
INTRODUCTION

Airway epithelial cells not only provide physical resistance 
against pathogen invasion and allergens, they also protect 
against the development of respiratory diseases, such as 
asthma, through their activation of immune responses (Martin 
and Frevert, 2005; Holgate, 2008). However, the respiratory 
epithelium is frequently the site of injury, such as via the inha-
lation of toxic agents (Oertel et al., 2001). Airway epithelial cell 
migration plays a pivotal role in airway repair and remodeling 
(Wang et al., 2012), by adapting to changes in the local envi-
ronment or repairing the epithelium after injury (Puchelle et al., 
2006). Actin polymerization is involved in airway epithelial cell 
migration and repair (Zahm et al., 1991; de Bentzmann et al., 
2000). Airway epithelial cell migration involves dedifferentia-
tion, polarization, and redifferentiation and results in complete 
mucociliary regeneration (Castillon et al., 2002).

Toll-like receptors (TLRs) provide receptors for various 

pathogens, including viruses, which possess several compo-
nents that activate TLR3, TLR4, and TLR7/8 (Koizumi et al., 
2016). TLR agonists modulate wound regeneration in airway 
epithelial cells (Lewandowska-Polak et al., 2018). Among 
them, TLR3 plays an important role in the recognition of dou-
ble-stranded (ds) RNA, triggering the production of a wide 
range of inflammatory mediators (Stowell et al., 2009) TLR3 
also recognizes the synthetic ds RNA analog polyriboinosin-
ic-polyribocytidylic acid [Poly(I:C)] (Jackson and Johnston, 
2010). Poly(I:C) specifically induces the rapid secretion of 
chemokines and subsequently apoptosis, which may have 
detrimental effects on the damaged epithelium (Koizumi et 
al., 2016). In addition, TLR3 stimulates retinoic acid synthesis 
and signaling, thus promoting the healing of mammalian skin 
wounds (Kim and Garza, 2019) and damaged neonatal heart 
(Wang et al., 2018). However, whether Poly(I:C) contributes to 
the regeneration of bronchial epithelial damage through TLR3 
activation is unknown.
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The airway epithelium is equipped with the ability to resist respiratory disease development and airway damage, including the 
migration of airway epithelial cells and the activation of TLR3, which recognizes double-stranded (ds) RNA. Primary cilia on airway 
epithelial cells are involved in the cell cycle and cell differentiation and repair. In this study, we used Beas-2B human bronchial 
epithelial cells to investigate the effects of the TLR3 agonist polyinosinic:polycytidylic acid [Poly(I:C)] on airway cell migration 
and primary cilia (PC) formation. PC formation increased in cells incubated under serum deprivation. Migration was faster in 
Beas-2B cells pretreated with Poly(I:C) than in control cells, as judged by a wound healing assay, single-cell path tracking, and 
a Transwell migration assay. No changes in cell migration were observed when the cells were incubated in conditioned medium 
from Poly(I:C)-treated cells. PC formation was enhanced by Poly(I:C) treatment, but was reduced when the cells were exposed 
to the ciliogenesis inhibitor ciliobrevin A (CilioA). The inhibition of Beas-2B cell migration by CilioA was also assessed and a slight 
decrease in ciliogenesis was detected in SARS-CoV-2 spike protein (SP)-treated Beas-2B cells overexpressing ACE2 compared 
to control cells. Cell migration was decreased by SP but restored by Poly(I:C) treatment. Taken together, our results demonstrate 
that impaired migration by SP-treated cells can be attenuated by Poly(I:C) treatment, thus increasing airway cell migration through 
the regulation of ciliogenesis. 
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Primary cilia (PCs) are microtubule-based and antenna-like 
organelles that protrude from the plasma membrane surfaces 
of most vertebrate cells. PC plays a function as a transformer 
of intracellular signaling, including embryonic development 
and tissue homeostasis. Abnormalities in PCs are therefore 
major causes of developmental disorders and diseases in hu-
mans (Satir et al., 2010; Pedersen et al., 2012; Basten and 
Giles, 2013; Lee et al., 2019). Although PCs are not expressed 
in well-differentiated airway epithelial cells, they extend into 
the luminal layer of the epithelium during the cell cycle and cell 
differentiation and injury repair (Oertel et al., 2001). The pro-
tective effects of green tea components include an increase in 
the proportion of ciliated cells and upregulated ciliogenesis in 
airway cells (Kim et al., 2021). However, little is known about 
the relationship between cilium formation and cell migration as 
mediated by TLR3 activation.

In this study, the association between airway epithelium 
regeneration and cell migration induced by TLR3 activation 
and PC formation was investigated using Poly(I:C) and Beas-
2B human bronchial epithelial cells. In addition, the regen-
erative effect of Poly(I:C) on airway epithelial cell migration 
in response to wound healing was examined using the spike 
protein (SP) from severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), the virus responsible for the current 
pandemic (Wu et al., 2020). Our results demonstrate the abil-
ity of Poly(I:C) to stimulate regenerative cell migration after the 
loss of epithelial cell integrity.

MATERIALS AND METHODS

Reagents
Polyinosinic:polycytidylic acid [Poly(I:C)], MTT [3(4,5-di-

methyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide] and 
mouse antibodies which are reactive with acetylated tubulin 
(T7451) were from Sigma-Aldrich Co (St. Louis, MO, USA). 
Polyethylenimine (PEI) was purchased from Polysciences, 
Inc (Warrington, PA, USA). Rabbit antibodies which are reac-
tive with Flag (14793) were from Cell Signaling Technology 
Inc (Danvers, MA, USA). Rabbit antibodies which are reactive 
with Arl13b (17711-1-AP) were from Proteintech Group Inc 
(Rosemont, IL, USA). Goat anti-rabbit-Alexa 568 (A-11011) 
was obtained from Invitrogen (Calsbad, CA, USA). Human 
pCMV3-ACE2-Flag plasmid (HG10108-CF) and SARS-CoV-2 
(2019-nCoV) spike protein (40592-V08B-B) were purchased 
from Sino Biological Inc (Wayne, PA, USA). Fibronectin, bo-
vine collagen type I and bovine serum albumin (BSA) were 
purchased from Advanced BioMatrix (Carlsbad, CA, USA) Ex-
cept where indicated, all other materials are obtained from the 
Sigma Chemical Co.

Cell culture
Beas-2B human bronchial epithelial cells (ATCC # CRL-

9609) were obtained from Korea research institute of biosci-
ence and biotechnology (KRIBB) cell bank (Daejeon, Korea). 
Cells were adapted and cultured as monolayers in Dullecco’s 
modified Eagle’s medium (DMEM) with supplement of 10% 
fetal bovine serum (FBS) (GIBCO, Grand Island, NY, USA), 
2 mM L-glutamine, 100 units/mL penicillin and streptomycin 
(GIBCO). Cells were incubated at 37°C in a humidified atmo-
sphere of 5% CO2 maintenance. For the induction of primary 
cilia, cells were incubated in serum-starved media without 

FBS for 24-36 h.

Cell adaptation 
Beas-2B cells were originally maintained in the coated 

dishes with FBS-free BEBE containing BEBMTM bronchial 
epithelial cell growth basal medium along with all the addi-
tives, BEGMTM kit (Lonza/Clonetics Co., Basel Switzerland). 
Due to that ACE2 was not detected in Beas-2B cells cultured 
with BEBE under our experimental condition (data not shown), 
cells were adapted by replacing BEBE to DMEM with 10% 
FBS in the following manner. Culture medium was sequen-
tially exchanged by feeding the fresh BEBE containing 25%, 
50%, 75% and 100% DMEM supplemented with 10% FBS ev-
ery 24 h. After 5 days, cells were sub-cultured into uncoated 
dishes with DMEM containing 10% FBS. The cells were fully 
adapted by sub-culture up to 40 times after the start of adap-
tation. All experiments were performed with Beas-2B cells at 
40th-60th passage.

Preparation of coated culture dish
Culture dishes were coated as follows. The coating solu-

tion was prepared by a mixture of 0.01 mg/mL fibronectin 
0.03 mg/mL bovine collagen type I and 0.01 mg/mL BSA 
dissolved in BEBE. Culture dishes were treated with coat-
ing solution and agitated gently to coat the entire surface. 
Then, culture dishes were incubated in a 37°C incubator 
overnight and coating solution was removed. Coated dishes 
were washed with PBS and stored at room temperature un-
der light-protected condition up to one month.

Cytotoxicity assay
Cell survival was quantified by using colorimetric assay 

with MTT to measure intracellular succinate dehydrogenase 
content or by using luminescence assay with CellTiter-Glo 
substrate to measure intracellular ATP content (Jang et al., 
2020). For MTT assay, confluent cells were cultured with vari-
ous concentrations of each reagent for 24 h. Cells were then 
incubated with 50 μg/ml of MTT at 37°C for 2 h. Formazan 
formed by MTT were dissolved in dimethylsulfoxide (DMSO). 
Optical density (OD) was read at 540 nm. For CellTiter-Glo as-
say, cells were treated with CellTiter-Glo substrate (Promega, 
Madison, WI, USA). Luminescence was detected by using 
GlomaxⓇ luminometer (Promega).

Wound healing assay
Cell migration was measured as described previously, with 

minor modifications (Lee et al., 2020b). Briefly, when Beas-2B 
cells reached confluence in a 35-mm culture dish (Corning, 
NY, USA), three wound lines in the form of a cross were made 
by scratching the cellular layer with a plastic pipette tip. Float-
ing cells were then washed out, and fresh medium was added. 
Cells were then incubated at 37°C in a humidified atmosphere 
of 5% CO2 maintenance. Narrowing of the wound was then 
monitored using a phase-contrast microscope beginning 6 h 
after the scratch. The size of the wound at each time point was 
then quantified using NIH image analysis software (Image J, 
version 1.62), and compared with that in the initiation of cell 
migration. 

Single cell path tracking 
Beas-2B cell culture dishes were focused under live cell im-

aging light microscope. Cells were treated with Poly(I:C) and 
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video image of live cells were automatically taken for 18 h. 
Cells were tracked every 30 min. Changes in single cell path 
were analyzed by tracking program, ImageJ plugin MTrackJ 
(Version 1.5.0) and represented with two-dimensional Rose 
diagram. Each cell path was overlayed on a polar grid with the 
normalization of start points to the origin. Movement track was 
presented in coordinates for each cell (Go et al., 2013).

Transwell cell migration assay
Boyden chamber assay experiments were conducted using 

a 24-well Transwell system (6.5mm Transwell (#3422), Corn-
ing) with each well separated by a microporous 10 μm thin 
transparent polycarbonate membrane (8 μm pore size) into 
an upper (“insert”) and a lower chamber (“well”). A volume of 
100 μL containing 40,000 cells were plated to each insert and 
600 μL medium was added to the wells. Cells in ‘insert’ were 
allowed to migrate for 24 h. Then, cells were fixed and stained 
in a 20% methanol/0.1% crystal violet solution for 15 min at 
room temperature, followed by washing ‘insert’ with water 
to remove redundant staining. Cells on upper part of ‘insert’ 
membrane were wiped out. Cells migrated onto lower part of 
‘insert’ membrane were photographed, counted and present-
ed as bar graph (Lee et al., 2020b).

Detection of primary cilia
For the detection of primary cilia in vitro, cells were main-

tained in serum-free culture medium for 24-72 h (Pugacheva 
et al., 2007; Ott and Lippincott-Schwartz, 2012; Lim and Tang, 
2015; Choi et al., 2016; Lee et al., 2019). Briefly, Beas-2B cells 
were grown on coverslip and then incubated with serum-de-
prived DMEM for 36 h. Cells were fixed with 4% paraformalde-
hyde for 10 min, washed three times with cold PBS, and per-
meabilized with PBST (0.1% (v/v) Triton X-100 in PBS) for 10 
min. Then, cells were washed three times, and incubated with 
polyclonal anti-Arl13b antibodies diluted (1:1,000) in staining 
buffer (0.01% Triton X-100, 1% BSA in PBS) for 1 h at room 
temperature. After washing three times with PBS, cells were 
incubated with goat anti-rabbit IgG-Alexa 568 diluted (1:1,000) 
in staining buffer for 1 h at room temperature. Nucleus was 

visualized by staining cells with DAPI. After washing with 
PBS, cells were mounted on glass slide. Primary cilia were 
observed and photographed at 1,000× magnification under a 
fluorescence microscope (Nikon, Tokyo, Japan).

Transfection of nucleic acids
ACE2, receptor for SARS-Cov2 spike protein was overex-

pressed by the transfection of cells with pCMV3-ACE2-Flag 
plasmid DNA, which was accompanied with pCMV for control 
group, respectively. Each plasmid DNA was transfected into 
cells as follows (Lee et al., 2019). Briefly, each nucleic acid 
and Polyethylenimine (PEI) (Polysciences, Inc.) was diluted in 
serum-free medium and incubated for 5 min, respectively. The 
diluted nucleic acid and PEI were mixed by inverting and in-
cubated for 20 min to form complexes. Pre-formed complexes 
were added directly to the cells and cells were incubated for 
24-48 h until use (Lee et al., 2019). 

Western blotting
Cells were lysed in ice-cold RIPA buffer (Triton X-100) 

containing protease inhibitor (2 μg/mL aprotinin, 1 μM pep-
statin, 1 μg/mL leupeptin, 1 mM phenylmetylsufonyl fluoride 
(PMSF), 5 mM sodium fluoride (NaF) and 1 mM sodium or-
thovanadate (Na3VO4). The protein concentration of the 
sample was measured using SMARTTM BCA protein assay 
kit (Pierce 23228) from iNtRON Biotech. Inc (Seoul, Korea). 
Same amount of heat-denatured protein in sodium dodecyl 
sulfate (SDS) sample buffer was separated in sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and 
then transferred to nitrocellulose membrane by using electro 
blotter. Equal amount of loaded sample on membrane was 
verified by ponceau S staining. The membrane was incubated 
with blocking solution (5% non-fat skim milk in Tris-buffered 
saline with Tween 20 (TBST)), and then followed by incubation 
with the specific primary antibodies. Horse radish peroxidase 
(HRP)- or infrared (IR) fluorescence dye-conjugated second-
ary antibody were used for target-specific primary antibody. 
Immuno-reactive target bands were visualized by the reaction 
with enhanced chemiluminescence (ECL-PS250) (Dongin LS, 

Biomol  Ther 30(2), 170-178 (2022) 

+

30

20

10

C
ili

a
te

d
c
e
lls

(%
)

FBS

0
12

100

80

60

40

20

C
e
ll

m
ig

ra
ti
o
n

(%
)

Incubation
time (h)

0
18

Control

Poly(I:C),

20 g/mL�

0 12 18

Incubation time (h)A B C D

**

**
**

Control
Poly(I:C)

Red: Arl13b
Blue: DAPI

Fig. 1. Poly(I:C) treatment enhanced Beas-2B cell migration with primary cilium formation. (A, B) Beas-2B cells were incubated in serum-
deprived media without FBS for 24-36 h. The cells were fixed and stained with antibody against Arl13b (red) and DAPI (blue). The represen-
tative fluorescence image of primary cilia was shown. Processing such as changing brightness and contrast is applied equally to controls 
across the entire image (A). The ciliated cells incubated in the medium with (white) or without (grey) FBS were counted (n>500 cells) (B). (C, 
D) Beas-2B cells were plated on 35-mm2 dishes and incubated for 24 h. A confluent monolayer of Beas-2B cells was then scratched with a 
sterile pipet tip, treated with 20 μg/mL Poly(I:C) and incubated for 12-18 h. Migration of cells into the space left by the scratch was photo-
graphed using a phase-contrast microscope at 200× magnification (C). Percentage of cell migration was quantified by subtracting the empty 
area remained at each time point from that at the initiation using NIH image analysis software (version 1.62; National Institutes of Health), 
and compared to that of the 0-h time point. Percentage of cell migration was presented as bar graph (D). Data in bar graphs represented as 
means ± SD. **p<0.01, significantly different from control group with FBS (B) or Poly(I:C)-untreated group at each time point (D).
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Seoul, Korea) on X-ray film (Agfa HealthCare, Seoul, Korea) 
or by the detection of IRdye with Odyssey CLx Infrared Im-
aging System (LI-COR Biosciences, Lincoln, NE, Germany), 
respectively (Lee et al., 2019).

Statistical analysis
Experimental differences were verified for statistical signifi-

cance using ANOVA and student’s t-test. p-value of <0.05 and 
<0.01 was considered to be significant.

RESULTS

Primary cilia and increased migration in Poly(I:C)-treated 
Beas-2B cells 

Because PCs are detected in the luminal layer of the epi-
thelium (Oertel et al., 2001), we first examined the formation 
of PCs in Beas-2B human bronchial epithelial cells. As shown 
in Fig. 1A and 1B, PC formation was detected in Beas-2B cells 
incubated with complete medium containing 10% fetal bovine 
serum (+FBS). When the cells were incubated under serum 

deprivation (–FBS), PC formation increased. As bronchial epi-
thelial cell migration plays a pivotal role in the airway repair 
and remodeling that occurs in respiratory diseases (Wang et 
al., 2012), the ability of Beas-2B cells to migrate in the setting 
of wound repair was determined. Wound formation was mod-
eled by scratching a confluent cell monolayer. As Beas-2B 
cell migration was faster in serum-fed than in serum-starved 
cells (data not shown), +FBS medium was used in the cell 
migration experiment. After 12 h and 18 h incubation, roughly 
29% and 38% of Beas-2B cells had migrated into the empty 
area (Fig. 1C, 1D). Previous studies have reported an effect of 
TLR3 and the TLR3 agonist Poly(I:C) on epithelial damage in 
the skin and heart (Nelson et al., 2015; Koizumi et al., 2016; 
Wang et al., 2018; Kim and Garza, 2019). We, therefore, ex-
amined the effects of Poly(I:C) on Beas-2B cell migration. No 
differences in Beas-2B cell viability were detected in response 
to the tested concentrations of Poly(I:C), as measured in a 
colorimetric assay using MTT and in a luminescence assay 
using the CellTiter-Glo substrate (data not shown). A Poly(I:C) 
concentration of 20 μg/mL significantly increased cell migra-
tion compared to the control, by about 45% and 30% at 12 h 
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and 18 h, respectively (Fig. 1C, 1D). 
The effects of Poly(I:C) on Beas-2B cell migration were fur-

ther studied using single-cell path tracking and a Transwell 
migration assay. The cells were treated with Poly(I:C) and the 
trajectories of the migrated cells were expressed in coordi-
nates. The total coverage by migrating cells was larger in the 
Poly(I:C)-treated cells than in the control group (Fig. 2A). In a 
Transwell assay, Beas-2B cells were plated into the insert well 
and incubated with control or Poly(I:C)-containing medium for 
24 h. Cell migration by Poly(I:C)-treated cells was ~3.2-fold 
higher than that by control cells (Fig. 2B, 2C). These results 
suggest that Poly(I:C) induces cell migration via PC formation.

Poly(I:C)-induced Beas-2B cell migration is associated 
with cellular changes 

To examine the mechanism of cell migration in Poly(I:C)-
treated Beas-2B cells, the effects of conditioned medium from 
cells incubated with Poly(I:C) and from control cells were 
tested. First, control and Poly(I:C)-treated Beas-2B cells were 
plated in the insert well of the Transwell and incubated with 

fresh complete medium for 24 h. Cell migration of Poly(I:C)-
treated cells was ~2.1-fold higher than that of control cells 
(Fig. 3A, 3B). When the control cells were plated into the insert 
well of Transwell and incubated with conditioned medium from 
control or Poly(I:C)-treated cells, there were no differences 
in cell migration (Fig. 3C, 3D). This experiment showed that 
Poly(I:C) induced migration-related cellular changes rather 
than factors released into the medium.

Poly(I:C)-induced Beas-2B cell migration depends on PC 
formation

As the appearance of PC in airway epithelial cells is related 
to the cell cycle, and cell differentiation and injury repair (Oer-
tel et al., 2001), we investigated the effects of Poly(I:C) on PC 
formation and in turn Poly(I:C)-induced Beas-2B cell migra-
tion. In cells treated with 20 μg Poly(I:C)/mL, PC formation 
was approximately two-fold higher than in control cells (Fig. 
4A, 4B). To confirm the effects of Poly(I:C) on PC formation, 
Beas-2B cells were treated with ciliobrevin A (CilioA) to inhibit 
PC formation. When the cells were incubated with Poly(I:C), 
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C). Migration of cells into the space left by the scratch was photographed using a phase-contrast microscope at 200× magnification (A). 
Percentage of cell migration was quantified by subtracting the empty area remained at each time point from that at the initiation using NIH 
image analysis software (version 1.62; National Institutes of Health), and compared to that of the 0-h time point. Percentage of cell migra-
tion was presented as bar graph. Data in bar graphs represented as means ± SD. *p<0.05; **p<0.01, significantly different from CilioA-un-
treated group at each time point (B). Changes in single cell path were analyzed by tracking program, ImageJ plugin MTrackJ (Version 1.5.0). 
Movement track was presented in coordinates for each cell on a polar grid with the normalization of start points to the origin (C).
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either in complete (+FBS) or serum-free (–FBS) medium, 
PC formation was significantly decreased when additionally 
treated with CilioA (Fig. 4C). The effects of PC formation on 
Poly(I:C)-induced Beas-2B cell migration were further exam-
ined in a wound healing assay and in single-cell path track-
ing. The results showed that Poly(I:C)-induced cell migration 
was reduced in response to CilioA treatment (Fig. 5A, 5B). 
After 6, 12, and 18 h incubation, 28%, 40%, and 47% of the 
Poly(I:C)-treated Beas-2B cells had migrated into the empty 
area. These are 49%, 31%, and 24% more cell migration at 
each time point, compared to the cells additionally treated 
with CilioA, respectively. Total coverage by the migrating cells 
was likewise less in the CilioA-treated group (Fig. 5C). These 
results suggest that Poly(I:C)-induced Beas-2B cell migration 
depends on PC formation.

Poly(I:C) induces the regeneration of Beas-2B cells injured 
by SARS-CoV-2 spike protein

Since SARS-CoV-2 infection depends on the cell surface 
receptor angiotensin-converting enzyme 2 (ACE2) (Hoffmann 
et al., 2020), which is abundantly expressed on respiratory 
cells (Lee et al., 2020a), we examined the effects of SARS-
CoV-2 SP on Beas-2B cell migration, including in cells treated 
with Poly(I:C). PC formation was inhibited by SP treatment. 
This inhibitory effect of SP on PC formation was further dem-
onstrated by the transfection of ACE2 into Beas-2B cells us-

ing the plasmid pCMV-ACE2 (Fig. 6A); ACE2 expression was 
confirmed by Western blotting (Fig. 6B). When Beas-2B cells 
were incubated with SP, cell migration after 24 h incubation 
was 52%, compared to 71% in control cells (Fig. 6C, 6D). 
Similar results were obtained with single-cell path tracking, as 
total coverage was less in SP-treated than in control cells (Fig. 
6E). These data suggest that SP aggravates the regenerative 
migration of airway epithelial cells mediated by PC formation.

Then we examined whether Poly(I:C) could counteract the 
inhibitory effect of SP on airway epithelial cell migration. Beas-
2B cells were treated with SP in the absence or presence of 
Poly(I:C). Under the latter condition, the SP-mediated inhibi-
tion of cell migration was ameliorated (Fig. 7A), as evidenced 
by 56% migration after 18 h in these cells but only 39% in the 
controls (Fig. 7B). Total coverage achieved by SP-mediated 
cell migration was larger in Poly(I:C)-post-treated cells than in 
Poly(I:C)-pretreated cells; in both cases coverage was greater 
than in the control group not treated with Poly(I:C) (Fig. 7C). 
According to these findings, Poly(I:C) induces Beas-2B cell 
injury induced by SARS-CoV-2 SP.

DISCUSSION

Airway epithelial cells play a role in the physical resistance 
to injury of the respiratory epithelium, such as induced by in-

Fig. 6. Beas-2B cell migration was decreased by the treatment with SARS-CoV-2 (2019-nCoV) spike protein. (A, B) Beas-2B cells were 
transfected with pCMV control or pCMV3-ACE2-Flag plasmids DNA for 24 h. Cells were treated with 25 ng/mL SARS-CoV-2 (2019-nCoV) 
spike protein in the presence or absence of FBS for another 24 h. The cells were fixed and stained with antibody against Arl13b and DAPI. 
The ciliated cells were counted (n>500 cells) (A). Cell lysates were prepared and the protein expression of ACE2-Flag was detected by 
western blotting using antibody against Flag (B). (C-E) Beas-2B cells were plated on 35-mm2 dishes and incubated for 24 h. A confluent 
monolayer of Beas-2B cells was then scratched with a sterile pipet tip. Then, cells were treated with 25 ng/mL spike protein and incubated 
for 24 h. Migration of cells into the space left by the scratch was photographed using a phase-contrast microscope at 200× magnification 
(C). Percentage of cell migration was quantified by subtracting the empty area remained at each time point from that at the initiation using 
NIH image analysis software (version 1.62; National Institutes of Health), and compared to that of the 0-h time point. Percentage of cell mi-
gration was presented as bar graph (D). Changes in single cell path were analyzed by tracking program, ImageJ plugin MTrackJ (Version 
1.5.0). Movement track was presented in coordinates for each cell on a polar grid with the normalization of start points to the origin (E). Data 
in bar graphs represented as means ± SD. #p<0.05, significantly different from pCMV-transfected and spike protein-untreated group incu-
bated with or without FBS &p<0.05, significantly different from pCMV3-ACE2-transfected and spike protein-untreated group incubated with 
or without FBS (A, D). **p<0.01, significantly different from spike protein-untreated group (D).
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haled toxic agents (Oertel et al., 2001) but also in protecting 
against the development of respiratory diseases (Martin and 
Frevert, 2005; Holgate, 2008), and in airway repair and re-
modeling (Wang et al., 2012), TLRs are receptors for many 
pathogens, and TLR agonists modulate wound regeneration 
in airway epithelial cells (Lewandowska-Polak et al., 2018). 
Among them, TLR3 participates in the response to ds RNA, in-
cluding the synthetic analog Poly(I:C) (Jackson and Johnston, 
2010). PCs extend into the epithelial lumen and are involved 
in the response of airway epithelial cells to injury (Oertel et al., 
2001; Kim et al., 2021), but little is known about the relation-
ship between PC formation and cell migration through TLR3 
activation. In this study, we investigated the effects of Poly(I:C) 
on cell migration and PC formation leading to the regeneration 
of bronchial epithelial following damage by viral factors such 
as SARS-CoV-2 SP (Wu et al., 2020). We found that Poly(I:C) 
contributes to regenerative cell migration after the loss of epi-
thelial cell integrity.

While many studies have examined cell migration in re-
sponse to the TLR3 agonist Poly(I:C), the effects of cilio-
genesis and Poly(I:C)-mediated TLR3 activation on the re-
generative migration of airway epithelial cells remain poorly 
understood (Oertel et al., 2001; Wang et al., 2012; Nelson et 

al., 2015; Koizumi et al., 2016; Kim et al., 2021). Ciliogenesis 
occurs in well-differentiated airway epithelial cells, where it 
functions to protect the cells from injury and to repair damaged 
epithelium (Oertel et al., 2001; Kim et al., 2021). While Poly I:C 
has detrimental effects on injured epithelial cells (Koizumi et 
al., 2016), TLR3 stimulation correlates with the regeneration 
of injured skin or heart tissue (Nelson et al., 2015; Wang et 
al., 2018). By investigating Poly(I:C)-indued TLR3 activation, 
our study provides insights into the therapeutic relationship 
between PC formation and regenerative migration in airway 
cells.

Cilia are assembled during the G0/G1 phase, disassem-
bled during the S phase, and are not detectable during the 
G2/M phase of the cell cycle. PCs are observed during the G1 
phase (Avasthi and Marshall, 2012). Because serum starva-
tion induces cell cycle arrest at G (Huang et al., 2018), the 
in vitro incubation of Beas-2B cells under serum deprivation 
will induce PC formation (Fig. 1). Our data indicate that the 
Poly(I:C)-mediated increase in airway epithelial cell migration 
is associated with an increase in ciliogenesis under conditions 
detrimental to cells, such as serum deprivation (Fig. 1, 2).

Previous studies have reported an association between 
several different molecules and signaling pathways in TLR3 
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Fig. 7. Poly(I:C) treatment ameliorated the inhibitory Beas-2B cell migration by SARS-CoV-2 (2019-nCoV) spike protein. (A, B) Beas-2B 
cells were plated on 35-mm2 dishes and incubated for 24 h. A confluent monolayer of Beas-2B cells was then scratched with a sterile pipet 
tip. Then, cells were treated with 25 ng/mL spike protein in the presence or absence of 20 μg/mL Poly(I:C) and incubated for 18 h. Migra-
tion of cells into the space left by the scratch was photographed using a phase-contrast microscope at 200× magnification (A). Percentage 
of cell migration was quantified by subtracting the empty area remained at each time point from that at the initiation using NIH image anal-
ysis software (version 1.62; National Institutes of Health), and compared to that of the 0-h time point. Percentage of cell migration was 
presented as bar graph. Data in bar graphs represented as means ± SD. **p<0.01, significantly different from Poly(I:C)-untreated group 
(B). (C) While cells were treated with 25 ng/mL spike protein, they were untreated (left), 12 h pre-treated (middle) or 12 h post-treated 
(right) with 20 μg/mL Poly(I:C), respectively for total 24 h-incubation. Changes in single cell path were analyzed by tracking program, Im-
ageJ plugin MTrackJ (Version 1.5.0). Movement track was presented in coordinates for each cell on a polar grid with the normalization of 
start points to the origin. (D) Scheme about action of Poly(I:C) on airway epithelial cell migration via PC formation. Airway epithelial cell 
migration is regulated by PC formation through some signaling factors (indicated as question mark) from the interaction of TLR3 and 
Poly(I:C) (black dotted lines). SARS-CoV-2 spike protein (SP) inhibits PC formation and airway epithelial cell migration (grey line). Our 
findings are presented by black dotted lines and grey inhibitory line.
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activation. TLR3 mediates repair and regeneration through 
glycolysis-dependent YAP1-regulation (Wang et al., 2018). 
Activation of the TLR3/PI3K/Akt pathway by Poly(I:C) prevents 
myocardial ischemia/reperfusion injury (Chen et al., 2020), 
and the treatment of ischemic brain tissues with Poly(I:C) 
increases Hsp27, Hsp70, and Bcl2 levels while reducing the 
Bax level (Wang et al., 2014). We found an increase in Beas-
2B cell migration by Poly(I:C), mediated by cellular changes, 
whereas Beas-2B cell migration was not facilitated by the con-
ditioned medium of Poly(I:C)-treated cells (Fig. 3). However, 
the signaling molecules that regulate PC formation and cell 
migration in response to Poly(I:C) are thus far unknown, as is 
their mechanism of action.

As PC formation plays a role in restoring the damaged air-
way epithelium (Oertel et al., 2001; Kim et al., 2021), we in-
vestigated Poly(I:C)-mediated cell migration and specifically 
PC formation using the ciliogenesis inhibitor, CilioA. Poly(I:C)-
induced ciliogenesis was reduced by co-incubation of Beas-
2B cells with CilioA (Fig. 4). We also found that CilioA inhib-
its Poly(I:C)-mediated cell migration, evidenced in a wound 
healing assay and by single-cell path tracking (Fig. 5). These 
results suggest that the mechanism linking airway cell migra-
tion and the response to Poly(I:C) involves PC formation, and 
therefore the potential of PC as a novel therapeutic target to 
increase the regenerative migration of airway epithelial cells. 

To better understand the role of Poly(I:C)-mediated cell 
migration in the regeneration of a damaged epithelium, we 
examined the effects of SARS-CoV-2 SP on PC formation 
and airway epithelial cell migration. A slight decrease in PC 
formation was observed in SP-treated cells compared to con-
trol cells. The abnormal detection of extracellular signals by 
SP-exposed cilia was suggested by the impaired PC forma-
tion in cells overexpressing ACE2, the SP receptor on airway 
epithelial cells (Fig. 6). SP also decreased airway epithelial 
cell migration, both in a wound healing assay and in a single-
cell tracking assay, whereas migration recovered in response 
to Poly(I:C) treatment (Fig. 7). According to these results, 
Poly(I:C) can prevent or attenuate the airway epithelial chang-
es induced by environmental factors. 

While neither the signaling molecules that regulate PC for-
mation and cell migration nor the mechanism linking PC for-
mation to Poly(I:C)-mediated cell migration is known, our re-
sults indicate that Poly(I:C) stimulates regenerative epithelial 
cell migration and PC formation after wound formation. Our 
findings support a pathway in which airway epithelial cell mi-
gration is regulated by PC formation, via as-yet-unidentified 
signaling factors that promote the interaction between PC 
and TLR3 (Fig. 7D). Poly(I:C) may therefore be a therapeutic 
molecule able to induce the repair of airway epithelial cells 
damaged by SARS-CoV-2 that can ameliorate the structural 
changes in the airway caused by exposure to other injurious 
agents. 
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