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Abstract

Objective—Endoluminal vascular interventions such as angioplasty initiate a sterile
inflammatory response resulting from local tissue damage. This response drives the development
of intimal hyperplasia (IH) that, in turn, can lead to arterial occlusion. We hypothesized that the
ubiquitous nuclear protein and damage-associated molecular pattern molecule, high-mobility
group box 1 (HMGB1), is one of the endogenous mediators that activates processes leading to IH
after endoluminal injury to the arterial wall. The aim of this study is to investigate whether
approaches that reduce the levels of HMGBL1 or inhibit its activity suppresses IH after arterial
injury.

Approach and Results—Here, we show that HMGB1 regulates IH in a mouse carotid wire
injury model. Induced genetic deletion or neutralization of HMGB1 prevents IH, monocyte
recruitment, and smooth muscle cell growth factor production after endoluminal carotid artery
injury. A specific inhibitor of HMGB1 myeloid differentiation factor 2—toll-like receptor 4 (TLR4)
interaction, P5779, also significantly inhibits IH. HMGB1 deletion is mimicked in this model by
global deletion of TLR4 and partially replicated by myeloid-specific deletion of TLR4 but not
TLR2 or receptor for advanced glycation endproducts deletion. The specific HMGBL1 isoform
known to activate TLR4 signaling (disulfide HMGB1) stimulates smooth muscle cell to migrate
and produce monocyte chemotactic protein 1/CCL2) via TLR4. Macrophages produce smooth
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muscle cell mitogens in response to disulfide HMGBL also in a TLR4/myeloid differentiation
primary response gene (88)/Trif-dependent manner.

Conclusions—These findings place HMGB1 and its receptor, TLR4 as critical regulators of the
events that drive the inflammation leading to IH after endoluminal arterial injury and identify this
pathway as a possible therapeutic target to limit IH to attenuate damage-associated molecular
pattern molecule—mediated vascular inflammatory responses.

angioplasty; carotid artery injuries; HMGBI protein; hyperplasia; macrophages

Vascular interventions, such as surgical bypass procedures, endarterectomy,! peripheral
artery brachytherapy,?:3 angioplasty, and stent placement for arterial occlusive disease, can
fail because of restenosis.*® These interventional procedures result in endothelial
denudation with intimal and medial damage, which induces substantial local inflammation.
This inflammation is manifested by monocyte infiltration as well as inflammatory mediator
and growth factor production.® This, in turn, stimulates vascular smooth muscle cell (SMC)
accumulation and extracellular matrix deposition resulting in intimal hyperplasia (IH) and
vessel or stent occlusion.’

The molecular processes that initiate inflammation in the arterial wall after mechanical
injury are not fully understood. Because endoluminal vascular interventional procedures
cause stretching of the vessel wall and cell necrosis,8 endogenous molecules released during
cell death and stress, termed damage-associated molecular patterns (DAMP), could activate
pattern recognition receptors leading to sterile inflammation. The nuclear protein, high-
mobility group box 1 (HMGBL), functions as a DAMP when passively released during cell
injury and necrosis or actively secreted during immune or parenchymal cell activation and
cell stress.?10 HMGB1 is upregulated in multiple cell types in atherosclerotic plaques!12
and hyperplasia lesions in blood vessels, 1913 including endothelial cells, SMC, foam cells,
macrophages, and activated platelets. In vitro, extracellular HMGBL1 induces the release of
proinflammatory cytokines and chemokines from macrophages and monocytes,14
upregulates chemokine, cytokine, plasminogen activator inhibitor 1, and tissue-type
plasminogen activator expression in endothelial cell, 1415 and induces SMC proliferation and
migration.12:16 Despite these observations, a role for DAMP, including HMGBY1, in the
remodeling response after endoluminal vascular injury has not been established.

Several toll-like receptors (TLRs) recognize DAMP and can drive sterile inflammation.1’
Among these, TLR4 has been shown to be activated by the widest array of endogenous
molecules, including HMGB1.18 Previous studies suggest that TLR4 is involved in a variety
of vasculopathy processes, such as atherosclerosis, vein graft neointimal remodeling, and
lipopolysaccharide-induced arterial 1H.13:19.20 Human studies reveal that the common
Asp299Gly TLR4 polymorphism, which attenuates receptor signaling, is associated with
low levels of circulating inflammatory mediators and a decreased risk of atherosclerosis and
cardiovascular events.?! TLR4 is expressed on several cell types involved in the vascular
injury response, including monocytes, endothelial cell, platelets, and SMC; however,
specific roles for TLR4 on a relevant cell type has not been established.
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There is now strong support for a role for HMGB1-myeloid differentiation factor 2(MD2)/
TLR4 interactions in driving both acute and chronic inflammatory responses to tissue trauma
and hypoxia.?2 Recently, a specific redox isoform of HMGBJ, referred to as disulfide
HMGB1, was shown to bind to MD2 in the TLR4 receptor complex and account for the
cytokine-like or TLR4-stimulating activity of extracellular HMGB1.23 HMGBL1 contains 3
conserved redox-sensitive cysteines (C23, C45, and C106); modification of these cysteines
determines the biological activity of extracellular HMGB1. Cytokine-stimulating or
disulfide HMGB1 has C23 and C45 in a disulfide linkage and C106 in its reduced form as a
thiol 2425

In this article, we tested the hypothesis that IH induced by endoluminal arterial injury is
mediated through an HMGB1-and TLR4-driven mechanism. We found that both HMGB1
and TLR4 drive monocyte recruitment, inflammation, and IH after wire injury to the carotid
artery. Both IH and monocyte recruitment after arterial injury involve TLR4 expression
specifically on myeloid cells. Disulfide HMGBL1 induced macrophage cytokine, chemokine,
and SMC growth factor production as well as vascular SMC migration and monocyte
chemotactic protein 1 (MCP1)/CCL2-CCR2 upregulation through TLR4 in vivo, whereas a
specific inhibitor of HMGB1-MD2/TLR4 suppressed IH in vivo. These data provide
evidence for a major role for the HMGB1-TLR4 axis and specifically the disulfide isoform
of HMGB1 in the endoluminal arterial injury response that leads to 1H.

Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

Statistical Analysis

Results

All data are expressed as mean+SEM. One-way analysis of variance after post hoc Student—
Newman-Keuls test was used to determine the differences among multiple groups. The
Mann-Whitney U'test was applied on small-size comparisons with non-normal distributions
between groups. The ftest was applied only on experiments with normal distributions
between the comparison groups. A Pvalue <0.05 was considered statistically significant.

HMGB1 and TLR4 are Essential for Acute Injury—Induced Inflammation and IH

We tested the hypothesis that HMGB.1 contributes to injury-induced IH and vascular
remodeling in a carotid artery wire injury model in mice. Embryonic deletion of HMGBL is
lethal?%; therefore, we generated an inducible HMGB1~/~ mouse strain where the HMGB1
gene was globally deleted after tamoxifen treatment (Figure IA-IC in the online-only Data
Supplement). As shown in Figure ID and IE in the online-only Data Supplement, tamoxifen
treatment lead to a near complete and sustained loss of HMGB1 expression in the carotid
artery, aorta, and heart (measured 35 days after tamoxifen treatment). A striking prevention
of inward IH and vessel remodeling was observed in injured carotid arteries from inducible
HMGB1~/~ mice (/<0.01; Figure 1 A-1C) compared with the vessels from HMGB1!°%P (no
tamoxifen) control mice. Tamoxifen pretreatment had no impact on IH in WT mice.
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HMGB1 has compartment-specific roles inside and outside the cell.127 Extracellular
HMGB1 can trigger inflammatory signaling through the activation of pattern recognition
receptors. To establish the importance of extracellular HMGB1 on the IH process, C57BI/6
wild-type (WT) mice were treated with a neutralizing anti-HMGB1 monoclonal antibody
(mADb) daily for 28 days. Compared with the mice receiving the IgC2b isotype control mAb,
anti-HMGB1 mAb treatment conferred a 50% reduction in IH measured at 28 days after
wire injury (Figure 1A-1C).

Extracellular HMGBL1 can trigger signaling through several receptors, including TLR4,
TLR2, and receptor for advanced glycation endproducts (RAGE).28 To determine the extent
to which carotid artery IH involves these receptors, TLR4™~, TLR27/~, and RAGE ™~ mice
were subjected to carotid artery wire injury. TLR4™~ mice were associated with the greatest
reduction in IH (76% decrease compared with WT mice; Figure 1D and 1E; Figure Il in the
online-only Data Supplement). TLR4 deletion also led to an accelerated rate of re-
endothelization by 7 days after wire injury (Figure V in the online-only Data Supplement).
CD14 has been shown to participate in disulfide HMGB1-induced TLR4 activation.23
CD14~/~ mice exhibited a significant reduction in carotid artery IH after wire injury (Figure
1D and 1E). Interestingly, no reduction in vascular media thickening after injury was
observed in TLR4™~, TLR27/~, RAGE ™, or CD14~/~ mice (Figure 1D-1F; Figure Il in the
online-only Data Supplement).

We next investigated whether TLR4 and HMGB1 contributed to the expression of
interleukin (IL)-6, platelet-derived growth factor-A (PDGF-A), or the monocyte
chemoattractant MCP1/CCL2 and its receptor, CCR2,2% which are known to be involved in
the vascular injury response. Quantitative reverse transcription polymerase chain reaction
revealed that MCP1/CCL2 and IL-6 mRNA levels were increased by 6 hours and then
approached basal levels by 7 days. CCR2 and PDGF-A mRNA peaked at 3 days after
vascular injury, whereas CCR2 was attenuated by day 7, PDGF-A remained upregulated to
14 days in injured vessels of WT mice. The increases in MCP1/CCL2, CCR2, IL-6, and
PDGF-A expression were attenuated in injured carotid arteries from TLR4~/~ mice (Figure
1G-1J) and anti-HMGB1 mAb-treated mice at 3 days (Figure 1K).

HMGBL1 Is Upregulated and Interacts With TLR4 Within the Injured Vessel

HMGB1 normally resides in the nucleus but can be upregulated and mobilized to the
cytoplasm and actively secreted in the setting of cell stress and inflammation.®28 The
percentage of cells expressing HMGB1, as detected by immunofluorescence, was increased
in the neointima at 3 and 28 days after wire injury in WT but not in TLR4™/~ mice (Figure
2A). A corresponding increase in HMGB1 mRNA levels was also observed in WT and
TLR4™~ mice by 6 hours but became significantly greater in the carotid arteries of the WT
mice compared with the vessels from the TLR4~/~ mice at 3, 7, and 14 days (Figure 2C).
HMGB1 and TLR4 colocalized in cells in the adventitia on day 3, but not on day 28 (Figure
2B). Immunoprecipitation also revealed that HMGB1 and MD2/TLR4 interact on day 3 in
the aorta (Figure 2D). HMGB1 immunoprecipitated with MD2 in lysates from disulfide
HMGB1-treated human aortic SMC (HASMC) and the aorta of the mice at 3 days after wire
injury. This interaction was blocked when WT mice were treated with a specific tetrapeptide
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inhibitor of disulfide HMGB1-MD2/TLR4 interaction, P5779, but not a control peptide
(Figure 2E and 2F). This tetrapeptide (FSSE, P5779) has been shown to block disulfide
HMGB1 binding to MD2 and prevent macrophage cytokine production in response to
HMGB1.30 P5779 also partially prevented injury-induced IH (Figure 2G and 2H) and the
upregulation of TLR4, HMGB1, and IL-6 mRNA at day 3 (Figure 21-2K).

Both MyD88- and Trif-Dependent Signaling Contribute to IH Formation

TLR4 activation leads to cell signaling through both myeloid differentiation primary
response gene 88 (MyD88)- and Trif-dependent pathways. Carotid artery MyD88 and Trif
mRNA levels, measured by quantitative reverse transcription polymerase chain reaction
were upregulated by 6 hours after the injury compared with contralateral uninjured arteries
in the WT mice. MyD88 mRNA levels were significantly lower in TLR4~/~ mice (Figure
3A) and WT mice treated with P5779 than WT controls (Figure 3C); however, Trif MRNA
levels were not influenced by TLR4 inhibition (Figure 3B). MyD88~/~ mice exhibited a
significant reduction by 20% in carotid artery IH after wire injury when compared with WT
mice. There was no significant inhibition of IH in Trif 7~ mice compared with the controls
(Figure 3D).

Because signaling downstream of TLR4 involves both MyD88 and Trif, we then blocked
signaling through both MyD88 and Trif by local application of lenti-shMyD88 to the carotid
artery in Trif 7~ mice. Detection of MyD88 expression by immunohistochemistry and
Western blot verified that treatment with lenti-shMyD88 reduced MyD88 content in the
injured artery (Figure 3F and 3G). Suppression of MyD88 expression in Trif '~ led to a
73.6% reduction of intima and media area ratio in the injured artery compared with lenti-
control treated Trif /= mice (Figure 3E), which is even greater than the reduction in IH
observed in the MyD88~/~ mice. These data show that both TLR4 adapters pathways are
involved in IH after arterial injury that is revealed only when the expression of both
receptors is suppressed.

HMGB1-TLR4 Signaling Drive Monocyte Infiltration

Macrophage infiltration plays a crucial role in the pathophysiological mechanisms, leading
to vascular restenosis.3! Immunofluorescence staining for the macrophage marker CD68
demonstrated adventitial infiltration of CD68™ cells at day 3 in WT mice after wire injury
(Figure 4A). However, a marked reduction in macrophage accumulation was observed in
injured arteries from anti-HMGB1-treated WT mice and TLR4~/~ mice compared with
arteries from untreated WT mice (Figure 4A) or WT mice that received control isotype
antibody (data not shown). The increase in adventitial CD68™ cells in WT mice was not
associated with an increase costaining for Ki67 but was associated with an increase in tunel-
positive CD68* cells, which was not seen in injured TLR4™/~ carotids (Figure IV in the
online-only Data Supplement).

To determine if TLR4 expression on macrophages plays an essential role in IH, we
selectively depleted the TLR4 gene from the myeloid cell population by crossing
TLR4'oxp/loxp mice with LyzM-cre (Lyz-TLR4™~ mice). We have previously confirmed the
functional, selective deletion of TLR4 from myeloid cells in the Lyz-TLR4™/~ mice.32 This
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strategy significantly suppressed IH by 57.5% at day 28 (Figure 5B) as well as CD68™ cell
infiltration by 42.3% at day 3 after carotid arterial injury (Figure 4A). Thus, TLR4
expression on myeloid cells is involved in the infiltration of monocytes and the progression
of IH through a process that does not seem to involve local proliferation.

HMGB1 Induces Cytokine and Chemokine Release Via TLR4 in Macrophages and SMCs

Infiltrating macrophages promote IH progression and vessel remodeling by releasing
inflammatory mediators and growth factors. To confirm that disulfide HMGB1 induced
macrophage activation via TLR4, peritoneal macrophages from WT, TLR4~/~, MyD88~/~, or
Trif-Ps2 mice were treated with recombinant disulfide HMGB1 for 8 hours. Disulfide
HMGB1 induced a concentration-dependent increase in the release of MCP1/CCL2, IL-6,
PDGF-A, and tumor necrosis factor (TNF) into the supernatents of WT macrophages
(Figure 5A-5D). The production of MCP1/CCL2, IL-6, and TNF was almost completely
TLR4-dependent, whereas the production of PDGF-A was partially TLR4 dependent. A
similar reduction in MCP1/CCL2, IL-6, TNF, and PDGF-A release in HMGB1-treated
MyD88~/~ macrophages to that seen in the TLR4~/~ cells confirmed that production of these
mediators requires MyD88. Production of MCP1/CCL2, TNF, and PDGF-A also seemed to
be at least partially Trif dependent.

In addition to directing macrophage infiltration, the chemokine—chemaokine receptor pair
MCP-1/CCL2-CCR2 is known to promote intimal expansion.33-35 We next determined if
HMGB1 could induce MCP1/CCL2 and CCR2 expression in cultured HASMCs. Exposure
to disulfide HMGB1 5000 ng/mL for 24 hours induced concentration-dependent increases in
MCP-1/CCL2 and CCR2 protein expression in cultured HASMC (Figure 5E). Disulfide
HMGBL also induced time-dependent increases in pIKKa/p and plkBa protein expression
between 0 and 24 hours of exposure (Figure 5G), without impacting total IKKa/f and IxBa
protein levels (Figure V1 in the online-only Data Supplement), which indicates nuclear
factor kB activation in HMGB1-elicited HASMC. The role of TLR4 in this response was
confirmed by pretreating the HASMC with a TLR4 inhibitory or control peptide, Viper
versus CP-7 (30 umol/L for each), respectively, for 1 hour (Figure 5F and 5H). Viper
blocked HMGB1-induced MCP1/CCL2, pIKKa/p and plkBa expression by HASMC
whereas CP-7 did not.

Analyses by immunofluorescence demonstrated that CCR2 expression was induced in both
the intima and adventitia of injured carotid arteries (Figure 51). CCR2 started to colocalize
with smooth muscle actin-a* cells at 3 days and because expression continued to increase by
28 days, CCR2 became colocalized with smooth muscle actin-a. The expression of CCR2
was lower in the injured arteries from TLR4™/~ mice compared with injured carotids from
WT mice at both 3 and 28 days. These results suggest that MCP1/CCL2-CCR?2 is involved
in both early and late events in injury-induced vascular inflammation and that TLR4 is
required for upregulation of both MCP1/CCL2 and CCR2.
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We next sought evidence for TLR4 expression in SMC in vivo after wire injury. As shown in
Figure 7A, TLR4 expression was colocalized with smooth muscle actin-a at both baseline
and at 28 days after injury. Two of the vascular smooth muscle responses critical for IH are
migration and proliferation. Using a wound healing system, we found that disulfide
HMGB1-induced migration of HASMC in a time and concentration-dependent manner
(Figure 6B and 6C). This effect was blocked by the TLR4 antagonist (Viper) but not the
control peptide CP-7. In contrast, disulfide HMGB1 had no effect on HASMC cell viability
measured at 24 hours (Figure 6D).

TNF-a,36 MCP-1/CCL2,2%3 |L-6,3" and PDGF-A are known to induce HASMC
proliferation. As shown above, disulfide HMGBL induces the production of these mediators
from macrophages (Figure 5A-5D). We further determined whether conditioned media from
disulfide HMGB1-treated macrophages promoted an increase in viable HASMC numbers
by measuring cell viability. Conditioned media was collected from THP-1 macrophages after
8 hours incubation with 5000 ng/mL disulfide HMGBL1 and transferred to HASMC. The
number of viable HASMC was determined after 24 hours of conditioned media exposure at
concentrations ranging from 10% to 50%. Conditioned media induced a concentration-
dependent increase in HASMC viability (Figure 6E).

To investigate whether disulfide HMGB1 could enhance HASMC viability through a
paracrine mechanism via TLR4 on macrophages, HASMC were cotreated with THP-1 cell-
conditioned media and Viper 30 umol/L or its control (CP-7 30 pmol/L). As shown in Figure
6E, Viper did not prevent the increase in HASMC viability induced by condition media.
However, conditioned media from Viper-pretreated THP-1 macrophages failed to increase
HASMC viability.

To seek in vivo evidence that signaling through TLR4 modulates cell proliferation, Ki67
staining analyses was performed to determine the number of proliferating cells in carotid
arteries from WT, myeloid TLR4™~ (Lyz-TLR477), and global TLR4™~ mice. Significantly,
fewer Ki67 positive—stained cells were observed in the injured arteries of TLR4~/~ mice and
Lyz-TLR4™~ mice than vessels from WT mice at 28 days (Figure 6F). Thus, TLR4
signaling specifically on myeloid cells regulates cell proliferation within the vessel wall after
arterial injury.

Discussion

This study was undertaken to determine if HMGB1 and one of its key receptors, TLR4, play
central roles in vascular inflammation after endoluminal arterial injury. We show that
HMGB1 expression is upregulated after wire injury to the carotid artery and that HMGB1
promotes IH and monocyte recruitment. TLR4 deletion also markedly suppresses IH,
monocyte recruitment, HMGB1 upregulation, and inflammation after arterial injury, effects
that are partially replicated by deletion of TLR4 on specifically on myeloid cells. A specific
inhibitor of HMGB1-MD2/TLR4 interaction (P5779) suppressed IH after wire injury. Our
mechanistic studies show that the disulfide isoform of HMGB1 stimulates vascular SMC
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migration and production of MCP1/CCL2, as well as the production of SMC growth factors
by macrophages via TLR4. The key role of TLR4 on myeloid cells in the development of IH
was confirmed in vivo using myeloid-specific TLR4~/~ mice. Combined, these findings
identify HMGB1 and TLR4 as regulators of the arterial response to endoluminal injury by
regulating cell migration, monocyte trafficking, and inflammatory mediator and growth
factor production. The findings also highlight the possibility of developing novel therapeutic
strategies to attenuate DAMP-TLR4-mediated vascular inflammatory responses.

HMGBL has emerged as an important proximal regulator of sterile inflammatory responses
resulting from tissue trauma?2 and ischemia.3® Most cells, including vascular SMC,
endothelial cell, and monocytes, express HMGB1 in the nucleus at baseline.1 It can be
readily mobilized to the cytoplasm under conditions of cellular stress (ie, hypoxia) where it
regulates autophagy and nucleic acid sensing.10.28 HMGB1 reaches the extracellular space
by passive mechanisms when cells die by necrosis or pyroptosis; or can be actively secreted
in response to hypoxia or exposure to proinflammatory signals, including HMGB1 itself.28
HMGB1 exhibits proinflammatory cytokine-like activity, promotes chemotaxis, and
stimulates cellular migration and growth.14 HMGB1 has been shown to trigger signaling
through several plasma membrane and endosomal receptors which accounts, in part, for the
diversity of its activities. Receptor specificity is only partially understood but is known to
involve the redox status of HMGB1 as well as extraceullar- and intracellular-binding
partners.0 For example, when all 3 cysteines, C23, C45, and C106, within HMGB1 are in
the thiol configuration extracellular HMGB1 avidly interacts with C—X-C motif chemokine
(CXCL)12 and activates signaling through CXCR4.24 Mild oxidation of this form leads to
formation of a disulfide bond between C23 and C45 and it is this isoform that binds to MD2
to trigger TLR4 signaling.1918 Further oxidation of any of the thiols inactivates extracellular
HMGB1. We studied the role of 3 well-established HMGB1 receptors, including TLR4,
TLR2, and RAGE, in the wire injury model. TLR4 and its coreceptor CD14 contributed
most significantly to IH and inflammation in the mouse carotid wire injury model. Disulfide
HMGB1 recognition by TLR4 in macrophages requires CD14.23 Therefore, our findings that
both HMGB1 and TLR4/CD14 contribute to monocyte recruitment and IH and the finding
that 5779 blocks this response are consistent with a role for the HMGB1-TLR4 axis and
specifically disulfide HMGBL1 in driving inflammation in acute arterial injury.

Others have implicated TLR4 in arterial remodeling by showing that lipopolysaccharide
administration promotes IH induced by femoral artery periadventitial cuff placement in WT
but not TLR4 mutant mice.1® We show that even in the absence of exogenous
lipopolysaccharide, TLR4 is a major driver of the arterial response to endoluminal wire
injury and provide evidence that TLR4 on myeloid cells is critical to the response. Myeloid-
specific deletion of TLR4 only partially replicated the prevention of IH seen in the global
TLR4™~ mice. Therefore, it is likely that TLR4 on other cell types also contributes to the
injury response. This concept is further supported by our results showing that TLR4 and
HMGB1 are both upregulated and colocalize in vascular SMC in the neointima. We also
show that disulfide HMGB1 triggers both MCP1/CCL2-CCR2 upregulation and vascular
SMC migration via TLR4 in vitro. However, the contribution of TLR4 on nonmyeloid cells,
such as SMC, to IH after arterial injury remains to be determined.
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Previous reports show that arterialized vein grafts from TLR4 mutant mice exhibit less
thickening than WT controls and that TLR4 is involved in the vascular lesions associated
with hypoxia-induced pulmonary artery hypertension. These studies combined with our
findings suggest a more generalized role for TLR4 in injury-induced vascular wall
remodeling.13 Inhibitors of TLR7 and TLR also limit neointimal thickening and
macrophage activation in the femoral artery cuff model.* HMGB1 can promote the sensing
of intracellular self-DNA through TLR7 and TLR9.2” Our data show that anti-HMGB1 mAb
is less effective at reducing IH than genetic deletion of HMGBL1 suggesting that intracellular
actions of HMGB1 may also be important to the arterial injury response. Therefore,
HMGB1 may contribute to DAMP signaling through more than a single receptor or
mechanisms after acute arterial injury.

The MCP1/CCL2-CCR2 axis is known to contribute to IH through multiple mechanisms,
including the recruitment of monocytes to the injury site,2? as well as through stimulation of
SMC migration and proliferation.33:34 We found that MCP1/CCL2 and CCR2 were
upregulated in the arterial wall, including in SMC early after injury in a TLR4-dependent
manner. In vitro studies confirmed that disulfide HMGB1 could upregulate MCP1/CCL2
through TLR4 in both vascular SMC and macrophages. This suggests that endogenous
activators of TLR4, such as disulfide HMGB1, could be 1 important mechanism for the
upregulation of chemokines and their receptors as well as growth factor production by both
SMC and macrophages attracted to the site of injury.

Others have shown that unspecified isoforms of HMGBL1 can stimulate both the migration
and the proliferation of vascular SMC in vitro.1442 Interestingly, we found that the disulfide
isoform of HMGBL triggers only SMC migration through TLR4 and not proliferation. Our
data suggest that HMGB1-TLR4 axis contributes indirectly to vascular SMC proliferation
by stimulating macrophages to produce SMC growth factors, such as IL-6 and PDGF-A in
addition to MCP1/CCL2. Therefore, the effects of HMGB.1 could be isoform and receptor
specific. We did not determine if other HMGBL1 isoforms can directly regulate SMC
proliferation. Furthermore, neither the genetic HMGBL1 deletion nor the anti-HMGB1
antibody used in this study differentiates between the isoforms of HMGBL1 or its receptor
targets in vivo.

TLR4 is unique among the TLR receptors in that it signals through both MyD88- and Trif-
dependent signaling pathways.*3 A role for MyD88 in flow and cuff-mediated vascular
remodeling has been established,** whereas TLR4/Trif-dependent signaling has been
implicated in vascular matrix metalloproteinase upregulation.*> We extend these
observations to show that MyD88 mRNA is upregulated in the vessel wall in a TLR4-
dependent manner after endoluminal arterial injury. We confirm that both MyD88 and Trif
contribute to wire injury-induced IH. The slight but significant reduction in IH observed in
MyD88~/~ was enhanced even greater if both My88 and Trif expression was suppressed.
Therefore, both MyD88- and Trif-dependent signaling pathways are likely to overlap in their
roles after endoluminal arterial injury. Both pathways can lead to nuclear factor kB
activation and the induction of cytokine and chemokine production.*3 The greater impact on
IH by MyD88 deletion reported in the periadventitial cuff model** than we observed in the
wire injury model may reflect differences in the mechanism of vascular injury in the 2
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models. Our findings suggest that TLR4 is one of the pathways that may activate signaling
through Trif and MyD88.

In conclusion, our results provide support for the proposed sequence depicted in Figure 7,
where injury induces the release of DAMP, such as HMGB1, from several cell sources. This
triggers TLR4 activation leading to chemokine and growth factor production, which attracts
monocytes into the injury site. These inflammatory cells become further activated via
disulfide HMGB1-TLR4 interactions to produce SMC growth factors and inflammatory
mediators. We speculate that disulfide HMGB1 may promote vascular SMC migration
directly via TLR4, although this is not proven in vivo. We propose that these mechanisms
act synergistically in the development of IH. This scenario offers numerous potential
therapeutic targets, including HMGB1, the interaction of disulfide HMGB1 with TLR4/
MD?2, the CD14/TLR4/MD2 receptor complex, postreceptor signaling and specific growth
factors or inflammatory mediators.

Refer to Web version on PubMed Central for supplementary material.
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IL
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human aortic smooth muscle cell

high-mobility group box 1
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interleukin

mchemotactic protein 1

myeloid differentiation protein 2

myeloid differentiation primary response gene (88)
platelet-derived growth factor-A

receptor for advanced glycation endproducts
toll-like receptor

tumor necrosis factors-a
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Significance

In this study, we show for the first time that a damage-associated molecular pattern
molecule, high-mobility group box 1, drives intimal hyperplasia and vascular remodeling
through toll-like receptor 4/myeloid differentiation factor 2-myeloid differentiation
primary response gene (88)/Trif signaling. Furthermore, we provide evidence that a
specific isoform of high-mobility group box 1 known to trigger toll-like receptor 4
signaling (disulfide high-mobility group box 1) is involved in this process. We
specifically delineated toll-like receptor 4 on monocytes as one of the critical receptors
driving inflammation after acute arterial injury. These observations and the detailed
mechanistic insights identify several potential therapeutic targets to limit vascular
restenosis not previously considered.
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Figurel.

High-mobility group box 1 (HMGBL) and toll-like receptor 4 (TLR4) contribute to wire
injury-induced inflammation and intimal hyperplasia. A, Common carotid arteries were
injured by a 0.4-mm guidewire plus external carotid artery ligation and harvested 28 days
after surgery. Frozen tissues were sectioned. Representative hematoxylin & eosin (H&E)-
stained sections of carotid arteries from wild-type (WT) mice (n=10), HMGB1!°*P mice
(n=9), inducible HMGB1~~ mice (n=8), IgGb (control antibody)-treated mice (n=5), and
anti-HMGB1 mAb-treated mice (n=8) are shown. B—C, The ratios of intima and media area
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(/M) and vessel medial size were quantified by planimetry at 28 days. D, Representative
H&E-stained sections of carotid arteries from WT mice (n=10), TLR4~/~ mice (n=10), and
CD14~~ mice (n=6) are shown. E—F, The ratio of I/M area and vessel medial size were
quantified by planimetry at 28 days. G-K, Injured artery mRNA levels for monocyte
chemotactic protein 1 (MCP-1)/CCL2, CCR2, interleukin 6 (IL-6), and platelet-derived
growth factor-A (PDGF-A) were measured by reverse transcription polymerase chain
reaction at 6 hours, 72 hours, 7 days, and 14 days in WT mice and TLR4~/~ mice, and at 72
hours in IgG,b-treated mice and anti-HMGB1 mAb-treated mice. Gene expression was
normalized to 18S transcript levels. Relative mRNA levels compared with the uninjured
carotid artery are displayed. Data represent the mean+SEM. *P<0.05, **/£<0.01 vs the
indicated groups. Scale bar, 100 pm.
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Figure 2.
High-mobility group box 1 (HMGBL1) is upregulated after arterial wire injury. Inhibition of

HMGB1 and myeloid differentiation factor 2 (MD2)/toll-like receptor 4 (TLR4) interaction
by P5779 alleviated intimal hyperplasia. A, Representative photomicrographs of HMGB1
(green) immunofluorescent staining of arteries from wild-type (WT) and TLR4~/~ mice at 3
and 28 days after vascular injury are shown. Nuclei are stained with 4/,6-diamidino-2-
phenylindole (DAPI; blue). HMGB1-positive cell cross-sections were counted at 3 days
(n=5) and 28 days (n=5). The number of HMGB1-positive cells was defined as the
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percentage of the total cells within a given area that stained positive for HMGBL1. B,
HMGB1 (red) and TLR4 (green) double immunofluorescence staining show colocalization
of HMGB1 with TLR4 in the intimal hyperplasia section at 3 days, but not at 28 days. C,
Injured artery HMGB1 mRNA levels were measured by reverse transcription polymerase
chain reaction (RT-PCR) and normalized to 18S transcript levels at 6 hours, 72 hours, 7
days, and 14 days after carotid artery injury. D, Tissue lysates from aortic arteries (1 mg)
were prepared from P5779 and control peptide-treated mice at 3 days after surgery. E,
Human aortic smooth muscle cell (HASMC) in culture plates were stimulated with HMGB1
(1 pg/mL) plus P5779 or scrambled control peptide at 50 pg/mL for 6 hours and lysates
subjected to Western blot analysis. F, Aortic arteries were harvested from P5779 and control
peptide (500 ug/mouse twice daily) treated mice at 3 days after surgery. All were incubated
with protein A/G PLUS-agarose beads and anti-HMGB1 antibody. Proteins bound to the
beads were revealed by Western blot with anti-TLR4(D) or anti-MD2(E and F) antibody.
Data shown is representative of 3 independent experiments. G, Administration of P5779
ameliorates intimal hyperplasia in WT mice. P5779 (or vehicle control) was administered
intraperitoneally at 500 pg/mouse twice daily after surgery. Representative hematoxylin &
eosin (H&E)-stained sections of carotid arteries from control mice (n=7) and P5779-treated
mice (n=6) are shown. H, The ratio of intima and media area (I/M) and vessel medial size
was quantified by planimetry at 28 days. 1-K, Arterial TLR4, HMGBL1, and interleukin 6
(IL-6) mRNA levels were measured by RT-PCR and normalized to 18S transcript levels at
72 hours (n=5) after carotid artery injury. Relative mRNA abundance in the injured artery
compared with the uninjured carotid artery is displayed. Data represent the mean+SEM.
*P<0.05 versus the respective control groups. Scale bar, 100 pm.
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Figure 3.
Both myeloid differentiation primary response gene 88 (MyD88) and Trif contribute to

intimal hyperplasia formation after wire injury. A-C, Arterial mRNA levels for MyD88 and
Trif were measured by reverse transcription polymerase chain reaction and normalized to
18S transcript levels at indicated time points after wire injury. Relative mRNA levels
compared with the uninjured carotid artery are displayed (n=4-6). D, Carotid arteries from
wild-type (WT) mice (n=10), MyD88~/~ mice (n=16), and Trif P52 mice (n=7) were
analyzed at day 28 after arterial injury. E, Arterial intimal hyperplasia after local MyD88

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2016 May 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Caietal.

Page 20

silencing in Trif.P$2 mice (Trif LPS2 +lenti-control, n=8; Trif LPS2+lenti-shMyD88, n=7) is
shown. Intima and media area (I/M) was reduced in the lenti-shMyD88 group compared
with the lenti-control. F, Focal MyD88 expression is shown in carotid arteries locally treated
with lenti-control or lenti-shMyD88. Representative hematoxylin & eosin—stained and
fluorescent-stained sections are shown. The I/M ratios were quantified by planimetry at 28
days. G, Tissue lysates from aortic arteries (30 ug) were prepared from lenti-shMyD88 and
lenti-control at 28 days after application of lentivirus and subjected to Western blot with
anti-high-mobility group box 1 and p-actin antibodies. Data represent the mean+SEM.
*P<0.05, **P<0.01 vs controls, respectively. Scale bar, 100 um.
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Figure 4.
High-mobility group box 1 (HMGB1)-toll-like receptor 4 (TLR4) signaling drive monocyte

infiltration. A, Mouse carotid arteries at 3 days after injury that were immunostained for
macrophage markers (CD68-positive cells). The number of CD68-positive cells was defined
as the percentage of the total cells within a given area that stained positive for CD68. B,
Carotid arteries from WT mice (n=10), TLR4™~ mice (n=10), TLR4!° mice (n=10), and
Lyz-TLR4™~ mice (n=7) were analyzed after arterial injury. Representative hematoxylin &
eosin (H&E)-stained sections are shown. The ratio of neointimal to medial areas (I/M) was
quantified by planimetry at 28 days. Representative H&E-stained and immunofluorescent-
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stained sections are shown. Data represent the mean+SEM. */<0.05, **/£<0.01 vs the WT
groups. Scale bar, 100 pym.
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Figureb.
High-mobility group box 1 (HMGBL) induces cytokine and chemokine release via toll-like

receptor 4 (TLR4) in macrophages and smooth muscle cells. A-D, Thioglycollate-elicited
murine peritoneal macrophages from wild-type (WT), TLR4~/=, myeloid differentiation
primary response gene 88 (MyD88)™/~, and Trif |PS2 mice treated with 0, 50, 500, and 5000
ng/mL HMGBL. Eight hours later, media was collected and tumor necrosis factors-a (TNF-
a; A), interleukin 6 (IL-6; B), monocyte chemotactic protein 1 (MCP-1)/CCL2 (C), and
platelet-derived growth factor-A (PDGF-A; D) were measured by ELISA. Data are
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presented as mean+SEM (n=4). */~<0.05 compared with control. #P<0.05 vs HMGB1-
treated group. E, Western blot analysis showing that HMGB1 dose-dependently increased
MCP-1/CCL2 and CCR2 expression in human aortic SMC (HASMC) lysates at 24 hours
after HMGB1 treatment. F, HASMC were pretreated with TLR4 inhibitory peptide for 1
hour. The cells were then treated with HMGBL for 24 hours. Upregulation of MCP-1/CCL2
and CCR2 were blocked by Viper at 30 pmol/L. G, HMGB1 5000 ng/mL increased IxBa
and IKK phosphorylation in a time-dependent manner in HASMC. H, HASMC were
pretreated with TLR4 inhibitory peptide for 1 hour. The cells were then treated with
HMGB1 for 8 hours. Upregulation of plxBa and pIKKa/p were blocked by Viper at 30
umol/L. B-actin was used as loading control. MCP-1/CCL2, CCR2, plxBa, and pIKKa/j
were detected by Western blotting. These parameters effect is blocked by Viper at 30
pumol/L. Graphic data show quantification of 4 to 5 independent experiments. Data are
shown as mean+SEM. *P<0.05 compared with control. #/<0.05 versus HMGB-treated
group. |, Double immunofluorescence staining was performed to detect CCR2-positive cells
(green) and smooth muscle actin (SMA)—positive cells (red) in WT and TLR4~/~ mice at 3
and 28 days. Nuclei are stained with 4/,6-diamidino-2-phenylindole (DAPI; blue).
Representative fluorescent-stained sections are shown. Scale bar, 100 um.
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High-mobility group box 1 (HMGB1)-induced human aortic smooth muscle cell (HASMC)
migration, but not cell viability, is mediated via a toll-like receptor 4 (TLR4)—dependent

mechanism. A, Double immunofluorescence staining was performed to detect TLR4
expression (green) colocalized with SMA (red) in carotid arteries from wild-type (WT) mice

at 3 and 28 days. Nuclei are stained with 4/,6-diamidino-2-phenylindole (DAPI; blue).
Representative fluorescent—stained sections are shown. B-C, TLR4 inhibitory peptide

reduced HMGB1-induced HASMC migration in vitro. For in vitro migration experiments,
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HASMC were cultured in 6-well plates and cultured in serum-free medium in the absence or
the presence of disulfide HMGBL. Images of the scratched areas under each condition were
photographed and quantified at 3 and 6 hours. Quantitative analysis of HASMC migration
toward medium with HMGBL1 after 22 hours of incubation is shown. Data are presented as
relative fold compared with medium without HMGB1. D, HMGBL1 had no significant effect
on HASMC proliferation. HASMC seeded in 96-well plates were treated with various doses
of disulfide HMGB.1 for 24 or 48 hours and the cell viability was determined at the end of
experiment. E, Conditioned media from HMGB1-treated macrophages produced a dose-
dependent effect on HASMC proliferation at 24 hours, which was diminished by blocking
TLR4 on macrophages, not by blocking TLR4 on HASMC. The data are the mean=SEM of
3 independent experiments. F, Intimal Ki67* positive cells (green) were reduced in TLR4™~
and Lyz-TLR4™~ mice compared with WT mice at 28 days postarterial injury. Nuclei are
stained with DAPI (blue). Representative fluorescent—stained sections are shown. Data are
presented as mean+SEM (n=3-4). Ki67-positive cell cross-sections were counted at 3 days
(n=5) and 28 days (n=5). The number of K-positive cells was defined as the percentage of
the total cells within a given area that stained positive for Ki67. */<0.05 compared with
control. #/<0.05 versus HMGB1-treated group. Scale bar, 200 um
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Figure7.
An illustration of potential mechanisms in injury-induced vascular intimal hyperplasia is

depicted. We propose that intimal hyperplasia is driven by toll-like receptor 4 (TLR4)-
myeloid differentiation factor 2 (MDZ2) on macrophages responding to high-mobility group
box 1 (HMGB1) released by injured and stressed cells in the vessel wall. Blockade of
HMGB1-MD?2 interaction could be a therapeutic target. For detailed discussion of the
pathways, please see the text. DAMP indicates damage-associated molecular pattern
molecule; and SMC, smooth muscle cell.
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