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Abstract

Background: Heparan sulfate (HS) degradation mediates pulmonary endothelial hyper-permeability and acute
pulmonary edema during acute respiratory distress syndrome (ARDS). The aim of this study was to examine whether
histone H4 induced HS degradation by activating heparanase (HPSE) in chlorine gas (Cl,)-induced ARDS.

Methods: Acute lung injury was induced by Cl, exposure or histone H4 injection in C57BL/6 mice. Histone H4 in
bronchoalveolar lavage fluid (BALF) and plasma was measured by ELISA. HS degradation was measured by immu-
nostaining, ELISA, and flow cytometry. HPSE mRNA and protein were measured by real-time gPCR and western blot
analysis, respectively, at preset timepoints. The HPSE inhibitor OGT2115 and specific siRNAs were used to study the
role of HPSE during HS degradation caused by Cl, exposure or histone H4 challenge. Blocking antibodies against TLR1,
TLR2, TLR4, or TLR6 were used in vitro to investigate which signaling pathway was involved. The transcriptional regula-
tion of HPSE was studied vis-a-vis NF-kB, which was assessed by nuclear translocation of NF-kB p65 and phosphoryla-
tion of I-kBa protein.

Results: Histone H4 in BALF and plasma increased evidently after Cl, inhalation. Cl, exposure or histone H4 challenge
caused obvious acute lung injury in mice, and the pulmonary glycocalyx was degraded evidently as observed from
endothelial HS staining and measurement of plasma HS fragments. Pretreatment with OGT2115, an HPSE inhibitor,
relieved the acute lung injury and HS degradation caused by Cl, exposure or histone H4 challenge. Targeted knock-
down of HPSE by RNA interference (RNAI) significantly inhibited histone H4 induced HS degradation in HPMECs, as
measured by immunofluorescence and flow cytometry. By inducing phosphorylation of I-kB a and nuclear translo-
cation of NF-kB p65, histone H4 directly promoted mRNA transcription and protein expression of HPSE in a dose-
dependent manner. Additionally, a blocking antibody against TLR4 markedly inhibited both activation of NF-kB and
expression of HPSE induced by histone H4.
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Conclusions: Histone H4 is a major pro-inflammatory mediator in Cl,-induced ARDS in mice, and induces HS degra-
dation by activating HPSE via TLRs- and NF-kB-signaling pathways.

Keywords: Acute respiratory distress syndrome, Endothelium, Inflammation, Heparan sulfate, Heparanase,

Extracellular histones

Background

Acute respiratory distress syndrome (ARDS) is the acute
onset of hypoxemia due to non-cardiogenic pulmo-
nary edema, which is itself strongly associated with the
incidence of multiple organ failure (MOF) [1, 2]. How-
ever, despite extensive studies, the question of how to
deal with ARDS is still a great challenge because of the
unacceptably high mortality and lack of effective phar-
macotherapy [3, 4]. Exposure to high concentrations of
chlorine gas (Cl,) can result in ARDS and thus Cl, expo-
sure is a severe health threat in both households and
occupational workplaces [5].

Increased endothelial permeability is considered a key-
stone in the pathogenic process underlying ARDS. The
endothelial glycocalyx is a glycosaminoglycan-enriched
endovascular layer that has been increasingly recognized
as a major regulator of vascular permeability [6, 7]. Hep-
aran sulfate (HS) is the major component of the glyco-
calyx and degradation of HS mediates the onset of the
alveolar microvascular dysfunction that is characteristic
of acute pulmonary edema [8, 9]. Heparanase (HPSE) is
an endoglucuronidase that selectively cleaves HS, and
plays a pivotal role in the degradation of HS [10, 11].

Extracellular histones are critical mediators in lethal
systemic inflammatory illnesses that include both infec-
tious and noninfectious diseases [12, 13]. Freeman et al.
have proven that extracellular histones can bind pul-
monary capillary endothelium preferentially through
a charge-dependent interaction [14]. However, it is
unknown whether extracellular histones activate HPSE in
the pathogenesis of ARDS.

The aim of this study, therefore, was to examine
whether histone H4 induced HS degradation by activat-
ing HPSE in Cl,-induced ARDS.

Methods

Animals

Male C57BL/6 ] mice, eight weeks of age, were purchased
from Peking University Animal Center (Beijing, China)
and housed in the SPF facility of the Animal Experi-
mental Center of Peking University. All procedures were
conducted in accordance with the U.S. NIH Guidelines
for the Care and Use of Laboratory Animals and were
approved by the Peking University Animal Care and Use
Committee (no.LA201783).

Reagents and antibodies

The primary antibodies for HPSE (latent precursor:
65 kDa, active HPSE: 50 kDa), GAPDH, and isotype
IgG were purchased from Santa Cruz (Dallas, Texas,
USA); the primary antibodies for lamin B1, NF-kB p65,
IkBa, and IxBa pSer®? from Cell Signaling Technol-
ogy (Danvers, Massachusetts, USA); a primary antibody
for heparan sulfate proteoglycan was purchased from
Bioss (Woburn, Massachusetts, USA); blocking antibod-
ies against TLR1 (GD2.F4), TLR2 (TL2.1), and TLR4
(HTA125) from eBioscience (San Diego, CA, USA); a
blocking antibody against TLR6 (TLR6.127) from Abcam
(Cambridge, UK); a mouse histone H4 ELISA kit was
purchased from USCN Life Science (Wuhan, China);
a mouse HPSE ELISA kit was purchased from Biorbyt
(Cambridge, UK). A blocking antibody against histone
H4 (anti-H4) was prepared following the previously
described protocol [15]. Histone H4 was purchased from
Millipore (Billerica, MA, USA); and the NF-«B inhibi-
tor pyrrolidine dithiocarbamate (PDTC) was obtained
from Abcam (Waltham, MA, USA). All other reagents
were purchased from Sigma (St. Louis, MO, USA), unless
stated otherwise.

Chlorine gas exposure and blood gas analysis

Mice were exposed to Cl, using a special chamber that
accommodated no more than six mice at one time. Cl,
released from a cylinder was mixed with air and the
concentration was monitored by a Cl, detector. Cl, was
increased gradually to the predetermined concentra-
tion by manually modulating the amount of Cl, intake
[16]. The exposure conditions were 50, 200, 400, and 800
parts per million (ppm) for 30 min. Mice were returned
to room air immediately after Cl, exposure. The control
mice stayed in the same chamber for 30 min without CI,.

Blood gas analysis and measurement of histone H4

in plasma

A catheter with 11 mM sodium citrate was inserted
into the abdominal aorta to collect whole blood after
the mice were anesthetized. To measure arterial par-
tial oxygen pressure (PaO,), we measured whole blood
(0.1-0.2 ml) with a blood gas analyzer (Ciba Corn-
ing, Canada). ARDS was validated by blood gas analysis
(PaO,/FiO, <300 mmHg). Plasma was obtained from
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whole blood by centrifugation at 1000xg for 10 min at
4°C.

Cell culture and treatment

Human pulmonary microvascular endothelial cells
(HPMECs) (Peking Union Medical College, Beijing,
China) were cultured in endothelial cell medium with
10% fetal calf serum and 1% endothelial cell growth sup-
plement (Hyclone, Logan, UT, USA) at 37 °C in 5% CO,,.
The cells were incubated in serum-free medium for 12 h
before they were treated with the NF-kB inhibitor PDTC
or antagonizing antibodies against TLR1, TLR2, TLR4, or
TLR6 for 2 h; and then histone H4 was added to the cell
medium. An equivalent volume of PBS was used as the
control.

HPSE enzyme activity assay

HPSE activity in cell and tissue lysates was assayed using
a Heparan Degrading Enzyme Assay Kit according to the
manufacturer’s instructions (Genway Biotech, San Diego,
CA, USA). The HPSE activity was interpolated from
a standard curve generated using heparan sulfate as a
standard substitute, and absorbance at 450 nm was meas-
ured with a 1601-UV-Visible spectrophotometric plate
reader (Shimadzu, Japan).

Treatment with the HPSE inhibitor OGT2115 in vivo
OGT2115 (Tocris Bioscience, Bristol, UK) was dissolved
in DMSO and diluted with sterile water containing 5%
Tween 80 and 30% PEG400. The mice were injected
subcutaneously with OGT2115 (15 mg/kg) or an equal
amount of vehicle (sterile water containing 1% DMSO,
5% Tween 80, and 30% PEG400) 6 h prior to Cl, exposure
or histone H4 injection.

Measurement of lung wet/dry mass ratio

After the experimental protocol was completed, mouse
lung tissues were rapidly obtained from the right upper
lobes and weighed (wet mass). After the lung tissues
were dried in an oven at 60 °C for 72 h, the samples were
weighed again (dry mass). The ratio of lung wet/dry mass
was used to indicate the degree of pulmonary edema.

Pathological analysis of lung tissues

Pulmonary samples were obtained from the right lower
lobes and were fixed with 4% formalin at room tem-
perature for 24 h. The formalin-fixed tissues were then
embedded in paraffin and sectioned at 5 pm for hema-
toxylin and eosin (H&E). The H&E-stained sections were
scored by pathologists who were blinded to the experi-
mental protocol. The degree of microscopic injury was
scored based upon the following variables: interstitial
edema, necrosis, hemorrhage, neutrophil infiltration
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and atelectasis; and the severity of injury was judged by
previously reported criteria [17]. Three microscopic vis-
ual fields were selected randomly from each pulmonary
section.

Measurement of histone H4 in bronchoalveolar lavage
fluid (BALF)

BALF was obtained from another group of mice because
bronchoalveolar lavage can interfere with the measure-
ment of lung wet/dry mass ratio. The lungs were flushed
with 1 ml phosphate-buffered saline. BALF was centri-
fuged at 1000x g for 10 min at 4 °C, and histone H4 in the
supernatant was measured with an ELISA kit.

Immunohistochemical analysis

After the 8 pm cryosections of lung tissue were air-dried,
they were immediately fixed in 4% formalin for 30 min.
Endogenous peroxidase activity was blocked with 1%
hydrogen peroxide in methanol for 30 min. After block-
ing with 1% BSA and 0.05% Tween-20 for 20 min, tis-
sue sections were incubated with a primary antibody for
heparan sulfate proteoglycan (1:50) for 30 min at room
temperature. After incubation with the biotinylated
goat anti-rabbit IgG antibody and avidin/biotin-based
peroxidase complex, the sections were developed with
peroxidase substrate according to the manufacturer’s
instructions [18].

Immunofluorescence confocal laser microscopy

HPMECs were seeded, treated and fixed in 6-well plates.
After fixation, the cells were rinsed with PBS and per-
meabilized in blocking buffer (5% goat serum+0.5%
BSA+1% Triton X-100). We incubated the cells with
a primary antibody for heparan sulfate proteoglycan
(1:100) for 2 h at room temperature before adding the
TRITC-labeled goat anti- rabbit IgG antibody for 1 h.
DAPI (Vector, CA, USA) was then added for nuclear
staining, and Prolong Gold was used to preserve the fluo-
rescence signal. Confocal images were taken with a laser
scanning confocal microscope (Carl Zeiss LSM 710, Ger-
many) and processed with Carl Zeiss ZEN 2009 software.

Western immunoblot analysis

We measured protein concentration with the Bio-Rad
Protein Assay Kit. Cell or tissue lysates (40 pg) were frac-
tionated by SDS-PAGE, and after electrophoresis the sep-
arated proteins were transferred onto PVDF membranes.
The membranes were probed with the corresponding pri-
mary antibodies overnight at 4 °C, and immuno-reactive
bands were visualized with an enhanced chemilumines-
cence system.
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Real-time PCR

Total RNA was extracted from cellular or pulmonary
samples, and reverse-transcribed into cDNA using the
Revert Aid First Strand ¢cDNA Synthesis Kit (Thermo
Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. We quantified mRNA levels
using the 7300 Real-Time PCR System (AB Biosciences,
Concord, MA, USA) with HPSE-specific primers, and
GAPDH was used for normalization. Relative expression
levels for the target gene were calculated using the 2744t
approach as previously described [19].

siRNA suppression of HPSE expression

Three pairs of HPSE (Ref Seq NM_021828)-specific siR-
NAs (the nucleotide sequences for siRNAs are listed in
Table 1) and a negative control were designed and syn-
thesized by Shanghai Gene Pharma Co., Ltd. (Shanghai,
China). SiRNA transfection was performed with Lipo-
fectamine RNAi Max (Invitrogen, Carlsbad, USA). The
efficiency of HPSE gene silencing was determined by RT-
PCR, immunofluorescence, and flow cytometric analyses.

Statistical analyses

All of the experiments were performed at least in tripli-
cate. The data are shown as mean=+standard deviation
(SD) and analyzed with GraphPad Prism v5 (San Diego,
CA, USA). One-way analysis of variance (ANOVA) was
used to analyze the statistical differences among groups
and the Student—-Newman—Keuls test was used to ana-
lyze the differences between groups. A p-value of less
than 0.05 was considered to be statistically significant.

Results

Role of histone H4 in Cl,-induced ARDS

As shown in Fig. 1A and B, histone H4 in BALF and
plasma increased significantly after Cl, exposure com-
pared with the control group, particularly when the
concentration of Cl, exceeded 200 ppm. We observed
a significant positive correlation between the concen-
trations of Cl, (from 50 to 800 ppm) and histone H4

Table 1 Nucleotide sequence of specific siRNAs targeting the
HPSE gene

siRNAs Nucleotide sequence

SIRNA-HPSE-377
SIRNA-HPSE-377
SIRNA-HPSE-1220
SIRNA-HPSE-1220
SIRNA-HPSE-1474
SIRNA-HPSE-1474

AUCCAUAUUUGCAAAUAUCCU (sense)
GAUAUUUGCAAAUAUGGAUCC (anti-sense)
UCUUGAACAGAAGAGAUAGCC (sense)
CUAUCUCUUCUGUUCAAGAAA (anti-sense)
AUUGAGUUGGACAGAUUUGGA (sense)
CAAAUCUGUCCAACUCAAUGG (anti-sense)
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in BALF (r=0.7772, p<0.01) and plasma (r=0.8336,
p<0.01).

Cl, exposure caused obvious  hypoxemia
(48.73 +14.23 mmHg) in the mice (p=0.0083) compared
with the control group, as shown in Fig. 1C. In order to
investigate the role of histone H4, mice were injected via
tail vein with histone H4 (10 mg/kg) or anti-H4 antibody
(20 mg/kg) 30 min prior to Cl, exposure; and we noted
that mice pretreated with histone H4 showed more seri-
ous hypoxemia compared with the Cl,-exposure group.
On the contrary, PaO, was elevated when mice were pre-
treated with anti-H4 antibody. Similar to the case with
anti-H4 antibody, pretreatment with OGT2115 (an HPSE
inhibitor) improved the hypoxemia (p=0.0416) com-
pared with the Cl,-exposure group.

Pulmonary edema is a hallmark of ARDS. As shown in
Fig. 1D, pulmonary edema was marked after Cl, exposure
compared with the control group (p=0.0092). Pretreat-
ment with histone H4 further augmented the lung wet/
dry mass ratio while pretreatment with anti-H4 anti-
body lessened the pulmonary edema. Pretreatment with
OGT2115 also showed a tendency to relieve the pulmo-
nary edema (p=0.0926) compared with the Cl,-exposure
group.

As shown in Figs. 1E and F, Cl, exposure caused obvi-
ous pathological changes to the lungs compared with
controls (p=0.0088), including widespread thickened
alveolar interstitium, alveolus collapse, marked inflam-
matory cell infiltration, and severe hemorrhage within
the alveoli. Pretreatment with histone H4 further aggra-
vated pulmonary injury, while both anti-H4 antibody and
OGT2115 improved the pathological changes.

Histone H4 promoted pulmonary HS degradation
in Cl,-induced ARDS
HS is the most abundant glycosaminoglycan in pul-
monary vascular endothelial glycocalyx. As shown in
Fig. 2A, we observed that the glycocalyx was degraded
obviously by 24 h after Cl, exposure in contrast to
the control group; and that histone H4 infusion alone
(20 mg/kg) also caused HS degradation. To investigate
the role of HPSE during HS degradation, the mice were
injected with the HPSE inhibitor OGT2115 subcutane-
ously. Remarkably, OGT2115 significantly reduced HS
degradation caused by Cl, exposure or histone H4 infu-
sion. This indicated that histone H4-induced HS degra-
dation depended upon the enzymatic activity of HPSE.
To confirm the above observations, we analyzed the
changes in circulating HS fragments. Compared with the
control group, circulating HS fragments increased nota-
bly by 24 h after Cl, exposure (p =0.0091) or histone H4
infusion (p=0.0084), indicating that both Cl, exposure
and histone H4 challenge could induce degradation of
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Fig. 1 Role of histone H4 in Cl,-induced ARDS in mice. Histone H4 in BALF (A) and plasma (B) was measured 24 h after the mice were challenged
with different concentrations of Cl, (30 min). Blood gas (C), lung wet/dry mass ratio (D), pathological changes in lungs (E), and pathological score
(F) were measured 24 h after Cl, exposure (400 ppm, 30 min). Histone H4 (10 mg/kg) or anti-H4 antibody (20 mg/kg) was injected through the tail
vein 1 h prior to Cl, exposure. An HPSE inhibitor, OGT2115 (15 mg/kg), was injected subcutaneously 6 h prior to Cl, exposure. Data are presented as
mean =+ SD (n=6). The H&E-stained lung sections are representative of three similar samples (scale bars, 50 um). *p <0.05, **p < 0.01 compared with
the control group; #p < 0.05, ##p <0.01 compared with the Cl,-exposure group

pulmonary HS (Fig. 2B). OGT2115 curtailed the increase
in circulating HS fragments caused by Cl, exposure
(p=0.0297) or histone H4 infusion (p=0.0482) com-
pared with the corresponding Cl,-exposure or histone
H4-infusion group.

As shown in Fig. 2C and D, compared with the control
group, Cl, exposure or histone H4 infusion increased
HPSE enzymatic activity and protein content in plasma.
Pretreatment with OGT2115 inhibited the increase in
HPSE activity induced by Cl, exposure or histone H4
challenge, although there was little effect on HPSE pro-
tein expression.

Activation effect of histone H4 to HPSE in Cl,-induced
ARDS

Compared with the control group, Cl, exposure
enhanced HPSE mRNA (p=0.0036) and protein (both
active 50 kDa and latent 65 kDa) expression (Fig. 3A
and B), and pretreatment with intravenous histone H4
(10 mg/kg) further augmented HPSE mRNA (p =0.0022)
and protein expression compared with the control group.
In contradistinction, pretreatment with intravenous
anti-H4 antibody (20 mg/kg) attenuated the increase in
HPSE mRNA (p=0.0415) and protein expression. As
with the case of Cl, exposure, exogenous histone H4
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Fig. 2 Histone H4 promotes pulmonary HS degradation in mice. Twenty-four hours after the mice were challenged with Cl, exposure (400 ppm,
30 min) or histone H4 injection (20 mg/kg), the changes in the pulmonary vascular glycocalyx were evaluated by endothelial HS staining (A)
and circulating HS fragments (B). OGT2115 (15 mg/kg) was injected subcutaneously 6 h prior to Cl, exposure or histone H4 injection. Enzymatic
activity (C) and protein content (D) of plasma HPSE were measured by commercial kits. The results of immunohistochemistry are representative of
three similar samples (scale bars, 100 um). *p < 0.05, **p <0.01 compared with the control group; #p < 0.05, ##p <0.01 compared with the histone
H4-injection group

infusion (20 mg/kg) alone also increased HPSE mRNA
(»=0.0042) and protein expression.

Additionally, as shown in Fig. 3C and D, histone H4
increased HPSE mRNA and protein (both active 50 kDa
and latent 65 kDa) expression concomitantly in a dose-
dependent manner. This activation effect was particularly
significant when the dose of histone H4 exceeded 10 mg/

kg.

HPSE mediates histone H4-induced HS degradation

To investigate whether HPSE was required for histone
H4- induced HS degradation, HPSE was knocked down
by RNAIi. As shown in Fig. 4A, all three siRNAs showed
an inhibitory effect compared with the control siRNA.
SiRNA-377 was chosen to be studied further because it
demonstrated the greatest inhibitory effect. Compared
with the control group, siRNA-377 diminished HPSE
mRNA expression (p=0.0091, Fig. 4B). Intriguingly, the

inhibitory effect of siRNA-377 on HPSE mRNA expres-
sion was particularly apparent when the HPMECs were
challenged with histone H4.

As shown in Fig. 4C and D, histone H4 caused notable
HS degradation which was measured by immunofluores-
cence and flow cytometry. Targeted knockdown of HPSE
by siRNA-377 significantly inhibited HS degradation
caused by histone H4.

Role of TLRs in histone H4-induced HPSE expression

To investigate the signaling pathway by which histone
H4 induces HPSE expression, antagonizing antibodies
against TLR1, TLR2, TLR4, and TLR6 were used. As
shown in Fig. 5A, histone H4 (25 mg/L) treatment trig-
gered the expression of HPSE in HPMECs (p = 0.0039),
and a blocking antibody against TLR4 reduced the
transcription of HPSE (a 46% decrease versus the
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Fig. 3 Activational effect of histone H4 on HPSE in Cl,-induced ARDS. HPSE mRNA was measured by real-time gPCR (A) at 12 h while HPSE protein
was measured by western blot analysis (B) 24 h after the mice were challenged by Cl, exposure (400 ppm, 30 min) or histone H4 injection (20 mg/
kg). As an intervention, histone H4 (10 mg/kg) or anti-H4 antibody (20 mg/kg) was injected through the tail vein 1 h prior to Cl, exposure. The
changes in HPSE mRNA (C) and protein (D) were ascertained at 12 h and 24 h, respectively, after mice were treated with different concentrations
of histone H4 (2.5, 5, 10, or 20 mg/kg). The results of western blot analysis are representative of three similar samples. *p <0.05, **p <0.01 compared
with the control group; #p < 0.05, ##p <0.01 compared with the Cl,-exposure group

H4 group, p=0.0091). Additionally, a blocking anti-
body against TLR2 slightly reduced the transcription
of HPSE (a 21% decrease versus H4 group, p>0.05).
However, blocking antibodies against TLR1 and TLR6
showed little effect. The effects of the blocking anti-
bodies against TLR1, TLR2, TLR4, and TLR6 on HPSE
protein expression were consistent and commensurate
with their effects on transcription and proven by west-
ern blot (Fig. 5B). In accordance with HPSE protein
expression, the blocking antibodies against TLR2 or
TLR4 inhibited histone H4-stimulated HPSE activity
(Fig. 5C); and the influences of the blocking antibod-
ies against TLR1, TLR2, TLR4, and TLR6 on HPSE
activity were further validated by the HS degradation
caused by histone H4 (Fig. 5D).

NF-kB is involved in histone H4-induced HPSE expression
To evaluate the transcriptional mechanism governing
histone H4-induced HPSE expression, NF-kB was inves-
tigated. As shown in Fig. 6A, the ratio of Ser32-phospho-
rylated to total IkB o protein was elevated——indicating
that histone H4 induced the phosphorylation of I-kB a
compared with the control group. Additionally, histone
H4 greatly promoted NF-kB p65 nuclear translocation,
while the blocking antibody against TLR4 reduced the
phosphorylation of I-kB « and NF-kB p65 nuclear trans-
location (Fig. 6B). However, blocking antibodies against
TLR2, TLR1 and TLR6 revealed little effect.

To further confirm the role of NF-kB, PDTC (a NF-kB
inhibitor) was added to the culture medium containing
HPMECs before challenge with histone H4. As shown in
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Fig. 6C and D, repression of NF-kB activity significantly
attenuated histone H4-induced HPSE mRNA and protein
expression.

Discussion
ARDS is characterized by overwhelming inflammatory
responses. Although extensive studies have been carried
out, the exact molecular mechanisms underlying ARDS
have yet to be fully elucidated [20, 21].
Damage-associated molecular patterns (DAMPs)
are considered to be a major pathway of uncontrolled
inflammation, and include extracellular histones, mito-
chondrial DNA, and formyl peptides—in addition to the
classic pathogen-associated molecular patterns (PAMPs)
[22, 23]. As part of the immune defenses against invad-
ing microbes, extracellular histones can form neutrophil
extracellular traps (NETs) and kill bacteria [24]. How-
ever, extracellular histones can also paradoxically trig-
ger inflammatory injury [25, 26]. In the present study,
we demonstrated that histone H4 in BALF and plasma
increased significantly after Cl, exposure and revealed
a pathogenic role for histone H4 by the experimental
intervention in Cl,-induced acute lung injury. Pretreat-
ment with histone H4 further aggravated PaO,, lung wet/

dry ratio and pathological score, while anti-H4 antibody
exerted obvious protective effects.

Pulmonary edema resulting from increased alveo-
lar—capillary permeability reflects the pathological basis
for refractory hypoxemia in ARDS. Pulmonary vascu-
lar endothelial glycocalyx plays a key role in the normal
maintenance of this permeability. As the major compo-
nent of the glycocalyx, HS degradation caused by HPSE
initiates acute pulmonary edema [27-29]. In this study,
the pulmonary vascular endothelial glycocalyx was mark-
edly degraded 24 h after Cl, exposure or histone H4
challenge, as shown by the changes in the pulmonary
endothelial HS and plasma HS fragments. Interestingly,
OGT2115, a HPSE inhibitor, relieved the hypoxemia,
pulmonary edema, pathological changes, and HS degra-
dation caused by Cl, exposure or histone H4 challenge,
indicating that HPSE was a key mediator in Cl,-induced
ARDS.

HPSE selectively cleaves HS, which is ubiquitously
expressed in mammals. We proved that the activa-
tion effect of histone H4 on HPSE by the intervention
with histone H4 or specific blocking anti-H4 antibody
during Cl,-induced acute lung injury. Exogenous his-
tone H4 challenge alone also directly increased HPSE
mRNA and protein (both active 50 kDa and latent
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65 kDa) expression in a dose-dependent manner. To
prove whether HPSE was required for HS degradation,
the effect of specific siRNA targeting HPSE was stud-
ied. Knockdown of HPSE by RNAIi significantly inhib-
ited histone H4-induced HS degradation in HPMECs as
measured by immunofluorescence and flow cytometry.
Thus it can be deduced that HPSE was required for his-
tone H4 induced HS degradation.

Dangerous extracellular stimuli are sensed by pattern
recognition receptors (PRRs), and TLRs are responsible
for sensing exogenous invading pathogens and endog-
enous injury molecules outside of the cell. TLR1, TLR2,
TLR4, TLR5, and TLR6 are principally present in the
plasma membrane, and may bind extracellular histones
and mediate inflammatory injury [30, 31]. Therefore,
antagonizing antibodies against TLR1, TLR2, TLR4,
and TLR6 were used to investigate the cognate signal-
ing pathways in HPMECs. Our results showed that the
blocking antibody against TLR4 distinctly inhibited

both the expression and activity of HPSE increased by
histone H4.

NEF-kB (p65/p50) is an important transcriptional fac-
tor that regulates a number of genes involved in immu-
noreaction, apoptosis, and tumorigenesis. It has been
shown that NF-«B directly binds to the HPSE promoter
to drive HPSE transcription [32]. Thus, we further
explored whether endothelial HPSE expression induced
by histone H4 was regulated by NF-«B. The results
showed that histone H4 promoted HPSE mRNA tran-
scription and protein expression by inducing phospho-
rylation of I-kB a and nuclear translocation of NF-«kB
p65. These results were further corroborated by dem-
onstrating that repression of NF-«B activity by PDTC
significantly attenuated histone H4-induced HPSE
expression. Additionally, the blocking antibody against
TLR4 markedly inhibited the phosphorylation of I-kB
a and nuclear translocation of NF-kB p65. Collec-
tively, our data indicated that the histone H4-induced
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up-regulation of HPSE expression was partially regu-
lated in a NF-kB-dependent manner.

HPSE is a multifunctional protein that simultane-
ously exhibits an enzymatic activity toward HS chains
and performs many other functions independent of its
enzymatic activity. While HPSE is only expressed at low
levels under physiologic conditions, it is overexpressed
in pathologic conditions such as inflammation, injury,
fibrosis, and tumor progression [33, 34].

HS is an important component of the endothelial
extracellular matrix that contributes to endothelial
structural integrity and exhibits regulatory functions
in the form of HS proteoglycans (HSPGs). Further-
more, HS sequesters hundreds of cytokines, enzymes,
chemotactic mediators, growth factors, and signaling
molecules that are collectively termed HS-binding pro-
teins (HSBPs). However, HPSE is the only mammalian
enzyme that cleaves HS. Through its enzymatic activ-
ity, HPSE can contribute to the remodeling of endothe-
lial extracellular matrix and the release of various
HS-linked molecules, which may result in increased

endothelial permeability and pulmonary edema [35,
36].

Yet, HPSE certainly exerts a range of biologic activi-
ties that are not dependent upon its enzymatic function.
HPSE, for example, can directly activate signaling path-
ways, regulate gene expression, promote inflammatory
activation, and initiate coagulopathy [37].

Both latent and active forms of HPSE protein have
been proven to possess the ability to trigger signaling
pathways. The C-terminal region outside of the cata-
lytic domain is responsible for the interaction with cell-
surface HPSE receptors. Pro-HPSE (65 kDa) can then
induce signaling cascades by inducing phosphoryla-
tion of selected proteins such as Akt, p38, ERK, and Src
[38]. Akt phosphorylation induced by HPSE in endothe-
lial cells is involved in regulating leukocyte migration,
including adhesion to vascular endothelium and subse-
quent extravasation into tissue [39]. Additionally, there
is increasing evidence showing that the presence of high
levels of HPSE facilitates M1 polarization of infiltrated
macrophages, which worsens tissue damage [40].
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Tissue factor (TF) is the blood coagulation initiator.
HPSE can both increase the expression of TF and directly
enhance its activity, leading to increased factor Xa pro-
duction and the activation of the coagulatory cascade.
Additionally, HPSE increases endothelial coagulatory
activity by dissociating tissue factor pathway inhibitor
(TFPI) from the endothelial surface. In a vicious circle,
the platelets are then activated by high levels of throm-
bin, thus releasing more HPSE [41, 42].

HPSE also directly regulates gene expression asso-
ciated with inflammation. HPSE can translocate into
the nucleus and regulate gene expression by two differ-
ent modes: one by increasing histone acetyltransferase
(HAT) activity by cleaving nuclear HS, and the other by
interacting with DNA directly [43, 44].

In summary, HPSE acts on virtually all aspects of
inflammation through its enzymatic and non-enzymatic
activities, and may trigger and aggravate inflammatory
injury in a synergistic fashion.

Conclusions

In conclusion, we herein demonstrated that histone H4
is a major pro-inflammatory mediator in Cl,-induced
ARDS in mice. Histone H4 induces HS degradation by
activating HPSE in pulmonary endothelium, and the
activation effect was primarily mediated by TLR- and
NF-kB-signal transduction. The insight gained from this
study will be helpful in elucidating the pathogenesis of
ARDS, and in developing novel therapies against ARDS.
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