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Severe infections with influenza virus are characterized by acute respiratory distress syndrome (ARDS), a
life-threatening disorder in which the alveolocapillary membrane in the lung becomes leaky. This leads to
alveolar flooding, hypoxemia and respiratory failure. Recent data suggest that influenza virus can exert
both direct and indirect effects on the lung endothelium, activating it and inducing microvascular leak.
These findings raise the possibility that enhancing lung endothelial barrier integrity or modulating lung
endothelial activation may prove therapeutically useful for severe influenza. In this paper, we review evi-
dence that lung endothelial activation and vascular leak are a “final common pathway” in severe influ-
enza, as has been reported in bacterial sepsis, and that enhancing endothelial barrier function may
improve the outcome of illness. We describe a number of experimental therapies that have shown prom-
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ise in preventing or reversing increased vascular leak in animal models of sepsis or influenza.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Most cases of influenza are mild and self-limited, but a small
percentage require hospitalization; infants, the elderly and persons
with underlying chronic illness are especially vulnerable to fatal
illness (Thompson et al., 2003, 2004; Lee et al., 2010). The develop-
ment of severe influenza reflects a combination of pathologic pro-
cesses, including the spread of viral infection from the upper to the
lower respiratory tract, bacterial superinfection of injured mucosal
surfaces and the effect of host inflammatory responses on pulmon-
ary function. Attempts to treat severe influenza by blocking viral
replication are hindered by the few available antivirals, the
increasing prevalence of drug-resistant variants and the limited
efficacy of antiviral therapy once extensive pulmonary injury has
occurred. New treatments are therefore needed to complement
antiviral therapy by targeting deleterious host responses.

The inflammatory response to infection is defined primarily by
altered vascular function, in which the endothelial barrier opens to
permit the passage of immune cells, antibody and complement
molecules and other substances from the bloodstream into the tis-
sues. In the lungs, this standard response to injury results in the
shift of fluid into alveolar spaces, which in the case of severe infec-
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tion may lead to progressive respiratory compromise (acute respi-
ratory distress syndrome, ARDS). Therapies that counteract the
adverse effects of pulmonary inflammation on endothelial function
might therefore be of significant clinical benefit. Although the con-
cept of targeting host responses has long been accepted in the field
of sepsis (Brun-Buisson et al., 1995; Beutler, 1993), it has only re-
cently found favor in influenza research (Steinberg et al., 2012). In
this paper, we review evidence that lung endothelial activation and
vascular leak is a “final common pathway” in severe influenza, as it
is in bacterial sepsis (Goldenberg et al., 2011; Lee and Slutsky,
2010), and that enhancing endothelial barrier function may im-
prove the outcome of illness. We describe a number of experimen-
tal therapies that have shown promise in preventing or reversing
increased vascular leak in animal models of sepsis or influenza
(see Table 1). We also note recent experimental data suggesting
that influenza virus can spread from the respiratory epithelium
to infect adjacent endothelial cells, providing a further rationale
for novel therapies targeting the pulmonary vasculature.

2. Mechanisms of increased endothelial permeability

How influenza virus infection causes ARDS is poorly under-
stood. The virus infects the bronchial epithelium, leading to epithe-
lial injury, apoptosis and frank desquamation (Kuiken and
Taubenberger, 2008). In uncomplicated infections, these changes
to the airway epithelium are transient and the process of repair
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is evident within days. However, in primary viral pneumonia, influ-
enza virus spreads from the upper to the lower respiratory tract
(Mauad et al., 2010), infecting the distal lung, particularly type I
pneumocytes and ciliated bronchiolar epithelium. This leads to
damage to the alveoli including frank alveolar denudement (Kui-
ken and Taubenberger, 2008). Type Il pneumocytes and alveolar
macrophages can also be infected. In the 1957 influenza pandemic,
primary viral pneumonia accounted for about 20% of deaths (Kui-
ken and Taubenberger, 2008), with the remainder attributed to
bacterial superinfection and pneumonia. More recent data indicate
that the predominant cause of death in the influenza A virus
(HIN1pdmO09) pandemic was ARDS (Mauad et al., 2010), either
alone or in association with bacterial superinfection (Gill et al.,
2010). In seasonal influenza outbreaks, 10-15% of deaths are di-
rectly attributable to virus-induced pneumonia and respiratory
failure (Schanzer et al., 2007; Thompson et al., 2003). However,
the mechanism of ARDS in virus-induced pneumonia is not clear,
since lung epithelial apoptosis alone is not sufficient to induce leak
of the lung alveolocapillary membrane (Mura et al., 2010).
Influenza virus is known to interfere with alveolar fluid clear-
ance, by interfering with the function of the epithelial sodium
channel (ENaC), which regulates fluid absorption from the alveolar
space (Chen et al., 2004; Kunzelmann et al., 2000; Lazrak et al.,
2009; Wolk et al., 2008). Indeed, a decrease in alveolar fluid clear-
ance correlates with poor outcomes in patients with ARDS (Ware
and Matthay, 2001). These effects would diminish or delay the res-
olution of pulmonary edema, and may also contribute to its forma-
tion (Lee et al., 2007). However, attempts to increase alveolar fluid
clearance pharmacologically as a treatment for ARDS have proved
disappointing (Gao Smith et al., 2012). Furthermore, the effect of
the virus on the other half of the alveolocapillary membrane, the
lung endothelium, remains largely unexplored. Indeed, a loss of
lung endothelial barrier function is a major determinant of the for-
mation of pulmonary edema in ARDS (Maniatis and Orfanos, 2008).
The average thickness of the alveolocapillary membrane is just
over 1 pum, including the alveolar epithelium, the thin interstitium
and the lung microvascular endothelium (Weibel and Knight,
1964). In some regions, the barrier is as thin as 100-200 nm. Hence

the epithelium and endothelium are in very close proximity, mak-
ing an interaction between the virus and the endothelium plausi-
ble. Infection of the alveolar epithelium leads to cell death and
the release of new virions (Kuiken and Taubenberger, 2008; Mori
et al., 1995), exposing the endothelium to viral particles and to epi-
thelial and leukocyte paracrine factors (Fig. 1).

There are multiple overlapping mechanisms by which influenza
virus could induce increased lung endothelial permeability. One of
the main contributors is pro-inflammatory cytokines produced by
leukocytes, lung epithelium and the lung endothelium. For in-
stance, infections with both H5N1 avian influenza virus (Schmolke
et al., 2009) and influenza A (H1N1pdmO9) virus (Bermejo-Martin
et al., 2009) have been associated with markedly elevated circulat-
ing cytokines, including TNFo and IL-6, which are well known to
cause increased endothelial permeability (Ferro et al., 2000; Maruo
et al., 1992). While leukocytes have traditionally been considered
the major source of pro-inflammatory cytokines, Teijaro et al. have
recently implicated lung endothelial cells as being key regulators
of the process, if not the actual source (Teijaro et al., 2011). Their
data suggest that a small-molecule agonist of the S1P (sphingo-
sine-1-phosphate) receptor (subtype 1) is sufficient to protect
against lethal influenza, largely by reducing pro-inflammatory
cytokine production. The agent also inhibited the recruitment of
neutrophils and macrophages/monocytes to the lung. Remarkably,
impairment of leukocyte recruitment did not account for the
blunted cytokine storm, suggesting that endothelial cells may have
been the source of the cytokines. Although S1P itself is known to
reduce endothelial permeability (Garcia et al., 2001), the authors
did not assess vascular leakage in the lung making it unclear what
role (if any) barrier enhancement played in the benefit from the
drug. Nonetheless, the results make a compelling case that both
the lung endothelium and cytokines are critical to the pathogenesis
of severe influenza.

The recruitment of leukocytes to the lung has also been postu-
lated to be involved in ARDS after influenza. Neutrophils in partic-
ular have been implicated in causing lung endothelial damage,
through the generation of neutrophil extracellular traps (Nar-
asaraju et al., 2011), the secretion of elastase (Lee and Downey,

Table 1
Selected pharmacologic agents that have been evaluated for their ability to block experimental vascular leak in laboratory animals.
Agent Therapeutic target Animal models of vascular leak tested Reference
Slit2N Activates Robo4; causes retention of VE- LPS-induced acute lung injury in C57BL/6 mice; CLP London et al. (2010)

cadherin at cell-cell junctions; may affect
leukocytes

Induction of VE-cadherin expression and

decrease in VE-cadherin phosphorylation

Doxycycline

Vasculotide Tie2 receptor agonist; reduces VE-cadherin
loss and cytoskeletal rearrangement; may
affect leukocyte recruitment and cytokine
levels

Effect on permeability mediated through the
EPCR and PAR1 receptors; may decrease

endothelial cell apoptosis

Activated protein C

Atrial naturetic peptide
(ANP)

Acts on atrial naturetic peptide receptor (NPR)-
A; strengthens cortical actin through activation
of Rac and inhibition of Rho; inhibits changes
in VE-cadherin

Sphingosine-1-
phosphate (S1P)

Binds to endothelial differentiation gene (Edg)
family of receptors; thickens cortical actin
through activation of Rac; reduces pro-
inflammatory cytokine production

in C57BL/6 mice; H5N1 infection in BALB/c mice

IL-2 associated pulmonary edema in C57BIl/6] mice;
tumour vascular permeability in C57BI/6] mice;
DTH reactions in C57BI/6] mice; H3N2 infection of
BALB/c mice

CLP sepsis in C57B1/6 mice; LPS-induced lung injury
in C57Bl/6 mice

Endotoxemia (LPS given parenterally) in C57BI/6,
EPCR®?, and PAR1~/~ mice; sepsis models (IP
infection by S. aureus or E. coli, and colon ascendens
stent implantation)

Lung injury induced by Staphylococcus aureus-
derived peptidoglycan and/or lipoteichoic acid in
C57B1/6 and NPPA~/~ (ANP knockout) mice; LPS-
induced lung injury in C57BI/6 and NPPA~/~ mice;
histamine-induced vascular permeability in the
cremaster muscle of C57BI/6 mice

Lung injury in the context of acute necrotizing
pancreatitis in Wistar rats; ischemia-reperfusion
injury in the kidneys of C57BI/6 mice; LPS-induced
acute lung injury in C57BI/6 mice; lung injury
caused by high tidal volume mechanical ventilation
in C57BIl/6 mice and beagle dogs

Fainaru et al. (2008)Ng et al.
(2012)

David et al. (2011), Kumpers
et al. (2011)

Kerschen et al. (2007)

Birukova et al. (2010), Xing
et al. (2011)

Awad et al. (2006), Liu et al.
(2008), McVerry et al.
(2004), Peng et al. (2004)

Abbreviations: LPS, lipopolysaccharide; CLP, cecal ligation and perforation.
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Fig. 1. The alveolar epithelium and microvascular endothelium are in very close proxiity. Together with the interstitium, they form the alveolocapillary membrane, which
ranges in diameter from 100 nm to just over 1 um. When influenza virus infects the alveolar epithelium, it replicates and induces apoptosis, releasing new virions that could
infect the endothelium. Infected epithelial cells also release inflammatory mediators, which could induce endothelial leak. Influenza virus infection is associated with
leukocyte infiltration into the lung; neutrophils in particular release cytokines, reactive oxygen species, elastase and nucleic acids (e.g., neutrophil extracellular traps), which

may all contribute to endothelial barrier disruption.

2001a) and the generation of reactive oxygen species (Lee and
Downey, 2001b). In contrast, macrophages appear to be protective
against influenza (Cao et al.,, 2012), since macrophage-depleted
mice displayed worsened lung injury and increased neutrophil
accumulation in the lung (Narasaraju et al., 2011).

After infection with H5N1 avian influenza virus, endothelial cell
activation and barrier dysfunction may be related to the transcrip-
tion factor NF-kB (Schmolke et al., 2009). Schmolke et al. found
that the H5N1 avian influenza virus induces many genes in the
endothelium, most of which are downstream of NF-xB. This tran-
scription factor is of particular interest because of elegant work
by others showing that endothelial cell-specific blockade of NF-xB
activation reduces lung edema, neutrophil infiltration, and mortal-
ity after E. coli bacteremia or after cecal ligation and perforation
(Xu et al., 2010; Ye et al., 2008). This benefit was independent of
bacterial clearance. While the mechanism of increased vascular
permeability in response to endothelial NF-kB activation has not
been elucidated, many of the downstream genes, such as cytokines,
are pro-inflammatory and can induce leak. Elegant work suggests
that excessive endothelial activation leads to endothelial apoptosis
in association with decreased survival from sepsis (Minami et al.,
2009). An effect of the influenza virus infection on lung endothelial
NF-kB could therefore lead to loss of the endothelial barrier. Recent
research also suggests that cytokines can induce endothelial leak
independently of NF-xB (Zhu et al., 2012) and it will be interesting
to determine if this pathway is involved in influenza virus
infection.

Last, but not least, endothelial barrier dysfunction could result
from direct cytopathic effects of the virus. Human endothelial cells
are known to express 0.2,6-linked sialic acid residues, the receptor
for human influenza virus (Abe et al., 1999; Yao et al., 2008);
expression increases when endothelial cells are stimulated with
cytokines, as might occur in serious infections (Hanasaki et al.,

1994). In fact, influenza virus infection of the lung endothelium
has been observed in vitro and causes endothelial cell death (Arm-
strong et al., 2012), cytokine production (Visseren et al., 1999;
Wang et al., 2010) as well as a decrease in the expression of endo-
thelial cell junctional proteins (Armstrong et al., 2012; Wang et al.,
2010) that lead to increased permeability. While the respiratory
epithelium is the primary target of influenza virus, the proximity
of the lung microvascular endothelium to the alveolar epithelium,
combined with the damage that the virus causes to the epithelium,
provides a plausible route through which it could come into con-
tact with the endothelium. However, the relative contribution of
direct endothelial infection to the pathogenesis of severe influenza
is unknown.

In summary, loss of the endothelial barrier through both indi-
rect (paracrine) and direct (cytopathic) mechanisms may contrib-
ute to pathology from influenza.

3. Is blocking endothelial leak a viable therapeutic strategy in
severe influenza?

Although almost all patients with severe influenza are treated
with an antiviral drug, treatment is only partially effective at
reducing mortality (McGeer et al., 2007). This supports the notion
that the severity of illness and patient outcomes are dependent on
factors related to the host rather than just the infectious agent
(Marcelin et al., 2011). Whether lung endothelial activation and
barrier dysfunction contribute to the morbidity and mortality of
severe influenza should be directly tested, as it would have marked
implications for therapy.

While numerous putative endothelial barrier-enhancing agents
exist (Goldenberg et al., 2011) (see Table 1), much of the work is
based on cell culture experiments and must be repeated in ani-
mals. The most widely used animal model of severe influenza is
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C57BL/6 mice, which are inoculated with murine-adapted influ-
enza viruses by the droplet or aerosol route. The phenotype in af-
fected animals is characterized by weight loss and lethargy. Lung
pathology is notable for infiltration by neutrophils and macro-
phages and the development of peribronchial inflammation, alveo-
lar damage, hemorrhage and edema (Narasaraju et al., 2011), and is
more pronounced for H5N1 and the 1918 HIN1 influenza virus
(Perrone et al., 2008). Although this model is widely accepted, a re-
cent provocative study has called into question the accuracy of
mouse models of human inflammatory diseases (Seok et al.,
2013). In addition to mice, ferrets have long been utilized to study
influenza pathogenesis, vaccination, and antiviral agents. Their
utility has been limited by the lack of reagents, but recent advances
including the characterization of the host response to the virus
(Leon et al., 2013) and sequencing of the ferret genome (Broad-
Institute, 2013) will likely broaden the use of this model by the
influenza community.

Very few endothelial barrier-enhancing compounds have been
tested in animal models of influenza, in part because the impor-
tance of the vascular barrier has only recently been appreciated,
but also because endothelial-specific reagents are few in number.
Slit2N was shown in vitro to enhance the retention of VE-cadherin
at endothelial cell-cell junctions and, when given intravenously to
mice at the time of H5N1 virus infection, improved survival and re-
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duced lung inflammation without altering lung cytokine levels or
viral titers (London et al., 2010) (see Fig. 2, reprinted with permis-
sion). While promising, it remains unclear if Slit's benefit is medi-
ated mostly through endothelial barrier-enhancement or through
effects on leukocytes (Ye et al., 2010). Another putative barrier-
enhancing compound is the antibiotic doxycycline. Doxycycline
has been reported to decrease vascular leak by inducing expression
of VE-cadherin, the major constituent of intercellular adherens
junctions (Fainaru et al., 2008). Interestingly, it was also recently
found to decrease lung injury after H3N2 influenza virus (Ng
et al.,, 2012). In that study, doxycycline was administered orally
and had no effect on flu-induced weight loss, but lung permeability
and leukocyte recruitment were significantly lower in the treated
group. The authors did not examine VE-cadherin levels and attrib-
uted the benefit to inhibition of matrix metalloproteases, which
may contribute to alveolocapillary barrier dysfunction. It is also
unfortunate that no effect of doxycycline on survival was reported
in that study and that viral titers were paradoxically highest in the
animals receiving doxycycline.

There are other barrier-enhancing agents which have not yet
been tested in the context of influenza virus infection. Vasculotide
is a synthetic Tie2 agonist that has been shown to reduce the loss
of VE-cadherin and the cytoskeleton rearrangement that occurs
in vitro to endothelial cells exposed to endotoxin. Tie2 is the cell-
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Fig. 2. Cytokines and other inflammatory mediators cause disassembly of endothelial cell-cell junctions. This results in leakage of vascular fluid into the interstitial space,
producing edema. Mechanisms of junctional disassembly include internalization of VE-cadherin and rearrangement of the actin cytoskeleton. One barrier-enhancing agent,
Slit2N, acts via the Robo4 receptor to foster retention of VE-cadherin at the cell membrane, thereby sparing the cell-cell junction from disruption. From Lee and Slutsky

(2010), Copyright© (2010) Massachusetts Medical Society. Reprinted with permission.
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surface receptor for angiopoietins, hormones that regulate endo-
thelial permeability and activation (Wong et al., 1997). Intrigu-
ingly, Vasculotide improved survival and reduced lung
microvascular leak, both in mice injected with endotoxin and in
mice subjected to cecal ligation and perforation (David et al.,
2011; Kumpers et al., 2011). Although these findings are from
models of sepsis, it is worth noting that endotoxemia is essentially
a model of systemic hypercytokinemia (Wang et al., 1999), similar
to that which has been postulated to occur in severe HIN1 and
H5N1 influenza (London et al.,, 2010). In collaboration with Dr.
Dan Dumont, one of our labs (WLL) is currently studying whether
Vasculotide is effective in a murine model of severe influenza.

Lastly, activated protein C, which had been approved for use in
sepsis, was recently withdrawn from the market for lack of effi-
cacy. One of its major adverse effects was bleeding. Intriguingly,
however, modified protein C derivatives have been generated that
possess little effect on coagulation, but are still capable of reducing
vascular leak, lung inflammation and mortality after endotoxemia
and cecal ligation and perforation (Kerschen et al., 2007). Whether
these non-anticoagulant versions of activated protein C would be
beneficial in severe influenza is unknown. Other barrier-enhancing
agents, such as atrial naturetic peptide (ANP) and S1P, have been
tested in animals in various models of vascular leak (Awad et al.,
2006; Birukova et al., 2010; Furst et al., 2008; Liu et al., 2008; McV-
erry et al., 2004; Peng et al., 2004; Xing et al., 2011). However, nei-
ther has yet been tested in the context of influenza.

A final point is that, to reflect clinical practice, barrier-enhanc-
ing agents should ideally be administered to animals in combina-
tion with antiviral drugs. This approach is appealing, because
antiviral drugs alone only partially reduce human mortality, and
enhancing the lung endothelial barrier is likely to be more effective
when viral replication has been halted. A potential experiment
could involve administering a suboptimal dose of an antiviral drug,
which when given alone permits the development of clinical ill-
ness (Nguyen et al., 2012); the effect of adding a barrier-enhancing
agent such as Vasculotide on outcomes such as weight loss, pul-
monary edema and acute lung injury could then be assessed.
Objective scoring criteria for acute lung injury have been described
(Matute-Bello et al., 2001) and could be used in a blinded study to
quantify changes in lung histopathology. In all such experiments, it
will be important to exclude any direct effects of barrier-enhancing
agents on viral replication and leukocyte function (e.g. chemotaxis,
cytokine production), which might confound the results.

4. Conclusions

A number of lines of evidence suggest that the lung endothe-
lium plays a critical role in the pathogenesis of severe influenza.
Loss of endothelial barrier integrity, combined with impaired alve-
olar fluid clearance, leads to alveolar flooding and hypoxemia,
while the state of endothelial activation regulates diverse pro-
cesses including cytokine production, leukocyte recruitment and
cellular apoptosis. Investigators should consider testing whether
enhancement of the endothelial barrier or modulation of endothe-
lial activation can improve the outcome of severe influenza. Bar-
rier-enhancing agents could be tested alone or in combination
with antiviral drugs. Importantly, agents that reduce lung vascular
leak should theoretically be less susceptible to the development of
viral drug resistance, as they target the host, not the pathogen.
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