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Abstract

Objective High mobility group box-1 (HMGBI1) has been reported to be involved in influenza A virus-induced acute res-
piratory distress syndrome (ARDS). We studied the efficacy of an anti-HMGB1 mAb using an in vitro model of TNF-«a
stimulation or influenza A virus infection in human pulmonary microvascular endothelial cells (HMVECsS).

Methods Vascular permeability of HMVECs was quantified using the Boyden chamber assay under tumor necrosis factor-o
(TNF-a) stimulation or influenza A virus infection in the presence of anti-HMGB1 mAb or control mAb. The intracellular
localization of HMGB1 was assessed by immunostaining. Extracellular cytokine concentrations and intracellular viral
mRNA expression were quantified by the enzyme-linked immunosorbent assay and quantitative reverse transcription PCR,
respectively.

Results Vascular permeability was increased by TNF-a stimulation or influenza A infection; HMVECs became elongated
and the intercellular gaps were extended. Anti-HMGB1 mAb suppressed both the increase in permeability and the cell mor-
phology changes. Translocation of HMGBI to the cytoplasm was observed in the non-infected cells. Although anti-HMGB1
mADb did not suppress viral replication, it did suppress cytokine production in HMVECs.

Conclusion Anti-HMGB1 mAb might be an effective therapy for severe influenza ARDS.

Keywords Influenza - Acute respiratory distress syndrome - High mobility group box 1 - Human pulmonary microvascular
endothelial cell - Cytokine - Tumor necrosis factor-o

Introduction

Influenza infection is prevalent every year worldwide and its
complications, such as influenza pneumonia and acute res-
piratory distress syndrome (ARDS), impart high mortality
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rates [1, 2]. Influenza A (HIN1) pdmO9 virus infection
caused a pandemic in 2009, resulting in 100,000-400,000
deaths worldwide due to severe ARDS [3]. In the patho-
physiology of influenza ARDS, direct viral infection and the
subsequent hypercytokinemia response, induced by tumor
necrosis factor-alpha (TNF-a) or interleukin-6 (IL-6), acti-
vate host immunity, damage pulmonary vascular endothelial
cells, and increase vascular leakage resulting in pulmonary
edema [4-6]. Damage to the barrier of endothelial cells can
lead to leakage by micro-vessels [4—6]. Here, we aimed to
determine how to prevent damages to the endothelial cells
to suppress the progression of influenza-associated ARDS.

In the past decade, various treatments have been devel-
oped to prevent the severity of influenza pneumonia [2, 7].
One treatment involves anti-influenza drugs that directly
decrease the replication of influenza virus [8]. A second
treatment involves therapeutic lung protection strategies,
such as extracorporeal membrane oxygenation (ECMO),
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to alleviate lung damage caused by ventilator-induced lung
injury [7]. A third treatment involves anti-inflammatory
therapy for hypercytokinemia caused by influenza infection
[2, 9, 10]. Various immunomodulators have been developed
to date, but they have not yet been put into practical use in
the treatment of influenza pneumonia [9, 10]. A certain num-
ber of patients develop severe progressive ARDS despite
the administration of anti-influenza drugs with ECMO
treatment, and they exhibit high mortality rates [2, 11, 12].
Therefore, there is a strong need for the development of
novel therapeutic immunomodulatory drugs that can be used
in combination with anti-influenza drugs.

Relatively high levels of serum high mobility group
box-1 (HMGBI1) were reported in patients with severe
influenza pneumonia [13] as also observed under various
inflammatory conditions, such as sepsis [14, 15] and acute
lung inflammation [16]. HMGBI1 is a damage-associated
molecular pattern (DAMP) protein [14, 15, 17]. HMGBI1
can promote the production of inflammatory cytokines, such
as TNF-a or IL-6, via the receptor for the advanced glyca-
tion end product (RAGE) and toll-like receptor 4 (TLR-4)
[15, 17]. Several studies show that HMGB1 would func-
tion as a major proinflammatory mediator in these inflam-
matory conditions [14—17]. Therefore, the possibility of
inhibiting the function of HMGB1 has been suggested as a
therapeutic intervention [16]. We previously reported that
an anti-HMGB1 mAb improved the survival rate and inhib-
ited cytokine/chemokine expression in the lungs of a mouse
model of influenza pneumonia [18]. We also reported that
the efficacy of the combined therapy of an anti-influenza
drug and an anti-HMGB1 antibody improved the survival
rate more than that of anti-influenza drug mono-therapy
[19]. The cytokine concentration in the blood and alveolar
lavage fluid was also decreased by this combined therapy
[19]. In these reports, the efficacy of anti-HMGB1 antibody
in vivo was clarified; however, it has not yet been verified in
human primary lung endothelial cells in vitro.

Therefore, the aim of this study was to assess the efficacy
of an anti-HMGB1 mAb on an in vitro model of severe influ-
enza pneumonia. We stimulated human pulmonary vascular
endothelial cells (HMVECSs) with TNF-a to induce hyper-
cytokinemia or infected them with influenza A virus, in
the presence of anti-HMGB1 mAb or control antibody. We
evaluated the permeability, the changes in cell morphology
and cytokine production of HMVECs.

Materials and methods
Cell culture

Primary HMVECs (Lonza, Walkersville, MD, USA) were
grown in the medium and growth supplements supplied by
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the manufacturer (endothelial cell basal medium 2; EGM-2)
containing the following: vascular endothelial growth factor,
human fibroblast growth factor B, hydrocortisone, human
epidermal growth factor, GA-1000, fetal bovine serum,
rat insulin-like growth factor 1, and ascorbic acid [20, 21].
The medium was changed every 48 h until confluence was
reached. The cells were cultured in 5% CO, at 37 °C. All
experiments were performed on cells in the 5th-9th passage.

Viruses

We used influenza A (H3N2) virus (A/Panama/1/68) main-
tained in Madin-Darby canine kidney (MDCK) cells. The
influenza virus was titrated to determine the median tissue
culture infectivity dose (TCID5,) of MDCK cells in the pres-
ence of trypsin. We diluted the influenza virus tenfold in
steps, applied to MDCK cell monolayers in triplicate, and
evaluated the cytopathic effects 5 days after infection. The
viral infection procedure was performed at multiplicities of
infection (MOI) 1 in serum-free media with 0.5% bovine
serum albumin (BSA).

Permeability assay

A Boyden chamber was used for the evaluation of perme-
ability [22, 23]. HMVECs were seeded on 0.4 mm pore size
polyethylene terephthalate track-etched transwell mem-
branes (Corning, NY, USA) at a concentration of 1.0 X 10°
cells/well and cultured to confluency for 3—4 days. After
cell confluence was achieved, the culture media in the upper
chamber (200 pL) and the lower chamber (700 pL) were
replaced with serum-free media with 0.5% BSA containing
human recombinant TNF-a (Peprotech Inc., Rocky Hill, NJ,
USA) at a concentration of 100 ng/mL for 24 h, or influenza
virus at MOI of 1 for 72 h. At this time, the media in the
upper and the lower chamber contained either anti-HMGB1
mAb (#10-22, immunoglobulin G2a subclass, 100 pg/mL)
or class-matched control mAb (anti-Keyhole Limpet hemo-
cyanin, 100 pg/mL) [24]. These mAbs were provided by
Professor Nishibori, Department of Pharmacology, Okay-
ama University Graduate School of Medicine. To measure
permeability, 200 pL assay medium containing fluorescein
isothiocyanate-labeled dextran (FITC-Dx; MW 70,000)
(Invitrogen Corp., Carlsbad, CA, USA) was added to each
upper chamber, and 700 pL assay medium was added to
each lower chamber. After several hours of incubation, the
fluorescence intensity of the lower chamber medium was
measured at 485-538 nm.

Immunofluorescence staining

HMVECs were grown to confluency on collagen I-coated
culture slides (AGC TECHNO GLASS Co., Shizuoka,
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Japan). After the indicated treatment time, cells were washed
with phosphate-buffered saline (PBS) and fixed with 4.0%
paraformaldehyde for 15 min. After permeabilization with
0.2% Triton X-100 in PBS for 10 min, the cells were washed
and probed with the primary antibodies (mouse anti-influ-
enza A nucleoprotein antibody from Abcam, Cambridge,
MA, USA; rabbit anti-HMGB1 antibody from Abcam; and
rabbit anti-vascular endothelial (VE) cadherin antibody
from Abcam) at a 1:200 dilution for 60 min. The coverslips
were washed and then incubated with Alexa Fluor 488-con-
jugated goat anti-rabbit or anti-mouse secondary antibody
(1:500 dilution) (Invitrogen Corp., Carlsbad, CA, USA) for
1 h at 20 °C. The nuclei were stained with 4',6-diamidino-
2-phenylindole (DAPI) in a mounting medium (Vectashield;
Vector Laboratories Inc., Burlingame, CA, USA). Samples
were evaluated under a fluorescence microscope (BZ-9000
generation II; Keyence Co., Osaka, Japan). When measuring
the cell morphology, each long axis and short axis of 100
cells/field at 40 X magnification were measured on the VE
cadherin-stained images using the BZ image analysis soft-
ware application. The same measurements were performed
on four randomly selected fields of view.

Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was extracted at 6, 12, 18, and 72 h after influ-
enza infection using the RNeasy Mini Kit (Qiagen, Carlsbad,
CA, USA) with DNase digestion. cDNA synthesis was car-
ried out using the TaKaRa PrimeScript first-strand cDNA
synthesis kit (Takara Bio Inc., Kusatsu, Japan) according to
the manufacturer’s instructions. QqRT-PCR was conducted
using PowerUp SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA). cDNA was denatured
at 50 °C for 2 min and 95 °C for 2 min followed by 40
cycles of 95 °C for 15 s and 60 °C for 1 min using the Real-
Time PCR system 7500 (Applied Biosystems). Data were
analyzed using SDS software v2.1 (Applied Biosystems).
Relative gene expression was compared using the compara-
tive CT method. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used to normalize the efficiency of cDNA
synthesis. The primer sets used for this study were influenza
A M1: forward 5'-AAGACCAATCCTGTCACCTCTGA-3'
and reverse 5'-CAAAGCGTCTACGCTGCAGTCC-3’; and
GAPDH: forward 5'-GTCTCCTCTGACTTCAACAGCG-3'
and reverse 5'-ACCACCCTGTTGCTGTAGCCAA-3'".

Enzyme-linked immunosorbent assay (ELISA)

Supernatants were collected at different time points after
stimulation with TNF-a or infection with influenza A virus.
The levels of HMGB/1, IL-6, granulocyte colony-stimulating
factor (G-CSF), granulocyte—macrophage CSF (GM-CSF),
regulated on activation, normal T cell expressed and secreted

(RANTES), and interferon-y inducible protein (IP-10) were
measured using commercial ELISA kits (HMGB1: Shino-
test, Kanagawa, Japan; IL-6, G-CSF, GM-CSF, RANTES,
IP-10: R&D Systems, Minneapolis, MN, USA) according to
the manufacturer’s instructions.

Cell viability assay

HMVECs were seeded on 96-well plates. TNF-a stimulation
and influenza A (H3N2) infection were performed at the
indicated concentrations. Cell viability was then measured
using MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetra-
zolium bromide] cell count kit (NACALAI TESQUE, INC.,
Kyoto, Japan) according to the manufacturer’s instructions.
The absorbance (570 nm) of each sample was measured by
a microplate reader, and the measured absorbance was cor-
rected using a background control.

Quantification of HMGB1 translocation

To quantify HMGBI1 translocation, the number of HMGB1
cytoplasmic translocations per 100 cells at 40 X magnifica-
tion was measured in the HMGB1-stained images. The same
measurements were performed on four randomly selected
fields of view.

Statistical analyses

All experiments were performed at least three times and all
values are expressed as mean + standard error (SE). Data
were analyzed using GraphPad Prism software version 8.0
for Mac (GraphPad Software, San Diego, CA, USA). Differ-
ences between groups were examined for statistical signifi-
cance using one-way analysis of variance with Tukey’s mul-
tiple comparison test. Statistical significance was inferred
for P values <0.05.

Results

Influenza A virus infection of human pulmonary
microvascular endothelial cells

HMVECs were treated with influenza A (H3N2) at MOI=1.
No staining of viral nucleoprotein (NP) was observed in
HMVECs without influenza A (H3N2) infection. NP-pos-
itive cells were found in approximately 10% of HMVECs
infected with influenza A (H3N2) at MOI =1, whereas NP-
positive cells were found in almost all HMVECs infected
at MOI =10 (Fig. 1a—f). Viral NP was stained in both the
nucleus and the cytoplasm of HMVECs.
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Fig. 1 Human pulmonary microvascular endothelial cells (HMVECsS)
infected with influenza A viruses. Influenza A nucleoprotein was
stained in HMVECs 12 h after infection with influenza A (H3N2).
The nuclei were stained with DAPI. a, d No infection, b, e influ-
enza A (H3N2) at MOI=1, ¢, f influenza A (H3N2) at MOI=10.
HMVECs were stained with an anti-influenza A nucleoprotein anti-
body. Scale bar 100 pm

HMGB1 release was increased after TNF-a
stimulation or influenza A infection

HMVECs were stimulated with TNF-a (100 ng/mL) for
0, 12, and 24 h, or infected with influenza A (H3N2) at
MOI=1 for 0, 24, and 48 h. The HMGB1 concentration
in the supernatant had significantly increased after 12 h of
TNF-a stimulation compared with that at O h. Similarly, the
HMGBI concentration in the supernatant had significantly
increased after 24 h compared with that at 12 h (Fig. 2a).
The HMGBI1 concentration in the supernatant was signifi-
cantly increased after 24 h of influenza A (H3N2) infection
compared with that at O h, and at 48 h compared with that
at 24 h (Fig. 2b).

)]
o
g

'S
d

HMGB1 (ng/ml)
N
o

o

0

12
Time after TNF-a stimulation (hr)

24

Fig.2 High mobility group box-1 (HMGBI) release was increased
after TNF-a stimulation or influenza A infection. a HMGBI1 con-
centrations in the supernatant of HMVECs at 0, 12, and 24 h after
stimulation with TNF-a (100 ng/mL), and b HMGBI1 concentra-
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Viability of human pulmonary microvascular
endothelial cells did not decrease after TNF-a
stimulation or influenza A infection

HMVECs were stimulated with TNF-a (100 ng/mL or
10 ng/mL) for 24 h or infected with influenza A (H3N2)
virus at an MOI of 0.1 or 1.0 for 72 h. We did not observe
any significant difference in cell viability upon TNF-a
stimulation as well as in influenza A virus infection
(Fig. 3a, b).

HMGB1 was translocated to the cytoplasm
after TNF-a stimulation or influenza A infection

HMVECs were stimulated with TNF-a (100 ng/mL) for
6 h or infected with influenza A (H3N2) at MOI=1 for
12 h. Cytoplasmic translocation of HMGB1 was observed
in a few HMVECs after TNF-a stimulation (Fig. 4a—d)
and influenza A (H3N2) infection. Cytoplasmic translo-
cation of HMGB1 was higher in cells after influenza A
(H3N?2) infection than that after TNF-a stimulation. In
infected cells, HMGB1 remained in the nucleus. Inter-
estingly, the cytoplasmic translocation was observed not
in the infected cells but in the surrounding non-infected
cells (Fig. 5a—d). The translocation of HMGB1 was not
observed in the absence of TNF-a stimulation or influenza
A (H3N2) infection (Figs. 4e—h, 5e-h).

The translocation of HMGB1 was observed in HMVECs
either upon TNF-a stimulation or influenza A (H3N2)
infection (TNF-a; 1.9 +0.39/100 cells, Influenza A infec-
tion; 2.78 +£0.45/100 cells). The HMGBI1 translocation
was not observed in the absence of TNF-a stimulation or
influenza A (H3N2) infection (Fig. 6a, b).
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tions in the supernatant of HMVECs at 0, 24, and 48 h after infection
with influenza A (H3N2) at MOI=1. N=4 in each group. All results
are expressed as the mean+SEM of three different experiments.
*p <0.05 by ANOVA with Tukey’s multiple comparison test
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Fig.3 Viability of HMVECs
did not decrease after TNF-a
stimulation or influenza A infec-
tion. The viability of HMVECs
was measured a 24 h after
stimulation of TNF-a (10 ng/ml
or 100 ng/mL) or b 72 h after
infection of influenza A (H3N2)
(MOI=0.1 or MOI=1).
Results are expressed as the
mean + SEM of three independ-
ent experiments

Fig.4 TNF-a stimulation
induced the translocation of
HMGBI1. HMGBI1 was stained
in HMVECs 6 h after stimula-
tion with TNF-a (100 ng/mL) or
without TNF-a stimulation. a,
e HMGBI staining, b, f DAPI,
¢, g merged, and d, h magnified
image of ¢ or g inside the dot-
ted line. The white arrowhead
indicates the translocation of
HMGBI. Scale bar 50 pm
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Anti-HMGB1 mAb suppressed human pulmonary significantly suppressed in the presence of anti-HMGB1
endothelial vascular permeability after TNF-a mAb (100 ng/mL) (p <0.05) (Fig. 7a). The permeability
stimulation or influenza A infection of HMVECs also increased upon influenza A (H3N2)

infection (MOI =1, for 72 h), and it was significantly sup-

The vascular permeability of HMVECs was increased  pressed in the presence of anti-HMGB1 mAb (p <0.05)
upon TNF-a stimulation (100 pg/mL, for 24 h), but it was (Fig. 7b).

~ HMGBH1 nucleoprotein

Mock

influenza Magnified
Merge image
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_____________

Fig.5 Influenza A infection induced the translocation of HMGB1 in e HMGBI; b, f influenza nucleoprotein; ¢, g merged; and d, h mag-
the surrounding non-infected cells. HMGB1 and influenza nucleopro- nified images of ¢ or g inside the dotted line. HMGBI1 is shown in
tein were stained in HMVECs 12 h after infection with influenza A green, and the viral nucleoprotein is shown in red. The white arrow-
(H3N2) at an MOI=1 or without influenza A (H3N2) infection. a, head indicates the translocation of HMGBI1. Scale bar 50 pm
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Fig.6 Translocation of HMGB1
was observed in HMVECs upon
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Anti-HMGB1 mAb inhibited the spindle-shape
change of HMVECs after TNF-a stimulation
or influenza A infection

In the absence of any stimulation, HMVECs showed a uniform
cobblestone appearance with almost no intercellular spaces
(Fig. 8a, d). Upon TNF-«a stimulation (100 pg/mL, for 24 h),
HMVECs showed a cell spindle-shape change, which was
significantly inhibited in the presence of anti-HMGB1 mAb
(p<0.05) (Fig. 8b, c). HMVECsS also showed a cell spindle-
shape change after influenza A (H3N2) infection (MOI =1,
for 72 h), which was significantly inhibited in the presence of
anti-HMGB1 mAD (p <0.05) (Fig. 8e, f).
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Anti-HMGB1 mAb inhibited the production
of proinflammatory cytokines or chemokines
after TNF-a stimulation or influenza A infection

The levels of IL-6, GM-CSF, G-CSF, IP-10, and RANTES
were significantly increased in the supernatants of HMVECs
upon TNF-a stimulation (100 pg/mL, for 24 h). The increased
levels of IL-6, GM-CSF, and IP-10 were significantly sup-
pressed in the presence of anti-HMGB1 mAb (IL-6, GM-
CSF, and IP-10, p <0.01; G-CSF, p <0.05) (Fig. 9a—e). The
levels of IL-6, GM-CSF, G-CSF, IP-10, or RANTES signifi-
cantly increased in the supernatant of HMVECs infected with
influenza A (H3N2) MOI =1, for 72 h), and the increased
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Fig.8 Anti-HMGB1 mAb
improved the spindle-shaped
change of HMVECs after
TNF-a stimulation or influenza
A infection. HMVECs were
stained with rabbit anti-vascular
endothelial cadherin antibody
under a variety of conditions.

a Control antibody (100 pg/
mL) alone for 24 h; d control
antibody (100 pg/mL) alone

for 72 h; b, ¢ TNF-a stimula-
tion (100 ng/mL) for 24 h; e,

f influenza A (H3N2) infec-
tion at MOI=1 for 72-h. b, e
HMVECs were treated with
control mAb (100 pg/mL);

¢, f HMVECs were treated

with HMGB1 mAb (100 pg/
mL). Length/width ratio of
HMVECs g with TNF-a stimu-
lation (100 pg/mL), and h with
influenza A (H3N2) infection
(MOI=1), in the presence of
HMGB1 mAb (100 pg/mL)

or control mAb (100 pg/mL).
Results are expressed as the
mean +SEM of three inde-
pendent experiments. Asterisk 8
indicates statistically significant *
differences between the groups
(»<0.05)

Mock

Mock

(@]

cell length/width ratio
S

0

TNF-a

anti-HMGB1 mADb
o}

control mAb

control mAb anti-HMGB1 mADb

TNF-a - -
HMGB1mab - +
control mab -

levels of IL-6, GM-CSF, and IP-10 were significantly sup-
pressed in the presence of anti-HMGB1 mAb (IL-6, GM-
CSF, G-CSF, IP-10, p <0.01) (Fig. 9f—)).

Viral gene expression of influenza M1 protein
was not inhibited by anti-HMGB1 mAb

Viral gene expression of the influenza M1 protein was sig-
nificantly increased at 12 h in a time-dependent manner after
influenza A (H3N2) infection at MOI =1 (p <0.05). Viral
M1 protein gene expression was not suppressed after influ-
enza A (H3N2) infection in the presence of anti-HMGB1
mADb compared with that of the control mAb (Fig. 10).

Influenza A (H3N2)
h

*
(o]

(=]

cell length/width ratio
=N

2l T T
0
+ + FIUA(H3N2) - - + +
+ HMGB1mab - + - +
+ - control mab + - + -
Discussion

First, we confirmed that influenza A virus (H3N2) can infect
HMVEC:s. This influenza A virus was able to infect more
cells at MOI= 10 compared to MOI = 1, which agrees with
previous reports [21, 23]. Both a2-3 sialic acid and a2-6
sialic acid, which are receptors for the influenza virus to
enter cells, are known to be expressed on the surfaces of
HMVECs [21], and influenza infection of HMVECs has
been observed in several studies [20, 21, 23, 25]. Previ-
ous autopsy reports of patients with influenza pneumonia
confirmed that the influenza viral protein was located in a
small number of pulmonary vascular endothelial cells [26].
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Fig.9 Anti-HMGBI1 mAb inhibited the production of proinflamma-
tory cytokines or chemokines after TNF-a stimulation or influenza A
infection. Cytokine concentrations in the supernatants of HMVECs
24 h after stimulation with TNF-a (100 ng/mL) (a—e) or 72 h after
infection with influenza A (H3N2) (f-j) at MOI=1 with anti-

—— HMGB1 mab
-8~ control mab

51

Relative gene expression

0 6 12 18
Time after influenzaA(H3N2) infection (hr)

Fig.10 Viral gene expression of influenza M1 protein was not
changed by anti-HMGB1 mAb. Gene expression of viral M1 protein
in HMVECs was measured at 0, 6, 12, and 18 h after infection with
influenza A (H3N2) at MOI=1 in the presence of anti-HMGB1 mAb
(100 pg/mL) or control antibody (100 pg/mL). The relative gene
expression was normalized to the level of glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH). n=4 for each group. All results are
expressed as the mean + SEM of three different experiments

We considered that the pathological condition in which a
small number of HMVECs are infected with influenza more
closely reflects the pathophysiology of severe influenza
pneumonia in humans. Therefore, in this study, we infected
HMVECs with influenza A at MOI=1 to enable an analysis
of the inter-relationship between influenza A virus-infected
cells and uninfected cells.

@ Springer

e
d 150

B £

> 2100

e =

g (2]

=3 w

5 =

o E 50

0

+ + TNF-a - - + + TNF-a - - + +
+ - control mab  + - + HMGB1mab - + - +
- + HMGB1mab - + - + control mab + - +

*
*
*
*
—
N
a
(=]

8,000

= 6,000 E 200
E” 2
2 = 150
= 4,000 [72]
o w
- = 100
= g
= 2,000
o 50
o 0
+ + FIUA(H3N2) - - + + FIUA(H3N2) - - + +
+ - control mab  + - + - HMGB1mab - + - +
- + HMGB1mab - + - + control mab  + - + -

HMGBI1 mAb (100 pg/mL) or control antibody (100 pg/mL). n=4
for each group. All results are expressed as the mean +SEM of three
different experiments. *p <0.05, **p <0.01 by ANOVA with Tukey’s
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We confirmed that TNF-a stimulation and influenza A
infection induced the release of HMGB1 from HMVECs.
We also confirmed that TNF-a stimulation and influenza A
infection caused the translocation of HMGB1 protein from
the nucleus to the cytoplasm. Interestingly, HMGBI1 trans-
locations were found in surrounding uninfected cells. Sev-
eral previous reports suggest that HMGB1 could be released
from various vascular endothelial cells by TNF-a stimula-
tion [27] or by virus infection [28, 29]. Importantly, HMGB1
has been reported to be released from virus-infected cells in
previous studies [28, 29], which is not consistent with our
results. Cytoplasmic translocation of HMGB1 in HMVECs
has not yet been investigated for influenza infection and
this inconsistency might be due to differences in vascular
endothelial cell types and virus types used in the studies.
Our study results suggest that influenza A infection in a
small number of HMVECs stimulates the transmission of
a signal that causes cytoplasmic translocation of HMGBI1
in surrounding uninfected cells. At the same time, HMGB1
protein was still found in the nucleus of infected cells, so
it was considered possible that the increased HMGBI1 in
the supernatant was released from non-infected cells rather
than from infected cells. The cytoplasmic translocation of
HMGBI has been reported to occur because of the activa-
tion of several signaling pathways [30-33]. In this study,
we have confirmed that IL-6 and HMGB1 were released
into the supernatant when HMVECs were infected with
influenza A. IL-6 and HMGBI1 are reported to be able to
activate endothelial cells through several signaling pathways
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[34-37]. Although there have been no reports of IL-6 or
HMGBI1 causing HMGBI1 translocation, we could consider
that the activation of HMVECs by IL-6 and HMGBI1 led to
HMGBI translocation indirectly. Further studies are needed
to understand the mechanism of HMGBI translocation in
certain surrounding cells and not in others.

We confirmed that anti-HMGB1 mAb was able to sup-
press the increased permeability upon TNF-a stimulation
or influenza A infection. We also showed that anti-HMGB1
mAb suppressed the change in cell morphology of HMVECs
and the expanded intercellular space upon TNF-a stimula-
tion or influenza A infection. TNF-a stimulation or influ-
enza A virus infection has been reported to increase vascular
endothelial cell permeability [23, 25, 38]. High concentra-
tions of HMGB1 have been reported to increase the vascular
permeability in pulmonary vascular endothelial cells [39].
The HMGB/1 receptors RAGE and TLR4 have already been
reported to express abundantly on the surface of HMVECs
[34, 40-42]. Extracellular HMGB1 binds to either RAGE
or TLR4 on the surface of vascular endothelial cells and
activates them via the p38MAPK pathway [25, 38, 43].
Activation of the p38MAPK pathway in vascular endothe-
lial cells has been reported to increase the expression of
F-actin, and to promote phosphorylation of ezrin/radixin/
moesin family proteins, leading to cytoskeletal changes and
hyperpermeability [25, 38, 43]. In this study, we observed
that HMGB1 was released following TNF-a stimulation
or influenza A (H3N2) infection; this could lead to activa-
tion of HMVECs through RAGE and TLR4, changing the
cytoskeleton to a spindle shape and expanding the intercel-
lular spaces, thereby increasing the vascular permeability. It
was considered that the anti-HMGB1 mAb suppressed the
activation of HMVECS by neutralizing the released extracel-
lular HMGB1 and inhibited the changes in cell morphology
and the increase in permeability.

We confirmed that anti-HMGB1 mAb suppressed the
production of cytokines/chemokines such as IL-6, G-CSF,
GM-CSF, and IP-10 from HMVECs. Several studies show
that TNF-a stimulation or influenza infection induces the
secretion of inflammatory cytokines from HMVECs by
activating the p38 MAPK and c-Jun N-terminal kinase
pathways in endothelial cells [21, 25, 44]. Nuclear factor
kB is activated in endothelial cells, which is thought to
increase the production of cytokines/chemokines [25, 43,
44]. IL-6 and IP-10 have been histopathologically found in
pulmonary bronchial epithelial cells and endothelial cells
of patients with severe influenza ARDS [45]. Clinically,
high blood concentrations of IL-6, G-CSF, GM-CSF, and
IP-10 have been reported to be indicators of the risk of
death in patients with severe influenza pneumonia [46, 47].
In particular, vascular endothelial cells express the IL-6
receptor and are directly activated by IL-6 via the Janus
kinase-signal transducer and activator of transcription 3

pathway, resulting in the release of HMGB1 [35-37]. Our
study suggests that anti-HMGB1 mAb suppresses the acti-
vation of HMVECs and prevents further exacerbation of
hyperinflammation by specifically inhibiting extracellular
HMGBI1. As for IL-6, the anti-HMGB1 mAb inhibited
further activation of HMVECs, which may have inhib-
ited the release of IL-6 into the supernatant. By inhibiting
extracellular HMGB1 and suppressing the release of I1L-6,
the activation of HMVECs by IL-6 may also have been
suppressed. This might also inhibit the subsequent release
of cytokines/chemokines and the morphological changes
of the HMVEC:s. In terms of the relationship between anti-
HMGB1 mAb and HMVECs, anti-HMGB1 mAb might,
not only directly inhibit the inflammatory effect of extra-
cellular HMGB/1, but also indirectly inhibit IL-6-induced
activation of HMVECs.

In this study, anti-HMGB1 mAb exerted the anti-
inflammatory effect by inhibiting extracellular HMGB1
from activating HMVECs. On the other hand, there was
no effect of anti-HMGB1 mAb on the direct HMVEC
activation due to TNF-a stimulation or influenza A
(H3N2) infection. Here we confirmed that the produc-
tion of RANTES from HMVECs was not suppressed by
anti-HMGB1 mAb. This result indicates that the activa-
tion of HMVECs by extracellular HMGB1 was not mainly
involved in RANTES production. IP-10 was produced in a
much larger amount by influenza A (H3N2) infection than
TNF-a stimulation. Since IP-10 production from HMVECs
was decreased by treatment of anti-HMGB1 mAb, acti-
vation of HMVECs by extracellular HMGB1 would be
involved in IP-10 production. However, the IP-10 produc-
tion owing to influenza A (H3N2) infection was so high
that the inhibition of IP-10 by anti-HMGB1 mAb in influ-
enza A (H3N2) infection needs to be carefully examined.

We observed that the effect of anti-HMGB1 mAb on
HMVEQC:s in suppressing hyper-permeability or cytokine/
chemokine production might be due to suppression of
influenza A virus infection or propagation. Therefore, we
evaluated the effect of anti-HMGB1 mAb on influenza A
virus replication. The gene expression of influenza virus
M1 protein increased after influenza A (H3N2) infection
in a time-dependent manner. However, no decrease in
viral M1 protein gene expression was observed, despite
the introduction of the anti-HMGB1 mAb. We previ-
ously reported that the administration of HMGB1 mAb
improved the survival rate and inhibited the cytokine/
chemokine expression in the lungs, but it did not decrease
virus propagation in vivo [18, 19], which is consistent with
our observation in this study. We suppose that the inhibi-
tory effect of hyper-permeability or cytokine/chemokine
production observed in our study was not due to the inhibi-
tion of virus infection or replication, but to the inhibition
of downstream inflammation after infection.

@ Springer
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Conclusions

We showed that an anti-HMGB1 mAb could suppress
hyper-permeability and cytokine production in HMVECs
caused by TNF-a stimulation or influenza A (H3N2) infec-
tion. These observations may facilitate the development
of new therapeutic strategies for severe viral pneumonia
and ARDS.
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