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Abstract

Background/Aims: Lipopolysaccharide (LPS)-activated monocytes/macrophages develop
endotoxin tolerance in part by reducing cell surface toll-like receptor 4 (TLR4) through
cluster of differentiation 14 (CD14)-dependent endocytosis. In case of endothelial cells,
CD14 is expressed in low copy numbers as compared with monocytes/macrophages. Thus,
we explored how endothelial cells regulate TLR4 expression after LPS stimulation. Methods:
Cultured human aortic endothelial cells (HAECs) were treated with LPS. TLR4 expression
was analyzed by Western blot analysis and immunofluorescence staining. A disintegrin and
metalloprotease 17 (ADAM17) activity was measured using a fluorescent substrate. Results:
TLR4 in cell lysate began to decrease within 30 min of LPS treatment with a maximal reduction
at 2 h, and it was accompanied by an increase of N-terminal fragment of TLR4 in culture
supernatant, indicating ectodomain shedding of the receptor. LPS activated p38 mitogen-
activated protein kinase (p38 MAPK) and ADAM17, while LPS-induced ADAM17 activation was
inhibited by SB203580, a p38 MAPK inhibitor. LPS-induced ectodomain shedding of TLR4 was
attenuated by siRNA depletion of ADAM17 as well as TAPI-2 (an inhibitor of ADAM family) and
SB203580. LPS pretreatment resulted in a blunted response of p38 MAPK activation to further
LPS stimulation. In the cells depleted of ADAM17, LPS-induced p38 MAPK activation was
prolonged and LPS-induced intercellular adhesion molecule-1 expression was potentiated.
Conclusion: HAECs respond to LPS by rapid shedding of the ectodomain of TLR4 and thereby
reduce the responsiveness to subsequent LPS exposure. ADAM17, downstream of p38 MAPK,

is implicated in the ectodomain cleavage of TLR4.
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Introduction

InGram-negativebacteremia,monocytes/macrophagesinteractwithlipopolysaccharides
(LPS) and release proinflammatory cytokines to eradicate the invading bacteria [1]. Massive
release of cytokines, however, may cause multiorgan failure and even death [1, 2]. Accordingly,
the response to LPS should be tightly regulated.

Downregulation of cell surface receptor is one of the defense mechanisms to avoid
excessive inflammation. It can be accomplished by regulating biosynthesis, trafficking to
the cell surface or degradation of the receptor. Receptor degradation occurs in endosomes
and lysosomes following endocytosis [3]. Ectodomain shedding of the receptor also rapidly
decreases the number of effective receptors [4]. In endothelial cells [5], for example, tumor
necrosis factor-a (TNF-a) binding to its receptor leads to internalization of ligand-receptor
complex. Thereceptor endocytosisislinked to activation of nuclear factor kB, but the resultant
loss of cell surface receptors desensitizes the cells to TNF-a. In addition, TNF-o. signaling
activates a disintegrin and metalloprotease (ADAM) 17 which cleaves the ectodomain region
of TNF receptors [6]. Ectodomain shedding of the receptors not only reduces the number of
receptor on the cell surface but also releases decoy receptors that compete with cell surface
receptors for ligand binding [4].

LPS exerts its cellular effects by binding to toll-like receptor 4 (TLR4) on the cell surface
[7]. In the bloodstream, LPS-binding protein captures LPS and transfers it to cluster of
differentiation 14 (CD14). Formation of LPS-CD14 complex facilitates the transfer of LPS
to TLR4/myeloid differentiation-2 complex which leads to dimerization of the receptor
[8]. Thereafter, a cytoplasmic Toll/interleukin-1 receptor domain of TLR4 recruits adaptor
molecules TIRAP, MyD88 and IRAK kinases activating the signal pathway to produce
inflammatory cytokines and adhesion molecules such as intercellular adhesion molecule-1
(ICAM-1) [7, 9]. In monocytes/macrophages, activated TLR4 complexes are internalized
into endosomes where TRAM and TRIF are recruited to TLR4, activating the signal pathway
producing type I interferons [7]. Endocytosed TLR4 ultimately undergoes degradation
within lysosomes [10]. The loss of cell surface TLR4 by endocytosis desensitizes activated
monocytes/macrophages to LPS [11, 12].

The necessity of CD14 for cellular response to LPS depends on the concentration of LPS.
Low concentrations of LPS require CD14 to activate MyD88-dependent pathway, but high
concentrations (>10 ng/ml) of LPS activate MyD88-dependent pathway even in the absence
of CD14 [13, 14]. To induce endocytosis of activated TLR4 linked to activation of TRAM-TRIF
pathway, however, LPS requires CD14 even at high concentrations [13, 14].

Besides monocytes/macrophages, LPS interacts with endothelial cells lining the blood
vessels. Endothelial cells also express TLR4 and are known to be activated by LPS through TLR4
[15, 16]. However, LPS signaling in endothelial cells may not be the same with that in monocytes/
macrophages. While monocytes/macrophages abundantly express CD14 that is indispensable for
endocytosis of activated TLR4, endothelial cells do express, but much lower level of CD14 [17-
19]. In macrophages and mast cells deficient of CD14, LPS stimulation was shown to primarily
activate MyD88 pathway, but little activate TRAM-TRIF pathway that is linked to endocytosis of
TLR4 [13, 20]. Thus, endothelial cells might be different from monocytes/macrophages in the way
of regulation of cell surface TLR4 following exposure to LPS.

TLR4 is one of type I transmembrane proteins. Recently, we found that TLR4 is subject to
ectodomain shedding by ADAM10 when human aortic endothelial cells (HAECs) are treated
with 1,25-dihydroxyvitamin D, (1,25D,) or Bay K8644, an L-type calcium channel agonist
[16]. Ectodomain shedding of TLR4 resulted in desensitization of the cells to LPS stimuli. LPS
is known to rapidly activate ADAM17 through p38 mitogen-activated protein kinase (p38
MAPK) pathway [21]. ADAM17 is also implicated in the ectodomain cleavage of diverse type |
transmembrane proteins and shares many substrates with ADAM10 [22].

In the present study, we hypothesized that endothelial cells activated by LPS may
downregulate the response to further LPS stimuli by shedding cell surface TLR4, and explored
this possibility in HAECs.
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Materials and Methods

Materials

LPS (from Escherichia coli 0111:B4), dynasore and 4’,6-diamidino-2-phenylindole dihydrochloride
(DAPI) were from Sigma Chemical Co. (St. Louis, MO, USA). SB203580 and dimethyl sulfoxide (DMSO) were
from EMD Chemicals (Darmstadt, Germany). TAPI-2 was from Cayman Chemical (Ann Arbor, MI, USA).
Antibodies to human TLR4 (H-80: a rabbit polyclonal antibody against amino acids 242 - 321 of human
TLR4; 76B357.1: a mouse monoclonal antibody against amino acids 100 - 200 of human TLR4), p38 MAPK,
ICAM-1, ADAM10 and actin were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibody to human
ADAM17 was from Abcam. Phospho-p38 MAPK (Thr180/Tyr182) was from Cell Signaling Technology
(Denvers, MA, USA). ADAM17-siRNA, ADAM10-siRNA, TLR4-siRNA and control-siRNA (Ambion®) were
from Life Technologies (Paisley, UK). The fluorogenic substrate for ADAM17, 5-FAM-Ser-Pro-Leu-Ala-GIn-
Ala-Val-Arg-Ser-Ser-Ser-Arg-Lys(5-TAMRA)-NH,, was from Enzo Life Sciences, Inc. (Farmingdale, NY, USA).

Cell culture

Primary HAECs were obtained from Lonza Walkersville, Inc. (Walkersville, MD, USA). Cells were
cultured in EBM-2 endothelial growth basal medium (Lonza Walkersville, Inc.) and passaged 3-5 times.
Before each experiment, the cells were rested in M199 Hank’s medium (Life Technologies) containing 1%
FBS for 24 h. Thereafter, the medium was replaced with serum-free M199 Hank’s medium (Ca?* 1.26 mM)
followed by the addition of signal inhibitors and LPS.

Transfection of siRNA

HAECs were seeded in 6-well plates and cultured for 24 h. To prepare siRNA-lipofectamine complexes,
siRNAs were incubated for 15 min with Lipofectamine® Reagent (Life Technologies) diluted in Opti-MEM®
medium (Life Technologies) at room temperature. Transfection of siRNA was performed by adding the
siRNA-lipofectamine complexes to the cells in serum-free culture medium and incubating the cells for 6 h at
37 °CinaCO, incubator. The cells were further cultured for 18 h in EBM-2 endothelial growth basal medium.
Thereafter, the cells were rested for 24 h in M199 Hank’s medium containing 1% FBS and then subjected to
the experiments.

Western blot analysis

Treated cells were washed with phosphate buffered saline (PBS) and incubated on ice for 10 min with
cold lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 0.25% sodium deoxycholate, 1% NP-40, protease
and phosphatase inhibitors). The lysed cells were collected using a plastic cell scraper, transferred to a
microcentrifuge tube and centrifuged at 4°C (10,000 x g) for 20 min, and the supernatant was obtained
as whole cell lysate. The cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to an Immobilon-P membrane (Merck Millipore Co., Darmstadt, Germany).
Then, the membrane was incubated with the primary antibody, followed by washing and further incubation
with horseradish peroxidase conjugated secondary antibody. Thereafter, the protein bands were visualized
using the enhanced chemiluminescence agent (Luminata™ Forte Western HRP Substrate; Merck Millipore
Co.).

To detect TLR4 in culture medium of the treated cells, equal amounts of culture supernatants were
concentrated 30-fold using Amicon® Ultra 10K device (Merck Millipore Co.). Thereafter, the samples were
incubated with 5x sample buffer for 30 min at 37°C and subjected to immunoblot with anti-TLR4 antibody
(76B357.1).

Immunofluorescence staining

TLR4 expression on the cell surface was examined by immunofluorescent staining. Treated cells were
fixed with 4% paraformaldehyde for 10 min, but not treated with cell membrane permeabilizing agent. To
block the nonspecific binding, the cells were incubated for 60 min with 1% bovine serum albumin in PBS.
Thereafter, the cells were incubated with a mouse antibody against the amino acids in the extracellular
domain of human TLR4 (76B357.1, 1:100 dilution) overnight at 4 °C, washed 3 times with PBS and then
incubated with FITC-conjugated anti-mouse IgG secondary antibody. Immunostained cells were visualized
using a confocal microscope.
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Metalloprotease activity assay

To assess ADAM17 activity, we measured the metalloprotease activity in cell lysate using 5-FAM-Ser-
Pro-Leu-Ala-Gln-Ala-Val-Arg-Ser-Ser-Ser-Arg-Lys(5-TAMRA)-NH,, a fluorogenic substrate for ADAM17.
FAM fluorescence of this substrate is quenched by the TAMRA group until they are separated by enzymatic
cleavage. Treated HAECs were lysed and whole cell lysates were obtained as in Western blot analysis.
Thereafter, 50 pl of cell lysates (20 pug) or cell lysis buffer (to measure background fluorescence) were
incubated with 50 pl of fluorogenic substrate in Hanks’s balanced salt solution (2 uM) at 37 °C for 60 min.
The fluorescent intensity was measured at 60 min using a fluorescence plate reader (SPECTRmax® GEMINI
XS system; Molecular Devices, Sunnyvale, CA, USA) at 485 nm excitation and 535 nm emission wavelengths.
Enzyme activity was expressed as a fold change in the fluorescence intensity compared with the control.

Statistical analysis

Data are presented as means * SE (standard error), with n representing the number of different
experiments. An analysis of variance with Scheffe’s multiple-comparison test was used to determine
statistically significant differences between

groups. A p value of <0.05 was considered A
statistically significant.

TLR4
Results

Medium

LPS induces ectodomain shedding of

TLR4

To test whether LPS causes ectodo-
main shedding of TLR4, we incubated Actin
HAECs with LPS for up to 24 h, and ob- i
tained the conditioned media and whole T TR L
cell lysates. TLR4 in the cell lysate was LPS (100 ngimi)
measured by Western blot using a poly- B o ©
clonal antibody against TLR4. As shown o
in Fig. 1A, cellular TLR4 began to decrease
within 30 min after LPS treatment with a
nadir at about 2 h, and then returned to-
ward the basal level. To determine wheth-
er this reduction was caused by ectodo-
main shedding of the receptor, the condi-
tioned medium was subjected to Western
blot using a monoclonal antibody against

the epitope in the N-terminus of TLR4. I\I[:S:lo.; in | ——
TLR4 immunoreactivity was detected in LPS 0 1 10 1001000 Acﬁnols
: (ng/ml)

the culture supernatant and it appeared PS - & . 4
at ~ 48 kDa in size. The decrease in cel- Control-siRNA TLR4-siRNA
lular TLR# after LPS treatment was ac- Fig. 1. LPS induces ectodomain shedding of TLR4.

companied by an ir}crease in N-terminal (A) HAECs were incubated with LPS (100 ng/ml)
fragment of TLR4 in the cultur'e SUPEI™  for different times. (B) HAECs were incubated with
nfitant' LPS-induced ectodomain shed- different concentrations of LPS for 60 min. (C) HAECs
ding of TL[_M" was dose-dependent at the were transfected with control-siRNA or TLR4-siRNA,
Co_ncentratlons between 1 ~ 1,000 ng/ml and then incubated with or without LPS (100 ng/ml)
(Fig. 1B). . for 60 min. Cell lysates and culture supernatants were

To test the specificity of the TLR4 analyzed by Western blotting using a polyclonal anti-

bands, VYE transfected Fhe cells with TLR4 antibody (cell lysates) or a monoclonal antibody
control-siRNA or TLR4-siRNA and then against the N-terminal region of human TLR4 (culture

incubated _the _Cells with or without LP.S' media). (n=3, *p<0.05 compared with control, **p<0.05
As shown in Fig. 1C, both TLR4 bands in compared with control-siRNA plus LPS).
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the culture supernatant and whole
cell lysate were markedly decreased
by TLR4-siRNA transfection.

Involvement of p38 MAPK

and ADAM17 in LPS-induced

ectodomain shedding of TLR4

To test whether p38 MAPK
and ADAM17 are implicated in the
LPS-induced ectodomain shedding
of TLR4, we preincubated the cells
with or without SB203580 (an in-
hibitor of p38 MAPK) and TAPI-2
(an inhibitor of ADAM family), and
then stimulated with LPS for 60
min. As shown in Fig. 2, both inhibi-
tors prevented LPS-induced ectodo-
main shedding of TLRA4.

To investigate the effect of
specific depletion of ADAM17, we
transfected the cells with control-

Fig. 2. LPS-induced
ectodomain  shed-
ding of TLR4 is pre-
vented by inhibi-
tors of p38 MAPK
and ADAMs. HAECs
were preincubated
with SB203580 (10
uM), TAPI-2 (10 uM)
or DMSO (vehicle)
for 30 min, followed
by incubation with

LPS - s e
LPS (100 ng/ml) for $E;|ogsso . i + . .
60 min. Cell lysates DMSO - - - -+

and culture culture

Medium

supernatants were analyzed by Western blotting using a poly-
clonal anti-TLR4 antibody (cell lysates) or a monoclonal anti-
body against the N-terminal region of human TLR4 (culture
media). (n=3, *p<0.05 compared with control, #p<0.05 com-

pared with LPS).

siRNA or ADAM17-siRNA and
then incubated the cells with
or without LPS. As shown in Fig
3A, depletion of ADAM17 abol-
ished LPS-induced ectodomain
shedding of TLR4.

Because ADAM10 was also
reported to participate in LPS
signaling [23], we examined the
possible role of ADAM10 in LPS-
induced ectodomain shedding
of TLR4. As shown in Fig. 3B,
LPS-induced ectodomain shed-

Medium

Cell lysate

Actin 0.5

LPS - +

Medium

Cell lysate

ding of TLR4 was not affected
by ADAM10 depletion.

LPS activates p38 MAPK

To determine the temporal
changes of p38 MAPK activation
after LPS treatment, we treated
the cells with LPS for different
times up to 180 min. As shown
in Fig. 4, p38 MAPK was mark-
edly phosphorylated in 15 min
after LPS treatment with a sub-
sequent decrease in phosphory-
lation.

Control-siRNA ADAM10-siRNA

Control-siRNA ADAM17-siRNA

Fig. 3. ADAM17 is implicated in LPS-induced ectodomain shed-
ding of TLR4. (A) HAECs were transfected with control-siRNA or
ADAM17-siRNA, and then incubated with or without LPS (100 ng/
ml) for 60 min (n=4). (B) HAECs were transfected with control-
siRNA or ADAM10-siRNA, and then incubated with or without LPS
(100 ng/ml) for 60 min (n=3). Cell lysates and culture superna-
tants were analyzed by Western blotting using a polyclonal anti-
TLR4 antibody (cell lysates) or a monoclonal antibody against the
N-terminal region of human TLR4 (culture media). (*p<0.05 com-
pared with control).

LPS activates ADAM17 through p38 MAPK pathway

Next, we examined whether LPS activates ADAM17,and whether p38 MAPKis implicated
in the activation of ADAM17. ADAM17 activity was estimated by the increase in fluorescence
intensity resulted from the enzymatic cleavage of a fluorogenic ADAM17 substrate. Because
the substrate is not specific to ADAM17 and may also be cleaved by other ADAMs and matrix
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metalloproteinases (MMPs), we compared
the metalloprotease activity in the control
cells and ADAM17-depleted cells. As shown
in Fig. 5A, transfection of ADAM17-siRNA
markedly depleted ADAM17 as compared
with the control. In the cells transfected
with control-siRNA, LPS increased the me-
talloprotease activity. In the cells depleted
of ADAM17, however, LPS had little effect
on the metalloprotease activity. Thus, the
increase in the metalloprotease activity af-
ter LPS treatment represents mainly the in-
crease in ADAM17 activity.

To test whether p38 MAPK is
implicated in the LPS-induced ADAM17
activation, we preincubated the cells with
or without SB203580, and stimulated them
with LPS for 60 min, and then measured the
metalloprotease activity in the cell lysates.
As shown in Fig. 5B, SB203580 abolished
the stimulatory effect of LPS on ADAM17
activity.

LPS induces the loss of TLR4 on the cell

surface

Ectodomain shedding of TLR4 should
result in the reduction of TLR4 expression
on the cell surface. To test whether this
is the case, we examined the cell surface
expression of TLR4 by immunofluorescent
staining. The cells were preincubated
with or without SB203580 or TAPI-2, and
stimulated with LPS for 60 min. After fixation
but without permeabilization of the cell
membrane, the cells were immunostained
for TLR4 using a monoclonal antibody
against the N-terminal region of human
TLR4. Our previous study demonstrated
that this antibody is specific to TLR4 as the
expression of TLR4 was markedly reduced
in the cells depleted of TLR4 by siRNA
transfection [24]. Consistent with the data
of Western blot, LPS caused a decrease of
TLR4 expression on the cell surface, and
this effect of LPS was inhibited by SB203580
and TAPI-2 (Fig. 6).

Endocytosis does not account for the

rapid loss of cell surface TLR4

In monocytes/macrophages, loss of
cell surface TLR4 after exposure to LPS was
mainly attributed to endocytosis and was

Time (min) 0 15 30 60 120 180

LPS

Fig. 4. LPS activates p38 MAPK. HAECs were
incubated with LPS (100 ng/ml) for different times
as indicated. Whole cell lysates were immunoblotted
with antibody to p-p38 MAPK or p38 MAPK. (n=3,
*p<0.05 compared with control, **p<0.05 compared
with 15 min).

A B

-
'y
w

Enzyme activity on
ADAMA17 substrate
- )
+
+
Enzyme activity on
ADAM17 substrate
- N
*
H:

DMSO + - +

Control-siRNA ADAM17-siRNA SB203580- + ) .

kDa

ADAM17‘9 Q -_— -«-{”5
A ——
ADAM17/ 1
Actin 0.5
LPS - + -«
Control-siRNA ADAM17-siRNA

Fig. 5. LPS activates ADAM17 through p38 MAPK
pathway. (A) HAECs were transfected with control-
siRNA or ADAM17-siRNA. Forty-eight hours later,
the cells were treated with or without LPS (100 ng/
ml) for 60 min. (B) HAECs were preincubated with
or without SB203580 (10 uM) or DMSO (vehicle)
for 30 min, and then further incubated with or
without LPS (100 ng/ml) for 60 min. Cell lysates
(20 pg) were incubated with a fluorogenic ADAM17
substrate (a final concentration of 1 M) for 60 min
and fluorescent intensity was measured. Enzyme
activity was expressed as a fold change in the
fluorescence intensity compared with the control.
(n=5, duplicated, *p<0.05 compared with control,
**p<0.05 compared with control-siRNA plus LPS,
#p<0.05 compared with LPS) In the cells transfected
with siRNA, cell lysates were immunoblotted with
an antibody to ADAM17 or actin. (n=5, *p<0.05
compared with control).

prevented by dynasore (an inhibitor of endocytosis) [25]. Thus, we examined whether dyna-
sore has such an effect in HAECs. In contrast to monocytes/macrophages, dynasore did not
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prevent the loss of
cell surface TLR4 fol-
lowing LPS treatment
(Fig. 7A).

We further ex-
amined whether inhi-
bition of endocytosis

Con
(274 Ab only)

trol Control

LPS
+ TAPI-2

+ SB203580

increases shedding of
TLR4 after LPS stimu-
lation. The cells were
preincubated  with
or without dynasore,
and then stimulated
with LPS for 60 min.
As shown in Fig. 7B,
dynasore had no sig-
nificant effect on LPS-
induced ectodomain shed-
ding of TLRA4.

LPS pretreatment
attenuates the response
to further LPS stimuli,

while  depletion  of

ADAM17  potentiates

the cellular effects of

LPS

To assess how the
ectodomain shedding of

TLR4 affects the response
to further LPS stimuli, we
compared LPS-induced p38
MAPK phosphorylation in
LPS-pretreated cells and
untreated cells. With con-
sideration for the temporal
changes of p38 MAPK phos-
phorylation after LPS treat-
ment in Fig. 4, LPS pretreat-
ment was accomplished by
being incubated with LPS
for 2 h and washed with
PBS. While LPS increased
p38 MAPK phosphorylation
at 15 min by 5-fold over
basal level in the cells that
received no pretreatment,

Fig. 6. LPS induces the loss of TLR4 on the cell surface. HAECs were
preincubated with SB203580 (10 puM), TAPI-2 (10 pM) or DMSO (vehicle)
for 30 min, followed by incubation with or without LPS (100 ng/ml) for 60
min. Thereafter, the cells were fixed with 4% paraformaldehyde without
permeabilization, immunostained for TLR4 using a monoclonal antibody
against the N-terminal region of human TLR4, and visualized with confocal
microscopy. Cell nuclei were stained with DAPI. Representative images from
three independent experiments are shown.

B
£
=
2
D
=
Control Control k e ;
(2" Ab only) 7 A s -
1 ol Eo .
TLR4 ¢ - -
Q
2 TLRdli B
s 4
2 - ]
LPS TLR4 1
+ Dynasore Actin 0.5 * .
LPS - - + 4
Dynasore - + C z

Fig. 7. Endocytosis does not account for the rapid loss of cell surface
TLR4. HAECs were preincubated with dynasore (80 pM) or DMSO
(vehicle) for 30 min, followed by incubation with LPS (100 ng/ml)
for 60 min. (A) Cells were fixed with 4% paraformaldehyde without
permeabilization, immunostained for TLR4 using a monoclonal
antibody against the N-terminal region of human TLR4, and visualized
with confocal microscopy. Cell nuclei were stained with DAPI.
Representative images from three independent experiments are
shown. (B) Cell lysates and culture media were analyzed by Western
blotting using a polyclonal anti-TLR4 antibody (cell lysates) or a
monoclonal antibody against the N-terminal region of human TLR4
(culture media). (n=3, *p<0.05 compared with control).

the stimulatory effect of LPS was markedly reduced in LPS-pretreated cells (Fig. 8A).

Next, we examined how LPS signaling is affected when ectodomain shedding of
TLR4 is prohibited by depletion of ADAM17. We first compared the changes in p38
MAPK phosphorylation over time after LPS stimulation in the control cells and ADAM17-
depleted cells (Fig. 8B). HAECs were transfected with control-siRNA or ADAM17-siRNA,
and then incubated with LPS for 15, 60 or 120 min. Western blot analysis revealed similar
phosphorylation of p38 MAPK at 15 min after LPS treatmentregardless of ADAM17 depletion.
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Fig. 8. LPS pretreatment at-
tenuates the response to further
LPS stimuli, while depletion of
ADAM17 potentiates the cellular
effects of LPS. (A) HAECs were
pretreated with medium alone or
LPS (100 ng/ml) for 2 h, washed
and then stimulated for 15 min
with LPS (100 ng/ml). Whole cell

LPS - + - +

LPS LPS
pretreatment (-) pretreatment (+)

LPS LPS
pretreatment (-) pretreatment (+)

B C

lysates were immunoblotted with
antibody to p-p38 MAPK or p38
MAPK. (n=5, *p<0.05 compared

p-p38 1
p38 0.5

ADAM17

Actin

ICAM.1/ 1
Actin 0.5

Actin Les

with control, **p<0.05 as com-
pared with LPS-stimulated cells
that received no pretreatment) (B)
HAECs were transfected with con-
trol-siRNA or ADAM17-siRNA, and
then incubated with LPS (100 ng/ml) for 15, 60 or 120 min. Whole cell lysates were immunoblotted with
antibody to p-p38 MAPK, p38 MAPK, ADAM17 or actin. (n=5, *p<0.05 compared with control-siRNA at 15
min, ¥p<0.05 as compared with control-siRNA at 60 min, #p<0.05 as compared with control-siRNA at 120
min) (C) HAECs were transfected with control-siRNA or ADAM17-siRNA, and then incubated with or with-
out LPS (100 ng/ml) for 24 h. Whole cell lysates were immunoblotted with antibody to ICAM-1, ADAM17 or
actin. (n=3, *p<0.05 compared with control-siRNA only, “p<0.05 as compared with control-siRNA plus LPS).

Control-siRNA  + - + - + &
ADAM17-siRNA - * - + - +

LPS

15 min 60 min 120 min

In the control cells, there was a marked decline in phosphorylation of p38 MAPK over time.
In the cells depleted of ADAM17, however, phosphorylation of p38 MAPK remained elevated
at 60 and 120 min.

We next compared LPS-induced ICAM-1 expression in the control cells and ADAM17-
depleted cells. In our previous study [16], LPS stimulated ICAM-1 expression, through
TLR4-p38 MAPK axis, with a peak value at 8 h and then a significant decrease at 24 h. HAECs
were transfected with control-siRNA or ADAM17-siRNA, and then incubated with LPS for 24
h to determine the delayed effect of LPS. As shown in Fig. 8C, LPS-induced ICAM-1 expression
was significantly elevated in the cells depleted of ADAM17 as compared with control cells.

Discussion

In the present study, we found that LPS rapidly induces ectodomain shedding of TLR4
in HAECs, which desensitizes the cells to LPS. ADAM17 was implicated in the ectodomain
cleavage of TLR4.

A rapid loss of cell surface TLR4 after exposure to LPS was first reported in mouse
peritoneal macrophages [11, 12]. When the macrophages were stimulated with 100 ng/ml
LPS, cell surface TLR4 expression began to decrease within 1 h and remained suppressed
over 24 h. In the subsequent other studies [10, 26], the loss of cell surface TLR4 after LPS
stimulation in monocytes/macrophages was attributed to endocytosis of TLR4. Likewise,
we also observed a rapid loss of cell surface TLR4 in HAECs after exposure to LPS, but the
mechanism was different from that in monocytes/macrophages. TLR4 decreased rapidly in
whole cell lysate upon exposure to LPS. The reduction in cellular TLR4 was accompanied
by an increase in TLR4 immunoreactivity in the culture supernatant. The size of TLR4 in
the culture supernatant detected by the monoclonal antibody recognizing the N-terminus of
TLR4 was ~ 48 kDa. Considering that the size of the full-length TLR4 is ~ 95 kDa, it indicates
a fragment of TLR4 containing N-terminal portion produced by cleavage of the ectodomain
region. The specificity of the TLR4 bands was validated by the finding that depletion of
TLR4 by siRNA transfection resulted in a loss of both N-terminal fragment of TLR4 in the
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culture supernatant and TLR4 in whole cell lysates. Consistent with the Western blot data,
immunofluorescent staining of TLR4 in non-permeabilized HAECs demonstrated a marked
reduction of TLR4 at the cell surface after LPS treatment. The decrease in cellular TLR4 was
maximal at 2 h and then began to return towards the basal level thereafter, which may be
because the cleaved TLR4 was replenished later by newly synthesized TLR4.

Unlike in monocytes/macrophages, receptor endocytosis did not have the major role
in the decrease of cell surface TLR4 following LPS stimulation in HAECs as the inhibition of
endocytosis did not prevent it. Endothelial cells are different from monocytes/macrophages
in the amount of CD14 expressed on the cell surface, which may make the difference.
LPS-induced endocytosis of cell surface TLR4 is dependent on the presence of CD14 as
TLR4 internalization is not observed in the cells deficient of CD14, but becomes evident
after transfection of CD14 c¢cDNA in CD14-deficient cells [26]. While CD14 is abundantly
expressed on monocytes/macrophages (approximately 110, 000 molecules per monocyte/
macrophage), it is expressed at much lower level on endothelial cells (2, 000 ~ 2, 500
molecules per endothelial cell) [17]. Of the endothelial cells, HAECs were shown to express
significantly lower amount of CD14 than microvascular endothelial cells [27].

Metalloproteases like ADAMs regulate the expression of receptors on the cell surface by
enzymatic cleavage of the extracellular domains [4]. Diverse cell surfacereceptors such as TNF
receptors and interleukin 6 receptor are substrates of ADAMs [28-31]. In the present study,
LPS increased the activity of metalloprotease catalyzing the cleavage of ADAM17 substrate.
Though the substrate can also be catalyzed by other MMPs, this increase in metalloprotease
activity was completely prevented by siRNA depletion of ADAM17, indicating that ADAM17
accounted for the majority of LPS-induced metalloprotease activity. It is in agreement
with the previous studies that demonstrated LPS rapidly increases ADAM17 activity [21,
32]. Ectodomain shedding of TLR4 following LPS stimuli was dependent on ADAM17 as it
was completely prevented by specific depletion of ADAM17 by siRNA transfection as well
as TAPI-2, a broad spectrum ADAM inhibitor. Recently, we reported that 1,25D, induces
ectodomain shedding of TLR4 in HAECs [16]. In this case, ADAM10, activated by extracellular
Ca? influx, was implicated in ectodomain cleavage of TLR4. ADAM17 and ADAM10 are
activated by different stimuli, but may catalyze the same substrate. For example, both
phorbol 12-myristate 13-acetate and ionomycin cause ectodomain shedding of CD44, but
it is mediated differently by ADAM17 and ADAM10, respectively [33]. Likewise, our data
suggest that ADAM17 as well as ADAM10 are implicated in ectodomain shedding of TLR4
depending on the nature of stimuli to the cells.

On treatment of HAECs with LPS, p38 MAPK was markedly phosphorylated in 15
min and then the magnitude of this phosphorylation declined with time. The level of p38
MAPK phosphorylation at 15 min after LPS treatment was not affected by depletion of
ADAM17, indicating p38 MAPK activation occurs independently of ADAM17. In contrast, the
increase in ADAM17 activity by LPS was abolished by pretreatment with SB203580, a p38
MAPK inhibitor. The findings indicate that p38 MAPK phosphorylation preceeds ADAM17
activation. The mechanism of ADAM17 activation has not been fully understood, but p38
MAPK was shown to be related to activation of ADAM17 in the previous studies. In human
monocytes [21], LPS up-regulated ADAM17 activity within 30 min without increasing cell
surface ADAM17 expression, in which p38 MAPK activation was a prerequisite for the
increase in ADAM17 activity. In Ca cells [34], p38 MAPK activation caused an increase in
mature ADAM17 on the cell surface. This study reported that p38 MAPK directly activates
ADAM17 by phosphorylating Thr’*® in the ADAM17 cytoplasmic domain, which suggests
that other inflammatory stimuli activating p38 MAPK may also activate ADAM17. In support
of it, TNF-a was shown to activate ADAM17 following activation of p38 MAPK in tubular
epithelial cells [35]. In other studies [36, 37], however, the activation ADAM17 did not rely
on its cytoplasmic domain or phosphorylation of Thr”**. Thus, it remains to be investigated
whether p38 MAPK directly participates in ADAM17 activation.

Depending on the site of cleavage, ectodomain shedding of areceptor results in inhibition
or constitutive activation of the receptor. Loss of effective binding receptors causes decreased
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response of the cells to the ligand [4]. In contrast, the removal of an inhibitory domain may
cause constitutive activation of the receptor [38]. TLR4 consists of an extracellular domain, a
transmembrane domain and a cytoplasmicdomain [39]. The transmembrane and cytoplasmic
domains of TLR4 were shown to have an intrinsic dimerization propensity leading to
activation of the receptor, while the extracellular domain inhibited the spontaneous receptor
dimerization [38]. The inhibitory part of the extracellular domain was about 20 amino acid
residues near the transmembrane domain. In the present study, TLR4 ectodomain shedding
after LPS treatment resulted in a blunted response of p38 MAPK phosphorylation to further
LPS stimulation. Conversely, prevention of TLR4 ectodomain shedding by siRNA depletion of
ADAM17 led to potentiation of LPS effects on p38 MAPK activation and ICAM-1 expression.
The findings suggest that the cleavage of TLR4 desensitizes the cells to LPS by cutting the
extracellular domain distal to the inhibition region of the receptor and thereby decreasing
the number of effective receptors.

Conclusion

In summary, HAECs respond to LPS by rapid shedding of the ectodomain of TLR4
and thereby reduce the responsiveness to subsequent LPS exposure. ADAM17, activated
following p38 MAPK, is implicated in the ectodomain cleavage of TLRA4.
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