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ABSTRACT

Cell-cell interaction through binding of adhesion molecules on monocytes to their ligands on T-cells
plays roles in cytokine production and lymphocyte proliferation. High mobility group box 1 (HMGB1), an
abundant and conserved nuclear protein, acts in the extracellular environment as a primary pro-
inflammatory signal. HMGB1 induces expression of intercellular adhesion molecule (ICAM), B7.1, B7.2 and
CD40 on monocytes, resulting in production of interferon (IFN)-y and tumor necrosis factor (TNF)-«
production and lymphocyte proliferation in human peripheral blood mononuclear cells (PBMCs).
Histamine inhibits pro-inflammatory cytokine production via histamine H,-receptors; however, it is
not known whether histamine inhibits HMGB1 activity. This study was designed to study the inhibitory
effect of histamine on HMGB1 activity. We examined the effect of histamine on HMGB1-induced
expression of ICAM-1, B7.1, B7.2 and CD40 on monocytes, production of IFN-y and TNF-a and lymphocyte
proliferation in PBMCs. Histamine inhibited HMGB1 activity in a concentration-dependent manner. The
effects of histamine were partially ablated by the Hy-receptor antagonist, famotidine, and mimicked by
the Hy/Hs-receptor agonists, dimaprit and 4-methylhistamine. Histamine induced cyclic adenosine
monophosphate (cAMP) production in the presence and absence of HMGBI. The effects of histamine
were reversed by the protein kinase A (PKA) inhibitor, H89, and mimicked by the membrane-permeable
cAMP analog, dibutyryl cAMP (dbcAMP), and the adenylate cyclase activator, forskolin. These results
together indicated that histamine inhibited HMGB1 activity

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

stimulatory properties and contributes to the pathogenesis of
chronic inflammatory and autoimmune diseases, including hepa-

it has been known that the ubiquitous nuclear protein, high
mobility group box 1 (HMGB1), modifies DNA structure to facil-
itate transcription, replication and repair (Bustin, 1999). An endo-
genous danger-associated molecular pattern protein (DAMP),
which is released from stressed or injured cells, is the initial
trigger for an inflammatory response. Recently, it has been
reported that one of the most well-known DAMPs, namely the
afore-mentioned HMGBT1, is passively released from necrotic cells
(Scaffidi et al, 2002) and secreted from stressed monocytes/
macrophages (Gardella et al., 2002). Many studies have reported
that extracellular HMGB1 has pro-inflammatory and immuno-

* Corresponding author. Tel./fax: +81 72 366 0221.
E-mail address: bkt@med kindat.ac.jp {H. Takahashi).

0014-2999/% - see front matter € 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.eiphar.2013.08.017

titis (Albayrak et al., 2010), rheumatoid arthritis (Kokkola et al.,
2002), inflammatory bowel disease (McDonnell et al., 2011), acute
lung inflammation (Abraham et al, 2000) and atherosclerosis
(Porto et al., 2006).

Monocyte-derived costimulatory signals play roles in eliciting
maximal T-cell proliferation, and cytokine production, lowering
the concentration of antigen required for stimulation and promot-
ing more sustained signaling from the T-cell receptor. The inter-
action of intercellular adhesion molecule (ICAM)-1, B7.1, B7.2
and CD40 on monocytes with their ligands on T-cells produces
important costimulatory signals (Dustin and Springer, 1989;
Greenfield et al., 1998). It has been reported that HMGB1 induces
inflammatory responses, including maturation and migration of
monocytes/macrophages (Rauvala and Rouhiainen, 2010), leading
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to activation of naive T-cells in the promotion and induction of Th1
responses and to clonal expansion of antigen-specific T-cells
(Messmer et al, 2004; Dumitriu et al., 2005). It is reported that
HMGB1 induces production of tumor necrosis factor (TNF)-«, but
not of interleukin (IL)-10 or IL-12, in normal human peripheral
biood mononuclear cells (PBMCs) (Andersson et al., 2000). In a
previous study, we found that HMGB1-induced pro-inflammatory
cytokine production depended on an intimate cellular interplay
between monocytes and T-cells in human PBMCs (Takahashi et al.,
2013).

It has been reported that histamine modulates cytotoxic T-cell
activity (Khan et al., 1989), NK-cell activity (Hellstrand et al., 1994)
and cytokine production in human PBMCs (van der Pouw Kraan
et al., 1998; Elenkov et al., 1998). Histamine activities depend on
the stimulation of histamine Hy-, Hy-, Ha- and Hy-receptors (van
der Pouw Kraan et al., 1998; Elenkov et al., 1998). Immunoregu-
latory effects of histamine are reported to depend on the stimula-
tion of histamine Hy-receptors (van der Pouw Kraan et al., 1998;
Elenkov et al., 1998; Hough, 2001). Histamine H,-receptor stimu-
lation induces the activation of adenylate cyclase and the cyclic
adenosine monophosphate (cAMP)/protein kinase A (PKA) path-
way in monocytes (Shayo et al, 1997). However, little is known
about the effect of histamine on HMGB1-induced activity in
monocytes.

In the present study, we examined the effect of histamine on
HMGB1-induced expression of ICAM-1, B7.1, B7.2 and CD40, the
production of interferon (IFN)-y and TNF-« and lymphocyte pro-
liferation in PBMCs.

2. Materials and methods
2.1. Reagents and drugs

Recombinant human (rh) HMGB1 was produced as described
previously (Wake et al., 2009a). In brief, complementary DNA
(cDNA) encoding full-length HMGB1 was amplified by polymer-
ase chain reaction (PCR) from human microvascular endothelial
cell ¢<DNA. The PCR product was subcloned into a pGEX-6p-1
vector (GE Healthcare, Little Chalfont, England) to generate a
glutathione S-transferase (GST) fusion protein. Sf9 insect cells
(Invitrogen Life Technologies, NY) were transformed with the
recombinant plasmid and incubated overnight at 37 “C in Over-
night Express Instant TB Medium (Merck, San Diego, CA) to
express recombinant GST-HMGB1. A Sf9 cell extract containing
GST-HMGB1 fusion proteins was incubated with glutathione-
Sepharose 4B for 1 h at room temperature. After washing, the
gel bed was incubated with PreScission protease for 3 h at 4 “C.
After a brief centrifugation, the supernatant containing HMGB1
with the GST tag removed was collected and purified by gel
filtration chromatography using TSK-gel 3000SWXL (Tosoh,
Tokyo, Japan). Purified rhHMGB1 protein was identified by
Western blotting (Wake et al, 2009a) with a rat anti-human
HMGB1 monoclonal Ab (mAb). The lipopolysaccharide (LPS)
content of the purified rhHMGB1 was < 2.0 pg/ug protein.

Histamine dihydrochloride was purchased from Nacalai Tesque
Inc. (Kyoto, Japan). Dimaprit dihydrochloride and 4-methylhistamine
dihydrochloride (4-MH) were gifts from Drs. WAM Duncan and DJ
Durant (The Research Institute, Smith Kline and French Laboratories,
Welwyn Garden City, Herts, UK). d-Chlorpheniramine maleate,
ranitidine and famotidine were provided by Yoshitomi Pharma-
ceutical Co. Ltd. (Tokyo, Japan), Glaxo Japan (Tokyo, Japan) and
Yamanouchi Pharmaceutical Co. Ltd. (Tokyo, Japan), respectively.
Thioperamide hydrochloride was provided by Eisai Co. Ltd. (Tokyo,
Japan). Dibutyryl cAMP (dbcAMP) and forskolin were purchased from

Wako Co., Ltd. (Tokyo, Japan). H89 was purchased from Sigma
Chemical (St. Louis, MO, USA).

2.2. Isolation of PBMCs

Normal human PBMCs were obtained from ten healthy volunteers
after acquiring Institutional Review Board approval (Okayama Univ.
IRB No.106). Each 20-50 ml peripheral blood sample was withdrawn
from a forearm vein, after which PBMCs were prepared and mono-
cytes were separated from the PBMCs by counterflow centrifugal
elutriation as previously described (Takahashi et al., 2002; Takahashi
et al., 2003).

2.3. Flow cytometric analysis for adhesion molecule expression

For flow cytometric analysis, fluorescein isothiocyanate
(FITC)-conjugated mouse IgG; mAb against human ICAM-1/
(D54 and R-Phycoerythrin (PE)-conjugated anti-human CD14
mAb were purchased from DAKO (Glostrup, Denmark). FITC-
conjugated mouse IgG; mAb against human B7.2 and CD40 were
purchased from Pharmingen (San Diego, CA), and FITC-
conjugated 1gG; class-matched control was purchased from
Sigma Chemical. FITC-conjugated mouse anti-mouse [CAM-1
mAb was purchased from DAKO. Changes in the expression of
the human leukocyte antigens ICAM-1, B7.1, B7.2 and CD40 on
monocytes (CD14) was examined by multi-color flow cytometry
using a mixture of anti-CD14 Ab with anti-ICAM-1, anti-B7.1,
anti-B7.2 or anti-CD40 Ab. PBMCs (4 x 105/ml) were incubated
with 0.1-100 pg/ml HMGB1 and 0.1-100 pM histamine for 24 or
48 h at 37 -C in RPMI 1640 (Nissui Co. Ltd., Tokyo, Japan)
supplemented with 10% heat-inactivated fetal calf serum (FCS),
20 pg/ml kanamycin, 100 pg/ml streptomycin and penicillin, and
5 x 10°/ml cultured cells were then prepared for flow cytometric
analysis as previously described (Takahashi et al, 2002;
Takahashi et al, 2003) and analyzed with a FACSCalibur (BD
Biosciences, San Jose, CA). The data were processed using the
CELL QUEST program.

2.4. Enzyme-linked immunosorbent assay

PBMCs (4 x 10%/ml) were used for assessment of I[FN-y and TNF-
a production. After incubation at 24 h at 37°C in a 5% CO.fair
mixture, cell-free supernatants were assayed for IFN-y and TNF-«
proteins by enzyme-linked immunosorbent assay (ELISA) using
the multiple Abs sandwich principle (R&D Systems, Minneapolis,
MN). The ELISA detection limit for both IFN-y and TNF-« was
10 pg/ml.

2.5. Proliferation assay

PBMCs (4 x 10%/ml) were treated with various reagents and
incubated for 24 h at 37 °C in RPMI 1640 supplemented with 10%
heat-inactivated FCS, 20 pg/ml kanamycin, 100 pg/ml streptomycin
and penicillin, during which they were pulsed with [*H]-thymi-
dine (3.3 Cifwell) for the final 16 h. The cells were then dispensed
into 96-well microplates, 200 pl/well, resulting in 1uCi [*H]-
thymidine per well, and harvested with a Micro-Mate 196 Cell
Harvester {Perkin Elmer Life Science Inc., Boston, MA, USA).
Thymidine incorporation was measured with a Matrix 9600 p-
counter (Perkin Elmer Life Science Inc.,, Yokohama, Japan).

2.6. Measurement of cAMP production in monocytes
Monocytes at 1 x 10° cells/ml were incubated at 37 C in a 5%

CO/air mixture under different conditions. When the effects of
histamine receptor antagonists were examined, the antagonists
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were added to the media 30 min before histamine addition.
HMGBT1 and histamine were simultaneously added to the media.
After 24 h, cells (2 x 10°cells/200 pl/well) were supplemented with
trichloroacetic acid to a final concentration of 5% and 3-isobutyl-1-
methylxanthine, an inhibitor of phosphodiesterase, at 100 uM and
frozen at —80 C. Frozen samples were subsequently sonicated
and assayed for cAMP using a cAMP enzyme immunoassay kit
(Cayman Chemical, Ann Arbor, MI) according to the manufac-
turer's instructions, for which no acetylation procedures were
performed. The results are expressed as the mean + standard error
of the mean (S.E.M.) for five donors.

2.7. Statistical analysis

Statistical significance was evaluated using ANOVA followed by
a Dunnet's test. A probability value < 0.05 was considered to
indicate statistical significance. Each data point was expressed as
the mean + S.E.M. of triplicate determinations from five donors.

3. Results

3.1. Effects of histamine on HMGB1-induced expression of ICAM-1,
B7.1, B7.2 and CD40 on monocytes, the production of IFN-y and TNF-«
and lymphocyte proliferation in PBMCs

HMGBT, at 10 pg/ml, significantly induced expression of ICAM-
1, B71, B7.2 and (D40, production of IFN-y and TNF-a and
lymphocyte proliferation at 16 h and, thereafter, up to 24 and
48 h (Takahashi et al, 2013). Adhesion molecule expression,
cytokine production and lymphocyte proliferation increased at
1 pg HMGB1/ml and continued to increase up to 10 and 100 pg
HMGB1/ml. As shown in Fig. 1, we observed the effects of
histamine, at concentrations ranging from 0.1 to 100 uM, on
expression of ICAM-1, B7.1, B7.2 and CDA40, the production of
IFN-y and TNF-«¢ and lymphocyte proliferation in the presence or
absence of 10 pg/ml HMGB1 at 24 h. Histamine inhibited HMGB1
activities in a concentration-dependent manner. 1C50 values for
the inhibitory effect of histamine on expression of ICAM-1, B7.1,
B7.2 and CDA40, the production of IFN-y and TNF-« and lymphocyte
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Fig. 1. Effects of histamine on HMGB1-induced expression of ICAM-1, B7.1, B7.2 and CD40 on monocytes, production of IFN-y and TNF-« and lymphocyte proliferation in
human PBMCs. {A) PBMCs at 4 x 10° cells/m! were incubated with 10 pg/ml HMGB1 in the presence or absence of 100 uM histamine for 24 h. After incubation, ICAM-1
expression on menocytes (CD14) was determined by multi-color flow cytometry. Histogram of the expression of ICAM-1 on monocytes stained with anti-ICAM-1Ab (solid
lines) or an 1gG, classmatched control (dotted lines) was shown as representative data. (B) PBMCs were incubated with HMGB1 at 10 pg/ml and histamine at increasing
concentrations from 0.1 to 100 uM for 24 h. The expression of ICAM-1, B7.1. B7.2 and CD40 on monocytes was determined by flow cytometry. FITC-conjugated 1gG; was used
as an isotype-matched control Ab. IFN-y and TNF-u concentration in conditioned media was determined by ELISA. Lymphocyte proliferation was determined hy [°H]-
thymidine uptake as described in Methods. Filled circles (e) represent effects of histamine in the presence of HMGB1, and open circles (<) represent that in the absence of
HMGB1. The results are expressed as the mean + SEM. of five donors with triplicate determinations. **P < 0.01 compared with the value for HMGB1. When an error bar is

within a symbol, the bar is omitted.
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proliferation in the presence of HMGB1 were 0.8,0.7,1,0.8,1, 1 and
1 M, respectively. In the absence of HMGBI1, histamine induced
the production of [FN-y and TNF-«, but had no effect on adhesion
molecule expression and lymphocyte proliferation.

3.2. Involvement of Hy-receptor in the actions of histamine

To determine the histamine receptor subtypes involved in med-
iating the effects of histamine on expression of ICAM-1, B7.1, B7.2 and
D40, production of IFN-y and TNF-« and lymphocyte proliferation in
the presence of HMGBI, the activity of a histamine Hy-receptor
antagonist, d-chlorpheniramine, a histamine Ho-receptor antagonist,

.famotidine, and a histamine Hs/Hs-receptor antagonist, thiopera-
mide, at concentrations ranging from 0,1 to 100 uM on adhesion
molecule expression, cytokine production and proliferation were
examined in the presence of histamine at 10 uM (Fig. 2). Famotidine
inhibited the action of histamine in a concentration-dependent
manner, but d-chlorpheniramine and thioperamide had no effect.
Another histamine H,-receptor antagonist, ranitidine, exerted a
substantially similar effect to famotidine (data not shown).

As shown in Fig. 3, the effects of histamine H,/Hs-receptor
agonists, dimaprit and 4-MH (Parsons et al., 1977), at concentra-
tions ranging from 0.1 to 100 uM were determined in the presence
of HMGB1 at 10pg/ml. Both dimaprit and 4-MH inhibited
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expression of ICAM-1, B7.1, B7Z.2 and (D40, production of IFN-y
and TNF-u and lymphocyte proliferation in a concentration-
dependent manner. The potency and efficacy of two agonists were
quite similar to those of histamine in each response. Moreover, we
found that a histamine Hy-agonist, 2-(2-pyridyl) ethylamine dihy-
drochloride (Durant et al., 1975), and a histamine Hs-agonist, (R)-
a-methylhistamine dihydrochloride (Arrang et al., 1987), had no
effect on adhesion molecule expression, cytokine production and
lymphocyte proliferation induced by HMGB1 (data not shown).

3.3. Effects of histamine on the production of cAMP in monocytes
in the presence or absence of HMGB1

The effects of histamine at 100 1M on the production of intra-
cellular cAMP in monocytes isolated from PBMCs in the presence
or absernce of 10 pg/ml HMGB1 were determined (Fig. 4). Hista-
mine induced the production of cAMP in monocytes with a peak
30 min after stimulation. The presence of HMGB1 did not influ-
ence the production of cAMP induced by histamine. The histamine
Hy-receptor antagonist, famotidine (at 100 uM) inhibited the
effect of histamine on the production of cAMP (Fig. 4). Also, the
histamine H,/H,-receptor agonist, dimaprit (at 100 uM) induced
the production of cAMP (Fig. 4).
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Fig. 2. Effects of histamine receptor antagonists on the actions of histamine. PBMCs at 4 x 10° cells/ml were incubated with different classes of histamine receptor
antagonists, including d-chlorpheniramine (histamine H;-receptor antagonist), famotidine (histamine Hy-receptor antagonist) and thioperamide {histamine Hs/H,- receptor
antagonist), at increasing concentrations from 0.1 to 100 pM in the presence or absence of 10 uM histamine for 24 h. The expression of ICAM-1, B7.1, B7.2 and CD40 on
monocytes was determined by flow cytometry. [FN-y and TNF-« concentration in conditioned media was determined by ELISA. Lymphocyte proliferation was determined by
{*H]-thymidine uptake as described in Methaods. Filled circles () represent the effects of antagonists on the actions of histamine in the presence of 10 ug/ml HMGE1. Open
squares (+ ) represent the effect of antagonists in the presence of HMGB1 without histamine stimulation. Open circles (<) represent the effect of antagonists in the absence of
histamine and HMGB1. The results are expressed as the mean + S.EM. of five donors with triplicate determinations. *P < 0.05, **P < 0.01 compared with the value for

histamine. When an error bar is within a symbol, the bar is omitted.
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Fig. 3. Effects of histamine receptor agonists on HMGB1-induced expression of ICAM-1. B7.1, B7.2 and CD40, production of IFN-y and TNF-« and lymphecyte proliferation and
lymphocyte proliferation. PBMCs at 4 x 10° cells/ml were incubated with histamine Ha/H,-receptor agonists, dimaprit and 4-Ml1 at increasing concentrations from 0.1 te
100 M in the presence of HMGB1 at 10 pg/mi for 24 h. The expression of ICAM-1, B7.1, B7.2 and CD40 on monocytes was determined by flow cytometry, with [FN-y and TNF-
« levels in the conditioned media determined by ELISA. Lymphocyte proliferation was determined by [*H|-thymidine uptake as described in Methods. Filled circles (s}
represent the effect of dimaprit in the presence of HMGB1, and open circles () represent effects in the absence of HMGBT1. Filled squares (®) represent the effect of 4-MH in
the presence of HMGB1, and open squares (=) represent effects in the absence of HMGB1. The results are expressed as the mean + S.EM. of five donors with triplicate
determinations. **P < 0.01 compared with the value for HMGB1 alone. When an error bar is within a symbol, the bar is omitted.
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Fig. 4. Effects of histamine on the production of cAMP in monocytes in the presence or absence of HMGB1. (A) Monocytes at 1 < 10° cells/ml were incubated with histamine
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value in the presence of histamine. The results are expressed as the mean + S.EM. of five donors with triplicate determinations. When an error bar was within a symbol, the
bar was omitted. ND, not detected.

34. Involvement of cAMP in the action of histamine histamine, the PKA inhibitor had no effect on adhesion molecule
expression, cytokine production and lymphocyte proliferation.

To investigate the involvement of the cAMP/PKA pathway in H89 reversed the inhibitory effect of histamine on expression of
the action of histamine, the effects of a PKA inhibitor, H89, at ICAM-1, B7.1, B7.2 and (D40, production of [FN-y and TNF-« and
concentrations ranging from 0.1 to 100uM on the action of lymphocyte proliferation in the presence of 10 pg/ml HMGBI.
histamine at 10 uM were determined (Fig. 5). In the absence of As shown in Fig. 6, the effects of a membrane-permeable cAMP
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Fig. 5. Effects of PKA inhibitor on the histamine-induced expression of ICAM-1, B7.1, B7.2 and CD40, production of IFN-y and TNF-« and lymphocyte proliferation. PBMCs at
4« 10° cells/ml were incubated with a PKA inhibitor, H89, at increasing concentrations from 0.1 to 100 yM in the presence of HMGB1 at 10 pg/ml and histamine at 10 M for
24 h. The expression of ICAM-1, B7.1, B7.2 and CD40 on monocytes was determined by flow cytometry, with IFN-y and TNF-« concentration in the conditioned media
determined by ELISA. Lymphocyte proliferation was determined by [*H]-thymidine uptake as described in Methods. Filled circles (e) represent the effect of H89 on the
actions of histamine in the presence of HMGB1. Open squares { =) represent those in the presence of HMGB1 without histamine stimulation. Open circles (<) represent the
effect of H89 on the responses in the absence of both histamine and HMGB1. The results are expressed as the mean + S.E.M. of triplicate findings from five donors. ”'P <« 0.01
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Fig. 6. Effects of forskolin and dbcAMP on HMGB1-induced expression of ICAM-1, B7.1, B7.2 and CD40, production of IFN-y and TNF-¢ and lymphocyte proliferation. PBMCs at
4 % 10° cells/ml were incubated with a cAMP analog, dbcAMP (A} and an adenylate cyclase activator, forskolin (B) at increasing concentrations from 0.01 to 10 M in the
presence of HMGB1 at 10 pg/ml for 24 h. The expression of ICAM-1, B7.1, B7.2 and (D40 on monocytes was determined by flow cytometry, with IFN-y and TNF-«
concentration in the conditioned media determined by ELISA. Lymphocyte proliferation was determined by [*H]-thymidine uptake as described in Methods. Filled circles (e)
represent the effect of histamine in the presence of HMGB1, and open circles (©) represent that in the absence of HMGB1. The results are expressed as the mean + S.EM. of
five donors with triplicate determinations. *'P < 0.01 compared with the value for HMGB1 alone. When an error bar is within a symbol, the bar is omitted.
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analog, dbcAMP, and an adenylate cyclase activator, forskolin, at
concentrations ranging from 0.01 to 10 pM on expression of ICAM-
1, B7.1, B7.2 and CD40 on monocytes, production of IFN-y and TNF-
« and lymphocyte proliferation in PBMCs were examined. Both
dbcAMP and forskolin inhibited HMGB1-induced adhesion mole-
cule expression, cytokine production and lymphocyte proliferation
in a concentration-dependent manner.

3.5. Effects of histamine on expression of (D14, TLR-2, TLR-4 and
RAGE on monocytes

The receptor for advanced glycation end products (RAGE), toll-like
receptor (TLR)-2 and TLR-4 are receptors for HMGB1 (Hori et al.,
1995; Park et al, 2004; van Beijnum et al., 2008). In the previous
study, the effect of incubation with 0.1-100 pg/ml HMGB1 on RAGE,
TLR-2 and TLR-4 expression on monocytes in human PBMCs was
determined after a 24 h incubation (Takahashi et al,, 2013). HMGB1
increased RAGE expression in a concentration-dependent manner,
but had no effect on TLR-2 or TLR-4 expression. The expression of

increased at 1 ug HMGB1/ml and continued to increase up to 10 and
100 pg HMGB1/ml. 10 pyg HMGB1/ml enhanced the expression of
CD14 (Fig. 7).

As shown in Fig. 7A, we observed the effects of histamine,
at concentrations ranging from 0.1 to 100 M, on expression of
RAGE and CD14 in the presence or absence of 10 pg/ml HMGB1
at 24 h. Histamine inhibited expression of RAGE and CD14 in a
concentration-dependent manner. The histamine Hy-receptor
antagonists, famotidine (Fig. 7B), as well as famotidine (data not
shown), inhibited the action of histamine, while d-chlorphenir-
amine and thioperamide had no effect (data not shown). More-
over, histamine H,/H,-receptor agonists, dimaprit and 4-MH
inhibited expression of RAGE and CD14 (Fig. 7C).

4. Discussion

A pro-inflammatory mediator HMGB1, which is secreted by
activated monocytes/macrophages, is reported to induce inflammation
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Fig. 7. Effects of histamine on HMGB1-induced expression of RAGE and CD14 in human PBMCs. {A) PBMCs at 4 x 10° cells/ml were incubated with HMGB1 at 10 pg/ml and
histamine at increasing concentrations from 0.1 to 100 yM for 24 h. Filled circles (o) represent the effect of histamine in the presence of HMGB1, and open circles (=)
represent that in the absence of HMGB1. The results are expressed as the mean + S.EM. of five donors with triplicate determinations. ‘P< 0.05, "'P < 0.01 compared with
the value for HMGB1 alone. When an error bar is within a symbol, the bar is omitted. (B) PBMCs at 4 < 10° cells/ml were incubated with histamine H,-receptor antagonis,
famotidine at increasing concentrations from 0.1 to 100 uM in the presence or absence of 10 uM histamine for 24 h. Filled circles (o) represent the effects of antagonists on
the actions of histamine in the presence of 10 pg/ml HMGB1. Open squares (=) represent the effect of antagonists in the presence of HMGB1 without histamine stimulation.
Open circles () represent the effect of antagonists in the absence of histamine and HMGB1. **P < 0.01, P < 0.01 compared with the value for histamine. (C) PBMCs at
4 % 10° cells/ml were incubated with histamine H;/Hy-receptor agonists, dimaprit and 4-MH at increasing concentrations from 0.1 to 100 uM in the presence of HMGB1 at
10 pg/ml for 24 h. The expression of RAGE and CD14 on monocytes was determined by multi-color flow cytometry. Filled circles {s) represent the effect of dimaprit in the
presence of HMGB1, and open circles (<) represent effects in the absence of HMGRB1. Filled squares (#) represent the effect of 4-MH in the presence of HMGB1, and open
squares ( = ) represent effects in the absence of HMGB1. **P < 0.01 compared with the value for medium alone, and P < 0.01 compared with the value for HMGB1. (D) PBMCs
were incubated with or without 10 pg/ml HMGB1 and 100 uM histamine for 24 h and RAGE expression on monocytes was determined. The typical data was shown.
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and injury (Wang et al., 1999). The expression of histamine has been
observed in monocytes/macrophages, suggesting that histamine plays
roles in the regulation of basic biological cell processes (Sasaguri and
Tanimoto, 2004). In the present study, we clearly demonstrated, for
the first time, that histamine inhibited HMGB1-induged adhesion
molecule expression on monocytes, cytokine production and lympho-
cyte proliferation in human PBMCs (Fig. 1), indicating that HMGB1-
induced inflammation and injury is modulated by an endogenous
mediator, histamine. The effects of histamine were inhibited by the
histamine Hp-receptor antagonist but not the histamine Hy-antagonist
or the Hz/Hs-receptor antagonist (Fig. 2). The histamine Hy-receptor
agonists mimicked the effects of histamine (Fig. 3). The IC50 values of
histamine and histamine H,/Hy-receptor agonists to prevent the up-
regulation of adhesion molecule expression and cytokine production
were consistent with the affinity of those agonists to typical histamine
Ho-receptors (Johnson 1982; Elenkov et al, 1998; Kohka et al., 2000;
Morichika er al, 2003: Takahashi et al, 2002), indicating that
the inhibitory effects of histamine depended on the stimulation of
histamine Hy-receptors. As shown in Figs. 4, 5 and 6, the findings, at
least, suggested the involvement of the cAMP/PKA pathway in the
effects of histamine.

In the previous study, we suggested that RAGE and TLR-4 are
involved in the pathogenesis of a wide range of inflammatory
disorders via recruitment of ligands (Takahashi et al., 2013).
As shown in Fig. 7, histamine inhibited HMGB1-induced RAGE
expression on monocytes through stimulation of histamine
Ho-receptors, indicating that the inhibitory effect of histamine on
HMGBI1 activity depends on the regulation of RAGE expression.

We found a similar pattern of effects of histamine on advanced
glycation end products (AGEs)-, LPS- and 11-18-induced activation
of monocytes in human PBMCs via Hy-receptors (Morichika et al,
2003; Takahashi et al,, 2002; Wake et al., 2009b). IL-18 is reported
to induce expression of [CAM-1, B7.1, B7.2 and CD40 on monocytes
(Takahashi et al,, 2002; Takahashi et al,, 2003). While HMGB1 or
AGEs do not induce production of IL-18 in PBMCs (Takahashi et al.,
2013; Takahashi et al.,2009), histamine induces production of IL-18
via the histamine H»-receptor and the cAMP/PKA pathway in
monocytes (Takahashi et al., 2006). Whereas the amount of IL-18
production induced by histamine at 100 uM in the absence of
HMGB1 was 2.5 ng/ml (Takahashi et al, 2006), that in the
presence of HMGB1 was under the detection limit (10 pg/ml)
(data not shown). Exogenously added IL-18 at 10 ng/ml
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Fig. 8. The effect of histamine on cellular interplay.

significantly inhibited the effects of histamine on HMGB1 activity
(Takahashi et al.,2009). Moreover, it is reported that histamine
alters the Th1/Th2 balance at the level of antigen presenting cells,
Th1 and Th2 cells, or directly on effector cells (Elenkov et al,, 1998).
These results indicated an adverse effect of histamine. Thus, there
may be a common pathway triggered by LPS, IL-18, AGEs and
HMGB1 that is regulated by the histamine H,-receptor-cAMP/PKA
system. Further work is necessary to clarify this issue.

Macrophages/monocytes and T-cells play key roles in the
immune responses of patients with inflammatory diseases; how-
ever, little is known regarding the mechanism underlying the
effect of histamine on HMGB1 activities in human PBMCs.
Intrahepatic recruitment of macrophages/monocytes and T-cells
is reported to contribute to HMGB1-induced inflammation in
an HBV-based mouse model of hepatitis (Sitia et al, 2007).
In contrast, we found that endogenously produced histamine in
Kupffer cells/macrophages plays a very important role in prevent-
ing an excessive innate immune response in endotoxin-induced
fulminant hepatitis through the stimulation of histamine H,-
receptors (Yokoyama et al, 2004). Moreover, we found that
HMGB1 exerted proatherogenic effects, augmenting lesion devel-
opment by stimulating macrophage migration, modulating proin-
flammatory mediators, and encouraging the accumulation of
immune and smooth muscle cells (Kanellakis et al..2011). Histidine
decarboxylase, which produces histamine from L-histidine, is
detected in monocytes/macrophages located in the arterial intima
in human atherosclerotic lesions (Higuchi et al, 2001). The
resultant production of histamine may regulate vascular contrac-
tion (Tanimoto et al., 2007), indicating the modulatory effects of
histamine on micro-inflammation in atherosclerotic intima. Thus,
locally produced histamine may exert inhibitory influence on the
activation of monocytes/macrophages and T-cells. Such a possibi-
lity should be evaluated by an in vivo hepatitis and atherosclerotic
model.

5. Conclusions

Histamine inhibited HMGB1-induced expressions of ICAM-1, B7.1,
B72 and (D40, production of IFN-y and TNF-o and lymphocyte
proliferation via histamine Hp-receptors. Histamine inhibition of
cellular interplay between monocytes and T-cells may reduce cytokine
production and lymphocyte proliferation (Fig. 8). Through the inhibi-
tion of HMGB1 effects on monocytes, the stimulation of histamine
Ha-receptors may partially contribute to regulating the development
of inflammatory diseases.

References

Abraham, E, Arcarcli, }., Carmody, A, Wang, H. Tracey, K., 2000. HMG-1 as a
mediator of acute lung inflammation. Journal of Immunotogy 165, 2950-2954.

Albayrak, A., Uyanik, M.H,, Cerrah, S, Altas, S., Dursun, H., Demir, M., Uslu, H,, 2010.
Is HMGB1 a new indirect marker for revealing fibrosis in chronic hepatitis and a
new therapeutic target in treatment? Viral Immunology 23, 633-638.

Andersson, U, Wang, H., Palmblad, K.. Aveberger, A.C, Bloom, Q., Erlfandsson-Harris,
H., Janson. A, Kokkela, R., Zhang, M., Yang, H., Tracey, KJ., 2000. High mobility
group 1 protein (HMG-1) stimulates proinflanunatory cytokine synthesis in
human monocytes. Journal of Experimental Medicine 192, 565-570.

Arrang, .M, Garba A., Lancelot, J.C, Lecomte, JM., Pollard, H., Robba, M.
Schunack, W, Schwartz, J.C,, 1987. Highly potent and selective ligands fos
histamine H3-receptors. Nature {Lond) 327, 117-123.

Bustin, M., 1999. Regulation of DNA-dependent activities by the functional motifs of
the high-mobility-group chromosomal proteins. Molecular and Ceilular Biology
19, 5237-5246.

Dumitriu, LE., Baruah, P, Valentinis, B., Voll. RE., Herrmann, M., Nawroth, PP,
Arnold, B., Bianchi, M.E,, Manfredi, A.A., Rovere-Querini, P, 2005. Release of
high mobility group box 1 by dendritic cells controls T cell activation via the
receptor for advanced glycation end products. Journal of Immunclogy 174,
7506-7515.




H. Takahashi et al. / Eurepean Journal of Pharmacology 718 (2013) 305-313 313

Durant, G}, Ganellin, CR, Parsons, M.E., 1975, Chemical differentiation of hista-
mineH1- and H2-receprov agonists. Journal of Medicinal Chemistry 18,
905-913.

Dustin, M.L,, Springer, T.A,, 1989. T-cell receptor cross-linking transiently stimulates
adhesiveness through LFA-1. Nature 341, 619-624.

Elenkav, L], Webster, k., Papanicolaou, D.A, Fleisher, T.A., Chrouses, G.I., Wilder, R.
L., 1998. Histamine potently suppresses human [L-12 and stimulates iL-10
production via H2 receptors. Journal of Immunoclogy 161, 2586-2593.

Gardella, S., Andrei, C, Ferrera, D., Lotti, LV., Torrisi, MR., Bianchi, M.E., Rubarteili,
A., 2002. The nuclear protein HMGB1 is secreted by monocytes via a non-
classical, vesicle-mediated secretory pathway. EMBO Reporis 3, 985-1001,

Greenfield, EA,, Nguyen, KA. Kuchroo, VK, 1898. CD28/B7 costimulation: a
review. Critical Reviews in Immunology 18, 389-418.

Hellstrand, K., Asea, A., Dahlgren, C, Hermodsson, S., 1994, Histaminergic regula-
tion of NK cells. Role of monocyte-derived reactive oxvgen metabolites. journal
of Immunology 153. 4940~4947.

Higuchi, S, Tanimoto, A., Arima, N., Xu, H, Murata, Y., Hamada, T., Makishima, K.,
Sasaguri, Y., 2001. Effects of histamine and interleukin-4 synthesized in arterial
intima on phagecytosis by monocytes/macrophages in relation to atherosclero-
sis. FEBS Letters 505, 217-222,

Heri, O,, Brett, }., Slattery, T., Cao, R, Zhang, |, Chen, J.X., Nagashima, M., Lundh, ER.,
Vijay, S.. Nitecki, D., Morser, J.. Stern, D.. Schmidt, A.M,, 1995. The receptor {or
advanced glycation end products (RAGE) is a cellular binding site for ampho-
terin, Mediation of neurite outgrowth and co-expression of rage and ampho-
terin in the developing nervous system. fournal of Chemical Biology 270,
25752-25762,

Hough, LB., 2001. Genomics meets histamine receptors: new subtypes. new
receptors. Molecular Pharmacology 59. 415~419,

Johnson, CL, 1982. Histamine receptors and cyclic nucleotides. In: Ganellin, CR.,
Parsons, M.E. (Eds.}, Pharmacology of Histamine Receptors. Wright PSG, Bristol,
p. 146,

Kanellakis, P., Agrotis, A.. Kyaw, 1.S., Koulis, C., Ahrens, [, Mori, S., Takahashi, HK.,
Liu, K., Peter, K., Nishibori, M., Bobik, A., 2011, High-mobility group box protein
1 neutralization reduces development of diet-induced atherosclerosis in
apolipoprotein e-deficient mice. Arterioscierosis, Thrombosis, and Vascular
Biology 31. 313-319.

Khan, M.M., Keaney, KM, Melmon, KL, Clayberger, C, Krensky, AM., 1989,
Histamine regulates the generation of human cytelytic T lymphocytes. Cell
immunology 121, 60-73.

Kohka, H., Nishibori, M., Iwagaki, H., Nakaya, N., Yoshine, T., Kobashi, K., Saeki, K.,
Tanaka, N., Akagi, T., 2000. Histamine is a potent wnducer of -8 and IFN-
gamma in human peripheral blood moenonuciear cells. Journal of Immunology
164, 6640-6646.

Kokkola, R., Sundberg, E., Ulfgren, AK., Palmblad, K., Li, .. Wang, H., Ulloa, L., Yang,
H., Yan, X.J., Furie, R., Chiorazzi, N,, Tracey. K.J., Andersson, U., Harris, H.E., 2002,
High mobility group box chromosomal protein 1: a novel proinflammatory
mediator in synovitis. Arthritis and Rheumatism 46, 2598-26(3.

McDonnell, M., Liang, Y.. Noronha, A, Coukos, }., Kasper, D.L., Farraye. FA., Ganley~
Leal, LM, 2011, Systemic toll-like receptor ligands modify B-cell responses in
human inflammatory bowel disease. Inflammatory Bowel Disease 17, 298-307,

Messier, D., Yang, H., Telusma, G., Knoll, F, Li, ., Messmer, B., Tracey, K.]., Chiorazzi,
N., 2004. High mobility group box protein 1: an endogenous signal for dendritic
cell maturation and Thi polarization. Journal of Immunology 173, 307-313,

Morichika, T, Takahashi, H.K,, Iwagaki. H., Yoshino, T. Tamura. R., Yokoyama, M.,
Mori, S.. Akagi, T., Nishibori, M. Tanaka, N.. 2003. Histamine inhibits
tipopolysaccharide-induced tumor necrosis factor-alpha production in an
interceliular adhesion molecule-i~ and B7.1-dependent manner. fournal of
Pharmacology and Experimental Therapeutics 304, 624-633,

Park, |.S., Svetkauskaite, D., He, Q.. Kim, .Y, Strassheim, D., Ishizaka, A, Abraham, E.,
2004. Involvement of toll like receptors 2 and 4 in cellular activation by high
mobility group box | protein. Journal of Biological Chemistry 279, 7370-7377,

Porto, A, Palumbo, R., Pieroni, M., Aprigliane, G., Chiesa, R., Sanvito, F.. Maseri, A,,
Bianchi, M.E., 2006. Smooth muscle cells in human atherosclerotic plagues
secrete and proliferate in response to high mebility group box 1 protein. FASEB
Journal 20, 2565-2566,

Rauvala, H., Rouhiainen, A., 2010, Physiological and pathophysiological outcomes of
the interactions of HMGB1 with celi surface veceptors. Biochimica et Biophysica
Acta 1799, 164~170.

Sasaguri, Y. Tanimoto, A., 2004. Role of macrophage-derived histamine m athero-
scierosis chronic participation in the inflammatory response. Journal of
Atherosclerosis and Thrombaosis 11, 122-130.

Shayo, €., Davio. C, Brodsky, A, Mladovan, A.G.. Legnazzi, BL,, Rivera, E., Baldi, A.
1997, Histamine modulates the expression of c-fos through cyclic AMP
production via the H2 receptor in the human promonocytic cell line U937
Molecular Pharmacoclogy 51, 983-990.

Scaffidi, P, Misteli, T., Bianchi, MLE., 2002. Release of chromatin protein HMGB1 by
unecroric cells triggers inflamnmmation. Nature 418, 191-195,

Sitia. G., lannacone, M., Miiiler, S., Bianchi, M.E., Guidotti, L.G., 2007. Treatment with
HMGB1 inhibitors diminishes CTL-induced liver disease wn HBV transgenic
mice. Journal of Leukocyte Biology 81, 100-107.

Takahashi, HXK., lwagzaki, H., Yoshine, T.. Mori, S., Morichika, T, loh, H.. Yokoyama,
M., Kubo, S., Kondo, E., Akagi, T., Tanaka, N., Nishtbori, M., 2002. Prostaglandin £
(2} inhibits IL-18-induced ICAM-1 and B7.2 expression through EPZ/EP4
receptors in buman peripheral blood mononuclear celts. journal of Immunol-
agy 168, 4446-4454,

Takahashi, HK., Iwagaki, H., Tamura, R. Xue, D., Sano, M., Mori, S., Yoshino, T.
Tanaka, N, Nishibori, M., 2003. Unique regulation profile of prostaglandin EY on
adhesion molecule expression and cytokine production in human peripheral
blood meononuclear cells, Journal of Pharmacology and Experymental Thera-
peutics 307, 1188-1195,

Takahashi, HK., Watanabe, T. Yokoyama, A, lwagaki, H.. Yosluno, T, Tanaka, N.
Nishibori, M., 2006. Cimetidine induces interleukim-18 production through H2-
agonist activity in monocytes. Molecular Pharmacology 70, 450-453,

Takahashi, HK. Mori, S.. Wake, H,, Liu, K., Yoshino, T. Obashi, K., Tanaka, N.. Shikata,
K. Makino, H. Nishibori, M. 2009. Advanced glycation end products
subspecies-selectively induce adhesion molecule expression and cytokine
producrion 1 human penpheral blood mononuclear cells, journal of Pharma-
cology and Experimental Therapeutics 330, 89-98.

Takahashi, HK., Sadamori, H., Liu, K., Wake, H., Mori, S, Yoshine, T., Yamamoto, Y.,
Yamamioto, H., Nishibori, M., 2013. Role of cell-cel} interactions i high mobility
group box 1 cyrokine activity in human peripheral blood mononuclear cells and
mouse splenocytes. European journal of Pharmacology 701, 194-202.

Tanimoto, A, Wang, K.Y., Murata, Y., Kimura, S., Nomaguchi, M., Nakata, S.. Tsutsui,
M., Sasagury, Y., 2007, Histamine upregulates the expression of inducible nitric
oxide synthase in human intdmal smooth muscle cells via histamine Hi
receptor and NF-kappaB signaling pathway. Arteriesclerosis, Thrombosis, and
Vascular Biclogy 27, 1556-1561.

van Beijnum, [.R., Buurman, W.A, Griffioen, AW, 2008. Convergence and amplifi-
cation of toll-like receptor (TLR) and recepior for advanced glycation end
products (RAGE) signaling pathways via high mobility group B1 (HMGB1).
Angiogenesis 11, 91-99.

van der Pouw Kraan, T.C., Snijders, A., Boeije, L.C.. de Groot, ER., Alewijnse, AE.,
Leurs, R, Aarden, LA., 1998, Histamine inhibits the production of interteukin-12
through interaction with H2 receptors, journal of Clinical Invesrigation 102,
1866-1877.

Wake, H., Mori, S., Liu, K., Takahashi, H.K., Nishibori, M,, 2009a. High mohality group
box 1 complexed with heparin induced angicgenesis in matrigel plug assay.
Acta Medica Okayama 63, 249-262,

Wake, H., Takahashi, HX., Mori, S. Liu, K., Yoshino, 1, Nishibori, M, 2009b.
Histamine inhibits advanced glycation end products-induced adhesion mole-
cule expression on human monocytes, fournal of Pharmacology and Experi-
mental Therapeutics 330, 826-833.

Wang, H., Bloom, 0., Zhang, M., Vishnubhakat, .M., Ombreilino, M.. Che, }., Frazier,
A. Yang, H., lvanova, S. Borovikova, L, Manogue, KR, Faist, E., Abraham, E.
Andersson, |.. Andersson, U., Molina, PE, Abumrad. N.N., Sama, A, Tracey. K.
1999, HMG-1 as a late mediator of endotexin lethality in mice. Science 285,
248-251,

Yokoyama, M., Yokovama, A., Mori, S., Takahashi. HK, Yoshine, T, Watanabe, T.
Watanabe, T., Ohtsu, H., Nishibori, M., 2004, Inducible histamine protects mice
from P. acnes-primed and LPS-induced hepatits through Hy-receptor stimula-
tion. Gastroentersiogy 27, 892-902,




