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Background. Severe influenza is characterized by cytokine storm and multiorgan failure with edema. The aim
of this study was to define the impact of the cytokine storm on the pathogenesis of vascular hyperpermeability
in severe influenza.

Methods. Weanling mice were infected with influenza A WSN/33(H1N1) virus. The levels of proinflammatory
cytokines, tumor necrosis factor (TNF) «, interleukin (IL) 6, IL-1(3, and trypsin were analyzed in the lung, brain,
heart, and cultured human umbilical vein endothelial cells. The effects of transcriptional inhibitors on cytokine
and trypsin expressions and viral replication were determined.

Results. Influenza A virus infection resulted in significant increases in TNF-a, IL-6, IL-1f, viral hemagglutinin-
processing protease trypsin levels, and viral replication with vascular hyperpermeability in lung and brain in the
first 6 days of infection. Trypsin upregulation was suppressed by transcriptional inhibition of cytokines in vivo
and by anti-cytokine antibodies in endothelial cells. Calcium mobilization and loss of tight junction constituent,
zonula occludens-1, associated with cytokine- and trypsin-induced endothelial hyperpermeability were inhibited

by a protease-activated receptor-2 antagonist and a trypsin inhibitor.

Conclusions.
permeability in severe influenza.

The influenza virus—cytokine-protease cycle is one of the key mechanisms of vascular hyper-

Influenza A virus is the most common infectious path-
ogen in humans and causes significant morbidity and
mortality, particularly in infants and the elderly pop-
ulation [1, 2]. Multiorgan failure with severe edema is
observed in the advanced stage of influenza pneumonia
and influenza-associated encephalopathy [3, 4]. How-
ever, the relationship between factors that induce vas-
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cular hyperpermeability and multiorgan failure in se-
vere influenza remains unclear.

Significant increases in levels of proinflammatory cy-
tokines such as tumor necrosis factor (TNF) «, inter-
leukin (IL) 6, and IL-1f3 (ie, cytokine storm) affect host
survival both positively and negatively [5-7]. The in-
flammatory response affects cell adhesion, permeability,
apoptosis, and mitochondrial reactive oxygen species,
potentially resulting in vascular dysfunction and mul-
tiorgan failure [8]. In addition, influenza A virus in-
fection upregulates several cellular proteases, including
ectopic trypsin [9] and matrix metalloprotease (MMP)
9 [10]. Ectopic trypsin, like tryptase Clara [11], me-
diates the post-translational proteolytic cleavage of viral
envelope hemagglutinin [12], which is crucial for viral
entry and replication [13-17] and subsequent tissue
damage in various organs [9, 16, 17]. Influenza A virus
infection significantly upregulates trypsin in endothelial
cells and in hippocampal neurons [9]. Because trypsin
efficiently converts pro-MMP-9 to active MMP-9 [18],
induction of both proteases synergistically degrades

basement membrane proteins, potentially destroying
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tight junctions and the blood-brain barrier, followed by mul-
tiorgan failure [19, 20].

The aim of the present study was to define the pathogenic
impact of cytokine storm in influenza A virus infection and
the molecular mechanisms by which proinflammatory cyto-
kines cause vascular dysfunction in animal models and in hu-
man vein endothelial cells. The results pointed to the role of
the influenza virus—cytokine-protease cycle as one of the main
mechanisms of vascular dysfunction in severe influenza.

MATERIALS AND METHODS

Animals and virus. Specified pathogen-free 3-week-old
weanling C57BL/6CrSlc female mice were obtained from Japan
SLC. Under ketamine anesthesia, 250 or 500 plaque-forming
units (PFU) of influenza A/WSN/33(HINT1) [21, 22] in 15 uL
of saline or saline alone as the vehicle was instilled intranasally
in mice. Mice (n = 10) also received inhibitors against nuclear
factor-kappa B (NF-«B), such as pyrrolidine dithiocarbamate
(10 mg/kg) and N-acetyl-L-cysteine (10 mg/kg) [23, 24], and
inhibitor against activator protein 1, nordihydroguaiaretic acid
(2.5 mg/kg) [25], intraperitoneally. These inhibitors were ad-
ministrated once daily for 4 days immediately after viral in-
fection (day 0). Virus titers were determined in Madin-Darby
canine kidney cells [11]. All animals were treated in accordance
with the guidelines of the animal care committee of the Uni-
versity of Tokushima.

Cell culture. Human umbilical vein endothelial cells (Lon-
za) were grown using the protocol supplied by the manufacturer.
The cells were infected by influenza A virus WSN at a multiplicity
of infection of 0.5 or treated with recombinant human IL-6,
TNF-c, and IL-13 (10 ng/mL of each) (PeproTec) in the presence
or absence of antibodies against these cytokines (Abcam).

Evaluation of vascular permeability. Vascular permeability
was analyzed by the Evan’s blue extravasation method [26].
One hour after intraperitoneal injection of 400 uL of 2% (w/
v) Evan’s blue dye in saline, the whole body was perfused with
saline through the cardiac ventricle. The leakage of dye was
detected macroscopically and by fluorescence microscope.

Enzyme-linked immunosorbent assay (ELISA). The levels
of IL-6, TNF-¢, and IL-1( in tissue homogenates and plasma
were measured using cytokine ELISA kits (BD Biosciences).

Western blotting and gelatin zymography. Tissues were
homogenized with 3 volumes of Tris-HCI, pH 6.8, containing
2% sodium dodecyl sulphate and 0.5 M NaCl, and centrifuged
at 12,000 g for 30 min. Human endothelial cells were lysed in
radioimmune precipitation buffer (Nacalai Tesque) at 4°C.
These extracts (30 pug protein) were electrophoresed and trans-
ferred to polyvinylidene difluoride membranes. Rabbit anti-
zonula occludens-1, anti-occludin antibodies (Zymed), and
anti-actin antibody (Chemicon) were used. Immunoreactive
bands were detected using chemiluminescence (Amersham Bio-

sciences). For gelatin zymography, the extracts (50 ug protein)
were subjected to electrophoresis on 10% gelatin zymogram
gels (Invitrogen) as reported previously [9].

Immunohistochemical  staining. Immunohistochemical
staining was conducted as described elsewhere [9]. Lung and
brain sections were reacted overnight with polyclonal antibod-
ies against human influenza A, B virus (Takara) at 4°C, washed,
and then reacted for 1 h at room temperature with a biotinylat-
ed second antibody. The sections were counterstained with
Mayer’s hematoxylin.

Permeability assay. Human endothelial cells grown to con-
fluence on 12-well tissue culture plates with FALCON Cell Cul-
ture Inserts (1.0 um), were exposed to the cytokines for 12 h
in the presence or absence of 50 uM of aprotinin (Nacalai
Tesque). Changes in the monolayer permeability were analyzed
and quantified as clearance of fluorescein isothiocyanate-dex-
tran from the upper chamber to lower chamber as reported
previously [27].

Reverse-transcription polymerase chain reaction (RT-PCR)
and real-time PCR. Total RNA was isolated from human
endothelial cells using an RNeasy Mini kit (Qiagen) and reverse
transcribed using Oligo primers and SuperScript III RT (Gibco
BRL) for complementary DNA synthesis. The following primer
pairs were used to amplify human trypsin (hPRSS): hPRSS
(forward primer [F], 5-ATCCAGGTGAGACTGGGAGAGC-
ACA-3’, nucleotide (nt) 222-246, and reverse primer [R], 5’-
GTAGACCTTGGTGTAGACTCCAGGC-3’, nt 692-716) and
those of viral NS1 as reported elsewhere [28]. RT-PCR and
quantification of gene expression by real time-PCR were per-
formed using Fast Start SYBR Green Master (Roche Diagnos-
tics) on an ABI Prism 7300 system [28].

Measurement of intracellular calcium levels. Human en-
dothelial cells were cultured on glass chamber slides until con-
fluence. After washing twice with calcium- and magnesium-
free phosphate-buffered saline (PBS—), the cells were incubated
with cytokines (10 ng/mL for each cytokine) for 10 h with or
without pretreatment for 30 min with 20 uM protease-activated
receptor (PAR) 2 antagonist peptide, FSY-NH, [29], or 50 uM
aprotinin at 37°C. The cells were also activated with 1 pug/mL
trypsin or 10 uM PAR-2 agonist peptide [30] for 30 min. The
cells were also treated for 5 h with 10 nM calcium ionophore
A23187 (Calbiochem) or 2 mM CaCl,. For imaging, 10 uM
Fluo-3/AM (Invitrogen) was introduced into the cells by in-
cubation for 30 min. The cells were then washed twice with
PBS— and incubated with 5 mM glucose in PBS— at 37°C.
Intracellular calcium ([Ca®'],) levels were analyzed using a con-
focal laser scanning microscope (model CM1900; Leica).

Statistical analysis.
standard error of the mean (from 3-5 independent experiments).

Results are presented as mean value +

Differences between groups were examined for statistical signif-
icance by the paired t test or 1-way analysis of variance. The
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Wilcoxon test for comparisons of Kaplan-Meier survival curves
was used. A P value <.05 was considered to be statistically
significant.

RESULTS

Upregulation by influenza A virus infection of cytokines and
ectopic trypsin and their suppression by inhibitors of NF-xB
and activator protein 1. Mice were infected with influenza
A virus WSN to study the pathogenic effects of cytokine storm
on vascular dysfunction. The levels of TNF-« and IL-6 in the
lungs, the site of initial virus infection, were increased persis-
tently for 6 days, and levels of IL-13 peaked at days 4—6 after
infection (Figure 1A). Because these cytokine responses are as-
sociated with activation of the transcription factors NF-«B and
activator protein 1 [7, 31-33], we treated mice once daily for
4 days with anti-oxidant inhibitors: pyrrolidine dithiocarba-
mate and N-acetyl-L-cysteine against NF-«kB activation, and
nordihydroguaiaretic acid against activator protein 1 activation.
Pyrrolidine dithiocarbamate and nordihydroguaiaretic acid sig-
nificantly suppressed the upregulation of TNF-« and IL-13
(P<.001), and N-acetyl-L-cysteine suppressed TNF-a (P<
.001) and IL-6 (P<.01) at day 4 after infection (Figure 1A).

Gelatin zymography showed upregulation of ectopic trypsin
in mice lung, brain, and heart during infection for 6 days
(Figure 1B). Trypsin induction was inhibited by treatment with
pyrrolidine dithiocarbamate, N-acetyl-L-cysteine, and nordih-
ydroguaiaretic acid, probably via blockade of NF-«kB and ac-
tivator protein 1 binding in the promoter region of the gene
(S. R. Talukder, unpublished data). Viral RNA replication in
various organs at day 4 after infection was suppressed by >1
order of magnitude by pyrrolidine dithiocarbamate, N-acetyl-
L-cysteine, and nordihydroguaiaretic acid (Figure 1C). Sup-
pression of viral multiplication and induction of cytokines and
trypsin by treatment with pyrrolidine dithiocarbamate, N-ace-
tyl-L-cysteine, and nordihydroguaiaretic acid significantly im-
proved the survival of mice at day 14 after infection (ie, the
late stage of infection) (Figure 1D).

Viral protein accumulation and increase in vascular per-
meability in lung and brain. The kinetics of viral replication
monitored by viral NS1 gene showed that the level of viral RNA
was the highest at day 4 after infection and decreased at day 6
in these organs (Figure 2A). To determine the pathogenesis of
tissue injury, the viral protein accumulation in the lung and
brain at day 4 after infection was analyzed by immunohisto-
chemical staining (Figure 2B). Viral protein was detected in
alveoli and terminal bronchioles in the lung and was also de-
tected in the brain, particularly in the hippocampus, neocortex,
brainstem, and brain capillaries.

Vascular hyperpermeability is one of the main complications
of organ injury in severe influenza. Vascular permeability was
analyzed by infiltration of Evans Blue dye in the lung and brain

after infection (Figure 2C and 2D). In contrast to no dye in-
filtration in uninfected animals, infected mice showed a pro-
gressive increase in vascular permeability in the lung and brain
at day 4 after infection. Fluorescence microscopy showed leak-
age of dye from the blood vessels in these organs (Figure 2D).

To elucidate the mechanisms underlying vascular dysfunction
in the brain, changes in the levels of tight-junction proteins,
intracellular zonula occludens-1 and transmembrane occludin,
and the matrix protein laminin were analyzed by Western blot-
ting. Marked reductions in the expression levels of tight-junc-
tion constituents were detected at day 4 after infection, which
were partly rescued by pyrrolidine dithiocarbamate, N-acetyl-
L-cysteine, or nordihydroguaiaretic acid (Figure 2E). No other
tight-junction protein, claudin-5, or matrix fibronectin and
type IV collagen was affected (data not shown).

Effects of influenza A virus infection and cytokine treatment
To clarify the linkage
between upregulated cytokines and trypsin and vascular hy-

on human endothelial cells in culture.

perpermeability after viral infection, the relationships among
these findings were examined in human endothelial cells. Viral
infection significantly increased TNF-« and IL-6 levels (2.7-
fold and 7.1-fold, respectively) but not IL-18 levels in the cul-
ture media in a time-dependent manner over a 24-h period
(Table 1).

Influenza A virus infection upregulated human trypsin/
hPRSS gene by approximately 2-fold in the cells after infection
for 6-12 h (Figure 3A). To analyze the linkage between cyto-
kines and trypsin in the cells, changes in the expression of
hPRSS gene were analyzed after exposure to 10 ng/mL TNF-
«, IL-6, and IL-13 instead of viral infection for 6 h (Figure
3B). All tested cytokines tended to upregulate hPRSS expression
levels, especially TNF-a (P<.01) and IL-18 (P< .05), although
less effectively than did viral infection, and the upregulation
was inhibited by simultaneous treatment of the respective neu-
tralizing antibodies (100 ng/mL) with these cytokines (P<
.05 for TNF-a; P<.01 for IL-13).

Relationship between cytokines and trypsin upregulation in
the loss of tight-junction proteins in human endothelial cells.
Treatment of the cells for 12 h with TNF-«, IL-6, and IL-183
markedly suppressed tight-junction protein zonula occludens-
1 levels and occluding levels slightly, and loss of these proteins
were abrogated by simultaneous treatment of the cells with 50
pM of the nonpermeable trypsin inhibitor aprotinin (Figure
4A). Furthermore, cytokine treatment disrupted the continuous
and linear arrangement of zonula occludens-1 among the cells,
and aprotinin inhibited the disruption (Figure 4B). Accord-
ingly, treatment with cytokines, especially IL-18 and TNF-q,
tended to increase endothelial cell monolayer permeability and
this effect was blocked by 50 uM of aprotinin (P<.05) (Figure
4C). These findings suggest that cytokines upregulate trypsin
in vascular endothelial cells and that secreted trypsin plays an
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Figure 1. Upregulation of cytokines and trypsin, increase in viral RNA after influenza A virus infection in mice, and effects of nuclear factor-kappa
B (NF-«B) and activator protein 1 inhibitors on the upregulation and survival of infected mice. A, Mice were infected with 250 plaque-forming units
(PFU) of influenza A WSN/33(HTN1) virus (WSN) with and without treatment with pyrrolidine dithiocarbamate (PDTC), N-acetyl-L-cysteine (NAC), and
nordihydroguaiaretic acid (NDGA). Levels of tumor necrosis factor (TNF) «, interleukin (IL) 6, and IL-183 in lung homogenates (n = 3) were analyzed
before (Control) and at day 2 (WSN-D2), day 4 (WSN-D4), and day 6 (WSN-D8) after infection. Cytokine levels in lungs of animals treated once daily
for 4 days with PDTC (PDTC-D4), NAC (NAC-D4), and NDGA (NDGA-D4) were also measured. Data are mean value =+ standard error of the mean
(SEM). **P< .01, * P< .001, versus WSN-D4. B, Trypsin activities analyzed by gelatin zymography of infected mice for 0—6 days. Animals were treated
with PDTC, NAC, and NDGA once daily for 4 days. Each lane represents the same experimental conditions as in A. C, Mice were infected with WSN
and also treated with PDTC, NAC, and NDGA. Quantitative analysis of viral NS1 RNA copies normalized by B-actin at day 4 after infection was
conducted by real-time polymerase chain reaction (1 = 3). Data are mean + SEM. "P<.001 versus without drug treatment. D, Mice of each group
(n = 10) were infected with WSN at 250 PFU and 500 PFU. Animals infected with WSN at 250 PFU were treated with PDTC, NAC, and NDGA once
daily for 4 days, and the survival rates of the different groups were compared. *P< .05, * P<.001 versus without drug treatment.
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Figure 2. Kinetics of viral proliferation, viral protein accumulation, increase in vascular permeability, and loss of tight-junction proteins in various
organs after influenza A WSN/33(HTN1) virus (WSN) infection. A, Detection of viral NS1 gene by reverse-transcription polymerase chain reaction (RT-
PCR) in the lung, heart, and brain of mice during 0—6 days after infection. B, Immunohistochemical detection of viral antigens in mouse lung and
brain at day 4 after infection. a, Hematoxylin and eosin staining of the lung (original magnification, X200). b, Immunoreactive deposits in the lung
(original magnification, X200). ¢, Viral antigen (arrowheads) in epithelial cells of respiratory bronchioles and infiltrated leukocytes in alveoli (original
magnification, X400). d, No immunoreactive deposits in the brain before infection (original magnification, X200). e, Virus antigen in the cornu ammonis
(CA) 1 and CA-2 and in the stratum granulosum of the dentate gyrus (DG) of the hippocampus (original magnification, X 200). , Virus antigen (arrowheads)
in the enlarged image of CA-1 (original magnification, X400). Scale bars are 100 um.C, Vascular permeability in the lung and brain analyzed by Evan’s
blue dye extravasation before (WSN-DO) and after infection at day 4 (WSN-D4). D, Fluorescent micrographs of Evan's blue leakage from capillaries
in the brain and lung before and after infection at day 4. E, Loss of tight-junction proteins, zonula occludens (Z0) 1 and occludin, and laminin in the
brain analyzed by Western immunoblotting at day 4 after infection and its restoration by pyrrolidine dithiocarbamate (PDTC), N-acetyl-L-cysteine (NAC),
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Table 1.

Proinflammatory Cytokine Levels in the Culture Media of Human En-

dothelial Cells after Influenza A WSN/33(H1N1) Virus Infection

Time after infection TNF-« IL-6 IL-18

0h 2.24 (0.94-1.08) 17.62 (0.78-1.31) 1.58 (0.94-1.06)
6 h 2.27 (0.64-1.44) 56.83 (3.08-3.39)° 1.56 (0.86-1.12)
12 h 4.17 (1.52-2.07)° 71.69 (3.65-4.34)° 1.59 (0.88-1.20)
24 h 6.11 (2.16-3.40)°  361.92 (19.83-21.34)° 1.76 (0.71-1.37)

NOTE. Data are median n-fold increase (interquartile range of n-fold increase). After viral in-
fection at a multiplicity of infection of 0.5, cytokine levels were measured in the culture medium
by enzyme-linked immunosorbent assay. Three independent experiments were conducted. IL,

interleukin; TNF, tumor necrosis factor.

? P<.01.
® P<.05.
¢ P<.001, versus before infection (0 h).

important mechanistic role in the loss of zonula occludens-1
and increased permeability.

Cytokines increase in the intracellular Ca’* levels via PAR-
2 in human endothelial cells. Inflammatory mediators cause
an increase in [Ca’*]; through G protein—coupled receptors,
leading to cytoskeletal reorganization in the microvascular en-
dothelium and consequent increase in permeability and tissue
edema [34]. Trypsin receptor PAR-2 is a G protein—coupled
receptor activated by trypsin and tryptase and plays an im-
portant role in increasing [Ca**]; [35]. To investigate the mech-
anisms underlying vascular hyperpermeability in severe influ-
enza, we treated human endothelial cells with cytokines,
trypsin, and PAR-2 agonist peptide in PBS— and then measured
[Ca’], (Figure 5). Marked [Ca’'], mobilization was found after
treatment of the cells with trypsin, PAR-2 agonist peptide, and
CaCl, for 10 h, whereas calcium ionophore A23187 decreased
[Ca*'],. Treatment with TNF-q, IL-13, and IL-6 also increased

A B
Oh 6 h 12 h

hPRSS
B-actin

(2]

=

## P< .01 =

=4

>

S

200 =

Ee]

—

<C

-
=
=]

% Change in hPRSS
expression

#I #I
Oh 6h 12h

Figure 3.
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[Ca*];, and the mobilization was suppressed by pretreatment
of the cells with PAR-2 antagonist, FSY-NH,, or aprotinin for
30 min. These results suggest that [Ca**], mobilization by pro-
inflammatory cytokines through activation of trypsin and its
receptor PAR-2 is one of the main mechanisms underlying
increased endothelial cell permeability.

DISCUSSION

The present study reports several new observations: (1) pro-
inflammatory cytokines, TNF-«, IL-10, and IL-6, when upreg-
ulated by influenza A virus infection, induce trypsin expression
in various organs and human endothelial cells; (2) the upreg-
ulated trypsin induces [Ca®']; mobilization via activation of the
PAR-2, followed by loss of zonula occludens-1 and vascular
hyperpermeability; (3) inhibitors of NF-«kB and activator pro-
tein 1 effectively suppress the upregulation of proinflammatory

H Cytokine 0O Anti-cytokine

#*P< .05

30 * I | ##,"*P< .01
28 I | #

26 w

24
22
20 A i L I

IL1p IL-6

Increase in human trypsin (hPRSS) expression in endothelial cells after influenza A WSN/33(H1N1) virus (WSN) infection and cytokine

treatment and its suppression by anti-cytokine antibodies. A, hPRSS messenger RNA (mRNA) levels in the cells measured by reverse-transcription
polymerase chain reaction (RT-PCR) after viral infection for 0—12 h and the percentage change in the expression. B, Increase in hPRSS mRNA levels
in the cells after treatment with cytokine (tumor necrosis factor [TNF] «, interleukin [IL] 8, and IL-13) for 6 h and its suppression by anti-cytokine
antibodies. Data are mean value =+ standard error of the mean. #P< .01, *P< .05 versus the control. **P< .01, *P< .05, versus treatment with each

antibody.
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Figure 4. loss of tight-junctions by cytokine treatment and its rescue by trypsin inhibitor. A, Western blotting analysis of tight-junction proteins,
zonula occludens (Z0) 1 and occludin, after treatment of the cells with cytokines for 12 h in the absence and presence of 50 uM aprotinin. Actin as
an internal control (Ctr). B, Representative example (from 3 separate experiments) of immunofluorescence showing decreased Z0-1 with cytokine
treatment and its restoration by aprotinin. C, Increased permeability of the cells treated with cytokines and its rescue by aprotinin (» = 3). Data are
mean value = standard error of the mean. *P< .05 between the values with and without aprotinin.
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Figure 5. Effects of cytokines, trypsin, and protease-activated receptor (PAR) 2 agonist on [Ca”], and rescue of the increase in [Ca”], by PAR-2
antagonist and aprotinin in endothelial cells. The cells were treated for 10 h with 1 ug/mL trypsin, 10 uM PAR-2 agonist, 10 uM calcium ionophore
A23187, and 2 mM CaCl,. The cells were stimulated without (control) or with 10 ng/mL tumor necrosis factor (TNF) «, interleukin (IL) 13, and IL-6.
For inhibition studies on [Ca*], the cells were pretreated for 30 min with 20 uM PAR-2 antagonist FSY-NH, or 50 uM aprotinin and then treated
with these cytokines. Fluorescence images of the cells were analyzed by a confocal microscope. [Ca®]; values (nM) are displayed using a color scale.
Scale bars are 25 pum.

cytokines and trypsin and improve the survival rates of infected storm in severe influenza and influenza-associated encepha-

mice. Based on these results, we propose the influenza virus— lopathy (Figure 6).
cytokine-protease cycle hypothesis as one of the mechanisms The significance of proinflammatory hypercytokinemia, or
of vascular dysfunction in multiorgan failure with cytokine cytokine storm, in the pathogenesis of influenza A virus in-
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Figure 6. The hypothesis of influenza virus—cytokine-protease cycle, which may affect the pathogenesis of vascular hyperpermeability and tissue
destruction in severe influenza. AP-1, activator protein 1; BBB, blood-brain barrier; PAR-2, protease-activated receptor 2; Z0-1, zonula occludens-1.

fection remains unclear. The positive effects include that cy-
tokines promote lymphocyte activation and infiltration at the
sites of infection and exert direct antiviral effects. However, the
negative effects of excess cytokines include the fact that the
hyperinflammatory process evoked by viral infection [8, 36]
may become harmful through intracellular activation of NF-
kB, activator protein 1, and the Janus kinase-signal transducers
and activators of transcription signaling pathways [31-33, 37,
38]. The in vivo experiments presented here showed that NF-
kB and activator protein 1 inhibitors markedly suppress the
expression of cytokines and trypsin, viral replication, and en-
dothelial dysfunction and result in a significant increase in the
survival of infected mice. Furthermore, cytokines interact with
mitochondria to increase the production of reactive oxygen
species, resulting in the production and activation of vasodilato-
ry mediators, such as nitric oxide and bradykinin, and sub-
sequent endothelial dysfunction and edema in various organs
(8] (Figure 6).

The molecular mechanisms underlying tight-junction dis-
ruption in endothelial cells and vascular hyperpermeability fol-

lowing the cytokine storm remain unclear. TNF-« upregulation
alters the cellular redox state, reduces the expression of 4 com-
plex I subunits by increasing mitochondrial O,” production
and depleting adenosine triphosphate (ATP) synthesis, de-
creases oxygen consumption (resulting in mitochondrial dam-
age) [8, 39], and increases [Ca’']; [40]. ATP depletion disso-
ciates zonula occludens-1 from the actin cytoskeleton and
thereby increases junctional permeability [41]. The present re-
sults allow us to propose a new mechanism of junctional per-
meability regulation: upregulated trypsin by influenza A virus
and/or proinflammatory cytokines induces increase in [Ca*];
and loss of zonula occludens-1 in endothelial cells via PAR-2
signaling. In contrast to the marked upregulation of cytokines
in the lungs (Figure 1A), upregulation of cytokines in the brain
was mild (data not shown), which suggests that the blood-
brain barrier destruction is the result of systemic effects of
cytokines produced in the lung in severe influenza. Anti-cy-
tokine antibodies and trypsin inhibitors may effectively sup-
press junctional permeability.

Endothelial dysfunction induced by the influenza virus—cy-
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tokine-protease cycle in the early stage of severe influenza may
also affect various circulating factors, coagulation factors, and
complement systems, as well as vascular interacting cells, such
as neutrophils, macrophages, and lymphocytes. Multiorgan fail-
ure is the final outcome of metabolic and mitochondrial fuel
disorder, immunosuppression, endocrine disorder, and tissue
injury followed by endothelial dysfunction in many organs.
Another key pathway of acute lung injury in the highly path-
ogenic avian influenza virus H5N1 and acute respiratory syn-
drome—corona virus infection reported recently involves oxi-
dative stress and the formation of oxidized phospholipids,
which induce lung injury via Toll-like receptor 4 signaling path-
way [42]. In addition to these data, upregulated trypsin and
proinflammatory cytokines may also affect tissue destruction
and immunosuppression in the late stage of influenza A virus
infection. Further studies are required on the role of the influ-
enza virus—cytokine-protease cycle in the pathogenesis of mul-
tiorgan failure, particularly in the late stage of viral infection.
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