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Abstract

Lipoteichoic acid (LTA) is a component of the cell wall of
Gram-positive bacteria and induces a toll-like receptor 2
(TLR2)-mediated inflammatory response upon initial bind-
ing to lipopolysaccharide-binding protein (LBP) and subse-
quent transfer to CD14. In this study, we identified a novel
role for the nuclear protein high-mobility group box 1
(HMGB1) in LTA-mediated inflammation. Results of ELISA,
surface plasmon resonance and native PAGE electrophoretic
mobility shift analyses indicated that HMGB1 binds to LTA in
a concentration-dependent manner and that this binding is
inhibited by LBP. Native PAGE, fluorescence-based transfer
and confocal imaging analyses indicated that HMGB1 cata-
lytically disaggregates LTA and transfers LTA to CD14. NF-«kB
p65 nuclear transmigration, degradation of IkBa and report-
er assay results demonstrated that NF-kB activity in HEK293-
hTLR2/6 cells is significantly upregulated by a mixture of LTA
and soluble CD14 in the presence of HMGB1. Furthermore,
the production of TNF-a and IL-6 in J774A.1 and RAW264.7
cells increased significantly following treatment with a mix-

ture of LTA and HMGB1 compared with treatment with LTA
or HMGB1 alone. Thus, we propose that HMGB1 plays an im-
portant role in LTA-mediated inflammation by binding to
and transferring LTA to CD14, which is subsequently trans-
ferred to TLR2 to induce an inflammatory response.

© 2015 S. Karger AG, Basel

Introduction

Approximately 50% of bacterial sepsis or septic shock
cases are caused by Gram-positive bacteria [1]. Lipotei-
choicacid (LTA), a component of the Gram-positive bac-
terial cell wall, is a membrane-associated amphiphile ad-
hesin. LTA is considered a major virulence factor and has
immunostimulatory activity. It is composed of repeating
polymer and glycolipid units and shares many of its
pathophysiological properties with lipopolysaccharide
(LPS), which is composed of lipid A and polysaccharides
[2,3]. In Gram-negative bacterial infections, LPS-binding
protein (LBP) binds to LPS and catalyzes the transfer of
LPS monomers from LPS aggregates to CD14 [4], result-
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ing in increased NF-kB signaling through the activation
of the TLR4-MD2 receptor [5]. LTA in the circulation
forms a complex with LBP and then binds to CD14, acti-
vating signaling via TLR2 in a mechanism similar to the
LPS-mediated activation of TLR4 signaling [6]. LTA-me-
diated TLR2 activation triggers the MyD88-dependent
signaling pathway via MyD88, IL-1 receptor-associated
kinase and tumor necrosis factor receptor-associated fac-
tor 6, leading to NF-kB activation [7, 8]. However, the
presence of LTA alone is insufficient to cause the type of
severe inflammation associated with septic shock and
multiple organ failure [9, 10]. LBP plays an important role
in protecting the host by sensing and enhancing the LPS-
and LTA-mediated inflammation associated with Gram-
negative and Gram-positive bacterial infections.

The nuclear protein high-mobility group box 1
(HMGBI) is a well-known danger-associated molecular
pattern molecule that stabilizes the nucleosome and regu-
lates gene transcription [11]. The release of HMGB1 into
the extracellular space as a result of modification [12-15]
or cell necrosis [16] can trigger inflammation and sepsis
[17, 18]. In addition, HMGBI1 can form complexes with
CpG DNA [19], IL-1p [20] and CXCL12 [21], thus exacer-
bating inflammation [22]. Previously, we reported that
HMGB1 binds to and facilitates the transfer of LPS to CD 14,
ultimately upregulating LPS-mediated cytokine produc-
tion [23, 24]. Our results identified HMGBI1 as a novel
LPS-sensing and LPS-transferring molecule. Considering
that LBP plays an important role in binding to and transfer-
ring LTA to CD14 to initiate TLR2-mediated proinflamma-
tory responses [6], we hypothesized that HMGB1 also binds
to LTA and facilitates LTA-stimulated TLR2 signaling.

In this study, we demonstrate that HMGBI interacts
with LTA, the primary component of the Gram-positive
bacterial cell wall, and transfers LTA to CD14, ultimately
resulting in the upregulation of TNF-a and IL-6 produc-
tion via LTA-stimulated TLR2 signaling in macrophages.
Our results suggest that HMGBI plays an important role
in TLR-mediated signaling associated with Gram-posi-
tive bacterial infections.

Materials and Methods

LTA and Proteins

LTAs from Staphylococcus aureus (sLTA) and Bacillus subtilis
(bLTA; endotoxin levels, 0.01 EU/ug) were purchased from Invi-
voGen (San Diego, Calif., USA). Recombinant human LBP (R&D
Systems, Minneapolis, Minn., USA) and soluble CD14 protein
(sCD14; amino acids, aa 1-352) were also purchased from R&D
Systems. LPS extracted from Escherichia coli was purchased from
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Sigma-Aldrich (St. Louis, Mo., USA). Wild-type recombinant hu-
man HMGBI, acidic tail-deleted HMGB1 (AC-HMGBI, aa
1-185), HMGB1 A box (aa 1-79) and HMGB1 B box (aa 88-162)
incorporating six His-tags were expressed in E. coli BL21 (DE3)
pLysE and purified using Ni?*-NTA, Sephadex G75 and ion-ex-
change columns [13, 23]. Wild-type HMGBI1 produced in baculo-
virus-infected Spodoptera frugiperda 9 insect cells was used to con-
firm the results of the study. Endotoxin was removed by phase
separation using Triton X-114 [25]. The absence of endotoxin in
HMGBI1 and AC-HMGBI preparations was confirmed using the
Limulus amebocyte lysate assay (Lonza, Basel, Switzerland), with
the level being under 1.0 EU/ug protein.

Analysis of HMGBI Binding to LTA Using ELISA and

Competition ELISA

To observe the binding of HMGBI to LTA, 96-well PolySorp mi-
crotiter plates (Nunc, Rochester, N.Y., USA) were coated with 1 pg/
ml of LBP or HMGBI. The plates were washed with PBS (0.137 M
NaCl, 0.005 M KCl, 0.009 M Na,HPO,, and 0.001 M KH,PO,4, pH 7.4)
containing 0.01% Tween 20 (v/v, PBST) and blocked with 2% BSA
in PBST. Various concentrations (10!~ ng/ml) of LTA were added
and incubated for 1 h. After washing, mouse anti-LT A antibody (Ab;
Abcam, Cambridge, Mass., USA) was added and incubated. HRP-
conjugated anti-mouse IgGAM (Sigma-Aldrich) was used as a sec-
ondary Ab. TMB solution was added for color development and the
optical density of each well was measured at 450 nm. For the reverse
assay, microtiter plate wells were coated with 1 pg/ml of LTA and
incubated with various concentrations of HMGB1. The ELISA was
performed using anti-HMGB1 Ab (Abcam).

A competition ELISA was performed to confirm whether LBP
inhibits the binding of HMGB1 to LTA. Microtiter plate wells were
coated with 0.1 ug/ml of LTA and then blocked with 2% BSA in
PBST. HMGBI (0.1 ug/ml) was added to the wells in the presence
of various concentrations of LBP. After washing with PBST, rabbit
anti-HMGBI1 Ab (Abcam) was added and incubated. HRP-conju-
gated anti-rabbit IgGAM (Sigma-Aldrich) was used as the second-
ary Ab.

Surface Plasmon Resonance Assay

The binding of LTA to HMGBI1 was analyzed in real time by
means of surface plasmon resonance using a BIAcore 2000 instru-
ment (BIAcore AB, Uppsala, Sweden). For surface preparation,
wild-type HMGB1, AC-HMGBI1 or HMGBI1 A and B boxes at a
concentration of 100 pg/ml were immobilized as the ligand on a
carboxymethyl dextran (CM5) sensor chip in 10 mM sodium ace-
tate buffer (pH 4). The surface of the CM5 dextran sensor chip was
activated with 0.2 M N-ethyl-N’-(3-diethylamino-propyl)-car-
bodiimide and 0.05 M N-hydroxysuccinimide. HBS running buffer
(10 mM HEPES, 150 mM NacCl, 3.4 mM EDTA, and 0.005% Tween
20, pH 7.4) was used for sample dilution and analysis. To evaluate
binding, sLTA was diluted in HBS buffer at various concentrations
(0.25-4 pg/ml), and samples were passed over the sensor chip at a
flow rate of 10 pl/min. Response unit values for samples were cal-
culated by subtracting the control values using BIAevaluation 3.0
software (BIAcore).

Native PAGE Gel Mobility Shift Assay and Western Blotting

Native PAGE was used to demonstrate the electrophoretic
mobility shift resulting from the HMGBI1-mediated transfer of
LTA to CDI14. A mixture of sCD14 and LTA was incubated with
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different amounts of HMGBI or LBP for 12 h at 37°C and then
electrophoresed on a 4-15% polyacrylamide gradient gel (Bio-
Rad, Hercules, Calif., USA) containing no reducing agent. The
gels were run at 20 mA under cold conditions with native elec-
trophoresis buffer (24 mM Tris base, 192 mM glycine, pH 8.3).
After electrophoresis, the gels were silver-stained using a Silver-
Quest™ staining kit (Invitrogen). For Western blotting, electro-
phoresed proteins were transferred onto polyvinylidene fluoride
membranes (GE Bioscience, Uppsala, Sweden), which were incu-
bated in blocking solution (5% nonfat milk in Tris-buffered sa-
line containing 0.05% Tween 20) for 1 h at room temperature. A
rabbit anti-CD14 Ab (Abcam) was used to label CD14, and
HMGBI1 was labeled with a rabbit anti-HMGB1 Ab (Abcam).
The membranes were then incubated with an HRP-labeled sec-
ondary AD for 1 h at room temperature for subsequent develop-
ment and visualization.

Cell Culture and NF-xB Reporter Assay

Human embryonic kidney (HEK) 293 cells stably expressing
TLR2 and TLR6 (HEK293-hTLR2/6) were purchased from
InvivoGen. The cells were maintained in DMEM supplemented
with 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, and
10 pg/ml blasticidin (InvivoGen). HEK293-hTLR2/6 cells were
plated at 2 x 10° per well in 24-well culture plates 24 h before
transfection. The seeded cells were transiently transfected with
250 ng each of NF-kB-luc and B-galactosidase plasmids using
PolyExpress (Excellgen, Rockville, Md., USA). At 24 h after
transfection, the cells were washed with serum-free medium to
remove the FBS and stimulated with a preincubated mixture in-
cluding sCD14, HMGBI or LBP, and LTA for 5 h. Luciferase ac-
tivity was measured using a luciferase reporter assay system (Pro-
mega, Madison, Wisc., USA) according to the manufacturer’s
instructions. Luminescence was quantified using a Multilabel
Reader (Perkin Elmer, Wellesley, Mass., USA). Results are shown
as relative luciferase activity, defined as the ratio of activity stim-
ulated by test proteins to the activity of 3-galactosidase. Transfec-
tion of the B-galactosidase gene was performed to calculate trans-
fection efficiency.

IxBa Degradation and Western Blotting

Activation of NF-kB was assessed by measuring IxB degrada-
tion. J774A.1 cells were seeded at 5 x 10° per well in a 6-well
plate and incubated for 24 h in 10% FBS RPMI1640 medium,
after which the cells were washed with serum-free medium to
remove the FBS. The cells were stimulated with sLTA (60 ng/
ml), HMGBI (1 pg/ml), LBP (1 ug/ml), or a mixture of HMGBI1
(1 or 5 pg/ml) and sLTA and maintained in medium for 30 min.
A mixture of LBP (1 ug/ml) and sLTA was used as a positive
control. The cells were lysed with RIPA buffer supplemented
with protease and phosphatase inhibitor cocktails. Total cell ex-
tracts were prepared, and 15 g of each extract was electropho-
resed on an SDS-PAGE gel and immunoblotted with rabbit anti-
IxBa or rabbit anti-actin Ab (Cell Signaling). An HRP-labeled
secondary Ab was applied, and the blot was developed using the
ECL system.

Measurement of BODIPY® FL-LTA Fluorescence

sLTA was labeled using a BODIPY FL (boron-dipyrrometh-
ene fluorescein leakage) labeling kit (Molecular Probes) accord-
ing to the manufacturer’s procedure. Briefly, sSLTA was suspend-
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ed in 0.5 M sodium bicarbonate buffer (pH 9.0) containing label-
ing reagent and incubated for 30 min with frequent sonication.
BODIPY FL-conjugated LTA was quickly separated from free
BODIPY by gel filtration on a PD10 column (GE Healthcare).
Attachment of BODIPY FL to sLTA was evidenced by an increase
in the fluorescence of BODIPY FL-LTA following solubilization
by the addition of 2% SDS. BODIPY FL-sLTA (1 pg/ml) and
sCD14 (5 ug/ml) were added to PBS lacking Ca?* and Mg?" in the
presence or absence of 1 or 5 pg/ml of HMGBI. LBP at 2 pg/ml
was used as a positive control. Fluorescence was measured using
a Varioskan™ Flash Multimode Reader (Thermo Scientific) after
incubation for 10 h at 25°C. The fluorescence of BODIPY FL-
LTA was recorded at a wavelength of 525 nm with excitation at
488 nm.

Cytokine Production

Cytokine production was measured in J774A.1 and RAW264.7
murine macrophage cells. Cells were cultured in 24-well plates in
OPTI-MEM medium (Invitrogen) at a density of 3 x 10° cells/ml
for J774A.1 cells and 5 x 10° cells/ml for RAW264.7 cells. The
J774A.1 and RAW264.7 cells were treated with sSLTA and bLTA in
the presence or absence of HMGB1 or LBP for 20 h at 37°C, after
which the culture supernatants were collected by centrifugation at
5,000 rpm at 4°C. HMGB1 was degraded by incubation in the pres-
ence of 50 ng/ml of proteinase K for 2 h at 37°C, after which the
proteinase K was denatured by boiling the sample for 30 min. The
concentrations of TNF-a and IL-6 were determined using a sand-
wich ELISA (R&D Systems) according to the manufacturer’s pro-
cedure.

Confocal Microscopy

The HMGBI1-mediated transfer of BODIPY FL-LTA to TLR2
was assessed using immunofluorescent staining. HEK293-
hTLR2/6 cells were cultured in LabTek IT chambers (Nalgene) and
washed with serum-free medium to remove the FBS. The cells
were incubated with a mixture of LTA (1 pg/ml) and sCD14
(0.5 pug/ml) in the presence or absence of HMGBI (1 pg/ml) or
LBP (1 pg/ml) in serum-free medium for 4 h. After treatment, the
cells were fixed in 4% paraformaldehyde in PHEM buffer (60 mm
PIPES, 25 mM HEPES, 10 mM EGTA, and 4 mM MgSO,, pH 7.0)
for 20 min at room temperature. The cells were washed with PBS,
blocked with 1% BSA in PBS for 10 min and incubated with mouse
anti-TLR2 AD (eBioscience) overnight at 4°C. After three washes,
Alexa594-conjugated goat anti-mouse Ig (Invitrogen) was added.
The localization of BODIPY FL-LTA and TLR2 was visualized us-
ing a FluoView FV1000 confocal microscope (Olympus, Tokyo,
Japan).

To investigate whether HMGBI1-mediated LTA transfer en-
hances the nuclear translocation of NF-«xB p65, J774A.1 cells were
seeded in LabTek II chambers, and the medium was exchanged
with serum-free medium after 24 h. The cells were treated with a
mixture of sLTA (60 ng/ml) and HMGB1 (1 pg/ml). A mixture of
sLTA and LBP (1 pg/ml) was used as a positive control. The cells
were washed with PBS and fixed with 4% paraformaldehyde for
30 min at room temperature. The fixed cells were permeabilized
by incubation in 0.5% Triton X-100 in PBS for 20 min at room
temperature. The cells were then washed three times with PBS,
blocked with 1% BSA in PBS for 10 min and incubated with mouse
anti-p65 Ab (Santa Cruz Biotech) overnight at 4°C. After washing
with PBS, the cells were incubated with Alexa594-conjugated goat
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similar independent experiments.

anti-mouse Ig (Invitrogen). The cells were mounted using
VECTASHIELD with DAPI (Vector Laboratories) and examined
using confocal microscopy.

Statistics
A one-way ANOVA test was used for the analysis with Bonfer-
roni correction.

Results

Binding of HMGBI to LTA

Previous studies have shown that HMGBI1 binds to the
Gram-negative bacteria endotoxin LPS, enhancing LPS-
mediated cytokine production through the HMGB1-me-
diated transfer of LPS to CD14 [23, 24]. In this study, we
found that HMGB1 binds to LTA and mediates the transfer
of LTA to CD14-TLR2, enhancing the release of proin-
flammatory cytokines. To characterize this phenomenon,
microtiter EIA plates were coated with 1 pg/ml of HMGB1,
after which sLTA and bLTA were added to the wells and
the binding was examined by ELISA. Both different LTAs
isolated from S. aureus and B. subtilis were used because of
the heterogeneity of LTA. Both LTAs bound to HMGB1 in
a concentration-dependent manner (fig. 1a,b). LBP, which
is known to bind LTA [6], was used as a positive control.
In the reverse experiment, microtiter plates were coated
with 1 pg/ml of sLTA or bLTA; the added HMGB1 and LBP
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bound to both LTAs in a concentration-dependent man-
ner (fig. 1c, d).

The binding of LTA to HMGB1 was analyzed in real
time using surface plasmon resonance. Wild-type
HMGBI1, AC-HMGB1 and HMGBI1 A and B boxes were
immobilized onto CM5 dextran sensor chips, and then
different concentrations of sSLTA as a represensative were
flowed over the chips. sLTA bound to both HMGBI1 and
AC-HMGBI in a concentration-dependent manner
(fig. 2a, b). LTA bound to AC-HMGBI in a similar man-
ner as wild-type HMGB1. When washing buffer was ap-
plied, the bound sLTA slowly dissociated. The result of
surface plasmon resonance studies showed that LT A binds
to the HMGBI1 B box in a dose-dependent manner, but
there was no correlative binding to the A box protein
(fig. 2¢, d).

Formation of HMGBI1-LTA Complexes as Determined

by Gel Mobility Shift Assay

To confirm the formation of HMGB1-LTA complex-
es, HMGB1 was incubated with sSLTA or bLTA overnight
at 37°C, and a shift in the electrophoretic mobility of
HMGBI1 was observed by means of native PAGE fol-
lowed by immunoblotting analysis. Both sSLTA and bLTA
bound to HMGBI, and the HMGB1-LTA complexes mi-
grated more slowly than HMGBI alone; band intensity
also increased with increasing LTA concentration
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Fig. 2. Surface plasmon resonance analysis of HMGB1 binding to
LTA. Wild-type HMGBI (a), AC-HMGBI (b), HMGB1 A box (c),
and HMGBI B box (d) proteins were immobilized on a CM5 dex-
tran sensor chip and a solution of sSLTA at concentrations of 0.25,
0.5, 1, 2, or 4 pg/ml was flowed over the chip at time 0 and dissoci-

(fig. 3a). When the concentration of LTA was fixed, the
formation of HMGB1-LTA complexes increased in an
HMGBI1 concentration-dependent manner (fig. 3b).
When LBP was used as a positive control, the migration
position of LBP-LTA was shifted relative to LBP alone
(fig. 3¢).

HMGBI Competes with LBP for Binding to LTA

LBP rapidly binds to LTA during invasion by Gram-
positive bacteria and catalyzes the transfer of LTA [6, 7].
An inhibition ELISA was used to investigate whether
HMGBI and LBP compete for binding to LTA. Microti-
ter plate wells were coated with 0.1 pg/ml sLTA or bLTA,
and HMGBI at a concentration of 0.1 ug/ml was added
in the presence of various concentrations of LBP. The
binding of HMGBI to both LTAs was inhibited by LBP
in a concentration-dependent manner, suggesting that
both HMGB1 and LBP bind to a similar region of LTA
(fig. 4).

Lipoteichoic Acid and HMGB1

ated sLTA with washing buffer at the time of 125 s. The binding of
LTA to wild-type HMGBI1 or mutant HMGBI1 proteins was in-
creased in a dose-dependent manner in a, b, d. An activated and
blocked flow cell without immobilized ligand was used to evaluate
nonspecific binding.

HMGBI Facilitates Formation of LTA-CD14

Complexes

Upon entering the bloodstream, LPS is rapidly bound
by the serum protein LBP, and the resulting LPS-LBP
complexes readily bind to CD14 to induce proinflamma-
tory responses via TLR4-mediated NF-«kB activation and
TNF-a production [26]. Because LTA also binds to LBP
and is transferred to CD14 to induce TLR2-mediated in-
flammatory responses [6], we investigated whether
HMGBI plays a role in the transfer of LTA to CD14 to
initiate proinflammatory cytokine production. In the na-
tive PAGE electrophoretic mobility shift assay, HMGB1
formed complexes with both LTA and CD14, resulting in
a shift in mobility to a position similar to the LTA-LBP-
CD14 complex positive control (fig. 5a). The lower panel
in figure 5a depicts the SDS-PAGE loading control. A
mixture of sSLTA, HMGB1 and sCD14 preincubated prior
to electrophoresis displayed a retarded shift compared
with uncomplexed sCD14 or HMGBI alone and showed
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Fig. 3. Native PAGE mobility shift assay of LTA and HMGB1 com-
plexes. a, b sLTA and bLTA were incubated with HMGBI for 12 h
at 37°C and subjected to native PAGE on a 4-15% gradient gel. A
fixed concentration of HMGB1 was incubated with the indicated
amount of LTA (a) and a fixed concentration of LTA was incu-
bated with the indicated amount of HMGBI to assess complex
formation (b). Membranes were immunoblotted with an anti-
HMGBI1 Ab. ¢ The formation of a complex between LTA and LBP
was analyzed as a positive control, and the membrane was immu-
noblotted using an anti-LBP Ab.

a similar pattern to the positive control mixture consist-
ingof LTA, LBP and sCD14. We confirmed the migration
of the LTA-sCD14 complex formed by the transfer of
LTA by HMGBI using Western blot analysis with an an-
ti-CD14 Ab after native PAGE (fig. 5b). The LTA-sCD14
complex migrated similarly to the complex formed by the
transfer of LTA by LBP.

To confirm the transfer of LTA by HMGBI, sLTA was
labeled with BODIPY FL and then incubated with sCD14
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Fig. 4. Competition between HMGB1 and LBP for binding to LTA.
OD = Optical density. Either bLTA or sLTA (0.1 pug/ml) was im-
mobilized in wells of a microtiter plate, and HMGBI1 (0.1 pg/ml)
was added to the wells in the presence of various concentrations of
LBP. Binding of HMGB1 to LTA was evaluated by ELISA using an
anti-HMGBI1 Ab and measurement of absorbance.

in the presence or absence of HMGBI, after which disso-
ciation of BODIPY FL was monitored. The fluorescence
of sSLTA-BODIPY FL was quenched in the resting state.
The fluorescence of BODIPY FL increased significantly —
from 3.7 to 6.4 absorbance units - when HMGBI1 was
added to a mixture of sSLTA-BODIPY FL and sCD14
(fig. 5¢).

We next investigated the transfer of LTA to TLR2 by
HMGBI1. HEK293-hTLR2/6 cells were incubated with a
mixture of SLTA-BODIPY FL and sCD14 for 4 h in the
presence or absence of HMGBI1. sLTA-BODIPY FL was
observed on the cell surface and in the cytoplasm of
HEK293-hTLR2/6 cells in the presence of HMGBI, simi-
lar to cells treated with LBP, whereas the fluorescence lev-
el was low in the absence of HMGBI (fig. 5d). These re-
sults indicate that HMGBI catalyzes the transfer of LTA
to CD14 and TLR2.

HMGBI Facilitates LTA-Mediated TLR2 Activation

and TNF-« and IL-6 Production

The initiation of proinflammatory signaling was
monitored in order to evaluate the effect of sSLTA transfer
by HMGBI1 to CD14, which is subsequently transferred
to TLR2. HEK293-hTLR2/6 cells were transiently trans-
tected with NF-«B reporter and 3-galactosidase plasmids
and then stimulated with a mixture of sSLTA and sCD14
in the presence or absence of HMGBI (fig. 6a). LBP was
used as a positive control. The addition of HMGBI to the
sLTA and sCD14 mixture induced a significant 3.3-fold
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Fig. 5. HMGBI interacts with LTA and mediates the transfer of
LTA to sCD14. a Native PAGE mobility shift assay of the transfer
of LTA to sCD14 following HMGB1-LTA binding. A mixture of
sLTA and sCD14 was incubated with HMGB1 for 12 h at 37°Cand
then subjected to native PAGE analysis on a 4-15% gradient gel,
with subsequent silver staining (upper panel). LBP was used as a
positive control. Lower panel represents SDS-PAGE analysis as a
protein loading control. The position of uncomplexed sCD14 and
HMGBI is indicated by the asterisk. b Western blot analysis using
an anti-CD14 Ab after native PAGE. Asterisk indicates uncom-
plexed sCD14. ¢ HMGBI1-mediated transfer of BODIPY FL-LTA

increase in NF-xB activity relative to samples without
HMGBI (fig. 6a). To explore these results further, the
migration of NF-kB p65 to the nucleus of J774A.1 cells
was observed 2 h after treatment with a mixture of SLTA
and HMGBI1 or sLTA or HMGBI alone. Treating cells
with a mixture of sSLTA and HMGBI enhanced the mi-
gration of p65 to the nucleus more so than treatment
with either sSLTA or HMGBI alone, as determined by
confocal microscopy and signal localization (fig. 6b).

Lipoteichoic Acid and HMGB1

to CD14. A mixture of BODIPY FL-sLTA and sCD14 was incu-
bated in the presence or absence of HMGBI for 10 h at 25°C and
the fluorescence level was measured. LBP was used as a positive
control, and 2% SDS was used to solubilize the disaggregated

BODIPY FL-sLTA completely to maximize the fluorescence. * p <
0.05,** p < 0.01 (n =4). d Transfer of BODIPY FL-sLTA to TLR2.
BO = BODIPY FL. HEK293-hTLR2/6 cells were stimulated with a
mixture of 1 pg/ml of BODIPY FL-sLTA and 0.5 pg/ml of sCD14
in the presence or absence of 1 pg/ml of HMGBI1 for 4 h. LBP (1 pg/
ml) was used as a positive control. The cells were then fixed and
stained with an anti-TLR2 Ab. Scale bar = 10 pm.

In addition, IkB degradation was measured 30 min af-
ter LTA stimulation. Degradation of IxBa, which is an
inhibitor of NF-kB, enables NF-kB release and nuclear
transmigration. As shown in figure 6¢, IkBa was signifi-
cantly degraded when the cells were treated with a mix-
ture of sSLTA and HMGBI. These data show that stimula-
tion with a mixture of LTA, HMGB1 and sCD14 initiates
proinflammatory signaling and subsequent NF-xB acti-
vation.
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Fig. 6. HMGBI1 enhances LTA-mediated induction of NF-kB ac-
tivity. B-gal = P-Galactosidase. a HEK293-hTLR2/6 cells were
stimulated with sLTA in the presence or absence of CD14 and
HMGBI, and NF-kB activity was measured using an NF-kB re-
porter plasmid. A B-galactosidase plasmid was used for normaliza-
tion of the transfection efficiency. * p < 0.01 (n = 3). b Subcellular
localization of NF-xB p65 in J774A.1 cells. J774A.1 cells were stim-
ulated with 1 pg/ml of sLTA and 0.5 pg/ml of CD14 in the presence
or absence of 1 ug/ml of HMGB1 for 2 h. LBP (1 pg/ml) was used
as a positive control. Cells were permeabilized and incubated with
an anti-NF-«B p65 Ab overnight at 4°C prior to analysis by confo-

Finally, we evaluated LTA-mediated TNF-a and IL-6
production in J774A.1 and RAW264.7 cells. When cells
of both lines were treated with a mixture of sLTA or
bLTA and HMGBI1, TNF-a production increased sig-
nificantly in an HMGB1 dose-dependent manner,
whereas treatment with LTA or HMGB1 alone resulted
in only a minimal increase in TNF-a production (fig. 7a,
b). A similar pattern was observed with IL-6 production
in cells treated with a mixture of LTA and HMGBI
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cal microscopy (left panels). Scale bar = 10 um. The localization of
p65-associated fluorescence in nuclei and in whole cells was exam-
ined in more than 10 cells using Image]J software (NIH), and the
ratio of mean fluorescence intensity in the nuclei to that in whole
cells is shown (right panel). ¢ Western blot analysis of IkBa degra-
dation. J774A.1 cells were stimulated with sLTA and HMGBI for
30 min in 10% FBS RPMI1640, which contained CD14, and whole
cell lysates were analyzed for IkBa degradation after SDS-PAGE.
The ratio of the intensity of IxBa band to that of the B-actin band
was determined.

(fig. 7a, b). The stimulatory effect on cytokine produc-
tion observed in the present study by cells treated with
10 ng/ml of bLTA was similar to that of cells treated with
sLTA at 60 ng/ml, which is consistent with a previous
report [27]. In cells treated with polymyxin B, which in-
hibits LPS-mediated stimulation but only partially in-
hibits LTA-mediated stimulation at high concentration
[27], there was almost no change in TNF-a and IL-6 pro-
duction by cells treated with a mixture of LTA and
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Fig.7. TNF-a and IL-6 production in J774A.1 and RAW264.7 cells
after HMGB1-mediated transfer of LTA. WT = Wild-type. ]J774A.1
(a, ) and RAW264.7 cells (b) were treated with LTA in the pres-
ence or absence of wild-type HMGB1 or HMGBI1 A and B box
proteins in OPTI-MEM for 20 h, after which the levels of TNF-a

Lipoteichoic Acid and HMGB1

and IL-6 in the supernatants were measured. The experiment was
repeated more than 3 times, and the mean + SEM are shown. * p <
0.005 vs. LTA only: one-way ANOVA test with Bonferroni correc-
tion.
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HMGBI1. The degradation of HMGBI1 in the LTA/
HMGBI1 mixture via the addition of proteinase K fol-
lowed by the inactivation of proteinase K by boiling re-
sulted in a dramatic decrease in the production of both
TNF-a and IL-6, suggesting that HMGB1 plays the role
of a transfer molecule (fig. 7a, b). When we evaluated the
LTA-mediated transfer of TNF-a and IL-6 using each
domain of HMGB1 A and B box proteins in LTA trans-
fer in J774A.1 cells, both TNF-a and IL-6 productions
were significantly increased in an HMGB1 B box dose-
dependent manner, whereas there was no change by
HMGBL1 A box protein (fig. 7c). These results suggest
that HMGBI transfers LTA to CD14, which is subse-
quently transferred to TLR2 to initiate the inflammatory
response.

Discussion

HMGBI is known to exert proinflammatory effects by
stimulating the production of a diverse array of cytokines
[28]. In addition, HMGBI directly binds to pattern-asso-
ciated molecular pattern molecules such as LPS, DNA,
RNA, and CpG, synergistically enhancing the proinflam-
matory effect [19, 20, 23, 29, 30]. Here, we report the nov-
el finding that HMGB1 binds to and catalyzes the transfer
of LTA monomers from LTA micelles to CD14, synergis-
tically enhancing cytokine production via TLR2-mediat-
ed signaling.

There are many LTA-binding proteins, as follows:
LBP, CD14, mannose-binding protein, L-ficolin, albu-
min [6,31-33], apolipoproteins A and C [34], transferrin
and hemoglobin [35, 36], high- and low-density lipopro-
teins [37], hemoglobin subunits a and f and S100A9 and
SPLUNC2 [38]. Until now, however, LBP was the only
molecule known to mediate the transfer of LTA to CD14
to enhance the inflammatory response. Recently, it has
been shown that hemoglobin synergistically activates
macrophages with LTA, and hemoglobin alone can in-
duce secretion of HMGB1, which is in synergy with LTA
in IL-6 production [36]. The present report is the first to
demonstrate that HMGBI also binds to LTA and medi-
ates its transfer to CD14, thus enhancing the inflamma-
tory response. Previously, we reported that, similar to
LBP, HMGBI1 plays an important role in LPS-mediated
proinflammatory signaling by catalyzing the transfer of
LPS monomers from LPS micelles to CD14, initiating
TLR4-mediated inflammatory responses [23]. We pro-
pose, here, that HMGB1 plays an important synergistic
role in proinflammatory cytokine production in LTA-
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mediated TLR2 signaling. Our results show that HMGB1
acts as a PAMP-sensing molecule in infections with
Gram-positive and Gram-negative bacteria.

HMGBI is composed of two homologous DNA-
binding domains (the A and B boxes) and a negatively
charged C-terminal tail. HMGB1 has a proline-rich link-
er between the internal repeats of the A and B boxes and
a disulfide bond between Cys23 and Cys45. There is no
significant difference between AC-HMGBI1 and wild-
type HMGBI in terms of LTA binding affinity, suggest-
ing that the acidic tail of HMGBI is not involved in bind-
ing. The redox status of HMGB1 influences its cytokine
production activity. Native HMGBI, that is, disulfide-
HMGBI at Cys23 and Cys45, induced cytokine produc-
tion, but the all-thiol form of HMGBI1 at Cys23, 45 and
106 showed no significant effect on cytokine production
[39]. In our data, native HMGBI1 and the all-thiol form
of HMGBI1 showed no significant altered binding affin-
ity, which suggests that HMGB1 oxidation may not be
involved in LTA-mediated TLR2 signaling in the
HMGBI-LTA interaction (data not shown). Interesting-
ly, our surface plasmon resonance analyses showed that
LTA binds to the B box not the A box, which is similar
to LPS binding of the HMGB1 B box [23]. LPS consists
of repeating units of polysaccharide and lipid A regions
with multiple acyl chains, and LTA similarly consists of
a hydrophilic region of repeating polymer units and a
hydrophobic glycolipid or phosphoglycolipid region of
diacylglycerol units substituted by a di- or triglycoside
with five different types based on the chemical structure
of the repeating polymer [3, 40]. Based on our data,
HMGBI, especially the B box protein, shows high-affin-
ity binding to lipid anchor regions of both macroamphi-
philes of LPS and LTA and enhances the inflammatory
response. HMGBI1 has two LPS-binding motifs, which
are located in the A and B box domains and are involved
in binding to the polysaccharide and lipid A regions, re-
spectively [24]. Synthetic peptides containing these two
LPS-binding motifs inhibit LPS-stimulated TNF-a pro-
duction [24]. Identification of the LTA-binding peptide
region of the HMGB1 B box may enable the develop-
ment of a peptide useful for neutralizing LTA-stimulat-
ed TNF-a production, since the B box itself exhibits pro-
inflammatory effects. Thus, further study of the LTA-
binding amino acid residue of HMGBI is needed to
better understand both the molecular interaction be-
tween HMGB1 and LTA and the mechanism of the
HMGBI1-mediated transfer of LTA to CD14.

LPS contamination is common in LTA preparations
[10]. However, our LTA transfer assay using silver-
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stained native PAGE gels gave no indication of LPS con-
tamination, as the migration pattern of a mixture of LTA,
sCD14 and HMGBI differed from that of a mixture of
LPS, sCD14 and HMGBL. In our cytokine production as-
say, treating J774A.1 and RAW264.7 cells with a mixture
of LTA and HMGB1, with the addition of the potent LPS
antagonist polymyxin B, had no effect on TNF-a and IL-6
production compared with the same treatment without
polymyxin B, suggesting that the effects associated with

mediates the transfer of LTA to CD14, resulting in the
enhancement of LTA-mediated signaling leading to
proinflammatory cytokine production. HMGB1-medi-
ated LTA signaling may, therefore, serve as a therapeu-
tic target in the treatment of Gram-positive bacterial
sepsis.
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