Fluor 594 (Red) and
495/519 nm for FITC (green).

Statistic analysis

Data were presented as mean £ SD. Student’s t-tests were
performed to determine the statistical significance of gene
expression among different experimental groups. A value
of P < 0-05 was considered significant.

Results

TLR4 antagonist Rs-LPS inhibits MMP-1 secretion
stimulated by IFN-y

Our first study was to determine the effect of IFN-y and
high glucose on MMP-1 secretion by U937 mononuclear
cells. Results showed that while either 100 units/ml of
IFN-y or 25 mm of high glucose stimulated MMP-1
secretion, the combination of IFN-y and high glucose had
a synergistic effect on MMP-1 secretion (Fig. la,b). In
addition to IFN-y, our laboratory has shown previously
that LPS also stimulates MMP-1 secretion from U937
cells.” Therefore, we compared the inhibitory effects of
Rs-LPS, a TLR4 antagonist, on the stimulation by IFN-y
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and LPS of MMP-1 secretion. Since Rs-LPS is a TLR4
antagonist, it is not surprising to find that Rs-LPS effec-
tively inhibited LPS-stimulated MMP-1 secretion under
the normal glucose conditions (Fig. la). Interestingly,
we found that Rs-LPS also inhibited IFN-y-stimulated
MMP-1 secretion in a concentration-dependent manner
(Fig. 1a). Furthermore, Rs-LPS inhibited IFN-y-stimu-
lated MMP-1 secretion under high glucose conditions in
a concentration-dependent manner (Fig. 1b). Quantitative
real-time PCR showed that Rs-LPS inhibited IFN-y-stim-
ulated MMP-1 mRNA expression (Fig. 1c), suggesting
that Rs-LPS inhibited IFN-y-stimulated MMP-1 secretion
by attenuating MMP-1 mRNA expression. Since it is
known that Rs-LPS blocks TLR4 signalling by competing
with LPS for the binding sites on MD-2, a TLR4
co-receptor,®”'! these findings indicate that MD-2 may
be involved in IFN-y-stimulated MMP-1 expression.

Blockade of MD-2, but not TLR4 and CD14, inhibits
IFN-y-stimulated MMP-1 secretion

We further determined the role of MD-2 in IFN-y-stimu-
lated MMP-1 expression by performing blocking studies
using anti-MD-2 antibodies. To validate the effectiveness
of the MD-2 antibodies in MD-2 blockade, we conducted
control studies in which the effect of the MD-2 antibodies
on LPS-stimulated MMP-1 secretion was determined.
Results showed that the anti-MD-2 antibodies inhibited
MMP-1 secretion stimulated by LPS under both normal
and high glucose conditions in a concentration-dependent
fashion (Fig. 2a,b). Interestingly, the anti-MD-2 antibodies
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Figure 1. Inhibition of interferon-y (IFN-y) -stimulated matrix metalloproteinase 1 (MMP-1) secretion and expression by Rhodobacter sphaeroides
lipopolysaccharide (Rs-LPS). (a) Inhibition of IFN-y- or LPS-stimulated MMP-1 secretion by Rs-LPS in cells cultured with normal glucose
(5 mm). U937 cells cultured in normal glucose-containing medium were treated with 100 units/ml of IFN-y or 100 ng/ml of LPS in the absence
or presence of different concentrations of Rs-LPS (50-500 ng/ml) for 24 hr. After the treatment, MMP-1 in culture medium was quantified using
ELISA. (b) Inhibition of IFN-y-stimulated MMP-1 secretion and expression by Rs-LPS in cells cultured with high glucose (25 mm). U937 cells
cultured in high glucose-containing medium were treated with 100 units/ml of IFN-y in the absence or presence of different concentrations of
Rs-LPS (50-500 ng/ml) for 24 hr. After the treatment, MMP-1 in culture medium was quantified using ELISA. (c) U937 cells cultured in high
glucose-containing medium were treated with 100 units/ml of IFN-y in the absence or presence of 500 ng/ml of Rs-LPS for 24 hr. After the treat-
ment, cellular MMP-1 mRNA was quantified using real-time PCR and normalized to GAPDH mRNA. The data (mean + SD) were from one of
three experiments with similar results.
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also inhibited IFN-y-stimulated MMP-1 secretion in a con-
centration-dependent manner (Fig. 2¢,d). In contrast, the
isoform-matched control antibodies did not have an inhib-
itory effect (Fig. 2a—d). The blockade of MD-2 also inhib-
ited IFN-y-stimulated MMP-1 secretion from human
normal monocytes (Fig. 2e), indicating that the involve-
ment of MD-2 in IFN-y signalling is not U937 cell-specific.

Contrary to MD-2 blockade, TLR4 or CD14 blockade
failed to inhibit IFN-y-stimulated MMP-1 secretion
whereas TLR4 or CD14 blockade did inhibit LPS-stimu-
lated MMP-1 secretion (Figs 3 and 4). To ensure that
the stimulation of MMP-1 secretion by IFN-y is medi-
ated by IFNGR, we determined the effect of IFNGR
blockade on IFN-y-stimulated MMP-1 secretion. Results
showed that the anti-IFNGR antibodies inhibited IFN-
y-stimulated MMP-1 secretion under both normal and

The involvement of MD-2 in IFN-y signalling

high glucose conditions (Fig. 5a,b). Furthermore, when
both MD-2 and IFNGR were blocked simultaneously,
the extent of the inhibition on MMP-1 secretion was
not further increased compared with the inhibition by
IFNGR blockade alone (Fig. 5¢), suggesting that MD-2
and IFNGR share the same pathway in stimulating
MMP-1 secretion. This notion was further supported
by observations that blockade of MD-2 reduced the
phosphorylation of STAT1, which is considered as a
major signalling pathway for IFN-y'® (Fig. 5d) and
MD-2 was found to be potentially co-localized with
IFNGR on the surface of U937 cells by confocal
microscopy (Fig. 5e).

Studies using MD-2 siRNA showed that MD-2 knock-
down (Fig. 6a) effectively inhibited IFN-y-stimulated
MMP-1 secretion (Fig. 6b). Taken together, these studies
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Figure 3. The effect of Toll-like receptor 4
(TLR4) blockade on lipopolysaccharide- (LPS)
or interferon-y (IFN-y) -stimulated matrix me-
talloproteinase 1 (MMP-1) secretion. (a, b)
U937 cells cultured in normal (a) or high glu-
cose (b) -containing medium were treated with
100 ng/ml of LPS in the absence or presence
of different concentrations (2-5-10 pg/ml) of
anti-TLR4 antibodies for 24 hr. After the treat-
ment, MMP-1 in culture medium was quanti-
fied using ELISA. (¢, d) U937 cells cultured in
normal (c) or high glucose (d) -containing
medium were treated with 100 units/ml of
IFN-y in the absence or presence of different
concentrations (2-5-10 pug/ml) of anti-TLR4
antibodies for 24 hr. After the treatment,
MMP-1 secretion was quantified using ELISA.

Figure 4. The effect of CDI14 blockade on
lipopolysaccharide (LPS) or interferon-y (IFN-
y) -stimulated matrix metalloproteinase 1
(MMP-1) secretion. (a, b) U937 cells cultured
in normal (a) or high glucose (b) -containing
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provide more evidence to support a role of MD-2 in
IFN-y-stimulated MMP-1 expression.

To further assess the effect of MD-2 blockade on IFN-y
signalling, we employed the PCR arrays and compared
the effect of MD-2 blockade with that of IFNGR blockade

306

on IFN-y-stimulated gene expression. Results showed that
IFN-y increased expression of a number of important
pro-inflammatory molecules such as MMP-8, monocyte
chemotactic protein 1 (MCP-1), C-X-C motif ligand
(CXCL)10, intercellular adhesion molecule 1 (ICAM-1),
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Figure 5. The effect of IFNGR blockade on interferon-y (IFN-y) -stimulated matrix metalloproteinase 1 (MMP-1) secretion. (a, b) U937 cells
cultured in normal (a) or high glucose (b) -containing medium were treated with 100 units/ml of IFN-y in the absence or presence of different
concentrations (2-5-10 ug/ml) of anti-IFNGR antibodies for 24 hr. After the treatment, MMP-1 secretion was quantified using ELISA. (c) The
effect of blockade of both IFNGR and MD-2 on IFN-y-stimulated MMP-1 secretion. U937 cells cultured in high glucose-containing medium were
treated with 100 units/ml of IFN-y in the absence or presence of 10 ug/ml of anti-IFNGR, anti-MD-2 or both antibodies for 24 hr. After the
treatment, MMP-1 secretion was quantified using ELISA. (d) The effect of MD-2 blockade on IFN-y-induced signal transducer and activator of
transcription 1 (STAT1) phosphorylation. U937 cells were treated with100 units/ml of IFN-y in the absence or presence of 10 ug/ml of anti-MD-
2 or isoform-matched control antibodies for 10 min. After the treatment, cells were lysed and subjected to immunoblotting of phosphorylated or
total STAT1 as well as GAPDH. (e) Co-localization of MD-2 and IFNGR on the surface of U937 cells. U937 cells were treated with or without
100 units/ml of IFN-y for 24 hr and then incubated with primary anti-MD-2 and IFNGR antibody and fluorescence-labelled secondary antibodies
as described in the Materials and methods. After the incubation, confocal microscopy was performed to localize the expression of MD-2 and
IFNGR. MD-2 was labelled with Alexa 594 (red colour) while IFNGR was labelled with FITC (green colour). The image for IFNGR was merged
with that for MD-2 and the arrows indicate the possible co-localization of MD-2 and IFNGR. Magnification 63 x.

vascular cell adhesion molecule 1 (VCAM-1), interferon mRNA expression. Interestingly, the PCR array showed
regulatory factor 1 (IRF-1), MD-2 and TLR10 (Table 2). that IFN-y had no effect on TLR4 and CD14 mRNA
The stimulation on many of these molecules by IFN-y expression (data not shown). To confirm these findings,
has been reported previously.”' Interestingly, results quantitative real-time PCR was performed. Results
showed that MD-2 blockade exerted a similar inhibition showed that IFN-y and high glucose had a synergy on

to IFNGR blockade on IFN-y-stimulated expression of MD-2 expression (Fig. 8a). In contrast, I[FN-y and high
these molecules (Table 2). The findings from the PCR glucose had no effect on TLR4 and CD14 (Fig. 8b,c).
arrays were confirmed by the quantitative real-time PCR Time—course study showed that the peak stimulation of
of MCP-1, CXCL-10 and ICAM-1 mRNA (Fig. 7a—c). MD-2 mRNA expression by IFN-y after 20 hr of IFN-y
treatment (Fig. 8d). Furthermore, flow cytometry showed
that IFN-y stimulated MD-2 surface protein expression
(Fig. 8e) but had no effect on TLR4 and CD14 surface
From the results of MD-2 knockdown (Fig. 6a) and PCR expression (data not shown). Taking these findings
array (Table 2), we found that IFN-y stimulated MD-2 together, it is indicated that among TLR4, CD14 and

MD-2 is specifically stimulated by IFN-y
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with or without 100 units/ml of IFN-y for 24 hr. At the end of the experiment, the cells were harvested for MD-2 mRNA quantification (a) and
the medium was collected for MMP-1 quantification (b). The MD-2 and MMP-1 mRNA expression by cells transfected with control siRNA and

treated with IFN-y was designated as 100%.

Table 2. Comparison of the inhibition on interferon-y (IFN-y) -stimulated gene expression by anti-MD-2 and anti-IFNyR antibodies

Ct Fold change compared with control
IEN-y in IEN-y in By IEN-y in By IFN-y in
the presence the presence the presence the presence
Gene name Control IEN-y of anti-IFN-yR of anti-MD-2 By IFN-y of anti-IFN-yR of anti-MD-2
MMP-1 27-33 25-88 26-58 27-62 2:73 1-68 0-82
MMP-8 26-98 25-90 26-29 27-05 2-11 1-61 0-95
MCP-1 24-95 22:25 24-23 25-88 6-50 1-65 0-52
CXCL10 27-84 25-31 27-00 2723 578 1-79 1-53
ICAM-1 25-99 24-70 25-89 25-94 2-43 1-.07 1-04
VCAM-1 27-96 26:97 27-36 28-60 1-99 1-52 0-64
Interferon 28-76 26-59 27-70 28-22 4-5 2-08 1-45
regulatory
factor-1
MD-2 27-14 26-04 26-84 27-58 2-14 1-23 0-74
TLR10 2773 26-62 27-04 28-56 2-17 1-61 0-56

U937 cells were treated with 100 units/ml of IFN-y in the absence or presence of 10 ug/ml of anti-IFN-yR or anti-MD-2 antibodies for 24 hr.
After the treatment, RNA was isolated and PCR array was performed as described in Materials and methods. The threshold cycle (Ct) is the cycle

at which the amplification plot crosses the threshold. Smaller Ct means higher gene expression. The Ct of the all gene expression was normalized

to that of GAPDH.

MD-2, three major proteins in TLR4 receptor complex,
MD-2 is specifically up-regulated by IFN-y.

The ERK and JNK pathways mediate MD-2
expression stimulated by IFN-y and high glucose

Since it is known that IFN-y regulates gene expression via
the Janus kinase/signal transducers and activators of tran-
scription (JAK/STAT1) pathway,”' mitogen-activated pro-
tein kinase (MAPK) pathways,22 and nuclear factor-xB
(NF-kB) cascade,” we determined which signalling path-
way is involved in IFN-y-stimulated MD-2 mRNA expres-
sion. Interestingly, results showed that while SB203580
(p38 MAPK pathway inhibitor) had no effect, SP600125

308

(JNK pathway inhibitor) and PD98059 (ERK pathway
inhibitor) inhibited IFN-y-stimulated MD-2 mRNA
expression by 84% and 54%, respectively (Fig. 8f), indi-
cating the involvement of JNK and ERK pathways in
IFN-y-stimulated MD-2 mRNA expression. In contrast,
AG490 (JAK/STAT1 pathway inhibitor) and Bayl17085
(NF-xkB pathway inhibitor) increased IFN-y-stimulated
MD-2 mRNA expression, suggesting a negative regulation
by the JAK/STAT1 and NF-xB pathways on IFN-y-stimu-
lated MD-2 expression.

Since activation of the JNK and ERK pathways leads to
an increased AP-1 transcriptional activity,”>*> we further
examined the effect of IFN-y and high glucose on the
expression of c-Jun and c-Fos, two major subunits of
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AP-1. Results showed that IFN-y and high glucose had a
synergistic effect on c-Jun and c-Fos mRNA and protein
expression (Fig. 8g,h).

MD-2 plays an essential role in the synergistic
stimulation of MMP-1 by LPS and IFN-y

Previous studies have shown that LPS and IFN-y have a
synergy on the up-regulation of pro-inflammatory mole-
cules."”?**” As it is known that MD-2 plays a crucial role
in TLR4 signalling,'"' we determined if MD-2 up-regula-
tion by IFN-y is essential for the augmentation of MMP-
1 secretion by IFN-y and LPS. In this study, we knocked
down MD-2 expression using siRNA (Fig. 9a) and then
determined the effect of MD-2 mRNA knockdown on
MMP-1 expression stimulated by LPS alone or IEN-y plus
LPS. Results showed that MD-2 knockdown significantly
attenuated MMP-1 secretion stimulated by not only LPS
alone, but also the combination of IFN-y and LPS
(Fig. 9b).

Discussion

It was surprising to find that Rs-LPS inhibited IFN-y-
and high-glucose-stimulated MMP-1 expression in U937
mononuclear cells given that Rs-LPS is a TLR4 antago-
nist. The following studies using anti-MD-2 antibodies
and MD-2 siRNA support the notion that MD-2 is
involved in IFN-y-stimulated expression of MMP-1. As
IFN-y is a potent cytokine involved in both innate and
adaptive immunities,”’ these findings suggest that MD-2
may play a more important role in immunity and inflam-
mation than was previously thought.

In fact, the previous studies have shown that MD-2 is
not exclusively involved in TLR4 signalling. For instance,
MD-2 binds to TLR2 besides TLR4** ** and soluble MD-2
is an acute-phase protein that binds to Gram-negative

bacteria as opsonin to enhance phagocytosis.”® Therefore,
it appears that MD-2 has both TLR4-dependent and
TLR4-independent functions. It is likely that while MD-2
primarily conveys TLR4 signalling, it may be also involved
in the signalling pathways mediated by other receptors
such as IFNGR to render a strong and complex responsive-
ness to stimuli such as IFN-y and LPS, which are present
simultaneously.

Interferon-y is a potent stimulator of host inflamma-
tory responses.’>>> It has been well documented that
IFN-y enhances inflammation by stimulating a large
number of pro-inflammatory molecules such as MCP-1,
CXCL10, ICAM-1, VCAM-1 and IRF-1.>' Our findings
from the PCR array (Table 2) and real-time PCR (Fig. 4)
confirmed the stimulatory effect of IFN-y on these genes
in U937 mononuclear cells. Using the anti-MD-2 anti-
body, we showed that the MD-2 blockade inhibited the
stimulatory effect of IFN-y in a similar way to the IFNGR
blockade. For example, IFN-7 increased the expression of
CXCL10, a chemokine also called IFN-y-induced protein
10 (IP-10), to a high level that is nearly sixfold of the
control, but anti-MD-2 and anti-IFNGR antibodies
reduced the stimulatory effect of IFN-y by 73% and 69%,
respectively. By comparing the effect of the MD-2
blockade with that of the IFNGR blockade on IFN-y-
stimulated gene expression, we further demonstrated a
role of MD-2 in IFN-y signalling.

An interesting finding from this study is that while
MD-2 was involved in IFN-y signalling, it was also up-
regulated by IFN-y. As shown in Fig. 8, IFN-y specifically
stimulates MD-2 among TLR4, CD14 and MD-2. As
MD-2 is a crucial co-receptor for TLR4 signalling, the
up-regulation of MD-2 by IFN-y is likely to enhance
TLR4 signalling in response to LPS. Furthermore, as illus-
trated by Fig. 10, it is known that LPS stimulates IFN-y
expression by mononuclear cells’® and released IFN-y
up-regulates MD-2 expression. Clearly, MD-2 mediates
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Figure 8. Interferon-y (IFN-y) and high glu-
cose stimulate MD-2 expression. (a—c) U937
cells cultured with normal or high glucose
were treated with 100 units/ml of IFN-y for
24 hr. After the treatment, MD-2 (a), Toll-like
receptor 4 (TLR4) (b) or CD14 mRNA (c) was
quantified using real-time PCR. (d) Time
course of MD-2 mRNA expression in response
to IFN-y in U937 cells. U937 cells cultured in
high glucose were treated with 100 units/ml of
IEN-y for different times as indicated. At each
time-point, cells were harvested and RNA was
isolated from the cells. MD-2 mRNA was then
quantified using real-time PCR. All the tested
mRNA was normalized to GAPDH mRNA.
The data (mean + SD) were from one of two
experiments with similar results. (e) Surface
expression of MD-2 detected by flow cytome-
try. U937 cells cultured with high glucose were
treated with 100 units/ml of IFN-y for 24 hr.
After the treatment, cells were incubated with
fluorescence-labelled anti-MD-2 antibodies for
30 min and flow cytometry was performed to
detect surface expression of MD-2. (f) The
effects of pharmacological inhibitors on IFN-y-
stimulated MD-2 expression. U937 cells cul-
tured with high glucose were treated with
100 units/ml of IFN-y in the absence or pres-
ence of 10 um of PD98059, 10 um of
SP600125, 10 um of SB203580, 5 um of AG490
or 2-5 um of Bayll17085 for 24 hr. After the
treatment, MD-2 mRNA was quantified using
real-time PCR and normalized to GAPDH
mRNA. (g) The effect of IFN-y and high glu-
cose on c-Jun and c-Fos mRNA expression.
U937 cells cultured with normal or high glu-
cose-containing medium were treated with
100 units/ml of IFN-y for 24 hr. After the
treatment, c-Jun and c-Fos mRNA were quan-
tified using real-time PCR and normalized to
GAPDH mRNA. The data (mean + SD) were
from one of two experiments with similar
results. (h) The effect of IFN-y and high glu-
cose on c-Jun and c-Fos protein expression.
U937 cells were treated as described above and
c-Jun and c-Fos proteins in cytoplasm were
detected using immunoblotting.

stimulate MD-2 expression in U937 cells by 2-95-fold and
2-88-fold, respectively, and the combination of LPS and
lactate led to a 10-46-fold increase in MD-2 expression.>
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Figure 9. The effect of MD-2 mRNA knockdown on matrix metalloproteinase 1 (MMP-1) secretion from cells treated with lipopolysaccharide
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24 hr. At the end of the experiment, the cells were harvested for MD-2 mRNA quantification (a) and the medium was collected for MMP-1
quantification (b). The MD-2 and MMP-1 mRNA expression by cells transfected with control siRNA and treated with LPS was designated as
100%.
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Figure 10. The flow chart revealing a potential MD-2-mediated interaction between lipopolysaccharide (LPS) and interferon-y (IFN-y) signalling
pathways in mononuclear cells: LPS engages Toll-like receptor 4 (TLR4)/MD-2/CD14 complex to stimulate the secretion of IFN-y, matrix metal-
loproteinase 1 (MMP-1) and other pro-inflammatory cytokines. The secreted IFN-y engages IFN-y receptor to stimulate MD-2, MMP-1 and pro-
inflammatory cytokine expression. The secreted MD-2 is involved in both LPS and IFN-y-stimulated gene expression.

Collectively, all these findings indicate that MD-2 is which supports a role of MAPK pathways in the regula-

highly regulated by inflammatory stimuli and so likely to tion of MD-2 expression.
play an important role in controlling inflammatory The interaction of MD-2 with LPS and TLR4 has been
response. well characterized.'"*®** MD-2 is a glycoprotein co-
Roy et al. *® reported that IFN-y induced MD-2 expres- expressed with TLR4 at the surface of various cell
sion on human primary corneal epithelial cells and cor- types.”®* Recent studies have shown that LPS first binds
neal epithelial cell lines via the STAT1 pathway, which is to CD14 and then transfers to a hydrophobic pocket of
different from our observations that IFN-y stimulated MD-2. The binding of LPS with MD-2 leads to the forma-
MD-2 expression in human mononuclear cells via MAPK tion of TLR4 receptor complex comprising TLR4, MD-2,
pathways (Fig. 8f). To propose the possible reasons for CD14, LPS and several additional passively recruited com-
the difference, we believed that the different types of cells ponents, resulting in TLR4-dependent signalling activa-
might use different signalling pathways to control the tion.*>*! Clearly, MD-2 plays a key role in the formation
expression of certain genes. Indeed, we have shown of the TLR4 receptor complex and subsequent LPS signal-
recently that interleukin-6 expression was regulated by ling activation. Based on these studies, it is plausible that
LPS in mononuclear cells and fibroblasts via different sig- targeting MD-2 would disrupt the formation of the TLR4
nalling pathways.”® Interestingly, Li et al. have reported receptor complex and so reduce LPS signalling.
that MAPK pathways including ERK and JNK cascades In contrast to the well-illustrated interaction of MD-2
are required for enhancement of MD-2 gene expression with LPS and TLR4, the interaction of MD-2 with IFNGR
during differentiation of HL-60 cells, a myeloid cell line,”’ remains unclear. However, studies have suggested that
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IFNGR may interact with other accessory factors™ and
MD-2 could be one of them. The IFNGR complex
comprises the heterodimer of two IFNGRI chains and
two IFNGR2 chains.®> In the absence of IFN-y, IFNGR1
and IFNGR2 are unassociated and only bind to inacti-
vated JAKI and JAK2, respectively. Binding of IFN-y to
IFNGRI1 induces the dimerization of IFN-yR1, which
forms a site for binding of IFNGR2. The IFN-y-induced
formation of the complete receptor complex leads to
activation of JAKI and JAK2, and phosphorylation of
IFNGRI1. The phosphorylation of two IFNGRI1 chains
provides a paired set of STAT1 docking sites for two
STAT1 molecules. Activated STAT1 in pairs then move to
the nucleus and activate gene transcription by binding to
the IFN-y activation site (GAS) in the promoter region.

Interestingly, studies on the IFNGR structure and func-
tion relationship found that the complete IFNGR com-
plex including two pairs of IFNGR1 and IFNGR2 is not
sufficient to generate all IFN-y-induced responses.” Fur-
thermore, studies have shown that IFN-y stimulates gene
expression via not only JAK/STAT pathway, but also
MAPK and NF-xB cascades.”>** These observations sup-
port the hypothesis by Garotta and co-workers that other
accessory factors necessary for some functions of IFNGR
may exist.”> Obviously, further investigations are war-
ranted to determine if MD-2 is one of the proposed
accessory factors for IFN-y signalling.

In conclusion, this study has demonstrated that MD-2
is involved in IFN-y signalling and also up-regulated by
IFN-y to enhance inflammatory response. The findings
suggest that MD-2 is a potential target for reducing the
expression of pro-inflammatory molecules by mononu-
clear cells in response to not only LPS, but also IFN-y,
and hindering the progression of atherosclerosis in both
non-diabetic and diabetic patients.
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