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ABSTRACT A major cause of respiratory failure during influenza A virus (IAV) infection is damage to
the epithelial–endothelial barrier of the pulmonary alveolus. Damage to this barrier results in flooding of
the alveolar lumen with proteinaceous oedema fluid, erythrocytes and inflammatory cells. To date, the
exact roles of pulmonary epithelial and endothelial cells in this process remain unclear.

Here, we used an in vitro co-culture model to understand how IAV damages the pulmonary epithelial–
endothelial barrier. Human epithelial cells were seeded on the upper half of a transwell membrane while
human endothelial cells were seeded on the lower half. These cells were then grown in co-culture and IAV
was added to the upper chamber.

We showed that the addition of IAV (H1N1 and H5N1 subtypes) resulted in significant barrier damage.
Interestingly, we found that, while endothelial cells mounted a pro-inflammatory/pro-coagulant response
to a viral infection in the adjacent epithelial cells, damage to the alveolar epithelial–endothelial barrier
occurred independently of endothelial cells. Rather, barrier damage was associated with disruption of tight
junctions amongst epithelial cells, and specifically with loss of tight junction protein claudin-4.

Taken together, these data suggest that maintaining epithelial cell integrity is key in reducing pulmonary
oedema during IAV infection.
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Introduction
Influenza A virus (IAV) is a respiratory pathogen that causes significant worldwide morbidity and
mortality. Typically, IAV causes an acute infection of the upper respiratory tract. However, in severe cases,
IAV can cause an infection of the lower respiratory tract, resulting in viral pneumonia and acute
respiratory distress syndrome (ARDS). Central to the development of this respiratory dysfunction is
damage to the barrier formed by epithelial and endothelial cells in the alveolus. This barrier serves to limit
the amount of fluid present in the alveolar airspace, with the epithelial cell component being responsible
for the majority of this barrier function [1]. When the epithelial–endothelial barrier becomes damaged,
the alveolar airspace can flood with fluid, erythrocytes and leukocytes, ultimately preventing gas exchange
and causing severe respiratory insufficiency [2].

At present, how IAV damages the alveolar epithelial–endothelial barrier remains unclear and many
different mechanisms have been proposed [2]. For example, alveolar epithelial cells are not only essential
in keeping the lung free of fluid but they are also a target cell for IAV infection. IAV-induced epithelial cell
death is thus thought to play an important role in barrier dysfunction, and both epithelial cell apoptosis
and necrosis have been recorded in patients with IAV-induced ARDS [3, 4]. The apical junction complex
(AJC) linking adjacent epithelial cells is also a key part of the fluid barrier formed by the epithelial layer.
The AJC consists of tight junction proteins (such as claudins and zona occludens) and adherens junction
proteins (such as E-cadherin). By forming at the sites of cell–cell contact, the AJC regulates paracellular
permeability and ensures barrier integrity. Several viruses are known to damage the AJC of a wide variety
of different cell types [5–9]. However, to the best of our knowledge no study to date has investigated
whether IAV can damage the AJC of alveolar epithelial cells.

In addition to epithelial cells, there is a growing body of evidence that endothelial cells also play an
important role in IAV-induced oedema and alveolitis [10–12]. For example, in mice, endothelial cells have
been identified as the key drivers of the “cytokine storm” observed during severe IAV infections [11]. This
excessive cytokine production can either directly (e.g. via the induction of epithelial cell apoptosis) or
indirectly (e.g. via the recruitment of leukocytes) damage the epithelial–endothelial barrier [2, 13, 14]. The
inflammatory response to IAV may also result in the upregulation of tissue factor, which can be expressed
on both endothelial cells and leukocytes. Increased expression of tissue factor on endothelial cells during
IAV infection can result in an aberrant pro-coagulant state, leading to the consumption of coagulation
factors, microvascular leak and pulmonary haemorrhage [15–17]. Furthermore, a pro-coagulant state
induces the release of cytokines such as interleukin (IL)-6 and IL-8 [18], which may further enhance the
severity of an IAV-induced cytokine storm and any associated barrier damage. Accordingly, a reduction of
the pro-coagulant state of IAV-infected mice is associated with reduced lung injury and improved survival
rates [15]. Finally, several in vitro studies have suggested that, like epithelial cells, endothelial cells can be
infected by IAV [8, 19–22], resulting in cell apoptosis and degradation of the AJC. However, it is
important to recognise that, in contrast to infection studies of endothelial cell monolayers in vitro,
endothelial cells in vivo are situated below a monolayer of alveolar epithelial cells. Thus, the extent to
which endothelial cells get exposed to IAV during in vivo infection remains in question. Indeed, post
mortem studies of fatal human IAV cases and of animal models for influenza in humans show that IAV
infection of endothelial cells in vivo is either absent or rare [23, 24].

Here, we used an in vitro co-culture model of the alveolar epithelial–endothelial barrier to provide a new
insight as to the role of epithelial and endothelial cells in IAV-induced lung damage. We showed that
IAV-induced barrier damage is associated with a loss of integrity of the epithelial tight junction, and
specifically with a loss of the tight junction protein claudin-4.

Materials and methods
Cell culture
NCl-H441 cells (which morphologically display characteristics of type II pneumocytes and club cells) [25, 26]
were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in RPMI
(Gibco, Grand Island, NY, USA) with 10% fetal calf serum (FCS) (Sigma, St Louis, MO, USA) and 1%
penicillin-streptomycin (Lonza, Basel, Switzerland). ISO-HAS-1 cells (which have previously been described
to display the key features of endothelial cells) [27] were cultured in the same conditions. Primary human
pulmonary microvascular endothelial cells (HPMECs) were obtained from Sciencell (Carlsbad, CA, USA) and
cultured in endothelial cell growth medium (Sciencell). The co-culture model of the alveolar epithelial–
endothelial barrier was established essentially as described previously (for full details see the online
supplementary material) [25]. Where relevant, cell culture supernatants were treated with sera derived from
IAV-vaccinated rabbits, in order to prevent re-infection with IAV. The efficiency of this method in preventing
IAV infection was confirmed by flow cytometry (data not shown).
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Viral strains and titrations
Influenza virus strains A/PR8/8/34 (PR8/34; H1N1) and A/Indonesia/05/2005 (Indonesia/05; H5N1) were
used to model infection with IAV. Virus stocks were prepared in embryonated chicken eggs (PR8/34) or
on Madin Darby Canine Kidney (MDCK) cells (Indonesia/05). Titres of infectious virus were determined
as described previously [28].

Viral infection of cell cultures
2 h prior to infection, the medium of the transwell plate was refreshed with RPMI containing 2% FCS.
IAV was then added to the upper compartment of the transwell system. Multiplicity of infection (MOI)
was determined based on the average number of epithelial cells present on the transwell membrane prior
to infection.

Measurements of barrier integrity
An EVOM voltohmmeter (World Precision Instruments, Sarasota, FL, USA) with an STX-2 chopstick
electrode was used to measure the trans-barrier electrical resistance (TER). Alternatively, permeability to
fluorescein isothiocyanate (FITC)-dextran (Sigma) was assessed by adding 2 μg of FITC-dextran to the
upper compartment of the transwell system. Cells were then incubated for 3 h at 37°C, 5% CO2. 50 μL of
medium from the lower compartment was then added to 1 mM NaOH and the fluorescence intensity was
measured on a microplate reader (Tecan, Männedorf, Switzerland).

Lactate dehydrogenase release
Lactate dehydrogenase (LDH) release was determined using the CytoTox 96 Non-Radioactive Cytotoxicity
Assay (Promega, Mannheim, Germany) according to the manufacturer’s guidelines.

Time to thrombin generation
Time to thrombin generation was measured essentially as described previously [29]. See the supplementary
material for details.

RNA extraction, cDNA synthesis and quantitative PCR
RNA extraction is described in the supplementary material. cDNA was synthesised using SuperScript III
reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and random primers according to the
manufacturer’s instructions. TaqMan primer/probe combinations (Applied Biosystems, Carlsbad, CA,
USA) were used to measure the expression of selected cytokines using glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as a housekeeping gene. Quantitative PCR (qPCR) was performed using the 2×
universal PCR master mix (Applied Biosystems) and the following primer/probe combinations from
Applied Biosystems: GAPDH (Hs02758991_g1), tumour necrosis factor (TNF)-α (Hs01113624_g1),
chemokine (C-X-C motif ) ligand 8 (CXCL8; Hs00174103_m1) and chemokine (C-C motif ) ligand 2
(CCL2; Hs00234140_m1). Reactions were performed on a 7500 Real-Time PCR system (Applied
Biosystems) and gene expression was calculated using the 2−ΔΔCt method.

Microarrays
Preparation and analysis of microarray data is described in the supplementary material.

Electron microscopy
For electron microscopy, the medium was removed from the upper and lower compartments of a transwell
plate at 24 h post infection. 1.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) was then added to
both compartments in order to fix the cells. After 1 h at room temperature, the cells were treated with 1%
osmium tetroxide in 0.1 M cacodylate. The cells were then dehydrated in a graded ethanol series. The
transwell membrane was cut out and placed onto a plastic flat embedding mould where it was embedded
in Epon LX-112 (Ladd Research, Williston, VT, USA). Cross-sections (100 nm) of the cells were cut and
collected on carbon-coated pioloform slot grids and post-stained with a saturated aqueous solution of
uranyl acetate (20 min) and lead citrate (10 min). For imaging information, see the supplementary
material. Integrity of the junctions between epithelial cells was measured with the addition of 1%
lanthanum nitrate (Sigma) in the fixative added to the upper compartment. After 5 h at room temperature,
the cells were rinsed and kept overnight with 0.1 M phosphate buffer (pH 7.4) to precipitate the
lanthanum. The cells were then treated with 1% osmium tetroxide in 0.1 M cacodylate buffer, which, in
the upper compartment, also contained 1% lanthanum nitrate. Following processing, images were collected
at a magnification of 1900× with binning 2 (corresponding to a pixel size of 11.5 nm at the specimen
level). The permeability of the tight junctions in these images was then assessed by blindly determining
the number of lanthanum-positive junctions in mock- and IAV-infected samples.
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Immunofluorescence
Cells grown on a transwell membrane were fixed with 4% paraformaldehyde for ⩾20 min at room
temperature and subsequently washed with PBS. Cells were then permeabilised for 15 min at room
temperature with 1% Triton X (Sigma). Cells were stained with the relevant primary antibody followed by
the relevant secondary antibody in PBS/1% bovine serum albumin (Sigma)/0.5% Triton X for 1 h at room
temperature. Primary antibodies used were α-influenza A nucleoprotein (HB-65; American Type Culture
Collection), α-E-cadherin (Bioss Company, Beijing, China), α-occludin (Sigma), α-junctional adhesion
molecule 1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), α-zona occludin 1 and α-claudin-4 (both
Life Technologies, Gaithersburg, MD, USA). Secondary antibodies were Alexa 488 α-mouse IgG2a, Alexa
594 α-mouse IgG and Alexa 488 α-rabbit IgG (all from Life Technologies). Transwell membranes were
then washed three times with PBS, excised and mounted on a glass slide with mounting medium
containing 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA). Staining
was visualised using a Laser Scanning Microscope 700 (LSM 700) (Zeiss, Jena, Germany) and staining
intensity was quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis
Statistical analyses were performed using GraphPad Prism, version 5.00 for Windows (GraphPad Software,
La Jolla, CA, USA).

Results
IAV damages the alveolar barrier in an in vitro co-culture model
To understand the role of epithelial and endothelial cells in IAV-induced barrier damage, we adapted a
previously described model of the alveolar epithelial–endothelial barrier [25]. Briefly, alveolar epithelial
cells (NCl-H441 cells) were seeded atop a permeable transwell membrane while endothelial cells
(ISO-HAS-1 cells) were seeded directly below the transwell membrane (figure 1). To mimic IAV infection
via the respiratory route, PR8/34 was added to the upper compartment and barrier integrity was measured
over time. Infection with IAV at an MOI of 1 or 0.2 resulted in a significant decline in the TER compared
with mock-infected cells at 24 h post-infection (figure 2a). In contrast, there was no significant difference
in the TER between mock-treated cells and cells treated with UV-inactivated PR8/34. There was also a
significant increase in permeability to FITC-labelled dextran following IAV infection relative to
mock-infected cells (figure 2b). Together, these data demonstrate that IAV infection is able to damage this
in vitro epithelial–endothelial barrier.

To determine the cell tropism of IAV infection, the co-cultured epithelial and endothelial cells were
stained for IAV antigen. At 24 h post-infection at an MOI of 0.2, epithelial cells were positive for IAV
antigen (figure 2c), with ∼40% of cells being infected (data not shown). In contrast, no infection could be
detected in endothelial cells either by immunofluorescence (figure 2c) or flow cytometry (data not shown),
even though low levels of IAV were detected in the medium of the lower compartment of the co-culture
(figure 2d). We then sought to determine whether endothelial cells were at all permissive to IAV infection
in this system. Accordingly, a monoculture of endothelial cells was grown below the transwell membrane
and IAV was added to the upper compartment. At 24 h post-infection, endothelial cells stained positive for
IAV antigen (figure 2e). These data suggest that, although endothelial cells are permissive for IAV
infection, they do not become infected when IAV is inoculated on the epithelial layer of a co-culture, most
likely due to the limited number of virus particles that come into contact with endothelial cells.

IAV induces a stronger pro-inflammatory response in epithelial cells than in endothelial cells of
an in vitro alveolar barrier
Previous studies have suggested that endothelial cells are the key drivers of the cytokine storm during IAV
infection of mice [11]. Hence, we reasoned that despite not being infected by IAV, endothelial cells may play
a role in barrier dysfunction by producing pro-inflammatory cytokines in response to the infection in the
adjacent epithelial cells. Due to the permeability of the transwell membrane, cytokines detected in the lower

FIGURE 1 Schematic representation
of the in vitro model of the alveolar
epithelial–endothelial barrier.

Epithelial cells

Endothelial cells
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FIGURE 2 Influenza A virus (IAV) induces damage to an in vitro model of the alveolar epithelial–endothelial barrier. a) Measurement of the trans-barrier
electrical resistance (TER) of epithelial–endothelial co-cultures over time. Data are expressed relative to the TER recorded just prior to infection (which
was defined as 100%) with mock, UV-inactivated IAV (strain PR8/34 (H1N1)) or IAV (PR8/34) at a multiplicity of infection (MOI) of 0.2 or 1. b) Permeability
of epithelial–endothelial co-cultures to fluorescein isothiocyanate (FITC)-dextran. Data show the concentrations of FITC detected in the lower
compartment following the addition of 2 μg of FITC-dextran to the upper compartment. FITC-dextran was added to the upper compartment at 24 h
post-infection with IAV (PR8/34), and cells were incubated for 3 h prior to the measurement of FITC in the lower compartment. c) Representative
immunofluorescence images of co-culture transwell membranes at 24 h post-infection with either medium (“mock”) or IAV (PR8/34, MOI 0.2). Nuclei
are stained blue while the IAV nucleoprotein is stained red. Images are of epithelial and endothelial cells derived from the same membrane. d) Virus
titres detected in the supernatants of the upper and lower compartments of a co-culture at 24 h post-infection with medium (“mock”) or IAV (PR8/34,
MOI 0.2). The detection limit of the assay is indicated by a dotted line. TCID50: median tissue culture infective dose. e) Representative
immunofluorescence images of transwell membranes with a monoculture of endothelial cells stained for IAV antigen. Cells were infected with the
same dose of IAV (PR8/34) as those in c) and images were taken 24 h post-infection. Nuclei are stained in blue while the IAV nucleoprotein is stained in
red. a, b and d) Data are pooled from at least three independent experiments and shown as mean±SEM. Statistical significance relative to mock-infected
cells was calculated by a) two-way ANOVA or b) one-way ANOVA with Bonferroni’s multiple comparison test. *: p<0.05; ***: p<0.001.
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compartment are not necessarily produced exclusively by endothelial cells. Thus, in order to assess cytokine
production by endothelial cells, epithelial and endothelial cell populations were separated from the transwell
membrane. RNA was then extracted and microarray-assisted gene expression profiling was performed on
both cell populations. IAV-infected epithelial cells displayed 261 differentially expressed genes relative to
mock-infected cells. In contrast, endothelial cells exposed to IAV-infected epithelial cells only displayed 36
differentially expressed genes relative to endothelial cells that were exposed to mock-infected epithelial cells
(figure 3). Upregulated cytokine genes in endothelial cells included CXCL10, CCL2, CCL8, CXCL11 and
CXCL2. Several other genes associated with an anti-viral response (e.g. 2′-5′-oligoadenylate synthetase) and
leukocyte adhesion/diapedesis (e.g. vascular cell adhesion molecule 1) were also differentially expressed.
Interestingly, with the exception of CCL8 and CCL2, all cytokine genes that were differentially expressed in
endothelial cells were also differentially expressed in epithelial cells (figure 3), and often to higher levels. For
example, CCL20 was almost 30-fold upregulated in infected epithelial cells while only being two-fold
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upregulated in endothelial cells. Furthermore, several different cytokines (such as CCL20 and CXCL8) were
exclusively differentially expressed in epithelial cells (supplementary figure S1). To confirm these findings,
qPCR was subsequently performed on co-cultured epithelial and endothelial cells for two genes that were
differentially expressed in epithelial cells (TNF-α and CXCL8) and one gene that was differentially expressed
in endothelial cells (CCL2). Consistent with the microarray data, TNF-α and CXCL8 were significantly more
upregulated in epithelial cells than in endothelial cells (figure S1a). Surprisingly, CCL2 was upregulated in
both cell types, while the microarray data did not detect CCL2 upregulation in infected epithelial cells.
Finally, to confirm that some of the selected cytokines were also produced on a protein level, ELISAs were
performed on the cell supernatant from the upper and lower compartments of IAV- and mock-infected
co-cultures (figure S1b). As expected, statistically significantly higher levels of TNF-α and CXCL8 were
detected in the supernatant (upper and lower) of IAV-infected co-cultures compared with those that were
mock infected. Together, these data suggest that while endothelial cells mount a pro-inflammatory response
to the IAV infection in the adjacent epithelial cells, epithelial cells are the key drivers of the cytokine
response in this in vitro system.

IAV infection of epithelial cells results in a pro-coagulant state
An aberrant pro-coagulant response has been previously described to contribute to IAV pathogenesis [15, 16].
To determine if an IAV infection in epithelial cells was sufficient to induce a pro-coagulant state in the
adjacent endothelial cells, we measured the time to thrombin generation by incubating human plasma with
either IAV- or mock-infected co-cultures. IAV-infected co-cultures displayed a significantly reduced time to
thrombin generation compared with mock-infected co-cultures (figure 4). Thus, endothelial cells are able to
induce a pro-coagulant state, despite not being directly infected by IAV.

Endothelial cells do not contribute to damage of the in vitro alveolar barrier
While the production of cytokines and a pro-coagulant state may have important consequences in vivo, we
wished to determine if these, or other, features of endothelial cells contributed to the barrier damage
observed in vitro. To do so, we compared IAV-induced damage between epithelial–endothelial co-cultures
and monocultures of epithelial cells. In both situations, IAV significantly decreased the TER over time
(figure 5a). However, no significant difference in barrier damage was observed between IAV-infected
epithelial cell monocultures and IAV-infected co-cultures (figure 5a). Similarly, there was no significant
difference in the permeability of IAV-infected mono- and co-cultures to FITC-labelled dextran (figure 5b).
To confirm that these observations were not an artefact of the use of immortalised endothelial cells, or of
the model IAV strain used, we established a co-culture of epithelial cells and primary endothelial cells
(HPMECs) as well as a monoculture of epithelial cells. These cultures were then infected with the highly
pathogenic avian influenza virus Indonesia/05. Consistent with our previous observations with PR8/34 and
co-cultures using immortalised endothelial cells, infection with Indonesia/05 significantly decreased the
TER of epithelial–HPMEC co-cultures and epithelial monocultures over time (figure 5c). However, there
was no significant difference in TER observed between infected co-cultures and infected monocultures
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(figure 5c). Together, these data suggest that any soluble factors produced by endothelial cells during IAV
infection do not play a significant role in in vitro barrier damage.

Damage to the in vitro alveolar barrier is associated with damage to the epithelial cell tight
junction
We then sought to determine which features of the epithelial cell layer were being damaged by IAV infection.
IAV infection of epithelial cells can induce cell death, either by necrosis or apoptosis [3, 4, 30–32]. Thus, we
reasoned that the observed barrier damage could simply reflect IAV-induced epithelial cell death. To test this
hypothesis, IAV-infected and mock-infected epithelial cells were processed for electron microscopy and
examined for morphological changes (figure 6a). Both mock- and IAV-infected cells displayed similar
ultrastructural features. Indeed, the only obvious difference between the two treatment groups was that the
IAV-infected cells contained particles that were morphologically consistent with influenza virions. To confirm
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FIGURE 5 Influenza A virus (IAV)-induced damage is independent of endothelial cells. a) Measurement of the
trans-barrier electrical resistance (TER) of epithelial–endothelial co-cultures (CC) and epithelial
monocultures (MC) following infection with medium (“mock”) or IAV (strain PR8/34 (H1N1), at a multiplicity of
infection (MOI) of 0.2). b) Permeability of CC and MC to fluorescein isothiocyanate (FITC)-dextran following
infection with IAV (strain PR8/34, MOI 0.2). Data show the concentrations of FITC detected in the lower
compartment following the addition of 2 μg of FITC-dextran to the upper compartment. FITC-dextran was
added to the upper compartment at 24 h post-infection and cells were incubated for 3 h prior to the
measurement of FITC in the lower compartment. The data have been mock-subtracted. c) Measurement of
the TER of CC and MC following infection with medium (“mock”) or IAV strain Indonesia/05 (H5N1). All data
are pooled from at least three independent experiments and shown as mean±SEM. a and c) Data are expressed
relative to the TER recorded just prior to infection (which was defined as 100%), and statistical significance
relative to mock-infected cells was calculated by two-way ANOVA. *: p<0.05; **: p<0.01; ***: p<0.001.
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the absence of widespread cell death, the release of cytoplasmic LDH into the cell culture medium was also
measured 24 h after IAV infection (figure 6b). No significant difference was observed in LDH release by
epithelial cells grown on a transwell membrane, following mock or IAV infection. Taken together, these data
suggest that epithelial cell death is unlikely to account for the in vitro barrier damage following IAV infection.

We then reasoned that, like some other respiratory viruses [5], IAV may damage the AJC of pulmonary
epithelial cells. We therefore used electron microscopy and the electron-dense tracer lanthanum to
measure AJC integrity after IAV infection. Specifically, the number of lanthanum-positive (i.e. damaged)
intercellular junctions following IAV or mock infection was determined (figure 7a). IAV infection resulted
in significantly more lanthanum-positive epithelial intercellular junctions compared with mock infection,
suggesting that IAV infection damages the AJC. Immunofluorescence staining for six different AJC
proteins was then performed (figure 7b). No obvious differences in zona occludin-1, β-catenin and
E-cadherin staining were observed between IAV- and mock-infected cells. In contrast, there was a trend
towards reduced expression of occludin and junctional adhesion molecule following IAV infection.
However, what was most striking was the clear loss of staining of the tight junction claudin-4 following
IAV infection. To confirm that the same phenotype could be observed following infection with a highly
pathogenic avian influenza virus, epithelial cells infected with Indonesia/05 were also stained for claudin-4.
Similar to PR8/34 infection, infection with Indonesia/05 resulted in a dramatic loss of claudin-4 staining
(figure 7c). Taken together, these data suggest that IAV damages the pulmonary epithelial–endothelial
barrier in vitro by damaging the epithelial tight junction, in particular claudin-4.

IAV-induced barrier damage occurs independently of cytokines present in the supernatant
Numerous studies have shown that pro-inflammatory cytokines have a detrimental effect on the integrity
of the AJC [33]. We therefore sought to determine whether the observed damage to the AJC was a result
of the cytokines produced by epithelial cells upon infection with IAV. Accordingly, the supernatant of
IAV-infected and mock-infected co-cultures was harvested at 24 h post-infection. The supernatant of
IAV-infected cells was then treated with an anti-IAV antibody (to prevent re-infection with IAV) and
transferred to uninfected epithelial cells. Treatment with IAV supernatant did not result in significant
decline in the TER over time compared with treatment with mock supernatant (figure 8a). Similarly,
treatment with IAV supernatant did not increase permeability to FITC-labelled dextran (figure 8b). These
data therefore suggest that neither cytokines nor any other soluble factors present in the cell supernatant
after IAV infection contribute to the observed barrier damage.

Discussion
Severe IAV infection can damage the alveolar epithelial–endothelial barrier, resulting in pulmonary
oedema and respiratory dysfunction. Both epithelial and endothelial cells have been ascribed roles in this
damage, although the exact mechanisms remain unclear.
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FIGURE 6 Influenza A virus (IAV) does not induce extensive epithelial cell death. Epithelial cells were grown on a transwell membrane and infected
with either medium (“mock”) or IAV (strain PR8/34 (H1N1), at a multiplicity of infection of 0.2). a) Representative electron microscopy images of
epithelial cell monolayers 24 h after IAV or mock infection. b) Percentage lactate dehydrogenase (LDH) release of epithelial cell monolayers 24 h
after IAV or mock infection. LDH levels were measured in the supernatants from the upper and lower compartments of the transwell, and
percentage LDH release was calculated according to the manufacturer’s instructions. Data are pooled from three independent experiments and
shown as mean±SEM.
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FIGURE 7 Influenza A virus (IAV) damages epithelial cell tight junctions. a) Representative images of epithelial cells treated with lanthanum.
Epithelial cells were grown on a transwell membrane and infected with either medium (“mock”) or IAV (strain PR8/34 (H1N1), at a multiplicity of
infection (MOI) of 0.2). At 24 h post-infection, cells were fixed (with lanthanum added to the upper compartment), processed for electron microscopy
and the number of lanthanum-positive intercellular junctions were counted. An arrowhead indicates an intercellular junction that was considered
lanthanum-negative whereas arrows indicate two intercellular junctions that were considered lanthanum-positive. Data are pooled from two
independent experiments and the number of cell junctions and relative percentages are shown. Statistical significance was calculated by Fischer’s
exact test. ***: p<0.001. b and c) Representative immunofluorescence images of apical junction complex proteins of epithelial cells. Epithelial cells
were grown on a transwell membrane and infected with either medium (“mock”) or IAV, strains b) PR8/34 (MOI 0.2) or c) Indonesia/05 (H5N1).
At 24 h post-infection, cells were fixed and the nucleus and the relevant apical junction complex protein were stained (blue and green, respectively).
The fold changes in fluorescence intensity in IAV-infected cells relative to mock-infected cells are also shown. Data are pooled from b) at least two
or c) three independent experiments and shown as mean±SEM. ZO-1: zona occludin-1; JAM: junctional adhesion molecule.
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Here, we used an in vitro model of the epithelial–endothelial barrier to explore the relative roles of each of
these two cell types during IAV-induced barrier damage [25]. This reductionist approach is somewhat
limited by the fact that it is impossible for an in vitro model to ever completely reflect the complex
interactions that happen in the lung during IAV infection. Indeed, this model most likely reflects the
situation very early on during infection, when there is not an abundance of leukocytes present in the lung
(the presence of which may also have an important impact on barrier integrity). Nevertheless, this model
does afford the researcher the unique opportunity to examine both epithelial and endothelial cells in a
system more akin to the in vivo situation, i.e. whereby endothelial cells and alveolar epithelial cells are
closely apposed and only separated by a basement membrane.

The present study demonstrated that, while IAV damaged the epithelial–endothelial barrier in vitro, this
was not associated with endothelial cell infection. This was somewhat surprising, because numerous other
in vitro studies to date have shown that monocultures of endothelial cells are susceptible to IAV infection
[8, 19, 21, 22]. Indeed, we also found that endothelial cells were permissive to IAV infection in the absence
of epithelial cells. However, when the epithelial–endothelial co-culture was inoculated with IAV from the
epithelial side, infection of endothelial cells was not observed. Given the limited number of virus particles
present in the lower compartment of the transwell system, the most likely explanation for this observation
is that new virus particles were being released apically from epithelial cells and hence rarely came into
contact with the adjacent endothelial cells. This is consistent with previous studies showing that IAV is
predominantly released from the apical side of primary human type I pneumocytes [19]. Alternatively, the
initial IAV infection in the epithelial cells may allow the closely apposed endothelial cells to become
refractory to infection (e.g. via the production of type I interferons). Importantly, in vivo infection of
endothelial cells by IAV is rare [23, 24, 34, 35]. It is therefore tempting to speculate that, in vivo, epithelial
cells serve to limit endothelial cell infection in much the same manner as has been described here.

Murine studies have identified endothelial cells as the key producers of pro-inflammatory cytokines in the
lung during IAV infection [11]. We thus reasoned that endothelial cells in vitro, despite not being infected
by IAV, could produce cytokines that may play an important role in barrier damage. However, although
endothelial cells showed a pro-inflammatory and pro-coagulant response, they did not contribute to the
observed barrier damage. One possible explanation for this observation is that endothelial cell-derived
cytokines may only be able to damage the alveolar barrier in the presence of leukocytes. For example,
CCL8 (which we found to be differentially expressed in endothelial but not epithelial cells) can act as a
potent chemoattractant for human monocytes [36]. Given that (monocyte-derived) macrophages are
known to play an important role in damaging pulmonary epithelial cells during IAV infection [37], this is
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FIGURE 8 Cytokines present in the supernatant do not contribute to the observed barrier damage. a) Measurement of the trans-barrier electrical
resistance (TER) of epithelial–endothelial co-cultures following treatment with medium (“mock”), supernatant derived from influenza A virus
(IAV)-infected co-cultures (strain PR8/34 (H1N1), at a multiplicity of infection (MOI) of 0.2) at 24 h post-infection (“IAV supernatant”), supernatant
derived from mock-infected co-cultures at 24 h post-infection (“mock supernatant”) or IAV infection (PR8/34, MOI 0.2). IAV supernatant was treated
with an antibody against IAV (see Materials and methods section) to prevent re-infection with IAV. Data are expressed relative to the TER recorded
just prior to infection (which was defined as 100%). b) Permeability of epithelial–endothelial co-cultures to fluorescein isothiocyanate
(FITC)-dextran. Data show the concentrations of FITC detected in the lower compartment following the addition of 2 μg of FITC-dextran to the upper
compartment. FITC-dextran was added to the upper compartment 24 h after treatment with medium (“mock”), IAV supernatant, mock supernatant
or IAV infection. Cells were incubated for 3 h prior to the measurement of FITC in the lower compartment. All data are pooled from two
independent experiments using the supernatant derived from four independent experiments, and shown as mean±SEM. Statistical significance
relative to mock-infected cells was calculated by a) two-way ANOVA or b) one-way ANOVA with Bonferroni’s multiple comparison test. ***: p<0.001.
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one possible mechanism by which endothelial-derived cytokines could contribute to barrier damage in
vivo but not in vitro.

Here we demonstrated, for the first time, that IAV damaged tight junctions, and specifically claudin-4, of
respiratory epithelial cells. Within the alveolus, claudin-4 is expressed by both type I and type II
pneumocytes [38]. The importance of claudin-4 in lung function is demonstrated by the fact that
claudin-4 knockout mice display increased permeability to 5-carboxyfluorescein and decreased alveolar
fluid clearance [39]. In vitro, the transduction of cells with claudin-4 increased the TER by ∼50% [40].
Moreover, several different viruses are known to disrupt claudin expression and increase permeability
across monolayers of several different cell types [6–8]. It is therefore tempting to speculate that
IAV-induced loss of claudin-4 played a major role in the observed decline of the TER. Interestingly,
claudin-4 expression is thought to be more sensitive than other proteins of the AJC to changes in the cell
or microenvironment [38]. Therefore, it may be possible that a reduction in other proteins of the AJC
would be observed at a time-point later than the 24-h time-point used in the present study. Nevertheless,
these data clearly demonstrate that IAV can damage the tight junctions of pulmonary epithelial cells.

There are several possible mechanisms by which IAV could damage the AJC of epithelial cells. Despite
evidence that pro-inflammatory cytokines can decrease the TER of epithelial cells and damage the AJC [33],
extracellular cytokines produced during IAV infection did not induce barrier damage in our in vitro model.
These data suggest that damage to the AJC was the direct result of the virus infection itself, as has been
previously described in MDCK cells [9]. Specifically, GOLEBIEWSKI et al. [9] showed that an ESEV consensus
motif in the carboxyl terminus of the nonstructural protein 1 (NS-1) of some highly pathogenic H5N1 IAV
strains bound to and affected the localisation of select host proteins with a PDZ domain. Some of these PDZ
proteins (such as Dlg1 (discs large homolog 1)) are essential in tight junction formation and, thus, influenza
virus was able to disrupt the formation of the AJC. Interestingly, claudins are also able to bind PDZ proteins
such as Dlg1 [41]. It is therefore tempting to speculate that components of IAV are able to indirectly disrupt
the expression of claudins by binding to and sequestering their cognate binding partners.

Taken together, this study shows that the alveolar epithelium both forms the main barrier against fluid
leakage to the alveolar lumen and is the key target of IAV upon infection via the respiratory route. This
implies that improving and restoring the integrity of the alveolar epithelium may play an important role in
reducing the severity of IAV-induced oedema and ARDS. This remains an important area for future
studies, where it is hoped that increasingly complex in vitro models (e.g. a triple culture of epithelial cells,
endothelial cells and macrophages), combined with in vivo data, will help determine the effect of specific
intervention strategies on the restoration of alveolar epithelial cells and respiratory function.
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