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Summary

High mobility group box 1 (HMGB1) is an established inflammatory media-
tor when released from cells. Recent studies have implicated extracellular
HMGB1 in the pathogenesis of various autoimmune diseases. The objective
of this study was to determine whether HMGB1 could be a therapeutic target
for experimental autoimmune encephalomyelitis (EAE). In this study, an
anti-HMGB1 monoclonal antibody was injected intraperitoneally into a
mouse model of EAE. We also measured serum cytokines levels in EAE and
anti-HMGB1 monoclonal antibody-treated EAE. As a result, intraperitoneal
injection of an anti-HMGB1 monoclonal antibody ameliorated the clinical
and pathological severity of EAE and attenuated interleukin-17
up-regulation in serum. In conclusion, HMGB1 is involved in EAE pathogen-
esis and could trigger inflammation in the central nervous system. The novel
aspect of this study is the demonstration that anti-HMGB1 ameliorates EAE.
HMGB1 may be a novel therapeutic strategy for multiple sclerosis.
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Introduction

Multiple sclerosis (MS) is an autoimmune-mediated
inflammatory disease of the central nervous system (CNS)
[1,2]. Although treatment with fingolimod [3], rituximab
[4], alemtuzumab [5] and natalizumab [6] has been newly
introduced for preventing MS relapses, therapies for acute
MS exacerbations are limited.

High mobility group box 1 (HMGB1) was identified
recently as a damage- or pathogen-associated molecular
pattern [7]. Within a cell, HMGB1 binds to DNA and par-
ticipates in many nuclear functions [8], and when released
from a cell it acts as an alarmin and is involved in inflam-
matory processes [9]. HMGB1 is released from activated
immune cells or damaged, dying cells during necrosis and
during the late phase of cellular apoptosis [10,11]. Extracel-
lular HMGB1 exerts its biological actions by binding to cell-
surface receptors, such as the receptor of advanced glycation
end-products (RAGE), Toll-like receptor (TLR)-2, TLR-4
and intracellular receptor TLR-9 [12–16]. It has also been
reported that HMGB1 can activate autoreactive B cells [17]
and that the interaction of HMGB1 with RAGE on
endothelial cells up-regulates vascular cell adhesion mol-
ecules and intracellular adhesion molecules, leading to the

recruitment of macrophages and monocytes for promotion
of cell migration [9,18]. Purified recombinant HMGB1
added to cultures of human monocytes stimulated the
release of inflammatory cytokines, such as tumour necrosis
factor (TNF)-a, interleukin (IL)-1a, IL-1b, IL-1 receptor
antagonist, IL-6, IL-8, macrophage inflammatory protein
(MIP)-1a and MIP-1b, which amplify inflammation [19].

Recent studies have shown associations between HMGB1
and autoimmune diseases. High HMGB1 levels have been
found in rheumatoid arthritis (RA), Sjögren’s syndrome
(SS), Churg–Strauss syndrome and systemic lupus ery-
thematosus (SLE) [20–23]. Although important roles of
HMGB1 in some autoimmune diseases have been exam-
ined, and one study reported that HMGB1 and its receptors
RAGE, TLR-2 and TLR-4 were up-regulated in active lesions
of patients with MS and experimental autoimmune
encephalomyelitis (EAE) [24], the treatment potential of
anti-HMGB1 monoclonal antibody for EAE has not been
studied extensively.

The objective of this study was to determine whether
HMGB1 can be a therapeutic target for EAE. For this objec-
tive, we administered an anti-HMGB1 monoclonal anti-
body to a mouse model of EAE which is a widely used
animal model for MS.
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Materials and methods

EAE induction in mice

Wild-type C57BL/6 mice were purchased from Japan SLC,
Inc. (Shizuoka, Japan). The mice were housed in specific
pathogen-free facilities at Chiba University with a
maximum of four animals per cage, with free access to
water and standard rodent chow. EAE was induced using
immunization with myelin oligodendrocyte glycoprotein
(MOG). C57BL/6 mice were injected subcutaneously at two
sites, with a total of 200 mg MOG peptide 35–55 in com-
plete Freund’s adjuvant containing 400 mg of killed Myco-
bacterium tuberculosis H37Ra. They were also injected
intraperitoneally with 500 ng pertussis toxin on the day of
immunization (days 1 and 2) using Hooke kits (EK-0115;
Hooke Laboratories, Lawrence, MA, USA). EAE was scored
on the following scale: 0 = no clinical signs; 1 = partial
paralysis of tail; 2 = flaccid tail; 3 = limp tail and partial
weakness of hind legs; 4 = limp tail and complete weakness
of hind legs; 5 = limp tail, complete weakness of hind legs
and partial of front legs; and 6 = complete hind and front
legs paralysis. All experimental animal procedures were
approved by the Institutional Animal Care and Use Com-
mittee of Chiba University.

Treatment with anti-HMGB1 monoclonal antibody

We evaluated the effects of an anti-HMGB1 mouse mono-
clonal antibody (Abnova Corporation, Taipei, Taiwan) on
EAE development. For comparison, we used mouse immu-
noglobulin (Ig)G (Abcam, Cambridge, UK). Both anti-
HMBG1 antibody and IgG were prepared in sterile
phosphate-buffered saline (PBS) and 200 ml was injected
intraperitoneally at each administration. Mice immunized
with MOG were administered either 20 mg anti-HMGB1
monoclonal antibody [EAE + anti-HMGB1(20) group;
n = 8] or 5 mg anti-HMGB1 monoclonal antibody [EAE +
anti-HMGB1(5) group; n = 6] on days 11–15 after immuni-
zation with MOG. For comparison, mice received 20 mg
mouse IgG [EAE + IgG(20) group; n = 6] on days 11–15
after immunization with MOG. Control EAE mice were
administered 200 ml PBS alone (EAE + PBS group; n = 8).
Two of eight mice in each EAE + anti-HMGB1(20) group
and each EAE + PBS group were for autopsy, and they were
excluded for the analysis of cytokines or clinical score.

Serum cytokines in mice

To examine possible mechanisms by which the anti-
HMGB1 monoclonal antibody could attenuate EAE, we
determined serum IL-4, IL-6, IL-10, IL-17, interferon
(IFN)-g and TNF-a levels in mice serum. Determinations
were performed for EAE-induced mice on day 1 (before
immunization with MOG) and day 18 after EAE induction

using a multiplexed fluorescent magnetic bead-based
immunoassay (Bio-Rad Laboratories, Hercules, CA, USA),
according to the manufacturer’s instructions. In brief,
serum samples were centrifuged and supernatants were
collected and analysed simultaneously for the above-
mentioned cytokines. All serum samples were diluted
fourfold with specific Bio-Plex sample diluents. Anti-
cytokine-conjugated beads (50 ml) were added to wells of a
96-well filter plate and washed twice. Next, 50 ml of either
sample or cytokine standard was added to wells and incu-
bated for 30 min. After three washes, detection antibody (25
ml) was added to each well and incubated for 30 min. The
plate was washed three times and 50 ml of streptavidin–
phycoerythrin was added to each well, followed by another
10 min of incubation. Finally, 125 ml of assay buffer was
added and analysed used a Bio-Plex array reader (Bio-Rad).
Cytokine levels were calculated with reference to a standard
curve for each cytokine.

Pathological analysis

Mice spinal cords were removed on day 18 after EAE
induction. Mice that had median severity scores in the
EAE + anti-HMGB1(20) and EAE + PBS groups as well as
normal (untreated) mice were killed. Pathological examina-
tions were performed using formalin-fixed sections of
spinal cords. Spinal cord tissue was processed as follows:
after initial fixation in formalin, the spinal cord tissue was
cut at 10 mm in the axial plane from the cervical to lumbar
spinal cord and stained with haematoxylin and eosin (H&E)
and Luxol Fast Blue (LFB). Immunohistochemical staining
of spinal cord sections was performed by the avidin–biotin
complex method, using a rabbit monoclonal antibody
against HMGB1 (Abnova Corporation; species reactivity:
human, mouse, rat). After section deparaffinization with
xylene and gradual dehydration, endogenous peroxidase
activity was blocked with 0·5% H2O2 for 15 min. Tissue sec-
tions were incubated with 10% normal goat serum (G9023;
Sigma-Aldrich, Tokyo, Japan) in PBS and diluted primary
antibody (rabbit monoclonal antibody against mouse
HMGB1, 1:1000) at 4°C overnight. The sections were
washed in PBS containing 0·05% Tween-20 (PBST), fol-
lowed by incubation with the secondary antibody bioti-
nylated goat anti-rabbit IgG (BA-1000, diluted 1:1000;
Vector Laboratories, Burlingame, CA, USA) at 4°C over-
night. The sections were then washed in PBST and incu-
bated with Vectastain ABC reagent (PK-6100, diluted
1:1000; Vector Laboratories) for 2 h, and then washed
in PBST. Finally, staining was visualized using 3,3-
diaminobenzidine tetrahydrochloride (Sigma-Aldrich) and
0·03% hydrogen peroxide in Tris-buffered saline for 10 min.
They were then examined under a light microscope.

For the histological evaluation, we examined 10 trans-
verse sections from the cervical to lumbar spinal cord per
mouse and scored inflammation (inflammatory index) as
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follows: 0, no inflammation; 1, cellular infiltration only in
the perivascular areas and meninges; 2, mild cellular infil-
tration in the parenchyma; 3, moderate cellular infiltration
in the parenchyma; and 4, severe cellular infiltration in
parenchyma.

Statistical analyses

All data were analysed according to the intention-to-treat
principle. For baseline variables, groups were compared
using Wilcoxon’s signed-rank test for paired continuous
measures and the Mann–Whitney U-test for unpaired con-
tinuous measures, as appropriate. All comparisons were
planned, statistical tests were two-sided and P < 0·05 was
considered statistically significant.

Results

Anti-HMGB1 monoclonal antibody ameliorates
the severity of EAE

In EAE-induced mice, the EAE + anti-HMGB1(20) group
reduced the severity of EAE significantly at days 16–21, 26

and 27 (P < 0·05) compared with the EAE + PBS group
(Fig. 1a). The clinical score of the EAE + anti-HMGB1(20)
group [mean � standard error of the mean (s.e.m.);
2·67 � 0·49] was still lower than the EAE + PBS group
(3·17 � 0·40) at day 45. There were no significant differ-
ences between the EAE + PBS and EAE + anti-HMGB1(5)
groups or between the EAE + PBS and EAE + IgG(20)
groups. The mean � s.e.m. maximum EAE scores and
cumulative EAE scores of each group (from days 1 to 30)
are shown in Fig. 1b. The cumulative EAE scores for the
EAE + anti-HMGB1(20) group were significantly lower
than those for the EAE + PBS group (P = 0·010) and the
same tendency (P = 0·096) was seen in the maximum EAE
scores, but not significant.

Anti-HMGB1 monoclonal antibody attenuates serum
IL-17 up-regulation in EAE

Serum IL-6 (P = 0·046) and IL-17 (P = 0·023) levels in the
EAE + PBS group (n = 6) were increased significantly on
day 18 compared with those on day 1. In contrast, serum
IL-17 (P = 0·463) levels in the EAE + anti-HMGB1(20)
group (n = 6) at day 18 did not show any increase compared
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Fig. 1. Effects of administering an anti-high mobility group box 1 (HMGB1) monoclonal antibody on experimental autoimmune encephalomyelitis

(EAE) clinical scores of mice. (a) Clinical EAE disease scores in EAE-induced mice. On days 11–15 after EAE induction in mice, mice were injected

intraperitoneally with either 20 mg/day of anti-HMGB1 monoclonal antibody [EAE + anti-HMGB1(20); n = 6], 5 mg/day anti-HMGB1 monoclonal

antibody [EAE + anti-HMGB1(5); n = 6] or 20 mg/day of control mouse immunoglobulin (Ig)G [EAE + IgG(20); n = 6]. Untreated control EAE

mice were administered phosphate-buffered saline (PBS) [EAE + PBS; n = 6]. Clinical scores for the EAE + anti-HMGB1(20) group were reduced

compared with those for the EAE + PBS group (days 16–21, 26 and 27). Results are mean � standard error of the mean (s.e.m.). **P < 0·01 and

*P < 0·05 by Mann–Whitney U-test between EAE + anti-HMGB1(20) and EAE + PBS groups. (b) The mean � s.e.m. of the maximum EAE scores

and cumulative EAE scores of each group. The cumulative EAE scores for the EAE + anti-HMGB1(20) group were significantly lower than those for

the EAE + PBS group (P = 0·010).
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with those on day 1, although there were increased IL-6
(P = 0·046) levels in this group (Fig. 2) (Wilcoxon’s signed-
rank test). Other cytokines, including IL-4, IL-10, IFN-g
and TNF-a, were not significantly different between the
EAE + PBS group and the EAE + anti-HMGB1(20) group.
There is no significant difference in cytokine levels between
EAE + anti-HMGB1(20) group and EAE + PBS (P = 0·046)
group on days 1 and 18 (Mann–Whitney U-test).

Anti-HMGB1 antibody attenuates CNS inflammation
and demyelination in EAE

Median EAE scores for the EAE + anti-HMGB1(20) and
EAE + PBS groups were 3 and 4, respectively. Mice were
killed on day 18 after EAE induction. Anti-HMGB1 mono-
clonal antibody treatment (20 mg/day ¥ 5 days/mouse)
reduced infiltration of cells and demyelination in the spinal
cord of EAE mice, as well as the inflammatory index
[EAE + PBS group = 2·80 � 0·13 (mean � s.e.); EAE +
anti-HMGB1(20) group = 1·50 � 0·17; P < 0·001] (Fig. 3).
Immunohistochemical study demonstrated the reduced
nuclear HMGB1 staining in the EAE + PBS and EAE + anti-

HMGB1(20) groups; some nuclear HMGB1 staining was
left in the EAE + anti-HMGB1(20) group and was lost com-
pletely in the EAE + PBS group (Fig. 4).

Discussion

It has been reported previously that HMGB1 played impor-
tant roles in some autoimmune-mediated diseases such as
SLE, RA and SS [20,22–25]. However, there has been only
one report to date regarding a possible correlation between
HMGB1 and EAE or MS. HMGB1 was secreted by macro-
phages and microglia in CNS, and its receptors RAGE,
TLR-2 and TLR-4 were expressed highly in the active
lesions of EAE and patients with MS [24]. Recently, we also
identified protein CSF HMGB1 levels in MS patients were
significantly higher than those in non-inflammatory neuro-
logical diseases patients, and these levels in MS patients
correlated with CSF cell counts [26]. Thus, there is a poten-
tial interaction among these molecules in the inflammatory
processes involved in EAE and MS pathogenesis, and
HMGB1 in the CNS may be a useful biomarker for CNS
inflammation.
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Fig. 2. Serum cytokine changes in anti-high mobility group box 1 (HMGB1) monoclonal antibody-treated experimental autoimmune

encephalomyelitis (EAE) mice and untreated EAE mice. Serum cytokine levels were determined in EAE mice that received 20 mg/day anti-HMGB1

monoclonal antibody [EAE + anti-HMGB1(20), n = 6] (white bars) or phosphate-buffered saline (PBS) [EAE + PBS, n = 6] (black bars). Serum

interleukin (IL)-6 levels in the EAE + anti-HMGB1(20) (P = 0·046) and EAE + PBS (P = 0·046) groups were increased on day 18 compared with

those on day 1, while serum IL-17 levels were increased only in the EAE + PBS group (P = 0·023) on day 18 (Wilcoxon’s signed-rank test). There

are no significant differences in cytokine levels between the EAE + anti-HMGB1(20) group and EAE + PBS (P = 0·046) group on days 1 and 18

(Mann–Whitney U-test).
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To the best of our knowledge, this is the first study to
demonstrate that HMGB1 inhibition by a specific mono-
clonal antibody could be used for EAE treatment. Intraperi-
toneal anti-HMGB1 monoclonal antibody administration
(20 mg ¥ 5 days) reduced EAE clinical score and ameliorated
EAE pathology, such as infiltration of inflammatory cells
and demyelination. Interestingly, our immunohistochemical
studies revealed the presence of HMGB1 immunoreactivity
in the nuclei of spinal cord cells in normal mice, whereas
these immunoreactive nuclei were lost completely in EAE
and were decreased (but remained) in anti-HMGB1 mono-
clonal antibody-treated EAE mice. These results are essen-
tially consistent with a previous study: extranuclear
(cytoplasmic) HMGB1 immunoreactivity was exhibited in
active MS lesions and, conversely, nuclear HMGB1 immu-
noreactivity was exhibited in inactive lesions [24]. Distribu-
tion of HMGB1 immunoreactivity suggests that HMGB1 is
released from the cell nucleus when CNS inflammation
occurs. Complete loss of nuclear HMGB1 immunoreactiv-

ity in the EAE + PBS group would indicate that all nuclear
HMGB1 induced inflammation then it was drained. Neu-
tralizing extracellular HMGB1 in CNS with an anti-
HMGB1 monoclonal antibody alleviated inflammation,
which may have resulted in residual nuclear HMGB1 stain-
ing in anti-HMGB1 monoclonal antibody-treated EAE mice
spinal cord sections.

It has been reported that prophylactic treatment with
intravenous immunoglobulin at the time of EAE induction
reduced disease symptoms and the underlying CNS pathol-
ogy in EAE [27]. However, in this study, control IgG
administration in the same amount as the anti-HMGB1
monoclonal antibody (20 mg ¥ 5 days) did not reduce
EAE scores, which suggests that specific attenuation of
HMGB1 and not IgG administration can ameliorate EAE
pathology.

Some studies have described that IL-17 had a predomi-
nant role in MS pathogenesis [28,29]. However, most evi-
dence was derived from EAE [30]. In addition to IL-17, IL-6
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plays important roles in EAE [31,32]. Our serum cytokine
analyses for EAE mice also revealed significant
up-regulation of IL-17 and IL-6. We have demonstrated
that treatment with an anti-HMGB1 monoclonal antibody
(20 mg/day for 5 days) reduced IL-17 production in the
peripheral circulation, which may contribute to ameliora-
tion of the clinical and pathological severity of EAE.
However, these changes in cytokine levels were in the
peripheral circulation; thus, CNS cytokine expression analy-
sis in EAE and anti-HMGB1 monoclonal antibody-treated
EAE will be needed.

Recently, a few reports have described therapeutic anti-
HMGB1 monoclonal antibody intervention. Specific inhibi-
tion of endogenous HMGB1 reversed the lethality of
established sepsis therapeutically, presumably by abrogating
HMGB1-induced IL-6 and TNF-a release from
macrophage-like cells [19]. Anti-HMGB1 monoclonal anti-
body therapy could be effective in the treatment of brain
ischaemia as it inhibited the permeability of the blood–
brain barrier, the activation of microglia, the expression of
TNF-a and inducible nitric oxide synthase and suppressed
the activity of matrix metalloproteinase-9 by efficient clear-
ance of circulating HMGB1 [33,34]. Anti-HMGB1 mono-
clonal antibody therapy partially prevented joint
destruction and exhibited beneficial anti-arthritic effects in
models of arthritis [35], and attenuated cardiac pathologi-
cal changes and reduced the number of infiltrating inflam-
matory cells in the heart in experimental autoimmune
myocarditis by suppressing T helper type 17 (Th17) cells
[36]. Prevention of CNS inflammation observed in the anti-
HMGB1 monoclonal antibody-treated EAE mice in this
study may also have derived from the above-mentioned
mechanisms, such as attenuation of permeability of the
blood–brain barrier, activation of microglia, suppression of
the activity of matrix metalloproteinase-9 and an immune
response and inflammatory cytokine release by immune
cells such as IL-17, through neutralization of CNS HMGB1
with a specific antibody. Anti-HMGB1 monoclonal anti-
body therapy may be potentially useful during acute disease
exacerbations to ameliorate pathology when the blood–
brain barrier at a lesion is disrupted, because IgG antibodies
are large molecules. This monoclonal antibody therapy
would be novel from the perspective that it could be applied
during acute disease exacerbations. Thus, analysis of anti-
HMGB1 monoclonal antibody effects in human MS is
required.

In conclusion, our results show that anti-HMGB1 mono-
clonal antibody administration ameliorated the clinical
severity of EAE significantly by ameliorating EAE pathology
in the CNS, and presumably attenuating the immune
response via cytokine release and permeability of the
blood–brain barrier. HMGB1 may play a key role in con-
trolling autoimmune responses by stimulating the release of
inflammatory cytokines. The control of HMGB1 is consid-
ered to be a critical factor in the pathogenesis of autoim-

mune diseases, including MS. Anti-HMGB1 monoclonal
antibody therapy could have therapeutic potential not only
for MS, but also for other autoimmune diseases.
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