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SARS-CoV-2-induced disruption of a vascular bed
in a microphysiological system caused by type-I
interferon from bronchial organoids†
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Blood vessels show various COVID-19-related conditions including thrombosis and cytokine propagation.

Existing in vitro blood vessel models cannot represent the consequent changes in the vascular structure or

determine the initial infection site, making it difficult to evaluate how epithelial and endothelial tissues are

damaged. Here, we developed a microphysiological system (MPS) that co-culture the bronchial organoids

and the vascular bed to analyze infection site and interactions. In this system, virus-infected organoids

caused damage in vascular structure. However, vasculature was not damaged or infected when the virus

was directly introduced to vascular bed. The knockout of interferon-related genes and inhibition of the

JAK/STAT pathway reduced the vascular damage, indicating the protective effect of interferon response

suppression. The results demonstrate selective infection of bronchial epithelial cells and vascular damage

by cytokines and also indicate the applicability of MPS to investigate how the infection influences vascular

structure and functions.

Introduction

The COVID-19 pandemic caused by SARS-CoV-2 began in late
2019 and has still not completely ceased. The respiratory
system is the primary target of SARS-CoV-2 owing to the high
expression of ACE2 and TMPRSS2. In severe cases of COVID-
19, the disease progresses to multi-organ dysfunction.1,2

Among organs, blood vessels suffer from multiple conditions
such as endothelialitis, microthrombosis, and cytokine
storms.2–5 While in vitro studies have investigated COVID-19

disease progression after direct infection, cytokine activation,
and antiviral responses, several questions remain unanswered
regarding SARS-CoV-2 infections. For example, even though
ACE2 expression and infection to endothelial cells are
indicated in patients with severe cases of the disease,5,6

several in vitro studies using primary cell culture report
endothelial cells do not express ACE2 nor are they infected by
SARS-CoV-2.7–9 The activation of endothelial cells by cytokines
released from adjacent epithelial tissues and the attraction of
immune cells have been also studied as part of the disease
mechanism from patient biopsies.10–12

The loss of structure and function of blood vessels upon
infection is key to understanding COVID-19. The kidney,
heart, and skin are damaged by the virus or by paracrine
signals from primarily infected tissues that migrate through
the vasculature.13,14 Morphological changes in pulmonary
capillaries have been reported in samples from patients with
upregulated cytokines or growth factors.5 Although the
paracrine effects of cytokines are correlated with blood vessel
malfunction or malformation,15,16 in vivo observation of the
vessel under the disease was impossible.

In vitro experiments have been widely utilized for SARS-
CoV-2 study. Cell lines such as Vero E6 or A549, which
derived from cancer cells, are most widely used.17,18

However, these cell lines largely differ from in vivo
condition, especially in susceptibility to virus and immune
response against infection. Recently, primary and stem-cell-
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derived cells are also used as more physiologically relevant
cell source. For example, pulmonary epithelial cells form
differentiated layer under air–liquid interface (ALI) culture
has been reported.19,20

Even with higher functionality of cell source, conventional
cell culture still lacks an ability to investigate interaction
between blood vessel and other tissues. To address this gap,
in vitro experimental approaches that mimic the interface
between epithelial tissues and vasculature are needed. To
understand the response of surrounding tissues in vitro,
defining the infection site and recapitulating the interactions
between epithelial tissues and blood vessels are critical.21

Microphysiological systems (MPS) to study SARS-CoV-2,
such as SARS-CoV-2 MPS, enable the selection of the infection
site because of its accessibility to the target tissues. Lu et al.
reported that endothelialized vasculature-on-a-chip exposed to
SARS-CoV-2 spike protein enters a hyperinflammatory state
when co-cultured with peripheral blood mononuclear cells,
including monocytes.22 Interactions between different cell
types, migration of the virus, and the recruitment of immune

cells have been studied using SARS-CoV-2 MPS with
alveolar,23,24 bronchial,25 and intestine epithelial cells.26

However, these studies still suffer from several problems.
First, not a few studies did not use authentic SARS-CoV-2,
making it difficult to compare them with in vivo studies. In
addition, most of the studies utilized a bilayer format MPS,
which lacks the ability to assess blood vessel symptoms
caused by the virus infection.

In the current study, we developed a SARS-CoV-2 MPS to
recapitulate interactions between the 3D bronchial organoids
(BOs) and the vascular bed (VB). The BOs and the VB,
consisting of primary epithelial and endothelial cells,
respectively, were co-cultured in a 3D microfluidic device
previously reported,27 in which endothelial cells
autonomously form the VB in a micro fluidic channel.28–30

We used the SARS-CoV-2 MPS to selectively introduce the
virus into the BOs and/or the VB and analyze virus entry into
each tissue and change of the VB's 3D structure upon viral
infection. This proposed MPS model also enables us to study
the paracrine effects between the BOs and the VB utilizing

Fig. 1 Co-culture of bronchial organoids and vascular beds in a microfluidic device. (A) Schematic of the co-culture device. The BOs were
cultured in a culture well (BO-culture well) on top of a VB prepared in a microfluidic channel (VB-culture channel: blue). Culture media were
supplied and exchanged through the channels neighboring the VB-culture channel (media channel: pink). (B) Protocol of the BO and VB culture
and subsequent SARS-CoV-2 infection. (C) A 3D image of BOs and VB stained with DAPI (cyan), E-cadherin (blue), and CD31 (green) (top), enlarged
view of BOs (left bottom), and VB (right bottom). Scale bar: 500 μm. (D) Microscope images of co-cultured BOs obtained. A phase contrast image
of BOs in the BO-culture well (left) and fluorescent image of the VB (right). Scale bar: 1 mm. (E) Fluorescent image of a sectioned BO. Cyan: nuclei.
Blue: cytokeratin 5. Green: acetylated α-tubulin. Scale bar: 20 μm. (F) Relative expression of ACE2 and TMPRSS2 between the BOs and the VB. N =
8 devices for the BOs and the VB each. (G) Expression of SARS-CoV-2 N gene in BOs and the VB at 4 dpi. N = 8 devices for each of the BOs and
the VB. (H) Virus copy number in media taken from the BO-culture well and VB-culture channel until 4 dpi when the virus was introduced to the
BO-culture well. N = 8 devices for each of the BO-culture well and VB-culture channel.

Lab on a ChipPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
6/

6/
18

 1
8:

04
:3

0.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lc00768e


Lab Chip, 2024, 24, 3863–3879 | 3865This journal is © The Royal Society of Chemistry 2024

accessibility to the specific cell type, gene modification, and
inhibitor treatment to block the immune response pathways.

Results
Microfluidic devices enabled the co-culture of bronchial
organoids (BOs) and the vascular bed (VB)

The interactions between bronchial tissues and blood vessels
were recapitulated using a three-layer microfluidic device.
The BOs were cultured in a well (BO-culture well), and the VB
was cultured in a channel fabricated with soft lithography
(VB-culture channel) (Fig. 1A and S1A–C†). The BO-culture
well and VB-culture channel were in contact with one another
via a connecting hole (Fig. S1A†). A pillar array defined the
side of the VB-culture channel and contained an extracellular
matrix (ECM) gel consisting of fibrin and collagen, in which
human umbilical vein endothelial cells (HUVECs) were
suspended (Fig. S1A†). A perfusable VB was formed 4 days
after HUVEC seeding. Normal human bronchial epithelial
cells (NHBE) in Matrigel were differentiated to form BOs in
the BO-culture wells (Fig. 1B).

VB formed 4 days after injection and VB perfusability was
maintained with the flow generated by rocking with a shaker
(Fig. S2A†). Without rocking, the perfusability of the VB was
lost after 10 days of co-culture in all three devices tested (Fig.
S2B†). The VB formed in the device remained perfusable for
more than 20 days with the BOs, which was enough time to
perform all the experiments in this study.

The layered co-culture of the BOs on the VB was visualized
(Fig. 1C), in which globular shapes of the BOs and network
shape of the VB were observed in the BO-culture well and VB-
culture channel, respectively (Fig. 1D). The diffusion of virus
particles was analyzed with numerical simulations of viral
particle concentration to visualize how they travel in the
ECM. When the virus was introduced into the BO-culture
well, its particles permeated into the VB-culture channel
within 24 hours (Fig. S3†).

We examined the differentiation of the BOs cultured in
the device. First, basal cells and ciliated cells in the
organoids were observed by staining cytokeratin 5 (KRT5) and
acetylated α-tubulin (ACTB), respectively (Fig. 1E). The
expression levels of ACE2, which codes for the virus receptor
protein, and TMPRSS2, which codes for the protease
necessary for virus entry into cells, were compared between
the BOs cultured in the device and those cultured in a 24-well
plate (Fig. S4†). We did not observe a significant difference in
either gene expression between the device and the plate.
Additionally, we investigated the expression levels of eight
genes that are markers of bronchial epithelial cells (Fig. S4†).
Three out of these eight markers, namely, MUC20, MCIDS,
and PROM1, were significantly up-regulated on the device,
and two markers, SCGB1A1 and NGFR, were significantly
down-regulated. Expression differences between the plate
and device were not significant for the remaining three genes
(KLF5, MUC5B, and TUBA1A). Finally, the expression levels of
all eight genes tested were within 50–200% of each other

when comparing the expression levels of the genes on the
device and the plate, consistent with a previous study.31

The expression of ACE2 and TMPRSS2 in the BOs and the
VB was measured to investigate the susceptibility of these
structures to the virus. We observed a 10-fold higher
expression of ACE2 in the BOs than in the VB, while the
expression of TMPRSS2 was 800-fold higher (Fig. 1F). These
results suggest a lower sensitivity of the VB to virus infection.

SARS-CoV-2 showed higher replication in BOs than in the VB

We evaluated the infection of the BOs and the VB with SARS-
CoV-2 by adding the virus to the BO-culture wells using 0.1
multiplicity of infection (MOI). At 4 days post-infection (4
dpi), Ct value of SARS-CoV-2 N in the BOs was 12.97 ± 0.93,
which was comparable with previous studies using primary
cells (Fig. S5†).20,31

The expression of SARS-CoV-2 N was approximately 300-
fold higher than in the VB (Fig. 1G), indicating that the virus
replication occurred mostly in the BOs. The amount of virus
was evaluated based on the virus copy number in the culture
media taken from the BO-culture well and the VB-culture
channel. The copy number in the BO-culture well at 2 dpi
was over 100 × 103 copies per μL and remained at this level
until 4 dpi (Fig. 1H). On the other hand, the copy number in
the VB-culture channel was negligible until 3 dpi and
increased to 50 × 103 copies per μL at 4 dpi.

The effect of viral application site on replication was next
assessed in three ways: virus application to (i) both the BO-
culture well and the VB-culture channel (BO+VB+); (ii) to the
BO-culture well only (BO+VB−); (iii) and to the VB-culture
channel only (BO−VB+). The virus copy number at 2 dpi in
the BO-culture well and the VB-culture channel were high
and low, respectively. In both BO+VB+ and BO+VB− (Fig. S6†),
the virus replication occurred mainly in the BO-culture well
regardless of whether the virus was introduced to the BO-
culture well or the VB-culture channel. In contrast, the copy
numbers were low for both the BO-culture well and the VB-
culture channel in BO−VB+. Thus, we introduced the virus to
the BO-culture well in subsequent experiments.

Bronchial cell markers were maintained on a chip and innate
immunity-related genes were up-regulated by SARS-CoV-2 in
both the BOs and the VB

Gene expression levels in the BOs were evaluated at 4 dpi with
mock (no virus application) or SARS-CoV-2 introduced to the
BO-culture well. The expression levels of three basal cell
markers (TP63, KRT5, and NGFR), and two ciliated cell markers
(MCIDAS and TUBA1A) were measured as bronchial markers
(Fig. 2A). Only TP63 expression was significantly increased with
infection, whereas MCIDAS expression was significantly
decreased. Moreover, ACE2 expression was significantly higher
in the BOs infected with SARS-CoV-2 than that in the mock,
while TMPRSS2 expression was unchanged (Fig. 2B). Genes
related to an innate immune response, IFNA1, IFNB1, MxA,
ISG56, and ISG15, showed greatly increased expression in the
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BOs infected with the virus, indicating the induction of a
strong innate immune response (Fig. 2C).

The expression of genes in the VB was also affected by the
virus. We analyzed genes related to endothelial cell function,
SARS-CoV-2 infection, and innate immunity. The expression
of two cell adhesion molecule genes, ICAM1, and VCAM1,
which are related to endothelialitis, was significantly
increased with SARS-CoV-2, while two cell–cell adhesion
genes, CDH5 and ZO-1, showed no significant change
(Fig. 2D), similar to the unaltered levels of ACE2 and

TMPRSS2 (Fig. 2E). Moreover, there was a significant increase
in the innate immune response-related genes, IFNB1, MxA,
ISG56, and ISG15 ( p < 0.05), but no significant change was
found for the expression of IFNA1 or IL6 (Fig. 2F).

RNA sequencing of the BOs reveals an up-regulation of
immune response and down-regulation of cell proliferation

We performed BO transcriptome analysis to evaluate
differential gene expression levels in the BOs with or

Fig. 2 mRNA expression changes by SARS-CoV-2 infection in the BOs and the VB. Gene expression levels (A–C) in the BOs and (D–F) in the VB. (A)
Differentiated bronchial markers. (B) Genes required for infection. (C) Genes related to innate immune response. (D) Endothelial cell genes. (E)
Genes required for infection. (F) Genes related to innate immune response. Expression levels were normalized by the average in the mock device.
p-Values were calculated by Wilcoxon's rank sum test. N = 8 devices.
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without SARS-CoV-2. The BOs were collected at 4 dpi
after co-culturing with the VB for whole RNA extraction
and subsequent RNA sequencing. The innate immune
response-related genes, RSAD2, HERC5, and IFI2, were
up-regulated approximately 10-fold on a log 2 scale
(Fig. 3A). Interestingly, PIN1, a prolyl isomerase that
reportedly plays an important role in viral proliferation,
was also significantly upregulated.32 The up-regulation of
immune response pathways was detected by a gene
ontology (GO) enrichment analysis, in which signals
related to viral infection and interferon signaling were
highly up-regulated (Fig. 3B). Most down-regulated
pathways were related to cell proliferation. Moreover, the
expression of genes from the GO term with the highest
enrichment score, “defense response to the virus”, and
the GO term with the lowest score, “mitotic sister
chromatid segregation” are depicted in a heat map
(Fig. 3C). The heat map of the genes included in the
GO term “defense response to the virus” showed a
consistent upregulation with SARS-CoV-2 among samples,
while the genes included in the GO term “mitotic sister
chromatid segregation” with SARS-CoV-2 were consistently
downregulated among samples.

VB coverage and integrity were reduced by SARS-CoV-2
infection of the BOs

Morphological changes induced in the VB by the virus were
observed by fluorescence microscopy. In the SARS-CoV-2-
infected device, lumen structures in the VB thinned after the
injection of the virus, whereas no significant change was
observed in the mock device (Fig. 4A). VB images were
quantitatively analyzed by calculating the ratio of the
HUVEC-covered area to the entire area of the VB-culture
channel. The ratio was significantly lower in the SARS-CoV-2-
infected devices (0.64 ± 0.05; mean ± S.D.), compared to the
ratio in the mock devices (0.87 ± 0.02) (Fig. 4B).

Moreover, the vascular network was also degraded in
the SARS-CoV-2-infected devices, but not in the mock
devices. The connectivity of the VB was evaluated by the
number of end points, where a vessel terminates without
connecting to any other vessel. We observed a significantly
larger end point number (p < 0.01) in infected devices
(151.7 ± 23.3 per device) than in mock devices (35.3 ± 8.1
per device), which quantitatively indicates the shrinkage
and loss of the network connectivity in the SARS-CoV-2-
infected device (Fig. 4C).

Fig. 3 RNA sequencing results from the infected BOs. (A) Plot of the expression fold change (x-axis) and negative logp-value (y-axis). Gene
expression levels that increased by more than 2 units on the x-axis and more than 50 units on the y-axis are colored in red. Those that decreased
by 2 units on the x-axis and 50 units on the y-axis are colored in blue. (B) Normalized enrichment factor of the 10 top and bottom pathways
analyzed in the GSEA. (C) Log 2 fold change of genes in the GO term “defense response to virus” whose enrichment score was the largest in the
GSEA (left) and in the GO term “mitotic sister chromatid segregation” whose enrichment score was the smallest.
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Fig. 4 Morphological and functional effects of SARS-CoV-2 infection on the VB. (A) Fluorescent images of the VB before infection and 4 dpi. Scale
bars: 1 mm. (B) The ratio of the HUVEC-covered area to the whole VB-culture channel area. (C) The number of end points
per field of view. n = 3 biological replicates. ***p < 0.01 in (B) and (C) by Student's t-test. (D) Time-lapse images of
rhodamine-labeled dextran solution flow (red) after injection from the left side. The rightmost images are overlaid by the VB (green) at 15 s. The
white square in the merged image of the mock device corresponds to the ROI where the pixel intensity was evaluated. Dashed circles indicate the
dextran leakage to the ECM from the VB due to the loss of integrity. Scale bar: 1 mm. (E) Time course change of the dextran area in the mock (red) and the
SARS-CoV-2-infected device (blue). (F) Fluorescent image of the VB (actin filaments: yellow). White circles enclose the connecting hole. Scale bar: 1 mm.
(G) Enlarged view of the actin filaments (yellow) in HUVECs. Dashed circles indicate the loss of cells and reduced cell–cell connection in the SARS-
CoV-2-infected device (bottom). Scale bar: 100 μm. (H) Radar chart of the power spectrum against the angle of an actin filament following a 2D
FFT. Raw spectra are plotted as solid lines. The ellipse fitting of the raw spectra are plotted as dashed lines. (I) The ratio of the major and minor
axes values from the ellipse fitting of the orientation spectra in SARS-CoV-2 and mock devices. n > 3 ROIs from multiple replicates; ***p < 0.01 by
Student's t-test.
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Vascular integrity was tested by introducing rhodamine
B-conjugated dextran (rhodamine–dextran) solution into one
side of the VB-culture channel through the media channel.
The difference in the water head induced a fluidic force that
led the solution from one end of the channel in which the
dextran was applied to the other end. In the mock device, the
dextran solution flowed through the VB and reached the
opposite side of the VB-culture channel within 5 s
(Fig. 4D, top). In contrast, the solution did not reach the
opposite side in the SARS-CoV-2-infected devices even after
15 s (Fig. 4D, bottom). In addition, the dextran solution
flowed out to the ECM through a damaged vascular wall or
an end point in the VB-culture channel in the SARS-CoV-2-
infected devices (Fig. 4D).

The loss of VB integrity was quantified by analyzing the
flow of the labeled dextran solution. The ratio of the area
where the VB was filled with dextran in a region of interest
(ROI). The ROI was located at one end of the VB channel
opposite to the side from which the dextran solution was
inlet (Fig. 4D). In the mock devices, the ratio was
approximately 0.9 in 20 s (N = 3 devices) and reached a
plateau thereafter. The ratio of the SARS-CoV-2-infected
devices was around 0.1 even after 60 s, indicating a loss of
VB integrity (Fig. 4E).

The microscopic structure of VB was damaged by SARS-CoV-2
infection in the BOs

Structural damage to the VB was evaluated from images of
fluorescently labeled actin filaments. Thinned vessels were
visualized in the images with lower magnification
(Fig. 4A and F). High-magnification images allowed the
visualization of the individual actin filaments in the cells
(Fig. 4G), whose orientations were less uniform in the
infected device than in the mock device, owing to the loss of
cells or cell–cell adhesions.

The damage by SARS-CoV-2 to the VB structure was
quantitatively measured by the orientation of actin filaments.
A power spectrum was obtained from the 2D Fourier
transformation of filament images taken from mock and
infected devices. The sum of the power spectrum along the
frequency (Fig. 4H) shows the degree of the orientation
uniformity of the actin filaments. The ratio of the major and
minor axes of an ellipse fitting was about twice as large in
the mock device as in the infected device, indicating that the
actin filament orientation was less uniform after virus
application (Fig. 4I). This actin filament dysregulation is
quantitative evidence of the damage of the VB structure by
SARS-CoV-2.

Knocking out the type-I interferon pathway reduced vascular
damage

Knocking out interferon alpha and beta receptor subunit 2
(IFNAR2) in HUVECs reduced the VB damage and the amount
of virus detected in the VB-culture channel. A mutated VB
was created using IFNAR2 KO-HUVECs (KO-VB), and the virus

was introduced to the BO-culture well. The vascular structure
of KO-VB remained intact after the infection (Fig. 5A), in
contrast to the VB in the SARS-CoV-2-infected devices with
wild-type HUVECs (WT-VB) (Fig. S7†). The virus copy number
in the BO-culture well with the KO-VB (30.0 ± 0.4 × 103 copies
per μL) was comparable with WT-VB (21.1 ± 1.3 × 103 copies
per μL). However, in the VB-culture channel, the copy
number with the KO-VB was significantly lower (1.1 ± 0.02 ×
103 copies per μL) than with WT-VB (13.6 ± 1.3 × 103 copies
per μL) (Fig. 5B).

Knocking out of interferon beta (IFNB1) in NHBEs also
reduced the VB damage and viral gene expression. The BOs
were prepared with IFNB1 KO-NHBEs (KO-BO) and co-
cultured on WT-VB (Fig. 5C), and the virus copy number was
measured. The copy number in the BO-culture well using the
wild-type BO (WT-BO) (48.8 ± 9.3 × 103 copies per μL) was
comparable with that using the KO-BO (62.0 ± 1.5 × 103

copies per μL) (Fig. 5D). In contrast, the copy number in the
VB-culture channel with the KO-BO was an order of
magnitude lower (4.9 ± 0.6 × 103 copies per μL) than with the
WT-BO (55.5 ± 5.8 × 103 copies per μL). Thus, the use of KO-
BO and KO-VB significantly reduced the virus copy number,
indicating the crucial role of type-I interferon and its receptor
pathway in vascular damage.

JAK/STAT inhibitors showed a protective effect on VB

The application of JAK/STAT inhibitors to SARS-CoV-2-
infected devices resulted in the VB structure being
maintained and reduced expression of virus genes in the VB-
culture channels. Either baricitinib or tofacitinib, two JAK/
STAT inhibitors, were introduced into the VB-culture
channels in the infection experiments. VB treated with the
inhibitors maintained its vascular structure (Fig. 5E).
Additionally, the inhibitors also reduced virus copy number
in the VB-culture channel. In the vehicle-treated devices, the
copy number was 12.1 ± 1.4 × 103 copies per μL in the BO-
culture well and 13.5 ± 1.1 × 103 copies per μL in the VB-culture
channel. With baricitinib treatment, the virus copy number in
the VB-culture channel was 1.3 ± 0.2 × 103 copies per μL, which
was approximately 10-fold lower than in the vehicle condition,
but the copy number in the BO-culture well was 12.4 ± 0.4 ×
103 copies per μL, which was equivalent to the vehicle. The
administration of tofacitinib gave similar results, with 4.2 ±
1.0 × 103 copies per μL in the VB-culture channel and 13.4 ±
0.2 × 103 copies per μL in the BO-culture well (Fig. 5F). These
results suggest that both inhibitors suppressed the migration
of the virus from the BO-culture well to the VB-culture
channel.

Discussion

In this study, we established the MPS model to evaluate the
mutual interaction between the BOs and the VB in SARS-
CoV-2 infections. The MPS based multi-layered-microfluidic-
device enabled us to maintain VB and BOs with the help of
media flow.
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The device design also makes it possible to define the
initial infection site of SARS-CoV-2 while maintaining the
diffusional transport of molecules and virus particles through
the connecting hole. Multiple conditions were able to be
tested with single batch of experiment, as approximately 30
devices were handled at one time. Replication of the virus in
the BOs and transient damage in the VB were observed. The
morphological damage to the VB caused by paracrine IFN-β
was quantified. Additionally, the mechanisms of VB damage
were examined using KO cells and JAK/STAT pathway
inhibitor drugs.

The MPS model was examined by applying the virus to
specific sites. Infection and replication in the BOs were
confirmed by the detection of the virus gene in the BOs and
the BO culture media at 2 dpi. (Fig. 1F and G). In contrast to
the virus copy number observed in the BOs, a low virus copy

number was seen in the VB (Fig. 1G). This finding is
consistent with the much lower expression of ACE2 and
TMPRSS2 in the HUVECs forming the VB than in NHBEs
forming BOs (Fig. 1F).

Virus RNA copy number was negligible in VB culture
media compared with BO culture media until 3 dpi, but
became detectable level at 4 dpi (Fig. 1H). It can be explained
by the two facts: one is the lower infection efficiency of the
virus to endothelial cells until 3 dpi, because the copy
number would drastically increase at earlier days if
endothelial cells are infected. The other is that the virus
released from the BOs were migrated to the VB-culture
channel due to the loss of integrity of VB after 4 dpi.

Specificity of the virus infection to the BOs is also
supported by high gene copy number in supernatants from
the BO-culture well of the device where the virus was applied

Fig. 5 Reduction of vascular damage by suppression of the interferon pathway. (A) Orthogonal view of actin filaments (yellow) in KO-VB in the
SARS-CoV-2-infected device. Scale bar: 100 μm. (B) The virus copy numbers at 4 dpi in the BO-culture well and VB-culture channel in the SARS-CoV-2-
infected device culturing WT-BO and WT-VB or KO-VB. (C) Orthogonal view of actin filaments (yellow) in WT-VB in the SARS-CoV-2-infected device
culturing KO-BO. (D) The virus copy numbers at 4 dpi in the BO-culture well and VB-culture channel in the SARS-CoV-2-infected device with WT-
BO or KO-BO and WT-VB. (E) Orthogonal view of actin filaments (yellow) in WT-VB in SARS-CoV-2-infected devices with the administration of
baricitinib or tofacitinib. (F) The virus copy number at 4 dpi in the BO-culture well and VB-culture channel in the SARS-CoV-2-
infected devices treated with DMSO (vehicle), baricitinib, or tofacitinib. n = 3 replication of the devices for each condition, *p < 0.05, **p < 0.01,
***p < 0.005 by Student's t-test.
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to the BO-culture well and VB-culture channel (BO+VB+) or
only to the BO-culture well (BO+VB−). The copy number in
the VB culture media in BO+VB− and BO−VB+ showed the
same level, indicating that the infection of the VB was not
significant. The BO-specific infection matched the higher
expression of ACE2 and TMPRSS2 in the BOs than in the VB
we observed here (Fig. 2B and D) and previously reported
under in vitro conditions and from patients.7,8

When the virus was applied exclusively to the VB-culture
channel (BO−VB+), a low gene copy number was observed
both in the VB-culture channel and the BO-culture well. The
low gene copy number observed in the VB-culture channel
implies a lack of infection in the VB, consistent with the
outcomes in BO+VB− and BO−VB+ conditions. Henceforth,
predominant source of the observed virus in the BO-culture
well can be deduced as the migration of the virus initially
applied to the VB-culture channel.

The lack of infection in the BOs indicates the existence of
a factor hindering virus migration from the VB-culture
channel to the BO-culture well. Gravity emerges as a plausible
factor that could restrict the diffusional transport of the virus
from the VB-culture channel, situated at the bottom of the
device to the BO-culture well. However, our theoretical
analysis premising only gravitational and diffusional
transport (Supplementary discussion and Table S1†) indicates
that gravitational effect alone is insufficient to explain
limited amount of the virus in the BO-culture well. An
alternative hypothesis suggest that the VB structure can
physically confine the virus, hindering its migration. This
aligns with the results obtained in the experiments involving
IFN-related gene KO cells. With KO cells, the VB remained
intact post infection and a low virus count was observed,
indicating confinement of the virus by the VB (Fig. 5A–D).

The gene expression changes in the BOs and the VB
indicate an innate immune response caused by SARS-CoV-2
infection. Massive upregulation of innate immune response-
related genes was observed in both the BOs and the VB
(Fig. 2C and F). This trend was consistent with that seen in
previous studies.19,33 All genes related to innate immune
response were upregulated more than 100-fold in the BOs in
SARS-CoV-2 infected devices (Fig. 2C). The transcriptome
analysis showed a similar trend of up-regulation of the innate
immune response in the BOs against virus infection (Fig. 3B).
In the VB, although the expression levels of innate immune
response-related genes in the VB were significantly up-
regulated with the virus, the average up-regulation was lower
than in the BOs (Fig. 2F). The difference in the expression
suggests that the innate immune response is greater in the
BOs, which is primarily infected with the virus.

Upon infection, the VB showed morphological changes
(Fig. 4A–C) including shrinking and the loss of vascular
integrity (Fig. 4D and E). The orientation of the cytoskeleton
structure at the single-cell level was also significantly reduced
(Fig. 4F–I). Considering the expression of innate immune
response genes, the low susceptibility of the VB to the virus,
and these structural damages, we hypothesized that the

innate immune response in the BOs stimulated endothelial
cells, resulting in morphological changes of the whole VB
structure due to a loss of cell–cell connections, cell death,
and detachment from the vascular structure. SARS-CoV-2
infection of the vasculature has been tested with capillary
organoids.34 However, our system allowed us to also observe
the paracrine effects of epithelial tissue mediated by SARS-
CoV-2 infection.

A detailed mechanism of the VB damage and migration of
the virus was further investigated by suppressing the innate
immune response. The virus copy number in the VB-culture
medium was reduced when using IFNAR KO-VB or IFNB KO-
BO. VB damage was also mitigated (Fig. 5A and C). These
results indicate that type-I interferon-related immune
processes caused VB damage and the consequent migration
of the virus from the BO-culture well to the VB-culture
channel. Two JAK/STAT pathway inhibitors, baricitinib and
tofacitinib, reduced the virus copy number (Fig. 5C). Because
JAK/STAT activation is a major signaling pathway of type-I
interferons, the reduction of the virus copy number by the
inhibitors further indicates that VB damage is caused by a
mechanism related to type-I interferon. The degree of the
virus reduction was greater with baricitinib than with
tofacitinib, which can be explained by the lower effectiveness
of tofacitinib on JAK1.35 These results strongly suggest that
type-I interferon responses induce vasculature damage and
virus migration from the BOs to the VB. Thus, the
suppression of downstream molecules may have a
therapeutic effect in COVID-19 patients.36–38

Protective and detrimental aspects of type-I interferon in
COVID-19 have been reported. In the initial phase of COVID-
19, type-I interferon plays a primary and crucial role in the
innate immune response. A higher risk of severe COVID-19 in
patients with interferon gene abnormalities indicates the
importance of this response in suppressing further disease
aggravation.39–42 On the other hand, type-I interferons have
also been reported to contribute to the cytokine storm in
severe COVID-19 cases.43–46 The VB damage and migration of
the virus demonstrated by our system are presumably
associated with the detrimental effects of type-I interferon.
Similarly, COVID-19 patients with vascular symptoms show
an up-regulation of type-I interferon.2,47,48

Conclusion

We established a 3D co-culture model of epithelial tissues
and the vasculature to explore the mechanisms of vascular
dysfunction caused by SARS-CoV-2. One limitation of this
model is that it does not include immune cells, which play a
key role in suppressing viral replication and eliminating
infected cells. Despite this deficiency, it enabled us to
selectively define the initial infection site and to evaluate the
3D morphology of the vasculature. Obtained results revealed
the endothelial damage caused by a paracrine type-I
interferon response. The SARS-CoV-2 MPS developed here is
thus advantageous for the application of the virus to specific

Lab on a Chip Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
6/

6/
18

 1
8:

04
:3

0.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lc00768e


3872 | Lab Chip, 2024, 24, 3863–3879 This journal is © The Royal Society of Chemistry 2024

cell types, assays of drug effect evaluations, and the study of
genetic modifications, allowing us to study the direct and
indirect effects of SARS-CoV-2 infection. Further development
of this model, such as the integration with immune cells, will
enable us to a deeper understanding of mechanisms
underlying vascular dysfunctions in COVID-19.

Materials and methods
Device design

The device was composed of three layers: two layers of
polydimethylsiloxane (PDMS) and a bottom glass coverslip.
The top PDMS layer was made of PDMS slab equipped with a
10 mm diameter well for the BO culture (BO-culture well)
(Fig. S1A and B†). The middle PDMS layer contained
microfluidic channels where HUVECs were cultured to form
the VB (VB-culture channel) and two channels neighbouring
the VB-culture channel (media channels). The media
channels and the VB-culture channel were separated by an
array of pillars to define the gels inside the VB-culture
channel while maintaining a supply of nutrients and oxygen
from the media to the VB through the pillar gaps (Fig. S1A†).
The width of the VB-culture channel and side channels were
3 mm and 1 mm, respectively. Gel inlets with a diameter of 1
mm were located at both ends of the VB-culture channel and
reservoirs with a diameter of 6 mm at the ends of the media
channels. The BO-culture well and VB-culture channel were
connected through a 1 mm hole punched at the center of the
BO-culture well. Two channels located outside the media
channels were filled with EGM2. Details of the device design
were previously reported.27

Device fabrication

The device was fabricated by bonding two layers made of
PDMS and a glass bottom layer. The top PDMS layer was
formed by casting the mixture of a PDMS prepolymer and
curing agent (10 : 1 weight ratio) in a square plastic case. The
middle PDMS layer was fabricated by the soft-lithography
technique. First, SU-8 3050 (Nippon KAYAKU, Tokyo, Japan)
was spin-coated onto a silicon substrate. The fluidic channel
pattern was then exposed and developed using an SU-8
developer (Nippon KAYAKU). The height of the channel mold
was 250 μm. A 10 : 1 mixture of PDMS prepolymer and curing
agent (DuPont Toray Specialty Materials K.K. SILPOT 184,
Tokyo, Japan) was spin-coated onto the mold to form a PDMS
layer of approximately 500 μm thick and incubated in a
vacuum chamber for 30 min to remove bubbles captured in
the pillar array pattern (Fig. S1B-1†). The bottom PDMS layer
was cured overnight at 80 °C.

The BO-culture well (10 mm in diameter) was punched
into the top PDMS layer to a thickness of approximately 4
mm. The top layer was then bonded to the middle layer (Fig.
S1B-2†) after activating their surfaces in a plasma processing
machine (Femto Science, Covance MP, Hwasoeng, Korea).
The bonded PDMS layers were peeled off from the mold (Fig.
S1B-3†), and gel inlets and media reservoir were punched in

with a 2 mm biopsy punch (KAI, BP20F, Tokyo, Japan) and a
6 mm biopsy punch, respectively. The center of the VB-
culture channel was connected to the BO-culture well by a
connecting hole (1 mm in diameter) punched by the biopsy
punch. The bottom side of the two bonded PDMS layers was
exposed to plasma and bonded with a 24 × 24 mm cover glass
(Matsunami Glass Ind. Ltd., no. 1, Osaka, Japan) (Fig. S1B-
4†). The connecting hole was sealed with a polyester
membrane to maintain the gel inside the VB-culture channel.
To fit the BO-culture well, a porous membrane (pore size: 0.4
μm, Sterlitech, Auburn, WA, USA) was cut to a circular shape
with a diameter of 6 mm using a laser engraver. The
membrane was then treated with 0.5% 2-mehacryloyl-
oxyethylphophorylcholine polymer (Nichiyu, MPC polymer,
Tokyo, Japan) in ethanol for 5 min and rinsed twice with
deionized water. The membrane was dried and placed on the
connecting hole in the BO-culture well before use. The device
was disinfected using UV light for more than 1 hour in a 35
mm culture dish (Iwaki, Shizuoka, Japan) just before use.
Further details of the fabrication process were previously
reported.27

VB formation

The VB was formed by HUVECs in ECM gels. GFP-HUVECs
(Angio-Proteomie, cAP-0001, Boston, MA, USA) at passage 5–6
were subcultured in a 100 mm culture dish for 4 days until
they reached confluence with EGM2 (Lonza, CC-3162, Basel,
Switzerland). All experiments including GFP-HUVECs were
performed under approval from the Kyoto University
Recombinant DNA Experiment Safety Committee (Approval
no. 220171). On the day of the gel injection, the culture
dishes were rinsed with PBS after aspiration of EGM2. The
cells were collected by 0.05% trypsin treatment at 37 °C in a
5% CO2 incubator for 5 min followed by neutralization with
twice the volume of Dulbecco's modified Eagle's medium
(DMEM, Thermo Fisher Scientific, Waltham, MA, USA).
Collected cells were centrifuged for 3 min at 150g and diluted
to 2.0 × 107 cells per mL with EGM2. ECM gel was prepared
to obtain a final composition of 5 mg mL−1 of fibrinogen
(Sigma Aldrich, F8630, St. Louis, MO, USA), 0.2 mg mL−1 of
collagen type 1 (Corning, 354236, Corning, NY, USA)
neutralized with 1 N NaOH to pH 7.4, and 0.15 U mL−1

aprotinin (Sigma Aldrich, A6279) after mixing with the cell
suspension. The ECM gel solution was then mixed with
suspended HUVECs at a 1 : 1 volume ratio. After adding
thrombin (0.5 U mL−1) to this, 15 μL of the mixture was
immediately injected into the VB-culture channel from the
gel inlet (Fig. S1†). Preparation of the ECM gel, mixing with
the HUVEC suspension, and injection were performed on ice
to prevent gelation before injection.

After injection, the device was incubated at 37 °C in a 5%
CO2 incubator for 15 minutes to solidify the gels. Media
channels were then filled with EGM2 supplemented with 50
ng mL−1 vascular endothelial growth factor A (VEGFA,
Thermo Fisher Scientific, PHC9391) and 50 ng mL−1 basic
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fibroblast growth factor (bFGF, FujiFilm Wako, 064-04541,
Osaka, Japan). The devices were incubated at 37 °C and 5%
CO2. Two days after the injection, additional HUVECs (10 μL
of 1.0 × 106 cells per mL) were introduced into the media
channels, and the device was inclined with the injected side
up for 20 minutes at 37 °C and 5% CO2 to allow cells to
adhere to the side of the solidified gel. The additional
HUVECs connected with HUVECs in the VB-culture channel
to make VB perfusable from the media channels. The media
were exchanged every other day. After the HUVECs formed a
vascular network, typically 4 days after the gel injection, BOs
co-culture was then started as described below. During co-
culture, devices were kept on rocker (Next Advance, Infinity
Rocker Mini, New York, NY, USA), with 1 cycle per min to
maintain VB by flowing EGM2. Up to 30 devices were
handled in single batch.

BO culture

The BOs were cultured by embedding NHBEs (Lonza, CC-
2540) in Matrigel growth factor reduced (GFR) basement
membrane matrix (Corning, 354230). NHBEs were
subcultured until they reached confluence in BEGM (Lonza,
CC-3170; normally 8 days). On the start day of the organoid
culture, subcultured NHBEs were collected by treatment with
TrypLE Select (Thermo Fisher Scientific, 12563011) after
rinsing with PBS. The cell density was adjusted to 2 × 106

cells per mL in bronchial organoid culture media (BO
expansion media).31 Matrigel was mixed with the cell
suspension at a 4 : 1 volume ratio, and 25 μL of the mixture
was gently placed in the BO-culture well. The device was then
incubated for 15 min at 37 °C and 5% CO2 to solidify the gel.
The BO-culture well was filled with 250 μL of BO expansion
medium, and half of the volume in the well was exchanged
every other day. Ten ng mL−1 bFGF and 10 μM Y27632 were
added to the media until day 5 after the Matrigel
introduction. The diameter of the organoids reached
approximately 100 μm after 10 days.

SARS-CoV-2 preparation

SARS-CoV-2 strain B.1.1.214 (EPI_ISL_2897162) was isolated
using a nasopharyngeal swab sample from a COVID-19
patient. This study was approved by the research ethics
committee of Kyoto University (Approval no. R2379-3). The
virus was proliferated in TMPRSS2/Vero cells (JCRB Cell Bank,
JCRB1818, Osaka, Japan) and stored at −80 °C.49 The cells
were cultured with minimum essential media (MEM, Sigma-
Aldrich) supplemented with 5% FBS and 1% penicillin/
streptomycin. All experiments including virus infections were
performed in a biosafety level 3 (BSL3) facility at Kyoto
University strictly following regulations and guidelines for
SARS-CoV-2 research prescribed by Ministry of Health, Labor
and welfare and Ministry of Education, Culture, Sports,
Science and Technology, Japan.

SARS-CoV-2 infection experiments

The BOs and the VB were exposed to SARS-CoV-2 10 days after
the organoid culture started (14 days from the start of the VB
culture). After removing the media and rinsing with PBS,
SARS-CoV-2 diluted to 0.1 MOI in MEM supplemented with
10% FBS was applied to the device in three conditions: both
the BO-culture well and VB-culture channel (BO+VB+), only the
BO-culture well (BO+VB−), and only the VB-culture channel
(BO−VB+). The devices were then incubated for 2 hours. As a
mock condition, the same process was implemented without
the virus. Infected devices were cultured until day 4 after the
infection and then used for the evaluation. All experiments
with SARS-CoV-2 were carried out in the BSL3 facility at Kyoto
University strictly following regulations.

BO cryosection and immunostaining

Matrigel containing the BOs was removed from the device
using a spatula after the infection experiments. The gel was
stored in 30% sucrose in PBS and frozen in O.C.T compound
(Sakura Finetek, Tissue-Tek, Tokyo, Japan). Cryosections of the
BOs embedded in the compound were obtained at a thickness
of 10 μm and then fixed on a slide glass. Fixed sections were
blocked with 10% donkey serum and incubated with the
primary antibody overnight (see Table S2† for the list of
antibodies used). After fluorescently labeled secondary
antibodies were applied and the samples were incubated for 1
hour at room temperature, the slide glass was washed with PBS
three times. Finally, a drop of anti-fade reagent (Thermo Fisher
Scientific, SlowFade Gold S36936) was added to the glass slide.
The sample was covered by placing a coverslip on the glass
slide and sealed with nail polish for observation under a
confocal microscope (Evident, FV3000, Tokyo, Japan).

RNA expression in BO and VB cells

A reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) was performed to evaluate gene
expression levels in both BO and VB cells. The BOs and the
VB were separated by removing the BO gel from the BO-
culture well with a spatula. The BOs were then processed in a
lysis buffer. HUVECs forming the VB were also lysed by
adding lysis buffer to the inlet of the VB-culture channel.
Total RNA was isolated from the cell lysates using ISOGENE
(NIPPON GENE, Tokyo, Japan). cDNA was synthesized using
total RNA with the Superscript VILO cDNA Synthesis Kit
(Thermo Fisher Scientific). Real-time RT-PCR was performed
using SYBR Green PCR Master Mix (Thermo Fisher Scientific)
on a QuantStudio 1 Real-Time PCR System (Thermo Fisher
Scientific). Differences in gene expression levels between the
BOs and the VB were evaluated using the ratio of the degree
of expression in the BOs and the VB in the two structures.
Relative quantification of the target mRNA levels was
performed using the 2−ΔΔCT method. The values were
normalized to the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The PCR primer
sequences are shown in Table S3.†
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Virus copy number in culture media

The viral copy number in culture media was measured using
RT-qPCR. The culture media of the BOs and the VB were
obtained from the BO-culture well and VB-culture channel
inlets, respectively. The media were mixed with an equal
volume of 2× RNA lysis buffer (distilled water containing 0.4
U μL−1 SUPERase·In Rnase Inhibitor (Thermo Fisher
Scientific), 2% Triton X-100, 50 mM KCl, 100 mM Tris-HCl
(pH 7.4), and 40% glycerol) and incubated 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 on the
QuantStudio 1 Real-Time PCR System. Primers used in this
experiment are shown in Table S3.† Standard curves were
prepared using SARS-CoV-2 RNA (105 copies per μL)
purchased from Nihon Gene Research Laboratories.

RNA sequencing and analysis

RNA from the BOs was extracted as described above. RNA
integrity was assessed using a 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). The library was
constructed using a TruSeq stranded mRNA sample prep kit
(Illumina, San Diego, CA, USA) following the manufacturer's
instructions and sequenced using 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 ver 1.14 and mapped to human
reference genome sequences (hg38) using STAR ver. 2.5.3a
with the GENCODE (release 36, GRCh38.p13) gtf file.50 Raw
counts were calculated using htseq-count ver. 0.12.4 using
the GENCODE gtf file.51–53 Gene expression levels were
calculated as transcripts per kilobase million values, and
differentially expressed genes were determined using DESeq2
v1.16.1.54 A total of 154 up-regulated and 174 down-regulated
genes were subjected to pathway analysis with cluster profiler
using the GSEA algorithm and GO Bioprocess gene set.55 Raw
data concerning this study were submitted under the Gene
Expression Omnibus accession number GSE 216851.

VB observation

The mock and SARS-CoV-2 devices were treated with 4% PFA
to fix and passivate the virus. Fluorescent images in the GFP
channel were captured using an epi-fluorescence microscope
(Evident, CKX 53) equipped with a color CMOS camera
(Evident, DP74). Time-lapse images of rhodamine–dextran
(rhodamine B isothiocyanate–dextran: 70 kDa, Sigma-Aldrich)
solution flow were captured using the FV3000. The recording
was started immediately after the application of the dextran
solution from one side of the device at 1 s intervals and was
halted after 60 s.

Immunostaining for the VB was performed after the
infection experiments. The device was fixed with a 4% PFA
solution to fix the proteins in the tissues and deactivate the
virus. The fixed sample was washed with PBS at least three
times. The device was then permeated with 0.1% Triton

X-100 for 1 hour and washed with PBS five times. The VB was
incubated with 10% donkey serum in PBS (blocking buffer)
for 1 hour at 4 °C. DAPI and Alexa Fluor 647 labeled
phalloidin (Thermo Fisher Scientific, A3010) were diluted in
blocking buffer and incubated for over 1 hour at 4 °C. The
VB was then thoroughly washed by rinsing with PBS five
times. Fluorescent images were recorded using the FV3000.

VB morphology analysis

The area covered with the VB inside the VB-culture channel
was calculated from a binarized image with a threshold value
calculated as

th = avgbg + 3 × stdbg, (1)

where avgbg and stdbg are the average and standard deviation
of the fluorescence intensity in the area without the VB,
respectively. The number of pixels whose intensity exceeded
the threshold was counted as the area covered by the VB. The
ratio of the area covered with the VB to the entire area of the
VB-culture channel was calculated from three SARS-CoV-2-
infected or three mock devices.

The number of end points of the VB was calculated from
the skeletons of the binarized VB images. For each pixel in
the skeleton, eight neighboring pixels were examined if they
were included in the skeleton. Pixels were judged as a blind
end when only one of the neighboring pixels was in the
skeleton, indicating that the pixel was located at the end of a
branch of the skeleton. The number of end points was
counted from three replicates of the mock and SARS-CoV-2-
infected devices.

The capability of the VB to guide fluidic flow was analyzed
by binarizing the fluorescent images of rhodamine–dextran.
An ROI was set to enclose a pillar array defining the VB-
culture channel on the opposite end to the end where the
dextran solution was applied (Fig. 4D). The number of pixels
whose intensity in the fluorescent dextran channel was
higher than the threshold was counted as the area with
dextran and normalized by the whole ROI area. The time
course of the area normalized with dextran was obtained
from time-lapse images for three devices per SARS-CoV-2 or
mock condition.

The degree of orientation of the actin filaments was
analyzed using Fourier transformation. The stained actin
filament images were binarized. The degree of orientation
was calculated by a 2D fast Fourier transformation (FFT)
using FibrOri8s03.56 Representative images used for the
orientation analysis are shown in Fig. 4G. The integral of the
power spectrum along the radial axis was calculated to obtain
the density of the spectrum along the angular axis. The
density function along the angular axis was fitted with an
ellipse, and the ratio of the major and minor axes was
calculated as the actin filament orientation. This ratio was
statistically tested using the data obtained from more than
three SARS-CoV-2 and mock devices. All image analysis except
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the FFT was implemented with custom-written Python codes
using Python 3.8 and scikit-image 0.18.

IFNAR2 KO HUVEC preparation

All experiments related to IFNAR2 KO HUVEC were performed
under approval from the Kyoto University Recombinant DNA
Experiment Safety Committee (Approval no. 230037). HUVECs
(PromoCell, C-12206, Heidelberg, Germany) at passage four
were harvested when they reached approximately 80%
confluency. The cell pellet was washed with Opti-MEM
(Thermo Fisher Scientific, 31985-062) and centrifuged at 220g
for 3 min. The supernatant was aspirated, and the cell pellet
was resuspended with Opti-MEM at a concentration of 1.1 ×
108 cells per mL.

To complex the CRISPR-Cas9 RNP, 223 pmol Alt-R S. p.
Cas9 nuclease V3 (IDT 1081059, Coralville, IA, USA) and 440
pmol IFNAR2-targeting sgRNA (GCCTATGTCACCGTCCTAGA,
PAM sequence AGG; IDT 105321533) were mixed (final
volume of 8 μL) and incubated at room temperature for 10
min. Then, 7.2 × 106 cells (66 μL) were mixed with the
CRISPR-Cas9 RNP complex and electroporated in an OC-
100x2 processing assembly using the MaxCyte STX
electroporation platform (MaxCyte, Gaithersburg, MD, USA)
with the program Optimization 8.

After electroporation, the cells were inoculated on two 100
mm dishes in Endothelial Cell Growth Medium 2
(PromoCell) supplemented with CEPT cocktail (a
combination of chroman 1 (Tocris Bioscience, Bristol, UK),
emricasan (Selleck Chemicals, Munich, Germany), polyamine
supplement (Sigma-Aldrich), and trans-ISRIB (Tocris
Bioscience)) and cultured for 36 hours in a humidified
incubator in 5% CO2 at 32 °C. On day two, the first medium
change was performed, and the culture temperature was
shifted to 37 °C. The medium was changed daily until day 5,
when the cells were harvested.

IFNB1 KO NHBE preparation

All experiments related to IFNB1 KO NHBE were performed
under approval from the Kyoto University Recombinant DNA
Experiment Safety Committee (Approval no. 230037). NHBEs
at passage three were harvested when they reached
approximately 80% confluency. The cell pellet was washed
with Opti-MEM and centrifuged at 220g for 5 min. The
supernatant was aspirated, and the cell pellet was
resuspended with Opti-MEM at a concentration of 1.1 × 108

cells per mL.
The IFNB1-targeting CRISPR-Cas9 RNP was prepared in

two steps. First, 2 nmol crRNA (IDT) and 2 nmol Alt-R
CRISPR-Cas9 tracrRNA, ATTO 550 (IDT 1077024) were mixed
and incubated for 10 min. Then, 550 pmol of the resulting
sgRNA was mixed with 279 pmol Alt-R S. p. Cas9 nuclease V3
(final volume of 10 μL) and incubated for 10 min. Next, 1.0 ×
107 (90 μL) of the resuspended cells were mixed with the
CRISPR-Cas9 RNP complex, and the mixture was
electroporated in an OC-100x2 processing assembly using the

MaxCyte STX electroporation platform with the program
Optimization 0–2. After the electroporation, the OC-100x2
processing assembly was incubated in 5% CO2 at 37 °C for
20 min for membrane recovery. Following the recovery, the
electroporated cells were inoculated on two 100 mm dishes
in BEGM-2 BulletKit Medium (Lonza) supplemented with
CEPT, and cultured in a humidified incubator in 5% CO2 at
37 °C. On day 2, the first medium change was performed,
and the medium was then changed daily until day 5 when
the cells were harvested.

Insertion/deletion (indel) frequency analysis

Genomic DNA was extracted using the DNeasy Blood and
Tissue Kit (Qiagen, Hilden, Germany). To analyze the indel
frequency in IFNAR2 KO HUVECs, targeted genomic
DNA regions cleaved with CRISPR-Cas9 RNP were amplified
by PCR using the following primers: (forward) CCCTCCTGG
AGCAGACATTA and (reverse) ACCAAGGCTCAGAGAAGCAA.
To analyze the indel frequency in IFNB1 KO NHBEs,
targeted genomic DNA regions cleaved with CRISPR-Cas9
RNP were amplified by PCR using the following primers:
(forward) TTTCGAAGCCTTTGCTCTGGCA and (reverse) GCCA
TCAGTCACTTAAACAGCATCT. PCR-amplified DNA was
cleaned using ExoSAP-IT for PCR Product Clean-Up
(Affymetrix, USA), and the PCR products were sequenced, and
the indel frequency was evaluated with the ICE CRISPR
Analysis Tool (Synthego, Menlo Park, CA, USA):57 the indel
frequencies were 97% and 92% when genome editing was
performed using IFNAR2-targeting sgRNA and IFNB1-targeting
sgRNA, respectively.

Inhibitor assay

Inhibitors were added to the device at the same time as the
virus was introduced. Baricitinib (MedChemExpress, HY-
15315, Monmouth Junction, NJ, USA) and tofacitinib
(MedChemExpress, HY-40534) were dissolved in DMSO to
stock concentrations of 10 and 2 mM, respectively. They were
further diluted in EGM2 at a 1 : 2000 volume ratio to provide
5 and 1 μM final concentrations, respectively, immediately
before the application. DMSO was added to EGM2 at a 1 :
2000 volume ratio as a vehicle to confirm that DMSO did not
harm the co-culture system. The media in the device were
exchanged with the inhibitor every other day.

Statistical analysis

Wilcoxon's rank sum test was carried out for qPCR data and
Student's t-test for other data to investigate the significance
of differences. All statistical tests were carried out using
python 3.8 and scikit-learn 0.23.
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