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The Journal of Immunology

Bacterial Lipoprotein TLR2 Agonists Broadly Modulate

Endothelial Function and Coagulation Pathways In Vitro

and In Vivo

Hae-Sook Shin,*,† Fengyun Xu,‡ Aranya Bagchi,*,† Elizabeth Herrup,x Arun Prakash,‡

Catherine Valentine,{,‖ Hrishikesh Kulkarni,‡ Kevin Wilhelmsen,‡ Shaw Warren,†,#,**

and Judith Hellman‡

TLR2 activation induces cellular and organ inflammation and affects lung function. Because deranged endothelial function and

coagulation pathways contribute to sepsis-induced organ failure, we studied the effects of bacterial lipoprotein TLR2 agonists,

including peptidoglycan-associated lipoprotein, Pam3Cys, and murein lipoprotein, on endothelial function and coagulation path-

ways in vitro and in vivo. TLR2 agonist treatment induced diverse human endothelial cells to produce IL-6 and IL-8 and to express

E-selectin on their surface, including HUVEC, human lung microvascular endothelial cells, and human coronary artery endothelial

cells. Treatment of HUVEC with TLR2 agonists caused increased monolayer permeability and had multiple coagulation effects,

including increased production of plasminogen activator inhibitor-1 (PAI-1) and tissue factor, as well as decreased production of

tissue plasminogen activator and tissue factor pathway inhibitor. TLR2 agonist treatment also increased HUVEC expression of

TLR2 itself. Peptidoglycan-associated lipoprotein induced IL-6 production by endothelial cells from wild-type mice but not from

TLR2 knockout mice, indicating TLR2 specificity. Mice were challenged with TLR2 agonists, and lungs and plasmas were assessed

for markers of leukocyte trafficking and coagulopathy. Wild-type mice, but not TLR2 mice, that were challenged i.v. with TLR2

agonists had increased lung levels of myeloperoxidase and mRNAs for E-selectin, P-selectin, and MCP-1, and they had increased

plasma PAI-1 and E-selectin levels. Intratracheally administered TLR2 agonist caused increased lung fibrin levels. These studies

show that TLR2 activation by bacterial lipoproteins broadly affects endothelial function and coagulation pathways, suggesting that

TLR2 activation contributes in multiple ways to endothelial activation, coagulopathy, and vascular leakage in sepsis. The Journal

of Immunology, 2011, 186: 1119–1130.

A
lthough the pathways that are activated during sepsis

have been extensively characterized, much remains to be

learned about the mechanisms underlying sepsis-induced

organ failure. The endothelium, through its effects on inflamma-

tion, the coagulation pathways, blood flow, and vascular barrier

function, is thought to contribute to the pathogenesis of organ

dysfunction in sepsis (1–4). The endothelium produces proin-

flammatory cytokines such as IL-6 and IL-8, and it participates in

leukocyte recruitment to organs (4, 5). It is also centrally involved in

modulating the coagulation pathways (2). Sepsis causes alterations

in multiple limbs of the coagulation system leading to intravascular

coagulopathy. Finally, endothelial activation is a critical contributor

to vascular leak during sepsis (5, 6). Endothelial activation, coa-

gulopathy, and vascular leak occur at locations that are remote from

sites of infection, causing inflammation, edema, and ultimately

“bystander organ injury” syndromes.

TLRs are a family of innate immune receptors that recognize

conserved molecular motifs from microorganisms and play a cen-

tral role in the initiation of inflammatory responses in sepsis (7–

10). Although the various TLRs share intracellular pathways, there

are differences between the TLRs. For instance, TLR4 recognizes

LPS (11, 12), whereas TLR2 mediates the effects of bacterial

lipoproteins and components of Gram-positive bacteria and fungi

(13–16). Also, different TLRs can elicit different inflammatory

responses, which is based in part on their differential utilization

of the MyD88-dependent versus the TRIF-dependent signaling

pathways (8, 17–20). TLRs have been most extensively studied in

macrophages, but they are also expressed by many other cell

types, including endothelial cells (21–24).

TLR2 has been viewed as being primarily involved in responses

to Gram-positive bacterial infections. Additionally, however, lipo-

protein TLR2 agonists such as peptidoglycan-associated lipoprotein

(PAL), murein lipoprotein (MLP), and outer membrane protein A

are ubiquitously expressed by Gram-negative bacteria, and there is

increasing evidence that TLR2 is important in Gram-negative bac-

terial infections (25, 26). We previously observed that PAL, MLP,

and outer membrane protein A are shed into human serum as well
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as into the blood of animals with Gram-negative sepsis (27–29). We

reported that TLR2 activation modulates inflammatory effects of

other TLR agonists, induces systemic, lung, and myocardial in-

flammation in mice, and reduces contractility of cardiac myocytes

in vitro (29–32). We have also found that TLR2 activation in vivo

causes impaired vasoconstrictive responses to alveolar hypoxia and

reduced partial pressure of arterial oxygen in mice (33).

Because systemic endothelia interact continuously with the

circulation, components of microorganisms constantly come into

contact with endothelial TLRs during sepsis. We therefore per-

formed studies to test the hypothesis that activation of TLR2

contributes to endothelial dysfunction and coagulopathy in sepsis.

We found that treatment with TLR2 agonists has broad effects on the

endothelium in vitro and in vivo, including upregulation of endo-

thelial inflammatory responses, increased neutrophil trafficking to

the endothelium, altered expression of coagulation pathway factors,

increased endothelial permeability, and increased lung levels of fi-

brin. We also found that TLR2 activation causes endothelial cell

apoptosis and potentially upregulates septic responses by increasing

expression of TLR2 itself.

Materials and Methods

Reagents

PAL and MLP were prepared from Escherichia coli bacteria as described
and were confirmed to contain a single protein band by gold staining (29,
34). Pam3CysSKKK was purchased (EMC Microcollections, Tubingen,
Germany). Preparations of PAL and Pam3Cys contained ,5 pg LPS per
microgram of protein, and MLP contained ,0.25 ng LPS per microgram
of protein based on the Limulus ameobocyte lysate assay. E. coli O111:B4
LPS was purchased (List Biological Laboratories).

Animals

The Institutional Animal Care and Use Committee approved all animal
studies. C57BL6/J (wild-type) and TLR2-knockout (TLR22/2) mice were
purchased (The Jackson Laboratory).

Human endothelial cells

Human endothelial cells were incubated at 37˚C under humidified 5% CO2.
HUVEC (passage 2–6), human lung microvascular endothelial cells
(HMVEC-L, passage 4–5), and human coronary artery endothelial cells
(HCAEC, passage 4–5) were purchased (Cambrex Bio Science). HUVEC
were grown in endothelial growth medium-2 (EGM-2), and HMVEC-L
and HCAEC were grown in EGM-2MV (Clonetics, Walkersville, MD).
Endothelial growth medium was supplemented with 2% FCS.

Stimulation of human endothelial cells

Cells were seeded into wells (4.5–7.5 3 104 cells/cm2), grown to 70–80%
confluence, and then incubated with TLR2 agonists. ELISAs were used to
quantify cytokines (R&D Systems), tissue factor pathway inhibitor (TFPI;
American Diagnostica), tissue plasminogen Ag activator (tPA; Innovative
Research, Novi, MI), and plasminogen activator inhibitor-1 (PAI-1; In-
novative Research) in supernatants. A cell-based ELISA assessed surface
expression of E-selectin and TLR2. Immunoblots were used to detect tissue
factor (TF) and TLR2 in cell lysates. Viability and apoptosis were assessed
using MTT and TUNEL assays, respectively.

Cell-based ELISA and for surface expression of E-selectin and

TLR2 by human endothelial cells

Surface expression of E-selectin by HUVEC, HMVEC-L, and HCAEC was
assessed using a cell-based ELISA at intervals up to 18 h of stimulation with
PAL. After removing the supernatants and gently washing the cells with
RPMI 1640/FCS, cells were incubated with mouse anti-human E-selectin
(R&D Systems) for 45 min and were washed again with RPMI 1640/FCS.
They were then incubated with biotinylated anti-mouse IgG (Vectastain;
Vector Laboratories) for 30 min. The ELISA was developed using avidin-
biotin-peroxidase augmentation, and the absorbance (OD) was read at
a wavelength of 405 nm. All steps except for the final step (substrate) were
done at 4˚C using prechilled reagents. ELISA was also used to assess

surface expression of TLR2 after 20 h of incubation with medium, PAL, or
Pam3Cys. HUVEC monolayers were grown to 70–80% confluence in
collagen I-coated 48-well plates and were then treated for 20 h with me-
dium, PAL, or Pam3Cys. The cells were then washed three times with
Dulbecco’s PBS with magnesium and calcium and incubated for 1 h at
37˚C with goat anti-human TLR2 (R&D Systems) and normal goat IgG
control (EMD, Gibbstown, NJ). Cells were washed with Dulbecco’s PBS
and then incubated with a 1:2000 dilution of bovine-anti-goat-HRP (Jackson
ImmunoResearch Laboratories; West Grove, PA) for 1 h at 37˚C. The
HUVEC were then washed and developed by addition of TMB solution
(Kirkegaard & Perry Laboratories, Gaithersburg, MD). ODs were recorded at
a wavelength of 450 nm. Absorbance values were normalized based on the
crystal violet staining of adhered cells in each well.

Flow cytometry

Confluent monolayers of HUVEC were treated for 18 h with medi-
um, Pam3Cys, or PAL (1mg/ml and 10mg/ml) before detaching them at 37˚C
using Accutase cell detachment solution (Innovative Cell Technologies, San
Diego, CA). HUVEC were then passed through a 40-mm filter, counted, and
aliquoted at 13 106 cells per sample. The cells were then washed using flow
cytometry staining buffer (FCSB; R&D Systems) and then were incubated
with 10 mg human IgG (R&D Systems) in 0.2 ml FCSB for 15 min at 4˚C.
After washing twice with FCSB, the cells were incubated for 45 min at
4˚C with primary Abs, which included unconjugated goat anti-human TLR2
and normal goat IgG control (CD282; R&D Systems and EMD, respectively;
2 mg/sample) and PE-conjugated mouse anti-human E-selectin and normal
mouse IgG1 control (CD62-PE and mouse IgG1-PE, R&D Systems; 1:10 di-
lution). The TLR2 samples and controls were then washed with FCSB and
incubated with FITC-conjugated secondary Ab (donkey-anti–goat-FITC; Mil-
lipore, Billerica,MA; 2mg/sample) for 45min at 4˚C. All samples werewashed
two more times with FCSB and then were analysis on a BD LSR II flow
cytometer (BD Biosciences; San Jose, CA).

Immunoblots of HUVEC lysates

After incubation with TLR2 agonists and controls, HUVEC were lysed and
protein concentrations of the lysates were estimated using the RCDC
protein assay kit (Bio-Rad, Hercules, CA). The lysates contained solubi-
lized proteins from all components of the cells, including organelles and
membranes, but did not contain nuclear proteins. Total proteins were
separated by SDS-PAGE (10% gels for TLR2, 12% gels for TF) and then
transferred to polyvinylidene difluoride membranes (Bio-Rad). The
membranes were blocked in 3% BSA for 45 min at room temperature and
were then incubated overnight with primary Abs at 4˚C. Primary Abs used
were anti–human tissue factor mouse monoclonal IgG (1:1000, no. 05-881;
Upstate Biotechnology, Waltham, MA), anti-human TLR2 goat polyclonal
IgG (0.5 mg/ml, AF2616; R&D Systems), or anti-actin goat polyclonal Ab
(Sigma-Aldrich). After developing the immunoblots, the same membrane
was reprobed with anti-actin to confirm equal amounts of protein in the
different samples. Binding of the primary Abs was determined by adding
suitable peroxidase-conjugated secondary Abs (Jackson ImmunoResearch
Laboratories). Immunoblots were developed using a chemiluminescent
substrate and then by exposing the blots to imaging films.

Neutrophil-endothelial cell adhesion

Studies using human polymorphonuclear neutrophils (neutrophils) were
approved by the Institutional Human Studies Committee. Neutrophils were
prepared from blood drawn from healthy humanvolunteers as described (35).
The final neutrophil pellet was suspended in HEPES buffer containing Ca2+

(1 mM) and the fluorescent label calcein (3 mg/ml; neutrophils, 106/ml) (36).
Near-confluent monolayers of HUVEC were incubated with PAL, Pam3Cys,
MLP, or medium for 2 h, after which the supernatants were removed and the
endothelial cells were washed three times with medium. The medium con-
tained 10% FCS to block nonspecific attachment of neutrophils to the plate.
After the final wash, the calcein-labeled neutrophils were added to the wells
(105 neutrophils/well) and were allowed to adhere for 60 min at 37˚C. The
plates were then inverted and centrifuged (2003 g, 5 min, room temperature)
to remove nonadherent neutrophils. Calcein fluorescence of neutrophils was
measured using a fluorescent plate reader (FLUOstar; Bio-Tek Instruments,
Winooski, VT) set at an excitation wavelength of 485 nm and an emission
wavelength of 520 nm.

Endothelial permeability assays

Permeability was determined by measuring FITC-albumin (Sigma-Aldrich)
flux across the HUVEC monolayer using a Transwell system as described
(37). HUVEC were seeded into the upper (luminal) chamber of 6.5 mm
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Transwells that contained 0.4 mM pore polyester membrane inserts
(Corning Life Sciences; 1 3 105 cells/ cm2). Cells were allowed to grow
for 2–3 d until the monolayers were uniformly confluent, which was as-
sessed by visualization using inverted microscopy and confirmed by mea-
suring transendothelial resistance (38). Transendothelial resistance was
measured using a tissue resistance measurement chamber (Endohm-6,
World Precision Instruments, Sarasota, FL). Dilutions of Pam3Cys (0–15
mg/ml) were added to the luminal chamber in a volume of 100 ml medium.
Cytomix, a mixture of equal amounts of recombinant human IL-1b, INF-g,
and TNF-a (10 ng/ml each; R&D Systems), was the positive control. For all
conditions, the lower (abluminal) chamber contained 600 ml EGM-2 me-
dium. After 24 h, FITC-albumin (200 mg/ml) was added to the luminal
chamber in 100 ml medium. Two hours later samples were removed from
both the luminal and abluminal chambers and their fluorescence was
quantified using a FLUOstar OPTIMA plate reader (BMG Labtech, Dur-
ham, NC). The excitation and emission wavelengths were 485 and 520 nm,
respectively. Using a standard curve of FITC-albumin, the readings were
converted to albumin concentrations that were used in the following
equation to determine the permeability coefficient of albumin (Pa): Pa =
([A]/t 3 (1/a) 3 (v/[L]), where [A] and [L] are the abluminal and luminal
FITC-albumin concentrations, t is time (seconds), a is area of membrane
(cm2), and v is volume of abluminal chamber (ml). Data are expressed as
percentages of control (medium alone).

Endothelial viability and apoptosis assays

HUVEC viability was measured using an MTT cell viability assay kit as per
the manufacturer’s instructions (Biotium, Hayward, CA). The effects of
TLR2 activation on HUVEC apoptosis were assessed using the TUNEL
assay as per the manufacturer’s instructions (HT TiterTACS; Trevigen,
Gaithersburg, MD). Permeabilized cells treated with endonuclease served
as the positive control for the TUNEL assay.

Preparation and stimulation of mouse endothelial cells from

wild-type and TLR2 knockout mice

Mouse lung endothelial cells were prepared from lung tissue digests using
immunomagnetic selection as described (39). Micewere euthanized by CO2

asphyxiation and blood was removed by cardiac puncture. Lungs were
harvested and then were then rinsed using DMEM/20% FCS, cut into
2-mm3 blocks, and digested by incubating in type II collagenase (0.2%w/v)
for 1 h at 37˚C. The tissue was mechanically disrupted by passing the re-
sultant digest 15–20 times through a blunt-tip needle and 10-ml syringe, and
debris were removed by filtering the digested lungs through a 0.7-mm cell
strainer. The filtrate was centrifuged (400 3 g, 10 min, swinging bucket
centrifuge, 4˚C). The cell pellet was resuspended and then incubated for 2–3
min in ice cold RBC lysis buffer (Sigma-Aldrich; 3 ml per two mice), after
which 7 ml of basic medium (20mMHEPES [pH 7.4], 20% heat-inactivated
FCS, 100 U/ml penicillin, 100mg/ml streptomycin) was added, and the cells
were again collected by centrifugation. Cells were then resuspended in
Dulbecco’s PBS with calcium and magnesium (Invitrogen, Carlsbad, CA),
counted, and the concentration of cells was adjusted to 3 3 107 cells/ml.
Immunoselection of endothelial cells was done by sequentially incubating
the cells with rat anti-mouse PECAM-1 (BD Pharmingen, San Diego, CA)
and rat anti-mouse ICAM-2 monoclonal IgGs (BD Pharmingen) that were
covalently attached to magnetic beads (5 ml Ab/50 ml beads) 1–2 d prior to
use as described by the manufacturer (Dynabeads; InvivoGen, San Diego,
CA). The first magnetic immunoselection was done using anti-PECAM IgG.
Cells were exposed to magnetic beads conjugated with anti–PECAM-1 IgG
(50 ml Ab beads/33 107 cells) for 10 min at room temperature, using end-
over-end rotation. Approximately 15 ml of basic medium was added to the
tube, which was then placed in a magnet, and the liquid was removed from
the tube. The beads and the attached cells were then put into gelatin-coated
flasks containing basic medium and the following additives: 1% sodium
pyruvate, 1% nonessential amino acids, 1 mM L-glutamine, 150 mg/ml
endothelial cell growth supplement (Biomedical Technologies, Stoughton,
MA), 12 U/ml heparin, and 50 mM 2-ME (complete medium). Mediumwas
changed every 2–3 d. When cells reached 70–80% confluence, which took
∼10–14 d, they were detached using trypsin/EDTA. Trypsin was neutralized
by addition of basic medium (10 ml), and the cells were collected by cen-
trifugation. After this, cells were resuspended in Dulbecco’s PBS, incubated
with magnetic beads conjugated with anti–ICAM-2 IgG for the second
immunoselection, and processed as described above for the first immuno-
selection. The final cells morphologically resembled endothelial cells and
formed a monolayer. To verify that the cells used for these studies expressed
endothelial cell markers and to assess purity, we analyzed cells that had been
frozen down from these experiments by immunofluorescence staining and
flow cytometry essentially as described (39). Staining Abs included anti-

vascular endothelial cadherin (CD144; Cayman Chemical, Ann Arbor, MI),

ICAM-2 (CD102; BD Biosciences; San Jose, CA), and control Abs, in-

cluding rat and rabbit IgG. Secondary Abs included FITC-labeled goat anti-

rabbit IgG and FITC-labeled goat anti-rat IgG (Millipore). Both immuno-

fluorescence staining and flow cytometry confirmed that 84–98%of the cells

expressed these endothelial cell markers, which is consistent with the purity

obtained by other investigators (39).
The mouse lung endothelial cells were placed in wells of 96-well plates at

a density of 4.5 3 104 cells/cm2 and were incubated with PAL, LPS
(positive control for the TLR22/2 cells), or medium alone. IL-6 levels
were quantified in the culture supernatants by ELISA (R&D Systems).

In vivo experiments

Female mice aged 8–10 wk were used for in vivo studies. For studies
measuring plasma levels of PAI-1 and E-selectin, as well as lung expres-
sion of inflammatory mRNAs, female mice were injected i.v. via the tail
vein with carrier (50 mM sodium phosphate [pH 7.4]) or TLR2 agonists.
Mice were euthanized by CO2 inhalation, and blood and lungs were col-
lected. ELISAs were used to quantify plasma levels of soluble E-selectin
(R&D Systems) and PAI-1 (Innovative Research) levels. Lungs were an-
alyzed for E-selectin, P-selectin, and MCP-1 mRNAs using quantitative
real-time PCR, and for neutrophil activity by measuring myeloperoxidase
(MPO) levels (29).

Immunoblotting was used to assess the effects of Pam3Cys challenge on
lung fibrin deposition (40). C57BL/6J mice were anesthetized by s.c. ad-
ministration of the combination of ketamine, xylazine, and acepromazine
and then were challenged by intratracheal administration of Pam3Cys (200
mg/mouse) or carrier, each in a volume of 40 ml, followed by 1 ml air.
After 20 h, the mice were treated with systemic heparin (20 U i.v.) and then
euthanized by CO2 inhalation. The lungs were perfused with saline, iso-
lated, and homogenized in ice-cold homogenization buffer (20 mM Tris,
150 mM NaCl, and 2 U/ml heparin). Lung tissue digests were then in-
cubated with 0.1 U plasmin at 37˚C for 4 h with shaking to release fibrin
monomers and then were centrifuged and the supernatants were collected
and stored in 280˚C. Fibrin levels were measured using immunoblots. The
membranes were stained with an mAb against mouse fibrin (American
Diagnostics, Stamford, CT). Immunoreactive proteins were developed
using SuperSignal West Dura (Thermo Scientific, Rockford, IL) and vi-
sualized using FluorChem 5500 imaging system (Alpha Innotech, San
Leandro, CA), and band intensities were quantified via spot densitometry.
After developing the immunoblots, the same membrane was stripped and
reprobed with anti-actin to confirm equal amounts of protein in the dif-
ferent samples.

Quantitative real-time PCR

Quantitative real-time PCRwas performed on lungs of wild-type and TLR22/2

mice after treatment with Pam3Cys, PAL, or saline. Quantitative real-time
PCR was done using the ABI Prism 7000 sequence detection system (Applied
Biosystems, Foster City, CA) and TaqMan premade primers for E-selectin,
P-selectin, and MCP-1 (Applied Biosystems). Presence of a single amplifi-
cation product was verified using dissociation curves. rRNA (18S) was de-
tected using 18S primers (forward, 59-CGGCTACCACATCCAAGGAA-39,
reverse, 59-GCTGGAATTACCGCGGCT-39) (DNA Oligonucleotide Synthe-
sis Core, Massachusetts General Hospital, Boston, MA). Changes in gene
expression were normalized to 18S rRNA levels using the relative
cycle threshold method.

Statistics

Data are expressed as means 6 SD. The data were analyzed using t tests
when comparing two conditions, one-way ANOVAwith Bonferroni’s post
hoc analysis when comparing more than two conditions, and Mann–
Whitney tests for data that were not normally distributed. GraphPad Prism
was used for statistical analyses. The p values of ,0.05 were considered
significant. Except where indicated, the following denote p values in the
figures: *p , 0.05; **p , 0.01; ***p , 0.001.

Results

TLR2 agonists activate human endothelial cells

In initial experiments, HUVEC were incubated with culture me-

dium alone or with serial dilutions of PAL, a naturally occurring

TLR2 agonist that is expressed by enteric Gram-negative bacteria.

PAL caused a concentration-dependent increase in IL-6 and IL-8

levels in culture supernatants (Fig. 1A, 1B). Time course experi-

The Journal of Immunology 1121
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ments with PAL (1 mg/ml) indicated that both IL-6 and IL-8 levels

were similar to baseline at 2 h, but both were significantly increased

by 6 h, continued to rise through 18 h, and then remained stable

through the 24 h time point (Fig. 1C).

Additional experimentswere done to assess the effects of twoother

bacterial lipoproteins: MLP, a naturally occurring TLR2 agonist in

the cell wall of Enterobacteriaceae, and Pam3Cys, a synthetic TLR2

agonist.All threeTLR2agonists induced IL-6productionbyHUVEC

(Fig. 1D). Based on the differences in molecular mass of PAL (18–

21 kDa), MLP (5–9 kDa), and Pam3Cys (1.5 kDa), on an equimolar

basis, PAL was found to be significantly more potent at inducing

IL-6 than either MLP or Pam3Cys.

PAL activates human lung microvascular and coronary artery

endothelial cells

To assess the effects of TLR2 activation on endothelial cells in

other vascular beds, we studied effects of PAL on inflammatory

responses of HMVEC-L and HCAEC. Treatment with PAL in-

creased production of IL-6 and IL-8 by both HMVEC-L (Fig. 1E)

and HCAEC (Fig. 1F).

FIGURE 1. TLR2 agonists activate human endothelial cells to secrete IL-6 and IL-8. A and B, HUVEC monolayers were incubated with dilutions of PAL

(n = 4). Levels of IL-6 (A) and IL-8 (B) were quantified in the culture supernatants at 18 h. *p , 0.05; **p , 0.01 PAL versus medium. C, HUVEC

monolayers were incubated with PAL (1 mg/ml) for intervals through 24 h (n = 3). A time course of IL-6 and IL-8 levels induced by PAL was plotted. *p,

0.05; **p , 0.01; ***p , 0.001 IL-8, PAL versus medium; ##p , 0.01; ###p , 0.001, IL-6, PAL versus medium. D, HUVEC monolayers were incubated

for 18 h with equal concentrations (1.5 mg/ml) of PAL or MLP, both of which are naturally occurring TLR2 agonists, or Pam3Cys, which is a synthetic

TLR2 agonist (n = 3). IL-6 levels in supernatants: **p , 0.01; ***p , 0.001 for TLR2 agonist versus medium. E and F, Monolayers of human lung

microvascular endothelial cells (E) and human coronary artery endothelial cells (F) were treated with medium or PAL (1 mg/ml) for 18 h (n = 4). Levels of

IL-6 and IL-8 were quantified in culture supernatants. **p , 0.01; ***p , 0.001 PAL versus medium. G, Lung microvascular endothelial cells from wild-

type and TLR22/2 mice were incubated overnight with PAL (1 mg/ml) or medium (n = 6). Levels of IL-6 were quantified in culture supernatants. LPS

(1 mg/ml), a TLR4 agonist, was used as the positive control to verify intact intracellular TLR signaling. ***p , 0.001 PAL versus medium in wild-type

endothelial cells; ###p , 0.001 PAL-treated endothelial cells from wild-type versus TLR22/2 mice.
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TLR2 mediates activation of mouse lung endothelial cells by PAL

To confirm that the effects of PAL on endothelial inflammatory

responses are mediated through TLR2, we incubated lung endo-

thelial cells from wild-type and TLR22/2 mice with PAL or with

medium alone. There was no detectable production of IL-6 by

endothelial cells that were treated with medium alone, suggesting

that the process of preparing and growing the mouse lung endo-

thelial cells did not in itself lead to sustained activation of the en-

dothelial cells. Treatment with PAL increased production of IL-6

by lung endothelial cells from wild-type but not from TLR22/2

mice (Fig. 1G), indicating that the expression of IL-6 induced by

PAL is mediated through TLR2. IL-6 levels were equally in-

creased in the supernatants of endothelial cells from wild-type and

TLR22/2 mice that were treated with LPS, indicating intact sig-

naling through intracellular TLR signaling pathways.

TLR2 activation increases endothelial E-selectin expression

HUVEC, HMVEC-L, and HCAEC were incubated with PAL or

Pam3Cys (1–2 mg/ml) or with medium for intervals up to 18 h,

after which the surface expression of E-selectin was assessed

using a cell-surface ELISA and flow cytometry. For all three types

of endothelial cells, PAL upregulated E-selectin at the cell surface

(Fig. 2A, shown for 2 h). In contrast to IL-6 and IL-8 levels, which

gradually rose to a maximum at 18 h, surface E-selectin expres-

sion was significantly increased at 2 h, was maximal at 4 h, and

remained elevated at the 18 h time point (Fig. 2B). Flow cytometry

using HUVEC that were treated for 18 h with PAL (1 mg/ml) or

Pam3Cys (1 mg/ml) confirmed that TLR2 agonist treatment

upregulates surface expression of E-selectin (Fig. 2C).

Lipoprotein TLR2 agonists enhance neutrophil adherence to

HUVEC monolayers

Neutrophil–endothelial cell interactions are thought to be impor-

tant in the migration of neutrophils to areas of inflammation. We

therefore assessed binding of calcein-labeled human neutrophils to

HUVEC that had been preincubated for 2 h with PAL, MLP, and

Pam3Cys (1.5–12 mg/ml). The 2 h time point was chosen based on

our data, indicating that surface expression of E-selectin on

HUVEC was increased by 2 h of exposure to PAL. All three TLR2

agonists caused a dose-dependent increase in binding of neu-

trophils to pretreated HUVEC (Fig. 2D, shown for TLR2 agonist

concentration of 1.5 mg/ml). A representative fluorescent micro-

graph that shows the increased binding of calcein-labeled neu-

trophils to endothelial cell monolayers is included in Fig. 2D.

FIGURE 2. TLR2 agonists upregulate adhesion molecule expression by endothelial cells and facilitate neutrophil-endothelial adhesion in vitro. A, Surface ex-

pression of the adhesion molecule E-selectin was assessed using a cell-based ELISA in HUVEC, HMVEC-L, and HCAEC after they were treated with Pam3Cys

(1mg/ml, 24h, shown forHUVEC)orPAL(1mg/ml, 2 h, shown forHUVEC,HMVEC-L, andHCAEC) (n=4).Data are expressed as theODofTLR2agonist-treated

cells relative to OD of medium-treated cells (Rel OD). ***p, 0.001. B, A time course of surface E-selectin expression was assessed in HUVECmonolayers treated

with PAL (2 mg/ml) for increasing intervals through 18 h (n = 4). Data are expressed as the OD of TLR2 agonist-treated cells relative to OD of medium-treated cells

at the same time point (Rel OD). *p, 0.05; **p, 0.01; ***p, 0.001. C, Flow cytometry was performed to assess surface expression of E-selectin after 18 h of

treatment with Pam3Cys or PAL (1 mg/ml).D, Neutrophil–endothelial adhesion was assessed using fluorescence intensity. HUVECmonolayers were incubated for

2 h with the TLR2 agonists PAL, MLP, or Pam3Cys, each at a concentration of 1.5mg/ml (n = 3) and were then washed gently and calcein-labeled neutrophils were

added for 1h.Plateswere inverted and centrifugedgently to removenonadherent neutrophils, andcalceinfluorescencewasmeasured in afluorescent plate reader. *p,

0.05; ***p, 0.001 TLR2 agonist versus medium; #p, 0.05 PAL versus MLP. A representative fluorescent micrograph is shown on the right.
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Systemic activation of TLR2 increases plasma E-selectin levels

in mice

Wild-type and TLR22/2 mice were injected i.v. with carrier,

Pam3Cys (25 mg/mouse), or PAL (25 mg/mouse), and plasmas

were collected after 90 min. Treatment with PAL or Pam3Cys

increased soluble E-selectin levels in the plasma of wild-type mice

but not in TLR22/2 mice (Fig. 3A, shown for PAL only). Soluble

E-selectin levels were increased equally in the plasma of both

wild-type and TLR22/2 mice after treatment with LPS, indicating

intact signaling through intracellular TLR signaling pathways (data

not shown).

Systemic activation of TLR2 upregulates expression of mRNAs

for E-selectin, P-selectin, and MCP-1

Quantitative real-time PCRwas used to assess mRNA expression in

the lungs of mice. Pam3Cys and PAL both increased expression of

mRNAs encoding the adhesion molecules E-selectin and P-selectin

and the chemotactic cytokine MCP-1 (Fig. 3B, 3C). For all three

markers, lung mRNA expression peaked 2 h after challenge with

Pam3Cys. However, only MCP-1 mRNA remained elevated at 22 h

(Fig. 3B). The time course experiments were performed using high

dosages of Pam3Cys (400 mg/mouse). This dose was chosen based

on the dosages of LPS that are often used to study lung physiology

and inflammatory responses in mice. However, because we also

found that lower doses induced lung inflammatory mRNAs, we

used lower dosages (25–50 mg/mouse) for subsequent in vivo

experiments that compared responses of wild-type and TLR22/2

mice. Looking at the previously defined 2 h point of rising E-

selectin expression in vitro, we found increased expression of E-

selectin, P-selectin, and MCP-1 mRNAs in the lungs of wild-type

but not TLR2 knockout mice (Fig. 3C). Again, treatment with LPS

equally increased mRNA levels in lungs of wild-type and TLR22/2

FIGURE 3. TLR2 activation increases adhesion molecule and chemokine expression and increases lung MPO levels in vivo. A, Wild-type and TLR22/2

mice were challenged i.v. with PAL (25 mg/mouse) or carrier (n = 6). Soluble E-selectin was quantified in plasmas after 90 min. **p , 0.01 PAL versus

carrier. B and C, Expression of adhesion molecule (E-selectin and P-selectin) and chemokine (MCP-1) mRNAs was measured using quantitative real-time

PCR (B) in lungs of wild-type mice (n = 4) over a time course of 30 min to 22 h after i.v. challenge with Pam3Cys (400 mg /mouse) or carrier (**p , 0.01;

***p , 0.001 Pam3Cys versus carrier) and (C) in lungs of wild-type and TLR22/2 mice (n = 4) 2 h after i.v. challenge with PAL (25 mg/mouse) or carrier

(**p , 0.01 PAL-treated wild-type versus TLR22/2 mice). Changes in gene expression were normalized to 18S rRNA levels and are expressed as the fold

increase above baseline levels for carrier-injected mice. D, MPO levels were used to assess neutrophil activity in the lungs of wild-type and TLR22/2 mice

(n = 4) 4 h after i.v. challenge with carrier or Pam3Cys (25 mg/mouse). LPS (100 ng/mouse), a TLR4 agonist, was used as a positive control and verified

intact intracellular TLR signaling. **p , 0.01; ***p , 0.001 Pam3Cys-treated wild-type versus TLR22/2 mice.
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mice, indicating that TLR signaling pathways were intact after

TLR2 knockout (data not shown).

Systemic activation of TLR2 causes neutrophilic infiltration of

the lung

We previously reported that peripheral blood neutrophil counts are

decreased in mice treated with Pam3Cys (33). Because we found

that TLR2 activation also increases expression of adhesion mol-

ecules and chemokines, we hypothesized that activation of en-

dothelial TLR2 would stimulate neutrophil trafficking to the lungs,

which can be indirectly assessed by measuring MPO levels.

Challenge with Pam3Cys (25 mg/mouse) or PAL (25 mg/mouse)

increased MPO levels in the lungs of wild-type mice but not in the

lungs of TLR22/2 mice (Fig. 3D, shown for Pam3Cys only). In

contrast, lung MPO levels were equally increased in the lungs of

LPS-challenged wild-type and TLR22/2 mice, indicating that

downstream TLR signaling is intact.

TLR2 agonists increase PAI-1 production by HUVEC

Sepsis causes multiple coagulation abnormalities, including de-

rangements in the fibrinolytic portion of the coagulation system.

PAI-1 is an inhibitor of fibrinolysis. We incubated HUVEC mono-

layers with Pam3Cys and quantified PAI-1 in culture supernatants.

Treatment with Pam3Cys increased PAI-1 levels in HUVEC cul-

ture supernatants in a concentration-dependent manner (Fig. 4A).

Treatment with Pam3Cys reduces HUVEC secretion of tPA

tPA is produced by the endothelium and plays an important role

in fibrinolysis. We measured tPA total Ag in HUVEC culture

supernatants after 18 h of treatment with dilutions of Pam3Cys.

There was a dose-dependent reduction in tPA in the supernatants of

HUVEC treated with Pam3Cys versus medium alone (Fig. 4B).

TFPI levels are reduced in supernatants of HUVEC treated

with TLR2 agonists

TFPI regulates the TF coagulation pathway. To assess the effects

of TLR2 on the modulation of this pathway, TFPI levels were

quantified in HUVEC culture supernatants after 24 h of treatment

with PAL (20 mg/ml). TFPI levels were reduced in the supernatants

of the PAL-treated versus medium-treated HUVEC (Fig. 4C).

TF levels are increased in lysates of HUVEC treated with TLR2

agonists

TF initiates coagulation by activating the extrinsic pathway of

plasma coagulation and is the primary initiator of cell-based co-

agulation. We used immunoblots to assess TF expression in

HUVEC lysates following treatment with PAL (20 mg/ml) or

medium. A representative immunoblot is shown in Fig. 4D. TF

expression was increased in the lysates of HUVEC at 1, 6, and 24

h of treatment with PAL (Fig. 4D).

Systemic TLR2 activation increases plasma PAI-1 in mice

We next tested the expression of PAI-1 in wild-type and TLR22/2

mice after i.v. challenge with TLR2 agonists. We found that PAI-1

levels were increased in the plasma of wild-type mice injected

with either PAL (25 mg/mouse) or Pam3Cys (50 mg/mouse) when

compared with the plasmas of mice injected with carrier (Fig. 5A,

5B). PAI-1 levels were not increased in the plasma of TLR22/2

mice treated with Pam3Cys, indicating that challenge with

Pam3Cys induces PAI-1 specifically through TLR2 (Fig. 5B).

TLR2 agonist treatment increases lung fibrin in mice

To further explore the effects of TLR2 on lung coagulation,

immunoblots were performed to assess fibrin deposition in the

lungs of C57BL/6 mice 20 h after intratracheal challenge with

Pam3Cys (200 mg/mouse). Fig. 5C shows a representative im-

munoblot, and the graph shows the fibrin band intensity relative to

the actin band intensity of carrier-treated versus Pam3Cys-treated

mice as assessed by spot densitometry (n = 4). Increased fibrin

was detected in the lungs of mice that were treated with Pam3Cys

as compared with carrier (Fig. 5C).

Treatment with Pam3Cys increases endothelial permeability

Increased vascular permeability to albumin and other macro-

molecules is a hallmark of septic organ dysfunction. We used

a Transwell system to assess the effects of Pam3Cys on perme-

ability. HUVEC monolayers were incubated in the upper (lumi-

nal) chamber with Pam3Cys (5–15 mg/ml) for 24 h, after which

FITC-labeled albumin was added to the luminal chamber, and flux

was quantified based on fluorescence intensity measurements of

samples taken from both the luminal and abluminal chamber.

FIGURE 4. TLR2 agonists alter coagulation pathway factor expression

in vitro. A, HUVEC monolayers were treated with medium or increasing

concentrations of Pam3Cys as indicated in the figure (n = 4), and PAI-1

levels were quantified at 24 h. *p , 0.05; **p , 0.01 Pam3Cys versus

medium. B, HUVEC monolayers were treated with medium or increasing

concentrations of Pam3Cys as indicated in the figure (n = 4), and tPA

levels were quantified at 24 h. *p , 0.05; **p , 0.01 Pam3Cys versus

medium. C, HUVEC monolayers were treated with PAL (20 mg/ml) or

medium (n = 3) and TFPI levels were quantified in the cultures super-

natants after 24 h. ***p , 0.001 Pam3Cys versus medium. D, A repre-

sentative immunoblot showing expression of TF (upper panel) in HUVEC

lysates after 1, 6, and 24 h of exposure to PAL (20 mg/ml). The actin blot

(lower panel) indicates equal loading of different lanes. Protein (250 mg)

was loaded per lane.
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Pam3Cys concentrations of$10 mg/ml increased the permeability

of HUVEC monolayers to FITC-albumin (Fig. 6).

Pam3Cys decreases HUVEC viability and increases HUVEC

apoptosis

To understand mechanisms by which TLR2 agonists change en-

dothelial permeability, we considered the hypothesis that they

might induce apoptosis or otherwise cause cell death. The effects of

the TLR2 on HUVEC viability were therefore studied using the

MTT assay, and the effects on apoptosis were studied using

a TUNEL assay (Pam3Cys, 1.67–40 mg/ml). Low concentrations

of Pam3Cys minimally affected viability, whereas viability was

significantly reduced at Pam3Cys concentrations $15 mg/ml (Fig.

7A). Pam3Cys also induced apoptosis in the TUNEL assay at

concentrations $5 mg/ml (Fig. 7B).

TLR2 agonists upregulate HUVEC TLR2 expression in

a concentration- and time-dependent manner

To determine whether TLR2 agonist treatment regulates TLR2

expression, immunoblots were done to detect TLR2 in lysates of

HUVEC that were treated with Pam3Cys at intervals from 1 to 24 h.

TLR2 expression was minimal at baseline, and Pam3Cys upreg-

ulated TLR2 expression in a concentration- and time-dependent

manner (Fig. 8A). Whereas TLR2 was strongly upregulated at

the higher concentrations of Pam3Cys, TLR2 expression was

visibly increased at the lowest concentration that we tested (0.31

mg/ml). TLR2 expression was strongly increased at 8 h, continued

to rise until 20 h, and remained elevated through 24 h. Cell-based

ELISA and flow cytometry studies were done to determine whe-

ther TLR2 agonist treatment upregulates surface expression of

TLR2. Binding of anti-TLR2 IgG, but not isotype control IgG,

was slightly increased in cells that were treated with Pam3Cys as

compared with cells treated with medium alone (Fig. 8B). How-

ever, much higher concentrations of Pam3Cys were required to

upregulate surface expression of TLR2 (10 mg/ml) than were re-

quired to upregulate TLR2 in HUVEC lysates. In fact, TLR2 was

increased in HUVEC lysates at the lowest concentration of

Pam3Cys tested (0.31 mg/ml). Flow cytometry studies also

showed slight upregulation of TLR2 expression at the HUVEC

surface by treatment with the higher concentration (10 mg/ml) of

Pam3Cys and PAL (Fig. 8C). The differences in concentrations

required to induce TLR2 in cell lysates versus at the cell surface

suggest that a significant proportion of the TLR2 that we detected

in the lysates is intracellular. This finding is consistent with an-

other published study showing predominant expression of TLR2

intracellularly in HUVEC, with slight increased expression at the

cell surface after stimulation with inflammatory mediators (41).

Discussion
During sepsis there is extensive interplay between disparate sys-

tems, including those involved in systemic inflammation, co-

agulation, and vascular barrier function. The endothelium plays

a critical role in regulating these systems, and derangements as

a result of endothelial activation or dysfunction can contribute to

organ failure during sepsis (2–4). Our studies demonstrate that

activation of TLR2 has broad effects on endothelial phenotype and

function. We found that TLR2 activation increases endothelial cell

expression of cytokines and of other inflammatory mediators

in vitro and in the lungs of mice. Consistent with the upregulated

expression of chemokines and adhesion molecules, more neu-

trophils adhere to endothelial monolayers after activation of

TLR2, and MPO levels are increased in the lungs of mice chal-

lenged with TLR2 agonists. Our studies also indicate that TLR2

activation modulates endothelial cell expression of factors in-

volved in coagulation and in fibrinolysis. A functional effect of

TLR2 activation on coagulation is suggested by the increased fi-

brin levels that we found in the lungs of Pam3Cys-challenged

mice. We also found that activation of TLR2 increases endothe-

lial permeability, a novel finding suggesting that TLR2 activation

may contribute to the vascular leak seen clinically in sepsis. Fi-

nally, on a cellular level, we observed that HUVEC treatment with

TLR2 agonists causes upregulation of TLR2 expression, de-

creased cell viability, and increased apoptosis.

Our data show that TLR2 agonists activate endothelial cells from

different vascular beds, including from the lung (HMVEC-L) and

the heart (HCAEC). The fact that TLR2 agonists induce inflam-

matory responses in multiple endothelial cell types suggests that

TLR2 activation has widespread effects on the endothelium in

different tissues during sepsis. We have previously shown that

TLR2 agonists are shed into the blood by bacteria in animal models

of sepsis (28, 29). Thus, TLR2 agonists have access to a vast

endothelial cell surface throughout the body during sepsis, and

FIGURE 5. TLR2 agonists induce systemic PAI-1 production and

increases lung fibrin levels in mice. A, PAI-1 levels were quantified in

the plasmas of wild-type mice (n = 6) 24 h after i.v. challenge with PAL

(25 mg/mouse) or carrier. ***p , 0.001 PAL versus carrier. B, PAI-1

levels were quantified in the plasmas of wild-type and TLR22/2 mice

(n = 5) 24 h after i.v. challenge with carrier or Pam3Cys (50 mg/mouse).

**p , 0.01 Pam3Cys-treated wild-type versus TLR22/2 mice. C,

Immunoblots were used to assess fibrin levels in the lungs 20 h after

intratracheal administration of Pam3Cys (200 mg/mouse) versus carrier.

Right panel, Density analysis of immunoblot bands (n = 4). **p , 0.01

Pam3Cys versus carrier.
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circulating TLR2 agonists could contribute to the induction of

diffuse endothelial activation and dysfunction as well as coagul-

opathy, and through these effects to the development of multiple

organ failure. In addition to playing a role in sepsis, studies have

implicated TLR2 in the pathogenesis of atherosclerotic vascular

disease (42). Our data support the notion that microbial compo-

nents acting through endothelial TLR2 might be involved in the

progression of coronary artery disease or even potentially in acute

ischemic events.

Whereas some investigators have reported that TLR2 agonists

induce endothelial inflammatory responses (43–47), others have

reported that TLR2 agonists do not induce endothelial inflam-

matory responses (41, 48, 49). There are several plausible ex-

planations for the discrepancies in different studies. The plating

density and presence of serum during the period of stimulation

may affect results. Additionally, differences in batches of endo-

thelial cells could potentially contribute to variability in responses

due, for instance, to TLR polymorphisms (50). Our data that

baseline TLR2 expression by HUVEC is low corroborates several

reports that unstimulated human endothelial cells have only low

levels of baseline TLR2 expression (41, 43, 48, 51). Human TLR2

has been shown to be upregulated by cytokines, histamine, and

LPS, but it has not been heretofore shown to be upregulated by

TLR2 agonists themselves (41, 43, 49, 51). We found that TLR2

expression was upregulated over time by treatment with Pam3Cys.

We observed that the degree of upregulation of TLR2 on the cell

surface by cell-based ELISA and flow cytometry did not seem to

be as marked as that observed in immunoblots of cell lysates.

Additionally, higher concentrations of Pam3Cys were required to

upregulate TLR2 at the cell surface than in the cell lysates, which

suggests that much of the increased TLR2 was intracellular. This

is in line with another study showing predominantly intracellular

localization of TLR2 in HUVEC at baseline and an increase in

TLR2 at the surface of the HUVEC following treatment with

IFN-g or IL-1b (41). In contrast to our results, other investigators

have found that lipoteichoic acid, a nonlipoprotein TLR2 agonist,

does not upregulate endothelial TLR2 expression (49). Although

the cause for the differences in induction of TLR2 between these

two TLR2 agonists is not clear, the considerable difference in

structure between the two agonists could be responsible. The

possibility that different TRL2 agonists have different potencies is

supported by the differences that we observed in induction of IL-6

production and neutrophil-endothelial adhesion by PAL, Pam3-

Cys, and MLP.

Multiple abnormalities of coagulation pathways occur in sepsis,

including activation of procoagulant pathways, reduced production

of anticoagulants, and decreased fibrinolysis. At the extreme,

coagulation disturbances manifest as disseminated intravascular

coagulopathy (52). Even in the absence of overt manifestations,

disturbances in the balance of coagulation and anticoagulation

occur that likely contribute to organ dysfunction during sepsis by

impairing microcirculation and affecting the delivery of oxygen

and nutrients to organs. PAI-1 inhibits fibrinolysis, thereby fa-

voring perpetuation of already formed clots. Recent studies in-

dicate that higher PAI-1 levels were associated with an increased

incidence of organ failure and death in sepsis, pneumonia, and

acute lung injury (53–57). Our findings that TLR2 agonists up-

regulate PAI-1 expression by HUVEC in vitro as well as increase

PAI-1 in vivo in the circulation of mice suggest that TLR2 acti-

vation contributes to increased PAI-1 expression during sepsis. We

also observed that TLR2 activation increased TF expression and

decreased TFPI secretion by endothelial cells. We speculate that

TLR2 activation may contribute to sepsis-induced coagulopathy

through its broad effects on both the coagulation and fibrinolytic

sides of coagulation and thrombosis. The global pattern of de-

creased anticoagulation (TFPI), increased coagulation (TF), de-

creased production of tPA, which facilitates fibrinolysis, and

increased inhibition of fibrinolysis (PAI-1) should favor a hyper-

coagulable state and predispose to microvascular thrombosis.

Respiratory dysfunction is common in patients with septic shock.

TLR2 agonists have been shown by us and other investigators to

induce systemic and pulmonary inflammation (29, 33, 58, 59). We

also have found that activation of TLR2 causes impaired hypo-

xic pulmonary vasoconstriction in mice (33). Hypoxic pulmonary

vasoconstriction is a physiological response to alveolar hypoxia

that helps to maintain arterial blood oxygenation by facilitating

ventilation/perfusion matching. Impairment of hypoxic pulmonary

vasoconstriction, as occurs in sepsis, results in shunting of blood

through unventilated areas of the lung, thereby contributing to hyp-

oxemia. In the same study, we found that mice treated with

Pam3Cys had reduced arterial partial pressure of arterial oxygen

FIGURE 6. TLR2 activation increases HUVEC permeability to albu-

min. HUVEC were grown to confluence in the upper (luminal) chamber of

0.4-mm Transwells and were treated with dilutions of Pam3Cys (n = 3, 5–

15 mg/ml). FITC-albumin was added to the luminal chamber after 24 h,

and the flux of FITC-albumin across the membrane was quantified as

described in Materials and Methods and is expressed as the permeability

coefficient for albumin (Pa) of the experimental condition versus control

(medium alone). Cytomix (a mixture of IL-1b, TNF-a, and IFN-g, each at

a concentration of 10 ng/ml) was used as a positive control for the assay.

**p , 0.01 Pam3Cys versus medium.

FIGURE 7. Effects of TLR2 agonist on HUVEC viability and apoptosis.

HUVEC monolayers were treated with dilutions of Pam3Cys for 24 h

(n = 3, 1.67–40 mg/ml) to assess the effects of TLR2 activation on (A)

endothelial cell viability, using the MTT assay, and (B) endothelial cell

apoptosis, using the TUNEL assay. **p , 0.01 Pam3Cys versus medium.
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(33). Because of these findings, we hypothesize that during sepsis,

TLR2 activation may have additional functional effects on the

lungs. Both endothelial cell activation and dysfunction and neu-

trophil sequestration and activation within the lung contribute to

lung injury during sepsis (60). In early sepsis, endothelial cells ex-

press chemotactic cytokines and adhesion molecules, which pro-

mote neutrophil trafficking and transmigration across the endothe-

lium. Our data indicating that TLR2 activation upregulates multiple

processes involved in leukocyte trafficking to the lung and increases

lung fibrin deposition support the hypothesis that TLR2 may con-

tribute to the pathogenesis of sepsis-induced respiratory failure.

Increased vascular permeability is also prominent in septic shock.

It allows fluid and protein to leak out of the intravascular space

into the surrounding tissues, causing tissue edema and intravascular

hypovolemia (6). These can contribute to shock and organ hypo-

perfusion. In the lung, sepsis-induced vascular leak leads to non-

cardiogenic pulmonary edema, which contributes to respiratory

failure. The mechanisms underlying vascular leak in sepsis have

not been fully defined. We observed that TLR2 agonist treatment

increases endothelial permeability, which suggests that TLR2 ac-

tivation might contribute to vascular leakage during sepsis.

The concentrations of TLR2 agonists required to induce responses

varied depending on the endpoint. Whereas 40 ng/ml to 1 mg/ml

concentrations were capable of upregulating the expression of

cytokines, adhesion molecules, and some of the coagulation path-

way factors, higher concentrations ($10 mg/ml) were required for

other effects, such as permeability and apoptosis. This suggests that

the strength of TLR2 activation may result in variable intracellular

signaling pathways being used for the different responses observed

in endothelial cells. However, further studies will be required to

define the precise pathways leading from TLR2 activation to

alterations in coagulation, apoptosis, and increased permeability.

Apoptosis may have contributed to the increased permeability. We

speculate that coagulation pathway intermediaries also may be

involved in the increased permeability that we observed. Prior

studies support a role for coagulation pathway factors in regu-

lating vascular permeability during inflammation (61–63). For

instance, TF activity has been reported to contribute to the in-

creased permeability induced by TNF-a and IL-1.

The inflammatory effects of TLR2 activation have been de-

scribed in a number of studies, but the effects of TLR2 activation on

endothelial cell activation and function during sepsis have not been

defined. We have demonstrated that bacterial lipoprotein TLR2

agonists broadly affect endothelial functions, including causing

increased endothelial permeability, and that they modulate co-

agulation pathways in vitro and in vivo. The observed alterations in

FIGURE 8. Pam3Cys upregulates TLR2 expression

by HUVEC. A, Immunoblot analyses of lysates of

HUVECmonolayers that were incubatedwith Pam3Cys

at different concentrations (upper panel) and for inter-

vals up to 24 h (lower panel, Pam3Cys concentration 20

mg/ml). Fifteen micrograms of protein was loaded per

lane. Primary Abs for the immunoblot were goat anti-

human TLR2 IgG and goat anti-actin IgG. Molecular

mass markers are indicated at the left. B, Cell-based

ELISA for surface expression of TLR2 after 20 h of

treatment with Pam3Cys (1 and 10 mg/ml). * p , 0.05

TLR2 agonist versus medium. There was no increase in

binding of control IgG to the cell surface at either

concentration of Pam3Cys. C, Flow cytometry for sur-

face expression of TLR2 after 20 h of treatment with

PAL (1 and 10 mg/ml). Similar results were obtained

using Pam3Cys (not shown).
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endothelial function and coagulation pathways closely resemble

those that occur in patients with sepsis. Our studies suggest that

TLR2 activation contributes to sepsis-induced endothelial dys-

function, coagulopathy, and organ failure, and they raise the pos-

sibility that interventions for sepsis should target endothelial TLR2

pathways.

Disclosures
The authors have no financial conflicts of interest.

References
1. Rittirsch, D., M. A. Flierl, and P. A. Ward. 2008. Harmful molecular mechanisms

in sepsis. Nat. Rev. Immunol. 8: 776–787.
2. Schouten, M., W. J. Wiersinga, M. Levi, and T. van der Poll. 2008. Inflammation,

endothelium, and coagulation in sepsis. J. Leukoc. Biol. 83: 536–545.
3. Aird, W. C. 2003. The role of the endothelium in severe sepsis and multiple

organ dysfunction syndrome. Blood 101: 3765–3777.
4. Reinhart, K., O. Bayer, F. Brunkhorst, and M. Meisner. 2002. Markers of en-

dothelial damage in organ dysfunction and sepsis. Crit. Care Med. 30(5, Suppl)

S302–S312.
5. McGill, S. N., N. A. Ahmed, and N. V. Christou. 1998. Endothelial cells: role in

infection and inflammation. World J. Surg. 22: 171–178.
6. Kumar, P., Q. Shen, C. D. Pivetti, E. S. Lee, M. H. Wu, and S. Y. Yuan. 2009.

Molecular mechanisms of endothelial hyperpermeability: implications in in-
flammation. Expert Rev. Mol. Med. 11: e19.

7. Akira, S., K. Takeda, and T. Kaisho. 2001. Toll-like receptors: critical proteins

linking innate and acquired immunity. Nat. Immunol. 2: 675–680.
8. Beutler, B. 2004. Inferences, questions and possibilities in Toll-like receptor

signalling. Nature 430: 257–263.
9. Kumagai, Y., O. Takeuchi, and S. Akira. 2008. Pathogen recognition by innate

receptors. J. Infect. Chemother. 14: 86–92.
10. Kawai, T., and S. Akira. 2010. The role of pattern-recognition receptors in innate

immunity: update on Toll-like receptors. Nat. Immunol. 11: 373–384.
11. Poltorak, A., X. He, I. Smirnova, M. Y. Liu, C. Van Huffel, X. Du, D. Birdwell,

E. Alejos, M. Silva, C. Galanos, et al. 1998. Defective LPS signaling in C3H/HeJ

and C57BL/10ScCr mice: mutations in Tlr4 gene. Science 282: 2085–2088.
12. Qureshi, S. T., L. Larivière, G. Leveque, S. Clermont, K. J. Moore, P. Gros, and

D. Malo. 1999. Endotoxin-tolerant mice have mutations in Toll-like receptor 4

(Tlr4). J. Exp. Med. 189: 615–625.
13. Aliprantis, A. O., R. B. Yang, M. R. Mark, S. Suggett, B. Devaux, J. D. Radolf,

G. R. Klimpel, P. Godowski, and A. Zychlinsky. 1999. Cell activation and apo-

ptosis by bacterial lipoproteins through Toll-like receptor-2. Science 285: 736–739.
14. Brightbill, H. D., D. H. Libraty, S. R. Krutzik, R. B. Yang, J. T. Belisle,

J. R. Bleharski, M. Maitland, M. V. Norgard, S. E. Plevy, S. T. Smale, et al. 1999.
Host defense mechanisms triggered by microbial lipoproteins through Toll-like

receptors. Science 285: 732–736.
15. Lien, E., T. J. Sellati, A. Yoshimura, T. H. Flo, G. Rawadi, R. W. Finberg,

J. D. Carroll, T. Espevik, R. R. Ingalls, J. D. Radolf, and D. T. Golenbock. 1999.
Toll-like receptor 2 functions as a pattern recognition receptor for diverse bac-

terial products. J. Biol. Chem. 274: 33419–33425.
16. Jouault, T., S. Ibata-Ombetta, O. Takeuchi, P. A. Trinel, P. Sacchetti, P. Lefebvre,

S. Akira, and D. Poulain. 2003. Candida albicans phospholipomannan is sensed
through Toll-like receptors. J. Infect. Dis. 188: 165–172.

17. Yamamoto, M., S. Sato, K. Mori, K. Hoshino, O. Takeuchi, K. Takeda, and

S. Akira. 2002. Cutting edge: a novel Toll/IL-1 receptor domain-containing
adapter that preferentially activates the IFN-b promoter in the Toll-like re-

ceptor signaling. J. Immunol. 169: 6668–6672.
18. Oshiumi, H., M. Matsumoto, K. Funami, T. Akazawa, and T. Seya. 2003.

TICAM-1, an adaptor molecule that participates in Toll-like receptor 3-mediated
interferon-b induction. Nat. Immunol. 4: 161–167.

19. Vogel, S.N., andM. Fenton. 2003. Toll-like receptor 4 signalling: newperspectives

on a complex signal-transduction problem. Biochem. Soc. Trans. 31: 664–668.
20. Akira, S., and K. Takeda. 2004. Toll-like receptor signalling. Nat. Rev. Immunol.

4: 499–511.
21. Droemann, D., T. Goldmann, D. Branscheid, R. Clark, K. Dalhoff, P. Zabel, and

E. Vollmer. 2003. Toll-like receptor 2 is expressed by alveolar epithelial cells
type II and macrophages in the human lung. Histochem. Cell Biol. 119: 103–108.

22. Fan, J., R. S. Frey, andA. B.Malik. 2003. TLR4 signaling induces TLR2 expression

in endothelial cells via neutrophil NADPHoxidase. J. Clin. Invest. 112: 1234–1243.
23. Jimenez, R., E. Belcher, S. Sriskandan, R. Lucas, S. McMaster, I. Vojnovic,

T. D. Warner, and J. A. Mitchell. 2005. Role of Toll-like receptors 2 and 4 in the

induction of cyclooxygenase-2 in vascular smooth muscle. Proc. Natl. Acad. Sci.

USA 102: 4637–4642.
24. Opitz, B., S. Hippenstiel, J. Eitel, and N. Suttorp. 2007. Extra- and intracellular

innate immune recognition in endothelial cells. Thromb. Haemost. 98: 319–326.
25. Wiersinga, W. J., C. W. Wieland, M. C. Dessing, N. Chantratita, A. C. Cheng,

D. Limmathurotsakul, W. Chierakul, M. Leendertse, S. Florquin, A. F. de Vos,

et al. 2007. Toll-like receptor 2 impairs host defense in Gram-negative sepsis

caused by Burkholderia pseudomallei (melioidosis). PLoS Med. 4: e248.
26. Spiller, S., G. Elson, R. Ferstl, S. Dreher, T. Mueller, M. Freudenberg,

B. Daubeuf, H. Wagner, and C. J. Kirschning. 2008. TLR4-induced IFN-g

production increases TLR2 sensitivity and drives Gram-negative sepsis in mice.
J. Exp. Med. 205: 1747–1754.

27. Hellman, J., P. M. Loiselle, M. M. Tehan, J. E. Allaire, L. A. Boyle,
J. T. Kurnick, D. M. Andrews, K. Sik Kim, and H. S. Warren. 2000. Outer
membrane protein A, peptidoglycan-associated lipoprotein, and murein lipo-
protein are released by Escherichia coli bacteria into serum. Infect. Immun. 68:
2566–2572.

28. Hellman, J., and H. S. Warren. 2001. Outer membrane protein A (OmpA),
peptidoglycan-associated lipoprotein (PAL), and murein lipoprotein (MLP) are
released in experimental Gram-negative sepsis. J. Endotoxin Res. 7: 69–72.

29. Hellman, J., J. D. Roberts, Jr., M. M. Tehan, J. E. Allaire, and H. S. Warren.
2002. Bacterial peptidoglycan-associated lipoprotein is released into the
bloodstream in Gram-negative sepsis and causes inflammation and death in
mice. J. Biol. Chem. 277: 14274–14280.

30. Liang, M. D., A. Bagchi, H. S. Warren, M. M. Tehan, J. A. Trigilio,
L. K. Beasley-Topliffe, B. L. Tesini, J. C. Lazzaroni, M. J. Fenton, and
J. Hellman. 2005. Bacterial peptidoglycan-associated lipoprotein: a naturally
occurring Toll-like receptor 2 agonist that is shed into serum and has synergy
with lipopolysaccharide. J. Infect. Dis. 191: 939–948.

31. Bagchi, A., E. A. Herrup, H. S. Warren, J. Trigilio, H. S. Shin, C. Valentine, and
J. Hellman. 2007. MyD88-dependent and MyD88-independent pathways in syn-
ergy, priming, and tolerance between TLR agonists. J. Immunol. 178: 1164–1171.

32. Zhu, X., A. Bagchi, H. Zhao, C. J. Kirschning, R. J. Hajjar, W. Chao, J. Hellman,
and U. Schmidt. 2007. Toll-like receptor 2 activation by bacterial peptidoglycan-
associated lipoprotein activates cardiomyocyte inflammation and contractile
dysfunction. Crit. Care Med. 35: 886–892.

33. Petersen, B., K. D. Bloch, F. Ichinose, H. S. Shin, M. Shigematsu, A. Bagchi,
W. M. Zapol, and J. Hellman. 2008. Activation of Toll-like receptor 2 impairs
hypoxic pulmonary vasoconstriction in mice. Am. J. Physiol. Lung Cell. Mol.

Physiol. 294: L300–L308.
34. Valentine, C. H., J. Hellman, L. K. Beasley-Topliffe, A. Bagchi, and

H. S. Warren. 2006. Passive immunization to outer membrane proteins MLP and
PAL does not protect mice from sepsis. Mol. Med. 12: 252–258.

35. Itagaki, K., K. B. Kannan, D. H. Livingston, E. A. Deitch, Z. Fekete, and
C. J. Hauser. 2002. Store-operated calcium entry in human neutrophils reflects
multiple contributions from independently regulated pathways. J. Immunol. 168:
4063–4069.

36. Cuschieri, J., D. Gourlay, I. Garcia, S. Jelacic, and R. V. Maier. 2003. Modulation
of endotoxin-induced endothelial function by calcium/calmodulin-dependent pro-
tein kinase. Shock 20: 176–182.

37. Tinsley, J. H., M. H. Wu, W. Ma, A. C. Taulman, and S. Y. Yuan. 1999. Activated
neutrophils induce hyperpermeability and phosphorylation of adherens junction
proteins in coronary venular endothelial cells. J. Biol. Chem. 274: 24930–24934.

38. Gautam, N., H. Herwald, P. Hedqvist, and L. Lindbom. 2000. Signaling via b2

integrins triggers neutrophil-dependent alteration in endothelial barrier function.
J. Exp. Med. 191: 1829–1839.

39. Lim, Y. C., and F. W. Luscinskas. 2006. Isolation and culture of murine heart and
lung endothelial cells for invitromodel systems.MethodsMol. Biol. 341: 141–154.

40. Lau, C. L., Y. Zhao, J. Kim, I. L. Kron, A. Sharma, Z. Yang, V. E. Laubach,
J. Linden, G. Ailawadi, and D. J. Pinsky. 2009. Enhanced fibrinolysis protects
against lung ischemia-reperfusion injury. J. Thorac. Cardiovasc. Surg. 137:
1241–1248.

41. Chen, S., M. H. Wong, D. J. Schulte, M. Arditi, and K. S. Michelsen. 2007.
Differential expression of Toll-like receptor 2 (TLR2) and responses to TLR2
ligands between human and murine vascular endothelial cells. J. Endotoxin Res.

13: 281–296.
42. Mullick, A. E., P. S. Tobias, and L. K. Curtiss. 2005. Modulation of athero-

sclerosis in mice by Toll-like receptor 2. J. Clin. Invest. 115: 3149–3156.
43. Talreja, J., M. H. Kabir, M. B Filla, D. J. Stechschulte, and K. N. Dileepan. 2004.

Histamine induces Toll-like receptor 2 and 4 expression in endothelial cells and
enhances sensitivity to Gram-positive and Gram-negative bacterial cell wall
components. Immunology 113: 224–233.

44. Sawa, Y., T. Ueki, M. Hata, K. Iwasawa, E. Tsuruga, H. Kojima, H. Ishikawa,
and S. Yoshida. 2008. LPS-induced IL-6, IL-8, VCAM-1, and ICAM-1 ex-
pression in human lymphatic endothelium. J. Histochem. Cytochem. 56: 97–
109.

45. Neilsen, P. O., G. A. Zimmerman, and T. M. McIntyre. 2001. Escherichia coli

Braun lipoprotein induces a lipopolysaccharide-like endotoxic response from
primary human endothelial cells. J. Immunol. 167: 5231–5239.

46. Into, T., Y. Kanno, J. Dohkan, M. Nakashima, M. Inomata, K. Shibata,
C. J. Lowenstein, and K. Matsushita. 2007. Pathogen recognition by Toll-like
receptor 2 activates Weibel-Palade body exocytosis in human aortic endothelial
cells. J. Biol. Chem. 282: 8134–8141.

47. Sellati, T. J., L. D. Abrescia, J. D. Radolf, and M. B. Furie. 1996. Outer surface
lipoproteins of Borrelia burgdorferi activate vascular endothelium in vitro. In-
fect. Immun. 64: 3180–3187.

48. Faure, E., O. Equils, P. A. Sieling, L. Thomas, F. X. Zhang, C. J. Kirschning,
N. Polentarutti, M. Muzio, and M. Arditi. 2000. Bacterial lipopolysaccharide
activates NF-kB through Goll-like receptor 4 (TLR-4) in cultured human dermal
endothelial cells: differential expression of TLR-4 and TLR-2 in endothelial
cells. J. Biol. Chem. 275: 11058–11063.

49. Satta, N., E. K. Kruithof, G. Reber, and P. de Moerloose. 2008. Induction of
TLR2 expression by inflammatory stimuli is required for endothelial cell
responses to lipopeptides. Mol. Immunol. 46: 145–157.

50. Texereau, J., J. D. Chiche, W. Taylor, G. Choukroun, B. Comba, and J. P. Mira.
2005. The importance of Toll-like receptor 2 polymorphisms in severe infec-
tions. Clin. Infect. Dis. 41(Suppl. 7): S408–S415.

The Journal of Immunology 1129

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


51. Faure, E., L. Thomas, H. Xu, A. Medvedev, O. Equils, and M. Arditi. 2001.
Bacterial lipopolysaccharide and IFN-g induce Toll-like receptor 2 and Toll-like
receptor 4 expression in human endothelial cells: role of NF-kB activation.
J. Immunol. 166: 2018–2024.

52. Levi, M., E. de Jonge, and T. van der Poll. 2003. Sepsis and disseminated in-
travascular coagulation. J. Thromb. Thrombolysis 16: 43–47.

53. Mesters, R. M., N. Flörke, H. Ostermann, and J. Kienast. 1996. Increase of
plasminogen activator inhibitor levels predicts outcome of leukocytopenic
patients with sepsis. Thromb. Haemost. 75: 902–907.

54. Madoiwa, S., S.Nunomiya, T.Ono,Y. Shintani, T.Ohmori, J.Mimuro, andY. Sakata.
2006. Plasminogen activator inhibitor 1 promotes a poor prognosis in sepsis-induced
disseminated intravascular coagulation. Int. J. Hematol. 84: 398–405.

55. Prabhakaran, P., L. B. Ware, K. E. White, M. T. Cross, M. A. Matthay, and
M. A. Olman. 2003. Elevated levels of plasminogen activator inhibitor-1 in
pulmonary edema fluid are associated with mortality in acute lung injury. Am. J.
Physiol. Lung Cell. Mol. Physiol. 285: L20–L28.

56. Song, Y., S. V. Lynch, J. Flanagan, H. Zhuo, W. Tom, R. H. Dotson, M. S. Baek,
A. Rubio-Mills, G. Singh, E. Kipnis, et al. 2007. Increased plasminogen activator
inhibitor-1 concentrations in bronchoalveolar lavage fluids are associated with
increased mortality in a cohort of patients with Pseudomonas aeruginosa. An-

esthesiology 106: 252–261.
57. Ware, L. B., M. A. Matthay, P. E. Parsons, B. T. Thompson, J. L. Januzzi,

M. D. Eisner; National Heart, Lung, and Blood Institute Acute Respiratory
Distress Syndrome Clinical Trials Network. 2007. Pathogenetic and prognostic

significance of altered coagulation and fibrinolysis in acute lung injury/acute
respiratory distress syndrome. Crit. Care Med. 35: 1821–1828.

58. Hoogerwerf, J. J., A. F. de Vos, P. Bresser, J. S. van der Zee, J. M. Pater, A. de
Boer, M. Tanck, D. L. Lundell, C. Her-Jenh, C. Draing, et al. 2008. Lung in-
flammation induced by lipoteichoic acid or lipopolysaccharide in humans. Am. J.
Respir. Crit. Care Med. 178: 34–41.

59. Dessing, M. C., M. Schouten, C. Draing, M. Levi, S. von Aulock, and T. van der
Poll. 2008. Role played by Toll-like receptors 2 and 4 in lipoteichoic acid-
induced lung inflammation and coagulation. J. Infect. Dis. 197: 245–252.

60. Abraham, E., A. Carmody, R. Shenkar, and J. Arcaroli. 2000. Neutrophils as
early immunologic effectors in hemorrhage- or endotoxemia-induced acute lung
injury. Am. J. Physiol. Lung Cell. Mol. Physiol. 279: L1137–L1145.

61. Finigan, J. H., S. M. Dudek, P. A. Singleton, E. T. Chiang, J. R. Jacobson,
S. M. Camp, S. Q. Ye, and J. G. Garcia. 2005. Activated protein C mediates
novel lung endothelial barrier enhancement: role of sphingosine 1-phosphate
receptor transactivation. J. Biol. Chem. 280: 17286–17293.

62. Friedl, J., M. Puhlmann, D. L. Bartlett, S. K. Libutti, E. N. Turner, M. F. Gnant,
and H. R. Alexander. 2002. Induction of permeability across endothelial cell
monolayers by tumor necrosis factor (TNF) occurs via a tissue factor-dependent
mechanism: relationship between the procoagulant and permeability effects of
TNF. Blood 100: 1334–1339.

63. Puhlmann, M., D. M. Weinreich, J. M. Farma, N. M. Carroll, E. M. Turner, and
H. R. Alexander, Jr. 2005. Interleukin-1b induced vascular permeability is de-
pendent on induction of endothelial tissue factor (TF) activity. J. Transl.Med. 3: 37.

1130 TLR2 AGONISTS MODULATE ENDOTHELIAL FUNCTION AND COAGULATION

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/

