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Abstract: Bronchiolitis obliterans syndrome (BOS), characterized by progressive airflow obstruction, is the main
barrier to long-term graft survival after lung transplantation. Despite extensive studies, the mechanisms underlying
BOS remain poorly understood, and targeted interventions have not yet been fully developed. In the present study,
we employed a mouse model of tracheal transplantation and demonstrated that blockade of HMGB1 alone or com-
bined with heparanase (HPSE) attenuates the development of BOS. It was noted that HMGB1 was first passively
released from necrotic/damaged cells as a result of early unavoidable allograft injuries, leading to macrophage in-
filtration along with HMGB1 active secretion. Mechanistic studies revealed that extracellular HMGB1 acted through
its receptor, RAGE, to activate NF-kB, which then bound to the HPSE promoter to transcribe its expression. The
enhanced HPSE next released HS-bonded latent TGF-B from myofibroblast ECM by cleaving HS chains to promote
the initiation and progression of BOS. Together, our data suggest that HMGB1 and HPSE could be viable targets for

prevention and intervention of fibrotic diseases such BOS after lung transplantation.
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Introduction

Lung transplantation is a life-saving procedure
for patients with end-stage respiratory diseas-
es. However, chronic lung allograft dysfunction
(CLAD) is the major factor limiting long-term
graft survival [1]. Bronchiolitis obliterans syn-
drome (BOS) is a classic subtype of CLAD char-
acterized by the fibro-proliferative tissue remo-
deling and increased airway extracellular matrix
(ECM) deposition with resultant lung dysfunc-
tion [2]. The pathogenesis of BOS is complex
and includes both alloimmune and nonalloim-
mune pathways [3]. Although allograft accom-
modation has, in some cases, been associat-
ed with non-specific immunosuppression, BOS

remains one of the major factors limiting long-
term graft survival as the deterioration of graft
performance occurs within 5 years in approxi-
mately 50% of patients who receive transplant
surgery [4]. Therefore, gaining a better under-
standing of the mechanisms underlying BOS
would be critical to achieve long-term lung
allograft survival in clinical settings.

Nontraditional proinflammatory mediators and
their receptors have been the focus of recent
research into the mechanism of CLAD [5], and
of which, high mobility group box-1 (HMGB1), a
typical damage-associated protein, is particu-
larly of interest. Previous studies including ou-
rs demonstrated that HMGB1 is implicated in
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organ injury and inflammatory response in the
setting of organ transplantation [6]. HMGB1 is
a chromatin-associated protein, but it can be
passively released from necrotic/damaged ce-
lls [7, 8], or secreted by the activated immune
cells such as macrophages, dendritic cells
(DCs) and natural Killer (NK) cells [9, 10]. In the
extracellular milieu, HMGB1 promotes the acti-
vation of proinflammatory pathways by interact-
ing with the pattern recognition receptors (i.e.,
TLR2/TLR4) and receptor for advanced glyca-
tion end products (RAGE) [11, 12]. More recent-
ly, we demonstrated feasible evidence indicat-
ing that HMGB1 promotes fibrotic signaling in
unilateral ureteral obstruction (UUO)-induced
renal fibrosis [13]. Given that RAGE is constitu-
tively expressed at high levels in the lung [14],
our data support that HMGB1 is also implicated
in the pathogenesis of BOS.

It has been well recognized that TGF- plays an
essential role in the initiation and progression
of BOS [15, 16]. In general, TGF-B is stored with
a prodomain in the ECM as a latent complex
[17], and release of active TGF-B is regulated
by heparanase (HPSE), an endo-B-D-glucuroni-
dase, which cleaves the heparan sulfate (HS)
saccharide chains in the ECM [18]. Importantly,
our pilot studies revealed that HMGB1 potently
stimulated fibroblasts expressing high levels of
HPSE, which prompted us to hypothesize that
extracellular HMGBZ1 implicates in the initiation
and progress of BOS by regulating HPSE activi-
ty and TGF-B signaling. To test this hypothesis,
a murine heterotopic tracheal transplantation
model was employed to mimic lung transplan-
tation in clinical settings. Our studies revealed
that HMGB1 acts through RAGE-dependent
NF-kB pathway to promote HPSE transcription,
which then triggers the release of TGF-B from
ECM associated with the initiation and progres-
sion of BOS.

Materials and methods
Animals

Both C57BL/6J (B6, H-2°) and BALB/c (H-29)
mice (male, 8- to 12-wk old) were purchased
from the Animal Experimental Center of Wuhan
University and housed in the SPF facility of
Tongji Medical College. All procedures were
conducted in accordance with the NIH guide-
lines for the care and use of laboratory animals
and were approved by the Tongji Hospital
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Institutional Animal Care and Use Committee
(IACUC).

Reagents and antibodies

The primary antibodies that were used includ-
ed the followings: rabbit anti-TGF-B, anti-p65,
anti-HMGB1, anti-latent-HPSE, anti-active-HP-
SE, anti-GAPDH and anti-isotype 1gG antibodies
(Santa Cruz Technologies, Dallas, Texas, USA);
rabbit anti-collagen | antibody (Millipore, Eto-
bicoke, Ontario, Canada); and mouse anti-
F4/80 and anti-a-smooth muscle actin (x-SMA)
(Abcam, Cambridge, MA, USA). The secondary
antibodies used for immunostaining includ-
ed Alexa Fluor 488 donkey anti-rabbit IgG
and Alexa Fluor 594 donkey anti-mouse IgG
(Jackson ImmunoResearch, West Grove, PA,
USA). The NF-kB inhibitor, JSH-23, was obtain-
ed from Selleck (Houston, TX, USA). All other
reagents were purchased from Sigma (St.
Louis, MO, USA), unless otherwise stated.

Heterotopic trachea transplantation

Heterotopic trachea transplantation (HTT) was
performed according to an adaptation of the
Hertz method [19]. Briefly, donor mice (BALB/c,
H-29 were euthanized with 100% CO,, and
the trachea was freed by blunt dissection for
transplantation. Recipient mice (B6, H-2°) were
anaesthetized with pentobarbital sodium (Me-
rck Chemicals, Shanghai, China, 100 mg/kg,
i.p.), and the trachea was placed into a pouch
created over the posterior upper back area of
the mice.

HMGB1 neutralizing antibody treatment

NZB/W mouse-derived monoclonal anti-HMG-
B1 neutralizing antibody (isotype 1gG) was kind-
ly provided by Dr. Deng-Ping Yin, Department
of General Surgery, University of Chicago.
Recipient mice were administered 10 mg/kg
anti-HMGB1 antibodies intraperitoneally (i.p.)
one day before the transplant surgery and then
twice a week for the first month post-transplan-
tation. B6 littermates injected with an equal
amount of mouse IgG were used as controls (n
= 15 mice/group).

In vivo OGT2115 treatment

Similar as above, recipient mice were injected
with OGT2115 (Tocris Bioscience, Bristol, UK,
20 mg/kg, i.p.) one day before allograft implan-
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tation followed by twice a week for the first
month post-transplantation alone or combined
with HMGB1 neutralizing antibodies. B6 litter-
mates injected with an equal volume of PBS or
control IgG were used as controls (n = 15 for
each group).

Cell culture

Human lung fibroblasts (MRC-5, ATCC, Mana-
ssas, VA, USA) were cultured in minimal essen-
tial medium (MEM) (Genom, Hangzhou, China)
with penicillin-streptomycin (Genom) and 10%
fetal calf serum (FBS, Hyclone, Logan, UT, USA)
at 37°Cin 5% CO, with change of medium every
other day. For the common treatment group,
cells were incubated in serum-free media for
12 hours before treating with an HPSE inhibitor
(0OGT2115, 0.5 uM) for another half hour, after
which recombinant HMGB1 (PeproTech, Rocky
Hill, New Jersey, USA, 100 ng/ml) was added
into the media. An equal volume of PBS was
used as the control for 0GT2115 treatment. To
detect latent TGF-B in myofibroblast-derived
ECM, MRC-5 cells were incubated in serum-
free media for 12 hours before treatment with
recombinant HMGBZ1 (100 ng/ml) for 24 hours,
after which the cells were washed with PBS and
then treated with OGT2115 (0.5 uM) for 24
hours, or addition of an equal volume of PBS to
serve as controls.

Histological and immunohistochemical analy-
sis

Grafts harvested from the recipient mice were
fixed with 4% formalin at room temperature for
24 hours. The formalin-fixed tissues were then
embedded in paraffin and cut into 5-um sec-
tions for hematoxylin and eosin (H&E) or immu-
nohistochemical staining using the established
techniques [20, 21].

Morphological studies

Morphological analysis was performed by two
independent investigators with Image-Pro Plus
6.0 software. For each graft, 6 randomly select-
ed sections were analyzed by the same observ-
er, and a mean value was generated to repre-
sent the average measurements for each out-
come assessed. Luminal occlusion was defined
as the obliteration of the inner cartilage space
by abnormal proliferative fibrous tissues, and
the percent occluded area was calculated as
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follows: (area within cartilage-area within resid-
ual lumen)/area within cartilage x 100%. Airway
epithelial cell-secreted mucus located within
the cartilage ring was not classified as oblitera-
tion [22].

Immunofluorescence analysis

MRC-5 cells were grown, treated and fixed in
24-well plates as indicated above. After fixa-
tion, the cells were rinsed with PBS and perme-
abilized in blocking buffer (5% goat serum +
0.5% BSA + 1% Triton X-100). The samples were
next incubated with the primary antibody for 1
hour at room temperature and washed with
PBS before applying the secondary antibody for
another 60 minutes [23]. DAPI (Invitrogen,
Carlsbad, CA, USA) was then added for nuclear
staining, and Prolong Gold (Invitrogen) was
used to preserve the signal. For paraffin-
embedded sections, the samples were de-par-
affinized and re-hydrated as indicated and
boiled in borate saline buffer (pH 8.0) for anti-
gen retrieval before the process of applying the
primary antibody [24]. Confocal images were
taken on a laser scanning confocal microscope
(Carl Zeiss LSM 710, Germany) and process-
ed with the ZEN 2009 software (Carl Zeiss,
Germany).

Wound healing assay

GFP-labeled MRC-5 cells were seeded into six-
well plates (5 x 10° cells per well) and incubat-
ed overnight. After incubation, the cells were
washed with PBS, and wounds were created
using a sterilized pipette tip. Wound closure
was monitored at O and 24 hours using a cam-
era-equipped inverted microscope [25]. The
quantitation of wound closure was determined
using the Image-Pro Plus 6.0 software.

Proliferation assay

MRC-5 cell proliferation assay was performed
according to protocols described elsewhere
[26]. Briefly, the cell pellets were resuspended
in 5 uM CFSE (5, 6-carboxyfluorescein diace-
tatesuccinimidyl ester) at a concentration of
0.2-2 x 107 cells/ml and incubated at 37°C for
8 minutes. After washes with PBS, the cells
were treated with recombinant HMGB1 and/or
0GT2115 as described above. Cell proliferation
was determined by flow cytometry analysis of
the CFSE positive cells, and data were present-
ed as the means + SEM of values from tripli-
cate samples.
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Figure 1. HMGB1-induced fibroblast transdifferentiation depends on HPSE activity. MRC-5 cells were cultured with
recombinant HMGBZ1 (100 ng/ml) or OGT2115 (0.5 uM) for 24 hours and then subjected to following analysis. A.
Western blot results for analysis of HMGB1-induced a-SMA and collagen | expression. B. HMGB1 stimulated MRC-5
cells expression of significantly higher levels of active and latent HPSE. C. Real-time PCR for analysis of the HPSE
mRNA levels after HMGB1 stimulation. D. Addition of OGT2115, an HPSE inhibitor, attenuated HMGB1 induced
a-SMA and collagen | expression. *, p < 0.05; **, p < 0.01; and ***, p < 0.001.

Western blot analysis

Western blotting was performed as previously
described [27]. Briefly, cell or tissue lysates (10
pg) were fractionated by SDS-PAGE and prob-
ed with the corresponding primary antibodies.
Immunoreactive bands were visualized using
an enhanced chemiluminescence system as
reported [28].

ELISA

TGF-B levels were measured in cell culture
supernatants using a commercial ELISA kit
(eBioscience, SanDiego, CA, USA) as previously
described [29].

Real-time PCR

Total RNA was extracted from cell samples
and reverse transcribed into cDNA using the
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RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions.
mMRNA levels were quantified using RT-PCR with
HPSE specific primers (forward: 5-GCA CAA
ACA CTG ACA ATC CAA G-3’; reverse: 5-AAA AGG
ATA GGG TAA CCG CAA-3’). GAPDH (forward:
5-GTG GTC TCC TCT GAC TTC AAC A-3’; reverse:
5’-CCA CCA CCC TGT TGC TGT AGA-3’) was used
for normalization. Relative expression levels for
the target gene were calculated using the 244t
approach as previously described [30].

Chromatin immunoprecipitation (ChIP) assay

MRC-5 cells were treated with PBS or recombi-
nant HMGBZ1 (100 ng/ml) for 1 hour. The cells
were harvested and subjected to ChIP assay
using a ChIP assay kit (Haimen, JS, China) as
previously described [27]. Anti-p65 or rabbit
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Figure 2. HMGB1 promotes fibroblast transdifferentiation, migration and proliferation in an HPSE dependent
manner. Similar as above, MRC-5 cells were treated with recombinant HMGB1 (100 ng/ml) or HMGB1 along with
0GT2115 (0.5 yM). A. Results for immunosatining of a-SMA, a marker for fibroblast-myofibroblast differentiation.
Nucleus stained in blue, while a-SMA stained in green. B. Flow cytometry results for analysis of MRC-5 proliferation.
C. Results for cell scratch assays for analysis of cell migration. D. Addition of O0GT2115 resulted in the accumulation
of latent HPSE but reduction of active HPSE in HMGB1 stimulated MRC-5 cells. E. Addition of 0GT2115 did not affect

HPSE mRNA levels. **, p < 0.01.

anti-isotype IgG antibody were used to precipi-
tate the protein-DNA complexes. The resulting
products were used as templates to amplify the
HPSE promoter region flanking the NF-kB bind-
ing site with following primers: forward, 5-AAT
GTT GAG CAA CAT CAC AAT AC-3’; and reverse,
5-GTG TCA GAA TCG GGA TGT GAA GTG TC-3..

RNA interference

Small-interfering RNA (siRNA) duplexes for
silencing human RAGE were designed using the
RNAi Designer and synthesized by Ribobio
(Guangzhou, Guangdong, China). The sequence
for RAGE siRNA was 5-CAC UGC AGU CGG AGC
UAA UGG-3'. A scramble siRNA (5-GUA CCG
CAC GUC AUU CGC AUC-3’) was served as a
control. siRNA transfection was performed with
Lipofectamine RNAi Max (Invitrogen, Carlsbad,
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USA) according to the established techniques
[25].

Statistical analysis

All experiments were performed in triplicate,
and statistical analyses were conducted using
the SPSS version 16.0 software. Data were
analyzed using one-way analysis of variance
(ANOVA) with Tukey’s HSD post-hoc test for mul-
tiple comparisons. A p-value of less than 0.05
was considered statistically significant.

Results

HMGB1 stimulates fibroblast transdifferentia-
tion by inducing HPSE expression

We first sought to examine the role of HMGB1
in lung fibroblast transdifferentiation, in which

Am J Transl Res 2016;8(5):1971-1984
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Figure 3. Tracheal allografts manifest HMGB1 passive release and active secretion along with altered HPSE ex-
pression. A. Cold ischemic insult (4 hours) resulted in HMGB1 passive release as indicated by arrows within the
inset picture. B. Detection of HMGB1 passive release from tracheal allografts (indicated by arrows within the inset
picture) after 24 hours of transplantation. C. Co-immunostaining for analysis of HMGB1 active secretion by allograft
infiltrated macrophages after day 14 of transplantation. HMGB1 stained in green, macrophages stained by F4/80
in red, and nucleus stained in blue by DAPI. D. Tracheal allografts with BOS onset were manifested by active HPSE
expression. E. Results for co-immunostaining of a-SMA and HPSE in tracheal grafts at day 28 of transplantation.
Active HPSE was stained green, a-SMA was stained in red, and nucleus was stained in blue.

we stimulated MRC-5 cells (human normal lung
fibroblasts) with recombinant HMGB1. HMGB1
potently stimulated the transdifferentiation of
fibroblasts into myofibroblasts as manifested
by the induction of high levels of a-SMA and col-
lagen | expression (Figure 1A). More interest-
ingly, we also found that HMGB1 induced a sig-
nificant increase for both active and latent
HPSE (Figure 1B). To confirm these results, we
then conducted real-time PCR analysis and
demonstrated that HMGB1 induced high levels
of HPSE mRNA (Figure 1C). To address whether
HPSE is required for HMGB1-induced fibroblast
transdifferentiation, 0GT2115, an HPSE inhibi-
tor, was added into the culture. Remarkably,
0GT2115 significantly repressed HMGB1-in-
duced a-SMA and collagen | expression (Figure
1D), indicating that HMGBZ1-induced fibroblast

1976

transdifferentiation likely depends on HPSE
activity.

To confirm the above observations, we conduct-
ed immunostaining of stimulated MRC-5 cells.
Indeed, HMGB1 induced high levels of a-SMA
expression, while a-SMA was almost undetect-
able upon the addition of 0GT2115 (Figure 2A).
We then assessed the impact of HMGB1 on
MRC-5 cell proliferation. CFSE based flow
cytometry analysis revealed that HMGB1 sig-
nificantly stimulated MRC-5 cell proliferation,
which was potently repressed by 0GT2115
(Figure 2B). Consistent with these results,
HMGB1 significantly promoted the migration of
MRC-5 cells, while 0GT2115 almost diminished
HMGBZ1-induced migration as determined by
cell scratch assays (Figure 2C). Of interestingly
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Figure 4. Blockade of HMGB1 along with HPSE attenuates BOS develop-
ment. Tracheal allografts were harvested at day 28 of implantation, and the
luminal occlusion ratio was assessed as described for each group (n = 15 for
each group). *, p < 0.05; **, p < 0.01; and ***, p < 0.001.

note, addition of OGT2115 resulted in the accu-
mulation of latent HPSE along with a significant
reduction for active HPSE (Figure 2D). Given
that OGT2115 did not show perceptible impact
on HPSE transcription as determined by real-
time PCR analysis (Figure 2E), these data indi-
cate that OGT2115 inhibits HPSE activity by
attenuating its maturation. Taken together, our
results indicate that HMGB1 promotes fibro-
blast transdifferentiation, migration and prolif-
eration in an HPSE-dependent manner, which
prompted us to hypothesize that extracellular
HMGB1 implicates in the initiation and prog-
ress of BOS by regulating HPSE activity.

Detection of extracellular HMGB1 and HPSE
expression in allografts during BOS develop-
ment

It was suggested that ischemia/reperfusion is
one of major pathophysiological component of
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GB1 passive release was ev-
en noted after 24 hours of tra-
cheal transplantation (Figure
3B). Next, we examined active
HMGB1 secretion by allograft
infiltrated immune cells such
as macrophages, in which we
co-stained trachea sections
with HMGB1 and F4/80, a
marker for macrophages. In-
deed, the F4/80 positive mac-
rophages were characterized
by the significant HMGB1 cytoplasmic translo-
cation (Figure 3C), indicating HMGB1 active
secretion.

Given the role of HPSE played in ECM remodel-
ing [18, 31], we next investigated the impact of
HPSE on BOS, which is manifested by a marked
increase in ECM deposition. HPSE was noted to
be widely distributed in the lumen of allografts
after day 28 of transplantation (Figure 3D), and
more interestingly, HPSE was highly expressed
by the a-SMA positive myofibroblasts (Figure
3E). Collectively, our data support that HMGB1
and HPSE are likely involved in the initiation
and progression of BOS.

Blockade of HMIGB1 or inhibition of HPSE ac-
tivity attenuate BOS

We then assessed the impact of HMGB1 or
HPSE on BOS. The recipient mice were adminis-

Am J Transl Res 2016;8(5):1971-1984
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tered with an HMGB1-neutralizing antibody
(HMGB1 Ab group) or OGT2115 (0GT2115
group). In line with our expectation, the lumi-
nal occlusion area of allografts were both
significantly reduced in the HMGB1 Ab gr-
oup (23.33%+6.51%) and 0OGT2115 group
(46.33%+9.07%) as compared with the control
group (92.4%+8.23%). Moreover, the protective
effect was more significant once recipient mice
treated with combined HMGBZ1 neutralizing
antibody and OGT2115 (7%+5.29%) (Figure 4).
Collectively, these data support that neutraliz-
ing HMGBZ1 or inhibiting HPSE activity attenu-
ate BOS development.

HMGB1 acts through RAGE to induce HPSE
transcription

It has been well demonstrated that extracellu-
lar HMGB1 can act through receptors TLR2/4
or RAGE [32]. We thus next analyzed the expres-
sion of HMGB1 receptors after recombinant
HMGB1 stimulation. Western blot analysis re-
vealed that HMGB1 induced a significant in-
crease for the expression of RAGE but not TLR2
and TLR4 (Figure 5A). We then used an siRNA
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+HMGB1 siRNA +HMGB1 +HMGB1

to knockdown the expression of RAGE in MRC-5
cells (Figure 5B). Indeed, knockdown of RAGE
expression attenuated HMGB1-induced acti-
ve HPSE and latent HPSE (Figure 5C). These
data suggest that HMGB1 acts predominantly
through receptor RAGE to induce the expres-
sion of HPSE.

The HMIGB1-RAGE axis stimulates NF-kB bind-
ing to the HPSE promoter

To address the signaling pathway by which
HMGB1 induces HPSE expression, we first
examined NF-kB activity. Western blot analysis
showed that HMGB1 induced NF-kB activation
by promoting p65 nuclear translocation (Figure
6A). More interestingly, ChIP assay revealed
that p65 could directly bind to HPSE promoter
(Figure 6B). In consistent with these results,
knockdown of RAGE down-regulated HMGB1-
induced p65 nuclear translocation (Figure 6C).
To further confirm this observation, JSH-23, an
NF-kB inhibitor (JSH-23), was added into MRC-5
cultures along with recombinant HMGB1 as
above. Indeed, repression of NF-kB activity
attenuated HMGBZ1-induced levels for active
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Figure 6. The HMGB1-RAGE axis activates NF-kB to promote HPSE expression. MRC-5 cells were treated with 100
ng/ml HMGB1 alone, or combined with RAGE siRNA, or combined with NFkB inhibitor JSH-23 as described, and
then subjected to following analyses. A. HMGB1 potently stimulated NF-kB subunit p65 nuclear translocation. B.
ChlIP assays revealed that NF-«kB selectively binds to the HPSE promoter. C. Knockdown of RAGE by siRNA in MRC-5
cells repressed HMGB1 induced p65 nuclear translocation. D. Suppression of NF-kB activity by JSH-23 attenuated
HMGB1 induced active and latent HPSE expression. *, p < 0.05; **, p < 0.01; and ***, p < 0.001.

and latent HPSE (Figure 6D). Together, our data
indicate that HMGB1 binds to its cognate
receptor RAGE, and by which it activates NF-kB
to enhance HPSE expression.

HPSE cleaves HS chains to release latent
TGF-B from ECM

Finally, we sought to address the mechanism
by which HPSE exacerbates fibrosis. During the
course of fibrosis, myofibroblasts secret latent
TGF-B, which is stored in the ECM through its
binding to ECM components such as HS sac-
charide chains [33]. This is evidence that auto-
crine TGF-B formation as the stimulus for con-
stitutive a-SMA expression in cultured lung
myofibroblasts [34], we thus postulated that
HPSE promotes fibrosis by enhancing ECM
stored TGF- release through the cleavage of
HS saccharide chains. We first conducted im-
munostaining to assess the content of latent

1979

TGF-B in the myofibroblast-derived ECM in the
presence of OGT2115 or PBS. In accordance
with our hypothesis, 0GT2115 increased the
content of latent TGF- in the ECM compared
with controls (Figure 7A). Next, the culture
supernatants were collected for analysis of
active TGF-B by ELISA. In contrast to the immu-
nostaining results, addition of 0GT2115 signifi-
cantly decreased the release of active TGF-
from ECM into the supernatants (Figure 7B).
Taken together, our data demonstrate that
HMGB1 activates NF-kB through its cognate
receptor RAGE to enhance HPSE transcription,
which then promotes TGF-B release from ECM
to exacerbate fibrosis.

Discussion
Despite extensive study, the exact molecular

mechanisms underlying CLAD, especially BOS,
have yet to be fully addressed. Recent studies
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including ours demonstrated reasonable evi-
dence for a role of HMGBL1 in allograft rejection
[6], we thus hypothesized that HMGB1 may play
a critical role in the pathogenesis of BOS after
lung transplantation. In this report, we identi-
fied extracellular HMGB1 as an essential mole-
cule to promote the initiation and progression
of BOS after lung transplantation. Our studies
also highlighted a previously unknown signaling
network that links HMGB1, RAGE, HPSE and
TGF-B release from ECM during the course of
fibrotic processes such as in the setting of BOS.

In this study, a mouse tracheal transplantation
model was employed to demonstrate the
impact of HMGB1 on lung allograft chronic
rejection. Previous studies have shown that
HMGB1 can be either passively released from
damaged/necrotic cells or actively secreted by
activated immune cells such as macrophages,
DCs or NK cells [35]. Indeed, a portion of
HMGB1 was passively released from necrotic
or damaged tracheal allograft cells, which suf-
fered a number of inevitable insults at the early
stage of posttransplantation. The other portion
of HMGB1 detected was actively secreted by

1980

Latent TGF-B Merge

Figure 7. HPSE promotes TGF-f release from myofibroblast-derived
ECM. HMGB1 stimulated myofibroblasts were treated with 0GT2115
100- - - (0.5 pM) or an equal volume of PBS for 24 hours, and then sub-
jected to analysis of latent and active TGF- levels. A. Suppression of
HPSE activity resulted in the accumulation of latent TGF-f3 content in
myofibroblast-derived ECM. Latent TGF-§3 stained in red, while nuclei
stained in blue. B. Results for analysis of TGF-B release from ECM
into the cell culture supernatant by ELISA. 0GT2115 significantly re-
duced the content of TGF-B in the culture supernatant. **, p < 0.01.

the infiltrated macrophages. To dissect the pre-
cise impact of HMGB1 on BOS development,
recipient mice were administered with an HM-
GB1 neutralizing antibody and then assessed
BOS severity after day 28 day of transplanta-
tion. Remarkably, blockade of HMGB1 resulted
in a significant reduction in the luminal occlu-
sion area of allografts as compared with that of
controls.

It was interestingly noted that HMGB1 also
stimulated myofibroblasts expression of high
levels of HPSE, an endoglycosidase that cle-
aves HS chains associated with ECM remod-
eling [36]. There is suggestive evidence that
HPSE may modulate the signaling of pro-fibrotic
factors such as TGF-B [18]. We thus hypothe-
sized that HMGB1 exacerbates BOS by enhanc-
ing HPSE expression. To address this notion,
we first examined HPSE expression in tracheal
allografts upon BOS onset, and found that
HPSE was highly expressed in the airway lumen
of allografts. Further analysis revealed that
HPSE was mainly expressed by myofibroblasts,
which play a central role in fibroproliferative air-
way remodeling during the course of BOS devel-
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Figure 8. A schematic diagram shows the impact of
HMGB1 on BOS development. During the course of
BOS, HMGBL1 is first passively released as a result of
early unavoidable allograft injuries, which then initi-
ates inflammatory response, leading to macrophage
infiltration. The infiltrated macrophages further
secrete copious amount of HMGB1. Extracellular
HMGB1 acts through its receptor, RAGE, to activate
NF-kB, which then binds to the HPSE promoter to
transcribe its expression. The enhanced HPSE next
cleaves latent TGF- from myofibroblast ECM to pro-
mote the initiation and progression of BOS.

opment after lung transplantation by producing
excessive amounts of ECM [37]. To further
address this question, we conducted tracheal
transplantation along with administration of
0GT2115, an HPSE inhibitor, and then asse-
ssed BOS severity as above. The results showed
that inhibition of HPSE significantly ameliorated
the severity of BOS.

To address the cross-talk between HMGB1 and
HPSE during fibroblast-myofibroblast transition
in the setting of BOS, we first examined the
impact of HPSE activity on HMGB1-induced
myofibroblast differentiation, migration and
proliferation. Indeed, inhibition of HPSE activity
not only attenuated HMGB1-induced myofibro-
blast differentiation, but also inhibited HMGB1-
induced proliferation and migration. Given that
HMGB1 significantly increased the expression
of active HPSE and latent HPSE along with
enhanced expression of the fibrotic markers
collagen | and «-SMA, our data support that
HPSE is downstream of HMGB1 signaling.

To date, TLR2, TLR4 and RAGE have been iden-
tified as the receptors for extracellular HMGB1

1981

[38]. However, it seems that RAGE is most likely
the primary receptor for HMGB1 in myofibro-
blast differentiation since HMGB1 failed to
manifest a perceptible impact on TLR2 and
TLR4 expression but enhanced RAGE levels by
one-fold. Indeed, knockdown of RAGE signifi-
cantly attenuated HMGB21-induced HPSE ex-
pression. Upon binding to its receptor RAGE,
HMGB1 activates NF-kB as manifested by the
nuclear translocation of its subunit p65. ChIP
assays demonstrated evidence that NF-kB
directly binds to the HPSE promoter to tran-
scribe HPSE expression, which was further sup-
ported by the observation that suppression of
NF-kB activity significantly attenuated HMGB1-
induced active and latent HPSE expressions.

It has been well demonstrated that HS chains
form a key component of ECM and that break-
down of HS chains is carried out by HPSE [39].
Previous studies have shown that TGF-3 can be
produced by myofibroblasts, secreted predomi-
nantly in its inactive latent form and deposited
in the ECM through binding to HS chains [33].
Given that the TGF-B autocrine signaling loop
initiates and maintains the differentiation of
fibroblasts into myofibroblasts [40], we specu-
lated that HMGB1-induced HPSE may play a
role to cleave HS chains from latent TGF-B in
the myofibroblast ECM. Indeed, HMGB1 treated
myofibroblasts stored more latent TGF-§ in the
ECM and less active TGF-B in the cell superna-
tant after treatment with an HPSE inhibitor.

In summary, the development of BOS after Iu-
ng transplantation is a complex process that
involves a number of factors. In the current
report, we addressed the impact of HMGB1 on
the pathology of a mouse BOS model. We dem-
onstrated evidence supporting that HMGB1 is
implicated in the initiation and progression of
BOS, as manifested by the HMGB1 passive
release at the early stage of tracheal transplan-
tation and active secretion during the course of
BOS. We further characterized that HMGB1
activates NF-kB through its cognate receptor
RAGE to transcribe HPSE expression, which
then cleaves HS chains to release autocrine
TGF-B from myofibroblast ECM. The active auto-
crine TGF-B finally initiates and maintains the
differentiation of fibroblasts into myofibroblasts
to exacerbate BOS (Figure 8). Given the com-
plexity of BOS pathoetiology, this new insight
may have great potential to develop novel ther-
apies against fibrotic diseases, especially in the
context of BOS after lung transplantation.
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