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CORONAVIRUS

SARS-CoV-2 disrupts respiratory vascular barriers by
suppressing Claudin-5 expression
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In the initial process of coronavirus disease 2019 (COVID-19), severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infects respiratory epithelial cells and then transfers to other organs the blood vessels. It is be-
lieved that SARS-CoV-2 can pass the vascular wall by altering the endothelial barrier using an unknown mecha-
nism. In this study, we investigated the effect of SARS-CoV-2 on the endothelial barrier using an airway-on-a-chip
that mimics respiratory organs and found that SARS-CoV-2 produced from infected epithelial cells disrupts the
barrier by decreasing Claudin-5 (CLDN5), a tight junction protein, and disrupting vascular endothelial cadherin-
mediated adherens junctions. Consistently, the gene and protein expression levels of CLDN5 in the lungs of a
patient with COVID-19 were decreased. CLDN5 overexpression or Fluvastatin treatment rescued the SARS-CoV-2-
induced respiratory endothelial barrier disruption. We concluded that the down-regulation of CLDN5 expression
is a pivotal mechanism for SARS-CoV-2-induced endothelial barrier disruption in respiratory organs and that in-
ducing CLDN5 expression is a therapeutic strategy against COVID-19.

INTRODUCTION

Airways and alveoli are the main organs infected by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 infects
ciliated cells and type II alveolar epithelial cells using angiotensin-
converting enzyme 2 (ACE2) (I). Because vascular endothelial cells
(ECs) hardly express ACE2, SARS-CoV-2 rarely infects these cells
(2). However, vasculitis and vascular barrier disruption are often ob-
served in patients with severe coronavirus disease 2019 (COVID-19)
(3). This barrier disruption promotes the transfer of SARS-CoV-2
from the respiratory organs to other organs through blood vessels.
Vascular hyperpermeability in the lung induces the infiltration of
immune cells and blood components there and respiratory failure,
including pneumonia and acute respiratory distress syndrome (ARDS)
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(4). In this respect, elucidation of the mechanism for SARS-CoV-2-
induced vascular permeability is an urgent issue, but the mechanism
is poorly understood.

ECs cover the inner layer of blood vessels. In respiratory organs,
ECs control the passage of substances and cells from epithelial cells
to blood by regulating vascular permeability. The loss or impairment
of this control can lead to severe and sometimes fatal organ dys-
function in pathological conditions, including inflammation and
sepsis (5). Endothelial permeability is mainly regulated by cell-cell
junctions, including adherens and tight junctions. Adherence junctions
are regulated by cadherins and nectins, whereas tight junctions are
composed of occludin, claudins, and junctional adhesion molecules
(5, 6). Among these transmembrane proteins, vascular endothelial
cadherin (VE-cadherin) and Claudin-5 (CLDN5), which are specifically
expressed in ECs, are well studied as regulators of endothelial per-
meability. VE-cadherin binds to several proteins, including B-catenin,
via its cytoplasmic domain. Pivotal roles of VE-cadherin for vascular
integrity and permeability have been shown by antibody-mediated
loss-of-function studies (7). On the other hand, CLDN5 has been
shown to control the tight sealing of ECs in the blood-brain barrier
(BBB). CLDNG5 size-selectively inhibits the transfer of small mole-
cules across the vasculature in the brain (8). However, little is known
about the physiological function of CLDNS5 in other organs.

A large number of patients with severe COVID-19 die from ARDS,
pneumonia, and pulmonary edema, which are induced by vascular
hyperpermeability in the lung (9). In patients with severe COVID-19,
activated ECs produce inflammatory cytokines and adhesion mole-
cules, including intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1), which induce cytokine
storm, the infiltration of inflammatory cells, and vascular leakage
(10, 11). This information suggests that SARS-CoV-2 also affects the
inflammation and permeability of ECs in the lung. However, it has
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been reported that SARS-CoV-2 hardly infects ECs (2). In addition,
there is limited information about how ECs are activated in patients
with COVID-19. These studies would benefit from clarifying the
effect of SARS-CoV-2 infection on EC functions in the lung, espe-
cially regarding the junction-mediated endothelial barrier function.

In patients with COVID-19, SARS-CoV-2 is found in the blood,
and SARS-CoV-2 protein is expressed in many organs including respi-
ratory organs (12). On the other hand, in the hamsters and ferrets
widely used in COVID-19 studies, SARS-CoV-2 protein is hardly
detected in organs other than respiratory organs (13). This differ-
ence is thought to be due to species differences of the SARS-CoV-2
distribution in the body. Therefore, a human model to investigate
the respiratory-to-vascular transfer of SARS-CoV-2 and the SARS-
CoV-2 infection-mediated disruption of the endothelial barrier is
preferred. To examine the effects of SARS-CoV-2 replicated in airway
epithelial cells on vascular ECs, in the present study, we used airway-
on-a-chip technology (14, 15). An airway-on-a-chip is a coculture
system of airway epithelial cells and ECs and mimics the in vivo
dynamic microenvironment by flowing air and medium. In general,
organ-on-a-chip technology makes it possible to generate a three-
dimensional and dynamic in vitro model and to study interactions
between multiple organs (e.g., respiratory organs and blood vessels).

In this study, a comprehensive gene expression analysis was per-
formed of human lung microvascular ECs (HMVEC-L) in an airway-
on-a-chip infected with SARS-CoV-2. We found that SARS-CoV-2
disrupts the respiratory endothelial barrier by decreasing CLDN5
expression and disorganizing the VE-cadherin-mediated junction.
A loss of CLDNS5 function by anti-CLDN5 antibody induced severe
vascular leakage and edema specifically in the lungs of mice. Fur-
thermore, we demonstrated that the respiratory endothelial barrier
disruption caused by SARS-CoV-2 is suppressed by CLDN5 over-
expression and Fluvastatin treatment. In conclusion, we successfully
identified CLDN5 as a SARS-CoV-2-responsive gene in HMVEC-L
and revealed the mechanism of SARS-CoV-2-mediated disruption
of the respiratory vascular barrier in respiratory organs.

RESULTS
Investigating the causative gene of SARS-CoV-2
exposure-mediated vascular barrier disruption
To mimic the respiratory-to-vascular transfer of SARS-CoV-2 and
SARS-CoV-2 infection-mediated disruption of the endothelial barrier,
we used an airway-on-a-chip (Fig. 1A). An airway-on-a-chip con-
sists of airway epithelial cells (ciliated, club, goblet, and basal cells)
and HMVEC-L. By flowing air and medium through the airway and
blood vessel channels, respectively, it is possible to create a mechan-
ical stimulus that mimics the in vivo airway microenvironment.
The viral genome copy number in the cell culture supernatant of the
airway channel increased and reached a maximum at 4 days postinfec-
tion (dpi), while that in the blood vessel channel started increasing
at 3 dpi and reached a maximum at 7 dpi (Fig. 1B). However, SARS-
CoV-2 did not infect HMVEC-L in the absence of exogenous ACE2
expression (fig. S1). These results suggest that SARS-CoV-2 inoculated
from the airway channel replicates behavior in airway epithelial cells
before invading blood vessel channels. Vascular barrier disruption
due to SARS-CoV-2 exposure was confirmed in eight viral variants
but was highest in SARS-CoV-2 B.1.617.2 (fig. S2).

To search for the causative gene of the SARS-CoV-2 infection-
mediated vascular barrier disruption, we performed an RNA sequencing
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(RNA-seq) analysis of HMVEC-L in the infected airway-on-a-chip.
Although SARS-CoV-2 does not infect HMVEC-L, we expected that
the gene expression profile of HMVEC-L would be significantly al-
tered by contact with SARS-CoV-2 and cytokines secreted from in-
fected airway epithelial cells (fig. S1). The infected airway-on-a-chip
was cultured for 8 days, and HMVEC-L were collected for the RNA-
seq analysis. SARS-CoV-2 infection up-regulated and down-regulated
767 and 668 genes more than twofold, respectively (Fig. 1C). An
enrichment analysis showed that the up-regulated genes include in-
nate immune response—, inflammation-, and viral response-related
genes (fig. S3A), while down-regulated genes include cell adhesion-
related genes (Fig. 1D). The top five down-regulated genes in the
“homophilic cell adhesion via plasma membrane adhesion molecules”
and “cell-cell adhesion via plasma membrane adhesion molecules”
categories were CLDN3, CLDN5, PCDHBI1, PCDHBS, and IGSF9B
(Fig. 1E). Among the down-regulated genes in the homophilic cell
adhesion via plasma membrane adhesion molecules and cell-cell
adhesion via plasma membrane adhesion molecules categories, the
endogenous gene expression of CLDN5 was the highest (Fig. 1F and
fig. S3B). Because SARS-CoV-2 infection did not change the cell number
of HMVEC-L, we confirmed that the decrease in CLDN5 expres-
sion level was not due to a decrease in cell viability (fig. S4). Thus,
we concluded that CLDNS5 is a potential causative gene of the SARS-
CoV-2 infection-mediated respiratory vascular barrier disruption.

SARS-CoV-2 suppresses CLDN5 expression in lung
microvascular ECs

To further investigate the SARS-CoV-2 infection-mediated respira-
tory vascular barrier disruption, we analyzed the expression of tight
junction-related genes including CLDN5 in HMVEC-L isolated
from the infected airway-on-a-chip. Consistent with the RNA-seq
data, a quantitative reverse transcription polymerase chain reaction
(qRT-PCR) analysis showed that the CLDN5 expression level was
decreased by SARS-CoV-2 infection (Fig. 1G). In contrast, SARS-
CoV-2 infection did not alter the VE-cadherin expression level but
increased the expression levels of several inflammatory genes,
including interleukin-6 (IL-6), VCAM-1, and ICAM-1 (Fig. 1G).
In addition, immunofluorescent staining demonstrated a down-
regulation of CLDN5 expression at the junctions between HMVEC-L
(Fig. 1H). VE-cadherin staining revealed SARS-CoV-2 infection-
mediated torn adherens junctions and free space between HMVEC-L
without a significant change in the VE-cadherin expression. These
results indicate that SARS-CoV-2 infection decreased the CLDN5
expression and altered the VE-cadherin localization in HMVEC-L,
suggesting that SARS-CoV-2 regulates respiratory endothelial bar-
rier function by disrupting both tight and adherens junctions.

SARS-CoV-2 exposure decreased CLDN5 expression
independent of infected airway epithelial cells

Infection experiments in the HMVEC-L monolayer were conducted
to investigate whether the decreased CLDN5 expression in HMVEC-L
of the infected airway-on-a-chip was caused by contact with SARS-
CoV-2 or other secreted molecules derived from airway epithelial
cells. When HMVEC-L were exposed to 0.1 multiplicity of infection
(MOI) of SARS-CoV-2, CLDN5 down-regulation was not observed
(fig. S5). We expected that HMVEC-L need to be continuously ex-
posed to a high titer of SARS-CoV-2 to cause CLDN5 down-regulation,
because HMVEC-L in the infected airway-on-a-chip are continuously
exposed to a high titer of SARS-CoV-2 secreted from infected airway
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Fig. 1. SARS-CoV-2 down-regulates CLDN5 expression in HMVEC-L of the airway-on-a-chip. (A) Schematic illustration of the airway-on-a-chip. Medium containing
0.1 multiplicity of infection (MOI) of SARS-CoV-2 was injected into the airway channel, which was then cultured for 8 days. (B) Viral copy numbers in the cell culture super-
natant of the airway and blood vessel channels. (C) A volcano plot of differentially expressed genes between uninfected and infected HMVEC-L [log, fold change > 2,
adjusted P value (P.gj) < 0.01]. Orange dots represent up-regulated genes, and blue dots represent down-regulated genes. (D) A Gene Ontology (GO) enrichment analysis
of uninfected versus infected HMVEC-L in the airway-on-a-chip. (E) The top five down-regulated genes in homophilic cell adhesion via plasma membrane adhesion mol-
ecules and cell-cell adhesion via plasma membrane adhesion molecules in infected HMVEC-L compared with uninfected HMVEC-L. Control = 1. Two-way analysis of
variance (ANOVA) with the Sidak post hoc test (**P < 0.01, control versus SARS-CoV-2). (F) The endogenous gene expression levels of the top seven genes in homophilic
cell adhesion via plasma membrane adhesion molecules and cell-cell adhesion via plasma membrane adhesion molecules in infected HMVEC-L. (G) The gene expression
levels of CLDN5, VE-cadherin, IL-6, VCAM-1, and ICAM-1 in uninfected and infected HMVEC-L. Control = 1. Unpaired two-tailed Student’s t test (**P < 0.01). (H) Immunofluo-
rescent staining for VE-cadherin and CLDN5 in HMVEC-L in the airway-on-a-chip. Data are expressed as the means + SEM (n = 3).
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epithelial cells. To test this hypothesis, HMVEC-L were exposed to
a high titer (1 MOI) of SARS-CoV-2 for four consecutive days. This
treatment disrupted the HMVEC-L monolayer, suggesting weakened
cell-cell adhesion (Fig. 2A). SARS-CoV-2 significantly decreased
CLDN5 mRNA and protein expressions (Fig. 2, B and C, and fig. S5),
while the down-regulation of VE-cadherin was hardly observed. In
addition, SARS-CoV-2 exposure increased the expression levels of
VCAM-1 and ICAM-1 but did not alter the expression level of IL-6.
Immunofluorescent staining demonstrated decreased CLDN5 ex-
pression and disorganized VE-cadherin-mediated adherens junctions
(Fig. 2D), consistent with observations in the infected airway-on-a-
chip. Immunofluorescent staining also showed that SARS-CoV-2
exposure disrupted and decreased B-catenin localization at the cell
junction. In addition, phalloidin staining demonstrated that SARS-
CoV-2 exposure increased F-actin localization along the cell mem-
brane and distances between cells. Consistently, SARS-CoV-2 can
break through the endothelial monolayer (Fig. 2E), and transendo-
thelial electrical resistance (TEER) was temporally decreased in the
presence of SARS-CoV-2 (Fig. 2F). These results indicate that continuous
exposure to abundant SARS-CoV-2 down-regulates CLDN5 and dis-
rupts VE-cadherin-mediated cell junctions in HMVEC-L indepen-
dent of infected airway epithelial cells.

CLDN5 down-regulation induces severe vascular leakage
specifically in the lung

To investigate the effect of acute functional defects of CLDN5 on
vascular leakage in vivo, an antibody-mediated loss-of-function study
was conducted. We previously reported a well-characterized anti-
body against CLDN5 that specifically binds to the extracellular
domain of primate CLDNS5 and inhibits its function in the monkey
brain (16, 17). To apply this efficient antibody to mice, we generated
human CLDN5 knock-in mice (fig. S6). In these mice, CLDN5
expression was highest in the lung compared with other organs
(Fig. 3A), which is similar to the expression pattern in human or-
gans, as shown in the CLDNS5 transcriptomics data of the Human
Protein Atlas. Intravenous injection of CLDN5 antibody induced
extravasation of Evans blue, which binds to albumin and behaves as
alarge molecule, in the lung but not in other organs (Fig. 3, Band C).
In addition, CLDN5 antibody induced pulmonary edema and in-
creased the lung wet/dry weight ratio (Fig. 3D) without changing
the expression levels of CLDN5 or VE-cadherin (Fig. 3E). Further
analysis using the lung sections indicated that CLDN5 antibody in-
duces perivascular and alveolar edema (Fig. 3F) and disruption of
the junction structure between pulmonary ECs (Fig. 3G and fig. S7).
These findings indicate that the loss of CLDN5 function induces severe
vascular leakage and edema specifically in the lung by disrupting
endothelial junctions and that SARS-CoV-2 infection-mediated CLDN5
down-regulation is an important cause of the vascular barrier dis-
ruption in patients with COVID-19.

Mechanism of SARS-CoV-2 exposure-mediated CLDN5
down-regulation in lung microvascular ECs

To investigate whether SARS-CoV-2 infection is necessary for the
CLDNS5 down-regulation in HMVEC-L, the HMVEC-L monolayer was
exposed to ultraviolet-irradiated SARS-CoV-2 (UV-SARS-CoV-2),
which lacks the ability to amplify in host cells. Both UV-SARS-CoV-2
and intact SARS-CoV-2 decreased the expression of CLDN5 but not
of VE-cadherin (Fig. 4A). In addition, both UV-SARS-CoV-2 and
intact SARS-CoV-2 increased the expression of inflammatory genes
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including IL-6, ICAM-1, and VCAM-1, while recombinant SARS-
CoV-2 Spike protein did not (Fig. 4A). Consistently, UV-SARS-CoV-2
but not Spike protein induced the disorganized localization of VE-
cadherin (Fig. 4B). These results indicate that SARS-CoV-2 replica-
tion is not essential for the CLDN5 down-regulation or endothelial
barrier disruption in HMVEC-L and that these phenotypes cannot
be induced by Spike protein alone.

To elucidate the mechanism that decreases CLDN5 mRNA and
protein expression by SARS-CoV-2 exposure, we attempted to analyze
transcription factors that can control CLDN5 expression. A previ-
ous report indicated that the transcription factor forkhead box
protein O1 (FoxO1) suppresses CLDN5 expression by translocating
from the cytoplasm to the nucleus (18). To investigate whether FoxO1
is involved in the SARS-CoV-2 exposure-mediated CLDN5 down-
regulation, immunofluorescent staining was performed and showed
that SARS-CoV-2 exposure increased the amount of FoxOl1 trans-
located to the nucleus (Fig. 4C). Together, these results suggest that
SARS-CoV-2 exposure-mediated CLDN5 down-regulation occurs
through an increase in the amount of nuclear-localized FoxO1.

CLDNS5 overexpression suppressed SARS-CoV-2
exposure-induced respiratory vascular barrier disruption

To investigate whether exogenous CLDNS5 expression inhibits the
SARS-CoV-2-induced respiratory endothelial barrier disruption,
we established human CLDN5-expressing HMVEC-L (HMVEC-L-
CLDN?5) by transfecting doxycycline (DOX)-inducible CLDN5
vectors using the piggyBac system. We confirmed that DOX treat-
ment increases the expression level of CLDN5 in HMVEC-L-CLDN5
(Fig. 5A). CLDNS5 overexpression prevented SARS-CoV-2 entry into
the blood vessel channel (Fig. 5B and fig. S8A) and the disruption of
VE-cadherin-mediated adherens junctions (Fig. 5C). These results
suggest that exogenous CLDNS5 expression in HMVEC-L suppresses
the SARS-CoV-2 exposure-mediated respiratory endothelial barrier
disruption. In addition, exogenous CLDNS5 expression did not alter
the VE-cadherin expression, but it did suppress inflammatory respon-
sive genes (IL-6, ICAM-1,and VCAM-1I) and innate immunity-related
genes (Fig. 5D and fig. S9A). Together, these results suggest that CLDN5
overexpression suppresses SARS-CoV-2 exposure-mediated endo-
thelial inflammation by protecting respiratory endothelial barriers.

Fluvastatin treatment up-regulates CLDN5 expression

and suppresses SARS-CoV-2 exposure-induced respiratory
endothelial barrier disruption

A recent report found that patients with COVID-19 who were treated
with statins showed decreased mortality (19). It was also reported
that one of these statins, simvastatin, attenuates acute lung injury by
increasing CLDN5 expression in pulmonary artery ECs (20). To in-
vestigate whether Fluvastatin treatment increased CLDNS5 expression,
HMVEC-L were treated with Fluvastatin, and CLDN5 expression
was analyzed (Fig. 5E). Fluvastatin treatment increased the CLDN5
expression level. It also partially prevented the invasion of SARS-
CoV-2 into the blood vessel channel (Fig. 5F and fig. S8B) and the
disruption of VE-cadherin-mediated adherens junctions (Fig. 5G).
In addition, Fluvastatin treatment increased CLDN5 expression
and suppressed inflammatory genes (IL-6, ICAM-1, and VCAM-1)
and innate immunity-related genes (Fig. 5H and fig. S9B). Together,
Fluvastatin treatment increases CLDN5 expression and suppresses
SARS-CoV-2 exposure-mediated respiratory endothelial barrier
disruption.
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Fig. 3. CLDNS5 inhibition induces severe lung-specific vascular leakage. (A) The gene expression levels of CLDN5 in organs of human CLDN5 homozygous knock-in
mice (hCLDN5-KI mice). One-way ANOVA followed by Dunnett’s post hoc test (**P < 0.01, lung versus other organs). (B and C) The Miles assay using hCLDN5-KI
mice injected with anti-CLDN5 antibody (Ab) or control (cont) immunoglobulin G (IgG). Vascular leakage was assayed by measuring extravasated Evans blue (B).
Two-way ANOVA with the Sidak post hoc test (**P < 0.01, cont IgG versus CLDN5 Ab). Images are representative organs used for the assay (C). (D) Quantification of
the lung wet/dry weight ratio. Images are the lungs from hCLDN5-KI mice injected with anti-CLDN5 Ab or cont IgG. Unpaired two-tailed Student’s t test (**P < 0.01).
(E) The protein expression levels of CLDN5 and VE-cadherin in the lungs of the antibody-injected mice. (F) Representative images of hematoxylin and eosin-
stained lung sections from antibody-injected mice. The asterisk and white arrowheads indicate perivascular and alveolar edema, respectively. (G) Transmission electron
microscopy (TEM) images of junctions between lung ECs (white arrowheads). Low-magnification TEM images are shown in fig. S7. Data are expressed as the
means £ SEM (n=4).
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Fig. 4. Mechanisms for SARS-CoV-2 exposure-mediated CLDN5 down-regulation and respiratory endothelial barrier disruption. (A) The gene expression levels
of CLDN5, VE-cadherin, IL-6, VCAM-1, and ICAM-1 in HMVEC-L in an airway-on-a-chip treated with Spike proteins, intact SARS-CoV-2 (0.1 MO, exposed at 0 dpi), or UV-irradiated
SARS-CoV-2 (UV-SARS-CoV-2; 1 MO, exposed at 0, 1, 2, and 3 dpi) (control = 1). One-way ANOVA followed by Dunnett’s post hoc test (**P < 0.01, compared with “control”).
Data are expressed as the means = SEM (n = 3). (B) Immunofluorescent staining for VE-cadherin in HMVEC-L in airway-on-a-chip treated with recombinant Spike proteins,
intact SARS-CoV-2, or UV-SARS-CoV-2. (C) Immunofluorescent staining for forkhead box protein O1 (FoxO1) in HMVEC-L treated with SARS-CoV-2. The nuclear FoxO1

intensity in the cells was quantified. Mann-Whitney U test (**P < 0.01).

CLDNS5 expression in patients with COVID-19

To examine the relationship between COVID-19 and CLDNS5, we
analyzed the CLDN5 expression in human lungs infected with or
without COVID-19. In Fig. 6 (A to E), we used samples from the
lungs of a COVID-19 patient with severe pneumonia (21) and sur-
plus samples from the lungs of three living lung transplant donors.
Fibrosis and immune cell infiltration were confirmed in the lungs of a
patient with COVID-19 (Fig. 6A). In addition, the gene expression
level of CLDN5 was decreased (Fig. 6B). This decrease held even
when normalizing to the expression of conventional EC markers or
aerocyte-specific markers (fig. S10), suggesting that it occurred in
ECs. An RNA-seq analysis demonstrated that the expression levels
of cell adhesion-, blood vessel morphogenesis—, and blood vessel

Hashimoto et al., Sci. Adv. 8, eabo6783 (2022) 21 September 2022

development-related genes were decreased (Fig. 6, C and D). Immu-
nofluorescent staining showed that CLDN5 expression was almost
abolished in the lungs of a patient with COVID-19 (Fig. 6E). In addition,
CLDNS5 concentrations in the sera of patients with COVID-19 of
different severity were measured (Fig. 6F). Because the main source
of CLDNS5 is vascular ECs, the amount of CLDNS5 in serum is con-
sidered to correlate with the expression level of CLDNS5 in those cells.
Serum CLDNS5 concentrations in patients with severe COVID-19
(180 pg/ml) were lower than those patients with mild and moderate
COVID-19 (484 pg/ml). These observations confirmed that a decrease
in the expression level of CLDN5 occurred not only in the infected
airway-on-a-chip and HMVEC-L monolayer but also in the lungs
of a patient with COVID-19.
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Fig. 5. CLDN5 overexpression and Fluvastatin treatment inhibit SARS-CoV-2-induced respiratory endothelial barrier disruption. (A) The gene expression levels
of CLDN5 in HMVEC-L treated with or without 1 uM DOX. HMVEC-L capable of overexpressing CLDN5 in response to DOX treatment were established using the piggyBac
system. Unpaired two-tailed Student’s t test (**P < 0.01). (B) The viral copy numbers in the cell culture supernatant of the airway and blood vessel channels in the presence
or absence of 1 uM DOX. Two-way ANOVA followed by the Sidak post hoc test (**P < 0.01). (C) Immunofluorescent staining for VE-cadherin in SARS-CoV-2-exposed HM-
VEC-L treated with or without 1 uM DOX. (D) The gene expression levels of CLDN5, VE-cadherin, IL-6, VCAM-1, and ICAM-1 in HMVEC-L treated with or without 1 uM
DOX. One-way ANOVA followed by Tukey’s post hoc test (*P < 0.05 and **P < 0.01). (E) The gene expression levels of CLDN5 and VE-cadherin in HMVEC-L treated with or
without 1 or 10 uM Fluvastatin. One-way ANOVA followed by Dunnett’s post hoc test (**P < 0.01, compared with “0 uM"). (F) The viral copy numbers in the cell culture
supernatant of the airway and blood vessel channels in the presence or absence of 10 uM Fluvastatin. Two-way ANOVA with the Sidak post hoc test (*P < 0.05). DW, vehi-
cle (distilled water)-treated cells. (G) Immunofluorescent staining for VE-cadherin in SARS-CoV-2-exposed HMVEC-L treated with or without 10 uM Fluvastatin. (H) The
gene expression levels of CLDN5, VE-cadherin, IL-6, VCAM-1, and ICAM-1 in HMVEC-L treated with or without 10 uM Fluvastatin. One-way ANOVA followed by Tukey’s post
hoc test (*P < 0.05 and **P < 0.01). Data are expressed as the means + SEM (n=3).
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Fig. 6. CLDN5 expression analysis of patients with COVID-19. (A) Representative images of hematoxylin and eosin-stained lung sections from patients with or without
COVID-19. (B) The gene expression levels of CLDN5, VE-cadherin, IL-6, VCAM-1, and ICAM-1 in the lungs of patients with or without COVID-19. (C) A scatterplot of differen-
tially expressed genes between the lungs of a healthy donor and the lungs of a patient with COVID-19. Orange dots represent up-regulated genes (log, fold change > 1),
and blue dots represent down-regulated genes (log; fold change > —1). (D) A GO enrichment analysis of the lungs of a healthy donor versus the lungs of a patient with
COVID-19. (E) Immunofluorescent staining for CLDN5 in the lungs of patients with or without COVID-19. (F) CLDN5 concentration in sera of patients with mild/moderate
and severe COVID-19 within 1 week after onset was measured by enzyme-linked immunosorbent assay (ELISA). Mann-Whitney U test (*P < 0.05). Data are expressed as
the means + SEM. The information of patients with COVID-19 is summarized in table S3.

DISCUSSION monolayer. In addition, CLDN5 overexpression and Fluvastatin
Using an airway-on-a-chip, we demonstrated in this study that SARS-  treatment suppressed SARS-CoV-2 exposure-mediated respira-
CoV-2 exposure induces vascular barrier disruption by decreasing  tory endothelial permeability. Therefore, we successfully revealed
the EC-specific tight junction protein CLDN5. This barrier disrup-  the mechanism by which SARS-CoV-2 exposure-mediated vascu-
tion increased transport of SARS-CoV-2 across the endothelial lar hyperpermeability occurs in respiratory organs and provide a
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therapeutic approach by enhancing CLDN5 expression in lung mi-
crovascular ECs.

It is not well understood how SARS-CoV-2 regulates tight junctions.
Some reports have shown a relationship between SARS-CoV-2 and
CLDNG5 in ECs. Because CLDNS5 is known as a regulator of the BBB
(8), the effects of SARS-CoV-2 on CLDNS5 expression in brain ECs
have been investigated (22, 23). These studies demonstrated that
SARS-CoV-2 Spike protein or UV-SARS-CoV-2 treatment decreases
CLDN5 mRNA and protein expressions (22, 23). In contrast, another
study showed that SARS-CoV-2 infection does not alter CLDN5 ex-
pression in the brain or in isolated ECs from K18-hACE2 mice and
hamsters (24). In addition, CLDN5 expression was shown to be
decreased in the decidua and chorionic villi endothelium of female
patients with severe COVID-19, implying a relationship between
SARS-CoV-2 and CLDNS5 (25). These findings suggest that SARS-
CoV-2-mediated CLDN5 regulation may differ depending on the
experimental conditions, including organs and species. In this study,
we demonstrated that SARS-CoV-2 exposure decreases CLDN5 ex-
pression in human lung ECs and induces vascular barrier disruption.
In addition, we showed the pivotal role of CLDN5 in regulating the
vascular barrier in the respiratory organ.

CLDNS5 was originally cloned as a transmembrane protein-
deleted gene in velo-cardio-facial syndrome (TMVCF). TMVCEF is
one of the deleted genes in patients with 22q11 deletion syndromes,
including velo-cardio-facial syndrome and DiGeorge syndrome
(26). It was later identified as a member of CLDN family proteins
and well-characterized as a regulator of the BBB. A recent study
focusing on the haploinsufficiency of CLDN5 in 22q11 deletion
syndrome indicated that CLDN5 expression level is important for
BBB function (27). To the best of our knowledge, there are few papers
showing a direct relationship between 22q11 deletion syndrome
and pulmonary edema. It is suggested that the haploinsufficiency of
CLDNS5 gene does not induce a sufficient decrease in CLDNS5 for
pulmonary edema. An analysis of CLDN5 functions using CLDN5
knockout mice indicated that CLDNS5 regulates tight sealing in brain
blood vessels, and size selectively inhibits the transmigration of small
molecules (8). However, in the brain blood vessels of the knockout
mice, the structure of the tight junction was maintained, and no
bleeding or edema was observed. These observations suggest that
CLDNS5 is not essential for the maintenance of the vascular struc-
ture in the brain. In addition, it is reported that the formation of the
VE-cadherin-mediated adherens junction induces CLDN5 expres-
sion (18). These findings suggest that the VE-cadherin-mediated
adherens junction is a major regulator of vascular integrity and that
CLDNS5 functions as a supportive protein that gives tight sealing in
brain blood vessels. In contrast, CLDN5 functions in other organs,
including the lung, have received little research attention despite the
expression of CLDNG5 in these tissues (28). In this study, we demon-
strated that antibody-mediated CLDNS5 inhibition induces severe
vascular leakage in the mouse lung and alterations of the junction
structure. These findings indicate the roles of CLDN5 in the vascular
barriers and integrity of the lung.

We found that SARS-CoV-2 generated from infected airway epithe-
lial cells disrupts endothelial junctions by decreasing CLDN5 expression
and disrupting VE-cadherin-mediated junctions, allowing SARS-CoV-2
to leak into the blood vessel channel. In this process, CLDN5 down-
regulation likely induces the disruption of VE-cadherin junctions,
because CLDNS5 overexpression neutralized the SARS-CoV-2 exposure—
induced barrier disruption. Similarly, our results from the analysis
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using transmission electron microscopy (TEM) suggested the CLDN5
antibody-mediated disruption of endothelial junctions. However,
because the disruption of VE-cadherin-mediated junctions can fur-
ther decrease CLDN5 expression levels, further analysis of the molecu-
lar mechanism for CLDN5 down-regulation is needed. In addition,
previous studies reported that EC-specific conditional knockout and
antibody-mediated inhibition of VE-cadherin induces severe vascular
leakage in the lung (29, 30). These results suggest that excessive
down-regulation or inhibition of CLDNS5 triggers the disruption of
VE-cadherin junctions and induces severe vascular leakage in the
lung. However, little is known about the effect of inhibiting CLDN5
on VE-cadherin functions. Further study of CLDN5 functions in the
lung will contribute to understanding the ARDS and pneumonia
induced by SARS-CoV-2.

In patients with severe COVID-19, inflammatory cytokines and
immune cells invade epithelial tissue from the blood vessels after viral
replication and vascular barrier disruption in respiratory organs
(31). This invasion can lead to pneumonia and ARDS. However, the
airway-on-a-chip we used does not contain immune cells. Thus, in
this study, we only observed events immediately after the onset of
severe COVID-19. An airway-on-a-chip that also contains immune
cells should be used to study later stages.

We also showed that Fluvastatin can prevent SARS-CoV-2-
induced vascular barrier disruption. Fluvastatin increases CLDN5
expression in lung ECs, but the mechanism is not fully understood.
One report showed that Fluvastatin causes antiviral effects in epithelial
cells (32). Fluvastatin has been used to treat many hypercholesterolemia
patients; thus, its safety is well guaranteed. Because the organ distri-
bution of SARS-CoV-2 is different between human and animal models
(13, 33), the vascular barrier disruption induced by SARS-CoV-2
may also be different between human and animal models. To evalu-
ate the efficacy of Fluvastatin as a therapeutic agent against COVID-19,
infection experiments using a primate model are needed.

In conclusion, we demonstrated a mechanism for SARS-CoV-2-
induced vascular barrier disruption in respiratory organs and pro-
posed a therapeutic strategy against COVID-19. Our findings suggest
that using airway-on-a-chip as SARS-CoV-2 infection models could
be efficient for drug screening.

MATERIALS AND METHODS

Preparation of SARS-CoV-2

The SARS-CoV-2 strains B.1.1.214 [Global Initiative on Sharing Avian
Influenza Data (GISAID) accession number: EPI_ISL,_2897162] and
B.1.617.2 (GISAID accession number: EPI_ISL,_9636792) were isolated
from a nasopharyngeal swab sample of a patient with COVID-19. This
study was approved by the research ethics committee of Kyoto University
(R2379-3). SARS-CoV-2 B was provided by the Kanagawa Prefectural
Institute of Public Health; SARS-CoV-2 B.1 (NR-53514) was obtained
from BEI Resources; SARS-CoV-2 B.1.1.7, B.1.351, and P.1 were pro-
vided by the National Institute of Infectious Diseases; and SARS-CoV-2
B.1.1529 (NR-56461) was obtained from BEI Resources. All figures
except fig. S2 show data for SARS-CoV-2 B.1.1.214. The virus was pro-
liferated in transmembrane serine protease 2 (TMPRSS2)/Vero cells
(JCRB1818, JCRB Cell Bank) (34) and stored at —80°C. TMPRSS2/
Vero cells were cultured with minimum essential medium (Sigma-Aldrich)
supplemented with 5% fetal bovine serum and 1% penicillin/streptomycin.
All viral infection experiments were done in a biosafety level 3 (BSL-
3) facility at Kyoto University, strictly following regulations.
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Cell culture and airway-on-a-chip

HMVEC-L were obtained from Lonza and maintained in EGM-2
MV medium (Lonza). To prepare the airway-on-a-chip, first, the
bottom channel of a polydimethylsiloxane (PDMS) device was pre-
coated with fibronectin (3 pg/ml; Sigma-Aldrich). HMVEC-L were
suspended at 5 x 10° cells/ml in EGM-2 MV medium. Suspension me-
dium (10 ul) was injected into the fibronectin-coated bottom chan-
nel of the PDMS device. Then, the PDMS device was turned upside
down and incubated for 1 hour. After 1 hour, the device was turned
over, and EGM-2 MV medium was added into the bottom chan-
nel. After 4 days, human airway organoids (AOs) were dissociated and
seeded into the top channel. AOs were dissociated into single cells and
then suspended at 5 x 10° cells/ml in AO differentiation medium. Sus-
pension medium (10 ul) was injected into the top channel. After 1 hour,
AOQ differentiation medium was added to the top channel. The cells
were cultured under a humidified atmosphere with 5% CO, at 37°C.

Airway organoids

AQs were generated according to our previous report (35). Briefly,
normal human bronchial epithelial (NHBE) cells (#CC-2540, Lonza)
were used to generate AO. NHBE cells were suspended in cold
Matrigel growth factor-reduced basement membrane matrix (10 mg/ml;
Corning). Cell suspension (50 ul) was solidified on prewarmed cell
culture-treated multidishes (24-well plates; Thermo Fisher Scientific)
at 37°C for 10 min, and then 500 pl of expansion medium was added
to each well. AOs were cultured with AO expansion medium for
10 days. To mature the AO, expanded AOs were cultured with AO
differentiation medium for 5 days. Matured AOs were dissociated
and plated into the PDMS device before the SARS-CoV-2 infection
experiments.

Microfluidic device

The microfluidic device was generated according to our previous
report (36). Briefly, the microfluidic device consisted of two layers
of microchannels separated by a semipermeable membrane. The
microchannel layers were fabricated from PDMS using a soft litho-
graphic method. PDMS prepolymer (SYLGARD 184, Dow Corning)
at a base to curing agent ratio of 10:1 was cast against a mold com-
posed of SU-8 2150 (MicroChem) patterns formed on a silicon wafer.
The cross-sectional size of the microchannels was 1 mm in width
and 330 pm in height. To introduce solutions into the microchan-
nels, access holes were punched through the PDMS using a 6-mm
biopsy punch (Kai Corporation). Two PDMS layers were bonded to
two semipermeable polyethylene terephthalate (PET) membrane con-
taining 3.0-um pores (#353091, Falcon) using a thin layer of liquid PDMS
prepolymer as the mortar. PDMS prepolymer was spin-coated (4000 rpm
for 60 s) onto a glass slide. Subsequently, both the top and bottom chan-
nel layers were placed on the glass slide to transfer the thin layer of
PDMS prepolymer onto the embossed PDMS surfaces. The mem-
brane was then placed onto the bottom layer and sandwiched with
the top layer. The combined layers were left at room temperature
for 1 day to remove air bubbles and then placed in an oven at 60°C
overnight to cure the PDMS glue. The PDMS devices were sterilized
by placing them under UV light for 1 hour before the cell culture.

SARS-CoV-2 infection

SARS-CoV-2 (0.1 MOI) containing AO differentiation medium was
injected into the top channel (airway channel) of an airway-on-a-
chip. After 120 min, the culture medium containing SARS-CoV-2
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was replaced with fresh medium. When exposing HMVEC-L to the
SARS-CoV-2 once, the cells were treated with 0.1 or 1 MOI of
SARS-CoV-2 for 120 min and then cultured with fresh medium for
4 days. When exposing HMVEC-L to SARS-CoV-2 four times, the
cells were cultured for 4 days with daily medium change containing
0.1 or 1 MOI of SARS-CoV-2.

RNA sequencing

Total RNA was isolated from the airway-on-a-chip using the RNeasy
Mini Kit (QIAGEN). RNA integrity was assessed with a 2100 Bio-
analyzer (Agilent Technologies). The library preparation was performed
using the TruSeq Stranded mRNA Sample Prep Kit (Illumina)
according to the manufacturer’s instructions. Sequencing was per-
formed on an Illumina NextSeq 550. The fastq files were generated
using bcl2fastq-2.20. Adapter sequences and low-quality bases were
trimmed from the raw reads using Cutadapt version 3.4 (37). The
trimmed reads were mapped to human reference genome sequences
(hg38) using STAR version 2.7.9a (38) with the GENCODE (release 36,
GRCh38.p13) (39) gtf file. The raw counts were calculated using
htseq-count version 0.13.5 (40) with the GENCODE gtf file. Gene
expression levels were determined as transcripts per kilobase million
(TPM) values with DESeq2 v1.30.1 (41). Raw data concerning this
study were submitted under gene expression omnibus (GEO) acces-
sion number GSE196113.

Total RNA was isolated from the lungs of patients with or without
COVID-19 using the RNeasy Protect Mini Kit (QTAGEN). RNA
integrity was assessed with a 2100 Bioanalyzer (Agilent Technologies).
The library preparations for human lungs were performed using the
TruSeq Stranded mRNA Sample Prep Kit and a Stranded Total RNA
Prep, Ligation with Ribo-Zero Plus Kit according to the manufacturer’s
instructions. Sequencing was performed on an Illumina NextSeq550.
The fastq files were generated using bcl2fastq-2.20. Adapter sequences
and low-quality bases were trimmed from the raw reads using Cutadapt
version 3.4 (37). The trimmed reads were mapped to human refer-
ence genome sequences (hg38) using STAR version 2.7.9a (38) with
the GENCODE (release 36, GRCh38.p13) (39) gtf file. The raw counts
were calculated using htseq-count version 0.13.5 (40) with the
GENCODE gtf file. Gene expression levels were determined as TPM
values with DESeq2 v1.30.1 (41). Raw data concerning this study
were submitted under GEO accession number GSE206635.

Quantification of viral RNA copy number

The cell culture supernatant was mixed with an equal volume of
2x RNA lysis buffer [distilled water containing SUPERase-In RNase
inhibitor (0.4 U/ul; Thermo Fisher Scientific), 2% Triton X-100,
50 mM KCl, 100 mM tris-HCI (pH 7.4), and 40% glycerol] and in-
cubated at room temperature for 10 min. The mixture was diluted
10 times with distilled water. Viral RNA was quantified using the One
Step TB Green PrimeScript PLUS RT-PCR Kit (Perfect Real Time)
(Takara Bio) on a QuantStudio 1 Real-Time PCR System (Thermo
Fisher Scientific). The primers used in this experiment are shown in
table S1. Standard curves were prepared using SARS-CoV-2 RNA
(10° copies/ul) purchased from Nihon Gene Research Laboratories.

Quantitative reverse transcription polymerase

chain reaction

Total RNA was isolated from cells and mouse tissues using ISOGEN
(Nippon Gene) and the FastGene RNA Basic Kit (Nippon Genetics).
cDNA was synthesized using total RNA with the SuperScript VILO
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c¢DNA Synthesis Kit (Thermo Fisher Scientific). Real-time RT-PCR
was performed with SYBR Green PCR Master Mix (Thermo Fisher
Scientific) or QuantiTect SYBR Green PCR Kit (QIAGEN) using a
QuantStudio 1 (Thermo Fisher Scientific) or a CFX384 Touch
Real-Time PCR Detection System (Bio-Rad). The relative quantita-
tion of target mRNA levels was performed using the 274“" method
or by calculating the copy number of the target transcripts from
standard curves prepared using known amounts of plasmids contain-
ing the target sequences. The values were normalized to the house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The PCR primer sequences are shown in table S1.

Western blot analysis for HMVEC-L and mouse lungs

Total cell extracts from HMVEC-L were prepared by dissolving the
cells in sample buffer [100 mM tris-HCl (pH 6.8), 4% SDS, 8%
2-mercaptoethanol, 20% glycerol, and 0.001% bromophenol blue].
For the preparation of cell extracts from mouse lungs, the lungs were
homogenized in radioimmunoprecipitation assay buffer [0.01 M so-
dium phosphate buffer (pH 7.2), 150 mM NaCl, 1 mM EDTA, 1%
NP-40, 1% sodium deoxycholate, and 2x cOmplete EDTA-free pro-
tease inhibitors (Roche)] and incubated for 3 hours at 4°C. The re-
sulting lysates were centrifuged at 4°C for 30 min at 20,000g, and the
supernatant was obtained as cell extracts. The cell extracts were sep-
arated by SDS-polyacrylamide gel electrophoresis and transferred
onto polyvinylidene fluoride membranes. The membranes were in-
cubated with primary antibodies against CLDN5 (4C3C2, Thermo
Fisher Scientific), VE-cadherin (F-8, Santa Cruz Biotechnology;
AF1002, R&D Systems), or GAPDH (6C5, Merck Millipore) and with
horseradish peroxidase (HRP)-conjugated secondary antibodies.
Immunoreactive bands were detected using the ImageQuant LAS
4010 system (GE Healthcare). The primary antibodies used are sum-
marized in table S2.

Immunofluorescent and actin staining

HMVEC-L cultured on a chamber slide (Thermo Fisher Scientific)
with EGM-2 MV medium containing SARS-CoV-2 were used for
immunofluorescent and actin staining. The PET membrane to which
HMVEC-L were adhered was mechanically recovered from the air-
way-on-a-chip and then used for immunofluorescent staining. The
resulting cells were fixed with 4% paraformaldehyde and permeabi-
lized with phosphate-buffered saline (PBS) containing 0.3% Triton
X-100 and blocked with PBS containing 1% bovine serum albumin.
The resulting cells were incubated with antibodies against CLDNS5,
VE-cadherin, B-catenin (E-5, Santa Cruz Biotechnology), and FoxO1
(C29H4, Cell Signaling Technology) followed by incubation with sec-
ondary antibodies conjugated with Alexa Fluor 555 or Alexa Fluor
488 (Thermo Fisher Scientific). F-actin was stained with Alexa Fluor
488 phalloidin (Thermo Fisher Scientific). The slides were mounted
with VECTASHIELD mounting medium with 4',6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories) and analyzed with a
BZ-X700 (KEYENCE). The nuclear FoxO1 level was measured using
Fiji/Image]. The primary antibodies used are summarized in table S2.

Measurement of TEER

HMVEC-L (3 x 10* cells) were seeded in cell culture inserts (for 24-well
plate) with a pore size of 3.0 um (BD Falcon) and incubated for
72 hours. The medium in the upper chamber was replaced with
EGM-2 MV medium containing 1 MOI of SARS-CoV-2, and TEER
was measured using a Millicell ERS-2 Voltohmmeter (Merck Millipore).
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The TEER value was calculated by the following formula: (resistance
of experimental wells — resistance of blank wells) x 0.32 (the mem-
brane area of the cell culture insert).

Generation of human CLDN5 knock-in mice and analysis

of CLDN5 expression

A donor vector consisting of a homology arm sequence (2 kb)
derived from the mouse genome linked to both ends of the human
CLDNS5 coding sequence (657 base pairs) was generated. Cas9 protein,
single guide RNA, and the donor vector were introduced into mouse
embryonic stem (ES) cells for homologous recombination. ES cells
containing human CLDN5 in the appropriate locus were selected by
genotyping by PCR and DNA sequencing. ES cells with normal karyo-
type were introduced into early embryos. The born chimeric mice were
mated with C57BL/6N mice to establish human CLDN5 homozygous
knock-in mice (hCLDNS5-KI mice). For the genotyping, the DNA frag-
ment was amplified using genomic DNA from the tail of hCLDN5-KI
mouse and primers (table S1) and digested with Eag I (New England
Biolabs) to check the genome DNA including the human CLDN5 se-
quence. To analyze the CLDN5 expression, organs were harvested
from hCLDNS5-KI mice (male, 7 to 9 weeks old) and used for the RNA
preparation. For the western blotting, hCLDN5-KI mice (male and
female, 7 to 8 weeks old) were injected with the anti-CLDN5 anti-
body (R9) or control rat immunoglobulin G (IgG). One and a half
hours after the injection, the lungs were harvested and used for protein
preparation. All animal experiments in this study were approved by the
ethics committee of Osaka University (approval number 30-11-1) and
performed in accordance with the relevant guidelines and regulations.

Vascular permeability assay (Miles assay)

hCLDN5-KI mice (male, 7 to 8 weeks old) were intravenously in-
jected with anti-CLDN5 antibody (R9; 2.5 mg/kg) (16) or control rat
IgG (Sigma-Aldrich). One hour later, the mice were intravenously
injected with 100 pl of PBS containing 1% Evans blue (Tokyo
Chemical Industry). Thirty minutes later, the mice were perfused
with PBS containing 2 mM EDTA, and the organs were harvested,
minced, and incubated in formamide at 55°C for 48 hours. The
eluted Evans blue was quantified by measuring the optical density at
620 nm using the standard curve. Pictures for organs were taken
under an SZX7 stereo microscope (Olympus) equipped with an
MAS-500 USB camera (Marutsuelec).

Quantification of lung wet/dry weight ratio

hCLDN5-KI mice (male, 7 to 8 weeks old) were injected with anti-
CLDNS5 antibody (R9) or control rat IgG. One and a half hours after
the injection, the lungs were harvested from the mice and immedi-
ately weighed (wet weight). The lungs were then dried in an incubator
at 60°C for 48 hours and weighed (dry weight). Pulmonary edema
was assessed by calculating the wet/dry weight ratio.

Hematoxylin and eosin staining for mouse and human lungs
hCLDN5-KI mice (male, 7 to 8 weeks old) were injected with anti-
CLDNS5 antibody (R9) or control rat IgG. Forty minutes after the
injection, the mice were perfused and fixed with PBS containing 1%
paraformaldehyde for 1 hour. The lungs were harvested and used
for the preparation of frozen sections (5 pm). The resulting mouse
sections and paraffin sections (5 um) from the human lungs were
stained with hematoxylin and eosin Y (Fujifilm Wako Pure Chemical
Corporation) and analyzed with the BZ-X700.
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Ultrathin section TEM

hCLDNS5-KI mice (male, 10 weeks old) were injected with anti-
CLDNS5 antibody (R9) or control rat IgG. One and a half hours after
the injection, the lungs were harvested and fixed in cacodylate buffer
with 2.5% glutaraldehyde and subsequently postfixed in 1% osmium
tetraoxide at 4°C. After the fixation, the lungs were dehydrated in a
graded series of ethanol and embedded in epoxy resin. Ultrathin
sections were cut, stained with uranyl acetate and lead staining solution,
and examined using an electron microscope (Hitachi H-7700) at 80 kV.

Generation of HMVEC-L-CLDNS5S

HMVEC-L were electroporated with pPB-TRE3G-CLDN5-V2 and
pHL-EFla-hcPBase-A (42) vectors using an NEPA21 electroporator
(Nepa Gene) and then selected with blasticidin (Fujifilm Wako Pure
Chemical Corporation). The piggyBac-based CLDN5-expressing plas-
mid, pPB-TRE3G-CLDN5-V2, was constructed by inserting human
CLDNG5 gene into multiple cloning sites of pPB-TRE3G-MCS(A)-
P2A-MCS(B)V2, which was a gift from T. Maruyama (Waseda
University). The piggyBac transposase-expressing plasmid, pHL-
EFla-hcPBase-A, was a gift from A. Hotta (Kyoto University).

Samples of patients with COVID-19

The current study was performed in accordance with the Declaration
of Helsinki and conducted with the approval of the Kyoto University
Graduate School and Faculty of Medicine, ethics committee (R2379-3).
Informed consent was obtained in the form of an opt-out form on
the institution’s website. The institutional ethics committee approved
this informed consent plan. Archived, residual serum samples from
patients with COVID-19 referred to Kyoto University Hospital, Kyoto,
Japan, were used in this study. These clinical specimens were previously
archived for future studies to identify biomarkers for disease pro-
gression but were repurposed for the present study. The severity of
the patients was defined according to the criteria used by World
Health Organization guidance for the clinical management of COVID-19
released 27 May 2020 (https://apps.who.int/iris/bitstream/handle/
10665/332196/WHO-2019-nCoV-clinical-2020.5-eng.pdf?
sequence=1&isAllowed=y). The information of patients with COVID-19
used for Fig. 6 (A to E) can be obtained from our previous report
(21). The information of patients with COVID-19 used for Fig. 6F
is summarized in table S3.

Immunofluorescent staining of human lungs

Human lungs were harvested and used for the preparation of paraffin
sections (5 um). The sections were permeabilized using tris-buffered
saline with 0.1% Tween 20 detergent (Nacalai Tesque) for 10 min and
were blocked using Blocking One Histo (Nacalai Tesque) for 45 min.
Then, the sections were incubated in tris-buffered saline with 0.1%
Tween 20 detergent with or without primary antibodies overnight at
4°C. The sections were then washed with PBS and incubated in tris-
buffered saline with 0.1% Tween 20 detergent containing Alexa Fluor
595-conjugated secondary antibodies for 45 min. Last, the sections
were washed and mounted with Fluoro-KEEPER antifade reagent,
nonhardening type with DAPI (Nacalai Tesque) and analyzed with
the BZ-X700. The primary antibodies are summarized in table S2.

Measurement of serum CLDNS5 levels in patients

with COVID-19

Clear flat-bottom immuno nonsterile 96-well plates (Thermo Fisher
Scientific) were coated with a mixture of anti-CLDNS5 antibodies (R9)
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and incubated at room temperature for 1 hour and then blocked
with 1% bovine serum albumin containing PBS. The samples and
standard CLDNS5 proteins were diluted twofold with dilution buffer
(0.05% Tween 20 in PBS), and 100 pl of samples was added to each
well, followed by incubation at room temperature for 1 hour. After
three washes with a washing buffer, 100 ul of anti-CLDN5 antibody
(Abcam) was added to each well, followed by incubation at room
temperature for 1 hour. After three washes with a washing buffer,
100 pl of Biotin-SP-AffiniPure Donkey Anti-Rabbit IgG (H + L)
(Jackson ImmunoResearch Laboratories) was added to each well,
followed by incubation at room temperature for 1 hour. After three
washes with a washing buffer, 100 ul of Pierce high-sensitivity
streptavidin-HRP (Thermo Fisher Scientific, 21130) was added as a
substrate to each well, followed by incubation at room temperature
for 30 min. After three washes with a washing buffer, 100 ul of
trimethylboron substrate solution (R&D Systems) was added as a
substrate to each well, followed by incubation at room temperature
for 30 min. The reaction was stopped by adding 100 pl of stop solu-
tion to each well. The optical density of each sample at 450 nm was
then measured using TriStar LB 941 (Berthold).

Statistical analysis

Data are expressed as mean values + SEM. P values were calculated
using the unpaired t test, Mann-Whitney U test, or one-way or two-
way analysis of variance (ANOVA) followed by Tukey’s test, Dunnett’s
test, or Sidak correction. All statistical analyses were performed using
Prism 9 software (GraphPad Software Inc.). The statistical signifi-
cance of differences in the means was determined using the tests
indicated in the figure legends.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo6783

View/request a protocol for this paper from Bio-protocol.
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