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Autoimmune response to cardiac troponin | (Tnl) induces inflam-
mation and fibrosis in the myocardium. High-mobility group box 1
(HMGB1) is a multifunctional protein that exerts proinflammatory
activity by mainly binding to receptor for advanced glycation end
products (RAGE). The involvement of the HMGB1-RAGE axis in the
pathogenesis of inflammatory cardiomyopathy is yet not fully un-
derstood. Using the well-established model of Tnl-induced exper-
imental autoimmune myocarditis (EAM), we demonstrated that
both local and systemic HMGB1 protein expression was elevated
in wild-type (wt) mice after Tnl immunization. Additionally, phar-
macological inhibition of HMGB1 using glycyrrhizin or anti-HMGB1
antibody reduced inflammation in hearts of Tnl-immunized wt
mice. Furthermore, RAGE knockout (RAGE-ko) mice immunized
with Tnl showed no structural or physiological signs of cardiac
impairment. Moreover, cardiac overexpression of HMGB1 using
adeno-associated virus (AAV) vectors induced inflammation in
the hearts of both wt and RAGE-ko mice. Finally, patients with
myocarditis displayed increased local and systemic HMGB1 and
soluble RAGE (sRAGE) expression. Together, our study highlights
that HMGB1 and its main receptor, RAGE, appear to be crucial
factors in the pathogenesis of Tnl-induced EAM, because inhibition
of HMGB1 and ablation of RAGE suppressed inflammation in the
heart. Moreover, the proinflammatory effect of HMGB1 is not nec-
essarily dependent on RAGE only. Other receptors of HMGB1 such
as Toll-like receptors (TLRs) may also be involved in disease pathogen-
esis. These findings could be confirmed by the dlinical relevance of
HMGB1 and sRAGE. Therefore, blockage of one of these molecules
might represent a novel therapeutic strategy in the treatment of au-
toimmune myocarditis and inflammatory cardiomyopathy.
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Inﬂammatory cardiomyopathy is a relatively common cause
of acute heart failure in the young, for which an efficient and
specific therapy is lacking. Although most patients recover com-
pletely, some present a deteriorating course. Recent work from
our laboratory and others has focused on the dysregulation of
the immune system as an essential modulator of disease induction
and progression in heart failure (1, 2). In this context, release of
cardiac troponin I (TnI) from damaged cardiomyocytes into the
circulation is believed to trigger an autoimmune response to
Tnl (3, 4).

Our group has established an animal model in which immunization
with murine cardiac Tnl induces severe myocardial inflammation and
fibrosis, followed by severe heart failure (1). However, the ex-
act pathomechanism and immune modulators involved in this
inflammatory process are not yet fully elucidated.

Extensive work has cast light on the role of high-mobility
group box 1 (HMGBI1) in the pathogenesis of infectious and
noninfectious inflammatory diseases. HMGB, first described as
a DNA binding protein, has subsequently been associated with
various pathological conditions such as cardiovascular disease (5,
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6), cancer (7), and ischemia/reperfusion (I/R) injury (5). It is a
key modulator of innate immune responses and regulates in part
adaptive immunity (8). In response to cellular stress, HMGBI
acts as a damage-associated molecular pattern (DAMP) signal
after passive release into the extracellular milieu during cell death
or active secretion by mononuclear and other cell types (7). It binds
to receptors such as receptor for advanced glycation end products
(RAGE) and Toll-like receptors (TLRs) such as TLR-2 and -4,
leading to the expression of inflammatory cytokines, chemokines,
and corresponding receptors (9).

Some studies describe differential effects of HMGBI1- or
RAGE-dependent signaling with regard to their concentration
and release in a particular model or mode of application (10, 11).
In a rodent model of myocardial infarction, exogenously ad-
ministered HMGB1 had a beneficial effect on postinfarct myo-
cardial remodeling (10). Kitahara and colleagues demonstrated
reduced necrosis and smaller infarct size after myocardial in-
farction in transgenic mice overexpressing HMGBL1 (12). How-
ever, in a murine model of I/R injury, our group recently showed
that treatment of wild-type (wt) mice with recombinant HMGB1
increased the infarct size (6). In the same model of I/R injury,
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RAGE-deficient mice demonstrated significantly reduced myo-
cardial damage compared with wt mice (6).

The effect of HMGB1 and RAGE on the pathogenesis of cardiac
disorders is not only described in preclinical animal models but is
also investigated in human cardiac disorders. Different studies have
revealed an elevated HMGBI level in patients with heart failure
correlating with disease severity (13-17). In addition to this, some
studies have identified RAGE as a prognostic factor in human heart
failure (16, 18, 19).

In the present study, we aimed to clarify the role of HMGB1 and
RAGE in an experimental model of murine autoimmune myocar-
ditis. This experimental approach enables a reproducible sterile
cardiac inflammation, as described previously (1, 20). Furthermore,
the clinical relevance of both proteins should be investigated.

Hence, we first studied the expression kinetics of HMGBI in the
inflamed myocardium and serum of wt mice. Then, inhibition of
HMGBI by glycyrrhizin (GL) was performed and heart tissue was
analyzed in Tnl-induced experimental autoimmune myocarditis
(EAM) of wt mice. Additionally, RAGE knockout (RAGE-ko)
mice were immunized with TnlI to further study the role of RAGE
signaling in this EAM model. Finally, the role of the HMGB1-
RAGE axis in our model was analyzed by an adeno-associated
virus (AAV)9-mediated cardiac overexpression of HMGBI. In a
last step, we studied the clinical relevance of HMGB1 and RAGE
in patients with myocarditis.

Results

Tnl Immunization Induced Myocardial Inflammation and Fibrosis, Increased
Myocardial HMGB1 Protein Expression, and Impaired Cardiac Function.
First, an EAM was induced in mice (Fig. S1). Tnl immunization

led to sustained myocardial inflammation and fibrosis, as evidenced
by hematoxylin and eosin (HE) and Masson’s trichrome (MT)
staining and evaluated as grade of inflammation/fibrosis, re-
spectively [HE: Tnl, day (d)21: 1.9 + 0.35; d90: 2 + 0.5; d270:
2.3 +0.4; MT: Tnl, d21: 1.2 + 0.5; d90: 2.3 + 0.5; d270: 2.3 + 0.4].
Control buffer-immunized group (CFA) showed neither inflamed
nor fibrotic tissue (Fig. 1 4 and B).

Furthermore, Tnl immunization up-regulated myocardial HMGB1
protein expression on days 21, 90, and 270, as evaluated by quanti-
tative analysis of immunohistochemical data. In heart tissues of CFA-
immunized mice, no myocardial HMGBI protein could be detected
(Fig. 1 A and B).

Western blot analysis showed a significantly increased myo-
cardial HMGBI protein level in Tnl-immunized mice compared
with the CFA-treated group (Fig. 1C).

The HMGBI protein level in serum was also increased in Tnl-
immunized mice compared with CFA groups over a period of
270 d [Tnl, d21: 36.4 + 5.4 ng/mL; d90: 47.2 + 11.3 ng/mL; d270:
32.0 +£ 5.6 ng/mL vs. CFA, d21: 19.3 + 5.4 ng/mL, P < 0.05; d90:
17.5 + 1.7 ng/mL, P < 0.01; d270: 19.6 + 9.9 ng/mL, not signif-
icant (ns); Fig. 1D].

Tnl Immunization Activated Specific Signaling Pathways. Signal
transducer and activator of transcription (STAT) 3 and c-Jun
N-terminal kinase (JNK) were analyzed by Western blot. Signifi-
cantly increased levels of phosphorylated (p) compared with total
(t) protein were detectable for STAT3 and JNK in the early phase
of inflammation (day 21) in the hearts of Tnl-immunized mice. At
later stages of disease (>day 90), p-STAT3 and p-JNK levels were
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Fig. 1. Tnl immunization increased HMGB1 protein level and activated specific signal transduction pathways in myocardium of wt mice. (A) Myocardial
histoscore of CFA- or Tnl-immunized mice for inflammation (HE), fibrosis (MT), and HMGB1 expression on days 21, 90, and 270. (B) Corresponding macroscopic
pictures (Left) and histopathological examinations (Right) of immunized mice. [Scale bars, 100 pm (columns 2-4) and 25 pm (column 5).] (C) Immunoblot and
fold increase of HMGB1 compared with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in cardiac proteins of Tnl-immunized mice on days 0, 21, 90,
and 270. (D) Serum HMGB1 level in immunized mice. (E and F) Immunoblot and fold increase of p-STAT3 compared with t-STAT3 (E) and p-JNK compared with
t-JNK (F) in cardiac proteins of Tnl-immunized mice on days 0, 21, 90, and 270. Error bars indicate mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.005.
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decreased but still significantly increased compared with CFA-
immunized mice (Fig. 1 E and F).

HMGB1 Inhibition Decreased Tnl-Induced Myocardial Inflammation.
To study the preventive and therapeutic effect of the HMGB1 in-
hibition by glycyrrhizin, mice were treated with glycyrrhizin before
(GL) and starting with day 14 (GL14) after Tnl immunization.

Tnl-immunized mice treated with glycyrrhizin displayed im-
proved ejection fraction (EF) as well as significantly reduced
high-sensitive troponin T (hs-TnT) levels and myocardial in-
flammation compared with Tnl-immunized and PBS-treated
animals in both GL and GL14 groups (hs-TnT: PBS/TnlI: 308.0 +
20.6 pg/mL vs. GL: 105.0 + 12.6 pg/mL, P < 0.05, and vs. GL14:
82.2 + 22.5 pg/mL, P < 0.005; EF: PBS/Tnl: 82.3 + 1.7% vs. GL:
935 = 2.7%, P < 0.05, and vs. GL14: 83.2 + 1.4%, ns; in-
flammation score: PBS/Tnl: 2.8 + 0.2 vs. GL: 1.2 + 0.5, P < 0.05,
and vs. GL14: 0.8 + 0.5, P < 0.05; Fig. 2 A-C).

HMGBI inhibition was also analyzed by the administration of
anti-HMGBI1 antibody (Ab-HMGBL1) as well as control antibody
(Ab-Cont.) to Tnl-immunized mice. Immunized mice treated with
Ab-HMGBI showed a reduced hs-TnT level and inflammation as
well as an improved EF compared with Ab-Cont.—treated mice
(hs-TnT: Ab-Cont.: 257.5 + 91.5 pg/mL vs. Ab-HMGBI1: 48.9 +
22.4 pg/mL, P < 0.1; EF: Ab-Cont.: 79.8 + 2.9% vs. Ab-HMGBI:
84.0 + 1.0%, P < 0.1; inflammation score: Ab-Cont.: 1.6 + 0.5 vs.
Ab-HMGBI: 0.9 + 0.3, P < 0.05; Fig. 2 D-F).

RAGE-Knockout Mice Were Protected from Developing Tnl-Induced
EAM. The hs-TnT concentration of untreated mice at day 0 was
<100 pg/mL (detection limit). In Tnl-immunized wt mice, serum
levels of hs-TnT were significantly elevated compared with CFA-
treated mice (wt/Tnl: 312.7 + 56.1 pg/mL vs. wt/CFA: 124.0 +
10.2 pg/mL, P < 0.01). However, serum concentration levels of
hs-TnT in Tnl- and CFA-immunized RAGE-ko mice displayed
no significant increase compared with untreated mice (Fig. 34).

Furthermore, Tnl-immunized RAGE-ko mice showed no
pathological alterations in EF in contrast to Tnl-immunized wt
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Fig. 2. HMGB1 inhibition decreased Tnl-induced myocardial inflammation.
Mice were immunized with CFA or Tnl and treated daily (GL21) or from day
14 to 21 (GL14) with glycyrrhizin. (A) hs-TnT levels in serum of immunized
mice treated with glycyrrhizin or control buffer (PBS). (B) Ejection fraction.
(C) Myocardial inflammation score was determined using HE staining on day
21. (D) hs-TnT levels in serum of immunized mice treated with anti-HMGB1
antibody or control antibody. (E) Ejection fraction. (F) Histoscore of in-
flammation was determined using HE staining on day 21. Error bars indicate
mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.005.
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mice on day 21 (EF: wt/Tnl: 74.1 + 2.2% vs. RAGE-ko/Tnl: 87.2 +
0.7%, P < 0.001; Fig. 3B).

Myocardial inflammation and fibrosis were almost absent in
RAGE-ko mice on day 21 (inflammation score: wt/Tnl: 1.9 + 0.3
vs. RAGE-ko/Tnl: 0.2 + 0.1, P < 0.005; fibrosis score: wt/Tnl: 1.7 +
0.3 vs. RAGE-ko/Tnl: 0.2 + 0.1, P < 0.01; Fig. 3 C and D).

RAGE Deficiency Resulted in Down-Regulation of Myocardial Transcription
Levels of Inflammatory Mediators and Matrix Metalloproteinases and
Affected Signaling Pathways. Tnl-immunized RAGE-ko mice
showed significantly reduced levels of chemokines such as
monocyte chemoattractant protein 1 (MCP-1), regulated upon
activation normal T-cell expressed and secreted (RANTES),
macrophage inflammatory protein (MIP) 1o and MIP-1p, as well as
chemokine (C-C motif) receptors (CCRs) such as CCR1/2/5 com-
pared with Tnl-immunized wt mice. Cytokines such as tumor ne-
crosis factor (TNFa) and interleukin 6 (IL-6) as well as matrix
metalloproteinase 14 (MMP-14) and tissue inhibitor of metal-
loproteinase 1 (TIMP-1) also displayed significantly reduced levels
compared with Tnl-immunized wt mice (Fig. 3E).

Next, the activity of STAT3 and Janus kinase 2 (JAK2) on day
21 was analyzed. We observed that RAGE-ko mice showed de-
creased activation of STAT3/JAK?2 signaling compared with wt
mice when immunized with Tnl. Additionally, extracellular signal-
regulated protein kinase (ERK) 1/2 and JNK were analyzed.
Higher levels of p-ERK1/2 and p-JNK, normalized to their total
protein level, were observed in Tnl-immunized wt mice but not in
RAGE-ko animals (Fig. 3F).

Analysis of nuclear extracts of myocardium from immunized
RAGE-ko mice demonstrated a significant decrease in NF-xB
DNA binding activity compared with Tnl-immunized wt mice
(Fig. 3G).

AAV9-Mediated HMGB1 Overexpression Induced Cardiac Inflammation
and Fibrosis in Tnl- and CFA-Immunized Mice Independent of RAGE. As
a next step in our study, an AAV9-vector system was used to
overexpress myocardial HMGBI (Fig. S1). We detected increased
protein levels of cardiac HMGBI in both CFA-immunized wt and
RAGE-ko mice after HMGBI1 treatment but no increase in
control vector (AAV-luciferase; Luc)-treated mice (Fig. S24).
Furthermore, HMGB1 serum levels were increased in both
CFA-immunized wt and RAGE-ko mice after HMGBI treat-
ment, albeit not significant (Fig. S2B).

The hs-TnT levels in CFA-immunized mice without AAV9
treatment were <100 pg/mL (detection limit). HMGBI treat-
ment and only CFA immunization generated a significant in-
crease in hs-TnT levels (Fig. 44) in both wt and RAGE-ko mice
compared with Luc-AAV-treated and CFA-immunized mice
(wt/HMGB1/CFA: 448.9 + 50.5 pg/mL vs. wt/Luc/CFA: 112.0 +
12.0 pg/mL, P < 0.005; RAGE-ko/HMGB1/CFA: 510.0 + 94.3
pg/mL vs. RAGE-ko/Luc/CFA: 92.0 + 4.9 pg/mL, P < 0.05).
Additional Tnl immunization did not increase hs-TnT release
any further in HMGBI1-treated wt or RAGE-ko mice. In con-
trast, Tnl immunization increased hs-TnT release in Luc-AAV-
treated wt but not in RAGE-ko mice. Furthermore, cardiac
function of the animals was evaluated (Fig. 4B). Overexpression
of HMGBI1 alone without Tnl immunization decreased the EF
significantly in both wt and RAGE-ko groups. In contrast, Luc-
AAV-treated and CFA-immunized mice showed no significant
change in cardiac function (wt/HMGB1/CFA: 41.7 + 9.7% vs.
wt/Luc/CFA: 86.9 + 0.9%, P < 0.01; RAGE-ko/HMGB1/CFA:
53.7 + 9.4% vs. RAGE-ko/Luc/CFA: 86.5 + 1.0%, P < 0.005).
Maximal decrease in cardiac EF has been seen in wt mice with
cardiac overexpression of HMGBI1 and additional immunization
with Tnl.

Histopathological changes were assessed, and both wt and
RAGE-ko mice treated with HMGB1 and CFA immunization
showed significant inflammation and fibrosis in the myocardium
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Fig. 3. RAGE-ko mice were protected from developing Tnl-induced EAM. Wt and RAGE-ko mice were immunized with CFA or Tnl. Measurements were done on
day 21. (A) hs-TnT levels in serum of immunized mice. (B) Ejection fraction. (C) Histoscore of inflammation and fibrosis in the hearts of immunized mice.
(D) Representative macroscopic pictures (Left) and histopathological examinations (Right) of hearts stained with HE and MT. [Scale bars, 3 mm (column 2) and 100
pm (columns 3 and 4).] (E) Myocardial mRNA levels of genes involved in cardiac inflammation. (F) Heart tissues were analyzed by Western blot, and fold increase
of phosphorylated compared with total STAT3, JAK2, ERK1/2, and JNK proteins was thereby detected. (G) Electrophoretic mobility shift assay was performed to
measure the NF-xB binding activity in myocardium. Specificity of NF-xB binding activity was shown by including a 160-fold molar excess of unlabeled consensus
NF-xB oligonucleotide (Cons.). Fold increase of NF-kB compared to Cons. was calculated. Error bars indicate mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.005.

compared with Luc-AAV-treated mice (inflammation score:
wt/HMGB1/CFA: 0.7 + 0.2 vs. wt/Luc/CFA: 0.1 + 0.1, P < 0.01;
RAGE-ko/HMGBI1/CFA: 1.5 + 0.2 vs. RAGE-ko/Luc/CFA:
0.3 + 0.2, P < 0.01; fibrosis score: wt/HMGB1/CFA: 1.9 + 0.2
vs. wt/Luc/CFA: 0.4 + 0.2, P < 0.005; RAGE-ko/HMGB1/CFA:
2.8 + 0.5 vs. RAGE-ko/Luc/CFA: 0.8 + 0.1, P < 0.01; Fig. 4 C and D).

Hence, Tnl-immunized RAGE-ko mice showed a significant
increase in myocardial inflammation and fibrosis when HMGB1
was overexpressed. However, this effect was lower than in Tnl-
immunized and HMGB]1-treated wt mice. Hearts treated with
Luc-AAV and immunized with CFA were almost free from

E158 | www.pnas.org/cgi/doi/10.1073/pnas.1522288113

proinflammatory and profibrotic structural changes. Representa-
tive macroscopic and microscopic findings of AAV9 vectors
(HMGBI or Luc) and CFA- or Tnl-immunized mice are shown
in Fig. 4E.

HMGBI overexpression alone without Tnl immunization led to
cardiac damage, inflammation, fibrosis, and deteriorated cardiac
performance. Therefore, all further animal studies were performed
in CFA-immunized mice.

Myocardial AAV9-Mediated HMGB1 Overexpression Altered the
Transcription of Diverse Inmunomodulators, Activated Intracellular
Signaling Pathways, and Enhanced NF-xB Binding Activity. HMGB1

Bangert et al.
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Fig. 4. HMGB1 treatment induced cardiac damage and affected activation of inflammation-related genes and signaling cascades in wt and RAGE-ko mice.
Wt and RAGE-ko mice were treated with AAV9-HMGB1 or control vector (Luc) and were immunized with CFA or Tnl. Measurements were done on day 21.
(A) hs-TnT production in serum of immunized mice upon AAV9-vector treatment. (B) Ejection fraction. (C) Inflammation. (D) Fibrosis score. (E and F) Rep-
resentative macroscopic pictures (Left) and histopathological examinations (Right) of hearts stained with HE and MT. [Scale bars, 3 mm (column 2) and 100 pm
(columns 3 and 4).] (G) Myocardial mRNA levels were analyzed by qPCR. (H) Heart tissues were analyzed by Western blot, and fold increase of phosphorylated
compared with total STAT3, JAK2, ERK1/2, and JNK proteins was thereby detected. (/) Electrophoretic mobility shift assay was performed to measure the NF-xB
binding activity in myocardium. Specificity of NF-xB binding activity was shown by including a 160-fold molar excess of unlabeled consensus NF-kB oligo-
nucleotide (Cons.). Fold increase of NFkB compared to Cons. was calculated. Error bars indicate mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.005.
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treatment led to increased transcription levels of CCR2 and -5 in
wt and RAGE-ko mice compared with Luc-AAV-treated mice. In
addition, RANTES and MIP-1a were up-regulated in HMGB1-
overexpressed wt but not in RAGE-ko mice. Except for MMP-14,
we could not observe any significant alterations in transcription
levels of other MMPs in wt and RAGE-ko mice after HMGBI1
treatment. Furthermore, RANTES and TNFa were significantly
higher in HMGBI1-overexpressed wt compared with RAGE-ko
animals (Fig. 4F).

Western blot analysis further revealed significantly increased
protein levels of activated STAT3, JAK2, and JNK in HMGBI1-
treated groups. The activation of STAT3 and JAK2 in HMGB1-
overexpressed RAGE-ko mice was significantly lower compared
with the corresponding wt groups. No differences were observed
in the protein expression of ERK1/2 (Fig. 4G).

Nuclear extracts of the myocardium from HMGBI-treated wt
and RAGE-ko mice demonstrated a significant increased NF-xB
DNA binding activity compared with Luc-AAV-treated groups.
Wt mice showed a stronger NF-xB DNA binding activity than
RAGE-ko mice (Fig. 4H).

HMGB1 Overexpression Resulted in Up-Regulated Myocardial TLR-2
and -4 Levels in RAGE-Knockout Mice. Our results showed that
myocardial HMGB1 overexpression seems to induce an in-
flammatory immune response independent of RAGE. We next
investigated whether TLR-2 or -4 might play a role in the de-
velopment of HMGBI1-induced inflammatory cardiomyopathy.
For this, we performed quantitative (qQ)PCR and Western blot
analysis of myocardial tissue post AAV9-vector injection from
wt and RAGE-ko mice.

The mRNA expression levels of TLR-2 showed a slight in-
crease in RAGE-ko and a significant increase in wt mice after
HMGBI treatment compared with the Luc-AAV groups. More-
over, up-regulated TLR-4 mRNA levels were demonstrated
in HMGBI1-overexpressed RAGE-ko compared with wt mice
(P < 0.06; Fig. S34).

Myocardial protein levels of TLR-2 and -4 were significantly
up-regulated in HMGB1-overexpressed wt mice compared with
Luc-AAV-treated mice. Furthermore, TLR-2 was significantly
increased in wt compared with RAGE-ko mice after HMGB1
treatment (Fig. S3B).

HMGB1 Expression Was Elevated in Plasma as Well as Myocardial
Biopsies of Patients with Myocarditis. Immunohistochemical myocar-
dial staining of HMGBI of biopsies of patients with myocarditis
demonstrated an increased number of nuclear HMGB1-positive
cells in inflamed tissue compared with myocarditis-negative patients
(Fig. 5 A and B). Plasma HMGBI and soluble RAGE (sRAGE)
levels in patients with myocarditis were elevated compared with
healthy controls (HMGBI: 24.4 + 5.8 ng/mL vs. 4.4 + 0.7 ng/mL,
P < 0.001; sSRAGE: 1020.8 + 125.8 pg/mL vs. 675.0 + 56.1 pg/mL,
P < 0.05; Fig. 5 C and D).

Discussion

Here we studied the role of HMGBI and its receptor, RAGE, in
the pathogenesis of Tnl-induced EAM as a model of inflammatory
cardiomyopathy. Our results show that immunization with Tnl not
only induces severe myocardial inflammation and fibrosis with
subsequent heart failure but also leads to an increase in serum and
myocardial HMGBI protein levels. In contrast, cardiac tissue injury
could be prevented by administration of glycyrrhizin. Additionally,
in RAGE-ko mice, myocardial inflammation and fibrosis were al-
most completely suppressed, and Tnl immunization did not af-
fect cardiac performance. Furthermore, cardiac overexpression of
HMGBI induced inflammation in the hearts of both wt and
RAGE-ko mice. This finding suggests that the proinflammatory
effect of HMGBI in our model is not necessarily dependent on
RAGE only. Finally, elevated HMGBI1 and sRAGE levels in pa-
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tients with myocarditis compared with healthy controls point out the
clinical relevance of this inflammatory pathway.

Myocarditis is defined as inflammation of the myocardium
with consequent myocardial injury, often leading to cardiomy-
opathy. It is the leading cause of heart failure in young patients.
The precise pathomechanisms involved in disease induction and
progression are not yet fully understood. Medical treatment is
mostly based on the patient’s symptoms and is not specific for
the disease.

Recently, HMGB1 was found to be instrumental in mediating
an immune response to tissue damage and infection (9, 21). Our
previous work has focused on the role of HMGBI in various
cardiac and metabolic stress models characterizing HMGBI1 as
an important initiator of inflammation and fibrosis (6, 22, 23).

The functions of HMGBI1 are dependent on its localization.
Intracellular HMGBL1 acts as a regulator of transcription by
interacting with chromatin structures of DNA. HMGBI1 can be
either actively secreted or passively released into the extracel-
lular milieu upon cell death (7). Upon reaching the extracellular
environment, HMGBI1 acts as a DAMP, activating TLRs and
RAGE, which in turn can promote an immune response (24, 25).

In this study, we observed elevated HMGBI protein levels in
both serum and inflamed myocardium upon Tnl immunization
of EAM mice. Furthermore, we detected an elevated HMGB1
deposition in inflamed myocardial tissue of patients with acute
myocarditis compared with biopsies taken from patients without
any signs of inflammation as control. Moreover, we measured an
elevated HMGBI level in plasma of patients with myocarditis
compared with healthy controls. Accordingly, it can be hypoth-
esized at this point that the elevated HMGBI levels of mice as well
as myocarditis patients were either due to cardiomyocyte damage
or actively triggered by immune cells. However, a combination of
both is also possible. In fact, it has been reported that HMGBI1 can
be actively secreted by immune cells, such as monocytes and
macrophages, which may be dependent on TLR-4 (26). Due to the
fact that macrophages are key regulators in the pathogenesis of
myocarditis, it is likely that the elevated HMGBI level we ob-
served upon Tnl immunization may at least be in part triggered by
macrophages (26) or activated monocytes (27). The intriguing role
of HMGBI in chronic inflammation and autoimmunity has al-
ready been reported in rheumatoid arthritis and systemic lupus
erythematosus (8). In line with our findings, HMGBI1 levels are
up-regulated in blood or other biological fluids (e.g., synovial fluid)
and affected tissues in rheumatoid arthritis and systemic lupus
erythematosus as well (28). Even in patients with cardiac disorders,
an elevated HMGBI level correlating with disease severity could
be detected. This increased HMGBI level may serve as a di-
agnostic parameter (13-17).

Previous studies showed the critical role of HMGBI1 in JAK/
STAT and JNK signaling (6, 29-31) and its potential to induce
cardiomyocyte apoptosis by triggering the JNK pathway. In line
with these findings, we observed activation of the STAT3 and
JNK signaling pathways in our model of Tnl-induced EAM.

To study the inflammatory processes of Tnl-induced EAM, we
further analyzed the inhibition of HMGBI using the well-estab-
lished inhibitor glycyrrhizin as well as Ab-HMGBI1. Glycyrrhizin
inhibits the chemotactic and mitogenic functions of HMGB1 and
thereby exerts its antiinflammatory properties (32). Accordingly,
we showed that administration of glycyrrhizin as well as anti-
HMGBI antibody reduces myocardial inflammation and attenu-
ates Tnl-induced myocarditis. Similarly, cardiac protective effects
mediated by HMGBI inhibition could also be shown in other
models, such as I/R injury. This I/R injury study demonstrated that
glycyrrhizin decreased the amount of p-JNK (33). Other mitogen-
activated protein kinases, such as p38 or ERK1/2, did not appear to
be affected (22). Taken together, these data suggest that HMGB1
seems to promote the progression of cardiac inflammation. In
contrast to this, Limana et al. showed that local administration of
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Fig. 5. Myocarditis patients displayed increased myocardial expression of HMIGB1 and elevated levels of HMGB1 and sRAGE in plasma. (A) The number
of nuclear HMGB1-positive cells was increased in the myocardium of patients with myocarditis (n = 13) compared with those of the control group (n = 11).
(B) Representative histopathological stainings (HMGB1 and HE) of endomyocardial biopsies (three biopsies for each patient shown). [Scale bars, 500 pm
(columns 1-3) and 100 pm (column 4).] (C and D) Patients with myocarditis (n = 10) displayed significantly elevated levels of HMIGB1 (C) and sRAGE (D) in their
plasma compared with healthy controls (n = 11). Error bars indicate mean + SEM. *P < 0.05, ***P < 0.005.

low doses of HMGBI induced an improvement in cardiac function
as well as myocardial regeneration after myocardial infarction (10).
These controversial data may be ascribed to different experimental
setups in the two studies, which is already discussed by Ramasamy
et al. (29). Moreover, the type of cell death seems to influence the
HMGBI protein level, which is important for the induction of ei-
ther cardiac repair or remodeling (30).

In our study, we further investigated the role of RAGE in Tnl-
induced autoimmune myocarditis. Several studies point out the
activation of RAGE by HMGBI (7, 24). Altered protein levels of
RAGE isoforms in patients suffering from heart failure also
refer to the clinical relevance of this pathway (16, 18, 19).
Therefore, based on the EAM model, our results show for the
first time, to our knowledge, that RAGE-ko mice are almost
completely protected from developing Tnl-induced autoimmune
myocarditis. Ablation of RAGE resulted in significantly de-
creased levels of several inflammatory mediators such as
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chemokines, chemokine receptors, MMPs, and cytokines, which
are important for the pathogenesis of autoimmune myocarditis
(20). Additionally, NF-xB binding activity was reduced in im-
munized RAGE-ko mice.

RAGE-dependent sustained NF-xB activation has been im-
plicated in various chronic inflammatory diseases (34, 35). The
downstream effects on regulating transcriptional levels of
proinflammatory mediators upon RAGE ligation have been
reviewed recently, and our results strongly suggest that the pro-
tective effect observed in RAGE-ko mice was due to suppression
of RAGE downstream signaling (36). Sirois and colleagues showed
that RAGE promotes DNA uptake into endosomes and lowers the
immune recognition threshold for the activation of TLR-9, the
principal DNA-recognizing transmembrane signaling receptor
(37). This potentially can lead to undesirable autoimmune
disorders such as systemic lupus erythematosus (38).

PNAS | Published online December 29, 2015 | E161

wv
=2
=
a
w
<
=
o

IMMUNOLOGY AND
INFLAMMATION



L T

/

1\

=y

Data on the role of the HMGB1-RAGE axis in lymphoid
cells, especially in an autoimmune setting, remain scarce. Initial
findings were published by Tian et al., who demonstrated a
critical role for HMGB1 in RAGE-dependent activation of
plasmacytoid dendritic cells and B cells in concert with TLR-9
driving autoimmune processes (39). It has also previously been
shown that RAGE deficiency affected maturation and migra-
tion of dendritic cells and their cross-talk with natural killer
(NK) cells, which is pivotal for sustaining innate immunity and
initiating a subsequent adaptive immune response (40, 41). In
addition, RAGE deficiency has been linked to drastically re-
duced T-cell activation and differentiation, leading to sup-
pressed B-cell response (40, 42).

This led to the hypothesis that the blunted immune response
in RAGE-ko mice could be caused by inhibited activation of
B-cells or reduced inflammatory cell recruitment and chemotaxis.
More research needs to be done to identify the exact signaling
mechanisms and cells involved in this RAGE-mediated process.

To further analyze the role of HMGBI signaling in Tnl-induced
EAM, we overexpressed HMGBL specifically in the heart using an
AAV9-vector system. In AAV9 vectors, the HMGBI expression
cassette is under the control of a cytomegalovirus (CMV)-
enhanced 260-bp myosin light chain (MLC)-2v promoter, which
ensures cardiomyocyte-specific expression (43, 44). Here we
observed myocardial inflammation and fibrosis independent of
Tnl immunization in both HMGBI1-overexpressing wt and in
RAGE-ko mice, suggesting that HMGB1 may induce cardiac
inflammation by mechanisms independent of RAGE. There
were no signs of inflammation in other organs. Our results
strongly suggest that the inflammatory response we observed in
HMGBI1-overexpressing RAGE-ko animals seems to be at least
in part triggered by the activation of STAT3, JNK, and JAK2,
because we observed elevated levels of those signaling molecules
in HMGBI1-overexpressing, CFA-immunized RAGE-ko mice.
Because the observed proinflammatory effect of HMGB1 was
not dependent on RAGE, we assessed whether TLRs might be
involved. TLRs as well as RAGE belong to the family of pattern-
recognition receptors (PRRs) and are components of innate
immunity (7, 24, 25). TLRs are known to be involved in sensing
different exogenous foreign molecular products, known as
PAMPs (pathogen-associated molecular patterns), whereas
RAGE is predominantly involved in the recognition of endoge-
nous molecules (7). Indeed, we observed an up-regulation of
TLR-2 and -4 when HMGBI1 was overexpressed. In this context,
Paulus et al. showed recently that polyethylene particles, which
act as a PAMP, induce TLR-2 up-regulation in the synovial layer
of mice (45). Furthermore, HMGBI1-nucleosome complexes are
known to activate the immune response through TLR-2 signaling
(46).

Because HMGBI is known to act as a DAMP when passively
released to the extracellular milieu upon tissue injury/destruction, we
hypothesize that in our model it up-regulates TLR-2 and -4 either
directly by intercalating TLR transcription via its DNA binding ca-
pacity or indirectly by affecting cytokine expression levels.

Both HMGBI-treated and CFA-immunized wt and RAGE-ko
groups displayed increased mRNA levels of nearly all measured cy-
tokines/chemokines and their receptors. We could not show any
significant difference between these groups, and hence TLRs might
be responsible for this release. In fact, several studies showed that
mainly TLR-4 is required for HMGB1-mediated cytokine production
(47). We also detected significantly enhanced RANTES, MCP-1, and
MIP-1a mRNA levels in HMGBI-treated wt in comparison with
RAGE-ko mice. This may indicate an additional RAGE-, TLR-2-,
or other receptor-dependent cytokine activating pathway. In this
context, Bianchi et al. showed a RAGE-dependent up-regulation of
chemokines, including RANTES and MIP-la, in microglia (48).
Another study showed that an HMGBIl-nucleosome complex me-
diated inflammatory cytokine activation through TLR-2 (46).
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Because HMGBI can also bind to other cytokines, such as IL-1,
the inflammatory response can also be mediated through the
receptors of partner molecules (7). We further observed a sig-
nificant difference between wt and RAGE-ko HMGBI-treated
mice in TLR-2 protein levels. These effects may indicate an in-
teraction between RAGE and TLR-2. This could be possible due
to an interaction between RAGE and a typical TLR adaptor
protein, MyD88 (31, 49). Furthermore, this could also indicate
the presence of increased HMGBI1 immune complexes caused
during necrosis, such as HMGB1-DNA (39) mediated by RAGE
and HMGBI1-nucleosome, which mainly signals through TLR-2
(46).

Moreover, increased TLR-4 protein levels were observed in
both HMGBI-treated wt and RAGE-ko mice. These might in-
dicate that the HMGBI in our study is in a reduced form, which
might stimulate TLR-4 and finally results in enhanced cytokine
release (24, 47). Additional studies are strongly needed to clearly
unravel the role of HMGB1-receptor activity in the pathogenesis
of inflammatory cardiomyopathy.

In summary, we showed that there is a significant expression of
HMGBI in the myocardium of Tnl-immunized wt mice. This was
associated with increased HMGBI levels in the serum of these
mice. Inhibition of HMGBI1 resulted in protection of tissue
damage in Tnl-induced EAM. Furthermore, ablation of RAGE
nearly abolished Tnl-induced myocardial inflammation/fibrosis
and consecutive heart failure. This protective effect might be
associated with impaired activation of NF-kB and decreased
mRNA expression levels of inflammatory cytokines, chemokines,
and chemokine receptors. In addition, our study demonstrates
that myocardial overexpression of HMGBI1 alone seems to be
able to induce myocardial inflammation independent of RAGE.
HMGBI and sRAGE seem to play an important role also in
patients with acute myocarditis, because we demonstrated ele-
vated HMGBI1 and sRAGE levels in plasma and increased ex-
pression of HMGBI in myocardial biopsies of patients suffering
from acute myocarditis.

Additional studies are necessary to further investigate the exact
pathomechanism of these findings. Our study provides valuable
information on the role of HMGB1 and RAGE in the pathogenesis
of myocardial inflammation. Targeting the HMGB1-RAGE axis
might be a promising novel tool for the treatment of inflammatory
cardiomyopathy.

Materials and Methods

Mice. Female A/J wild-type mice were obtained from Envigo. RAGE-ko mice
were backcrossed to the A/) background for at least six generations (50).
All mice were maintained in the animal facility unit of the University of
Heidelberg. In all experiments, 5- to 6-wk-old female mice were used. The
Animal Care and Use Committee of the University of Heidelberg approved
all procedures involving the use and care of animals (German Animal Pro-
tection Code G-142/09).

Preparation of Recombinant Murine Cardiac Troponin I. The expression of
murine cardiac troponin subunit | was performed via Escherichia coli and pu-
rified as described previously (51). In addition to purification via ion-exchange
chromatography, Tnl was applied to a cardiac troponin C affinity column as
a second purification step (52). Tnl-containing fractions were dialyzed against
1 mmol/L HCl, and then lyophilized and stored at —80 °C.

Immunization with Tnl. All mice were treated with an s.c. injection of 100 pL
emulsion, which contained either 150 pg murine cardiac Tnl in supple-
mented complete Freund’s adjuvant with 5 mg/mL Mycobacterium tuber-
culosis H37Ra (Sigma) or 1x PBS control buffer in adjuvant alone. We named
these control buffer-immunized groups “CFA.”

Glycyrrhizin Treatment. Glycyrrhizin (10 mg/kg; Sigma) was administered daily
by i.p. injection, from day 0 to 21 or from day 14 to 21, in addition to Tnl or
CFA immunization (days 0 and 7). Mice were killed on day 21. Buffer solution
(1x PBS) was used as control. The dose of glycyrrhizin was chosen on the
basis of our pilot studies.
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Anti-HMGB1 Antibody Treatment. Ab-HMGB1 (anti-HMGB1 antibody 2G7) was
kindly provided by Kevin Tracey, The Feinstein Institute for Medical Research,
Manhasset, NY. As a control antibody, mouse 1gG2b-k (Sigma) was used. The
wt mice were treated i.p. with 50 pg antibody every second day for 3 wk in
addition to the Tnl immunization (days 0 and 7) and were killed on day 21.

Plasmid Construction and AAV9 Vector. Gene synthesis of a codon-optimized
murine HMGB1 sequence (National Center for Biotechnology Information
reference no. AAH64790.1) was performed by GeneArt. At the 5’ end a re-
striction site for BamHI and a Kozak sequence were added, whereas at the 3’
end a restriction site for BsrGl was introduced. The ¢cDNA of Renilla luciferase
was amplified from the plasmid pGL4 from Promega with primers carrying a
BamHlI site at the 5’ end and a BsrGl site at the 3’ end. Both cDNAs were
inserted using BamH1/BsrGl sites into the vector genome plasmid pdsCMV-
MLC260-EGFP (44), resulting in pdsCMV-MLC260-HMGB1 (AAV9-HMGB1;
HMGB1) and pdsCMV-MLC260-luciferase (AAV9-luciferase; Luc). Self-com-
plementary AAV9 vectors were generated by cotransfection of the re-
spective genome plasmids with pDP9rs, a derivate from pDP2rs (53) with the
AAV9 cap gene from p5E18-VD2-9. Vectors were purified as described be-
fore (43, 44).

Experimental Setup. The experimental setup for all groups is summarized in
Fig. S1 and Table S1.

i) Wt mice were immunized with either Tnl or CFA on days 0, 7, 60, and 245
and killed on day 21, 90, or 270, as described previously (1).

ii) HMGB1 inhibition was analyzed in immunized wt mice by using glycyr-
rhizin over a period of 21 d (Tnl/GL) and for a therapeutic approach from
day 14 to 21 (Tnl/GL14). Immunization with Tnl or CFA was done on days
0 and 7 and mice were killed on day 21.

Furthermore, HMGB1 inhibition was analyzed in immunized wt mice
treated with Ab-HMGB1 or Ab-Cont. Immunization with Tnl was performed
on days 0 and 7 and mice were killed on day 21.

iii) Wt or RAGE-ko mice were immunized with either Tnl or CFA on days
0 and 7 and killed on day 21.

iv) Wt or RAGE-ko mice received a systemic single dose of 0.5-1.0 x 102
AAV9-HMGB1 vector or AAV9-luciferase vector by i.v. injection via the
tail vein 2 wk before (day —14) the initial Tnl immunization on day 0. A
second immunization was performed on day 7. Thirty-five days post
AAV9-vector transfer, all mice were killed for further analysis.

Determination of hs-TnT, HMGB1, and sRAGE Serum/Plasma Protein Levels. hs-
TnT assay was used as an indicator for myocardial damage in serum of mice
21 d after treatment with either Tnl or CFA. Collected serum samples were
diluted (1:20) with cold 0.9% NaCl solution. The hs-TnT was measured by the
electrochemiluminescence method (ECLIA; Elecsys 2010 analyzer). Details of
the test principle have been described before (54).

For a quantitative determination of HMGB1 protein in serum/plasma, a high-
sensitivity sandwich ELISA (Shino-Test) was performed according to the man-
ufacturer’s instructions (55). ELISA for detection of sSRAGE levels (BioVendor) in
plasma was performed according to the manufacturer’s instructions.

Histopathology and Immunohistochemistry. Mice were killed by cervical dis-
location and all hearts were removed, fixed in formalin [10% (vol/vol)], and
subsequently embedded in paraffin. Sections of 3- to 5-um thickness were
cut and stained with hematoxylin and eosin to determine the level of in-
flammation. Additionally, Masson’s trichrome staining was performed to
detect collagen deposition to assess the grade of fibrosis. Five sections of
each heart were inspected in a double-blinded manner by two independent
investigators by light microscopy to evaluate inflammation and fibrosis.

Immunohistochemical HMGB1 staining of murine and human heart sec-
tions was performed with rabbit polyclonal anti-HMGB1 antibody as the
primary reagent (1:250; Abcam) and biotinylated donkey anti-rabbit anti-
body (1:200; Dianova) as the secondary reagent. An avidin-biotin-alkaline
phosphatase system (ABC-AP; Dako) was used according to the manufac-
turer’s instructions. Parallel incubations with nonimmune IgGs of the rele-
vant species served as negative control.

HE-, MT-, and HMGB 1-stained sections were analyzed as described in Table
S2. To quantify the HMGB1 expression in human heart sections, TMARKER
software was used as previously described (56).

Quantitative PCR. An RNeasy Mini Kit (Qiagen) was used according to the
manufacturer’s instructions to isolate total RNA from hearts. One microgram
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RNA was used to synthesize ¢DNA (iScript ¢cDNA Synthesis Kit; Bio-Rad).
Quantitative PCR was then performed using 25 ng ¢cDNA in a 20-pL reaction
volume. A denaturation step at 95 °C for 5 min was carried out, followed by
40 cycles of denaturation at 95 °C for 10 s and annealing at 60 °C for 30 s.
The primer sequences are listed in Table S3. Quantification was done by
using a QuantiFast SYBR Green PCR Kit (Qiagen) according to the manu-
facturer’s instructions and using an iCycler iQ2 Detection System (Bio-Rad).
The measured gene expressions were normalized to the expression of the
reference gene L32.

Echocardiography. Echocardiographic measurements of the first experimental
approach (i) were performed with an ATL HDI 9000 (Philips) ultrasonograph
with a 10-MHz annular array transducer as previously described (1).

In experimental approaches (ii), (iii), and (iv), echocardiography was
performed using a VisualSonics Vevo 2100 System, 30-MHz linear MicroScan
transducer (MSH400), especially optimized for cardiovascular experiments in
mice. Parasternal long-axis projection cine loops were acquired at the level
of clear visible walls of the aortic annulus. Furthermore, parasternal short-
axis cine loops were performed at the level of the papillary muscles. Stored
data of the B-mode and M-mode images were executed and analyzed by a
single operator using a proprietary software package provided with the
Vevo 2100 platform. The presented percentage ejection fraction was mea-
sured in the long axis and calculated using formulas of the Cardiac Mea-
surement Package (Vevo 2100 1.5.0). Echocardiography was conducted in
a blinded manner.

Western Blotting. For Western blot analysis, flash-frozen heart tissues were
ground in RIPA buffer (0.1% SDS, 1.0% Triton X-100, 0.1% sodium deoxy-
cholate, 140 mM NacCl) supplemented with Halt Protease and Phosphatase
Inhibitor Cocktail (Life Technologies). The tissue suspension was passed three
times through a 25G needle to lyse the membrane. The tubes were centri-
fuged at 18,000 x g for 15 min. The supernatant was used for the de-
termination of protein concentration using Protein Assay Bradford
Reagent (Bio-Rad).

Twenty micrograms of total myocardial protein extract per lane was sep-
arated on NUPAGE Bis-Tris gels (Invitrogen) and transferred to a polyvinylidene
fluoride (PVDF) transfer membrane (Immobilon-P; Millipore). The membrane
was first blocked [5% (wt/vol) bovine serum albumin/Tris-buffered saline] for
1 h at room temperature (RT) and then incubated with a primary antibody for
1 h at RT (Table S4). After repeated washing steps, the blots were incubated
with secondary antibody (horseradish peroxidase-coupled anti-rabbit 1gG,
1:3,000) for 1 h at RT. Protein bands were detected using a chemiluminescence
agent (GE Healthcare). Quantitative analysis was performed with Image)
software (NIH). GAPDH served as a loading control.

Electrophoretic Mobility Shift Assay. The binding activity of p65-NF-xB in
nuclear protein extracts (70 pg) of heart tissue was assayed with 32P radio-
actively labeled oligonucleotide sequences (5'-AGT TGA GGG GAC TTT CCC
AGG C-3') at 50,000 cpm by autoradiography. The experiment is based on
electrophoretic mobility of a protein-nucleic acid complex, which migrates
more slowly than the corresponding free nucleic acid, and was performed as
previously described (57).

Human Samples. Endomyocardial biopsies from patients with myocarditis
according to the Dallas criteria were used for staining (HMGB1 and HE). In
addition, blood samples were taken for HMGB1 and sRAGE detection. Bi-
opsies taken from patients with no signs of inflammation and blood samples
from healthy donors served as controls.

The study was conducted in accordance with the Declaration of Helsinki
and was approved by the local ethics committee of the University of Hei-
delberg. All subjects included in the study provided written informed consent.

Statistical Analysis. Results are expressed as mean + SEM. Data were analyzed
using the Mann-Whitney U and two-way ANOVA tests. Values of P <0.05
were considered statistically significant and are marked as *P < 0.05,
**P < 0.01, ***P < 0.005.
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